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Abstract

The CuAAC reaction to transform organic azides and terminal alkynes into 1,4-triazoles
as precursors for triazolium salts has been known for more than one decade. It comes as
no surprise that the synthetic scope of 1,2,3-triazoles has expanded rather fast. To obtain
heterocyclic triazolium salts in good yields, selective synthetic strategies are required.
They build the fundament of the so-called mesoionic carbenes (MICs), a sub-class of the
well-established NHCs. The classification results from the fact that 1,2,3-triazol-5-
ylidenes cannot be drawn without a charge separation in their Lewis structure.

In the present work, new synthetic routes have been explored to access
pyridyl-substituted 1,2,3-triazol-5-ylidenes (pyridyl-MIC) as bidentate ligands for
transition metal complexes. The interplay between the strong o—donating nature of the
MIC and the good m—accepting properties of the ligand plays a crucial role in the photo-
and electro-catalytic activity.

In chapter 3.2, a series of pyridyl-MIC (py—MIC) and 2,2'-bipyridine (bpy) containing
Ru(II) complexes has been synthesized and characterized with techniques, such as 1H and
13C NMR spectroscopy, mass-spectrometry, elemental analysis and X-ray diffraction
analysis. Moreover, (spectro)electrochemical measurements (SEC) were performed to
explore the nature of different redox states with respect to the number of MIC moieties.
Time-dependent density functional theory (TD-DFT) calculations were conducted to get
insight into the photophysical properties of the complexes and their potential application
as photocatalysts, while exited state lifetimes were investigated in cooperation with the
group of Prof. Dr. Oliver Wenger.

Chapter 3.3 deals with pyridyl-MIC group 6 (Cr, Mo) carbonyl complexes. CO is an ideal
probe to investigate the influence of the ligand at the transition metal complex, not only
in the native but also in the oxidized and reduced form. IR-, EPR- and UV/Vis/NIR-SEC
combined with TD-DFT were performed to get in-depth understanding of the electronic
structure of corresponding redox states, while excitation leads to an unusual reversible
binding of the CO ligand after leaving the photoproducts in the dark.

Surprisingly, the first stable [M(py—MIC)(CO)4]* (M = Cr) fragment with m= —accepting
ligands could be isolated and characterized via single-crystal X-ray diffraction analysis
(chapter 3.4). EPR-, IR- and UV /VIS-spectroscopy supported by theoretical investigations
were performed to shine light on the rare electron-deficient nature of the isolated

[Cr(py—MIC)(CO)4]* complexes.
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Furthermore, in chapter 3.5 all [M(py—MIC)(CO)4] (M = Cr, Mo, W) complexes were
investigated by step scan FTIR-spectroscopy and time-resolved spectroscopy in
cooperation with the group of Prof. Dr. Gerhards and Prof. Dr. Niedner-Schatteburg. An
unusual (photo)switchable ON/OFF binding of CO in solution was observed. Additionally,
all complexes show a NIR-emission in the solid state.

In chapter 3.6, the reduced species [M(py—MIC)(CO)4]~ (M = Cr, Mo, W) were generated in
situ and the reduction was assigned to be predominantly ligand-centered by various
(spectro-)electrochemical and theoretical methods. Based on these results,
electrochemical COz reduction was performed under non-protic conditions.
(Spectro)electrochemistry can be a powerful tool to investigate reactive intermediates in
electrocatalysis. In the last chapter 3.7, a series of [(py—MIC)Rh(Cp*)X]»* (X = Cl-, MeCN;
n =1, 2) complexes was synthesized and fully characterized with several techniques. All
complexes were tested in electrochemical H*reduction and a mechanism on the
precatalyst formation was proposed. A number of intermediates was chemically isolated,
investigated via single-crystal X-ray diffraction analysis and compared to the
electrochemically generated species. Theoretical calculations further supported the
precatalytic activation pathway.

The presented thesis provides an in-depth understanding of the impact of bidentate
ligands with m —accepting and strong o —donating ligands (pyridyl-MIC) in transition
metal complexes for potential applications in the field of photochemistry and
electrocatalysis. For the first time, detailed (spectro)electrochemical investigations,
combined with theoretical calculations, of two constitutional isomers were conducted to
explore the influence of the electronic structures in bond activation reactions. The
investigations of the highly reactive (spectro)electrochemically generated and chemically
isolated key intermediates enable a profound understanding of the tailor-made design in

new potential transition metal-based photo- and electrocatalysts.

VIII



Kurzzusammenfassung

Die CuAAC-Reaktion zur Umwandlung organischer Azide und terminaler Alkine in 1,4-
Triazole, als Vorstufen fiir Triazoliumsalze, ist seit mehr als einem Jahrzehnt bekannt. Es
tiberrascht nicht, dass sich die synthetischen Moglichkeiten fiir 1,2,3-Triazole rasant
weiterentwickelt haben. Um heterocyclische Triazoliumsalze in guter Ausbeute zu
erhalten, sind selektive Synthesestrategien erforderlich. Sie bilden die Grundlage der so
genannten mesoionischen Carbene (MICs), einer Unterklasse der bekannten NHCs. Die
oben genannte Klassifizierung ergibt sich aus der Tatsache, dass 1,2,3-Triazol-5-ylidene
nicht ohne Ladungstrennung in ihrer Lewis-Struktur gezeichnet werden kénnen.

In der vorliegenden Arbeit wurden neue Synthesewege erforscht, um zu 1,2,3-Triazol-5-
ylidenen mit Pyridyl-substituenten (Pyridyl-MIC) als zweizdhnige Liganden fiir
Ubergangsmetallkomplexe zu gelangen. Das Zusammenspiel zwischen der stark
o —donierenden Natur des MIC und den guten m —akzeptierenden Eigenschaften des
Liganden spielt eine entscheidende Rolle fiir die photo- und elektrokatalytische Aktivitat.
In Kapitel 3.2 wurde eine Reihe von Pyridyl-MIC (py-MIC) und 2,2'-Bipyridin (bpy)
enthaltenden Ru(Il)-Komplexen synthetisiert und mit Techniken wie 1H- und 13C-NMR-
Spektroskopie, Massenspektrometrie, Elementaranalyse und Réntgenbeugungsanalyse
charakterisiert. Dariiber hinaus wurden (spektro)elektrochemische Messungen (SEC)
durchgefiihrt, um die Art der verschiedenen Redoxzustande in Bezug auf die Anzahl der
MIC-Einheiten zu untersuchen. Zeitabhangige Dichtefunktionaltheorie (TD-DFT) wurden
durchgefiihrt, um einen Einblick in die photophysikalischen Eigenschaften der Komplexe
und ihre potenzielle Anwendung als Photokatalysatoren zu erhalten, wahrend die
Lebensdauern der Ausgangszustiande in Zusammenarbeit mit der Gruppe von Prof. Dr.
Oliver Wenger untersucht wurden.

Kapitel 3.3 beschiftigt sich mit py-MIC basierten Gruppe 6 (Cr, Mo) Carbonylkomplexen.
CO ist eine ideale Sonde, um den Einfluss des Liganden am Ubergangsmetallkomplex nicht
nur in der nativen, sondern auch in der oxidierten und reduzierten Form zu untersuchen.
IR-, EPR- und UV/Vis/NIR-SEC in Kombination mit TD-DFT wurden durchgefiihrt, um ein
tieferes Verstdndnis der elektronischen Struktur der Redoxzustinde zu erhalten,
wahrend die Anregung der Komplexe zu einer ungewdhnlichen reversiblen Bindung des
CO-Liganden fiihrt, nachdem die Photoprodukte im Dunkeln gelassen wurden.
Uberraschenderweise konnte das erste stabile [M(py—MIC)(C0O)4]* (M = Cr) Fragment mit

m —akzeptierenden Liganden isoliert und mittels Rontgeneinkristallbeugungsanalyse
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charakterisiert werden (Kapitel 3.4). EPR-, IR- und UV/VIS-Spektroskopie, unterstiitzt
durch theoretische Untersuchungen, wurden durchgefiihrt um die seltene
elektronenarme Natur der isolierten [Cr(py—MIC)(CO)4]* Komplexe zu erschliefden.
Dartber hinaus wurden in Kapitel 3.5 alle [M(py—MIC)(CO)4] (M = Cr, Mo, W) Komplexe
mittels  Step-Scan-FTIR-Spektroskopie und zeitaufgeloste  Spektroskopie in
Zusammenarbeit mit der Gruppe von Prof. Dr. Gerhards und Prof. Dr. Niedner-
Schatteburg untersucht. Es wurde eine ungewohnliche (photo)schaltbare ON/OFF-
Bindung von CO in Losung beobachtet. Zusatzlich zeigten alle Komplexe eine NIR-
Emission im festen Zustand.

In Kapitel 3.6 wurden die reduzierte Spezies [M(py—MIC)(CO)4]" in-situ erzeugt und die
Reduktion durch verschiedene (spektro-)elektrochemische und theoretische Methoden
als iberwiegend ligandenzentriert eingestuft. Auf der Grundlage dieser Ergebnisse wurde
eine elektrochemische CO2-Reduktion unter nicht-protischen Bedingungen durchgefiihrt.
Die (Spektro)elektrochemie stellt ein leistungsfahiges Instrument zur Untersuchung
reaktiver Zwischenstufen in der Elektrokatalyse dar.

Im letzten Kapitel 3.7 wurde eine Reihe von [(py—MIC)Rh(Cp*)X]* (X = Cl, MeCN; n =1,
2) Komplexen synthetisiert und mit verschiedenen Techniken vollstandig charakterisiert.
Alle Komplexe wurden in der elektrochemischen H* Reduktion getestet, und es wurde ein
Mechanismus fiir die Bildung des Prakatalysators postuliert. Eine Reihe von
Zwischenprodukten wurde chemisch isoliert, mittels Réntgeneinkristallbeugung
untersucht und mit den elektrochemisch erzeugten Spezies verglichen. Theoretische
Berechnungen untermauerten den prakatalytischen Aktivierungspfad.

Die vorliegende Arbeit vermittelt ein tiefgreifendes Verstiandnis der Auswirkungen von
zweizahnigen Liganden mit m —akzeptierenden und stark ¢ —donierenden Liganden
(py—-MIC) in Ubergangsmetallkomplexen fiir potenzielle Anwendungen im Bereich der
Photochemie und Elektrokatalyse. Zum ersten Mal wurden detaillierte
(spektro)elektrochemische = Untersuchungen, @ kombiniert = mit  theoretischen
Berechnungen, von zwei konstitutionellen Isomeren durchgefiihrt, um den Einfluss der
elektronischen Strukturen in Bindungsaktivierungsreaktionen zu erforschen. Die
Untersuchungen der hochreaktiven (spektro)elektrochemisch erzeugten und chemisch
isolierten Schliisselintermediate ermoglicht ein tiefgreifendes Verstindnis fiir das
mafdgeschneiderte Design neuer potenzieller libergangsmetallbasierter Photo- und

Elektrokatalysatoren.
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1 Introduction

1 Introduction

"When the world is in trouble, chemistry comes to its rescue."[!l With these simple yet so
powerful words, Carolyn Bertozzi reacted to the announcement of the prestigious Nobel
Prize awarded to her. In the face of rapidly evolving climate change, her words seem more
relevant than ever.

The explosive growth of the world’s population, progressive industrialization and the
scarcity of fossil fuels for societal prosperity have sparked a global debate on resource-
efficient access to environmentally friendly and sustainable materials.[?2] Despite the
tremendous achievements in energy efficiency and the integration of industrial processes
into the modern economy, the continued exploitation of fossil fuels results in serious
environmental and health concerns.[3]

In view of the global energy crisis looming, alternative energy sources such as wind, solar,
nuclear and geothermal energy, biomass, dihydrogen and electrocatalytic refinery have
been developed in recent decades.l*>¢1 However, according to recent data, 85% of the
world’s primary energy depends on fossil fuels, which inevitably release fairly unreactive
greenhouse gas, such as COz and methane,[5! giving rise to fundamental questions: What
does it take to activate chemically inert bonds in small molecules to convert them into
economically valuable products and what long-term strategies can be employed to store
high energy material?(7.8] The answers appear simple from a chemical perspective - a
catalytic transformation.

A catalyst is a substance that stabilizes the transition state (4G?, ., ) of a reaction by
lowering the energy barrier (AGc*at.) between the starting material and the product
without affecting the free enthalpy AG of the reaction (Figure 1). By definition, a catalyst
is not consumed in the reaction and remains unaffected over across multiple

transformations.[°]

Energy

Reaction Coordinate

Figure 1. Energy profile of a one-step reaction (grey: uncatalyzed, blue: catalyzed).




1 Introduction

Nature undoubtedly contains the most efficient catalysts for the activation of abundant
small molecules such as 0z, N2, Hz, CO2, NOx, and CH4.[101112] A variety of organisms make
use of complex enzymes in metabolic processes, such as those found in respiratory
processes[13] and photosynthesis,[1014] overcoming the embedded kinetic and
thermodynamic barriers in the multi-step catalytic conversion of chemically inert
molecules. In a broader context, the complexity of the enzymes and the simplicity of the
target molecules, have parallels to the battle between David and Goliath. Only this time
Goliath retains the upper hand.

The key role of this outcome, apart from the global structure of the enzymes, can be
addressed to the redox-active central metal ion. Indeed, from a (bio-)inorganic
perspective, the catalytic activation of small molecules with transition metals forms the
foundation of several fields of chemical science, such as heterogeneous catalysis,[15]
homogeneous catalysis,[6.16.17] photocatalysis[1819] and electrocatalysis

(Figure 2).1202122.23]
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Figure 2. Overview of catalytic strategies for small molecule activation.

Plenty of industrial manufacturing processes are based on heterogeneous catalyst due to
their high stability, easy product separation and excellent recovery. However,
heterogeneous catalysts often display poor product selectivity, limited mass transfer, and
an undefined catalytic surface precluding from detailed mechanistic studies. On the other
hand, from a purely industrial viewpoint, homogeneous catalysts are less attractive
considering the difficult product separation, the large amount of waste material, and the

corrosion of the reactors. But what makes homogeneous catalysis so unique?




1 Introduction

For some, homogeneous catalysis may be a purely academic challenge, but for others, it
offers answers to the fundamental mechanistic understanding of small molecule
activation in a well-defined molecular environment under relatively mild conditions, as
observed in biological systems, such as enzymes. Understanding these complex
mechanisms provides access to tailor-made molecular catalysts with extremely high
efficiency and selectivity, requiring only low catalyst loadings.[24]

The extreme sensitivity of the catalytically active species make them difficult to handle
and an appropriate choice of a stable precursor therefore is indispensable. In a classical
approach, a homogeneous catalyst requires sacrificial additives to generate the highly
reactive intermediate that converts the chemical synthons into valuable products, such as
alcohols, formic acid, ammonia, dihydrogen, oxygen or carbon monoxide, to name a
few.[5.6812,17]

In the last few decades, enormous progress in the field of photo- and electrochemically
induced activation of the precatalysts have been achieved to provide an atom economic
access to the catalytically active species for the storage of high energy materials and the
activation of small molecules.[22.23,25-27]

In view of the scope of this thesis and the vastness of the fields, the following discussion
will focus on the conceptual design of the homogeneous molecular catalyst and its photo-
and electrochemical precatalytic activation concerning small molecules, limited

dominantly on bidentate heterocycles that contain N-donors.

1.1 Conceptual Design of Molecular Photocatalysts

Photochemistry is often associated in a vernacular sense, with photophysics in an
interdisciplinary field that encompasses new synthetic strategies for the design of
efficient molecular catalysts. In addition, it is usually accompanied by an in-depth
understanding of the physical properties of the applied photocatalyst. The inclusion of
rapidly advancing theoretical approaches provides a conceptual understanding of the
interplay between the central metal ion and the ligand scaffold, leading to a tremendous
development in the field of photocatalysis[182526:28293031] and dye-sensitized solar
cells.[32] In photochemistry, ground-breaking discoveries have been made in the field of
supramolecular chemistry,[33] early[34-36] and late[2829.36] transition metal complexes, due
to the endless number of ligand frameworks, such as tripodal ligands[34-40] or cyclic

ligands, 41l to name a few.




1 Introduction

For the scope of this thesis, the following discussions will briefly focus on the octahedral
group 8 transition metal complexes ([M(bpy)3]?* with M = Ru, Fe) containing bidentate
polypyridine ligands.

Photocatalysts are multi-electron systems and the resulting electronic wave functions
(molecular orbital = MO) can be visualized in a Jablonski diagram according to their

predominant atomic orbital contributions (Figure 3).
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Figure 3. Molecular orbital diagram for an octahedral transition metal complex (arrows

indicating electronic transitions).

Strongly bonding, predominantly ligand-centered orbitals are represented as o; for
o —bonding and m; for m —bonding orbitals, while essentially non-bonding metal-
centered orbitals of t,; symmetry are depicted as my orbitals. The anti-bonding,
predominantly metal-centered orbitals of e; symmetry are classified as oy, orbitals and
the anti-bonding ligand-based orbitals as 7; orbitals.[42]

At relatively low ground state energies, electronic transitions of the type metal-centered
(MC), ligand-to-metal charge transfer (LMCT), metal-to-ligand charge transfer (MLCT)
and ligand-centered (LC) are expected. Although MC transitions are forbidden in
octahedral complexes with inversion symmetry (Laporte’s rule),[3] lowering the dynamic
symmetry induces partially allowed transitions.

Octahedral complexes with a d® electron configuration typically have fully occupied o;,
and m; orbitals, resulting in a closed-shell ground state configuration 1A1g.

Since the electronic transitions from the ground state to the excited state occur
instantaneously compared to their nuclear motions, the geometry of a metal complex does
not change within the time scale of the electronic transition, according to the Franck-

Condon principle.l#2]
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However, the spatial change in electron density induces a nuclear motion leading to a new
minimum geometry of the excited complex.

The changes in the bond distances, angles and torsion angles are best described as a
combination of normal modes (vibrational cooling, VC). Their intensity is proportional to
the square of the overlap integral between the vibrational wave functions of the
transitions involved (absorption and emission).[43]

To a first approximation, the electronic transitions and their vibronic modes represented
by the potential energy surfaces (anharmonic oscillator) depends to a large extent on the
nature of the metal center, the coordinated ligands and the overall symmetry of the
molecule, defining the nature of the lowest excited state and multiplicity.[3440]

These criteria form the basis for an efficient photocatalyst facilitating sufficient lifetime of
the excited state. From a purely statistical perspective, an increased lifetime leads to a
higher probability of efficient energy transfer or chemical reaction with the targeted
molecule - but what factors limit the excited-state lifetime?

One of the well-established, yet so simple photocatalysts are the polypyridine complexes
of group 8 [M(bpy)s]?* (M = Ru, Fe) metals (Figure 4).344042] The higher homologue
[Ru(bpy)s3]?* shows an excited-state lifetime of 890 ns at room temperature, while
[Fe(bpy)3]?* has only an excited-state lifetime of only 50 fs.[3440] The drastic decrease in
excited-state lifetime can be attributed to the central metal atom. After excitation from
the 1A1g ground state to the excited IMLCT state and subsequent vibrational cooling, a
rapid intersystem crossing (kisc) in the 3MLCT state (nesting state) occurs in both
complexes. However, the weaker ligand-field splitting of [Fe(bpy)s3]?*, as a result of the
smaller radial distribution of 3d electrons on the metal core,[44 allows access to
energetically low-lying MC states, decreasing the energetic barrier (4E) for the internal
conversion and initiating a non-radiative decay (knr) to the ground state.

The shift of the MC states can be attributed to the population of the anti-bonding ey
orbitals, resulting in the elongation of the metal-ligand bond. Therefore, to obtain long-
lived emissive MLCT states, the non-emissive MC states must be shifted to higher energies.
In this context, different conceptual strategies for ligand design have been explored to

increase the thermal energy barrier between the MLCT and MC states.




1 Introduction

> [Ru(bpy),** g;“ [Fe(bpy),**
> ] 8
3 g ['mLcT
w w
MLCT
Kisc SMC (°T,y)
\\\.1 \“‘/I 3MC (3T19)
Y Kic s 5
= ; MC (°T,)
N\
1A19 hv
Y
Internuclear Separation Internuclear Separation
[Ru(bpy)sJ?
) Ay 5 3MLCT 5 MC (T,5)
i — — o H e — — L e — + ,
— m —n
A ok 4+ wh 4+
4‘% HUR % L J{k M
[Fe(bpy)s]?
1 3
A, . o MLCT N MC (°T,,) .
) — § —1_ T ::,’ 1 — m

Energy

A o+ A+
A 4 A

s
w4+

.
L

Energy

4=
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Increasing the activation barrier between MLCT states and the MC states can be achieved
by the inclusion of highly symmetric ligands, push-pull systems, highly strained
complexes, strongly donating ligands or combined 0 —donor and = —acceptor ligands (for
detailed discussion see Section 1.4).140]

In a more general perspective, the effect on ligand-field splitting is determined by the

metal-ligand interaction according to ligand-field theory:

e ¢ —donor: overlap of the filled ¢ orbitals of the ligand with the metal-centered
d—orbitals of 0 —symmetry (d,z, d,2_,2)
e 1 —donor: overlap of the filled ©* orbitals of the ligand with the metal-centered

d—orbitals of T —symmetry (dy,, dy,, dy;)

e 1 —acceptor: overlap of an unoccupied ©* orbitals of the ligand with the metal-

centered d—orbitals of 1 —symmetry (dy,, d,, dy,), so-called m —backbonding

A weak o —donor ligand leads to a weak ligand-field splitting between the non-bonding
t,4 orbitals and the anti-bonding e orbitals, while a strong ¢ —donor ligand destabilizes
the anti-bonding e; orbitals or in other words - the 3/MC states (Figure 5). On the other
hand, strongm —acceptor ligands decrease the energy of the t,; orbitals and consequently
the thermal barrier to internal conversion. A different situation is observed in the
presence of a strong m —donor ligand. With a right choice of ligand, destabilization of the
m orbitals can lead to a so-called HOMO inversion between the metal-centered and the
ligand-centered orbitals and is currently state of the art.[4°]

However, to achieve optimal ligand-field splitting, an ideal octahedral geometry of the
N—-M-N trans angles (= 180°) is required to maximize the overlap of the metal-ligand
orbitals. Otherwise, a lowering of the symmetry in the metal center results in a
degeneration of the participating orbitals and, consequently, to a decrease of the exited-
state lifetime.[40]

Formally, the excitation in [M(bpy)s3]?* (M = Ru, Fe) complexes can be described as an
oxidized metal center and a reduced ligand radical [M"(bpy)2(bpy~)]" in the 3SMLCT
state.[*446] The light-induced charge separation and the extended lifetime of the excited-
state are essential for the activity of the photocatalyst in electron and energy transfer

processes.
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Figure 5. Ligand field effects between metal d—orbitals and ligand orbitals.[0]

The energy level of the generated electron-hole at the metal center and the excited ligand-
centered electron can be tuned by the synergy between the metal center and the
electronic properties of the incorporated ligand to provide an efficient photocatalyst for
tailor-made applications.

To determine, whether the applied photocatalyst is a suitable candidate for chemical and
energy transfer processes, Latimer diagrams have proven to be particularly useful.[31.47]
The combination of the oxidative and reductive potentials of the ground state with the
excited state energy (Eoo) is frequently used to estimate the oxidative and reductive

potentials of the excited state of the photocatalyst (Scheme 1).
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Scheme 1. Simplified Latimer-diagram for electron/energy transfer processes.
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The ambivalence of the excited state, as a strong reductant and at the same time as a
strong oxidant, leads to two different quenching pathways. One is the so-called reductive
quenching cycle. After excitation, the photocatalyst [M]* can undergo an one-electron
reduction in a bimolecular reaction with the substrate (D) to generate the singly-reduced
species [M]~ and D'*, while in the oxidative quenching cycle, the excited state transfers an
electron to the substrate (A) of interest, forming the singly-oxidized species [M]*and A™.
It is important to mention, that the electron transfer rate competes with the radiative
emission and vibrational relaxation (dynamic quenching) of the excited state and the
interaction of the substrate with the photocatalyst (static quenching).311 A sufficiently
long-lived resting state is therefore crucial for an excellent catalytic performance.

So far, only non-catalytic conditions have been presented. In catalytic conditions, the
native photocatalyst must be recovered from its oxidized or reduced form. In
photocatalysis, sacrificial donors (or acceptors), such as amines,31l are usually added to
regenerate the catalyst. Once the catalytic conditions are fulfilled, the excited
photocatalyst can either directly undergo a single-electron transfer (SET) to the substrate,
to initiate a chemical reaction or act as a photosensitizer for a co-catalyst, to perform the

redox-reaction (Scheme 2).
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Scheme 2. Possible photocatalytic SET reactions in an oxidative quenching cycle (D =

sacrificial donor).

The thermodynamic ability of the excited state to intervene in a bimolecular energy-

transfer process follows the Marcus-theory!*8! and the Franck-Condon factor.[4°]
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The non-radiative energy transfer can be described classically as combined effects of
energy gradient and nuclear reorganization or quantum mechanically, as the thermally
averaged sum of vibrational overlap integrals between the donor and acceptor molecule.
They are divided into two mechanisms - the Coulomb mechanism, and the exchange
mechanism (Scheme 3).[421 However, from a general perspective, the mechanism depends

on the spin of the ground state, the excited state and the donor-acceptor distance.
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Scheme 3. Energy transfer mechanism (top: coulomb mechanism, bottom: exchange

mechanism).[42]

The Coulomb (trough space) mechanism requires physical contact between the donor and
acceptor molecules and a large dipole-dipole interaction. This mechanism is usually
observed in singlet-singlet energy transfers with large aromatic systems.

On the other hand, the exchange mechanism strongly depends on the orbital overlap
between the donor and acceptor molecules, typically mediated by a bridging fragment
(trough bond). The energy transfer rate therefore increases with decreasing distance.
Notably, the exchange mechanism allows spin-forbidden transitions to obey spin
conservation, making a photocatalytic application particularly attractive.

Ideal photocatalysts show an absorption maximum in the visible spectrum (A4,,,4, = 390 —
700 nm) to perform the catalytic transformation under mild conditions while avoiding

substrate and product decomposition.[50]
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They are of particular interest for the activation of small molecules, such as
organohalides,[51] non-halogenated substrates (C-C bond cleavage,>2l C-H
functionalization,[53] oxidative cyclization,[>455] alkene reduction,[>¢] cyclcoaddition,[57]
trifluormethylation(5558]), in dehydrogenation reactions,[5%601 CO2 reduction,[61.62.63]
polymerization!¢4 and lignin degradation,[®>] providing a wide range of products for

synthetic transformations and sustainable energy conversion (Figure 6).
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Figure 6. Photocatalytic small molecule activation.[31]

1.2 Molecular Electrocatalysts

The electrochemical conversion of low energy feedstocks, such as H20, H*, and COz, has
led to the discovery of an ever-growing number of homogeneous transition metal
complexes to lower the kinetic barriers and to improve the selectivity for the generation
of renewable energy sources.[®?] However, non-trivial multi-electron conversion with
high-energy intermediates allows for multiple reaction pathways and electrocatalyst
degradation.[2367.68] Therefore, the identification of the catalytically active species is of
fundamental interest to optimize the stability and activity of the electrocatalyst.

In general, the homogeneous precatalyst (P) functions as electron shuttle between the
electrode surface and the substrate (A) to induce the chemical reaction generating
product B. The catalytically active species (Q) performs the substrate conversion in the

diffusion layer of the electrochemical cell and requires lower energies (E2,, /2) compared

to direct product formation at the electrode surface (E,,s.:) (Scheme 4).
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The catalytically active species is therefore of fundamental interest to optimize the
stability and activity of the electrocatalyst. However, the performance of the activated
electrocatalyst is determined by the thermodynamic potential (EX/B) of the product
formation (A/B). In the case of Efat/2 < EX/B, the chemical transformation from A-B is
usually limited by the insufficient driving force of the catalyst. Hence, most of the reported

electrocatalysts require additional energy, better known as overpotential (7).[23]

thermodynamic potential of onset of direct
potential of catalyst substrate conversion
substrate at the electrode
0 0
EA/B Ecat/z Eonset
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Scheme 4. Suitable range for a homogeneous electrocatalyst (top) and simplified
electron transfer at the diffusion layer (bottom left) with a schematic inner- and outer-

sphere mechanism (bottom right).

In an outer-sphere mechanism, the electrocatalyst acts as an electron-transfer reagent,
that induces product formation, whereas in an inner-sphere mechanism, the
electrocatalyst binds the substrate to produce an intermediate, which in turn undergoes
a redox process to generate the desired product. But how can one assure that the
precatalyst used is a suitable candidate under the electrocatalytic conditions?

One of the most popular techniques for evaluating the precatalyst is cyclic voltammetry.
It not only provides information on the redox potentials to determine whether a catalyst
can be used in an appropriate regime, but also in-depth kinetic and mechanistic details of

the molecular (pre-)catalyst and its activity.[23.68,69]
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However, the identification of the active species at the electrode surface is still relatively
unexplored but is crucial for understanding the catalytic performance. The extreme
potentials required for electrochemical transformation can lead to the decomposition or
demetallation of the complex, resulting in catalytically active nanoparticles or
heterogeneous species, that are adsorbed on the electrode surface.[¢8]

Given scope of this thesis, the following brief discussion will focus mainly on the
precatalytic activation of the electrocatalyst and how the performance of the active
species can be influenced by the metal center and the ligand framework.

In the absence of a substrate, molecular electrocatalysts exhibit individual redox
processes, which, depending on the nature of the electrocatalyst, are either
electrochemically reversible, quasi-reversible or irreversible. For the sake of simplicity,
only electrochemically reversible processes in the presence of the substrate will be
discussed here.

The first mathematical description of a one-electron, one-substrate reaction was
described by Savéant and Su, who figuratively classified the limiting wave forms into eight
Kinetic zones.[7%1 According to their classification, catalysts under an ideal condition show
a S-shaped (K or KS zone) response in the presence of the substrate (Figure 7, I).
However, the shape strongly depends on the scan rate, electron transfer rate and
individual substrate and catalyst concentrations in addition to competing with certain
side phenomena such as substrate consumption, product inhibition and catalyst

deactivation.[71
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Figure 7. Qualitative cyclic voltammograms of catalyst transformation or decomposition

adapted from Dempsey and co-workers.[68]
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The complexity of catalytic systems has shown that direct translatability of kinetic zones
is difficult to achieve due to multiple elementary steps and intermediates, that can
undergo several reaction pathways. Some of the most common deviations from ideal
S-shaped catalysis wave forms are shown in Figure 7.

In the one-electron, one-substrate catalytic reaction (Figure 7, II), a diffusion peak is
observed after reversing the scan direction of the catalytic process. In this case, the redox
event originates from a new homogeneous species, formed during the catalysis, as a
consequence of a slow reaction rate constant or substrate consumption.[”2] Additionally,
the diffusion peak sometimes also indicate oxidation or reduction of the catalytic product,
a decomposition product or even a feature of the active catalyst. Identifying the diffusional
process can be challenging but can provide useful information about possible
decomposition pathways, product formation or even important intermediates in the
catalytic cycle.

The in-situ formation of the active catalyst is often accompanied by an induction period,
manifested by the catalytic activity as a function of time. As the cyclic voltammogram
(Figure 7, III) progresses, a higher concentration of the catalytically active species is
produced. The accumulation of the active catalyst results in a continuous increase of the
current, during reverse scan, causing a so-called "crossing curve". However, this
phenomenon should not always be interpreted as the slow formation of the active species
or as electrochemically induced autocatalysis,[73] but rather as possible electrodeposition
at the electrode surface.[74]

Perhaps the most clear indication of precatalyst transformation is the appearance of an
irreversible prewave (Figure 7, IV).[75-771 An electron transfer reaction can induce a
chemical reaction leading to a catalytic intermediate that does not carry out the catalytic
reaction immediately. In this case, the potential shift of the prewave Ej /, strongly depends
on the kinetics of the precatalyst formation. An anodic shift of the potential indicates a
rapid formation of the precatalyst, while a cathodic shift is associated with a slow

formation of the catalytic intermediate (Figure 8).
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Figure 8. Kinetic influence of precatalytic formation in presence of the substrate.[68!

The investigation of the precatalytic wave plays a crucial role in understanding of the
catalytic performance, considering the presence of competing chemical decomposition
leading to the formation of heterogeneous intermediates.

During the past decades, various techniques have been developed to confirm the presence
of a homogeneous (pre-)catalyst, such as mercury poisoning,[787°1 electrode surface
analysis,[77.79-81] rotating ring-disc electrochemistry,[7682] rinse testsl7576788183] and
spectroelectrochemistry.[84

Each of the above-mentioned methods provide detailed insights into the nature of the
electrochemically generated species. Particularly both rinse tests and
spectroelectrochemistry are fruitful due to their simplicity and spectroelectrochemistry
due to the scope to combine electrochemistry with classical spectroscopic techniques,
such as UV /vis/NIR-, EPR- and IR-spectroscopy.[8>86]

The rinse test represents one of the most common methods for detecting a heterogeneous
or heterogenized active catalyst. In this process, the electrode is rinsed and transferred
into a freshly prepared substrate-only solution after stopping the cyclic voltammogram
passing the precatalytic wave or the catalytic potential. The absence of any significant
changes in the current beyond the background clearly exclude the formation of any
heterogeneous particles or adsorption on the electrode surface.

However, correct handling of the rinse test determines whether a heterogeneous species
can be detected or not. The observation of an additional current depends strongly on the
metastable film, that forms on the electrode surface. Without the application of an
appropriate potential during the rinse test to prevent the diffusion of decomposition of
the molecular species at the electrode surface, the assignment of an electrodeposited

catalyst could lead to a misinterpretation of the results.[81]
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An excellent method to follow in-situ formation of the precatalyst, without transferring
the electrode is spectroelectrochemistry (SEC). Real-time detection in the absence or
presence of the substrate provides detailed information about the stability and electronic
structure of the electrochemically generated precatalyst.[8¢]

However, from a purely electrochemical point of view the short-lived intermediates can
undergo rapid follow-up reactions, even though they follow the criteria of a reversible
electron transfer process in cyclic voltammetry (peak/peak current ratio = 1, peak/peak
voltage difference = 59 mV for one-electron transfer at 298 K),[87]

In terms of spectroelectrochemistry, the time scale of bulk electrolysis competes with the
rapid chemical transformation of a highly reactive intermediate generated during the fast
sweep rate in cyclic voltammetry.

To shorten the bulk electrolysis time, narrow glass tubes (EPR-SEC) or optically
transparent thin-layer electrodes (OTTLE) cells (UV/vis/NIR- or IR-SEC) are commonly
used to increase the concentration of the electrochemically generated species at the
electrode surface and consequently make detection of the electrochemically reduced or
oxidized species more accessible.[86]

The stability of the electrochemically generated species is expressed by isosbestic points
during controlled potential electrolysis and the complete recovery of the initial spectra
after spectroelectrochemical measurements.[86] Any deviation from these criteria
indicates electrochemically induced chemical transformation of the precatalyst.

The information that can be obtained from precatalytic wave formation paves the way for
the optimal design of a highly active and stable catalyst.

An efficient electrocatalyst should be capable of performing multi-electron substrate
conversion at low overpotential to access high energy materials, such as Hz, CO or HCOOH,
to name a few.[88]

From a mechanistic point of view, the molecular catalyst can perform electron transfer
steps directly at the metal center, in a combined metal-ligand pathway or exclusively at
the ligand framework. This structure-reactivity relationship between the metal center
and the ligand defines the catalytic performance of the electrocatalyst and is of great
importance for modifying the catalytic activity - but nothing comes without a price.

The incorporation of an electron-withdrawing ligand is expected to lower the
overpotential, by reducing the electron density at the active site of the metal center. This

makes the electron uptake more accessible at mild potentials.
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In contrast, electron-donating ligands increase the electron density at the electrocatalyst
and thereby shift the electron uptake to higher potentials.

Activation of the precatalyst often follows subsequent substrate binding according to an
inner-sphere mechanism. However, the initial step is strongly influenced by the electronic
structure of the catalyst. Electron-withdrawing ligands, for instance, reduce the substrate
affinity and thus the overall activity of the catalyst, while electron-donating ligands favor
substrate binding. This contradiction between the requirement of a low overpotential and
strong substrate activation is one of the major challenges in electrocatalysis. Savéant et
al. described this paradox as the "iron law" of electrocatalysis.[8°]

However, the modular synthesis of homogeneous electrocatalysts allows a tailor-made
design for selective and highly efficient conversion of the substrate.

The nature of the active metal center plays probably the most obvious influence on the
stability and activity of the electrocatalyst. Comparison of 3d metal centers with 4d and
5d metal centers reveals some interesting trends. First, 3d metals possess smaller atomic
radii and consequently stronger Coulomb repulsion between the metal centers and the
ligand frameworks, while 4d and 5d metals have more diffuse orbitals leading to better
overlap (primogenic repulsion).[*4] As a result, ligand dissociation is more likely in 3d
metal complexes and usually (but not always)[®° higher overpotentials are observed due
to the higher reorganization energies during electron transfer. The high geometric
changes in 3 d metal complexes also reduce the electron transfer rate during the redox
event.[88] However, this should be taken with great caution, as the relative energies of the
d orbitals involved (3d < 4/5d) with respect to the incorporated ligand have a drastic
effect on the activation of the substrate, reaction rate and activation of the precatalyst.[°0]
Second, changing the oxidation state can affect product selectivity and overpotential.
Higher oxidation states usually decrease the overpotential of the electrocatalyst as the
overall charge of the complex decreases.

In 2015, Robert et al. showed that in a similar ligand framework the active metal center
has a drastic impact on the product selectivity in electrochemical CO2 reduction. The
Fe(II) complexes, with an ! CO2 binding mode selectively produced formic acid as a
product, while in the corresponding Co(Ill) complex CO2 was converted to CO. The
product selectivity can be explained by the weaker m —backbonding in the Fe(II) complex
leading to a weaker metal-carbon bond, which facilitates the isomerization from

Fe—COOH to Fe—OCHO.61]
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However, the catalytic activity of the central metal atom is strongly influenced by the
electronic and steric properties of the ligand framework.

The influence of the ligand system can be divided into two categories: the inner
coordination sphere and the secondary coordination sphere (Figure 9). The inner-sphere
primarily determines the electronic properties of the complex, as the ligands are directly
bound to the active site, whereas in the outer-sphere the steric repulsions, weak bonding
interactions and cooperative effects with the metal-bound substrate are decisive.

An extended m —system lowers the HOMO-LUMO energy gap and facilitates electron
uptake, leading to lower overpotentials, while strongly electron-donating ligands increase

the activity of the metal center, as mentioned earlier.

secondary-sphere

« H-donor and charged substituents
* lowered kinetic barrier
inner-sphere - shift of overpotential

* increased stability
\ \ « steric repulsion
M « advanced electron uptake

*  "iron rule"
labile ligands for vacant coordination site

Figure 9. Schematic representation of a modular electrocatalyst.

The incorporation of a labile co-ligand, such as halides or solvent molecules, provides
access to a vacant coordination site at the metal center for substrate binding. Contrary to
halides, neutral ligands are easier to dissociate from the metal center under reductive
conditions. As a result, electrocatalysts with neutral ligands have lower overpotentials
compared to their halide-containing counterparts.[°°]

A vacant coordination site can lead to the dimerization of the catalytic intermediate and
consequently to a decrease in the catalytic rate. To prevent catalyst deactivation, sterically
demanding substituents can be incorporated into the secondary-sphere of the ligand.[°1l
In addition, the repulsive interaction of the ligand at the metal center can favor ligand
dissociation of the labile co-ligand, lowering the overpotential for substrate binding and

even altering the mechanism of electrocatalysis.[9?%]
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Secondary-sphere effects have been shown to be effective in enhancing catalytic activity.
Substitution of ligands with charged substituents or perfluorination of ligands lowers the
overpotential of the catalyst, but the electronic changes induced by ligand substitution
follows the "iron law".[89]

Another attempt is the inclusion of hydrogen bonding donor substituents. The hydrogen
substrate interaction not only affects the stability and solubility of the complex, but also
lowers the kinetic barrier for the substrate conversion and product selectivity.[89.90.93]
However, a strong ligand-substrate interaction in the secondary-sphere can lead to a
decrease in the reaction rate, again highlighting the importance of a well-balanced

interplay between the electrocatalyst and the substrate.[8°]

1.3 1,2,3-Triazolylidene-based Ligands

A common motif for complexes based on transition metals are N—donor ligands, such as
pyridine and bipyridine (I, Figure 10). The ligands exhibit both good ¢ —donor and
m —acceptor properties, making them one of the most commonly used moieties for

photocatalyticl3439.404459] and electrocatalytic applications.[20.23,91,94]

I II III
RZ R3
® B N=N
N/ R‘I N.;N R1'k\/N-.R2
M] M) (M]
strong n-acceptor weak t-acceptor moderate t-acceptor
good c—donor moderate c—donor strong c—donor

Figure 10. Relative donor/acceptor properties of the ligand classes utilized in this thesis.

Changing the type of the heterocycles that contain N-donors leads to new properties and
has received growing interest in the field of organometallic chemistry. In particular, 1,2,3-
triazoles have proven to be versatile ligands due to their modular synthesis and
applicability in 'Click' chemistry (II, Figure 10).[37.39.95]

The five-membered heterocycle has a lower energy HOMO compared to pyridine, while
the energy of the LUMO is higher, making it a weaker ¢ —donor and m —acceptor,

respectively.[9°]
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1,2,3-Triazoles can be obtained by cycloaddition reactions of terminal alkynes and
organic azides. However, thermally induced 1,3-dipolar cycloaddition (Huisgen
cycloaddition) yields a mixture of the 1,4- and 1,5-regioisomers due to their similar
energy profiles.[?3]

In 2002, Sharplessi®® and Meldall®’l independently discovered the so-called
copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC), which produces exclusively the
1,4-regioisomer. The reaction proceeds under mild reaction conditions and has a very
high functional group tolerance. Only three years later, Sharpless and co-workers again
pioneered the development of synthetic protocol for the selective synthesis of the 1,5-
regioisomer by a ruthenium-catalyzed cycloaddition.[°8]

Within the same decade, an alternative synthetic protocol for the 1,5-regioisomer - the
metal-free approach - was discovered, paving the way for a synthesis of a wide variety of

ligand systems (Scheme 5).[99]

] — D A: 1,4- and 1,5-regioisomer
R'——H [Cu]
% — [Cu]: 1,4-regiocisomer
R?—Nj [Ru]
v fr,ee [Ru)/metal-free: 1,5-regioisomer

Scheme 5. Thermal and catalytic synthesis of 1,2,3-triazoles.

1,2,3-Triazoles are the most common precursor for the generation of 1,2,3-triazolylidenes
(III, Figure 10), a subclass of N-heterocyclic carbenes (NHC). The term mesoionic
carbene (MIC) or abnormal N-heterocyclic carbene (aNHC) was first coined by Crabtree
and co-workers, who described that MICs cannot be formulated without a charge
separation in their Lewis structure (Scheme 6).[37.39.100]

The ligand class exhibit great 0 —donor properties and moderate but tunable = —acceptor
capacities,[191] making them suitable candidates for wide-ranging applications, such as
photochemistry,[3437:40,102] electrocatalysis[193-107] and small molecule activation.[37]

MICs of the 1,2,3-triazolylidene type are usually accessed by alkylation[108109 or
arylation[110] of the 1,2,3-triazole at the N3 position to generate the corresponding

triazolium salt in nearly quantitative yields (IV, Scheme 6).
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Scheme 6. Synthetic strategies to obtain MICs and possible resonance structures.

Direct deprotonation of the triazolium salt to obtain the free MIC is often accompanied by
a methyl-shift from the N3 to the C> atom.[108] In contrast, arylated MICs exhibit higher
stability and can be stored at low temperatures under inert conditions.

A common strategy to avoid decomposition of the free MIC is the addition of a metal
precursor (A, Scheme 6) after deprotonation of the triazolium salt for the in-situ
formation of the desired transition metal complex. Alternatively, the well-established
silver transmetalation route (B, Scheme 6) can be used. The in-situ generated silver-MIC
complex can be further reacted with a metal precursor of choice under mild reaction
conditions.[111]

The incorporation of MIC ligands into transition metal complexes is certainly interesting
from many aspects, but the investigation of electronic properties is probably the most
informative. Without the fundamental understanding of the electronic properties,
structure-reactivity prediction for various (catalytic) applications would be challenging
or even impossible.

Undoubtedly, Tolman's electronic parameter (TEP) is one of the milestones to probe the
net donor strength of various ligands.[112] The concept of nickel phosphine complexes

[Ni(PR3)CO0)3] was adapted by Gusev, by introducing the [Ni(NHC)CO)3] analogues.[113]
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In 2003, the group of Crabtree reported a less-toxic alternative of the type [M(L)(CO)2Br]
(M =Rh, Ir) to convert the TEP to NHC-based systems using the average CO stretching
frequencies as a probe for overall donor strength (Figure 11).[114]

Although all NHC ligands are considered fairly strong ¢ —donors, their MIC counterparts
display even higher o —donor properties, only surpassed by the mesoionic
imidazolylidene ligands.[115]

In recent years, spectroscopic methods have emerged as a tool to differentiate between
o —donor and m —acceptor contributions of moieties. Huynh's group introduced a
physical parameter named as Huynh's electronic parameter (HEP) for the determination
of the ¢ —donor strength of the bound carbene in square planar palladium or linear gold
NHC- and MIC-complexes (Figure 11).

The negligible m —backbonding in late transition metals facilitates the determination of
the o —donor ability of the ligand. As a result, the chemical shift of the trans-positioned
benzimidazolylidene carbene in the 13C NMR acts as an internal probe and is directly
influenced by the change in electron density caused by the trans-influence of the ligand.
Notably, the HEPs for NHCs and MIC show a good correlation with the previously
described 0 —donor strength observed for the TEP.[116]

Based on these reports, Ganter and co-workers used the 1J coupling constant of the C-H
bond in the cationic NHC as an inexpensive and simple strategy to determine the
o —donor strength of the singlet carbene.[117]

Beerhues et al. demonstrated the spectroscopic approach for MICs which showed that the
o —donor strengths of the investigated triazoliums salts were in a similar range,
irrespective of their substituents (Figure 11).[101]

Along this line, the group of Bertrand and Ganter introduced a method to determine the
1 —acceptor capacities of the ligand by 31P and 77Se NMR spectroscopy. The chemical shift
of the main group adduct originates from the E(py)=E-NHC(7c*) (E = P, Se) backbonding
and is in good agreement with the expected m —acceptor properties of the incorporated
ligand (Figure 11).[117.118]

In 2020, Sarkar and co-workers investigated the mesoionic selones of the
1,2,3-triazolylidene type by 7’Se NMR spectroscopy. The m —acceptor ability of the
corresponding MIC ligands is shown to be significantly influenced by the substituents at

the N1 and C* positions.[101]
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Figure 11. Spectroscopic methods for the determination of the o —donor strength (left)
and m —acceptor capacity (right) of L = NHC, MIC. The probe functionalities are
highlighted in red.

The feasibility of incorporating a great variety of substituents on the 1,2,3-triazole and
1,2,3-triazolylidene moieties opened up a large toolbox for combining the electronic
properties of each of the aforementioned classes of compounds in bi- and tridentate
ligands. Despite the great developments of tridentate 1,2,3-triazole and 1,2,3-
triazolylidene ligands, the following discussion will focus mainly on bidentate ligands.[37]
In 1990, Lever introduced an alternative method for determining the ligand redox
properties of Rul/I metal complexes using cyclic voltammetry. The ligand
electrochemical parameter (LEP) describes the relative ability of ligands to stabilize a
metal in a certain oxidation state and can be correlated with the overall ¢ —donor
strength of the ligand. With the unambiguous assignment of a dominant ligand-centered
reduction, the methodology can be applied to the m —acceptor capacities of the ligand.
Dominantly metal-centered oxidation or ligand-centered reduction can be assigned by
EPR- and IR-SEC in combination with theoretical calculations.[8¢]

In 2017, Suntrup et al. investigated fac-[(L—L)ReCl(CO)s3] complexes, bearing bidentate
ligands with at least one 1,2,3-triazole (triaz) or 1,2,3-triazolylidene (MIC) containing
moiety by EPR-, IR- and UV /vis/NIR-SEC, supported by DFT-calculations.[11°] The results
indicate a predominantly metal-centered oxidation and ligand-based reduction, which
allows the determination of the o —donor strengths by IR-spectroscopy and the

m —acceptor properties by cyclic voltammetry (Figure 12).
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Figure 12. Comparison of ¢ —donor and = —acceptor properties in fac-[(L—L)ReCl(CO)s3].

Consistent with the aforementioned discussion, the incorporation of MICs drastically
improved the o —donor strength of the chelating ligands. The MIC-MIC ligand imparts
greater stabilization of the oxidized metal-center, leading to an unusual reversible
oxidation of the Re(I) central ion. Similar to its monodentate analogue, the triaz-triaz
ligand shows the weakest o —donor ability, followed by the well-established bpy ligand.
While bpy exhibits the highest m —acceptor capacity, the triaz-triaz ligand shows the
poorest m —acceptor properties among the ligands presented. Importantly, the inclusion
of a pyridine ring drastically increases the m —acceptor ability of the bidentate ligands.
This observation is significant in many ways, since the interplay between excellent
m —acceptor and strong o —donor properties leads to an increase in the thermal
activation barrier (AE) of octahedral transition metal-based photocatalysts, resulting in a
prolonged excited state lifetime and enhanced catalytic activity in a push-pull system (see
section 1.1).

In addition, according to the "iron law" (see section 1.2), an increased m —acceptor ability
lowers the overpotential of the electrocatalyst, while improving ¢ —donor strength
enhances metal-substrate reactivity and hence catalytic activity.

The ideal candidate to fulfill these requirements is the pyridiyl-MIC ligand (py-MIC). The
bidentate ligand combines the strong m —acceptor properties of the pyridine functionality
with the excellent ¢ —donating ability of the MIC. The balanced synergy between the
m —accepting pyridyl-moiety and the strong ¢ —donating MIC formed the basis for the

present thesis.
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1.4 Photochemistry Inspired by Mesoionic Carbenes

In the broad history of transition metal-based complexes in photochemistry, the
conceptual design of the incorporated ligand has become increasingly important in recent
decades due to the possibility of tailor-made tunability of the excited state
properties.[343640,120,121]

Mesoionic carbenes have shown to be particularly fruitful in increasing the excited state
lifetimes of transition metal complexes, as their exceptional ¢ —donating properties are
capable of increasing the ligand field strength in octahedral complexes and consequently
the thermal barrier AE (see section 1.1). The shift of MC states to higher energies becomes
particularly important in transition metal complexes of the 3rd period, as the intrinsic
weak ligand field splitting leads to a rapid population of non-radiative 3/5MC
states.[34364044121] Despite the large developments of main group adducts in
photochemistry,[122] as well as in early[123] and late[124] transition metal complexes, the
following discussion will focus on octahedral transition metal complexes of group 7-9 in
context of this thesis.

In 2018, Warnmark and co-workers reported an octahedral [Fe(btz)s3]?* (btz = 3,3-
dimethyl-1,1-bis(p-tolyl)-4,4-bis(1,2,3-triazol-5-ylidene)) with an excellent excited-state
lifetime of 528 ps (4t generation, Figure 13).[125] The complex shows a low oxidation
potential of the Fe(II)/Fe(Ill) redox couple at —0.58 V, demonstrating significant impact
of the strongly electron-donating MIC units. Indeed, the electron-rich nature of the MIC
ligands enables the isolation of the oxidized [Fe(btz)3]3* complex with an unusual 2LMCT
and an excited state lifetime of 100 ps at room temperature (3T generation, Figure
13).0126] The oxidized Fe(Ill) complex shows great potential as a photooxidant with
potentials of +1.5 V (2LMCT) and +2.1 V (2MLCT) vs. Fc*/9, while the Fe(Il) complex is a

strong photoreductant with a potential of —1.6 V vs. Fc*/0.[125,126]
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Figure 13. Recent developments in bidentate iron-MIC complexes (R = p-tolyl).
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Replacing a btz-ligand with a m —acceptor ligand, such as bpy, leads to a push-pull system
that has proven to be a key concept for enhancing the ligand field strength in various
transition metal complexes.[34401 The SMLCT excited state lifetime in [Fe(btz)z(bpy)]?*
(2rd generation, Figure 13)[127] could be increased by three orders of magnitude (13 ps)
compared to the 'classical' [Fe(bpy)s3]?* complex (13 fs, 15t generation, Figure 13)[128]
and shows a remarkable photochemical stability in overnight laser experiments.

The photostability of transition metal complexes is often correlated with the distortion of
the excited state. A common strategy to suppress excited-state distortion is to increase
the structural rigidity by tridentate ligands and to expand the m —conjugation of the ligand
framework. In addition, the higher symmetry of the chelating ligand optimizes the bite
angle of the system, leading to increased overlap of the metal-ligand orbitals.[120]
Recently, a Fe(II) complex with two tridentate ligands containing two MIC units and a
central pyridyl moiety with an extended m —system was studied photochemically
(I, Figure 14). However, the tridentate ligands lead to stronger distortion of the ideal
octahedral geometry compared to their bidentate counterparts, resulting in reduced
ligand field splitting and excited state lifetimes (AS3°™™ =3.8-120 ps; A3007m =
3.7-1910 ps). At 400 nm, the population of an unusually long-lived dissociative SMC
occurs, while excitation at 650 nm leads to the population of the SMLCT state.[129]
Photochemical investigations of Ru(ll) MIC complexes are reported in great detail.
Replacement of the one terpyridine ligand (tpy) with the MIC-derived pincer ligand
produces a push-pull system II (Figure 14) with an excited state lifetime of 7 > 600 ns,
2500 times longer than observed for [Ru(tpy)z]?* and similar to that reported for
[Ru(bpy)s]?*. The IMLCT excitation is associated with the tpy ligand, whereas the SMLCT
emission is attributed to the MIC ligand after the electronic redistribution during
vibrational relaxation and ISC.[130]

Modification of the tpy ligand in III, via the insertion of an electron-withdrawing groups
to increase the m —acceptor properties and the incorporation of long alkyl chains on the
MIC-ligand, to reduce recombination reactions in dye-sensitized solar cells, leads to
lifetimes of up to 410 ns (Figure 14).0131]

Further improvement of the MIC pincer ligand by replacing the substituents at the
N1-position of the MIC with aryl-units and extending the m —conjugation with furanyl-
substituents in the para-position of the tpy ligand could drastically enhance the excited

state lifetimes up to 7.9 us (IV, Figure 14).1132]
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R'=Mes (r = 1.9 ns) R' = Mes (v = 633 ns) R'=CgHy; (1 =410nS) R = 2.4,6-Me;(C;H,) (v = 6980 ns)
2,6-Me,-4-Br(C;H,) (t = 7900 ns)
Figure 14. Excited state lifetimes of MIC-pyridyl-MIC pincer ligands in Fe(II)/Ru(Il)

complexes.

Ruthenium complexes with bidentate MIC ligands and their higher osmium analogues
exhibit less impressive photophysical properties (Figure 15).137] The excited state
lifetimes usually do not exceed values of 7 > 300 ns and the quantum yields of 5.9% which
are lower than those reported for [Ru(bpy)s]?*. However, natural transition orbitals
analysis of [Ru(di-MIC)(bpy)2z]?* reveals that the Ru-bpy centered excited state can be
significantly influenced by the MIC moieties.

The influence of the MIC moiety is particularly evident in the case of the photoredox
properties, as observed in the Latimer diagrams of the investigated [M(di-MIC)(bpy)z]%*
and [M(py-MIC)(bpy)z]?* complexes (M = Ru, Os). In comparison to the well-established
[M(bpy)s]?* (M = Ru, Os) complexes, the oxidative quenching potential (“E,.4) is increased
by —400 mV after the incorporation of two MIC units, making MIC-based complexes
attractive candidates for photoreductive applications.[133] Indeed, the MLCT lifetimes of
the reported complexes are long enough to enable photoinduced electron transfer

reactions in photocatalysis or electron injection into semiconductors.[134]

R=Ph R=Ph

Figure 15. Investigated bidentate Ru(II) and Os(II) MIC complexes.
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Iridium complexes play a prominent role in the area of photochemistry and photophysics,
due to their high ligand field splitting, the large size of the d-orbitals and the higher ionic
charge precluding non-emissive states and photodissociation and leading to a significant
increase in excited state lifetimes. Cyclometallation of the chelating ligand, such as
2-phenylpyridine (= ppy), in [Ir(ppy)s3], increases the covalency of the metal-ligand bond
and contributes significantly to the metal-centered HOMO, while the LUMO is
predominantly localized on the © —system of the ligand.[13]

In 2018, E. Matteucci et al. investigated a series of cyclometalated MIC ligands in
[Ir(L-MIC)(ppy)2]%/* (L = py, triaz, triazolide) as an alternative to standard chelating
systems, such as 1,10-phenanthroline (= phen) and bpy (Figure 16). Unfortunately, the
complexes [Ir(py—MIC)(ppy)z]* and [Ir(triaz—MIC)(ppy)z]* show very poor quantum
yields of only 1% in acetonitrile. Theoretical calculations revealed that the luminescence
is quenched by the lowest 3MC state, leading to a reversible detachment of the metal-
nitrogen bond, similar to the observations noted for the NHC counterparts.[13¢l In contrast,
[Ir(triazolid—MIC)(ppy)z] shows quantum yields of up to 12% in acetonitrile, which could
be attributed to the increased metal-triazolide bond strength. Accordingly, the beneficial
bonding situation in [Ir(triazolid—MIC)(ppy)2z] suppresses the non-radiative deactivation
pathway via the dissociative 3MC state.[137]

Earlier reports by Baschieri et al. with two py-MIC ligands and two chloride ligands in
[Ir(py—MIC)2Cl2]* show luminescence from the LC state after excitation to the MLCT state.
The replacement of the two chloride ligands by a bi-tetrazolate ligand (= bi-tetr) causes a
blue shift of the emission (Figure 16). Both complexes exhibit quantum yields
comparable to the archetypal [Ir(ppy)z(bpy)]* and other chloride-containing Ir(III)
complexes ranging from 1% to 12%.[138

High quantum yields were obtained by Barnard and co-workers. They presented a new
series of Ir(Ill) complexes, combining MICs with NHCs in [Ir(NHC-MIC)(ppy)2]*
(Figure 16). The complexes investigated showed quantum yields of up to 57%.
Furthermore, preliminary studies as luminescent probes for cell imaging were also
conducted, demonstrating the great potential of MIC-based Ir(IlI) complexes for

biological applications.[13°]
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Figure 16. Selected Ir(IlI) complexes with MIC ligands.

Rhenium complexes of the fac-[Re(CO)s3X] (X = halide) type are excellent candidates for
the photocatalytically conversion of CO2,[140] since the metastable 3MLCT state can induce
the dissociation of the halide co-ligand by the thermal population of the 3MC. However,
the photo-induced ligand dissociation strongly depends on the excitation energy,
temperature and the choice of solvent, giving access to long-lived emissive states.[141]
Recently, Suntrup et al. reported a series of py-MIC-based fac-[ReL(C0O)3Cl] complexes
with different substituents at the N1-positon (Scheme 7, section 1.5). Irradiation at
360 nm in DMF at room temperature leads to excited state lifetimes of up to 56 ns, similar
to those reported for [Re(bpy)(CO)sCl]. The insertion of the electron-donating MIC moiety
shifts the emission to higher energies (550 nm) compared to the Re(I)-bpy counterpart
(574 nm), demonstrating the appreciable influence of the MIC ligand.[106]

In addition, the investigated fac-[Re(py—MIC)(CO)s3Cl] complexes are catalytically active
in the electrochemical conversion of CO2 and show a high selectivity for the formation of

CO under protic conditions, which will be the subject of the following section.
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1.5 Recent Developments in MIC-based Electrocatalysis

Probably one of the best known molecular electrocatalysts reported so far is the so-called
Lehn catalyst. The fac-[Re(bpy)(CO)3Cl] complex shows an excellent Faradaic efficiency
(FE) of 98% for the selective conversion of CO2 to CO in a 9:1 DMF/H20 mixture at mild
potentials of —1.5 V vs. NHE with a turnover frequency of 21.4 h-1.[142]

Nearly 40 years later, after Lehn's seminal discovery, Suntrup et al. investigated the
analogous pyridyl-MIC fac-[Re(py—MIC)(CO)sCl] in electrochemical COz reduction.[106]
Earlier reports by the group of Sarkar and co-workers on the electronic structures of
fac-[Re(py—MIC)(CO)3Cl] allowed an in-depth characterization of the redox stability in
different redox states by cyclic voltammetry, IR-, EPR- and UV/vis/NIR-SEC, combined
with (TD-)DFT calculations.[119] At a later stage, IR-SEC measurements were performed in
a COz-saturated DMF/BusNPFs solution to obtain detailed information on the catalytic

intermediates (Scheme 7).
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Scheme 7. Proposed pathways of fac-[Re(py—MIC)(CO)3Cl] (R =dipp) in the absence (top,

first reduction) and in the presence of CO2 (bottom).
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The first reduction was assigned to a ligand-centered reduction, as shown by the EPR-,
UV/vis/NIR- and IR-SEC measurements and was further supported by TD-DFT
calculations.

The scan rate dependency in cyclic voltammetry reveals an EC mechanism in the
reduction, that can be attributed to the dissociation of chloride from the Re(I) metal
center. Accordingly, the newly generated species detected at —1.83 V originates from
either the solvent adduct fac-[Re(py—MIC)(CO)3sDMF] or the coordinatively unsaturated
fac-[Re(py-MIC)(CO)3] complex.

In addition, IR-SEC measurements supported the presence of an EC mechanism. The
metal-bound CO ligands are ideal probes to provide detailed information about the
electronic structure of the complexes, as their position is directly influenced by the
changes in electron density. The small shift of the CO stretching frequencies of about
30 cm! to lower wavenumbers observed in fac-[Re(py—MIC)(CO)s] indicates a ligand-
centered reduction, since the increase in electron density is not directly induced by the
metal center. However, prolonged electrolysis leads to dissociation of the chloride ligand,
as shown by the absence of the isosbestic points and the appearance of several new CO
bands.

The identification of an EC mechanism becomes particularly important in the
electrochemical conversion of CO2. Dissociation of the chloride ligand facilitates the
metal-substrate interaction in fac-[Re(py—MIC)(CO)s]. In the presence of CO2, IR-SEC
measurements showed exceptional reactivity of the singly-reduced species. In contrast to
the archetypal Lehn catalyst, fac-[Re(py-MIC)(CO)s3Cl] is potentially capable of catalyzing
CO2 in a one-electron pathway without the need to generate the doubly reduced
fac-[Re(py—MIC)(CO)3]~ species (two-electron pathway). The intense CO2z band at
2338 cm! disappeared completely during the spectroelectrochemical measurement at
—2.1 V vs. Fc/Fc* and the obtained CO bands are not identical with the aforementioned
singly reduced species in the absence of CO2. Spectral similarity was observed only after
almost all COz has been converted during electrolysis. The difference in the IR bands
formed during the reduction in COz and argon atmosphere suggests the formation of a
COz2-containing intermediate, such as fac-[Re(CO2)(py—MIC)(CO)3] or a CO2-bridged
dimer.[63143] Other reactions, such as the Re-Re dimerization or the formation of the
solvent adduct fac-[Re(py—MIC)(CO)3DMF], are presumably suppressed in the presence
of CO.
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The electrochemical reduction of CO2 was tested with two differently substituted
fac-[Re(py—MIC)(CO)3Cl] complexes in the presence and absence of methanol as a proton
source in DMF at -2.3 V vs. Ag/AgNOs. For comparison, the Lehn catalyst
fac-[Re(bpy)(CO)sCl] was investigated under identical conditions at —1.9 V vs. Ag/AgNOs.
All complexes investigated exhibit high selectivity for the formation of CO. However,
substitution at the MIC unit has a drastic effect on the catalytic activity, as indicated by the
FE. The substitution with —CH2PhF shows a FE of only 64%, while the dipp-substituted
fac-[Re(py—MIC)(CO)3Cl] complex shows an excellent FE of 99%, outperforming the Lehn
catalyst with 71% FE. The influence of the substitution at the MIC unit is also evident in
the TON and TOF of the complexes studied. The fluorinated fac-[Re(py—MIC)(CO)sCl]
complex shows a TON of 110 and a TOF of 0.03 s71, similar to the values observed for the
fac-[Re(bpy)(CO)3Cl] complex. In contrast, the dipp-substituted fac-[Re(py—MIC)(CO)3Cl]
complex shows a TON of 191 and a TOF of 0.08 s71, almost three times higher of that
observed for archetypal Lehn catalyst.[106]

The groups of Piers and Royo investigated the lower homologues with the constitutional
pyridyl-MIC isomers of the fac-[Mn(py—MIC)(CO)s3Br] type. In addition, Royo and
co-workers studied the influence of the chelating ligand by replacing the pyridyl
N-heterocycle with a 1,2,3-trizole and a MIC moiety in fac-[Mn(MIC-MIC)(CO)3Br]| and
fac-[Mn(triaz—MIC)(CO)3Br] (Figure 17).[104.105]
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Figure 17. Investigated MIC-Mn(I) complexes (top) and isolated intermediates (bottom).
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Manganese precatalysts are known to dimerize rapidly upon one-electron reduction.144]
The dimer itself can react catalytically by cleaving the Mn—Mn bond and subsequent
insertion of CO2.[145] However, dimerization of the Mn(0) species leads to an increase in
the overpotential.l?0146] A common strategy to suppress dimerization is to incorporate
bulky substituents near the metal center to slow the rate of dimerization and
consequently to reduce the overpotential.

The electrocatalysts are extremely photosensitive because of the weak ligand field
splitting, leading to rapid CO dissociation, as previously discussed in section 1.4. The
insertion of strongly ¢ —donating ligands, such as MICs facilitate the compensation of the
electron deficiency of the formally oxidized metal center and increases the ligand field
splitting, which is essential for the stability of the electrocatalyst.[147]

In the series of fac-[Mn(L)(CO)3Br] complexes investigated by Royo and co-workers, only
moderate catalytic activity was observed for the electrochemical reduction of CO2 in
MeCN and in the presence of H20. The low efficiency was attributed to the
electrodeposition of the catalysts during the electrolysis experiment. The highest FE was
observed for the fac-[Mn(MIC-MIC)(CO)3Br] complex with 70%.

In contrast, Piers and co-workers investigated the CPy—NMIC ]inked constitutional isomer
and demonstrated that the fac-[Mn(py—MIC)(CO)3Br] complex is robust under the
experimental conditions and can operate at two well-separated potentials (4E = 400 mV)
for electrochemical CO2z reduction.[105]

In the low operating regime at —1.54 V, CO: is converted by a Mn(0) species to CO and
CO%~ at a maximum rate of 7 s™! for nearly 30.7 hours. The product analysis at a higher
potential of —1.94 V displays the selective formation of CO and H20 with a TOF of 200 s71.
The catalytically active species was assigned to the fac-[Mn(py—MIC)(CO)s3]~ species.
However, the operating time is limited to 6.7 hours, which demonstrates the synergy in
the structure-reactivity relationship of the electrocatalyst used.

The isolation of various predicted intermediates, such as the Mn—Mn dimer, the cationic
fac-[Mn(py—MIC)(CO)4]* complex and the two-electron reduced species, allowed an
in-depth (spectro-)electrochemical analysis of the (pre-)catalytic activation pathway at

the different operating potentials (Scheme 8).
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Scheme 8. [llustration of the redox chemistry in the fac-[Mn(py—MIC)(CO)3Br] complex

based on isolated intermediates (adapted from Piers and co-workers).[105]

Cyclic voltammetry fac-[Mn(py—MIC)(CO)3Br] reveals rich redox chemistry. In particular,
the cyclic voltammogram in MeCN shows a 120 mV shift in the first reduction (Ep.; =
—1.57 V) to a more anodic potential compared to the cyclic voltammogram recorded in
DMF (E,c; = —-1.69 V), indicating a rapid halide/solvent dissociation in MeCN.
Accordingly, the first reduction can be assigned to the halide/solvent dissociation of the
fac-[Mn(py—MIC)(CO)3Br] and/or fac-|[Mn(py—MIC)(CO)3S] complex (S = MeCN, DMF),
leading to the radical Mn(0) species.

The radical Mn(0) species can undergo rapid dimerization to the Mn—Mn complex.
Electrochemical investigation of the isolated dimer confirmed this observation, as
indicated by the consistent reduction potential at —1.87 V, leading to the monoanionic
complex [Mn(py—MIC)(CO)3]~. Reverse anodic scan leads to the formation of the Mn(0)
radical species, followed by subsequent dimerization.

Finally, oxidation of the dimer leads to the formation of the solvent adduct
fac-[Mn(py—-MIC)(CO)3S] (S= MeCN, DMF) or the respective starting complex
fac-[Mn(py—MIC)(CO)3Br] in the presence of an excess of bromide.

IR-SEC in the presence of COz and a proton source indicated the formation of CO and
carbonates at lower reduction potentials, which was further confirmed by the
precipitation of MgCOs after prolonged electrolysis.

In contrast, electrolysis at higher potentials shows selective formation of CO and H20 via
an EECC mechanism, yielding fac-[Mn(py—MIC)(CO)4] after the consumption of CO2, as

mentioned earlier.
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The exceptional properties of the pyridyl-MIC ligand were also investigated by Sarkar and
co-workers in the electrochemical H* reduction with a [Co(Cp*)(py—MIC)Cl]* complex
(Scheme 9). The complex exhibits a low overpotential (130 mV) and a TOF of 4 - 1021
with a glassy carbon electrode. The TON was determined at about 650 000 during the
30 min bulk electrolysis experiment and the Co(III) complex shows remarkable stability
towards acidic acid due to the unique robustness of the metal-MIC bond. On basis of the

electrochemical data, a (catalytic) mechanism was proposed.[107]
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Scheme 9. Proposed mechanism for electrochemical H* reduction for a Co(III)-MIC

catalyst.[107]

Upon reduction, an electron-transfer/chemical reaction (EC) mechanism, accompanied
by dissociation of the chloride ligand, is proposed. Similar observations have been made
for [Co(Cp*)(bpy)Cl]* complexes.[148] The first reduction at —1.1 V vs. Fc/Fc* is
metal-centered, as indicated by the similar potential for the investigated Co(IIl) MIC-MIC
and triaz—py counterparts. The second reduction shifts according to the m —acceptor
capacities of the ligands, indicating a 'non-innocent' nature of the ligand, followed by an
electron density distribution to produce an active Co(I) metal center. In the presence of a
proton source, the formation of a Co(Ill)-hydride species is postulated, which can
facilitate dihydrogen formation by a proton-coupled electron transfer (PCET) to the Co(1I)
species or regeneration of the starting complex after chloride coordination. The
electrochemical studies revealed first-order dependence on the catalyst and a second-

order for acetic acid, further corroborating the proposed mechanism.
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2 Scope of this Thesis

2  Scope of this Thesis

1,2,3-Triazolylidenes (= MIC) and in particular mesoionic carbenes with a pyridyl-moiety
have proven as excellent candidates to fulfill the synergy between strongly ¢ —donating
and excellent m —accepting properties to tune the photophysical properties of transition
metal complexes and to improve the stability and activity of potential electrocatalysts.
Given the scope of the thesis, the impact of bidentate pyridyl-MIC ligands compared to
classical polypyridine ligands, such as bpy and diamine ligands, is repeatedly highlighted
to provide detailed insights into the structure-reactivity relationship in different
transition metal complexes for the potential activation of small molecules based on
(spectro-)electrochemical, theoretical and photophysical methods. In a more profound
context, the effects of two constitutional isomers (C—N vs. C—C), which have received less

attention in the field of photo- and electrocatalysis, are discussed (Figure 18).

M M
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Figure 18. Investigated constitutional isomers of the pyridyl-MIC type.

In the first part (Chapter 3.2), the electrochemical and photophysical properties of a new
Ru(II) polypyridine series are discussed. The successive replacement of a bpy ligand by a
pyridyl-MIC ligand in [Ru(bpy)s]?* leads to new excited-state properties for potential
photocatalytic applications. (Spectro-)electrochemical investigations, supported by
theoretical calculations, provide detailed insights into the different redox state properties

concerning the total number of incorporated MICs in such systems (Figure 19).

.
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Figure 19. Pyridyl-MIC Ru(II) polypyridine complexes as potential photocatalysts.
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2 Scope of this Thesis

In analogy to the well-established Lehn-type catalyst, the isostructural and isoelectronic
group 6 carbonyl complexes bearing a bidentate ligand are attractive candidates for the
electrochemical conversion of CO2 and exhibit exciting photochemical properties. The
incorporation of two constitutional isomers in [M(py—MIC)(CO)4] (M = Cr, Mo, W) offers
the opportunity to investigate not only the potential application as an electrocatalyst for
electrochemical CO2 reduction but also the photophysical properties and photochemical
reactivity in view of the different connectivity in the pyridyl-MIC ligand (Figure 20,
Chapters 3.3-3.6).

Electronic Properties Electrochemical CO, Reduction
M = Cr, Mo, W .
potential
R co N R co activated
N= NO .
b . site
electronic - "'r-.,,!l..u“co N'N_S 'ff--.,L.o\‘ €Q
structure SN | ~co ~N"" | co
Z  co Z  co IR probing
[M(C—C)(CO),] [M(C-N)(CO).]
Photophysics Photochemistry

Figure 20. [M(py—MIC)(CO)4] (M = Cr, Mo, W) complexes as a model system for electronic

properties, potential electrocatalysis and photochemical investigations.

The pyridyl-MIC ligand has been shown to significantly enhance the catalytic activity in
electrochemical proton reduction with Co(III) half-sandwich complexes. However, the
mechanism of this reaction is still debated. In the present thesis, a detailed mechanistic
study of the precatalytic activation of the corresponding pyridyl-MIC Rh(III) complexes
(Chapter 3.7) for the electrochemical proton reduction is discussed using

(spectro-)electrochemistry and theoretical methods (Figure 21).

_,+ 2H'+2e — _|+

Precatalyst Activation

Figure 21. Rh(IIl) pyridyl-MIC complexes used for the mechanistic studies on the

precatalytically activation in electrochemical proton reduction.
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Results & Discussion

3  Results & Discussion
3.1 Summary and Conclusion

Undoubtedly, nature represents the most efficient homogeneous catalysts in highly
structurally defined, selective and robust enzymes for the conversion of small molecules
at ambient conditions. The unique synergy between structural complexity and reactivity
has motivated scientists all around the globe to mimic the tremendous and exceptional
performance of enzymes in organometallic chemistry. However, it is difficult to realize the
well-defined enzymatic structures and extensive environment for a homogeneous
catalyst in an industrial approach operating under mild conditions. New strategies have
been developed to enhance the performance of homogeneous catalysts at low energy
costs and widely accessible synthetic methods.

The utilizing of external triggers, such as light or electric sources, activate homogeneous
precatalysts and generates the highly reactive catalytic active species without using
sacrificial additives. Homogeneous catalysts that take advantage of such external stimuli
are referred to as photo- or electrocatalysts. Their catalytic performance strongly
depends on their structural confinement. Therefore, it is no surprise that a well-defined
ligand design plays a crucial role in creating efficient and robust photo- and/or
electrocatalysts.

In recent decades, various strategies in the conceptual ligand design of new and highly
reactive photo- and electrocatalysts have been discovered. Homogeneous photocatalysts,
for instance, have shown outperforming lifetimes and quantum yields by combining
strong m —acceptor ligands with highly ¢ —donating ligands, despite the fact that each of
the ligand classes itself shows a great impact on the photophysical properties in
octahedral transition metal complexes. The strong m —acceptor properties of the ligand
energetically stabilize the so-called metal-to-ligand charge transfer (1/3MLCT) excited
states, while highly o —donating ligands destabilize the metal-centered (MC) states,
which are prone to undergo non-radiative decay of the photochemical excited states.
The synergy between good m —acceptor ligands and strong o —donating ligands is also
represented in the so-called "iron law" for electrocatalysts. Ideal electrocatalysts should
be highly efficient, robust and capable of performing the substrate conversion at mild

over-potentials.
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Results & Discussion

Increasing the m —acceptor capacity of the ligand system in reductive processes leads to
low operating potential, but the decreased electron density at the metal center results in
a limited catalytic rate. On the other hand, incorporating electron-rich ligands manifests
an increased catalytic conversion, but the corresponding electrocatalyst operates at
higher potentials and is consequently less attractive in terms of total energy costs.

A simple, yet powerful strategy to overcome the "iron law" in electrocatalysis is to
combine good m —acceptor capacities with high o —donor properties in a single bidentate
ligand.

An excellent candidate to fulfill the criteria for a good photo- and electrocatalyst is the
pyridyl-1,2,3-triazolylidene ligand (py—MIC). The insertion of a pyridyl moiety drastically
increases the m —acceptor properties of the strong electron-donating mesoionic carbene
(MIC) ligand, as earlier reported in the fac-[Re(py—MIC)(CO)3Cl] complex. A direct
comparison in the electrochemical CO2 reduction with the well-established Lehn catalyst
fac-[Re(bpy)(CO)sCl] revealed the great potential of the ligand system. The exchange of
the bpy ligand with the strong ¢ —electron-donating and good m —accepting pyridyl-MIC
ligand leads to enhanced catalytic performance at similar operating potentials.

Despite the great developments in the conceptual ligand design, a direct comparison of
the impact of constitutional isomers in the field of photo- and electrochemistry has gained
limited to no attention (Figure 22).

The present thesis provides insights into the electronic and photophysical influence of
pyridyl-MIC ligands in potential homogeneous photo- and electrocatalytic systems. The
analogy to well-established polypyridine and diamine ligands facilitates an in-depth
understanding of tuning the electronic and photophysical properties based on

pyridyl-MIC containing transition metal complexes.

- LR R_

C-C strong m-acceptor C-N

constitutional isomers

Figure 22. Ligand design for constitutional isomers of the pyridyl-1,2,3-triazolylidene

type (left: C—C linked isomer; right: C—N linked isomer).

49



Results & Discussion

[Ru(bpy)s3]?* represents one of the most prominent homogeneous photocatalysts. The
archetypical complex has been intensively studied with various ligand modifications, such
as substitution at the ligand backbone, the extension of the m —system or the replacement
of one of the bpy ligands with tailor-made ligands to enhance the photophysical
properties of such systems.

Ru(II) complexes bearing strong ¢ —donating ligands, such as NHCs or MICs, have shown
excellent photophysical properties and are well-established in photocatalytic
applications. However, a systematic study based on the total number of carbenes
incorporated in Ru(II) complexes with polypyridine ligands has not been investigated.

In the first part of this thesis (Chapter 3.2), a series of three new Ru(Il) complexes with
the C-C linked pyridyl-MIC ligand was synthesized and fully characterized via 1H and 13C
NMR spectroscopy, mass spectrometry, elemental analysis and single crystal X-ray
diffraction analysis. All complexes were investigated by cyclic voltammetry, EPR- and
UV /vis/NIR-SEC, supported by (TD-)DFT calculations, and compared to the archetypal
[Ru(bpy)s]?* complex.

The successive replacement of a bpy ligand by a pyridyl-MIC ligand shifts the metal-
centered oxidation by ~160 mV to more cathodic potential. The oxidation at the metal
center was assigned by low-temperature EPR spectroelectrochemistry, supported by spin
density calculations.

The UV/vis spectra of the native complexes showed absorption bands in the range
between 300-550 nm. TD-DFT calculations assigned the electronic transitions to a metal-
to-ligand-charge transfer (MLCT). Upon oxidation, the great influence of the total number
of incorporated py—MIC ligands becomes particularly prominent.

Moving from the Ru(II) complex with one pyridyl-MIC ligand to the complexes bearing
two and three pyridyl-MIC ligands shifted the mixed metal-ligand-to-ligand charge
transfer (MLMCT) to a dominant ligand-to-metal charge transfer (LMCT) transition. The
stronger ¢ —donating nature of the incorporated pyridyl-MIC ligands generates
predominantly ligand-centered HOMO-orbitals. The presented results reveal that the
HOMO-orbitals of the oxidized Ru(IlI) complexes can be tuned by the strong electron-
donating pyridyl-MIC ligands. This observation is interesting from many perspectives, as
the copper-catalyzed-alkin-azide cyclization (CuAAC) to generate the respective triazoles
as precursor for the MICs allows a broad substrate scope for tailor-made tuning of the

electronic properties and is not exclusively limited by the central metal atom anymore.
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Results & Discussion

The extrapolation of the total number of MIC moieties incorporated in the Ru(II) complex
might provide the opportunity to isolate stable Ru(III) metal complexes with exciting new
photophysical properties, such as LMCT and long-lived excited states. Earlier reported by
Warnmark and co-workers showed excited state lifetimes in a homoleptic tris-(MIC-MIC)
Fe(Ill) complex of 528 ps. The unusual Ru(Ill) complexes could act as strong
photooxidants for photocatalytic applications with even longer excited state lifetimes.

In addition, EPR-SEC measurements and spin density calculations revealed a
bpy-centered first reduction. The Ru(II) complex with only one py—MIC ligand showed an
isotropic signal without any hyperfine coupling of the 14N in the bpy ligand due to the
energetically close-lying bpy-centered LUMO-orbitals. In contrast, the incorporation of
two py—MIC ligands shows a well-defined isotropic EPR signal with hyperfine splitting of
the 14N at the bpy ligand. These results clearly demonstrate that the electronic properties
of the Ru(Il) complexes for a potential application as photocatalysts can be tuned by the
right choice of the incorporated ligands.

Interestingly, the first bpy-centered reduction shifts by ~100 mV to more anodic potential
after the replacement of one bpy ligand with the pyridyl-MIC ligand. The replacement of
all bpy ligands by the electron-rich MIC-containing ligands leads to a shift of the first
reduction up to 250 mV. The detailed electrochemical studies in combination with the
transient spectroscopy and theoretical calculations allowed us to estimate the
photocatalytic properties of the presented complexes.

All presented complexes showed emission spectra typical for polypyridine Ru(II)
complexes in the range of 600-900 nm. Photoluminescence quantum yields ®,, * 1%
were obtained and the excited state lifetimes were in the range between 26—-344 ns. The
lower photoluminescence quantum yields and excited state lifetimes 7 compared to the
archetypal [Ru(bpy)s3]?* complex are likely a consequence of the population of the
metal-centered 3MC state from the 1/3MLCT state leading to the dissociation of one of the
electron-rich pyridyl-MIC ligand arms. However, the excited state lifetimes are sufficiently
long-lived enough to potentially allow photo-induced electron-transfer reactions in
photocatalysis or for electron injection into semiconductors.

The calculated excited state energies E,, of the 3MLCT state showed that the
incorporation of the py—MIC ligands does not significantly change the relative energy of

EOO-
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Results & Discussion

Combining the reduction and oxidation potentials of the ground states with the SMLCT
energies (E,o) allowed us to estimate the oxidative “E,, and reductive “E,.4 quenching
potentials for photocatalytic applications or as photosensitizers. The Latimer diagram
showed that an increased number of MIC within the Ru(Il) complexes decreases the
photooxidative potential. However, the strong electron-donating properties of the MIC
moiety generate strong photoreductants for potential photocatalytic transformations

(Figure 23).

Increased destabilization of the metal-centered oxidation

Increased excited-state lifetime and photoreductive properties

Figure 23. Electronic and photophysical investigated Ru(II) complexes with pyridyl-MIC
ligands.

However, the noble metals as elements with a low natural abundance provides challenges
for an industrial application. The geopolitical problems caused by mining low-abundant
metals, such as ruthenium, lead to high energy costs and extensive water consumption.
Consequently, the use of earth-abundant transition metals would be more suitable. The
metals of the group 6 Cr, Mo and W all have a high natural abundance.

Chapter 3.3 presents in-depth investigations of the electronic properties in
[M(C-N)(CO)4] (M = Cr, Mo) as inexpensive and earth-abundant alternatives. The high
redox stability is a crucial criterion for generating robust and highly efficient photo- and
electrocatalysts and was highlighted in the following chapter 3.3.
(Spectro)electrochemistry is a powerful technique to investigate the redox stability of the

presented group 6 carbonyl complexes.
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Results & Discussion

Cyclic voltammetric, IR- and UV/vis/NIR-SEC measurements revealed an unusually
reversible chromium-centered oxidation under ambient conditions, and served as the
first indication of the exceptionally strong ¢ —donor properties of the pyridyl-MIC ligand
to compensate for the electron-deficiency at the metal center.

In contrast, the higher homologue [Mo(C—N)(CO)4] showed an irreversible oxidation. The
electrochemical irreversibility can be explained by considering the properties of the
central metal atom.

Metals of the 4th period are able to form complexes with higher coordination numbers.
Upon oxidation, the coordinating solvent can bind to the metal center in an associative
mechanism, which results in the dissociation of one of the CO ligands. Therefore, it was
shown that the right choice of the metal center plays an important role to generate highly
redox-stable metal complexes.

In addition, a reversible ligand-centered reduction could be observed for the first time on
MIC-containing ligands for both complexes. The ligand-centered reduction could be
assigned by IR- and EPR-SEC. The small shift of the CO stretching frequencies in the IR
spectra (A¥ = 20 cm1) is a consequence of the pyridyl-MIC-ligand-centered reduction, as
the electron density within the [M(CO)4| fragment is only indirectly influenced by the
ligand-centered reduction. In contrast, the drastic change in electron density caused by
the metal-centered oxidation leads to a strong shift of the CO stretching frequencies by
about 120 cm-1.

The high redox stability of the presented complexes emphasizes the great synergy
between the good m —acceptor properties of the pyridyl moiety and the strong
o —donating properties of the MIC unit, making this ligand class an attractive candidate
for potential photo- and electrocatalysts. Therefore, we investigated the photochemical
properties of the presented [M(C-N)(CO)4] (M = Cr, Mo) complexes in close cooperation
with the groups of Gerhards and Niedner-Schattenburg.

Upon irradiation, step-scan FTIR spectroscopy indicated an uncommon reversible dark
back reaction of the dissociated CO ligand. The generated photoproducts are stable for
hours under ambient conditions. The observation of such robust photoswitchable
systems can open new perspectives in chemical transformations by an inner-sphere

mechanism for atom transfer radical additions (ATRA).
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Results & Discussion

The unusual photochemical reactivity of the [M(C-N)(CO)4] complexes inspired us to
further investigate the photophysical properties of the group 6 tetracarbonyl complexes
(Scheme 10). Only recently, the isoelectronic and isostructural group 6 metal complexes
have experienced a renaissance in photochemistry and are able to compete with
transition metal complexes of the 7th, 8th and 9th groups.

All presented [M(C—-N)(CO)4] complexes (M = Cr, Mo, W) exhibit room temperature
emission in the solid state reaching the NIR region demonstrating the exceptional
photophysical and photochemical properties induced by the pyridyl-MIC ligand.

NIR emitters are of particular interest in the field of photon-upconversion reactions to
generate highly energetic material, biosensing or photodynamic therapy. The presented

results give access to a new class of NIR emitters.

M = Cr, Mo )
R co light on \ R co
* Reversible oxidation in _S”’ €O "” | wCO
[Cr(C-N)(CO),] / \CO C / """co
+ Spectroelectrochemistry / (l: A \ /
* (TD-)DFT calculations _ X = no solvent, MeCN,
W= G e, W light off BUCN, py
vis/NIR emission FTIR spectroscopy

Scheme 10. (Spectro)electrochemical studies on [M(C-N)(C0O)4] (M = Cr, Mo) together
with photophysical and photochemical investigations (M = Cr, Mo, W).

Excitation in analogous group 6 a —diimine and polypyridine tetracarbonyl complexes
[M(CO)4] results in a MLCT - the formal oxidation of the metal center and the formal
reduction of the chelating ligand. Oxidation of the metal center leads to a decreased
CO-backbonding from the metal center to the CO ligands. The weakening of the metal-CO
bond is often accompanied by an irreversible loss of a CO ligand, leading to various
decomposition pathways. Consequently, the excited MLCT state in group 6 carbonyl
complexes is prone to undergo CO dissociation.

The demand for a profound understanding of the oxidized [M(CO)4]* fragment to optimize
new generations of photocatalysts and the unusual reversible chromium-centered

oxidation in [Cr(C—N)(CO)4] built the fundament for the next chapter 3.4.
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Results & Discussion

For the first time, the isolation of the oxidized chromium tetracarbonyl complexes with
m —accepting ligands was described. Analogous transition metal complexes with classical
a —diimine and polypyridine ligands typically undergo rapid decomposition, as the
m —accepting nature of the ligands leads to a decreased electron density at the metal
center and consequently to the destabilization of the [M(CO)4]* fragment.

However, the excellent o —donating properties of the MIC moiety are capable of
compensating for the electron deficiency at the oxidized metal center, while retaining
their excellent m —acceptor properties.

The great synergy between the 0 —donor strength of the MIC moiety and the m —acceptor
capacity of the ligand facilitated in-depth investigations of the fragile [M(CO)4]* fragment.
The oxidized [Cr(py—MIC)(CO)4]* complexes with both constitutional isomers could be
isolated after the addition of mild oxidation reagents at ambient temperatures.

The right choice of the embedded counterion played a crucial role in obtaining single
crystals of the Cr(I) species suitable for X-ray diffraction analysis.

Strong interactions of the cationic fragment with the counterion can induce the
decomposition of the labile [Cr(py—MIC)(CO)4]* complexes. A common strategy to
overcome CO dissociation, substitution or dimerization of the so-called
(super-)electrophiles is to take advantage of weak coordinating anions, such as
[AI(ORF)4]  (with  RF=C(CF3)3) or  BArf (=tetrakis(3,5-bis(trifluoromethyl)-
phenyl)borate).

The single crystal structure of [Cr(C—C)(CO)4]* indicated fluorine-specific interactions of
the CF3 group in BArf~ with the axial CO ligand, while no such interactions were present
in [Cr(C-N)(CO)4]* with the [Al(ORF)4]~ counterion. These results clearly show the
importance of the ion pairing effect for the isolation of new complexes with an electron-
poor metal center and labile bond ligands.

The chemically isolated [Cr(py—MIC)(CO)4]* complexes were compared with the
electrochemically generated species to verify the stability in solution. Notably, the UV /vis
spectra of the Cr(I) complexes supported by TD-DFT calculations revealed that the
oxidized complexes retain most of their MLCT character, due to the electron-rich nature
of the ligands. In addition, an uncommon ligand-to-metal charge transfer (LMCT) from
various MIC-based orbitals to the oxidized Cr(I) center was observed at higher excitation
energies. These results provide indirect evidence of the stabilizing effect of the MIC

moieties on the oxidized metal center.
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Results & Discussion

Furthermore, EPR spectroscopy of the oxidized species revealed detailed information
about the influence of the constitutional isomers, as indicated by the strong hyperfine
coupling of the pyridyl-N in [Cr(C-C)(CO)4]* and its [Cr(C—N)(CO)4]* counterpart. The
C—N linkage in the pyridyl-MIC ligand leads to a decreased nucleophilicity of the pyridyl-
N induced by the negative inductive effect (—I effect) of the NI-triazolylidene moiety.

The weaker nucleophilicity of the pyridyl-moiety in C-N linked ligand and the anodic shift
of the chromium-centered oxidation observed in cyclic voltammetry combined with the
shift to higher wavenumbers in the IR spectrum allowed us to assign the C—N linked ligand

as a weaker 0 —donor compared to its C—C linked counterpart (Figure 24).

(TD-)DFT

Figure 24. Isolated and in-situ generated [Cr(py—MIC)(CO)4]* complexes investigated by
IR, EPR and (spectro)electrochemistry.

The impact of the different connectivity between the pyridyl- and MIC-moiety
accompanied by the changes in the electronic properties are presented in chapter 3.5. The
chapter highlighted the influence of the two constitutional isomers on the photophysical
and photochemical properties in group 6 carbonyl complexes.

The excitation-dependent duality in tetracarbonyl group 6 metal complexes between the
excited state emission and the photo-induced CO cleavage leads to unique photophysical
and photochemical properties of the presented substance class.

High excitation energies result in the population of the excited IMLCT state from the metal
center to the axial CO ligand (M — CO) with a small vibronic barrier inducing CO

dissociation.
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Results & Discussion

Changing the excitation energy to low energies results in the population of the energetic
lower IMLCT state (M — L) by a metal-to-ligand charge transfer from the metal center to
the chelating ligand. A fast intersystem crossing (ISC) from the IMLCT state leads to the
emissive SMLCT state.

The influence of the constitutional isomers of the pyridyl-MIC ligand in [M(C—C)(CO)4] vs.
[M(C—-N)(CO)4] (M = Cr, Mo, W) was in particular evident in the photochemical and
photophysical properties of the higher homologous.

In the first part of this chapter, the quantum yields ®,,,, and the exited state lifetimes 7 in
[M(C—C)(CO)4] were determined and compared with the previously reported in
[M(C—N)(CO)4] complexes. The insertion of the more electron-donating C—C linked isomer
resulted in a drastic increase of the quantum yields from 1.7 - 10-4 in [W(C-N)(CO)4] to
0.29 in [W(C-C)(CO)4]. To the best of our knowledge these are the highest quantum yields
reported for tetracarbonyl group 6 complexes so far.

At lower temperatures, the [W(C—C)(CO)4] complex shows excited state lifetimes of
3000 ns in the solid state. In contrast, the [W(C—N)(CO)4] complex shows excited state
lifetime of only 290 ns. However, all presented complexes outperform the well-
established @ —diimine and polypyridine tetracarbonyl complexes.

Interestingly, an unusual emission at room temperature in solution was observed for
[W(C—C)(CO)4]. Unfortunately, the nature of the emission could not be assigned at this
point. The results show a new strategy for the design of long-lived emissive group 6
carbonyl complexes based on mesoionic carbenes. Additionally, the simple change in the
connectivity between the pyridyl and MIC moiety has a drastic influence of the
photoluminescence quantum yields and the excited state lifetimes.

In the second part of this chapter, the photodissociation quantum yields @, in
[M(C—C)(CO)4] were investigated and compared to the [M(C—N)(CO)4] analogs.

The incorporation of the more electron-rich C—C linked ligand leads to a decrease in the
photodissociation quantum yields ®,;,; of the axial CO ligand. The increased electron
density at the metal center results in a stronger metal-CO bond, disfavoring the CO
dissociation compared to the less electron-donating C—N linked ligand. Low-temperature
FTIR-step scan spectroscopy supported by quantum chemical calculations facilitated the
characterization of the highly reactive [W(C-C)(CO)3] complex with a vacant axial

coordination site.

57



Results & Discussion

In solution, subsequent solvent coordination results in the respective solvato complexes.
Leaving the complexes in the dark initiates the dark reverse reaction to recover the
starting complexes, as previously observed in [M(C-N)(CO)4] (M = Cr, Mo, W).

In the case of [M(C—C)(CO)4], higher kinetic rates for the dark reverse reactions were
observed, compared to the C—N analogues. The increased electron density in within the
[M(C-C)(CO)3S] (S =solvent) presumably leads to faster binding of the dissociated CO
ligand and to a destabilization of the respective solvato complexes.

In a more general perspective, the stabilizing effect induced by the two pyridyl-MIC
ligands facilitates new strategies to access long-lived intermediates for potential
photocatalytic applications in an inner-sphere mechanism. The stability and reactivity of
the activated complex can be tuned by the different connectivity within constitutional

pyridyl-MIC-based isomers.

room temperature emission [W]

& slow dark reverse reaction
. e

—high quantum yield in the solid state

M=Cr, Mo, W

Figure 25. Photophysical and photochemical investigated [M(C—-C)(CO)4] (M = Cr, Mo, W)

complexes.

The extraordinary influence on the (photo)chemical and photophysical properties of the
two constitutional isomers incorporated in [M(CO)4] (M = Cr, Mo, W) prompted us to
further investigate the complexes by (spectro)electrochemical and theoretical methods.
In chapter 3.6, the reductive processes have been highlighted with a focus on the
electrochemical activation of COz.

The greenhouse gas represents a non-toxic, cheap and abundant Ci feedstock for the
chemical industry. However, the high thermodynamic stability and high kinetic barrier to
generate CO, MeOH or formic acid remains challenging and requires an efficient

electrocatalyst to overcome the inertness of COz.
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Results & Discussion

One of the most prominent electrocatalysts for the electrochemical conversion of COz2 is
the so-called Lehn catalysts fac-[Re(bpy)(CO)sCl]. The one-electron reduction at the bpy
ligand leads to the dissociation of the chloride ligand. The second ligand-centered
reduction generates the monoanionic catalytically active [Re(bpy)(CO)3]~ species capable
of overcoming the kinetic and thermodynamic barrier for the activation of COz2.

In protic media, CO2 binds to the metal center and the resulting CO2 adduct selectively
generates CO and H20 under mild conditions making the Lehn catalyst one of the
best-known and efficient molecular electrocatalysts for the electrochemical COz reduction
so far. However, the group 7 electrocatalyst contains rhenium as a low-abundant and
expensive metal center limiting an industrial application for the electrochemical
conversion of COz.

In contrast, the more earth-abundant and inexpensive group 6 metal complexes are
attractive candidates for the electrochemical conversion of CO2 because of their presence
in biochemical systems, such as molybdenum represented in the active site of enzymes
capable of converting CO2 to formate.

Recent reports have demonstrated that the isoelectronic and isostructural group 6 metal
tetracarbonyl complexes with polypyridine ligands are electrocatalytically active in the
electrochemical conversion of COz under non-protic conditions.

With the series of [M(C—C)(C0)4] and [M(C-N)(CO)4] (M = Cr, Mo, W) in hand, chapter 3.6
highlighted the precatalytic activation of the presented complexes by
(spectro-)electrochemical and theoretical methods in the absence and in the presence of
CO2.

All presented complexes showed a reversible ligand-centered first reduction, which shifts
according to the m —acceptor properties of the ligands and the incorporated metal center.
The results demonstrated that the C—N linked pyridyl-MIC ligand represents a slightly
better m —acceptor but a weaker ¢ —donor compared to its C—C linked counterpart.

The ligand-centered reduction could be further confirmed by IR- and EPR-SEC supported
by theoretical calculations. The EPR data showed that in the case of the [M(C-C)(CO)4]
complexes, the electron spin is more delocalized within the pyridyl-MIC framework. In
contrast, in the series of [M(C—N)(CO)4] a stronger localization of the electron spin at the
MIC moiety is observed, as indicated by the higher coupling constants of the 1*N atoms

within the MIC and the stronger coupling to the 1H atoms of the methyl group at the MIC.
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Results & Discussion

The stronger delocalization of the electron within the pyridyl-MIC of [M(C—C)(C0O)4] is
supported by the broad absorption bands between 650-2000 nm in the UV/vis/NIR
spectrum of the singly reduced species. In the case of [M(C—N)(CO)4]-, more discrete
absorption bands in the range of 500-750 nm are observed, indicating a higher
localization of the free electron.

However, the marginal differences in the electronic properties lead to a drastic influence
on the bond activation in the series of [M(C—C)(CO)4] and [M(C—N)(CO)4].

According to the IR- and UV/vis/NIR-spectroelectrochemical measurements, the first
reduction leads to CO dissociation in the series of [M(C—C)(CO)a4].

A new IR band around 2030 cm ! was observed, which could be assigned to free CO within
the electrochemical OTTLE cell. The dissociation of CO is a consequence of the prolonged
electrolysis time during the spectroelectrochemical measurements. In contrast, the
reduction of the [M(C-N)(CO)4] complexes appeared completely reversible as indicated
by the isosbestic points.

The one-electron reduction in [M(C-C)(CO)4] and [M(C-N)(CO)4] showed that the
different linkage in the constitutional isomers can have a drastic influence on the bond
activation within the presented complex class. These results provide an essential concept
in bond activation mechanisms to further improve future electrocatalysts.

Based on these observations, all presented complexes were tested with different
electrode materials (Au/GC) in the electrochemical CO2 reduction.

The electrochemical CO2 reduction with an Au working electrode showed that all
presented complexes were capable of activating CO:z after the first reduction. This
contractionary observation within the series of the [M(C-N)(CO)s] could be a
consequence of only traces of catalytic active species formed during the reduction.
Unfortunately, the high potentials applied for electrochemical CO2 reduction limited the
in-depth investigation of the respective electrocatalysts.

Changing the working electrode to a GC working electrode did not lead to an
electrochemical activation of CO2 after the first reduction in the series of [M(C—-C)(CO)4]
and [M(C-N)(CO)4]. Only the chromium complex [Cr(C—C)(CO)4] showed an increased
current after the first reduction. However, electrodeposition could not fully be excluded

at this point.
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Results & Discussion

In the series of [M(C—C)(CO)s4], an adduct formation after the second irreversible
reduction was observed, as indicated by the cathodic shift of the second reduction. In
analogous polypyridine [M(CO)4] complexes, the formation of a metal-bound CO:2
intermediate is reported. However, the dissociation of one of the electron-rich ligand
arms and subsequent reaction with COz cannot be fully ruled out at this point.

In contrast, in the series of [M(C—N)(CO)4] an increase in the current was observed after
the second reduction. Unfortunately, the high operating potential prevented us from
further investigations of the electrochemical transformation. However, the complexes are
potential candidates for the electrochemical CO2 reduction.

In conclusion, the (spectro)electrochemical results demonstrated that the right choice of
the incorporated ligand and the electrode material can indeed tune the electrochemical
activation of CO2z in group 6 metal complexes.

In the series of [M(C—C)(C0O)4] and [M(C-N)(CO)4], further optimizations have to be
carried out to generate an efficient electrocatalyst suitable for the electrochemical CO2

reduction at lower operating potentials (Figure 26).

Co, co,

VS.

[M(C-C)(CO),] [M(C-N)(CO),]

M= Cr, Mo, W

Figure 26. Group 6 carbonyl complexes probed for the electrochemical CO2 reduction

with an Au and a GC working electrode, respectively.

The rise of atmospheric CO2 associated with global warming has raised significant
awareness to develop alternative green energy sources. One of the most promising
alternative feedstocks has gained increasing attention during the past decades - Ha.
Dihydrogen has the highest energy per mass of any fuel. However, the temperature

density at ambient conditions results in a low energy per unit volume.
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Results & Discussion

The urgent need to develop an advanced storage system to release H2 selectively seems
more prominent than ever. One strategy is to make use of a robust homogeneous
electrocatalyst that generates significant amounts of Hz from a simple proton source
under mild conditions. Unfortunately, various homogeneous electrocatalysts are not
sufficiently stable enough under the applied electrocatalytic conditions. The
electrochemically generated highly reactive intermediates can undergo rapid
decomposition pathways. Therefore, the investigation of the key intermediates within the
electrocatalytic cycle is crucial to optimize the homogeneous electrocatalyst and to
increase the stability of the highly reactive intermediates.

In the last part of this thesis (chapter 3.7), detailed mechanistic studies on the precatalytic
activation path in the electrochemical H* reduction with pyridyl-MIC containing [RhCp*]
complexes were presented.

Under non-catalytic conditions, the combined (spectro)electrochemical and theoretical
methods revealed a two-electron reduction for the chlorido [RhCp*] complexes
generating the electron-rich Rh(I) complexes after chloride dissociation. The Rh(I)
species can undergo another electron-transfer step to form the 19 VE species.

In the case of the [RhCp*] solvato complexes, a stepwise one-electron reduction was
observed to generate the Rh(I) species. The first one-electron reduction could be assigned
to a metal-centered reduction, as indicated by the identical reduction potentials.

The second reduction is shifted according to the m —acceptor properties of the ligands.
Therefore, the second reduction can be assigned to a ligand-centered reduction.
In-depth spectroelectrochemical and theoretical calculations have been performed to
identify the nature of the respective intermediates. The UV/vis/NIR-SEC measurement
showed intense absorption bands in the range of 380-800 nm after the first reduction.
TD-DFT calculations were performed on the singly reduced [RhCp*]~ solvato complexes
and the cationic coordinatively unsaturated [RhCp*]* species. The calculated absorption
spectra of the cationic [RhCp*]* are in good agreement with experimentally observed
UV /vis spectra. Consequently, dissociation of the acetonitrile ligand in the [RhCp*] solvato
complex occurs upon reduction to generate a rare coordinatively unsaturated Rh(II)

species.
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Results & Discussion

The chemical isolation of the [RhCp*] hydride complexes allowed us to further investigate
the unusual Rh(II) species. The addition of the organic radical TEMPO (=(2,2,6,6-
tetramethylpiperidin-1-yl)oxyl) resulted in an abstraction of a H and the in-situ formation
of the 17 VE species. Isotropic signals at g-values of 2.06 were observed for both
complexes. The high g-values are characteristic for paramagnetic species with a
significant metal contribution. Spin density calculations of the postulated intermediates
could further confirm the formation of the coordinatively unsaturated Rh(II) species.
These results show that the electron-rich nature of the MIC moiety is capable of stabilizing
the electron-deficient coordinatively unsaturated Rh(II) center by the strong o —electron-
donating properties, while the good m —acceptor capacities generating a beneficial
conjugation between the electron-donating Cp* ligand, the metal center and the chelating
ligand.

Under electrocatalytic conditions, an ECCE mechanism in the [RhCp*] hydride formation
with acetic acid was proposed. The vacant coordination site of the Rh(II) species results
in a rapid formation of the [RhCp*] hydride complexes, as indicated by UV /vis/NIR-SEC
and TD-DFT calculations.

The chemical isolation of the [RhCp*] hydride complexes allowed us to further investigate
the reactive intermediate. Fortunately, we were able to obtain single crystals suitable for
X-ray diffraction analysis of the C-N linked isomer, representing a rare example of this
complex class and the first reported structurally characterized MIC—based hydride
complex.

In contrast to earlier literature reports, no hydride migration to the Cp* moiety was
observed over a broad temperature regime in the 1H-NMR spectra. Instead, an ambivalent
H*, H and H™ reactivity is presented, which was confirmed by different reactivity studies
and spectroscopic measurements.

In a first approximation, the pKa values, bond dissociation free energy (BDFE) and
hydricity (AGJ-) were determined.

Both [RhCp*] hydride complexes display strong AG.- values compared to analogous
polypyridine [RhCp*] hydride complexes as a direct consequence of the strong electron-
donating nature of the pyridyl-MIC ligands. The BDFE was estimated to be in a similar
range as observed for cyclometalated-phenyl-pyridyl [RhCp*] hydride complexes.

63



Results & Discussion

Interestingly, UV /vis spectroscopy of the isolated [RhCp*] hydride complexes revealed an
equilibrium between the reduced Rh(I) species and the Rh(III) hydride species. The
equilibrium was further supported by the low pKa values determined for both complexes.
The low pKa values emphasize a beneficial stabilization of the conjugated base. Indeed,
the C—-N linked Rh(I) species was sufficiently stable enough to obtain single crystals
suitable for X-ray diffraction analysis and represents the first structurally characterized
MIC-based complex of its kind.

The observation of these unusual equilibrium opens new perspectives in the field of
precatalytic activation in the presented substance class for tailor-made chemical
transformations, such as NADP* reduction or homogeneous reductive catalysis.

An additional electron transfer step is required to initiate the electrochemical H*
reduction with acetic acid. At lower acid concentrations a continuous increase in the
current was observed. However, the limited potential window of the acetic acid prevented
us from further investigations of the electrochemical Hz generation.

The reduction of the cationic [RhCp*] hydride complexes could lead to neutral [RhCp*]
hydride complexes, directly reacting with the proton source to generate H: in an
electrocatalytic manner or recombine with the cationic [RhCp*] hydride complex to form
H2 in a sub-stochiometric amount (Scheme 11).

The high stability of the [RhCp*] complexes facilitates future studies with a different
proton source to shine a light on the electrocatalytic formation of Hz to generate an
efficient electrocatalyst. However, under the applied electrocatalytic conditions
modification of the electrocatalysts is necessary to shift the electrocatalysis to more
anodic potentials.

Interestingly, during the UV/vis/NIR-SEC measurements of the [RhCp*] hydride
complexes a rapid gas formation was observed, which we would like to attribute to the
formation of Hz. The light-induced generation of H2 could shift the operating potential
about 850 mV to more anodic potential and consequently bypassing the limitations of the
electrochemical H* reduction with the presented complexes under the experimental

conditions.
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In addition, the uncommon equilibrium between the [RhCp*] hydride complexes and the
electron-rich Rh(I) species and the ambivalent reactivity of the [RhCp*] hydride
complexes paves the way for a better mechanistic understanding of carbene-based
homogeneous catalysts in reductive processes and to further improve the applied

reaction conditions of such systems.

R 3 +2e R'h + H* th +e
\NQ / ~Cl N ‘_—'—\ \N% / ~H _’_
NN NN catalysis

— . » =

+ model complexes isolated H*', H, H
transfer reagent

Scheme 11. Simplified mechanistic proposal for electrocatalytical proton reduction with

pyridyl-MIC [RhCp*] complexes.

In conclusion, the presented thesis highlights the extraordinary properties of pyridyl-
1,2,3-triazolylidene ligands in organometallic chemistry.

The ligand class exhibits strong ¢ —donor properties, facilitating the stabilization of
uncommon oxidation states (e.g. Cr! or Rh!') by the MIC moiety, while the pyridyl unit
induces excellent m —acceptor capacities. The well-balanced synergy between the
o —donor and m —acceptor properties builds the fundament for various transition metal
complexes with potential applications in photo- and electrocatalysis.

A series of three new Ru(Il) polypyridine complexes with the C—C linked ligand has been
investigated. The strong electron-donating properties of the MIC moiety could give access
to a new class stable of Ru(Ill) complexes with unusual LMCT emissions, whereas the
respective Ru(Il) complexes are attractive candidates for photoreductive catalysis.
However, the high cost and low abundance of ruthenium-based photocatalysts prohibit
industrial applications. Therefore, more earth-abundant group 6 tetracarbonyl complexes

represent an excellent alternative to the precious 4d and 5d metals of the groups 8 and 9.
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The [M(C-C)(CO)4] and [M(C-N)(CO)4] complexes (M = Cr, Mo, W) show remarkable
redox stability, which is also reflected in the prolonged excited state lifetimes and
photoluminescence quantum yields. However, the influence of constitutional isomers has
not received much attention in this regard.

The C-C linked constitutional isomer leads to excited state lifetimes nearly 100 times
higher compared to the C—N linked counterpart and quantum yields as high as 29% in the
solid state.

The excellent electron-donating properties of the two constitutional isomers in
[M(C-C)(CO)4] and [M(C—N)(CO)4] are also capable of stabilizing highly reactive [M(CO)3]
intermediates with a vacant coordination site after irradiation with high excitation
energy. The resulting solvato complexes show remarkable stability making them
attractive candidates for inner-sphere mechanisms for photocatalytic applications, such
as atom transfer radical addition (ATRA). Furthermore, an unusual dark reverse reaction
of the dissociated CO ligand was observed, representing rare cases of photoswitchable
transition metal complexes.

The series of [M(C-C)(CO)4] and [M(C-N)(CO)4] were further investigated
(spectro-)electrochemical methods. The simple change in the connectivity between the
pyridyl and MIC moiety leads in the C—C constitutional isomer [M(C-C)(CO)4] to CO
dissociation during the first ligand-centered reduction. In contrast, the complexes based
on the C-N linked isomer [M(C—N)(CO)4] remain intact during the first reduction.

The present thesis revealed that the marginal change in the connectivity can result in an
entirely different bond activation reactivity. EPR spectroscopy and spin density
calculations in the series of [M(C—C)(CO)4] indicated a stronger delocalization of the
electron spin within the pyridyl-MIC fragment. In contrast, the electron spin in
[M(C—-N)(CO)4] was shown to be more localized at the MIC moiety.

Even though all complexes are capable of the electrochemical activation of CO2 under the
experimental conditions, optimization of the pyridyl-MIC-based group 6 carbonyl
complexes must be carried out to generate an efficient electrocatalyst for the
electrocatalytic COzreduction at low operating potentials. A common strategy to optimize
homogeneous electrocatalysts is to investigate the highly reactive intermediates

generated during the electrocatalytic cycle.
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In-depth theoretical and (spectro)electrochemical have been performed on [RhCp*]
complexes for the electrochemical H* reduction containing both constitutional
pyridyl-MIC isomers. All key intermediates could be isolated and characterized by
various spectroscopical methods. The [RhCp*] hydride complexes can act as a
transferring reagent for H*, H or H™ opening various opportunities in homogeneous
reductive catalysis.

The observation of the unusual equilibrium of the [RhCp*] hydride complexes will
improve the fundamental mechanistic understanding of homogeneous catalysis and assist
to adjust the catalytic conditions to optimize the substrate conversion.

Taking all results into account, this thesis provided an extensive understanding of the
fine-tuning of the electronic properties induced by pyridyl-MIC based ligands and their
constitutional isomers, leading to new perspectives on the structure-reactivity

relationship for small molecule activation in electro- and photocatalysis (Figure 27).

Electrochemistry

Electronic Properties
Precatalyst Activation
Small Molecule Activation
- Stabilization of Uncommon
Oxidation States)
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Tuning Emission
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Binding
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Figure 27. Overview of the investigated key points in the present thesis.

67



Results & Discussion

3.2 The Impact of Bidentate Pyridyl-Mesoionic Carbene Ligands:
Structural, (Spectro)Electrochemical, Photophysical, and Theoretical

Investigations on Ruthenium(II) Complexes

T. Bens,"8 ]. A. Kiibler,* R. R. M. Walter,t ]. Beerhues,t$" Prof. Dr. O. S. Wenger,* Prof. Dr. B.

Sarkart$*

tInstitut fir Anorganische Chemie, Universitdt Stuttgart, Pfaffenwaldring 55, D-70569
Stuttgart, Germany, Email: biprajit.sarkar@iac.uni-stuttgart.de

§Institut fir Chemie und Biochemie, Freie Universitit Berlin, Fabeckstrafie 34-36, 14195,
Berlin, Germany.

"Current Address: Institute of Chemical Research of Catalonia (ICIQ), Barcelona Institute
of Science and Technology (BIST), Av. Paisos Catalans 16, 43007 Tarragona, Spain.
fDepartment of Chemistry, University of Basel, 4056 Basel, Switzerland; Email:

oliver.wenger@unibas.ch

This article was published and is reprinted with permission from ACS:

T. Bens, ]. A. Kiibler, R. R. M. Walter, ]. Beerhues, O. S. Wenger, B. Sarkar, ACS Org. Inorg. Au
2023, 3, 184-198.

DOI: 10.1021/acsorginorgau.3c00005 (© 2023 American Chemical Society).

The article is licensed under CC-BY 4.0 and can be access under the URIL:
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00005.

Further permission related to the article should be directed to ACS.

The Supporting  Information is available free of  charge at

https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00005.

Autor contribution: The project was designed by Biprajit Sarkar. The complexes were
synthesized and fully characterized by Tobias Bens. All (spectro)electrochemical
measurements and theoretical calculation were performed by Tobias Bens. The
photophysical properties were investigated by Jasmin A. Kiibler. X-Ray diffraction
analysis was carried out by Robert R. R. Walter and Julia Beerhues. The manuscript was

written by Tobias Bens and Biprajit Sarkar.

68



Results & Discussion

He®

Impact of Bidentate Pyridyl-Mesoionic Carbene Ligands: Structural,
(Spectro)Electrochemical, Photophysical, and Theoretical
Investigations on Ruthenium(ll) Complexes

Tobias Bens, Jasmin A. Kiibler, Robert R. M. Walter, Julia Beerhues, Oliver S. Wenger,
and Biprajit Sarkar*

Cite This: ACS Org. Inorg. Au 2023, 3, 184-198 I: I Read Online

ACCESS I |l Metrics & More | Article Recommendations | Q Supporting Information

I We present here new synthetic strategies for the
isolation of a series of Ru(II) complexes with pyridyl-mesoionic
carbene ligands (MIC) of the 1,2,3-triazole-S-ylidene type, in which
the bpy ligands (bpy = 2,2'-bipyridine) of the archetypical
[Ru(bpy);]** have been successively replaced by one, two, or three
pyridyl-MIC ligands. Three new complexes have been isolated and
investigated via NMR spectroscopy and single-crystal X-ray diffraction
analysis. The incorporation of one MIC unit shifts the potential of the
metal-centered oxidation about 160 mV to more cathodic potential in
cyclic voltammetry, demonstrating the extraordinary o-donor ability J
of the pyridyl-MIC ligand, while the m-acceptor capacities are L) Photophysics
dominated by the bpy ligand, as indicated by electron paramagnetic
resonance spectroelectrochemistry (EPR-SEC). The replacement of
all bpy ligands by the pyridyl-MIC ligand results in an anoidic shift of the ligand-centered reduction by 390 mV compared to the
well-established [Ru(bpy);]** complex. In addition, UV/vis/NIR-SEC in combination with theoretical calculations provided
detailed insights into the electronic structures of the respective redox states, taking into account the total number of pyridyl-MIC
ligands incorporated in the Ru(II) complexes. The luminescence quantum yield and lifetimes were determined by time-resolved
absorption and emission spectroscopy. An estimation of the excited state redox potentials conclusively showed that the pyridyl-MIC
ligand can tune the photoredox activity of the isolated complexes to stronger photoreductants. These observations can provide new
strategies for the design of photocatalysts and photosensitizers based on MICs.

lectroch,
Ar0)® em;,
¢ and s

mesoionic carbenes, (spectro)electrochemistry, photochemistry, ruthenium, bipyridine, metal to ligand charge transfer

acceptor and strong o-donor strength. Including a single
pyridyl moiety (triaz-py and py-MIC) in such ligands already
drastically increases their z-acceptor capacities. In the case of
the pyridyl-MIC (R = 2,6-diisopropylphenyl), the outstanding
tunability of this class of ligands can be revealed. The ligand
shows strong overall o-donor and high 7-acceptor properties,
making it a suitable candidate for electrocatalytic and
photocatalytic applications.

The growmg interest in MICs is partlcularly evident in the
photo-'""** and redox-active chemistry,”** ™' providing access
to various applications in homogeneous catalysis"™*"** and
dyes for dye-sensitized solar cells.”**" The modular synthesis

In recent years, mesoionic carbenes (MICs) of the 1,2,3-
triazole-5-ylidene type have attracted increasing attention due
to the versatility in ligand design and tunability of electronic
properties. In comparison to their classical NHC counterparts,
MICs feature stronger o-donating properties and higher #-
acceptor abilities leading to extensive utilization in both
transition metal and main group chemistry.' ™ The incorpo-
ration of an additional donor substituent to the existing ligand
backbone enables a bridge between the famous 2,2'-bipyridine
(bpy, Figure 1) and newly designed tailor-made bidentate
MIC-based ligands for transition metal complexes.

Recently, some of us investigated the overall 6-donor- and 7-

acceptor properties of chelating click-derived triazole and ¢ February 13, 2023
triazolylidene ligands in rhenium(I) complexes, combining April 19, 2023
cyclic voltammetry and IR spectroscopy (Figure 1).” The study di April 19, 2023
revealed a comparatively weaker o-donor and 7-acceptor ability May 3, 2023

of the bis-triazole ligand (triaz-triaz) in comparison to bpy,
while the bis-MIC ligand (MIC-MIC) exhibits moderate =
02023 ;rnee,’?c:;hcc,ﬁe;l:cbalisggge% https://doi.org/10.1021/acsorginorgau.3c00005
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Figure 1. Comparison of the overall o-donor properties and 7-acceptor abilities in click-derived triazole and triazolylidene fac-[ReCI(CO);]

e Summ? et al” including the reported photoredox investigations in Fe(II)/(III) or Ru(II) complexes with the respective
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Scheme 1. Synthetic Strategies for [RuL,]*, [RuL,]**, and [RuL,]***
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“Path A: [HL]BF,, Ag,0, CH;CN, rt, 4 days; [Ru(p-cymene)Cl,],, rt, 2 h (74%);> bpy, AgPE,, ethylene glycol, 150 °C, 12 h; aq KPE, (74%)."”
Path B: [Ru(p-cymene)Cl, ],, bpy, MeOH, 2 h, rt; ag NH,PF, 1 h (72%);** HOTE, DCM, rt, 12 h (83%);°° [HL]BE,, ethylene glycol, 180 °C, 12
h; aq KPF, (49%, crude after workup); 2 weeks under /v in acetone/Et,O (16%).”" Path C: modified: RuCl;-3H,0, Zn(act), CH;CN, reflux, 2
days; AgBE,, CH;CN, reflux, 12 h (81%);"® modified: [HL]BE,, K,COj, ethylene glycol, 160 °C, 16 h; ag NH,PE, (46%).”

185 https://doi.org/10.1021/acsorginorgau.3c00005
ACS Org. Inorg. Au 2023, 3, 184-198
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[RuLz] (PFs)2

Figure 2. ORTEP representation of top left: [RuL,](PFq),, bottom center: [RuL,](PFg),, and top right: [RuL;](PF¢), (hydrogen atoms and
counter ions are omitted for clarity). Ellipsoids are drawn with 50% probability.

and tunability of the electronic structure of the redox- and
photoactive metal centers enable new generations of photo-
redox catalysts that have different properties compared to the
well-established [Ru(bpy);]*.>#*~*

The lifetime of the photoactive MLCT state in the
aforementioned complexes is primarily influenced by the
ligand field splitting imparted by the coordination environment
and high symmetry. Excellent reviews on the conceptual design
of the ligand framework to increase the ligand field splitting
have been published by several different working groups,
showing the significant contributions in the past deca-
des.”">**73% Therefore, it is not surprising that the easily
modulable bidentate triazoles and triazolylidene ligands have
been investigated with various Ru(II) complexes to enhance
their photophysical and photoredox properties.

Elliot and Skoglund first reported on triazole-containing
ligands (triaz-triaz and triaz-py) and showed that excitation of
the corresponding Ru(II) complexes leads to a destabilization
of the MLCT state and a rapid depopulation via the
nonradiatively deactivating *MC state. Therefore, to generate
luminescent metal complexes, the excitation of unoccupied
triazole-based orbitals is not desirable due to their
luminescence quenching character.'®*”*%

In 2013, Albrecht and co-workers investigated the pyridyl-
MIC ligand (R = Me) in the complex [Ru(bpy),(py-
MIC)]**."" They showed that the strong electron-donating
nature of the MIC-based ligand resulted in the destabilization
of the metal-centered highest occupied molecular orbital
(HOMO), as indicated by the shift of the first metal-centered
oxidation to more cathodic potential in cyclic voltammetry.
According to the first ligand-centered reduction, the 7-acceptor

property of the pyridyl-MIC ligand leads to a minor
destabilization of the lowest unoccupied molecular orbital
(LUMO) orbital compared to the well-established [Ru-
(bpy);]** complex.

Moreover, Warnmark and Sundstrom in successive reports
revealed the unique photophysical properties of MIC-
containing transition metal complexes.'”'** The homoleptic
tris-(MIC—MIC) Fe(II)"* complex was shown to be
stabilized by the extreme electron-donating nature of the
bidentate MIC ligands, resulting in an outstanding lifetime of
100 ps at room temperature, originating from an unusual
LMCT.

In addition, a record-breaking MLCT lifetime of 528 ps was
observed for the corresponding Fe(II) complex,'® which was
only to be surpassed by the scorpion-type tris-NHC Fe(III)
complex published in 2019 by Warnmark and co-workers. The
octahedral complex with two mono-anionic ligands showed a
remarkable LMCT lifetime of 2.0 ns at room temperature.”'

The immense influence of MICs on the photoredox
properties of transition metal complexes has motivated us to
conduct systematical studies on [Ru(L),(bpy),]** (n = 1-3,
m = 0—2) complexes containing the pyridyl-MIC ligand L.
Complexes [RuL,]*, [RuL,]*, and [RuL,;]** were isolated
and characterized by spectroscopic and crystallographic
methods (Scheme 1 and Figure 2). Additionally, cyclic
voltammetry, density functional theory (DFT), UV/Vis/NIR,
and electron paramagnetic resonance—(EPR) spectroelectro-
chemistry (SEC) were performed to investigate the redox
stability in different redox states as a function of the number of
MIC units bound to the Ru(II) center. Time-resolved
absorption and emission spectroscopic studies were performed

https://doi.org/10.1021/acsorginorgau.3c00005
ACS Org. Inorg. Au 2023, 3, 184-198
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to explore the influence of the MIC moiety on the electronic
structure, with the aim to assess their potential application as
photocatalysts in the future.

sis and Characterization

The synthesis of [HL]BF, as ligand precursor was performed
according to a modified literature procedure.’” The reductive
cleavage of the N-oxide at the pyridyl-triazole, after
methylation with Meerwein’s salt, was realized using activated
zinc in refluxing methanol overnight, instead of the expensive
and toxic [Mo(CO);], yielding nearly quantitative yields of
91% (see Supporting Information, Scheme S1).%*

In order to obtain the complexes [RuL,]*, [RuL,]*, and
[RuL,]*, different synthetic strategies were used (Path A, Path
B, and Path C, Scheme 1). [RuL,]** was synthesized based on
a previously reported route.'”** In the first step, the ligand L is
generated in situ and transferred to form the respective
[(L)Ru(p-cymene)Cl](PF;) complex via the well-established
silver(I)-transmetalation route. After purification by column
chromatography on alumina, the 1,2,3-triazolylidene half-
sandwich complex was further reacted with bpy in the
presence of AgPF; in ethylene glycol at 150 °C.

Aqueous workup with KPFy, followed by column
chromatography on alumina gave [RuL,]* in 74% yield (see
Supporting Information, Section $2.30). These results are in
good agreement with the previously described yields for 1,2,3-
triazolylidene-based Ru(1I) bpy complexes.'” ">

In contrast, synthetic access to [RuL,]** and [RuL;]** has
proven to be challenging. The isolation of [RuL,]*, following
the well-established synthetic approaches for similar reported
NHC-based Fe(II) and Ru(II) complexes, resulted in a poor
selectivity and purity of the crude product, making the
isolation of [RuL,]** difficult.’”~*® Therefore, we changed our
strategy accordingly to Path B>~

The resulting crude product (see Supporting Information,
Section S2.40) points to the formation of at least two
regioisomers as indicated by '"H NMR and “C{H} NMR
spectroscopy, elemental analysis, and ESI-ToF-MS. Two well-
separated methyl groups of two chemical inequivalent L at 4.52
and 4.40 ppm are observed in the '"H NMR spectra, while the
BC{H} NMR spectra show two signals of the methyl groups at
39.98 and 39.50 ppm besides two MIC-carbene signals at
188.29 and 186.62 ppm.

Upon recrystallization in acetone/Et,0 by slow diffusion at
room temperature, the main product decomposes in the
presence of light, indicated by a drastic color change from
orange to dark brown. After one month single crystals suitable
for X-ray diffraction were isolated from the crude product
mixture (16%, see Supporting Information, Section $2.40).
Complete characterization of the isolated product indicated
the isolation of the minor product of higher symmetry. The
two methyl groups of L show a total integral of 6 H at 4.42
ppm and one methyl group at 39.65 ppm in the *C{H} NMR
next to the MIC-carbene signal at 185.09 ppm. The total
number of 17 carbon signals underlines the higher symmetry of
isolated [RuL,]*". Unfortunately, '"H NMR spectroscopy of
the remaining crude product solution clearly shows the
decomposition of the main product during crystallization.
Any attempt to identify the nature of the decomposition
product remained unsuccessful.

yubs.acs.org/orginorgat

187

Direct synthesis of [RulL;]? starting from RuClyxH,0 as
described by Son et al,’” resulted in a crude reaction mixture.
We were not able to isolate the pure product due to the
decomposition of [RuL,]** during column chromatography
(SiO, and basic/neutral aluminum oxide). Therefore, we
focused our attention on the right choice of precursor to
achieve good product selectivity combined with an easy
workup of the crude product.

As a precursor, we chose the homoleptic [Ru(MeCN)4]**
complex (see Supporting Information, Section $2.50). Starting
from RuClyxH,0, activated zinc in acetonitrile was added as a
reducing agent. The reaction mixture was refluxed for 2 days.
After filtration, AgBF, was added to abstract the chloride
ligand in the remaining [RuCl,(MeCN),], yielding 81% of
[Ru(MeCN)] (BE,),.™

With the precursor in hand, we started reinvestigating the
literature procedure of Son et al”’ and observed a higher
product selectivity for [RuL;]**. The addition of K,CO, led to
an even higher selectivity and allowed milder reaction
temperatures of 160 °C. Direct crystallization (slow
diffusion/vapor diffusion) of the crude product in common
solvents at room temperature, close to 0 °C, or lower
temperatures (up to —20 °C) failed.

To avoid precipitation, the crude product was dissolved in
acetone and cooled with liquid nitrogen until the mixture
solidified. Et,0 was added and cooled with liquid nitrogen
until it solidified, too. The capped flask was transferred to a
freezer to avoid decomposition in the presence of light and
stored for 1 month at —20 °C resulting in dark orange crystals
(46%) suitable for single X-ray diffraction analysis.

In the molecular structure of the crystal, all complexes
[RuL,]**, [RuL,]**, and [RuL;]** display a distorted
octahedral geometry (Figure 2). All bond angles along the
axis in the Ru(II) center range between 169 and 177°, while
the C—Ru—N and N—Ru—N angles are between 77 and 79°.
The Ru-bond lengths are in the range of 2.05—2.16 A, slightly
longer than the respective Ru—C bond lengths (1.99-2.06 A).
Interestingly, the M—C bonds in [RuL,]*, which are trans to
each other show longer bond distances (2.06 A) compared to
the M—C (1.99 A) bond trans to the M—N bond (2.17 A). A
plausible explanation is the increased trans-influence caused by
the strong o-donating properties of the MIC-carbenes. The
bond length and angles of the chelating ligands are within the
eXPeCted range.9,l7',l ,24,67,68

T Ca
I Caicu

pectro)Electrochemistry and (TD)DI ations

Cyclic Voltammetry. To investigate the influence of the
total number of pyridyl-MICs in the complexes [RuL,]*,
[RuL,]*, and [RuL,]*, cyclic voltammetry, UV/Vis/NIR-,
EPR-SEC, and (TD)DFT calculations were performed. The
electrochemical investigations provide further evidence for the
HOMO/LUMO gap in the presented pyridyl-MIC-containing
Ru(II) complexes.

All complexes exhibit redox-rich cyclic voltammograms with
one reversible oxidation and multiple reductions (Figures 3
and S13-S15).

In the reported complexes, oxidation can be assigned to a
predominantly metal-centered Ru(II)/Ru(III) redox couple
(see Figure 7, EPR-SEC). The incorporation of one or more
MIC units shifts the oxidation potential to more cathodic
potential. Taking the archetypical complex [Ru(bpy);]** into
account, a shift between 140 and 190 mV per MIC unit can be
estimated for the oxidation (Figures 3, 4, and Table 1)."7*%7°

https://doi.org/10.1021/acsorginorgau.3c00005
ACS Org. Inorg. Au 2023, 3, 184-198
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Figure 3. Cyclic voltammograms of [RuL,]** (top left), [RuL,]*
(bottom center), and [RuLs]** (top right) in CH;CN and 0.1 M
Bu,NPF, with a scan rate of 100 mV/s.

This is in good agreement with previously reported oxidation
potentials for MIC-containing Ru(II) complexes.'” Consider-
ing earlier reports by Albrecht and co-workers, the replacement
of the phenyl substituent by an electron-donating methyl
substituent at the N' position further destabilizes the metal-
centered HOMO, as indicated by the decreased oxidation
potential. "

The first reduction is primarily determined by the 7-acceptor
properties of the ligand. Since bpy is a better 7-acceptor than
the pyridyl-MIC ligand L, the first reduction processes in
[RuL,]*" and [RuL,]** are bpy-based (Figure 7, EPR-SEC),
resulting in a reversible first reduction around —1.85 V. Similar

0x _
1

5= 071V

[RuL4](PFe),

AE=190 mV

AE = 33027,

observations have been made for bpy-containing Ru(II)MIC
complexes.'”"*" The influence of L on the reduction potential is
particularly evident in the complex [RuL,]**, containing only
L. The reduction potentials display a cathodic shift from
[Ru(bpy);]** to [RuL,]** and [RuL,]** by about 100 mV.
Going from [RuL,]** to [RuL;]*, a shift of 250 mV in the
reduction potential is observed, indicating a strong change in
the 7-acceptor properties of the complex. However, [RuL;]**
displays only irreversible reduction processes. The electron-
rich nature of [RuL;]** could lead to dissociation of the ligand
arm upon reduction, as described for analogous electron-rich
Ru(1I) terpyridine complexes.”

UV/Vis/NIR- and EPR-SEC. To gain a detailed insight into
the redox stability and the nature of the metal-centered
oxidation, as well as the ligand-centered reduction, EPR-, and
UV/Vis/NIR-SEC were performed on [RuL,]*, [Rul,]*,
and [RuL;]*.

In the native form, all three complexes exhibit MLCT bands
in the region of 300—550 nm as described for similar systems
(Figure 4)."7*% Time-dependent density functional theory
(TD-DFT) calculations (see Supporting Information, Sections
§7.10—S57.30) assign the electronic transitions from a metal d-
orbital to a uniformly distributed ligand-centered charge
transfer (d(Ru) — 7%(L)) to all ligands.

Upon oxidation, all MLCT bands diminish and new bands
appear in the $35—830 nm range (Figure $). In the case of
[RuL,]*, the bands can be assigned to a metal—ligand to
metal (MLMCT) charge transfer (see Supporting Information,
Section $7.10). However, the picture changes drastically when
moving from [RuL,]** to [RuL,]** and [RuL;]*". The metal
contribution significantly decreases, shifting the mixed
MLMCT to a dominant ligand to metal (LMCT) charge
transfer in the case of [RuL;]** (Figure 6, see Supporting
Information, Section $7.30).

Similar observations were made by Kalyanasundaram and
co-workers.”> The incorporation of strong o-donating ligands
with good 7-accepting ligands in Ru(III) complexes leads to a

E{%,= 038V

AE =140 mV

[RuL,](PFe),
9%,=0.52V

Figure 4. Effect of incorporating MIC moieties on the oxidation potential in [RuL,]**, [RuL,]**, and [RuL;]**.
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Table 1. Redox Potentials of [RuL,]*, [RuL,]*, [RuL;]*, and [Ru(bpy);]***”° in CH;CN and 0.1 M NBu,PF; at 100 mV/s

vs FcH/FcH*
Ef, (AE) (V) Ef3(AE) (V) Ey® (V) BB (VW) B (V) EsS (V)
[RuL, ]* 0.71(0.11) —1.81(0.09) -2.02 -2.11 -2.34 -2.89
[RuL,]* 0.52(0.10) —1.89(0.08) -222 -2.34 -2.86
[RuL,]* 0.38(0.08) —2.14° -231 -2.56 —-2.85
[Ru(bpy),]* 0.89 -1.73 -192 -2.16
aErIc/‘il - E;““.
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Figure 5. Changes in the UV/vis/NIR spectra of [RuL,]** (top left, inset: 560—810 nm), [RuL,]* (bottom center, inset: $550—830 nm), and
[RuL;]*" (top right, inset: 535—780 nm) in CH;CN/0.1 M Bu,NPF, during the first oxidation with a Au working electrode.
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Figure 6. Involved molecular orbitals in LMCT of complex [RuL,]*" calculated by TD-DFT (PBEO/RIJCOSX/D3(BJ)/def2-TZVP/CPCM, iso

value = 0.052).

larger mixing of the metal d(7)-orbitals with the 7*-orbitals of
the 7-accepting ligand. The resulting HOMO-orbitals display a
stronger mixed-metal—ligand character. In contrast, electron-
rich ligands with weak 7-acceptor properties result in
predominantly ligand-centered HOMO-orbitals of the homo-
leptic Ru(1II).

Interestingly, the contribution in the LMCT is not only
limited to the pyridyl-MIC framework but also to the phenyl
substituent on the triazolylidene moiety, revealing the strong
impact of the substituents on the stability and photoredox
chemistry in [RuL,]** and [RuL;]*"."*"* Notably, the
reduction of the oxidized [RuL,]**, [RuL,]*, and [RuL;]**
restores the starting spectra indicating a completely reversible
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Table 2. Spectroscopic Data of [RuL,]*, [RuL,]*,
[RuL;]*, and [Ru(bpy);]*" in MeCN

d)e m
(%)

E,
(V)

A (nm) 7y (ns) T (DS)
[RuL, > 594, 649  71° 0.88° 221 62
[RuL,]* 597,640  99°,103°  1.0s° 207  99¢
[RuL, > 610, 653 26, 344" 0.64° 207 28, 288"
[Ru(bpy),]>  611% 890" 5.9% 210 890"

“At A = 368 nm (4, = 460 nm). "4 = 370 nm (4, = 430 nm). 4 =
420 nm (4, = 430 nm). “at 1 = 420 nm (4, = 435 nm). “Average out
of § measurements. /At 1 = 620 nm (4, = 460 nm). ¥At 4 = 660 nm
(A, = 370 nm). "At 4 = 644 nm (A, = 435 nm). “The biexponential
decay behavior is tentatively attributed to a photodegradation process
(Figure S68).

[RuL,]**, [RuL,]*, and [RuL,]** show emission spectra
with typical vibrational structures for polypyridine Ru(II)
complexes in the 600—900 nm range.”” Such systems typically
show a fast intersystem crossing (k) from the '"MLCT state
to the MLCT state upon excitation. The thermal population
(E,) of the *MC state from the *MLCT nesting states results
in a nonradiative decay (k). MICs as strong o-donor ligands
can destabilize the metal-centered *MC state, while the 7-
acceptor properties of the pyridyl moiety lead to the
stabilization of the '*MLCT state. Consequently, the energy
barrief fm)' E, increases, disfavoring quenching of the *MLCT
state. "5

However, the incorporation of pyridyl-MIC ligands leads to
a decrease in the lifetimes of the *MLCT excited state (7,,,) in
all three cases compared to the well-established [Ru(bpy);]**
(Table 2)."7""% The same trend is observed for the
photoluminescence quantum yields.

After irradiation of [RuL;]*, decomposition products
emitting in the range of 400—550 nm are formed (Figure
S64), featuring luminescence lifetimes in the order of 16—28
ns (Figure S67). This decomposition process is significantly
less prevalent at lower temperatures. It seems plausible that the
thermal population of the *MC state plays a decisive role in the
photo-decomposition of [RuL;]*. The population of the ej-
orbitals can result in dissociation of the electron-rich pyridyl-
MIC ligand, while steric bulk and an unsymmetrical geometry

8

F

bubs.acs.org/orginorgat

(Table S1) around the Ru(II) center can potentially further
lower the ligand field strength, giving access to a fast
population of the *MC state.”*?7H#1=%

The MLCT excited state lifetimes of [RuL,]**, [RuL,]*,
and [RuL,]** at 293 K are long enough to allow for photo-
induced electron transfer reactions in photocatalysis, or for
electron injection into semiconductors.*”® Interestingly,
comparison of the excited state MLCT energies (Ey) of
[RuL,]*, [RuL,]*, and [Rul;]** with [Ru(bpy);]** shows
that the incorporation of the pyridiyl-MIC ligand does not
significantly change the relative energy of E,.

Combining the oxidation or reduction potentials of the
ground states with the excited state MLCT energies (Ey)
allows us to estimate the potentials for the oxidative *E, 4 and
reductive *E,, quenching of the MLCT states to assess the
application potential of the presented complexes as photo-
catalysts or photosensitizers, as illustrated in a Latimer diagram
(Table 3).

These results indicate that the redox potentials of the excited
states of such ruthenium complexes can indeed be tuned over a
broad range, making metal complexes containing MIC ligands
interesting candidates for photocatalytic applications.

B CONCLUSIONS

In summary, a series of three new pyridyl-MIC-based Ru(II)
complexes were synthesized and fully characterized by 'H and
13C NMR spectroscopy, mass spectrometry, elemental analysis,
and single-crystal X-ray diffraction. Cyclic voltammetry reveals
an interesting trend: the incorporation of an MIC moiety in
the Ru(Il) polypyridine complex shifts the metal-centered
reversible oxidation by ~160 mV to a more cathodic potential,
while the first bpy-centered reduction shifts by ~100 mV to a
more negative potential after an additional MIC unit is
incorporated. The replacement of all bpy ligands by the
strongly electron-donating pyridyl-MIC ligand L shifts the
reduction potential up by 250 mV. The changes in the
electronic structures of the different redox states were further
investigated using EPR- and UV/Vis/NIR-SEC and supported
by (TD)DFT. Upon oxidation, the MLLCT character of
[RuL,]?* is reverted to a dominant LMCT going to [RuL;]**.
Our photophysical investigations showed that within the series
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Figure 9. UV/Vis absorption (black) at 293 K and normalized emission spectra at 293 K (light blue line) and 77 K (dark blue line) of [RuL,]**
(top left, excited at 460 nm), [RuL,]** (bottom center, excited at rt: 460 nm and 77 K: 420 nm), and [RuL,]** (top right, excited at 450 nm).
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[RuL;]*, and [Ru(bpy);]** in MeCN

d)c
(%)

E,
(V)

Aem (nm) 7, (ns) Tem (nS)
[RuL, > 594, 649  71° 0.88° 221 62/
[RuL,]* 597,640 99", 103° 1.05° 2.07 99¢
[RuL, > 610, 653 26, 344 0.64° 2.07 28, 288"
[Ru(bpy),]*  611% 890% 5.9% 210  890%
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“At A = 368 nm (4, = 460 nm). “4 = 370 nm (4, = 430 nm). “4 =
420 nm (4., = 430 nm). “at 1 = 420 nm (A, = 435 nm). “Average out
of 5 measurements.“At 4 = 620 nm (4, = 460 nm). At 4 = 660 nm
(A, = 370 nm). "At 4 = 644 nm (i, = 435 nm). “The biexponential
decay behavior is tentatively attributed to a photodegradation process
(Figure S68).

[RuL,]**, [RuL,]**, and [RuL,]** show emission spectra
with typical vibrational structures for polypyridine Ru(II)
complexes in the 600—900 nm range.”” Such systems typically
show a fast intersystem crossing (k;.) from the '"MLCT state
to the MLCT state upon excitation. The thermal population
(E,) of the *MC state from the ">MLCT nesting states results
in a nonradiative decay (k,,). MICs as strong o-donor ligands
can destabilize the metal-centered *MC state, while the 7-
acceptor properties of the pyridyl moiety lead to the
stabilization of the "*MLCT state. Consequently, the energy
barriefx fqg E, increases, disfavoring quenching of the *MLCT
state.”" "

However, the incorporation of pyridyl-MIC ligands leads to
a decrease in the lifetimes of the *MLCT excited state (7,,,) in
all three cases compared to the well-established [Ru(bpy);]**
(Table 2)."7*"% The same trend is observed for the
photoluminescence quantum yields.

After irradiation of [RuL;]*, decomposition products
emitting in the range of 400—550 nm are formed (Figure
S64), featuring luminescence lifetimes in the order of 16—28
ns (Figure S67). This decomposition process is significantly
less prevalent at lower temperatures. It seems plausible that the
thermal population of the *MC state plays a decisive role in the
photo-decomposition of [RuL;]*. The population of the e}~
orbitals can result in dissociation of the electron-rich pyridyl-
MIC ligand, while steric bulk and an unsymmetrical geometry

8

(Table S1) around the Ru(II) center can potentially further
lower the ligand field strength, giving access to a fast
population of the MC state. %7815

The MLCT excited state lifetimes of [RuL,]**, [RuL,]*,
and [RuL,]** at 293 K are long enough to allow for photo-
induced electron transfer reactions in photocatalysis, or for
electron injection into semiconductors.*”® Interestingly,
comparison of the excited state MLCT energies (Ey) of
[RuL,]**, [RuL,]*, and [RuL;]** with [Ru(bpy);]** shows
that the incorporation of the pyridiyl-MIC ligand does not
significantly change the relative energy of E.

Combining the oxidation or reduction potentials of the
ground states with the excited state MLCT energies (Eq)
allows us to estimate the potentials for the oxidative *E,_,4 and
reductive *E,; quenching of the SMLCT states to assess the
application potential of the presented complexes as photo-
catalysts or photosensitizers, as illustrated in a Latimer diagram
(Table 3).

These results indicate that the redox potentials of the excited
states of such ruthenium complexes can indeed be tuned over a
broad range, making metal complexes containing MIC ligands
interesting candidates for photocatalytic applications.

B CONCLUSIONS

In summary, a series of three new pyridyl-MIC-based Ru(II)
complexes were synthesized and fully characterized by 'H and
13C NMR spectroscopy, mass spectrometry, elemental analysis,
and single-crystal X-ray diffraction. Cyclic voltammetry reveals
an interesting trend: the incorporation of an MIC moiety in
the Ru(Il) polypyridine complex shifts the metal-centered
reversible oxidation by ~160 mV to a more cathodic potential,
while the first bpy-centered reduction shifts by ~100 mV to a
more negative potential after an additional MIC unit is
incorporated. The replacement of all bpy ligands by the
strongly electron-donating pyridyl-MIC ligand L shifts the
reduction potential up by 250 mV. The changes in the
electronic structures of the different redox states were further
investigated using EPR- and UV/Vis/NIR-SEC and supported
by (TD)DFT. Upon oxidation, the MLLCT character of
[RuL,]*" is reverted to a dominant LMCT going to [RuL;]**.
Our photophysical investigations showed that within the series
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Figure 9. UV/Vis absorption (black) at 293 K and normalized emission spectra at 293 K (light blue line) and 77 K (dark blue line) of [RuL,]**
(top left, excited at 460 nm), [RuL,]** (bottom center, excited at rt: 460 nm and 77 K: 420 nm), and [RuL,]** (top right, excited at 450 nm).
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Table 3. Latimer Diagram with Relevant Potentials for
86,a,b

Photoexcitation

reductive quenching oxidative quenching

cycle cycle
[RuL,]* } am, ] um.,,]b| @
Erq (V) Eqy (V) *Ered (V) *Eox (V) Eqgo (eV)
[RuL, > -143 1.09 112 -0.78 221
[RuL,]** -1.51 0.90 1.17 —0.56 2.07
[RuL,]* -1.76 0.76 129 -0.29 2.05
[Ru(bpy),]** -1.34 127 0.83 -0.76 2.10

“The data in the table shows that *E,, follow the trend [Ru(bpy),]**
< [RuL,]** < [RuL,]*" < [RuL,]*". A similar observation was already
described by Suntrup et al. exploring the influence of pyridyl-MICs
and bi-MICs on Ru(II) and Os(II) bipyridine complexes. Increasing
the number of MICs within the transition metal complexes results in
higher *E,;,'” making them in particular attractive as photoreductant,
while the oxidative quenching potential *E_ follows the trend
[Ru(bpy);]** ~ [RuL,]** > [RuL,]** > [Rqu,]"+ demonstratmg the
strong electron-donating nature of the MIC ligands. PAll potentials
with FcH/FcH' were converted vs SCE = 0.38 V in MeCN/0.1 M
NBu,PF; at room temperature.

from [RuL,]** to [RuL,]*, and [RuL,]*, the excited-state
reduction potential *E,y increases and the excited-state
oxidation potential *E, becomes less negative. The MLCT
lifetimes are within the expected range and in combination
with the electrochemical data, a new series of potential
photocatalysts could be developed. The presented complexes
are in particular interesting as photoreductants, while the
incorporation of the strongly o-donating pyridyl-MIC ligands
decreases the photooxidative capability. Extrapolation of the
total number of MICs incorporated in Ru(II) complexes could
even lead to stable Ru(III) metal complexes opening up new
opportunities for photosensitizers and photocatalytic applica-
tions.

EXPERIMENT

AL SECTION

General Procedures, Materi and Instrumentation
Caution!: Compounds containing azides are potentially explosive.
Although we never experienced any problems during synthesis or
analysis, all compounds should be synthesized only in small quantities
and handled with great care!

Unless otherwise noted, all reactions were carried out using
standard Schlenk line techniques under an inert atmosphere of argon
(Linde Argon 4.8, purity 99.998%). All reactions which require
heating were performed with an oil bath.

Commercially available chemicals were used without further
purification. The solvents used for metal complex synthesis and
catalysis were available from MBRAUN MB-SPS-800 solvent system
and degassed by standard techniques prior to use. The identity and
purity of compounds were established via 'H and “C{H} NMR
spectroscopy, elemental analysis, and mass spectrometry.

Solvents for cyclic voltammetry and UV /vis- and EPR-spectroelec-
trochemical measurements were dried and distilled under argon and
degassed by common techniques prior to use. Column chromatog-
raphy was performed over silica 60 M (0.04—0.063 mm).

'H and “C{'H} NMR spectra were recorded on a Bruker Avance
500 spectrometer at 19—22 °C. Chemical shifts are reported in ppm
referenced to the residual solvent peaks.””

pubs.acs.org
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The following abbreviations are used to represent the multiplicity
of the signals: s (singlet), d (doublet), t (triplet), q (quartet), p
(pentet), sept (septet).

Mass spectrometry was performed on an Agilent 6210 ESI-TOF.

Elemental analyses were performed with an Elementar Micro Cube
elemental analyzer.

X-ray Diffraction

X-ray data were collected on a BRUKER Smart AXS, BRUKER D8
Venture, or Bruker Kappa Apex2duo system. Data were collected at
100(2) or 140(2) K, respectively, using graphite-monochromatic Mo
Ka radiation (4, = 0.71073 A). The strategy for the data collection
was evaluated by using the APEX2 or Smart software. The data were
collected by standard “@ scan techniques” or “w—¢ scan techniques”
and were scaled and reduced using APEX2, SAINT+, and SADABS
software.

The structures were solved by direct methods using SHELXL-97 or
intrinsic phasing using SHELXL-2014/7 and refined by full-matrix
least squares with SHELXL-2014/7, refining on F’. Nonhydrogen
atoms were refined anisotropically. If it is noted, bond length and
angles were measured with Mercury, version 3.8. B89

Electrochem

istry

Cyclic voltammograms were recorded with a Metrohm Autolab
potentiostat (PGSTAT 204) with a conventional three-electrode
configuration consisting of a glassy carbon working electrode, a
platinum auxiliary electrode, and a coiled silver wire as a pseudo
reference electrode. The (decamethyl)ferrocene/(decamethyl)-
ferrocenium couple was used as internal reference. All measurements
were performed at room temperature with a scan rate between 25 and
1000 mV s™'. The experiments were carried out in absolute
acetonitrile containing 0.1 M Bu,NPF, (Sigma-Aldrich, >99.0%,
electrochemical grade) as the supporting electrolyte.

actroche

UV/vis spectra were recorded with a J&M TIDAS spectrometer. UV/
vis-spectroelectrochemical measurements were carried out in an
optically transparent thin-layer electrochemical (OTTLE)™ cell
(CaF, windows) with a gold-mesh working electrode, a platinum-
mesh counter electrode, and a silver-foil pseudo reference. EPR
spectra at the X-band frequency (ca. 9.5 GHz) were obtained with a
Magnettech MS-5000 benchtop EPR spectrometer equipped with a
rectangular TE 102 cavity and a TC HO4 temperature controller. The
measurements were carried out in synthetic quartz glass tubes. For
EPR spectroelectrochemistry, a three-electrode setup was employed
using two Teflon-coated platinum wires (0.00S in. bare and 0.008 in.
coated) as the working and counter electrodes and a Teflon-coated
silver wire (0.005 in. bare and 0.007 in. coated) as the pseudo
reference electrode. The low-temperature EPR spectra were recorded
at =175 °C. The experiments were carried out in absolute acetonitrile
or CH,Cl, containing 0.1 M Bu,NPF; as the supporting electrolyte.
The same solvents as for the CV measurements were used for each
compound.

Spectroele mistry

DFT

The program package ORCA 4.1. was used for all DFT calculations.”
Starting from the molecular structure obtained from X-ray diffraction
geometry optimizations were carried out using the PBE0™ functional
and no symmetry restrictions were imposed during the optimization.
All calculations were performed with empirical van der Waals
correction (D3).””7'"* The restricted and unrestricted DFT methods
were employed for closed- and open-shell molecules, respectively,
unless stated otherwise. Convergence criteria were set to default for
geometry optimization (OPT), and tight for SCF calculations
(TIGHTSCE). Triple-C-valence basis sets (def2-TZVP)'** were
employed for all atoms. Calculations were performed using resolution
of the identity approximation'®'™""" with matching auxiliary basis
sets''!'* for geometry optimizations and numerical frequency
calculations and the RIJCOSX (combination of the resolution of
the identity and chain of spheres algorithms) approximation for
single-point calculations using the PBEO functional.”® Low-lying
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excitation energies were calculated with time-dependent DFT (TD-
DET). Solvent effects were taken into account with the conductor-like
polarizable continuum model, CPCM.'"? Spin densities were
calculated according to the Mulliken population analysis.''* The
absence of imaginary frequency spin densities, molecular orbitals, and
difference densities were visualized with the Chemcraft 1.8
program.'"> All molecular orbitals are illustrated with an iso value
of 0.052. All calculated TD-DFT spectra are Gaussian broadened with
a bandwidth of 25 nm at half-height.

Photophysical Measurements

Steady-state luminescence spectra at room temperature and 77 K
were measured using a Fluorolog-3-22 instrument from Horiba Jobin-
Yvon. Transient absorption and kinetic emission and absorption
measurements were performed on an LP920-KS instrument from
Edinburgh Instruments in MeCN. Excitation source was a pulsed
Quantel Brilliant b ND:YAG laser equipped with a Rainbow optical
parameter oscillator (OPO) with a pulse energy of 13 m] at 435 nm
and 20 m] at 460 nm. The solutions typically had an optical density
below 0.4 and were deaerated through three cycles of freeze—pump—
thaw. The quantum yields were measured on a Hamamatsu absolute
photoluminescence quantum yield spectrometer C11347 Quantaurus
QY with a sample concentration of 2.5 X 1075 M, and the solutions
were deaerated by bubbling Ar for 10 min.

SYNTHETIC PROCEDURES

@
Suntheotic Stratoc f RE
dynitnetic Strate gy o ML DI

According to a modified procedure, the triazole-containing N-
oxide [HL—O] (1.04 g, 3.21 mmol) was dissolved in 20 mL of
CH,CL. Me;OBF, (1.04 g, 7.03 mmol) was added, and the
mixture was stirred at room temperature for S days. The
solvent was evaporated and the residue was suspended in abs.
MeOH (80 mL). Activated zinc (0.835 g, 12.84 mmol) was
added and heated under reflux overnight. The reaction mixture
was filtered through celite and purified by column chromatog-
raphy CH,Cl,/MeOH (10:1) to obtain the product as an off-
white solid (0.74 g, 2.92 mmol, 91%). '"H NMR (400 MHz,
CD4CN) 6 (ppm) = 9.23 (s, 1H), 8.89—8.82 (m, 1H), 8.10
(td, J = 7.8, 1.7 Hz, 1H), 8.03—7.89 (m, 3H), 7.80—7.72 (m,
3H), 7.68—7.62 (m, 1H), 4.66 (s, 3H); *C {H} NMR (101
MHz, CD,CN) & (ppm) = 1514, 1439, 142.7, 139.4, 136.0,
1332, 131.6, 128.3, 127.2, 125.7, 122.7, 42.1; Anal. caled for
C4Hy3BE,N,: C, 51.89, H, 4.04, N, 17.29; found: C, 51.99, H,
4.15, N, 17.29.53

PF

Synthetic Rul, J(F

In a 15 mL Schlenk flask, the respective [Ru(L)(p-cymene)-
CIJBF, (50 mg, 0.084 mmol, 1 equiv), bipyridine (26 mg,
0.169 mmol, 2 equiv), and AgPF (43 mg, 0.169 mmol, 2
equiv) were dissolved in degassed ethylene glycol (4 mL). The
reaction mixture was capped and heated to 150 °C for 12 h.
After cooling to room temperature, the resulting dark orange
mixture was treated with aqueous KPF4 and extracted with
CH,CL (3 X 40 mL). The organic phase was washed with
water (§ X S0 mL) and dried over Na,SO,. Additional
crystallization from slow diffusion of Et,O into a concentrated
solution of [RuL,](PF¢), dissolved in CH,Cl, yielded in an
orange crystalline solid of [RuL,](PFy), (57 mg, 0.061 mmol,
72%). In the case of an insufficient conversion, purification by
column chromatography (aluminum oxide, activated with S wt
% water; CH,Cl,/acetone 100:0 — 100:15) resulted in pure
[RuL,)(PF),.

Single crystals suitable for X-ray diffraction were obtained by
slow vapor diffusion of Et,O into a concentrated solution of
[RuL,](PF¢), in acetone at 4 °C.

Strategy for

193

'"H NMR (500 MHz, CD,CN) & (ppm) = 8.45 (d, ] = 8.2
Hz, 1H), 842 (d, J = 8.1 Hz, 1H), 8.35 (d, J = 5.6 Hz, 1H),
827 (d, ] = 8.1 Hz, 1H), 8.16 (d, ] = 8.1 Hz, 1H), 8.06—7.95
(m, SH), 7.70—7.68 (m, 1H), 7.67 (d, ] = 5.6 Hz, 1H), 7.61—
7.56 (m, 2H), 7.43—7.36 (m, 3H), 7.27—=7.21 (m, 2H), 7.20—
7.16 (m, 1H), 7.08 (t, ] = 8.0 Hz, 2H), 6.92 (dd, J = 8.4, 1.1
Hz, 2H), 6.82 (ddd, J = 7.3, 5.7, 1.3 Hz, 1H), 4.58 (s, 3H);
BC{'H} NMR (126 MHz, CD,CN) § (ppm) = 185.6, 158.0,
157.6, 157.5, 156.5, 156.5, 153.9, 153.0, 152.5, 152.1, 150.5,
146.8, 139.2, 139.0, 138.5, 138.1, 137.7, 137.2, 131.2, 130.3,
128.6, 128.3, 128.0, 127.4, 126.0, 125912, 125.1, 124.8, 124.4,
124.1, 122.6, 39.9; HRMS (ESI) m/z: [RuL,](PF;)" calced for
[C34HyFNgPRu]* 795.1126; found 795.1120, [RuL,]** caled
for [Cy,H,gNRu]** 325.0739; found 325.0731; Anal. calcd for
C34HyF,NgP,Ru: C, 43.46, H, 3.00, N, 11.93; found: C,
43.60, H, 3.06, N, 11.60.

Synthetic Strategy for

In a 15 mL Schlenk flask, [Ru(bpy) (p-cymene)OTf]OTf (34
mg, 0.049 mmol, 1 equiv) and [HL]BF, (30 mg, 0.093 mmol,
2 equiv) were dissolved in degassed ethylene glycol (4 mL).
The reaction mixture was capped and heated to 180 °C for 12
h. After cooling to room temperature, the resulting dark orange
mixture was treated with aqueous KPF4 and extracted with
CH,Cl, (3 X 40 mL). The organic phase was washed with
water (§ X S0 mL) and dried over Na,SO,. The crude product
was dry-loaded on Celite and purified by column chromatog-
raphy (inversed column, interchim puriFlash XS $20 Plus,
column: PF-15C18AQ-F0040; H,0/CH;CN 100:0 — 80:20).
The crude product was extracted with CH,Cl, (3 X 40 mL)
and dried over Na,SO, The solvent was removed under
reduced pressure, and the remaining dark orange solid (23 mg,
0.022 mmol, 46% crude) was dissolved in (CH;),CO (3 mL)
and overlayed with Et,O under light. The dark orange solution
turned dark brown after 2 days, and after 1 month, single
crystals suitable for X-ray diffraction have been obtained.

The collected crystals were used as seed crystals to induce
crystallization from the crude product in the follow-up
reactions. The resulting red crystals (7.8 mg, 0.077 mmol,
16%) were used without further purification.

'"H NMR (700 MHz, CD,CN) & (ppm) = 8.42 (d, ] = 7.0
Hz, 2H), 8.29 (d, ] = 6.5 Hz, 2H), 8.00 (td, ] = 8.1, 1.5 Hz,
2H), 7.58 (d, ] = 8.0 Hz, 2H), 7.53 (td, ] = 7.9, 1.4 Hz, 2H),
742 (ddd, ] =7.5, 5.5, 1.2 Hz, 2H), 7.28—7.23 (m, 4H), 7.11—
7.08 (m, 4H), 7.05 (dd, ] = 8.4, 1.2 Hz, 4H), 6.71 (ddd, ] =
7.3, 5.7, 1.4 Hz, 2H), 4.42 (s, 6H); *C{'"H} NMR (176 MHz
CD;CN) 6 (ppm) = 185.1, 156.6, 154.4, 153.3, 1516, 145.6,
139.1, 138.5, 137.0, 131.2, 130.0, 128.3, 125.9, 124.8, 124.8,
121.6, 39.6; HRMS (ESI) m/z: [RuL,](PFs)* caled for
[CysH3,F6N o PRu]” 875.1491; found 875.1487, [RuL,]*
caled for [CyHyN oRul™ 365.0922; found 365.0925; Anal.
caled for CyH;,F,N|(P,Ru: C, 44.76, H, 3.16, N, 13.74;
found: C, 44.71, H, 3.20, N, 13.40.

Synthetic Strategy for [RulL

RUL,J(FFg)

In a 15 mL Schlenk flask, [Ru(CH;CN)4](BF,), (54 mg,
0.103 mmol, 1 equiv), [HL]BF, (100 mg, 0.310 mmol, 3
equiv), and K,CO; (47 mg, 0.341 mmol, 3.3 equiv) were
dissolved in degassed ethylene glycol (4 mL). The reaction
mixture was capped and heated to 160 °C for 16 h. After
cooling to room temperature, the resulting dark red mixture
was treated with aqueous NH,PF;, whereas a dark orange
precipitate was formed. The orange solid was filtered off and
extensively washed with H,0, EtOAc, and Et,O. The
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remaining solid was dissolved in acetone (1S5 mL), cooled
down with liquid nitrogen, overlayed with Et,0, and cooled
down with liquid nitrogen, too. The capped flask was stored at
—20 °C for 1 month inducing crystallization of dark orange
crystals suitable for X-ray diffraction analysis. The remaining
crystalline solid was vigorously washed with Et,0 and
decanted to remove the remaining brownish solid yielding a
dark orange crystalline solid of [RuL,]J(PF4), (52 mg, 0.047
mmol, 46%).

'"H NMR (500 MHz, CD,CN) § (ppm) = 8.25 (d, ] = 54
Hz, 1H), 8.13 (d, J = 8.1 Hz, 1H), 7.99 (td, J = 7.9, 1.5 Hz,
1H), 7.82 (d, ] = 5.5 Hz, 1H), 7.60—7.47 (m, SH), 7.46—7.39
(m, 3H), 7.34—7.23 (m, 2H), 7.19 (t, ] = 7.0 Hz, 1H), 7.14—
7.04 (m, 4H), 7.04—6.98 (m, 4H), 6.75 (dddd, ] = 13.2, 7.3,
5.8, 1.8 Hz, 2H), 6.51 (dd, ] = 8.4, 1.1 Hz, 2H), 4.55 (s, 3H),
4.43 (s, 3H),4.30 (s, 3H); “C{'H} NMR (126 MHz,
CD;CN) & (ppm) = 191.1, 187.0, 186.6, 157.8, 156.0, 153.7,
151.9, 151.4, 150.9, 147.1, 146.3, 144.1, 140.0, 139.3, 139.0,
138.4, 136.6, 135.8, 131.4, 130.8, 130.6, 129.99, 129.96, 129.6,
126.5, 126.1, 125.5, 125.3, 124.7, 1242, 122.2, 121.49, 121.1,
39.9, 39.6, 39.3; HRMS (ESI) m/z: [RuL;](PF4)" caled for
[CyoH36FgN,PRu]* 995.1866; found 995.1874, [RuL,]**
caled for [Cy,HyN p,Rul** 405.1113; found 405.115; Anal.
caled for C,HyF,N,P,Ru: C, 45.87, H, 330, N, 1528;
found: C, 45.52, H, 3.34, N, 15.00.
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ABSTRACT: This work reports on the synthesis and in-depth
electrochemical and photochemical characterization of two
chromium(0) and molydenum(0) metal complexes with bidentate
pyridyl-mesoionic carbene (MIC) ligands of the 1,2,3-triazol-5-
ylidene type and carbonyl coligands. Metal complexes with MIC
ligands have turned out to have very promising electrocatalytic and
photochemical properties, but examples of MIC-containing
complexes with early-transition-metal centers remain extremely
rare. The electrochemistry of these new MIC complexes was studied
by cyclic voltammetry and especially spectroelectrochemistry in the
IR region consistent with a mainly metal-centered oxidation, which
is fully reversible in the case of the chromium(0) complex. At the
same time, the two reduction steps are predominantly ligand-
centered according to the observed near-IR absorbance, with the first reduction step being reversible for both systems. The results of
the electron paramagnetic resonance studies on the oxidized and reduced species confirm the IR spectroelectrochemistry
experiments. The photochemical reactivity of the complexes with a series of organic ligands was investigated by time-resolved (step-
scan) Fourier transform infrared (FTIR) spectroscopy. Interestingly, the photoreactions in pyridine and acetonitrile are fully
reversible with a slow dark reverse reaction back to the educt species over minutes and even hours, depending on the metal center
and reagent. This reversible behavior is in contrast to the expected loss of one or several CO ligands known from related homoleptic
as well as heteroleptic M(CO),L, a-diimine transition-metal complexes.

[il Metrics & More | Q Supporting Information

Step-Scan FTIR
(Spectro-)electrochemistry

30-33

B INTRODUCTION

Mesoionic carbenes (MICs) of the 1,2,3-triazol-S-ylidene type
have established themselves as prominent ligands in organo-
metallic chemistry.'™® While in the majority of cases these

investigations. In particular, the CO ligands are powerful
markers for IR spectroscopy and can be very conveniently used
for following excited-state dynamics and reactivity in these
metal complexes. In this context, time-resolved step-scan

ligands have been used in homogeneous catalysis,;_(‘ they have
also found applications in small-molecule activation’ "' and as
parts of redox-active metal complexes.'”'* Furthermore, such
ligands have also been used in the field of photochemistry'*~**
and in redox-induced and redox-switchable catalysis.
Metal complexes of bidentate ligands containing one MIC
and one pyridyl donor have displayed excellent photo-
chemical”'”** and electrocatalytic properties.'” Most of the
aforementioned metal complexes are predominantly based on
late transition metals.” ® Examples of early transition metals
with MIC ligands remain extremely rare.”” As part of our
continued interest in the transition-metal chemistry of
bidentate pyridyl-MIC-type ligands, we have now turned our
attention to the group 6 metals chromium and molybdenum.
The carbonyl coligands on the Cr’ and Mo® centers make
them ideal platforms for a number of electrochemical and
spectroscopic (including photochemical and photophysical)

24-28

© 2020 American Chemical Society

7 ACS Publications

Fourier transform infrared (FTIR) spectroscopy turned out to
be an ideal tool to characterize the long-lived electronically
excited states of transition-metal complexes on time scales of
nanoseconds and microseconds.>* ™" At the same time, the
step-scan technique has been successfully applied in the
analysis of the photoinduced reactions®***' also involving
transition metals.**”**

In the following, we present the synthesis and character-
ization of the chromium(0) and molydenum(0) complexes 1
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and 2 that contain the bidentate MIC-containing ligand L and
additional CO coligands. The electronic structures were
investigated by UV—vis—near-IR (NIR), IR, and electron
paramagnetic resonance (EPR) spectroelectrochemical meas-
urements for both complexes, in combination with density
functional theory (DFT) calculations. Furthermore, the
photochemical reactivity was studied by time-resolved FTIR
spectroscopy to probe the dynamics and ligand-exchange
reactions of these complexes in the excited state. The choice of
ligand L for these investigations is interesting because L has
certain similarities to the a-diimine ligands mentioned above.
However, L possesses two different donors, and one of them is
the strongly donating MIC, which is expected to have a
profound influence on the properties of the resulting metal
complexes. To the best of our knowledge, these are the first
thorough investigations of transition-metal-bound radicals that
are based on MIC ligands of the 1,2,3-triazol-5-ylidene type.

Additionally, these are also the first spectroscopic inves-
tigations using time-resolved FTIR spectroscopy on the light-
induced ligand substitution reactions in transition-metal
complexes containing MIC ligands.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The pyridyltriazolium
salt [HL1]OTf was synthesized by using a five-step synthetic
route in reasonable yield (see Scheme 1 and the Supporting
Information). Despite the presence of an additional pyridyl N
atom in E6, methylation of this compound with MeOTf was
fairly selective.

Scheme 1. Synthetic Strategy for [HL1]OTf
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For the synthesis of complex 1, Cr(CO)4 was irradiated with
UV light in tetrahydrofuran (THF; Scheme 2). The in situ
formed solvato complex was further reacted with [HL1]OTf in
the presence of NEt; as a base. Extractions and further
chromatographic purification delivered complex 1 in good
yield. A similar strategy was also used for the synthesis of
complex 2, except that in this case the prior formation of the
norbornadiene complex from Mo(CO)4 was necessary to get
better product yield (Scheme 2). The identity and purity of the
complexes were ascertained by NMR spectroscopy, elemental
analysis, and electrospray ionization mass spectrometry.

We were able to obtain suitable single crystals for
performing single-crystal X-ray diffraction studies. A look at
the molecular structure in the crystal for both complexes
(Figure 1) shows that the metal centers are coordinated in a
distorted octahedral environment, with the distortion being
imposed by the chelating nature of the L1 ligand.

The Cr—C and Cr—N bond lengths to the MIC and pyridyl
donors of L1 are 2.065(2) and 2.147(2) A. The corresponding
Mo—C and Mo—N bond lengths in 2 are 2.202(1) and
2.275(1) A. These differences in the bond lengths are a result
of the different sizes of the two metal centers. The M—C bond
lengths to the CO ligands that are trans to each other are
longer than the M—C bond lengths to the CO ligands that are
trans to L1. Accordingly, the C—O bond distances within the
CO ligands that are trans to each other are shorter compared
the same distances within the CO ligands that are trans to L1
(Table S1). Both of these effects are likely related to the better
trans influence of L1 compared to that of the CO ligands. The
C—C and C—N bond lengths within the L1 ligand in both
complexes 1 and 2 are all in the expected range.” ® The Dipp
substituent on the 1,2,3-triazol-S-ylidene ligand in both 1 and 2
is twisted out-of-plane, with the dihedral angles between the
two planes being 79.1(1)° and 79.5(1)°.

Electrochemistry and Spectroelectrochemistry. Both
complexes 1 and 2 display oxidation steps at —0.17 and
+0.08 V (Figure 2; all measurements were carried out in
CH;CN/0.1 M Bu,NPF4 and referenced against the FcH/
FcH" couple).

These data show that both of these complexes are easy to
oxidize, a fact that is a reflection of the low oxidation state of
the metal centers combined with the strongly donating nature
of the MIC-containing ligand.

The oxidation step for the chromium complex 1 is
reversible, whereas that for the molybdenum complex 2 is
irreversible. As reported previously,”* we attribute this
behavior to a more facile labilization of the M—CO bond
upon oxidation for the molybdenum complex compared to the
chromium complex. Notably, with the ligand L1, the oxidation
step in complex 1 is reversible at ambient temperatures at
normal scan rates (100 mV/s). For related a-diimine-
containing [Cr(CO),] complexes, usually lower temperatures,
higher scan rates, or both are necessary to obtain
reversibility.”” We attribute the higher reversibility in our
case to the presence of the strongly donating MIC unit in L1,
which is likely able to compensate for the electron loss at the
Cr center that is induced through oxidation.

Both complexes also display two reduction steps each
(Figure 3). The first reduction steps, which are observed for 1
and 2 at —2.16 and —2.10 V, are reversible. The second
reduction steps for these complexes appear at —2.79 and
—2.68 V. This step is electrochemically and chemically
irreversible for both complexes (Figure 3) because the second

https://dx.doi.org/10.1021/acs.inorgchem.0c02537
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Scheme 2. Synthetic Strategy for 1 and 2
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Figure 1. ORTEP representations of 1 (left) and 2 (right). H atoms are omitted for clarity. Ellipsoids are drawn with S0% probability.
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Figure 2. Cyclic voltammograms of 1 (left) and 2 (right) in CH;CN/
0.1 M Bu,NPF; with a glassy carbon working electrode at a scan rate
of 100 mV/s.

reduction step leads to the appearance of at least two
reoxidation peaks that are shifted far to the positive side,
indicating the irreversible nature of that reduction step.

15506

[ —— 1% reduction =1 reduction
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Figure 3. Cyclic voltammograms of 1 (left) and 2 (right) in CH;CN/
0.1 M Bu,NPF with a glassy carbon working electrode at a scan rate
of 100 mV/s (red, first reduction; black, first and second reduction).

As can be seen from above, the oxidation potentials for the
two complexes differ substantially from each other, whereas the
reduction potentials are fairly similar. These data are a first
indication of a predominantly metal-centered oxidation and a

https://dx.doi.org/10.1021/acs.inorgchem.0c02537
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predominantly ligand-centered reduction. A more direct proof
of these assignments comes from spectroelectrochemical
studies and DFT calculations as discussed below.

The IR spectra of 1 and 2 in CH;CN both display a four-
band pattern in the region of 18302010 cm™" typical for the
stretching vibrations of CO ligands (Figures 4 and S19 and

absorbance
absorbance

2100 2000 1900 1800 2000 1900 1800
v lem” v lem?

Figure 4. Changes in the IR spectra of 1 in CH;CN/0.1 M Bu,NPF,
with a gold working electrode during the first oxidation (left) and first
reduction (right).

Tables S6 and S8), with the two middle bands being almost
degenerate. This pattern is characteristic for group 6
[M(CO),] complexes containing an additional bidentate
ligand and is similar to what has been observed previously
for such complexes with a-diimine ligands.*"™** The oxidation
of 1 to 1" leads to a strong shift of all of the CO bands to
higher energies (Figure 4 and Table S6). For example, the
band at 1998 cm™ for 1 is shifted to 2089 cm™! for 1%, which
is a change of 91 cm™'. The other bands are also shifted
accordingly to higher energies. Additionally, the bands at lower
energies become more degenerate for 1%, and the intensities of
all the bands are more equal in the oxidized complex compared
to the neutral form (Figure 4). The large shift (ca. 90 cm™) to
higher energies of the CO bands is an indication of a metal-
centered oxidation step. When the potential was returned to
the starting potential after a full oxidation cycle was run, the
spectrum of the starting complex was recovered quantitatively,
thus displaying the reversibility of the oxidation step in 1, also
on the IR spectroelectrochemistry time scale (Figure S14).
Even though the oxidation step of complex 2 is not reversible,
the spectral shifts and intensities and the pattern observed in
the IR spectrum of the oxidized species as well as a comparison
of the spectrum with that of 1" indicate a metal-centered
oxidation also for 2 (Figure S18 and Table S8).

In contrast to the oxidation step, the first reduction leads to
a shift of all the CO bands to lower energies (Figures 4 and
S19 and Tables S6 and S8). The extent of the band shifts is
much smaller for the reduction step compared to the oxidation
step. For example, the high energy band at 1998 cm™ in 1 is
only shifted to 1978 cm™ in 1°~, which is just a difference of
20 cm™’. A similar pattern is also observed for the conversion
of 2 to 2°”. The small shift of the CO bands upon one-electron
reduction is an indication of a predominantly L1-centered
reduction step (see below). For both complexes 1 and 2,
running a complete first reduction and reoxidation back to the
starting potential led to an almost quantitative regeneration of
the starting spectrum, thus displaying the reversible nature of
the first reduction step for both complexes (Figures S15 and
S19).

The in situ generated one-electron-oxidized species 17 did
not display any EPR signal in a fluid solution at ambient
temperatures. In a frozen solution at —130 °C, 1" displays a
signal with axial anisotropy with g = 1.980 and g, = 2.062,

with A = 0.082. The simulated spectrum, including hyperfine
coupling to the ¥*Cr nucleus (I = */,; natural abundance =
9.5%), fits nicely with the experimental spectrum (Figure S).
The absence of a signal in a fluid solution at room temperature
and the substantial g anisotropy observed in a frozen solution
indicate a predominantly metal-centered spin.

Experiment

310 320 330
B/mT

340 350

Figure 5. EPR spectrum of in situ generated 17 at —130 °C in
CH,;CN/0.1 M Bu,NPF,.

The in situ generated reduced forms 1°~ and 2°* display
line-rich spectra in a fluid solution at ambient temperatures,
centered at g = 2.003 and 2.004 (Figure 6). Both spectra could

w\Af\/\/W

338 340 342 332 334 336 338 340 342
B/mT B/mT

334 336

Figure 6. EPR spectra of 1° (left) and 2° (right) at room
temperature in CH;CN/0.1 M Bu,NPF,.

be simulated with good accuracy by considering a very small
hyperfine coupling to the respective metal centers and
predominant hyperfine couplings to four different '*N nuclei
and three or four different 'H nuclei. These results suggest that
the spin in the reduced complexes is predominantly localized
on the MIC and pyridyl parts of the L1 ligand (Tables $29 and
S31).

Spin-density calculations (see below) support these results
and also indicate spin densities on only three of the C atoms of
the pyridyl rings. The EPR data on the oxidized and reduced
complexes thus nicely complement the results from IR
spectroelectrochemistry that were discussed above. To the
best of our knowledge, this is the first thorough and
unambiguous EPR spectroscopic characterization of a metal-
bound MIC-containing radical.

Both complexes display two main absorbance bands in the
visible region in their native state (Figures 7 and S22 and
Tables S10 and S11). These bands have a predominantly
metal-to-ligand charge-transfer (MLCT) character [a detailed
assignment of the absorption bands observed in the UV—vis—
NIR spectra will be made in the (TD-)DFT Calculations
section]. The oxidation of complex 1 only leads to a decrease
in the intensity of the bands in the visible region, with no other
significant changes (Figure S21). In the case of 2, a new

https://dx.doi.org/10.1021/acs.inorgchem.0c02537
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Figure 7. Changes in the UV—vis—NIR spectra of 2 in CH;CN/0.1
M Bu,NPF; during the first reduction with a gold working electrode
(the inset shows the region from 800 to 2000 nm).

absorbance band is observed at about 325 nm upon oxidation,
while all of the other bands decrease in intensity (Figure $23).
The changes in the visible and NIR regions upon reduction in
both complexes are, however, very prominent and interesting.

Both 1°7 and 2° display two low-energy bands in the visible
region, as well as a relatively broad band in the NIR region
(Figures 7 and S22 and Tables S10 and S11). Such low-energy
bands in the visible and NIR regions are often an indication of
a metal-bound ligand radical.*® In view of the results from IR
and EPR spectroscopy on the reduced complexes, such an
assignment of these long-wavelength bands seems reasonable.
A thorough discussion of these assignments will be presented
in the (TD-)DFT Calculations section.

Time-Resolved FTIR Spectroscopy. The photochemical
reactivity of 1 and 2 with a series of potential organic ligands,
namely, CH;CN, pyridine, 2,2'-bipyridine, and CH,Cl,, was
analyzed by time-resolved FTIR spectroscopy.

At first, step-scan FTIR investigations were performed on 2
in a CH;CN solution, where the sample was excited with a
355 nm laser pulse. The negative bleach bands in the step-scan
difference spectrum correlate with the educt vibrations and
result from a decrease of the educt concentration. The positive
bands are assigned to the photoproduct, which is formed upon
excitation. The educt vibration at 1831 cm™ is red-shifted to
1785 cm™ in the photoproduct, whereas the initial band at
1894 cm™" is blue-shifted to 1902 cm™.

The transition observed at 2006 cm™ for the educt is not
observed at all upon excitation because only the corresponding
bleach without any positive feature is observed (Figure 8).

The pattern and intensities of the step-scan difference
spectrum do not change significantly over the entire time range
of the experiment (approximately SO0 us after laser excitation),
indicating the formation of a long-lived photoproduct (Figure
S47). The presented spectra were averaged over 200 us to
obtain smooth spectra with a very good signal-to-noise ratio.

The persistence of the step-scan spectrum over the complete
time range of almost 500 us prompted us to follow the light-
induced reaction pathways over longer time scales up to
minutes. For this purpose, the sample was irradiated over $
min at a repetition rate of 100 Hz, which leads to an almost
complete disappearance of the educt CO absorption bands.
Nevertheless, the remaining weak educt features show that 2 is
photochemically quite stable and only reacts under harsh
conditions. Interestingly, the new bands observed upon S min
of irradiation agree perfectly with the positive features seen in
the step-scan difference spectrum, so that the same photo-
product is observed independently of the experiment (Figure
9). After the period of irradiation (S min), the reaction was
followed without further UV excitation to analyze potential
dark reactions after formation of the mentioned photoproduct.
Surprisingly, a slow dark reverse reaction was observed, with
complete reformation of the educt after about 30 min and an
IR spectrum that is identical with the educt spectrum.

A second period of irradiation (5 min) again leads to the
formation of the same changes in the IR spectrum, which
underlines the reversibility of the reaction. Hence, the
observations definitely do not agree with the mechanism
reported for the related homoleptic complex W(CO),, which
was studied by transient IR spectroscopy by Schultz and Krav-
Ami.*” The expected loss of one or several CO ligands, known
from homoleFtic M(CO)s°*" and the related M(CO),L, a-
diimine®***™* transition-metal complexes, is not observed
here and rather corresponds to cleavage of a coordinative bond
of the bidentate MIC ligand to the Mo center and occupation
of the free coordination site by a CH;CN molecule. It is
suggested that coordination of the pyridyl moiety of the MIC
ligand to the metal center breaks up because the carbene
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Figure 8. Ground-state FTIR and step-scan difference spectra (4., = 355 nm, 0—-200 us) of 2 in CH,CN.
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Figure 9. FTIR spectrum of a fresh solution of 2 in CH;CN (black),
immediately after the first irradiation (red), at 30 min in the dark after
the first irradiation (green), and immediately after the second
irradiation (blue).

would be protonated to the triazolium salt, which would
definitely inhibit the observed reverse reaction. At the same
time, dimerization, as described in the literature for the related
species [M(bpy)(CO);(Cl)] (M = Mn,” Re*®), cannot be
completely excluded. A large series of different potential
photoproducts, including aggregates with the solvent, CO-
bridged dimers, and dimers with metal—metal bonds as well as
intermediate binding of free CO ligands by solvent molecules,
were considered in the quantum-chemical calculations but did
not lead to a good description of the measured IR spectrum.

The chromium complex 1 showed similar spectra, with the
only difference being that the reactivity is lower and that one
additional weak CO absorption band appears at 1928 cm™
upon irradiation (Figure S48). This feature might result from
the formation of a second isomer to a small extent. In addition,
it should be mentioned that the dark reverse reaction is
completed already after about 15 min and is thus twice as fast
as that in the case of 2, so that the metal center has an
influence on the reaction dynamics. The step-scan data are
analogous to the results obtained for 1 (Figures $49 and S50).

After the studies in CH;CN, the better N-donating ligand
pyridine was considered, where it should be mentioned that 1
and 2 are both stable in a pyridine solution in the dark. The full
conversion of the educt species to the respective photoproduct
is completed for both complexes after S min of irradiation
(Figures 10 and S51).

The observation that almost no educt is left after this period
of irradiation is explained by the better ¢ donation of pyridine
compared to CH;CN. Interestingly, the measured IR spectra
are all analogous to the observations in CH;CN, so that the
reaction dynamics may be identical. The reverse reactions from
the photoproducts back to the educts are completed after
about 35 min for 1 and 10 h for 2, so they are much slower
compared to CH;CN. This demonstrates that stable photo-
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Figure 10. FTIR spectrum of a fresh solution of 2 in pyridine (black),
immediately after the first irradiation (red), at 580 min in the dark
after the first irradiation (green), and immediately after the second
irradiation (blue).

products are formed in a pyridine solution upon UV
irradiation, in particular for the molybdenum(0) species.

The interesting photochemical reactivity toward pyridine
incentivized us to analyze the reactivity under the presence of
the bidentate ligand 2,2"-bipyridine, using CH,Cl, as the
solvent. For a solution of 2 saturated with 2,2"-bipyridine, a
dark reaction is already observed in the first FTIR spectrum
recorded immediately after preparation of the reaction mixture,
which corresponds to a few tenths of seconds.

Three new weak CO bands are observed between 1925 and
2000 cm™!, which do, however, not increase over time neither
in the dark nor upon light excitation (Figure S52). The
bleaching of the educt bands is assigned to a photochemical
reaction with the solvent. Hence, the reaction with 2,2’-
bipyridine is definitely incomplete with a low turnover. The
observation of three CO bands might result from a loss of one
CO ligand, lifting of one coordinative bond of the MIC ligand
to the metal center, and coordination of the bidentate 2,2'-
bipyridine ligand. However, a superimposition of additional
product vibrations by the educt peaks and/or the formation of
different isomers (three new peaks) cannot be excluded.

Because investigations with 2,2'-bipyridine in a CH,Cl,
solution gave first indications for a reaction with solvent
molecules, we performed step-scan measurements for 1 and 2
in a CH,Cl, solution. The obtained step-scan difference
spectra are very similar to the results in CH;CN, with the
lowest-energy CO vibration being red-shifted by about
40 cm™', the energetically highest educt band showing only a
bleach band without any positive peak, and the third CO
motion being blue-shifted by approximately 20 cm™ in the
photoproduct (Figures S53—S56). This indicates that the
reaction mechanism under the presence of CH,Cl, may be
analogous to the suggested dynamics in a CH;CN solution
with cleavage of a coordinative bond of the bidentate MIC
ligand to the metal and occupation of the free coordination site
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by a solvent molecule. Again, the features and intensities of the
difference spectrum do not change significantly over the whole
step-scan experiment, so that investigations were performed on
longer times scales for 2.

An irradiation over S min leads to a significant decrease of
the educt bands and the appearance of a new CO vibration at
about 1930 cm™'. Different CO bands are observed
temporarily around 1925 and 1980 cm™ over the next 7 h
after irradiation, indicating the formation of different
intermediates with a series of coordination motifs (Figure
S57).

Time-Dependent [(TD-)DFT] Calculations. DFT calcu-
lations at the B3LYP/RIJCOSX/D3/def2-TZVP level of
theory were carried out on 1 and 2, as well as on their
oxidized and reduced forms. The calculated bond lengths
(Tables S17 and S25) from the optimized structures of both
complexes are in good agreement with the experimental bond
lengths obtained from single-crystal X-ray diffraction data.

The highest occupied molecular orbital (HOMO) is largely
localized on the central metal atom and the two equatorial CO
ligands for 1 and 2, whereas the lowest occupied molecular
orbitals (LUMOs) in both the complexes are almost
exclusively localized on the chelating pyridyl-MIC ligand L1
(Tables S12 and S21 and Figures 11 and S25).

Figure 11. HOMO (left) and LUMO (right) of complex 2 (isovalue
= 0.052).

Because both the first oxidation and first reduction steps of 1
are reversible on the electrochemical and spectroelectrochem-
ical time scales, we briefly comment here on the calculated
structural parameters of 1" and 1°”. In comparison to 1, all of
the calculated Cr—CO bond distances in 17 are strongly
elongated, whereas the changes in these bond distances in 1°~
are only marginal (Table S17). Accordingly, the C—O bond
distances in 1* are much shorter compared to those in 1, and
those in 1°~ display only marginal changes compared to those
in 1. The changes in the calculated bond lengths within the L1
ligand in the three redox forms provide some further
interesting trends. In 1 and 17, the changes in the bond

distances within L1 are marginal. However, when the same
distances are compared between 1 and 1°7, some systematic
changes are apparent. Within the 1,2,3-triazol-5-ylidene part of
L1, the C1—C2 bond is shortened in 1°” compared to 1,
whereas all of the other four bonds are elongated in the
reduced complex in comparison to the neutral one. These
observations fit nicely with the bonding/antibonding inter-
actions between the atoms, as seen in the a-HOMO of 1°~
(Figure S28).

The C3—N2 bond that connects the pyridyl and MIC units
in L1 is significantly shorter in 1°” than in 1. Within the
pyridyl ring, the most significant changes are in the C3—N1
and C3—C4 bond distances, both of which become longer
upon moving from 1 to 1°~. With these optimized structures,
we calculated the IR, EPR, and UV—vis—NIR spectroscopic
features for the various redox forms of both complexes. In the
following, we will restrict the discussion on the ground-state
spectroscopic properties to the chromium complex 1 because
the properties of the molybdenum complex 2 are very similar
to those of 1.

The calculated IR spectrum of 1 nicely reproduces the
experimentally observed four-band pattern in the CO region
(Figures 4 and 12). The calculated absolute values of the CO
stretching frequencies are, however, shifted to higher energies
compared to the experimentally observed ones, which can be
explained by the applied harmonic approximation (Figure S13
and Table SS). Additionally, the shift of the CO bands for the
reduced form of 1 in comparison to the native form is also
nicely reproduced by the calculations (Figure 12 and Table
S7). The calculated spectrum of 1* (Figure S16) differs
significantly from the experimental spectrum. The reasons for
this discrepancy are not very clear at this moment and may
result from ion pairing. Further high-level quantum-chemical
calculations will be required to clarify this point.

TD-DFT calculations on 1 show that the experimentally
observed absorption band at 485 nm (see above) is a mixture
of transitions of HOMO—2 — LUMO (23%) and HOMO—-1
— LUMO (71%) (Figures S25 and S30 and Table S13). This
band can thus be assigned to a mixture of d(Cr) — #*(L1)
MLCT and CO — L1 ligand-to-ligand charge-transfer
(LLCT) transitions. The other prominent band in the visible
region at 394 nm arises from transition HOMO-2 —
LUMO-+1. This band can thus be assigned to predominantly
d(Cr) — #*(pyridyl) MLCT and CO — pyridyl LLCT
transitions (Figure S30 and Table S13). As discussed above,
upon oxidation of 1 to 1%, the original bands of 1 basically
decrease in intensity, with no new prominent features
appearing. Thus, the bands of 17 will not be discussed further
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Figure 12. Calculated IR spectra of 1, 17 (left), and 1°~ (right) in CH;CN (B3LYP/RIJCOSX/D3 def2-TZVP).
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Figure 13. Spin-density plots of complex 1* (left) and 1™ (right) (isovalue = 0.003).

here. The reduced species 1°7, on the other hand, displays
multiple prominent bands in the low-energy visible and NIR
regions. The origin of all of these bands is in the a-HOMO of
1°7, which is delocalized over the ligand L1 (Table S1S5 and
Figure S28). Thus, for the reduced species, the transitions in
the lower-energy visible and NIR regions can all be assigned to
ligand-centered transitions. In particular, the broad NIR band
centered at around 1180 nm can be assigned to a &-HOMO —
a-LUMO transition, which is an intraligand-charge-transfer-
type transition from the MIC to pyridyl part of LI.
Additionally, spin-density distributions were calculated for 1%
and 1°". In keeping with the results from EPR spectroscopy,
for 17, the spin density is almost exclusively centered on
chromium, and for 1°7, the spin density is almost exclusively
centered on the L1 ligand (Figure 13 and Table S28).

W CONCLUSIONS

In summary, we have presented here the synthesis and
characterization of the first examples of chromium(0) and
molydenum(0) complexes with a MIC-containing ligand of the
1,2,3-triazol-S-ylidene type (together with an additional pyridyl
donor).

A combination of IR, EPR, and UV—vis—NIR spectroelec-
trochemical measurements shows that the oxidation step is
metal-centered and completely reversible for the chromium(0)
complex.***® This result is a confirmation that the MIC ligands
can support reversible redox processes at metal centers by
compensating for the electron loss through their strong
donating power. The first reduction step for both complexes
is reversible for both complexes and almost exclusively
centered on the pyridyl-MIC ligand. This is also the first
report on a thorough characterization of a transition-metal-
bound MIC radical. DFT and TD-DFT calculations were
performed to further understand and support the aforemen-
tioned spectroscopic data.

The photochemical reactivity under the presence of different
organic ligands was investigated by time-resolved (step-scan)
FTIR spectroscopy, with the formation of metastable photo-
products reacting back to the educt species in slow reverse
reactions. The reaction mechanism will be further elucidated
by high-level quantum-chemical calculations, but the presented
results already show that the irreversible loss of a CO ligand
and occupation of a free coordination site by a solvent
molecule, which are typically observed for homoleptic
M(CO), and heteroleptic M(CO),L, transition-metal com-
plexes, are definitely not observed for the MIC-containing

systems presented in this work because of the unexpected
reversibility.
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@ The Best of Both Worlds: Combining the Power of MICs and
WCAs To Generate Stable and Crystalline Cr'-Tetracarbonyl

and Biprajit Sarkar*

Complexes with 7-Accepting Ligands

Tobias Bens,” Robert R. M. Walter,” Julia Beerhues,”™ " Manuel Schmitt,'d Ingo Krossing,"”

Abstract: Here we present stable and crystalline chromium(l)
tetracarbonyl complexes with pyridyl-MIC (MIC=mesoionic
carbene) ligands and weakly coordinating anions (WCA=
[AI(OR"),]-, R'=C(CF;); and BAr=[B(Ar)], Ar =35
(CF,),C4H;). The complexes were fully characterized via
crystallographic, spectroscopic and theoretical methods. The
influence of counter anions on the IR and EPR spectroscopic

properties of the Cr' complexes was investigated, and the
electronic innocence versus non-innocence of WCAs was
probed. These are the first examples of stable and crystalline
[Cr(CO),]* complexes with a chelating w—accepting ligand,
and the data presented here are of relevance for both the
photochemical and the electrochemical properties of these
classes of compounds.

Introduction

Group 6 tetracarbonyl complexes of the type [M(CO),(L)] (M =
Cr, Mo, W; L =chelating 7—accepting ligands)""'"" have received
increasing attention due to their intriguing physical and
chemical properties.”’? They are attractive candidates for
electrochemical and photophysical bond activation, which
makes them suitable compounds for electrochemical CO,
reduction***'% and photoredox catalysis."

In the last 50 years, great efforts have been made to study
the photophysical/photochemical®*"" ' and
electrochemical'##81011191620 yroperties of such systems. Pho-
toexcitation of carbonyl complexes of zero-valent group 6
metals with chelating 7—accepting ligands can sometimes lead
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to emissive states,”"** but CO dissociation is often the main
consequence of light excitation in these molecules."*****?% The
MLCT excited states are indirectly linked to the oxidized and
the reduced forms of the ground state of such molecules. Thus,
the photochemistry and the redox chemistry of these systems
are often studied hand in hand. In this context, it was observed
early on in the research of such compounds that the oxidation
step of [M(CO,)L)] with 7—accepting ligands, as investigated by
cyclic voltammetry, is often irreversible."'*'*2% Only in very
few cases a reversible oxidation has been observed, albeit only
at low temperatures.””’ This irreversibility is due to the kinetic
lability and uncompensated electron deficiency of the central
metal atom, resulting in decreased s7—backdonation from the
metal center to the CO ligand and consequently weakening of
the M—CO bond."*** Thus, attempts to isolate, crystallize and
thoroughly  characterize  such oxidized species with
m—accepting chelating ligands have never been successful.

Some of us have recently shown that pyridyl-mesoionic
carbene (MIC) chelating ligands (Scheme 1) are a privileged
class of ligands that retain a similar 7—accepting property to
2,2"-bipyridine (bpy), while at the same time incorporating the
excellent o—donor properties of a MIC.*® Investigations with
Re' compounds as well as with group 6 compounds™ clearly
demonstrated both the good m—accepting and o—donor
properties of this ligand class.””

Recently, Krossing and co-workers developed a synthetic
strategy to access the homoleptic 17 VE [M(CO),]* (M =Cr, Mo,
W) complexes with weakly coordinating anions (WCA =
[AIOR").]~ with R'=C(CF;);) to overcome CO dissociation,
substitution and dimerization of the so-called (super-
Jelectrophiles.”” In the following, we show that by combining
WCA or BAr" (=tetrakis(3,5-bis(trifluoromethyl)-phenyl)borate)
with our pyridyl-MIC ligands (C—C= pyridyl-4-triazolylidene™
and C-N = pyridyl-1-triazolylidene)" it is possible to isolate
cationic [Cr(CO)4(pyridyl-MIC)I(WCA) complexes with

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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this work: previous work:
) L ey The 18 VE complex [Cr(C—C)] was synthesized according to a
AP dipp iously described protocol in our group with irradiation of
N=N co PN i previously P group
AN, | w0 N~'1oN fon ] 00 | [Cr(CO)J for 2h in THF and subsequent addition of the
é/| co \N/C|r\co corresponding triazolium salt [H(C-C)IBF, in the presence of a
= co i L= co i base (NEt;). Crystallization from a concentrated solution of
[Cr(C-0)] [L"(L'N)] [CMC—Q)] in CH,Cl, and n-hexane, yielded 64% red crystals
g clectrochemically g1 suitable for X-ray diffraction (Figure 1). All metal-ligand as well
= _memertated B as intra-ligand bond lengths are in the expected range and fit
§ :§ : nicely with the previously reported pyridyl-MIC [Cr(C—N)]
Y complex (Table1, TablesS1 and S2 in Supporting
Aipp ® dipp Information)."”
/N'N ) ", ?i\\\czl :'5',,., ‘f°_“‘c;'@ The cyclic voltammogram of [Cr(C—C)] versus FcH/FcH* at
/ci ~co N /CI'\ &5 ambient temperatures shows a reversible oxidation at —0.21V
) >N co @ co and a reversible reduction at —2.26 V (Figure 2), followed by an
[cr(c-0)1 [cr(c-N)]* irreversible second reduction at —2.80 V. These data are similar
/ but slightly cathodically shifted compared to what was
previously reported for [Cr(C—N)] (Table S4).

As the oxidation potential of Ag® in CH,Cl, is +0.65V

Scheme 1. Chemical (black) and electrochemical (yellow) oxidation of [Cr- versus FcH/FcH**" silver salts should in principle be able to
(C—C.)] and"[lCr(C—N)]. The neutral complex [Cr(C—N)] (top, right) was reported oxidize both [Cr(C—C)] (—0.21V) and [Cr(C-N)] (+0.17 V) com-
previoush: plexes. However, the addition of AgPF, to [Cr(C—C)] or [Cr(C-N)]
in non-coordinating CH,Cl, resulted in an immediate gas

evolution, even at lower temperatures of —40°C. This observa-

m—accepting ligands, similar to those of bpy, as stable and  tion is most likely related to the release of CO gas from the
crystalline material (Scheme 1).%¢ complexes on using the aforementioned silver salt, potentially

Figure 1. ORTEP representation (left) and HOMO orbital (right, iso value =0.052, B3LYP/D3/def2-TZVP) of [Cr(C—C)] (hydrogen atoms are omitted for clarity).
Ellipsoids are drawn with 50% probability.

Table 1. Selected bond lengths of [Cr(C—C)] and [Cr(C-N)] in A.
[Cr(C-Q) [Cr(C-Q))(BAr) [Crc-N™ [Cr(C-N)J(WCA)
cr-C1 2.049(3) 2.040(7) 2.065(2) 2.063(7)
Cr-N1 2.163(3) 2.139(6) 2.147(2) 2.118(6)
Cr-C100 1.851(3) 1.930(9) 1.855(2) 1.951(8)
Cr-C200 1.827(4) 1.925(1) 1.847(2) 1.915(9)
Cr-C300 1.906(4) 1.877(9) 1.894(2) 1.930(8)
Cr-C400 1.895(4) 1.906(1) 1.903(2) 1.898(9)
Chem. Eur. J. 2023, 29, €202301205 (2 of 8) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. Cyclic voltammograms of [Cr(C—~C)] in CH,CN and 0.1 M Bu,NPF,
with a scan rate of 100 mV s,

with concomitant coordination of [PF.]". Therefore, we changed
our strategy for the isolation of [Cr(C—C)1* and [Cr(C—N)]1* using
a synthetic protocol involving oxidizing agents based on WCAs
(AgIWCA]®” and Fc[BAr]"").

Under exclusion of light, the chromium carbonyl complexes
were dissolved in CH,Cl, and the corresponding oxidizing agent
was added at room temperature, resulting in an immediate
color change from red to yellow. After three hours, the reaction
mixture was filtered and layered with n-hexane at —40°C, which
ultimately yielded 87% crystalline material of [Cr(C—C)I(BAr)
and 89% of [Cr(C-N)J(WCA) suitable for single-crystal X-ray
diffraction (Figure 3).

A comparison of the bond lengths for the neutral and
oxidized complexes shows some interesting trends. The intra-
ligand bond lengths within the pyridyl-MIC ligands change only
slightly on moving from the neutral to the oxidized complexes.
On the contrary, the metal-ligand bond distances are strongly
affected on oxidation (Table 1, Tables S1 and S2). Substantial
bond elongation is observed for the Cr—CO bonds in the

oxidized complexes in the equatorial plane. These results agree
with the fact that the HOMO of the neutral complexes is
composed of a d-orbital that is in the equatorial plane and the
m—type orbitals from the two CO ligands in that plane (Figure 1,
right). Removal of electron density from that orbital will have
the strongest effects on the metal ligand bond lengths that are
in the equatorial plane. In keeping with the elongated Cr—CO
bond distances in the equatorial plane, the corresponding CO
bond lengths in that plane decrease. For [Cr(C—C)1(BAr") weak
cation-anion interactions are observed between a C—F group of
BArf and an axial CO ligand (Figure S6). The C400-F and 0400-F
distances are 2.951 and 2.783 A respectively, and are smaller
than the sum of the van der Waals radii of the respective atoms.
No such interactions were detected for the complex [Cr-
(C-N)(WCA).

In contrast to the Cr—CO bond distances, the Cr—C1 and
Cr—N1 bonds to the pyridyl-MIC ligand become stronger upon
oxidation. This fact is likely related to the excellent —donor
properties of the pyridyl-MIC ligands. All these data clearly
support a predominantly chromium centered oxidation in these
complexes.

IR-spectroelectrochemistry (SEC) on the complex was per-
formed in the presence of Bu,NPF, as a supporting electrolyte,
(Figure 4 and Figure S11) and the results are in good agreement
with our theoretical B3LYP/D3/def2-TZVP calculations (Fig-
ure S10 and S12). The average shift of around 130 cm™ for the
CO stretching frequencies (Table 2) upon one-electron oxida-
tion fits nicely with a Cr-centered oxidation in this complex.

Apart from the large shift of the CO bands upon one-
electron oxidation, the IR data also display an effect of the
counter anion on the position of the bands. Thus, the CO bands
with a WCA display a slight blue shift compared to the ones
with [PFJ]~ as anion (see section 5.2 and 5.3 of Supporting
Information).

Figure 3. ORTEP representation of [Cr(C—C)](BAr) (left) and [Cr(C-N)J(WCA) (right). Hydrogen atoms are omitted for clarity. Ellipsoids were drawn with 50%

probability.
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Figure 4. Left: [Cr(C—C)] (black), electrochemically generated [Cr(C-C)]
(grey) in CH,CN/0.1 M Bu,NPF, (Au WE) and [Cr(C-C))(BAr") in CH,Cl, (red).
Right: [Cr(C—N)] (black), electrochemically generated (Au WE) [Cr(C-N)]
(grey) in CH;CN/0.1 M Bu,NPF, and [Cr(C—-N))(WCA) in CH.Cl, (red). The Y-axis
is not normalized.

Further insights into the electronic structures of the native
and the oxidized complexes were obtained via UV/vis/NIR-SEC
in combination with TD-DFT calculations at B3LYP/D3/def2-
TZVP level. Even though results from TD-DFT calculations may
not always be very accurate, they can be used to get a first

insight into such transitions. Both complexes show bands
between 300-500 nm (see Supporting Information, section 7).
These transitions occur from the HOMO-1 and HOMO-2 orbitals,
which have contributions from both Cr and CO, to orbitals that
are predominantly centered on the pyridyl-MIC ligands. Such
transitions can thus be assigned as MLCT with a small LLCT
contribution. These results are in good agreement with previous
reports on [Cr(bpy)(CO),]."* Depopulation of the metal centered
Cr(d,,) orbitals lead to weakening of the Cr—C bond and
consequently rapid photodissociation from the 'MLCT.?! In the
oxidized form, the MLCTs are slightly blue-shifted and show a
strong contribution from the pyridyl-MIC ligand instead of CO
ligands. These results indirectly indicate that the electron-
deficiency of the oxidized metal-center, which results in a
decreased w—backdonation, is compensated by the strongly
o—donating pyridyl-MIC ligands.

To gain a detailed insight into the electronic structure, the
one-electron oxidized 17 VE complexes were further inves-
tigated by EPR-spectroscopy and compared with the electro-
chemically generated species (Figure 5). The slightly stronger
interaction of the [BArF]™ anion with the cationic metal complex

Simulation PFe

WCA

Table 2. CO stretching frequencies of [Cr(C~C)], [Cr(C—N)], [Cr(C-C))(BAr) and Cr(C—N)I(WCA) in CH,Cl,.
¥(CO)/em ! ¥average(CONEm !
[Cr(C-C)] 1998 1882 1873 (sh) 1822 1894
[CrC-N)™ 1998 1890 1878 (sh) 1830 1899
[Cr(C-Q)I(BAF") 2087 2015 1992 (sh) 1975 2017
[Cr(C-N)I(WCA) 2089 2019 1995 (sh) 1975 2020
PF, PF,

Simulation PF°

WCA

Simulation WCA

Spin density plot
[Cr(C-QO)]*

Simulation WCA™

BAr*

Simulation BAr*

320 340
B/ mT

300 360

BArF

Simulation BAr™

320 340
B/ mT
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Figure 5. Left: EPR spectra of [Cr(C—C)](X). Right: EPR spectra of [Cr(C—N)](X). Electrochemically generated in 0.1 M NBu,PF,/CH,CN at —175°C (blue: PF,", light
blue: simulation) and chemically oxidized (X=WCA~, BAr"") in CH,Cl, at —175°C (black: WCA~, grey: simulation; dark red: BAr"~, red: simulation). Center:
Calculated spin density plot of [Cr(C—C)]* (B3LYP/D3/def2-TZVP, iso value =0.033).
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in the crystals triggered our interest to further investigate the
influence of the counterion on properties of the oxidized
[Cr(CO).(pyridyl-MIC)] * framework.

[Cr(C-O)1(X) with more interacting anions X=PF,~, BAr""
show rhombic EPR signals at g, =2.09, g, =2.06 and g, =1.98
with a g-anisotropy, Ag of up to 0.08, typical for predominantly
metal-centered electron spins, and a partially resolved hyperfine
coupling to the **Cr nucleus (/=3/2, natural abundance: 9.55 %).
In addition, spin density calculation on the oxidized complex
display about 99% spin on the chromium center (Figure 5 and
Table S14).

Replacing the counterion in [Cr(C—C)]* from [PFJ]  and
[BArf]~ with [WCA]" results in a pseudo-axial EPR spectrum with
hyperfine-coupling to the pyridyl-N. (Table S15 and Figure 5,
left). The effect can also be noticed in [Cr(C-N)](WCA). The axial
signal shows g-values of g, =2.08 and g, =198 with an
unresolved pyridyl-N hyperfine coupling, caused by the strong
anisotropic line broadening. In contrast, the EPR spectra with
[PFJ~ and [BArl~ counterion show no hyperfine coupling to
the pyridyl-N. Instead a dominant metal-centered spin with
g-values of g, =208 and g, =198 for [Cr(C-N)I(PFy), and
g, =206 and g, =1.98 for [Cr(C-N)I(BAr), respectively, are
observed (Table S16). The data are in good agreement with the
previously reported spin density calculation for [Cr(C-N)I*
indicating a predominantly chromium-centered spin of
>99%."

The “level of innocence” of so-called weakly coordinating
anions, such as [PF]~ and [BAr‘]", compared to the well-
established [AI(OR"),]~ (R*=C(CF,);) has been intensively
studied® and classical WCAs are often not as “innocent” as
perceived. This effect is indeed present here: It is reasonable to
assume, that the cation-anion interactions for [PF,]~ and [BAr]™
are stronger compared to their WCA counterparts. PF,” is a
small anion and the partial negative charges on the F-atoms are
high which will increase the propensity of H-F and C-F
interactions with the ligand. The ability of [BAr]~ to undergo
such interactions will be much smaller compared to the
hexafluorophosphate anion. However, [BAr‘]~ can undergo
additional 7t 7t interactions. Neither of these interactions are
very likely with WCA. Thus, [PFJ]~ and [BAr]~ reduce the
electron deficiency of the [Cr(CO),(pyridyl-MIQ)1* fragment,
while [WCA]~ remains “innocent” and truly non-interacting also
in an electronic sense.

Consequently, the pyridyl-MIC ligands show stronger con-
tributions to compensate for the electron deficiency, as evident
from the EPR spectra of [Cr(C—C)J(WCA) and [Cr(C-N)](WCA). The
stronger hyperfine coupling of pyridyl-N (100 MHz) in [Cr-
(C-Q)I(WCA), if compared to the hyperfine coupling of 30 Hz in
[Cr(C-N)](WCA), underlines the strong influence of the two
constitutional isomers and is in good agreement with the
overall o—donor strengths.

Conclusions

In summary, we present the first isolated, crystalline and
crystallographically characterized chromium [Cr(CO).]* com-

Chem. Eur. J. 2023, 29, €202301205 (5 of 8)

plexes with pyridyl-MIC ligands that are not only strong
o—donors, but also strong m—acceptors. The chemically
oxidized complexes were investigated by IR- and EPR-spectro-
scopy and compared with their electrochemically-generated
analogues, supported by theoretical calculations. The combina-
tion of TD-DFT with our (spectro—)electrochemical measure-
ments reveals the unique properties of the pyridyl-MIC ligands
upon oxidation of the chromium metal-center. The strong
o—donor properties of the MIC ligand can compensate for the
electron deficiency of [Cr(CO),]", which usually undergoes CO
dissociation due to the reduced m—backbonding to the CO
ligands, while largely retaining its MLCT character.

While the use of the pyridyl-MIC ligands alone is enough for
the in situ generation and characterization of the 17 VE cationic
Cr-carbonyl complex, its isolation in the pure form and
crystallization needs the additional help from WCAs. Intrigu-
ingly, the fine-tuning of the electronic structure is not
determined exclusively by the two ligand isomers, but also to a
limited extent by the Lewis acid-base interactions with the
counterions. The “classical” WCAs produce stronger ionic
interactions compared to the [AI(OR"),]~ (R*=C(CF,),) type WCA,
which have a direct influence on the contribution of the
pyridyl-MIC moieties to their electronic structure. These results
are of fundamental interest for the understanding of the
electrochemical, photochemical and in general geometric/
electronic structures of group 6 carbonyl complexes, as the
isolation of kinetically labile complexes is no longer limited by
purely electron-donating ligands,*” but can also be achieved
with ligands that are good ;7—acceptors.

Experimental Section

General procedures, materials and instrumentation

Caution! Compounds containing azides are potentially explosive.
Although we never experienced any problems during synthesis or
analysis, all compounds should be synthesized only in small quantities
and handled with great care! Unless otherwise noted, all reactions
were carried out using standard Schlenk-line-techniques under an
inert atmosphere of argon (Linde Argon 4.8, purity 99.998%) or in a
glovebox (Glovebox Systemtechnik, G5095218). Commercially avail-
able chemicals were used without further purification. The solvents
used for metal complex synthesis and catalysis were available from
MBRAUN MB-SPS-800 solvent System and degassed by standard
techniques prior to use. The identity and purity of compounds were
established via 'H and "*C NMR spectroscopy, elemental analysis
and mass spectrometry. Solvents for cydic voltammetry and UV/vis-
and EPR-spectroelectrochemical measurements were dried and
distilled under argon and degassed by common techniques prior to
use. Column chromatography was performed over silica 60 M
(0.04-0.063 mm). 'H and "C{'H} NMR spectra were recorded on a
JOEL ECZ 400R spectrometer at 19-22°C. Chemical shifts are
reported in ppm referenced to the residual solvent peaks.** The
following abbreviations are used to represent the multiplicity of the
signals: s (singlet), d (doublet), t (triplet), g (quartet), p (pentet), sept
(septet). Mass spectrometry was performed on an Agilent 6210 ESI-
TOF. Elemental analyses were performed with an Elementar Micro
Cube elemental analyser.
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X-ray Diffraction: X-ray data were collected on a BRUKER Smart
AXS, BRUKER D8 Venture or Bruker Kappa Apex2duo system. Data
were collected at 100(2) or 140(2) K, respectively, using graphite-
monochromatic MoK, radiation (4, =0.71073 A) or CuK,, radiation (
A, =154178 A), respectively. The strategy for the data collection
was evaluated by using the APEX2 or Smart software. The data
were collected by standard “w scan techniques” or “w — ¢ scan
techniques” and were scaled and reduced using APEX2, SAINT +,
and SADABS software. The structures were solved by direct
methods using SHELXL-97 or intrinsic phasing using SHELXL-2014/7
and refined by full matrix least-squares with SHELXL-2014/7,
refining on F2. Non-hydrogen atoms were refined anisotropically. If
it is noted, bond length and angles were measured with Mercury,
version 3.8.%

Deposition Number(s) 2075622 (for [Cr(C—C)]), 2216773 (for [Cr-
(C-QI(BAF)) and 2173735 (for [Cr(C-N)(WCA)) contain(s) the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

Electrochemistry: Cyclic voltammograms were recorded with a
PalmSens4 potentiostat or PAR VersaStat (Ametek), respectively,
with a conventional three-electrode configuration consisting of a
glassy carbon working electrode, a platinum auxiliary electrode,
and a coiled silver wire as a pseudo reference electrode. The
(decamethyl)ferrocene/(decamethyl)ferrocenium couple was used
as intemnal reference. All measurements were performed at room
temperature with a scan rate between 25 and 1000 mVs~'. The
experiments were carried out in absolute Acetonitrile containing
0.1 M Bu,NPF; (Sigma Aldrich,>99.0%, electrochemical grade) as
the supporting electrolyte.

Spectroelectrochemistry: UV/vis spectra were recorded with a J&M
TIDAS spectrometer or an Avantes spectrometer consisting of a
light source (Avalight-DH-S-Bal), a UV/Vis detector (AvaSpec-
ULS2048), and an NIR detector (AvaSpec-NIR256-TEC). UV/vis-
spectroelectrochemical measurements were carried out in an
optically transparent thin-layer electrochemical (OTTLE)**! cell (CaF,
windows) with a gold-mesh working electrode, a platinum-mesh
counter electrode, and a silver-foil pseudo reference. EPR spectra at
the X-band frequency (ca. 9.5 GHz) were obtained with a Magnet-
tech MS-5000 benchtop EPR spectrometer equipped with a
rectangular TE 102 cavity and a TC HO4 temperature controller. The
measurements were carried out in synthetic quartz glass tubes. For
EPR spectroelectrochemistry, a three-electrode setup was employed
using two Teflon-coated platinum wires (0.005 in. bare and 0.008
in. coated) as the working and counter electrodes and a Teflon-
coated silver wire (0.005 in. bare and 0.007 in coated) as the pseudo
reference electrode. The low temperature EPR-spectra were
performed at —175°C. The experiments were carried out in
absolute Acetonitrile containing 0.1 M Bu,NPF; as the supporting
electrolyte. The same solvents as for the CV measurements were
used for each compound. All EPR spectra recorder under chemical
oxidation conditions were carried out in dry CH,Cl,.

Calculations: The program package ORCA 4.1. was used for all DFT
calculations.”” Starting from the molecular structure obtained from
X-ray diffraction geometry optimizations were carried out using the
B3LYP™* functional and no symmetry restrictions were imposed
during the optimization. All calculations were performed with
empirical Van der Waals correction (D3).*! The restricted and
unrestricted DFT methods were employed for closed and open shell
molecules respectively unless stated otherwise. Convergence
criteria were set to default for geometry-optimization (OPT), and
tight for SCF calculations (TIGHTSCF). Triple-C-valence basis sets
(def2-TZVP)“" were employed for all atoms. Calculations were

Chem. Eur. J. 2023, 29, €202301205 (6 of 8)

performed using resolution of the identity approximation'” with
matching auxiliary basis sets'*® for geometry optimizations and
numerical frequency calculations and the RUCOSX (combination of
the resolution of the identity and chain of spheres algorithms)
approximation for single point calculations using the B3LYP
functional.®**' Low-lying excitation energies were calculated with
time-dependent DFT (TD-DFT). Solvent effects were taken into
account with the conductor-like polarizable continuum model,
CPCM."™ Spin densities were calculated according to the Mulliken
population analysis."” The absence of imaginary frequency Spin
densities, molecular orbitals and difference densities were visual-
ized with the modified Chemcraft 1.8 program.” All molecular
orbitals are illustrated with an iso value of 0.052. All calculated TD-
DFT spectra are Gaussian broadened with a band width of 25 nm at
half height.

Synthesis of [Cr(C—C)l: A suspension of [Cr(CO)J (11.7 mg,
0.053 mmol) in 6 mL THF was stirred for 2 h under UV light. The CO
overpressure was released at least 3 times during this period. To
the yellow solution [H(C—C)IBF/*” (21.7 mg, 0.053 mmol) and an
excess of NEt; (0.6 mL) were added. The mixture was refluxed with
an equipped reflux condenser and a gas bubbler overnight. After
cooling to room temperature, the solvent was evaporated, and the
residue was dissolved in 20 mL CH,Cl, and extracted three times
with 20 mL H,O. The organic phases were collected and dried over
Na,SO.. The solvent was reduced, and the crude product was
purified by column chromatography (SiO,, 100% CH,Cl,). Analyti-
cally pure product was isolated after recrystallization from CH,Cl,
and n-hexane yielding red crystals (16.4 mg, 64 %).

'"HNMR (401 MHz, CD,CN) 6 = 9.12 ppm (dt, J=5.5, 1.1 Hz, TH),
7.98-7.90 ppm (m, 2H), 7.59-7.54 ppm (m, 1H), 7.41 ppm (d, *J=
7.8 Hz, 2H), 7.31-7.26 ppm (m, 1H), 442 ppm (s, 3H, CH,), 2.67 ppm
(hept, *J=6.6 Hz, 2H, R,CH), 1.30ppm (d, *J=6.8 Hz, 6H, CH,),
1.10 ppm (d, *J=6.8Hz, 6H, CH.); HRMS (ESI): m/z caled for
CoaH:CrN,O, " 484.1203 [Cr(C—C)17; found: 484.1230; IR (CH,Cl,)
vV = 1998 (m) cm ', 1890 (s) cm ', 1873 (sh) cm ', 1822 (s) cm '
(C=0); "CNMR (176 MHz, CD,Cl,) 6 = 231.76 ppm, 229.13 ppm,
218.03 ppm, 204.28 ppm, 156.07 ppm, 151.01 ppm, 146.41 ppm,
144.36 ppm, 137.17 ppm, 136.02 ppm, 131.30 ppm, 124.27 ppm,
123.26 ppm, 119.56 ppm, 39.01 ppm, 29.15ppm, 25.79 ppm,
22.81 ppm; elemental analysis calcd (%) for C,,H,,CrN,O,: C 59.50, H
4.99, N 11.56; found: C 59.16,H 5.1, N 11.16.

Synthesis of [Cr(C—C)I(BAr"): In a synthetic glovebox, [Cr(C—C)]
(20.1 mg, 0.042 mmol) was dissolved in CH,Cl, and ferrocenium-
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (44.1 mg, 0.042 mmol)
was added. The red mixture changed immediately to yellow and
was stirred for additional three hours at room temperature under
the exclusion of light. The resulting yellow mixture was filtered
through a syringe filter, overlaid with n-hexane, and placed in the
freezer at —40°C for two weeks yielding 50 mg (89%, 0.037 mmol)
of crystalline [Cr(C—C)1(BAr") suitable for X-ray diffraction analysis. In
the case of remaining ferrocenium-tetrakis(3,5-bis(trifluoromethyl)
phenyl)borate, the yellow solution was decanted, overlaid with
additional n-hexane and again placed in the —40 °C freezer.

“F NMR (235 MHz, CD,Cl,) 6 = 62.80 ppm (BAIF); HRMS (ESI): m/z
caled for C,.H,.CrN,O, : 484.1203; found [Cr(C—C)] : 484.1238; IR
(CH,Cl,) v = 2088 (m) cm ', 2016 (s) cm ', 1991 (sh) cm ', 1975 (s)
cm ' (C=0).

Synthesis of [Cr(C—N)](WCA): In a synthetic glovebox, [Cr(C—N)]"’
(25.2mg, 0.052mmol) was dissolved in CH)C, and
[Ag(AI(OC(CF5),).]"™" (WCA =[AI(OC(CF1),),] ) (58.7 mg, 0.055 mmol)
was added. The dark red mixture changed immediately to orange
and was stirred for additional three hours at room temperature
under the exclusion of light. The resulting orange mixture was
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filtered through a syringe filter, overlaid with n-hexane, and placed
in the freezer at —40°C for two weeks yielding 69 mg (87 %,
0.048 mmol) of crystalline [Cr(C—N)](WCA) suitable for X-ray diffrac-
tion analysis. In the case of remaining [Ag(AI(OC(CF,),).], the orange
solution was filtered again through a syringe filter and overlaid
with additional n-hexane or the orange solid is again dissolved and
filtered through a syringe filter, too.

FENMR (235MHz, CD,Cl) 6 = 75.67 ppm (AI(OC(CF5))).); HRMS
(ESI): m/z caled for C,,H,,CrN,O, : 484.1203 [Cr(C—C)]'; found:
484.1234; IR (CH,Cl,) v = 2089 (m) cm ', 2018 (s) cm ', 1996 (sh)
cm ', 1975 (s) cm ' (C=0).

Supporting Information

Cyclic voltammetry, 'H and "F NMR spectroscopy, IR-, UV/vis/
NIR- and EPR-spectroelectrochemistry, single X-ray diffraction
data, synthesis, (TD)DFT calculations.
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ABSTRACT: Exploring novel and existing design principles to tune the photochemical and photophysical properties of transition-
metal complexes is an important goal in contemporary research. Here, we highlight the influence of constitutional isomers of pyridyl-
1,2,3-triazolylidene mesoionic carbene (MIC) ligands on the photophysical and photochemical properties of the corresponding
tetracarbonyl group 6 metal complexes (M = Cr, Mo, W). All new complexes [M(C—C)] presented herein incorporate a C—C
linked pyridyl-MIC ligand and were fully characterized by X-ray diffraction analysis, elemental analysis, and '"H NMR and IR
spectroscopy. Detailed photophysical investigations reveal a single emission in the VIS region, which extends into the NIR with
lifetimes of up to 3.5 us in the solid state at lower temperatures. The quantum yields were determined for all three complexes, and, in
particular, the W° complex shows an unusually high quantum yield of 29% compared to the values of 0.02% obtained for the [M(C—
N)] isomers investigated in earlier works. Beyond this, the investigated W° complex also exhibits an emission at 717 nm in a fluid
solution. The combination of luminescence and FTIR-step scan spectroscopy with theoretical calculations reveals an emissive
SMLCT state. Irradiation of the presented complexes leads to a clean cleavage of one axial CO ligand. A metastable 16 VE species
with a vacant axial coordination site was detected in the solid state at low temperatures. In solution, the respective solvato complexes
are formed. A dark reverse reaction is observed, as previously described for the [M(C—N)] analogues. The increased electron
density induced by the C—C linked pyridyl-MIC ligand leads to an increased kinetic rate constant for the reformation of the starting
species and is also reflected in the lower photodissociation quantum yields.

B INTRODUCTION
Since the discovery of [Ru(bpy),;]** (bpy = 2,2'-bipyridine),’

in this context. However, the continuous efforts to enhance the

excited-state lifetime have motivated several groups to explore
16—18

the field of photochemistry has been undisputedly dominated
by octahedral transition-metal complexes of the fourth and fifth
periods, such as ruthenium,” osmium,”" iridium,”~" and
rhenium,”™"” due to their high stability and long-lived excited
states. In recent years, earth-abundant 3d metal complexes
have been intensively investigated to replace the expensive and
rare 4d and 5d transition metals."'~"> The incorporation of
strongly o-donating and 7-accepting ligands is a common
strategy to increase the naturally weak ligand field splitting in
transition metals of the third period,"> while structurally rigid
and highly symmetrical chelating ligands are implemented to
optimize the metal—ligand overlap and to minimize the
excited-state distortion by an enlarged 7-conjugation.'” The
influence of constitutional isomers has received less attention

© 2023 The Authors. Published by
American Chemical Society

N4 ACS Publications

alternative strategies beyond classical ligand optimization.

After more than 40 years, since the first discovery of
luminescent Cr’, Mo”, and W° complexes, the isoelectronic
and isostructural group 6 metal complexes have experienced a
renaissance in photochemistry.'””’ In 2013, Gray and co-
workers reported highly emissive homoleptic W° isocyanide
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Figure 1. Comparison of the previously reported complexes (gray, C—N)*** and the complexes presented in this work (black, C—C)”” (M = Cr,
Mo, W) with the incorporated pyridyl-1,2,3-triazolylidene constitutional isomers.

complexes with lifetimes of up to 73 ns.”' The lifetimes could
be further increased by the modulation of the aromatic ligand
backbone, leading to outstanding lifetimes in the microsecond
range (up to 3.83 us) and luminescence quantum yields of ® =
0.41—0.78 in toluene at 25 °C. The homoleptic W® complexes
represent one of the strongest photoreductants reported so
far.”>~*' In contrast, complexes of the 3d and 4d metals (=Cr,
Mo) are more labile toward substitution. Wenger and co-
workers introduced chelating diisocyanide ligands with steri-
cally demanding substituents, which drastically increased the
photostability of the complexes and led to lifetimes of up to
2.37 pus and quantum yields as high as 0.2 at room
temperature. S

Luminescence studies of group 6 carbonyl complexes have
been performed either in the solid state or in the glass
matrix.”* ™' Only a few carbonyl complexes show lumines-
cence at room temperature. Of particular interest are
tetracarbonyl complexes with polypyridine ligands of the
type [M(L-L)] (M = Cr, Mo, W) since they show dual
emission in fluid solution.”*' =3¢

The two emissions originate from two close-lying low energy
(LE) and high energy (HE) metal-to-ligand charge transfer
(MLCT) states from the central metal atom to the
incorporated ligand and the CO ligands, as indicated by the
excmmon energy dependence and resonance Raman spectros-
copy.’! Emission lifetimes of up to 380 ns at room temperature
have been observed, which are in a similar range as reported
for monosubsntuted pyridine tungsten pentacarbonyl com-
plexes.”’

The emission spectroscopy pattern shows an interesting
dependence on the coordinated ligand in [M(L—L)] (M = W;
L-L = pyridine-2-carbaldehyde, 1,4-diaza-butadiene),”"”* as
the LE band is completely absent at room temperature, which
is attributed to the increased delocalization of the metal—
ligand moiety, resulting in an accelerated nonradlatlve decay
between the excited state and the ground state.’

The excited-state lifetimes in group 6 tetracarbonyl
complexes are strongly dependent on the excitation wave-
length, as the excitation with near UV light enables the
population of the HE '"MLCT state, leading to irreversible CO

dissociation.*** = Recently, some of us reported an unusual
reversible binding of CO in a dark reverse reaction, which is in
contrast to prewous observations made for group 6 carbonyl
complexes.”’

The investigated MICs of the 1,2,3-triazolylidene type are
privileged ligands in the field of photochermstry 1920 The
strongly o-donating ligands show promising excited-state
properties for the generation of emissive transition-metal
complexes, such as Fe(1I/11),"** Cu(1),*”* Ru(II),*"%>~%7
Pd(11),%* Re(I),*" Os(1I),°° Ir(1II),>*7°~7% Pt(11)/Pt-
(N),SG,SL},,‘J:S and Au(I).w,Sl,m

The pyridyl-1,2,3-triazolylidene mesoionic carbene (py-
MIC) tetracarbonyl complexes [M(py-MIC)] (M = Cr, Mo,
W) investigated by us show photodissociation quantum yields
of up to 46% in CH3;CN. FTIR spectroscopy at low
temperatures revealed a metastable reactive intermediate with
an axial vacant coordination site after the selective cleavage of
an axial CO ligand (Figure 1)."” The resulting solvato
complexes [M(py-MIC)(CO);X,,] (X = CH;CN, py) are
stable for several hours under ambient conditions, providing
new perspectives in the field of (photo)switchable transition-
metal complexes.*® Furthermore, emission with lifetimes of up
to 600 ns have been observed in the solid state at room
temperature.ls

The light-dependent duality between excited-state lifetimes
and photoinduced CO cleavage inspired us to present a new
series of py-MIC containing group 6 tetracarbonyl complexes.

We present here an alternative ligand design concept to
modulate the photophysical and photochemical properties of
octahedral group 6 tetracarbonyl complexes, which has not
gained much attention in terms of photochemistry—the
influence of constitutional isomers. The exchange of the
pyridyl-1-triazolylidene ligand (C—N) with the pyridyl-4-
triazolylidene ligand (C—C) in the tetracarbonyl complexes
[M(C-X)] (M = Cr, Mo, W; X = C or N) (Figure 1)
drastically influences the photophysical properties such as
excited-state lifetimes and quantum yields depending on the
temperature. Photodissociation quantum yields were deter-
mined, and the kinetics of the dark reverse reaction were
investigated based on the IR spectra evolution over time,

https://doi.org/10.1021/acs.inorgchem.3c02478
Inorg. Chem. 2023, 62, 16182~16195
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Table 1. Selected Bond Lengths for [M(C—C)] and [M(C—N)] (M = Cr, Mo, W) in A; Atomic Labels Are as in Figure 2

[Cr(C—N)]* [Mo(C-N)]* [wW(c-N)J*
2.065(2) 2202(1) 2.186(3)
2.147(2) 2275(1) 2259(2)
1.855(2) 1.997(2) 1.990(3)
1.847(2) 1.973(1) 1.974(3)
1.894(2) 2.051(2) 2.039(3)
1.903(2) 2.040(2) 2.028(3)

[cr{c-0)]7 [Mo(C~C)] (w(c-0)]
M-C1 2.049(3) 2.186(2) 2.173(4)
M-N1 2.163(3) 2.309(2) 2.286(4)
M~-C100 1.851(3) 1.997(2) 1.994(5)
M~-C200 1.827(4) 1.948(2) 1.956(5)
M~-C300 1.906(4) 2.045(2) 2.038(5)
M~-C400 1.895(4) 2.054(2) 2.042(5)

facilitating an in-depth comparison with the previously
reported [M(C—N)] complexes. Additionally, FTIR spectros-
copy in combination with theoretical calculations provides
detailed insights into the mechanism of the CO cleavage and
the involved emissive states.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The synthesis of
[Cr(C-C)],”” [Mo(C—C)], and [W(C~C)] was performed
according to the previously reported protocol for bidentate
pyridyl-MIC group 6 carbonyl complexes (Figure 2).”%** The
light-induced activation of [M(CO)s] (M = Cr, Mo, W) in
THF or CH;CN and subsequent addition of [H(C—C)]BF, in
the presence of a base lead to the respective Cr° and
complexes.

In order to obtain [Mo(C—C)], [Mo(nbd)(CO),] (nbd =
norbornadiene) was synthesized and further reacted with
[H(C—C)]BF, in the presence of a base at ambient
temperatures to generate in situ the pyridyl-MIC. Extraction
and purification via column chromatography resulted in the
isolation of the [M(C—C)] (M = Cr, Mo, W) complexes in
good yields. Addition of n-hexane or n-pentane to a

concentrated solution of the respective complexes in CH,Cl,
yields single crystals suitable for X-ray diffraction analysis.

In the series of [M(C—C)] (M = Cr, Mo, W), the M—C1
and M—N1 bond lengths increase in the order Cr < W < Mo,
in analogy to the previously reported [M(C-N)]****
complexes (Table 1). The comparison of the [M(C—C)]
complexes with the [M(C—N)] analogues shows an interesting
trend. The M—C1 bond lengths are shorter than those of their
[M(C—N)] counterparts, indicating an enhanced metal—
carbene bond interaction, while the M—N1 bonds in [M(C—
C)] are elongated as a consequence of the weaker 7-
backbonding from the metal center to the more electron-rich
C—C ligand. This effect is particularly evident in the trans-
positioned M—C200 bond distances (Table 1). The increased
electron density at the metal center of [M(C—C)] leads to an
increased 7-backbonding from the metal center to the CO
ligands, which results in a shorter metal—carbon bond and in
the elongation of the C—O bond distances (Table S1)28n8

Photophysical/Photochemical Properties and DFT
Calculations. The UV/vis absorption spectra of [M(C—C)]
in solution exhibit two low energy bands in the range of 325—
550 nm, which are slightly blue-shifted with respect to the

https://doi.org/10.1021/acs.inorgchem.3c02478
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[M(C—N)] analogues. Increasing the solvent polarity leads to
a blue shift of the absorption maxima of the low energy bands
by up to 17 nm (Section S4). The solvatochromic shift
indicates an MLCT character of the electronic transition, and
it is further supported by TD-DFT calculations (see
Supporting Information, Section $7.2).

[Cr(C—C)] shows the lowest energy absorption, while the
absorption bands in [W(C—C)] and [Mo(C—C)] occur at
higher energies, independent of the solvent. The same trend in
this regard was observed in the UV/vis absorption spectra in a
KBr matrix (Figure 3).

The Cr® complex shows an onset at 633 nm, similar to that
of the W® complex at 631 nm. In contrast to the Cr and W
cases, which allow for unambiguous straight line fits of their
rising slopes, the 620 nm excitation spectrum of [Mo(C—C)]
clearly reveals a two-slope rise, which may be fitted accordingly
(see Supporting Information, Figure S9) and thereby provides
some evidence of two excitation thresholds at 529 and 507 nm,
which may relate to two electronic states, which are separated
roughly by 10 kJ/mol or 0.1 eV. In the case of [W(C—C)], an
emission with a maximum at 4., = 662 nm was detected in the
solid state, while [Mo(C—C)] and [Cr(C—C)] show no or
only weak luminescence at room temperature (Figure 4).
However, lowering the temperatures down to $ K leads to an
intense luminescence in the region of 520—850 nm. The
emission maxima follow the order of 4, > 1, W /1 e
and are blue-shifted compared to their [M(C N)]“ s
analogues (Table 2).

The integrated emission intensities for Mo® and W* exhibit a
linear dependence upon cooling from 290 to S K and increase
5 times. In contrast, the emission of the Cr’ complex increases
rapidly upon cooling to 90 K. However, at lower temperatures,
no significant changes in the emission intensity are observed
(Figures 4 and S21).

The increased luminescence is likely a consequence of
inhibited nonradiative deactivation pathways (e.g,, vibrational
cooling), presumably originating from an enhanced rigidity in
the solid state at lower temperatures.

The observed temperature dependence become particularly
prominent in view of the luminescence lifetimes in [M(C—C)]
and its [M(C-N)]*® counterparts (Table 2). At room
temperature, a luminescence lifetime of 7 ns (94% contribu-
tion) was determined for [Mo(C—C)] by time-correlated
single photon counting (TCSPC), similar to those observed
for [Mo(C—N)] with 10 ns. Upon cooling, [Mo(C—C)]
exhibits an excited-state lifetime of 3500 ns (95% contribu-
tion), nearly 22 times higher than that observed for the
previously reported [Mo(C—N)] complex."* The temperature-
dependent increase and the prolonged excited-state lifetimes
are strong evidence for a triplet state with a visible emission
(Table S3 and Figure S24).

The [W(C—C)] complex follows the same trend with
luminescence lifetimes of 3000 ns (86% contribution) at 5§ K.
However, the excited-state lifetime at room temperature is
significantly higher compared to its [W(C—N)]** counterpart.
The W° complex exhibits a luminescence lifetime of 50 ns
(70% contribution), 25 times higher than that observed for
[W(C-N)] (Table S4 and Figure S25).

The residual, minor component of 30% might result from
heterogeneous microenvironments, a second isomer, or a long-
lived [W(C—C)(CO);] photoproduct, which is generated after
CO elimination. Furthermore, the quantum yields of [Mo(C—
C)] in the solid state are 5 X 10" at room temperature and in
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Figure 3. UV/vis absorption spectra at 290 K (black, powder of the
complex diluted with KBr) and excitation spectra at 5 and 290 K
(blue and red, respectively) of [Cr(C—C)] (top), [Mo(C—C)]
(middle), and [W(C—C)] (bottom), taken from KBr pellets. The
absorption onsets were determined tangentially.

good agreement with earlier reported polypyridine group 6
carbonyl complexes.”””®

To our surprise, the higher homologue [W(C—C)] exhibits
very high quantum yields of 29% in the solid state at room

https://doi.org/10.1021/acs.inorgchem.3c02478
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Figure 4. Left: temperature-dependent luminescence spectra of [W(C—C)], [Mo(C—C)], and [Cr(C—C)] in the solid state (KBr matrix) at
temperatures of 5—290 K (at 4, = 420 nm). Right: emission energy diagram of [M(C—C)] and [M(C-N)] (M = Cr, Mo, W).

Table 2. Emission Maxima (4,,,,), Luminescence Quantum Yields (@), and Averaged Excited-State Lifetimes (7,,) of [M(C—
C)] and [M(C—N)]** (M = Cr, Mo, W) in the Solid State (KBr Pellet) at 290 and <20 K

complex Apay/ DM @ (VIS)* 7,.(TSCPC)"/ns 7 (step-scan)”/ns

290 K <20 K 290 K 290 K <20 K 290 K <20 K
[Cr(C-C)] N/A 685 N/A N/A N/A 620 + 10 930 + 10
[Mo(C-C)] 645 619 5.0 x 107 7+1 3500 + 350 350 + 10 720 + 40
[w(c-c)] 662 637 0.29 S0+5 3000 + 300 300 + 10 1720 + 60
[Cr(C-N)T* ~695 690 N/A N/A N/A 380 + 10 135 + 2
[Mo(C-N)T* 666 637 L1x 107 10+ 1 160 + 16 600 + 10 150 + 10
W(c-N)T* 673 662 L7 x 107 22102 290 + 29 370 + 10 116 £ §

“The error bars for the photoluminescence quantum yields are estimated to +25% according to the literature. “The error bars for the time

constants are estimated to +10%.

temperature. To the best of our knowledge, these are the
highest quantum yields reported for W’ carbonyl complexes so
far. Intrigued by these results, we recorded emission spectra in
deaerated butyronitrile (PrCN). In the series of [M(C—C)]
and [M(C—-N)], only [W(C—C)] exhibits an emission at
Aem’® ™™ = 717 nm with luminescence lifetimes of up to 28 ns
at room temperature (Figure 5). Lowering the temperature to
20 K leads to the formation of a clear PrCN glass. The
emission spectra show an increase of the emission intensity of
about 2 times. The bathochromic shifts in the series of [M(C—
C)] follow the trend A.,”™€ < 4, N < 1, (see
Supporting Information, Section S4), indicating an MLCT
character for the emission. The MLCT character is further
supported by the rigidochromism™ ™' observed upon low-
ering the temperature from 290 to $ K, as a blue shift of 25
nm in the emission maxima is present (Figure 4).

To further investigate the nature of the excited states, time-
resolved step-scan FTIR spectroscopy was performed. The
ground-state FTIR spectra of all three complexes are well-
described by the calculated vibrational spectra of the S ground
state (Figures 6 and S38—546). Step-scan difference spectra in
the solid state were recorded after excitation at 20 and 290 K
(Ax = 355 nm), respectively (see Supporting Information,
Section S6.1). The obtained excited-state vibrational spectra
are obtained by correction for small contributions from the
ground-state bleach (see Supporting Information, Figures
S69—-S71).
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Figure 5. Measured excitation and emission spectra of [W(C—C)] at
290 K (red) and 20 K (blue) in PrCN solution, 4, = 420 nm.

The ground- and excited-state spectra display similar
vibrational bands, which are in good accordance with the
theoretically calculated CO stretching frequencies. Only within
the first 500 ns after laser excitation, a weak additional band at
1977 cm™ is detected in the averaged excited-state spectra at
10 K for [Mo(C—C)] and [W(C—C)], which is also observed
at 290 K in the case of [W(C—C)] (Figure 6). According to

https://doi.org/10.1021/acs.inorgchem.3c02478
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Figure 4. Left: temperature-dependent luminescence spectra of [W(C—C)], [Mo(C—C)], and [Cr(C—C)] in the solid state (KBr matrix) at
temperatures of 5290 K (at 4 = 420 nm). Right: emission energy diagram of [M(C—C)] and [M(C-N)] (M = Cr, Mo, W).

Table 2. Emission Maxima (4,,,,), Luminescence Quantum Yields (®), and Averaged Excited-State Lifetimes (z,,) of [M(C—
C)] and [M(C-N)]** (M = Cr, Mo, W) in the Solid State (KBr Pellet) at 290 and <20 K

complex Apay/ DM @ (VIS)* 7,(TSCPC)"/ns 7 (step-scan)” /ns

290 K <20 K 290 K 290 K <20 K 290 K <20 K
[Cr(C-C)] N/A 685 N/A N/A N/A 620 + 10 930 + 10
[Mo(C~C)] 645 619 5.0 % 107 7+1 3500 + 350 350 + 10 720 + 40
wW(c—-c)] 662 637 0.29 S0+ 5 3000 + 300 300 + 10 1720 + 60
[Cr(Cc-N)T* ~695 690 N/A N/A N/A 380 + 10 135 + 2
[Mo(C—-N)T* 666 637 L1 x 107 10+ 1 160 + 16 600 + 10 150 + 10
[w(c-N)T* 673 662 L7x 107 22402 290 + 29 370 + 10 116 + 5

“The error bars for the photoluminescence quantum yields are estimated to +25% according to the literature. “The error bars for the time
constants are estimated to +10%.

temperature. To the best of our knowledge, these are the v/ (x10°cm™)
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emission spectra show an increase of the emission intensity of %‘
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nm in the emission maxima is present (Figure 4).

To further investigate the nature of the excited states, time-
resolved step-scan FTIR spectroscopy was performed. The
ground-state FTIR spectra of all three complexes are well-
described by the calculated vibrational spectra of the S, ground
state (Figures 6 and S38—546). Step-scan difference spectra in
the solid state were recorded after excitation at 20 and 290 K
(4ex = 355 nm), respectively (see Supporting Information,
Section S6.1). The obtained excited-state vibrational spectra

Alnm

Figure 5. Measured excitation and emission spectra of [W(C—C)] at
290 K (red) and 20 K (blue) in PrCN solution, 4., = 420 nm.

ex

The ground- and excited-state spectra display similar
vibrational bands, which are in good accordance with the
theoretically calculated CO stretching frequencies. Only within
the first 500 ns after laser excitation, a weak additional band at

are obtained by correction for small contributions from the
ground-state bleach (see Supporting Information, Figures
$69—571).

16186

1977 cm™ is detected in the averaged excited-state spectra at
10 K for [Mo(C—C)] and [W(C—C)], which is also observed
at 290 K in the case of [W(C—C)] (Figure 6). According to
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Figure 4. Left: temperature-dependent luminescence spectra of [W(C—C)], [Mo(C—C)], and [Cr(C—C)] in the solid state (KBr matrix) at

temperatures of $—290 K (at 4. = 420 nm). Right: emission energy

diagram of [M(C—C)] and [M(C-N)] (M = Cr, Mo, W).

Table 2. Emission Maxima (4,,,,), Luminescence Quantum Yields (@), and Averaged Excited-State Lifetimes (z,,) of [M(C—

C)] and [M(C-N)]** (M = Cr, Mo, W) in the Solid State

(KBr Pellet) at 290 and <20 K

complex A/ DM @ (VIS)* 7.,(TSCPC)"/ns 7 (step-scan)” /ns

290 K <20 K 290 K 290 K <20 K 290 K <20 K
[Cr(C-C)] N/A 685 N/A N/A N/A 620 + 10 930 + 10
[Mo(C-C)] 645 619 50x 107" 7x1 3500 + 350 350 + 10 720 + 40
w(c-C)] 662 637 0.29 50+5 3000 + 300 300 + 10 1720 + 60
[Ccr(Cc-N)T* ~695 690 N/A N/A N/A 380 + 10 135 + 2
[Mo(C—N)]* 666 637 L1x 107" 10 £ 1 160 + 16 600 + 10 150 + 10
[W(c-N)T* 673 662 L7x 107 22402 290 + 29 370 + 10 116 + 5§

“The error bars for the photoluminescence quantum yields are estimated to #25% according to the literature. “The error bars for the time

constants are estimated to +10%.

temperature. To the best of our knowledge, these are the
highest quantum yields reported for W’ carbonyl complexes so
far. Intrigued by these results, we recorded emission spectra in
deaerated butyronitrile (PrCN). In the series of [M(C—C)]
and [M(C—N)], only [W(C—C)] exhibits an emission at
Qe ™™ = 717 nm with luminescence lifetimes of up to 28 ns
at room temperature (Figure 5). Lowering the temperature to
20 K leads to the formation of a clear PrCN glass. The
emission spectra show an increase of the emission intensity of
about 2 times. The bathochromic shifts in the series of [M(C—
C)] follow the trend A.,"™5° < 2, N < 1., M (gee
Supporting Information, Section S$4), indicating an MLCT
character for the emission. The MLCT character is further
supported by the rigidochromism” ™' observed upon low-
ering the temperature from 290 to S K, as a blue shift of 225
nm in the emission maxima is present (Figure 4).

To further investigate the nature of the excited states, time-
resolved step-scan FTIR spectroscopy was performed. The
ground-state FTIR spectra of all three complexes are well-
described by the calculated vibrational spectra of the S, ground
state (Figures 6 and S38—S46). Step-scan difference spectra in
the solid state were recorded after excitation at 20 and 290 K
(Aex = 355 nm), respectively (see Supporting Information,
Section S6.1). The obtained excited-state vibrational spectra
are obtained by correction for small contributions from the
ground-state bleach (see Supporting Information, Figures
$69—571).
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Figure 5. Measured excitation and emission spectra of [W(C—C)] at
290 K (red) and 20 K (blue) in PrCN solution, 4, = 420 nm.

ex

The ground- and excited-state spectra display similar
vibrational bands, which are in good accordance with the
theoretically calculated CO stretching frequencies. Only within
the first 500 ns after laser excitation, a weak additional band at
1977 ecm™" is detected in the averaged excited-state spectra at
10 K for [Mo(C—C)] and [W(C—C)], which is also observed
at 290 K in the case of [W(C—C)] (Figure 6). According to
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The generated photoproducts in [M(C—C)] are stable for
up to 9 h in pyridine (Figure 8 and Supporting Information,
Section S6.1) but significantly short-lived compared to its
[M(C—N)]"" analogues. Accordingly, the kinetics of the dark
reversible CO binding and the photodissociation quantum
yields in [M(C—C)] were investigated to gain in-depth
information on the photoinduced reactivity (Table 4).

Table 4. Selected First-Order Reaction Rate Constants of
the Dark Reverse Reaction for [M(C—C)] (M = Cr, Mo, or
W) in CH,4CN after Irradiation at 4., = 355 nm

k/s™
[Mo(C-C)]
(1.8 £ 0.04) x 107
(2.1 £ 0.05) x 1073
[Mo(C-N)1*"
(1.7 + 0.04) x 107
(1.9 + 004) x 107

¢/mM [Cr(C~-C)]
3 0.0S5 £ 0.01
6 0.06 + 0.01

¢/mM  [Cr(C—-N)]"
3 0.025 + 0.006
6 0.023 + 0.006

[w(c-0)]

(12 + 0.03) x 1073
(14 + 0.03) x 1073
[(w(c-N)]7
(14 + 0.04) x 107
(1.7 £ 0.04) x 1072

The dark reaction was monitored by the well-separated
frequencies between 1778 and 1773 cm™" after irradiation at
355 and 490 nm in CH;CN, respectively. The decay of the
photoproduct could be assigned to first-order kinetics for all
three complexes, with deviations at longer time scales (Figures
9 and S31).
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Figure 9. Recorded kinetics plots and first-order fits of the dark
reverse reaction of [M(C—C)] (M = Cr, Mo, W) in CH;CN (¢ =6
mM), after exposure to 4., = 355 nm, which defines t = 0 in the plot.

The first-order kinetics are probably a consequence of initial
thermal dissociation of the solvent molecule, which might be
the rate-limiting step (Figure 10).

The obtained first-order rate constants (Table 4) are
independent of the concentration and follow the trend of k¢,
> kyo ® kyw. The influence of constitutional isomers, C—C
versus C—N, is particularly evident in the Cr” complexes. The
rate constant of the dark reverse reaction in [Cr(C—C)] is two
times higher compared to its [Cr(C—N)] counterpart and
could be a direct consequence of the increased electron density
in the 16 VE [Cr(C—C)(CO),] species, as indicated by the
enhanced CO binding rate constant.

Changing the excitation energies does not significantly affect
the kinetic rate constant in [Cr(C—C)], revealing a minor
influence on the excitation energies (Table §).

In contrast, changing the photoexcitation energies from 420
to 355 nm in [Mo(C—C)] and [W(C—C)] increases the rate
constants of the dark reverse reaction by a factor of 2,
indicating at least two competing pathways for the reversible
CO binding at the higher excitation energy.

For the determination of the photodissociation quantum
yields (@), irradiation times were kept short to minimize the
influence of the dark reverse reaction on the obtained quantum
yields. Within the [M(C—C)] series, the Cr’ complex shows
the highest photodissociation quantum yield of 34% at 355
nm, followed by the Mo complex of 11% and the W” complex
of 0.6% (Table $).

The difference in photoreactivity is in good accordance with
the magnitude of the ligand field splitting, modulating the
shape of the affected d-orbitals. The more diffuse 5d and to a
lesser extent 4d orbitals facilitate a significant increase in the -
backbonding compared to 3d orbitals. Hence, photodissocia-
tion quantum yields at 355 nm correlate with the M—CO
stabilization, as reported earlier in Cr’, Mo®, and W° complexes
with bipyridine ligands.”

Lowering the excitation energy to 490 nm leads to a
decrease in the photodissociation quantum yields, while higher
excitation energies facilitate the population of other reactive
excited states. Consequently, higher photodissociation quan-
tum yields are observed during the excitation at 266 nm.

Indeed, the photodissociation quantum yield in the W°
complex increases drastically upon changing the excitation
energy from 355 to 266 nm, while the photoreactivity in
[Mo(C—C)] remains unaffected. In the case of [Cr(C—C)],
the photodissociation quantum yield even decreases, which is
most likely a consequence of the population of other
photoreactive excited states.

Comparison between the [M(C—C)] and [M(C-N)]
complexes shows that the incorporation of the more
electron-donating C—C ligand leads to an overall decrease of
the photodissociation quantum yields.”” The enhanced z-
backbonding to the CO ligands results in a stronger M—CO
bond, disfavoring CO dissociation, and consequently an overall
decrease of the photodissociation quantum yields.

B CONCLUSIONS

The photophysical and photochemical properties of a new
series of group 6 tetracarbonyl complexes with a C—C linked
pyridyl-MIC ligand were investigated and compared with those
of their analogous complexes bearing the constitutional isomer
of the C—N type. All [M(C—C)] (M = Cr, Mo, W) complexes
exhibit luminescence in the visible region in the solid state with
lifetimes of up to 3.5 ys at cryo temperatures. The W° complex
shows a remarkable quantum yield of 29% at room
temperature in the solid state and emission in a fluid solution
at 717 nm. Step-scan FTIR spectra in a KBr matrix and their
quantum chemical modeling reveal a *MLCT character of the
emissive excited state.

In addition, FTIR spectra at lower temperatures give
evidence of the formation of a metastable 16 VE [M(C—
C)(CO),] intermediate with a vacant axial coordination site
upon UV/vis irradiation.

Photodissociation quantum yields of up to 34% are observed
for the Cr® complex in CH,CN. However, the photoreactivity
in [M(C—C)] strongly depends on the excitation energy.

In solution, a clean conversion to the photoproduct with an
axial coordinated solvent molecule is observed for all present
complexes, as shown by time-resolved FTIR spectroscopy in
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Figure 10. Hlustrative summary of the photophysical and photochemical properties of [M(C—C)] (M = Cr, Mo, W) compared to its [M(C—

N)]*** counterpart.

Table 5. Photodissociation Quantum Yields of [M(C—C)] (M = Cr, Mo, W) in CH;CN (4, = 490, 355, and 266 nm)“

D,/ %
Aee/nm [cr(c-0)] [Mo(C~-C)] [w(c-0)] [Cr(c-N)]7 [Mo(C-N)]" (w(c-N)17
490 5.6 2.6 0.3
3558 34 11 0.6 43 15 5
266 25 12 24 46 44 10

“The error bars for the photodissociation quantum yields are estimated to +25%.

combination with theoretical calculations. Leaving the photo-
products in the dark leads to an almost complete recovery of
the initial IR spectra, providing great opportunities for
(photo)switchable transition-metal complexes. Accordingly,
the kinetics of the reverse dark reaction have been investigated
and the kinetic rate constants for the reversible CO binding
were determined, following the order of Cr>> Mo & W.

The more electron-donating C—C linked pyridyl-MIC
ligand reveals a blue shift of the emission in [M(C—-C)] as
compared to its [M(C—N)] counterparts and increased
excited-state lifetimes, in particular at lower temperatures.
Furthermore, the increased electron density at the metal center
results in lower photodissociation quantum yields, which is a
consequence of the stronger z-backbonding from the metal
center to the CO ligands. The change in the electronic
properties is also evident in the kinetic rates of dark reversible
CO binding. While the kinetic rates in the Mo’ and W°
complexes only slightly increase, the kinetic rate constant in
Cr’ is twice as high as in the previously reported [Cr(C—N)]
analogue. The data presented here represent the first
comprehensive study on the influence of constitutional isomers
of bidentate ligands in tetracarbonyl group 6 complexes. The
study provides a rare perspective on how to tune the
photophysical and photochemical properties of transition-
metal-based complexes based on constitutional isomers of
ligands.

B EXPERIMENTAL SECTION

General Procedures, Materials, and Instrumentation.
Caution! Compounds containing azides are potentially explosive.
Although we never experienced any problems during synthesis or

analysis, all compounds should be synthesized only in small quantities
and handled with great care!

Unless otherwise noted, all reactions were carried out using
standard Schlenk-line techniques under an inert atmosphere of argon
(Linde Argon 4.8, purity 99.998%). All reactions, which require
heating, were performed with an oil bath.

Commercially available chemicals were used without further
purification. The solvents used for metal complex synthesis and
catalysis were available from the MBRAUN MB-SPS-800 solvent
System and degassed by standard techniques prior to use. The
identity and purity of compounds were established via 'H and “C
NMR spectroscopy, elemental analysis, and mass spectrometry. 'H
and “C{'H} NMR spectra were recorded on a Bruker Avance 250/
400/500 spectrometer at 19—22 °C. Chemical shifts are reported in
ppm referenced to the residual solvent peaks.”' The following
abbreviations are used to represent the multiplicity of the signals: s
(singlet), d (doublet), t (triplet), q (quartet), p (pentet), and sept
(septet). Mass spectrometry was performed on an Agilent 6210 ESI-
TOF. Elemental analyses were performed with an Elementar Micro
Cube elemental analyzer.

X-ray Diffraction. X-ray data were collected on a BRUKER Smart
AXS, BRUKER D8 Venture or Bruker Kappa Apex2duo system. Data
were collected at 100(2) or 140(2) K using graphite-monochromatic
Mo K, radiation (4, = 0.71073 A). The strategy for data collection
was evaluated using the APEX2 or Smart software. The data were
collected by standard “@ scan techniques” or “@ — ¢ scan techniques”
and were scaled and reduced using APEX2, SAINT+, and SADABS
software. The structures were solved by direct methods using
SHELXL-97 or intrinsic phasing using SHELXL-2014/7 and refined
by full matrix least-squares with SHELXL-2014/7, refining on F.
Non-hydrogen atoms were refined anisotropically. If it is noted, bond
length and angles were measured with Mercury, version 3.8

Synthesis and Characterization. Synthesis of [Mo(C—QC)].
[Mo(CO),(nbd)] (11.0 mg, 0.037 mmol) and [H(C—-C)]BE,

16190 https://doi.org/10.1021/acs.inorgchem.3c02478
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(15.0 mg, 0.037 mmol) were dissolved in 6 mL of THF. Excess of
NEt; (0.6 mL) was added, and the reaction mixture was stirred
overnight. The solvent was evaporated, and the residue was dissolved
in 20 mL of CH,Cl, and extracted three times with 20 mL of H,0.
The organic phases were collected and dried over Na,SO,. The
solvent was reduced, and the crude product was purified by column
chromatography (SiO,, 1:10, n-pentane/CH,CL). An analytically
pure product was isolated after recrystallization from CH,Cl, and n-
pentane yielding orange crystals (16.9 mg, 87%).

'H NMR (400 MHz, acetone-dg) & (ppm) = 9.11 (ddd, ] = 5.4, 1.5,
0.9 Hz, 1H), 8.31-8.25 (m, 1H), 8.14—8.09 (m, 1H), 7.56 (t, ] = 7.8
Hz, 1H), 7.48—7.44 (m, 1H), 7.41 (d, ] = 7.8 Hz, 2H), 479 (s, 3H),
2.62 (hept, ] = 6.8 Hz, 2H), 1.30 (d, ] = 6.8 Hz, 6H), 1.11 (d, ] = 69
Hz, 6H); 13C NMR (176 MHz, CD,Cl,) & (ppm) = 224.92, 221.56,
207.62, 197.30, 155.87, 150.47, 146.10, 14545, 137.73, 136.19,
131.30, 124.32, 123.80, 12023, 39.44, 29.15, 25.60, 22.89; MS (ESI):
™. found: 530.0848, calcd: 530.0848 [C,H,MoN,O,'], 321.2102,
caled: 321.2074 [CyoHyN,']; IR (5(CO), CH,C,) = 2004 em™ (s),
1894 cm™' (s), 1876 cm™" (sh), 1830 ecm™" (s); Anal. Calcd for
C,,H, ,MoN,O,: C, 5455; H, 4.58; N, 10.60. Found: C, 54.71; H,
4.73; N, 10.25.

Synthesis of [W(C—C)]. A suspension of [W(CO)s] (52.0 mg,
0.147 mmol) in 20 mL of CH,CN was stirred for 2 h under UV light.
The CO overpressure was released at least 3 times during this period.
[H(C—C)]BE, (60 mg, 0.147 mmol) and an excess of NEt; (1.0 mL)
were added. The mixture was refluxed with an equipped reflux
condenser and a gas bubbler for 3 days. After the mixture cooled to
room temperature, the solvent was evaporated and the remaining
residue was dissolved in CH,Cl, and extracted two times with H,O.
The organic phases were collected and dried over Na,SO,. The
solvent was removed, and the crude product was purified by column
chromatography (SiO,, 1:10, n-pentane/CH,ClL,). An analytically
pure product was isolated after recrystallization from CH,Cl, and n-
pentane yielding orange crystals (62 mg, 69%).

'H NMR (250 MHz, CDCl,) 3 (ppm) = 9.00 (ddd, ] = 5.5, 1.6, 0.8
Hz, 1H), 8.18 (dt, ] = 8.3, 1.0 Hz, 1H), 800 (ddd, ] = 8.3, 7.5, 1.7 Hz,
1H), 7.60-7.49 (m, 1H), 7.39-7.30 (m, 3H), 3.90 (s, 3H), 2.63
(hept, ] = 6.7 Hz, 2H), 1.30 (d, ] = 6.7 Hz, 6H), 1.14 (d, ] = 6.9 Hz,
6H); C NMR (176 MHz, CD,CL) & (ppm) = 216.74, 21545,
201.87, 195.16, 156.41, 151.11, 14831, 146.12, 137.69, 13583,
131.44, 124.52, 124.38, 120.54, 39.42, 29.29, 25.60, 22.88; MS (ESI):
" found: 616.1303, caled: 616.1307 [C,,H,,WN,0,'], 639.1189,
caled: [C,,H,,WN,O,Na'], 655.0928, calcd: 655.0938
[CaHy WN,O,K '], 611.1965, caled: 611.1250 [C,3H,,N,NaO,W'],
321.2076, caled: 3212079 [CyoHasN;'; IR (3(CO), CH,Cl,) = 1998
cm™ (s), 1882 cm™ (s), 1870 cm™" (sh), 1826 cm™ (s); Anal. Caled
for C,H,WN,O,: C, 46.77; H, 3.93; N, 9.09. Found: C, 4631; H,
3.95; N, 8.99.

Sample Preparation. Preparation of KBr pellets: the isolated
compound (0.80—1.77 mg, depending on the compound and
experiment) and dry KBr (180—300 mg, depending on the
experiment, purchased from Merck and stored in a compartment
dryer at 70 °C) were ground to a homogeneous mixture. The mixture
was sintered inside an evacuable pellet die (@ = 13 mm) at a pressure
of 7.5 kbar for at least 3 min. Preparation of solutions under an inert-
gas atmosphere: All solvents used were purchased of Uvasol grade (if
available). Degassed solvent was prepared freshly by the commonly
used Pump-Freeze procedure on the same day as the experiment. The
isolated compound was dissolved in the degassed solvent to a solution
of ¢ =2 X 107 M. The solutions were transferred to a (inert-gas)
cuvette under a gentle stream of Ar gas.

Quantum Chemical Calculations (DFT). The crystal structures of
the respective complexes were used as a starting geometry for the
geometry optimization. The Berny algorithm implemented in
Gaussian 09 was used in combination with energies and gradients
calculated by Turbomole 7.4. All calculations were performed by
using the hybrid functional B3LYP and the dev2-TZVP basis set for
all atoms. Electronic core potentials were used for Mo and W. The
electrostatic interactions with the solvent or KBr matrix were modeled
by the COSMO. The vibrational frequencies were scaled by a factor

of 0.99 (KBr matrix) or 0.975 (solvents). A Gaussian convolution
with full width at half-maximum of 4 cm™" was applied to generate the
calculated IR spectra presented. The absorbance spectra were
generated using the linear excitations derived from TD-DFT
calculations on the geometrically optimized ground states corrected
for solvent effects using COSMO. The presented spectra are
generated with the full width at half-maximum set to 1500 e¢m™.
For the computation of all intermediates and photoproducts, the
optimized geometry of the starting complex was modified by
removing a CO ligand or by replacing it with a solvent molecule.
Another geometry optimization was performed thereafter using the
same method as described above.

Absorption and Luminescence Spectroscopy. UV/vis Absorption.
The absorption experiments were all performed using a Lambda 900
UV/vis spectrometer manufactured by PerkinElmer. The measure-
ments in solution were carried out in different solvents (CH;CN,
CH,Cl,, DMSO, and PrCN) in a quartz cell cuvette of path length 1
cm. The spectra were recorded relative to those of the pure solvent.
The solid-state reflectance spectra were recorded on the same
spectrometer with a Praying Mantis diffuse reflectance accessory by
Harrick installed inside the sample chamber.

Luminescence Spectroscopy. (Temperature-dependent) static
luminescence spectra were recorded on a Horiba Jobin Yvon
Fluorolog 3—22 7. Excitation light was generated by a 450 W
xenon short arc lamp and emission light detected by a R928 P
photomultiplier detector (240 nm < A, < 850 nm). Double grating
monochromators with 1200 grooves/mm and a 300 nm/500 nm
blaze in the excitation and emission path were used to select/screen
the desired wavelengths. The monochromators were calibrated to the
467 nm peak of the xenon lamp for the excitation pathway or to the
Raman band of water for the emission pathway, respectively. The
recorded spectra were corrected with a correction function that
compensates for the varying detector sensitivities at different
wavelengths. In order to avoid higher-order excitation light to be
detected, long-pass filters were utilized taking the position of the
emission peaks into account. Temperature-dependent measurements
were carried out in a temperature range between S or 10 and 290 K
with the sample being placed inside a closed-cycle helium cryostat
equipped with either a pellet holder (ColdEdge, 101] cryocooler) or a
cryo-cuvette holder (ARS Model DE-202A).

Time-Correlated Single Photon Counting. To obtain the
luminescence lifetimes, a Horiba DeltaFlex spectrometer was used
to count the single photons emitted by the sample with a picosecond
photon counting detector module, including a fast-rise photo-
multiplier with an integral GHz timing preamplifier, a constant
fraction discriminator, and a regulated high-voltage power supply. The
sample was therefore excited by a pulsed NanoLED 345 (peak
wavelength: 345 nm; pulse width: 1.3 ns). The scattered excitation
light was suppressed by a long-pass filter (cut-on wavelength 540 nm
for [Mo(C—C)] and 600 nm for [W(C—C)]) in the emission
pathway. The measured decay data were fitted with monoexponential
or biexponential fits using ORIGIN. Temperature-dependent
measurements were performed with the ColdEdge 101] cryocooler
described in the previous section.

Fluorescence Quantum Yields. Determination of luminescence
quantum yields was performed as reported in previous publications.”
Absolute UV /vis photoluminescence quantum yields of solid samples
(KBr pellets) were measured in analogy to the procedures described
by Wrighton et al. and latter Liu et al, who measured fluorescence
quantum yields with a conventional fluorescence spectrometer.””*
All spectra were recorded at room temperature on the Horiba Jobin
Yvon Fluorolog 3—22 7 spectrometer described above, with the KBr
pellets being mounted in a solid-state sample holder. The pellets were
prepared as described above. The absorption of the complex was
measured by considering the difference in area between the excitation
light (4., = 380 nm) scattered by a neat KBr pellet (J,) and a pellet
containing the complex (J).

For the luminescence, the area J; under the emission curve was
considered. The photoluminescence quantum yield ¢» was then
calculated according to the following formula
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The error bars for the photoluminescence quantum yields are
estimated to +25% for the applied procedures according to literature.”

Time-Resolved FTIR Spectroscopy. All FTIR measurements were
performed on a Bruker Vertex 80v. Signal detection and processing
were performed by a mercury cadmium telluride detector (Kolmar
Tech., Model KV100-1-B-7/190) connected to a preamplifier and a
14-bit transient recorder board (Spectrum Germany, Model
M314142, 400 MS/s). Time-resolved rapid-scan FTIR was used to
monitor the CO-cleavage/substitution reactions and the back-
reaction. Excitation was induced by a pulsed Nd/YAG laser (Innolas
SpitLight Evo I) with pulse energies between 1.0 and 5.0 mJ at a 100
Hz repetition rate and a bandwidth of around 7 ns, either by using an
harmonic frequency directly or by introduction of a dye laser setup
(Sirah Precision Scan, Pumpwellenlange 355 nm, Coumarin 307 in
methanol). Both during and after the irradiation period of 60 s, the
FTIR experiment was repeated in well-defined time intervals. A sealed
specac Omnicell cuvette with CaF, windows with an optical path
length of 200 ym was used to hold the sample during this type of
experiment. An IR long-pass filter (cutoff frequency of 2200 cm™)
was used for all time-resolved measurements. Step-scan measurements
were performed using an ARS cryostat, that is described in the
previous sections. A Stanford research systems DGS35 delay
generator was used to time the experiment as well as to trigger the
excitation laser. The measurement was initiated about 1.3 us before
the Nd/YAG laser pulse reached the sample. This time was set as the
zero point for the experiment. The time resolution was set to 20 or 50
ns, respectively, depending on the expected lifetimes.

Dy =
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Abstract: Metal complexes of mesoionic carbenes (MICs) of the triazolylidene type and their deriva-
tives have gained increasing attention in the fields of electrocatalysis and photochemistry. The redox
activity of these metal complexes is critical for their applications in both the aforementioned fields.
Easy accessibility and modular synthesis open a wide field for the design of ligands, such as bidentate
ligands. The combination of an MIC with a pyridyl unit in a bidentate ligand setup increases the 7
acceptor properties of the ligands while retaining their strong ¢ donor properties. The analogy with
the well-established 2,2’ -bipyridine ligand allows conclusions to be drawn about the influence of
the mesoionic carbene (MIC) moiety in tetracarbonyl group 6 complexes in cyclic voltammetry and
(spectro)electrochemistry (SEC). However, the effects of the different connectivity in pyridyl-MIC
ligands remain underexplored. Based on our previous studies, we present a thorough investigation of
the influence of the two different pyridyl-MIC constitutional isomers on the electrochemical and the
UV-vis-NIR/IR/EPR spectroelectrochemical properties of group 6 carbonyl complexes. Moreover, the
presented complexes were investigated for the electrochemical conversion of CO; using two different
working electrodes, providing a fundamental understanding of the influence of the electrode material
in the precatalytic activation.

Keywords: mesoionic carbenes; (spectro)electrochemistry; carbonyl ligands; group 6 carbonyls;
EPR spectroscopy

1. Introduction

In 2001, Sharpless and co-workers coined the term “click” chemistry to describe
modular reactions with a wide scope and high yields, producing only mild inoffensive
byproducts [1]. The azide-alkyne cycloaddition reaction is arguably one of the best exam-
ples of a click reaction. The thermally induced 1,3-dipolar cycloaddition between alkynes
and azides results in a mixture of two regioisomers [2]. In 2002, two groups independently
discovered the copper-catalyzed azide-alkyne cycloaddition reaction (CuAAC), generating
exclusively the 1,4-regioisomer of 1,2,3-triazole [3,4].

The methylation of 1,2,3-triazoles leads to the formation of so-called triazolium salts
in near quantitatively yields [5-7]. They represent one of the most important precursors
for triazolylidenes, a class of carbenes that are better known as abnormal N-heterocyclic
carbenes (aNHCs) or mesoionic carbenes (MICs). This classification arises from the fact that
while following octet rules, no resonance structures can be drawn for MICs without charge
separation, unlike their well-established N-heterocyclic carbene (NHC) counterparts [5,7-9].
Therefore, not surprisingly, the synthetic scope of MICs has expanded rapidly, opening up
the possibility of introducing additional donor substituents, such as pyridine, to generate
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bidentate ligands [10-16] or post-modifications to N-heterocyclic olefins (NHOs) [17,18]
and mesoionic imines (MlIs) [19,20], which are promising candidates for small molecule
activation [5].

Suntrup et al. showed in 2017 that the insertion of a pyridyl moiety into 1,2,3-triazole-
and 1,4-triazolylidene-based Re(I) carbonyl complexes drastically improves the overall
7 acceptor character of the ligand, while the incorporation of an MIC unit results in a
greater ¢ donor strength compared to the well-established bpy ligand [21]. The robustness
toward reductive electrochemistry provided the basis for the investigation of a series of
pyridyl-MIC Re(I) complexes in the electrochemical reduction in CO, to generate CO with
high selectivity and the study of their photophysical properties [16].

However, many of the most promising electrocatalysts explored contain expensive
and rare metals, which preclude their large-scale applications [22-27]. In recent years, great
efforts have been made to develop more earth-abundant photo- and electrocatalysts for the
activation of small molecules based on carbenes [28-39].

Group 6 metal complexes are attractive candidates because of their natural occurrence,
such as molybdenum in the active site of enzymes that convert CO, to formate [40].

Recent reports have shown that the isoelectronic and isostructural group 6 metal
complexes of [M(bpy)(CO)4] (M = Cr, Mo, W) and [M(L)(CO)4] (L = “non-innocent” ligands)
with Mo and W are capable of electrocatalytic conversion of CO» [28,29,33,36,37,39].

Tory etal. and Clark et al. reported the (spectro)electrochemical properties of group
6 complexes [M(bpy-R)(CO)4] (R = 5,5 H, 5,5 'Bu) and demonstrated their activity in
CO, reduction on a gold (Au WE) and glassy carbon working electrode (GC WE), respec-
tively [28,39]. The results indicate two important facts: first, the substitution of the bpy
moiety results in a shift of the reduction potential for the precatalytic activation, and second,
the change in the working electrode from a platinum working electrode (Pt WE) to a Au WE
shifts the onset potential for electrocatalytic CO, reduction by +0.6 V, similar to what was
reported for the group 7 electrocatalysts [25]. Based on these results, Neri et al. investigated
the role of the electrode—catalyst interaction using vibrational sum frequency generation
spectroscopy (VSFG), providing an insight into the mechanism at the electrode surface [36].
Cyclic voltammetric measurements with a Au WE show an equilibrium between the one-
electron reduced species [Mo(bpy)(CO)4]~ and [Mo(bpy)(CO)3]~ after CO dissociation. In
contrast, using a Pt WE, two-electron reduction is required to generate the precatalytically
active species.

Recently, we have presented a series of two 1,4-pyidyl-MIC group 6 carbonyl
complexes [M(L)(CO)4] (M = Cr, Mo, W) with two different constitutional isomers
(L: C-C = pyridyl-4-triazolylidene [41] and C-N = pyridyl-1-triazolylidene [42—44]) that
exhibit excellent photophysical and photochemical properties, making them suitable candi-
dates in photo-induced small molecule activation [43-46]. For the first time, details of the
influence of the two constitutional isomers were reported in the chemically and electrochem-
ically oxidized [Cr(L)CO)4]* complexes, providing detailed insights into the extraordinary
o donor properties [41]. In addition, a comprehensive study of precatalytic activation in
[Rh(Cp*)] complexes for electrochemical H* reduction was reported, demonstrating the
capability of small molecule activation with both ligands (Scheme 1) [47].

o 4 N e e e ’
stronger ¢ —donor weaker ¢ —donor
weaker w —acceptor stronger m —acceptor

Scheme 1. Relative donor/acceptor strength of constitution isomers: C-C (left) and C-N (right).
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Based on our previous studies, we report a comprehensive electrochemical and spec-
troelectrochemical investigation of [M(C-C)(CO)4] and [M(C-N)(CO)4] [42] (M = Cr, Mo,
W) to gain a fundamental understanding of the effects of the two constitutional isomers on
their electronic structures and perform reactivity of the complexes in electrochemical CO,
reduction as a function of the electrode material.

2. Results and Discussion

The triazolium salts, [H(C-C)](BFy) [21] and [H(C-N)](Otf) [42], and the complexes,
[M(C-C)(CO)4] [41] and [M(C-N)(CO)4] [42,43], were synthesized according to a previously
reported protocol (Scheme 2).

Light Activation

Deprotonation

/‘;{3 YN (=

N, co A
~NGD.., 'L wCO Cr (84%) N=N N- NSDu, | wCO Cr (84%)
; o M = Mo (87%) ‘ N N- N Y, /'m\ M = Mo (87%)
B l\co W (89%) i3 B ‘J: CO W (60%)

0 o]

[M(C-C)] [M(C-N)]
[H(C-C)I(BF,) [H(C-N)I(OTf)

Cr: PathA
Mo: Path B
W: Path C

Scheme 2. Synthetic protocol for [M(L)CO)4] (M = Cr, Mo, W; Path A [42], Path B [42], Path C [43]).

The light-induced activation of the corresponding [M(CO)e] followed by the addition
of [H(C-C)](BF4) or [H(C-N)](OTf) and subsequent deprotonation with NEt; leads to the
chromium and tungsten complexes, [M(C-C)(CO),] and [M(C-N)(CO)4], after chromato-
graphic workup and recrystallization, while in the case of molybdenum, the precursor
[Mo(nbd)(CO)4] (nbd = norbornadiene) was synthesized and further converted in the
presence of a base to isolate [Mo(C-C)(CO)4] or [Mo(C-N)(CO)4], respectively.

2.1. Cyclic Voltammetry with a GC WE and EPR-SEC

The redox potentials measured from cyclic voltammetry are often, but not always, used
for gauging the donor/acceptor properties of the ligands in metal complexes. A reversible
metal-centered oxidation, as observed for [Cr(C-C)(CO),] [41] and [Cr(C-N)(CO)4], [42]
allows us to estimate the overall ¢ donor strength of the ligand, while a reversible
ligand-centered reduction can be used to determine indirectly the 7 acceptor capacity of
the ligand.

Previous reports from our group already established a stronger ¢ donor strength of
the ligand in [Cr(C-C)(CO)4] compared to [Cr(C-N)(CO),] [41,42]. The same trend in this
regard is observed for the higher homologs, [M(C-C)(CO)4] and [M(C-N)(CO)4] (M = Mo,
W). However, the oxidations of the respective complexes are irreversible as a consequence
of the kinetic lability of the CO ligands and the possibility of forming complexes with
higher coordination numbers in the oxidized complexes (Figure 1; see Supplementary
Materials S6) [48,49]. The oxidation potentials follow the trend according to the ionization
energy of the central metal atom (Cr > Mo > W) [50].

125



Results & Discussion

Inorganics 2024, 12, 46

40f 18

—— 1" roduction
—— 1" and 2" reduction

20 p.AI

—

20 pA

1.0 0.5 0.0-0.5-1.0-1.5-2.0-2.5-3.0-3.5 0.5 1.0 -1.5 -2.0 -2.5 -3.0 -3.5

E |V vs. FcH/FcH* E/V vs. FcH/IFcH*
—— 1% reduction
1*! and 2™ reduction
10 pA}

10uAI

1.0 0.5 0.0 -0.5-1.0-1.5-2.0-2.5-3.0 40 15 20 -25 -3.0

E !V vs. FcHIFcHY E |V vs. FcHIFcHY

Figure 1. Cyclic voltammograms of [W(C-C)(CO),] (top) and [W(C-N)(CO),] (bottom) in CH3CN
and 0.1 M BuyNPF; at a scan rate of 100 mV /s and a glassy carbon working electrode.

All presented complexes, on the other hand, show a reversible first reduction, followed
by a second irreversible reduction, whereas in the series of [M(C-N)(CO),], a third reduction
process is observed at lower scan rates (Table 1; see Supplementary Materials S2) [42].

Table 1. Redox potentials of [M(C-C)(CO)4] and [M(C-N)(CO)4] (M =Cr, Mo, W) in CH3CN and 0.1
M NBuyPF4 at 100 mV /s vs. FeH/FcH* (FcH = ferrocene) with a glassy carbon working electrode.

1. Red/V 2. Red./V 1. Ox./V
B Ak, Bz B AR
[Cr(C=C)(CO)4] [41] —2.26 0.07 ~2.80 —0.21 0.07
[Cr(C-N)(CO),] [42] ~2.16 0.07 —2.79 ~0.17 0.07
[Mo(C-C)(CO)4] 221 0.07 —2.70 0.07°
[Mo(C-N)(CO),] [42] ~2.10 0.08 —2.68 0.087
[W(C-C)(CO)4] ~2.19 0.08 ~2.69 0.07°
[W(C-N)(CO)4] —~2.05 0.06 —2.65 0.12¢4
a . poxl
P

The reduction potentials E;"/"Zl presented in Table 1 are in good agreement with

the aforementioned 71 acceptor properties of the constitutional isomers. In the case of
[M(C-N)(CO)4] (M = Cr, Mo, W), the first reduction is shifted to more anodic potential
compared to [M(C-C)(CO),] (M = Cr, Mo, W), indicating the greater 7t acceptor ability of
the C-N linked constitutional isomer in the complexes.

To obtain detailed insights into the electronic structure of the first reduction, electron
paramagnetic resonance (spectro)electrochemistry (EPR-SEC) was performed with a Au
WE in 0.1 M BuyNPF¢/CH3CN (Figure 2 and Table 2; see Supplementary Materials S3).
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Simulation Simulation

332 334 336 338 340 342 334 336 338 340 342
B/ mT B/mT

Experiment Experiment

Simulation Simulation

334 336 338 340 342 334 336 338 340 342
B/mT B/mT

Figure 2. EPR spectrum and spin density plot (BBLYP/RIJCOSX/D3B]J/def2-TZVF, iso value = 0.006) of
[Cr(C-C)] (top left), [Mo(C-C)] (top right), [W(C-C)] (bottom left), and [W(C-N)] (bottom right) in
0.1 M NBuyPF,/CH3CN with a Au working electrode during the first reduction (black: experimental,
red: simulation).
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Table 2. EPR simulation data of [M(C-N)(CO)4]~ (M = Cr, Mo, W) and [W(C-N)(CO)4] .

[Cr(C-O)(CO)]~ [Mo(C-O)(CO)]~ [W(C-O)(CO)]~ [W(C-N)(CO)4]~

g 2.0030 2.0033 2.0028 2.0032
AM 5.90 1.97 13.10 265

AN1 17.90 10.37 10.39 16.92
AN2 17.80 495 5.60 14.22
AN3 11.00 16.10 5.60 647
AN4 9.60 9.60 453 582
AH1 11.70 12.00 416 16.20
AH2 9.50 11.90 20.27 13.77
AH3 3.00 10.50 20.27 13.22
AH4 2.00 14.45 15.36 719
AH5 > . 1.01 3.19
AH6 . = 1.01 3.19
AH7 » . 0.63 =
AHS - - 1.81 .
AH9 . - 0.49 -
AHI10 2 2 0.50 s

Iwpp ?/mT [00.123] [00.121] [00.054] [00.161]

“The first value corresponds to the Gaussian and the second to the Lorentzian shape.

Upon a reduction in room temperature, line-rich EPR spectra at ¢ = 2.003 are observed
for all complexes, showing hyperfine coupling to all four N nuclei within the central
pyridyl-MIC ligand framework (Table 2). The hyperfine coupling constants of the 4N
nuclei and the spin density plots of the respective complexes reveal a strong interaction
of the electron spin with the N 2 and N? nuclei of the reduced 1,2,3-triazolylidene (MIC)
moiety, and to a smaller extent, with the 1*N nuclei of the pyridyl-N and the N! nuclei of
the MIC unit. Only in the case of [W(C-C)] ™ is a strong coupling to only one 14N nucleus
observed. A plausible explanation might be the stronger delocalization of the electron
spin within the C-C isomer. The [W(C-C)]~ complex shows 'H hyperfine coupling to
ten 'H nuclei. In contrast, the analog [Cr(C-C)(CO)4]~ and [Mo(C-C)(CO),;]~ complexes
display 'H hyperfine coupling to four 'H nuclei, which can be assigned to the pyridyl-H.
The strong interaction of the electron spin within the pyridyl moiety is also present in
[W(C-C)(CO)4] . The complex shows a strong 'H coupling constant to four 'H nucle,
indicating a predominant localization within the central pyridyl-MIC framework. However,
small hyperfine couplings with six additional 'H nuclei are observed. Even though the
spin density plot of [W(C-C)]~ does not directly indicate the localization of the electron
spin at the different ligand fragments, the coupling to three 'H nuclei of the methyl group
at the MIC moiety and three 'H nuclei of the 2,6-diisopropylphenyl (=dipp) substituent
are reasonable.

The influence of the constitutional isomers is shown in the EPR spectrum of
[W(C-C)(CO)4]™ and [W(C-N)(CO)4]". The analog tungsten C-N complex displays a
stronger coupling of the electronic spin with the four N nuclei in the pyridyl-MIC moiety.
Consequently, the line-rich spectrum shows an increased line broadening of the isotropic
signal. In contrast to its C-C counterpart, only six 'H hyperfine couplings are observed in
[W(C-N)(CO)4] . This observation could indicate an increased localization of the electron
spin at the MIC moiety, consequently leading to a decreased contribution of the dipp
substituent. The stronger localization at the MIC moiety in the C-N linked isomer is further
affirmed by the stronger 'H hyperfine coupling to the methy! group. The EPR spectrum
shows 'H coupling constants of up to 7.19 MHz, while the C-C linked analog shows only
weak couplings of up to 1.81 MHz. Additionally, three strong 'H hyperfine couplings to
three pyridyl-H are observed, confirming the significant localization at the pyridyl-MIC
framework within the C-N isomer.
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Unfortunately, no clear trend regarding the influence of the central metal atom in
the series of [M(C-C)(CO)4]~ and [M(C-N)(CO)4]~ (M = Cr, Mo, W) could be observed,
despite all metal ions showing a coupling with the ligand-centered radical [42].

To further shine a light on the influence of the constitutional isomers in [M(C-C)(CO),]
and [M(C-N)(CO)4] (M = Cr, Mo, W), IR-SEC with a Au WE in 0.1 M NBuyPFs/CH;CN
was conducted.

2.2. IR-Spectroelectrochemistry

In contrast to cyclic voltammetry, IR spectroscopy of the complexes, [M(C-C)(CO)4]
and [M(C-N)(CO)4] (M = Cr, Mo, W), under investigation is a common method for the
characterization of the electronic structure due to the characteristic CO stretching frequencies.

The IR spectra of [M(C-C)(CO),] and [M(C-N)(CO)4] in CH,Cl, show four CO stretch-
ing frequencies as a consequence of the lowering of symmetry around the metal center
(Table 3, Figure 3). Even though the number of bands observed in the IR spectra are
identical, their positions shifted, depending on the electronic nature of the ligands and the
central metal atoms.

Table 3. CO stretching frequencies of [M(C-C)] and [M(C-N)] (M = Cr, Mo, W) in CH,Cl,.

v (CO)em™? Vaverage (COMem ™1
[Cr(C-C)(CO)4] [41] 1998 1890 1875 (sh) 1822 1896
[Cr(C-N)(CO)4] [42] 1998 1890 1878 (sh) 1830 1899
[Mo(C=C)(CO)4] 2004 1894 1876 (sh) 1827 1900
[Mo(C-N)(CO),] [42] 2006 1896 1876 (sh) 1830 1902
[W(C=C)(CO),4] 1998 1882 1870 (sh) 1826 1894
[W(C-N)(CO),] 2000 1884 1873 (sh) 1830 1897
[M(C-C)(CO),] [M(C—C)(CO),]
Cr Cr
(] [
e g
g Mo 2 Mo
<} ]
1] (7]
] <
: -
g |w 2 (w
2000 1800 2000 1800
v fem™ S Fer

Figure 3. IR spectra of [M(C-C)(CO)4] [41] (left) and [M(C-N)(CO)4] [42] (right) in CHCly (M =Cr:
black, Mo: grey, W: light grey).

Concerning the net electron density of the [M(CO),] fragment with the incorporated
pyridyl-MIC ligands, the averaged CO stretching frequencies presented in Table 3 further
confirm the greater ¢ donor strength of the chelating ligand observed in [M(C-C)(CO)4]
compared to [M(C-N)(CO)y].

The influence of the constitutional isomers becomes evident upon a one-electron reduc-
tion in [M(C-C)(CO)4] and [M(C-N)(CO)4] during IR-SEC (Figure 4; see Supplementary
Materials 54). Within the series of [M(C-N)(CO),], the observation of isosbestic points dur-
ing the IR-SEC measurements is consistent with a clean conversion of the native species into
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the reduced [M(C-N)(CO),4]~ complexes. The shift of the frequencies by about 20 em ! to
lower wavenumbers confirms the predominantly ligand-centered reduction and is in good
agreement with our calculated changes in the CO stretching frequencies of [M(C-N)(CO)4]~
(see Supplementary Materials S4) [41,42].

e { - .. }
[+1] @
§ 2
g g
2 o
ﬁ free CO %
1
2200 2100 2000 1900 1800 1700 2200 2100 2000 1900 1800 1700
v iem? v /lem?

Figure 4. Changes in the IR spectra of [W(C-C)(CO)y4] (left) and [W(C-N)(CO),] (right) in CH;CN/0.1 M
BuyNPF, with a Au working electrode during the first reduction.

However, the picture changes upon a reduction in the other isomer. All complexes
within the series show at least two new species in the IR-SEC measurements, as indicated
by the formation of several new IR bands.

The most significant change can be assigned to the newly formed band at 2119 cm~*.
Torey et al. described a similar observation after a reduction in [Mo(bpy)(CO)4] [39]. The
IR band at 2130 cm ™! could be assigned to adsorbed CO at the Au electrode surface.
Furthermore, in-depth investigations by VSFG by Neri et al. confirmed the dissociative
EC mechanism of CO upon a reduction in a Au WE [36]. Based on these results and our
theoretical calculations (see Supplementary Materials 54), the reduced species could likely
be a mixture of the one-electron-reduced [M(C-C)(CO)4] ™ species, the coordinatively un-
saturated complex [M(C-C)(CO)3]~, and /or the solvent adduct [M(C-C)(CH3CN)(CO);] ~,
formed after subsequent CO dissociation.

In addition, a comparison of the IR spectra before and after electrolysis in the OT-
TLE cell clearly indicates the partial decomposition of [M(C-C)(CO),] after reduction,
whereas only minor decomposition products are observed in the series of [M(C-N)(CO)4]
after prolonged electrolysis [42]. These results provide useful information on the stabi-
lization of the ligand-centered radical based on the different linkage in the two constitu-
tional isomers, as the CO cleavage observed in [M(C-C)(CO)4] gives access to an open
coordination site for potential electrocatalytic applications, such as electrochemical CO,
reduction [28,29,33,36,37,39].

To confirm the reversibility in the series of [M(C-N)(CO)4] and the EC mecha-
nism observed for [M(C-C)(CO);] upon reduction, UV/vis/NIR-SEC measurements
were performed.

2.3. UV/vis/NIR-Spectroelectrochemistry

UV/vis/NIR-SEC is a commonly employed technique to test either pure electrochemi-
cal reversibility or reversibility following an EC mechanism [51].

All presented complexes display electronic transitions in the visible to near UV region
(300-550 nm), which can be assigned to metal-to-ligand charge transfers (MLCTs) with
an additional contribution of the axial CO ligands in the ground state and excited state
(see Supplementary Materials 56.20-56.40) [41,42]. Within the series of [M(C-C)(CO),], the
MLCT transitions are blue-shifted compared to [M(C-N)(CO)4], which is in good agreement
with the previously described 7 acceptor properties of the C-N linked constitutional
isomer. However, a significant contribution of the aromatic substituent is observed in
[M(C-N)(CO)4] (see Supplementary Materials 56.40) [42].
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The electrochemical reduction in [M(C-C)(CO),] leads to broad transitions in the
visible and NIR region (650-2100 nm; Figure 5 and Supplementary Materials S30 and
S31). According to TD-DFT calculations, these bands can be assigned to an intra-ligand
charge transfer (ILCT) from the reduced C-C linked ligand to the 2,6-diisopropylphenyl
substituent and a ligand-to-ligand charge transfer (LLCT) from the reduced ligand to the
axial CO ligands. The absorption bands in the 380—400 nm range are best described as metal
ligand-to-ligand charge transfer (MLLCT) from the [M(CO)y4] fragment to the pyridyl-MIC
ligand and all four CO ligands.

6
. f
‘-E ? IE .
= | ——— i
<
‘O_ t "“e 2 1 native
T“ : reduced
01 - ; . X < 0
300 600 900 1200 1500 1800 300 600 900 1200 1500 1800
Alnm Afnm

Figure 5. Changes in the UV/VIS spectra of [W(C-C)(CO)4] (left, inset: 650-2050 nm) and
[W(C-N)(CO)y4] (right, inset: 750-2090 nm) in CH3CN/0.1 M BuyNPF; during the first reduction
with a Au working electrode.

Upon a reduction in [M(C-N)(CO)4], weak bands are observed in the visible and
NIR region (700-2100 nm), which can be assigned to ILCTs and LLCTs from the reduced
ligand to the axial CO ligands, the pyridyl-MIC moiety, and the aromatic substituent (see
Supplementary Materials 56.40). Additionally, more discrete transitions are observed in
the 550-700 nm region, indicating a more localized ligand-centered radical, which is in
good agreement with the aforementioned EPR-SEC results. The electronic transitions in
this range are best described as a mixture of ILCTs, MLLCTs, and LLCTs.

The partial degradation of [M(C-C)(CO),]~ by an EC mechanism is confirmed by
the decrease in absorption maxima during electrolysis in the OTTLE cell in the visible
and NIR region and further supported by comparing the UV /vis/NIR spectra before
and after UV /vis/NIR-SEC (see Supplementary Materials S5.10-55.30). Only in the case
of [Mo(C-C)(CO)4] could the UV/vis/NIR spectrum of the starting complex be recov-
ered completely. A similar observation was already described by Tory et al., who pro-
posed the recoordination of the CO ligand to the metal center within the experimental
setup [39]. In contrast, no degradation within the series of [M(C-N)(CO),] is detected, con-
firming the complete reversibility of the first ligand-centered reduction (see Supplementary
Materials S5.40).

Based on our UV/vis/NIR- and IR-SEC measurements, we can conclude that the
C-N linkage in [M(C-N)(CO)4] results in an increased stabilization of the ligand-centered
radical, while a reduction in the C-C pyridyl-MIC ligand shows an EC mechanism, leading
to CO dissociation (Scheme 3).

An associative mechanism for the CO dissociation is unlikely, as it would generate
21 VE species of the already electron-rich [M(C-C)(CO)4] complex. Therefore, we propose a
dissociative mechanism after the first reduction, leading to 17 VE species [M(C-C)(CO)3] .
However, the intermediate is coordinatively unsaturated and thus accessible to solvent
coordination, generating the complex [M(C-C)(CH3CN)(CO);] .
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The electrochemical reduction in [M(C-C)(CO),] leads to broad transitions in the
visible and NIR region (650-2100 nm; Figure 5 and Supplementary Materials S30 and
S31). According to TD-DFT calculations, these bands can be assigned to an intra-ligand
charge transfer (ILCT) from the reduced C—C linked ligand to the 2,6-diisopropylphenyl
substituent and a ligand-to-ligand charge transfer (LLCT) from the reduced ligand to the
axial CO ligands. The absorption bands in the 380—400 nm range are best described as metal
ligand-to-ligand charge transfer (MLLCT) from the [M(CO)y4] fragment to the pyridyl-MIC
ligand and all four CO ligands.
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Figure 5. Changes in the UV/VIS spectra of [W(C-C)(CO)4] (left, inset: 650-2050 nm) and
[W(C-N)(CO)4] (right, inset: 750-2090 nm) in CH3CN/0.1 M BuyNPF4 during the first reduction
with a Au working electrode.

Upon a reduction in [M(C-N)(CO)4], weak bands are observed in the visible and
NIR region (700-2100 nm), which can be assigned to ILCTs and LLCTs from the reduced
ligand to the axial CO ligands, the pyridyl-MIC moiety, and the aromatic substituent (see
Supplementary Materials 56.40). Additionally, more discrete transitions are observed in
the 550-700 nm region, indicating a more localized ligand-centered radical, which is in
good agreement with the aforementioned EPR-SEC results. The electronic transitions in
this range are best described as a mixture of ILCTs, MLLCTs, and LLCTs.

The partial degradation of [M(C-C)(CO)4]~ by an EC mechanism is confirmed by
the decrease in absorption maxima during electrolysis in the OTTLE cell in the visible
and NIR region and further supported by comparing the UV/vis/NIR spectra before
and after UV /vis/NIR-SEC (see Supplementary Materials 55.10-S5.30). Only in the case
of [Mo(C-C)(CO)4] could the UV/vis/NIR spectrum of the starting complex be recov-
ered completely. A similar observation was already described by Tory et al., who pro-
posed the recoordination of the CO ligand to the metal center within the experimental
setup [39]. In contrast, no degradation within the series of [M(C-N)(CO),] is detected, con-
firming the complete reversibility of the first ligand-centered reduction (see Supplementary
Materials S5.40).

Based on our UV/vis/NIR- and IR-SEC measurements, we can conclude that the
C-N linkage in [M(C-N)(CO),] results in an increased stabilization of the ligand-centered
radical, while a reduction in the C-C pyridyl-MIC ligand shows an EC mechanism, leading
to CO dissociation (Scheme 3).

An associative mechanism for the CO dissociation is unlikely, as it would generate
21 VE species of the already electron-rich [M(C-C)(CO)4] complex. Therefore, we propose a
dissociative mechanism after the first reduction, leading to 17 VE species [M(C-C)(CO)3]".
However, the intermediate is coordinatively unsaturated and thus accessible to solvent
coordination, generating the complex [M(C-C)(CH3CN)(CO)3] .
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Figure 6. Cyclic voltammograms of [W(C-C)(CO)4] (left) and [W(C-N)(CO)4] (right) in CH3CN and
0.1 M BuyNPFg with a scan rate of 100 mV /s and a Au electrode.

The second reduction appears completely irreversible in the series of [M(C-C)(CO)4]
and [M(C-N)(CO),] and is further confirmed by the appearance of additional oxidation
processes in the range from —1.5 V to £ 0.0 V.

Earlier reports by Hartl and co-workers on [Mo(CO)4(bpy)] showed a reversible first
reduction, generating the monoanionic [Mo(CO)4(bpy)]~ species using a Au WE [39]. The
second irreversible reduction results in the formation of the coordinatively unsaturated
[Mo(CO)3(bpy)]>~ complex after CO dissociation. On sweeping back to cathodic potentials,
the rapid recoordination of the CO ligand is proposed, as indicated by the near recovery of
the first reversible reduction in [Mo(CO)4(bpy)] ™.

As judged by the cyclic voltammetry for [M(C-C)(CO)4] and [M(C-N)(CO)4], no such
intermediate could be detected after the second reduction with a Au WE, even at lower
scan rates of 25 mV /s (see Supplementary Materials S2). Notably, lowering the scan rate
leads to the complete disappearance of the oxidative processes between -1.5 Vand £ 0.0 V.
Reversible coordination of one of the pyridyl-MIC moieties after the second reduction can,
therefore, not be ruled out due to its electron-rich nature [52-55].

In the presence of CO, under non-protic conditions, the influence of the metal center,
the electrode material, and the constitutional isomers reveal their full potential in the
electrochemical activation of CO; (Figure 7; see Supplementary Materials S7).

In the series of [M(C-C)(CO),], only the chromium complex shows a catalytic current
with a GC WE after the first catalytic cycle, while no catalytic current is observed for the
higher homologs. Instead, an overpotential (7 = ~280 mV) [56] is observed after the
second reduction, which could be a consequence of adduct formation with CO,, leading to
the deactivation of the catalysts, as previously reported by Kubiak and co-workers [37].

The second catalytic cycle in [Cr(C-C)(CO);] shows similar reactivity and is de-
scribed by higher homologs. To verify whether the catalyst is a real homogenous catalyst
or deposited on the electrode surface, a rinse test was performed (see Supplementary
Materials S58) [57].

Asjudged by the experimental data, no heterogenous reactivity can be detected, which
supports the CO, adduct formation within the series of [M(C-C)(CO)4].

In contrast, in the series of [M(C-N)(CO)4], a catalytic current at high potentials
Eg' > —3.0 V is detected (see Supplementary Materials S7), which underlines that the fine-
tuning of the ligand can have a major impact on catalytic performance. Unfortunately, high
applied potentials for the electrocatalytic transformation of CO, prevented us from further
product analysis. Hence, we focused on the influence of the electrode material to shift
the onset potential for the electrochemical conversion of CO; with a Au WE (Figure 7; see
Supplementary Materials S7).
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Figure 7. Cyclic voltammograms of [W(C-C)(CO)4] (left) and [W(C-N)(CO)4] (right) (1 mM, black)
and in the presence of CO; (red) at 100 mV/s in CH3CN/0.1 M BuyNPFg with a GC WE (top) and a

Au WE (bottom).

According to our IR-SEC measurements, the first reduction in [M(C-C)(CO),] with a
Au WE leads to CO dissociation, creating an open coordination site for binding CO,. How-
ever, the weaker 71 acceptor properties of the C-C linked pyridyl-MIC ligand compared
to its bpy counterpart shifts the onset potential to higher cathodic potential, preventing
us from investigating the catalytic conversion under the experimental conditions, giving
access to precatalytic activation (see Supplementary Materials S7).

To our surprise, the electrochemical conversion of CO, with the greater 7t acceptor
ligand in [M(C-N)(CO),] results in a catalytic current close to the potential window of a
saturated CO,/CH3CN solution, which is in conflict with our previously described IR-SEC
measurements. A plausible explanation could be the formation of traces of [M(C-N)(CO)3]~
at the electrode surface, capable of electrocatalytically reducing CO,, as previously de-

scribed by Cowan and co-workers [36].

Analysis of the results in the electrochemical conversion of CO2 with [M(C-C)(CO)4]
and [M(C-N)(CO),] using a Au WE show that the onset potential can be shifted drastically,
up to +730 mV vs. a GC WE by the right choice of ligand and electrode material, as shown

in the case of [W(C-N)(CO)y4].

3. Conclusions

The influence of the constitutional isomers on the redox and the spectroscopic proper-
ties of group 6 carbonyl complexes was investigated by cyclic voltammetry, EPR-, IR- and
UV/vis/NIR-SEC. According to cyclic voltammetry, the different linkage of the constitu-
tional isomers results in a greater o donor strength of the C-C linked pyridyl-MIC ligand
and a lower 7 acceptor ability compared to its C-N counterpart, which could be further
confirmed by IR spectroscopy. The changes in the electronic structure have a tremendous
influence on the redox properties of [M(C-C)(CO)4] and [M(C-N)(CO)4]. Based on our EPR-
SEC measurements, the first ligand-centered reduction leads to an increased delocalization
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of the electron spin within the C-C linked isomer. This observation was further supported
by UV /vis/NIR-SEC measurements and TD-DFT calculations of the singly-reduced species,
indicating an enhanced localization of the charge distribution in [M(C-N)(CO),]~. Upon
reduction, IR-SEC measurements of [M(C-C)(CO);] show an EC mechanism, leading to CO
dissociation using a Au WE, while in the case of [M(C-N)(CO)y], a complete electrochem-
ically reversible one-electron reduction was observed. Additionally, UV/vis/NIR-SEC
measurements were performed to confirm the pure reversibility of the first ligand-centered
reduction or reversibility following an EC mechanism. In the case of [Mo(C-C)(CO),], the
initial spectra could be fully recovered, indicating reversible binding of CO following an
EC mechanism. Based on these results, all presented complexes were further tested for the
electrochemical conversion of CO; usinga GC and a Au WE. Performing an electrochemical
CO» reduction with a GC WE indicates that all complexes of the series [M(C-N)(CO),] are
capable of electrochemically converting CO> at high potentials, while the [M(C-C)(CO)4]
complexes tend to generate CO, adducts after the second reduction. A change in electrode
material leads to a shift of the onset potential of about +730 mV. However, the catalytic
performance close to the potential window of the CO,-saturated 0.1 M CH3CN/BuyNPFq
precluded further analysis of the product formation. Qualitatively, all presented complexes
are capable of activating CO, by changing the working electrode from GC to Au. In this
study, we were able to demonstrate that minor changes in the ligand framework, metal
center, and experimental setup can have a tremendous influence on the electrochemical,
spectroelectrochemical, and electrocatalytic performance in such systems.

4. Experimental Section

The synthesis of the complexes [M(C-C)(CO),] and [M(C-N)(CO)4] (M =Cr, Mo, W)
was performed according to the previously reported literature procedures [41-43,45].

4.1. General Procedures, Materials, and Instrumentation

Caution! Compounds containing azides are potentially explosive. Although we
never experienced any problems during synthesis or analysis, all compounds should be
synthesized in small quantities and handled with great care!

Unless otherwise noted, all reactions were carried out using standard Schlenk-line
techniques under an inert atmosphere of argon (Linde Argon 4.8, purity 99.998%) or in a
glovebox (Glovebox Systemtechnik, G5095218).

Commercially available chemicals were used without further purification. The solvents
used for metal complex synthesis and catalysis were available from MBRAUN MB-SPS-800
solvent System and degassed by standard techniques prior to use. The identity and purity
of the compounds were established via 'H and '*C NMR spectroscopy, elemental analysis,
and mass spectrometry.

Solvents for cyclic voltammetry and UV /vis- and EPR-spectroelectrochemical mea-
surements were dried and distilled under argon and degassed by common techniques prior
to use. Column chromatography was performed over silica 60 M (0.04-0.063 mm).

'H and *C{'H} NMR spectra were recorded on a Bruker Advance 400 spectrometer at
19-22 °C. Chemical shifts are reported in ppm referenced to the residual solvent peaks [58].

The following abbreviations are used to represent the multiplicity of the signals: s
(singlet), d (doublet), t (triplet), q (quartet), p (pentet), and sept (septet).

Mass spectrometry was performed on an Agilent 6210 ESI-TOE

Elemental analyses were performed with an Elementar Micro Cube elemental analyzer.

The light-induced syntheses were performed with a LOT-QuantumDesign Arc Lamp
(150 W, Xe OF).

4.2. Electrochemistry

Cyclic voltammograms were recorded with a PalmSens4 potentiostat or PAR VersaStat
(Ametek), respectively, with a conventional three-electrode configuration consisting of a
glassy carbon working electrode or gold working electrode, a platinum auxiliary electrode,
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and a coiled silver wire as a pseudoreference electrode. The ferrocene /ferrocenium couple
was used as an internal reference. All measurements were performed at room temperature
at a scan rate between 25 and 1000 mVs~!. The experiments were carried out in absolute
Acetonitrile containing 0.1 M BuyNPFg (Sigma Aldrich, >99.0%, electrochemical grade) as
the supporting electrolyte.

4.3. Spectroelectrochemistry

UV /vis spectra were recorded with an Avantes spectrometer consisting of a light
source (AvaLight-DH-S-Bal), a UV /vis detector (AvaSpec-ULS2048), and an NIR detector
(AvaSpeC-NIR256-TEC). IR spectra were recorded with a BRUKER Vertex 70 FT-IR or Nico-
let 6700 FT-IR spectrometer, respectively. UV /vis-spectroelectrochemical measurements
were carried out in an optically transparent thin-layer electrochemical (OTTLE) [59,60] cell
(CaF, windows) with a gold-mesh working electrode, a platinum-mesh counter electrode,
and a silver-foil pseudoreference. EPR spectra at the X-band frequency (ca. 9.5 GHz) were
obtained with a Magnettech MS-5000 benchtop EPR spectrometer equipped with a rectan-
gular TE 102 cavity and a TC HO4 temperature controller. The measurements were carried
outin synthetic quartz glass tubes. For EPR spectroelectrochemistry, a three-electrode setup
was employed using two Teflon-coated platinum wires (0.005 in. bare and 0.008 in. coated)
as the working and counter electrodes and a Teflon-coated silver wire (0.005 in. bare and
0.007 in coated) as the pseudoreference electrode. The experiments were carried out in
absolute Acetonitrile containing 0.1 M BuyNPFg as the supporting electrolyte. The same
solvents used for CV measurements were used for each compound.

4.4. Calculations

The program package ORCA 4.1 was used for all DFT calculations [61]. Starting
from the molecular structure obtained from X-ray diffraction, geometry optimizations
were carried out using the B3LYP [62,63] function, and no symmetry restrictions were
imposed during the optimization. For tungsten, relativistic effects in zero-order regular
approximation (ZORA) were included [64]. All calculations were performed with an
empirical Van der Waals correction (D3) [65-68]. The restricted and unrestricted DFT
methods were employed for closed and open shell molecules, respectively, unless stated
otherwise. Convergence criteria were set to the default for geometry optimization (OPT)
and tight for SCF calculations (TIGHTSCEF). Triple-( valence basis sets (def2-TZVP) [69]
were employed for all atoms. Calculations were performed using a resolution of the
identity approximation [70-76] with matching auxiliary basis sets [77,78] for geometry
optimizations and numerical frequency calculations, and a RI[JCOSX (combination of the
resolution of the identity and chain of spheres algorithms) approximation was used for
single-point calculations using the B3LYP function. Low-lying excitation energies were
calculated with time-dependent DFT (TD-DFT). Solvent effects were taken into account
with the conductor-like polarizable continuum model, CPCM [79]. Spin densities were
calculated according to the Mulliken population analysis [80]. The absence of imaginary
frequency, spin densities, molecular orbitals, and difference densities were visualized with
a modified Chemcraft 1.8 program [81,82]. All molecular orbitals are illustrated with an iso
value of 0.052. All calculated TD-DFT spectra are Gaussian-broadened with a bandwidth
of 25 at half height unless otherwise noted.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/inorganics12020046/s1.
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In recent years, metal complexes of pyridyl-mesoionic carbene
(MIC) ligands have been reported as excellent homogeneous
and molecular electrocatalysts. In combination with group 9
metals, such ligands form highly active catalysts for hydro-
genation/transfer hydrogenation/hydrosilylation catalysis and
electrocatalysts for dihydrogen production. Despite such prog-
ress, very little is known about the structural/electrochemical/
spectroscopic properties of crucial intermediates for such
catalytic reactions with these ligands: solvato complexes,
reduced complexes and hydridic species. We present here a
comprehensive study involving the isolation, crystallographic
characterization, electrochemical/spectroelectrochemical/theo-

Introduction

In the past decades, great efforts in the field of electrocatalysis
have been made to design highly efficient and stable electro-
catalysts to generate renewable energy-based alternatives to
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retical investigations, and in-situ reactivity studies of all the
aforementioned crucial intermediates involving Cp*Rh and
pyridyl-MIC ligands. A detailed mechanistic study of the
precatalytic activation of [RhCp*] complexes with pyridyl-MIC
ligands is presented. Intriguingly, amphiphilicity of the [RhCp*1-
hydride complexes was observed, displaying the substrate
dependent transfer of H', H or H™. To the best of our
knowledge, this study is the first of its kind targeting
intermediates and reactive species involving metal complexes
of pyridyl-MIC ligands and investigating the interconversion
amongst them.

fossil fuels from energy-poor feedstocks into energy-rich
molecular resources."**' However, the nontrivial multi-electron
transformation to the high-energetic catalytic active species is
an extraordinarily complex subject!*” The investigation of
fragile and short-lived intermediates remains challenging and
has received growing attention for the design of suitable
precatalysts in the selective generation of the molecular active
species.”7#!

One of the most promising and well-established precata-
lysts in the electrochemical generation of H, as a suitable
energy source, are the stable and facile accessible [RhCp*]
(Cp* = pentamethylcyclopentadienyl) complexes with bidentate
chelating ligands, such as polypyridine'***'® or diphosphine
ligands.” The mechanistic proposal from Kélle and Grétzel in
1987, involved a two-electron reduction from Rh(lll) to Rh(l) and
subsequent protonation to form the [RhCp*] hydride species,
which undergoes protonolysis to H,."

Nearly 30 years later, the group of Miller and Blakemore
reinvestigated the rhodium(ll)hydride formation in polypyridine
[RhCp*] complexes (I, Scheme 1, top).""'*'® Addition of a H*
source to the reduced [RhCp*] complex (Il, Scheme 1) results in
the protonation of the Cp* moiety to form
n*—pentametyhlcyclopentadiene (Cp*H) capable to generate
H,. Theoretical calculations by Blakemore and Goddard, pro-
vided detailed insights into a tautomerization mechanism
between the metal-bound hydride complex [HRhCp*] (I,
Scheme 1) and the Cp* protonated [RhCp*H] (IV, Scheme 1)

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Reported [RhCp*] hydride formation (top) in electrochemical H' reduction and presented work (bottom) for the precatalytic activation in

electrocatalytically H, generation.

complex, as a function of the acidity of the proton source and
the electronic structure of the corresponding ligands. In the
presence of a weak acid, proton migration from the metal
center into the Cp* ligand occurs. In agreement with the
experimental finding, a stronger acid is required to evolve H,.
The direct addition of a strong acid, on the other hand, results
in a rapid H, formation starting from the metal hydride
complex, which is formed subsequently after addition to the
reduced complexes."” In contrast, the modulation of the
electronic properties by exchanging the polypyridine ligands
with electron-rich 1,2-bis-(diphenylphosphino)benzene favors a
metal-bound hydride complex, which show a remarkable
stability."”!

In 2015, our group reported a robust pyridyl mesoionic
carbene (MIC) [CoCp*] complex for electrochemical H* reduc-
tion with acetic acid. The complex showed a low overpotential
of 130 mV and turnover frequencies (TOF) of 4x10%s™" with an
outstanding turnover number (TON) of 650 000 at —1.54 V.*"!
Additionally, Rh complexes of pyridyl-MIC ligands have been
reported to be efficient hydrogenation and hydrosilylation
catalysts™ and Cp*Ir complexes with similar ligands are active
transfer hydrogenation catalysts.”” Metal complexes of pyridyl-
MIC ligands were also shown to be efficient CO, reduction
electrocatalysts.”” For all of the aforementioned catalytic
processes, the solvato, the reduced and the hydridic species are
crucial intermediates. Recently, a [RhCp*] hydride complexes
with a bis-NHC ligand (NHC = N-heterocyclic carbene) has been

Chem. Eur. J. 2024, 30, €202302354 (2 of 16)

reported for the catalytic reduction of NAD" to NADH (=
nicotinamide adenine dinucleotide) and crystallographically
characterized.” However, very little information is available on
their isolation and characterization, in particular with single
crystal X-ray diffraction, and reactivity studies of such inter-
mediates for complexes of pyridyl-MIC containing ligands.”’

The ligands (C—C= pyridyl-4-triazolylidene® and C-N=
pyridyl-1-triazolylidene)®”’ presented in this work show similar
overall t—acceptor properties and a highly increased overall
o—donor strength compared to the well-established bpy ligand.
These properties are essential for electrocatalysis to maintain
the low potential for the precatalytic activation, while increasing
the electron density at the metal center to generate a highly
active catalytic center.

Therefore, the high activity of the pyridyl-MIC complexes in
electrocatalysis/reductive homogeneous catalysis and the afore-
mentioned results motivated us to investigate the precatalytic
activation of pyridyl-MIC containing [RhCp*] in the electro-
catalytic H, formation with acetic acid. The combination of
reaction-oriented electrochemistry with species-focused spec-
troscopy (spectroelectrochemistry, SEC) provides a detailed
analysis of single and multiple electron-transfer processes.****
Additionally, theoretical calculations and the isolation of highly
reactive intermediates allows us to propose a mechanism for
the precatalytic activation in pyridyl-MIC [RhCp*] complexes.
The isolation, full characterization including single crystal X-ray
diffraction, and reactivity studies of the chlorido, solvato,

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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hydridic and reduced complexes with the help of synthetic,
crystallographic, electrochemical, spectroelectrochemical and
theoretical methods are presented below.

Results and Discussion
Synthesis and Characterization

The synthesis of [Rh(C—C)CII(PF) and [Rh(C—N)CI(PF,) was
performed according to a modified silver(l)-transmetalation
route reported by Bolje et al. for related d° metal complexes (A,
Scheme 2).* The triazolium salt, [H(C—Q)1(BF,) or [H(C—N)I(PF),
was dissolved in CH;CN, Ag,0 was added and the suspension
stirred for 3 days at room temperature under exclusion of light.
After filtration and evaporation of the remaining solvent,
[RhCp*Cl,], was added and dissolved in CH,Cl.. After three days,
KPF, was added for salt-metathesis and the crude product was
extracted with H,0 to remove the excess of salts, yielding
orange crystals of [Rh(C—C)CII(PF,) (77%) or [Rh(C—N)CII(PF,)
(91%) suitable for single crystal X-ray diffraction analysis (Fig-
ure 1).

To obtain the corresponding acetonitrile adducts [Rh-
(C—C)MeCNI(PF,), and [Rh(C—N)MeCN](PF,), for detailed mecha-
nistic studies, [Rh(C—C)CI](PF,) or [Rh(C—N)CII(PF,) was dissolved
in CH;CN and AgPF was added (B, Scheme 2).""

The reaction mixture was stirred overnight under the
exclusion of light, filtered and the concentrated solution was
overlaid with n-hexane or first Et,0, followed by n-hexane (1:1)
yielding >99% of yellow crystals suitable for X-ray diffraction
analysis (Figure 1).

[H(C-N)}(OTN)

[Rh(C-N)CI](PF;)

Motivated by the work of Kolle and Blakemore, we tried to
convert [Rh(C-C)CII(PF,) and [Rh(C—N)CII(PF,) with Na(Hg) in
THF to access [Rh(C—C)] and [Rh(C—N)]. For these reactions, a
color change from orange to deep green and purple,
respectively, was observed."”'” However, after two hours, the
reaction mixture changed to a dark brown solution, pointing to
decomposition of the corresponding complexes, while some of
the starting complexes remained in the crude products. There-
fore, we changed our strategy using two equivalents of KCg in
THF at —40°C.”” After warming up to room temperature over a
two-hour period, the color-intense solution was filtered and the
solvent was evaporated to complete dryness. Some drops of
THF and an excess of n-hexane were added to the crude
product, filtered and stored at —40°C in the deep freezer for
one month. We were able to collect deep purple single crystals
of [Rh(C—N)] suitable for X-ray diffraction analysis (10%, Fig-
ure 1), while all crystallization attempts for [Rh(C—C)] at different
temperatures and with different solvents failed.

To clarify, whether a [RhCp*] hydride complex is formed or
the H* migrated [Rh(Cp*H)] complex, [Rh(C-C)CII(PF,) and
[Rh(C—N)CII(PF,) was converted with an aqueous solution of
NaOOCH/HCOOH (pH=4.8) as hydride transferring agent,
similar to a reported protocol." In contrast to the direct
protonation of [Rh(C—C)] and [Rh(C—N)], which did not work
out, the synthesis with an aqueous solution of NaOOCH/HCOOH
resulted in a clean conversion to the metal-bound hydrido
complex [Rh(C—C)HI(PF,) and [Rh(C—N)HI(PF,) complexes (D,
Scheme 2). Diffusion of n-hexane into a concentrated THF
solution of [Rh(C-N)HI(PF,) yielded 43% of orange crystals
suitable for X-ray diffraction analysis (Figure 1), while the

e
B dlﬁv/ 1
@

~
-

—

NCCH;

\
2

[Rh(C-N)H](PFg5)

Scheme 2. Synthetic strategy for [Rh(C-N)CI)(PF;), [Rh(C—N)MeCN](PF,),, [Rh(C-N)] and [Rh(C—-N)H](PF,). Path A: [H(C-N)I(PF,), Ag,O, CH,CN, rt, 3 d; [RhCp*Cl,],,
CH,Cl,, rt, 3 d; KPF,. Path B: [Rh(C-N)CI(PF), AgPF,, CH;CN, rt, overnight. Path C: [Rh(C—N)CII(PF,), KC,, THF, —40°C tort, 2 h. Path D: [Rh(C-N)CI)(PF),
NaOOCH/HCOOH (pH=4.8), 85°C, 2 h. The same conditions were applied for [Rh(C—C)CI](PF), [Rh(C—C)MeCN](PF,),, [Rh(C-C)] and [Rh(C-N)H](PF,), except for

path D with an increased reaction time from 2 h to an overnight reaction.
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[Rh(C-N)]

[Rh(C-N)H](PF¢)

Figure 1. ORTEP representation of top left: [Rh(C—C)CI](PF,), top right: [Rh(C-N)CI(PF,), center left: [Rh(C—C)MeCN](PF,),, center left: [Rh(C-N)MeCN](PF,),,
center right: [Rh(C-N)MeCN](PF),, bottom left: [Rh(C-N)] and bottom right: [Rh(C—~N)H](PF,) (carbon-hydrogens and counter ions are omitted for clarity).

Ellipsoids are drawn with 50% probability.

crystalline material (40%) obtained for [Rh(C—C)H](PF,) was not
suitable for X-ray diffraction analysis.

The "*C{'"H} NMR spectra of the presented complexes show
characteristic doublet signals in the range of 170-160 MHz with
Rh-MIC coupling constants between Jg, yc =53-48 Hz.***

In the molecular structures in the crystal, the rhodium
center in the complexes [Rh(C—C)CII(PFs), [Rh(C—N)CII(PF4), [Rh-
(C—C)MeCNI(PFy), and [Rh(C-N)MeCN](PFy), display a three-
legged piano-stool type geometry (Figure 1). The complexes
show a »° mode from the Cp* ligand to the rhodium center
with a metal-carbon bond length between 2.136(4)-2.227(1) A
The angles between the planes of the Cp* ligand and the plane
of the pyridyl-MIC coordination pocket at the rhodium center

Chem. Eur. J. 2024, 30, €202302354 (4 of 16)

((C1-N1-C4-N4) for [Rh(C—N)CII(PF,) and [Rh(C—N)MeCN](PF,), or
(C1-C2-C4-N4) for [Rh(C—CQ)CII(PF,) and [Rh(C—C)MeCNI(PF),,
respectively) are in the range between 49.1°-56.7°, similar to
those of [RhCp*(bpy)Cl1*.*¥ The complexes show a 77° mode
from the Cp* ligand to the rhodium center with a metal-carbon
bond length between 2.136(4)-2227(1) A. The angles between
the planes of the Cp* ligand and the plane of the pyridyl-MIC
coordination pocket at the rhodium center ((C1-N1-C4-N4) for
[Rh(C—N)CI(PF,) and [Rh(C—N)MeCN](PF), or (C1-C2-C4-N4) for
[Rh(C—C)CII(PFs) and [Rh(C—C)MeCNI(PF,), respectively) are in
the range between 49.1°-56.7°, similar to those of [RhCp*-
(bpy)CIT*.2¥ In contrast, an almost orthogonal geometry of the
Cp* plane and the plane within the pyridyl-MIC coordination

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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pocket (C1-N1-C4-N4) are observed in [Rh(C—N)H](PF,) and
[Rh(C-N)] (Figure 1).

In the case of the hydrido complex [Rh(C—N)H](PF,), the
angle between the two planes is 83.5°, whereas the [Rh(C—N)]
complex displays an angle of 86.0°. The drastic change in the
geometry around the rhodium center results in the elongation
of the Rh-Cp* bond distance between 0.025 A and 0.051 A
(Table 1, see SI, 3).

The comparison of the piano-stool complexes with the
almost orthogonal oriented complexes indicates a significant
delocalization from the rhodium center to the pyridyl-MIC
ligand in [Rh(C—N)] and [Rh(C—N)HI(PF,). The increased
m—backbonding results in a decrease of the metal-pyridyl-N
and metal-MIC bond distances. The Rh-N bond lengths

Chem. Eur. J. 2024, 30, €202302354 (5 of 16)

decreases from 2.120(3)-2.140(3) A to 2.122(9) A for [Rh-
(C-N)HI(PF¢) and 2.006(5) A for [Rh(C—N)], while the Rh—C(MIC)
bond distances shorten from 2.051(1)-2.063(3) A to 2.015(1) A
and 1.960(6) A, respectively. Additionally, the formally reduced
[Rh(C—N)] complex reveals an increase in the electron-density in
the chelating C1-N1-C4-N4 framework (Table 1), indicated by
the changes from partially C—N double bond character (~1.37
A) to an increased C—N single-bond character (~1.40 A) and
vice versa. Only minimal changes in the intra-ligand (pyridyl-
MIC) bond distances are observed other than those directly
involved in the chelating pocket (see SI, Table S2 and S3). These
data are thus an indication of a predominantly rhodium-based
reduction, changing the formally Rh*" center to a formally Rh*"'
center.

Table 1. Selected bond lengths of [Rh(C-C)CIJ(PF), [Rh(C—C)MeCN](PF,),, Hydride Reactivity
[Rh(C-N)CII(PF¢), [Rh(C—N)MeCNI(PF,),, [Rh(C—N)H](PF,) and [Rh(C—-N)].
Bond lengths / A Transition-metal hydride complexes play a key role in the
F. (Rh(C-CICIPE) [Rh(C-CMeCNI(PF.J, electrocatalytic H, form?t|on.‘”"’“'35"‘" The re.actwie intermedi-
ates can act as transferring reagent for H*, Hor H™ and are of
Rh1:€ 205203) 2057(4) particular interest in the design of the electrocatalyst. However,
ahe 1.388(4) 1.388(5) the investigation of the hydride species remains challenging
c2c4 1.454(4) 1.451(5) due to the high reactivity and instability in coordinating
C4-N4 1.357(4) 1.362(4) solvents. Hence, the isolation of the diamagnetic [Rh-
N4-Rh1 2.120(3) 2137(3) (C—Q)HI(PF,) and [Rh(C—N)HI(PF,) allows us to shine light on the
Rh1-C21 2175(3) 2158(3) reactivity of the metal bound hydride species (Scheme 3, see Sl
Rh1-C22 2.150(3) 2.136(4) 7). , .
— 21733) 21774) In the 'H NMR sp‘ectrurn, both the hydride complexes show
i N — a metal-bound hydride signal at —11.46 Ppm U.Rh,,.,:zz.o Hz)
and —11.48 ppm (Jp,y =23.1 Hz), respectively, similar to the
RG2S 21916) 219804) hydride shift reported for electron-rich diphosphine ligands (see
[Rh(C-N)CI)(PF¢) [Rh(C-N)MeCN](PF), S, 2.50 and 2.60)." There is no evidence for the H* migration
Rh1-C1 2.051(1) 2063(3) into the Cp* ligand, (even under variable temperature con-
CINT 137002) 1373) ditions) which would result in three inequivalent methyl
e 1.405(1) 1.407(5) resonances (see SI, Figure $10)."*'® The strong o—donating
properties of the MIC-moieties lead to an increased electron
C4N4 1.332(2) 1.327(5) 3 e : :
density at formally Rh*" centers, favoring the formation of the
i an HRR metal-bound [HRhCp*] complexes instead of the protonated
Rh1-C21 2.143(1) 2.139(4) [RhCp*H] complexes.
Rh1-C22 2.143(1) 2.155(4) Further investigations by IR spectroscopy clearly confirm the
Rh1-C23 2.227(1) 2.156(4) metal-bound hydride species with a Rh-H stretching at v(Rh-
Rh1-C24 2213(1) 2.221(4) H)=1956 cm™" for [Rh(C-C)HI(PF,) and at 1953 cm™' for [Rh-
Rh1-C25 2.138(1) 2.205(4) (C—N)HI(PF,) (see SI, Figure S12 and S15). The Rh—H stretching
[Rh(C—N)HI(PF.) (R(C-N)] frequencies are located between the earlier reported bpy and
diphosphine based [Rh(Cp*)] hydride analogues, elucidating the
Rhi:€1 20130} 1:260(6) synergy between reactivity and stability."**”!
GIN) 1403(1) 139407) The addition of NaBH, to the Rh-hydrides results in the
N1-C4 1.423(1) 1.374(7) formation of [Rh(C—N)] and [Rh(C-C)] (see SI, 7.10) under
C4-N4 1.342(1) 1.369(7) evolution of H,. The 'H NMR shows a strong high field shift of
N4-Rh1 2.122(9) 2.006(5) the aromatic signals up to 6.53 ppm, confirming the strongly
Rh1-C21 2.260(1) 2.192(6) reduced character of the pyridyl-MIC ligands and the H*
Rh1-C22 2244(1) 2245(6) reactivity in [Rh(C-N)] and [Rh(C—C)].
Rh1-C23 2203(2) 224165) Treatment of [Rh(C—C)H](I.’FE). a.nd [Rh(C—N)H](PFs) with
P 75 35416) TEMPO (=(2,2,6,6‘-tetrame‘thylp|pen¢;l|n-1-yl)oxyl)) at rf)om tem-
perature results in a rapid formation of a EPR-active 17 VE
Rbi£25 21580 22456 species (Figure 2, see S|, 7.20).
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Scheme 3. Reactivity of [Rh(C-C)H](PF,) as a H', H or H™ in CD,CN at room temperature. The same reaction conditions were applied for [Rh(C-N)H](PF,) (see

experimental section).
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Figure 2. EPR spectra of [Rh(C-N)] " (top left) and [Rh(C—C)] * (bottom left) generated after addition of TEMPO to a CH,CN solution of [Rh(C-N)H](PF,) or
[Rh(C—C)H](PF,), respectively, over a 10 minute period (* =unreacted TEMPO) at room temperature (g =2.06) and spin density plot of [Rh(C—N)] " (top right)
and [Rh(C-C)] " (bottom right) (Rh =46 % for both complexes) with PBEO/RIJCOSX/D3BJ/def2-TZVP (iso value =0.006).

The isotropic signal at a g-value of 2.06 for both complexes
at room temperature is characteristic for a Rh(ll) species.**!
Upon cooling, the EPR signal diminishes, most likely as
consequence of dimerization of two EPR-active species. The EPR
signal can be recovered by allowing the sample to warm up to

Chem. Eur. J. 2024, 30, 202302354 (6 of 16)

room temperature again, further supporting the dimerization of
the EPR-active intermediate. The isolation of the respective
Rh(ll) species failed due to the lack of stability during the
crystallization attempts in the glovebox, indicated by a color
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change from a purple-grey to a colorless solution with a
colorless precipitate.

In the case of [Rh(C—C)]* a rhombic signal could be
detected at low temperatures with g, = 2.16, g, = 2.05 and
g; = 1.98 at —100°C. The high g—anisotropy of Ag= 0.11
supports the strong metal contribution of the radical species
(see Sl, 7.20), which is also reflected in the spin density plot of
the coordinatively unsaturated [Rh(C—C)]1" (Rh=46%) com-
pared to the coordinatively saturated solvent adduct [Rh-
(C-C)MeCN1*(Rh=1%). The above results indicate that the
dimerization of the formally Rh" based species is slower for
[Rh(C-Q)]" in comparison to [Rh(C-N)1*.

The amphiphilic reactivity of [Rh(C—C)HI(PF;) and [Rh-
(CN)HI(PF,) motivated us to further investigate the hydride
transfer reactivity with Ph;C(PF,) (=tritylium) in CD,CN at room
temperature (see Sl, 7.30). In the case of [Rh(C—N)HI(PFy), a
clean conversion to triphenylmethane (Ph;C—H=5.61 ppm)
under the formation of [Rh(C—N)MeCN-d,](PF,), was observed,
while the reaction of [Rh(C—C)H](PF,), with Ph,C(PF,) leads to a
mixture of [Rh(C—C)(MeCN-d,)](PF,),, triphenylmethane, the
starting material and an unknown species without any detect-
able metal-hydride signal in the '"H NMR spectrum. Thus, the
Rh-hydride complexes present here can act as either H*, H or
H~ transfer reagents displaying their true ambivalent nature.

The estimation of the pK, values, bond dissociation free
energies (BDFE) and hydricities (AG, ) was performed according
to the correlation reported by Waldie et al. on the basis of the
reduction potentials of the parent complexes in [Rh-
(CC)MeCNI(PF,) and [Rh(C—C)MeCNI](PF,) (see  cyclic
voltammetry).™

The comparatively low pK, values of 22.0kcal/mol for
[Rh(C—C)H]* and 20.3 kcal/mol in the case of [Rh(C—N)H]*
emphasize a strong stabilization of the respective Rh(l) species
by the excellent —donor and wr—acceptor properties pyridyl-
MIC ligands. The higher 7—acceptor capacity of the C—N linked

pyridyl-MIC ligand compared to its C—C linked counterpart likely
results in an advantageous distribution of the electron density
between the orthogonal oriented C—N ligand and the electron
donating Cp* moiety in [Rh(C—N)1.“"' In contrast, the analogues
cyclometallated pyridyl-phenyl [RhCp*] hydride complexes
reported by Norton et al. show pK, values of 30.3 kcal/mol in
acetonitrile.* The anionic nature of the cyclometallated ligand
probably results in a destabilization of the Rh(l) species
compared to the neutral pyridyl-MIC ligand.

The greater o—donor properties of the C—C linked pyridyl-
MIC ligand compared to the C—N linked constitutional isomer
lead to a slightly lower BDFE in in [Rh(C—C)H]* with 49.6 kcal/
mol and 50.0 kcal/mol in [Rh(C—N)H]* indicating an increased
stabilization of the respective Rh(ll) species.

However, these results should be taken with care as an
identical hydricity of AG), =56.2 kcal/mol is assigned for both
complexes following the correlation by Waldie et al. Future
studies in our laboratories will focus on the direct determination
of the experimental pK, values, BDFE and AG, .

Cyclic Voltammetry

The electrochemical activation of polypyridine [RhCp*] com-
plexes has been intensively studied over the past
decades.??13151918 A e~ reduction of Rh" to Rh' and the
corresponding re-oxidation back to the Rh" species is usually
observed in these systems.

In contrast to previous reports on polypyridine [RhCp*]
complexes, the 2e~ reduction of [Rh(C—Q)CI](PF)) and [Rh-
(C—N)CII(PF,) at Eﬁ‘(’ =—1.46V and E:f =—1.34V generates two
new species in the re-oxidation cycle along with a shift of the
anodic potential at £ =—1.19V and EZf‘j' =-1.05V for [Rh-
(C-Q)CIPFy), and E*2 =—1.12V and £ =—1.03V for [Rh-
(C—N)CII(PF,), respectively (Figure 3).

—— [Rh(C-C)CIT"
—— [Rh(C-C)MeCNJ*

——[Rh(C-N)CIT*
—— [Rh(C-N)MeCNJ?*

08 1.2 16 20

E/V vs. FcH/IFcHT

08 1.2 1.6 20

E/V vs. FcH/FcH*

Figure 3. Comparison of the cyclic voltammograms of [Rh(C-C)CI](PF,) and [Rh(C—C)MeCN](PF,), (left) and [Rh(C-N)CII(PF,) and [Rh(C—N)MeCN](PF,), (right) in

CH,CN and 0.1 M Bu,NPF, with a scan rate of 100 mV/s.
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The first 2e~ reduction is shifted according to the overall
m—acceptor capacities of the two ligands, described earlier by
our group.””#9 The C—C linked ligand displays a weaker
m—acceptor ability, compared to its C—N linked counterpart.
After 2e~ reduction, subsequent chloride dissociation takes
place, leading to the formation of the respective [Rh(C—C)] and
[Rh(C—N)] complexes. The drastic structural reorganization
initiates an electronic re-distribution from the predominantly
pyridyl-MIC centered electron to the central metal atom,
formally generating a Rh*' metal center.

Reversing the scan direction shows two distinct one-
electron oxidations. According to our assumption, the first
oxidation can be assigned to a Rh(l)/Rh(ll) redox couple. The
Rh(l)/Rh(Il) redox couple of the respective complexes is shifted
according to the overall o—donor strength of the respective
ligands."”! The higher overall o—donor properties of the C—C
linked ligand leads to a greater destabilization of the rhodium-
centered orbitals, as indicated by the cathodic shift at E}”“z =
—1.18 V. In contrast, the weaker o—donor strength of the C—N
linked counterpart results in an anodic shift of the metal-
centered oxidation at £} = —1.11V.

The second oxidation at Ef,_’f; = —1.03V, for the C—C linked
complex, and at Ez”a = —1.01V, for the C—N linked counterpart,
display nearly identical oxidation potentials. Therefore, the
second oxidation can be assigned to the Rh(ll)/Rh(lll) redox
couple, resulting in the respective solvato complexes.

With the acetonitrile adducts in hand, we examined the
electrochemical transformation in cyclic voltammetry (Figure 3,
see Sl, 4.30). Both complexes show two separated one-electron
reduction processes. The high peak-to-peak separation (
AE:f_‘(" =90 mV) of the first reduction at E:f‘ =—1.06V, for both
complexes, provides first indications of a structural reorganiza-
tion accompanied by the loss of the acetonitrile ligand after the
first metal-centered reduction (for details, see 4. and 5.).

In contrast, the second reduction at E'ﬁgz =-1.24V, for
[Rh(C—C)MeCN](PF),,  and Efy =—115V, for  [Rh-
(C—C)MeCN](PF,),, display a smaller peak-to-peak separation of
AE}? =70 mV for both complexes. The second reduction
potential follows the same trend in the 7—acceptor properties
of the ligands, as earlier described for the respective chlorido
[RhCp*] complexes. The decreased peak-to-peak separation
indicates a minor structural reorganization and further supports
the partially loss of the acetonitrile ligand.

Furthermore, complex [Rh(C—N)] was investigated by cyclic
voltammetry (Figure 4). Starting from an initial potential of
—1.73V, the Rh(l)/Rh(ll) and Rh(ll)/Rh(lll) redox couple are in
good agreement with the reduction processes observed for
[Rh(C—N)MeCN](PF,),. This match also further confirms the
dissociation of the solvent molecule upon one electron
reduction of the acetonitrile complexes as discussed above.

All complexes show a further third irreversible reduction at
Ex® =—269V for [RN(C—C)] and E;# =—2.81V for [Rh(C—N)],
respectively.

Chem. Eur. J. 2024, 30, 202302354 (8 of 16)

[Rh(C-N)CH,CNJ*

[Rh(C-N)]

0.5 -1.0 -1.5 -2.0 2.5 -3.0
E |V vs. FcH/FcH*

Figure 4. Comparison of [Rh(C-N)MeCN](PF,), (top, black) and [Rh(C-N)]
(bottom, blue) in CH;CN and with 0.1 M Bu,NPF, with a scan rate of 100 mV/
S5

Electrochemical H* Reduction

To investigate the precatalytic activation in the electrochemical
H* reduction, all complexes were tested in presence acetic acid
(=AcOH) as proton source (Figure 5, see S|, 8). The two-electron
reduced forms of the solvent complexes [Rh(C—C)MeCN](PF,),
and [Rh(C—N)MeCN](PF,), are excellent candidates to provide
useful insights in the precatalytic activation to generate the
corresponding [RhCp*] hydride complexes.

In the presence of acetic acid, the first reduction, which
results in the loss of acetonitrile remains intact (Figure 5).
However, addition of one equivalent of the acid shifts the
second reduction to more anodic potential, indicating the
formation of new species at —1.21V for [Rh(C—C)MeCN](PF),
and —1.14 V for [Rh(C—N)MeCN](PF),, which undergo an addi-
tional reduction at —2.11 V and —1.97 V, respectively.

However, the addition of more equivalents shifts the
potential only slightly to more anodic potential (—1.18V for
[Rh(C—C)MeCN](PFy), and —1.11V for [Rh(C—N)MeCN](PF),)
without significantly influencing the current. In contrast, the
current at —1.97 V constantly increases, indicating the catalytic
conversion of H* in presence of the catalysts.

The stepwise addition of five equivalents shows an interest-
ing trend: one-electron reduction of Rh" to Rh" turns into a two-
electron reduction, as indicated by the increased current, while
the Rh'/Rh' redox couple is no longer apparent. This observa-
tions emphasize a rapid CE mechanism or a proton-coupled
electron transfer (PCET) after the first reduction and subsequent
loss of acetonitrile."”" We have performed tentative calculations
of TOF for these catalysts at low proton concentrations (see
section 8, Sl). However, as the catalytic current with these

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

150

European Chemical
Societies Publishing



Results & Discussion

Chemistry
Europe

European Chemical
Societies Publishing

r

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202302354

-80
—— [Rh{C-C)MeCNJ**
—— [Rh{C-C)McCNJ>" + 5 mM AcOH
-60 1 —— 5 mM AcOH
-40 P4
< 3
-~ —
~

=201

0 \/\/
20— : . - 40— . . - -
05 10 15 20 -25 05 -10 -15 -20 -25
E/V vs. FcHIFcH* E/V vs. FcH/IFcHt
-80 : Eﬁ::g:;::g::’ +5mM AcOH
5 mM AcOH
60
<:L-40‘
‘_20-
obw
20
05 -10 15 20 -25 05 1.0 15 20 -25

E/V vs. FcH/IFcHt

Figure 5. Electrochemical H
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reduction with [Rh(C-C)MeCN](PF), (top) and [Rh(C—N)MeCN](PF), (bottom) (1 mM) in CH,CN and 0.1 M Bu,NPF; with a scan

rate of 100 mV/s (left: black =without AcOH, grey =only AcOH, green =with 10 mM AcOH) and at low concentrations of AcOH (right).

complexes are almost in the region of the background current
of the direct reduction of the protons at the electrode surfaces
(see control measurements, section 8, Sl), these values should
be taken with caution.

Taking all the data together, the first reduction results in the
dissociation of the acetonitrile ligand, generating the coordina-
tively unsaturated Rh(ll) complexes, which can undergo a either
a CE mechanism or a PCET to form the respective [RhCp*]-
hydride complexes.

An additional electron-transfer is required to initiate the
electrocatalytic H* reduction. Unfortunately, the [RhCp*]-
hydride complexes are not sufficiently stable under the electro-
chemical conditions, indicated by a drastically color changes
after couple of minutes, even under fully inert conditions (see
Sl, 4.50 and 4.60). Therefore, we turned our focus to UV/vis/NIR
(spectro—)electrochemistry (UV/vis/NIR-SEC).

UV/vis/NIR (Spectro—)electrochemistry
UV/vis/NIR SEC is a powerful technique to detect short-lived
intermediates in electron-transfer processes. In combination

with (TD)-DFT calculations, detailed mechanistic insights can be
provided to understand the precatalytic formation.*'>2%2

Chem. Eur. J. 2024, 30, €202302354 (9 of 16)

The well-separated multi-electron processes makes [Rh-
(C—C)MeCN](PFy), a good candidate to study in UV/vis/NIR-SEC.
The complex displays a featureless UV/vis spectrum with several
mixed metal-ligand-to-ligand charged transfer (MLLCT) and
ligand-to-metal-charge transfer (LMCT) bands, indicated by the
bright yellow color of the complex (see S, 6.40), while the
chloride containing complex features an additional metal-
chloride-to-ligand charge transfer band (MXLCT).

Upon reduction to [Rh(C—C)], the UV/vis/NIR spectrum
shows intense absorption bands in the visible and near-infrared
range around 823 nm, 589 nm and 436 nm, which can be
assigned to different MLCT bands from the rhodium center with
small contribution of the Cp* ligand to the pyridyl-MIC ligand
(Figure 6, see Sl, 6.80). The two-electron reduction is accord-
ingly accompanied by a color change from light yellow to dark
green. The same trend in this regard is observed in the case of
complex [Rh(C—N)MeCN](PF),. Upon reduction, [Rh(C—N)] turns
dark purple in color and a blue-shift of the MLCT bands is
observed. The chloride containing complexes display identical
absorption spectra after two-electron reduction as the ones
described above and are in good agreement with the
previously described electrochemical data.

During the reduction of [Rh(C—C)MeCN](PF4), in SEC experi-
ments, an intermediate could be detected. Our TD-DFT
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Figure 6. Changes in the UV/vis/NIR spectra of [Rh(C-C)MeCN](PF), in CH;CN/0.1 M Bu,NPF, during the first two reductions with a Au working electrode (left)
and calculated spectra (right, PBEO/RIJCOSX/D3BJ/def2-TZVP, FWHM = 32) of [Rh(C—C)MeCN] * (red), [Rh(C-C)] " (blue) in comparison with experimental

intermediate (black, normalized).

calculations confirm the formation of the coordinatively unsatu-
rated [Rh(C—C)]* complex (Figure 6, right: blue), instead of the
solvent coordinated [Rh(C—C)MeCN]* complex (Figure 6, right:
red), as indicated by the characteristic absorption bands
between 380-600 nm. This is in good agreement with the
aforementioned EPR spectra of [Rh(C—C)]* and [Rh(C-N)]*
(Figure 2). The absorption bands observed for [Rh(C—C)]1*
display similar features as described for [Rh(C—C)]. The blue-shift
is a consequence of the change in the formal oxidation state of
the rhodium center from Rh(l) to Rh(ll). To compensate the
electron deficiency at the rhodium center, the Cp* ligand
contributes stronger to the electronic transitions (see SI, 6.40
and 6.80). The comparison of the spectra before and after bulk
electrolysis reveals that even after the chemical transformation
due to ligand dissociation, the initial spectra could be restored
after SEC for all studied complexes. In the case of the chloride
containing [RhCp*] complexes, it is reasonable to predict the
formation of [Rh(C—C)MeCN](PF,), and [Rh(C—N)MeCN](PF,),
after SEC due to chloride dissociation and solvent coordination.

However, according to our spectroelectrochemical data, the
coordination of the chloride takes place when sweeping back
to the anodic potential (see Sl, 5.10 and 5.20). This observation
could have a drastic impact on electrocatalysis, as the chloride,
in the vicinity of the reduced [RhCp*] complex, can influence
the preequilibrium during electrochemical H* reduction.

No intermediates in the visible spectrum could be detected
during the reduction process in the presence of acetic acid,
likely confirming a rapid CE mechanism or PCET in the electro-
chemical generation of [Rh(C—C)H](PF,) and [Rh(C—N)HI](PF)
(Figure 7). The absorption spectra show a characteristic metal-
hydride-to-ligand charge transfer (MHLCT) at 430 nm and
444 nm, respectively, which are in good agreement with our
TD-DFT calculations (PBEO/RIJCOSX/D3BJ/def2-TZVP, see S|, 6.6
and 6.7).

With the [RhCp*] hydride complexes and the reduced
complexes in hand, we compared the electrochemically gen-
erated species with the chemically isolated complexes (Figure 8,
see Sl, 5.50).
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Figure 7. Changes in the UV/vis/NIR spectra of [Rh(C—C)MeCN](PF,), (left) and [Rh(C—N)MeCN](PF,), (right) in CH;CN/0.1 M Bu,NPF, during the two reductions

in presence of excess AcOH with a Au working electrode.
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Figure 8. Left: UV/vis/NIR spectra of [Rh(C—N)H](PF,) (blue) and after addition of an excess AcOH in CH,CN (red). Right: Comparison of the UV/vis/NIR spectra
of the chemically isolated [Rh(C-N)H](PF;) (blue) and after bulk electrolysis with an Au working electrode in presence of an excess AcOH (red) in CH,CN/0.1 M

Bu,NPE,.

In the case of [Rh(C—N)], the absorption spectrum of the
isolated complex shows the same transitions as observed for
the electrochemically generated species, while the isolated
[Rh(C—N)HI(PF,) complex shows a mixture of [Rh(C—N)] and
[Rh(C—N)HI(PF,) generated during SEC. Addition of excess acetic
acid exclusively generates the [RhCp*] hydride complex indicat-
ing an equilibrium between [Rh(C—N)] and the weakly bound
hydride in [Rh(C—N)HI(PF).

To our surprise, the electrochemically and chemically
generated spectra of [Rh(C—C)] are not identical in acetonitrile.
However, changing the solvent to THF results in a good fit of
both spectra (see SI, 5.51). A plausible explanation might be
solvent effects causing degradation in presence of light.

In the case of [Rh(C—Q)H](PF,), the chemically isolated
complex and the electrochemically generated species fit well,
beside the presence of a second unknown species, which
diminish upon addition of acetic acid. Unfortunately, our
spectroscopic and electrochemcial data do not provide any
convincing evidence to assign the nature of the unknown
species due to the absence of additional hydride signals in the
'H NMR.

Conclusions

In summary, we have presented the first isolation and a
thorough characterization through crystallographic, spectro-
scopic and (spectro)electrochemical methods of solvato, hydri-
do, and reduced species of Cp*Rh complexes with pyridyl-
mesoionic carbene ligands. A detailed mechanistic study of the
precatalytic activation of pyridiyl-MIC [RhCp*] complexes is
presented (Scheme 4). Cyclic voltammetric studies, combined
with UV/vis/NIR-SEC measurements and theoretical calculations
reveal a two-electron reduction process (Scheme 4, E' and E?) to
generate the coordinatively unsaturated [RhCp*] complexes
after ligand dissociation, which are the first of their kinds to be
isolated and fully characterized.
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In presence of acetic acid, a PCET is observed after the first
reduction generating the [RhCp*] hydride complexes
(Scheme 4, E?). The data presented here are of fundamental
importance for the mechanistic understanding of a range of
reductive electrocatalytic and homogeneous catalytic processes
with metal complexes of pyridyl-MIC ligands. The utility of such
complexes in several electrocatalytic processes, including a
synthetic strategy to reduce their overpotential, and a detailed
mechanistic understanding thereof are currently under inves-
tigation in our laboratories.

Experimental Section

General Procedures, Materials, and Instrumentation

Caution! Compounds containing azides are potentially explosive.
Although we never experienced any problems during synthesis or
analysis, all compounds should be synthesized only in small
quantities and handled with great care! Unless otherwise noted, all
reactions were carried out using standard Schlenk-line-techniques
under an inert atmosphere of argon (Linde Argon 4.8, purity
99.998%). Commercially available chemicals were used without
further purification. The solvents used for metal complex synthesis
and catalysis were available from MBRAUN MB-SPS-800 solvent
System and degassed by standard techniques prior to use. The
identity and purity of compounds were established via 'H and "*C
NMR spectroscopy, elemental analysis and mass spectrometry.
Solvents for cyclic voltammetry and UV/vis- and EPR-spectroelec-
trochemical measurements were dried and distilled under argon
and degassed by common techniques prior to use. Column
chromatography was performed over silica 60 M (0.04-0.063 mm).
'H and "C{'H} NMR spectra were recorded on a Bruker Avance 500
spectrometer at 19-22°C. Chemical shifts are reported in ppm
referenced to the residual solvent peaks.” The following abbrevia-
tions are used to represent the multiplicity of the signals: s (singlet),
d (doublet), t (triplet), q (quartet), p (pentet), sept (septet), hept
(heptet). Mass spectrometry was performed on an Agilent 6210 ESI-
TOF. Elemental analyses were performed with an Elementar Micro
Cube elemental analyser.
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Scheme 4. Proposed precatalytic activation of [Rh(C—N)MeCN](PF), in CH,CN/0.1 M Bu,NPF, with a GC working electrode.

X-ray Diffraction

Deposition Numbers 2075636 (for [Rh(C—C)CI](PF,)), 2133478 (for
[Rh(C—C)MeCN](PF,),), 2075640 (for [Rh(C—N)CII(PF;)), 2133502 (for
[Rh(C—N)MeCNI(PF,),), 2173197 (for [Rh(C—N)HI(PF;)), 2127781 (for
[Rh(C—N)]) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service. X-ray data were collected
on a BRUKER Smart AXS, BRUKER D8 Venture or Bruker Kappa
Apex2duo system. Data were collected at 100(2) or 140(2) K,
respectively, using graphite-monochromatic Mo K, radiation (
1, =0.71073 A). The strategy for the data collection was evaluated
by using the APEX2 or Smart software. The data were collected by
standard “w scan techniques” or “@ — ¢ scan techniques” and
were scaled and reduced using APEX2, SAINT+, and SADABS
software. The structures were solved by direct methods using
SHELXL-97 or intrinsic phasing using SHELXL-2014/7 and refined by
full matrix least-squares with SHELXL-2014/7, refining on F?. Non-
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hydrogen atoms were refined anisotropically. If it is noted, bond
length and angles were measured with Mercury, version 3.8.**

Electrochemistry

Cyclic voltammograms were recorded with a PalmSens4 potentio-
stat with a conventional three-electrode configuration consisting of
a glassy carbon working electrode, a platinum auxiliary electrode,
and a coiled silver wire as a pseudo reference electrode. The
(decamethyl)ferrocene/(decamethyl)ferrocenium couple was used
as internal reference. All measurements were performed at room
temperature with a scan rate between 25 and 1000 mVs '. The
experiments were carried out in absolute acetonitrile containing
0.1 M Bu,NPF, (Sigma Aldrich, >99.0%, electrochemical grade) as
the supporting electrolyte. For electrocatalysis a solution of acetic
acid (1 M) in acetonitrile was added to a 1 mM solution of the
complex in steps of 5 uL or 25 uL and measured with all scan rates
mentioned above. (Decamethyl)ferrocene/(decamethyl)ferrocenium
couple (1 mg, 1 mM) was added as intemnal reference.
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Spectroelectrochemistry

UV/vis spectra were recorded with a J&M TIDAS spectrometer and
the IR spectra were performed with a Bruker FT-IR Spectrometer
INVENIO. The spectroelectrochemical measurements were carried
out in an optically transparent thin-layer electrochemical (OTTLE)""
cell (CaF, windows) with a gold-mesh working electrode, a
platinum-mesh counter electrode, and a silver-foil pseudo refer-
ence. The spectroelectrochemical experiments were carried out in
absolute acetonitrile containing 0.1 M Bu,NPF, as the supporting
electrolyte. The same solvents as for the CV measurements were
used for each compound.

EPR Spectroscopy

EPR spectra at the X-band frequency (ca. 9.5 GHz) were obtained
with a Magnetech MS-5000 benchtop EPR spectrometer equipped
with a rectangular TE 102 cavity and a TC HO4 temperature
controller. The measurements were carried out in synthetic quartz
glass tubes. The low temperature EPR-spectra were performed up
to —175°C.

Calculations

(45]

The program package ORCA 4.1. was used for all DFT calculations.
Starting from the molecular structure obtained from X-ray
diffraction geometry optimizations were carried out using the
PBE0“? functional and no symmetry restrictions were imposed
during the optimization. All calculations were performed with
empirical Van der Waals correction (D3).”' The restricted and
unrestricted DFT methods were employed for closed and open shell
molecules respectively unless stated otherwise. Convergence
criteria were set to default for geometry-optimization (OPT), and
tight for SCF calculations (TIGHTSCF). Triple-{-valence basis sets
(def2-TZVP)*® were employed for all atoms. Calculations were
performed using resolution of the identity approximation” with
matching auxiliary basis sets™ for geometry optimizations and
numerical frequency calculations and the RIJCOSX (combination of
the resolution of the identity and chain of spheres algorithms)
approximation for single point calculations using the PBEO
functional.*! Low-lying excitation energies were calculated with
time-dependent DFT (TD-DFT). Solvent effects were taken into
account with the conductor-like polarizable continuum model,
CPCM.”" Spin densities were calculated according to the Mulliken
population analysis.”? The absence of imaginary frequency Spin
densities, molecular orbitals and difference densities were visual-
ized with the modified Chemcraft 1.8 program.® All molecular
orbitals are illustrated with an iso value of 0.052. All calculated TD-
DFT spectra are Gaussian broadened with a band width of 25 at
half height.

Synthesis and Characterization

Synthesis of [Rh(C—C)CI](PF¢)

According to a modified synthetic procedure from Bolje et al.,*®
[H(C—C)1(BF.)*' (0.87 g, 0.213 mmol), KCl (0.16 g, 2.125 mmol) and
Ag,0 (0.17 g, 0.748 mmolL) was dissolved in 20 mL CH,CN and
stirred for 3 days at room temperature under exclusion of light. The
solution was filtered and the remaining solvent was evaporated.
[RhCp*Cl,], (0.07 g, 0.113 mmol) was added and dissolved in CH,Cl,.
The reaction mixture was stirred for 3 days at room temperature
under exclusion of light. An excess of KPF; (0.16 g, 0.850 mmol) was
added and the reaction mixture was rigorous stirred for 20 min. The
orange solution was filtered through Celite and extracted with 3 x
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H,O (50 mL). The organic phase was separated and dried over
Na,SO.. Additional crystallization from slow diffusion of n-hexane/
Et,0 (1:1) into a concentrated solution of [Rh(C—C)CII(PF;) in CH,Cl,
yielded orange crystals (120 mg, 0.162 mmol, 77%) suitable for X-
ray diffraction analysis. In case of an insufficient conversion,
purification by column chromatography (aluminum oxide, activated
with 5 w% water; CH,Cl,/CH,CN 100:0—1:1) resulted in pure
[Rh(C—Q)CI](PF,).

"H NMR (500 MHz, CDCl,) ¢ =8.77 (d, J=5.5 Hz, 1H), 8.10-8.03 (m,
2H), 7.59 (t, J=7.8 Hz, 1H), 7.54 (td, J=5.4, 2.8 Hz, 1H), 7.44 (dd, J=
7.8, 1.1 Hz, 1H), 7.39 (dd, J/=7.8, 1.1 Hz, 1H), 460 (s, 3H), 3.28 (hept,
J=6.4 Hz, 1H), 2.58 (hept, J=6.4 Hz, 1H), 143 (s, 15H), 1.37 (d, J=
6.6 Hz, 3H), 1.31 (d, J=6.6 Hz, 3H), 1.26 (d, J=6.6 Hz, 3H), 0.81 (d,
J=6.9 Hz, 3H) ppm; *C{'H} NMR (126 MHz, CDCl,) 6 =170.31 (d, J=
53.2Hz, 1 C, MIC-Rh), 152.21, 148.45, 147 .05, 146.66, 145.41, 139.34,
134.42, 131.72, 125.63, 125.63, 124.24, 12405, 121.72, 97.72 (d, J=
7.0Hz, 5 C, Rh-Cp¥), 39.22, 28.66, 27.88, 27.20, 25.55, 21.90, 21.80,
9.01 ppm; MS (ESI-ToF): m/z found: 593.1944, calcd: 593.1913
(C,sH»CIN,Rh '); Elemental analysis calcd. (%) for C;,HsoCIF,NPRh:
C 48.76,H 532, N 7.58; found: C 48.78, H 5.39, N 7.52.

Synthesis of [Rh(C—N)CI](PF,)

According to a modified synthetic procedure from Bolje et al.'™
[H(C-N)1(OTA"* (0.10 g, 0.213 mmol), KCl (0.16 g, 2.125 mmol) and
Ag;0 (0.17 g, 0.748 mmol) was dissolved in 20 mL CH,CN and
stirred for 3 days at room temperature under exclusion of light. The
solution was filtered and the remaining solvent was evaporated.
[RhCp*Cl,], (0.07 g, 0.113 mmol) was added and dissolved in CH,Cl,.
The reaction mixture was stirred for 3 days at room temperature
under exclusion of light. An excess of KPF4 (0.16 g, 0.850 mmol) was
added and the reaction mixture was rigorous stirred for 20 min. The
orange solution was filtered through Celite and extracted with
3xH,0 (50 mL). The organic phase was separated and dried over
Na,SO.. Additional crystallization from slow diffusion of n-hexane
into a concentrated solution of [Rh(C—N)CI](PF,) in CH,Cl, yielded
orange crystals (142 mg, 0.192 mmol, 91%) suitable for X-ray
diffraction analysis. In case of an insufficient conversion, purification
by column chromatography (aluminum oxide, activated with 5 w%
water; CH,Cl,/CH,CN 100:0—1:1) resulted in pure [Rh(C—N)CI)(PFy).
'H NMR (500 MHz, CDCl,) o & 8.67-8.64 (m, 1H), 8.27 (ddd, J=8.2,
1.3, 0.7 Hz, 1H), 8.19 (ddd, /=83, 7.6, 1.5 Hz, 1H), 7.73 (ddd, J=7.5,
5.6, 1.3 Hz, 1H), 7.60 (t, J=7.8 Hz, 1H), 7.42 (dd, J=7.9, 1.1 Hz, TH),
7.38 (dd, J=7.8, 1.0 Hz, TH), 4.01 (s, 3H), 3.09 (hept, J=6.7 Hz, 1H),
2.82 (hept, J=6.7 Hz, 1H), 1.55 (s, 12H), 1.37 (d, J=6.6 Hz, 2H), 1.29
(d, J=66Hz, 2H), 1.25 (d, J=6.6 Hz, 2H), 0.86 (d, J=6.9 Hz, 2H)
ppm; C{'"H} NMR (126 MHz, CDCl;) 6 =163.47 (d, J=49.7 Hz, 1 C,
MIC-Rh), 151.07, 15045, 150.32, 150.30, 145.69, 145.65, 141.60,
132.23, 127.24, 124.54, 124.13, 12229, 115.54, 9836 (d, J=7.2 Hz,
5C, Rh-Cp*), 3827, 30.55, 3030, 25.49, 25.34, 24.55, 23.48,
9.45 ppm; MS (ESI-ToF): m/z found: 593.1915, calcd: 593.1918
(C,sH»CIN,Rh '); Elemental analysis calcd. (%) for C;,HsoCIF;NPRh:
C48.76, H 532, N 7.58; found: C 48.32, H 548, N 7.20.

Synthesis of [Rh(C—C)MeCN](PF ),

[Rh(C—Q)CII(PF,) (0.03 g, 0.052 mmol) was dissolved in 3 mL CH,CN
and AgPF; (0.01 g, 0.057 mmol) was added. The reaction mixture
was stirred overnight at room temperature under exclusion of light
and filtered through Celite. The solvent was reduced to 1 mL and
overlaid with Et,0 yielding yellow crystals of [Rh(C—C)MeCNI](PF),
(0.04 g, 0.052 mmol, >99%) suitable for X-ray diffraction analysis.

'H NMR (250 MHz, CD,CN) 6 =893 (dd, J=5.6, 0.7 Hz, 1H), 831
(ddd, J=8.1, 7.6, 1.5 Hz, 1H), 8.22-8.15 (m, 1H), 7.85-7.76 (m, 1H),
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7.71 (d, J=7.8 Hz, 1H), 7.56 (td, J=7.8, 1.2 Hz, 2H), 4.56 (s, 3H), 2.70
(hept, J=6.8 Hz, 1H), 2.47 (hept, J=6.8 Hz, 1H), 1.96 (s, 3H), 1.44 (s,
15H), 1.37 (d, J=6.7 Hz, 3H), 1.30 (d, J=6.6 Hz, 6H), 0.87 (d, J=
6.8 Hz, 3H) ppm; *C{'"H} NMR (63 MHz, CD,CN) 0 =166.98 (d, J=
51.5 Hz, 1 C, Rh-MIC),154.76, 149.51, 147.66, 147.64, 147.32, 14644,
14201, 13481, 13352, 12835, 12835, 12601, 12574, 12331,
12330, 101.54 (d, J=7.3 Hz, 5 C, Rh-Cp¥), 40.67, 29.82, 29.04, 2745,
26.03, 22.16, 21.96, 9.64 ppm; MS (ESIToF): m/z found: found:
593.1913, caled: 593.1913  (CyH3CINRh');  557.2146, calcd:
5572230 (CyHigN:Rh '); Elemental analysis calcd. (%) for
Cy,HaF N, P,Rh: C 4321, H 4.76, N 7.87; found: C 42.83, H 4.68, N
7.80.

Synthesis of [Rh(C—N)MeCN](PF ),

[Rh(C—N)CII(PF4) (0.03 g, 0.052 mmol) was dissolved in 3 mL CH,CN
and AgPF; (0.01g, 0.057 mmol) was added. The reaction mixture
was stirred overnight at room temperature under exclusion of light
and filtered through Celite. The solvent was reduced to 1 mL and
overlaid with Et,0 yielding yellow crystals of [Rh(C—N)MeCN](PF,),
(0.04 g, 0.052 mmol, >99 %) suitable for X-ray diffraction analysis.

'H NMR (700 MHz, CD,CN) 6 =8.82 (dd, J=56, 09 Hz, TH), 8.45
(ddd, J=8.2, 7.7, 1.5 Hz, 1H), 833 (ddd, J=8.2, 1.3, 0.7 Hz, 1H), 7.93
(ddd, J=7.7, 5.6, 1.3 Hz, 1H), 7.73-7.69 (m, 1H), 7.55 (d, J=8.2 Hz,
1H), 7.51 (d, J=7.7 Hz, 1H), 4.06 (s, 3H), 2.70 (hept, J=6.6 Hz, 1H),
265 (hept, J=6.6 Hz, 1H), 1.96 (s, 2H), 1.53 (s, 15H), 1.36 (d, J=
6.7 Hz, 3H), 1.30 (d, J=6.6 Hz, 3H), 1.25 (d, J=6.8 Hz, 3H), 0.94 (d,
J=6.8 Hz, 3H) ppm; *C{'H} NMR (176 MHz, CD,CN) 6 =160.57 (d,
J=483Hz, 1C, Rh-MIC), 15286, 151.53, 15095, 150.85, 14741,
14739, 144.70, 13355, 138.39, 12598, 12598, 12542, 12236
166.36, 116.35, 101.97 (d, J=7.6 Hz, 5C, Rh-Cp¥), 39.72, 3153,
3140, 25.84, 25.63, 24.84, 23.67, 9.89 ppm; MS (ESI-ToF): m/z found:
557.2158, calcd: 557.2230 (C,,H,,N,Rh'); Elemental analysis calcd.
(%) for Ci,HqF 1 N4P,Rh: C 43.21, H 4.76, N 7.87; found: C 43.03, H
4.68, N 7.80.

Synthesis of [Rh(C—C)H](PF,)

[Rh(C-C)CII(PF;) (0.05g, 0.087 mmol) was added in a 10mL
Schlenk-tube and rigorously stirred until a fine powder was formed.
Subsequently, 3 mL of an aqueous NaOOCH/HCOOH (excess, pH =
48) was added and the fine suspension was refluxed at 85°C
overight. The yellow suspension was filtered and washed exten-
sively with degassed H,0 and dried overnight at 40°C. The yellow
solid was transferred in the synthetic glovebox and dissolved
CD,CN (for NMR) or THF (for crystallization) and filtered through a
syringe filter. The THF solution was overlaid with n-hexane yielding
crystalline material of [Rh(C—C)H](PF,) (0.03 g, 0.035 mmol, 40%
isolated yield, >98% NMR yield). Unfortunately, the obtained
crystals were not suitable for X-ray diffraction analysis and all our
attempts to obtain single crystals failed.

'H NMR (500 MHz, CD,CN) 6 =8.74 (dq, J=5.7, 1.0 Hz, 1H), 8.09-
8.05 (m, 2H), 7.64 (t, J=7.8 Hz, 1H), 7.52-7.48 (m, 2H), 745 (dd, J=
7.8, 1.3 Hz, 1H), 4.49 (s, 3H), 2.73-2.65 (m, 1H), 2.67 (hept, J=6.8 Hz,
1H), 2.63 (hept, J=68 Hz, 1H), 1.56 (d, J=0.8 Hz, 15H, through
space coupling of Cp* with Hydride), 1.39 (d, J=6.8 Hz, 3H), 1.32 (d,
J=6.8Hz, 3H), 124 (d, J=6.7Hz, 3H), 089 (d, J=6.9Hz 3H),
—11.46 (d, J=22.0Hz, 1H) ppm; *C{'"H} NMR (126 MHz, CD,CN)
O (ppm) =155.19, 149.46, 147.57, 146.86, 143.30, 138.73, 13548,
132.81, 125.70, 125.29, 125.17, 122,07, 98.42 (d, J=5.2 Hz, 5 C, Rh-
Cp¥), 40.07, 29.76, 29.40, 27.17, 25.63, 22.30, 22.28, 10.13 ppm; MS
(ESI-ToF): m/z found: 593.2301, calcd: 593.2303 (C;oH,,N,Rh");
557.2135, calcd: 557.2230 (CyHxN:Rh *); Elemental analysis calcd.
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(%) for Cy,HaF,,NP,Rh: C 51.14, H 5.72, N 7.98; found: C 49.90, H
5.64,N 7.56.

Note: The 'H NMR shows no equilibrium with [Rh(C—C)]. Some
traces of acidic impurities in the CD,CN might shift the equilibrium
to [Rh(C—C)HI(PF,).

Synthesis of [Rh(C—N)H](PF5)

[Rh(C—N)CII(PF;) (0.05g, 0.087 mmol) was added in a 10mL
Schlenk-tube and rigorously stirred until a fine powder was formed.
Subsequently, 3 mL of an aqueous NaOOCH/HCOOH (excess, pH=
4.8) was added and the fine suspension was refluxed at 85°C for
two hours. The yellow suspension was filtered and washed
extensively with degassed H,O and dried overnight at 40°C. The
yellow solid was transferred in the synthetic glovebox and
dissolved CD,CN (for NMR) or THF (for crystallization) and filtered
through a syringe filter. The THF solution was overlaid with n-
hexane yielding yellow single crystals of [Rh(C—N)H](PF,) suitable
for X-ray diffraction analysis (0.03 g, 0.037 mmol, 43 % isolated yield,
>98% NMR yield).

'H NMR (500 MHz, CDsCN) 6 =8.62 (d, J=5.6 Hz, TH), 8.20 (d, J=
3.8 Hz, 2H), 7.66-7.60 (m, 2H), 747 (d, J=79 Hz, 1H), 742 (d, J=
7.8 Hz, 1H), 3.94 (s, 3H), 2.83 (hept, J=6.8 Hz, 1H), 2.58 (hept, J=
6.9 Hz, 1H), 1.64 (d, J=0.8 Hz, 15H, through space coupling of Cp*
with Hydride), 1.37 (d, J=6.7 Hz, 3H), 1.28 (d, J=6.7 Hz, 3H), 1.21 (d,
J=6.7 Hz, 3H), 096 (d, J=6.9Hz, 3H), —11.48 (d, J=23.1Hz, 1H)
ppm; "*C{'H} NMR (126 MHz, CD,CN) 6 =168.72 (d, J=48.5Hz, 1 C,
Rh-MIC), 153.50, 151.53, 150.62, 150.60, 146.70, 146.65, 141.17,
132.80, 126.55, 125.12, 124.99, 123.87, 11497, 98.77 (d, /=52 Hz,
5C, Rh-Cp*), 39.00, 31.66, 3156, 25.33, 24.97, 24.54, 24.34,
10.33 ppm; MS (ESKToF): m/z found: 593.1985, calcd: 593.2303
(C3oHuN,Rh '); 557.2185, caled: 557.2230 (CyHssN:Rh '); Elemental
analysis calcd. (%) for Cy,H.,F,,N,P,Rh: C 51.14, H 5.72, N 7.98;
found: C 51.04, H 5.79, N 7.65.

Note: The 'H NMR shows no equilibrium with [Rh(C-N)]. Some
traces of acidic impurities in the CD,CN might shift the equilibrium
to [Rh(C—N)H](PF,).

Synthesis of [Rh(C—C)]

[Rh(C—Q)CII(PFy) (0.05 g, 0.087 mmol) was dissolved in 5mL THF
and stored overnight at —40°C. Upon addition of KCy (0.03 g,
0.182 mmol), the color changed immediately from orange to
intense green. The reaction mixture was stirred for two hours at
room temperature and filtered through a syringe filter. The solvent
was evaporated and the crude product was dissolved in some
drops of THF and n-hexane, filtered and stored at —40°C for one
month yielding a green solid (0.04 g, 0.068 mmol, 78%). Unfortu-
nately, we were not able to isolate single crystals suitable for X-ray
diffraction analysis in various solvents and different temperatures.
The obtained 'H and *C NMR spectrum was generated by addition
of NaBH, to [Rh(C—C)H](PF,) in CD,CN at room temperature after
one hour, since some reducing reagent was presented in the crude
product (> 98%, NMR yield).

'H NMR (500 MHz, CD,CN) 6 =870 (dd, J=6.3, 1.0 Hz, 1H), 7.61-
7.58 (m, 1H), 7.58-7.54 (m, 1H), 7.42 (d, J=7.8 Hz, 2H), 7.27-7.22 (m,
1H), 6,52 (td, J=6.5, 1.3 Hz, 1H), 443 (s, 3H), 2.69 (hept, J=6.8 Hz,
2H), 158 (s, 15H), 1.31 (d, J=6.9 Hz, 6H), 0.97 (d, J=6.8 Hz, 6H); '*C
{'H} NMR (126 MHz, CD,CN) & =150.53, 148.63, 146.15, 140.65,
137.64, 129.89, 123.27, 120.23, 11895, 116,63, 89.74 (d, J=5.6 Hz,
5C, Rh-Cp*), 37.63, 27.75, 23.70, 21.71, 9.12 ppm; MS (ESI-ToF): m/z
found: 559.2286, calcd: 559.2281 (C,,H,,N,Rh ).
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Synthesis of [Rh(C-N)]

[Rh(C—-N)CII(PF,) (0.05g, 0.087 mmol) was dissolved in 5mL THF
and stored overnight at —40°C. Upon addition of KC; (0.03 g,
0.182 mmol), the color changed immediately from orange to
intense purple. The reaction mixture was stirred for two hours at
room temperature and filtered through a syringe filter. The solvent
was evaporated and the crude product was dissolved in some
drops of THF and n-hexane, filtered and stored at —40°C for one
month yielding a purple crystal (0.01 g, 0.009 mmol, 10%) suitable
for X-ray diffraction analysis. The obtained '"H NMR spectrum was
generated by addition of NaBH, to [Rh(C—N)HI(PF,) in CD,CN at
room temperature after 10 minutes, since some reducing reagent
was presented in the crystalline product (>95%, NMR yield).
Unfortunately, we were not able to record a reasonable *C NMR.

'H NMR (500 MHz, CD,CN) 6 =8.77 (dd, J=6.4, 0.7 Hz, 1H), 7.63 (d,
J=82Hz, 1H), 7.57-7.52 (m, 1H), 741 (d, J=7.7 Hz, 3H), 6.75 (td,
J=6.8, 12 Hz, TH), 361 (s, 3H), 2.81 (hept, J=66 Hz, 2H), 1.68 (s,
15H), 1.29 (d, J=6.8 Hz, 6H), 1.01 (d, J=6.9 Hz, 6H) ppm; MS (ESI-
ToF): m/z found: 279.1132, calcd: 279.6149 (CygH.N.Rh? ).

Performance of the Hydride Reactivity Experiments

Reactivity with NaBH,;: The respective [RhCp*] hydride complex
was dissolved in CD,CN and NaBH, was added at room temper-
ature. The yellow reaction mixture changed rapidly to a deep
purple (for [Rh(C-N)H](PF,)) or dark green (for [Rh(C—N)HI(PFy))
solution under the evolution of gas. The reaction mixture was
stirred for additional 10 min and transferred in a young NMR tube
using a syringe filter.

Reactivity with TEMPO: The respective [RhCp*] hydride complex
was dissolved in CH,CN and TEMPO (approx. 0.9 eq.) (=(2,2,6,6-
tetramethylpiperidin-1-yl)oxyl)) was added at room temperature.
The reaction mixture was stirred until the TEMPO was completely
dissolved and directly transferred in the EPR tube.

Reactivity with Tritylium: The respective [RhCp*] hydride complex
was dissolved in CD,CN and [(C,H,),C](PF,) was added (>1 eq). The
reaction mixture was stirred for 10 min and transferred in a young
NMR tube.

t Electronic supplementary information (ESI) available: Synthetic
procedures, NMR spectra, X-ray crystallographic data, electrochem-
istry, spectroelectrochemistry, reactivity studies and computational
details.
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