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Abstract 

Metallosupramolecular complexes, owing to their fascinating coordination geometries, diverse 
topologies, unique physicochemical properties, and remarkable versatility, have long been the 
subject of intensive research and significant interest within the scientific community. Such systems, 
examined within a broader context, have exhibited a wide range of applications, contributing to 
ongoing advancements in the domain of coordination and metallosupramolecular chemistry. With 
the fundamentals of rational design and the established strategies for the synthesis of coordination 
architectures with tailored properties, the prospects for generating novel nanomaterials with 
specific functionalities remain wide open. This dissertation presents the characterization of three 
classes of building blocks utilized in the construction of coordination assemblies, namely 
β-diketonate and pyridine ligands, as well as ambidentate pyridyl-β-diketonates, which incorporate 
two distinct donor groups within their structures. The structural diversity of these ligands, 
combined with multiple metal centers, has led to the creation of a variety of coordination 
architectures with exceptional physicochemical properties. Through insights from recent advances, 
the avenues for harnessing these nanostructures as functional materials have been discussed, 
emphasizing their extensive applicability across different areas, such as catalysis, host-guest 
chemistry, sensing, magnetism, and energy transfer. Nevertheless, despite promising perspectives, 
this potential remains largely unexplored in many cases.  

Hence, in the experimental section of this work, a new generation of metallosupramolecular 
complexes is presented, obtained using the aforementioned ligands and selected d-electron metal 
ions, specifically AgI, PdII, and PtII. A series of thematically coherent articles (A1–A6) details the 
design, synthesis, spectro-structural characterization, and functionality of these systems, i.e., mono- 
and polynuclear complexes as well as heterometallic coordination polymers. The structures of all 
obtained compounds were precisely determined both in solution and in the solid state via various 
analytical techniques. Due to their intrinsic structural characteristics and functional capabilities, 
these assemblies were employed as effective and selective catalyst precursors in a range of organic 
transformations, including cross-couplings, substitutions, hydroadditions, and reductions. 
Furthermore, extensive investigations allowed for the identification of structural factors, such as 
the coordination mode of the central ions, the nuclearity of the complexes, the nature of pyridine 
ring substituents, and the complex topology, which enabled the determination of their impact on 
catalytic performance in specific processes and the enhancement of the catalytic activity of the 
given assemblies. Thus, it has been demonstrated that the ligand structure plays a key role not only 
in defining the overall topology of  the coordination architecture but also affects physicochemical 
properties, thereby tailoring the resulting functionality. 
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Streszczenie 

Kompleksy metalosupramolekularne, ze względu na imponującą różnorodność geometrii 
koordynacyjnych, fascynujące topologie, wyjątkowe właściwości fizykochemiczne oraz niezwykłą 
wszechstronność, od lat stanowią obiekt intensywnych badań i zainteresowania w środowisku 
naukowym. W szerszym kontekście układy te wykazały bogatą gamę zastosowań, napędzając ciągły 
postęp w chemii koordynacyjnej i metalosupramolekularnej. Dzięki podstawom racjonalnego 
projektowania i opracowanym strategiom syntezy złożonych architektur koordynacyjnych, 
perspektywy rozwoju innowacyjnych nanomateriałów o określonej funkcjonalności pozostają 
szeroko otwarte. Niniejsza rozprawa doktorska prezentuje charakterystykę trzech klas bloków 
budulcowych, które znalazły zastosowania w konstrukcji układów koordynacyjnych, a mianowicie 
ligandów β-diketonowych i pirydynowych, a także ambidentnych pirydylo-β-diketonów, 
zawierających w swojej strukturze dwie grupy donorowe o odmiennej naturze. Zróżnicowanie 
strukturalne tych ligandów organicznych, w zestawieniu z licznymi centrami metalicznymi, 
doprowadziło do syntezy rozmaitych architektur koordynacyjnych o nadzwyczajnych 
właściwościach. Analizując najnowsze doniesienia literaturowe, przedstawiono możliwości 
wszechstronnego wykorzystania tych materiałów, podkreślając ich potencjał aplikacyjny w takich 
obszarach jak kataliza, chemia gość-gospodarz, magnetyzm i transfer energii. Niemniej jednak, 
mimo obiecujących perspektyw, ten potencjał wciąż pozostaje w wielu przypadkach znacząco 
niewykorzystany. 

W części eksperymentalnej niniejszej pracy zaprezentowano nową generację kompleksów 
metalosupramolekularnych, otrzymanych z wykorzystaniem wyżej wymienionych ligandów oraz 
wyselekcjonowanych jonów metali d-elektronowych (AgI, PdII, PtII). Seria tematycznie spójnych 
artykułów naukowych (A1–A6) szczegółowo opisuje projektowanie, syntezę, charakterystykę 
strukturalno-spektroskopową oraz funkcjonalność tych układów, tj. mono- i polinuklearnych 
związków kompleksowych, jak również heterometalicznych polimerów koordynacyjnych. 
Struktury uzyskanych związków zostały precyzyjnie określone zarówno w roztworze, jak i w ciele 
stałym przy użyciu różnych technik analitycznych. Ze względu na unikalne cechy strukturalne, 
wskazujące na ich znaczny potencjał aplikacyjny, otrzymane związki kompleksowe zostały 
zastosowane jako efektywne i selektywne katalizatory w szeregu reakcji organicznych, m.in. reakcji 
sprzęgania krzyżowego, substytucji, hydroaddycji i redukcji. Ponadto szeroko zakrojone badania 
pozwoliły na identyfikację czynników strukturalnych, takich jak tryb koordynacji jonu centralnego, 
liczba centrów metalicznych, natura podstawników pierścienia pirydynowego oraz topologia 
układu, które umożliwiły określenie ich wpływu na przebieg odpowiednich procesów 
katalitycznych i zwiększenie aktywności katalitycznej danych jednostek. W związku z tym 
wykazano, że struktura liganda definiuje nie tylko geometrię architektury koordynacyjnej, ale także 
wpływa na jej właściwości fizykochemiczne, a tym samym w istotny sposób determinuje jej 
funkcjonalność. 
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1. Introduction 

Over the past few decades, substantial progress has been achieved in the design and synthesis of 
diverse coordination architectures with unique physicochemical properties.1-6 The precise selection 
of organic ligands, combined with metal centers that exhibit defined coordination behavior enables 
the generation of complex systems with encoded structural features, such as tailored geometries, 
internal cavities, or flexible frameworks.7, 8 Attributed to their well-defined structure and versatile 
functionalities, these architectures have attracted increasing attention in different areas, including 
catalysis, molecular recognition, host-guest chemistry, separation and magnetism, among 
others.3, 9-15 The introduction section of this dissertation is intended to be a compendium of various 
organic ligands utilized as building blocks in the generation of diverse coordination assemblies. The 
discussion will focus on three types of organic ligands: β-diketonate and pyridine ligands, as well as 
ambidentate pyridyl-β-diketonates, which combine the characteristics of the former two. Since 
pyridyl-β-diketonates are a particular subject of interest in this thesis, an array of coordination 
architectures formed with them will be described in detail. Owing to their inherent structural 
features and functional capabilities,16 these complex systems are viable candidates for applications 
spanning different scientific domains, which will be presented in the final section of this 
introduction.  

1.1. Ligands 

1.1.1. β-Diketonate ligands 

β-Diketonate compounds, with pentane-2,4-dione (commonly known as acetylacetone) as the 
simplest and most recognized example, represent a significant class of organic ligands extensively 
utilized in coordination and metallosupramolecular chemistry for the construction of complex 
molecular architectures.17-20 Such units are typically synthesized via Claisen condensation between 
appropriate ketones and esters, resulting in a product containing two carbonyl groups separated by 
a single carbon atom.21-23 A characteristic feature of these compounds is keto-enol tautomerism, 
which refers to the equilibrium between their keto and enol forms (Figure 1).24, 25 In the case of 
β-diketones, the equilibrium is significantly shifted toward the enol form, primarily due to the 
formation of an OH···O hydrogen bond, which stabilizes a resonance structure with a six- 
 

 

Figure 1. Keto-enol tautomerism in β-diketonate ligands. 
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membered ring.26 Various factors can affect this keto-enol equilibrium, with solvent polarity, as 
well as the presence and nature of functional groups within the ligand structure being particularly 
influential.27 For instance, the percentage of enol form in acetylacetone and 
hexafluoroacetylacetone is 85% and 100%, respectively, when measured neat at 33 °C.28 

The capacity to form stable coordination compounds with a diverse array of metal ions is directly 
attributed to the presence of β-diketonate ligands in their enol form. According to hard and soft 
acids and bases (HSAB) theory,29, 30 such ligands act as hard bases in complexation reactions, 
preferentially forming stable complexes with hard acids, e.g., MgII, FeIII, AlIII, CoIII, CrIII;31-34 
however, numerous combinations with metal ions classified as soft acids have also been 
reported.35-37 In a neutral environment or upon deprotonation under basic conditions, these ligands 
enable the coordination of metal centers as O,O’-chelates, resulting in the formation of six-
membered rings (Figure 2ab).38-40 Additionally, β-diketonates are highly effective bridging ligands.38 
Their ability to bridge metal ions arises from the use of only one lone pair of electrons per oxygen 
atom for primary bonding, with the remaining lone pairs available for secondary interactions. 
Consequently, oligomeric complexes can be generated, such as [Ni(acac)2]3 and [Ba4(tmhd)8],41, 42 
where acac and tmhd refer to acetylacetonate and 2,2,6,6-tetramethylheptane-3,5-dionate, 
respectively (Figure 2d). Furthermore, β-diketonate anions can also coordinate metal ions through 
the central carbon atom, leading to the generation of organometallic compounds (Figure 2c). 
Although this type of interaction is relatively rare with lighter metals, it is more common with metal 
ions from the second-row and especially third-row transition metals, e.g., PtII and IrIII.43-45 

 

Figure 2. a) Structure of square planar complex [MII(acac)2]. b) Structure of octahedral complex 
[MIII(acac)3]. c) Structure of [Pt(γ-acac)2(py)2], with acac acting as a C-donor ligand.45 d) Trimer structure of 
[Ni(acac)2]3, with acac acting as a bridging ligand.41 

Acetylacetonate anion, as a simple bidentate ligand, forms a number of complexes, with the most 
common being square planar [MII(acac)2] and octahedral [MIII(acac)3] species, where M represents 
metal ion, and the geometry typically corresponds to the preferred coordination geometry of the 
metal center (Figure 2ab).32, 46-48 A variety of mixed-ligand compounds have also been reported, in 
which additional ligands, ranging from simple species such as H2O, CO, and pyridine to more 
complex molecules, complete the coordination sphere of the metal center.49-51 To date, the 
Cambridge Structural Database contains approximately 4,500 structures comprising M–acac 
bonding. In addition to simple acetylacetone, various structural modifications of this ligand have 
been developed through the introduction of different functional moieties or bulky substituents that 
replace the methyl groups.52-54 Such modifications enable precise tuning of the electronic density 
and steric hindrance of individual units, thereby facilitating the attainment of specific 
physicochemical properties. For instance, fluorinated analogues of acetylacetone can significantly 
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increase the volatility of coordination compounds, which is particularly useful in processes such as 
chemical vapor deposition, where volatile complexes are employed as metal precursors to deposit 
thin films of metals and metal oxides.55, 56 In another example, sterically hindered β-diketones with 
bulky moieties were used to prepare complexes that demonstrated higher efficiency and selectivity 
in catalyzed reactions compared to those catalyzed by simple metal acetylacetonates.57-61 Thus, due 
to their potential for functionalization, β-diketonate ligands have become crucial for creating 
systems with properties tailored to specific utilities. Owing to their advantageous features, such as 
straightforward synthesis, high stability, and solubility in organic solvents, β-diketonate complexes 
have found applications in various fields, including catalysis, magnetism, analytical chemistry, and 
materials science.62-66 

In addition to acetylacetone and its bidentate derivatives, an important subclass includes oligo-
β-diketonate ligands, which contain more than one β-diketonate group within a single molecule, 
allowing for simultaneous coordination with several metal centers.39, 47, 67-70 The incorporation of 
multiple coordination sites within a ligand structure enables the construction of 
metallosupramolecular architectures, both discrete and polymeric, with a diverse range of 
topologies and functionalities, which is particularly significant for their practical applications. For 
instance, Clegg et al. reported the synthesis of a tetrahedral coordination cage based on FeIII ions 
and a bis-β-diketonate ligand (Figure 3a), which, due to its porosity, allowed for the encapsulation 
of THF molecules.71 As another example, a tris-β-diketonate ligand combined with PdII ions 
resulted in the formation of a branched polymer, which proved to be an efficient catalyst precursor 
in the Suzuki-Miyaura cross-coupling reaction (Figure 3b).72 

 

Figure 3. Metallosupramolecular architectures based on oligo-β-diketonate ligands: a) a coordination cage 
with FeIII ions;71 b) a branched polymer with PdII ions.72 

1.1.2. Pyridine ligands 

Since pyridine was discovered by Thomas Anderson in 1849, it has become one of the most 
extensively utilized heterocyclic compounds in chemistry. With its conjugated system of six 
π electrons delocalized over a planar ring, pyridine fulfills Hückel’s criteria for aromatic systems. 
Although it exhibits numerous similarities to benzene, the incorporation of an electronegative 
N-atom into the aromatic ring leads to significant alterations in their physicochemical 
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properties.73, 74 Due to the negative inductive effect of the N-atom, the electron density in the 
pyridine ring is non-uniformly distributed, resulting in a dipole moment and weaker resonance 
stabilization compared to benzene.75 As an aromatic compound, pyridine is capable of undergoing 
both electrophilic and nucleophilic substitution reactions. In turn, the presence of a pair of non-
bonding electrons in the valence shell of the N-atom determines its basic nature. In most reactions, 
pyridine acts as a typical tertiary amine, exhibiting susceptibility to protonation, alkylation, 
acetylation, and N-oxidation.76, 77 

Given its electronic properties, pyridine is commonly utilized as a ligand, capable of generating 
a wide range of complexes. According to the HSAB theory, pyridine is classified as a borderline 
base, which allows to form stable combinations with both soft and hard acids.78 While pyridine 
complexes with transition metals are the most common, compounds with metals from the s, p, and 
f blocks are also well-known.79-83 Pyridine, acting as a Lewis base, donates a lone pair of electrons 
to a Lewis acid, resulting in the formation of a coordination bond. In addition, the bonding between 
the metal center and pyridine can be strengthened through π back-donation. The anti-bonding 
π* orbitals of the ligand are capable of accepting electron density from the dπ orbitals of the metal 
ion (Figure 4). Moreover, in some cases, the π-electrons of the ring can also participate in bonding 
interactions with metal centers.73 

 

Figure 4. σ-Bonding and π-backbonding between the pyridine ligand and the metal center. 

The pyridine ring is a prevalent structural motif in many ligands, including both monodentate and 
multidentate units. It offers almost unlimited potential for functionalization through the 
introduction of electron-donating or electron-withdrawing groups.84-89 Such structural and 
electronic adjustments of the heterocyclic ring allow for the generation of compounds with desired 
properties, expanding their range of applications. Pyridine-based complexes are of significant 
importance in both academic and industrial contexts, as demonstrated by their practical utility as 
catalysts, cytotoxic agents, chemosensors, or molecular magnets.90-95 For example, the complex 
[TiCl2(py)4] has been utilized in the catalytic polymerization of unsaturated hydrocarbons,73 while 
[PdCl2(py)2] and its derivatives have shown potential in anticancer therapy.96 The scope of pyridine-
based complexes is vast, as reflected in the extensive literature in this field, and continues to expand 
with the development of new entities tailored for specific applications across various domains. 

An important group of pyridine ligands that garners considerable interest comprises entities with 
multiple heterocyclic rings incorporated into a single structure. Starting with the pyridine ring, 
increasingly intricate systems can be designed, ranging from simple bipyridine ligands, such as 2,2’- 
and 4,4’-bipyridine, through 1,10-phenanthroline and terpyridine, to more sophisticated polycyclic 
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systems with multiple N-donors per molecule. These polydentate units can function as either 
chelating or bridging agents, interconnecting metal centers in well-defined spatial arrangements. 
For this reason, such ligands are employed as building blocks in the creation of 
metallosupramolecular architectures, including coordination polymers, metallocycles, and 
cages.97-105 To illustrate, 4,4’-bipyridine serves as an effective linker for transition metal ions in the 
synthesis of coordination polymers with various topologies, ranging from one-dimensional to 
three-dimensional structures (Figure 5). Due to their structural features, these polymers have found 
practical applications in gas sorption and catalysis.106 

 

Figure 5. Coordination polymers formed with 4,4’-bipyridine: a) one-dimensional; b) two-dimensional; 
c) three-dimensional. 

1.1.3. Pyridyl-β-diketonate ligands 

The advancement of coordination supramolecular chemistry is driven by the design and synthesis 
of new families of sophisticated multi-donor ligands, among which important classes include the 
aforementioned multidentate acetylacetone derivatives and polypyridine systems.107-110 Although 
classical oligo-β-diketonates have long been demonstrated to be excellent chelating agents for 
a wide range of metal centers, as well as polypyridines have revealed high potential for the 
generation of intricate coordination assemblies, there are significantly fewer reports in the literature 
on pyridyl-β-diketonate ligands.16 Their advantage over the previously described species is their 
ambidentate character, which results in an ability to engage different metal ions and to construct 
a scope of heterometallic architectures. This feature is also extremely important from the 
application point of view, directly affecting the functionality of a given nanostructure, such as 
catalytic activity or magnetic properties.111, 112 

Pyridyl-β-diketonate compounds, analogous to classical β-diketones, are synthesized via Claisen 
condensation between appropriate esters of carboxylic acids and ketones. Similar to acetylacetone 
and its derivatives, these units exhibit keto-enol tautomerism, predominantly existing in the enol 
form.113, 114 As organic ligands, they are capable of binding metal centers in various ways through 
multiple donor-atom combinations. They can occur as neutral, anionic, or zwitterionic species, with 
each form demonstrating the ability to effectively coordinate with metal ions. Due to the presence 
of two coordination sites of distinct nature in their structure, specifically neutral pyridine and 
β-diketonate (in either its protonated or deprotonated state), these ligands are capable of binding 
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a wide range of metal centers, both hard and soft acids according to the HSAB classification 
(Figure 6a). In addition to the common coordination modes via O,O’-chelation or N-donation, 
some of them, depending on the relative position of the donor groups, can also create 
unconventional combinations, such as N,C(sp3)- and N,O-chelates (Figure 6b).115-117 As 
a consequence, the formation of specific coordination motifs is governed by several factors, with 
the most critical being the nature of the metal centers, the geometry of the ligand, and the reaction 
environment, particularly acid-base equilibria. 

 

Figure 6. a) The distinct nature of the coordination sites in pyridyl-β-diketonate ligands. b) Various 
coordination modes of pyridyl-β-diketones in their neutral, anionic, and zwitterionic forms. 

The simplest representatives of this ligand family are entities consisting of a single β-diketonate 
moiety substituted by one pyridine ring. However, many more complex species that incorporate 
several β-diketonate and/or pyridine (or bipyridine) groups capable of binding several metal ions 
are known. Thus, the units classified within this ligand class exhibit diversity in numerous aspects, 
such as the number of coordination sites, the relative arrangement of donor groups, the position 
of the pyridine-N atom within the heterocyclic ring, and the presence of additional functional 
groups (Table 1). In contrast to mono- and poly-β-diketonates, pyridyl-β-diketonate ligands, due to 
the distinct character of their coordination sites as well as the ability to act as bridging species, have 
been widely employed to generate not only homometallic but also heterometallic systems, ranging 
from simple complexes through cages and macrocycles to larger architectures such as coordination 
polymers and metal-organic frameworks (MOFs). 
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Table 1. Examples of pyridyl-β-diketonate ligands and their use in the construction of coordination 
architectures. 

No. Ligand structure R-groups Architectures generated References 

1. 
 

(including 2- and 3-substituted pyridine ring) 

-Me 
-CF3 
-Et 
-iPr 
-tBu 
-Ph 

mononuclear complexes 
polynuclear complexes 

cages 
polymers 

113, 115, 
116, 118-

134 

2. 

 

-Me 
-CF3 

MOFs 135-137 

3. 

      

-Me 

mononuclear complexes 
polynuclear complexes 

metallocycles 
cages 

polymers 
MOFs 

138-158 

4.  

 

-Me 
-tBu 

polynuclear complexes 
metallocycles 

cages 
polymers 

159-170 

5. 
 

 

(including other N-atoms positions) 

- 

mononuclear complexes 
metallocycles 

cages 
polymers 
MOFs 

111, 112, 
117, 127, 
169, 171-

191 

6. 
 

(including other bipyridine substitution) 

-Me 
-CF3 
-C2F5 

mononuclear complexes 
polynuclear complexes 

192-194 

7.  

 

- 
polynuclear complexes 

metallocycles 
cages 

195-199 
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1.2. Nanostructures based on pyridyl-β-diketones 

To date, a wide array of pyridyl-β-diketones has been utilized in the synthesis of structurally distinct 
coordination assemblies. Although the earliest publications on complexes with such ligands 
emerged in the second half of the 20th century,165, 200 substantial advancements in this area of 
chemistry have continued to the present day. This progress is reflected in the diverse range of 
nanostructures reported, with significant contributions from the research groups of Clegg, Lusby, 
Wang, Lindoy, and Stefankiewicz. As a consequence, effective strategies have been developed that 
employ these ligands as versatile building blocks for the design and controllable synthesis of novel 
coordination architectures with specific topologies and physicochemical properties. A brief 
overview of the current state of the art in this domain is provided ahead. 

1.2.1. Mono- and polynuclear complexes 

In the literature, a broad spectrum of mononuclear coordination compounds with ambidentate 
pyridyl-β-diketonate ligands has been reported. Among these complexes, both homo- and 
heteroleptic species can be distinguished, each exhibiting a variety of coordination geometries, with 
octahedral and square planar environments of the metal centers being the most common. Typically, 
metal ions within these structures are coordinated by either β-diketonate or pyridine-N donors, 
with one coordination site remaining non-coordinated (Figure 7). An array of complexes with 
ligands arranged as O,O’-chelates has been generated using a base for ligand deprotonation, 
encompassing a number of metal ions including BeII, CuII, PdII, CrIII, CoIII, FeIII, AlIII, GaIII, DyIII, 
TbIII, HoIII, and ErIII.111-113, 115, 119, 138, 147, 148, 171, 183 In turn, N-donation has been confirmed in the 
structures of complexes with AgI, RuII, OsII, PdII, and PtII.113, 118, 157 Additionally, other coordination 
modes have also been verified, such as N,O-chelation for RuIII, IrIII, and PtII ions,116, 187, 190 as well as 
N,C(sp3)-chelation for AuIII, PdII, and PtII ions.175, 201 Due to the presence of accessible coordination 
sites that can engage in further complexation reactions, most of these complexes can serve as 
metalloligands, capable of binding additional metal cations to form more intricate systems. 

 

Figure 7. Octahedral AlIII complexes with pyridyl-β-diketonate ligand, existing in two isomeric forms: a) fac 
isomer; b) mer isomer.119 While the β-diketonate units are involved in coordination, the pyridine-N donors 
remain uncoordinated. 

In addition to simple mononuclear coordination compounds, a variety of heteronuclear complexes 
have also been extensively reported. The heteroditopic nature of such ligands allows for the 
simultaneous coordination of multiple metal centers by a single ligand; however, the synthesis of 
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these species often requires the use of coligands to prevent polymerization reactions. Complexes 
with FeIII and ReI, ScIII and RuII, CrIII and ReI, CuII and LaIII, as well as NiII and PbII constitute prime 
examples, where the first metal center is coordinated as an O,O’-chelate and the second is 
coordinated by pyridine (or bipyridine) donors.145, 154, 161, 192, 193 

1.2.2. Metallocycles 

Metallocycles represent another class of coordination assemblies formed with pyridyl-β-diketonate 
ligands. The literature reports examples of homonuclear metallocycles containing CuII, NiII, PdII, 
and FeIII ions (Figure 8a), which are generated using ligands specifically designed to incorporate at 
least two β-diketonate moieties.165, 166, 168 In the structure of heteronuclear metallocycles, both 
O,O’-chelating and pyridine-N donors are involved in coordination, with a notable example being 
the mixed-metal CuII/RhIII metallocycles reported by Jin et al. (Figure 8b).169, 170 

 

Figure 8. a) Structure of a dinuclear CuII metallocycle. b) Structure of a three-dimensional heteronuclear 
CuII /RhIII metallocycle.170 H-atoms, counterions, and solvent molecules have been omitted for clarity. 

1.2.3. Metallocages 

Pyridyl-β-diketonate ligands have also been employed as linkers in the construction of coordination 
cages, which, due to their intriguing topologies and programmable properties, continue to attract 
great interest. The literature on matallocages incorporating pyridyl-β-diketonate ligands is fairly 
comprehensive, with notable contributions from Wang,126, 172 Brechin,123 Lusby,120, 129, 130 Stang,119, 122 
and their co-workers. Such architectures are generally synthesized through hierarchical self-
assembly processes, with the first step involving the generation of tripodal metalloligands based on 
trivalent metal ions such as AlIII, FeIII, and CrIII. The cages are subsequently formed in complexation 
reactions with divalent metal ions, including CuII, CoII, ZnII, NiII, PdII, and PtII. The resulting 
heterometallic assemblies, with the most common formulas [M2

IIIM3
II𝐋𝐋6] and [M8

IIIM6
II𝐋𝐋24], where 

M denotes the metal ion and L denotes the ligand, predominantly adopt trigonal bipyramidal or 
cubic geometries (Figure 9). These geometries depend on the nature of specific metal centers and 
the reaction stoichiometry, while the volume of the internal cavities is determined by the ligand 
structure. 
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Figure 9. Heterometallic cages based on pyridyl-β-diketonate ligands with: a) trigonal bipyramidal geometry; 
b) cubic geometry. Blue and green spheres represent di- and trivalent metal ions, respectively. H-atoms, 
counterions, and solvent molecules have been omitted for clarity. 

1.2.4. Coordination polymers and MOFs 

Metallosupramolecular polymers based on pyridyl-β-diketones represent a subsequent class of 
coordination materials that have garnered significant attention. The ambidentate nature of these 
ligands enables the construction of extended networks with various dimensionalities and 
topologies. Homometallic polymers based on CuII ions, which exhibit characteristics intermediate 
between hard and soft acids, serve as a notable example, where coordination by structurally distinct 
ligands results in the formation of diverse coordination frameworks.115, 125, 134, 143, 158, 166 In these 
structures, octahedral CuII centers are coordinated as O,O’-chelates in a planar arrangement, with 
their coordination spheres completed by pyridine-N donors from other ligand molecules in the 
axial positions (Figure 10a). Another example of a homometallic aggregate was reported by Lindoy 
et al., where the combination of pyridyl-β-diketone ligands with ZnII ions led to the generation of 
a three-dimensional polymeric network.158 Nevertheless, the scope of mixed-metal polymers is 
considerably broader due to the different preferences of metal centers for donors of distinct 
nature.139, 146, 147, 152, 153, 156, 171, 174, 181, 189 For instance, a heterometallic polymer reported by Domasevitch 
et al. comprises FeIII ions coordinated as O,O’-chelates, while CdII centers are bound by pyridyl 
groups, forming one-dimensional chains.144 Additionally, Wang et al. demonstrated the synthesis of 
three distinct coordination polymers using a tripodal metalloligand with AlIII ions. The reactions 
with ZnII, CdII, and HgII ions resulted in the formation of materials with various topologies, i.e., 
a one-dimensional ladder-like structure, a two-dimensional layer, and a helical arrangement, 
respectively (Figure 10bc).149 Pyridyl-β-diketones can also serve as components in the generation 
of metal-organic frameworks (MOFs), which constitute a specific class of coordination polymers 
characterized by their porous, extended structures. Owing to the structural variety of ligands, 
numerous systems diversified in terms of composition, dimensionality, pore size, and other 
physicochemical features have been reported in the literature. These include homometallic 
architectures containing CuII, MnII, CoII, and ZnII centers,124, 135-137, 140, 173, 202 as well as mixed-metal-
organic frameworks (MMOFs) with AlIII/AgI, GaIII/AgI, FeIII/AgI, and CuII/CdII ions.150, 151, 173, 182 
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Figure 10. Examples of homo- and heterometallic coordination polymers based on pyridyl-β-diketonate 
ligands: a) two-dimensional sheet structure of the network with CuII ions;115 b) one-dimensional ladder-like 
structure of the AlIII/ZnII polymer;149 c) helical structure of the AlIII/HgII polymer.149 H-atoms, counterions, 
and solvent molecules have been omitted for clarity.  
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1.3. Application potential of the coordination architectures based on 
pyridyl-β-diketones 

Of the different ambidentate ligands showing promise as building blocks in coordination and 
metallosupramolecular chemistry, pyridyl-β-diketones have been recognized for their versatility in 
the development of functional nanostructures. The unique structure-dependent physicochemical 
properties of such architectures, e.g., wide compositional diversity, permanent porosity, and 
exceptional stability, are of great importance due to their control of functionality. Although much 
of the literature concerns purely structural studies, the high application potential of the 
characterized molecules can be widely employed in various areas, such as catalysis, host-guest 
chemistry, sensing, energy transfer, and magnetism, as discussed below. 

1.3.1. Catalysis 

Metallosupramolecular architectures bearing pyridyl-β-diketonate ligands exhibit high potential for 
applications in catalysis, as demonstrated by various examples available in the literature. Their 
function is multifaceted, serving as key constituents in the construction of efficient catalytic systems 
that have found applications in a wide range of reactions, such as cross-coupling, amination, 
polymerization, or isomerization. Primarily, different types of coordination assemblies based on 
pyridyl-β-diketones, including homo- and heteronuclear complexes, polymers, MOFs, and cages, 
have been employed as conventional catalysts. In works published by Stefankiewicz et al., the 
considerable potential of mononuclear PdII and PtII complexes was demonstrated in the Suzuki-
Miyaura reaction and olefin hydrosilylation, respectively.113, 118 These studies emphasized the 
importance of ambidentate units within their structure, highlighting their enhanced efficiency 
compared to counterparts based on monofunctional ligands. Other notable examples include FeIII 
complexes that efficiently catalyze the ring-opening polymerization of ε-caprolactone,111 AuIII 
complexes used in cycloisomerization reactions,175 and heterometallic polymers that facilitate the 
ring opening of epoxides with aromatic amines.203 Furthermore, pyridyl-β-diketonate ligands were 
utilized to create platforms for catalyst deposition, leading to efficient heterogeneous systems. For 
instance, a MnII-based MOF developed by Dong et al. served as an ideal platform to support Pd-Au 
alloy nanoparticles.136 This composite system exhibited high activity as a heterogeneous catalyst for 
the one-pot tandem synthesis of imines from benzyl alcohols and anilines or benzylamines 
(Figure 11). As another example, a system consisting of a CuII MOF and Au nanoparticles was 
effectively employed in the synthesis of tricyanovinyl derivatives.137 Additionally, pyridyl-
β-diketones can function as auxiliary ligands in homogeneous catalytic systems, where the active 
form of catalyst is in situ generated in the reaction medium. Such examples were described by 
Taillefer and Chen, who developed catalytic systems based on CuI ions for C-N cross-coupling 
reactions of aryl halides with aqueous ammonia or NH-heterocycles.204, 205 
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Figure 11. A heterogeneous system based on MnII MOF and Pd−Au alloy nanoparticles for the catalytic 
one-pot tandem synthesis of imines from alcohols and amines.136 

1.3.2. Host-guest chemistry and sensing 

Given their structural versatility and superior binding properties, coordination assemblies based on 
pyridyl-β-diketonate ligands are becoming increasingly important in host-guest chemistry. The 
flexible framework of such architectures enables the creation of customizable internal cavities and 
channels, precisely designed to selectively recognize and encapsulate a range of guest molecules. 
Moreover, the intrinsic luminescent features of these ligands enhance their functionality, allowing 
for guest-driven luminescent responses that are particularly crucial for sensing and detection 
applications.206 An initial category of guest molecules suitable for such nanostructures serving as 
hosts includes anions. For instance, Aromi et al. reported CoII/CoIII clusters capable of trapping 
two CO3²− anions,196 whereas Jin et al. demonstrated RuII metallocycles that effectively encapsulate 
counterions like OTf− and PF6

−.155 As an example of cation encapsulation, FeIII metallacryptands 
have shown high effectiveness as selective complexation agents for specific cations, particularly 
those from the alkaline, alkaline earth, and rare earth metal groups.164, 168 Furthermore, Dong et al. 
introduced two three-dimensional networks comprising CuII and ZnII ions, which revealed their 
capacity to encapsulate larger entities, such as metal acetylacetonates, and exhibited the resultant 
guest-induced luminescent properties.135 Owing to the presence of voids, porous architectures such 
as cages or MOFs can also be applied in gas sorption. This was exemplified by Hernández- 
 

 

Figure 12. Schematic representation of the CuII MOF reported by Hernandez-Maldonado, illustrating the 
selective binding of CO2 over CH4.140  
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Maldonado et al., who demonstrated a CuII MOF with one-dimensional pore channels that showed 
superior CO2 selectivity over CH4 (Figure 12).140 Additionally, nanostructures with pyridyl-
β-diketones, due to their encapsulation capabilities, have emerged as excellent candidates for use 
as sensors. For instance, Stang et al. developed EuIII cages as efficient nanosensors for nitroaromatic 
compounds,122 while Liu and Zhou created dimeric and polymeric materials employing the same 
ions for the highly selective detection of HgII cations.127 

1.3.3. Magnetism 

Pyridyl-β-diketonate complexes have also garnered significant attention due to their magnetic 
properties, acting as single-molecule toroics (SMTs), single-molecule magnets (SMMs), and 
molecular nanomagnets.162, 180 Such magnetic behavior can be finely tuned through various 
structural modifications of the ligands, since the type of magnetism revealed by these systems 
depends not only on the metal ion used but also on the coligands and the surrounding coordination 
environment. For instance, cluster systems with LnIII ions, reported by Fuller et al., have been 
presented as toroidal spin systems, indicating the important role of lanthanoid centers in the spin 
structure and the potential of pyridyl-β-diketonate ligands to support SMTs.185 Le Guennic et al. 
demonstrated a DyIII cubane complex that possesses a toroidal moment associated with 
a nonmagnetic ground state transposing this property to a tridimensional structure (3D-SMT).178 
In turn, Pliet et al. developed structurally diversified complexes based on DyIII, for which magnetic 
measurements and ab initio calculations highlighted the SMM behavior.183 In another example, Liu 
et al. reported a series of heterometallic molecular nanomagnets with varied magnetic relaxation 
behaviors by regulating the N-sites of β-diketonate ligands.112 Studies in this field emphasize the 
crucial role of ligand environment and structural features in determining the magnetic properties 
of metal complexes, which can aid in designing species with tailored magnetic behavior, paving the 
way for advances in materials science and molecular magnetism.  

1.3.4. Energy transfer 

Apart from the aforementioned examples, complexes based on pyridyl-β-diketones have also found 
applications in the area of energy transfer. As exemplified by Huang et al., these bridging ligands, 
incorporated in the structures of IrIII/EuIII bimetallic complexes, play an important role in the 
excitation energy transfer (EET) process. They were suitable to serve as efficient pathways for 
energy transfer, resulting in a systemic difference in the lowest triplet-state energy (T1) of IrIII, the 
EET efficiency from IrIII to EuIII ion, and a significant difference in the total luminescence quantum 
yields.193 In turn, Chen et al. prepared a EuIII complex functioning as an innovative model of energy-
degeneracy-crossing-controlled photosensitized energy transfer (EnT). In this case, the pyridine 
ring, acting as a suitable electron acceptor added to the β-diketone moiety, creates a bright charge-
transfer excitation state, promoting electron movement from the β-diketone unit to the substituted 
groups.133 In other works, pyridyl-β-diketonate ligands were also applied to create coordination 
systems that facilitate photoinduced energy and electron-transfer processes within dynamic self-
assembled donor-acceptor arrays.145, 154, 192   
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2. Research objectives 

Over the years, advancements in coordination chemistry have profoundly enhanced catalytic 
processes, while innovations in catalysis have reciprocally driven further progress in coordination 
chemistry. Since d-block metal complexes allow for the performance of reactions that are 
challenging to achieve with traditional methods and synthetic strategies based on functional group 
reactivity, they play a crucial role in modern catalysis. The design of organic ligands, which 
modulate the electron density and steric hindrance on the central atom, enables the synthesis of 
complexes with tailored properties for specific applications. Thus, the identification of structural 
and compositional factors that govern the catalytic activity of these systems is fundamental for 
developing novel catalysts to enhance their efficiency and selectivity. 

In this doctoral dissertation, the main objective was to develop a new generation of coordination 
compounds aimed at applications in catalysis. To achieve this, a range of ligands based on pyridine 
and β-diketonate donors, as well as ambidentate species that incorporate these two distinct moieties 
within a single structure, were utilized as key components to construct new coordination 
assemblies. As a result of complexation reactions with a precisely selected set of metal centers, 
namely AgI, PdII, and PtII, a diverse array of coordination architectures was generated, including 
homo- and heteronuclear complexes as well as polymeric materials, all of which were characterized 
in depth using various analytical techniques. Given the structural and compositional features of the 
obtained systems, they were subsequently employed as catalyst precursors in multiple organic 
reactions to investigate their potential in this domain. Furthermore, extensive studies were 
conducted to identify the factors that enhance the catalytic activity of individual complexes, thereby 
indicating the most efficient and selective units for specific reactions. New approaches for the 
rational design of coordination compounds were developed with the aim of their application as 
catalytic systems. 

Specific objectives were to: 

I. design and synthesize a new generation of homo- and heteronuclear coordination 
assemblies with AgI, PdII, and PtII ions using the aforementioned ligands (A1–A6); 

II. demonstrate the potential of ambidentate pyridyl-β-diketonate ligands to form various 
metallosupramolecular architectures, illustrating their flexibility and capability to adopt 
diverse coordination modes (A3–A6); 

III. investigate the coordination-driven structural switching processes triggered by external 
stimuli between different homo- and heterometallic complexes (A2–A3, A5); 

IV. determine the application potential of the obtained complexes as efficient and selective 
catalysts in organic reactions, including Pd-catalyzed cross-couplings and Pt-catalyzed 
hydrosilylation reactions (A1–A6); 

V. identify the factors that influence catalytic performance, such as the nuclearity of 
complexes or the coordination environment of metal centers, through comparative 
tests between individual complexes, and define the effects that lead to the enhancement 
in catalytic activity (A1–A5). 
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The presented doctoral dissertation is based on the following scientific reports: 

A1 G. Kurpik, A. Walczak, M. Gilski, J. Harrowfield, A. R. Stefankiewicz 
Effect of the nuclearity on the catalytic performance of a series of PdII complexes in the Suzuki-Miyaura 
reaction 
 Journal of Catalysis 2022, 411, 193–199; DOI: 10.1016/j.jcat.2022.05.021 

A2 G. Kurpik, A. Walczak, M. Gołdyn, J. Harrowfield, A. R. Stefankiewicz 
PdII complexes with pyridine ligands: substituent effects on the NMR Data, crystal structures, and catalytic 
activity 
Inorganic Chemistry 2022, 61, 14019–14029; DOI: 10.1021/acs.inorgchem.2c01996 

A3  G. Kurpik, A. Walczak, G. Markiewicz, J. Harrowfield, A. R. Stefankiewicz 
Enhanced catalytic performance derived from coordination-driven structural switching between homometallic 
complexes and heterometallic polymeric materials 
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3. Discussion of the research 

PUBLICATION A1: Effect of the nuclearity on the catalytic performance of 
a series of PdII complexes in the Suzuki-Miyaura reaction.207 

The development of polynuclear systems, which incorporate multiple densely packed catalytic sites 
within a single structure, presents a great opportunity to create novel catalysts or their precursors 
with enhanced activity. Due to the effect of nuclearity, also known as the effect of local 
concentrations, an increase in the number of catalytic centers within an individual molecule of the 
catalyst leads to higher reactivity, even while maintaining the same absolute concentration of metal 
ions.208-212 Therefore, a significant enhancement of catalytic activity can be achieved by embedding 
multiple metal centers on a precisely designed multifunctional core without increasing the catalyst 
loading. While homo- and heterometallic polymeric systems have been found to be efficient 
polynuclear catalysts across a broad range of organic reactions,213-216 the objective of the publication 
A1 was to introduce a new family of oligonuclear complexes with high catalytic potential. As with 
larger species, e.g., dendrimers and metallosupramolecular polymers, we hypothesized that the 
effect of nuclearity could be noteworthy for these relatively simpler coordination compounds as 
well. To explore this hypothesis, we designed a series of structurally related complexes, each 
comprising one, two, or three PdII centers per molecule. They were subsequently applied as catalysts 
in the model reaction of the Suzuki-Miyaura cross-coupling to examine the influence of increased 
nuclearity on their catalytic efficiency.  

This study focused on a series of four metallosupramolecular PdII complexes, denoted as C1–C4, 
which are based on mono- and multidentate β-diketonate ligands: HL1, H2L2, H2L3, H3L4, along 
with the 2,2’-bipyridine coligand (bpy). These ligands, recognized for their excellent chelating 
capabilities, served as scaffolds for PdII ions. The complexation reactions with a stoichiometric 
amount of [Pd(bpy)(NO3)2], used as a metal precursor, led to the formation of homometallic 
complexes, varying in the number of metal centers within the molecule (Figure 13). 

 

Figure 13. General reaction scheme for the synthesis of mono- and oligonuclear PdII complexes C1–C4. 
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The obtained complexes C1–C4 were characterized in solution using NMR spectroscopy and mass 
spectrometry (ESI-MS), as well as in the solid state via X-ray diffraction. The 1H NMR spectra 
recorded for the complexes C1–C4 unequivocally confirmed the simultaneous involvement of both 
O,O’- and N,N’-chelates in the coordination of PdII ions. Using the complex C4 as an example, the 
absence of enol proton signals near 16.5 ppm in the 1H NMR, relative to the spectrum of H3L4, 
shows complexation of PdII to have resulted in deprotonation of the β-diketonate moieties. In turn, 
the unsymmetrical structure of the bound β-diketonate entities is reflected in the loss of twofold 
symmetry of the signals attributed to the bpy coligands (Figure 14a). The successful formation of 
the desired complexes was also confirmed via ESI-MS analysis, as all identified signals were in good 
agreement with the calculated theoretical isotope distribution, thereby allowing the molecularity of 
C1–C4 to be unambiguously established. Furthermore, the crystals obtained for the complexes C1, 
C3, and C4 confirmed square planar geometry of PdII ions coordinated in a heteroleptic 
environment, where each PdII ion has an N2O2 coordination sphere, with chelation by both 
β-diketonate and bpy units (Figure 14b). 

 

Figure 14. a) 1H NMR spectrum (600 MHz, DMSO-d6) of the complex C4. b) X-ray structure of C4. 

To evaluate the impact of compositional differences on catalytic performance, the set of complexes 
C1–C4 was applied as catalysts in the Suzuki-Miyaura cross-coupling, used as a model reaction. 
Initial studies utilized the mononuclear complex C1 to identify optimal conditions for catalyzing 
the coupling between 4’-bromoacetophenone and phenylboronic acid. The highest catalytic activity 
was achieved in toluene at 80 °C, using K2CO3 as a base and a Pd loading of 0.1 mol%. 
Subsequently, a series of catalytic tests with structurally distinct aryl bromides and boronic acids 
were performed to explore the capabilities of the catalytic system and compare the efficiency of 
C1–C4. With the objective of demonstrating the influence of various nuclearity on catalytic activity, 
the same molar concentration of PdII centers was maintained in each catalytic reaction, ensuring 
that variations in reaction yields could not be ascribed to differences in Pd loadings. A number of 
reactions between functionalized substrates with electron-donating or electron-withdrawing groups 
was conducted under previously developed conditions and catalyzed by C1–C4. As determined via 
GC-MS analysis, most of the desired biphenyl derivatives 1–18 were obtained in good to excellent 
yields, depending on the catalyst used (Figure 15). Despite identical Pd loadings, comparative 
experiments showed that the trinuclear complex C4 generally demonstrated the highest efficiency, 
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while the GC yields obtained for the mononuclear unit C1 were the lowest. In turn, the results 
achieved with C2 and C3, each comprising two catalytic sites in distinct locations, did not differ 
significantly. This allowed us to attribute the catalytic performance of C1–C4 to the composition 
of these compounds, specifically to the number of PdII centers per complex molecule. A clear trend 
was observed, with catalytic activity increasing with the nuclearity of the complex. 

Although a range of larger units, such as dendrimers and coordination polymers, have exhibited 
a positive effect of nuclearity in catalysis, systems based on oligonuclear complexes demonstrating 
this phenomenon are still very limited.217-219 While the origin of such reactivity enhancement is 
a subject of speculation, significant roles are attributed to increased local concentration, which 
allows for more efficient substrate binding, and to cooperative effects involving the assistance of 
nearby centers in catalytic cycles.208, 212, 220-222 Furthermore, an alternative explanation could be 
increased Lewis acidity of metal sites resulting from their proximity to each other. Consequently, 
polynuclear systems may possess more acidic catalytic centers compared to those with lower 
nuclearity, leading to enhanced binding of substrates, typically of a basic nature, and thereby 
favorably affecting the reaction course and the resulting yields.223-226 

To conclude this part, a range of mono- and oligonuclear PdII complexes C1–C4, crafted with 
meticulously designed multitopic β-diketonate ligands and bpy coligand, has been introduced as 
a new class of catalysts for the Suzuki-Miyaura cross-coupling reaction. These units, diversified in 
terms of charge, composition, and morphology, demonstrated enhanced catalytic efficiency as the 
number of metal centers in the complex structure increased, while maintaining the same total PdII 
concentration. Therefore, this study presents a new example of the nuclearity effect on catalytic 
performance, specifically for relatively simple coordination compounds as opposed to 
macromolecular systems. 
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Figure 15. Scope of the Suzuki-Miyaura cross-coupling catalyzed by the complexes C1–C4 between: 
a) structurally diverse aryl bromides and phenylboronic acid; b) bromobenzene and functionalized 
phenylboronic acids. 
Reaction conditions: The reaction between ArBr (1.0 mmol) and ArB(OH)2 (1.2 mmol) catalyzed by PdII 
complex (0.1 mol% Pd) was performed in the presence of K2CO3 (2.4 mmol) in toluene (10.0 mL) at 80 °C 
for 4-24 h. Yields determined by GC-MS analysis of aryl bromide decay.  
* 0.5 mmol of ArBr was used (4, 9).  
** 0.33 mmol of ArBr was used (10).  
*** 0.25 mmol of ArBr was used (5). 
**** 0.6 mmol of ArB(OH)2 was used (12).  
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PUBLICATION A2: PdII complexes with pyridine ligands: substituent effects 
on the NMR data, crystal structures, and catalytic activity.227 

As comprehensively described in the Introduction section, pyridine derivatives constitute a broad 
class of organic ligands for various transition metals. Structural modifications of the pyridine ring, 
achieved through functional groups incorporated as substituents, enable the modulation of the 
physicochemical properties of these ligands and, more importantly, the resulting coordination 
assemblies.84, 85 Accordingly, complexes with features tailored to specific applications can be 
generated. However, extensive investigations are still essential to provide a valuable guide for the 
rational design and synthesis of novel architectures with predictable structure-dependent 
properties.  

Hence, in the work A2, an array of pyridine ligands was employed to create a wide variety of 
structurally distinct PdII complexes. We anticipated that the physicochemical properties of these 
coordination compounds could be tuned by the functionalization of ligand molecules with either 
electron-withdrawing or electron-donating groups. The in-depth structural characterization 
performed via 1H NMR spectroscopy, ESI-MS analysis, and X-ray diffraction clearly indicated the 
dependence of certain features on the ligand basicity. While the Lewis basicity remains 
unmeasurable, the Brønsted basicity of pyridine derivatives, estimated as pKa values, served as 
a convenient parameter to assess the effect of substituents on pyridine-N donor behavior.86, 228-230 
Additionally, the factors that determine their catalytic performance in the Suzuki-Miyaura and Heck 
cross-coupling reactions were examined, leading to the identification of the most effective catalyst 
precursors for these processes. 

A broad range of 4-substituted pyridine derivatives L5–L16 was selected as building blocks for 
constructing PdII complexes with square planar geometry. The developed synthetic strategies, 
which are primarily diversified in terms of reaction stoichiometry but also consider factors such as 
solvent, temperature, and metal precursor, are detailed in Figure 16. Consequently, three families 
of compounds were obtained, i.e., disubstituted species with the general formula trans-[PdL2X2], 
where X = Cl− or NO3

−, and tetrasubstituted units [PdL4](NO3)2. While a complete set of the 
compounds was obtained exclusively for the [PdL2Cl2] family, specific preferences related to the 
ligand basicity were noted in the formation of the other two classes of complexes. The equilibrium 
of complexation reactions appeared to be shifted toward the generation of [PdL2(NO3)2] for the 
less basic ligands (L12, L13) and [PdL4](NO3)2 for the strongly basic ligand (L10), which may 
explain why some species could not be isolated. In turn, the substituents of ligands L14–L16 
introduced additional donor groups that likely competed with nitrate counterions, leading to the 
formation of complexes C14’–C16’ as inseparable mixtures. The structures of all the synthesized 
complexes were unambiguously determined in solution using 1H NMR spectroscopy and ESI-MS 
analysis, as well as in the solid state by X-ray diffraction. 



Discussion of the research 

40 | Page 
 

 

Figure 16. a) Synthesis of PdII complexes with pyridine ligands. b) Structures and the literature pKa 
values84, 231, 232 of the ligands L5−L16. 

Analysis of the 1H NMR spectra of the complexes revealed a high degree of similarity, except for 
the signals corresponding to the different substituents. The data showed that the twofold symmetry 
of the pyridine derivatives was preserved, with all ligand molecules within a given compound being 
equivalent. More significant differences were observed in the chemical shifts, particularly for the 
H1 protons on the carbon atoms adjacent to the pyridine-N donor atoms. Furthermore, in the 
1H NMR spectra of the [PdL2(NO3)2] complexes, an additional set of signals was observed, 
attributed to the presence of minor amounts (<10%) of the cis isomer in solution. In comparison 
to the 1H NMR spectra of the free ligands, the downfield chemical shifts in the spectra of the 
[PdL2X2] complexes clearly indicated the coordination of PdII ions, however, the most notable 
differences were seen for the tetrasubstituted units, with shifts of approximately 0.5–1.0 ppm. To 
explain the unprecedented chemical shifts, observed for analogous complexes with PtII ions as 
well,84 it was suggested that the dominant effect may arise from ion pairing involving multiple 
stabilizing C−H1···ONO2 interactions, which were also noted in the solid state. Interestingly, the 
H1 chemical shifts exhibited a nearly linear correlation with the pKa values of the pyridine ligands, 
implying that the effects of substituents are still relevant, alongside any contributions from PdII 
coordination (Figure 17). 



Discussion of the research 

41 | Page 
 

 

Figure 17. a) Relationships between the chemical shifts (δ, ppm) of the signal H1 in the 1H NMR spectra 
(300 MHz, CDCl3) and pKa values of free ligands for the PdII complexes. b) Relationships between the 
chemical shift changes (Δδ, ppm) of the signal H1 in the 1H NMR spectra (300 MHz, CDCl3) and pKa values 
of free ligands for the PdII complexes. 

X-ray diffraction analysis allowed for the establishment of the solid-state structures of thirteen 
complexes across three distinct classes, with representative structures based on the ligand L11 
shown in Figure 18. The structure determinations confirmed the unidentate N-coordination of the 
pyridine ligands in all cases, as well as the trans configuration of the disubstituted [PdL2X2] species. 
The fundamental features, such as bond lengths and bond angles, were consistent with those of 
other PdII species reported in the literature. Additionally, X-ray diffraction provided insights into 
the weak interactions within the crystals, particularly those involving the substituents of the 
heterocyclic ring and the counterions.  

 

Figure 18. X-ray structures of the PdII complexes based on L11: a) [Pd(L11)2Cl2] (C11); b) [Pd(L11)2(NO3)2] 
(C11’); c) [Pd(L11)4](NO3)2 (C11”). The solvent molecules were omitted for clarity. 

As exemplified by the complexes C6, C6’, and C6’’ representing the three families, the complexes 
could be transformed into others under specific conditions. Titration experiments monitored by 
1H NMR spectroscopy demonstrated that the complex C6’ was irreversibly converted into C6’’ 
under basic conditions (Et3N), while the addition of methanesulfonic acid (MSA) induced the 
transformation of C6’’ to C6’, a process that could be reversed upon neutralization. In contrast, 
titrations of C6’ with MSA and C6’’ with Et3N showed no significant changes, and C6 was found 
to be completely insensitive in both the acidic and basic environments. Furthermore, the complex 
C6” was readily transferred into C6 upon the addition of Et3N·HCl as a source of chloride anions, 
highlighting the lability of the tetrasubstituted species. 
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In addition to the substituent effects on coordination behavior, NMR data, and crystal structures, 
we also hypothesized their impact on the functionality of the complexes. Therefore, we expanded 
our investigations by employing them as catalyst precursors in the Suzuki-Miyaura and Heck cross-
coupling reactions, anticipating that the compositional and structural differences would be reflected 
in catalytic efficiency. The reaction conditions were initially developed using C6’’, after which 
a diverse range of structurally distinct PdII complexes was tested under these optimized conditions. 

Most of the PdII complexes exhibited high catalytic activity in the model reaction between 
4’-bromoacetophenone and phenylboronic acid, resulting in the desired product in >90% yield. 
While only minor differences were observed between di- and tetrasubstituted compounds with the 
same ligand, leading to the conclusion that the nature of the complex does not significantly affect 
catalytic efficiency, more substantial disparities were noted depending on the type of substituent 
(Table 2). In some cases, particularly for the species based on L8, L11, L12, L13, and L15, the GC 
yields were lower, ranging from 64% to 87%. Although no straightforward correlation was 
observed between GC yields and the pKa values of the pyridine ligands, PdII complexes with more 
basic ligands generally exhibited slightly higher catalytic activity. Furthermore, these PdII units 
demonstrated high efficiency in the Heck cross-coupling between styrene and iodobenzene, 
resulting in the formation of the expected trans-stilbene, in reaction yields predominantly exceeding 
90% (Table 2). Despite the high GC yields in all cases, minor differences between the 
tetrasubstituted complexes and their disubstituted analogues were noted, with the latter generally 
showing slightly better performance, especially for the ligands L7, L8, L11, and L16. Nevertheless, 
the effect of any ring substituent was minimal, and no clear relationship was established between 
the ligand basicity and catalytic performance in this process as well. 

Table 2. GC yields [%] in the Suzuki−Miyaura and Heck cross-coupling reactions catalyzed by PdII 
complexes based on the pyridine ligands L5−L16. 

L pKa of  L GC yields [%] in Suzuki-Miyaura couplinga GC yields [%] in Heck couplingb 
PdL2Cl2 PdL2(NO3)2 [PdL4](NO3)2 PdL2Cl2 PdL2(NO3)2 [PdL4](NO3)2 

L5 5.23 97 93 95 85 88 90 
L6 5.98 93 92 98 90 91 94 
L7 6.47 93 91 91 86 82 76 
L8 3.49 78 72 64 89 92 79 
L9 3.57 86 87 88 80 92 75 
L10 9.61 93 - 90 86 - 83 
L11 3.83 82 74 75 90 92 80 
L12 2.10 88 66 - 91 93 - 
L13 2.46 87 70 - 81 91 - 
L14 3.07 98 - 90 93 - 88 
L15 3.12 86 - 79 88 - 90 
L16 2.86 83 - 92 92 - 77 

a Reaction conditions: The reaction between 4’-bromoacetophenone (0.2 mmol) and phenylboronic acid 
(0.24 mmol) catalyzed by PdII complex (0.1 mol%) was performed in the presence of K3PO4 (0.4 mmol) in 
toluene (2.0 mL) at 80 °C for 2 h. Yields determined by GC-MS analysis of 4’-bromoacetophenone decay. 
b Reaction conditions: The reaction between iodobenzene (0.2 mmol) and styrene (0.24 mmol) catalyzed by 
PdII complex (0.1 mol%) was performed in the presence of Et3N (1.0 mmol) in DMSO (2.0 mL) at 120 °C 
for 2 h. Yields determined by GC-MS analysis of iodobenzene decay. 
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Complex C6’’, a representative of the broad class of PdII compounds studied, was selected to 
explore the scope of both the Suzuki-Miyaura and Heck reactions. A series of experiments revealed 
high catalytic activity, regardless of the nature of the substrates functionalized with electron-
withdrawing or electron-donating groups. As shown in Figure 19, a range of structurally distinct 
products 19–36, including biphenyl, stilbene, and acrylate derivatives, were obtained in good to 
excellent yields. This clearly highlights significant versatility, indicating that complexes from this 
family could be effectively employed in other Pd-catalyzed processes. 

 

Figure 19. a) Scope of the Suzuki-Miyaura cross-coupling reaction catalyzed by the complex C6’’. b) Scope 
of the Heck cross-coupling reaction catalyzed by the complex C6’’.  
Reaction conditions for the Suzuki-Miyaura coupling: The reaction between ArBr (1.0 mmol) and ArB(OH)2 
(1.2 mmol) catalyzed by C6’’ (0.1 mol% Pd) was performed in the presence of K3PO4 (2.4 mmol) in toluene 
(10.0 mL) at 80 °C for 2 h. Yields determined by GC-MS analysis of aryl bromide decay. 
Reaction conditions for the Heck reaction: The reaction between ArI (1.0 mmol) and olefin (1.2 mmol) 
catalyzed by C6’’ (0.1 mol% Pd) was performed in the presence of Et3N (2.4 mmol) in DMSO (10.0 mL) 
at 120 °C for 2 h. Yields determined by GC-MS analysis of aryl iodide decay. 
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In conclusion, a variety of PdII complexes based on multiple functionalized pyridine derivatives 
have been successfully synthesized and characterized both in solution and in the solid state. Their 
physicochemical properties were investigated in relation to ligand basicity, revealing the effects of 
substituents on spectroscopic and crystallographic data, and determining their functionality in 
catalysis. These systems have been demonstrated to serve as simple and efficient catalyst precursors 
for the Suzuki-Miyaura and Heck reactions within a diverse array of substrates under relatively mild 
conditions.  
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PUBLICATION A3: Enhanced catalytic performance derived from 
coordination-driven structural switching between homometallic complexes 
and heterometallic polymeric materials.233 

While pyridyl-β-diketonate ligands were extensively discussed in the Introduction, a representative of 
this class, 4,4-dimethyl-1-(pyridin-4-yl)pentane-1,3-dione (HL16), was utilized in the publication 
A3 to generate a series of homo- and heterometallic systems with AgI, PdII, and PtII ions. In this 
work, we focused on a unique feature of these assemblies, specifically their switchable character. 
The ambidentate nature of the ligand enabled numerous transformations between different 
coordination modes, triggered by various external stimuli such as metal salt addition or acid–base 
equilibria, which created a network of coordination-driven structural switching processes, 
ultimately resulting in the synthesis of new metallosupramolecular polymers. Additionally, we 
explored the application potential of these heterometallic aggregates, demonstrating their enhanced 
catalytic activity in the Heck cross-coupling reaction compared to their mononuclear constituents. 

As illustrated in Figure 20, the pyridyl-β-diketonate ligand HL16 was utilized in the synthesis of 
mononuclear complexes with AgI, PdII, and PtII ions, coordinated by either N-donors or 
O,O’-chelates depending on the reaction conditions. The reaction of HL16 with AgI salt led to the 
formation of the disubstituted species [Ag(HL16)2]NO3 (C17), while previously reported 
procedures allowed for the preparation of the PdII and PtII complexes, specifically 
[Pd(HL16)4](NO3)2 (C19), [Pt(HL16)4](NO3)2 (C20), and [Pd(L16)2] (C22).113, 118 In turn, using 
[Pd(en)(NO3)2] in the complexation reaction with HL16 led to the synthesis of heteroleptic units, 
namely [Pd(en)(HL16)2](NO3)2 (C18) and [Pd(en)(L16)]NO3 (C21), in neutral or basic 
environments, respectively. The generation of all the complexes was successfully confirmed via 
1H NMR spectroscopy and ESI-MS analysis, and the structure of C17 was established via X-ray 
diffraction. (The crystal structures of C19, C20, and C22 were also determined in previous works.113, 118)  

Given the presence of free coordination sites and the different kinetic stability of C17–C22, we 
conducted extensive studies, followed by 1H NMR titration experiments, to investigate 
coordination-driven structural switching between specific units (Figures 20–21). As described 
above, the reaction between HL16 and AgI salt gave the complex C17, with β-diketonate moieties 
not involved in metal coordination. Whereas its use as a metalloligand in further complexation 
reactions would require deprotonation, this approach was excluded due to the decomposition of 
C17 in a basic environment. However, the complex C17 could be completely converted into C19 
and C20 upon the addition of Pd(NO3)2 or Pt(NO3)2, respectively. A similar effect was achieved 
with [Pd(en)(NO3)2], resulting in the generation of the heteroleptic compound C18. The complexes 
C18–C20 formed through metal ion exchange reactions, were subsequently exposed to the 
influence of a base (Et3N). The addition of a base to a solution of C19, with coordination by four 
N-donors, induced a linkage rearrangement to O,O’-chelated forms and the creation of C22, 
a reaction that could be reversed by neutralization with MSA. Similarly, the titration of C18 with 
Et3N led to the formation of C21. In contrast, the PtII complex C20 did not undergo any 
transformation in a basic environment, likely due to the greater kinetic inertness of PtII ions 
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compared to PdII. Under basic conditions, the uncoordinated β-diketonate moieties were 
deprotonated, while the complex structure remained intact. Additionally, the presence of accessible 
coordination sites in the structures of C22 and C23, which are capable of reacting with additional 
metal centers, suggested their potential to function as metalloligands. Specifically, the reaction of 
C22 with AgI or PtII salt led to the creation of new heterometallic aggregates C24 and C25. While 
O,O’-chelation was preserved for PdII centers, AgI or PtII ions were bound by two pyridine-N 
donors, with the chloride ligands simultaneously retained in the coordination sphere of PtII. In turn, 
the ability of the enol units to be deprotonated without the complex decomposition enabled the 
generation of the branched polymer C26 in the reaction of C23 with Pd(NO3)2. The coordination-
driven structural switching strategies developed for the complexes C17–C23 were successfully 
  

 

Figure 21. Parts of 1H NMR spectra (600 MHz, CDCl3 or DMSO-d6 for C24–C26), illustrating the 
coordination-driven structural switching triggered by the addition of a metal salt or base. 



Discussion of the research 

48 | Page 
 

applied in the transformations of coordination polymers C24–C26, allowing for the conversion of 
C24 into C25 upon the addition of PtCl2, and the transformation of C25 into C26 following the 
addition of AgNO3 in the presence of a base (Figure 21). 

The characterization of the heterometallic materials C24–C26 was performed through the 
combination of analysis in solution with solid-state techniques. Although the 1H NMR spectra 
recorded in DMSO-d6 showed a set of broadened and overlapping signals that are not readily 
interpretable, their profiles are consistent with the generation of complex metalloaggregates 
(Figure 21). ESI-MS analysis confirmed the formation of the heterometallic assemblies, as the mass 
spectra revealed the presence of fragmentary constituents comprising chains of successive 
monomers linked by additional metal centers. XPS and ICP-MS analyses were performed to verify 
the presence of the expected metal pairs, identifying Ag and Pd in C24, and Pd and Pt in C25 and 
C26. Moreover, the percentage contribution of individual metal ions, as determined by ICP-MS, 
corresponded well with the calculated values for each material. ATR-FTIR analysis confirmed the 
involvement of β-diketonate and pyridine-N donors in the coordination. The FTIR spectra 
demonstrated that the formation of the metalloaggregates resulted in red shifts of the bands 
associated with the ν(C=O) and ν(py) vibrations of the ligand functional groups. The polymers 
C24–C26 were also analyzed using scanning electron microscopy (SEM) to determine their 
morphology. Depending on their one- or two-dimensional structures, the SEM images exhibited 
irregular clusters of various nanometer-scale sizes and quasi-spherical shapes. The SEM results 
were consistent with those from powder X-ray diffraction (pXRD), as the diffractograms for C24–
C26 confirmed their amorphous nature. In turn, EDS mapping demonstrated the topographic 
distribution of individual elements within the solids, revealing a uniform and consistent 
arrangement of the metal pairs in each sample. The stability of the polymers was investigated via 
thermogravimetric analysis (TGA). The stepwise decomposition led to the formation of mixtures 
of appropriate metal oxides as residue, with amounts corresponding to theoretical calculations. 

Due to the presence of multiple PdII centers in the structures of the heterometallic polymers, they 
were considered excellent candidates to evaluate their catalytic activity. Among various 
Pd-catalyzed processes, the Heck cross-coupling was chosen as the model reaction. The conditions 
were optimized for the coupling of iodobenzene with styrene catalyzed by C25, resulting in the 
expected trans-stilbene in the highest yield, when the reaction was carried out in DMSO at 100 °C 
with Et3N as the base and 0.05 mol% Pd. 

At the next stage, a series of catalytic tests were conducted to investigate the effect of compositional 
differences on the catalytic performance of the heterometallic aggregates (Figure 22a). The same 
concentration of Pd was used in each reaction, and the catalyst loading for C24–C26 was 
determined via ICP-MS analysis. As mentioned earlier, increased local concentrations of catalytic 
sites enhance the catalytic performance of polynuclear species,207, 208, 214 which was demonstrated by 
the high efficiency of C24–C26. In contrast, the mononuclear complex C22, as a building block of 
all the polymers, exhibited notably lower catalytic activity, likely due to the lack of cooperative 
effects from neighboring metal centers. Although the yields in the reactions catalyzed by C24–C26 
are generally approximate, the slightly lower efficiency of C24 may be attributed to decreased 
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stability caused by labile AgI ions, while the reduced catalytic activity of C26 may result from the 
limited accessibility of catalytic sites within its two-dimensional structure. Thus, C25 was identified 
as the most efficient unit among those examined, and this system was subsequently utilized to 
explore the scope and limitations of the Heck cross-coupling between structurally distinct 
substrates (Figure 22b). In all cases, the desired products were obtained in high to excellent yields, 
ranging from 76% to 100%, regardless of the nature of the substituents. Noteworthy is the high 
selectivity for the (E)-configuration in the product formation, with (Z)-isomers constituting no 
more than 10%, as determined by GC-MS distribution. 

 

Figure 22. a) Different catalytic performance of the complex C22 and the heterometallic polymers C24–
C26 in the Heck reaction. b) Scope of the Heck cross-coupling reaction catalyzed by C25.  
Reaction conditions: The reaction between ArI (0.5 mmol) and olefin (0.5 mmol) catalyzed by PdII complex 
(0.05 mol% Pd) was performed in the presence of Et3N (1.0 mmol) in DMSO (1.0 mL) at 100 °C for 6 h. 
Yields determined by GC-MS analysis of aryl iodide decay. 

In summary, a diverse array of mono- and polynuclear systems based on the ambidentate pyridyl-
β-diketonate ligand has been designed, synthesized, and comprehensively characterized. This work 
defines an efficient strategy for coordination-driven structural switching, as exemplified by the 
numerous supramolecular transformations between homometallic complexes and heterometallic 
polymeric materials. Our findings demonstrate that variations in nuclearity, composition, and 
morphology of the coordination assemblies significantly affect their catalytic performance in the 
Heck cross-coupling reaction.  
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PUBLICATION A4: C(sp3),N  palladacyclic complexes bearing flexidentate 
ligands as efficient (pre)catalysts for Heck olefination of aryl halides.234 

In a previous report from the Stefankiewicz group, pyridyl-β-diketonate ligands, specifically 
2,2-dimethyl-5-(3- or 4-pyridyl)pentane-3,5-dione (HL16 and HL17), were utilized to form PdII 
complexes, which exhibited the typical O,O’-chelation of the β-diketone moiety or pyridine-N 
donation.113 In the publication A4, we employed the isomeric ligand, 2,2-dimethyl-5-
(2-pyridyl)pentane-3,5-dione (HL18), where the donor atoms are arranged to function as an 
N,O-donor and, upon methylene deprotonation, as an N,C-donor. Thus, our efforts were directed 
toward determining the structure of PdII complexes bearing the pyridyl-β-diketonate ligand HL18. 
As a consequence, new organometallic species have been identified as geometric isomers with an 
unprecedented coordination mode, where one ligand molecule coordinates as an O,O’-chelate and 
another as an N,C(sp3)-chelate within a single complex. Given the broad potential applications of 
palladacyclic complexes as catalysts in cross-coupling reactions,235-237 their high catalytic activity was 
demonstrated in the Heck olefination reaction. 

The reaction of the ligand HL18 with a PdII salt in a 2:1 molar ratio under basic conditions resulted 
in the generation of new organometallic complexes in the form of cis and trans isomers (Figure 23). 
While the trans isomer C27 was isolated through selective crystallization, the cis isomer C28 was 
separated from the mixture of both forms by mechanical selection. The structures of these 
compounds were established via X-ray diffraction measurements, which revealed a distorted 
pseudo-square planar geometry of the PdII ions with a CNO2 coordination environment 
(Figure 24a). In their structure, the metal centers are coordinated by the β-diketonate moiety on 
one side and by the N,C(sp³)-donor on the other, resulting in the creation of stable five- or six-
membered rings. The arrangement of the tert-butyl substituents determined their designation as cis 

 

Figure 23. General reaction scheme for the synthesis of organometallic complexes C27 and C28. 
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or trans isomers, based on their proximal or distal locations, respectively. It is also worth noting 
that the complexes exist as enantiomers, with both forms distributed in crystals. 

In solution, the organometallic complexes were analyzed in two forms: as the pure trans isomer and 
as a mixture of cis and trans isomers, since the cis isomer was not isolated in sufficient quantities for 
complete characterization. The composition of C27 and C28 was unequivocally established via 
ESI-MS analysis, confirming the generation of compounds with the general formula [Pd(L18)2]. 
More detailed characterization was achieved using NMR measurements (Figure 24b). The 1H NMR 
spectrum of C27 clearly indicated that the solid-state structure is retained in solution, displaying 
duplicated signals consistent with the coordination of two ligand molecules as O,O’- and 
N,C-chelates. The trans geometry was verified based on 1D NOESY NMR analysis. In turn, the 
1H NMR spectrum recorded for the mixture of two geometric isomers revealed two sets of signals 
of approximately equal intensity, however, by subtracting the signals of the trans isomer, the signals 
corresponding to the cis isomer could be identified. Furthermore, cis-trans isomerization was 
followed via 1H NMR spectroscopy as the chloroform solution of C27 was heated from 25 to 60 
°C. The percentage of the cis isomer increased with temperature, attaining a 2:3 molar ratio (cis to 
trans) at 60 °C, which remained unchanged upon cooling, even after several days. 

 

Figure 24. a) X-ray structures of two isomeric complexes: cis- and trans-[Pd(L18)2]. b) The stacked 1H NMR 
spectra (600 MHz, CDCl3) of HL18, the pure complex C27, and the mixture of isomers C27–C28.  

In the context of catalytic studies, the stability of the complexes was investigated in a basic 
environment. Their structure remained essentially intact even after the addition of a sixfold excess 
of base (Et3N), and no signs of decomposition or transformation were observed after heating and 
storing the samples for 7 days. Thus, the potential of these palladacyclic compounds as catalysts 
was evaluated in the Heck cross-coupling reaction, which was selected as the model system. Initial 
studies utilized the trans isomer C27 to determine the optimal conditions for the coupling between 
4-iodotoluene and styrene. The highest GC yields (>99%) and excellent selectivity toward the 
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formation of the trans-product were achieved in the reaction performed in DMF at 100 °C, using 
K3PO4 as the base and 0.5 mol% Pd. It was further established that the mixture of geometric 
isomers exhibited catalytic activity comparable to that of the pure trans isomer, consistent with the 
observed thermal equilibration between the two forms of the organometallic complex. 
Furthermore, under the conditions developed for C27, classical catalytic systems comprising either 
Pd(dba)2 (0.5 mol%)/PPh3 (2 mol%) or [PdCl2(PPh3)2] (0.5 mol%) resulted in a maximum 
conversion of only 80%, thereby demonstrating the great performance of our system. With these 
results in hand, the scope of this method was investigated, involving a diverse range of 
functionalized aryl iodides and olefins. Numerous experiments confirmed the high efficiency of 
these new catalysts, as evidenced by good to excellent GC yields in most cases (Figure 25). In 
addition to its remarkable regioselectivity, the catalytic system also exhibited chemoselectivity for 
iodoarenes, with no cross-coupling involving bromoarene moieties observed. 

 

Figure 25. Scope of the Heck cross-coupling reaction catalyzed by the complexes C27–C28. 
Reaction conditions: The reaction between ArI (1.0 mmol) and olefin (1.0 mmol) catalyzed by PdII complex 
(0.5 mol% Pd) was performed in the presence of K3PO4 (1.0 mmol) in DMF (1.0 mL) at 100 °C for 18 h. 
Yields determined by GC-MS analysis of aryl iodide decay. 

In conclusion, new palladacyclic complexes were synthesized, with two molecules of a flexidentate 
pyridyl-β-diketonate ligand coordinated to the metal center via O,O’- and N,C(sp3)-chelates. The 
means of X-ray diffraction allowed the unambiguous establishment of the solid-state structures of 
both cis and trans isomers, which were further confirmed in solution. These organometallic 
compounds demonstrated exceptional stability in a basic environment, enabling their application 
as efficient and selective catalysts in the Heck cross-coupling reaction within a broad range of aryl 
iodides and olefins.  
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PUBLICATION A5: Crafting versatile modes of PtII complexes with 
flexidentate pyridyl-β-diketones: synthesis, structural characterization, and 
catalytic behavior in olefin hydrosilylation.201 

In the previous section, the intrinsic effect of the pyridine-N atom position on the complex 
structure has been demonstrated for a series of PdII species based on three isomeric pyridyl-
β-diketonate ligands HL16–HL18.113, 234 As another example, structurally distinct assemblies with 
CuII ions were demonstrated by the Stefankiewicz group, including two-dimensional, topologically 
diverse coordination polymers for HL16 and HL17, as well as a mononuclear O,O’-chelated 
complex for HL18.115 In addition to differences in charge, composition, and dimensionality, 
variations in the location of the N-atom within the heterocyclic ring significantly affected the 
physicochemical properties, thereby influencing the functionality of the complexes in catalysis and 
gas sorption. Thus, in the work A5, a series of pyridyl-β-diketones HL16–HL18 was employed to 
examine their coordination behavior when combined with another metal center, specifically PtII 
ions, which often exhibit a preference for creating unconventional coordination motifs. The precise 
control of the synthetic reaction conditions led to the formation of distinct coordination species, 
with ligands arranged as simple pyridine-N donors, as well as unprecedented N,C(sp3)- and 
N,O-chelates. Finally, a new class of complexes was introduced as catalyst precursors for the olefin 
hydrosilylation reaction, demonstrating how enhanced catalytic performance can be achieved 
through the controlled manipulation of the coordination environment of central atoms. 

The reactions of the ligands HL16–HL18 with a PtII salt led to the synthesis of a series of complexes 
C29–C34, each featuring a different coordination motif of the metal center (Figure 26). To achieve 
specific units, various synthetic strategies were utilized, with adjustments in stoichiometry, solvent, 
pH, and temperature. As a result of simple pyridine-N donation, the ligands HL16 and HL17 
enabled the generation of di- and tetrasubstituted complexes with the general formulas [Pt(HL)2Cl2] 
(C29–C30) and [Pt(HL)4](NO3)2 (C31–C32), analogous to those formed with PdII ions.113, 227 These 
species can be readily interconverted; specifically, the addition of an excess amount of free ligand 
to the disubstituted units in the presence of AgNO3 results in the formation of tetrasubstituted 
species, which can be reverted to the disubstituted form by the introduction of chloride ions. 
Despite multiple efforts, the structures of the complexes generated in the reactions of HL16 or 
HL17 with PtCl2 under basic conditions could not be determined, as the products appeared to 
form inseparable mixtures. While the ligands HL16 and HL17 exhibited the same behavior when 
reacted with PtII ions, the use of HL18 resulted in entirely distinct coordination modes. The 
complexes with the general formula [Pt(L18)2] were synthesized after prior deprotonation of the 
ligand in the presence of a base (Na2CO3). Different reaction environments led to the formation 
of various coordination motifs, with N,C(sp³)- and N,O-chelation for complexes C33 and C34, 
respectively. Interestingly, the creation of five-membered chelate rings was preferred over the six-
membered β-diketonate chelates, which had been observed previously for the PdII analogues.234 
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Figure 26. General reaction scheme for the synthesis of PtII complexes C29–C34 based on isomeric pyridyl-
β-diketonate ligands HL16–HL18. 

The combination of various analytical techniques, such as X-ray diffraction, NMR spectroscopy, 
and ESI-MS, allowed for the in-depth characterization of the diverse coordination modes of PtII 
centers, thereby definitively confirming the complex structures. For C33, the structure was 
unambiguously established via X-ray diffraction, revealing a distorted square-planar geometry of 
the PtII ions with a C2N2 coordination environment. As opposed to the PdII analogues,234 the two 
ligand molecules are arranged in a trans configuration, each forming an N,C(sp3)-chelate ring. In 
turn, the crystal structure of C32 was determined in a previous study.118 ESI-MS analysis confirmed 
the successful generation of the desired mononuclear species with the general formulas 
[Pt(HL)2Cl2] (C29–C30), [Pt(HL)4](NO3)2 (C31–C32), and [Pt(L18)2] (C33–C34), as all observed 
peaks were in good agreement with the theoretical isotope distribution. Furthermore, the 
complexes C29–C34 were characterized in solution via ¹H NMR spectroscopy. The 1H NMR 
spectra for the di- and tetrasubstituted species C29–C32 were readily interpretable and consistent 
with the data for their PdII counterparts, while those for C31–C32 aligned with previously reported 
results.118 As illustrated by the 1H NMR spectra of the complexes C29 and C31 with the ligand 
HL16 (Figure 27), the presence of signals from enol units indicated that the β-diketonate units were 
not involved in coordination. In comparison to the 1H NMR spectrum of HL16, notable signal 
shifts in the aromatic region, particularly for the H1 protons, confirmed coordination by pyridine-N 
donors. Similar effects were noted in the spectra of the complexes C30 and C32 based on the 
ligand HL17. As shown in the 1H NMR spectrum of C33, its solid-state structure was retained in 
solution (Figure 28). The symmetrical arrangement of ligand molecules, consistent with the same 
coordination motif, was reflected in a single set of signals. Additionally, the significant shifts in the  
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Figure 27. The stacked 1H NMR spectra (600 MHz, CDCl3) of: a) the ligand HL16; b) the complex C29; 
c) the complex C31. Inset: ESI-MS spectra of C29 and C31, showing the calculated isotope model (top) and 
observed data (bottom). 

relevant signals and the lack of the enol signal clearly indicated coordination by N,C(sp3)-chelates. 
In the 1H NMR spectrum of C34, the notable downfield shift of the H1 signal, along with the 
absence of the enol proton signal, were key factors that, considering the proximity of the 
β-diketonate moiety and pyridine-N donors, confirmed the coordination of PtII ions via 
N,O-chelates (Figure 28c). 

Although the complexes C31–C32 have been established as effective and selective catalyst 
precursors for hydrosilylation reactions,118 we aimed to investigate the catalytic activity of other PtII 

species, expecting that their structural and compositional diversity would be reflected in their 
catalytic performance. Therefore, the organometallic complex C33 was chosen as the model 
catalyst for optimizing the conditions in the reaction between dimethylphenylsilane and 1-octene. 
The desired hydrosilylation product was obtained in the highest yield in the reaction performed in 
toluene at 80 °C, using 0.001 mol% PtII complex, and these conditions were selected for subsequent 
investigations. A series of catalytic reactions was carried out using 1-octene or styrene, representing 
aliphatic and aromatic olefins, respectively, along with structurally distinct hydrosilanes, employing 
C29, C31, C33, and C34 as catalyst precursors. The results for C30 were omitted due to its poor 
solubility, which led to significantly reduced reaction yields, while the results for C32 were not 
included, as it exhibited comparable efficiency to the isomeric complex C31. Overall, a variety of 
hydrosilylation products was obtained in high yields, ranging from 74% to 100% (Figure 29). 
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Figure 28. The stacked 1H NMR spectra (600 MHz, CDCl3) of: a) the ligand HL18; b) the complex C33; 
c) the complex C34. Inset: ESI-MS spectra of C33 and C34, showing the calculated isotope model (top) 
and observed data (bottom). 

Importantly, all the catalytic systems demonstrated high regioselectivity for the anti-Markovnikov 
addition. Although the reaction yields were generally high, variations among the individual systems 
were noted, with the organometallic complex C33 exhibiting the highest efficiency. The slightly 
lower catalytic activity observed in reactions catalyzed by C29 and C31 can be attributed to the 
coordination of four ligands, which likely creates increased steric hindrance on the PtII ions. 
Furthermore, the electronic environment of the metal centers in C33–C34 suggests that the direct 
involvement of β-diketonate moieties in coordination may positively contribute to catalytic 
efficiency. The electron density on the PtII centers increases significantly upon complexation with 
HL18, resulting in enhanced catalytic performance of C33–C34. In contrast, the β-diketonate units, 
as electron-withdrawing substituents on the pyridine rings in C29–C32, remain uncoordinated, 
thereby weakening the coordination bonds between the metal centers and the N-atom donors. The 
high catalytic activity of the complexes based on HL18, specifically C33 and C34, which is 
comparable to that of the Karstedt’s catalyst (Figure 29), underscores their considerable potential 
for widespread applications in olefin hydrosilylation. 
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Figure 29. Scope of the hydrosilylation reaction catalyzed by the complexes C29–C34 and the Karstedt’s 
catalyst (KC). 
Reaction conditions: The reaction between olefin (0.5 mmol) and hydrosilane (0.5 mmol) catalyzed by PtII 
complex (0.001 mol%) was performed in toluene (1.0 mL) at 80 °C for 1 h. Yields determined by GC-MS 
measurements or NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard. 
* The reactions were performed for 6 h (66, 67, 72, 73). 
** 1.0 mmol of olefin was used (75, 76). 

In conclusion, a novel family of PtII complexes based on three isomeric pyridyl-β-diketones has 
been introduced, highlighting the influence of the position of N-donor atom within the ligand 
structure on the coordination mode adopted by the metal centers. As a result, three distinct types 
of coordination, i.e., simple N-donation, N,C(sp3)-chelation, and N,O-chelation, were achieved, as 
unambiguously established via various analytical and spectroscopic methods. All of these species 
demonstrated remarkable efficiency and selectivity as catalyst precursors in hydrosilylation 
reactions within a broad range of structurally diverse reagents. 
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PUBLICATION A6: Multi-stimuli-responsive network of multicatalytic 
reactions using a single palladium/platinum catalyst.238 

The incorporation of different metal centers with high catalytic activity into a single molecular 
structure offers an opportunity to create versatile catalysts with multifaceted performance.239 While 
Pd and Pt complexes are each capable of catalyzing a variety of reactions, integrating both metal 
ions into a single architecture significantly expands their potential applications in catalysis, 
encompassing a broad spectrum of cross-couplings, substitutions, additions, and reductions.240-244 
In the publication A6, new heteronuclear complexes with PdII and PtII ions were introduced, 
engineered to provide cooperativity and compatibility between individual catalytic sites, and 
consequently to serve as multifunctional catalysts. Thus, an artificial system has been demonstrated 
that operates within an integrated network of multicatalytic reactions, effectively imitating the 
multi-stimuli-responsive systems found in nature. 

A series of heteronuclear PdII/PtII complexes C35–C38, based on pyridyl-β-diketonate ligands 
HL16–HL17 combined with coligands such as 2,2’-bipyridine (bpy) or ethylenediamine (en), has 
been designed and synthesized through hierarchical self-assembly. In each complex structure, the 
central PtII ion is coordinated via pyridine-N donors, while the four PdII ions are located in 
a heteroleptic environment, with O,O’-chelates on one side and N,N’-chelates on the other, as 
illustrated in Figure 30. 

 

Figure 30. Structures of the heteronuclear PdII/PtII complexes C35–C38. 

The generation and purity of the heterometallic assemblies C35–C38 were verified in solution using 
NMR spectroscopy and mass spectrometry (ESI-MS). For example, the 1H NMR spectrum of C37 
unequivocally confirmed the simultaneous involvement of β-diketonate moieties and N-donors 
from both pyridine and bipyridine units in coordination, as evidenced by the absence of the enol 
proton signal and the clearly downfield shifts of signals from protons adjacent to the N-atoms, 
compared to the 1H NMR spectrum of HL17 (Figure 31a). Additionally, all peaks in the ESI-MS 
spectra corresponded well with the calculated isotope distribution, confirming the successful 
formation of the desired heterometallic complexes (Figure 31b). Due to the low crystallinity in the 
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solid state, the crystal structures of the mononuclear constituents, namely [Pt(HL17)4](NO3)2 and 
[Pd(L17)(bpy)]PF6, were used to model the heteronuclear structure of C37, as shown in Figure 31a. 

 

Figure 31. a) Part of the 1H NMR spectrum (600 MHz, DMSO-d6) of the heteronuclear complex C37. 
Inset: model structure of C37. b) ESI-MS spectrum of C37, showing the calculated isotope model (top) and 
the observed data (bottom). 

The ability to combine two distinct, highly catalytically active metal ions within a single molecule 
rendered the heteronuclear complexes C35–C38 of particular interest for evaluating their potential 
applications in multi-stage catalytic reactions. The extraordinary utility of Pd complexes in cross-
coupling reactions,243, 245, 246 along with the high efficiency of Pt compounds in processes such as 
hydrosilylation and hydroformylation,242, 244 indicated that the resulting heterometallic assemblies 
could serve as multifunctional catalysts for a broad range of transformations. A set of simple 
reagents, i.e., phenylacetylene S1, iodobenzene S2, and triethylsilane S3, was selected as model 
starting materials to assess their catalytic properties. It was anticipated that, in the presence of C35–
C38, the substrates would undergo a series of sequential catalytic processes. As a consequence of 
multicatalytic reactions, a set of structurally distinct products P1–P10 was formed, as depicted in 
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Figure 32. The topological analysis of the network of synthetic pathways exhibits three main 
branches (I–III), where the catalytic performance and selectivity of individual transformations are 
governed by sequences of various chemical and physical triggers, denoted as T1–T9. These simple 
additives and reaction conditions could be strategically employed in a controlled manner, 
functioning as external stimuli to direct the network toward specific products by promoting 
particular synthetic pathways, thereby reflecting the regulation of metabolic systems. Since the most 
efficient and selective synthetic pathways were observed with C37 used as the catalyst, the 
following results are presented for this complex. 

In branch I, all multi-stage transformations were initiated by the Sonogashira coupling between S1 
and S2. This reaction, performed in the presence of NaOH (T1) as a trigger and C37 as the catalyst, 
led to the formation of P1 in a quantitative yield (>99%). Subsequently, P1 underwent various in 
situ transformations with S3, depending on the trigger applied, resulting in the selective generation 
of products P2–P5. In the absence of any additional trigger, the hydrosilylation reaction occurred, 
furnishing P2 (98%). P1 could also react with S3 in semi-reductive processes triggered by DMSO 
(T2) or water (T3), leading to the formation of P3 and P4, with overall yields of 90% and 62%, 
respectively. Additionally, thus-formed P3 and P4 were converted into one another when exposed 
to UV light (T5). TBAF (T4), identified as a consecutive trigger, enabled the conversion of P2 into 
fully reduced P5 (80%). Interestingly, some products in branch I could be formed through multiple 
pathways when additional triggers were introduced. Specifically, P2 was transformed into a mixture 
of P3 and P4 upon the addition of DMSO (T2), with overall yields of 40% and 54%, respectively. 
In the presence of TBAF (T4), P2 and P4 were converted into P5 (70% and 56%). Moreover, P3 
was transferred in situ into P5 (64%) when exposed to H2 and MeOH (T6). 

In branch II, the reactions between S1 and S3 led to the generation of three new products P6–P8, 
two of which were capable of reacting with S2 in subsequent transformations. The reaction of S1 
with S3, in the presence of NaOH (T1) and C37, gave the hydrosilylation product P6 (97%). The 
same reaction, when triggered by DMSO (T2) or TBAF (T4), resulted in the formation of P7 and 
P8, with overall yields of 95% and 97%, respectively. Thus-formed P6 and P7 could be further 
transformed into other products when additional triggers were employed. P6 was converted in situ 
into P7 (70%) or P8 (75%) upon the addition of DMSO (T2) or TBAF (T4), respectively. 
Additionally, P7 could be further transferred into P8 (91%) after exposure to H2 and MeOH (T6). 
The interconnection between branches I and II was established through the Hiyama and Heck 
cross-coupling reactions. P6 and P7 reacted with S2 in processes triggered by either TBAF (T4) 
and temperature (T9) or Et3N (T7), resulting in P4 with overall yields of 31% and 67%, 
respectively. 

Branch III involved two of the three substrates, specifically S2 and S3. Their reaction in the 
presence of tBuONa (T8) and C37 led to the generation of P9 (80%). Conversely, the 
transformation performed in the absence of a base, however, at elevated temperature (T9), 
furnished P10 (>99%). In contrast to branches I and II, branch III operates independently from 
the rest of the network. 
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At the next stage, we demonstrated that the network of multicatalytic reactions exhibits a significant 
degree of orthogonality between the individual pathways. In the experiments described above, the 
orthogonality of competitive synthetic routes catalyzed by C37 was controlled by chemical and 
physical triggers (T1–T9), while the kinetic hierarchy was enhanced by the sequential introduction 
of substrates S1–S3. To evaluate the kinetic hierarchy and pathway orthogonality within this 
network, we investigated the performance of C37 with all starting materials present in the system 
from the beginning (Figure 33). In branch I, the orthogonality was not fully achieved due to the 
kinetic preference for hydrosilylation and reduction reactions over the Sonogashira cross-coupling. 
Upon the formation of P1, the synthetic routes leading to P2–P5 became entirely orthogonal. 
Nevertheless, the reaction between S1, S2, and S3 in the presence of T1 furnished P6 (93%), which 
could be transformed in situ into P7 (65%), P8 (82%), or P4 (23%) when triggered by T2, T4, or 
T4 with T9, respectively, without the introduction of any additional reagents. When S1, S2, and S3 
were all reacted together in the presence of T1 and T2, the semi-reduction reaction was favored, 
leading to P7 (80%), which could then be converted into P4 (68%) or P8 (77%) upon the addition 
of T7 or T6, respectively. Thus-formed P4 was further transferred into P3 (32%) or P5 (56%) in 
processes triggered by T5 or T6, respectively. As anticipated, the reaction between all the reagents, 
triggered by T4, resulted in P8 (91%). Furthermore, both products of branch III, P9 and P10, were 
generated in the presence of S1, S2, and S3, with overall yields of 52% and 93%, respectively, when 
triggered by T8 or T9. As a consequence, all synthetic pathways in branches II and III can be 
considered as orthogonal, with the reactivity governed by the specific triggers applied. 

To conclude, an artificial system inspired by the metabolic processes occurring in nature has been 
designed to respond to multiple external stimuli. This system operates within a network of 
mechanistically diverse reactions, including cross-couplings, reductions, substitutions, and 
additions, allowing for the efficient performance of multi-stage processes using three simple 
starting materials. Mimicking the stimuli-responsiveness of metabolic systems, all synthetic 
pathways were controlled by physical and chemical triggers and catalyzed by a multifunctional 
heteronuclear PdII/PtII complex, leading to the selective formation of ten distinct products. 
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4. Summary 

This dissertation presents the design, synthesis, and spectro-structural characterization of a series 
of novel coordination assemblies, expanding the scope of complexes based on transition metals 
(AgI, PdII, PtII) and contributing to the development of new systems with high potential for 
applications in catalysis. An array of organic ligands incorporating β-diketonate units, pyridine 
donors, or a combination of both was effectively utilized as key constituents to construct 
structurally diverse compounds with various coordination arrangements, exhibiting intriguing 
architectural geometries and physicochemical properties. The obtained coordination assemblies 
were employed as efficient catalyst precursors in a wide range of reactions, including cross-
couplings, reductions, substitutions, and hydroadditions. The correlations established between the 
structure of well-defined complexes and their catalytic efficiency enabled the identification of 
factors contributing to the enhancement of catalytic activity, which can be fundamental for the 
rational design of new high-performance catalytic systems. Since the presented thesis addresses 
a variety of aspects, it represents a valuable contribution to the areas of coordination and 
metallosupramolecular chemistry, as well as catalysis. 

The main achievements presented in each of the six individual reports are as follows: 

A1 The effect of nuclearity was demonstrated in a model Suzuki-Miyaura reaction catalyzed by 
mono- and oligonuclear PdII complexes, revealing that the enhancement in catalytic activity 
is correlated with an increased number of catalytic sites per catalyst molecule. 

A2 The effects of substituents in the heterocyclic ring were defined for a broad range of 
pyridine complexes with PdII ions, showcasing their impact on coordination behavior and 
spectro-structural properties, specifically NMR shifts and interactions within the crystal 
lattice. These coordination compounds were also demonstrated to be efficient catalyst 
precursors in the Suzuki-Miyaura and Heck cross-coupling reactions, with performance 
depending on the specific functional groups present and the overall nature of the 
complexes. 

A3 An effective strategy for coordination-driven structural switching was developed for a series 
of complexes based on a pyridyl-β-diketonate ligand, resulting in the creation of new 
heterometallic polymers. The differences in composition and morphology between these 
heteronuclear aggregates were crucial for their varied catalytic efficiency in the Heck 
reaction. 

A4-A5 The flexidentate nature of pyridyl-β-diketonate ligands HL16–HL18 enabled the formation 
of structurally diverse PdII and PtII species, with metal centers coordinated through 
β-diketonate units and simple pyridine-N-donors, as well as through unprecedented 
N,O-and N,C(sp3)-chelates, depending on the position of the N-atom in the heterocyclic 
ring. The significant application potential of these PdII and PtII complexes was exhibited as
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catalyst precursors in the Heck reaction and olefin hydrosilylation, respectively, highlighting 
the crucial role of the organometallic units in enhancing catalytic performance. 

A6 A proof-of-concept system capable of responding to multiple external stimuli and 
operating within an integrated network of mechanistically distinct reactions has been 
developed. Our approach enabled the performance of multiple multi-stage processes, 
controlled by specific triggers and catalyzed by a single heteronuclear PdII/PtII complex, 
which consequently led to the preferential synthesis of various products with high efficiency 
and selectivity. 

  



 

66 | Page 
 

References 

1. S. De, K. Mahata and M. Schmittel, Chem. Soc. Rev., 2010, 39, 1555-1575. 
2. E. C. Constable and C. E. Housecroft, Chem. Soc. Rev., 2013, 42, 1429-1439. 
3. X.-Z. Li, C.-B. Tian and Q.-F. Sun, Chem. Rev., 2022, 122, 6374-6458. 
4. L.-J. Chen, H.-B. Yang and M. Shionoya, Chem. Soc. Rev., 2017, 46, 2555-2576. 
5. Y. Sun, C. Chen, J. Liu and P. J. Stang, Chem. Soc. Rev., 2020, 49, 3889-3919. 
6. E. G. Percástegui, T. K. Ronson and J. R. Nitschke, Chem. Rev., 2020, 120, 13480-13544. 
7. W. Wang, Y.-X. Wang and H.-B. Yang, Chem. Soc. Rev., 2016, 45, 2656-2693. 
8. W.-H. Fang and G.-Y. Yang, Acc. Chem. Res., 2018, 51, 2888-2896. 
9. S. Kitagawa, R. Kitaura and S. i. Noro, Angew. Chem. Int. Ed., 2004, 43, 2334-2375. 
10. J. Duan, W. Jin and S. Kitagawa, Coord. Chem. Rev., 2017, 332, 48-74. 
11. R. A. Agarwal and N. K. Gupta, Coord. Chem. Rev., 2017, 332, 100-121. 
12. A. Brzechwa-Chodzyńska, W. Drożdż, J. Harrowfield and A. R. Stefankiewicz, Coord. Chem. Rev., 2021, 434, 

213820. 
13. M. Castellano, R. Ruiz-Garcia, J. Cano, J. Ferrando-Soria, E. Pardo, F. R. Fortea-Perez, S.-E. Stiriba, W. P. 

Barros, H. O. Stumpf and L. Canadillas-Delgado, Coord. Chem. Rev., 2015, 303, 110-138. 
14. M. Avinash and T. Govindaraju, Acc. Chem. Res., 2018, 51, 414-426. 
15. N. C. Gianneschi, M. S. Masar and C. A. Mirkin, Acc. Chem. Res., 2005, 38, 825-837. 
16. M. Kremer and U. Englert, Z. Kristallogr. Cryst. Mater., 2018, 233, 437-452. 
17. T. M. Harris, Encyclopedia of Reagents for Organic Synthesis, 2001. 
18. M. Seco, J. Chem. Educ., 1989, 66, 779. 
19. W. Urbaniak, K. Jurek, K. Witt, A. Goraczko, B. Staniszewski and A. Mickiewicz, Chemik, 2011, 65, 273. 
20. A. Camerman, D. Mastropaolo and N. Camerman, J. Am. Chem. Soc., 1983, 105, 1584-1586. 
21. J. M. Sprague, L. J. Beckham and H. Adkins, J. Am. Chem. Soc., 1934, 56, 2665-2668. 
22. G. d. Gonzalo Calvo and A. R. Alcántara, Pharmaceuticals, 2021, 14, 1043. 
23. H. Siegel and M. Eggersdorfer, Ullmann's Encyclopedia of Industrial Chemistry, 2000. 
24. W. Caminati and J.-U. Grabow, J. Am. Chem. Soc., 2006, 128, 854-857. 
25. G. Allen and R. A. Dwek, J. Chem. Soc. B, 1966, 161-163. 
26. Z. Yoshida, H. Ogoshi and T. Tokumitsu, Tetrahedron, 1970, 26, 5691-5697. 
27. K. A. Manbeck, N. C. Boaz, N. C. Bair, A. M. Sanders and A. L. Marsh, J. Chem. Educ., 2011, 88, 1444-1445. 
28. J. L. Burdett and M. T. Rogers, J. Am. Chem. Soc., 1964, 86, 2105-2109. 
29. R. G. Pearson, J. Chem. Educ., 1968, 45, 581. 
30. T.-L. Ho, Chem. Rev., 1975, 75, 1-20. 
31. M. Kołodziejski, A. Walczak, Z. Hnatejko, J. Harrowfield and A. R. Stefankiewicz, Polyhedron, 2017, 137, 270-

277. 
32. Y. Nakamura, K. Isobe, H. Morita, S. Yamazaki and S. Kawaguchi, Inorg. Chem., 1972, 11, 1573-1578. 
33. R. C. Fay and T. Piper, Inorg. Chem., 1964, 3, 348-356. 
34. E. Arslan, R. A. Lalancette and I. Bernal, Struct. Chem., 2017, 28, 201-212. 
35. S. A. De Pascali, P. Papadia, S. Capoccia, L. Marchiò, M. Lanfranchi, A. Ciccarese and F. P. Fanizzi, Dalton 

Trans., 2009, 7786-7795. 
36. V. Isakova, I. Baidina, N. Morozova and I. Igumenov, Polyhedron, 2000, 19, 1097-1103. 
37. F. P. Pruchnik, P. Smoleński and K. Wajda-Hermanowicz, J. Organomet. Chem., 1998, 570, 63-69. 
38. D. J. Otway and W. S. Rees Jr, Coord. Chem. Rev., 2000, 210, 279-328. 
39. G. Aromí, P. Gamez and J. Reedijk, Coord. Chem. Rev., 2008, 252, 964-989. 
40. V. V. Skopenko, V. M. Amirkhanov, T. Y. Sliva, I. S. Vasilchenko, E. Anpilova and A. D. Garnovskii, Russ. 

Chem. Rev., 2004, 73, 737-752. 
41. M. B. Hursthouse, M. A. Laffey, P. T. Moore, D. B. New, P. R. Raithby and P. Thornton, J. Chem. Soc., Dalton 

Trans., 1982, 307-312. 
42. K. AbduláMalik, J. Chem. Soc., Dalton Trans., 1993, 2883-2890. 
43. J. Lewis and C. Oldham, J. Chem Soc. A, 1966, 1456-1462. 
44. B. E. Buitendach, E. Erasmus, J. Conradie, J. Niemantsverdriet, H. Lang and J. C. Swarts, Organometallics, 

2024. 
45. M. Moro, P. Zardi, M. Rossi and A. Biffis, Catalysts, 2022, 12, 307. 
46. M. M. Jones, J. Am. Chem. Soc., 1959, 81, 3188-3189. 
47. D. J. Bray, J. K. Clegg, L. F. Lindoy and D. Schilter, Adv. Inorg. Chem., 2006, 59, 1-37. 
48. R. West, J. Am. Chem. Soc., 1958, 80, 3246-3249. 
49. O. Onawumi, O. Faboya, O. Odunola, T. Prasad and M. Rajasekharan, Polyhedron, 2008, 27, 113-117. 



References 

67 | Page 
 

50. Y. Hoshino, M. Eto, T. Fujino, Y. Yukawa, T. Ohta, A. Endo, K. Shimizu and G. Sato, Inorg. Chem. Acta, 
2004, 357, 600-604. 

51. V. Panyushkin, N. Achrimenko and A. Khachatrian, Polyhedron, 1998, 17, 3053-3058. 
52. V. I. Saloutin, Y. O. Edilova, Y. S. Kudyakova, Y. V. Burgart and D. N. Bazhin, Molecules, 2022, 27, 7894. 
53. A. Dalal, K. Nehra, A. Hooda, D. Singh, P. Kumar, S. Kumar, R. S. Malik and B. Rathi, Inorganica Chim. Acta, 

2023, 550, 121406. 
54. K. Nehra, A. Dalal, A. Hooda, S. Bhagwan, R. K. Saini, B. Mari, S. Kumar and D. Singh, J. Mol. Struct., 2022, 

1249, 131531. 
55. S. G. Bott, B. D. Fahlman, M. L. Pierson and A. R. Barron, J. Chem. Soc., Dalton Trans., 2001, 2148-2147. 
56. A. Purdy, A. Berry, R. Holm, M. Fatemi and D. Gaskill, Inorg. Chem., 1989, 28, 2799-2803. 
57. A. T. Larson, A. S. Crossman, S. M. Krajewski and M. P. Marshak, Inorg. Chem., 2019, 59, 423-432. 
58. E. J. Hopkins, S. M. Krajewski, A. S. Crossman, F. D. Maharaj, L. T. Schwanz and M. P. Marshak, Eur. J. 

Inorg. Chem., 2020, 2020, 1951-1959. 
59. A. S. Crossman, A. T. Larson, J. X. Shi, S. M. Krajewski, E. S. Akturk and M. P. Marshak, J. Org. Chem., 2019, 

84, 7434-7442. 
60. E. S. Akturk, S. J. Scappaticci, R. N. Seals and M. P. Marshak, Inorg. Chem., 2017, 56, 11466-11469. 
61. S. M. Krajewski, A. S. Crossman, E. S. Akturk, T. Suhrbier, S. J. Scappaticci, M. W. Staab and M. P. Marshak, 

Dalton Trans., 2019, 48, 10714-10722. 
62. F. Masero and V. Mougel, Chem. Commun., 2023, 59, 4636-4639. 
63. J. L. Gorczynski, J. Chen and C. L. Fraser, J. Am. Chem. Soc., 2005, 127, 14956-14957. 
64. C. Freund, W. Porzio, U. Giovanella, F. Vignali, M. Pasini, S. Destri, A. Mech, S. Di Pietro, L. Di Bari and P. 

Mineo, Inorg. Chem., 2011, 50, 5417-5429. 
65. R. H. Elattar, S. F. El-Malla, A. H. Kamal and F. R. Mansour, Coord. Chem. Rev., 2024, 501, 215568. 
66. S. K. Langley, N. F. Chilton, B. Moubaraki and K. S. Murray, Inorg. Chem., 2013, 52, 7183-7192. 
67. J. K. Clegg, F. Li and L. F. Lindoy, Coord. Chem. Rev., 2022, 455, 214355. 
68. A. J. Brock, J. K. Clegg, F. Li and L. F. Lindoy, Coord. Chem. Rev., 2018, 375, 106-133. 
69. J. K. Clegg, F. Li and L. F. Lindoy, Coord. Chem. Rev., 2013, 257, 2536-2550. 
70. P. A. Vigato, V. Peruzzo and S. Tamburini, Coord. Chem. Rev., 2009, 253, 1099-1201. 
71. J. K. Clegg, F. Li, K. A. Jolliffe, G. V. Meehan and L. F. Lindoy, Chem. Commun., 2011, 47, 6042-6044. 
72. M. Kołodziejski, A. J. Brock, G. Kurpik, A. Walczak, F. Li, J. K. Clegg and A. R. Stefankiewicz, Inorg. Chem., 

2021, 60, 9673-9679. 
73. S. Pal, Pyridine, 2018, 57, 57-74. 
74. J. A. Joule, Heterocyclic chemistry, CRC Press, 2020. 
75. J. A. Joule and K. Mills, Heterocyclic chemistry at a glance, John Wiley & Sons, 2012. 
76. C. D. Johnson, I. Roberts and P. G. Taylor, J. Chem. Soc., 1981, 409-413. 
77. E. F. Scriven and R. Murugan, Kirk‐Othmer Encyclopedia of Chemical Technology, 2000. 
78. S. M. Soliman, Comput. Theor. Chem., 2012, 994, 105-111. 
79. A. Blas, J. Chem. Soc., Dalton Trans., 1996, 1493-1497. 
80. R. Ilmi, I. Juma Al-busaidi, A. Haque and M. S. Khan, J. Coord. Chem., 2018, 71, 3045-3076. 
81. O. Mamula and A. von Zelewsky, Coord. Chem. Rev., 2003, 242, 87-95. 
82. N. Ségaud, J.-N. Rebilly, K. Sénéchal-David, R. Guillot, L. Billon, J.-P. Baltaze, J. Farjon, O. Reinaud and F. 

Banse, Inorg. Chem., 2013, 52, 691-700. 
83. R. M. Wexler, M. C. Tsai, C. Friend and E. Muetterties, J. Am. Chem. Soc., 1982, 104, 2034-2036. 
84. N. A. Lewis, S. Pakhomova, P. A. Marzilli and L. G. Marzilli, Inorg. Chem., 2017, 56, 9781-9793. 
85. A. Krogul, J. Skupińska and G. Litwinienko, J. Mol. Catal. A Chem., 2014, 385, 141-148. 
86. K. Nakano, N. Suemura, K. Yoneda, S. Kawata and S. Kaizaki, Dalton Trans., 2005, 740-743. 
87. M. L. Dell'Arciprete, C. J. Cobos, J. P. Furlong, D. O. Mártire and M. C. Gonzalez, ChemPhysChem, 2007, 8, 

2498-2505. 
88. A. Krogul and G. Litwinienko, Org. Process Res. Dev., 2015, 19, 2017-2021. 
89. A. Krogul and G. Litwinienko, J. Mol. Catal. A Chem., 2015, 407, 204-211. 
90. M. Zafar, A. Atif, M. Nazar, S. Sumrra and R. Paracha, Russ. J. Coord. Chem., 2016, 42, 1-18. 
91. G. Tseberlidis, D. Intrieri and A. Caselli, Eur. J. Inorg. Chem., 2017, 2017, 3589-3603. 
92. A. Lannes, M. Intissar, Y. Suffren, C. Reber and D. Luneau, Inorg. Chem., 2014, 53, 9548-9560. 
93. G. M. Rakić, S. Grgurić-Šipka, G. N. Kaluđerović, S. Gómez-Ruiz, S. K. Bjelogrlić, S. S. Radulović and Ž. L. 

Tešić, Eur. J. Med. Chem., 2009, 44, 1921-1925. 
94. A. Togni and L. M. Venanzi, Angew. Chem. Int. Ed., 1994, 33, 497-526. 
95. A. J. Pardey and C. Longo, Coord. Chem. Rev., 2010, 254, 254-272. 
96. A. Krogul, J. Cedrowski, K. Wiktorska, W. P. Ozimiński, J. Skupińska and G. Litwinienko, Dalton Trans., 

2012, 41, 658-666. 
97. C. Kaes, A. Katz and M. W. Hosseini, Chem. Rev., 2000, 100, 3553-3590. 
98. A. Gorczynski, J. M. Harrowfield, V. Patroniak and A. R. Stefankiewicz, Chem. Rev., 2016, 116, 14620-14674. 
99. N. B. Debata, D. Tripathy and D. K. Chand, Coord. Chem. Rev., 2012, 256, 1831-1945. 



References 

68 | Page 
 

100. D. M. Peloquin and T. A. Schmedake, Coord. Chem. Rev., 2016, 323, 107-119. 
101. G. de Ruiter, M. Lahav and M. E. van der Boom, Acc. Chem. Res., 2014, 47, 3407-3416. 
102. B. Chen, J. J. Holstein, S. Horiuchi, W. G. Hiller and G. H. Clever, J. Am. Chem. Soc., 2019, 141, 8907-8913. 
103. B. Happ, A. Winter, M. D. Hager and U. S. Schubert, Chem. Soc. Rev., 2012, 41, 2222-2255. 
104. A. Rajput and R. Mukherjee, Coord. Chem. Rev., 2013, 257, 350-368. 
105. C. R. Glasson, L. F. Lindoy and G. V. Meehan, Coord. Chem. Rev., 2008, 252, 940-963. 
106. K. Biradha, M. Sarkar and L. Rajput, Chem. Commun., 2006, 4169-4179. 
107. L. Lindoy, E. Lee, S. S. Lee and S. Seo, 2017. 
108. B. J. Holliday and C. A. Mirkin, Angew. Chem. Int. Ed., 2001, 40, 2022-2043. 
109. C. J. Elsevier, J. Reedijk, P. H. Walton and M. D. Ward, Dalton Trans., 2003, 1869-1880. 
110. R. D. Mukhopadhyay and A. Ajayaghosh, Chem. Soc. Rev., 2023. 
111. S.-L. Lee, F.-L. Hu, X.-J. Shang, Y.-X. Shi, A. L. Tan, J. Mizera, J. K. Clegg, W.-H. Zhang, D. J. Young and 

J.-P. Lang, New J. Chem., 2017, 41, 14457-14465. 
112. P.-D. Mao, N.-T. Yao, H.-Y. Sun, F.-F. Yan, Y.-Q. Zhang, Y.-S. Meng and T. Liu, Cryst. Growth Des., 2022, 

23, 450-464. 
113. A. Walczak and A. R. Stefankiewicz, Inorg. Chem., 2018, 57, 471-477. 
114. M. Vakili, V. Darugar, F. S. Kamounah, P. E. Hansen, M. Hermann and M. Pittelkow, J. Mol. Liq., 2023, 383, 

122074. 
115. A. Walczak, G. Kurpik and A. R. Stefankiewicz, Int. J. Mol. Sci., 2020, 21, 6171. 
116. M. J. Mayoral, P. Cornago, R. M. Claramunt and M. Cano, New J. Chem., 2011, 35, 1020-1030. 
117. J.-T. Tan, W.-J. Zhao, S.-P. Chen, X. Li, Y.-L. Lu, X. Feng and X.-W. Yang, Chem. Pap., 2012, 66, 47-53. 
118. A. Walczak, H. Stachowiak, G. Kurpik, J. Kaźmierczak, G. Hreczycho and A. R. Stefankiewicz, J. Catal., 2019, 

373, 139-146. 
119. S. Sanz, H. M. O'Connor, V. Martí-Centelles, P. Comar, M. B. Pitak, S. J. Coles, G. Lorusso, E. Palacios, M. 

Evangelisti and A. Baldansuren, Chem. Sci., 2017, 8, 5526-5535. 
120. S. Sanz, H. M. O’Connor, P. Comar, A. Baldansuren, M. B. Pitak, S. J. Coles, H. Weihe, N. F. Chilton, E. J. 

McInnes and P. J. Lusby, Inorg. Chem., 2018, 57, 3500-3506. 
121. D. Blasi, V. Nicolai, R. M. Gomila, P. Mercandelli, A. Frontera and L. Carlucci, Chem. Commun., 2022, 58, 

9524-9527. 
122. M. Wang, V. Vajpayee, S. Shanmugaraju, Y.-R. Zheng, Z. Zhao, H. Kim, P. S. Mukherjee, K.-W. Chi and P. 

J. Stang, Inorg. Chem., 2011, 50, 1506-1512. 
123. H. O'Connor, S. Sanz, M. Pitak, S. Coles, G. Nichol, S. Piligkos, P. Lusby and E. Brechin, CrystEngComm, 

2016, 18, 4914-4920. 
124. C. J. McMonagle, P. Comar, G. S. Nichol, D. R. Allan, J. González, J. A. Barreda-Argüeso, F. Rodríguez, R. 

Valiente, G. F. Turner and E. K. Brechin, Chem. Sci., 2020, 11, 8793-8799. 
125. K. V. Domasevitch, V. D. Vreshch, A. B. Lysenko and H. Krautscheid, Acta Crystallogr., Sect. C: Cryst. Struct. 

Commun., 2006, 62, m443-m447. 
126. H. B. Wu and Q. M. Wang, Angew. Chem. Int. Ed., 2009, 48, 7343-7345. 
127. F. Liu and Y. Zhou, Inorg. Chem. Commun., 2010, 13, 1410-1413. 
128. P. Slepukhin, N. Boltacheva, V. Filyakova and V. Charushin, Russ. Chem. Bull., 2019, 68, 1213-1218. 
129. H. M. O'Connor, S. Sanz, A. J. Scott, M. B. Pitak, W. T. Klooster, S. J. Coles, N. F. Chilton, E. J. McInnes, 

P. J. Lusby and H. Weihe, Molecules, 2021, 26. 
130. S. Sanz, H. M. O'Connor, E. M. Pineda, K. S. Pedersen, G. S. Nichol, O. Mønsted, H. Weihe, S. Piligkos, E. 

J. McInnes and P. J. Lusby, Angew. Chem. Int. Ed., 2015, 54, 6761-6764. 
131. D.-J. Wang, Y.-F. Kang, B.-P. Xu, J. Zheng and X.-H. Wei, Spectrochim. Acta - A: Mol. Biomol. Spectrosc., 2013, 

104, 419-422. 
132. D.-J. Wang, Y.-F. Kang, L. Fan, Y.-J. Hu and J. Zheng, Opt. Mater. , 2013, 36, 357-361. 
133. L. Wu, Y. Fang, W. Zuo, J. Wang, J. Wang, S. Wang, Z. Cui, W. Fang, H.-L. Sun and Y. Li, J. Am. Chem. Soc., 

2022, 2, 853-864. 
134. M. Dudek, J. K. Clegg, C. R. Glasson, N. Kelly, K. Gloe, K. Gloe, A. Kelling, H.-J. r. Buschmann, K. A. 

Jolliffe and L. F. Lindoy, Cryst. Growth Des., 2011, 11, 1697-1704. 
135. G.-G. Hou, Y. Liu, Q.-K. Liu, J.-P. Ma and Y.-B. Dong, Chem. Commun., 2011, 47, 10731-10733. 
136. G.-J. Chen, H.-C. Ma, W.-L. Xin, X.-B. Li, F.-Z. Jin, J.-S. Wang, M.-Y. Liu and Y.-B. Dong, Inorg. Chem., 

2017, 56, 654-660. 
137. F.-Z. Jin, C.-Q. Chen, Q. Zhao, J.-L. Kan, Y. Zhou and G.-J. Chen, Catal. Commun., 2018, 111, 84-89. 
138. K. Jeremy, J. Chem Soc. , 1995, 2269-2273. 
139. V. D. Vreshch, A. N. Chernega, J. A. Howard, J. Sieler and K. V. Domasevitch, Dalton Trans., 2003, 1707-

1711. 
140. A. M. Tous-Granados and A. J. Hernandez-Maldonado, Chem. Commun., 2023, 59, 10020-10023. 
141. K. Jeremy, J. Chem. Soc., Chem. Commun., 1992, 43-44. 
142. S. Turner and F. Mabbs, J. Chem. Soc., Dalton Trans., 1997, 1117-1118. 
143. B. Chen, F. R. Fronczek and A. W. Maverick, Chem. Commun., 2003, 2166-2167. 



References 

69 | Page 
 

144. V. D. Vreshch, A. B. Lysenko, A. N. Chernega, J. A. Howard, H. Krautscheid, J. Sieler and K. V. 
Domasevitch, Dalton Trans., 2004, 2899-2903. 

145. T. E. Knight, D. Guo, J. P. Claude and J. K. McCusker, Inorg. Chem., 2008, 47, 7249-7261. 
146. K.-N. Truong, C. Merkens and U. Englert, Acta Crystallogr. C Struct. Chem., 2017, 73, 724-730. 
147. V. D. Vreshch, A. B. Lysenko, A. N. Chernega, J. Sieler and K. V. Domasevitch, Polyhedron, 2005, 24, 917-

926. 
148. C. Merkens, F. Pan and U. Englert, CrystEngComm, 2013, 15, 8153-8158. 
149. D.-J. Li, L.-Q. Mo and Q.-M. Wang, Inorg. Chem. Commun., 2011, 14, 1128-1131. 
150. B. Chen, F. R. Fronczek and A. W. Maverick, Inorg. Chem., 2004, 43, 8209-8211. 
151. Y. Zhang, B. Chen, F. R. Fronczek and A. W. Maverick, Inorg. Chem., 2008, 47, 4433-4435. 
152. C. Merkens, K.-N. Truong and U. Englert, Acta Crystallogr. B Struct. Sci. Cryst. Eng. Mater., 2014, 70, 705-713. 
153. K.-N. Truong, C. Merkens and U. Englert, Acta Crystallogr. B Struct. Sci. Cryst. Eng. Mater., 2017, 73, 981-991. 
154. D. Guo, T. E. Knight and J. K. McCusker, Science, 2011, 334, 1684-1687. 
155. G.-L. Wang, Y.-J. Lin, H. Berke and G.-X. Jin, Inorg. Chem., 2010, 49, 2193-2201. 
156. D. Simond, S. E. Clifford, A. F. Vieira, C. Besnard and A. F. Williams, RSC Adv., 2014, 4, 16686-16693. 
157. T. Banerjee, A. K. Biswas, T. S. Sahu, B. Ganguly, A. Das and H. N. Ghosh, Dalton Trans., 2014, 43, 13601-

13611. 
158. T.-J. Won, J. K. Clegg, L. F. Lindoy and J. C. McMurtrie, Cryst. Growth Des., 2007, 7, 972-979. 
159. A. S. Dinca, S. Shova, A. E. Ion, C. Maxim, F. Lloret, M. Julve and M. Andruh, Dalton Trans., 2015, 44, 7148-

7151. 
160. A. E. Ion, S. Nica, A. M. Madalan, C. Maxim, M. Julve, F. Lloret and M. Andruh, CrystEngComm, 2014, 16, 

319-327. 
161. T. Shiga, T. Nakanishi, M. Ohba and H. Ōkawa, Polyhedron, 2005, 24, 2732-2736. 
162. T. Shiga, M. Ohba and H. Ōkawa, Inorg. Chem., 2004, 43, 4435-4446. 
163. T. Shiga, M. Ohba and H. Ōkawa, Inorg. Chem. Commun., 2003, 6, 15-18. 
164. R. W. Saalfrank, V. Seitz, D. L. Caulder, K. N. Raymond, M. Teichert and D. Stalke, Eur. J. Inorg. Chem., 1998, 

1998, 1313-1317. 
165. D. E. Fenton, J. R. Tate, U. Casellato, S. Tamburini, P. A. Vigato and M. Vidali, Inorg. Chem. Acta, 1984, 83, 

23-31. 
166. A. Brock, J. C. McMurtrie and J. Clegg, CrystEngComm, 2019, 21, 4786-4791. 
167. R. W. Saalfrank, A. Scheurer, R. Puchta, F. Hampel, H. Maid and F. W. Heinemann, Angew. Chem. Int. Ed., 

2007, 46, 265-268. 
168. R. W. Saalfrank, V. Seitz, F. W. Heinemann, C. Göbel and R. Herbst-Irmer, J. Chem. Soc., Dalton Trans., 2001, 

599-603. 
169. W. X. Gao, Q. J. Fan, Y. J. Lin and G. X. Jin, Chin. J. Chem., 2018, 36, 594-598. 
170. Q.-J. Fan, Y.-J. Lin, F. E. Hahn and G.-X. Jin, Dalton Trans., 2018, 47, 2240-2246. 
171. A. D. Burrows, M. F. Mahon, C. L. Renouf, C. Richardson, A. J. Warren and J. E. Warren, Dalton Trans., 

2012, 41, 4153-4163. 
172. Y. Y. Zhang, L. Zhang, Y. J. Lin and G. X. Jin, Chem. Eur. J., 2015, 21, 14893-14900. 
173. A. D. Burrows, C. G. Frost, M. F. Mahon, P. R. Raithby, C. L. Renouf, C. Richardson and A. J. Stevenson, 

Chem. Commun., 2010, 46, 5067-5069. 
174. K. Banerjee and K. Biradha, New J. Chem., 2016, 40, 1997-2006. 
175. J. F. Wunsch, L. Eberle, J. P. Mullen, F. Rominger, M. Rudolph and A. S. K. Hashmi, Inorg. Chem., 2022, 61, 

3508-3515. 
176. P. D. Mao, S. H. Zhang, N. T. Yao, H. Y. Sun, F. F. Yan, Y. Q. Zhang, Y. S. Meng and T. Liu, Chem. Eur. J., 

2023, 29, e202301262. 
177. M. C. Pfrunder, A. J. Brock, J. J. Brown, A. Grosjean, J. Ward, J. C. McMurtrie and J. K. Clegg, Chem. Commun., 

2018, 54, 3974-3976. 
178. G. Fernandez Garcia, D. Guettas, V. Montigaud, P. Larini, R. Sessoli, F. Totti, O. Cador, G. Pilet and B. Le 

Guennic, Angew. Chem. Int. Ed., 2018, 130, 17335-17339. 
179. K. R. Vignesh and G. Rajaraman, ACS Omega, 2021, 6, 32349-32364. 
180. P. C. Andrews, G. B. Deacon, R. Frank, B. H. Fraser, P. C. Junk, J. G. MacLellan, M. Massi, B. Moubaraki, 

K. S. Murray and M. Silberstein, Eur. J. Inorg. Chem., 2009, 2009, 744-751. 
181. A. Béziau, S. A. Baudron and M. W. Hosseini, Dalton Trans., 2012, 41, 7227-7234. 
182. L. Carlucci, G. Ciani, D. M. Proserpio and M. Visconti, CrystEngComm, 2011, 13, 5891-5902. 
183. D. Guettas, V. Montigaud, G. F. Garcia, P. Larini, O. Cador, B. Le Guennic and G. Pilet, Eur. J. Inorg. Chem., 

2018, 2018, 333-339. 
184. J. Li and R. Suo, Spectrochim. Acta - A: Mol. Biomol. Spectrosc., 2023, 291, 122357. 
185. C. Caporale, A. N. Sobolev, W. Phonsri, K. S. Murray, A. Swain, G. Rajaraman, M. I. Ogden, M. Massi and 

R. O. Fuller, Dalton Trans., 2020, 49, 17421-17432. 
186. V. Kondaparthy, A. Shaik, K. B. Reddy and D. D. Manwal, Chem. Data Collect., 2019, 20, 100203. 
187. S. L. Nongbri, B. DASb and M. R. Kollipara, J. Chem. Sci., 2012, 124, 1365-1375. 



References 

70 | Page 
 

188. J.-P. Tong, F. Shao, J. Tao, R.-B. Huang and L.-S. Zheng, Inorg. Chem., 2011, 50, 2067-2069. 
189. M. Visconti, S. Maggini, G. Ciani, P. Mercandelli, B. Del Secco, L. Prodi, M. Sgarzi, N. Zaccheroni and L. 

Carlucci, Cryst. Growth Des., 2019, 19, 5376-5389. 
190. S. L. Nongbri, B. Das and K. M. Rao, J. Coord. Chem., 2012, 65, 875-890. 
191. S. K. Langley, N. F. Chilton, M. Massi, B. Moubaraki, K. J. Berry and K. S. Murray, Dalton Trans., 2010, 39, 

7236-7249. 
192. M. Kercher, B. König, H. Zieg and L. De Cola, J. Am. Chem. Soc., 2002, 124, 11541-11551. 
193. G. Yu, Y. Xing, F. Chen, R. Han, J. Wang, Z. Bian, L. Fu, Z. Liu, X. Ai and J. Zhang, ChemPlusChem, 2013, 

78, 852-859. 
194. H.-C. Lin, H. Kim, S. Barlow, J. M. Hales, J. W. Perry and S. R. Marder, Chem. Commun., 2011, 47, 782-784. 
195. I. Borilovic, O. Roubeau, I. Fernández Vidal, S. J. Teat and G. Aromí, Magnetochemistry, 2015, 1, 45-61. 
196. V. Velasco, D. Aguilà, L. Barrios, I. Borilovic, O. Roubeau, J. Ribas-Ariño, M. Fumanal, S. J. Teat and G. 

Aromí, Chem. Sci., 2015, 6, 123-131. 
197. J. Salinas-Uber, L. A. Barrios, O. Roubeau and G. Aromí, Polyhedron, 2013, 54, 8-12. 
198. L. A. Barrios, D. Aguilà, O. Roubeau, K. S. Murray and G. Aromí, Aust. J. Chem., 2009, 62, 1130-1136. 
199. D. Aguilà, L. A. Barrios, O. Roubeau, S. J. Teat and G. Aromí, Chem. Commun., 2011, 47, 707-709. 
200. L. Wolf and H. Hennig, Z. Anorg. Allg. Chem., 1964, 329, 301-308. 
201. G. Kurpik, A. Walczak, I. Łukasik, Z. Matela and A. R. Stefankiewicz, ChemCatChem, 2024, 16, e202301465. 
202. C. A. Gunawardana, A. S. Sinha, J. Desper, M. Đaković and C. B. Aakeröy, Cryst. Growth Des., 2018, 18, 6936-
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