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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
[-diketonate and pyridine ligands, as well as ambidentate pyridyl-g-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 Ag', Pd", and Pt". A series of thematically coherent articles (A1-A6) details the
design, synthesis, spectro-structural characterization, and functionality of these systems, Ze., 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 vz 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 wzgledu na imponujaca réznorodnosé geometrii
koordynacyjnych, fascynujace topologie, wyjatkowe wiasciwosci fizykochemiczne oraz niezwykla
wszechstronno$é, od lat stanowia obiekt intensywnych badan i zainteresowania w $rodowisku
naukowym. W szerszym kontekscie uklady te wykazaly bogata game zastosowan, napedzajac ciagly
postep w chemii koordynacyjnej 1 metalosupramolekularnej. Dzigki podstawom racjonalnego
projektowania i opracowanym strategiom syntezy zlozonych architektur koordynacyjnych,
perspektywy rozwoju innowacyjnych nanomaterialéw o okreslonej funkcjonalnoséci pozostaja
szeroko otwarte. Niniejsza rozprawa doktorska prezentuje charakterystyke trzech klas blokéw
budulcowych, ktére znalazly zastosowania w konstrukeji uktadéw koordynacyjnych, a mianowicie
ligandow f-diketonowych 1 pirydynowych, a takze ambidentnych pirydylo-g-diketonéw,
zawierajacych w swojej strukturze dwie grupy donorowe o odmiennej naturze. Zréznicowanie
strukturalne tych ligandéw organicznych, w zestawieniu z licznymi centrami metalicznymi,
doprowadzito do syntezy rozmaitych architektur koordynacyjnych o nadzwyczajnych
wlasciwosciach. Analizujac najnowsze doniesienia literaturowe, przedstawiono mozliwosci
wszechstronnego wykorzystania tych materialéw, podkreslajac ich potencjat aplikacyjny w takich
obszarach jak kataliza, chemia go$¢-gospodarz, magnetyzm i transfer energii. Niemniej jednak,
mimo obiecujacych perspektyw, ten potencjal wciaz pozostaje w wielu przypadkach znaczaco

niewykorzystany.

W czeéci eksperymentalnej niniejszej pracy zaprezentowano nowa generacje kompleksow
metalosupramolekularnych, otrzymanych z wykorzystaniem wyzej wymienionych ligandéw oraz
wyselekcjonowanych jonéw metali d-elektronowych (Ag', Pd", Pt"). Seria tematycznie spdjnych
artykulow naukowych (A1-A6) szczegbélowo opisuje projektowanie, synteze, charakterystyke
strukturalno-spektroskopowa oraz funkcjonalnos¢ tych uktadéw, # mono- i polinuklearnych
zwigzkéw kompleksowych, jak rowniez heterometalicznych polimeréw koordynacyjnych.
Struktury uzyskanych zwiazkéw zostaly precyzyjnie okreslone zaréwno w roztworze, jak i w ciele
stalym przy uzyciu réznych technik analitycznych. Ze wzgledu na unikalne cechy strukturalne,
wskazujace na ich znaczny potencjal aplikacyjny, otrzymane zwiazki kompleksowe zostaly
zastosowane jako efektywne i selektywne katalizatory w szeregu reakcji organicznych, z.zn. reakeji
sprzegania krzyzowego, substytucji, hydroaddycji 1 redukcji. Ponadto szeroko zakrojone badania
pozwolily na identyfikacj¢ czynnikéw strukturalnych, takich jak tryb koordynacji jonu centralnego,
liczba centréw metalicznych, natura podstawnikéw pierscienia pirydynowego oraz topologia
uktadu, ktére umozliwily okreslenie ich wplywu na przebieg odpowiednich proceséw
katalitycznych 1 zwigckszenie aktywnosci katalitycznej danych jednostek. W zwiazku z tym
wykazano, ze struktura liganda definiuje nie tylko geometri¢ architektury koordynacyjnej, ale takze
wplywa na jej wlasciwosci fizykochemiczne, a tym samym w istotny sposob determinuje jej

funkcjonalnos¢.
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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.'® 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.”® 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.””"® 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: f-diketonate and pyridine ligands, as well as
ambidentate pyridyl-g-diketonates, which combine the characteristics of the former two. Since
pyridyl-g-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,' 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. A-Diketonate ligands

[-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.* Such units are typically synthesized vz Claisen condensation between
appropriate ketones and esters, resulting in a product containing two carbonyl groups separated by
a single carbon atom.”* A characteristic feature of these compounds is keto-enol tautomerism,
which refers to the equilibrium between their keto and enol forms (Figure 1).** In the case of
[-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-

0 O TAUTOMERIZATION o' ~o
| | |
R1)\/LR2 R1)\%R2
keto tautomer enol tautomer
H® B2
?B\ %
050

R1MR2

deprotonated form
Figure 1. Keto-enol tautomerism in g-diketonate ligands.
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Introduction

membered ring.” 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”’  For instance, the percentage of enol form in acetylacetone and

hexafluoroacetylacetone is 85% and 100%, respectively, when measured neat at 33 °C.**

The capacity to form stable coordination compounds with a diverse array of metal ions is directly
attributed to the presence of f-diketonate ligands in their enol form. According to hard and soft
acids and bases (HSAB) theory,” * such ligands act as hard bases in complexation reactions,
preferentially forming stable complexes with hard acids, eg, Mg", Fe'', Al Co™, C¢""*
however, numerous combinations with metal ions classified as soft acids have also been
reported.”’ In a neutral environment or upon deprotonation under basic conditions, these ligands
enable the coordination of metal centers as O,0’-chelates, resulting in the formation of six-
membered rings (Figure 2ab).”** Additionally, g-diketonates are highly effective bridging ligands.”
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)y]; and [Bas(tmhd)s]," *
where acac and tmhd refer to acetylacetonate and 2,2,6,6-tetramethylheptane-3,5-dionate,
respectively (Figure 2d). Furthermore, f-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., Pt" and It #*

a) b) c)

,’__O/// \\\O—ﬂ\
o .
~-0 0==

Figure 2. a) Structure of square planar complex [M!(acac)z]. b) Structure of octahedral complex
[MU(acac)s). ¢) Structure of [Pt(y-acac)z(py)z], with acac acting as a C-donor ligand.#5 d) Trimer structure of
[Ni(acac)s]s, with acac acting as a bridging ligand.*!

Acetylacetonate anion, as a simple bidentate ligand, forms a number of complexes, with the most
common being square planar [M"(acac):] and octahedral [M"!(acac);] species, where M represents
metal ion, and the geometry typically corresponds to the preferred coordination geometry of the
metal center (Figure 2ab).”>** A variety of mixed-ligand compounds have also been reported, in
which additional ligands, ranging from simple species such as H.O, CO, and pyridine to more
complex molecules, complete the coordination sphere of the metal center.””" 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.””* 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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Introduction

increase the volatility of coordination compounds, which is particulatly 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.”> In another example, sterically hindered g-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.””*" Thus, due
to their potential for functionalization, f-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, f-diketonate complexes
have found applications in various fields, including catalysis, magnetism, analytical chemistry, and

materials science.*%

In addition to acetylacetone and its bidentate derivatives, an important subclass includes oligo-
f-diketonate ligands, which contain more than one f-diketonate group within a single molecule,

476770 The incorporation of

allowing for simultaneous coordination with several metal centers.
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 ¢z al. reported the synthesis of a tetrahedral coordination cage based on Fe™ ions
and a bis-f-diketonate ligand (Figure 3a), which, due to its porosity, allowed for the encapsulation
of THF molecules.” As another example, a tris-f-diketonate ligand combined with Pd" 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).”

Q-

Figure 3. Metallosupramolecular architectures based on oligo-S-diketonate ligands: a) a coordination cage
with Fe!l ions;”! b) a branched polymer with Pd!! ions.”

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
7 electrons delocalized over a planar ring, pyridine fulfills Hiickel’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.”” ™ 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.” 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.” "

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.” While pyridine
complexes with transition metals are the most common, compounds with metals from the s, p, and
fblocks are also well-known.” ™ 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 7 back-donation. The anti-bonding
7* orbitals of the ligand are capable of accepting electron density from the dr orbitals of the metal
ion (Figure 4). Moreover, in some cases, the 7-electrons of the ring can also participate in bonding
interactions with metal centers.”

m-backbonding

-

*No£ >M

o-bonding

——

Figure 4. s-Bonding and z-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

889 Such structural and

introduction of electron-donating or electron-withdrawing groups.
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.””> For example, the complex
[TiCla(py)4] has been utilized in the catalytic polymerization of unsaturated hydrocarbons,” while

[PACL(py)] and its derivatives have shown potential in anticancer therapy.”

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.”'” 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.'"

O == +Qe==Q@e==0
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Figure 5. Coordination polymers formed with 4,4-bipyridine: a) one-dimensional; b) two-dimensional;
¢) three-dimensional.

1.1.3. Pyridyl-B-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.'””""" Although
classical oligo-f-diketonates have long been demonstrated to be excellent chelating agents for
awide 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

16

on pyridyl-g-diketonate ligands.” 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.''>'"?

Pyridyl-f-diketonate compounds, analogous to classical g-diketones, are synthesized vz 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.">"* 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

[-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 2z O,0’-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(sp’)- and N,O-chelates (Figure 6b)."”"7 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.

a) AMBIDENTATE NATURE o
neutral anionic
pyridine-N donor 0O,0'-chelating donor
borderline base hard base

( )

soft/hard acids hard acids
e.g. Ag', Pt", Co" e.g. Mg", Fe"', Al
b) Q
g 3 70
TR B R
UN = N~
N-donor N-donor 0O,0'-donor 0,0O'-donor
(neutral form) (anionic form) (anionic form) (neutral form)
Ql OH Qoe Q a9
N
|N\ = R | N R | N 5 R
= = _N
0O,0'-donor N,O-donor N,O-donor N,C(sp®)-donor
(zwitterionic form) (neutral form) (anionic form) (anionic form)

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

The simplest representatives of this ligand family are entities consisting of a single f-diketonate
moiety substituted by one pyridine ring. However, many more complex species that incorporate
several f-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-IN atom within the heterocyclic ring, and the presence of additional functional
groups (Table 1). In contrast to mono- and poly-g-diketonates, pyridyl-f-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-f-diketonate ligands and their use in the construction of coordination

architectures.
No. Ligand structure R-groups | Architectures generated | References
-Me
- 1 1
0 /OH CF; moTonuT ear com}i exes 113, 115,
L B R -Et polynuclear complexes 116, 118
NI~ -Pr cages 134
(including 2- and 3-substituted pyridine ring) -Bu polymers
-Ph
O OH
F R -Me
2. MOFs 135-137
N -CFs
|
N~
mononuclear complexes
Q OH O OH polynuclear complexes
Z =
3 R R R R Me metallocycles 138158
= | hn cages
SN Nl _ polymers
MOFs
OH |O O| OH
RN | AN Z> R polynuclear complexes
% -Me metallocycles
4, 159-170
OH ? (? OH -Bu cages
RN X Z >R polymers
L
N
O OH
7 Z | = mononuclear complexes
P N 111, 112,
= metallocycles
117,127,
5. O OH - cages
169, 171-
N Z | SN polymers 191
- ~ MOFs
(including other N-atoms positions)
— — /o A
\ N/ \N / __PH e mononuclear complexes
0. -CFs 192-194
R polynuclear complexes
—Cst
(including other bipyridine substitution)
O OH OH O
N = N X Nx
olynuclear complexes
| | | polynu plex
7. - metallocycles 195-199
OH O O O O OH
cages
SRAvAR®
=
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1.2. Nanostructures based on pyridyl-3-diketones

To date, a wide array of pyridyl-g-diketones has been utilized in the synthesis of structurally distinct
coordination assemblies. Although the earliest publications on complexes with such ligands

165,200 substantial advancements in this area of

emerged in the second half of the 20" century,
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-f-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 f-diketonate or pyridine-IN donors,
with one coordination site remaining non-coordinated (Figure 7). An array of complexes with
ligands arranged as O,0’-chelates has been generated using a base for ligand deprotonation,
encompassing a number of metal ions including Be", Cu", Pd", Ct', Co™, Fe'", Al"', Ga™, Dy",
Tb™, Ho™, and EfM 1113 115 119,138, 147, 148, 171183 T4 tyrn - N-donation has been confirmed in the
structures of complexes with Ag', Ru", Os", Pd", and Pt"."">"'® " Additionally, other coordination
modes have also been verified, such as N,O-chelation for Ru™, It'™, and Pt"ions,"® "1 a5 well as
N,C(sp")-chelation for Au', Pd", and Pt" ions."™*" 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 AI'' complexes with pyridyl-g-diketonate ligand, existing in two isomeric forms: a) fae
isomer; b) mer isomer.!? While the f-diketonate units are involved in coordination, the pyridine-IN 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 Fe'! and Re', Sc" and Ru", C'" and Re', Cu" and T.a™, as well as Ni" and Pb" constitute prime
examples, where the first metal center is coordinated as an O,0’-chelate and the second is

coordinated by pyridine (ot bipytridine) donors.'*> >4 16119219

1.2.2. Metallocycles

Metallocycles represent another class of coordination assemblies formed with pyridyl-g-diketonate
ligands. The literature reports examples of homonuclear metallocycles containing Cu", Ni", Pd",
and Fe'' ions (Figure 8a), which are generated using ligands specifically designed to incorporate at

least two f-diketonate moieties.'”> '** '®® In the structure of heteronuclear metallocycles, both

0,0’-chelating and pyridine-IN donors are involved in coordination, with a notable example bein
g Py P g
169, 170

the mixed-metal Cu"/Rh" metallocycles reported by Jin ez a/. (Figure 8b).

‘ =y o = R

Figure 8. a) Structure of a dinuclear Cul! metallocycle. b) Structure of a three-dimensional heteronuclear
Cul! /RhM metallocycle.l” H-atoms, countetions, and solvent molecules have been omitted for clarity.

1.2.3. Metallocages

Pyridyl-f-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-f-diketonate ligands is fairly
comprehensive, with notable contributions from Wang,"> "> Brechin,'” Lusby,"**'** '’ Stang,'"'*
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 Al"', Fe'', and Ct"". The cages are subsequently formed in complexation
reactions with divalent metal ions, including Cu", Co", Zn", Ni", Pd", and Pt". The resulting
heterometallic assemblies, with the most common formulas [MY!MYL¢] and MM L, ,], 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-f-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-f-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 Cu" 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.'™ 2> 134 14 1551 Tn these
structures, octahedral Cu" centers are coordinated as O,0’-chelates in a planar arrangement, with
their coordination spheres completed by pyridine-IN donors from other ligand molecules in the
axial positions (Figure 10a). Another example of a homometallic aggregate was reported by Lindoy
¢t al., where the combination of pyridyl-f-diketone ligands with Zn" ions led to the generation of
a three-dimensional polymeric network."” 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,

192135, 136, 7L 17 18L 19 Bor instance, a heterometallic polymer reported by Domasevitch
et al. comprises Fe'" ions coordinated as O,0’-chelates, while Cd" centers are bound by pyridyl
groups, forming one-dimensional chains."** Additionally, Wang ¢# a/. demonstrated the synthesis of
three distinct coordination polymers using a tripodal metalloligand with A" ions. The reactions
with Zn", Cd", and Hg" ions resulted in the formation of materials with vatious topologies, Ze.,
a one-dimensional ladder-like structure, a two-dimensional layer, and a helical arrangement,
respectively (Figure 10bc)."”” Pyridyl-g-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 Cu", Mn", Co", and Zn" centers,'** ?>15" 140173202 55 ywell as mixed-metal-
organic frameworks (MMOFs) with Al"'/Ag', Ga™/Ag', Fe"'/Ag', and Cu"/Cd" ions."" *" 17 1%
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Figure 10. Examples of homo- and heterometallic coordination polymers based on pyridyl-f-diketonate
ligands: a) two-dimensional sheet structure of the network with Cull ions;!!> b) one-dimensional ladder-like
structure of the AIM/Zn! polymer;'# ¢) helical structure of the AI"!/Hg! polymer.!* H-atoms, countetions,
and solvent molecules have been omitted for clarity.
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1.3. Application potential of the coordination architectures based on

pyridyl-B-diketones

Of the different ambidentate ligands showing promise as building blocks in coordination and
metallosupramolecular chemistry, pyridyl-f-diketones have been recognized for their versatility in
the development of functional nanostructures. The unique structure-dependent physicochemical
properties of such architectures, ¢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-f-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-f-diketones, including homo- and heteronuclear complexes, polymers, MOFs, and cages,
have been employed as conventional catalysts. In works published by Stefankiewicz ez al, the
considerable potential of mononuclear Pd" and Pt" complexes was demonstrated in the Suzuki-
Miyaura reaction and olefin hydrosilylation, respectively."> ''® 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 Fe™
complexes that efficiently catalyze the ring-opening polymerization of e-caprolactone,'’ Au™
complexes used in cycloisometization reactions,'”” and heterometallic polymers that facilitate the
ting opening of epoxides with aromatic amines.”” Furthermore, pyridyl-f-diketonate ligands were
utilized to create platforms for catalyst deposition, leading to efficient heterogeneous systems. For
instance, 2 Mn"-based MOF developed by Dong ¢# a/. served as an ideal platform to support Pd-Au

alloy nanoparticles.'*

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 Cu" MOF and Au nanoparticles was
effectively employed in the synthesis of tricyanovinyl derivatives.”” Additionally, pyridyl-
f-diketones can function as auxiliary ligands in homogeneous catalytic systems, where the active
form of catalyst is /# situ generated in the reaction medium. Such examples were described by
Taillefer and Chen, who developed catalytic systems based on Cu' ions for C-N cross-coupling

reactions of atyl halides with aqueous ammonia or NH-heterocycles.””**”
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Figure 11. A heterogeneous system based on Mn!! MOF and Pd—Au alloy nanoparticles for the catalytic
one-pot tandem synthesis of imines from alcohols and amines.!3

1.3.2. Host-guest chemistry and sensing

Given their structural versatility and superior binding properties, coordination assemblies based on
pyridyl-f-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.” An initial category of guest molecules suitable for such nanostructures serving as

111

hosts includes anions. For instance, Aromi ¢z al. reported Co"/Co™ clusters capable of trapping

two COs2™ anions,"” whereas Jin e a/. demonstrated Ru" metallocycles that effectively encapsulate

" metallacryptands

counterions like OTf and PFs."” As an example of cation encapsulation, Fe
have shown high effectiveness as selective complexation agents for specific cations, particularly
those from the alkaline, alkaline earth, and rare earth metal groups.'®*'*® Furthermore, Dong ef al.
introduced two three-dimensional networks comprising Cu" and Zn" ions, which revealed their
capacity to encapsulate larger entities, such as metal acetylacetonates, and exhibited the resultant
guest-induced luminescent properties.””” Owing to the presence of voids, porous architectures such

as cages or MOFs can also be applied in gas sorption. This was exemplified by Hernandez-

GAS MIXTURE

Cu" MOF

Figure 12. Schematic representation of the Cu'l MOF reported by Hernandez-Maldonado, illustrating the
selective binding of CO, over CH4.140
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Maldonado e# al., who demonstrated a Cu" MOF with one-dimensional pore channels that showed
supetior CO» selectivity over CH, (Figure 12).'"*" Additionally, nanostructures with pyridyl-

p-diketones, due to their encapsulation capabilities, have emerged as excellent candidates for use

as sensors. For instance, Stang e/ a/. developed Eu™

122

cages as efficient nanosensors for nitroaromatic
compounds, = while Liu and Zhou created dimeric and polymeric materials employing the same

ions for the highly selective detection of Hg" cations."”’

1.3.3. Magnetism

Pyridyl-f-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.'” '™ Such magnetic behavior can be finely tuned through vatious
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 Ln"

ions, reported by Fuller ¢z al, have been
presented as toroidal spin systems, indicating the important role of lanthanoid centers in the spin
structure and the potential of pyridyl--diketonate ligands to support SMTs.'” Le Guennic e a/.
demonstrated a Dy" cubane complex that possesses a toroidal moment associated with
a nonmagnetic ground state transposing this property to a tridimensional structure (3D-SMT).'”
In turn, Pliet e a/. developed structurally diversified complexes based on Dy", for which magnetic
measurements and @b nitio calculations highlighted the SMM behavior." In another example, Liu
et al. reported a series of heterometallic molecular nanomagnets with varied magnetic relaxation
behaviors by regulating the N-sites of g-diketonate ligands.'” 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-f-diketones have also found
applications in the area of energy transfer. As exemplified by Huang ez a/, these bridging ligands,
incorporated in the structures of It'"/Eu"™ 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 (T'1) of It", the
EET efficiency from It to Eu''ion, and a significant difference in the total luminescence quantum

yields."” In turn, Chen e# /. prepared a Eu™

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 f-diketone moiety, creates a bright charge-
transfer excitation state, promoting electron movement from the f-diketone unit to the substituted
groups.”” In other works, pytidyl-g-diketonate ligands were also applied to create coordination
systems that facilitate photoinduced energy and electron-transfer processes within dynamic self-

assembled donor-acceptor arrays.'*> '+ 1%
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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 f-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 Ag', Pd", and Pt", 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:

L design and synthesize a new generation of homo- and heteronuclear coordination
assemblies with Ag', Pd", and Pt" ions using the aforementioned ligands (A1-A6);

IL. demonstrate the potential of ambidentate pyridyl-g-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 thatlead to the enhancement
in catalytic activity (A1-Ab5).
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The presented doctoral dissertation is based on the following scientific reports:

Al

A4

A5

A6

G. Kurpik, A. Walczak, M. Gilski, J. Harrowfield, A. R. Stefankiewicz
Effect of the nuclearity on the catalytic performance of a series of Pd" complexes in the Suzuki-Miyaura
reaction

Journal of Catalysis 2022, 477, 193-199; DOI: 10.1016/j.jcat.2022.05.021

G. Kurpik, A. Walczak, M. Goldyn, J. Harrowtfield, A. R. Stefankiewicz

Pd" complexces with pyridine ligands: substituent effects on the NMR Data, crystal structures, and catalytic
activity

Inorganic Chemistry 2022, 67, 14019-14029; DOI: 10.1021/acs.inorgchem.2c01996
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3. Discussion of the research

PUBLICATION A1: Effect of the nuclearity on the catalytic performance of

a series of Pd" complexes in the Suzuki-Miyaura reaction.””’

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.”™*'? 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,””*'® the objective of the publication
A1l was to introduce a new family of oligonuclear complexes with high catalytic potential. As with
larger species, eg, 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, ot three Pd" 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 Pd" complexes, denoted as C1-C4,
which are based on mono- and multidentate f-diketonate ligands: HL1, H,L2, H,LL3, Hs;L4, along
with the 2,2’-bipyridine coligand (bpy). These ligands, recognized for their excellent chelating
capabilities, served as scaffolds for Pd" ions. The complexation reactions with a stoichiometric
amount of [Pd(bpy)(INOs)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).
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Figure 13. General reaction scheme for the synthesis of mono- and oligonuclear Pd!! 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 »i@ X-ray diffraction. The '"H NMR spectra
recorded for the complexes C1-C4 unequivocally confirmed the simultaneous involvement of both
0,0’- and N,N’-chelates in the cootrdination of Pd" ions. Using the complex C4 as an example, the
absence of enol proton signals near 16.5 ppm in the 'H NMR, relative to the spectrum of H;L4,
shows complexation of Pd" to have resulted in deprotonation of the f-diketonate moieties. In turn,
the unsymmetrical structure of the bound f-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 vz 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 Pd" ions coordinated in a heteroleptic
environment, where each Pd" ion has an N>O; coordination sphere, with chelation by both

p-diketonate and bpy units (Figure 14b).
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Figure 14. a) '"H NMR spectrum (600 MHz, DMSO-d) 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 KyCOj; 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 Pd" 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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Discussion of the research

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 Pd" 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.*'”*"” 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.”® *'> ***** 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.”***

To conclude this part, a range of mono- and oligonuclear Pd" complexes C1-C4, crafted with
meticulously designed multitopic f-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 Pd"
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), (1.2 mmol) catalyzed by Pd!!
complex (0.1 mol% Pd) was performed in the presence of KoCOj3 (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).

** (.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: Pd" complexes with pyridine ligands: substituent effects

on the NMR data, crystal structures, and catalytic activity.?”’

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.” ® 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 Pd" 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 zia 'H NMR spectroscopy, ESI-MS analysis, and X-ray diffraction cleatly indicated the
dependence of certain features on the ligand basicity. While the Lewis basicity remains
unmeasurable, the Bronsted basicity of pyridine derivatives, estimated as pK, values, served as
a convenient parameter to assess the effect of substituents on pytidine-N donor behavior.** 22
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 Pd" 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, Ze., disubstituted species with the general formula #rans-[PdL:Xo],
where X = ClI" or NOs', and tetrasubstituted units [PdL4(INO3),. While a complete set of the
compounds was obtained exclusively for the [PdL,Cly| 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 [PdLo(NO3)s] for the
less basic ligands (.12, L13) and [PdL4(NO:s3), 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 'H NMR spectroscopy and ESI-MS

analysis, as well as in the solid state by X-ray diffraction.
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Figure 16. a) Synthesis of Pd! complexes with pyridine ligands. b) Structures and the literature pK,
values$* 231. 232 of the ligands L5—L16.

Analysis of the "H NMR spectra of the complexes revealed a high degtee 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
H' protons on the carbon atoms adjacent to the pyridine-IN donor atoms. Furthermore, in the
"H NMR spectra of the [PdL:(NO;);] complexes, an additional set of signals was observed,
attributed to the presence of minor amounts (<10%) of the «s isomer in solution. In comparison
to the "H NMR spectra of the free ligands, the downfield chemical shifts in the spectra of the
[PdL;X;] complexes cleartly indicated the coordination of Pd" 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 Pt ions as
well,” it was suggested that the dominant effect may arise from ion pairing involving multiple
stabilizing C—=H'-*ONO; interactions, which were also noted in the solid state. Interestingly, the
H' chemical shifts exhibited a neatly linear cotrelation with the pK, values of the pyridine ligands,
implying that the effects of substituents are still relevant, alongside any contributions from Pd"

coordination (Figure 17).
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Figure 17. a) Relationships between the chemical shifts (5, ppm) of the signal H! in the 'H NMR spectra
(300 MHz, CDCls) and pK, values of free ligands for the Pd" complexes. b) Relationships between the
chemical shift changes (A8, ppm) of the signal H! in the 1H NMR spectra (300 MHz, CDCls) and pK, values
of free ligands for the Pd" 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 #ans configuration of the disubstituted [PdL.X5] species.
The fundamental features, such as bond lengths and bond angles, were consistent with those of
other Pd" 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.

a)

Figure 18. X-ray structures of the Pd"" complexes based on L11: a) [Pd(LL11).Cl] (C11); b) [Pd(L11)>2(NO3)2]
(C1D); ¢) [Pd(L11)4]J(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
"H NMR spectroscopy demonstrated that the complex C6’ was irreversibly converted into C6”
under basic conditions (Et;:N), 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 Et;:N 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 Et;N-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

b

a diverse range of structurally distinct Pd" complexes was tested under these optimized conditions.

Most of the Pd" 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, particulatly for the species based on L8, L11, 112, .13, and L15, the GC
yields were lower, ranging from 64% to 87%. Although no straightforward correlation was
observed between GC yields and the pK, values of the pyridine ligands, Pd" complexes with more
basic ligands generally exhibited slightly higher catalytic activity. Furthermore, these Pd" units
demonstrated high efficiency in the Heck cross-coupling between styrene and iodobenzene,
resulting in the formation of the expected #uns-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, .11, and LL16. 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 Pd!!
complexes based on the pyridine ligands L5—L16.

L | pK.of L GC yields [%] in Suzuki-Miyaura coupling? GC yields [%] in Heck coupling®
! PdL,Cl; | PdLo(NOs)2 | [PALy(NO3)2 | PALCly | PALo(NOs)2 | [PALy(INO:3)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
L1 3.83 82 74 75 90 92 80
L12 2.10 88 06 - 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

@ Reaction conditions: The reaction between 4’-bromoacetophenone (0.2 mmol) and phenylboronic acid
(0.24 mmol) catalyzed by Pd"! complex (0.1 mol%) was performed in the presence of K;PO4 (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
PdM complex (0.1 mol%) was petformed in the presence of EN (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”

explore the scope of both the Suzuki-Miyaura and Heck reactions. A series of experiments revealed

, a representative of the broad class of Pd" compounds studied, was selected to
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.
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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)»
(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 Arl (1.0 mmol) and olefin (1.2 mmol)
catalyzed by C6” (0.1 mol% Pd) was performed in the presence of Et:N (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 Pd" complexes based on multiple functionalized pyridine detivatives
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

condjitions.
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PUBLICATION A3: Enhanced catalytic performance derived from

coordination-driven structural switching between homometallic complexes
233

and heterometallic polymeric materials.
While pyridyl-g-diketonate ligands were extensively discussed in the Inzroduction, 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 Ag', Pd", and Pt" 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-g-diketonate ligand HL16 was utilized in the synthesis of
mononuclear complexes with Ag', Pd", and Pt" ions, coordinated by either N-donors or
0,0’~chelates depending on the reaction conditions. The reaction of HL16 with Ag' salt led to the
formation of the disubstituted species [Ag(HL16),]NO; (C17), while previously reported
procedures allowed for the preparation of the Pd" and Pt" complexes, specifically
[PA(HL16),](NO3), (C19), [Pt(HL16),](NO3). (C20), and [Pd(L16),] (C22)."> '"® In turn, using
[Pd(en)(NO3)2] in the complexation reaction with HLL16 led to the synthesis of heteroleptic units,
namely [Pd(en)(HL16):J(NO;). (C18) and [Pd(en)(L16)]NO; (C21), in neutral or basic
environments, respectively. The generation of all the complexes was successfully confirmed vz
"H NMR spectroscopy and ESI-MS analysis, and the structure of C17 was established 2z X-ray
diffraction. (The crystal structures of C19, C20, and C22 were also determined in previons works."> %)

Given the presence of free coordination sites and the different kinetic stability of C17—C22, we
conducted extensive studies, followed by 'H NMR titration experiments, to investigate
coordination-driven structural switching between specific units (Figures 20-21). As described
above, the reaction between HL16 and Ag' salt gave the complex C17, with -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 PA(NOs), or Pt(NO3),, respectively. A similar effect was achieved
with [Pd(en)(NO3)s], 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 (Et;N). The addition of a base to a solution of C19, with coordination by four
N-donors, induced a linkage rearrangement to O,0’-chelated forms and the creation of C22,
a reaction that could be reversed by neutralization with MSA. Similarly, the titration of C18 with
Et:N led to the formation of C21. In contrast, the Pt complex C20 did not undergo any

transformation in a basic environment, likely due to the greater kinetic inertness of Pt" ions
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Figure 20. Stimuli-responsive supramolecular transformations within coordination-driven assemblies based on the pyridyl-f-diketonate ligand HL16.
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compated to Pd". Under basic conditions, the uncoordinated A-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 Ag' or Pt" salt led to the creation of new heterometallic aggregates C24 and C25. While
0,0’-chelation was preserved for Pd" centers, Ag' or Pt" ions were bound by two pyridine-N
donors, with the chloride ligands simultaneously retained in the coordination sphere of Pt". 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(INOs),. The coordination-

driven structural switching strategies developed for the complexes C17—C23 were successfully
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Figure 21. Parts of 'H NMR spectra (600 MHz, CDCl; or DMSO-ds for C24—C26), illustrating the
coordination-driven structural switching triggered by the addition of a metal salt or base.
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applied in the transformations of coordination polymers C24—C26, allowing for the conversion of
C24 into C25 upon the addition of PtCl,, and the transformation of C25 into C26 following the
addition of AgNO:s 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 "H NMR spectra
recorded in DMSO-d; 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 f-diketonate and pyridine-IN donors in the coordination. The FTIR spectra
demonstrated that the formation of the metalloaggregates resulted in red shifts of the bands
associated with the »(C=0) and »(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 vza
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 Pd" 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 #ans-stilbene in the highest yield, when the reaction was carried out in DMSO at 100 °C
with Et:N 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 vz ICP-MS analysis. As mentioned eatlier, increased local concentrations of catalytic

sites enhance the catalytic performance of polynuclear species,™”*’**!

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 Ag' 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.
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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 Arl (0.5 mmol) and olefin (0.5 mmol) catalyzed by Pd" complex

(0.05 mol% Pd) was performed in the presence of Et;N (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-
[-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: ((sp*),N palladacyclic complexes beating flexidentate
ligands as efficient (pre)catalysts for Heck olefination of aryl halides.”*

In a previous report from the Stefankiewicz group, pyridyl-g-diketonate ligands, specifically
2,2-dimethyl-5-(3- or 4-pyridyl)pentane-3,5-dione (HL16 and HL17), were utilized to form Pd"
complexes, which exhibited the typical O,0’-chelation of the f-diketone moiety or pyridine-IN

donation.'

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,0O-donor and, upon methylene deprotonation, as an IN,C-donor. Thus, our efforts were directed
toward determining the structure of Pd" complexes bearing the pyridyl--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,0’-chelate and
another as an N,C(sp”)-chelate within a single complex. Given the broad potential applications of

235-237

palladacyclic complexes as catalysts in cross-coupling reactions, their high catalytic activity was

demonstrated in the Heck olefination reaction.

The reaction of the ligand HL18 with a Pd" salt in a 2:1 molar ratio under basic conditions resulted
in the generation of new organometallic complexes in the form of «s and #rans isomers (Figure 23).
While the #rans isomer C27 was isolated through selective crystallization, the cs isomer C28 was
separated from the mixture of both forms by mechanical selection. The structures of these
compounds were established 2z X-ray diffraction measurements, which revealed a distorted
pseudo-square planar geometry of the Pd" ions with a CNO; cootdination environment
(Figure 24a). In their structure, the metal centers are coordinated by the f-diketonate moiety on
one side and by the IN,C(sp*)-donor on the other, resulting in the creation of stable five- or six-

membered rings. The arrangement of the Zer#butyl substituents determined their designation as ¢s
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Figure 23. General reaction scheme for the synthesis of organometallic complexes C27 and C28.
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ot 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 #ans isomer and
as a mixture of ¢s and #rans isomers, since the ¢is isomer was not isolated in sufficient quantities for
complete characterization. The composition of C27 and C28 was unequivocally established vz
ESI-MS analysis, confirming the generation of compounds with the general formula [Pd(LL18),].
Morte detailed charactetization was achieved using NMR measurements (Figutre 24b). The 'H 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,0- and
N,C=chelates. The #rans geometry was verified based on 1D NOESY NMR analysis. In turn, the
"H 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 #uns isomer, the signals
corresponding to the ¢ isomer could be identified. Furthermore, cis-frans isomerization was
followed »iz "H NMR spectroscopy as the chloroform solution of C27 was heated from 25 to 60
°C. The percentage of the ¢s isomer increased with temperature, attaining a 2:3 molar ratio (¢s to

trans) at 60 °C, which remained unchanged upon cooling, even after several days.

b) H7 H6
e ©  OH
H® 3 F 6
H S N2 NKH
H7 H HY s g pelon
H H N ,
N N Y L
H4' HS' }/,'L -A-JJ
o H5 /_\ HZ' P "I,
5 o H HE Ho®
o o !

" 4 ]
Sk A 7 car Coe
, AN % - \cDcl;, 60 °C - !

160 90 85 80 75 70 65 60 55 50 45
1 (ppm)

Figure 24. a) X-ray structures of two isomeric complexes: cis- and #rans-[Pd(LL18),]. b) The stacked 'H NMR
spectra (600 MHz, CDCls) of HL18, the putre 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 (Et;N), 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 #7ans 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 #rans-product were achieved in the reaction performed in DMF at 100 °C, using
K;POy 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 #ans 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), (0.5 mol%)/PPh; (2 mol%) or [PdCL(PPhs),] (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.
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Figure 25. Scope of the Heck cross-coupling reaction catalyzed by the complexes C27—C28.

Reaction conditions: The reaction between Arl (1.0 mmol) and olefin (1.0 mmol) catalyzed by Pd" complex
(0.5 mol% Pd) was performed in the presence of K3;PO4 (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-g-diketonate ligand coordinated to the metal center via O,0’- and N,C(sp’)-chelates. The
means of X-ray diffraction allowed the unambiguous establishment of the solid-state structures of
both ¢s and #rans 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 Pt complexes with

flexidentate pyridyl-S-diketones: synthesis, structural characterization, and
201

catalytic behavior in olefin hydrosilylation.
In the previous section, the intrinsic effect of the pyridine-IN atom position on the complex
structure has been demonstrated for a series of Pd" species based on three isomeric pyridyl-
S-diketonate ligands HL16-HL18.">** As another example, structurally distinct assemblies with
Cu" ions were demonstrated by the Stefankiewicz group, including two-dimensional, topologically
diverse coordination polymers for HL16 and HL17, as well as a mononuclear O,0’-chelated
complex for HL18."” 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-g-diketones HLL16—HL18 was employed to
examine their coordination behavior when combined with another metal centet, specifically Pt"
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(sp’)- 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 HL.16—HL18 with a Pt salt led to the synthesis of a series of complexes
C29—C34, ecach 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).Cl,]
(C29-C30) and [Pt(HL),](NO3), (C31-C32), analogous to those formed with Pd"ions."** These
species can be readily interconverted; specifically, the addition of an excess amount of free ligand
to the disubstituted units in the presence of AgNO; 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
HIL17 with PtCl, under basic conditions could not be determined, as the products appeared to
form inseparable mixtures. While the ligands HIL16 and HLL17 exhibited the same behavior when
reacted with Pt" ions, the use of HLI18 resulted in entirely distinct coordination modes. The
complexes with the general formula [Pt(LL18),] were synthesized after prior deprotonation of the
ligand in the presence of a base (Na,CO:s). Different reaction environments led to the formation
of various coordination motifs, with IN,C(sp%)- and IN,O-chelation for complexes C33 and C34,
respectively. Interestingly, the creation of five-membered chelate rings was preferred over the six-

membered f-diketonate chelates, which had been observed previously for the Pd" analogues.™*
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Figure 26. General reaction scheme for the synthesis of Pt!! complexes C29—C34 based on isomeric pyridyl-
p-diketonate ligands HLL16-HIL18.

X-ray

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 Pt
centers, thereby definitively confirming the complex structures. For C33, the structure was
unambiguously established vzz X-ray diffraction, revealing a distorted square-planar geometry of

2% the two

the Pt" ions with a C;N; coordination environment. As opposed to the Pd" analogues,
ligand molecules are arranged in a #runs configuration, each forming an N,((sp’)-chelate ring. In
turn, the crystal structure of C32 was determined in a previous study.'"® ESI-MS analysis confirmed
the successful generation of the desired mononuclear species with the general formulas
[Pt(HL).Cly] (C29-C30), [Pt(HL),|(NOs3), (C31-C32), and [Pt(L18),] (C33—C34), as all observed
peaks were in good agreement with the theoretical isotope distribution. Furthermore, the
complexes C29-C34 were characterized in solution »z 'H NMR spectroscopy. The 'H NMR
spectra for the di- and tetrasubstituted species C29—C32 were readily interpretable and consistent
with the data for their Pd" counterparts, while those for C31-C32 aligned with previously reported
results.'® As illustrated by the "H NMR spectra of the complexes C29 and C31 with the ligand
HIL16 (Figure 27), the presence of signals from enol units indicated that the f-diketonate units were
not involved in coordination. In comparison to the '"H NMR spectrum of HL16, notable signal
shifts in the aromatic region, particularly for the H' 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 "H 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 'H NMR spectra (600 MHz, CDCIl3) of: a) the ligand HL16; b) the complex C29;
¢) 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(sp”)-chelates.
In the '"H NMR spectrum of C34, the notable downfield shift of the H' signal, along with the
absence of the enol proton signal, were key factors that, considering the proximity of the
f-diketonate moiety and pyridine-N donors, confirmed the coordination of Pt ions wia
N,O-chelates (Figure 28¢).

Although the complexes C31-C32 have been established as effective and selective catalyst
precursors for hydrosilylation reactions,'”* we aimed to investigate the catalytic activity of other Pt
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% Pt" 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 'H NMR spectra (600 MHz, CDCIl3) of: a) the ligand HLL18; b) the complex C33;
¢) 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 Pt ions.
Furthermore, the electronic environment of the metal centers in C33—C34 suggests that the direct
involvement of f-diketonate moieties in coordination may positively contribute to catalytic
efficiency. The electron density on the Pt centers increases significantly upon complexation with
HL18, resulting in enhanced catalytic performance of C33—C34. In contrast, the f-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 HLI18, 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 Pt!!
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 Pt" complexes based on three isomeric pyridyl-g-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, ze., simple N-donation, N,C(sp")-chelation, and N,O-chelation, were achieved, as
unambiguously established zia 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.>®

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.” 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.”***
In the publication A6, new heteronuclear complexes with Pd" and Pt" 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 Pd"/Pt" complexes C35-C38, based on pyridyl-g-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 Pt" ion is coordinated 2 pyridine-N donors, while the four Pd" ions are located in
a heteroleptic environment, with O,0’-chelates on one side and IN,N’-chelates on the other, as

illustrated in Figure 30.

z
z
I
o
S
<

C35 X,Y=CH,N; N,N=bpy
C36 X,Y=CH,N; N,N=en
C37 X,Y=N,CH; N,N=bpy
C38 X,Y=N,CH; N,N=en

Figure 30. Structures of the heteronuclear Pd"/Pt 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 'H NMR spectrum of C37
unequivocally confirmed the simultaneous involvement of f-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 "H 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),|(NOs3), and
[PA(L17)(bpy)|PFs, were used to model the heteronuclear structure of C37, as shown in Figure 31a.

c H4 |
H3 X k‘v’ |t_|86U
5
H2| N/ H1 H H6

H5
7
H1 H9-10
H2 H4 H3+H8

N lﬁ o M " R "QﬁL

o N~ D N o O «— I~ [s2] <

S o oo S Soo o S

-~ o ~— < — O o (o]
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calcd. for [C37-4NO51*: | calcd. for [C37-3NO; % | calcd. for [C37-2NO51%*:

[Pd(L17)(bpy)]" OPserved: observed: observed:
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546.5603 749-47111 1155.1110
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m/z (Da)

Figure 31. a) Part of the '"H NMR spectrum (600 MHz, DMSO-d) 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-

5,25,24 along with the high efficiency of Pt compounds in processes such as

242, 244

coupling reactions,
hydrosilylation and hydroformylation, indicated that the resulting heterometallic assemblies
could serve as multifunctional catalysts for a broad range of transformations. A set of simple
reagents, ze., 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-1II), 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
sitn transformations with 83, 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
tully 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 77 situ into P5 (64%) when exposed to H, 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 83, 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 7 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 H, 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 EtN (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 BuONa (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, 82, and S3 in the presence of T1 furnished P6 (93%), which
could be transformed 7 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, 82, 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 Pd"/Pt" 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
(Ag', Pd", Pt") and contributing to the development of new systems with high potential for
applications in catalysis. An array of organic ligands incorporating f-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:

Al The effect of nuclearity was demonstrated in a model Suzuki-Miyaura reaction catalyzed by
mono- and oligonuclear Pd" 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 Pd" 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 Aneffective strategy for coordination-driven structural switching was developed for a series
of complexes based on a pyridyl-g-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-f-diketonate ligands HIL16-HL18 enabled the formation
of structurally diverse Pd" and Pt" species, with metal centers coordinated through
f-diketonate units and simple pyridine-N-donors, as well as through unprecedented
N,0-and N,C(sp’)-chelates, depending on the position of the N-atom in the heterocyclic
ring. The significant application potential of these Pd" and Pt" complexes was exhibited as
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Summary

catalyst precursors in the Heck reaction and olefin hydrosilylation, respectively, highlighting

the crucial role of the organometallic units in enhancing catalytic performance.

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 Pd"/Pt" complex,
which consequently led to the preferential synthesis of various products with high efficiency

and selectivity.
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Development of well-defined multivalent systems with densely packed multiple functional groups
located within a single molecular structure provides an excellent opportunity to generate catalysts of
enhanced activity. A series of mono-, di- and trinuclear Pd(Il) complexes based on polyketonate ligands
allied with 2,2'-bipyridine has been designed, synthesized and fully characterized in both solution and
solid state. The mono-, di- and tritopic p-diketonate molecules serve as scaffolds for Pd(Il) active sites
which, in the two latter cases, are forced into close proximity. Application of the complexes as catalysts
in Suzuki-Miyaura cross-coupling as a model reaction has revealed significant differences in reaction
yields and a trend in reactivity reflecting their nuclearity.

© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Investigation of factors influencing catalyst activity underlie the
rational design of new, efficient catalysts to improve reaction
yields and/or selectivity [1]. In that respect, multivalent systems,
where multiple potentially active sites are present, constitute an
important path in the unremitting struggle to reduce the costs of
catalytic processes [2]. Clear evidence of a multivalency effect is
the increasing importance of nanoparticles, polymers and den-
drimers for catalytic applications [3]. In the majority of catalysed
processes, a growing number of active centres in the individual
molecule of a catalyst induces a positive effect observed as increase
in efficiency, although there are cases in which a negative impact
has also been seen [4]. The origin of the reactivity enhancement
has been investigated and significant roles attributed to increased
local concentration enabling more efficient substrate binding and
cooperative effects connected with assistance of nearby centres
in catalytic cycles [3b,5]. A successful example is provided in a
series of dendrimers functionalized by phosphine-Pd(II) moieties
where a positive dendritic effect in both Suzuki-Miyaura and
Heck cross-coupling reactions has been demonstrated [6]. Never-
theless, multi-step covalent synthesis of dendritic systems and
nanoparticles can lead to numerous problems associated with
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yields, purification and reproducibility, providing undefined aggre-
gates diversified in terms of size, shape, distribution of metal, and
as a result of that, catalytic effectiveness [2,7]. Due to these aspects
their considerable potential has not yet been fully exploited, espe-
cially in industry.

In general, there are numerous examples of both homo- and
hetero-metallic polynuclear units applied as multivalent catalysts,
primarily dendrimers and nanoparticles, that have been widely
explored in various organic reactions [8]. In heterometallic sys-
tems, the focus has been largely on cooperativity between different
roles in catalysis for the different metals, not upon any effects of
nuclearity, and even in homonuclear systems other than den-
drimers, systematic studies of the effects of nuclearity are lacking.
Hence, the present study was undertaken to characterise the cat-
alytic efficiency of structurally related mono-, di- and tri-nuclear
Pd(II) complexes as opposed to larger entities, in part with the
expectation that any effects should be most obvious at this end
of the nuclearity scale. Despite a number of systems based on den-
dritic architectures having exhibited a positive effect in catalysis,
molecular systems displaying this phenomenon are very limited
[9]. In fact, we have observed marked differences in the yields of
reactions catalysed by these relatively small oligonuclear Pd(II)
coordination compounds. For the same absolute concentration of
Pd, an increase in the number of metal ions in a single molecule
of catalyst resulted in higher yields in the Suzuki-Miyaura cross-
coupling reactions examined herein. This has defined a significant

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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positive effect on catalytic effectiveness for the complexes as a
function of increasing nuclearity (Fig. 1). Thus, it provides a basis
for regarding simple coordination compounds with a well-
defined structure as an alternative to macromolecular systems,
through a significant enhancement of catalytic activity of individ-
ual units due to the embedding several active centres on a properly
designed multivalent core without increasing the catalyst metal
loading.

2. Results and discussion

This work was based on the set of metallosupramolecular Pd(II)
complexes C1-C4 derived from mono- and poly-topic g-diketonate
and 2,2'-bipyridine coligands. The four ligands L1-L4, involved
syntheses where 1, 2 (two examples that differ in the location of
the chelating group on the ring) or 3 diketone units were attached
to a benzene core. To block polymerisation reactions involving
purely diketonate species, the complexes C1-C4 were formed by
employing 2,2’-bipyridine to occupy two coordination sites on
square-planar Pd(II), thus producing different oligonuclear species
where each Pd(II) had an N,0, coordination sphere. The complex-
ation reactions between the ligands and a stoichiometric amount
of [Pd(bpy)(NOs),] (1 equiv. for L1, 2 equiv. for L2 and L3, 3 equiv.
for L4) were performed in H,O/acetone mixture (1:1, v/v) at 50 °C
over 24 h without base being added to deprotonate the diketones
(Fig. 2). The complexes were isolated by adding a 6-fold excess of
NH4PFg, which resulted in immediate deposition of an orange pre-
cipitate. The generation and purity of the ligands and cationic com-
plexes were confirmed in solution via "H NMR spectroscopy and
ESI-MS spectrometry, and in the case of C1, C3 and C4 in the solid
state using single-crystal X-ray diffraction.

The structure of the complexes C1-C4 in solution was estab-
lished using 'H NMR spectroscopy with ds-DMSO as solvent. The
absence of enol proton signals near 16.5 ppm in comparison to
the 'H NMR spectra of the ligands showed complexation to have
resulted in deprotonation of the polyketone ligands. There were
also noticeable shifts of the signals for tert-butyl protons H> and
more minor shifts in the methine H® and aromatic proton H”* sig-
nals (see SI, Table S1). The unsymmetrical nature of the bound
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diketonate units was reflected in the loss of twofold symmetry of
the peaks due to the 2,2’-bipyridine units (Fig. 3 and see in SI,
Figs. S7, S10, S13, S18). ESI-MS spectrometry also confirmed the
successful generation of desired mono- and polynuclear com-
plexes. All the peaks were in good agreement with their calculated
theoretical distribution, allowing the molecularity of the coordina-
tion compounds to be unambiguously established (Figs. S9, S12,
S17, S20).

The complexes C1, €3 and C4 were also characterized in the
solid state (Fig. 4). Slow evaporation of DMF (C1, C3) or MeNO,
(€4) solutions provided orange crystals suitable for single-crystal
X-ray diffraction measurements. All the compounds, crystallizing
in the triclinic space group P-1, showed the square planar geome-
try of Pd(II) ions coordinated by a f-diketonate chelate on one side
and a bipyridine unit on the other (Fig. 4abd). Except for the tert-
butyl groups, the molecules are very close to planar and devoid
of steric hindrance to the axial coordination sites which could be
involved in any catalytic function. Note that C3 occurs as a dimer
in the crystal (Fig. 4c), where two molecules are linked by a weak
metal-metal interaction Pd--Pd (3.25 A). As a result of the dis-
torted symmetry of C3, which was not evident in solution spectra,
half the Pd(Il) ions adopted an elongated tetragonal pyramidal
geometry. All crystal and structure refinement data are given in
Table S2.

Assuming that the Pd(Il) coordination compounds C1-C4 would
show catalytic activity in coupling reactions, their stability was
investigated under basic as well as acidic conditions. The changes
were followed via NMR spectroscopy through gradual addition of
stoichiometric amounts of an acidic or basic titrant. Figs. S22 and
S23 in SI show the "H NMR spectra of a DMSO solution of complex
C1 after adding sequential portions of a base (triethylamine, TEA)
and an acid (methanesulfonic acid, MSA), respectively. In both
cases, no shifts of signals were detected. The complex C1 was
stable in basic as well as acidic environments, not undergoing
any obvious reaction even after several days. The same behaviour
was observed for C2-C4, indicating similar stability of these
oligonuclear species (see SI, Figs. S24-529). In comparison to previ-
ously reported Pd(Il) complexes based on ambidentate pyridyl-g-
diketonate ligands, their behaviour was quite different [10]. The
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Fig. 3. Parts of 'H NMR spectra (600 MHz, ds-DMSO) of the Pd(Il) complexes: a) C1; b) €2; ¢) €3 and d) C4.
latter can be easily interconverted between N- and O-bound forms formation of neutral 0,0-chelated counterparts, a reaction which

with 100% efficiency by appropriate pH control. Addition of base to could be reversed by addition of acid. Such switching was not obvi-
the cationic N-bound complex led to linkage rearrangement and ously possible for the compounds examined in this work, but the
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Fig. 4. X-ray structures of: a) C1, b) and c) €3 in monomer and dimer forms, d) C4. The counterions and solvent molecules were omitted for clarity.

complexes C1-C4 did appear to be less sensitive to acid, possibly
because the bipyridine ligand rendered each complex entity catio-
nic. The neutral complex [Pd(L1),] derived from the monotopic
ligand L1, in contrast, retained its form only under basic conditions,
whereas the addition of acid led to its progressive decomposition
and ultimately, as a result of a redox reaction, to the precipitation
of metallic Pd (Figs. S30-S31).

To assess the influence of the differences in charge, composition
and morphology between the complexes C1-C4 on their catalytic
activity, their use as catalyst precursors for the well-known
Suzuki-Miyaura cross-coupling was chosen as a model reaction.
While their actual catalytic efficiency was of interest, our major
focus was primarily upon how this depended upon their composi-
tional differences.

Conditions were firstly optimized for the Suzuki-Miyaura cross-
coupling of 4'-bromoacetophenone and phenylboronic acid in the
presence of base (K,COs3). All the optimization procedures are sum-
marized in the SI, Table S3. From these experiments, it was found
that the complexes C1-C4 had their highest catalytic activity in
toluene at 80 °C using 0.1 mol% Pd loading, enabling the synthesis
of the expected 4-acetylbiphenyl in excellent yields (88-100% after
just 4 h). To place the effects of each catalyst on an equal footing,

196

the polynuclear complexes C2-C4 with more than one Pd(II) ion
per complex molecule were considered simply in terms of the
number of catalytic sites in each. Hence, the same molar percent-
age of Pd (not the complex) was employed in all the catalysed reac-
tions and the various yields were not a consequence of different Pd
loadings. Thus, any changes in catalytic activity can be directly
related to the valency of the complex.

Groups of functionalized substrates were reacted to explore the
capabilities of the reaction system in terms of functional group tol-
erance. As shown in Table 1, the complexes C1-C4 allowed efficient
coupling of aryl bromides with phenylboronic acid and the synthe-
sis of a large scope of structurally distinct biphenyl derivatives. A
range of different substrates bearing electron-donating as well as
electron-withdrawing groups was investigated. All the reactions
were performed without the need to exclude air or water, using
the catalyst in the form of a DMF solution. The yields were deter-
mined via gas chromatography (GC) and the structures of products
were confirmed using GC-MS analysis and NMR spectroscopy. The
desired biphenyls were obtained in good to excellent yields and
the cross-coupling reaction was clearly preferred. It is worth
emphasizing that the catalysts C1-C4 also enabled the coupling
of pyridine or amine derivatives (5a-7a) which often lead to cata-
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Table 1
The valency effect of catalysts €C1-C4 applied in the Suzuki-Miyaura coupling of
functionalised ArBr with phenylboronic acid.*,*

5 g
R Br . B.oy 0.1 mol% Pd
KoCO5 R
10
1410 toluene, 80°C 1a-10a
@ O @ MeO O @
o} O O O MeO
1a 2a 3a 4a
C1388 €170 C154 C153
C2 91 279 C2 80 C270
393 370 c3 81 c379
C4 98 (95)° C4 92 (85)¢ €4 93 (86)" 4 92 (86)¢
@ B Ph Ph
N N
O | Pl Ph
H.N N
5a 6a 7a° 8a
C168 C149 c135 c157
275 C2 56 C2 47 C268
358 C3 60 c351 c376
C4 97 (94)° €4 70 (51)° €4 54 (46)" €489 (77)¢
Ph Ph PhJ@(Ph
Ph Ph
Ph
9a° 10a”
C176 c123
C2 86 C2 61
C3 84 C332
C4 99 (82)° ¢4 73 (70)°

@ Reaction conditions: aryl bromide (1 mmol 1-6, 0.5 mmol 7-8, 0.33 mmol 9,
0.25 mmol 10), phenylboronic acid (1.2 mmol), K,CO5 (2.4 mmol) and Pd(1I) com-
plex (0.1 mol% Pd) were placed in a Schlenk flask under air atmosphere in toluene
and heated at 80 °C over 4 h.

b The reactions were performed over 24 h.

¢ GC yields [%].

4 Isolated yields [%].

lyst poisoning [11] as well as aromatic polybromides (7a-10a), for
which the GC conversion of aryl bromide was almost 100% [12].
The more important observation, however, is that trivalent catalyst
C4 performed more than three times better in the case of polyaro-
matic structures (e.g. 10a), than its monovalent analogue. These
results provide unequivocal proof that the significant enhance-
ment in catalyst performance is a general nuclearity-related phe-
nomenon. However, in order to obtain the multi-coupling
products in high yields, it was necessary to extend the reaction
time to 24 h (for instance, the GC yields were equal to 44% and
99% for the product 9a using €4, respectively after 4 h and 24 h).
Furthermore, the comparative experiments for substrates 1-10
demonstrated considerable differences between the individual cat-
alysts in some cases. Overall, GC yields were the highest for C4,
whereas C1 exhibited the lowest catalytic activity in the majority
of reactions. It indicated unequivocally that the catalyst efficiency
is dependent on the composition of complexes, and actually the
number of metal centres in each catalyst molecule for the same
Pd loading. Regarding €2 and €3, incorporating two catalytic sites
in the structure in different positions, their catalytic activity was
generally similar. Hence, the main factor responsible for the diver-
sified efficiency of C1-C4 seems to be their nuclearity, and other
structural differences e.g. position of functional group on the aro-
matic ring, do not have a major impact on the catalytic efficiency.

A series of functionalised aryl boronic acids was also reacted
with bromobenzene to further support and confirm the previous
results and the evidence of an analogy to the dendritic effect. The
same reaction conditions were maintained except for the coupling

D, o
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between bromobenzene and 3-cyanophenylboronic acid 13, which
was carried out in ethanol due to the low solubility of the acid in
toluene. Monitoring of the reactions via GC-MS analysis showed
that a longer reaction time was required to reach acceptable yields
(24 h). Most of the cross-coupling products were obtained in high
yields > 70% (1a, 4a, 8a, 11a, 12a, 13a), although we also noted
poor yields in some cases (14a, 15a), indicating a limitation of this
procedure (Table 2). Despite low effectiveness in the latter exam-
ples, the nuclearity effect was still observed, e.g. by doubling the
yield of 15a in the reaction catalysed by C4. These tests with the
variously substituted boronic acids nonetheless provided further
evidence of the influence of the complex nuclearity on the catalytic
activity. As in the initial study, significant differences in effective-
ness were apparent, the mononuclear complex C1 being the least
active and the trinuclear C4 the most.

Under identical reaction conditions (base, solvent, temperature,
reaction time) and the same catalyst loading, the simple complexes
[Pd(bpy)Cl], [Pd(bpy)(NOs),], and [Pd(L1),] incorporating ele-
ments of C1 - C4 were significantly less active as catalysts
(Table S4). Much lower GC yields, respectively 39%, 36% and 53%
in comparison to 98% for C4 in the reaction between 4'-
bromoacetophenone and phenylboronic acid, illustrated the
importance of two different ligands on Pd(II) in the structures of
C1-C4: bipyridine and pB-diketone. Unambiguous indication of
the role of each unit is difficult to determine at this stage of our
investigations. However, of the very numerous Pd(II) complexes
reported in the literature to effectively catalyse the Suzuki-
Miyaura cross-coupling reaction [13], complex C4 compares par-
ticularly well with the commonly employed commercial species
such as [Pd(PPh;s)»>Cl»] and [Pd(PPhs)4] (Table S4). Thus, C4 can be
considered as an effective catalyst for Suzuki-Miyaura coupling
and possibly many related processes, constituting a useful addition
to the catalyst family.

Any multinuclear metal complex can be regarded as a species
where there is a high local concentration of the metal ion. Thus,

Table 2
The scope of the Suzuki-Miyaura coupling of bromobenzene with functionalised ArB
(OH)
QH
A R
Br + B'OH 0.1 mol% Pd @
R K,COq O
toluene, 80°C
11-15 11a-15a
o] @ OMe Ph @
g T
1a 4a 8a 11a
€189 C138 C143 C1 47
C295 C2 44 Cc270 €253
C3 96 363 Cc372 354
c498 479 c474 c4 70 (61)°
CFs NO, 2N
Q g 9 e
O CN O
12a 13a° 14a 15a
C146 Cc179 C132 Cc19
C2 50 282 C229 C218
€348 C3 86 C336 312
¢4 72 (59)° c4 94 (87)" ¢4 40 (31)° €419 (14)°

2 Reaction conditions: bromobenzene (1 mmol), boronic acid (1.2 mmol 1, 4, 11—
15, 0.6 mmol 8), K,CO3 (2.4 mmol) and Pd(Il) complex (0.1 mol% Pd) were placed in
a Schlenk flask under air atmosphere in toluene and heated at 80 °C over 24 h.

b The reactions were performed in ethanol.

¢ GCyields [%].

4 Isolated yields [%].
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for a catalytic metal where substrate binding is reversible, any
dissociated substrate has relatively high probability of recapture
due to the proximity of another site. This consequence of local con-
centration enhancement is one possible explanation of the obser-
vation of more effective reaction performance without increasing
the catalyst loading [8c,14] considered to be especially noticeable
in systems such as dendrimers, polymers and nanoparticles that
contain many active centres attached to a multivalent scaffold
[3¢,15]. What is evident in the present results is that similar
behaviour is apparent in much simpler and better defined
oligonuclear species. These coordination units of a well-defined
structure are obtained in a one-step synthesis which allows
avoidance of potential problems including product losses,
purification difficulties and irreproducibility. Even just a
threefold difference in local concentration of Pd in the complexes
C1-C4 is sufficient to lead to significant differences in their
effectiveness as catalysts of Suzuki-Miyaura coupling reactions at
a common catalyst loading. While the exact nature of effects due
to local concentration enhancement remains a matter of some
speculation [16], increased Lewis acidity of a given metal site
due to the proximity of others is one that is favoured [17]. For this
reason, multivalent complexes would have more acidic catalytic
sites than those of lower nuclearity, resulting in enhanced binding
of substrates of a basic nature, and thus beneficially influencing the
catalytic cycle and the observed reaction yields. To elucidate the
observed positive effect in the reactions catalysed by C1-C4, our
further research will focus on more detailed kinetic studies aimed
at the establishment of a mechanism.

3. Conclusions

In this work we have described a series of new, mono- and
oligonuclear metallosupramolecular compounds with Pd(II) cen-
tres bound in a heteroleptic environment of diketonate and bipyr-
idine chelate units. These compounds differ significantly in terms
of charge, composition and catalytic properties. They show
enhanced stability under basic and acidic conditions in comparison
to related diketonate complexes lacking the bipyridine coligand.
All have been found to be efficient catalysts in Suzuki-Miyaura
cross-coupling, as demonstrated in a number of experiments for
a broad scope of structurally different aryl bromides and boronic
acids. A significant trend in all these results is that the catalytic
efficiency increases with the nuclearity of the catalyst. Thus, under
the same reaction conditions and an identical total Pd(II) loading,
the reaction yields were significantly enhanced as the number of
Pd(II) ions per complex molecule increased. This is considered as
new example of the nuclearity effect demonstrated on a simple,
highly-stable and well-defined catalysts.

4. Experimental section
4.1. Materials and methods

All chemicals and solvents were obtained from commercial
sources (mainly Sigma-Aldrich) and used without further purifica-
tion-THF was dried using benzophenone/sodium procedure prior to
use. The "H NMR and "*C NMR spectra were acquired on Bruker
Fourier 300 and 600 MHz spectrometers equipped with 'H/'*C
5 mm probe, and referenced to the solvent residual peaks. All spec-
tra were acquired at 298 K. The NMR solvents were purchased from
Euriso-Top or Deutero GmbH, and used as received. GC-MS analy-
sis was performed on a Bruker Scion SQ using a toluene method.
ESI-MS spectra were recorded on a Bruker Impact HD Q-TOF spec-
trometer in positive-ion mode.
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4.2. X-ray crystallography

The data have been deposited in the Cambridge Crystallographic
Data Collection (CCDC), deposition numbers CCDC 2144898,
2150458 and 2150450. These data can be obtained free of charge
via https://www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB2.

4.3. General procedure for synthesis of Pd(Il) complexes

To a mixture of H,Ofacetone (1:1, v/v, 10 mL) a ligand
(0.1 mmol) was added. In case of the ligands L2-L4 they were pre-
viously dissolved in chloroform (2 mL). After, [Pd(bpy)(NOs),]
(0.1 mmol for L1, 0.2 mmol for L2 and L3, 0.3 mmol for L4) was
added and the solution was stirred at 50 °C for 24 h. The complexes
were obtained by adding a 6-fold excess of NH4PFg to the above
aqueous solution at 60 °C, which resulted in the immediate depo-
sition of product. The precipitate was centrifuged off from the hot
suspension, washed with cold water and diethyl ether, and then
dried under vacuum.

4.4. General procedure for the Suzuki-Miyaura coupling

The reaction was performed in a Schlenk flask equipped with a
magnetic stirring bar under air atmosphere. The tube was charged
with aryl bromide (1.0 mmol, 1.0 equiv.), phenylboronic acid
(1.2 mmol, 1.2 equiv.) and toluene as a solvent (10 mL). After,
the complex €4 (0.00033 mmol, 0.00033 equiv.) in the form of
solution in DMF (0.1 mL) and K,COs (2.4 mmol, 2.4 equiv.) dis-
solved in H,0 (0.2 mL) were added. The Schlenk flask was sealed
and the mixture was heated for 4 h at 80 °C. After, the solution
was cooled to room temperature, diluted with dichloromethane
(20 mL) and washed with water (10 mL). Gathered aqueous phase
was extracted with dichloromethane (3 x 20 mL). The organic lay-
ers were collected, dried over Na,SQy, filtered and the solvent was
removed under vacuum. The residue was purified by column chro-
matography on silica gel.
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ABSTRACT: A wide range of functionalized pyridine ligands have
been employed to synthesize a variety of Pd(II) complexes of the
general formulas [PdL,](NO;), and [PdL,Y,], where L = 4-X-py
and Y = CI” or NO;™. Their structures have been unambiguously
established via analytical and spectroscopic methods in solution
(NMR spectroscopy and mass spectrometry) as well as in the solid
state (X-ray diffraction). This in-depth characterization has shown
that the functionalization of ligand molecules with groups of either
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in significant changes in the physicochemical properties of the \©‘ @ ' "
desired coordination compounds. Downfield shifts of signals in the P NON, o oieie H

'H NMR spectra were observed upon coordination within and RJ;\) '\:)\R Y L°"%‘w S 111

across the complex families, clearly indicating the relationship
between NMR chemical shifts and the ligand basicity as estimated from pK, values. A detailed crystallographic study has revealed the
operation of a variety of weak interactions, which may be factors explaining aspects of the solution chemistry of the complexes. The
Pd(II) complexes have been found to be efficient and versatile precatalysts in Suzuki—Miyaura and Heck cross-coupling reactions
within a scope of structurally distinct substrates, and factors have been identified that have contributed to efficiency improvement in
both processes.

B INTRODUCTION

Since its discovery by Thomas Anderson in 1849, pyridine has
been one of the most popular heterocyclic compounds used in
chemistry. Despite the many similarities between pyridine and
benzene, the introduction of an electronegative N atom to the

units have shown real application potential as catalysts,”
compounds of cytotoxic activity,” and molecule magnets.’
Where direct complexation equilibrium measurements of the
Lewis basicity of a ligand are unavailable, the Bronsted basicity,
measured as pK, values, usually rather readily obtained for
pyridine derivatives, has been widely applied as a measure of
the effect of any substituent on pyridine donor behavior.'” In a
recent study of Pt(II) complexes of 4-substituted pyridines

aromatic ring significantly differentiates their physicochemical
properties.” The presence of a pair of nonbonding electrons in

the valence shell of the N atom enables pyridine derivatives to
act as Lewis bases toward a wide variety of metal ions.” Both
pyridine and polypyridine ligands are good neutral donors of
mono- or multidentate nature, and their coordination proper-
ties can be relatively easily altered by substitution with
electron-donating or -withdrawing groups.” The structural and
electronic modifications achieved by the functionalization of
heterocyclic rings enable modulation of the metal coordination
sphere, which can lead to improvement of the desired
properties and potential applicability. Furthermore, pyridine
and its derivatives can be utilized as model units for research
on important biomolecules such as nicotine, pyridoxine, or
nicotinamide adenine dinucleotide phosphate (NADP).** A
wide variety of transition-metal complexes with pyridine-based
ligands having both academic and industrial importance have
been successfully generated, as reflected in the rich literature in
this field.° Notably, coordination structures based on pyridyl

© 2022 The Authors. Published by
American Chemical Society

<7 ACS Publications

14019

having some parallels with the present study of Pd(II)
species, it was found that the 'H NMR chemical shifts of
the 2/6 protons showed a same linear dependence on the pK,
for the coordinated as well as free ligands, consistent with
protonation being a useful guide to coordination behavior.
Pd(1I) complexes with pyridine derivatives have been used as
efficient catalysts in reactions such as the carbonylation of nitro
compounds,'® reduction of nitro compounds to amines,"* or
carbonylation of aniline derivatives by CO/ 0, A successful
example of the correlation between the catalytic efficiency and
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ligand basicity is provided in the conversion of nitrobenzene to
ethyl N-phenylcarbamate catalyzed by a series of [PdL,Cl,]
complexes, where L = various di- and monosubstituted
pyridines."** An increase in the reaction yield was observed
when Pd(II) complexes based on more basic ligands were used
as catalysts, although steric effects were also apparent in species
with 2/6 substituents, leading to the conclusion that 3 or 4
substitution provided the best correlation with basicity.

In this work, we have employed a series of 4-substituted
pyridine ligands, L1-L12 (Scheme 1), to generate an array of
coordination compounds with Pd(II) cations of a square-
planar geometry. The particular reaction conditions employed
provided di- and tetrasubstituted complexes diversified in
terms of their charge and composition. We anticipated that the
properties of such complexes could be tuned by modifying the
nature of the ligand substituents, and our efforts to prove this
are presented below. Detailed analyses have been made of the
structures and "H NMR spectra of the complexes in relation to
substituent effects, and we have extended this investigation to
that of functionality by employing the complexes as catalyst
precursors in Suzuki—Miyaura and Heck cross-coupling
reactions involving a range of organic reagents.

B RESULTS AND DISCUSSION

Synthesis of Complexes. The substituents on the 4
position of ligands L1-L12 span a range of both electron-
withdrawing and -donating groups, but pyridine-N-bound
complexes of all of the ligands can be isolated under the
appropriate reaction conditions. While, in principle, mono, bis,

Scheme 1. Synthetic Routes for the Pd(II) Complexes Based
on the Pyridine Ligands L1-L12
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tris, and tetrakis species are possible, the use of an exact 2:1 L/
Pd(II) reaction stoichiometry enabled the isolation of neutral
[PdL,Y,], where Y = Cl~ or NO;~, whereas the use of a large
excess of the ligand [10:1 L/Pd(1I)] was required to shift the
reaction equilibrium toward the exclusive generation of tetra-
substituted compounds, allowing for the ready isolation of
cationic complexes [PdL,]*" as their nitrate salts. The synthetic
procedures are outlined in Scheme 1 and described in detail in
the SI. On the basis of their 'H NMR spectra [see the
Supporting Information (SI) and Figure 1b] allied to the X-ray
structural results (see below), all of the [PdL,Cl,] products
(1a—12a) appeared to contain only the trans isomer, whereas
the [PdL,(NO,),] products (1b—12b) contained minor but
detectable amounts of the cis isomer. This preference for the
trans conﬁﬁuratmn mimics that known for various Pt(1I)
analogues.'’ The use of PACl, or [Pd(DMS0),CL,] (DMSO =
dimethyl sulfoxide) as reactants for the formation of [PdL,]*"
cations (1c—12c) was efficient but required the elimination of
chloride from the reaction mixtures by the addition of AgNO,,.
The ease of formation of the [PdL,]** cations appeared to
increase with the basicity of the ligand, and this may explain
why a pure species 6b could not be isolated with the most
strongly basic unit L6. The substituents of ligands L10—L12
involve good coordinating sites that appeared, probably
through competition with nitrate, to divert the formation of
products 10b—12b into that of inseparable mixtures.

Mass Spectrometry (MS) Analysis. The successful
generation of the desired mononuclear Pd(II) compounds

a) calcd. for [PdL,Cl,+Na]*: calcd. for [PdL,(NO,)]*: calcd. for [PdL,J?*":

239.0674
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Figure 1. (a) ESI-MS spectra of Pd(II) complexes 2a—2c, showing
the calculated isotope model (top) and observed data (bottom). (b)
"H NMR spectra (300 MHz, CDCly) of compounds 2a—2c.
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was confirmed via electrospray ionization mass spectrometry 3) 1002

(ESI-MS). As shown in Figure la, with the example of gls- }g ’

complexes with L2, isotopically resolved peaks were generally ’ S

found for [M + Na']*, [M — NO,™]%, and [M — 2NO; ]*, 961 v

where M represents the intact assembly for units of the general T jz_ o°¢°o ™~

formulas [PdL,CL] (2a), [PdL,(NO,),] (2b), and [PdL,]- &7 - . I

(NO;), (2c), respectively. All of the peaks were in good Z 909 . . - R?=0.918

agreement with their calculated distribution, allowing the o 881 v 4 S~

molecularity to be unambiguously established and to 861 9% ' S ,

distinguish the specific types of complexes. The MS data for 841 R:—0:799 R#=0.920

all of the units are available in the SI. 821 ‘ i i . . _ 77 R=0.841 ! .
NMR Spectroscopy. Apart from signals due to different b) o 1 2 3 4 oKa gffreeelsigand7 8 9 10

substituents, the "H NMR spectra were all very similar, with 1.2+

the 2-fold symmetry of the free ligands retained in all of the }g .

complexes and all ligand units in any particular complex being 101 T

equivalent. In general, a greater sensitivity to the composition 0.8 ~

and structure of the complexes was seen in the chemical shifts E T Re—0.943

of the H! protons (on C adjacent to N) rather than in those of 2 067 ~

the H? protons, and the presence of small amounts of cis T 4] °O<:>O-

isomer in the products 1b—12b, <10% in all cases, was readily & " -

discerned on this basis. Spectra typical of the whole group are 027 .°¢°. ' —— R2=0.932

shown for the complexes of L2 in Figure 1b, with the results 0.0 ~— N . R2=0.886 .

for all other species being included in the SI. A comparison of T ; ; — ‘ T

the various trans-[PdL,(NO;),] (1b—12b) and trans-
[PdL,Cl,] (1a—12a) pairs shows that the H' chemical shifts
are sensitive to the nature of the adjacent donor atom, and this
is presumably a contributor to the very large downfield shifts
(~0.5—1 ppm relative to those of the free ligands) for the H'
proton signals of complexes lc—12¢, although the dominant
effect here may be that of ion pairing involving C—H'---ONO,
bonding, as proposed to explain similar observations on Pt(II)
analogues.'' Again, as observed for Pt(Il), the H' chemical
shifts (Table 1) show a close-to-linear dependence on the pK,
values of the protonated ligands (Figure 2), indicating that the
substituent effects remain operative along with any effects of
Pd(II) coordination.

Solution Complexation Equilibria. In regard to ligand
substitution processes, Pd(I1) is classified as a labile metal ion
and its substitution reaction rates are typically orders of
magnitude faster than those of Pt(1I)."” This lability was
readily observed for complexes 2a—2c¢ by using 'H NMR
spectroscopy to follow titrations with acid (methanesulfonic
acid, MSA) and base (triethylamine, Et,N). Results typical of
what was observed generally are shown in Figure 3. Thus, the
equilibrium mixture of cis- and frans-2b reacted with Et;N to
give ultimately some 2¢, while no intermediates such as
[PAL,Y]* were detected via NMR. Because of the ligand
deficiency after the altered L/Pd(II) complex stoichiometry,
species 2c were necessarily accompanied by unidentifiable
Pd(1I) species to which L2 was not coordinated. Neutraliza-
tion of the reaction mixture with MSA did not return the
original complex, retaining the structure of tetrakis(pyridine)
units (Figures 3a and S33). In another experiment, the 'H
NMR titration of complex 2c with sequential portions of MSA
led to changes indicative of the dissociation and protonation of
L2 and probably some substitution of nitrate by methanesul-
fonate, which resulted in the complete disappearance of signals
from 2c. Although the bis(ligand) units were identified as one
of the decomposition products, their content decreased with
increasing acid concentration. Neutralization of the mixture
allowed regeneration of the tetrakis ions 2c (Figures 3b and
S36).

4 5 6 7
pKa of free ligand

Figure 2. (a) Relationships between the chemical shifts (8, ppm) of
the signal H' in the "H NMR spectra (CDCly, 25 °C) and pK, values
of free ligands for the Pd(II) complexes. (b) Relationships between
the chemical shift changes (A8, ppm) of the signal H' in the '"H NMR
spectra (CDCly, 25 °C) and pK, values of free ligands for the Pd(II)
complexes. Only ligands of known pK, values are included in the

graphs.

Table 1. 'H NMR Chemical Shifts (§, ppm) in CDCI; of H'
Protons for Pd(II) Complexes Based on Ligands L1-L12

5(H") [ppm]

. PdL,Cl, PAL,(NO,), PdL,(NO,),
pK, L (1a—12a) (1b—12b) (1.:—123)
L1 523 8.62 8.84 8.61 9.63
L2 598  8.45 8.63 8.40 9.32
L3 647 841 8.59 8.33 9.21
L4 349 879 9.01 8.78 9.80
Ls 357 879 9.05 8.82 9.87
L6 961 821 8.25 8.71
L7 3.83 849 8.75 8.50 9.52
L8 210 879 9.08 8.83

L9 246 8.82 9.09 8.86

L10 307 877 8.97 9.79
L11¢ 312 879 8.99 9.44
L12 286 875 8.95 9.75

“The spectra of L11 and its complexes were recorded in DMSO-dq.
bFor ligands L1—L9, the experimental pK, values are provided in the
literature."""* For ligands L10—L12, the predicted pK, values are
provided by SciFinder.*

Conversely, no significant changes were observed during the
'"H NMR titrations of 2b and 2¢ with MSA and Et,N,
respectively (Figures S34 and S35). Moreover, 2a turned out
to be completely insensitive in both the basic and acidic
environments (Figures S31 and S32).

In contrast to the series of [PtL,]Cl, units obtained by
Marzilli et al,'’ the Pd(11) analogues have not been isolated
despite many synthetic attempts. All experiments led to the

https://doi.org/10.1021/acs.inorgchem.2c01996
Inorg. Chem. 2022, 61, 14019-14029
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Figure 3. Parts of the "H NMR spectra (600 MHz, CDCl,) showing
the transformations of (a) 2b upon the addition of EN and (b) 2¢
upon the addition of MSA.

formation of disubstituted species la—12a even if a significant
excess of ligand was used. To explain the distinct behavior of
Pd(1I) and Pt(Il) complexes, we investigated the influence of
Cl™ anions on the stability of the tetrakis(ligand) unit 2c.
During '"H NMR titration with triethylamine hydrochloride
(Et;N-HCl) as the chloride source, complete disappearance of
the signals from 2c¢ was noticed just after the addition of 2
equiv of the organic salt (Figures 4a and S29). Thus, in the
presence of chloride, complete decomposition of 2¢ and finally
conversion to 2a was observed along with the release of
noncoordinated ligand molecules, as evidenced by the full
consistency of NMR chemical shifts. Additionally, 2a was
titrated with sequential portions of ligand in an attempt to
form the tetrakis species. Its structure remained initially intact,

A 2]
N A
[PAL,J(NOs), (2¢) l A\GO@
C™a, )
+2 equiv. Et;N'HCI I : .
. Ia LA |-
+10 equiv. Et,N-HCI —@ O C\}L
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1
N
1

Figure 4. Parts of the "H NMR spectra (600 MHz, CDCl,) showing
the transformations of (a) 2c into 2a with Et;N-HCl and (b) 2a upon
the addition of L2.
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but unusually high downfield signals [AS(H') = ~1.8 ppm
compared to that of free ligand] were found to appear with
increasing ligand concentration (Figures 4b and S30). These
signals could signify the replacement of chloride anions by L2
and generation of the target [PAL,]Cl, (2c”), but the
bis(pyridine) complex 2a was still the dominant form even
with a large excess of ligand (10 equiv). All attempts to isolate
tetrakis units were unsuccessful.

X-ray Crystallography. Slow diffusion of n-hexane vapor
into saturated solutions of the complexes in chloroform
afforded a number of crystals of Pd(II) units from three
different families. Single-crystal X-ray structure determinations
have been performed on 13 complexes: 2b, 2¢, 3a, 3b, 4a—4c,
Sb, 6a, 6¢, and 7a—7c. Separation of the trans isomers of 2b,
3b, 4b, Sb, and 7b was achieved by selective crystallization
from the mixture of geometrical isomers. All of the ORTEP
representations with atom-labeling schemes are presented in
Figures S40—S52. Selected geometric parameters are summar-
ized in Table S18. These structure determinations establish the
trans configuration of all of the [PdL,Y,] (Y = Cl~ or NO;")
species and the unidentate N coordination of the pyridine
ligands in all cases, basic features that, along with the bond
lengths and bond angles, are important but in no way
exceptional (Tables S14-S17). What a single-crystal X-ray
structure determination can add to this information is a
definition of the weak interactions that occur within the crystal,
and one convenient method to achieve this is to consider the
Hirshfeld surfaces of components involving primary bonding
interactions, as defined through the use of the program
CrystalBxplorer."®

The crystal structure of 6a-2CHCI, contains by far the most
strongly basic ligand L6 in the present series, and thus the
complex provides a reference point of one extreme of the
bis(ligand) species. In the crystals of metal-ion complexes of
aza-aromatic ligands, it is common to find that the aza-
aromatic units lie in parallel planes, forming arrays described as
involving “z—7 stacking”," although this may be a misleading
or at least inadequate term as a description of the actual
interactions occurring®® and they may well be only part of a
panoply of weak associative effects.”’ Indeed, the L6 units in
the crystal of 6a do form stacks, but the Hirshfeld surface
shows that the interactions involved are purely dispersive and
that the only interactions that exceed dispersion are those
involving the solvent molecules. These interactions involve
both C—H-+Cl and Cl---Cl (halogen bonding®*) contacts and
provide a model for solvation of the complex by chloroform as
well as possibly explaining why the pyridine units are tilted
with respect to the PAN,Cl, plane (Figure Sa).

Passage to a complex of a much less basic ligand L2 and the
replacement of chloride by nitrate in 2b lead to a much more
complicated array of interactions exceeding dispersion. They
derive exclusively, however, from the nitrate ligands and
involve both O-H—C and O--C(aromatic) bonding, here
perhaps indicating how an association between molecules
might occur in solution, with the absence of solvent in the
crystal indicating that solvation involves weaker interactions.
Note that the L2 units do lie in parallel planes but with a
centroid-centroid separation of 4.78 A and no overlap in the
projection perpendicular to the planes, so that they do not
constitute a “stacked” array (Figure S53).

A more direct comparison of the consequences of replacing
chloride by nitrate is possible through examination of the
structures of 3a and 3b. Ligand L3 is again much less basic
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Figure 5. Weak interactions within the crystal structures of (a) 6a-
2CHCL, and (b) 3a.

than L6, although slightly more basic than L2, and the
methoxyl O is now an important point of interaction in both
structures. In both, it is possible to find stacked arrays of the
pyridine units, but again any interaction does not exceed
dispersion in either case. In complex 3a, where the molecular
unit has 2-fold symmetry, the chloride ligands are involved in
interactions exceeding dispersion with both aromatic and
aliphatic H, and these are complemented by O(methoxyl)-
H-C(methoxyl), O(methoxyl)---H—C(pyridine) and C-
(methoxyl)—H---Cl interactions (Figures Sb and S54). In the
crystal of complex 3b, the two pyridine ligands of each
molecule are not equivalent and only one methoxyl group is
involved in interactions exceeding dispersion. The polyatomic
nature of the nitrate ligands means that they have multiple sites
for interaction, but just like the chloride ligands of 3a, they
serve to link molecules through interactions with both
aromatic and aliphatic HC (Figure SSS).

Pyridine (L1) itself is, of course, the parent ligand of all of
the derivatives considered here, so that the nature of its
complexes provides another reference point for the present
series. Its consideration at this stage is appropriate in that it is
less basic than L2, L3, or L6 but more so than any of the other
ligands presently employed. Complex 1la has particular
significance in that it has been structurally characterized in
three different polymorphs, space groups C2/¢,>> P1,”* and
P2,/n.*° This polymorphism can be understood in that the
Hirshfeld surfaces show dispersion interactions to be
dominant, completely for the PI polymorph and in association
with limited reciprocal C—H:---Cl interactions for the other
two. Only in the P2,/n polymorph can it be said that there is
an approach to a stacked array of pyridine units, but the
centroid-+centroid separation is 3.9159(2) A and no indication
of ring atom interactions beyond dispersion are apparent.
Given the nondirectional nature of dispersion interactions, it is
understandable that subtle differences in the conditions of
crystallization might well give rise to the occupation of
different local energy minima.

14023

Another direct comparison of the consequences of replacing
chloride by nitrate is provided in the structures of 7a and 7b.
In complex 7a, each coordinated chloride has two interactions
with pyridine-CH units and one barely discernible interaction
with a pyridine-4-Cl unit (Figure 6a) While in complex 7b
each bound nitrate is involved in O--H—C(pyridine)
interactions analogous to the Cl--H—C interactions in 7a,
one is also bound (through separate O atoms) to aromatic C
and, as is clearly evident, to pyridine-4-Cl, and the other has
just an additional O--Cl(pyridine) interaction (Figure 6b; in
complex 7a, the two chloride ligands are equivalent). In both
complexes, these local interactions are associated with limited
stacking of the pyridine units, but these involve centroid:-
centroid separations near 4.8 A, with no evidence of any
interaction outside dispersion. As a different polymorph (but
also PI), complex 7a has been structurally characterized
previously as part of an investigation of halogen bonding
within crystals of complexes of the [M(X-py),(halogen),]
type.”® The Hirshfeld surface for this polymorph is very similar
to that of complex 7a, although the Cl---Cl interactions are
somewhat more prominent. The centroid---centroid separation
of the closest parallel pyridine ring pairs is also shorter at
3.9039(8) A, although still with no indication of interactions
exceeding dispersion.

Figure 6. Weak interactions within the crystal structures of (a) 7a and
(b) 7b. (c) Syn and anti orientations of nitrate ligands in the structure
of 4b.

https://doi.org/10.1021/acs.inorgchem.2c01996
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Ligand L4 is appreciably less basic than pyridine, implying a
significant electron-withdrawing effect of the methoxycarbonyl
group on the pyridine ring, but in the structure of both
complexes 4a and 4b, there is no indication on the Hirshfeld
surfaces of a change in face-to-face pyridine ring interactions
from that of dispersion. Instead, as observed in the structures
already described, it is the coordinated anions and pyridine
substituent that are involved in all interactions that exceed
dispersion. The chloride ligands of the centrosymmetric
complex 4a are involved in interactions with both pyridine
and ester methyl CH atoms of adjacent molecules of the ester
substituent interacting with pyridine C, again a reciprocated
case (Figure S56). Complex 4b was in fact crystallized as a
hemisolvate, 4b,-CHCl;, and the presence of three inequiva-
lent Pd sites as well as the presence of the solvent makes a
description of the weak interactions in the crystal rather
complicated. What is particularly interesting here, though, is
the fact that while two of the three inequivalent Pd centers can
be considered to have a square-planar coordination sphere, the
third (Pd1) is square-pyramidal because of axial binding to
nitrate O. Axial binding of a reaction substrate can, of course,
be one of the initial steps in a catalytic mechanism, and while
five coordination of Pd(II) is a well-understood occurrence,”’
it does not appear to be particularly favored in the present
systems, The Pd1 environment in complex 4b is unique in the
present series in that, perhaps in order to accommodate the
axial interaction, the two nitrate ligands have a syn orientation
relative to the PdN,0O, plane, while in all other cases, it is anti
(Figure 6¢).

Ligand LS has Brensted basicity very similar to that of L4,
but the Hirshfeld surface for the centrosymmetric complex Sb
indicates that the acetyl substituent produces more significant
charge relocalization in the pyridine ring than does the methyl
ester group. Thus, nitrate O is involved in interactions not only
with both aromatic and aliphatic H, as in complexes 2b, 3b, 4b,
and 7b, but also with the carbonyl C of the substituent and the
pyridine C adjacent to it (Figure S57). Unlike complex 4b,
complex Sb shows no evidence of an axial interaction with Pd
exceeding dispersion, but as for Pd2 and Pd3 in complex 4b,
two O atoms are located, here, 3.776(6) A above and below
the PdN,O, plane in a line with the Pd, indicating again that
an axial approach could be a minimum energy pathway to
binding an extra ligand. (In complex 4b, the O atoms are
3.141(3) A from Pd2 and 3.252(3) A from Pd3.)

The application of Hirshfeld surface analysis to complexes
2, 4¢, 6¢, and 7c is limited by the disorder present in the
structures of 4c and 7¢, so that a detailed analysis has been
applied to the structures of complexes 2¢ and 6¢ only. All four
complexes do, however, have a structure in which all four
pyridine units lie close to perpendicular to the PdN, plane, a
feature well-known in various tetrakis(pyridine) complexes and
commonly ascribed to its enabling of the minimization of
repulsion between the ligands,”® with such a repulsion also
being considered the reason for the difficulty in obtaining
hexakis(pyridine) complexes of octahedral metal ions.*” For
[PtL,]*" cations, where the same conformation is observed, an
alternative explanation based on the observation of specific
interactions of cations with counteranions has, however, been
offered.'’ In the structure of complex 6c, it is possible to
discern a degree of interlocking of the cations with a
resemblance to what is found in instances of the “terpyridine
embrace”,'”® but as is seen in the bis(ligand) species 6a, the
Hirshfeld surface provides no evidence for interactions

D, N
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exceeding dispersion between L6 units. What is evident on
the Hirshfeld surface is the versatility of nitrate in forming O--
H—C bonds involving both aromatic and aliphatic H atoms.
One result of this is that nitrate anions do form “caps” to each
cation, as seen with the Pt(II) analogues,'* by the interaction
of O1 with three aromatic CH atoms (H1A, H6, and H6A) of
adjacent ligands (Figure 7). The additional interactions of O2

Figure 7. Nonbonding C—H---O interactions between [PdL,]*" and
nitrate counterions in the structure of complex 6c.

with methyl CH (H9B and H9AB) and aromatic CH (H2)
atoms serve to link cations into sheets parallel to (010) from
which L6 units project so that the sheets are linked through
dispersion interactions. In the structure of complex 2, there is
disorder of the anions, which complicates the interpretation of
their interactions, but the Hirshfeld surface of the cations
shows that the chains of cations running along [001] are, in
fact, linked by C(aromatic)—H:--C(aromatic) interactions,
providing an example of where changing the substituent on
pyridine results in the generation of pyridine--pyridine
interactions exceeding dispersion, a feature not apparent in
any of the other comparisons of the present work. Regardless
of their disorder, the nitrate anions do appear to occupy
capping regions of the cations, as seen in complex 6c, and this
is true also for the nondisordered anions associated with the
disordered cations in complexes 4c and 7c.

What is observed in the solid state through crystal structure
determinations does not necessarily apply to solutions, but the
rarity of solvent incorporation in the structures presently
described indicates that solvation interactions can be in
competition with a variety of other forces determined by the
particular nature of the solute. What has not been overtly
considered in the discussion above of the tetrakis(pyridine)
complexes is the fact that they are considered to be ionic
species and thus that there should be an electrostatic factor to
be allowed for in the cation---anion interactions. The
calculation of Hirshfeld surfaces with neutral-atom wave
functions may therefore be misleading in regard to the
intensity of interactions but not their directionality, so that the
cation capping by nitrate seen in the structures of complexes
2¢, 4, 6¢, and 7c can still be seen as a consequence of O---H—
C interactions. As argued in the case of Pt(II) analogues,' the
preservation of such interactions in solution could explain why
strong downfield shifts are also observed in the 'H NMR
spectra of complexes 2¢, 4¢c, 6¢, and 7c¢, although it is also
important to note that the environment of the pyridine protons
in the bis(pyridine) complexes is quite varied and quite
different from that in the tetrakis species. In regard to catalysis
by [PdL,Y,], the interactions of different substituents and
counteranions indicate possible structural features of a

https://doi.org/10.1021/acs.inorgchem.2c01996
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Table 2. GC Yields [%]“ in Suzuki—Miyaura and Heck Cross-Coupling Reactions Catalyzed by Pd(II) Complexes Based on

Ligands L1-L12

GC yield [%] in Suzuki—Miyaura coupling”

GC yield [%] in Heck coupling”

PdL,CL, (la— PdL,(NO,), (1b— PdL,(NO,), (Lc— PAL,Cl, (la— PdL,(NO,), (1b— PdL,(NO,), (Lc—

pK, of L 12a) 12b) 12¢) 12a) 12b) 12¢)
L1 523 97 93 95 85 88 920
L2 5.98 93 92 98 90 91 94
L3 6.47 93 91 91 86 82 76
L4 349 78 72 64 89 92 79
Ls 3.57 86 87 88 80 92 75
Lo 9.61 93 90 86 83
L7 3.83 82 74 75 90 922 80
L8 2.10 88 66 91 93
Lo 2.46 87 70 81 91
L10 3.07 98 90 93 88
L11 3.12 86 79 88 920
L12 2.86 83 92 92 77

Reactlon yields were determined by GC—MS measurement of 4’-bromoacetophenone or iodobenzene decay as the average of three results.

PReaction conditions: 4 -bromoacetophenone (0.2 mmol, 1 equiv), phenylboronic acid (0.24 mmol, 1.2 equiv), K,PO, (0.4 mmol, 2 equiv), and
Pd(II) complex (0.1 mol %) were stirred in toluene (2 mL) at 80 °C for 2 h. “Reaction conditions: iodobenzene (0.2 mmol 1 equiv), styrene (0.24
mmol, 1.2 equiv), Et;N (1.0 mmol, S equiv), and Pd(II) complex (0.1 mol %) were stirred in DMSO (2 mL) at 120 °C for 2 h.

substrate that might enhance its binding to the catalyst, but
this, of course, is one step in what must be a more complicated
process.

Catalytic Studies. Because of the structural differences
between Pd(II) complexes with pyridine ligands, catalytic
studies were undertaken in order to investigate their activity in
Pd-catalyzed cross-coupling reactions and explore their
diversity in functionality as well. Thus, their catalytic properties
were tested and compared in both the Suzuki—Miyaura and
Heck reactions.

Suzuki—Miyaura Coupling. Complex 2c was selected as a
model catalyst precursor for which the reaction conditions
were optimized in the coupling between 4’-bromoacetophe-
none and phenylboronic acid (Table $22). Among the tested
bases (K,CO,, K,PO, NaOH, and Et;N) and solvents
(chloroform, toluene, 1,4-dioxane, and N,N-dimethylforma-
mide), the combination of KyPO, and toluene allowed
formation of the expected 4-acetylbiphenyl in the highest gas
chromatography (GC) yield. The catalytic reactions were
performed at 80 °C and, importantly, without the need to
exclude air or water. Taking economic and environmental
considerations into account, the optimal catalyst concentration
was 0.1 mol %, which resulted in an almost quantitative
conversion just after 2 h.

Subsequently, the catalytic activity of the full range of
structurally diversified Pd(II) complexes with pyridine ligands
was tested under the same optimized reaction conditions. The
majority of the catalyst precursors provided the cross-coupling
product in excellent yields of >90% (Table 2). Only minor
differences were observed between bis and tetrakis complexes
of a given ligand, so it appears that the nature of the complex
and the different counterions does not directly influence the
effectiveness of the catalyzed reaction. Nevertheless, some
differences could be noted depending on the ring substituent.
The lowest GC yields were observed for the complexes based
on L4 (64—78%). Better GC yields (>70%) were achieved for
the complexes based on LS, L7—L9, and L11, while those of
L1-L3, L6, and L10 showed the highest activity in Suzuki—
Miyaura coupling. Although no simple correlation was
observed between GC yields and pK, values of the ligands
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(Figure S93), Pd(II) complexes with more basic pyridine
ligands generally showed slightly greater catalytic effectiveness.

Complex 2c, as one of the most effective systems, was
selected to explore the capabilities in the Suzuki—Miyaura
cross-coupling in terms of functional-group tolerance. Under
the optimized reaction conditions, a set of functionalized aryl
bromides and arylboronic acids were reacted together. The 2¢
unit enabled the synthesis of scope of structurally distinct
biphenyl derivatives 3aa—3cc in high-to-excellent yields (74—
100%; Scheme 2). The high efficiency was observed regardless
of the presence of electron-donating (—Me and —OMe) or
electron-withdrawing (—CF; and —COMe) substituents in the

Scheme 2. Scope of the Suzuki—Miyaura Cross-Coupling
Reaction between Aryl Bromides and Arylboronic Acids®

@@ o

3aa-cc

“oH 0.1mol% [Pd(L2)4](N03)2

2 equiv. K3P04
toluene, 80°C

3aa 3ab 3ac
100% (93%) 93% (84%) 98% (90%)
‘/‘ ‘/‘/ - ‘/‘/
3ba 3bb 3bc

82% (77%) 92% (81%) 74% (70%)

P

3cb
86% (78%)

3cc
88% (76%)

3ca
94% (90%)

“The GC yields were determined by GC—MS measurement of aryl
bromide decay. The yields in parentheses are for the isolated
compounds.

https://doi.org/10.1021/acs.inorgchem.2c01996
Inorg. Chem. 2022, 61, 14019-14029

D, N
87 | Page



Reprints of publications — A2

Inorganic Chemistry

pubs.acs.org/IC

substrate molecules, highlighting the catalyst precursor
versatility.

Heck Coupling. For an initial assessment of the efficacy of
the complexes as catalyst precursors for the Heck reaction, the
cross-coupling of iodobenzene with styrene catalyzed by 2c
was chosen as a model reaction to develop the reaction
conditions (Table S24). Under the conditions optimized for
the Suzuki—Miyaura reaction, only traces of the Heck coupling
product were observed. For this reason, different variations in
terms of solvents and bases were tested using a 1 mol % Pd(II)
complex. The reaction did not proceed successfully in the
presence of inorganic bases (I;PO, and K,CO;) or nonpolar
solvent (toluene). The pair of Et;N and DMSO represented
the best combination to reach high yields because almost
quantitative conversion was achieved at 120 °C just after 2 h.
Additional experiments showed that the catalyst loading could
be reduced to 0.1 mol %. This concentration was sufficient to
guarantee good conversion at the same time, whereas using
0.01 mol % significantly extended the reaction time. With these
results in hand, subsequent catalytic reactions were performed
in DMSO at 120 °C using Et;N as a base and 0.1 mol % Pd(II)
complex. Note that the Pd(II) complexes essentially retain
their structure under the reaction conditions, as indicated by
the 'H NMR spectra recorded after heating in DMSO at 120
°C (Figures S37—-S39).

A comparison of the catalytic activities for a number of the
other Pd(II) complexes was performed for the Heck reaction
as well. As with the Suzuki—Miyaura cross-coupling, potential
catalyst precursors were examined to evaluate the substituent
effect on the efficiency in catalyzed reactions. Under the same
conditions, very high GC yields (>90%) were obtained in most
of the reactions, and yields of <80% were observed in only a
few cases (Table 2). Overall, the tetrakis(pyridine) complexes,
especially with ligands L3—L$ and L12, provided lower GC
yields (75—79%) in comparison to neutral bis(ligand) species.
Any ring substituent effect was negligible, and no clear
relationship between the ligand basicity and catalytic activity of
the Pd(II) complexes was apparent (Figure S95). In all cases,
the selectivity in the (E)-stilbene formation was very high,
ranging from 89% to 99%, and was completely independent of
the catalyst precursor structure.

To investigate the scope of the Heck cross-coupling
reaction, the catalytic properties of complex 2¢ were further
studied by using a set of functionalized substrates under the
conditions described above. As shown in Scheme 3, 2¢ showed
good catalytic activity and selectivity in the reactions between
aryl iodides and olefins, giving GC yields in the range of 61—
100%. It is noteworthy that an excellent conversion was
accomplished for acrylate derivatives (97—100%). The
reaction system exhibited also great chemoselectivity toward
iodoarenes because no cross-coupling involving bromoarene
moieties, as either olefin or haloarene coupling partners, was
observed.

Complex 2c as a representative of the multiple family of
Pd(II) complexes with pyridyl ligands has been extensively
investigated with respect to catalytic properties that demon-
strated high catalytic activity in the Suzuki—Miyaura and Heck
cross-coupling reactions. On the basis of the experiments
carried out, it can be concluded that all of the units presented
herein constitute a group of versatile precatalysts that can be
successfully applied in Pd-catalyzed reactions.

Because of the multitude of literature reports on the
mechanism of both Suzuki—Miyaura and Heck cross-coupling,
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Scheme 3. Scope of the Heck Cross-Coupling Reaction

between Aryl Iodides and Olefins®
R,
R1©/\/

I
AOAS

0.1 mol% [Pd(L2),](NO3),
- T

5 equiv. Et;N
DMSO, 120°C 6aa-cc
‘/\’ ©/\)L
aa 6ab
9% 89%) 100% (90%) 9% 7%

r’w o

84% (78%) 98% (91%) 85% (74%)

W’Y@M B'

6ca 6cb 6cc
61% (55%) 97% (88%) 92% (80%)

“The GC yields were determined by GC—MS measurement of aryl
iodide decay. The yields in parentheses are for the isolated
compounds.

profound studies have not been conducted in this area. We
assume that the bis- and tetrakis(pyridine) complexes
considered in this paper play the precatalyst role. According
to the generally accepted mechanism, the reduction of Pd(II)
to Pd(0) occurs at the beginning of the catalytic cycle, leading
to the generation of active species. The process then proceeds
in a typical manner for Pd-catalyzed transformations, through
the sequence of three consecutive stages involving oxidative
addition, transmetalation or carbometalation, and reductive
elimination, as described in numerous works.** The precatalyst
was degraded during the cycle that was observed as
precipitation of metallic Pd; therefore, it could not be
regenerated and then reused.

B CONCLUSIONS

In summary, a series of Pd(I) complexes based on a wide
range of functionalized pyridine derivatives have been
successfully generated and analyzed in solution via NMR
spectroscopy and MS as well as in the solid state via X-ray
diffraction. This work has been based on two sets of complexes
of the general formulas [PdL,](NO;), and [PdL,Y,], where Y
= CI” or NO;™. Their properties have been examined in light
of the ligand basicity as a factor of influence, although the
results obtained have shown that this is just one of several
factors that may be important. The complexes have been found
to be of practical utility as simple and efficient catalyst
precursors for both the Suzuki—Miyaura and Heck cross-
coupling reactions for a scope of substrates under relatively
mild conditions.

B EXPERIMENTAL SECTION

General Procedures. All reagents were purchased from
commercial suppliers (mainly Merck or Fluorochem) and used
without further purification. High-purity solvents were purchased
from VWR. NMR solvents were purchased from Deutero GmbH
(Germany) and used as received. NMR spectra were acquired on
Bruker Fourier 300 MHz, Bruker Avance IITHD 400 MHz, and
Bruker Avance IIIHD 600 MHz spectrometers at 25 °C and

https://doi.org/10.1021/acs.inorgchem.2c01996
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referenced to a tetramethylsilane signal or solvent residual peaks. All
NMR data were processed with Mestrelab Research MNova software.
ESI-MS spectra were recorded on Bruker HD Impact and ABSciex
QTOF 3600 spectrometers in positive-ion mode. Theoretical MS
spectra were predicted using Mestrelab Research MNova software.
GC—MS analyses were performed on a Bruker 450-GC spectrometer
with a 30 m Varian DB-$ 0.25 mm capillary column and a Scion SQ-
MS detector.

X-ray Crystallography. X-ray measurements were performed
using an Oxford Diffraction SuperNova diffractometer with
monochromatic Cu Ka radiation for 2¢, 3a, Sb, and 6a. The
diffraction data were collected on a Rigaku XtaLAB Synergy
diffractometer equipped with a rotating anode as a Cu Ka radiation
source for 4a. The remaining compounds were subjected to X-ray
measurements on an Oxford Diffraction Xcalibur diffractometer with
Mo Ka radiation. Data collection and data reduction for all Pd(II)
complexes were carried out using the CrysAlisPRO software.” Using
OLEX2, the intrinsic phasing method (ShelXT) was used for crystal
structure solution.** The exception is the 4a structure, which was
solved with direct methods (ShelXS).*® The refinement process was
performed with anisotropic displacement parameters for non-H atoms
with the full-matrix least-squares method based on F? (ShelXL).>*" In
all structures, except for 7a and 7b, the H atoms were placed in
calculated positions and refined using a riding model. The high quality
of the obtained single crystals of complexes 7a and 7b made it
possible to carry out high-resolution X-ray measurements. Therefore,
the H atoms have been derived from the difference Fourier map and
refined without constraints. Crystallographic data, details on the
refinement, twin structures, and disordered fragments in the crystal
structures are included in the SI.

Synthesis of Ligands. Ligands L1-L9 were purchased from
commercial suppliers and used as received. Ligands L10—L12 were
prepared according to the previously described procedures.Te’34

Synthesis of [PdL,Cl,] Complexes (1a—12a). One of the
ligands L1-L12 (~0.2 mmol, 2 equiv) was added to an acetonitrile
(MeCN) solution of PdCl, (~0.1 mmol, 1 equivin § mL of MeCN).
Then the resulting mixture was heated under reflux for 12 h. The
precipitate that formed was centrifuged off, washed with MeCN (10
mL) and diethyl ether (Et,0; 2 X 10 mL), and dried under vacuum.
Specific details on the synthetic procedures and analytical data
(quantities used, yields, NMR and MS data, etc.) can be found in the
SL

Synthesis of [PdL,(NO;),] Complexes (1b—12b). One of the
ligands L1—L12 (0.2 mmol, 2 equiv) was added to an MeCN solution
of PA(NO,),-2H,0 (0.1 mmol, 1 equivin S mL of MeCN). Then, the
resulting mixture was heated under reflux for 12 h. The solvent was
then evaporated under reduced pressure. The crude product was
redissolved in MeCN (1 mL) and reprecipitated by the addition of
Et,0 (10 mL). The precipitate was centrifuged off, washed with Et,0
(2 X 10 mL), and dried under a vacuum. Specific details on the
synthetic procedures and analytical data (quantities used, yields,
NMR and MS data, etc.) can be found in the SI.

Synthesis of [PdL,](NO;), Complexes (1c¢—12c). To a
suspension of PdCl, or Pd(DMSO),Cl, (~0.1 mmol, 1 equiv) in
ethanol (§ mL) was added a solution of one of the ligands L1-L12
(~1.0 mmol, 10 equiv) in dichloromethane (DCM; $ mL), and the
resulting mixture was stirred at room temperature for 1 h. Then,
AgNO, (~0.2 mmol, 2 equiv) in 0.5 mL of H,O was added, and the
resulting suspension was stirred for an additional 12 h excluding light.
The reaction mixture was filtered to remove AgCl, and then the
filtrate was evaporated under reduced pressure. The crude product
was redissolved in DCM (1 mL) and reprecipitated by the addition of
n-hexane (10 mL). The precipitate was centrifuged off, washed with n-
hexane (2 X 10 mL), and dried under a vacuum. Specific details on
the synthetic procedures and analytical data (quantities used, yields,
NMR and MS data, etc.) can be found in the SIL

Suzuki—Miyaura Coupling. A reaction vessel equipped with a
stirring bar was charged with aryl bromide (1.0 mmol, 1.0 equiv) and
arylboronic acid (1.2 mmol, 1.2 equiv) dissolved in toluene (10 mL).
Then, the Pd(II) precatalyst (0.001 mmol, 0.001 equiv) as a solution
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in chloroform (0.05 mL) and solid KyPO, (2.0 mmol, 2.0 equiv) was
added. The vial was sealed, and the reaction mixture was heated for 2
h at 80 °C. Then, the resulting solution was cooled to room
temperature, diluted with DCM (S0 mL), and washed with distilled
water (40 mL). The collected aqueous phase was extracted with
DCM (2 X 50 mL). The organic layers were gathered, dried over
Na,SO,, and filtered, and the solvent was removed under reduced
pressure. The residue was purified by column chromatography on
silica gel to obtain the desired products 3aa—3cc. The full
characterization of the coupling products is available in the SI.

Heck Reaction. A reaction vessel equipped with a stirring bar was

charged with aryl iodide (1.0 mmol, 1.0 equiv) and olefin (1.2 mmol,
1.2 equiv) dissolved in DMSO (10 mL). Then, the Pd(II) precatalyst
(0.001 mmol, 0.001 equiv) as a solution in DMSO (0.05 mL) and
Et;N (5.0 mmol, 5.0 equiv) was added. The vial was sealed, and the
reaction mixture was heated for 2 h at 120 °C. Then, the resulting
solution was cooled to room temperature, diluted with ethyl acetate
(50 mL), and washed with icy distilled water (40 mL). The collected
aqueous phase was extracted with ethyl acetate (2 X S0 mL). The
organic layers were gathered, dried over Na,SO,, and filtered, and the
solvent was removed under reduced pressure. The residue was
purified by column chromatography on silica gel to obtain the desired
products 6aa—6c¢c. The full characterization of the coupling products
is available in the SI.
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Enhanced catalytic performance derived from
coordination-driven structural switching between
homometallic complexes and heterometallic
polymeric materialst
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A bifunctional ligand 4,4-dimethyl-1-(pyridin-4-yl)pentane-13-dione (HL) able to provide two distinct
coordination sites, i.e. anionic B-diketonate (after deprotonation) and neutral pyridine, has been used in
the synthesis of Ag(l), Pd(i) and Pt(i) complexes that then have been applied as metalloligands for the con-
struction of new heterometallic polymeric materials. The ambidentate nature of L™ enables switching
between different modes of coordination within mononuclear complexes or their conversion into poly-
meric species in a fully controllable way. The coordination-driven processes can be triggered by various
stimuli, i.e. a metal salt addition or acid—base equilibria, and presents an efficient strategy for the gene-
ration of metallosupramolecular materials. As a consequence of self-assembly, new multimetallic coordi-
nation aggregates have been synthesized and characterized in depth in solution (*H NMR, ESI-MS) as well
as in the solid state (XPS, SEM-EDS, FTIR, pXRD, TGA). Furthermore, the Pd-based assemblies have been
found to be efficient catalyst precursors in the Heck cross-coupling reaction, demonstrating a direct

rscli/nanoscale

Introduction

Metal-ligand interactions are the primary driving force in the
generation of simple coordination compounds, as well of
metallosupramolecular architectures with a high degree of
complexity and a precisely defined structure." Taking into
account the character of a coordinate bond, ie. its high
strength but commonly dynamic nature, coordination-driven
self-assembly processes are characterized by high controllabil-
ity at the molecular level with respect to directionality, reversi-
bility and post-synthetic switchability.> The supramolecular
transformations induced by different external physicochemical
stimuli, eg changes in concentration,>* acid-base
equilibria,”® stoichiometry,”® cation/anion exchange,”'® or
radiation,"™" lead to entirely new systems of diverse chemical
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f Electronic supplementary information (ESI) available. CCDC 2244267. For ESI
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impact of compositional and morphological differences on their catalytic activity.

composition, structure, topology and properties. Thus, exter-
nally driven interconversion processes and other structural
modifications play an increasingly important role in the
design and construction of functional materials that constitute
a competitive approach to classical synthesis.>"*

Ambidentate pyridyl-p-diketonate ligands derived from
pyridyl-1,3-diketones are an interesting class of organic species
commonly used as building blocks in coordination and
metallosupramolecular chemistry."*™® Such units are capable
of binding metal-ion centers in more than one way through
different donor-atom combinations. The distinct nature of
coordination sites, Ze. anionic f-diketonate and neutral pyri-
dine, makes them good donors for a wide range of metal
cations, both hard and soft acids according to HSAB
theory."”*® In most cases, they act as 0,0-chelates or as simple
N-donors through the pyridine ring, but other coordination
modes can be achieved."®*° Due to this structural variety they
have found a number of applications in the construction of
sophisticated coordination assemblies, including complex
compounds,**"** macrocycles,** multimetallic polymers,>°>>2¢
metal-organic frameworks (MOFs)*”*® and metallocages.

Although a number of reports on metallosupramolecular
assemblies based on pyridyl-p-diketonate-derived ligands are
available in the literature, we focused on an unexplored aspect,
namely the switchable nature of species with such units as

29-31
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well as conducting studies on the application potential of new
heterometallic aggregates. In this work the ditopic molecule
4,4-dimethyl-1-( pyridin-4-yl)pentane-1,3-dione ~ (HL)
employed to synthesize a series of Ag(i), Pd(u) and Pt(u) coordi-
nation compounds which were further converted into more
complex metallosupramolecular assemblies. Particular efforts
have been undertaken to ensure an efficient strategy for multi-
stage supramolecular transformations between the resultant
systems triggered by external stimuli. The present work
describes coordination-driven structural switching between a
variety of mononuclear complexes based on the ligand HL/L™
and Ag(1), Pd(n) and Pt(u) cations. As a consequence of metallo-
supramolecular self-assembly, new heterometallic polymeric
materials have been obtained and their physicochemical
characterization is described ahead. Additionally, the diversity
in their functionality has been illustrated by their use as cata-
lyst precursors in the Heck cross-coupling reaction.

was

Results and discussion

Synthesis and characterization of complexes

As shown in Fig. 1, the pyridyl-p-diketone ligand HL acts as the
starting material and main building block for all coordination
species presented. Its ambidentate nature was used to design,
obtain and convert a series of complexes with Ag(1), Pd(u) and
Pt(u) cations. All the coordination compounds presented
herein can be directly synthesized by complexation reactions
between HL and appropriate metal salts. Pd(u) and Pt(un) com-
plexes, ie [Pd(HL),|(NO;), (C3), [Pt(HL),](NO;), (C4) and
[PdL,] (C6) were synthesized according to literature
procedures.”””* The compound [Ag(HL),]NO; (C1) was syn-
thesized by the reaction of HL (2 equiv.) with AgNO; (1 equiv.)
carried out in DCM/EtOH (1:1, v/v) at room temperature for
18 h. The generation and purity of the desired complex were
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confirmed in solution via "H NMR spectroscopy and ESI-MS
spectrometry (Fig. S1 and S2t). Moreover, slow evaporation of
the methanol solution provided crystals, suitable for single-
crystal X-ray diffraction measurements. The complex C1 crys-
tallizes in the monoclinic space group P2,/n and has an almost
ideal linear geometry of Ag(1) coordination where the N-Ag-N
angle is equal to 170.53°. It is worth emphasizing that C1
occurs as a dimer in the crystal (Fig. S131), where two mole-
cules are linked by a weak metal-metal interaction Ag---Ag
(3.08 A),*>** but this was not confirmed in solution. The
p-diketone units remained in their protonated enol form and
were not involved in the formation of coordinate bonds. The
crystal and structure refinement data are given in the ESI,
Table S1.}

Two structurally distinct Pd(u) complexes of the ligand HL
and ethylenediamine (en) co-ligand were observed in solution
via "H NMR spectroscopy but neither could be isolated in pure
form. The reaction of [Pd(en)(NO;),] with 2 equiv. of HL in
CDsCN resulted in the formation of [Pd(en)(HL),](NOs), (C2)
whereas the deprotonation of HL (1 equiv.) with Et;N prior to
the addition of metal salt gave [Pd(en)L]NO; (C5). Hence,
depending on the reaction conditions applied one or two
molecules of the ligand HL occupy two available positions in
Pd(u) sphere and coordinate by 0,0-chelate or N-donors,
respectively. "H NMR spectroscopy as well as ESI-MS
spectrometry allowed unequivocal determination of the struc-
tures and molecularity of the new compounds generated
(Fig. S3-S67).

Structural switching

In addition to their direct syntheses, the complexes can be
converted into other species by addition of either appropriate
metal salts or acid/base, as shown by "H NMR spectroscopy
(Fig. 2 and see ESI, Fig. S14-S19t). As previously mentioned,
the ligand HL reacted with AgNO; to give the disubstituted
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Fig. 1 General scheme showing the supramolecular transformations within coordination-driven assemblies based on Ag()), Pd(i) and Pt(1) ions and

the pyridyl-f-diketonate ligand HL.
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Fig. 2 Parts of *H NMR spectra (600 MHz, CDClz or DMSO-dg for P1—

P3) showing the coordination-driven transformations triggered by the
addition of metal salt or base.

coordination compound C1 although it decomposes under the
influence of base (Fig. S14t). After addition of 0.5 equiv. of
Et;N only upfield shifted signals from the deprotonated ligand
L~ were observed. Therefore, the instability of C1 under basic
conditions excluded its further coordination through O,0-che-
lation requiring prior deprotonation.

Nevertheless, the Ag(1) complex C1 can be completely trans-
formed into Pd(u) or Pt(u) species upon addition of the appro-
priate metal salt. As a result of Pd(NO;), addition, gradual dis-
appearance of the C1 signals was observed, along with the
emergence of new intense signals for the Pd(u) compound,
which was found to be the four-coordinate complex C3
(Fig. S157). As shown by 'H NMR titration experiments, the
change in the coordination number from 2 to 4 was clearly
illustrated by the significantly downshifted signal (AS =
~0.8 ppm) from the protons near pyridine-N atoms (H").

This journal is © The Royal Society of Chemistry 2023
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Similar behavior was observed when C1 was titrated with [Pd
(en)(NO3),]. Two molecules of the ligand HL derived from the
degradation of the Ag(i) complex completed the coordination
sphere of Pd(u) leading to the formation of the heteroleptic
compound C2 (Fig. S16t).

In contrast, no additional signals or shifts were initially
detected during the transformation of C1 triggered by Pt(u)
ions. The Ag(1) complex appeared to be stable as Pt(NO;), was
added, not undergoing any obvious reaction. The generation
of the desired complex C4 was noticed only after several days
due to the greater kinetic inertness of Pt(u) ion in comparison
to Pd(u), for which no kinetic hysteresis was observed during
the experiment (Fig. S17 and S187).

The Pd(un) and Pt(u) coordination compounds generated by
these metal ion exchange reactions of C1 were subjected to the
addition of base (Et;N). Pd(u) complexes C3 and C6 can be
easily interconverted between N- and O,0-donor forms with
100% efficiency by deprotonation/protonation of the enolic
centre.”” Addition of base to the cationic N-bound complex C3
leads to linkage rearrangement and formation of neutral 0,0-
chelated counterparts, a reaction which can be reversed by
addition of methanesulfonic acid (MSA). Similarly, titration of
the heteroleptic species C2 with Et;N caused a change in the
coordination mode via release of one N-bound ligand mole-
cule and the formation of monocharged complex C5
(Fig. S19%). No further transformation into the homoleptic
complex C6 coordinated by two p-diketonate units occurred
despite the addition of a large excess of Et;N (10 equiv.), con-
sistent with the high stability of the Pd(en) unit. In contrast to
its Pd(u) analogue, the Pt(u) complex C4 does not undergo any
conversion under basic conditions even after several days. The
switching between cationic and neutral species is completely
retarded by the kinetic inertness of Pt(u). Addition of a stoi-
chiometric amount of Et;N results only in deprotonation of
the uncoordinated enol units and formation of anions [PtL,]*~
(C7), while the N-bound complex structure remains essentially
intact.”

Synthesis of heterometallic polymers

Due to the presence of accessible coordination sites capable of
reacting with metal cations, the complexes C6 and C7 (the
deprotonated form of C4) can act as metalloligands. As a pyri-
dine-N donor, Pd(un) complex C6 was expected to be a good
ligand for Ag(1) and for this reason C6 was reacted with AgOTf
(or AgNO;) in anticipation of the formation of a hew multime-
tallic aggregate [PdAg,L,[" (P1), where x = 1. In this structure,
the 0,0-chelating and pyridine-N donors were expected to be
involved in coordination with Pd(u) and Ag(i), respectively,
with Ag(i) being two-coordinate, as in complex C1. During a "H
NMR titration of C6 with AgOTf, a progressive decrease in
signal intensity was observed as a result of the precipitation of
a new product (Fig. S20-S21%) along with minor downfield
chemical shifts that could be attributed to the coordination of
Ag(1) cations by pyridine-N. Full disappearance of '"H NMR
signals from the Pd(u) metalloligand C6 and complete product
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precipitation (P1) were observed after the addition of 1 equiv.
of Ag(1), corresponding to the expected reaction stoichiometry.

Next, C6 was reacted with an equimolar amount of PtCl, in
the expectation that retention of the chlorido ligands would
favor formation of Pt(u) centers involving just two pyridine-N
donors.>*?® The reaction was performed in MeCN at 80 °C for
24 h, giving an orange precipitate, consistent with the for-
mation of a coordination polymer P2. In order to verify the
composition of the aggregate, we synthesized an analogue of
the complex C6 - [Pd(bpm),],>® which lacks pyridyl donors. In
the control experiment, Pt(u) salt was added to the solution of
[Pd(bpm),] under the reaction conditions, but no clear
changes were observed in the "H NMR spectra (Fig. S237).
Thus, the Pd/Pt exchange could be unambiguously excluded in
the structure of the monomer C6, confirming the preservation
of 0,0-coordination for Pd(u) ions. The isolated material P2
was highly insoluble in most common solvents and only in
DMSO-d; it was possible to record "H NMR spectrum which
showed severely broadened signals, indicative of the gene-
ration of the complex metalloaggregates in this solvent
(Fig. S91).

The capacity to deprotonate the enol units of C4 without
causing complex decomposition or isomerization prompted us
to react C7 with Pd(NO;), under basic conditions. The for-
mation of a new species (P3) was observed and again broad
and highly overlapped set of signals for all of the aromatic and
methine protons were observed in the "H NMR spectrum
(Fig. $117). This broadening is characteristic of and consistent
with the presence of complex metallosupramolecular assem-
blies. The spectrum contained no signal from the enol group
of a diketone moiety (~16 ppm), indicating complete coordi-
nation between this group and Pd(u), possibly as a result of the
creation of a complex branched oligomeric structure. The
control experiment carried out for a simple Pt(u) complex with
pyridine ligands also excluded the exchange of inert Pt(u) ions
with Pd(n). As indicated by the "H NMR spectra (Fig. $24%), its
structure was retained in the reaction environment, which
showed that only deprotonated 0,0-chelates could be involved
in the Pd(u) coordination.

The coordination-driven switching strategies developed for
the mononuclear complexes C1-C7 were successfully adapted
to the transformations of the coordination polymers P1-P3 as
well. In order to exchange Ag(i) cations with Pt(u), PtCl, was
added to the solution of P1 in DMSO-dg, which resulted in the
precipitation of AgCl and a clear color change. The transform-
ation, followed by "H NMR spectroscopy, indicated the for-
mation of a new coordination complex, as illustrated by the
significant broadening of downshifted signals in a spectrum
consistent with that of P2. Furthermore, the polymer P2 was
converted into P3 in a two-step process by adding AgNO; and,
subsequently, Et;N. First, a counterion exchange from CI” to
NO;~ was carried out by removing chlorido co-ligands, fol-
lowed by rearrangement of the structure in a basic environ-
ment.** The labile NO;~ anions in the coordination sphere of
Pt(u) can be readily replaced under basic conditions, leading
to the generation of a two-dimensional lattice with Pt(u) ions
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bound by four pyridine-N donors, which was demonstrated by
strong downfield shifts in the "H NMR spectrum after this
conversion.

Characterization of heterometallic materials

As expected for coordination polymers, their solubility in most
solvents was very limited, which effectively hampered their full
characterization in solution. Although the "H NMR spectra for
P1-P3 described above are not readily interpreted, their pro-
files are consistent with the formation of larger aggregates.
High-resolution ESI-MS spectrometry also confirmed the suc-
cessful generation of the desired heteronuclear complexes.
The mass spectra recorded for P1-P3 demonstrated the pres-
ence of the expected fragmentary constituents consisting of
chains of successive monomers connected by additional metal
ions. All of the identified peaks were in good agreement with
their calculated theoretical distribution, allowing the compo-
sition and heterometallic nature of the aggregates to be estab-
lished (Fig. S8, S10 and S127).

The metal content of the polymeric materials P1-P3 was
determined via ICP-MS analysis, which enabled confirmation
of the presence of the two different metals expected, i.e. Ag
and Pd for P1; Pd and Pt for P2, P3 (Table S2t). The percentage
contribution of individual metal ions corresponds well to the
values calculated for each polymer, with minor deviations
perhaps attributable to the lack of any means of ensuring
sample purity. XPS spectroscopy confirmed the identity of the
different metal mixtures in the three heterometallic polymers
(Fig. $25-S27t). The XPS spectra of P1-P3 showed signals indi-
cating the presence of Ag(1), Pd(u), and Pt(u) ions, as well as
elements from the organic unit: C, O, N.

To further investigate the complex formation, ATR-FTIR
analysis was performed in order to confirm the involvement of
specific chemical groups in coordination (Fig. $28-S34%). The
absorption bands in the structure of the ligand HL have been
assigned by the comparison of its spectrum with the spectra of
the reference compounds containing the indicative fragments,
i.e. pinacolone, acetylacetone, pyridine and methyl isonicoti-
nate (Fig. S35t). It resulted in the identification of character-
istic band at 1611 cm ™" related to the stretching vibration of
the C=0 bond of p-diketonate unit (vc—o) and four bands in
the region 1585-1427 cm™ from C=N and C—C bond
vibrations of the heterocyclic ring (v,,). With regard to the
coordination assemblies, their recorded IR spectra were con-
sistent with the assumed bonding modes.*” For the mono-
nuclear compounds, the shifts of the absorption bands to
lower wavenumbers corresponding to f-diketonate (C6) or pyri-
dine ring (C2, C4) demonstrate the existence of the metal
coordination bonding and confirm the complexation reaction
of the ligand HL with the appropriate metal ions, whereas the
other bands are observed almost in the same position
(Fig. S36%). FTIR spectra show that the generation of the het-
erometallic polymers P1-P3 results in the clear red shifts of
the bands characteristic of both vc—o and v, vibrations of the
ligand functional groups (Fig. 3). Furthermore, in the spectra
of C2, C4 and P1, we observed the appearance of an additional
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Fig. 3 ATR-FTIR spectra in the 2000-1200 cm™ region of: the ligand
HL (a) and the polymers P1-P3 (b—d), showing the involvement of the
functional groups in metal binding.

band in the region of 1250-1300 cm ™", originating from the
stretching vibrations of the O-NO, bond due to the presence
of NO;™ counterions in the complex structures.

The bimetallic materials were also characterized via scanning
electron microscopy (SEM) to establish their morphology
(Fig. S43, $45 and $471). The images were recorded with an
accelerating voltage of 10 kv and magnification up to %30 000
using an LFD in solid state. The morphologies of the coordi-
nation aggregates P1-P3 indicate the existence of irregular
polymer networks depending on their one- or two-dimensional
structure. The SEM images of P1-P3 illustrate the formation of
quasi-spherical particles of various sizes in the nanometer
range. As shown in Fig. 4, all the species show a tendency to
agglomerate into larger clusters and the one-dimensional poly-
mers P1-P2 intertwine with each other, creating rounded, dis-
ordered shapes. For comparison, SEM images were also recorded
for the metalloligands €1, C4 and C6 (Fig. S49-S51t). In contrast
to P1-P3, the mononuclear complexes appear as single micro-
crystals with regular shapes. The SEM results are consistent with
the data obtained via powder X-ray diffraction (pXRD) studies.
The pXRD patterns with a set of sharp and intense reflections
indicate the crystallinity of the samples C1, C4 and C6 (Fig. S37-
$39%). In contrast, the diffractograms recorded for P1-P3 estab-
lished their amorphous character (Fig. S$S40-S42%), which,
however, can be advantageous with regard to their use as (pre)
catalysts, facilitating dispersion in the reaction medium.
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Ag

Fig. 4 SEM images and EDS elemental mapping of the sample compo-
sition for (a) P1; (b) P2 and (c) P3. The same magnification indicated in
the graphic was used for all EDS images.

EDS mapping provided the topographic distribution of indi-
vidual elements in the samples (Fig. 4 and S44, S46, S48%).
Comparison of the false-color EDS mapping images demon-
strated the uniform and common location of the metal pairs
in each solid, consistent with their identity as heterometallic
coordination polymers.

Thermogravimetric analysis (TGA) was conducted to study
the thermal stability of the compounds P1-P3 and compare
their properties with the metalloligands C4 and C6 used as
building blocks in their synthesis. The experiments were per-
formed in the temperature range 30-600 °C under N, with a
heating rate of 10 °C min~". The TGA curves of the polymeric
materials P1-P3 have similar profiles and show higher stability
than the mononuclear analogues C4 and C6 (Fig. S52-S571).
In the DTG curves (Fig. S58t), the main peaks which indicate
the rate of decomposition are always shifted towards higher
temperatures when P1-P3 are compared to the corresponding
mononuclear units, attributed to the retardation of volatiliz-
ation within the polymers. The heterometallic aggregates show
no weight loss of up to ~250 °C, whereas C4 and Cé6 begin to
decompose at 160 and 210 °C, respectively. The stepwise
decomposition via gradual removal of organic components
from the structure of compounds P2-P3 leads to the formation
of the mixture of appropriate metal oxides - PdO and PtO, as
the residue (caled. 44.76% and found 47.01% for P2; calcd
38.53% and found 35.21% for P3). The polymer P1 turned out
to be the most stable, as illustrated by the very gentle course of
the TGA curve. In the tested temperature range, it underwent
thermal degradation only partially, because the weight loss
was equal to 24.44% whereas the mixture of thermal decompo-
sition products, i.e. PdO and metallic silver in the final residue
should constitute 29.84% of the sample mass.

Catalytic studies

The ability to combine in close and ordered proximity
different catalytically active metal ions in the polymers pre-
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sently described renders them of particular interest for evalu-
ation of the influence of one metal on the activity of another.
The remarkable utility of Pd complexes as catalysts for cross-
coupling reactions led us to choose familiar reactions of this
kind for an initial assessment of the catalytic properties of the
polymers and their precursors. The reaction screening revealed
a high potential of the polymeric species P1-P3 to be applied
as precatalysts in various Pd-catalyzed C-C coupling reactions,
such as the Heck, Suzuki-Miyaura and Sonogashira reactions.
Considering the most promising results in the former process,
we decided to assess the influence of the compositional differ-
ences between homometallic complexes and heterometallic
materials on their catalytic activity in this reaction. Thus, the
Heck cross-coupling between iodobenzene and styrene cata-
lyzed by P2 was chosen as a model reaction for the develop-
ment of reaction conditions. All the optimization procedures
are summarized in the ESI, Table S3.1 The percentage of Pd in
all the structures was determined via ICP-MS analysis and the
results were used to calculate the catalyst loading. Different
variations in terms of solvents and bases were tested using a
0.1 mol% Pd. Of all the combinations, the pair of Et;N and
DMSO gave the expected (E)-stilbene in the highest GC yield
after 18 h. Further experiments revealed that the catalyst
loading could be reduced to relatively low concentration -
0.05 mol%. This concentration was sufficient to guarantee an
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almost quantitative conversion along with excellent selectivity
achievable after 6 h, whereas the use of 0.01 mol% signifi-
cantly extended the reaction time to 18 h. Taking economic
and environmental considerations into account, subsequent
catalytic reactions were carried out in DMSO at 100 °C for 6 h
using Et;N (2 equiv.) as a base and 0.05 mol% Pd.
Importantly, the reactions were performed without the need to
exclude air or water. Furthermore, the metalloaggregates P1-
P3 showed high stability under ambient conditions exceeding
several months of storage without any decomposition or loss
of catalytic activity, which is beneficial in terms of their utility
as catalyst precursors.

A series of catalytic tests was performed to evaluate and
compare the performance of other coordination assemblies
containing Pd(u) ions in the Heck cross-coupling reaction. For
the selected set of aryl iodides and olefins (Fig. 5a), the
complex C6, a building block of all the coordination polymers,
had a lower efficiency under the same total Pd loading (GC
yields in the range of 60-68%). Roughly the same results
(55-70%) were obtained using a mixture of [Pd(bpm),] and
PtCl,, i.e. the constituents of the polymer P2, lacking the pyri-
dine units and thus unable to unite under the catalytic reac-
tion conditions. In both cases, the lower GC yields are possibly
due to the absence of neighboring metal ions compared to the
heterometallic aggregates. A number of catalytic centers in a
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(a) Comparative tests showing different catalytic activity of the complex C6, a mixture of [Pd(bpm),] and PtCl, (M), and the coordination poly-

mers P1-P3 in the Heck cross-coupling reaction. (b) Scope of the Heck cross-coupling catalyzed by P2. Reaction conditions: aryl iodide (0.5 mmol,
1 equiv.), olefin (0.5 mmol, 1 equiv.), EtzN (1.0 mmol, 2 equiv.) and the Pd(i) complex (0.05 mol% Pd) were stirred in DMSO (1 mL) at 100 °C for 6 h.
Yields determined by GC-MS measurements of aryl iodide decay. The yields in parentheses are those of the isolated compounds.
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single molecule significantly increases catalytic activity
through a higher local concentration of Pd which is demon-
strated in considerably enhanced effectiveness in the reactions
catalyzed by P1-P3. This positive effect, defined in the litera-
ture for dendrimers,**™*" coordination polymers,**** and
recently for polynuclear complexes,** was also observed in this
case and provides an explanation of the apparent differences
between mononuclear units and P1-P3. The results of the
comparative tests for P1-P3 demonstrated high efficiency of all
the species, slightly variable as indicated by the different reac-
tion yields. The lower catalytic activity of P3 might be
explained due to its morphology since the catalytic sites in the
structure of the two-dimensional polymer P3 might be less
accessible compared to its linear counterparts P1-P2.
Nevertheless, the extension of the reaction time to 12 h
allowed attainment of yields comparable to those with the pre-
catalyst P2. The local concentration enhancement could poss-
ibly be weaker in the case of reactions catalyzed by P1. The
presence of labile Ag(i) ions as linkers between Pd(n) units
might promote polymer fragmentation under reaction con-
ditions that limits the influence of the nuclearity effect. On the
other hand, very inert Pt(u) ions are able to retain the polymer
structure of P2 more effectively. Thus, a number of differences
between the mononuclear complexes and coordination poly-
mers P1-P3, i.e. varied nuclearity, composition, dimensionality
and morphology, had a significant impact on the course of
catalytic reactions and, consequently, on the obtained reaction
yields.

With these optimized conditions in hand, we undertook
studies of the scope and limitations of this system in the Heck
cross-coupling reaction between a series of structurally diversi-
fied substrates. The investigations were carried out with the
use of P2 as a catalyst precursor, identified to be the most
effective among the investigated. As shown in Fig. 5b, the high
efficiency of P2 was revealed regardless of the presence of elec-
tron donating (-OMe, -NH,, -tBu) or electron withdrawing
(-COMe, -Br) functional groups in the reactant molecules. In
all cases, the stilbene derivatives were formed in high-to-excel-
lent isolated yields, ranging from 70% to 93%. Moreover, the
reaction of methyl acrylate with a set of aryl iodides enabled
the synthesis of coupling products in excellent yields
(85-95%). It is noteworthy that the reaction system exhibited
great chemoselectivity towards aryl iodides because no cross-
coupling involving bromoarene moieties, as either olefin or
haloarene coupling partners, was observed. In all cases, the
selectivity in the generation of reaction products with the (E)-
configuration of double bond was very high and completely
independent of the nature of substrates since (Z)-isomers
never exceeded 10% as determined via GC-MS distribution of
both isomers.

Conclusions
In summary, the ambidentate nature of the ligand HL and its

conjugate base L™ allows the generation of distinct complex
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compounds with modifiable structure and tunable properties.
The availability of free coordination sites enables their utiliz-
ation as metalloligands in further complexation reactions. The
work also defines an effective strategy of coordination-driven
structural switching processes for a specific group of coordi-
nation systems based on pyridyl-p-diketone ligands. As a con-
sequence, we have successfully synthesized and analyzed new
polymeric materials based on precious metals. The structural
features, morphology and stability of these coordination
assemblies were determined via NMR, ESI-MS ICP-MS, XPS,
FTIR, SEM-EDS and TG analyses, which unambiguously con-
firmed their heterometallic character. Furthermore, the coordi-
nation polymers reported in this paper exhibit not only struc-
tural variety but, more importantly, diverse functionality, as
reflected in their catalytic activity. The polymers have been
found to be efficient and versatile precatalysts in the Heck
cross-coupling reaction within a scope of structurally distinct
substrates.
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Heck

Olefination of aryl halides

CN-cyclopalladated complexes are among the most robust and widely used (pre)catalysts of cross-
coupling reactions, combining long shelf life with high catalytic activity. [n this report, we describe syn-
thesis and properties of new Pd(Il) complexes of a flexidentate ligand - 2,2-dimethyl-5-(2-pyridyl)pen
tane-3,5-dione (HL). Its coordinating properties resulted in the formation of two stereoisomeric cis-
and trans-PdL, complexes each with one ligand in 0,0- and the other in N,((sp®)-coordination modes.
The solid-state structures have been established by means of single-crystal X-ray diffraction methods
and are retained in solution as indicated by NMR spectroscopy. Both these isomers proved to be efficient
(pre)catalysts of phosphine-free Heck cross-coupling of iodoarenes with olefins.

© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.orgflicenses/by/4.0/).

1. Introduction

Palladacyclic complexes are a group of species of notably broad
potential application as (pre)catalysts of cross-coupling reactions
[1,2]. Amid the widespread research in the latter field, the Heck
cross-coupling of aryl halides with alkene C(sp®)-H bonds has
become an area of particular importance because of its unrivalled
usefulness in preparation of m-conjugated systems [3]. As Heck
reaction catalysts, N,C(sp®)-cyclopalladated species provide exam-
ples of unprecedented reactivity. While still not as well-known
and explored as their ((sp?) counterparts, they are generally con-
sidered more active, thermally stable and easier to fine-tune by
ligand modification [4]. Some examples of N,(sp®)-
cyclopalladated complexes of documented catalytic activity are
presented in Fig. 1 [5-7].

Flexidentate pyridyl-S-diketones are well-known organic
ligands, which have found many applications in different fields
[8-10]. Their versatility results from their various coordination
modes of bonding to metal ions in anionic, neutral and zwitterionic
forms depending on the reaction conditions [11,12]. This feature
means that in addition to forming simple mononuclear coordina-
tion compounds, other more sophisticated homo- and

E-mail address: ars@amu.edu.pl (AR. Stefankiewicz)

https://doi.org/10.1016/j.jcat.2021.11.033
0021-9517/© 2021 The Author(s). Published by Elsevier Inc.

heterometallic architectures, including polymers, cages or metal-
organic frameworks can be generated [12-18,33,34]. Recently,
we have successfully utilized ambidentate ligands of this type in
complexes with Pd(II), Pt(II), Cu(I) and Cu(Il) to provide a series
of metallosupramolecular complexes with different levels of
dynamicity and high catalytic activity in important processes such
as the Suzuki-Miyaura, alkene hydrosilylation and Ullmann reac-
tions [12,19-21]. There, the coordination to the metal ion has
involved either O,0-chelation of the pB-diketone moiety or
pyridyl-N donation or a combination of both. Linkage via the cen-
tral ((sp®) carbon of acetylacetonate complexes is known for Pt(II)
and Pd(II) ions [22-25], but no example of Pd(II) complexes based
on pyridyl-g-diketonate ligands where bonding occurs both via O,
O-chelation and pyridyl-N and C(sp®) donation has yet been
reported.

In this work, we have employed the 2,2-dimethyl-5-(2-pyridyl)
pentane-3,5-dione ligand (HL) in which donor atoms are arranged
in such a way that not only can they act as either an 0,0’-donor or a
simple N-donor but also as an N,0-donor and, after methylene
deprotonation, as an N,C-donor [11,26]. To assess the prospect of
the adoption of this last mode to give an organometallic species,
a reaction of HL with Pd(II) was examined under basic conditions.
In fact, this resulted in the formation of new PdL, coordination
assembly of a unique organometallic nature as two geometric

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Examples of catalytically active N,C(sp*)-cyclopalladated complexes [5-7].

isomers where one ligand L is bound as an 0,0’-chelate and
another as an N,((sp®)-chelate in a single complex molecule. Their
full structural and spectroscopic characterization in solid state as
well as in solution and their physicochemical properties are
described ahead. Establishment of their organometallic nature in
conjunction with their high stability prompted us to evaluate their
catalytic activity.

2. Results and discussion

The ligand HL was synthesized by a Claisen condensation
involving the reaction of methyl picolinate with pinacolone in
the presence of NaH [19-21]. Subsequently, HL was reacted with
PdCl, in a 2:1 molar ratio in an environment of Na,COs, resulting
in the formation of organometallic PdL,-type complexes in the
form of cis and trans geometric isomers. Separation of these has
been achieved by selective crystallization of the trans form and
mechanical separation of the crystals in the case of the cis isomer
(Fig. 2a). Slow evaporation of an n-hexane solution led to deposi-
tion of pure trans-PdL,. However, addition of small volume of chlo-
rinated solvent (e.g. CHCl3 or DCM) to the crystallization solution
resulted in deposition of a mixture of cis/trans geometrical isomers.
As yet, the pure form of cis-PdL, has not been isolated in quantities
that could allow its full characterization in solution, despite a num-

a) b)
crystalization from
n-hexane ONE ISOMER
trans-PdL,
O OH
O =
l ~-N
HL (2 eq.) chloroform
Na,CO, 60°C
+ ]
EtOH/DCM
2+ = o
Par = 0 o c)
*
Y &
7 3
" .
[e]
! =

[e)
—
crystalization from I RN
DCM/n-hexane _N

cis-PdL,

MIXTURE OF GEOMETRICAL ISOMERS

0I [e]
SN
~-N

trans-PdL,

ber of attempts. That basic reaction conditions do not lead to exclu-
sive adoption of the 0,0’-chelation mode by the deprotonated
ligand L™ as seen with its 3- and 4-pyridyl isomers is presumably
a consequence of the stability of the 5-membered C,N-chelate ring,
which can be formed in this case [19]. The ease of formation of the
L anion and its proximity to the pyridyl-N donor appear to favor
the formation of a palladacyclic unit within the complexes. The
structure of the two isomeric compounds was first established in
the solid state via single crystal X-ray diffraction. Measurements
based on NMR spectroscopy and mass spectrometry were used
subsequently to characterize their composition and behavior in
solution.

Crystals suitable for the X-ray structure determinations were
obtained through slow evaporation from appropriate solutions,
as indicated in Fig. 2bc. The trans isomer was the sole product iso-
lated from n-exane solution. This complex, crystallizing in the
monoclinic space group (2/c, has a clearly distorted pseudo
square-planar geometry of Pd(ll), with both ligand anions being
chelated but in either N,C- or 0,0-modes, generating 5- or 6-
membered rings respectively (Fig. 2b). While the PACNO, unit is
essentially planar, the differences between the donor atoms result
in the coordination sphere showing a significant trapezoidal distor-
tion from a square array. The Pd-C distance (2.01 A) is typical of
such a bond [27,28]. The distal location of the t-butyl substituents

Fig. 2. a) Synthetic routes for the preparation of complexes: cis- and trans-PdL,.; X-ray structures and schematic representation of Pd(II) coordination spheres for two

isomers: b) trans-PdL, and c) cis-PdL,. The solvent molecule was omitted for clarity.
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is the basis of its designation as the trans isomer. The carbon bound
to Pd is asymmetric, meaning that the complex exists as two enan-
tiomers, both of which are present in one crystal, as required by the
space group designation. However, both enantiomeric forms are
distributed over the one Pd site, creating disorder in the structure.

Single crystals of cis-PdL, could be selected mechanically from
the mixture resulting from slow evaporation of an n-hexane/DCM
solution. The complex crystallizes in the triclinic space group P-1
along with one n-hexane molecule in the unit cell. The coordina-
tion sphere of Pd(II) is almost the same as for trans-PdL,, except
that now the t-butyl substituents are proximal. Significant devia-
tions from a true square planar geometry are again evident, as
illustrated in Fig. 2c.

In solution, the complexes were characterized as pure trans-
PdL, and the mixture of cisf/trans-PdL,. The molecular nature of
the complexes has been unambiguously established via ESI-MS
spectrometry (Fig. S6 and S10). All observed peaks are in good
agreement with the theoretical isotope distribution, clearly indi-
cating the protonation of the complex molecules of general for-
mula PdL, (calcd. for [M+H]": m/z = 515.1166; observed: m/z =
515.1186 and m/z = 515.1169, respectively for trans-PdL, and the
mixture of cis- and trans-PdL,). More specific characterization
has been accomplished via NMR measurements (Fig. S1-S5 and
S7-S9). As shown in the 'H NMR spectra (Fig. 3), the structure
established via XRD was retained in solution. In the case of trans-
PdL,, the duplication of aromatic signals H'** is consistent with dif-
ferent coordination modes for the two ligand molecules, i.e. as 0,0’-
and N,C- chelates. The absence of an enol proton H® signal in com-
parison to the 'H NMR spectrum of non-coordinated ligand is con-
sistent with the binding of one ligand unit in its enolate form
(Fig. 3ab), while the residual methylene proton signal H® of the

Journal of Catalysis 405 (2022) 84-90

N,C-bound ligand is apparent near & = 4.9. The trans geometry
was further confirmed by means of 1D NOESY spectra (Fig. S4-S5).
The "H NMR spectrum of the cis/trans mixture showed two sets
of signals of similar intensity, but subtraction of those due to the
trans isomer enabled those of the cis to be readily identified. As
both isomers have C; symmetry, the t-butyl groups in both are
inequivalent and four distinct signals for these groups are apparent
in the spectrum of the mixture, while signals due to the methylene
protons of the two isomers (Fig. 3¢ and S7) are also clearly
resolved. Signal integration showed that the cis and trans isomers,
obtained as a result of crystallization from an DCM/n-hexane solu-
tion, were formed in a nearly 1:1 molar ratio (Fig. S7).

Equilibration of the isomeric complexes can be readily observed
by heating a chloroform solution of trans-PdL, at 60°C for 1 h
(Fig. 3c and S11). Thus, the molar ratio at equilibrium at 60 °C
was found to be close to 2:3 (cis to trans) and remains unchanged
after cooling to room temperature. To explore the cis/trans isomer-
ization, trans-PdL, was gradually heated and the changes were
observed via '"H NMR spectroscopy (Fig. S12). The percentage of
cis isomer increased with temperature over the range 25 - 60 °C.
At all times, the spectra could be interpreted in terms of contribu-
tions from just the two isomers and no intermediates were
detected.

In view of the fact that cross-coupling reactions often require
the presence of a base in the catalytic cycle, before undertaking
research on the catalytic activity of these organometallic Pd(II)
complexes, their stability in a basic medium was explored. An 'H
NMR titration was performed by sequentially adding portions of
triethylamine (TEA). The cationic N-bound complexes of the 3-
and 4-pyridyl isomers of HL are known to undergo rapid transfor-
mation to the 0,0’-chelates on addition of base [19], but here, the

a) H7
H5 H3
JHS N H e H2 l HZ
b) ,
77
HS H7,
' ! 3,4 H3 7
H'H' H34H H2 H2 el :N H° L
/ M " J h | l H' trans-PdL, JL

\CDCI3, 60°C
c)

)

trans-PdL, +

cis-PdL,

"

160 90 85 80 75 7.0

65 60 55 50 45

Fig. 3. The stacked "H NMR spectra (CDCls, 600 MHz) of: a) ligand HL; b) trans-PdL,; c) the mixture of two isomers cis- and trans-PdL, (marked red and blue, respectively)

after 1 h of heating.
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N,C-bound ligand was completely unaffected, even after the addi-
tion of 6 equivalents of TEA (Fig. S13 and S14). Further, no evidence
for the decomposition or transformation was found after heating
the samples and storage for 7 days, demonstrating a considerable
stability of both isomeric forms cis- and trans-PdL; in a basic envi-
ronment. Furthermore, these palladacyclic complexes show high
water and air stability exceeding two years of storage without
any decomposition or loss of catalytic activity, which is beneficial
in terms of their practical utility as catalyst precursors.

Thus, both the organometallic character of the complexes and
their stability in the presence of a base were a premise of potential
catalytic activity of PdL, in cross-coupling reactions. The Heck
cross-coupling was chosen as a model reaction. The reaction sys-
tem was comprised of equimolar amounts of 4-iodotoluene and
styrene, PdL, catalyst and a base. 4-Bromotoluene did not undergo
any transformation and thus, all further experiments were carried
out using aryl iodides. The process of initial screening and opti-
mization of reaction conditions is summarized in Table 1. The
results of optimization show a slightly variable but high selectivity
of the catalytic system containing PdL, towards formation of trans
product 3aa.

All bases that were used turned out to be effective, but Cs,CO;
and KsPO,4 (entries 1 and 3, respectively) provided the best conver-
sion and selectivity towards 3aa, i.e. 4-methyl-trans-stilbene. The
two minor products were identified as the other two possible iso-
mers of 3aa: the cis and the gem one. For further optimization, the
latter was chosen, given its higher availability and much lower
price, yet effectiveness comparable within the limits of measure-
ment error. Out of curiosity, 1-aminopropan-2-ol was used as both
a solvent and a base, but complete conversion of 2a in such a sys-
tem required the reaction to proceed for 18 h at 120 °C (entries 6
and 7). The two most suitable solvents were found to be 1,4-
dioxane and N,N-dimethylformamide. Whereas in the case of reac-
tion carried out in DMF it was possible to compensate for a
decrease in the load of PdL, by increasing the overall concentration
of the reaction mixture (entry 10), the same effect was not
observed when 1,4-dioxane was used as a solvent (entry 9). Also,

Table 1
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the use of two alternative solvents, isopropanol (entry 11) and
Cyrene™ (entry 12), lead to decrease in both conversion of styrene
and selectivity towards the desired 3aa. As a result, the conditions
as in entry 10 were chosen for substrate scope determination. It is
worth noting that no additive was needed to induce or maintain
catalytic activity, however, reactions were successful only when
dry solvents were used, although they did not require an inert
gas atmosphere to proceed. It was also established that the mix-
ture of PdL, isomers was catalytically active to the same extent
as the pure trans isomer, which was not surprising given the
observed thermal equilibration of both forms of this complex.
Under the same conditions as established for PdL,, the classical
catalytic systems comprising of either 0.5 mol% Pd(dba), / 2 mol
% PPhs or 0.5 mol% [PdCl,(PPhs),] led to conversion of 3 of at most
80%. Similar effect was observed when PdCl, and L were used sep-
arately in an attempt to generate the PdL, (pre)catalyst in situ.

Next, groups of functionalized iodoarenes and olefins were
reacted together to explore the capabilities of the PdL,-based reac-
tion system in terms of functional group tolerance.

Under the described conditions, it was possible to carry out suc-
cessful Heck cross-coupling of all the reagents listed in Table 2. In
all cases, selectivity of the formation of 3 was high to very high,
ranging from 83% for 3ab to 99% or more for 3ae, 3ca and 3da.
The reaction system exhibited also an excellent chemoselectivity
towards iodoarenes, as no cross-coupling involving bromoarene
moieties, both as olefin (1e) and haloarene (2e) coupling partners,
was observed. Moreover, it was not hindered by either activating
(2a, 2b, 2f) or deactivating (2c, 2d, 2e) substituents on the iodoar-
ene molecules. The reaction of 2-vinylpyridine 1c, despite very
good selectivity, reached only a moderate conversion of 45% of
its coupling partner 2a, which was probably due to competitive
formation of a stable palladacyclic intermediate with the pyridine
N-atom coordinated to Pd(II) cation. In general, the unique proper-
ties of Pd(Il) ions and the ligand HL engineering resulted in the for-
mation of new N,C(sp®)-cyclopalladated complexes stable under air
atmosphere and basic conditions, which allowed their application
in catalysis. High reaction yields and excellent chemoselectivity

Initial screening and optimization of the Heck cross-coupling reaction conditions using mixture of cis and trans-PdL,.

, _
o A8

+
3aa-gem
Y
byproducts
solvent €12 [M] [Pd] [mol%] Base (equiv.)* T[°C] conv. [%]° 3aa
sel. [%]°

1 1,4-dioxane 0.5 1 Cs,C03 (2) 100 100 Qa9
2 1,4-dioxane 0.5 1 K,CO5 (2) 100 93 99
3 1,4-dioxane 0.5 1 K3PO4 (2) 100 95 99
4 1,4-dioxane 0.5 1 EtzN (2) 100 86 92
5 acetonitrile 0.5 1 K3PO4 (2) 85 75 98
6 MIPA? 0.5 1 solvent 100 76 90
7 MIPA 0.5 1 solvent 120 100 89
8 DMF* 0.5 1 K3PO4 (2) 100 100 94
9 1,4-dioxane 1 05 K;PO, (1) 100 54 99
10 DMF 1 0.5 K3PO4 (1) 100 100 98
11 iPrOH 1 05 K3PO4 (1) 100" 43 86
12 Cyrene™ ¢ 1 05 KsPOy4 (1) 100 27 71
13 DMF 1 03 K3PO,4 (1) 100 53 97

2 relatively to 2a.

b determined by GC measurement of 2a decay.

¢ measured by GC-MS distribution of 3aa isomers.

4 MIPA - 1-aminopropan-2-ol.

¢ DMF - N,N-dimethylformamide.

f reaction in a sealed Schlenk bomb flask.

g

Cyrene™ - dihydrolevoglucosenone.
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Table 2
The substrate scope of the PdL,-catalyzed Heck cross-coupling. Yields in parentheses are those of isolated compounds.
1 eq. K3PO, 2
H 374 R
RN, R 0.5 mol% PdL, RIS
1 2 DMF, 100°C, 18 h 3
Olefin 1 Aryl iodides 2 Product 3 Conv. of 2 Yield of 3
1 @/\ | O 100% 98%
la - (92%)
g >
3aa
2 1 o, 100% 83%
Nor e (o
O 3ab
3 | o 96% 86%
\a/©;c \ O
O 3ac
4 | o 90% 85%
o [: :] o (81%)
N
2d O N O
3ad
5 | 100% 99%
Jo g 0 et
O 3ae
6 1 NH, 100% 93%
J@’ @ (80%)
H,N 2f g
O 3af
7 | 0. 96% 86%
A ~
>|/©/1: ~0 2b O N @ (79%)
3bb
8 R N 45% 44%
9 | . 3ca 84% 84%
/@l 2a h/\/@/ (78%)
3da
10 e 90% 86%
m o @ (81%)
O 3ea
11 | x 92% 88%
o L QT+ (80%)
O =
12 | o} 95% 92%
83%
N oy ° (3%)
x
O s
13 | @ 83% 91%
/E j 2e N
Q0 =

in cross-coupling reactions between olefins 1a-1f and iodoarenes
2a-2f revealed good catalytic properties of PdL, in the context of
the literature [5-7].

3. Conclusions

In summary, we have synthesized two isomers of a novel Pd"L,
palladacyclic complex, in which two molecules of a flexidentate
pyridyl g-diketonate ligand simultaneously coordinate to the metal
center in two different modes - ¥20,0’ and x'C,x'N. The cis and
trans- forms of Pd"L, were characterized spectroscopically in solu-
tion, as well as in the solid state by the means of XRD, although
only the trans isomer has been isolated in pure form. A dependency

104 | Page

88

of cis to trans ratio on the selection of crystallization solvent has
been also described. Both these N,((sp*)-palladacyclic compounds
were stable in basic environments and were applied as (pre)cata-
lysts in the Heck cross-coupling reaction, which they have turned
out to promote efficiently in loading as low as 0.5 mol% and with-
out any auxiliary ligand additives. The Pd(Il) complex described in
this report is a great example of the unique family of catalytically
active palladacyclic compounds and the first one in which a single
flexidentate ligand provides sufficient stabilization of the Pd cen-
tral atom throughout the whole catalytic cycle, leading to cross-
coupling products obtained with excellent chemo- and stereose-
lectivity. Moreover, its straightforward preparation and bench-
stability exceeding two years are a good premise of its prospective
practical utility.
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4. Experimental section
4.1. Materials and methods

Commercially available reagents, solvents and other chemicals
were purchased from Sigma-Aldrich. NMR solvents were pur-
chased from Deutero GmbH and used as received. The '"H NMR
and ¥C NMR spectra were acquired at 298 K on Bruker Fourier
300 MHz and Avance III HD 400 and 600 MHz spectrometers and
referenced to the solvent residual peaks. All 2D NMR spectroscopic
experiments were performed using standard pulse sequences from
the Bruker pulse program library. ESI-MS spectra were recorded on
Bruker Impact HD Q TOF spectrometer in positive ion mode. GC-MS
analyses were performed on a Bruker Scion 436-GC with Scion SQ
mass spectrometry detector. The ligand HL was prepared by Clai-
sen condensation following a literature procedure [19,21].

4.2. X-ray crystallography

The structural studies for the complexes cis- and trans-PdL,
were performed on an Oxford Diffraction SuperNova diffractome-
ter equipped with a CCD detector and a Cryojet cooling system.
X-ray data were collected at 130 K wusing graphite-
monochromated Cu K, radiation source (i, = 1.54178 A) with
the m-scan technique. Data reduction, UB-matrix determination
and absorption correction were performed with the CrysAlisPro
software [29]. Using Olex2 [30], the structures were solved by
direct methods with ShelXT [31] and refined by full-matrix least-
squares against F? with the program SHELXL [32] refinement pack-
age based on Least Squares minimization. All non-hydrogen atoms
were refined anisotropically. Some of the hydrogen atoms was
located on a difference Fourier map and they were refined isotrop-
ically. The rest of the H-atoms were located in idealized positions
by molecular geometry and refined as riding groups with Uy, (H)
= 1.2 Ug(C). Selected structural parameters are reported in
Table S1. The data have been deposited in the Cambridge Crystal-
lographic Data Collection (CCDC), deposition numbers CCDC
195840-195841. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_re-
quest@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallo-
graphic Data Centre, 12, Union Road, Cambridge CB2.

4.3. Synthesis of complexes

trans-PdL,: Na,CO; (31.8 mg, 0.3 mmol) dissolved in 0.5 mL
H>O was added to the solution of HL (41.2 mg, 0.2 mmol) in
DCM/EtOH (1:1, v/v, 6 mL). The mixture was stirred for an hour
at room temperature. Then, a suspension of PdCl, (17.7 mg, 0.1
mmol) in EtOH (6 mL) was added and the reaction was allowed
to proceed for an additional 12 h. The resulting mixture was fil-
tered and the filtrate was evaporated to dryness under reduced
pressure. The crude product of trans-PdL, was redissolved in n-
hexane (6 mL) and left for 12 h at room temperature. The crystals
formed were centrifuged off, washed with n-hexane (10 mL) and
dried in vacuo. Yield: 38.7 mg, 75%.

Mixture cis- and trans-PdL,: The preparation of the mixed
geometrical isomers cis/trans was analogous to the procedure
described above. However, the crude product was redissolved in
a mixture of DCM/n-hexane (1:1, v/v, 8 mL) and left for 12 h at
room temperature. After, the resulting crystals were centrifuged
off, washed with n-hexane (10 mL) and dried in vacuo. Yield:
42.3 mg, 82%.
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4.4. General procedure of catalytic reactions

As a general remark, in a typical experiment, the (pre)catalyst
was weighed first and the amounts of other components were
adjusted accordingly. For initial experiments, new stirring bars
were used for each reaction.

In a screw-cap vial, 2.3 mg (5 pmol) of PdL;, 212.3 mg (1.0
mmol) of anhydrous KsPO4, and 1 mL of dry NN-
dimethylformamide were placed followed by 1.0 mmol of iodoar-
ene and 1.0 mmol of alkene. A PTFE stirring bar was placed in
the reaction mixture, the vial was closed tight and put in an oil
bath. The reaction mixture was stirred for 18h at 100 °C. Having
cooled down, the reaction mixture was quenched with 1 mL of
water and extracted with two 2 mL portions of n-hexane/
chloroform (1:1 v/v). Gas chromatography samples were taken
from combined organic phases which were next filtered through
a bed of silica, evaporated and dried in vacuo. NMR analyses were
carried out without further purification.
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Crafting Versatile Modes of Pt(ll) Complexes with
Flexidentate Pyridyl-f-diketones: Synthesis, Structural
Characterization, and Catalytic Behavior in Olefin

Hydrosilylation

Gracjan Kurpik, ™" Anna Walczak,™ " Igor tukasik,” " Zuzanna Matela,

Artur R. Stefankiewicz*®™ "

Cycloplatinated complexes, with their high reactivity, combined
with the capability to tailor ligands for specific catalytic
processes, play a pivotal role in materials science and coordina-
tion chemistry, serving as versatile catalysts for applications in
the organic synthesis of industrially relevant processes. In this
report, we describe the synthesis and characterization of a new
family of Pt(ll) complexes based on three isomeric pyridyl-3-
diketones diversified in terms of N-atom location in the
heterocyclic ring. By appropriate control of the reaction
conditions, we were able to generate distinct coordination

Introduction

The coordination chemistry of platinum offers unique oppor-
tunities for the design of novel mononuclear complexes and
more sophisticated architectures for prospective practical
applications. The ability to access a wide range of redox states,
coordination numbers, and geometries of the central atom
leads to structural diversity within these systems, resulting in a
broad spectrum of physicochemical properties.? In its divalent
oxidation state, platinum is classified as one of the softest metal
centers, displaying a preference for bonding with soft bases,
e.g. phosphines, thiolates or alkyl ligands.” Pt(ll) complexes are
most commonly associated with a square-planar geometry,
known for their high kinetic inertness.”! They have attracted
considerable attention due to their remarkable properties,
which include cytotoxicity, catalytic activity and luminescence.
These attributes render them valuable in various real-world
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species, featuring ligands arranged as N,C(sp’)- and N,O-
chelates, as well as simple pyridyl-N donors. Various analytical
techniques, including X-Ray diffraction, NMR spectroscopy and
ESI-MS spectrometry enabled the characterization of different
coordination modes of the central atoms and unambiguously
established the complex structures. Furthermore, all the Pt(ll)
coordination units have been found to be highly active and
selective catalyst precursors in the hydrosilylation reactions
within a broad scope of olefins with hydrosilanes.

applications.”) For instance, Pt-based compounds, notably
cisplatin, carboplatin and multiple derivatives, have proven to
be effective chemotherapeutic drugs widely used in the treat-
ment of various cancers.® Additionally, several Pt(ll) complexes
have been shown to have high catalytic activity in industrially
important processes,” including hydrosilylation, hydrogenation,
and hydroformylation.”” Nonetheless, a range of disadvantages
of Pt(ll) catalysts, such as low stability, sensitivity to environ-
mental conditions, susceptibility to catalyst poisoning, or a lack
of selectivity in specific reactions, still limit their significant
application potential®! To overcome these drawbacks, new
design strategies are essential for crafting compounds with
desirable properties and specific activity. In the realm of
modern catalysis using precious metals, the quest is to reduce
noble metal consumption, eliminate by-products in catalytic
processes, simplify catalyst preparation, and, above all, facilitate
the transition from a laboratory scale to industrial production.
In this work, we employed pyridyl-S-diketones HL1-HL3,
differentiated by the location of pyridine-N donors with respect
to the S-diketone moiety, to generate a new series of Pt(ll)
complexes C1-C6. We utilized both the neutral and deproto-
nated (diketonate) forms of HL1-HL3. Given their heterotopic
nature and the unique characteristics of Pt(ll), we expected
these ligands to adopt coordination modes distinct from those
seen with lighter transition metals."™ The influence of the
pyridine-N-position on physicochemical properties and catalytic
activity has already been demonstrated for Pd(Il) and Cu(ll)
complexes. This results in diverse coordination assemblies in
terms of charge, composition, and dimensionality, albeit with a
common preference for either the deprotonated pyridyl-
diketone binding as an O,0-chelate, or the neutral ligand
binding via N-donors."®™! Here, we have found that while all

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 1. Different variants of coordination in Pt(ll) complexes with N- and O-donor ligands incorporating acetylacetone and pyridine moieties.'

three ligands can be used in their neutral forms to give N-
bound complexes, in their deprotonated forms the coordination
chemistry becomes more complex. Even in the case of simple
ligands, such as derivatives of acetylacetone and pyridine
(constituents of the investigated ligands), Pt(ll) ions show a
tendency to create unconventional combinations, including
organometallic bonding, which leads to uncommon entities
(Figure 1)." Thus, the incorporation of distinct coordination
sites within a single ligand structure results in the formation of
unique N,C(sp’)- and N,O-chelates, a possibility exclusive to L1~
In contrast to heteroleptic complexes, they represent the first
examples of such an arrangement achieved within homoleptic
species. Their structures have been unequivocally established in
solution by means of NMR spectroscopy and ESI-MS spectrom-
etry, and, in the case of C1, in the solid state via X-ray
diffraction. With the expectation that the compositional and
structural differences could directly affect chemical properties,
we assessed their catalytic activity in the olefin hydrosilylation
reaction, resulting in the development of a new family of
efficient and selective catalyst precursors suitable for a broad
scope of substrates. Despite using the same components to
construct the Pt(Il) complexes, we have demonstrated how to
achieve enhanced catalytic efficiency through controllable
manipulations of the coordination mode.

Results and Discussion
Synthesis

The ligands HL1-HL3, 22-dimethyl-5-(2-, 3- or 4-
pyridyl)pentane-3,5-dione, were prepared via a Claisen con-
densation between methyl esters of appropriate pyridinecar-
boxylic acids and pinacolone in the presence of a strong base
(NaH) by adapting a previously reported procedure."®" Due to
the different positions of the N-donor atoms, complexation
reactions with Pt(ll) cations were expected to yield different
coordination modes. Indeed, the reaction of the ligands HL1-
HL3 with PtCl, resulted in a variety of species with unlike
coordination environments (Figure 2). To achieve specific coor-
dination modes, synthetic procedures, varied in regard to
stoichiometry, pH, solvent and temperature, were employed.
The complexes C1-C2, based on HL1, were synthesized after
prior ligand deprotonation under basic conditions (Na,CO,).
These species, of a common formula Pt(L1),, were obtained but
the use of different reaction media led to the formation of
N,C(sp®)- or N,O-chelates in the mixed solvent EtOH/DCM or
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Figure 2. General reaction scheme for the synthesis of the Pt(ll) complexes
C1-C6 based on pyridyl-$-diketonate ligands HL1-HL3.

pure MeCN, respectively. The complex C1, due to its isolation
by fractional crystallization, was obtained in a yield of only
17 %, whereas C2 was isolated with a much higher yield of
64 %. Interestingly, these 5-membered chelate ring coordination
modes were only possible for the ligand L1~ and appeared to
be favored over 6-membered diketonate ring formation,
previously observed for the Pd analogues.'™ The neutral
ligands HL2 and HL3 readily provided complexes [Pt(HL),Cl,]
and [Pt(HL),J(NO;),, coordinated exclusively by the pyridyl-N
donors (Figure 2). To obtain the disubstituted neutral species
(C3-C4, the complexation reactions were carried out in MeCN at
90°C using ligand HL2 or HL3 and PtCl, in an exact 2:1 molar
ratio, giving the desired species in 81% and 67% yields,
respectively. In both cases, only trans products were isolated. As
previously reported," the cationic compounds C5-C6 were
prepared by reacting PtCl, with 4 equiv. of either HL2 or HL3 in
EtOH/DCM, with the addition of AgNO; to displace chlorido
ligands. These two species are readily interconvertible, as the
reaction of the tetrakis complexes with chloride ions leads to
the bis species, which can be converted back to the tetrakis
form by reaction with an additional portion of free ligand in the
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presence of AgNO; (see SI, Figure S11-12). Despite considerable
effort, the complexes obtained from reactions of PtCl, with HL2
and HL3 under basic conditions have not been fully charac-
terized. The products appear to be inseparable mixtures and
are certainly not O,O-diketonate chelates. It has long been
known that, while it is possible to prepare the diketonate
complex [Pt(acac),] (acac=24-pentanedionate) where the
ligand binds as an O,0-chelate, it readily converts to species
where the diketonate is bound through the central C-donor,!'*'!
reaction with pyridine, for example, providing an equilibrium
mixture of [Pt(y-acac),(py),] and [Pt(O,0-acac)(y-acac)(py)].l"®!
Presuming that similar chemistry could arise with both L2™ and
L3-, this raises the prospect that the ligands might function as
bridging species, giving rise to oligomeric mixtures.

X-ray structure determination

The reaction of PtCl, with HL1 carried out in the mixed solvent
EtOH/DCM produced a crude mixture of C1 and C2 (see SI,
Figure S1) and isolation of pure C1 proved challenging, with
fractional crystallization being the only effective method. High-
quality single crystals of C1 suitable for the X-ray structural
determination were successfully obtained by slow diffusion of
n-hexane vapors into a solution of crude mixture in DCM.
Detailed crystal and structure refinement data are presented in
the Sl (see Table S1). In C1, which crystallizes in the ftriclinic
space group P-1, Pt(ll) exhibits a distorted square-planar
coordination geometry, with two ligand anions chelated in an
N,C(sp®-mode, forming 5-membered rings (Figure 3a). The
complexation reaction resulted in the generation of two stereo-
genic centers but in the solid state, only one stereoisomer of C1
was detected, likely due to the bulky nature of the substituents
on the ligand, forcing their positions to be in opposing
orientations, ultimately giving the meso form. The PtCN, unit
displays a trans configuration and is nearly planar, although
significant deviations from the ideal square geometry of the

Figure 3. The X-ray structures of the organometallic species based on HL1: a)
Pt(ll) complex C1; b) analogous Pd(ll) compounds in the form of cis and trans
geometric isomers reported previously."" The solvent molecules were
omitted for clarity.
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Pt(ll) ion are observed, resulting from differences in Pt—N and
Pt—C bond lengths, as well as the spanning of two edges by
chelation. These deviations are apparent in both edge dimen-
sions (271x3.19A), as well as N-C—N and C—N—C angles
(85.79° and 94.21°). The crystal structure of C1 reveals the
flexidentate nature of HL1, as evidenced by the orientation of
the B-diketone units perpendicular to the complex plane. It is
worth emphasizing that, in contrast to C1, the ligand HL1
adopts quite different arrangements in the structure of Pd(ll)
analogues, serving as both 0,0~ and N,C(sp®)-chelating units
within a single complex molecule."™ This arrangement results
in the formation of two stereocisomeric cis- and trans-Pd(L1),
complexes of PACNO, coordination environment (Figure 3b).

NMR spectroscopy

Due to keto-enol tautomerism, the pyridyl-S-diketonate ligands
HL1-HL3 can exist in two forms in solution.'®=® For instance,
in the 'TH NMR spectrum of HL1 recorded in CDCl, (Figure 4a),
the dominant form in this solvent is the enol tautomer (~ 92 %),
while the presence of diketone is indicated by the weak signal
H* near 4.4 ppm. Given the significant contribution of the enol
tautomer, any shift changes in the spectra of the complexes
have been attributed solely to the corresponding signals of
ligands in this form.

The complex C1 has been characterized in solution via NMR
spectroscopy and ESI-MS spectrometry. As seen in the 'H NMR
spectrum (Figure 4b), the structure of the complex established
by XRD measurement was retained in solution. A single set of
signals indicates the symmetrical arrangement consistent with
the same coordination mode of two ligand molecules. The
absence of the enol proton signal H’, in comparison to the 'H

16.0 9.5 9.0 85 8.0 75 6.5 6.0 55 50 45 4.0

7.0
1 (ppm)

Figure 4. The stacked part of "H NMR spectra (600 MHz, CDCls) of the ligand
HL1 (a) and its Pt(ll) complexes coordinated in different modes - C1 (b) and
C2 (0). Inset: ESI-MS spectra of C1 (b) and C2 (c), showing the calculated
isotope model (top) and observed data (bottom).
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NMR spectrum of the free ligand (Figure 4a), reflects the
ligand’s coordination after deprotonation. Additionally, the
methine proton signal H® is significantly upfield shifted by
~2.0 ppm compared to the corresponding signal of HL1.
Notable shifts in the aromatic proton signals H'™* are also
observed, particularly well-marked in the positions of the
protons H* and H*, which appear in the spectrum of C1 in the
reverse order compared to HL1. Considering the crystal
structure and the high symmetry of the '"H NMR spectrum, the
exclusive presence of the complex C1 in the meso form could
be confirmed, thus excluding the existence of other stereo-
isomers in solution.

The "H NMR spectrum of the bulk product obtained from
the synthesis in EtOH/DCM (see SI, Figure S1) revealed the
presence of two dominant species, subsequently identified as
C1 and C2 after the fractional crystallization of the mixture and
independent synthesis of C2. In the "H NMR spectrum of C2, the
absence of the enol proton signal H” near 16.0 ppm indicated
that Pt(ll) complexation had led to the deprotonation of the
diketone moiety (Figure 4c). Notably, there were clear shifts in
the signals, particularly evident for the methine proton H?,
which was up-shifted by 1.5ppm in comparison to the
corresponding signal of uncoordinated HL1. A significant down-
field shift of ~0.7 ppm in the aromatic proton signal H', relative
to that of the free ligand, established the involvement of the
pyridine-N in Pt(ll) complexation. Given the proximity of the
keto-enolate moiety to the pyridyl-N donor atom, these
observations are consistent with N,O-chelation in this case. ESI-
MS analysis also confirmed the successful generation of the
desired complexes with the general formula Pt(L1), (Figure S3
and S6). All the observed peaks were in good agreement with
the calculated isotope distribution, allowing the composition of
the complexes to be unambiguously established (calcd. for [M
+Nal*: m/z=626.1591; observed: m/z=626.1585 and m/z=
626.1599, respectively for C1 and C2).

The 'H NMR spectra of the bis- and tetrakis complexes C3-
C6 were relatively straightforward to assign, the data for C5-Cé
being consistent with those previously reported.™ In the
spectra of the complexes derived from HL3, for example
(Figure 5), it was evident that the j-diketonate units remained
non-coordinated, as indicated by the presence of the signal for
the enol protons H®. While the shifts in the signals for the
protons H*™ were minor, the coordination of pyridine-N was
evident in the pronounced downfield shifts for H' and the
significant shift differences compared to the spectrum of the
free ligand (A3=0.35 and 1.05 ppm, respectively for C4 and
C6). Similar effects were observed in the spectra of complexes
C3 and C5, derived from ligand HL2 (see SI, Figure S7). ESI-MS
spectrometry also confirmed the successful generation of the
desired mononuclear units (Figure 59-S10). All the observed
peaks were in good agreement with the theoretical isotope
distribution, providing explicit evidence for the formation of the
complex molecules of general formulas [Pt(HL),Cl,] and [Pt-
(HL),JINO;),.
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Figure 5. Part of the stacked 'H NMR spectra (600 MHz, CDCl,) of the ligand
HL3 (a) and its di- and tetra-substituted Pt(ll) complexes — C4 (b) and C6 (c).
Inset: ESI-MS spectra of C4 (b) and C6 (c), showing the calculated isotope
model (top) and observed data (bottom).

Catalytic studies

Complexes C5-C6 have demonstrated their potential as
precursors for active and highly selective precatalysts in olefin
hydrosilylation with a broad range of substrates.® They
constitute the first example of Pt(l) compounds based on
pyridyl-3-diketonate ligands ever applied in this catalytic
reaction. The high efficiency of C5-C6, comparable to com-
monly used Pt species such as Karstedt's catalyst, prompted us
to expand this family with new complexes featuring ambiden-
tate units. It was anticipated that these new complexes,
involving a new type of organometallic system, might exhibit
even greater catalytic activity in the hydrosilylation reaction.
Thus, this study was undertaken to assess and compare the
catalytic properties of C1-C6, with the expectation that the
variations in structure and composition could lead to further
improvement in catalyst performance.

Initial studies utilized the organometallic complex C1 to
determine the optimal conditions for catalyzing the hydro-
silylation reaction between dimethylphenylsilane and 1-octene
in equimolar amounts. The highest catalytic activity was
achieved in toluene at 80°C, using a Pt(Il) complex loading of
0.001 mol%. All attempts to reduce the catalyst concentration
or lower the reaction temperature resulted in decreased
conversions, though always with high regioselectivity for the g-
addition product. The process of initial screening and optimiza-
tion of reaction conditions is summarized in Table S2.

Under these optimal conditions, successful hydrosilylation
reactions were carried out with 1-octene and styrene, represent-
ing aliphatic and aromatic olefins, using various structurally
distinct hydrosilanes. The bulk of our experiments were based
on complexes C1, C2, C4, and C6 applied as precatalysts. C3
was of limited utility due to its very low solubility in toluene,
resulting in significantly reduced reaction yields (< 10% in most
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cases). Additionally, structural isomers C5 and C6 showed
essentially identical reactivity, so only data for the latter are
provided. In all cases, the hydrosilylation products were formed
in good to excellent isolated yields, ranging from 60% to 97 %,
and not significantly dependent on the specific nature of the
alkene or hydrosilane (Figure 6). High efficiency was noted for
hydrosilanes functionalized with alkoxy groups (1d, 1e, 2e) or
compounds containing more than one Si-H bond (1g, 1h),
with reaction times longer than an hour being necessary in only
a few cases. All catalytic systems exhibited excellent regiose-
lectivity toward anti-Markovnikov addition, as confirmed by GC-
MS analysis and NMR spectroscopy. S-addition products were
strongly favored, with a-addition products detected in only two
cases, for 2e and 2f.

While all the Pt(ll) precursors exhibited high catalytic
activity, their structural diversity resulted in minor variations in
the obtained reaction yields. Based on GC conversion or NMR

] Ry
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S + .Sil 2 Si,
RO H R, PhMe, 80 °C R R,
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Figure 6. The scope of the olefin hydrosilylation reaction catalyzed by the
complexes C1-C6 and the Karstedt’s catalyst (KC). Reaction conditions: olefin
(0.5 mmol), hydrosilane (0.5 mmol), catalyst (0.001 mol %) in PhMe (1 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 yields
in parentheses are those of the isolated compounds. (a) The reactions were
performed for 6 h. (b) 1.0 mmol of olefin was used.
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yields, the most efficient catalyst was found to be the organo-
metallic complex C1, closely followed by C2. However, in
several cases, a noticeable decrease in the activity of C4 and C6
was observed. The lower catalytic activity of these complexes
might be attributed to the coordination of four ligands,
potentially resulting in increased steric hindrance. Conse-
quently, the catalytic sites within their structure are less
accessible when compared to the disubstituted species.
Furthermore, we considered the electronic environment of
metal centers within the structures of C1-C6, proposing that
the pivotal factor influencing the diverse catalytic properties
could be the direct involvement or absence of the j3-diketone
moiety in the complexation of Pt(ll) ions. In the case of C1 and
C2, the deprotonated p-diketonate units actively participate in
coordination, whereas they remain non-coordinated for C3-Cé6.
Additionally, due to the electron-withdrawing nature of this
group, they weaken the bonds between Pt(ll) and pyridine-N
donors. Therefore, the electron density on the metal centers
significantly increases upon complexation with HL1, leading to
higher reactivity of C1 and C2 and contributing to the
enhancement in their catalytic efficiency. Given the low catalyst
loading, excellent reaction yields, and outstanding selectivity in
comparison with the previously reported complexes like C5-C6
and many other Pt catalysts,*'”! the exceptional performance of
the new species based on HL1, specifically C1 and C2, under-
scores their significant potential for broader applications in the
hydrosilylation reaction.

Among the mechanisms proposed in the literature for the
hydrosilylation reaction catalyzed by Pt(ll) complexes, the
Chalk-Harrod catalytic cycle, involving Pt(Il/1V) species, is widely
recognized and generally accepted.®*'7*'® |t proceeds through
the oxidative addition of the Si-H bond to the metal center,
followed by the insertion of olefin into the metal hydride. As a
consequence, an active Pt(IV) species is generated as an
intermediate, which then undergoes reductive elimination. This
step results in the formation of an organosilicon compound as
the final product and the regeneration of the Pt(ll) complex.
This mechanism adheres to the anti-Markovnikov rule, consis-
tent with the obtained results.

Conclusions

In summary, we have successfully synthesized a novel family of
complexes by harnessing Pt(ll) in combination with three
isomeric pyridyl-S-diketone ligands. These species were charac-
terized through a variety of spectroscopic techniques, both in
solution and, in the solid state, as exemplified by C1's X-ray
structure determination. This work demonstrates the profound
impact that variations in the N-atom position within the
heterocyclic ring can exert on the coordination modes adopted
by the central metal atom. Through precise manipulation of
reaction conditions, we successfully isolated various coordina-
tion species, wherein these versatile ambidentate ligands
function as simple N-donors or N,C(sp®- and N,O-chelates, which
constitute the first examples of such coordination modes
achieved within a single ligand. Most notably, all these
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complexes have proven to be exceptional catalysts for hydro-
silylation reactions, exhibiting remarkable catalytic performance
and regioselectivity. This is particularly pronounced in the case
of C1 and C2, underscoring the significance of the organo-
metallic nature or neutral character in catalytic enhancement. In
comparison to numerous other Pt(ll) catalysts reported in the
literature, these complexes feature straightforward preparation,
very low catalyst loading (0.001 mol%), and adaptability in
combination with a wide range of structurally distinct reagents.
These complex characteristics hold the promise of applications
in materials chemistry, particularly in the production of intricate
organosilicon compounds.
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Multi-Stimuli-Responsive Network of Multicatalytic Reactions using a

Single Palladium/Platinum Catalyst

Gracjan Kurpik, Anna Walczak, Pawet Dydio,* and Artur R. Stefankiewicz*

Abstract: Given her unrivalled proficiency in the syn-
thesis of all molecules of life, nature has been an endless
source of inspiration for developing new strategies in
organic chemistry and catalysis. However, one feature
that remains thus far beyond chemists’ grasp is her
unique ability to adapt the productivity of metabolic
processes in response to triggers that indicate the
temporary need for specific metabolites. To demonstrate
the remarkable potential of such stimuli-responsive
systems, we present a metabolism-inspired network of
multicatalytic processes capable of selectively synthesis-
ing a range of products from simple starting materials.
Specifically, the network is built of four classes of
distinct catalytic reactions—cross-couplings, substitu-
tions, additions, and reductions, involving three organic
starting materials—terminal alkyne, aryl iodide, and
hydrosilane. All starting materials are either introduced
sequentially or added to the system at the same time,
with no continuous influx of reagents or efflux of
products. All processes in the system are catalysed by a
multifunctional heteronuclear Pd"/Pt"' complex, whose
performance can be controlled by specific additives and
external stimuli. The reaction network exhibits a sub-
stantial degree of orthogonality between different path-
ways, enabling the controllable synthesis of ten distinct
products with high efficiency and selectivity through
simultaneous triggering and suppression mechanisms. )

Introduction

Millions of years of evolution have enabled nature to
develop intricate metabolic systems to achieve exceptionally
effective processes for the synthesis of sophisticated bio-

active molecules, crucial for sustaining various functions of
living organisms.™ In living cells, a number of processes that
generate mass, energy, and information transfer are seam-
lessly integrated into a complex network of dynamic
interactions and sequences of multi-stage reactions.” Due to
the cooperativity in the action of multiple enzymes, each
signal reaching the cell is processed to direct processes into
specific ~ pathways,  accurately  balancing  cellular
production.?? The maintenance of vital functions of each
cell relies on a multi-stimuli-responsive system, which
efficiently and simultaneously manages hundreds of catalytic
reactions in concert, reflecting the vastness of metabolic
processes that continuously produce all necessary metabo-
lites at levels temporarily required by the cell.®! Therefore,
to sustain cellular homeostasis, all metabolic pathways must
fulfil certain criteria, such as orthogonality, controllability,
and adaptability. Additionally, regulatory mechanisms are
essential for optimising metabolite flow to ensure the overall
system stability and integration with other cellular
processes.?!

Nature has been a wellspring of inspiration for research-
ers and has provided the foundational framework for many
discoveries across the realms of (bio)chemistry,
(bio)engineering, and medicine.”) For chemists, it has
become an aspiration to replicate the remarkable perform-
ance of metabolic processes in constructing molecules, thus
driving the development of innovative concepts in synthetic
chemistry and catalysis.”! This fascination has spurred the
development of numerous catalytic systems, each striving to
mimic the complex enzymatic machinery found in cells.”!
Nevertheless, the enormous potential of bio-inspired cata-
lytic systems, capable of dynamically responding to environ-
mental changes and precisely crafting diverse compounds on
demand, thus mirroring the finesse of natural systems in
regulating metabolite flows as per temporal requirements,
remains largely unexplored.”’
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Herein, we report a metabolism-inspired artificial system
designed to respond to multiple stimuli, operating within an
integrated network of mechanistically distinct reactions,
effectively imitating the multi-responsive systems found in
nature (Figure 1). While achieving a perfect replication of
the intricacy and excellence of metabolic processes remains
elusive, the aim of this study is to demonstrate that artificial
networks can exhibit features inherent to natural metabolic
systems. Specifically, our approach involves a strategic
design for the efficient performance of multi-stage processes
between three simple starting materials, terminal alkyne S1,
aryl iodide S2, and hydrosilane S3, catalysed by a single
multifunctional heteronuclear Pd"/Pt" cooperative catalyst.
We demonstrate that due to a substantial degree of
orthogonality between different transformations, the specific
pathways within the network can be augmented by the
sequences and nature of simple chemical reagents and
physical triggers T1-T9. Such control of different catalytic
activities enables the preferential synthesis of each product
from a diverse range, denoted as P1-P10, as well as their
temporal interconversions, as described below.

Results and Discussion

At the outset of these studies, we hypothesised that Pd and
Pt complexes would serve as promising candidates for
establishing a catalytic reaction network. We envisioned that
combining these two metals would grant access to a broad
range of available transformations due to their unique
ability to mediate various catalytic processes, including
myriads of cross-couplings, substitutions, additions, and
reductions.™”!

To develop potential multifunctional Pd and Pt catalytic
systems, our approach involved constructing heteronuclear
Pd"/Pt" complexes. Our rationale was that integrating both
catalytic metal centres into a single molecular architecture
would improve compatibility between individual catalyti-
cally active sites throughout the reaction sequence and
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create an opportunity for cooperation between different
metal centres.' In addition, such a multifunctional catalyst
would mirror enzymes bearing multiple active sites, with
fatty acid synthase (FAS) constituting a prime example.!*”
As ligating structures, we selected two isomeric pyridyl-g-
diketonate ligands, 2,2-dimethyl-3-(3- or 4-pyridyl)pentane-
3,5-dione (HL1 and HL2, respectively), commonly em-
ployed in metallosupramolecular chemistry,™ together with
chelating N-donor coligands, 2,2’-bipyridine (bpy) and ethyl-
enediamine (en).

A conventional hierarchical synthesis™ with metal
precursors and selected ligands gave rise to a series of four
heterometallic complexes C1-C4 with Pd" and Pt", having
the N,0O, and N, coordination spheres, respectively (Fig-
ure 2a). The formation of C1-C4 was confirmed by NMR
spectroscopy, ESI-MS, and elemental analysis as summar-
ised in Figure 2d and 2e and detailed in the Supporting
Information (Figures S3-S10). Because C1-C4 were of low
crystallinity in the solid state, the crystal structures of
[Pt(HL1),J(NO;), (C*) and [Pd(L1)(bpy)]PF,s (C*") were
utilised to model the heterometallic structure, as shown for
C1 in Figure 2b and 2c.

We selected phenylacetylene S1, iodobenzene S2, and
triethylsilane $3 as model starting materials. In the presence
of C1-C4, we expected the substrates to engage in a series
of sequential and simultaneous processes. Specifically, the
Sonogashira, Heck, and Hiyama cross-couplings, as well as
the protodehalogenation reaction are known to be catalysed
by structurally related Pd complexes.'"™?4"] In turn, the
hydrosilylation and silylation reactions can occur in the
presence of similar Pt complexes.*!% Lastly, the semi- or
complete reduction reactions can be catalysed by either Pd
or Pt complexes.'! Consequently, a range of structurally
distinct products, P1-P10, could be formed through different
pathways, as depicted in Figure 3a. We envisioned that the
preferential formation of particular products would depend
on the order and relative rates of specific catalytic processes,
which in turn could be controlled by the catalysts and the
reaction conditions. Importantly, the activities and selectiv-

Products
Branch |

Branch Il
P6 P7 P8
Branch llI
o ©
P9 P10

Figure 1. Multi-responsive performance triggered by various external stimuli within a bio-inspired network of multi-stage reactions catalysed by the

heteronuclear Pd"/Pt" complex.

Angew. Chem. Int. Ed. 2024, 63, €202404684 (2 of 9)

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

115 | Page



Reprints of publications — A6

b)

' =pt' @=pa"

\I i/
" N N
N N = bpy
NN Y
HN  NH,

€1 X.Y=N,CH; N,N=bpy
€2 X,Y=N,CH; N,N=en
€3 X,Y=CH,N; N,N=bpy
C4 X,Y=CH,N; N,N=en

9.04]

Communication

Angewandte

intemetionsiEditon | C N1EITNiE

c)

cPd X-ray

e)

calcd. for [C1-4NO,T*:

calcd. for [C1-3NO,T**: ||calcd. for [C1-2NO, T2

[Pd(L1)(bpy)]* observed: observed: observed:
‘ “' ...

T |

542 545 548 551 750 755 || 1150 1155 1160

“llh..

1155.1110
—

10.0 9.5 9.0 85 8.0 7.5 7.0 65 15
1 (ppm)

546 5603 749.4111
L 1—,1 LJ, -
00 700

300 400 5 600 800 900 1000 1100 1200 1300 1400 1500
m/z (Da)

Figure 2. Heteronuclear Pd/Pt-complexes tested as catalysts for the reaction network. a) Structures of C1-C4. b) Model structure of heteronuclear
complex C1. ¢) X-ray structures of the mononuclear constituents—C™M* and C™. d) Part of the "H NMR spectrum (600 MHz, DMSO-d,) of C1.
€) ESI-MS spectrum of C1 showing the calculated isotope model (top) and observed data (bottom).

ities of individual transformations depend not only on the
catalysts but also on simple chemical reagents and physical
stimuli, such as NaOH, TBAF, or DMSO and temperature
or light, respectively."® We surmised that such additives or
reaction conditions could be strategically used in a sequen-
tial and controlled manner, acting as triggers to direct the
network toward specific outcomes by promoting specific
reaction pathways, resembling the regulation of natural
metabolic systems through external stimuli.®**"!

The topological analysis of the reaction network shown
in Figure 3a reveals its three main branches (I-III), each
utilising either two or all three starting materials. For
instance, in branch I, S1 undergoes the initial reaction with
$2 prior to any transformations involving S$3, while in branch
II, S1 reacts first with S3 prior to engaging S2. In turn, in
branch III, S2 reacts with S3 without any role for SI1.
Interestingly, certain products within the network can be
generated through multiple pathways, which may occur
within the same branch or transpire across different
branches, reflecting the system’s capacity for convergence.
For instance, all the pathways producing P1-P4 within
branch I may ultimately converge to P5 as the final product.
In turn, pathways leading to P4 can occur via P1, P2, or P3
as preceding intermediates within branch I or involve P6
and P7 as alternative intermediates formed in branch II,
thereby connecting branches I and II.

The development of sequences of chemical and physical
stimuli promoting the selective formation of each of
products P1-P10 and their subsequent interconversions

Angew. Chem. Int. Ed. 2024, 63, €202404684 (3 of 9)
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involved extensive experimentation conducted with all
heteronuclear complexes C1-C4 and different simple chem-
ical reagents and physical triggers. The most efficient and
selective pathways were observed to occur in the presence
of C1 as a catalyst and T1-T9 as triggers, as schematically
shown in Figure 3a and further detailed in Figure 3b. The
sequences of triggers leading selectively to P1-P10 are
described and compared with other representative examples
ahead. Further details, including experiments with C2-C4
and a series of control experiments with model mononuclear
complexes (C™, C*), are presented in the Supporting
Information.

Branch I: S1 reacts with 82, prior to reacting with $3. We
found that S1 and S2 readily underwent the Sonogashira
reaction, forming P1 in >99% yield, in the presence of
NaOH (T1) as a trigger and C1 as a catalyst. Then, P1 in
situ underwent a range of subsequent reactions with S3,
resulting in the formation of P2-P5, with the selectivity
being governed by the imposed triggers T2-T4 (Figure 3).
Specifically, in the absence of any additional triggers, P1
reacted with 83 in the hydrosilylation reaction, forming P2
with an overall yield of 98%. However, when in the
presence of either DMSO or water (T2 and T3, respec-
tively), P1 and S3 underwent alternative stereoselective
semi-reductive processes, forming two distinct products,
namely P3 or P4, with overall yields of 90% and 62 %,
respectively. In addition, P3 and P4 could be interconverted
between each other under UV light irradiation (T5).
Irrespective of the starting point, ie., P3 or P4, the

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. a) Multi-stimuli-responsive network of reactions between S1-S3 added sequentially, catalysed by C1 and controlled by T1-T9, and

b) trigger-directed pathways toward distinct products within branches I-Ill.

irradiation process produced a nearly equimolar mixture of
both stereoisomers, indicating that a dynamic equilibrium
was reached under these conditions.? In turn, in the
presence of TBAF (T4), P1 was converted into fully reduced
PS5 in 80 % yield.

We observed that thus-formed P2-P4 could be further
converted in situ to P3-P5 when applying additional
triggers. For instance, P2 was converted into P3 and P4
(40% and 54% overall yields) when triggered by the
addition of DMSO (T2). In turn, P2 and P4 converted to P5
(70% and 56%, respectively) when TBAF (T4) was
introduced. Finally, P3 was transformed into P5 (64 %)
when exposed to H, and methanol (T6).

Branch II: S1 reacts with 83, prior to reacting with S2.
Branch II is comprised of S1 and S3 reacting to generate
three new products, P6-P8, some of which can undergo

Angew. Chem. Int. Ed. 2024, 63, €202404684 (4 of 9)

subsequent transformations with S2 (Figure 3a). We found
that in the presence of C1 and NaOH (T1), S1 and S3
reacted to form P6, the hydrosilylation product, in a nearly
quantitative yield (97 % ). However, the same reaction in the
additional presence of DMSO (T2) resulted in the selective
semi-reduction, furnishing P7 (95%). In turn, in the
presence of TBAF (T4), fully reduced P8 was formed
instead (97 %).

Like in branch I, when suitable triggers were applied,
some initially formed products of branch II could be in situ
converted into other products of the same branch or
transposed into products of branch I. For instance, initially
formed P6 was converted in situ into P7 or P8, in 70 % or
75% overall yields, when triggered by the addition of
DMSO (T2) or TBAF (T4). In turn, P7 was transferred in
situ into P8 (91 %) when exposed to H, and methanol (T6).

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Alternatively, P6 or P7, and S2 underwent the Hiyama or
Heck cross-coupling, respectively, when triggered by either
TBAF (T4) and temperature (T9) or Et;N (T7), forming P4
(31% and 67 %, respectively). These reaction pathways
interconnect branches I and IL

Branch III: S2 reacts with $3. Devoid of S1, branch III
involves the processes occurring for S2 and S3, leading to
products P9 and P10 (Figure 3a). In the presence of tBuONa
(T8) and C1, S2 and S3 reacted to form P9 in 80% yield.
Alternatively, in the absence of any base yet at elevated
temperature (T9), the reaction furnished P10 in a nearly
quantitative yield (>99 %). Unlike branches I and II, branch
III remains independent of the rest of the network.

Kinetic hierarchy and pathway orthogonality. In metabol-
ic systems, the selective formation of specific products from
all available substrates is governed by the kinetic hierarchy
and orthogonality of processes, which are determined by the
conditions and enzymes, i.e., sophisticated catalysts often
exhibiting exquisite substrate and reaction selectivities. In

a) Set of substrates
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the experiments for the synthetic network presented above,
in addition to the chemical additives and physical triggers
that controlled the orthogonality of competitive pathways
catalysed by C1, the kinetic hierarchy of processes was
augmented by the sequential addition of building blocks S1—
S3.

To evaluate the kinetic hierarchy and pathway orthogon-
ality within this artificial system, we studied the performance
of C1 with all starting materials present in the reaction
mixture from the start. We observed that, despite the
potential complexities, a significant portion of the products
within the network remains accessible when using the
heteronuclear complex C1 in combination with the same
triggers T1-T9, as detailed below and shown in Figure 4.
Nevertheless, some processes are inherently favoured by the
current catalyst, outcompeting other pathways, preventing
access to some products in the current system.

When S1, S2, and S3 were all reacted together in the
presence of C1 and T1, the system favoured the generation
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controlled by T1-T9, and b) trigger-directed pathways toward distinct products, illustrating the level of orthogonality between different processes in

the system.
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of P6 (93%) over P1 (<1%) and P2 (<1%), which could
be otherwise formed under these conditions. This selectivity
profile reflects the kinetic preference of C1 for the hydro-
silylation reaction over the Sonogashira coupling under
these conditions. Importantly, thus-formed P6 could be in
situ converted into P7 (65%), P8 (82%), or P4 (23 %), in
subsequent reactions triggered by T2, T4, or T4 with T9,
respectively, using the reagents initially introduced into the
system.

In turn, when the reaction between S1, S2, and S3 was
triggered by T1 and T2, we observed selective semi-
reduction, yielding P7 (80 % ). When subsequently triggered
by T6 or T7, thus-formed P7 could be reduced by remaining
S3 forming P8 (77 %) or cross-coupled with S2 furnishing P4
(68 %). The latter could be further converted in situ to P3
(32%) or P5 (56%), when triggered by TS5 or T,
respectively.

Furthermore, the reaction between S1, 82, and S3
triggered by T4 led to P8 (91 %), leaving S2 behind, showing
that all products of branch II are accessible when all starting
materials are present at the same time and the performance
of C1 is trigger-controlled. Similarly, both products of
branch III can be formed in reactions with all substrates
present, yielding P9 (52 %) or P10 (93 %), when triggered
by T8 or T9, respectively.

Overall, due to the kinetic preference for hydrosilylation
and reduction reactions over the Sonogashira coupling by
C1, the orthogonality in branch I is not complete when S1,
S2, and 83 are all present. However, upon the formation of
P1, the individual synthetic pathways leading to P2-P5 are
fully orthogonal. Additionally, all the synthetic pathways in
branches II and III can be considered orthogonal, with
reactivity determined by the triggers employed.

Influence of triggers. As exemplified above, sequences of
various triggers denoted as T1-T9 play a central role in
governing the overall selectivity of the network, guiding the
progression of different reactions along distinct pathways
within each of the three branches (I-III). For instance,
among several bases tested, NaOH (T1) proved to be the
most effective for the efficient performance of the Sonoga-
shira coupling (Figure 5a). In turn, chemical additives, such
as DMSO, water, TBAF, and H, (T2-T4, T6) inhibited the
inherent hydrosilylation reactivity forming P2 and P6 within
branches I and II, inducing the reductive processes instead.
The type of additives controlled both the chemo- and
stereoselectivity of these reductive processes, directing the
reaction pathways between products P3-P5 and P7-P8. For
instance, the presence of DMSO (T2) in strictly defined
proportions (Figure 5b) enabled the cis-selective semi-
reduction of internal or terminal alkynes, furnishing P3 and
P7, respectively. In turn, water (T3) ensured the trans-
selective semi-reduction, enabling the preferential genera-
tion of P4. In this case, the water content proved to be
critical for the chemoselectivity, controlling the preferential
formation of the hydrosilylation, semi-, or complete reduc-
tion products (Figure 5¢). Also, TBAF and H, (T4 and T6)
facilitated the reactions toward the complete reduction
products (P5 and P8). In turn, exposure to UV light (T5)
triggered the interconversions between P3 and P4 through
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Figure 5. The effect of various triggers and catalysts for the catalytic
reaction network. a) The effect of different bases on the Sonogashira
coupling. b) The effect of the amount of DMSO (T2) on the cis-selective
semi-reduction. ¢) The effect of the amount of water (T3) on the
divergent product formation in the reaction of P1 and $3. d) The effect
of different bases on the silylation reaction. e) The effect of the
temperature (T9) on the protodehalogenation reaction. f) Comparative
tests demonstrating the enhanced catalytic activity of the complex €1

in comparison to its mononuclear constituents: C™, c™ and their
mixture, while maintaining a constant concentration of Pd and Pt.

g) The comparison of catalytic efficiency between C1-C4 in the selected
transformations.

photomediated cis/trans-isomerisation. Alternative to the
complete reduction, hydrosilylation and semi-reduction
products (P2 and P6) could enter the Hiyama and Heck
cross-couplings triggered by TBAF (T4) at an elevated
temperature (T9) and Et;N (T7), respectively. Lastly, unlike
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for the Sonogashira coupling, tBuONa (T8) proved to be the
most effective base in the silylation reaction (Figure 5d vs.
Figure 5a), while the elevated temperature (T9) enabled the
protodehalogenation reaction (Figure Se).

Influence of catalysts & their heteronuclearity. Despite
the distinct roles of Pd" and Pt" centers in individual
catalytic processes of the reaction network, their incorpo-
ration into a single complex structure proved to significantly
enhance their overall performance. To illustrate the effect,
the performance of C1 was compared against the perform-
ance of its mononuclear constituents, namely C* and C*, or
their mixture. As shown in Figure 5f, the yields of the
processes within branch I in the presence of C1 were
superior to those in the presence of either mononuclear
constituents or their mixture. Furthermore, the excellent
catalytic activity of C1 could also be traced back to its
customised coordination arrangement. Despite the structural
similarities of heteronuclear complexes C1-C4, C1 turned
out to be typically the most effective, selective, and versatile,
as exemplified in Figure 5g and detailed in the Supporting
Information. Consequently, the catalytic performance of C1
within the reaction network can be associated with incorpo-
rating both metal centers in a single molecular structure
supported with specific chelating ligands, creating a specific
coordination environment for both neighboring metal sites
suitable for efficient catalysis.

Conclusion

To conclude, inspired by the metabolic processes occurring
in nature, we investigated a network of reactions comprising
transition metal-catalysed synthetic processes between a set
of starting materials either introduced sequentially or
present in the system from the beginning. The model system
was designed to enable a range of multi-stage transforma-
tions, including cross-coupling, substitution, addition, and
reduction reactions. We demonstrated the feasibility of
orchestrating these chemical processes within the system
through meticulous control of the reaction environment.
The interplay of the network and the specific temporal
chemical additives and physical triggers governed the
formation of a series of distinct products from simple
starting materials with high efficiency and selectivity. Over-
all, the performance and stimuli-responsiveness of this
model system resemble the remarkable features of metabol-
ic networks, selectively producing various complex metabo-
lites from simple building blocks as temporarily needed by
the system. Although the presented system does not achieve
complete orthogonality, which would require several ad-
vanced catalysts tailored to specific substrates, many of the
synthetic pathways catalysed by single bimetallic catalyst C1
in the network can be characterised as orthogonal. With
these results as groundwork, the next stage would be to
advance it into a more sophisticated system characterised by
controllable, kinetically orchestrated, and fully orthogonal
processes, operating under homeostatic conditions with a
continuous flux of substrates, products, and energy. We
hope the study will inspire further research merging complex
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systems chemistry with practical organic chemistry toward
the improved efficient and sustainable synthesis of fine
chemicals and materials.
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