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Summary 
Developing sustainable catalytic transformations will have a crucial role in shaping the world we are 
going to live in. In this regard, is important to find efficient ways to convert readily accessible and 
abundant small molecules into high-value chemical feedstocks using earth abundant metal catalysis. 
The challenge is to activate these mostly stable and inert molecules and to control the reaction 
pathways that often involve multielectron redox processes. Noble metals (e.g. Pd) are typically good 
in performing two-electron redox reactions, while base metals (e.g. Fe) usually favor one-electron 
redox events leading to reaction pathways that are difficult to control. One possible tool to mimic the 
noble metal behavior with earth abundant metals is to use redox active ligands, which can actively 
participate in the redox event, effectively avoiding unstable metal oxidation states. In this context, it 
is fundamental to understand the bonding and coordination properties of transition metals to such 
small molecules and investigating the metal-ligand interaction in different oxidation and spin states. 
Throughout this thesis, we study the coordination chemistry of the redox active formazanate ligands 
to iron and palladium and we explore the (catalytic) reactivity of the resulting complexes toward small 
molecules. The results here presented provide an in-depth insight into how the formazanate ligands 
give access to unusual electronic structures that may lead to the development of novel catalytic 
reactivity, taking advantage of the synergism between redox-active ligands and redox-active metals. 
 

In Chapter 1, we present an introduction into catalytic transformations of small molecules and 
development of earth abundant metal catalysis for 2-electron redox processes. Fundamental aspects 
on how to modulate the metal-ligand bond are depicted. Moreover, selected examples of both natural 
and artificial redox active ligands illustrate how the ligand platform can be used to store electrons for 
subsequent chemical transformations. In addition, a focus section on formazanate ligands and the 
recent development in their coordination chemistry and redox behavior is given. 
 

In Chapter 2, the synthesis and characterization of bis(formazanate) iron complexes (1-6),  differing 
from each other through the substituents in the para-position of the aromatic rings, is described. All 
six compounds undergo spin-crossover in solution with T½ above room temperature (300 - 368 K) as 
determined by a thermodynamic analysis via NMR and UV-Vis spectroscopy. Electronic substituent 
effects are used to modulate the thermally induced transition between S = 0 and S = 2 spin states in 
solution. Solid state characterization including X-ray crystallography, differential scanning calorimetry, 
Mössbauer spectroscopy and SQUID magnetometry, shows that, while compounds 1-4 are low-spin in 
the solid state and remains unchanged upon heating, packing effects can override this preference 
leading to either high-spin (6) or gradual spin-crossover behavior (5). DFT calculations illustrate that in 
all cases, the stabilization of the low-spin state is due to the π-acceptor properties of the formazanate 
ligand resulting in an approximate ‘two-over-three’ splitting of the d-orbitals and a high degree of 
metal-ligand covalency due to metal → ligand π-backdonation. Furthermore, the electronic effect of 
para-substituents is position dependent, having an opposite influence depending on whether it is 
present at the C-Ar or N-Ar rings, which is ascribed to the competing effect on metal-ligand σ- and π-
bonding. 
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Figure 1. Synthesis of bis(formazanate) iron complexes 1-6 and tuning of their SCO behavior via electronic 
substituent effect. 

In Chapter 3, six novel bis(formazanate) iron complexes (7-12), featuring non-symmetric ligands with 
two different N-Ar substituents, are presented. This study broadens the insight on how spin-crossover 
properties of this class of compounds can be modulated via ligand modification using different 
strategies: electronic effects, steric effects, π-stacking interactions and ligand denticity. Structural 
analysis via X-ray crystallography illustrates that bis(formazanate) iron complexes can be isolated in a 
variety of coordination geometries and spin states: pseudo-tetrahedral low-spin (7), tetrahedral 
high-spin (9, 11a), square planar intermediate-spin (11b) and octahedral low-spin (12). SQUID 
measurements, Mössbauer spectroscopy and DSC analysis point out that in the solid state the rare 
square planar 11b undergoes (around 400 K) an incomplete spin-change-coupled isomerization to the 
tetrahedral high spin 11a (S = 2).  

 

Figure 2. Molecular structures of 7, 11a, 11b and 12 showing 50% probability ellipsoids. All hydrogen atoms are 
omitted for clarity. 

NMR spectroscopy data suggests that for compound 11 only the tetrahedral (high-spin) structure is 
relevant in solution, as corroborated by a solution magnetic moment of 4.9 μB, which remains 
unchanged down to 217 K (Evans method). Besides 11, all the other compounds of the series show 
spin-crossover behavior in solution, spanning a broad range of T1/2 (188 - 444 K). 

 

Figure 3. Bis(formazanate) iron(II) complexes 1, 7-12 and temperature dependence of the high-spin fraction (γHS) of 
compounds 1, 7-10 and 12 in toluene-d8, including error bars for T½ (γHS = 0.5). 
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The available experimental and computational data for 12 suggest that the Fe…OMe interaction is 
retained upon spin transition. Furthermore, despite the difference in coordination environment, the 
spin-crossover for 12 is of similar nature to the one found in the four-coordinate derivatives (1-10) and 
originates from a large degree of covalency in the Fe-N bonds due to metal → ligand π-backdonation. 
 

In Chapter 4, the reactivity of bis(formazanate) iron(II) and (I) complexes (1, 11 and 1-Red) toward π-
acids (CO and isocyanide) is investigated via NMR spectroscopy and computational studies. The 
reaction with the strong π-acid CO, both with 1 and 1-Red, appears to be inhibited due to the 
competition for π-back bonding interaction by the formazanate ligands. A better σ-donor ligand, such 
as isocyanide, does not react with the electron-rich compound 1-Red, but it readily reacts with 1 and 
11 affording low spin 6-coordinate complexes, [Fe(L)2(CNAr)2] (CNAr = 4-methoxyphenyl isocyanide, 
benzyl isocyanide and 4-nitrophenyl isocyanide). The isolated compounds were characterized in the 
solid state by IR spectroscopy and X-ray crystallography, and in solution by NMR, UV-Vis spectroscopy 
and cyclic voltammetry. In the case of 1-CNAr, isocyanide dissociation takes place in solution, while for 
the fluorinated derivative 11-CNpAn, there is no evidence of equilibrium between the 6- and 
4-coordinate complex even at high temperature. 19F NMR spectroscopy allowed to elucidate the 
structure of 11-CNpAn in solution. In particular, through space interactions provided useful information 
regarding the 3D-arrangement of the atoms in the molecule. Finally, DFT was employed to calculate 
the energies of different isomers, highlighting the important role of intraligand non-covalent 
interactions in the stabilization of the molecule. 

 

Figure 4. Synthesis of: a) 1-CNAr and b) 11-CNpAn. 

In Chapter 5, an electrochemical study of bis(formazanate) iron complexes (1-12) via cyclic 
voltammetry shows that they all possess a quasi-reversible first reduction, which can be tuned over a 
wide potential range (from – 0.53 V to – 1.74 V vs Fc0/+) by changing the substituents in the ligand 
backbone. Furthermore, ligand substitution provides a strategy to alter the nature of the reduction, 
i.e. the involvement of the ligand in the redox process. In addition, in some cases, a second reduction 
and an oxidation are also accessible. 

 

Figure 5. Potential (E0) vs Fc+/Fc (V) for the one-electron reduction of compounds 1-12 (ca. 1.50 mM solution of 
complex in THF; 0.1 M [Bu4N][PF6] electrolyte; scan rate = 0.1 V·s-1). 

Oxidative addition of three substrates (benzyl bromide, diphenyl disulphide and methyl iodide) to a 
bis(formazanate) iron(I) complex (1-Red) gave useful insight on the poor stability of these compounds 
in the Fe(III) state. We then show that isolation of a stable Fe(III) formazanate iron complex is possible 
with a tridentate NNO ligand, proving the important role of the additional donor atom in the 
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stabilization of Fe(III) compounds. Moreover, 12-Ox is the first example of a structurally characterized 
formazanate complex where the ligand is (partially) involved in the oxidation process. While X-ray 
crystallographic data of 12-Ox are in agreement with a Fe(III) center, spectroscopic (UV-Vis and EPR) 
and computational (DFT) analysis indicate ligand engagement in the redox event revealing a case of 
"hidden" non-innocence. 

 

Figure 6. UV-Vis absorption spectra of compounds 12 in toluene (green line) and 12-Ox in THF (violet line) and 
oxidation reaction of 12 to 12-Ox. 

In Chapter 6, the synthesis of formazanate ferrate(II) dihalides complexes, [FeLX2][NBu4] (X = Br, 1Br; 
Cl, 1Cl), via salt metathesis is described, providing a straightforward synthetic method toward 
mono(formazanate) complexes.  

 

Figure 7. Synthesis of compounds 1X (X = Br and Cl) and 1Br-CNpAn. 

These heteroleptic, tetrahedral complexes have a quite different electronic structure compared to the 
respective homoleptic compound 1, as illustrated by the high-spin ground states and by the cyclic 
voltammetry data that suggest a ligand-center reduction. X-ray structural analysis, suggests that 
π-backdonation from the iron centre into the ligand π*-orbitals is signifcanlty less relevant in 1X 
compared to 1, leading to reduced Fe-N bond covalency. The halide ligands in 1Br are labile, and 
displacement by the isocyanide CN-p-An results in the formation of the octahedral cationic complex 
[Fe(L1)(CN-p-An)4][Br] (1Br-CNpAn). 
 

In Chapter 7, the first example of formazanate iron complexes as homogeneous catalysts for the 
fixation of CO2 into cyclic carbonates is presented. The aforementioned mono(formazanate) iron(II) 
dihalide complexes, together with other derivatives here synthesized via a new one-pot procedure, 
1/5/10X (X = Cl, Br, I), are used as highly selective single component catalysts for the reaction of CO2 
with various terminal and internal epoxides. The influence of the halide ligand and the electronic 
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properties of the formazanate ligand backbone on the catalytic activity are explored. The loosely 
bound halide ligands confer to these anionic metal complexes the ability to act as single-component 
catalysts, thus without the utilization of an additional nucleophile. In addition, remarkable selectivity 
towards the cyclic carbonate product are obtained, even with internal epoxides such as cyclohexene 
oxides, which typically tend to lead to polycarbonates. 
Exploratory investigation on cationic monoformazanate complexes as catalysts for the reaction 
between CO2 and epoxide is described. The possibility of forming a coordination polymer is evaluated 
using 1,4-phenylene diisocyanide (1Br-CNNC), which could lead to interesting applications in the 
context of catalyst recyclability and of redox switchable catalysis. 

 

Figure 8. a) Anionic monoformazanate iron(II) dihalide complexes as selective single-component catalyst for the 
reaction of CO2 with epoxides to produce cyclic carbonates. b) Schematic representation of a possible 3D structure 

of 1Br-CNNC and of equilibrium: [Fe(L1)(CN-Ar)4][Br]  [Fe(L1)(CN-Ar)3Br] + CN-Ar. 

In Chapter 8, the synthesis and characterization of a mono(formazanate) alkyl palladate complex, 
[Pd(L1)(CH3)(Cl][NBu4] (Pd-1c), is described. Exchange of the chloride ligand afforded the neutral 
pyridine complex [Pd(L1)(CH3)(Py)] (Pd-1d). Insertion reactions into the Pd-CH3 bond in Pd-1c and 
Pd-1d are examined, and the products of CO, isocyanide and methyl acrylate insertion are 
characterized by NMR spectroscopy. Catalytic polymerization tests show the lack of reactivity of these 
compounds due to sluggish olefin insertion and decomposition to the homoleptic compound [Pd(L1)2] 
(Pd-1a). The redox behavior of Pd-1a and Pd-1c studied via cyclic voltammetry, shows rich 
electrochemistry due to the redox-active nature of the formazanate ligands. 

 

Figure 9. Ligand-based redox event for Pd-1c and insertion reactions into the Pd-CH3 fragment examined for Pd-1c 
and Pd-1d.
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