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Pyrazoles and their reduced form, pyrazolines, are considered privileged scaffolds
in medicinal chemistry, owing to their remarkable biological activities, physicochemical
properties and occurrence in many low-molecular-weight compounds present in several
marketed drugs (e.g., Celebrex® and Viagra®). Pyrazoles are also found in a variety of
agrochemicals (fungicides, insecticides, and herbicides) and are versatile compounds for
synthetic manipulations. Their structural features (mainly tautomerism, with possible
implications in their reactivity), and diverse applications, have stimulated the work of
several research groups towards the synthesis and functionalization of pyrazole-type
compounds and study of their properties, and has inspired this Special Issue that aims to
provide a broad survey of the most recent advances in pyrazole’s chemistry.

In this Special Issue, nine original research articles and seven reviews covering some
of the most recent advances in the synthesis, transformation, properties and relevant appli-
cations of pyrazoles are reported. Two articles deal with the synthesis and computational
study of metallacycles formed by pyrazolate ligands and the coinage metals M = Cu(I),
Ag(I) and Au(I). Elguero and Alkorta reported a computational study of metallacycles
formed by pyrazolate ligands and the coinage metals (pzM)n for n = 2, 3, 4, 5 and 6 and
carried out a comparison with structures reported in the Cambridge Crystallographic Data
Center (CCDC). They discussed the most common size of the metallacycles’ ring depending
on the metal and analyzed the stability of different ring sizes [1]. By using an unexpected
synthetic method, Leznoff and Fusijawa et al. obtained and characterized a silver(I) pyra-
zolate complex [Ag(µ-L1Clpz)]n as a coordination polymer, thus broadening the family of
silver(I) coordination polymers [2]. El-Faham and Soliman et al. described the synthesis,
the molecular structure, using Hirshfeld calculations, and antimicrobial evaluations of
three iron(III) complexes obtained by self-assembly of iron(III) chloride and mono- and
bis-pyrazolyl-s-triazine ligands. The Fe(III) complexes have shown enhanced antibacterial
and antifungal activities as compared to the free ligands [3]. Kayukova et al. described a
Boulton–Katritzky rearrangement of 5-substituted phenyl-3-[2-(morpholin-1-yl)ethyl]-1,2,4-
oxadiazoles as a synthetic strategy to prepare spiropyrazoline benzoates and chloride. The
tested compounds showed moderate to high in vitro antitubercular activity with minimum
inhibitory concentration (MIC) values of 1–100 µg/mL. The highest activity in 1 µg/mL
and 2 µg/mL on drug sensitive (DS) and multidrug-resistant (MDR) Mycobacterium tubercu-
losis strains, equal to the activity of the basic antitubercular drug rifampicin, was recorded
for 2-amino-8-oxa-1,5-diazaspiro[4.5]dec-1-en-5-ium chloride [4]. Potapov et al. described
different approaches to the synthesis of dicarboxylic derivatives of bis(pyrazol-1-yl)alkanes
which are interesting building blocks for metal-organic frameworks [5]. Svete et al. re-
ported on the synthesis of a series of 12 silica gel-bound enaminones and their Cu(II)
complexes, which were used as suitable heterogeneous catalysts in [3+2] cycloadditions
of 3-pyrazolidinone-derived azomethine imines to terminal ynones, for the regioselec-
tive synthesis of 6,7-dihydro-1H,5H-pyrazolo[1,2-a]pyrazoles [6]. Usami et al. reported
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their studies on alkylamino coupling reactions at C-4 of 4-halo-1H-1-tritylpyrazoles using
readily accessible palladium or copper catalysts. They concluded that Pd(dba)2-catalyzed
reaction of 4-bromo-1H-1-tritylpyrazole is suitable for aromatic or bulky amines lacking
β-hydrogen atoms, but not for cyclic amines or alkylamines possessing β-hydrogen atoms.
On the other hand, the Cu(I)-catalyzed amination using 4-iodo-1H-1-tritylpyrazole was
found to be favorable for alkylamines possessing β-hydrogen atoms, and not suitable for
aromatic amines and bulky amines lacking β-hydrogens, showing the complementarity
of the two catalysts [7]. Alam et al. reported the synthesis and antimicrobial studies of 31
novel coumarin-substituted pyrazole derivatives. Some of these compounds have shown
potent activity against methicillin-resistant Staphylococcus aureus (MRSA) with MIC as low
as 3.125 µg/mL and were potent at inhibiting the development of MRSA biofilm and
the destruction of preformed biofilm. These are very significant results because MRSA
strains have emerged as one of the most alarming pathogens of humans, bypassing human
immunodeficiency viruses (HIV) in terms of fatality rate [8]. Wong et al. described the
synthesis of novel pyrazolopyridopyridazine diones and N-aminopyrazolopyrrolopyridine
diones and studied their photoluminescence, solvatofluorism, and quantum yield (Φf).
They demonstrated that pyrazolopyridopyridazine diones generally exhibited the stronger
fluorescence intensity and possessed a significant substituent effect, particularly for a
m-chloro substituent, and that a more planar skeletal conformation led to a higher Φf,
similar to that of the standard luminol. They also concluded that the introduction of the
pyrazole and pyridine chromophores led to an increase in the conjugation and aromaticity
of the synthetized compounds when compared with luminol [9]. Current approaches on
the synthesis and post-functionalization of pyrazolo[1,5-a]pyrimidines were reviewed by
Portilla et al., who have also highlighted the anticancer potential and enzyme inhibitory
activity of these compounds, thus providing important insights for the rational and efficient
design of new drugs bearing the pyrazolo[1,5-a]pyrimidine core [10]. Tu et al. described
the advances in pyrazole scaffold’s synthesis and functionalization of the last decade (2011–
2020) and laid emphasis on the strategies applied in the development of therapeutics for
neurodegenerative diseases, particularly for Alzheimer’s disease (AD) and Parkinson’s
disease (PD), two of the most serious chronic neurodegenerative diseases. The various
pyrazoles described can be regarded as candidate agents for the development of novel
neurodegenerative drugs [11]. Brullo et al. highlighted the pharmacological relevance of
pyrazolyl-ureas, which are known to possess a wide range of biological activities, such
as antipathogenic, antimalarial, anti-inflammatory, antitumoral, among others, and sum-
marized the biological data reported for these compounds from 2000 to date, including
patented compounds [12]. Although there are studies on the synthesis of styrylpyrazoles
dating back to the 1970s and even earlier, this type of compounds has rarely been stud-
ied. Silva et al. focused their attention in this particular type of pyrazoles, containing
a styryl (2-arylvinyl) group linked in different positions of the pyrazole backbone, and
described their properties, biological activity, methods of synthesis and transformation,
highlighting the interest and huge potential for application of this kind of compounds [13].
Lee et al. summarized the recent advances in homocoupling reactions of pyrazoles and
other azoles (imidazoles, triazoles and tetrazoles) to highlight the utility of homocoupling
reactions in the synthesis of symmetric bi-heteroaryl systems compared with traditional
synthesis. Metal-free reactions and transition-metal catalyzed homocoupling reactions
were discussed with reaction mechanisms in detail [14]. In the field of energetic materials
(EMs), the nitrated pyrazoles have attracted wide attention due to their high heat of for-
mation, high density, tailored thermal stability, and detonation performance, having good
applications in explosives, propellants, and pyrotechnics. Zhang and Kou et al. described
the recent processes in the synthesis and the physical and explosive performances of the
nitrated-pyrazole-based EMs, and analyzed the development trend of these compounds
and the concepts for designing prominent high-performance nitropyrazole-based EMs [15].
Kokorekin et al. summarized, for the first time, the poorly studied electrooxidative func-
tionalization of pyrazole derivatives towards the efficient synthesis of C–Cl, C–Br, C–I,
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C–S and N–N coupling products with applied properties. Important aspects of aromatic
hydrogen substitution were discussed, as well as the advantages of electrooxidative func-
tionalization, mainly the predominantly galvanostatic electrolysis mode, the reusability of
commercially available electrodes, salts and solvents, and gram-scalability of the processes.
The increasing role of cyclic voltammetry as a tool to study mechanisms and to predict the
efficiency of the synthesis was highlighted [16].

In conclusion, pyrazoles’ chemistry is undoubtedly a current and pertinent topic of
investigation. Several research groups have contributed to the advancement of this topic
by designing novel pyrazole-type compounds and developing synthetic strategies for
the preparation and post-functionalization of pyrazoles, or by studying their structures,
properties and potential applications. Herein, important advances in pyrazoles’ chemistry
have been disclosed. We thank all of the authors for their valuable contributions to this
Special Issue, all the peer reviewers for their valuable comments, criticisms, and suggestions
and the staff members of MDPI for the editorial support.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The structures reported in the Cambridge Structural Database (CSD) for neutral
metallacycles formed by coinage metals in their valence (I) (cations) and pyrazolate anions were
examined. Depending on the metal, dimers and trimers are the most common but some larger
rings have also been reported, although some of the larger structures are not devoid of ambiguity.
M06-2x calculations were carried out on simplified structures (without C-substituents on the pyrazolate
rings) in order to facilitate a comparison with the reported X-ray structures (geometries and energies).
The problems of stability of the different ring sizes were also analyzed.

Keywords: X-ray; pyrazolate; coinage metals; metallacycles; M06-2x

1. Introduction

There is a field in organometallic chemistry that has rightly demanded a great deal of attention,
namely, the cyclic complexes between coinage metal cations and anionic pyrazolate ligands [1].
These metallacycles frequently have high symmetry and contain several nuclei with spin I = 1/2,
which makes them ideally suited for NMR studies: 1H, 13C, 15N, 19F (from the much studied
3,5-bis-trifluoromethylpyrazole) and 107/109Ag. In contrast, 63/65Cu and 197Au are quadrupolar (I = 3/2)
and have therefore been explored to a much lesser extent.

It is common in publications in the field of coordination compounds that single-crystal X-ray
structures are reported. In such cases the data are in the Results and Supporting Information sections.
Note that there are some publications that concern other aspects of these compounds such as their use
in sensors, optical properties, and theoretical calculations where crystal structures are not reported.
Earlier papers should also be mentioned here because, although they do not contain crystal structures,
they were key in generating interest in these metallacycles [2–4]. Lintang et al. reported that trinuclear
group 11 metal pyrazolate complexes are phosphorescent chemosensors for the detection of benzene [5]
(for two recent papers on photoluminescence of the Dias and Fujisawa groups see [6,7]). The Serrano
group published several papers that describe compounds related to those discussed in the present
paper but with interesting mesogen properties when the pyrazolate ligands have long chains in
positions three and five and the metal is Cu, Ag or Au [8–11]. Cano’s group published similar results
for complexes with gold(I) [12].

Of particular relevance is a theoretical paper concerning the study of group 11 pyrazolate
complexes. In this case, Caramori, Frenking et al. [13] discussed the trinuclear (pzM)3 complexes
(M = Cu(I), Ag(I) and Au(I)) in terms of different approaches including energy decomposition analysis
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(EDA), natural bond orbital (NBO) and anisotropy of the induced current density (ACID). The main
conclusions were that the pz-M bond has an elevated covalent character, especially when M = Au(I),
and that the pyrazole ligands are strongly aromatic, although they are insulated because there is no
through-bond metal-ligand conjugation.

Our group published a paper, in collaboration with Rasika Dias and another with Kiyoshi Fujisawa,
on the NMR study of the organometallic nine-membered rings corresponding to trinuclear silver(I)
complexes of pyrazolate ligands [14,15], and another on regium bonds between dinuclear silver(I)
pyrazolates complexes and Lewis bases [16], two on regium bonds formed by Au2 [17] and Ag2, Cu2 and
mixed binary regium molecules [18], and finally, one on the comparison of acidity of Au(I) and Au(III) [19].

2. Results and Discussion

The present publication is divided into three sections. The first section concerns an exploration
of the Cambridge Structural Database (CSD) [20] in a search for the structures of pyrazolates with
coinage metals of valence (I): i.e., Cu(I), Ag(I) and Au(I); they will be reported using their refcodes.
The second section covers a theoretical study of the stability of these metallacycles as a function
of the ring size (dimers, trimers, tetramers, pentamers and hexamers) using the pyrazole itself as
a model, i.e., without C-substituents and without supplementary ligands on the metals. The final
section concerns the analysis of some metallacycles by Bader’s quantum theory of atoms in molecules
methodology (QTAIM) [21–24].

We will start with the exploration of the CSD [20]; this search was similar to one carried out by us
on the cyclamers formed by NH-pyrazoles based on hydrogen bonds (HBs). NH-pyrazoles crystallize
as catemers (chains) and cyclamers (rings with n pyrazoles), with examples reported for n = 2, 3, 4,
and 6 (rare) but none for a pentamer [25,26] (Figure 1).

 

 

Figure 1. Metallacycles (top) and the corresponding cyclamers (bottom).

2.1. Analysis of the Reported CSD Structures (Hits) and Their Refcodes

Before discussing the most relevant hits, it is worth noting that there is only one compound
that contains two different metals (Ag2Au), namely a gold(I)imidazolate-silver(I)pyrazolate complex,
MAMQIB [27] and MAMQIB01 [28] (Figure 2), but this only has two pyrazolates, with the third ligand
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being an carbeniate (C,N ligand). In any case, this example shows that [pzM(M′)]n compounds should
be possible with different metals, although examples have not been reported to date.

 

′

 

≡

 

Figure 2. Structure of CSD Refcode MAMQIB.

2.1.1. Copper, Only Cu(I) Structures (Cu(II) Structures Were Excluded)

Dimers and trimers, (pzCu)2 and (pzCu)3, are common. As far as dimers are concerned, many of
these are Cu(II) derivatives and all examples that contain Cu(I) have complex pyrazolates with arms
that are able to coordinate the copper or they have supplementary ligands; dimers in which the
Cu(I) atoms are “nude”, i.e., linked only to the pyrazolate anion, have not been found. Amongst the
supplementary ligands are CO (COCZAY [29], COCZOM [29]), C≡N–R (GITJUO [30], HEDFIF [31],
JEMCAF [32]), PPh3 (GITKEZ [30], PIRDAY [33], SATKAC [34]), pyridines (IPIGET [35], KUKLOR [36])
and N-heterocyclic carbenes NHCs (NETLUW [37], NETMAD [37]). The central metallacycle can
adopt planar or folded conformations, either boat-type or chair-type (Figure 3), and both of these
conformations are common. An examination of the Cu···Cu distances in (pzCu)2 structures gave 320
values, with a mean value of 3.719 Å, a minimum of 3.013 Å (UTEWUM [38]) and a maximum of
4.074 Å (YADVEG [39]) (Figure 3).

 

 

 

Planar Folded-boat Folded-chair 

 

UTEWUM [38] YADVEG [39] 

 

Figure 3. Planar and folded conformations of the metallacycle in (pzCu)2 (simplified representations of
UTEWUM and YADVEG).
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As far as trimers are concerned, the two main classes are isolated trimers and double trimers and we
proposed to denote the latter as “3 + 3”. The simplest derivatives of isolated trimers include CODBAB
(4-Cl-pyrazolate) [40], VIJMUW (3,5-diMe-pyrazolate) [41], BELTOC (3,5-di-i-Pr-pyrazolate) [42] and
XELXAN (3,5-di-CF3-pyrazolate) [43].

Simple examples of “3 + 3” double trimers (Figure 4) are IDUYOW (3-Ph-pyrazolate) [44],
TANRUW (3-CF3-pyrazolate) [32] and GITJIC (3,5-diMe-4-NO2-pyrazolate) [30] with near one bond
between the triangles formed by Cu atoms and XOGJOU (4-NO2-pyrazolate) [45] with near three
Cu-Cu bonds. The superimposed structures of double trimers can be a perfect fit, e.g., XOGJOU [45] or
rotated (an example will be discussed later for another metal).

 

  

4-NO2-pyrazolate 3-Ph-pyrazolate 
XOGJOU [45] IDUYOW [44] 

Intermolecular dCu-Cu = 3.538 Å Intermolecular dCu-Cu = 3.539 Å 

 

dCu-Cu = 3.242, 3.242, 3.304 Å dCu-Cu = 3.207, 3.208, 3.240 Å 

  
3-CF3-pyrazolate 3,5-diMe,4-NO2-pyrazolate 
TANRUW [32] GITJIC [30] 

Intermolecular dCu-Cu = 3.100, 3.345 Å Intermolecular dCu-Cu = 3.261 Å 

 
dCu-Cu = 3.248, 3.264, 3.214  

3.216, 3.231, 3.246Å 
dCu-Cu = 3.172, 3.172, 3.253 Å 

Figure 4. Different modes present in the “3 + 3” (pzCu)3 complexes. Only the copper and nitrogen
atoms are represented.
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Tetramers (pzCu)4 are frequently observed and the simplest derivatives include BELTUI [42]
(and BELTUI01 [46]), HEDFEB [31], (and OMIPOP01 [42]), OMIPOP [47] and REWWOI [48] (Figure 5).
Most Cu4 rings are planar but in REWWOI [48] this ring is not planar. The structure of OMIPOP [42]
was represented with two Cu atoms bonded to both N atoms of the corresponding pyrazole but this is
only the result of a CSD convention that bonds are depicted when they are shorter than the sum of the
van der Waals radii. In the original article [48] it is highlighted that the four Cu atoms form a rhombus
with a Cu···Cu non-bonding interaction for the shortest distance corresponding to d10-d10 contacts.
Fujisawa re-examined this interesting structure (OMIPOO01 [42] and OMIPOO02 [46]) and noted the
diamond-like disposition of the four Cu atoms with a short (3.40 Å) and a long (4.85 Å) structure.

 

3-i-Pr,5-t-Bu-pyrazolate 3,5-diPh-pyrazolate 
BELTUI [46] HEDFEB [31] 

 
dCu-Cu = 3.071 Å dCu-Cu = 3.088, 3.132, 3.119, 3.131 Å 

 
3,5-di-t-Bu-pyrazolate 3-CF3,5-ferrocenyl-pyrazolate 

OMIPOP [47] REWWOI [47] 

  

dCu-Cu = 2.964, 2.972, 2.963, 2.989 Å dCu-Cu = 3.225 Å 

 

Figure 5. Different modes of (pzCu)4 complexes. Only the copper atoms and the pyrazolate rings are
represented. The sequential Cu-Cu distances are listed.

At this point it is worth commenting on hexamers, (pzCu)6; these structures always contain six
central OH bridges to form a star of alternated Cu atom and O atoms, which means that these are Cu(II)
derivatives (QIMWOA and QIMWUG (Coronado et al. [49]) and SASXIW (Galassi, Martins et al. [34])).
In summary, examples of Cu(I) pentamers or hexamers are not known.

2.1.2. Silver, Only Ag(I) Derivatives

Compounds with (pzAg)2 and (pzAg)3 structures are common. As in the case of (pzCu)2, in (pzAg)2

the hexagonal metallacycle adopts planar and folded conformations, with the latter being either boat-likes
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(the most common) or chair-like (as in cyclohexane), with the silver atoms located at the tips. The mean
value of the Ag···Ag distance is 3.755 Å (shortest 3.425 Å, longest 4.305 Å).

Three topological dispositions of double trimers “3 + 3” were found in the CSD (Figure 6),
namely three common sides, one common side and one common vertex. These structures are schematically
represented in Figure 6 with triangles. These dispositions are illustrated with one or two examples for
each situation: XOGJUA [45], DAZGIV [50], FISDIV01 [51] and DOJCUC [52] (EWEHAP [53] is similar
with an intermolecular distance between silver metal centers of 3.179 Å). The intermolecular Ag···Ag
distance decreases with the number of bonds (3.509 Å (three), 3.205 Å (two) and 2.986 Å (one)) and this is
probably due to angular strain.

 

  
4-NO2-pyrazolate 3,5-diCF3-pyrazolate 

XOGJUA [45] DAZGIV [50] 
Intermolecular dAg-Ag = 3.509 Å Intermolecular dAg-Ag = 3.204 Å 

 

dAg-Ag = 3.615, 3.615, 3.664 Å dAg-Ag = 3.439, 3.504, 3.547 Å 

  
3,5-diPh-pyrazolate 3,5-i-Pr,4-I-pyrazolate 

FISDIV01 [51] DOJCUC [52] 
Intermolecular dAg-Ag = 2.986 Å Intermolecular dAg-Ag =3.205 Å 

 

dAg-Ag = 3.361, 3.385, 3.524 Å dAg-Ag = 3.401, 3.408, 3.443 Å 

Figure 6. Different modes of “3+ 3” (pzAg)3 complexes. Only the silver and nitrogen atoms are represented.

Tetramers (pzAg)4 are frequent and, in this case, the simplest structures correspond to GAFJII [46],
QEJJOH [54], QEZHEJ [55] and VUPGET [56] (Figure 7).
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3,5-di-t-Bu-pyrazolate 3,5-di-Ph,4-CO2Bu-pyrazolate 
GAFJII [46] QEJJOH [54] 

 
dAg-Ag = 3.135, 3.192, 3.152, 3.236 Å dAg-Ag = 3.528, 3.635, 3.587, 3.768 Å 

3,5-di-t-Bu-pyrazolate 3,5-diimidazolium (cation) 
QEZHEJ [55] VUPGET [56] 

 

dAg-Ag = 3.136, 3.209 Å dAg-Ag = 3.114 Å 

Figure 7. Different structures of (pzAg)4 complexes. Only the silver atoms and the pyrazolate rings are
represented. The four examples are very similar but different views have been used.

The structure of SOJCUS [57] is rather complex (Figure 8) in that the silver atoms are double-,
triple- and quadruple-coordinated, thus allowing a structure that contains six pyrazolates and five
silver atoms. Depending on the itinerary four, (pzAg)4, and five, (pzAg)5, complexes are present
(Figure 8), but a true tetramer or pentamer does not exist.
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3,5-di-CF3-pyrazolate 

SOJCUS [57] 

Figure 8. A view of the two independent molecules of SOJCUS. Only the silver atoms and the pyrazolate
rings are represented.

The only examples of hexamers are QEJJEX [54] and QEJJIB [54] (almost identical), which are
beautiful structures that form a loop with short Ag···Ag contacts (QEJJEX [54], Figure 9).

 

 Figure 9. Two views of QEJJEX. Only the silver atoms and the pyrazolate rings are represented.
Left Ag···Ag distance between loops; right Ag···Ag distance in the quasi-triangles.

In the case of silver, the numbers of structures found in the CSD search were 72 trimers, 16 dimers,
6 tetramers and 2 hexamers (2.1%) (pentamers were not found).

2.1.3. Gold, Only Au(I) Structures (Au(III) Structures Were Excluded)

Dimers (pzAu)2 with Au(I) are not known and all of the examples found in the CSD are
Au(III) derivatives. Trimers (pzAu)3 are common, with some compounds isolated as trimers,
e.g., the bis-3,5-CF3-pyrazolate, COHFIO01 [50] (dAu-Au = 3.341, 3.350, 3.360 Å) and bis-3,5-Ph-pyrazolate
FUWXOK01 [58] (dAu-Au = 3.361 Å, a regular triangle) while others (Figure 10) are “3 + 3” double trimers.
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3,5-di-i-Pr-pyrazolate 3-Me,4-Ph-pyrazolate 

GAFJOO [46] JOSNOW01 [58] 
Intermolecular dAu-Au = 3.336, 3.403, 3.417 Å Intermolecular dAu-Au = 3.678, 3.704, 3.855 Å 

  
dAu-Au = 3.337, 3.346, 3.347 and 

3.342, 3.353, 3.366 Å 
dAu-Au = 3.316, 3.327, 3.339 Å 

 

 

 
 

chain 2 Au···Au bonds 

4-Me-pyrazolate Unsubstituted pyrazolate 
MUTLAO [59] MUTKUH01 [60] 

Intermolecular dAu-Au = 3.673, 3.784, 3.786 Å Intermolecular dAu-Au = 3.108 Å 

  
dAu-Au = 3.359, 3.359, 3.370  

3.352, 3.364, 3.369 Å 
dAu-Au = 3.375, 3.377, 3.409 Å 

Figure 10. Different modes of (pzAu)3 “3 + 3” complexes. Only the gold and nitrogen atoms are
represented [59,60].
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Au(I) tetramers, (pzAu)4, are known and the simplest examples are GAFJUU [46], GAFKAB [46],
OKALER [61] and OKALIV [61] (Figure 11). The gold centers can arrange in a regular square
(GAFJUU [46]), in a rectangle (OKALER [61]), in a quadrilateral (GAFKAB [46]) or in a folded
quadrilateral (OKALIV [61]).

 

3-i-Pr,5-t-Bu-pyrazolate 3,5-di-t-Bu-pyrazolate 
GAFJUU [46] GAFKAB [46] 

  

dAu-Au = 3.204 Å dAu-Au = 3.168, 3.223, 3.193, 3.205 Å 
3,5-di-t-Bu-pyrazolate 3,5-di-t-Bu-pyrazolate 

OKALER [61] OKALIV [61] 

 

dAu-Au = 3.194, 3.176 Å dAu-Au = 3.124, 3.175, 3.126, 3.189 Å 

 

Figure 11. Different modes of (pzAu)4 complexes. Only the gold atoms and the pyrazolate rings
are represented.

Finally (pzAu)6 structures are very rare: in 1988 Raptis reported FEJJAF10 [62], see Figure 12.
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3,5-diPh-pyrazolate 
FEJJAF10 [62] 

Figure 12. Two views of one of the two independent molecules of FEJJAF10 with Au-N distances (left)
and Au-Au distances in Å (right). Only the gold atoms and the pyrazolate rings are represented.

On examining the structures of gold(I) reported in the CSD we found 28 trimers, 8 tetramers and
1 hexamer (dimers and pentamers were not found).

The X-ray structures previously discussed are summarized in Table 1 together with NH-pyrazole cyclamers.

Table 1. Structures found in the Cambridge Structural Database (CSD) for metallacycles formed by
pyrazolate ligands and the coinage metals M = Cu(I), Ag(I) and Au(I): (pzM)n for n = 2, 3, 4, 5 and 6.
The percentages are in brackets. For comparative purposes, the results for NH-pyrazoles (cyclamers)
are also provided. The relative order from frequent to zero (pentamers) is in bold.

Metal/H Total Dimers Trimers Tetramers Pentamers Hexamers (Refcodes)

Cu(I) 81 2 22 [27.2] 1 41 [50.6] 3 18 [22.2] 5 0 [0.0] 4 0 [0.0]

Ag(I) 96 2 6 [6.2] 1 72 [75.0] 3 6 [6.2] 5 0 [0.0] 4 2 (QEJJEX [54], QEJJIB [54])
[2.1]

Au(I) 37 4 0 [0.0] 1 28 [75.7] 2 8 [21.6] 5 0 [0.0] 3 1 (FEJJAF10 [62] [2.7]

H [26] 38 1 16 [42.1] 3 8 [21.1] 2 13 [34.2] 5 0 [0.0] 4 1 [2.6]

Thus, the situation has some similarities for H and for M in the sense that NH pyrazoles cyclamers
with n = 2, 3, 4, and 6 (rare) have been reported but a pentamer (5) has not been reported [25,26].
However, while metallacycles trimers are the most common (1), in NH-pyrazoles they occupy only the
third position (3).
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2.2. Calculated Structures (Minima in All Cases)

2.2.1. Geometries

We calculated different dispositions of the metallacycles using the parent pyrazolate ligand as a
model, i.e., without any C-substituent. In the case of dimers, all adopt the planar conformation and
never the folded conformation found in the CSD (Figure 13 and Table 2).

 

  

   

(pzCu)2 (pzAg)2 (pzAu)2 

Figure 13. Two views of the calculated Cu, Ag and Au dimers; hydrogen atoms have been omitted.

Table 2. Calculated mean metal···metal and metal···N atom (Å) (averaged and parent pyrazoles).

Metal Dimer Trimer Tetramer Hexamer

M-M N-M M-M N-M M-M N-M M-M N-M

Cu(I) 2.656 1.963 3.306 1.921 3.352 1.920 3.447 1.932

Ag(I) 2.953 2.192 3.507 2.124 3.448 2.122 3.631 2.145

Au(I) 2.808 2.124 3.440 2.041 3.478 2.037 3.605 2.042

The trimers lead to triangles and it is interesting to estimate how far they are from the equilateral
case that results from a D3h symmetry in the examples reported in the CSD. The tetramers will lead to
squares (D4h), planar deformed squares (rectangles, rhombs) and non-planar structures (folded about the
M1–M3 edge). The situation increases in complexity as the number of metals increases; for hexamers
there are the planar regular hexagon (D6h) and several distorted hexagons, including the ududud structure
(u or d refers to the up or down position of the pyrazole ring, as shown schematically in Figure 14).
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Figure 14. Schematic representation of the ududud structure.

We also calculated double dimers (2+ 2) and double trimers (3+ 3) in two orientations. The structures
and some distances are represented in the following images for all metallacycles except dimers.
The distances that were analyzed are M(I)···M(I) and N···M(I).

The studied Cu(I) derivatives, beyond monomers and dimers, are represented in Figure 15.
The mean distances in the dimers are Cu···Cu = 2.656 Å and N···Cu = 1.963 Å.

 

 

 

Cu Trimer (regular triangle, D3h) 
Cu···Cu (3.306 Å) and  

Cu···N distances (1.921 Å) 

Cu Tetramer (planar square, D2d) 
only one Cu···Cu (3.253 Å) and  
one Cu···N distance (1.920 Å) 

 
Cu4 structure: 2 + 2 

Cu···Cu (2.809 Å) and Cu···N 
distances (1.974, 1.987, 1.996, 2029 Å)  

Cu4, new structure 2 + 2 (twisted) 
Cu···Cu (2.703 Å) and Cu···N 

distances (1.964, 1.951, 2.004, 2.021 Å) 

Figure 15. Cont.
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Cu6 structure: 3 + 3  
Cu···Cu (3.328, 3.329, 3.355 Å) and  

Cu···N distances (1.928. 1.928. 1.936, 1.940, 1.940, 1936 
Å) 

Cu6, new structure 3 + 3 (twisted) 
Cu···Cu (3.276, 3.324, 3.335 Å) and  

Cu···N distances (1.924, 1.925, 1.929,  
1.928, 1.937, 1.932Å) 

  

Cu analog of FEJJAF10 hexamer 
Cu···Cu distances (3.644, 3.680, 3.035, 3.488 and 3.035, 

3.644 Å) 
Cu···N distances (1.916, 1.936, 1.944 Å) 

Cu ududud 
Cu···Cu distance 3.260 Å 
Cu···N distance 1.919 Å 

Figure 15. Optimized structures of Cu(I) pyrazolates.

The Ag(I) structures are reported in Figure 16. The average distances for the dimer are Ag···Ag =
2.953 Å and N···Ag = 2.192 Å.
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Ag Trimer (regular triangle, D3h) 
Ag···Ag (3.507 Å) and  

Ag···N distances (2.124 Å) 

Ag Tetramer (planar square, D2d) 
only one Ag···Ag (3.448 Å) and  
one Ag···N distance (2.122 Å) 

  
Ag4 structure: 2 + 2 

Ag···Ag (3.153 Å) and  
Ag···N distances (2.227, 2.236, 2.254 Å)  

New 2 + 2 (twisted) 
Ag···Ag (2.997 Å) and  

Ag···N distances (2.167, 2.193, 2.249, 2.280 Å) 

 
 

Ag6 structure: 3 + 3  
Ag···Ag (3.560 Å) and  

Ag···N distances (2.141 Å) 

Ag6, new structure 3 + 3 (twisted) 
Ag···Ag (3.463, 3.538, 3.559 Å) and  

Ag···N distances (2.126, 2.129, 2.133,  
2.134, 2.153, 2.140 Å) 

Figure 16. Cont.
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Ag analog of FEJJAF10 hexamer 
Ag···Ag distances (3.229, 3.805, 3.868 

and 3.612 Å) 

Ag analog of FEJJAF10 hexamer (same structure than on 
the left) Ag···N distances (2.121, 2.148, 2.166 Å) 

Figure 16. Optimized structures of Ag(I) pyrazolates.

Finally, the studied Au(I) derivatives are represented in Figure 17. For the dimer: Au···Au = 2.808 Å
and N···Au = 2.124 Å.

 

 

Au Trimer (regular triangle, D3h) 
Au···Au (3.440 Å) and  

Au···N distances (2.041 Å) 

Au Tetramer (planar square, D2d) 
only one Au···Au (3.478 Å) and  
one Au···N distance (2.037 Å) 

Figure 17. Cont.
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Au4 structure: 2 + 2 
Au···Au (2.836Å) and  

Au···N distances (2.135 Å)  

New 2 + 2 (twisted) 
Au···Au (2.823 Å) and Au···N distances 

(2.115, 2.119, 2.143, 2.144 Å) 

 
 

Au6 structure: 3 + 3  
Au···Au (3.444 Å) and  

Au···N distances (2.045 Å) 

Au6, new structure 3 + 3 (twisted) 
Au···Au (3.439, 3.440, 3.451 Å) and  

Au···N distances (2.044 Å) 

 
Au analog of FEJJAF10 hexamer 

Au···Au distances (3.385, 3.624, 4.015 Å) 
Au···N distances (2.037, 2.042, 2.046 Å) 

Au ududud hexamer 
Au···Au distance 3.493 Å 
Au···N distance 2.038 Å 

Figure 17. Optimized structures of Au(I) pyrazolates.
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2.2.2. Comparison of Calculated and Measured Geometries (Only Metal···Metal and Metal···Nitrogen
Bond Lengths)

The average metal-metal and metal-nitrogen bond lengths in our calculations and in the structures
found in the CSD search are gathered in Tables 2–4.

Table 3. Measured mean metal···metal and metal···N atom (Å) (averaged and parent pyrazoles).

Metal Dimer (With Ligands) Trimer Tetramer Hexamer

M-M N-M M-M N-M M-M N-M M-M N-M

Cu(I) 3.424 a 1.974 a 3.228 c 1.858 c 3.095 (3) 1.849 (3) - -

Ag(I) 3.824 b 2.284 b 3.520 d 2.090 d 3.274 (5) 2.073 (5) 3.615 (5) 2.084 (5)

Au(I) - - 3.356 e 1.994 e 3.185 (9) 2.006 (5) 3.121 (10) 2.059 (10)

Experimental (averaged values) (the compounds used corresponds to those represented in the corresponding
Figures in blue) or to compounds (refcodes) cited in the discussion. Some have been selected to build up this
Table. a BITSAB [63], IPIGET [35], JEMCAF [32], NETMAD [37]; b FINWIL [64], KIRXIV [65], ZIGROZ [66],
ZIGRUF [67]; c BELTOC [42], CODBAB [40], VIJMUW [41], XELXAN [43]; d AWAWUS [67], CENFIM [68],
HICHIL [69], XOGJUA [45]; e COHFIO01 [50], FUWXOK01 [58].

Table 4. Experimental metal···metal and metal···N atom (Å) (averaged and parent pyrazoles).

Metal Dimer (With Ligands) Trimer Tetramer Hexamer

M-M N-M M-M N-M M-M N-M M-M N-M

Cu(I) 3.726 a 2.010 a 3.251 c 1.861 c 3.394 f 1.962 f - -

Ag(I) 3.788 b 2.245 b 3.426 d 2.200 d None None None None

Au(I) - - 3.382 e 2.004 e None None None None

Experimental (unsubstituted pyrazoles or, at least, only 4-substituted pyrazoles). When neither HHH or HRH
pyrazoles were found, none are written in the Table.a KIRXOB [65], NETLUW [37]; b RATFAT [70], RATFEX [70];
c No example with the parent pyrazole, instead the 4-chloro derivative (CODBAB [40]) was used; d HESBUC [4];
e MUTKUH [59]; f No example with the parent pyrazole, instead the 4-n-butyl derivative (FORGIE [71]) was used.

A statistical analysis of the results in Tables 2–4 provided the following three equations:

Averaged = (0.98 ± 0.01) Parent, n = 12, R2 = 0.998, RMS residual = 0.12 Å (1)

Averaged = (0.96 ± 0.01) + (0.93 ± 0.09) dimer, n = 20, R2 = 0.998, RMS residual = 0.12 Å (2)

Parent = (1.00 ± 0.01) + (0.96 ± 0.06) dimer, n = 12, R2 = 0.999, RMS residual = 0.08 Å (3)

Equation (1) shows that averaged and parent pyrazole values are roughly proportional with a
slope of 0.98 indicating that the averaged values are slightly smaller than the parent ones.

Equations (2) and (3) are similar, while (2) is better than (3), with a slope = 1.00 indicating that our
calculated geometries that correspond to pyrazole itself are closer to a model of “parent” pyrazoles.
It was found in a previous study [16] that the Ag···Ag distances of (pzAg)2 are very sensitive to the
ancillary ligands. If we assume that the situation is the same for the Cu(I) ligands (there are no
examples of Au(I) dimers) it is sufficient to add a term (a dummy variable, one if dimers, zero if other
metallacycles). The result is 0.93–0.96 Å and this indicates that the contraction of the Ag···Ag distance
due to ancillary ligands is very important.

2.3. Energies

We start with a very simple premise that the more abundant a metallacycle of a given size found
in the CSD the more stable the structure. A step further is to consider the percentages as a quantitative
measurement of the stability in a sort of Maxwell-Boltzmann distribution. This implies two things:
that the number of examples is very large and that the structures are in equilibrium (thermodynamic
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control). Clearly these conditions are not fulfilled, but it remains interesting to explore the possibility
of partial agreement. In this work we explored the ring size, in NH-pyrazole cyclamers we successfully
studied the effect of the C-substituents [25,26] and, finally, in the case of Ag(I) pyrazolate dimers
we studied the effect of ancillary ligands, which can have a marked effect on the Ag···Ag distance
with a concomitant decrease in stability that was compensated for by the ligands [16]. Consequently,
the problem is of great complexity and it is useful to remember that the mechanism of crystal growth is
also complex and is not fully understood [72,73].

In an effort to compare the stabilities of the different metallacycles we calculated their relative
free energies, ∆Grel in kJ mol−1, per metallacycle and per monomer. The results are provided in
Table 5. δ∆Grel = [∆Grel − ∆Grel (minimum)] × n. The values corresponding to “true” dimers, trimers,
tetramers, pentamers and hexamers are marked in bold for comparison with the percentages in Table 1.
The more negative the ∆Grel, the more stable the metallacycle (the monomer is not a metallacycle)
while the higher the δ∆Grel the less stable the metallacycle for any given n.

Table 5. Relative free energies per monomer, ∆Grel and δ∆Grel, in kJ·mol−1, of the metallacycles formed
by the parent pyrazolate ligand and the coinage metals M = Cu(I), Ag(I) and Au(I): (pzM)n for n = 2, 3,
4, 5 and 6.

Cu(I) Ag(I) Au(I) H

n-mer ∆Grel δ∆Grel ∆Grel δ∆Grel ∆Grel δ∆Grel ∆Grel δ∆Grel

Monomer 0 - 0 - 0 - 0 -

Dimer −211.4 0.0 −171.6 0.0 −165.5 0.0 −3.5 -

1 + 1 −149.2 124.3 −126.4 90.4 −108.0 115.0 - -

Trimer −254.4 - −213.0 - −256.0 - −4.5 -

Tetramer −256.0 0.0 −214.2 0.0 −257.8 0.0 −5.6 -

2 + 2 −235.0 84.3 −202.8 45.4 −182.4 301.6 - -

2 + 2 twisted −229.4 106.7 −193.2 83.6 −182.1 302.8 - -

Pentamer −259.4 - −218.5 - −253.9 - - -

Hexamer −269.3 31.3 −230.0 33.5 −269.3 21.6 −2.0 10.6

Hexamer ududud −255.4 114.6 −213.6 131.9 −257.3 93.6 −3.7 0.0

3 + 3 −274.5 0.0 −235.6 0.0 −272.9 0.0 - -

3 + 3 twisted −271.3 19.4 −232.2 20.0 −272.6 1.8 - -

To compare the data in Table 1 (crystal structures) and Table 5 (free energies) it is necessary to
remember that in Table 1 the “2 + 2” and “3 + 3” structures are classified as dimers and trimers not as
tetramers and hexamers, thus even if there are “3 + 3” structures that are more stable than hexamers,
this does not affect the order of the values in bold.

Several main conclusions can be drawn from the values reported in Table 6:
1. Experimental metallacycles: mainly trimers, then dimers and tetramers, some hexamers,

no pentamers.
2. Experimental cyclamers (NH-pyrazoles): dimers, tetramers and trimers, are common;

hexamers are very rare and there are no pentamers. This is not identical but reasonably similar
to the trend in experimental metallacycles. Note that the differences in cyclamers are insignificant
(less than 6 kJ mol−1) compared with metallacycles (Cu: −211.4/−269.3; Ag: −171.6/−232.3; Au:
−165.5/−269.3 kJ mol−1); this explains that steric effects of the substituents in cyclamers are sufficient to
explain the size of the cycle (see point 6).

3. The absence of pentamers in the CSD can be due to the fact that pentameric species are
crystallographically prohibited by “normal” rotational symmetry. Thus, perhaps more of these species
exist but have not been crystallized for this reason.
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4. Calculated metals: the order (in bold, Table 4) for Cu and Ag is hexamers, pentamers, tetramers,
trimers and dimers; for Au the order is hexamers, tetramers, trimers, pentamers and dimers.

5. Metals: comparison of experimental vs. calculated values shows that there is no relationship
between these, which means that the ring size is not the determining factor. Other factors such as
steric effects of the substituents in the 3- and 5-positions, the roles of ancillary ligands, solvates and
co-crystals as well as the kinetics of crystal growth could all play a determining role.

6. NH: there is a weak relationship for experimental vs. calculated values. Remember that in the
experimental case the main factor is the steric effect of the substituents at the 3- and 5-positions [26].

7. There is no relationship between the order of calculated metals vs. that of calculated H.

Table 6. Comparison of the populations of Tables 1 and 5 (absolute values).

Metal/H % Dimers % Trimers % Tetramers % Pentamers % Hexamers

Cu(I) 2 [27.2] 1 [50.6] 3 [22.2] 5 [0.0] 4 [0.0]

Ag(I) 2 [6.2] 1 [75.0] 3 [6.2] 5 [0.0] 4 [2.1]

Au(I) 4 [0.0] 1 [75.7] 2 [21.6] 5 [0.0] 3 [2.7]

H 1 [42.1] 3 [21.1] 2 [34.2] 5 [0.0] 4 [2.6]

∆Grel dimers ∆Grel trimers ∆Grel tetramers ∆Grel pentamers ∆Grel hexamers

Cu(I) 5 211.4 4 254.4 3 256.0 2 259.4 1 269.3

Ag(I) 5 171.6 4 213.0 3 214.2 2 218.5 1 232.2

Au(I) 5 165.5 3 256.0 2 257.8 4 253.9 1 269.3

H 4 3.5 2 4.5 1 5.6 - 3 3.7
5 2.0

2.4. QTAIM Analysis

This study was limited to Au(I) because, as explained in the introduction, it is the most interesting
metal and we have published two significant papers on this topic [17,19]. The AIM analysis was also
employed successfully in a related work [16].

Analysis of the electron density within the QTAIM shows the presence of bond critical points
(BCPs) that link the gold atoms with the nitrogen atoms, other gold atoms, and in one case, with a carbon
atom (1 + 1). The molecular graph of all of the systems is provided in Figure 20 with an indication
of the position of the electron density critical points and the bond paths that link the BCPs with the
nuclei. The topological description is very simple for the monomer, trimer, tetramer, and hexamer
(ududud), in which only sequential Au-N BCPs are found linking the different systems. In the rest of
the cases, an Au-Au BCP and additional Au-N BCPs are found. The Au-N BCPs (17 unique contacts)
are found for interatomic distances between 1.99 and 3.68 Å. The electron density at the BCPs ranges
between 0.145 and 0.006 au, thus showing in all cases positive Laplacian values (between 0.423 and
0.018 au). These results are characteristics of BCPs between atoms with very different electronegativities.
The negative value of the total energy at the BCP for those contacts with interatomic distances shorter
than 2.2 Å is an indication of the partial covalent character of these interactions.

The Au-Au BCPs (seven unique cases) are present for interatomic distances between 2.81 and
4.02 Å. The electron density values range between 0.042 and 0.005 au with positive Laplacian values.
As observed previously, some of the BCPs present negative values for the total energy density
(interatomic distances shorter than 3.4 Å).

In the two types of BCPs analyzed in this research, excellent exponential relationships (R2 > 0.99)
were found between the electron density or the Laplacian at the BCP vs. the interatomic distance,
a finding that it is consistent with previous reports in the literature for other contacts [16,74–78].
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(pzAu) + (pzAu) [1 + 1] 
 

 

Figure 18. Cont.
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(pzAu)3 

 

(pzAu)4 

 

(pzAu)2 + (pzAu)2 [2 + 2] 

 

Figure 19. Cont.
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(pzAu)5 [JALKIT] 

(pzAu)3 + (pzAu)3 [3 + 3] 

 

Figure 20. Cont.
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(pzAu)6 [FEJJAF10] 

 

(pzAu)6 [ududud] 

 

Figure 20. Molecular graph of the (pzAu)n complexes studied. The location of the bond, ring, and cage
critical points are indicated with green red and blue dots.

3. Methods

The crystal structures with (pzM)n systems were searched in the CSD database 5.41 (November 2019) [20].
The M06-2x DFT functional [79] in combination with the jul-cc-pVDZ basis set [80,81] for the light atoms
(C, N and H) and the aug-cc-pVDZ-PP effective core potential basis set [82] for the Cu, Ag and Au atoms
were used for the theoretical calculations, all of them for isolated molecules in gas phase. The geometry
optimization and frequency calculations were carried out with the Gaussian-16 package [83]. In all cases,
the geometries obtained correspond to energetic minima (no imaginary frequencies).

The electron density of the systems was analyzed within the quantum theory of the atoms in
molecules (QTAIM) [21,23] theory with the AIMAll program [84]. This program allows location and
characterization of the critical points of the electron density (nuclear attractor, bond, ring and cage
critical points).
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4. Conclusions

The main conclusions of this work concerning the structure in the solid state of metallacycles of
pyrazolates and coinage metals are:

1. The exploration of the CSD yielded a considerable number of crystal structures and this allowed
a statistical analysis of the abundance of different cycles.

2. All examples contain only a single metal although it should not present any difficulties to
prepare metallacycles with two or three metals.

3. Dimers and trimers are common in the case of Cu(I). Dimers in all cases contain other ligands.
Double trimers (3 + 3) should not be confused with hexamers, which are not known. Pentamers are
also not known. There is no reason why hexamers could not be prepared, but the main difficulty is
that a method does not exist that allows selection a priori of the size of the ring.

4. Dimers and trimers are also common in the case of Ag(I). There are examples in which the
hexagonal ring of dimers is planar, folded (boat-type) and folded (chain-type). In this case there are
examples of “true” hexamers (no “3 + 3” double trimers), but otherwise Ag(I) and Cu(I) are similar.

5. In the case of Au(I) dimers are not known “all dimers are Au(III) derivatives”. The double
trimers form different patterns that can be classified according to the triangles formed by the three Au
atoms. Tetramers are frequently found.

6. Calculations on simplified models (i.e., without C-substituents or other ligands) reproduce well
the geometries but not the energies found experimentally, with stability increasing with ring size.

7. AIM analysis of the gold derivatives shows the presence of several Au-N and Au-Au BCPs and
in one case an Au-C BCP.
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Abstract: Coinage metal(I)···metal(I) interactions are widely of interest in fields such as supramolec-
ular assembly and unique luminescent properties, etc. Only two types of polynuclear silver(I)
pyrazolato complexes have been reported, however, and no detailed spectroscopic characteriza-
tions have been reported. An unexpected synthetic method yielded a polynuclear silver(I) com-
plex [Ag(µ-L1Clpz)]n (L1Clpz− = 4-chloride-3,5-diisopropyl-1-pyrazolate anion) by the reaction of
{[Ag(µ-L1Clpz)]3}2 with (nBu4N)[Ag(CN)2]. The obtained structure was compared with the known
hexanuclear silver(I) complex {[Ag(µ-L1Clpz)]3}2. The Ag···Ag distances in [Ag(µ-L1Clpz)]n are
slightly shorter than twice Bondi’s van der Waals radius, indicating some Ag···Ag argentophilic
interactions. Two Ag–N distances in [Ag(µ-L1Clpz)]n were found: 2.0760(13) and 2.0716(13) Å, and
their N–Ag–N bond angles of 180.00(7)◦ and 179.83(5)◦ indicate that each silver(I) ion is coordinated
by two pyrazolyl nitrogen atoms with an almost linear coordination. Every five pyrazoles point in
the same direction to form a 1-D zig-zag structure. Some spectroscopic properties of [Ag(µ-L1Clpz)]n

in the solid-state are different from those of {[Ag(µ-L1Clpz)]3}2 (especially in the absorption and
emission spectra), presumably attributable to this zig-zag structure having longer but differently
arranged intramolecular Ag···Ag interactions of 3.39171(17) Å. This result clearly demonstrates
the different physicochemical properties in the solid-state between 1-D coordination polymer and
metalacyclic trinuclear (hexanuclear) or tetranuclear silver(I) pyrazolate complexes.

Keywords: polynuclear; silver; crystal structure; pyrazolate ligand; coordination polymer

1. Introduction

Cyclic trinuclear complexes with monovalent coinage metal ions have been of interest
to coordination chemists for three decades [1–3]. One of the ligands known to form these
cyclic trinuclear complexes is pyrazolate [4–6], which is known to act as an A-frame-like
bridging ligand with some metal ions, with an Npz–M–Npz linear coordination mode
(pz = pyrazolate anion, C3H3N2

−) [1–4,6–9]. Early studies in 1970 suggested that silver(I)
pyrazolato complexes existed as a polymeric 1-D chain [Ag(pz)]n (Figure 1, left) [10]. The
structure of [Ag(pz)]n was discussed in that the deprotonated pyrazolato complexes are
“at least trimeric but polymeric forms cannot be excluded”, based on far-IR spectroscopy
data [11]. The first structural characterization of pyrazolato complexes coordinated by
coinage metal(I) ions was determined by Fackler and co-workers in 1988: their reported sil-
ver(I) pyrazolato complex had three intramolecular Ag···Ag distances of 3.306(2), 3.362(2),
and 3.496(2) Å, forming a trinuclear complex [Ag(3,5-Ph2pz)3] (3,5-Ph2pz = 3,5-diphenyl-
1-pyrazolate anion) [12]. After this report, the hexanuclear complex {[Ag(3,5-Ph2pz)3]}2
was also reported, having one intermolecular Ag···Ag interaction of 2.9712(14) Å without
any crystalline solvents [13]. This dimerization to build the hexanuclear structure can be
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caused by an additional stabilization of the silver(I) ions provided by argentophilic inter-
actions (Ag···Ag interactions) [14]. Subsequent ab initio powder X-ray diffraction (XRD)
evidence also indicated two possibilities: silver(I) pyrazolato complexes could exist as
either a coordination polymer [Ag(pz)]n with an intramolecular Ag···Ag distance of 3.40 Å
or as a dimeric trinuclear {[Ag(pz)]3}2 structure with an intermolecular Ag···Ag distance
of 3.431(2) Å, depending on the method of synthesis [15]. After that, the single-crystal
characterization of the product made by the same synthetic method with aqueous NH3
was reported as [Ag(pz)]n with an intramolecular Ag···Ag (argentophilic) interaction of
3.3718(7) Å, an intermolecular Ag···Ag interaction of 3.2547(6) Å, and an N–Ag–N angle
of 169.98◦ (14) (Figures S1 and S2) [16]. However, its physicochemical properties such as
solid-state photoluminescence have not been reported [15,16].
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Figure 1. Schematic drawing of silver(I) pyrazolato complexes; left: polynuclear, center: trinuclear,
right: tetranuclear. Dotted lines show intramolecular Ag···Ag interactions.

We have previously reported silver(I) pyrazolato complexes synthesized by alkyl- and
aryl-substituted pyrazoles to form trinuclear and tetranuclear structures, depending on
the method of synthesis and the nature of the substituents on the pyrazolate ring (Figure 1,
center and right) [17–22]. Some Au···Ag (metallophilic) interactions in cyclic trinuclear
coinage metal(I) complexes were found [1,2]. Au-Im complexes can be easily interacted
with silver(I) ions to form Au···Ag interactions, since the order of π-acidity is Au < Cu < Ag
for a given ligand, and Im− (imidazolate) < Pyridine < Cb− (carbeniate) < Pz− for a given
metal [1–3]. As an example, the mixed metal(I) complex [(Ag{([Au(C2,N3-bzim)]3)2}](BF4)
with Au···Ag interactions was reported (bzim− = 1-benzylimidazole anion) [23].

With this electronic preference in mind, to construct Ag···Ag interactions by silver(I)
pyrazolato complexes, it should be valuable to explore the different strategy of using
electro-withdrawing substituents on the pyrazole ligand and [Ag(CN)2]− as a silver(I) ion
source. The dicyanoargentate(I) anion is very useful to build coordination polymers [24–28]
and performs well as a building block in general [29]. In this article, we report the detailed
structure and characterizations as well as the unexpected synthetic procedure that leads to
the new polynuclear silver(I) pyrazolato complex [Ag(µ-L1Clpz)]n (L1Clpz− = 4-chloride-
3,5-diisopropyl-1-pyrazolate anion) (Figure 2).
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Figure 2. Pyrazoles used in this research.

2. Results and Discussion
2.1. Synthesis

The reaction of {[Ag(µ-L1Clpz)]3}2 with 1.5 equivalents of (nBu4N)[Ag(CN)2] in ethyl
acetate was carried out at room temperature as shown in Scheme 1. After one week of
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reaction time, a white powder was gradually generated. Its IR spectroscopic measurement
revealed that the ν(C≡N) stretching peak of the starting material (nBu4N)[Ag(CN)2] at
2141 cm−1 disappeared and a new complex that did not contain any cyanide was generated.
From a slow liquid-liquid diffusion method, we obtained a few single-crystals to reveal
the structure (see Section 2.2). The above white powders prepared in the bulk synthetic
method were the same as that obtained in single-crystal form and structurally characterized
(below), as confirmed by the comparison of the powder X-ray diffractogram of the powder
and the powder pattern generated from the single-crystal structure, as shown in Figure S3.
As mentioned in the Introduction, although a [Ag(µ-L1Clpz)]3/[Ag(CN)2]− based polynu-
clear structure with intermolecular Ag···Ag interactions was initially targeted, only the
polynuclear silver(I) complex [Ag(µ-L1Clpz)]n, identified as a coordination polymer was
obtained (Scheme 1); the detailed mechanism leading to this product was not explored. This
coordination polymer assembly was only successfully performed by {[Ag(µ-L1Clpz)]3}2
but was not observed either by the non-halogenated derivative {[Ag(µ-L1pz)]3}2 or the
other halogenated derivatives {[Ag(µ-L1Brpz)]3}2 and {[Ag(µ-L1Ipz)]3}2 (Figure 2). The
reactions of these other hexanuclear complexes with (nBu4N)[Ag(CN)2] did not produce
any powder precipitate. Indeed, after all of the solvent had slowly evaporated from the
reaction mixture, powder XRD measurements were carried out on the resulting residues,
which indicated that no new complexes were generated: only a physical mixture of the
initial starting materials, i.e., the hexanuclear complexes {[Ag(L1Xpz)]3}2 (X = H, Br, and I)
and (nBu4N)[Ag(CN)2] were observed. We also tried to make polynuclear [Ag(µ-L1Xpz)]n

(X = H, Cl, Br, and I) by the literature method by using aqueous NH3 [15,16], but only the
same hexanuclear complexes {[Ag(L1Xpz)]3}2 (X = H, Cl, Br, and I) were obtained.
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Scheme 1. Synthetic scheme of silver(I) coordination polymer [Ag(µ-L1Clpz)]n.

2.2. Structure

Single-crystal X-ray structural analysis was performed on the polynuclear silver(I)
material [Ag(µ-L1Clpz)]n, the perspective drawing of which is shown in Figure 3. The rele-
vant bond lengths (Å) and angles (◦) are noted in the caption. The 1-D coordination polymer
[Ag(µ-L1Clpz)]n and packing diagram are drawn in Figure 4 and Figure S4, respectively.

[Ag(µ-L1Clpz)]n exists as a coordination polymer with an intramolecular argen-
tophilic distance of Ag1···Ag2, 3.39171(17) Å, which is slightly shorter than twice Bondi’s
van der Waals radius (3.44 Å = 1.72 Å × 2) [30], indicating the presence of Ag···Ag ar-
gentophilic interactions [14]. Two Ag–N distances were found: Ag1–N1, 2.0760(13) Å
and Ag2–N2, 2.0716(13) Å. The N–Ag–N bond angles of 180.00(7)◦ (N1–Ag1–N1′) and
179.83(5)◦ (N2′–Ag2′–N2”) indicate that each silver(I) ion has two pyrazolyl nitrogen atoms
coordinated in an almost linear fashion. Two of the pyrazolate aromatic rings are com-
pletely co-planar with a dihedral angle of 0◦ (between pyrazole ring 1 and 2), and another
pair is twisted relative to each other, with a dihedral angle of 79.24(7)◦ (between pyrazole
ring 2 and 3) as shown in Figure 3. Every five pyrazole units point in the same direction,
thereby forming a 1-D zig-zag structure. Each 1-D zig-zag structure is isolated and there
are no significant interactions with the neighboring zig-zag chain. Within each 1-D zig-zag
structure, two additional Ag···Ag distances are noteworthy: Ag1···Ag1#, 4.73335(10) Å
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and Ag2···Ag2′, 6.7834(3) Å. Moreover, this zig-zag structure has two Ag-based different
angles with Ag2···Ag1···Ag2′, 180.000(4)◦ and Ag1···Ag2′···Ag1#, 88.499(6)◦ (Figure 3).

2′
2′ 2′

μ

μ
uclear silver(I) complex {[Ag(μ

distances are significantly shorter than twice Bondi’s van 

(Figure S4). The layered structure of {[Ag(μ

μ
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Figure 3. Crystal structure of [Ag(µ-L1Clpz)]n showing 50% displacement ellipsoids and the atom
labeling scheme. Hydrogen atoms were omitted for clarity. Relevant bond lengths (Å) and angles
(◦): Ag1–N1, 2.0760(13); Ag2–N2, 2.0716(13); Ag1–N1′, 2.0760(13); Ag2′–N2′, 2.0716(13); Ag2′–
N2”, 2.0716(13); Ag1#–N1”, 2.0760(13); N1–N2, 1.3827(18); N1–Ag1–N1′, 180.00(7); N2′–Ag2′–N2”,
179.83(5); Ag1···Ag2, 3.39171(17), Ag1···Ag2′, 3.39171(17), Ag1#···Ag2′, 3.39171(17); Ag1···Ag1#,
4.73335(10); Ag2···Ag2′, 6.7834(3); Ag2···Ag1···Ag2′, 180.000(4); Ag1···Ag2′···Ag1#, 88.499(6). Sym-
metry codes: ‘, –x+2, –y+1, –z+2; “, x+1, –y+1, z; #, –x+1/2+2, y, –z+2.
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Figure 4. 1-D polynuclear structure of [Ag(µ-L1Clpz)]n (left) top view and (right) side view. Carbon atoms of isopropyl
group and hydrogen atoms were omitted for clarity. Color: red, silver; blue, nitrogen; green, chlorine; grey, carbon.

This [Ag(µ-L1Clpz)]n structure is completely different from the reported one for
[Ag(pz)]n which exhibits an intramolecular Ag···Ag distance of 3.3718(7) Å. The zig-zag
chain in [Ag(pz)]n also interacts with neighboring zig-zag chains via inter-chain Ag···Ag
distances of 3.2547(6) Å (Figures S1 and S2). The zig-zag structure in [Ag(µ-L1Clpz)]n is
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also different from the original hexanuclear silver(I) complex {[Ag(µ-L1Clpz)]3}2, which
features a dimeric trinuclear structure with three intermolecular argentophilic interac-
tions of 3.1003(17), 3.1298(15), and 3.1051 Å to form an overall hexanuclear structure
(Figures S5 and S6) [20]. These distances are significantly shorter than twice Bondi’s
van der Waals radius (3.44 Å) [30], indicating a strong Ag···Ag argentophilic interac-
tion [14] (Figure S4). The layered structure of {[Ag(µ-L1Clpz)]3}2 did not interact with
the neighboring layered one (Figure S6). The layered structure was formed with longer
Ag···Ag distances between two {[Ag(µ-L1Clpz)]3}2 complexes of 7.3531(18), 7.3881(17),
and 7.5258(18) Å.

2.3. Solution-State Properties

The 1H-NMR spectrum of the obtained white powder [Ag(µ-L1Clpz)]n in CDCl3 was
measured (Figure S7) and the observed chemical shifts are identical to those of {[Ag(µ-
L1Clpz)]3}2 (Table S1) [20], indicating that the supramolecular solid-state 1-D zig-zag
structure of [Ag(µ-L1Clpz)]n is not stable upon dissolution, converting to form the known
hexanuclear silver(I) complex {[Ag(µ-L1Clpz)]3}2. This observation is also supported by
its solution-state UV-Vis spectrum in cyclohexane (Figure S8) and photoluminescence
spectrum in cyclohexane (Figure S9). The maximum peak position in UV-Vis spectrum is
226 nm which is the same position as that of {[Ag(µ-L1Clpz)]3}2 (226 nm) [20]. Moreover,
the emissive maximum is 307 nm (280 nm excitation), which is also the same position as
that of {[Ag(µ-L1Clpz)]3}2. Therefore, detailed comparisons between [Ag(µ-L1Clpz)]n and
{[Ag(µ-L1Clpz)]3}2 were carried out by solid-state spectroscopies.

2.4. Solid-State Properties

IR and Raman spectra of the [Ag(µ-L1Clpz)]n and {[Ag(µ-L1Clpz)]3}2 complexes are
reproduced in Figures S10 and S11, respectively. The C=N stretching vibrations of 1506
cm−1 (IR) and of 1507 and 1495 cm−1 (Raman) in [Ag(µ-L1Clpz)]n are almost the same
as the C=N stretching vibrations of 1505 cm−1 (IR) and 1495 cm−1 (Raman) in {[Ag(µ-
L1Clpz)]3}2. The C–Cl stretching vibrations could be observed in the far-IR region of
587 cm−1 (IR) and 575 cm−1 (Raman) in [Ag(µ-L1Clpz)]n, which are slightly shifted from
579 cm−1 (IR) and 573 cm−1 (Raman) in {[Ag(µ-L1Clpz)]3}2 [20], respectively. The Ag–N
stretching vibration should be observed at around 510 cm−1 [20,21,31] and was observed at
511 cm−1 (Raman) in [Ag(µ-L1Clpz)]n, which was the same energy at 511 cm−1 (Raman)
in {[Ag(µ-L1Clpz)]3}2 [20]. These vibrational spectroscopy comparisons indicate that each
stretching vibration energy is almost the same as the other, although there is a clearly
measurable difference in the C-Cl stretches, consistent with the presence of intercluster
Cl···Cl interactions in the hexanuclear system (3.852 Å) that are absent in the 1-D zig-zag
chain structure.

The solid-state UV-Vis absorption spectrum of [Ag(µ-L1Clpz)]n acquired as a Nujol
suspension is shown in Figure 5, along with that of {[Ag(µ-L1Clpz)]3}2 [20] for comparison.
The characteristic absorption band at 225 nm in {[Ag(µ-L1Clpz)]3}2 [20] was obviously
shifted to lower energy at 248 nm with a shoulder peak around 280 nm for the 1-D zig-zag
structure. This is clearly different from the behavior of solution-state UV-Vis absorption
spectra as shown in Figure S8. This shift in [Ag(µ-L1Clpz)]n may be caused by polynuclear
formation with intramolecular argentophilic interactions of Ag1···Ag2, 3.39171(17) Å as
shown in Figure 3. For this detailed assignment, density functional theory calculations are
required but are beyond the scope of this article. Nevertheless, the absorption band can be
assigned to a silver(I) to pyrazolate change transfer (MLCT) based on the other reported
hexanuclear coinage metal(I) complexes [18–20,32].
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Figure 5. Solid-state UV-Vis absorption spectra of [Ag(µ-L1Clpz)]n (red line) and {[Ag(µ-L1Clpz)]3}2

(blue line) [20] recorded in a Nujol mull.

The emission spectrum of [Ag(µ-L1Clpz)]n in the solid-state was also somewhat
different from that of the hexanuclear silver(I) analogue {[Ag(µ-L1Clpz)]3}2 [20] as shown
in Figure 6 at room temperature, recorded using a 280 nm excitation wavelength. In
{[Ag(µ-L1Clpz)]3}2, the main emissive band at 374 nm and an additional small one at 312
nm were observed. However, the emission of the coordination polymer [Ag(µ-L1Clpz)]n

was clearly shifted to higher energy around 314 nm, and a new broad peak around 490 nm
was observed.
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Figure 6. Solid-state photoluminescence spectra of [Ag(µ-L1Clpz)]n (red line) and {[Ag(µ-L1Clpz)]3}2

(blue line) [20] at room temperature recorded at 280 nm excitation wavelength.

The temperature-dependent photoluminescence spectra in [Ag(µ-L1Clpz)]n were
recorded (Figure 7). The corresponding variable temperature emission spectra for {[Ag(µ-
L1Clpz)]3}2 are also shown in Figure S12 [20]. The more intense 473 nm emission band of
[Ag(µ-L1Clpz)]n at 83 K exhibited an additional vibrational fine structure around 346 nm,
which was observed only at 83 K. From this vibrational behavior, this higher energy emis-
sion may be from ligand-based phosphorescence. On the other hand, the lower energy emis-
sion band was attributed to metal-based phosphorescence arising from closed shell d10–d10

intramolecular Ag···Ag interactions [18–21,32–34]. For the original hexanuclear complex
{[Ag(µ-L1Clpz)]3}2, the intensity of both bands at 374 and 312 nm gradually increased as
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the measurement temperature decreased. No bands around 470 nm were observed, even
at low temperature. From these observations, the lower energy strong emission band at
473 nm in [Ag(µ-L1Clpz)]n is very unique due to its polynuclear supramolecular structure.
We are now in the process of probing the origin of this stimulating behavior by theoretical
and more detailed physicochemical researches.

– – –
hexanuclear complex {[Ag(μ

[Ag(μ

[Ag(μ

({[Ag(μ , {[Ag(μ , and {[Ag(μ

– − far IR spectra – −

 as CsI pellets using a JASCO 
FT/IR 6700 Raman spectra 
(4000–  cm− ) were measured as powders on a

. 

Figure 7. Solid-state temperature-dependent photoluminescence spectra at 83 K (violet line), 173 K
(green line), and 299 K (red line) in [Ag(µ-L1Clpz)]n at 280 nm excitation.

3. Materials and Methods
3.1. Material and General Techniques

The preparation and handling of all complexes was performed under an argon atmo-
sphere using standard Schlenk tube techniques. Ultra-dry ethyl acetate was purchased
from Wako Pure Chemical Ind. Ltd. and deoxygenated by purging with argon gas. Deuteri-
ochloroform was obtained from Cambridge Isotope Laboratories, Inc. Other reagents were
commercially available and were used without further purification. The 3,5-diisopropyl-1-
pyrazole (L1pz-H) [35] and its halogenated pyrazoles (L1Clpz-H, L1Brpz-H, and L1Ipz-
H) [20] were prepared by published methods. (nBu4N)[Ag(CN)2] was obtained by the
reaction of KAg(CN)2 (1.016 g, 5.10 mmol) and nBu4NBr (1.7029 g, 5.28 mmol) in 20 mL
of H2O at room temperature for 2 hours to form a white powder of (nBu4N)[Ag(CN)2]
(1.801 g, 4.48 mmol, 88% yield). Hexanuclear silver(I) complexes ({[Ag(µ-L1Clpz)]3}2,
{[Ag(µ-L1Brpz)]3}2, and {[Ag(µ-L1Ipz)]3}2) were obtained by the published methods [20].

3.2. Instrumentation

IR spectra (4000–400 cm−1) and far-IR spectra (680–150 cm−1) were recorded as
KBr pellets using a JASCO FT/IR-6300 spectrophotometer and as CsI pellets using a
JASCO FT/IR 6700 spectrophotometer (JASCO, Tokyo, Japan), respectively. Raman spectra
(4000–200 cm−1) were measured as powders on a JASCO RFT600 spectrophotometer with
a YAG laser 600 mW (JASCO, Tokyo, Japan). Abbreviations used in the description of
vibration data are as follows: s, strong; m, medium; w, weak. 1H-NMR (500 MHz) spectra
were obtained on a Bruker AVANCE III-500 NMR spectrometer at room temperature
(298 K) in CDCl3 (Bruker, Yokohama, Japan). 1H chemical shifts were reported as δ values
relative to residual solvent peaks. UV-Vis spectra (solution and solid, 800–200 nm) were
recorded on a JASCO V-570 spectrophotometer (JASCO, Tokyo, Japan). The values of ε were
calculated per metal(I) ion. Solid samples (mulls) for spectroscopy were prepared by finely
grinding microcrystalline material into powders with a mortar and pestle and then adding
mulling agents (Nujol, poly(dimethylsiloxane), viscosity 10,000 (Aldrich)) before uniformly
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spreading it between quartz plates. Powder X-ray diffraction (XRD) measurements were
conducted on a Rigaku SmartLab-SP/IUA X-ray diffractometer (Rigaku, Tokyo, Japan) with
a Cu Kα radiation (λ = 1.54 Å) source (40 kV, 30 mA) and a high-speed one-dimensional
detector D/teX Ultra 250. The 2θ was measured in the range of 5–90◦ with a scan step of
0.02◦ and scan speed of 10◦ min−1. Solid samples for XRD were prepared by finely grinding
microcrystalline materials into powders with a mortar and pestle and then placing them on
an aluminum dish (0.2 mm thickness). Luminescence spectra were recorded on a JASCO
FP-6500 (solid, 700–300 nm) spectrofluorometer (JASCO, Tokyo, Japan). Low-temperature
electronic absorption and luminescence spectra were recorded using solid samples cooled
with a liquid nitrogen cryostat (CoolSpeK USP-203) from Unisoku Scientific Instruments
(Osaka, Japan). The elemental analyses (C, H, and N) were performed by the Chemical
Analysis Center of Ibaraki University.

3.3. Preparation of Complexes

[Ag(µ-L1Clpz)]n

{[Ag(µ-L1Clpz)]3}2 (54.5 mg, 0.0309 mmol) and (nBu4N)[Ag(CN)2] (19.1 mg, 0.0475 mmol)
were dissolved in ethyl acetate (6 cm3) and the solution was stirred at room temperature
for one week. A white solid was precipitated during this time. After this, the white solid
was filtered and washed with a small amount of ethyl acetate. The obtained white powder
as [Ag(µ-L1Clpz)]n was dried by vacuum pump.

Yield: 22.7 mg, 0.077 mmol, 42%.
Calcd for C9H14AgClN2·1/4(H2O): C, 36.27; H, 4.90; N, 9.40. Found: C, 36.21; H, 4.57;

N, 9.20. IR (KBr, cm−1): 2971s(C-H), 2925s(C-H), 2862s(C-H), 1506m(C≡N), 1461m, 1400m,
1367m, 1361m, 1283m, 1145s, 1118s, 1092s, 1051s, 1035s, 804w. Far-IR(CsI, cm−1): 685w,
587m(C-Cl), 561w, 540w, 501,476w, 437w, 411w, 389w, 371w, 349w, 276w, 237br. Raman
(solid, cm−1): 2974s(C-H), 2913s(C-H), 2865s(C-H), 1507m(C≡N), 1495m(C≡N), 1461m,
1448m, 1430m, 1382m, 1369s, 1300m, 1283m, 1176w, 1145w, 1107m, 957w, 880m, 706w,
657m, 575m(C-Cl), 511m(Ag-N), 438w, 385w, 341w, 268m. 1H-NMR (CDCl3, 500 MHz):
δ 1.41 (d, J = 7 Hz, 36H, CHMe2), δ 3.13 (sept, J = 7 Hz, 6H, CHMe2). UV-Vis (solution,
cyclohexane, λmax/nm(ε/cm−1 mol−1 dm3)) 226 (39200). UV-Vis (solid, Nujol, nm): 248,
280 (sh). Emission at 280 nm excitation wavelength (solution, cyclohexane, λmax/nm): 307.
Emission at 280 nm excitation wavelength (solid, λmax/nm): 299 K, 315, 490; 173 K, 314,
474, 614sh; 83 K, 317, 331, 346, 362, 379, 456sh, 473.

Liquid-liquid diffusion was applied to obtain crystals at room temperature. The
{[Ag(µ-L1Clpz)]3}2 (0.05 mmol) in 10mL of ethyl acetate was transferred to a 30 mL Er-
lenmeyer flask. On this solution, the solution containing (nBu4N)[Ag(CN)2] (0.1 mmol)
dissolved in 10 mL of ethyl acetate was carefully layered and then the top was covered
by parafilm. After a few weeks, some crystals were formed, which were suitable for
single-crystal X-ray analysis.

3.4. X-ray Crystal Structure Determination

Crystal data and refinement parameters for the silver(I) pyrazolato coordination poly-
mer [Ag(µ-L1Clpz)]n are given in Table 1. All crystallographic data have been deposited
at the Cambridge crystallographic data center (CCDC), 12 Union Road, Cambridge CB2
1EZ, UK and copies can be obtained on request, free of charge, by quoting the publication
citation and the deposition number. CCDC number: 2053891.

The diffraction data were measured on a Rigaku/MSC Mercury CCD system (Rigaku,
Tokyo, Japan) with graphite monochromated Mo Kα (λ = 0.71070 Å) radiation at −80 ◦C.
The unit cell parameters of each crystal were determined using CrystalClear [36] from
6 images. The crystal to detector distance was 44.74 mm. Data were collected using 0.5◦

intervals in 65ϕ and ω to a maximum 2θ value of 55.0◦. A total of 744 oscillation images
were collected. The highly redundant data sets were reduced using CrysAlisPro [37]. An
empirical absorption correction was applied for each complex. Structures were solved by
direct methods (SIR2008) [38]. The position of the silver ions and their first coordination
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sphere were located from a direct method E-map; other non-hydrogen atoms were found
in alternating difference Fourier syntheses and least squares refinement cycles. During the
final refinement cycles the temperature factors were refined anisotropically. Refinement was
carried out by a full matrix least-squares method on F2. All calculations were performed
with the CrystalStructure [39] crystallographic software package except for refinement,
which was performed using SHELXL 2013 [40]. Hydrogen atoms were placed in calculated
positions. Crystallographic data and structure refinement parameters including the final
discrepancies (R and Rw) are listed in Table 1.

Table 1. Crystal data and structure refinement of [Ag(µ-L1Clpz)]n.

Complex [Ag(µ-L1Clpz)]n

CCDC number 2053891
Empirical Formula C9H14AgClN2

Formula Weight 293.54
Crystal System Monoclinic
Space Group I2/a (#15)

a/Å 9.4667(11)
b/Å 11.0962(3)
c/Å 21.5508(7)
β/◦ 94.859(2)

V/Å3 2255.66(11)
Z 8

Dcalc/g cm−3 1.729
µ(MoKα)/cm−1 19.771
Temperature/◦C −80

2θ range, ◦ 6–55
Reflections collected 8801
Unique reflections 2589

Rint 0.0111
Number of Variables 120

Refls./Para ratio 21.57
Residuals: R1 (I > 2 σ (I)) 0.0155

Residuals: R (All reflections) 0.0167
Residuals: wR2 (All reflections) 0.0406

Goodness of fit indicator 1.046
Max/min peak,/e Å−3 0.43/−0.40

R1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σ (w (Fo2 − Fc2)2 )/Σw(Fo2)2]1/2.

4. Conclusions

By using an unexpected synthetic method, we obtained a silver(I) pyrazolato complex
[Ag(µ-L1Clpz)]n as a coordination polymer by the reaction of {[Ag(µ-L1Clpz)]3}2 with
(nBu4N)[Ag(CN)2]. This polynuclear silver(I) structure was compared with the known
hexanuclear silver(I) structure {[Ag(µ-L1Clpz)]3}2. Two N–Ag–N bond angles of 180.00(7)◦

and 179.83(5)◦ in the silver(I) coordination polymer [Ag(µ-L1Clpz)]n indicate that each
silver(I) ion is coordinated by two pyrazolyl nitrogen atoms with an almost linear coordi-
nation. Every five pyrazoles point in the same direction to form a 1-D zig-zag structure.
This zig-zag structure is not stable in solution, but it converts to the original hexanuclear
silver(I) complex {[Ag(µ-L1Clpz)]3}2. In the solid-state photoluminescence spectrum, a
lower energy strong emission band at 473 nm at lower temperature is very unique and
attributable to the differences in polynuclear structure between the two systems. Silver(I)
complexes are not generally so emissive, even at lower temperature and thus this 1-D zig-
zag polynuclear structure is particularly noteworthy in coinage metal(I) pyrazolate research.
This [Ag(µ-L1Clpz)]n broadens a family of silver(I) coordination polymers [24,25,41–43].
Moreover, some high antibacterial activity research using silver(I) coordination polymers
are also reported [41–44]. Further efforts to probe how the structure of coinage metal(I)
pyrazolates is affected by ligand and coordination environment are in progress.
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41. Jaros, S.W.; da Silva, M.F.C.G.; Florek, M.; Smoleński, P.; Pombeiro, A.J.L.; Kirillov, A.M. Silver(I) 1,3,5-triaza-7-phosphaadamantane

coordination polymers driven by substituted glutarate and malonate building blocks: Self-assembly synthesis, structural features,
and antimicrobial properties. Inorg. Chem. 2016, 55, 5886–5894. [CrossRef]

45



Molecules 2021, 26, 1015

42. Lu, X.; Ye, J.; Zhang, D.; Xie, R.; Bogale, R.F.; Sun, Y.; Zhao, L.; Zhao, Q.; Ning, G. Silver carboxylate metal–organic frameworks
with highly antibacterial activity and biocompatibility. J. Inorg. Biochem. 2014, 138, 114–121. [CrossRef] [PubMed]

43. Jaros, S.W.; Smoleński, P.; da Silva, M.F.C.G.; Florek, M.; Król, J.; Staroniewicz, Z.; Pombeiro, A.J.L.; Kirillov, A.M. New silver
BioMOFs driven by 1,3,5-triaza-7-phosphaadamantane-7-sulfide (PTA=S): Synthesis, topological analysis and antimicrobial
activity. CrystEngComm 2013, 15, 8060–8064. [CrossRef]

44. Domb, A.J.; Kunduru, K.R.; Farah, S. Antimicrobial Materials for Biomedical Applications; The Royal Society of Chemistry: Croydon,
UK, 2019.

46



molecules

Article

Fe(III) Complexes Based on Mono- and Bis-pyrazolyl-
s-triazine Ligands: Synthesis, Molecular Structure,
Hirshfeld, and Antimicrobial Evaluations

Saied M. Soliman 1,* , Hessa H. Al-Rasheed 2, Jörg H. Albering 3 and Ayman El-Faham 1,2,*
1 Department of Chemistry, Faculty of Science, Alexandria University, P.O. Box 426, Ibrahimia,

Alexandria 21321, Egypt
2 Department of Chemistry, College of Science, King Saud University, P.O. Box 2455,

Riyadh 11451, Saudi Arabia; halbahli@ksu.edu.sa
3 Graz University of Technology, Mandellstr. 11/III, A-8010 Graz, Austria; joerg.albering@tugraz.at
* Correspondence: saied1soliman@yahoo.com (S.M.S.); aelfaham@ksu.edu.sa (A.E.-F.)

Academic Editors: Vera L. M. Silva and Artur M. S. Silva
Received: 15 November 2020; Accepted: 3 December 2020; Published: 5 December 2020

Abstract: The self-assembly of iron(III) chloride with three pyrazolyl-s-triazine ligands, namely 2,4-
bis(3,5-dimethyl-1H-pyrazol-1-yl)-6-(piperidin-1-yl)-1,3,5-triazine (PipBPT), 4-(4,6-bis(3,5-dimethyl-1H-
pyrazol-1-yl)-1,3,5-triazin-2-yl)morpholine (MorphBPT), and 4,4’-(6-(3,5-dimethyl-1H-pyrazol-1-yl)-1,3,5-
triazine-2,4-diyl)dimorpholine (bisMorphPT) afforded [Fe(PipBPT)Cl2][FeCl4] (1), [Fe(MorphBPT)Cl2][FeCl4]
(2), and [H(bisMorphPT)][FeCl4]. bisMorphPT.2H2O (3), respectively, in good yield. In complexes 1 and 2,
the Fe(III) is pentacoordinated with three Fe-N interactions from the pincer ligand and two coordinated
chloride anions in the inner sphere, and FeCl4¯ in the outer sphere. Complex 3 is comprised of one
protonated ligand as cationic part, one FeCl4¯ anion, and one neutral bisMorphPT molecule in addition to
two crystallized water molecules. Analysis of molecular packing using Hirshfeld calculations indicated
that H . . . H and Cl . . . H are the most important in the molecular packing. They comprised 40.1%
and 37.4%, respectively in 1 and 32.4% and 37.8%, respectively in 2. Complex 1 exhibited the most
bioactivity against the tested microbes while 3 had the lowest bioactivity. The bisMorphPT and MorphBPT
were inactive towards the tested microbes while PipBPT was active. As a whole, the Fe(III) complexes
have enhanced antibacterial and antifungal activities as compared to the free ligands.

Keywords: pyrazolyl-s-triazine; Fe(III); self-assembly; Hirshfeld; antimicrobial activity

1. Introduction

Iron is a readily available element, as it is considered to be one of the most abundant. It is
cheap and has almost-negligible hazardous effects on the environment as it has low toxicity [1–3].
Iron compounds play a crucial role in ammonia production by the Haber–Bosch process. On other
hand, iron and its compounds have a key role in homogenous molecular catalysis [4–7].

Bis-pyrazolyl-s-triazine (BPT) ligands are a class of chelators which have been utilized in the
synthesis of several divalent metal ion complexes with interesting molecular and supramolecular
structures [8–13]. These s-triazine pincer-type complexes can be easily synthesized using self-assembly
in a water-alcohol mixture. Additionally, they have extra-stability due to the chelate effect. Although
iron has low toxicity, there are many problems due to high iron overload because it plays a major role
in the generation of free radicals [14,15]. BPT ligands have key characteristics to act as a solution for
this problem because they are powerful chelators.

On other hand, several organic-based antibacterial and antifungal drugs were discovered over
the last few years [16]. Many of these antibiotics cannot overcome the problem of multidrug-resistant
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microbes [17–19]. Therefore, the replacement of these traditional antibiotics by other medications that
can solve the problem of antibiotic-resistant pathogens has become an urgent need [17–19]. In this
regard, some Fe(III) complexes have good antibacterial activity against a broad range of bacteria,
but not fungi [20]. Others were found to have good antibacterial and moderate antifungal activities [20].

In the present work, we self-assembled three Fe(III) complexes by the direct reaction of FeCl3 with
the mono- and bis-pyrazolyl-s-triazine ligands shown in Figure 1. Their structure aspects were studied
using single-crystal X-ray diffraction in combination with Hirshfeld analysis. The antibacterial and
antifungal activities of these Fe(III) complexes are also presented.

 

 

λ

α
β
γ

−

Figure 1. Structure of the mono- and bis-pyrazolyl-s-triazine ligands [21,22]. Ligands shown are:
2,4-bis(3,5-dimethyl-1H-pyrazol-1-yl)-6-(piperidin-1-yl)-1,3,5-triazine (PipBPT), 4-(4,6-bis(3,5-dimethyl-
1H-pyrazol-1-yl)-1,3,5-triazin-2-yl)morpholine (MorphBPT), and 4,4’-(6-(3,5-dimethyl-1H-pyrazol-1-yl)-
1,3,5-triazine-2,4-diyl)dimorpholine (bisMorphPT).

2. Results and Discussion

2.1. Structure Description

The crystals of the synthesized complexes were simply obtained from the direct reaction of the
Fe(III) salt with the functional ligand in water-ethanol solvent mixture at room temperature using
self-assembly. The X-ray single-crystal structure of the Fe(III) complexes are presented for the first time
and the crystal data are listed in Table 1.

2.1.1. Crystal Structure Description of [Fe(PipBPT)Cl2][FeCl4] (1)

Complex 1 crystallizes in the monoclinic crystal system with the space group P21/c and Z = 4;
the asymmetric unit comprises one [Fe(PipBPT)Cl2][FeCl4] unit. The structure of the inner sphere
complex in 1 consists of one cationic complex unit in which the Fe(III) ion is coordinated by PipBPT in a
tridentate pincer fashion and two chloride ions. The outer sphere is an anion: a tetrahedral FeCl4¯ unit
(Figure 2). The Fe-N distances are significantly shorter for the Fe-N(s-triazine) than the Fe-N(pyrazole),
where the two Fe-N(pyrazole) bonds are only slightly different (Table 2). The two Fe1-Cl1 and Fe1-Cl2
bonds have very close bond distances of 2.1699(6) Å and 2.1766(6) Å, respectively. The coordination
geometry of the five-coordinated Fe(III) ion is described using Addison criteria [23]. The coordination
geometry, as shown in Figure 2, lies between the square pyramid and the trigonal bipyramid with
a N3-Fe1-N2 angle (β) of 146.46(6)◦ and N1-Fe1-Cl2 angle (α) of 133.34(5)◦, giving a τ = ((β−α)/60)
value of 0.22. As a result, the coordination geometry around Fe(III) could be described as a distorted
square pyramid.

48



Molecules 2020, 25, 5750

Table 1. Crystal data and structure refinement for the studied complexes.

Compound 1 2 3

Empirical formula C18H24Cl6Fe2N8 C17H22Cl6Fe2N8O C32H51Cl4FeN14O6
Formula weight (g/mol) 676.85 678.82 925.51

Temperature (K) 119(2) 124(2) 293(2)
λ (Å) 0.71073 0.71073 0.71073

Crystal system Monoclinic Orthorhombic Triclinic
Space group P21/c Pbcm P-1

Unit cell dimensions
a (Å) 8.9549(3) 8.5201(3) 12.4352(15)
b (Å) 15.7871(6) 13.7094(5) 12.8632(16)
c (Å) 19.9063(7) 23.2383(9) 15.6509(19)
α (◦) 90 90 76.955(3)
β (◦) 99.457(2) 90 89.531(3)
γ (◦) 90 90 66.926(3)

Volume (Å3) 2775.9(2) 2714.4(2) 2234.7(5)
Z 4 4 2

Density (calculated, g/cm3) 1.620 1.661 1.370
Absorption coefficient (mm−1) 1.647 1.687 0.633

F(000) 1368 1368 958
Crystal size (mm3) 0.29 × 0.16 × 0.09 0.04 × 0.12 × 0.15 0.26 × 0.20 × 0.08

θ range (◦) 2.31 to 25.49 2.81 to 24.99 2.33 to 25.09

Index ranges
−10 ≤ h ≤ 10,
−19 ≤ k ≤ 19,
−24 ≤ l ≤ 24

−10 ≤ h ≤ 10,
−16 ≤ k ≤ 16,
−27 ≤ l ≤ 27

−14 ≤ h ≤ 14,
−15 ≤ k ≤ 15,
−18 ≤ l ≤ 18

Reflections collected 38,064 21,560 64,462
Independent reflections 5139 [R(int) = 0.0427] 2453 [R(int) = 0.0294] 7915 [R(int) = 0.0769]

Completeness to theta (%) 99.8 99.90 99.5
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 5139/0/311 2453/0/207 7909/0/528
Goodness-of-fit on F2 1.045 1.083 1.008

Final R indices [I > 2sigma(I)] R1 = 0.0238, wR2 = 0.0530 R1 = 0.0397, wR2 = 0.0988 R1 = 0.0932, wR2 = 0.2007
R indices (all data) R1 = 0.0334, wR2 = 0.0571 R1 = 0.0440, wR2 = 0.1024 R1 = 0.1654, wR2 = 0.2464

Largest diff. peak and hole 0.291 and −0.306 0.621 and −1.035 0.87and −0.64
CCDC No. 2044018 2044016 2044017
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− − −

β α
τ β α

 

Figure 2. X-ray structure of complexes 1 (left) and 2 (right), the atoms have been drawn at a 30%
probability level. The [FeCl4]- anions in the outer sphere were omitted for better clarity.

The molecules of 1 are packed mainly by Cl . . . H hydrogen bonds as shown in Figure 3 (upper
part) and listed in Table 3. The donor–acceptor distances are 3.428(2) Å, 3.622(2) Å, and 3.723(2) Å
for C8-H8 . . . Cl1, C3-H3 . . . Cl3, and C5-H5B . . . Cl6 hydrogen bonding interactions, respectively.
The packing of complex molecules is shown in Figure 4 (upper part). The network connected via Cl . . .
H bridge interactions shows a 3D connectivity.
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Table 2. Bond distances and angles in 1.

Atoms Distance (Å) Atoms Distance (Å)

Fe1-N1 2.0295(15) Fe2-Cl3 2.1840(6)
Fe1-N3 2.0940(16) Fe2-Cl4 2.1836(6)
Fe1-N2 2.1092(16) Fe2-Cl5 2.1791(6)
Fe1-Cl1 2.1699(6) Fe2-Cl6 2.1873(6)
Fe1-Cl2 2.1766(6)

Atoms Angle (◦) Atoms Angle (◦)

N1-Fe1-N3 73.24(6) N2-Fe1-Cl1 100.76(5)
N1-Fe1-N2 73.65(6) N1-Fe1-Cl2 133.34(5)
N3-Fe1-N2 146.46(6) N3-Fe1-Cl2 99.11(5)
N1-Fe1-Cl1 117.06(5) N2-Fe1-Cl2 99.58(5)
N3-Fe1-Cl1 98.84(5) Cl1-Fe1-Cl2 109.58(3)

 

 

1 

 

2 

Figure 3. The hydrogen bond contacts in complexes 1 (upper) and 2 (lower).
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Table 3. Hydrogen bond parameters of complexes 1 and 2.

Atoms D-H (Å) H . . . A (Å) D . . . A (Å) D-H . . . A (◦)

Complex 1

C3-H3 . . . Cl3 i 0.95 2.77 3.622(2) 149
C5-H5B . . . Cl6 i 0.98 2.8 3.723(2) 158
C8-H8 . . . Cl1ii 0.95 2.78 3.428(2) 126

i 1 + x,y,z i 1 + x,y,z ii 1-x,-y,1-z and

Complex 2

C5-H5 . . . Cl4A i 0.95 2.79 3.651(5) 152
C9A-H9A1 . . . Cl1A ii 0.99 2.55 2.916(7) 101

i x,-1 + y,z and ii 1-x,1/2 + y,3/2-z

 

 

1 

 

2 

Figure 4. The hydrogen bond polymers in the crystal structures of complexes 1 (upper, view along the
a-axis) and 2 (lower, views along the a- and c-axes). The hydrogen bridges are shown as light-blue
dotted lines.

2.1.2. Crystal Structure Description of [Fe(MorphBPT)Cl2][FeCl4] (2)

Complex 2 has a very close structure to 1, with one [Fe(MorphBPT)Cl2]+ as an inner sphere complex
and [FeCl4]¯ as a counter ion. The major difference is that complex 2 crystallizes in the more symmetric
orthorhombic crystal system and space group Pbcm with half molecular formula as asymmetric unit.
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The molecule comprises a symmetrical plane passing vertically through the molecule, intersecting the
Fe(III) center and the two chloride anions, and splitting the organic ligand into two halves. In this
regard, there are two equidistant Fe-N(pyrazole) bonds with iron to nitrogen distance of 2.099(2) Å
and one shorter Fe-N(s-triazine) bond (2.036(3) Å). List of the most important bond distances are
given in Table 4. The coordination sphere is completed by the two coordinated chloride anions with
iron to chlorine distances ranging from 2.090(6)–2.262(5) Å for the two disordered parts (Figure S4,
Supplementary Materials). The Addison criteria τ for the two complex parts are 0.26 and 0.05 for the
disordered parts A and B, respectively. These calculations indicate that the two complex parts have
different coordination geometries: part B is closer to being a more perfect square pyramid than part A.
Regarding the scale factors for the two domains A and B, both are close 0.5. Thus, if the Cl1A and
Cl2B atoms, as well as Cl1B and Cl2A, are assumed to belong to the same polyhedron, the τ values are
calculated to be same (τ = 0.26 and 0.05), which confirms our conclusion.

The different hydrogen bridge contacts controlling the molecular packing of complex 2 are listed
in Table 3 and shown in Figure 3, while the molecular packing showing the different molecular units
packed via C-H . . . Cl interactions is shown in the lower part of Figure 4. Complex 2 also shows a 3D
network connected via Cl . . . H interactions. Although the coordination modes of both complexes 1
and 2 look very similar, the hydrogen bridge networks turn out to be quite different. Small changes of
the ligand molecule lead to significant differences in the packing.

Table 4. Bond distances and angles in 2.

Atoms Distance (Å) Atoms Distance (Å)

Fe1-N1 2.038(3) Fe2-Cl4B 2.085(3)
Fe1-N2 1 2.099(3) Fe2-Cl3 2 2.1667(10)
Fe1-N2 2.099(3) Fe2-Cl3 2.1668(10)

Fe1-Cl1A 2.250(3) Fe2-Cl4A 2.329(3)
Fe1-Cl2A 2.262(5)
Fe1-Cl1B 2.151(2)
Fe1-Cl2B 2.090(6)

Atoms Angle (◦) Atoms Angle (◦)

N1-Fe1-N2 1 73.66(7) Cl2B-Fe1-N2 101.82(8)
N1-Fe1-N2 73.66(7) N1-Fe1-Cl1B 149.41(12)

N2 1-Fe1-N2 146.19(13) Cl2B-Fe1-Cl1B 90.49(17)
N1-Fe1-Cl1A 130.50(12) N2 1-Fe1-Cl1B 101.81(7)
N21-Fe1-Cl1A 97.28(7) N2-Fe1-Cl1B 101.81(7)
N2-Fe1-Cl1A 97.28(7) Cl1A-Fe1-Cl2A 122.17(15)
N1-Fe1-Cl2A 107.33(16) Cl4B-Fe2-Cl3 2 106.87(8)

N2 1-Fe1-Cl2A 98.86(8) Cl4B-Fe2-Cl3 120.70(11)
N2-Fe1-Cl2A 98.86(8) Cl32-Fe2-Cl3 109.97(6)
N1-Fe1-Cl2B 120.10(17) Cl32-Fe2-Cl4A 105.43(8)

Cl2B-Fe1-N2 1 101.82(8) Cl3-Fe2-Cl4A 102.31(10)
1 X,Y,3/2-Z and 2 +X,3/2-Y,1-Z.

2.1.3. Crystal Structure Description of [H(bisMorphPT)][FeCl4] bisMorphPT.2H2O (3)

Attempts to synthesize a coordination complex compound of the bisMorphPT ligand with FeCl3
have failed so far. The only crystalline compound that was found was a [H(bisMorphPT)][FeCl4] salt
with one co-crystallized bisMorphPT ligand and two crystal water molecules in the asymmetric unit
(Z = 2) of the triclinic unit cell with the symmetry P-1.

Compound 3 comprises four parts: the protonated organic ligand [H(bisMorphPT)]+ as a cationic
part, one electrically neutral bisMorphPT molecule, a negatively charged [FeCl4]¯ ion, and two crystal
water molecules in a void of the packing (Figure 5). The crystal quality of this compound was not very
good. We found some disorder in the organic part of the crystal structure, and the protons of the crystal
water molecules were not detectable. For these reasons, we only give the crystallographic data in this
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publication and do not further describe its molecular and supramolecular aspects in detail. Although
our attempts to synthesize a complex containing the bisMorphPT ligand and FeCl3 were not successful,
it does not necessarily mean that such a compound does not exist. In any case, it seemed to be useful
to publish the data of compound 3 found in this context in order to create a reference for subsequent
work. One possible reason for not obtaining a coordination complex of Fe(III) with the bidentate
bisMorphPT ligand is its lower denticity compared to the tridentate PipBPT and MorphBPT pincer chelates.
Another possible reason is the steric effect resulting from the replacement of one pyrazole moiety by
the morpholine one. The latter has no coordinating ability and a more bulky character that prevents
the bisMorphPT from coordinating to the Fe(III) ion.

 

π

Figure 5. X-ray structure of compound 3. All atoms have been drawn at a 50% probability level.

2.2. Analysis of Molecular Packing

Hirshfeld surfaces mapped over dnorm, shape index (SI), and curvedness for complexes 1 and 2 are
shown in Figure S5 (Supplementary Materials). A summary of the most important contacts and their
percentages are shown in Figure 6, while the decomposed dnorm maps of the short and most significant
contacts in the studied complexes are collected in Figure 7. The decomposed fingerprint plots indicate
the same common contacts in both complexes, which are H . . . H and Cl . . . H interactions, the most
abundant intermolecular interactions in the studied complexes. The percentages of these contacts are
40.1% and 37.4% in complex 1, respectively while they are 32.4% and 37.8% in complex 2, respectively.
The Cl . . . H hydrogen bonds appear as red regions in the Hirshfeld dnorm maps in both complexes and
indicate shorter contact distances than the van der Waals (vdW) radii sum of H and Cl atoms. The anion
(FeCl4¯)-π stacking interactions are significant in both complexes. Complexes 1 and 2 show significantly
short C . . . Cl and N . . . Cl contacts, with interaction distances also found to be shorter than the van
der Waals radii sum of the two elements sharing this contact (Figure 7). The contact distances of the
N . . . Cl interactions are 3.213 Å and 3.226 Å for complexes 1 and 2, respectively, while the C . . . Cl
contact distances are 3.257 Å and 3.381 Å for complexes 1 and 2, respectively. In complex 1, there is
one short Fe1 . . . Cl3 interaction (3.708 Å) between the complex cation and one of the Cl atoms from
the complex anion (FeCl4¯).
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Figure 6. All intermolecular interactions in complexes (CPXs) 1 and 2.
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Figure 7. The decomposed dnorm maps and fingerprint plots of the most important contacts in 1 and 2.

54



Molecules 2020, 25, 5750

2.3. Antimicrobial Activity of the Studied Compounds

2.3.1. Inhibition Zones

In the current study, the antibacterial activity of the free ligands as well as compounds 1–3 were
tested against Gram-positive bacteria, namely, Staphylococcus aureus (ATCC 29213) and Staphylococcus

epidermidis (ATCC 12228); and Gram-negative bacteria, namely, Escherichia coli (ATCC 25922) and
Pseudomonas aeruginosa (ATCC 27853) [24–27]. The free MorphBPT and bisMorphPT ligands were inactive
against the target microbes at the applicable concentration. On other hand, PipBPT showed good
activity against S. aureus, S. epidermidis, P. aeruginosa, and Candida albicans (ATCC 60193) and it was
completely inactive against E. coli (Table 5). In contrast, Fe(III) compounds 1–3 showed more potent
activities against the target pathogenic microbes than did the corresponding free ligands, as illustrated
from the values of the inhibition zones (mm) in Table 5. The values are considered an indicator for the
bioactivity of the tested compounds at a concentration of 200 µg/mL. Compounds 1–3 appeared to
have a more potent bioactivity against the target Gram-positive pathogenic bacteria than against the
Gram-negative ones, and showed potent activity against the tested fungus (C. albicans).

Table 5. Anti-microbiological activities of the studied compounds against some tested microbes at 200
µg by the agar well diffusion method.

Test
Compounds

Microbes

Staphylococcus
aureus

Staphylococcus
epidermidis

Escherichia
coli

Pseudomonas
aeruginosa

Candida
albicans

PipBPT 11 17 - 13 12
MorphBPT - - - - -
bisMorphPT - - - - -

1 25 23 19 22 18
2 18 19 16 17 14
3 17 16 14 15 12

Fluconazole - - - - 14
Gentamycin 28 22 21 19 -

Complex 1 showed the most potency as an antibacterial and antifungal agent against all the
target microbes, while 3 showed the lowest bioactivity. Additionally, complex 1 (18 mm) had better
antifungal activity than the standard fluconazole (14 mm). Complex 1 had better antibacterial action
against S. epidermidis (23 mm) and P. aeruginosa (22 mm) than the standard drug gentamycin (22 mm
and 19 mm, respectively).

The antimicrobial activities of the studied compounds were also evaluated at different
concentrations of 100 µg/mL, 200 µg/mL, and 300 µg/mL per disc, as shown in Table 6. Compounds
1–3 at these concentrations showed moderate to strong activity against all tested microbes, even at
the lowest concentration of 100 µg/mL, where the best results were obtained for complex 1. On the
other hand, as the concentration of the tested compound increased, the inhibition zone also increased.
This result reveals that the presence of the piperidine/bis-pyrazolo combination with Fe(III) in one
compound is the key for the bioactivity. These data agree with the literature, where the presence of
piperidine enhanced the activity compared to the analogous morpholine derivatives [27].

2.3.2. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)

The minimum inhibitory concentrations (MIC) of compounds 1–3 are given in Table 7. All tested
compounds were active against S. aureus, S. epidermidis, E. coli, P. aeruginosa, and C. albicans. Again,
complex 1 had the lowest MIC and MBC values, indicating its higher potency against all tested
microbes as compared to 2 and 3 (Table 7).
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Table 6. Antimicrobial activities of PipBPT and 1–3 at different concentrations.

Compounds Organism
Concentration

100 200 300

1

E. coli 16 19 21
P. aeruginosa 20 22 23

S. aureus 19 25 26
S. epidermidis 18 23 25

C. albicans 14 18 20

PipBPT

E. coli - - -
P. aeruginosa 13 15 18

S. aureus 17 18 19
S. epidermidis 11 13 15

C. albicans 10 11 13

2

E. coli 14 16 18
P. aeruginosa 14 17 18

S. aureus 14 18 19
S. epidermidis 15 19 20

C. albicans 12 14 16

3

E. coli 12 15 17
P. aeruginosa 12 15 17

S. aureus 14 17 19
S. epidermidis 13 16 17

C. albicans 11 12 15

Table 7. Minimum inhibitory concentrations (MIC) (µg/mL) and minimum bactericidal concentrations
(MBC) (µg/mL) of 1–3 against the growth of target microbes.

Microbes
[Fe(PipBPT)Cl2][FeCl4] (1) [Fe(MorphBPT)Cl2][FeCl4] (2) [H(bisMorphPT)][FeCl4]. bisMorphPT (3)

MIC MBC MIC MBC MIC MBC

S. epidermidis 8.3 16.6 9.7 19.4 18.8 37.5
S. aureus 8.7 17.5 9.8 19.6 18.8 37.5

E. coli 8.7 17.5 9.8 19.6 18.8 37.5
P. aeruginosa 8.2 16.5 9.8 19.6 18.8 37.5
C. albicans 18.8 100.0 37.5 150.0 37.5 150.0

3. Experimental

3.1. Materials and Physical Measurements

Chemicals were purchased from Sigma-Aldrich Company. CHN analyses were performed using
a Perkin Elmer 2400 Elemental Analyzer.

3.2. Syntheses

3.2.1. Synthesis of s-Triazine-Based Ligands

The ligands PipBPT, MorphBPT, and bisMorphPT were prepared following the method reported by
our research group [21,22] (Supplementary Materials, Method S1 and Method S2, Figures S1–S3).

3.2.2. Synthesis of Fe(III) Complexes

All of the studied complexes were synthesized using a self-assembly technique, by mixing the
aqueous solution of FeCl3 (1 mmol, 162 mg) with the ethanolic solution of the functional ligand.
The resulting clear solutions were left for slow evaporation until plate-like brown crystals of the target
complexes were formed. The resulting crystals were collected by filtration and were found suitable for
single-crystal X-ray diffraction measurements.
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Yield: C18H24N8Fe2Cl6 (1) 73% with respect to the ligand. Anal. Calc. C, 31.94; H, 3.57; N, 16.56%.
Found: C, 31.80; H, 3.51; N, 16.43%.

Yield: C17H22N8OFe2Cl6 (2) 76% with respect to the ligand. Anal. Calc. C, 30.08; H, 3.27; N,
16.51%. Found: C, 29.90; H, 3.21; N, 16.38%.

Yield: C32H51N14O6 Fe Cl4 (3) 70% with respect to the ligand. Anal. Calc. C, 41.53; H, 5.55; N,
21.19%. Found: C, 41.35; H, 5.49; N, 21.01%.

3.3. Crystal Structure Determination

The crystal structures of complexes 1–3 were determined using a Bruker D8 Quest diffractometer
employing SHELXTL and SADABS programs [28–30]. Hirshfeld calculations were performed using
the default parameters of the Crystal Explorer 17.5 program [31–35].

3.4. Antimicrobial Studies

We determined the antimicrobial activities of the free ligands, as well as those of the corresponding
Fe(III) complexes, against different microbes [22]. More details regarding the antimicrobial assay are
found in Supplementary Materials (Methods S3–S6).

4. Conclusions

Three self-assembled Fe(III) complexes were synthesized by direct reaction of iron(III) chloride
and the functional ligand in a water-alcohol medium. All complexes were obtained in good yield and
their structures were confirmed by single-crystal X-ray diffraction. The supramolecular structures of
complexes 1 and 2 were analyzed using Hirshfeld calculations with the aid of the CIF data. The Fe(III)
complexes were bioactive against the target microbes and generally more active than the functional
ligands. It was found that the combination of piperidine and bispyrazolo moieties with Fe(III) in one
compound (1) had the best bioactivity in comparison with the corresponding complexes (2 and 3)
comprised of morpholine group(s).

Supplementary Materials: The following are available online. Figure S1: 1H-NMR and 13C-NMR of MorphBPT,

Figure S2: 1H-NMR and 13C-NMR of PipBPT, Figure S3: 1H- and 13C-NMR for bisMorphPT, Figure S4: Structure
showing the disordered parts in 2. Figure S5: Hirshfeld surfaces mapped over dnorm, shape index, and curvedness.
In addition, the detailed synthesis of the ligands and biological experiments are given in the Supplementary data
file. Methods S1–S6.
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Abstract: The analysis of stability of biologically active compounds requires an accurate determina-
tion of their structure. We have found that 5-aryl-3-(2-aminoethyl)-1,2,4-oxadiazoles are generally
unstable in the presence of acids and bases and are rearranged into the salts of spiropyrazolin-
ium compounds. Hence, there is a significant probability that it is the rearranged products that
should be attributed to biological activity and not the primarily screened 5-aryl-3-(2-aminoethyl)-
1,2,4-oxadiazoles. A series of the 2-amino-8-oxa-1,5-diazaspiro[4.5]dec-1-en-5-ium (spiropyrazoline)
benzoates and chloride was synthesized by Boulton–Katritzky rearrangement of 5-substituted phenyl-
3-[2-(morpholin-1-yl)ethyl]-1,2,4-oxadiazoles and characterized using FT-IR and NMR spectroscopy
and X-ray diffraction. Spiropyrazolylammonium chloride demonstrates in vitro antitubercular ac-
tivity on DS (drug-sensitive) and MDR (multidrug-resistant) of MTB (M. tuberculosis) strains (1 and
2 µg/mL, accordingly) equal to the activity of the basic antitubercular drug rifampicin; spiropyrazo-
line benzoates exhibit an average antitubercular activity of 10–100 µg/mL on MTB strains. Molecular
docking studies revealed a series of M. tuberculosis receptors with the energies of ligand–receptor
complexes (−35.8–−42.8 kcal/mol) close to the value of intermolecular pairwise interactions of the
same cation in the crystal of spiropyrazolylammonium chloride (−35.3 kcal/mol). However, only
in complex with transcriptional repressor EthR2, both stereoisomers of the cation realize similar
intermolecular interactions.

Keywords: 1,2,4-oxadiazoles; spiropyrazolinium compounds; in vitro antitubercular screening;
X-ray diffraction; molecular docking

1. Introduction

There are pyrazoline-containing compounds that act as active pharmaceutical ingre-
dients of such commercially available drugs as aminopyrine (aminophenazone; analgesic
and antipyretic), dipyrone (metamizole, noramidopyrine; analgesic), antipyrine (benzocaine;
non-narcotic analgesic, an antipyretic and antirheumatic), zaleplon(hypnotic and sedative),
celecoxib (Aclarex, Celebrex; anti-inflammatory and antirheumatic drug), allopurinol (uri-
costatic agent, xanthine oxidase inhibitor) [1]. Therefore, there is always a demand for new
molecules, methodologies and improved synthetic approaches to novel pyrazoline derivatives.

Pyrazolines, as noticeable, practically meaningful nitrogen-containing heterocyclic
compounds, can be synthesized by a variety of methods. However, one of the most popular
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methods is the Fischer and Knoevenagel synthesis based on the reaction of α,β-unsaturated
ketones with phenylhydrazine in acetic acid under refluxing conditions. However, depend-
ing on the reactivity of molecules and the need of the chemist, they had synthesized the
pyrazolines under different solvent media and acidic or basic conditions [2–4].

Information on pyrazolinium structures with a quaternary nitrogen atom is limited.
Thus, two examples of biologically active pyrazolinium salts were found: 3-amino-1-ethyl-
1-phenyl-4,5-dihydro-1H-pyrazolinium iodide (PubChemCID: 13585073 structure, [5]) and
3-amino-1,4-dimethyl-1-phenyl-2-pyrazolinium iodide (PubChemCID: 13064197 struc-
ture, [6]) (Scheme 1):

Scheme 1. Amino-1-phenyl-4,5-dihydro-1H-pyrazolinium iodides.

In some works, we found spiropyrazolinium compounds with a quaternary nitro-
gen atom, which is common for two heterocycles. When studying the stability of 3-(2-
aminoethyl)-5-aryl-1,2,4-oxadiazoles having six-membered cyclic tertiary 2-amino groups
towards hydrolysis, we found that they were capable of rearranging to spiropyrazoline
benzoates or chlorides [7–9].

Particularly, upon keeping 3-[2-(4-phenylpiperazin-1-yl)ethyl]-5-phenyl-1,2,4-oxadiazole
recrystallized in 2-PrOH under conditions of air moisture access for nine months for
growing single crystals for X-ray structural analysis or by exposure of 3-[2-thiomorpholin-1-
yl)ethyl]-5-aryl-1,2,4-oxadiazoles in ethanol with ethereal HCl solution the above-mentioned
1,2,4-oxadiazoles underwent the rearrangement to spiropyrazolinium benzoates or chlo-
rides (Scheme 2) [7,8]:

Scheme 2. 3-(2-Aminoethyl)-5-aryl-1,2,4-oxadiazoles in the conditions of exposure to H2O and HCl.

Furthermore, at targeted exposure on 3-[2-(piperidin-1-yl)ethyl]-5-aryl-1,2,4-oxadiazoles
with: (i) water, (ii) water in DMF or (iii) ethereal HCl they underwent rearrangement with
the formation 2-amino-1,5-diazaspiro[4.5]dec-1-en-5-ium benzoates or chlorides (Scheme 2).
In the latter case, along with the formation of spiropyrazolinium chloride hydrate from
3-[2-(piperidin-1-yl)ethyl]-5-(3-chloro-phenyl)-1,2,4-oxadiazole hydrochlorides of starting
1,2,4-oxadiazoles were obtained as secondary products [9].

These facts are consistent with the known for 3,5-substituted 1,2,4-oxadiazoles with a
saturated side chain spontaneous thermally induced monomolecular Boulton–Katritzky
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rearrangement and provided the first examples of spirocompound formation through such
reaction. In general, a variety of Boulton–Katritzky rearrangements could be represented
as the following scheme (Scheme 3) [10,11]:

Scheme 3. Mononuclear heterocyclic Boulton-Katritzky rearrangement of 3,5-substituted
1,2,4-oxadiazoles.

In addition, spiropyrazolinium structures–2-amino-8-oxa-1,5-diazaspiro[4.5]dec-1-ene-
5-ammonium arylsulfonates are formed at arylsulfochlorination ofβ-aminopropioamidoximes
(Scheme 4) [12].

Scheme 4. Amino-4,5-dihydrospiropyrazolylammonium formation at arylsulfochlorination of β-
aminopropioamidoximes.

The practical interest in the class of β-aminopropioamidoxime derivatives is supported
by their pronounced local anesthetic, antitubercular, and antidiabetic activities [13–16].

Herein we report on the stability of 5-aryl-3-[β-(morpholin-1-yl)ethyl]-1,2,4-oxadiazoles
towards hydrolysis at: (i) DMF with the two equivalent amount of water when heated to
60–70 ◦C; (ii) alcohol/ethereal HCl mixture. A number of previously unknown spiropy-
razolinium salts were obtained and characterized using FT-IR and NMR spectroscopy
and X-ray diffraction. In vitro antitubercular screening of spiropyrazoline benzoates and
chloride was carried out, and their molecular docking was performed. It was shown
that the hydrolysis of 1,2,4-oxadiazoles with a 3-morpholinoethyl substituent leads to
spiropyrazoline compounds within 25–40 h. Acid hydrolysis of 1,2,4-oxadiazoles occurs
immediately after reagents adding. In vitro antitubercular screening of benzoates and chlo-
ride of spiropyrazoline drug-susceptible and multidrug-resistant strains, M. tuberculosis
revealed compounds with significant activity, and the results are in accordance with molec-
ular docking studies.

2. Results and Discussion
2.1. Synthesis and Spectra

The synthesis of the starting compounds 1, 2a–e, 3a–e and 4a–e was described ear-
lier [17]. 5-Substituted phenyl-3-[2-(morpholin-1-yl)ethyl]-1,2,4-oxadiazoles (4a–e) were
obtained by heating of -aroyl-(β-morpholin-1-yl)propioamidoximes (3a–e) in DMF at
70 ◦C for several hours, evaporating off the solvent in an oil pump vacuum and treating of
the residue with acetone. 1,2,4-Oxadiazoles (4a–e) are obtained as crystalline precipitates
from acetone (Scheme 5).
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Scheme 5. Obtaining of 5-substituted phenyl-3-[2-(morpholin-1-yl)ethyl]-1,2,4-oxadiazoles (4a–e), and 2-amino-8-oxa-1,5-
diazaspiro[4.5]dec-1-en-5-ium benzoates and hloride (5a–e, 6).

Physicochemical, FT-IR and NMR spectral characteristics of representatives of 1,2,4-
oxadiazoles of the morpholine series (4a–e) were recorded immediately after isolation
from DMF, and they correspond to the structure of 1,2,4-oxadiazoles. However, the X-ray
diffraction analysis of single crystals grown for nine months from 1,2,4-oxadiazoles 4c–e
recrystallized from 2-PrOH showed a complete transition of 1,2,4-oxadiazoles into rear-
ranged spiropyrazolinium compounds 5c–e (Section 2.3.). This indicates the hydrolysis of
1,2,4-oxadiazoles 4a–e by way of Boulton–Katritsky rearrangement to spiropyrazolinium
compounds 5a–e under the influence of air moisture. The rearrangement products 5a–e
have increased values of the mobility index Rf and m.p. in comparison with the initial
compounds 4a–e (Table 1).

Table 1. Physicochemical data of 5-substituted phenyl-3-[β-(morpholin-1-yl)ethyl]-1,2,4-oxadiazoles (4a–e) and spiropy-
razolinium compounds (5a–e) fixed in the conditions for obtaining single crystals for XRD analysis and in condition
(i).

Compd X Yield,% m.p., ◦C Rf * Compd t, h ** Yield,% m.p., ◦C Rf *

4a p-CH3O 62 230 0.71 5a 40 63 248 0.80
4b p-CH3 70 220 0.62 5b 40 63 235 0.75
4c H 92 216 0.66 5c 25 77 220 0.75
4d p-Br 83 224 0.67 5d 25 80 240 0.77
4e m-Cl 56 190 0.62 5e 25 43 200 0.70

* Rf determined in the system ethanol:benzene, 3:1; ** the heating time of 1,2,4-oxadiazoles 4a–e in DMF + 2H2O.

Further in this work, we investigated the conditions for the Boulton–Katritsky re-
arrangement of 5-substituted phenyl-3-[2-(morpholin-1-yl)ethyl]-1,2,4-oxadiazoles (4a–e)
under the deliberate establishment of hydrolysis conditions: (i) DMF with the two equiva-
lent amount of water when heated to 60–70 ◦C; (ii) alcohol/ethereal HCl mixture in the
presence of air moisture (Scheme 5).

As can be seen from Table 1, the heating time has an increased value (40 h) for
electron-donor substituents in the phenyl ring of 1,2,4-oxadiazoles 4a, 4b in comparison
with 1,2,4-oxadiazoles with an unsubstituted phenyl ring and with a phenyl ring having
electron-withdrawing substituents—4c–e (25 h). Spiropyrazolinium compounds 5a–e were
obtained after evaporation of DMF in an oil pump vacuum, treatment of the residue with
acetone with the isolation of rearranged products 5a–e and their recrystallization from
2-PrOH. In the case of the action of ethereal HCl solution on alcohol solutions of 1,2,4-
oxadiazoles 4a–e in all cases, 2-amino-8-oxa-1,5-diazaspiro[4.5]dec-1-en-5-ium chloride (6)
and the corresponding benzoic acids were isolated.
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IR spectra view of spirocompounds 5a–e and 6 differ from the IR spectra of 1,2,4-
oxadiazoles 4a–e. First, the former compounds have symmetric and asymmetric ν(N–H)
stretching bands at 3152–3485 and 3158–3457 cm−1, respectively; second, there are pro-
nounced bands of asymmetric and symmetric stretching vibrations of strong intensity ν(C–)
at 1545–1557 cm−1 and 1420–1442 cm−1, respectively for 5a–e and no stretching bonds of
aromatic protons for salt 6.

The 1H-NMR spectra of 1,2,4-oxadiazole 4a–e were recorded immediately with isola-
tion; if they were recorded after 1–2 weeks, then the emergence and increase in the intensity
of the NH2 group signal of the rearranged spiropyrazolinium products 5a–e in the region
of δ 7.51–7.7.57 ppm was observed. It indicates a transition of 1,2,4-oxadiazole to the
spiropyrazolinium compounds 4a–e→5a–e in the presence of air moisture.

Comparison of the NMR spectra (1H and 13C) of compounds 4a–e and 5a–e shows al-
most no differences in the regional characteristics of the groups of protons and carbon atoms
of the structures of 5-substituted phenyl-3-[2-(morpholin-1-yl)ethyl]-1,2,4-oxadiazoles (4a–
e) and of 2-amino-8-oxa-1,5-diazaspiro[4.5]dec-1-en-5-ium benzoates (5a–e). Hence, pro-
tons of α-CH2 and β-CH2 groups in the first case give signals in the range δ 3.15–3.17 ppm
and δ 3.65–3.66 ppm and in the region δ 3.15–3.19 ppm and δ 3.64–3.66 ppm—in the second.
The signals of the aromatic protons of para-substituted 1,2,4-oxadiazoles 4a, 4b, 4d and
spiropyrazolinium benzoates 5a, 5b, 5d have the form of two symmetric doublets with the
spin–spin coupling constant J equal 7.5 and 8.0 Hz. Aromatic protons of 1,2,4-oxadiazoles
and spiropyrazolinium benzoates with unsubstituted and meta-substituted phenyl rings
have signals at δ 7.23–7.83 ppm (4c) and 7.22–7.80 ppm (4e) and 7.25–7.78 ppm (5c, 5e).
Proton-containing substituents CH3O and CH3 have singlet signals with an intensity of 3
protons at δ 3.73 and 2.27 ppm for compounds 4a, 4b and 5a, 5b.

A distinctive feature of 1H-NMR spectra of benzoates 5a–e from the spectra of 1,2,4-
oxadiazoles 4a–e is the presence of NH2 proton signal with the integral intensity of 2H at δ
7.51–7.57 ppm.

The 1H-NMR spectrum of spirocompound 6 contained the triplet proton signals
of α- and β-CH2 groups at δ 3.16 and 3.68 ppm and signals of N(+)(CH2)2(CH2)2and
N(+)(CH2)2(CH2)2groups at δ 3.40 and 3.92 ppm, respectively; no aromatic proton signals
were observed.

Of the remarkable features of the 1H-NMR spectra of compounds 4a–e, 5a–e, and 6,
is that the axial and equatorial protons of the methylene groups located at the nitrogen
atom of the morpholine ring give independent multiplet signals. In one case, these signals
are superimposed with the common signal of two groups methylene protons located at
the oxygen atom of the morpholine ring at δ 3.91–3.93 ppm with a total intensity of six
protons and in the other case have a multiplet signal at ~δ 3.40 ppm intensity of two
protons. The diastereotopicity of discussed geminal protons of compounds 4a–e, 5a–e, and
6 is associated with a dynamic cause due to slow rotation of the morpholine heterocycle.
The effect of hindered inversion of six-membered heterocycles, with a chair-like conformer
with fixed positions of the axial and equatorial protons being predominant, in the 1H-NMR
spectra is a known fact reported in reference data [18]. In addition, the diastereotopicity of
these geminal protons of compounds 5a–e and 6 is associated with asymmetry due to the
presence of the spirocyclic system.

In the 13C spectra of the compounds 4a–e, 5a–e and 6, all signals of aliphatic and
aromatic protons were recorded in the expected regions.

So, in the 13C NMR spectra the characteristic groups of compounds 4a–e, 5a–e and
6 include the signals of: α-methylene groups at δ 31.4 ppm; β-methylene groups at δ
62.1 ppm; signals of carbon atoms of methylene groups with intensity 2C located at nitrogen
and oxygen atoms of the heterocycle are in the regions δ 62.4–62.5 ppm and δ 63.2–63.3 ppm.
Two signals of carbon atoms of C=N bonds of 1,2,4-oxadiazoles 4a–e are in the regions
δ 167.0–168.9 ppm and δ 169.2–169.5 ppm. The carbon atoms of the C=N bond of the
pyrazoline ring of compounds 5a–e have two signals at δ 167.0–168.8 ppm and δ 169.2 ppm,
which may be due to the existence of enantiomers A and B. The carbon atom of the C=N
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bond of compound 6 has a chemical shift at δ 169.1 ppm. The signals of aromatic carbon
atoms for compounds 4a–e and 5a–e are in the range δ 112.5–161.0 ppm; para-C3and para-
CH3 groups of the compounds 4a, 5a and 4b, 5b, respectively, give signals at δ 55.4 ppm
and δ 21.3 ppm.

As we have proved in this article, 1,2,4-oxadiazoles 4a–e are recorded spectroscop-
ically (FT-IR and NMR spectral data), and they are the initial ones during hydrolysis to
pyrazolinium compounds. The Boulton–Katritsky rearrangement mechanism 4a–e→5a–e,
and 4a–e→6 can be represented as a sequence of protonation, proton transfer and nucle-
ophilic attack steps, representing hydrolysis during the reaction of 1,2,4-oxadiazoles 4a–e
with water and wet HCl in the same way as we indicated for piperidine derivatives [9].

All these data demonstrate that the biological activity of compounds under discussion
should be associated with their spiropirazolinium form.

2.2. In Vitro Antitubercular Screening of 2-amino-8-oxa-1,5-diazaspiro[4.5]dec-1-en-5-ium
Benzoates and Chloride (5a–e, 6)

In vitro antitubercular bacteriostatic activity of spiropyrazolinium compounds 5a–e
and 6 on drug-sensitive (DS) and multidrug-resistant (MDR) of M. tuberculosis (MTB)
strains was studied using the method of serial dilution on the liquid Shkolnikova medium
(Table 2).

Table 2. In vitro antitubercular activity (MIC) of 2-amino-8-oxa-1,5-diazaspiro[4.5]dec-1-en-5-ium benzoates and chloride
(5a–e, 6), µg/mL * on DS (H37Rv) and MDR (I) strains of MTB.

Compd 5a 5b 5c 5d 5e 6 Rifampicin

MIC,
µg/mL

H37Rv 50 10 20 100 100 1 1
I 50 50 50 100 100 2 2

* In the upper line of MIC values, the activity on the DS of MTB strains (H37Rv) is shown; in the lower–on the wild MDR strains (I), isolated
from the patient, resistant to rifampicin and isoniazid.

A number of compounds 5a–e on DS and MDR MTB strains exhibits an average
antitubercular activity of 10–100 µg/mL. Moreover, an improvement in activity is observed
with a decrease in MIC to 10 µg/mL (5b); 20 µg/mL (5c) and 50 µg/mL (5a) on the
DS MTB strains and up to 50 µg/mL on the MDR MTB strains for the compounds 5a–c
containing donor substituents in the phenyl ring or with an unsubstituted phenyl ring.
Spiropyrazolylammonium chloride 6 demonstrates high in vitro antitubercular activity
equal to the activity of the basic antitubercular drug of the first-row rifampicin: on the DS
strain as low as 1 µg/mL; on the wild MDR strain—2 µg/mL.

To rationalize the results of the antitubercular activity of 2-amino-8-oxa-1,5-diazaspiro
dec-1-en-5-ium salts, X-ray diffraction studies and molecular docking studies were carried out.

2.3. X-ray Diffraction

Molecular structures of compounds 5c–e and 6 are given in Figure 1. Asymmetric units
of 5c, 5e and 6 contain one water molecule besides the target ions, and the asymmetric unit
of 5d contains two cations and two symmetrically independent anions. All hydrogen atoms
could be located on residual density maps; thus, it was confirmed that the structures are
salts with deprotonated carboxylic acids. The six-membered oxo-containing cycles adopt
the chair conformation, and the five-membered aza-containing cycles realize the envelope
conformation. C(1) carbon atom deviates from the meanplane of N1=N2-C3-C2 atoms at
0.40(1)–0.49(1) Å. Although the cation is rather rigid, it can realize two conformational
isomers depending on the shift of the C(1) atom from the meanplane of the rest atoms of
the five-membered ring. In crystals of 5c, 5e and 6, these isomers are related with each
other by an inversion center, and in acentric crystal 5d, two symmetrically independent
cations realize different conformations (Figure 2a). Nevertheless, for cations in 5c–e and 6
with similar conformations, the mean atomic deviation doesn′t exceed 0.5Å (Figure 2b).
The positive charge on quaternary ammonium atom causes elongation of N(1)-N(2) and
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N(1)-C(1) bonds as it was previously demonstrated for 5-aryl-3-[2-(piperidin-1-yl)ethyl]-
1,2,4-oxadiazoles [9], 2-amino-8-thia-1-aza-5-azoniaspiro[4.5]dec-1-ene [7], 1-(tert-butyl)-
4,5-dihydro-1H-pyrazol-1-ium [19] and 1,1,3-trimethyl-∆2-pyrazolinium [20] analogs.

Figure 1. Molecular view of 5c–e and 6 depicted in thermal ellipsoids (p = 50%).

Figure 2. Molecular conformations of (a) two independent cations in 5d (blue and red; H atoms are omitted); (b) similar
conformations of cations in 5c (red), 5d (blue), 5e (green) and 6 (magenta).

Crystal packing of a molecule can give valuable information about the most abundant
intermolecular interactions of a polytopic molecule. The discussed cations can act as donors
of two hydrogen bonds and, theoretically, acceptors of three H-bonds (through O(1), N(2)
and N(3) atoms). However, the Full Interaction Maps tool [21,22] implemented within the
Mercury 2020.1 package [23] undoubtedly indicates the “inertness” of this cation as an
acceptor of H-bonds (Figure 3). A monocarboxylate can only be an acceptor of 2–4 H-bonds.
Thus, in the absence of water molecules, the cations and anions form simple H-bonded
chains (Figure 4) [9]. In 5d, these chains are further connected through halogen C-Br..O
interactions (Figure 4a). In crystals of 5c, 5e, and 6, water molecules act as linkers between
the anion and cation and additionally bind two chains through O-H...O(anion) or O-H...Cl−

interactions (Figure 5) so that topologically identical H-bonded chains of the ladder-type
are formed.
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Figure 3. Interaction map in the crystal of 6 probed with H-bond donors (blue) and H-bond acceptors (red).

Figure 4. Fragment of H-bonded chains in the crystal of (a) 5d and (b) 2-amino-1,5-diazaspiro[4.5]dec-1-en-5-ium
4-bromobenzoate (deposit CCDC 1496456). Color code: Br—brown, C—grey, H—white, N—blue, O—red. The H(C)
atoms are omitted. Intemolecular interactions are shown with dotted lines.

Figure 5. Fragment of H-bonded chains in the crystal of (a) 5c, (b) 5e, (c) 6. Color code: C—grey, Cl—green, H—white,
N—blue, O—red. The H(C) atoms are omitted. Intemolecular interactions are shown with dotted lines.

To sum up, X-ray diffraction data demonstrated that molecular docking studies
should be carried out for two molecular conformations and that for stable ligand–receptor
complexes, the most likely hydrogen bond occurs through the NH2 group, while acceptor
atoms of heterocycles less readily take part in the hydrogen bonds.

2.4. Molecular Docking Studies

Our results indicate that compounds 4a–e at neutral pH in aqueous solutions undergo
transformation to 5a–e, and antitubercular activity demonstrated by the latter compounds
can be referred to either anion of benzoic acids, or the cation, or a mixture of an anion
and cation. Some benzoic acids and their anions previously showed activity against
M. tuberculosis in vitro [24–26]. However, it was assumed that benzoic acids do not have
a specific cellular target for M. tuberculosis besides their general effect on disrupting the
membrane function [25], which is supported by X-ray data of some benzoic acid deriva-
tives with receptors, where ligands are situated on the protein surface [see, for example,
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PDB id 5TJZ, 5TJY, 2HRG]. Moreover, the activity of 5a–e decreased in comparison with
monocarboxylate-free salt 6 allows suggesting that the antitubercular activity of these salts
should be referred to as the cation mainly.

As we mentioned above, the cation has a rigid conformation with spirocyclic motifs
known to be present in some drugs [27,28]. Thus, the mutual disposition of donor, acceptor
and hydrophobic fragments of this molecule can be compared with previously X-rayed
drugs and ligand–receptor complexes. We used CSD-Crossminer 2020.1 package to search
in the Protein Data Bank [29] ligand–receptor complexes where a ligand contains an
(i) planar heterocycle with (ii) donor amine group involved in two H-bonds and (iii)
neighboring ring, and a receptor was obtained from M. tuberculosis. The search gave three
hits with PDB id codes 1NBU, 4FOG, and 4XT4, and R.M.S.D. of pharmacophore model
from experimental ligand–receptor complexes of 0.398–0.717 Å. For all these hits,2-amino-
8-oxa-1,5-diazaspiro[4.5]dec-1-ene-5-ammonium emulates the pterin moiety, known as a
precursor of tetrahydrofolate synthesis, a coenzyme that acts as a carrier for one-carbon
units in the biosynthesis of thymidylate, purine nucleotides, and some amino acids [30].
Receptors for these complexes include dihydroneopterin aldolase, thymidylate synthase
or oxidoreductase Rv2671. The second search was carried out for structural analogs of
spiro[4.5]decane in complexes with receptors obtained from M. tuberculosis. The second
search gave two hits (PDB codes 5ICJ and 5N7O) of M. tuberculosis regulatory protein with
1-oxa-2,8-diazaspiro[4.5]dec-2-en-8-yl derivatives. These receptors were taken as targets
for molecular docking calculations together with more typical for theoretical antitubercular
screening UDP-galactopyranose mutase.

For all cases, both stereoisomers of the cation were docked independently. Docking
without constraints does not give any ligand: receptor complexes; thus, docking was
performed with H-bond constraints similar to that in the initial ligand–receptor complexes.
Sterical clashes in the binding pocket of thymidylate synthase and UDP-galactopyranose
mutase (PRB id codes, respectively, 4FOG and 4RPJ) do not allow the cation to realize
appropriate H-bonding; thus, these receptors were excluded from consideration. For 1NBU
and 4XT4, we succeeded in overcoming some steric clashes when flexible residues were
allowed to rotate freely along with single bonds. Energies of interactions between the
cations and three receptors are listed in Table 3; the closest environment of the cation is
schematically represented in Figure 6.

Table 3. Energies of interactions for the 2-amino-8-oxa-1,5-diazaspiro[4.5]dec-1-ene-5-ammonium
complexes with receptors [kcal/mol].

Receptor 1NBU 4XT4 5ICJ
Ligand Type A Type B Type A Type B Type A Type B

H-bonds −3.00 −2.00 −3.12 −2.00 −2.79 −3.00
Electrostatic −4.37 −1.68 −6.34 −5.80 −0.51 −2.12

Nonpolar −35.72 −32.51 −31.93 −34.80 −38.43 −35.43
Repulsive 0.25 0.35 0.99 0.36 0.04 0.01

Total −42.84 −35.84 −40.40 −42.24 −41.69 −40.54

Overall, energies of ligand–receptor interactions vary from −35.84 to −42.84 kcal/mol,
with the most prominent contribution from nonpolar C-H...π interactions. These values
are close to the value of intermolecular pairwise interactions of the same cation in the
crystal of 6 (−35.3 kcal/mol) estimated using UNI potentials [31,32]. The cation within
binding pockets is involved in two or three hydrogen bonds, and for dihydroneopterin
aldolase and thymidylate synthase complexes, the best solution for molecules type A and
type B differs in H-bonding patterns. For 1NBU, the best docking solution for molecule
type A includes three hydrogen bonds (two N-H...O interactions of amine and oxygen
atoms of Tyr52 and Glu74 residues, additionally supported with N-H...N bonds between
amide of Asn44 and heterocycle), while the solution for type B molecules includes two
H-bonds (N-H...O between amine and Tyr52 and N-H...O between ammonium of Lys99
and the oxygen atom of the cation). The latter solution with the poorest system of H-bonds
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also has the highest energy of intermolecular interactions among the six solutions under
discussion. For 4XT4, both isomers of cation form similar H-bonds with amide group
of Asn44 and carboxylate group of Asp67, and interact not only with receptor but also
cofactor. The nature of ligand-cofactor interactions differs for two isomers, as well as the
system of H-bonds. Only in 5ICJ, both isomers realize nearly similar ligand–receptor
interactions through two H-bonds between hydrogen atoms of NH2 group, and OH group
of Ser134 and COO group of Asp168 and numerous hydrophobic interactions with indolyl
fragment of Trp100 additionally supported by hydrophobic interactions with Thr138 and
Leu167. To summarize, based on molecular docking calculations, the cation is able to
bind with M. tuberculosis dihydroneopterin aldolase, thymidylate synthase and regulatory
proteins of transcription. Only in the latter case binding energy, the system of H-bonds and
contributions of various types of interactions are independent on stereoisomer of the cation.
However, other studies are needed to reveal the mechanism of antitubercular activity of
compounds under discussion.

Figure 6. Schematic representation of the interactions between 2-amino-8-oxa-1,5-diazaspiro[4.5]dec-1-ene-5-ammonium
and the residues within binding pockets of 1NBU (type A (a), type B (b)), 4XT4 (type A (c) and type B (d)), and 5ICJ (e). The
colors of the residues indicate the character of bonding: pink correspond to H-bonds, green—hydrophobic interactions,
blue—electrostatic interactions. H-bonds and their distances are depicted with dotted lines. Left—column corresponds to
type A cations, and the right—to type B molecules.
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3. Materials and Methods
3.1. Synthesis

The reagents were purchased from different chemical suppliers and were purified
before use. FT-IR spectra were obtained on a Thermo Scientific Nicolet 5700 FTIR in-
strument (Waltham, MA USA) in KBr pellets. 1H- and 13C-NMR spectra were acquired
on a Bruker Avance III 500 MHz NMR spectrometer (500 and 126 MHz, respectively)
(Bruker, BioSpin GMBH, Rheinstetten, Germany). The signals of DMSO-d6 were used as
the internal reference for 1H-NMR (2.50 ppm) and 13C-NMR (39.5 ppm) spectra. Elemental
analysis was carried out on a CE440 elemental analyzer (Exeter Analytical, Inc., Shang-
hai, China). Melting points were determined in glass capillaries on a PTP(M) apparatus
(Khimlabpribor, Klin, Russia). The reaction progress and purity of the obtained products
were controlled using Sorbfil (Sorbpolymer, Krasnodar, Russia) TLC plates coated with
CTX-1A silica gel, grain size 5–17 µm, containing UV-254 indicator. The eluent for TLC
analysis was a mixture of benzene–EtOH, 1:3. The solvents for synthesis, recrystallization,
and TLC analysis (ethanol, 2-PrOH, benzene, DMF, acetone) were purified according to the
standard techniques.

3.1.1. A General Procedure for the Synthesis of
5-Aryl-3-[2-(morpholin-1-yl)ethyl]-1,2,4-oxadiazoles (4a–e)

A solution of -aroyl-(β-morpholin-1-yl)propioamidoximes (3a–e) in dry DMF in a ratio
of 1 g:5 mL, respectively, was heated on an oil bath at 70 ◦C for different times characteristic
for compounds 3a–e: 3.5 h (3a, 3b), 2.5 h (3c), 2 h (3d), 1.5 h (3e) with TLC control (eluent
was mixture benzene—EtOH, 1:3). The reaction mixture was evaporated to dryness under
an oil pump vacuum at 50 ◦C/1 mm Hg. The organic residue was treated with dry acetone
at a ratio of 1 g of parent compounds (3a–e): 5 mL of dry acetone. The obtained crude
precipitates of the compounds 4a–e were recrystallized from 2-PrOH.

5-(4-Methoxyphenyl)-3-[2-(morpholin-1-yl)ethyl]-1,2,4-oxadiazole (4a). Starting from (4.93 g,
0.016 mol) of 3a in 25 mL of dry DMF to the resulting 2.89 g (62%), colorless solid 4a, m.p.
230 ◦C, Rf 0.71. IR (KBr, cm–1): 1670 (C=N), 1597 (C=N), 1553 (C=C), 1362 (C–O). 1H-NMR
(500 MHz, DMSO-d6): 3.17 (t, J = 7.0 Hz, 2H, CH2CH2N), 3.40 [m, 2H, N(CH eq)2] and
3.93 [m, 6H (2H, N(CH ax)2 and 4H, O(CH2)2)], 3.65 (t, J = 7.0 Hz, 2H, CH2CH2N), 3.73 (s,
3H, p-CH3O), 6.75 (d, J = 8.0 Hz, 2H, o-H Ar), 7.75 (d, J = 8.0 Hz, 2H, m-H Ar). 13C-NMR
(126 MHz, DMSO-d6): 31.4, 55.4, 62.0, 62.4, 112.5, 130.9, 136.0, 160.0, 168.9, 169.3. Anal.
Calcd for C15H19N3O3 (289,33): C, 62.27; H, 6.62. Found: C, 62.60; H, 7.02.

5-(4-Tolyl)-3-[2-(morpholin-1-yl)ethyl]-1,2,4-oxadiazole (4b). Starting from (2.81 g, 0.0096 mol)
of 3a in 15 mL of dry DMF to the resulting 1.84 g (70%), colorless solid 4b, m.p. 220 ◦C, Rf
0.62. IR (KBr, cm–1): 1648 (C=N), 1593 (C=N), 1553 (C=C), 1376 (C–O). 1H-NMR (500 MHz,
DMSO-d6):2.27 (s, 3H, p-CH3), 3.15 (t, J = 7.0 Hz, 2H, CH2CH2N), 3.40 [m, 2H, N(CHeq)2]
and 3.91 [6H, m: 2H, N(CH ax)2 and 4H, O(CH2)2], 3.66 (t, J = 7.0 Hz, 2H, CH2CH2N),
7.01 (d, J = 8.0 Hz, 2H, o-H Ar), 7.70 (d, J = 8.0 Hz, 2H, m-H Ar). 13C-NMR (126 MHz,
DMSO-d6): 21.3, 31.4, 62.1, 62.4, 63.2, 112.5, 130.9, 136.0, 160.0, 169.0, 169.3. Anal. Calcd for
C15H19N3O2 (273,33): C, 65.91; H, 7.01. Found: C, 65.50; H 7.22.

5-Phenyl-3-[2-(morpholin-1-yl)ethyl]-1,2,4-oxadiazole (4c). Starting from (1.00 g, 0.0036 mol)
of 3 in 5 mL of dry DMF to the resulting 0.86 g (92%) colorless solid 4c, m.p. 216 ◦C, Rf
0.66. IR (KBr, cm–1): 1650 (C=N), 1596 (C=N), 1559 (C=C), 1381 (C–O). 1H-NMR (500 MHz,
DMSO-d6): 3.18 (t, J = 7.0 Hz, 2H, CH2CH2N), 3.40 [2H, m, N(CHeq)2] and 3.93 [6H, m: 2H,
N(CHax)2 and 4H, O(CH2)2], 3.65 (2H, t, J = 7.0 Hz, CH2CH2N), 7.23–7.83 (m, 5H, C6H5).
13C-NMR (126 MHz, DMSO-d6): 31.4, 62.1, 62.4, 63.3, 127.5, 127.8, 128.9, 129.1, 129.4, 167.0,
169.2. Anal. Calcd for C14H17N3O2 (259,30):C, 64.85; H, 6.61. Found: C, 65.30; H, 7.02.

5-(4-Bromophenyl)-3-[2-(morpholin-1-yl)ethyl]-1,2,4-oxadiazole (4d). Starting from (1.44 g,
0.004 mol) of 3d in 8 mL of dry DMF to the resulting 1.12 g (83%) colorless solid 4d, m.p.
224 ◦C, Rf 0.67. IR (KBr, cm–1): 1650 (C=N), 1596 (C=N), 1559 (C=C), 1381 (C–O). 1H-NMR
(500 MHz, DMSO-d6): 3.17 (t, J = 7.0 Hz, 2H, CH2CH2N), 3.39 [m, 2H, N(CHeq)2] and
3.93 [m, 6H: 2H, N(CH ax)2 and 4H, O(CH2)2], 3.65 (2H, t, J = 7.0 Hz, CH2CH2N), 7.40 (d,
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J = 7.5 Hz, 2H, o-H Ar), 7.74 (d, J = 7.5 Hz, 2H, m-H Ar). 13C-NMR (126 MHz, DMSO-d6):
31.4, 62.1, 62.4, 63.3, 122.7, 130.2, 131.6, 141.5, 168.3, 169.5. Anal. Calcd for C14H16BrN3O2
(338.20): C, 49.72; H, 4.77. Found,%: C, 49.29; H, 4.97.

5-(3-Chlorophenyl)-3-[2-(morpholin-1-yl)ethyl]-1,2,4-oxadiazole (4e). Starting from (2.70 g,
0.0087 mol) of 3e in 15 mL of dry DMF to the resulting 1.43 g (56%) colorless solid 4e,
m.p. 190 ◦C, Rf0.62. IR (KBr, cm–1): 1680 (C=N), 1596 (C=N), 1557 (C=C), 1377 (C–O).
1H-NMR (500 MHz, DMSO-d6): 3.15 (t, J = 7.0 Hz, 2H, CH2CH2N), 3.40 [m, 2H, N(CHeq)2]
and 3.91 [m, 6H: 2H, N(CHax)2 and 4H, O(CH2)2], 3.65 (t, J = 7.0 Hz, 2H, CH2CH2N),
7.25–7.78 (m, 4H, 3-Cl-C6H4). 13C-NMR (126 MHz, DMSO-d6): 31.4, 62.1, 62.4, 63.2, 127.7,
127.8, 129.2, 132.4, 144.5, 162.1, 169.2. Anal. Calcd for C14H16ClN3O2 (293.75): C, 57.24; H,
5.49. Found,%: C, 57.55; H, 5.92.

3.1.2. A General Procedure of the Formation of
2-Amino-8-oxa-1,5-diazaspiro[4.5]dec-1-ene-5-ammonium benzoates (5a–e)

To the solutions of 5-(3,4-substituted phenyl)-3-[2-(morpholin-1-yl)ethyl]-1,2,4-oxadiazoles
(4a–e) in DMF in a ratio of 0.5 g: 10 mL, respectively, two equivalents of H2O was added
dropwise. The reaction solutions were heated at 70 ◦C with TLC control during the time
typical for groups of compounds 4a–e: 4a, b (40 h), 4c–e (25 h).After the disappearance
of the 1,2,4-oxadiazoles 4a–e spots on the silufol plate and the appearance of products
5a–e spots, the solvent was evaporated to dryness in an oil vacuum pump. Acetone was
added to the viscous residues of the reaction mixtures 5a–e at the rate of 0.5 g of the
starting compounds 4a–e: 15 mL of acetone. The formed precipitates of 2-amino-8-oxa-1,5-
diazaspiro[4.5]dec-1-ene-5-ammonium 3,4-substituted benzoates (5a–e) were filtered off
and dried at room temperature.

2-Amino-8-oxa-1,5-diazaspiro[4.5]dec-1-ene-5-ammonium 4-methoxybenzoate hydrate (5a).
Starting from 0.5 g (0.0017 mol) of compound 4a in 10 mL of DMF and 0.062 mL (0.0034 mol)
H2O to the resulting 0.35 g (63%) colorless solid 5a, m.p. 235 ◦C, Rf 0.75. IR (KBr, cm–1):
1657 (C=N), 1594 (C=C), 1548 (νCOO– as), and 1420 (νCOO– sy), 3309, 3414, 3459 [νN(-H)2].
1H-NMR (500 MHz, DMSO-d6): 2.27 (s, 3H, p-CH3O), 3.17 [t, J = 7.0 Hz, 2H, CH2CH2N(+)],
3.41 [m, 2H, N(CHeq)2] and 3.92 [m, 6H: 2H, N(CHax)2 and 4H, O(CH2)2], 3.65 [t, J = 7.0 Hz,
2H, CH2CH2N(+)], 6.78 (d, J = 8.0 Hz, 2H, o-H Ar), 7.55 and 7.60 (s, 2H, NH2), 7.78 (d,
J = 8.0 Hz, 2H, m-H Ar). 13C-NMR (126 MHz, DMSO-d6): 31.4, 62.4, 63.2, 112.5, 130.9, 134.8,
159.9, 144.5, 168.8, 169.2. Anal. Calcd for C15H23N3O5 (325,36): C, 55.37; H, 7.13. Found,%:
C, 55.79; H, 7.57.

2-Amino-8-oxa-1,5-diazaspiro[4.5]dec-1-ene-5-ammonium 4-methylbenzoate hydrate (5b).
Starting from 0.5 g (0.0018 mol) of the compound 4b in 10 mL of DMF and 0.066 mL
(0.0036 mol) H2O to the resulting 0.35 g (63%) colorless solid 5b, m.p. 248 ◦C, Rf 0.80. IR
(KBr, cm–1): 1655 (C=N), 1597 (C=C), 1550 (COO–as), and 1442 (COO– sy), 3157, 3312, 3457
[N(-H)2]. 1H-NMR (500 MHz, DMSO-d6): 3.15 [t, J = 7.0 Hz, 2H, CH2CH2N(+)], 3.41 [m,
2H, N(CHeq)2] and 3.93 [m, 6H: 2H, N(CHax)2 and 4H, O(CH2)2], 3.64 [t, J = 7.0 Hz, 2H,
CH2CH2N(+)], 3.73 (s, 3H, p-CH3), 7.02 (d, J = 8.0 Hz, 2H, o-H Ar), 7.54 (s, 2H, NH2), 7.69
(d, J = 8.0 Hz, 2H, m-H Ar). 13C-NMR (126 MHz, DMSO-d6): 21.3, 31.38, 62.1, 62.4, 63.2,
127.9, 128.3, 129.4, 139.7, 168.8, 169.2. Anal. Calcd for C15H23N3O4. (309,36): C, 58.24; H,
7.49. Found: C, 58.29; H, 7.59.

2-Amino-8-oxa-1,5-diazaspiro[4.5]dec-1-ene-5-ammonium benzoate hydrate (5c). Starting
from 0.5 g (0.0019 mol) of 4c in 10 mL of DMF and 0.07 mL (0.0038 mol) H2O to the resulting
0.43 g (77%) colorless solid 5c, m.p. 220 ◦C, Rf 0.75. IR (KBr, cm–1):1658 (C=N), 1596 (C=C),
1556 (COO– as), and 1426 (COO– sy), 3152, 3311, 3456 [N(-H)2]. 1H-NMR (500 MHz,
DMSO-d6): 3.19 [t, J = 7.0 Hz, 2H, CH2CH2N(+)], 3.39 [m, 2H, N(CHeq)2] and 3.93 [m, 6H:
2H, N(CHax)2 and 4H, O(CH2)2], 3.65 [t, J = 7.0 Hz, 2H, CH2CH2N(+)], 7.22–7.80 (m, 5H,
C6H5), 7.55 and 7.64 (s, 2H, NH2). 13C-NMR (126 MHz, DMSO-d6): 31.4, 61.3, 62.4, 63.2,
127.26, 128.3, 129.4, 142.4, 168.7, 169.2. Anal. Calcd for C14H21N3O4 (295,33): C, 56.94; H,
7.17. Found: C, 56.79; H, 7.50.

2-Amino-8-oxa-1,5-diazaspiro[4.5]dec-1-ene-5-ammonium 4-bromobenzoate (5d). Starting
from 0.5 g (0.0015 mol) of 4d in 10 mL of DMF and 0.05 mL (0.0028 mol) H2O to the
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resulting 0.43 g (80%) colorless solid 5d, m.p. 240 ◦C, Rf 0.77. IR (KBr, cm–1): 1657 (C=N),
1591 (C=C), 1545 (COO– as), and 1423 (COO– sy), 3302, 3411, 3485 [N(-H)2]. 1H-NMR
(500 MHz, DMSO-d6): 3.15 [t, J = 7.0 Hz, 2H, CH2CH2N(+)], 3.40 [m, 2H, N(CHeq)2] and
3.92 [m, 6H: 2H, N(CHax)2 and 4H, O(CH2)2], 3.65 [t, J = 7.0 Hz, 2H, CH2CH2N(+)], 7.39
(d, J = 7.5 Hz, 2H, o-H Ar), 7.55 (s, 2H, NH2), 7.73 (d, J = 7.5 Hz, 2H, m-H Ar). 13C-NMR
(126 MHz, DMSO-d6): 31.4, 62.1, 62.4, 63.2, 121.9, 130.1, 131.6, 141.8, 167.4, 169.2. Anal.
Calcd for C14H18BrN3O3 (356,22): C, 47.20; H, 5.09. Found: C, 47.49; H, 4.97.

2-Amino-8-oxa-1,5-diazaspiro[4.5]dec-1-ene-5-ammonium 3-chlorobenzoate hydrate (5e). Start-
ing from 0.5 g (0.0017 mol) 4e in 10 mL of DMF and 0.06 mL (0.034 mol) H2O to the resulting
0.24 g (43%) colorless solid 5e, m.p. 200 ◦C, Rf 0.70. IR (KBr, cm–1): 1657 (C=N), 1594
(C=C), 1557 (COO– as), and 1420 (COO– sy), 3155, 3309, 3457 [N(-H)2]. 1H-NMR (500 MHz,
DMSO-d6): 3.16 [t, J = 7.0 Hz, 2H, CH2CH2N(+)], 3.40 [m, 2H, N(CH eq)2] and 3.93 [6H, m:
2H, N(CHax)2 and 4H, O(CH2)2], 3.66 [t, J = 7.0 Hz, 2H, CH2CH2N(+)], 7.25–7.78 (m, 4H,
3-Cl-C6H4), 7.57 and 7.61 (s, 2H, NH2). 13C-NMR (126 MHz, DMSO-d6): 31.4, 62.1, 62.5,
63.2, 127.9, 128.2, 129.2, 129.3, 132.4, 144.7, 167.0, 169.2. Anal. Calcd for C14H20ClN3O4
(329,78): C, 50.99; H, 6.11. Found: C, 50.52; H, 6.47.

3.1.3. A General Method of the Formation of
2-Amino-8-oxa-1,5-diazaspiro[4.5]dec-1-ene-5-ammonium chloride (6) and Substituted
Benzoic Acids

To a solution of 0.2 g (0.0007 mol) of 5-(3,4-substituted phenyl)-3-[2-(morpholin-1-
yl)ethyl]- 1,2,4-oxadiazoles (4a–e) in 10 mL ethanol a HCl solution in ether was added
dropwise to pH 2. A white precipitate of 2-amino-1,5-diazaspiro[4.5]dec-1-en-5-ium chlo-
ride hydrate (6) in all cases was formed at once in 75–82% yields and collected by filtration.
3,4-Substituted benzoic acids were precipitated during the evaporation of mother liquors
obtained after the filtration of chloride monohydrate 6. All characteristics of substituted
benzoic acids corresponded to the reference data.

2-Amino-8-oxa-1,5-diazaspiro[4.5]dec-1-ene-5-ammonium chloride hydrate (6)—white opaque
powder, m.p. 257–260 ◦C, Rf 0.21. IR (KBr, cm–1): 1639 (νC=N), [1615, δN(–H)2], 1362
(νC–O), 3158, 3310, 3457 [νN(-H)2]. 1H-NMR (500 MHz, DMSO-d6): 3.16 [t, J = 7.0 Hz, 2H,
CH2CH2N(+)], 3.40 [m, 2H, N(CH eq)2] and 3.92 [m, 6H: 2H, N(CH ax)2 and 4H, O(CH2)2],
3.68 [t, J = 7.0 Hz, 2H, CH2CH2N(+)], 7.51 (s, 2H, NH2). 13C-NMR spectrum, δ, ppm: 31.4,
31,5, 62.1, 62.4, 63.3, 169.2. Anal. Calcd for C7H16N3O2 (209.67): C, 40.10, H 7.69. Found: C,
40.29; H, 7.97.

3.2. Single-Crystal X-ray Diffraction

The X-ray diffraction data of 5c–e, 6 were collected at 120 K on a Bruker Apex II
diffractometer (Bruker AXS, Inc., Madison, WI, USA) equipped with an Oxford Cryostream
cooling unit and a graphite monochromated Mo anode (λ = 0.71073 Å). Crystal structures
were solved using SHELXT [33] program and refined with SHELXL [34] using OLEX2
software [35]. The structures were refined by full-matrix least-squares procedure against
F2. Non-hydrogen atoms were refined anisotropically. The H(C) positions were calculated,
the H(N) and H(O) atoms were located on difference Fourier maps and refined using the
riding model. Experimental details and crystal parameters are given in Table S1 (Electronic
Supporting Information).

3.3. Molecular Docking Studies

The molecular docking studies were performed following the previously described
protocol [36,37] and processed with GOLD software (version 2020.2.0, Cambridge Crystal-
lographic Data Center, Cambridge, UK).

The three-dimensional (3D) crystal structures of M. tuberculosis regulatory protein
(PDB ID: 5ICJ), 7,8-dihydroneopterin aldolase complexed with 2-amino-6-(hydroxymethyl)
pteridin-4(3H)-one (PH2; PDB ID: 1NBO), thymidylate synthase in complex with 5-fluoro
DUMP (UFP; PDB ID: 4FOG), UDP-galactopyranose mutase from Mtb docked with UDP
(UGM; PDB ID: 4RPJ), and Rv2671 protein in complex with dihydropteridine (44W;
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PDB ID: 4XT4) were obtained from the RCSB Protein Data Bank [29], while the 3D-
structure of cation was taken from X-ray diffraction data of 6 (two stereoisomers were
analyzed independently).

To validate the molecular docking outcomes, 4,4,4-trifluoro-1-(3-phenyl-1-oxa-2,8-
diazaspiro[4.5]dec-2-en-8-yl)butan-1-one, PH2, UFP, UGM, and 44W were removed from
their receptors and re-docked back into their receptors. The docking results were expressed
as binding energy values (kcal/mol) of ligand–receptor complexes; these are based on
hydrogen bond, hydrophobic, and electrostatic interactions. All required docking settings,
including the preparation of mol2 files for the receptors and ligands, determination of
binding sites, the protonation state, calculations, and the overall charges, were established
as hitherto described [38].

4. Conclusions

5-Substituted phenyl-3-(2-aminoethyl)-1,2,4-oxadiazoles in the presence of moisture
and acids undergo Boulton–Katritsky rearrangement to the salts of spiropyrazolinium
compounds—2-amino-8-oxa-1,5-diazaspiro[4.5]dec-1-en-5-ium benzoates and chloride.
Hence, biological screening results should be associated with rearranged products and not
with the original taken on trials 5-substituted phenyl-3-(2-aminoethyl)-1,2,4-oxadiazoles. A
small library of the newly 2-amino-8-oxa-1,5-diazaspiro[4.5]dec-1-en-5-ium benzoates and
chloride has been used in the drug design of antitubercular drugs. The tested compounds
show moderate to high in vitro antitubercular activity with MIC values of 1–100 µg/mL.
The highest activity in 1 µg/mL and 2 µg/mL on DS and MDR of M. tuberculosis strains,
equal to the activity of the basic antitubercular drug rifampicin, was recorded for 2-amino-
8-oxa-1,5-diazaspiro[4.5]dec-1-en-5-ium chloride. 3D molecular structure of the cation
extracted from crystal structure was used for molecular docking studies with various
M. tuberculosis receptors. It was demonstrated that two stereoisomers of the rigid cation
form different sets of hydrogen bonds in complexes with dihydroneopterin aldolase or oxi-
doreductase Rv2671 and similar H-bonds in complex with thymidylate synthase. However,
energies of all ligand–receptor complexes vary from −35.8 to −42.8 kcal/mol.

Supplementary Materials: The following are available online, supplementary data includingthe
NMR spectra of 5-substituted phenyl-3-[2-(morpholin-1-yl)ethyl]-1,2,4-oxadiazole and 2-amino-8-
oxa-1,5-diazaspiro [4.5]dec-1-en-5-ium benzoate and chloride associated with this article are available
online. CCDC 2049798-2049801 contains crystallographic information for 5c–e, 6. Crystallographic
information files are available from the Cambridge Crystallographic Data Center upon request
(http://www.ccdc.cam.ac.uk/structures).
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Abstract: Carboxylation of bis(pyrazol-1-yl)alkanes by oxalyl chloride was studied. It was found
that 4,4′-dicarboxylic derivatives of substrates with electron-donating methyl groups and short
linkers (from one to three methylene groups) can be prepared using this method. Longer linkers lead
to significantly lower product yields, which is probably due to instability of the intermediate acid
chlorides that are initially formed in the reaction with oxalyl chloride. Thus, bis(pyrazol-1-yl)methane
gave only monocarboxylic derivative even with a large excess of oxalyl chloride and prolonged
reaction duration. An alternative approach involves the reaction of ethyl 4-pyrazolecarboxylates
with dibromoalkanes in a superbasic medium (potassium hydroxide–dimethyl sulfoxide) and is
suitable for the preparation of bis(4-carboxypyrazol-1-yl)alkanes with both short and long linkers
independent of substitution in positions 3 and 5 of pyrazole rings. The obtained dicarboxylic acids
are interesting as potential building blocks for metal-organic frameworks.

Keywords: pyrazole; bis(pyrazol-1-yl)alkanes; carboxylation; oxalyl chloride; dicarboxylic acids;
alkylation; superbasic medium

1. Introduction

Bis(pyrazol-1-yl)alkanes are bidentate ligands widely used for the synthesis of the
coordination compounds [1], some of which were shown to exhibit catalytic [2–6], anti-
cancer [7,8], antibacterial [9] and SOD-like activity [10,11], and electroluminescent prop-
erties [12,13]. The properties of the ligands can be varied by introducing the functional
groups into the pyrazole rings [14–17], besides, carboxylic groups themselves can act
as donor groups for the formation of coordination bond with the metal ions. Carboxy-
substituted pyrazoles were used for the construction of highly porous metal-organic frame-
works [18–21]. Carboxylic acids based on bis(pyrazol-1-yl)alkanes are much less explored
and only a few research papers were published so far [22–25]. In addition, a series of
works devoted to the synthesis of metal-organic frameworks based on structurally related
bis(4-carboxyphenylpyrazol-1-yl)methane was carried out by Sumby et al., the presence of
the free chelating units in the structure of the framework allowed them to prepare catalysts
with single metal sites [26,27].

In this contribution we report a facile synthesis of a series of 4,4′-dicarboxy-substituted
bis(pyrazol-1-yl)alkanes with varied linker length and substitution in positions 3 and 5 of
the pyrazole rings.

2. Results and Discussion

To introduce carboxyl groups into bis(pyrazol-1-yl)alkanes, a reaction with oxalyl
chloride was used, in which it was both a reagent and a solvent. Previously oxalyl chloride
was successfully used for the carboxylation of 1-phenyl- and 1-alkylpyrazoles [28]. In
this reaction, a pyrazole-containing derivative of oxalic acid chloride is initially formed,
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which is converted to a carboxylic acid chloride with the release of carbon monoxide.
The acid chloride is hydrolyzed without isolation to form a carboxylic acid. Other meth-
ods for the introduction of carboxylic groups into pyrazole rings include oxidation of
alkyl [29,30] or formyl [31] groups, substitution of halogens via intermediate organolithium
derivatives [32], and hydrolysis of trichloromethyl derivatives [33].

Carboxylation of bis(3,5-dimethylpyrazol-1-yl)methane 1a with subsequent hydrol-
ysis gave the corresponding dicarboxylic acid 1b in high yield (Scheme 1). Similarly,
1,2-bis(3,5-dimethylpyrazol-1-yl)ethane 2a and 1,3-bis(3,5-dimethylpyrazol-1-yl)propane
3a gave dicarboxylic acids 2b and 3b, albeit in lower yield (Scheme 1). When bis(3,5-
dimethylpyrazol-1-yl)alkanes with longer spacers (tetramethylene, (CH2)4 and longer)
were introduced into the reaction, full conversion of the starting materials was achieved
(GC–MS control), but no dicarboxylic acids were isolated. Instead, mixtures of monosub-
stituted carboxy-derivatives (not isolated) and starting substrates were obtained, which
is probably a result of instability of the intermediate acid chlorides leading to their decar-
boxylation during the hydrolysis.

Scheme 1. Carboxylation of bis(3,5-dimethylpyrazol-1-yl)alkanes with short linkers.

To overcome the instability of acid chlorides their methanolysis instead of hydrol-
ysis was attempted and indeed led to the dimethyl esters 4c–6c, although in low yields
(Scheme 2). Alkaline hydrolysis of the esters proceeded smoothly with the formation of
dicarboxylic acids 4b–6b (Scheme 2).

Scheme 2. Carboxylation of bis(3,5-dimethylpyrazol-1-yl)alkanes with long linkers through the
methanolysis step.

Carboxylation by oxalyl chloride proved to be poorly suitable for bis(pyrazol-1-
yl)alkanes without electron-donating methyl groups. Thus, only in the case of 1,3-bis(pyrazol-
1-yl)propane 3d a dicarboxylation product could be isolated, while bis(pyrazol-1-yl)methane
1d gave solely a monocarboxylated product 7 (Scheme 3). Even a large excess of oxalyl
chloride and prolonged heating did not lead to the formation of the dicarboxylic acid. For
derivatives with longer spacers (four to six methylene groups) only traces of carboxylation
products (after conversion to methyl esters) were detected (for substrate 4c) but were not
isolated (Scheme 3).

In order to gain insight into the reasons for low reactivity of bis(pyrazol-1-yl)methane
1d, DFT calculations of charge distribution in the starting compound 1d and compounds
1a, 3a, and 3d for comparison and the corresponding monosubstituted acid chlorides
formed during the first electrophilic substitution step were carried out. The structures were
optimized at the B3LYP 6-31G(d) level of theory and absence of imaginary frequencies
confirmed that the found stationary points correspond to minima on the potential energy
surface. In order to get a more precise electron density distribution, MP2 6-31G(d) single
point calculations were carried out for the found structures. Next, charges on carbon
atoms (qC) in position 4 of the pyrazole ring (since an electrophilic attack is directed at this
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position) and the hydrogen atom bound to it (qH,) were calculated using the Bader’s theory
of atoms in molecules [34]. The calculation results are presented in Table 1.

Scheme 3. Carboxylation of bis(pyrazol-1-yl)alkanes.

Table 1. Selected atomic charges in some bis(pyrazol-1-yl)alkanes and their monoacid chloride
derivatives.

Structure qC qH qCH
1

∆qC
2

∆qCH
2
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1qCH = qC + qH; 2
∆qC and ∆qCH are calculated as the difference of the corresponding charges in the monoacid

chloride and the starting substrate.

The following conclusions can be drawn from the obtained charge distribution:

(1) The introduction of methyl groups into pyrazole rings (in pairs of compounds 1a–1d
and 3a–3d) noticeably increases the negative charge at position 4 of the heterocycle,
i.e., makes it more active in the electrophilic substitution reaction, and the effect of
electron-donor groups is best manifested when comparing the sum of charges on
carbon and hydrogen atoms;
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(2) An increase in the length of the linker from one to three methylene groups also
increases the excess negative charge at position 4, which is apparently associated with
the negative inductive effect of the pyrazole ring;

(3) The introduction of an electron-withdrawing acid chloride group into one of the
pyrazole rings deactivates the other cycle in the electrophilic substitution reaction,
and to a greater extent, deactivation manifests itself in pyrazole derivatives without
methyl substituents, and with a short methylene linker.

Based on the charge distribution, bis(pyrazol-1-yl)methane 1d is the least active in
electrophilic substitution reactions, the charge on the 4-CH group in which is close to the
charge on this group in the acid chloride of the propane derivative 3d′. Experimental data
show that monochloro anhydride 3d′ can undergo carboxylation with the formation of
dicarboxylic acid 3e. At the same time, bis(pyrazol-1-yl)methane 1d at the first step of
electrophilic substitution gives acid chloride 1d′, in which position 4 of the other pyra-
zole ring is so deactivated by the electron-withdrawing effect of the already substituted
heterocycle that the reaction halts on monochloroanhydride 1d′, the hydrolysis of which
gives monocarboxylic acid 7. Therefore, the pyrazole ring with an electron-withdrawing
functional group (i.e., chlorocarbonyl) is a substituent with a strong negative inductive
effect, which affects the reactivity of the neighboring pyrazole ring located even across two
aliphatic bonds.

Taking into account the limitations of direct carboxylation of bis(pyrazol-1-yl)alkanes,
an alternative approach involving the double alkylation of 4-pyrazolecarboxylic acid
and its 3,5-dimethylderivative by α,ω-dibromoalkanes was evaluated. Ethyl esters of 4-
pyrazolecarboxylic acid and 3,5-dimethyl-4-pyrazole carboxylates were smoothly alkylated
by α,ω-dibromoalkanes in a superbasic KOH-DMSO system and gave the corresponding
diethyl dicarboxylates in high yields (Scheme 4). Alkaline hydrolysis of the diesters and
subsequent neutralization gave the target dicarboxylic acids, including the ones with
longer spacers, unavailable by direct carboxylation (Scheme 4). Unfortunately, derivatives
of 1,2-bis(pyrazol-1-yl)ethane cannot be prepared by this route, since, as it is known, the
reaction of pyrazole and its derivatives with 1,2-dibromoethane leads to the formation of
1-vinylpyrazoles, which undergo hydrolysis to the starting materials upon isolation [35].

Scheme 4. Synthesis of bis(pyrazol-1-yl)alkane-4,4′-dicarboxylic acids from ethyl 4-pyrazolecarboxylates.

Since both alkylation and ester hydrolysis take place under basic catalysis, we explored
the possibility to carry out the synthesis of diacid 1e in a one-pot process. Indeed, after the
alkylation was complete (TLC control), two additional equivalents of KOH and excess of
water were added to the reaction mixture, which gave the hydrolysis product in several
minutes in 92% overall yield.

3. Materials and Methods

Gas chromatography-mass spectrometry analysis was performed using Agilent 7890A
gas chromatograph (Santa Clara, CA, USA) equipped with Agilent MSD 5975C mass-
selective detector with quadrupole mass-analyzer (electron impact ionization energy 70 eV).
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NMR spectra were recorded on Bruker DRX400 and Bruker Advance 500 instruments
(Billerica, MA, USA), solvent residual peaks were used as internal standards. Elemental
analyses were carried out on a Vario Micro-Cube analyzer (Elementar Analysensysteme
GmbH, Langenselbold, Germany). IR-spectra of solid samples were recorded on Agilent
Cary 630 FT IR (Santa Clara, CA, USA) spectrophotometer equipped with diamond ATR
accessory. Melting points of compounds 1b, 3b, and 1d (with melting points higher than
300 ◦C) were determined in helium atmosphere on NETZSCH TG 209 F1 thermoanalyzer
(NETZSCH TAURUS Instruments GmbH, Weimar, Germany) with the heating rate of
10◦/min.

The calculations were performed using the Gaussian 09 package, revision D.01 [36].
Atomic charges were calculated using the AIMAll Professional 10.05.04 package.

Ethyl 4-pyrazolecarboxylate [37], ethyl 3,5-dimethyl-4-pyrazolecarboxylate [25],
bis(pyrazol-1-yl)alkanes 1a and 1d [38], 2a [35], 3d and 3a [39], 4a–6a, and 4d–6d [40] were
prepared following the literature procedures. Dimethyl sulfoxide was distilled from KOH
under vacuum (10 Torr) prior to use. Other commercially reagents and solvents were of
reagent grade and used as received. FT-IR and NMR plots of the synthesized compounds
can be found in the Supplementary Material.

Bis(3,5-dimethylpyrazol-1-yl)methane-4,4′-dicarboxylic acid (1b). Method A (carboxylation
by oxalyl chloride). Oxalyl chloride (1.91 g, 1.29 mL, 15 mmol) was added dropwise to
0.51 g (2.5 mmol) of compound 1a. The mixture was refluxed during 3 h, after which the
excess of oxalyl chloride was removed in vacuum of water aspiration pump. The residue
was treated by 10 mL of water, the precipitate was filtered and washed with water. Yield
0.606 g, 83%, colorless power, m.p. 322–324 ◦C (EtOH, dec.). C13H16N4O4 (292.12): calcd.
C 53.42; H 5.52; N 19.17; found C 53.4; H 5.7; N 19.0. 1H-NMR (400 MHz, D2O): δ 2.21 (s,
6H, 3-CH3), 2.51 (s, 6H, 5-CH3), 6.16 (s, 2H, CH2), ppm. 13C-NMR (100 MHz, D2O): δ 10.1,
12.2, 58.6, 113.9, 148.0, 152.6, 189.5, ppm. FT-IR (cm−1): ν = 2598 (w), 2532 (w), 1668 (m),
1554 (m), 1472 (w), 1435 (m), 1370 (w), 1316 (m), 1251 (m), 1164 (m), 1119 (m), 1040 (w),
1005 (w), 928 (w), 868 (w), 790 (m), 770 (m), 732 (w), 691 (m). Compounds 2b and 3b can be
prepared similarly.

Method B (hydrolysis of diethyl diesters). Compound 1f (0.696 g, 2 mmol) was
suspended in 10 mL of the aqueous solution of KOH (0.448 g, 8 mmol) and heated at 80 ◦C
until complete dissolution of a starting diester. After cooling, the obtained solution of
potassium salts was acidified by concentrated HCl solution, the resulting precipitate was
filtered, washed with water and dried. Yield 0.514 g, 88%.

1,2-Bis(3,5-dimethylpyrazol-1-yl)ethane-4,4′-dicarboxylic acid (2b) was prepared similarly
to compound 1b by Method A. Yield 38%, colorless crystals, m.p. 224–225 ◦C (H2O).
C14H18N4O4 (306.32): calcd. C 54.89; H 5.92; N 18.29; found C 54.7; H 6.0; N 18.1. 1H-NMR
(400 MHz, (CD3)2SO): δ 2.09 (s, 6 H, 3-CH3), 2.25 (s, 6 H, 5-CH3), 4.43 (s, 4 H, CH2), ppm.
13C-NMR (100 MHz, (CD3)2SO): δ 9.6 (5-CH3), 13.1 (3-CH3), 47.4 (CH2), 113.1 (C4(Pz)),
145.8 (C5(Pz)), 149.9 (C3(Pz)), 184.0 (COOH), ppm. FT-IR (cm−1): 3500 (br., COOH), 1664
(C=O), 1535 (Pz), 1007 (Pz breathing).

1,3-Bis(3,5-dimethylpyrazol-1-yl)propane-4,4′-dicarboxylic acid (3b) was prepared similarly
to compound 1b by Methods A and B. Yield 39% (Method A) and 84% (Method B), colorless
crystals, m.p. 290–292 ◦C (EtOH). C15H20N4O4 (320.35): calcd. C 56.24; H 6.29; N 17.49;
found C 56.4, H 6.1, N 17.1. 1H-NMR (400 MHz, (CD3)2SO): δ 2.07 (p, 2H, β-CH2),
2.24 (s, 6H, 3-CH3), 2.42 (s, 6H, 5-CH3), 4.07 (t, 4H, CH2), ppm 13C-NMR (100 MHz,
(CD3)2SO): δ 10.4 (5-CH3), 13.2 (3-CH3), 28.5 (PzCH2CH2), 45.3 (PzCH2CH2), 112.9 (C4(Pz)),
144.9 (C5(Pz)), 149.3 (C3(Pz)), 185.0 (COOH) ppm. FT-IR (cm−1): 3430 (br., COOH), 1651
(C=O), 1536 (Pz), 1005 (Pz breathing).

1,4-Bis(3,5-dimethylpyrazol-1-yl)butane-4,4′-dicarboxylic acid (4b) was prepared similarly
to compound 1b by Method B from diesters 4c or 4g. Yield 80%, colorless crystals, m.p.
273–275 ◦C (reprecipitation; dec.). C16H22N4O4 (334.38): calcd. C 57.47; H 6.63; N 16.76;
found C 57.1; H 6.5; N 16.9. 1H-NMR (400 MHz, (CD3)2SO): δ 1.66 (p, 4 H, β-CH2), 2.25 (s,
6 H, 3-CH3), 2.43 (s, 6 H, 5-CH3), 3.98 (t, 4 H, α-CH2), 12.12 (s, 2 H, COOH), ppm. 13C-NMR
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(100 MHz, (CD3)2SO): δ 11.1, 14.5, 26.8, 47.9, 109.4, 143.7, 149.4, 165.8 ppm. FT-IR (cm−1):
ν = 3464 (w), 2932 (w), 2649 (w), 1674 (m), 1556 (w), 1506 (w), 1458 (w), 1431 (m), 1394
(w), 1366 (w), 1302 (m), 1264 (m), 1189 (m), 1118 (m), 1089 (m), 1038 (w), 1005 (w), 887 (w),
863 (w), 787 (m), 757 (s).

1,5-Bis(3,5-dimethylpyrazol-1-yl)pentane-4,4′-dicarboxylic acid (5b) was prepared similarly
to compound 1b by Method B from diesters 5c or 5g. Yield 70%, colorless crystals, m.p.
243–244 ◦C (reprecipitation; dec.). C17H24N4O4 (348.40): calcd. C 58.61; H 6.94; N 16.08;
found C 58.3; H 6.7; N 15.9. 1H-NMR (400 MHz, (CD3)2SO): δ 1.20 (p, 2 H, γ-CH2), 1.69 (p,
4 H, β-CH2), 2.25 (s, 6 H, 3-CH3), 2.42 (s, 6 H, 5-CH3), 3.95 (t, 4 H, α-CH2), ppm. 13C-NMR
(100 MHz, (CD3)2SO): δ 11.1, 14.5, 23.6, 29.3, 48.3, 109.4, 143.6, 149.3, 165.8, ppm. FT-IR
(cm−1): ν = 2933 (w), 2866 (w), 1689 (m), 1669 (m), 1545 (m), 1499 (w), 1435 (w), 1384 (w),
1301 (w), 1268 (m), 1237 (w), 1216 (m), 1165 (m), 1114 (m), 1043 (w), 1012 (w), 824 (w),
787 (w), 752 (m).

1,6-Bis(3,5-dimethylpyrazol-1-yl)hexane-4,4′-dicarboxylic acid (6b) was prepared similarly
to compound 1b by Method B from diesters 6c or 6g. Yield 67%, colorless crystals, m.p.
193–195 ◦C (reprecipitation; dec.). 1H-NMR (400 MHz, (CD3)2SO): δ 1.23 (p, 4 H, γ-CH2),
1.66 (p, 4 H, β-CH2), 2.26 (s, 6 H, 3-CH3), 2.42 (s, 6 H, 5-CH3), 3.94 (t, 4 H, α-CH2), 12.13 (s,
2 H, COOH), ppm. 13C-NMR (100 MHz, (CD3)2SO): δ 11.1, 14.5, 26.0, 29.6, 48.3, 109.3,
143.60, 149.3, 165.8, ppm. FT-IR (cm−1): ν = 2933 (w), 2861 (w), 1697 (s), 1543 (m), 1497 (m),
1470 (m), 1430 (m), 1380 (m), 1277 (m), 1235 (m), 1178 (m), 1108 (s), 1044 (w), 1002 (m),
977 (w), 862 (m), 787 (m), 746 (s), 730 (m), 664 (w).

1,4-Bis(4-methoxycarbonyl-3,5-dimethylpyrazol-1-yl)butane (4c). Oxalyl chloride (1.91 g,
1.29 mL, 15 mmol) was added dropwise to 0.51 g (2.5 mmol) of compound 4a. The mixture
was heated in a screw-cup vial for 33 h, after which the reaction mixture was transferred
to 50 mL of chloroform and the solvent was evaporated in vacuum of water aspiration
pump to remove the excess of oxalyl chloride. Methanol (5 mL) was added dropwise to
the residue, 50 mL of water was added and the precipitate was filtered and washed with
water. Yield 27%, colorless crystals, m.p. 129–132 ◦C (EtOAc/hexane, 1:1). C18H26N4O4
(362.42): calcd. C 59.65; H 7.23; N 15.46; found C 59.8; H 7.5; N 15.2. 1H-NMR (400 MHz,
CDCl3): δ =1.80 (p, 4 H, β-CH2), 2.40 (s, 6 H, 3-CH3), 2.47 (s, 6 H, 5-CH3), 3.82 (s, 6 H,
OCH3), 4.01 (t, 4 H, α-CH2), ppm. 13C-NMR (100 MHz, CDCl3): δ 11.2, 14.2, 26.9, 48.1, 50.9,
109.4, 143.7, 150.4, 164.9, ppm. FT-IR (cm−1): ν = 2988 (w), 2930 (w), 2861 (w), 1685 (s),
1544 (s), 1493 (m), 1442 (s), 1430 (s), 1303 (m), 1261 (m), 1223 (m), 1191(m), 1175 (m), 1104 (s),
1082 (s), 1041 (m), 1005 (m), 960 (m), 842 (w), 803 (m), 785 (s), 768 (m), 657 (w). m/z: 362
(35%), 347 (12%), 331 (16%), 315 (4%), 303 (4%), 209 (29%), 195 (31%), 181 (57%), 167 (100%).

1,5-Bis(4-methoxycarbonyl-3,5-dimethylpyrazol-1-yl)pentane (5c) was prepared similarly
to compound 4c. Yield 34%, colorless crystals, m.p. 86–87 ◦C (EtOAc/hexane, 1:1).
C19H28N4O4 (376.46): calcd. C 60.62; H 7.50; N 14.88; found C 60.3; H 7.4; N 14.6. 1H-NMR
(400 MHz, CDCl3): δ 1.30 (p, 2 H, γ-CH2), 1.81 (p, 4 H, β-CH2), 2.40 (s, 6 H, 3-CH3), 2.48 (s,
6 H, 5-CH3), 3.82 (s, 6 H, OCH3), 3.99 (t, 4 H, α-CH2), ppm. 13C-NMR (100 MHz, CDCl3):
δ 11.2, 14.2, 23.7, 29.5, 48.5, 50.9, 109.3, 143.6, 150.3, 164.9, ppm. FT-IR (cm−1): ν = 2934
(w), 2863 (w), 1690 (s), 1546 (s), 1495 (w), 1439 (s), 1377 (w), 1324 (w), 1297 (s), 1271 (m),
1236 (m), 1213 (s), 1192 (m), 1160 (m), 1102 (s), 1040 (w), 1001 (w), 959 (m), 856 (w), 825 (w),
805 (w), 785 (s), 736 (w), 713 (w). m/z: 376 (27%), 361 (11%), 345 (14%), 329 (5%), 317 (4%),
223 (24%), 209 (39%), 195 (25%), 181 (37%), 167 (100%).

1,6-Bis(4-methoxycarbonyl-3,5-dimethylpyrazol-1-yl)hexane (6c) was prepared similarly
to compound 4c. Yield 30%, colorless crystals, m.p. 112–114 ◦C (EtOAc/hexane, 1:1). 1H-
NMR (400 MHz, CDCl3): δ 1.23 (p, 2 H, γ-CH2), 1.65 (p, 4 H, β-CH2), 2.26 (s, 6 H, 3-CH3),
2.43 (s, 6 H, 5-CH3), 3.72 (s, 6 H, OCH3), 3.95 (t, 4 H, α-CH2), ppm. 13C-NMR (100 MHz,
CDCl3): δ 11.2, 14.5, 25.9, 29.5, 48.4, 51.1, 108.6, 143.7, 149.1, 164.6, ppm. FT-IR (cm−1):
ν = 2925 (m), 2862 (w), 1701 (s), 1540 (s), 1488 (s), 1485 (m), 1431 (s), 1375 (m), 1293 (s),
1241 (s), 1205 (s), 1191 (s), 1161 (m), 1147 (m), 1101 (s), 1053 (s), 998 (m), 965 (m), 917 (m),
876 (w), 845 (w), 802 (m), 792 (m), 780 (s), 738 (m). m/z: 390 (10%), 375 (4%), 359 (13%),
343 (4%), 331 (2%), 237 (21%), 223 (88%), 209 (17%), 195 (25%), 181 (19%), 167 (100%).
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Bis(pyrazol-1-yl)methane-4,4′-dicarboxylic acid (1e) was prepared similarly to compound
1b by Method B from diester 1f. Yield 90%, colorless crystals, m.p. 335–337 ◦C (reprecipita-
tion; dec.). C9H8N4O4 (236.19): calcd. C 45.77; H 3.41; N 23.72; found C 45.9; H 3.6; N 23.5.
1H-NMR (500 MHz, (CD3)2SO): δ 6.49 (s, 2 H, CH2), 7.87 (s, 2 H, 3-H), 8.53 (s, 2 H, 5-H),
12.52 (s, 2 H, COOH), ppm. 13C-NMR (125 MHz, (CD3)2SO): δ 64.6, 115.9, 134.6, 141.7,
163.4, ppm. FT-IR (cm−1): ν = 3108 (m), 1669 (s), 1560 (s), 1419 (m), 1400 (m), 1366 (m),
1345 (m), 1294 (m), 1241 (s), 1133 (m), 1003 (m), 995 (s), 944 (m), 915 (s), 863 (m), 784 (m),
769 (s), 729 (m).

One-pot procedure. A suspension of finely powdered KOH (1.68 g, 30 mmol) and
ethyl 4-pyrazole carboxylate (1.40 g, 10 mmol) in 5 mL of DMSO was vigorously stirred
for 30 min at 80 ◦C. After that, the reaction mixture was cooled to room temperature
and solution of dibromomethane (0.87 g, 0.35 mL, 5 mmol) in 5 mL of DMSO was added
dropwise with stirring and cooling by water over 30 min. Stirring and heating at 80 ◦C was
continued for additional 4 h (TLC control), then 20 mL of water and 1.12 g (20 mmol) of
KOH were added to the reaction flask. Heating was continued until complete dissolution
of the initially formed precipitate (1 h), after that, additional 80 mL of water were added
and the resulting solution was acidified by concentrated HCl. The precipitate was filtered,
washed with water and dried. Yield 1.34 g, 92%.

1,3-Bis(pyrazol-1-yl)propane-4,4′-dicarboxylic acid (3e) was prepared similarly to com-
pound 1b by Method A (yield 11%) or by Method B from diester 3f. Yield 76%, colorless
crystals, m.p. 225–227 ◦C (EtOH). C11H12N4O4 (264.24): calcd. C 50.00; H 4.58; N 21.20;
found C 50,4, H 4,8, N 21,1. 1H-NMR (400 MHz, (CD3)2SO): δ 2.35 (p, 2 H, β-CH2), 4.22 (t,
4 H, α-CH2), 8.07 (s, 2 H, 5-H), 8.60 (s, 2 H, 3-H), ppm. 13C-NMR (100 MHz, (CD3)2SO): δ
29.9, 49.0, 118.8, 137.0, 141.4, 179.4, ppm. FT-IR (cm−1): ν = 3127 (w), 3093 (w), 2948 (w),
1695 (s), 1556 (s), 1473 (w), 1369 (w), 1407 (m), 1356 (m), 1343 (m), 1298 (m), 1224 (s), 1172 (s),
1149 (m), 1083 (m), 1051 (m), 982 (s), 889 (s), 863 (s), 822 (m), 765 (s), 743 (s).

1,4-Bis(pyrazol-1-yl)butane-4,4′-dicarboxylic acid (4e) was prepared similarly to com-
pound 1b by Method B from diester 4f. Yield 86%, colorless crystals, m.p. 300 ◦C (dec.).
C12H14N4O4 (278.27): calcd. C 51.80; H 5.07; N 20.13; found C 51.6; H 5.1; N 20.3. 1H-NMR
(500 MHz, (CD3)2SO): δ 1.71 (p, 4 H, β-CH2), 4.15 (t, 4 H, α-CH2), 7.79 (s, 2 H, 5-H), 8.25 (s,
2 H, 3-H), 12.30 (s, 2 H, COOH), ppm. 13C-NMR (125 MHz, (CD3)2SO): δ 26.5, 50.8, 114.6,
133.5, 140.4, 163.8, ppm. FT-IR (cm−1): ν = 3122 (w), 3088 (w), 2953 (w), 1685 (s), 1558 (s),
1438 (m), 1404 (m), 1379 (m), 1349 (m), 1304 (m), 1237 (s), 1221 (s), 1188 (s), 1149 (m),
1122 (m), 1018 (s), 996 (m), 986 (s), 947 (m), 896 (m), 867 (m), 805 (s), 775 (s), 748 (s).

1,5-Bis(pyrazol-1-yl)pentane-4,4′-dicarboxylic acid (5e) was prepared similarly to com-
pound 1b by Method B from diester 5f. Yield 67%, colorless powder, m.p. 216–219 ◦C
(reprecipitation; dec.). C13H16N4O4 (292.30): calcd. C 53.42; H 5.52; N 19.17; found C
53.6; H 5.7; N 19.0. 1H-NMR (500 MHz, (CD3)2SO): δ 1.15 (p, 2 H, γ-CH2), 1.80 (p, 4 H,
β-CH2), 4.11 (t, 4 H, α-CH2), 7.78 (s, 2 H, 5-H), 8.24 (s, 2 H, 3-H), 12.27 (s, 2 H, COOH), ppm.
13C-NMR (125 MHz, (CD3)2SO): δ 22.7, 28.9, 51.2, 114.5, 133.5, 140.3, 163.8, ppm. FT-IR
(cm−1): ν = 3128 (w), 2974 (w), 1696 (s), 1554 (s), 1472 (w), 1438 (w), 1403 (m), 1376 (w),
1343 (w), 1333 (w), 1298 (w), 1269 (w), 1217 (s), 1098 (m), 1041 (w), 998 (m), 987 (s), 915 (m),
885 (s), 769 (s), 745 (s), 672 (m).

1,6-Bis(pyrazol-1-yl)hexane-4,4′-dicarboxylic acid (6e) was prepared similarly to com-
pound 1b by Method B from diester 6f. Yield 73%, colorless powder, m.p. 252–254 ◦C
(reprecipitation; dec.). C14H18N4O4 (306.32): calcd. C 54.89; H 5.92; N 18.29; found C
55.0; H 6.1; N 18.0. 1H-NMR (500 MHz, (CD3)2SO): δ 1.22 (p, 4 H, γ-CH2), 1.75 (p, 4 H,
β-CH2), 4.10 (t, 4 H, α-CH2), 7.78 (s, 2 H, 5-H), 8.24 (s, 2 H, 3-H), 12.27 (s, 2 H, COOH), ppm
13C-NMR (125 MHz, (CD3)2SO): δ 25.3, 29.3, 51.4, 114.5, 133.4, 140.3, 163.8, ppm. FT-IR
(cm−1): ν = 3114 (w), 2940 (w), 2861 (w), 1652 (m), 1549 (w), 1497 (w), 1469 (w), 1438 (w),
1384 (w), 1352 (w), 1258 (w), 1228 (w), 1129 (w), 1053 (w), 995 (w), 982 (w), 931 (w), 860 (w),
778 (m), 736 (w).

Bis(4-ethoxycarbonylpyrazol-1-yl)methane (1f). A suspension of finely powdered KOH
(1.68 g, 30 mmol) and ethyl 4-pyrazole carboxylate (1.40 g, 10 mmol) in 5 mL of DMSO
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was vigorously stirred for 30 min at 80 ◦C. After that, the reaction mixture was cooled to
room temperature and solution of dibromomethane (0.87 g, 0.35 mL, 5 mmol) in 5 mL of
DMSO was added dropwise with stirring and cooling by water over 30 min. Stirring and
heating at 80 ◦C was continued for additional 4 h (TLC control), and the reaction mixture
was poured into 100 mL of water, the precipitate was filtered and washed by water. Yield
1.30 g, 89%, colorless crystals, m.p. 144–145 ◦C (EtOAc/hexane, 1:1). C13H16N4O4 (292.30):
calcd. C 53.42; H 5.52; N 19.17; found C 53.6; H 5.7; N 18.9. 1H-NMR (400 MHz, CDCl3):
δ 1.34 (t, 6 H, CH3), 4.29 (q, 4 H, OCH2), 6.31 (s, 2 H, α-CH2), 7.96 (s, 2 H, 3-H), 8.18 (s,
2 H, 5-H), ppm. 13C-NMR (100 MHz, CDCl3): δ 14.3, 60.5, 65.7, 117.0, 133.3, 142.5, 162.3,
ppm. FT-IR (cm−1): ν = 3149 (w), 3099 (w), 3069 (w), 2987 (w), 1724 (s), 1705 (s), 1558 (s),
1478 (w), 1445 (m), 1412 (w), 1383 (m), 1345 (w), 1290 (m), 1192 (s), 1230 (s), 1161 (m),
1133 (s), 1109 (m), 1029 (s), 1015 (s), 993 (s), 979 (m), 953 (m), 908 (m), 886 (m), 827 (m),
764 (s), 739 (s), 652 (m). m/z: 292 (23%), 247 (68%), 219 (13%), 153 (100%).

1,3-Bis(4-ethoxycarbonylpyrazol-1-yl)propane (3f) was prepared similarly to compound
1f. Yield 80%, colorless crystals, m.p. 92–94 ◦C (EtOAc/hexane, 1:1). C15H20N4O4 (320.35):
calcd. C 56.24; H 6.29; N 17.49; found C 56.5; H 6.0; N 17.2. 1H-NMR (400 MHz, CDCl3): δ
1.36 (t, 6 H, CH3), 2.48 (p, 2 H, β-CH2), 4.16 (t, 4 H, α-CH2), 4.30 (q, 4 H, OCH2), 7.94 (s, 2
H, 5-H), 7.95 (s, 2 H, 3-H), ppm. 13C-NMR (100 MHz, CDCl3): δ 14.4, 30.4, 49.0, 60.3, 115.3,
133.1, 141.3, 162.8, ppm. FT-IR (cm−1): ν = 3126 (w), 3091 (w), 2984 (w), 2940 (w), 2875 (w),
1691 (s), 1556 (s), 1472 (w), 1448 (w), 1405 (m), 1373 (s), 1350 (m), 1131 (m), 1286 (m), 1238
(s), 1124 (s), 1218 (s), 1111 (m), 1023 (s), 1084 (s), 976 (s), 874 (s), 830 (m), 769 (s), 708 (w),
653 (m). m/z: 320 (3%), 291 (1%), 275 (24%), 181 (26%), 167 (100%), 153 (76%), 139 (13%).

1,4-Bis(4-ethoxycarbonylpyrazol-1-yl)butane (4f) was prepared similarly to compound
1f. Yield 86%, colorless crystals, m.p. 121 ◦C (EtOAc/hexane, 1:1). C16H22N4O4 (334.38):
calcd. C 57.47; H 6.63; N 16.76; found C 57.5; H 6.5; N 16.9. 1H-NMR (400 MHz, CDCl3):
δ 1.27 (t, 6 H, CH3), 1.81 (p, 4 H, β-CH2), 4.06 (t, 4 H, α-CH2), 4.22 (q, 4 H, OCH2), 7.78
(s, 2 H, 5-H), 7.83 (s, 2 H, 3-H), ppm. 13C-NMR (100 MHz, CDCl3): δ 14.4, 27.0, 51.8, 60.2,
115.2, 132.5, 141.2, 162.9, ppm. FT-IR (cm−1): ν = 3122 (w), 3089 (w), 2980 (w), 2948 (w),
2869 (w), 1691 (s), 1554 (s), 1464 (m), 1432 (w), 1405 (m), 1394 (m), 1373 (s), 1355 (w),
1338 (w), 1298 (w), 1276 (m), 1223 (s), 1194 (s), 1172 (s), 1113 (s), 1092 (m), 1018 (s), 984 (s),
884 (s), 832 (m), 770 (s), 740 (m), 657 (m). m/z: 334 (2%), 305 (19%), 289 (50%), 195 (44%),
181 (19%), 167 (59%), 153 (100%), 139 (10%).

1,5-Bis(4-ethoxycarbonylpyrazol-1-yl)pentane (5f) was prepared similarly to compound
1f. Yield 95%, colorless crystals, m.p. 82–83 ◦C (EtOAc/hexane, 1:1). C17H24N4O4 (348.40):
calcd. C 58.61; H 6.94; N 16.08; found C 58.6; H 6.7; N 16.0. 1H-NMR (400 MHz, CDCl3): δ
1.21 (p, 2 H, γ-CH2, partially overlapped with 1.28), 1.28 (t, 6 H, CH3), 1.84 (p, 4 H, β-CH2),
4.05 (t, 4 H, α-CH2), 4.22 (q, 4 H, OCH2), 7.78 (s, 2 H, 5-H), 7.83 (s, 2 H, 3-H), ppm. 13C-NMR
(100 MHz, CDCl3): δ 14.4, 23.4, 29.5, 52.2, 60.2, 115.0, 132.5, 141.0, 163.0, ppm. FT-IR (cm−1):
ν = 3129 (w), 2970 (w), 2935 (w), 2874 (w), 1699 (s), 1554 (s), 1459 (m), 1441 (m), 1404 (s),
1372 (m), 1352 (m), 1333 (w), 1304 (m), 1263 (w), 1224 (s), 1209 (s), 1190 (s), 1113 (s), 1096 (s),
1021 (s), 980 (s), 877 (m), 826 (w), 762 (s). m/z: 348 (11%), 319 (24%), 303 (47%), 275 (4%),
209 (14%), 195 (47%), 181 (22%), 167 (33%), 153 (100%), 139 (4%).

1,6-Bis(4-ethoxycarbonylpyrazol-1-yl)hexane (6f) was prepared similarly to compound 1f.
Yield 73%, colorless crystals, m.p. 85–86 ◦C (EtOAc/hexane, 1:1). C18H26N4O4 (362.43):
calcd. C 59.65; H 7.23; N 15.46; found C 59.8; H 7.4; N 15.2. 1H-NMR (400 MHz, CDCl3):
δ 1.24 (p, 4 H, γ-CH2, partially overlapped with 1.27), 1.27 (t, 6 H, CH3), 1.80 (p, 4 H,
β-CH2), 4.04 (t, 4 H, α-CH2), 4.22 (q, 4 H, OCH2), 7.79 (s, 2 H, 5-H), 7.83 (s, 2 H, 3-H),
ppm. 13C-NMR (100 MHz, CDCl3): δ 14.4, 25.9, 29.8, 52.4, 60.2, 115.0, 132.4, 140.9, 163.0,
ppm. FT-IR (cm−1): ν = 3130 (w), 2983 (w), 2940 (w), 2866 (w), 1693 (s), 1546 (s), 1466 (w),
1442 (w), 1408 (w), 1373 (m), 1352 (w), 1256 (s), 1219 (s), 1201 (s), 1123 (s), 1110 (m), 1052 (m),
1028 (s), 995 (m), 978 (s), 899 (m), 869 (w), 830 (m), 775 (s), 739 (m), 654 (m). m/z: 362
(10%), 333 (11%), 317 (35%), 289 (4%), 223 (7%), 209 (44%), 195 (29%), 181 (19%), 167 (22%),
153 (100%), 139 (3%).
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Bis(4-ethoxycarbonyl-3,5-dimethylpyrazol-1-yl)methane (1g). A suspension of finely pow-
dered KOH (1.68 g, 30 mmol) and ethyl 3,5-dimethyl-4-pyrazolecarboxylate (1.68 g, 10 mmol)
in 5 DMSO was vigorously stirred for 30 min at 80 ◦C. After that, the reaction mixture was
cooled to room temperature and solution of dibromomethane (0.87 g, 0.35 mL, 5 mmol)
in 5 mL of DMSO was added dropwise under stirring and cooling by water over 30 min.
Stirring and heating at 80 ◦C was continued for additional 4 h (TLC control), and the
reaction mixture was poured into 100 mL of water, the precipitate was filtered and washed
by water. Yield 1.51 g, 87%, colorless crystals, m.p. 152–153 ◦C (EtOAc/hexane, 1:2).
C17H24N4O4 (348.18): calcd. C 58.61; H 6.94; N 16.08; found C 58.4; H 7.1; N 16.2. 1H-NMR
(400 MHz, CDCl3): δ 1.35 (t, 6 H, OCH2CH3), 2.39 (s, 6 H, 3-CH3), 2.75 (s, 6 H, 5-CH3),
4.29 (q, 4 H, OCH2), 6.12 (s, 2 H, α-CH2), ppm. 13C-NMR (100 MHz, CDCl3): δ 11.4, 14.3,
14.4, 59.8, 59.9, 110.9, 145.8, 151.4, 164.2, ppm. FT-IR (cm−1): ν = 2990 (w), 2937 (w), 1701
(s), 1557 (s), 1476 (m), 1426 (m), 1394 (m), 1352 (m), 1309 (s), 1299 (m), 1241 (s), 1212 (m),
1166 (s), 1121 (m), 1101 (s), 1042 (m), 1002 (m), 853 (m), 815 (m), 782 (s), 735 (m), 691 (s).
m/z: 348 (50%), 333 (5%), 303 (33%), 275 (2%), 181 (100%).

1,3-Bis(4-ethoxycarbonyl-3,5-dimethylpyrazol-1-yl)propane (3g) was prepared similarly
to compound 1g. Yield 92%, colorless crystals, m.p. 112–113 ◦C (EtOAc/hexane, 1:1).
C19H28N4O4 (376.46): calcd. C 60.62; H 7.50; N 14.88; found C 60.3; H 7.7; N 14.9.1H-NMR
(400 MHz, CDCl3): δ 1.36 (t, 6 H, OCH2CH3), 2.38 (p, 2 H, β-CH2, partially overlapped
with 2.41), 2.41 (s, 6 H, 3-CH3), 2.46 (s, 6 H, 5-CH3), 4.04 (t, 4 H, α-CH2), 4.29 (q, 4 H, OCH2),
ppm. 13C-NMR (100 MHz, CDCl3): δ 11.0, 14.3, 14.4, 29.3, 45.5, 59.6, 109.7, 144.0, 150.6,
164.4, ppm. FT-IR (cm−1): ν = 2980 (w), 2929 (w), 1712 (m), 1681 (m), 1545 (m), 1489 (m),
1425 (m), 1385 (m), 1370 (m), 1323 (w), 1293 (s), 1249 (w), 1231 (m), 1200 (w), 1138 (s),
1120 (m), 1100 (s), 1043 (m), 1013 (m), 1000 (m), 984 (w), 853 (w), 815 (w), 782 (s), 716 (w).
m/z: 376 (11%), 331 (10%), 209 (18%), 195 (100%), 181 (51%), 167 (6%).

1,4-Bis(4-ethoxycarbonyl-3,5-dimethylpyrazol-1-yl)butane (4g) was prepared similarly
to compound 1g. Yield 86%, colorless crystals, m.p. 122–123 ◦C (EtOAc/hexane, 1:1).
C20H30N4O4 (390.48): calcd. C 61.52; H 7.74; N 14.35; found C 61.7; H 8.0; 14.4. 1H-NMR
(400 MHz, CDCl3): δ 1.36 (t, 6 H, OCH2CH3), 1.82 (p, 4 H, β-CH2), 2.42 (s, 6 H, 3-CH3), 2.49
(s, 6 H, 5-CH3), 4.03 (t, 4 H, α-CH2), 4.29 (q, 4 H, OCH2), ppm. 13C-NMR (100 MHz, CDCl3):
δ 11.1, 14.3, 14.4, 26.9, 48.0, 59.6, 109.7, 143.7, 150.4, 164.4, ppm. FT-IR (cm−1): ν = 2985 (w),
2933 (w), 2875 (w), 1695 (s), 1547 (s), 1491 (m), 1472 (m), 1436 (m), 1400 (m), 1383 (m),
1364 (m), 1298 (s), 1248 (s), 1188 (s), 1122 (m), 1102 (s), 1076 (m), 1044 (m), 1015 (m), 993 (m),
910 (w), 888 (w), 849 (m), 813 (w), 784 (s), 742 (w), 711 (m). m/z: 390 (36%), 375 (12%), 361
(12%), 345 (29%), 329 (1%), 317 (4%), 223 (25%), 209 (29%), 195 (68%), 181 (100%).

1,5-Bis(4-ethoxycarbonyl-3,5-dimethylpyrazol-1-yl)pentane (5g) was prepared similarly
to compound 1g. Yield 79%, colorless crystals, m.p. 100–101 ◦C (EtOAc/hexane, 1:1).
C21H32N4O4 (404.51): calcd. C 62.35; H 7.97; N 13.85; found C 62.0; H 8.1; N 13.9. 1H-NMR
(400 MHz, CDCl3): δ 1.32 (p, 2 H, γ-CH2, partially overlapped with 1.36), 1.36 (t, 6 H,
OCH2CH3), 1.81 (p, 4 H, β-CH2), 2.42 (s, 6 H, 3-CH3), 2.49 (s, 6 H, 5-CH3), 3.99 (t, 4 H,
α-CH2), 4.29 (q, 4 H, OCH2), ppm. 13C-NMR (100 MHz, CDCl3): δ 11.2, 14.3, 14.4, 23.7, 29.5,
48.5, 59.6, 109.5, 143.5, 150.3, 164.5, ppm. FT-IR (cm−1): ν = 2981 (w), 2930 (w), 2866 (w),
1686 (s), 1548 (s), 1496 (m), 1473 (m), 1436 (m), 1399 (w), 1371 (m), 1296 (s), 1281 (m), 1246 (s),
1219 (m), 1190 (s), 1166 (m), 1122 (s), 1101 (s), 1042 (m), 997 (m), 889 (w), 852 (m), 812 (w),
783 (s), 746 (w), 718 (w), 698 (w). m/z: 404 (29%), 389 (8%), 375 (10%), 359 (30%), 343 (6%),
331 (4%), 237 (28%), 223 (47%), 209 (35%), 195 (47%), 181 (100%).

1,6-Bis(4-ethoxycarbonyl-3,5-dimethylpyrazol-1-yl)hexane (6g) was prepared similarly
to compound 1g. Yield 81%, colorless crystals, m.p. 107–108 ◦C (EtOAc/hexane, 1:1).
C22H34N4O4 (418.54): calcd. C 63.13; H 8.19; N 13.39; found C 63.2; H 8.3; N 13.4. 1H-NMR
(400 MHz, CDCl3): δ 1.33 (p, 4 H, γ-CH2, partially overlapped with 1.36), 1.36 (t, 6 H,
OCH2CH3), 1.79 (p, 4 H, β-CH2), 2.42 (s, 6 H, 3-CH3), 2.49 (s, 6 H, 5-CH3), 3.98 (t, 4 H,
α-CH2), 4.29 (q, 4 H, OCH2), ppm. 13C-NMR (100 MHz, CDCl3): δ 11.2, 14.3, 14.4, 26.2, 29.8,
48.6, 59.6, 109.4, 143.5, 150.2, 164.6, ppm. FT-IR (cm−1): ν = 2983 (w), 2929 (w), 2863 (w),
1686 (s), 1548 (s), 1481 (m), 1469 (m), 1436 (m), 1374 (m), 1361 (m), 1320 (m), 1311 (m),

85



Molecules 2021, 26, 413

1291 (s), 1238 (s), 1185 (s), 1121 (s), 1102 (s), 1041 (m), 1018 (m), 997 (m), 851 (m), 819 (w),
783 (s), 744 (w), 716 (m). m/z: 418 (21%), 403 (2%), 389 (6%), 373 (29%), 357 (8%), 345 (4%),
251 (25%), 237 (100%), 223 (22%), 209 (26%), 195 (20%), 181 (87%).

Bis(pyrazol-1-yl)methane-4-carboxylic acid (7) was prepared following the procedure
for compound 1b (Method A). Yield 10%, colorless crystals, m.p. 205–207 ◦C (EtOH).
C8H8N4O2 (192.18): calcd. C 50.00; H 4.20; N 29.15; found C 50.4; H 4.5; N 28.8. 1H-NMR
(400 MHz, (CD3)2SO): δ 6.32 (t, 1 H, 4-H-Pz), 6.50 (s, 2 H, CH2), 7.53 (d, 1 H, 3-H-Pz), 8.01
(d, 1 H, 5-H-Pz), 8.08 (s, 1 H, 3-H-PzCOOH), 8.12 (s, 1 H, 5-H-PzCOOH), ppm. 13C-NMR
(100 MHz, (CD3)2SO): δ 64.5, 106.7, 119.7, 131.4, 136.8, 140.9, 142.2, 179.6, ppm. FT-IR
(cm−1): ν = 3430 (br., COOH), 1682 (C=O), 1544 (νPz), 1002 (Pz breathing).

4. Conclusions

In summary, approaches to the synthesis of 4,4′-dicarboxy-substituted bis(pyrazol-
1-yl)alkanes were evaluated. It was found that direct carboxylation by oxalyl chloride is
feasible only for the preparation of bis(3,5-dimethylpyrazol-1-yl)methane derivates due to
electron-donating methyl groups and short methylene linker. Longer linkers lead to signifi-
cantly lower product yields, which is probably due to the instability of the intermediate acid
chlorides that are formed in the reaction with oxalyl chloride. A more universal method is
based on the reaction of ethyl 4-pyrazolecarboxylates with dibromoalkanes in a superbasic
medium and is applicable for the preparation of bis(4-carboxypyrazol-1-yl)alkanes with
both short and long linkers. The obtained dicarboxylic acids are interesting as potential
building blocks for metal-organic frameworks.

Supplementary Materials: The following are available online: FT-IR and NMR plots of the synthe-
sized compounds.
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Abstract: A series of 12 silica gel-bound enaminones and their Cu(II) complexes were prepared and
tested for their suitability as heterogeneous catalysts in azomethine imine-alkyne cycloadditions
(CuAIAC). Immobilized Cu(II)–enaminone complexes showed promising catalytic activity in the
CuAIAC reaction, but these new catalysts suffered from poor reusability. This was not due to the
decoordination of copper ions, as the use of enaminone ligands with additional complexation sites
resulted in negligible improvement. On the other hand, reusability was improved by the use of
4-aminobenzoic acid linker, attached to 3-aminopropyl silica gel via an amide bond to the enaminone
over the more hydrolytically stable N-arylenamine C-N bond. The study showed that silica gel-
bound Cu(II)–enaminone complexes are readily available and suitable heterogeneous catalysts for
the synthesis of 6,7-dihydro-1H,5H-pyrazolo[1,2-a]pyrazoles.

Keywords: 1,3-dipolar cycloadditions; 2,3-dihydropyrazolo[1,2-a]pyrazoles; copper-catalyzed azome-
thine imine-alkyne cycloaddition (CuAIAC); azomethine imines; ynones

1. Introduction

1,3-Dipolar cycloadditions of azomethine imines are important reactions to obtain pyra-
zoles with variable degree of saturation [1,2]. Since the end of the 20th century, this field
has gained much attention; most azomethine imines have been recognized as stable com-
pounds that are easy to prepare, store, and handle [1,2]. In this context, 1-alkylidene-3-
oxopyrazolidin-1-ium-2-ides (3-oxopyrazolidin-1-azomethine imines), accessible by condensa-
tion of 1,2-unsubstituted pyrazolidin-3-ones with aldehydes or ketones, have been extensively
used for regio- and stereoselective synthesis of pyrazolo[1,2-a]pyrazoles (bicyclic pyrazo-
lidinones). Bicyclic pyrazolidinones exhibit antibiotic [3–5] and anti-Alzheimer activity [6],
as well as inhibition of lymphocyte-specific protein tyrosine kinase [7,8] and Plasmodium
falciparum dihydroorotate dehydrogenase (PfDHODH) [9]. The most prominent examples of
bioactive bicyclic pyrazolidinones are Eli Lilly’s γ-lactam antibiotics, which exhibit antibiotic
activity similar to that of penicillins and cephalosporins (Figure 1) [3–5]. These antibiotics are
based on 6,7-dihydro-1H,5H-pyrazolo[1,2-a]pyrazole scaffold, which is accessible by [3 + 2]
cycloaddition of 3-oxopyrazolidin-1-ium-2-ides to acetylenes [1,2]. In this context, copper-
catalyzed azomethine imine-alkyne cycloadditions (CuAIAC) [1,2,10–16] provide easy access
to 6,7-dihydro-1H,5H-pyrazolo[1,2-a]pyrazoles in a regio- and stereoselective manner under
mild conditions that are compliant with requirements of “click” chemistry (Figure 1) [17–23].
In contrast to the CuAAC reaction, which is catalyzed only by Cu(I), the azomethine imine
analogue (CuAIAC) is also catalyzed by Cu(II) [10–12,24–27]. This is a major advantage in
terms of catalyst scope and simplicity of workup as the use of reducing agent, such as
sodium ascorbate, can be avoided when Cu(II) catalyst is used (Figure 1).
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Figure 1. Examples of bioactive bicyclic pyrazolidinones (left) and CuAIAC reaction (right).

Alkyl 2-substituted-3-(dimethylamino)propenoates and related enaminones are readily
available and stable enamino-masked β-keto aldehydes, which are useful 1,3-dielectrophilic
reagents in synthetic organic chemistry. Acid-catalyzed reactions with N-, C-, and O-
nucleophiles take place under mild conditions by substitution of the dimethylamino group
to give β-functionalized propenoates. With ambident nucleophiles, enaminones undergo
cyclization into different heterocyclic systems [28–33]. Enaminones are also used as alkenes
in cycloaddition reactions [34–38] and as bidentate N, O ligands [39–49] and tetradentate
acacen-type ligands [27,50–54] to coordinate metal ions.

In recent years, an important part of our ongoing research on the chemistry of 3-
pyrazolidinones [55] has been focused on CuAIAC reactions catalyzed by Cu(0) [56,57],
Cu(I) [58–61], and Cu(II) [27]. In extension, we were interested in the use of immobilized
Cu(II) complexes with enaminone-type ligands attached to the solid support in CuAIAC
reactions. In contrast to the rather extensive use of immobilized copper complexes in azide-
alkyne cycloadditions (CuAAC) [62], their applications in CuAIAC reactions are almost
unknown [26]. 3-Aminopropyl silica gel-immobilized Cu(II)-enaminone complexes would
be easy to prepare via a transamination reaction [28–33,63,64], could serve as heterogeneous
Cu(II) catalysts for the synthesis of pyrazolo[1,2-a]pyrazoles, and would complement well
the known examples of heterogeneous Cu(0)- [41], Cu(I)- [65–69], and Cu(II)-catalysts [26]
in the CuAIAC reaction. Herein, we report the results of this study confirming the suitability
of these new enaminone-based heterogeneous copper catalysts in regioselective [3 + 2]
cycloadditions of 1-benzylidene-5,5-dimethyl-3-oxopyrazolidin-1-ium-2-ides to methyl
propiolate leading to methyl 1-aryl-7,7-dimethyl-5-oxo-6,7-dihydro-1H,5H-pyrazolo[1,2-
a]pyrazole-2-carboxylates.

2. Results
2.1. Synthesis and Catalytic Activity of Silica Gel-Bound Cu–Enaminone Complexes 5a–g

First, the starting enaminones 2a–g were prepared from active methylene compounds
1a–g by treatment with N,N-dimethylformamide dimethylacetal (DMFDMA) or tert-butoxy-
bis(dimethylamino)methane (TBDMAM) at 20–110 ◦C following literature procedure [27].
Next, the enaminones 2a–g were reacted with equimolar amount of 3-aminopropyl silica gel
(3) in methanol for 48 h to give the immobilized enaminones 4a–g. Subsequent treatment
of 4a–g with one equivalent of Cu(OAc)2·H2O in methanol at room temperature for 48 h
then furnished the desired complexes 5a–g. The complex 3-Cu was prepared by treatment
of 3 with Cu(OAc)2·H2O in methanol (Scheme 1). Absorption bands at around 1600 cm−1

(C = O/C = N) in the IR spectra of compounds 5a–h, the results of combustion analyses
for compounds 5a–g, and the results of characterization of the catalyst 5f by SEM and
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EDX spectroscopy were in line with attachment of copper–enaminone complexes to 3 (For
characterization details see the Supporting Information).

Scheme 1. Reaction conditions: (i) DMFDMA or TBDMAM, CH2Cl2 or toluene, 20–110 ◦C; (ii) 3-aminopropyl silica gel (3),
MeOH, 20 ◦C, 48 h; (iii) Cu(OAc)2·H2O, MeOH, 20 ◦C, 48 h.

Compounds 5a–g and 3-Cu were then evaluated for their catalytic activity in [3 +
2] cycloaddition of (Z)-3,3-dimethyl-5-oxo-2-(3,4,5-trimethoxybenzylidene)pyrazolidin-2-
ium-1-ide (6a) to methyl propiolate (7). The reaction was performed in CH2Cl2 at room
temperature for 5 h with 30 mg (~20 mol%) catalyst loading (Table 1). Quantitative
conversion was obtained only with 2-indanone-derived catalyst 5f (Table 1, entry 6), while
the conversion above 50% was also obtained from related enamino ketone-derived catalysts
5d and 5e (Table 1, entries 4 and 5). Catalysts 5a–c and 5g were less active and the respective
conversions ranged from 33% to 47% (Table 1, entries 1–3 and 7). Moderate activity of 3-Cu
(Table 1, entry 8) was in line with complexation of Cu(OAc)2 to 3-aminopropyl silica gel
(3), which itself was found inactive (Table 1, entry 9).
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Table 1. Evaluation of catalytic activity of 5a–g, 3-Cu, and 3 in model cycloaddition reaction 1.

2021, , x FOR PEER REVIEW 4 of 18 
 

 

 

Entry Catalyst Conversion (%) 2 Entry Catalyst Conversion (%) 2

1 5a 33 6 5f quant.
2 5b 47 7 5g 39
3 5c 33 8 3-Cu 31
4 5d 64 9 3 0
5 5e 58

1 Reaction conditions: 6a (37 mg, 0.125 mmol), 7a (13 mg, 0.150 mmol), catalyst 3 or 5 (30 mg, ~20 mol%), CH2Cl2
(4 mL), 20 ◦C, 5 h. 2 Determined by 1H NMR.

The most active catalyst 5f was tested further. The model reaction was carried out
varying reaction time (1–3 h) and catalyst loading (10–30 mg). The results are presented
in Table 2. In the presence of 30 mg of the catalyst, the conversion was around 50% after
one hour, around 90% after two hours, and 100% after three hours (Table 2, entries 1–3).
Complete conversion was also achieved with 25 mg and 20 mg of the catalyst (Table 2,
entries 4 and 5), while further lowering of the catalyst loading to 15 mg (89%) and to 10 mg
(61%) gave incomplete conversions (Table 2, entries 6 and 7).

Table 2. Evaluation of catalyst 5f in model cycloaddition reaction 1.

2021, , x FOR PEER REVIEW 4 of 18 
 

 

 

Entry Loading (mg) Time (h) Conversion (%) 2

1 30 1 51
2 30 2 89
3 30 3 quant.
4 25 3 quant.
5 20 3 97
6 15 3 89
7 10 3 61

1 Reaction conditions: 6a (37 mg, 0.125 mmol), 7a (13 mg, 0.150 mmol), catalyst 5f (10–30 mg, ~7–20 mol%),
CH2Cl2 (4 mL), 20 ◦C, 1–5 h. 2 Determined by 1H NMR.

Next, the substrate scope was investigated using 20 mg (~13 mol%) of catalyst 5f
in reactions with azomethine imines 6a–f (Scheme 2). After 3 h, only dipoles 6a and 6d
were transformed quantitatively into the corresponding cycloadducts 8a and 8d, while
conversions of other dipoles ranged from 23% to 95%. The highest conversions (95–
100%) were obtained with 3,4,5-trimethoxyphenyl- (6a), phenyl- (6d), and 4-nitrophenyl-
substituted dipole (6f), whereas poor conversions (23–29%) were observed with 4-methoxy-
(6b), 4-methyl- (6c), and 4-chloro-substituted dipole (6e). Since closely related Cu0- and
Cu+-catalyzed cycloadditions did not show any significant substrate dependence [56,57],
incomplete conversions may seem surprising, yet they are explainable by much shorter
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reaction time (i.e., 12–48 h [56,57] vs. 3 h in the present case). Quantitative conversion of
dipole 6e into cycloadduct 8e after 48 h was in line with this rationale (Scheme 2).

Scheme 2. The conversions in CuAIAC reactions of dipoles 6a–f with methyl propiolate (7) catalyzed by 20 mg (~13 mol%)
of 5f. The conversions were determined by 1H NMR of the crude reaction mixtures.

To further explore the reaction scope, azomethine imine 6a was reacted also with
nonpolar phenylacetylene in the presence of catalyst 5f under the above standard reaction
conditions. This reaction gave no conversion, even after prolonged treatment for 150 h.
This result indicated a limitation of the reaction scope to polar electron-poor alkynes.

Reusability of the catalyst 5f in the standard model reaction (6a + 7 → 8a, 3 h, 30 mg
of 5f) was tested next. Much to our disappointment, the quantitative conversion in the
first run dropped significantly in the second (29%) and the third run (5%) and the catalyst
was inactive upon the third run (Figure 2). If poor reusability of catalyst 5f is explainable
by decomplexation of copper ions from the heterogeneous ligand 4f, then reusability
should be improved by stronger coordination of copper(II) to the ligand. Therefore, we
decided to address the reusability issue by attaching stronger coordinating acacen ligands
9a,b [27,50–54,70] and pyridine-enaminone ligands 9c [71] to 3-aminopropyl silica gel (3).
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Figure 2. Reusability of catalysts 5f (
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reaction 6a + 7 → 8a. The conversions were determined by 1H NMR.

2.2. Synthesis and Catalytic Activity of Silica Gel-Bound Cu–Enaminone Complexes 11a–c and 15

Bis-enaminone compounds 9a and 9b [70] (Scheme 3) contain two terminal N,N-
(dimethyl)enaminone groups that enable transaminative attachment to 3-aminopropyl
silica gel (3). Thus, treatment of 9a and 9b with 3 in methanol at room temperature afforded
the immobilized acacen ligands 10a and 10b, which were subsequently reacted with
Cu(OAc)2·H2O in methanol to furnish the desired immobilized Cu–acacen complexes 11a
and 11b (Scheme 3). To obtain pyridine-type catalyst 11c, bis-enaminone ligand 9c [71], was
reacted with 3-aminopropyl silica gel (3) to give silica gel-bound ligand 10c, followed by
treatment with Cu(OAc)2·H2O in methanol to furnish the copper complex 11c (Scheme 3).
Absorption bands at around 1600 cm−1 (C = O/C = N) in the IR spectra of compounds 11a–c
and the combustion analyses for compounds 11a–c were in line with attachment of copper–
enaminone complexes to 3 (For characterization details see the Supporting Information).
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Scheme 3. Reaction conditions: (i) 3-aminopropyl silica gel (3), MeOH, 20 ◦C, 48 h; (ii) Cu(OAc)2·H2O, MeOH, 20 ◦C, 48 h.

With the desired new catalysts 11a–c in our hands, we first examined their catalytic
activity in model cycloaddition (6a + 7 → 8a, Table 3). After 3 h in the presence of
30 mg (~20 mol%) of the catalyst 11, 1,2-ethylenediamine-based catalyst 11a showed
only moderate performance (61% conversion, Table 3, entry 1), while activities of 1,2-
phenylenediamine-based catalyst 11b and pyridine-based catalyst 11c (Table 3, entries 2
and 3) were similar to that of catalyst 5f (cf. Table 2, entry 3). Further evaluation of catalysts
11b and 11c in terms of catalyst loading (Table 3, entries 4–7) and reaction time (Table 3,
entries 8–11) confirmed the performance of 11b and 11c, which was similar to that of
catalyst 5f (cf. Table 2, entries 1–7).
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Table 3. Catalytic activity of heterogeneous Cu(II) catalysts 11a–c in model reaction 1.

2021, , x FOR PEER REVIEW 8 of 18 
 

 

 

Entry Catalyst 11 Loading (mg) Time (h) Conversion (%) 2

1 11a 30 3 61
2 11b 30 3 quant.
3 11c 30 3 quant.
4 11b 20 3 quant.
5 11c 10 3 73
6 11b 20 3 quant.
7 11c 10 3 50
8 11b 30 2 quant.
9 11b 30 1 69
10 11c 30 2 quant.
11 11c 30 1 82

1 Reaction conditions: 6a (37 mg, 0.125 mmol), 7 (13 mg, 0.150 mmol), catalysts 11a–c (10–30 mg, ~7–20 mol%),
CH2Cl2 (4 mL), 20 ◦C, 1–3 h. 2 Determined by 1H NMR.

The substrate scope of catalysts 11a–c was then checked by measuring conversions
in the reactions of azomethine imines 6a–f with methyl propiolate (7) in dichloromethane
using ~13 mol% (20 mg) catalyst loading (Scheme 4). Quantitative conversions after 3 h
were achieved only with dipole 6a in the presence of catalysts 11b and 11c, and with
electron-poor dipole 6f, relatively good conversions above 80% were obtained with all
three catalysts. The conversions after 3 h were low to moderate (15–69%) with dipoles 6b–e.
For the most part, these results were in line with those obtained with catalyst 5f. Notably,
also the less reactive dipole 6e underwent full conversion within 48 h with catalyst 11c
(Scheme 4, cf. Scheme 3).
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Scheme 4. The conversions in CuAIAC reactions of dipoles 6a–f with methyl propiolate (7) catalyzed by ~13 mol% of 11a–c.
The conversions were determined by 1H NMR of the crude reaction mixtures.

To our disappointment, reusability tests for catalysts 11a–c in the standard model
reaction (6a + 7 → 8a, 3 h, 30 mg of 11) revealed only minor improvement of reusability
of catalysts 11a–c in comparison to catalyst 5f. Initially highly active catalysts 11b and
11c became inactive upon the third run (see Figure 2 at the end of Section 2.1). On the
basis of these data, it became clear that decoordination of Cu(II) from the ligand was
not the main reason for low reusability of 5f and 11a–c. We then considered that loss of
catalytic activity could also be explainable by detachment of Cu(II)-enaminone complex
from 3-aminopropyl silica gel (3), for example, through hydrolytic cleavage of the enamine
C-N bond, as proposed in Scheme 5. Hydrolysis of enaminone complex 5 gives the complex
5′, which can release Cu(II)-1,3-dicarbonyl complex 5” in solution through decoordination
from aminopropyl silica gel 3.

Scheme 5. A plausible mechanism for detachment of Cu(II)-enaminone complex from 3.

According to the proposed mechanism, the use of hydrolytically more stable enamine
C-N bond should reduce detachment of Cu(II)-enaminone complex from the solid support
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and, thus, improve reusability of the catalyst. To confirm this hypothesis, we prepared silica
gel-bound enaminone 14 using 4-aminobenzoic acid (12) as a bifunctional linker, which
was bound to 3-aminopropyl silica gel (3) via a robust amide bond and to the enaminone
2f through a stronger N-arylenamine C-N bond (Scheme 6) [28–33,63,64]. Acid-catalyzed
transamination of 2f with 4-aminobenzoic acid (12) gave the carboxy-functionalized enam-
inone 13, which was amidated with 3 using 1,1′-carbonyldiimidazole (CDI) as activating
reagent. Subsequent treatment of the silica gel-bound enaminone 14 with copper(II) acetate
in methanol then furnished the desired catalyst 15 (Scheme 6). Absorption bands at around
1600 cm−1 (C = O/C = N) in the IR spectra of compound 15 and the combustion analyses for
15 were in line with attachment of copper–enaminone complex to 3 (For characterization
details see the Supporting Information).

Scheme 6. Reaction conditions: (i) 4-aminobenzoic acid (12), 37% aq. HCl (1 equiv.), MeOH, 20 ◦C; (ii) CDI, MeCN, 20 ◦C, 1
h, then 3-aminopropyl silica gel (3), MeCN, 20 ◦C, 120 h; (iii) Cu(OAc)2·H2O, MeOH, 20 ◦C, 48 h.

Activity and reusability of catalysts 5f, 11a–c, and 15 were tested in the standard
model reaction (6a + 7 → 8a, CH2Cl2, 20 ◦C, 3 h, 30 mg catalyst loading). The results
are summarized in Figure 2. In the first run, quantitative conversion was obtained with
catalysts 5f, 11b, 11c, and 15, while catalyst 11a gave only 61% conversion. The catalytic
activity of 5f and 11b,c dropped significantly and they became practically inactive after the
second run. Surprisingly, the initially least active catalyst 11a lost catalytic activity more
slowly than analogues 5f and 11b,c and remained only weakly active in the fifth run. On
the other hand, catalyst 15 gave a near quantitative conversion in the second run (94%),
followed by a gradual decrease of catalytic activity leading to 31% conversion in the fifth
run. Thus, the reusability of N-arylenaminone catalyst 15 was significantly better than that
of N-alkylenaminone analogues 5 and 11 (Figure 2). This result was consistent with the
hypothesis that the decrease of catalytic activity was largely due to the detachment of the
copper-enaminone complex from the solid support by hydrolysis of the C-N bond of the
enamine (cf. Scheme 5).

3. Conclusions

Transamination of enaminones 2a–g and bis-enaminones 9a–c with 3-aminopropyl
silica gel (3) in methanol gives the corresponding silica gel-bound enaminones 4a–g and 10a–
c. Subsequent treatment of the immobilized enaminones 4a–g and 10a–c with copper(II)
acetate in methanol gives the corresponding silica gel-bound Cu(II) complexes 5a–g and
11a–c. Both reactions are general and take place with different types of enaminones 2
and 9 under mild conditions. The obtained copper(II) complexes 5a–g and 11a–c exhibit
catalytic activity in azomethine imine-alkyne cycloadditions (CuAIAC). The 2-indanone-
derived catalyst 5f and the bis-enaminone-derived catalysts 11b and 11c showed the
most promising activity, unfortunately, with poor reusability. The main cause of the poor

98



Molecules 2021, 26, 400

reusability appears to be hydrolytic cleavage of the Cu(II)-enaminone complex from the
3-aminopropyl silica gel (3), rather than decomplexation of the copper(II) ions from the
ligand. This hypothesis was confirmed by the synthesis of a modified catalyst 15 with
hydrolytically more stable enamine C-N bond of the enamine attached to 3-aminopropyl
silica gel (3) via a robust amide bond. Catalyst 15 exhibited better reusability while still
retaining the same catalytic activity as analogues 5 and 11. In conclusion, silica gel-bound
Cu(II)-enaminone complexes 5, 11, and 15 are easily available heterogeneous catalysts
for the regioselective synthesis of pyrazolo[1,2-a]pyrazoles via [3 + 2] cycloaddition of
3-pyrazolidinone-derived azomethine imines to terminal ynones.

4. Materials and Methods
4.1. General Information

All solvents and reagents were used as received. Melting points were determined on
SRS OptiMelt MPA100—Automated Melting Point System (Stanford Research Systems,
Sunnyvale, CA, USA). The 1H NMR, 13C NMR, and 2D NMR spectra were recorded in
CDCl3 and DMSO-d6 as solvents using Me4Si as the internal standard on a Bruker Avance
III UltraShield 500 plus instrument (Bruker, Billerica, MA, USA) at 500 MHz for 1H and
at 126 MHz for 13C nucleus, respectively. IR spectra were recorded on a Bruker FTIR
Alpha Platinum spectrophotometer (Bruker, Billerica, MA, USA). Microanalyses were
performed by combustion analysis on a Perkin-Elmer CHN Analyzer 2400 II (PerkinElmer,
Waltham, MA, USA). Mass spectra were recorded on an Agilent 6224 Accurate Mass TOF
LC/MS (Agilent Technologies, Santa Clara, CA, USA). Parallel stirring was carried out
on a Tehtnica Vibromix 313 EVT orbital shaker (400 rpm in all cases) (Domel, Železniki,
Slovenia). Flash column chromatography was performed on silica gel (Silica gel 60, particle
size: 0.035–0.070 mm, Sigma-Aldrich, St. Louis, MO, USA).

Active methylene compounds 1a–g, 3-aminopropyl silica gel (3) (for preparative chro-
matography, 40–63 µm, 0.9 mmol/g amino groups, pore size ~9 nm), 4-aminobenzoic
acid (12), Cu(OAc)2·H2O, N,N-dimethylformamide dimethylacetal (DMFDMA, for syn-
thesis, ≥96%), tert-butoxy-bis(dimethylamino)methane (TBDMAM, technical grade), and
1,1′-carbonyldiimidazole (CDI) are commercially available (Sigma-Aldrich). Enaminones
2a [72], 2b [73], 2c [74], 2d [75], 2e [76], 2f [77], and 2g [78], bis-enaminones 9a, 9b [70],
and 9c [71], and azomethine imines 6a,f [79], 6b,e [80], 6c [81], and 6d [82] were prepared
following the literature procedures.

4.2. Synthesis of 3-Aminopropyl Silica Gel-Bound Copper(II)-Catalyst 3-Cu

A mixture of 3-aminopropyl silica gel (3) (5.015 g, 4.5 mmol of amino group), Cu(OAc)2·H2O
(903 mg, 4.5 mmol), and methanol (25 mL) was stirred at 20 ◦C for 48 h. The insoluble
material was collected by filtration, washed carefully with methanol until the filtrate was
colorless (around 10 × 5 mL), and air-dried to give the copper(II) catalyst 3-Cu. Blue
powder (5.163 g).

4.3. General Procedure for the Synthesis of 3-Aminopropyl Silica Gel-Bound Copper(II)
Catalysts 5a–g

Enaminone 2 (1.381 mmol) was added to a suspension of 3-aminopropyl silica gel (3)
(1.534 g, 1.381 mmol of amino group) in methanol (4 mL) and the mixture was stirred at
20 ◦C for 48 h. The insoluble material was collected by filtration, washed with methanol
until the filtrate was colorless (around 10 × 5 mL), and air-dried to give 4. The immobilized
enaminone 4 was resuspended in methanol (8 mL), Cu(OAc)2·H2O (275 mg, 1.381 mmol)
was added, and the mixture was stirred at room temperature for 48 h. The insoluble
material was collected by filtration, washed carefully with methanol until the filtrate was
colorless (around 10 × 5 mL), and air-dried to give the copper(II) catalyst 5. The following
compounds were prepared in this manner:
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4.3.1. Compound 5a

Prepared from 2a (934 mg, 4.5 mmol) and 3 (5.015 g, 4.5 mmol of amino group) in
MeOH (15 mL); then Cu(OAc)2·H2O (903 mg, 4.5 mmol), MeOH (25 mL). Blue powder
(5.392 g), νmax 1558 (C = O/C = N), 1418 cm−1.

4.3.2. Compound 5b

Prepared from 2b (1.119 g, 4.5 mmol) and 3 (5.015 g, 4.5 mmol of amino group) in
MeOH (15 mL); then Cu(OAc)2·H2O (903 mg, 4.5 mmol), MeOH (25 mL). Blue powder
(5.611 g), νmax 1558 (C = O/C = N), 1419 cm−1.

4.3.3. Compound 5c

Prepared from 2c (1.119 g, 4.5 mmol) and 3 (5.015 g, 4.5 mmol of amino group) in
MeOH (15 mL); then Cu(OAc)2·H2O (903 mg, 4.5 mmol), MeOH (25 mL). Blue powder
(5.415 g), νmax 1565 (C = O/C = N), 1418 cm−1.

4.3.4. Compound 5d

Prepared from 2d (366 mg, 1.4 mmol) and 3 (1.534 g, 1.4 mmol of amino group) in
MeOH (4 mL); then Cu(OAc)2·H2O (275 mg, 1.4 mmol), MeOH (8 mL). Blue powder
(1.643 g), νmax 1567 (C = O/C = N), 1416 cm−1.

4.3.5. Compound 5e

Prepared from 2e (366 mg, 1.4 mmol) and 3 (1.534 g, 1.4 mmol of amino group) in
MeOH (4 mL); then Cu(OAc)2·H2O (275 mg, 1.4 mmol), MeOH (8 mL). Light brown
powder (1.598 g), νmax 1565 (C = O/C = N), 1416 cm−1.

4.3.6. Compound 5f

Prepared from 2f (844 mg, 4.5 mmol) and 3 (5.015 g, 4.5 mmol of amino group) in
MeOH (15 mL); then Cu(OAc)2·H2O (903 mg, 4.5 mmol), MeOH (25 mL). Dark brown
powder (5.514 g), νmax 1606 (C = O/C = N), 1436 cm−1.

4.3.7. Compound 5g

Prepared from 2g (195 mg, 1.4 mmol) and 3 (1.534 g, 1.4 mmol of amino group) in
MeOH (4 mL); then Cu(OAc)2·H2O (275 mg, 1.4 mmol), MeOH (8 mL). Blue powder
(1.607 g), νmax 1565 (C = O/C = N), 1416 cm−1.

4.4. General Procedure for the Synthesis of Silica Gel-Bound Copper(II) Catalysts 11a–c

Bis-enaminone 9 (0.5 mmol) was added to a suspension of 3-aminopropyl silica gel
(3) (1.111 g, 1 mmol of amino group) in methanol (4 mL) and the mixture was stirred at
20 ◦C for 48 h. The insoluble material was collected by filtration, washed with methanol
until the filtrate was colorless (around 10 × 5 mL), and air-dried to give the silica gel-
bound bis-enaminone 10. The immobilized enaminone 10 was resuspended in methanol
(8 mL), Cu(OAc)2·H2O (200 mg, 1 mmol) was added, and the mixture was stirred at room
temperature for 48 h. The insoluble material was collected by filtration, washed carefully
with methanol until the filtrate was colorless (around 10 × 5 mL), and air-dried to give the
copper(II) catalyst 11. The following compounds were prepared in this manner:

4.4.1. Compound 11a

Prepared from 9a (100 mg, 0.2 mmol) and 3 (490 g, 0.4 mmol of amino group); then
Cu(OAc)2·H2O (80 mg, 0.4 mmol). Brown powder (527 mg), νmax 1569 (C = O/C = N),
1411 cm−1.
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4.4.2. Compound 11b

Prepared from 9b (200 mg, 0.4 mmol) and 3 (884 g, 0.8 mmol of amino group); then
Cu(OAc)2·H2O (160 mg, 0.8 mmol). Green-blue powder (906 mg), νmax 1564 (C = O/C = N),
1417 cm−1.

4.4.3. Compound 11c

Prepared from 9c (322 mg, 0.56 mmol) and 3 (1.265 g, 1.12 mmol of amino group); then
Cu(OAc)2·H2O (160 mg, 0.8 mmol). Brown powder (1.294 mg), νmax 1552 (C = O/C = N),
1414 cm−1.

4.5. Synthesis of 3-Aminopropyl Silica Gel-Bound Copper(II) Complex 15
4.5.1. (E)-4-{[(2-Oxo-2,3-dihydro-1H-inden-1-ylidene)methyl]amino}benzoic acid (13)

Enaminone 2f (374 mg, 2 mmol) was added to a mixture of 4-aminobenzoic acid (12)
(274 mg, 2 mmol), methanol (10 mL), and 37% aq. HCl (0.15 mL, 1.8 mmol) and the mixture
was stirred at room temperature for 12 h. The precipitate was collected by filtration and
washed with methanol (2 × 5 mL) and diethyl ether (2 × 5 mL) to give 13. Beige solid (385
mg, 69%); E/Z = 85:15; mp 263–264 ◦C (with slow decomposition above 200 ◦C); νmax/cm−1

(ATR) 3014, 2813, 1669 (C = O), 1594, 1566, 1424, 1261, 1180, 1199, 1092, 947, 848, 753, 713,
634; δH (500 MHz; DMSO-d6; Me4Si): major isomer 3.49 (2H, s), 7.09 (1H, td, J = 7.5, 1.1 Hz),
7.23–7.27 (2H, m), 7.52 (2H, d, J = 8.8 Hz), 7.67 (1H, d, J = 7.6 Hz), 7.92 (2H, d, J = 8.8 Hz),
8.39 (1H, d, J = 12.2 Hz), 11.03 (1H, d, J = 12.2 Hz), 12.74 (1H, s), minor isomer 3.46 (3H, s),
7.19 (1H, td, J = 7.5, 1.1 Hz), 7.23–7.27 (1H, m), 7.33 (2H, br d, J = 7.4 Hz), 7.48 (2H, br d,
J = 8.8 Hz), 7.71 (1H, d, J = 13.4 Hz), 8.04 (1H, d, J = 7.4 Hz), 9.47 (1H, d, J = 13.3 Hz), 12.74
(1H, s); δC (126 MHz; DMSO-d6; Me4Si): major isomer 41.9, 111.5, 115.6, 117.6, 124.7, 124.8,
124.9, 126.9, 131.1, 134.3, 134.4, 140.0, 143.8, 166.8, 204.4, minor isomer 41.4, 112.8, 116.2,
121.9, 124.6, 124.7, 125.7, 126.8, 131.1, 131.8, 135.5, 138.2, 145.5, 166.9, 202.4; HRMS (ESI):
MH+, found 280.0968 (MH+). [C17H14NO3]+ requires 280.0968; (found: C, 71.98; H, 4.24; N,
4.73. C17H13NO3·

1
4 H2O requires C, 71.95; H, 4.79; N, 4.94%).

4.5.2. Synthesis of Silica Gel-Bound Enaminone 14

1,1′-Carbonyldiimidazole (85 mg, 0.52 mmol) was added to a stirred suspension of
carboxylic acid 13 (140 mg, 0.5 mmol) in acetonitrile (5 mL) and the mixture was stirred
at room temperature for 1 h. Then, 3-aminopropyl silica gel (3) (500 mg, 0.45 mmol of
NH2 group) was added and the suspension was stirred at room temperature for 120 h.
Ethanol (2 mL) was added and the insoluble material was collected by filtration using a
short column with fritted bottom (d = 1.5 cm, l = 10 cm) and the functionalized silica gel
14 was washed with EtOH-MeCN (1:1, 3 × 5 mL), EtOH (2 × 5 mL), DMF (2 × 5 mL),
EtOH (3 mL), and Et2O (2 × 5mL) and air-dried. Brown powder (536 mg, 31%, loading
~0.3 mmol/g); FT-IR (ATR): νmax 1603 (C = O/C = N) cm−1.

4.5.3. Synthesis of Silica Gel-Bound Copper(II) Catalyst 15

3-Enaminopropyl silica gel 14 (300 mg, ~0.1 mmol of the enaminone) was added to a
solution of Cu(OAc)2·H2O (50 mg, 0.25 mmol) in methanol (10 mL) and the mixture was
stirred at 20 ◦C for 48 h. The insoluble material was collected by filtration, washed carefully
with methanol until the filtrate was colorless (around 5 × 5 mL), and air-dried to give the
copper(II) catalyst 15. Brown powder (280 mg, 81%, loading ~0.3 mmol/g); FT-IR (ATR):
νmax 1603 (C = O/C = N) cm−1.
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4.6. Synthesis of Methyl
1-Aryl-7,7-dimethyl-5-oxo-6,7-dihydro-1H,5H-pyrazolo[1,2-a]pyrazole-2-carboxylates 8a–f by [3 +
2] Cycloadditions of Azomethine Imines 6a–f to Methyl Propiolate (7) in the Presence of Catalysts
3-Cu, 5, 11, and 15
4.6.1. Determination of Conversion. General Procedure A

Catalyst 3-Cu, 5, 11, or 15 (10–30 mg) was added to a mixture of azomethine imine
6a–f (25–37 mg [83], 0.125 mmol), methyl propiolate (7) (12.5 µL, 0.15 mmol), and CH2Cl2
(4 mL) and the mixture was stirred at room temperature for 1–5 h. The reaction mixture
was filtered to remove the catalyst and the filtrate was evaporated in vacuo to give 8a–f
and 1H NMR spectrum of the residue was measured in CDCl3 to determine the conversion.
1H NMR data of compounds 8a,f [79], 8d [56,84], and 8e [56] were in agreement with the
literature data.

4.6.2. Determination of Reusability of Catalysts. General Procedure B

Catalyst 5, 11, or 15 (30 mg) was added to a mixture of azomethine imine 6a (37 mg,
0.125 mmol), methyl propiolate (7) (12.5 µL, 0.15 mmol), and CH2Cl2 (4 mL) and the
mixture was stirred at room temperature for 3 h. Stirring was stopped, the catalyst was
allowed to settle down for 2 min, and the supernatant was carefully decanted and filtered.
Dichloromethane (4 mL) was added to the catalyst, the mixture was stirred for 2 min, the
catalyst was allowed to settle down for 2 min, and the supernatant was carefully decanted
and filtered. The catalyst was washed once more with dichloromethane (4 mL) as described
above. The combined filtrate was evaporated in vacuo and 1H NMR spectrum of the
residue was measured to determine conversion, while the washed catalyst was used in the
next run.

4.6.3. Synthesis of
1-aryl-7,7-dimethyl-5-oxo-6,7-dihydro-1H,5H-pyrazolo[1,2-a]pyrazole-2-carboxylates 8b
and 8c. General Procedure C

Catalyst 5f (120 mg) was added to a mixture of azomethine imine 6b or 6c (0.5 mmol),
methyl propiolate (7) (50 µL, 0.6 mmol), and CH2Cl2 (5 mL) and the mixture was stirred
at room temperature for 24 h. The catalyst was removed by filtration and washed with
dichloromethane (3 mL). The combined filtrate was evaporated in vacuo and the residue
was purified by flash column chromatography (Et2O). Fractions containing the product 8
were combined and evaporated in vacuo to give 8b and 8c.

7,7-Dimethyl-1-(4-methoxyphenyl)-5-oxo-6,7-dihydro-1H,5H-pyrazolo[1,2-a]pyrazole-2- car-
boxylate (8b). Prepared from azomethine imine 6b (116 mg, 0.5 mmol), methyl propiolate
(7) (50 µL, 0.6 mmol), and CH2Cl2 (4 mL). Yellow oil (74 mg, 47%); νmax/cm−1 (ATR) 2955,
1696 (C = O), 1599, 1511, 1444, 1408, 1371, 1323, 1200, 1173, 1099, 1031, 959, 824, 727; δH
(500 MHz; CDCl3; Me4Si): 1.14 (3H, s), 1.22 (3H, s), 2.38 (1H, d, J = 15.7 Hz), 2.86 (1H, d,
J = 15.7 Hz), 3.62 (3H, s), 3.79 (3H, s), 5.43 (1H, d, J = 1.3 Hz), 6.87 (2H, d, J = 8.7 Hz), 7.35
(2H, d, J = 8.7 Hz), 7.48 (1H, d, J = 1.3 Hz); δC (126 MHz; DMSO-d6; Me4Si): 19.1, 25.1, 49.6,
51.6, 55.3, 64.1, 64.4, 113.9, 117.1, 129.0, 129.3, 134.2, 159.3, 164.3, 166.5; HRMS (ESI): MH+,
found 317.1493 (MH+). [C17H21N2O4]+ requires 317.1496.

7,7-Dimethyl-1-(4-methylphenyl)-5-oxo-6,7-dihydro-1H,5H-pyrazolo[1,2-a]pyrazole-2- car-
boxylate (8c). Prepared from azomethine imine 6c (98 mg, 0.45 mmol), methyl propiolate
(7) (50 µL, 0.6 mmol), and CH2Cl2 (4 mL). Yellow solid (83 mg, 61%); mp 152–155 ◦C;
νmax/cm−1 (ATR) 3082, 2946, 1731 (C = O), 1687 (C = O), 1601, 1514, 1323, 1275, 1225, 1192,
1120, 1099, 1039, 1007, 947, 818, 733; δH (500 MHz; CDCl3; Me4Si): 1.12 (3H, s), 1.19 (3H, s),
2.33 (3H, s), 2.38 (1H, d, J = 14.7 Hz), 2.82 (1H, d, J = 14.7 Hz), 3.58 (3H, s), 5.40 (1H, d, J = 1.2
Hz), 7.12 (2H, d, J = 7.8 Hz), 7.29 (2H, d, J = 8.1 Hz), 7.46 (1H, d, J = 1.5 Hz); δC (126 MHz;
DMSO-d6; Me4Si): 19.1, 21.3, 25.1, 49.5, 51.6, 64.4, 64.6, 117.0, 127.8, 129.2, 129.5, 137.6, 139.1,
164.3, 166.7; HRMS (ESI): MH+, found 301.1546 (MH+). [C17H21N2O3]+ requires 301.1547.

Following the above Procedure C, also known cycloadducts 8a,d–f were obtained
in the following isolated yields: compound 8a (92%), 8d (89%), 8e (84%), and 8f (88%).
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Spectral data for compounds 8a [56,79], 8d [56,84], 8e [56], and 8f [56,79] were in agreement
with the literature data.

Supplementary Materials: The following are available online, copies of 1H and 13C NMR spectra of
new compounds 8b, 8c, and 13, copies of IR spectra of catalysts 5a–g, 11a–c, and 15.
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Abstract: Alkylamino coupling reactions at the C4 positions of 4-halo-1H-1-tritylpyrazoles were
investigated using palladium or copper catalysts. The Pd(dba)2 catalyzed C-N coupling reaction of
aryl- or alkylamines, lacking a β-hydrogen atom, proceeded smoothly using tBuDavePhos as a ligand.
As a substrate, 4-Bromo-1-tritylpyrazole was more effective than 4-iodo or chloro-1-tritylpyrazoles.
Meanwhile, the CuI mediated C-N coupling reactions of 4-iodo-1H-1-tritylpyrazole were effective for
alkylamines possessing a β-hydrogen atom.

Keywords: amination; 4-halopyrazole; Buchwald-Hartwig coupling; Pd(dba)2; CuI mediated
coupling; aliphatic amine

1. Introduction

Synthetic methodologies towards a range of substituted pyrazoles have been developed, as they
commonly exhibit bioactivities such as antitumor, antiviral, and antifungal activities. Furthermore,
the synthetic study of pyrazoles provides diverse building blocks for the discovery of new drugs,
biological probes, herbicides, and other new useful materials [1–3]. Therefore, introduction of various
functional groups at specific positions on a pyrazole ring is an important and attractive endeavor
in synthetic organic chemistry. In particular, the synthesis of C4-aminated pyrazoles has become
a prominent research topic, due to the important bioactivities exhibited by this compound class, as
shown in Figure 1.

 

 

 

Figure 1. Examples of bioactive 4-aminopyrazoles (a–i).
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Simple 4-alkylaminopyrazoles (a and b) have been reported to exhibit weak inhibitory activities
against horse lever alcohol dehydrogenase (LADH) [4,5]. Azaisoindolinone derivative (c) exhibits
potent lipid kinase phosphoinositide 3-kinase γ (PI3Kγ) inhibition, with the distinct advantage of being
orally administered and central nervous system (CNS)-penetrant [6]. Two 4-heteroarylamidopyrazoles
(d and e) have been presented as apoptosis signal-regulating kinase 1 (ASK 1) inhibitors [7].
1-Acetoanilide-4-aminopyrazole-substituted quinazoles are selective Aurora B protein kinase inhibitors
with potent anti-tumor activity, and structure f is the most potent among them. The 3-aminopyrazole
analog of compound f is AZD1152, which was the first Aurora B selective inhibitor to enter
clinical trials [8]. 7H-pyrrolo[2,3-d]pyrimidine-based 4-amino-(1H)-pyrazole derivative (g) and
pyrimidine-based 4-amino-(1H)-pyrazole derivatives (h and i) are Janus kinase (JAK) inhibitors.
Specifically, compound i, a dual inhibitor of JAK and histone deacetylase (HDAC), comprises
a zinc-binding moiety (HONHCO) linked to the pyrazole N1, via a (CH2)5-aliphatic chain [9,10].

The well-known and widely utilized Buchwald-Hartwig coupling reaction is one of the most
powerful methods for the amination of aromatic rings. Moreover, the applicability and efficiency of
the reaction are continually being improved with the design and development of efficient palladium
catalysts, precatalysts, and bulky ligands. Numerous combinations of catalysts and ligands exist that
are suitable for specific coupling reactions [11–18].

In spite of such developments, there have been only a few reports of Buchwald-Hartwig coupling
at the C4 position of pyrazoles. In 2011, the first example involving the C4 coupling of pyrazoles
with aromatic amines was reported by Buchwald, as shown in Scheme 1, Equation (1) [19]. In
the following year, the same group described the amidation of five-membered heterocycles with
aromatic amides, wherein three examples using 1-benzyl-4-bromopyrazoles and one example using
4-bromo-1-methylpyrazole were reported (Equation (2)) [20]. In their subsequent study on the amination
of unprotected five-membered bromoheterocycles, Pd-catalyzed coupling reactions of 4-bromopyrazole
with eleven aromatic amines, as well as one benzylic amine, were disclosed (Equation (3)) [21]. Recently,
Buchwald et al. described visible-light-mediated amination of aryl halides in the presence of nickel
and photoredox catalysts, for which one example of the reaction between 1-benzyl-4-bromopyrazole
and pyrrolidine was included (Equation (4)) [22].

 

 

 

Scheme 1. Preceding studies on C4-amino-functionalization of 4-bromo-1H-pyrazoles.

In the course of our continuing studies on the functionalization at the C4 position of pyrazoles,
we recently reported the synthesis of pyrazole-containing heterobicyclic molecules via ring-closing
metathesis [23,24]. Our engagement in pyrazole chemistry has been focused on metal-catalyzed

108



Molecules 2020, 25, 4634

coupling reactions, such as Kumada-Tamao, Suzuki-Miyaura, and Sonogashira couplings, and
the Heck-Mizoroki reaction [25–28]; while the Buchwald-Hartwig coupling reaction for the C4
amination of pyrazoles has remained unchallenged. Encouraged by the above-mentioned successful
results, our interest has shifted to Buchwald coupling between 4-halo-1H-1-tritylpyrazoles and alkyl
amines, which has not been investigated in detail, with readily accessible palladium or copper catalysts,
such as bis(benzylideneacetone) palladium(0) (Pd(dba)2), or copper (I) iodide (CuI). Herein, we report
C4-alkylamino coupling reactions using Pd(dba)2 or CuI with 4-halo-1H-1-tritylpyrazoles.

2. Results and Discussion

2.1. Pd(dba)2-Catalyzed Buchwald-Hartwig Coupling for C4-Amination of 4-halo-1H-1-tritylpyrazoles

First, we investigated the Buchwald-Hartwig coupling between 4-halo-1H-1-tritylpyrazoles (1)
and piperidine, as a representative secondary amine [16], in order to determine the optimum reaction
conditions. The results are summarized in Table 1.

Table 1. Buchwald-Hartwig coupling between 4-halo-1H-1-tritylpyrazoles (1) and piperidine.

 

 

Entry a Substrate
Pd

Catalyst Ligand d Solvent
Temperature

(◦C)
Time

Yield 2a
(%)

1 1I: X = I Pd(dba)2 L1 xylene 160 (MW b) 10 min 0
2 1I Pd(dba)2 L2 xylene 160 (MW) 10 min 0
3 1I Pd(dba)2 L3 xylene 160 (MW) 10 min 0
4 1I Pd(dba)2 L4 xylene 160 (MW) 10 min 21
5 1I PdCl2 L4 xylene 160 (MW) 10 min 9
6 1I Pd(OAc)2 L4 xylene 160 (MW) 10 min 20
7 1I PEPPSI-IPr L4 xylene 160 (MW) 10 min 13

8 c 1I Pd(dba)2 L4 xylene 160 (MW) 10 min 52
9 c 1I Pd(dba)2 L4 toluene 160 (MW) 10 min 30

10 c 1I Pd(dba)2 L4 mesitylene 160 (MW) 10 min 49
11 c 1I Pd(dba)2 L4 1,4-dioxane 160 (MW) 10 min 32
12 c 1I Pd(dba)2 L4 THF 160 (MW) 10 min 0
13 1I Pd(dba)2 L4 xylene rt 24 h 7
14 1I Pd(dba)2 L4 xylene 60 24 h 19
15 1I Pd(dba)2 L4 xylene 90 24 h 48
16 1Br: X = Br Pd(dba)2 L4 xylene 90 24 h 60
17 1Cl: X = Cl Pd(dba)2 L4 xylene 90 24 h 40
18 1Br Pd(dba)2 L4 xylene 70 24 h 43
19 1Br Pd(dba)2 L4 xylene 140 24 h 23

a. general reaction conditions: substrate (50 mg, 0.13 mmol); solvent (2 mL), others are seen
in the scheme in this table. b. MW: microwave, c. 40 mol% of L4 was used. d.

 

 

 

As the Buchwald–Hartwig coupling reaction for 4-halo-1H-pyrazoles requires high temperatures
(>80 ◦C) as well as prolonged time [19–21], we utilized microwave (MW) apparatus to expedite
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the experimental process. Ligand screening was performed with the fixed conditions of
4-iodo-1H-1-tritylpyrazole (1I, X= I), Pd(dba)2, xylene, 160 ◦C, and 10 min under MW irradiation (entries
1–4). In the case of commonly used bidentate ligands, namely 1,1’-bis(diphenylphosphino)ferrocene
(dppf, L1), 1,2-bis(diphenylphosphino)ethane (dppe, L2), and 2,2’-bis(diphenylphosphino)diphenyl
ether (DPEPhos, L3), the reaction did not proceed (entries 1–3), while with the use of the bulky
tBuDavePhos ligand (L4) the desired coupled product 2a was obtained in 21% yield; hence L4 was
deemed a suitable ligand for this coupling reaction (entry 4). The use of L4 with palladium(II) chloride
(PdCl2), palladium(II) acetate (Pd(OAc)2), or pyridine-enhanced precatalyst preparation stabilization
and initiation-isopropyl (PEPPSI-IPr) catalysts did not improve the yield of 2a (entries 5–7). Although
increasing the amount of L4 to 40 mol% yielded 52% of 2a, this created an additional problem for
the purification of 2a (entry 8). Solvent screening with the use of L4 (40 mol%) did not improve
results upon that of entry 8 (entries 9–12). Prolonged reaction time (24 h) with L4 (20 mol%) at room
temperature (rt) under MW irradiation gave 2a in only 7% yield (entry 13). Conducting the reaction at
60 ◦C and 90 ◦C afforded 2a in 19% and 48% yields, respectively (entries 14 and 15). Alternatively,
when 4-bromo- and 4-chloropyrazoles (1Br: X = Br and 1Cl: X = Cl) were used as substrates at 90 ◦C
for 24 h (entries 16 and 17), the 4-bromo analogue delivered the highest yield of 2a (60%) (entry 16).
Reaction conditions using bromo compound 1Br at lower or higher temperatures (70 or 140 ◦C in
a sealed reaction vial) delivered inferior results compared to that of entry 16 (entries 18 and 19). Based
on these results, further experiments were performed employing the reaction conditions listed in
entry 16.

Next, optimized reaction conditions were applied to various amines, and the results are
summarized in Table 2. Reactions of 1Br (X=Br) with piperidine and morpholine afforded desired
products 2a and 2b in 60% and 67% yields, respectively (entries 1 and 2), while the reactions with
pyrrolidine and allylamine afforded 2c (7%) and 2d (6%) in low yields (entries 3 and 4). The coupling
reactions of 1Br with various primary amines produced the corresponding 4-alkylaminopyrazoles 2e–g,
2k, and 2l in low yields (17–34%) (entries 5–8, 11, and 12). Meanwhile, in the cases of isopropylamine
and benzylamine, the desired products 2i and 2j were not obtained (entries 9 and 10). The reactions of
1Br with adamantylamine or tert-butylamine afforded the corresponding products 2m and 2n in 90%
and 53% yields, respectively (entries 13 and 14). Furthermore, reactions with aromatic amines (anilines
and 1-naphtylamine) gave the corresponding 2o (94%), 2p (91%), and 2q (85%) in high yields (entries
15–17) as being analogous to Buchwald’s findings [21]. As the reaction with diphenylamine afforded 2r
in 45% yield, we surmised that bulkiness at the reaction center depresses the chemical yield (entry 18).

Reactions of 1Br with pyrrolidine, allylamine, or primary amines bearing a β-hydrogen atom
resulted in low yields (entries 3–12), while amines lacking a β-hydrogen afforded good yields (entries
13–18). These contrasting results are likely due to β-elimination occurring in the palladium complex
during the coupling process.
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Table 2. Buchwald-Hartwig coupling of 4-bromo-1H-1-tritylpyrazole (1Br) with various amines.

 

 

 

Entry. Amine Product Yield (%)

1 piperidine 2a: R = R’ = -CH2CH2CH2CH2CH2- 60
2 morpholine 2b: R = R’ = -CH2CH2OCH2CH2- 67
3 pyrrolidine 2c: R = R’ = -CH2CH2CH2CH2- 7
4 allylamine 2d: R = CH2CH=CH2, R’ = H 6
5 n-propylamine 2e: R = CH2CH2CH3, R’ = H 24
6 n-butylamine 2f: R = CH2CH2CH2CH3, R’ = H 17
7 isobutylamine 2g: R = CH2CH(CH3)2, R’ = H 28
8 isoamylamine 2h: R = CH2CH2CH(CH3)2, R’ = H 20
9 isopropylamine 2i: R = CH(CH3)2, R’ = H 0

10 PhCH2NH2 2j: R = CH2Ph, R’ = H 0
11 PhCH2CH2NH2 2k: R = CH2CH2Ph, R’ = H 30
12 PhCH2CH2CH2NH2 2l: R = CH2CH2CH2Ph, R’ = H 34

13 a adamantylamine 2m: R = adamantyl, R’ = H 90
14 a tert-butylamine 2n: R = CH(CH3)3, R’ = H 53
15 a aniline 2o: R = Ph, R’ = H 94
16 a 2-methoxyaniline 2p: R = 2-MeOPh, R’ = H 91
17 a 1-naphthylamine 2q: R = naphth-1-yl, R’ = H 85
18 a N,N-diphenylamine 2r: R = R’ = Ph 45

a. Entries 13–18 were performed with 1.1 equivalents of amine.

2.2. CuI-Catalyzed Coupling for C4-Amination of 4-Halo-1H-1-tritylpyrazoles

Copper-catalyzed C-N coupling reactions have been extensively studied [29], and Buchwald has
reportedly implemented this type of reaction using bromo- or iodobenzenes as substrates progressively,
but not with five-membered heterocyclic compounds such as pyrazoles [30–36]. As the C-N coupling
reaction of 4-halopyrazoles 1 with allyl- or alkylamines bearing β-hydrogen atoms revealed low
reactivities in the above investigation (Table 2, entries 4–12), the copper-catalyzed reaction of 1 was
further studied.

For this purpose, the reaction of allylamine with 4-iodopyrazole 1I (X = I), which could be
got easier than 4-bromopyrazole, was investigated, as presented in Table 3. First, the reaction was
performed using the conditions similar to those used in Buchwald’s procedure [32]: CuI (5 mol%),
2-isobutyrylcyclohexanone (L5: 20 mol%) as the ligand, N,N-dimethylformamide (DMF), 100 ◦C, 24 h,
and t-BuOK (2 eq). Although the desired 4-allylaminopyrazole 2d was obtained in only 17% yield (entry
1), increasing the amount of CuI from 5 to 20 mol% improved the chemical yield of 2d to 72% (entry 2).
The use of 2-acetylcyclohexanone (L6) as an alternative ligand, which is nearly 10-fold cheaper than
L5, afforded a good yield (68%, entry 3), while the use of 3,4,7,8-tetramethyl-1,10-phenanthroline (L7)
resulted in a poor yield (12%, entry 4). Hence, L6 was applied in the following experiments (entries
5–15 in Table 3). The reaction temperature was varied in entries 5–7, however 100 ◦C proved optimal
(entry 3). Furthermore, various copper catalysts were investigated in entries 9–13, and it was found
that the use of the high-cost (CuOTf)2·C6H6 catalyst (entry 13) furnished a comparable yield (70%) to
that of CuI (72%) (entry 2). In addition, while the use of 4-bromopyrazole 1 (X = Br) provided 2i in
66% yield (entry 14), chloropyrazole 1Cl (X = Cl) did not react (entry 15).
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Table 3. CuI-catalyzed allylamination of 4-halo-1H-1-tritylpyrazoles 1.

 

 

 

Entry a Substrate Cu Catalyst Ligand c Temperature
(◦C)

Yield 2d (%)

1 b 1I: X = I CuI L5 100 17
2 1I CuI L5 100 72
3 1I CuI L6 100 68
4 1I CuI L7 100 12
5 1I CuI L6 rt 0
6 1I CuI L6 70 41
7 1I CuI L6 130 9
8 1I CuI L6 100 52
9 1I CuI2 L6 100 57
10 1I Cu(OAc)2 L6 100 58
11 1I Cu2O L6 100 16
12 1I CuCT L6 100 50
13 1I [CuOTf]2

.C6H6 L6 100 70
14 1Br: X = Br CuI L6 100 66
15 1Cl: X = Cl CuI L6 100 0

a. general reaction conditions: substrate (50 mg, 0.12 mmol); solvent (2 mL), others are seen
in the scheme in this table. b. CuI (5 mol%), L5 (20 mol%), Cs2CO3 (2.0 Equation). c.

 

 

 

Therefore, to evaluate the scope of this transformation, additional coupling reactions between
iodopyrazole 1I and various amines were performed, by applying the optimized reaction conditions
(entry 3 of Table 3), as shown in Table 4. It should be noted that there were a number of distinct contrasts
between the outcomes of the CuI-catalyzed (Table 4) and those of the Pd-catalyzed coupling reactions
(Table 2). In the case of CuI coupling, reactions of 1i with piperidine and morpholine afforded 2a and 2b
(21% and 22%, respectively) in lower yields (Table 4, entries 1 and 2) than those obtained (60% and 67%,
respectively) in the corresponding Pd-catalyzed reaction of 1Br (entries 1 and 2 in Table 2). The CuI
catalyst provided the pyrrolidine derivative 2c in 43% yield (Table 4, entry 3), while the Pd catalyst
yielded 2c in only 7% yield (Table 2, entry 3). CuI-catalyzed reactions with primary alkylamines gave
moderate to good yields of products 2d–2l (entries 4–12), while reactions with adamantyl, tert-butyl,
and aromatic amines did not afford the desired products (entries 13–17), and only aniline furnished
a low yield of 2o (15%) (entry 15); these trends were reversed in the case of Pd-catalyzed processes.
These negative results may be ascribed to the increase in bulkiness as well as a decrease in the basicity
of the amine sources.
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Table 4. CuI-catalyzed coupling of 1I with various amines.

 

 

Entry Amine Product Yield (%)

1 piperidine 2a 21
2 morpholine 2b 22
3 pyrrolidine 2c 43
4 allylamine 2d 68
5 n-propylamine 2e 75
6 n-butylamine 2f 62
7 isobutylamine 2g 70
8 isoamylamine 2h 62
9 isopropylamine 2i 57

10 PhCH2NH2 2j 55
11 Ph CH2CH2NH2 2k 53
12 Ph CH2 CH2CH2NH2 2l 69
13 adamantylamine 2m 0
14 tert-butylamine 2n 0
15 aniline 2o 15
16 1-naphthylamine 2q 0
17 N,N-diphenylamine 2r 0

3. Conclusions

We have studied the C4 amination of pyrazole derivatives using readily accessible Pd(dba)2 or
CuI catalysts. The Pd(dba)2-catalyzed reaction of 4-bromo-1H-1-tritylpyrazole proved to be suitable
for aromatic or bulky amines lacking β-hydrogen atoms, but not for cyclic amines (piperidine and
morpholine); additionally it was not suitable for alkylamines possessing β-hydrogen atoms. On
the other hand, the CuI-catalyzed amination using 4-iodo-1H-1-tritylpyrazole was revealed to be
favorable for alkylamines possessingβ-hydrogen atoms, and not suitable for aromatic amines and bulky
amines lacking β-hydrogens, indicating the complementarity of the two catalysts. Although further
improvements are required for practical synthesis, such as the reduction of catalyst or ligand loading,
the findings of the present study offer a useful synthetic method for the construction of 4-functionalized
pyrazoles. Further application of the methodology developed in this study to the C-O coupling reaction
of halopyrazoles with alkylated alcohols will be evaluated and reported in the near future.

4. Materials and Methods

General: Nuclear magnetic resonance (NMR) spectra were recorded at 27 ◦C on an Agilent
400-MR-DD2 spectrometer (Agilent Tech., Inc., Santa Clara, CA, USA) in CDCl3 with tetramethylsilane
(TMS) as an internal standard. Abbreviations for splitting patterns in 1H-NMR spectra are noted as d
= doublet; t = triplet; q = quartet; quin = quintet; sept = septet. Electron impact-high-resolution mass
spectra (EI-HRMS) were measured with a JEOL JMS-700 (2) mass spectrometer (JEOL, Tokyo, Japan).
Melting points were determined on a Yanagimoto micromelting point apparatus and were uncorrected.
Liquid column chromatography was conducted with silica gel (FL-60D, Fuji Silysia Chemical Ltd.,
Kasugai, Aichi, Japan). Analytical thin layer chromatography (TLC) was performed on silica gel 70
F254 plates (Wako Pure Chemical Industries, Tokyo, Japan), and compounds were detected by dipping
the plates into an EtOH solution of phosphomolybdic acid followed by heating. MW-aided reactions
were carried out in a Biotage Initiator® reactor (PartnerTech Atvidaberg AB for Biotage Sweden
AB, Uppsala, Sweden). Pd(dba)2, mesitylene, dppf (L2), copper (I) thiophene-2-carboxylate (CuCT),
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piperidine, pyrrolidine, allylamine, n-propylamine, isobutylamine, isoamylamine, isopropylamine,
benzylamine, 2-phenylethylamine, 3-phenylpropylamine, adamantylamine, tert-butylamine, aniline,
2-methoxyaniline, 1-naphthylamine, and N,N-diphenylamine were purchased from Tokyo Chemical
Industry (TCI) Co. (Tokyo, Japan). tBuOK, CuI, and 3,4,7,8-tetramethyl-1,10-phenanthroline (L7) were
purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Dry xylene, THF, 1,4-dioxane, and DMF were
purchased from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan). PEPSI-IPr, dppf (L1), DEPPhos
(L3), tBuDavePhos (L4), morpholine, 2-isobutyrylcyclohexanone (L5), and 2-acetylcyclohexanone (L6)
were purchased from Sigma-Aldrich Co. LLC (St. Louis, MI, USA).

Palladium-catalyzed coupling reaction with 1 and amines (Tables 1 and 2)

Typical procedure (Table 1, entry 16): To a solution of 1Br (50.0 mg, 1.28 × 10−1 mmol) in xylene (2 mL)
in a MW vial were added tBuDavePhos (8.8 mg, 2.56 × 10−2 mmol, 20 mol%), Pd(dba)2 (7.4 mg, 1.
28 × 10−2 mmol, 10 mol%), potassium t-butoxide (tBuOK) (28.8 mg, 2.57 × 10−1 mmol, 2.0 Equation)
and piperidine (0.03 mL, 2.57 × 10−1 mmol, 2.0 Equation). The reaction vial was sealed and heated at
90 ◦C with stirring in an oil bath for 24 h. The reaction mixture was quenched by the addition of sat.
aq. NH4Cl (1 mL) and extracted with CH2Cl2 (1 mL × 3). The combined organic layers were dried
over MgSO4, filtered, and evaporated to give a crude residue, which was purified by silica gel column
chromatography (eluent: Hexane/AcOEt = 4:1) to afford 1-(1-trityl-1H-pyrazol-4-yl)piperidine (2a)
(30.9 mg, 60%) as a white powder.

CuI-catalyzed coupling reaction with 1 and amines (Tables 3 and 4)

Typical procedure (Table 3, entry 3); To a solution of 1I (50.0 mg, 1.15 × 10−1 mmol) in DMF (2 mL) in
a MW vial, were added 2-acetylcyclohexanone (3.0 µL, 2.30 × 10−2 mmol, 20 mol%), CuI (4.4 mg, 2.30
× 10−2 mmol, 20 mol%), tBuOK (25.7 mg, 2.30 × 10−1 mmol, 2.0 Equation) and allylamine (0.03 mL,
2.30 × 10−1 mmol, 2.0 Equation). The reaction vial was sealed and heated at 100 ◦C with stirring in an
oil bath for 24 h. The reaction mixture was quenched by the addition of sat. aq. NH4Cl (1 mL) and
extracted with CH2Cl2 (1 mL × 3). The combined organic layers were dried over MgSO4, filtered, and
evaporated to give a crude residue, which was purified by silica gel column chromatography (eluent:
Hexane/AcOEt = 4:1) to afford 2d (28.6 mg, 68%).

1-(1-Trityl-1H-pyrazol-4-yl)piperidine (2a): white powder; mp 170–174 ◦C; 1H-NMR (400 MHz, CDCl3): δ
1.49 (2H, quin, J = 5.7 Hz, -CH2CH2CH2-), 1.64 (4H, quin, J = 5.7 Hz, -CH2CH2CH2), 2.83 (4H, t, J = 5.7
Hz, -NCH2CH2) 6.88 (1H, d, J = 0.8 Hz, pyrazole-H), 7.13–7.18 (6H, m, Ph-H), 7.28–7.31 (9H, m, Ph-H),
7.39 (1H, d, J = 0.8 Hz, pyrazole-H); 13C-NMR (100 MHz, CDCl3): δ 23.9, 25.5, 52.4, 78.4, 118.9, 127.5,
127.6, 129.5, 130.1, 137.7, 143.4; EI-HRMS m/z calcd. for C27H27N3 (M+) 393.2205, found 393.2210.

4-(1-Trityl-1H-pyrazol-4-yl)morpholine (2b): white powder; mp 209–211 ◦C; 1H-NMR (400 MHz, CDCl3):
δ 2.87 (4H, t, J = 4.7 Hz, -NCH2CH2), 3.78 (4H, t, J = 4.7 Hz, -OCH2CH2-), 6.90 (1H, s, pyrazole-H),
7.14–7.17 (6H, m, Ph-H), 7.27–7.30 (9H, m, Ph-H), 7.39 (1H, s, pyrazole-H); 13C-NMR (100 MHz, CDCl3):
δ 51.4, 66.5, 78.5, 118.8, 127.7, 129.0, 130.1, 136.9, 143.3 (two signals are overlapping to give one signal );
EI-HRMS m/z calcd. for C25H25N3O (M+) 395.1996, found 395.1997.

4-(Pyrrolidin-1-yl)-1-trityl-1H-pyrazole (2c): white powder; mp 189–190 ◦C; 1H-NMR (400 MHz, CDCl3):
δ 1.90 (4H, br t, J = 6.5 Hz, -NCH2CH2-), 2.99 (4H, t, J = 6.5 Hz, -NCH2CH2), 6.74 (1H, d, J = 0.8 Hz,
pyrazole-H), 7.16–7.18 (6H, m, Ph-H), 7.25–7.30 (10H, m, Ph-H and pyrazole-H); 13C-NMR (100 MHz,
CDCl3): δ 24.7, 51.0, 78.3, 116.9, 127.5, 127.6, 128.2, 130.1, 135.1, 143.5; EI-HRMS m/z calcd. for C26H25N3

(M+) 379.2049, found 379.2048.

N-Allyl-1-trityl-1H-pyrazol-4-amine (2d): oil; 1H-NMR (400 MHz, CDCl3): δ 3.53 (2H, dt, J = 5.7, 1.6 Hz,
-NHCH2CH=CH2), 5.09–5.12 (1H, dq, J = 10.1, 1.4 Hz, -NHCH2CH=CHH), 5.16–5.21 (1H, dq, J =

17.1, 1.6 Hz, -NHCH2CH=CHH), 5.86–5.96 (1H, ddt, J = 17.1, 10.1, 5.7 Hz, -NHCH2CH=CH2), 6.88
(1H, d, J = 0.8 Hz, pyrazole-H), 7.14–7.18 (6H, m, Ph-H), 7.25–7.30 (9H, m, Ph-H), 7.32 (1H, d, J = 0.8,
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pyrazole-H); 13C-NMR (100 MHz, CDCl3): δ 50.5, 78.3, 116.3, 119.2, 127.6, 129.9, 130.1, 132.3, 135.8, 143.
4; EI-HRMS m/z calcd. for C25H23N3 (M+) 365.1892, found 365.1892.

N-Propyl-1-trityl-1H-pyrazol-4-amine (2e): white powder; mp 145–148 ◦C; 1H-NMR (400 MHz, CDCl3):
δ 0.94 (3H, t, J = 7.4 Hz, -NHCH2CH2CH3), 1.56 (2H, sext, J = 7.4 Hz, -NHCH2CH2CH3), 2.86 (2H, t, J

= 7.0 Hz, -NHCH2CH2CH3), 6.86 (1H, d, J = 0.8 Hz, pyrazole-H), 7.14–7.20 (6H, m, Ph-H), 7.26–7.35
(10H, m, Ph-H and pyrazole-H); 13C-NMR (100 MHz, CDCl3): δ 11.6, 23.0, 49.7, 78.2, 118.7, 127.5, 127.6,
129.7, 130.1, 132.9, 143.5; EI-HRMS m/z calcd. for C25H25N3 (M+) 367.2048, found 367.2049.

N-Butyl-1-trityl-1H-pyrazol-4-amine (2f): white amorhous; mp 112–116 ◦C; 1H-NMR (400 MHz, CDCl3):
δ 0.91 (3H, t, J = 7.4 Hz, -CH2CH3-), 1.36 (2H, br sext, J = 7.4 Hz, -CH2CH2CH3), 1.52 (2H, br quint, J =

7.4 Hz, -CH2CH2CH2-),2.89 (2H, t, J = 7.0 Hz, -NHCH2CH2-), 6.86 (1H, s, pyrazole-H), 7.14–7.19 (6H,
m, Ph-H), 7.27–7.33 (10H, m, Ph-H and pyrazole-H); 13C-NMR (100 MHz, CDCl3): δ 14.0, 20.2, 32.0,
47.6, 78.2, 118.7, 127.5, 127.6, 129.7, 130.1, 132.9, 143.4 EI-HRMS m/z calcd. for C26H27N3 (M+) 381.2205,
found 381.2215.

N-Isobutyl-1-trityl-1H-pyrazol-4-amine (2g): white powder; mp 135–136 ◦C; 1H-NMR (400 MHz, CDCl3):
δ 0.93 (6H, d, J = 6.6 Hz, -NHCH2CH(CH3)2), 1.78 (1H, nonet, J = 6.6 Hz, -NHCH2CH(CH3)2), 2.70
(2H, d, J = 6.6 Hz, -NHCH2CH(CH3)2), 6.85 (1H, s, pyrazole-H), 7.11–7.19 (6H, m, Ph-H), 7.25–7.32
(10H, m, Ph-H and pyrazole-H); 13C-NMR (100 MHz, CDCl3): δ 20.5, 28.4, 55.7, 78.2, 118.4, 127.5, 127.6,
129.6, 130.1, 133.1, 143.5; EI-HRMS m/z calcd. for C26H27N3 (M+) 381.2205, found 381.2210.

N-Isoamyl-1-trityl-1H-pyrazol-4-amine (2h): white amorphous; mp 110–113 ◦C; 1H-NMR (400 MHz,
CDCl3): δ 0.89 (6H, d, J = 6.7 Hz, -CH(CH3)2), 1.48 (2H, q, J = 7.4 Hz, -CH2CH2CH-), 1.64 (1H, nonet, J

= 6.6 Hz, -CH2CH(CH3)2), 2.89 (2H, br t, J = 7.3 Hz, -NHCH2CH2-), 6.86 (1H, s, pyrazole-H), 7.15–7.18
(6H, m, Ph-H), 7.26–7.32 (10H, m, Ph-H and pyrazole-H); 13C-NMR (100 MHz, CDCl3): δ 22.6, 25.9,
38.9, 46.0, 78.3, 118.7, 127.5, 127.6, 129.7, 130.1, 132.9, 143.5; EI-HRMS m/z calcd. for C27H29N3 (M+)
395.2361, found 395.2359.

N-Isopropyl-1-trityl-1H-pyrazol-4-amine (2i): white powder; mp 130–133 ◦C; 1H-NMR (400 MHz, CDCl3):
δ 1.11 (6H, d, J = 6.3 Hz, -NHCH(CH3)2), 3.18 (1H, sept, J = 6.3 Hz, -NHCH(CH3)2), 6.88 (1H, s,
pyrazole-H), 7.15–7.19 (6H, m, Ph-H), 7.26–7.35 (10H, m, Ph-H and pyrazole-H); 13C-NMR (100 MHz,
CDCl3): δ 23.0, 48.4, 78.2, 120.5, 127.5, 127.6, 130.1, 131.1, 143.4 (two carbon signals overlapped);
EI-HRMS m/z calcd. for C25H25N3 (M+) 367.2048, found 367.2046

N-Benzyl-1-trityl-1H-pyrazol-4-amine (2j): white powder; mp 148–151 ◦C; 1H-NMR (400 MHz, CDCl3):
δ 4.06 (2H, s, -CH2Ph), 6.84 (1H, s, pyrazole-H), 7.13–7.16 (6H, m, Ph-H), 7.24–7.30 (14H, m, Ph-H), 7.32
(1H, s, pyrazole-H); 13C-NMR (100 MHz, CDCl3): δ52.2, 78.3, 119.2, 127.2, 127.5, 127.6, 127.9, 128.5,
129.9, 130.1, 132.4, 139.4, 143.4; EI-HRMS m/z calcd. for C29H25N3 (M+) 415.2048, found 415.2046.

N-Phenethyl-1-trityl-1H-pyrazol-4-amine (2k): white powder; mp 134–137 ◦C; 1H-NMR (400 MHz,
CDCl3): δ 2.84 (2H, t, J = 6.9 Hz, -NHCH2CH2Ph), 3.16 (2H, t, J = 6.9 Hz, -NHCH2CH2Ph), 6.85 (1H, d,
J = 0.9 Hz, pyrazole-H), 7.14–7.32 (21H, m, Ph-H and pyrazole-H); 13C-NMR (100 MHz, CDCl3) δ 35.8,
48.9, 78.3, 119.0, 126.4, 127.5, 127.6, 128.6, 128.8, 129.8, 130.1, 132.3, 139.3, 143.4; EI-HRMS m/z calcd. for
C30H27N3 (M+) 429.2205, found 429.2200.

N-(3-Phenyl)propyl-1-trityl-1H-pyrazol-4-amine (2l): white powder; mp 114–117 ◦C; 1H-NMR (400 MHz,
CDCl3): δ 1.86 (2H, br quint, J = 7.3 Hz, -CH2CH2 CH2-), 2.67 (2H, br t, J = 7.5 Hz, -CH2CH2Ph), 2.94
(2H, t, J = 7.1 Hz, -NHCH2CH2-), 6.84 (1H, s, pyrazole-H), 7.14–19 (8H, m, Ph-H and pyrazole-H),
7.24–7.30 (13H, m, Ph-H, and pyrazole-H); 13C-NMR (100 MHz, CDCl3) δ 31.4, 33.3, 47.4, 78.3, 118.8,
125.9, 127.5, 127.6, 128.3, 128.4, 129.8, 130.1, 132.6, 141.8, 143.4; EI-HRMS m/z calcd. for C31H29N3 (M+)
443.2362, found 443.2365.

N-((3s,5s,7s)-Adamantan-1-yl)-1-trityl-1H-pyrazol-4-amine (2m): white powder; mp 204–205 ◦C; 1H-NMR
(400 MHz, CDCl3): δ 1.59 (12H, m, Ad-H), 2.05 (4H, br n, Ad-H, and -NHAd), 7.00 (1H, s, pyrazole),
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7.14–7.18 (6H, m, Ph-H), 7.28–7.30 (9H, m, Ph-H), 7.34 (1H, s, pyrazole-H); 13C-NMR (100 MHz, CDCl3):
δ 29.6, 36.4, 43.2, 51.7, 78.3, 125.4, 127.2, 127.5, 127.6, 130.1, 136.8, 143.3; EI-HRMS m/z calcd. for
C32H33N3 (M+) 459.2674, found 459.2673.

N-(tert-Butyl)-1-trityl-1H-pyrazol-4-amine (2n): white powder; mp 137–140 ◦C; 1H-NMR (400 MHz,
CDCl3): δ 1.11 (9H, s, -C(CH3)3), 7.01 (1H, s, pyrazole-H), 7.15–7.18 (6H, m, Ph-H), 7.28–7.30 (9H, m,
Ph-H), 7.36 (1H, s, pyrazole-H); 13C-NMR (100 MHz, CDCl3): δ 29.5, 51.9, 78.3, 126.7, 127.0, 127.5, 127.6,
130.1, 136.2, 143.3; EI-HRMS m/z calcd. for C26H27N3 (M+) 381.2205, found 381.2206.

N-Phenyl-1-trityl-1H-pyrazol-4-amine (2o): white powder; mp 191–192 ◦C; 1H-NMR (400 MHz, CDCl3):
δ 5.05 (1H, br, -NHPh), 6.70–6.76 (3H, m, Ph-H and pyrazole-H), 7.14–7.20 (7H, m, Ph-H), 7.24–7.32
(11H, m,Ph-H), 7.61 (1H, s, pyrazole-H); 13C-NMR (100 MHz, CDCl3): δ 78.8, 113.4, 118.5, 123.5, 127.2,
127.8, 129.3, 130.0, 130.1, 136.0, 143.1, 146.6; EI-HRMS m/z calcd. for C28H23N3 (M+) 401.1892, found
401.1890.

N-(o-Methoxy)phenyl-1-trityl-1H-pyrazol-4-amine (2p): white powder; mp 133–136 ◦C; 1H-NMR (400 MHz,
CDCl3): δ 3.87 (3H, s, -OCH3), 5.70 (1H, br, -NHAr), 6.70–6.76 (1H, m, Ph-H), 6.82–6.84 (2H, m, Ph-H),
7.22–7.25 (8H, m, Ph-H), 7.32–7.68 (9H, m, Ph-H, pyrazole-H), 7.68 (1H, s, pyrazole-H); 13C-NMR
(100 MHz, CDCl3): δ 55.4, 78.6, 109.8, 110.9, 117.6, 121.1, 123.3, 126.6, 127.6, 130.1, 135.7, 136.2, 143.1,
146.5; EI-HRMS m/z calcd. for C29H25N3 (M+) 431.1998, found 431.1998.

N-(Naphthalen-1-yl)-1-trityl-1H-pyrazol-4-amine (2q): white powder; mp 175–178 ◦C; 1H-NMR (400 MHz,
CDCl3): δ 5.66 (1H, s, -NH-naphthyl), 6.82–6.84 (1H, m, naphtyl-H), 7.21–7.26 (8H, m, Ph-H and
naphthyl-H), 7.28–7.36 (9H, m, Ph-H), 7.39 (1H, s, pyrazole-H), 7.43–7.48 (2H, m, naphthyl-H), 7.69 (1H,
s, pyrazole-H), 7.79–7.87 (2H, m, naphthyl-H); 13C-NMR (100 MHz, CDCl3): δ 78.8, 106.9, 118.9, 119.8,
123.4, 123.6, 125.1, 125.9, 126.3, 127.6, 127.8, 128.7, 130.1, 130.4, 134.4, 136.4, 142.2, 143.1; EI-HRMS m/z

calcd. for C32H25N3 (M+) 451.2049, found 451.2052.

N,N-Diphenyl-1-trityl-1H-pyrazol-4-amine (2r): white powder; mp 175–177 ◦C; 1H-NMR (400 MHz,
CDCl3): δ6.92 (2H, t, J = 7.3 Hz, Ph-H), 7.04–7.06 (4H, m, Ph-H and pyrazole-H), 7.16–7.22 (10H, m,
Ph-H), 7.29–7.33 (10H, m, Ph-H and pyrazole-H), 7.52 (1H, s, pyrazole-H); 13C-NMR (100 MHz, CDCl3):
δ 78.9, 121.5, 121.9, 127.7, 127.9, 127.74, 127.78, 127.8, 128.6, 129.1, 129.2, 130.1, 130.2, 137.1, 143.0, 147.7;
EI-HRMS m/z calcd. for C34H27N3 (M+) 477.2205, found 477.2197.
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Abstract: In this paper, synthesis and antimicrobial studies of 31 novel coumarin-substituted
pyrazole derivatives are reported. Some of these compounds have shown potent activity against
methicillin-resistant Staphylococcus aureus (MRSA) with minimum inhibitory concentration (MIC)
as low as 3.125 µg/mL. These molecules are equally potent at inhibiting the development of MRSA
biofilm and the destruction of preformed biofilm. These results are very significant as MRSA strains
have emerged as one of the most menacing pathogens of humans and this bacterium is bypassing
HIV in terms of fatality rate.
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1. Introduction

Drug-resistant infections kill more than 700,000 people each year and the number could increase
to 10 million per year by 2050 in the world. The menace of antimicrobial resistance could force up to 24
million people into extreme poverty [1]. According to a Centers for Disease Control and Prevention
(CDC) report, each year more than 2.8 million antibiotic infections occur and more than 35,000 people
die as a result of these infections in the United States alone. One of the four guidelines recommended
by CDC to combat antibiotic resistance is promoting the development of new antibiotics and new
diagnostic tests for dealing with drug-resistant bacteria [2]. Staphylococcus aureus and its drug-resistant
variants are among the most common bacterial pathogens. Methicillin-resistant S. aureus (MRSA) causes
ten-fold more infections than all multidrug resistant Gram-negative bacteria. A special pathogenic
feature of S aureus is its ability to survive on abiotic and biotic surfaces in a slimy extracellular matrix
called biofilm. The bacteria comprising biofilms are more resistant to antibiotics and the host immune
system by a variety of mechanisms [3].

Pyrazole, a five-membered 1,2-diazole, is found in a number of widely used drugs such as
celecoxib and lonazolac [4]. The pyrazole nucleus is less susceptible to oxidative metabolism than other
five-membered heterocycles [5]. Derivatives of this diazole have been reported as antimicrobial agents
in a number of publications by us [6–11] and others [12,13]. Similarly, natural and synthetic coumarin
derivatives have attracted considerable interest because of their various pharmacological activities
(Figure 1) [4]. Warfarin and novobiocin are examples of widely used coumarin-derived medications.
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Coumarin derivatives have been reported as potent growth inhibitors of a wide variety of bacteria
such as methicillin-resistant S. aureus (MRSA) [14], Pseudomonas aeruginosa [15], Escherichia coli [16],
and several other bacterial species [17].

 

 

EtOH
90°C, 8h

DMF, POCl3
0 to 90°C, 8h

3a: R' = F and R = H
3b: R' = H and R = OH1 2a-b 4a-b

Figure 1. Representative examples of medicinally important pyrazole and coumarin derivatives.

In our efforts to develop potent antimicrobial agents, we have reported the synthesis and
antimicrobial studies of phenyl [6,10], fluorophenyl [8,9], and naphthyl-substituted pyrazole
derivatives [11]. We recently reported the synthesis, antimicrobial, and toxicological studies of
coumarin-substituted pyrazole-derived hydrazones. Some of the molecules are potent growth
inhibitors of Acinetobacter baumannii with an MIC value as low as 1.56 µg/mL. These potent
molecules are non-toxic to human healthy and cancer cell lines and in vivo mouse model
studies [7]. Encouraged with these results, we synthesized and studied the antimicrobial properties
of 31 new fluoro and hydroxy-substituted coumarin-derived pyrazole compounds. These new
coumarin-pyrazole-hydrazone derivatives are readily synthesized by using commercially available
starting materials and reagents using benign reaction conditions.

2. Results and Discussion

2.1. Chemistry

The reaction of 4-hydrazinobenzoic acid (1) with fluoro (2a) and hydroxy (2b) substituted
3-acetylcoumarin formed the corresponding hydrazones (3a–b), which were subjected to further
reaction with POCl3/DMF to get the formyl-substituted pyrazole derivatives (4a–b) in overall excellent
yields (Scheme 1). Multi-gram scale synthesis of pure pyrazole-derived aldehydes (4a–b) has helped
to synthesize a series of hydrazone derivatives (Scheme 2).

 

EtOH
90°C, 8h

DMF, POCl3
0 to 90°C, 8h

3a: R' = F and R = H
3b: R' = H and R = OH1 2a-b 4a-b

Scheme 1. Synthesis of coumarin-substituted pyrazole-derived aldehyde.
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4a-b
EtOH

90°C, 8h

5-35

Scheme 2. Synthesis of coumarin-substituted pyrazole-derived hydrazones.

The reaction of phenylhydrazine with aldehyde derivatives (4a) formed the product (5) in good
yield (Table 1). N,N-Disubstituted hydrazine derivative also reacted with the aldehyde derivative
(4) to give the desired compounds (6, 7, and 8) in 77%, 84%, and 82%, yields, respectively (Table 1).
Products containing electron-donating groups (9 and 10) were obtained in 89% and 79% yields,
respectively. Moderately electron-withdrawing groups: fluoro (11), chloro (12), and bromo (13)
substituted coumarin-derived hydrazone products were formed in very good yield. Dihalogen
substituted compounds formed accordingly and the pure products (14, 15, 16, 17, and 18) were isolated
in 75–95% yield. Strong electron-withdrawing groups such as trifluoromethyl (19), cyano (20), and
nitro (21) formed the corresponding hydrazones. Reaction of N,N-dimethylhydrazine also formed the
product (22) efficiently (Table 1).

Table 1. Fluoro-coumarin-substituted pyrazole-derived hydrazone derivatives. HRMS: high resolution
mass spectrometry, Ph: phenyl, and Bn: benzyl.

 

4a-b
EtOH

90°C, 8h

5-35

SN R
HRMS

(M + H)exp+
Yield (%)

5

 

4a-b
EtOH

90°C, 8h

5-35

469.1298 73

6

 

4a-b
EtOH

90°C, 8h

5-35

483.1466 77

7

 

4a-b
EtOH

90°C, 8h

5-35

545.1613 84

8

 

4a-b
EtOH

90°C, 8h

5-35

559.1768 82

9

 

4a-b
EtOH

90°C, 8h

5-35

483.1455 89
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Table 1. Cont.

 

4a-b
EtOH

90°C, 8h

5-35

SN R
HRMS

(M + H)exp+
Yield (%)

10

 

4a-b
EtOH

90°C, 8h

5-35

497.1609 79

11

 

487.1198 81

12

 

503.0902, 505.0905 85

13

 

547.0400, 549.0394 78

14

 

505.1110 75

15

 

505.1106 84

16

 

537.0512, 539.0482 77

17

 

521.0818, 523.0793 80

18

 

521.0806, 523.0783 95

19

 

537.1177 73

20

 

494.1252 88

21

 

514.115 89

22

 

421.1298 79

Similarly, hydroxy-substituted coumarin derivative (4b) reacted with the hydrazines smoothly to
form the corresponding hydrazones (23–35) efficiently (Table 2). The N-phenyl-derived product (23)
formed in 79% yield. 3-Fluoro (24), 4-chloro (25), and 4-bromo (26) derivatives formed in 86%, 71%, and
80% yields, respectively. Difluoro (27 and 28) and dichloro (29) hydrazones were synthesized in 75%
average yield. Mixed halo compounds (30 and 31) were formed efficiently. Strong electron-withdrawing
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groups such as cyano (32) and nitro (33) also formed in very good yield. Last but not least, N-carbamate
product (34) formed in 72% yield.

Table 2. Hydroxy-coumarin-substituted pyrazole-derived hydrazone derivatives.

 

SN R
HRMS

(M + H)exp+
Product Yield

(%)

23

 

449.1107 79

24

 

485.1257 86

25

 

501.0962, 503.0932 71

26

 

545.0456, 547.0435 80

27

 

503.1158 91

28

 

503.1162 75

29

 

535.0570, 537.0545 90

30

 

519.0869, 521.0844 84

31

 

519.0866, 521.0837 73

32

 

 

535.1223 83

33

 

492.1300 81

34

 

467.1352 72

2.2. Antimicrobial Studies

Synthesized molecules were tested against eight strains of Gram-positive bacteria and three
strains of A. baumannii, a Gram-negative bacterium (Table 3). N-Phenyl and N-methyl-N-phenyl
substituted compounds (5 and 6) did not show any significant activity up to 50 µg/mL against the
tested bacterial strains. Excitingly, N,N-diphenyl substituted compound (7) showed potent activity
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against all the tested Gram-positive bacterial strains but no activity against A. baumannii. This molecule
(7) inhibited the growth of methicillin-sensitive S. aureus (MSSA) with an MIC value as low as
3.125 µg/mL. Four methicillin-resistant strains were inhibited by this molecule with an MIC value as
low as 1.56 µg/mL. It is worth mentioning that three of the MRSA strains: S. aureus ATCC 33591 (Sa91),
S. aureus ATCC 700699 (Sa99), and S. aureus ATCC 33592 (Sa92) possess the SCC mec II or III genomic
islands conferring multidrug resistance. This molecule also inhibited the growth of S. epidermidis

700296 (Se), and B. subtilis ATCC 6623 (Bs) with an MIC value of 6.25 µg/mL. Replacing one phenyl
group with a benzyl group eliminated the activity of the resultant molecule (8). Methyl (9) and
ethyl (10) substitution showed partial activity against the tested strains. Fluoro-phenyl substituted
compound (11) did not show any growth inhibition of the tested bacteria. Chloro (12) and bromo (13)
substitution showed moderate activity against Gram-positive bacterial strains. These two molecules
(12 and 13) also showed similar activity against three A. baumannii strains with MIC value as low
as 6.25 µg/mL. 2,5-Difluoro substitution (14) failed to show any activity against the tested bacteria.
Nevertheless, 3,4-difluoro substitution (15) showed moderate activity against both the Gram-positive
and Gram-negative strains with MIC value of 6.25 µg/mL. Other dihalogen-substituted compounds
(16, 17, and 18) did not show any antimicrobial potency. Very strong electron withdrawing groups
such as trifluoromethyl (19) showed good activity against Gram-positive strains with MIC value as low
as 3.125 µg/mL although the other two compounds (20 and 21) with very strong electron withdrawing
substitution did not show any activity. N,N-Dimethyl compound (22) also failed to show any activity
against the tested strains. Surprisingly, hydroxy-substituted coumarin compounds (23–34) did not
show any activity

Based on these results, we can deduce the following structure activity relationship.
Fluoro-substitution in the coumarin moiety produced potent antimicrobial compounds, whereas
the hydroxy-substitution almost eliminated the activity of the molecules. This finding could be due to
the different nature of the hydroxy and fluoro substituents. Among the fluoro-substituted coumarins,
N,N-diphenyl derivative showed potent activity but replacing one of the phenyl groups with methyl
(6) or benzyl (8) eliminated the potency of the compounds. This observation is in agreement with
our previous report [7]. Hydrophobic mono-substituted compounds showed better activity than the
disubstituted compounds, 4-trifluoromethyl substituent (19) showed the most potent overall activity
among all the compounds against the tested Gram-positive bacteria. Substituent with a very strong
electron withdrawing nature such as cyano (20) and nitro (21) eliminated activity of the compounds.

After finding potent molecules against planktonic bacteria, we studied their ability to affect
S. aureus biofilms (Figure 2). The most potent compound (7) inhibited biofilm by 85% at 0.5 ×
MIC. Higher concentrations were even more effective. Similarly, compound 12 inhibited the biofilm
formation at 2× and 1 ×MIC values but its potency decreased at 0.5 ×MIC. Compounds (13 and 19)
also inhibited biofilm formation similarly to compound (7). The positive control, vancomycin, also
inhibited biofilm formation at 2× and 1×MICs but showed significantly less effectiveness at 0.5 ×MIC.
It should be noted that inhibition of bacterial growth would be expected to result in reduced biofilm
formation. Therefore, it is very encouraging that significant inhibition of biofilm formation by our
compounds occurred at a concentration of 0.5 ×MIC. Three of these potent compounds (7, 12, and 13)
were efficient eliminators of preformed biofilms of S. aureus. Compound 19 removed more than 90% of
the biofilm at 2× and 1 ×MICs, although 0.5 ×MIC showed some reduced effectiveness against the
preformed biofilm of S. aureus. These results are very significant as the positive control could only
eliminate ~70% preformed biofilm at 2 ×MIC.
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Table 3. Antimicrobial activities of the synthesized compounds against various bacteria. Gram-positive:
antibiotic susceptible S. aureus ATCC 25923 (Sa23); antibiotic-resistant S. aureus BAA-2312 (Sa12),
S. aureus ATCC 33591 (Sa91), S. aureus ATCC 700699 (Sa99), S. aureus ATCC 33592 (Sa92); and antibiotic
susceptible S. epidermidis 700296 (Se) and B. subtilis ATCC 6623 (Bs); Gram-negative: A. baumannii ATCC
19606 (type strain, AB06), A. baumannii ATCC BAA-1605 (Ab05), and A. baumannii ATCC 747 (Ab47).
V = vancomycin (positive control), C = colistin (positive control), and NA = no activity up to 50 µg/mL.

SN Sa23 Sa12 Sa91 Sa92 Sa99 Se Bs Ab05 Ab47 Ab06
5 NA NA NA NA NA NA NA NA NA NA
6 NA NA NA NA NA NA NA NA NA NA
7 3.125 3.125 6.25 1.56 3.125 3.125 6.25 NA NA NA
8 NA NA NA NA NA NA NA NA NA NA
9 25 25 25 25 12.5 25 25 25 25 25
10 25 25 25 12.5 25 NA 25 NA NA NA
11 NA NA NA NA NA NA NA NA NA NA
12 12.5 12.5 12.5 6.25 6.25 12.5 12.5 25 12.5 6.25
13 6.25 12.5 12.5 6.25 6.25 12.5 12.5 12.5 12.5 6.25
14 NA NA NA NA NA NA NA NA NA NA
15 25 6.25 12.5 6.25 12.5 NA 25 25 6.25 25
16 NA NA NA NA NA NA NA NA NA NA
17 NA NA NA NA NA NA NA NA NA NA
18 NA NA NA NA NA NA NA NA NA NA
19 3.125 12.5 6.25 12.5 3.125 12.5 6.25 NA NA NA
20 NA NA NA NA NA NA NA NA NA NA
21 NA NA NA NA NA NA NA NA NA NA
22 NA NA NA NA NA NA NA NA NA NA
23 NA NA NA NA NA NA NA 25 25 25
24 NA NA NA NA NA NA NA NA NA NA
25 NA NA NA NA NA NA NA NA NA NA
26 NA NA NA NA NA NA NA 50 50 50
27 NA NA NA NA NA NA NA NA NA NA
28 NA NA NA NA NA NA NA 50 NA NA
29 NA NA NA NA NA NA NA NA NA NA
30 NA NA NA NA NA NA NA NA NA NA
31 NA NA NA NA NA NA NA NA NA NA
32 NA NA NA NA NA NA NA NA NA NA
33 NA NA NA NA NA NA NA NA NA NA
34 NA NA NA NA NA NA NA NA NA NA
V 0.78 0.78 1.56 1.56 3.125 3.125 0.195
C 3.125 1.56 3.125

 

 

Figure 2. Representation of the biofilm inhibitory (a) and destructive capacity (b) of the active
compounds against S. aureus ATCC 25923. Inhibition values are in percentage.

The two most effective compounds against A. baumannii (12, 13) and the two most effective against
S. aureus (7, 19) were used in time kill assays over a 24-h period. At 4 ×MIC, both (12) and (13) were
bacteriostatic against A. baumannii. Compound (19) was likewise bacteriostatic against the MRSA strain
tested, but compound (7) had marked bactericidal activity, reducing colony-forming units (CFU)/mL
to undetectable by 4 h as shown in Figure 3.
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Figure 3. Time kill assay. Compounds were tested at 4 ×MIC (except indicated) against (a) A. baumannii

ATCC 19606 and (b) S. aureus ATCC 33599 (MRSA) over an incubation period of 24 h at 35 oC.

We tested the potent compounds for their possible toxicity for the human embryonic kidney cell
line (HEK293). Potent compounds (7, 12, and 13) inhibited the growth of cell lines with an IC50 around
15 µg/mL but compound 19 showed much less toxicity. More than 90% of cells survived at 25 µg/mL
(Figure 4).

 

Figure 4. Cytotoxicity assay of potent compounds 7, 12, 13, and 19 against HEK293 cells.

3. Materials and Methods

All of the reactions were carried out under an air atmosphere in round-bottom flasks. Reagents,
substrate, and solvents for reactions, recrystallizations, and deuterated solvents for 1H and 13C-NMR
spectroscopy were purchased from Fisher Scientific (Hanover Park, IL, USA) and Oakwood chemical
(Estill, SC, USA). The more details of spectroscopy in Supplementary Materials.

A mixture of 4-hydrazinobenzoic acid (1, 10 mmol, 1.521 g) and 3-acetylcoumarin derivatives
(2a–b, 10.5 mmol) in ethanol was refluxed for 8 h to obtain the hydrazone derivative (3) (Scheme 1).
The solvent was evaporated under the reduced pressure at 60 ◦C, and the hydrazone derivative
was further dried in vacuo. The dried product was used for further reactions without isolation or
purification. The hydrazone derivative (3) was dissolved in N,N-dimethyl formamide (DMF, 30 mL)
and the flask was sealed by a rubber septum. The mixture was stirred for 15 min to dissolve the solid
material completely. The clear solution was stirred at 0 ◦C in an ice bath, and phosphorous oxychloride
(POCl3, 5.43 mL) was added dropwise to form the Vilsmeier reagent. After 30 min, the reaction mixture
was heated for 8 h at 90 ◦C. After the completion of the reaction, the mixture was poured onto ice in a
beaker and then stirred for 12 h to precipitate the product, which was filtered and washed with water
repeatedly until the filtrate was clear. The final product was dried under vacuum.

Novel coumarin-derived hydrazones were synthesized by the reaction of the aldehyde product (3a
and 3b, 1 mmol) with commercially available substituted-hydrazines (1.1 mmol) in ethanol (Scheme 2).
Sodium acetate (1.1 mmol, 0.088 g) and acetic acid were added in case of the hydrochloride salt of the
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hydrazine derivatives. The resulting product was filtered and washed with ethanol (~15 mL) followed
by washing with water (~20 mL) to get the pure product.

3.1. Experimental Data

4-[3-(7-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)-4-formyl-pyrazol-1-yl]benzoic acid (4). Brownish;
(3.567 g, 93.7%) 1H-NMR (300 MHz, DMSO-d6): δ 9.91 (s, 1H), 9.35 (s, 1H), 8.68 (s, 1H), 8.09 (s,
4H), 7.72 (d, J = 8.0 Hz, 1H), 7.55-7.53 (m, 2H); 13C-NMR (75 MHz, DMSO-d6): δ 186.0, 166.9, 158.6 (d,
1J = 239.6 Hz), 159.5, 150.3, 148.0, 142.6, 141.8, 133.6, 131.4, 130.1, 124,2, 121.1, 120.4 (d, 2J = 24.5 Hz),
120.1 (d, 3J = 9.7 Hz), 119.4, 118.7 (d, 3J = 8.7 Hz), 114.6 (d, 2J = 24.3 Hz). HRMS (ESI-FTMS) Mass (m/z):
calcd for C20H11FN2O5 [M + H]+ = 379.0725, found 379.0738.

4-[3-(7-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)-4-[(E)-(phenylhydrazono)methyl]pyrazol-1-yl]benzoic

acid (5). Yellow; (343 mg, 73%) 1H-NMR (300 MHz, DMSO-d6): δ 10.22 (s, 1H), 8.98 (s, 1H), 8.32 (s,
1H), 8.12–8.05 (m, 4H), 7.84 (s, 1H), 7.74 (d, J = 9.3 Hz, 1H), 7.60–7.58 (m, Hz, 2H), 6.99 (t, J = 8.1 Hz,
2H), 6.75–6.73 (m, 2H), 6.63 (t, J = 7.2 Hz, 1H); 13C-NMR (75 MHz, DMSO-d6): δ 167.0, 158.6 (d,
1J = 239.3 Hz), 159.1, 150.2, 146.0, 145.6, 142.4, 141.9, 131.4, 129.2, 128.99, 128.96, 127.3, 123.3, 121.3,
120.3 (d, 3J = 9.5 Hz), 120.0 (d, 2J = 24.6 Hz), 118.8, 118.5 (d, 3J = 8.5 Hz), 118.3, 114.4 (d, 2J = 24.2 Hz),
112.0. HRMS (ESI-FTMS) Mass (m/z): calcd for C26H20N4O5 [M + H]+ = 469.1506, found 469.1298.

4-[3-(6-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)-4-[(E)-[methyl(phenyl)hydrazono]methyl]pyrazol-1-yl]

benzoic acid (6). Yellow; (373 mg, 77%) 1H-NMR (300 MHz, DMSO-d6): 8.95 (s, 1H), 8.32 (s, 1H), 8.09 (s,
4H), 7.76–7.72 (m, 1H), 7.62–7.56 (m, 3H), 7.10–7.07 (m, 2H), 6.98 (t, J = 7.3 Hz, 2H), 6.75 (t, J = 7.2 Hz,
1H), 2.50–2.49 (m, 3H); 13C-NMR (75 MHz, DMSO-d6): δ 167.1, 158.6 (d, 1J = 239.3 Hz), 159.2, 150.3,
147.5, 146.0, 142.4, 141.8, 131.4, 129.0, 128.9, 127.2, 125.4, 123.7, 122.2, 120.3 (d, 3J = 9.5 Hz), 120.1, 119.7,
118.6 (d, 3J = 8.5 Hz), 118.3, 114.5, 114.2, 32.7. HRMS (ESI-FTMS) Mass (m/z): calcd for C27H19FN4O4

[M + H]+ = 483.1463, found 483.1466.
4-[4-[(E)-(diphenylhydrazono)methyl]-3-(6-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)pyrazol-1-yl]benzoic

acid (7). Yellow; (459 mg, 84%) 1H-NMR (300 MHz, DMSO-d6): δ 8.94 (s, 1H), 8.33 (s, 1H), 8.09–8.06
(m, 2H), 8.01–7.98 (m, 1H), 7.77–7.74 (m, 1H), 7.65–7.58 (m, 2H), 7.30–7.24 (m, 4H), 7.16–7.11 (m, 3H),
6.94–6.91 (m, 4H); 13C-NMR (75 MHz, DMSO-d6): δ 167.0, 158.6 (d, 1J = 239.3 Hz), 159.0, 150.2, 145.8,
143.1, 142.3, 141.9, 131.4, 130.2, 129.0, 128.6, 128.0, 124.9, 123.7, 122.2, 121.0, 120.2 (d, 3J = 9.7 Hz),
119.8, 118.6 (d, 3J = 8.7 Hz), 118.3, 144.4 (d, 2J = 24.3 Hz). HRMS (ESI-FTMS) Mass (m/z): calcd for
C32H21FN4O4 [M + H]+ = 545.1620, found 545.1613.

4-[4-[(E)-[benzyl(phenyl)hydrazono]methyl]-3-(6-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)pyrazol-1-yl]

benzoic acid (8). Yellow; (459 mg, 82%) 1H-NMR (300 MHz, DMSO-d6): δ 8.88 (s, 1H), 8.28 (s, 1H),
8.09–8.00 (m, 4H), 7.73–7.71 (m, 1H), 7.58 (s, 3H), 7.53–7.12 (m, 5H), 6.99–6.86 (m, 4H), 6.75–6.71 (m,
1H), 5.20 (s, 2H); 13C-NMR (75 MHz, DMSO-d6): δ 167.0, 158.6 (d, 1J = 239.4 Hz), 159.0, 150.2, 147.2,
145.9, 142.4, 141.7, 136.2, 131.4, 129.1, 128.9, 127.8, 127.4, 126.6, 125.3, 123.9, 121.8, 120.3, 120.2, 119.9 (d,
2J = 24.6 Hz), 118.6 (d, 3J = 8.7 Hz), 118.3, 114.4 (d, 2J = 24.1 Hz), 113.9. 48.2. HRMS (ESI-FTMS) Mass
(m/z): calcd for C33H23FN4O4 [M + H]+ = 559.1776, found 559.1768.

4-[3-(7-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)-4-[(E)-(p-tolylhydrazono)methyl]pyrazol-1-yl]benzoic acid

(9). Orange; (481 mg, 89%) 1H-NMR (300 MHz, DMSO-d6): δ 10.10 (s, 1H), 8.96 (s, 1H), 8.31 (s, 1H),
8.11–8.05 (m, 4H), 7.79–7.72 (m, 2H), 7.60–7.59 (m, 2H), 6.83–6.80 (m, 2H), 6.67–6.65 (m, 2H), 2.14 (s,
3H); 13C-NMR (75 MHz, DMSO-d6): δ 167.1, 158.6 (d, 1J = 239.4 Hz), 159.1, 150.3, 145.9, 143.3, 142.4,
141.9, 131.4, 129.7, 128.9, 128.3, 127.3, 127.1, 123.3, 121.4, 120.3 (d, 3J = 9.6 Hz), 120.0 (d, 2J = 24.2 Hz),
118.5 (d, 3J = 8.4 Hz), 118.3, 114.4 (d, 2J = 24.0 Hz), 112.0, 20.6. HRMS (ESI-FTMS) Mass (m/z): calcd for
C27H19FN4O4 [M + H]+ = 483.1463, found 483.1455.

4-[4-[(E)-[(2-ethylphenyl)hydrazono]methyl]-3-(7-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)pyrazol-1-yl]

benzoic acid (10). Orange; (393 mg, 79%)1H-NMR (300 MHz, DMSO-d6): 9.52 (s, 1H), 9.00 (s, 1H),
8.32 (s, 1H), 8.12–8.10 (m, 5H), 7.75–7,72 (m, 1H), 7.60–7.58 (m, 2H), 6.99–6.91 (m, 2H), 6.70–6.60 (m,
2H), 2.56–2.49 (m, 2H), 1.11 (t, J = 7.3 Hz, 3H); 13C-NMR (75 MHz, DMSO-d6): δ 167.1, 158.6 (d,
J = 239.3 Hz), 159.1, 150.2, 146.1, 142.7, 142.4, 142.0, 131.4, 130.2, 129.9, 128.9, 128.6, 127.3, 126.5, 123.4,
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121.5, 120.3 (d, 3J = 9.6 Hz), 119.8, 119.0, 118.6 (d, 3J = 8.8 Hz), 118.3, 114.4 (d, 2J = 24.3 Hz), 112.3, 23.5,
14.3. HRMS (ESI-FTMS) Mass (m/z): calcd for C28H21FN4O4 [M + H]+ = 497.1620, found 497.1609.

4-[3-(7-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)-4-[(E)-[(3-fluorophenyl)hydrazono]methyl]pyrazol-1-yl]

benzoic acid (11). Orange; (395 mg, 81%) 1H-NMR (300 MHz, DMSO-d6): 10.45 (s, 1H), 9.03 (s, 1H),
8.34 (s, 1H), 8.09–8.06 (m, 4H), 7.86 (s,1H), 7.73 (d, J = 7.1 Hz, 1H), 7.58–7.56 (m, 2H), 7.09–7.01
(m, 1H), 6.56–6.51 (m, 2H), 6.39 (t, J = 6.3 Hz, 1H); 13C-NMR (75 MHz, DMSO-d6): 167.0, 163.7 (d,
1J = 239.0 Hz), 158.6 (d, 1J = 239.4 Hz), 159.1, 150.2, 147.6 (d, 3J = 11.0 Hz), 146.0, 142.4, 142.1, 131.4,
130.8 (d, 3J = 9.9 Hz), 130.3, 129.0, 127.7, 123.1, 121.0, 120.2 (d, 3J = 9.7 Hz), 119.8, 118.6 (d, 3J = 8.5 Hz),
118.4, 114.4 (d, 2J = 24.1 Hz), 108.2, 104.8 (d, 2J = 21.3 Hz), 98.5 (d, 2J = 26.1 Hz). HRMS (ESI-FTMS)
Mass (m/z): calcd for C26H16F2N4O4 [M + H]+ = 487.1212, found 487.1198.

4-[4-[(E)-[(3-chlorophenyl)hydrazono]methyl]-3-(7-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)pyrazol-1-yl]

benzoic acid (12). Orange; (429 mg, 85%) 1H-NMR (300 MHz, DMSO-d6): 10.42 (s, 1H), 9.02 (s, 1H), 8.34
(s, 1H), 8.12–8.05 (m, 4H), 7.88 (s, 1H), 7.74–7.72 (m, 1H), 7.58–7.56 (m, 2H), 7.05 (t, J = 8.0 Hz, 1H), 6.77
(s, 1H), 6.66 (t, J = 8.1 Hz, 2H); 13C-NMR (75 MHz, DMSO-d6): δ 167.0, 158.6 (d, 1J = 239.3 Hz), 159.1,
150.3, 147.0, 146.0, 142.4, 142.1, 134.3, 131.4, 130.7 (d, 3J = 22.5 Hz), 129.0, 127.9, 123.1, 120.9, 120.3, 120.1,
119.8, 118.8 (d, 3J = 8.7 Hz), 118.4, 118.2, 114.4 (d, 2J = 24.3 Hz), 111.1, 110.8. HRMS (ESI-FTMS) Mass
(m/z): calcd for C26H16ClFN4O4 [M + H]+ = 503.0917, 505.0890, found 503.0902, 505.0905.

4-[4-[(E)-[(3-bromophenyl)hydrazono]methyl]-3-(7-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)pyrazol-1-yl]

benzoic acid (13). Orange; (428 mg, 78%) 1H-NMR (300 MHz, DMSO-d6): δ 10.40 (s, 1H), 9.02 (s, 1H),
8.33 (s, 1H), 8.12–8.05 (m, 4H), 7.88 (s, 1H), 7.74–7.71 (m, 1H), 7.58–7.52 (m, 2H), 7.01–7.93 (m, 2H),
6.79-6.70 (m, 2H); 13C-NMR (75 MHz, DMSO-d6): δ 167.0, 158.6 (d, 1J = 239.3 Hz), 159.1, 150.3, 147.1,
146.0, 142.4, 142.1, 131.4, 131.2, 130.6, 129.0, 127.9, 123.1, 122.9, 121.1, 120.8, 120.2 (d, 3J = 9.7 Hz), 119.8,
118.9 (d, 3J = 8.4 Hz), 118.4, 114.4 (d, 2J = 24.1 Hz), 113.9, 111.2. HRMS (ESI-FTMS) Mass (m/z): calcd
for C26H16BrFN4O4 [M + H]+ = 547.0412, 549.0393, found 547.0400, 549.0394.

4-[4-[(E)-[(2,5-difluorophenyl)hydrazono]methyl]-3-(6-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)

pyrazol-1-yl] benzoic acid (14). Orange; (379 mg, 75%) 1H-NMR (300MHz, DMSO-d6): 10.38
(s, 1H), 9.08 (s, 1H), 8.33 (s, 1H), 8.14–8.05 (m, 5H), 7.72 (d, J = 7.2 Hz, 1H), 7.60–7.50 (m, 2H), 7.13–7.05
(m, 1H), 6.75–6.68 (m, 1H), 6.45–6.38 (m, 1H); 13C-NMR (75 MHz, DMSO-d6): δ 167.1, 159.5 (d,
1J = 236.5 Hz), 158.6 (d, 1J = 239.5 Hz), 159.1, 150.2, 145.4 (d, 1J = 233.5 Hz), 146.1, 142.3, 142.2, 135.1 (t,
3J = 11.8 Hz), 133.1, 131.4, 129.2, 128.2, 122.9, 120.7, 120.2, 120.0 (d, 3J = 13.1 Hz), 118.6 (d, 3J = 8.6 Hz),
118.4, 116.4-116.0 (m), 114.4 (d, 2J = 24.2 Hz), 103.8 (d, 3J = 17.7 Hz), 100.2 (d, 2J = 30.0 Hz). HRMS
(ESI-FTMS) Mass (m/z): calcd for C26H15F3N4O4 [M + H]+ = 505.1118, found 505.1110.

4-[4-[(E)-[(3,4-difluorophenyl)hydrazono]methyl]-3-(6-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)pyrazol-1-

yl]benzoic acid (15). Orange; (425 mg, 84%) 1H-NMR (300 MHz, DMSO-d6): 10.40 (s, 1H), 9.02 (s,
1H), 8.33 (s, 1H), 8.11–8.04 (m, 4H), 7.84 (s, 1H), 7.75–7.72 (m, 1H), 7.57 (d, J = 5.8 Hz, 2H), 7.16–7.07
(m, 1H), 6.71–6.65 (m, 1H), 6.52–6.49 (m, 1H); 13C-NMR (75 MHz, DMSO-d6): δ 167.0, 158.6 (d,
1J = 239.4 Hz), 159.2, 150.4 (dd, J = 13.0, 240.6 Hz), 150.6, 146.0, 142.8 (dd, J = 12.8, 233.6 Hz), 143.2 (d,
3J = 8.4 Hz), 142.4, 142.1, 131.4, 130.4, 129.0, 127.7, 122.9, 120.9, 120.2 (d, 3J = 9.5 Hz), 120.25, 119.9, 118.6
(d, 3J = 8.5 Hz), 118.4, 118.1, 117.9, 114.4 (d, 2J = 24.1 Hz). HRMS (ESI-FTMS) Mass (m/z): calcd for
C26H15F3N4O4 [M + H]+ = 505.1118, found 505.1106.

4-[4-[(E)-[(2,4-dichlorophenyl)hydrazono]methyl]-3-(6-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)pyrazol-1-

yl]benzoic acid (16). Yellowish; (415 mg, 77%)1H-NMR (300 MHz, DMSO-d6): 13.11 (br s, 1H), 9.98
(s, 1H), 9.08 (s, 1H), 8.34 (s, 1H), 8.21 (s, 1H), 8.10 (s, 4H), 7.76–7.72 (m, 1H), 7.62–7.59 (m, 2H),
7.418–7.410 (m, 1H), 7.12–7.09 (s, 1H), 6.96–6.92 (m, 1H); 13C-NMR (75 MHz, DMSO-d6): δ 167.0,
158.6 (d, 1J = 239.7 Hz), 159.1, 150.2, 146.3, 142.3, 140.9, 133.8, 131.4, 129.1, 129.0, 127.9, 127.8, 122.7,
122.2, 120.8, 120.21 (d, 2J = 24.6 Hz), 120.22 (d, 3J = 9.7 Hz) 118.7, 118.54, 118.53, 116.8, 114.8, 114.5
(d, 2J = 24.1 Hz). HRMS (ESI-FTMS) Mass (m/z): calcd for C26H15Cl2FN4O4 [M + H]+ = 537.0527,
539.0499, found 537.0512, 539.0482.

4-[4-[(E)-[(3-chloro-2-fluoro-phenyl)hydrazono]methyl]-3-(6-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)

pyrazol-1-yl]benzoic acid (17). Orange; (418 mg, 80%) 1H-NMR (300 MHz, DMSO-d6): 10.39 (s, 1H),
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9.06 (s, 1H), 8.33 (s, 1H), 8.14–8.08 (m, 5H), 7.75–7.72 (m, 1H), 7.60–7.58 (m, 2H), 6.95 (t, J = 7.6 Hz, 1H),
6.81–6.70 (m, 2H); 13C-NMR (75 MHz, DMSO-d6): δ 167.0, 158.6 (d, 1J = 239.7 Hz), 159.1, 150.2, 144.6 (d,
1J = 240 Hz), 146.2, 142.3, 142.2, 135.2 (d, 3J = 9.3 Hz), 133.1, 131.4, 129.1, 128.0, 125.4, 125.3, 123.0, 120.7,
120.3, 120.1 (d, 3J = 8.5 Hz), 119.9 (d, 3J = 7.3 Hz), 118.7 (d, 3J = 13.7 Hz), 118.5, 114.5 (d, 2J = 24.4 Hz),
112.5. HRMS (ESI-FTMS) Mass (m/z): calcd for C26H15ClF2N4O4 [M + H]+ = 521.0823, 523.0796, found
521.0806, 523.0783.

4-[4-[(E)-[(3-chloro-4-fluoro-phenyl)hydrazono]methyl]-3-(6-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)

pyrazol-1-yl]benzoic acid (18). Orange; (496 mg, 95%) 1H-NMR (300 MHz, DMSO-d6): 10.36 (s, 1H),
8.99 (s, 1H), 8.32 (s, 1H), 8.11–8.03 (m, 4H), 7.85 (s, 1H), 7.74–7.71 (m, 1H), 7.58–7.56 (m, 2H), 7.10 (t,
J = 9.0 Hz, 1H), 6.83–6.80 (m, 1H), 6.70–6.65 (m, 1H); 13C-NMR (75 MHz, DMSO-d6): δ 167.1, 158.7 (d,
1J = 239.3 Hz), 159.1, 150.8 (d, 1J = 235.0 Hz), 150.2, 146.0, 143.0, 142.3, 142.1, 131.1, 130.5, 129.0, 127.9,
123.1, 120.8, 120.3 (d, 3J = 8.6 Hz), 120.0 (d, 2J = 24.4 Hz), 120.12, 118.8 (d, 3J = 8.6 Hz), 118.4, 117.5 (d,
2J = 21.9 Hz), 114.4 (d, 2J = 24.1 Hz), 112.2, 111.9 (d, 3J = 6.0 Hz). HRMS (ESI-FTMS) Mass (m/z): calcd
for C26H15ClF2N4O4 [M + H]+ = 521.0823, 523.0796, found 521.0818, 523.0793.

4-[3-(7-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)-4-[(E)-[[4-(trifluoromethyl)phenyl]hydrazono]methyl]

pyrazol-1-yl]benzoic acid (19). Yellowish; (393 mg, 73%) 1H-NMR (300 MHz, DMSO-d6): 10.70 (s, 1H),
9.04 (s, 1H), 8.34 (s, 1H), 8.12–8.09 (m, 4H), 7.92 (s, 1H), 7.75–7.73 (m, 1H), 7.62–7.59 (m, 2H), 7.35–7.32
(m, 2H), 6.92–6.89 (m, 2H); 13C-NMR (75 MHz, DMSO-d6): δ 167.0, 158.6 (d, 1J = 239.6 Hz), 159.2, 150.2,
148.5, 146.2, 142.3, 142.2, 131.8, 131.4, 129.2, 127.9, 126.6, 125.7 (q, J = 268.6 Hz) 122.9, 120.7, 120.2 (d,
3J = 9.6 Hz), 118.6 (d, 3J = 10.8 Hz), 118.3, 117.8, 114.5 (d, 2J = 24.0 Hz), 111.7. HRMS (ESI-FTMS) Mass
(m/z): calcd for C27H16F4N4O4 [M + H]+ = 537.1180, found 537.1177.

4-[4-[(E)-[(4-cyanophenyl)hydrazono]methyl]-3-(7-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)pyrazol-1-yl]

benzoic acid (20). Yellow; (436 mg, 88%) 1H-NMR (300 MHz, DMSO-d6): δ 10.86 (s, 1H), 9.08 (s, 1H), 8.36
(s, 1H), 8.13–8.06 (m, 4H), 7.95 (s, 1H), 7.76–7.73 (m, 1H), 7.65–7.55 (m, 2H), 7.46–7.43 (m, 2H), 6.90–6.87
(m, 2H); 13C-NMR (75 MHz, DMSO-d6): δ 167.1, 159.2, 158.6 (d, 1J = 239.7 Hz), 150.2, 148.8, 146.2, 142.3,
133.8, 133.0, 131.4, 129.3, 128.1, 122.7, 120.54, 120.57, 120.2 (d, 3J = 9.8 Hz), 120.0, 118.7, 118.59, 118.55,
114.5 (d, 2J = 24.0 Hz), 112.1, 99.3. HRMS (ESI-FTMS) Mass (m/z): calcd for C27H16FN5O4 [M + H]+ =
494.1259, found 494.1252.

4-[3-(7-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)-4-[(E)-[(4-nitrophenyl)hydrazono]methyl]pyrazol-1-yl]

benzoic acid (21). Orange; (458 mg, 89%) 1H-NMR (30 0MHz, DMSO-d6): δ 11.2 (s, 1H), 9.08 (s, 1H),
8.35 (s, 1H), 8.11–8.02 (m, 5H), 7.94 (d, J = 9.2 Hz, 2H), 7.75–7.72 (m, 1H), 7.61–7.55 (m, 2H), 6.90–6.87
(m, 2H); 13C-NMR (75 MHz, DMSO-d6): δ 167.0, 158.6 (d, 1J = 239.4 Hz), 159.2, 150.8, 150.3, 146.4,
142.3, 142.2, 138.4, 134.9, 131.4, 129.3, 128.4, 126.3, 122.5, 120.37, 120.32, 120.2, 120.1 (d, 3J = 10.6 Hz),
118.3, 114.5 (d, 2J = 24.4 Hz), 111.2. HRMS (ESI-FTMS) Mass (m/z): calcd for C26H16FN5O6 [M + H]+ =
514.1157, found 514.115.

4-[4-[(E)-(dimethylhydrazono)methyl]-3-(6-fluoro-2-oxo-3,8a-dihydrochromen-3-yl)pyrazol-1-yl]benzoic

acid (22). Yellow; (333 mg, 79%) 1H-NMR (300 MHz, DMSO-d6): 8.75 (s, 1H), 8.27 (s, 1H), 8.12–8.06 (m,
4H), 7.73–7.70 (m, 1H), 7.54 (d, J = 6.4 Hz, 2H), 7.20 (s, 1H), 2.49 (s, 3H); 13C-NMR (75 MHz, DMSO-d6):
δ 167.1, 158.5 (d, 1J = 239.1 Hz), 159.1, 150.3, 146.1, 142.5, 141.8, 131.4, 128.8, 125.7, 125.5, 122.9, 122.3,
120.3 (d, 3J = 9.6 Hz), 119.7 (d, 2J = 24.8 Hz), 118.5 (d, 3J = 8.7 Hz), 118.3, 114.3 (d, 2J = 24.1 Hz), 42.9.
HRMS (ESI-FTMS) Mass (m/z): calcd for C22H17FN4O4 [M + H]+ = 421.1307, found 421.1298.

4-[3-(7-hydroxy-2-oxo-chromen-3-yl)-4-[(E)-(phenylhydrazono)methyl]pyrazol-1-yl]benzoic acid (23).
Brown; (370 mg, 79%) 1H-NMR (300 MHz, DMSO-d6): δ 10.17 (s, 1H), 8.94 (s, 1H), 8.22 (s, 1H),
8.08 (s, 5H), 7.81 (s, 1H), 7.67 (d, J = 8.4 Hz, 1H), 7.04 (t, J = 7.9 Hz, 2H), 6.83 (t, J = 14.7 Hz, 4H),
6.65 (t, J = 7.0 Hz, 1H); 13C-NMR (75 MHz, DMSO-d6) δ 167.1, 162.2, 159.9, 155.9, 146.9, 145.7, 143.7,
142.5, 131.4, 130.7, 129.5, 129.3, 128.8, 126.8, 121.2, 118.7, 118.3, 117.0, 114.0, 112.1, 111.8, 102.4. HRMS
(ESI-FTMS) Mass (m/z): calcd for C26H18N4O5 [M + H]+ = 467.1350, found 467.1352.

4-[4-[(E)-[(3-fluorophenyl)hydrazono]methyl]-3-(7-hydroxy-2-oxo-chromen-3-yl)pyrazol-1-yl]benzoic acid

(24). Brownish; (428 mg, 86%) 1H-NMR (300 MHz, DMSO-d6): δ 10.95 (br s, 1H), 10.54 (s, 1H), 9.00
(s, 1H), 8.22 (s, 1H), 8.08 (s, 5H), 7.87 (s, 1H), 7.66 (d, J = 8.1 Hz, 1H), 7.07–7.06 (m, 1H), 6.90–6.86
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(m, 2H), 6.66–6.60 (m, 2H), 6.41 (t, J = 8.1 Hz, 1H); 13C-NMR (75 MHz, DMSO-d6) δ 167.0, 163.8 (d,
1J = 238.9 Hz), 162.4, 159.9, 155.9, 147.7 (d, 3J = 11.0 Hz), 147.0, 143.8, 142.5, 131.4, 130.8, 130.7, 130.6,
128.9, 127.2, 120.9, 118.3, 116.7, 114.1, 111.7, 108.2, 104.7 (d, 2J = 21.7 Hz), 102.4, 98.5 (d, 2J = 26.0 Hz).
HRMS (ESI-FTMS) Mass (m/z): calcd for C26H17FN4O5 [M + H]+ = 485.1256, found 485.1257.

4-[4-[(E)-[(4-chlorophenyl)hydrazono]methyl]-3-(7-hydroxy-2-oxo-chromen-3-yl)pyrazol-1-yl]benzoic acid

(25). Brown; (357 mg, 71%) 1H-NMR (300 MHz, DMSO-d6): δ 10.82 (br s, 1H), 10.32 (s, 1H). 8.95 (s, 1H),
8.22 (s, 1H), 8.06 (s, 4H), 7.80 (s, 1H), 7.66 (d, J = 8.2 Hz, 1H), 7.06 (d, J = 8.5 Hz, 3H), 6.83–6.81(m, 4H);
13C-NMR (75 MHz, DMSO-d6) δ 167.1, 162.2, 159.9, 156.0, 147.0, 144.6, 143.8, 142.5, 131.4, 130.7, 130.4,
129.0, 128.9, 127.0, 121.9, 120.9, 118.3, 116.7, 114.0, 113.5, 111.8, 102.4. HRMS (ESI-FTMS) Mass (m/z):
calcd for C26H17ClN4O5 [M + H]+ = 501.0960, 503.0933, found 501.0962, 503.0932.

4-[4-[(E)-[(4-bromophenyl)hydrazono]methyl]-3-(7-hydroxy-2-oxo-chromen-3-yl)pyrazol-1-yl]benzoic acid

(26). Brown; (437 mg, 80%) 1H-NMR (300 MHz, DMSO-d6): δ 10.88 (br s, 1H), 10.39 (s, 1H), 8.96 (s, 1H),
8.22 (s, 1H), 8.07 (s, 5H), 7.83 (s, 1H), 7.67 (d, J = 7.9 Hz, 1H), 7.18 (d, J = 7.8 Hz, 2H), 6.90–6.78 (m, 4H);
13C-NMR (75 MHz, DMSO-d6) δ 167.0, 162.3, 159.9, 155.9, 147.0, 145.0, 143.8, 142.5, 131.8, 131.4, 130.7,
130.4, 128.8, 127.0, 120.9, 118.3, 116.7, 114.1, 114.0, 111.8, 109.4, 102.4. HRMS (ESI-FTMS) Mass (m/z):
calcd for C26H17BrN4O5 [M + H]+ = 545.0455, 547.0436, found 545.0456, 547.0435.

4-[4-[(E)-[(2,5-difluorophenyl)hydrazono]methyl]-3-(7-hydroxy-2-oxo-chromen-3-yl)pyrazol-1-yl]benzoic

acid (27). Brownish; (459 mg, 91%) 1H-NMR (300 MHz, DMSO-d6): δ 10.94 (br s, 1H), 10.33 (s, 1H),
9.03 (s, 1H), 8.20 (s, 1H), 8.13–8.07 (m, 5H), 7.65 (d, J = 8.3 Hz, 1H), 7.12–7.04 (m, 1H), 6.90–6.84 (m,
3H), 6.44–6.39 (m, 1H); 13C-NMR (75 MHz, DMSO-d6) δ 167.0, 162.4, 159.7 (d, 1J = 235.9 Hz), 159.8,
155.9, 145.5 (d, 1J = 241.0 Hz), 147.0, 142.4, 135.2 (m), 133.5, 131.4, 130.6, 128.9, 127.7, 120.6, 118.4, 116.6,
116.4, 116.2 (d, 3J = 9.6 Hz), 114.1, 111.6, 103.7 (d, 2J = 25.0 Hz), 102.4, 100.4 (d, 2J = 29.2 Hz). HRMS
(ESI-FTMS) Mass (m/z): calcd for C26H16F2N4O5 [M + H]+ = 503.1162, found 503.1158.

4-[4-[(E)-[(3,4-difluorophenyl)hydrazono]methyl]-3-(7-hydroxy-2-oxo-chromen-3-yl)pyrazol-1-yl]benzoic

acid (28). Black; (378 mg, 75%) 1H-NMR (300 MHz, DMSO-d6): δ 10.41 (s, 1H), 8.99 (s, 1H), 8.22 (s, 1H),
8.07 (s, 4H), 7.83 (s, 1H), 7.66 (d, J = 8.2 Hz, 1H), 7.17–7.07 (m, 1H), 6.88–6.76 (m, 3H), 6.57 (s, 1H);
13C-NMR (75 MHz, DMSO-d6) δ 167.1, 162.3, 159.9, 155.9, 152.1 (dd, J = 13.0, 254.0 Hz), 146.9, 144.4 (dd,
J = 12.9, 246.3 Hz), 143.8, 142.4, 141.2 (d, 3J = 12.8 Hz), 131.4, 130.7, 128.8, 127.3, 120.8, 119.3, 118.3,
118.0 (d, 3J = 17.5 Hz), 116.7, 114.1, 111.7, 107.7, 102.4, 100.2 (d, 2J = 21.9 Hz). HRMS (ESI-FTMS) Mass
(m/z): calcd for C26H16F2N4O5 [M + H]+ = 503.1162, found 503.1162.

4-[4-[(E)-[(2,4-dichlorophenyl)hydrazono]methyl]-3-(7-hydroxy-2-oxo-chromen-3-yl)pyrazol-1-yl]benzoic

acid (29). Brownish; (483 mg, 90%) 1H-NMR (300 MHz, DMSO-d6): δ 10.94 (br s, 1H), 9.96 (s, 1H), 9.04
(s, 1H), 8.24 (d, J = 5.7 Hz, 2H), 8.09 (s, 5H), 7.67 (d, J = 8.1 Hz, 1H), 7.40 (s, 1H), 7.23 (d, J = 8.7, 1H),
7.00 (d, J = 8.9 Hz, 1H) 6.92–6.88 (m, 2H); 13C-NMR (75 MHz, DMSO-d6) δ 167.0, 162.4, 159.9, 155.9,
147.3, 144.0, 142.4, 141.0, 134.2, 131.4, 130.7, 128.9, 127.9, 127.3, 122.1, 120.7, 118.4, 116.7, 116.4, 115.0,
114.1, 111.7, 102.4. HRMS (ESI-FTMS) Mass (m/z): calcd for C26H16Cl2N4O5 [M + H]+ = 535.0571,
537.0543, found 535.0570, 537.0545.

4-[4-[(E)-[(3-chloro-2-fluoro-phenyl)hydrazono]methyl]-3-(7-hydroxy-2-oxo-chromen-3-yl)pyrazol-1-yl]

benzoic acid (30). Brown; (437 mg, 84%) 1H-NMR (300 MHz, DMSO-d6): δ 10.33 (s, 1H), 9.00 (s, 1H), 8.32
(s, 1H), 8.11–8.07 (m, 5H), 7.66 (d, J = 8.1 Hz, 1H), 7.08 (s, 1H), 6.89–6.79 (m, 4H); 13C-NMR (75 MHz,
DMSO-d6) δ 167.1, 162.3, 159.9, 155.9, 147.1, 144.7 (d, 1J = 240.2 Hz), 143.8, 142.4, 135.3 (d, 3J = 9.3 Hz),
133.5, 131.4, 130.7, 128.9, 127.5, 125.4, 120.6, 119.9 (d, 3J = 14.2 Hz), 118.7, 118.4, 116.7, 114.1, 112.6, 111.7,
102.4. HRMS (ESI-FTMS) Mass (m/z): calcd for C26H16ClFN4O5 [M + H]+ = 519.0866, 521.0839, found
519.0869, 521.0844.

4-[4-[(E)-[(3-chloro-4-fluoro-phenyl)hydrazono]methyl]-3-(7-hydroxy-2-oxo-chromen-3-yl)pyrazol-1-yl]

benzoic acid (31). Brown; (380 mg, 73%) 1H-NMR (300 MHz, DMSO-d6): δ 10.42 (s, 1H), 8.99 (s, 1H),
8.22 (s, 1H), 8.10–8.07 (m, 5H), 7.84 (s, 1H), 7.66 (d, J = 7.8 Hz, 1H), 7.12 (t, J = 9.5 Hz, 1H), 6.94–6.85 (m,
3H), 6.75 (br s, 1H); 13C-NMR (75 MHz, DMSO-d6) δ 167.0, 162.3, 159.9, 155.9, 150.8 (d, 1J = 234.6 Hz),
146.9, 143.7, 143.2, 142.5, 131.4, 130.7 (d, 3J = 14.9 Hz), 128.9, 127.4, 120.7, 120.2 (d, 2J = 18.1 Hz), 119.4,
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118.3, 117.4 (d, 2J = 21.6 Hz), 116.8, 114.0, 112.4, 111.9 (d, 3J = 6.8 Hz), 111.7, 102.6. HRMS (ESI-FTMS)
Mass (m/z): calcd for C26H16ClFN4O5 [M + H]+ = 519.0866, 521.0839, found 519.0866, 521.0837.

4-[3-(7-hydroxy-2-oxo-3,8a-dihydrochromen-3-yl)-4-[(E)-[[4-(trifluoromethyl)phenyl]hydrazono]methyl]

pyrazol-1-yl]benzoic acid (32). Yellow; (445 mg, 83%) 1H-NMR (300 MHz, DMSO-d6): δ 10.7 (s, 1H),
9.00 (s, 1H), 8.24 (s, 1H), 8.08 (s, 4H), 7.90 (s, 1H), 7.68 (d, J = 8.3 Hz, 1H), 7.36 (d, J = 8.5 Hz, 1H),
6.96–6.86 (m, 3H); 13C-NMR (75 MHz, DMSO-d6) δ 167.1, 162.3, 159.9, 156.0, 148.6, 147.1, 143.9, 142.4,
132.1, 131.4, 130.8, 129.0, 127.4, 127.2, 126.6, 123.6, 120.6, 118.6-118.1 (m), 116.6, 114.1, 111.8, 111.7, 102.3.
HRMS (ESI-FTMS) Mass (m/z): calcd for C27H17F3N4O5 [M + H]+ = 535.1224, found 535.1223.

4-[4-[(E)-[(4-cyanophenyl)hydrazono]methyl]-3-(7-hydroxy-2-oxo-3,8a-dihydrochromen-3-yl)pyrazol-1-yl]

benzoic acid (33). Yellow; (399 mg, 81%) 1H-NMR (300 MHz, DMSO-d6): δ 10.83 (s, 1H), 9.02 (s, 1H),
8.25 (s,1H), 8.08 (s, 4H), 7.92 (s, 1H), 7.67 (d, J = 8.3 Hz, 1H), 7.46 (d, J = 8.7 Hz, 2H), 6.95–6.85 (m, 4H);
13C-NMR (75 MHz, DMSO-d6) δ 167.1, 162.3, 159.9, 156.0, 148.9, 147.2, 143.9, 142.4, 133.8, 133.3, 131.4,
130.8, 129.0, 127.6, 120.6, 120.4, 118.4, 116.4, 114.1, 112.1, 111.8, 102.4, 99.2. HRMS (ESI-FTMS) Mass
(m/z): calcd for C27H17N5O5 [M + H]+ = 492.1302, found 492.1300.

4-[3-(7-hydroxy-2-oxo-3,8a-dihydrochromen-3-yl)-4-[(E)-(methoxycarbonylhydrazono)methyl]pyrazol-1-yl]

benzoic acid (34). Brownish; (324 mg, 72%) 1H-NMR (300MHz, DMSO-d6): δ 10.97 (br s, 1H), 8.95 (s, 1H),
8.24 (s, 2H), 8.06 (s, 4H), 7.95 (s, 1H), 7.66 (d, J = 8.4 Hz, 1H), 6.87–6.81 (m, 2H); 13C-NMR (75 MHz,
DMSO-d6) δ 167.4, 162.6, 160.0, 156.0, 154.2, 147.7, 144.3, 142.0, 131.3, 130.8, 130.3, 127.5, 119.6, 118.9,
118.6, 115.6, 114.1, 111.6, 102.4, 52.2. HRMS (ESI-FTMS) Mass (m/z): calcd for C22H16N4O7 [M +H]+ =
449.1092, found 449.1107.

3.2. Culturing of Bacteria

Bacterial cultures were maintained on tryptic soy agar (TSA) slants. Bacteria prepared for MIC
testing or plated for time kill assays were grown on blood agar (TSA with 5% sheep blood) plates.
Bacteria grown in liquid culture including 96-well plates for MIC testing were grown in Mueller Hinton
Broth (cation adjusted, CAMHB). Bacterial dilutions were made in normal saline or phosphate buffered
saline (PBS)

3.3. Minimum Inhibitory Concentration (MIC)

The broth microdilution method was utilized to determine MIC values of coumarin-substituted
pyrazole derivatives against different clinically important S. aureus strains, B. subtilis and S. epidermidis

according to the guidelines outlined by the Clinical and Laboratory Standards Institute (CLSI) as
reported in our recent papers [9]. The starting concentration of compounds for MIC determination
was 50 µg/mL serially diluted down the wells and the MIC values were recorded in duplicates in three
independent experiments on different days.

3.4. Time Kill Assay

Time kill assay was performed against two strains of bacteria (A. baumannii ATCC 19606 and S.

aureus ATCC 33599) using our most potent compounds. Bacteria in the logarithmic growth phase
(OD600 ~2.00) were diluted to 1.5 × 106 colony-forming units (CFU/mL) and exposed to concentrations
equivalent to 4×MIC (in triplicates) of tested compounds, vancomycin and colistin as control drugs for
S. aureus and A. baumannii respectively. Aliquots were collected from treatment after 0, 2, 4, 6, 8, 10, 12,
and 24 h of incubation at 35 ◦C and subsequently serially diluted in PBS. The diluted aliquots were
then transferred to blood agar plates and incubated at 35 ◦C for 18–20 h before viable CFU/mL was
determined by using the 6 × 6 drop plate method.

3.5. Biofilm Inhibition Assay

The biofilm-forming strain S. aureus ATTC 25923 was grown in the presence of four different
coumarin-substituted pyrazole derivatives with the lowest MIC values to determine if the compounds
would interfere with biofilm formation. An overnight culture of bacteria was suspended in PBS
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solution to match the 0.5 McFarland standard and then diluted 1:100 into CAMHB with 1% glucose
to give an approximate final concentration of 1 × 106 CFU/mL. Bacterial broth suspension (195 µL)
was transferred to each well in 96-well polystyrene flat bottom plate. Compounds (5 µL) at 2 ×MIC,
MIC, and 0.5 ×MIC were added to wells in triplicate along with broth only, and bacteria along with
DMSO controls, and plates were incubated at 35 ◦C for 24 h. After incubation, the contents of the wells
were removed and wells were washed with 1×PBS solution three times to remove any planktonic cells.
The plate was dried in an oven at 60 ◦C for about 15 min and 0.1% (w/v) crystal violet (250 µL) was
added to each well and left for 15 min for staining biofilms. Excess crystal violet was removed by
draining and washing three times with deionized water, and the plate was again dried in oven for
10 min. After drying, 33% acetic acid (250 µL) was added to each well to dissolve the stained biofilm.
The optical density of the solubilized crystal violet in each well was measured at 620 nm using a Bio
TekTM CytationTM 5 plate reader.

3.6. Biofilm Destruction Assay

This assay was performed to test whether our four most effective compounds could destroy the
preformed biofilm in vitro. Bacterial cultures were prepared as for the biofilm inhibition test (195 µL
culture per well) but without addition of compounds. Bacteria and growth medium only controls were
incubated overnight at 35 ◦C for 24 h to allow bacterial formation of enough biofilm. After incubation,
soluble and suspended well contents were carefully removed, and wells were washed with sterile PBS
solution to remove any unadhered cells. Next, 195 µL sterile CAMHB with 1% glucose was added
to each well with 5 µL of 2 ×MIC, MIC, and 0.5 ×MIC concentrations of compounds or DMSO in
triplicate and the plate was incubated at 35 ◦C for 24 h. This extra 24 h incubation was required in order
to provide enough time for compounds to destroy the preformed biofilm in the plate. After incubation,
washing, drying, staining, dissolving stained dye, and measuring optical density in a plate reader were
performed as described above.

3.7. Processing of Data

As these biofilm assays were performed in triplicates mean and standard deviation of plate
reading data were processed. Results were expressed as a percentage by using the formula:

Percentage biofilm inhibition/destruction =

[

1− ODcompound−ODbroth
ODdmso−ODbroth

]

where, ODcompound = optical

density of well with compound, ODbroth = OD of well with broth only, ODdmso = OD of well with
bacteria broth + DMSO.

The data were processed and represented in graphical form in Microsoft® Excel® for Office
365 MSO.

4. Conclusions

Because of the ease of synthesis without column purification or work-up, we have reported
the synthesis of new hydrazone derivatives of coumarin-derived pyrazoles. We synthesized 31 new
pyrazole derivatives. These new molecules were tested against several bacterial strains, and we
found several molecules, which showed promising results with MIC values as low as 1.56 µg/mL.
We found that fluoro-substituted compounds are more potent than the hydroxy-substituted compounds.
Potent molecules are growth inhibitor of MRSA biofilms and eliminated the preformed biofilm more
efficiently than the positive control, vancomycin. One of the potent molecules (19) showed very mild
toxicity when comparing the IC50 against HEK293 cells to the MIC against bacteria. Future direction
will be the synthesis of molecules related to the potent compounds to target bacterial biofilms.

5. Patents

Alam, M. A. Antimicrobial agents and the method of synthesizing the antimicrobial agents.
US Patent. 10,596,153, 2020.
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Abstract: The newly designed luminol structures of pyrazolopyridopyridazine diones and
N-aminopyrazolopyrrolopyridine diones were synthesized from versatile 1,3-diaryfuropyrazolopyridine
-6,8-diones, 1,3-diarylpyrazolopyrrolopyridine-6,8-diones, or 1,3-diaryl-7- methylpyrazolopyrrolopyridine
-6,8-diones with hydrazine monohydrate. Photoluminescent and solvatofluorism properties containing
UV–Vis absorption, emission spectra, and quantum yield (Φf) study of pyrazolopyridopyridazine
diones and N-aminopyrazolopyrrolopyridine diones were also studied. Generally, most of
pyrazolopyrrolopyridine-6, 8-diones 6 exhibited the significant fluorescence intensity and the
substituent effect when compared with N-aminopyrazolopyrrolopyridine diones, particularly for 6c
and 6j with a m-chloro group. Additionally, the fluorescence intensity of 6j was significantly promoted
due to the suitable conjugation conformation. Based on the quantum yield (Φf) study, the value of
compound 6j (0.140) with planar structural skeletal was similar to that of standard luminol (1, 0.175).

Keywords: pyrazolopyridopyridazine dione; N-aminopyrazolopyrrolopyridine dione; luminol;
photoluminescence

1. Introduction

Sleep-disorders are one of the largest public health concerns in the whole world [1].
New functionalized pyrazolo [3,4-b]pyrrolo[3,4-d]pyridine derivatives were enthusiastically investigated
to develop the increased potency and reduced side effects of novel sedative/hypnotic drug compounds
for treatment of sleep-disorders [2,3]. On the other hand, pyrazolopyridopyridazine diones are
well-known as the versatile precursors for synthesis of pyrazolopyridopyridazine phosphodiesterase
type 5 (PDE5) inhibitors [4,5]. In recent years, chemiluminescent luminol derivatives have been an
attractive detection technique in analytical applications such as presumptive test agents for latent
blood detection [6–9], high-performance liquid chromatography (HPLC) [10,11], DNA, immunoassay,
and cancer screening detection [12,13]. Since now, many newly designed luminol structures have
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been enthusiastically investigated to increase the chemiluminescence efficiency, intensity, sensitivity,
quantum yield, or the recognition ability of the resulting chemiluminogens (Figure 1) [14–19].

 

 

 

 

Figure 1. Luminol 1, naphthalene and anthracene 2, quinoxaline analogues of luminol 3, isoluminol 4,
and benzimidazole analogues of luminol 5.

Furthermore, N-aminophthalimides were considered as phthalazine 1,4-dione tautomeric pairs [20,21].
N-Amino maleimides with pyridine heterocycle series also presented as a very important privileged
substructure in organic synthesis for preparing diverse biologically active molecules [22]. Typically,
the most important pharmacological effects that have been reported are potential antimicrobial [22] and
anticancer activities [23]. Herein, we judiciously explore the insertion of pyridazinedione and N-Amino
maleimide units into the pyrazolopyridine core ring for construction of the new designed luminol
structures 6a–j and 7a–i from versatile 1,3-diarylpyrazolopyrrolopyridine-6,8-diones 11. Observably,
we found that the series of pyridazinediones 6a–j would not only provide conjugation systems but
also allow to modify the fluorescence intensity and biological activity (Figure 2).

 

 

 

 

Figure 2. Pyrazolopyridopyridazine diones 6a–j and N-Aminopyrazolopyrrolopyridine diones 7a–i as
luminol analogues.

2. Results and Discussion

Initially, dimethyl 1,3-diphenyl-1H-pyrazolo[3,4-b]pyridine-4,5-dicarboxylate 8 and diethyl
1,3-diphenyl-1H-pyrazolo[3,4-b]pyridine-4,5-dicarboxylate 9 were prepared by following our previously
reported literature [24] from N,N-diisopropylamidinyl pyrazolylimine and chosen as the model
substrate for this investigation on the construction of pyrazolopyridopyridazine diones 6a (Scheme 1).
Compounds 8 and 9 were reacted with hydrazine hydrate at reflux in methanol or ethanol solution
under the basic condition for 24–36 h [25,26]. However, all the efforts for the predominant formation of
6a were unsuccessful. We also attempted to perform the hydrolysis of ester groups of compounds 8 and
9 under basic conditions to obtain 1,3-diphenyl-1H-pyrazolopyridine-4,5-dicarboxylic acid 10 [27,28].
Subsequently, pyrazolopyridine-4,5-dicarboxylic acid 10 was refluxed with hydrazine in acetic acid to
carry out the cyclization for 8 h, but without success (Scheme 1).
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Scheme 1. Synthesis study of pyrazolopyridopyridazine dione 6a as luminol analogue.

In other attempts, we preliminarily tried to synthesize 1,3-phenylpyrazolopyrrolopyridine-6, 8-dione
11a from N,N-diisopropylamidinyl pyrazolylimine with maleimide via our published InCl3/silica gel
catalyzed hetero Diels-Alder reaction [29]. Subsequently, the resulting compound 11a was reacted
with an excess of hydrazine hydrate in EtOH/H2O co-solution at room temperature for ~7 h [29,30].
The formation of the N-aminopyrazolopyrrolopyridine dione 7a was observed in 83% yield as the
major product and accompanied with a trace amount of luminol-type pyrazolopyridopyridazine dione
6a (<10%, Scheme 1). Fortunately, compounds 6a and 7a can be successfully and selectively prepared
via kinetic and thermodynamic control reactions [31,32].

For further searching optimal conditions, we also prepared 7-methyl-1,3-phenylpyrazolopyrrolopyridine
-6,8-dione 12a [29] and 1,3-diphenylfuropyrazolopyridine-6,8-dione 13a [33,34] as probes for monitoring
cyclization tendency with hydrazine hydrate [29,30]. Most of the compounds 11a–13a were refluxed in
neat hydrazine hydrate solution for ~5 h (Scheme 1 and Table 1). The reactions were monitored
until the consumption of starting materials 11a–13a by TLC and produced the luminol-type
pyrazolopyridopyridazine dione 6a. Compound 11a smoothly underwent the cyclization reaction
to give luminol-type analogue 6a in better yield (84%, Entry 1, Table 1). However, compounds
12a–13a resulted in 32% and 18% low yields, respectively (Entries 2 and 3, Table 1). For further
demonstration of reactivity efficiency, compounds 11b–c, 12b–c, and 13b–c bearing various
substituents including o- and m-Cl in N-1-phenyl ring and phenyl at C-3 position of pyrazole
moiety were synthesized and refluxed under the same condition (Entries 4–9, Table 1). Based on
the experimental data of Table 1, the better yields of pyrazolopyridopyridazine dione products 6b–c
were provided from 1,3-diarylpyrazolopyrrolopyridine-6,8-diones 11b–c (74% and 71%, Entries 4
and 7, Table 1). Unfortunately, 1,3-diaryl-7-methylpyrazolopyrrolopyridine-6,8-diones 12b–c
and 1,3-diarylfuropyrazolopyridine-6,8-diones 13b–c showed poor reactivity for the formation of
pyrazolopyridopyridazine diones 6b–c (Entries 5–6 and 8–9, Table 1).
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Table 1. The results of pyrazolopyridopyridazine diones 6a–j from reactants 11a–j, 12a–c, or 13a–c
with hydrazine hydrate.

 

 

δ δ

−

δ
δ

− −

Entry S.M. X Y Z Reaction Time Products Yields (%)

1 11a NH Ph Ph 5 6a 84
2 12a NMe Ph Ph 5 6a 32
3 13a O Ph Ph 5 6a 18
4 11b NH o-Cl-Ph Ph 5 6b 74
5 12b NMe o-Cl-Ph Ph 5 6b 24
6 13b O o-Cl-Ph Ph 5 6b 13
7 11c NH m-Cl-Ph Ph 5 6c 71
8 12c NMe m-Cl-Ph Ph 5 6c 38
9 13c O m-Cl-Ph Ph 5 6c 11
10 11d NH p-Cl-Ph Ph 5 6d 81
11 11e NH p-Br-Ph Ph 5 6e 77
12 11f NH p-Me-Ph Ph 5 6f 84
13 11g NH p-OMe-Ph Ph 5 6g 81
14 11h NH p-CN-Ph Ph 5 6h 73
15 11i NH p-NO2-Ph Ph 5 6i 69
16 11j NH m-Cl-Ph H 5 6j 71

Furthermore, we applied this reliable procedure to reactants 11d–j bearing p-Cl-Ph, p-Br-Ph,
p-Me-Ph, p-OMe-Ph, p-CN-Ph, p-NO2-Ph, and m-Cl-Ph at the N-1 position and phenyl and H at C-3
position of pyrazolic ring. Various substituted reactants 11d–j were demonstrated to proceed smoothly.
Both electron-donating and electron-withdrawing substituents were all well-tolerated in good yields
(69–84%, Entries 10–16, Table 1). All of 1,3-diarylpyrazolopyrrolopyridine-6,8-diones 6a–j were fully
characterized by spectroscopic methods. For example, compound 6a presented one singlet at δ 9.41
ppm for pyrazolopyridine ring N=CH–C=C in 1H-NMR and two peaks at δ 153.1 and 155.7 ppm
for pyridazine dione carbon O=C–NH in 13C-NMR spectrum. Its IR absorptions showed peaks at
3161 cm−1 for stretching of the –NH group and at 1014 cm−1 for stretching of the N–N group.

For the further controlled experiment for photoluminescence study, we also tried to prepare a
series of N-aminopyrazolopyrrolopyridine diones 7a–i as the comparison cases (Scheme 2). Treatment
of pyrazolopyrrolopyridine-6,8-diones 11a–i with 5.0 equivalents of hydrazine hydrate in EtOH/H2O
co-solution was performed in an ice-bath to room temperature for 48 h. The corresponding
N-aminopyrazolopyrrolopyridine diones 7a–i were obtained in 71–87% yields and characterized
by spectroscopic methods. For example, compound 7a presented one singlet peak at δ 8.83 ppm
for pyrazolopyridine ring N=CH–C=C in 1H-NMR and two peaks at δ 164.1 and 164.4 ppm for
phthalimide moiety carbon O=C–NH in 13C-NMR spectrum. Its IR absorptions showed peaks at 3172
and 3276 cm−1 for stretching of the –NH2 group and at 1014 cm−1 for stretching of the N–N group.
Due to the structural skeletons being very similar between 6 and 7, the identify method should be our
next future evaluation.
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Scheme 2. The results of N-aminopyrazolopyrrolopyridine diones 7a–i from pyrazolopyrrolopyridine-6,
8-diones 11a–i with hydrazine hydrate.

Luminol (1), compounds 6a and 7a were dissolved in DMSO to prepare a stock solution
(1 × 10−3 M). Then the stock solutions of compounds 6a and 7a were individually diluted to a
concentration of 10 µM in the presence of various solvents such as toluene, THF, ethyl acetate (EA),
CH2Cl2, MeCN, acetone, and DMSO. The standard stock solution of luminol (10 µM) was diluted
in DMSO solution as the standard sample. The UV–Vis absorption and fluorescence emission
spectra of the pyrazolopyridopyridazine dione 6a and N-aminopyrazolopyrrolopyridine dione
7a compounds in the above-mentioned solution of varying polarities were reported in Table 2.
The pyrazolopyridopyridazine dione 6a has better solubility in polar organic solvents, such as
DMSO > THF > acetone, but N-aminopyrazolopyrrolopyridine dione 7a has the solubility only in
highly polar solvents like DMSO. Luminol (1) was also measured and used as the standard sample.
The UV–Vis absorption spectra of the compounds 6a and 7a in all the studied solvents were almost
nearly the same; their absorption property is independent of the solvent polarity (Figure 3 and Table 2).
All these compounds exhibit two highly intense absorption maxima peaks. Among these two, the first
one was a high energy absorption between 253 nm and 286 nm for 6a and 7a probably due to the π−π*
transition of the aryl core [35] while the low energy band between 329 nm and 366 nm is attributed to
the intramolecular charge transfer transition (ICT). However, the rigidity in the structure of compounds
6a and 7a exhibited the stronger blue-shifted absorption (~15 nm) than luminol (1) in DMSO solution,
as shown in Figure 3 and Table 2. In comparison with 6a and 7a, they demonstrated a similar absorption
intensity, and compound 6a has obvious red-shift ~20 nm with respect to 7a.

Table 2. UV-Vis absorption maximum and fluorescence emission peak wavelength of luminol (1),
pyrazolopyridopyridazine dione 6a and N-aminopyrazolopyrrolopyridine dione 7a in the
different solvents.

Compound Solvent λmax/nm of UV-Vis λmax/nm of PL

6a Toluene - 1,366 469
6a THF 271,358 471
6a Ethyl acetate 268, 356 473
6a CH2Cl2 271, 350 483
6a MeCN 268, 351 488
6a Acetone - 1, 353 477
6a DMSO 264, 338 486
7a Toluene 286, 1 ,348 452
7a THF 264, 344 454
7a Ethyl acetate 262, 343 459
7a CH2Cl2 264, 344 471
7a MeCN 261, 329 425, 461
7a Acetone - 1, 338 452
7a DMSO 264, 335 429, 478

Luminol (1) DMSO 350 392
1 It was overlapped with solvent absorption band.
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Figure 3. Photoluminescence spectra of luminol (1), pyrazolopyridopyridazine dione 6a and
N-aminopyrazolopyrrolopyridine dione 7a in the different solvents. (A) Absorption and (B) emission
spectra of luminol (1) and compound 6a. (C) Absorption and (D) emission spectra of compound 7a.

Consequently, we investigated the photoluminescence properties of the compounds 6a and 7a
with luminol (1). For the fluorescence spectra, as shown in Figure 3 and Table 2, both the fluorescence
intensity and the maximal position slightly varied depending on the solvent. Compound 6a displayed
a characteristic emission band of the excitation wavelengths between 400 and 600 nm, and the λmaxs
of PL was ~480 nm with the intense greenish-blue fluorescence in Figures 3 and 4. For compound
7a, it’s emission spectrum was between 350 and 550 nm, and the λmaxs of PL was ~450 nm with the
intense bluish-green fluorescence in Figures 3 and 4. Compounds 6a and 7a exhibited a red-shift
~80 nm or ~60 nm as compared to luminol (1). Therefore, new luminol analogues 6a and 7a were
efficiently conjugate and connect two chromophores (pyrazole and pyridine) to lead to an increase
of aromaticity and provide the greenish-blue or bluish-green fluorescent materials (Table 2 and
Figure 4) [36]. Particularly, the best positive solvatofluorism phenomenon was presented in CH2Cl2
solution. It was also beneficial for the visibility of the naked eye due to the bathochromic (red-shift)
phenomenon from blue color to green (Figure 4).
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Figure 4. Color pictures of the fluorescence of compounds 6a and 7a in various solvents under excitation
at 365 nm.

Moreover, the maximum of fluorescence wavelength and intensity, as shown in Figure 3,
significantly vary with the diluted solvent. Further, we surprisingly observed the more significant
solvent effect on compound 6a when compared with compound 7a. As shown in Figure 3, similar
fluorescence spectra but a significant difference in intensity (∼6 times) were observed in varying
solvents. Of note, it was interesting that toluene, THF, EA, and CH2Cl2 had differences in their polarity
(toluene: 0.099, THF: 0.207, EA: 0.228, CH2Cl2: 0.309, with respect to the reference polarity of DMSO:
0.444) [37,38]. However, for the above solvents, we observed a strong intensity, in comparison to that
for protic or/and polar solvent (DMSO). The intensities of fluorescence bands were reversed in protic
or/and polar solvents. Therefore, the solvent polarity modulation of fluorescence was quite interesting.
It was well studied that amide tautomer of pyrazolopyridopyridazine dione 6a was efficiently produced
in toluene, THF, EA, and CH2Cl2 solvents [39–44]. In alcoholic (protic) and DMSO solvent, there exists
competition between intermolecular bonding of the nearest hydrogen with the hydroxyimine tautomer
of 6-hydroxypyrazolopyridopyridazin-9-one 6a. Therefore, different intensities of behavior were
observed in different polarity solutions. On the other hand, the different fluorescence intensity between
structural isomers 6a and 7a was also observed [45]. The aromaticity of compound 6a possessed
the bathochromic shift of fluorescence maximum λmax by 12 nm and ∼4 times significant intensity
in CH2Cl2 solution when compared with compound 7a (Table 2 and Figure 3) [46]. However, the
intramolecular and intermolecular hydrogen bondings between the amino and carbonyl groups of
N-aminopyrazolopyrrolopyridine dione 7a were formed to lead to the poor intensity in solution.

For further investigation of substituent efficiency of compounds 6 and 7 in photoluminescence
properties, we synthesized a series of pyrazolopyridopyridazine diones 6a–j and N-aminopyrazolo
pyrrolopyridine diones 7a–i bearing various substituents including o-, m- and p-Cl, p-Br, p-Me, p-OMe,
p-CN, and p-NO2 groups in N1-phenyl ring of pyrazole moiety. Generally, most of the substituents
such as o-, m- and p-Cl, p-Br, p-Me, and p-CN in N1-phenyl of pyrazolic ring of compounds 6 possessed
the blue-shift phenomenon range ~10 to 30 nm with significant fluorescence intensity when compared
with compound 6a, particularly for 6c with meta-chloro group (Figure 5). For compounds 6g and 6i
with the strong electron-donating (p-OMe) or electron-withdrawing groups (p-NO2), they exhibited
negative photoluminescence properties (Figure 5). While we modified the skeletal structure of
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pyrazolopyridopyridazine dione 6j, in which Ph-group was replaced to H atom on C-3 position of
pyrazolic ring, the blue-shift phenomenon was remarkably observed in photoluminescence spectra.
Additionally, the fluorescence intensity of 6j was significantly promoted about 2.3 times in comparison
with compound 6a (Figure 5). Based on the result of the substituent study, we conceived that compound
6j was an effective substrate that possessed suitable conjugation conformation without the torsion
effect to facilitate the photoluminescence properties [26]. For compounds 7a–i bearing the above
various substituents, they provided the weak fluorescence intensity [45] and possessed the blue-shift
phenomenon when compared with 7a, except for 7c with m-chloro group and 7h with p-CN group
(Figure 6). Generally, compounds 7a–i were the inappropriate photoluminescent substrates [45].

 

  

μ

μ

Figure 5. Photoluminescence spectra of pyrazolopyridopyridazine diones 6a–j dissolved in DMSO to
prepare a stock solution (1.0 mM). Then the stock solutions were diluted with CH2Cl2 to a concentration
of 10 µM. (A) Absorption and (B) emission spectra of compounds 6a–j.
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Figure 6. Photoluminescence spectra of N-aminopyrazolopyrrolopyridine diones 7a–i dissolved in
DMSO to prepare a stock solution (1.0 mM). Then the stock solutions were diluted with CH2Cl2 to a
concentration of 10 µM. (A) Absorption and (B) emission spectra of compounds 7a–i.

The quantum yields (Φf) of luminol (1) and pyrazolopyridopyridazine diones 6a, 6c, and 6j
were measured in the CH2Cl2 solution using quinine sulfate in 0.05M H2SO4 (Φf = 0.60) as the
standard (excitation wavelength 350 nm) [47,48]. The quantum yields (Φf) values of luminol (1)
and pyrazolopyridopyridazine diones 6a, 6c, and 6j were estimated as 0.175, 0.056, 0.067, and 0.140
in CH2Cl2 solution, respectively, indicating that the Φf value of 6j was similar to that of luminol
(1, Table 3). Moreover, we also investigated the quantum yields of 6j in various solvents by using
the same condition. The estimated values order trendy was as 0.218 (THF) > 0.209 (Toluene) > 0.140
(CH2Cl2) > 0.083 (acetone) > 0.049 (EA), indicating THF provided the largest Φf value among them
(Table 3). On the other hand, most of the quantum yields (Φf) pyrazolopyridopyridazine diones 6a–i in
CH2Cl2 solution were predicted to be an almost identical value (ca. 0.05–0.06). Interestingly, the high

142



Molecules 2020, 25, 2409

Φf value of 6j was obtained and possibly caused by a particular improvement in the planar skeletal
conformation (Table 3 and Figure 7).

Table 3. Quantum yields of fluorescence of luminol (1) and pyrazolopyridopyridazine diones 6a, 6c,
and 6j.

Compound Solvent λfl
1/nm Φf

2

6a CH2Cl2 481 0.056
6c CH2Cl2 472 0.067
6j CH2Cl2 450 0.140
6j THF 435 0.218
6j Toluene 438 0.209
6j Acetone 437 0.083
6j Ethyl acetate 437 0.049

Luminol (1) CH2Cl2 399 0.175
1 Fluorescence maximum wavelength (λfl). 2

Φf: Fluorescence quantum efficiency, relative to quinine sulfate
(Φf = 0.60).
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Figure 7. Normalized fluorescence spectra of luminol and pyrazolopyridopyridazine diones 6a, 6c,
and 6j in the CH2Cl2 solution (excitation wavelength 350 nm).

3. Experimental Section

3.1. General Information

All reagents were used as obtained commercially. All reactions were carried out under
argon or nitrogen atmosphere and monitored by thin-layer chromatography (TLC). Flash column
chromatography was carried out on silica gel (230–400 mesh). Analytical thin-layer chromatography
was performed using pre-coated plates (silica gel 60 F-254) purchased from Merck Inc. Flash column
chromatography purification was carried out by gradient elution using n-hexane in ethyl acetate
(EtOAc) unless otherwise stated. 1H-NMR was recorded at 400, 500, or 600 MHz and 13C-NMR recorded
at 100, 125, or 150 MHz, respectively, in DMSO-d6 as the solvent. The standard abbreviations s, d, t, q,
and m refer to the singlet, doublet, triplet, quartet, and multiplet, respectively. Coupling constant (J),
whenever discernible, have been reported in Hz. Infrared spectra (IR) were recorded as neat solutions
or solids; mass spectra were recorded using electron impact or electrospray ionization techniques.
The wavenumbers reported are referenced to the polystyrene 1601 cm−1 absorption. ESI-MS analyses
were performed on an Applied Biosystems API 300 mass spectrometer. High-resolution mass spectra
(HRMS) were recorded on a JEOL JMS-HX110 mass spectrometer with an electron ionization (EI)
source The UV-visible absorption and emission spectra were performed on a Perkin-Elmer Lambda 265
and Perkin-Elmer LS50B, a fused quartz cuvette (10 mm × 10 mm) at room temperature, respectively.
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Quantum yields were obtained by using quinine sulfate (0.60 in 0.05 M H2SO4) as a reference.
Stock solutions (1 × 10−3 M) of luminol (1), compounds of 6a–j and 7a–i were prepared in dimethyl
sulfoxide (DMSO).

3.2. Standard Procedure for Synthesis of Pyrazolopyridopyridazine Diones 6a–j

The reliable procedure involved the treatment of 1,3-diarylpyrazolopyrrolopyridine-6,8-diones
(11a–j), 1,3-diaryl-7-methylpyrazolopyrrolopyridine-6,8-diones (12a–c) 1,3-diarylfuropyrazolopyridine-6,
8-diones (13a–c, 1.0 equiv.) with hydrazine monohydrate (~40 equiv.) in neat solution at reflux for 5 h.
When the reaction was completed, the reaction mixture was added to water (10 mL) for precipitation.
The precipitate was filtered, washed with cold water (10 mL), and n-hexane/EA (1/2, 15 mL) to give the
corresponding crude pyrazolopyridopyridazine diones 6a–j. The crude desired products 6a–j were
recrystallized in acetone/THF (1/4) solution to obtain the pure pyrazolopyridopyridazine diones 6a–j
in 11–84% yields. The low solubility of the compounds 6a–j made the 13C-NMR characterization of
quaternary and carbonyl carbons of these substrates unclear [25,26].

1,3-Diphenyl-7,8-dihydro-3H-pyrazolo[4′,3′:5,6]pyrido[3,4-d]pyridazine-6,9-dione (6a), Light yellow
solid; yield: 84%; mp 292–295 ◦C. 1H-NMR (DMSO-d6, 600 MHz) δ 7.43–7.47 (m, 4H, ArH), 7.60–7.64
(m, 4H, ArH), 8.20 (d, J = 7.9 Hz, 2H, ArH), 9.43 (s, 1H, ArH), 10.20 (br, 1H, NH); 13C{1H} NMR
(DMSO-d6, 150 MHz) δ 109.55, 122.46 (2 × CH), 126.67, 127.16, 127.78, 129.26 (2 × CH + 2 × CH), 130.21
(2 × CH + CH), 134.99, 138.16, 147.54, 149.49, 151.35, 153.28, 155.21; FT-IR (KBr) v: 3161, 3033, 2907,
1662, 1584, 1499, 1414, 1356, 1306, 906 cm−1; MS (EI) m/z (relative intensity): 356 (24), 355 (M+, 100), 354
(27), 270 (24), 269 (12), 268 (12), 77 (39); HRMS (EI) m/z: [M]+ Calcd for C20H13N5O2: 355.1069; found:
355.1065.

3-(2-Chlorophenyl)-1-phenyl-7,8-dihydro-3H-pyrazolo[4′,3′:5,6]pyrido[3,4-d]pyridazine-6,9-dione (6b),
Yellow-brown solid; yield: 74%; mp 332–335 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 7.40 (br, 3H, ArH),
7.60–7.61 (m, 2H, ArH), 7.63 (d, J = 7.5 Hz, 1H, ArH), 7.67 (t, J = 7.5 Hz, 1H, ArH), 7.79–7.80 (m, 2H,
ArH), 9.35 (s, 1H, ArH); 13C{1H} NMR (DMSO-d6, 125 MHz) δ 109.33, 124.53, 126.66, 127.77, 128.01,
128.18, 128.45, 130.23 (2 × CH), 130.30, 130.47, 131.33, 131.36, 134.73, 134.94, 147.84, 149.81, 152.65,
155.49, 156.94; FT-IR (KBr) v: 3427, 3281, 3060, 2921, 1621, 1561, 1508, 1430, 1351, 905 cm−1; MS (EI) m/z

(relative intensity): 391 (M+ + 2, 29), 390 (22), 389 (M+, 100), 355 (12), 354 (52), 304 (15), 268 (17), 111
(13), 77 (44); HRMS (EI) m/z: [M]+ Calcd for C20H12ClN5O2: 389.0680; found: 389.0678.

3-(3-Chlorophenyl)-1-phenyl-7,8-dihydro-3H-pyrazolo[4′,3′:5,6]pyrido[3,4-d]pyridazine-6,9-dione (6c),
Yellow solid; yield: 71%; mp 228–229 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 7.42–7.43 (m, 3H, ArH), 7.50
(d, J = 6.7 Hz, 1H, ArH), 7.60 (d, J = 5.2 Hz, 2H, ArH), 7.64 (t, J = 8.0 Hz, 1H, ArH), 8.26 (d, J = 8.0 Hz,
1H, ArH), 8.34 (s, 1H, ArH), 9.44 (s, 1H, ArH), 12.06 (br, 1H, NH); 13C{1H} NMR (DMSO-d6, 125 MHz)
δ 107.59, 119.56, 120.40, 121.43, 126.72 (3 × CH), 127.93, 130.14 (2 × CH + 1 × C), 130.99, 133.49, 134.67,
139.34, 148.03, 149.66, 151.53, 155.16, 157.57; FT-IR (KBr) v: 3453, 3344, 3296, 1651, 1595, 1483 cm−1; MS
(EI) m/z (relative intensity): 391 (M+ + 2, 33), 390 (27), 389 (M+, 100), 388 (14), 304 (14), 111 (11), 77 (17);
HRMS (EI) m/z: [M]+ Calcd for C20H12ClN5O2: 389.0680; found: 389.0686.

3-(4-Chlorophenyl)-1-phenyl-7,8-dihydro-3H-pyrazolo[4′,3′:5,6]pyrido[3,4-d]pyridazine-6,9-dione (6d),
Light yellow solid; yield: 81%; mp 339–341 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 7.40–7.41 (m, 3H,
ArH), 7.58–7.60 (m, 2H, ArH), 7.68 (d, J = 8.9 Hz, 2H, ArH), 8.29 (d, J = 8.9 Hz, 2H, ArH), 9.41 (s, 1H,
ArH); 13C{1H} NMR (DMSO-d6, 125 MHz) δ 107.56, 123.52 (2 × CH), 126.60 (2 × CH), 126.64, 127.77,
127.82, 129.23 (2 × CH), 130.18 (2 × CH), 131.06, 134.89, 137.12, 147.88, 149.80, 151.35, 156.76, 157.30;
FT-IR (KBr) v: 3345, 3206, 1656, 1494, 1446, 1307, 1094, 902 cm−1; MS (EI) m/z (relative intensity): 391
(M+ + 2, 36), 390 (31), 389 (M+, 100), 388 (20), 354 (12), 304 (19), 268 (11), 111 (15), 77 (24); HRMS (EI)
m/z: [M]+ Calcd for C20H12ClN5O2: 389.0680; found: 389.0687.
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3-(4-Bromophenyl)-1-phenyl-7,8-dihydro-3H-pyrazolo[4′,3′:5,6]pyrido[3,4-d]pyridazine-6,9-dione (6e),
Light yellow solid; yield: 77%;mp 337–339 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 7.40–7.41 (m, 3H,
ArH), 7.59 (d, J = 5.5 Hz, 2H, ArH), 7.82 (d, J = 9.0 Hz, 2H, ArH), 8.25 (d, J = 9.0 Hz, 2H, ArH), 9.42
(s, 1H, ArH); 13C{1H} NMR (DMSO-d6, 125 MHz) δ 107.67, 119.42, 123.81 (2 × CH), 126.64 (2 × CH),
127.82, 130.16 (2 × CH + C), 132.16 (2 × CH + C), 134.88, 137.56, 147.92, 149.78, 151.36, 157.59, 159.25;
FT-IR (KBr) v: 3435, 3345, 3266, 1655, 1536, 1492, 1443, 1307, 1094, 916, 902 cm−1; MS (EI) m/z (relative
intensity): 436 (24), 435 (M+ + 2, 98), 434 (39), 433 (M+, 100), 432 (14), 354 (11), 350 (11), 348 (12), 268
(14), 77 (26); HRMS (EI) m/z: [M]+ Calcd for C20H12BrN5O2: 433.0174; found: 433.0171.

1-Phenyl-3-(p-tolyl)-7,8-dihydro-3H-pyrazolo[4′,3′:5,6]pyrido[3,4-d]pyridazine-6,9-dione (6f), Light yellow
solid; yield: 84%; mp 346–348 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 2.40 (s, 3H, CH3), 7.39–7.42 (m, 5H,
ArH), 7.58–7.60 (m, 2H, ArH), 8.07 (d, J = 8.4 Hz, 2H, ArH), 9.39 (s, 1H, ArH); 13C{1H} NMR (DMSO-d6,
125 MHz) δ 20.61, 106.97, 118.99, 122.32 (2 × CH), 126.60 (2 × CH), 127.68, 128.86, 129.60 (2 × CH),
130.21 (2 × CH), 135.09, 135.83, 136.55, 147.26, 149.35, 151.18, 152.87, 155.65; FT-IR (KBr) v: 3436, 3345,
3206, 2919, 1656, 1534, 1514, 1480, 1453, 1310, 1096, 903 cm−1; MS (EI) m/z (relative intensity): 370 (25),
369 (M+, 100), 368 (16), 354 (14), 284 (18), 91 (15), 77 (19); HRMS (EI) m/z: [M]+ Calcd for C21H15N5O2:
369.1226; found: 369.1216.

3-(4-Methoxyphenyl)-1-phenyl-7,8-dihydro-3H-pyrazolo[4′,3′:5,6]pyrido[3,4-d]pyridazine-6,9-dione (6g),
Deep yellow solid; yield: 81%; mp 311–313 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 3.85 (s, 3H, OCH3),
7.17 (d, J = 11.2 Hz, 2H, ArH), 7.43 (s, 3H, ArH), 7.58–7.60 (m, 2H, ArH), 8.03 (d, J = 11.2 Hz, 2H, ArH),
9.38 (s, 1H, ArH); 13C{1H} NMR (DMSO-d6, 125 MHz) δ 55.49, 106.64, 114.38 (2 × CH), 115.59, 124.31
(2 × CH), 124.60, 126.71 (2 × CH), 127.77, 130.23 (2 × CH), 131.18, 135.03, 147.01, 149.17, 151.12, 152.63,
156.80, 158.33; FT-IR (KBr) v: 3435, 3226, 3065, 2886, 1650, 1590, 1535, 1516, 1441, 1362, 1252, 1170,
905 cm−1; MS (EI) m/z (relative intensity): 386 (24), 385 (M+, 100), 370 (13), 77 (18); HRMS (EI) m/z:
[M]+ Calcd for C21H15N5O3: 385.1175; found: 385.1180.

3-(4-Cyanophenyl)-1-phenyl-7,8-dihydro-3H-pyrazolo[4′,3′:5,6]pyrido[3,4-d]pyridazine-6,9-dione (6h),
Yellow solid; yield: 73%; mp 344–347 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 7.43–7.44 (m, 3H, ArH),
7.60–7.61 (m, 2H, ArH), 8.08 (d, J = 6.6 Hz, 2H, ArH), 8.56 (d, J = 6.6 Hz, 2H, ArH), 9.45 (s, 1H, ArH);
13C{1H} NMR (DMSO-d6, 125 MHz) δ 108.84, 118.51, 121.39, 121.70 (2 × CH), 126.74 (2 × CH), 128.07,
128.63, 130.08 (2 × CH), 130.15, 133.62 (2 × CH), 134.51, 141.67, 148.75, 149.75, 151.87, 155.15, 156.71;
FT-IR (KBr) v: 3397, 3284, 3056, 2228, 1606, 1569, 1516, 1430, 1400, 1317, 905 cm−1; MS (EI) m/z (relative
intensity): 381 (26), 380 (M+, 100), 379 (23), 295 (17), 102 (13), 77(29); HRMS (EI) m/z: [M]+ Calcd for
C21H12N6O2: 380.1022; found: 380.1030.

3-(4-Nitrophenyl)-1-phenyl-7,8-dihydro-3H-pyrazolo[4′,3′:5,6]pyrido[3,4-d]pyridazine-6,9-dione (6i),
Yellow solid; yield: 69%; mp 340–342 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 7.41–7.44 (m, 3H, ArH),
7.61 (d, J = 6.3 Hz, 2H, ArH), 8.48 (d, J = 8.3 Hz, 2H, ArH), 8.67 (d, J = 8.3 Hz, 2H, ArH), 9.47 (s, 1H,
ArH), 12.11 (br, 1H, NH); 13C{1H} NMR (DMSO-d6, 125 MHz) δ 113.65, 121.61 (2 × CH), 124.52, 125.13
(2 × CH), 126.85 (2 × CH), 128.22, 130.12 (2 × CH), 130.27, 134.47, 143.27, 145.04, 149.17, 149.92, 152.09,
154.07, 158.18; FT-IR (KBr) v: 3435, 1637, 1596, 1522, 1341, 1112, 905 cm−1; MS (EI) m/z(relative intensity):
401 (23), 400 (M+, 100), 370 (22), 315 (11), 77(19); HRMS (EI) m/z: [M]+ Calcd for For C20H12N6O4:
400.0920; found: 400.0919.

3-(3-Chlorophenyl)-7,8-dihydro-3H-pyrazolo[4′,3′:5,6]pyrido[3,4-d]pyridazine-6,9-dione (6j), Light yellow
solid; yield: 71%; mp 351–352 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 7.51 (d, J = 8.03 Hz, 1H, ArH), 7.66
(t, J = 8.0 Hz, 1H, ArH), 8.28 (d, J = 8.0 Hz, 1H, ArH), 8.39 (s, 1H, ArH), 8.88 (s, 1H, ArH), 9.40 (s, 1H,
ArH), 10.20 (br, 1H, NH); 13C{1H} NMR (DMSO-d6, 125 MHz) δ 109.53, 119.80, 120.84, 126.68 (2 × C),
131.14 (CH + C), 133.57, 136.04, 139.62, 149.36, 150.78, 152.47, 155.87; FT-IR (KBr) v: 3433, 3294, 3168,
2974, 1639, 1594, 1568, 1487, 1448, 1274, 1218, 1125 cm−1; MS (EI) m/z (relative intensity): 315 (M+ + 2, 35),
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314 (28), 313 (M+, 100), 278 (12), 255 (13), 227 (21), 111(12), 75 (11); HRMS (EI) m/z: [M]+ Calcd for
C14H8ClN5O2: 313.0367; found: 313.0367.

3.3. Standard Procedure for Synthesis of N-Aminopyrazolopyrrolopyridine Diones (7a–i)

The reliable procedure involved the treatment of 1,3-diarylpyrazolopyrrolopyridine-6,8-diones
(11a–i, 1.0 equiv.) with hydrazine monohydrate (~5.0 equiv.) in EtOH/H2O (2.0 mL/2.0 mL) in
ice-bath to room temperature within 48 h. When the reaction was completed, the reaction mixture
was added to water (10 mL) for precipitation. The precipitate was filtered, washed with cold water
(10 mL) and n-hexane/EA (1/2, 15 mL) to give the corresponding crude N-aminophthalimides 7a–i.
The crude desired products 7a–i were recrystallized in acetone/THF (1/4) solution to obtain the pure
N-aminophthalimides 7a–i in 71–87 % yields [31,32].

7-Amino-1,3-diphenylpyrazolo[3,4-b]pyrrolo[3,4-d]pyridine-6,8-(3H,7H)-dione (7a), White solid; yield:
83%; mp 217–219 ◦C; 1H-NMR (DMSO-d6, 400 MHz) δ 4.55 (br, 2H, NH2), 7.42 (t, J = 7.5 Hz, 1H, ArH),
7.49–7.55 (m, 3H, ArH), 7.60–7.65 (m, 4H, ArH), 8.25 (d, J = 8.1 Hz, 2H, ArH), 8.82 (s, 1 H, ArH); 13C{1H}
NMR (DMSO-d6, 100 MHz) δ 111.65, 121.43 (2 × CH), 123.37, 126.80, 128.27 (2 × CH), 128.58 (2 × CH),
128.96, 129.41 (2 × CH), 132.04, 138.44, 139.23, 146.02, 148.82, 150.61, 164.18, 164.49; FT-IR (KBr) v: 3275,
3208, 3172, 3035, 1633.0, 1572, 1518.7, 1501 cm−1; MS (EI) m/z (relative intensity): 356 (20), 355 (M+, 100),
354 (18), 270 (13), 77.0(18); HRMS (EI) m/z: [M]+ Calcd for C20H13N5O2: 355.1069; found: 355.1060.

7-Amino-3-(2-chlorophenyl)-1-phenylpyrazolo[3,4-b]pyrrolo[3,4-d]pyridine-6,8-(3H,7H)-dione (7b),
Yellow solid; yield: 71%; mp 165–166 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 4.52 (br, 2H, NH2), 7.48 (d,
J = 7.0 Hz, 1H, ArH), 7.52 (d, J = 7.1 Hz, 2H, ArH), 7.60–7.68 (m, 4H, ArH), 7.74 (d, J = 7.7 Hz, 1H,
ArH), 7.79 (d, J =7.7 Hz, 1H, ArH), 8.71 (s, 1H, ArH); 13C{1H} NMR (DMSO-d6, 125 MHz) δ 108.50,
122.16, 122.88, 123.33, 127.72 (2 × CH), 129.27 (3 × CH), 129.72 (2 × CH), 131.26, 131.46, 136.60, 136.98,
143.86, 145.72, 153.20, 166.81, 168.47; FT-IR (KBr) v: 3337, 3296, 2952, 2920, 1778, 1740, 1498, 1375, 1315,
1014 cm−1; MS (EI) m/z (relative intensity): 391 (M+ + 2, 32), 390 (22), 389 (M+, 100), 355 (18), 354 (90),
304 (12), 268 (11), 77 (18); HRMS (EI) m/z: [M]+ Calcd for C20H12ClN5O2: 389.0680; found: 389.0672.

7-Amino-3-(3-chlorophenyl)-1-phenylpyrazolo[3,4-b]pyrrolo[3,4-d]pyridine-6,8-(3H,7H)-dione (7c),
Yellow solid; yield: 73%; mp 173–175 ◦C; 1H-NMR (DMSO-d6, 400 MHz) δ 4.55 (br, 2H, NH2), 7.47–7.54
(m, 4H, ArH), 7.64–7.67 (m, 3H, ArH), 8.31 (d, J = 8.9 Hz, 1H, ArH), 8.42 (s, 1H, ArH), 8.86 (s, 1H, ArH);
13C{1H} NMR (DMSO-d6, 100 MHz) δ 112.05, 119.33, 120.34, 123.72, 126.32, 128.28 (2 × CH), 128.57
(2 × CH), 129.11, 131.21, 131.73, 133.65, 139.41, 139.64, 146.61, 148.98, 150.72, 163.96, 164.33; FT-IR
(KBr) v: 3264, 3168, 3034, 1649, 1614, 1595, 1488, 1431, 1300, 803 cm−1; MS (EI) m/z (relative intensity):
391 (M+ + 2, 33), 390 (24), 389 (M+, 100), 374 (13), 304 (11), 77 (14); HRMS (EI) m/z: [M]+ Calcd for
C20H12ClN5O2: 389.0680; found: 389.0688.

7-Amino-3-(4-chlorophenyl)-1-phenylpyrazolo[3,4-b]pyrrolo[3,4-d]pyridine-6,8-(3H,7H)-dione (7d),
Light yellow solid; yield: 81%; mp 226–227 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 4.55 (br, 2H, NH2),
7.48–7.55 (m, 3H, ArH), 7.64 (d, J = 7.6 Hz, 2H, ArH), 7.69 (d, J = 8.4 Hz, 2H, ArH), 8.35 (d, J = 8.4 Hz,
2H, ArH), 8.84 (s, 1 H, ArH); 13C{1H} NMR (DMSO-d6, 125 MHz) δ 111.85, 122.54 (2 × CH), 123.55,
128.24 (2 × CH), 128.53 (2 × CH), 129.03, 129.36 (2 × CH), 130.67, 131.81, 137.31, 139.34, 146.35, 148.88,
150.57, 163.99, 164.34; FT-IR (KBr) v: 3275, 3207, 3170, 1633, 1499, 828 cm−1; MS (EI) m/z (relative
intensity): 391 (M+ + 2, 34), 390 (28), 389 (M+, 100), 388 (15), 304 (12), 77 (13); HRMS (EI) m/z: [M]+

Calcd for C20H12ClN5O2: 389.0680; found: 389.0686.

7-Amino-3-(4-bromophenyl)-1-phenylpyrazolo[3,4-b]pyrrolo[3,4-d]pyridine-6,8-(3H,7H)-dione (7e),
Yellow solid; yield: 79%; mp 235–239 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 4.55 (br, 2H, NH2), 7.49–7.55
(m, 3H, ArH), 7.64 (d, J = 6.9 Hz, 2H, ArH), 7.82 (d, J = 8.7 Hz, 2H, ArH), 8.29 (d, J = 8.7 Hz, 2H, ArH),
8.84 (s, 1 H, ArH); 13C{1H} NMR (DMSO-d6, 125 MHz) δ 111.91, 118.95, 122.81 (2 × CH), 123.55, 128.25
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(2 × CH), 128.54 (2 × CH), 129.04, 131.80, 132.28 (2 × CH), 137.75, 139.33, 146.40, 148.90, 150.59, 164.00,
164.35; FT-IR (KBr) v: 3275, 3208, 3170, 3071, 3037, 1632, 1495, 826 cm−1; MS (EI) m/z (relative intensity):
436 (22), 435 (M+ + 2, 100), 354 (33), 433 (M+, 99), 432 (12), 420 (19), 419 (11), 418 (19), 354 (11), 350 (10),
348 (11), 268 (17), 77 (26); HRMS (EI) m/z: [M]+ Calcd for C20H12BrN5O2: 433.0174; found: 433.0171.

7-Amino-1-phenyl-3-(p-tolyl)pyrazolo[3,4-b]pyrrolo[3,4-d]pyridine-6,8-(3H,7H)-dione (7f), Yellow solid;
yield: 86%; mp 232–233 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 2.40 (s, 3H, CH3), 4.55 (br, 2H, NH2), 7.42
(d, J = 8.0 Hz, 2H, ArH), 7.49 (d, J = 7.3 Hz, 1H, ArH), 7.52 (t, J = 7.3 Hz, 2H, ArH), 7.64 (d, J = 7.3
Hz, 2H, ArH), 8.12 (d, J = 8.0 Hz, 2H ArH), 8.81 (s, 1H, ArH); 13C{1H} NMR (DMSO-d6, 125 MHz)
δ 20.63, 111.44, 121.35(2 × CH), 123.18, 128.21 (2 × CH), 128.54 (2 × CH), 128.85, 129.73 (2 × CH), 132.09,
136.06, 136.18, 139.13, 145.69, 148.72, 150.44, 164.20, 164.50; FT-IR (KBr) v: 3276, 3209, 3171, 3032, 1634,
1517 cm−1; MS (EI) m/z (relative intensity): 370 (25), 369 (M+, 100), 368 (13), 354 (21), 284 (12), 207 (10),
91.1(11), 77.1(13); HRMS (EI) m/z: [M]+ Calcd for C21H15N5O2: 369.1226; found: 369.1231.

7-Amino-3-(4-methoxyphenyl)-1-phenylpyrazolo[3,4-b]pyrrolo[3,4-d]pyridine-6,8-(3H,7H)-dione (7g),
Yellow solid; yield: 87%; mp 331–332 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 3.83 (s, 3H, OCH3), 4.53 (br,
2H, NH2), 7.17 (d, J = 8.7 Hz, 2H, ArH), 7.48–7.53 (m, 3H, ArH), 7.62 (d, J = 7.1 Hz, 2H, ArH), 8.06 (d,
J = 8.7 Hz, 2H, ArH), 8.78 (s, 1H, ArH); 13C{1H} NMR (DMSO-d6, 125 MHz) δ 55.64, 111.24, 114.62
(2 × CH), 123.14, 123.51 (2 × CH), 128.37 (2 × CH), 128.65 (2 × CH), 128.97, 131.60, 132.25, 139.14, 145.54,
148.83, 150.44, 158.16, 164.43, 164.73; FT-IR (KBr) v: 3215, 3066, 3004, 2963, 2935, 2837, 1639, 1577, 1516,
1462, 1443, 1252 cm−1; MS (EI) m/z (relative intensity): 386 (21), 385 (M+, 100), 370 (14), 77.0(10); HRMS
(EI) m/z: [M]+ Calcd for C21H15N5O3: 385.1175; found: 385.1182.

7-Amino-3-(4-cyanophenyl)-1-phenylpyrazolo[3,4-b]pyrrolo[3,4-d]pyridine-6,8-(3H,7H)-dione (7h),
Yellow solid; yield: 73%; mp 333–335 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 4.55 (br, 2H, NH2), 7.50–7.55
(m, 3H, ArH), 7.65 (d, J = 7.1 Hz, 2H, ArH), 8.09 (d, J = 8.5 Hz, 2H, ArH), 8.61 (d, J = 8.5 Hz, 2H, ArH),
8.87 (s, 1 H, ArH); 13C{1H} NMR (DMSO-d6, 125 MHz) δ 108.41, 112.58, 118.68, 120.75 (2 × CH), 124.12,
128.35 (2 × CH), 128.59 (2 × CH), 129.33, 131.55, 133.84 (2 × CH), 139.53, 141.99, 147.47, 149.11, 151.12,
163.83, 164.27; FT-IR (KBr) v: 3330, 3274, 2227, 1665, 1635, 1607, 1518, 1409, 1255, 844 cm−1; MS (EI) m/z

(relative intensity): 381 (22), 380 (M+, 100), 379 (18), 295 (13), 77(14); HRMS (EI) m/z: [M]+ Calcd for
C21H12N6O2: 380.1022; found: 380.1023.

7-Amino-3-(4-nitrophenyl)-1-phenylpyrazolo[3,4-b]pyrrolo[3,4-d]pyridine-6,8-(3H,7H)-dione (7i), Yellow
solid; yield: 74%; mp 281–282 ◦C; 1H-NMR (DMSO-d6, 500 MHz) δ 7.53–7.57 (m, 3H, ArH), 7.93 (d,
J = 6.5 Hz, 2H, ArH), 8.48 (d, J = 9.2 Hz, 2H, ArH), 8.67 (d, J = 9.2 Hz, 2H, ArH), 9.19 (s, 1H, ArH);
13C{1H} NMR (DMSO-d6, 125 MHz) δ 109.57, 121.41 (2 × CH), 123.52, 125.21 (2 × CH), 127.91 (2 × CH),
129.73, 129.90 (2 × CH), 131.21, 136.89, 143.24, 144.26, 145.12, 147.11, 153.90, 166.71, 168.43; FT-IR (KBr)
v: 3190, 3120, 3064, 1595, 1500, 1341, 1112, 857 cm−1; MS (EI) m/z (relative intensity): 400 (M+, 4), 386
(26), 385 (100), 338 (13), 236 (10), 77 (13); HRMS (EI) m/z: [M]+ Calcd for C20H12N6O4: 400.0920; found:
400.0925.

3.4. Determination of the Fluorescence Quantum Yield

The fluorescence quantum yield Φx was determined through the comparative method. The quinine
sulfate (Φst = 0.60, λex= 350 nm) in H2SO4 0.05 M was used as the standard, and it was calculated by
following equation [48]:

Φx/Φst = [Ast/Ax] [nx
2/nst

2] [Dx/Dst], (1)

where st: standard; x: sample; Φ: quantum yield; A: absorbance at the excitation wavelength; D: area
under the fluorescence spectra on an energy scale; n: the refractive index of the solution. In the process
of detection, the absorbance should be controlled and lower than 0.1.
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4. Conclusions

Pyrazolopyridopyridazine diones 6 and N-aminopyrazolopyrrolopyridine diones 7 can be
prepared in three synthesis methods from 1,3-diarylpyrazolopyrrolopyridine-6,8-diones, 1,3-diaryl-
7-methylpyrazolopyrrolopyridine-6,8-diones, or 1,3-diarylfuropyrazolopyridine-6,8-diones with
hydrazine monohydrate. Based on the experimental results, 1,3-diarylpyrazolopyrrolopyridine-6,
8-diones were conceived as the best reactive starting materials. Furthermore, compounds 6 and 7
were also selectively synthesized under kinetic and thermodynamic control reactions. For the further
photoluminescence, solvatofluorism, and quantum yield (Φf) studies, pyrazolopyridopyridazine diones
6 generally exhibited the stronger fluorescence intensity and possessed the significant substituent effect,
particularly for 6c with a m-chloro group. On the other hand, the best Φf value of 6j was obtained
(Φf = 0.140) and similar to luminol (1, Φf = 0.175), possibly caused by the planar skeletal conformation.
Based on the above photoluminescence studies, we also found that the efficient introduction of
the pyrazole and pyridine chromophores led to an increase in the conjugation and aromaticity of
compounds 6 and 7 when compared with the standard luminol.

Supplementary Materials: The following are available online, copies of 1H and 13C-NMR spectra of compounds
6a–6j and 7a–7i.
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Abstract: Pyrazolo[1,5-a]pyrimidine (PP) derivatives are an enormous family of N-heterocyclic
compounds that possess a high impact in medicinal chemistry and have attracted a great deal of
attention in material science recently due to their significant photophysical properties. Consequently,
various researchers have developed different synthesis pathways for the preparation and post-
functionalization of this functional scaffold. These transformations improve the structural diversity
and allow a synergic effect between new synthetic routes and the possible applications of these
compounds. This contribution focuses on an overview of the current advances (2015–2021) in the
synthesis and functionalization of diverse pyrazolo[1,5-a]pyrimidines. Moreover, the discussion
highlights their anticancer potential and enzymatic inhibitory activity, which hopefully could lead to
new rational and efficient designs of drugs bearing the pyrazolo[1,5-a]pyrimidine core.

Keywords: antitumor scaffold; enzymatic inhibitory; N-heterocyclic compounds; organic synthesis;
pyrazolo[1,5-a]pyrimidine; functionalization

1. Introduction

Pyrazolo [1,5-a]pyrimidine (PP) structural motif is a fused, rigid, and planar N-
heterocyclic system that contains both pyrazole and pyrimidine rings [1]. This fused
pyrazole is a privileged scaffold for combinatorial library design and drug discovery be-
cause its great synthetic versatility permits structural modifications throughout its periph-
ery. The PP derivatives synthesis has been widely studied; thus, various reviews related
to the obtention and later derivatization steps have been described in the literature [2–5],
after the first critical review involving this attractive scaffold [6] (Figure 1).

Figure 1. Pyrazolo[1,5-a]pyrimidine with (a) the constituent rings and (b) the modified periphery in
accordance with the retrosynthetic analysis.
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Despite those reports, the synthetic transformations involving this motif still repre-
sent a research priority regarding the process efficiency, environmental impact, and the
study of its multiple applications. These reports should address protocols that aim to
minimize synthesis pathways, employ cheap reagents and develop processes that prevent
or reduce waste production. Usually, PP derivative synthesis involves the pyrimidine ring
construction via the interaction of NH-3-aminopyrazoles with different 1,3-biselectrophilic
compounds such as β-dicarbonyls, β-enaminones, β-haloenones, β-ketonitriles, and so
on (Figure 1b) [1–6]. Pyrazolo[1,5-a]pyrimidine scaffold is part of bioactive compounds
with exceptional properties like selective protein inhibitor [7], anticancer [8], psychophar-
macological [9], among others [10,11]. Furthermore, the biocompatibility and lower tox-
icity levels of PP derivatives have led them to reach commercial molecules, for instance,
Indiplon, Lorediplon, Zaleplon, Dorsomorphin, Reversan, Pyrazophos, Presatovir, and
Anagliptin (Figure 2) [1–5]. In recent years, this molecular motif has been a focus of study
for promising new applications related to materials sciences [12–21], due to its exceptional
photophysical properties as an emergent fluorophore [15–21]. Likewise, the tendency
of pyrazolo[1,5-a]pyrimidine derivatives to form crystals with notable conformational
and supramolecular phenomena [17,22,23] could amplify their applications towards the
solid-state. Therefore, we aim to cover two main topics related to compounds bearing the
pyrazolo[1,5-a]pyrimidine core. At the first one, the reader will find relevant synthesis
strategies and functionalization reactions. Subsequently, in the second part, we focus on the
recent compounds presenting antitumoral and enzymatic inhibitory activity. The examples
described and commented herein came from the 2015 to 2021 period.

Figure 2. Molecular structures of commercial compounds bearing the PP motif highlighted in
brownish-red.

2. Synthesis and Functionalization

Firstly, we considered it convenient to carry out a schematic summary depicting the
most relevant synthesis and functionalization sections (Table 1).
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Table 1. Overview of synthesis and functionalization methods involving pyrazolo[1,5-a]pyrimidine derivatives [a].

Synthetic Methods Substituted PP Functionalization Reactions

Section 2.1.1

1,3-Biselectrophillic
systems: β-dicarbonyls,

etc.

Metal catalyzed
reactions: Suzuki, etc.

Section 2.2.1

Section 2.1.2

Multicomponent
reactions

Nucleophilic aromatic
substitution.

Section 2.2.2

Section 2.1.3

Synthesis by a
pericyclic reaction

Other functionalization
reactions.

Section 2.2.3

[a] General examples of some relevant synthetic transformations (synthesis and functionalizations) are showed.

2.1. Synthesis

As stated before, the synthesis of PP derivatives is the focus of various research; how-
ever, more recent studies in this area are focused on improving known reaction protocols.
Regardless, innovative synthesis methods still emerge that offer creative ways to modify
established ones. Notably, the main synthesis route of pyrazolo[1,5-a]pyrimidines allows
versatile structural modifications at positions 2, 3, 5, 6, and 7 via the cyclocondensation re-
action of 1,3-biselectrophilic compounds with NH-3-aminopyrazoles as 1,3-bisnucleophilic
systems (Figure 1b) [1–6,24,25].

2.1.1. Biselectrophillic Systems

The synthesis starting from 1,3-dicarbonyl compounds is by far the most employed
because it provides high functional group tolerance or enables conditions that are eas-
ily accessible while employing cheap commercial reagents. Acid and ethanol are com-
monly used solvents, while common catalysts include sodium ethoxide and amine-based
bases [1–5,26–29]. This synthetic strategy is used to obtain large quantities of starting
materials (ranging from mg to even kg) under simple conventional heating conditions.

In this context, Yamagami and co-workers developed a method to produce the 5,7-
dichloro-2-hetarylpyrazolo[1,5-a]pyrimidine 3 via the cyclocondensation reaction of the
5-amino-3-hetarylpyrazole 1 with malonic acid (2) (Scheme 1) [30]. In this approach, the
addition of POCl3 in the presence of a catalytic amount of pyridine produces an activated
species of malonic acid phosphoric ester. This discovery led to the synthesis of 3 in a
higher yield in a reduced time compared to the alternative conditions of dimethyl malonate
under basic media as show by the authors. Moreover, this strategy eliminates the need for
additional reactions that convert a hydroxyl group to chloride.
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Scheme 1. One-pot protocol to obtain 5,7-dichloro-2-hetarylpyrazolo[1,5-a]pyrimidine 3.

Similarly, the employment of β-diketones demonstrated to be effective for integrating
fluorinated substituents at position 5, improving the electrophilic character of the 1,3-
biselectrophile. Petricci and co-workers achieve the synthesis of 6, where the carbonyl
group substituent controls the reaction regioselectivity (Scheme 2a) [31]. Likewise, Lindsley
and co-workers presented a protocol to obtain the 7-trifluoromethyl derivative 9 wherein
the employment of heating by microwave (MW) irradiation significantly reduces the
required reaction time. However, the brominated aminopyrazole 7a is more reactive than 4
due to the electronic nature of the respective substituents (Scheme 2b) [32].

Scheme 2. Synthesis examples of fluorinated pyrazolo[1,5-a]pyrimidines (a) 6 and (b) 9.

Considering aryl derivatives, Hylsová and co-workers employed arylketoesters 11a–b
to obtain the 5-arylpyrazolo[1,5-a]pyrimidines 12a–c [33]. The authors do not report the
complete protocol, though it is known that arylketones are a challenging substrate due
to the lower electrophilicity of the carbonyl group (Scheme 3a). It would be interesting
to evaluate conditions like toluene with tosylic acid [34]. Another report by Lindsley
et al. described the synthesis of the 7-fluorophenyl derivative 14 using the brominated
aminopyrazole 7b. The acidic media and the electron-withdrawing effect from the halogen
atom could promote the formation of products [35].

Scheme 3. Synthesis of (a) 5-aryl-12a–c and (b) 7-arylpyrazolo[1,5-a]pyrimidines 14.

Furthermore, Fu and co-workers reported in 2020 a method to control the regioselectiv-
ity of the reaction. The reaction took place as expected with an excess of diethyl malonate
(15a), and the pyrazolo[1,5-a]pyrimidine 16 is obtained in a 71% yield [36] (Scheme 4).
However, adding 15 in stoichiometric quantity and heating the mixture neat produces the
exocyclic amine from 10a as the only available nucleophile. Hence, applying Vilsmeier-
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Haack (POCl3/N,N-dimethylaniline) conditions facilitates the annulation and subsequent
hydroxyl/chloride exchange for delivering derivative 17.

Scheme 4. (a) Obtention of 16 and (b) regioselective synthesis of 17.

Conversely, if the 1,3-biselectrophilic system is a β-enaminone moiety, it enhances the
reactivity or performance compared to 1,3-dicarbonyl compounds [1,37,38]. Portilla and
co-workers employed diverse β-enaminone derivatives 19a–l following a highly efficient
methodology under MW irradiation, obtaining various 2,7-disubstituted products 20a–ac
in high yields (Scheme 5) [17,18,21,38]. The regioselectivity of the reaction can be controlled
using the dimethylamino leaving group, where the initial condensation proceeds via an
addition–elimination mechanism (aza-Michael type), thus bonding the NH2-group of the
starting aminopyrazole with the Cβ of 19a–l [37]. Successively, the cyclocondensation
occurs by a nucleophilic attack of the pyrazolic nitrogen to the residual carbonyl group,
where the subsequent loss of a water molecule leads to products 20a–ac [1,37,38].

Scheme 5. Synthesis of pyrazolo[1,5-a]pyrimidines 20a–ac from β-enaminones 19a–l.

Following a similar approach, Guo and co-workers in 2019 reported the interesting
structure series 23a–h bearing various types of nitrogenous groups at position 7, which
were obtained by using β-enaminone derivatives 22a–h. Notably, the authors achieved via
compound 23d the discovery and preclinical characterization of Zanubrutinib (BGB-3111):
a novel, potent, and selective covalent inhibitor of Bruton’s tyrosine kinase. However, the
obtained yields for intermediates 23a–h were not found (Scheme 6) [39]. In other studies,
the N-heterocyclic core has been synthetized from β-enaminone derivatives bearing aryl
groups substituted with halogen atoms or methoxy groups. Additionally, carboxamides,
aryl groups, nitriles, and esters have been employed as substituents on the starting NH-3-
aminopyrazole [40–42].
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Scheme 6. Examples of pyrazolo[1,5-a]pyrimidines with nitrogenous groups at position 7, com-
pounds 23a–h.

Xu and co-workers reported an interesting method where 1-methyluracil (25), a hete-
rocyclic β-enaminone, reacts with the aminopyrazole 24. Through the uracil ring-opening
induced by 24 and a later loss of a methylurea molecule, the 2-aryl-5-hydroxypyrazolo[1,5-
a]pyrimidine 26 is produced. Employing an excess of 24, it is possible to avoid the chro-
matographic separation for the purification of 26 (Scheme 7) [43]. Curiously, β-enaminones
or, in general, the enone systems bearing a leaving group at β-position (e.g., Cl, OR, NR2,
etc.) are synthetic analogous of 1,3-biselectrophilic ynones.

Scheme 7. Synthesis of the PP 26 by using 1-methyluracil (25) as a 1,3-biselecrophylic system.

In a similar approach, Pankova and co-workers incorporated an alkyne group at
position 7 of the fused ring (compounds 28a–t) by using the enone 27 having an ethoxy
group at β-position [14]. Reaction yields are increased with electron withdrawer groups
(EWGs) attached to the 4-aryl moiety in 27, evidencing an electronic dependence on
the nature of substituents. Likewise, the cyclization regiospecificity (enone vs. ynone
moiety) emerges from the trimethylsilyl (TMS) group high electron-donating effect in
π-electron systems (Scheme 8). This synthetic approach results in an attractive way to
obtain the 7-alkynyl-2,6-diarylpyrazolo[1,5-a]pyrimidines 28a–t, which later could undergo
Pd-catalyzed carbon–carbon (C–C) cross-coupling reactions.

Scheme 8. Synthesis of 7-alkynylpyrazolo[1,5-a]pyrimidines 28a–t under reflux in ethanol.

Moreover, the employment of enones for PP derivatives synthesis with two aryl sub-
stituents has been a matter of interest with different approaches. Adib and co-workers
described using azidochalcones 30, which yield milder conditions for synthesizing poly-
substituted, products 31 in moderate to excellent yields (Scheme 9) [44]. The authors report
short times for reactions and also established a recrystallization purification process. For
these reactions, catalysis has been carrying out using ionic liquids [13] and nanoparti-
cles [45], resulting in improved yields when the substituents were in the aryl group.

156



Molecules 2021, 26, 2708

Scheme 9. Use of diarylsubstituted azidochalcones 30 in the synthesis of the 6-amino-2,5,7-triaryl-PP.

In the previous examples, enones bearing a leaving group at β-position were used
as a 1,3-biselectrophile system. However, the reaction is often tricky when simple enones
like chalcone derivatives are used, due to the unsaturation required in products [19,46].
Despite the inconvenience, this methodology provides valuable results for introducing
aryl groups at positions 5 and 7 of the aza-heterocyclic core, with the advantage that
starting materials are commercial or readily available by simple reactions (e.g., Claisen–
Schmidt condensations). In this respect, Portilla and co-workers carried out the synthesis
under rigorous (high temperature for a relatively long time) MW conditions of 2,5,7-tris(4-
methoxyphenyl)pyrazolo[1,5-a]pyrimidine (33) starting from the substituted chalcone 32
and aminopyrazole 18d. This synthesis allowed us to design and implement a probe for
cyanide (CN−) sensing by a nucleophilic addition reaction on the carbon–carbon double
bond of the receptor group and an intramolecular charge transfer (ICT) photophysical
phenomenon (Scheme 10) [19].

Scheme 10. Synthesis of the cyanide probe 33 from the dimethoxychalcone 32.

Jismy and co-workers developed protocols for PP derivatives synthesis based on
1,3-biselectrophilic ynones [47–49]. Unlike previous approximations, employing ynones
delivers to hydroxy/enone substituents at position 5 of the fused pyrazole. Thus, it is
possible to obtain an addition acyclic intermediate 37 that, under basic media, delivers
derivatives 36 (Scheme 11) [48]. The authors evaluate different conditions such as solvent,
temperature, time, Lewis acid catalysis, and MW heating. This synthetic strategy produces
compounds substituted at position 7 with inherently electrophilic groups such as CF3
(36a–d), which could be added in this manner, avoiding complex post-functionalization
steps [49].

Comparatively, Schmitt and co-workers established a methodology that allows the
functionalization with aryl or heteroaryl groups at position 7 (compounds 39a–f) employing
substituted alkynes 38a–f (Scheme 12a). In addition, they took advantage of substituted
pyrazoles to functionalize positions 2 and 3 (not shown) [50]. Recently, Akrami and
co-workers developed a protocol capable of reduces reaction time employing dimethyl
acetylenedicarboxylate (38g) and the aminopyrazole 21b (Scheme 12b) [51]. The reaction
was optimized in terms of solvent, temperature, and time, obtaining an ester group at
position 7 of the respective product 39g.
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Scheme 11. Examples of regioselective synthesis employing ynones. Highlights the obtention of the
intermediate 37.

Scheme 12. Synthesis of 5-hydroxypyrazolo[1,5-a]pyrimidines (a) 39a–f (poor yields, an opportunity
for research) and (b) 39g.

The use of other types of 1,3-biselectrophilic compounds for pyrazolo[1,5-a]pyrimidines
synthesis have been described in addition to the works mentioned above. In this line,
Hebishy and co-workers recently reported the synthesis of highly functionalized deriva-
tives 42 [27]. By employing arylidenemalononitriles 41a–c, it is possible to introduce an
amine and a nitrile group in products 42a–c, desirable groups for subsequent reactions
such as carboxamides synthesis (Scheme 13). Similarly, Fouda and co-workers employ
2-(aryldiazenyl)malononitriles to obtain amines substituents at positions 7 and 5 [52].

Scheme 13. Synthesis of pyrazolo[1,5-a]pyrimidines 42a–c using arylidenemalononitriles 41a–c.

Similarly, Portilla and co-workers developed an MW-assisted methodology to obtain
6-(aryldiazenyl)pyrazolo[1,5-a]pyrimidines 44a–q by using 1,3-biselectrophilic derivatives
bearing a hydrazone functional group at position 2, that is, reagent 43a–c (Scheme 14) [53].
Remarkably, the synthesis depicted in Scheme 14 made it possible to introduce an amino
group at position 5 of the heterocyclic core via a reductive azo bond cleavage [53]. Addition-
ally, the electronic properties of the starting aminopyrazole 18 from various substituents at
position 5 were evaluated. Notably, in this methodology, the authors report no solvent for
the reaction, and purification requires little to no effort.

158



Molecules 2021, 26, 2708

Scheme 14. MW-assisted synthesis of 6-(aryldiazenyl)pyrazolo[1,5-a]pyrimidines 44a–g using β-
ketonitriles 43.

Furthermore, Zahedifar and co-workers reported the use of freshly prepared ketenes
45 in the preparation of compounds 46 from the corresponding substituted aminopyrazole
18a–e under reflux in tetrahydrofuran (THF). The authors report high yields for the syn-
thetized pyrazolo[1,5-a]pyrimidines 46a–e and relatively short reaction times while that
purification was carrying out through recrystallization (Scheme 15) [54].

Scheme 15. Synthesis of pyrazolo[1,5-a]pyrimidines 46a–e using the ketene 45.

2.1.2. Multicomponent Reactions

Importantly, the pyrazolo[1,5-a]pyrimidines synthesis by multicomponent reactions
have also been reported. In this context, the most common approximation resembles a
Mannich reaction whose products usually undergo a later oxidation reaction. It is desirable
to block any position which could lead to a side reaction, given that the derivatives obtained
result highly substituted. Li et al. reported an approach using large quantities of the starting
materials 47a and 18 obtaining a dihydro derivative (not shown). Subsequently, the authors
achieved an oxidation with DDQ without an intermediate purification step involved, to
produce the unsaturated product 49 in 64% yield (Scheme 16a) [55].

Scheme 16. Examples of multicomponent synthesis of pyrazolo[1,5-a]pyrimidines (a) 49 and
(b) 51a–f.
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Notably, the synthetic protocol of compound 49 is suitable for preparative quantities in
conditions that are easily reproducible in the laboratory. Similarly, Shastri et al. developed
a method focused on obtaining derivatives from different arylaldehydes 47a–f. In contrast
to the previous example, the synthesis of products 51a–f contemplates mixing all the
starting materials in the same vial (Scheme 16b) [56]. In this case, the more extended
reaction periods could improve the yields, although aminopyrazole’s stereoelectronic
properties could improve selectivity, avoiding side reactions like dimerization or aromatic
substitutions. Besides, oxidation step relevance could be evaluated from work reported by
Ismail, where a similar approach led to products in good yields, but the lack of an oxidation
step produces PP dihydroderivatives (see Section 3 for detail) [57].

On the other hand, Jiang and co-workers reported an iodine-catalyzed pseudo-
multicomponent reaction starting from aroylacetonitriles (β-ketonitriles) 52 and the sulpho-
nyl hydrazine 53 [58]. The authors achieved derivatives 54, and by involving two molecules
of 52, the positions 2 and 5 become substituted with the same aryl group. The reactions
present moderate to good yields in a process that readily gives salts (Scheme 17). Notably,
these compounds could have a longer shelf life compared with their analogs 54a–f.

Scheme 17. Pseudo-multicomponent synthesis of 5-amino-2,7-diarylpyrazolo[1,5-a]pyrimidines 54.

Likewise, Ellman et al. [59] designed a method based on catalysis with Rh complexes
to obtain the pyrazolo[1,5-a]pyrimidines 58a–at through the multicomponent reaction of
aldehydes 55, aminopyrazoles 56, and sulfoxonium ylides 57 (Scheme 18). The synthesis
of 58 was suitable for aldehydes with electron-donating groups (EDGs), heteroaryl, and
haloaryl; however, enolizable aldehydes proved difficult substrates. The authors evaluated
diversely substituted sulfoxonium ylides, obtaining good to excellent yields for 58ab–ah.
The reaction yield presents an increased susceptibility to pyrazole modification compared
to the aldehydes and sulfoxonium ylides. Notably, the conditions optimized for the reaction
gave a setup with benchtop materials, shorts reaction times, and high modulation options.
Even though it is intended to be an MW heating protocol, conventional heating was also
evaluated, providing good results. The scale-up of the reaction to 1 mmol yield 77% of the
expected product using a lower catalyst charge (5 mol%).

Tiwari and co-workers prepared fused heterocycles 60a–c through a C–C bond for-
mation catalyzed with palladium [60]. The reaction proved efficient in generating the
cyclic pyrimidine ring. However, only aryls without halogen or other exchangeable groups
should be used by similar approximations reducing the scope of producing side products
(Scheme 19).

2.1.3. Synthesis by Pericyclic Reactions

Alternatively, pyrazolo[1,5-a]pyrimidines have been obtained by pericyclic reactions
and without involving a starting aminopyrazole. In this respect, Ding and co-workers
developed a protocol for the fused ring synthesis from acyclic precursors through a [4 + 2]
cycloaddition reaction, which the authors report to be scalable and proceed in a one-
pot manner [61]. The appropriate N-propargylic sulfonylhydrazone 61 is treated with
a sulphonyl azide in the presence of catalytic copper (I) chloride since a click reaction
drives the substrate 61 to a triazole formation, which discomposes to intermediate 62.
Subsequently, an intramolecular Diels–Alder reaction takes place, forming both rings of 63.

160



Molecules 2021, 26, 2708

The dihydro derivative 63 could be treated in basic media to give the desired product 69 by
an elimination reaction (Scheme 20).

Scheme 18. Rh-catalyzed Multicomponent synthesis of variously substituted pyrazolo[1,5-
a]pyrimidines 58a–at.

Scheme 19. Synthesis of 6-aryl-5-aroylpyrazolo[1,5-a]pyrimidines 60a–c by a palladation step.

Scheme 20. Synthesis of 5-aryl-7-methylpyrazolo[1,5-a]pyrimidines 64a–f via intramolecular Diels–
Alder reaction.

2.1.4. Synthesis with Fused Cores

Boruah and Nongthombam focused on developing fluorescent probes with biological
activity by the androstenol derivatives 66 synthesis, which uses copper (I) iodide as a
catalyst [62]. The synthesis proved to be efficient with yields ranging from 78 to 89%,
where the pyrazolic nitrogen of 18 attacks the 1,3-biselectrophile 65 probably by a Michael
type conjugated addition and the acetamide group as a leaving group (i). Subsequently,
the cyclocondensation between the formyl (CHO) and amino (NH2) groups (ii) of the
respective cyclization intermediate leads to the formation of 66a–e (Scheme 21).

161



Molecules 2021, 26, 2708

Scheme 21. Development of fluorescent probes with biological activity via the synthesis of fused
derivatives 66.

Comparatively, Mekky and co-workers carried out the synthesis of a bisbenzofu-
ran derivative bearing two pyridopyrazolo[1,5-a]pyrimidine moieties (compound 68). In
addition to β-enaminone 19a, the authors included β-dicarbonyl compounds or aryli-
denemalononitriles as 1,3-biselectrophilic systems, which were cyclocondensed with the
fused NH-aminopyrazole 67. The authors also evaluated the repercussion of MW heating
achieving better yields and shorter reaction times (Scheme 22) [63].

Scheme 22. MW-assisted synthesis of the hybrid system bisbenzofuran—bispyrazolopyrimidine 68.

Likewise, Jismy and co-workers evaluated a synthesis starting from the indazoles
69 and the appropriate alkyne 35d to obtain the benzo-condensed derivative 70, which
possesses a CF3 and hydroxyl group on the pyrimidinic moiety (Scheme 23a) [64]. The
authors also evaluated other positions for the bromo substituent in the amino-indazole,
obtaining similar yields to that of 70 [64]. Similarly, Song et al. evaluated the obtention
of the furan-fused product 72, which is achieved by a Michael type conjugated addition
over the enaminonitrile 71, conserving the enantiomeric excess from the initial substrate
(Scheme 23b) [65].

Scheme 23. Preparation of fused pyrazolo[1,5-a]pyrimidines to (a) benzene 70 and (b) furan 72.

Ultimately, fused cycloalkanes to the PP core can be obtained, In this context, Elgemeie
et al. developed various successful examples [27,66] by using trapped enolates (enone type
compounds, 73 or 76), which by a cyclocondensation reaction with NH-aminoprazoles (40
or 75), produces the tricyclic derivatives 74 or 77 (Scheme 24). The cycloalkanes to be fused
vary from cyclopentane to cyclooctane, though these compounds are not functionalized
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in the provided examples. Additionally, the electronic effects on the starting pyrazole
drive the reaction, showing, for example, better yields from 75 than those obtained from 40
against the same enone.

Scheme 24. Synthesis of tricyclic derivatives bearing cycloalkanes such as (a) cyclohexane 74 and
(b) cyclooctane 77.

2.2. Functionalization

2.2.1. Metal Catalyzed Reactions
Suzuki Couplings

This reaction is one of the most employed to add functionalized aryls on position
3 or 5; several organometallic species have been evaluated with favorable results, such
as boronic esters, boronic acids, and fluoroboranes. The reactions have been carried out
mainly using solvents like water mixed with some organic solvent (to maximize solubility)
or in dioxane, and carbonates appear to be the preferred base, perhaps due to carbon
dioxide formation facilitating the workup [67–69].

Jismy and co-workers designed a method for functionalizing 36e at position 5 using
a one-pot synthesis. They produce an exchange of hydroxyl group for a chloride atom
by a NAS reaction; thus, employing optimized conditions for the coupling reactions
could achieve aryls at position 5 like in product 79 (Scheme 25a) [48]. The reaction was
further applied in the amine 3-bromosubstituted 81 and was optimized, finding the highly
reproducible conditions to obtain 82 (Scheme 25b) [47]. The reaction shows an improvement
in reaction times, and also, regarding the previous work, the authors found that modifying
the ligand and catalyst enables the functionalization of the nucleophilic site at the pyrazolic
moiety. Recently, they provided a method to add an aryl moiety at position 3 of the fused
pyrazole 84, which has a hydroxyl/enone group at position 5 and a CF3 group at position
7 (product 85, Scheme 25c) [64]. The reaction conditions were screened to find an optimal
setup, though the reaction conditions with the better performance are those previously
reported. Interestingly, the fluorophenyl group and some heterocycles were found to be
compatible with this strategy, with yields from 67 to 84% [64].

Scheme 25. Functionalization of the position 3 and 5 via Suzuki cross coupling reaction of (a) 36,
(b) 81 and (c) 84.
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Related to this work, the employment of Suzuki coupling results is a common strategy
in medicinal chemistry. Liu et al. reported the obtention of 17 examples about 88, where the
amines or ethers present at positions 5 and 7 are modified (Scheme 26a) [67]. Employment
of PdCl2(dppf) as a catalyst and heating under MW irradiation appears to produce highly
reproducible conditions for short-time reactions, and the authors obtained salt forms of
each compound analogs to 88 for reactions with amounts above 200 mg of compounds
related to 87 (Scheme 26a). Similarly, Lindsley and co-workers designed a fast reaction
to functionalized the CF3–substituted PP 90 with aryls moieties bearing methoxy group
(compound 91) or fluor atoms (not shown) (Scheme 26b) [32]. Related to these advances,
Drew et al. employed the same Pd-catalyst bearing dppf as a ligand to perform the coupling
of 93 with the isoindolinone 92, the reaction proceeds by the lability exchange with the
halogen added according to the electronic properties of the position 5 against position 3 in
the pyrazolo[1,5-a]pyrimidine 93 (Scheme 26c) [68].

Scheme 26. Synthesis of 3-arylpyrazolo[1,5-a]pyrimidines (a) 88 and (b) 91, and of (c) the 5-aryl
derivative 94 by Suzuki coupling.

The bromide atom left in 94 serves as a reactive center for a Buchwald–Hartwig
coupling forming the acetamide moiety on 95 using BrettPhoss Pd G3 catalyst, a synthesis
that is more efficient as stated by the authors. A related example to the metal-catalyzed
C–N bond formation discusses in Section 4. The authors added the iodine atom at position
2, enabling the later addition of heterocyclic species at this position, delivering the 2,5-
diheteroarylpyrazolo[1,5-a]pyrimidine 97 (Scheme 27a) [68].

Scheme 27. Examples of functionalization by Suzuki coupling with the addition of (a) pyrazolic and
(b) cyclopropyl moieties.

This reaction is probably favored by the labile character on the I–C bond in 95 and
the nucleophilic nature of its coupling partner 96. Likewise, Harris et al. designed a
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method focused on the generation of disubstituted cyclopropanes, employing the proper
borontrifluoride 98 and 3-bromopyrazolo[1,5-a]pyrimidine (99) which, under optimized
reaction conditions, delivers 100 in 53% yield (Scheme 27b) [69]. Similarly, Lindsley and co-
workers employed borontrifluoride derivatives as a coupling partner for Suzuki coupling
reaction, adding a vinyl over position 3 of 136 (see Section Formylation Reactions for detail).

Sonogashira Couplings

This reaction commonly involves using a terminal alkyne bearing the PP core with
an aryl/alkenyl halide as the coupling reagent. In almost all scenarios, Pd species are
employed as the primary catalyst [38,70]. In this respect, Dong et al. designed a method to
functionalize 5-ethynylpyrazolo[1,5-a]pyrimidine (101) with the alkyl bromide 102. The
reaction employs a copper salt with a ligand quinine derivative (L), achieving the formation
of a new C–C (sp)/(sp3) bond in the absence of any Pd species [70]. The compound
103 is obtained in a high yield and with a high enantiomeric excess (ee), providing an
approach towards functionalized products readily found in medically relevant molecules
(Scheme 28).

Scheme 28. Generation of a chiral carbon in coupling product 103 by a Cu-catalyzed Sonogashira reaction.

Related to this matter, Childress et al. employed a common Pd catalyst and MW
heating to achieve the functionalization of terminal alkyne 105 with an excess of 4-bromo-
2-(trifluoromethyl)pyridine (104), obtaining the product 106 in 40% after purification by
HPLC (Scheme 29a) [35]. The authors also obtain other two pyridine moieties in analogs
of 106 employing the same methodology. Similarly, Jismy and co-workers developed a
method to functionalized the aza-heterocyclic core at position 5 with wide scope [47–49,64].
Different from other authors, they generate the electrophilic coupling partner substituting
the hydroxy/enone group at position 5 of 36d (and analogs), then using the proper alkyne,
the reaction delivers the product 108 (Scheme 29b) [49]. The reaction shows a high scope
regarding the alkyne used, with a great influence on the substituent, wherein aromatic or
conjugated ones achieve higher yields than alkyl or cycloalkyl substituents.

Scheme 29. Pd-Catalyzed synthesis of (a) 2-(pyridin-4-ylethynyl)PP 106 and (b) 5-(4-
fluorophenylethynyl)PP 108.

Other Metal-Catalyzed Reactions

Important reactions related to this matter are the C–H activations employing Pd
species where the active species is prepared in situ. Bedford and co-workers developed
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a protocol that enables functionalizing of the positions 3 or 7 selectively in PP. An excess
of aryl bromide (Ar–Br) was employed to obtain the 7-pyrazolo[1,5-a]pyrimidines 110a–f
a (Scheme 30) [71]. As expected, coupling reactions regioselectivity involving the hetero-
cyclic core and an aryl bromide (Ar–X) depends on the electronic properties of reagents;
indeed, the more π-deficient rings (e.g., Ar = pyrimidin-5-yl) behave well as electrophilic
partners providing the 3-aryl derivatives 109a–f in high yields via a coupling at the highly
nucleophilic position 3 of PP. In contrast, π-excedent rings (e.g., Ar = 4-methoxyphenyl)
behaves well when coupled to a more electrophilic place such as position 7, delivering
110a–f. In order to explain these notable reactivity findings, the authors also report a DFT
calculation analysis of the substrate, which are in agreement with those recently reported
by Portilla et al. [18].

Scheme 30. Pd-catalyzed synthesis of 3-aryl 109 and 7-arylpyrazolo[1,5-a]pyrimidines 110 starting
from PP.

Similarly, Berteina-Raboin and co-workers designed a protocol to functionalize po-
sition 3 of the fused pyrazole 111. The authors optimized the solvent, base, ligand, and
palladium source; once the optimal conditions were founded, the authors proved var-
ious aryls bromines (Scheme 31) [72]. Furthermore, Gogula et al. provided a method
to modulate the C–H activation of (sp2) or (sp3) carbon based on the temperature over
the fused pyrazole 113 and analogs [73]. In addition, the added palladium generates a
stable coordination complex 114 which the authors obtained, this species is responsible
for the activation of the methyl C–H leading to a palladation (not shown) and subsequent
formation of the C–C bond with the aryl iodine, delivering 115 a–f. On the other hand, the
activation of position 6 in the PP ring occurs by a tetramer compound (not shown), which
generates a π-aryl palladation at position 6 and later arylation forming products 116a–f. All
reactions were carried out in hexafluoroisopropanol (HFIP) as a solvent, which proved to
be efficient in terms of the compound’s achieved solubility and reaction temperatures. This
solvent is known as a magical solvent for Pd-catalyzed C–H activation [74] (Scheme 32).

Scheme 31. Synthesis of 3-aryl-2-phenylpyrazolo[1,5-a]pyrimidines 112a–g by Pd-catalyzed
C–H activation.
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Scheme 32. Pd-catalyzed synthesis of 7-(pyridin-2-yl)pyrazolo[1,5-a]pyrimidines 115a–f and 116a–f.

Finally, in the context of medicinal chemistry, McCoull and co-workers developed
a method that enables the ring closure by olefin metathesis reactions on functionalized
pyrazolo[1,5-a]pyrimdines 116 (Scheme 33) [75]. The protocol employs considerable cat-
alysts quantities to achieve the reaction, and the authors evaluated various synthesis
pathways to maximize the process efficiency. The stereochemistry over 116 correctly
in the pyrrolidine fragment controls the final conformation achieve in 117, which is an
atropisomer due to restricted rotation by the aryl fragments of the macrocycle.

Scheme 33. Use of Grubbs catalyst to obtain macrocycles having PP through ring closure metathesis.

2.2.2. Nucleophilic Aromatic Substitution Reactions

The nucleophilic aromatic substitution (NAS) reaction is common to functionalize
with nucleophiles the positions 5 and 7 of the fused ring. The reaction results are widely
employed in medicinal chemistry because it allows modifications with various structural
motifs at electrophilic positions of the pyrimidine ring. Recently, it has been employed with
the aim of adding aromatic amines [34,67], alkylamines [48,76], cycloalkylamines [55,77,78],
and substituted alkoxides [67]. In this respect, McNally, Paton, and co-workers designed an
interesting way of coupling the 5-(diphenylphosphanyl)pyridine 118 to the position 7 of the
fused pyrazole PP, generating the phosphonium salt 119 according to the authors [79]. This
approach opens the door to a new functionalizations with weaker nucleophiles. The authors
report the importance of a strong acid in the medium for the reaction mechanism based
on pyridines; however, the electronic properties of substituted pyrazolo[1,5-a]pyrimidines
could enable the avoidance of this requirement. The treatment of 130 with a source of
chloride provided 120, although in a low yield (Scheme 34).
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Scheme 34. C–H functionalization of PP by using the 5-(diphenylphosphanyl)pyridine 118.

Similarly, Jismy et al. designed a methodology for the functionalization of position
5 employing PyBroP, probably with the formation of the intermediate species 121, which
facilitates the secondary amine 89 formation by the nucleophilic substitution of 122 over 121
(Scheme 35a) [47,49]. The authors employ this methodology in a one-pot manner achieving
high yields. Additionally, the authors evaluated the efficiency of first obtaining 81 and
then performing a Suzuki coupling reaction at position 3, obtaining 82 (see Scheme 25b
above). As a result, the procedure done in that order delivers the final product in higher
yields compared to the Suzuki coupling and then the aromatic nucleophilic substitution
reaction [47]. Similarly, Berteina-Raboin developed a multicomponent method to obtain
112a analogs, controlling the equivalents of added amine (morpholine, Scheme 35b); they
were able to decrease the poisoning of the catalyst achieving good yields for various
7-aminoderivatives [72].

Scheme 35. Synthesis of the amino derivatives (a) 81 and (b) 112a via NAS reactions.

Additionally, Jiang and co-workers reported an efficient synthesis of various 7-(N-
arylamino)pyrazolo[1,5-a]pyrimidines 125a–e due to the electronic properties of the em-
ployed aromatic amines and the authors use two synthesis pathways (Scheme 36) [36].
Engaging triethylamine with amines coupled to electron donor groups are conditions that
allow to deliver 125a–b in high yields. In contrast, amines bearing EWGs require strong
basic conditions, as is exemplified by products 125c–e.

Scheme 36. Synthesis of 7-(N-arylamino)pyrazolo[1,5-a]pyrimidines 125a–e starting from the 5,7-
dichloroderivative 124.
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2.2.3. Other Functionalization Reactions
Carboxamide Synthesis

Besides the use of amines to expand the structural diversity, a practical secondary
way to expand moieties installed over the ring is the formation of amides. Zou et al.
developed an important way to functionalize adjacent aryls in 126, where the added
catalyst participates with a C–H activation directed by the pyridine-like nitrogen on the
pyrazole side of 126. The electronic properties of 127 facilitate the addition of the amide
fragment by the C–N bond formation with decarboxylation of 127 (Scheme 37). The authors
tested the reaction on various substrates where, interestingly, both steric and electronic
factors modulate the reaction. However, the halide derivatives could be challenging due to
side reactions and electronic properties of the 7-aryl group. From the author’s perspective,
the bond between the PP and the aryl group allows the amide formation and could be a
promissory route to generate challenging amides.

Scheme 37. Rh-catalyzed synthesis of the amides 128a–i by C–H activation.

A common strategy in the synthesis of amides over the PP core consists of using
benzotriazole derivatives (HATU) to activate carboxylic acids. Manetti and co-workers
reported use of ester 129 which, under basic conditions at room temperature, delivers
the corresponding acid (not shown). Subsequently, with an appropriate amine, the weak
nucleophilic carboxyl attacks the HATU and generates a species susceptible to the amine
130 at room temperature, obtaining 131. The authors report the employment of this strategy
to achieve diverse amide derivatives (Scheme 38a) [31].

Scheme 38. Synthesis of biologically active amides (a) 131 and (b) 134 through benzotriazole deriva-
tives (HATU).

Moreover, Lim and co-workers employed HATU, achieving the amide formation
between the carboxylic acid 132 and the aminopyrazole 133. For this reaction, it was
necessary to block the pyrrolic nitrogen position on 133 due to its nucleophilic character
(Scheme 38b). Other strategies used by the authors to develop amides on position 3
included the formation of acyl chlorides from carboxylic acids [80]. Related to this work,
other authors have also employed a similar protocol to access amides [29,39,75,78,81,82].
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Formylation Reactions

The procedure focused on the obtention of hetarylaldehydes and represented a way
towards various carboxylic acid derivatives such as esters or amides. The reduction or
condensation reactions could be proposed as a way for subsequent functionalization to
generate the formyl electrophilic group. Thus, the electronic properties of the formed
aldehyde will be vastly dependent on the position where the group is added. Portilla
and co-workers designed a synthetic approach in which the PP ring was functionalized
with a formyl group at the highly nucleophilic position 3 in a one-pot manner. By using
Vilsmeier-Haack conditions, the 7-arylpyrazolo[1,5-a]pyrimidines 20 were successfully
functionalized with a formyl group forming the expected aldehydes 135a–k [19,21]. The
reaction shows a broad substrate scope although with a slight dependence on the electronic
properties of the 7-aryl group, that is, when π-excedent rings such as thiophene are in that
position, the C3 carbon pyrazolic on 20 is even more nucleophilic, achieving higher yields
(135g) compared with other π-deficient rings (135f) (Scheme 39).

Scheme 39. Synthesis of 7-aryl-3-formylpyrazolo[1,5-a]pyrimidines 135a–k under Vilsmeier–
Haack conditions.

Other formylation protocols have been produced to add the formyl group; for instance,
Lindsley et al. employed a Suzuki reaction to add a vinyl group at position 3 of 136, the
reaction proceeds with a commonly used catalyst for this reaction generates 137 in 52%
yield [35]. Then, the authors employed Osmium tetroxide in a catalytic amount with a
radical oxidant in stoichiometric quantity to produce a diol over the vinyl group at 136.
Lastly, an excess of a strong but selective oxidant (sodium periodate) was added to obtain
138 by a oxidative diol rupture (Scheme 40a) [35]. Similarly, Li and co-workers reported a
protocol to obtain formyl group at position 6 of 139 employing an ester moiety. The authors
performed a reduction of 139 with a selective hydride donor (DIBAL-H) [55]. However, due
to excess reductive reagent, the alcohol 141 was mainly obtained, which after purification
suffered an oxidation reaction with PCC, obtaining the desired aldehyde 140 in a good
yield (Scheme 40b) [55]. The authors report the reaction performance at room temperature
for both protocols; the ester moiety could be less electrophilic than expected because of its
electronic participation in the heteroaryl.

Nitration and Halogenation Reactions

Halogen atoms or nitro groups are usually added over the pyrazolic moiety of the PP
core via electrophilic aromatic substitution reactions. Portilla and co-workers designed an
MW-assisted protocol where, by using the suitable electrophile, they could functionalize
position 3 of the 7-arylpyrazolo[1,5-a]pyrimidine 20 [38]. The conditions employed to
achieve halide derivatives 142a–i in high yields involve N-halosuccinimides (NXS) as a
halogen source at room temperature for 20 min. On the other hand, nitration reactions
readily occur at position 3 where, despite the conditions, nitration of the 7-aryl moiety in
the substrate was not observed, achieving good yields in a short time for 3-nitroderivatives
143a–d (Scheme 41).
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Scheme 40. Synthesis of formylated pyrazolo[1,5-a]pyrimidines (a) 3-formyl 138 and (b) 6-formyl 140.

Scheme 41. Synthesis of 3-halo and 3-nitropyrazolo[1,5-a]pyrimidines 142a–i and 143a–d via aro-
matic substitution.

Similarly, Gazizov and co-workers employed classic conditions for the formation of
the nitronium ion, which delivered products 145a–b in high yields from 144 [83]. The
conditions show interesting tolerance despite the possible amine oxidation reactions or
hydrolysis of the nitrile group in 144b or ester on 144a (Scheme 42a). Moreover, the
authors report the employment of other sources of nitrate ions like potassium nitrate (not
shown). Concerning the halogenation reactions, Yamaguhi-Sasaki et al. described a reaction
that differs from the common Vilsmeier-Haack conditions, developing a methodology
that enables the hydroxyl/enone transformation chloride from DMPA (Scheme 42b) [78].
Commonly, this reaction allows for subsequent NAS reactions (as observed in Scheme 4).

Scheme 42. Examples of (a) nitration and (b) halogenation reactions of pyrazolo[1,5-a]pyrimidines.

Reduction Reactions

Portilla and co-workers designed a strategy that enables the formation of amines
at position 6 by using 5-amino-6-(phenydiazenyl)pyrazolo[1,5-a]pyrimidines 44a–c. This
strategy delivers the 1,2-diamine system in 148a–c, which could be used to synthesize other
fused rings (Scheme 43a) [53]. Notably, the free amine at position 6 is not easily obtained
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with a common aromatic substitution. Afterward, the same research group performed
the synthesis of the 3-aminoderivatives 149 through catalytic reduction of the appropri-
ate 3-nitroderivative 143 (Scheme 43b), which was described in the previous section (see
Scheme 41) [38]. Related to the previous reduction reactions, Wang and co-workers re-
ported the obtention of the tetrahydroderivative 150 from the amide 23a employing strong
reducing conditions (Scheme 43c) [39].

Scheme 43. Reduction reactions over the pyrazolo[1,5-a]pyrimidine derivatives (a) 44, (b) 143 and
(c) 23a.

3. Antitumor Activity

Pyrazole derivatives are involved in many medical applications and are known to be
a biologically relevant scaffold [1–6,84,85]. Besides, pyrazole[1,5-a]pyrimidines are fused
pyrazoles that have attracted particular attention in the cancer treatment field [86–88].
Herein, we analyze the recent publications about new molecules and their respective roles
in vitro and in vivo applications, allowing us to identify the principal structure motifs for
future novel uses. This section delves into the principal and recent advances of pyrazolo[1,5-
a]pyrimidines as an antitumor scaffold in bioactive compounds, mainly by inhibiting the
reproduction of cancer cells [8,57,89–92] or enzymes directly related to abnormal cell
reproduction [82,93–95].

Antiproliferative Activity

McCoull and co-workers [89] built up a novel procedure for macrocyclic motifs
development bearing a PP core by obtaining a series of BCL6 binders from both fragment
and virtual screening. Henceforth, dislodging crystallographic water, framing new ligand
protein connections, and performing a macrocyclization are actions performed to support
the bioactive adaptation of the ligands. The structure-activity relationship (SAR) for
PP (Scheme 44) indicated that the lactam carbonyl formed a noticeable hydrogen bond.
Likewise, the modification in C-3 significantly changes the interaction within the enzyme,
where the highest affinity was found with the nitrile group. This approach could indicate a
polar interaction with an asparagine residue, which stabilizes the compound inside the
enzyme. Despite the good results in SAR terms and its biological action against BCL6, its
low selectivity decreases the potential activity of these compounds.

In 2020 Lamie et al. [91] published a novel family of pyrazolo[1,5-a]pyrimidines that
had a great activity against the human breast adenocarcinoma cell line (MCF-7) and colon
cancer cell line (HTC-116). They use conventional heating and a long reaction time (6 h)
to obtain the products 158 from aminopyrazoles 156 and β-ketoesters 48 (Scheme 45a).
Additionally, the authors heated the compounds 158a–c under reflux with acetylacetone
(157) in acetic acid, obtaining the respective 5,7-dimethylpyrazolo[1,5-a]pyrimidine-3-
carboxamides 159a–c (Scheme 45b). The authors [91] established that the main interactions
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between the N-heterocycle and the human PIM-1 enzyme were hydrogen bonds due to
high electronegative atoms, like N and O. Furthermore, the PP core planar structure and the
arylamide group promote π–π interactions with active site residues. They concluded from
the experimental results that 158c, 158g, 158h, 159a, and 159c showed PIM-1 inhibitory
activity in sub-micromolar concentration (Scheme 45). These compounds displayed activity
with IC50 (µM) of 1.26, 0.95, 0.60, 1.82, and 0.67, respectively; thus, pointing out the
relationship between the PIM-1 hindrance and anticancer action against colon and breast
cancer cell lines.

Scheme 44. Synthesis of the macrocyclic pyrazolo[1,5-a]pyrimidine 155.

Scheme 45. Lamie’s synthesis of (a) 5-oxo-4,5-dihydropyrazolo[1,5-a]pyrimidines 158 and (b) pyra-
zolopyridimines 159.

Chen et al. [41] published a research article where 24 pyrazolo[1,5-a]pyrimidines
were synthesized by using the β-enaminone 19h and 3-bromo-1H-pyrazol-5-amine (7b) as
reagents. In this work, only compounds 162 and 163 exhibited a crucial activity against
B16-F10, HeLa, A549, and HCT-116 cancer cell lines when compare against Colchicine
(Scheme 46). Two conclusions could been derived from SAR analysis; first, the presence
of electro-donating groups (EDGs) as the 4-tolyl group in compound 163 results in higher
biological activity in contrast EWGs. Secondly, the substitution of another EDG as the
5-indolyl group (compound 162) increases the activity against cancer cells. Additionally,
the authors proposed that compound 163 was exceptionally viable in restraining melanoma
tumor development in vivo with no conspicuous poisonousness.
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IC50 (µM)
Compound

Hela A549 HCT-116 B16-F10
162 0.019 ± 0.001 0.015 ± 0.001 0.039 ± 0.003 0.048 ± 0.004
163 0.021 ± 0.001 0.003 ± 0.001 0.048 ± 0.005 0.021 ± 0.002

Colchicine 0.081 ± 0.006 0.107 ± 0.009 0.042 ± 0.004 0.087 ± 0.006

Scheme 46. Synthesis of biologically active 2,7-diarylpyrazolo[1,5-a]pyrimidines 162 and 163.

In 2016, Zhang and co-workers published an article in which they carried out a
coupling between N-mustard residue with PP derivatives to afford 43 new compounds [8].
The compound 168 (Scheme 47) possessed antiproliferative activity with IC50 (µM) values
of 6.023, 0.217, 6.318, 8.317, and 6.82 against the A549, SH-SY5Y, HepG-2, MCF-7, and
DU145 cell lines, respectively. For this reason, they chose this compound for further in vitro
and in vivo studies. Thus, the authors conclude that 168 is a promising anticancer agent
since it showed higher activity and less cytotoxicity than control drugs, Sorafenib and
Cyclophosphamide. From the library created by the researchers, they established that for
an exhibit potent cytotoxicity in vitro, the N-mustard pharmacophore and aniline moieties
must be linked at 5 and 7 positions of the PP core, respectively (Figure 3).

Scheme 47. Synthesis of pyrazolo[1,5-a]pyrimidines with N-mustard residue.

Figure 3. Substituent positions to increase the activity of pyrazolo[1,5-a]pyridimines.

In 2020, Abouzidb et al. [40] published the synthesis of some pyrazolo[1,5-a]pyrimidines
as novel larotrectinib analogs using a reaction between β-enaminones 19 and the 4,5-
disubstituted 3-aminopyrazole 169 (Scheme 48). The antiproliferative activity of com-
pounds 170e, 170j, and 170k stand out as the most active against three cancer cell lines:
hepatocellular carcinoma Huh-7, cervical adenocarcinoma HeLa and breast adenocarci-
noma MCF-7. The improvement in the biological activity came from the substitution on the
7-aryl group with methoxy function in 170j and the higher naphthalene-ring lipophilic char-
acter in 170k. Notably, the activity of compounds 170a–m is independent of the substituent
electronic effect on the 7-aryl group.
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IC50 (µM)
Compound

Huh-7 HeLa MCF7 MDA-MB231
170e 6.3 48.8 118.4 74.25
170j 54.1 7.8 106 5.74
170k 95.0 21.6 3.0 4.32
DOX 3.2 8.1 5.9 6.0

Scheme 48. Synthesis of the pyrazolo[1,5-a]pyrimidines 170a–m as novel larotrectinib analogs.

In 2016, Narsaiah et al. [92] published a series of pyridine-fused pyrazolo[1,5-a]pyrimidines
174 (Scheme 49). The pyrido[2′,3′:3,4]pyrazolo[1,5-a]pyrimidines 174 were prepared from the
key intermediate pyrazolo[3,4-b]pyridine 171 and different 1,3-biselectrophilic reagents (32,
172 and 173). The compounds were screened for relative global growth inhibition against
five human cancer cell lines (PC3, MDA-MB-231, HepG2, HeLa, and HUVEC), 5-fluorouracil
(5-FU) as a positive control, and DMSO as a negative control. Although the authors mention
that all compounds have potential anticancer activity, only compounds 174a and 174f have
IC50 values lower than the control.

Scheme 49. Synthesis of pyridine-fused pyrazolo[1,5-a]pyrimidines 174a–q starting from the
pyrazolo[3,4-b]pyridine 17.

Through the reaction of β-enaminones 19 with the pyrazolic ester 4, Kumar et al. [42]
described the synthesis of 175 as a building block for obtaining different amides 176a–u hav-
ing the 7-arylpyrazolo[1,5-a]pyrimidine fragment, of which some showed great biological
activity, inhibiting the reproduction of human cervical cancer cell line (Scheme 50).
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Scheme 50. Synthesis of amides 176a–u having the 7-arylpyrazolo[1,5-a]pyrimidine fragment.

The IC50 results showed that compounds with better antiproliferative activity contain
at least three halogen atoms. Importantly, there may be a synergy effect between aryl
groups of the two amide fragments since when at least one non-halogen substituent is
introduced in one of these two rings, the activity decreased substantially. This report is in
concordance with the postulated by Narsaiah et al. [92] when introduce the trifluoromethyl
substituent to increase the lipophilic activity of pyrazolo[1,5-a]pyrimidines and with this
have a better global growth inhibition of cancer cell lines (see Scheme 49).

Ismailb and coworkers [57] published in 2019 an investigation focused on the inhi-
bition of CDK2 enzyme; with this purpose, they synthesize ethyl 2-(phenylamino)-4,5-
dihydropyrazolo[1,5-a]pyrimidine-6-carboxylate derivatives (Scheme 51). Even though
the 4,5-dihydropyrazolo[1,5-a]pyrimidines derivatives not generated the higher inhibi-
tion of the CDK2 enzyme, the compound 178d, and 178f revealed the most increased
activity against the four tumor cell lines (HepG2, MCF-7, A549, and Caco2). This result
allows establish the crucial role of fluor atom and nitrile group in the 5-aryl-7-methyl-4,5-
dihydropyrazolo[1,5-a]pyrimidines 178 for increased the antitumor activity of compounds.

Scheme 51. Synthesis of pyrazolo[1,5-a]pyrimidines derivatives 178 with potential activity against
CDK2 enzyme.

Based on previous reports [95,96] Husseiny proposed and carried out the synthesis
of the 2-(benzothiazol-2-yl)pyrazolo[1,5-a]pyrimidine 181 [97] (Scheme 52). The author
carried out the condensation reaction between 4-(benzo[d]thiazol-2-yl)–N3-phenyl-1H-
pyrazole-3,5-diamine (179) and diethyl ethoxymethylenemalonate (180) under reflux in
acetic acid. Compound 181 exhibited re-markable growth inhibition activity, especially
against leukemia CCRF-CEM and lung cancer HOP-92 cell lines. The presence of the
ethyl carboxylate group at position 6 gave rise to a notable increase in cytotoxic activity
against most cancer cell lines. In this work, Husseiny links together successfully two novel
antitumoral scaffolds to increase the activity of the final compound against cancer cells;
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besides, he shows an easy way to obtain pyrazolo[1,5-a]pyrimidines linked to another
aromatic heterocycle with huge pharmacological importance.

Scheme 52. Synthesis of the 2-(benzothiazol-2-yl)pyrazolo[1,5-a]pyrimidine 181 with great cytotoxic activity.

4. Enzymatic Inhibition

Mikami et al. [82] published in 2017 the synthesis of the pyrazolo[1,5-a]pyrimidine
187a (Scheme 53), orally bioavailable and selective molecule that possesses CNS drug-like
characteristics—including minimal molecular weight, low topological polar surface area,
and a limited number of hydrogen bond donors– which translated into excellent brain
penetration with no indication of P-glycoprotein (P-gp)-mediated efflux liability.

Scheme 53. Synthesis sequence of PP derivative 187a starting from the 3-aminopyrazole 5.

The high efficiency of fused pyrazoles 187a must be four different effects (Figure 4):

1. Pazolo[1,5-a]pyrimidine core that makes π − π and CH − π interactions with the
residues in the enzyme.

2. The central amide linker generated the hydrogen bond with the more polar residues
stabilizing the PDE2A enzyme, while the amide NH plays a crucial role in constraining
the binding conformation via intramolecular hydrogen bonding to the pyrimidine
nitrogen atom.

3. α-Branched benzylamine portion and the p-CF3O group fits into the sits in the hy-
drophobic cavity in an energetically favorable orthogonal orientation.

4. The substitution at position 6 combines two effects, the Van der Walls interactions
with the residues and the smallest possible size.
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Figure 4. Main interactions that improve the activity of compound 187a within the PDE2A enzyme.

Finally, the author establishes that a single enantiomer 187a was more potent than a
racemic compound, while 187b was inactive.

Dowling et al. [94] published in 2017 the synthesis of the PP salt 190a (and other
derivatives, Scheme 54a), which exhibits improved cellular activity (Wnt DLD-1 Luciferase,
IC50 = 50 nM), high solubility, and reduced intrinsic clearance in rat hepatocytes and
human microsomes relative to the analogs that have modifications at position 4 of the
aniline moiety. Supported by the X-ray crystallographic structures of CK2α with 190a, the
authors identify the importance of the primary amine since directly coordinate and order
water molecules and the side-chain carbonyl group the enzyme active site. Moreover, the
salt 190a has physicochemical properties that are ideal for intravenous solution formulation,
has shown strong pharmacokinetics in preclinical organisms, and exhibits a high degree of
monotherapy activity in xenografts HCT-116 and SW-620 (Scheme 54b).

GI50 (µM)
Compound

HCT-116 SW620
190a 0.7 0.7
190b 0.08 0.1
190c 0.03 0.03
190d 0.01 0.005

Scheme 54. (a) Synthesis of pyrazolo[1,5-a]pyrimidine salt 190a. (b) Analysis of better amino group
for the cellular activity.

In 2020 Mathinson and co-workers [77] published the synthesis of a potent RET
kinase inhibitor with >500-fold selectivity against KDR (Kinase insert Domain Recep-
tor) in cellular assays, compound 193 (Scheme 55a). The authors identify three different
substitutions at position 6 for the synthesized pyrazolo[1,5-a]pyrimidines family (i.e.,
phenyl, p-acetamidophenyl, and 2-thiazolyl), structures 193 and 193′ in Scheme 55b. The
phenyl group was used due to the synthetic availability of substrate; however, the p-
acetamidophenyl and 2-thiazolyl groups conferred enhanced potency against a high num-
ber of transmembrane receptors tyrosine kinases and cancer cell lines. The selectivity of 193
is because the amino group at position 5 (R2) favors an H-bonding with a water molecule
inside the enzyme active site. The piperidine ring constrained geometry facilitates Van der
Waals’s interactions with some protein residues. Finally, the researchers concentrated their
efforts on the installation of polarity at R3 to reduce overall lipophilicity; with this objective,
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they replaced the methoxy group with a variety of amides, the additional hydrophilicity
results in a reduction in hERG binding of up to 12-fold without a substantial loss of potency
in both KIF5B-RET transfected Ba/F3 cells and the LC-2/ad cell line. Unfortunately, the
most promising compound bearing (methylsulfonyl)piperazine moiety, displayed substan-
tially reduced hERG binding and exhibited insufficient oral exposure and bioavailability,
precluding advancement to in vivo efficacy studies (Scheme 55b).

Scheme 55. (a) Synthesis of potent RET kinase inhibitor 193. (b) Mains substitutions to find the
better activity.

In 2018 Hassan et al. [95] synthesized three different N-heterocyclic compounds that
could inhibit tyrosine kinase in cancer cells. One family of these compounds was the PP
derivatives 195a–g (Scheme 56). The authors determined that the compound 195f had the
most potent inhibitory activity against the epidermal growth factor receptor (EGFR) kinase
enzyme. According to the docking simulation into EGFR active site is possible to say that
the high activity of 195f is due to: first, the linked by the NH2 backbone to the enzyme
residues by a water molecule in the pocket and second, the naphthalene ring, possibly due
to π–π interactions, manages to penetrate well into the pocket and out of the cleft.

Scheme 56. Synthesis of pyrazolo[1,5-a]pyrimidines 195a–g that were able to inhibit tyrosine kinase
in cancer cells.

Metwally et al. [28] published the cyclocondensation reaction of 5-amino-3-cyanomethyl-
1H-pyrazole-4-carbonitrile (54) with acetoacetanilide (196) in N,N-dimethylformamide (DMF),
and few drops of acetic acid to obtain the key intermediated 197, which is used to create new
pyrazolo[1,5-a]pyrimidines 198 (Scheme 57). Some synthesized compounds were analyzed
using MTT assays on two cancer cell lines for their cytotoxic activity (breast and cervical
cancer cells). Compounds 197 and 198e–f showed higher cytotoxicity by using doxorubicin
as a reference drug. Likewise, these PP derivatives presented inhibitory activity against
KDM (histone lysine demethylases). Authors found that heteroarylidene derivatives have
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the highest cytotoxic activity than arylidene derivatives. Despite this, substituted phenyl
group with an EWG such as 4-Cl gave the lowest cytotoxic activity. Moreover, the most
active KDM inhibitor 198e showed that 4-folds of control triggered cell cycle arrest at the
G2/M step and induced a total apoptotic effect by 10 folds more than control. These results
are due to the π–π interactions between the aromatic ring and the residues of the enzyme
active site.

Scheme 57. Synthesis of pyrazolo[1,5-a]pyrimidines with potential activity against histone lysine
d methylases.

5. Conclusions

Despite ample literature, the innovative discoveries regarding pyrazolo[1,5-a]pyrimidine
scaffold in synthetic and biological fields continue strongly nowadays. The research plenty
focused on synthetic transformations shows a strong preference for methods that reliably
deliver highly functionalized molecules from strategic reagents to avoid the need for sub-
sequent reaction steps. The most employed synthesis pathway is based on the interaction
between 1,3-biselectrophilic substrates and 3-aminopyrazoles, with various examples in
diverse applications. Careful substrates selection leads to a modulable substitution pattern
in the core, affecting subsequent synthetic steps. As an illustration, malonic acid delivers
two hydroxyl groups in products, whereas β-ketonitriles lead to monoamine derivatives.
Other significant features of the 3-aminopyrazoles route are the feasibility to scale up the
reaction using cheap reagents and that a modular functionalization may also be affordable
from multicomponent strategies. Importantly, only one paper of an alternative route, based
on [4 + 2] cycloaddition reactions, to access PP derivatives was found.

Regarding post-functionalization reactions, in recent years, a strong influence from
methods of bond formation supported on metal catalysis has led to the formation of
interesting derivatives and structures which could be difficult to achieve before. However,
aromatic substitution is still the most common method to carry out functionalization of
the pyrazolo[1,5-a]pyrimidine core. In this vein, the fused ring prefers the interaction
with nucleophiles on the pyrimidine side and with electrophiles on the pyrazole side
due to the π-deficient and π-excedent nature of these rings, respectively. The principal
functionalization approach resembles aromatic electrophilic substitution on single pyrazole
systems (e.g., halogenation, nitration, and formylation reactions). Lastly, given that amides
provide a standard industrial method to join residues is quite popular employing this
functional group as a linker with PP derivatives. Hence, different protocols to insert this
functional group have been evaluated in recent years.

Remarkable, the N-heterocyclic core allows crucial modifications at C2, C3, C5, C6, and
C7 positions during ring-construction or later functionalization steps. These transforma-
tions can substantially modify the biological properties of compounds such as antitumoral
and enzymatic inhibitory activity. However, bases on the SAR, in most cases, the presence
of halogen atoms generates a remarkable effect on the cytotoxicity of the molecule. Addi-
tionally, the π–π interactions between pyrazolo[1,5-a]pyrimidine ring and enzymatic pocket
make possible a significant number of molecules with high anticancer potential. Neverthe-
less, the insertion of aliphatic motifs generates a greater affinity with some enzymes, like
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in Kinase insert Domain Receptor. We hope this review is useful in understanding recent
advances in the synthesis and functionalization of this privileged scaffold in medicinal
chemistry and help the researchers to generate new ideas for rationalistic and efficient
designs of pyrazolo[1,5-a]pyrimidine-based medical.
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Abstract: The remarkable prevalence of pyrazole scaffolds in a versatile array of bioactive molecules
ranging from apixaban, an anticoagulant used to treat and prevent blood clots and stroke, to bix-
afen, a pyrazole-carboxamide fungicide used to control diseases of rapeseed and cereal plants, has
encouraged both medicinal and organic chemists to explore new methods in developing pyrazole-
containing compounds for different applications. Although numerous synthetic strategies have been
developed in the last 10 years, there has not been a comprehensive overview of synthesis and the
implication of recent advances for treating neurodegenerative disease. This review first presents the
advances in pyrazole scaffold synthesis and their functionalization that have been published during
the last decade (2011–2020). We then narrow the focus to the application of these strategies in the
development of therapeutics for neurodegenerative diseases, particularly for Alzheimer’s disease
(AD) and Parkinson’s disease (PD).

Keywords: pyrazole; synthesis; functionalization; heterocyclic; neurodegeneration; Alzheimer’s
disease; Parkinson’s disease; inhibitor; antagonist; biological activity

1. Introduction

Pyrazole compounds contain a five-membered aromatic ring composed of three car-
bon atoms and two adjacent nitrogen atoms. The shifting C-N double bond inside the
heterocycle endows pyrazoles with tautomerism. Consequently, regioselectivity can be
a challenge in the synthesis and purification of N-substituted and asymmetric pyrazoles.
Although a pyrazole core is rare in natural compounds, artificial pyrazole derivatives are
prevalent in diverse fields. Applications range from agrochemicals [1] to therapeutics. At
least thirty-three pyrazole-containing medicines have been marketed to alleviate or treat
diseases ranging from bacterial infections to cancer and neurologic disorder (Figure 1) [2,3].
For example, the anticoagulant apixaban is used to prevent serious blood clots that may
cause stroke, heart attack, and is also prescribed to patients with an abnormal heart-
beat (atrial fibrillation) or hip/knee joint replacement surgery; in 2018, apixaban was the
second most popular blockbuster drug [4]. Investigators in both academic institutions
and pharmaceutical industries have put tremendous efforts into the exploration of new
pyrazole scaffolds for drug development. This review, building upon previous literature,
reviews [3,5] and presents progress in the chemical synthesis of pyrazole scaffold molecules
and the functionalization of pyrazole derivatives from 2011 to 2020. We then focus on
pyrazole-containing small biomolecules developed as therapeutic candidates for treating
neurodegenerative diseases, particularly those that target pathologies found in Alzheimer’s
disease (AD) and Parkinson’s disease (PD). Fluorine-18 radiotracers composed of pyrazole
scaffolds have been recently reviewed by Gomes and his colleagues [6] and will not be
discussed in this review.
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Figure 1. Representative FDA-approved pyrazole-containing medicines. FDA: U.S. Food and
Drug Administration.

2. The Synthesis of Pyrazole Scaffold Molecules

The synthesis of substituted pyrazoles has been accomplished by two strategies [3,5]:
(1) the cyclocondensation of hydrazines with 1,3-dicarbonyl compounds or their synthetic
1,3-dielectrophilic equivalents (Scheme 1a), and (2) the cycloaddition of 1,3-dipoles to
dipolarophiles (Scheme 1b). These two conventional strategies were recently enriched by
additional approaches including multicomponent one-pot processes, photoredox reactions,
and transition-metal catalyzed reactions. In this section, we will first discuss cycloconden-
sation, followed with cycloaddition. In addition, new approaches are also discussed.

Scheme 1. Conventional pyrazole synthetic strategies. (a): cyclocondensation; (b): cycloaddition.

2.1. Cyclocondensation of Hydrazines with 1,3-Dielectrophilic Derivatives

Substituted or nonsubstituted hydrazines are readily available as [NN] synthons
for the synthesis of pyrazole derivatives. Pyrazole molecules can be generated through
hydrazines reacting with 1,3-dielectrophilic units such as 1,3-dicarbonyl or with α,β-
unsaturated carbonyl compounds; the latter structures include enones, ynones, and vinyl
ketones bearing a leaving group (Figure 2) [3].
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Figure 2. Structures of 1,3-dielectrophilic derivatives.

2.1.1. Cyclocondensation of Hydrazines with 1,3-Dicarbonyl and Related Compounds

1,3-diketones, β-ketoesters, 2,4-diketoesters, and related synthetic equivalents can
condense efficiently with hydrazines to generate substituted pyrazoles. Based on this
strategy, a series of potent carbonic anhydrase, α-glycosidase, and cholinesterase enzymes
inhibitors 1 were synthesized via the cyclocondensation of the 1,3-diketone and appropriate
hydrazines (Scheme 2) [7].

Scheme 2. Bioactive molecules synthesis by cyclocondensation.

However, a mixture of two regioisomers is produced in most cases when unsym-
metrical 1,3-dicarbonyl compounds (R1 6= R2), and substituted hydrazines are used for
cyclocondensation (Scheme 3). Moreover, this kind of cyclocondensation is generally
accomplished in a strongly acidic medium (i.e., fluoroboric acid [8]), thus the reaction
solution is corrosive and not environmentally-friendly.

Scheme 3. Regioselectivity of pyrazoles synthesis via cyclocondensation.

A mild and acid-free condensation of 1,3-diketones with substituted hydrazines to
generate the 1,3,5-trisubstituted and fully substituted pyrazoles was reported by Wang and
co-workers [9]. The optimal conditions were obtained when using copper (II) nitrate as
the catalyst, providing the cyclocondensation products at room temperature in less than
60 min. More importantly, this method provided highly regioselective products with good
yields (Scheme 4).
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Scheme 4. Cu-catalyzed cyclocondensation for pyrazole synthesis.

As a novel derivative of 1,3-dicarbonyl compounds, 1,3-monothiodiketones are good
complements for preparing unsymmetrically substituted 1-aryl-3,5-bis(het)arylpyrazoles
with excellent regioselectivity and high yield (Scheme 5) [10].

Scheme 5. 1,3-monothiodiketones as substrates for pyrazole synthesis.

Despite the efficiency and flexibility of using 1,3-dicarbonyl compounds as substrates,
the synthetic inconvenience and inherent instability of many 1,3-dicarbonyls, particularly
dialdehydes, limits the synthesis of some substituted pyrazoles. To overcome this challenge,
Schmitt et al. reported the facile generation of 1,4-disubstituted pyrazoles when using
ruthenium as a catalyst with 1,3-diols to replace 1,3-dicarbonyl compounds [11]. In this
reaction, crotonitrile was used as the reductant to accept hydrogen transfer from ruthenium
dihydrides (Scheme 6).

Scheme 6. 1,3-diols as substrates for pyrazole synthesis.

2.1.2. Cyclocondensation of Hydrazines with Enones and Related Compounds

The condensation of hydrazines with α-enones affords pyrazolines, and can be fol-
lowed by oxidization to generate the corresponding pyrazoles. Zhang et al. reported
using iodine to mediate oxidative intramolecular C-N bond formation, and the hydrazone
intermediates were cyclized to generate pyrazoles [12]. This one-pot applicable procedure
led directly to a variety of di-, tri-, and tetra-substituted (aryl, alkyl, and/or vinyl) pyrazole
derivatives with high (64–96%) yields when using β-aryl substituted aldehydes and ke-
tones as substrates. However, the yield decreased sharply when R1 was a methyl group
(23% yield) due to the loss of the extended conjugation to facilitate the nucleophilic attack
of the α,β-unsaturated double-bond to iodine (Scheme 7).
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Scheme 7. I2-mediated cyclocondensation for pyrazole synthesis.

The applicability of this general method has been extended to synthesize an array of
novel 3,5-diarylpyrazole derivatives (15); some of these are potent acetylcholinesterase
inhibitors possessing excellent selectivity, and have been accepted as prospective drug
candidates for treating Alzheimer’s disease (Scheme 8) [13].

Scheme 8. 3,5-diarylpyrazole synthesis through I2-mediated cyclocondensation.

In addition, Ding et al. reported an air-promoted photoredox cyclization of substi-
tuted hydrazines with activated alkene (Michael addition reaction acceptors) to afford
corresponding pyrazoles with good to excellent yields [14]. In this context, hydrazine
was oxidized by RuII to a diazene intermediate that attacks Michael acceptors, followed
by an intramolecular cyclization to form pyrazoles. The reduced RuI was reoxidized by
air to recycle this photoredox process. For electron withdrawing groups (EWG) such
as cyano or carboxylic acidic groups, this procedure efficiently generated 5-amino and
5-hydroxyl substituted pyrazoles, which are important functionalities for subsequent
transformations (Scheme 9).

Scheme 9. RuII-catalyzed photoredox cyclization for pyrazole synthesis.

Pre-installation of enones with hydrazines to form hydrazone intermediates is also
accessible. Hu and co-workers [15] reported a RuII-catalyzed intramolecular oxidative C–N
coupling for the facile synthesis of highly diversified tri- and tetrasubstituted pyrazoles.
Their method is applicable to a broad scope of substrates with excellent functional group
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tolerance. More importantly, many of the pyrazoles generated using this strategy were
difficult to prepare by conventional methods (Scheme 10).

Scheme 10. RuII-catalyzed oxidative cyclization for pyrazoles synthesis.

2.1.3. Cyclocondensation of Hydrazines with Ynones and Related Compounds

Harigae et al. reported using a one-pot regioselective procedure for the synthesis
of 3,5-disubstituted pyrazoles with good yields [16]. In his multicomponent procedure,
ynone intermediates were formed through iodine-mediated in situ oxidation of propargylic
alcohols that were converted from terminal alkynes and aldehydes (Scheme 11).

Scheme 11. Multicomponent synthesis of pyrazoles from alkynes.

In addition, propargylic alcohols, the reduced form of ynones, were also used to
generate 3,5-disubstituted 1H-pyrazoles [17]. This procedure includes two consecutive
steps: (1) Lewis acid catalyzed N-propargylation of propargylic alcohols to propargyl
hydrazides with N-acetyl-N-tosylhydrazine, followed by (2) base-mediated intramolecular
cyclization (Scheme 12).

Scheme 12. Propargylic alcohols as substrates for two-step pyrazole synthesis.

2.1.4. Cyclocondensation of Hydrazines with Vinyl Ketones Bearing a Leaving Group

Aminomethylene and (dimethyl)aminomethylene groups are synthetic equivalents of
a formyl group. α,β-Vinyl ketones containing these substituents may react with hydrazine
derivatives to afford pyrazolines, followed by elimination of the leaving group to generate
the desired pyrazoles. The methylthio group has also been reported as an excellent leaving
group [10]. Guo et al. reported that in the presence of iodine and tert-butyl hydroperoxide
(TBHP), β-amino vinyl ketone could cyclize with tosyl hydrazine in water to afford fully
substituted pyrazoles [18]. Mechanism studies using 15N-labeled enaminone as a substrate
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showed that the β-amino group did not participate in the formation of a pyrazole ring,
instead, it acted as a leaving group, serving as a hydrogen bond donor to facilitate the
reaction in water (Scheme 13).

Scheme 13. Pyrazole synthesis in water.

Raghunadh and co-workers reported a copper-catalyzed three-component process for
pyrazole synthesis [19]. The authors found that N-substituted pyrazoles could be afforded
in high yields and excellent regioselectivity when using β-dimethylamino vinyl ketones as
substrates in the presence of aryl halides (Scheme 14).

Scheme 14. Cu-catalyzed three-component cyclocondensation for pyrazole synthesis.

In the presence of peroxide (m-CPBA), Chen et al. showed that propargylamines
could be converted into enaminones after a one-pot oxidation and rearrangement pro-
cess. The formed enaminones are key intermediates that would react with hydrazines to
afford corresponding pyrazole derivatives [20]. Using this methodology, the researchers
realized a one-pot, four-step celecoxib synthesis with a 39% overall yield starting from
4-ethynyltoluene (Scheme 15).

Scheme 15. One-pot oxidative cyclocondensation for pyrazole derivatives synthesis.

Under alkaline conditions, a proton on the β-vinyl substrate can serve as a leaving
group to accelerate the conversion of pyrazolines to pyrazoles [21]. In addition, when
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the phase transfer catalyst Bu4NBr is used, these reactions can be performed smoothly in
water [22] (Scheme 16).

Scheme 16. Proton leaving groups in cyclocondensation for pyrazole synthesis.

2.2. 1,3-Dipolar Cycloadditions

The intrinsically high regioselectivity and efficiency of 1,3-dipolar cycloaddition has
led to its prominent role in preparing substituted pyrazoles [5]. Conventional 1,3-dipolar
cycloaddition employs a [CNN] fragment and a [CC] fragment. In general, three main
classes of 1,3-dipoles have been used as the [CNN] fragment, namely, diazoalkanes, ni-
trilimines, and azomethine imines, while their [CC] counterparts are alkenes or alkynes
(Scheme 17a). Additionally, the combination of a [CCC] fragment plus a [NN] fragment
has also been utilized. In these examples, [CCC] comes from alkenes or alkynes, while the
[NN] fragment derives from azo compounds (Scheme 17b).

Scheme 17. Strategies for 1,3-dipolar cycloaddition. (a): [CNN] + [CC] mode; (b): [CCC] + [NN] mode.

In this section, we discuss the synthetic development of 1,3-dipolar cycloaddition
reactions according to the source of 1,3-dipoles fragments, namely, from diazoalkanes,
nitrilimines, or azomethine imine, respectively. Reactions in which azo compounds act as
[NN] fragments are also presented.

2.2.1. Diazoalkanes as 1,3-Dipoles

Electron-rich diazo compounds are toxic and potentially explosive, thus the prepa-
ration and handling of these reactants are hazardous. To overcome this problem, an
improved method for making aryldiazomethanes from stable tosylhydrazones derivatives
was developed to synthesize pyrazoles. Using an operationally simple, multicomponent,
one-pot procedure, 3,4,5-trisubstituted 1H-pyrazoles could be prepared from vinyl azide,
aldehyde, and tosylhydrazine [23]. In these cases, the azide group serves as a leaving
group (Scheme 18).

Scheme 18. Azide as leaving groups in diazoalkanes for pyrazole synthesis.
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Bromine is also a good leaving group. Sha et al. developed a simple, highly efficient,
and regioselective method for the synthesis of 3,5-diaryl-4-bromopyrazoles using gem-
dibromoalkene as the substrate [24] (Scheme 19).

Scheme 19. Bromine as the leaving group in diazoalkanes for pyrazole synthesis.

Using pyrrolidine as a catalyst, 3,4,5-trisubstituted or 3,5-disubstituted pyrazoles
could be synthesized from carbonyl compounds through an enamine intermediate under
mild conditions [25]. Considering that carbonyl compounds are more readily available than
alkenes, this optimization is a remarkable advancement. In addition, bicyclic pyrazoles
that are difficult to synthesize by common methods can be prepared straightforwardly
using this method (Scheme 20).

Scheme 20. Ketones as substrates in 1,3-dipolar cycloaddition for pyrazole synthesis.

Jackowski et al. reported a novel method to synthesize organoaluminum heterocyclics
via a [3 + 2] cycloaddition route [26]. Using this methodology, 3,4,5-trisubstituted pyrazoles
could be prepared from reactive polysubstituted alumino-heteroles intermediates (53) after
a one-step electrophilic substitution (Scheme 21).

Scheme 21. Trimethylaluminum substituted alkynes as substrates for pyrazoles synthesis.

2.2.2. Nitrilimines as 1,3-Dipoles

Li and co-workers [27] reported a rhodium-catalyzed cycloaddition of hydrazines
with dicarboxylic alkynes. This method provides a highly efficient and effective procedure
to synthesize 3, 4-dicarboxylic pyrazoles, and offering versatility for subsequent structural
modifications (Scheme 22).
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Scheme 22. RuII-catalyzed 1,3-dipolar cycloaddition for pyrazole synthesis.

Ledovskaya et al. reported that the weak organic base trimethylamine (TEA) could
promote the 1,3-dipolar cycloaddition of vinyl ethers and hydrazonoyl chlorides to produce
1,3-disubstituted pyrazoles with absolute regioselectivity [28] (Scheme 23).

Scheme 23. Trimethylamine (TEA) promoted 1,3-dipolar cycloaddition for pyrazoles synthesis.

Starting from primary alcohols, Kobayashi et al. reported a one-pot, multicomponent
procedure for making multisubstituted pyrazoles [29]. According to their description, the
primary alcohol was first oxidized by 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) to alde-
hyde, followed by reacting with hydrazine to form oxime, where the latter was converted
into nitrilimine in the presence of N-chlorosuccinimide (NCS) and decyl methyl sulfide,
followed by a 1,3-dipolar cycloaddition between nitrilimine and diethyl acetylenedicar-
boxylate (Scheme 24).

Scheme 24. Primary alcohols as substrates for pyrazole synthesis.

Using alcohols as potential [CC] fragments, Panda et al. reported an iron-catalyzed
route [30] for the regioselective synthesis of 1,3- and 1,3,5-substituted pyrazoles by the
condensation of diarylhydrazones with α-carbonyl alcohols, which were converted in
situ from vicinal diols by ferric chloride in the presence of tert-butyl hydroperoxide
(TBHP) (Scheme 25).

Scheme 25. FeIII-catalyzed 1,3-dipolar cycloaddition for pyrazole synthesis.
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A one-pot visible light-promoted single-electron-transfer (SET) process for mak-
ing 1,3,5-trisubstituted pyrazoles from α-bromoketones was reported by Fan and co-
workers [31]. The reaction has good functional group tolerance, even for nitro and nitrile,
which are generally not tolerated in SET reactions (Scheme 26).

Scheme 26. IrIII-catalyzed photoredox cycloaddition for pyrazole synthesis.

Yi et al. reported a novel silver-mediated [3 + 2] cycloaddition of alkynes and
N-isocyanoiminotriphenylphosphorane (NIITP) for the assembly of monosubstituted pyra-
zoles [32]. The reaction can be accomplished under mild conditions, with broad substrate
scope and excellent functional group tolerance. Mechanism studies showed that NIITP
was activated by Mo(CO)6, then undergoes a [3 + 2] cycloaddition with a silver acetylide
intermediate (Scheme 27).

Scheme 27. AgII-mediated cycloaddition for pyrazole synthesis.

Bioactive molecules with pyrrolopyrazole motifs such as an aurora kinase inhibitor
danusertib (71), a glycine transporter-1 inhibitor (72), an HIV-1 integrase inhibitor (73),
and an antibacterial agent (74) are promising drug candidates [33] (Figure 3). Therefore,
general and practical methods for making such compounds are valuable.

Figure 3. Bioactive molecules containing pyrrolopyrazole motifs.
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Zhu et al. reported a CuCl-catalyzed oxidative coupling reaction of aldehyde hydra-
zones with maleimides to prepare dihydropyrazoles under mild conditions [33]. Using
this method, a variety of pyrrolo[3,4-c]pyrazoles could be obtained from dihydropyrazoles
by one-step following oxidation (Scheme 28).

Scheme 28. CuI-catalyzed cycyloaddition for pyrrolopyrazole synthesis.

2.2.3. Sydnones as 1,3-Dipoles

Specklin et al. reported a one-pot Cu-catalyzed sydnone-alkyne cycloaddition to
generate 1,4-disubstituted pyrazoles from readily available arylglycines [34]. This method
tolerates various electron-rich or electron-poor N-aryl sydnones, and acetylene components.
Using this method, 1,4-pyrazoles were the only products with good to excellent yield; no
trace of 1, 3-regioisomers was detected (Scheme 29).

Scheme 29. Sydones as 1,3-dipoles for pyrazole synthesis.

In addition, a visible-light photoredox process using Ru(bpy)3(PF6)2 as the catalyst
to accomplish this regioselective reaction was also reported. In this case, a broad scope of
1,4-disubstituted pyrazoles was made in high yields [35] (Scheme 30).

Scheme 30. RuII-catalyzed photoredox cycloaddition for pyrazole synthesis.

2.2.4. Azo Compounds as [NN] Fragments

Zhang et al. reported a highly efficient nBu3P-catalyzed desulfonylative [3 + 2] cy-
cloadditions of allylic carbonates with arylazosulfones to make 1,4-disubstitued pyrazoles
in good to excellent yields under mild conditions [36]. The reaction can be triggered by the
Michael-type addition of nBu3P to allylic carbonate, meanwhile, an allylic phosphorus ylide
intermediate was formed after decomposition of the Boc group into CO2 and tBuOH. The
ylide intermediate subsequently underwent a [3 + 2] cycloaddition with arylazosulfones to
afford the substituted pyrazoles (Scheme 31).
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Scheme 31. Azo compounds as [NN] fragment for pyrazole synthesis.

For some reactions, the involvement of organophosphorus in azo-type cycloadditions
is useful, but not essential. Zhang and co-workers [37] reported that substituted propar-
gylamines could react with commercially available dialkyl azodicarboxylates (DEAD) in
toluene at room temperature without the presence of organophosphorus. This synthetic
strategy was also applicable for the synthesis of different pyrazoles in high yields with
broad substrate scopes (Scheme 32).

Scheme 32. Dialkyl azodicarboxylates (DEAD) as substrates in cycloaddition for pyrazole synthesis.

2.3. New Approaches to Reactions for Pyrazole Synthesis

In each of the above-mentioned methodologies for pyrazole synthesis, all the [NN]
fragments either came from hydrazine derivatives or from azo compounds. Pearce and
co-workers recently reported a novel fragment combination mode [NC] + [CC] + [N]
using a multicomponent oxidative coupling to make multi-substituted pyrazoles [38].
In these reactions, diazatitana-cyclohexadiene intermediates that were generated from
alkynes, nitriles, and titanium imido complexes, could produce pyrazole derivatives after
a 2-electron oxidation process triggered by oxidant TEMPO (Scheme 33).

Scheme 33. Organotitanium intermediates for pyrazole synthesis.

3. The Functionalization of Pyrazoles
3.1. The Synthesis of Fluorine-Containing and Fluoroalkyl Substituted Pyrazoles

The incorporation of fluorine or fluoroalkyl groups onto a pyrazole ring [1,39] can posi-
tively affect its physicochemical and biological properties. Exploration of these compounds
has led to the successful commercial application of numerous fluorine-containing pyra-
zoles, as shown in Figure 4. Therefore, new methods of synthesizing fluorine containing
pyrazoles may facilitate new drug discoveries, both in pharmaceutical and agrochemical
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industries. In addition, the incorporation of fluorine in pyrazole motifs can enable 18F-
labeling for preclinical and clinical position emission tomography (PET) applications. As
Gomes et al. have published a recent detailed review on this topic [6], we will not discuss
it in this manuscript.

Figure 4. Examples of bioactive molecules with fluorine-containing pyrazole moieties.

3.1.1. The Synthesis of Monofluorine-Substituted Pyrazoles

Prieto and co-workers [40] described an accessible method to synthesize 4-fluoropyrazoles
by ruthenium-catalyzed tandem C–H fluoromethylation and cyclization of N-alkylhydrazones.
In this context, CBr3F was acting as the fluorine source and a one-carbon unit. Compared to a
range of other transition-metal catalysts (Cu, Pd, and Fe), RuCl2(PPh3)3 was the most efficient
for this reaction (Scheme 34).

Scheme 34. RuII-catalyzed synthesis of monofluorine substituted pyrazoles.

3.1.2. The Synthesis of Difluoromethylpyrazoles

Difluoromethyl-substituted pyrazoles are valuable scaffolds for the preparation of
fungicides in agriculture (Figure 4) [1]. Recently, industrial materials like ethyl 2,2-
difluoroacetate and fluoroalkyl amino reagents (FAR) (Figure 5) have been widely em-
ployed as building blocks for making difluoromethyl pyrazoles [41,42].
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Figure 5. Representative fluoroalkyl amino reagents.

Mykhailiuk [43] reported a novel approach to preparing difluoromethyl-substituted
pyrazoles by a [3 + 2] cycloaddition between alkynes and CF2HCHN2, which was generated
in situ from readily available CF3CH2NH2. This practical methodology uses a two-step, one-
pot procedure, and does not require either the involvement of a catalyst, or the isolation of a
potentially toxic and explosive gaseous intermediate. More importantly, this operationally
feasible approach supports scale-up synthesis of target pyrazoles (Scheme 35).

Scheme 35. Synthesis of difluoromethyl pyrazoles.

3.1.3. The Synthesis of Trifluoromethyl Pyrazoles

Among fluorinated pyrazoles, the synthesis of 3-trifluoromethyl pyrazoles has at-
tracted significant attention because trifluoromethyl, a strong electronic withdraw group,
may increase the bioactivity of target molecules. The feasibility of this tactic is evidenced by
the success of a variety of pharmaceuticals and agrochemicals such as razaxaban (96, anti-
coagulant), and DP-23 (97, insecticidal activity), mavacoxi (98) and celecoxib (99) (both are
COX-2 inhibitors), and SC-560 (100, human lung cancer inhibitor), AS-136A (101, measles
virus inhibitor), and DPC-602 (102 arterial thrombosis) (Figure 4). Conventional synthetic
methods often suffer from poor regioselectivity between the 3-isomer and 5-isomer when
using trifluoromethyl substituted 1,3-dicarbonyl compounds as starting materials [44].

Li et al. reported a highly regioselective approach to the synthesis of 3-trifluoromethyl
pyrazoles using silver-mediated cycloaddition of alkynes with 2,2,2-trifluorodiazoethane,
which is generated from readily available CF3CH2NH2·HCl [45]. This mild procedure is
applicable for the synthesis of celecoxib and measles virus inhibitor AS-136. Interestingly,
the reaction only proceeds well in the presence of a trace amount of water (0.1–1 equivalent),
otherwise, the yield decreased sharply in the presence of either no water or too much water
(>10 equivalent). A deuterated substitution experiment suggested that the proton on
4-position is abstracted from the water medium. Further mechanism studies indicated that
silver acetylide might be the active species, as the addition of silver oxide was essential to
facilitate this cycloaddition reaction (Scheme 36).
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Scheme 36. AgI-promoted synthesis of 3-trifluoromethyl pyrazoles.

More importantly, the obtained products through this method are versatile important
intermediate chemicals in the pharmaceutical industry. For example, compound 114 is a
useful intermediate for the synthesis of measles virus (MV) inhibitor AS-136A (101), which
displayed nanomolar inhibition against the MV replication in the context of virus infection
(Scheme 37) [45,46].

Scheme 37. The synthesis of AS-136A from compound 114.

Subsequently, in 2014, Ji and co-workers [47] reported on an electrophilic trifluo-
romethylation to synthesize 3-trifluoromethylpyrazoles. This transition-metal free protocol
provided a range of 1,3,5-trisubstituted pyrazoles with moderate yield; preliminary mecha-
nism studies indicated that a trifluoromethyl radical species was involved in this reaction
(Scheme 38). For example, celecoxib (99), a nonsteroidal anti-inflammatory drug, was made
using this method with high efficiency and simplicity (Scheme 39) [47].

Scheme 38. Base-promoted synthesis of 3-trifluoromethyl pyrazoles.

Scheme 39. Celecoxib synthesis using a hypervalent iodine reagent.

Zhu et al. reported a multicomponent method of synthesizing 3-trifluoromethyl pyra-
zole derivatives through the interactions of readily available 2-bromo-3,3,3-trifluoropropene
(BTP), aldehydes, and sulfonyl hydrazides [48]. The protocol features are mild conditions,
a broad scope of substrates, high yields, and valuable functional group tolerance. More
importantly, this method is highly practical for large-scale production (Scheme 40).
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Scheme 40. 2-bromo-3,3,3-trifluoropropene (BTP) as a building block for the synthesis of 3-trifluoromethylpyrazoles.

Wang and co-workers [49] reported a mild method of synthesizing 4-(trifluoromethyl)
pyrazoles in high yields; this copper-mediated method, using nucleophilic
trifluoromethyltrimethylsilane (TMSCF3) as the CF3 source, is an important supplement to
electrophilic trifluoromethylation reactions (Scheme 41).

Scheme 41. CuII-mediated 4-trifluoromethylpyrazoles.

The above-mentioned methodologies offer great convenience in constructing trifluo-
romethylpyrazoles with various trifluoromethyl-containing building blocks and reagents.
However, some of these trifluoromethyl-containing chemicals are expensive or potentially
explosive [47,49]. Thus more straightforward methodologies like the direct fluorination of
existing functional group into a trifluoromethyl have also been explored. For example, in
the presence of HF, sulfur tetrafluoride can directly deoxofluoridize 4-pyrazolecarboxylic
acids into corresponding 4-(trifluoromethyl)pyrazoles in high yields [50] (Scheme 42).

Scheme 42. Direct fluorination to synthesize 4-trifluoromethylpyrazoles.

3.2. N-Alkylation, N-Arylation, and N-Alkenylation of Pyrazoles

The direct N-alkylation of pyrazoles to yield α-pyrazole ketone derivatives is of great
importance because of their pharmacological potential in diverse bioactive molecules. Ex-
amples including retinoic acid receptor-related orphan receptor gamma (RORγ) modulator
1 (127), Janus kinase (JAK) inhibitors (128) and (129), and insecticides (130) are shown
in Figure 6 [51]. High regioselectivity in such transformations is readily achieved under
optimized reaction conditions. In addition, any minor impurity of regioisomer can be
removed easily due to the differences in its physical properties (e.g., polarity, solubility
difference) to the main product during purification.
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Figure 6. Applications of α-pyrazole ketone scaffolds in bioactive molecules.

3.2.1. The Synthesis of N-Alkylated Pyrazoles

Dhanju et al. reported a general method of using ceric ammonium nitrate to me-
diate oxidative coupling of enolsilanes and heterocycles for making diverse α-pyrazole
ketones [51]. Interestingly, they found that under the same reaction conditions, quaternary
α-pyrazole ketone derivatives could be prepared; such pyrazole derivatives are not gen-
erally accessible via conventional synthetic methods due to steric hindrance (Scheme 43).
Nevertheless, for some asymmetrical pyrazole substrates, this method generated a mixture
of regioisomers. For example, 133a and 133b were synthesized in a ratio of 1.25:1. This is
attributed to the conjugation effect of the phenyl group at the C2 substitution of the pyra-
zole ring, the hyperconjugation inside the bicyclic ring system consisting of the pyraozle
group, and the phenyl group accelerates the fast shifting of the C–N double bond between
the two nitrogen atoms. The two flexible tautomeric structures tend to afford the product
as a mixture of regioisomers in almost equal ratio. Conversely, other substitutions (i.e., H,
tBu) having no conjugation effect only provided a single regioisomer in high yield [51].

Scheme 43. N-alkylation of pyrazoles.

3.2.2. The Synthesis of N-Alkenylated Pyrazoles

Compared to the N-alkylation and arylation of pyrazoles, few synthetic methods for
N-alkenylation of pyrazoles were reported. In 2015, to prepare β-pyrazolyl acids possess-
ing a wide range of bioactivities [52], Luo and co-workers [53] reported a gold-catalyzed
stereoselective 1,4-conjugate addition of pyrazoles to propiolates to afford N-alkenyl sub-
stituted pyrazoles in moderate to good yields with high regioselectivity. Under optimized
conditions, the undesired regioisomer ratio was <3% when using an unsubstituted pyrazole
as the substrate. After hydrogenation of the double bond, β-pyrazolyl acid esters, the
precursors of β-amino acids, could be obtained effortlessly (Scheme 44).

Scheme 44. N-alkenylation of pyrazoles.
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3.2.3. The Synthesis of N-Arylated Pyrazoles

N-arylpyrazoles motifs are common in natural products, bioactive molecules, and
pharmaceuticals [54]; furthermore, they are also prevalent components of auxiliary ligands
for transition-metal catalysis [55]. Conventional methods of synthesizing N-arylpyrazoles
rely on using either Buchwald–Hartwig coupling [56] or classical Ullmann reactions [57],
requiring noble palladium catalysts or harsh reaction conditions. Onodera et al. re-
ported an efficient method using palladium-catalyzed coupling of aryl halides with 3-
trimethylsilylpyrazole to make N-arylpyrazoles in quantitative yields [58]. Interestingly,
3-trimethylsilyl substitution on pyrazole substrates is essential for high yields; in addition,
3-trimethylsilyl substitution also offers considerable synthetic potential and diversity for
subsequent structural modifications (Scheme 45).

Scheme 45. Pd-catalyzed synthesis of N-arylated pyrazoles.

A general Cu-catalyzed Ullmann-type coupling to synthesize N-arylazoles was re-
ported by Zhou and co-workers [59]; they discovered that using L-(-)-quebrachitol (QCT), a
recycled waste in natural rubber industry as the O, O-bidentate ligand, both aryl bromides
and aryl chlorides can afford N-arylpyrazoles. In addition, aryl triflates that are readily
made from phenolics were also well tolerated to prepare desired products in excellent
yields (Scheme 46). Noticeably, using asymmetric imidazole having a tautomerism similar
to pyrazole as the substrate, 142a could be made in a high regioselective ratio of 12:1.
This Cu powder involved catalytic system presented a superior regioselectivity and high
yield compared to the Cu2O catalytic system [60].Copper powder is more reactive in the
Ullmann-type reaction than Cu2O as a catalyst. In addition, the ligand (QCT) can coordi-
nate the in situ formed copper ions to stabilize the reaction intermediates, a more stable
tautomeric structure. The collective roles have a net effect of a higher regioselectivity [59].

Scheme 46. Cu-catalyzed synthesis of N-arylated pyrazoles.

Wang et al. reported a metal-free oxidative methodology for the coupling of ben-
zoxazoles and pyrazoles to form a bis-heterocyclic system of N1-benzoxazole substituted
pyrazole derivatives [61]; the formation of radical species in the presence of oxidants is the
common feature of such protocols (Scheme 47).
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Scheme 47. Oxidative coupling for the synthesis of N-arylated pyrazoles.

3.3. The Amination of Pyrazoles

Aminopyrazoles have broad applications in both pharmaceuticals and agrichemicals,
examples such as CDPPB (145, positive allosteric modulators), fipronil (146, insecticide),
sulfaphenazole (147, sulfonamide antibacterial), and a Janus kinase inhibitor (148) all bear
an amino group at the 5-position (Figure 7). In addition, the introduction of an amino
group onto pyrazoles is also synthetically beneficial for further transformation [62].

Figure 7. Bioactive aminopyrazoles.

Senadi et al. reported an oxidative cross coupling of N-sulfonyl hydrazones with iso-
cyanides through a formal [4 + 1] annulation process; this metal-free procedure generated
5-aminopyrazoles in good yields with broad substrate scopes [63] (Scheme 48).

Scheme 48. I2 catalyzed synthesis of 5-aminopyrazoles.

Kallman et al. reported an efficient method to ammonolyze isoxazoles into aminopy-
razoles either in DMSO using one-step, or in an ethanol solution of KOH using two
consecutive steps [64]. Both procedures performed well to afford 3-aminopyraozles se-
lectively. In situ NMR analysis indicated that this reaction underwent a ring-opening
process of converting isoxazole into a ketonitrile intermediate, followed by the forma-
tion of (Z)-hydrazinylacrylonitrile, then a ring-closure step occurred to afford the target
aminopyrazoles (Scheme 49). Unlike other methods providing high regioselectivity, the
hydrolyzation of isoxazoles into aminopyrazoles involves the conversion of continuous
intermediates. For example, the unstable intermediate hemiaminal can convert into ei-
ther (Z)-hydrazone or (E)-hydrazone randomly, and this cis-trans isomerism was verified
by in situ NMR analysis. The lack of a preponderant Z or E configuration leads to less
regioselectivity [64].
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Scheme 49. Isoxazoles as substrates for 3-aminopyrazoles synthesis.

3.4. The Selanylation of Pyrazoles.

Emerging data from pharmacological studies and clinical trials reveal that seleno-
proteins and organoselenium molecules are participating in a variety of physiological
activities [65,66]. For example, a selenium-containing celecoxib derivative was shown to
be effective in downregulating the transcription of COX-2 and other pro-inflammatory
genes [67]. This highlighted the significance of incorporating selenium into pyrazole
motifs. Belladona et al. reported a direct C-H selanylation of pyrazoles with Selectfluor (N-
chloromethyl-N-fluorotriethylenediammonium bis(tetrafluoroborate)), a stable and com-
mercially available oxidant, to afford 4-phenylselenol substituted pyrazole derivatives [68].
The reaction was triggered by the interaction of diphenyl selenide with Selectfluor to
form electrophilic selanyl species, which were then attacked by nucleophilic pyrazole
substrates to give the final product. Mechanism studies suggest that the formation of a
Se–F bond between Selectfluor and diselenide is the critical step to restrain the formation
of non-fluorinated byproducts (Scheme 50).

Scheme 50. The synthesis of selanylated pyrazoles.

3.5. The Borylation of Pyrazoles

Borylated pyrazoles are critical building blocks in scalable Suzuki-coupling reactions
for preparing pyrazole-containing pharmaceuticals and fine chemicals. Nevertheless, such
starting chemicals are commercially scarce due to the unavailability of relevant synthetic
methodologies. Recently, Wang and co-workers [69] described that dianthphos, an easily
prepared monophosphine ligand, is capable of facilitating the Miyaura borylation of
pyrazole substrates with high yields, but only two representatives were presented in their
publication (Scheme 51).
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Scheme 51. The synthesis of borylated pyrazoles.

Above, we discussed the synthesis and functionalization of pyrazoles for different
purposes. In the next section, we will focus on the implementation of pyrazoles as thera-
peutic drug candidates, particularly for treating neurological diseases such as Alzheimer’s
disease (AD) and Parkinson’s disease (PD).

4. Applications of Pyrazoles in Neurodegenerative Diseases

Neurodegenerative diseases are characterized by the progressive loss of structure,
function, and quantity of neurons, which result in clinical syndromes including motor,
cognitive, and behavioral decline. Currently, Alzheimer’s disease (AD), and Parkinson’s
disease (PD) are reported as the top two neurodegenerative diseases, and both are associ-
ated with abnormal protein aggregations within the brain. Although academic institutions
and pharmaceutical industries have dedicated tremendous efforts to developing drug
candidates for treating these two diseases, unfortunately, an effective therapeutic has not
been identified yet. Patients and their families continue to bear a huge economic burden
as well as enduring physical and emotional pressure. Meanwhile, diverse small-molecule
drug candidates have been explored as potential therapeutics for AD and PD. In the devel-
opment of potential drug candidates for the treatment of PD and AD, pyrazole scaffolds
have two intrinsic advantages. First, the pyrazole heterocycle is a bidentate ligand: it can
act as both a hydrogen-bond donor and a hydrogen-bond acceptor at the same time, thus
allowing it to interact with carbonyl oxygen and amide proton on the peptide backbone
complementarily [70]. Second, π–π-stacking interaction between pyrazole and phenylala-
nine in β-sheet peptides amplifies their high affinity toward peptide backbones [71]. Here,
we will present an overview of recently reported potent pyrazole-containing biomolecules
that have been evaluated for the treatment of AD and PD. As readers are encouraged to
read the recent review by Gomes, Silva, and Silva [6], which summarizes the structures of
pyrazole-containing diagnostic radiotracers for neurodegenerative disease, these are not
discussed herein.

4.1. Applications of Pyrazoles in Alzheimer’s Disease (AD) Treatment

Although a precise understanding of the pathogenesis of AD remains elusive, several
iconic hallmarks have been identified. For example, MRI studies on AD patients discovered
significant hippocampal and entorhinal cortex atrophy compared to healthy age-matched
control subjects [72]. Furthermore, histopathological examination of AD cases has shown
that advanced disease is characterized by the deposition of senile plaques (SPs) and
neurofibrillary tangles (NFTs), which are composed of aggregates of amyloid-β (Aβ) and
hyperphosphorylated tau (ptau), respectively [73]. Based on anatomical studies, several
hypotheses including (i) amyloid cascade hypothesis, (ii) tau hypothesis, (iii) metal ion
dyshomeostasis, (iv) oxidative stress hypothesis, and (v) cholinergic hypothesis have been
proposed in an attempt to guide drug discovery for AD treatment [74].

With respect to their corresponding protein targets, the leading pyrazole-containing
therapeutic compounds can be divided into five classes: (1) acetylcholinesterase (AChE)
inhibitors; (2) protein aggregation inhibitors; (3) PDE inhibitors; (4) dual leucine zipper
kinase inhibitors; and (5) monoamine oxidase B inhibitors.
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4.1.1. Acetylcholinesterase (AChE) Inhibitors

Acetylcholine (ACh) is a critical neurotransmitter and neuromodulator in the central
nervous system (CNS), its relatively low concentration in the cerebral cortex of AD brains
results in the degeneration of cholinergic neurons as well as the deficit of cholinergic
neurotransmission [75]. In neurons, ACh is synthesized from choline and acetyl-CoA when
catalyzed by choline acetyltransferase (ChAT) and is hydrolyzed into acetate and choline
by acetylcholinesterase (AChE) [76]. AChE is primarily found at the synaptic cleft and the
neuromuscular junction of the brain. In contrast, outside of the CNS, the cholinergic enzyme
subtype butyrylcholinesterase (BuChE) mainly exists in blood plasma. Unlike the substrate
specific AChE, BuChE can nonspecifically hydrolyze many different choline or non-choline
based esters and amides [77].The colocalization of AChE or BuChE with Aβ aggregates
in SPs could accelerate Aβ aggregation, thus increasing neurotoxicity [78–80]. Therefore,
cholinesterase inhibitors have been viewed as a promising target for AD treatment.

In 2018, Turkan et al. reported a series of substituted pyrazol-4-yl-diazene derivatives
(3), and their in vitro enzymatic assay suggested that all were effective AChE and BuChE
inhibitors with Ki values at the nanomole level, better than tacrine (164), a discontinued
acetylcholinesterase inhibitor that was used to treat AD [7]. However, their poor selectivity
between AChE and BuChE, and broad activities over α-glycosidase and cytosolic carbonic
anhydrase might be problematic. Shaikh et al. reported novel scaffolds of N-substituted
pyrazole-derived α-aminophosphonates, two of these compounds (165, 166) exhibited
strong potency against AChE and high selectivity over BuChE, and their performances
were better than the commercially available drugs galantamine (167) and rivastigmine
(168) [81]. Compound 169 had ~100-fold selectivity for AChE over BuChE, furthermore, it
exhibited 45% neuroprotection ratio in rotenone/oligomycin A-induced neuronal death.
When compared to tacrine, only a minor activity decrease was observed [82]. Gutti et al.
reported a linear pyrazole derivative (170) as an AChE inhibitor in 2019 [13]. When tested
in MC65 cells at 50 µM, compound 170 improved cell viability by 90% and could reduce
Aβ1–42 aggregation induced by metals effectively at 20 µM (Figure 8, Table 1).

Figure 8. Chemical structures of cholinesterase inhibitors.
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Table 1. Affinities of cholinesterase inhibitors.

Ki
1 or IC50

2 Values for Cholinesterase Inhibitors

Compound R AChE BuChE AChE/BuChE

3a 1 H 58.17 ± 4.84 nM 74.82 ± 18.62 nM 0.77
3b 1 Me 64.71 ± 13.04 nM 80.36 ± 22.74 nM 0.80
3c 1 Et 47.93 ± 4.92 nM 58.12 ± 9.27 nM 0.82
3d 1 Ph 44.66 ± 10.06 nM 50.36 ± 13.88 nM 0.88
3e 1 2, 5-dimethylphenyl 78.34 ± 17.83 nM 77.62 ± 18.32 nM 1.00
3f 1 3, 4-dimethylphenyl 48.16 ± 9.63 nM 65.27 ± 12.73 nM 0.73
3g 1 2-nitrophenyl 56.23 ± 11.74 nM 71.63 ± 8.93 nM 0.78
3h 1 4-bromophenyl 60.27 ± 15.67 nM 88.36 ± 20.03 nM 0.68
164 1 – 126.13 ± 9.37 nM 145.84 ± 13.44 nM 0.86
165 2 – 0.055 ± 0.143 µM 8.863 ± 0.22 µM 0.006
166 2 – 0.017 ± 0.02 µM 6.331 ±0.017 µM 0.003
167 2 – 3.148 ± 0.139 µM 1.22 ± 0.05 µM 2.58
168 2 – 2.632 ± 0.021 µM 6.901 ± 0.01 µM 0.38
169 2 – 0.069 ± 0.06 µM 6.3 ± 0.6 µM 0.01
170 2 – 1937 ± 66 nM 1166 ± 88 nM 1.60

1 The values shown are Ki, 2 the values shown are IC50

4.1.2. Protein Aggregation Inhibitors

The dysfunction and aggregation of Aβ and tau proteins are the main features of
AD pathology. Aβ is a proteolytic product of amyloid precursor protein (APP), which
is cleaved by α-secretase and γ-secretase to Aβ monomers with 38 to 43 amino acid
residues, and studies have identified Aβ42 as a key monomer in pathology.[83,84]. These
short Aβ monomers possess a propensity to aggregate through mutual recognition to
form Aβ oligomers, which further aggregate into protofibrils and fibrils with a β-sheet
conformation [85]. Aβ has also shown a seeding effect in the brain to transmit and expand
its influence [86].

Tau is a phosphoprotein, its hyperphosphorylation can destabilize microtubules, thus
causing invariably compromised axonal transportation, synaptic dysfunction, and signal
transmission failure [87]. Furthermore, hyperphosphorylated tau tends to congregate into
paired helical filaments (PHFs) and straight filaments (SFs) in steps [88]. In experimental
mouse models of tauopathy, the accumulation of aggregated tau can disrupt anterograde
axonal transport and impair long-term potentiation [89,90].

In 2011, Hochdörffer et al. developed a series of Aβ42 inhibitors based on a trimeric
aminopyrazole carboxylic acid framework. They could convert well-ordered fibrils into
less structured aggregates and thin bent filaments through backbone recognition and
hydrophobic interactions with Aβ42 (Figure 9) [91]. Compound (Trimer-TEG-Lys-OMe, 171)
displayed the most potent inhibition and disaggregation activities against fibril formation,
with ~80% of reduced thioflavin fluorescence absorption and 43% of increased PC-12
cell viability in an Aβ existing cytotoxic environment. Notably, the triethyleneglycol
(TEG) spacer bridging trimeric aminopyrazole core and lysine appendix are essential to
maintain the inhibition activity, as the spacer plays an active role in destabilizing the
U-shaped turn of the Aβ protofilament. When the spacer was omitted (172), an accelerated
aggregation was contrarily observed. Meanwhile, the attached extension (TEG-Lys-OMe,
171) allows diversity; when it was replaced by a pentapeptide “LPFFD”, the corresponding
new compound showed a substoichiometric IC50 value (3 µM). Considering that Aβ

concentration is at nanomolar range in the brain, much lower than the concentration
(10 µM) used in in vitro studies, a 3 µM IC50 value is remarkable.
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Figure 9. Chemical structures of pyrazole-containing Aβ42 inhibitors.

Anle138b (173) was first identified as a potent α-synuclein aggregation inhibitor when
it was administered in vivo at nanomolar concentrations [92]. Later in vitro and in vivo
studies carried in mouse models of AD suggested that it could also inhibit the formation
of pathological tau aggregates by specifically binding to pre-aggregated tau species [93].
Molecular dynamic (MD) simulations revealed that anle138b (173) could block the con-
version of ordered antiparallel β-strands into disordered β-sheet rich conformations by
preferentially interacting with pre-aggregated tau fragments to reduce the overall number
of intermolecular hydrogen bonds [94]. Structure-activity analysis showed that the pyra-
zole scaffold plays a crucial role in anle138b’s inhibitory effect; when the pyrazole moiety
was replaced by imidazole (sery345, 174) or isoxazole (sery338, 175), the anti-aggregation
effect was weakened due to altered hydrogen bond characteristics. Interestingly, pyrazole
anle234b (176), a structural isomer of anle138b, is biologically inactive. Anle234b (176) is
more sterically hindered than anle138b due to placement of the bulky bromine group at the
ortho- rather than meta-position, which creates a more stable/less flexible conformation.
The torsional inactivation of anle234b (176) hampers the interactions of the bromophenyl
and pyrazole ring with peptide backbones, resulting in a reduced hydrogen bond strength
(Figure 10) [92,94].

Figure 10. Chemical structures of pyrazole-containing inhibitors targeting tauopathy.

Curcumin (177), a natural phenolic compound found in the rhizome of Curcuma
longa, has been used to treat various ailments in India for centuries. Structural modifi-
cations of curcumin to improve its instability and bioavailability have been an attractive
strategy in new drug discovery [95,96]; several pyrazole-containing curcumin derivatives
have showed potency for AD treatment [97]. CNB-001 (178), a pyrazole derivative of
curcumin, was initially found to have broad neuroprotective activity [98,99]. Subsequent
studies in AD animal models revealed that it could also promote Aβ clearance and improve
memory [100]. Kotani et al. further found that CNB-001 (178) could stimulate the expres-
sion of the endoplasmic reticulum chaperone glucose-regulated protein 78 (GRP78) and
increase formation of the amyloid precursor protein APP/GRP78 complex. The subsequent
downregulation of intracellular APP trafficking results in a reduced Aβ production without
inhibiting β- or γ-secretase activity [101]. Okuda et al. developed the inhibitor PE859 (179),
this curcumin derivative has IC50 values of 1.2 µM and 0.66 µM, respectively, to inhibit
Aβ and tau aggregations, and improved in vivo pharmacokinetics and pharmacological
efficacy, making it is more competitive as an AD drug candidate than curcumin [102]. Fur-
thermore, studies with PE859 (179) in the senescence-accelerated mouse prone 8 (SAMP8)
model of accelerated aging showed it also protected cells from Aβ-induced cytotoxicity
damage by decreasing Aβ and tau aggregations in the mouse brains (Figure 11) [103].
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Figure 11. Chemical structures of pyrazole-containing curcumin derivatives.

4.1.3. Phosphodiesterase (PDE) Inhibitors

Age-related cognitive decline and synaptic dysfunction are closely associated with
decreased cAMP (cyclic guanosine monophosphate) and/or cGMP (cyclic guanosine
monophosphate) concentration in the brains caused by increased phosphodiesterase (PDE)
expression [104,105]. Therefore, PDE inhibitors that can specifically bind with high affinity
to specific PDE isomers like PDE1, PDE5, or PDE9 to reduce the hydrolyzing of cAMP
and/or cGMP have been evaluated for pharmaceutical potential in clinical trials for the
treatment of AD [106].

The PDE1 group has three isoforms: PDE1A, 1B, and 1C, their activities are regu-
lated by intracellular calcium and calmodulin (CaM) [104]. In human and rodent brains,
PDE1A is predominantly expressed in the hippocampus, cortex, striatum, thalamus, and
cerebellum; PDE1B is prevalent in the hippocampus, cortex, striatum; while PDE1C is
more ubiquitously found in the cortex, cerebellum, and amygdala [107,108]. ITI214 (180), a
potent and highly selective PDE1 inhibitor (Ki = 0.058 nM), which is still in clinical trials,
was developed by Intra-Cellular Therapies. This inhibitor was able to significantly enhance
memory performance in vivo with a minimum effective dose of 3 mg/kg in various rat
models (Figure 12) [109].

Figure 12. Chemical structures of pyrazole-containing PDE1 and PDE5 inhibitors.

The prominent expression of PDE5 in smooth muscles has led to the extraordinary
success of PDE5 inhibitors including sildenafil (181), vardenafil, and tadalafil for the
treatment of erectile dysfunction [105]. Furthermore, PDE5 is also expressed in human
hippocampus and frontal cortex, and particularly abundant in Purkinje neurons [110,111].
Studies in different AD mouse models have indicated that sildenafil (181) can improve
synaptic function, restore memory loss, and upregulate CREB phosphorylation signaling
to reduce Aβ levels over the long-term [112,113]. When administrated to anile Tg2576
transgenic mice (15 mg/kg, intraperitoneally), sildenafil (181) could completely reverse
cognitive impairment and reduce tau hyperphosphorylation in the hippocampus [107].
More importantly, clinical trials of sildenafil (181) in healthy humans showed no central
nervous system side effects. Although no overt effect on spatial auditory attention or visual
word recognition was observed, sildenafil does help information processing and change
specific components of event-related potentials with enhanced attention, and also reduced
negativity of electroencephalogram in a memory task [114].

PDE9A is primarily expressed in the brain, with high concentrations in the cerebellum,
neocortex, striatum, and hippocampus [115]. Consistent with the specific function of
cGMP in controlling neurotransmission and enhancing hippocampal synaptic plasticity,
the inhibition of PDE9A results in significant accumulation of cGMP in cerebrospinal fluid
of nonhuman primates and humans, thus damaging brain functions like sensory processing,
learning, and memory [116]. Compound PF-04447943 (182) (Ki = 8.3 nM), a PDE9A inhibitor
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developed by Pfizer, was found to increase cGMP concentration in cerebrospinal fluid by
~23-fold when dosed in rats, monkeys, and humans [117]. Unfortunately, no cognitive
improvement was observed in subsequent phase II clinical trials when administered twice
a day for 12 weeks to moderate stage AD patients. Instead, it resulted in a higher incidence
of serious adverse events compared to the placebo group [118]. BI 409306 (183) is another
potent PDE9A inhibitor, and has IC50 values of 65 nM and 168 nM in human and rat,
respectively [119,120]. Preclinical studies demonstrated that BI 409306 (183) could increase
cGMP concentrations in rodent prefrontal cortex and cerebrospinal fluid, and promoted
long-term potentiation, and improved episodic and working memory performance [120].
Although it was well tolerated in prodromal to mild stage AD patients, its phase II clinical
trial was discontinued because no visible efficacy in improving cognitive function was
observed (Figure 13) [120].

Figure 13. Chemical structures of pyrazole-containing PDE9 inhibitors.

4.1.4. Dual Leucine Zipper Kinase (DLK) Inhibitors

Dual leucine zipper kinase (DLK, MAP3K12) mediates axon degeneration and neu-
ronal apoptosis after activation [121]. DLK-inducible knockout mice displayed increased
synaptic transmission and reduced neuronal degeneration when faced with neuronal
insult [122]. Ex vivo imaging found that Aβ/plaque-associated synaptic loss is at least
partially mediated by DLK signaling [123]. Experiments in mouse models of AD demon-
strated that DLK deletion can reverse cognitive deficits and rescue certain phenotypical
behaviors. Although the elimination of DLK did not reduce Aβ42 production, plaque
load, or alter tau pathology, DLK-knockout mice had higher levels of full-length amyloid
precursor protein (APP), amyloid plaque, plaque-associated gliosis, and enhanced cell
survival in the subiculum of tau [123]. In 2015, Patel et al. reported the first small molecule
DLK inhibitor 184 that effectively reduced c-Jun phosphorylation in nerve crush and 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced neuronal injury [124]. The
inhibitor 185 (DLK Ki = 42 nM) was developed using a scaffold-hopping strategy, in which
the pyrimidine core was replaced by a pyrazole; it exhibits comparable pharmacological
properties and inhibitory activities to compound 184 in a rat model [125]. After further
optimization, a more potent compound 186 (DLK Ki = 3 nM) was identified. It had lower
plasma clearance (total and unbound), a moderate volume of distribution, a long biological
half-life, and good bioavailability when dosed in cynomolgus monkeys. A single dose of
186 (50 mg·kg−1) resulted in significantly decreased phosphorylation of c-Jun, leading to a
near-complete inhibition of JNK when tested in a mouse model of AD (Figure 14) [126].

Figure 14. Chemical structures of pyrazole-containing dual leucine zipper kinase (DLK) inhibitors.
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4.1.5. Monoamine Oxidases B (MAO-B) Inhibitors

Monoamine oxidases (MAOs) are mitochondrial outer membrane-bound enzymes,
existing as two distinct enzymatic isoforms, MAO-A and MAO-B, and are responsible
for the metabolism of neurotransmitters such as dopamine, serotonin, adrenaline, and
noradrenaline [127]. MAO-B inhibitors selegiline and rasagiline have been used to treat
Parkinson’s disease clinically. In addition, MAO-B inhibitors are also potential therapies
for AD. A post-mortem brain study of AD cases indicated that MAO-B activity increased
dramatically in three cortical regions (frontal, parietal, and occipital cortices), thalamus, and
white matter [128], the observation was verified by another independent study [129]. MAO-
B activity also increases in association with gliosis, resulting in elevated reactive oxygen
species (ROS) levels, which in turn enhances Aβ production by decreasing the activity of
α-secretase while enhancing the activity of β- and γ-secretases [130,131]. Studies suggest
that MAO-B inhibitors like selegiline could slow AD progression in patients suffering from
moderately severe impairment [132].

A new strategy for tackling the complexity of AD pathology is incorporating several
pharmacological scaffolds into a single molecular entity to produce a synergistic effect [133].
This tactic turned out to be useful when fusing pharmacological scaffolds from a MAO-B
inhibitor and an AChE inhibitor together to afford multi-target-directed lead compounds
as potential therapeutics against AD [134,135]. Tzvvetkov et al. reported three potent,
reversible, and competitive MAO-B inhibitors (187–189) with high selectivity against
the MAO-A isoform [136]. Enzyme studies suggest that all of them have the ability to
bind to Fe(II) and Fe (III) via UV–Vis. These water-soluble, highly blood–brain barrier
permeable MAO-B inhibitors are promising drug and radioligand candidates as diagnostic
and therapeutic agents for AD (Figure 15, Table 2).

Figure 15. Chemical structures of monoamine oxidases (MAO) inhibitors.

Table 2. Affinities of monoamine oxidases B (MAO-B) inhibitors.

IC50 Value (nM)

Compound hMAO-A hMAO-B hMAO-A/hMAO-B Ki (nM)

187 >10,000 0.59 ± 0.09 >16,959 0.26 ± 0.04
188 >10,000 0.68 ± 0.04 >14,706 0.30 ± 0.02
189 ≥10,000 0.66 ± 0.06 ≥15,151 0.29 ± 0.03

4.2. Applications of Pyrazoles in Parkinson’s Disease (PD) Treatment

Parkinson’s disease (PD) is the second most prevalent chronic neurodegenerative
disease; it affects 1–2% of individuals over 60 years in the U.S. Initially, the most evident
motor symptoms of PD are bradykinesia, muscle rigidity, and tremor; as the disease
progresses, neurological symptoms including depression, pain, and sleep disturbance
become more prevalent. Pyrazole derivatives have wide applications for PD treatment,
and their roles can be divided into four classes: (1) antioxidants; (2) protein aggregation
inhibitor; (3) adenosine A2A receptor antagonists; and (4) PDE10A inhibitors.

4.2.1. Antioxidants

Mitochondrial dysfunction and subsequent oxidative stress are the main culprits
leading to dopaminergic neuronal death in PD. Thus, antioxidants are potentially beneficial
therapeutics in PD. Jayaraji and co-workers [137] reported that 2 µM of CNB-001 (178)
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could enhance cell viability insulted by reactive oxygen species (ROS). When applied
to adult mice in a model of PD [137], CNB-001 (178) could significantly attenuate motor
impairment, increase dopamine levels, and reduce inflammation. Two CNB-001 derivatives
(190, 191) [138] are also promising therapeutic inhibitors for the treatment of PD caused
by α-synuclein amyloidosis, both of them have potent activity in preventing wide-type
α-synuclein aggregation and fibrilization, with two-fold higher activity than their isoxazole
analogues (Figure 16) [138].

Figure 16. Chemical structures of pyrazole-containing antioxidants.

4.2.2. Protein Aggregation Inhibitors

Anle138b (173) was first identified as a pharmaceutical candidate in inhibiting the
aggregations of prion protein and of α-synuclein [92]. In different mouse models of PD,
anle138b (173) strongly inhibited α-synuclein accumulation and neuronal degeneration and
had an excellent oral bioavailability, while no detectable toxicity at therapeutic doses was
observed [92]. When co-incubated with α-synuclein fibrils, fluorescence spectrum indicated
that it binds to the hydrophobic pockets of the fibril with good affinity (Kd = 190 ±120 nM)
(Figure 17) [139].

Figure 17. Chemical structure of a protein aggregation inhibitor.

4.2.3. Adenosine Receptor A2A Receptor Antagonists

Adenosine receptor A2A is abundantly expressed and co-localized with dopamine
D2 in the striatum. The blockade of the A2A receptor might antagonize dopaminergic
neurotransmission in aspects relevant to motor control in PD patients [140], and the effect
of A2A antagonists has been supported by studies on rodent and primate PD models as
well as preliminary clinical observations [141,142]. Pyrazole scaffolds have been widely
employed in A2A antagonists [143], for example, preladenant is discontinued due to lack
of efficacy. Compound 192 [144] exhibited exceptional receptor binding affinity and ligand
efficiency against adenosine A2A receptor (Ki = 2.3 nM), however, the 4-acetamide on the
pyrimidine ring is unstable and tends to hydrolyze in acidic environments. To overcome
this issue, a structurally stable compound 193 (Ki = 0.66 nM) was optimized, unfortunately,
it was subject to moderate cytochrome P450 (CYP) inhibition (80% inhibition of CYP3A4
at 10 µM) [145]. Docking experiments based on crystal structure models of the adenosine
receptor revealed that the 5-position of the pyrimidine ring was surrounded by multiple
residues, which could serve as potential hydrogen bond donors or acceptors in the binding
pocket. Analog 194, which incorporated a cyano group, showed excellent potency and
ligand efficiency with low cytochrome P450 inhibition [146]; when dosed orally as low as
3 mg/kg in rats, it could significantly reverse haloperidol-induced catalepsy (Figure 18).
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Figure 18. Chemical structures of pyrazole-containing A2A receptor antagonists.

4.2.4. Phosphodiesterase-10A (PDE10A) Enzyme Inhibitors

Phosphodiesterase 10A (PDE10A) is a dual substrate phosphodiesterase enzyme that
can hydrolyze both cAMP and cGMP [139,147]. The PDE10A/cAMP interaction is essential
for dopamine neurotransmission, and has been implicated in the pathophysiology of
Parkinson’s disease [148]. Investigators have reported that alteration of PDE10A expression
is associated with progression and severity of patients with parkinsonism [149].

Tremendous effort has been dedicated to developing PDE10A inhibitors for the treat-
ment of Parkinson’s disease and other neuropsychiatric disorders characterized by reg-
ulating medial striatal neuron (MSN) activity. Meanwhile, selectivity of an inhibitor for
PDE10A over the other subtypes is also a critical issue. Numerous studies indicate that
inhibition of PDE3A/B can lead to arrhythmia and increased mortality [150]; PDE4 plays
an important role as a regulator of central nervous system function while inhibition of
PDE4A can increase heart and respiratory rates [151].

Among the multiple PDE10A inhibitors, 2-[4-(1-methyl-4-pyridin-4-yl-1H-pyrazol-3-yl)-
phenoxymethyl]-quinoline (MP-10) is highly potent (IC50 = 0.37 nM), selective (>100-fold),
and has been extensively evaluated as a therapeutic inhibitor. While MP-10 has progressed to
clinical trials without success [152], other PDE10A analogues are under evaluation, though
there is no currently FDA-approved PDE10A inhibitor for treating PD.

Tu et al. reported a series of structurally related analogues of MP-10 in which a
methoxy group (-OCH3) was added into the 3-, 4-, or 6-position of the 2-methylquinoline
moiety of the MP-10 pharmacophore (Figure 19) [153]. The most potent molecule was the
3- and 4-methoxy substituted quinolines (195) with an O atom bridge linkage that showed
potency similar to MP-10. Interestingly, little difference was observed in the in vitro
biological activity of regioisomer 196 (Table 3). More importantly, the six compounds
195a–c and 196a–c not only had high potency for PDE10A, but also high selectivity for
PDE10A versus PDE3A/3B and 4A/4B (Table 3).

Figure 19. Chemical structures of pyrazole-containing PDE10A inhibitors.
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Table 3. PDE affinities of new MP-10 analogues.

IC50 Value

Compound R
PDE10A

(nM) PDE3A (103 × nM)
PDE3B

(103 × nM)
PDE4A

(103 × nM)
PDE4B

(103 × nM)

195a 3-OMe 0.40 ± 0.02 123 ± 21 82.7 ± 10 3.85 ± 0.23 3.43 ± 0.21
195b 4-OMe 0.28 ± 0.06 27.5 ± 2.5 3.85 ± 0.95 2.56 ± 0.11 1.79 ± 0.10
195c 6-OMe 1.82 ± 0.25 78.0 ± 4.0 9.75 ± 1.25 3.37 ± 0.18 2.56 ± 0.09
196a 3-OMe 0.24 ± 0.05 18.7 ± 3.1 16.9 ± 2.1 199 ± 16.0 31.5 ± 3.60
196b 4-OMe 0.36 ± 0.03 29.0 ± 4.0 4.80 ± 1.20 4.18 ± 0.33 5.06 ± 0.40
196c 6-OMe 1.78 ± 0.03 1.5 ± 0.5 3.00 ± 0.14 5.60 ± 0.52 7.10 ± 0.58

In 2015, another series of potent and selective PDE10A inhibitors were reported
by Tu et al. [154] (Figure 20). Fluorine-containing groups were introduced into the 2-
methylquinoline moiety of MP-10. These new potent compounds (197–202) (IC50 range
0.24–1.80 nM) had >210-fold selectivity.

Figure 20. Structures of potent fluorine-containing MP-10 analogues.

5. Conclusions

The wide applications of pyrazoles in pharmaceuticals have stimulated the rapid
methodological development of pyrazole synthesis. During the past decade, many general
and practical approaches including the involvement of transition-metal catalysts, pho-
toredox reactions, one-pot multicomponent process, new reactants, and novel reaction
type have led to fruitful advances in the fields of the synthesis and functionalization of
pyrazole derivatives. This review briefly covers these updates, and highlights the potential
of pyrazole scaffolds in pharmaceutical development for AD and PD treatment, two of
the most serious chronic neurodegenerative diseases. The varied pyrazole compounds
described herein can be regarded as candidate agents for the development of novel neu-
rodegenerative drugs. Although in vitro and in vivo studies with promising therapeutics
have shown potential to alleviate neurodegenerative symptoms, they are still far from
providing a cure or effective treatment, largely due to a lack of clear understanding of
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disease pathologies. Therefore, studies based on rational drug design and that incorporate
a deep understanding of pathological changes in neurodegenerative disease are urgently
needed to explore the potential utility of pyrazoles as therapeutics, and this effort relies on
multidisciplinary cooperation ranging from medicinal chemistry to pathophysiology.
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Abstract: The pyrazole nucleus has long been known as a privileged scaffold in the synthesis of
biologically active compounds. Within the numerous pyrazole derivatives developed as potential
drugs, this review is focused on molecules characterized by a urea function directly linked to the
pyrazole nucleus in a different position. In the last 20 years, the interest of numerous researchers
has been especially attracted by pyrazolyl-ureas showing a wide spectrum of biological activities,
ranging from the antipathogenic activities (bacteria, plasmodium, toxoplasma, and others) to the
anticarcinogenic activities. In particular, in the anticancer field, pyrazolyl-ureas have been shown to
interact at the intracellular level on many pathways, in particular on different kinases such as Src,
p38-MAPK, TrKa, and others. In addition, some of them evidenced an antiangiogenic potential that
deserves to be explored. This review therefore summarizes all these biological data (from 2000 to
date), including patented compounds.

Keywords: pyrazolyl-ureas; pyrazole nucleus; protein kinase inhibitors; anti-inflammatory agents;
anticancer agents; anti-pathogens agents

1. Introduction

Pyrazole consists of a doubly unsaturated five-membered ring containing two nitrogen atoms
(named N1 and N2) and, among heterocyclic compounds, represents one of the most important
chemical scaffolds in medicinal chemistry and advanced organic materials [1].

The biological and pharmacological properties of pyrazole can be due to its particular chemical
characteristics: in detail, pyrazole presents a nitrogen atom 1 (N1), also named “pyrrole-like” because
its unshared electrons are conjugated with the aromatic system; and a nitrogen atom 2 (N2), named
as “pyridine-like” since the unshared electrons are not compromised with resonance, similarly to
pyridine systems. Due to the differences between these two nitrogen atoms, pyrazole can react with
both acids and bases [2]. Another important structural characteristic of pyrazole is the prototrophic
tautomerism: in fact, three tautomers are possible in unsubstituted pyrazole, while five tautomers can
exist in mono-substituted pyrazoles [3].

Pyrazole and its derivatives exhibit a broad spectrum of pharmacological activities from
antimicrobial and antitubercular to anticonvulsant, anticancer, analgesic, anti-inflammatory,
antidepressant, cardiovascular, and many others [4].

Examples of the most recent pyrazole drugs are Celecoxib, Lonazolac, Tepoxalin, Deracoxib,
Mepirizole, Crizotinib, Pyrazomycin, Surinabant, Rimonabant, Difenamizole, Fezolamine, Betazole,
and Fomepizole, among many others. All these molecules are uncondensed variously substituted
pyrazoles, but condensed pyrazole rings are also an important source of bioactive molecules [5,6].
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In recent years, the urea function has led to the development of many drugs that are especially
useful in anticancer therapy such as Sorafenib, Cabozatenib, and Regorafenib [7]. In the last ten years,
various urea derivatives have been studied as biological modulators of different intracellular targets,
confirming the importance of the urea scaffold in medicinal chemistry and in drug development. In fact,
the urea NH moiety is a favorable hydrogen bond donor, while the urea oxygen atom is regarded as an
excellent acceptor, giving to the function the possibility for interacting with several protein targets in
different ways. In addition, due to strong intermolecular hydrogen bonding with different solvents,
insertion of the urea moiety can enhance aqueous solubility.

When a urea function was inserted on the pyrazole nucleus in position 3, 4, or 5, different
biologically active compounds with a broad spectrum of pharmacological properties were obtained,
from antibacterial or antiparasitic to anti-inflammatory and, above all, anticancer ones [8].

This review focuses on the study and classification of new pyrazolyl-ureas (appeared in the
literature over the past 15 years) and their interesting pharmacological properties. The numerous
articles and patents have been classified firstly on the base of the molecules structure (in particular,
the position of the urea function in the pyrazole scaffold has been used as discriminant factor), and then
on the base of the most relevant bio-pharmacological activities reported by the authors.

2. 3-Pyrazolyl-Ureas Derivatives

2.1. 3-Pyrazolyl-Ureas as Human Carbonic Anhydrase Inhibitors

Metabolic transformations such as the reversible hydration of CO2 to HCO3
−, aldehyde

hydration, hydrolysis of alkyl and aryl esters, urine formation, and other similar physiological
and physiopathological reactions are catalyzed by the human carbonic anhydrase II (hCA II),
a metalloenzyme that uses zinc to catalyze these transformations. In detail, a tetrahedral zinc ion (Zn2+)
coordinated with three histidine residues and one water molecule represents the catalytic domain,
which is the primary target of human carbonic anhydrase inhibitors (hCAIs). Sulfonamide or sulfamate
group linked to an aromatic or heteroaromatic ring seems to play an important role in binding to the Zn2+,
as proven by the most powerful inhibitors Celecoxib, Acetazolamide, and ureido-benzenesulfonamides
(UBSAs, Figure 1).

Supuran and coworkers recently prepared, as inhibitors of the hCA II, several UBSA derivatives
which, shifting the hydroxide molecule due to the sulfonamide nitrogen, bind directly to the active side,
masking it [9]. They also reported very important structure–activity relationship (SAR) information
about the R group orientation in the different subpockets of the active site and the capacity of linking
the Zn2+, probably due to the flexibility of the ureido linker (Figure 1).

On this basis, Sahu and coworkers designed a new set of UBSA ligands with different substituents
on the ureido group, including the 3-(1-p-Tolyl-4-trifluoromethyl-1H-pyrazol-3-yl) moiety (compound 1,
Figure 1). The crystallographic structure of hCA was used to perform a theoretical investigation of
electronic structure parameters of hCA II complexed with the new molecules. In particular, the authors
used their N-layered integrated molecular orbital and molecular mechanics (ONIOM) method [10].

The analyzed compounds were effectively able to interact with hCA II and showed calculated
inhibition constants consistent with the experimental data. The study evidenced that the nature of the
R moiety, substituting the second ureido nitrogen in UBSAs, controls the inhibitor potency. This is
probably due to the flexibility of the ureido linker and the possibility of the orientation of the R group
in different subpockets of the active site cavity. In addition, it was evident that the metal–ligand
bond distances and the ligand–metal–ligand angles for 1 were in reasonable agreement with the other
sulfonamide ligand, therefore indicating that 1 has a similar binding mode with other sulfonamide
inhibitors. The best hCA II inhibitor was the 2-isopropyl-phenyl-substituted compound, but 1 was
also revealed as a potent inhibitor of hCA II like other UBSA inhibitors, having a calculated inhibition
constant of 220.93 or 224.69 nM, following the optimized geometry at the M1 or M2 level, respectively,
in the docking analyses.
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2.2. 3-Pyrazolyl-Ureas as Cannabinoid Receptor Antagonist

The cannabinoid (CB) receptors are G protein-coupled receptors which respond to cannabinoids,
such as ∆-9-tetrahydrocannabinol9-THC), the major active constituent extracted from Cannabis sativa.
The most important and studied are two cannabinoid receptor subtypes named CBl and CB2. Of these,
CBl receptors are also known as central cannabinoid receptors because of their primary expression in
the central nervous system (CNS).

In detail, CB1 receptors are mainly located in the brain (in the basal ganglia, hippocampal cell
layer, cerebellum, and cerebral cortex), spinal cord, and peripheral nervous system. CB1 is also the
most widely expressed G protein-coupled receptor in the brain. On the other hand, CB2 receptors are
minimally expressed there; they are found mostly in the peripheral neurons, the reason for which they
are named peripheral cannabinoid receptors. They block the release of neurotransmitters and were
found principally in cells related to the immune system. Besides the different organ distribution, the two
subtypes differ also for the aminoacidic sequence, signal transduction mechanism, and sensitivity to
certain agonists and inhibitors.

Molecules acting as unselective agonists against CB1 and CB2 receptors have undesirable side
effects such as drowsiness and impairment of monoamine oxidase function and of non-receptor
mediated brain function. The addictive and psychotropic properties of some cannabinoids also limit
their therapeutic value. On the contrary, compounds having antagonist activity could provide a
pharmacological response useful to treat cannabis abuse, lipid and glucose metabolic disorders,
cardiovascular disorders, psychotic disorders (stress, anxiety schizophrenia), epilepsy, migraine,
vomiting, memory and cognitive disorders related to neurodegenerative diseases, and more.

Different studies on endogenous ligands have also shown that CB1 regulated food intake
and energy consumption for weight management purposes. These studies led to the development,
by Sanofi-Aventis, of the first CBl receptor antagonist, Rimonabant, approved in the UK in July 2006
for the treatment of obesity and as a smoking cessation drug. Because of its serious central side
effects, the research is now more interested in the discovery of new peripherally selective CBl
receptor antagonists.

With this intention, Li and researchers [11] tried to find new small molecules as CBl antagonists
with a 3-pyrazolyl-ureas substituted scaffold and also performed the activity test on EGFP-CB1_U20S
cells expressing the CBl receptor. From these tests, the IC50 values of the compounds ranged from
5 µM to 10 µM, of which compounds 2 and 3 (Figure 1) were the best CB1 receptor antagonists with
IC50 values of 5.19 and 3.61 nM, respectively.

Another patent was filled by Makriyannis and coworkers in 2006. It related to biologically active
pyrazole analogs having Markus structure 4 (Figure 1), acting as antagonists for CBl and/or CB2
receptors and having selectivity for one of them [12]. Some of the inventive compounds showed
high affinity for at least one of the cannabinoid receptors. The CB1 receptor binding affinities (Ki) for
the synthesized analogs ranged between 6 and 1844 nM, while the CB2 Ki ranged between 36.5 and
13,585 nM. Interestingly, some analogs were able to interact with the CBl receptor without affecting the
peripheral (CB2) receptor to the same degree. On the contrary, other analogs were able to interact with
the CB2 receptor without affecting the CBl receptor. The most interesting were the pyrazolyl-ureas
4a–d (Figure 1) as shown by affinity constant (Ki) and selectivity reported in Table 1.

Table 1. Affinity constant and selectivity of CB1/CB2 antagonists 4a–d.

Affinity Ki (nM) Selectivity

Comp. 4 CB1 CB2 CB1

a 9 4920 546.7
b 29 10863 374.6
c 6.8 4319 635.2
d 26 21791 838.1
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2.3. 3-Pyrazolyl-Ureas as Antibacterial Agents

Among 3-ureido-substituted pyrazoles, several examples were functionalized at the ring position 4
with a methyl, ethoxycarbonyl, or carboxy group and were obtained by adding alkyl- or arylisocyanates
to the respective 4-aminopyrazoles. Aiming to insert a hydroxymethyl function in position 4, Bratenko
and coworkers considered this approach less appropriate, because 3-amino-4-hydroxymethylpyrazoles
were unknown in the literature, and even if such compounds were available, selectivity problems would
arise when adding isocyanates to the amino group. On this basis, they developed an effective method for
the preparation of 1-alkyl(aryl)-3-[4-(hydroxymethyl)-1H-pyrazol-3-yl]urea derivatives (5a–h, Figure 1)
based on the interaction of 4-(hydroxymethyl)pyrazole-3-carbonyl azides with primary aliphatic or
aromatic amines under Curtius reaction condition. Then, compounds 5 were evaluated as antibacterial
and antifungal agents against Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC 25922),
Bacillus subtilis (ATCC 8236F800), and Candida albicans (ATCC 885-653), showing a moderate
antimicrobial activity. In detail, all the compounds tested present minimum bacteriostatic/fungistatic
(MIC), bactericidal (MBC), and fungicidal (MFC) concentrations of 250 µg/mL [13].

 

Figure 1. (a) General structure of UBSAs and their localization in the binding pocket of hCA (adapted
from Sahu, 2013 [10]). 3-pyrazolyl-urea reported as: (b) hCA inhibitors; (c) CB1/CB2 receptor antagonists;
(d) antibacterial/antifungal agents.
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3. 4-Pyrazolyl-Ureas Derivatives

3.1. 4-Pyrazolyl-Ureas as Epoxide Hydrolase (sEH) Inhibitors

In mammals, epoxide hydrolases (EH) catalyze the transformation of several carcinogenic epoxides
into their corresponding nontoxic diols. Soluble EH (sEH) is also involved in the metabolism of
arachidonic and linoleic acid epoxides, and the diols derived from epoxy-linoleates (leukotoxins)
have been associated with several inflammatory and vascular pathologies. Therefore, sEH has been
suggested as a promising pharmacological target for potential anticancer and anti-inflammatory agents.
sEH consists in two globular proteins in which C-terminal domains can bind the different substrates to
exerts the hydrolyzing action. 1,3-dicyclohexylurea was reported in 1999 by Morisseau and co-workers
as the first stable inhibitor of sEH [14] and numerous symmetrical and asymmetrical diphenyl ureas
have been developed [15], giving three new generations of molecules characterized by improved
potency and pharmacokinetic properties. Among them, asymmetrical ureas with a flexible side chain,
such as 12-(1-adamantan-1-ylureido)-dodecanoic acid (AUDA, Figure 2), have been proposed to
increase solubility [16]. In 2019, in pursuing the synthesis and the study of pharmacological properties
of adamantyl-containing 1,3-disubstituted ureas, D’yachenko and coworkers [17] reported the synthesis
of a series of 1,3-disubstituted ureas containing the 1,3,5-disubstituted pyrazole fragment as possible
sEH inhibitors (compounds 6, Figure 2). Authors declare an inhibitory activity ranging from 16.2 to
50.2 nmol/L and increased bioavailability, while major detailed information about structure–activity
relationships is lacking.

Starting from the pyrazole structure of the well-known COX-2 selective inhibitor Celecoxib and the
adamantyl urea function of the sEH inhibitor t-AUCB (Figure 2), Hwang and coworkers [18] designed
new interesting chimera compounds in which an aryl/adamantyl-substituted urea moiety is linked to
the pyrazole nucleus in position 3 directly or through an alkyl chain, as reported in general structure 7
(Figure 2). Compounds having the biarylpyrazole ring and the urea group directly connected showed
poor sEH inhibitory activity. On the contrary, the addition of methylene groups (total of three) between
the COX-2 and the sEH pharmacophore yielded an overall twentyfold improvement in potency against
sEH, without changing the efficacy against COX-2. The most active resulted compound had R1 = NH2,
R2 = phenyl, R3 = p-(trifluoromethyl)phenyl, and three carbon atoms in the chain, which showed IC50

values of 0.9 nM, 1.26 µM and >100µM against sEH, COX-2, and COX-1, respectively. These results
suggested that the 1,5-diarylpyrazole group is sterically hindered and, by increasing the length of the
linker between the 1,5-diarylpyrazole group and the urea group, it is possible to avoid steric repulsion.
These compounds have been classified in this subchapter to simplify the reading, despite the presence
of some 3-pyrazolyl-ureas in the series.

3.2. 4-Pyrazolyl-Ureas as Antiepileptic Drugs

The incidence of epilepsy in the worldwide population is estimated to be about 0.5–1%, 70% of
whom achieve satisfactory seizure control thanks to the large number of new drugs recently approved
(e.g., Lamotrigine, Gabapentin, Tiagabine, and Milacemide). However, the need for more effective
and less toxic antiepileptic drugs still exists since a large number of patients are drug-resistant.
Urea and thioureas derivatives [19,20] have emerged as structurally novel anticonvulsant agents. It was
hypothesized that ureas and thioureas display anticonvulsant activity by interacting on the putative
aryl binding site, the hydrogen bonding domain, and an auxiliary aryl or other hydrophobic binding
site [21]. On these bases, urea and thiourea moieties were attached to a pyrazole ring and to an aryl or
alkyl group obtaining compounds 8 (Figure 2) [22]. The anticonvulsant activity of the new compounds
was determined using pentylenetetrazol-induced seizure (PTZ) and maximal electroshock seizure
(MES) tests, two rodent models widely used to predict protection against generalized tonic-clonic and
generalized absence seizures in humans. Thiourea derivative 8a displayed noteworthy activity in both
PTZ and MES screens, while the urea derivatives 8b and 8c were much more potent than the thiourea
derivatives (82 and 80% protection at 25 mg/kg, respectively). In addition, 8b was found more effective
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than 8c in terms of MES, and both urea derivatives gave good protection when given intraperitoneally
at 25 and 50 mg/kg.

3.3. 4-Pyrazolyl-Ureas as Anti-Inflammatory Agents

A large number of compounds were patented in 2005 by Pharmacia Corporation [23] as potential
drugs for inflammatory diseases, in particular as inhibitors of IKK-2, an IkB kinase involved in the
inflammatory response that is the main cause of rheumatoid arthritis (RA) onset.

The transcription factor NF-κB, which plays a prominent role in immune and inflammatory
responses, is normally sequestered in an inactive form in the cytoplasm by a member of the IkB inhibitory
proteins, and this prevents the transcription of responsive genes in the nucleus. Cell stimulation leads
to the phosphorylation and degradation of IkB, thereby releasing NF-κB to the nucleus for activation of
gene transcription. The IkB kinases (IKK-1 and IKK-2), which phosphorylate IkB and thereby initiate
its degradation, represent the critical, common denominator in the activation of NF-κB and have been
considered as useful targets for new anti-inflammatory agents.

On the basis of literature evidence that active IKK-2 inhibitors could be useful for the treatment
of inflammatory diseases [24] and that pyrazolecarboxamide derivatives and other heteroaromatic
carboxamide derivatives are useful IKK-2 inhibitors [25], Clare and coworkers patented compounds
having the Markus structure 9 (Figure 2) [23] in which a carboxamide and ureas/thioureas function
were inserted alternatively in position 3 or 4 of the pyrazole nucleus. In addition, the N1 in the pyrazole
was generally aryl substituted. Among the 260 examples reported in the patent compounds, 9a, 9b,
and 9c (Figure 2) resulted the most active, having IC50 values of 0.013, 0.044, and 0.067 µM, respectively,
against human IKK-2, and IC50 values of 0.023, 0.033, 0.089 µM, respectively, against rat IKK-2.

In 2014, Sharma and co-inventors [26] patented the preparation of compounds having different
heterocyclic moieties (triazole, pyrazole, imidazole, oxazole, isoxazole, thiazole, and pyrrole) linked
by a urea function to five- or six-membered hetero or heteroaryl systems. The invention claimed
compounds as interleukin 17 (IL-17) inhibitors and tumor necrosis factor alpha (TNFα) inhibitors
and further related to their use in the treatment of inflammatory or autoimmune diseases and other
related pathologies.

Among the numerous claimed compounds, the 1-(4-trifluoromethylphenyl)-5-methyl-4-pyrazolyl-
ureas 10 (Figure 2) exhibited the best IL-17 and TNFα inhibitory activity in the cytokine release assay.
In particular, compounds 10a and 10b showed IC50 values ranging from 0.1 to 1 µM against both IL-17
and TNFα production.

3.4. 4-Pyrazolyl-Ureas as Protein Kinases Inhibitors

3.4.1. CDK8 Inhibitors

Cyclin-dependent kinase 8 and cyclin C (CDK8/CycC) represent a potent kinase oncogene system
involved in transcriptional activity and regarded as an attractive drug target. In particular, selective
inhibitors could decrease mitogenic signals in cancer cells with reduced toxicity toward normal
cells. Type I ligands are able to bind the kinase in the active conformation (DMG-in) and occupy the
ATP-binding site, while type II ligands bind to the inactive conformation (DMG-out) and occupy the
ATP-binding site and the allosteric site (deep pocket). By rearrangement of the DMG motif, the CDK8
changes from the inactive to the active state. The deep pocket (inaccessible in the DMG-in conformation)
is the binding site for many well-known kinase ligands, such as Sorafenib and Imatinib, belonging to
the type II category.
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Figure 2. 4-Pyrazolyl-ureas reported as: (a) sEH inhibitors; (b) anticonvulsant; (c) anti-
inflammatory agents.

The first pyrazolyl-urea series of type II CDK8 ligands was published in 2013, being actually
5-pyrazolyl-ureas variously substituted in position 4 (11, Figure 3) [27]. The ligands identified by
Schneider et al., were found to anchor in the CDK8 deep pocket and to extend with diverse functional
groups toward the hinge region and the front pocket. These variations can cause the ligands to change
from fast to slow binding kinetics, resulting in an improved residence time. Major details about these
inhibitors are reported in this review in Section 4 (5-pyrazolyl-ureas).

Recently, Chen and coworkers [28] implemented a novel virtual screening protocol for drug
development and applied it to the discovery of new CDK8/CycC type II ligands, starting from
the pyrazolyl-ureas previously reported by Schneider et al. [27]. The authors first analyzed the
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thermodynamic binding of the ligands using molecular dynamics simulations and a free-energy
calculation method, then extended the key binding information to assist virtual screening. Starting with
the urea moiety, they carried on substructure-based searches on 187,000 compounds and, by the newly
developed superposition method and single-point energy evaluation, they isolated 19 possible hits,
including the 4-pyrazolyl-urea 12 (Figure 3). Finally, the free-energy calculations provided only three
new compounds in which the urea moiety had the expected contacts with CDK8. Among them,
the most potent drug-like compound is not a pyrazole, but a thiadiazol-urea derivative that has a
Kd value of 42.5 nM, which is similar to those of the most potent pyrazolyl-urea used as a reference
ligand. Interestingly, the top two compounds are different by only one atom (the phenyl urea moiety
has a 4-methoxy substituent instead of a 4-ethyl one) but have a nearly threefold difference in binding
affinity (Ki = 114 nM). This was accurately predicted by both energy evaluation methods. Therefore,
the novel virtual screening method is accurate and useful in drug design projects.

3.4.2. RAS/RAF/MEK/ERK-MAPK Inhibitors

Other interesting 4-pyrazoly-ureas, together with a large library of 5-pyrazolyl-ureas, are reported
in some patents developed by Deciphera Pharmaceuticals (compounds 13 [29,30] and 14 [31,32],
Figure 3). They act on different kinases especially involved in the RAS-RAF/MEK/ERK-MAPK
pathways. In these compounds, the pyrazole moiety is linked by the urea function in position 4
to a phenyl, in turn substituted with a dihydropyrimido-pyrimidine scaffold (13, Figure 3) or the
isosteric dihydropyrido-[2,3-d]pyrimidine (14, Figure 3). Biological data for these 4-pyrazolyl-urea
derivatives were not given in the cited patents. Major considerations are reported in Section 4.4 focused
on 5-pyrazolyl analogues.

3.4.3. JNK Inhibitors

The mitogen-activated protein (MAP) kinase family member c-Jun-N-terminal kinase (JNK) has
been shown to be a therapeutic target for a variety of diseases including neurodegeneration, metabolic
disorders, inflammation, cardiovascular disease, and cancer. Three isoforms, namely as JNK1, JNK2,
and JNK3, were identified in the JNK family. The synthesis of new JNK inhibitors has been pursued to
develop efficacious therapeutics for Parkinson’s disease (PD) and other neurodegenerative diseases,
such as Alzheimer’s disease (AD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS),
and multiple sclerosis (MS), but also for treatment of myocardial infarction (MI), metabolic disorders,
cancer, and inflammatory diseases [33,34].

In 2015, Feng and coworkers [35] developed a large series of pyrazole derivatives aiming
to obtain JNK2/JNK3 inhibitors with a high degree of selectivity in respect to the JNK1 isoform.
These inhibitors were expected to afford lower toxicity risk for treatment of the conditions associated
with JNK activation. Particularly, by targeting the substrate site in JNK, and potentially blocking JNK
mitochondrial translocation, they hypothesized to provide an inhibition mechanism that prevents
mitochondrial dysfunction and cardiomyocyte cell death.

The authors patented numerous molecules in which a substituted phenyl is always present in N1,
while the pyrazole positions 3 and 5 were variously substituted. Among them, compounds of general
structure 15 (Figure 3) showed the best results having, in the inhibition test, EC50 values <200 nM
against JNK3/2, while >1000 nM against JNK1.

3.5. 4-Pyrazolyl-Ureas as Anticancer Agents

In 2008, Aventis Pharma patented a large series of benzimidazole-pyrazole derivatives bearing in
position 4 of the pyrazole nucleus the NHCO-R moiety in which R were differently substituted alkyl-
or cycloalkyl-amines [36]. Compounds were claimed as anticancer agents and were active in the cancer
cells line HeLa with IC50 values ranging from 5 to 50 µM. In particular, the IC50 of the compound 16
(Figure 3), here reported as an example, is between 5 and 30 µM.
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Figure 3. 4-Pyrazolyl-ureas reported as: (a) protein kinases inhibitors; (b) anticancer agents.

4. 5-Pyrazolyl-Ureas

4.1. 5-Pyrazolyl-Ureas as p38MAPK Inhibitors

The p38 mitogen-activated protein kinase (MAPK) is a serine–threonine kinase that includes JNK
and extracellular-regulated protein kinase (ERK). It plays an important role in the regulation of a
wide range of immunological responses, in particular in production and activation of inflammatory
mediators (cytokines such as TNFα and IL-1β), which initiate leukocyte recruitment and activation.
Consequently, it shows a crucial role in inflammation (especially in auto-immune diseases such as
RA, Crohn’s disease, inflammatory bowel disease, and psoriasis), but also in cancer progression (cell
proliferation, differentiation, and apoptosis). In detail, p38 is a super family divided into four different
isoforms: p38α, p38β, p38γ, and p38δ.

In the past, many p38 inhibitors with different chemical structures have been designed on the
basis of their ability to compete with p38 ATP binding or allosteric site [37]. Specifically, p38MAPKα

inhibitors, like many other kinase inhibitors, can be classified into two types based on their mode of
action: ATP-competitive inhibitors and non-ATP-competitive, or allosteric, inhibitors, which utilize
the ATP binding cleft and a hydrophobic allosteric pocket created when the activation loop adopts
the inactive “Asp-Phe-Gly (DFG)-out” conformation. Because allosteric inhibitors do not compete
directly with ATP or substrate, they can offer a significant kinetic advantage over ATP competitive
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inhibitors. In addition, because the allosteric pocket is less conserved than the ATP binding region,
allosteric inhibitors usually have better kinase selectivity profiles than ATP competitive inhibitors [38].

The first compound discovered in 2000 by Dumas and coworkers at Bayer Pharmaceutical has
been a little 5-pyrazolyl-urea which presented a tert-butyl substituent on C-3 and two chlorine atoms on
the phenyl ring of urea moiety (compound 17, Figure 4). It showed IC50 value of 53 nM on p38 enzyme
and inhibited TNFα and IL-1 induced IL-6 production in SW1353 cells (human chondro-sarcoma cell
line) with an IC50 value of 820 nM [39].

Aiming to obtain more active compounds in the cellular functional assays, the same authors
synthesized a large series of 5-pyrazolyl-ureas exploring different substitution on previous lead
compound. Firstly, they investigated the substitution on N1 pyrazole, leaving unchanged the urea
moiety. In detail, the methyl substituent on N1 has been replaced with a more bulky and lipophilic
benzene ring differently decorated. From this investigation, the authors obtained compound 18
(Figure 4), having on the N1 pyrazole a phenyl ring, carrying in turn a free amino group in meta
position, that showed IC50 = 13 nM on p38 and 42 nM in inhibition of TNFα and IL-1 induced IL-6
production in SW1353 cells [40].

At the same time, structural changes were made on the benzene of the urea segment, removing
the halogens and introducing longer and more bulky substituents, such as the phenoxy group
(compound 19, Figure 4) or the 4-methylene-pyridine one (compound 20, Figure 4). With these
structural modifications, the authors obtained p38 inhibition with IC50 in the nanomolar range, 270 and
42 nM, respectively, and improved in vivo activity (in acute models of cytokine release and a chronic
model of arthritis), confirming that 5-pyrazolyl-urea is the best scaffold in respect to thiophene and
pyrrole ones [41,42].

Starting from interesting results, the big pharma Boeheringer developed different
5-pyrazolyl-urea derivatives and patented 1-(3-(tert-butyl)-1-(p-tolyl)-1H-pyrazol-5-yl)-3-(4-(2-
morpholinoethoxy)naphthalen-1-yl)urea (BIRB 796, Dorapaminod, Figure 4), one among the most
active p38 MAPK inhibitors, now used as pharmacological tools in medicinal chemistry research [43,44].

BIRB 796 resulted the most active compound with picomolar affinity for p38 in enzymatic assay and
low nanomolar inhibitory activity in cell culture [45]. In deep investigations, it showed a Kd = 0.046 nM
on p38, inhibited TNFα production in THP-1 cell lipopolysaccharide (LPS)-stimulated with EC50 value
of 18 nM and in human whole blood with EC50 value of 780 nM; moreover, it evidenced a good
selectivity profile, inhibiting only JNK2α2 kinase with an IC50 value of 0.1 µM. In addition, in the
LPS-stimulated TNFα synthesis mouse model, a 65% inhibition of TNFα production was observed
when BIRB 796 was dosed orally at 10 mg/kg. On a model of established collagen-induced arthritis
using B10.RIII mice, BIRB 796 (at 30 mg/kg os) showed a 63% inhibition of arthritis severity [45,46].

In a recent study, the authors evidenced that BIRB 796 can reduce LPS-mediated IL-8 production
in THP-1 cells, but not in Raw 264.7 cells. Further analysis of signal molecules revealed that BIRB 796
sufficiently suppressed LPS-mediated phosphorylation of p38MAPK in both cell types, whereas it
failed to block inhibition of kappa B (I-κB) degradation in Raw 264.7 cells. Taken together, these results
suggested that the anti-inflammatory function of BIRB 796 depends on cell types [47].

In 2001, Regan and coworkers reported a new allosteric binding site for the diaryl urea class of
highly potent and selective inhibitors against human p38MAP kinase. The formation of this binding
site requires a large conformational change, not previously observed for any serine/threonine kinases,
in the highly conserved DGF motif within the active site of the kinase. Authors demonstrated that by
improving interactions in this allosteric pocket, as well as establishing binding interactions in the ATP
pocket, the affinity of the inhibitors is enhanced [45].

The same authors, using X-ray crystallographic data, deeply investigated the binding kinetics
of BIRB 796 to human p38α: interestingly, compound showed slow kon and long koff rates. In the
presence of the compound, the DGF must undergo a substantial conformational change, fundamental
for slow binding mode. In the binding conformation, the side chain phenyl ring of Phe169 moves
about 10 Å (“DFG-out” conformation) and participates in a lipophilic interaction with the aryl portion
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of the inhibitor, in particular with tert-butyl group at C-3 of the pyrazole nucleus. This group occupies
the same lipophilic pocket (Phe169 pocket) between the two lobes of the kinase which is exposed upon
reorganization of the activation loop; this interaction possibly contributes to the long koff rates.

As evidenced in the X-ray structure of BIRB 796 in p38αMAPK [45], the carbonyl of the urea moiety
of BIRB796 accepts hydrogen bonds from the backbone NH of Asp168, while one of the NH forms
hydrogen bonds with the Glu71 side chain. These interactions appear to be the most crucial for this
class of compounds, since replacement of either NH of the urea by a methylene or an N-methyl group
results in a complete loss of p38 inhibition. In addition, other important interactions are lipophilic
interaction (π–CH2 interactions) of the pyrazole-tolyl group with the alkyl side portion of Glu71 and
of the naphthyl ring system with Lys53, being that the naphthyl system is preferred as compared to
simple phenyl ring; additional hydrogen bonding of the morpholine oxygen with the Met109 residue
and of the ethoxy morpholine tail with ATP binding region are crucial for activity; in detail, the gauche
conformation of the ethoxy linker of BIRB 796 effectively orients the morpholine group so that the
morpholine oxygen can achieve a strong hydrogen bond with the NH of Met109. This modification
afforded significant improvements in binding affinity, cellular activity, and in vivo reduction of TNFα
production and arthritis severity.

For all these reasons, BIRB 796 became an interesting clinical candidate for the treatment of
inflammatory diseases, being subjected to 11 clinical trials (some of them in phase II investigation) now
completed or terminated [48]; all these trials were focused on autoimmune diseases (RA, psoriasis,
and Crohn’s disease, in particular) and also on toxicity evaluation on healthy volunteers. Unfortunately,
no clinical efficacy was evidenced, but only a significant and transiently dose-dependent decrease of
C-reactive protein level after one week of BIRB 796 therapy.

To obtain this compound in a more rapid and simply manner, in 2006, Bagley and co-workers
reported a new synthetic approach using microwave irradiation, providing BIRB 796 rapidly in high
purity [49].

In 2007, Kulkarni and coworkers reported a combined study of three-dimensional quantitative
structure–activity relationship (3D-QSAR) and molecular docking to explore the structural insights
of p38 kinase inhibitors with 5-pyrazolyl urea structure, including BIRB 796 and the major part of
compounds previously reported. These 3D-QSAR studies involved comparative molecular field
analysis (CoMFA) and comparative molecular similarity indices (CoMSIA). Interestingly, the authors
confirmed that the hydrophobic properties are the most important for enzyme inhibition and essential
structural features to design new potent analogues with enhanced activity [50].

In 2013, Schneider and co-workers, using as reference compounds BIRB 796 and other
5-pyrazolyl-ureas with very similar structure and slow binding kinetics (see compounds 11, Figure 3),
reported a structure-kinetic relationship study of CDK8)/CycC [27]. Authors evidenced that the scaffold
of the 5-pyrazolyl urea compounds is anchored in the kinase deep pocket and extended with diverse
functional groups toward the hinge region, causing in this way the change from fast to slow binding
kinetics and resulting in an improved residence time. Differently to previous studies, the flip of the
DFG motif (named “DMG” in CDK8 enzyme) to the inactive DFG-out conformation appears to have
relatively little influence on the binding velocity, whereas hydrogen bonding with the kinase hinge
region seems to contribute to the residence time with less impact than hydrophobic complementarities
within the kinase front pocket.

More recently, according to the crystal structure of the p38MAPKα/BIRB796 complex (PDB 1VK2)
Zhong and coworker synthesized a new series of compounds with the aim to preserve the activity and
selectivity, and to eliminate the hepatotoxicity caused by the naphthyl ring [51,52].

They replaced the naphthalene ring of BIRB 796 with two other aromatic hydrophobic scaffolds:
2H-chromene and chromane. The best results have been obtained with 1-aryl-3-(2H-chromen-5-yl)
urea derivatives, in particular with compound 21 (Figure 4), bearing on N1 pyrazole a p-nitro phenyl
ring. Interestingly, the authors have not tested their derivatives on p38 enzyme, but only towards
TNFα production in LPS-stimulated THP-1 cells. The most active compound inhibited TNFα release
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with an IC50 value of 0.033 µM, showing similar potency of BIRB 796 (IC50 = 0.032 µM) [53]. The same
authors have previously published a short and efficient synthesis of this class of compounds, using
Claisen thermal rearrangement of arylpropargyl ethers as a key step to synthesize the chromene core
and obtained yield ranging from 27 to 37% [54].

Meanwhile, other compounds with very similar structure to BIRB 796 were patented by Deciphera
Pharmaceuticals as p38 inhibitors, compound 22 (Figure 4) being the most representative. In detail,
it bears a more hydrophilic substituent in the phenyl on N1 pyrazole and an unsubstituted naphthalene
on the urea moiety, and showed an IC50 value of 45 nM on p38 enzyme [55–57].

In 2012 Arai and co-workers, using X-ray cocrystal studies, replaced the naphthalene group
of BIRB-796 with a benzyl group to increase synthetic flexibility and to obtain more selective p38α
inhibitors [58]. They reported the synthesis and pharmacological and toxicological properties of
different pyrazole-benzyl urea derivatives as novel allosteric p38α inhibitors, compound 23 (Figure 4)
being the most interesting. According to the docking study, the benzyl group appears to occupy the
kinase specificity pocket, while the 2-morpholinopyrimidine moiety of 23 can form a hydrogen bond
with Met109 in two different modes: (1) between the morpholine oxygen and the backbone NH group;
and (2) between N1 of the pyrimidine ring and the same NH group. 23 exhibited highly potent p38a
inhibitory activity (IC50 = 0.004 µM) and inhibited the production of TNFα in LPS-treated mouse in a
dose-dependent manner after a single oral administration (ED50 = 16 mg/kg). Furthermore, a five-day
repeated oral dose administration suggested that 23 has low hepatotoxicity.

Other patents by RespiVert and TopiVert Pharma in the UK were related to inhibitors of p38
MAP kinase (particularly α and γ isoforms) and Src kinase and to their use in therapy, especially
in the treatment of lung inflammatory disease (such as asthma and COPD) or gastrointestinal tract
pathologies (such as ulcerative colitis, irritable bowel disease, IBD, and Crohn’s disease) or uveitis.

In detail, compounds 24a and 24b (Figure 4) showed a long tail inserted on urea moiety and
characterized by an amino-pyridinepyrazine substituent; 24a exhibited inhibitory activities against
p38α and p38γ with IC50 values of <0.48 nM and 16 nM, respectively [59], whereas 24b showed IC50

values on p38α and p38γ of 26 and 152 nM, respectively, of 55 nM on HcK and of 199 nM on c-Src;
in addition, it resulted weak inhibitor of Syk and GSK3α. Therefore, results reported in all these patents
confirm the therapeutic potential of kinases inhibitors in inflammatory diseases associated with viral
infections. Indeed, it was previously disclosed that compounds inhibiting both c-Src and Syk kinases
were effective agents against rhinovirus replication [60] and compounds inhibiting p-Hck were effective
against influenza virus replication [61] (see also Section 4.1 in this review). In 2015 Longshaw and
coworkers reported different composition formulation and pharmacodynamic evaluation of 24b [62].
In this second patent, Longoshaw and coworkers patented different formulations (for oral, topic,
and aereosol administrations) of compound 24b, which resulted in the most interesting from all previous
patented compounds. Results suggested that the new formulations have similar anti-inflammatory
properties to previous patented compounds but, interestingly, they showed a superior therapeutic
index (data not reported).

A large library of compounds having general structure 25 (Figure 4), very similar to previous 24,
were patented as p38 inhibitors and claimed as anti-inflammatory/anti-viral agents, for the treatment of
several infectious conditions, including influenza. In particular, these derivatives may be suitable for
reducing viral load and/or ameliorating symptoms after infection and they may also be administered
in combination with one or more other active ingredients (e.g., steroids, β-agonists and/or xanthine
derivatives). Compounds 25, very structurally related to BIRB 796, presented a naphthyl urea moiety
characterized by an aryloxy embedded substituents. In detail, 25a [63] 25b [64] and 25c [65] are the
most representative of this library and showed an IC50 <5 µM against p38α enzyme.

Among this new series of derivatives, 25d 1-(3-tert-butyl-1-p-tolyl-1H-pyrazol-5-yl)-3-(4-(2-
(phenylamino)pyrimidin-4-yloxy)naphthalen-1-yl)urea with a more simple chemical structure was
subjected to an additional patent, displaying a very different phenotype and demonstrating great
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inhibition versus p38MAPK (in particular α isoform, IC50 = 26nM) Hck (IC50 = 55 nM), c-Src
(IC50 = 199 nM) without significant effect against GSK3α and Syk [66].

Finally, in another patent, the same company introduced different more embedded compounds;
among them 25e (Figure 4), which presents an additional indole group, was the most representative.
All compounds demonstrated a very similar inhibitory profile in respect with the previous 25a–c in
kinase enzyme assays [67].

Other compounds, like 26 (Figure 4), characterized by an isopropyl substituent on C-3 and a
morpholino group at the end of urea moiety, were tested for enzyme inhibition against p38 MAPKα,
c-Src, and Syk, having IC50 values of 2 nM, <1 nM, and 3 nM, respectively. In vitro and in vivo studies,
as well as pharmacokinetic analysis were then performed [68].

α
α

–

for enzyme inhibition against p38 MAPKα, 

 

Figure 4. 5-Pyrazolyl-ureas reported as p38 inhibitors.
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4.2. 5-Pyrazolyl-Ureas Interfering with Neutrophil Migration

Neutrophil migration (chemotaxis) is a very complex process, which is often the origin of many
autoimmune inflammatory diseases, such as RA, MS, and asthma. CXC chemokines (including IL-8,
also called CXCL8) and fMLP (N-formyl-methionyl-leucyl-phenylalanine) represent the most common
chemoattracting agents.

Bruno et al. in 2007 synthesized a large series of 5-pyrazolyl-ureas (compounds 27, Figure 5)
starting from 5-amino-1-(2-hydroxy-2-phenylethyl)-1H-pyrazol-4-ethyl carboxylate and 5-amino-1-(2-
hydroxy-2-phenylethyl)-1H-pyrazol-4-carbonitrile, subjected to a one-pot reaction with phosgene
and proper amines or by reaction with the appropriate phenylisocyanates [69]. New N-pyrazolyl-
N′-alkyl/benzyl/phenyl ureas 27 resulted very active in inhibiting IL-8 induced neutrophils chemotaxis,
being the most active 3-benzyl-, 3-(4-benzylpiperazinyl)-, 3-phenyl- and 3-isopropylureido derivatives,
with IC50 values of 10, 14, 45, and 55 nM, respectively.

Compounds 27 also resulted very selectively, as they do not inhibit fMLP-induced neutrophil
migration. Regarding their mechanism of action, different biological tests were performed, being that
the compounds are not able to block chemokine receptors (in detail, CXCR1 and CXCR2). The most
active derivatives showed phosphorylation inhibition of protein kinase with 50–70 KD, a molecular
weight, while specific binding test on different kinases having this molecular weight (Src, Fgr, Hck,
Zap-70) gave negative results. Interestingly, derivatives significantly reduced the polymerized actin
content and pseudopods formation, mechanisms necessary for migration. In addition, compound
carrying in position 4 the carboxyethyl group and in 5 the m-fluoroaniline urea moiety showed a good
anti-inflammatory action in vivo in a model of zymosane-induced peritonitis in mice and was able to
significantly decrease the percentage of cells and granulocytes in the peritoneal cavity at a dose of
100 mg/kg os.

Subsequently, using the same synthetic method, a small library of pyrazolyl-ureas was synthesized
(compounds 28, Figure 5) carrying in position 4 the carboxyethyl group and in position 5 the urea
functions more active in the previous series; hydroxyalkyl chains (less bulky than the hydroxyphenyl
ethyl chain of the previous ones) were introduced in N1 position.

Many of the new compounds showed an excellent ability to inhibit both the fMLP-OMe-induced
chemotaxis (a synthetic derivative of fMLP having the same chemoattracting capacities) with IC50

ranging from 0.19 nM to 2 µM, and the IL-8 induced chemotaxis (with IC50 in the picomolar range).
Two of the most active compounds (bearing both a hydroxypropyl chain on N1 and an orto-fluoro- or
meta-fluorophenyl on the urea moiety) have therefore been tested in vivo, as has the previous, in the
zymosane-induced peritonitis inflammation model in mice. At a dose of 50 mg/kg os, they reduced
the absolute and relative infiltration of granulocytes into the peritoneal cavity, confirming a possible
interference in different neutrophil mechanisms at the inflammation site [70].

During subsequent deep investigations, the authors demonstrated that compounds (in particular
some bearing a meta-fluoroanilino substituent on the urea scaffold) interfered with ERK1/2, Akt
and p38MAPK phosphorylation signaling pathways [71]. Given the interesting results obtained,
pyrazolyl-urea molecules by Bruno and coworkers have been patented [72].

In pursuing the investigations in this topic, the same authors synthesized a molecules series in
which the urea function was inserted in an imidazo[1,2-b]pyrazole cycle (29, Figure 5), a constrained
and tense form of previous 5-pyrazolyl-ureas, being this cycle not yet investigated for its biological
properties [73]. These compounds also were tested in vitro for their ability to interfere with human
neutrophils functions. All derivatives were inactive in inhibiting the superoxide anion production and
the lysozyme release, while were very active in blocking the fMLP-OMe chemotaxis in a dose dependent
manner (IC50 between 10 µM and 0.48 nM). In particular, compounds more active, as for previous
analogues pyrazolyl-ureas, have a meta-fluorophenyl substituent in the urea moiety (29, Figure 5).
Deep pharmacological investigations evidenced strong p38MAPK inhibition after activation by both
fMLP-OMe or IL-8 chemoattractants, while they show different actions on PKC isoforms, suggesting
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that a fine tuning of the neutrophil activation occurs through differences in the activation of signaling
pathways [74].

4.3. 5-Pyrazolyl-Ureas as Antiangiogenic Agents

Taking in account the SAR information given by previous studies, Bruno and coworkers designed
and synthesized another small library of 5-pyrazolyl-ureas, combining old and new decorations, their
type and position, both on the pyrazole and the urea moieties to increase the molecular diversity.

In detail, the carboxyethyl substituent was moved from position 4 to the uninvestigated position 3
(30, Figure 5); in another series, in position 3 was added the t-butyl substituent, in analogy with
other well-known p38-inhibitors (31, Figure 5); in both series the same 2-hydroxy-2-phenylethyl chain
was maintained on N1 of the pyrazole core; whereas, in order to modulate the lipophilicity of the
molecules, the hydroxy-phenylethyl group was oxidized in a third series (32, Figure 5). As concerns
the phenyl-urea moiety, different fluorinated substituents in all positions were inserted [75].

All compounds were preliminary screened to evaluate their activity on MAPK and PI3K pathways
by monitoring ERK1/2, p38 and Akt phosphorylation. SAR consideration showed that specific
substituents and their position on pyrazole nucleus, as well as the type of substituent on the phenyl-urea
moiety, play a pivotal role in determining increase or decrease of kinases phosphorylation. Then, by a
wound healing assay they were analyzed to assess their capacity of inhibiting endothelial cell migration,
a function required for angiogenesis, by using human umbilical vein endothelial cells (HUVEC)
stimulated by vascular endothelial growth factor (VEGF). The screening showed significant activity for
compound named GeGe-3 (Figure 5). In particular, the studies confirmed that this compound might
interfere with cell migration by modulating the activity of different upstream target kinases and could
represent a potential angiogenesis inhibitor. Furthermore, it may be used as a tool to identify unknown
mediators of endothelial migration and thereby unveiling new therapeutic targets for controlling
pathological angiogenesis in diseases such as cancers.

Subsequent investigations showed that GeGe-3 inhibited HUVEC proliferation and endothelial
tube formation and, interestingly, impaired inter-segmental angiogenesis during development
of zebrafish embryos. In mice, GeGe-3 blocked angiogenesis and tumor growth in transplanted
subcutaneous Lewis lung carcinomas. Additional screening revealed that compound could target
Aurora B, Aurora C, NEK10, polo-like kinase (PLK2, PLK3), dystrophia myotonica protein kinases-1
(DMPK) and CAMK1, and the authors then speculated that GeGe-3 alters angiogenesis by targeting
DMPK in tumor endothelial cells and pericytes. In conclusion, this 5-pyrazolyl-urea, blocking MAPK
and PI3K pathways, strongly inhibits physiological and tumor angiogenesis [76].

In 2016, other authors reported synthesis and biological evaluation of different benzothiazoles
linked to 5-pyrazolyl-urea nucleus on N1 of the pyrazole. The main objective in this study was the
synthesis of new urea, indole, and triazole derivatives of 4-(1,3-benzothiazol-2-yl)-benzoyl-1H-pyrazole
as anticancer agents able to inhibit VEGF–VEGFR2 complex formation and to suppress proliferation
and survival of endothelial cells, angiogenesis and consequently cancer progression.

Some compounds (comprising 5-pyrazolyl derivatives 33, Figure 5) showed promising cytotoxic
activity against breast cancer cell line MCF-7 and inhibited human VEGF in MCF-7 cancer cell lines
with comparable activity of reference compound tamoxifen [77].
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Figure 5. 5-Pyrazolyl-ureas reported as: (a) chemotaxis; (b) antiangiogenic inhibitors.

4.4. 5-Pyrazolyl-Ureas as Anticancer Agents

Researchers at Deciphera Pharmaceuticals patented and synthesized other 5-pyrazolyl-ureas
differently decorated on N1, C-3, and urea moiety as enzyme modulators; in detail, the major part of
compounds were characterized by the 2,3-dichlorophenyl-urea moiety (34, Figure 6), as the molecules
reported by Dumas [39–42]. They evaluated compounds not only on p38 kinase protein, but also
on c-Abl, Bcr-Abl, B-Raf, VEGFR, and PDGFR, protein kinases all involved in cancer development.
For some derivatives, the authors obtained good results, with IC50 values in the low micromolar
range [78,79].

In 2007, Smith and coworkers at Bayer Pharmaceutical patented a large series of 5-pyrazolyl-ureas
strictly related to BIRB 796 (compounds 35, Figure 6) [80]. In detail, the authors introduced in
position 3, in addition to the t-butyl group present in the BIRB 796, bulkier (benzyl, cyclobutyl,
cyclopentyl), branched (cyclopropyl, sec-butyl) or lipophilic (CF3) substituents and also varied the
aromatic substituent on N1. The greater difference with the lead BIRB 796 was represented by the urea
function, which was elongated and characterized by two aromatic rings linked together by oxygen or
sulfur atom. In particular, the second aromatic ring is a pyridine bearing in the orto position an amide
group. The aim of this invention was to evaluate all synthesized compounds on different kinases
pathways signaling (p38, but also Raf, VEGFR-2, VEGFR-3, PDGFR-beta, Flt-3), all involved in ongoing
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cancer, in cancer progression, and in the angiogenesis process. Furthermore, inhibition of Bcr-Abl
wild type, an aberrant tyrosine kinase responsible for the onset of chronic myeloid leukemia (CML),
and of Bcr-Abl T315I kinase, responsible of imatinib-resistant CML, were evaluated. Some derivatives
evidenced antiproliferative properties (IC50 < 10 µM) in one or more cell lines such as CAKI-1, MKN45,
HCC2998, K562, H441, K812, MEG01, SUP15, HCT116, Ba/F3-Abl (wt) and Ba/F3-Abl(T315l mutant).
In detail, a compound (molecular formula not showed) exhibited interesting IC50 values on: CAKI-1
(5.2 µM), MKN45 (2.6 µM), HCC2998 (4.7 µM), K562 (<1 µM), H441 (4.4 µM), Ba/F3-Abl(wt) (<1 µM),
and Ba/F3-Abl(T315l) (<1 µM).

In other patents, the same authors at Deciphera Pharmaceuticals focused on compounds with
possible action on c-Abl, c-Kit, B-Raf, c-Met, Flt-3, VEGF, PDGF and HER family and potentially useful
in the treatment of myeloproliferative and other similar diseases. In general, in this new large library
(very similar to them patented by Smith [80]) on the N1 pyrazole was introduced a hetero-aromatic
bicyclic substituent; the urea moiety was characterized by a phenyl group further substituted with a
pyridine nucleus, thus giving a very long and bulky structure (36, Figure 6). The best biological results
have been obtained for compound 37 (Figure 6) which showed an IC50 value of 0.8 nM for Abl and of
6 nM for T315I mutant Abl kinase. In cellular assay 37 was active on BaF3 cells expressing oncogenic
Bcr-Abl kinase (IC50 = 6 nM), T315I BaF3 cells (IC50 = 8 nM), Y253F BaF3 cells (IC50 = 26 nM), E255K
BaF3 cells (IC50 = 83 nM) and M351T BaF3 cells (IC50 = 11 nM). These five forms of Bcr-Abl kinase are
oncogenic, causative of human chronic myelogenous leukemia and resistant to Gleevec® [81,82].

Other patents focused on similar compounds bearing on the urea moiety a
dihydropyrimido[4,5-d]pyrimidine scaffold. Compounds were claimed as potential drugs for cancer,
in particular breast cancer, but also for anti-inflammatory pathologies as RA, retinopathies, psoriasis
and others. In these patents, the authors reported the synthesis of new urea derivatives, inserting not
only pyrazole, but also imidazole, thiadiazol and isoxazole nucleus. Interesting results have been
obtained for 5-pyrazolyl-ureas (as compounds 38, Figure 6), but also 4-pyrazolyl-urea derivatives were
reported (see compounds 13, Figure 3 [29,30], Section 3.4.2 of this review). Compounds were tested
as B-Raf and C-Raf inhibitors and also on A-375 cancer cells to verify their antiproliferative activity.
In general, all compounds exhibited >50% inhibition of proliferation at 1–10 µM concentration [29,30].

The same authors patented very similar compounds, isosters of previous, presenting
dihydropyrido[2,3-d]pyrimidine nucleus instead of dihydropyrimido-pyrimidino one (39, Figure 6).
In this larger library, the authors newly introduced the urea function on different heterocycles, such as
pyrazole, imidazole, oxazole and others. As in the previous patents, also 4-pyrazolyl-ureas were
reported (see compounds 14, Figure 3 [31,32], Section 3.4.2 of this review). Compounds were claimed
as useful for chronic myelogenous leukemia, acute lymphocytic leukemia, gastrointestinal stromal
tumors, hyper-eosinophilic syndrome, glioblastoma and other solid tumors caused by a mutation in the
RAS/RAF/MEK/ERK-MAP kinase pathway, but also for several autoimmune diseases. The invention
included the compounds evaluation on Raf (isoforms A, B and C) and other kinases involved in the
RAS/RAF/MEK/ERK-MAP kinase pathway. In general, compounds had >50% inhibition activity at
0.2–2 µM concentration against B-Raf and C-Raf and >50% inhibition activity at 1–10 µM concentration
against A375 cancer cell line [31,32].

In 2009, Getlik and Rauh [83] designed and synthesized new molecules able to stabilize an
enzymatically inactive conformation of the c-Src, a well-known kinase overexpressed or up-regulated
in several solid tumors. Compounds were also active on a particular mutation (T338M) at the gatekeeper
residue resistant to Dasatinib. Moreover, they seem to be more selective than ATP-competitive inhibitors,
as for Scr allosteric inhibitors (type III inhibitors) that bind to sites lying outside the highly conserved
ATP pocket, and may circumvent some mechanisms of drug resistance. The authors designed new type
II hybrid inhibitors, starting from the analysis of crystal structures of c-Src in complex with different
type III pyrazolyl-ureas (previously reported as allosteric inhibitors of p38 and resulted weakly Src
inhibitors) and with type I quinazoline-based inhibitors. SAR of the new chimera derivatives confirmed
that the geometry is fundamental to direct the binding to c-Src or p38 and to permit the circumvention
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of larger gatekeeper residue T338M. The most active compound 40 (Figure 6) inhibited wild type
c-Src and T338M Src mutant with IC50 values of 0.014 µM and 0.023 µM respectively and in prostate
carcinoma cells disrupted Fak (focal adhesions Kinase), a non-receptor tyrosine kinase involved in cell
cycle progression, cell survival, and cell migration [83].

μ

 

Figure 6. 5-Pyrazolyl-ureas reported as anticancer agents.

More recently, other authors synthesized a series of novel bis-pyrazoles with amide, sulfonamide
and urea functions. In particular, compounds presented two different pyrazoles, linked together by
N1 bond, one of which is 3,5-dimethyl substituted, whereas the other one has in 5 position amide,
sulfonamide or urea moieties [84]. Compounds were evaluated for their in vitro cytotoxicity against
Panc-1 (human pancreatic adenocarcinoma), H460 cell lines (human non-small cell lung carcinoma) by
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a WST-1 cytotoxicity assay. Among them the 5-pyrazolyl-ureas (compounds 41, Figure 6) were less
active than the analogue amide and sulfonamide derivatives.

Other 5-pyrazolyl-ureas were more recently synthesized as SUMO E1 inhibitors. Sumoylation is a
cellular mechanism involved in the reversible modification of target proteins with a small ubiquitin-like
modifier (SUMO) protein and it showed fundamental role in important cellular functions as DNA
replication and repair, nuclear transport, signal transduction and proliferation. Among the sumoylation
proteins, higher expression of SUMO E1 has been observed in several cancers [85].

In 2016, Kumar and Zhao studied some thiazole and pyrazole compounds, found to have moderate
SUMO E1 inhibitory activity, as starting points for the development of highly potent lead compounds
against cancer [86]. In detail, by using molecular docking approach, 3D shape and electrostatic potential
investigation, the authors identified some 5-pyrazolyl-ureas able to block SUMO E1 with IC50 values
in the low micromolar range, being compounds 42 and 43 (Figure 6) the most active (IC50 values
of 13.8 and 30.4 µM, respectively). These compounds, bearing on N1 pyrazole an oxo-pyrimidinyl
ring substituent, resulted more active than derivatives with methyl, cyclopentyl, aryl and aryl halide
substitutions. Molecular docking evaluation revealed that 42 and 43 both occupy the SUMO E1 ATP
binding pocket with the pyrazole moiety nicely overlapping with the ATP sugar ring, whereas the
oxo-pyrimidine moieties overlap with the ATP adenine ring and make hydrophobic contacts with
Leu49, Ile96 and Leu116 of the enzyme. However, the aryl-urea group was predicted to extend towards
the opening of ATP binding pocket near Asn118, Ile343, Trp344 and Asp345. This interesting class of
inhibitors presented broad scope for chemical optimization and could be used as starting points for
development of more potent SUMO E1 inhibitors with therapeutic potential.

4.5. 5-Pyrazolyl-Ureas as TrKA Inhibitors

Tropomyosin receptor kinase (Trk) belongs to the receptor tyrosine kinase (RTK) family, which is
involved in the development and maintenance of the nervous system. TrkA is a receptor for nerve
growth factor (NGF) that mediates neuronal differentiation and programmed cell death prevention [87].
NGF/TrkA pathway plays a central role in the physiological function of chronic pain. TrkA activation
triggers intracellular signaling cascades that increase the sensitivity of nociceptors, thus leading to
chronic sensitization and pain. Consequently, NGF/TrkA pathway selective inhibition is a potential
target for chronic pain treatment.

In 2014, researchers at Array Biopharma Inc. developed and patented different 5-pyrazolyl-ureas
able to inhibit TrkA and claimed it as useful for the treatment of pain, cancer, inflammation,
Sjogren’s syndrome, endometriosis, diabetic peripheral neuropathy, prostatitis, pelvic pain syndrome,
neurodegenerative and infectious diseases, and others. Patented compounds have two pyrazole rings
linked together by urea, thiourea or guanidine function, always present in position 5 of the pyrazole
ring. More interesting compounds are reported in Figure 7 (compounds 44); they showed IC50 values
<100 nM in binding test on TrkA and evidenced also a good selectivity profile, being 1000-fold more
potent against TrkA than p38α and less active versus a large panel of different kinases [88].

The same company in 2015 patented other pyrazole derivatives carrying on N1 a phenyl, on C-3
bulky aromatic groups and, in position 5, a urea, thiourea or guanidine moiety. From this large library
the most interesting compound was 1-((3S)-4-(3-fluorophenyl)-1-(2-methoxyethyl)pyrrolidin-3-yl)-3-
(4-methyl-3-(2-methylpyrimidin-5-yl)-1-phenyl-1H-pyrazol-5-yl)urea (45, Figure 7), which showed
IC50 value of 1.1 nM in binding assay and of 1.9 nM in CHO-Kl cells transfected with human wild
type TrkA. One particularly advantageous property of 45 was its predicted human clearance (which
is substantially lower than other patented compounds) and its very good PK properties, such as
microsomal clearance, determined in different mammalians (rat, dog and monkey). Another important
aspect of 45 was its selectivity, being inactive versus hERG potassium channels. In the KinaseProfiler™
at 10 µM concentration 45 showed remarkable and unexpected selectivity and, interestingly, it exerted
significantly different potency against TrkA versus TrkB/C. The ability of 45 to selectively inhibit the
Trk pathway could indicate that it is essentially free of side-effects, which are generally related to
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off-target kinases inhibition, therefore representing a safer approach to treat pain, inflammation, cancer
and skin diseases [89].

Recently, 45 has been subjected to a deep study by Subramanian and coworkers. The aim of this
investigation was, through an initial in silico study, to decipher the allosteric binding mechanism of
TrKA inhibitors, including 45. In detail, the authors provide the basic framework for considering and
selecting the appropriate in vitro screening assays or platforms to interrogate selective conformational
states and explore unconventional binding pockets and interactions to achieve the desired target
specificity. Extensive and exhaustive array of in vitro biochemical and biophysical tools and techniques
to characterize and confirm the cryptic allosteric binding pocket and docking mode of the small hTrkA
inhibitors were reported. Specifically, assays were designed and implemented to lock the kinase in a
predominantly active or inactive conformation and the effect of the kinase inhibitor were probed to
understand the hTrkA binding and hTrkB selectivity. The current outcome suggests that inhibitors with
a fast association rate take advantage of the inactive protein conformation and lock the kinase state
by also exhibiting a slow off-rate. This in turn shifts the inactive/active state protein conformational
equilibrium cycle, affecting the subsequent downstream signaling. On the basis of this investigations,
the authors suggested for 45 a preferential binding to the inactive enzyme conformation [90].

Similar conclusions were reported for another compound patented by Allen (46, Figure 6) recently
investigated by other authors [91]. In detail, 46 differs from 45 for the presence of an additional
fluorine atom on phenyl of pyrrolidine ring and for the substituent in position 3 of the pyrazole
nucleus. To elucidate their efficiency and selectivity among the Trks, Furuya and coworkers determined
the X-ray crystal structure of 46 with TrkA, including the kinase domain and Juxtamembrane (JM)
region. The results revealed a novel allosteric binding mode of 46 that interacts with the JM region
via hydrogen bond, van der Waals interactions, and CH-π interactions at Leu486, His489, and Ile490.
In detail, Leu486 interacts with the methyl and ethoxy groups on the pyrazole moiety via van der Waals
interactions; His489 interacts with the pyrazole ring via π–π interactions and with the ethoxy group
on the pyrazole ring via CH-π interactions; Ile490 forms a hydrogen bond with the urea moiety and
interacts with the difluorobenzene group via CH-π interactions. These three residues are not conserved
in TrkB and TrkC and, consequently, should play key role for high binding affinity and selectivity.
In addition, the role of the JM region in the interaction with 46 has been evaluated by a peptide-based
tyrosine kinase assay using two types of TrkA kinase domains (with or without the JM region, JM+ or
JM−, respectively). In conclusion, the authors classified 46 as a type III inhibitor (allosteric inhibitor)
and clearly demonstrated that one of the most effective strategies for producing highly selective Trk
inhibitors is the introduction on the pyrazole of a substituent able to interact with the JM region.

In 2019, Shionogi in Japan patented two very similar classes of 5-pyrazolyl-ureas as TrkA inhibitors
claimed as useful for treat osteoarthritis and RA, interstitial cystitis, chronic pancreatitis, prostatitis,
and different type of pain such as chronic back pain, nociceptive, neuropathic, postoperative, pelvic,
cancer pain, etc. In Figure 7 are reported 47 and 48 as representative compounds. In detail, in the
first patent the most active derivatives presented a more embedded pyrrolidine nucleus on the
urea moiety, resulting in a more complex structure with respect to compounds patented by Allen
(45, Figure 7) [89]. The compounds of the present invention have not only a great TrkA inhibitory effect
(IC50 values < 10 nM), but also a good pharmacokinetic profile, including high bioavailability and
moderate clearance, high metabolic stability, high solubility, weak CYP enzyme inhibition, no mutagenic
and cardiovascular action. In addition, most of synthesized compounds showed high selectivity of the
TrkA receptor [92].

In compounds 48 (Figure 7), the same authors introduced in some cases a bulkier heterocyclic
substituent on C-3 and a more simply pyrrolidine or cyclopentane nucleus on the urea moiety. For these
derivatives also, interesting inhibitory activity on TrKA (comparable to that of compounds 47) were
obtained [93].
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Figure 7. 5-Pyrazolyl-ureas reported as TrKA inhibitors.

4.6. 5-Pyrazolyl-Ureas as Antimalarial Agents

4.6.1. Antimalarial Agents acting as Protein-Protein Interaction Inhibitors

A critical feature of host cell invasion by apicomplexan parasites is the interaction between the
carboxy terminal tail of myosin A (MyoA) and the myosin tail interacting protein (MTIP). Parasites can

245



Molecules 2020, 25, 3457

invade the host by a process dependent on actin and myosin machinery that is localized at the parasite’s
inner membrane complex. This actin-myosin machinery is not present in human host; therefore, it is
considered as an attractive drug target for parasite infectious treatment.

Among the apicomplexan parasites that use MTIP-MyoA machinery there is Plasmodium (P.)

falciparum, the agent responsible for malaria, a devastating parasitic disease that causes more than
3 million deaths every year worldwide. The efforts to control the disease is greatly impeded by the
widespread resistance that quickly emerges against the majority of drugs developed in the past and
also against the most recent alternative ones.

A fruitful strategy for overcoming microbial drug resistance is to devise new molecular scaffolds
that are unrelated to current drugs and able to inhibit novel pathways exclusive for the parasite
over the human host. The protein-protein interaction (PPI) between myosin motor components in
apicomplexan parasites is the key to the survival of the parasite.

On this basis, Kortagere and co-workers [94,95], have designed small molecule inhibitors against
this PPI by using the cocrystal structure of the Plasmodium knowlesi MTIP and the MyoA tail peptide.
MTIP is composed of three identical subunits while the MyoA protein consists of 13 amino acids
forming a hydrophobic alpha helix that occupy the binding site in the subunit C of MTIP. Using this
structural information small molecules were designed aiming to competitively inhibit MyoA and
disrupt the MTIP-MyoA complex.

The hybrid structure-based virtual screening approach (HSB) [96] that integrates ligand-based and
structure-based drug design was then applied to screen two series of small molecules. They successfully
isolated eight compounds, having general structure 49 (Figure 8), belonging to the unique pyrazole-urea
class, that inhibited the growth of the malarial parasite and altered the gliding motility of rodent
malaria sporozoites with EC50 values <400 nM. Interestingly, the compounds appeared to act, at several
stages of the parasite’s life cycle, blocking growth and development. The pyrazole-ureas identified
in this study could be effective antimalarial agents because they competitively inhibit the key PPI
between MTIP and MyoA responsible for the gliding motility and the invasive features of the malarial
parasite [97].

SAR of those compounds showed that hydrophilic groups (such hydroxyl) at the para position
on the phenyl ring in position 4 of the pyrazole ring reduced the affinity by about 30-fold. Similarly,
at position R1, removing fluorine atoms from the ortho and para positions led to a minor improvement
in the EC50 values. Major modification to the structure by shifting the urea linker to the C-4 carbon on
the pyrazole ring yielded a compound with an EC50 value of about 13 µM.

4.6.2. Antimalarial Agents Acting as PfATP4 Inhibitors

One of the first novel targets for antimalarial agents is the protein Pf ATP4, a P. falciparum

p-type cation ATPase. P-type ATPases are important druggable targets in humans with several
clinically relevant inhibitors [98,99]. Pf ATP4 belongs to a subfamily of these proteins (family IID)
that extrude monovalent cations (sodium, lithium, and potassium). All cells must maintain low
cytosolic Na+ concentration to survive and Pf ATP4 actively extrudes Na+ from the parasite to maintain
low-[Na+]/high-[K+] in the host cell cytosol upon infection. Their presence is limited to lower
eukaryotes (fungi, protozoan, and bryophytes) making them an attractive drug target for antiparasitic
drugs [100,101]. Pf ATP4 is found in the Plasmodium plasma membrane and has been suggested to
be the target for multiple potential antimalarial candidates, firstly for the spiroindolones, a novel
antimalarial chemical class. Compound, KAE609, which is now commercially called Cipargamin, was
shown to induce faster parasite clearance times than Artemisinin and was shown to be active against
artemisinin resistant parasites [102].

In order to discover new molecular scaffolds acting as antimalarial, a high throughput cellular
screen against P. falciparum asexual blood stages was performed by Flannery and coworkers on library
compounds. Among them, compound 50 (Figure 8) (also known as GNF-Pf4492) showed an IC50 value
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of 184.1 nM against asexual stages of the multidrug resistant P. falciparum strain and demonstrated no
cytotoxicity against the human hepatoma cell line Huh7 (>30 µM).

Compound 50, wrongly defined as “aminopyrazole”, belong to the pyrazolyl-ureas already
patented by Kortagere’s team [94,95]. GNF-Pf4492 blocked parasite transmission to mosquitoes and
disrupted intracellular sodium homeostasis, similarly to the spiroindolones.

Flannery and co-workers applied a chemical genomic approach [103] to deeply investigate the
mechanism of action of these novel antimalarial agents. Whole genome sequencing of three resistant
lines showed that each had acquired independent mutations in a P-type cation-transporter ATPase,
Pf ATP4. The authors showed that the phenotypes of parasites treated with a spiroindolone and the
pyrazolyl-urea 50 are similar. They further identified a third chemotype that interacts with Pf ATP4.
Convergence on this target by multiple chemophores highlights the critical function of this protein in
the parasite [104].

As reported before, those pyrazole series was reported as disrupting the PPI between the
P. falciparum MyoA and MTIP [97]. Anyway, Flannery and co-workers contested the Kortagere
hypothesis about the mechanism of action, because GNF-Pf4492 was shown by Flannery as active
throughout the asexual life cycle and not just during cell invasion or gliding motility, which requires
the MTIP-myosin A interaction.

In our opinion, the mechanism of action of this interesting new class of antimalarial agents
deserve further investigation, also to clarify whether they are not, by chance, multitargeted compounds,
which would further increase their application interest.

4.6.3. Antimalarial Agents Acting as P. falciparum Prolyl-tRNA-synthetase Inhibitors

P. falciparum prolyl-tRNA-synthetase (Pf ProRS) is a promising new target that is chemically and
genetically validated by halofuginone, a synthetic derivative of the natural product febrifugine which
has been known for more than 2000 years to possess antimalarial activity (IC50 = 275 nM). However,
halofuginone is also a potent inhibitor of Homo sapiens prolyl-tRNA-synthetase (HsProRS) (IC50 = 2 µM)
which prevents its use in human treatment. The overlapping of the three-dimensional structure of
Pf ProRS and HsProRS showed that the active sites, normally occupied by proline, are identical in
both enzymes. Halofuginone competes with proline in binding to the active site, making difficult to
achieve specificity.

Therefore, Hewitt and coworkers [105] applied a high throughput screen (HTS) method to
about 40,000 different compounds belonging to five different libraries and identified compound 51
(TCMDC-124506) (Figure 8) and Glyburide, which are very different compounds but sharing the
urea function, as Pf ProRS inhibitors. They showed IC50 values against Pf ProRS at 34 µM and
74 µM, respectively, but <40% inhibitory activity for HsProRS up to the limit of solubility (1 mM).
X-ray crystallographic structures demonstrated that these inhibitors bind outside the active site in an
area of the enzyme not previously displayed as a binding pocket.

Moreover, the binding of both glyburide and TCMDC-124506 into the novel binding site
significantly distorts the ATP binding site. Further analyses clearly indicated that they act as competitive
allosteric inhibitors showing more than 100-fold specificity for Pf ProRS compared to HsProRS,
demonstrating these class of compounds could overcome the toxicity of halofuginone and its analogs
related to HsProRS inhibition. A large series of new variants to 51 (Figure 8) was then synthesized,
guided by the cocrystal structure with Pf ProRS, to find more potent inhibitors while retaining selectivity
against Plasmodium [105]. Despite the potency of those inhibitors was not greatly increased in respect
with the hit (IC50 values ranging from 3 to 20 µM against Pf ProRS), interesting SAR information have
been provided and opened the way for the development of new ligands as possible antimalarial agents.
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In detail:

• in N1 is needed the methyl group; NH, or polar substituents are not tolerated;
• the trifluoromethyl substituent in position 3 of the pyrazole acts as vector to the solvent and its

removal is not tolerated, while more polar groups (such an example 2-ethyl-morpholine) causes a
potency decrease;

• removal of the p-fluorophenyl moiety in position 4 of the pyrazole led to inactive compounds, but
substitution in the phenyl ring could be changed without affecting the potency.

Finally, the crystal structure showed that the urea moiety forms multiple H-bonds with the protein,
and the aromatic substituents fit into a hydrophobic pocket. Removal of the urea led to inactive
compound. The o,p-difluoro-substituted phenyl urea derivatives retained activity and the m-fluoro
substitution was tolerated, whereas any other modification around this moiety is detrimental for
Pf ProRS activity.

4.7. 5-Pyrazolyl-Ureas as Anti-Toxoplasma Agents

Toxoplasma (T.) gondii is a ubiquitous opportunistic pathogen that infects individuals worldwide,
causing severe congenital neurological and ocular disease in humans. Toxoplasmosis is a great
risk for patients who are undergoing treatment for cancer and auto-immune diseases, or recipients
of tissue or organ transplants. Toxoplasmosis can also lead to morbidity and death in HIV/AIDS
patients. No vaccine to protect humans is available, and hypersensitivity and toxicity limit the use
of the few available medicines. Therefore, safer and more effective drugs to treat toxoplasmosis are
urgently needed.

Starting from their study on MTIP-MyoA that provided new antimalarial agents (see Section 4.6.1)
and supported by the hypothesis that the MTIP-MyoA complex is essential also in the in T. gondii

survival, Kortagere and co-workers constructed a hypothetical structure model of this complex and
used the HSB method to screen for small molecule drugs against toxoplasmosis [106]. In the absence of
the X-ray crystal structure for the T. gondii MTIP-MyoA complex, homology modeling techniques were
employed to build a structural model of the T. gondii MTIP-MyoA_tail complex using the published
X-ray crystal structure of Plasmodium MTIP-MyoA tail as the template. The MTIP-MyoA tail binding
region was explored to identify the specific points of interaction between corresponding chemical
groups in the MTIP pocket and the MyoA helix. The in silico screen of a chemical library containing
over three million commercially available compounds made the identification of 150 hits that were
submitted to the HBS analyses. Further screening through ADMET filter gave the identification of the
25 best ranking drug-like compounds and led to the discovery of the pyrazolyl-urea 52 (Figure 8) as a
lead compound, with an IC50 value of 500 nM. In vitro assays have revealed that 52 markedly limits
intracellular growth of T. gondii tachyzoites but has no effect on host cell human foreskin fibroblasts
(HFF) at concentration more than one log greater than the concentration that inhibits the parasites.
SAR analyses made information for substituents in the pyrazolyl-urea core to identify a second
generation of 52 like compounds. Finally, six new molecules were synthesized and tested on T. gondii

tachyzoites. Compound 53 (Figure 8), already reported as active against P. falciparum [97], performed
significantly better than the parent compound in the T. gondii inhibition assay. Interestingly, 52 and 53
have nearly similar IC50 values against T. gondii and P. falciparum and may be working through similar
mechanism that warrant consideration as broad-spectrum inhibitors of apicomplexan parasites.

4.8. 5-Pyrazolyl-Ureas as Antibacterial Agents

The emergence of resistant strains of pathogenic bacteria make mandatory the development
of new antibacterial compounds. In an effort to discover new leads, Kane and coworkers [107]
screened mixtures of compounds belonging to their chemical libraries versus several clinically relevant
Gram-positive and Gram-negative organisms. Active components of these mixtures were determined
through re-synthesis and subsequent retesting. The screening data revealed a variety of heterocyclic
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urea derivatives, in particular ureas of 5-aminopyrazole (compounds 54, Figure 8) and 2-aminothiazole,
as inhibiting growth of gram-positive bacteria. In all cases, a disubstituted urea is necessary for activity
and active compounds require, in addition to the pyrazole scaffold, an N-aryl substituent preferably
3,4 or 3,5 -disubstituted with halogen atoms and/or CF3 groups. However, despite the high in vitro
activity (particularly against S. aureus compounds showed IC50 ranging from 0.054 to 4.24 µM), they
were only marginally bioavailable under an in vivo test, probably due to their poor solubility.

4.9. 5-Pyrazolyl-Ureas as Anti-Trypanosome Agents

Improved therapies for the treatment of Trypanosoma brucei, the etiological agent of the neglected
tropical disease human African trypanosomiasis, are urgently needed. T. brucei methionyl-tRNA
synthetase (MetRS) is an aminoacyl-tRNA synthase (aaRS) that is considered an important drug target
due to its role in protein synthesis, cell survival, and its significant differences in structure from its
mammalian ortholog.

In 2015, Pedro-Rosa and coworker [108] developed and applied to a large library of more
than 300,000 compounds two orthogonal HTS assays to identify inhibitors of T. brucei MetRS. First,
a chemiluminescence assay was implemented in a 1536-well plate format and used to monitor ATP
depletion during the aminoacylation reaction. Hit confirmation then used a counter screen in which
adenosine monophosphate production was assessed using fluorescence polarization technology.
In addition, a miniaturized cell viability assay was used to triage cytotoxic compounds. Finally, lower
throughput assays involving whole parasite growth inhibition of both human and parasite MetRS were
used to analyze compound selectivity and efficacy. The outcome of this HTS campaign has led to the
discovery of 19 potent and selective T. brucei MetRS inhibitors (having IC50 as low as 44 nM), including
the 5-pyrazolyl-urea derivative 55 (Figure 8) (analogue of 51, that belong to the series developed by
Kortagere in 2010 [97]).

4.10. 5-Pyrazolyl-Ureas as Antiviral Agents

Respivert Limited UK in 2011 patented new compounds very similar to previous derivatives
24 and 25 (Figure 6), but bearing a more embedded imidazo[4,5-b]pyridine tail on the urea moiety.
The most representative of this series is the 1-(3-(tert-butyl)-1-(4-methoxyphenyl)-1H-pyrazol-5-yl)-3-(4-
((2-oxo-2,3-dihydro-1H-imidazo[4,5-b]pyridin-7yl)oxy)naphthalen-1-yl)urea 56 (Figure 8) claimed for
the treatment of inflammatory diseases of respiratory system (asthma, COPD), and also for the treatment
or prevention of inflammation mediated by viral infectious diseases (influenza virus, rhinovirus or
RSV) [109]. All synthesized compounds were tested in anti-inflammatory, antiviral and cell viability
assays. Moreover, compounds were tested in enzyme inhibition assays (p38MAPK, Src, Hck) in analogy
to previous 24 and resulted active against p38MAPK with IC50s in the nanomolar range. An additional
test on Rhinovirus-titration assay was performed, while results were not reported.

4.11. 5-Pyrazolyl-Ureas as Potassium Channel Activators

The G protein-gated inwardly-rectifying potassium channels (GIRK, Kir3) is a family of various
homo- and hetero-tetrameric combinations of four different subunits expressed in different combinations
in a variety of regions, throughout the central nervous system and in the periphery. A number of
studies, using subunit-specific GIRK knockout mice, suggested the roles for GIRKs in a variety of
important physiological processes and pointed to GIRK as a target for therapeutic intervention [110].
However, at the moment very few pharmacological tools have been reported that might allow a better
understanding of the roles of GIRKs in normal and pathophysiological conditions.

An HTS-compatible thallium flux assay for Gi/o-coupled GPCRs using GIRK as a readout [111]
was used by Kaufmann and coworkers to screen the molecular libraries small molecule repository
(MLSMR) as part of the Molecular Libraries Screening Center Network (MLSCN) [112]. The first
efforts gave to the identification of the asymmetrical urea CID736191 (57, Figure 7) as activator of
GIRK1/2 with an EC50 of ∼1 µM. This molecule was used as starting point for chemical optimization
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via iterative parallel synthesis. Several libraries were prepared surveying alternative substituents on
the aryl ring, alternative heterocycles to replace the N-phenyl pyrazole, as well as alternative linkers
for the urea moiety.

Testing of these compounds resulted in clear SAR. The N-phenyl pyrazole was essential for
GIRK activity, as both NH moieties of the urea linker. In addition, 2-substituents to the aryl ring
generally led to inactive compounds, whereas 3-substituted and 3,4-disubstitiuted analogues proved
to be optimal. Chemical optimization afforded ML297 (VU0456810, CID 56642816, 58, Figure 7), as the
first potent GIRK activator. Since previous development of GIRK2 knockout animals has revealed an
epilepsy phenotype, suggesting a role for GIRK in regulating excitability, and because the GIRK1/2
subunit combination is most prevalent in the brain, the authors reasoned that a GIRK1/2 activator
might produce effects in an epilepsy model in vivo. Therefore, they evaluated ML297 in two model of
epilepsy in mice (with PTZ or via electroshock). Despite the fact that ML297’s DMPK properties were
suboptimal, robust activity was observed in both models. ML297 showed EC50 of 160 nM, equal or
greater efficacy compared to a clinically active antiseizure medication, sodium valproate. These data
support a role for selective GIRK activation in controlling excitability and provide the first evidence for
the exciting possibility that GIRK may represent an attractive new target for antiepileptic drugs.

Starting from this study, in 2017 the Wieting’s team reported a novel series of 1H-pyrazol-
5-yl-2-phenylacetamides that showed nanomolar potency as GIRK1/2 activators with improved brain
distribution in respect with the analogue urea derivatives [113].

 

Figure 8. 5-Pyrazolyl-ureas reported as antiparasitic agents and as potassium channel activators.
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5. Conclusions

In the last 20 years, linking of the pyrazole nucleus with a urea moiety has led to the design
and synthesis of a lot of compounds with interesting biological activities. Many novel compounds
have been synthesized and evaluated for their anti-pathogens (bacteria, plasmodium, toxoplasma and
others), anti-inflammatory and, in particular, antitumor activity. The urea moiety has been identified
as versatile scaffold for kinase inhibitors development, due to its unique binding mode and kinase
inhibition profile. On the basis of X-ray crystallography studies, two distinct binding modes of urea
binding to kinase have been elucidated: the urea function can bind with a conserved DFG residue
(present in the activation loop of protein kinase) or with the hinge-binding site of protein kinase.
In particular, urea moiety is used in the type II kinase inhibitors forming one or two hydrogen bonds
with a conserved glutamic acid and another one with the backbone amide of the aspartic acid in the
DFG motif. Moreover, this structure is used to link pharmacophores with high affinity DNA binder.

The most interesting results have been obtained when urea function was inserted in position 5 of
the pyrazole scaffold, probably due to a simpler synthetic procedure. 5-Pyrazolyl-ureas have been
largely investigated, being BIRB 796 the most studied compound as p38MAPK inhibitor, useful in
autoimmune diseases treatment.

As demonstrated by a multitude of patents reported in the literature from 2000, other important
results have been obtained in anticancer field, where 5-pyrazolyl-ureas have shown to interact at
intracellular level on many pathways, in detail on different kinases such as Src, Bcr-Abl, Flt3, TrkA
and others.

In addition, different 5-pyrazolyl ureas evidenced antiangiogenic and antiproliferative potential
that deserves to be explored.

Other important pharmacological results have been obtained in countering malaria, toxoplasma,
trypanosome and bacterial infections, that, even today, owing the onset of multi-drug resistance, are
not completely eradicated.

4-Pyrazolyl and 3-pyrazolyl ureas, although less investigated, showed varied pharmacological
properties, from the inhibition of carbon anhydrase and epoxide hydrolase, to the action on potassium
channels and on cannabinoid receptors.

All these data confirm the importance of the urea function which is able to interact with different
enzyme substrates depending on its different position on the pyrazole nucleus. Only in some cases,
as widely reported above, both 4-pyrazolyl ureas and 5-pyrazolyl ureas have exhibited similar biological
activity and have therefore been the subject of common patents.

For all these reasons, the design and synthesis of pyrazolyl-ureas are still ongoing and continue to
give interesting insights into medicinal chemistry research.

This review summarizes the large number of pyrazolyl-ureas recently reported (from 2000 to
date), including patented compounds and their related biological data.
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Abbreviations

3D-QSAR Three-dimensional quantitative SAR
aaRS Aminoacyl-tRNA synthase
Abl Abelson kinase
AD Alzheimer’s disease
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ALS Amyotrophic lateral sclerosis
AUDA 12-(1-Adamantan-1-ylureido)- dodecanoic acid
CAMK Ca2+/calmodulin- dependent protein kinase
CB1/2 Cannabinoid receptors 1/2
CDK8/CycC Cyclin-dependent kinase 8 and cyclin C
COMFA Comparative molecular field analysis
CoMSIA Comparative molecular similarity
COPD Chronic obstructive pulmonary disease
COX-2 Cyclooxygenase-type 2
CXCL8 Interleukin 8
CXCR1/R2 CXC Chemokine receptors 1/2
DFG (DMG) Asp-Phe-Gly motif
DMPK1 Dystrophia myotonica protein kinase 1
ERK extracellular-regulated protein kinase
Flt3 Fms related tyrosine kinase 3
fMLP N-formyl-methionyl-leucyl-phenylalanine
GIRK G protein-gated inwardly-rectifying potassium channels
GSK3α Glycogen synthase kinases type 3α
hCA II Human carbonic anhydrase II
hCAIs Human carbonic anhydrase inhibitors
Hck Hemopoietic Cell Kinase
HD Huntington’s disease
HeLa Henrietta Lacks immortal cells
hERG Human Ether-à-go-go-Related Gene
HFF Human foreskin fibroblasts
HSB Hybrid structure based (virtual screening approach)
HTS High-throughput screening
HUVEC Human umbilical vein endothelial cells
I-κB Inhibitor of kappa B kinase
IKK (1/2) IkB kinases type 1/2
IL-1-/6/-17/-18 Interleukin type 1/6/17/18
JM Juxta-membrane
JNK c-Jun NH2-terminal kinase
LPS Lipopolysaccharide
MAPK Mitogen-activated protein kinase
MBC Minimum Bactericidal concentration
MES Maximal electroshock seizure
MetRS Methionyl-t-RNA synthetase
MFC Minimum fungicidal concentration
MI Myocardial infarction
MIC Minimum inhibiting concentration
MLSCN Molecular libraries screening center network
MLSMR Molecular libraries small molecule repository
MS Multiple sclerosis
MTIP Myosin tail interacting protein
MyoA Myosin A
NEK10 NIMA (never in mitosis gene a)-related kinase 10
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NGF Nerve growth factor
ONIOM N-Layered integrated molecular orbital & molecular mechanics
Panc-1 Human pancreatic adenocarcinoma
PD Parkinson’s disease
PDB Protein data bank
PDGFR Platelet derived growth factor
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PfATP4 Plasmodium falciparum p-type cation ATPase
PfProRS Plasmodium falciparum prolyl-t-RNA-synthetase
PI3K Protein inositol kinase 3
PKC Protein kinase C
PLK2, PLK3 Polo-like kinase 2/3
PPI Protein-protein interaction
PTZ Pentylenetetrazol-induced seizure
RAF/RAS Rapidly accelerated Fibrosarcoma
RSV Respiratory syncytial virus
SAR Structure Activity Relationship
sEH Soluble epoxide hydrolases
SUMO Small ubiquitin-like modifier
Syk Spleen tyrosine kinase
TNF-α Tumor necrosis factor alpha
Trk Tropomyosin receptor kinase
UBSAs Ureido benzenesulfonamides
VEGF Vascular endothelial growth factor
VEGFR1/2 Vascular endothelial growth factor receptor
Zap-70 Zeta Chain of T Cell Receptor Associated Protein Kinase 70
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Abstract: The pyrazole nucleus and its reduced forms, pyrazolines and pyrazolidine, are privileged
scaffolds in medicinal chemistry due to their remarkable biological activities. A huge number of
pyrazole derivatives have been studied and reported over time. This review article gives an overview
of pyrazole derivatives that contain a styryl (2-arylvinyl) group linked in different positions of the
pyrazole backbone. Although there are studies on the synthesis of styrylpyrazoles dating back
to the 1970s and even earlier, this type of compound has rarely been studied. This timely review
intends to summarize the properties, biological activity, methods of synthesis and transformation
of styrylpyrazoles; thus, highlighting the interest and huge potential for application of this kind
of compound.

Keywords: pyrazoles; styrylpyrazoles; biological activity; organic synthesis; reactivity

1. Introduction

The pyrazole (1H-pyrazole, 1) (Figure 1) is an aromatic five-membered heterocyclic ring constituted
by three carbons and two adjacent nitrogen atoms, located at 1- and 2-positions [1]. N-unsubstituted
pyrazoles may present three identical and non-separable tautomers, due to rapid interconversion in
solution, and it is usually impossible to unequivocally assign the resonances of its proton-nuclear
magnetic resonance (1H-NMR) spectrum. Three partially reduced forms may also exist: 1-pyrazolines 2,
2-pyrazolines 3 and 3-pyrazolines 4, and a fully reduced form known as pyrazolidine 5 (Figure 1) [1,2].
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Figure 1. Chemical structures and numbering of pyrazole 1, dihydropyrazole (pyrazoline) tautomers
2–4 and pyrazolidine 5.

Pyrazole and its derivatives occupy a prime place in medicinal chemistry because they are present
in several drugs with real medicinal applications, such as celecoxib (Celebrex®), sildenafil (Viagra®),
rimonabant, lonazolac, fomepizole, penthiopyrad, doramapimod, sulfaphenazole and in several
remarkable compounds with a wide range of pharmacological activities, namely anticancer [3], analgesic,
anti-inflammatory and antioxidant [4–7], antibacterial and antifungal [8,9] antipyretic, antidepressant
and anticonvulsant [10,11], antidiabetic [12] and cannabinoid activities [13,14], among others [15–21].
Along with the medicinal applications, pyrazoles are also useful as agrochemicals, such as herbicides,
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fungicides, and insecticides [22] and possess other applications, such as dyestuffs, sunscreen
materials [23,24], analytical reagents and pluripotent ligands in coordination chemistry [25,26].
For instance, polyaromatic pyrazoles possess important biological, photophysical, optical and electronic
properties [10,27–29].

This review is focused on a particular type of pyrazoles, the styrylpyrazoles (or
styryl-1H-pyrazoles), which present a styryl (2-arylvinyl) group at one or more positions of the
pyrazole nucleus. It is intended to give an overview of the styrylpyrazoles chemistry reported in the
literature, including their properties and biological activity, since the 1970s to the present date. Despite
the biological activities of styrylpyrazoles [12,14], their interesting physicochemical properties, such as
tautomerism, isomerism [30,31] and conjugation extension, due to the presence of the 2-arylvinyl
group, as well as the rich chemistry related to their synthesis and transformation, this type of pyrazole
has rarely been studied, as can be seen from the low number of publications in a very large time
span covered by this review. In our group, we have been working with styrylpyrazoles for a long
time. Throughout this review, we intend to describe the properties and methods of synthesis of
these compounds, and to show their great potential for application in different fields, from medicine
to materials chemistry, including their use as key templates for transformation into other valuable
compounds. The articles will be presented based on the molecules’ structure, in particular, the position
of the styryl group in the pyrazole scaffold.

2. Properties of Styrylpyrazoles

The pharmacological activity of styrylpyrazoles and related compounds has been known for
a long time. A study published in 1970 described the anti-inflammatory activity of 1-phenyl-2
-styryl-3,5-dioxopirazolidines (6). Among these compounds, derivatives 6a (R1 =Me, R2 = R3 = H,
R4 = n-C4H9) and 6b (R1 = Cl, R2 = 4-OMe, R3 = H, R4 = n-C4H9) (Figure 2) were more active than
phenylbutazone or oxyphenbutazone in the carrageenin-induced foot edema test in rats [32]. It was
found that a p-methylphenyl ring increased the intrinsic activity in general, while a p-chlorophenyl
substituent decreases the activity, except for compound 6b. The p-methoxy or 3,4-methylenedioxy
substituents of the styryl group tend to increase both toxicity and inhibitory activity, while p-alkyl
substituents (Me or i-Pr) have the opposite effect.

Styrylpyrazoles were also found to act as dual inhibitors of 5-lipoxygenase (5-LO) and
cyclooxygenase (CO) in rat basophilic leukemia cells. In particular, compound 7 (Figure 2) exhibited
oral activity in various models of inflammation and, most importantly, is devoid of ulcerogenic
potential [33].

 

 

μ μ

Figure 2. Styrylpyrazole derivatives 6 and 7 presenting anti-inflammatory activity [32,33].

Nauduri et al. studied the antibacterial activity of 1,5-diphenyl-3-styryl-2-pyrazolines 8,
with different substituents (OMe, NMe2, NO2, OH and isopropyl) (Figure 3), towards Gram-positive
and Gram-negative bacteria and found little variation in the geometric means of minimum inhibitory
concentrations (MIC) [34]. The derivatives containing NMe2, NO2 and OMe in the p-position of
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A and B aromatic rings showed the highest activity (MIC = 3.55–6.56 µg/mL and 3.30–6.27 µg/mL
against Gram-positive and Gram-negative bacteria, respectively). This fact was attributed to the strong
electronic-driving nature of the substituents (either as electron-donating or electron-withdrawing
substituents) and due to a more lipophilic nature (for the NMe2). Low substitution in the aromatic ring
also favored the entry of the compound in the bacteria through passive diffusion. They have compared
the activity of these compounds with that of 1,3-diphenyl-5-styryl-2-pyrazolines, which showed lower
activities than the compounds of the 3-styryl series. Moreover, the 1,5-diphenyl-3-styryl-2-pyrazolines
8 bearing o- or p-hydroxyphenyl rings showed superior antimycotic (antifungal) activity relative to the
other derivatives (MIC = 11.3–24.8 µg/mL and 12.16–13.6 µg/mL against fungi and yeast, respectively).
The extended electronic structure of the 3-styryl compared with the 5-styryl derivatives may explain
the lower MIC values for the compounds of the 3-styryl series [34].

 

μ μ

 

μ

β

μ
μ

Figure 3. 3-Styryl-2-pyrazolines 8 presenting antibacterial and antifungal activity [34].

In the 2,2-diphenyl-1-picrylhydrazyl (DPPH) and horseradish peroxidase (HRP)/luminol/H2O2

chemiluminescence assays, 5-aryl-3-styryl-1-carboxamidino-1H-pyrazole derivative 9 showed higher
antioxidant activity (half maximal inhibitory concentration (IC50) 45.17–217.22 µg/mL, in DPPH assay)
than 2-(5-aryl-3-styryl-1H-pyrazol-1-yl)-4-trifluoromethylpyrimidines 10 (Figure 4). The antioxidant
activity is dependent on the concentration and type of substituents in each compound, and resonance
stabilization. For instance, the presence of SH at Y position strongly enhances antioxidant activity.
Some derivatives of compound 9 showed antimicrobial activity against bacteria Salmonella typhi,
Staphylococcus aureus and Streptococcus pneumoniae, with inhibition between 1.95 to 15.625 mg/mL.
The antimicrobial activity is also affected by the substituent [35].
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β
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Figure 4. 5-Aryl-3-styryl-1-carboxamidino-1H-pyrazole derivatives presenting antioxidant and
antimicrobial activity 9 and 10 [35].

Furthermore, 3,5-bis(styryl)pyrazoles 12, curcumin (11) analogues (Figure 5), are well-known for
their antioxidant activity. Some derivatives showed superior activity to that of curcumin in DPPH,
ferric reducing antioxidant power (FRAP), and β-carotene bleaching assays [36]. For instance,
curcumin (11) showed lower inhibition of DPPH• (102 mmol), (half maximal effective concentration
(EC50) = 40 ± 0.06 µmol)) compared with 3,5-bis(4-hydroxy-3-methoxystyryl)pyrazole (12a)
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(EC50 = 14 ± 0.18 µmol). The presence of hydroxy and methoxy groups on the terminal phenyl
rings is considered benefic for the antioxidant capacity. Moreover, the 3,5-bis(styryl)pyrazole CNB-001
has shown interesting results in studies related to neuroprotection and Alzheimer’s disease, and was
able to restore membrane homeostasis disrupted after brain trauma, being a promising compound for
therapeutic use in the treatment of Parkinson’s disease [37]. In combination with tissue plasminogen
activator, CNB-001 is efficient in the treatment of stroke [38]. Compound 12a also acted as inhibitor of
β-amyloid secretion and of protein kinases involved in neuronal excitotoxicity [39]. Some pyrazoles
that are analogues of 12a displayed good inhibition of γ-secretase activity, tau aggregation, and/or
affinity to fibrillar Aβ42 aggregates [40].

Other properties have been attributed to 3,5-bis(styryl)pyrazoles such as antimalarial,
antimycobacterial, antiangiogenic, cytotoxic and antiproliferative activities [39,41,42]. As an
example, 3,5-bis(styryl)pyrazoles 12a,b showed more effective inhibition of chloroquine-sensitive
Plasmodium falciparum (IC50 = 0.48 ± 0.04 µM and 0.87 ± 0.07 µM) and chloroquine-resistant
Plasmodium falciparum (IC50 = 0.45 ± 0.07 µM and 0.89 ± 0.10 µM), respectively, than curcumin
(IC50 = 3.25 ± 0.6 µM and 4.21 ± 0.8 µM) [41].

Several studies have highlighted the antiproliferative activity of 12a in PC3 cells, with growth
inhibitory concentration (GI50) values of 5.6 µM [43] and in breast cancer cell lines, MCF-7 and SKBR3,
with GI50 values of 4.19 µM and 0.25 µM, respectively [42]. Liao and coworkers have also shown
the antiproliferative activity of 3,5-bis(styryl)pyrazoles 12a and 13 in the androgen-independent PC3
prostate cancer cell line with GI50 values in the low micromolar range. In particular, compound 13
caused significant effects on the PC3 cell cycle, inducing cell death and binding to tubulin (Kd 0.4 ±
0.1 µM), inhibiting tubulin polymerization in vitro, being competitive with paclitaxel for binding to
tubulin, and leading to microtubule depolymerization in PC3 cells. Therefore, 13 was considered as a
lead compound for the treatment of castration-resistant prostate cancer (CRPC) [44].
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Figure 5. Structures of curcumin (11) and 3,5-bis(styryl)pyrazoles CNB-001, 12 and 13, presenting
antioxidant, antimalarial, cytotoxic and antiproliferative activities [36–44].

In addition to pharmacological activities, 4-styrylpyrazoles have shown interesting photophysical
properties. In particular, 1-(2-pyridyl)-4-styrylpyrazoles (PSPs) substituted at position 3 with donor or
acceptor aryl groups have shown strong blue-light emissions with high quantum yields (up to 66%),
due to intramolecular charge transfer (ICT) phenomena [45]. The 3-phenyl-1-(2-pyridyl)-4-styrylpyrazole
14 (Figure 6) was studied as a turn-off fluorescent probe in metal ion sensing, showing a high selectivity to
Hg2+ (Limit of detection (LOD) = 3.1× 10−7 M) in a process that could be reversed with ethylenediamine.

Although pyrazoles are rare in nature, due to the difficulty of living organisms to construct the
N–N bond [46,47], a styrylpyrazole natural derivative, (E)-1,5-diphenyl-3-styryl-2-pyrazoline (DSDP)
15 (also known as (E)-1,5-diphenyl-3-styryl-4,5-dihydro-1H-pyrazole) (Figure 6), was isolated from the
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aerial parts of Euphorbia guyoniana [48]. In 2017, Kundu et al. unveiled the binding interaction of DSDP
15 with the calf thymus DNA (ctDNA) [49]. By performing steady state and time resolved spectroscopic
measurements, competitive binding studies, circular dichroism and a DNA helix melting study they
unequivocally demonstrated that DSDP binds with the ctDNA through groove binding mode with no
conformational change. These findings were also supported by molecular docking simulation.

Later, the same authors reported the strong binding interactions of DSDP with two serum
transport proteins, human serum albumin (HSA) and bovine serum albumin (BSA) [50]. Exploiting
multi-spectroscopic techniques together with in silico molecular docking simulation, they have
demonstrated that DSDP is a potent fluorophore. It binds with both proteins with the formation of a
1:2 protein–probe complex at a lower protein concentration range and a 1:1 complex at a higher protein
concentration range. The calculated binding constants for the 2:1 DSDP-protein complexes were found
to be 1.37 × 1010 M−2 and 1.47 × 1010 M−2 for HSA and BSA, respectively, while for the 1:1 complexation
process, the constants were 1.85 × 105 M−1 and 1.73 × 105 M−1 for DSDP-HSA and DSDP-BSA systems,
respectively. Moreover, they have demonstrated that hydrogen bonding and hydrophobic interactions
are the forces primarily responsible for both types of binding. The information gathered from these
studies may be useful for the rational design of drugs looking at a greater clinical efficacy.

1,3,5-Trisubstituted pyrazolines, analogues of DSDP, exhibited large fluorescence quantum yields
(Φf = 0.6–0.8), suited for the design of energy-transfer-based fluorescent probes [51]. In DSDP’s
structure, two of the aryl rings (phenyl and styryl) are interconnected electronically through the
pyrazoline π-system while the 5-phenyl ring is electronically decoupled and can behave as an electron
donating receptor for cations or electron deficient centers. The lone pair of electrons on the N1
atom of the pyrazoline ring also takes part in the conjugation, facilitating the ICT process. Thus,
DSDP acts as a D-π-A system and the introduction of an electron withdrawing group (such as -CN,
-NO2, -COOEt) on the styryl moiety can enhance the push–pull D-π-A capacity of DSDP-like molecular
systems [52]. However, a drastic modification of the photophysical properties of DSDP is observed
upon dehydrogenation of the pyrazoline ring with subsequent formation of the corresponding pyrazole
(DSP) 16 (Figure 6). While DSDP gives dual absorption and dual emission bands corresponding to
the locally excited (LE) and ICT species, DSP yields single absorption and emission bands for the LE
species only. Comparative steady state and time resolved fluorometric studies have revealed that
aromatization of the pyrazoline ring completely inhibits the ICT process. These results were also
corroborated by quantum chemical calculations [52].
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Figure 6. Styrylpyrazoles 14–16 presenting relevant photophysical properties [45,48–52].

3. Synthesis of Styrylpyrazoles

In this section, the methods for the synthesis of styrylpyrazoles are described in a systematic
way, based on the compounds’ structure, considering the position of the styryl group in the pyrazole
scaffold, starting from C-1 to C-5. Bis(styryl)pyrazoles, substituted at C-3 and C-5, are also considered.
Moreover, in each subheading, the methods will be presented by alphabetic order. Single examples of
a certain reaction will be considered at the end of each section in the miscellaneous subheading.
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3.1. Synthesis of 1-Styrylpyrazoles

3.1.1. N-Cross-Coupling Reaction of Pyrazoles with Styrylboronic Acid

In 2010, Kantam et al. synthesized (E)-1-styrylpyrazoles in a simple and efficient way, by the
cross-coupling reaction of pyrazoles 17 with styrylboronic acid 18 using a recyclable heterogeneous
Cu-exchanged fluorapatite (CuFAP) catalyst, under base-free conditions (Scheme 1) [53]. The lower
yield (70%) for the coupling with 3,5-dimethyl-1H-pyrazole 17 (R1 = R2 =Me) was attributed to the
steric hindrance caused by the methyl groups. When the reaction was performed in the absence of air,
no coupled product was obtained, since O2 is involved in the oxidation of Cu(I) to Cu(II), which is the
active species in the reaction mechanism [53].

 

 

Scheme 1. Cross-coupling reactions of pyrazoles 17 with styrylboronic acid 18 to produce
(E)-1-styrylpyrazoles 19 [53].

3.1.2. N-Styrylation of Pyrazoles with Activated and Non-Activated Alkynes

In 1978, Burgeois et al. described a lithium-catalyzed stereospecific and stereoselective
addition of the N–H bond of pyrazole 20 to phenylacetylene, as a method to prepare
1-styrylpyrazoles 21 (Scheme 2) [54]. Under such conditions, (Z)-1-styryl-1H-pyrazole (21a) and
(Z)-5-amino-1-styryl-1H-pyrazole (21b) were obtained in 60% and 55% yield, respectively.

Tsuchimoto et al. reported a similar single addition of the N–H bond of pyrazoles to
phenylacetylene and prop-1-yn-1-ylbenzene in the presence of a silver catalyst (AgNO3 or AgOTf)
to produce a regioisomeric mixture of 1-substituted pyrazoles 22 and 23 (Scheme 2) [55]. Complete
stereoselectivity was achieved, since only the (Z)-isomer of 1-styrylpyrazole was formed, indicating
that anti-addition, via a concerted mechanism, in which pyrazole nitrogen attacks the alkyne from the
side opposite to a coordinated Lewis acid (LA), is involved as a key step in the reaction process [55].

 

 

Scheme 2. Addition of pyrazole 20 to alkynes to produce (Z)-1-styrylpyrazoles 21–23 [54,55].
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The role of two ruthenium complexes [Ru(dppe)(PPh3)(CH3CN)2Cl][BPh4] (24)
(dppe = diphenylphosphinoethane) and [Ru(dppp)2(NCCH3)Cl][BPh4] (25) (dppp =

diphenylphosphinopropane) as efficient catalysts in the regio- and stereoselective addition
of pyrazoles 26 to alkynes was described by Das Kumar et al. (Scheme 3) [56]. In general,
the addition catalyzed by complex 24 afforded (E)-1-styrylpyrazoles 27 while complex 25 produces
(Z)-1-styrylpyrazoles 28. Based on density functional theory calculations, the authors have shown that
stereoselectivity is dependent upon the ligand environment around the ruthenium center.

Recently, Garg et al. reported a transition-metal-free chemo-, regio-, and stereoselective synthesis
of (Z)- and (E)-1-styrylpyrazoles by the addition of pyrazoles 26 onto functionalized terminal alkynes
using a super basic solution of KOH/dimethyl sulfoxide (DMSO) [31]. The nature of the base seems
to be crucial for the reaction, which does not occur in the presence of an organic base, such as
triethylamine (Et3N). The reaction stereoselectivity is governed by time and amount of the base
(Scheme 3). Deuterium labeling and control experiments highlighted the role of the KOH/DMSO
catalytic system in the cis→trans isomerization, which was further supported by comparative 1H-NMR
spectrum studies in DMSO/DMSO-d6. This method is of wide scope and several functionalities, such as
OH or Me, NH2, present both in the alkyne and pyrazole are well-tolerated [31].

 

 

Scheme 3. Stereoselective additions of pyrazoles 26 to alkynes to produce (E)- and (Z)-1-styrylpyrazoles
27 and 28 [31,56].

3.2. Synthesis of 3(5)-Styrylpyrazoles

3.2.1. Cyclocondensation Reactions

The cyclocondensation of (1E,4E)-1,5-diarylpenta-1,4-dien-3-one 29 with hydrazine or phenyl
hydrazine in glacial acetic acid at reflux [57,58], in the presence of sulfuric acid [59], or cellulose
sulfonic acid [60], afforded 5-aryl-3-styryl-4,5-dihydro-1H-pyrazoles (pyrazolines) 15 or 30 (Scheme 4).
Following a similar approach, Nauduri et al. synthesized a series of 5-aryl-1-phenyl-3-styryl-4,5
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-dihydro-1H-pyrazoles by condensation of 29 analogues with phenyl hydrazine hydrochloride in
a mixture of ethanol and chloroform, in the presence of a catalytic amount of concentrated HCl
(70–77%) [34]. Pathak et al. studied the reaction of 29 with hydrazine hydrate in glacial acetic acid under
conventional reflux, ultrasound, microwave irradiation conditions and using mechanochemical mixing,
and isolated 1-acetyl-5-aryl-3-(substituted-styryl)pyrazolines 30. In turn, pyrazolines 15 were converted
into the corresponding pyrazoles by oxidation (dehydrogenation) (Scheme 4). Several oxidant agents
can be employed for this transformation; some common examples include lead tetraacetate [58], DMSO
in open air [61], MnO2 [62], p-chloranil [63], 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) [64],
Pd/C [65]. In 2014, Ananthnag et al. developed a simple and high yielding method for the conversion of
(E)-3- and 5-styrylpyrazolines into the corresponding pyrazoles via iron(III) catalyzed aerobic oxidative
aromatization [65]. The use of FeCl3 as catalyst makes the reaction greener and more economical.

 

 

α

Scheme 4. Synthesis of 3-styrylpyrazolines 15 and 30 and 3-styrylpyrazoles 16 [58].

Gressler et al. described the [3 + 2] cyclocondensation of 1,5-diarylpenta-1,4-dien-3-ones 31 with
aminoguanidine hydrochloride 32 in ethanol, in the presence of triethylamine, as a method to prepare
5-aryl-1-carboxamidino-3-styryl-4,5-dihydro-1H-pyrazoles 9 (Scheme 5) [35,66,67].

 

 

α

Scheme 5. Synthesis of 5-aryl-1-carboxamidino-3-styryl-4,5-dihydro-1H-pyrazoles 9 [35,66,67].

In 1991, Purkayastha et al. reported the reaction of α-oxoketene dithioacetal 33 with
hydrazine hydrate in ethanol, in the presence of acetic acid, as a method to exclusively obtain
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(E)-3(5)-styrylpyrazoles (34⇋35) (Scheme 6). They have shown that acidic medium is required for
the regioselective formation of 34, otherwise, in neutral conditions, other products are formed [68].
The formation of styrylpyrazoles 34, in acidic conditions, was explained through the attack of
hydrazine on protonated 33 at the β-carbon with a positive charge, which is stabilized by the
two methylthio groups. In fact, the (E)-3(5)-styrylpyrazole 34a (Ar = Ph) was isolated as the
sole product (79%) when 33a (Ar = Ph) reacted with hydrazine hydrate in ethanol:acetic acid
(1:1) mixture. Other cinnamoyl oxoketene dithioacetals similarly reacted in these conditions
affording a series of (E)-3(5)-styrylpyrazoles. This method is also suitable for the synthesis
of 3-(4-arylbuta-1,3-dienyl)pyrazoles and 3-(6-arylhexa-1,3,5-trienyl)pyrazoles starting from the
appropriate dienoyl- and trienoyl oxoketene dithioacetals, and has high practical utility, since the
introduction of such enyl side-chains in the preformed pyrazole is not possible [68].

 

β

 

Scheme 6. Reaction of oxoketene dithioacetals 33 with hydrazine hydrate to synthesize
(E)-3(5)-styrylpyrazoles 34 [68].

In 2001, Pastine et al. reported the synthesis of (E)-3-styrylpyrazoles starting from benzalacetone
36, which was converted into the corresponding hydrazones 37 by reaction with hydrazine derivatives.
Then, compounds 37 were deprotonated with an excess of lithium diisopropylamide (LDA), and the
resulting dilithiated intermediates 38 were condensed at the carbanion center with a variety of
substituted benzoate esters, such as methyl benzoate, methyl 4-t-butylbenzoate, (lithiated) methyl
4-hydroxybenzoate, or methyl 3,4,5-trimethoxybenzoate affording 39. After acid cyclization of 39 with
3 N hydrochloric acid, the 3-styrylpyrazoles 40 were isolated (Scheme 7) [69].

 

β

 

Scheme 7. Reaction of benzalacetone 36 with hydrazines to produce hydrazones 37 and their
transformation into (E)-3-styrylpyrazoles 40 [69].
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The reaction of (E)-3-aryl-1-(3-phenyloxiran-2-yl)-prop-2-en-1-ones (41) with tosyl hydrazine
under acid catalysis afforded (E)-5-hydroxy-5-phenyl-3-styryl-1-tosyl-2-pyrazolines (42) (Scheme 8) [70].
Then, (E)-5-phenyl-3-styryl-1-tosyl-1H-pyrazoles (43), which are formed due to dehydration of
5-hydroxypyrazolines 42, were also isolated, as by-products, by chromatography, after crystallization
of the major products.

 

 

α

Scheme 8. Synthesis of (E)-5-hydroxy-5-phenyl-3-styryl-1-tosyl-2-pyrazolines (42) and
(E)-5-phenyl-3-styryl-1-tosyl-1H-pyrazoles (43) [70].

The formation of pyrazolines 42 occurred through oxirane ring-opening at the α-carbon, followed
by the rearrangement of the azadiene intermediate (A) through a hydride [1,5] sigmatropic shift
to 1,3-diketone monohydrazone (B, Scheme 9). Finally, the intramolecular cyclization led to
5-hydroxypyrazolines 42. These compounds are only stable if they have an electron-withdrawing
group, such as 1-acyl, or if a perfluoroalkyl group is present at the C-5 of the pyrazoline ring [70].

 

α

 

Scheme 9. Mechanism of formation of (E)-3-styrylpyrazolines 42 and (E)-3-styrylpyrazoles 43 [70].

The condensation of acetylenic ketones 44 with aryl hydrazines 45 produces
(E)-3(5)-styrylpyrazoles (46 and/or 47) in fair to good yield. The substitution pattern in these pyrazoles
depends on the nature of the substituents and mainly on the reaction conditions (Scheme 10) [71].
When methanol is used as solvent and the reaction is stirred at room temperature for a period prior
to the addition of acid and heating, (E)-5-styrylpyrazoles 47 were obtained as the major products.
However, if acid is present and heat applied from the onset, a mixture of (E)-3- and 5-styrylpyrazoles 46
and 47 is obtained. Regioselectivity, in this case, varies from 39:61% to 83:17% of 46:47, depending on
the nature of the substituents. For instance, when R1 =MeO, R2 = H and R3 =MeSO2, the regioisomer
46 is obtained in higher amount. On contrary, when R1 = R2 = H and R3 = NO2, 46 is the minor
regioisomer. In the absence of acid, the initial reaction step involves Michael addition of the more
basic terminal nitrogen of the hydrazine derivative to the terminal acetylenic carbon to form enamine,
which exists in tautomeric equilibrium with the isomeric hydrazone. The cyclization of the hydrazone
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in the presence of added acid subsequently afforded only (E)-5-styrylpyrazoles 46. The formation of
this isomer seems to be promoted by the strong electron-donating and electron-withdrawing effect of
the substituents.

 

 

-

−

−

Scheme 10. Condensation of acetylenic ketones 44 with aryl hydrazines 45 to produce
(E)-3(5)-styrylpyrazoles (46 and/or 47) [71].

The microwave-assisted N-heterocyclization of metal-diketonic complexes, Pd(dba)2 or Pd(dba)3

(dba = dibenzylideneacetones) with hydrochloride salts of various aryl hydrazines allows the synthesis
of 1-aryl-5-phenyl-3-styryl-1H-pyrazoles in a single step and with very good yields (Scheme 11) [72].
Metal-diketones act as both catalyst and coupling partner. The hydrazine substrate and the solvent
play an important role in the selectivity. Reaction with phenyl hydrazine hydrochloride in water
gave both (E)-3-styrylpyrazole 48 and (E)-3-styrylpyrazoline 49 in approximately equal amounts.
If the substrate is phenyl hydrazine (without hydrochloride salt), (E)-3-styrylpyrazoline 49 is the
major reaction product. The use of DMSO as a solvent instead of water promotes the formation of
(E)-3-styrylpyrazole 48 in high yields.

 

-

 

−

−

Scheme 11. Microwave-assisted synthesis of (E)-3-styrylpyrazoles 48 and (E)-3-styrylpyrazolines
49 [72].

3.2.2. Intramolecular Oxidative C–N Coupling of Hydrazones

The ruthenium(II)-catalyzed oxidative C–N coupling of 2,4-dinitrophenylhydrazone of
(1E,4E)-1,5-diphenylpenta-1,4-dien-3-one 50 in the presence of oxygen (1 atm) as the oxidant, afforded
(E)-1-(2,4-dinitrophenyl)-5-phenyl-3-styryl-1H-pyrazole (48). [RuCl2(p-cymene)]2 (5 mol%) was found
to be the best catalyst for this oxidative C(sp2)−H amination (Scheme 12) [73]. This catalyst allows C–H
bond cleavage via an o-metalation process that involves chelation with the nitrogen from hydrazone.
Consequently, the formation of a C–N bond is possible via reductive elimination to generate the
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corresponding pyrazole. Finally, the oxygen promotes oxidation of the Ru(0) species to Ru(II) to
complete the catalytic cycle.

Other oxidative C(sp2)−H amination reactions have been reported using copper catalysts. By using
Cu(OAc)2 (10 mol%) and 1,4-diazabicyclo[2.2.2]octane (DABCO) (30 mol%) in DMSO at 100 ◦C in the
presence of oxygen (1 atm) as the oxidant, (E)-1,5-diphenyl-3-styryl-1H-pyrazole (48, R1 = Ph) was
obtained (Scheme 12) [74].

 

 

Scheme 12. Synthesis of (E)-3-styrylpyrazoles 48 by intramolecular oxidative C–N coupling of
hydrazones 50 [73,74].

3.2.3. Miscellaneous

The decarboxylative Knoevenagel reaction of aldehyde 51 with 3-methyl-5-pyrazoleacetic acid 52
directly afforded (E)-3-styrylpyrazole 7 (Scheme 13) [33].

 

 

Scheme 13. Synthesis of (E)-3-styrylpyrazole 7 by Doebner modification of Knoevenagel
condensation [33].

Hydrogenolysis of (E)-5-styrylisoxazole 53, using Mo(CO)6 in the presence of water (1.0 equiv),
followed by ring closure with hydrazine also produced (E)-3-styrylpyrazole 7 [33]. In a first step,
a ketone is obtained (Scheme 14, i), which after reaction with 97% hydrazine in acetic acid gave
(E)-3-styrylpyrazole 7 (Scheme 14, ii).

 

 

Scheme 14. Conversion of (E)-5-styrylisoxazole 53 into (E)-3-styrylpyrazole 7 by hydrogenolysis [33].
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Deshayes et al. reported the use of 3-bromomethylpyrazole 54 as template for the synthesis of
(E)-3-styrylpyrazole 55. In a first step, this compound was treated with triethyl phosphite, in the
Arbusov reaction, affording the corresponding diethylphosphonomethylpyrazole, which then reacted
with benzaldehyde in the presence of sodium hydride to give the corresponding (E)-3-styrylpyrazole
55 (Scheme 15) [75].

 

 

−

Scheme 15. Synthesis of (E)-3-styrylpyrazole 55 [75].

3.3. Synthesis of 4-Styrylpyrazoles

3.3.1. Cross-Coupling Reactions

(E)-(4-Styryl)aminopyrazoles can be accessed in a straightforward way by the Suzuki–Miyaura
cross-coupling reaction of 4-bromo aminopyrazoles 56 and their amides with styryl boronic acids
57 (Scheme 16). Using the pre-catalyst palladacycle XPhos Pd G2 and XPhos, in combination with
K2CO3 in a green solvent system (EtOH/H2O), under microwave irradiation, Jedináket al. obtained the
(E)-(4-styryl)aminopyrazoles 58 [76]. Direct comparison of the chloro, bromo, and iodopyrazoles used
as substrate in the Suzuki−Miyaura reaction revealed that bromo and chloro derivatives were superior
to iodopyrazoles, showing reduced propensity to dehalogenation [76]. Using the same pre-catalyst
(XPhos Pd G2), which enabled the coupling with the electron deficient, electron-rich, or sterically
demanding boronic acids, Tomanová et al. coupled the 4-bromopyrazoles 59 with styryl boronic acids
57 to prepare the (E)-3,5-dinitro-4-styryl-1H-pyrazoles 60 (Scheme 17) [77]. The introduction of the
electron-deficient nitro groups as masked amino functionalities improved the rate of the oxidative
addition step and eliminated the Pd-independent side dehalogenation reaction. Both nitro groups
were then converted into amine groups by iron-catalyzed reduction with hydrazine hydrate to give
(E)-3,5-diamino-4-styryl-1H-pyrazoles (61).

 

−

 

Scheme 16. Suzuki–Miyaura coupling of 4-bromo aminopyrazoles 56 and their amides with styryl
boronic acids 57 to prepare (E)-(4-styryl)aminopyrazoles 58 [76].
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Scheme 17. Synthesis of (E)-3,5-dinitro-4-styryl-1H-pyrazoles 60 and iron-catalyzed reduction of the
nitro groups to produce (E)-3,5-diamino-4-styryl-1H-pyrazoles 61 [77].

Starting from 4-iodo-1-(4-nitrophenyl)-1H-pyrazole 62 and 4-methoxystyrene 63, Miller et al.
synthesized (E)-4-(4-methoxystyryl)-1-nitrophenyl-1H-pyrazole 64, using standard palladium-catalyzed
coupling conditions (Scheme 18). Furthermore, 4-bromo-1-(4-nitrophenyl)-1H-pyrazole did not react
under the same conditions [71]. On the other hand, the Mizoroki–Heck coupling of previously prepared
4-vinylpyrazole 65 with halobenzenes 66, using Pd(AcO)2 (10 mol%) as a catalyst in the presence of a
ligand (o-MePh)3P (20 mol%), afforded the desired (E)-1,3-disubstituted-4-styryl-1H-pyrazoles 67 [45]
(Scheme 19). This reaction was performed under microwave irradiation to obtain the compound in a
shorter reaction time.

 

 

Scheme 18. Synthesis of (E)-4-(4-methoxystyryl)-1-nitrophenyl-1H-pyrazole 64 [71].

 

 

Scheme 19. Mizoroki–Heck coupling of 4-vinylpyrazole 65 with halobenzenes 66 to prepare
(E)-1,3-disubstituted-4-styryl-1H-pyrazoles 67 [45].
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3.3.2. Cyclocondensation Reaction

Kim et al. described a convenient method to prepared (E)-4-styrylpyrazoles starting from
α-alkenyl-α,β-enones 68, readily accessed from the Morita–Baylis–Hillman reaction. The reaction of 68
with aryl hydrazines in ethanol, in the presence of O2, afforded (E)-4-styrylpyrazoles 69 (Scheme 20),
together with trace amounts of the corresponding 4-arylethylpyrazoles and pyridazine derivatives,
which were identified but were not isolated [78].
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Scheme 20. Reaction of α-alkenyl-α,β-enones 68 with arylhydrazines to produce (E)-4-styrylpyrazoles
69 [78].

3.3.3. 1,3-Dipolar Cycloaddition Reaction

1,3-Dipolar cycloaddition reaction of (E,E)-cinnamylideneacetophenones 70 and diazomethane, at
room temperature or in a refrigerator, lead to the formation of 3-benzoyl-4-styryl-2-pyrazolines
71. By oxidation with an excess of chloranil, in toluene, pyrazolines 71 were converted into
3(5)-benzoyl-4-styrylpyrazoles 72 (Scheme 21) [79]. The regioselective formation of 71 results from
the reaction between the Cα=Cβ double bond of 70 with diazomethane giving rise to 1-pyrazolines
73, which then isomerize into 2-pyrazoline isomers 71 (Scheme 22). From the reaction between the
Cγ=Cδ double bond of 70 with diazomethane, other cycloadducts can be formed; however, their
formation was not reported. For some derivatives (R1 =H, R2 =H and R3 =H, Me), small amounts
of 3-(2-benzofuranyl)-4-styryl-2-pyrazolines were formed as by-products, as a result of insertion of a
methylene group between the carbonyl and the 2-hydroxyphenyl group leading to the formation of
compound 74. Then, the intramolecular reaction of the hydroxy group with the carbonyl carbon and
subsequent water elimination from the obtained hemiacetal lead to the formation of the benzofuran
ring 75 (Scheme 22) [79].
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Scheme 21. Synthesis of (E)-3-benzoyl-4-styryl-2-pyrazolines 71 and 3-benzoyl-4-styryl-1H-pyrazoles
72 [79].
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Scheme 22. Mechanism of formation of 3-benzoyl-4-styryl-2-pyrazolines 71 and 3-(2-benzofuranyl)
-4-styryl-2-pyrazolines 75 [79].

3.3.4. Reaction of 3-Styrylchromones with Hydrazine Derivatives

The reaction of (Z)- and (E)-3-styryl-4H-chromen-4-ones (76 and 78) (also known as 3-styrylchromones)
with hydrazine hydrate in methanol, at room temperature, afforded the corresponding (Z)- and
(E)-3(5)-(2-hydroxyphenyl)-4-styryl-1H-pyrazoles (77 and 79) in 70–94% and 32–98% yield, respectively
(Scheme 23) [80]. When the same method was followed to convert (Z)-3-(4-nitrostyryl)-4H-chromen-4-ones
(76) into the corresponding pyrazoles, the (E)-3(5)-(2-hydroxyphenyl)-4-(4-nitrostyryl)-1H-pyrazoles
(79) were obtained in great yields (>73%) instead of the expected (Z)-isomer. These results indicate
that the strong electron-withdrawing effect of the p-nitro group has an important role in the (Z)→(E)
isomerization during the transformation of (Z)-3-(4-nitrostyryl)-4H-chromen-4-ones into the corresponding
(E)-4-(4-nitrostyryl)-1H-pyrazoles. Silva et al. have highlighted the role of the nitro group in the mechanism
of formation of the (E)-4-styrylpyrazole isomer [81]. After the nucleophilic attack of hydrazine at C-2 of
the chromone nucleus, the electronic conjugation moves towards the 4-nitro-3-styryl moiety, allowing
the (Z)→(E) isomerization of the vinylic double bond of the styryl group, to adopt the most stable
configuration, with consequent ring opening. Finally, an intramolecular reaction of the hydrazine and
carbonyl group led to pyrazole ring formation (Scheme 24).

Although the biological activity of 4-styrylpyrazoles has rarely been studied, Silva et al. have
shown that some derivatives of 4-styrylpyrazoles 77 and 79 with long alkyl chains of ten or twelve
carbons on the N-1 or linked at the oxygen of the 2′-hydroxyphenyl moiety present affinity for CB1

type cannabinoid receptors in the micromolar range, or even in the nanomolar range, as observed for
the (E)-4-(4-chlorostyryl)-3(5)-(2-decyloxyphenyl)-1H-pyrazole (Ki = 53 ± 33 nM) [14].
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Scheme 23. Synthesis of (Z)- and (E)-3(5)-(2-hydroxyphenyl)-4-styryl-1H-pyrazoles 77 and 79 [80,81].

 

 

Scheme 24. Mechanism of the transformation of (Z)-3-(4-nitrostyryl)-4H-chromen-4-ones (76) into
(E)-3(5)-(2-hydroxyphenyl)-4-(4-nitrostyryl)-1H-pyrazoles (79) [81].

3.3.5. Miscellaneous

The Wittig reaction of 4-formylpyrazole 80 with benzyltriphenylphosphonium bromide (81)
in BuLi-THF afforded the corresponding (E)- and (Z)-4-styrylpyrazoles 82 with an E:Z ratio of
approximately 1:3 (Scheme 25) [45].

 

 

Scheme 25. Wittig reaction of 4-formylpyrazole 80 with benzyltriphenylphosphonium bromide 81 to
prepare (E)- and (Z)-4-styrylpyrazoles 82 [45].
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Ahamad et al. described the synthesis of the (E)-4-styryl-5-vinylpyrazole 85 by a domino
reaction, which involves the 1,3-dipolar cycloaddition of Bestmann–Ohira reagent (BOR) 84 to
(2E,4E)-5-phenylpenta-2,4-dienal 83, followed by a Horner–Wadsworth–Emmons reaction of the
resulting pyrazoline carboxaldehyde and subsequent 1,3-H shift to afford 85. This methodology has
relevant application for the synthesis of 5-vinylpyrazoles (Scheme 26) [82].

 

 

′

Scheme 26. Synthesis of the (E)-4-styryl-5-vinylpyrazole 85 [82].

3.4. Synthesis of 5(3)-Styrylpyrazoles

3.4.1. Cyclocondensation Reactions

One of the first reports about the synthesis of styrylpyrazoles dates back to 1978 [83]. At that
time, Soliman et al. described the reaction of diketoester 86 with aryl/hetaryl hydrazines in ethanol to
prepare (E)-5-styrylpyrazoles 87 (Scheme 27).

 

 

′

Scheme 27. Cyclocondensation of diketoester 86 with aryl/hetaryl hydrazines to prepare
(E)-5-styrylpyrazoles 87 [83].

The first approach to the synthesis of (E)-3(5)-(2-hydroxyphenyl)-5(3)-styryl-1H-pyrazole (89a,
R1 = H) was the treatment of 1-(2-hydroxyphenyl)-5-phenylpent-4-ene-1,3-dione (88a, R1 = H),
which exists in equilibrium with the enolic form (88a′), with excess hydrazine (formed by treatment
of hydrazinium sulfate with potassium carbonate), added gradually (dropwise) and using a 1:1
dichloromethane (DCM)/methanol mixture as solvent (Scheme 28, i) [84]. Using hydrazine hydrate in
methanol at room temperature, compounds 88 were converted into pyrazoles 89 (Scheme 28, ii) [84].
Furthermore, (E)-3(5)-(2-hydroxyphenyl)-5(3)-styryl-1H-pyrazoles 89 (R1 = H, OMe, NO2; R2 = H)
were also obtained starting from 88 by reaction with hydrazine hydrate, in acetic acid (Scheme 28,
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iii) [84]. Treatment of acetic acid solutions of diketones 88 with an excess of phenyl hydrazine afforded
a mixture of two 5-styrylpyrazole isomers 90 and 91, though pyrazoles 91 were obtained in a vestigial
amount (Scheme 28, iv). In fact, the reaction of unsymmetrical diketones and monosubstituted
hydrazines, such as phenyl hydrazine, although apparently simple, conceal a complex mechanistic
problem. Diketones 88 have two tautomeric forms (88 and 88′) and phenyl hydrazine can react initially
through NH or NH2. When the reaction is carried out in methanol in neutral conditions, a nucleophilic
attack of the primary amine (NH2) to the more electrophilic position of the diketone (C-1) occurs and
only pyrazoles 91 were obtained in low yields. Using acidic conditions (AcOH as solvent), the more
basic amine (NH2) was protonated and subsequently the nucleophilic attack at the more electrophilic
position was through the NH affording pyrazoles 90 [84].

 

′

 

α β

α β

Scheme 28. Synthesis of (E)-3(5)-(2-hydroxyphenyl)-5(3)-styryl-1H-pyrazoles 89, 90 and 91 [84].

Deshayes et al. performed the reaction of enamine 92 with phenyl hydrazine in
refluxing ethanol, overnight, to produce 4-ethoxycarbonyl-1-phenyl-5-styrylpyrazole 93. In the
same conditions, the reaction with benzyl hydrazine afforded a 3:1 mixture of two pyrazole
isomers, the 1-benzyl-4-ethoxycarbonyl-5-styrylpyrazole 94 as the major product together with
1-benzyl-4-ethoxycarbonyl-3-styrylpyrazole 95 (Scheme 29) [85].

 

′

 

α β

α β

Scheme 29. Synthesis of 4-ethoxycarbonyl-5-/3-styrylpyrazoles 93, 94 and 95 [85].
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3.4.2. Reaction of α,β-Enones with Hydrazines

The reaction of conjugated dienones (or α,β-enones) 96 with phenyl hydrazine hydrochloride
in a mixture of ethanol and chloroform, in the presence of a catalytic amount of concentrated HCl,
afforded 1,3-diphenyl-5-styryl-4,5-dihydropyrazoles 97 (Ar = Ph) (Scheme 30, i) [34]. No expected
dihydropyrazole was obtained in the reaction of 1,5-diphenylpenta-2,4-dien-1-one with phenyl
hydrazine due to fast oxidation by atmospheric oxygen affording the corresponding pyrazole [34].
Furthermore, 1-aryl-5-styrylpyrazoles 98 were synthetized by the one-pot reaction of conjugated
dienones 96 with aryl hydrazine hydrochlorides in 1,2-dichlorobenzene at 130 ◦C, under O2 atmosphere
(Scheme 30, ii) [86,87]. Similar conditions for the reaction of Baylis–Hillman adduct 99 with phenyl
hydrazine afforded the styrylpyrazole 100 (Scheme 30) [87].

 

 

α β

β

′

Scheme 30. Conversion of α,β-enones 96 and adduct 99 into (E)-5-styrylpyrazolines 97 and
(E)-5-styrylpyrazoles 98 and 100 by reaction with phenyl/aryl hydrazine hydrochlorides [34,86,87].

3.4.3. Reaction of 2-Styrylchromones with Hydrazines

The reaction of 5-benzyloxy-2-styrylchromones 101 with an excess of hydrazine hydrate
in methanol at reflux yielded (E)-3-(2-benzyloxy-6-hydroxyphenyl)-5-styryl-1H-pyrazoles 102
(Scheme 31). Small amounts of 3-(2-benzyloxy-6-hydroxyphenyl)-5-(2-phenylethyl)pyrazoles 103a,d,e
and 5-aryl-3-(2-benzyloxy-β,6-dihydroxystyryl)-2-pyrazolines 104a–e were also formed, in addition to
the pyrazoles 102a–e [88]. Only one isomer was obtained from the reaction of 2-styrylchromones 101
with methylhydrazine. Due to the hydrogen bond between 6′-OH and N-2 in each product, there was
the formation of only one tautomer, the 3-(2-benzyloxy-6-hydroxyphenyl)-5-styrylpyrazoles 102f–k
and not the corresponding 5-(2-benzyloxy-6-hydroxyphenyl)-3-styrylpyrazole [89].
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Scheme 31. Synthesis of (E)-3-(2-benzyloxy-6-hydroxyphenyl)-5-styryl-1H-pyrazoles 102 and some
derivatives of pyrazoles 103 and 104 isolated as by-products [88].

3.4.4. Wittig–Horner Reaction

Deshayes et al. reported the reaction of phosponic esters, prepared from 1-substituted
5-bromomethylpyrazoles 105 and triethyl phosphite, with substituted benzaldehydes and furfural,
in dimethoxyethane, as a method to prepare (E)-4-ethoxycarbonyl-3-methyl-5-styryl-l-substituted
pyrazoles 106 (Scheme 32) [75,85].

 

 

Scheme 32. Synthesis of (E)-4-ethoxycarbonyl-3-methyl-5-styry-l-substituted pyrazoles 106 [75,85].

3.5. Synthesis of Bis(Styryl)Pyrazoles

Cyclocondensation Reaction

Typically, 3,5-bis(styryl)pyrazole curcumin analogue 12a and N-aryl derivatives have been
obtained by treatment of curcumin 11 with hydrazine hydrate or aryl hydrazines in ethanol [42]
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or toluene [40] at reflux for a long reaction time of 24–40 h. Using glacial acetic acid at reflux,
the reaction time can be reduced to 6–8 h [33,39,41]. Room temperature reactions have also been
reported but required a longer reaction time [40]. In 2015, Sherin et al. reported a solvent-free,
mechanochemical method for the synthesis of curcumin 11 derived 3,5-bis(styryl)pyrazoles 12a–f [36]
(Scheme 33). The heterocyclization of 11 with hydrazine or hydrazine derivatives was performed
with vigorous grinding, using an agate mortar and pestle, at room temperature, in the presence of
a catalytic amount of acetic acid. A very short reaction time was necessary, in comparison with the
previously referred methods that use conventional heating [39–42]. The reaction scope seems to be
broad since phenyl hydrazine, p-methoxy, p-chloro, p-nitro, and p-carboxyphenyl hydrazines gave
bis(styryl)pyrazoles 12b–f in good yields (79–84%). One year later, the same authors performed the
mechanochemical synthesis of 1-phenyl-3,5-bis(styryl)pyrazoles 13a–f, varying the substituents present
in the aromatic ring of both styryl groups [90]. Recently, Liao et al. described a rapid synthesis of
similar 3,5-bis(styryl)pyrazole curcumin analogues 13 by using microwave irradiation conditions [44].

 

 

α β

Scheme 33. Synthesis of 3,5-bis(styryl)pyrazoles 12 and 13 [36,39–42,44,90].
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4. Transformations of Styrylpyrazoles

Styrylpyrazoles are interesting templates for synthetic manipulation towards new heterocycles.
Nevertheless, to date, only a small number of transformations involving the 2-arylvinyl moiety of
styrylpyrazoles have been reported in the literature. In this section, we describe the most common
transformations of the 2-arylvinyl moiety of styrylpyrazoles.

4.1. Transformations of 4-Styrylpyrazoles

Diels–Alder Cycloadditions

4-Styrylpyrazoles (Z)-107 and (E)-108 can participate in Diels–Alder reactions, as dienophiles,
involving the exocyclic (Cα = Cβ) double bond, or as dienes when this double bond is conjugated
with the C4 = C3(5) double bond of the pyrazole moiety. Silva et al. obtained the tetrahydroindazoles
109 and 110 in good yields and with high selectivities from the Diels–Alder reactions of (Z)- and
(E)-1-acetyl-4-styrylpyrazoles 107 and 108, which reacted as dienes, with both dienophiles, N-methyl-
or N-phenylmaleimide, using microwave irradiation (800 W) [91,92]. The expected indazoles 111 were
obtained by dehydrogenation of the corresponding adducts with DDQ under microwave irradiation
or conventional heating conditions (Scheme 34) [91]. They have also studied the cycloadditions
of (E)-1-acetyl-4-nitrostyrylpyrazole 108 (R1 = NO2) with N-phenylmaleimide and with dimethyl
acetylenedicarboxylate (DMAD). In the reaction with N-phenylmaleimide, the cycloadduct 112 was
obtained in 49% yield together with the indazole 113, obtained as a by-product (5% yield). On the other
hand, in the reaction with DMAD, a conjugate addition of the pyrazole nitrogen to DMAD occurred
with formation of a trace amount of pyrazole 114 (Scheme 35) [91].

 

 

Scheme 34. Transformation of 4-styrylpyrazoles 107 and 108 into indazoles 111 [91,92].
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Scheme 35. Transformation of (E)-4-styrylpyrazole 108 into cycloadducts 112, 113 and pyrazole 114 [92].

4.2. Transformations of 3(5)-Styrylpyrazoles

4.2.1. Diels–Alder Cycloadditions

Starting from 3- and 5-styrylpyrazoles 115 and 116, Silva et al. developed a synthetic route to
prepare naphthylpyrazoles [84]. These styrylpyrazoles, which can behave as dienophiles, undergo
a Diels–Alder cycloaddition with o-benzoquinodimethane (117), the diene, which was formed in
situ by the thermal extrusion of sulfur dioxide from 1,3-dihydrobenzo[c]thiophene 2,2-dioxide.
N-Substituted 3-styrylpyrazoles 115 reacted with diene 117 at 250 ◦C in 1,2,4-trichlorobenzene giving
the corresponding 3-[2-(3-aryl-1,2,3,4-tetrahydronaphthyl)]-5-(2-hydroxyphenyl)-1-phenylpyrazoles
(118) in good yields (69–91%) (Scheme 36, i). The presence of an electron-withdrawing substituent on
the p-position of the phenyl ring increases the reactivity of the styryl double bond [84]. These authors
also performed the Diels–Alder reaction of (E)-3(5)-(2-hydroxyphenyl)-5(3)-styrylpyrazoles (116) with
diene (117), but in this case longer reaction times were necessary and the expected cycloadducts were
obtained in lower yields (24–48%). The efficiency of this Diels–Alder reaction increased by using
a LA, aluminum(III) chloride, which increased the reactivity of the styryl double bond, probably
through the formation of an aluminum(III) complex involving the oxygen of the 2′-hydroxy group and
the free nitrogen of the pyrazole moiety. Under these conditions, the cycloadduct 119 containing an
electron-donating substituent at the p-position of styryl moiety was obtained in better yield. On the
contrary, the cycloadduct 119 containing the p-nitro group as substituent was obtained in better yield
without addition of aluminum(III) chloride (Scheme 36, iii) [84]. The formation of naphthylpyrazoles
120 and 121 occurred by dehydrogenation of the corresponding cycloadducts with DDQ (2–6 days).
The naphthylpyrazole 120 bearing an electron-donating substituent (R1 = OMe) at the p-position of
the phenyl group linked to the hydroaromatic ring was obtained in a shorter time (2 days) and with
better yield (59%) than the other derivatives (R1 = H (25%) and R1 = NO2 (17%)). The presence of the
p-methoxy substituent stabilizes the carbocation formed through a hydride transfer from compound
118 to DDQ. To increase the yield of this oxidation, p-toluenesulfonic acid was added and the products
were obtained in a shorter time (2–7 h) and with better yields, especially for the derivative containing
the nitro group (R1 = NO2, 36%) (Scheme 36, ii). The oxidation of cycloadducts 119 was also tried,
using both methods (Scheme 36, ii) but only decomposition products were obtained, save the case
of 3-(2-hydroxyphenyl)-5-{2-[3-(4-methoxyphenyl)]naphthyl}pyrazole 121 (R1 = OMe), which was
obtained in low yield (13%, method B) [84].
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Scheme 36. Transformation of styrylpyrazoles 115 and 116 into tetrahydronaphthylpyrazoles 118 and
119 and their oxidation to naphthylpyrazoles 120 and 121 [84].

4.2.2. Electrophilic Intramolecular Cyclization

C. Deshayes et al. reported the electrophilic intramolecular cyclization of 1-benzyl-
and 1-phenyl-5-styrylpyrazoles 122, in the presence of polyphosphoric acid (PPA), which led
to the formation of 5-aryl-3-ethoxycarbonyl-4,5-dihydropyrazolo-type compounds 123 and 124
(Scheme 37) [85]. Both the 5-aryl-3-ethoxycarbonyl-4,5-dihydropyrazolo[1,5-a]quinolines (123) and
5-aryl-3-ethoxycarbonyl-4,5-dihydro-10H-pyrazolo[1,5-b][2]benzazepines (124) were obtained with
very good yields, save for 124 (R1 = R2 = H).

 

 

Scheme 37. Transformation of 1-benzyl- and 1-phenyl-5-styrylpyrazoles 122 into
5-aryl-3-ethoxycarbonyl-4,5-dihydropyrazolo-type compounds 123 and 124 [85].

In 2015, Moon et al. reported the acid-catalyzed intramolecular Friedel–Crafts (IMFC) reaction of
several 1-aryl-5-styrylpyrazoles 125 in the presence of PPA to produce dihydropyrazolo[1,5-a]quinolines
126 (Scheme 38, i) [87]. It is worth mentioning that the corresponding five-membered ring product
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was not obtained. This fact can be explained by the higher stability of benzylic carbocation when
compared to secondary carbocation formed during the reaction. Moreover, the obtained yields show
that the efficiency of the reaction is not significantly affected by the nature of the substituents at the 1-,
3-, 4- and 5-positions of pyrazoles 125. The IMFC reaction of 1-benzyl-5-styrylpyrazole 125 (R1 = Bn)
afforded a 2,9-diphenyl-3,3a-diazabenzo[f ]azulene derivative [87]. The base-catalyzed aerobic oxidation
of dihydropyrazolo[1,5-a]quinolines 126 afforded the corresponding pyrazolo[1,5-a]quinolines 127
(Scheme 38, ii). However, the reaction only occurred when R5 = Ph and R6 = H [87].

 

 

Scheme 38. Transformation of 1-aryl-5-styrylpyrazoles 125 into dihydropyrazolo[1,5-a]quinolines 126
and their oxidation to pyrazolo[1,5-a]quinolines 127 [87].

4.2.3. Oxidative Addition Reactions

In 2004, Ignatenko et al. converted several (E)-3- and 5-styrylpyrazoles 128 and 129 into
phthalimidoaziridinylpyrazoles 131 and 132 by the oxidative addition of N-aminophthalimide (NAPhth)
(130) to the exocyclic double bond in the presence of lead tetraacetate and potassium carbonate in
dichloromethane (Scheme 39). The reaction with 1,5-diphenylpyrazoles 128 afforded the corresponding
phthalimidoaziridinylpyrazoles 131 with better yield than with the 1,3-diphenylpyrazoles 129.
Analogous 4,5-dihydropyrazoles were inert in the oxidative addition of NAPhth [57].
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5. Conclusions

Styrylpyrazoles have shown remarkable biological activities, namely as anti-inflammatory,
antimicrobial (antibacterial and antifungal) and antioxidant agents. Among these compounds,
the 3,5-bis(styryl)pyrazoles, curcumin analogues, should be highlighted herein due to their
significant antioxidant, neuroprotective, antimalarial, antimycobacterial, antiangiogenic, cytotoxic and
antiproliferative activities. Additionally, styrylpyrazoles present interesting photophysical properties
suitable for metal ion sensing, for the design of energy-transfer-based fluorescent probes and are also
good DNA groove binders. Although structure–activity relationship studies have been reported for
some styrylpyrazole derivatives, there is a gap in the literature regarding a detailed investigation of the
specific properties due to the presence of the styryl group, or the different properties that may appear
by exchanging the styryl group position. As far as we know, there are no comparative data between
styrylpyrazoles and analogous non-styrylpyrazoles, which are very important in order to understand
the role of the styryl moiety in the pyrazoles’ properties.

The synthesis of 1-styrylpyrazoles has been achieved starting from pyrazoles through
N-cross-coupling reactions with styrylboronic acid or alternatively by the addition of N–H to
activated and non-activated alkynes. In turn, the cyclocondensation reaction of different substrates,
with hydrazine derivatives, is the most common strategy for the synthesis of 3-, 4-, and 5- styrylpyrazoles.
Regarding the substrates, penta-1,4-dien-3-ones, α-oxoketene dithioacetals, benzalacetones, acetylenic
ketones, 1,3-diketones and diketoesters are good substrates for the synthesis of 3- and 5- styrylpyrazoles
while α-alkenyl-α,β-enones and diketones (curcumin analogues) are good synthons for the
synthesis of 4-styrylpyrazoles and bis(styryl)pyrazoles, respectively. Moreover, reactions of 2- and
3-styrylchromones with hydrazine derivatives are often used to prepare 3(5)-styrylpyrazoles and
4-styrylpyrazoles, respectively. More recently, the cross-coupling reactions of halopyrazoles with
styrylboronic acids gained relevance as a method to access 4-styrylpyrazoles in a straightforward way.

Only a few examples of transformations of styrylpyrazoles involving the 2-arylvinyl moiety have
been reported in the literature. These include Diels–Alder reactions, intramolecular cyclisation reactions
and oxidative additions to the exocyclic double bond, and they allow the formation of more complex and
very interesting heterocycles such as indazoles, naphthylpyrazoles, 4,5-dihydropyrazolo[1,5-a] quinolines,
4,5-dihydro-10H-pyrazolo[1,5-b][2]benzazepines, pyrazolo[1,5-a]quinolines, 2,9-diphenyl-3,3a-diazabenzo
[f ]azulene and phthalimidoaziridinylpyrazoles. Therefore, further studies towards the investigation of
novel transformations of styrylpyrazoles are of high interest.
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Abstract: Pyrazole, a member of the structural class of azoles, exhibits molecular properties of
interest in pharmaceuticals and materials chemistry, owing to the two adjacent nitrogen atoms
in the five-membered ring system. The weakly basic nitrogen atoms of deprotonated pyrazoles
have been applied in coordination chemistry, particularly to access coordination polymers and
metal-organic frameworks, and homocoupling reactions can in principle provide facile access to
bipyrazole ligands. In this context, we summarize recent advances in homocoupling reactions of
pyrazoles and other types of azoles (imidazoles, triazoles and tetrazoles) to highlight the utility of
homocoupling reactions in synthesizing symmetric bi-heteroaryl systems compared with traditional
synthesis. Metal-free reactions and transition-metal catalyzed homocoupling reactions are discussed
with reaction mechanisms in detail.

Keywords: homocoupling; bipyrazole; transition-metal catalysts; metal–organic frameworks

1. Introduction

Heterocyclic compounds containing two or more nitrogen atoms display unique molecular
properties, which can be extended to macroscale properties in materials chemistry [1]. Furthermore,
symmetric, multiply-functionalized organic ligands are required to construct ordered materials,
preferably in high crystallinity [2]. Homocoupling reactions of aromatic compounds are often
utilized to form carbon–carbon bonds in the presence of (over)stoichiometric or catalytic amounts
of transition metal species [3]. For example, Ullmann coupling reactions can enable facile access
to symmetric biaryl compounds using copper reagents with or without ligands at high reaction
temperatures [4,5]. Based on this method, a plethora of reports was dedicated to the homocoupling of
aromatic compounds, accessing symmetric molecules starting from simple aryl halides and derivatives.
However, the reported procedures are often limited in terms of substrate scopes, particularly with
heterocyclic compounds. Therefore, milder and more practical reaction conditions are required.
To this end, this review summarizes recent development in (catalytic)homocoupling reactions of
5-membererd ring heterocycles, particularly focusing on pyrazoles due to their importance in materials
chemistry as symmetric bipyrazoles. First, we will discuss traditional syntheses of bipyrazoles without
homocoupling reaction methods, to highlight the advantages of (catalytic)homocoupling reactions.
The following sub-chapters are organized by metal-catalyzed and metal-free reactions to illustrate the
developed synthetic methods. The utility of bipyrazole materials in materials chemistry is discussed in
Section 3.3, where we provide ample information on constructing metal–organic frameworks based on
bipyrazole ligands.
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2. Traditional Syntheses of Bipyrazoles

Condensation reactions of 1,4-dicarbonyl compounds with heteroatom nucleophiles can provide
various 5-membered heterocycles: furans, thiophenes, pyrroles and their derivatives (Scheme 1A) [6,7].
To access pyrazoles with the same manner, 1,3-dicarbonyl compounds and hydrazine are required
(Scheme 1B). However, the lack of a general method of “dimerization” of pyrazole substrates was a
major bottleneck for the synthesis of symmetric bipyrazoles. Alternatively, diamino substrates can be
prepared to access pyrazoles via oxidation reactions [8]. In 1964, Trofimenko reported the synthesis of
1,1,2,2-ethanetetracarbaldeyde, which was converted to bipyrazole by a condensation reaction with
hydrazine (Scheme 1C) [9]. There are a few synthesis methods to access bipyrazoles via lengthy
synthetic steps starting from diethyl succinate via a 3,4-carbonyl furan intermediate (1) [9–11].

 

 

Scheme 1. A comparison of syntheses of 5-membered heterocyclic compounds and pyrazoles.

Starting from succinic ester, a repeated formylation and acetal protection sequence afforded
the 3,4-dicarboxylic furan intermediate 2 after treating with concentrated sulfuric acid in 66–68%
yield (Scheme 2A). The reaction employed sodium metal and orthoformate for formylation
reactions. The author reported that the reaction was amenable to characterize bipyrazole via
acetylation, carbamoylation, bromination, dihydrochloride and dinitrate salt. The preparation of
3,4-dicarbonylated furan was further subjected to formylation reactions, and subsequent condensation
reactions with hydrazine afforded bipyrazole. For example, the synthesis of furan, thiophene and
pyrrole-3,4-dicarboxylic esters was reported, which can allow one to access an intermediate 3 for
bipyrazole synthesis [10].
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Scheme 2. Syntheses of 3,4-dicarbaldehyde furan 3.

This procedure started with butyronitril undergoing a Claisen condensation reaction to afford
sodium or potassium enolates 4, which were then treated with SOCl2 to afford 3,4-dicyano-2,5-
furandicarboxylate 5. This compound was further subjected to decarboxylation reaction conditions
with copper powder and heated to 160 ◦C, yielding 61–63% of the product (6) [12]. Using this
dicyanofuran (6), Weis pursued reduction using DIBAL-H to access the dialdehyde compound (3).
The author found that the compound is stable under acidic conditions; however, it was converted
to the ring-opened form under basic conditions, resulting in the formation of the anionic form of
tetraaldehyde. This procedure represents a classic synthesis of bipyrazole using a condensation reaction,
but Domasevitch and co-workers reported that the procedure was not amenable for the synthesis of
bipyrazole [13]. The alternative synthetic approach was started from a dialdehyde, acetylene and
formaldehyde to generate an intermediate bis-trimethinium salt (Figure 1) [14]. The synthesis consists
of a similar approach as the above-mentioned pathway: a formylation reaction to access tetraaldehyde
compounds, which are masked as enamine and iminium functionalities. This sequence requires the
use of phosgene and additional steps to finally synthesize bipyrazole.

 

 

Figure 1. bis-trimethinium salt.

Despite the high application potential of symmetric nitrogen-containing compounds in materials
chemistry and coordination chemistry as tunable ligands, the synthetic procedures have been limited
to traditional condensation reactions with low atom economy and redox efficiency. Not only are
double condensation reactions difficult to control, but the lack of 1,3-dicarbonyl compounds has also
hampered the development of facile preparation of pyrazole-based compounds. Therefore, many
catalytic systems based on transition-metal catalysts have been investigated owing to the development
of cross-coupling reactions, which will be discussed in this review.

3. Recent Advancement of Bipyrazole Syntheses

3.1. Transition Metal-Catalyzed Homocoupling of Azoles

Transition metal catalysts play an important role in the functionalization of C–H bonds of
aromatic compounds and heteroaromatics and in the formation of new C–C bonds in the synthesis
of homocoupled biaryl compounds [3]. The development in homocoupling reactions of pyrazoles,
imidazoles and triazoles showed a broad range of catalytic activities in transition metals, including Cu,
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Fe, Ni, Pd, Rh and Ru, which were summarized in a review in 2012 [15]. This review will therefore
summarize more recent examples (2010–2020) of homocoupling reactions of pyrazoles and azoles
(imidazoles, triazoles, tetrazoles) and related compounds.

3.1.1. Cu-Catalyzed Homocoupling of Various Azoles

The (oxidative) Glaser–Hay coupling reaction utilizes Cu(I) species as catalysts in the presence
of a base under air to afford homo-coupled alkyne products [16]. An adaptation of the Glaser–Hay
coupling reaction conditions to N-substituted 1,2,4-triazoles was realized starting from easily accessible
triazole compounds. In 2009, Do and Daugulis developed Cu(II)-catalyzed homocoupling reactions
of imidazoles using molecular oxygen as a terminal oxidant (Scheme 3) [17]. The method developed
proved useful in the coupling of various heterocycles, including examples of a N-butyl-substituted
imidazole and triazole, providing the desired products in up to 73% yield. The mechanism of the
reaction was suggested to proceed via deprotonation of heteroarenes (pKa < 35–37 for C2-H), followed
by the complexation with metal additives, such as Li+. The trans-metalation step with the copper
catalyst and subsequent oxidation yields the intermolecular homocoupling products between two
arenes (Scheme 3).

 

 

Scheme 3. (a) Glaser–Hay type copper catalyzed homocoupling of various azoles resulting in
homocoupling using molecular oxygen as a terminal oxidant. (b) Substrate scope for the copper
catalyzed homocoupling.

Li et al. reported Cu(II)-mediated homocoupling reactions using a similar system at elevated
temperatures (Scheme 4) [18]. This method utilizes an efficient and convenient approach to form
C2-C2 bonds via a Cu(OAc)2 and O2-mediated oxidative intermolecular homocoupling reaction
between two azoles. Once again, the oxidative coupling could be used to achieve high yields of
homocoupled products.
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c) Substrate scope
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Scheme 4. Copper catalyzed homocoupling of various imidazoles using CuII as the catalyst and
molecular oxygen. (a) Reaction conditions. (b) Suggested mechanism for the homocoupling reaction.
(c) Substrate scope.

3.1.2. Pd-Catalyzed Homocoupling Reactions of Pyrazoles and Triazoles

Pd-catalyzed cross-coupling reactions are currently classified as some of the most flexible and
valuable tools in organic synthesis [19,20]. A common observation is that Pd-catalyzed coupling
reactions provide low but significant amounts of homocoupled by-products during cross-coupling
reactions [21]. This is likely because the main focus of Pd-catalyzed coupling reactions is to form
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bonds between two different coupling partners, enabling highly productive homocoupling reactions.
A handful of papers [22,23] have used the tactical placement of heteroatoms for the coordination
of metals in the activation of specific C–H bonds. Other papers [24,25] utilize the possibility of the
oxidative addition of Pd into a carbon halogen bond to form di-azole Pd complexes, which can undergo
reductive elimination to form desired intermolecular homocoupled products.

In 2012, the unexpected discovery of the intermolecular homocoupling between two pyrazoles
was made by Salanouve et al. (Scheme 5) [22]. In an effort to study the reaction products obtained under
different Suzuki–Miyaura conditions, this group discovered the formation of a C3–C3 intermolecular
homocoupled product, resulting from C–H activation. The discovered bipyrazole compound
was found to originate from a bis(3-ethoxy-1-(pyridin-2-yl)-1H-pyrazol-5-yl) palladium complex.
Through oxidation with NCS, this species forms a PdIV complex, which then allows for reductive
elimination of the homocoupled product in a yield of up to 34 % (Scheme 5b).
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b) Suggested mechanism
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Scheme 5. (a) Reaction conditions for the homocoupling of pyrazoles through formation of a
bis(3-ethoxy-1-(pyridin-2- yl)-1H-pyrazol-5-yl) palladium complex followed by oxidation by NCS.
(b) Suggested mechanism for the C–H activation followed by homocoupling.
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Afanas’ev et al. reported a method for the homocoupling of 4-bromo-1,2,3-triazoles to access
the corresponding 4,4′-bistriazoles in quantitative yields [24]. The intermolecular homocoupling was
achieved by mixing 4-brominated triazoles with 1.0 mol% Pd(OAc)2, in the presence of additives
(pinB)2, SPhos and KOH. This method is practical due to the use of readily available starting compounds
and a simple experimental procedure, without inert atmosphere or solvent. The reaction possibly
occurs through the formation of a 4-Bpin-substituted 1,2,3-triazole. Then, in a Suzuki–Miyaura fashion,
the homocoupling of the boronic acid can occur (Scheme 6b).

 

 

Scheme 6. (a) Conditions for the homocoupling of 4-bromo-1,2,3-triazoles using Suzuki–Miyaura
reaction conditions (b) Our suggested mechanism for the homocoupling. (c) Substrate scope for the
Suzuki–Miyaura homocoupling reaction.
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A palladium-catalyzed, pyrazole-directed C(sp2)−H functionalization of the N-phenyl ring in
N-phenylpyrazoles to afford a biaryl bis-pyrazole (via dehydrogenative homocoupling) was reported
by Batchu et al. [23]. Multiple factors were shown to have significant influences on the outcome of the
reaction. For example, it was discovered that if the reaction was performed under ca. 10 times dilution,
then no homocoupling product was observed, and N-(o-hydroxyphenyl)pyrazoles were the major or
the sole products. The reaction mechanism is suggested in Scheme 7b. After the first C–H activation,
the PdII-center is oxidized to PdIV, which undergoes a second C–H activation followed by a reductive
elimination to yield the homocoupled bipyrazole.
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Scheme 7. (a) Homocoupling of N-phenylpyrazoles through PdII catalyzed C–H activation of phenyl
protons. (b) The mechanism for the homocoupling is suggested to go through C–H activation on the
phenyl ring followed by formation of a PdIV specie and then subsequent C–H activation which allows
for the reductive elimination of the homocoupled product (c) Substrate scope for the homocoupling of
various N-phenylpyrazole.
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The homocoupling reaction between 1,2,3-triazole N-oxides by C–H activation at the C4 position
was explored by Zhu et al. (Scheme 8) [26]. The reaction was designed to couple 1,2,3-triazole N-oxides
with sodium arenesulfinates via palladium-catalyzed desulfitative cross-coupling, but it showed the
possibility of homocoupling between 1,2,3-triazole N-oxides. Under unoptimized reaction conditions,
the homocoupled N-oxide bistriazoles were generated with yields of up to 22%. The reaction likely
occurs via deprotonation followed by exchange of OAc− for the deprotonated 1,2,3-triazole N-oxides.
The di-triazole N-oxide PdII complex then undergoes reductive elimination to yield the homocoupled
bistriazole N-oxide product and Pd0, which can be oxidized by Ag2CO3.

 

 

Scheme 8. (a) Reaction conditions for the homocoupling of 1,2,3-triazole N-oxides in the C4 position
through C–H activations using PdII as the catalyst. (b) Suggested mechanism for the homocoupling of
1,2,3-triazole N-oxides in the C4 position.

Later, the full scope of the homocoupling reaction between pyrazole-N-oxides was investigated
by Peng et al. (Scheme 9) [27]. The method showed high regioselectivity towards C–H homocoupling
of 1,2,3-triazole N-oxides, using a PdII catalyst (5 mol%), Ag2CO3 and 1,10-phenanthroline under
air. Following their previous work, it was found that the addition of the base t-BuOK and a catalytic
amount of 1,10-phenanthroline allowed for yields of up to 93%.

301



Molecules 2020, 25, 5950

 

 

Scheme 9. (a) Reaction conditions for the homocoupling of 1,2,3-triazole N-oxides in the C4 position
through C–H activations using PdII as the catalyst. (b) Substrate scope of the homocoupling between
1,2,3-triazole N-oxides in the C4 position.

The homocoupling reaction between trisubstituted 4-iodo pyrazoles in the C4 position was
investigated by Jansa et al. (Scheme 10) [25]. The pyrazoles contain two to three pyridinyl substituents,
which are synthesized from the reaction of 1,3-dipyridinyl-1,3-propanediones with 2-hydrazinopyridine
or phenylhydrazine, affording the corresponding 1,3,5-trisubstituted pyrazoles. Iodination at the
4-position of the pyrazoles was achieved by treatment with I2/HIO3. The coupling of two pyrazole
rings was achieved under Negishi cross-coupling reaction conditions by employing organozinc halides
in combination with a PdII catalyst.
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Scheme 10. (a) Negishi reaction conditions allows for the homocoupling of 4-iodopyrazoles in the C4
position. (b) Suggested reaction mechanism for the Negishi cross-coupling. (c) Substrate scope of the
homocoupling of 4-iodopyrazoles.

A more recent example of intermolecular homocoupling between two pyrazoles was discovered
by Mercedes et al. (Scheme 11): through the palladium-catalyzed homocoupling of pyrazole boronic
esters in the presence of air and water, 4,4-bipyrazole (H2bpz) and other symmetric bipyrazoles could be
achieved [28]. The mechanism of the reaction is likely through a Suzuki–Miyaura-type cross-coupling
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between the boronic acids (Scheme 11b), with O2 being the oxidant for the Pd0 formed during the
reductive elimination.

 

 

Scheme 11. (a) Symmetric bipyrazoles are achieved via the palladium-catalyzed homocoupling of a
pyrazole boronic ester in the presence of air and water. (b) Suggested mechanism for the homocoupling.

3.1.3. Ru-Catalyzed Homocoupling Reactions

Ackermann et al. demonstrated the chemoselective ruthenium-catalyzed C(sp2)–H bond arylations
on triazol-4-yl and pyrazol-2-yl substituted arenes (Scheme 12) [29]. The authors discovered that
ortho-substituted arenes favored oxidative intermolecular homocoupling reactions to afford dimerized
products in high (or moderate) yields. The suggested reaction mechanism follows a double C–H bond
activation with carboxylate assistance, followed by reductive elimination.
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Scheme 12. (a) Ruthenium-catalyzed C(sp2)–H bond activations allows for the homocoupling of
triazol-4-yl and pyrazol-2-yl substituted arenes. (b) Suggested mechanism for the homocoupling using
a RuII catalyst.

3.1.4. Ni-Catalyzed Reactions

Nickel is an Earth-abundant alternative to Pd and can access various reaction mechanisms, giving a
distinct reactivity due to the facile oxidative addition reaction and readily accessible multiple oxidation
states [30,31].

In 2000, Fanni et al. reported a new synthetic procedure for the efficient preparation of binuclear
Ru(II) polypyridyl complexes, by performing intermolecular homocoupling between two 1,2,4-triazole
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bromide in the C3 position (Scheme 13) [32]. The halide functional group is necessary to mediate the
Ni-catalyzed reaction in the presence of triphenylphosphine and a zinc reducing reagent.

 

 

Scheme 13. (a) The formation of either ruthenium(II) or osmium(II) complex in water could undergo
Ni0 catalyzed homocoupling from in situ generated Ni0. (b) The mechanism of the homocoupling is
suggested to go through double oxidative addition of the 1,2,4-triazole bromides followed by reductive
elimination resulting in the homocoupled product. (c) Substrate scope for the homocoupling of
1,2,4-triazole bromides in the C3 position.

The homocoupling between 4-bromotriazoles has been reported by Afanas’ev et al. using
in situ generated Ni0 as a catalyst (Scheme 14) [24]. The homocoupling functions via an in situ
formation of Ni0(PPh3)4 from NiCl2 and Zn0, which undergoes oxidative addition of two equivalents
of 4-bromotriazoles, followed by a reductive elimination to form the desired homocoupled products
(Scheme 14b).
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Scheme 14. (a) In situ generated Ni0 used as the catalyst allows for the homocoupling of 4-bromopyrazoles
through oxidative addition. (b) The mechanism is suggested to go through double oxidative addition
of the bromine followed by reductive elimination, resulting in the homocoupled products.

3.1.5. Rh-Catalyzed Homocoupling Reaction

Rhodium-catalyzed reactions have shown fruitful successes in organic reactions [33], particularly
in C–H activation and C–C bond formation reactions [34,35]. heterocycle formation reactions [36,37],
C–X bond formation reactions [38] and asymmetric synthesis [39].

Yue et al. explored the homocoupling of pyrazole silanes using RhI as a catalyst [40]. A suggested
reaction mechanism includes a double trans-metalation reaction between vinylsilane and a rhodium
intermediate in a single catalytic cycle (Scheme 15). While investigating an oxidant, the authors found
out hexachloroacetone afforded higher yields of the desired product compared to conventional oxidants
such as CuII, TEMPO and chloranil.
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Scheme 15. (a) Homocoupling reactions of silane substituted triazoles with catalytic RhI. (b) Suggested
mechanism for the homocoupling of silane substituted triazoles.

3.1.6. Fe-Catalyzed Homocoupling Reactions

Iron is one of the most Earth-abundant metals, and many iron complexes are commercially
available. Surprisingly, despite its many advantages, iron has been relatively underrepresented in the
catalysis of organic compounds until recently, compared to other transition metals.

In 2010, Luque et al. achieved the homocoupling of two pyrazole boronic acids utilizing
nano-ferrite glutathione in a microwave (MW)-assisted aqueous reaction, providing an alternative to
the palladium-catalyzed Suzuki coupling reaction (Scheme 16) [41].

 

 

Scheme 16. The homocoupling of boronic acid substituted pyrazoles is possible when nanoparticles of
iron are used as the catalyst in water under microwave conditions.

3.2. Metal-Free Homocouplings of Azoles

In addition to the many transition metal-catalyzed routes described above, azole substrates have
also been shown to undergo homocoupling reactions in the absence of a metal catalyst. Hypervalent
iodine reagents can induce aryl–aryl bond formation in a wide variety of substrates, including pyrroles,
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pyrazoles, imidazoles and triazoles, as has been recently reviewed [42]. Other approaches to metal-free
couplings rely on oxidants or photocatalysis to enact radical-mediated dimerizations. Some recent
examples are presented below.

There is precedent for the metal-free homocoupling of pyrazolones through the use of oxidants
like phenoxy radicals [43] or O2 [44]. A recent example extends this approach to a switchable
aerobic oxidation, in which a pyrazol-5-one starting material undergoes either hydroxylation or a
homocoupling, using O2 as an oxidant (Scheme 17a) [45]. Simple changes in reaction conditions
control the outcome of this reaction; oxidation in dioxane in the presence of base favors hydroxylation,
whereas a base-free reaction in acetonitrile favors the homocoupling. The homocoupling reaction
was successful for 19 different substrates containing various substituents at positions R1 and R2,
in yields up to 77% (Scheme 17b). Most reactions led to a mixture of diastereomers, with diastereomeric
ratios ranging from 3.1:1 to 5.7:1, although three substrates led to a single diastereomeric product.
The authors hypothesize that the homocoupling reaction proceeds through a radical intermediate,
although mechanistic studies were not undertaken for this reaction.

 

 

Scheme 17. (a) A switchable aerobic oxidation of a pyrazol-5-one results in either hydroxylation or
homocoupling, depending on reaction conditions. (b) Substrate scope of the oxidative homocoupling. [29].
a Isolated yields. b The dr values were determined by 1H-NMR. c Isolated yield of hydroxylated products.

309



Molecules 2020, 25, 5950

Another homocoupling reaction was recently shown to yield a structurally similar bipyrazolone,
but through remarkably different conditions: By refluxing a substituted pyrazole in excess thionyl
chloride, the bipyrazolone was produced in high yields (Scheme 18a) [46]. This reaction was successful
for nine substrates in yields from 62–89%. (The authors do not provide diastereomeric ratios of
meso compounds and racemate for each substrate, but they report that dimeric pyrazolone (R1 = Ph)
appeared to be a racemic mixture by 1H-NMR spectroscopy and X-ray crystallography). The reaction
was shown to proceed under an atmosphere of N2 and under air, ruling out oxidation by air as the
mechanism, and the authors propose a hypothetical mechanism via a di(pyrazolyl) sulfite intermediate
(Scheme 18b).

 

 

α α

Scheme 18. (a) Reaction conditions and substrate scope for the thionyl chloride-mediated
homocoupling of substituted pyrazolones. (b) The reaction is proposed to proceed via a di(pyrazolyl)
sulfite intermediate.

Two recent reports describe the oxidative homocoupling of 4-amino-1,2,4-triazoles, yielding
the corresponding symmetrical bis(triazoles). Yang and coworkers used the oxidant α-hydroxy-α-
methylthioacetophenone to accomplish the homocoupling of five substituted 4-amino-1,2,4-triazoles
in yields of 59–73% (Scheme 19a) [47]. Likewise, Zhao and coworkers accomplished the homocoupling
of the unsubstituted 4-amino-1,2,4-triazole in 90% yield using sodium dichloroisocyanurate (SDCI) as
the oxidant (Scheme 19b) [48].

Photocatalysis represents an alternative metal-free approach to pyrazole homocouplings. An
early report of the photochemical oxidation of pyrazolidinones led to a homocoupled product [49].
More recently, Meng and coworkers used photocatalysis to accomplish the homocoupling of a
bromopyrazolone [50]. By irradiating a solution of 4-bromo-3-methyl-1-phenyl-4,5-dihydropyrazol-
5-one (PyHBr) and naphthalene in acetonitrile with a 300 W high-pressure mercury lamp, the authors
obtained the homocoupled product in 64% yield (Scheme 20a). Interestingly, the authors discovered
that by substituting phenathrene for naphthalene the dehydrogenated product was favored over the
hydrogenated product, and the use of other arenes such as anthracene, benzene, acenaphthylene or
indole did not lead to homocoupling at all. As the reaction relies on certain arenes and does not proceed
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under UV irradiation alone, the authors ruled out the homolytic bond cleavage of the carbon–bromine
bond as the mechanism and instead proposed the mechanism shown in Scheme 20b.

 

 

Scheme 19. (a) Reaction conditions and substrate scope for the oxidative homocoupling of
substituted 4-amino-1,2,4-triazoles. (b) Reaction conditions for the homocoupling of unsubstituted
4-amino-1,2,4-triazole.

 

 

Scheme 20. (a) Photochemical oxidation of pyrazolidinones leads to different products depending
on the identity of the auxiliary arene (naphthalene vs. phenanthrene). (b) The proposed reaction
mechanism reflects the fact that UV irradiation alone is not sufficient to catalyze the homocoupling [34].
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Finally, a recent report of the decarboxylative fluorination of various heterocycles using Selectfluor
contained the unexpected observation of homocoupling under certain conditions [51]. Specifically,
substituted pyrazole-5-carboxylic acids and indole-2-carboxylic acids underwent homocoupling
along with decarboxylative fluorination, yielding the corresponding fluorinated dimers (Scheme 21a).
The homocoupling occurred in high yields (70–82%) for the pyrazole-based substrates and in moderate
yields (38–58%) for the indole-based substrates (Scheme 21b). In the case of indole-2-carboxylic
acid, the biproducts 2-fluoroindole and oxindole were generated along with the dimer (Scheme 21c).
Mechanistic investigations indicated that neither of these biproducts is an intermediate in the dimer
formation process, but the mechanism of the homocoupling was not elucidated.

 

 

Scheme 21. (a) Reaction conditions for the homocoupling and decarboxylative fluorination of
heterocycles in the presence of Selectfluor. (b) Substrate scope for the homocoupling of substituted
pyrazoles and indoles using these conditions. (c) The homocoupling of indole-2-carboxylic acid led to
the formation of byproducts and the dimer.

3.3. Applications in MOFs

The pyrazole functional group can coordinate with a transition metal as a ligand through
the lone pair on the non-protonated nitrogen atom (Figure 2a) [52,53]. When the other nitrogen
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atom in the ring is deprotonated (to yield the pyrazolate), both nitrogen atoms can coordinate with
metals, allowing pyrazolate to bridge metal centers and give rise to clusters, chains or coordination
polymers (Figure 2b) [54,55]. Bipyrazolate ligands can coordinate up to four different metal centers
(Figure 2c), making possible the construction of extended three-dimensional structures known as
metal–organic frameworks (MOFs) [56]. Due to their crystallinity and internal porosity, metal–organic
frameworks have shown promise in diverse applications, including gas separations [57], sensing [58],
conductivity [59], drug delivery [60] and energy storage [61]. Numerous metal–organic framework
structures have been designed and synthesized using poly(pyrazole) ligands as building blocks,
as was reviewed by Galli and coworkers in 2016 [62]. Here we give an overview of recent studies on
pyrazole-based metal–organic frameworks that have been published since the 2016 review, with an
emphasis on 4,4′-bipyrazole (H2bpz) and its derivatives.
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Figure 2. The pyrazole functional group can coordinate with a single metal ion (a) or can bridge two
metal ions as a deprotonated pyrazolate (b). The 4,4′-bipyrazolate ligand can coordinate up to four
different metal ions (c).

The unsubstituted H2bpz ligand has recently been used to form two new metal–organic frameworks
(Figure 3). Volkmer and coworkers reacted H2bdp with a mixed-valent iron precursor to yield a
nonporous metal–organic framework with Fe(II) ions as the framework nodes (CFA-10-as), and the
authors were then able to convert the framework to a porous form upon thermal treatment (CFA-10) [63].
This single-crystal-to-single-crystal transformation was shown to result from the thermal decomposition
of formate ions in the pores of CFA-10-as, resulting in a final porous structure that could not be achieved
directly through solvothermal synthesis. A subset of these authors also described the synthesis of
another H2bpz-based metal–organic framework, this time with Mn(III) ions as the framework nodes [64].
The structure of this framework, named Mn-CFA-6, was shown to contain two crystallographically and
structurally distinct manganese centers, and the framework exhibited structural flexibility in response
to the removal of guest molecules. Recently, Lee and coworkers observed a similar flexibility in the
H2bpz-based framework Co(bpz), which undergoes reversible structural changes in response to gas
adsorption or temperature change [28].

 

Figure 3. H2bpz was reacted with an iron source to yield CFA-10-as and CFA-10 [47] and with a
manganese source to yield Mn-CFA-6. Adapted with permission from references [63,64]. ©2017 ACS.
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The tetramethylated bipyrazole ligand, 3,3′,5,5′-tetramethyl-4,4′-bipyrazole (H2Me4bpz),
is another popular building block for metal-organic frameworks. In 2015, Sun and coworkers
used H2Me4bpz to construct a series of Cu(I)-based coordination networks, including two novel
metal–organic frameworks (Figure 4) [65]. These two frameworks contain halide and cyanide anions
that coordinate with the Cu(I) nodes, along with the Me4bpz2− ligands. The authors investigated
these materials as heterogeneous catalysts for the azide–alkyne click reaction, because of the high
density of Cu(I) sites present in the frameworks, by reacting benzyl azide with phenylacetylene in
the presence of 1 mol % of a given metal–organic framework. The frameworks proved to be very
effective catalysts for the formation of the substituted triazole, with the framework [Cu6(Me4bpz)6

(CH3CN)3(CN)3Br]•2OH•14CH3CN leading to a 99% yield within 2 h. The authors ascribed this
excellent catalytic performance to the framework’s high porosity and large pore diameter, which allow
the Cu(I) active sites to be accessible to the reactants. The substrate scope for compound [Cu6(Me4bpz)6

(CH3CN)3(CN)3Br]•2OH•14CH3CN was shown to include a variety of terminal azides and alkynes.
This work was the first investigation of Cu(I)-based metal–organic frameworks as catalysts for click
reactions, and the results indicate that this class of materials holds great promise in heterogeneous
azide–alkyne catalysis.

 

Figure 4. H2Me4bpz was reacted with Cu(I) halides to yield two Cu(I)-based metal–organic frameworks,
which were shown to be effective catalysts for azide–alkyne click reactions. Adapted with permission
from reference [65]. ©2015 ACS.

Chen and coworkers attempted to increase the hydrophobicity of the hallmark metal–organic
framework MOF-5 by substituting the traditional 1,4-benzenedicarboxylic acid (H2bdc) ligand with
combinations of H2Me4bpz, naphthalene-1,4-dicarboxylic acid (H2ndc) and biphenyl-4,4′-dicarboxylic
acid (H2bpdc) [66]. The authors synthesized one known framework (MAF-X10) and two new
frameworks (MAF-X12 and MAF-X13) from these building blocks (Figure 5). The three metal–organic
frameworks were investigated for fluorocarbon adsorption, using CHClF2 as a representative adsorbate,
and all three were shown to possess high adsorption capacities for CHClF2. Grand canonical Monte
Carlo simulations indicated that the strongest CHClF2 binding site in each framework was located in a
hydrophobic pocket formed by two methyl groups from Me4bpz2− ligands and the aromatic face of
an adjacent phenyl ring, bearing out the authors’ hypothesis that increased ligand hydrophobicity
would be beneficial for fluorocarbon adsorption. The compound MAF-X13 was shown to have the
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largest saturation uptake and the largest working capacity for CHClF2 adsorption, due to its type-IV
isotherm shape.

 

Figure 5. (a) Linkers used to make hydrophobic MOF-5 analogues. (b) Crystal structures of MAF-X10,
MAF-X12 and MAF-X13 highlighting the pore surface. Adapted with permission from ref. [66].

Recently, Cao and workers took advantage of the differences in dative bond strength
between carboylate ligands and azolate ligands to partially deconstruct mixed-ligand metal–organic
frameworks [67]. The authors synthesized a metal–organic framework from a Zn(II) source and
a mixture of H2Me4bpz and 1,4-benzenedicarboxylate ligands, and then used a pH 13 ammonia
solution to dissolve the Zn–carboxylate bonds but not the Zn–pyrazolate bonds. This treatment led
to a delamination of the three-dimensional framework, yielding two-dimensional sheets composed
of Zn(II) nodes linked by Me4bpz2

− ligands. The authors also applied this process to an analogous
Zn–triazolate–thiophenedicarboxylate MOF and used the resulting 2D Zn–triazolate sheets as building
blocks to construct a library of new 3D frameworks, by combining the 2D sheets with various
dicarboxylate linkers (Figure 6). This creative approach to metal–organic framework synthesis highlights
the advantages of the strong metal–ligand bonding inherent to bipyrazole ligands like H2Me4bpz.

 

 

Figure 6. (a) A metal–organic framework composed of sheets of Zn–azolate bonds pillared by
Zn–carboxylate bonds undergoes alkaline treatment to break the Zn–carboxylate bonds only. (b) This
treatment leaves behind Zn-azolate sheets, which can be thought of as giant supramolecular building
layers (SBLs). (c) These layers can then be reassemble using different dicarboylate pillars to yield a
variety of metal–organic frameworks. Adapted with permission from reference [67]. ©2015 ACS.
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The sheer number of other recent examples of H2Me4bpz-based metal–organic frameworks
emphasizes the utility of this bipyrazole ligand. These frameworks combine H2Me4bpz with various
transition metals, including manganese [68], iron [69], cobalt [68,70,71], nickel [68], copper [72]
zinc [73], silver [74–76] and cadmium [68,77,78], yielding a diverse array of framework topologies
and functionalities. These frameworks were investigated for applications ranging from antibacterial
therapy [76] to the photocatalytic degradation of organic pollutants [71], and chemists are sure to push
the boundaries of H2Me4bpz-based metal–organic frameworks further in the coming years.

The dimethylated analogue of H2bpz is used in metal–organic framework synthesis less frequently
than the tetramethylated analogue, but two recent studies show that H2Me2bpz can be used to form a
variety of metal–organic frameworks. In 2017, Galli and workers reported two new metal–organic
frameworks based on the reaction of H2bpz with a cobalt source and with a zinc source, respectively
(Figure 7a). [79] The authors compared these two H2Me2bpz frameworks with the isostructural
frameworks M(bpz) (M = Co, Zn) through techniques including gas adsorption and ab initio simulation,
revealing that the methylated frameworks bound guest CO2 molecules more strongly than the
nonmethylated frameworks but accommodated fewer overall guests because of the increased steric
bulk of the H2Me2bpz ligand, relative to H2bpz. Additionally, in 2018 a subset of these authors reported
a 3D polymeric network composed of Hg(II) ions linked by Me2bpz2

− ligands (Figure 7b). [80]

 

Figure 7. (a) The H2Me2bpz ligand and the resulting metal–organic framework Zn(Me2bpz)•DMF
(DMF = N,N-dimethylformamide). DMF molecules in the pores have been removed for clarity.
Co(Me2bpz) •DMF is isostructural to Zn(Me2bpz)•DMF. Adapted with permission from reference [79].
©2017 ACS. (b) The 3D polymeric network Hg(Me2bpz), with the void spaces highlighted. Adapted
with permission from reference [80].

Finally, Galli and coworkers recently demonstrated the power of introducing functional groups
onto the H2bpz scaffold, functionalizing this ligand with either NO2 or NH2 groups (Figure 8a) [81].
The authors incorporated these H2bpz derivatives into a series of Zn(II)-based metal–organic
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frameworks, each containing a different mixture of ligands. The authors found that frameworks
containing a mixture of H2bpz and H2bpzNH2 ligands had the best gas adsorption properties in
the context of N2/CO2 separations. The following year, Rossin and coworkers used the same three
ligands to construct a series of Co(II)-based metal–organic frameworks (Figure 8b) [82]. The authors
found that while the unfunctionalized Co(bpz) had higher O2 gas uptake relative to Co(bpzNO2) and
Co(bpzNH2), ligand functionalization could tune the catalytic selectivity and performance of these
materials when they were used for cumene oxidation and decomposition.

 

 
Figure 8. (a) The series of H2bpz derivatives. (b) Crystal structure of Co(bpzNH2), which is isostructural
to Co(bpz) and Co(bpzNO2). Adapted with permission from reference [81]. ©2019 ACS.

4. Conclusions

Despite the utility of bipyrazoles and other symmetric heterocycles as building blocks in
coordination chemistry, traditional routes to these molecules were laborious, multi-step syntheses with
poor atom economy and redox efficiency. In recent years, a number of improved routes to bipyrazoles
have been published, employing an efficient homocoupling step that forms an aryl-aryl bond between
the two halves of the product. Some of the most promising pyrazole homocoupling reactions rely
on transition metal catalysts, especially palladium, as described above. We have also described
other unique homocoupling strategies that proceed in the absence of metal catalysts, relying on UV
irradiation, aerobic oxidation, or other diverse mechanisms.

We anticipate that the coupling strategies provided in this review will allow metal–organic
framework chemists to access a greater variety of bipyrazole-type ligands, beyond the small set
of H2bpz derivatives described herein. As is obvious from the above studies, bipyrazole-based
metal–organic frameworks are promising materials for a number of applications, especially gas
adsorption and heterogeneous catalysis. The ability to diversify and functionalize bipyrazole ligands
will afford chemists greater control over the resultant metal–organic framework properties, leading to
even better adsorbents and catalysts.
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Abstract: Nitrated-pyrazole-based energetic compounds have attracted wide publicity in the field
of energetic materials (EMs) due to their high heat of formation, high density, tailored thermal
stability, and detonation performance. Many nitrated-pyrazole-based energetic compounds have
been developed to meet the increasing demands of high power, low sensitivity, and eco-friendly
environment, and they have good applications in explosives, propellants, and pyrotechnics.
Continuous and growing efforts have been committed to promote the rapid development of
nitrated-pyrazole-based EMs in the last decade, especially through large amounts of Chinese
research. Some of the ultimate aims of nitrated-pyrazole-based materials are to develop potential
candidates of castable explosives, explore novel insensitive high energy materials, search for low
cost synthesis strategies, high efficiency, and green environmental protection, and further widen the
applications of EMs. This review article aims to present the recent processes in the synthesis and
physical and explosive performances of the nitrated-pyrazole-based Ems, including monopyrazoles
with nitro, bispyrazoles with nitro, nitropyrazolo[4,3-c]pyrazoles, and their derivatives, and to comb
the development trend of these compounds. This review intends to prompt fresh concepts for
designing prominent high-performance nitropyrazole-based EMs.

Keywords: nitrated pyrazoles-based; energetic salts; synthesis; high energy density material;
insensitivity

1. Introduction

Energetic materials (EMs), including explosives, propellants, and pyrotechnics, are a significant
class of compounds containing large amounts of stored chemical energy, which can liberate heat and
exert high pressure under some stimuli, like impact, shock, or thermal effect [1–8]. With the development
of science and technology, more and more attention has been paid to the high energy density materials
(HEDMs) used for energy and as explosives or propellants [9]. Thus, the representatives of traditional
HEDMs are 2,4,6-trinitrotoluene (TNT) [10,11], 1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) [12,13],
1,3,5-trinitro-1,3,5-triazine (RDX) [14], triaminotrinitrobenzene (TATB) [15], and 2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) [16]. The key properties for HEDMs include density (ρ),
melting point (Tm), decomposition temperature (Td), heat of formation (HOF), calculated detonation
velocity (D, calculated propagation velocity of detonation wave in explosive grain), calculated
detonation pressure (P, calculated pressure on the front of detonation wave), oxygen balance (OB,
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residual amount of oxygen when explosive explodes to produce CO2 and H2O, OB = 16[c-(2a + b/2)]/M
for molecule CaHbOcNd), specific impulse (Isp, impulse produced by the unit quantity of propellant),
content of nitrogen (N), impact sensitivity (IS, sensitivity of explosive to impact), friction sensitivity
(FS, sensitivity of explosive to friction), electrostatic discharge sensitivity (ESD), and sensitivity of
explosive to electrostatic discharge, etc. There are several standards a novel HEDM should meet if it
would be applied widely, including insensitivity toward mechanical stimuli (heat, impact, fraction,
and electrostatic discharge) to ensure the safety of operation, high performance for various purposes,
less toxicity, and producing less hazardous waste after detonation [17–19]. Among them, conflict
between the increasing energetic level and decreasing sensitivity has become more and more severe.
Therefore, the exploration and development of high energy density compounds with low sensitivity
have been a priority. A significant amount of effort has been made to resolve this problem, such as
recrystallization of Ems [20], preparing polymer bonded explosives (PBXs) [21,22], forming energetic
cocrystals [23–25], and synthesizing novel energetic compounds [26–29]. In contrast with other
technologies, synthesizing new HEDMs may be the most direct and effective method.

Nitrogen heterocyclic energetic materials that have large numbers of N–N bonds and C–N

bonds with high energy can form the large π bond similar to benzene, which endows this kind of
compounds low sensitivity, high positive heat of formation, and good thermal stability. In addition,
the low percentage of C and N in these compounds always lead to high density and good oxygen
balance. The decomposition of these compounds can result in the N2, which is environmentally
friendly [30]. There is a big difference between nitrogen-rich energetic compounds and traditional
explosives, namely the energy of nitrogen heterocyclic compounds is released from the high positive
heat of formation rather than the oxidation of carbon backbone like traditional explosive (such as
TNT and TATB) [19,31]. Therefore, nitrogen heterocyclic materials have garnered large interest in the
research areas of HEDMs.

As an outstanding representative of nitrogen heterocyclic compounds, nitropyrazoles and their
derivatives are aromatic stable substances with π electrons in their structures. The system is easy
to carry out electrophilic substitution reactions such as nitration, sulfonation and halogenation,
etc. [32]. These compounds are characterized by oxidation resistance, heat resistance and hydrolysis
resistance [19], and are widely applied in civil fields, such as medicine, pesticide, photosensitive
materials, and fine chemicals [33–35]. Due to the compactness, stability, and modifiability of the
molecular structure of pyrazoles, nitration and derivatization of pyrazoles are relatively easy. The ring
tension in the structures of nitropyrazoles and their derivatives is large. The density and nitrogen
content of nitropyrazoles increase with the presence of nitro groups on the ring, and the oxygen balance
is closer to the ideal value, which can improve the detonation performance of the target compounds.
Many energetic compounds based on nitropyrazoles have been synthesized successively, which have
good applications in highly energy insensitive explosives, propellants, pyrotechnic agents, and other
fields [2,3,19,36,37].

In the past decade, a lot of papers on the synthesis and properties of nitrated pyrazoles have been
published, including many Chinese references which are not accessible for most Western researchers
due to language barriers. This review article presents the recent processes in synthesis, physical
and explosive performances of the nitropyrazole-based Ems, including monopyrazoles with nitro,
bispyrazoles with nitro, nitropyrazolopyrazoles and their derivatives, and to comb the development
trend of these compounds. The aim of this review is to provide readers with an overview of
the relationship between structures and properties and guide the future design of novel HEDMs.
This review also intends to prompt fresh concepts for designing prominent high-performances
nitropyrazole-based EMs.

2. Nitrated-Monopyrazole Based Compounds

In this section, the sum of nitro group substituted on carbon position of pyrazole ring in
mononitropyrazoles, binitropyrazoles, and trinitropyrazoles are one, two, and three, respectively.
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For example, mononitropyrazole represents that only one C position in pyrazole ring is substituted by
the nitro group.

2.1. Mononitropyrazoles and Their Derivatives

Mononitropyrazoles and their derivatives due to their energetic property are favored by people in
many fields, such as medicine, pesticide, energetic material and so on. Among them, 3-nitropyrazole
(3-NP), 4-nitropyrazole (4-NP), 1-methyl-3-nitropyrazole (3-MNP), and 1-methyl-4-nitropyrazole
(4MNP) are typical examples, which are commonly used as energetic materials and intermediates
for further products of other energetic materials because they contain only one nitro group and have
relatively low energy. The syntheses of these compounds is often facile and can meet the development
requirements of green chemistry.

As a typical heterocyclic compound, 3-NP is an important intermediate in the synthesis of
pyrazole-based compounds such as 3,4-dinitropyrazole (DNP) and other new explosives [36,38].
In 1970, Habraken and co-authors [39] firstly reported synthesis of 3-NP by dissolving N-nitropyrazole
in anisole for 10 h at 145 ◦C. Later, Verbruggen et al. [40] synthesized 3-NP from diazomethane
and chloronitroethylene by one-step cyclization, while this reaction was high riskful due to the
extremely vivacious raw materials. Nowadays, the main synthesis method of 3-NP was a two-step
reaction, that is, nitration of pyrazole to obtain N-nitropyrazole and then rearrangement of
N-nitropyrazole in organic solvent to acquire 3-NP (Figure 1, Scheme A). The nitration agents
could be HNO3/H2SO4 or HNO3/Ac2O/HAc, and the organic solvent for rearrangement could be
anisole, n-octanol and benzonitrile [41–43]. Among these solvents, benzonitrile was always preferred to
be the rearrangement medium since anisole could require an excessively long time and n-octanol would
lead to poor-quality product. In 2014, Zhao et al. [44] reported one convenient and green approach to
synthesizing the 3-NP. They chose the oxone as the nitration agents of 3-aminopyrazole and water as
the solvent (Figure 1, Scheme B). This approach owns some advantages over the previous approach:
simple operation, safety, economical reagents, the use of water as solvent, and mild conditions.
As shown in Figure 1, 3-MNP is one of the most important derivatives of 3-NP. Its synthesis is mainly
accomplished by nitrated 1-methylpyrazole with various nitration agents. Katritzky et al. [45] added
1-methylpyrazole to trifluoroacetic anhydride for 1 h in ice bath, and then concentrated nitric acid
was added in the solution. After stirring for 12 h, and evaporation of trifluoroacetic anhydride and
nitric acid, the 3-MNP could be obtained (Figure 1, Scheme C). In 2013, Ravi et al. [46] proposed
that 1-methylpyrazole could reacted with silicon oxide-bismuth nitrate or silicon dioxide-sulfuric
acid-bismuth nitrate in tetrahydrofuran (THF) to produce 3-MNP (Figure 1, Scheme D), this facile route
is a synthetic method of low toxicity, high efficiency, and green environmental protection. In addition,
metal salts of 3-NP expand its derivatives. Li et al. [42] prepared the metal Cu(II) salt and basic Pb
salt of 3-NP, by dissolving 3-NP in NaOH solution and reacting with the CuSO4·5H2O solution and
Pb(NO3)2 solution, respectively (Figure 1, Scheme E).

4-NP is an isomer of 3-NP with melting point of 163–165 ◦C, density of 1.52 g/cm3, detonation
velocity of 6.68 km/s and detonation pressure of 18.81 Gpa [47]. Similar to 3-NP, 4-NP can be obtained
by nitro group rearrangement. As Rao et al. [48] reported N-nitropyrazole could be rearranged to 4-NP
in sulfuric acid at room temperature (Figure 2, Scheme A). Ravi et al. [49] synthesized 4-NP in THF
with 4-iodopyrazole as raw material, fuming HNO3 as nitration agents, octahedral zeolite or silica as
solid catalyst (Figure 2, Scheme B). Li et al. [50] reported one-pot two steps route that pyrazole could be
nitrated to 4-NP by fuming HNO3 (90%)/fuming H2SO4 (20%) (Figure 2, Scheme C). 4-MNP is another
important derivative of nitropyrazole with the similar performance to 3-MNP (Table 1). In 2015,
Corte et al. [51] reported that 4-MNP could be synthesized by adding sodium hydride and iodomethane
into the THF solution of 4-NP at room temperature for overnight. Ioannidis et al. [52] improved the
method by adding sodium hydride and iodomethane to the acetonitrile solution of 4-NP under nitrogen
protection for 16 h. However, it is dangerous to handle sodium hydride due to its high chemical
reaction activity which can easily cause combustion and explosion, limiting the further application of
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this method. Han et al. [53] simplified the above method and replaced sodium hydride with potassium
carbonate. They added potassium carbonate and iodomethane to the N,N-dimethylformamide (DMF)
solution of 4-NP at 25 ◦C for 14 h. This method not only reduces the risk in the process, but improves
the reaction yield (80–98%).

 

 

С

С

Figure 1. Summary of synthesis of 3-NP, 3-MNP and metal salts of 3-NP.

 

С

С

 

Figure 2. Synthesis of 4-NP.

Table 1 shows the energetic performances of the four typical monopyrazoles. We can see that these
energetic performances of pyrazole-based compounds are not satisfying, especially the detonation
properties and the nitrogen content. So, these nitropyrazoles are always used as intermediates for
the preparation of novel high-performance energetic materials. Furthermore, it is also necessary
to explore new high performances energetic materials based on mononitropyrazoles. For example,
Deng et al. [54] prepared 5-methyl-4-nitro-1H-pyrazol-3(2H)-one (MNPO) and its energetic salts,
showing better performances than these above mononitropyrazoles.
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Table 1. Properties of 3-NP, 4-NP, 3-MNP and 4-MNP.

Explosive ρ/g·cm−3 D/km·s−1 P/GPa Tm/
◦C OB/% N/% Ref.

3-NP 1.57 7.02 20.08 174–175 −77.88 37.17 [55]
4-NP 1.52 6.86 18.81 163–165 −77.88 37.17 [55]

3-MNP 1.47 6.62 17.11 80–83 −107.09 26.77 [3]
4-MNP 1.40 6.42 15.52 82 −107.09 26.77 [3]

The introduction of a polynitromethyl group into a heterocyclic compound is interesting for
energetic field, because it can increase the oxygen content and improve the energetic properties
of energetic material. Generally, the incorporation of a polynitromethyl group (trinitromethyl
and dinitromethyl) to nitropyrazoles is essentially equivalent to introducing at least one -NO2

(since one -NO2 is used for the complete oxidation of the C atom in -CH3) [56]. For the
trinitromethyl group, it can be incorporated into N position or C position of nitropyrazoles
with different energetic properties. The N-H bond of nitropyrazole is relatively active which
could provide a reaction site for functionalization easily. In 2014, Yin et al. [57] obtained the
carbon and nitrogen functionalization of nitropyrazole with N-trinitroethylamino group (Figure 3,
Scheme A). Thereby, 4-NP reacted with NH2OSO3H acid and K2CO3 to accomplish amination,
and after functionalization of amino group, the 1-amino-4-nitropyrazole underwent the Mannich
reaction with trinitroethanol to get 4-nitro-N-(2,2,2-trinitroethyl)-1H-pyrazol-1-amine (1). In 2015,
Dalinger et al. [58] prepared and characterized a nitropyrazole bearing a trinitromethyl moiety
at N atom, 4-nitro-1-(trinitromethyl)-pyrazoles (2). They synthesized the target compound by
a destructive nitration of 4-nitro-1-acetonpyrazole with a mixture of concentrated HNO3 and H2SO4

(Figure 3, Scheme B). Although the compound 1 was successfully synthesized, the yield was
very low (28%) and this process was comparatively too time-consuming (15 d). To explore new
high-performance EM, several C-trinitromethyl-substituted mononitropyrazoles have been reported.
In 2018, Zhang and co-authors [56] first synthesized the C-trinitromethyl-substituted nitropyrazole
(Figure 4, Scheme A). The reaction of 3-pyrazolecarbaldehyde oxime with N2O4 produced the
3-trinitromethylpyrazole and 1-nitro-3-trinitromethylpyrazole (3). They found that the increasing
N2O4 concentration could improve the proportion of 3 and 3-trinitromethylpyrazole reacting with
N2O4 also form 3, indicating N2O4 enable nitrate the N position of pyrazole. After the introduction of
trinitromethyl group on C position, the 4-nitro-3-trinitromethylpyrazole (4) could be obtained with
fuming nitric acid and oleum by -NO2 rearrangement of 3 or nitration of 3-trinitromethylpyrazole.
In 2019, Xiong et al. [59] further designed 3-Trinitromethyl-4-nitro-5-nitramine-1H-pyrazole (5).
It was notable that the yield of 5 could improve with the concentration of HNO3 increasing in
the last nitration step of Scheme B (Figure 4). For the dinitromethyl group, Semenov et al. [60]
prepared the 4-nitro-1-dinitromethylpyrazole by nitrating 4-nitro-1-acetonylpyrazole using H2SO4/H2O
mixture, and while the yield was low and it was not investigated as energetic material. In 2019,
Pang et al. [61] introduced the dinitromethyl group into nitropyrazole and developed the salt,
hydrazinium 5-nitro-3-dinitromethyl-2H-pyrazole (6), according to Scheme A in Figure 5. In 2020,
Cheng et al. [62] synthesized 3-nitro-4-dinitromethyl-2H-pyrazole (7) and its salts, further exploring
the application of dinitromethyl group in mononitropyrazolle. Table 2 shows the energetic properties
of the polynitromethyl-substituted mononitropyrazoles and salts compared with TNT and RDX.
All the density of the derivatives of mononitropyrazole was higher than TNT and close to that of
RDX, especially 7a showed the highest density. 3 and 5 owned the desirable detonation properties,
while exhibited poor safety. It was notable that C-trinitromethyl-substituted derivatives owned higher
heat of formation than those of N-trinitromethyl-substituted derivatives, and the derivatives with
dinitromethyl group owned lower heat of formation than derivatives with trinitromethyl group.
Most of the neutral derivatives hold low decomposition temperatures owing to the instability of the
polynitromethyl moiety. Compound 4 had the highest decomposition temperature possibly because
of the strong intermolecular hydrogen bonding interactions. By comparing 4 and 5, we can see the
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nitramino group could further increase the power with low sensitivities. For the salts of compound 7, 7d
with high detonation properties (comparing with RDX) and low sensitivities could serve as a promising
candidate as a new high energy density oxidizer.

 

 

Figure 3. Synthesis of compounds 1 and 2.

 

 

Figure 4. Synthesis of compounds 3–5.

 

 

Figure 5. Synthesis of salts of trinitromethyl and dinitromethyl-substituted mononitropyrazoles.
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Table 2. Properties of the derivatives of compounds 1–7.

Entry ρ/g·cm−3 D/km·s−1 P/GPa Tm/
◦C Td/

◦C OB/% N/%
HOF/kJ
·mol−1 IS/J FS/N Ref.

1 1.74 8.39 30.8 109.0 112 +2.75 33.68 140.9 15.0 360 [57]
2 1.80 8.65 33.9 39.0 145 −6.10 32.07 181.0 7.5 120 [58]
3 1.85 8.93 35.9 59.9 113 +18.3 32.07 311.4 2.5 36 [56]
4 1.80 8.60 32.2 147.2 154 +18.3 32.07 208.1 3.0 80 [56]
5 1.90 9.12 37.2 74 124 +24.8 34.79 320.2 5.0 80 [59]
6 1.84 8.79 33.8 - 128 −9.64 39.35 194.8 7.0 192 [61]
7 1.76 8.53 30.8 - 117 −25.79 32.26 205.6 17.0 114 [62]

7a 2.01 8.13 29.5 - 171 −21.94 27.44 −55.7 4.0 36 [62]
7b 1.87 8.26 28.6 - 203 −23.42 29.29 28.2 9.0 120 [62]
7c 1.78 8.60 33.0 - 141 −34.16 35.90 85.4 >20.0 192 [62]
7d 1.80 8.70 34.1 - 166 −24.20 33.60 135.5 >20.0 162 [62]
7e 1.72 8.26 28.7 - 161 −46.37 40.58 43.8 >20.0 240 [62]
7f 1.71 8.48 30.1 - 140 −46.74 43.29 231.4 >20.0 252 [62]

TNT 1.65 6.88 19.5 80. 5 295 −73.8 18.49 −67.0 15.0 358 [62]
RDX 1.80 8.75 34.9 204.1 210 −21.6 37.82 70.0 7.0 120 [62]

Connecting nitropyrazoles with nitrogen-rich compounds (including tetrazole, triazole,
furazan, tetrazine, triazine, and others) has attracted more interest in many fields, it also be
an effective approach to increasing the content of nitrogen and getting new high-performance
energetic materials. In 2015, Yin et al. [63] synthesized energetic salts based on N-methyl
6-nitropyrazolo[3,4-d][1,2,3]triazol-3(4H)-olate in a similar manner exhibiting good detonation
performance with relatively low sensitivities. In 2016, Dalinger et al. [64] synthesized and investigated
systematically a series of 1- and 5-(pyrazolyl)tetrazole amino and nitro derivatives which could be
components of dyes and luminophores, and high-energy materials. Some of them were always used
as intermediates due to their poor energetic properties. In 2017, Zyuzin et al. [65] introduced the
2,2-bis(methoxy-NNO-azoxy)ethyl group to nitropyrazoles to increase the hydrogen content for some
special application (gun propellants, solid rocket propellants and others). The derivatives of 3-NP and
4-NP showed high heat of formation, while the oxygen balances and calculated detonation velocity
were not ideal. Then, Zyuzin et al. [66] further introduced the trinitromethyl moiety owning the most
oxygen-rich block into the combination of tetrazole and pyrazole rings to obtain oxygen-balanced
energetic materials with high nitrogen content (8–11) (Figure 6). In 2019, Tang et al. [67] developed
several compounds and salts based 3,5-diamino-4-nitropyrazole functionalizing the with tetrazole
group and triazine group (12–15) (Figure 7). As shown in Table 3, all the compounds had high density,
high nitrogen content and good detonation properties, while the thermal stability of 12–15 was better
than that of 8–11. In particular, the derivatives 12–15 showed excellent insensitivities. In addition,
most compounds owned positive and high heat of formation, but the presence of water molecules in 13a
result in its negative heat of formation. Considering the low sensitivities, good detonation properties,
and high thermal stabilities, these derivatives with nitrogen-rich groups may be the candidates of
insensitive high energetic materials.
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Figure 6. Synthesis of mononitropyrazole derivatives 8–11.
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Figure 7. Synthesis of mononitropyrazole derivatives 12–15.

Table 3. Energetic characteristics of compounds 8–15. The data of compounds 8–11 are from
reference [66], the data of compounds 12–15 are from reference [67].

Entry ρ/g·cm−3 D/km·s−1 P/GPa Td/
◦C N/% HOF/kJ·mol−1 IS/J FS/N

8 1.79 8.86 34 127 42.43 602 - -
9 1.81 8.47 31 111 41.59 386 - -
10 1.91 8.99 36 138 41.67 589 - -
11 1.76 8.78 32 132 42.43 629 - -
12 1.76 8.26 25.9 272 59.70 408 30 360

12a 1.78 8.82 29.9 187 56.89 445 32 360
12b 1.75 8.80 28.9 229 63.36 547 35 >360
12c 1.70 8.29 24.9 251 61.39 399 40 >360
12d 1.69 8.24 23.9 224 63.84 486 40 >360
12e 1.72 8.14 23.6 287 63.21 338 40 >360
13 1.72 8.00 22.8 200 52.96 127.6 >40 >360
13a 1.68 8.00 23.8 196 45.15 −483.3 32 360
14 1.75 8.81 32.6 148 47.94 462.8 30 360
15 1.78 7.79 21.8 406 53.52 127.1 >40 >360
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Moreover, nitrogen-rich heterocycles with a nitramino moiety could exhibit better performance
than the corresponding nitro-substituted analogs as above mentioned [59,68]. In 2019, Shreeve and her
group [69] reported a green synthetic route for high-performance nitramino nitropyrazoles. Figure 8
depicted the synthesis of corresponding derivatives, among them the 3,5-dinitramino-4-nitropyrazole
(16) was quite sensitive to mechanical stimulation. From Table 4, the compound 16b showed
promising properties with a high density (1.87 g·cm−3), good detonation properties (D of 9.58 km·s−1

and P of 38.5 GPa), decomposition temperature of 194 ◦C, and acceptable sensitivities. Xu et al. [70]
introduced nitramino and triazole groups into mononitropyrazole to construct multiple hydrogen bonds
(17), and synthesized the 4-nitro-3,5-bis(1H-1,2,4-triazol-3-nitramino)-1H-pyrazole (19) and its ionic
derivatives (19a–i) as shown in Figure 9. Table 4 also showed their energetic properties. Compound 17
had the highest decomposition temperature (353.6 ◦C) and excellent low sensitivity (IS > 40, FS > 360),
indicating it could be used as heat-resistant insensitive explosive. The compounds (18–19i) exhibited
moderate detonation properties, high positive heat of formation and ideal insensitivities which had
great potential application in green and safe energetic materials. Ma et al. [71] also fused nitropyrazole
with triazine and nitramino groups, and prepared a series of salts based on compounds 20 and 21
(Figure 10). These compounds owned high thermal stability and excellent insensitive properties
because of the existence of triazine ring.
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Figure 8. Synthesis of compound 16 and its salts.

Table 4. Energetic characteristics of compounds 16a–21d. The data of compounds 16a–d are from
reference [69], the data of compounds 17–19i are from reference [70], the data of compounds 20a·H2O
–21d·H2O are from reference [71].

Entry ρ/g·cm−3 D/km·s−1 P/GPa Td/
◦C HOF/kJ·mol−1 IS/J FS/N

16a 1.90 9.39 40.0 155.0 74 6 120
16b 1.87 9.58 38.5 194.0 266 12 160
16c 1.80 8.84 32.6 192.0 −20 15 240
16d 2.12 7.64 26.4 232.0 246 2 120
17 1.77 8.24 23.1 353.6 555.0 >40 >360
18 1.87 8.75 33.0 238.2 737.6 30 360
19 1.92 9.01 35.9 134.4 791.8 20 270

19a 1.76 8.68 30.0 186.6 711.4 >40 >360
19b 1.79 9.08 33.6 171.3 842.0 >40 >360
19c 1.73 8.76 30.2 186.6 1062.4 >40 >360
19d 1.71 8.19 25.1 195.4 677.9 >40 >360
19e 1.71 8.50 27.3 191.3 1068.7 >40 >360
19f 1.75 8.71 29.7 208.2 1014.6 22.4 >360
19g 1.72 8.12 25.7 168.5 1300.5 >40 >360
19h 1.74 8.16 26.0 189.7 1270.5 >40 >360
19i 1.72 8.14 25.9 175.9 1511.2 >40 >360
20a 1.82 8.39 28.2 180.0 60.0 >40 360
20b 1.83 8.10 28.0 279.0 105.0 40 240
21 1.89 8.71 31.9 248.0 314.6 >40 >360

21a·H2O 1.95 8.29 29.1 341.0 260.9 >40 >360
21b·H2O 1.81 8.98 32.1 218.0 386.2 >40 >360
21c·H2O 1.80 9.06 31.7 190.0 557.5 >40 >360
21d·H2O 1.60 8.22 24.6 223.0 690.0 >40 >360
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Figure 9. Synthesis of compounds 17–19i.
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Figure 10. Synthesis of compounds 20a–21d.

In summary, most of mononitropyrazoles and their derivatives owned relatively low thermal
properties and detonation properties. They are always used as intermediates for novel complicated
energetic materials. The introduction of polynitromethyl group can improve the oxygen balance
efficiently, while have a little influence on the heats of formation. The nitramino group and nitrogen-rich
heterocyclic can enhance the detonation properties, improve the safety, and increase the heats of
formation of mononitropyrazoles. The choice of solvent and nitrification in synthesis routes should be
more environmental and facile.

2.2. Dinitropyrazoles and Their Derivatives

Dinitropyrazoles own higher density and better detonation performance than mononitropyrazoles
attributing to one more nitro group. The typical dinitropyrazoles include 3,4-dinitropyrazole (3,4-DNP),
3,5-dinitropyrazole (3,5-DNP), 1-methyl-3,4-dinitropyrazole (3,4-MDNP), 1-methyl-3,5-dinitropyrazole
(3,5-MDNP), and 4-amino-3,5-dinitropyrazole (LLM-116).

3,4-DNP is a kind of white crystal, possessing higher density (1.87 g·cm−3), lower melting point
(86–88 ◦C), higher decomposition temperature (285 ◦C), higher detonation velocity (8.1 km·s−1) and
detonation pressure (29.4 GPa) than TNT. This compound was first reported by Biffin’s team in
1966 [72]. In an earlier study, pyrazole, 4-NP, 3-nitro-4-cyanopyrazole and other raw materials have
been investigated to prepare 3,4-DNP, while most of the methods did not satisfied industrialization due
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to complex process, high production cost or low yield [45,55,73–76]. At present, the three-step synthetic
route as shown in Figure 11 (Scheme A), and the two-step route (Scheme B) are the most widely
used [77–80]. 3,4-MDNP is a typical thermal stability nitropyrazole, exhibiting stable thermodynamic
state at 300 ◦C. Its melting point and density are lower than those of 3,4-DNP (20–23 ◦C, 1.67 g·cm−3),
and 3,4-DNP shows low detonation velocity (7.76 km s−1) and detonation pressure (25.57 GPa) due to
the introduction of methyl group. It has potential application in liquid explosive, which can reduce the
melting point of liquid phase carrier in castable explosive [32]. Recently, Ravi et al. [73] had synthesized
3,4-MDNP by nitrating 1-methylpyrazole or 1-methyl-3-nitropyrazole with montmorillonite (K-10)
and Bi(NO3)3, while this method was high cost and the products were difficult to separate. Li et al. [81]
reacted 3,4-DNP and dimethyl carbonate (DMC) in DMF with K2CO3 as catalyst, then, his group
further synthesized 3,4-MDPN with 3-NP as raw material (Figure 11, Scheme C) [82]. In this method,
DMC was used as methylation agent and the yield of methylation was high (95.6%), which could
meet the requirement of green chemistry. As 3,5-DNP with a melting point of 173–174 ◦C and density
of 1.80 g·cm−3, the decomposition temperature of 316.8 ◦C owns higher detonation properties than
3,4-DNP (7.76 km·−1 and 25.57 GPa). Moreover, 3,5-DNP is relatively stable because of the symmetrical
molecular distribution, it can be used as a simple explosive or as a key intermediate in the synthesis of
insensitive explosives [55]. Generally, the starting materials for preparing 3,5-DNP could be pyrazole
and 3-NP. Wang et al. [83] nitrated 3-NP to get 1,3-dinitropyrazole, then 1,3-dinitropyrazole was
reacted with NH3 in PhCN to produce the ammonium salt of 3,5-DNP. After neutralization with
hydrochloric acid, the 3,5-DNP could be obtained (Figure 12, Scheme A). Liu et al. [28] also nitrated
3-NP, and rearranged 1,3-dinitropyrazole to get 3,5-DNP (Figure 12, Scheme B). For pyrazole as starting
material, 3,5-DNP was always prepared by a four-step route (nitration of pyrazole, rearrangement of
N-nitropyrazole, nitration of 3-NP, and rearrangement of 1,3-dinitropyrazole). 3,5-MDNP owns the
similar energetic properties with 3,4-MDNP, while it has a higher melting point (about 60 ◦C). Moreover,
3,5-MDNP could be synthesized by methylation of 3,5-DNP [84]. However, most methylation agents
were extremely toxic, thus searching for a green methylation agent would be the key factor.
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Figure 11. Synthesis of 3,4-DNP and 3,4-MDNP.

LLM-116 is a powerful and insensitive explosive, its energy is 90% of HMX and its impact sensitivity
is extremely low [55,85]. It was first synthesized by the Lawrence Livermore National Laboratory
(LLNL) in 2001, and many studies were performed to assess its synthesis in the following years.
Wang et al. [86] utilized vicarious nucleophilic substitution (VNS) of 3,5-DNP and trimethylhydrazine
iodideto (TMHI) to prepare LLM-116 with a yield of 60%, while the toxic TMHI was the main factors
restricting wide application of this method. In 2014, Stefan et al. [87] developed four synthetic routes
of LLM-116, using 4-NP, 3,5-dimethylpyrazole, 3,5-DNP and 4-chloropyrazole as starting materials,
respectively (Figure 13, Scheme A–D). Table 5 shows the comparison of the four routes. The synthesis of
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Scheme D was simple and its yield was high, which was suitable for industrialization. Zhang et al. [88]
also used 4-chloropyrazole as a starting material to synthesize LLM-116 with an overall yield of 65%.

 

 

Figure 12. Synthesis of 3,5-DNP and 3,5-MDNP.

 

 

Figure 13. Synthesis of LLM-116.

Table 5. A brief comparison of four routes by Stefan.

Via 4-NP (Method A)
Via 3,5-Dimethylpyrazole

(Method B)
Via 3,5-DNP (Method C)

Via 4-Chloropyrazole
(Method D)

Four steps Six steps Five steps Two steps
Moderate amount of waste High amount of waste Moderate amount of waste Small amount of waste

No unfavorable solvents
required

No unfavorable solvents
required DMSO used in the last step No unfavorable solvents

required
Moderate overall yield, 40% Moderate overall yield, 37% Low overall yield, 21% Moderate overall yield, 61%

Average yield/step: 80% Average yield/step: 85% Average yield/step: 73% Average yield/step: 78%

In addition, 4-Chloro-3,5-dinitropyrazole was a useful intermediate in the preparation of various
3,5-DNP [89], owning good reactivity towards nucleophiles. He et al. [90] synthesized a series of
3,5-DNP derivatives based on 4-chloro-3,5-dinitropyrazole and 1-methyl-4-chloro-3,5-dinitropyrazole
shown in Figure 14. From Table 6, all compounds exhibited better detonation properties than those of
TNT, and these compounds owned better IS than RDX except compound 33. Compounds 26 and 28
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had an especially good balance between physical properties and detonation properties as well as
excellent insensitivity, making them potential replacement of RDX.
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Figure 14. Synthesis of derivatives based on 4-amino-3,5-dinitropyrazole and 1-methyl-4-chloro-
3,5-dinitropyrazole.

Table 6. Physical and detonation properties of compounds 22–35. The data of compounds 22–35 are
from reference [90].

Entry ρ/g·cm−3 D/km·s−1 P/GPa Td/
◦C HOF/kJ·mol−1 IS/J

22 1.74 8.22 30.1 178 137.0 17
23 1.69 8.25 28.7 176 104.6 35
24 1.72 8.31 30.2 176 220.7 18
25 1.63 8.14 26.3 275 64.8 >60
26 1.88 8.73 35.0 241 166.0 >40
27 1.66 7.82 23.4 245 133.5 >40
28 1.84 8.46 31.0 308 182.6 >40
29 1.78 8.39 31.4 233 236.6 10
30 1.74 8.41 31.0 161 436.0 14
31 1.63 7.42 21.7 228 177.0 22
32 1.71 8.72 30.9 146 549.6 8
33 1.70 8.18 27.6 101 414.4 6
34 1.67 7.80 24.6 270 64.5 >40
35 1.78 8.25 31.2 285 109.1 >40

Energetic salts often possess superior properties comparing with non-ionic species since they
always show lower vapor pressures, lower impact and friction sensitivities, and enhanced thermal
stabilities [19]. In addition to the derivatives mentioned above, Klapötke group [26] developed the ionic
salts of 3,4-DNP and 3,5-DNP shown in Figure 15, and these salts were extremely insensitive in Table 7.
Comparing with 3,4-DNP, 36 and 38 owned much lower decomposition temperatures, similar to that
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of 37, 39 and 3,5-DNP. Zhang et al. [91] developed the ionic salts of LLM-116 with several nitrogen-rich
cations as shown in Figure 16. These compounds showed extraordinary insensitivity to impact (>60 J),
as the detonation properties of 40i and 41k were comparable to those of TATB (31.15 GPa, 8.11 km·s−1)
(Table 7).
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Figure 15. Synthesis of ionic salts of 3,4-DNP and 3,5-DNP.

Table 7. Physical and detonation properties of ionic salts of dinitropyrazoles. The data of compounds
36–39 are from reference [26], the data of compounds 40a–41o and TATB are from reference [91].

Entry ρ/g·cm−3 D/km·s−1 P/GPa Td/
◦C HOF/kJ·mol−1 IS/J FS/N

36 1.69 - - 127 - 40 360
37 1.70 8.11 25.9 300 - 40 360
38 1.63 7.59 21.1 156 - 40 360
39 1.59 7.32 19.1 295 - 40 360
40a 1.63 8.14 26.3 275 64.8 >60 -
40b 1.64 8.19 26.4 221 222.6 >60 -
40c 1.63 7.72 21.6 303 36.1 >60 -
40d 1.69 8.24 25.2 223 140.1 >60 -
40e 1.62 7.44 22.7 179 310.4 >60 -
40f 1.67 7.73 22.4 257 283.6 >60 -
40g 1.73 8.12 25.8 223 411.1 >60 -
40h 1.79 8.42 27.2 270 241.6 >60 -
40i 1.84 8.74 32.6 193 211.9 >60 -
41j 1.67 8.35 25.9 201 250.5 >60 -
41k 1.71 8.75 28.9 229 356.9 >60 -
41l 1.72 7.98 24.2 169 100.4 >60 -

41m 1.73 7.94 23.1 243 −166.3 >60 -
41n 1.54 7.71 21.0 206 389.3 >60 -
41o 1.60 7.78 22.4 173 471.8 >60 -

TATB 1.93 8.11 31.2 324 −140.0 50 -

N-oxidation of nitrogen-rich heterocycles including transformation of amino group to nitroso,
azoxy, or nitro groups is another approach to designing HEDMs, which opens new avenues for
the development of HEDMs [92,93]. The efforts to developing N-oxidation of dinitropyrazoles
have been made recently. Bölter et al. [94] introduced -OH on N atom of 3,4-DNP and 3,5-DNP,
and obtained several salts (Figure 17, Scheme A). From Table 8, these compounds were less sensitive
than RDX, and did not exhibited excellent detonation properties. Yin et al. [95] synthesized a family of
4-amino-3,5-dinitro-1H-pyrazol-1-ol (44) and its ionic derivatives (44a–f) (Figure 17, Scheme B).
Except 44·H2O, all the compounds (44a–f, and 45) with thermal decomposition temperatures
(169–216 ◦C) shown good balance between detonation properties and insensitive properties as
shown in Table 8. Zhang et al. [96] synthesized the 4-nitramino-3,5-dinitropyrazole by nitrating
the -NH2 of LLM-116, and prepared several energetic salts which exhibited good insensitivity and
moderate detonation properties.
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Figure 16. Synthesis of ionic salts of LLM-116.
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Figure 17. Synthesis of ionic salts of dinitropyrazoles.

Table 8. Physical and computational properties of ionic salts of dinitropyrazoles. The data of
compounds 42a–43d are from reference [94], the data of compounds 44·H2O–45 are from reference [95].

Entry ρ/g·cm−3 D/km·s−1 P/GPa Td/
◦C IS/J FS/N

42a 1.96 7.92 26.9 197 5 216
42b 1.68 8.28 28.2 167 10 360
42c 1.70 8.06 25.1 180 30 360
42d 1.64 8.02 24.7 169 10 360
43a - - - 229 6 240
43b 1.62 7.91 24.4 224 30 288
43c 1.68 7.94 24.2 266 40 360
43d 1.68 8.16 25.7 131 10 360

44·H2O 1.86 - - 93 20 240
44a 1.79 8.94 34.4 216 25 240
44b 1.86 9.00 37.6 182 35 360
44c 1.84 8.80 34.0 175 40 360
44d 1.71 8.20 26.4 204 40 360
44e 1.71 8.54 28.0 169 40 360
44f 175 8.88 30.7 214 40 360
45 1.80 8.81 33.9 212 40 360

As mentioned above, polynitromethyl are considered to be more favorable groups to give
remarkable improvements in densities and detonation properties of energetic materials. Especially the
N-trinitroethylamination of nitropyrazole is more available since it is stable to be handled
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safely. The N-trinitroethylamination of dinitropyrazole was firstly proposed by Shreeve team [57].
They obtained several N-amino-dinitropyrazoles firstly, then these compounds underwent Mannich
reactions with trinitroethanol to acquire the corresponding derivatives (46–50) (Figure 18, Scheme A).
It was noteworthy that 1-amino-3,5-dinitropyrazole and 1-amino-3,4-dinitro-5-cyanopyrazole failed
to get the corresponding compounds due to the electron-withdrawing effect of substituent
groups bonded to dinitropyrazole ring. In addition, they employed an alternative synthetic
method to obtain 1,5-diamino-3,4-dinitropyrazole (51) (Figure 18, Scheme B) because attempted
amination of this compound using TsONH2 acid or NH2OSO3H failed. From Table 9, although the
azido-functionalized dinitropyrazole (47) decomposed at 121 ◦C, compound 46 and 51 had high
decomposition temperatures, and 47 and 50–52 owned higher density than RDX. These indicated the
introduction of an -NH2 could enhance density. In addition, N-trinitroethylamination of dinitropyrazole
(48–50 and 52) shown high HOF and good detonation properties. N-trinitromethyl moiety was
introduced by Dalinger’s team [58], they synthesized 3,4-dinitro–1-(trinitromethyl)-pyrazoles
(53) and 3,5-dinitro-1-(trinitromethyl)-pyrazoles (54) with excellent physical and computational
properties as shown in Figure 19. They were a little less insensitive than the RDX and PETN,
similar to N-trinitroethylamination dinitropyrazoles shown in Table 9. Fluorine and fluorinated
functional groups are importantly promising substituents in the field of energetic materials [97].
C(NO2)2F and C(NO2)2NF2 moieties bring high energy, maintaining high density and good thermal
property were incorporated into dinitropyrazole by fluorinated compound 55 (Figure 19, Scheme C).
The two compounds had high density (≥1.92 g·cm−3), good oxygen balance (+2.55% for 57 and 0% for
56), and high detonation pressure and velocity [98].
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Figure 18. N-Trinitroethylamination of dinitropyrazole.

Table 9. Physical and computational properties of several polynitropyrazoles. The data of compounds
46–52 are from reference [57], the data of compounds 53–54 are from reference [58].

Entry ρ/g·cm−3 D/km·s−1 P/GPa Tm/
◦C Td/

◦C HOF/kJ·mol−1 IS/J FS/N

46 1.71 7.46 20.1 58 241 200.3 >40 360
47 1.82 9.05 35.8 120 121 548.2 1.5 5
48 1.78 8.67 33.1 87 110 142.3 6 80
49 1.82 9.00 35.6 - 117 491.7 2.5 20
50 1.81 8.75 34.3 - 116 124.1 12 120
51 1.82 8.69 32.8 133 238.2 173.0 >40 360
52 1.83 8.80 35.0 - 134.4 112.0 8 80
53 1.91 8.67 35.5 80 157 244.0 8 130
54 1.94 8.73 36.6 81 159 206.0 9 145
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Figure 19. Synthesis of compounds 53–57.

Dinitropyrazoles bearing other heterocycles are also interesting and notable. To obtain the
melt-castable explosives with good compatibility, improved oxygen balance and moderate detonation
properties, compound 58 incorporating both N-trinitromethyl and C-methyl substituents in addition
to nitro groups was synthesized by Sheremetev’s group [99] (Figure 20). This low melting temperature
compound has been proved to own higher detonation pressure and velocity values than those of
others melt-castable energetic heterocycles bearing methyl group, which provided feasible route to
castable energetic materials. In addition, introduction of polynitrogen heterocycle and formation of
energetic salts are main methods to improve the thermal stability of explosives [100]. In 2016,
a heat-resistant energetic material, compound 59 bearing triazole ring, was synthesized using
5-amino-3-nitro-1H-1,2,4-triazole (ANTA) and 3,4,5-trinitrated-1H-pyrazole (TNP), and several salts
based on it were developed by Zhou et al. [101] (Figure 21, Scheme A). As shown in Table 10, compound
59 had high decomposition temperature (270 ◦C) and high positive HOF (833 kJ·mol−1). All the salts
showed good thermal stability, excellent insensitivity, and good detonation properties. In particular,
the guanidinium salt 59d exhibited the best thermal stability superior than that of most explosives.
Considering thermal stability and energetic properties, compounds 59 and 59d could be used as
heat-resistant explosives and it was possible that these compounds can be applied as heat-resistant
materials. Afterwards, their group reported a family of unsymmetrical N-bridged dinitropyrazoles
synthesized by TNP and 5-amino-1H-tetrazole (ATZ) and its organic salts (Figure 21, Scheme B).
Several compounds (60, 60b, and 60c) with high N contents exhibited superior detonation velocities
but inferior detonation pressures compared to HMX and insensitivities to impact (IS > 40 J) and friction
(FS > 360 N) comparable to those of TATB (Table 10), which could be promising insensitive HEDMs for
practical application.
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Figure 20. Synthesis of compound 58.
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Figure 21. Synthesis of compounds 59–60i.

Table 10. Physical and computational properties of 59–60i. The data of compounds 59–59m are from
reference [101], the data of compounds 60–60i and HMX are from reference [88].

Entry ρ/g·cm−3 D/km·s−1 P/GPa N/% Td/
◦C HOF/kJ·mol−1 IS/J FS/N

59 1.84 9.17 37.8 44.2 270 833.4 9 240
59a 1.73 8.62 31.6 46.4 285 622.8 >40 >360
59b 1.76 8.83 34.4 44.0 215 709.9 33 252
59c 1.74 8.80 32.9 48.6 241 811.4 >40 >360
59d 1.78 8.66 31.1 48.8 340 624.1 >40 >360
59e 1.65 8.24 26.5 50.7 281 728.9 >40 >360
59f 1.70 8.54 28.9 52.4 262 831.7 27 240
59g 1.71 8.69 30.0 54.0 242 941.4 20 216
59h 1.72 8.36 28.8 51.0 279 828.3 >40 252
59i 1.74 8.56 29.5 52.6 292 944.8 >40 >360
59j 1.80 9.03 35.2 54.5 222 1211.7 12 252
59k 1.77 8.65 30.5 54.2 303 1166.1 20 >360
59l 1.75 - - 41.0 261 - 7.5 252

59m 1.91 - - 37.7 281 - 5 216
60 1.86 9.29 38.6 52.3 279 856.4 35 240

60a 1.79 8.95 33.3 54.3 299 672.6 >40 168
60b 1.84 9.23 37.4 51.1 296 719.7 >40 216
60c 1.84 9.36 37.0 56.4 290 819.8 >40 360
60d 1.67 8.26 25.9 56.0 256 648.8 >40 360
60e 1.72 8.76 28.6 61.2 216 808.7 >40 32
60f 1.79 9.07 32.5 59.4 285 844.9 >40 288
60g 1.81 9.29 34.2 60.9 287 954.9 >40 84
60h 1.84 8.95 32.2 57.6 286 840.2 >40 360
60i 1.82 9.00 32.3 59.1 261 960.0 >40 360

HMX 1.91 9.19 39.7 37.8 287 104.8 7.4 120
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In summary, some dinitropyrazoles and derivatives exhibit low melting points and high
decomposition temperatures as well as good detonation, which can make them competitive candidates
for a castable explosive. To further improve the performance of dinitropyrazole-based energetic
materials, a combination of several functional groups should be better, for example, the combination of
nitramine and polynitrogen heterocyclic which can endow them with high thermal stability and good
detonation performance.

2.3. Trinitropyrazole and Its Derivatives

TNP is the unique pyrazole compound by total carbon nitrification [102]. This compound owns
good thermal stability (260–350 ◦C of Td) and chemical stability, and shows high detonation velocity
(9.0 km·s−1) and detonation pressure (37.09 GPa). Wu et al. reviewed the synthesis of TNP in recent
years in detail [102], including direct nitration methods, amino oxidation method, amino diazotization
method, iodo nitrification method and microwave rearrangement method. The typical synthesis of
TNP is the oxidation of LLM-116 rather than 5-amino-3,4-dinitropyrazole, and this is partly because
the amino group in LLM-116 has higher electron cloud density and steric hindrance than amino group
in 5-amino-3,4-dinitropyrazole, which can promote the intermolecular oxidation reaction and avoid
the occurrence of intermolecular side reaction effectively, and partly because the “NO2-NH2-NO2”
framework in LLM-116 makes it more stable and easier to synthesize. In addition, the nitrification of
3,5-DNP is another typical synthesis route of TNP. Traditional oxidation methods have the following
defects: harsh reaction conditions, poor selectivity, by-products, high risk factor, expensive metal
catalyst and toxic organic solvent. Although the synthesis of TNP with LLM-116 and 3,5-DNP as
starting materials are mature, the synthesis of LLM-116 and 3,5-DNP are complicated. It is necessary
to explore novel synthesis method. Zhao et al. [44] used LLM-116 as starting material, water as solvent,
and KHSO5 as oxidant to synthesize TNP. Ravi et al. [103] put forward the nitration system of metal
nitrate and studied the process of nitration to TNP. These two methods are promising to prepare TNP.

Moreover, 1-methyl-3,4,5-trinitropyrazole (MTNP), a derivative of TNP, is an insensitive energetic
material with 91.5 ◦C of melting point, 248–280 ◦C of decomposition temperature, 8.65 km·s−1 of
detonation velocity, and 33.7 GPa of detonation pressure [104]. Ravi et al. [103] added K-10 and TNP to
bismuth impregnated in THF to obtain MTNP (Figure 22, Scheme A). There were also many routes to
synthesize MTNP. Dalinger et al. [105,106] dissolved TNP in NaHCO3 aqueous solution with Me2SO4 as
methylation reagent to acquire MTNP (Figure 22, Scheme B). Guo et al. [107] synthesized MTNP from
1-methyl-pyrazole by one-step method with nitric acid and fuming sulfuric acid (Figure 22, Scheme C).
Among these methods, selection of highly efficient catalytic synthesis process and low toxicity
methylation reagent are the trend in MTNP synthesis. In addition, 1-amino-3,4,5-trinitropyrazole
(ATNP) is also a derivative of TNP with excellent detonation properties (D = 9.17 km·s−1

and P = 40.9 GPa) and thermal stability [108]. This was reported by Herve et al. [93], and the
synthesis route is shown in Scheme D of Figure 22 (Pic-O-NH2 = 2,4,6-trinitrophenyl-O-hydroxylamine)
with a yield of 26%.

The N-H bond in TNP is easy to neutralize with alkali or react with metal salts forming energetic
salts due to the stereoscopic structure and spatial effect of pryazole ring. These energetic salts
further broaden the application of TNP. Zhang et al. [109] prepared a series of energetic salts of
TNP based on nitrogen-rich cations (61a–m) (Figure 23, Scheme A), all the salts showed poorer
densities and detonation properties than TNP (Table 11), but they owned good thermal stability
and excellent insensitivity. Drukenmuller et al. [110] reported the synthesis of alkali and earth
alkali trinitropyrazolate (62a–d) (Figure 23, Scheme B), compound 62d exhibited predominantly
decomposition temperatures (Table 11). They also prepared pyrotechnic formulations using 62c and
62d, which showed good color properties and low sensitivity as well as high Td. In addition, Shreeve’s
group [111] synthesized 3,4,5-trinitropyrazole-1-ol (63) and its nitrogen-rich salts (63a–g) (Figure 24)
the corresponding properties are shown in Table 11. Compound 63 with its high oxygen content
(51.13%) could be the green replacement of the currently used oxidizer (NH4ClO4), while the high IS
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(1 J) restricted its application. Compound 63a–g with acceptable impact sensitivities and detonation
performance could be useful energetic materials.

 

−

−

 

Figure 22. Synthesis of MTNP and ATNP.

 

 

ρ − − P T / С −

Figure 23. Synthesis of different salts of TNP. (A), the polynitrogen salts; (B), the alkali and earth
alkali salts.
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Table 11. Property parameters of salts of TNP. The data of compounds 61a–61m are from reference [109],
the data of compounds 62a–62d are from reference [110], the data of compounds 63–63g are from
reference [111].

Entry ρ/g·cm−3 D/km·s−1 P/GPa Td/
◦C HOF/kJ·mol−1 IS/J FS/N

61a 1.73 8.46 29.9 224 60.5 40 -
61b 1.69 7.87 25.6 167 299.0 >40 -
61c 1.71 7.97 26.0 171 273.5 >40 -
61d 1.77 8.54 31.9 168 401.2 >40 -
61e 1.76 8.22 27.7 196 235.6 >40 -
61f 1.66 7.87 24.7 235 28.3 >40 -
61g 1.69 8.13 26.9 222 133.6 >40 -
61h 1.68 7.82 24.3 243 452.3 >40 -
61i 1.76 8.36 28.8 206 355.0 >40 -
61j 1.61 7.59 23.7 219 375.0 >40 -
61k 1.64 7.92 25.2 167 459.8 35 -
61l 1.62 7.98 25.3 197 246.5 >40 -

61m 1.65 8.24 27.2 184 352.7 >40 -
62a - - - 274 - 40 96
62b - - - 254 - 25 80
62c - - - 193 - 40 80
62d - - - 302 - 5 144
63 1.90 8.67 36.4 146 118.5 1 -

63a 1.82 8.68 35.1 176 35.1 6 -
63b 1.72 8.18 28.8 171 3.1 >40 -
63c 1.73 8.18 29.5 140 274.9 >40 -
63d 1.73 8.18 29.2 132 250.5 >40 -
63e 1.74 8.15 30.8 118 381.6 >40 -
63f 1.76 8.26 29.7 186 213.7 >40 -
63g 1.77 8.44 31.1 185 331.9 >40 -

 

 

ρ − − С −

Figure 24. Synthesis of compound 63 and its salts.

Polynitrogen heterocycle linking to TNP is a promising method to reach a balance between
the energetic and physical properties of TNP, while there are a few references about it.
Shreeve et al. [112] reported the synthesis of asymmetric N,N′-ethylene bridged 5-aminotetrazole
and TNP moieties. They prepared 1-(2-(3,4,5-trinitro-1H-pyrazol-1-yl)ethyl)-1H-tetrazol-5-amine
and 1-(3-(3,4,5-Trinitro-1H-pyrazol-1-yl)propyl)-1H-tetrazol-5-amine, and the two compounds were
excellent insensitive and moderate powerful. In addition, they synthesized 5-((3,4,5-trinitro-1H-pyrazol-
1-yl)methyl)-1H-tetrazole by N-methylene-C bridging TNP and tetrazole, which showed outstanding
detonation properties and moderate insensitivity [113].
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3. Nitrated-Bispyrazoles Based Compounds

Nitropyrazoles can be connected with nitrogen-rich heterocycles to obtain amazing energetic
materials. In the previous section, nitropyrazoles bearing some polynitrogen heterocycles have been
shown. Generally, these compounds exhibit some special properties, such as high detonation properties,
good thermal stability, excellent safety, high density, and heat of formation, etc. Nitrated bispyrazoles
also have attracted more and more attention, we will review the nitrated bispyrazole-based energetic
materials in this section.

3.1. Directly Bridged Bis(Nitropyrazole)s

In 2014, Li et al. [27] synthesized several polynitro-substituted 1,4′-bridged-bispyrazoles energetic
salts (64–67) as shown in Figure 25. They found that these compounds showed remarkable
and unprecedented comprehensive properties (Table 12), and most of them with low toxicity were not
hygroscopic. These compounds exhibited excellent impact sensitivities close to TATB, and the melting
points and thermal decomposition temperatures were high, which could be applied as heat-resistant
explosive. Compound 64 showed high Td approximating that of hexanitrostilbene (HNS, 316 ◦C).
The energetic properties of compounds 64, 65, 65a, 66, and 67 were comparable with or superior to RDX,
especially compound 66. In 2017, Tang et al. [114] prepared 4,4′,5,5′-tetranitro-2H,2′H-3,3′-bipyrazole
(69) and its di-N-amino product (70), and the detailed route is described in Figure 26. Compound 70
showed good thermal stability and insensitivities as well as high detonation properties (Table 12).
In addition, they synthesized 4,4′-dinitro-5,5′-diamino-2H,2′H-(3,3′-bipyrazole) (consisting of two
3-amino-4-nitropyrazole rings), this compound also show outstanding balance between thermal
stability and safety (Table 12) [115]. Afterwards his team reported a variety of energetic materials
based on compound 69 shown in Figure 27. Compounds 71, 73b, and 73h had high densities and
good detonation velocities (Table 12), which were superior to RDX suggesting their use in secondary
explosives. The dipotassium salt 73b had a high density of 2.029 g·cm−3 and excellent thermal stability
of 323 ◦C, and could be applied as primary explosives [116]. However, the poor impact sensitivity
might restrict their further application. In 2019, Domasevitch and co-authors [117] found an efficient
approach towards facile accumulation of nitro functionalities at the pyrazole platform. Compounds 74,
75, and 76 were synthesized according to Figure 28. From Table 12, the three compounds owned high
decomposition temperatures above 290 ◦C, especially for 75 and 76. The introduction of three and
four -NO2 into the 4,4-bipyrazole scaffold could produce insensitive and thermally stable energetic
materials with ideal densities and good detonation properties.

 

С

 

Figure 25. Synthesis of compounds 64–67.
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Table 12. Physicochemical and energetic properties of compounds 64–76. The data of compounds 64–67
are from reference [27], the data of compounds 70 are from reference [114], the data of compounds 71–73i
are from reference [116], the data of compounds 74–76 are from reference [117].

Entry ρ/g·cm−3 D/km·s−1 P/GPa Tm/
◦C Td/

◦C HOF/kJ·mol−1 IS/J FS/N

64 1.96 8.72 36.0 269 308 185.4 >40 -
65 1.89 8.60 35.0 dec 242 388.1 >40 -

65a 1.88 8.62 34.6 dec 262 274.7 >40 -
65b 1.73 8.04 27.3 dec 228 246.5 >40 -
65c 1.67 8.09 27.1 249 272 506.4 >40 -
65d 1.71 8.20 27.9 210 272 448.8 >40 -
65e 1.72 8.34 29.0 212 266 558.0 >40 -
65f 1.75 8.33 31.1 dec 259 331.2 >40 -
65g 1.82 8.45 31.0 247 297 557.0 >40 -
65h 1.72 8.23 28.9 166 261 700.4 >40 -
65i 1.80 8.54 32.8 dec 260 428.1 >40 -
66 1.82 8.81 37.0 158 297 824.2 28 -
67 1.87 8.65 35.1 260 284 477.9 >40 -
70 1.76 8.50 31.0 - 252 475.7 30 360
71 1.88 8.99 36.0 - 150 347.4 5 240
72 1.92 8.04 28.9 150 228 -50.7 6 120

73a 2.03 7.77 27.3 - 323 -125.2 4 40
73b 1.85 8.85 35.8 - 137 220.6 8 240
73c 1.77 8.67 31.5 94 155 220.9 10 240
73d 1.76 8.34 29.4 - 193 116.2 10 240
73e 1.69 8.14 25.2 - 196 353.3 15 360
73f 1.75 8.31 27.3 185 186 791.9 16 360
73g 1.76 8.22 26.5 - 206 565.4 12 360
73h 1.81 8.95 34.2 187 193 1359.4 10 360
73i 1.80 8.54 28.9 - 250 1269.7 18 360
74 1.79 7.53 22.1 377 382 203.5 30 >360
75 1.81 8.36 28.6 306 314 224.9 20 >360
76 1.86 8.52 31.1 292 298 227.8 4.5 192

 

С

 

Figure 26. Synthesis of compounds 68–70.
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Figure 27. Synthesis of compounds 71–73i.
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Figure 28. Synthesis of compounds 74–76.

3.2. Alkyl-Bridged Bis(Nitropyrazoles)

Alkyl is also a good linkage to construct nitrogen-rich moieties, and many N,N′-alkyl-bridged
energetic materials have been developed [112,118–121]. Yin et al. [122] developed a novel
class of N,N′-ethylene-bridged bis(nitropyrazoles) with the synthetic route shown in Figure 29.
Compounds 77–85 displayed various properties (Table 13) owing to the diversified functionalizations.
Diaminobis(pyrazoles) showed good thermal stability, highly insensitivity, and favorable energetic
performance; for example, the thermal decomposition temperature (311 ◦C) and detonation properties
(27.9 GPa and 8.19 km·s−1) of 77 were higher than those of TNT, and were comparable to those of
TATB. By contrast, N,N′-ethylene bridged dinitraminobis(pyrazoles) and diazidobis(pyrazoles) owned
better detonation performances, while having higher impact and friction sensitivity. Compound 80
was the most promising energetic material with high density, favorable thermal stability, and good
detonation properties, which were comparable to RDX. In addition, the relatively low impact and
friction sensitivities of 80 showed good integrated properties, highlighting its potential application as
a replacement of RDX. In 2016, Fischer et al. [123] synthesized three different bisnitropyrazole-based
energetic materials by N,N′-methylene bridge (86–88), the detailed synthetic route is displayed
in Scheme A of Figure 30. These energetic compounds could be used for different applications
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according to their properties (Table 13), compound 86 was a secondary explosive with a high
Td (310 ◦C), enhanced detonation parameters by contrast with HNS, and high sensitivity to
external stimuli. Compound 87 exhibited excellent detonation velocity (approximately to CL-20).
The higher performance and better thermal stability of 88 was relative to DDNP making it
a potential candidate as a green primary explosive. In addition, the synthetic routes are economical.
Afterwards, their group used a similar route to prepare bis(3,4-dinitro-1H-pyrazol-1-yl)methane (89)
and bis(3,5-dinitro-1H-pyrazol-1-yl)methane (90) with high decomposition temperature and low
sensitivities having capability as future energetic materials (Table 13) [94]. Gozin et al. [124] explored
the possible influence factor of the thermostable property of explosives, and under the guidelines they
proposed, they synthesized the compounds 91 and 92 with excellent thermal stability and moderate
sensitivities shown in Figure 31 and Table 13.
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Figure 29. Synthesis of bis(nitropyrazoles) linked by N,N′-ethylene-bridge 77–85.

Table 13. Physicochemical and energetic properties of 74–87. The data of compounds 77–85 are from
reference [122], the data of compounds 86–88, CL-20 and DDNP are from reference [123], the data of
compounds 89–90 are from reference [94], the data of compounds 91–92 are from reference [124].

Entry ρ/g·cm−3 D/km·s−1 P/GPa OB/% Td/
◦C HOF/kJ·mol−1 IS/J FS/N

77 1.77 8.19 27.9 −17.2 311 218.9 >40 >360
78 1.84 8.75 34.3 3.5 80 380.6 7 80
79 1.72 7.80 24.2 −19.0 247 441.9 20 80
80 1.84 8.76 34.1 7.4 250 306.9 25 160
81 1.78 8.80 33.4 −7.5 112 1233.9 4 60
82 1.88 7.88 27.0 −7.8 319 230.0 >40 >360
83 1.76 8.56 31.0 −7.5 135 1013.9 3 60
84 1.75 8.13 27.3 −17.2 256 237.9 >40 >360
85 1.83 8.71 33.7 3.5 81 368.1 6 60
86 1.80 8.33 29.6 −40.2 310 205 11 >360
87 1.93 9.30 39.1 −11.5 205 379 4 144
88 1.73 8.02 26.0 −44.7 226 497 1.5 40
89 1.76 8.14 28.0 −39.0 319 302 25 360
90 1.72 7.97 26.3 −39.0 330 266 35 360
91 1.81 8.23 28.6 −39.0 262 224.2 14 352
92 1.81 8.36 29.7 −51.4 351 184.3 10 352

CL-20 2.04 9.67 44.9 −11.0 195 365 3 96
DDNP 1.72 76.5 23.8 −60.9 157 139 1 5
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Figure 30. Synthesis of bis(nitropyrazoles) linked by N,N′-methylene-bridge 86–90.
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Figure 31. Synthesis of compounds 91 and 92.

3.3. Ring-Bridged Bis(Nitropyrazoles)

Ring-bridge is an important connector linking bis(nitropyrazoles) to obtain high performance
energetic materials. Pagoria et al. [125] reported the trimerization of LLM-116. 4-Diazo-3,5-bis(4-amino-
3,5-dinitropyrazol-1-yl) pyrazole (93) containing a stable diazo group was synthesized, and the detailed
route is shown in Figure 32. Compound 93 was more thermally stable (278 ◦C of Td) than LLM-116,
attributing to the considerable hydrogen bonding between -NH2 and -NO2, and the short contact
between the =N2 and -NO2 through the intermolecular interactions. Moreover, it was insensitive
to impact, friction, and spark. Yan et al. [126] designed mono and bi(1,2,4-oxadiazole) rings to
bridge polynitropyrazoles (Figure 33). Among compounds 94–99, 98, and 99 owned the highest
detonation velocity of 8.90 and 8.87 km·s−1, detonation pressure of 35.1 and 34.5 GPa, respectively.
94 and 95 processed good stability (272–274 ◦C) and good insensitivity (IS > 30 J and FS > 360 N)
as well as high detonation properties (8.69–8.74 km·s−1 of D and 33.4–34.0 GPa of P). 96 and 97
had the high thermal stability over 310 ◦C and good sensitivity (IS > 40 J, FS > 360 N). Comparing
with the conventional heat resistant explosive HNS, 96 and 97 owned better detonation properties
(7.99–8.03 km·s−1 of D, 25.2–26.4 GPa of P). Also, their team used the similar routes to synthesize
the bis(nitropyrazoles) with 1,3,4-oxadiazole (100–105) [127]. The properties of these compounds
are showed in Table 14. Moreover, Li et al. [124] synthesized the compound 106 with the procedure
shown in Figure 34. This compound exhibited an excellent decomposition temperature (341 ◦C), high
calculated detonation velocity of 8.52 km·s−1, and detonation pressure of 30.6 GPa. It also showed
impressive insensitivities (IS = 22 J, FS = 352, and ESD = 1.05 J). These showed building ring bridged
bis(nitropyrazoles) can be an effective approach to enhance the properties of energetic materials.
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Figure 32. Synthesis of compound 93.
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Figure 33. Synthesis of compounds 94–99, and chemical structures of compounds 100–105.

Table 14. Physical and energetic properties of energetic compounds 100–105. The data of compounds
100–105 are from reference [127].

Entry ρ/g·cm−3 D/km·s−1 P/GPa Td/
◦C HOF/kJ·mol−1 IS/J FS/N

100 1.80 8.10 27.1 338 521.6 >40 >360
101 1.81 8.05 26.5 368 639.8 >40 >360
102 1.83 8.86 34.2 159 762.1 8 150
103 1.84 8.77 33.3 186 882.4 13 220
104 1.87 8.71 32.8 265 602.7 30 360
105 1.84 8.54 31.7 254 519.4 35 >360

In addition, there are some other fused ring-bridged bis(nitropyrazoles). In 2017, Yin and
co-authors [128] synthesized compound 109 and its derivatives according to the procedure shown in
Figure 35, and their physicochemical and energetic properties are shown in Table 15. Among these
compounds, 107a had a high density and decomposition temperature as well as the good safety
parameters. The introduction of nitramino group gave 110 and 111 highest detonation velocities and
pressures, while they also exhibited sensitive properties to mechanical stimuli. Considering the whole
aspect, 108a was featured with promising integrated energetic performance exceeding those of the
benchmark explosive RDX. Shreeve’s group prepared (112) obtained from compound 69 by N-azo
coupling reactions shown in Scheme A of Figure 36 [114]. Compound 112 had a high density of
1.955 g·cm−3 and a good thermal stability (233 ◦C). Its detonation properties (9.63 km·s−1 and 44.0 GPa)
were comparable to CL-20, much better than those of RDX and HMX. In addition, the IS of 10 J and
FS of 240 N showed it was more stable than CL-20. These indicated compound 112 was a superior
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energetic explosive. In 2018, her team developed an efficient synthetic method of ring closure of
polynitropyrazoles with N,N′-ethylene/propylene bridges (Figure 36, Scheme B). Compounds 113 and
114 showed excellent thermal stability (261 ◦C for 113, 280 ◦C for 114), good detonation properties
and moderate insensitivities, making them potential candidates as HEDMs. This ring closure strategy
could provide new ideas of designing thermally stable explosives.
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Figure 34. Synthesis of compound 106.
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Figure 35. Synthesis of compounds 107a–111.

Table 15. Physicochemical and energetic properties of compounds 107a–111. The data of compounds
107a–111 are from reference [128].

Entry ρ/g·cm−3 D/km·s−1 P/GPa Td/
◦C HOF/kJ· g−1 IS/J FS/N

107a 1.90 8.79 34.3 261 1.10 15 240
107b 1.82 8.52 31.7 220 0.97 40 360
108a 1.86 8.89 35.9 221 1.05 35 360
108b 1.83 8.69 33.2 207 1.33 25 360
109 1.79 8.36 29.6 242 0.96 15 160
110 1.94 9.23 38.8 117 1.30 3 20
111 1.87 9.03 37.1 138 1.32 10 80
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Figure 36. Synthesis of compounds 112–114.

3.4. DCNP-Bridged Bis(Nitropyrazoles)

It is known that 1,3-Dichloro-2-nitro-2-azapropane (DCNP) is an useful precursor connecting
nitropyrazoles via nucleophile substitution [129]. In 2013, Zhang et al. [130] reported a family of
functionalized dipyrazolyl N-nitromethanamines (compounds 115–122 in Figure 37) using DCNP as
the bridge. These compounds exhibited densities between 1.69–1.90 g·cm−3 and thermal stabilities
range from 166–354 ◦C. From Table 16, it was easy to see the introduction of the azidodinitropyrazolate
group led to the most competitive detonation properties (35.1 GPa and 8.72 km·s−1 for 121, 35.2 GPa and
8.72 km·s−1 for 122). However, they showed high sensitivity (IS = 2 J). Compound 119 exhibited good
physical and detonation properties, such as high thermal stability, density, HOF, detonation pressure
and velocity, and great impact stability, which could be used a promising HEDM. Klapötke et al. [131]
also reported these compounds. They applied a different synthesis method of DNCP by the nitration
of hexamethylenetetramine, and the NaBr/acetone system was used to substitution reaction.

Table 16. Properties of nitrated bispyrazoles from 1,3-dichloro-2-nitro-2-azapropane. The data of
compounds 115–122 are from reference [130].

Entry ρ/g·cm−3 D/km·s−1 P/GPa Td/
◦C HOF/kJ·mol−1 IS/J OB/%

115 1.69 7.87 25.1 262 377.2 >40 −30.8
116 1.78 8.26 30.9 250 388.0 10 −4.0
117 1.78 8.27 31.0 261 398.0 >40 −4.0
118 1.90 8.06 30.6 252 371.8 11 0
119 1.86 8.64 34.7 232 486.4 >40 −7.4
120 1.89 8.04 30.4 354 381.3 >40 0
121 1.83 8.72 35.1 166 1108.2 2 0
122 1.83 8.72 35.2 169 1118.7 2 0

In general, the physical and energetic properties of bridged bis(nitropyrazole)s can be adjusted
by the bridged groups. The design of novel bridged group would be a key factor to synthesize
new HEDMs, and forming polycyclic derivatives even cage compounds could be more attractive.
In addition, the salts of bridged bis(nitropyrazole)s should be explored in-depth.
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Figure 37. Synthesis of nitrated bispyrazoles 115-122 from 1,3-dichloro-2-nitro-2-azapropane.

4. Nitrated Pyrazolo[4,3-c]Pyrazoles and Their Derivatives

Application of molecular design and explosive performance prediction has explored many
novel energetic materials based on pyrazolopyrazole ring system [2,132,133]. Heterocycles like
pyrazolo-pyrazole always own high density and oxygen balance, good thermal stability, and enhanced
energetic performance of an energetic material.

3,6-Dinitropyrazolo[4,3-c]pyrazole (DNPP) is a new type of energetic material with attractive
properties (1.865 g·cm−1 of ρ, 42.42% of nitrogen content, 273 kJ·mol−1, 330.8 ◦C of Td and 68 cm of
D50). This compound synthesized from 3,5-dimethylpyrazole was firstly reported by Dalinger and
co-workers [134]. Pagoria et al. [135] improved the synthetic route to DNPP as shown in Scheme
A of Figure 38. In this procedure, 4-diazo-3,5-dimethylpyrazole salt is an important intermediate.
Li et al. [136] improved the process of 4-diazo-3,5-dimethylpyrazole salt using freezing crystallization
instead of extraction which avoided large use of organic solvents and improved its yield. This procedure
has several advantages, such as ease of synthesis scale-up and better product yield. In addition,
Luo et al. [137] proposed that DNPP could be obtained by dehydration condensation, primary nitration,
reduction, diazotization, cyclization, secondary nitration, oxidation, and decarboxylation nitration
with acetylacetone and hydrazine hydrate as raw materials (Figure 38, Scheme B).

Due to the active N-H bond in molecule of DNPP, it is easy to obtain its energetic salts. In
2014, Zhang et al. [138] reported a series of nitrogen-rich energetic salts based on the anion of DNPP
(123a–m) shown in Figure 39. Salts 123a–e could be obtained by reacting DNPP with ammonia,
hydrazine, hydroxylamine, 3,5-diamino-1,2,4-triazole, and 3,4,5-triamino-1,2,4-triazole. Salts 123f–j
could be synthesized by reacting Na2DNPP with guanidine nitrate, aminoguanidine, diaminoguanidine,
triaminoguanidinium, and 2-iminium-5-nitriminooctahydroimidazo [4,5-d]imidazole hydrochlorides.
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Salts 123k–m were acquired by the reaction of DNPP with NaOH, KOH and AgNO3 respectively.
Table 17 displays the properties of these energetic salts. It was notable that the ammonium salt (123a),
hydroxylammonium salt (123b) and guanidinium salt (123f) exhibited outstanding decomposition
temperatures of >300 ◦C. Furthermore, the sodium salt (123k) and potassium (123l) salt of DNPP were
thermally stable up to 395 ◦C and 365 ◦C, respectively. In addition, most of the salts showed high
calculated detonation properties, especially 123b owned the highest detonation velocity and pressure.
Considering the balance of safety and energetic properties as well as physical properties, 123b could
be a competitive candidate in insensitive HEDMs. Luo and co-authors synthesized the basic lead salt
of DNPP (Pb-DNPP) and the 3,6-dihydrazine-1,2,4,5-tetrazine salt of DNPP (DHT-DNPP), and studied
their thermal decomposition behaviors. Like 123k–m, the introduction of heavy cations made the salts
higher densities and Td. Combining other organic amines salts of DNPP [139], these salts showed
good thermal stabilities.
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Figure 38. Synthesis of DNPP.
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Figure 39. Synthesis of salts of DNPP.
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Table 17. Properties of energetic compounds 123a–m. The data of compounds 123a–123m are from
reference [138].

Entry ρ/g·cm−3 D/km·s−1 P/GPa Td/
◦C HOF/kJ·mol−1 IS/J FS/N OB/%

123a 1.69 8.21 25.4 328 158.5 >40 360 −27
123b 1.82 9.01 35.4 327 274.2 29 360 −12
123c 1.72 8.86 30.3 247 501.0 16 160 −30
123d 1.71 8.04 24.5 287 481.9 >40 360 −30
123e 1.67 8.23 24.6 289 963.8 >40 360 −41
123f 1.68 7.95 22.5 324 173.3 >40 360 −40
123g 1.69 8.40 25.6 222 477.0 >40 360 −41
123h 1.71 8.73 28.0 209 679.6 >40 360 −42
123i 1.76 8.81 29.9 215 605.5 12 80 −31
123j 1.79 8.36 27.9 238 505.6 23 160 −27
123k 2.14 - - 395 - 0
123l 2.20 - - 365 - 0

123m 3.27 - - 327 - 0

In addition, 1,4-Diamino-3,6-dinitropyrazolo[4,3-c]pyrazole (LLM-119) is a derivative of DNPP
with a predicted energy of 104% HMX and good insensitivity to friction and electric spark stimulation [2].
It is also a very important intermediate of synthesizing novel high-performance energetic materials.
Li et al. [140] used NaOH and H2NOSO3H to realize the N-amination of DNPP, while the yield
was low (10.4%). Yin reported a modified procedure using 1,8-diazabicycloundec-7-ene (DBU) and
O-tosylhydroxylamine (TsONH2) as organic solvents with a good yield [141]. He also developed a series
of DNPP derivatives based on N-functionalization strategy including several ionic salts of DNPP, the
synthesis route is displayed in Figure 40 (Scheme A). As shown in Table 18, compounds 125, 126 and
126c exhibited high densities and excellent detonation velocities and pressures, which were superior
to the current secondary explosive benchmark HMX. These compounds except 126d and 126e were
sensitive to stimulation, especially for 126i also showed excellent density and good thermal stability.
These could make compound the potassium salt as a green primary explosive. Compounds 126a,
126b, 126c and 126g showed good possibilities for application in bipropellants owing to the high
values of (N + O) content and specific impulse. Li and co-author [142] synthesized another four
kinds of neutral explosives based on N-functionalization of DNPP shown in Scheme B of Figure 40.
Comparing with LLM-119, compound 127 showed slightly lower energetic and physical properties
due to the only one -NH2. Compounds 130 owned the relatively high density, good thermal stability,
outstanding detonation properties, and reasonable sensitivities, which could be a useful energetic
material. Li et al. [143,144] also synthesized several salts of N-nitramino DNPP, which exhibited good
energetic properties.

In addition, Zhang et al. [145] introduced the dinitromethyl group and fluorodinitromethyl group
into DNPP molecule and synthesized five fused-ring energetic derivatives (131–132) shown in Figure 41.
Among these compounds, the dipotassium salt (131a) was formed as an interesting three-dimensional
metal-organic framework (MOF) and exhibited outstanding detonation performances (9.02 km·s−1

of D and 33.6 GPa of P), which were comparable to that of Pd(N3)2. The compound 132 had a high
density of 1.939 g·cm−3, high decomposition temperature of 213 ◦C and desired mechanical sensitivities
(IS: 12 J; FS: 240 N), which could be a competitive candidate of RDX. These energetic compounds
containing dinitromethyl or fluorodinitromethyl group enrich the energetic compound library of
pyrazolo[4,3-c]pyrazoles. Furthermore, their group incorporated two tetrazole groups into DNPP
molecule, and synthesized 3,6-dinitro-1,4-di(1H-tetrazol-5-yl)-pyrazolo[4,3-c]pyrazole (133) and its
ionic derivatives (133a–f) shown in Figure 42 [146]. The physicochemical and energetic properties of
these compounds are shown in Table 19. These compounds were thermally stable and insensitive to
mechanical stimulation. The potassium salt (133a) possessed a high thermal decomposition temperature
(329 ◦C of Td) and low sensitivities (IS: 25 J; FS: 252 N). In contrast with other derivatives from DNPP,
compound 133f owned the best mechanical sensitivities (IS: >60 J; FS: >360 N). Compounds 133, 133a,
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and 133d possessed good comprehensive properties, including remarkable thermal decomposition
temperatures, excellent insensitivity, and favorable detonation performance.

 
 

Figure 40. Synthesis of N-functional derivatives of DNPP.

Table 18. Physical and detonation properties of energetic compounds LLM-119 and 124–130. The data
of compounds LLM-119 and 124–126i are from reference [141], the data of compounds 127–130 are
from reference [142].

Entry ρ/g·cm−3 D/km·s−1 P/GPa Td/
◦C HOF/kJ·mol−1 IS/J FS/N OB/% N + O/% Isp/s

LLM-119 1.84 8.86 33.9 230 467.0 15 160 −14.0 77.2 246
124 1.82 8.67 33.1 206 133.7 10 120 9.2 78.2 245
125 1.96 9.46 40.9 145 550.9 3 20 22.2 83.3 269
126 1.93 9.51 41.8 128 595.2 2 20 15.1 84.3 274
126a 1.81 8.98 35.9 181 423.1 10 120 0 84.1 270
126b 1.85 9.40 39.5 174 738.9 5 60 −4.2 84.8 280
126c 1.88 9.50 41.3 170 531.2 7 120 8.3 85.4 282
126d 1.68 8.30 26.9 190 454.7 35 360 −14.7 80.7 239
126e 1.71 8.61 29.3 153 692.9 30 360 −17.2 81.5 247
126f 1.70 8.88 30.8 141 1144.8 10 80 −21.3 82.8 258
126g 1.78 9.17 36.0 163 1683.3 5 60 −9.3 84.2 280
126h 1.83 9.00 33.1 203 1599.5 10 120 −23.0 78.6 244
126i 2.11 8.31 31.2 208 152.9 2 20 16.2 68.0 226
127 1.74 7.93 27.9 178 356.0 14 280 −41.3 76.0 -
128 1.83 8.48 32.8 208 18.8 12 160 −18.4 78.2 -
129 1.74 7.82 27.1 198 863.0 10 240 −51.9 75.3 -
130 1.90 8.84 36.5 296 269.0 16 300 −20.9 78.2 -
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Figure 41. Synthesis of derivatives of DNPP containing dinitromethyl and fluorodinitromethyl group.
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Figure 42. Synthesis of derivatives of DNPPP containing tetrazole groups.

Table 19. Physicochemical and energetic properties of 133 and its ionic salts. The data of compounds
133–133f are from reference [146].

Entry ρ/g·cm−3 D/km·s−1 P/GPa Td/
◦C HOF/kJ·mol−1 IS/J FS/N

133 1.79 8.72 30.9 281 1111.5 15 192
133a 2.00 8.81 28.5 329 638.9 25 252
133b 1.69 8.40 26.2 280 916.8 19 >360
133c 1.61 8.24 26.0 178 1062.2 27.5 324
133d 1.75 9.08 31.3 221 1223.0 12 144
133e 1.62 8.02 22.4 299 926.9 >60 >360
133f 1.64 8.40 24.9 255 1143.3 35 >360

Nitrated pyrazolo[4,3-c]pyrazoles own acceptable performances both the energetic and physical
properties, further functionalization of these compounds could be interesting. However, the synthesis
of DNPP are still multistep reactions with unsatisfactory yield. The more efficient and facile synthesis
technology should be investigated.

5. Conclusions

In recent years, a lot of scholars over the world have paid much attention to the development of
nitrogen-rich heterocyclic energetic materials, due to their high positive heat of formation, low sensitivity,
tailored thermal stability, and attractive detonation performance. According to the reference [37], a new
energetic compound should be environmentally friendly, easy and economical to synthesize, thermal
stable (Td > 200 ◦C), insensitive to mechanical stimulation (IS > 7 J; FS > 120 N), good detonation
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properties (D > 8.5 km·s−1), and not insoluble in water. For the nitropyrazoles-based energetic
materials, most of them can meet these requirements. Some nitropyrazole-based compounds show
good performance as castable explosives, such as compounds 1, 2, 3, 5, 3,4-DNP, 46, 48, 53, 54,
and MTNP, which are competitive candidates of TNT. Some exhibited excellent thermal stability such
as compounds 17, 28, 37, 64, 75, 86, 90, 92, 101, 120, DNPP, etc. Further, many showed a balance
between good safety and high detonation performance. The introduction of high-nitrogen groups
(including fused-ring, polynitramino group, polynitromethyl group, etc) to nitropyrazoles can be
useful approach for the further development of new-generation HEDMs. In addition, the concept of
forming ionic salts, bridged structures and pyrazolo-pyrazoles provides novel insights to synthesize
high performance energetic materials. It is better to synthesize new energetic compounds under the
direction of theoretical calculation, so it is important to understand the relationship between structures
and properties for the design and synthesis of new nitropyrazoles-based energetic materials.

Furthermore, there are some areas requiring improvement for the further synthesis of
novel nitropyrazoles-based EMs. First, traditional nitration is generally used in the synthesis of
nitropyrazoles-based EMs, which does not meet the requirements of modern green chemistry. It is
vital to find out the suitable green nitrating agents and catalysts in the future synthesis process.
Second, many syntheses of nitropyrazoles-based EMs entail several steps, leading to a low yield and
high cost. Therefore, it is necessary to search for an efficient route when preparing new HEDMs.
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Abstract: The review summarizes for the first time the poorly studied electrooxidative functionaliza-
tion of pyrazole derivatives leading to the C–Cl, C–Br, C–I, C–S and N–N coupling products with
applied properties. The introduction discusses some aspects of aromatic hydrogen substitution. Fur-
ther, we mainly consider our works on effective synthesis of the corresponding halogeno, thiocyanato
and azo compounds using cheap, affordable and environmentally promising electric currents.

Keywords: pyrazoles; pyrazolo[1,5-a]pyrimidines; aromatic substitution; electrooxidation; C–H
halogenation; C–H thiocyanation; N–N coupling; cyclic voltammetry

1. Introduction

The functionalization of arenes is the key to their diversity, opening the way to prac-
tically useful substances. At the beginning of the 21st century, C-H functionalization of
arenes became a popular tool for the implementation of such processes [1], and the center
for selective C-H functionalization (mainly based on metal complex catalysis) was orga-
nized in the USA [2,3]. At the same time, a more attractive metal-free C-H functionalization
of arenes has existed for many years. Its development is discussed below, since the review
is related to it.

The first to consider is the electrophilic aromatic hydrogen substitution (SE
H) [4]. It

proceeds via the σH
+ adduct formation and proton elimination leading to the target product

(Scheme 1a).

– – – – –

–
– –

‒

‒
‒



 



’

Scheme 1. Electrophilic (a) and nucleophilic (b) aromatic hydrogen substitution.

The nucleophilic aromatic hydrogen substitution (SN
H, Scheme 1b) is problematic due

to the difficulty of the hydride ion direct elimination from the σH
− adduct. Nevertheless, in

the mid-1970s, Chupakhin and Postovsky proposed an indirect way of obtaining the target
product, the chemical oxidation of the σH

− adduct [5]. To date, such processes have been
extensively developed by Chupakhin and Charushin [6–9].

This review is devoted to electrooxidative functionalization of pyrazoles. Why is it
so attractive? The answer is given by Seebach [10], who showed that the interaction of
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two near-polar co-reactants is provided by the polarity inversion of one of them. This
is the essence of electrochemistry, where the electrode transformation of the substrate is
accompanied by its polarity inversion. For example, 1,4-dimethoxybenzene (DMB) and
pyrazole (Scheme 2) are two non-interacting nucleophiles, but polarity inversion of DMB
by electrooxidation leads to the electrophilic radical cation that reacts with pyrazole. In
the electrochemical literature, this C-H functionalization is called anodic substitution,
which has been actively studied since the mid-1950s [11–20].


–

‒
–

 

− − −

•

Nu‾ Nu‾

nucleophile, are electrooxidative C‒H functionalization –
–

– –
–

–
–

Scheme 2. Electrooxidative N-arylation of pyrazole by 1,4-dimethoxybenzene.

Note that chemical (electrophilic and nucleophilic) substitution and electrochemical
(anodic) substitution in arenes have been being developed in parallel and independently
of each other for a long time. In addition, the role of anodic substitution among the corre-
sponding chemical processes was unconsidered.

Only recently we have introduced the concept of anodic substitution as an electro-
chemical aromatic substitution of hydrogen [21,22]. Such reactions were designated as SN

H

An (An is anode), since the key stage is anodic oxidation of the substrate. For electron-rich
arenes, the processes proceed along two main routes (Scheme 3), depending on the ease of
oxidation of nucleophile vs. arene [21]. Route I (arene oxidizes easier than Nu−) proceeds
via the interaction between Nu− and the arene radical cation. Route II (Nu− oxidizes
easier than arene) proceeds via the formation of Nu•, which either interacts with the arenes
homolytically (route IIa) or forms a dimer that interacts with the arene as an electrophile
(route IIb).


–

‒
–

− − −

•

 

Nu‾ Nu‾

nucleophile, are electrooxidative C‒H functionalization –
–

– –
–

–
–

Scheme 3. Main routes of SN
H An processes: I (Ep

ox
Ar < Ep

ox
Nu

−) or II (Ep
ox

Nu
− < Ep

ox
Ar).

In general, the multitude of SN
H (An) processes, where hydrogen is displaced with

a nucleophile, are electrooxidative C-H functionalizations (C–H An) and can be described
by Scheme 4. Such strategy opens up the direct method of C–H functionalization of
arenes with the C–C and C–Het coupling realization. The latter is especially shown
in the examples of electrooxidative C–H halogenation and thiocyanation of pyrazole
derivatives (Sections 2 and 3). A special place is occupied by the N–N coupling of amino
pyrazoles via the N–H functionalization (Section 4), since its patterns are somehow similar
to those described above, but not sufficiently studied.

 

General scheme of the electrooxidative C‒H functionalization (C–

– –

– ’

–

–

–

— –
— –

– –
–

– –

Scheme 4. General scheme of the electrooxidative C-H functionalization (C–H An).
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Such processes are attractive for green chemistry [23,24] because they use cheap, af-
fordable and environmentally promising electric current instead of chemical oxidants (often
toxic, unrecyclable and used in excess) and complex catalysts (sometimes expensive and
toxic). In addition, the varying anode potential eliminates the difficulties of an empirical
search for suitable chemical oxidants, while Pt, a frequently used electrode material [25],
can be replaced by more attractive ones, e.g., glassy carbon, or ruthenium–titanium oxide
(for more information on electrode materials see [25–27]).

Since the review is devoted to the poorly studied electrochemical functionalization of
pyrazole derivatives, Sections 2–4 mainly summarize the investigations of
the review’s authors.

2. Electrooxidative C–H Halogenation of Pyrazole and Its Substituted Derivatives

Halogenated pyrazoles are widely used in organic synthesis; in particular, iodo and
bromo pyrazoles are the key reagents in transition metal-catalyzed cross-coupling [28].
Moreover, they are important precursors of drugs, such as antihepatitis, anti-Alzheimer,
antiparkinsonian and anti-schizophrenic drugs (chloro-pyrazoles) [29–31], antiglaucoma
drugs (bromo-pyrazoles) [32] and antiatherosclerotic, antimalarial, anti-inflammatory
and immunocorrective drugs (iodo-pyrazoles) [33–38]. At the same time, chloro- and
iodo-pyrazoles are used for preparation of antidiabetic drugs [39,40], bromo- and iodo-
pyrazoles—of anticancer [41–44] and antimicrobial [45,46] agents, and chloro- and bromo-
pyrazoles—of agrochemicals [47–51].

The active use of halogeno-pyrazoles has stimulated interest in their efficient and
ecologically attractive synthesis, including electrosynthesis (see Introduction). At the same
time, the electrochemical halogenation of pyrazoles has practically not been studied be-
fore us, but it was preceded by chemical halogenation, the aspects of which are briefly
given below.

2.1. Chemical Halogenation of Pyrazoles

The processes (Scheme 5) are usually carried out by the interaction of pyrazoles and
halogens (or halogenating reagents), and they occur first at position 4 and only then at
other positions [28].

General scheme of the electrooxidative C‒H functionalization (C–

– –

– ’

–

–

–

— –
— –

 

– –
–

– –

Scheme 5. Chemical halogenation of pyrazoles (X = Cl, Br, I).

2.1.1. Chlorination

The most common is the interaction of pyrazoles and Cl2. It was used to convert
the pyrazole and its alkyl derivatives into the 4-chloro pyrazoles (yields 40–85%, at 0–40 ◦C,
in CH2Cl2 or CCl4). Under severe conditions (at 80–100 ◦C, in AcOH) dichloropyrazoles
and the chloro products of the alkyl groups were also formed [52,53]. At the same time,
the corresponding 4-chloro derivatives were obtained by the reaction of 3,5-dimethyl-1H-
pyrazole (and its N-substituted derivatives) with N-chlorosuccinimide (yield 95–98%, at
20–25 ◦C, in CCl4 or H2O) [54,55].

2.1.2. Bromination

The reaction of alkyl-substituted pyrazoles and their carboxylic acids with Br2 (at
20–25 ◦C) proceeded in yields of 75–96% in non-aqueous media (CH2Cl2, CHCl3 or
CCl4) [45,56–58], or 50–75% in water [59,60]. The NaOH additives (which binds with
HBr formed) allows bromination of low-reactive pyrazole-3-carboxylic acid in the yield
of 90% [61]. A number of 4-bromopyrazoles were also obtained by the reaction of 3,5-
dimethyl-1H-pyrazole (and its N-substituted derivatives) with N-bromosuccinimide (yields
90–99%, at 20–25 ◦C, in CCl4 or H2O) [55].
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2.1.3. Iodination

Good results in the iodination of pyrazoles with donor substituents were obtained
using the I2–NaI–K2CO3 system (yields 75–90% at 20–25 ◦C in aq. EtOH) [62–64]. A solu-
tion of N-iodosuccinimide in acidic media (50% aq. H2SO4, CF3SO3H, CF3COOH, AcOH)
was also efficient for the iodination [44,62,65]. Finally, the iodination of practically any
pyrazoles proceeded efficiently and without toxic waste using the I2–HIO3 system in
AcOH–CCl4 [66,67].

In general, the above methods are quite effective, but not ecologically attractive enough
due to the frequent use of halogens in their pure form or waste of other halogenating agents
(e.g., succinimide). Such problems can be solved using electrochemical methods—C–H
An halogenation.

2.2. C-H An Halogenation of Pyrazoles

The halogenation (Scheme 6) usually proceeds [26] via the electrogeneration of a halo-
gen followed by its interaction with pyrazole (cf. Scheme 3, route IIb).

– –
– –

– –

– – – – –

–
–

— –

 

–

– – –
–

–
’ –

’ –
’

C‒H An chlorination of pyrazole 

Scheme 6. C–H An halogenation of pyrazoles (X = Cl, Br, I).

Such processes are mainly carried out under mild conditions in an anodic compart-
ment of a divided cell on a Pt-anode under galvanostatic electrolysis with alkali metal
halides in H2O or in H2O–CHCl3. A series of N–H and N–Alk pyrazoles, including those
with donor (acceptor) substituents, were objects of study (Tables 1–3).

2.2.1. Chlorination

C–H An chlorination of pyrazole 1a (Table 1, entry 1) led to 4-chloropyrazole 1b
(yield 46%) and to by-product 1b′ (yield 8%) in H2O–CHCl3 at the theoretical amount
of electricity passed (Q/Qt = 1). Apparently, the product 1b undergoes chlorination to
1,4-dichloropyrazole 1b′ (Scheme 7), followed by C–N dehydrogenative cross-coupling to
by-product 1b-1b′.

– –
– –

– –

– – – – –

–
–

— –

–

– – –
–

–
’ –

’ –
’

 

C‒H An chlorination of pyrazole Scheme 7. C-H An chlorination of pyrazole 1a.

The need for CHCl3 (as an extractant of target product) should be noted, since its ab-
sence decreased the yield of product 1b to 34% and increased the yield of by-product 1b-1b′

to 15%. Pyrazoles 2a–7a (entries 2–7), gave the monochlorinated products 2b–7b with dif-
ferent yields (8–71%) depending on the position of Me groups. Di- and trichloroproducts
were obtained in entries 5 and 6.

Pyrazoles with acceptor groups (NO2 or COOH) were chlorinated without CHCl3
additives: the yields of the target products 8b–14b were 41–93% (entries 8–14). Only
pyrazole 14a, containing both NO2 and COOH groups, was the least reactive. Therefore,
the electrochemical method for the synthesis of 4-chloropyrazolcarboxylic acids [68] is
noticeably superior to the corresponding chemical one [69].
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Table 1. C-H An chlorination of pyrazoles (Az-H) 1.

Entry Az-H, Az-Cl and other Products (Yield, %) [70,71] Entry Az-H, Az-Cl (Yield, %) [68,70,71]

1

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

1a
’

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

1a

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

1
’

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

1b (46 2)

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

1b-1b’ (8 ) 

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

1b-1b′ (8 2)

8

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’
8a 

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

8a

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’
8

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

8b (41 2)

2

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

2a

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

2a

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

2

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

2b (71 3)

9

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

9a

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

9a

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

9

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

9b (64 3)

3

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

3a

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

3a

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

3

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

3b (34 2)

10

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

 
10a 

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

10a

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

 
10b (92 ) 

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

10b (92 3)

4

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

4a 

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

4a

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

4

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

4b (70 3)

11

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

 
11a 

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

11a

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

 

’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

11b (69 3)

5

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

5a ’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

5a

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

 
5b (15 ) ’

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

5b (15 2)

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

 
5b’ (35 ) 

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

5b’ (35 2)

12

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’ 12a

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

12a

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’
 

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

12b (93 3)

6

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

 
6a 

’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

6a

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

6 ’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

6b (47 2)

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

6b’ ’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

6b’ (13 2)

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

’ 6b’’

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

6b” (4)2

13

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

’ ’’  
13a 

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

13a

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

’ ’’  
13b (84 ) 

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

13b (84 3)

7

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

’ ’’

7a 

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

7a

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

’ ’’

7

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

7b (8 2)

14

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

’ ’’

14a

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

14a

’ – – –
–

– – –

C‒H An chlorination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

’ ’’

 

– – – –
‧ −2 – –

C‒H
– 55‒94%). In 

14b (4 2)
1 Electrolysis in 100 mL of 4 M solution of NaCl in H2O–CHCl3 (entries 1–7), H2O (entries 8–14), 15 ◦C, pyrazole (12.5–50 mmol), divided
cell, Pt anode, Cu cathode, galvanostatic electrolysis (janode = 100 mA·cm−2), Qt = 2412–9650 C, Q/Qt = 1–2; 2 the yield was calculated
from the 1H NMR spectroscopic data for the isolated mixture of products with unreacted pyrazoles; 3 the yield was determined for
the isolated product.

Table 2. C-H An bromination of pyrazoles (Az-H) 1.

Entry Az-H, Az-Br and Other Products (Yield, %) [71,72] Entry Az-H, Az-Br (Yield, %) [71,72]

1

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

1a

’

’

– – – –
‧ − –

C‒H An

– – –
– –

1a

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

1

’

’

– – – –
‧ − –

C‒H An

– – –
– –

1c (70 2)

8

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

8a

’

’

– – – –
‧ − –

C‒H An

– – –
– –

8a

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

8

’

’

– – – –
‧ − –

C‒H An

– – –
– –

8c (89 2)

2

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

2a ’

’

– – – –
‧ − –

C‒H An

– – –
– –

2a

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

2 ’

’

– – – –
‧ − –

C‒H An

– – –
– –

2c (76 3)

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

1c (70

2c’

’

– – – –
‧ − –

C‒H An

– – –
– –

2c’ (5 3)

9

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’ 9a

’

– – – –
‧ − –

C‒H An

– – –
– –

9a

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’ 9

’

– – – –
‧ − –

C‒H An

– – –
– –

9c (15 3)

369



Molecules 2021, 26, 4749

Table 2. Cont.

Entry Az-H, Az-Br and Other Products (Yield, %) [71,72] Entry Az-H, Az-Br (Yield, %) [71,72]

3

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

3a

’

– – – –
‧ − –

C‒H An

– – –
– –

3a

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

3

’

– – – –
‧ − –

C‒H An

– – –
– –

3c (66 3)

10

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

 ’

10a

’

– – – –
‧ − –

C‒H An

– – –
– –

10a

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

1

’

– – – –
‧ − –

C‒H An

– – –
– –

10c (68 3)

4

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

4a

’

– – – –
‧ − –

C‒H An

– – –
– –

4a

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

4

’

– – – –
‧ − –

C‒H An

– – –
– –

4c (94 2)

11

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

11a

’

– – – –
‧ − –

C‒H An

– – –
– –

11a

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

1

’

– – – –
‧ − –

C‒H An

– – –
– –

11c (78 2)

5

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

5a ’

– – – –
‧ − –

C‒H An

– – –
– –

5a

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

5 ’

– – – –
‧ − –

C‒H An

– – –
– –

5c (55 3)

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

5c’

– – – –
‧ − –

C‒H An

– – –
– –

5c’ (26 3)

12

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’ 12a

– – – –
‧ − –

C‒H An

– – –
– –

12a

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’ 1

– – – –
‧ − –

C‒H An

– – –
– –

12c (84 2)

6

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

6a

– – – –
‧ − –

C‒H An

– – –
– –

6a

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

6

– – – –
‧ − –

C‒H An

– – –
– –

6c (88 2)

13

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

13a

– – – –
‧ − –

C‒H An

– – –
– –

13a

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

) ’ ) 

1

– – – –
‧ − –

C‒H An

– – –
– –

13c (84 2)

7

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

7a

– – – –
‧ − –

C‒H An

– – –
– –

7a

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

7

– – – –
‧ − –

C‒H An

– – –
– –

7c (0 5)

14

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

13a

14a

– – – –
‧ − –

C‒H An

– – –
– –

14a

C‒H An bromination of pyrazoles (Az‒H)

Az‒H, ‒ Az‒H, ‒

’

’

13c

1

– – – –
‧ − –

C‒H An

– – –
– –

14c (0 3)
1 Electrolysis in 100 mL of 1 M solution of NaBr in H2O–CHCl3 (entries 1–7), H2O (entries 8–14), 30 ◦C, pyrazole (12.5–50 mmol), divided cell,
Pt anode, Cu cathode, galvanostatic electrolysis (janode = 30 mA·cm−2), Q = Qt = 2412–9650 C; 2 the yield was determined for the isolated
product; 3 the yield was calculated from the 1H NMR spectroscopic data for the isolated mixture of products with (or) unreacted pyrazoles;
5 unpublished data.

Table 3. C-H (An) iodination of pyrazoles (Az-H).

Entry Az-H, Az-I (Yield, %) [73,74] Entry Az-H, Az-I (Yield, %) [73,74]

1

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

1a

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

1a

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

1

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

1d (57 1,3, 93 2,3)

8

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

8a

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

8a

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

8

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

8d (2 1,4, 82 2,3)

2

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

2a

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

2a

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

2

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

2d (5 1,4, 79 2,3)

9

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

9a

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

9a

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

9

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

9d (0 1,4)

3

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

3a

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

3a

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

3

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

3d (71 1,3)

10

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

9a

10a

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

10a

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

1

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

10d (30 1,4, 86 2,3)

4

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

4a

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

4a

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

4

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

4d (86 1,3, 93 2,3)

11

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

11a

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

11a

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

1

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

11d (0 1,4, 74 2,3)
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Table 3. Cont.

Entry Az-H, Az-I (Yield, %) [73,74] Entry Az-H, Az-I (Yield, %) [73,74]

5

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

5a

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

5a

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

5

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

5d (35 1,4)

12

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

12a

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

12a

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

1

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

12d (0 1,4, 78 2,3)

6

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

6a

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

6a

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

6

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

6d (42 1,5)

13

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

14a

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

14a

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

1

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

14d (0 1,5, 79 2,3)

7

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

7a

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

7a

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

7

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

7d (0 1,5)

14

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

15a

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

15a

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

1

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

–

15d (40 1,4)

1 Electrolysis in 100 mL of 0.3 M solution of NaNO3 in H2O–CHCl3, 30 ◦C, KI (10 mmol), pyrazole (10 mmol), NaHCO3 (15 mmol), divided
cell, Pt anode, Cu cathode, galvanostatic electrolysis (janode = 7.5 mA·cm−2), Q = Qt = 1930 C; 2 two-step process: 1. electrogeneration of
KIO3 in 1M aq. KOH, 70 ◦C, KI (30 mmol), K2Cr2O7 (0.7 mmol), undivided cell, NiO(OH) anode, Ni cathode, galvanostatic electrolysis
(janode = 200 mA·cm−2), Qt = 17370 C, Q/Qt = 0.9–1.1; 2. pyrazole (45–150 mmol), KIO3 (9–30 mmol), I2 (18–60 mmol), H2O–CHCl3 (or
H2O–CCl4), H2SO4 conc., temperature 50–66 ◦C, 0.5–14 h; 3 the yield was determined for the isolated product; 4 the yields were calculated
from the 1H NMR spectroscopic data for the isolated products with (or) unreacted pyrazoles; 5 unpublished data.

2.2.2. Bromination

Compared with chlorination, the C-H An bromination (Table 2) proceeded more
effectively for pyrazole and its methyl derivatives (yields of products 1c–6c 55–94%). In
some cases, dibromo by-products (entries 2 and 5), low yield (entry 9), or the absence of
any reactions (entries 7 and 14) were observed.

2.2.3. Iodination

C-H An iodination by weakly electrophilic I2 (Table 3) was generally less effective
than bromination [73]. Traces of the target products or no reaction were observed in half of
the cases (entries 2, 7–9, 11–13). In other cases, the yields were 35–86% (for pyrazole and
its methyl derivatives in entries 1, 3–6) and 30–40% (for nitro- and carboxypyrazoles in
entries 10 and 14).

A much more effective iodinating agent was HOI, which can be obtained by the re-
action of KIO3 with KI (or I2) and H2SO4 [75–79]. The original process [74] includes
the electrogeneration of KIO3 (on the NiO(OH) anode [80]), followed by the interaction
of HOI generated in situ with the pyrazole (Scheme 8). As a result, the yields of target
products increased to 74–93% (entries 1, 2, 4, 8, 10–12, 13).

C‒H (An) iodination of pyrazoles (Az‒H).

Az‒H, ‒ Az‒H, ‒

–
‧ −2

‧ −2 – –
– – – – – –

–

– –

 

–Scheme 8. C–H iodination of pyrazoles via HOI.

2.3. The Mechanistic Aspects of C–H (An) Halogenation of Pyrazoles

Since I−, Br−, and Cl− are commonly oxidized at lower anodic potentials than
the studied pyrazoles, the process proceeds via the electrooxidation of Hal− to Hal2

371



Molecules 2021, 26, 4749

followed by interaction of the latter with arenes (see Scheme 3, route IIb and Scheme 6).
The possible mechanism [26,71,79] (Scheme 9) includes the initial attack of the halogen on
the N2 of Az–H with the formation of σH

+ adduct 1. The latter, depending on the R, gives
either N–X intermediate (R = H) or σH

+ adduct 2 (R = Alk). Therefore, the target Az–X is
formed either due to N–C rearrangement of N–X derivative or due to the deprotonation of
σH

+ adduct 2.

–

−

–
 –

 – –
– 

 

–

–
–

– –
– –

– – → – – → –
– –
– → – – → –

– –

Scheme 9. C–H An halogenation of pyrazoles (possible mechanisms, X = Cl, Br, I).

Iodination by HOI proceeds similarly, but for highly basic N-unsubstituted pyrazole
and its alkyl derivatives it most likely occurs (Scheme 10) via C–I adduct (the result of
protonation of N2 and HOI attack on C4) [74,75,77–79].

–

−

–
 –

 – –
– 

–

–
–

 

– –
– –

– – → – – → –
– –
– → – – → –

– –

Scheme 10. Iodination of highly basic pyrazoles by HOI.

Additional control experiments showed different properties of N–Cl and N–Br in-
termediates (Scheme 11). Therefore, the N–C rearrangement of the N–Cl derivative is
significantly lower than that for the N–Br (cf. stages N–X→Az–Cl and N–X→Az–Br). At
the same time, for the N–Cl bond, homolytic cleavage is observed, while for N–Br it is
heterolytic (cf. stages N–X→Ar–CH2-Cl and N–X→Ar–Br).

–

−

–
 –

 – –
– 

–

–
–

– –
– –

– – → – – → –
– –
– → – – → –

 

– –Scheme 11. Different behavior of N–Cl and N–Br intermediates (unpublished control experiments).
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The above data not only reveal the essence of pyrazoles C-H An halogenation, but also
explain the difference in its efficiency (e.g., the anomalously less efficient chlorination of
N-unsubstituted pyrazoles compared to bromination (cf. entries 1, 3 and 4, Tables 1 and 2),
and the formation of by-products (e.g., entries 1 and 6, Table 1).

Therefore, this Section describes the basic patterns of C–H An halogenation, and
the efficient (up to 94% yield) gram-scale synthesis of a series of chloro-, bromo- and iodo-
pyrazoles in aqueous or aqueous-organic media. The following Section reflects the main
points on the related C-H An thiocyanation of pyrazole derivatives.

3. Electrooxidative C–H Thiocyanation of 5-Aminopyrazoles and Pyrazolo
[1,5-a]pyrimidines

Thiocyanation of the C–H bond of arenes is an effective tool for C–S coupling [81–84].
The resulting aryl thiocyanates are valuable precursors of sulfur and nitrogen-containing
compounds (thiols [85], (di)sulfides [86,87], dithiocarbamates [88], thiazoles [89], tetra-
zoles [90]), and are highly bioactive compounds (antifungal [91], antitumor [92], antipara-
sitic [93]). Recently synthesized thiocyanates of pyrazole derivatives also have sufficient
antifungal [94] and antitumor [95] activity.

One of the key intermediates of C-H thiocyanation of arenes is the well-known [96,97]
pseudohalogene thiocyanogen (SCN)2. It is usually obtained in situ by chemical or electro-
chemical oxidation of the thiocyanate ion (Scheme 12).

he above data not only reveal the essence of pyrazoles C‒H An halogenation, but 

–

main points on the related C‒H An thiocyanation of pyrazole derivatives.

–

– –
–

of C‒H thiocyanation of arenes is the well

 

–

–

–

– –
–

–
– –

→ ’
’ → ’→

– 

Scheme 12. C–H thiocyanation of arenes via the thiocyanogen.

The chemical approach has been actively developed over the past 10–15 years, but
it is often associated with the use of an excess of unrecyclable oxidants, which can some-
times be toxic, scalding or poorly available (e.g., Br2 [98], I2 [99], DEAD [100], HIO3 [101],
H5IO6 [102], I2O5 [103], H2O2 [102,104–107], K2S2O8 [108,109], CAN [110], Mn(OAc)3 [111],
p-TSA [112], NCS [113], NBS [100], NIS [114], NTS [115], DDQ [116,117]). The electrochemi-
cal approach (see [22], Scheme 3, route IIb, and Scheme 13) is devoid of such disadvantages,
but it is poorly studied in general [118–120]. For pyrazole derivatives, C–H An thiocya-
nation is studied for the first time in a series of works [22,121–126], which are reflected in
this Section.

he above data not only reveal the essence of pyrazoles C‒H An halogenation, but 

–

main points on the related C‒H An thiocyanation of pyrazole derivatives.

–

– –
–

of C‒H thiocyanation of arenes is the well

–

–

–

– –
–

–
– –

→ ’
’ → ’→

 

– Scheme 13. C–H An thiocyanation of arenes (II) via the thiocyanogen (I′) and voltammetric test of
the process efficiency.

3.1. C–H An Thiocyanation: General Patterns and Approaches

According to the above and developed [22,118–126] concepts, C–H An thiocyanation
occurs during the anodic oxidation of the thiocyanate ion in the presence of arene, as a rule,
via the thiocyanogen (Scheme 13, step I→I′). The latter either interacts with arene (step
I′ + II→III), or gives polythiocyanogen [127] (step I′→IV).
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These processes were investigated by cyclic voltammetry (CV) [22,123,125,126].
Scheme 13 shows a typical CV curve of SCN−. Peak A corresponds to the oxidation
of thiocyanate ion I to thiocyanogen I′, which is detected on the reverse scan by its reduc-
tion peak B (B3). If after the addition of arene II, peak B disappears (cf. peaks B1 and B3)
or decreases (cf. peaks B2 and B3), then Ar–H II interacts with (SCN)2, respectively, via
the route B1 or B2 to form the target Ar–SCN III. If the peak B does not change, then Ar–H
II does not react with (SCN)2 (see peak B3 and route B3). In this case the main reaction
product is polythiocyanogen IV.

Further, we proposed [122,123] the original system of approaches to the C–H An thio-
cyanation of arenes (Scheme 14) depending on the reactivity of arenes with respect to
(SCN)2: via the generation (SCN)2 at the oxidation potential (Ep

ox) of thiocyanate ion
(approach A, cf. Scheme 3, route IIb, and Scheme 13), via electrogeneration (SCN)2 in
the presence of ZnCl2 activating additives (approach B) or via the generation of a highly
reactive radical cation at Ep

ox of arene (approach C, cf. Scheme 3, route I).

shows a typical CV curve of SCN‾. Peak 
’

–
– –

–

 

–

–
–

–

– –

Scheme 14. Approaches and possible mechanisms of C–H An thiocyanation.

Approach A is used for arenes that react with (SCN)2 (Scheme 13, routes B1 and B2),
whereas approaches B and C are used for arenes that do not interact with non-activated
(SCN)2.

These patterns and approaches are considered below on the examples of C–H An thio-
cyanation of the practically useful [128–130] derivatives of 5-aminopyrazole and pyra-
zolo[1,5-a]pyrimidine and the original electrosynthesized 1-(hetero)arylpyrazoles [124,131].

3.2. C–H An Thiocyanation of Pyrazole Derivatives

The studies included a preliminary CV test in addition to electrosynthesis. The initial
pyrazoles 1e–15e and their thiocyanation products 1f–15f are presented in Tables 4 and 5.

Table 4. C–H An thiocyanation of pyrazole derivatives (Az-H) via (SCN)2 (approach A) 1.

Entry Az–H, Az–SCN (Yield, %) [22,122,123,126] Entry Az–H, Az–SCN (Yield, %) [22,122,123,126]

1

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

 
1e 

– – – – –
– – – – –
– – – – –

— –

1e

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

 
3 , 72 , 74 ,

– – – – –
– – – – –
– – – – –

— –

1f (83 2,5,6, 72 2,4,6, 74
2,5,7, 69 3,5,7)

6

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

6e

– – – – –
– – – – –
– – – – –

— –

6e

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

 

– – – – –
– – – – –
– – – – –

— –

6f (86 2,4,6)

2

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

 
2e 

– – – – –
– – – – –
– – – – –

— –

2e

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

 
f (87 , 78 , 71 

– – – – –
– – – – –
– – – – –

— –

2f (87 2,5,6, 78 2,5,7, 71
3,5,7)

7

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

7e

– – – – –
– – – – –
– – – – –

— –

7e

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

 
(83 , 80 , 75 , 7

– – – – –
– – – – –
– – – – –

— –

7f (83 2,4,6, 80 2,4,7, 75
2,5,7, 77 3,4,7, 71 3,5,7)

3

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

3e

– – – – –
– – – – –
– – – – –

— –

3e

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

3

– – – – –
– – – – –
– – – – –

— –

3f (65 2,4,6, 57 3,4,6)

8

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

8e

– – – – –
– – – – –
– – – – –

— –

8e

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

71 ) 

 
8f (85 , 82 ) 

– – – – –
– – – – –
– – – – –

— –

8f (85 2,4,6, 82 2,5,6)
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Table 4. Cont.

Entry Az–H, Az–SCN (Yield, %) [22,122,123,126] Entry Az–H, Az–SCN (Yield, %) [22,122,123,126]

4

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

4e

– – – – –
– – – – –
– – – – –

— –

4e

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

 3

4

– – – – –
– – – – –
– – – – –

— –

4f (75 2,4,6, 68 3,4,6)

9

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

4e ) 

9e

– – – – –
– – – – –
– – – – –

— –

9e

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

 

– – – – –
– – – – –
– – – – –

— –

9f (75 2,4,6, 66 2,5,6)
5

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

5e

– – – – –
– – – – –
– – – – –

— –

5e

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

4e 

5

– – – – –
– – – – –
– – – – –

— –

5f (89 2,4,6, 64 2,5,6)
1 Electrolysis in 50–85 mL of 0.1 M solution of NaClO4 in MeCN-H2O (entries 1–2), MeCN (entries 3–5, 7–9), MeCN–MeOH (entry 6),
20–25 ◦C, NH4SCN (3–20 mmol), pyrazole (entries 1–5, 7–9) or its hydrochloride (entry 6) (1–6 mmol), divided cell (entries 1–2), undivided
cell (entries 3–9), Qt = 193–985 C, Q/Qt = 1 (entries 1–6), Q/Qt = 2 (entries 7–9). All yields were determined for the isolated and purified
products; 2 CPE—controlled potential electrolysis (Eanode = 0.70–1.00 V); 3 GE—galvanostatic electrolysis (janode = 2.50–12.50 mA·cm−2);
4 Pt electrodes; 5 GC electrodes; 6 milligram scale of electrosynthesis; 7 gram scale of electrosynthesis.

Table 5. C–H An thiocyanation of hardly oxidizable pyrazolo[1,5-a]pyrimidines (Az-H) (approaches B and C) 1.

Entry Az–H (Ep
ox, V2), Az–SCN (Yield, %) [122,123] Entry Az–H (Ep

ox, V2), Az–SCN (Yield, %) [122,123]

1

— – ‧ −2

– –
– –

–

–
–

–

– –
–

–

– Az‒H

– – – –

 

–
— — ν 

‧ −1

–

–

–

– –

10e (1.75)

— – ‧ −2

– –
– –

–

–
–

–

– –
–

–

– Az‒H

– – – –

 

–
— — ν 

‧ −1

–

–

–

– –

10f (81 3,5, 65 4,5, 60
4,6)

4

— – ‧ −2

– –
– –

–

–
–

–

– –
–

–

– Az‒H

– – – –

 

–
— — ν 

‧ −1

–

–

–

– –

13e (1.85)

— – ‧ −2

– –
– –

–

–
–

–

– –
–

–

– Az‒H

– – – –

 

–
— — ν 

‧ −1

–

–

–

– –

13f (80 3,5, 62 4,5, 55
4,6)

2

— – ‧ −2

– –
– –

–

–
–

–

– –
–

–

– Az‒H

– – – –

10e (1.75) 

 
11e (1.77) 

–
— — ν 

‧ −1

–

–

–

– –

11e (1.77)

— – ‧ −2

– –
– –

–

–
–

–

– –
–

–

– Az‒H

– – – –

 
11f (79 , 60 ) 

–
— — ν 

‧ −1

–

–

–

– –

11f (793,5, 604,5)

5

— – ‧ −2

– –
– –

–

–
–

–

– –
–

–

– Az‒H

– – – –

 13e (1.85) 

 
14e (1.85) 

–
— — ν 

‧ −1

–

–

–

– –

14e (1.85)

— – ‧ −2

– –
– –

–

–
–

–

– –
–

–

– Az‒H

– – – –

 
14f (73 , 60 ) 

–
— — ν 

‧ −1

–

–

–

– –

14f (73 3,5, 60 4,5)

3

— – ‧ −2

– –
– –

–

–
–

–

– –
–

–

– Az‒H

– – – –

 

–
— — ν 

‧ −1

–

–

–

– –

12e (1.79)

— – ‧ −2

– –
– –

–

–
–

–

– –
–

–

– Az‒H

– – – –

 

–
— — ν 

‧ −1

–

–

–

– –

12f (77 3,5, 60 4,5, 52
4,6)

6

— – ‧ −2

– –
– –

–

–
–

–

– –
–

–

– Az‒H

– – – –

 

–
— — ν 

‧ −1

–

–

–

– –

15e (1.88)

— – ‧ −2

– –
– –

–

–
–

–

– –
–

–

– Az‒H

– – – –

14f (73 , 60 )

 

–
— — ν 

‧ −1

–

–

–

– –

15f (69 3,5, 63 4,5, 47
4,6)

1 Electrolysis in 60 mL 0.1 M solution of NaClO4 in MeCN, 20–25 ◦C, undivided cell, Qt = 193 C. All yields was determined for the isolated
and purified products; 2 it was determined by CV (working electrode—Pt, reference electrode—SCE, ν = 0.10 V·s−1); 3 Approach B: KSCN
(4 mmol), ZnCl2 (2 mmol), pyrazole (1 mmol), CPE (Eanode = 1.00 V), Qt =193 C, Q/Qt = 3; 4 Approach C: NH4SCN (4 mmol), pyrazole
(1 mmol), CPE (Eanode = 1.75–1.88 V), Q/Qt = 3; 5 Pt electrodes; 6 GC electrodes.

3.2.1. CV studies and the Choice of Optimal Approach

Figure 1 shows CV curves of NH4SCN and its mixtures with 3-methyl-1H-pyrazol-5-
amine (1e), 2-methyl-5-thiophen-2-yl-7-(trifluoromethyl) pyrazolo[1,5-a]pyrimidine (10e),
as well as curves of individual compounds and their thiocyanato products (1e,10e,1f,10f)
[125,126]. The CV of NH4SCN (curve 1, Figure 1A,B) has the anodic peak A1 (Ep

ox = 0.70 V)
of the thiocyanate ion and a cathodic peak B1 (Ep

red = 0.34 V) of the thiocyanogen. The peak
B1 disappeared after the addition of pyrazole 1e and did not change after the addition of
pyrazole 10e (cf. corresponding curves 1 and 4). This clearly shows that pyrazole 1e reacts
rapidly with (SCN)2 (see Scheme 13, route B1) and approach A (Scheme 14) is suitable for
its thiocyanation. From the other side, the pyrazole 10e does not react with (SCN)2 and
approaches B and C may be suitable for its thiocyanation. Note also that on full scans,
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peaks A3 of thiocyanates 1f,10f were observed, in addition to the peaks A2 of pyrazoles
1e,10e (see curve 5, Figure 1A,B).

  
(A) (B) 

 ‧ −1 А —
— —

— —
— —

—
— —

–

–

– – –
– –

– Az‒H

– – – –

– – – – –
– – – – –
– – – – –

— –

Figure 1. CV curves on Pt working electrode in 0.1M NaClO4 in MeCN, ν = 0.10 V·s−1. (A) NH4SCN (0.002M)—1; 3-methyl-
1H-pyrazol-5-amine 1e (0.002M)—2; 3-methyl-4-thiocyanato-1H-pyrazol-5-amine 1f (0.002M)—3; mixture NH4SCN/azole
1e (1:1) with the reverse scan from 0.60 V—4; the same on the reverse scan from 1.45V—5; (B) NH4SCN (0.002M)—1;
2-methyl-5-thiophen-2-yl-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidine 10e—2; 2-methyl-3-thiocyanato-5-thiophen-2-yl-
7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidine 10f—3; mixture NH4SCN/ azole 10e (1:1) on the reverse scan from 1.20 V—4;
the same on the reverse scan from 2.10 V—5.

3.2.2. Electrosynthesis

Electrolyses were carried out in 0.1M solution of NaClO4 in MeCN (MeCN–H2O) in
undivided or divided cells (UC or DC) in controlled-potential or galvanostatic mode (CPE
or GE), passing a theoretical or excess amounts of electricity (Q/Qt = 1–3). Pt or glassy
carbon (GC) electrodes were used.

The amino compounds 1e–6e gave thiocyanates 1f–6f with yields 64–89% (under CPE
at Ep

ox
SCN

−) and 57–71% (under GE) at Q/Qt = 1 (Table 4, entries 1–6) when implementing
approach A (see Scheme 14).

From the less reactive pyrazolo[1,5-a]pyrimidines 7e–9e, products 7f–9f were obtained
with yields 66–85% at Q/Qt = 2 (entries 7–9). The electrode material affected things
differently: the yield of thiocyanate 2a (entry 1) was 83% (GC) and 72% (Pt), while the yield
of thiocyanate 2g (entry 7) was 64% (GC) and 89% (Pt). Most of the processes (entries 3–9)
were successfully carried out in an undivided cell. The possibility of scaling the process
was also shown (entries 1, 2 and 7).

It was noted [121–123,125] that approach A is not suitable for the thiocyanation of
hardly oxidizable (Ep

ox > 1.70 V) pyrazoles 10e–15e with acceptor substituents (Table 5)
and leads to trace amounts of target thiocyanates 10f–15f and polythiocyanogen (see
Scheme 13, route B3). In this case, the process proceeds quite efficiently with an increase
in the reactivity of the thiocyanogen (Scheme 14, approach B) or the initial pyrazole
(approach C). As a result, CPE in the presence of ZnCl2 activating additives (approach B)
allowed us to obtain products 10f–15f with yields 69–81% [121,123], while metal-free CPE
at Ep

ox
AzH with Q/Qt = 3 (approach C) also led to the products 10f–15f with smaller yields

of 47–65% [122,123].
Note that the possibility of approach C realization can also be tested by CV: a decrease

in the peak B1 is observed on the full scan (cf. curves 5 and 1, Figure 1B), which corresponds
to the interaction of the thiocyanate ion and the pyrazole cation radical via the ECE
mechanism [122,123,132] (see Scheme 14, approach C, and Scheme 3, route I).

In addition to approaches A–C, an equally effective approach was developed [41]
based on the HCl-catalyzed condensation of previously obtained 4-thiocyanatopyrazoles
1e, 2e (see entries 1 and 2, Table 4) with 1,3-dicarbonyl compounds or their derivatives
(Scheme 15). As a result, 3-thiocyanatopyrazolo[1,5-a]pyrimidines both without sub-
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stituents and with donor (acceptor) substituents in the pyrimidine ring were obtained with
yields of 77–96% [126].

–

 

“
”

–

– –

– –

–

–

Scheme 15. Synthesis of 3-thiocyanatopyrazolo[1,5-a]pyrimidines and pyrazolo[1,5-a]pyrimidine-3-thiols.

Developing this direction, the opportunity of transformation of the SCN group into
the SH group [94,123] was shown, which opens the way to thiols as promising nucleophiles
for C–H functionalization (e.g., see [133–135]). Hydrolysis with HCl was the most effective
(yields of thiols 7g, 16g, 18g were 61–77%), while the use of chemical reductants or strong
acids (LiAlH4, NaBH4, Zn in AcOH, HClO4, H2SO4) was ineffective.

Thus, a series of thiocyanates of substituted pyrazoles and pyrazolo[1,5-a]pyrimidines
were obtained on the basis of electrolysis of the “thiocyanate ion/pyrazole” mixture.

In addition, during the development of research on the electrosynthesis of aryl thio-
cyanates [22] and N-arylpyrazoles [131,136–138] we showed [124] the possibility of synthe-
sizing new molecules with pyrazole and thiocyanate fragments (Scheme 16) as promising
hybrid polyfunctional [139] structures.

–

“
”

–

 

– –

– –

–

–

Scheme 16. N–H An arylation of 4-nitropyrazole followed by C–H An thiocyanation of resulting
N-arylazoles.

The N–H arylation of pyrazole 1h was carried out by activating its N–H bond (i) fol-
lowed by the introduction of electrolysis with N-methylpyrrole or N,N-dimethylaniline
(ii). In the latter case, the reaction proceeded selectively at the Me group without affecting
the aromatic ring. Subsequent C–H An thiocyanation (iii) of the isolated N-arylazoles 1i,
2i led to the target products 1j, 2j.

3.3. Antifungal and Antibacterial Activity of Thiocyanated Pyrazole Derivatives

Tests for antifungal (C. albicans, A. niger) and antibacterial (S. aureus, E. coli) ac-
tivity [91,94,123,124] showed that thiocyanate-pyrazoles are more active against fungi
than bacteria. The greatest activity is observed against A. niger at thiocyanate 7f [94]
and thiocyanatoazolylaniline 2j [124], whose minimum inhibitory concentration (MIC) is
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0.24–0.48 µg/mL (it is superior to the antifungal drugs amphotericin B and fluconazole
and is comparable to itraconazole).

The contribution of thiocyanate and pyrazole fragments to antifungal and antibacte-
rial activity was clearly shown in the individual examples (Figure 2). Thus, the activity
of compound 1j increased more than 2000-fold for A. niger and more than 16-fold for
C. albicans after the introduction of the SCN group. The presence of 4-nitropyrazole in
4-thiocyanatoaniline 2j’ provided a selective increase in antifungal activity by a factor of
16–64, while N-arylazole 2i was inactive in all cases.

’
–

 

–
–

– –

–
–

–

’

–

–
– –

–

Figure 2. Effect of thiocyanate and pyrazole fragments on antifungal and antibacterial activity.

Therefore, this Section is devoted to the efficient C–H An thiocyanation of various
pyrazole derivatives (in some cases, their N–H An arylation), leading to pharmacolog-
ically active target mono- and polyfunctional products. The next Section is devoted to
the N–H functionalization of amino pyrazoles followed by their N–N coupling and
obtaining azopyrazoles.

4. (Electro)oxidative N–N Coupling of Aminopyrazoles

Azoarenes are widely used in practice: from dyes and pharmaceuticals [140–142]
to reagents in syntheses [143,144] and energy-rich materials [145,146]. One of the most
popular methods for the synthesis of azoarenes is the oxidation of corresponding amines
(Scheme 17), predominantly by chemical oxidants (BaMnO4 [147], Pb(OAc)4 [148], HgO [149],
K2FeO4 [150], TCICA [151], t-BuOI [152]) or oxidation systems (CuBr-pyridine-O2 [153], I2-t-
BuOOH [154], t-BuOCl-NaI [155]). The synthesis of polyfunctional azopyrazoles by silver
catalyzed cascade conversion of diazo compounds [156] is also of interest.

’
–

–
–

– –

–
–

 

–

’

–

–
– –

–

Scheme 17. Synthesis of azopyrazoles by (electro)oxidative N–N coupling of aminopyrazoles.

At the same time, a more promising electrochemical approach is poorly studied. In par-
ticular, electrosyntheses of azobenzene on the Pt anode [157,158] or N,N’-bis(morpholino)di-
azene on the NiO(OH) anode [159] are described. Note that NiO(OH) is one of the popular
electrogenerated redox mediators [80,159]. The use of such redox-mediators is a trend in
modern electroorganic chemistry [18], since it allows the processes to be carried out under
milder conditions, increasing their efficiency and selectivity. This Section describes the orig-
inal approaches to the synthesis of azopyrazoles using electrogenerated redox mediators
NiO(OH) [160–162] and Br2 [163], or electrogenerated hypohalites as oxidants [164,165].

4.1. (Electro)oxidative N-N Coupling of Aminopyrazoles: Approaches and General Patterns

One-stage Approach A (Scheme 18) is carried out in alkaline medium via the an-
odic dissolution of the Ni and the formation of adsorbed Ni(OH)2, followed by its an-
odic oxidation to adsorbed NiO(OH). It oxidizes aminopyrazoles (Az–NH2) to azopy-
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razoles (Az–N = N–Az) and forms Ni(OH)2, after which the cycle repeats [80,161]. In
Approach B, the metal-free oxidant is Br2 [164], which is effectively electro(re)generated
on the ruthenium–titanium oxide anode (RTOA).

 

 

(A) (B) 

–

ν = 0 ‧ −1 —
— —

—

’ ’

–
’ ’

–

→ – ‧ – → – –
– –

–
→ ’ ’’

Scheme 18. One-stage redox-mediated N–N coupling of aminopyrazoles using electrogenerated NiO(OH) (Approach A)
and Br2 (Approach B).

In addition, special voltammetric tests showed that an increase in the Ni(OH)2 peak
(Figure 3, A, peak A1, Ep

ox = 0.46 V) or a decrease in the Br2 peak (Figure 3B, peak
B2, Ep

red = 0.69 V) after the adding of aminopyrazole is proportional to the process effi-
ciency [162,164].

–

  
(A) (B) 

ν = 0 ‧ −1 —
— —

—

’ ’

–
’ ’

–

→ – ‧ – → – –
– –

–
→ ’ ’’

Figure 3. CV curves, ν = 0.10 V·s−1. (A) On Ni working electrode in 0.2M aq. NaOH: electrogenerated Ni(OH)2—1; after
addition of 1-methyl-1H-pyrazol-3-amine 1k (0.002M)—2; (B) on Pt working electrode in 1M aq. NaNO3: NaBr (0.3M)—1;
after addition of 1-methyl-1H-pyrazol-3-amine 1k (0.002M)—2.

Two-stage approaches (Scheme 19) include preliminary electrogeneration of hy-
pogalites followed by addition of aminopyrazoles [164,165]. Note, that hypohalites exist in
equilibrium forms: predominantly HOCl (HOBr) in a neutral medium, and predominantly
NaOCl (NaOBr) after adding NaOH (approaches C, D, C’, D’, respectively).

–

ν = 0 ‧ −1 —
— —

—

’ ’

 

–
’ ’

–

→ – ‧ – → – –
– –

–
→ ’ ’’

Scheme 19. Two-stage N–N coupling of aminopyrazoles using electrogenerated HOCl (HOBr) or
NaOCl (NaOBr) (Approaches C, D, C’, D’, respectively).

According to the data [80,152,154,155,159,163–165], the possible mechanisms (Scheme 20)
involve the oxidation of 1-methyl-1H-pyrazol-3-amine 1k (step 1k→[Az–NH2]·+) or its

379



Molecules 2021, 26, 4749

N–H halogenation (step 1k→[NH–X]) followed by N–H amination to hydrazopyrazole
[NH–NH] and its oxidation to the target azopyrazole 1k–1k (see also Schemes 3 and 9).

’→ – ’→ – ’→ ’– ’ ’’– ’’

 

–

– – –

–

– – ’ ’

– – – – – –

’

’ ’

’’

’’ ’’
’

’ ’

’
’ ’

’’
’’ ’’

’’

Scheme 20. N–N coupling of aminopyrazoles (possible mechanisms).

When Br2 and HOX are used, C–H halogenation of aminopyrazole 1k also occurs
(step 1k→1k′(1k′′), see Scheme 9), followed by the formation of halogenated azopyrazole
(steps 1k′

→[NH–X]’→[NH–NH]′→1k′–1k′(1k′′–1k′′)). These patterns are consistent
with the experimental results below.

4.2. Synthesis of Azopyrazoles

Approach A is most versatile and allows us to obtain target azopyrazoles with yields
of 52–88% (Table 6, entries 1–6, 8–11). On the contrary, approaches B, C and D are more
suitable for 4-substituted pyrazoles (entries 2, 6 and 7) or pyrazole with acceptor (CF3)
group (entry 12), where the yields of the corresponding azo products were 62–93%.

Table 6. N–N homo-coupling of aminopyrazoles (Az–NH2) using approaches A, B, C (C’), D (D’) 1.

Entry
Az–NH2, Az–N=N–Az and Other Products

(Yield, %) [161,163,165]
Entry

Az–NH2, Az–N=N–Az and Other Products
(Yield, %) [161,163,165]

1

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

 

’

’ ’

’’

’’ ’’
’

’ ’

’
’ ’

’’
’’ ’’

’’

1k

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

 
1k-1k (82 , 34 , 72 , 40 , 75

’

’ ’

’’

’’ ’’
’

’ ’

’
’ ’

’’
’’ ’’

’’

1k-1k (82 2, 34 4, 72 5,
40 6, 75 7)

7

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

 

’

’ ’

’’

’’ ’’
’

’ ’

’
’ ’

’’
’’ ’’

’’

5k

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

 
5k-5k (86 ) 

’

’ ’

’’

’’ ’’
’

’ ’

’
’ ’

’’
’’ ’’

’’

5k-5k (86 3)

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

 
1k’ 

’ ’

’’

’’ ’’
’

’ ’

’
’ ’

’’
’’ ’’

’’

1k′ (593, 224, 15)

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

’
 

1k’-1k’ (28 , 48 ) 

’’

’’ ’’
’

’ ’

’
’ ’

’’
’’ ’’

’’

1k′-1k′ (283, 48 4)

8

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

’

’ ’

 
6k 

’’

’’ ’’
’

’ ’

’
’ ’

’’
’’ ’’

’’

6k

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

’

’ ’
 

6k-6k (79 , 2 ) 

’’

’’ ’’
’

’ ’

’
’ ’

’’
’’ ’’

’’

6k-6k (792, 2 6)

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

’

’ ’

 
1k’’ 

’’ ’’
’

’ ’

’
’ ’

’’
’’ ’’

’’

1k′′ (76, 57)

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

’

’ ’

’’
 

1k’’-1k’’ (40 , 14 ) 
’

’ ’

’
’ ’

’’
’’ ’’

’’

1k′′-1k′′ (40 6, 14 7)

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

’

’ ’

’’

’’ ’’

 
6k’ (3 ) 

’ ’

’
’ ’

’’
’’ ’’

’’

6k′ (3 3)

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

’

’ ’

’’

’’ ’’
’  

6k’-6k’ (80 ) 

’
’ ’

’’
’’ ’’

’’

6k′-6k′ (80 3)
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Table 6. Cont.

Entry
Az–NH2, Az–N=N–Az and Other Products

(Yield, %) [161,163,165]
Entry

Az–NH2, Az–N=N–Az and Other Products
(Yield, %) [161,163,165]

2

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

’

’ ’

’’

’’ ’’
’

’ ’

 
’

’ ’
’’

’’ ’’

’’

1k′

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

’

’ ’

’’

’’ ’’
’

’ ’

’  
1k’-1k’ (77 , 62 ) 

’’
’’ ’’

’’

1k′-1k′ (77 2, 62 4)

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

’

’ ’

’’

’’ ’’
’

’ ’

’
’ ’

 
6k’’ (6) 

’’ ’’

’’

6k′′ (6)

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

’

’ ’

’’

’’ ’’
’

’ ’

’
’ ’

’’  
6k’’-6k’’ (79 ) 

’’

6k′′-6k′′ (79 6)

3

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

’

’ ’

’’

’’ ’’
’

’ ’

’
’ ’

’’
’’ ’’

 
’’1k′′

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

’

’ ’

’’

’’ ’’
’

’ ’

’
’ ’

’’
’’ ’’

’’
 

1k′′-1k′′ (87 2)

9

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

’

’ ’

’’

’’ ’’
’

’ ’

’
’ ’

’’
’’ ’’

’’
 

7k

’→ – ’→ – ’→ ’– ’ ’’– ’’

–

– – –

–

– – ’ ’

– – – – – –

’

’ ’

’’

’’ ’’
’

’ ’

’
’ ’

’’
’’ ’’

’’
 

7k-7k (55 ) 7k-7k (55 2)

4

’’ ’’

 
2k 

’
’ ’

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

–
‧ −2

2k

’’ ’’

 
2k-2k (71 , 73 ) 

’
’ ’

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

–
‧ −2

2k-2k (712, 735)

10

’’ ’’

 
8k 

’
’ ’

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

–
‧ −2

8k

’’ ’’

 
8k-8k (52 ) 

’
’ ’

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

–
‧ −2

8k-8k (52 2)

’’ ’’

 
2k’ (2 ) 

’ ’

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

–
‧ −2

2k′ (25)

’’ ’’

’  
2k’-2k’ (6 ) 

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

–
‧ −2

2k′-2k′ (6 5)

11

’’ ’’

’
’ ’  

9k 

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

–
‧ −2

9k

’’ ’’

’
’ ’

 
9k-9k  (67 ) 

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

–
‧ −2

9k-9k8 (67 2)

5

’’ ’’

’
’ ’

 
3k 

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

–
‧ −2

3k

’’ ’’

’
2k’-2k’ (6 ) 

 
3k-3k (86 ) 

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

–
‧ −2

3k-3k (86 2)
12

’’ ’’

’
’ ’

 
10k 

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

–
‧ −2

10k

’’ ’’

’
’ ’

 

 
10k-10k (93 , 86 ) 

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

–
‧ −2

10k-10k (93 4, 86 6)6

’’ ’’

’
’ ’

 
4k 

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

–
‧ −2

4k

’’ ’’

’
’ ’

 
4k-4k (88 , 62 , 70 ) 

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

–
‧ −2

4k-4k (88 2, 62 3, 70 4)
1 Electrolysis in 100 mL of supporting electrolyte, 20–25 ◦C, undivided cell galvanostatic electrolysis; 2 Approach A: 0.5M aq. NaOH,
NiO(OH) anode, pyrazole (3 mmol), janode = 6 mA·cm−2, Qt = 579 C, Q/Qt = 1–4; 3 Approach B: 2M aq. NaBr, RTOA, pyrazole (3 mmol),
janode = 100 mA·cm−2, 48% HBr additives during electrolysis until reaching pH~7 (entries 1, 8), Qt = 579 C, Q/Qt = 1–4; 4 Approach C: 1.
electrogeneration of NaOBr (HOBr) in 2M aq. NaBr, RTOA, janode = 100 mA·cm−2, Q = 661–1983 C; 2. pyrazole (2 mmol), NaOBr (HOBr)
(2–4 mmol), 5 h; 5 Approach C’: see Approach C, but with NaOH (6 mmol) additives; 6 Approach D: 1. electrogeneration of HOCl (NaOCl)
in 4M aq. NaCl, RTOA, janode = 161.5 mA·cm−2, Q= 588–1764 C; 2. Pyrazole (2 mmol), HOBr (NaOBr) (2–4 mmol), 5 h; 7 Approach D’: see
Approach D, but with NaOH (6 mmol) additives; 8 it was identified after preparation and isolation of the corresponding methyl ester.

Nevertheless, approaches C’ and D’ (entries 1 and 4) allow to obtain rather selectively
azopyrazoles 1k–1k and 2k–2k (yields 72–75%), and approaches C and D (entry 8) open
the way to azohalogenopyrazoles 6k′′–6k′′ and 6k′′–6k′′ (yields 79–80%).

Moreover, the approach A is useful for previously unexplored chemical and electro-
chemical N–N cross-coupling of aminopyrazoles [162] (Table 7), and yields of the target
azo compounds 1k–2k and 4k–5k were 48–50%. Such results create prospects for obtaining
useful multifunctional azo compounds [152,156].
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Table 7. N–N cross-coupling of aminopyrazoles (Az–NH2) using approach A 1.

Entry Az1–NH2 H2N–Az2 Az1–N=N–Az2 Yield, %

1

’’ ’’

’
’ ’

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

 

–
‧ −2

1k

’’ ’’

’
’ ’

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

2k

–
‧ −2

2k

’’ ’’

’
’ ’

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

1k

–
‧ −2

1k-
2k

50 (1k-2k)
36 (1k-1k)
37(2k-2k)

2

’’ ’’

’
’ ’

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

 

–
‧ −2

4k

’’ ’’

’
’ ’

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

 

–
‧ −2

5k

’’ ’’

’
’ ’

–
‧ −2 –

‧ −2

– ‧ −2

– – ’
‧ −2

– – ’

’ ’
– – –

”– ” ”– ” –

–
– – –

– –

– – – –

4k

–
‧ −2

4k-
5k

48 (4k-5k)
29 (1k-1k)
23 (2k-2k)

1 Electrolysis in 100 mL of 0.5 M aq. NaOH, 20–25 ◦C, undivided cell,; 2 Approach A: NiO(OH) anode, Ti cathode, pyrazole (1.5 mmol),
galvanostatic electrolysis (janode = 6 mA·cm−2), Q = 2Qt = 579 C.

5. Conclusions

This review is the first step in summarizing the data on promising, but poorly studied
electrooxidative functionalization of C-H and N-H bonds in pyrazole derivatives. It paves
the way for the efficient synthesis of C-Cl, C-Br, C-I, C-S and N-N coupling products using
cheap, affordable and environmentally promising electric currents.

Additional advantages are the predominantly galvanostatic electrolysis mode and
the reusability of commercially available electrodes, salts and solvents, as well as the gram-
scalability of the processes. In half of the cases, a simple isolation of pure target products
without chromatography is also possible. Moreover, the key regularities of the correspond-
ing processes are considered, including the dependence of the efficiency of functionalization
of pyrazoles on their structure and oxidation potential. An increasingly important role is
played by cyclic voltammetry, which makes it possible both to study mechanisms and to
predict the efficiency of synthesis.

All this makes the electrooxidative functionalization of pyrazole-type compounds
very viable for further application and development.
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