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Abstract

Pyrazole and its derivatives, among various other proven applications, present an 

important medical potential with numerous pharmacological activities. The limited 

number of safe and effective pharmacologically active substances indicates the need for 

the formation of new, safer, more efficient and effective solutions, i.e. active substances. 

Pyrazole derivatives are utilized as versatile ligands for synthesizing mono, bi, or 

polynuclear metal complexes. The role of pyrazolyl ligand depends on its oxidation state. 

Various possibilities for substitution at the pyrazole ring significantly enhance the 

diversity of coordination modes of pyrazole derivatives. Additionally, as one of the most 

commonly used antibiotics, amoxicillin, was presented a part of this research. During the 

research, numerous attempts of creating amoxicillin complexes have been conducted, 

with interesting results. With the current absence of overall data or already-existent 

pharmacological activity, ligands that have been the focus of this thesis are: 5-(4- 

bromophenyl)-3-methyl-1H-pyrazole, 4-methylpyrazole and 3-amino-4,5-dihydro-1- 

phenyl-1H-pyrazole and amoxicillin trihydrate. Other than the four previously mentioned 

ligands, the results of the attempts of syntheses with 2-(3-Aminophenyl)-5-methyl-2,4- 

dihydro-pyrazol-3-one hydrochloride are presented.

The crystal and molecular structure of the synthesized complexes were determined by 

different combinations of techniques such are X-ray powder diffraction, C H N analyses, 

FTIR spectroscopy and single-crystal X-ray structure analysis. Since for further 

application of the selected compounds, more assays were conducted for the initial 

estimation of their potential, with emphasis on biological activity.
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Preface

Synthesis, physicochemical characterization and potential biological activity o f  new 

pyrazole and amoxicillin complex compounds is a doctoral thesis through which we saw 

to continue the ongoing journey and previous work done in the field of complex 

compounds of pyrazole derivatives and other moieties with transition metals, and explore 

properties and potentials of novel complexes created throughout the course of this 

research. With focus on medical aspects of such products, we have embarked on a mission 

to create new complexes from the selection of pyrazole derivatives and well known 

compound of amoxicillin, describe them and test some for their properties.

As the field of pharmacology has long been driven by the research in the domain of novel 

compounds and structural modifications of compounds, pyrazole derivatives were a class 

that was well researched, and amoxicillin as a product of such a process, was used in 

further experiments. The rise of antibiotic resistance and the humanities strugle with 

cancerous diseases, seeks solutions, and one of more classical approaches to treating these 

problems can be found in discoveries of new active pharmaceutical ingredients (API). 

With this said, a selection of representative examples from the novel complex 

compounds, designed and described as part of this thesis, have been tested for their 

antioxidative, antimicrobial and anticancer properties.

The research can be divided into two main sections: first one, starting with the theoretical 

background with overview of pyrazole and its derivatives and amoxicilin, their metal 

complexes and ways of coordination, uses in the medicinal field; and the second one, 

representing the experimental section that dives into succesful syntheses, physico- 

chemical characterizations, as well as in-vitro experiments with chosen representatives.

The outcomes of this research are intended to contribute to existing knowledge, further 

advancing the field of creation or serving as a foundation for the development of novel 

APIs.



Summary

Nitrogen-containing heterocyclic compounds and their derivatives are important sources 

of therapeutic agents. Pyrazole, the main representative of the eponymous class of organic 

compounds, has the characteristic two nitrogen atoms and provides numerous 

functionalities and stereochemical complexity in a five-membered ring structure. 

Pyrazoles are used in numerous spheres, and this thesis focuses on their high potential 

and applications in the field of pharmacy.

Complexes of metals with pyrazole and its derivatives have attracted the attention of 

many authors, as evidenced by a large number of published scientific works, as well as 

works of a review nature. Additionally, these compounds are interesting not only from a 

theoretical, but also a practical point of view. Namely, pyrazoles are part of many 

medicines (especially antipyretics and antirheumatics), herbicides and fungicides, and 

some pyrazole derivatives can also be used as extractants of various metal ions. In recent 

times, knowledge about the biocoordination chemistry of pyrazole and its derivatives has 

been expanded.

Amoxicillin as a member of penicillin-derived substances, is an extremely valuable class 

of P-lactamic antibiotics. The resistance of bacteria to these antibiotics, comes from B- 

lactamase enzymes that break down the structure of these antibiotics, more precisely their 

B-lactam ring. One of the potential ways to renew the effectiveness of this well-known 

class of antibiotics is to create complex compounds in such a manner that its structure 

serves the purpose to protect the main structure without negatively acting on its 

effectiveness. Amoxicillin, from a perspective of coordination chemistry, shows high 

potential for syntheses of complex compounds.

An example of the application of one of the pyrazole representatives in the field of 

medicine is fomepizole and its use in cases of ethylene glycol or methanol poisoning. 

Fomepizole (4-methylpyrazole, L2) is a ligand used for the purposes of this study. In 

addition to fomepizole, to obtain complex compounds with a series of transition metals, 

during the preparation of the doctoral dissertation, the following ligands were used for



obtaining complexes with selected metals: 5-(4-bromophenyl)-3-methyl-1H-pyrazole 

(L1), 3-amino-4,5-dihydro-1-phenyl-1H-pyrazol (L3), 2-(3-Aminophenyl)-5-methyl-2,4- 

dihydro-pyrazol-3-one hydrochloride (L4) and amoxicillin trihydrate (L5).

For 5-(4-bromophenyl)-3-methyl-1H-pyrazole (L1) the syntheses that have been tried 

were with following metal salts: Си(Н0 з)гН 2 0 , Zn(OAC)2 '2 H 2O, Ni(OAC)2 '2 H 2O, 

PdCl2, K2PtCl4, CoCl2, Co(OAC)2, Pd(OAC)2, Рп1з. There were attempts of syntheses 

with L1 with Cu(NO3) 2 'H2O in DMF, L1 and Rul3 in ethanol, L1 and Pd(OAC)2 in ethanol, 

L1 and PdCl2 in ethanol/water, L1 and K P tC L  in ethanol/water, L1 and Co(OAC)2 in 

methanol, L1 and Pd(OAC)2 in ethanol. With L1 a monocrystal of the ligand was obtained 

as well as three complexes: [ZnL2(OAc)2], [Co^LsCL] and [CoL3C lH 2O]. Two obtained 

monocrystal complexes with L1 that have been obtained simultaneously from the reaction 

with CoCl2 in ethanol, as well as the monocrystal of the ligand, have been characterized 

with SC-XRD technique and described in the experimental part of this thesis. The 

complex obtained from the reaction of L1 and Zn(OAC)2'2H2O in ethanol, has been 

characterized by XRPD, CHN and IR spectroscopy and described in the experimental part 

of this thesis.

From the attempts of synthetic reactions of fomepizole (L2) with metal salts: 

Cu(NO3)2H2O, Zn(OAC)2-2 H 2O, Ni(OAC)r2 H 2O, PdCL, fcPtCL, CoCL, Co(OAC)2, 

Pd(OAC)2, RuCl3, six complexes were obtained: [CuL2(NO3) 2], [CoL^CL],

[Ni(OAc)2L 4], [Zn(OAc)2L 2], [PtL^CL] and [Pd(L-H)3]. The attempts of syntheses with 

no obtained products were L2 and Cu(NO3) 2 'H2O in DMSO, L2 and PdCL  in DMSO, L2 

and Co(OAC)2 in ethanol, L2 and RuCLH^O  in methanol, and L2 and Pd(OAC)2 in 

ethanol. For the complex obtained with Cu(NO3) 2 'H2O the characterization has been done 

via XRPD, SC-XRD and IR spectroscopy, additionally the tests of bactericidal properties 

have been conducted for this complex. Complex obtained with CoCL the characterization 

was conducted through XRPD and SC-XRD analyses. Complexes of L2 and 

Zn(OAC)2'2H2O and Ni(OAC)2'2H2O were characterized through SC-XRD, CHN and IR 

spectroscopy, additionally the thermogravimetric tests and tests of antioxidative potential 

have been conducted for these complexes. Complexes with K P tC L  and Pd(OAC)2 have 

been characterized by CHN, IR and XRPD techniques, in addition the tests of bactericidal 

and cytotoxic properties have been conducted for these complexes.



Ligand 3-Amino-4,5-dihydro-1-phenyl-1H-pyrazole (L3) was used in synthetic reactions 

with metal salts: Cu(NOs)2-H2O, Zn(OAC)2 '2 H 2O, Ni(OAC)2 '2 H 2O, PdCl2, K 2PtCl4, 

C0 CI2, Co(OAC)2, Pd(OAC)2, Rul3, Mn(OAC)2'4H2O and from these reactions two 

complexes were obtained: [ P L C h ]  and [PdL2(OAc)2] . The attempts of syntheses with 

no obtained products were L3 and Cu(NO3) 2 'H2O in methanol, L3 and PdCh  in ethanol 

and water mixture, L3 and Rul3 in methanol, L3 and Zn(OAC)r2H2O in methanol. The 

obtained complexes with K P tC h  and Pd(OAC)2 were characterized by XRPD, CHN and 

IR spectroscopy. To screen for its potential properties, ligand 3-Amino-4,5-dihydro-1- 

phenyl-1H-pyrazole was tested for bactericidal and cytotoxic properties.

From the attempts of synthetic reactions of 2-(3-Aminophenyl)-5-methyl-2,4-dihydro- 

pyrazol-3-one hydrochloride (L4) with metal salts: Cu(NO3)r H 2O (in ethanol), 

Zn(OAC)2-2H2O (in DMSO), Ni(OAC)2-2H2O (in DMSO), fcP tC h  (in water), CoCh (in 

water), Pd(OAC)2 (in water), Rul3 (in water), no complexes were obtained.

Amoxicillin trihydrate (L5) was used in the attempts of synthetic reactions with metal 

salts: Cu(NO3) 2 'H2O (in ethanol), Zn(OAC)2'2H2O (in DMSO), K P tC h  (in water), 

Pd(OAC)2 (in water), Rul3 (in water), RuCh  (in water), Cu(OAC)2 (mechanochemical 

synthesis, methanol/water), Co(OAC)2 (mechanochemical synthesis, methanol/water), 

Pd(OAC)2 (mechanochemical synthesis, methanol/water), Cu(NO3) 2 'H2O (in

methanol/water), CoCl2 (in methanol/water). From these reactions a new complex of 

formulae [ZnL(H2O)2] , a degradation product M ethyl 5-(4-hydroxyphenyl)-6-oxo-1,6- 

dihydropyrazine-2-carboxylate, as well as three more products have been obtained. The 

obtained complex [ZnL(H2O)2]  was characterized by XRPD, CHN and IR spectroscopy, 

while a degradation product M ethyl 5-(4-hydroxyphenyl)-6-oxo-1,6-dihydropyrazine-2- 

carboxylate was characterized by XRPD, IR and SC-XRD. Finally, additional three 

amorphous products have been achieved, yet were not characterized, due to insufficient 

purity and observed instability.

To screen for their potential application as pharmacologically active ingredients, a 

selection of the products was made, that have been examined for their thermal, 

antioxidative, antibacterial and cytotoxic properties.
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1. Introduction

From its discovery, even thou many analogues were produced, after many decades, in the 

year 1954, /evo-fi-(1-pyrazolyl) the first pyrazole derivative was separated from a natural 

origin -  seeds of watermelons. Pyrazole and its derivatives are known for their diverse 

biological activities [1-3], ranging from antinociceptive [4-7] and antidepressant [8,9] 

activities to potentially exhibiting antiallergic [10] properties, with some pyrazole 

derivatives even demonstrating the ability to inhibit the mutagenic effects of certain 

carcinogens. Due to the two different nitrogen atoms in the pyrazole ring and the usually 

simple structure of the pyrazoles, they are significant as ligands in coordination 

chemistry, linkers for porous coordination polymers and metal-organic frameworks 

[11,12], as well as precursors for energetic materials [13] or in chemical vapor deposition 

processes. Due to the ease of coordination, pyrazoles are good candidates for metal ion 

sensing [14]. Because of their aromatic character, pyrazole-based compounds are also 

good candidates for the preparation of luminescent metal complexes. Besides the practical 

aspects, the pyrazole derivatives and their metal complexes can be used for modeling 

biochemical and enzymatic processes [15]. Numerous pyrazoles also show remarkable 

catalytic activity [16-18]. Thus, the biologically and potentially pharmacologically active 

pyrazole-based compounds are the focus of the research activity of our group [19-22]. 

Besides, some d-metal ions, play vital roles in biological systems. Therefore, 

investigating the structural characteristics of transition metal complexes with bioactive 

ligands [19] may yield valuable insights and hold the potential for novel 

pharmacologically active substances. On the other hand, the detailed structural 

characterization of the new complexes in correlation with their spectroscopic, thermal, 

and other physicochemical properties is crucial for the design of new complex compounds 

with desired pharmacological activities.

In this thesis a thorough review of syntheses of eleven new complexes of 5-(4- 

Bromopheny/)-3-methy/-1H-pyrazo/e (L1), 4-methy/pyrazo/e (L2) and 3-Amino-4,5- 

dihydro-1-pheny/-1H-pyrazo/e (L3) and amoxici//in trihydrate (L5) with a series of 

transition metals, solved structure for monocrystal of L1, and of the results of additional 

assays done in order to estimate the different biological potentials of selected obtained 

products, is given. In addition to the aforementioned results, the thesis also describes the

Page 1



alternate ways of syntheses that resulted in already described structures - a degradation 

product of L5 and a complex of L2, with new data conducted from further 

characterizations and assays conducted, as well as results of syntheses with L5 that could 

not be taken to further characterization. In order to determine the crystal and molecular 

structures of the compounds the techniques X-ray powder diffraction, IR spectroscopy, 

CHN analyses and Single crystal X-ray diffraction were used. Besides the 

aforementioned, their thermal properties were analyzed, as well as a first screening tests 

of biological activities, the antioxidative capacity, antibiotic sensitivity testing, 

cytotoxicity and anticancerogenic properties of selected complexes were determined.

All the used reagents and solvents were of analytical grade and utilized without further 

purification. During the experimental phase, numerous solvents and metal salts have been 

used in attempts of different syntheses, yet the focus was set mainly on organic and safe 

solvents and transition metals with known bioactivity. Most of the obtained complexes 

were synthesized by dissolving metal salts and ligands in warm solvents separately, and 

combining them together in 2:1 ligand-to-metal molar ratio, at ambiental temperature. 

Many further attempts have been carried out with different ligands, metal salts, solvents 

and methods of synthesis (reflux, mechanochemical synthesis, utilization of catalyzers, 

variation of solvents used, etc).
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2. Theoretical part
2.1. Pyrazole properties

Pyrazoles are five-membered heterocycles containing two nitrogen atoms (positions 1 and 

2) that constitute a class of compounds particularly useful in organic synthesis, as well as 

one of the most studied groups of compounds among the azole family [23]. The name 

“pyrazole” was given by Ludwig Knorr in 1883. The main representative of this class of 

compounds is Pyrazole (1,2 diazole). By reduction pyrazoline and pyrazolidine are 

produced. Pyrazole nucleus integrated in various chemical structures provides potential 

applications in numerous domains. Nitrogen atoms in pyrazole structure can change their 

states between “pyridine-like” and “pyrole-like” nitrogen, which is characterized as a 

tautomeric nature. The prototrophic annular tautomerism (Figure 1) in pyrazoles is a 

phenomenon where the occurrence of deprotonation of one nitrogen atom occurs and 

another adjacent nitrogen gets protonated, by a hydrogen atom moving from one nitrogen 

to another. This is accompanied by a change in structure and changes in the properties of 

these compounds.

Figure 1. Prototrophic annular tautomerism o f  pyrazoles

Pyrazoles are rare in nature, with the main reason of the presence of a single (-N-N-) bond 

in their structure, which is difficult for formation by organisms [24]. With their synthetic 

origin, pyrazoles are quite reactive and have a grand potential as biologically active 

compounds. As shown in Figure 1 pyrazoles with their nitrogen atoms unoccupied (N- 

unsubstituted pyrazoles) have amphoteric properties, whence pyrrole-like nitrogen

Page 3



donates its proton and pyridine-like nitrogen accepts protons. Another characteristic is 

that the nitrogen atoms in its structure allow simultaneous donating and acceptance of 

hydrogen bonds, which favors the establishment of intermolecular interactions [24]. With 

these properties there is a strong influence from the medium of syntheses conducted with 

other compounds. As an example, polar and protic solvents favor the reaction with the 

pyrazole, which means that pyrazole reacts with the solvent much more easily in linear 

and cyclic oligomers, without formation of pyrazole-pyrazole clusters [25]. These 

electron-rich heterocyclic systems have three positions with nucleophilic nature (N1, N2, 

C4) and two electrophilic positions (C3, C5), which serves as an additional argument for 

their aforementioned reactivity. When the nucleophilic reactions happen, experimentally 

they dominate on position 4, and other two positions are quite difficult to be reactive. The 

reason behind is mostly for the nitrogens acting as meta-directors.

There are 3 partially reduced forms of pyrazole: 1-pyrazoline, 2-pyrazoline and 3- 

pyrazoline, as presented in the Figure 2.

Figure 2. Partially reduced forms of pyrazole

Many pyrazole derivatives have gained application on the clinical level, for their diverse 

biological activities, antimicrobial, anticancer, cytotoxic, analgesic, anti-inflammatory, 

antihypertensive, CNS activity like antiepileptic, antidepressant, and others [26].

As previously described, azoles are able to accept or donate H+ ions, as well as act as 

hydrogen-bond acceptors or hydrogen-bond donors. The main reason for their importance 

in supramolecular chemistry is their characteristic to act as hydrogen-bond donor via the 

N-H group. The melting point of pyrazoles is highly affected by these interactions, hence 

the 4-methylpyrazole, described in this thesis, is liquid on room temperature, as pyridine.

[27]
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2.2. Potential o f  pyrazole derivatives in  pharm acology

There is a wide presence of heterocyclic systems in highly used drugs, which gives focus 

on their critical role in pharmaceuticals. Some pyrazole derivatives have also exhibited 

various biological activities and high synthetic potential. Out of the top 10 selling 

medicines in 2010, 8 of these medicines had active pharmaceutical ingredients (API) with 

heterocyclic systems [28]. As previously stated, pyrazoles are n-excess aromatic 

heterocyclic systems which makes them favorable precursors for synthetic reactions in 

pharmacological studies. Many of the APIs are characterized by the presence of a 

pyrazole core [28 - 30]. Historically, one of the earliest examples is Phenazone -  or 

Antipyrine (Figure 3), used as an analgesic, antipyretic and anti-inflammatory API. Often 

classified as nonsteroidal anti-inflammatory drug (NSAID), this compound has been 

patented in 1883. and presents one of the earliest synthetic APIs. While being popular in 

use in the time of its origin, today it has been mostly replaced by new APIs as is ibuprofen 

and similar substances. The active groups within phenazone include the pyrazolone ring 

-  a group believed to be responsible for its pharmacological activity, as well as the methyl 

and phenyl substituents that seem to enhance its efficacy [29].

Figure 3. Structure o f  phenazone

Another well-documented API is Phenylbutazone (Figure 4), a NSAID medicine that was 

used widely, yet was withdrawn from human use due to severe adverse effects and 

available substitute APIs, with the exception as treatment of ankylosing spondylitis.
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Figure 4. Structure o f  phenylbutazone

Similarly, Lonazolac (Figure 5) is a NSAID substance indicated for the treatment of 

inflammatory rheumatic diseases of spine and joints. It is a monocarboxylic acid -  

arylacetic acid derivative, a member of monochlorobenzenes and pyrazoles.

Figure 5. Structure o f  lonazolac

Another representative is Rimonabant (Figure 6). This API was an anorectic anti-obeisty 

drug, approved in Europe in 2006 but was pulled from the global market in 2008 because 

of serious psychiatric side effects.
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Figure 6. Structure o f  rimonabant

The pyrazole scaffold is also contained in Celecoxib (Figure 7), a NSAID medicine, a 

COX-2 inhibitor, used to relieve mild to moderate pain and treat the symptoms of 

inflammation, stiffness and joint pain in arthritis. With its interesting structure, two 

substituted aromatic rings must keep their adjacent positions for the proper COX-2 

inhibition activity, declared by Penning T. D. et al, a team that has been researching 

structure-activity relationship between many of its derivatives, with results indicating 

high variations on its derivatives inhibition activity [30].

Figure 7. Structure o f  celecoxib

A great example of an API with a pyrazole core is Crizotinib (Figure 8). Crizotinib is an 

API used to treat non-small cell lung carcinoma. This substance is a tyrosine kinase 

inhibitor (TKI) which was firstly approved for use on humans in 2011, and is a token of 

advancement in precision medicine for specific patients suffering from lung cancer.
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Figure 8. Structure o f  crizotinib

Another example o f a NSAID API with pyrazole core is Tepoxalin (Figure 9). Tepoxalin 

is mostly used in veterinary medicine. It is a unique NSAID for its inhibitory properties 

o f both cyclooxygenase (COX-1 and COX-2) and lipoxygenase (LOX) enzymes. 

Tepoxalins’ active groups include its ability to inhibit COX-1, COX-2, and LOX 

enzymes, while its mode of action involves the additional reduction o f prostaglandin and 

leukotriene synthesis, alongside the inhibition o f NF-kB activation, which leads to 

enhanced effects o f anti-inflammatory effects [31].

Figure 9. Structure o f  tepoxalin

Novalgin, Metamizole or Dipyrone (Figure 10) is used as an analgesic, antipyretic and 

spasmolytic. This NSAID is unique for its high effectiveness, and use in treating severe 

pain and high fever, when other NSAIDs prove insufficient. However, it is banned or 

strictly regulated in many countries, due to its possibility o f causing serious side effects.

Page 8



Figure 10. Structure o f  novalgin

Ramifenazone (Figure 11) also demonstrates analgesic, antipyretic, anti-inflammatory 

and antimicrobial activities properties. Unfortunately, there is a lack of data concerning 

this NSAID and its clinical use compared to other substances from this group, so its use 

is limited. It has limited approval and is more common in research settings than in clinical 

use.

Figure 11. Structure o f  ramifenazone

As was the case with Tepoxalin, Deracoxib (Figure 12) is a NSAID medicine of coxib 

class used in veterinary medicine. A selective COX-2 inhibitor, that treats the pain with a 

lower risk of gastrointestinal side effects compared to most other NSAIDs.

Figure 12. Structure o f deracoxib
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Pyrazofurin (Figure 13) is a substance with antibiotic, antiviral and anti-cancer properties, 

yet has not passed its human clinical trials for its detected severe side effects. This 

powerful OMP decarboxylase inhibitor reduces the availability o f pyrimidines, and 

blocks the growth and replication o f cancer cells and viruses. Although its serious side 

effects stop it from being used clinically, research is continued in order to find a way to 

use its potential.

Figure 13. Structure o f  pyrazofurin

Another example o f a representative with a pyrazole ring with great pharmacological 

potential is Difenamizole (Figure 14). With a potential to be used as a NSAID and 

analgesic medicine, Difenamizole unlike traditional NSAIDs, may modulate some 

immune responses. Due to limited data, it is not available for clinical use.

Figure 14. Structure o f  difenamizole

Furthermore, Mepirizole (Figure 15) is a pyrimidine-pyrazole derivative used as a NSAID 

medicine. The structure o f mepirizole features a pyrimidine ring substituted with methoxy
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and pyrazole groups, which contribute to its pharmacological activity. Its structure allows 

meprizole to form complexes with metal ions and influences meprizole to form mostly 

bidentate structures [32].

Figure 15. Structure o f  mepirizole

With many of the previously mentioned examples being NSAID or anticancer agents, AS- 

19 (Figure 16) is a representative that is used in the treatment of amnesia caused by 

medicine. This substance is known to improve long-term memory acquisition, yet hinders 

short-term memory formation.

Figure 16. Structure o f  AS-19

Furthermore, another example of the diverse spectrum of activity is Mepiprazole (Figure 

17), an anxilytic medicine of the phenylpiperazine group, with antidepressant properties. 

Recognized for its structure as a pyrimidine-pyrazole derivative, the pyrazole ring affects 

this compounds ability to bond and act as a bidentate ligand, coordinating through two 

nitrogen atoms, one from each ring. [33].
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Figure 17. Structure o f  mepiprazole

In addition to monocyclic pyrazole rings, there are APIs with pyrazole ring fused to a six- 

membered aromatic ring, usually in positions C4 and C5 of pyrazole ring, such is the 

example of indazole. Notable example is Axitinib (Figure 18), a tyrosine kinase inhibitor 

API used to treat renal cell carcinoma (kidney cancer). Axitinibs’ mode of action is the 

blockage of proteins that promote cancer cell growth, slowing or halting the progression 

of cancer.

Figure 18. Structure o f  axitinib

Another fused pyrazole system used as an API is Zaleplon (Figure 19). This API belongs 

to nonbenzodiazepine group and used in medicines to treat insomnia.

Figure 19. Structure o f zaleplon
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A widely used API, which is a representative of fused pyrazole systems is Sildenafil 

(Figure 20). This API is used to treat erectile dysfunction and pulmonary arterial 

hypertension.

Figure 20. Structure o f  sildenafil

Furthermore, Indiplon (Figure 21) belongs to a group of nonbenzodiazepines, and is used 

as a hypnotic sedative.

Figure 21. Structure o f  indiplon

As a last example of APIs with fused pyrazole systems, Apixaban (Figure 22) is an 

anticoagulant used for treating blood clots (thrombosis and pulmonary embolism).

Figure 22. Structure o f apixaban
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As can be noticed from the list of pyrazole core-containing APIs, the biggest part of 

pyrazole derivatives presented in the aforementioned list are used as NSAID medicines. 

Many different compounds are also present, ranging from anxiolytics to antibiotics and 

oncology APIs. While in the list of APIs containing pyrazole fused to a six-membered 

ring, in their structure, it can be seen that these examples are quite heterogeneous.

One group of pyrazole derivatives that has shown promising potential in the production 

of APIs is aminopyrazoles (Figure 23) [34]. Aminopyrazoles can have substituted amino 

groups, free amino groups, or the amino function can be integrated in other heterocycles. 

The position of the amino group in pyrazole derivatives can affect the biological activity 

of the complex. For instance, previously mentioned Novalgin and a compound with 

analgesic properties -  Aminophenazone, have their amino group at the position 4. Other 

than these two aminopyrazoles, there are numerous clinical trials for this chemotype 

(position 4 amino group pyrazoles) for CDK inhibitors -  medicines used as tumor 

suppressors [34].

Aminopyrazoles with their amino group in position 3, tend to be characterized by their 

anticancer, anti-inflammatory and anti-infective properties [34,35]. In literature some 

compounds that are characterized by an aminopyrazole structure, have expressed sub- 

micromolar activity against Methicillin-sensitive Staphylococcus aureus (MSSA) and 

Methicillin-resistant S. aureus (MRSA) [35]. Additionally, there is data on pyrido[2,3- 

b]indole derivatives that are efficient and able to block Gram-negative strains of bacteria

[36] . This position of amino group has also shown HIV-1 reverse transcriptase inhibitory

[37] , antitumor [38] and anti-inflammatory [39] properties. 3-Aminopyrazoles that show 

higher values in the term of their antitumour and anti-inflammatory properties, are mostly 

characterized by unsubstituted scaffolds on N1 position and have bulky aromatic rings on 

their C4 position [34].

Aminopyrazoles that have their amino group attached at the position 4, show 

anticonvulsant and antioxidant properties and have the potential to be used as coloring 

agents [34].
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Most diverse, in relation to their biological properties, of all aminopyrazoles are the ones 

that have their amino group in position 5. These aminopyrazoles have been used as kinase 

inhibitors, anticancer, antibacterial, antimalarial, and anti-inflammatory agents [34].

Figure 23. Biologicalproperties o f  different Aminopyrazoles

Another group of pyrazole derivatives with potential in the production of APIs in the field 

of anti-inflammatory, antibiotic and analgesic medicines, are pyrazole derivatives with 

sulfonamide moieties. Maybe the most potent representative of this group is 

sulfaphenazole (Figure 24) -  a sulfonamide antibacterial compound used in the treatment 

of leprosy [40]. Another examples of this potential are aforementioned deracoxib 

(NSAID) and celecoxib (NSAID).
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Figure 24. Structure o f  sulfaphenazole

As these are wide groups of compounds, pyrazole derivatives with alkyl and aryl groups, 

as are the ligands used in this study, show potential in various fields of application. H. 

Kumar has indicated that with the addition of aryl or alkyl groups, and the position that 

they bind to, the obtained compounds can have different effects [41]. One, simple yet 

effective, example is 4-methylpyrazole used as a ligand in this study. There are many 

pyrazoles with alkyl and aryl groups, that are used as potential focus points of further 

substitutions and bindings of different ions or groups.

The addition of halogen elements to the pyrazole structure can have numerous different 

effects on the derivative. In the comparison of pyrazole derivatives presented by the H. 

Kumar, addition of halogen elements in some cases enhanced pharmacological properties 

of the compounds, as are COX 2 inhibitory, anti-inflammatory and antibiotic properties, 

in some cases characterized as remarkable [41].

2.3. Pyrazole lig ands o f  interest

The ligands investigated in this study include 5-(4-Bromophenyl)-3-methyl-1H-pyrazole 

(L1), 4-methylpyrazole (L2), 3-Amino-4,5-dihydro-1-phenyl-1H-pyrazole (L3) and 

amoxicillin trihydrate (L5). A thorough review of the scientific literature revealed that 

only 4-methylpyrazole and amoxicillin trihydrate have been previously described in 

published research. For the other two compounds, 5-(4-Bromophenyl)-3-methyl-1H-
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pyrazole and 3-Amino-4,5-dihydro-1-phenyl-1H-pyrazole, no scientific papers were 

found, indicating that these compounds have not yet been explored in detail within the 

scientific community.

Furthermore, there is no existing data in the literature indicating that 5-(4-Bromophenyl)-

3-methyl-1H-pyrazole and 3-Amino-4,5-dihydro-1-phenyl-1H-pyrazole have been 

utilized as ligands in metal-organic synthesis. Therefore, the present study aims to 

investigate the potential of these ligands in coordination chemistry and their application 

in metal-organic frameworks or complexes, contributing novel insights to the field.

Additionally, one more ligand has been initially examined. During the course of the 

research for this thesis, ligand 2-(3-aminophenyl)-5-methyl-2,4-dihydro-pyrazol-3-one 

hydrochloride (L4) was subject of experimental evaluation. This compound has shown 

lower reactivity as well as a high instability of the obtained complex compounds, which 

resulted in the introduction of a new ligand 3-amino-4,5-dihydro-1-phenyl-1H-pyrazole 

(L3). During the syntheses of complex compounds, which include L4 and a series of 

transition metals, compounds that are very unstable or their degradation products that are 

already known and characterized were obtained, so it was experimentally impossible to 

characterize them physico-chemically because characterization techniques require stable 

compounds. Although L4 is, theoretically speaking, structurally suitable ligand for 

synthesis, repeated experiments in an attempt to obtain stable products with L4 in 

combination with metals such as Ru, Zn, Ni, Pt, Pd, Co and Cu have not been successful, 

despite attempts to change the types of syntheses, molar ratios of ligands and metal salts, 

types and amounts of solvents, etc. Syntheses of L5 with other pyrazole derivatives have 

also been tested, yet were unsuccessful. Still, even with the difficulties that presented 

themselves in the process, some of the obtained products of syntheses with L5, are 

presented as part of this thesis.

2.3.1. 5-(4-bromophenyl)-3-methyl-1H-pyrazole

The molecule presented in the Figure 25. is 5-(4-Bromophenyl)-3-methyl-1H-pyrazole. 

It consists of a pyrazole ring core, at position 3 of the pyrazole ring there is a methyl
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group attached, at position 5 of the pyrazole ring a phenyl ring is connected, which is 

further substituted with a bromine atom at the para-position on the phenyl ring.

Figure 25. 5-(4-bromophenyl)-3-methyl-1H-pyrazole

2.3.2. 4-methylpyrazole

4-methylpyrazole, also known as fomepizole (Figure 26), is a heterocyclic organic 

compound, a substituted pyrazole, a pyrazole ring with a methyl group attached to the 

carbon at position 4 of the ring. The presence of the methyl group at this position of the 

pyrazole ring changes the distribution of electrons and steric effects of the molecule. This 

change in steric effects influences the reactivity and interaction with metal centers in 

coordination chemistry, and makes fomepizole more suitable for synthesis of complex 

compounds.

Figure 26. 4-methylpyrazole
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4-methylpyrazole is best known for its use in methanol or ethylene glycol poisonings, 

where it’s used as an antidote with its properties to inhibit the enzyme alcohol 

dehydrogenase, thus preventing the metabolism of methanol and ethylene glycol into their 

harmful metabolites. There is still a lack of data available for fomepizole complexes, yet 

this compound has shown great results in its use as ligand in metal-organic syntheses.

2.3.3. 3 -amino-4,5 -dihydro-1 -phenyl- 1H-pyrazole

3-amino-4,5-dihydro-1-phenyl-1H-pyrazole (Figure 27) features a 2-pyrazoline ring, 

with a phenyl ring at position 1 and an amine group at position 3. Amino group attached 

to the pyrazoline ring contributes to the molecules nucleophilicity and basicity, which 

makes it more susceptible for complex formations.

Figure 27. 3-amino-4,5-dihydro-1-phenyl-1H-pyrazole

2.3.4. 2-(3-Aminophenyl)-5-methyl-2,4-dihydro-pyrazol-3-one hydrochloride

2-(3-Aminophenyl)-5-methyl-2,4-dihydro-pyrazol-3-one hydrochloride (Figure 28) 

consists of a 2-pyrazoline ring, with a phenyl ring at position 2, a carbonyl group at 

position 3 and a methyl group at position 5. There is an amino group attached to the 

phenyl ring at position 3, that creates nucleophilic spot of this compound, and with that 

showing potential as an additional place for bonding and complex formations.
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Figure 28. 2-(3-Ammophenyl)-5-methyl-2,4-dihydro-pyrazol-3-one hydrochloride

2.4. Com plexes o f  pyrazoles and its derivatives

In addition to their quite vast biological and synthetic applications, numerous pyrazole 

derivatives have been used in further syntheses in order to form metal complexes. The 

pyridine-like nitrogen being the focus point of interactions. This electrophilic position in 

pyrazole enables easier reactions with transition metals, yet as aforementioned pyrole- 

like nitrogen can be reactive as well, in circumstances as are heightened pH value of the 

medium, the reactions can result in egzobidentant nitrogen coordination, with two metal 

ions connected to both of the nitrogens. From the more complex formations the interesting 

compounds utilized as ligands are Tris(1-pyrazolyl)borates, also known as scorpionates.

The syntheses of pyrazole complexes are dominantly conducted through substitution 

reactions of N-H group of the pyrazole ligand. Depending on the properties of ligands 

used, as well as metal ions and the conditions (solvents, temperature, procedure, etc) of 

the process the number or possible outcomes of syntheses varies significantly. Even by 

using the same ligands and metal ions, multiple products - complexes can be obtained. 

Such a case is presented in this thesis.

The ligand-metal reactions of pyrazoles, and their coordination have multiple effects:
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- increase of the acidity of the pyrazole N-H group due to pyridine-like nitrogens’ 

electron donation to the Lewis acidic metal center; With this more acidic nature 

of the N-H group, the probability of pyrazolate complex is increased through 

deprotonation by even the slight increase in pH value of the medium in which the 

synthesis is conducted. Even if the deprotonation does not take place, the N-H 

group will most likely act as a hydrogen bond donor [42].

- pyrazole placement in proximity of other ligands with possible intramolecular 

hydrogen bonding. The establishment of intramolecular hydrogen bonding affects 

the coordination of the complex obtained as well as its properties.

As for pyrazole coordinations, they can be found in both catamer and cyclic oligomer 

forms (Figure 29). These formations affect the aggregation state of pyrazoles. If the 

substituents are less bulky (lower in molar mass), they form catemers or trimers (the case 

of 4-methylpyrazole). These formations usually result in lower melting points. It is 

interesting that the melting point of 4-methylpyrazole is at 25°C, which is drastically 

lower than the pyrazoles’ at 66°C. The reason behind this phenomenon is the inability of 

the trimeric structure to form extended hydrogen bond formations, on the contrary of 

catemer structures formed by pyrazole. Bulkier substituents are more probable to form 

dimers, tetramers or even hexamers. Other than the previously-stated, solvents have effect 

on the aggregation of pyrazoles. Solvents with higher ability to act as hydrogen-bond 

acceptors, are more prone to interact with the pyrazole molecules themselves, while on 

the contrary, more inert solvents allow for more intensive intermolecular hydrogen 

bonding between pyrazole molecules [43].
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Figure 29. Pyrazole coordinations (oligomers)

In their reactions with metal precursors, the properties of a pyrazole derivatives are 

heavily influenced by the properties of the substituents. This effect and the possible 

outcomes of a synthesis are well represented in reactions of TiCU and pyrazole derivatives 

(Figure 30) [44].
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Figure 30. Influence o f  substituents on outcomes o f  syntheses in reaction o f  TiCU and

pyrazole derivatives

In addition to prototropic tautomerism, which is characteristic in pyrazoles, the 

phenomenon of metallotropy is also present, yet kinetically more difficult [43]. This 

equilibrium occurs in complexes of pyrazoles with metals, as presented in Figure 31.

Figure 31. Metallotropy in pyrazoles
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The number of derivatives that can be obtained with the same metal ion can be different 

(most often between 1 and 6 derivatives), which depends on numerous factors: nature of 

the metal ion, coordination abilities of the ligand-partner, the position and number of 

substituents on the pyrazole ring, etc.

The pyrazolato anion mostly bonds exobidentately (bridged) to two same or different 

metals or metalloids, which results in a di- or polymeric structures. As an interesting 

example of polynuclear complexes, the structure of the tetranuclear complex Cu(II) with 

1H-pyrazole, this metallocage complex is presented in the Figure 32 [45]. The association 

of four Cu(II) ions and two azamacrocyclic receptors in which two ligand units are 

connected by 1,5-Diaminopentane can be seen from the figure. Parallel dimeric cage 

formations of complexes show almost square planar geometry, resulting in the red color 

of the crystals obtained.

Figure 32. Tetranuclear complex Cu(II) with 1H-pyrazole (example o f  an 

exobidentately bound complex)

With exobidentate coordination of the pyrazolato ion mentioned to dominate the obtained 

structures of complex compounds, there are rare examples of endobidentate 

coordinations. An example of endobidentate coordination is presented in the Figure 33 

as the Ti(IV) and 3,5-disubstituted complex [46].
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Figure 33. Ti complex [ Ti(p2- Rppz)^](R= Me,Ph)

In cases when the substituent in pyrazole derivatives contain donor atoms (such are O, N, 

S, P), the bond to the metal ion can also be realized through the heteroatom of the 

substituent. In this way, ligands can achieve higher denticity, between 2 and 6, or more

[47] .

As an example of potential of higher denticity of pyrazole derivatives in complex 

compounds a bispidine pyrazole-based hexadentate ligand is presented in the Figure 34

[48] . Synthesis of the aforementioned ligand was realized through multiple steps that 

include double amino alkylation between 1,3-diphenyl-2-propanone, 

bis(pyrazolyl)ethanamine and paraformaldehyde by method of reflux in ethanol with 

acetic acid as reagent (described as a double Mannich reaction).
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Figure 34. Bispidine pyrazole-based hexadentate metal-free ligand

A crystal structure of the ligand in question shows high potential and stability in its boat- 

chair conformer form. The reason being the electron pair repulsion and the large 

formation of the amine substituents (N3 and N7 bispidine atoms). With the addition of 

metal ion, the structure adopts the chair-chair formation (Figure 35).

Figure 35. Structure plot o f  M-ligand complexes
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As can be seen from the Figure 36 both trigonal planes are made up of one of the tertiary 

amines from the bispidine backbone (N3 or N7) and the two appended pyrazolyl donors.

Figure 36. Experimental structures o f  the M  -complexes with the pyrazole-based ligand

The complexes obtained with the same bispidine pyrazole-based hexadentate ligand and 

a series of transition metals (Figure 36), display somewhat flexible fragments of the 

octahedral complex. The result of this is a less strained complex, especially as pyrazole 

groups have free rotations and the nitrogen donors are fixated in a stable structure with 

the metals acting as its anchor [48].

In 1966 a novel and versatile class of ligands was introduced, combining characteristics 

of both cyclopentadienide and beta-diketonate ligands. Since their discovery, nearly two
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thousand scientific papers have been published exploring the chemistry of these ligands 

and the complexes with 70 different elements from the periodic table have been reported. 

This structurally quite interesting class of pyrazole derivatives are poly(1-pyrazolyl) 

borates, known as scorpionates due to the way of twisting and the possible binding of the 

pseudoaxial group R to the metal ion. With a general formula of [RnB(Pz)4-n]", where n= 

0, 1 or 2, Pz= pyrazol-1-yl group, and R= H, alkyl or aryl group (Figure 37 and 38) [49].

Figure 37. General structure o f  polypyrazolylborate anions

The name „scorpionates“ describes the formation of the bonding of the ligand, as two 

pyrazolyl groups resemble pincers, and the R' the tail of the scorpion.

Figure 38. Bonding in polypyrazolylborate-metal complexes

Tl scorpionate complexes with ligands where n=1 and R=H (as presented by the structure 

in Figure 39) [HB(pz)3 ] are almost always monomeric in the crystal [49]. An exemption 

of this, and an example of the interesting structures scorpionates can create, is the 

tetrameric complex of Tl, with cyclopropyl in its structure. This structure is a tetrahedron 

of Tl presented in a Figure 39.
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Figure 39. The structure o f  tetrameric complex o f  Tl (with three apical ligands omitted

fo r  clarity)

Another interesting complex of scorpionate structure (Figure 40) is presented in the same 

paper as the previous with further structural modeling of the same parent tridentate ligand 

[HB(pz)3]. This complicated La complex described by authors with formulae 

[La[TpCONHtBu]2]+ (Tp= HB(pz)3 ; tBu= 3-t-butyl group) shows La as the nucleus of the 

complex holding the structure firmly, due to properties of Lanthanum.
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Figure 40. Structure o f  the complex [La[TpCONHtBu]2]+

2.4.1. Cancer treatment potential of pyrazole complexes with transition metals

Pyrazole and its derivatives bond to metal atoms as monodentate or bridging bidentate 

ligands and this strong affinity towards metals may lead to the formation of metal-organic 

frameworks [50]. N -H/N hydrogen bonding is prevalent interaction in the assembly of 

pyrazolyl molecules [51]. Their hydrogen bonding capacity may lead to the formation of 

extended molecular networks [52].

Over the past several decades, pyrazole complexes with transition metals have attracted 

growing interest in numerous researches. One of the pioneers of pyrazole complexes used 

in this field of research was cis-dichlorobis(pyrazole)platinum(II) [53]. This complex has
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shown anticancer properties [54]. Many more pyrazole and its derivative complexes have 

since been synthesized and have gone through experiments in search for possible 

therapeutic effects for treating cancer [47-55], antimicrobial properties [55- 63], anti-viral 

agents [63- 65], etc. Given that the pyrazole motif makes up the core structure of 

numerous biologically active compounds, pharmacological interest in pyrazole-derived 

compounds is growing [53].

For anticancer activity and pyrazole complexes the research began at the start of this 

century with the discovery of platinum complexes that have exhibited anticancer activity 

against several human colorectal cell lines, human gastric cell line AGS and murine 

leukemia cells L1210 [53]. The activity of one pyrazole-Pt complex has stood out, with 

its activity being similar to that of cisplatin, with IC 50 values ranging from 2.1pM to 6.5 

pM for all tested human cell lines, and IC 50 of 4.6pM for murine cell lines. Dichloro- 

bis(pyrazole)platinum(II), the compound discussed (Figures 41 and 42) has shown 

promising activity, close to that of cisplatin, yet its therapeutic use is somewhat limited 

due to its toxic side effects [74].

Figure 41. Dichloro-bis(pyrazole)platmum(II)
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Figure 42. Structure o f  dichloro-bis(pyrazole)platinum(II)

Numerous other pyrazole complexes have been tested for anticancer activity, and some 

of them have shown promising results. A selection of these complexes are presented in 

the Table 1.

Table 1. Pyrazole derived complexes with high cytotoxic activity
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8.9 џШ for NALM-6

25.7 џМ  for HL-60

NALM-6 human leukemia 

cells (cisplatin reference 0.7 

hM)

HL-60 human leukemia cells 

(cisplatin reference 0.7 цМ)

[75]

39 |iM for PC-3

26 |iM for MCF-7

PC-3 human prostate cancer 

cells (cisplatin reference 51 

pM)

MCF-7 human breast cancer 

cells (cisplatin reference 28 

pM)

[76]

8.0 |iM

NALM-6 human leukemia 

cells (cisplatin reference 0.7 

pM)

[77]
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35 џШ for PC-3

0.5 џМ  for MCF-7

PC-3 human prostate cancer 

cells (cisplatin reference 57 

pM)

MCF-7 human breast cancer 

cells (cisplatin reference 21 

pM)

[78]

21.3 pM for A549

1.3 pM for CaCo-2

A549 human prostate cancer 

cells (cisplatin reference 17 

pM)

CaCo-2 human breast cancer 

cells (cisplatin reference 5.6 

pM)

[79]

For organometallic complexes, there is an interest in synthesizing novel complexes with 

gold(III), especially with their potential as anticancer agents. However, these complexes 

have been studied less than expected, as for their instability and proneness to rapid 

reduction. To improve their potential to be used as anticancer APIs, it is suggested that 

ligands with strong binding affinity, especially ones containing atoms that act as hard base 

donors, might be the answer for potential stabilization of gold(III) complexes [79,80].
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2.5. A m oxicillin properties

Amoxicillin (Figure 43) is a semisynthetic penicillin that has been in use since the 1970s. 

It remains one of the most widely prescribed penicillins globally, both on its own and in 

combination with the P-lactamase inhibitor (BLI) clavulanic acid. Recognized by the 

World Health Organization (WHO) as a "core access antibiotic," amoxicillin is an 

aminopenicillin derived by adding an amino group to the penicillin structure to enhance 

its effectiveness against antibiotic resistance. This medication is used to treat infections 

caused by beta-lactamase-negative bacteria, including those affecting the ear, nose, and 

throat, lower respiratory and urinary tracts, acute bacterial sinusitis, skin and soft tissues, 

and for the eradication of Helicobacterpylori [82].

The limited spectrum of penicillin prompted the search for derivatives with bactericidal 

activity against both Gram-positive and Gram-negative bacteria. The first significant 

breakthrough was ampicillin, developed by scientists at Beecham Laboratories in the 

United Kingdom and introduced in 1961. Amoxicillin was subsequently derived from 

ampicillin and launched in 1972 by Beecham as a novel semisynthetic penicillin. 

Structurally, amoxicillin differs from ampicillin by the addition of a hydroxyl group to 

the benzene ring (Figure 44) [82].
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Figure 44. Synthesis o f  Ampicillin from  Penicillin

Clavulanic acid, a substance commonly used with amoxicillin, while containing a P- 

lactam ring, has minimal antibiotic activity on its own. Instead, it functions as a "suicide 

inhibitor," irreversibly binding to bacterial P-lactamase enzymes, thereby protecting 

amoxicillin and other penicillins from hydrolysis [82].

The bactericidal effect of amoxicillin is exerted by targeting penicillin-binding protein 

(PBP) 1A, an enzyme crucial for bacterial cell wall synthesis. The P-lactam ring of 

amoxicillin opens and acylates the transpeptidase domain of PBP 1A, leading to 

irreversible inactivation. Without functional PBP 1A, bacteria are unable to synthesize 

peptidoglycan, a critical component of the cell wall. This disruption halts cell wall 

elongation, increases permeability, and ultimately causes cell lysis and death [82].

What is interesting in its structure, is that the amoxicillin may be found in an aqueous 

medium as a cation while pH < 3, zwitterion in the range of pH 3-7.5, or anion with pH

7.5-10 (Figure 45) [85]. Amoxicillin contains three sites that may reversibly dissociate a 

proton to form a negative charged anion. Amoxicillin may donate a proton from the 

carboxylic group, a proton from the amine group, as well as from its phenol group.
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Figure 45. Structure o f  amoxicillin at different p H  (a) Amoxicillin - solid state, (b) 

Amoxicillin - pH< 3, (c) Amoxicillin - p H  3-7.5, (d) Amoxicillin - p H  7.5-10

2.5.1. Complexes of amoxicillin

One approach to tackling antibiotic resistance involves enhancing the effectiveness of 

existing antibiotics by chelating them to develop new, more potent APIs. Transition 

metals, even in trace amounts, exhibit unique coordination properties and chemical 

reactivity. These properties allow them to form complexes with APIs, using the 

antibiotics as ligands. By coordinating with the metals, antibiotics gain the ability to 

inhibit microbial growth through novel mechanisms, significantly improving their 

antimicrobial activity. As a result, metal-antibiotic complexes are often more effective 

than antibiotics in their free form. This is attributed to their ability to act as complexing 

agents for metal ions, enabled by the presence of multiple electron donor atoms in their 

molecular structure [86,87].

Amoxicillin shows high potential for creating complex compounds with transition metals. 

And as described in some journals that have dealt in this matter, complexation of 

amoxicillin was achieved with numerous elements (such as: Zn(II), Co(II), Ni(II), Cu(II),
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Fe(III), even La(III), Ce(III), Sm(III) and Y(III)). The proposed structure for these metal 

complexes is in most part presented as is in Figure 46.

Figure 46. Structure mostly proposed fo r  amoxicillin metal complexes

It was demonstrated that amoxicillin forms complexes with Fe(II), Co(II) and Mn(II), 

resulting in the formation of M(Amx)2CL complexes (Figure 47) [88]. As stated, the 

characterization of these complexes through IR spectroscopy indicated that amoxicillin 

acts as a bidentate ligand, coordinating to the metal ions via its carboxyl and carbonyl 

groups [88]. Additionally, the role of copper(II) ions has been highlighted in the 

electrochemical detection of amoxicillin, suggesting that the formation of metal- 

amoxicillin complexes can influence the antibiotic's redox behavior [86].
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Figure 47. Proposed structure o f  amoxicillin complexes

Additionally, in some examples throughout literature it was stated that the obtained 

transition metal complexes with an amoxicillin-derived Schiff base, make an octahedral 

geometry. For the complexes in question, the characterization has been conducted through 

utilization of UV-Vis and EPR spectroscopy [89].

What can be noticed through literature review, is that most of the results for amoxicillin- 

metal based complexes is that there have not yet been single crystal structures of 

complexes reported so far, as was reported, and very low occurrence of crystalline 

products [89]. Additionally, big part of available literature shows that the stated obtained 

complexes were characterized and confirmed through means of:

- Potentiometric pH data (indication of complex formation in this paper was the 

release of proton H+) -  Stated complexes with Co(II), Cu(II), Ni(II), Zn(II), 

Eu(III), Tb(III), and a series of amino acids [85],

- UV-Vis and IR measurements -  Stated complexes with Cu(II), Fe(II) and Zn(II) 

[86],

- Potentiometric pH data, UV-Vis, IR measurements and thermal analyses -  Stated 

complexes with Cu(II), Fe(II) Co(II), Ni(II) and Zn(II) [87].
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As most of the complexes obtained are amorphous, the structures of complexes have 

mostly been proposed without definite structural analysis, and as the behavior of the 

amoxicillin changes in different pH values of the environment, amoxicillin will prove to 

be a challenge for the syntheses of stable complexes with transition metals.

2.6. Potential uses o f  transition metals in pharm acology

Metal ions have been used in syntheses of various APIs, metalloenzymes and imaging 

agents. Syntheses of transition metal complexes with radioactive isotopes resulted in 

widely used radiopharmaceuticals and MRI contrast agents [90]. Many APIs today 

contain metal ions such as Pt, Pa, Cu, Ni, Zn, Au, Fe, Tc, Gd, Mn, Co, Sm, etc [91].

2.6.1. Copper

Copper (Cu) is a Group 11 chemical element, a red ductile metal. In its ionic form, copper 

has high affinity for ligands, which makes it one of the most used metals for metal-ligand 

syntheses. With its affinity to bind, in biological systems, all measurable copper is found 

in complexes or chelation form. In biological systems, many enzymes are copper- 

dependent [92], such as:

• Cytochrome c Oxidase or Complex IV is an enzyme found in mitochondria of 

eukaryotes, bacteria and archaea. As the last enzyme in the respiratory electron 

transport chain of cells, role of this protein is the reduction of oxygen. From 

four cytochrome c molecules, Complex IV gains four electrons and transfers 

them to oxygen molecule and four protons, converting them to water [93].

• Superoxide dismutase is an enzyme found in all cells, with a function of 

disproportionation of superoxide in prevention of its accumulation preventing 

damage to tissues, and speeds up certain chemical reactions in the body [94].

• Tyrosinase is found in animal and plant tissues and catalyzes the production 

of melanin, by hydroxylation of tyrosine [95].

• Dopamine beta-hydroxylase is an enzyme that converts dopamine to 

norepinephrine by hydroxylation [92].
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• Lysyl oxidase is an enzyme that catalyzes oxidation of terminal amino group 

of lysyl amino acids in collagen and elastin [92].

• Amine oxidases -  involved in oxidation of primary amines to aldehydes and 

ammonia [96].

• Ceruloplasmin is a major copper and iron mobilization protein in the blood.

• Factor V is an enzyme involved in coagulation of blood [92].

• Peptidylglycine alpha-amidating monooxygenase -  syntheses of 

neuroendocrine peptides [97].

As described, for humans copper has high significance in biochemical processes, as both 

constituent of various compounds or as an essential trace element. In its elemental state 

it is bound to ceruloplasmin, albumin and other proteins, yet as a compound it is in a form 

of ligand-metal complex and interacts mainly with proteins and nucleic acids [98]. 

Numerous complexes with Cu(II) show anti-inflammatory, antiulcerogenic, 

chemotherapeutic, antiviral and/or antibacterial activities [98]. With that said, excessive 

levels of copper may result in liver and kidney damage, anemia, immunotoxicity, and 

developmental toxicity [99].

2.6.2. Nickel

Nickel (Ni) is a Group 10 chemical element, a silver color, hard and ductile metal. Nickel 

is an essential micronutrient for humans, and affects hormonal activity and lipid 

metabolism, as well as part of enzymes such is urease, and has important role in biological 

systems. Nickel complexes have been reported to show anticonvulant, antiepileptic, 

antibacterial, antifungal, antimicrobial, antioxidant and anticancer activities [100]. 

Depending on the ligand in question, Ni(II) complexes have interactions with 

biomolecules such are serum albumins or DNA [100].

2.6.3. Cobalt

Cobalt (Co) is a Group 9 chemical element, gray, hard and somewhat lustrous metal. 

Cobalt is an essential transition metal that is valued in synthesis of metal-ligand
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complexes and pharmaceutical chemistry due to its tolerability by humans and the 

existent reviews of cobalt-based therapeutic research [101,102]. Yet the biological 

properties of its complexes vary significantly on the chelation coordination.

Figure 48. Different modes o f  action o f  bioactive cobalt complexes

In the Figure 48, 3 different modes of interactions of bioactive cobalt complexes are 

presented. With the diversity of its interactions, cobalt can act as both carrier, binder or a 

reactive focus of the obtained complex -  API. Cobalt complexes are investigated for 

selective protein inhibition, bioactivity enhancement, bioreductive prodrug activation, as
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well as for cobalt-based metallacarborane HIV protease inhibition and cobalt 

nanoparticles for magnetic hyperthermia applications [103].

2.6.4. Zinc

Zinc (Zn) is a Group 12 chemical element, bluish-white and a slightly brittle metal. Zinc 

is an essential transition metal with the lowest melting point of all transition metals. Zinc 

deficiency in humans is connected with anemia, hypogonadism, short stature, impaired 

wound healing and geophagia [104]. It is a part of many enzymes and plays a role in 

protein synthesis and in cell division. The demonstration of zincs role in the 

pathophysiology and treatment of affective disorders has been presented in review articles

[105] . Zincs potential role in diabetes has been described with the role of zinc transporter 

SLC30A8/ZnT8 and its polymorphism which increases susceptibility of type 2 diabetes

[106] .

A significant field of exploration of “zinc fingers” -  small protein structures that are 

characterized by the coordination of one or more Zn ions, that act as stabilizers of its 

structure. Zinc finger compounds can be designed to target a particular DNA sequence 

and bind to it. With attached enzyme that breaks both DNA strands at a targeted site, zinc 

fingers show high potential in gene therapy [104].

2.6.5. Platinum

Platinum (Pt) is a Group 10 chemical element, dense, ductile, silverish transition metal. 

Platinum is one of the least reactive metals and has great resistance to corrosion. Platinum 

is under research for treatment of many types of carcinoma conditions. This non-essential 

metal is a part of many APIs such are cisplatin, carboplatin and oxaliplatin (all used in 

treatment of cancerous conditions) [90]. The use of platinum in anticancer medicines 

arises from its cytotoxicity when in its 2+ charge. At first platinum is introduced into an 

organism as a non-toxic 4+ charge, when it gets in contact with the tumor or desired tissue 

it can be converted to its 2+ charge via laser, and with that it can selectively destroy 

malignant cells. The biokinetics of platinum medicines depend on agents-ligands used.
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2.6.6. Palladium

Palladium (Pd) is a Group 10 chemical element, a rare silvery metal transition metal. 

Some palladium complexes have shown great antitumor activity often surpassing 

platinum complexes [107]. Clinical trials with palladium complexes are challenging due 

to their high lability and low solubility of obtained complexes. More than 800 anticancer 

palladium complexes have been discovered since 1980s [108]. The first palladium 

complex that was approved for clinical use was padeliporfin, an API used in therapy of 

prostate cancer, and was approved on 10th of November 2017 [109]. This API triggers the 

production of high levels of oxygen radicals that cause the destruction of the vessels 

supplying blood to the affected tissue and destroy cancer cells, this is one of the four main 

modes of action for palladium complexes (Figure 49).

Moilificiitiou of
secondarv
DNAstructure

of apoptosis

Metabolic effects

Figure 49. Different modes o f  action o f  bioactive palladium complexes in combating

cancer cells
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3. Materials and methods
3.1. M echanochem ical synthesis

Mechanochemical syntheses were performed using a benchtop ball mill Laboratory Mini 

Mill Pulverisette 23 (Fritsch GmbH).

3.2. Elem ental CHN analyses

Elemental CHN analyses have been conducted by a classical CHN analysis.

3.3. Infrared spectroscopy

IR analyses have been analyzed by Thermo Nicolet iS20 FTIR spectrophotometer with 

Smart iTR™ ATR Sampling accessories and Thermo Nicolet Nexus 670 FTIR instrument 

(for all other complexes), in the range of 4000-400 cm-1.

3.4. X -ray pow der diffraction analyses

XRPD analyses have been conducted on Malvern Panalytical Empyrean 3 X-ray powder 

diffractometer.

The samples have been ground in an agate mortars, than deposited in an indentation of a 

Silicon zero background plate and pressed gently. Hexagon formation was formed using 

metal plate-knife with removal of the outer layers. To improve particle statistics and 

minimize the influence of preferred orientation, the samples have been rotated at 60 rpm 

about the scattering vector. The mode of scanning was continuous scan in Bragg-Brentano 

geometry, with Cu radiation (generator settings 40mA, 45kV; K-Alpha1:1.54060 A). X- 

ray powder diffractometer was equipped with 0.04° Soller slits, 1/8° divergence slit, 1/2° 

antiscatter slit, 10mm mask, ASS receiving 7.5 mm. Scan was performed from 

[°29]=5.0020° to [°29]=69.9940°, with step size [°29] =0.0030° and time per step t=6.12s. 

The software used for data collection was Datacollector, and for data interpretation 

Highscore+ . Silicon zero background plate was used because of limited sampe quantity 

available, which compared to backloading technique provides higher intensities and 

sharper, better defined peaks, yet results in higher occurrences of preffered orientation 

phenomenon depending on the crystal systems that prove more prone to this occurrence,
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such are monoclinic systems for example. Bragg-Brentano reflection geometry was used 

to analyze the samples, instead of transmission mode, due to previously described 

situation (as in the choice of the holder used).

3.5. Single crystal X -ray diffraction analyses

X-ray structural analyses (SC-XRD) have been conducted on Xcalibur, Eos instrument 

and Stoe 4-circle diffractometer with MoKa radiation (k = 0.71073 A) and graphite 

monochromator. The conditions are described in each of the respective headings for 

obtained complexes, as part of the results (heading 4).

3.6. Therm ogravim etric analyses

The TG-DSC data were collected using a TA Instruments SDT Q600 thermal analyzer. 

Additionally, the TG-MS measurements were taken with the same thermal analyzer 

coupled online with the Hiden Analytical HPR-20/QIC mass spectrometer. The mass 

spectra were recorded in multiple ion detection (MID) mode by SEM detector.

3.7. Determ ination o f antioxidative potential

Antioxidative potential was tested via the scavenging effect on the DPPH radical (DPPH), 

according to a slightly modified method using Trolox solutions [110]. The solutions have 

been tested using 96-well microplates. The method is based on spectrophotometric 

monitoring of transforming the violet-colored, stable, nitrogen-centered DPPH radical 

(2,2-diphenyl-12-picrylhydrazyl) into the reduced, yellow-colored form of DPPH-H.

3.8. Determ ination o f bactericidal activity

To test the antibacterial effect on pure cultures of Escherichia coli and bacteria from the 

genus Salmonella spp, 4 preparations prepared in three concentrations were used, for 

concentration levels of 10-2mol/dm3, 10-4mol/dm3 and 10-5mol/dm3. The agar diffusion 

(Kirby-Bauer) method was used for this investigation, in which the Mueller-Hinton 

medium prepared according to the standard procedure was used, sterilized in an 

autoclave, cooled and poured into sterile Petri dishes, left to cool, and then used for 

inoculation of test bacteria. , using the swab method [111, 112].
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3.9. Determ ination o f cytotoxicity

The samples were tested on Cervix adenocarcinoma cell line (HeLa), human colon 

carcinoma (LS174), non-small cell lung carcinoma (A549) and a normal cell line, human 

fetal lung fibroblast cell line (MRC-5) were grown in RPMI-1640 medium (Sigma) at 

37°C. Media were supplemented with 10% fetal bovine serum, L-glutamine, and 

penicillin-streptomycin (Sigma). The effect of the investigated extracts on survival of the 

specified cell lines was determined by the microculture tetrazolium test (MTT) according 

to Mosmann [113] with modification by Ohno and Abe [114] 72 h after addition of the 

extracts.

Page 47



4. Results and discussion

4.1. Synthesis and characterization o f Zn(II) and Co(II) com plexes w ith 5- 
(4-Bromophenyl)-3-methyl-1H-pyrazole (L1)

During this research the complexes formed with 5-(4-Bromophenyl)-3-methyl-1H- 

pyrazole (L1) were with Co(II) and Zn(II) of formulae [ZnL2 (OAc)2 ], [Co4L 8Ch] and 

[CoL3Cl H2O] presented in the Table 2. Additionally, as part of the experiment, a 

monocrystal of the ligand L1 was successfully obtained and characterized through SC- 

XRD.

Table 2. Formulae and color o f  complexes o f  Co(II) and Zn(II) with 5-(4-Bromophenyl)- 

3-methyl-1H-pyrazole

Complex Color

ZnL2(OAc)2 Transparent white

Co4L8Cl8 Azure blue

CoL^ClH^O Clear light pink

4.1.1. Crystal and molecular structure of 5-(4-Bromophenyl)-3-methyl-1H- 
pyrazole (L1)

Monocrystal of the ligand L1 (5-(4-bromophenyl)-3-methyl-1H-pyrazole), that has been 

purchased from Sigma-Aldrich, was obtained using the following procedure: 0.05 g of 

L1 was dissolved in 5 ml of ethanol, slowly heated and left to crystallize. After 24 h clear 

light pink single crystals of the title compound were filtered and washed with ethanol. 

The obtained single crystals have been analyzed with SC-XRD to obtain the molecular 

and crystal structure that is shown in the Figure 50. Basic crystallographic data are 

presented in the Table 3.
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Table 3. Data collection and handling o f  SC-XRD data o f  5-(4-Bromophenyl)-3-methyl- 
1H-pyrazole

Em pirical formula 
Formula w eight 
Temperature 
W avelength(A )
Crystal size (mm) 
Crystal habitus 
Crystal color  
Crystal system  
Space group 
U nit ce ll 
dim ensions(A )

U nit ce ll angles (°)

V olum e
Z
D ensity (calc.) (g  cm -3) 
A bsorption coeffic ient 
(mm -1)

Rint

F  (000)
Data/Parameters 
G oodness-of-fit on  F2 
R/wR [I >  2 o  (I)]

____________ L1_____________
CioHgBrN^

237.1  
293 K

0.71073  
0.30 0 .20  0.15  

Prism  
Pink

Orthorhombic 
P -19

a= 5.9070(3); b= 9.2731(7); 
c= 17.5641(14)

a=  90 ; p= 90; y= 90

962 .09(12)
4

1.637

4 .224

0 .039

472
2196 /119

1.001
0 .0504  /  0 .0947

The H atoms bonded to pyrazole and phenyl ring were placed at calculated positions and 

refined as riding atoms with Uiso(H) set to 1.2Ueq of the parent atom. The H atoms of the 

methyl group were positioned geometrically and allowed to rotate around the C-C bond 

to best fit the experimental electron density (HFIX 137 in the SHELX program suite 

[115]), with Uiso(H) set to 1.5Ueq(C).
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Figure 50. Molecular and crystal structure o f  5-(4-Bromophenyl)-3-methyl-1H-

pyrazole (L1)

Substituents at the pyrazole ring give more possibilities for supramolecular arrangements. 

Between phenyl-pyrazole molecules stacking interactions are possible [116]. The 

addition of bromine to phenyl ring may lead to the halogen bonding [117]. Their 

variability in coordination modes extends their coordinative properties [118]. Phenol- 

pyrazole ligands influence the structural and magnetic properties of transition metal 

complexes [119, 120]. Brominated phenyl pyrazoles serve as ligands in the synthesis of 

molecular magnets [121, 122]. Steric effects of the phenol-pyrazoles, are important for 

the structural variability of the coordination compounds [123]. Bond lengths in the title 

molecule follow the pattern like in related bromophenyl-1H-pyrazole derivatives [124- 

126]. As in the crystal structure of [124], in the title molecule there are no Br/Br 

interactions. But, in the crystal structures of [125, 126] the Br/Br interaction of type I 

[127] is present, 91 = 92 = 163° in Ref. [125] and 91 = 92 = 156° in Ref. [126]. Molecules

Page 50



of the title compound are connected through the N1-H1/N2i (the H/N distance is 2.24 A, 

the N -H/N bond angle is 160°), (i = -1 /2  + x, 1/2 -  y, 1 -  z). View along the c axis (lower 

part of the Figure 50) shows assembly of molecules into a zigzag chain. The dotted black 

line depicts the closest phenole-pyrazole intermolecular distance. Centroids of the phenol 

and pyrazole rings from neighboring molecules are at a distance of 4.158(4) A. Angle 

between the mean planes of the neighboring rings is 18.0(3)°. Such an arrangement of 

two cycles creates an opportunity for stacking interaction between their n-systems. 

Molecular chains are directed along the axis a. There are no significant inter-chain 

contacts. Br atom is not involved in significant intermolecular interactions.

4.1.2. Synthesis and characterization of [ZnL2(OAc)2]

Synthesis of a complex [ZnL2 (OAc)2 ]: The warm ethanolic solution (3 cm3)

[Zn(OAc)2-2H^O] (0.055 g, 0.25 mmol) was mixed with warm ethanolic solution (3 cm3) 

of the ligand L1 (0.118 g, 0.5 mmol) with mild heating. The transparent reaction mixture 

was left to crystallize. After 48 hours, white, transparent microcrystalline precipitate was 

filtered, washed with ethanol and dried in air. Yield: 0.063 g (36.3 %).

From the reaction mixture, new complex compound of formulae: [ZnL2(OAc)2] was 

crystallized. The complex was analyzed via XRPD, IR and CHN analyses. The complex 

was prepared by reacting zinc acetate with 5-(4-Bromophenyl)-3-methyl-1H-pyrazole in 

hot ethanolic solution (Figure 51). Results of CHN analysis are presented in the Table 4.

Table 4. Results o f  the CHN analysis fo r  the complex [ZnL2(OAc)2]

Theoretical [ZnL2 (OAc)2 ] Found

C% 43.80 % 44.44 %

H % 3.65 % 3.53 %

N% 8.52 % 9.20 %
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On the basis of CHN analysis and FTIR results, a structure of the complex was determined 

(Figure 51).

Figure 51. Synthesis o f  the Zn(II) complex o f  5-(4-Bromophenyl)-3-methyl-1H-pyrazole

4.1.2.1. X-ray powder diffraction data o f [ZnL2(OAc)2]

The powder diffractogram of ZnL2(OAc)2 is presented in Figure 52. Most dominant 8 

peaks of the diffractogram are listed in the Table 5, with their d spacings and relative 

intensities.
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Table 5. Eight most dominant diffraction lines in powder diffractogram o f  ZnL2(OAc)2

Pos. [°20] d-spacing [A] Rel. Int. [%]

11.8898 7.43731 21.10

12.4272 7.11690 51.74

16.5820 5.34185 32.71

18.1912 4.87279 21.52

18.9045 4.69048 30.03

19.8060 4.47899 28.19

23.9466 3.71307 31.68

25.5266 3.48671 100.00
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Presented in the Figure 53 are the diffractograms of Zn(OAc)2, L1 and the product 

ZnL2(OAc)2. Similar volumes of all 3 samples were used during the analyses and all of 

the samples were analyzed with the same measuring conditions. From the Figure 53, it is 

visible that the synthesis resulted in a new crystalline product, and not a mixture of metal 

salt and ligand.

Figure 53. The powder diffractograms o f  Zn(OAc)2, L1 and ZnL2(OAc)2
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4.1.2.2. FTIR data of [ZnL2(OAc)2]

IR spectra of the complex ZnL2(OAc) 2  contains the following dominant bands: 3169.0 

cm-1, 3127.0 cm-1, 1633.3 cm-1, 1566.7 cm-1, 1392.3 cm-1, 1146.50 cm-1, 1034.3 cm-1, 

1002.9 cm-1, 866.78 cm-1, 616.1 cm-1. Through interpretation [128], the IR spectra of the 

complex is in accordance with the proposed structure.

From the obtained results, a deduction can be made that the previously described 

synthesis of Zn(OAc) 2  and L1, has resulted in a new crystalline metal complex of formula: 

[ZnL2(OAc)2]. The most probable coordination, in relation to the preference of 

pyrazolones to bind with their pyridine like nitrogen, is presented in the Figure 51. In this 

case, and to achieve higher stability, it is expected that Zn is coordinated by two pyridine 

like nitrogen from L1 and two oxygen atoms from acetate ligands, in a tetrahedral 

environment.

4.1.3. Synthesis and characterization of [Co^LsCls]

Synthesis of a complex [Co4LsCls]: The warm ethanolic solution (3 cm3) [CoCl2-6 H2O] 

(0.033 g, 0.25 mmol) was mixed with warm ethanolic solution (3 cm3) of the ligand L1 

(0.118 g, 0.5 mmol) with mild heating. The dark blue reaction mixture was left to 

crystallize. After 3 days, 4 different crystalline products were obtained: azure blue plate 

single crystal (complex [Co4L 8Cl8]), clear light pink crystals (complex [CoL3C lH 2 O]), 

net-like fibrous greyish crystals (ligand) and white monocrystals (ligand). Single crystals 

of both products were carefully isolated, filtered, washed with ethanol and dried in air. 

Total yield: 0.092 g (60.9 %). Both complexes originate from the same solution, with 

two more crystalline products (both identified as ligand). The [Co4L8Ch] complex is 

obtained as azure blue plate single crystal, while the [CoL3 Cl] H2 O complex crystallizes 

in clear light pink crystals. The compounds are characterized by SC-XRD.

From the reaction mixtures, new complex compound of formulae: [Co4L8CL] was 

crystallized (Figure 54). The crystal and molecular structure of the synthesized complex
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was determined by single-crystal X-ray structure analysis. The complex was prepared by 

reacting cobalt chloride with 5-(4-Bromophenyl)-3-methyl-1H-pyrazole in hot ethanolic 

solutions.

Figure 54. Synthesis o f  the [CoLCls] complex o f  5-(4-Bromophenyl)-3-methyl-1H- 

pyrazole (representation o f  a mononuclear structure)

4.1.3.1. Crystal and molecular structure o f [CoL^Ck]

The crystal and molecular structure of the obtained complex was solved via SC-XRD 

analysis. Table 6 contains crystallographic data of the complex Co^LsCk.

Table 6. Data collection and handling o f  SC-XRD data o f  Co^LsCk

Co^L^Ch
CsoHv^BrsClsCo^Nie 

2417.14  
293 K  

0.71073

Em pirical formula 
Formula w eight 
Temperature 
W avelength(A )
Crystal habitus 
Crystal color  
Crystal system  
Space group 
U nit ce ll 
dim ensions(A )

U nit ce ll angles (°)

V olum e
Z
D ensity (calc.) (g  cm -3)

Plate
Azure blue 

Triclinic 
P -1

a= 12.381(2); b= 13.603(2); 
c= 29 .809(3 )  

a= 88 .315(12) ; p= 
85.221(12); y= 67 .960(18)  

4637 .2 (14)
2

1.731
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4.431A bsorption coeffic ient 
(mm -1)

Aint 0 .184

F  (000) 2378
Data/Parameters 16150 /1048
G oodness-of-fit on  F2 0 .898
R/wR [I >  2 o  (I)] 0 .0840  /  0.2051

The molecular structure is shown in the Figures 55, 56. and 57. Figure shows content of 

the asymmetric unit. Atom labelling depicts color codes of atoms. As can be seen in the 

Figure 55, in the mononuclear unit of the complex, the central atom of Co is coordinated 

with pyridine-like N atoms of two ligands, and with two Cl atoms, in tetrahedral 

geometry. Stereochemistry of Co(II) complexes, due to the lack of ligand field 

stabilization energy, depends mostly on the size of the cation and the structural properties 

of the ligand. With that said, Co (II) complexes will favor tetrahedral or higher structural 

formations.

Figure 55. Molecular and crystal structure o f  mononuclear unit o f  a complex

Co^LsCle

In the Figure 56, the structure that consists of isolated units of mononuclear and trinuclear 

complexes are presented.
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Figure 56. Asymmetric unit consist o f  one trinuclear and one mononuclear

complex.

As can be seen in the Figure 57, in trinuclear complex, the central atom of Co is 

coordinated with pyridine-like N atoms of two ligands, and with two Cl atoms, in 

tetrahedral geometry. Central Co is coordinated through four Cl atoms and two ligands 

through their pyridine-like nitrogens, in octahedral environment. The trinuclear 

coordination is made possible by four bridging Cl atoms.

Figure 57 Molecular diagram and atom labeling scheme o f  trinuclear unit o f  a 

complex. Hydrogen atoms bonded to carbon are omitted fo r  clarity
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Bond lengths of the chemically equivalent ligands are not significantly different (Table 

7). There are no significant differences in the bond lengths of pyrazolyl ligands in 

comparison to free 5-(4-Bromophenyl)-3-methyl-1H-pyrazole. The selected bond angles 

of the complex [Co^LsCh] are presented in the Table 8.

Table 7. Selected bond lengths (A) o f  [Co^LsCls]

Bond
D istances

(A)
B ond

D istances
(A)

C o1-C l2 2.432(3) C o 3-N 12 2.112(10)

C o1-C l3 2.473(3) C o 3-N 10 2 .048(9)

C o1-C l4 2.551(3) C o3-C l6 2 .303(3)

C o1-C l1 2.575(3) C o3-C l3 2 .650(3)

C o 1 -N 4 2.110(8) B r4 -C 28 1.932(3)

C o2-C l5 2.303(3)

Table 8. Selected bond angles (°) o f  [Co^LsCh]

B ond A ngles (°) Bond A ngles (°)

C l2 -C o1-C l3 87 .37(10) N 2 -C o 1 -C l2 170.4(3)

C l3 -C o 1 -C l4 93.38(11) N 2 -C o 1 -C l3 89.8(2)

C l1 -C o 1 -C l2 81 .06(10) C l1 -C o 1 -C l3 81 .47(10)

N 4 -C o 1 -C l1 88.9(3) N 4 -C o 1 -C l4 90.4(2)

N 4 -C o 1 -C l3 172.6(3) N 2 -C o 1 -C l1 88.9(3)

N 1 2 -C o 3 -C l6 92.0(3) N 1 2 -C o 3 -C l3 89.3(3)

The interesting occurrence in the matter of this coordination is the prototrophic annular 

tautomerism, which took place and is characteristic for pyrazole derivatives. Aggregation 

of complex molecules in the crystal is achieved through the Br...Br and stacking 

interactions. Part of the unit cell and significant interactions are depicted in Figures 58 

and 59.
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Figure 58 Part o f  the units cell depicting the connection between the mono- and  

tri-nuclear complexes through the Br...Br andstacking interactions

Figure 59 Packing o f  molecules in the crystal structure. Red lines depict

stacking interactions

Mononuclear complex contains Co in tetrahedral environment. Two Cl atoms and two 

pyrazolyl ligands bonds to Co (Figure 55). Trinuclear complex consists of three Co atoms 

connected through the dichloro bridges (Fig). Angles in the two Co2Ch bridging 

fragments are in the range of 81-101°. Both terminal Co atoms are five-coordinate in a 

trigonal-bipyramidal fashion. Apical positions contains bridging Cl and pyridine-like 

nitrogen from pyrazole ligand. Central Co is in octahedral environment. The equatorial
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plane consists of four bridging Cl. Two pyrazolyl ligands coordinates in the axial 

positions through the pyridine-like nitrogen. Hydrogen bond donors and acceptors as well 

as five and six membered rings are present in the crystal. In spite of this property there 

are no significant intermolecular contacts.

4.1.4. Synthesis and characterization of [CoL3Cl H2O]

Synthesis of a complex [CoL3Cl-H2O]: The warm ethanolic solution (3 cm3)

[CoCl^eH^O] (0.033 g, 0.25 mmol) was mixed with warm ethanolic solution (3 cm3) of 

the ligand L1 (0.118 g, 0.5 mmol) with mild heating. The dark blue reaction mixture was 

left to crystallize. After 3 days, 4 different crystalline products were obtained: azure blue 

plate crystals (complex [Co4L8Cl8]), clear light pink crystals (complex [CoL3C lH 2 O]), 

net-like fibrous greyish crystals (ligand) and white monocrystals (ligand). Single crystals 

of both products were carefully isolated, filtered, washed with ethanol and dried in air. 

Total yield: 0.092 g (60.9 %). Both complexes originate from the same solution, with 

two more crystalline products (both identified as ligand). The [Co4L8CL] complex is 

obtained as blue prism crystals, while the [CoL3Cl] H2O complex crystallizes in clear 

light pink crystals. The compounds are characterized by SC-XRD.

From the reaction mixtures, new complex compound of formulae: [CoL3C lH 2 O] was 

crystallized (Figure 60). The crystal and molecular structure of the synthesized complex 

was determined by single-crystal X-ray structure analysis. The complex was prepared by 

reacting cobalt chloride with 5-(4-Bromophenyl)-3-methyl-1H-pyrazole in hot ethanolic 

solutions.
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Figure 60. Synthesis o f  the [C0 L 3C IH 2O] complex o f  5-(4-Bromophenyl)-3-methyl-1H-

pyrazole

4.1.4.1. Crystal and molecular structure o f [CoL^ClH^O]

The crystal and molecular structure of the obtained complex was solved via SC-XRD 

analysis. Table 9 contains crystallographic data of the complex CoL^Cl-HO.

Table 9. Data collection and handling o f  SC-XRD data o f  CoL3C lH 2O

Em pirical formula 
Formula w eight 
Temperature 
W avelength(A )
Crystal size (mm) 
Crystal habitus 
Crystal color  
Crystal system  
Space group 
U nit ce ll 
dim ensions(A )

U nit ce ll angles (°)

V olum e
Z
D ensity (calc.) (g  cm -3) 
A bsorption coeffic ient 
(mm -1)

CoL3C lH 2O_________
CsoH^vBrsChCoNioO 

1333.35  
293 K  

0.71073  
0.05 0.05 0.05  

Prism
Clear light pink  

Triclinic 
P -1

10.0202(4); b= 11.9578(4);
c= 13.1092(5) 

110.701(3) ; в= 108.951(4); 
Y= 94 .782(3) 
1354.38(10)

1
1.635

4 .149

a=

a=
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Mnt 0.067

F  (000) 661
Data/Parameters 9511 /628
G oodness-of-fit on  F2 1.023
R/wR [I >  2 o  (I)] 0 .0515  /  0.1211

Isolated complexes are solid substances that are stable in ambiental conditions. The 

molecular structure of [CoL3 C lH 2O] is shown in the Figure 61.

Complex molecule crystallized with two molecules of the free ligand and Cl- anion. 

Mononuclear complex contains Co in trigonal bipyramidal environment. Cl and H2O and 

three pyrazolyl ligands bond to Co. Cl- and a molecule of H 2O are in axial positions. There 

is an occurrence of prototrophic annular tautomerism in ligand units as was presented in 

the trinuclear Co(II) complex as well. Three pyrazolil ligands coordinate through 

pyridine-like nitrogen. Hydrogen bond donors and acceptors as well as five and six 

membered rings from the ligands structure are present in the crystal. Molecular diagram 

and atom labeling scheme for non-C atoms is shown in Figure 61.

Figure 61. Structure o f  C0 L 3C IH 2O

Co (II) is coordinated in a trigonal-bipyramidal fashion. Oxygen from water and nitrogen 

N1 from pyrazole ligand are coordinated in axial positions. Two nitrogens from pyrazole 

ligands and Cl- anion are coordinated in equatorial plane. The coordination geometry
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around Co (II) can be described as trigonal bipyramidal. The Addison distortion index т 

is 0.81 (т = 0 for a square pyramid and т = 1  for a trigonal bipyramid). Selected 

geometrical parameters are shown in Table 10 and Table 11.

Table 10. Selectedgeometricalparameters fo r  complex C0 L 3CI H 2O - lenght o f  the bonds 

in A

Co1-O1 2 .068(8) Co1-Cl1 2.302(3) Co1-N5 2 .135(9) Co1-N1 2 .149(9)

Co1-N3 2 .120(9) N1-C3 1.308(13) N1-N2 1.368(11) N2-C1 1.232(12)

N3-C13 1.339(14) N3-N4 1.342(12) N4-C11 1.346(14) N5-C23 1.335(14)

N5-N6 1.344(11) N6-C21 1.338(14) N9-C43 1.320(15) N9-N10 1.368(13)

N10-C41 1.355(14) N7-C31 1.336(14) N7-N8 1.354(13) N8-C33 1.335(16)

Table 11. Selectedgeometricalparametersfor complex CoL3Cl H 2O - angles o f  the bonds

Cl1-Co1-O1 95.3(2) Cl1-Co1-N1 91.5(2) N1-Co1-N3 91.7(3) N1-Co1-N5 87.2(3)

Cl1-Co1-N3 116.5(2) Cl1-Co1-N5 123.9(3) O1-Co1-N5 86.0(3) N3-Co1-N5 119.6(3)

O1-Co1-N1 172.3(3) O1-Co1-N3 88.5(3) O1-Co1-N5 86.0(3) N3-Co1-N5 119.6(3)

Packing of molecules is determined by the interactions involving free Cl- anion. Part of 

the crystal structure viewed down the c axis is shown in Figure 62. Hydrogen atoms 

bonded to carbon are excluded for clarity. Hydrogen bonds are depicted in black, dotted 

lines (Figure 62).
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Figure 62. Packing o f  molecules involving free C l anion

Complex molecule is hydrogen bonded to Cl" through the interactions of N-H from two 

coordinated ligands and OH from coordinated water. Third coordinated ligand is not 

involved in significant nonbonding interactions. Further stabilization of the crystal 

structure is achieved by interaction of Cl- with two uncoordinated ligands. Geometry of 

hydrogen bonds is given in the Table 12.

Table 12. Geometry o f  hydrogen bonds fo r  complex C0 L 3C IH 2O

D-H ..A H ..A D-H ..A

N4-H10 .. Cl2 2.5000 170.00

N6-H19 .. Cl2 2.3700 173.00

O1-H47 .. Cl2 2.6500 168.00

N10-H48 .. Cl2 2.3900 156.00

N8-H49 .. Cl2 2.4200 150.00
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4.2. Synthesis and characterization o f Cu(II), Co(II), N i (II), Zn(II), Pt(II) 
and Pd(II) com plexes w ith 4-methylpyrazole (L2)

During this research the complexes formed with 4-methylpyrazole (L2) were with Cu(II), 

Co(II), Ni(II), Zn(II), Pt(II) and Pd(II) of formulae [CuL2 (NO3)2 ], [CoL^Ch], 

[Ni(OAc)2L4], [Zn(OAc)2L 2], [PtLjCh] and [Pd(L-H)3] (Table 13).

Table 13. Formulae and color o f  complexes o f  Cu(II), Co(II), Ni(II), Zn(II), Pt(II) and 

Pd(II) with 4-methylpyrazole

Complex Color

CuL4(NO3)2 Blue

CoL4Cl2 Pink

Ni(OAc)2L4 Azure blue

Zn(OAc)2L2 Clear light colorless

PtL3Cl2 Orange

Pd(L-H)3 Yellow

4.2.1. Synthesis and characterization of [CuL4(NO3)2 ]

Synthesis of a complex [CuL4(NO3)2]: The warm ethanolic solution (3 cm3)

[Cu(NO3)2H^O] (0.051 g, 0.25 mmol) was mixed with warm ethanolic solution (3 cm3) 

of the ligand L2 (0.041 g, 0.5 mmol) with mild heating. The blue reaction mixture was 

left to crystallize. After 48 hours, blue single crystals were filtered, washed with ethanol 

and dried in air. Yield: 0.063 g (81.0 %).

From the reaction mixture, an already structurally characterized and described complex 

of formulae [CuL4(NO3)2 ] [130]. As the complex [CuL4 (NO3)2 ] described in literature, 

was obtained through reaction of water solutions of Cu(NO3 ) 2  and fomepizole, yielding 

blue-purple monocrystals [130], and the solvent used for the purpose of the synthesis
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presented in this thesis was ethanol, it can be deducted that the solvent did not make the 

difference in the path of the synthesis. Thus, the results of the single-crystal X-ray 

structure analysis for this complex [CuL4 (NO3)2 ] will not be presented, yet the results of 

the XRPD and FTIR analyses as well as deducted bactericidal and cytotoxic activity will 

be presented as part of the thesis.

As stated the complex was prepared by reacting copper nitrate with 4-methylpyrazole in 

hot ethanolic solutions (Figure 63).

Figure 63. Synthesis o f  the Cu(II) complex o f  4-methylpyrazole

The coordination environment of Cu(II) in its complex is hexahedral. The compound has 

been characterized by SC-XRD, as well as XRPD spectra and IR spectra. The tests of the 

antimicrobial and cytotoxic activity of the new copper complex have been conducted and 

are a part of this thesis.

4.2.1.1. X-ray powder diffraction data o f [CuL4(NO3)2]

The diffractogram obtained from the XRPD analysis conducted for the obtained complex 

[CuL4(NO3)2 ], clearly shows the formation of a crystalline compound with a high 

dominant peak at the position 9.5791 °2в. For the purposes of identification of the 

complex in question, most dominant 8 peaks of the diffractogram are listed in the Table 

14, with their d spacings and relative intensities.
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Table 14. Eight most dominant diffraction lines in powder diffractogram o f CuL4(NO3)2

Pos. [°20] d-spacing [A] Rel. Int. [%]

9.5791 9.22556 100.00

11.4756 7.70483 2.78

12.8579 6.87944 2.21

21.4197 4.14505 2.36

22.8457 3.88946 0.67

23.2640 3.82045 1.90

30.1483 2.96190 1.06

31.1659 2.86748 0.69

As the ligand is used in liquid form (solution), no diffractogram was obtained for it. The 

conclusion was made by comparing the diffractograms of Cu(NO3)2 and the product 

CuL4(NO3) 2. Similar quantities of both samples were used during the analyses and both 

samples were analyzed in the same measuring conditions. Diffractograms are part of the 

Addendum A.

The crystal and molecular structure of the complex was solved by SC-XRD analysis. As 

previously described and by the obtained SC-XRD results, the complex proved to be an 

already structurally characterized and described complex [130].

4.2.1.2. FTIR data o f [CuL4(NO3h]

IR spectra of the complex CuL2(NO3)2 contains the following dominant vibrations: 3188.1 

cm-1, 3127.0 cm-1, 1388.2 cm-1, 1314.1 cm-1, 1293.3 cm-1, 1128.2 cm-1, 1075.4 cm-1,
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1002.6 cm \  867.09 cm \  826.2 cm \  759.3 cm \  608.3 cm l . The IR spectra of the 

complex is in accordance with the proposed structure.

Figure 64. The IR spectra o f  4-methylpyrazole -  L2 (green) and its complex with copper
(red)

4.2.1.3. Bactericidal activity o f complex [CuL4(NO3)2]

As part of this thesis, complex CuL4 (NO3)2 was tested for its bactericidal activity. The 

preparation of test bacteria was carried out by the injection method, a pair of clean 

colonies were introduced into test tubes with nutrient broth, incubated at 37°C for 24 h 

with the aim of obtaining a concentration of microbial cells of 1x108 CFU/ml.

The inoculation of the prepared M.H. of the substrate was carried out by the method of 

sterile swabs, for each bacterial culture in 4 repetitions, by drawing zig zag lines on the 

substrate. After incubation at 37°C, confluent bacterial growth is expected for 24 h.
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The procedure known as the Kirby-Bauer test is a version of the procedure described forty 

years ago by Bauer, Kirby, Sherris and Turck. The advantages of this method are the 

simplicity of execution, the possibility of simultaneous testing of a large number of 

samples, economic profitability and relatively simple reading of the results. The results 

are qualitative and allow the classification of test microorganisms as sensitive, moderately 

sensitive or resistant in relation to the antimicrobial agent used [111].

Sterile paper discs with a diameter of 6 mm are placed on the inoculated nutrient medium 

(M.H. agar) with sterile tweezers, in precisely defined places. 15 pm of the tested 

preparation of the desired concentration is applied to the disks laid in this way, and then 

subjected to incubation at 37°C for 24 h. The antimicrobial agent (preparation) diffuses 

into the agar and inhibits the growth of the test microorganism by creating "empty" zones 

whose diameter is measured with a millimeter caliper. The diameters of the inhibition 

zones are compared with standard values for the same bacteria and the antibiotic 

gentamicin. The results were interpreted according to EUCAST (The European 

Committee on Antimicrobial Susceptibility Testing) and CLSI (Clinical and Laboratory 

Standards Institute) standards. According to the mentioned standard, the effect of the 

essential oil on the microorganism test was evaluated through three categories:

•  S (susceptible) - the probability of success of the therapy is high after the use of 

usual doses of antibiotics, given in the usual way

•  I (intermediately (moderately) sensitive) - possible success of the therapy if the 

antibiotic is given in max. concentrations and through penetration

•  R (resistant) - never used in therapy, regardless of the dose, therapy is very likely to 

be unsuccessful

The results were interpreted according to EUCAST (The European Committee on 

Antimicrobial Susceptibility Testing) and CLSI (Clinical and Laboratory Standards 

Institute) standards. According to the mentioned standard, the influence of the preparation 

on the microorganism test was evaluated through three categories:

•  S- sensitive

•  I-intermediately (moderately) sensitive

•  R-resistant
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Based on the measured zones of inhibition of tested samples of preparations and bacteria, 

a comparative analysis of the obtained results with the standard values of the antibiotic 

Gentamicin for the bacteria Escherichia coli and Salmonella spp. was performed. The 

obtained results are shown in a Table 16. The standard values of the antibiotic Gentamicin 

for the bacteria Escherichia coli and Enterococcus faecalis are shown in the table 15.

Table 15. Inhibition zones fo r  E. coli and Salmonella spp. CISIM100-S21 Performance 

Standards fo r  Antimicrobial Susceptibility Testing. EUCAST.

D iam eter of inhibition zone

Escherichia coli S I R

<12

R

<14

Gentamicin >15 13-14

Salmonellla spp. S I

Gentamicin >17 13-16

Based on the results presented in Table 16 and the presentation in Figure 65, it can be 

claimed that all three used concentrations of CuL4 (NO3 ) 2  showed a slightly inhibitory 

effect both on the growth of E  coli bacteria and on the growth of bacteria from the genus 

Salmonella spp. The largest zone of inhibition on both investigated bacteria showed a 

concentration of 10-2 with an average inhibition zone of 8.00 mm for E.coli, or 8.75 mm 

for bacteria from the genus Salmonella spp. The concentration of 10-5 (6.50 mm) had the 

least inhibitory effect on bacterial species of the genus Salmonella. Comparing the 

obtained results with the standard values of the antibiotic Gentamicin, it can be claimed 

that both tested bacteria are resistant to CuL4(NO3)2 .

Table 16. Results o f  measurement o f  zones o f  inhibition o f  CuL4(NO3)2 fo r  all three 

concentrations

CuL4(NO3)2 Avergae value of inhibition zone (mm)

Esherichia coli Salmonella spp.

Concentration 10 -2 8,00 mm 8,75 mm

Concentration 10 -4 7,00 mm 6,75 mm

Concentration 10 -5 7,25 mm 6,50mm
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Figure 65. Presentation o f  the inhibitory effect o f  CuL4(NO3)2 on E. Coli and
Salmonella. spp.

4.2.2. Synthesis and characterization of [C0 L4CI2 ]

Synthesis of a complex [C0 L 4CI2]: The warm ethanolic solution (3 cm3) [C o C h ^K O ] 

(0.033 g, 0.25 mmol) was mixed with warm ethanolic solution (3 cm3) of the ligand L2 

(0.041 g, 0.5 mmol) with mild heating. The dark blue reaction mixture was left to 

crystallize. After 3 days, purple single crystals were filtered, washed with ethanol and 

dried in air. Yield: 0.024 g (32.7 %).

From the reaction mixtures, new complex compound of formulae [CoL4 Cl2] was 

crystallized. The crystal and molecular structure of the synthesized complex [CoL4Cl2] 

was determined by single-crystal X-ray structure analysis. As stated the complexes were 

prepared by reacting copper nitrate and cobalt chloride with 4-methylpyrazole in hot 

ethanolic solutions (Figure 66).

The complex was analyzed via XRPD and SC-XRD analyses. The complex was prepared 

by reacting cobalt chloride with 4-methylpyrazole in hot ethanolic solution.

On the basis of SC-XRD analysis and IR spectra, a structure of the complex was 

determined (Figure 66).
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Figure 66. Synthesis o f  the Co(II) complex o f  4-methylpyrazole

4.2.2.1. X-ray powder diffraction data o f [CoL^Ch]

The diffractogram obtained from the XRPD analysis conducted for the obtained complex 

[CoL^Ch], shows the formation of a crystalline compound with a dominant peak at the 

position 15.7872°20. For the purposes of identification of the complex in question, most 

dominant 8 peaks of the diffractogram are listed in the Table 17, with their d spacings and 

relative intensities.

Table 17. Eight most dominant diffraction lines in powder diffractogram o f  CoL^Ch

Pos. [°20] d-spacing [A] Rel. Int. [%]

8.1007 10.90568 13.91

10.2154 8.65234 59.14

11.6819 7.56924 45.73

13.3706 6.61680 56.92

15.7872 5.60894 100.00

18.4389 4.80788 14.00
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21.2054 4.18647 32.46

31.8239 2.80967 27.92

As the ligand is used in liquid form (solution), no diffractogram was obtained for it. The 

conclusion was made by comparing the diffractograms of C0 CI2 and the product C0 L 4CI2. 

Similar quantities of both samples were used during the analyses and both samples were 

analyzed in the same measuring conditions. Diffractograms are part of the Addendum A.

4.2.2.2. Crystal and molecular structure o f [C0L4CI2]

The obtained single crystals have been analyzed through SC-XRD in order to obtaine its 

molecular and crystal structure, shown in the Figure 67. Table 18 contains 

crystallographic data.

Table 18. Data collection and handling o f  SC-XRD data o f  C0 L 4CI2

[CoL^ClJ
Em pirical formula Cl6H24Cl2CoN8
Formula w eight 458 .26
Temperature 293 K
W avelength(A ) 0.71073
Crystal size (mm) 0.24 0 .16 0.03
Crystal habitus Plate
Crystal color Pink
Crystal system M onoclinic
Space group C  -15
U nit ce ll a= 9.2854(7); b= 13.2723(12);
dim ensions(A ) c= 17.417(4)

U nit ce ll angles (°) a= 90 ; в= 93.357(6); y= 90

V olum e 2142.7(6)
Z 4
D ensity (calc.) (g  cm -3) 1.421
A bsorption coeffic ient 1 068
(mm -1)

Rint 0 .018

F  (000) 948
Data/Parameters 2563 /126
G oodness-of-fit on  F2 1.041
R/wR [I >  2 c  (I)] 0 .04 2 8 / 0 .0904
Largest diff. peak 0 219  /  -0 184
and hole (eA -3)
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Presented in the Figures 67 and 68, the complex has a Co central atom in coordination 

with two Cl atoms in trans disposition, and four ligands coordinated through their 

pyridine-like nitrogens in octahedral coordination.

Figure 67. ORTEP diagram and atom labeling scheme o f  (tetrakis(4-methyl-1H- 
pyrazole))-dichloro-cobalt(II). Hydrogen atoms bonded to carbon are omitted

fo r  clarity

Figure 68. Structure o f  CoL^Ch
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Bond lengths of the chemically equivalent ligands are not significantly different (Table 

19). There are no significant differences in the bond lengths of pyrazolyl ligands in 

comparison to free 4-methyl-pyrazole. Selected bond angles of the complex are presented 

in the Table 20.

Table 19. Selected bond lengths (A) o f  [C0 L 4CI2]
Bond

D istances
(A)

B ond
D istances

(A)
Bond

D istances
(A)

C o1-N 2A 2.1167(2) N 2A -C 3A 1.321(3) N 1A -H 1A 0.9299

C o1-N 2 2.1254(2) N 2A -N 1A 1.337(2) C4-C5 1.366(3)

Co1-Cl1 2.5402(5) N 1-C 5 1.329(3) C4-C3 1.389(3)

N 2-C 3 1.327(2) N 1-H 1 0.9345 C4-C6 1.498(3)

N 2- N1 1.351(2) N 1A -C 5A 1.338(3) C3-H3 0.9300

C5-H2 0.9300

Table 20. Selected bond angles (°) o f  [CoL^Ch]
B ond A ngles (°) Bond A ngles (°)

N 2A -C o1- N 2A 180.00(8) C 3-N 2-N 1 104.14(17)

N 2 A  - C o1- N 2 89.77(6) C 3-N 2-C o1 131.92(13)

N 2 - C o1-N 2 180.00(8) N 1-N 2-C o1 123.82(12)

N 2 A  - C o1-Cl1 91 .61(5) C 3A -N 2A -N 1A 104.76(17)

N 2 - C o1- Cl1 88 .39(5) C 3A -N 2A -C o1 132.71(14)

Cl1 - C o1- Cl1 180.00 (8) N 1A -N 2A -C o1 132.71(14)

C0 L4 CI2 complex contains Co in octahedral environment. Two Cl atoms and four 4- 

methylpyrazole bonds to Co. The methyl group of the ligand (4-methylpyrazole) has 

C...C contacts with other methyl group of the neigbouring mononuclear complex as 

presented in Figure 69, which makes the aggregation of the complex molecules in the 

crystal possible. Atom labelling depicts color codes of atoms.
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Figure 69. Packing o f  molecules in the crystal structure

Intramolecural hydrogen bonds are formed between pyrole-like nitrogen and its hydrogen 

with its neighboring chlorine atom, with slight difference in length of the bond as 

presented in the Table 21. There are no significant intermolecular contacts.

Table 21. Intramolecular hydrogen bonds:

D-H...A h...a (A) d ...a (A) d-h...a (°)

N1-H1..CI1 2.49 3.195(2) 133

N1A-H1A..CI1 2.43 3.149(2) 134

4.2.3. Synthesis and characterization of [Ni(OAc)2L4]

Synthesis of a complex [Ni(OAc)2L4]: The warm ethanolic solution (3 cm3) 

[Ni(OAc)2'4H2O] (0.062 g, 0.25 mmol) was mixed with warm ethanolic solution (3 cm3) 

of the ligand L2 (0.041 g, 0.5 mmol) with mild heating. The blue reaction mixture was
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left to crystallize. After 2 days, azure blue single crystals were filtered, washed with 

ethanol and dried in air. Yield: 0.030 g (29.4 %).

From the reaction mixture, new complex compound of formulae: [Ni(OAc)2L4 ] was 

crystallized. The crystal and molecular structure of the synthesized complex was 

determined by single-crystal X-ray structure analysis. The complex was prepared by 

reacting nickel acetates with 4-methylpyrazole in hot ethanolic solutions. The nickel 

complex crystallizes in light blue prisms. The coordination environment of Ni(II) in its 

complex is octahedral. Results of CHN analysis are presented in the Table 22.

Table 22. Results o f  the CHN analysis fo r  the complex [Ni(OAc)2L 4]

Theoretical

[Ni(OAc)2L4]
Found

C% 47.7 % 47.55 %

H % 5.6 % 5.99 %

N% 21.9 % 22.18 %

On the basis of CHN analysis, FTIR results and single-crystal X-ray structure analysis, a 

structure of the complex was determined (Figure 70).

Figure 70. Synthesis o f  the Ni(II) complex o f  4-methylpyrazole
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4.2.З.1. X-ray powder diffraction data of [Ni^OAc)^]

The diffractogram obtained from the XRPD analysis conducted for the obtained complex 

[Ni(OAc)2L4], shows the formation of a crystalline compound with a dominant peak at the 

position 10.7966°2в. For the purposes of identification of the complex in question, most 

dominant 8 peaks of the diffractogram are listed in the Table 23, with their d spacings and 

relative intensities.

Table 23. Eight most dominant diffraction lines in powder diffractogram o f  N i(O Ac)L 4

Pos. [°20] d-spacing [A] Rel. Int. [%]

10.6179 8.32518 45.16

10.7966 8.18780 100.00

11.8767 7.44550 15.67

11.9792 7.38203 34.21

12.3475 7.16265 21.62

20.9663 4.23365 15.80

23.5038 3.78202 21.22

28.7929 3.09818 14.34

As the ligand is used in liquid form (solution), no diffractogram was obtained for it. The 

conclusion was made by comparing the diffractograms of Ni(OAc) 2  and the product 

Ni(OAc)2L4. Similar quantities of both samples were used during the analyses and both 

samples were analyzed in the same measuring conditions. Diffractograms are part of the 

Addendum A.
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4.2.3.2. FTIR data of [NifOAcJL]

The IR spectrum of the complex [Ni(OAc)2L4] contains the following dominant bands 

(Figure 71): 2924.6 c m 1, 1550.4 c m 1, 1415.3 c m 1, 1145.5 c m 1, 1003.3 c m 1, 959.5 

cm_1, 850.3 cm_1, 653.0 cm"1, 620.2 cm"1. The IR spectra of the complex is in accordance 

with the proposed structure.

Figure 71. The IR spectra o f  4-methylpyrazole -  L2 (blue) and its complex - Ni(OAc)2L 4

(red)

4.2.3.3. Crystal and molecular structure o f [Ni(OAc)2L 4]

The obtained single crystals have been analyzed through SC-XRD in order to obtain its 

molecular and crystal structure, shown in the Figure 72. Table 24. contains 

crystallographic data.

Table 24. Crystallographic and refinement data for the complexes
[N i(O A c)2L4]

Em pirical formula 
Formula w eight 
Temperature 
W avelength(A ) 
Crystal size (mm) 
Crystal habitus 
Crystal color  
Crystal system

C^oHsoNgO^Ni 
505.21  
200  K  

0.71073  
0.4  0.2 0.03  

Prism  
Azure blue 

Triclinic
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Space group 
U nit ce ll 
dim ensions(A )

U nit ce ll angles (°)

V olum e
Z
D ensity (calc.) (g  cm -3) 
A bsorption coeffic ient 
(mm -1)

.Rint

F  (000)
Data/Parameters 
G oodness-of-fit on  F2 
R/wR [I >  2 c  (I)] 
Largest diff. peak  
and hole (eA -3)

P -1
a= 9.5219(8); b= 9.9441(8);

c= 12.8953(11)  
a= 96.613(3); p= 97.824(3); 

Y= 93 .904(3) 
1197.24(2)

2
1.401

0.853

0 .047

532
9162/307

1.018
0 .05 9 0 / 0.0903  

0.391/-0 .433

The asymmetric unit contains two halves of the title molecule (Figure 73) with nickel(II) 

ions sitting on inversion centers. Four 4-methyl-pyrazole and two acetato ligands are 

coordinated to Ni(II) in a distorted octahedral geometry. In the following text, two 

symmetry-unique complexes of the title compound will be referred as 1A and 1B. The 

molecular diagram and atom labeling scheme of molecule A is shown in Figure 72. 

Equivalent atom labels, with the suffix B, are used for the second symmetry-unique 

molecule.

Figure 72. Complex labeled as 1A with Ni1 at the inversion center and atom labeling 
scheme. C H  single bond hydrogens are omitted fo r  clarity. A dotted line depicts

intramolecular hydrogen bonds
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The Ni(II) ion is coordinated with two O atoms from the acetato groups and four pyrazole- 

N atoms from 4-methyl-pyrazole ligands. The Ni-N distances (Table 25) are close to the 

range previously observed in a similar coordination environment of Ni. Angles around 

Ni1/Ni2 are shown in Table 26.

Table 25 Symmetry-unique bond distances (A) around Ni1 and Ni2 in compound 1.

Bond Distances (A) Bond Distances (A)
N i1-O 1A 2.075(1) N i2-O 1B 2.086(1)

N i1 -N 2A 2.093(1) N i2-N 2B 2.099(1)

N i1 -N 4A 2.112(1) N i2-N 4B 2.094(1)

In both 1A and 1B 1he uncoordinated oxygen atom o3f each acetato group forms

intramolecular hydrogen bonds with two N -H  hydrogen atoms attached to the pyrazole

rings. The position of intramolecular hydrogen bonds in complex 1A is depicted in Figure

73. Coordination angles involving only pyrazole-N are close to octahedral. Deviations

from ideal octahedral geometry are associated with acetato ligands involved in

intramolecular hydrogen bonds.

Table 26 Angles involving Ni1 andNi2 with coordinated atoms.

Bond Angles (°) Bond Angles (°)
N 2 A -N i1 -N 4A 90.30(5) N 2B -N i2-N 4B 91.32(5)

N 2A -N U -N 4 A 1 89.71(5) N ^ B -N i^-N ^B11 88.68(5)

O 1A 1-N i1-N 4A 93.88(4) O 1B ii-N i2-N 4B 94.11(4)

O 1A i-N i1 -N 2A 93.96(5) O 1B ii-N i2-N 2B 94.28(5)

O 1A -N i1-N 2A 86.05(5) O 1B -N i2-N 2B 85.73(5)

O 1A -N i1-N 4A 86.12(4) O 1B -N i2-N 4B 85.90(4)

Symmetry codes: i=i-x,i-y,i-z; ii= - x,-y,-z.

Both symmetry-unique complex molecules (1A, 1B) exhibit similar geometrical features.

The overlay of molecules 1A and 1B shown in Figure 73 illustrates the structural

similarity of two crystallographically nonequivalent complexes.
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Figure 73. Structure overlay o f  complexes 1A and 1B illustrates structural similarity. 
1A is colored according to elemental composition, and 1B is shown in orange. A. H

atoms bonded to C have been omitted.

Comparison of the molecular structure of the free ligand 4-methylpyrazole [131] and its 

corresponding Ni(II) complexes (1A, 1B) indicates a similar pattern of bonding in the 

pyrazole ring in both free and coordinated ligands. N-N bond distances in the title 

compound range from 1.341 to 1.347A. In the free ligand, this bond range is 1.343- 

1.349A. The N-C bonds in the uncoordinated ligand are in the range 1.333-1.349A, while 

in the title complexes, these distances are 1.330-1.349A. The geometrical properties of 

the intramolecular hydrogen bonds in 1A and 1B are similar (Table 27).

Table 27. Geometricalproperties o f  intramolecular hydrogen bonds in molecules 1A and
1B.

D -H ..A H ..A  (A) D -H ..A  (°)

N 3B -H 1..O 2B 1 1.96 156

N 1B -H 3..O 2B i 1.95 156

N 3A -H 4..O 2A “ 1.92 161

N 1 A -H 5 ..0 2 A 11 1.98 158

symmetry codes: i=  -x,-y,-z; ii=  1-x ,1-y ,1-z

The closest intermolecular contacts in the title structure are listed in Table 28. There are 

no significant intermolecular contacts.

Table 28. Geometricalproperties o f  the closest intermolecular contacts in the title
structure._____________________________________________________________________

D -H ..A  H ..A  (A ) D -H ..A  (°)

C 9B -H 2..O 2A 111 2 4 9  155
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169 

169

symmetry codes: iii=  1-x,-y,1-z; iv=  2-x ,1-y ,1-z; v=  -x ,1-y ,-z

C 9A -H 13..O 2B lv 2.32

C 12A -H 20C ..O 2A v 2.59

CSD survey identified two relevant structurally related compounds, bis(acetato- 

KO)tetrakis(1H-pyrazole-KN1)nickel(II) ([Ni(OAc)2(L’)4]) [132] (Figure 74) and its 

hydrated form ([Ni(OAc)2(L’)4]-4H2O) [133] (Figure 74); where L ’ denotes the pyrazole 

ligand. Structurally related molecules of [Ni(OAc)2(L’)4 ] and [Ni(OAc)2(L’)4]-4H2O 

differ from molecules 1A and 1B in the absence of methyl substituent at C4. Additionally, 

in the crystal structure of ([Ni(OAc)2(L’)4]-4H2O, the solvent water is present. The 

coordination environment and geometry in complexes 1A, 1B, and ([Ni(OAc)2 (L’)4] are 

similar. The patterns of intermolecular interactions in the title compound 1 and 

([Ni(OAc)2(L’)4] are also similar. In complex ([Ni(OAc)2(L’)4]-4H2O however, the 

solvent water with the capacity for both donating and accepting hydrogen bonds 

influences the coordination environment and the packing of molecules in the crystal. The 

main structural difference between [Ni(OAc)2(L’)4]4H2O and the other more similar 

complexes (1A/1B and [Ni(OAc)2(L’)4]) is the difference in the orientations of the two 

pyrazole rings. In 1A/1B and [Ni(OAc)2(L’)4], two pyrazole rings are oriented towards 

the closest noncoordinated acetato oxygen which is associated with the formation of an 

intramolecular hydrogen bond. In 1 and [Ni(OAc)2(L’)4] the crystal structure is 

characterized by the absence of strong intermolecular contacts. The packing of molecules 

in [Ni(OAc)2(L’)4] and 1 are shown in Figures 75 and 76.
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Figure 74. Aggregation o f  molecules o f  [Ni(OAc)2(L ’) 4]  in the unit cell. Intramolecular 
hydrogen bonds are depicted as dotted black lines. C-H atoms are omitted fo r  clarity. 

Significant intermolecular interactions are absent.

Figure 75. Part o f  the crystal structure o f  [Ni(OAc)2(L ’) 4]  4H2O, showing a difference 
in the orientation o f  twopyrazole rings in comparison to 1 and[Ni(OAc)2(L ’) 4]. 

Relevantpyrazole rings and intermolecular interactions with water are depicted in blue, 
in a ‘ball and stick ’ representation. This feature is important fo r  different modes o f  

molecular aggregation in [Ni(OAc)2(L ’) 4]  4H2O, compared to 1 and [Ni(OAc)2(L ’) 4].

In [Ni(OAc)2(L’)4]-4H2O, two pyrazole rings retain a similar position relative to the 

closest acetato oxygen, but the other two rings point away from the acetato oxygen and 

orients to form an intermolecular hydrogen bond with solvent water. Figure 75 illustrates 

the most significant difference in the overall molecular shape of [Ni(OAc)2(L’)4]4H2O
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relative to 1 and [Ni(OAc)2(L’)4]. Pyrazole rings point away from acetato oxygen and 

associated intermolecular interactions are depicted in a ‘ball and stick’ representation, 

while the rest of the molecule is shown in a ‘capped sticks’ representation. C-H atoms are 

omitted for clarity. Intramolecular hydrogen bonding is depicted in dotted black lines.

Figure 76. Part o f  the crystal structure o f  1 illustrates the absence o f  significant 
intermolecular interaction. Intramolecular N-H...O interactions are depictedas black

lines.

These differences lead to markedly different modes of molecular aggregation in 

[Ni(OAc)2(L’)4]4H2O compared to 1 and [Ni(OAc)2(L’)4]. In [Ni(OAc)2(L’)4]4H2O, 

due to the presence of solvent water and the capability of complex molecule to change 

the overall conformation, strong intermolecular hydrogen bonds are formed, and as a 

consequence, extended network of metallo-organic units is formed (Figure 77).
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Figure 77. Part o f  the crystal structure o f  [Ni(OAc)2(L ’)4]-4H2O viewed down the b 
axis, illustrating the interconnection o f  molecules. Only intermolecular bonds are

depicted (dotted black lines).

4.2.3.4. Thermal properites o f [Ni(OAc)2L 4]

Since the thermal stability of the newly prepared compounds is crucial for their future 

application, the stability of Ni(II) complex was determined and its thermal decomposition 

was analyzed in an inert atmosphere. The thermogravimetric (TG) and derivative 

thermogravimetric (DTG) curves of the decomposition of [Ni(OAc)2L4 ] are presented in 

Figure 78. The complex is stable up to 118 °C, onset. Above this temperature, it loses 

56.4 % of its mass, which may correspond to the evaporation of two acetates and two 4- 

methylpyrazole ligands (55.87 %). However, the nature of gaseous decomposition 

products needs to be additionally proved. The intermediate starts to decompose above 

300 °C and up to 600 °C loses 31.9 % of the mass, which is in good agreement with the 

mass percent of two 4-methylpyrazole ligands (32.50 %). The final solid decomposition 

product is 11.6 % of the sample mass and suggests the formation of elemental nickel. The 

starting complex [Ni(OAc)2L4 ] contains 11.62 % Ni.
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Figure 78. TG andDTG curves o f  the complexe [Ni(OAc)2L 4]  in Argon.

To get a better insight into the decomposition mechanism of the complex, it was also 

analyzed by coupled TG-MS measurements. During the first decomposition step of 

[Ni(OAc)2L4] fragments of both acetates were detected (CO2+, CO+, H2O+) and L (CHN+, 

C2H3+, HN2+, CH3N+, C2H 5+, and C3H3+). Besides, the peaks 44 and 30 m/z of almost the 

same intensity together with 17, 18, and 28, (Figure 79) suggest the formation of different 

oxidized products such as CO2 , N 2O, NO, CO, and H2 O. These nitrogen oxides and the 

evolved water confirm not only the decomposition of two acetates and two L but their 

interactions with each other, too. Since pyrazole does not contain oxygen, its oxidation 

and formation of nitrogen oxides is possible only in the presence of oxygen from other 

sources, in this case from acetate. In the second step, the rest of the complex is 

decomposed. Based on the detected fragments, the oxygen from the acetates is enough to 

oxidize the rest of the pyrazole ligands, but the final decomposition product is mainly 

metallic nickel, reduced during the intramolecular redox processes, and not its oxide.

Page 88

De
riv

. m
as

s 
ch

an
tje

 (%
PC

)



Figure 79. M S curves o f  the characteristic fragments o f  [Ni(OAc)2L 4]  in argon.

4.2.3.5. Antioxidative potential o f [Ni(OAc)2L4]

The synthesized sample was tested for the scavenging effect on the DPPH radical 

(DPPH). The DPPH radical is a relatively stable whose solution in methanol is purple 

with an absorption maximum at Amax = 515 nm. The presence of potential electron donors 

or H atoms leads to the neutralization of DPPH radicals and the transition to a neutral 

form, which is followed by a change in absorbance and the disappearance of the purple 

color of the solution.

The tested sample was dissolved in ethanol, and two concentrations were prepared for 

both complexes, 10 and 20 mg/mL. Fifty microliters of the sample’s solution were added 

to the 160 Apl of DPPH solution (previously prepared as a 0.4 mmol/l solution in 96 % 

ethanol, which was then diluted four times in methanol to give an absorbance at 515 nm 

of 0.9) and 90 Apl of methanol were added to reach the final volume of 300 pl. Blank 

(the tested sample is substituted with the used solvent) and matrix blank (solvent and 

samples without DPPH solution) probes have also been added. The series of Trolox 

solutions (ranging from 1 to 100 mg/ml) were used as calibration standards. The DPPH 

solution and methanol were added to the Trolox samples in the exact amounts as the tested 

samples. Absorbance at 515 nm was measured after 60 min. The results are presented in 

the Figure 80.
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Figure 80. The radical scavenger capacity (RSC) o f  the [N iLfO A c)2]  complex was 
determined in solutions o f  different concentrations: Ni1 20 mg/mL andNi2 10 mg/mL. 
RSC is expressed as pg o f  Trolox equivalent per mL o f  sample solution (left) and as pg  

o f Trolox equivalent per g  o f  dry sample (right).

Comparing the results with some recalculated results of the antioxidative potential of 

some pyrazole-containing compounds found in the literature [134-137] indicates that 

analyzed compound possesses comparable DPPH* scavenging activity, which presents 

potential for further biological assays. However, results found in scientific papers are 

expressed differently, and it must be considered that pyrazole structures in various 

complexes have different chemical surroundings and that antioxidative potential results 

from overall structure properties, arrangement, dynamics, and interactions of chemical 

species within the complex.

4.2.4. Synthesis and characterization of [Zn(OAc)2L2]

Synthesis of a complex [Zn(OAc)2L 2]: The warm ethanolic solution (3 cm3) 

[Zn(OAc)2'2H2O] (0.055 g, 0.25 mmol) was mixed with warm ethanolic solution (3 cm3) 

of the ligand L2 (0.041 g, 0.5 mmol) with mild heating. The colorless reaction mixture 

was left to crystallize. After 2 days, white transparent single crystals were filtered, washed 

with ethanol and dried in air. Yield: 0.034 g (34.3 %).

From the reaction mixture, new complex compounds of formulae: [Zn(OAc)2L2] was 

crystallized. The crystal and molecular structure of the synthesized complex was 

determined by single-crystal X-ray structure analysis. The complex was prepared by 

reacting zinc acetate with 4-methylpyrazole in hot ethanolic solutions. The zinc complex
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is obtained as a white crystalline compound. The coordination environment Zn(II) is 

tetrahedral. Results of CHN analysis are presented in the Table 29.

Table 29. Results o f  the CHN analysis fo r  the complex [ZnL2(OAc)2]

Theoretical

[Zn(OAc)2L2]
Found

C% 41.9 % 41.45 %

H % 5.5 % 5.22 %

N% 15.9 % 16.11 %

On the basis of CHN analysis, FTIR results and single-crystal X-ray structure analysis, a 

structure of the complex was determined (Figure 81).

Figure 81. Synthesis o f  the Zn(II) complex o f  4-methylpyrazole

4.2.4.1. X-ray powder diffraction data o f [Zn(OAc)H2]

The diffractogram obtained from the XRPD analysis conducted for the obtained complex 

[Zn(OAc)2L 2], shows the formation of a crystalline compound with a dominant peak at 

the position 8.47O6°20. For the purposes of identification of the complex in question, 

most dominant 8 peaks of the diffractogram are listed in the Table 30, with their d 

spacings and relative intensities.
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Table 30. Eight most dominant diffraction lines inpowder diffractogram o f Zn(OAc)2L2

Pos. [°20] d-spacing [A] Rel. Int. [%]

8.4706 10.43020 100.00

12.2029 7.24722 16.70

14.8842 5.94714 12.85

15.0680 5.87501 9.13

17.8674 4.96035 9.48

21.1447 4.19834 8.68

21.8002 4.07357 6.58

25.0119 3.55729 8.64

As the ligand is used in liquid form (solution), no diffractogram was obtained for it. The 

conclusion was made by comparing the diffractograms of Zn(OAc)2 and the product 

Zn(OAc)2L 2. Similar quantities of both samples were used during the analyses and both 

samples were analyzed in the same measuring conditions. Diffractograms are part of the 

Addendum A.

4.2.4.2. FTIR data o f [Zn(OAc)L2]

The IR spectrum of the complex [Zn(OAc)2L2] contains the following dominant bands 

(Figure 82): 3098.0 c m 1, 2920.0 c m 1, 1633.7 c m 1, 1371.2 c m 1, 1322.2 c m 1, 1072.9 

cm_1, 851.1 cm_1, 618.0 cm"1. The IR spectra of the complex is in accordance with the 

proposed structure.
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Figure 82. The IR spectra o f  4-methylpyrazole -  L2 (blue) and its complex - Zn(OAc)2L2

(green)

4.2.4.3. Crystal and molecular structure o f [Zn(OAc)L]

The obtained single crystals have been analyzed through SC-XRD in order to obtain its 

molecular and crystal structure, shown in the Figure 83. Table 31 contains 

crystallographic data.

Table 31. Crystallographic and refinement data fo r  the complexes
[Zn(O A c)2L2]

Em pirical form ula Cl2Hl8N4O4Zn
Formula w eight 347.67
Temperature 293(2) K
W avelength(A ) 0.71073
Crystal size (mm) 0.3 0.2 0.05
Crystal habitus Plate
Crystal color Clear light colorless
Crystal system Triclinic
Space group P -1
U nit cell a=8.0748(7); b =9 .4981(7);
dim ensions(A ) c= 10 .7206(7 )

U nit ce ll angles (°)
a=83.013(6); p=86.077(6); 

y=82.590(6)
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V olum e 808.1(1)
Z 2
D ensity (calc.) (g  cm -3) 
A bsorption coeffic ient 
(mm -1)

1.429

1.539

M nt 0 .027

F  (000) 360
Data/Parameters 3772/203
G oodness-of-fit on  F2 1.039
R/wR [I >  2 c  (I)] 0 .0523 /0 .0792
Largest diff. peak  
and hole (eA -3)

0 .342 /-0 .309

Zn(II) is coordinated by two nitrogen from 4-methyl-pyrazole and two oxygen atoms 

from acetate ligands, in a distorted tetrahedral environment (Figure 83).

Figure 83. Molecular diagram and atom labeling scheme o f  [Zn(OAc)2L 2]  (2). Green 
lines depict intra and intermolecular hydrogen bonds. C-bonded H  atoms are not shown

fo r  clarity.

Bond lengths of the chemically equivalent ligands are not significantly different (Table 

32). There are no significant differences in the bond lengths of pyrazolyl ligands in 

comparison to free 4-methyl-pyrazole. The largest deviation from the regular tetrahedral 

geometry is observed for the O1A-Zn1-N2 angle whose value is 97.05(8)° (Table 33).

Page 94



Table 32. Bond lengths (Л) o f  [Zn(OAc)2L 2]  (2)
B ond

D istances
(A) Bond

D istances
(A)

Bond
D istances

(A)
Zn1-O1 1.965(2) Zn1-O 1A 1.953(2) N 1-N 2 1.337(3)
Zn1-N 2 2.011(2) Z n1-N 2A 1.997(2) N 1-C 5 1.331(4)
O 1-C7 1.267(3) O 1A -C 7A 1.264(3) N 2-C 3 1.327(3)
O 2-C7 1.241(3) O 2A -C 7A 1.224(4) C4-C5 1.365(4)
C7-C8 1.491(4) C 7A -C 8A 1.509(4) C4-C6 1.510(4)

C3-C4 1.374(3)

Table 33. Bond angles (°) o f  [Z n (O A c)L ] (2)
B ond A ngles (°) Bond A ngles (°)

N 1A -N 2A 1.340(3) O 1-Z n1-O 1A 101.55(8)
N 1A -C 5A 1.321(4) O 1-Zn1-N 2 112.08(7)
N 2A -C 3A 1.320(3) O 1-Z n1-N 2A 116.90(7)
C 4A -C 5A 1.361(4) O 1A -Z n1-N 2 97.05(8)
C 4A -C 6A 1.499(4) O 1A -Z n1-N 2A 115.16(8)
C 3A -C 4A 1.387(3) N 2-Z n1-N 2A 112.00(7)

Additional stabilization of the tetrahedral coordination is achieved through the 

intramolecular hydrogen bond between the NH and uncoordinated acetato-O, (N1A- 

H10...O2A=1.93(3) A / 158(3) °), (Figure 83). The same type of intramolecular hydrogen 

bond between the pyrazolyl and acetato ligands in a tetrahedral environment around Zn 

was found previously in a tetrahedrally coordinated Zn. In the crystal structure of the title 

compound neighboring molecules connect through interactions between the acetato and 

pyrazolyl ligands not involved in intramolecular hydrogen bond (N1- 

H1...O2-1.93(3)A/170(3)°; i=1-x,1-y,1-z). These interactions lead to the formation of 

centrosymmetric dimer units (Figure 84).

Figure 84. Formation o f  centrosymmetric dimers in the crystal o f  [Zn(OAc)2L 2]  (2) due 
to apa ir o f  hydrogen bonds between uncoordinated acetate oxygen atom and pyrazolyl

N H  group.
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Different patterns of non-bonding interactions involving chemically equivalent ligands 

influence the overall shape of the complex molecule. This is reflected in different mutual 

positions of the pyrazolyl and acetate ligands, associated with different types of hydrogen 

bonds. The angle between the mean planes of the pyrazole ring and COO (acetate) atoms 

connected through the intramolecular hydrogen bond is 25.1°. The equivalent angle 

involving a pair of ligands participating in intermolecular interactions is 72.9°. It is 

interesting to note that the smallest angle around Zn (O1A-Zn1-N2) is associated with 

pyrazolyl and acetate ligands not involved in mutual interaction through hydrogen bonds. 

There are no significant intermolecular contacts between centrosymmetric dimeric units. 

The packing of molecules in the crystal is shown in Figure 85.

Figure 85. View o f  the crystal packing o f  2 along a crystallographic axis (CH hydrogens 
are omitted). Green dotted lines depict hydrogen bonds leading to the formation o f

dimeric units.

It is interesting to compare the complex [Zn(OAc)2L2 ] (2) with the structurally related 

bis(acetato)-bis(pyrazole)-zinc(II) ([Zn(OAc)2 (L’)2]) [138]; where L ’ denotes the 

pyrazole ligand. Two molecules differ in the substituent at C4 (CH3 in 2, vs. H in its 

analog [Zn(OAc)2(L’)2 ]). Additionally, in the crystal structure of [Zn(OAc)2(L’)2 ] a free 

acetic acid is also present. Besides the free acetic acid, there are no significant differences 

in the structural properties of complexes 2 and [Zn(OAc)2(L’)2 ].

In [Zn(OAc)2(L’)2] the chemically equivalent atoms participate in the same type of intra 

and intermolecular hydrogen bonds (Figure 8 6 ). As in 2, these interactions lead to the 

formation of hydrogen-bonded dimer (Figure 8 6 ).
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Figure 86. Depiction o f  the molecular structure o f  [Zn(OAc)2(L ’) 2], intra- and  
intermolecular interactions (green dotted lines), and formation o f  dimeric units.

In [Zn(OAc)2(L’)2], the crystal structure is stabilized by additional hydrogen bonds 

involving free acetates (Figure 86). In both 2 and [Zn(OAc)2 (L’)2], the presence of 

pyrazolyl and acetato ligands creates possibilities for forming the extended hydrogen- 

bonded structures. However, both compounds crystallize in the form of dimers without 

significant interaction between the dimeric units.

4.2.4.4. Thermalproperites o f [Zn(OAc)2L2]

Since the thermal stability of the newly prepared compounds is crucial for their future 

application, the stability of Zn(II) complex was determined and its thermal decomposition 

was analyzed in an inert atmosphere. The thermogravimetric (TG) and derivative 

thermogravimetric (DTG) curves of the decomposition of [Zn(OAc)2L2] are presented in 

Figure 87. The tetrahedral complex is less stable and starts to decompose at 80 °C. Up to 

~150 °C, two partially overlapped steps are observed with DTG maximum at 103 and 131 

°C. The mass losses in these steps are 14.9 and 17.7 %, which may be correlated to acetate 

(16.98 % per acetate ligand) loss. Above 150 °C, the thermal decomposition continues at 

a steady rate up to about 280 °C, at which temperature it becomes more intensive with a 

DTG maximum at 432 °C. The complex in this step loses 43.4 % of its mass, which may 

be assigned to the decomposition of the two pyrazole fragments (47.22 %). Although the 

mass losses and the calculated values are in good agreement, the nature of evaporated 

decomposition products cannot be proved without coupled techniques.
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Figure 87. TG andDTG curves o f  the complex [Zn(OAc)2L 2]  in Argon.

To get a better insight into the decomposition mechanism of the complex, it was also 

analyzed by coupled TG-MS measurements. During the decomposition of [ZnL2 (OAc)2 ] 

the products of the interactions of L and acetate, as well as their decomposition products, 

are also detected like 17, 18 (H2 O+), 27 (CHN+, C2H3+), 28 (N2+, CO+), 29 (HN2+, CH3N+, 

C2H 5+), 30 (NO+), 44(CO2+ or N 2 O+), and 54 m/z (C2H2N2+ and/or C3H4N+) (Figure 88). 

However, the acetate fragments are more intensive during the first mass loss step, while 

the fragments of pyrazole ligands are in the second one. It partially proves the 

decomposition mechanism, supposed on the TG curve, that in the first step is expressed 

the decomposition of the acetate ligands, and in the second step, the decomposition of the 

pyrazole ligands. On the other hand, these results also suggest that both kinds of ligands 

are reactive and partly interact with each other during the decomposition process.
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Figure 88. M S curves o f  the characteristic fragments o f  [ZnL2(OAc)2]  in argon.

As can be seen from the thermoanalytical curves of Zn(II) and Ni(II) their thermal 

properties are different in accordance with their different molecular structure. Due to 

different molecular structures, the arrangement of their molecules in crystal lattice is also 

different and affects not only the IR spectra but also the thermal properties and stability.

4.2.4.5. Antioxidative potential o f [Zn(OAc)2L2]

The synthesized sample was tested for the scavenging effect on the DPPH radical 

(DPPH). The methodology is described in the heading 4.2.3.5.

Since 4-methylpyrazole (also known as fomepizole) is a pharmacologically active 

compound, it was reasonable to make a screening test on its complexes with Zn(II) and 

Ni(II). Earlier pyrazole complexes [139,140] show interesting antioxidant activity due to 

their accessible hydrogens and stable radical form after the neutralization of 2,2-diphenyl- 

1-picrylhydrazyl (DPPH) radical. Thus, the fomepizole complexes were also tested by 

DPPH radical neutralization capacity. The complex was tested as ethanolic solution in 

two concentrations. The results show that the radical scavenger capacity (RSC) of the 

[ZnL2(OAc)2] complex is higher than that of [NiL4 (OAc)2 ] (Figure 89). Considering the 

molecular structures, the pyrrolic H atom is most possibly a radical scavenging part of 

our complexes. Most probably, the different geometry around the different central atoms 

of the compounds causes different availability and reactivity of the pyrrole hydrogen of 

the pyrazole ring in these complexes. These H atoms are more hindered by hydrogen
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bonds in the Ni(II) complex. Thus, it shows less activity. The results expressed as 

micrograms of Trolox equivalents per mL of the sample showed higher activity of the 

more concentrated solutions. However, after determination of the antioxidant activity, 

expressed as micrograms of Trolox equivalents per gram of dry sample weight (pg TE/g 

dew), it became clear that less concentrated solutions are more active. The stronger 

antioxidant capacity of the solutions with lower concentrations compared to those with 

higher concentrations can be explained by the different dynamics of antioxidant activity 

in the more diluted solutions due to the better availability of active centers with 

antioxidant activity within the complexes.

Figure 89. The radical scavenger capacity (RSC) o f  the [ZnL2(OAc)2]  complex was 
determined in solutions o f  different concentrations: Zn1 20 mg/mL and Zn2 10 mg/mL. 
RSC is expressed as pg o f  Trolox equivalent per mL o f  sample solution (left) and as pg  

o f Trolox equivalent per g  o f  dry sample (right).

Comparing the results with some recalculated results of the antioxidative potential of 

some pyrazole-containing compounds found in the literature [134-137] indicates that 

analyzed compounds possess comparable DPPH* scavenging activity, which is promising 

for further biological assays. In this case, the DPPH* scavenging activity of Ni(II) and 

Zn(II) is in correlation with their thermal stability too. The thermally more stable Ni(II) 

complex shows less RSC, but the RSC of the less stable Zn(II) complex is higher. It is 

possible that the Zn(II) complex, dimer in crystalline form, is less stable in solution too, 

dissociates during solution, and becomes easily available for radical scavenging. 

Differently, the thermally more stable Ni(II) complex may be more stable in solution 

and, therefore less available for reaction with DPPHv
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4.2 .5 . Synthesis and characterization o f  [PtL3C h]

Synthesis of a complex [PtL3Ch]: The warm ethanolic solution (3 cm3) [K2PtCl4] (0.104 

g, 0.25 mmol) was mixed with warm ethanolic solution (3 cm3) of the ligand L2 (0.041 

g, 0.5 mmol) with mild heating. The dark orange reaction mixture was left to crystallize. 

After 3 days, orange microcrystalline precipitate was filtered, washed with ethanol and 

dried in air. Yield: 0.081 g (56.3 %).

From the reaction mixture, new complex compound of formulae: [PtL3Cl2] was 

crystallized. The platinum complex is obtained as an orange crystalline compound. The 

complex was prepared by reacting potassium tetrachloroplatinate with 4-methylpyrazole 

in hot mixtures of water and ethanol. Results of CHN analysis are presented in the Table 

34.

Table 34. Results o f  the CHN analysis fo r  the complex [PtLsCh]

Theoretical [PtL3 Ch] Found

C% 28.05 % 28.11 %

H % 3.28 % 3.51 %

N% 16.21 % 16.40 %

On the basis of CHN and FTIR analyses, structures of the complex was determined 

(Figure 90).

Figure 90. Synthesis o f  the Pt(H) complex o f  4-methylpyrazole
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With its recognized potential, the cytotoxicity and antimicrobial activity tests have been 

carried out for the complex.

4.2.5.1. X-ray powder diffraction data o f [PtLiCh]

The powder diffractogram of PtLsCh is presented in Figure 91. Most dominant 8 peaks 

of the diffractogram are listed in the Table 35, with their d spacings and relative 

intensities.

Figure 91. The powder diffractogram o f  PtLsCh

Table 35. Eight most dominant diffraction lines in powder diffractogram o f  PtLsCh

Pos. [°20] d-spacing [A] Rel. Int. [%]

9.4082 9.39276 15.50

10.0064 8.83253 9.66

10.2493 8.62377 100.00

17.7776 4.98520 7.55
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20.5551 4.31741 14.70

27.2967 3.26450 7.17

31.0368 2.87911 11.40

37.5077 2.39593 6.09

Presented in the Figure 92 are the diffractograms of K PtC U  and the product PtLsCh. 

Similar quantities of both samples were used during the analyses and both samples were 

analyzed with the same measuring conditions.

Figure 92. The powder diffractograms o f  K PtCU  and the product PtLsCh
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4.2.5.2. FTIR data of [PtL3Ch]

The IR spectrum of the PtLsCh complex exhibits several dominant vibrational bands at 

3205.3 c m 1, 3098.2 c m 1, 2984.8 c m 1, 1399.7 c m 1, 1392.3 c m 1, 1146.5 c m 1, 1087.5 

cm_1, 1006.1 cm_1, 871.08 cm"1, 818.0 cm"1, 679.9 cm"1, and 595.1 c m 1. The IR spectra 

of the complex is in accordance with the proposed structure.

4.2.5.3. Bactericidal activity o f [PtL3Ch]

As part of this thesis, complex PtL^Ch was tested for its bactericidal activity. As 

previously described, the antimicrobial activity of the samples was assessed using the 

Kirby-Bauer disc diffusion method, following EUCAST and CLSI standards. The results 

were interpreted by measuring the inhibition zones and categorizing bacterial 

susceptibility as sensitive (S), intermediate (I), or resistant (R). Gentamicin was used as 

a reference standard, and the obtained inhibition zones for Escherichia coli and 

Salmonella spp. were compared to established threshold values to evaluate the 

effectiveness of the tested preparations.

Based on the results presented in Table 36 and the visible representations in Figure 93, it 

can be claimed that all three used concentrations of PtL^Ch showed a slightly inhibitory 

effect both on the growth of E coli bacteria and on the growth of bacteria from the genus 

Salmonella spp., with an average inhibition zones from 6.75 mm to 7.5 mm. Comparing 

the obtained results with the standard values of the antibiotic Gentamicin, it can be 

claimed that both tested bacteria are resistant to PtL3Ch.
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Table 36. Results o f  measurement o f  inhibition zones o f  PtLsCh fo r  all three 

concentrations

PtLsCh Avergae value of inhibition zone (mm)

Esherichia coli Salmonella spp.

Concentration 10 "2 7,25 mm 7,50 mm

Concentration 10 -4 7,00 mm 6,75 mm

Concentration 10 -5 7,00 mm 6,75mm

Figure 93. Presentation o f  the inhibitory effect o f  PtL^Ch on E. Coli and Salmonella.

spp.

4.2.5.4. Cytotoxic activity o f [PtL^Ch]

Target cells HeLa (2000 cells per well), LS174 (7000 cells per well), A549 (5000 cells 

per well) and MRC-5 (5000 cells per well) were seeded into wells of a 96-well flat- 

bottomed micro titre plate. Stock solutions (10mM) of test samples, made in 

dimethylsulfoxide (DMSO) ,were diluted with complete nutrient medium to the required 

working concentrations. Twenty-four hours later, after the cell adherence, five different 

concentrations of investigated extracts were added to the wells, except for the control 

cells to which only nutrient medium was added. Final concentrations reached in treated

Page 105



wells were 200, 100, 50, 25, and 12.5 цМ, except in the control wells. All investigated 

concentrations were set up in triplicate. Nutrient medium with corresponding 

concentrations of investigated compounds, but without cells, was used as a blank, also in 

triplicate. The cultures were incubated for 72 h.

Briefly, 20 mL of MTT solution (5 mg/mL phosphate-buffered saline) was added to each 

well. Samples were incubated for a further 4 h at 37°C in a humidified atmosphere of 

95% air/5% CO2 (v/v). Then 100 pL of 100 g/L sodium dodecyl sulfate was added to 

dissolve the insoluble product formazan resulting from conversion of the MTT dye by 

viable cells. The absorbance (A) at 570 nm was measured 24 h later. The number of viable 

cells in each well was proportional to the intensity of the absorbance of light, which was 

read in an enzyme-linked immunosorbent assay (ELISA) plate reader. To determine cell 

survival (%), the A of a sample with cells grown in the presence of various concentrations 

of the investigated extracts was divided by the control optical density (the A of control 

cells grown only in nutrient medium) and multiplied by 100. In each experiment, the A 

of the blank was always subtracted from the A of the corresponding sample with target 

cells. IC50 is defined as the concentration of an agent inhibiting cell survival by 50% 

compared with a vehicle-treated control. All experiments were done in triplicate.

The cytotoxic activity against human malignant cell lines and human normal lung 
fibroblasts of the complex PtLsCh can be seen in Table 37.

Table 37. Cytotoxic activity (IC50 values) o f  extract against human cancer cell lines.

C o m p o u n d H eLa LS1 7 4 T A 5 4 9 M R C-5

IC50 (цМ)

PtL3Cl2 6.89 ± 0.28 25.41 ± 12.46 19.71 ± 2.09 13.10 ± 0.53

IC50 values (pM) were expressed as the mean ± SD determined from the results of MTT 
assay in three independent experiments.

The obtained data show a significant cytotoxic activity of tested compound РШзСЕ 

against the tested cell lines. IC 50s for compound РШзСЕ ranging from 6.89 ± 0.28pM 

on Hela cells to 19.71 ± 2.09 pM on A549 were obtained. As to compare, the activity of
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cisplatin for HeLa cell line was 4.00 ± 0.47, for A549 line was 12.74 ± 1.26, and for 

MRC-5 line 5.91 ± 0.32 [141]. Additionally, cisplatin had shown activity towards 

LS174T cell line with the IC50 value of 20.38 ± 0.44 [142]. Data on activiy of cisplatin 

on different cell lines varies from paper to paper, and depends on the conditions of the 

experiment, and so simillar works presented cisplatin had IC50 value of 9.3±3.0 for A549 

cell line [143], and cisplatin IC50 values of 3.46 ± 0.25 for HeLa cell line, 17.93 ± 0.88 

for A549 cell line, and 10.52 ± 0.22 for MRC-5 cell line [142].

From the obtained results of cytotoxicity presented in this work, great activity for HeLa 

cell line was shown by the compound PtL3Ch with similar activity as cisplatin, yet MRC- 

5 activity is much better compared and cisplatin, which proves better selectivity towards 

normal cells.

4.2.6. Synthesis and characterization of [Pd(L-H)4]

Synthesis of a complex [Pd(L-H)4]: The warm ethanolic solution (3 cm3) [Pd(OAc)2 ] 

(0.056 g, 0.25 mmol) was mixed with warm ethanolic solution (3 cm3) of the ligand L2 

(0.041 g, 0.5 mmol) with mild heating. The brown reaction mixture was left to crystallize. 

After 4 days, yellow-milky microcrystalline precipitate was filtered, washed with ethanol 

and dried in air. Yield: 0.028 g (29.2 %).

From the reaction mixtures, new complex compounds of formulae: [PtL3 C h] and [Pd(L- 

H)3 ] were crystallized. The platinum complex is obtained as an orange crystalline 

compound, while the palladium complex is obtained as a yellow crystalline compound. 

The complexes were prepared by reacting potassium tetrachloroplatinate and palladium 

acetate with 4-methylpyrazole in hot mixtures of water and ethanol. Results of CHN 

analysis are presented in the Table 38.
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Table 38. Results o f the CHN analysis for the complexes [PtLsCh] and [Pd(L-H)3]

Theoretical [Pd(L-H)3] Found

C% 41.25 % 41.18 %

H % 4.15 % 4.29 %

N% 23.79 % 24.02 %

On the basis of CHN and FTIR analyses, structures of the complexes were determined 

(Figure 94).

4.2.6.1. X-ray powder diffraction data o f [Pd(L-H)f

The powder diffractogram of Pd(L-H)3 is presented in Figure 95. Most dominant 8 peaks 

of the diffractogram are listed in the Table 39, with their d spacings and relative 

intensities.
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Figure 95. The powder diffractogram o f  Pd(L-H)3

Table 39. Eight most dominant diffraction lines in powder diffractogram o f  Pd(L-H)3

Pos. [°20] d-spacing [A] Rel. Int. [%]

9.7206 9.09163 80.50

10.1048 8.74673 67.97

11.5358 7.66476 50.46

12.4420 7.10848 33.98

13.0171 6.79569 41.06

15.7719 5.61437 12.86

20.0824 4.41797 100.00

22.9445 3.87293 33.10

Presented in the Figure 96 are the diffractograms of Pd(OAc)2 and the product Pd(L-H)3. 

Similar quantities of both samples were used during the analyses and both samples were 

analyzed with the same measuring conditions.
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Figure 96. The powder diffractograms o f Pd(OAc)2 and the product Pd(L-H)3

4.2.6.2. FTIR data o f [Pd(L-H)f

The IR spectrum of the Pd(L-H)3 complex contains the following dominant vibrations: 

2926 c m 1, 1380 c m 1, 1320 c m 1, 1086 c m 1, 1015 c m 1, 982 c m 1, 825 c m 1, 615 c m 1, 

and 438 cm_1. The IR spectra of the complex is in accordance with the proposed structure.

4.2.6.3. Bactericidal activity o f [Pd(L-H)4]

As part of this thesis, complex Pd(L-H)3 was tested for its bactericidal activity. As 

previously described, the antimicrobial activity of the samples was assessed using the 

Kirby-Bauer disc diffusion method, following EUCAST and CLSI standards. The results 

were interpreted by measuring the inhibition zones and categorizing bacterial
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susceptibility as sensitive (S), intermediate (I), or resistant (R). Gentamicin was used as 

a reference standard, and the obtained inhibition zones for Escherichia coli and 

Salmonella spp. were compared to established threshold values to evaluate the 

effectiveness of the tested preparations.

The results shown in Table 40 and presented in Figure 97 indicate that Pd(L-H)3 

(preparation) had an almost identical slightly superior effect, that is, it had an inhibitory 

effect on both tested bacteria in the range from 8.75 mm to 7.00 mm. The obtained 

inhibition diameters confirm that E.coli and Salmonella sp. resistant to the concentrations 

used Pd(L-H)3 .

Table 40. Results o f  measurement o f  zones o f  inhibition o f  Pd(L-H)3 fo r  all three 

concentrations

Pd(L-H)3 Avergae value of inhibition zone (mm)

Esherichia coli Salmonella spp.

Concentration 10 -2 8,75 mm 8,00 mm

Concentration 10 -4 7,50 mm 7,75 mm

Concentration 10 -5 7,00 mm 7,00mm

Figure 97. Presentation o f  the inhibitory effect o f  Pd(L-H)3 on E. Coli andSalmonella. 

spp.
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4.2.6.4. Cytotoxic activity o f [Pd(L-H)4]

As previously described, the cytotoxic activity of the tested extracts was evaluated using 

the MTT assay on HeLa, LS174, A549, and MRC-5 cell lines. Cells were treated with 

five different concentrations of the extracts (12.5-200 pM) and incubated for 72 hours. 

Cell viability was assessed based on the reduction of MTT dye, and absorbance was 

measured at 570 nm. Results were calculated as a percentage of viable cells relative to 

untreated controls, and ICso values were determined as the concentration required to 

reduce cell viability by 50%. All experiments were performed in triplicate.

The cytotoxic activity against human malignant cell lines and human normal lung 

fibroblasts of the complex Pd(L-H)3 can be seen in Table 41.

Table 41. Cytotoxic activity (IC50 values) o f  extract against human cancer cell lines.

C o m p o u n d H eLa LS1 7 4 T A 5 4 9 M R C-5

IC50 (цМ)

Pd(L-H)3 7.73 ± 0.61 8.96 ± 0.58 10.06 ± 1.00 6.56 ± 0.29

IC50 values (pM) were expressed as the mean ± SD determined from the results of MTT 
assay in three independent experiments.

The obtained data show a significant cytotoxic activity of tested compound Pd(L-H)3 

against the tested cell lines. Compound Pd(L-H)3 showed excellent cytotoxic activity, 

IC50 ranging from 7.73 ± 0.61 pM for Hela cells to 10.06 ± 1.00 pM on the tested A549 

cells. From the obtained results of cytotoxicity presented in this work, best overall activity 

is shown by compound Pd(L-H)3 , with LS174T and A549 cell line IC50 values that show 

better activity than cisplatin, and similar activity on MRC-5 to that of cisplatin.
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4.3. Synthesis and characterization o f Pd(II) and Pt(II) com plexes w ith 3- 
Amino-4,5-dihydro-1-phenyl-1H-pyrazole (L3)

During this research the complexes formed with 3-Amino-4,5-dihydro-1-phenyl-1H- 

pyrazole (L3) were with Pt(II) and Pd(II) of formulae [PtL^Ch] and [PdL2 (OAc)2] (Table 

42).

Table 42. Forulae and color o f  complexes o f  Pt(II) andPd(II) with 3-Amino-4,5-dihydro- 
1-phenyl-1H-pyrazole

Complex Color
PtL2Cl2 Dark grey

PdL2(OAc) 2 Orange

4.3.1. Synthesis and characterization of [PtL^Ch]

Synthesis of a complex [PtL2 Ch]: The warm water (ASTM Type II) solution (3 cm3) 

[K2PtCl4] (0.104 g, 0.25 mmol) was mixed with warm ethanolic solution (3 cm3) of the 

ligand L3 (0.080 g, 0.5 mmol) with mild heating. The colorless reaction mixture was left 

to crystallize. After 2 days, white amorphous precipitate was filtered, washed with ethanol 

and dried in air. Yield: 0.034 g (34.3 %).

From the reaction mixture, new complex compound of formulae: [PtL^Ch] was 

crystallized. The molecular structure of the synthesized complex was determined by 

CHN, XRPD and IR analyses. The complex was prepared by reacting potassium 

tetrachloroplatinate with 3-Amino-4,5-dihydro-1-phenyl-1H-pyrazole in hot ethanolic 

and water solutions. The result of CHN elemental analysis indicates on the structure with 

calculated (Found) composition for PtC 1sH22N 6Ch (PtL^Ch) being: C 37.34 (37.50%); H 

3.83 (3.80%); N 14.52 (14.60%);

Results of CHN analysis are presented in the Table 43.
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Table 43. Results o f  the CHN analysis fo r  the complexes [ P L C h ]

Theoretical [PtL^Ch] Found

C% 37.34 % 37.50 %

H % 3.83 % 3.80 %

N% 14.52 % 14.60 %

On the basis of CHN and FTIR analyses, structure of the complex was determined (Figure 

98).

Figure 98. Synthesis o f  the Pt(II) complex o f  3-Amino-4,5-dihydro-1-phenyl-1H-

pyrazole

4.3.1.1. X-ray powder diffraction data o f [PLC h]

The powder diffractogram of P L C h  is presented in Figure 99.
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Figure 99. The powder diffractogram o f  P L C h  

Presented in the Figure 100 are the diffractograms of L3, K P tC L  and the product PtL^Ch. 

Similar quantities of all samples were used during the analyses and all samples were 

analyzed with the same measuring conditions. From the diffractogram of the product, it 

is clear that the product has amorphous polymorphic state.

Figure 100. The powder diffractograms o f  L3, K P tC L  and P L C h
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4.З.1.2. FTIR data o f [PtLiCh]

IR spectra of the complex PtL2Cl2 contains the following dominant vibrations: 1648.2 

cm-1, 1597.5 cm-1, 1490.1 cm-1, 759.4 cm-1, 696.77 cm-1. The IR spectra of the complex 

is in accordance with the proposed structure.

4.3.2. Synthesis and characterization of [PdL2 (OAc)2 ]

Synthesis of a complex [PdL2 (OAc)2]: 0.25 mmol (0.044 mg) of [PdCh ] with 0.5 mmol 

(0.080 g) L3 of respective ligand and metal salt powders were put in the mechanical ball 

mill with a zirconium ball, and mechanosynthesis process was conducted on 25 Hz for 10 

minutes. The dark brown powder was collected.

Synthesis of a complex PdL2 (OAc)2 was conducted as follows: Powder equal to 

0.25 mmol; 56 mg of Pd(OAc)2 was weighted and mixed with 0.5 mmol (80 mg) of 3- 

Amino-4,5-dihydro-1-phenyl-1H-pyrazole (L3) in powder form, put into a zirconium 

grinder and pulverized for 10 min at 25 Hz. Afterwards, the obtained orange powder was 

collected. From the reaction mixture, new complex compound of formulae: [PdL2(OAc)2 ] 

was crystallized. The molecular structure of the synthesized complex was determined by 

CHN, XRPD and IR analyses. The complex was prepared by reacting 

palladium(II)acetate with 3-Amino-4,5-dihydro-1 -phenyl-1H-pyrazole

mechanochemically.

Results of CHN analysis are presented in the Table 44.
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Table 44. Results o f  the CHN analysis fo r  the complex [PdL2(OAc)2]

Theoretical [PdL2(OAc)2] Found

C% 48.28 % 48.10 %

H % 5.16 % 4.96 %

N% 15.36 % 15.12 %

On the basis of CHN and FTIR analyses, structure of the complex was determined (Figure 

101).

Figure 101. Synthesis o f  the Pd(II) complex o f  3-Amino-4,5-dihydro-1-phenyl-1H-

pyrazole

4.3.2.1. X-ray powder diffraction data o f [PdL2(OAc)2]

The powder diffractogram of PdL2(OAc) 2  is presented in Figure 102. Most dominant 8 

peaks of the diffractogram are listed in the Table 45, with their d spacings and relative 

intensities.
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Figure 102. The powder diffractogram o f  PdL2(OAc)2

Table 45. Eight most dominant diffraction lines in powder diffractogram o f  PdL2(OAc)2

Pos. [°20] d-spacing [A] Rel. Int. [%]

10.9646 8.06271 23.37

11.1053 7.96093 11.91

12.0074 7.36475 62.83

12.1334 7.28854 100.00

12.4681 7.09362 11.09

13.5025 6.55246 22.19

14.8007 5.98051 10.77

26.9652 3.30388 9.79

Presented in the Figure 103 are the diffractograms of L3, Pd(OAc)2 and the product 

[PdL2(OAc)2 ]. Similar quantities of all samples were used during the analyses and all 

samples were analyzed with the same measuring conditions. From diffractograms, it is
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visible that the crystallinity of the product is lesser than that of both metal salt and the 

ligand, which is most likely a result of mechanochemical synthesis process.

Figure 103. The powder diffractograms o f  Pd(OAc)2, L3 and PdL2(OAc)2
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4.3.2.2. FTIR data o f [PdL^fOAcJ^J

IR spectra of the complex PdL2 (OAc) 2  contains the following dominant vibrations: 

3433.8 cm-1, 1660.7 cm-1, 1597.6 cm-1, 1501.4 cm-1, 1426.9 cm-1, 751.6 cm-1, 693.9 

cm-1. The IR spectra of the complex is in accordance with the proposed structure.

4.3.3. Bactericidal and cytotoxic activity of 3-Amino-4,5-dihydro-1-phenyl-1H- 
pyrazole (L3)

Prior to investigating the biological activity of metal complexes, the evaluation of the 

properties of the free ligand was conducted to determine the potential of the complexes. 

3-Amino-4,5-dihydro-1-phenyl-1H-pyrazole (L3) was selected for preliminary screening 

due to its structurally promising framework. The aim was to assess the cytotoxic and 

bactericidal potential of L3 as a free ligand in order to establish a baseline for comparison 

with its metal complexes. By examining its activity against selected tumor cell lines and 

bacterial cultures, this screening provided insight to the potential of the complexes to 

show significant biological effects even with enhanced properties through metal 

coordination.

4.3.3.I. Bactericidal activity o f 3-Amino-4,5-dihydro-1-phenyl-1H-pyrazole (L3)

As part of this thesis, and to estimate the potential of L3, bactericidal activity was also 

conducted for L3.

From the obtained results, it can be claimed that all three used concentrations L3 did not 

show an inhibitory effect on the growth of E  coli bacteria, the average zone of inhibition 

was 6mm. In contrast, L3 showed a slight inhibitory effect on the growth of Salmonella 

spp. with an average inhibition zone of 10 -2, 7.5 mm, 10-4, 6.75 mm and 10-5, 6.5 mm. 

Comparing the obtained results with the standard values of the antibiotic Gentamicin, it 

can be claimed that both tested bacteria are resistant to L3, which can be seen from the 

results presented in Table 46, i.e. Figure 104.
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Table 46. Results o f  measurement o f  inhibition zones o f  L3 fo r  all three concentrations

L3 Cut-off value of inhibition zone (mm)

Esherichia coli Salmonella spp.

Concentration 10 -2 6mm 7,5 mm

Concentration 10 -4 6mm 6,75 mm

Concentration 10 -5 6mm 6,50mm

Figure 104. Presentation o f  the inhibitory effect o f  sample 1 on E. Coli and Salmonella.

spp.

4.3.3.2. Cytotoxic activity o f 3-Amino-4,5-dihydro-1-phenyl-1H-pyrazole (L3)

The cytotoxic activity against human malignant cell lines and human normal lung 

fibroblasts of the L3 (3-Amino-4,5-dihydro-1-phenyl-1H-pyrazole) can be seen in Table 

47.
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Table 47. Cytotoxic activity (IC50 values) o f extract against human cancer cell lines.

co m p o u n d s H eLa LS1 7 4 T A 5 4 9 M R C-5

IC50  (pM )

L3 129.82 ± 19.24 124.18 ± 0 119.44 ± 0 129.80 ± 34.42

IC50 values (цМ) were expressed as the mean ± SD determined from the results of MTT 
assay in three independent experiments.

The obtained data for L3 shows a cytotoxic activity inferior to previously described 

complexes tested for cytotoxicity (heading 4.2.1) as well as cisplatin. L3 has moderate 

cytotoxic activity against all tested malignant cells. As to compare and as previously 

described, the activity of cisplatin for HeLa cell line was 4.00 ± 0.47, for A549 line was 

12.74 ± 1.26, and for MRC-5 line 5.91 ± 0.32 [141], and for LS174T cell line cisplatin 

had shown activity with the IC50 value of 20.38 ± 0.44 [142].

4.4. Synthesis and characterization o f com plex and products o f  Zn(II), 
Cu(II), Pd(II) and Co(II) w ith Amoxicillin trihydrate (L5)

From the attempts of synthetic reactions of Amoxicillin (L5) with metal salts: 

Cu(NO3)2 H 2O (in ethanol), Zn(OAC)2 '2 H 2O (in DMSO), K 2p tC l4 (in water), Pd(OAC)2 

(in water), Rul3 (in water), RuCh  (in water), Cu(OAC)2 (mechanochemical synthesis, 

methanol/water), Co(OAC)2 (mechanochemical synthesis, methanol/water), Pd(OAC)2 

(mechanochemical synthesis, methanol/water), Cu(NO3) 2 'H2O (in methanol/water), 

CoCl2 (in methanol/water) a new complex of formulae [ZnL(H2O)2] , a degradation 

product M ethyl 5-(4-hydroxyphenyl)-6-oxo-1,6-dihydropyrazine-2-carboxylate, as well 

as three more products have been obtained.

Syntheses with L5 as ligand produced a complex [ZnL(H2O)2]  and 4 more products: 

single crystals of a structurally previously described in literature yet obtained through 

different synthesis process - a degradation product: M ethyl 5-(4-hydroxyphenyl)-6-oxo-

1,6-dihydropyrazine-2-carboxylate, and 3 amorphous products with Pd(OAc)2 ,
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Co(OAc)2 , and CoCh; however, due to their msufficient purity and/or instability, these 

amorphous products could not be subjected to further characterization.

4.4.1. Synthesis and characterization of [ZnL(H2O)2 ]

Synthesis of a complex [ZnL(H 2 O)2]: The warm DMF solution (1 cm3) [Zn(OA)2 ] 

(0.053 g, 0.25 mmol) was mixed with warm DMF solution (2 cm3) of the ligand L5 (0.209 

g, 0.5 mmol) with mild heating. The colorless reaction mixture was left to crystallize. 

After 2 months, yellow-orange amorphous precipitate was filtered and dried in air. Yield: 

0.042 g (16.0 %).

From the reaction mixture, new complex compound of formulae: [ZnL(H2 O)2 ] was 

obtained. The molecular structure of the synthesized complex was determined by CHN, 

XRPD and IR analyses. The complex was prepared by reacting zinc acetate with 

amoxicillin trihydrate in hot DMF solution.

Results of CHN analysis are presented in the Table 48. The slight difference between the 

theoretical and obtained results are attributed to presence of impurities.

Table 48. Results o f  the CHN analysis fo r  the complex [ZnL(H2O)2]

Theoretical [ZnL(H2O)2] Found

C% 41,17 % 40,21 %

H % 4,96 % 4,46 %

N% 9,00 % 8,61 %

On the basis of CHN analysis and FTIR results, a structure of the complex was determined 

(Figure 105).
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Figure 105. Synthesis o f  the Zn(II) complex o f  Amoxicillin trihydrate (L5)

4.4.1.1. X-raypowder diffraction data o f [ZnL(H2O)2]

The powder diffractogram of ZnL(H2O) 2  is presented in Figure 106.

Figure 106. The powder diffractogram o f  ZnL(H2O)2

Presented in the Figure 107 are the diffractograms of Amoxicillin trihydrate, Zn(OAc)2 

and the product ZnLfH^O)^). Similar volumes of all 3 samples were used during the 

analyses and all of the samples were analyzed with the same measuring conditions. From
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the Figure 107, it is visible that the synthesis resulted in a new amorphous product, and 

not a mixture of metal salt and ligand.

Figure 107. Thepowder diffractograms o f  L5, Zn(OAc)2 andZnL(H 2O)2
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4.4.1.2. FTIR data of [ZnLfH^OJ^J

IR spectra of the complex ZnL(H2O) 2  contains the following dominant vibrations: 3224.5 

cm-1, 2360.2 cm-1, 1574.2 cm-1, 1513.0 cm-1, 1386.5 cm-1, 1239.6 cm-1, 1169.0 cm-1, 

841.8 cm-1, 667.0 cm-1, 613.0 cm-1. The IR spectra of the complex is in accordance with 

the proposed structure.

4.4.2. Synthesis and characterization of Methyl 5-(4-hydroxyphenyl)-6-oxo-1,6- 
dihydropyrazine-2-carboxylate

Synthesis of M ethyl 5-(4-hydroxyphenyl)-6-oxo-1,6-dihydropyrazine-2-carboxylate:

Through reactions of warm water solution (1 cm3) of Cu(NO3) 2 'H2O (0.052 g, 0.5 mmol) 

with warm methanol/water solutions (15 cm3) of L5 (0.210 g, 0.5 mmol), after 5 days, 

green single crystals were filtered, washed with ethanol and dried in air, with the yield of 

0.011 g (4.2 %). The obtained single crystals were analyzed through XRPD, IR and SC- 

XRD.

The product was analyzed via XRPD, IR and the crystal and molecular structure was 

determined by SC-XRD (Figure 108).

Figure 108. Formation o f  degradationproduct during the process o f  synthesis with L5

and Cu(NO3)2

Upon realization of SC-XRD analysis, it was deducted that the data of this degradation 

product have been previously reported in literature [144]. The differences in these 

syntheses reflect in the use of CuSO4 instead of Cu(NO3^2, and the resulting crystal color 

that presented dark green in our product, compared to the colorless single crystals
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described in literature [144] Apart from these distinctions, the crystallographic parameters 

were essentially identical, with only negligible variations observed.

4.4.2.1. X-ray powder diffraction data o f Methyl 5-(4-hydroxyphenyl)-6-oxo-1,6-
dihydropyrazine-2-carboxylate

The powder diffractogram of M ethyl 5-(4-hydroxyphenyl)-6-oxo-1,6-dihydropyrazine-2- 
carboxylate is presented in Figure 109.

Figure 109. The powder diffractogram o f  Methyl 5-(4-hydroxyphenyl)-6-oxo-1,6-
dihydropyrazine-2-carboxylate

Most dominant 8 peaks of the diffractogram are listed in the Table 49, with their d 
spacings and relative intensities.

Table 49. Eight most dominant diffraction lines in powder diffractogram o f  Methyl 5-(4- 
hydroxyphenyl)-6-oxo-1,6-dihydropyrazine-2-carboxylate

Pos. [°20] d-spacing [A] Rel. Int. [%]

6.4880 13.61236 8.25

7.0808 12.48426 8.92
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7.4829 11.80458 100.00

8.2276 10.73778 26.54

13.7175 6.45023 4.84

14.9919 5.90466 5.51

22.5759 3.93533 4.89

26.0847 3.41337 6.08

Presented in the Figure 110 are the diffractograms of L5, Cu(NO3) 2 and the product Methyl

5-(4-hydroxyphenyl)-6-oxo-1,6-dihydropyrazine-2-carboxylate. Similar quantities of all 

samples were used during the analyses and all samples were analyzed with the same 

measuring conditions. From the diffractogram of the product, it is clear that the new 

crystalline product was formed.

Figure 110. The powder diffractograms o f  L5, Cu(NO3)2 andM ethyl 5-(4- 
hydroxyphenyl)-6-oxo-1,6-dihydropyrazine-2-carboxylate
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IR spectra of the degradation product Methyl 5-(4-hydroxyphenyl)-6-oxo-1,6- 

dihydropyrazine-2-carboxylate contains (Figure 111) the following dominant vibrations: 

3541.3 cm-1, 3419.7 cm-1, 3162.6 cm-1, 3044.6 cm-1, 2956.2 cm-1, 1708.7 cm-1, 1645.1 

cm-1, 1599.3 cm-1, 1509.6 cm-1, 1429.9 cm-1, 1286.6 cm-1, 1160.5 cm-1, 844.2 cm-1, 

761.5 cm-1, 567.2 cm-1, 439.3 cm-1. The IR spectra of the product is in accordance with 

the proposed structure.

4.4.2.2. FTIR data of Methyl 5-(4-hydroxyphenyl)-6-oxo-1,6-dihydropyrazine-2-
carboxylate

Figure 111. The IR spectra o f  L5 (blue) andM ethyl 5-(4-hydroxyphenyl)-6-oxo-1,6-
dihydropyrazine-2-carboxylate (pink)

Page 129



Finally, the crystal and molecular structure of the product was determined by SC-XRD 

analysis. The determined structure of the product is presented in the Figure 112.

4.4.2.3. Crystal and molecular structure of Methyl 5-(4-hydroxyphenyl)-6-oxo-1,6-
dihydropyrazine-2-carboxylate

Figure 112. Structure of Methyl 5-(4-hydroxyphenyl)-6-oxo-1,6-dihydropyrazine-2-
carboxylate

With the conclusion of the structure for this product, it was deducted that the SC-XRD 

data on this degradation product was already described by Eltayeb N. E. [144]. The 

difference between the process of synthesis, that showed the same outcome, was the use 

of CuSO4 as a metal salt, instead of Cu(NO3)2. Additional difference was the colour of 

the obtained single crystals. Etlayeb described the crystals as colourless plate single 

crystals, yet the product obtained through synthesis with Cu(NO3 ) 2  presented in this thesis 

was plate green single crystals. Other than the previously stated, differences between 

crystal data of the product, such are geometric parameters, were neglectably small.

4.4.3. Synthesis and characterization of products obtaied through syntheses with 
Co(OAC)2 , Pd(OAC ) 2  and CoCl2

Synthesis of a product obtained with L5  and C0 CI2: Through reaction of warm water 

solution (1 cm3) of CoCh  (0.033 g, 0.5 mmol) with warm methanol/water solutions (15 

cm3) of L5 (0.210 g, 0.5 mmol) the pink solution was left to crystallize. After 5 days,
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green amorphous precipitate was filtered and dried in air, with the yield of 0.153 g (62.1 

%). The obtained product was analyzed through XRPD. As the XRPD analysis showed 

the insufficient purity of the product, with present phase of metal salt CoCh, multiple 

tries of separation proved ineffective due to degradation (possible hydrolysis) of the 

product (detected by change of colour of the solutions). Further characterizations were 

not possible.

Synthesis of products obtained with L5  and metal salts Co(OAC)2 and Pd(OAC)2:

through mechanosynthesis process of 0.25 mmol (0.050 mg) of Co(OAC)2 with 0.5 mmol 

(0.210 g) L5 of respective ligand and metal salt powders, and 0.25 mmol (0.056 mg) of 

Pd(OAC)2 with 0.5 mmol (0.210 g) L5 of respective ligand and metal salt powders was 

put in the mechanical ball mill with a zirconium ball, and mechanosynthesis process was 

conducted on 25 Hz for 15 minutes. Once the process was finalized, 1 cm3 of ice (water) 

was added and the process was repeated for 30 seconds. The milky yellow solution 

(synthesis with Pd(OAC)2) and milky pink solution (synthesis with Co(OAC)2 ) were 

transferred to glass beakers and left to crystallize. The milky yellow and milky pink 

precipitates were collected, analyzed through XRPD and afterwards seperatelly dissolved 

in 6 cm3 of methanol/water mixture respectively. After 3 days, amorphous dark yellow 

(synthesis with Pd(OAC)2) and brown (synthesis with Co(OAC)^) precipitates were 

collected and analyzed on XRPD. The products did not show crystal impurities from the 

results of XRPD analysis, yet have shown properties of instability, and with that made 

further characterizations impossible.

4.4.3.I. X-ray powder diffraction data o f products obtained through syntheses with 
Co(OAC)2, Pd(OAC)2 and CoCh

In the Figure 113 powder diffractograms of the products are presented.
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Figure 113. The powder diffractograms o f  products obtained through syntheses with
C0 CI2, Co(OAC)2 andPd(OAC)2.

Presented in the Figure 114 are the diffractograms of L5, Co(OAc)2 and the product. 

Similar quantities of all samples were used during the analyses and all samples were 

analyzed with the same measuring conditions. From the diffractogram of the product, it 

is clear that the product has amorphous polymorphic state.
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Figure 114. The powder dijfractograms o f  L5, Co(OAc)2 and the product

Presented in the Figure 115 are the diffractograms of L5, Co(OAC)2, Pd(OAC)2 and the 

products of the syntheses. Similar quantities of all samples were used during the analyses 

and all samples were analyzed with the same measuring conditions. From the 

diffractogram of the product, it can be seen that the product has amorphous polymorphic 

state with crystal phase impurities from metal salt in case of synthesis with CoCh, and 

crystal phase impurities from metal salt and the ligand (L5) in case of synthesis with 

Pd(OAc)2 .
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Figure 115. The powder diffractograms o f  L5, C0 CI2, Pd(OAc)2 and the products o f
sytheses

4.4.3.2. FTIR data o f the obtainedproduct o f L5 and [Co(OAc)2]

Due to the impurities of products obtained through syntheses with C0 CI2 and Pd(OAc)2 

the FTIR analysis was only conducted for the product obtained with Co(OAc)2 . IR spectra 

of the product contains the following dominant vibrations: 3217.9 cm-1, 2966.0 cm-1, 

1732.2 cm-1, 1592.6 cm-1, 1515.2 cm-1, 1435.4 cm-1, 1370.8 cm-1, 1235.1 cm-1, 1167.7 

cm-1, 1012.0 cm-1, 838.3 cm-1.
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5. Conclusion

In this PhD thesis, a set of new coordination complexes based on pyrazole derivatives and 

amoxicillin trihydrate has been synthesized, characterized, with evaluated potential 

biological activity for a selected part. The syntheses explored five ligands with a series of 

transition metal salts. The ligands that have been used were pyrazole derivatives: 5-(4- 

bromophenyl)-3-methyl-1H-pyrazole (L1), 4-methylpyrazole (L2), 3-amino-4,5-dihydro- 

1-phenyl-1H-pyrazole (L3), and 2-(3-aminophenyl)-5-methyl-2,4-dihydro-pyrazol-3-one 

hydrochloride (L4), as well as a well known active pharmaceutical ingredient: amoxicillin 

trihydrate (L5). In total, this thesis reports the syntheses and characterizations of eleven 

novel complexes, presents the SC-XRD structure of the previously uncharacterized 

ligand, provides new data on two previously obtained compounds (one complex and one 

degradation product), and includes a discussion on three products/complexes for which 

complete characterization could not be achieved.

The ligand 5-(4-bromophenyl)-3-methyl-1H-pyrazole (L1) enabled the successful 

formation of three complexes and an obtained single crystal of the ligand that has not 

been previously characterized through SC-XRD analysis. From the attempts of syntheses 

with following metal salts: Сп(Н0з)2'Н20, Zn(OAC)2 '2 H 2O, Ni(OAC)2 '2 H 2O, PdCh, 

K 2PtCl4, CoCl2, Co(OAC)2, Pd(OAC)2, Rul3, in different conditions, syntheses of L1 with 

Zn(OAC)2 '2 H 2O in ethanol, and L1 with CoCh in ethanol, yielded three complexes: 

[ZnL2(OAc)2], [ C o L C k ]  and [CoL3C lH 2O]. Two obtained monocrystal complexes 

[Co4LsCh] and [CoL3C lH 2O] have been obtained simultaneously from the reaction with 

CoCl2 in ethanol, and have been characterized with SC-XRD technique. The crystalline 

complex [ZnL2(OAc)2]  obtained from the reaction of L1 and Zn(OAC)2'2H2O in ethanol, 

has been characterized by XRPD, CHN and IR analyses. The obtained monocrystal of the 

ligand has been characterized with SC-XRD technique. The interesting synthesis with L1 

and CoCl2 in ethanol, presented four different types of single crystals, from which two 

new complexes have been obtained: [Co^LsCls] and [CoL3C lH 2O]. The azure blue single 

crystal-clusters, representing the trinuclear complex [Co^LsCh] exhibit a particularly 

intriguing structural arrangement.
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With thefomepizole (L2), which has shown to be the most synthetically productive ligand, 

six metal complexes have been obtained. From the attempts of synthetic reactions with 

metal salts: Cu(NO3)rHO, Zn(OAC)r2 H2O, Ni(OAC)r2 H2O, PdCh, K^PtCh, C0 CI2, 

Co(OAC)2, Pd(OAC)2, RuCl3, in different conditions, syntheses of L2 with Cu(NO3) 2 'H2O 

in ethanol, L2 with C0 CI2 6H 2O in ethanol, L2 with Ni(OAc)r4H2O in ethanol, L2 with 

Zn(OAc)2-2 H2O in ethanol, L2 with PtL2 3Ch in ethanol/water, L2 with Pd(OAc)2 in 

ethanol/water, yielded six complexes: [CuL2(NO3) 2], [C0 L 4CI2], [Ni(O Ac)L4], 

[Zn(O Ac)L2], [P L 3CI2]  and [Pd(L-H)3]. Due to L2 being an already widely used as an 

API, several of the complexes were subject of different additional assays. For the complex 

obtained from synthesis of ligand with Cu(NO3) 2 'H2O the characterization has been done 

via XRPD, SC-XRD and IR analyses, additionally the tests of bactericidal properties have 

been conducted for this complex. Complex obtained with C0 CI2 the characterization was 

conducted through XRPD and SC-XRD analyses. Complexes of L2 and Zn(OAC)2'2 H2O 

and Ni(OAC)2'2 H2O were characterized through SC-XRD, CHN and IR analyses. 

Crystalline complexes with K PtC U  and Pd(OAC)2 have been characterized by CHN, IR 

and XRPD techniques. The selection of complexes: [Ni(OAc)2L4] and [Zn(O Ac)L2]  was 

made for the determination of their thermic characteristics through TG and DTG analyses, 

as well as their antioxidative potential. the DPPH* scavenging activity of Ni(II) and Zn(II) 

is in correlation with their thermal stability too. The thermally more stable Ni(II) complex 

shows less RSC, but the RSC of the less stable Zn(II) complex is higher. It is possible 

that the Zn(II) complex, dimer in crystalline form, is less stable in solution too, dissociates 

during solution, and becomes easily available for radical scavenging. Differently, the 

thermally more stable Ni(II) complex may be more stable in solution and, therefore less 

available for reaction with DPPHv From the structural standpoint [Ni(OAc)2L4] has 

shown very interesting properties. However, perhaps the most notable results of this thesis 

have been achieved with [PtL^Ch] and [Pd(L-H)s]. These complexes have demonstrated 

remarkable cytotoxic activity, showing higher activity against LS174T and A549 cancer 

cell lines compared to cisplatin, while maintaining similar or improved selectivity toward 

normal cells (MRC-5), showing promising results and potential to be used as 

chemotherapeutic agents.

Through syntheses with ligand 3-Amino-4,5-dihydro-1-phenyl-1H-pyrazole (L3), two 

metal complexes have been synthesized. From the attempts of syntheses with following
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metal salts: Cu(NOs)rH2O, Zn(OAC)r2H2O, Ni(OAC)r2H7O, PdCh, K P tC h , C0 CI2, 

Co(OAC)2, Pd(OAC)2, Rul3, Mn(OAC)2'4H2O, in different conditions, syntheses of L3 

with K^PtCl^ in ethanol/water, and L3 with PdCh through mechanosynthesis, yielded two 

complexes: [ P L C h ]  and [PdL2(OAc)2]. The obtained amorphous complexes were 

characterized by XRPD, CHN and IR analyses. Other than their characterization, the 

ligand was evaluated for its biological properties through the estimation of its bactericidal 

and cytotoxic activities, as to indicate the biopotential of its complexes. Indicating 

somewhat moderate bioactivity, no further assays with the complexes of this ligand have 

been conducted.

Ligand 2-(3-Aminophenyl)-5-methyl-2,4-dihydro-pyrazol-3-one hydrochloride (L4) did 

not form any complexes, despite variations in approaches of numerous syntheses. The 

attempted syntheses that have been conducted were with metal salts: Cu(NO3) 2 'H2O (in 

ethanol), Zn(OAC)r2H2O (in DMSO), Ni(OAC)2 -2 H 2O (in DMSO), K P tC h  (in water), 

CoCl2 (in water), Pd(OAC)2 (in water), Rul3 (in water). With that said, the ligand L4 has 

shown limited coordination behavior and low stability of potential products.

Finally, syntheses with Amoxicillin trihydrate (L5) resulted in a complex [ZnL(H2O)2] , a 

degradation product Methyl 5-(4-hydroxyphenyl)-6-oxo-1,6-dihydropyrazine-2- 

carboxylate and three products, while using different solution-based and 

mechanochemical approaches. From the attempts of syntheses with following metal salts: 

Cu(NO3) 2 'H2O (in ethanol), Zn(OAC)2 '2 H 2O (in DMSO), K^PtCh (in water), Pd(OAC)2 

(in water), Rul3 (in water), RuCh  (in water), Cu(OAC)2 (mechanochemical synthesis, 

methanol/water), Co(OAC)2 (mechanochemical synthesis, methanol/water), Pd(OAC)2 

(mechanochemical synthesis, methanol/water), Cu(NO3) 2 'H2O (in methanol/water), 

CoCl2 (in methanol/water), one complex, one degradation product and three products of 

insufficient purity and observed instability have been obtained. Out of the stated, from 

the reaction of L5 with Zn(OAC)2'2H2O (in DMSO) one novel amorphous complex has 

been characterized of formulae [ZnL(H2O)2]  through XRPD, CHN and IR analyses. 

Through synthesis with Cu(NO3) 2 'H2O (in methanol/water) single crystals of a, in 

literature previously described, degradation product M ethyl 5-(4-hydroxyphenyl)-6-oxo-

1,6-dihydropyrazine-2-carboxylate, has been obtained, via a synthetic reaction different 

from the one described in literature, and additional analytical data was provided in the
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form of XRPD data and IR spectra. Finally, additional three amorphous products of 

insufficient purity and observed instability have been achieved, yet were not 

characterized, due to the stated drawbacks. Even though amoxicillin seems structurally 

quite favorable to be used as a ligand in coordinations with transition metals, from a 

theoretical perspective, the empirical observations have shown the opposite. Most of the 

published data on achieved metal complexes with amoxicillin have shown amorphous 

products, with insufficient characterization techniques utilized to provide concrete data 

on the structure of the complexes. And as the behavior of the amoxicillin changes in 

different pH values of the environment, amoxicillin has proven to be a challenge for the 

syntheses of stable complexes with transition metals.

The results presented as part of this thesis have allowed to expand the knowledge in 

coordination behaviour of pyrazole- and amoxicillin-based metal complexes with detailed 

structural, thermal, and in-vitro biological evaluations. The identification of platinum and 

palladium complexes with 4-methylpyrazole have shown remarkable cytotoxic activity 

compared with established therapies such is cisplatin. Introduced novel complexes can 

serve as a potential for next-generation metal-based therapeutics. These findings provide 

a basis for future in vivo studies focused on the development of more potent 

metallopharmaceuticals.
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Addendum A -  XRPD diffractograms



Figure 2. The powder diffractograms o f Cu(NO3)2 and CuL2(NO3)2



Figure 3. The powder diffractogram o f  C0 L4CI2



Figure 4. The powder diffractograms o f C0 CI2 and C0 L4CI2



Figure 5. The powder diffractogram o f  Ni(OAc)2L 4



Figure 6. The powder diffractograms o f Ni(OAc)2 andNi(OAc)2L 4



Figure 7 The powder diffractogram o f  Zn(OAc)2L 2



Figure 8. The powder diffractograms o f Zn(OAc)2 and Zn(OAc)2L 2
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