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La normalité est une route pavée : 
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Abstract 

In the endeavor to substitute fossil resources for the production of energy and chemicals with 

renewable carbon feedstocks and energy sources, the electrochemical reduction of carbon diox-

ide is considered a “dream reaction”. It holds the potential to use CO2 from industrial waste 

streams or the atmosphere and recycle the C1 building block into the chemical value chain by 

adding electrons. Molecular coordination complexes, particularly those based on 3d transition 

metals, can be introduced as catalysts to enable the reaction and expand the scope of accessible 

products. Thus, the alleviation of the global climatic and socio-economic effects of the green-

house gas CO2 is combined with producing industrially relevant carbon-containing compounds. 

In this context, the present study is dedicated to investigating the role of the 3d metal center 

and the coordinated auxiliary ligands on the structural and electrochemical properties of the 

corresponding complexes. The obtained results shall be used to conclude the effect of these 

components on the traversed catalytic mechanism in the electrochemical activation of CO2. 

A series of mid to late 3d transition metal complexes (from manganese to zinc) was synthesized 

from the redox-innocent pincer ligand N2,N6-bis(diphenylphosphaneyl)-N2,N6-diphenylpyri-

dine-2,6-diamine. Metal precursors were chosen in their +II or +I oxidation states and coordi-

nated by chloride or acetonitrile (MeCN) ligands. The application of various analytical tech-

niques allowed the correlation of the observed coordination geometries to the electronic 

configuration of the metal via crystal field theory. A qualitative increase in electronic density at 

the metal center could be observed throughout the 3d row. 

Cyclic voltammetry (CV) analyses revealed metal-centered redox processes for iron, cobalt, and 

nickel down to the zero-valent state. While cobalt and nickel undergo several ligand exchange 

reactions during this pathway, iron is surmised to dimerize or disproportionate. 

NMR spectroscopic and CV experiments tracked the ligand exchange between chloride and ac-

etonitrile at the metal center. It was found that a single acetonitrile ligand coordinates cobalt 

and nickel at the zero-valent state in MeCN, independent from the auxiliary ligand in the start-

ing complex. The π back bonding of MeCN supposedly removes electron density from the metal 

center, decreasing the potential required to reduce the complex but also its reduction strength. 

The stability of the complexes was found to be higher when chloride rather than labile acetoni-

trile ligands are coordinated and increased from iron to nickel, explainable by shorter and, 

hence, stronger bonds for the later transition metals. 
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Electrochemical analyses under CO2 atmosphere showed the substrate coordination at the oxi-

dation state zero for each of the complexes, yet substantial electron transfer to CO2 is only pro-

posed for iron and cobalt. 

CV under the addition of the LEWIS acid magnesium triflate identified cobalt as promising for 

the reductive disproportionation of CO2. A CV-based proton source screening revealed metha-

nol as a suitable BRØNSTED acid for CO2 reduction with the same metal. Controlled potential 

electrolysis experiments, however, showed hydrogen as the preferred product with only minor 

amounts of CO. Likely, the probed complexes disintegrate at the electrode surface under for-

mation of heterogeneous species. The para position in the pyridine core of the ligand backbone 

was identified as a possible weakness of the complex, the protection and further improvement 

of which will constitute a perspective for this work. 

 

Overall, the present study elucidates how the metal center determines the activity and stability 

of otherwise redox-innocent systems in electroreduction reactions such as carbon dioxide con-

version. The in-depth knowledge of the electrochemical behavior of the cobalt and nickel com-

plexes under inert conditions, in contact with CO2, and combined with further co-catalysts pro-

vides the means to adjust the properties of the complexes for CO2 activation. These insights will 

be used to improve the so-far unsatisfactory long-term stability of the complexes under electro-

catalytic conditions.  
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Zusammenfassung 

In dem Bestreben, fossile Ressourcen für die Energieerzeugung und die Herstellung von Chemi-

kalien durch erneuerbare Kohlenstoff- und Energiequellen zu ersetzen, gilt die elektrochemi-

sche Reduktion von Kohlendioxid als "Traumreaktion". Sie birgt das Potenzial, CO2 aus indust-

riellen Abgasströmen oder aus der Atmosphäre durch Addition von Elektronen in die chemische 

Wertschöpfungskette zurückzuführen. Die Einführung molekularer Katalysatoren, insbeson-

dere auf Basis von 3d-Übergangsmetallen, ermöglicht es, die Reaktion ablaufen zu lassen und 

die Bandbreite der zugänglichen Produkte zu erweitern. Auf diesem Wege wird die Milderung 

der globalen klimatischen und sozioökonomischen Auswirkungen des Treibhausgases CO2 mit 

der Herstellung industriell relevanter kohlenstoffhaltiger Verbindungen kombiniert. 

In diesem Zusammenhang widmet sich die vorliegende Arbeit der Untersuchung des Einflusses 

des 3d-Metallzentrums und der koordinierten Hilfsliganden auf die strukturellen und elektro-

chemischen Eigenschaften der daraus geformten Metallkomplexe sowie auf den bevorzugt 

durchlaufenen Katalysemechanismus bei der elektrochemischen Aktivierung von CO2. 

Eine Reihe von mittleren bis späten 3d-Übergangsmetallkomplexen (von Mangan bis Zink) 

wurde aus dem redox-inerten Pincerliganden N2,N6-Bis(diphenylphosphanyl)-N2,N6-diphe-

nylpyridin-2,6-diamin synthetisiert. Hierbei stellen Chlorid- und Acetonitril (MeCN)-Metallvor-

stufen in der Oxidationsstufe +II oder +I den Kern der synthetisierten Komplexverbindungen 

dar. Die Anwendung komplementärer Analysemethoden ermöglichte die Korrelation der beo-

bachteten Koordinationsgeometrien mit der Elektronenkonfiguration des Metalls unter Anwen-

dung der Kristallfeldtheorie. Eine qualitative Zunahme der Elektronendichte am Metallzentrum 

konnte in Richtung der späteren Metalle beobachtet werden. 

Cyclovoltammetrie (CV)-Analysen zeigten metallzentrierte Redoxprozesse für Eisen, Kobalt und 

Nickel bis hin zum nullwertigen Zustand. Während Kobalt und Nickel dabei mehrere Liganden-

austauschreaktionen durchlaufen, wird vermutet, dass der Eisenkomplex dimere Strukturen bil-

det oder disproportioniert. 

Der Ligandenaustausch am Metallzentrum wurde für die Chlorid- und Acetonitrilkomplexe von 

Eisen, Kobalt und Nickel durch NMR- und CV-Experimente analysiert. Die Ergebnisse der Ana-

lyse indizieren, dass Kobalt und Nickel, unabhängig vom Hilfsliganden im Ausgangskomplex, 

im nullwertigen Zustand in MeCN von einem einzigen Acetonitrilmolekül koordiniert werden. 

Durch die π-Rückbindung von MeCN wird dem Metallzentrum vermutlich Elektronendichte 

entzogen, wodurch sowohl das erforderliche Potential als Triebkraft für die Reduktion als auch 

die Reduktionskraft des Komplexes verringert werden. 
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Es wurde festgestellt, dass die Komplexe stabiler sind, wenn Chlorid- anstatt der labilen Aceto-

nitrilliganden an das Metall koordinieren, und die Stabilität von Eisen zu Nickel zunimmt, was 

sich auf kürzere Bindungsabstände und damit stärkere Bindungen bei späteren Übergangsme-

tallen zurückführen lässt. 

Die elektrochemische Analyse unter CO2-Atmosphäre ergab, dass die Koordination von Kohlen-

dioxid bei jedem der Komplexe in der Oxidationsstufe Null stattfindet. Ein substanzieller Elek-

tronentransfer auf das Substrat wird jedoch nur für Eisen und Kobalt postuliert. 

Cyclovoltammetrie unter Zugabe der LEWIS-Säure Magnesiumtriflat identifizierte Kobalt als 

vielversprechend für die reduktive Disproportionierung von CO2. CV-basierte Tests von Proto-

nenquellen ergaben Methanol als geeignete BRØNSTED-Säure für die CO2-Reduktion mit dem-

selben Metall. Bei Elektrolyseexperimenten unter konstantem Potential wurden jedoch bevor-

zugt Wasserstoff und nur geringe Mengen von CO detektiert. Wahrscheinlich zerfallen die 

untersuchten Komplexe an der Elektrodenoberfläche unter Bildung von heterogenen Spezies. 

Die para-Position im Pyridinkern des Ligandenrückgrats wurde als mögliche Schwachstelle des 

Komplexes identifiziert, deren Schutz und weitere Verbesserung eine Perspektive für die Zu-

kunft darstellt. 

 

Insgesamt verdeutlicht die vorliegende Studie, wie das Metallzentrum die Aktivität und Stabili-

tät ansonsten redox-inerter Systeme in Elektroreduktionsreaktionen wie der Kohlendioxidum-

wandlung bestimmt. Das vertiefte Wissen über das elektrochemische Verhalten der Kobalt- und 
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Nickelkomplexe unter inerten Bedingungen, aber auch im Kontakt mit CO2 sowie in Kombina-

tion mit weiteren Cokatalysatoren bietet die Möglichkeit, die Eigenschaften der Komplexe für 

die CO2-Aktivierung anzupassen. Diese Erkenntnisse werden zukünftig dazu genutzt, um die 

bisher unbefriedigende Langzeitstabilität der Komplexe unter elektrokatalytischen Bedingun-

gen zu verbessern. 
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Chapter 1: Background & Motivation 

 

 

 

In the following chapter, the general context of this work is introduced by addressing the various 

facets of carbon dioxide – sources, global impact, and sustainable valorization. 

Organometallic electrocatalysis constitutes a promising technique for the direct use of electric 

energy in the reductive conversion of carbon dioxide and is therefore presented in detail. Focus 

is set on the role of the catalyst, particularly regarding potential reaction pathways in the en-

deavor to expand the accessible product scope starting from the C1 building block. 

After giving an overview of the most efficient catalyst systems based on molecular transition 

metal complexes known to date and the metrics used to evaluate their catalytic properties, the 

influence of the central metal on the outcome of the reaction is scrutinized. 

The present work’s approach to addressing this question by tailoring the principles of organo-

metallic catalyst design to electrochemical needs is outlined at the end of the chapter. 

 

Parts of this chapter have been published in: 

N. W. Kinzel, C. Werlé, W. Leitner, Angew. Chem. Int. Ed. 2021, 60, 11628.  
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1.1 Carbon Dioxide 

1.1.1 Impact on Nature, Society, Industry & Science 

In the last decades, the involvement of carbon dioxide in vitally important areas of humankind, 

such as nature, society, industry, and science, has become increasingly visible and, hence, an 

essential topic for humanity’s everyday life. However, the intertwinement of CO2 and these areas 

goes far back in time and is not solely limited to humankind. 

Already before the existence of human beings on the planet, CO2 constituted the main (gaseous) 

intermediate in the earth’s carbon cycle.[1] On the one hand, plants in the bio- and hydrosphere 

performed (and still perform) photosynthesis to convert CO2 into carbohydrates with the help 

of solar energy. On the other hand, the oxidation of carbohydrates by combustion[2] or respira-

tion yielded carbon dioxide and closed the cycle (Figure 1.1).[1] 

 

Figure 1.1. Schematic representation of the fast global carbon cycle including natural fluxes (yellow), 

human contributions (red), and stored carbon (white) in gigatons of carbon per year. Re-

printed from ref. [3] with permission. 

Simultaneously, the burial of plant material by natural phenomena removed CO2 from the cycle 

on the earth’s surface and atmosphere. Anaerobic conditions, high pressures, and elevated tem-

peratures over the course of millions of years allowed the subterranean transformation of these 
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carbohydrates to coal, oil, and natural gas – the so-called “fossil resources”.[4] With the beginning 

of the industrial revolution at the end of the 19th century, humanity began to understand the 

importance of the enormous energy contained in these various forms of reduced carbon and 

started to build their entire economy on this energetic foundation. Combustion of fossil fuels 

shifted the equilibrium between reduced and oxidized carbon – initially located far on the re-

duced side – more and more to carbon dioxide and, thus, carbon in its highest possible oxidation 

state +IV.[5] Up to today, society relies on fossil resources to satisfy its needs in terms of energy 

generation,[6] production of nutrients/fertilizers,[7] transport and aviation,[5c, 8] construction 

industry,[9] and production of chemical goods[10] eventually resulting in continuous emissions of 

CO2 and, hence, increasing concentrations in the atmosphere. The relatively stable percentage 

of 280 ppm of CO2 in the air before the industrial revolution[11] increased to more than 400 ppm 

in 2015 (Figure 1.2), a threshold that environmental scientists claim to mark a point at which 

nature alone is not capable of regulating the CO2 balance anymore.[12] In January 2022, the 

MAUNA LOA OBSERVATORY in HAWAII determined the concentration of carbon dioxide in the 

atmosphere at ~418 ppm.[13] 

 

Figure 1.2. Average concentration of CO₂ in the global atmosphere between year one and 2018.[14] 

Elevated levels of atmospheric CO2 severely impact the earth’s climate and ecosystem due to the 

direct correlation of this quantity with extreme phenomena such as global warming, rising sea 

levels, ocean acidification, and declining biodiversity.[15] Therefore, effective and efficient 

methods to decrease CO2 emissions and, eventually, its concentration in the atmosphere are 
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highly sought. The primary requirement for this approach is a severe paradigm shift of 

humankind’s mindset on political and economic questions: The current “Fossil Age” needs to be 

converted into a “Sustainable Energy and Chemistry Nexus” that relies on renewable energy 

sources rather than fossil ones and offers an interchangeable industrial system between 

chemicals/fuels and “green” energy (Figure 1.3). 

 

Figure 1.3. From the “Fossil Age” (bottom) to a “Sustainable Energy and Chemistry Nexus” (top). 

1.1.2 Sustainable Conversion using Renewable Energies 

Although the activation of CO2 as a pre-requisite for its conversion is challenging from a 

scientific point of view (vide infra), projects summarized under the concept of POWER-TO-X are 

already pursuing this endeavor.[16] Wind, water, and solar power are employed to provide 

carbon-free and renewable energy for various chemical, biochemical and electrochemical 

processes that allow the synthesis of valuable reduced-carbon products. Starting from energy 

carriers mainly represented by C1 compounds such as formic acid and methanol, the aim is to 

expand the product scope toward functional materials, fine chemicals, and even 

pharmaceuticals.[17] Careful attunement of the underlying reactions may even allow the 
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synthesis of so far inaccessible compounds utilizing the concepts of Green Chemistry (e.g., atom 

economy and use of renewable feedstocks).[18] 

From this perspective, the conversion of carbon dioxide does not only help to alleviate the 

environmental effect of the greenhouse gas, but its reduced forms can be used as a recyclable 

C1 building block in the chemical industry with the potential to replace oil as the substrate basis 

in the future. Apart from high-concentration flue gas streams of industrial processes,[19] the car-

bon reserves under the various forms of CO2 (i.e., gaseous in the atmosphere, dissolved in the 

hydrosphere, and chemically bound as carbonates in the terrestrial environment) can be ex-

ploited to ensure a sufficient supply with the C1 substrate.[20] 

Regarding solar and wind power as green energy sources for the transformation of CO2, the pre-

ferred technological option for renewable energy can differ depending on the regional climatic 

situations. Hence, in Europe, wind is most efficiently converted to electric power in northern 

areas close to the sea, whereas the highest irradiation benefitting solar energy generation can be 

found in southern countries (Figure 1.4). 

 

Figure 1.4. Average capacity factors for wind (left) and photovoltaics (right) in Europe (1995-2015). 

Reprinted from ref. [21] with permission. 

Irrespective of the preferred technology, green electricity (“power”) generation is intermittent 

and fluctuating, thus requiring efficient and flexible storage technologies. In this context, direct 

electricity storage could be substituted by conversion into molecular energy carriers or chemical 

products as an attractive possibility to balance supply and demand.[22] 

The direct formation of chemical bonds from electrons can be provided by electrochemistry, the 

impact of which is represented (among others) in FARADAY’s pioneering work,[23] the KOLBE elec-

trolysis,[24] and the TAFEL rearrangement[25]. Although controlling the many system parameters 
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in synthetic electrochemistry on a laboratory scale (i.e., cells, electrodes, electrolytes, solvents, 

and others)[26] can be challenging, processes such as the chloralkali[27] or HALL−HÉROULT[28] elec-

trolysis are producing valuable chemicals (chlorine and aluminum) on a scale of millions of tons 

per year. 

For carbon dioxide, thermochemical routes employing catalytically active transition metal cata-

lysts have proven to be capable of converting the substrate into more valuable chemicals.[15, 29] 

Industrial implementation of this approach is already pursued in singular cases,[30] but various 

factors still impair a broader application. In particular, (1) high costs for the capture, purifica-

tion, storage, and transport of carbon dioxide to the processing sites, (2) the energy require-

ments for the conversion of CO2, and (3) the limited diversity of CO2-based chemicals are rea-

sons for (4) a limited market size and industrial investment as well as an insufficient socio-

economical demand.[31] 

Electrocatalytic (inter)conversion of electrical power into chemical bonds (of low-concentration 

substrate streams) can contribute innovative solutions to overcome the obstacles inherent to 

challenges (1) to (3). Tackling the challenges mentioned above will also solve issue (4), eventu-

ally enabling the substitution of conventional synthetic routes by greener methodologies for CO2 

conversion. 

From a fundamental level, the thermodynamic stability and kinetic inertness of the CO2 mole-

cule constitute the central challenges for POWER-TO-X strategies.[29, 32] Its conversion into valu-

able C1 chemicals and more sophisticated products requires a combination of reduction (addi-

tion of electrons) and bond-forming processes (addition of protons or other reagents, 

Figure 1.5). 

Reduction along the C1 pathway yields products with high potential production volumes that, if 

used as a synthon for further transformations (horizontal pathways), grant access to economic 

and ecologic benefits compared to today’s value chains.[33] 

Although synthetic methods for the valorization of CO2 using dihydrogen are increasingly avail-

able,[34] electrocatalysis constitutes a promising alternative. Heterogeneous electrode materials 

and deposits[35] (especially copper in its various modifications[36]), enzymes[37] as well as molec-

ularly defined organic[38] and (immobilized)[39] organometallic species[40] offer a variety of ap-

proaches in the reduction of CO2 by electrons. 
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Figure 1.5. Schematic correlation between energy content and carbon oxidation state for CO2-based 

C1 compounds and possible higher molecular products. 

These electrochemical methods enable the electron transfer from the electrode material to CO2 

and compensation of the charge balance by protons. This principle eliminates the extra step of 

electrochemical hydrogen generation via water electrolysis [challenge (2)]. Also, it offers the 

possibility to operate at lower substrate concentrations [challenge (1)],[41] temperatures, and 

pressures than those often necessary for CO2 hydrogenation. 

The opportunity brought by molecularly defined transition metal complexes in this field is based 

on structural simplicity and their ability to grant access to the elementary steps in the molecular 

mechanisms for “CO2 activation” by decoupling electron transfer and bond formation. Hence, 

molecular electrocatalysis can open novel pathways to devise synthetically useful transfor-

mations exceeding the C1 stage, which currently comprises the majority of the accessible prod-

ucts [challenge (3)]. 

However, a prerequisite for developing new reaction routes is the detailed knowledge of the 

organometallic electrocatalyst’s behavior during CO2 reduction and the identification of molec-

ular properties that define the mechanistic pathway traversed toward the various accessible 

products. Correlating the catalyst structure to its activity, selectivity, and stability in the electro-

chemical activation of CO2 marks the frame of the present work and is introduced in the follow-

ing section. 

  



BACKGROUND & MOTIVATION 

8 

1.2 Organometallic Perspectives on Electrochemical CO2 Conversion 

The capability of molecular transition metal complexes to act as mediators for the electron trans-

fer from the electrode to the CO2 molecule sets the motivation to gain a deeper understanding 

in this field. The following sections will thus present the basic ideas of organometallic electrore-

duction of CO2 by molecular catalysts. An overview of the state-of-the-art catalyst systems, re-

action mechanisms, and benchmarking metrics will be given. Eventually, methods to identify 

the molecular component(s) responsible for a catalyst's reactivity are discussed. 

1.2.1 Thermodynamics, Kinetics & Metrics 

The main obstacle in the conventional electrochemical activation of carbon dioxide is to provide 

the required energy to force the CO2 molecule from its neutral and linear state into the bent 

geometry of the reduced radical anion CO2
∙-.[40a] This thermodynamic obstacle manifests in a 

standard potential E0 = -2.21 V vs. standard calomel electrode (VSCE) in N,N-dimethylforma-

mide (DMF),[42] which corresponds to -2.68 V vs. the ferrocenium/ferrocene couple (VFc).[43] 

Adding multiple electrons and coupling the reduction steps with bond formations to pro-

tons (ideally generated by electrochemical water oxidation in the anodic half-cell)[44] circum-

vents this thermodynamically unfavorable reaction and offers a variety of C1 products (P) at less 

negative potentials (Table 1.1). 

Table 1.1. Selected CO2 reduction processes and standard redox potentials E0 in aqueous solutions.[35] 

Cathodic Half-Reaction E0 (VSHE) 

2 CO2(g) + 2 e– → C2O4
2–

(aq)
 -0.590 

CO2(g) + 2 H+ + 2 e– → HCO2H(aq) -0.250 

CO2(g) + 2 H+ + 2 e– → CO(g) + H2O(l) -0.106 

CO2(g) + 4 H+ + 4 e– → H2CO(aq) + H2O(l) -0.070 

CO2(g) + 6 H+ + 6 e– → CH3OH(aq) + H2O(l) +0.016 

CO2(g) + 8 H+ + 8 e– → CH4(g) + 2 H2O(l) +0.169 

The influences of a variety of kinetic factors (e.g., mass and charge transfer)[45] within the chosen 

reaction setup yet necessitate an additional driving force to be exerted for conversion that ex-

ceeds the thermodynamic standard potential of the reaction. This driving force is defined as the 

overpotential η [eq. (1.1), Eapp = applied potential]. 

η = Eapp – E0 (1.1) 
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Nevertheless, the kinetic nature of the overpotential enables the introduction of (transition 

metal) electrocatalysts (e-cats), which grant access to new reaction pathways based on the prin-

ciples of catalysis known in thermochemistry. These reaction pathways are less impeded by ki-

netic barriers, manifesting in lower overpotential requirements, as illustrated in Figure 1.6. 

 

Figure 1.6. Relative positions of defining potentials for the direct (Edir) and the transition metal-cata-

lyzed (Ecat) electrochemical conversion of CO2. 

In a typical reaction setup, the first electron transfer from the inert electrode to the oxidized 

catalyst species e-catox (Figure 1.6, top) generates the reduced electrocatalyst e-catred and 

primarily depends on interfacial parameters (e.g., electrode composition/conductivity, surface 

structure, the conductivity of the solution).[45a, 46] The reduced species can transfer the required 

electron(s) to the CO2 molecule and initiate the subsequent bond-making and -breaking steps 

toward the product. Since the principles of organometallic chemistry influence these parts of 

the mechanism, they will be the focus of this work. In particular, the geometric and electronic 

properties of the catalytically active coordination complex can be attuned by the choice of metal 

and ligand. Eventually, this allows optimizing vital catalytic features such as activity, selectivity, 

energy efficiency, and stability. 

Optimizing the balance between catalytic activity (represented by the turnover frequency TOF; 

Table 1.2, entry 1) toward the desired product and the required driving force (≙ overpotential) 

to reach said activity is of paramount interest. This balance is displayed by the catalytic TAFEL 

plot (CTP; Table 1.2, entry 2), which opposes log(TOF) and η (Figure 1.7). 
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Figure 1.7. Schematic catalytic TAFEL plots for two electrocatalysts, A (red) and B (blue). Adapted with 

permission from ref. [47]. Copyright 2014 American Chemical Society. 

The y-intercept yields log(TOF)0, which can be interpreted as the intrinsic turnover frequency 

of a catalyst (at η = 0). At the plateau, the maximum turnover frequency TOFmax is reached. The 

solid line in Figure 1.7 indicates the overpotential region of superior TOF for one of the two 

catalysts. Catalyst A in red exhibits a larger TOF0, while catalyst B in blue has a higher TOFmax. 

When the horizontal and the diagonal parts are extrapolated, both lines' intersection allows ex-

traction of the value for Ecat. 

The most frequently reported metrics describing the different facets of an electrocatalyst are 

summarized in Table 1.2. 

Table 1.2. Metrics commonly used to evaluate catalysts in the electrocatalytic reduction of CO2.[47b, 48] 

Entry Metric Definition[a] Described Properties 

1 turnover frequency (TOF) 
n(P)

n(e-cat) ∙ t
 activity 

2 catalytic TAFEL plot (CTP) log(TOF) vs. η activity, efficiency 

3 turnover number (TON) 
n(P)

n(e-cat)
 activity, stability 

4 faradaic efficiency (FE) 
ne-(P)

ne-(total)
 selectivity (, stability) 

[a] n = amount, t = time. 
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Besides the turnover number (TON; Table 1.2, entry 3) that allows assessment of the activity 

and stability of a catalyst system, the faradaic efficiency (FE, entry 4) is a type of selectivity com-

monly used to evaluate an electrochemical reaction. The FE quantifies the percentage of elec-

trons used to generate a specific product and, hence, also goes by the terms faradaic yield or 

electron efficiency/yield. This indicator can also identify degradation processes if the number of 

electrons transferred to the detected products does not equal the total number of electrons. 

In summary, various metrics are available to evaluate the different features of catalytic im-

portance comprised within an electrochemical CO2 reduction (eCO2r) catalyst. As discussed in 

the next section, these features depend on the degree of substrate interaction along the mecha-

nistic route. 

1.2.2 Mechanistic Pathways 

The traversable reaction pathways are classified according to the interaction between the in-

volved species, which gives rise to outer-sphere (OS) and inner-sphere (IS) mechanisms. 

In the catalysis of electrochemical reactions, the outer-sphere mechanism, also referred to as 

“redox catalysis”, describes a pathway in which the catalyst system only behaves as an electron 

carrier (“shuttle” or “relay”) from the electrode to carbon dioxide.[49] In this case, the ligand en-

vironment is not substantially involved in the reaction due to minimal electronic interaction 

between both participants.[50] Consequently, the electron needs to bridge a particular spatial 

dimension, which is comparable to the direct electron transfer from the electrode surface to CO2 

under the formation of the CO2
∙- radical anion as described by COSTENTIN et al. (Scheme 1.1).[51] 

 

Scheme 1.1. Typical reaction pathways for CO2 activation initiated by OS one-electron transfer.[51] 
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The radical anion can either dimerize to an oxalate species (top) or give CO and carbonate by 

reaction with a second CO2 molecule due to its amphoteric character (center). In the presence 

of a proton source such as water, the formate anion is formed (bottom).[51] The outer-sphere 

mechanism is favored over the direct electron transfer to the substrate at the electrode because 

the electron shuttle disperses between the substrate molecules and, thus, improves electron dis-

tribution. Furthermore, the activation can be accelerated by shifting the equilibrium if the fol-

low-up reactions are thermodynamically favored and rapid (e.g., protonation or radical cou-

pling).[40a] 

In contrast to the outer-sphere pathway, the inner-sphere mechanism traverses a chemically 

bound carbon dioxide adduct at which the electron transfer occurs. Subsequently, the activation 

barriers for bond formation or breaking must be overcome to yield the desired product. Com-

pared to the OS mechanism, which suffers from the energetic impediment of needing to bend 

the linear CO2 molecule (vide supra), the IS catalytic conversion of CO2 takes advantage of sub-

strate coordination to the transition metal.[52] 

In the realm of organometallic chemistry, inner-sphere and outer-sphere mechanisms describe 

bond formation processes and are distinguished according to the coordination of the substrate 

that is attacked by a reactive group already bound at the metal center. If an electron transferred 

to a metal-bound CO2 molecule during an electrocatalytic reaction is considered a reactive 

group, this would automatically classify the associated mechanism as IS. However, CO2 reduc-

tion can also be achieved by forming an intermediate metal hydride complex formally incorpo-

rating electrons and protons in the metal hydride (M-H) bond. While the transfer of the hydride 

as the reducing agent may be preceded by coordination of CO2, which would categorize the 

reaction as inner-sphere, this is by no means required.[53] More than this, the hydride transfer to 

C=O units constitutes the prime example of an outer-sphere reaction in organometallic catalysis, 

as prominently featured in the NOYORI mechanism for asymmetric hydrogenation of ketones.[54] 

Formally, these reactions comprise a stepwise or concerted transfer of hydride and proton to the 

non-coordinated substrate, either through a five- or six-membered transition state. The OS hy-

dride transfer from transition metal centers to CO2 in molecular thermocatalytic CO2 hydro-

genation is widely inferred to be a direct analogy to this mechanism.[34c] 

In the molecularly-catalyzed electrochemical reduction of CO2, the two disciplines of electro- 

and organometallic chemistry are brought into contact and essentially distinguish two pathways 

opened by the reduced catalyst species in Scheme 1.2: (1) electron transfer through the molec-

ular complex (ETM) or (2) electron transfer through the hydride (ETH). 
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Scheme 1.2. Categorization of the ETM and ETH pathways for electron transfer to CO2 during the transi-

tion metal-catalyzed electroconversion of carbon dioxide (M = metal). 

1.2.2.1 Electron Transfer through the Molecular Complex 

The ETM pathway is primarily characterized by the coordination of CO2 to the transition 

metal (Scheme 1.3). Ligand involvement in the electron transfer processes to CO2 is also possible 

as long as CO2 is chemically bound in the coordination sphere of the complex. 

Coordination of CO2 to a metal center was observed in more than ten coordination modes, in-

cluding up to four metal centers simultaneously in various oxidation states.[17a, 53, 55] In this work, 

only monometallic cases are discussed, of which the stable side-on η2-C,O bonding mode in the 

ARESTA complex[56] is undoubtedly one of the most prominent. Back bonding into the π* orbital 

according to the DEWAR-CHATT-DUNCANSON model already leads to a bending of CO2 which 

potentially activates the molecule toward the complete electron transfer.[57] 

The side-on bonding constitutes the precursor to three different coordination modes of the for-

mal radical anion and, hence, defines a mechanistic junction for the formation of C1 or C2 prod-

ucts. Notably, the η2-C,O complexation is not necessarily an intermediate in the catalytic cycle 

but rather a transition state on the way to the other binding modes. 

When the η2-C,O mode isomerizes into an η2-O,O bound CO2 radical anion (Scheme 1.3, left), 

dimerization with a second radical leads to covalent C-C-bond formation. Dissociation of the 

two metal complexes then releases oxalate. In the presence of cations, oxalate can precipitate 

and shift the reaction equilibrium to the product side. 
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Scheme 1.3. CO2 coordination modes, reaction pathways, and possible products of the ETM route 

(m = stoichiometry of coordinated ligands, n = charge of the complex, LA = LEWIS acid). 

Alternatively to the pathway shown in Scheme 1.3, mechanistic[58] and theoretical investiga-

tions[59] on the thermocatalytic transition metal-mediated oxalate formation suggest CO2
2- as 

the activated species due to its characterization as a local minimum on the potential energy 

surface of many CO2 reactions.[59] Furthermore, the reaction traverses a bimetallic intermediate 

featuring a μ-η2:η1 CO2 sandwich complex from which the CO2
2- unit can directly react with an 

uncoordinated molecule of CO2
[59-60] rather than involving an electrochemically generated CO2 

radical anion.[61] 

The presence of earth-alkaline LEWIS acids (LAs; Scheme 1.3, center) grants access to a different 

reaction channel. The LA stabilizes the reactive η1-CO2
- intermediate species and allows the 

binding of a second equivalent of CO2. In the proposed six-membered cyclic transition state, a 
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formal O2- dianion is transferred from one CO2 unit to another and ultimately yields the two-

electron reduced CO as well as carbonate released as the LA salt. SAMPSON et al. postulated this 

so-called reductive disproportionation of CO2 for the mesityl (Mes)-substituted 2,2’-bipyri-

dine (bpy) complex [Mn(bpyMes)(CO)3(MeCN)]+ in Scheme 1.4.[62] 

 

Scheme 1.4. LEWIS acid-assisted electrocatalytic reduction of CO2 to CO and CO3
2- (R = Mes). Adapted 

with permission from ref. [62]. Copyright 2016 American Chemical Society. 

The η1-C coordination constitutes the crucial intermediate in most ETM reactions reported so 

far. Protonation of the subsequently formed metalla carboxylate intermediate yields a hy-

droxycarbonyl species that includes a second mechanistic junction (Scheme 1.3, right). From 

here, proton addition either initiates the release of water and carbon monoxide or the produc-

tion of formic acid. However, CHEN et al. also reported the conjunction of both routes by isom-

erization of the hydroxycarbonyl intermediate to the formate species prior to the release of for-

mic acid (Scheme 1.5).[63] 
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Scheme 1.5. Isomerization during Fe-catalyzed CO2 electroreduction to HCO2H proposed by CHEN et al. 

Adapted with permission from reference [63]. Copyright 2015 American Chemical Society. 

CO evolution is generally inferred to be catalyzed via a push-pull mechanism (Scheme 1.6), dur-

ing which the reduced metal center donates electron density to the carbon atom through the 

η1-C coordination. While these electrons occupy the antibonding orbitals of the carbon atom, 

electron density is withdrawn from the anionic oxygen atom by two equivalents of BRØNSTED 

acid (HA). In combination, the two factors weaken the C-O bond to an extent to which elimina-

tion of water is favored. Further uptake of an electron leads to CO release and catalyst recov-

ery.[40a, 64] 

 

Scheme 1.6. Push-pull mechanism of the BRØNSTED acid-assisted reduction of CO2 to CO. 
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The ideal proton source must be acidic enough to catalyze the reaction yet keep the concentra-

tion of protons around the electrode low to limit direct proton reduction to molecular hydro-

gen (vide infra). Hence, weak acids such as methanol, 2,2,2-trifluoroethanol (TFE), phenol, or 

even water are commonly employed.[64a, 65] Since the influence of proton donors is crucial for 

catalytic performance, the incorporation of carboxylic acid or phenol groups as so-called “proton 

relays” in the second coordination sphere around the active center constitutes one of the most 

reported approaches to optimize ligand structures.[66] 

In order to abstract the oxygen from the CO2 molecule two protons and two electrons are re-

quired in each case. Nevertheless, the sequence of reduction (electron transfer) and protona-

tion (H+ transfer) can be altered. Variations in the applied potential or the rate constant of pro-

tonation give rise to the “reduction first” and “protonation first” mechanisms described by 

RIPLINGER et al. in Scheme 1.7.[64a] Generally, “reduction first” occurs at more negative poten-

tials, making it less energy-efficient and the less desired pathway.[64a, 67] 

 

Scheme 1.7. “Protonation first” and “reduction first” mechanisms described by RIPLINGER et al. for 

M = Mn/Re and N∩N = bpy. Adapted with permission from ref. [64a]. Copyright 2015 Amer-

ican Chemical Society. 

The expansion of the ETM scope to ligand-mediated electron transfers is mainly caused by the 

significant number of transition metal complexes in electrochemical CO2 reduction relying on 

molecular architectures comprising so-called “non-innocent” ligands (e.g., polypyridines or 

imines). Their ability to share an excess of electron density (redox non-innocence) or relay pro-

tons (chemical non-innocence) often proves beneficial for catalytic activity.[68] One of the pio-

neering examples within the former group is the [Re(bpy)(CO)3]+ CO2 electroreduction catalyst 

investigated by the LEHN group.[69] Investigations of the activation mechanism toward the twice-
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reduced [Re(bpy)(CO)3]- species undertaken by BENSON et al. revealed a formal one-electron 

reduction of the rhenium center to the zero-valent state and uptake of the second electron into 

the π* orbital of the bpy unit.[70] 

1.2.2.2 Electron Transfer through the Hydride 

In the ETH route, a reactive metal hydride complex initiates the reaction with carbon dioxide. 

This M-H key intermediate is formed by protonating the reduced metal center. Hydride attack 

at the electrophilic carbon atom of the substrate combines the simultaneous transfer of electrons 

with the bond formation. The elementary steps occurring after the generation of the metal hy-

dride are similar or even identical to the thermocatalytic hydrogenation of CO2 into C1 mole-

cules such as formic acid or methanol (Scheme 1.8). Literature offers many examples of transi-

tion metal complexes catalyzing the reaction and studies on the intricate details within their 

mechanisms of CO2 conversion.[34b, 71] 

 

Scheme 1.8. Reaction pathways and possible products of the ETH route. 

In cases of migratory insertion, CO2 typically coordinates the metal in an end-on η1-O mode 

prior to the hydride transfer (Scheme 1.8, top right). Although there is the alternative of a side-

on η2-C,O coordination, this binding mode constitutes a less likely intermediate due to the re-

duced electrophilicity of the carbon center. The preferred η1-O coordination is based on a 

LEWIS acid/base interaction between the electrophilic metal center and the free lone pair of the 

CO2 molecule. Nevertheless, the hydride transfer through the direct outer-sphere attack at CO2 

is considered a viable alternative in such systems (Scheme 1.8, center). Irrespective of the exact 

route, a formate complex can be formed after the hydride transfer in which coordination of the 
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carboxylate group may occur in a monodentate or bidentate fashion. Protonation of the formate 

ligand allows dissociation of formic acid and usually occurs at the non-coordinated C=O bond 

in the monodentate form. Alternatively, initial outer-sphere protonation of the activated CO2 

molecule followed by one-electron reduction also yields formic acid. 

When the hydride is protonated, hydrogen evolution – the most critical side reaction in electro-

chemical CO2 reduction – occurs. This possibility renders the proton source and potential intra-

molecular proton relays (vide supra) essential parameters for controlling the pH and, eventually, 

the selectivity of the reaction. 

While transition metal hydride intermediates preferentially produce formate, CO can be evolved 

in singular cases. Investigations conducted by MACHAN et al. identified the isomerization of the 

metal formate intermediate to the hydroxycarbonyl species of the ETM pathway as the critical 

step for this reaction.[72] The mechanism proposed for the [Ru(bpyMes)(CO)2Cl2] complex 

in Scheme 1.9 hence forms the reciprocal counterpart to the isomerization mechanism postu-

lated by CHEN et al. in Scheme 1.5. 

 

Scheme 1.9. Isomerization mechanism of the ETH-formed formate species to the hydroxycarbonyl inter-

mediate of the ETM pathway and CO formation proposed by MACHAN et al. Adapted with 

permission from ref. [72]. Copyright 2015 American Chemical Society. 

1.2.3 State-of-the-Art Catalyst Systems 

A manifold of transition metal complexes is known to catalyze the electrochemical reduction of 

CO2 via one of the presented reaction routes. The most efficient examples are highlighted in the 

following section, sorted by their main products. 

1.2.3.1 Carbon Monoxide 

Figure 1.8 shows a compilation of the most efficient transition metal electrocatalysts and crucial 

catalytic parameters for their application in the quantitative production of CO from CO2 by con-

trolled potential electrolysis (CPE). 
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Figure 1.8. Most efficient transition metal complexes and their FEs for the electrocatalytic reduction of 

CO2 to CO.[62, 73] 

Each catalyst system produces CO selectively in FEs ≥ 90% via the ETM pathway in the presence 

of protons. CO was chosen over HCO2H as the exemplary two-electron product since it consti-

tutes the most frequently reported reaction outcome (for further information on HCO2H elec-

trocatalysts, cf. section 1.2.3.3). 

Nickel-1,4,8,11-tetra-azacyclo-tetradecane (cyclam, Figure 1.8A) is the best example of an effi-

cient transition metal complex comprising a redox-innocent ligand system. In 1984, the group 

of SAUVAGE reported [NiII(cyclam)]2+ and found almost quantitative selectivity toward CO at 

η ≈ -0.5 V in H2O.[74] Although exhibiting a log(TOF)max lower than those of the reference eCO2r 

complexes depicted in Figure 1.9, the log(TOF)0 of ca. -4.8 s-1 is remarkable. 

Since then, extensive studies on the reaction mechanism,[75] the role of the electrode,[75a, 76] and 

possible deactivation pathways[77] have been performed. Ultimately, adjustment of the reaction 

conditions, as well as the introduction of unsaturated (C=N and C=C) bonds or partial substitu-

tion of the coordinating nitrogen atoms by oxygen, enabled the predominant formation of for-

mic acid (FE = 75%)[57a] and oxalate (FE = 98%).[57b, 78] 

Iron in particular,[73c, 79] but also cobalt[80] and zinc complexes[81] are active in the electrocatalytic 

reduction of CO2 to CO when environed by redox non-innocent porphyrins, especially tetra-

phenyl porphyrin (TPP) derivatives. The catalytic performance benefits from the two-fold re-

duction of the TPP ligand, which increases the electron density of the metal center at the cata-

lytically active state via the four coordinated nitrogen atoms. Since more electron density is 

transferred to the CO2 carbon atom, the C-O bond is weakened, and catalytic conversion via the 

push-pull mechanism is accelerated.[73c, 79b-d, 79f-h, 82] The introduction of trimethylammonium 
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moieties in the para position of the phenyl rings (Figure 1.8B) stabilizes the result-

ing [Fe(TPPNMe3)Cl]4+ complex by removing some of the excess electron density. This interplay 

of electron donation and withdrawal is surmised to be the key to its exceptional catalytic per-

formance in eCO2r (Figure 1.9).[73c] 

 

Figure 1.9. Catalytic TAFEL plots for the BRØNSTED acid-assisted electrocatalytic conversion of CO2 to CO 

with the complexes in Figure 1.8. The plots were compiled from data in ref. [62, 83]. 

Bipyridines are easily modifiable structures and constitute one of the most frequently reported 

ligand systems. Although complexes centered by transition metals of groups 6,[68c, 84] 7,[41, 62, 66a, 67, 

69, 85] 8,[72, 86] 9,[87] and 10[87c] are known to convert CO2 to two-electron products, Mn and Re 

carbonyl halides are among the most efficient ones (Figure 1.8C and D). Shutting down the di-

merization upon reducing the manganese species by introducing bulky mesityl groups allows 

Mn to outperform Re (Figure 1.9). While bipyridine complexes give CO in almost quantitative 

faradaic yields from the ETM route when early transition metals (up to group 7) are coordinated, 

later metals tend to give formate/formic acid via metal hydride species (vide infra). Nevertheless, 

the attunement of the reaction conditions (i.e., proton source, potential, and solvent) remains a 

factor to consider when discussing product selectivities. 

Beyond the three presented archetypes, other frequently investigated ligand backbones are ter-

pyridines (tpy), phenanthrolines, phthalocyanines as well as various forms of phosphines, pincer 

structures, and N-heterocyclic carbenes.[88] Catalysts based on some of these moieties are even 

capable of forming products beyond CO and HCO2H. 
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1.2.3.2 C2 and Higher Reduced Compounds 

One such example of a catalyst producing C2 compounds in the electrocatalytic reduction of CO2 

is the dicationic copper dimer [Cu]2+ described by ANGAMUTHU et al.[61] X-ray diffraction analy-

sis and mass spectrometry confirmed that the dimeric species forms the oxalate-bridged te-

tramer [Cu]4+ after single-electron transfer to four CO2 molecules (Scheme 1.10). 

 

Scheme 1.10. Electrocatalytic cycle for oxalate formation by a copper dimer proposed by ANGAM-

UTHU et al. Reprinted from ref. [61] with permission from AAAS. 

CPE at the potential of the irreversible reduction peak found at -0.03 VNHE revealed the reduc-

tion of the starting complex followed by dimerization and the liberation of oxalate. The product 

precipitates as the lithium salt since LiClO4 is used to ensure the conductivity of the solution. 

The authors reported a current efficiency of 96% but a low TON of six after seven hours of reac-

tion time. 

To this point, higher molecular complexity seems only accessible by immobilized molecular spe-

cies (Figure 1.10). For example, the polyethylene glycol (PEG)-derivatized Mn and Co corroles 

reported by the SCHÖFBERGER group (Figure 1.10A) show remarkable product selectivity when 

used on carbon paper electrodes.[89] They each produce methanol with a maximum FE of 23% 

at η ≈ -530 mV (Mn) and 59% (Co), as well as acetate (Mn, FEmax = 61% at η ≈ -560 mV) or 

ethanol (Co, FEmax = 48%), respectively. 
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Figure 1.10. (A) Mn and Co corroles reported by the SCHÖFBERGER group,[89-90] (B) iron porphyrin-pyri-

dine by ABDINEJAD et al.,[91] and (C) nickel aminosalen by BOSE et al.[92] 

Immobilizing the iron porphyrin-pyridine complex [Fe(TPPy)] on carbon nanotubes (Fig-

ure 1.10B) allowed the transfer of eight electrons and the formation of methane. The maximum 

faradaic efficiency of 20% was achieved at Eapp = -1.4 VRHE with 5% water in DMF.[91] 

BOSE et al. immobilized the amino-functionalized [Ni(salenNH2)] complex in Figure 1.10C on the 

surface of a graphite electrode and performed CPE experiments in 0.5 mM aq. KHCO3 solu-

tion.[92] The multi-electron products ethanol (FE = 36%), methanol (FE = 16%), and acetalde-

hyde (FE = 7%) were produced at Eapp = -1.8 VAg, besides formic acid and hydrogen. Reference 

experiments with the unfunctionalized salen complex only showed hydrogen formation and em-

phasized the importance of the amino group in the ligand backbone for CO2 conversion. 

In order to access these multi-electron, multi-carbon products without the necessity of immo-

bilizing the electrocatalyst, the decisive factor(s) dictating the activity of the complexes in 

known reactions must be identified and tailored. One of these factors appears to be the metal 

center of the coordination compound (vide infra). 

1.2.3.3 Metal Dependencies in Product Distribution 

A summary of the landscape of 3d transition metal complexes for the electrocatalytic conversion 

of CO2 to two-electron products is given in Figure 1.11. The plots illustrate the formation of 

carbon monoxide or formate and formic acid, respectively, according to the position of the metal 

center in the periodic table of elements. Catalysts generating both products are taken into ac-

count in each of the figures. 
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A) Carbon Monoxide B) Formate & Formic Acid 

  

Figure 1.11. Indication of preferred formation of (A) CO and (B) formate/formic acid for different tran-

sition metals by the number of literature reports. 

The diagrams emphasize the favored production of CO in groups 7 to 10 of the periodic table, 

in which 3d metals have by far the most significant contribution. The majority of the systems 

are based on either bpy (Mn, Re, and Ru), TPP (Fe), or cyclam (Ni) ligand architectures. For 

these catalysts, the accessible mechanistic information indicates a prevalence of the ETM path-

way. 

Concomitant with the decreasing number of examples for CO in groups 8 and 9, an increasing 

number of reports for HCO2
-/HCO2H production is found. The metals within these well-per-

forming electrocatalysts (Ru, Rh, and Ir) are also known to form highly efficient CO2 hydrogena-

tion catalysts. This observation concludes that the reactive hydride intermediates of these metals 

exhibit a favorable hydricity for formic acid or formate production in both areas of CO2 reduc-

tion and point toward ETH as the main pathway. 

Hydricity is crucial in determining the preferred reaction route and was already reported for 

various electro- or thermocatalytic CO2 reduction systems.[93] Additionally, Figure 1.11 indicates 

that hydricity not only determines the preferred formation of H2 or HCO2H within one mecha-

nism but that it can even shut down the ETM mechanism in favor of the ETH route. Hence, mod-

ulation of the hydricity by carefully adjusting the electronic and geometric features provided by 

the ligand framework may thus be a promising approach to gaining control over the known 

reaction pathways.[88] 
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1.2.4 Structure-Reactivity Relationships of CO2 Electrocatalysts 

Figure 1.12 illustrates important parameters, objectives, and reaction conditions to consider and 

attune in the design of organometallic complexes for the electrocatalytic reduction of CO2. 

 

Design Parameters/Objectives: 

• Metal Center (M) 

• Coordinating Atom ( ) 

• Auxiliary Ligand (AL) 

• Ligand Backbone (-) 

• Functional Group (R) 

 

Reaction Conditions: 

• (Coordinating) solvent (s) 

• Additive (e.g., H+ or LA) 

• Oxygen/Water 

Figure 1.12. Objectives and parameters affecting the design of molecular transition metal complexes for 

the electrocatalytic reduction of CO2. 

1.2.4.1 Tailoring Catalysts for Reductive Electrochemistry 

The essential requirement for an electrocatalyst to operate via one of the inner-sphere pathways 

ETM or ETH is the ability of the complex to generate a free coordination site for the formation of 

an M-C or M-H bond. Therefore, ligand systems saturating all possible coordination sites of a 

metal center in the catalytically active oxidation state can only be used for outer-sphere electron 

shuttles.[94] 

If a free coordination site is available, the electron density constitutes the crucial factor deter-

mining potential reductive abilities at the metal center. For a homogeneous electron transfer, 

the highest occupied molecular orbital (HOMO) of the reducing agent must be higher in energy 

than the lowest unoccupied molecular orbital (LUMO) of the substrate.[95] 

Reduction of the metal center to the typically required low oxidation states renders the coordi-

nation sphere an increasingly important factor. Only if the electronic and steric properties of the 

ligand sufficiently stabilize the reduced intermediate state can the lifetime of the species reach 

a scale in which substrates such as CO2 or H+ can be attacked to induce further conversion. 

However, excessive stabilization of an intermediate would decelerate the subsequent reaction 

steps toward the products and the regeneration of the active species (analogous to the SABATIER 
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principle in heterogeneous chemistry). Hence, the stability of an intermediate impacts the pre-

ferred reaction route, e.g., displayed by the hydricity in the case of an M-H species.[96] 

Classically, incorporating aromatic moieties that allow the delocalization of electrons from the 

metal center helps stabilize a highly reduced species. This effect can be supported when elec-

tron-withdrawing substituents (exhibiting inductive and mesomeric effects) are applied or by 

incorporating electrophilic auxiliary ligands. Carbonyl ligands constitute an option since “ex-

cess” electrons can be transferred to the antibonding π* orbital by back-bonding interactions. In 

the extreme case, the stabilization of the metal by withdrawing electron density is represented 

by redox non-innocent ligands. Here, the ligand does not only remove electron density but is 

reduced itself (vide supra). 

The atoms coordinating the metal center (e.g., C, N, O, P, or S) allow attunement of electron 

density, bond order, as well as the type and degree of functionalization. The ligand backbone 

between the coordinating atoms significantly influences the flexibility or rigidity of the whole 

system, with the latter being modifiable by the number of atoms in the resulting metallacycle 

and the incorporated bond orders (e.g., aliphatic or aromatic). Functional groups, specifically 

those bound to the coordinating atoms, allow direct adjustment of the reduction potential and 

control of the steric shielding around the metal center. 

Besides the core structure of the complex, external influences affecting the catalyst-to-be under 

reaction conditions need to be anticipated. The sensitivity to ambient oxygen or water as a com-

mon proton source (e.g., when considering oxophilic metal centers or phosphine-based ligand 

structures) must be probed to avoid restrictions in reaction conditions. The same applies to po-

tentially labile auxiliary ligands (AL) in the inner coordination sphere of the complex, which may 

exchange with commonly used solvents for electrochemical applications (e.g., MeCN[85k] and 

DMF[79o, 97]). In the simplest case, the exchange alters the electron density of the metal center, 

and hence its reducibility, but it could also wholly solvolyze the complex (vide infra). 

1.2.4.2 Identification of Catalytic Key Components 

The presented variety of components influencing a molecular electrocatalyst's electronic and 

geometric features evokes the inevitable question of which part of the complex is (mainly) re-

sponsible for its activity, stability, or selectivity. Moreover: is the product trend proposed based 

on Figure 1.11 genuinely caused by the various metal centers, or is it a mere coincidence result-

ing from the intertwinement of intrinsic (complex) and extrinsic (reaction conditions) factors? 

A reliable answer to this question can only be given by strict application of the basic scientific 

principle ceteris paribus, i.e., only one parameter of an experiment must be varied at a time to 



BACKGROUND & MOTIVATION 

27 

ensure that said parameter is the cause for a variation in the result. Regarding the role of the 

metal center of a complex in a catalytic reaction, reaction conditions and the inner coordination 

sphere surrounding the metal center must be kept constant. For eCO2r, in particular, the ligand 

system's redox- and chemical innocence must be guaranteed. However, the few studies reporting 

the systematic variation of the metal center while retaining a single ligand framework mostly 

rely on non-innocent ligands (Figure 2.1).[98] The inherent intertwinement of ligand- and metal-

centered processes therein yet complicates the deconvolution of individual contributions.[99] 

Although this fundamental requirement of redox-innocence is fulfilled by existing ligand frame-

works such as cyclam, potential adjustments to assure the applicability of the complex in the 

desired reaction (e.g., solubility, steric bulk, and electron donation/withdrawal) are synthetically 

challenging in a cyclic system. Pincer systems, however, can be designed to be (electro-)chemi-

cally inert under reductive conditions and are easily modifiable. This ligand type’s modular con-

ception renders it the optimal platform for the isolated investigation of the metal center – or 

other components within the coordination sphere – when the organometallic principles for the 

design of a molecular catalyst are refined toward the requirements of reductive electrochemistry. 

Within the group of pincer structures, the N2,N6-bis(diphenylphosphaneyl)-N2,N6-diphenylpyr-

idine-2,6-diamine ligand L in Figure 1.13 comprises relevant features to allow an isolated view 

on the effect of the metal center. 

 

Figure 1.13. Structure of N 2,N6-bis(diphenylphosphaneyl)-N2,N6-diphenylpyridine-2,6-diamine (L). 

The PNP ligand displays a moderate steric demand to shield the metal center in the formed 

coordination compounds but still allows coordination of the substrate. The high degree of aro-

maticity is supposed to interfere only marginally in the metal-centered redox processes but still 

provide sufficient π back bonding for stabilizing low-valent species. A pyridinic core structure 

linked by nitrogen bridges proved efficient in CO2 electroreduction complexes before.[63, 100] The 

pincer shape induced by the addition of strongly coordinating phosphines grants coordinative 

stability. 

L hence forms the basis for the studies conducted in this work, as presented in the next section.  



BACKGROUND & MOTIVATION 

28 

1.3 Aim of the Thesis 

Although the transition metal in the center of 

a coordination complex for the electrocata-

lytic reduction of carbon dioxide is crucial in 

determining the traversed pathway and, 

hence, the generated product, its role in the 

reaction is still insufficiently investigated. The 

isolated consideration of the metal center af-

fords careful design of the coordination com-

plex’s inner coordination sphere, e.g., by en-

suring the redox-innocence of the coordinated chelating ligands. This approach, in turn, 

requires meticulous adjustment of the design principles known from organometallic chemistry 

toward the needs of reductive electrochemistry. 

Therefore, in chapter 2 of this work, the syn-

thesis and structural characterization of the 

redox-inert N2,N6-bis(diphenylphosphaneyl)-

N2,N6-diphenylpyridine-2,6-diamine ligand L 

and a library of corresponding mid to late 3d 

transition metal complexes (Mn to Zn) are de-

veloped. These complexes' spatial and elec-

tronic structures will be discussed through 

spectroscopic techniques such as NMR, EPR, 

and MÖSSBAUER combined with SQUID anal-

ysis and single-crystal XRD. Besides the com-

parative analysis among the different metal centers, the effect of changing the auxiliary ligands 

from chloride to acetonitrile will be addressed and put into context with the observed coordina-

tion geometries and electron configurations. 

With these initial features known, 

the complexes' redox and chemi-

cal processes during electrochem-

istry under inert conditions are 

investigated in the first part of 

chapter 3. 
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After probing the reducibility of 

the respective 3d transition metal 

center, part two of the chapter 

will focus on exchange processes 

between acetonitrile and chloride 

spectator ligands during reduc-

tion. CV and NMR studies allow 

the postulation of the most prob-

able reduction mechanisms and 

the resulting species. 

In chapter 4, CO2 is introduced to the systems 

to study the coordination of the substrate to 

the metal center. The findings herein and in 

the literature are combined to propose favor-

able properties of 3d transition metal com-

plexes bearing non-innocent ligand systems 

for electrocatalytic CO2 reduction. In the last 

part, LEWIS respectively BRØNSTED acids will 

be added to access the catalytic CO2 reduction 

cycle and find suitable electrolysis conditions. 

Eventually, bulk electrolysis will be per-

formed, and the results will be related to the 

metal center in the subjected complexes. 
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Chapter 2: Synthesis & Structures 

 

 

 

In the following chapter, the synthesis routes toward the central ligand structure of this work, 

N2,N6-bis(diphenylphosphaneyl)-N2,N6-diphenylpyridine-2,6-diamine, as well as the mid to 

late 3d transition metal complexes derived thereof are discussed. 

The focus is set on the structural analysis of the received products based on nuclear magnetic 

resonance (NMR) spectroscopy and single-crystal X-ray diffraction (XRD). Whenever applicable, 

MÖSSBAUER and electron paramagnetic resonance (EPR) spectroscopic as well as superconduct-

ing quantum interference device (SQUID) data complement the analysis. 

Subsequently, crystal field theory is employed to gain insight into the metal's electronic config-

uration and set a starting point for assessing further electron injections by electrochemical 

means. 

Lastly, relationships between the observed geometric and electronic features of the 3d metal 

center are drawn to conclude crucial properties in the systematic design of potential CO2 elec-

troreduction catalysts. 

Parts of this chapter have been published in: 

N. W. Kinzel, D. Demirbas, E. Bill, T. Weyhermüller, C. Werlé, N. Kaeffer, W. Leitner, Inorg. 

Chem. 2021, 60, 19062.  
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Systematic variations of metal centers with redox-innocent ligands such as pincer-type struc-

tures[1] remain insufficiently investigated in CO2 electroreduction (Figure 2.1). However, the 

involvement of a ligand inert to redox and protonation processes under common electrocatalytic 

conditions is a prerequisite for the isolated analysis of the metal center. 

 

Figure 2.1. (A) Studies investigating 3d metal series in the same non-innocent ligand frameworks,[2] 

(B) complexes reported in literature coordinated by redox-innocent PN3P ligand frame-

works (n = charge of the complex),[1a-g] and (C) focus of this work. 

In this work, the redox-innocent N2,N6-bis(diphenylphosphaneyl)-N2,N6-diphenylpyridine-2,6-

diamine ligand L, which is surmised to stabilize reduced metal states by spatial (steric bulk) and 

electronic (π back bonding) effects, was singled out as the coordination framework. The follow-

ing section presents the synthesis of the ligand system. 
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2.1 PNP Pincer Ligand 

The synthetic pathway presented in Scheme 2.1 starts with a reported palladium-catalyzed 

BUCHWALD-HARTWIG coupling of 2,6-dibromopyridine (DBP) and aniline (An) to produce 

N2,N6-diphenylpyridine-2,6-diamine (DPPDA). The compound was isolated in 76% yield after 

purification by column chromatography on silica (see section 2.4.2.1), with the successful syn-

thesis being confirmed by comparison of the 1H and 13C{1H} NMR spectroscopic results with the 

data in the original report.[3] 

 

Scheme 2.1. Synthesis of L. 

Subsequently, diphenylphosphino moieties were installed by low-temperature lithiation of the 

secondary amine groups in DPPDA at -78 °C in tetrahydrofuran (THF). Consecutively, the ni-

trogen-phosphorus bond was established by adding chlorodiphenylphosphine and the loss of 

lithium chloride during stirring at 65 °C for 18 h. NMR spectroscopy and high-resolution mass 

spectrometry (HRMS) confirmed the product formation. At the same time, elemental analy-

sis (EA) validated the purity of ligand L, which was received in 67% yield after workup (synthetic 

details are given in section 2.4.2.2). The molecular structure of L as obtained from X-ray diffrac-

tion analysis of single crystals grown from a concentrated THF/pentane (3:1) solution at -35 °C 

is shown in Figure 2.2. 

 

Figure 2.2. Molecular structure of L (color code: grey = C, blue = N, orange = P). Thermal ellipsoids are 

shown at a 50% probability level. H-atoms and co-crystallized solvent molecules were omit-

ted for clarity. Selected interatomic distances (Å) and bond angles (°): NPy-CPy = 1.3384(16) 

and 1.3369(16), CPy-NPh = 1.3988(16) and 1.3973(16), P-N = 1.7540(12) and 1.7430(11), 

P-P = 4.226, NPy-CPy-NPh = 115.88(11) and 114.17(11), P-NPh-CPy = 119.53(9) and 115.72(8). 
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Even before the coordination of a metal atom, the molecular structure of the ligand exhibits the 

typical pincer shape, with the five atoms forming the PN3P pincer belt nearly co-planar (PNCN 

torsion angles at 8.0° and -15.4°). This planarity might result from the steric hindrance of the 

rotation around the C-N bond linking the pyridine core and the bulky aniline moiety or from 

the conjugation of the lone pairs of the aniline nitrogens with the heterocycle, inferring in-plane 

triangular geometry at these nitrogen atoms. Notably, the pinching character of L is marked by 

a relatively short P-P distance (dP-P = 4.226 Å), likely in virtue of the steric constraint imposed 

at the aniline nitrogen atoms making C-N-P angles narrow (119.5°, 115.7°). 

The 1H NMR spectrum of L reflects the aromatic nature of the compound (as does the 13C{1H} 

spectrum, Figure A.1) by exhibiting peaks in the range of 5.80-7.23 ppm (see Figure 2.3). Alt-

hough most aromatic signals overlap and form multiplets, the two protons in the meta position 

of the pyridine ring (PyHm) give a characteristic doublet at 5.81 ppm with a coupling constant 

of J = 8.0 Hz. Only one singlet is visible in the 31P{1H} NMR spectrum (52.8 ppm, Figure A.2), 

which confirms the identical chemical environment of the two phosphorus nuclei in the struc-

ture. 

 

Figure 2.3. 1H NMR spectrum of L in CD2Cl2 at 500 MHz and 296 K (inset: aromatic region and peak 

assignments). 
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2.2 3d Transition Metal Complexes 

3d transition metal pincer complexes were obtained by metalation of L with the respective metal 

precursor in yields ranging from 52% to 96% under the conditions summarized in Table 2.1. 

Further synthetic details are indicated in the experimental section 2.4. 

Table 2.1. Reaction conditions for the synthesis of 3d transition metal complexes in this work (reaction 

time = 2 h for [ML(MeCN)m](BF4)2 complexes, otherwise 16 h).

Complex[a] Precursor Solvent T (°C) Y (%) 

[MnL(CO)2Br] [Mn(CO)5Br] toluene 110 74 

[FeLCl2] FeCl2 DCM rt 95 

[FeL(MeCN)3](OTf)2 Fe(OTf)2 MeCN rt 87 

[ML(MeCN)m](BF4)2
[b] [M(MeCN)6](BF4)2 MeCN rt 88 (Fe), 96 (Co), 94 (Ni) 

[CoLCl2] CoCl2 THF rt 90 

[NiLCl2] (dme)NiCl2 DCM rt 88 

[CuLCl] CuCl THF rt 65 

[CuLI] CuI THF 65 52 

[ZnLCl2] ZnCl2 THF rt 85 

[ZnL(OTf)2] Zn(OTf)2 MeCN 80 95 

[a] Co-crystallized solvents are regarded in the experimental section. [b] M = Fe, Co, or Ni; m = 1 (Ni), 2 (Co), or 3 (Fe). 

A schematic structure of the resulting Mx

z
 complexes [where z = oxidation state, and x = inner-

sphere coordinating unit(s) regardless of stoichiometry], the simplified metal orbitals, as well as 

the abbreviation and nomenclature system applied to the complexes in this work, are summa-

rized in Figure 2.4. 

MCl

II
 complexes bearing metal centers in their +II oxidation state and bis-chloride coordination 

were targeted preferentially to ensure a systematic comparison. These structures were success-

fully obtained for Fe (FeCl

II
), Co (CoCl

II
), Ni (NiCl

II
), and Zn (ZnCl

II
) but not for Mn and Cu (vide infra). 

In these cases, the complexes MnCO,Br

I
 and CuCl

I
 were synthesized from the respective M(I) pre-

cursors [Mn(CO)5Br] and CuCl. Along with these complexes, variations in terms of electronega-

tivity and coordinating ability of the anions were made by preparing CuI

I
, and ZnOTf

II
. 

Lastly, acetonitrile complexes of Fe (Fes

II
), Co (Cos

II
), and Ni (Nis

II
) were synthesized to prevent 

perturbations in electroanalysis/-catalysis arising from the exchange of chloride ligands with the 

electrochemical solvent MeCN. 
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A) General Structure B) Metal Orbital Description C) Abbreviation System 

   

D) Nomenclature 

MnCO,Br

I
:  [MnL(CO)2Br] 

FeCl

II
:   [FeLCl2] 

Fes

II
:   [FeL(MeCN)3](BF4)2 

Fes

II
-OTf: [FeL(MeCN)3](OTf)2 

 CoCl

II
:  [CoLCl2] 

 Cos

II
:  [CoL(MeCN)2](BF4)2 

 NiCl

II
:  [NiLCl2] 

 Nis
II
:  [NiL(MeCN)](BF4)2 

  CuCl

I
:   [CuLCl] 

  CuI

I
:   [CuLI] 

  ZnCl

II
:   [ZnLCl2] 

  ZnOTf

II
:   [ZnL(OTf)2] 

Figure 2.4. (A) General structure, (B) metal orbital description, (C) abbreviation system, and (D) nomen-

clature of 3d transition metal complexes in this work. 

Selected NMR spectroscopic data (Table 2.2), as well as characteristic features of the structures, 

calculated structural parameters, and coordination geometries (Table 2.3), will be discussed for 

each species individually in the following sections.  

2.2.1 Halide & Triflate Complexes 

2.2.1.1 [MnL(CO)2Br] 

In the case of manganese, neither metalation with MnCl2 at room temperature in THF as re-

ported for related pyridine-based PNP pincers (RN = H, RP = iPr)[1f] nor variations on condi-

tions (solvents, temperatures, precursors) succeeded with L. The only reported [Mn(PN3P)Cl2] 

structure within a pyridine-based pincer framework displays an almost ideal square-based py-

ramidal (SBP) geometry (τ5 = 0.04) with two phosphorous in trans position to the basal plane 

and relatively distant from Mn (dMn-P = 2.574 and 2.590 Å, dP-P = 4.886 Å), in a high-spin, five 

unpaired electron configuration (μeff ≈ 6).[1f] Potentially, L does not allow sufficient elongation 

between the two phosphorous sites, which would likely be required in a putative [MnLCl2] com-

plex. The electron-withdrawing character of the phenyl substituent at the phosphines may also 

disfavor the coordination of a Mn(II) fragment since coordination of lower-valent [MnI(CO)5Br] 

effectively yields the Mn(I) complex MnCO,Br

I
. This 18-electron species crystallizes in a distorted 

octahedral (Oh) coordination environment (Figure 2.5), as commonly encountered for related 

pincer Mn(I) carbonyl bromide complexes due to the energetically favorable occupation of the 

low-energy t2g orbitals (Figure 2.5, right).[4] 
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[MnL(CO)2Br] (MnCO,Br

I
) 

Figure 2.5. Left/center: Molecular structure of cis-MnCO,Br

I
. Thermal ellipsoids are shown at a 50% prob-

ability level. H-atoms and co-crystallized solvent molecules were omitted for clarity. 

Right: Schematic d-block orbital diagram of a d6 low-spin ML6 complex (e.g., MnCO,Br

I
) of oc-

tahedral geometry. Adapted with permission from ref. [5].  

Single-crystal XRD analysis revealed a cis-trans-mixture of the CO ligands in a 95:5 ratio. The 

diamagnetic d6 low-spin (ls) complex MnCO,Br

I
 exhibits distinguishable but overlapping sets of 

1H NMR signals for the chemically inequivalent aromatic protons of the RN and RP phenyl moi-

eties positioned syn or anti of Br in the predominant cis-CO configuration (Figure 2.6). 

 

Figure 2.6. 1H NMR spectrum of MnCO,Br

I
 in CD2Cl2 at 500 MHz and 296 K (inset: aromatic region and 

peak assignments). 
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While chemical inequivalence is also reflected by the increased number of peaks in the 

13C{1H} NMR spectrum of the compound (Figure A.5) compared to a structure of higher sym-

metry, a singlet at 138.9 ppm in the 31P{1H} NMR spectrum indicates the same chemical envi-

ronment around the phosphorous atoms (Figure A.6). 

2.2.1.2 [FeLCl2] 

FeCl

II
 crystallizes in a strongly distorted square-based pyramidal structure (Figure 2.7), as re-

flected by a τ5 value of 0.38. The PNP coordination sites of L exhibit relatively extended bond 

distances of 2.327 Å for Fe-N as well as 2.429 and 2.426 Å for both Fe-P bonds. Although com-

monly encountered for less sterically hindered PN3P-coordinated compounds (RN = H),[1b] the 

spatial demand of the phenylamine group in L seems to prevent the formation of bis-PN3P co-

ordinated species. 

  

[FeLCl2] (FeCl

II
) 

Figure 2.7. Molecular structure of FeCl

II
. Thermal ellipsoids are shown at a 50% probability level. H-atoms 

and co-crystallized solvent molecules were omitted for clarity. 

The zero-field 57Fe-MÖSSBAUER spectrum of FeCl

II
 recorded with a powder sample at 80 K showed 

a quadrupole doublet with high isomer shift δ = 0.80 mm∙s-1 and large quadrupole splitting EQ 

of 3.33 mm∙s-1 (Figure 2.8). The values are typical of high-spin Fe(II) with S = 2.[6] 

Accordingly, the compound was EPR-silent in THF solution at X-band frequencies [because the 

zero-field splitting of the quintet state exceeds the microwave quantum energy, as often encoun-

tered for the 3d6 configuration of Fe(II)].[7] Moreover, the effective magnetic moment µeff of solid 

FeCl

II
 was determined at 4.9 μB at 270 K (Figure A.10), agreeing with the spin-only value of 4.90 μB 

expected for S = 2.[8] The axial zero-field splitting parameter D = 4 cm-1 obtained from the tem-

perature variation of the magnetic susceptibility T vs. temperature T is in the usual range for 

Fe(II) with S = 2. 
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Figure 2.8. Zero-field 57Fe-MÖSSBAUER spectrum of solid FeCl

II
 recorded at 80 K. Red: LORENTZIAN doublet 

fit with isomer shift δ = 0.80 mm∙s-1, quadrupole splitting ΔEQ = 3.33 mm∙s-1, and line width 

(full width at half maximum) Γ = 0.33 mm∙s-1 at 100% relative intensity. 

Despite the distribution of the contact-shifted signals of FeCl

II
 between 57.5 ppm and -11.8 ppm 

in 1H NMR analysis in CD2Cl2, diagnostic of a paramagnetic Fe(II) center, the assignment of 

these peaks is possible by integration (Figure 2.9). 

 

Figure 2.9. 1H NMR spectrum of FeCl

II
 in CD2Cl2 at 500 MHz and 296 K with peak assignments. 
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In the 3d6 high-spin (hs) electronic configuration of Fe(II) in FeCl

II
, the dx2-y2 HOMO is expected 

to be stabilized by the distortion of the SBP structure to higher angles between the apical (ap) 

ligand and the basal plane θap (up to 117 °, Figure 2.10A).[5] Similar distorted SBP geometries 

were observed for a series of related PN3P-coordinated iron bis-chloride complexes, for which 

extended Fe-N and Fe-P distances were attributed to a high-spin state.[1c] 

A) d6 High Spin B) d7 Low Spin 

  

Figure 2.10. Schematic d-block orbital diagrams of (A) a d6 high-spin ML5 complex (e.g., FeCl

II
) and (B) a 

d7 low-spin ML5 complex (e.g., CoCl

II
) of SBP geometry with θap = 90° and 110°. Adapted with 

permission from ref. [5]. Electrons of lower energy compared to those in the same orbital are 

marked in green, those of higher energy in red. 

2.2.1.3 [CoLCl2] 

CoCl

II
 crystallizes in an almost ideal square-based pyramidal structure (Figure 2.7) with a 

τ5 = 0.04, similar to the SBP structure reported by RÖSLER et al. with RN = H (τ5 = 0.01).[1e] 

  

[CoLCl2] (CoCl

II
) 

Figure 2.11. Molecular structure of CoCl

II
. Thermal ellipsoids are shown at a 50% probability level. H-

atoms and co-crystallized solvent molecules were omitted for clarity. 
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The Co complex in this work displays a bond length of 239 pm between Co and the apical chlo-

ride atom (241 pm for the example by RÖSLER et al.[1e]), which suggests that this ligand is weakly 

bound. However, crystals prepared from the strongly coordinating MeCN solvent (Figure A.60) 

neither showed the formation of the outer-sphere chloride complex nor substitution of the lig-

and by a solvent molecule, but only a fractional elongation of the Co-Clap bond to 242 pm. 

CoCl

II
 exhibits heavily broadened 1H NMR signals with chemical shifts between 5 ppm and 

12 ppm (Figure 2.12) in accordance with a paramagnetic d7 electron configuration. Although 

integration of the peaks sums to the expected 33 protons, the paramagnetic character of the 

substance prohibited further NMR spectroscopic analysis on other nuclei. 

 

Figure 2.12. 1H NMR spectrum of CoCl

II
 in CD2Cl2 at 400 MHz and 296 K. 

Solid CoCl

II
 gave an effective magnetic moment of 1.9 μB at 270 K (Figure A.13), consistent with 

the spin-only value for S = ½ (1.73 μB) and in line with related complexes in literature (an effec-

tive magnetic moment of 2.3 μB was reported for a complex with RN = H).[1e] The corresponding 

low-spin 3d7 configuration of CoCl

II
 was further corroborated by the X-band EPR spectrum of the 

compound in MeCN solution at 10 K, showing distinct anisotropic g splitting and 59Co hyperfine 

splitting (Figure 2.13). 
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Figure 2.13. X-band EPR spectrum of ca. 1 mM CoCl

II
 in 2-methyltetrahydrofuran recorded at 10 K; mi-

crowave frequency 9.63715 GHz, power 0.2 mW, modulation 0.8 mT/100 kHz. Blue: simu-

lation with gz,y,x = (2.485, 2.165, 2.030) and first-order 59Co hyperfine splitting with 

Ax,y,z = (63.44, 2.36, 11.89) 10-4 cm-1. 

The nearly ideal SBP geometry observed for CoCl

II
 is likely favored over distortions to higher val-

ues of τ5 since the corresponding structures would stabilize the singly occupied dz2 orbital but 

destabilize the fully occupied dyz and dxz orbitals (Figure 2.10B).[5] 

2.2.1.4 [NiLCl2] 

NiCl

II
 displays an SBP structure (Figure 2.14) with a distortion intermediate to FeCl

II
 and CoCl

II
. 

  

[NiLCl2] (NiCl

II
) 

Figure 2.14. Molecular structure of NiCl

II
. Thermal ellipsoids are shown at a 50% probability level. H-atoms 

and co-crystallized solvent molecules were omitted for clarity. 
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The electronic stabilization of the dz2 HOMO procured by a θap of up to 110°[5] is particularly 

favorable for the 18 electron d8 configuration of NiCl

II
 (in analogy to Figure 2.10). The apical 

chloride ligand is weakly bound to the metal, manifesting in a bond length of 255 pm. Although 

the formation of a cationic, almost ideally square planar (SP) d8 [Ni(PN3P)Br]Br complex (with 

RN = H) was observed in methanol,[1a] NiCl

II
 crystals grown from MeCN (Figure A.61) maintain 

the apical chloride ligand coordinated with a marginally elongated bond distance. 

NMR spectroscopy revealed a single 31P peak at 85.0 ppm (Figure A.16) and well-distinguished 

sets of 1H signals (Figure A.14), most indicative of the pyridinic protons in meta position that 

exhibit a characteristic doublet at 5.73 ppm (J = 8.2 Hz, Table 2.2). 

2.2.1.5 [CuLCl] & [CuLI] 

For copper, the reaction of L with CuCl2 produced a diamagnetic complex, as inferred from NMR 

analysis, whereas a putative monomeric [CuLCl2] complex is expected to be paramagnetic (d9). 

Previous literature reports suggest the reduction of Cu(II) to Cu(I) upon coordination to L and 

oxidation of the ligand (additional diamagnetic signals are visible in the 1H and 31P{1H} NMR 

spectra, see Figure A.24 & Figure A.25).[9] 

Thus, the successfully synthesized complex CuCl

I
 starting from CuCl was chosen as a surrogate. 

The identical NMR spectra of the products from CuCl2 and CuCl (see Figure A.19 to Figure A.25) 

supported this approach. Similarly, CuI

I
 was synthesized from CuI to introduce the less electro-

negative iodide ligand. The tetracoordinate d10 complexes displayed in Figure 2.15 both exhibit 

a distorted tetrahedral (Td) structure with τ4 values of 0.78 (chloride) and 0.77 (iodide). 

   

[CuLCl] (CuCl

I
)  [CuLI] (CuI

I
) 

Figure 2.15. Molecular structures of Cux

I
 with x = Cl (left) or I (right). Thermal ellipsoids are shown at a 

50% probability level. H-atoms and co-crystallized solvent molecules were omitted for clar-

ity. 

Both structures are intermediates between the ideal tetrahedron (τ4 = 1) and the butterfly/see-

saw (τ4 ≈ 0.43, Figure 2.16). The found coordination geometries comply with known bromide 

analogs (RN = Me, τ4 = 0.78) by RAO et al., who report their structure as trigonal pyramidal.[1d] 
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Figure 2.16. Schematic d-block orbital diagrams for d10 ML4 complexes (e.g., Cux

I
 or ZnCl

II
) of different 

geometry. Adapted with permission from ref. [5]. 

NMR spectroscopic analyses (see Figure A.19 to Figure A.30) reflect a similar coordination struc-

ture with 31P (39.9 ppm, resp. 40.0 ppm for CuCl

I
, resp. CuI

I
) and 1H peaks (e.g., 5.68 ppm, 

J = 8.0 Hz; resp. 5.67 ppm, J = 8.0 Hz for PyHm in CuCl

I
, resp. CuI

I
) only marginally deviating. 

2.2.1.6 [ZnLCl2] & [ZnL(OTf)2] 

In contrast to the shared behavior of the earlier MCl

II
 complexes, the pyridine unit in ZnCl

II
 is not 

bound to the metal center, leaving the species in an almost ideal tetrahedral coordination ge-

ometry (τ4 = 0.95; Figure 2.17, left). 

   

[ZnLCl2] (ZnCl

II
)  [ZnL(OTf)2] (ZnOTf

II
) 

Figure 2.17. Molecular structures of Znx

II
 with x = Cl (left) or OTf (right). Thermal ellipsoids are shown 

at a 50% probability level. H-atoms and co-crystallized solvent molecules were omitted for 

clarity. 

The 18-electron valence of this d10 configuration at the Zn center likely favors tetra- over penta-

coordinate structures. ZnCl

II
 preferentially adopts a tetrahedral structure over a square planar 
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one, possibly because the HOMOs in the former (t2 orbitals) are significantly more stabilized 

than the HOMO in the latter (b1g orbital, see Figure 2.16). Additionally, the structural con-

straints of the pincer ligand might disfavor the formation of the SP configuration. A bromide 

analog with RN = Me also exhibits the tetrahedral structure.[1g] 

By contrast, ZnOTf

II
 remains pentacoordinate and forms a 20-valence electron (VE) complex of 

distorted trigonal bipyramidal (TBP) structure (Figure 2.17, right), as reflected in the τ5 value 

of 0.82. 20-electron complexes are only accessible in very weak-field complexes, where the an-

tibonding molecular orbital hosting two electrons is sufficiently low in energy, with TBP geom-

etry stabilized compared to SBP (Figure 2.18).[5] 

 

Figure 2.18. Schematic d-block orbital diagrams for d10 ML5 complexes (e.g., ZnOTf

II
) of different geometry. 

Adapted with permission from ref. [5]. 

ZnOTf

II
 is the only literature example of a pyridine-based PNP pincer complex derived from the 

Zn(OTf)2 precursor. Therefore, the closest relatable system is the terpyridine-coordinated 

Zn complex reported by BOCIAN et al., which crystallizes in a seesaw/butterfly struc-

ture (τ5 = 0.47).[10] Here, the bond distance between Zn and the nitrogen atom of the pyridine 

core is significantly shorter than the Zn-N bond in ZnOTf

II
 (204 pm vs. 233 pm), indicating the 

nitrogen is loosely coordinated in the latter system. 

Distinctions in the molecular structures of ZnCl

II
 and ZnOTf

II
 also displayed in the recorded NMR 

spectra (see Figure A.31 to Figure A.40), with a difference of 2.1 ppm for the 31P nu-

cleus (30.9 ppm, resp. 28.8 ppm for ZnCl

II
, resp. ZnOTf

II
) and 0.09 ppm (5.85 ppm, J = 8.1 Hz; resp. 

5.94 ppm, J = 8.2 Hz for ZnCl

II
, resp. ZnOTf

II
) for the PyHm protons. 
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2.2.1.7 Comparative Structural Assessment 

The obtained geometric and electronic features of the Mx
z
 complexes, as described in the previ-

ous sections, shall now be correlated to the 3d metal center to identify the role of the metal core 

on these properties. First, the difference between the chemical shifts of the free vs. the coordi-

nated ligand in 31P{1H} NMR spectroscopy, titled coordination chemical shift Δδ, shall serve as 

metrics to describe the electron density of the metal center and is calculated according to 

eq. (2.1).[11] 

 δ = δP(Mx

z
) − δP(L) (2.1) 

δP(Mx

z
) abbreviates the 31P{1H} NMR chemical shift of the phosphine signal in an Mx

z
 complex 

while δP(L) represents the value for the free ligand L. δP and Δδ values of the halide complexes 

are summarized in Table 2.2. 

Table 2.2. 31P{1H} NMR (δP) and coordination chemical shifts (Δδ) as well as 1H NMR chemical shifts of 

the pyridinic protons in meta position [δH(PyHm); CD2Cl2, 500 MHz, 296 K] for diamagnetic 

halide complexes in this work. 

 δP (ppm) Δδ (ppm) δH(PyHm) (ppm)[a] 

L 52.8 - 5.81 (8.0) 

MnCO,Br

I
 138.9 86.1 5.79 (8.2) 

NiCl

II
 85.0 32.2 5.73 (8.2) 

CuCl

I
 39.9 -12.9 5.68 (8.0) 

CuI

I
 40.0 -12.8 5.67 (8.0) 

ZnCl

II
 30.9 -21.9 5.85 (8.1) 

ZnOTf

II
 28.8 -24.0 5.94 (8.2) 

[a] Brackets: 3Jdoublet (Hz). 

Δδ decreases when incrementing the electron count from early (MnCO,Br

I
) to late (ZnCl/OTf

II
) metals 

of the 3d row (Figure 2.19A). The observed trend is consistent with an increasing electronic 

density at the metal center within the same oxidation state when traversing from left to right in 

the 3d period. For the lowest 3d electron counts (Mn and Ni), the predominant σ-donation of 

the phosphine de-shields the coordinated phosphorous atom and produces positive Δδ values. 

In contrast, the highest electron counts (Cu and Zn) induce the phosphine's additional π-accep-

tor ability, resulting in negative Δδ values. 
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Figure 2.19. (A) Δδ derived from 31P{1H} NMR spectra in CD2Cl2 for diamagnetic halide complexes and 

(B) metal-ligand bond distances of halide complexes in this work. 

Second, the ionic radii of the metal center and the coordinating atom[12], as well as the electro-

negativity differences between them[13], correlate to the bond distances and overall structure of 

the complexes. With the coordinating atoms kept identical in the bis-chloride series, variations 

in geometric properties are expected to be directly relatable to the metal center. The respective 

properties are summarized in Table 2.3. 

Table 2.3. Selected interatomic distances (Å) and bond angles (°), as well as geometry indices τ and ide-

alized coordination geometries for the halide and triflate complexes Mx

z
 in this work. 

 M-NPy M-P1 M-P2 P1-M-NPy P1-M-P2 τ4 τ5
[14] 

Idealized 
Geom. 

MnCO,Br

I
 2.0391(13) 2.2623(5) 2.2273(5) 83.22(4) 166.305(18) - - Oh 

FeCl

II
 2.3269(10) 2.4260(3) 2.4291(3) 73.77(2) 130.409(13) - 0.38 SBP 

CoCl

II
 1.9465(10) 2.1882(4) 2.1847(4) 84.90(3) 166.277(14) - 0.04 SBP 

NiCl

II
 1.9084(11) 2.1407(4) 2.1574(4) 85.26(3) 155.509(15) - 0.23 SBP 

CuCl

I
 2.1377(8) 2.2556(3) 2.2687(3) 80.89(2) 135.982(11) 0.78 - Td 

CuI
I
 2.1283(7) 2.2299(2) 2.2589(2) 78.69(19) 133.215(9) 0.77 - Td 

ZnCl

II
 2.7383(9)[a] 2.4489(3) 2.4182(3) 64.50(2)[a] 112.597(11) 0.95 - Td 

ZnOTf

II
 2.335(2) 2.3979(8) 2.3758(8) 72.38(6) 129.09(3) - 0.82 TBP 

[a] No bond between metal and nitrogen. 

The bond distances between the coordination sites and the donor atoms (P and N) of the ligand 

scaffold in the Mx

z
 complexes are depicted in Figure 2.19B. The M-P and M-N bonds shorten 
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while incrementing the 3d row in the subgroup of MCl

II
 SBP complexes (M = Fe, Co, or Ni), as 

expected from decreasing metal ionic radii in the 3d block.[15] However, varying auxiliary ligands 

and coordination geometries overrule the trend for other complexes in the row. 

2.2.2 Acetonitrile Complexes 

The complexes of Fe, Co, and Ni bearing MeCN as an inner-sphere coordinating unit (Ms

II
, 

s = MeCN) are synthesized to counter the potential exchange of chloride ligands with the elec-

trochemical solvent MeCN in the corresponding MCl

II
 series. They are scrutinized toward the in-

fluence of the metal center and the auxiliary ligands on structural and electronic properties in 

the following section. 

The Ms

II
 complexes were prepared via room-temperature reaction of equimolar amounts of L 

and the respective [M(MeCN)6](BF4)2 precursor in DCM for two hours. After precipitative 

workup, the complexes could be isolated in excellent yields between 88 and 96% (detailed syn-

thetic information in the experimental section). The aforementioned analytical methods con-

firmed their structure and purity. Selected interatomic distances and bond angles are summa-

rized in Table A.18. 

2.2.2.1 Iron-based Complexes 

a) [FeL(MeCN)3]X2 (X = BF4, OTf) 

The molecular structure of Fes

II
 is a distorted octahedron in which L occupies the meridional 

position (Figure 2.20, left). The distortion is caused by almost identical P-Fe-NPy bond angles of 

82.31° and 82.28°, significantly deviating from the expected 90° in an ideal octahedral geometry. 

   

[FeL(MeCN)3](BF4)2  

(Fes

II
) 

 
[FeL(MeCN)3](OTf)2  

(Fes

II
-OTf) 

Figure 2.20. Molecular structures of Fes

II
 (left) and Fes

II
-OTf (right). Thermal ellipsoids are shown at a 

50% probability level. H-atoms, outer-sphere ligands, and co-crystallized solvent molecules 

were omitted for clarity. 
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Moreover, the moiety spanned by the pyridine core and the phenylamine groups of the ligand 

appears distorted compared to the P1-Fe-NPy plane, with torsion angles at 18.6° and 14.9°. Apart 

from L, the iron core is coordinated by three auxiliary MeCN ligands with Fe-NMeCN distances 

of 193.4 pm for the equatorial as well as 192.6 pm and 191.5 pm for the axial positions. While 

the P1-Fe-NMeCN angles are close to the expected 90° for the axial ligands (91.23° and 89.86°), a 

more substantial deviation can be observed for the equatorial ligand (95.07°), as also reported 

for Fe(II) PN3P tris-acetonitrile complexes with RN = H and RP = Ph.[1a] 

1H NMR analysis of Fes

II
 (Figure 2.21; further spectra in Figure A.41 to Figure A.44) reveals equa-

torial and axial MeCN signals (2.39 ppm and 1.69 ppm, integration 1:2) in CD2Cl2. Three strong 

field-splitting MeCN ligands and diamagnetism deduced from the NMR response indicate a d6 

low-spin configuration with three fully occupied t2g orbitals and S = 0 (Figure 2.5, right). 

 

Figure 2.21. 1H NMR spectrum of Fes

II
 in CD2Cl2 at 500 MHz and 296 K with peak assignments. 

Besides Fes

II
, Fes

II
-OTf was synthesized by reaction of L with the Fe(OTf)2 precursor in MeCN. 

The resulting complex exhibits a distorted octahedral geometry similar to that of Fes

II
 which 

comprises L in the meridional position of the inner coordination sphere and three acetonitrile 

ligands to complete the structure (Figure 2.20, right). The P1-Fe-N bond angles are close to the 

expected 90° for the two axial solvent ligands (91.40° and 89.75°) but are significantly distorted 

for the equatorial acetonitrile (98.56°) as well. 
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The MÖSSBAUER spectrum of solid Fes

II
-OTf shows an isomer shift of δ = 0.34 mm∙s-1 and weak 

quadrupole splitting of 0.87 mm∙s-1 (Figure A.45). These parameters readily exclude a high-spin 

configuration but confirm the diamagnetic low-spin d6 configuration of Fes

II
-OTf with S = 0, fur-

ther corroborated by the NMR response. 

The NMR spectroscopic data of Fes

II
-OTf (Figure A.46 to Figure A.50) correspond to those of Fes

II
 

with chemical shifts only marginally deviating due to a residual electronic effect of the counter 

anion. Furthermore, the coordination of MeCN was confirmed by the dissolution of Fes

II
-OTf 

in CD3CN and subsequent NMR spectroscopic analysis, which showed that the corresponding 

signals had disappeared by exchange with the deuterated solvent (Figure A.51). 

b) Conversion of [FeLCl2] to [FeL(MeCN)3]Cl2 

Dissolving FeCl

II
 in MeCN (e.g., for CV analysis) results in a color change from yellow to red (for 

UV/VIS spectra, see Figure A.52), indicative of a substantial change in the coordination sphere. 

New diamagnetic signals corroborating this hypothesis build up between 5.6 and 8.0 ppm in the 

1H NMR spectrum taken in CD3CN (Figure 2.22). 

 

Figure 2.22. 1H NMR spectrum of FeCl

II
 in CD3CN at 500 MHz and 296 K {a: FeCl

II
, b: [FeL(CD3CN)3]Cl2}. 
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The comparison of the NMR spectra of FeCl

II
 in CD3CN (e.g., the 31P{1H} spectrum in Figure A.53) 

with those of Fes

II
-OTf in the same solvent point to identical coordination environments. Con-

version of FeCl

II
 in MeCN was further supported by crystals grown from an MeCN solution of FeCl

II
 

that reveal an inner-sphere molecular structure (see Figure A.59) identical to Fes

II
(-OTf). The 

same NMR studies yet showed that the conversion of FeCl

II
 into Fes

II
-OTf in MeCN is incomplete 

in solution; the two species are equilibrated with other intermediates (Figure 2.22). 

2.2.2.2 [CoL(MeCN)2](BF4)2 

Single-crystal XRD of Cos

II
 revealed twofold MeCN coordination and a square-based pyramidal 

structure (Figure 2.23) as inferred from a geometry index of τ5 = 0.04. Regarding the Co-NMeCN 

bond distances, a significant elongation can be observed for the apical coordinating sol-

vent (204.9 pm) compared to the basal one (189.3 pm). 

  

[CoL(MeCN)2](BF4)2 (Cos

II
) 

Figure 2.23. Molecular structure of Cos

II
. Thermal ellipsoids are shown at a 50% probability level. H-

atoms, outer-sphere BF4
- ligands, and co-crystallized solvent molecules were omitted for 

clarity. 

Although a 1H NMR spectrum of Cos

II
 could be recorded (Figure A.54), the peaks ranging from 

ca. -20 to +15 ppm are heavily broadened and unsuitable for integration. The paramagnetic 

nature of the d7 Co(II) species also prohibited recording heteronuclear NMR spectra. Simula-

tions performed on the EPR spectrum in Figure 2.24 indicate two overlapping signals without 

hyperfine splitting, suggesting the presence of two rhombic low-spin (S = ½) Co species with 

one unpaired electron in the HOMO dz2, as already concluded for CoCl

II . 

The second species identified in Figure 2.24 might originate from different geometric orienta-

tions of Cos

II
 or ligand association, respectively exchange, in MeCN. Impurities of the cobalt pre-

cursor can be excluded based on the lack of a singlet at δH = -2.82 ppm in 1H NMR analysis that 

is characteristic for the six acetonitrile ligands coordinated to [Co(MeCN)6](BF4)2. 
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Figure 2.24. X-band EPR spectrum of ca. 1 mM Cos

II
 in MeCN recorded at 10 K; microwave frequency 

9.629 GHz, power 0.2 mW, modulation 0.75 mT/100 kHz. Blue: simulation with 

gz
1
,y

1
,x

1
 = (2.196, 2.284, 1.941), Γ = 15.0655 and gz

1
,y

1
,x

1
 = (2.353, 2.234, 1.999), Γ = 10.6400. 

2.2.2.3 [NiL(MeCN)](BF4)2 

For Nis

II
, the pincer ligand L and a single equatorial acetonitrile ligand (dNi-N = 185.6 pm) form a 

slightly distorted square plane environing the nickel core (τ4 = 0.12, Figure 2.25). 

  

[NiL(MeCN)](BF4)2 (Nis
II
) 

Figure 2.25. Molecular structure of Nis

II
. Thermal ellipsoids are shown at a 50% probability level. H-at-

oms, outer-sphere BF4
- ligands, and co-crystallized solvent molecules were omitted for clar-

ity. 

The coordinated solvent molecule is detected as a single peak (integral = 3) at 2.09 ppm in the 

1H NMR spectrum of the complex (Figure 2.26). Coordination of the nickel center to L also leads 
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to the deconvolution of the aromatic 1H signals, which enables the determination of peak mul-

tiplicities and clear assignments to the aromatic positions. The well-resolved NMR spectra (Fig-

ure A.55 to Figure A.58) suggest a diamagnetic nature for Nis

II
, putatively a low-spin Ni(II) 3d8 

state. This electron configuration typically yields the square planar geometry observed here due 

to the decreased energy of the fully occupied dz2 orbital compared to other ML4 structures (see 

Figure 2.16). 

 

Figure 2.26. 1H NMR spectrum of Nis

II
 in CD2Cl2 at 500 MHz and 296 K with peak assignments. 

2.2.2.4 Comparative Structural Assessment 

Structural comparison along the Ms

II
 series reveals a constant decrement of the number of aux-

iliary MeCN ligands (nMeCN) when traversing the 3d transition metal period with nMeCN = 3 for 

Fe, nMeCN = 2 for Co, and nMeCN = 1 for Ni (Table 2.4). 

Table 2.4. Structural and electronic data obtained for the Ms

II
 complexes. 

 nMeCN CN Idealized Geometry (τ4/τ5) dn, n = VE 

Fes

II
 3 6 Oh (-) 6 18 

Cos

II
 2 5 SBP (0.04) 7 17 

Nis

II
 1 4 SP (0.12) 8 16 
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Consequently, despite the gain in d electrons, the valence electron counts drop from 18 (full 

shell) for the d6 Fe to 17 for the d7 Co and 16 for the d8 Ni species. Similar to the VE count, the 

bond distances (dbond) between the metal and the equatorial MeCN ligand (M-Neq), M-P1, and 

M-NPy decrease in the order Fes

II
 > Cos

II
 > Nis

II
. These bonds spanning the square “plane” between 

metal and coordinating atoms (Figure 2.4A, x = Neq) are formed by hybridized dx2-y2 orbitals. 

Since the coordinating atoms are identical for all Ms

II
 complexes, property variations are ex-

pected to be directly relatable to the characteristics of the metal center. The M-P and M-N bond 

distances in this coordination plane depend linearly on the electronegativity of the central 

metal (ΧM), as shown in Figure 2.27 (ΧFe = 1.64, ΧCo = 1.70, and ΧNi = 1.75)[16]. 

 

Figure 2.27. dbond vs. ΧM for Ms

II
 complexes (hexagon: Fe, pentagon: Co, square: Ni). 

The increasing capability of the metal to attract (the ligating atom’s) electrons causes an in-

creased overlap with the orbital of the coordinating partner and, ultimately, a decrease in the 

bond distance from Fe to Ni. A simultaneous increase in complex stability is expected when 

switching to later metals.[13] 

The correlation between bond distance and metal ionic radius as observed for the MCl

II
 series in 

section 2.2.1.7 could not be observed here, likely because of the varying coordination spheres 

compared to the bis-chloride complexes. The following chapter will explore further structural 

and electronic effects of the spectator ligands on the structure of the complexes in the Ms

II
 and 

MCl

II
 series for M = Fe, Co, and Ni.  
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2.3 Influence of Auxiliary Ligands - Acetonitrile vs. Chloride 

Key geometric and electronic features of the chloride and acetonitrile complexes of Fe, Co, and 

Ni are shown in Table 2.5. Although based on the same d electron configurations, Ms

II
 and MCl

II
 

complexes of the same metal develop substantially different coordination spheres in the solid 

state. While the coordination number remains at five and enables the formation of SBP com-

plexes for MCl

II
, the number of AL (nAL) – and consequently the order of the corresponding coor-

dination polyhedron – decreases stepwise from Fe to Ni in Ms

II
 complexes. 

Table 2.5. Comparison of structural and electronic data obtained for the Ms

II
 and MCl

II
 complexes of 

M = Fe, Co, and Ni. 

 Fe
s

II
 Fe

Cl

II  Co
s

II
 Co

Cl

II
 Nis

II
 NiCl

II
 

dn, n = 6 6 7 7 8 8 

VE 18 16 17 17 16 18 

CN 6 5 5 5 4 5 

nAL 3 2 2 2 1 2 

Ideal. Geom. Oh SBP SBP SBP SP SBP 

VE numbers increase along the 3d row in the MCl

II
 series but decline for Ms

II
. Depending on the 

AL, Fex

II
 and Nix

II
 exhibit 18, respectively 16, VE complexes, whereas Cox

II
 stays in a 17 VE radical 

electron configuration. 

For iron, the increase in energy of occupied orbitals through the strong field-splitting of MeCN 

can be minimized by the population of the degenerate t2g orbitals in Fes

II
(-OTf). Conceivable 

pentacoordinate d6 complexes would be destabilized to a greater extent due to further splitting 

of the filled orbitals. Opposed to this, the weak field-splitting chloride ligands decrease the or-

bital energy gap below the spin pairing energy, ultimately inducing the high-spin configuration. 

The independence of the structural properties of Cox

II
 from the AL (even τ is identical) may stem 

from the radical character of the d7 electron configuration, which requires at least one electron 

in a singly occupied molecular orbital (SOMO) of higher energy. Tetradentate ML4 structures 

would lead to an electron-deprived 15 VE complex, which appears energetically unfavorable. 

Further association of a ligand under the formation of a 19 VE ML6 compound in octahedral 

geometry would require the occupation of an eg orbital of higher energy, which is assumed to be 

unfavorable with both ALs. The field-splitting induced by the AL is less marked in the almost 

ideal SBP, as observed for both low-spin d7 Co complexes (see Figure 2.10B, left). Since only the 
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single electron in the hybridized dz2 orbital is affected, the square-based pyramid likely consti-

tutes the preferred coordination geometry. 

The Nix

II
 complexes behave inversely to their iron congeners. With two more electrons to locate 

in the hybridized d orbitals, the weak field-splitting of the chloride ligands helps decrease the 

energy of the dz2 HOMO (especially in combination with distortion of the SBP structure). Alt-

hough the formation of a square planar d8 complex with one chloride in the outer coordination 

sphere would likely lead to a further decrease of the energy of the HOMO (Figure 2.28, right), 

energetic stabilization by the formation of a full-shell complex with SBP geometry appears to be 

the favored option for NiCl

II
. 

 

Figure 2.28. Proposed qualitative energy levels for the HOMO in SBP and SP d8 low-spin complexes con-

taining strong (MeCN) and weak field-splitting auxiliary ligands (Cl–). Green shows the en-

ergetically favorable geometry, red the unfavorable. The structures observed for the Nix

II
 

complexes are highlighted in bold. 

With MeCN as the auxiliary ligand, the orbital energy difference () of the dz2 orbital between 

the two possible coordination geometries likely exceeds a beneficial threshold in a pentacoordi-

nate system. Here, a decrease in the HOMO energy is achieved by forcing the complex off the 

desired full-shell state and into SP geometry. 

In conclusion, opposing combinations of valence and dn electron counts are stabilized by auxil-

iary MeCN ligands, whereas correlating valence and dn electron numbers are favored with Cl- lig-

ands due to the differences in their crystal field splitting abilities. 

The obtained knowledge of the initial electronic and spatial configurations of the Mx

z
 complexes 

will serve as the starting point for further electron addition upon electrochemical reduction in 

cyclic voltammetry.  
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2.4 Experimental 

2.4.1 General Considerations 

All synthetic manipulations were performed under an argon atmosphere either in an MBRAUN 

UNILAB PLUS glovebox or using standard SCHLENK techniques in oven-dried glassware, ensuring 

rigorously inert conditions. Organic solvents were dried and degassed by passage over an 

MBRAUN SPS-7 solvent purification system, handled under an argon atmosphere, and stored 

over molecular sieves. Commercially available chemicals were purchased from MERCK, CARL 

ROTH, TCI, or ABCR and used without further purification if not otherwise stated. NMR solvents 

were degassed by three freeze-pump-thaw cycles and dried over molecular sieves. Aniline was 

dried over molecular sieves and degassed by purging with argon. 

NMR spectra were recorded on a BRUKER AVANCE NEO 400 MHZ or a BRUKER AVANCE III HD 

500 MHz NMR spectrometer (the latter operated by Dr. THOMAS WEYHERMÜLLER and LUKAS 

SCHUBERT) with a BRUKER PRODIGY probe at the indicated temperature. Chemical shifts (δ) are 

given in ppm related to tetramethylsilane (TMS) and the coupling constants (J) in Hz. The sol-

vent signal was used as the reference, and the chemical shift was converted to the TMS 

scale (CDCl3: δH = 7.26 ppm and δC = 77.16 ppm, CD2Cl2: δH = 5.32 ppm and δC = 53.84 ppm, 

CD3CN: δH = 1.94 ppm and δC = 1.32 ppm).[17] First-order spin multiplicities are abbreviated as 

singlet (s), doublet (d), triplet (t), and quadruplet (q). Couplings of higher order or overlapped 

signals are denoted as multiplet (m) and broadened signals as (br). The positions of protons and 

carbon atoms in aromatic rings are given as ortho (o), meta (m), para (p), and quaternary (q). 

HRM spectra were recorded on a THERMO SCIENTIFIC Q EXACTIVE PLUS HYBRID QUADRUPOLE-

ORBITRAP mass spectrometer at the MAX-PLANCK-INSTITUT FÜR KOHLENFORSCHUNG. 

UV/VIS measurements were conducted on an AGILENT TECHNOLOGIES CARY 8454 UV/Visible 

spectroscopy system. 

Elemental analysis (CHN) was performed by ANNIKA GUROWSKI on an ELEMENTAR UNICUBE fit-

ted with a thermal conductivity detector. 

Single crystals were selected by Dr. THOMAS WEYHERMÜLLER and BERND MIENERT under a mi-

croscope in polarized light with an applied nitrogen cryostream at approx. -40 °C and were cov-

ered with polyfluorinated polyether. The crystals were picked up with nylon loops and rapidly 

mounted in the nitrogen cold gas stream of the diffractometer at 100 K to prevent solvent loss. 

A BRUKER D8 VENTURE diffractometer equipped with an IμS 3.0 DIAMOND source, INCOATEC 

HELIOS mirror optics (Mo-K radiation; λ = 0.71073 Å), and PHOTON III detector was used for 
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data collection. Data were processed using the BRUKER APEX 3 software suite. The final cell con-

stants are based upon the refinement of the XYZ-centroids of several thousand reflections above 

20 σ(I). Structures were solved and refined using the embedded BRUKER SHELXTL software 

package. All non-hydrogen atoms were anisotropically refined; hydrogen atoms were placed at 

calculated positions and refined as riding atoms with isotropic displacement parameters. 

Magnetic susceptibility data were recorded by DERYA DEMIRBAS and Dr. ECKHARD BILL with pow-

der samples in the temperature range 2-270 K using a SQUID susceptometer with a field 

of 1.0 T (MPMS-3, QUANTUM DESIGN, calibrated with a standard palladium reference sample, 

error < 2%). Multiple-field variable-temperature magnetization measurements were done at 1 T, 

4 T, and 7 T in the range of 2-260 K, with the magnetization equidistantly sampled on a 1/T 

temperature scale. Sample holders of quartz with O-ring sealings were used. The SQUID re-

sponse curves (raw data) have been corrected for holder and solvent contributions by subtract-

ing the corresponding response curves obtained from separate measurements without sample 

material. The experimental magnetization data obtained from independent simulation of the 

corrected SQUID response curves were corrected for underlying diamagnetism (using tabulated 

PASCAL’s constants) and temperature-independent paramagnetism. Handling and simulation of 

the SQUID raw data, as well as spin HAMILTONIAN simulation of the susceptibility and magnet-

ization data, were done with the JULX.SL package for exchange-coupled systems. 

57Fe-MÖSSBAUER spectra were recorded by DERYA DEMIRBAS and Dr. ECKHARD BILL with non-en-

riched powder samples on a conventional spectrometer with an alternating constant accelera-

tion of the γ-source (57Co/Rh, 1.8 GBq). The source was kept at room temperature, and the sam-

ple temperature was maintained constant in an OXFORD INSTRUMENTS VARIOX cryostat. The raw 

data (512 channels) were folded to merge the recorded two mirror images of the spectra, which 

also eliminates the parabolic background. The minimum experimental line width was 

0.24 mm∙s-1 (full width at half maximum). Isomer shifts are quoted relative to iron metal at 

300 K as the spectrometer was calibrated by recording the MÖSSBAUER spectrum of a 12 µm 

thick foil of -Fe at room temperature, with the center of the six-line pattern being taken as zero 

velocity. Spectra were simulated with LORENTZIAN doublets or doublet VOIGT profiles using the 

MF.SL package (version 2.2) and least-squares parameter optimization. 

X-band EPR derivative spectra of frozen-solution samples (ca. 1 mM) were recorded by DERYA 

DEMIRBAS and Dr. ECKHARD BILL on a BRUKER ELEXSYS E500 spectrometer equipped with a 

BRUKER dual-mode cavity (ER4116DM), a helium flow cryostat (OXFORD INSTRUMENTS ESR 910), 

and a BRUKER high-sensitivity SUPER-X BRIDGE (ER-049X) microwave unit with an integrated mi-

crowave frequency counter. The magnetic field controller (ER032T) was externally calibrated 
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with a BRUKER NMR field probe (ER035M). The spectra were simulated with the program ES-

IMX.SL for calculating powder spectra with effective g values, first-order hyperfine splitting, and 

anisotropic line widths (GAUSSIAN line shapes). 

2.4.2 PNP Pincer Ligand 

2.4.2.1 N 2,N 6-diphenylpyridine-2,6-diamine 

 

DBP An  DPPDA 

C5H3Br2N C6H7N  C17H15N3 

236.89 g·mol–1 93.13 g·mol–1  261.33 g·mol–1 

N2,N6-diphenylpyridine-2,6-diamine was synthesized following a modified procedure of WA-

GAW and BUCHWALD.[3] 

2,6-Dibromopyridine (DBP, 497.8 mg, 2.0 mmol, 1.0 equiv.), aniline (An, 372.5 mg, 0.37 mL, 

4.0 mmol, 2.0 equiv.), tris(dibenzylideneacetone)dipalladium {[Pd2(dba)3], 36.6 mg, 

0.04 mmol, 0.02 equiv.}, 1,3-bis(diphenylphosphino)propane (dppp, 33.0 mg, 0.08 mmol, 

0.04 equiv.) and potassium tert-butoxide (628.4 mg, 5.6 mmol, 2.8 equiv.) were placed into a 

SCHLENK tube in the glovebox, and toluene (15 mL) was added. The suspension was stirred at 

100 °C for 18 h and cooled to rt before adding DCM (10 mL). The organic phase was washed 

with brine (20 mL), the resulting aqueous phase was extracted with DCM (3 x 10 mL), and the 

combined organic layers were dried over anhydrous magnesium sulfate. After removing the or-

ganic solvents in vacuo, the crude product was purified by column chromatography on silica 

using an 85:15 mixture of pentane and ethyl acetate.  

Orange solid. Y = 397 mg, 1.52 mmol, 76%. 

The obtained analytical data are consistent with those previously reported in the literature.[3] 

1H NMR (500 MHz, CDCl3, 298 K): δH = 7.37-7.29 (m, PhHo + PhHm + PyHp, 9H), 7.03 (tt, 

J = 1.5, 3.9, PhHp, 2H), 6.38 (br s, NH, 2H), 6.32 (d, J = 8.0 Hz, PyHm, 2H). 

13C{1H} NMR (126 MHz, CDCl3, 298 K): δC = 155.0 (PyCo), 140.7 (PhCNH), 139.6 (PyCp), 

129.3 (PhCm), 122.7 (PhCp), 120.5 (PhCo), 99.0 (PyCm). 

Retardation factor: 0.55 in pentane/ethyl acetate (85:15). 
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2.4.2.2 N 2,N 6-bis(diphenylphosphaneyl)-N 2,N 6-diphenylpyridine-2,6-diamine 

 

DPPDA  L 

C17H15N3 C41H33N3P2 

261.33 g·mol–1 629.68 g·mol–1 

n-Butyllithium (2.5 M in hexanes, 4.0 mL, 10.0 mmol, 2.0 equiv.) was added dropwise to an or-

ange solution of DPPDA (1.3067 g, 5.0 mmol, 1.0 equiv.) in THF (35 mL) at -78 °C. The solu-

tion was allowed to warm up to rt and stirred for 1 h before cooling to 0 °C once more and 

dropwise addition of chlorodiphenylphosphine (1.84 mL, 10.0 mmol, 2.0 equiv.). The solution 

was allowed to warm up to rt and stirred for 1 h, then at 65 °C for 18 h. After cooling to rt, the 

solvents were removed in vacuo, and the brown residue was washed with MeOH (4 x 10 mL), 

Et2O (3 x 5 mL), and pentane (3 x 5 mL). Removal of residual solvents in vacuo yielded the de-

sired product. 

White solid. Y = 2.1 g, 3.3 mmol, 67%. 

Crystals suitable for X-ray diffraction were obtained from a concentrated THF/pentane (3:1) 

solution at -35 °C. 

1H NMR (500 MHz, CD2Cl2, 296 K): δH = 7.28-7.16 (m, 12H, PPhHm + PPhHp), 7.15-7.07 (m, 

9H, PPhHo + PyHp), 7.02-6.95 (m, 6H, NPhHm + NPhHp), 6.82-6.76 (m, 4H, NPhHo), 5.81 (d, 

2H, J = 8.0, PyHm). 

13C{1H} NMR (126 MHz, CD2Cl2, 296 K): δC = 160.3-159.7 (m, PyCq), 143.1-142.8 (m, NPhCq), 

139.5-138.8 (m, PPhCq), 138.6 (PyCp), 133.9-133.3 (m, PPhCm), 130.9 (NPhCo), 

129.1 (NPhCm), 128.8 (PPhCp), 128.0 (t, J = 2.9, PPhCo), 126.4 (NPhCp), 101.5 (PyCm). 

31P{1H} NMR (202 MHz, CD2Cl2, 296 K): δP = 52.8. 

HRMS (ESI+): m/z calcd for C41H33N3P2 + H+ = 630.22225, found = 630.22213. 

EA: calcd for C41H33N3P2 = C: 78.21, H: 5.28, N: 6.67; found = C: 78.36, H: 5.15, N: 6.64. 
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2.4.3 Bis-Chloride Complexes 

 

L 

 

M
Cl

II
 

C41H33N3P2  

629.68 g·mol–1 M = Fe, Co, Ni, or Zn 

L (31.5 mg, 0.05 mmol, 1.0 equiv.) and the respective bis-chloride metal precursor 

MCl2 (M = Fe, Co, or Zn) or (dme)NiCl2 (11.0 mg, 0.05 mmol, 1.0 equiv.) were placed into a 

SCHLENK tube in the glovebox, and DCM (M = Fe or Ni, 2 mL) or THF (M = Co or Zn, 2 mL) was 

added. The resulting solution was stirred at rt for 16 h before removing the solvent in vacuo.  

The crude product was purified by precipitation from a DCM solution with pentane, washing 

the precipitate with pentane (3 x 2 mL), and removing the solvent in vacuo. 

Deviations from the purification procedure are explicated for the individual complexes. 
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2.4.3.1 [FeLCl2] 

 

Fe
Cl

II
 

C41H33Cl2FeN3P2 

756.43 g·mol–1 

Yellow solid. Y = 30.8 mg, 0.048 mmol, 95%. 

Crystals suitable for X-ray diffraction were obtained from a concentrated DCM/pentane (3:1) 

solution at -35 °C. 

1H NMR (500 MHz, CD2Cl2, 296 K): δH = 57.14 (br s, 2H, PyHm), 14.38 (br s, 8H, PPhHm), 

8.61 (br s, 4H, NPhHm), 3.52 (br s, 4H, NPhHo), 3.13 (br s, 2H, NPhHp), -4.92 (br s, 8H, 

PPhHo), -5.45 (br s, 4H, PPhHp), -11.61 (br s, 1H, PyHp). 

13C{1H} NMR (126 MHz, CD2Cl2, 296 K): δC = 282.7, 258.5, 199.5, 155.0, 152.1, 116.9, 108.6. 

HRMS (ESI+): m/z calcd for [C41H33Cl2FeN3P2 - Cl-]+ = 720.11821, found = 720.11849. 

EA: calcd for C41H33Cl2FeN3P2 = C: 65.10, H: 4.40, N: 5.56; found = C: 65.31, H: 4.79, N: 5.28. 

Crystals of [FeL(MeCN)3](Cl3FeOFeCl3) were obtained from a concentrated MeCN/Et2O (3:1) 

solution of FeCl

II
 at -30 °C under air. 
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2.4.3.2 [CoLCl2] 

 

Co
Cl

II
 

C41H33Cl2CoN3P2 

759.52 g·mol–1 

The desired product was precipitated from a THF solution. 

Dark red solid. Y = 34.0 mg, 0.045 mmol, 90%. 

Crystals suitable for X-ray diffraction were obtained from vapor diffusion of pentane into a con-

centrated THF solution at rt or from a concentrated MeCN/Et2O (3:1) solution at -35 °C. 

1H NMR (400 MHz, CD2Cl2, 296 K): δH = 10.65 (br s, 1H), 9.40 (br s, 4H), 8.61 (br s, 4H), 

8.34-7.07 (m, 16H), 5.97 (br s, 8H). 

HRMS (ESI+): m/z calcd for [C41H33Cl2CoN3P2]+ = 758.08533: found = 758.08561. 

EA: calcd for C41H33Cl2CoN3P2 = C: 64.84, H: 4.38, N: 5.53; found = C: 64.56, H: 4.27, N: 5.48. 
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2.4.3.3 [NiLCl2] 

 

Ni
Cl

II
 

C41H33Cl2NiN3P2 

759.28 g·mol–1 

Red solid. Y = 34.2 mg, 0.044 mmol, 88% (including 0.2 CH2Cl2). 

Crystals suitable for X-ray diffraction were obtained from a concentrated DCM/pentane (3:1) 

solution or a concentrated MeCN/Et2O (3:1) solution at -35 °C. 

1H NMR (500 MHz, CD2Cl2, 296 K): δH = 7.90 (d, 8H, J = 6.3, PPhHo), 7.63 (t, 4H, J = 7.4, 

PPhHp), 7.48 (t, 8H, J = 7.5, PPhHm), 7.41-7.31 (m, 3H, NPhHp + PyHp), 7.27 (t, 4H, J = 7.5, 

NPhHm), 6.92 (d, 4H, J = 7.6, NPhHo), 5.73 (d, 2H, J = 8.2, PyHm). 

13C{1H} NMR (126 MHz, CD2Cl2, 296 K): δC = 163.8 (PyCq), 142.8 (PyCp), 137.9 (NPhCq), 

134.7 (PPhCo), 133.1 (PPhCp), 130.6 (NPhCo), 130.1 (NPhCm), 129.6 (NPhCp), 129.2 (PPhCm), 

126.2 (t, J = 23.7, PPhCq), 103.4 (PyCm). 

31P{1H} NMR (202 MHz, CD2Cl2, 296 K): δP = 85.0. 

HRMS (ESI+): m/z calcd for [C41H33Cl2N3NiP2 - Cl-]+ = 722.11862, found = 722.11871. 

EA: calcd for C41H33Cl2N3NiP2 ∙ 0.2 CH2Cl2 = C: 63.75, H: 4.34, N: 5.41; found = C: 63.55, 

H: 4.57, N: 5.43. 
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2.4.3.4 [ZnLCl2] 

 

Zn
Cl

II
 

C41H33Cl2N3P2Zn 

765.96 g·mol–1 

White solid. Y = 33.3 mg, 0.042 mmol, 85% (including 0.25 CH2Cl2). 

Crystals suitable for X-ray diffraction were obtained from a concentrated THF/pentane (3:1) 

solution at -35 °C. 

1H NMR (500 MHz, CD2Cl2, 296 K): δH = 7.46-7.39 (m, 8H, PPhHo), 7.34-7.28 (m, 5H, PPhHp 

+ PyHp), 7.24-7.08 (m, 14H, PPhHm + NPhHm + NPhHp), 7.03-6.90 (m, 4H, NPhHo), 5.85 (d, 

2H, J = 8.1, PyHm). 

13C{1H} NMR (126 MHz, CD2Cl2, 296 K): δC = 157.4 (t, J = 7.3, PyCq), 141.4 (PyCp), 

138.7 (NPhCq), 133.8 (PPhCo), 131.6 (PPhCp), 131.2 (NPhCo), 129.9 (NPhCm), 128.9 (t, J = 4.9, 

PPhCm), 128.4 (NPhCp), 101.8 (PyCm). 

31P{1H} NMR (202 MHz, CD2Cl2, 296 K): δP = 30.9. 

HRMS (ESI+): m/z calcd for [C41H33Cl2N3P2Zn - Cl-]+ = 728.11242, found = 728.11180. 

EA: calcd for C41H33Cl2N3P2Zn ∙ 0.25 CH2Cl2 = C: 62.94, H: 4.29, N: 5.34; found = C: 62.67, 

H: 4.30, N: 5.33. 
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2.4.4 Further Halide & Triflate Complexes 

 

L 

 

M
x

I
 or M

OTf

II
 

C41H33N3P2  

629.68 g·mol–1 M = Mn, Cu, or Zn 

L (31.5 mg, 0.05 mmol, 1.0 equiv.) and the respective metal precursor (0.05 mmol, 1.0 equiv.) 

were placed into a SCHLENK tube in the glovebox, and the respective solvent (2 mL) was added. 

The resulting solution was stirred at the indicated temperature for 16 h before removing the 

solvent in vacuo.  

The crude product was purified by precipitation from a DCM solution with pentane, washing 

the precipitate with pentane (3 x 2 mL), and removing the solvent in vacuo. 

Deviations from the general procedure are explicated for the individual complexes. 
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2.4.4.1 [MnL(CO)2Br] 

 

Mn
CO,Br

I
 

C43H33BrMnN3O2P2 

820.55 g·mol–1 

Reaction conditions: [Mn(CO)5Br], toluene, 110 °C. 

The desired product was obtained after washing the residue with DCM (2 mL) and pen-

tane (3 x 2 mL) and removing the solvent in vacuo. 

Yellow solid. Y = 30.8 mg, 0.037 mmol, 74% (including 0.1 C7H8). 

A color change to brown was observed in concentrated DCM solutions under exposure to light, 

possibly upon CO loss and dimerization. Crystals suitable for X-ray diffraction were obtained 

from vapor diffusion of pentane into a concentrated DCM solution at rt under the exclusion of 

light. 

1H NMR (500 MHz, CD2Cl2, 296 K): δH = 7.77 (dd, 4H, J = 5.8, 5.1), 7.47-7.36 (m, 10H), 

7.36-7.27 (m, 8H), 7.26-7.13 (m, 7H, PyHp), 6.81 (d, 2H, J = 8.0, NPhHo), 5.79 (d, 2H, J = 8.2, 

PyHm). 

13C{1H} NMR (126 MHz, CD2Cl2, 296 K): δC = 178.0 (CO), 164.1 (t, J = 12.9, PyCq), 

141.3 (NPhCq), 139.9 (t, J = 23.4, PPhCq), 139.1 (PyCp), 137.5 (t, J = 6.3), 132.5, 131.8, 131.7 (t, 

J = 5.7), 131.5, 130.6, 130.3, 130.2, 130.1, 128.8, 128.2 (t, J = 4.6), 127.4 (t, J = 5.0), 

102.9 (PyCm). 

31P{1H} NMR (202 MHz, CD2Cl2, 296 K): δP = 138.9. 

HRMS (ESI+): m/z calcd for [C43H33BrMnN3O2P2]+ = 819.06064, found = 819.06076. 

EA: calcd for C43H33BrMnN3O2P2 ∙ 0.1 C7H8 = C: 63.26, H: 4.11, N: 5.06; found = C: 63.66, 

H: 4.44, N: 4.99.  
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2.4.4.2 [CuLCl] 

 

Cu
Cl

I
 

C41H33ClCuN3P2 

728.68 g·mol–1 

Reaction conditions: CuCl, THF, rt. 

Light yellow solid. Y = 23.9 mg, 0.033 mmol, 65% (including 0.05 CH2Cl2). 

Crystals suitable for X-ray diffraction were obtained from a concentrated DCM/pentane (3:1) 

solution at -35 °C. 

1H NMR (500 MHz, CD2Cl2, 296 K): δH = 7.50 (dd, 8H, J = 5.8, 5.3, PPhHo), 7.31 (t, 4H, J = 7.4, 

PPhHp), 7.24 (t, 1H, J = 8.0, PyHp), 7.17 (t, 8H, J = 7.6, PPhHm), 7.15-7.08 (m, 6H, NPhHm + 

NPhHp), 6.93-6.83 (m, 4H, NPhHo), 5.68 (d, 2H, J = 8.0, PyHm). 

13C{1H} NMR (126 MHz, CD2Cl2, 296 K): δC = 157.8 (t, J = 9.4, PyCq), 141.6 (PyCp), 140.1 (t, 

J = 3.0, NPhCq), 133.6 (PPhCo), 132.9 (t, J = 11.4, PPhCq), 130.9 (NPhCo), 130.4 (PPhCp), 

129.7 (NPhCm), 128.5 (t, J = 4.4, PPhCm), 127.9 (NPhCp), 101.1 (PyCm). 

31P{1H} NMR (202 MHz, CD2Cl2, 296 K): δP = 39.9. 

HRMS (ESI+): m/z calcd for [C41H33ClCuN3P2]+ = 727.11288, found = 727.11272. 

EA: calcd for C41H33ClCuN3P2 ∙ 0.05 CH2Cl2 = C: 67.27, H: 4.55, N: 5.73; found = C: 67.02, 

H: 4.75, N: 5.48. 
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2.4.4.3 [CuLI] 

 

Cu
I

I
 

C41H33ICuN3P2 

820.13 g·mol–1 

Reaction conditions: CuI, THF, 65 °C. 

White solid. Y = 21.3 mg, 0.026 mmol, 52%. 

Crystals suitable for X-ray diffraction were obtained from a concentrated THF solution at -35 °C. 

1H NMR (500 MHz, CD2Cl2, 296 K): δH = 7.62-7.41 (m, 8H, PPhHo), 7.36-7.23 (m, 5H, PPhHp 

+ PyHp), 7.21-7.06 (m, 14H, PPhHm + NPhHm + NPhHp), 7.01-6.89 (m, 4H, NPhHo), 5.67 (d, 

2H, J = 8.0, PyHm). 

13C{1H} NMR (126 MHz, CD2Cl2, 296 K): δC = 157.7 (t, J = 9.2, PyCq), 141.6 (PyCp), 140.0 (t, 

J = 2.7, NPhCq), 133.7 (PPhCo), 132.6 (t, J = 11.7, PPhCq), 130.9 (NPhCo), 130.4 (PPhCp), 

129.7 (NPhCm), 128.4 (t, J = 4.4, PPhCm), 127.9 (NPhCp), 101.2 (PyCm). 

31P{1H} NMR (202 MHz, CD2Cl2, 296 K): δP = 40.0. 

HRMS (ESI+): m/z calcd for [C41H33CuIN3P2]+ = 819.04849, found = 819.04742. 

EA: calcd for C41H33CuIN3P2 = C: 60.05, H: 4.06, N: 5.12; found = C: 59.82, H: 4.18, N: 5.06. 
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2.4.4.4 [ZnL(OTf)2] 

 

Zn
OTf

II
 

x = OTf 

C43H33F6N3O6P2S2Zn 

993.19 g·mol–1 

Reaction conditions: Zn(OTf)2, MeCN, 80 °C. 

White solid. Y = 47.4 mg, 0.048 mmol, 95%. 

Crystals suitable for X-ray diffraction were obtained from a concentrated THF solution at -35 °C. 

1H NMR (500 MHz, CD2Cl2, 296 K): δH = 7.45-7.36 (m, 13H, PPhHo + PPhHp + PyHp), 7.25 (t, 

8H, J = 7.7, PPhHm), 7.22-7.14 (m, 6H, NPhHm + NPhHp), 7.03 (br s, 4H, NPhHo), 5.94 (d, 2H, 

J = 8.2, PyHm). 

13C{1H} NMR (126 MHz, CD2Cl2, 296 K): δC = 157.5 (t, J = 6.8, PyCq), 143.2 (PyCp), 138.0 (t, 

J = 2.4, NPhCq), 133.9 (br, PPhCq), 132.5 (PPhCo), 130.7 (br, NPhCo), 130.3 (NPhCm), 129.2 (t, 

J = 5.2, PPhCm), 129.0 (PPhCp), 126.0 (NPhCp), 120.1 (q, CF3), 102.9 (PyCm). 

31P{1H} NMR (202 MHz, CD2Cl2, 296 K): δP = 28.8. 

HRMS (ESI+): m/z calcd for [C43H33F6N3O6P2S2Zn - CF3SO3
-]+ = 842.09559, found = 842.09613. 

EA: calcd for C43H33F6N3O6P2S2Zn = C: 52.00, H: 3.35, N: 4.23; found = C: 52.26, H: 3.68, 

N: 4.32.  
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2.4.5 Acetonitrile Complexes 

 

L 

 

M
s

II
 

C41H33N3P2 s = MeCN 

629.68 g·mol–1 M = Fe, Co, or Ni 

The precursors [M(MeCN)6](BF4)2 (M = Fe, Co, or Ni) were synthesized according to a procedure 

reported by SEN et al.[18] 

L (125.9 mg, 0.20 mmol, 1.0 equiv.) and the respective [M(MeCN)6](BF4)2 (M = Fe, Co, or Ni) 

precursor (0.20 mmol, 1.0 equiv.) were placed into a SCHLENK tube in the glovebox, and 

DCM (5 mL) was added. The resulting solution was stirred for 2 h at rt before removing the 

solvent in vacuo. The crude product was dissolved in MeCN and precipitated with Et2O. The Ms

II
 

complexes (M = Fe, Co, or Ni; s = MeCN) were isolated by washing the precipitate with 

Et2O (3 x 3 mL) and removing the residual solvent in vacuo. 

Crystals suitable for X-ray diffraction were obtained from a concentrated solution in MeCN/Et2O 

at -35 °C. 
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2.4.5.1 [FeL(MeCN)3](BF4)2 

 

Fe
s

II
  

s = MeCN  

C47H42B2F8FeN6P2  

982.29 g·mol–1  

Orange solid. Y = 173 mg, 0.18 mmol, 88% (including 0.05 C4H10O). 

1H NMR (500 MHz, CD2Cl2, 296 K): δH = 7.68-7.59 (m, 12H, PPhHo + PPhHp), 7.55 (t, J = 7.9, 

8H, PPhHm), 7.47-7.38 (m, 6H, NPhHm + NPhHp), 7.35 (tt, J = 8.2, 1.5, 1H, PyHp), 

7.13-7.05 (m, 4H, NPhHo), 5.99 (d, J = 8.2, 2H, PyHm), 2.39 (s, 3H, CH3CNeq), 1.69 (s, 6H, 

CH3CNax). 

13C{1H} NMR (126 MHz, CD2Cl2, 296 K): δC = 166.1 (t, J = 11.1, PyCq), 141.8 (PyCp), 139.2 (t, 

J = 2.7, NPhCq), 138.7 (CH3CNeq), 138.1 (CH3CNax), 134.1 (t, J = 6.3, PPhCo), 132.9 (PPhCp), 

131.1 (NPhCm), 130.5 (NPhCo), 129.9 (NPhCp), 129.7 (t, J = 2.7, PPhCm), 129.5 (PPhCq), 129.3, 

104.5 (t, J = 2.3, PyCm), 5.0 (CH3CNeq), 4.3 (CH3CNax). 

31P{1H} NMR (202 MHz, CD2Cl2, 296 K): δP = 129.3. 

HRMS (ESI+): m/z calcd for [C47H42B2F8FeN6P2 - 2 BF4
-]2+ = 404.11423, found = 404.11406. 

EA: calcd for C47H42B2F8FeN6P2 ∙ 0.05 C4H10O = C: 57.50, H: 4.34, N: 8.52; found = C: 57.83, 

H: 4.72, N: 8.69. 
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2.4.5.2 [CoL(MeCN)2](BF4)2 

 

Co
s

II
  

s = MeCN  

C45H39B2CoF8N5P2  

944.33 g·mol–1  

Orange/brown solid. Y = 182 mg, 0.19 mmol, 96% (including 0.1 C4H10O). 

1H NMR (500 MHz, CD2Cl2, 296 K): δH = 9.02 (br s), 8.91 (br s), 7.49 (br s), 7.07 (br s), 

1.40 (br s), -1.24 (br s), -14.2 (br s). 

HRMS (ESI+): m/z calcd for [C45H39B2CoF8N5P2 - 2 BF4
- - CH3CN]2+ = 364.58681, 

found = 364.58707. 

EA: calcd for C45H39B2CoF8N5P2 ∙ 0.1 C4H10O = C: 57.57, H: 4.24, N: 7.36; found = C: 57.57, 

H: 4.61, N: 7.56. 
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2.4.5.3 [NiL(MeCN)](BF4)2 

 

Ni
s

II
  

s = MeCN  

C43H36B2F8N4NiP2  

903.04 g·mol–1  

Orange solid. Y = 171 mg, 0.19 mmol, 94%. 

1H NMR (500 MHz, CD2Cl2, 296 K): δH = 7.91-7.83 (m, 8H, PPhHo), 7.77 (t, J = 7.5, 4H, 

PPhHp), 7.63 (tt, J = 7.7, 1.7, 8H, PPhHm), 7.45 (tt, J = 8.3, 1.8, 1H, PyHp), 7.39 (t, J = 7.4, 2H, 

NPhHp), 7.31 (t, J = 7.7, 4H, NPhHm), 7.01 (d, J = 7.6, 4H, NPhHo), 5.85 (d, J = 8.3, 2H, PyHm), 

2.09 (s, 3H, CH3CN). 

13C{1H} NMR (126 MHz, CD2Cl2, 296 K): δC = 164.9 (t, J = 12.2, PyCq), 144.8 (PyCp), 

136.4 (NPhCq), 134.8 (PPhCp), 134.3 (t, J = 7.3, PPhHo), 131.0 (NPhCm), 130.4 (t, J = 6.0, 

PPhCm), 130.0 (NPhCo), 123.5 (t, J = 29.0, PPhCq), 104.7 (t, J = 3.2, PyCm), 4.3 (CH3CN). 

31P{1H} NMR (202 MHz, CD2Cl2, 296 K): δP = 92.5. 

HRMS (ESI+): m/z calcd for [C43H36B2F8N4NiP2 - 2 BF4
-]2+ = 364.08789, found = 364.08769. 

EA: calcd for C43H36B2F8N4NiP2 = C: 57.19, H: 4.02, N: 6.20; found = C: 57.47, H: 4.32, N: 6.54. 
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2.4.5.4 [FeL(MeCN)3](OTf)2 

 

Fe
s

II
-OTf  

s = MeCN  

C49H42F6FeN6O6P2S2  

1106.81 g·mol–1  

L (31.5 mg, 0.05 mmol, 1.0 equiv.) and Fe(OTf)2 (17.7 mg, 0.05 mmol, 1.0 equiv.) were placed 

into a SCHLENK tube in the glovebox, and MeCN (2 mL) was added. The resulting orange solution 

was stirred at rt for 16 h before removing the solvent in vacuo. The desired product Fes

II
-OTf 

was obtained after washing with Et2O (2 mL), pentane (3 x 2 mL), and removing the solvent in 

vacuo. 

Orange solid. Y = 48.9 mg, 0.043 mmol, 87% (including 0.25 C4H10O). 

Crystals suitable for X-ray diffraction were obtained from a concentrated MeCN/Et2O (3:1) so-

lution at -35 °C. 

1H NMR (500 MHz, CD2Cl2, 296 K): δH = 7.75-7.59 (m, 12H, PPhHo + PPhHp), 7.60-7.50 (m, 

8H, PPhHm), 7.48-7.37 (m, 6H, NPhHm + NPhHp), 7.34 (t, 1H, J = 8.2, PyHp), 7.10 (d, 4H, J = 7.4, 

NPhHo), 5.99 (d, 2H, J = 8.2, PyHm), 2.43 (s, 3H, CH3CNeq), 1.73 (s, 6H, CH3CNax). 

13C{1H} NMR (126 MHz, CD2Cl2, 296 K): δC = 166.0 (t, J = 11.1, PyCq), 141.8 (PyCp), 139.2 (t, 

J = 2.7, NPhCq), 138.7 (CH3CNeq), 138.1 (CH3CNax), 134.1 (t, J = 6.3, PPhCo), 132.9 (PPhCp), 

131.1 (NPhCm), 130.5 (NPhCo), 129.9 (NPhCp), 129.7 (t, J = 2.7, PPhCm), 129.5 (PPhCq), 129.3, 

104.5 (t, J = 2.3, PyCm), 5.4 (CH3CNeq), 4.7 (CH3CNax). 

31P{1H} NMR (202 MHz, CD2Cl2, 296 K): δP = 129.2. 

HRMS (ESI+): m/z calcd for [C49H42F6FeN6O6P2S2 - 2 CF3SO3
- - 2 CH3CN]2+ = 363.08768, 

found = 363.08752. 

EA: calcd for C49H42F6FeN6O6P2S2 ∙ 0.25 C4H10O = C: 53.37, H: 3.99, N: 7.47; found = C: 53.04, 

H: 4.33, N: 7.12. 
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2.4.5.5 [NiL(MeCN)2]BF4 

 

 Ni
s

II
 

s = MeCN 

Ni
s

I
  

 C43H36B2F8N4NiP2 C45H39BF4N5NiP2  

 903.04 g·mol–1 857.29 g·mol–1  

Nis

II
 (9.0 mg, 0.01 mmol, 1.0 equiv.) and cobaltocene (2.0 mg, 0.01 mmol, 1.0 equiv.) were 

placed into a 4 mL vial in the glovebox, and MeCN (ca. 0.8 mL) was added. The resulting dark 

red solution was stirred at rt for 15 min. 

Crystals of Nis

I
 suitable for X-ray diffraction were obtained by adding Et2O to the MeCN solution 

at -35 °C.  
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Chapter 3: Electrochemistry under Inert 

Conditions 

Part 1: General Redox Behavior 

 

 

 

Part 1 of the following chapter comprises the electrochemical analysis of the previously synthe-

sized chemical compounds to assess their redox behavior. 

Since electron uptake is a prerequisite for the homogeneously catalyzed activation of CO2, this 

analysis shall examine the reducibility of the transition metal complexes presented herein. The 

origin of the redox events (ligand- or metal-centered) and concomitant structural changes are 

discussed. Eventually, the electron configuration of the metal center is correlated to the behavior 

in cyclic voltammetry to derive a broader view of the aptitude of a specific metal center in CO2 

electroreduction. 

 

 

 

 

Parts of this chapter have been published in: 

N. W. Kinzel, D. Demirbas, E. Bill, T. Weyhermüller, C. Werlé, N. Kaeffer, W. Leitner, Inorg. 

Chem. 2021, 60, 19062.  
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CV measurements in this chapter were conducted under an argon atmosphere with an analyte 

concentration of 1 mM on a glassy carbon working electrode (circular surface with a diameter 

of 3.0 mm) and in a 0.1 M solution of tetrabutylammonium hexafluorophosphate (TBAPF6) in 

acetonitrile at a scan rate (ν) of 100 mV∙s-1. Deviations from these conditions are noted with the 

respective voltammogram. A brief introduction to the method is given in Appendix D. 

3.1 PNP Pincer Ligand 

In order to determine the capability of the ligand to take up electrons, cyclic voltammetry meas-

urements were performed on L (Figure 3.1). The ligand was found electrochemically inactive in 

the potential window between -2.5 and -0.1 VFc in MeCN and DMF. 

 

Figure 3.1. CVs of L in MeCN (black) and DMF (grey). 

An irreversible reduction wave can be observed at potentials below -2.5 VFc in both solvents. 

Nevertheless, L can be classified as a redox-innocent system since the reduction is located on 

the far negative side of the potential scale exceeding the potential threshold for metal-centered 

reduction processes that could lead to efficient conversion of CO2. For the same reason, little 

involvement of the ligand in the redox events of the Mx

z
 complexes is expected. 
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3.2 3d Transition Metal Complexes 

3.2.1 Halide & Triflate Complexes 

3.2.1.1 [MnL(CO)2Br] 

MnCO,Br

I
 shows a primary irreversible reduction wave at Ep,c = -2.64 VFc and minor additional 

waves at Ep,c ≈ -2.45 VFc and Ep,a ≈ -1.10 VFc in DMF (Figure 3.2). The poor solubility rendered 

attempts to analyze the complex in MeCN impossible. 

 

Figure 3.2. CV of 0.5 mM MnCO,Br

I
 in DMF. 

The KUBIAK group proposes a metal-centered reduction to a Mn(0) species with concomitant 

halide loss and subsequent fast dimerization for the related [Mn(tpy)(CO)2Br] complex.[1] How-

ever, the lack of a substantial re-oxidation wave indicative of a reduced MnCO,Br

I
 dimer makes 

such a metal-centered reduction event appear unlikely. In addition, MnCO,Br

I
 already exists in an 

18 valence electron d6 low-spin configuration, and reduction would populate a high-lying eg 

orbital. Hence, the reduction of the coordinated ligand LM is proposed to be favored at the 

strongly cathodic potential identified here [eq. (3.1)]. 

E: [MnIL(CO)2Br] + e- ⇄ [MnIL(-I)(CO)2Br]- (3.1) 

Previous NMR studies showed the conversion of MnCO,Br

I
 in concentrated CD2Cl2 solutions (Fig-

ure A.7). So far, this is attributed to a light-induced sequence of carbonyl decoordination and 
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dimerization. According to this hypothesis, partial conversion of the analyte in the diluted DMF 

solution may be the origin of the minor additional waves recorded in CV. 

3.2.1.2 [FeLCl2] 

Unambiguous cyclic voltammograms were inaccessible for FeCl

II
 due to its partial conversion into 

[FeL(MeCN)3]Cl2 and potential further products of different MeCN/Cl- stoichiometries in 

MeCN (see section 2.2.1.2). Attempts to analyze the compound in other solvents were impeded 

by various factors, e.g., a limited electrochemical potential window (DCM), insufficient solubil-

ity (THF), or fast transformation of the analyte (DMF, see Figure B.17). 

The exchange of MeCN and chloride ligands under electroreductive conditions will be reviewed 

in more detail in part 2 of this chapter. 

3.2.1.3 [CoLCl2] 

Two partially reversible redox events at E0 = -0.17 VFc (∆Ep = 216 mV, CoIII/II) and E0 = -1.21 VFc 

(∆Ep = 94 mV, CoII/I) as well as two irreversible waves at Ep,c = -1.98 VFc (CoI/0) and 

Ep,c = -2.61 VFc (LM

0/-I
) can be observed in the cyclic voltammogram of CoCl

II
 (Figure 3.3). 

 

Figure 3.3. CVs of CoCl

II
 at varying potential windows. 

Although a molecular structure of CoCl

II
 obtained from an acetonitrile solution confirms the re-

tention of the inner-sphere coordination of both chloride ligands in the solid state (Figure A.60), 
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the formation of a cationic [CoIIL(MeCN)Cl]+ complex upon dissolution of CoCl

II
 in MeCN is sup-

ported by findings of BROWN et al. for similar complexes.[2] Applying a potential of ca. -1.2 VFc 

leads to the reduction and conversion of [CoIIL(MeCN)Cl]+ into a neutral [CoILCl] species in an 

electrochemical-chemical (EC) sequence (cf. Appendix D) broken down in eq. (3.2) and (3.3). 

E: [CoIIL(MeCN)Cl]+ + e- ⇄ [CoIL(MeCN)Cl] (3.2) 

C: [CoIL(MeCN)Cl] ⇄ [CoILCl] + MeCN (3.3) 

Further reduction results in a second EC mechanism to Co(0), the chemical step of which can 

be attributed to the substitution of a chloride ligand with a solvent molecule under the for-

mation of a putative [Co0L(MeCN)] complex, as shown in eq. (3.4) and (3.5). 

E: [CoILCl] + e- ⇄ [Co0LCl]- (3.4) 

C: [Co0LCl]- + MeCN ⇄ [Co0L(MeCN)] + Cl- (3.5) 

Scanning to more cathodic potentials reveals a third irreversible reduction wave at 

Ep,c = -2.61 VFc, likely indicating the reduction of the coordinated ligand system. 

A singly occupied dz2 orbital constitutes the HOMO at the d7 configuration of the initial para-

magnetic Co(II) species (Scheme 3.1). The first reduction is expected to fill this dz2 orbital, pro-

ducing a diamagnetic [CoIL(MeCN)Cl] complex. Release of the apical ligand would stabilize the 

now fully occupied dz2 orbital in a square planar [CoILCl] 16-electron complex, as found for the 

related pincer complex [CoI(PN3P)(MeCN)]+ (RN = H, RP = tBu).[3] 

 

Scheme 3.1. Proposed electrochemical pathway and schematic frontier orbital diagrams for the reduction 

of CoCl

II
 in MeCN under argon atmosphere (s = MeCN). 

The sizeable potential gap to the second reduction into a Co(0) species 

Ep,c(CoI/0) - E0(CoII/I) = -670 mV is consistent with the injection of the second electron into a 

high-lying antibonding dx2-y2 orbital. This second electron transfer is followed by an irreversible 

chemical step (EC), most probably the substitution of Cl- with MeCN to generate a neutral 
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[Co0L(MeCN)] complex. Calculations on similar complexes suggest an η2 π-bonded MeCN in a 

structure best described as a Co(II) cycloimine.[3] 

3.2.1.4 [NiLCl2] 

NiCl

II
 shows a voltamperometric pattern similar to CoCl

II
 with a reversible reduction wave at 

E0 = -1.16 VFc followed by an irreversible process at Ep,c = -1.65 VFc (Figure 3.4), assigned to NiII/I 

and NiI/0 events, respectively. Two more irreversible reduction waves appear at Ep,c = -2.41 VFc 

and -2.75 VFc. The wave at -2.41 VFc can be attributed to a ligand-centered reduction, but the 

second reduction wave remains unassigned. 

 

Figure 3.4. CVs of NiCl

II
 at varying potential windows. 

With a weakly coordinated apical chloride ligand in the solid state (Figure A.61), decoordination 

toward a cationic [NiIILCl]+ complex in the MeCN solution is conceivable. Reduction of [NiIILCl]+ 

is then proposed to generate a neutral [NiILCl] species [eq. (3.6)]. Tetradentate geometries were 

found for similar [NiI(PNP)] complexes.[4] 

E: [NiIILCl]+ + e- ⇄ [NiILCl] (3.6) 

As stems from the irreversibility of the NiI/0 event at ν = 100 mV∙s-1, the formation of a Ni(0) 

species is also coupled to a chemical step (EC) – likely a Cl-/MeCN exchange producing a low 

valent [Ni0L(MeCN)] complex [eq. (3.7) and (3.8)]. 
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E: [NiILCl] + e- ⇄ [Ni0LCl]- (3.7) 

C: [Ni0LCl]- + MeCN ⇄ [Ni0L(MeCN)] + Cl- (3.8) 

The reversibility of the NiI/0 wave can be recovered by elevating the scan rate (Figure 3.5A), 

suggesting a slow chemical step. A standard potential of E0(NiI/0) = -1.59 VFc is extracted at fast 

scan rates. The Ep,c vs. log(ν) graph for this wave decays linearly in the irreversible, pure kinetics 

(KP) zone of the kinetic zone diagram (cf. Figure D.4). A slope of -21.2 mV∙log(ν)-1 (Figure 3.5B) 

reasonably agrees with the theoretical value for an EC mechanism.[5] 

A) Scan Rate Variation B) Ep,c(Ni I /0) vs. log(ν) plot 

  

Figure 3.5. (A) CVs at varying scan rates and (B) Ep,c(NiI/0) vs. log(ν) plot of NiCl

II
. 

NiCl

II
 is reduced to a Ni(0) species by two consecutive electron injections expected to fill the 

dx2-y2 orbital (Scheme 3.2) as corroborated by reduced states computed on a [Ni(PN3P)Br2] com-

plex bearing a close PN3P ligand (RN = H or Me, RP = Ph).[6] 

 

Scheme 3.2. Proposed electrochemical pathway and schematic frontier orbital diagrams for the reduction 

of NiCl

II
 in MeCN under argon atmosphere (s = MeCN). 

The potential gap between the +I and 0 oxidation states [E0(NiI/0) - E0(NiII/I) = -430 mV] is 

tighter compared to CoCl

II
, consistent with a two-fold electronic increment in the same high-lying 

dx2-y2 orbital. Upon reduction to the Ni(0) state, Cl-/MeCN substitution would likely form an 

energetically favorable tetrahedral d10 18 VE [Ni0L(MeCN)] complex.  
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3.2.1.5 [CuLCl] & [CuLI] 

CuCl

I
 exhibits a reversible redox event at E0 = -0.09 VFc and an irreversible reduction wave at 

Ep,c = -2.35 VFc (Figure 3.6, solid line). CuI

I
 shows almost identical redox features at slightly 

shifted potentials (E0 = -0.03 VFc and Ep,c = -2.27 VFc; Figure 3.6, dashed line). Hence, similar 

electrochemical processes are expected for both complexes. 

 

Figure 3.6. CVs of Cux

I
 with x = Cl (solid line) or I (dashed line) in cathodic (←) and anodic (→) directions. 

Assignment of the reversible wave to the CuII/I couple indicates that the +II oxidation state can 

be accessed by electrochemical means. This finding is in stark contrast to the challenging syn-

thesis of the Cu(II) species in section 2.2.1.5. The Cu(II) state is possibly only stable in the time 

scale of the CV experiment and decomposes within the reaction time of the synthesis. 

Putative Cu(0) complexes, as the products of metal-centered reduction processes, are likely to 

decompose into heterogeneous Cu(0) deposits at the electrode surface. However, no substantial 

oxidative desorption peak (for reference, see Figure 3.7, dashed line) commonly accounting for 

the oxidation of such Cu(0) deposits could be observed in the backward scan of the investigated 

potential window, regardless of the scan rate. Moreover, the Cu(I) species already exist in a d10 

electron configuration with all d orbitals fully occupied. Therefore, the irreversible reduction 

waves are more likely to represent a ligand- rather than metal-centered reduction [eq. (3.9)]. 

E: [CuILX] + e- ⇄ [CuIL(-I)X]- (X = Cl, I) (3.9) 
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3.2.1.6 [ZnLCl2] & [ZnL(OTf)2] 

CV analysis of ZnCl

II
 revealed an irreversible reduction wave at Ep,c = -2.56 VFc (Figure 3.7, solid 

line). d10 Zn ions are usually redox-innocent in accessible reduction windows, and the corre-

sponding complexes are thus commonly used to identify the redox behavior of the coordinated 

ligand system.[7] 

 

Figure 3.7. CVs of Znx

II
 with x = Cl (solid line) or OTf (dashed line) at varying potential windows. 

The fact that ZnCl

II
 already exists in a stable 18 electron configuration with the 3d orbitals fully 

occupied renders a metal-centered reduction unlikely. The similarity to the Cux

I
 d10 complexes 

with a single irreversible reduction wave at low potential suggests an electron transfer to the 

ligand [eq. (3.10)]. 

E: [ZnIILCl2] + e- ⇄ [ZnIIL(-I)Cl2]- (3.10) 

The cathodic scan of ZnOTf

II
 displays two irreversible reduction waves at Ep,c = -1.86 VFc and 

Ep,c = -2.94 VFc (Figure 3.7, dashed lines). The trace of the former wave is crossed by that of the 

backward anodic scan and followed by a sharp oxidative desorption peak at a higher poten-

tial (Ep,a = -0.79 VFc). Observing a line crossing and a desorption wave are diagnostic of electro-

deposition upon reduction. Therefore, ZnOTf

II
 likely undergoes a two-electron reduction to Zn(0) 

and decomposition into (nanoparticulate) Zn(0) deposits on the electrode surface [eq. (3.11) 
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and (3.12)]. Solution dissociation of ZnOTf

II
 into a dicationic complex would rationalize the po-

sitive shift in reduction potential compared to ZnCl

II
. 

E: [ZnIIL(MeCN)2]2+ + 2 e- ⇄ [Zn0L(MeCN)2] (3.11) 

C: [Zn0L(MeCN)2] ⇄ Zn(0)↓ + L + 2 MeCN (3.12) 

The more negatively shifted reduction wave could correspond to an electron transfer to the re-

sidual coordinated ligand. 

3.2.2 Acetonitrile Complexes 

The cyclic voltammograms of the Ms

II
 complexes at 100 mV∙s-1 under argon are discussed below. 

3.2.2.1 [FeL(MeCN)3](BF4)2 

The CV responses of Fes

II
 and Fes

II
-OTf proved to be similar since both complexes comprise an 

identical inner coordination sphere. Explanations will be based on Fes

II
 to rule out the effects of 

the outer coordination sphere when comparing the iron species to other Ms

II
 complexes. 

Fes

II
 exhibits two narrowly separated irreversible reduction waves at Ep,c = -1.72 VFc 

and -1.97 VFc (Figure 3.8). These events are attributed to the FeII/I and FeI/0 reductions accom-

panied by chemical steps, i.e., loss of acetonitrile ligands and significant structural changes. 

 

Figure 3.8. CVs of Fes

II
 at varying potential windows. 
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The corresponding back-oxidation wave of the FeI/0 couple stays inaccessible for scan rates up 

to 100 V∙s-1, suggesting that the follow-up chemical events are fast. The re-oxidation wave lo-

cated at a considerably more positive potential (Ep,a = -1.28 VFc) when reversing the potential 

scan between the first and second reduction wave (Figure B.3) supports the occurrence of struc-

tural reorganization upon reduction. This oxidation wave vanishes at low scan rates when the 

scan is reversed after the second reduction wave (Figure B.4). 

The sharp, peak-like appearance of the FeI/0 wave significantly diverts from the diffusion-con-

trolled shape of a typical cyclic voltammetry wave. Hence, a more detailed analysis of the under-

lying processes supported by literature precedents is presented below. 

a) Monomeric Pathway 

With Fes

II
 adopting a distorted octahedral geometry in a d6 low-spin configuration, the electron 

added upon reduction from Fe(II) to Fe(I) [eq. (3.13)] would populate an energy-rich eg anti-

bonding orbital. An energetically more beneficial possibility comprises the release of a solvent 

ligand and the formation of a d7 [FeIL(MeCN)2]+ complex in SBP geometry [eq. (3.14)] as ob-

tained for the isoelectronic Cos

II
. 

E: [FeIIL(MeCN)3]2+ + e- ⇄ [FeIL(MeCN)3]+ (3.13) 

C: [FeIL(MeCN)3]+ ⇄ [FeIL(MeCN)2]+ + MeCN (3.14) 

Further reduction of the resulting Fe(I) complex would lead to the formation of an Fe(0) d8 

species. Although coordinated by carbonyl ligands, the KIRCHNER group presented several ex-

amples of pyridine-based Fe(0) pincer complexes in pentacoordinate structures.[8] Under the 

assumption of a similar ML5 structure in this case [eq. (3.15)], a mere one-electron reduction 

and geometric changes of the already pentacoordinate [FeIL(MeCN)2]+ species would not justify 

the observed CV behavior. Hence such a monomeric pathway can be excluded. 

E: [FeIL(MeCN)2]+ + e- ⇄ [Fe0L(MeCN)2] (3.15) 

b) Dimerization 

The WIEGHARDT group reported the chemical reduction of [Fe(tim)(MeCN)2]2+ (tim = 2,3,9,10-

tetramethyl-1,4,8,11-tetraazacyclotetradeca-1,3,8,10-tetraene, Figure 3.9A) to the [{Fe(tim)}2] 

dimer based on computational and spectroscopic evidence as well as X-ray structure determina-

tion.[9] Cyclic voltammetry performed on the starting complex revealed a reduction pattern and 

wave shapes similar to those of Fes

II
 (Figure 3.9B) which supports the hypothesis of dimerization 

for the latter example as well. Their investigations yet revealed that the reduction of 



ELECTROCHEMISTRY UNDER INERT CONDITIONS 

99 

[Fe(tim)(MeCN)2]2+ is purely ligand-centered, which poses a severe difference to the redox-in-

ert L (vide supra).  

A) Structure B) Cyclic Voltammogram 

 

 

Figure 3.9. (A) Structure and (B) cyclic voltammogram of [Fe(tim)(MeCN)2]2+ reported by HESS et al. 

Adapted with permission from ref. [9]. 

c) Dimerization + Dimer Break-Up 

Based on the analysis of the waves above, the E step in eq. (3.13) could also be followed by the 

generation of a dimeric [FeI
2L2(MeCN)2m]2+ compound, either as an Fe-Fe bonded or an MeCN-

bridged one [eq. (3.16)]. 

C: 2 [FeIL(MeCN)3]+ ⇄ [FeI
2L2(MeCN)2m]2+ + x MeCN (3.16) 

The oxidation wave at -1.28 VFc is tentatively attributed to the oxidation of such dimeric species. 

The second reduction wave can then be assigned to the reduction of the putative 

[FeI
2L2(MeCN)2m]2+ dimer into an [Fe0

2L2(MeCN)2m’] species [eq. (3.17) and (3.18)]. 

E: [FeI
2L2(MeCN)2m]2+ + 2 e- ⇄ [Fe0

2L2(MeCN)2m] (3.17) 

C: [Fe0
2L2(MeCN)2m] ⇄ [Fe0

2L2(MeCN)2m‘] + y MeCN (3.18) 

When the scan reversal is cathodic to this second reduction, the disappearance of the re-oxida-

tion wave at -1.28 VFc for low sweep rates suggests the transformation of the postulated 

[Fe0
2L2(MeCN)2m’] dimer into monomeric Fe(0) species or other degradation prod-

ucts [e.g., Fe(0) deposits]. 
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d) Disproportionation 

Another potential reaction route upon reduction of Fes

II
 was reported by SONG et al. for the pyr-

idine-based [Fe(NNN)(tBuCN)3]2+ pincer complex shown in Figure 3.10.[10] 

 

Figure 3.10. Structure of [Fe(NNN)(tBuCN)3]2+ reported by SONG et al.[10] 

NMR analysis after chemical reduction of the Fe(II) species with 1 equiv. of Na(Hg) revealed two 

sets of diamagnetic signals, which were assigned to the starting material and the two-electron 

reduced [Fe0(NNN)(tBuCN)2] complex. Hence, the authors deduced the disproportiona-

tion (DISP) mechanism described in eq. (3.19) and (3.20) at the Fe(I) stage. 

E: [FeII(NNN)(tBuCN)3]2+ + e- ⇄ [FeI(NNN)(tBuCN)3]+ (3.19) 

C: 
[FeI(NNN)(tBuCN)3]+ ⇄ ½ [Fe0(NNN)(tBuCN)2] + ½ [FeII(NNN)(tBuCN)3]2+ 

+ ½ tBuCN 
(3.20) 

A similar mechanism is conceivable for Fes

II
, although CV analysis of [Fe(NNN)(tBuCN)3]2+ re-

vealed two quasi-reversible reduction events instead of, e.g., the sharp FeI/0 wave observed for 

Fes

II
. This discrepancy, however, could be explained by the different auxiliary ligands (MeCN vs. 

tBuCN). SONG et al. report the instability of [Fe(NNN)(MeCN)3]2+ under electrochemical condi-

tions but neither specify the reason nor the observed CV response. 

Although the dimeric pathways presented above cannot be excluded completely, the DISP 

mechanism appears favored because the observations were made on a pyridine-based pincer 

structure. In this context, it is intriguing to substitute MeCN with tBuCN in Fes

II
 to achieve a 

better comparison with the results of SONG et al. 

3.2.2.2 [CoL(MeCN)2](BF4)2 

The CV response of Cos

II
 consists of a reversible reduction wave at E0 = -0.93 VFc (Ep = 65 mV) 

and an irreversible process at a more negative potential of Ep,c = -1.98 VFc (Figure 3.11), at-

tributed to the two one-electron reduction couples CoII/I and CoI/0, respectively. Extension of the 
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potential range reveals an additional irreversible reduction wave at Ep,c = -2.56 VFc, suggested to 

originate from the reduction of the coordinated ligand system. 

 

Figure 3.11. Cyclic voltammograms of Cos
II

 at varying potential windows. 

The CoII/I wave stays reversible up to the maximum applied scan rate of 100 V∙s-1 (Figure B.5). 

Although this behavior could indicate a single E step without substantial alterations in the co-

ordination sphere, the addition of another electron into a high-lying dz2 orbital of a potential 

square-based pyramidal [CoIL(MeCN)2]+ species appears unlikely concerning the strong field-

splitting ability of the MeCN ligands. In contrast to this, the loss of a solvent and the formation 

of a square planar [CoIL(MeCN)]+ d8 16 VE complex Cos

I
 in an EC sequence would be energeti-

cally favorable [see Scheme 3.3, eq. (3.21) and (3.22)].  

E: [CoIIL(MeCN)2]2+ + e- ⇄ [CoIL(MeCN)2]+ (3.21) 

C: [CoIL(MeCN)2]+ ⇄ [CoIL(MeCN)]+ + MeCN (3.22) 

The structure found for the isoelectronic Nis

II
 (section 3.2.2.3) and a literature report by SHAF-

FER et al. for the related pincer complex [CoI(PN3P)(MeCN)]+ (RN = H, RP = tBu) support this 

conclusion.[3] Moreover, retention of the reversibility of the wave in the predominant EC se-

quence presented above is only possible in the DE zone of the kinetic zone diagram (further 

explanations are given in Appendix D, Figure D.4) and with the equilibrium constant K for the 



ELECTROCHEMISTRY UNDER INERT CONDITIONS 

102 

chemical step in eq. (3.22) being small. K likely fulfills this criterion regarding the excess solvent 

that rather shifts the acetonitrile equilibrium in the direction of the bis-MeCN species.  

The irreversibility of the subsequent reduction wave of Cos

I
 even at sweep rates of up to 

100 V∙s-1 (Figure B.6) hints toward another EC sequence [eq. (3.23) and (3.24)]. 

E: [CoIL(MeCN)]+ + e- ⇄ [Co0L(MeCN)] (3.23) 

C: [Co0L(MeCN)] ⇄ [Co0L(η2-MeCN)] (3.24) 

Further loss of a ligand during the chemical step would lead to a d9 15 VE complex [Co0L] of 

questionable stability. Hence, the irreversible wave rather constitutes the CV response to a sig-

nificant geometric change. Upon reduction, the additional electron would be forced to populate 

an energetically very high-lying dx2-y2 orbital in the SP structure proposed for Cos

I
. Orbital reor-

ganization into a cycloimine structure (Scheme 3.3) similar to that of CoCl

II
 avoids this high-

energy state, hence, posing the more favorable option. The supposedly fast bond rearrangement 

might then induce the independence of the CoI/0 wave shape from the scan rate in CV analysis. 

 

Scheme 3.3. Proposed electrochemical pathway and schematic frontier orbital diagrams for the reduction 

of Cos

II
 in MeCN under argon atmosphere (s = MeCN). 

3.2.2.3 [NiL(MeCN)](BF4)2 

Nis

II
 exhibits a similar but anodically shifted reduction sequence with a reversible reduction wave 

at E0 = -0.75 VFc (∆Ep = 66 mV) and two irreversible processes at Ep,c = -1.63 VFc and 

Ep,c = -2.43 VFc (Figure 3.12). The first two electrons are likely transferred to the metal, whereas 

LM takes up the third one (see section 3.2.1.4). 
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A) Potential Window Variation 

 

B) Scan Rate Variation C) Ep,c(Ni I /0) vs. log(ν) plot 

  

Figure 3.12. Cyclic voltammograms under variation of (A) potential window and (B) scan rate, as well as 

(C) Ep,c(NiI/0) vs. log(ν) plot of Nis
II

. 

Reduction at the NiII/I wave is coupled to the association of a solvent molecule as corroborated 

by a molecular structure (Figure A.62) isolated after the chemical reduction of Nis

II
 with cobalto-

cene in MeCN at a potential of -0.94 VSCE
[11] (corrected to approx. -1.32 VFc

[12]). The CE se-

quence in eq. (3.25) and (3.26) is proposed based on the scan-rate dependent measurements 

and further analyses in section 3.5.3. 

C: [NiIIL(MeCN)]2+ + MeCN ⇄ [NiIIL(MeCN)2]2+ (3.25) 

E: [NiIIL(MeCN)2]2+ + e- ⇄ [NiIL(MeCN)2]+ (3.26) 
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The geometry index τ5 = 0.51 locates Nis

I
 intermediate to the ideal SBP or TBP geometries. Based 

on the SBP geometry, strong distortion from the basal plane decreases the energy of the fully 

occupied dz2 orbital and lowers the dx2-y2 SOMO in the d9 electron configuration (Scheme 3.4). 

This gain in energy might also explain the preferred formation of a 19 VE complex over a puta-

tive 17 VE Td structure. In the latter, the high field splitting would have increased the energy 

level of the degenerate dxy, dxz, and dyz orbitals populated with five electrons in sum. 

 

Scheme 3.4. Proposed electrochemical pathway and schematic frontier orbital diagrams for the reduction 

of Nis

II
 in MeCN under argon atmosphere (s = MeCN). 

Further potential reduction grants access to the irreversible NiI/0 wave, the reversibility of which 

can be restored at scan rates above 5 V∙s-1 (Ep = 109 mV, Figure 3.12B). The Ep,c vs. log(ν) plot 

decays linearly with a slope of -21.1 mV∙log(ν)-1 (Figure 3.12C) in the KP zone, suggesting an 

EC mechanism. 

Upon reduction, Nis

I
 likely expels one of its AL and generates the [Ni0L(MeCN)] species, puta-

tively in a tetrahedral geometry favored for d10 ML4 complexes [eq. (3.27) and (3.28)].[13] 

E: [NiIL(MeCN)2]+ + e- ⇄ [Ni0L(MeCN)2] (3.27) 

C: [Ni0L(MeCN)2] ⇄ [Ni0L(MeCN)] + MeCN (3.28) 
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3.3 Reducibility of 3d Transition Metal Centers 

The potentials of the redox events found for the Mx

z
 complexes from cyclic voltammetry under 

an inert atmosphere are summarized in Table 3.1. 

Table 3.1. Redox potentials and shapes of the CV waves of the Mx

z
 complexes. E0 values are reported for 

reversible (rev.), Ep,c values for irreversible (irrev.) waves. 

 MII/I MI/0 LM

0/-I
 

 
E0/Ep,c 

(VFc) 

shape ∆Ep 

(mV) 

E0/Ep,c 

(VFc) 

shape ∆Ep 

(mV) 

Ep,c 

(VFc) 

MnCO,Br

I [a] - - - - - - -2.64 

Fes

II
 -1.72 irrev. - -1.97 irrev. - - 

CoCl

II
 -1.21 rev. 94 -1.98 irrev. - -2.61 

Cos

II
 -0.93 rev. 65 -1.98 irrev. - -2.56 

NiCl

II
 -1.16 rev. 69 -1.59[b] rev. 114 -2.41 

Nis

II
 -0.75 rev. 66 -1.63[b] rev. 109 -2.43 

CuCl

I
 -0.09 rev. 130 - - - -2.35 

CuI

I
 -0.03 rev. 128 - - - -2.27 

ZnCl

II
 - - - - - - -2.56 

ZnOTf

II
 -1.86[c] irrev. - - - - -2.94 

[a] Recorded in DMF, 0.5 mM MnCO,Br

I
. [b] ν = 5 V∙s-1. [c] Likely ZnII/0 reduction. 

In the series of complexes under scrutiny, metal-centered reductions are inaccessible for d10 

configurations (CuCl/I

I
 and ZnCl

II
), likely because of the combined saturation of the 3d metal or-

bitals and the valence shell (Table 3.2). Reducing the ligand within the complexes’ coordination 

sphere is yet possible and produces a CV response even for the otherwise redox-inactive Cu and 

Zn metal centers. Nonetheless, L remains a redox-innocent ligand since reduction requires very 

negative potentials below -2.2 VFc. 

Although deviating from a d10 configuration, such a ligand-centered reduction event is the only 

CV response of the low-spin d6 MnCO,Br

I
 complex as well. The strong field-splitting carbonyl lig-

ands likely destabilize the unoccupied eg orbitals of the metal center to an extent at which ligand 

reduction is energetically favored over metal reduction, though at very cathodic poten-

tials (< -2.5 VFc). A generalization of this hypothesis would then conclude that CO-coordinated 

Mn complexes generally require redox-active ligands (e.g., bipyridine[14]) or a cationic state[15] 
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to be active in CO2 electroreduction at low overpotential. This point is in sharp contrast to ther-

mochemical CO2 hydrogenation passing through the Mn-H pathway, where Mn(I) carbonyl 

complexes based on redox-innocent ligands are highly efficient catalysts.[16] 

Table 3.2. Observed electronic properties and electrochemical behavior of Mx

z
 complexes. 

 dn, n = VE MII/I MI/0 LM

0/-I
 Dec.[a] 

MnCO,Br

I
 6 (ls) 18 - -  - 

FeCl

II [b] 6 (hs) 16 - - - - 

Fes

II
 6 (ls) 18    - 

Cos/Cl

II
 7 (ls) 17    - 

NiCl

II
 8 (ls) 16    - 

Nis

II
 8 (ls) 18    - 

CuCl/I

I
 10 18  -  - 

ZnCl

II
 10 18 - -  - 

ZnOTf

II
 10 20 - - -  

[a] Dec. = decomposition. [b] FeCl

II
 partially converts in MeCN and was not electrochemically analyzed in the solvent. 

A deviation from the d10 state unlocks metal-centered reduction processes for complexes with 

unsaturated d orbitals and less pronounced crystal field splitting, as observed in the cases of Fes

II
, 

Cox

II
, and Nix

II
 (x = MeCN or Cl; Table 3.2). Notably, Fe, Co, and Ni complexes are among the 

most prominent eCO2r catalysts.[17] Ligand-centered reductions at mildly negative potentials are 

commonly proposed for complexes synthesized from these metals (e.g., with polypyridine lig-

ands having delocalized, low-energy π* orbitals).[17-18] Here, however, comparison with the Mn, 

Cu, or Zn complexes allows the assignment of the first two reductions solely to metal-centered 

events. 

Dimer formation differentiates the CV pattern of Fes

II
 from those of the Co and Ni complexes. 

The latter two likely undergo similar reduction sequences down to their M(0) state but via dif-

ferent intermediates depending on the starting structure (see Cos

II
 and Nis

II
). The d7 vs. d8 elec-

tron configurations of CoCl

II
 and NiCl

II
 (sharing the same initial geometry) cause the population of 

different orbitals upon electron uptake and, hence, different energy barriers as reflected by the 

potentials required for the reduction steps. 
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Comparing complexes of the same metal but differing auxiliary ligands (i.e., Cl- vs. MeCN) sim-

ilarly reveals shifting potentials. Therefore, exchange equilibria between the anionic halide lig-

and Cl- and the coordinating but labile, neutral solvent ligand MeCN are investigated for their 

influence on the processes in cyclic voltammetry. Since metal-centered reductions at moderate 

potentials were observed solely for Fe, Co, and Ni, the analysis of spectator ligand phenomena 

in the next chapter will be limited to complexes comprising these metals. 

  



ELECTROCHEMISTRY UNDER INERT CONDITIONS 

108 

Part 2: Dynamic Ligand Equilibria 

 

 

 

In part 2 of chapter 3, the ligand equilibria affecting the Mx

II
 (x = MeCN or Cl) complexes of Fe, 

Co, and Ni under electrochemical conditions will be discussed. 

Chloride ligands are added to the Ms

II
 complexes to understand the electrochemical behavior of 

the MCl

II
 analogs in MeCN. The cyclic voltammetry and NMR spectroscopic analyses are sup-

ported by X-ray diffraction of intermediate structures whenever isolable. 

Both approaches are combined to assess the degree of displacement of the chemical equilibria 

linked to electrochemical reduction. Ultimately, this approach allows proposing the most favor-

able reaction pathways for the Mx

II
 (x = MeCN or Cl) complexes of Co and Ni under inert condi-

tions in a “cube scheme”. 

Additionally, the analysis elucidates the influence of auxiliary ligand effects on the complexes’ 

reduction behaviors. Switching the CV solvent from MeCN to DMF probes the coordinating 

ability of the solvent and renders an estimation of the lability of inner-sphere ligands possible.  
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Since metal halides are readily available precursors for transition metal complexes, many mo-

lecular electrocatalysts (e.g., for CO2 reduction)[2, 19] rely on them. However, contacting these 

complexes with MeCN – a frequently used solvent in electrochemical applications due to its wide 

potential window – may lead to (de-)coordination or exchange of the weak field-splitting halides 

with stronger field-splitting acetonitrile. The modified inner coordination sphere can yet have a 

severe influence on the electron density of the metal center and its overall redox behavior, which 

is directly linked to the catalytic performance of the compound. 

The analysis of this ligand exchange for the Mx

II
 series begins with the gradual addition of the 

chloride source tetrabutylammonium chloride (TBACl) to the MeCN-coordinated Ms

II
 com-

plexes. As observed in Figure 3.13, the obtained CV results are also applicable to the MCl

II
 series, 

since (almost) identical compositions are achieved after adding two equivalents of Cl-. 

 

Figure 3.13. CVs of (A) Cos

II
 and CoCl

II
, (B) Nis

II
 and NiCl

II
, and after adding two equivalents of TBACl to the 

Ms

II
 complexes. 

This equivalence is likely not applicable to the iron complexes due to the ill-defined composition 

of FeCl

II
 in MeCN and the putative dimeric reduction pathway for Fes

II
. Nevertheless, the analysis 

of the ligand equilibria will be conducted analogously to Ni and Co for completeness. 

The interconversion of acetonitrile and chloride species in the inner coordination sphere of the 

Mx

II
 complexes will be studied by NMR spectroscopy at the initial +II oxidation state before in-

vestigating the speciation at reduced states via cyclic voltammetry.  
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3.4 NMR Spectroscopic Ligand Tracking at the M(II) Stage 

When investigating diamagnetic complexes, the association and dissociation of moieties 

containing NMR active nuclei can be directly described by changes in the chemical shift and 

coupling pattern/constant of the ligand signal (e.g., MeCN ligands in Fes

II
 and Nis

II
). Moreover, 

even in paramagnetic complexes (e.g., Cox

II
 and FeCl

II
) and for NMR silent auxiliary ligands such 

as chlorides, chemical shift differences of the NMR active nuclei in the ligand framework can be 

used to identify different coordinated species. The varying electronic effects of chloride and 

acetonitrile ligands on the metal center are passed on to the proton and phosphorus atoms in 

the ligand backbone and can be used to describe the exchange of the auxiliary ligands. 

Therefore, NMR studies were performed under the sequential addition of TBACl – a chloride 

source soluble in organic media and with the same non-coordinating cation as the TBAPF6 elec-

trolyte salt – to the Ms

II
 complexes in CD2Cl2 and CD3CN. Performing NMR studies in weakly 

coordinating CD2Cl2 prevents the coordinative competition between the deuterated solvent and 

the chloride ligands and allows the observation of coordinated and free acetonitrile. Although 

CD3CN compromises the direct detection of ligand exchange phenomena by exchanging the 

coordinated acetonitrile, the complementary NMR analysis simulates the conditions during a 

CV experiment and the competition between acetonitrile(-d3) and chloride ligands. 

3.4.1 [FeL(MeCN)3](BF4)2 

Figure 3.14 summarizes the 1H NMR spectra of Fes

II
 recorded in CD2Cl2 with added TBACl. Al-

ready at half an equivalent of TBACl, a new singlet with a 1:1 integral ratio to the signal of equa-

torial MeCN emerges at 2.00 ppm (in reasonable agreement with the chemical shift of free 

MeCN). Moreover, paramagnetically shifted signals identical to those of FeCl

II
 and of a third un-

defined species appear. Therefore, the partial conversion of Fes

II
 into FeCl

II
 under concomitant 

dissociation of MeCN is likely. The reaction appears to proceed quantitatively at an overall of 

3 equiv. of TBACl, at which mainly FeCl

II
 is present according to eq. (3.29). 

C: [FeIIL(MeCN)3](BF4)2 + 2 TBACl ⇄ [FeIILCl2] + 2 TBABF4 + 3 MeCN (3.29) 
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A B 

  

Figure 3.14. (A) 1H NMR study of Fes

II
 at varying amounts of TBACl in CD2Cl2 at 400 MHz and 296 K and 

(B) zoom on the MeCN signals. Spectra of FeCl

II
 and L are shown as references (* = residual 

proton signal of CD2Cl2, ° = TBA+ signals, and s = MeCN). 

Simultaneously, the dark orange/red solution of Fes

II
 in CD2Cl2 gradually turns to light yellow, 

resembling a pristine solution of FeCl

II
 in DCM. Minor signals of free ligand L and other undefined 

signals appear in the aromatic region of the 1H spectrum. 

As inferred from the complete discoloration of the solution in higher excess of TBACl, FeCl

II
 dis-

integrates into L and an unidentified colorless iron compound in the presence of one spare 

equivalent of chloride ions [eq. (3.30)]. Although “cream-colored”[20] [FeIICl4]2- could form, the 

iron-containing species has not been unambiguously identified so far. 

C: [FeIILCl2] 
+ m Cl

–

→     [FeIICl2+m](m–) + L (3.30) 

A decomposition of the iron complex is also reflected in the phosphorus NMR in Figure B.9. The 

free ligand marks the main species with a peak at 52.8 ppm but is accompanied by several other 

signals attributed to other degradation products. 

Based on the conversion of Fes

II
 into FeCl

II
 already in the presence of half an equiv. of TBACl, the 

affinity of the complex to substitute acetonitrile with chloride ions can be estimated as high. 

FeCl

II
 is yet unstable itself, as inferred from the partial decomposition at only one excessive equiv-

alent of chloride ions. 
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The 1H NMR spectra recorded for the addition of TBACl to Fes

II
 in CD3CN are shown in Fig-

ure 3.15. Fes

II
 exhibits the same behavior in CD3CN as in CD2Cl2, but higher amounts of TBACl 

are required for the single reaction steps. For instance, signals of FeCl

II
 only emerge starting from 

one equivalent of TBACl in CD3CN, whereas 0.5 equiv. suffice in CD2Cl2. This deviation can be 

attributed to the shift of the equilibrium in eq. (3.29) toward Fes

II
 by the excess of MeCN(-d3). 

 

Figure 3.15. 1H NMR study of Fes

II
 with varying amounts of TBACl in CD3CN at 400 MHz and 296 K. 

Spectra of FeCl

II
 and L are shown as references (* = residual proton signal of CD3CN, ° = TBA+ 

signals, and s = MeCN). 

Ligand signals likely originating from the decomposition proposed in eq. (3.30) become visible 

in the 31P{1H} NMR spectra already at 2 equiv. of TBACl (Figure B.11). Further chloride addition 

only leads to increasing intensities of the ligand signals until they are the only peaks visible in 

the NMR spectra. Hence, the Fe complexes are assumed to disintegrate completely. 

3.4.2 [CoL(MeCN)2](BF4)2 

The 1H NMR spectroscopic study of Cos

II
 with added TBACl is depicted in Figure 3.16. The se-

quential addition of up to two equivalents of TBACl variates the appearance of the proton signals 

in the aromatic region. Broad signals caused by the paramagneticity of the involved Co d7 species 

yet impede their detailed analysis. No free acetonitrile is observable up to 3 equiv. of TBACl. 
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A B 

  

Figure 3.16. (A) 1H NMR study of Cos

II
 at varying amounts of TBACl in CD2Cl2 at 400 MHz and 296 K 

and (B) zoom on the MeCN signals (right). Spectra of CoCl

II
 and L are shown as references 

(* = residual proton signal of CD2Cl2, ° = TBA+ signals, and s = MeCN). 

In contrast, the molecular structure obtained from the addition of one equiv. of TBACl to 

Cos

II
 (Figure 3.17) shows the formation of a heteroleptic complex. Although the poor quality of 

the crystal hindered the extraction of exact geometric parameters, the structure suggests 

[CoIIL(MeCN)Cl]+, with the chloride ion substituting the MeCN ligand in the basal plane. 

 

Figure 3.17. Molecular structure of [CoIIL(MeCN)Cl]+ received from crystals obtained from a concen-

trated MeCN/Et2O (3:1) solution at -35 °C. H-atoms, outer-sphere ligands, solvents, and 

TBA+ molecules were omitted for clarity. 

Therefore, the lack of a peak for free acetonitrile is attributed to the association of chlo-

ride [eq. (3.31)] and fast exchange of coordinated and free solvent at the Co center [eq. (3.32)]. 

C: [CoIIL(MeCN)2](BF4)2 + TBACl ⇄ [CoIIL(MeCN)2Cl]BF4 + TBABF4 (3.31) 

C: [CoIIL(MeCN)2Cl]BF4 ⇄ [CoIIL(MeCN)Cl]BF4 + MeCN (3.32) 
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The NMR pattern of the aromatic protons at 3 equiv. of TBACl is identical to that of pure CoCl

II
, 

therefore indicating the formation of the bis-chloride complex [eq. (3.33)]. 

C: [CoIIL(MeCN)Cl]BF4 + TBACl ⇄ [CoIILCl2] + TBABF4 + MeCN (3.33) 

This hypothesis is corroborated by a new singlet appearing at 1.97 ppm, attributed to the release 

of free acetonitrile from the complex. Integration of the signal to the TBA+ peaks suggests the 

decoordination of both solvent molecules from the complex. The substitution of MeCN seems 

unfavored since it requires an excess of one equivalent of TBACl for the conversion of Cos

II
 into 

CoCl

II
. 

Up to this point, the initially orange solution of Cos

II
 turned to a deeper red with each addition 

step. Beginning at 6 equiv. of TBACl, new peaks at chemical shifts identical to that of L can be 

observed in the 1H (Figure 3.16, bottom) and the so-far silent 31P{1H} spectrum (Figure B.10), 

indicating disintegration of the starting complex.  

Excess of TBACl leads to strongly shifting signals and an abrupt color change to blue. The com-

plete loss of the complex peaks relates to the quantitative decoordination of the ligand from the 

metal center and putative formation of (TBA)2[CoIICl4] as inferred from the change of 

color [eq. (3.34)].[20-21] The paramagneticity of the newly-formed Co(II) d7 species is likely caus-

ing the shift of the free ligand peaks. 

C: [CoIILCl2] + 2 TBACl ⇄ (TBA)2[CoIICl4] + L (3.34) 

The 1H NMR spectra of Cos

II
 upon TBACl addition in CD3CN are presented in Figure 3.18. Two-

fold addition of 0.5 equiv. TBACl gradually converts the starting complex, most evident from 

the loss of signals at 8.84 ppm and 7.40 ppm. At one equivalent of chloride source, minor 

amounts of the initial complex remain visible in the 1H NMR spectrum. This fact indicates the 

incomplete conversion of the complex, yet experimental error cannot be entirely excluded as the 

cause. 

Further addition of TBACl spreads the broad proton signals in the aromatic region until a spec-

trum similar to that of CoCl

II
 is reached at three equivalents. Minor signals of the free ligand are 

observable in the respective 1H and 31P NMR spectra (Figure B.12). Hence, the coordination of 

two chloride ligands to Cos

II
 is likely achieved between 2 and 3 equiv. of TBACl, after which 

decomposition of the complex occurs according to eq. (3.34). The decomposition, indicated by 

a color change to blue, becomes almost quantitative at 25 equiv. of TBACl. 
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Figure 3.18. 1H NMR study of Cos

II
 at varying amounts of TBACl in CD3CN at 400 MHz and 296 K. Spectra 

of CoCl

II
 and L are shown as references. (* = residual proton signal of CD3CN, ° = TBA+ signals, 

and s = MeCN). 

3.4.3 [NiL(MeCN)](BF4)2 

A new signal at 87.2 ppm emerges in the 31P NMR spectrum of Nis
II

 in CD2Cl2 (Figure 3.19) when 

0.5 equivalents of TBACl are added. Integration of the peak compared to the residual signal of 

the starting complex (δP = 92.5 ppm) shows a 1:1 ratio. The corresponding 1H NMR spectrum in 

Figure 3.20 exhibits an identical behavior for the signal of the protons in the ortho position of 

the nitrogen-bound phenyl ring (NPhHo). Although two species were identified, only one ace-

tonitrile peak can be observed at 2.03 ppm. Since the peak is located precisely in the middle of 

the signals of coordinated (2.08 ppm) and free MeCN (1.97 ppm)[22], it likely arises from the 

exchange of both molecules at the remaining half equivalent of MeCN-coordinated species. The 

spectroscopic behavior hence indicates the conversion of TBACl and substitution of the solvent 

coordinated to Nis

II
 with the chloride ions into a single new nickel species. This ligand exchange 

is reflected by the orange starting solution turning red. 

The Nis

II
 phosphorous signal entirely vanishes when another half equiv. of the chloride source is 

added, leaving the peak at 87.2 ppm as the sole signal. The NPhHo peak of Nis

II
 is lost equally 

and the singlet MeCN signal shifts further to 1.97 ppm, attributed to free acetonitrile in CD2Cl2. 
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Hence, according to eq. (3.35), the coordinated acetonitrile ligand was quantitatively substi-

tuted by chloride ions. 

C: [NiIIL(MeCN)](BF4)2 + TBACl ⇄ [NiIILCl]BF4 + TBABF4 + MeCN (3.35) 

 

Figure 3.19. 31P{1H} NMR study of Nis

II
 at varying amounts of TBACl in CD2Cl2 at 162 MHz and 296 K. 

The spectrum of NiCl

II
 is shown as a reference. 

Adding a second equivalent of TBACl leads to an upfield shift of the aromatic proton signals and 

the phosphorus peak as well as the intensification of the red color of the solution. The aromatic 

signals are in good agreement with those of a pristine NiCl

II
 reference sample (Figure 3.20, bot-

tom), which reflects quantitative consumption of the second chloride equivalent by association 

to the mono-chloride and formation of NiCl

II
 [eq. (3.36)]. 

C: [NiIILCl]BF4 + TBACl ⇄ [NiIILCl2] + TBABF4 (3.36) 

The quantitative coordination of the chloride ions to the complex indicates the substitution/co-

ordination equilibria being shifted far to the product side. 

Increasing the amount of TBACl above two equivalents leads to a further upfield shift of the 

signals in the 1H and 31P{1H} NMR, potentially caused by the further displacement of the equi-
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librium in eq. (3.36) to the bis-chloride species (summarized in Figure B.8). Moreover, no addi-

tional color change indicating ongoing modifications of the inner coordination sphere could be 

observed. 

A B 

  

Figure 3.20. (A) 1H NMR study of Nis

II
 at varying amounts of TBACl in CD2Cl2 at 400 MHz and 296 K and 

(B) zoom on the MeCN signals (right). The spectrum of NiCl

II
 is shown as a reference (* = re-

sidual proton signal of CD2Cl2, ° = TBA+ signals, and s = MeCN). 

Addition of 0.5 equiv. of TBACl in CD3CN induces the formation of a new peak at 86.3 ppm in 

the 31P{1H} NMR spectrum (Figure B.13). The broad singlet of pristine Nis

II
 at 92.3 ppm de-

creases and is only partly visible in the baseline. A second set of signals, identified from the 

isolated NPhHo and PyHm peaks, emerges in the 1H NMR spectrum with integral ratios of slightly 

less than 1:1 compared to the starting complex signals (Figure 3.21). These ratios indicate the 

formation of the mono-chloride species as described in eq. (3.35), but partially inhibited by 

competition of the chloride ligand with the excess solvent molecules. 

Further increasing the TBACl concentration induces a complete conversion of Nis

II
 and upfield 

shifts of the aromatic signals in the proton NMR as well as the phosphorus peak. The spectra of 

pristine NiCl

II
 agree best with those of Nis

II
 obtained in the presence of 3.0 equiv. of TBACl, indi-

cating that an excess of 1 equiv. is necessary to shift the equilibrium for the association of the 

second chloride when in coordinative competition with MeCN. 
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Figure 3.21. 1H NMR study of Nis

II
 at varying amounts of TBACl in CD3CN at 400 MHz and 296 K. The 

spectrum of NiCl

II
 is shown as a reference (* = residual proton signal of CD3CN, ° = TBA+ sig-

nals). 

3.4.4 Comparative Assessment 

The NMR analysis under sequential addition of the chloride source TBACl concludes that each 

of the Ms

II
 complexes exchanges the labile MeCN ligand with chloride anions in CD2Cl2 and 

CD3CN (Scheme 3.5). Comparison among the two deuterated solvents showed stronger compe-

tition between Cl- and acetonitrile(-d3) in CD3CN, as expected by the equilibrium shift to the 

MeCN-bound complexes based on LE CHATELIER’s principle. 

Already substoichiometric amounts of TBACl suffice for the partial conversion of Fes

II
 into FeCl

II
 

and minor quantities of other unassigned species (Scheme 3.5A). Emerging ligand signals in the 

1H and 31P NMR spectra already at two equivalents of Cl- in CD3CN indicate the favored disin-

tegration of the complex structure toward potential polychloro ferrate species. 

Cos

II
 undergoes a two-fold exchange of MeCN with Cl- to [CoL(MeCN)Cl]+ and CoCl

II
 respectively 

in the presence of 3 equivalents of TBACl (Scheme 3.5B). Higher Cl-/complex ratios favor the 

decomposition of the bis-chloro complex into putative [CoCl4]2-. 
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In the case of Nis

II
, a sequence of acetonitrile substitution to a presumably SP 16 VE d8 mono-

chloride species and chloride coordination to NiCl

II
 can be observed (Scheme 3.5C). 

 

Scheme 3.5. Proposed changes in the inner coordination sphere of Ms

II
 complexes of (A) Fe, (B) Co, and 

(C) Ni upon addition of TBACl. N- and P-substituents were omitted for clarity. 

The reactivity of the Ms

II
 complexes in the presence of ≥ 2 equivalents of chloride ions reflects 

their different stabilities. While Nis

II
 does not show any signs of complex degradation even at 

superstoichiometric amounts of TBACl, 3 equivalents suffice for Cos

II
 and 2 equivalents for Fes

II
 

to initiate the disintegration of the resulting bis-chloride complexes. Hence, the behavior in the 

presence of chloride ligands corroborates Fe < Co < Ni as the order of increasing stability pre-

dicted from the bond lengths in section 2.2.2.4. 

The following variations of the chloride-to-complex ratio in cyclic voltammetry put the redox 

behavior of the Ms

II
 complexes vis-à-vis to the ligand exchange.  
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3.5 Ligand Exchange at Reduced Metal States 

Extending the “one-dimensional” chemical exchange equilibria to further oxidation states adds 

a second electrochemical dimension to the overall behavior of the complexes under reductive 

conditions. Such interplay of chemical (C) and electrochemical (E) steps is best described by so-

called square schemes, as reported by LAVIRON[23] and SAVÉANT[24]. A schematic square scheme 

for six chemical and six electrochemical equilibria is shown in Scheme 3.6. 

 

Scheme 3.6. Generalized square scheme of a molecular metal species coordinated by a tridentate ligand 

L, neutral solvent ligands s, and anionic ligands X– (CN = 5). 

The horizontal E steps (x-direction) reflect single-electron transfers at the metal cen-

ter [eq. (3.37)] described by the standard potentials E0. The vertical C steps [z-direction, 

eq. (3.38)] further represent the exchange of a neutral coordinated solvent with an anionic lig-

and, quantified by the respective equilibrium constants K as the quotient of the forward (k+) and 

backward (k-) rate constants [eq. (3.39)]. Eq. (3.37) and (3.38) exemplify both steps starting 

from the top-left corner of the square scheme. 

E: [MzL(s)2]n + e– ⇄ [Mz-1L(s)2]n–1 (3.37) 

C: [MzL(s)2]n + X– ⇄ [MzL(s)X]n–1 + s (3.38) 

 K = 
k

+

k
-  (3.39) 

The two standard potentials and equilibrium constants necessary to describe a tile of the square 

scheme (here: top-left in Scheme 3.6) can be related using eq. (3.40).[23b] 

 
K1,1

K0,1
 = exp [(

F

RT
) (E1,1 – E1,0)] (3.40) 
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In the original reports, C steps referred to a single reaction type, e.g., ligand substitution (vide 

supra), which keeps the coordination number of the considered species constant. Since the Ms

II
 

and MCl

II
 complexes likely switch between coordination numbers via ligand (de-)coordination, 

the two-dimensional square schemes need to be expanded to a third dimension accounting for 

these elementary steps. This expansion yields the so-called “cube scheme” in Scheme 3.7. 

 

Scheme 3.7. Generalized cube scheme of a molecular metal species coordinated by a tridentate ligand L, 

neutral solvent ligands s, and anionic ligands X– for CN = 4 (red) and CN = 5 (blue). 

The equilibria in the y-direction of the cube scheme describe the association/dissociation of a 

solvent molecule, while the diagonals in the vertical planes do the same for X- (exemplarily 

shown for K2,1-2). In the following sections, the most likely pathways to the zero-valent state 

taken by the Ms

II
 and MCl

II
 complexes under electrochemical conditions in MeCN are determined 

by extracting the standard potentials for E steps from the CV analysis and estimating the equi-

librium constants for the C steps within their respective cube schemes. 

3.5.1 Iron 

Since Fes

II
 exists in an octahedral geometry, a plane accounting for this structure (y = 2) had to 

be added to the cube scheme (Scheme 3.8). Only the putatively involved species are shown in 

this plane to retain the clarity of the scheme. Moreover, CV analysis of Fes

II
 in MeCN revealed 

the potential formation of dimeric structures upon reducing the complex. Since dimers would 

significantly complicate the cube scheme, the top layer structures need to be understood as the 
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species comprising half of the dimer. Apart from the lack of further spectroscopic or structural 

information, the dashed equilibria thus give an overview of the possible reduction routes for 

Fes

II
. 

 

Scheme 3.8. Proposed cube scheme for the two-fold reduction of Fes
II

 and FeCl

II
 in acetonitrile. Framed 

structures were confirmed by X-ray diffraction. 

Switching to the less coordinating solvent DMF was surmised to avoid the dimeric pathways of 

Fes

II
 and allow a clearer picture of the processes in the cube scheme. The orange Fes

II
 complex 

dissolves instantly upon addition of the colorless electrolyte solution, but the solution remains 

colorless. The CV at ν = 100 mV∙s-1 (Figure B.14A) shows an irreversible reduction wave with 

crossing lines at Ep,c = -1.89 VFc, followed by a broad oxidative wave at Ep,a = -0.60 VFc in the 

reverse scan. These observations speak in favor of a rapid disintegration of Fes

II
 in DMF and 

reduction of the decomposition products to Fe(0) species adsorbed on the WE when scanning 

in the cathodic direction. The adsorbed species are oxidatively removed from the electrode sur-

face after reversal of the scan direction, as indicated by the shape of the corresponding wave. 

Adding TBACl to Fes

II
 in MeCN during CV analysis results in decreasing current densities of the 

complex waves under the simultaneous rise of a new irreversible wave at Ep,c = -2.13 VFc and a 

reversible one at E0 ≈ -0.4 VFc (Figure B.15). The reversible wave was isolated for FeCl

II
 and shifts 
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cathodically with increasing TBACl concentrations (Figure B.16). The inverse behavior of the 

normalized current density jn compared to the one of the starting complex suggests the wave 

stems from the redox-active decomposition products of FeCl

II
. When considering polychloro fer-

rate species as such products, the irreversible reduction wave at Ep,c = -2.13 VFc could constitute 

the FeII/0 couple accompanied by the decomposition of Fe(0) species at the electrode surface. 

The oxidative desorption wave at Ep,a ≈ -0.85 VFc in Figure B.15 and the potential FeIII/II couple 

of the desorbed iron(II) species at E0 ≈ -0.4 VFc corroborate this theory. 

Apparently, FeCl

II
 undergoes rapid multi-ligand exchange when dissolved in acetonitrile. Vice 

versa, adding chloride ions to Fes

II
 in the NMR experiments reveals the formation of FeCl

II
 even at 

substoichiometric amounts of TBACl. Hence, these means could not determine the exact route 

of ligand exchange. CV analysis of FeCl

II
 in DMF indicates the compound's decomposition (Figure 

B.17A), similar to Fes

II
. 

3.5.2 Cobalt 

Scheme 3.9 shows the cube scheme for the reduction patterns of Cos

II
 and CoCl

II
 in acetonitrile.  

 

Scheme 3.9. Proposed cube scheme for the two-fold reduction of Cos
II

 and CoCl

II
 in acetonitrile. Framed 

structures were confirmed by X-ray diffraction. Potentials are given in VFc. 
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3.5.2.1 [CoL(MeCN)2](BF4)2 

For [CoIIL(MeCN)2]2+ (Cos

II
), the reversible reduction wave at E1,1,0

0
 = -0.93 VFc and applied scan 

rates of up to 100 V∙s-1 indicate a one-electron reduction and formation of [CoIL(MeCN)2]+. 

However, calculations performed on a related [Co(PN3P)] pincer complex by BROWN et al. 

showed that the apical ligand likely dissociates upon reduction. The loss of the ligand allows the 

resulting [CoIL(MeCN)]+ complex to exist in a square planar geometry energetically favorable 

for d8 16 VE compounds.[2] As inferred from the scan rate-independent CV response of the CoII/I 

couple, the equilibrium constant for the expulsion of acetonitrile in the C step [eq. (3.22)] must 

be small (and both associated rate constants must be very fast). This behavior is reasonable re-

garding the equilibrium shift to the favored bis-acetonitrile species in excess MeCN. 

Scan rate-varied CVs performed on the irreversible second reduction wave of the CoI/0 couple 

failed to recover its reversibility but identified an EC mechanism. The EC sequence is attributed 

to the reduction of [CoIL(MeCN)]+ to [Co0L(MeCN)], which exists in a square planar geometry 

before very fast structural reorganization to the tetrahedral coordination polyhedron. 

The attempt to record CVs of Cos

II
 in DMF produces a colorless solution. The complex shows a 

sharp reduction wave with crossing lines at Ep,c ≈ -1.9 VFc, followed by a broad desorption wave 

in the oxidative half cycle (Figure B.14B). Similar to Fes

II
 in DMF, this hints toward complex 

decomposition upon dissolution, followed by a sequence of reductive adsorption and oxidative 

desorption of the formed species. 

The CV monitoring of the CoII/I wave of Cos

II
 in MeCN at varying concentrations of TBACl is 

shown in Figure 3.22. For 0 < cTBACl < 1 mM (= 1 equiv. compared to Cos

II
), a decrease in the peak 

current density of the [CoIIL(MeCN)2]2+/[CoIL(MeCN)]+ wave at E1,0,0

0
 = -0.93 VFc under concom-

itant rise of the [CoIIL(MeCN)Cl]+/[CoIL(MeCN)Cl] wave at E1,0,1

0
 = -1.21 VFc can be observed up 

to the full loss of the more anodic redox event. 

The wave’s peak current densities decrease drastically, starting at approx. 2.91 mM of 

TBACl (= 3 equiv.). This trend agrees with the association of more than two halide ligands at 

these concentrations of TBACl, as observed from the previous NMR studies. The respective equi-

librium for the formation of putative [CoIICl4]2- and loss of L seems to be shifted to the substrate 

side without an additional chloride source but is strongly affected by superstoichiometric TBACl. 
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Figure 3.22. CVs of the CoII/I wave of Cos

II
 at varying concentrations of TBACl. 

3.5.2.2 [CoLCl2] 

Dissolving CoCl

II
 in MeCN likely yields [CoIIL(MeCN)Cl]+, as equally observed by BROWN et al.[2] 

Scan rate variations on the CoII/I wave (Figure 3.23) reveal a quasi-reversible wave at 

ν = 100 mV∙s-1 gradually losing the current density of the back-oxidation part at Ep,a = -1.16 VFc. 

 

Figure 3.23. CVs of the CoII/I wave of CoCl

II
 at varying scan rates. 
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A second, more cathodic oxidation wave of increasing current density emerges at 

Ep,a = -0.94 VFc (ν = 100 V∙s-1) when exceeding 5 V∙s-1. This observation concludes with an EC 

mechanism at the CoII/I wave, in which [CoIIL(MeCN)Cl]+ is first reduced to [CoIL(MeCN)Cl] 

before losing the apical acetonitrile ligand.[2] The emergence of two different oxidation waves 

probably originates from the diverging forward and backward rate constants within the solvent 

association-dissociation equilibrium described by K1,1,1 in eq. (3.41). 

C: [CoIIL(MeCN)Cl]+ ⇄ [CoIILCl]+ + MeCN (3.41) 

k1,1,1

–
 (representing the rate of ligand decoordination) is likely too high and impedes observation 

of the process at the applied scan rates. However, the competition between diffusion and chem-

ical step (solvent association with rate constant k1,1,1

+
) renders a detection of the re-oxidation of 

[CoILCl] at Ep,a ≈ -0.94 VFc possible at scan rates > 5 V∙s-1. 

A complementary CV analysis of CoCl

II
 in DMF (Figure 3.24) revealed two predominant redox 

events at E0(CoII/I) = -1.29 VFc (reversible, ∆Ep = 96 mV) and at Ep,c(CoI/0) = -2.18 VFc (irreversi-

ble). A detailed analysis of the waves by variation of the scan rate proved impossible due to 

intense diffusion currents and poor resolution of the recorded voltammograms. 

 

Figure 3.24. CVs of CoCl

II
 in DMF (solid line) and MeCN (dashed line) at varying potential windows. 

Comparison with data extracted from CVs in MeCN [E0(CoII/I) = -1.21 VFc with ∆Ep = 94 mV and 

Ep,c(CoI/0) = -1.98 VFc] shows a cathodic shift of both waves in DMF, but a similar peak-to-peak 
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potential difference ∆Ep at the CoII/I wave. This shift to more negative potentials in DMF could 

be caused by solvent coordination and less marked π back bonding compared to MeCN. The 

concomitant increase in electron density at the metal center affords more negative reduction 

potentials and induces a cathodic wave shift in CV. These findings support the theory of a solvent 

molecule being involved in the first redox event of CoCl

II
 and extend it to DMF. 

In MeCN, [CoILCl] is reduced to Co(0) in an EC fashion as deduced from the slope of the peak 

reduction potential in scan rate-varied measurements. [CoILCl] likely undergoes reduction to 

[Co0LCl]- before substitution of chloride by MeCN and formation of tetrahedral [Co0L(MeCN)]. 

The same Ep,c(CoI/0) = -1.98 VFc in the CVs of Cos

II
 and CoCl

II
 could evidence the same species at 

the Co(0) state for both complexes. The substitution equilibrium constant K2,0,1 must be large, 

considering the retention of the irreversibility of the wave in the KP zone. Concurrently, k2,0,1

+
 

must be large as well (or k2,0,1

–
 small) as inferred from the minor effect of increasing TBACl con-

centrations (apart from the loss of peak current density originating from the decomposition of 

the cobalt complex at higher oxidation states, Figure B.18). 

3.5.3 Nickel 

The proposed cube scheme for the reduction patterns of Nis

II
 and NiCl

II
 in acetonitrile is shown in 

Scheme 3.10. 

 

Scheme 3.10. Proposed cube scheme for the two-fold reduction of Nis

II
 and NiCl

II
 in acetonitrile. Framed 

structures were confirmed by X-ray diffraction. Potentials are given in VFc. 
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3.5.3.1 [NiL(MeCN)](BF4)2 

Regarding [NiIIL(MeCN)]2+ (Nis

II
) as the starting point, the reversible reduction wave at 

E1,0,0

0
 = -0.75 VFc up to scan rates of 100 V∙s-1 (Figure B.7) hints toward a single one-electron 

reduction forming [NiIL(MeCN)]+. However, the actual molecular structure at the Ni(I) state 

determined by single-crystal X-ray diffraction is [NiIL(MeCN)2]+. A CE sequence is proposed 

based on the reversibility of the wave over several orders of magnitude in scan rate and a sup-

posedly large MeCN association equilibrium constant K1,1,0 in excess MeCN [eq. (3.25) 

and (3.26)]. Probably, both underlying rate constants (k1,1,0

+
 and k1,1,0

–
) are fast compared to the 

maximum applied scan rate. Hence, the observed reduction wave likely displays a fastly equili-

brated mixture with E0 = -0.75 VFc being the weighted average of the standard potentials of the 

electron transfer to [NiIIL(MeCN)]2+ respectively [NiIIL(MeCN)2]2+. 

A further reduction to the zero-valent nickel complex occurs at E2,1,0

0
 = -1.63 VFc, with the re-

oxidation wave recovered only at scan rates > 5 V∙s-1. The C step in the EC mechanism is suffi-

ciently slow [k2,1,0

–
 was determined at 3.9∙101 s-1 from the slope of the Ep,c vs. log(ν) plot and 

eq. (D.11)] to be accessed at elevated scan rates, consistent with a reduction of [NiIL(MeCN)2]+ 

to [Ni0L(MeCN)2] before the loss of MeCN gives the 18 VE [Ni0L(MeCN)] species. 

In contrast to this, two major irreversible reduction waves attributed to two-fold one-electron 

reductions from Ni(II) to Ni(0) can be observed for Nis

II
 in DMF at Ep,c = -0.87 VFc 

and -1.85 VFc (Figure B.14C). The irreversible nature of the NiII/I wave and the cathodic shift of 

Ep,c

MeCN→DMF
 ≈ -80 mV indicate a chemical reaction connected to the reduction step, likely the 

exchange of the acetonitrile ligand with DMF or association of another solvent mole-

cule [eq. (3.42) and (3.43)]. 

C: [NiIIL(MeCN)]2+ + DMF ⇄ [NiIIL(dmf)]2+ + MeCN  (3.42) 

E: [NiIIL(dmf)]2+ + e- + m DMF → [NiIL(dmf)m+1]+ (m = 0 or 1) (3.43) 

Reduction at the second wave is then surmised to give the putatively tetrahedral d10 18 VE com-

plex [Ni0L(dmf)], either by loss of a DMF ligand and geometric reorganization or solely by the 

latter [eq. (3.44) and (3.45)]. 

E: [NiIL(dmf)m+1]+ + e- → [Ni0L(dmf)m+1] (m = 0 or 1) (3.44) 

C: [Ni0L(dmf)m+1] ⇄ [Ni0L(dmf)] + m DMF  (3.45) 

Addition of up to ca. 1 mM of TBACl to Nis

II
 in MeCN (Figure 3.25) induces a similar CV behavior 

compared to that of Cos

II
 indicating conversion of [NiIIL(MeCN)]2+ to [NiIILCl]+. The maximum 
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peak current density of the NiII/I wave at E1,0,1

0
 = -1.16 VFc is reached at TBACl concentrations of 

1.96 mM (= 2 equiv.). The subsequent drop at higher excess of TBACl indicates a CE mechanism 

in which the product of the C step is redox-inert at the considered potential. 

 

Figure 3.25. CVs of the NiII/I wave of Nis

II
 at varying concentrations of TBACl. 

Although NMR spectroscopy in CD2Cl2 indicates a quantitative association of the second chlo-

ride ligand when 2 equiv. of TBACl are added, the same experiment in CD3CN suggests the ne-

cessity of a superstoichiometric amount of the Cl- source for bis-chlorination. Apart from the 

coordinative competition between chloride and acetonitrile, the stronger polarity of MeCN sup-

ports the dissociation of ionic species and shifts the equilibrium toward the mono-chloride.  

The equilibrium in eq. (3.36) is increasingly shifted to NiCl

II
 at cTBACl ≥ 3 mM, which likely consti-

tutes said CV-silent species. K0,1-2 for the association of the second chloride ligand [eq. (3.46)] is 

surmised to be small compared to K0,0,1 for exchanging MeCN with Cl- [eq. (3.47)] considering 

the substantial remaining peak current density at more than 250 equiv. of TBACl. 

C: [NiIILCl]+ + Cl- ⇄ [NiIILCl2] (3.46) 

C: [NiIIL(MeCN)]2+ + Cl- ⇄ [NiIILCl]+ + MeCN (3.47) 

The CVs of Nis

II
 at ν = 10 V∙s-1 under variation of the TBACl concentration allow the analysis of 

the NiI/0 wave in its reversible state (Figure 3.26). 
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Figure 3.26. CVs of Nis

II
 at ν = 10 V∙s-1 and varying concentrations of TBACl. 

The NiI/0 wave exhibits a significant cathodic shift of the standard potential accompanied by loss 

of peak current density at cTBACl > ~ 5 mM, likely reflecting the association of chloride at the Ni(I) 

stage and subsequent reduction via the CE steps in eq. (3.48) and (3.49). 

C: [NiILCl] + Cl- ⇄ [NiILCl2]- (3.48) 

E: [NiILCl2]- + e- ⇄ [Ni0LCl2]2- (3.49) 

Formation of redox-inert [NiILCl2]- at the considered potentials leads to the gradual loss of cur-

rent density at this wave. The associated equilibrium constant K1,1-2 is likely relatively small re-

garding the required concentrations of TBACl. 

3.5.3.2 [NiLCl2] 

The first reduction wave of NiCl

II
 at E1,0,1

0
 = -1.16 VFc stays fully reversible in the applied range of 

scan rates of 0.1 V∙s-1 to 100 V∙s-1 (Figure B.2). Analyzing Nis

II
 by NMR spectroscopy revealed a 

rapid exchange of MeCN with Cl- at 1 equiv. of TBACl, which identifies [NiIILCl]+ as a possible 

species in CV. Although coordination of MeCN is possible for NiCl

II
 (similar to Nis

II
) CVs in the 

less coordinating solvent DMF (Figure 3.27) suggest a different behavior. 
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Figure 3.27. CVs of the NiII/I wave of NiCl

II
 in DMF (solid line) and MeCN (dashed line). 

The CV pattern of NiCl

II
 in DMF begins with a reversible wave at E0 = -1.16 VFc (∆Ep = 67 mV) 

prior to a broad, irreversible wave at Ep,c = -1.96 VFc (Figure B.17C) assigned to the NiII/I and 

NiI/0 couples, respectively. Scan rate-dependent CVs reveal retention of the reversibility of the 

NiII/I wave and the irreversibility of the NiI/0 one throughout the whole range of applied scan 

rates (Figure B.19 and Figure B.20). NiCl

II
 exhibits a NiII/I wave at an almost identical standard 

potential of E0 = -1.16 VFc (∆Ep = 67 mV, Figure 3.27) in DMF and MeCN. Since the wave’s po-

tential stays unaffected by the solvent exchange, the involvement of DMF and MeCN are ex-

cluded at this stage. The reversible NiII/I wave thus reflects an isolated E step from [NiIILCl]+ to 

[NiILCl] [eq. (3.6)]. 

The subsequent NiI/0 wave behaves similarly to that of Nis

II
 but at an anodically shifted potential 

E2,0,1

0
 = -1.59 VFc. Its cathodic peak potential decays logarithmically of scan rate (KP zone) with 

an intercept of a = -1.67 VFc (Figure 3.5, right). From this data, the apparent forward rate con-

stant of the follow-up chemical step was estimated at k2,0,1

+
 = 3.6∙10-1 s-1 using equation (D.11). 

Hence, the NiI/0 wave of NiCl

II
 is attributed to the EC sequence comprising the reduction of 

[NiILCl] to [Ni0LCl]- and moderately fast chloride exchange yielding [Ni0L(MeCN)] from 

eq. (3.7) and (3.8). 
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Less stabilization from π back bonding of the auxiliary ligand in [Ni0L(dmf)] compared to 

[Ni0L(MeCN)] and the necessity of a more potent driving force for the reduction might explain 

the drastic anodic shift of the NiI/0 wave in DMF by Ep,c

MeCN→DMF
 ≈ -300 mV. 

3.5.4 Electrochemical Influence of the Auxiliary Ligands 

The CVs of the Mx

II
 complexes (M = Ni or Co, x = MeCN or Cl) in Figure 3.13 are scrutinized in 

more detail to emphasize the significance of the auxiliary ligand for the reducibility and reduc-

tion strength of a complex. 

For Co, the CoII/I wave is shifted by ECl→s

0
(CoII/I) = 0.32 V between chloride and MeCN as auxil-

iary ligands. This potential difference reflects the far easier reducibility of the acetonitrile species 

compared to the chloride one at the CoII/I wave. Scheme 3.9 depicts that EC sequences of 

[CoIIL(MeCN)Cl]+ to [CoILCl] and [CoIIL(MeCN)2]2+ to [CoIL(MeCN)]+ underlie the respective 

CoII/I wave. Hence, both substrates and products only differ by one auxiliary ligand, making the 

latter the defining factor for the deviation in standard potential. 

In general, chloride ligands only serve as σ-donors, whereas nitriles are known to provide (lim-

ited) π back bonding as well.[25] Hence, the additional electron density located at the metal cen-

ter is better compensated for in the presence of MeCN ligands, which makes them (weakly) 

stabilizing auxiliary ligands for metals in low-valent oxidation states. The lesser π-accepting 

character of the chloride ligand and the lowered charge of the complex require a higher driving 

force for the electron transfer to [CoIIL(MeCN)Cl]+ compared to [CoIIL(MeCN)2]2+, which mani-

fests itself in the observed potential difference. 

The difference in peak potential of Ep,c

Cl→s
 = -0.02 V at the second wave, ascribed to the CoI/0 

redox event, is insignificant in relation to the one for CoII/I. Despite different Co(I) compounds, 

reducing both species requires a similar driving force. Subsequent reorganization yields 

[Co0L(MeCN)] as the favored zero-valent species for both starting complexes.  

The CVs of the nickel-based compounds in Figure 3.13 show a related behavior; however, with 

varied potential differences of ECl→s

0
(NiII/I) = 0.41 V and Ep,c

Cl→s
(NiI/0) = 0.02 V. Adding an elec-

tron to the diamagnetic d8 Ni(II) species [NiIILCl]+ and [NiIIL(MeCN)]+ yields tetracoordinate 

[NiILCl] and pentacoordinate [NiIL(MeCN)2]+, respectively. Here, the stronger field splitting of 

MeCN renders the formation of a putatively tetrahedral d9 species unfavorable and hence forms 

Nis

I
 (CN = 5). 
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In summary, the π-accepting character of MeCN diminishes the electron density at the metal 

center and shifts the reduction potential of the complex anodically, which facilitates the reduc-

tion of the complex. However, this decrease in driving force goes in parallel with a loss of reduc-

tion strength. 

The direct comparison of the Mx

II
 complex series (x = MeCN or Cl) of Fe, Co, and Ni by cyclic 

voltammetry in more (MeCN) or less (DMF) coordinating solvents can give an impression of the 

lability of chloride and MeCN ligands. Table 3.3 summarizes the qualitative assessment of the 

behavior of Mx

II
 complexes (M = Fe, Co, or Ni; x = MeCN or Cl) inferred from CV in DMF and 

MeCN electrolyte solution. 

Table 3.3. Qualitative assessment of the behavior of Mx

II
 complexes in DMF and MeCN electrolyte solu-

tion, as inferred from CV (= : stable, ⇄ : conversion, – : decomposition). 

 FeCl

II
 Fes

II
 CoCl

II
 Cos

II
 NiCl

II
 Nis

II
 

DMF – – ⇄ – ⇄ ⇄ 

MeCN ⇄ = ⇄ = ⇄ = 

While FeCl

II
 (partly) decomposes in both solvents, CoCl

II
 only exchanges one chloride ligand in 

MeCN (as inferred from the potential shift at the first reduction wave), and Ni is not affected at 

all at the NiII/I couple. Hence this row of CVs indicates an incrementing influence of the solvent 

in the series Ni < Co < Fe. In DMF, the Ms

II
 complexes of Fe and Co decompose completely, 

whereas Ni possibly exchanges its coordinated solvent. Among the chloride analogs, only iron 

decomposes in DMF, while cobalt and nickel are converted. 

This analysis confirms the expectation of the solvent ligand acetonitrile to be more labile than 

chloride when contacted with an excess of DMF. Put in perspective to the individual metal cen-

ter, the general stability of the complexes and the metal-auxiliary ligand bond strength appear 

to increase in the row of Fe < Co < Ni. This trend is well in line with decreasing bond lengths (as 

a proxy for the bond strength) toward later central metals in the 3d row, as discussed in sec-

tion 2.2.1.7 for MCl

II
 and in section 2.2.2.4 for Ms

II
. 

For the stable complexes, the switch to DMF almost exclusively leads to anodically shifting po-

tentials of the reduction waves (in particular MI/0) induced by the electronic effect of the solvent 

when coordinated to the metal center. The potential shift again emphasizes the auxiliary ligand’s 

influence on the reducibility and, hence, the reducing strength of the complexes.  
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3.6 Experimental 

3.6.1 NMR Studies 

3.6.1.1 NMR Studies in Deuterated Dichloromethane 

 

M
s

II
 

M = Fe, Co, or Ni 
 M

x

II
  

s = MeCN  x = MeCN or Cl  

Ms

II
 (0.01 mmol, 1.00 equiv.) was placed into a J. YOUNG NMR tube in the glovebox, and 

CD2Cl2 (0.5 mL) was added. 1H and 31P{1H} NMR spectra were recorded. Solid TBACl was added 

stepwise, and NMR spectra were recorded after each addition. 

3.6.1.2 NMR Studies in Deuterated Acetonitrile 

 

M
s

II
 

M = Fe, Co, or Ni 
 M

x

II
  

s = MeCN  x = CD3CN or Cl  

Ms

II
 (0.005 mmol, 1.00 equiv.) was placed into a J. YOUNG NMR tube in the glovebox, and 

CD3CN (0.5 mL) was added. 1H and 31P{1H} NMR spectra were recorded. A solution of TBACl in 

CD3CN (0.1 M) was added stepwise, and NMR spectra were recorded after each addition. 
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3.6.2 Cyclic Voltammetry  

Cyclic voltammetry was performed on a BIOLOGIC VSP-300 potentiostat equipped with an ana-

log ramp generator for high potential scan rate analysis (Figure 3.28A) using a standard three-

electrode setup (Figure 3.28B). The setup contains a glassy carbon working electrode (WE), a 

platinum wire counter electrode (CE), and a custom-made AgNO3/Ag (10 mM AgNO3 in a so-

lution of 0.1 M nBu4NPF6 in the electrochemical solvent) or an Innovative Instruments LF-5 leak-

free AgCl/Ag (3.4 M KCl in H2O) reference electrode (RE, Figure 3.28C). The working electrode 

was polished over a velvet polishing pad using an alumina suspension before rinsing with ul-

trapure water from a MILLIQ ADVANTAGE A10 water purification system and ethanol. Reference 

and counter electrodes were rinsed with ultrapure water and ethanol. Lastly, each electrode was 

dried under a stream of argon before insertion into the hot cell (stored at 120 °C). The OHMIC 

drop of the electrochemical cell was estimated and compensated (85%) by the iR compensation 

loop embedded in the potentiostat. 

A dry and degassed solution of 1 mM analyte and 0.1 M nBu4NPF6 was prepared in the electro-

chemical solvent. Tetrabutylammonium hexafluorophosphate was dried and degassed in vacuo 

at 80 °C for 12 h. The electrolyte solution was purged by bubbling a solvent-saturated argon flow 

through a silicone tubing under vigorous stirring before adding the analyte. Cyclic voltammo-

grams were typically recorded at a scan rate of 0.1 V∙s-1, with the scanned potential window 

adjusted according to the visible redox waves. Parameter variations are indicated in the respec-

tive measurements. 

TBACl was dried and degassed in the molten state in vacuo at 110 °C for 4 h. For CV studies, 

TBACl was first added as a 0.1 M solution in MeCN, then as a 1 M solution, and lastly in the 

solid state directly from the glovebox. 

1 mM Fc was added after the last measurement of a row as the internal potential reference. 
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A) CV Setup 

 
1 - Potentiostat + analog ramp generator, 2 - Electrode cables, 3 - Argon supply 

B) CV Cell C) CV Electrodes 

  
1 - GC WE, 2 - AgCl/Ag RE, 3 - Pt wire CE, 

4 - Silicone tubing, 5 - Electrode cables 

1 - GC rod WE, 2 - AgCl/Ag RE, 

3 - Pt wire CE 

Figure 3.28. (A) CV setup, (B) CV cell with electrodes and electrolyte, and (C) close-up of CV electrodes. 
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Chapter 4: Electrochemical Carbon 

Dioxide Activation 

Part 1: Aprotic Conditions 

 

 

 

CV investigations under a CO2 atmosphere probe the complexes’ ability to coordinate the sub-

strate in the first part of chapter 4. Reaction pathways under electrochemical conditions are 

proposed, and rate constants for the association of CO2 are determined when accessible. Com-

paring the obtained results with literature reports identifies favorable properties for the molec-

ularly catalyzed electrochemical CO2 reduction. 

Subsequently, experiments under the addition of Mg2+ ions are conducted to gain insight into 

the reductive disproportionation of CO2 catalyzed by Mx

II
 via the ETM mechanism. Promising 

reaction conditions are transferred to the controlled potential electrolysis of CO2. 

Parts of this chapter have been published in: 

N. W. Kinzel, D. Demirbas, E. Bill, T. Weyhermüller, C. Werlé, N. Kaeffer, W. Leitner, Inorg. 

Chem. 2021, 60, 19062.  
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4.1 Addition of Carbon Dioxide 

With the metal-centered electrochemical reducibility shown for the Fes

II
, Cox

II
, and Nix

II
 com-

plexes, CO2 reduction requires coordination and activation of the substrate in the next step. The 

ETH route is purposely hindered by depriving the system of protons to observe the M-CO2 inter-

action as the entry into an electrocatalytic CO2 reduction cycle via the ETM pathway. 

4.1.1 Bis-Chloride Complexes 

The cyclic voltammograms of CoCl

II
 and NiCl

II
 under argon, respectively, carbon dioxide atmos-

phere, are depicted in Figure 4.1. FeCl

II
 is excluded due to partial conversion into a species similar 

to Fes

II
 (see section 2.2.2.1b) that is discussed with the acetonitrile complexes of Ni and Co. 

 

Figure 4.1. CVs of (A) CoCl

II
 and (B) NiCl

II
 under argon (dashed line) and CO2 atmosphere (solid line). 

The CoII/I redox wave of CoCl

II
 remains unaffected by CO2, discarding the reaction with this sub-

strate at the Co(II) and Co(I) states. By contrast, the irreversible CoI/0 wave shifts by approx. 

50 mV in the anodic direction after CO2 saturation. This observation evidences CO2 coordina-

tion upon reduction to Co(0) in an EC mechanism, with the E step described in eq. (3.4) and the 

chemical reaction in eq. (4.1). 



ELECTROCHEMICAL CARBON DIOXIDE ACTIVATION 

141 

C: [Co0L(MeCN)] + CO2 ⇆ [Co0L(CO2)] + MeCN (4.1) 

The displacement of the equilibrium in eq. (4.1) is described by K(CO2), defined as the ratio of 

the CO2 association [k+(CO2)] and dissociation [k-(CO2)] rate constants in eq. (4.2). 

 K(CO2) = 
k

+
(CO2)

k
-
(CO2)

 (4.2) 

The CoI/0 wave remains irreversible even at elevated scan rates (Figure C.1). Hence, the rate of 

CO2 association appears to be high but could not be further quantified due to the lack of 

knowledge of EAr

0
(CoI/0). A slight increase in the cathodic peak current (ratio j

p,c

n  = 1.4) suggests 

electrocatalytic activity. Although reductive disproportionation of CO2 into CO and CO3
2- is 

conceivable under dry conditions, traces of protons from residual water or HOFFMAN degrada-

tion of the nBu4N+ cation possibly enable CO2 electroreduction. 

In the case of NiCl

II
, the NiII/I couple is also left unaffected by CO2, discarding coordination at the 

corresponding +II and +I oxidation states. NiCl

II
 exhibits an intense anodic shift (~130 mV) at the 

NiI/0 wave under CO2. At variance with observations under Ar, the reversibility of the NiI/0 re-

duction wave cannot be recovered by a faster scan rate (up to 100 V∙s-1, Figure 4.2). 

 

Figure 4.2. CVs of NiCl

II
 under CO2 atmosphere at varying scan rates. 



ELECTROCHEMICAL CARBON DIOXIDE ACTIVATION 

142 

These observations indicate a fast CO2 association at the Ni(0) stage [eq. (4.3)] and are sup-

ported by the Ep,c = f[log(ν)] plot linearly decaying by -28.4 mV∙log(ν)-1 (Figure 4.3, red) in the 

KP zone (see Figure D.4). 

C: [Ni0L(MeCN)] + CO2 ⇆ [Ni0L(CO2)] + MeCN (4.3) 

 

Figure 4.3. Ep,c(NiI/0) vs. log(ν) plot of NiCl

II
 under CO2 atmosphere. 

Eq. (D.11) yields an apparent CO2 association rate constant kapp
+

(CO2) = 4.2∙103 s-1. A saturation 

concentration of [CO2] = 0.28 M at 1 atmosphere of CO2 in acetonitrile solution[1] gives the bi-

molecular rate constant k+(CO2) = 1.5∙104 M-1∙s-1 [eq. (4.4)]. 

 k+(CO2) = 
kapp

+
(CO2)

[CO2]
 (4.4) 

Moreover, scan rates above 10 V∙s-1 reveal an additional oxidation wave at Ep,a = -0.39 VFc (for 

ν = 50 V∙s-1). This wave is proposed to be associated with the oxidation of a 

[NiIIL(MeCN)m(COOH)]+ or [NiIIL(MeCN)m(CO)]2+ (m = 1 or 2) adduct generated upon reduc-

tion and protonation that is only accessible at elevated scan rates due to the limited lifetime of 

the species. However, the formation of a putative [NiIIL(MeCN)mH]+ species formed by the reac-

tion of a Ni(0) intermediate with residual protons cannot be excluded unequivocally. 
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4.1.2 Acetonitrile Complexes 

The cyclic voltammograms of the Ms

II
 complexes under argon and carbon dioxide atmosphere 

are reported in Figure 4.4. 

 

Figure 4.4. CVs of (A) Fes

II
, (B) Cos

II
, and (C) Nis

II
 under argon (dashed line) and CO2 atmosphere (solid 

line). 

The reversibility of the two metal-centered waves of Fes

II
 under argon atmosphere at a scan rate 

of 100 V∙s-1 is not retained to the same extent under CO2 (Figure B.4 and Figure C.2). Only the 

potential of the FeI/0 wave is shifted by Ep,c

Ar→CO2 ≈ -100 mV under CO2 atmosphere compared 

to data under argon. Moreover, a significant variation in the peak shape indicates a noticeable 

change in the reaction mechanism. While dimerization or disproportionation are likely under 

argon, these pathways might be inhibited by the coordination of carbon dioxide at this stage. 

The increase of the current density when introducing CO2 (ratio j
p,c

n  = 1.3) may indicate catalytic 

activity here as well. 

For Cos

II
, solely the irreversible CoI/0 wave shifts by approx. 70 mV in the anodic direction when 

CO2 is present. The retention of the irreversibility at the CoI/0 wave for elevated scan rates (Fig-

ure C.3) and an increase in the cathodic peak current j
p,c

n  with a factor of approximately 1.4 can 
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be observed, similar to CoCl

II
. The combined observations hint toward an identical mecha-

nism (EC) for CO2 activation/conversion without additives. 

While the NiII/I wave of Nis

II
 does not exhibit any change in the presence of CO2, the NiI/0 wave 

shifts cathodically by Ep,c

Ar→CO2 ≈ -160 mV. A fast association of CO2 is supported by the loss of 

reversibility of the NiI/0 wave even at high scan rates compared to measurements under an argon 

atmosphere. The slope of -32.0 mV∙log(ν)-1 of the Ep,c = f[log(ν)] plot in the KP zone suggests an 

EC mechanism (Figure 4.5) with a CO2 association rate constant of kapp
+

(CO2) = 4.6∙106 s-1, cal-

culated from eq. (D.11). This data converts into the respective bimolecular rate constant 

k+(CO2) = 1.7∙107 M-1∙s-1. 

 

Figure 4.5. Ep,c(NiI/0) vs. log(ν) plot of Nis

II
 under CO2 atmosphere. 

4.1.3 Mechanistic Proposal for CO2 Activation 

The Fes

II
 complex shows a voltamperometric FeI/0 wave strongly affected by CO2, indicating co-

ordination at the Fe(0) state. In the presence of CO2, the rapid chemical step deduced from the 

irreversibility of the FeI/0 wave is consistent with the high reactivity of Fe(0) species. The activa-

tion of CO2 at Fe(0) centers reported previously, namely in eCO2r, has been mainly observed 

with complexes bearing redox-active ligands[2] that are thus best described as doubly ligand-

reduced Fe(II) complexes.[3] For the redox-inactive pincer ligand used here, binding of carbon 

dioxide to the zero-valent metal center might form [Fe0L(MeCN)(CO2)] as the primary interme-

diate. The subsequent reaction steps, however, remain elusive so far. 
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For Cox

II
 (x = MeCN or Cl), CO2 activation occurs only at the zero-valent state as well. The posi-

tive shift of the irreversible CoI/0 wave under a CO2 atmosphere in the pure kinetic regime indi-

cates that the associated chemical equilibrium is more shifted or accelerated forward with that 

substrate. The electrophilic nature of the CO2 carbon atom likely makes the association faster 

than that of MeCN under an argon atmosphere [e.g., in eq. (3.4)]. Although formally metal rad-

ical, Co(0) species do not commonly exhibit single-electron-transfer reactivity but undergo two-

electron oxidative chemistry.[4] Formulation of the CO2 activation product as a [CoIIL(CO2)] d7 

complex is thus favored. The potential at which this intermediate is accessed is low enough for 

further reduction into a 16-electron [CoIL(CO2)]- complex, refilling the low-lying dz2 orbital (Fig-

ure 4.6A). 

 

Figure 4.6. Proposed electrochemical pathways and schematic frontier orbital diagrams for the reduction 

of (A) Cox

II
 and (B) Nix

II
 complexes with x = MeCN or Cl under CO2 atmosphere (s = MeCN). 
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This species could directly enter into a catalytic cycle for CO2 reduction, as supported by an 

increased magnitude of current density at the CoI/0 wave. Notably, however, the current en-

hancement observed in the presence of CO2 may also result from a faradaic (and not catalytic) 

two-electron reduction from [CoILCl] or [CoIL(MeCN)]+ to [CoIL(CO2)]-. 

Nis

II
 and NiCl

II
 display a SP, respectively SBP, coordination geometry, and interact with CO2 only 

at the zero-valent oxidation state. The binding of CO2 at this stage is, however, heavily favored, 

with Nix

II
 displaying cathodic shifts Ep,c

Ar→CO2(MI/0) of 160 (x = MeCN) and 130 mV (x = Cl), re-

spectively. This shift translates into a follow-up chemical step several orders of magnitude faster 

upon CO2 addition, corresponding to the binding of the electrophilic CO2 substrate. The 

kapp

+
(CO2) of Nis

II
 is ca. three orders of magnitude higher than that of NiCl

II
 (4.6∙106 s-1 vs. 

4.2∙103 s-1, Table 4.1). 

Table 4.1. Apparent rate constants for MeCN association under argon atmosphere and CO2 association 

under carbon dioxide atmosphere at the Ni(0) stage of Nis

II
 and NiCl

II
. 

 Nis

II
 NiCl

II
 Nis

II
/NiCl

II
 

kapp

+
(MeCN) 3.9∙101 s-1 3.6∙10-1 s-1 ~102 

kapp

+
(CO2) 4.6∙106 s-1 4.2∙103 s-1 ~103 

The difference in CO2 association rate constants might stem from the preceding association of 

MeCN, the rate constants of which were determined at 3.6∙10-1 s-1 (NiCl

II
) and 3.9∙101 s-1 (Nis

II
) 

– a difference of two orders of magnitude. The more labile MeCN ligand presumably dissociates 

more readily and constitutes a lower barrier for CO2 coordination than the chloride. Errors of 

only ±10 mV in the standard potential and the ordinate intercept during the calculation of the 

rate constants might cause the remaining difference in kapp
+

 of one order of magnitude between 

the two consecutive steps. 

CO2 activation at a Ni(0) center supported by a neutral PPP ligand built a five-coordinate Ni(0) 

species displaying η2-CO2 binding[5] as crystallographically shown in the famous ARESTA com-

plex.[6] Such species are better described as Ni(0) species with marginal electron transfer to the 

bound CO2 molecule, which, applied to the Nix

II
 complexes would result in similar [Ni0L(CO2)] 

adducts (Figure 4.6B). The re-oxidation wave at Ep,a = -0.39 VFc observed at an elevated scan rate 

of ν = 50 V∙s-1 for NiCl

II
 could then relate to the oxidation of a subsequent intermediate, for in-

stance, a [NiIIL(COOH)]+ hydroxycarbonyl complex formed by protonation of [Ni0L(CO2)]. Ad-

mittedly, the same wave cannot be observed for Nis

II
, possibly due to a lower lifetime of the CO2 

adduct that prevents reoxidation of the species. 
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4.1.4 Comparative Assessment 

The groups of LEWIS and FUJITA have emphasized the relation between metal-centered reduction 

and CO2 coordination on series of Ni(II) and Co(II) cyclam-like complexes.[1, 7] CO2 coordinates 

to these complexes at the formal M(I) state, at which the CO2 association equilibrium [K(CO2)] 

and forward rate constants [k+(CO2)] were found to increase as the MII/I standard potential be-

comes more negative.[7c] The present series of complexes Cox

II
 and Nix

II
 (x = MeCN or Cl) exhibit 

reduction potentials sufficiently negative to afford CO2 coordination. Each of the complexes re-

quires reduction to a formal M(0) state to proceed to CO2 activation, which stands in sharp 

contrast to the cyclam complexes of the same metals. 

In particular, [Ni(cyclam)]+, which has a NiII/I reduction potential [E0(NiII/I) = -1.14 VNHE
[7d] cor-

rected to approx. -1.77 VFc
[8]] close to the NiI/0 one of NiCl

II
 [E0(NiI/0) = -1.59 VFc], exhibits a 

Ni(I)-CO2 association rate constant [k+(CO2) = 3.2∙107 M-1∙s-1, in aqueous solution[7b]] exceed-

ing by several orders of magnitude that found for Ni(0)-CO2 with NiCl

II
 [k+(CO2) = 1.5∙104 M-1∙s-1, 

in acetonitrile solution]. On the other hand, the value is relatively close to the one for Nis

II
 at 

E0(NiI/0) = -1.63 VFc [k+(CO2) = 1.7∙107 M-1∙s-1]. 

Notably, equilibrium and rate constants for CO2 association at 3d centers in their 0 oxidation 

state are scarcely reported, with only one example in the order of magnitude of 102-103 s-1 for 

the CO2 association rate constant at the electroreduced zero-valent state of a 

[CoII(PN3P)(MeCN)2]2+ complex.[9] Nevertheless, the difference to the cyclam series likely re-

flects the higher kinetic barrier for CO2 association at the closed-shell [Ni0L(MeCN)] complex 

as compared to the open-shell 17 VE [NiI(cyclam)]+, underlining the importance of the elec-

tronic configuration for binding and activating CO2. 

The 17 VE complex [Co0L(MeCN)] binds CO2 at faster rates than 18 VE [Ni0L(MeCN)], which is 

in agreement with this consideration. The increasing CoI/0 cathodic peak current suggests a 

greater CO2 activation upon contacting the substrate. This interpretation is in line with findings 

for the series of cyclam-like complexes in which Co(I) transfers up to two electrons to the bound 

CO2, whereas Ni(I) does not substantially activate the substrate.[7d] The electrochemical CO2 

activation by Cox

II
 and Nix

II
 within the redox-innocent ligand structure appears to follow the same 

trend. The two-electron reduction of Nix

II
 at mildly negative potential generates a [Ni0L(η2-CO2)] 

complex irreducible at the potential of the NiI/0 wave. In contrast, [CoIIL(η2-CO2)] can be reduced 

at the potential of the CoI/0 event and initiate electrocatalytic turnover. 
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From an organometallic view on the case of Nix

II
, these points relate to the coordination of CO2 

at Ni(0), characterized by weak to moderate back bonding according to the DEWAR-CHATT-DUN-

CANSON model of π bond coordination. The Ni center then remains in the formally zero-valent 

oxidation state. By contrast, with Cox

II
, the more pronounced electron transfer from the Co(0) 

metal into the antibonding orbitals of the C=O bond of CO2 results in a metallaoxirane-type 

structure. Consequently, the Co(0) center is oxidized to Co(II), and subsequent uptake of an-

other electron can generate the Co(I) metallacarboxylate as a potential intermediate for catalytic 

CO2 reduction. 

The interplay between the electronic and structural properties of 3d metal complexes based on 

redox-innocent ligands with their electrochemical CO2 activation properties is graphically sum-

marized in Figure 4.7. 

 

Figure 4.7. Electronic and geometric properties of Fes

II
, Cox

II
, Nix

II
, and selected catalysts that contain re-

dox-innocent ligand systems and traverse the ETM mechanism in eCO2r (except BI et al.).[10] 

The diagonal lines indicate metal-centered reduction processes. The yellow area covers elec-

tronic and structural core properties favoring electrochemical CO2 activation. 

The graph comprises Fes

II
, Cox

II
, and Nix

II
 as well as literature examples of active CO2 reduction 

electrocatalysts. The diagonal lines represent the metal-based redox steps connecting the start-

ing complex and the active species. All complexes showing activity toward CO2 activation under 
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electrocatalytic conditions comprise common features covered by the yellow box, i.e., coordina-

tive unsaturation with CN = 4 or 5, an open shell structure of metal electron configuration 

d7 to d9, and low oxidation states +I or 0. 

Consequently, meeting these three parameters simultaneously upon accessing the active species 

is a design element for potential CO2 electroreduction catalysts. Although this combination ap-

pears to be a prerequisite, it is insufficient to guarantee electrocatalytic performance. Hence, 

electrocatalytic activity will be investigated in the next section. 
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4.2 Addition of a LEWIS Acid 

The reductive disproportionation of CO2 to CO and CO3
2- is one possible reaction route within 

the ETM mechanism (Scheme 1.3), commonly accessible under aprotic conditions when sup-

ported by a LEWIS acid (Scheme 1.4). Based on the report of KUBIAK’s group, Mg(OTf)2 was cho-

sen as the LEWIS acid source to identify candidates for the reaction.[11] However, in contrast to 

the literature, the triflate’s solubility in MeCN electrolyte proved to be poor. Hence, a saturated 

solution of Mg(OTf)2 in the electrolyte (0.1 M TBAPF6/MeCN) was added to the complexes un-

der a CO2 atmosphere. Volumes of the LA solution are reported instead of concentrations for 

the same reason. Since the Ms

II
 complexes are stable in MeCN this series of compounds is sub-

jected to CV analysis. 

4.2.1 CV Studies 

4.2.1.1 [FeL(MeCN)3](BF4)2 

Adding small volumes of the saturated Mg(OTf)2 solution to Fes

II
 in the MeCN electrolyte solu-

tion provokes an additional reduction wave at potentials located between the previously identi-

fied FeII/I and FeI/0 waves (Figure 4.8). 

 

Figure 4.8. (A) CVs of Fes

II
 at varying concentrations of Mg(OTf)2 under argon or CO2 atmosphere and 

(B) zoom on the reduction events mainly affected. 
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A gradual cathodic shift is observed from an initial value of Ep,c ≈ -1.85 VFc with increasing LEWIS 

acid concentrations. Simultaneously, the FeI/0 wave shifts in the anodic potential direction, even-

tually merging both waves at added volumes ≥ 500 µL, and the current density rises. The joining 

waves could indicate the gradual conversion of the pristine Fe(0) species, e.g., 

[Fe0L(MeCN)m] (m = 1 or 2) into [Fe0L(MeCN)m(OTf)]- (m = 0 or 1) at increasing additive con-

centrations. Despite the noticeable increase in current density at the “new” FeI/0 wave, exchang-

ing CO2 with argon does not substantially affect this behavior. A decreasing current density upon 

substrate deprivation is yet a prime indicator of catalytic conversion since it renders the electron 

transfer to the molecule impossible. Therefore, catalytic conversion of CO2 can be discarded at 

this stage. 

Apart from co-catalyzing the reductive disproportionation of CO2, Mg2+ could enhance the au-

toprotolysis of residual water by the formation of [Mg(OH2)6]2+ [eq. (4.5)]. 

 Mg2+ + 6 H2O ⇄ [Mg(OH2)6]2+ ⇄ [Mg(OH2)5OH]+ + H+ (4.5) 

The DFT calculations performed by KATZ et al. support this hypothesis by reporting that the 

deprotonation of an aqua ligand coordinated to the magnesium center requires less free energy 

than the deprotonation of a free molecule.[12] Removing electron density from the coordinated 

oxygen atoms weakens the O-H bond, ultimately leading to deprotonation and the formation of 

magnesium hydroxide species, as shown in eq. (4.5). The increased proton concentration by the 

reaction of Mg2+ with water could be the origin of the increase in current density when consid-

ering Fes

II
 a hydrogen evolution catalyst. 

4.2.1.2 [CoL(MeCN)2](BF4)2 

The CVs under the addition of Mg(OTf)2 to a solution of Cos

II
 in MeCN electrolyte are shown in 

Figure 4.9. The CoII/I wave shifts in the negative potential direction and exhibits slightly increas-

ing current densities beginning at 300 µL of sat. LEWIS acid solution. This shift could indicate 

triflate coordination or MeCN substitution at the Co(II) or Co(I) oxidation states. 

A slight cathodic potential shift but a significant change in current density (ratio ~1.9, corrected 

by the diffusion current) is observable for the CoI/0 wave at 1 mL of Mg(OTf)2 solution. The shift 

of the peak potential and simultaneous loss of current density after sparging with argon indicate 

catalytic activity for CO2 conversion. Hence, Cos

II
 proves to reduce CO2 along the LA-assisted 

disproportionation route. 
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Figure 4.9. (A) CVs of Cos

II
 at varying concentrations of Mg(OTf)2 under argon or CO2 atmosphere and 

(B) zoom on the CoI/0 wave. 

4.2.1.3 [NiL(MeCN)](BF4)2 

Figure 4.10 shows the sequential addition of saturated Mg(OTf)2 to Nis

II
 in the electrolyte. The 

steady decrease of the normalized current densities observed for both reduction waves can be 

explained by the dilution of the complex upon addition of the LA solution. 

A reduction wave at ca. -1.30 VFc begins to build up at a volume of 750 µL of Mg2+ solution, 

which indicates the conversion of the Ni(I) species into a potential Ni-CO2-Mg intermediate. 

However, the general lack of a significant current enhancement in the presence of CO2 and Mg2+ 

excludes a catalytic conversion via reductive disproportionation at this stage. 

In summary, only Cos

II
 shows indications of catalyzing the reductive disproportionation of CO2 

within the Ms

II
 complex series and will hence be applied in controlled potential electrolysis ex-

periments. 
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Figure 4.10. (A) CVs of Nis

II
 at varying concentrations of Mg(OTf)2 under argon or CO2 atmosphere and 

(B) zoom on the NiI/0 wave. 

4.2.2 Controlled Potential Electrolysis 

The CPE conditions applied to Cos

II
 are summarized in Table 4.2. Product-time profiles are ap-

pended as Figure C.5. 

Table 4.2. Conditions and results for CPE with Cos

II
 under CO2 atmosphere and addition of Mg(OTf)2. 

Entry Additive[a] E (VFc) FEmax(CO) (%)[b] Q (C) Dec. 

1 – -2.2 2 (3.5) 8.2 Yes 

2 Mg(OTf)2 (sat.) -2.05 6 (1) 9.9 Yes 

3 Sat. aq. Mg(OTf)2 (10 vol%) -1.94 to -2.24 – < 5 Yes 

[a] Brackets: additive concentration. [b] Brackets: t (h) required to reach FEmax. 

A preliminary control experiment at the potential of the CoI/0 wave under a CO2 atmos-

phere (-2.2 VFc, entry 1) should serve as a reference for the experiments with the additive. This 

attempt resulted in a maximum FE for CO of approx. 2% after 3.5 h reaction time. Bulk electro-

lysis in the presence of sat. Mg(OTf)2 (entry 2) increases the maximum FE for CO to ca. 6% after 

one hour of reaction time but only marginally influences the transferred charge Q. 

The limited Mg2+ concentration in the reaction mixture was increased by adding 10 vol% of a 

saturated aqueous Mg(OTf)2 solution, albeit knowing that H2O can serve as a proton source. 
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However, controlled potential electrolyses at potentials of -1.94, -2.04, and -2.24 VFc (entry 3) 

did not yield any products detectable by GC (headspace) or HPLC (liquid phase), respectively. 

Slow discoloration of the reaction solution was observed over time, as was for entries 1 and 2. 

This fact and the silent CVs recorded after the electrolysis suggest complex decomposition under 

the applied conditions. A transferred charge of less than 5 C (equaling 0.05 mmol of electrons) 

supports decomposition. Approx. 40% of the electrons are consumed to reduce the entire 

amount of the complex (0.01 mmol) in the cathodic half-cell to the active Co(0) state. Further 

multi-electron reduction of CO2 is therefore limited. 

In conclusion, the CV and CPE studies in the presence of Mg(OTf)2 indicate that the reductive 

disproportionation of CO2 does not constitute the CO2 conversion route traversed by the Ms

II
 

complexes, albeit the results might be influenced by the poor solubility of the LEWIS acid. CPE 

experiments with Cos

II
 further hinted toward complex instability under catalytic conditions. 

Subsequent investigations on the Ms

II
 complexes' interactions with protons shall expand the pic-

ture of their reactivity to conditions that allow the formation of hydroxycarbonyl intermediates 

in the ETM route or active metal hydride species to enter an ETH catalytic cycle. Hence, the Ms

II
 

complexes are studied in the presence of BRØNSTED acids in the next part. 
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Part 2: Protic Conditions 

 

 

 

Part 2 of chapter 4 investigates the Ms

II
 complexes in their affinity to catalyze the electrochemical 

reduction of carbon dioxide in the presence of protons, i.e., via the hydroxycarbonyl route of the 

ETM pathway or the ETH mechanism. 

In the first step, CV studies under the addition of proton sources of varying strength and con-

centration are used to assess reaction conditions for the Ms

II
 complexes in terms of type and 

concentration of proton donor. 

Consecutively, the identified combinations of complex and proton source (concentration) are 

transferred to the bulk electrolysis of CO2 to evaluate the complexes' catalytic properties.  



ELECTROCHEMICAL CARBON DIOXIDE ACTIVATION 

156 

4.3 CV Studies 

The proton donor strength is of prime importance in the electrocatalytic reduction of CO2. It 

can influence the reaction pathway by benefitting the formation of a hydroxycarbonyl species 

along the ETM pathway or a metal hydride within the ETH route. The hydride can reduce CO2 to 

formic acid or protons to hydrogen, with the selectivity shifting strongly toward hydrogen when 

increasing the acid strength.[13] Hence, various proton sources (H2O, MeOH, TFE, PhOH, and 

BA) spanning several orders of magnitude in donor strength (Scheme 4.1) are screened to iden-

tify the most favorable CO2 reduction parameters. A general overview of the CV behavior of the 

Ms

II
 complexes at increasing acid concentrations is given before discussing conditions for the 

bulk electrolysis of CO2. 

 

Scheme 4.1. pKa scale in MeCN of selected proton sources used in this work.[14] 

Homoassociation (also referred to as homoconjugation) of an acid and its conjugated base in 

organic solvents favors deprotonation and increases the acid's strength. Among others, this ef-

fect is reported for phenol and benzoic acid (BA), likely locating their homoconjugation prod-

ucts at lower values on the pKa scale.[14c] 

Additionally, some weak proton sources (e.g., H2O and TFE) react with CO2 to form carbonate 

products (HA/CO2 on the pKa scale) that are often more potent acids than the initial proton 

donor. The effect of the reaction might be small due to the limited concentrations of the involved 

species, but the unknown equilibrium constants render its assessment difficult. 

It has to be noted that the pKa values given for water, methanol, and trifluoroethanol exceed 

those for the solvent MeCN (red line) and must therefore be taken with care. The values for the 

previous two were converted from empirical factors in other solvents and might be imprecise. 

Based on the pKa values in Scheme 4.1, standard potentials (representing the minimum required 

thermodynamic driving force) were calculated for the accessible redox couples (Table 4.3), 

which will evaluate the complexes' aptitude to catalyze the respective reaction. 
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Table 4.3. Standard potentials of redox couples accessible under reductive conditions in the presence of 

BRØNSTED acids of varying pKa values. 

 pKa
[14] E0(CO2/CO)[14b] E0(CO2/HCO2H)[15] E0(H+/H2)[16] 

H2O 41 -2.71 -2.73 -2.45 

MeOH 39 -2.59 -2.61 -2.34 

TFE 35 -2.35 -2.38 -2.10 

MeCN 32.2 -2.19 -2.21 -1.93 

PhOH 29.1 -2.00 -2.03 -1.75 

TFE/CO2 25.1 -1.77 -1.79 -1.51 

BA 21.5 -1.55 -1.58 -1.30 

H2O/CO2 17.0 -1.29 -1.31 -1.03 

4.3.1 [FeL(MeCN)3](BF4)2 

The qualitative analysis of the CV studies of Fes

II
 under BRØNSTED acid addition (shown in this 

section or Figure C.6 to Figure C.8) is summarized in Table 4.4.  

Table 4.4. Electrochemical response of Fes

II
 under addition of proton sources in CV analysis (= : constant 

and → : anodic potential shift, ↑ : increase and ↓ : decrease of magnitude). 

 MI/0 Other Events 

 Ep,c (VFc) j
p,c

n  Ep,c (VFc) j
p,c

n  

H2O → 

cHA ≤ 4.7 M: ↑ 

cHA ≥ 8.6 M: ↓ 

CO2 removal: = 

- - 

MeOH = 
↑ 

No CO2: ↓  
- - 

TFE = 

cHA ≤ 0.46 M: ↑ 

cHA ≥ 1.2 M: ↓ 

CO2 removal: = 

- - 

PhOH = 

cHA ≤ 0.091 M: ↑  

cHA ≥ 0.19 M: = 

CO2 removal: ↑ 

- - 

BA = 

cHA ≤ 0.010 M: ↑ 

cHA ≥ 0.010 M: = 

CO2 removal: ↑ 

≈ -2.5 

↑ 

CO2 removal: = 
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None of the proton sources in any chosen concentration affect the FeII/I wave, which confirms 

the results without additive and suggests that the electron densities at the Fe(II) and Fe(I) stages 

are insufficient for CO2 activation. 

Each proton source affects the more cathodic FeI/0 wave, i.e., the cathodic peak potential shifts 

significantly in the anodic direction, indicating substrate coordination. The removal of electron 

density from the metal center allows the electron transfer to occur at less negative potentials 

and could hint toward the substitution of CO2 by a more electrophilic ligand such as H+. 

The normalized peak current density at the FeI/0 wave generally increases up to a specific, proton 

source-dependent concentration (except for MeOH, vide infra). When exceeding this threshold, 

the maximum peak current density plateaus for PhOH and BA (Figure C.7 and Figure C.8) or 

even declines in the cases of H2O and TFE (Figure 4.11 and Figure C.6). This behavior is best 

observable with 15 M water and can be traced back to the dilution of the complex. At this point, 

the complex concentration is decreased by one third (Figure 4.11). Hence, dilution effects must 

be considered when interpreting the CVs depending on the complex's catalytic activity. 

 

Figure 4.11. (A) CVs of Fes

II
 at varying concentrations of H2O under argon or CO2 atmosphere and 

(B) zoom on the FeI/0 wave. 

The BRØNSTED acid concentration required to reach the highest peak current density increases 

with the pKa value, reflecting the displacement of the acid equilibrium to the deprotonated side 

for more potent acids. 
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Substituting CO2 with argon either leaves j
p,c

n  unaffected (H2O and TFE) or increases the 

value (PhOH and BA). CO2 reduction to CO or HCO2H with Fe(0) is therefore assumed to be 

strongly disfavored compared to hydrogen evolution via the ETH pathway. 

A new wave exhibiting the same behavior as the FeI/0 wave emerges at Ep,c ≈ -2.5 VFc upon the 

addition of benzoic acid (Figure C.8). Such a reduction wave was also observed for Cos

II
 and Nis

II
 

and is likely attributed to hydrogen evolution catalyzed by the glassy carbon electrode surface 

at very negative potentials. 

Opposed to the previous proton sources, the addition of MeOH to a CO2-saturated solution of 

Fes

II
 in MeCN leaves the peak potential of the FeI/0 wave unchanged but gradually increases the 

peak current density (Figure 4.12). 

 

Figure 4.12. (A) CVs of Fes

II
 at varying concentrations of MeOH under argon or CO2 atmosphere and 

(B) zoom on the FeI/0 wave. 

More importantly, the removal of CO2 leads to a decrease of j
p,c

n  of approx. 10 A∙s∙V-1∙m-2 indic-

ative of catalytic conversion of carbon dioxide at this peak. However, competition with hydrogen 

evolution is likely since removing CO2 does not reduce j
p,c

n  to the initial value observed under 

argon without additives. MeOH and CO2 could form a more potent acid in the same manner as 

H2O and TFE, which enhances proton reduction in the presence of carbon dioxide. Fes

II
 will be 

subjected to CPE experiments with MeOH to identify the product(s) of the reaction. 
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4.3.2 [CoL(MeCN)2](BF4)2 

The qualitative analysis of the analogous CV studies performed on Cos

II
 (to be found below and 

in Figure C.9 to Figure C.11) are gathered in Table 4.5. 

Table 4.5. Electrochemical response of Cos

II
 under addition of proton sources in CV analysis (= : constant, 

→ : anodic, and ← : cathodic potential shift, ↑ : increase and ↓ : decrease of magnitude). 

 MII/I MI/0 Other Events 

 E0 (VFc) j
p,c

n  Ep,c (VFc) j
p,c

n  Ep,c (VFc) j
p,c

n  

H2O = 
↓ 

CO2 removal: = 
= 

cHA ≤ 4.6 M: ↑ 

cHA ≥ 8.5 M: ↓ 

CO2 removal: ↓ 

- - 

MeOH = 
↓ 

CO2 removal: = 
= 

↑ 

CO2 removal: ↓ 
- - 

TFE = 
↓ 

CO2 removal: ↓ 
→ 

cHA ≤ 0.31 M/1.2 M: ↑ 

0.31 M < cHA < 1.2 M: ↓ 

CO2 removal: ↑ 

- - 

PhOH = 
↓ 

CO2 removal: = 
→ 

↑ 

CO2 removal: ↑ 
- - 

BA ← 
↑ 

CO2 removal: = 
→ 

↑ 

CO2 removal: ↓ 

≈ -2.3 

← 

↑ 

CO2 removal: = 

While the CoII/I wave’s current density decreases upon sequential addition of water due to dilu-

tion (and possible formation of an aqua complex), the CoI/0 wave behaves inversely and j
p,c

n  ap-

proximately doubles at cH2O = 4.6 M. Removal of CO2 leads to a significant loss of current density 

and an intense anodic wave shift. Consequently, CO2 electroreduction is assumed for Cos

II
 in the 

presence of water as a proton source. 

When adding MeOH, CVs of Cos

II
 show a similar but more marked behavior at the CoI/0 wave. 

j
p,c

n  more than doubles at the maximum MeOH concentration of 2.1 M but falls back almost to 

the level recorded under argon atmosphere without additives after sparging out CO2. The 

behavior indicates the strongly favored catalytic conversion of CO2 over H+, rendering H2O and 

MeOH potential proton donors for the bulk electrolysis of carbon dioxide. 

TFE and phenol induce declining current densities at the CoII/I wave, which is not explainable 

by dilution alone. A species redox-innocent at the considered potentials in a CE mechanism may 
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be formed. The increase in current density simultaneously induced at the CoI/0 wave is not re-

versed by deprivation from the CO2 substrate and therefore discards CO2 reduction. 

For TFE, the CoI/0 wave’s peak current density increases up to a concentration of 0.31 M, then 

decreases up to cTFE = 1.2 M, and eventually increases again (Figure 4.13). The simultaneous loss 

of the CoII/I wave might indicate the more substantial formation of a hydride species and a con-

comitant shift of the reactivity from CO2 reduction to hydrogen evolution at higher proton con-

centrations. An additional increase of j
p,c

n  after sparging the cell with argon supports H2 for-

mation. 

 

Figure 4.13. (A) CVs of Cos

II
 at varying concentrations of TFE under argon or CO2 atmosphere and 

(B) zoom on the CoI/0 wave. 

BA affects the shapes and heights of the two metal-centered reduction waves, and a third one 

observed at Ep,c ≈ -2.3 VFc, but CO2 removal only causes a marginal loss in current density (Fig-

ure C.11). The behavior opposes CO2 conversion in favor of proton reduction. 

CVs of the CoII/I wave upon BA addition in Figure 4.14 show a cathodic potential shift and a 

catalytic increase of the current density. Hence, BA’s proton donor ability appears strong enough 

to induce hydrogen evolution at the Co(I) stage. Vice versa, the preference for hydrogen evolu-

tion excludes benzoic acid as a suitable acid for CO2 reduction. 
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Figure 4.14. CVs of the CoII/I wave of Cos

II
 at varying concentrations of BA under argon or CO2 atmos-

phere. 

4.3.3 [NiL(MeCN)](BF4)2 

The CVs upon addition of proton sources to CO2-sparged solutions of Nis

II
 in MeCN electrolyte 

are shown hereafter and in Figure C.12 to Figure C.14. Their qualitative description in terms of 

peak/standard potentials and normalized peak current densities is condensed in Table 4.6. 

Water, methanol, and 2,2,2-trifluoroethanol (Figure C.12) do not induce a current enhancement 

on any of the reduction waves of Nis

II
 but instead, lead to decreasing current densities due to 

dilution or partial decomposition of the complex. 
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Table 4.6. Electrochemical response of Nis

II
 under addition of proton sources in CV analysis (= : constant, 

→ : anodic, and ← : cathodic potential shift, ↑ : increase and ↓ : decrease of magnitude). 

 MII/I MI/0 Other Events 

 E0 (VFc) j
p,c

n  Ep,c (VFc) j
p,c

n  Ep,c (VFc) j
p,c

n  

H2O = 
↓ 

CO2 removal: ↓ 
→ 

↓ 

CO2 removal: ↓ 
- - 

MeOH = 
↓ 

CO2 removal: ↓ 
→ 

↓ 

CO2 removal: = 
≈ -0.95 CO2 removal: ↑ 

TFE = ↓ → ↓ - - 

PhOH = 
↓ 

CO2 removal: = 
→ 

↓ 

CO2 removal: ↑ 

≈ -1.58 

→ 

cHA ≤ 0.38 M: ↑ 

cHA ≥ 0.68 M: ↓ 

CO2 removal: ↑ 

BA = 
↓ 

CO2 removal: = 
→ 

↓ 

CO2 removal: = 

≈ -1.58 

→ 
↓ 

While the standard potential of the NiII/I couple remains largely unaltered by increasing proton 

donor strength and concentration, the NiI/0 wave exhibits a substantial anodic shift in each of 

the cases. Possibly, Ni forms hydride species (or methoxides with MeOH) dependent on the 

acid (Figure 4.15). 

 

Figure 4.15. CVs of Nis

II
 at varying concentrations of MeOH under argon or CO2 atmosphere. 
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A similar behavior can be observed when PhOH or BA are introduced to the analyte solution. 

The standard potential of the NiII/I couple is not affected, but the wave loses peak current density 

at increased acid concentrations. 

Two reduction waves are observable in the vicinity of the NiI/0 wave for both proton donors at 

low concentrations. The more cathodic wave at Ep,c ≈ -1.58 VFc shifts anodically for higher cHA 

and eventually vanishes completely, whereas the more anodic one only shifts in peak potential 

but remains at higher acid concentrations. 

Both proton donors, but particularly BA, induce the build-up of a corresponding oxidation 

wave (Ep,a ≈ -1.03 VFc at 0.015 M BA) that shifts in the anodic potential direction at increased 

acid concentrations (Figure C.13). The formation of metal hydride species favored upon proton 

addition could explain this behavior. Moreover, the hydride stability is supported by the mild 

potential of the NiI/0 wave that does not offer a sufficient driving force for the catalytic conver-

sion of CO2 or protons. 

Further waves of increasing current densities arise at potentials < -2.0 VFc for PhOH and BA but 

were omitted from Table 4.6 since their peak current densities do not decrease when CO2 is 

removed (Figure C.14). 

4.3.4 Comparative Assessment 

When Fes

II
 is contacted with protons at the zero-valent state, the proposed activity in the hydro-

gen evolution reaction necessitates hydride formation, which appears to be the preferred path-

way. This preference is evident for BA, PhOH, and TFE but remains to be tested in bulk electro-

lysis for MeOH and water. The typical behavior for eCO2r catalysts was observed with 

MeOH (current density increases with proton concentration and decreases upon CO2 removal). 

However, the limited markedness of these effects suggests competition between CO2 and proton 

reduction. When water is introduced as an even less acidic proton source, the “peaking” of the 

current density at cH2O ≈ 4.7 M instead of the expected saturation may indicate a concentration-

dependent switch from CO2 reduction to hydrogen evolution. 

Compared to this, CVs of Cos

II
 putatively existing in an open-shell 17 VE electron configuration 

at the active Co(0) state, show clear indications of catalytic activity in the electroreduction of 

CO2 when water or MeOH are chosen as the proton donor. In particular, the rising peak current 

densities of the CoI/0 wave when increasing the proton donor concentration and the loss of this 

current density upon removal of CO2 support this proposal. However, a switch in selectivity to 

proton reduction is suggested with more potent acids. This behavior agrees with literature re-

ports on eCO2r catalysts due to the favored formation of metal hydride species with increasing 
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proton availability as the prerequisite for hydrogen evolution via the ETH pathway.[13a] Interest-

ingly, benzoic acid is potent enough to induce a catalytic current density for proton reduction 

already at the Co(I) oxidation state. 

The Nis

II
 complex does not show any current enhancement when purposefully introducing pro-

tons under a CO2 atmosphere, putatively caused by the formation of a stable d10 18 VE ARESTA-

type η2-CO2 complex. The substitution of CO2 with a proton and formation of an M-H complex 

seems favored, as inferred from the shift of the peak potential at the NiI/0 wave and the appear-

ance of a corresponding re-oxidation wave at more anodic potentials. 

While the catalytic waves of Fes

II
 and Cos

II
 are only located slightly anodic to the required poten-

tials for catalytic conversion as calculated from the pKa values of the respective proton 

sources (Table 4.3), those of Nis

II
 are not sufficiently cathodic to show activity. Nevertheless, the 

contribution of homoconjugation and the formation of more acidic species upon reaction with 

CO2 would decrease the required standard potential. Hence, CPE is performed to identify the 

outcome of the observed catalytic waves in the following section.  
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4.4 Controlled Potential Electrolysis 

Type and concentration of the proton source used in bulk electrolysis were extracted from the 

respective cyclic voltammograms with the highest observed current densities. However, other 

potentially promising data points, e.g., those surmised to provide higher current densities for 

CO than for H2, were investigated too. In the following sections, the CPE experiments in carbon 

dioxide-saturated electrolyte solutions are summarized in tabular form, comprising the used 

acid, its concentration, and the applied potentials. 

The overpotential [eq. (1.1)] is given as metrics of driving force; the selectivity of the reaction is 

described by maximum FEs (Table 1.2, entry 4). Both extreme values for the overpotential are 

given for proton sources theoretically capable of forming more potent acids by chemical conver-

sion (e.g., water and CO2 forming bicarbonate, which is stronger than water itself, Table 4.3). 

Although the overpotential is usually denoted as an absolute number, in this work, only a nega-

tive value represents an actual overpotential and sufficient driving force for the reduction. In 

contrast, a positive value indicates an underpotential that does not provide the thermodynami-

cally required energy threshold to initiate the reaction. 

CV measurements after the electrolysis as well as 1H and 31P{1H} NMR spectroscopic analyses 

were used to assess the stability of a complex under CPE conditions. 

4.4.1 [FeL(MeCN)3](BF4)2 

The conditions and results for CPE experiments with Fes

II
 are reported in Table 4.7. Product-

time profiles are given in Figure C.15. 

Table 4.7. Conditions and results for CPE experiments with Fes

II
 under CO2 atmosphere and addition of 

proton donors. 

Entry HA[a] E (VFc) η (V)[b] FEmax (%)[c] Q (C) Dec. 

   CO H2 CO H2   

1 MeCN -2.3 -0.11 -0.37 1 (3) - 6.3 Yes 

2 MeOH (2.5) -2.2 0.39/-0.01 0.14/-0.27 - 95 (3) 193 Yes 

[a] Brackets: cHA (M). [b] Min. (left) and max. η (right). [c] Brackets: t (h) required to reach FEmax. 

A control experiment without additive at the potential of the FeI/0 wave (entry 1) formed minor 

amounts of CO following passage of 6.3 C. Opposed to this, CPE performed in the presence of 

2.5 M MeOH (entry 2) led to the multiplication of the transferred charge to 193 C and the pri-

mary formation of hydrogen with a maximum FE of 95% after 3 h of reaction time. The negative 



ELECTROCHEMICAL CARBON DIOXIDE ACTIVATION 

167 

overpotential for proton reduction but (almost) neutral one for eCO2r can explain the selectivity 

toward hydrogen. 

Discoloration of the reaction solution, loss of complex signatures in the NMR spectra, and the 

CV after the reaction hint toward complex decomposition under the reaction conditions. Hence 

it is likely, that heterogeneous decomposition products [e.g., Fe(0) nanoparticles] catalyze the 

reduction of protons. The ROBERT group showed that iron nanoparticles formed from decom-

posed iron quaterpyridine complexes perform very well in the electrocatalytic reduction of pro-

tons with FEs > 90%.[17] Moreover, the reductive decomposition of Fes

II
 may yield iron phosphide 

nanoparticles, a class of very active catalysts for the hydrogen evolution reaction.[18] 

4.4.2 [CoL(MeCN)2](BF4)2 

The CPE results using Cos

II
 in the presence of CO2 are summarized in Table 4.8. Product-time 

profiles can be found appended in Figure C.16. 

Table 4.8. Conditions and results for CPE experiments with Cos

II
 under CO2 atmosphere and addition of 

proton donors. 

Entry HA[a] E (Vx) η (V)[b] FEmax (%)[c] Q (C) Dec. 

  Ag Fc CO H2 CO H2   

1 MeCN -1.7 -2.2  -0.01 -0.27 2 (3.5) - 8.2 Yes 

2 H2O (4.5) -1.5 -1.85 0.86/-0.56 0.60/-0.82 4 (0.5) 18 (0.5) 74.2 Yes 

3 MeOH (1) -2.1 n. d.  0.41/0.0 0.15/-0.25 2 (1.5) 25 (2) 20.7 Yes 

4 TFE (0.2) -1.8 -1.95 0.40/-0.18 0.15/-0.45 4 (0.5) - 16.4 Yes 

5 PhOH (1) -1.8 -1.95 0.06 -0.20 - 94 (1) 96.6 Yes 

6 BA (sat.) -0.95 -1.1 0.45 0.20 - - 2.6 Yes 

7 BA (0.1) -1.8 -1.95 -0.40 -0.65 - > 100 (1) 36.5 Yes 

8 PhOH (1), no [Co] -1.9 n. d. 0.02 -0.24 17 (1) 66 (1) 16.1 - 

[a] Brackets: cHA (M). [b] Min. (left) and max. η (right). [c] Brackets: t (h) required to reach FEmax. 

The blank experiment without a proton source (entry 1) gave a maximum FE of 2% after 3.5 h. 

In contrast, adding water doubled this value but is accompanied by 18% FE for H2 (entry 2), as 

presented exemplarily in Figure 4.16. The FEmax for both products was reached after ca. 30 min, 

likely marking the turning point at which complex decomposition prevents further product for-

mation. 
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Figure 4.16. FE vs. time profile for CPE with Cos

II
 and 4.5 M H2O. 

The ratio of maximum faradaic efficiencies for hydrogen to CO even increased with metha-

nol (entry 3) but led to the sole formation of CO in a FE of 4% with TFE (entry 4). More potent 

acids induced the exclusive evolution of hydrogen (entries 5 and 7) by favoring the generation 

of Co-H species in the ETH route. However, formate and formic acid (producible from the same 

route) could not be observed in HPLC analysis. When the potential was set to the CoII/I wave in 

the presence of saturated BA (entry 6), no product could be detected, despite the evident rise of 

the peak current density in CV. 

A control experiment without Cos

II
 but with added PhOH exhibited the highest FE for CO of 

17% (entry 8), suggesting that the complex shifts the kinetics away from CO2 reduction to hy-

drogen evolution. 

Solution discoloration, loss of NMR signals, and the vanishing of the redox pattern in CV are 

observed in every experiment performed with Cos

II
. These results suggest (nanoparticulate) 

Co(0) species adsorbed at the electrode surface to be responsible for most of the product. For 

reference, cobalt phosphide nanoparticles are reported to be well-performing catalysts in the 

electrochemical reduction of protons.[19] 

4.4.3 [NiL(MeCN)](BF4)2 

Although CV experiments suggested the reduction potentials of Nis

II
 too anodic for catalytic ac-

tivity in eCO2r or hydrogen evolution, CPE was performed to identify the products at the ob-

served catalytic waves. Table 4.9 summarizes the performed experiments. Product-time profiles 

are attached in Figure C.17. 
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Table 4.9. Conditions and results for CPE experiments with Nis

II
 under CO2 atmosphere and addition of 

proton donors. 

Entry HA[a] E (Vx) η (V)[b] FEmax (%)[c] Q (C) Dec. 

  Ag Fc CO H2 CO H2   

1 MeCN -1.3  -1.8 0.39 0.13 4 (1) - 6 Yes 

2 H2O (4.5) -1.2 -1.3 1.41/-0.01 1.15/-0.27 4 (1) - 8.9 Yes 

3 PhOH (1) -1.75 -1.95 0.06 -0.20 - 90 (2) 57.2 Yes 

4 PhOH (1), no [Ni] -1.9 n. d. 0.02 -0.23 17 (1) 66 (1) 16.1 - 

[a] Brackets: cHA (M). [b] Min. (left) and max. η (right). [c] Brackets: t (h) required to reach FEmax. 

A maximum faradaic efficiency of 4% for CO after one hour of reaction time was observed with-

out additives (entry 1). The FE is retained, while the passed charge increases by 50% when add-

ing 4.5 M water. PhOH completely shifts the product selectivity to H2 with 90% FE after two 

hours. 

Similar to Fe and Co, discoloration as well as the loss of NMR and CV signals suggest that the 

nickel complex decomposes during electrolysis. Nickel phosphide nanostructures are reported 

to catalyze the electrochemical reduction of protons to hydrogen in strongly acidic media, which 

may explain the hydrogen evolution in entry 3.[20] 

Summarizing the CPE results under CO2 atmosphere for the series of Ms

II
 complexes, their reac-

tivity, as inferred from CV experiments, could not be transferred to quantitative electrolysis. The 

complex stability under CPE conditions appears to be the central issue preventing molecular 

catalytic activity. Hence, the next section will discuss the reasons and mechanisms for the com-

plex decomposition, followed by approaches to prevent it. 

4.4.4 Complex Stability under CPE Conditions 

The unsatisfying transfer of reactivity from CV to CPE for the Ms

II
 complexes is likely caused by 

the insufficient reduction strength of the M(0) species and the accumulation of decomposition 

and side reactions to off-cycle species throughout the experiment. Inhibition or even complete 

shutdown of these reactions is hence necessary to receive a clear picture of the catalytic perfor-

mance of the Ms

II
 systems. The stabilization of the metal centers in low oxidation states mainly 

depends on the properties of the ligand system. Since the ligand’s high degree of aromaticity 

induces a strong electron-withdrawing effect, the electronic structure is generally surmised to 

support low oxidation states. 
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From a steric point of view, the phenyl substituents bound to the coordinating phosphines pro-

vide only moderate shielding of the metal center. Moreover, the mainly aromatic nature of the 

ligand backbone might lack the flexibility to allow for the many reorganization steps during 

(electro)catalytic cycles. Hence, the loss of L and formation of M(0) nanoparticles might be fa-

vorable for the metal center under CPE conditions. 

The position para to the pyridinic nitrogen could also constitute a weak point in the system, as 

observed in the groups of JONES and KHUSNUTDINOVA for comparable [Ni(PNP)] pincer com-

plexes.[21] One equivalent of LiBEt3H gives a dearomatized product due to reduction at the py-

ridine para position as determined by single-crystal X-ray diffraction. Moreover, when switching 

to the more potent reducing agent KC8 without a proton or hydride source, the analogous Ni(II) 

methyl complex dimerizes at the para position, likewise identified by single-crystal X-ray dif-

fraction. Scheme 4.2 shows the possible products of these reactions applied to Nis

II
.  

A) Dearomatization B) Dearomatization + Dimerization 

  

Scheme 4.2. (A) Dearomatization and (B) dimerization at the pyridine para position of Nis

II
 under reduc-

tive conditions analogous to those reported by LAPOINTE et al.[21b] 

A similar dearomatization might be conceivable under electroreductive conditions in the pres-

ence of protons. Any dearomatized ligand formed during CPE would provide less stabilization 

of reduced metal oxidation states and hence renders the complex prone to decomposition. Pro-

tection of the pyridinic para position might stabilize the ligand system and, ultimately, the com-

plex under CPE conditions in the presence of proton sources. 

Another approach is based on the reported activity of Co and Ni complexes in CO2 electroreduc-

tion in their M(I) state {vide supra for [Ni/Co(cyclam)]}.[7a] Reaching activity at z = +I could com-

bine this activity with stability improvements by avoiding the putatively unstable zero-valent 

state. 

In order to achieve this for the Ms

II
 complexes, the driving force for the electron transfer to the 

CO2 molecule must be increased at the M(I) stage. Therefore, the reduction potential of the 

MII/I wave requires a drastic shift in the cathodic direction by providing enhanced electron den-

sity at the metal center in its initial oxidation state. Since auxiliary ligands might decoordinate 
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or be substituted during reduction, L is the primary starting point for modifications. The elec-

tronic attunement of the phosphines by replacing the electron-withdrawing phenyl groups with 

electron-donating alkyls (e.g., iso-propyl, cyclohexyl, or tert-butyl) could be promising. Func-

tionalizing the para position in the pyridine ring, e.g., by methoxy groups, could grant additional 

electron density and simultaneously protect the position under reducing conditions. These 

measures should displace the first reduction wave to more negative potentials and enable reduc-

tion activity for the M(I) complexes under a concomitant increase of stability compared to their 

M(0) analogs. 

  



ELECTROCHEMICAL CARBON DIOXIDE ACTIVATION 

172 

4.5 Experimental 

4.5.1 Cyclic Voltammetry 

CV experiments were performed as described in section 3.6.2. The electrolyte solution was 

sparged with solvent-saturated CO2 for 20 min before performing measurements under a CO2 

atmosphere. 

Anhydrous Mg(OTf)2 was used as received and stored under an inert atmosphere. 

Ultrapure water from a MILLIQ ADVANTAGE A10 water purification system, MeOH, and TFE were 

degassed by sparging with argon. MeOH and TFE were dried by storage over a 3 Å molecular 

sieve. Phenol was dried by distillation from a benzene solution which removes the water/ben-

zene azeotrope, before distilling phenol at reduced pressure under an inert atmosphere.[22] Ben-

zoic acid was sublimated in vacuo at 80 °C under an inert atmosphere.[22] All proton sources were 

stored under an inert atmosphere. 

1 M solutions of the dried (except H2O) and degassed proton source (H2O, MeOH, TFE, PhOH, 

or BA) in MeCN electrolyte were gradually added for proton source screenings. The addition of 

neat substances (not subjected to the purification steps mentioned above) allowed for testing 

higher proton concentrations. 

4.5.2 Controlled Potential Electrolysis 

CPE was performed with a BIOLOGIC SP-300 potentiostat equipped with a ± 1 A/± 48 V booster 

card (Figure 4.17A, no. 1) in a custom-made, gas-tight electrochemical H-cell manufactured by 

ADAMS & CHITTENDEN SCIENTIFIC GLASS (Figure 4.17A, no. 2 and Figure 4.17B) with both half-

cells divided by a no. 3 glass frit (Figure 4.17B, no. 5). The cell comprised a standard three-

electrode setup with a glassy carbon foam WE from GOODFELLOW GmbH, a platinum mesh CE, 

and a AgNO3/Ag or AgCl/Ag RE (Figure 4.17C). The working electrodes were stored at 120 °C, 

used without further purification, and disposed of after one run. Reference and counter elec-

trodes were rinsed with ultrapure water and ethanol before drying under a stream of argon and 

insertion into the cell. ACE threads (Figure 4.17B, no. 6) combined with two layers of punctured 

PTFE septa for the RE and CE, as well as epoxy resin for the WE, allowed a gas-tight connection 

of the electrodes. The OHMIC drop of the electrochemical cell was compensated as stated in 

section 3.6.2. 
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A) CPE Setup 

 
1 - Potentiostat + booster card, 2 - H-cell, 3 - Electrode cables, 4 - GC, 5 – Auto sampler, 

6 - Prebubbler, 7 - Gas valve, 8 - Gas supply (from left: Ar, CO2, He), 9 - MFC board 

B) H-Cell C) CPE Electrodes 

 
 

1 - GC foam WE, 2 - AgCl/Ag RE, 3 - Pt 

mesh CE, 4 - Silicone tubing, 5 - P3 glass 

frit, 6 - ACE threads, 7 - PTFE septum, 

8 - ROTAFLO valve, 9 - GL14 cap 

1 - #25 ACE thread + copper wire and crocodile 

clamp (wrapped with PTFE tape), 2 - GC foam 

WE, 3 - GC rod WE, 4 - Pt mesh CE, 

5 - AgCl/Ag RE 

Figure 4.17. (A) CPE setup, (B) H-cell with electrodes and analyte, and (C) close-up of CPE electrodes. 
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A piping and instrumentation diagram (P&ID) of the CPE setup is presented in Scheme 4.3. 

 

Scheme 4.3. P&ID of the CPE setup used in this work. 

The CPE cell with the components displayed in Figure 4.17B was assembled still hot from stor-

age at 120 °C and under continuous purging with solvent-saturated argon through a silicone 

tubing (Figure 4.17B, no. 4) to avoid the introduction of oxygen and moisture from the air. The 

custom-made BRONKHORST mass flow controller (MFC) board in Figure 4.17A, no. 9, and the 

upper part of Scheme 4.3 allowed control of the gas flow. The board is positioned between the 

gas supply (Figure 4.17A, no. 8) and the prebubbler used to saturate the gas with the electrolyte 

solvent (Scheme 4.3, B-101 and Figure 4.17A, no. 6). Differential pressure build-up was pre-

vented by opening the ROTAFLO valve connecting the two half-cells (Figure 4.17B, no. 8) and the 

GL14 cap at the anodic side (Figure 4.17B, no. 9). The fully assembled H-cell was further purged 

with argon for 20 min. Subsequently, a 1 mM solution of the respective complex and the additive 

in the desired concentration (if applicable) was prepared in a dry and degassed solution of 

0.1 M nBu4NPF6 in MeCN. 10 mL of the analyte solution and the electrolyte were added to the 

cathodic and the anodic half-cells, respectively. Argon was substituted with CO2 by switching 

the gases at the MFC board (using V-103) and sparging the electrolyte solution with the solvent-

saturated CO2 flow for 20 min under vigorous stirring. 

Subsequently, the silicone tubing was removed from the analyte solution, the stirring was 

stopped, and a CV was recorded at a scan rate of 0.1 V∙s-1 to define the potential applied in CPE. 

The GL14 cap was closed, the CO2 flow was stopped, and the three-way valve (Figure 4.17A, 

no. 7 and V-105 in Scheme 4.3) connecting the cell and the prebubbler was closed. An initial 

analysis of the gas phase inside the cell was performed by a SHIMADZU AOC-6000 auto sampling 
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system (Figure 4.17A, no. 5) penetrating the PTFE septum of the cathodic half-cell (Fig-

ure 4.17B, no. 7) with a gas-tight syringe. The sample was injected into a SHIMADZU NEXIS 

GC-2030 (Figure 4.17A, no. 4 and AI-101 in Scheme 4.3) with a CARBOXEN®-1010 PLOT Capil-

lary GC column (30 m x 0.32 mm) and thermal conductivity detector (see Table 4.10, for the 

separation program). 

The CPE was started at the desired potential and performed for 4 h or until manual abortion, 

with samples taken approximately every 30 min. 

At the end of the electrolysis, a cyclic voltammogram was recorded at a scan rate of 0.1 V∙s-1 

before opening the cell. A sample of the liquid phase of the cathodic half-cell was taken, filtered 

through a syringe filter, and subjected to HPLC analysis. The custom SHIMADZU HPLC setup 

consists of a CBM-20A system controller, LC-20AD pump, DGU-20A5r degassing unit, DIL-

20AC HT auto-sampler, CTO-10ASvp column oven, and an RID-10A refractive index detector 

equipped with a CS organic acid resin column (440 x 8 mm; see Table 4.10 for the separation 

program). An aliquot of the filtered solution was analyzed by NMR spectroscopy. 

Table 4.10. GC and HPLC separation parameters. 

 GC HPLC 

Cell Temperature (°C) - 40 

Column Temperature (°C) See “Method” 25 

Injector Temperature (°C) 250 - 

Detector Temperature (°C) 100 - 

Detector Current (mA) 100 - 

Eluent Helium 50 mM aq. H2SO4 

Linear Velocity (cm/s) 30 - 

Split Ratio 5.0 - 

Injection Volume (μL) 400 70 

Method 

1. 40 °C for 2 min 

2. 10 °C/min for 16 min to 200 °C 

3. 200 °C for 8 min 

1. 1 mL/min for 20 min 

2. 0.3 mL/min for 15 min 

Lastly, the cathodic solution was removed and substituted with fresh electrolyte before 1 mM Fc 

was added as the internal potential reference. The respective cyclic voltammogram was recorded 

at a scan rate of 0.1 V∙s-1 using a GC disk WE (Figure 4.17C).  
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Chapter 5: Conclusion & Outlook 

The electrochemical reduction of carbon dioxide holds the potential to recycle the C1 building 

block into the chemical value chain by using renewable energies. 3d transition metal complexes 

can catalyze this reaction and lead toward more complex and valuable products, which marks a 

pivotal step for a broader impact of the process and its expansion to an industrial scale. 

The present work addressed the so-far insufficiently investigated influence of a molecular elec-

trocatalysts’ metal center on the traversed reaction pathway and the products accessible therein. 

 

Therefore, a series of comparable mid to late 3d transition metal complexes (Mn to Zn) was 

synthesized from the redox-innocent N2,N6-bis(diphenylphosphaneyl)-N2,N6-diphenylpyri-

dine-2,6-diamine pincer ligand L. The synthesis was successful for Fe, Co, Ni, and Zn bis-chlo-

ride metal precursors in the +II oxidation state but failed for Mn and Cu, which required a switch 

to the +I state for the latter. Acetonitrile-coordinated complexes of Fe, Co, and Ni were synthe-

sized from L to counter a possible influence of the coordinating acetonitrile solvent used for 

electrochemical investigations. 

Various spectroscopic techniques as well as single-crystal XRD structurally and electronically 

characterized each complex. This analysis formed the foundation to correlate the structure and 
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electronic configuration of the metal via the crystal field theory. A qualitative increase in elec-

tronic density at the metal center could be observed from the 31P NMR coordination chemical 

shift. The bond distances between metal and coordinating atoms correlated linearly with the 

electronegativity of the metal center for the acetonitrile complexes and indicated increasing sta-

bilities in the order Fe < Co < Ni. 

Mn-, Cu-, and Zn-based compounds only showed ligand-centered redox activity at poten-

tials < -2.2 VFc, whereas Fe, Co, and Ni exhibited two metal-centered redox waves representing 

the MII/I and MI/0 couples, respectively. While Co and Ni partially exchanged their auxiliary lig-

ands during this pathway, Fe was surmised to either dimerize or disproportionate. 

The ligand exchange between chloride and acetonitrile, specifically at Co and Ni cores, was an-

alyzed by NMR spectroscopy and cyclic voltammetry, which allowed the deconvolution of the 

electrochemical and chemical processes under reductive conditions. Independent from the aux-

iliary ligand in the starting complex, Co and Ni are coordinated by a single solvent ligand at the 

zero-valent state [M0L(MeCN)] in acetonitrile, as graphically summarized within the so-called 

cube schemes. With the qualitative analysis of the electrochemical processes achieved already, 

quantification of equilibrium constants is planned as future work. 

CV analysis also identified the auxiliary ligand as an influencing parameter on the reducibility 

and stability of a molecular complex under electroreductive conditions. While chloride ligands 

increased the stability compared to the labile acetonitrile, the latter facilitated complex reduc-

tion. 

The effect of the metal center is clearly evidenced when considering CO2 activation. Each tran-

sition metal complex coordinates CO2 at the zero-valent state; however, an electron transfer to 

the substrate is only surmised for Fe and Co. The Ni(0) complex likely forms an η2-CO2 ARESTA-

like species with minor CO2 activation, whereas the Co(0) radical potentially provides sufficient 

electron transfer to CO2 to unlock the catalytic cycle. Relating these findings to literature exam-

ples of potent eCO2r catalysts identified coordinative unsaturation (coordination numbers 

4 or 5), an open 3d shell (metal electron configuration d7 to d9), and low oxidation states (+I or 

0) as prerequisites to be comprised in species initiating CO2 activation. These results, hence, 

provide key objectives for designing molecular complexes in the electrocatalytic activation of 

CO2. 

The addition of LEWIS or BRØNSTED acids in cyclic voltammetry identified Co as a promising 

metal for the electrochemical reduction of CO2 when environed by L. Acids stronger than meth-

anol, however, induced the primary reduction of protons. The subsequent transfer of activity 
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from cyclic voltammetry to the quantitative conversion of CO2 yet proved challenging since con-

trolled potential electrolyses in the presence of proton sources only yielded minor amounts of 

the two-electron reduction product CO. In contrast, H2 was generated with high faradaic effi-

ciency. 

This discrepancy to the CV results was assigned to two factors. Firstly, catalytically active, het-

erogeneous species may have formed due to complex decomposition observed during the reac-

tion. The origin of the decomposition was traced to the hydrogenation of the ligand backbone 

in the pyridinic para position or destabilization of the coordination scaffold by excessively re-

ducing conditions in the zero-valent metal state. Secondly, using a non-innocent, mainly elec-

tron-withdrawing ligand environment comes at the expense of the metal reduction potentials 

likely being too anodic for CO2 reduction, which favors the thermodynamically less demanding 

hydrogen evolution. This characteristic renders redox-innocent ligand systems suitable for de-

scribing the role of the central metal but marks the difference to non-innocent systems prefera-

ble for catalytic activity. In contrast to L, the redox-innocent cyclam ligand framework donates 

electron density, enhances the metal center's reduction strength, and enables CO2 reduction. 

As a future perspective, the modular design of the pincer system chosen in the present work can 

be exploited to modify the ligand and tackle the complex instability facilely. On the one hand, 

protection of the putatively unstable pyridinic para position can hinder the attack of a hydride. 

On the other hand, inducing catalytic activity at the +I oxidation state by providing more elec-

tron density at the metal center (e.g., by adjusting the phosphine substituents) avoids the exces-

sively reducing zero-valence. Both approaches combined eventually constitute a promising 

strategy to expand the knowledge gained herein to the electrocatalytic dimension. 

 



 

 

Appendix A: Structural & Electronic Characterization 

NMR, EPR, Mössbauer, SQUID & UV/VIS 

a) PNP Pincer Ligand 

 

Figure A.1. 13C{1H} NMR spectrum of L in CD2Cl2 at 126 MHz and 296 K. 

 

Figure A.2. 31P{1H} NMR spectrum of L in CD2Cl2 at 202 MHz and 296 K. 
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Figure A.3. 1H,1H COSY NMR spectrum of L in CD2Cl2 at 500 MHz and 296 K. 

 

Figure A.4. 1H,13C HSQC NMR spectrum of L in CD2Cl2. 
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b) Halide & Triflate Complexes 

 

Figure A.5. 13C{1H} NMR spectrum of MnCO,Br

I
 in CD2Cl2 at 126 MHz and 296 K. 

 

Figure A.6. 31P{1H} NMR spectrum of MnCO,Br

I
 in CD2Cl2 at 202 MHz and 296 K. 
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Figure A.7. Time-dependent 31P{1H} NMR spectra of MnCO,Br

I
 in CD2Cl2 at 162 MHz and 296 K. The spec-

trum of L is shown as a reference. 

 

Figure A.8. 1H,1H COSY NMR spectrum of MnCO,Br

I
 in CD2Cl2 at 500 MHz and 296 K. 
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Figure A.9. 1H,13C HSQC NMR spectrum of MnCO,Br

I
 in CD2Cl2. 

 

Figure A.10. Effective magnetic moment of a solid powder sample of FeCl

II
. μeff vs. T recorded with a field 

of B = 1 T. The data were corrected for a diamagnetic contribution of dia = -375∙10-6 emu. 

Solid line: spin HAMILTONIAN simulation with S = 2, D = 4.27 cm-1, gaverage = 2.021. 
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Figure A.11. 13C{1H} NMR spectrum of FeCl

II
 in CD2Cl2 at 126 MHz and 296 K. 

 

Figure A.12. 1H,1H COSY NMR spectrum of FeCl

II
 in CD2Cl2 at 500 MHz and 296 K. 
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Figure A.13. Effective magnetic moment of a solid powder sample of CoCl

II
. μeff vs. T recorded with a field 

of B = 1 T. The data were corrected for a diamagnetic contribution of dia = -360∙10-6 emu. 

Solid line: spin HAMILTONIAN simulation with S = ½, gaverage = 2.183, intermolecular coupling 

(2zJ) = -4.3 cm-1. 

 

Figure A.14. 1H NMR spectrum of NiCl

II
 in CD2Cl2 at 500 MHz and 296 K (inset: aromatic region and peak 

assignments). 
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Figure A.15. 13C{1H} NMR spectrum of NiCl

II
 in CD2Cl2 at 126 MHz and 296 K. 

 

Figure A.16. 31P{1H} NMR spectrum of NiCl

II
 in CD2Cl2 at 202 MHz and 296 K. 



STRUCTURAL & ELECTRONIC CHARACTERIZATION 

189 

 

Figure A.17. 1H,1H COSY NMR spectrum of NiCl

II
 in CD2Cl2 at 500 MHz and 296 K. 

 

Figure A.18. 1H,13C HSQC NMR spectrum of NiCl

II
 in CD2Cl2. 
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Figure A.19. 1H NMR spectrum of CuCl

I
 in CD2Cl2 at 500 MHz and 296 K (inset: aromatic region and peak 

assignments). 

 

Figure A.20. 13C{1H} NMR spectrum of CuCl

I
 in CD2Cl2 at 126 MHz and 296 K. 
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Figure A.21. 31P{1H} NMR spectrum of CuCl

I
 in CD2Cl2 at 202 MHz and 296 K. 

 

Figure A.22. 1H,1H COSY NMR spectrum of CuCl

I
 in CD2Cl2 at 500 MHz and 296 K. 
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Figure A.23. 1H,13C HSQC NMR spectrum of CuCl

I
 in CD2Cl2. 

 

Figure A.24. 1H NMR spectrum of the reaction products of CuCl2 and L in CD2Cl2 at 400 MHz and 296 K. 
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Figure A.25. 31P{1H} NMR spectrum of the reaction products of CuCl2 and L in CD2Cl2 at 162 MHz and 

296 K. 

 

Figure A.26. 1H NMR spectrum of CuI

I
 in CD2Cl2 at 500 MHz and 296 K (inset: aromatic region and peak 

assignments). 



STRUCTURAL & ELECTRONIC CHARACTERIZATION 

194 

 

Figure A.27. 13C{1H} NMR spectrum of CuI

I
 in CD2Cl2 at 126 MHz and 296 K. 

 

Figure A.28. 31P{1H} NMR spectrum of CuI

I
 in CD2Cl2 at 202 MHz and 296 K. 
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Figure A.29. 1H,1H COSY NMR spectrum of CuI

I
 in CD2Cl2 at 500 MHz and 296 K. 

 

Figure A.30. 1H,13C HSQC NMR spectrum of CuI

I
 in CD2Cl2. 
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Figure A.31. 1H NMR spectrum of ZnCl

II
 in CD2Cl2 at 500 MHz and 296 K (inset: aromatic region and peak 

assignments). 

 

Figure A.32. 13C{1H} NMR spectrum of ZnCl

II
 in CD2Cl2 at 126 MHz and 296 K. 
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Figure A.33. 31P{1H} NMR spectrum of ZnCl

II
 in CD2Cl2 at 202 MHz and 296 K. 

 

Figure A.34. 1H,1H COSY NMR spectrum of ZnCl

II
 in CD2Cl2 at 500 MHz and 296 K. 
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Figure A.35. 1H,13C HSQC NMR spectrum of ZnCl

II
 in CD2Cl2. 

 

Figure A.36. 1H NMR spectrum of ZnOTf

II
 in CD2Cl2 at 500 MHz and 296 K (inset: aromatic region and 

peak assignments). 



STRUCTURAL & ELECTRONIC CHARACTERIZATION 

199 

 

Figure A.37. 13C{1H} NMR spectrum of ZnOTf

II
 in CD2Cl2 at 126 MHz and 296 K. 

 

Figure A.38. 31P{1H} NMR spectrum of ZnOTf

II
 in CD2Cl2 at 202 MHz and 296 K. 
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Figure A.39. 1H,1H COSY NMR spectrum of ZnOTf

II
 in CD2Cl2 at 500 MHz and 296 K. 

 

Figure A.40. 1H,13C HSQC NMR spectrum of ZnOTf

II
 in CD2Cl2. 
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c) Acetonitrile Complexes 

 

Figure A.41. 13C{1H} NMR spectrum of Fes

II
 in CD2Cl2 at 126 MHz and 296 K. 

 

Figure A.42. 31P{1H} NMR spectrum of Fes

II
 in CD2Cl2 at 202 MHz and 296 K. 
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Figure A.43. 1H,1H COSY NMR spectrum of Fes

II
 in CD2Cl2 at 500 MHz and 296 K. 

 

Figure A.44. 1H,13C HSQC NMR spectrum of Fes

II
 in CD2Cl2. 



STRUCTURAL & ELECTRONIC CHARACTERIZATION 

203 

 

Figure A.45. Zero-field 57Fe-MÖSSBAUER spectrum of solid Fes

II
-OTf recorded at 80 K. Red: fit with two 

LORENTZIAN doublets with isomer shift. Orange: main component, δ = 0.34 mm∙s-1, 

EQ = 0.87 mm∙s-1, Γ = 0.31 mm∙s-1, 91% relative intensity. Blue: minor component, 

δ = 1.00 mm∙s-1, EQ = 3.71 mm∙s-1, Γ = 0.55 mm∙s-1, 9% relative intensity. 

 

Figure A.46. 1H NMR spectrum of Fes

II
-OTf in CD2Cl2 at 500 MHz and 296 K with peak assignments. 
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Figure A.47. 13C{1H} NMR spectrum of Fes

II
-OTf in CD2Cl2 at 126 MHz and 296 K. 

 

Figure A.48. 31P{1H} NMR spectrum of Fes

II
-OTf in CD2Cl2 at 202 MHz and 296 K. 
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Figure A.49. 1H,1H COSY NMR spectrum of Fes

II
-OTf in CD2Cl2 at 500 MHz and 296 K. 

 

Figure A.50. 1H,13C HSQC NMR spectrum of Fes

II
-OTf in CD2Cl2. 
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Figure A.51. 1H NMR spectrum of Fes

II
-OTf in CD3CN at 500 MHz and 296 K. 

 

Figure A.52. UV/VIS spectra of 0.25 mM solutions of FeCl

II
 and Fes

II
-OTf in CH2Cl2. 
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Figure A.53. 31P{1H} NMR spectrum of FeCl

II
 in CD3CN at 202 MHz and 296 K. 

 

Figure A.54. 1H NMR spectrum of Cos

II
 in CD2Cl2 at 500 MHz and 296 K. 
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Figure A.55. 13C{1H} NMR spectrum of Nis

II
 in CD2Cl2 at 126 MHz and 296 K. 

 

Figure A.56. 31P{1H} NMR spectrum of Nis

II
 in CD2Cl2 at 202 MHz and 296 K. 
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Figure A.57. 1H,1H COSY NMR spectrum of Nis

II
 in CD2Cl2 at 500 MHz and 296 K. 

 

Figure A.58. 1H,13C HSQC NMR spectrum of Nis

II
 in CD2Cl2. 

  



STRUCTURAL & ELECTRONIC CHARACTERIZATION 

210 

X-Ray Diffraction 

a) Additional Structures 

 

Figure A.59. Molecular structure of [FeL(MeCN)3](Cl3FeOFeCl3) received from crystals obtained from a 

concentrated MeCN/Et2O (3:1) solution at -30 °C under air. Thermal ellipsoids are shown 

at a 50% probability level. H-atoms and outer-sphere ligands were omitted for clarity. 

 

Figure A.60. Molecular structure of CoCl

II
 received from crystals obtained from a concentrated 

MeCN/Et2O (3:1) solution at -35 °C. Thermal ellipsoids are shown at a 50% probability 

level. H-atoms and solvent molecules were omitted for clarity. 

 

Figure A.61. Molecular structure of NiCl

II
 received from crystals obtained from a concentrated 

MeCN/Et2O (3:1) solution at -35 °C. Thermal ellipsoids are shown at a 50% probability 

level. H-atoms and solvent molecules were omitted for clarity. 
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Figure A.62. Molecular structure of Nis

I
 received from crystals obtained from the crude product solution 

after adding Et2O at -35 °C. Thermal ellipsoids are shown at a 50% probability level. H-

atoms, solvent molecules, and the outer-sphere BF4
- ligand were omitted for clarity. 
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b) Crystallographic Data 

Table A.1. Crystal data and structure refinement for L. 

CCDC No. 2109424  

Identification code CEC0014_1  

Empirical formula C41H33N3P2  

Formula weight 629.64  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Orthorhombic  

Space group Pbcn; No. 60  

Unit cell dimensions a = 34.0981(10) Å α = 90° 

 b = 8.7711(2) Å β = 90° 

 c = 23.9656(8) Å γ = 90° 

Volume 7167.6(4) Å3  

Formula units per unit cell 8  

Density (calculated) 1.167 g/cm3  

Absorption coefficient 0.153 mm-1  

F(000) 2640  

Crystal size 0.370 x 0.150 x 0.136 mm3  

θ range for data collection 1.801 to 32.499°  

Index ranges -51 ≤ h ≤ 51, -13 ≤ k ≤ 13, -36 ≤ l ≤ 36  

Reflections collected 137542  

Independent reflections 12975 [R(int) = 0.0426]  

Completeness to θ = 25.242° 100.0%  

Absorption correction Gaussian  

Max. and min. transmission 0.838 and 0.789  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 12975/72/415  

Goodness-of-fit on F2 1.173  

Final R indices [I > 2σ(I)] R1 = 0.0604, wR2 = 0.1376  

R indices (all data) R1 = 0.0660, wR2 = 0.1407  

Extinction coefficient n/a  

Largest diff. peak and hole 0.544 and -0.436 e.Å-3  
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Table A.2. Crystal data and structure refinement for MnCO,Br

I
. 

CCDC No. 2109428  

Identification code CEC0038  

Empirical formula C43H33BrMnN3O2P2  

Formula weight 820.51  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P21/c; No. 14  

Unit cell dimensions a = 11.6847(9) Å α = 90° 

 b = 17.1633(13) Å β = 104.993(3)° 

 c = 18.5524(14) Å γ = 90° 

Volume 3594.0(5) Å3  

Formula units per unit cell 4  

Density (calculated) 1.516 g/cm3  

Absorption coefficient 1.611 mm-1  

F(000) 1672  

Crystal size 0.20 x 0.20 x 0.15 mm3  

θ range for data collection 2.160 to 40.274°  

Index ranges -21 ≤ h ≤ 21, -31 ≤ k ≤ 31, -32 ≤ l ≤ 33  

Reflections collected 165160  

Independent reflections 22584 [R(int) = 0.0866]  

Completeness to θ = 25.242° 99.9%  

Absorption correction Semi-empirical from equivalents  

Max. and min. transmission 0.7915 and 0.6979  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 22584/1/472  

Goodness-of-fit on F2 1.205  

Final R indices [I > 2σ(I)] R1 = 0.0568, wR2 = 0.1224  

R indices (all data) R1 = 0.0732, wR2 = 0.1267  

Extinction coefficient n/a  

Largest diff. peak and hole 1.473 and –1.618 e.Å-3  
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Table A.3. Crystal data and structure refinement for FeCl

II
. 

CCDC No. 2109421  

Identification code CEC0020  

Empirical formula C42H35Cl4FeN3P2  

Formula weight 841.32  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P21/n; No. 14  

Unit cell dimensions a = 14.2736(6) Å α = 90° 

 b = 19.0907(9) Å β = 112.610(2)° 

 c = 15.2486(7) Å γ = 90° 

Volume 3835.8(3) Å3  

Formula units per unit cell 4  

Density (calculated) 1.457 g/cm3  

Absorption coefficient 0.791 mm-1  

F(000) 1728  

Crystal size 0.300 x 0.150 x 0.120 mm3  

θ range for data collection 1.797 to 34.999°  

Index ranges –23 ≤ h ≤ 20, –30 ≤ k ≤ 30, –24 ≤ l ≤ 21  

Reflections collected 65790  

Independent reflections 16859 [R(int) = 0.0836]  

Completeness to θ = 25.242° 99.9%  

Absorption correction Semi-empirical from equivalents  

Max. and min. transmission 0.91 and 0.83  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 16859/0/469  

Goodness-of-fit on F2 1.059  

Final R indices [I > 2σ(I)] R1 = 0.0371, wR2 = 0.0865  

R indices (all data) R1 = 0.0616, wR2 = 0.0919  

Extinction coefficient n/a  

Largest diff. peak and hole 0.749 and –0.521 e.Å-3  
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Table A.4. Crystal data and structure refinement for [FeL(MeCN)3](Cl3FeOFeCl3). 

CCDC No. 2109425  

Identification code CEC0018  

Chemical formula C47H42Cl6Fe3N6OP2  

Formula weight 1149.05 g/mol  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system triclinic  

Space group P-1  

Unit cell dimensions a = 9.1344(5) Å α = 85.506(2)° 

 b = 12.1482(7) Å β = 78.908(2)° 

 c = 23.4429(14) Å γ = 81.505(2)° 

Volume 2521.4(3) Å3  

Formula units per unit cell 2  

Density (calculated) 1.513 g/cm3  

Absorption coefficient 1.275 mm-1  

F(000) 1168  

θ range for data collection 1.87 to 32.50°  

Index ranges –13 ≤ h ≤ 13, –18 ≤ k ≤ 18, –35 ≤ l ≤ 35  

Reflections collected 174213  

Independent reflections 18260 [R(int) = 0.0576]  

Absorption correction Multi-Scan  

Max. and min. transmission 0.9050 and 0.7490  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 18260/0/589  

Goodness-of-fit on F2 1.154  

Final R indices [I > 2σ(I)] R1 = 0.0451, wR2 = 0.0968  

R indices (all data) R1 = 0.0536, wR2 = 0.1000  

Largest diff. peak and hole 0.775 and –0.778 e.Å-3  
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Table A.5. Crystal data and structure refinement for CoCl

II
. 

CCDC No. 2109429  

Identification code CEC0039  

Empirical formula C49H49Cl2CoN3O2P2  

Formula weight 903.68  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P21/c; No. 14  

Unit cell dimensions a = 8.8971(4) Å α = 90° 

 b = 27.2678(13) Å β = 90.045(2)° 

 c = 17.7781(8) Å γ = 90° 

Volume 4313.0(3) Å3  

Formula units per unit cell 4  

Density (calculated) 1.392 g/cm3  

Absorption coefficient 0.640 mm-1  

F(000) 1884  

Crystal size 0.212 x 0.121 x 0.013 mm3  

θ range for data collection 1.882 to 34.999°  

Index ranges –14 ≤ h ≤ 14, –44 ≤ k ≤ 44, –28 ≤ l ≤ 27  

Reflections collected 179352  

Independent reflections 18731 [R(int) = 0.0576]  

Completeness to θ = 25.242° 99.8%  

Absorption correction Semi-empirical from equivalents  

Max. and min. transmission 0.9282 and 0.8728  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 18731/60/548  

Goodness-of-fit on F2 1.109  

Final R indices [I > 2σ(I)] R1 = 0.0439, wR2 = 0.0972  

R indices (all data) R1 = 0.0545, wR2 = 0.1014  

Extinction coefficient n/a  

Largest diff. peak and hole 1.006 and –0.531 e.Å-3  
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Table A.6. Crystal data and structure refinement for CoCl

II
 obtained from an MeCN/Et2O solution. 

CCDC No. 2109427  

Identification code CEC0042  

Empirical formula C43H36Cl2CoN4P2  

Formula weight 800.53  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P21/n; No. 14  

Unit cell dimensions a = 14.3364(4) Å α = 90° 

 b = 18.6529(5) Å β = 108.688(10)° 

 c = 14.7075(4) Å γ = 90° 

Volume 3725.65(18) Å3  

Formula units per unit cell 4  

Density (calculated) 1.427 g/cm3  

Absorption coefficient 0.728 mm-1  

F(000) 1652  

Crystal size 0.080 x 0.060 x 0.035 mm3  

θ range for data collection 1.82 to 32.97°  

Index ranges –21 ≤ h ≤ 21, –28 ≤ k ≤ 28, –22 ≤ l ≤ 22  

Reflections collected 141027  

Independent reflections 13977 [R(int) = 0.0824]  

Completeness to θ = 25.24° 99.8%  

Absorption correction Semi-empirical from equivalents  

Max. and min. transmission 0.97 and 0.82  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 13977/0/470  

Goodness-of-fit on F2 1.079  

Final R indices [I > 2σ(I)] R1 = 0.0408, wR2 = 0.0835  

R indices (all data) R1 = 0.0531, wR2 = 0.0880  

Largest diff. peak and hole 0.571 and –0.511 e.Å-3  

  



STRUCTURAL & ELECTRONIC CHARACTERIZATION 

218 

Table A.7. Crystal data and structure refinement for NiCl

II
. 

CCDC No. 2109423  

Identification code CEC0032  

Empirical formula C42H35Cl4N3NiP2  

Formula weight 844.18  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P21/c; No. 14  

Unit cell dimensions a = 21.9733(9) Å α = 90° 

 b = 9.2323(3) Å β = 112.004(10)° 

 c = 20.2815(8) Å γ = 90° 

Volume 3814.7(3) Å3  

Formula units per unit cell 4  

Density (calculated) 1.470 g/cm3  

Absorption coefficient 0.909 mm-1  

F(000) 1736  

Crystal size 0.11 x 0.07 x 0.05 mm3  

θ range for data collection 1.999 to 36.368°  

Index ranges –36 ≤ h ≤ 36, –15 ≤ k ≤ 15, –33 ≤ l ≤ 33  

Reflections collected 197776  

Independent reflections 18536 [R(int) = 0.0733]  

Completeness to θ = 25.242° 100.0%  

Absorption correction Semi-empirical from equivalents  

Max. and min. transmission 0.8625 and 0.8073  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 18536/0/469  

Goodness-of-fit on F2 1.093  

Final R indices [I > 2σ(I)] R1 = 0.0458, wR2 = 0.0936  

R indices (all data) R1 = 0.0578, wR2 = 0.0980  

Extinction coefficient n/a  

Largest diff. peak and hole 0.826 and –0.832 e.Å-3  
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Table A.8. Crystal data and structure refinement for NiCl

II
 obtained from an MeCN/Et2O solution. 

CCDC No. 2109430  

Identification code CEC0043  

Empirical formula C43H36Cl2N4NiP2  

Formula weight 800.31  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P21/n; No. 14  

Unit cell dimensions a = 14.2542(7) Å α = 90° 

 b = 18.8775(9) Å β = 108.888(2)° 

 c = 14.6589(7) Å γ = 90° 

Volume 3732.1(3) Å3  

Formula units per unit cell 4  

Density (calculated) 1.424 g/cm3  

Absorption coefficient 0.787 mm-1  

F(000) 1656  

Crystal size 0.228 x 0.106 x 0.058 mm3  

θ range for data collection 1.86 to 36.33°  

Index ranges –23 ≤ h ≤ 23, –31 ≤ k ≤ 31, –24 ≤ l ≤ 24  

Reflections collected 203192  

Independent reflections 18091 [R(int) = 0.0582]  

Completeness to theta = 25.24° 99.9%  

Absorption correction Semi-empirical from equivalents  

Max. and min. transmission 0.96 and 0.89  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 18091/0/470  

Goodness-of-fit on F2 1.154  

Final R indices [I > 2σ(I)] R1 = 0.0421, wR2 = 0.0892  

R indices (all data) R1 = 0.0509, wR2 = 0.0924  

Largest diff. peak and hole 0.662 and –0.422 e.Å-3  

  



STRUCTURAL & ELECTRONIC CHARACTERIZATION 

220 

Table A.9. Crystal data and structure refinement for CuCl

I
. 

CCDC No. 2109432  

Identification code CEC0050  

Empirical formula C42H35Cl3CuN3P2  

Formula weight 813.56  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P21/c; No. 14  

Unit cell dimensions a = 15.0181(6) Å α = 90° 

 b = 13.7846(6) Å β = 93.208(2)° 

 c = 18.3831(8) Å γ = 90° 

Volume 3799.7(3) Å3  

Formula units per unit cell 4  

Density (calculated) 1.422 g/cm3  

Absorption coefficient 0.905 mm-1  

F(000) 1672  

Crystal size 0.130 x 0.060 x 0.050 mm3  

θ range for data collection 1.848 to 37.500°  

Index ranges –25 ≤ h ≤ 25, –23 ≤ k ≤ 23, –31 ≤ l ≤ 31  

Reflections collected 310452  

Independent reflections 19998 [R(int) = 0.0517]  

Completeness to θ = 25.242° 100.0%  

Absorption correction Semi-empirical from equivalents  

Max. and min. transmission 0.96 and 0.92  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 19998/0/460  

Goodness-of-fit on F2 1.085  

Final R indices [I > 2σ(I)] R1 = 0.0403, wR2 = 0.0903  

R indices (all data) R1 = 0.0470, wR2 = 0.0933  

Extinction coefficient n/a  

Largest diff. peak and hole 1.009 and –0.935 e.Å-3  
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Table A.10. Crystal data and structure refinement for CuI

I
. 

CCDC No. 2109431  

Identification code CEC0034  

Empirical formula C45H41CuIN3OP2  

Formula weight 892.19  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P21/n; No. 14  

Unit cell dimensions a = 11.4338(6) Å α = 90° 

 b = 22.8575(12) Å β = 95.401(2)° 

 c = 15.3445(8) Å γ = 90° 

Volume 3992.5(4) Å3  

Formula units per unit cell 4  

Density (calculated) 1.484 g/cm3  

Absorption coefficient 1.439 mm-1  

F(000) 1808  

Crystal size 0.200 x 0.120 x 0.060 mm3  

θ range for data collection 2.00 to 40.00°  

Index ranges –20 ≤ h ≤ 20, –41 ≤ k ≤ 41, –27 ≤ l ≤ 27  

Reflections collected 468847  

Independent reflections 24736 [R(int) = 0.0452]  

Completeness to θ = 25.24° 100.0%  

Absorption correction Semi-empirical from equivalents  

Max. and min. transmission 0.92 and 0.82  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 24736/0/478  

Goodness-of-fit on F2 1.133  

Final R indices [I > 2σ(I)] R1 = 0.0267, wR2 = 0.0600  

R indices (all data) R1 = 0.0299, wR2 = 0.0612  

Largest diff. peak and hole 1.695 and –0.901 e.Å-3  
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Table A.11. Crystal data and structure refinement for ZnCl

II
. 

CCDC No. 2109426  

Identification code CEC0037  

Empirical formula C45H41Cl2N3OP2Zn  

Formula weight 838.02  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Triclinic  

Space group P-1  

Unit cell dimensions a = 10.9843(7) Å α = 86.877(2)° 

 b = 12.8901(8) Å β = 73.228(2)° 

 c = 15.0226(10) Å γ = 84.511(2)° 

Volume 2026.4(2) Å3  

Formula units per unit cell 2  

Density (calculated) 1.373 g/cm3  

Absorption coefficient 0.856 mm-1  

F(000) 868  

Crystal size 0.242 x 0.201 x 0.086 mm3  

θ range for data collection 1.94 to 33.16°  

Index ranges –16 ≤ h ≤ 16, –19 ≤ k ≤ 19, –23 ≤ l ≤ 23  

Reflections collected 141741  

Independent reflections 15448 [R(int) = 0.0381]  

Completeness to θ = 25.24° 99.8%  

Absorption correction Semi-empirical from equivalents  

Max. and min. transmission 0.93 and 0.85  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 15448/0/487  

Goodness-of-fit on F2 1.054  

Final R indices [I > 2σ(I)] R1 = 0.0301, wR2 = 0.0787  

R indices (all data) R1 = 0.0355, wR2 = 0.0829  

Largest diff. peak and hole 0.802 and –0.410 e.Å-3  
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Table A.12. Crystal data and structure refinement for ZnOTf

II
. 

CCDC No. 2109420  

Identification code CEC0006_2  

Empirical formula C51H49F6N3O8P2S2Zn  

Formula weight 1137.36  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P21, No. 4  

Unit cell dimensions a = 9.7544(6) Å α = 90° 

 b = 13.6249(8) Å β = 96.592(2)° 

 c = 19.3929(11) Å γ = 90° 

Volume 2560.3(3) Å3  

Formula units per unit cell 2  

Density (calculated) 1.475 g/cm3  

Absorption coefficient 0.702 mm-1  

F(000) 1172  

Crystal size 0.220 x 0.130 x 0.100 mm3  

θ range for data collection 2.114 to 33.658°  

Index ranges –12 ≤ h ≤ 15, –21 ≤ k ≤ 21, –30 ≤ l ≤ 30  

Reflections collected 114914  

Independent reflections 20199 [R(int) = 0.0450]  

Completeness to θ = 33.658° 99.6%  

Absorption correction Semi-empirical from equivalents  

Max. and min. transmission 0.93 and 0.85  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 20199/61/659  

Goodness-of-fit on F2 1.141  

Final R indices [I > 2σ(I)] R1 = 0.0457, wR2 = 0.0982  

R indices (all data) R1 = 0.0509, wR2 = 0.0999  

Absolute structure parameter 0.050(8)  

Extinction coefficient n/a  

Largest diff. peak and hole 1.166 and –0.771 e.Å-3  
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Table A.13. Crystal data and structure refinement for Fes

II
. 

Identification code CEC0078  

Empirical formula C49H45B2F8FeN7P2  

Formula weight 1023.33  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Orthorhombic  

Space group Pbca; No. 61  

Unit cell dimensions a = 18.9401(6) Å α = 90° 

 b = 15.6416(5) Å β = 90° 

 c = 32.6564(11) Å γ = 90° 

Volume 9674.6(5) Å3  

Formula units per unit cell 8  

Density (calculated) 1.405 g/cm3  

Absorption coefficient 0.452 mm-1  

F(000) 4208  

Crystal size 0.185 x 0.160 x 0.053 mm3  

θ range for data collection 1.80 to 30.00°  

Index ranges –26 ≤ h ≤ 26, –22 ≤ k ≤ 22, –45 ≤ l ≤ 45  

Reflections collected 162043  

Independent reflections 14099 [R(int) = 0.0746]  

Completeness to θ = 25.24° 100.0%   

Absorption correction Numerical Mu from Formula  

Max. and min. transmission 0.9705 and 0.8818  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 14099/84/642  

Goodness-of-fit on F2 1.012  

Final R indices [I > 2σ(I)] R1 = 0.0447, wR2 = 0.1030  

R indices (all data) R1 = 0.0668, wR2 = 0.1152  

Largest diff. peak and hole 0.963 and –0.512 e.Å–3  

  



STRUCTURAL & ELECTRONIC CHARACTERIZATION 

225 

Table A.14. Crystal data and structure refinement for Cos

II
. 

Identification code CEC0074  

Empirical formula C47H42B2CoF8N6P2  

Formula weight 985.35  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group Pn; No. 7  

Unit cell dimensions a = 13.2577(5) Å α = 90° 

 b = 10.0882(4) Å β = 109.7782(14)° 

 c = 18.3657(7) Å γ = 90° 

Volume 2311.44(16) Å3  

Formula units per unit cell 2  

Density (calculated) 1.416 g/cm3  

Absorption coefficient 0.514 mm-1  

F(000) 1010  

Crystal size 0.272 x 0.122 x 0.046 mm3  

θ range for data collection 2.019 to 36.346°  

Index ranges –22 ≤ h ≤ 22, –16 ≤ k ≤ 16, –30 ≤ l ≤ 30  

Reflections collected 115016  

Independent reflections 20098 [R(int) = 0.0424]  

Completeness to θ = 25.24° 99.9%  

Absorption correction Numerical  

Max. and min. transmission 0.9783 and 0.8986  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 20098/2/598  

Goodness-of-fit on F2 1.049  

Final R indices [I > 2σ(I)] R1 = 0.0371, wR2 = 0.0893  

R indices (all data) R1 = 0.0411, wR2 = 0.0911  

Absolute structure parameter 0.028(3)  

Extinction coefficient n/a  

Largest diff. peak and hole 0.881 and –0.613 e.Å–3  
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Table A.15. Crystal data and structure refinement for Nis

II
. 

Identification code CEC0062  

Empirical formula C45H39B2F8N5NiP2  

Formula weight 944.08  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P21; No. 4  

Unit cell dimensions a = 16.9309(10) Å α = 90° 

 b = 15.3415(9) Å β = 92.135(2)° 

 c = 17.0319(10) Å γ = 90° 

Volume 4420.9(5) Å3  

Formula units per unit cell 4  

Density (calculated) 1.418 g/cm3  

Absorption coefficient 0.584 mm-1  

F(000) 1936  

Crystal size 0.180 x 0.180 x 0.060 mm3  

θ range for data collection 1.792 to 33.163°  

Index ranges –26 ≤ h ≤ 26, –23 ≤ k ≤ 23, –26 ≤ l ≤ 26  

Reflections collected 118366  

Independent reflections 33654 [R(int) = 0.0417]  

Completeness to θ = 25.242° 99.8%  

Absorption correction Semi-empirical from equivalents  

Max. and min. transmission 0.9420 and 0.8606  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 33654/1/1140  

Goodness-of-fit on F2 1.079  

Final R indices [I > 2σ(I)] R1 = 0.0574, wR2 = 0.1397  

R indices (all data) R1 = 0.0644, wR2 = 0.1430  

Absolute structure parameter 0.070(10)  

Extinction coefficient n/a  

Largest diff. peak and hole 1.050 and –1.055 e.Å–3  
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Table A.16. Crystal data and structure refinement for Fes

II
-OTf. 

CCDC No. 2109422  

Identification code CEC0024  

Chemical formula C49H42F6FeN6O6P2S2  

Formula weight 1106.79 g/mol  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system monoclinic  

Space group C1c1  

Unit cell dimensions a = 12.1381(4) Å α = 90° 

 b = 21.3273(7) Å β = 104.6460(10)° 

 c = 20.1399(7) Å γ = 90° 

Volume 5044.3(3) Å3  

Formula units per unit cell 4  

Density (calculated) 1.457 g/cm3  

Absorption coefficient 0.522 mm-1  

F(000) 2272  

Crystal size 0.106 x 0.237 x 0.258 mm3  

θ range for data collection 1.91 to 37.50°  

Index ranges –20 ≤ h ≤ 20, –36 ≤ k ≤ 36, –34 ≤ l ≤ 34  

Reflections collected 162253  

Independent reflections 26480 [R(int) = 0.0482]  

Coverage of independent reflections 100.0%  

Absorption correction Multi-Scan  

Max. and min. transmission 0.9470 and 0.8770  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 26480/2/652  

Goodness-of-fit on F2 1.047  

Final R indices [I > 2σ(I)] R1 = 0.0255, wR2 = 0.0621  

R indices (all data) R1 = 0.0269, wR2 = 0.0626  

Largest diff. peak and hole 0.518 and –0.357 e.Å-3  
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Table A.17. Crystal data and structure refinement for Nis

I
. 

Identification code CEC0090  

Empirical formula C49H49BF4N5NiOP2  

Formula weight 931.39  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Triclinic  

Space group P-1; No. 2  

Unit cell dimensions a = 9.0725(4) Å α = 68.104(2)° 

 b = 14.7988(8) Å β = 78.956(2)° 

 c = 18.8509(10) Å γ = 80.691(2)° 

Volume 2293.5(2) Å3  

Formula units per unit cell 2  

Density (calculated) 1.349 g/cm3  

Absorption coefficient 0.552 mm-1  

F(000) 970  

Crystal size 0.12 x 0.03 x 0.01 mm3  

θ range for data collection 2.201 to 30.000°  

Index ranges –12 ≤ h ≤ 12, –20 ≤ k ≤ 20, –26 ≤ l ≤ 26  

Reflections collected 129041  

Independent reflections 13378 [R(int) = 0.0941]  

Completeness to θ = 25.242° 100.0%  

Absorption correction Semi-empirical from equivalents  

Max. and min. transmission 0.9705 and 0.9045  

Refinement method Full-matrix least-squares on F2  

Data/restraints/parameters 13378/54/572  

Goodness-of-fit on F2 1.123  

Final R indices [I > 2σ(I)] R1 = 0.0589, wR2 = 0.1085  

R indices (all data) R1 = 0.0779, wR2 = 0.1151  

Extinction coefficient n/a  

Largest diff. peak and hole 0.763 and –0.693 e.Å–3  
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Table A.18. Selected interatomic distances (Å) and bond angles (°) for acetonitrile-coordinated com-

plexes Ms

z
 in this work. 

 M-NPy M-P1 M-P2 M-Neq P1-M-NPy P1-M-P2 

Fes

II
 1.9811(15) 2.2339(5) 2.2546(5) 1.9339(16) 82.31(5) 164.59(2) 

Cos

II
 1.9318(14) 2.2121(5) 2.2168(5) 1.8930(16) 85.15(4) 169.198(18) 

Nis

II
 1.887(3) 2.1726(9) 2.1794(9) 1.845(3) 85.98(9) 169.37(4) 

Fes

II
-OTf 1.9717(9) 2.2411(3) 2.2238(3) 1.9258(10) 83.67(3) 167.824(12) 

Nis

I
 2.0694(18) 2.2479(6) 2.2162(6) 2.041(2) 81.33(5) 143.40(2) 

c) Calculation of Geometry Indices 

Since tetra- and pentacoordinate complexes can form polyhedra of different geometries, the ge-

ometry index τ was used to determine the closest idealized structure and the extent of the devi-

ation. The calculation of τ is based on the two largest valence angles, α and β, of the coordination 

center (β > α), which are summarized in Table A.19 for the tetra- and pentacoordinate complexes 

investigated in this work. 

Table A.19. Two largest valence angles (β > α) of the coordination center for tetra- and pentacoordinate 
complexes investigated in this study. 

 α (°) β (°) 

FeCl

II
 130.41(2) 153.00(3) 

Cos

II
 166.53(7) 169.198(18) 

CoCl

II
 164.14(4) 166.28(2) 

Nis

II
 168.37(5) 174.73(16) 

NiCl

II
 155.51(2) 169.44(4) 

Nis

I
 143.40(2) 173.65(8) 

CuCl

I
 114.37(2) 135.98(2) 

CuI

I
 118.90(2) 133.22(2) 

ZnCl

II
 112.60(1) 113.82(2) 

ZnOTf

II
 129.09(3) 178.10(9) 
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The geometry indices τ4 of tetracoordinate compounds Nis

II
, CuCl

I
, CuI

I
, and ZnCl

II
 were calculated 

according to equation (A.1) reported by the HOUSER group (with θ ≈ 109.5°).[1] 

 τ4 = 
360° – (α + β)

360° – 2θ
 (A.1) 

Based on the result, the two extreme structures 

• square plane: β = α = 180° → τ4 = 0, 

• tetrahedron: β = α = θ ≈ 109.5° → τ4 = 1 

and their intermediates, trigonal pyramid (τ4 = 0.85) and seesaw/butterfly (τ4 ≈ 0.43), can be 

defined. 

The geometry indices τ5 of pentacoordinate compounds FeCl

II
, Cos

II
, CoCl

II
, Nis

I
, NiCl

II
, and ZnOTf

II
 

were calculated using equation (A.2) reported by ADDISON et al.[2] 

 
τ5 = 

β – α

60°
 (A.2) 

In this case, the value enables differentiation between the 

• square-based pyramid: β = α = 180° → τ5 = 0 and 

• trigonal bipyramid: β = 180°, α = 120° → τ5 = 1.  
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Appendix B: NMR Studies & CVs under Inert Atmosphere 

Halide & Triflate Complexes 

 

Figure B.1. CVs of CoCl

II
 at varying scan rates. 

 

Figure B.2. CVs of the NiII/I wave of NiCl

II
 at varying scan rates. 
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Acetonitrile Complexes 

 

Figure B.3. CVs of the FeII/I wave of Fes

II
 at varying scan rates. 

 

Figure B.4. CVs of Fes

II
 at varying scan rates. 
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Figure B.5. CVs of the CoII/I wave of Cos

II
 at varying scan rates. 

 

Figure B.6. CVs of Cos

II
 at varying scan rates. 
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Figure B.7. CVs of the NiII/I wave of Nis

II
 at varying scan rates.  
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NMR Studies under Addition of TBACl 

 

Figure B.8. Chemical shifts of selected Nis

II
 NMR peaks in CD2Cl2 at 162 MHz and 296 K vs. equivalents 

of added TBACl. A value of 50 equiv. was estimated for the data point in excess of TBACl since 

the exact added amount was not determined. 

 

Figure B.9. 31P{1H} NMR study of Fes

II
 at varying amounts of TBACl in CD2Cl2 at 162 MHz and 296 K. 

The spectrum of L is shown as a reference. 
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Figure B.10. 31P{1H} NMR study of Cos

II
 at varying amounts of TBACl in CD2Cl2 at 162 MHz and 296 K. 

The spectrum of L is shown as a reference. 

 

Figure B.11. 31P{1H} NMR study of Fes

II
 at varying amounts of TBACl in CD3CN at 162 MHz and 296 K. 

Spectra of FeCl

II
 and L are shown as references. 
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Figure B.12. 31P{1H} NMR study of Cos

II
 at varying amounts of TBACl in CD3CN at 162 MHz and 296 K. 

Spectra of CoCl

II
 and L are shown as references. 

 

Figure B.13. 31P{1H} NMR study of Nis

II
 at varying amounts of TBACl in CD3CN at 162 MHz and 296 K. 

The spectrum of NiCl

II
 is shown as a reference. 
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Figure B.14. Left: CVs of (A) Fes

II
, (B) Cos

II
, and (C) Nis

II
 in DMF (solid line) and MeCN (dashed line). 

Right: Corresponding solutions in DMF electrolyte. 

 

Figure B.15. CVs of Fes

II
 at varying concentrations of TBACl. 
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Figure B.16. CVs of the reversible wave emerging upon addition of TBACl to FeCl

II
. 

 

 

 

 

Figure B.17. Left: CVs of (A) FeCl

II
, (B) CoCl

II
, and (C) NiCl

II
 in DMF (solid line) and MeCN (dashed line). 

Right: Corresponding solutions in DMF electrolyte. 
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Figure B.18. CVs of Cos

II
 at varying concentrations of TBACl. 

 

Figure B.19. CVs of the NiII/I wave of NiCl

II
 at varying scan rates in DMF. 
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Figure B.20. CVs of NiCl

II
 at varying scan rates in DMF. 
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Appendix C: CVs & Product Data under Carbon Dioxide Atmosphere 

Addition of Carbon Dioxide 

 

Figure C.1. CVs of CoCl

II
 at varying scan rates under CO2 atmosphere. 

 

Figure C.2. CVs of Fes

II
 at varying scan rates under CO2 atmosphere. 
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Figure C.3. CVs of Cos

II
 at varying scan rates under CO2 atmosphere. 

 

Figure C.4. CVs of Nis

II
 at varying scan rates under CO2 atmosphere. 
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Addition of a LEWIS Acid 

 

Figure C.5. FECO vs. time profile for the CPE of Cos

II
 (A) without additive and (B) with saturated Mg(OTf)2. 
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Addition of BRØNSTED Acids 

 

Figure C.6. (A) CVs of Fes

II
 at varying concentrations of TFE under argon or CO2 atmosphere and (B) zoom 

on the FeI/0 wave. 

 

Figure C.7. (A) CVs of Fes

II
 at varying concentrations of PhOH under argon or CO2 atmosphere and 

(B) zoom on the FeI/0 wave. 



CVS & PRODUCT DATA UNDER CARBON DIOXIDE ATMOSPHERE 

246 

 

Figure C.8. (A) CVs of Fes

II
 at varying concentrations of BA under argon or CO2 atmosphere and (B) zoom 

on the FeI/0 wave. 

 

Figure C.9. (A) CVs of Cos

II
 at varying concentrations of H2O under argon or CO2 atmosphere and 

(B) zoom on the CoI/0 wave. 
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Figure C.10. (A) CVs of Cos

II
 at varying concentrations of MeOH under argon or CO2 atmosphere and 

(B) zoom on the CoI/0 wave. 

 

Figure C.11. CVs of Cos

II
 at varying concentrations of (A) PhOH and (B) BA under argon or CO2 atmos-

phere. 
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Figure C.12. CVs of Nis

II
 at varying concentrations of (A) H2O and (B) TFE under argon or CO2 atmos-

phere. 

 

Figure C.13. CVs of Nis

II
 at varying concentrations of (A) PhOH and (B) BA under argon or CO2 atmos-

phere. 
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Figure C.14. Extended CVs of Nis

II
 at varying concentrations of (A) PhOH and (B) BA under argon and 

CO2 atmosphere. 

 

Figure C.15. FE vs. time profile for the CPE of Fes

II
 (A) without additives and (B) with 2.5 M MeOH 

(red: CO, green: H2). 
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Figure C.16. FE vs. time profile for the CPE of Cos

II
 with (A) 4.5 M H2O, (B) 1 M MeOH, (C) 0.2 M TFE, 

(D) 1 M PhOH only, (E) 1 M PhOH as well as (F) 0.1 M BA (red: CO, green: H2). 

 

Figure C.17. FE vs. time profile for the CPE of Nis

II
 (A) without additives, (B) with 4.5 M H2O, and (C) 

with 1 M PhOH (red: CO, green: H2).  
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Appendix D: Electrochemical Analysis of Molecular Complexes 

Cyclic Voltammetry 

Cyclic voltammetry is the linear variation of an applied potential E while recording the resulting 

current I.[3] Although there are several instrumental requirements to consider, manifold infor-

mation on the electrochemical behavior of transition metal complexes can be obtained. 

a) Experimental Setup and Parameters 

The electrochemical cells often consist of a three-electrode setup (Figure D.1) connected to a 

potentiostat, which provides the required potential, i.e., the voltage representing the driving 

force for a redox process, and records I. 

 

Figure D.1. Schematic representation of a three-electrode CV cell setup. Reprinted with permission from 

ref. [3]. 

The electrochemical reaction of interest occurs at the surface of the working electrode, often 

composed of glassy carbon, platinum, or mercury. Due to the significant involvement in the 

analysis process, the working electrode needs to be clean and inert in the desired potential 

range.[4] Analyte adsorption to the electrode surface must also be considered (vide infra). 

A counter electrode is required to close the electric circuit and allow the complementary reac-

tion to occur at the WE. The CE needs to exhibit a surface area higher than that of the WE to 

ensure that potentially slow kinetics of the counter-reaction do not affect the transformation of 

the analyte. 

Lastly, the reaction at the reference electrode exhibits a stable equilibrium potential and serves 

as the reference point for determining the electric potential of the other electrodes.[4] Classic 

reference electrodes, such as the Normal and Reversible Hydrogen Electrode, require strict ex-

ternal conditions. These requirements lead to a preference for couples (e.g., Ag+/Ag) applicable 

under standard laboratory conditions and the use of conversion tables to reference them to the 
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previously mentioned systems.[5] The potential of the electrode couple can vary between exper-

iments, and referencing against an internal standard such as ferrocenium/ferrocene is highly 

recommended.[6] 

Other crucial components of an electrochemical setup are the solvent and the conducting salt, 

also referred to as the supporting electrolyte. The former needs to combine the ability to dissolve 

the analyte and stability in the window of applied electrochemical potential. The supporting 

electrolyte must exhibit the same inertness and is introduced to enable the conductivity of the 

organic solutions as well as to maintain the charge balance. Tetrabutylammonium salts with 

non-coordinating counter-ions, such as PF6
-, are commonly chosen in organic media to avoid 

interferences with the analyte during a cyclic voltammetry experiment.[4] 

A general overview of basic instrumental considerations required for electrocatalysis can be 

found in the literature, e.g., reported by the BARAN group.[7] 

b) Recording a Cyclic Voltammogram and Underlying Processes 

The reversible one-electron transfer equilibrium between an oxidized catalyst species e-catox and 

its reduced form e-catred [eq. (D.1), Figure 1.6] shall serve as an example to illustrate the pro-

ceedings during a cyclic voltammetry experiment. 

E: e-catox + e- ⇄ e-catred (D.1) 

The measurement starts from a potential E0 (point A in Figure D.2) and is decreased with a 

defined scan rate ν to the reverse potential Eλ at point D. The potential is led back in the reverse 

direction to E0 to close the cycle (point G).[8] 

 

Figure D.2. Triangular potential variation during a CV experiment. Figure adapted from ref. [4]. 
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The NERNST equation in eq. (D.2) explains the relationship between the cell potential E, the 

standard potential of a redox couple E0, and the activities (often approached by more accessible 

concentrations) of the oxidized and the reduced species in a redox process. 

 E = E0+ 
RT

ne-F
 ∙ ln

[Ox]

[Red]
 (D.2) 

with R = universal gas constant (8.314 J∙mol-1∙K-1), T = temperature, ne- = number of electrons, 

and F = FARADAY’s constant (96485 C∙mol-1). 

In the one-electron model reaction, the standard potential is substituted by the formal potential 

E0’ [vide infra, eq. (D.3)]. 

 
E = E0’ + 2.3026 

RT

ne-F
 ∙ log

10

[e-catox]

[e-catred]
 (D.3) 

The NERNST equation can be applied to cyclic voltammetry to predict the concentration of oxi-

dized and reduced species with a defined standard potential E0’ near the electrode at a specific 

potential E. In order to avoid perturbations by convection, the analyte solution must not be 

stirred during the measurement. Under this premise and complete reversibility of the electron 

transfer, the cyclic voltammogram will exhibit the so-called duck shape with two waves, as de-

picted in the center of Figure D.3.  

 

Figure D.3. A-G: Concentration profiles for e-catox (blue) and e-catred (green) vs. distance from the elec-

trode d at various points during the voltammogram (center). Figure adapted from ref. [4]. 
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The ideal peak-to-peak separation can be found at approx. 59 mV under standard conditions, 

half of which will be obtained for a reversible two-electron transfer. At the starting point (A), 

only e-catox is present in the system. Scanning in the negative potential direction depletes e-catox 

under the simultaneous formation of e-catred and induction of an electric current at the electrode 

surface (B). The depletion process causes the build-up of a diffusion layer which additional an-

alyte from the bulk solution needs to permeate to be reduced. At point C, the rate of reduction 

and, therefore, the electric current reaches its maximum – the cathodic peak current ip,c. An 

expansion of the diffusion layer during the experiment decreases the concentration of reducible 

compound at the electrode surface and induces a drop in current until the reverse potential Eλ 

is reached (D). The same behavior can be observed for the oxidation reaction during the back 

scan in the positive potential direction. Point F marks the potential of anodic peak current ip,a. 

c) Obtainable Indicators in Electrochemical/-catalytic Reactions 

As mentioned above, the value for E0’ can be extracted from the voltammogram. It corresponds 

to Ecat/2, the potential at points B and E, located in the average between Ep,c (C) and Ep,a (F). Here, 

the concentration of oxidized and reduced species at the electrode surface is equal, simplifying 

the NERNST equation to E = E0’. 

Other valuable kinetic information on a reversible system can be derived with the help of the 

RANDLES-SEVCIK equation. 

 ip = 0.4463ne-FAc0 (
nFνD0

RT
)

1/2

 (D.4) 

With: A = surface area of the electrode (cm2), D0 = diffusion coefficient of the oxidized ana-

lyte (cm2∙s-1), and c0 = bulk concentration of the analyte (mol∙cm-3). 

The peak current of a wave in the voltammogram will increase with the scan rate due to the 

limited time to build up the diffusion layer. If the species diffuses freely in the reaction solution, 

ip shows square root dependence on the scan rate [eq. (D.4)]. A linear dependence is observable 

for a surface-adsorbed species based on eq. (D.5).[9] 

 
ip =

n2F2

4RT
νAΓ* (D.5) 

With Γ* = surface coverage of the adsorbed species (mol∙cm-2). 

If a species assumed to be freely diffused does not follow the expected behavior, this can be 

caused by quasi-reversibility due to the electron transfer being rate-limiting. In this case, the 

peak-to-peak separation should increase with the scan rate.[4] 
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The shape of a redox wave can vary dramatically when traversing from the purely electrochem-

ical transformation [eq. (D.1)] to a sequence of electrochemical event (E) and chemical trans-

formation (C) or vice versa (CE). 

EC mechanisms follow the sequence schematically shown in eq. (D.6) and (D.7). 

E: A + e– ⇄ B (D.6) 

C: B ⇄ C (D.7) 

The chemical equilibrium is described by the constant K, itself defined as the quotient of the 

forward (+) and backward (-) rate constant k [eq. (D.8)]. 

 
K = 

k
+

k
-  (D.8) 

According to SAVÉANT, the CV response in an EC mechanism mainly depends on K and the di-

mensionless kinetic parameter λ representing the competition between a chemical reaction and 

diffusion [eq. (D.9)].[10] 

 
λ = 

RT

F

k
+
+ k

-

ν
= 

RT

F

k

ν
 (D.9) 

The kinetic zone diagram in Figure D.4 gives an overview of the accessible regimes. 

 

D = diffusion 

E = extraordinary 

G = general 

K = kinetic 

O = ordinary 

P = pure 

Figure D.4. Kinetic zone diagram for the EC mechanism adapted from ref. [10] (left) and abbreviations as 

proposed by the DEMPSEY group[11] (right). 
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The typical NERNSTIAN wave shape is retained independently from λ and k at low K val-

ues (= k+ + k-, top of Figure D.4), whereas, at high values of K (e.g., 103), the wave shapes are 

modulated as shown in Figure D.5. 

 

Figure D.5. CV responses in an EC mechanism when crossing the kinetic zone diagram (Figure D.4) at 

K = 103. Adapted from ref. [10]. 

In the KP zone (pure kinetic conditions), the forward rate constant k+ of the chemical event 

relates to the voltamperometric peak potential Ep by eq. (D.10).[10] 

 
Ep = E0 – 0.78

RT

F
+

RT

2F
 ln(

RTk
+

Fν
) (D.10) 

Ep shifts cathodically by 29.6 mV/log10 when increasing the scan rate or decreasing the rate con-

stant. Noting a the intercept of the linear fit of Ep = f[log(ν)], rearrangement gives equa-

tion (D.11) and allows the determination of k+: 

 
k

+
 = 

F

RT
 exp (1.56 + 

2F

RT
(a – E0)) (D.11) 

The CE mechanism comprises the reaction sequence inverse to EC [eq. (D.12) and (D.13)] with 

the kinetic zone diagram described in Figure D.6. 

C: C ⇄ A (D.12) 

E: A + e– ⇄ B (D.13) 
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Figure D.6. Kinetic zone diagram for the CE mechanism adapted from ref. [10]. 

While a change in the kinetic regime mainly affects the potential of the wave in the EC mecha-

nism, the wave shape and height are altered in the CE mechanism. Here, k+ relates to the half-

wave potential E1/2 by eq. (D.14). 

 
E1/2 = EA/B

0  – 0.17
RT

F
+

RT

2F
 ln(

RTk
+

Fν
) (D.14) 

The equilibrium constant K can be calculated from eq. (D.15) in the DE zone. 

 
E0 = EA/B

0  + 
RT

F
 ln (

K

1 + K
) (D.15) 
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Controlled Potential Electrolysis 

A potentiostat can constantly apply the catalytic potential in an electrocatalytic experiment to 

induce a continuous electron supply and quantitative substrate conversion. In a CPE setup, the 

cathodic half-cell can be separated from the anodic side by a diaphragm to avoid perturbations 

by unwanted byproducts generated at the counter electrode.[4] Figure D.7 schematically displays 

the coupling of cathodic CO2 reduction and anodic water oxidation in such a cell. 

 

Figure D.7. Schematic representation of a divided electrochemical cell for CO2 reduction to soluble prod-

ucts. Water oxidation to protons and molecular oxygen was chosen as an example of the an-

odic counter-reaction. 
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