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Abstract

Inspired by nature, biomimetic iron complexes can be used to act as catalysts in selective
oxidation reactions. In this process, high-valent oxo species of the iron complexes are
passed through. Besides the ligand design for such iron complexes, the structure of the
precursor complexes and the coordination chemical behaviour in solution are key to the
high-valent iron-oxo species and to investigate their catalytic activity.

In this work, tri- and tetradentate ligands with N- and O-donors were synthesised and
investigated. For a bis(pyrazolyl)ethanol ligand, a bisfacial coordination of iron with a {N3}-
coordination of the ligand was found. The investigated tetradentate ligands (MeC(Py),Phen,
MeC(Py),PicMe and NQus) with {Ny }- or {N30}-donor set always leave two cis-positioned
coordination sites for labile co-ligands in an octahedral coordination environment. These
are particularly important for catalytic oxidation reactions with high-valent iron-oxo in-
termediates. For all three tetradentate ligands, a [Fe!VL =0]%* species could be detected by
mass spectrometry. UV/Vis spectroscopic investigations also show typical iron-oxo bands.
For complexes with the ligand MeC(Py).Phen, the catalytic C - H bond oxidation could also
be successfully investigated.

The structure of the corresponding precursor complexes was investigated in the solid state
and in solution. The main focus was on the co-ligand competition of triflate and acetonitrile.
While different species were observed in the solid state, all results in solution suggest that
acetonitrile is coordinating when used as a solvent. Furthermore, spin crossover behaviour
in solution was observed for complexes with ligands MeC(Py),PicMe and NQus; in acetoni-
trile.

A large number of potential precursor complexes with (weakly) coordinating anions could
be structurally characterised by single crystal X-ray diffraction. Selected substances were
also investigated with magnetometry or Mof3bauer spectroscopy. UV/Vis spectroscopy,
NMR spectroscopy, magnetometry or Mof3bauer spectroscopy were used for coordination
chemical investigations in solution.

The low-spin complex [Fe(MeC(Py),Phen)(MeCN),](OTf), was investigated for short-lived
excited states by femtosecond X-ray emission spectroscopy and compared with the photo-
physical properties of a bisfacial iron(Il) complex of a bis(pyrazolyl)pyridinylmethane ligand.
Both show similar photophysical behaviour to that of the well-studied iron(II) bipyridinyl

complex.
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Kurzzusammenfassung

Inspiriert von der Natur konnen biomimetische Eisenkomplexe als Katalysatoren in selek-
tiven Oxidationsreaktionen eingesetzt werden. Dabei werden hochvalente Oxo-Spezies
der Eisenkomplexe durchlaufen. Neben dem Ligandendesign fiir solche Eisenkomplexe ist
die Struktur der Prakursorkomplexe und das koordinationschemische Verhalten in Losung
sehr wichtig fiir die Bildung der hochvalenten Eisen-Oxo-Spezies und ihre katalytische
Aktivitat.

Im Rahmen dieser Arbeit wurden tri- und tetradentate Liganden mit N- und O-Donoren
synthetisiert und untersucht. Fir einen Bis(pyrazolyl)ethanolliganden konnte eine bisfa-
ciale Koordination von Eisen mit einer {Nj3 }-Koordination des Liganden festgestellt werden.
Die untersuchten tetradentaten Liganden (MeC(Py);Phen, MeC(Py),PicMe und NQus) mit
{N4}- bzw. {N30}-Donoren-Set lassen in einer oktaedrischen Koordinationsumgebung im-
mer zwei cis-stindige Koordinationsstellen fiir labile Coliganden frei. Diese sind besonders
wichtig fiir katalytische Oxidationsreaktionen mit hochvalenten Eisen-Oxo-Intermediaten.
Fiir alle drei tetradentaten Liganden konnte eine [Fe'VL=0]?" Spezies mittels Massenspek-
trometrie nachgewiesen werden. Auch UV/Vis-spektroskopische Untersuchungen zeigen
typische Eisen-Oxo-Banden. Fiir Komplexe mit dem Liganden MeC(Py),Phen konnte zudem
die katalytische C — H-Bindungs-Oxidation erfolgreich untersucht werden.

Bei den zugehorigen Prakursorkomplexen wurde die Struktur im Festkorper und in Losung
untersucht. Das Hauptaugenmerk lag dabei auf der Coliganden-Konkurrenz von Triflat und
Acetonitril. Wéahrend im Festkorper verschiedene Spezies beobachtet wurden, legen alle
Ergebnisse in Losung nahe, dass Acetonitril koordinierend vorliegt, wenn es als Losungsmit-
tel verwendet wird. Des Weiteren konnte fiir Komplexe mit den Liganden MeC(Py),PicMe
und NQujs in Acetonitril Spin-Crossover-Verhalten in Losung beobachtet werden.

Eine Vielzahl an potenziellen Prakursorkomplexen mit (schwach) koordinierenden Anio-
nen konnte im Festkorper mit Einkristallrontgendiffraktometrie strukturell charakterisiert
werden. Ausgewdhlte Substanzen wurden zudem mit Magnetometrie oder Mofibauer-
Spektroskopie untersucht. Fiir koordinationschemische Untersuchungen in Losung kamen
UV/Vis-Spektroskopie, NMR-Spektroskopie, Magnetometrie oder Mof3bauer-Spektroskopie
zum Einsatz.

Der Low-Spin-Komplex [Fe(MeC(Py);Phen)(MeCN);](OTf), wurde mittels Femtosekunden-
Rontgen-Emissions-Spektroskopie auf kurzlebige angeregte Zustande hin untersucht und
mit den photophysikalischen Eigenschaften eines bisfacialen Eisen(Il)-Komplex mit einem
Bis(pyrazolyl)pyridinylmethanliganden verglichen. Beide zeigen ein dhnliches photo-
physikalisches Verhalten wie der gut untersuchte Eisen(II)-Bipyridinyl-Komplex.
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Introduction



1 Motivation & Overview of Related Work

Iron is a life-sustaining element, of which every human body contains about 3-5 g.[1 It is
not present in its metallic bulk form as we know it from everyday life, but is mostly bound
as cation with 4500 (ferritin) to single iron centres in metalloenzymes.[?] In the latter case,
where only one or two iron centres are surrounded by the protective protein scaffold and
coordinated by amino acids of the protein, there are specific sites at the metal centre for
the coordination of further co-ligands.

Are ligands and co-ligands binding to an iron centre only an issue for coordination chemists?
No! Perhaps the most important co-ligand for iron is molecular dioxygen, which binds to the
iron-containing metalloprotein hemoglobin in the human bloodstream and is responsible
for oxygen transport in the body. In modern medical care, to ensure that this life-sustaining
process is working properly, the oxygen saturation of the arterial blood is monitored by
pulse oximetry. This non-invasive continuos method of measuring is based on the different
ultraviolet-visible (UV/Vis) and near-infrared (NIR) absorption bands of oxy- and desoxy-
hemoglobin. Therefore, the photometrical determined concentration of oxy-hemoglobin is
divided by the total hemoglobin concentration resulting in an oxygen saturation value. -5
Especially in the recent COVID-19 pandemic, where one of the symptoms of infection can
be low dioxygen saturation, it is crucial to monitor the dioxygen saturation in the patient’s
blood.[®] But other co-ligands such as carbon monoxide, which bind to the iron centres
of hemoglobin and thus alter the light absorption behaviour, can also be photometrically
detected in the human body.[”} Carbon monoxide can block the dioxygen coordination site
in hemoglobin due to its higher binding affinity towards the iron centre which dangerously
disrupts the oxygen transport. [*]

Bioinorganic chemistry aims at understanding how metal containing proteins work and
what we can learn from nature about coordination chemistry. This can be achieved by
investigations on the metalloproteins themselves or via model complexes. Modifications of
biomimetic compounds deepen insight into nature’s design and sometimes even how this
can be improved for non-biological catalytic applications.

A key feature of metalloproteins is their ability to perform dioxygen activation and selective
oxidation reactions in an atom-economical manner under relatively mild conditions, what

-1 Without a catalyst, reactions of organic

is lacking in conventional oxidation methods.!
substrates with dioxygen are spin-prohibited and therefore kinetically hindered, although
they are thermodynamically favourable. '] Hence, it is of great interest to develop catalyti-
cally active biomimetic complexes. Iron complexes are promising candidates because there
are so many natural models in the form of iron metalloenzymes and iron is also the fourth

most abundant metal in the earth’s crust and is additionally affordable and non-toxic. [>13-1]
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1.1 Iron Metalloproteins

1.1.1 Structures of Iron Metalloproteins

Besides the transport of oxygen, which is performed by hemoglobin, there are more iron
metalloproteins that have different functions in the human body. These are e. g. storage
of iron (myoglobin, ferritin, hemosiderin), electron transfer (cytochrome c, iron-sulphur
proteins) or catalysis (cytochrome c oxidase, cytochrome P450).[1°! Catalytically active
metalloproteins are also called metalloenzymes.

Iron contining enzymes display three recurring structural motifs (Figure 1.1): The mononu-

clear heme motif, mononuclear non-heme enzymes and dinuclear non-heme enzymes.[']

B (]
H-.
o) Oaiu
ﬁ Orsp o] | 0 ' Ogi
R._O—Fe O eV el
il N” N0 TN
| Ny His 0:.-0 His
NHIS \r
Glu
mononuclear dinuclear
heme non-heme

Figure 1.1: Examples of three active centres in oxygen activating iron enzymes. A: heme enzyme:
compound-I intermediate (catalyse, peroxidase or cytochrome-P450), B: mononuclear non-heme
enzyme: intermediate J of taurine dioxygenase, C: dinuclear non-heme enzyme: intermediate Q
of soluble methane monooxygensase. Histidine (His), aspartic acid (Asp) and glutamic acid (Glu).
Structures adapted from HOHENBERGER et al.[!7]

The heme enzymes are named after the heme complexes which feature a macrocyclic por-
phyrin moiety with four N-donors in the equatorial plane of an octahedral coordination
sphere of an iron centre (Figure 1.2).['®1°] Enzymes without this additional heme moiety
bind iron cations directly with the amino acid side chains of the protein. For mononuclear
metalloenzymes these are usually two histidine (His) and one deprotonated aspartic acid
(Asp) or glutamic acid (Glu) side chain in a facial arrangement of the octahedral coor-
dination sphere — the 2-His-1carboxylate (2H1C) facial triad.[1*-?!] The three remaining
coordination sites in the octahedral coordination geometry can be occupied by molecular
oxygen, substrate(s) or water. The latter is the case in the enzymes resting state.[??] The
first single crystal X-ray diffraction (SCXRD) structures of enzymes in which iron centres
are coordinated by a 2H1C facial triad were reported in the mid 1990s. These include the
extradiol cleaving 2,3-dihydroxybiphenyl 1,2-dioxygenase’, the pterin-dependent tyrosine

“BphC; PDB (Protein Data Bank) ID[?3]: 1HAN[?4] and 1DHY [#]
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heme: non-heme:
porphyrin based 2-His-1-carboxylate facial triade
C|)Asp/GIu
ovNhig
Fe
N (=
NHhis

v

Figure 1.2: Schematic depiction of a porphyrin scaffold [*¥] coordinating an iron centre in heme iron
complexes (left) and a 2-His-1-carboxylate facial triad?°] coordinating an iron centre in non-heme
iron complexes (right) for an octahedral coordination sphere. Labile co-ligands (X): O,, substrate(s)
or water. Colour code for octahedron: iron = red, donor atoms = blue, co-ligand positions = grey.

hydroxylase, isopenicillin N synthase*, iron superoxide dismutase’ and soybean lipoxy-
genasel.[2021] The structure of isopenicillin N synthase is shown in Figure 1.3. In this
structure, the co-ligand positions in the octahedral coordination sphere are occupied by
water, nitric oxide and L-D-(a-Aminoadipoyl)-L-cysteinyl-p-valine (ACV). About 10 years
later, the number of structures containing the 2H1C facial triad motif has grown to 125 out

of 30 different enzymes emphasising the importance of this structural feature. [3°]

Figure 1.3: Structure of isopenicillin N synthase from apergillus nidulans (INPS; PDB ID: 1BLZ,
left) and close up of 2H1C facial triad (His214, His270, Asp216) coordinating an Fe(IIl) ion in this
structure. Co-ligand position are occupied by H,0, NO and 1-p-(a-Aminoadipoyl)-L-cysteinyl-D-
valine (ACV).[?”] Crystal solvent molecules are omitted for clarity. Colour code: blue = nitrogen, red
= oxygen, yellow = sulphur, orange = iron, dark green = protein scaffold. 2331

TTyrH; PDB ID: 1TOH [%6]
#IPNS; PDB ID: 1BKO0 and 1BLZ 7]
§FeSOD, PDB ID: 1ISB [28]
1SOL-1; PDB ID: 1YGE [?]
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In addition to the 2H1C facial triad, another structural motif of facial coordination has
recently been identified: the 3-His facial triad (3H).[3*~%] Although it seems to be much
rarer, it enables a similar dioxygen activation as the 2H1C triad. ?>34] Examples for enzymes
containing a 3H facial triad are cysteine dioxygenase (CDO), [30-3¢]

nase (Dke1)[3°] and gentisate 1,2-dioxygenase (GDO).!4"] In Figure 1.4 the 3H coordination

acetylacetone dioxyge-

motif of human cysteine dioxygenase is shown with cysteine as coordinating substrate, [3°]
Other atypical non-heme coordination motifs deviating from the commonly occurring 2H1C
motif like 2-His, 3-His-1-carboxylate and 4-His have been identified. [??]

Figure 1.4: Structure of human cysteine dioxygenase (CDO; PDB ID: 2IC1, left) and close up of 3H
triad (His91, His93, His145) coordinating an Fe(Il) ion in this structure. The substrate cysteine is
coordinating as co-ligand.[*} Crystal solvent molecules are omitted for clarity. Colour code: blue =
nitrogen, red = oxygen, yellow = sulphur, orange = iron, dark green = protein scaffold. [233!]

1.1.2 Catalytic Reactivity of Non-Heme Iron Enzymes

In the metabolism of molecular oxygen — as required for aerobic life — mononuclear non-
heme iron enzymes play a key role.[??] Although reactions with molecular oxygen are
thermodynamically favourable, they are kinetically hindered because the reaction of organic
substrates with oxygen are spin-forbidden.[*?! Mononuclear non-heme iron enzymes are
able to facilitate these spin-forbidden reactions (see Table 1.1 for an overview of common
reaction types for enzymes with 2H1C facial triad).[122°]

For mononuclear metalloenzymes the activation of molecular oxygen proceeds along a
common mechanism (Figure 1.5). In the first step molecular oxygen is bound to the metal
centre, resulting in a superoxo species. This changes the kinetically inert ground state
of dioxygen to a radical anion doublet state, increasing its reactivity. If this species is
reduced with one electron to a peroxo species this can subsequently be protonated to
a hydroperoxo species. Alternatively, the superoxo species can react with a hydrogen
radical to a hydroperoxo species in a single step. The hydroperoxo species can undergo two

different O - O cleavage reactions — homolysis or heterolysis — forming high-valent oxo
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Table 1.1: Selected sub-classes of mononuclear non-heme iron enzymes of the enzyme super-family

with 2H1C facial triad, associated reaction types and examples. |

12,20]

Enzyme sub-classes Reaction type Enzyme examples

o-KG dependent enzymes  hydroxylation, taurine:a-KG dioxygenase
desaturation, clavaminate synthase
epimerisation, carbapenem synthase

heterocyclic ring formation
& expansion,

epoxidation,

endoperoxide formation

deacetoxycephalosporin C synthase

4’-methoxyviridicatin synthase
fumitremorgin B endoperoxidase

pterin-dependent
hydroxylases

hydroxylation of aromatic
rings

tyrosine hydroxylase

Rieske oxygenases

2 e~ oxidation

naphthalene 1,2-dioxygenase

isopenicillin N synthase

4e” oxidative ring closure

isopenicillin N synthase

ethylene forming enzymes

2 e~ oxidation

1-aminocyclopropane-1-
carboxylate oxidase

(S)-2-hydroxypropyl-1-

1,3-dehydrogenation to

(S)-2-hydroxypropyl-1-

phosphonate epoxidase epoxide phosphonatepoxidase
KG = ketogluterate.
| H Y
— "OH (M+2)+—

M™ + Oy —= MM 1—0), M D+—0pH — ™

superoxo  ~& HZ~ hydroperoxo “——— OH 4+ M(™3)+—

M) +— g‘
0X0
peroxo

Figure 1.5: Unified mechanism for oxygen activation at mononuclear metalloenzymes with metal
centre M. Mechanism adapted from Ray et al.['*]

species of different oxidation states.[!*] Afterwards, the high-valent oxo species can react
with a substrate. This oxygen activation mechanism is the key to many catalytic cycles for
metalloenzymes.

Reactions performed by these metalloenzymes are highly selective and work under mild
reaction conditions. Inspired by the plethora of different functionalisations made possible
by these enzymes, researchers are keen to understand the key reactivity properties of the

enzymes as well as to harness catalytic capabilities using model complexes.

1.2 Biomimetic Non-Heme Iron Model Complexes

1.2.1 Design of Model Complexes

In the field of biomimetic chemistry the aim is to synthesise and study model compounds

that mimic natural metalloenzymes. These synthetic analogues are needed because, besides



Motivation & Overview of Related Work 7

imitating the catalytic properties of natural enzymes, studying the function of metalloen-
zymes is often challenging on the sophisticated biomolecules themselves.*! The design
of small model complexes that mimic essential parts such as the reactivity or structural
features of the biomolecule can help in these investigations. Compared to rather structurally
sophisticated enzymes, model complexes are a minimalist version of them. The original
protein scaffold is mimicked by more straightforward multidentate ligands with only a
fraction of the atoms.!*? In the process, the first (and second) coordination spheres of

34,43-45]

the metal ion are recreated.! Designing biomimetic model complexes can pursue

two objectives: modelling the structure or the catalytic activity of the natural enzyme. 4]
Ideally, both objectives are combined in a model compound that can mimic structure and

functionality as accurate as possible. [4!]

Structural Model Complexes

Structural model complexes that focus on a detailed replica of the active site of a metal-
loenzyme are synthesised to gain a better understanding of the structure around the metal
centre at the active site and deeper insights into the mechanism of the catalytic cycle of the

[47,48]

enzyme. Also, model systems are used as reference for interpretation of experimental

data from natural enzymes. (4]

For example, proteins are often very challenging to crystallise
for structure investigations via SCXRD, which is easier with smaller molecules like model
complexes. And even if the proteins are available as single crystals the obtained structures
usually have lower resolutions than the ones of the smaller model complexes.® Also,
different spectroscopic data from model systems and their natural paragons are collected
and compared to gain deeper insights into the processes at the active site, [1417:47.51,52]

One goal in the field of structural model complexes is the more detailed mimic of the
coordination environment at the active site e.g. of the 2H1C facial triad in the low-valent
iron(I)/(IT) precursor complexes. Therefore, suitable {N,O}-donor ligands are needed. To
force a facial arrangement of the donors, the model ligands are usually tripodal. However,
without the pre-organised structure of a protein, these tripodal ligands tend to form bisfacial
complexes with two ligands attached to a single metal cation. >3 This blocks the three
coordination sites that should be vacant for an accurate structural model of a 2H1C facial
triad. Additionally, most anionic O-donors have the tendency to coordinate in a bridging
mode.[53] To overcome these problems, there are several strategies like increasing steric
demand or the bite-angle of the ligand. 3] Despite that, there is only a small number of
complexes exhibiting a monofacial coordination by a tripodal {N,O}-donor ligand.[3>33-57]
Ligands that have been successfully used for monoligated model complexes analysed by
SCXRD are listed in Figure 1.6.

To understand the reaction pathways of metalloenzymes, it is not only important to struc-
turally characterise the resting state, but also to identify the reactive intermediates. There-

fore, another important aspect of structural models is the synthesis and characterisation of
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B 7%

| \ | X
~-N NN~
bdmpza IMNNO HC(Py)>(Mez0sazabicyclononaneCO57)
Burzlaff, 2003 Klein Gebbink, 2005 Que, 2006

BEPIP BMMeg|prPr IMPhZNNOBU
Klein Gebbink, 2007 Klein Gebbink, 2016 Klein Gebbink, 2021

Figure 1.6: Tridentate tripodal {N,O}-ligands for modelling 2H1C facial triad with mononuclear
monoligated iron complexes characterised by SCXRD. [3%54-57]

the high-valent oxo intermediates. The first non-heme model complex that mimicked
the high-valent iron(IV)oxo intermediate of mononuclear iron enzymes and that was
structurally characterised by SCXRD was presented by ROHDE et al. in 2003 (Cambridge
Structural Database (CSD)[*8! refcode: WUSJOJ).[%) They used the macrocyclic ligand
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane (TMC) which enabled a very stable
iron(IV)oxo complex (S = 1, at least 1 month @ —40 °C, Figure 1.7, top). There was already
a spectroscopic hint (M68bauer spectroscopy) of an iron(IV)oxo species of non-heme model
complexes with a different ligand, but it formed in low yield and was not stable long enough
to be crystallised. > This development was far behind the heme model systems where the
first thoroughly spectroscopically characterised model complex was presented in 1981 by
GROVEs et al.l] In the very beginning, the aim of these model complexes was to prove
that mononuclear high-valent iron-oxo species are also possible without a heme-based
ligand. %% Parallel to the discovery of the first iron(IV)oxo model complex in 2003, the
first non-heme iron(oxo) species was spectroscopically identified in the non-heme enzyme

taurine:a-ketoglutarate dioxygenase (TauD). [49:6263]

A second early example for an iron(oxo)
species in a model system that was stable enough for crystallisation and characterisation via
SCXRD was [FeIV(O)(N4Py)]2+ (N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine)
in 2005 by KLINKER et al.[%*] Until today there are 19 structures of mononuclear iron(IV)oxo

complexes listed in the CSD (04.07.2023, Table 1.2). (58] No structures of mononuclear non-
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(\l N/_O\N
~ ~ ,. A
EN N] 4 N,Fle,N\

/=" N\

>N NC .’H
o]
L/ A
T™MC Fe(IV)O(TMC)(MeCN)J3+
R= NN
-, mf‘ ~ 1@4 );?

TMC-CH»C(O)NMe,)
N N
Rz{\>—\ /—(/}Rz @ I\ D
=N N N= N N N
Ry /N N\ R4 /N N\
N | = N | | =

N4Py (Ry, R = H) N2Py2B

w N4Py?A™ (R, = H, Ry = 2,6-difluorophenyl)

(5-Me)2-N4Py (R1 = H, Rz = Me)

TMGgtren Habuea SMe2N,(tren)

Figure 1.7: First non-heme iron(IV)oxo model complex characterised with SCXRD by RoOHDE et al.
(top).5% Ligands used for non-heme iron(IV)oxo model complexes listed in the CSD (bottom). [**]
CSD refcodes and references are listed in Table 1.2. Schematically donor set-up (left) and ligand
backbone highlighted in bold.
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Table 1.2: Structures of mononuclear non-heme iron(IV)oxo complexes listed in the CDS and their
corresponding Fe = O bond lengths and used ligands. **] Ligands are depicted in Figure 1.7.

CSD refcode Year Fe=O[A] Ligand

wusjoj 50! 2003  1.646 TMC
PASREH[¢4] 2005 1.638 N4Py
YOHHE] [6%] 2008  1.667 TMC-py
ANEXAT[66] 2010 1.661 TMGstren
UPICUS 7] 2010 1.68 Hsbuea
FESKEV [68] 2013 1.66 LNHC
ZIYYENI69] 2014  1.658 TMC-CH,C(O)NMe,
JUWCUB!! 2015 1.624 TMC

IXICEZ ["!] 2016  1.66 N4py?Ar!
JIKZUB 72 2018  1.677 N2Py2Q
JILBAK (7] 2018 1.656 N2Py2B
TICHEV 73] 2018  1.65 TMC

TICHIZ 73] 2018 1.636-1.667 TMC
KOGZIS[74 2019  1.656 Py5Me,
KOGZOY "4 2019  1.654 (5-Me),-N4Py
KOGZUE[7>] 2019  1.672 LNHC
BUNBUK!®l 2020 1.703 cyclam
FEJCAC"7] 2022 1.603 SMe2Nstren
WAWMAM 78] 2022 1.642 L1-On

heme iron(V)oxo complexes were reported. A major part of the structures comprises
macrocyclic ligands with four donors very similar to TMC or variations of the parent TMC
ligand with an additional pendant fifth donor (Table 1.2, Figure 1.7). The other major class
is supported by pentadentate ligands that are derived from N4Py. Only three examples are
supported by tetradentate tripodal ligands (Table 1.2, Figure 1.7).

The number of iron-oxo species characterised only spectroscopically is far larger than the

47,48]

structurally characterised ones.[ This is explained by the fact that many of the iron-oxo

species are too unstable and reactive to be crystallised for structural characterisation.

Functional Model Complexes

The functional modelling of metalloenzymes is of even greater interest than structural
modelling. Nature shows in an elegant way how reactions can be carried out effectively
and selectively at ambient conditions. This has been motivation for chemists in the last
decades to understand, recreate and extend this reactivity. [%13427930]

When it comes to catalytically active model complexes, tridentate ligands allow a bisfacial
coordination. As mentioned before, there is a risk of bisfacial coordination of the metal centre
blocking labile coordination sites which are important for catalysis. '] Therefore, many
of the catalytically active biomimetic iron complexes are based on tetra- or pentadentate

ligands. They shield more of the primary coordination sphere of the iron centre while still
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leaving enough well designed space for labile co-ligands.

Although nature uses a mix of N- and O-donors in its iron enzymes, most ligands used in
reactive high-valent iron-oxo model complexes are based solely on N-donor functions, [81:8%]
A reason for this may be that they are often easier to manipulate in their donor ability than
O-donors. For example, the closest position where sterically or electronically manipulation
of carboxylate groups is possible is at the a-carbon behind the carbonyl carbon atom which
is three atoms away from the metal centre. (191 N-donors like amine, amide, imine or N-
heterocycles offer a larger variety and manipulation options closer to the metal centre.[1°]
As mentioned before, anionic O-donors can act as bridging ligands.[>3]

PArk and LEE reviewed tri-, tetra- and pentadentate N-donor ligands for biomimetic non-
heme iron complexes and tried with a taxonomic approach to categorise the ligands suitable

(19]

for this kind of chemistry.!"”! Their proposed “family tree” and classification of N-donor

ligands is shown in Figure 1.8.

linear branched

e

macrocyclic ~_aen tridentate J
tidentate |~ l.e="" L3) md(grg)me
M3 e .
T L o .
-'. ----- Ll :
o
2
g %
c ..
)
K]
linear
% macrocyclic macrocyclic tetradentate ; e‘i::g::te; o :)rirsgﬁr:tg
= bidentate tridentate (L4) B4 1
+2 pendant +1 pendant (B4) + g:;?ant
(M2E2) (M3P1) (23l
: macrocyclic : *e, : :
tetrtadentate H R H .
(M4) : LN :
. .
A S
g 0 0
: o S*’ £ 2{ } w
2
it
c
g Y
g ey branched
=
5 tetradentate pent?gg)n lai
o + 1 pendant
macrocyclic macrocyclic (L4P1)
tridentate tetrtadentate
+ 2 pendants + 1 pendant
(M3P2) (M4P1)
O N-donor

Figure 1.8: Schematic depiction of N-donor ligands for biomimetic iron complexes. L = linear
(orange), M = macrocyclic (green), B = branched (blue), P = pendant; followed by number of donor
atoms. Concept and nomenclature were adapted from Park and LEE and expanded (*).[**]

They divided the ligands in three main scaffolds: linear (L), macrocyclic (M) and branched
(B). A number after the letter indicates the number of donor atoms included in this scaffold.
Additional ligands that are branching from this scaffold are indicated as pendant (P, including

their number). Different from the original by PArRk and LEE three scaffolds were added
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to the illustration (marked with *): the branched tridentate ligand (B3) and the related
branched tridentate + 1 pendant (B3P1) and the bidentate macrocyclic + 2 pendant (M2P2)
scaffold. Especially the two branched scaffolds added are relevant in context of this thesis.
Catalytically active examples for B3 are a complex with the ligand TP*"? (hydrotris(3,5-
diphenylpyrazol-1-yl)borate) by the QUE group, for B3P1 with the ligand MeC(Py),BiPy by
the Jurss group and for M2P2 complexes with bispidine based ligand systems of the ComBa

group (Figure 1.9).[83-85]

Ph H Ph
_B-Fh
/N7 I [ TNTN
L}
_N N\ Nx
P S Ph
Ph
TPPh2 MeC(Py),BiPy a bispidine ligand
B3 B3P1 M2P2
Que Jurss Comba

Figure 1.9: Examples for B3, B3P1 and M2P2 ligands.[#3-%] Ligand backbone highlighted in bold.

One of the first functional model complexes was synthesised using the ligand tris(2-methyl-
pyridyl)amine (TPA) by the group of QUE (Figure 1.10).[3%7) Coordinating the iron centre in
a tetradentate tripodal fashion, the ligand offers two labile coordination sites in cis-position
to each other (cis-labile). The two cis-labile coordination sites are considered to be beneficial

(19]

for some catalytic mechanisms.!"”! For example, the catalytic activity can be enhanced

with a co-ligand (e.g. water or carboxylic acid) in cis-position to the intermediate peroxide

13,19,42,88]

species and assists with activating the O - O-bond.! Similar effects of cis-control

can be found in 2H1C based enzymes with water or a-ketogluterate involved in the catalytic
cycle. [19:20]

Inspired by TPA, similar ligand scaffolds were used for other model complexes. Some of
them were obtained by directly altering or extending the TPA ligand.#!] Others changed
the connectivity of the pyridine donors as well as their number, but maintained the cis-labile
coordination sites.[4?] Examples for tetradentate ligands with a varying number of pyridine
donors are shown in Figure 1.10. These also have been modified in order to obtain more
efficient and selective catalysts. Prominent examples of ligands (and their variations) shown
here have been studied extensively and include BPMEN, [2] PyTACN ] and bispidine-based

89,91

ligands, ¥ each of which can also be seen as a ligand family in its very own.
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_‘ = + 2+
r\NH—| 2+ —|2+ ( r —‘2 /k\ _‘

("KFL,.‘\X N( | EN/ ".F‘ A\\X N }
; e == N
HNI/\‘ ~y \ /AFe,;X N/ ‘ Sy r o | \/
NH 7 | X - N —Fe_
A S '\ | X / X
‘\/ ~ X

[Fe(cyclam)Xz]?* [Fe(PyTACN)XoJ?* [Fe(BPMEN)X,]?* [Fe(TPA)Xo** [Fe(MeC(Py)2BiPy)Xo]2*
M4 M3P1 L4 B4 B3P1

[Fe(MesEBC)Xs]2+ [Fe(PyNMes)Xo]2* [Fe(bispidinePys)Xs]2+
M4 M4 M2P2

Figure 1.10: Tetradentate neutral ligand systems and their iron(II) precursor complexes with cis-
labile coordination sites. Ligand backbone highlighted in bold, X denotes labile co-ligands. In case

of neutral X ligands the complexes are charged 2+. Examples taken from VICENS et al. and CoMBA et
al [42,89]

1.2.2 Generating High-Valent Iron-Oxo Species

In nature, enzymes are able to utilise molecular oxygen for the generation of high-valent
iron-oxo species. For model complexes, this is often not possible so there is a need for
an oxidation agent. There are single oxygen atom donors like iodosylbenzene (PhIO)/1-(¢-
butylsulfonyl)-2-iodosylbenzene (sPhlIO), peroxy acids (e.g. m-chloroperoxybenzoic acid
(mCPBA)), KHSOs, ozone, NaOCI/NaOBr, R3NO or NO, (Figure 1.11).1°2-%4] Another option
is the use of hydroperoxides (e.g. H,0,).[?%]

Reaction conditions are low temperatures or room temperature and the reaction medium

can be organic solvents or water. [*4

Spin State of Iron(IV)oxo Complexes

Two spin states have been reported for iron(IV)oxo complexes: S = 2 high-spin (HS) and
S = 1 intermediate-spin (IS). The iron(IV)oxo intermediate in natural non-heme enzyme
displays a HS (S = 2) spin state, whereas most iron(IV)oxo model complexes exhibit
an IS (S = 1) state. [17:47:50519192] Examples for octahedral iron(IV)oxo model complexes
with § = 1 are [Fe!VO(TPA)(MeCN)]?* and [Fe!VO(N,Py)(MeCN)]?* (Figure 1.12). There
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Examples:
)

Cl _OH

[(LF™ 4 x-0 — [LFeV=01" , x © @l\\o
mCPBA PhiO

Hydroperoxides:
[(LFe'T™ + ROOH ——— [Fe"—O0R™  —— [(LFe"=0I" + RO" | H,0,
Molecular oxygen:
[LFe'T™ + 0y  —— [WFe"—0-0—Fe(L)P™ —— 2 [UF"=0I"| O,

Figure 1.11: Oxidation agents for generating iron(IV)oxo complexes from iron(Il) precursor com-
plexes. Reactions adapted from Nam. [

are two strategies for adapting the HS (S = 2) state with model complexes to mimic
the metalloenzymes. Both address the energy level of the dy, and d,:_,. orbitals. The
first strategy uses bulky tripodal ligands that allow a trigonal bipyramidal coordinated
complex with a Cs-symmetric ligand environment. In this coordination geometry, the
dyy and d,2_, are degenerated which is favouring a HS (S = 2) state. [51] Examples are the
complexes [Fe!VO(TMGstren)]** or [Fel¥O(tpa®™)]?* (Figure 1.12).[°6] The second strategy
is to decrease the energy gap between the d,, and d,2_,2 orbitals with maintaining the
(pseudo) octahedral geometry. This was successfully done with the quinoline variant of
the TPA ligand which is tris(2-quinolylmethyl)amine (TQA).[»*7] The introduction of the
quinolines, which additionally “substitute” the a-position of the N-donor, weakens the
ligand field in the [Fe!YO(TQA)(MeCN)]?>* complex, resulting in a decreased energy gap

that enables an S = 2 state.[%7]

Spin State of Iron(V)oxo Complexes

Apart from iron(IV)oxo complexes, iron(V)oxo species can also be generated. These might
be relevant in some metalloenzymes like the Rieske oxygenases, but have not been detected
so far.!"!J Tron(V)oxo species have been identified in mononuclear non-heme model systems,
but are rare due to their high reactivity.[!!] In the CSD (04.07.2023) there is no entry of an
iron(V)oxo model complex. [

Reaction conditions determine whether a homolysis towards an iron(IV)oxo or heterolysis
to iron(V)oxo species is taking place (see Figure 1.5). For several ligand systems, iron(IV)oxo
as well as iron(V)oxo species have been spectroscopically characterised.!”” There are three

typical examples where iron(V)oxo species have been observed more frequently. The first
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Figure 1.12: Top: Molecular orbital diagram for the HS and IS state of iron(IV)oxo species in an
(pseudo) octahedral or trigonal bipyramidal coordination geometry and strategies to obtain a HS
state instead of an IS state. Figure cumulated from different references. 17475191951 Bottom: Selected
examples of iron(IV)oxo complexes with HS (trigonal bipyramidal or octahedral geometry) and
IS state (octahedral geometry). References sorted by ligands: TPA,[619] TQA, 7] TMGstren, [¢°]
N4Py[%4] and tpa’™®, [°%]

one is species with tetraamido macrocyclic ligands (TAML, Figure 1.13) which were the first
model systems where an iron(V)oxo species was detected.*”] Depending on the reaction

conditions, iron(IV)- or iron(V)oxo species can be stabilised by TAML (derived) ligands.[11%°]

The other two typical cases of iron(V)oxo are observed in combination with H,O, as
oxidant and a catalytic oxidation mechanism assisted by water (e.g. PYTACN) or carboxylic
acid (e.g. TPA, PyNMes, (S,5)-PDP(NM¢2)) of complexes with cis-labile coordination sites
(Figure 1.13).[11.7]
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In terms of spin state, two different iron(V)oxo species have been observed: low-spin (LS,
S =1/2) and HS (S = 3/2).[11:100-102] Examples for both are shown in Figure 1.13. However,
high reactivity, low formation yield and transient nature of formed species make iron(V)oxo

species challenging to observe spectroscopically. 7]

|\ —‘2+ R —‘2+

o)
[FeO(TAML)]- [FeVO(TPA)(OC(O)CHa)J?* |
S=1/2 S=1/2 =
R
S R=H
(O [FeVO((S,S)-PDP)(OC(O)CHg)?*
N S=1/2
N... |9
(o
N | TOH v ? =NTAM2e2 P
LWL [FeVO((S,S)-PDPNMe2)(OG(O)CHa) 2+
S=3/2
[FeVO(PyNMes)(OC(O)CHa)J?* [FeVO(PyTACN)(OH)12*
S=1/2 S=3/2

Figure 1.13: Selected examples of proposed structures for iron(V)oxo species with LS (S = 1/2)
or HS (S = 3/2) state. References sorted by ligand: TAML, ] TPA, 193] PyNMe;, [1°4] pyTACN, [10]
PDP, [106] PDPNMGZ. [101]

1.2.3 Experimental Methods for Observation of High-Valent Iron-

Oxo Species

The binding of oxygen towards an iron centre changes the UV/Vis absorption spectra of
the enzyme or complex. Hence, UV/Vis spectroscopy is one key method to investigate the
nature of an high-valent iron-oxo species. Values of absorption maxima for model systems
and natural enzymes are listed in Table 1.3 as well as other characteristic experimental
values for these species.

Structure determination via SCXRD gives the most clear evidence of the existence an iron-
oxo species. However, only a few model systems have half-life times long enough to be
crystallised. If SCXRD is not possible, the important Fe =0 bond length can be obtained

47.61] Fyrthermore,

from extended X-ray absorption fine structure (EXAFS) measurements. !
the 7¥(Fe=0) can be observed with Fourier transform infrared (FT-IR) or resonance Raman

spectroscopy. 47l Also, mass spectrometry is an important tool to identify high-valent iron-
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Table 1.3: Ranges of values obtained by different experimental methods to identify high-valent
iron-oxo species of mononuclear non-heme systems. Values are cumulated from reviews and the
CSD. 18]

Method Physical quantity FelV=0 FeV=0
Model complex Natural enzymes Model complex
S=1 S=2 S=2 S=1/2
UV/Vis[11:47]
Amax [nm] 435-890 320-412, 318 410-490,
803-900 613-780
e[Lmol™'em™!]  100-1200  500-9800, 1500 4000-5400,
260-290 430-4200
SCXRD 18!
Fe=0 [A] 1.60-1.70 - -
EXAFSH147]
Fe=0 [A] 1.64-1.70 1.62-1.65 1.62 1.58-1.63
IR/Raman [11:47]
7#(Fe=0) [em™!] 752-854  799-850 821 798-817
MéBbauer [11:4751]
§ [mms™!] —0.04-0.22  0.02-0.38 0.22-0.30 —0.46-0.10
AEg [mms™!] —0.22-3.95 -1.05-0.58 —1.09-1.27 —0.5-4.27

[50] Especially cryospray-ionisation mass spectrometry is important since a lot

71,107,108]

0XO0 species.
of the species used as model systems have longer lifetimes at lower temperatures.
The nature of spin state and the oxidation state of the system can be investigated with

MbBbauer and electron paramagnetic resonance (EPR) spectroscopy. 14721

1.2.4 Catalytic Oxidation Reactions

Like the natural archetypes, high-valent iron-oxo model complexes can be capable of
catalytic substrate oxidation. Examples of reactions performed by biomimetic non-heme
iron(IV)oxo species are shown in Scheme 1.1. This includes aliphatic/aromatic hydroxylation,
alkylaromatic/alcohol oxidation, alkene epoxidation, N-dealkylation and P-/S-oxidation.[*4]
In particular, the C - H functionalisation reactions are noteworthy because C —H bonds are
quite inert and are considered strong covalent bonds. Common substrates in catalytic studies
have a bond dissociation energy (BDE) in the range of 77 to 99 kcal/mol, with cyclohexane
typically used as a representative for stronger C—H bonds (BDE: 99.3 kcal/mol).[?>10%110]
Conventionally, these molecules are oxidised with strong oxidising agents (e.g. heavy metal
oxides or dioxiranes) under harsh reaction conditions, resulting in over-oxidation and large

amounts of waste, [11:111

| Therefore, a selective, efficient and atom-economical oxidation
method for these molecules is of great interest to the chemical industry, which relies on
hydrocarbon feedstocks where the C - H bond needs to be functionalised. Mild reaction

conditions and the use of complexes with a readily available and non-toxic metal ion are



18 Biomimetic Non-Heme Iron Model Complexes

aliphatic
aromatic hydroxylation alkylaromatic
hydroxylation oxidation
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S-oxidation S (I? < /C—O oxidation
LFelV \\QC_OH

N 0 H.
P=0 >@< ‘N + HCHO
{ Y

P-oxidation alkene N-dealkylation
epoxidation

Scheme 1.1: Oxidation reactions performed by non-heme iron(IV)oxo model complexes. Scheme
adapted from Nam et al.[*]

desirable. [>117%111] The development and use of biomimetic complexes, which mimic the
efficient and selective reactions under mild reaction conditions of their natural counterparts,
aims to overcome this problem. [1!!]

While the iron-oxo species may be able to mildly oxidise the organic substrate, the generation
of the iron-oxo still requires aggressive oxidants. These may react with the organic substrate
directly albeit in a much less selective manner. This influence has to be considered in the
substrate scope and it has to be investigated thoroughly in control reactions.

Metal-based oxidants that are formed by the iron complex would be Fe'l - OOH, Fe!¥ =0
or Fe¥ = O species. Contrasting this, powerful but unselective radicals would be HO® and
RO®. They might originate from the reaction between iron and peroxides, which is known

as Fenton’s Chemistry:[112]

Fe?* + ROOH — Fe*' + RO® + OH™
Fe** + ROOH —— Fe?* + ROO® + H*

Iron complexes with cis-labile coordination sites have been proven to be beneficial to

[111]

circumvent Fenton reactions for reactions with H,O,. In principle, the oxidation of

C-H bond in alkanes by an iron oxidant consists of two steps: 1. the C-H bond cleavage
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initiated by a form of oxidant and 2. the formation of an C - O bond: 12

. 1.C—Hbond cleavage 2.C—0Obond formation
R—H + oxidant R*® + Fe—OH R-OH

The timing of these two reaction steps is crucial and is connected to the lifetime of the
alkyl radical. An almost concerted execution of the two steps, is observed for short-lived
alkyl radicals and metal-based oxidants. A rapid rebound of the alkyl radical with the metal
centre takes place to form the C—O bond for the alcohol product. A long separation in time
between the two steps results in a long-lived alkyl radical, which can be trapped by O, in
solution. The reaction of the alkyl radical with molecular oxygen is known as Russell-type

termination and results in equimolar amounts of alcohol and ketone product. (1%

RCH® + O, — RCHOO*®
RCHOO® + RCHOO®* — RCH-OH + RC=0 + O,

To determine the lifetime of the radical, the alcohol to ketone product ratio can be examined.

(11L.112] 1t allows easy product

A widely used substrate for this reaction is cyclohexane.
identification as it yields six chemically identical carbon atoms and therefore only two main

oxidation products are expected: cyclohexanol (A) and cyclohexanone (K, Scheme 1.2).

OH 0
9
O ok
A K

Scheme 1.2: Catalytic oxidation of cyclohexane to cyclohexanol (A) and cyclohexanone (K).

The product ratio of A and K is determined for these reactions. On one hand, equal amounts
of alcohol and ketone (A/K = 1) are obtained when the radical has a long lifetime and
reacts directly with molecular oxygen to a alkylperoxyl radical which leads to a Russell-type
reaction termination. If the lifetime on the other hand is short, there is a rapid rebound to
the metal centre, the alcohol is the primary product (A/K >> 1). However, lower amounts
of ketone are formed due to further oxidation of the alcohol. [

The regioselectivity between C — H bonds of tertiary and secondary carbon atoms provides
further information about the nature of the oxidant and its strength.!”*1?] For a metal-
based oxidant, the attack of the weaker C-H bond of tertiary carbon atoms should be

[79]

preferred, while a powerful long-lived radical is less selective.!””) A common substrate is

adamantane since it provides four equal tertiary carbon atoms and six equal secondary

carbons. [111:112]

The number of main oxidation products is limited to three: 1-adamantanol
(3°-A), 2-adamantanol (2°-A) and 2-adamantanone (2°-K, Scheme 1.3). For a metal-based

oxidant, high amounts of 1-adamantanol (3°-A) and low amounts of the secondary carbon
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9 OH
L, Fe OH O
e VOa
3°-A 2°-A 2°-K

Scheme 1.3: Catalytic oxidation of adamantane to 1-adamantanol (3°-A), 2-adamantanol (2°-A)
and 2-adamantanone (2°-K).

products 2-adamantanol (2°-A) and 2-adamantanone (2°-K) should be observed. It is

expressed by the 3°/2° ratio (Equation 1.1).

3°-A

3°/2°=3. ——————
/ 2°-A + 2°-K

(1.1)

The factor of 3 is taking the higher number of secondary C - H bonds into account. [112]

A second test for the strength of the oxidant is the determination of the kinetic isotope
effect (KIE) by comparing the oxidation of weaker C-H bonds to stronger C-D bonds
(A ~ 1.7 keal/mol).[7>112] Hence, a metal based oxidant is expected to preferentially oxidise

the non-deuterated substrate. [112

I Cyclohexane and the deuterated counterpart cyclohexane-
dy are the substrates of choice (Scheme 1.4). A non-heme high-valent iron-oxo complex,
that is active in catalytic C - H oxidation reactions, exhibits a high A/K ratio (> 5), under

aerobic conditions), a high 3°/2° ratio (> 15) and a high KIE (> 2).[7]

DD
K-d

Scheme 1.4: Catalytic oxidation of cyclohexane (C) and cyclohexane-d;, (C-d) to cyclohexanol (A),
cyclohexanol-d;; (A-d), cyclohexanone (K) and cyclohexanone-d;, (K-d).

However, cyclohexanol and adamantanol are not the products that are industrially relevant
but these reactions are only three examples of model reactions used to shed light on the
oxidation reaction mechanism and the role of the iron complex. These are only some of the
basic mechanistic tests and for a closer mechanistic investigation further experiments are
needed.[7*111]

Due to the large number of possible oxidants and different reaction conditions, it is difficult
to name the most selective and efficient reported C —H oxidation catalyst, but two effects
regarding the ligand design and the resulting reactivity can be briefly discussed here.

For pyridine-based ligands like TPA, BPMEN and PyTACN, substitution in the a-position
of the pyridine has a big influence on the catalytic abilities (Figure 1.14). In the C-H
hydroxylation of cyclohexane, the A/K ratio and the turn over number (TON) drop sig-
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nificantly, when two or three of the pyridine moieties of the TPA or BPMEN ligands are
a-substituted.[!!] The methylated PyTACN derivate 6Me-PyTACN, which only has one
a-pyridine position for methylation, shows no significant changes in C — H hydroxylation of
cyclohexane. °13] This is in line with the results for the mono-methylated TPA or BPMEN

derivates.[11]

LN - ks

N( ( /""‘Fe"\‘x N,,—}—\
El/ /N/ ‘ X r/"Fe/
‘\\/ K | M

[Fe(PyTACN)X]** [Fe(BPMEN)X,J?* [Fe(TPA)X,]?*
M3P1 L4 B4

Figure 1.14: Possible a-substitution positions at pyridine moieties on PyTACN, BPMEN and TPA
iron(II) complexes. Ligand backbone highlighted in bold, X denotes labile co-ligands. In case of
neutral X ligands the complexes are charged 2+. Examples adapted from DANTIGNANA et al.[11]

Modifications in a-position can have an electronic influence besides a steric influence. An
example for this is the comparison between the iron(IV)oxo compounds with TPA and TQA
ligands. As discussed before, the quinoline donors of TQA are rather weak field ligands
than the pyridines in TPA and enable an S = 2 iron(IV)oxo species instead of an § = 1
(see Figure 1.12).11 The TQA-based iron(IV)oxo complex is one of the fastest catalysts
in the C-H oxidation field and the S = 2 spin state is the same as in natural enzymes.
The TQA-based iron(IV)oxo complex is able to oxidise cyclohexane at —40 °C, whereas
the TPA-based iron(IV)oxo species does not show any reaction with cyclohexane at this
temperature. [114]

Overall, there are many factors influencing the reaction pathways in reactions involving
high-valent iron-oxo species. The potential oxidants are mostly iron(IV) or iron(V) species
which can be found in different spin states. Besides the used ligand, the nature of the
oxidation agent and auxiliary molecules in the catalytic cycle like water or carboxylic acid
enable different reaction pathways which are not fully understood. The more catalysts are
developed, the more knowledge is gained about which ligand can stabilise iron in which

oxidation states and in which catalytic transformations it can be used.[11:1%427°]

1.3 Spin State Switching Behaviour

Besides applying iron(Il) complexes as precursor species for catalytic active iron complexes,

they may show an additional attractive feature: spin state switching. The occupation of
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different spin states is usually observed for octahedral complexes of 3d metal cations with
electronic configurations of d*~d’. They can exist in high-spin (HS) or low-spin (LS) state
depending on the strength of the provided ligand field (Figure 1.15).[1'%] The stronger the
ligand field, the more likely a stabilisation of a LS state becomes while a weak ligand field
induces the occupation of a HS state. In case of an intermediate ligand field, reversible

switching between these two bistable states may be enabled. [116:117]

Triggering the switch
of the spin state in such compounds requires an external stimulus which can be physical -
change of temperature/pressure/magnetic field/electric field/light irradiation — or chemical
— ligand exchange, complex dissociation, chemical reaction at the ligand or (non-)covalent

solvent interactions.[116:118-121]

Cr?* Mn%* - —
Mn2* Fe3* _1_ _1_
Fe?* Co¥ + + + = —F 4

S=2 S=0

2+ 3+
Co™||Ni high-spin low-spin

ligand field strength

Figure 1.15: Examples for d*~d’ metal ions (left) and schematic HS vs. LS electron configuration in
correlation with ligand field strength for d® metal ions (right).

Switching between HS and LS state can be observed in the solid state and in solution. [1??]
Since the framework conditions in these two phases are different, the spin switching
behaviour can be exclusive to one of these phases. (120.121] 15 the solid state, the term for
switching between two spin states is usually spin crossover (SCO). The SCO behaviour can

be abrupt (with hysteresis), in multiple steps or incomplete. 8]

Cooperative effects induced
by crystal packing, co-crystallised molecules and intermolecular interactions are playing
an important role in the solid state.[113120] In contrast, a distinction is made between two
different switching behaviours in solution where the differentiation is based on whether the
coordination number changes or not. If the coordination sphere is unchanged during the
spin switching event, the phenomenon is termed as SCO. Typical for an SCO in solution is
a gradual transition between the two states which follows a Boltzmann distribution. [123124]
This gradual change is caused by the lack of cooperative effects in solution. Influences on
the SCO process are based on e.g. ligand field strength or the nature of the solvent, [120:121]
If the switching of the spin state in solution is caused by a change of the coordination
number, it is called coordination-induced spin state switch (CISSS). It can be influenced

by factors like ligand stoichiometry or choice of solvent and counterions. 1161231251 When
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investigating switching behaviour in solution, it can be challenging to verify the nature of
the coordination sphere for both states to be able to clearly differentiate between SCO and
CISSS. [12¢]

Nowadays, the most studied ion for SCO is iron(I) with an octahedral {Ng }-coordination
sphere. It exhibits the largest possible difference between HS (four unpaired electrons,
paramagnetic) and LS state (no unpaired electrons, diamagnetic; Figure 1.15) in terms of

[119.123,127] Strycturally, the LS and HS variant of a iron

structure and magnetic response.
complex can be distinguished by their Fe - N bond lengths: for LS they are typically below
2.0A (~ 1.8-2.0A) and for HS above 2.0 A (~ 2.0-2.2 A) which is a difference of about
10 %.111] However, this spin state switching feature can also complicate the study and
development of iron complexes designed for different applications.

In general, the simplest application for which SCO complexes can be considered is as
molecular switches. Other fields where SCO compounds are discussed in terms of potential
applications are molecular electronics, data storage, display devices, non-linear optics and

photomagnetism. [128]

1.4 Continuous Shape Measure

Iron(IT) complexes usually show coordination numbers of four to six. For four- and five-fold
coordination, there are the geometry indices 74 and 75, respectively, which can characterise
the coordination geometry in a single and easily understandable parameter.(12>13] The 7,
value describes whether a fourfold coordination sphere is square planar or tetrahedral. The
75 value distinguishes square pyramidal from trigonal bipyramidal coordination spheres
in penta-coordinated complexes. However, the coordination number of six, which is very
common for iron complexes, cannot be described with such a value. An instrument that
is able to describe geometries of six-fold coordinated complexes in a convenient manner
is the continuous shape measure (CSM) as provided in the software SuapE. 131132 With
CSM the N atoms of a complex (central metal atom and donor atoms) and the vertices of a
polyhedron (or polygon) of an ideal coordination geometry are described by a set of vectors.
The coordinates of the vectors of the perfect polyhedron (?k, k =1,2,...N) are optimised so
that the distance between the coordination polyhedron (Z))k, k =1,2,...N) and the perfect
polyhedron are minimised. The shape measure (S(G)) can be calculated by Equation 1.2,
where Qy is the vector of the geometrical centre of the coordination environment in the

complex. [132]

L 10k — Pl
S, 10k = Qol”

Theoretically values of 0 < S(G) < 100 are possible whereby 0 indicates the real and the

S(G) 100 (1.2)

ideal coordination polyhedron to be identical. Consequently, larger values indicate deviation

from the ideal geometry. This CSM is also possible for different coordination numbers, so
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that values for geometries of four- and five-fold coordination modes are available. [133134]
An overview of the ideal polyhedra and polygons that geometries can be compared to by
using SHAPE are presented in Figure 1.16. The reference geometries are spherical and have
equidistant edges if possible. For the polyhedra where more than one alternative exists,

the spherical version comprises equidistant bond lengths to the central atom, while the

4-fold coordination 5-fold coordination
R R
< !
| eC] & %
SP-4 T-4 TBPY-5 SPY-5

square tetrahedron trigonal bipyramid square pyramid

SS-4 vTBPY-4 vOC-5 JTBPY-5 PP-5
seesaw axially vacant vacant Johnson trigonal  pentagon

trigonal bipyramid octahedron bipyramid

6-fold coordination

.‘1’_‘
D7 SN

0C-6 TPR-6 PPY-6 JPPY-5 HP-6
octahedron trigonal prism | pentagonal pyramid Johnson pentagonal  hexagon
pyramid
ideal TPR-6

16

14 -

S(TPR-6) ideal OC-6

Figure 1.16: Representation of ideal coordination geometries as implemented in SHAPE (top).
Interconversion of ideal octahedron and ideal trigonal prism along the Bailar twist and corresponding
behaviour of S(OC-6) and S(TPR-6) values (bottom). Atoms and bonds in blue, outlines of geometries
in red. Polyhedra: equidistant bonds to the central atom; Johnson type polyhedra: equidistant edges.
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Johnson version of the polyhedra exhibits equidistant edges. Equidistant bond lengths are
typical geometries for metal complexes and equidistant edges for boranes or clusters.['3!]
In case of distinguishing six-fold coordination geometries in terms of octahedron (OC-6)
or trigonal prism (TPR-6), the intermediate value between both structures is S(OC-6) =
S(TPR-6) = 4.42. A perfect octahedron would be S(OC-6) = 0 & S(TPR-6) = 16.73 and
a perfect trigonal prism S(OC-6) = 16.73 & S(TPR-6) = 0 (Figure 1.16, bottom).['*?] The
interconversion of an ideal octahedron to an ideal trigonal prism and vice versa, in which
only two opposing faces of the octahedron are rotated, is known as Bailar twist represented
as black line in Figure 1.16 (bottom). Since this is the ideal distortion, any additional
distortions, e.g. Jahn-Teller or trigonal antiprismatic distortions, would lead to larger values
in the pair of S(OC-6) and S(TPR-6) values. Thus, only values outside the grey area in the

left corner are obtained. [132]



2 Thesis Outline

2.1 Objectives

The aim of this thesis is the investigation of the coordination chemistry of iron(Il) complexes
with tri- and tetradentate ligands with N- and O-donors. The focus is to study the solid state
structures and the solution behaviour of these complexes. This fundamental analysis of the
coordination behaviour is necessary for the estimation of the reactivity of these complexes
in view of their possible application as precursor species for new functional high-valent
iron-oxo model complexes. Typically, the structure of a metal complex is determined in
the solid state, but bioinorganic model complexes are applied as homogeneous catalysts in
solution. Therefore the solution structure, which may differ from the solid state structure,
is even more important. It is planned to characterise both the precursor species and the
potential oxo-complexes. If an iron-oxo complex can be identified, the aim is to determine
whether the species is suitable as a catalyst for C - H oxidation.

Four different ligands for iron complexes were chosen for this thesis (Figure 2.1). They differ
in their number of N- and O-donor atoms and the donor connectivity through the ligand
backbone. The first ligand HOCH,C(Pz),Py (1) has four different possible donor atoms but
the focus is on the {N3}-coordination abilities. The second ligand MeC(Py),Phen (2) is a
pure N-donor ligand with {Nj, }-coordination. A mixed donor atom variant of this is the
MeC(Py),PicMe ligand (3) which is a tetradentate ligand for {N30}-coordination modes. A
differently arranged tetradentate {N,}-donor ligand is NQujs (4).

AN

OH X P

_ = | N N
- N N, _ N

N
N N
/
1 2 3 4
HOCH,C(Pz),Py MeC(Py).Phen MeC(Py)oPicMe NQus

Figure 2.1: Overview of the ligands for this work.

The aim of this work can be divided into several subtasks which are different depending on
the ligand: Ligand 1 consists of a bis(pyrazolyl)pyridinylmethane moiety which is known
for coordination of biologically relevant 3d metal ions such as iron, copper and zinc. 3]

The pending hydroxy group was attached to graft this ligand to another molecule or a
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surface. The investigation of 1 centres around the question how this anchor changes the
coordination behaviour of the ligand and the properties of its metal complexes.

The ligands 2, 3 and 4 were chosen more from a biomimetic chemistry point of view to
obtain complexes with potential for functional biomimetic iron species. All three ligands
are designed as tetradentate ligands to enable cis-labile coordination sites at a sixfold-
coordinated iron centre. As already mentioned in the introduction, this is a well-established
concept in the field of functional iron-oxo model complexes. With 2 a high-valent iron-oxo
species had been observed in preliminary experiments by Dr. KrisTiNA KE1sers. %) These
results promise that this system can also catalyse C-H oxidation reactions which was
investigated in the present thesis. The task for this work is to complete the characterisation
of the high-valent iron-oxo species and evaluate this species as biomimetic catalyst in C-H
oxidation reactions.

To extend the design concept of ligand 2, the phenanthrolinyl unit is altered by introducing
an O-donor into the ligand scaffold. The O-donor is utilised since many of the known
examples are only based on pure N-donor ligands and this design is one step closer to the
biological motif of the 2H1C facial triad. The choice fell on a pyridinyl-ester unit in form
of 6-methyl picolinate inspired by ester-functionalised guanidine ligands that have been
successfully used for iron coordination in catalytically active complexes. !3”] For this ligand
3, the tasks are the synthesis and characterisation of the ligand and corresponding iron(II)
complexes. The behaviour of these complexes in solution should be investigated as well as
their potential as precursor complexes for high-valent iron-oxo complexes.

The fourth ligand 4 is chosen for this thesis due to the similarity to well established ligands
in iron-oxo chemistry (TPA, TQA, see section 1.2). The task here includes the synthesis and
characterisation of potential iron(Il) precursor complexes in solid sate and solution. To gain
deeper insights into the iron-based coordination chemistry of 4, the influence of different
co-ligands on the resulting complexes will be investigated. For the iron(II) complexes of
TPA, it is known that the variation of the co-ligand can lead to changes in the spin state. [13*]
It is therefore to be investigated whether similar exchange pathways of co-ligands exist for
complexes of 4 and how these affect the spin state. It should not be neglected that structures
in solution can differ from those in the solid state. Furthermore, the oxidation to high-valent
iron-oxo species and potential application in C - H oxidation reactions are part of the goal.
Interesting points in terms of the ligand design of 4 are the different arrangement of weak
field quinolines (compared to pyridine donors) than in the TQA ligand: The a-positions next

to the N-donors remain unsubstituted in 4 and the scaffold offers a more rigid backbone.

2.2 Contents

Overall, this work contains investigations of the solid state structures, the solution behaviour

and the reactivity of 3d metal complexes — mainly iron - using the four different ligands
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1-4. Due to the different potential donor groups of these ligands, different coordination
modes were found. A schematic illustration of the four ligands and their coordination

modes is depicted in Figure 2.2.

OH
— =z
e
\ \ m
N~ |
N
1

SRR

4
O N-donor © O-donor

Figure 2.2: Overview of the ligands in this work and their schematic donor arrangement.

The tridentate {N3 }-coordination mode and the bidentate {NO}-coordination mode of the
ligand 1 for iron, zinc and copper in the solid state are discussed first. This is followed by
solution studies of the iron complexes with 1. Secondly, ligand 2 with a {N4 }-coordination
mode is described in the solid state and in solution followed by the new oxygen derivative
3 with {N30}-coordination mode, which has the same ligand backbone in terms of spacing
and connection of the donors. In the following, with 4 a further ligand geometry for a
{Ny4}-coordination is studied in solid state and in solution. The last chapter, in which the
influences of the different ligand scaffolds on the complex geometry in the solid state are

compared, completes the discussion.
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3 Bis(pyrazolyl)(pyridinyl)ethanol - a Ligand

with Two Coordination Modes

The ligand HOCH,C(Pz),Py (1) was synthesised the first time by ISABELLA SOMMER during her
Master’s thesis.['*] Further characterisation of the ligand and first coordination chemistry
experiments with 1 were performed during my Master’s thesis from May 2018 until November

2018.1'%° [n this thesis the coordination chemistry experiments with 1 were continued.

The bis(pyrazolyl)(pyridinyl)ethanol ligand HOCH,C(Pz),Py (1) is a member of the bis(py-
razolyl)(pyridinyl)methane ligand family, which were synthesised in many different vari-
ations. [126:135141-153] Mot of the changes of the ligand scaffold affect the substitution of
different pyrazolyl or pyridinyl moieties. Substitution of the apical hydrogen atom to intro-
duce a fourth arm of the ligand were also performed in the past, but are much rarer. 142154
This may be because direct changes at the donor groups have the larger impact on the
complex than changes in the backbone of the ligand. Studies with HOCH,C(Pz),Py (1) were
mainly performed to investigate if the coordination behaviour is not drastically changed
when the backbone is further functionalised. Functional groups like OH-group offer the
possibility to anchor such a complex to a different molecule or surface e.g. with a esterifica-

tion reaction, but only if the OH-group is not part of the donating moieties in the resulting

complex.
H OH

- = /_\ = =
E\,N Nﬁ CN N/j

N / N \N' \N/

) ZON
X N
bis(pyrazolyl)(pyridinyl)methane bis(pyrazolyl)(pyridinyl)ethanol
HC(Pz)»(Py) HOCH,C(Pz)»(Py)

Figure 3.1: Molecular structure of bis(pyrazolyl)(pyridinyl)methane (left) and bis(pyrazolyl)(pyri-
dinyl)ethanol (right).

3.1 Synthesis of Ligand HOCH,C(Pz),Py (1)

The synthesis of HOCH,C(Pz),Py (1) is a functionalisation of one of the simplest bis(pyrazol-

yl)methane ligands — bis(pyrazolyl)(pyridinyl)methane (HC(Pz),Py).[14!]

The postfunction-
alisation of the apical carbon atom by introducing a methylene alcohol group (- CH,OH)

is performed similar to a protocol by REGER et al. which was originally developed for
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tris(pyrazolyl)methane ligands.['>*] In the synthesis, HC(Pz),Py is deprotonated at the api-
cal carbon atom by potassium t-butoxid and reacts subsequently with paraformaldehyde
resulting in 1 (Scheme 3.1). For purification, recrystallisation from hexane/ethylacetate was

sufficient and gave a colourless solid product (yield: 66 %).

=
-

N

H +o@ K@ OH
~ — ~I
N;j paraformaldehyde, E,\}N N:\lj
Z >N THF Z2aN|
. I rt . |

1

Scheme 3.1: Synthesis of ligand 1.

3.2 Complexes of HOCH,C(Pz),Py (1) in the Solid State

Investigation of the coordination chemistry of ligand 1 towards different 3d transition metals
revealed two different coordination modes. The first coordination mode is a tridentate
{N3}-coordination, which is the same as for other complexes with bis(pyrazolyl)methane

144147) The second coordination mode is a bidentate {NO}-coordination with only

ligands. |
one pyrazole/pyridine coordinating the metal centre and the deprotonated OH-group as the
second donor. Because the theoretically four donors are arranged in opposite directions and
are not intended to coordinate the same metal centre, a maximum of three can coordinate
the same metal centre at the same time.

An overview of the complexes obtained with ligand 1 that were characterised by SCXRD
are shown in Figure 3.2. A detailed discussion of the compounds will follow in separate
sections. Unless otherwise noted, the complexation reactions with ligand 1 were performed

under aerobic conditions.

3.2.1 Iron Complexes of HOCH,C(Pz),Py (1)
[Fe(HOCH,C(Pz),Py),]X (1a-1d, X = Br, [FeBr,4]Br, [FeCl,]CI, OTf)

Crystal structures of iron complexes with ligand 1 in this work are [Fe(1);]Br, - MeCN (1a),
[Fe(1)2][FeBr,]Br - C;Hg (1b), [Fe(1);][FeCl4]Cl - 2 MeCN (1c) and [Fe(1);](OTf), - 2 MeCN
(1d). They all show the same complex cation [Fe(HOCH,C(Pz);Py),]** where iron(Il) is
coordinated by two molecules of 1 in a bisfacial fashion (Scheme 3.2). Figure 3.3 shows an
exemplary structure of this cation in crystals of 1c. Differences in the solid state structures
of the four compounds which were characterised via SCXRD are the anions of the cationic

complexes and crystal solvent molecules. The bisfacial coordination motif is typical for
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7
m ,Br

Ho ///',,"’ // -
mFCL]-""'Br"";Cu”‘N-N Br - C7Hg
Br
M = Fe: 1

1a (X = Bry - MeCN)
= [FeBr4]Br - C7Hg)

1b (X
1¢ (X = [FeCly]Cl - 2 MeCN)

1d (X = (OTf), - 2 MeCN) G\,
M = Zn:

1e (X = [ZnCl4))

Figure 3.2: Overview of complexes with ligand 1.

bis(pyrazolyl)methane ligands and their derivatives, [144147]

Combination of FeBr; and ligand 1 resulted in the complex [Fe(1);]Br;-MeCN (1a,
Scheme 3.2). Other than expected, the iron was reduced from iron(Ill) to iron(Il) dur-
ing synthesis. 1a crystallises as acetonitrile solvate in the triclinic space group P1 with
Z = 2 and two half complex cations per asymmetric unit. Per complex, there are two
bromide counterions and one disordered acetonitrile molecules co-crystallised. The re-
action of FeBr, with 1 resulted in complex [Fe(1);][FeBr,]Br - C;Hg (1b, Scheme 3.2). 1b
crystallises as a toluene solvate in the monoclinic space group P2;/n with Z = 4 and two
half complex cations per asymmetric unit. The charge of the iron centres is again iron(II).

Additional to the anions, there was one toluene molecule found to be co-crystallising but
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OH
A N:\> A
) X
N<

Complex A B X
1a FeBrs MeCN Br, - MeCN
1b FeBr, MeCN, diffusion with toluene [FeBr4]Br - C7Hg
1c FeCl, MeCN [FeCl4]Cl - 2 MeCN
1d Fe(OTf), - 2 MeCN MeCN, diffusion with Et,O (OTf), - 2 MeCN

Scheme 3.2: Synthesis of complexes 1a, 1b, 1c and 1d.

Figure 3.3: [Fe(1),]%* cation in crystals of 1c (left) and Pz/Py-disorder in [Fe(1);]** cation around
Fe(2) in crystals of 1c¢ (minority component dashed, 50 % probability, right). C bonded hydrogen
atoms, counterions and crystal solvent molecules are omitted for clarity. Colour code: black = carbon,
blue = nitrogen, red = oxygen, scarlet = iron, white = hydrogen.

due to disorder that could not be modelled in an adequate manner it was treated using
the BYPASS algorithm as implemented in PLATON/SQUEEZE. '5¢-158] Complex synthesis
with FeCl; and 1 resulted in crystals of [Fe(1),][FeCl,]Cl- 2 MeCN (1c, Scheme 3.2). Besides
the crystal solvent molecules, this complex is the chloride analogue to complex 1b. The
co-crystallised solvent for crystals of 1c are two molecules of acetonitrile per complex
cation. The compound crystallises as acetonitrile solvate in the triclinic space group P1 with

Z = 2 and two half complex cations per asymmetric unit. The reaction of Fe(OTf), - 2 MeCN
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and 1 in absolute (abs.) acetonitrile with subsequent gas phase diffusion under aerobic
conditions resulted in crystals of [Fe(1);](OTf), - 2 MeCN (1d, Scheme 3.2). 1d crystallises
as acetonitrile solvate in the triclinic space group P1 with Z = 2 and two half complex
cations per asymmetric unit.

The molecular structures of 1a-1d have in common that the iron centres are positioned on
crystallographic inversion centres. The two pyridinyl moieties are always arranged in a
trans configuration. The Fe — N bond lengths are for all four complexes below 2.0 A which is

1191 The coordination geometry of all complex

typical for an iron(Il) LS species (Table 3.1).[
cations is very close to an ideal octahedron (CSM: S(OC-6) = 0.1).

In complexes 1b and 1c, the positive charge of the complex cation is balanced by a halide
and a tetrahalidoferrate anion. The charge of the tetrahalidoferrate anion can be assigned
via the iron halogen bond lengths.

For the Fe - Br bond lengths in 1b, a CSD search on bond lengths in [FeBr,] ™ and [FeBr,]*"
anions was performed.[*8] The average Fe - Br bond length found for [FeBry]~ anions is
2.35 A (112 structures) and for [FeBry]?~ anions 2.43 A (20 structures). The Fe - Br bond
lengths of the anion in crystals of 1b is on average 2.305 A and therefore the anion is
assigned as [FeBry] ™ counterion. For crystals of 1c, the charge of [FeCly]~ was determined
based on literature values for Fe - Cl bond lengths in [FeCl,]™ ( 2.19 A) and [FeCl,]*~
(2.28 — 2.34 A) anions.["*°] The averaged Fe - Cl bond length found for the anion in 1c is
2.196 A, which assigns the anion to be an [FeCl,] ™ anion. This is another indication that
the complex cations of 1b and 1c are iron(II) species.

In complexes 1a, 1b and 1c, the halide ions are positioned close to the OH-groups of 1 and
form H-bonds towards them (Figure 3.4). A search in the CSD for the distance between the
oxygen atom of a carbon bonded OH-group and an unbonded bromide (O —H - Br angle:
150 — 180 °) shows that the values found in structures of the bromide containing complexes
1a and 1b are in a typical range (Figure 3.5). A CSD search for the corresponding O---Cl
distance as found in crystals of 1c, revealed that these H-bonds are in the typical range, too
(Figure 3.5). %8

In the structure solution of crystals of 1c, a disorder between pyrazolyl and pyridinyl
groups was modelled for the complex cation around Fe(2) (Figure 3.3, right). A comparable
Pz/Py disorder was found for both complex cations in the asymmetric unit of crystals
of 1d. This disorder was also found in structure models of other bis(pyrazolyl)pyridinyl
methane complexes. 42l Due to the high level of disorder and the amount of restraints and
constraints used to model the pyrazolyl and pyridinyl moieties, the obtained bond lengths
of 1d must be taken with caution.

Additionally, in crystals of 1d the alcohol groups were modelled with split positions for
CH, - OH. The hydrogen atoms of the OH-groups were modelled to result in reasonable

H-bonds towards H-bond acceptor atoms, if possible. For three of them, this was possible



Table 3.1: Selected bond lengths, atom distances, bond angles and structure parameters of 1a, 1b, 1c and 1d.

la
[Fe(HOCHC(Pz);Py).]
Brz - MeCN

Fe(1) / Fe(2)

1b
[Fe(HOCH,C(Pz),Py).]
[FeBr4]Br . C7H8

Fe(1) / Fe(2)

1c

[Fe(HOCH,C(Pz);Py).]

[FeCl4]CI- 2 MeCN
Fe(1) / Fe(2) | Fe(2)

1d

[Fe(HOCHC(Pz);Py).]
(OTH), - 2MeCN

Fe(1) | Fe(1)’ / Fe(2) | Fe(2)

Space group

P1

P21/Yl

P1

P1

Bond lengths [A]
Fe - sz
Fe - pr
@OFe-N

1.938(4)-1.951(5)
1.970(4)-1.975(4)
1.950 / 1.956

1.934(3)-1.961(3)
1.969(3)-1.982(3)
1.957 / 1.955

1.935(2)-1.951(2)
1.951(5)-1.982(1)
1.958 / 1.948 | 1.949

1.9418(16)-1.989(5)
1.927(4)-1.961(3)
1.946 | 1.963 / 1.963 | 1.943

Atom distances [A]
Cap---Fe
O-H---Br /C17/O

3.044(6) / 3.049(6)
O(1)-H(1) ---Br(2) 3.154(5)
0(2) - H(2) ---Br(1) 3.177(4)

3.059(4) / 3.065(4)
0(1) - H(1) -Br(1) 3.259(3)
0(2) - H(2) -Br(1) 3.190(3)

3.041(2) / 3.043(2)
0(1)

~H(1) --C(1) 3.0344(19)
0(2) - H(2) --CI(1) 3.006(2)

3.0491(19) / 3.0500(19)

O(1A) -H(91A)---O(6A) 2.698(3)
O(1B) - H(91B)---O(5B) 2.35(2)
O(2A) -H(92A)---O(3A) 2.668(19)

Bond angles [°]

Np, —Fe —Npy-trans 180.0 180.0 180.0 180.0

Npy ~Fe ~Npy.trans ~ 180.0 180.0 180.0 180.0

Struct. param.

CSM 5(0C-6) 0.1/0.1 0.1/0.1 0.1/0.1]0.1 0.1/0.1/0.1]0.1
CSM S(TPR-6) 16.1/15.9 15.8 /15.9 16.0 /16.0 | 16.0 15.9]16.0/16.0 | 16.0
Pz/Py disorder no no no / yes yes / yes
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1a

o | ‘f

Figure 3.4: H-bonds in crystals of 1a, 1b and 1c. C bonded hydrogen atoms, counterions not
involved in H-bonds, crystal solvent molecules, Pz/Py-disorder and the second ligand of the complex
cations are omitted for clarity. Colour code: black = carbon, blue = nitrogen, red = oxygen, scarlet =
iron, green = chlorine, brown = bromine, white = hydrogen.

1b 1c

200 CSD Version 5.42 (Nov 2020) 1000

1c
180 LO-H--_g - 1c _O-H--_~-
CTN_ Br ¢ cl
160+ 1a £150 - 180° 800+ £150 - 180°
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>
3
(@]
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0 — .
32 33 34 . X 26 28 3 3.2 34 36 38
O---Br distance [A] O---Cl distance [A]

Figure 3.5: Histograms of hits for O---Br (left) and O---Cl distances in the CSD.[*] Searched fragments
as shown in plot. The number of bonded atoms was set to 2 for oxygen and 0 for bromine/chlorine.
The O -H-Br/O-H-Cl angle was restrained to 150 — 180 °.

so that H-bonds towards O-atoms of triflate anions were found (2.353(2)-2.698(3) A). The
triflate anions were also modelled on split positions. Overall, the bisfacial coordination of

ligand 1 is consistent with the non-backbone functionalised bis(pyrazolyl)methane ligands.
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3.2.2 Zinc Complex of HOCH,C(Pz),Py (1)

[Zn(HOCH,C(Pz),Py);]1[ZnCl,] (1e)

The synthesis of zinc complexes gives the opportunity to test the coordination abilities of a

ligand in absence of ligand field stabilisation. The combination of ZnCl, and ligand 1 in

tetrahydrofurane resulted in the bisfacial zinc complex [Zn(1),][ZnCly] (1e, Scheme 3.3).

ZnCI2

THF,
diffusion with toluene

[ZnCly]

Scheme 3.3: Synthesis of complex 1e.

Gas phase diffusion with the anti-solvent toluene led to suitable crystals for SCXRD (Fig-

ure 3.6, Table 3.2). Compound 1e crystallises in the monoclinic space group P2;/c with Z = 4.

Table 3.2: Selected bond lengths, atom distances, bond
angles and structure parameters of 1e.

le
[Zl’l(HOCHzC(PZ)zPy)z] [ZnC14]

Space group

P21/C

Bond lengths [A]
Zn-— NPZ
Zn-— pr
@ Zn-N

2.107(4)-2.126(4)
2.152(4)-2.169(4)
2.131

Atom distances [A]
Cap-Zn

3.1887(5)-3.201(5)

o Bond angles [°]

R ) o Np, —Zn - Np,rans
Figure 3.6: [Zn(1),]°* cation in crystals of Npy —

177.65(15)-179.08(15)

1e. C bonded hydrogen atoms and counte-
rions are omitted for clarity. Colour code:
black = carbon, blue = nitrogen, red = oxy-
gen, light blue = zinc, white = hydrogen.

Zn-Npy.irans ~ 178.07(14)
Struct. param.
CSM S(0C-6) 0.6
CSM S(TPR-6) 14.5
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In zinc complexes, this bisfacial coordination mode is typical for bis(pyrazolyl)methane
ligands with unsubstituted pyrazolyl units and no additional available donor. 14411 Similar
to the bisfacial iron complexes the pyridinyl units of the two ligands are arranged trans to
each other. The Zn-N bond lengths in 1e are all above 2.1 A (Figure 3.2), which is longer
than for the LS iron(Il) complexes 1a-1d. The zinc centre of the cationic complex is not
positioned on a crystallographic inversion centre as seen for the iron complexes. Also, the
coordination sphere of the metal centre is slightly less octahedral (CSM: S(OC-6) = 0.6)
compared to the iron complexes. This can be explained with the absent ligand field stabili-
sation energy for d'° metal cations like zinc(II). Therefore, the geometric restriction by the
ligand is dominant here. The co-crystallisation of a [ZnCl;]*~ anion was also observed for

bisfacial bis(pyrazolyl)methane ligands. [144161]

3.2.3 Copper Complexes of HOCH,C(Pz),Py (1)

Copper is the only 3d metal used in this work which exhibits two different coordination
modes of ligand 1. One is a pure {N3}-coordination and the other is a mixed {NO}-

coordination.
{N3}-Coordination of HOCH,C(Pz),Py (1)
Only one complex structure ([Cuy(p-Br)Bry(1);|Br - C;Hg (1f)) was characterised success-

fully by SCXRD showing {Nj3 }-coordination mode.

[Cuz(p—Br)Bro(HOCH,C(Pz),Py); |Br - C;Hg (1f): The dinuclear copper complex
[Cuz(p-Br)Bry(1),]Br - C;Hg (1f) is a product of the reaction of CuBr; and 1 in acetoni-

trile and subsequent gas phase diffusion with toluene (Scheme 3.4). 1f was obtained as

OH
CuBr2

S l}l} MeCN,
_N l}l> N~/ diffusion with toluene
Nx

Br - C7Hg

Scheme 3.4: Synthesis of complex 1f.
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yellow crystals that were suitable for SCXRD which crystallise as a toluene solvate in the

monoclinic space group P2;/n with Z = 4. (Figure 3.7, Table 3.3).

Figure 3.7: [Cuy(p-Br)Bry(1);]" cation in crystals of 1f. Elongated Cu---Br contacts dashed. C
bonded hydrogen atoms, counterions and crystal solvent molecules are omitted for clarity. Colour
code: black = carbon, blue = nitrogen, red = oxygen, green copper = copper, brown = bromine, white
= hydrogen.

Together with this yellow crystals blue crystals were obtained, but their quality was too
poor for a sufficient SCXRD structure solution. To investigate whether the crystallising
species depends on the amount of anti-solvent used in the crystallisation process, a series
with varying amounts of toluene (1-4.5 mL; 20 mL of MeCN) was prepared. Photographs of
the result under a light microscope can be seen in Figure 3.8. It was not observed that the
two species could be obtained individually but an optimised ratio for the crystallisation of

both varieties simultaneously was found to be 4 mL of toluene.

Figure 3.8: Crystallisation reactions of CuBr; and 1 in MeCN (2 mL) with varying amounts of
toluene (anti-solvent, gas phase diffusion).

The coordination sphere around both copper(Il) cations in 1f is a distorted octahedron (CSM:
S(OC-6)= 2.2 & 3.0, Table 3.3). Three facial coordination sites are occupied by the three
N-donors of one molecule of 1 while the remaining sites are p,-bridging bromido ligands
shared between the two copper(Il) cations. The coordination sphere displays a pronounced

tetragonal elongation corresponding to a Jahn-Teller distortion. The short contacts in the
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Table 3.3: Selected bond lengths, atom distances, bond angles and structure parameters of 1f and

XESDUU. [162]
e B
N—N,,, /,Br' Br
—.CL]TTIIIIBr"Il";Cu;;“N—N —CU """ ‘BI‘"':;CU'Q
- 7 OH
L N-N
Brlu Br
{p
1f XESDUU
1f XESDUU 162]
[Cuz(p-Br)Bry(HOCH,C(Pz);Py)] | [Cuz(p-Brz)Br(HoNCPys), ]
Br- C7Hg -3 MeOH
Cu(1) / Cu(2) Cu(2) / Cu(1)
Space group P2y/n ‘ Pnmm
Bond lengths [A]
Cu-Np, 1.995(3)-2.015(3) -
Cu-Np, 2.250(3) 2.034(13)-2.134(13)
Cu-Br’ 3.0187(8) / 2.3934(7) 2.738(2) / 2.508(2)
Cu-Br” 2.4575(8) / 2.4740(7) 2.738(2) / 2.508(2)
Cu-Br” 2.4316(8) / 3.2093(9) 2.492(3) / 2.980(4)

Atom distances [A]

Cap--Cu 3.145(3)-3.161(3) 3.102-3.109
Cu---Cu 3.3636(10) 3.321

Bond angles [°]

Cu-Br-Cu 71.71(4)-86.01(3) 74.11-78.42

NPZ -Cu- Brtrans
NPy — Cu—Bryans

172.57(11)-176.22(11)
169.61(10)-173.32(9)

174.37-179.06

Struct. param.
CSM S5(0C-6)
CSM S(TPR-6)

22/3.0
16.2/14.3

15/15
16.3/16.4

basal plane are to the pyrazolyl (1.995(3)-2.015(3) A) and the two remaining bromide ligands
(2.3934(7)-24740(7) A), respectively. The elongated bonds are to the pyridinyl (2.250(3) A)
and a bromido ligand (3.0187(8) & 3.2093(9) A, dashed) for both cations. Consequently, two
of the bromido bridges are asymmetric while the in third bridge the bromide has short
contacts to both copper(Il) cations (2.4575(8) & 2.4740(7) A).

The coordination mode with three N-donors per copper centre and three bromides between
the two copper centres is quite unusual. There is one published structure with a similar
coordination motif in which the tripodal N-donor ligand has three pyridine moieties (CDS
refcode: XESDUU).['6?] In this structure only one Cu - Br contact is elongated compared
to the others (2.980(4) A, Table 3.3). In terms of Cu - Br bond lengths the {Cu;Br3 }-core of
XESDUU is less symmetric than in 1f although the ligand H,NCPy; (tpm) offers three equal
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N-donors instead of two different N-donor types as provided by ligand 1. Nevertheless, the

structural motif is very similar as shown by an overlay of both complex cations in Figure 3.9.

Figure 3.9: Structure overlay of 1f (red) and XESDUU % (blue).

{NO}-Coordination of OCH,C(Pz),Py~ (17)

The second coordination mode of ligand 1 found for copper complexes gave two structures
([Cuz(17)2Cl;] (1g) and [Cuy(17),Br;] (1h)) which are isostructural (Scheme 3.5). In this
coordination mode the OH-group of 1 is deprotonated resulting in OCH,C(Pz),Py ™~ (17).

[Cuz(OCH,C(Pz),Py).X2] (1g & 1h): Complex 1g is the result of a reaction of CuCl
and 1 in acetonitrile (Scheme 3.5). It was possible to obtain crystals suitable for SCXRD
(Figure 3.10). The combination of CuBr and 1 in acetonitrile leads to crystals of complex 1h

after slow evaporation of solvent (Scheme 3.5) (Figure 3.10).

Figure 3.10: [Cuy(17);Cl;] unit in crystals of 1g in majority configuration 1gof (left) and
[Cuz(17)2Br;] unit in crystals of 1h in majority configuration 1haf (right). Hydrogen atoms
are omitted for clarity. Colour code: black = carbon, blue = nitrogen, red = oxygen, green copper =
copper, green = chlorine, brown = bromine.

The complexes 1g and 1h crystallise in the triclinic space group P1 with one molecule
[Cuyz(17):X2] (X = Cl, Br) per asymmetric unit or two of them per unit cell (Z = 1 for

[Cuyg(17)4X4]). The synthesis of these compounds under aerobic conditions enabled the
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Scheme 3.5: Synthesis of complexes 1g and 1h.

oxidation from copper(I) in the used precursor salt to copper(Il) in the resulting complex.
There are several aspects that make these crystal structures interesting. The first aspect
is the formation of dinuclear complexes with the deprotonated hydroxy group acting as a
bridging ligand between the two copper centres (Figure 3.10). The copper centres in the
dinuclear complex have a distance of 3.0503(11) and 3.0556(13) A, respectively (Table 3.4).
The Cu- O and Cu - Np, bond lengths are just below 2.0 A and the Cu - Npy bond lengths are
slightly above 2.0 A. For 1h, the Cu-Br bond lengths are elongated about 0.14 A compared
to 1g.

The second aspect is that there are two independent Pz/Py-disorders. Around Cu(1), the
ligand has a Pz/Py-disorder of the two non-coordinating N-donors (1g: 72.3(5) % & 27.7(5) %,
Figure 3.11; 1h: 58.6(6) % & 41.4(6) %, Figure 3.12). At the second Cu centre Cu(2), the
coordinating N-donor is disordered with one of the non-coordinating ones. The shares
are in 1g and 1h almost equal: In 52.8(6) % and 50.3(7) % the pyridine and in 47.2(6) % and
49.7(7) % the pyrazolyl moiety is coordinating, respectively. Together, this results in four
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Table 3.4: Selected bond lengths, atom distances, bond angles and structure parameters of 1g and

1h.

1g
[Cuz(OCH,C(Pz),Py),Cl;]
Cu(1) / Cu(2)

1h
[Cuz (OCHQC(PZ)zpy)zBrz]
Cu(1) / Cu(2)

Space group P1 P1

Bond lengths [A]

Cu-Np, 1.995(5) / 1.922(6) 1.991(6) / 1.923(8)
Cu—Np, — /2.020(7) — /2.004(11)

Cu = Otrans-Cl/Br 1.921(3) / 1.986(3) 1.930(4) / 1.983(4)
Cu - Oprans-N 1.984(4) / 1.923(3) 1.966(5) / 1.926(5)
Cu-Cl/Br 2.2505(15) / 2.2479(16) 2.3892(12) / 2.3917(12)
Atom distances [A]

Cu---Cu 3.0503(11) 3.0556(13)
Cu--Cl/Br’ — / 2.7703(16) — /2.9328(12)
Cu--O’ 2.570(3) / — 2.686(5)/ —

Bond angles [°]

Cu-0-Cu 100.41(16)-105.02(17) 101.4(2)-104.8(2)
0-Cu-0 77.19(15)-77.32(15) 76.68(18)-76.97(19)

Cl/Br-Cu- Otrans—Cl/Br
Np, — Cu-OpansN
pr —Cu - Otrans-N

172.65(11) / 174.43(11)
168.16(16) / 161.8(3)
—/159.5(4)

172.08(14) / 174.07(14)
167.9(2) / 163.5(4)
—/162.7(6)

Struct. param.
CSM 5(SP-4)
CSM 5(T-4)
CSM S(TBPY-5)*
CSM S(SPY-5)*

Cu(1) / Cu(2)Pz | Cu(2)Py

12/15]| 16
30.7/28.6 | 27.8
6.6/4.8|4.6
20/23]23

1.6/18]18
30.5/30.3 | 29.7
6.9/5.7]55
2472727

* Considering the borderline Cu---X as coordinating for the coordination geometry.

possible arrangements of the ligands in complexes 1g (Figure 3.11) and 1h (Figure 3.12). To
distinguish the different isomers additional labelling was used. The label & means that a
pyrazolyl moiety is coordinating and f denotes a coordinating pyridinyl moiety. With an
apostrophe, the two different arrangements for the Pz/Py-disorder of the non-coordinating
ligand arms at Cu(1) are marked. For the chlorido complex 1gaf is the majority component
(38 %), followed by 1gac (34 %). The two minority components are 1gaf’ (15 %) and 1gocor’
(13 %). For the bromido complex the majority configurations are 1gaf and 1gao with 29 %,
while the two remaining configurations are present at 21 %, respectively (Figure 3.12).

If only the dinuclear complexes are considered, the coordination geometry is close to
square planar for all copper centres (CSM: S(SP-4, Cl) = 1.2-1.6 & S(SP-4, Br) = 1.6-1.8).
Furthermore, the whole {Cu;0,N>Xj, }-complex core is almost planar. Considering a least-
squares plane (Ispl) containing the {Cu,O, }-core, the distances from the other donor atoms
towards this plane can be calculated (Table 3.5). The distances for the chlorido donors
in 1g are rather short (0.061 & 0.220 A) which indicates them to be nearly in plane with
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.

1gap’ (15 %)®

o ®
1gaa (34 %) 1gaa’ (13 %)

Figure 3.11: [Cu,(17)2Cl,] unit in crystals of 1g with all four possible ligand arrangements (A-D)
due to Pz/Py-disorder. o denotes a Pz coordination and f a Py coordination. The different spatial
arrangement of the non-coordinating Pz and Py of the ligand coordinating Cu(1) is denoted with ’.
Hydrogen atoms are omitted for clarity. Colour code: black = carbon, blue = nitrogen, red = oxygen,
green copper = copper, green = chlorine.

Table 3.5: Distances (absolute values) of N and X (ClI or Br) towards a least-squares plane containing
the {Cu;0; }-core.

fo) N

Rz \ \

:Cu/g) /Cu/(\2) 0cv=0
(¢} Np,py

N

Atoms  Distances to {Cu,0; }-Ispl [A]
1g 1h

Xcu() 0.220 0.273
Xcu(2) 0.061 0.122
Np,cuq) 0.069 0.073
Np,cu@ 0.529 0.434
Npy.cuz) 0.621  0.500

the {Cu,0;}-core. The non-disordered N-donor (Np, cy(1)) can also be considered as in
plane (0.069 A) whereas the Pz/Py-disordered N-donors show lager distances to the plane
(0.529 & 0.621 A) when coordinating. For the {Cu,O,N,Br; }-core the largest distances to a
least-squares plane of the {Cu,0; }-core feature again the (coordinating) Pz/Py-disordered
N-donors (0.434 & 0.500 A). The other donor atoms also show the same tendencies in the
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1haa (29 %) Thaa' (21 %)

Figure 3.12: [Cu,(17),Br;] unit in crystals of 1h with all four possible ligand arrangements (A-D)
due to Pz/Py-disorder. o denotes a Pz coordination and f a Py coordination. The different spatial
arrangement of the non-coordinating Pz and Py of the ligand coordinating Cu(1) is denoted with ’.
Hydrogen atoms are omitted for clarity. Colour code: black = carbon, blue = nitrogen, red = oxygen,
green copper = copper, brown = bromine.

distance to the Ispl with values in a comparable range as in the structure of 1g. Similar
alkoxide bridged dinuclear copper complexes are a common structural motif in coordination
chemistry. [163-170]

Dinuclear copper complexes with a {Cu,O0,N,X; }-core can form dimeric species. In general,
there are three different ways in which these dimers can be formed (Figure 3.13). In the
easiest arrangement, the cubane type (A), the two dinuclear complexes are sandwiched

(171-178] The second

with the top half being rotated by 90° to enable four Cu-O contacts.
possible arrangement is the stepped cube type (B), in which the two dinuclear building
blocks are aligned in the same way, but the upper half is shifted so that the right side of
the upper half is connected to the left side of the lower half.['] Again, Cu-O contacts
connect this arrangement. The third type is a defect dicubane (C) which is enabled when
the terminal halogen donors are incorporated in a stepped cubane arrangement. Again, the
dinuclear complexes are orientated the same way but in the opposite direction than for

the stepped cubane type, [166:180-182]

[166]

The cubane type can be found more often than the two
other arrangements.

The dinuclear complexes [Cuy(17)2X;] in crystals of 1g and 1h are arranged around a
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Figure 3.13: Schematic depiction of the {Cu;0,N;X; }-core (left, X = Cl, Br) and dimers arranged
in cubane (A), stepped cubane (B) and defect dicubane fashion (C).

crystallographic inversion centre in very close contact in the solid state and form a defect
dicubane dimer (Figure 3.14). Taking the dimeric structure into account the coordination
number rises to five for each copper centre and the coordination geometry can be seen as a
distorted square pyramid (CSM: S(SPY-5, Cl) = 2.0-2.3 & S(SPY-5, Br) = 2.4-2.7).

In crystals of 1g, the distances between the two dinuclear complex molecules in the dimer are
2.570(3) A (Cu---O’) and 2.7703(16) A (Cu---CI’). Compared with defect dicubane structures
from literature, the Cu---O’ distance in 1g are slightly longer and the Cu---Cl’ distances are
slightly shorter (Table 3.6). [166:180-182]

Table 3.6: Distances between dinuclear complexes in defect dicubane dimers of 1g (top), 1h (bottom)
and literature compounds.

Compounds Atom distances [A] References
(CSD refcodes) Cu---CI’ Cu---O’
1g 2.7703(11)  2.570(3) this work
GANDAD 2.852-2.872 2.342-2.416 [180]
LETKIF 3.004 2.447 (166]
RIVBUW 2.948 2.477 (182]
TONPOE 2.813 2.428 (181]
Cu---Br’ Cu---O’
1h 2.9328(12)  2.686(5) this work
LEWWEQ 3.110-3.167 2.511-2.537 [166]
RIVCAD 3.226 2.422 (182]

For 1h, the main difference lies in the lager distances between the two parts of the dimer
which are elongated by 0.12-0.16 A (Table 3.4). In the CSD, two structures for the defect
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Figure 3.14: Two [Cuy(17)2X;] units from crystals of 1g (left) and 1h (right) arranged in a dimeric
fashion (dashed bold bonds) with Pz/Py-disorder (minority components dashed, 50 % probability).
Hydrogen atoms are omitted for clarity. Colour code: black = carbon, blue = nitrogen, red = oxygen,
green copper = copper, green = chlorine, brown = bromine.

dicubane variant with bromide can be found.[58166182] As already described for 1g, the
Cu---O’ distances for 1h are slightly longer (2.686(5) A) than for the already known com-
pounds and the Cu---Br’ distances are slightly shorter (2.9328(12) A, Table 3.6). Although
the larger bromide ions in 1h cause longer bond lengths, a molecular overlay of 1g (green)
and 1h (brown) in Figure 3.15 visualises the high degree of similarity and that the structures
are isomorphous. Besides structural chemistry, the defect dicubane structures are often
investigated regarding their magnetic behaviour because of antiferromagnetic coupling of

the four copper centres, [106:180]

Figure 3.15: 1gaf (green) and 1hof (brown) as molecular overlay of the dimeric structures.
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3.2.4 General Considerations of Complexes of HOCH,C(Pz),Py (1)
in the Solid State

Complexes with ligand 1 in the {N3 }-coordination mode show a preferred orientation of
the OH-group. If one assumes to view in direction of an axis from the CH;-group over the
apical carbon towards the metal centre, there are two different observed position of the
OH-group (Figure 3.16). In the major configuration, the OH-group is positioned between the
pyrazole moieties trans to the pyridine residue. In the minor configuration, the OH-group

is positioned between a pyrazole and pyridine residue.

i, e 3o/

4&'\‘1} Fe: 1a Fe(1 1aFe(2)
NN

\B

M

1b Fe(1) Te Fe(2)

1b Fe(2) 1d Fe(2)

1c Fe(1)
M: Fe, Zn, Cu 1c Fe(2)

1d Fe(1)
Zn:1e
Cu:f

Figure 3.16: Schematic depiction of the position of the OH-group in relation to the pyrazolyl and
pyridinyl donors in crystal structures of 1a to 1f.

Although the {N3}-coordination mode of 1 obtained with iron, zinc and copper looks very
similar, the fit of the metal ion in the coordinative cavity, provided by the pyrazolyl and
pyridinyl donors, differs. To obtain a comparable value for these complexes, the distance

between the apical carbon atom (C,p) and the metal ion was determined (Figure 3.17).

- a2+ A 1a
M = Fe “» vy v 1b
OH < 1c
> 1d
+ —N AN o A1f
Cu?* Cap \:> o o
| = N= 1e
N S
:/N\

3.04 3.06 3.08 31 312 314 3.16 3.18 3.2
Distance C,,+ "M [A]

Figure 3.17: Distances Cyp---M (M = Fe?*, Cu?*, Zn**) for complexes of ligand 1.
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Iron(Il) (LS) is closest to Cyp (3.04-3.06 A). Copper (II) and zinc(II) show larger distances of
3.15-3.16 and 3.19-3.20 A, respectively. This trend is in accordance with the Shannon-radii
of these ions.['®3] However, this correlation must be taken with caution since the influence
of the ligand field stabilisation energy is not included. It would be interesting to investigate
if this correlation continues for other 3d metal complexes with 1 in {Nj3}-coordination

mode.

3.3 Iron Complexes of HOCH,C(Pz),Py (1) in Solution

The complexes were synthesised to be potential homogeneous catalysts. Hence, the question
arises if the bisfacial coordination mode that was found for the complexes in the solid state
is maintained in solution or if 1 : 1 ratios of iron salt and ligand can result in monofacial

solution species.

3.3.1 UV/Vis Titration Experiments

Titration experiments with different solutions of iron salts, where ligand 1 is added stepwise,
delivered very different results. Note that these experiments were carried out under aerobic
conditions and with non-dried solvent unless otherwise stated.

To a solution of FeCl; in acetonitrile, a solution of 1 was added stepwise (Figure 3.18, left).

FeCl, in MeCN FeCl, in MeCN (anhydrous)
2 4
0.35+
0.3
&
154 0.25 06906000007 0000%0 STELLLLL 0960000000
o 0.2 A aAAD &
<(00_15— EMAAAAAAAA AAA <(°0>8_

—_ 0] Ac@311 nm oy AAAAAAA31/\1An:]A
= 4 2 o A, @ 360 nm . @

< 0.05{ A 5 A @430 nm © A, @ 360nm

o £ © & A, @340 nm
T 0 05 1 15 2 25 3
0 05 1 15 2 25 3 35 4 ;
. eq. ligand 1
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0 eq. 1 0 eq. 1
—39eq.1 ——33eq.1
0 T T T T T T T 0 T T T T T T T T
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Alnm] A [nm]

Figure 3.18: UV/Vis spectra with corrected absorption A. of FeCl, in MeCN and titration with 1.
Left: 0.1 mm FeCl,; Right: 0.1 mm anhydrous FeCl, in abs. MeCN.

To take into account the dilution of the UV/Vis sample upon adding ligand solution, the
absorption A was corrected by a dilution factor to give a corrected absorption A. (for details
see subsection 9.1.4). The extinction coefficient was not calculated because the resulting
species and their concentrations are unknown. The absorption of the bands at 311, 360 and
430 nm plotted against the added equivalents of 1 are shown in the inset. For all three bands

a plateau is reached after around 1 eq. of 1 was added. In contrast to the bisfacial species
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found in solid state (1c), this would correspond to a monofacial species. Notably, the bands
at 311 and 360 nm are present from the beginning in the pure iron-salt solution without
any ligand added, which is also shown in Figure 3.19. As comparison, the experiment was
repeated with anhydrous FeCl, using abs. acetonitrile (Figure 3.18, right, aerobic conditions).
Here, the same bands at 311 and 360 nm were observed in the pure salt solution. The addition

of ligand 1 gave similar results with a plateau starting around 1 eq. of added ligand.

FeCl, in MeCN (anhydrous) FeBr, in MeCN (anhydrous)
0.6
1.6
1.4 4 e 0.5
< fresh FeBr, solution
1.24 =) fresh FeCl, solution 2
o 2 SO 0.4 4 FeBr, solution after 1 h

—— FeCl, solution after 1 h

w
< 0.8 < %3
0.6 4 024
0.4 4
0.1
0.2+
0 T T T T T T T 0 T T T 1 T T T =
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
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Figure 3.19: UV/Vis spectra of FeCl, in MeCN (0.1 mm, left) and FeBr; in MeCN (0.1 mm, right).
Spectra at start of titration in black and similar solution prepared 1h later in orange (aerobic
conditions).

Since the bands at 311 and 360 nm are observed without addition of ligand 1, it is obvious
that it must be a species solely with iron and chloride. Thinkable is a tetrachloridoferrate
anion as it was observed in the crystal structure of 1c. Only the band at 430 nm can be
assigned to the formed complex with 1. Since more than one species is found - an iron
complex with ligand 1 and a potential tetrachloridoferrate anion - it seems not reasonable
to assign one equivalent of 1 to a monofacial species. This could lead to the following
hypothesis: Parts of FeCl, form tetrachloridoferrate anions in the pure iron salt solution
right at the beginning. After addition of the ligand, a complex forms which may be a
monofacial species with additional coordination sites occupied by acetonitrile, which is
known to be a coordinating solvent. This would generate free chloride ions which are
available to form further tetrachloridoferrate anions with remaining FeCl,. The formation
of tetrachloridoferrate anions consumes iron from the 1 eq. of iron available for the complex
formation with 1, which would mean that at 1 eq. of added ligand there is more than one
ligand molecule per available iron centre (not involved in tetrachloridoferrate anions).
Considering that all chloride anions available form tetrachloridoferrate anions, this would

theoretically lead to a bisfacial complex species at 1 eq. of ligand 1:

2FeCl, + 2 (1) — [Fe(1)3]%" + [FeCly]*
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Another possibility would be the formation of a monofacial complex of iron and 1 with
chloride anions occupying the free coordination sites. However, this would not necessarily
explain the simultaneous rise of the tetrachloridoferrate bands at 311 and 360 nm, unless
such a chlorido complex would have the exact same UV/Vis bands. The amount of water
seems to have an additional impact on the tetrachloridoferrate anion formation as indicated
by the experiment conducted under anhydrous conditions.

Research in the literature about UV/Vis spectra of iron chloride compounds in acetonitrile
revealed that the [FeCly] ™ anion shows characteristic absorption bands at 311 and 359 nm
(314 and 364 nm in DCM) which matches the species observed in this work.[1#+18] For
[FeCl4]*~ no appropriate data for comparison could be found. If the observed species is
[FeCly] ™ some redox process from iron(Il) to iron(IlI) must have taken place. This could be
due to the aerobic conditions under which these experiments were conducted. However,
the observation of an iron(Ill) tetrachloridoferrate anion matches the [FeCly]~ found in
crystals of 1c, which were also synthesised under aerobic conditions. In summary, the two
bands present from the beginning at 311 and 360 nm are most likely from [FeCly]~, but
they also rise upon ligand addition.

The same ligand titration experiment was also performed with FeCls as iron salt (Figure 3.20).
In this case, the same bands at 311, 360 and 430 nm were observed. All three absorption
maxima are stagnant at the addition of around 1 eq. of 1, which is similar to the experiments
with FeCl,. This also indicates the formation of [FeCly] ™ anions, which expands with further
ligand addition and seems more reasonable because iron(Ill) is used. A monofacial complex
[Fe(HOCH,C(Pz)Py)Cls] as it could be characterised in the solid state via SCXRD during
my Master’s thesis is not very likely, as it would not explain the rise of the [FeCl,]~ band

upon ligand addition. [14°]
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Figure 3.20: UV/Vis spectra with corrected absorption A, of FeCls; in MeCN and titration with 1
(0.5 mm FeCls).

A possible species for the formation of [FeCly] ™~ in the solution at the start of the titration,
could be [FeCl,(MeCN),][Fe™Cl,] as Gao et al. observed for FeCls in acetonitrile. [1¢]
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Interestingly, the complex band at 430 nm first decreases and then rises until 1 eq. of 1 has
been added.

The titration experiment was also performed with FeBr; in acetonitrile (Figure 3.21). The left
spectrum shows the formation of two bands at 320 and 428 nm after addition of the ligand
1, which stagnate at about 1 eq. of the 1. At the start of the titration, different bands can be
observed. The ones at 390 and 468 nm are the most interesting ones, as these indicate the
formation of potential tetrabromidoferrate anions, analogous to the chloride experiments
(Lit. [FeBrs]™: 391 and 469.5nm in MeCN; 392 and 472 nm in DCM).[184185] Analogous
to the tetrachloridoferrate species, only literature values for an iron(Il) anion could be
found. However, this matches the [FeBrs] ™~ anion found in crystals of 1b, which were also

synthesised under aerobic conditions.
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Figure 3.21: UV/Vis spectra with corrected absorption A, of FeBr, in MeCN and titration with 1.
Left: 0.1 mm FeBry; Right: 0.1 mm anhydrous FeBr; in abs. MeCN.

The same experiment was repeated with anhydrous FeBr; and abs. acetonitrile (Figure 3.21,
right, aerobic conditions). Here, the bands for tetrabromidoferrate anions are much lower.
If such a solution is prepared from a 1h old stock solution, which is exposed to oxygen,
these bands are getting more intensive (Figure 3.19, right) and are similar to those of the
non-anhydrous FeBr;. So, the older the starting solution is, the more tetrabromidoferrate
can be observed. For FeCl, (left), both spectra show nearly the same bands indicating that
the tetrachloridoferrate formation is faster than formation of tetrabromidoferrate.
Different to the saturation of the maxima at 1 eq. of ligand for the left spectra in Figure 3.21,
the right spectra for anhydrous FeBr; and abs. acetonitrile show a saturation at 1.6 eq. of
ligand. Maybe the complex formation is promoted by the amount of tetrabromidoferrate
anion and is therefore finished in the left spectrum earlier. Another problem with this
spectrum is that the new formed bands (320 and 428 nm) are overlaid by the bands of the
tetrabromidoferrate anions (390 and 468 nm).

To circumvent the issue with the tetrahalidoferrate anions, the titration experiment was

also performed with Fe(NOs;)3 - 9H,0 (Figure 3.22). In this experiment, a steep increase for
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, Fe(NOy); - 9 H,0 in MeCN
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Figure 3.22: UV/Vis spectra with corrected absorption A, of Fe(NOs;)s; - 9 H,O (0.5 mm) in MeCN
and titration with 1.

the absorption at 475 nm was observed until addition of 1 eq. of 1. Afterwards, the band is
still rising but with a much flatter slope and is stagnant after 2 eq. of 1. This would indicate
a bisfacial rather than a monofacial species.

To investigate the influence of the solvent, some experiments were repeated in methanol
(Figure 3.23). FeCl; in methanol shows bands at 320 and 428 nm that are rising upon addition
of 1 (left). The absorptions rise until the addition of 2 eq. of ligand and can be considered
stable afterwards although the measurements show some noise. The right plot shows the
same experiment for FeCl;. Bands with maxima at the same wavelengths (320 and 428 nm)
are observed. The slope changes with the addition of 2 eq. of 1 and becomes flatter, but it
does not reach a plateau. This suggests that more than one process is taking place.
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Figure 3.23: UV/Vis spectra with corrected absorption A, of iron chloride salts in MeOH and
titration with 1. Left: 0.1 mm FeCl,; Right: 0.09 mm FeCls.

A similar behaviour can be observed for the titration experiment with FeBr; in methanol

(Figure 3.24). Again, bands are at 320 and 428 nm with a steeper slope up to 2 eq. of ligand
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and a flatter slope for higher ligand amounts. For all measurements in methanol, bands at
320 and 428 nm were observed which correspond to the bands seen for FeBr, in acetonitrile
(Table 3.7).

FeBr, in MeOH

0009
o

o A @320nm
o A @428 nm

05 eq. ligand 1

Oeq.1
—39eq.1

T T T T
600 700 800 900 1000
A [nm]

T
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Figure 3.24: UV/Vis spectra with corrected absorption A of FeBr; (0.1 mmM) in MeOH with and
titration with 1.

Table 3.7: UV/Vis bands observed at the end of the titration experiments.

Experiments UV/Vis bands at the end of the titration [nm]
in MeCN:

FeCl, 257 311 360 430

FeCl, (anhydrous) 257 311 360 430

FeCls 311 360 430

FeBr, 259 320 428

FeBr, (anhydrous) 259 320 428

FC(NO3)3 -9 Hzo 475
in MeOH:

FeCl, 259 320 428

FeCls 259 320 428

FeBr, 259 320 428

References in MeCN: UV/Vis bands [nm]

[FeCl,]~ [184] 3115 360

[FeBr,]~ [184 391 469.5

Experiments with chlorides in acetonitrile all show bands similar to those of the tetrachlo-
ridoferrate anion and one additional band at 430 nm. In the other experiments, the bands at
320 and 428 nm are dominating: nearly all have a band at 257 or 259 nm in common. The
only measurement without halide anions but iron nitrate showed a completely different
single band at 475 nm.

Considering all results, a bisfacial species is more likely than a monofacial species for all
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UV/Vis spectroscopic experiments with iron and ligand 1. Although some results with iron
halide salts first indicate a monofacial species, the results are biased by the formation of an
unknown amount of tetrahalidoferrate anions. Therefore, components are removed from
the simple salt plus ligand equilibrium, making the interpretation much more complicated.
Overall, the addition of ligand 1 seems to enable easier the formation of tetrahalidoferrate

anions.

3.3.2 Cyclovoltammetric Experiments

Results from the UV/Vis experiments with 1 and different iron salts led to reevaluation of cyclic
voltammograms (CV) that were measured during my Master’s thesis.['*%l CVs with 1 and iron
chloride and bromide salts were measured between May and November 2018, and these CV
plots are respectively marked with *. The reference experiments and the new interpretation of

the former results were performed during the work in this thesis (Scheme 3.6).

MeCN
[Fe(1)Cla] =———— FeCly
FeCly — OH
FeCla. —, mecN cv MeCN +—— FeCl —— , N
Measurements | N N;>
FeBrs —— —— FeBrg =N N}
1
FeBrp, —— —— FeBro «—
this work Master's thesis

Scheme 3.6: CVs measured with iron chloride/bromide salts and 1 in MeCN and the point in time
of experiment.

The aim of these experiments is to determine the redox potential of the bisfacial iron
complexes with ligand 1. Iron(Il) and iron(IIl) species were chosen as starting points to
investigate both variants for a potential redox-cycle. The experiments were performed under
aerobic conditions at room temperature (for details see subsection 9.1.10). The measurement
of CVs with different scan rates (20-200 mV/s) of only FeCl; in acetonitrile resulted in a
reversible redox process (Figure 3.25) with a half-wave potential of E;/, = —0.395V against
the ferrocene redox couple (Fc/Fc™) (Table 3.8). The CVs that were measured 10 min later look
very similar and show that the observed species is stable in this time range. Since [FeCly] ™

anions are easily formed by FeCl; in acetonitrile (see subsection 3.3.1), [FeCly] ™2~ is a
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FeCl; in MeCN FeCl; in MeCN + 10 min
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Figure 3.25: CVs observed for a solution of FeCl; in MeCN (left) and the same sample 10 min later
(right).

Table 3.8: Half-wave potentials (E;/,) and peak-to-peak separations (AE) obtained from the CVs.

Compound(s)  Ejj, vs. Fc/Fc¢* [V]  AE [mV]

FeCl, ~0.395 75
FeCl, not reversible
FeBr; not determined
FeBr, not reversible
[Fe(1)Cls] ~0.390* 77"
FeCl, +1 -0.364* 85*
FeBr; +1 -0.217* 77"
FeBr, +1 -0.207* 89*

* Results obtained during Master’s thesis.

reasonable redox couple for this experiment. CoLLOMB et al. determined the redox potential
of the [FeCl,] /2~ pair in acetonitrile to be —0.32V vs. Ag/AgNOs; which corresponds to
—0.40'V vs. Fc/Fe*.[17] However, the CV measured in the Master’s thesis for iron(III) and
iron(III) species are very similar (Figure 3.26) and redox potentials in the same range (—0.390
& —0.364 V, respectively). It stands to reason that the species observed in the experiments
with 1 are not a complex of 1 but [FeCl,] /?~. This is also consistent with the observations
in the UV/Vis spectra from the previous sections where these anions were observed.
Interestingly, the use of only FeCl, does not lead to a reversible redox potential that indicates
the presence of [FeCl,] ™/~ anions (Figure 3.27). Again, the use of ligand 1 enables the
formation of [FeCly] /2~ anions since the experiment with 1 shows a reversible redox
potential in the corresponding region. Ligand 1 and FeCl, were used in equimolar amounts.
The formation of [FeCly] /2~ anions suggests formation of a bisfacial complex cation.
The observation that formation of complexes that “release” C1~ enables the formation of
187]

[FeCl,] /%~ was also made by CoLLoMmB et al.

Similar observations for the CVs were made with bromide instead of chloride. A formation
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Figure 3.26: CVs observed for a solution of [Fe(1)Cls] (left) and FeCl, with 1 (right) in MeCN.
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Figure 3.27: CVs observed for a solution of FeCl, (left) and FeBr, (right) in MeCN.

of a species with reversible redox potential was not possible when only FeBr, was added
into acetonitrile (Figure 3.27). However, starting from FeBrj; a quasi-reversible species could
be observed, showing a poor stability since an additional measurement after 10 min showed
a clear decrease in the observed species (Figure 3.28). No appropriate literature values could
be found for comparison. Nevertheless, the spectra with addition of the ligand 1 showed
reversible spectra for FeBrs and FeBr; with reduction potentials of —2.217 and —2.07V,
respectively (Figure 3.29). Although addition of ligand also enables the formation of most
likely [FeBr,] /2~ anions, the bromide variant is less stable than the chloride analogue as
indicated by the CV measured after 13 min (Figure 3.29, top, right).

Taking all the CV results into account, starting from iron(II) halide salts, it is not possible to
see the redox potential of the tetrahalidoferrate anions (Scheme 3.7). If the starting species
is the corresponding iron(IIl) salt, the typical CV of the tetrahalidoferrate anion couple can
be observed. Solutions with ligand 1 and the corresponding iron chloride/bromide salt lead
to the observation of tetrahalidoferrate anions, regardless of whether the starting species

was an iron(Il) or iron(III) salt. Species with bromide are less stable than with chloride.
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Figure 3.28: CVs observed for a solution of FeBrs in
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Figure 3.29: CVs observed for a solution of FeBr; with 1 (top, left), FeBrs with 1 after 13 min (top,
right) and FeBr, with 1 (bottom, middle), all in MeCN.

3.3.3 General Considerations in Solution

The UV/Vis as well as the cyclic voltammetry experiment results point towards the same

direction as tetrahalidoferrate anions were observed with both measurement techniques.
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Scheme 3.7: Results of CVs in MeCN for combination of ligand 1 and iron chloride/bromide salts.

The tetrahalidoferrate anions were observed in solutions without added ligand where they
form more easily from iron(Ill) than from iron(Il) salts. Furthermore, the formation of
tetrahalidoferrate anions is promoted by the presence of ligand 1, most likely through the
formation of a complex species without halogen donors. Due to the aerobic conditions of the
experiments, the observed tetrahalidoferrate anions are rather an iron(IIl) species ([FeX4] 7).
Possible reaction pathways and species in solution are shown in Scheme 3.8. Note that
this is only a rough sketch of assumed processes and the reality is most likely even more
complicated. To reveal the full picture of processes happening here, more measurements
are needed but investigations were stopped at this point since the synthesised complexes
are no longer suitable as potential homogeneous catalysts. The main reason is that it
would be very challenging to examine if the desired complex with ligand 1 is functioning
as catalyst or if the tetrahalidoferrate anions are acting as catalyst. In case of bromide,
these tetrabromidoferrate anions have been found to be active in the atom radical transfer

[183] Furthermore, the structure of the complex formed by iron(II) and 1

polymerisation.
is still not fully understood in solution. Additionally, the most likely bisfacial complex
is expected to be not a very effective homogeneous catalyst since there are no vacant

coordination sites available for substrates at the metal centre. Consequently, tetradentate
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Scheme 3.8: Possible species present in MeCN for combination of ligand 1 and iron chloride/bromide
salts.

ligands are needed to prevent bisfacial coordination and generating labile coordination sites

for homogeneous catalysis. [126:148]

3.4 Concluding Remarks on Complexes of Ligand

The backbone functionalisation of 1 did reveal a similar coordination behaviour compared to
the parent ligand HC(Pz),Py since studies in the solid state and in solution mostly indicated
bisfacial {N¢ }-coordinated complexes. Exceptions to this are the obtained copper structures
of 1f, 1g and 1h.

However, the results point out that changing the 3d metal ion may lead to a variety of
complexes depending on the different characters of the metal ions. Therefore, it is important
to tailor each ligand to the metal ion in order to obtain the desired complex properties,
rather than using one ligand for a variety of metal ions.

Regarding the iron compounds — which are the main focus of this thesis — the bisfacial
coordination mode saturating the primary coordination sphere does not provide labile
coordination sites which are key for metal mediated catalytic processes. Hence, the following
chapters address the development of iron complexes with tetradentate ligands that prevent
a bisfacial coordination mode and provide better protection of the metal ion while allowing

cis-labile coordination sites.



4 Bis(pyridinyl)phenanthrolinylmethane - a
Ligand with {N4}-Coordination

The ligand MeC(Py),Phen (2) was developed by Dr. KRISTINA KEISERS during her PhD thesis
together with the iron(Il) complex [Fe(MeC(Py),;Phen)(MeCN);](OTf); (2a). First investigations
towards an iron(IV)oxo species were performed by her.'%] The potential of this iron(IV)oxo
complex as catalyst for C—H bond activation reactions is investigated in the present work. In the
context of this thesis the tetrafluoridoborate analogue to 2a [Fe(MeC(Py);Phen)(MeCN),](BF,);
- MeCN (2b) could be structurally characterised. Combined results were published in “Cat-
alytically Active Iron(IV)oxo Species Based on a Bis(pyridinyl)phenanthrolinylmethane”.[1%°]
Mof3bauer measurements and fitting of data were performed by Dr. LINDA IFFLAND-MUHLHAUS
in the group of Prof. Dr. ULF-PETER APFEL at Ruhr-Universitit Bochum, Germany. Fem-
tosecond X-ray emission spectroscopy experiments (XES) were carried out at European XFEL
(Hamburg/Schenefeld, Germany) at the femtosecond X-ray experiments (FXE) instrument in
November 2021. The measurements were performed in cooperation with Dr. MykoLA BIEDNOV
and support of the whole FXE group under supervision of Dr. CHRISTOPHER MILNE. XES data

correction was performed by Dr. MYKOLA BIEDNOV.

4.1 Iron Complexes of MeC(Py),Phen (2) in the Solid
State

Besides the known complex [Fe(MeC(Py),Phen)(MeCN),](OTf); (2a), three other molecular
structures of iron complexes of ligand 2 were characterised in this thesis (Figure 4.1).

In order to make the structures comparable among each other (e.g. bond lengths and angles)
a labelling of the donors is used according to Figure 4.2. The free coordination sites are
labelled Y and Z. Y is trans to the N-donor of one of the pyridinyl groups (Npy.y). Z is on the
trans-position to the N-donor of the phenanthrolinyl group which is closest to the central

quaternary carbon atom (Nphen-z).

[Fe(MeC(Py),Phen)(MeCN),](BF,), - MeCN (2b)

If the triflate iron salt in the synthesis of 2a is substituted by [Fe(MeCN)s](BF,),, the
same bis(acetonitrile) complex cation of [Fe(2)(MeCN);]?* can be obtained (Scheme 4.1). It
was possible to obtain suitable crystals of [Fe(2)(MeCN),](BF4), - MeCN (2b) for SCXRD
(Figure 4.3). 2b crystallises as an acetonitrile solvate in the triclinic space group P1 with

Z = 2. The tetrafluoridoborate anions remain uncoordinated like the triflate anions in the
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(OTf), /
(BF4)2 - MeCN

Np,_y transto Y,

Figure 4.2: Donor atom positions and labelling of complexes with ligand 2.

structure of 2a. In addition, there is one non-coordinating acetonitrile molecule which
is highly disordered so it could not be modelled properly and the data was treated with
the BYPASS algorithm as implemented in PLATON/SQUEEZE.[156-158] The longest Fe - N
bond can be found between the iron centre and the outer N-donor of the phenanthrolinyl
unit Fe — Nppen (2.0219(19) A) whereas the shortest Fe — N bond is located between iron and
the other phenanthrolinyl N-donor Fe — Nppen 7z (1.9087(17) A, Table 4.1). The other Fe - N
bond lengths are in a quite similar range of 1.944-1.967 A. Since the average Fe - N bond
length is below 2.0 A, 2b is presumably a LS species in the solid state. The unsymmetry
of the Fe - N bonds of the two phenanthrolinyl donors may be caused by the LS iron(II)
centre, which has a smaller radius than an iron(II) HS cation. Therefore, the iron can be
wrapped more tightly by the ligand, which is also represented by a short distance from
the iron centre to the apical carbon atom of about 3.05 A. Since the phenanthrolinyl unit
is very rigid, the outer Nppe,-donor cannot bend more inwards which results in a slightly
longer Fe —Nppen bond. For HS species with ligand 2 like complexes 2¢ and 2d, which

will be discussed in the following sections, the unsymmetry of Fe — Nppe, and Fe — Nppep-7
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[Fe(MeCN)g](BF4)2

MeCN,
layered with Et,O

(BF4)2 - MeCN

{

Figure 4.3: [Fe(2)(MeCN),]?* cation in crystals of 2b. Hydrogen atoms, counterions and crystal
solvent molecules are omitted for clarity. Colour code: black = carbon, blue = nitrogen, scarlet =
iron.

bond lengths is significantly smaller. The acetonitrile co-ligands are only bent slightly
(Fe—N-CMe: 172.27(18)-175.67(18)°). The coordination geometry is close to an ideal
octahedron (CSM: S(OC-6) = 0.7). Looking at 2a all the values are similar, but compared
to [Fe(MeC(Py).BiPy)(MeCN),](OTf), the unsymmetry of bonds between the iron centre
and the N-donors of the bipyridinyl/phenanthrolinyl unit is stronger for the complex with
the more rigid phenanthrolinyl backbone. 41361891 Nevertheless, the trends for the Fe - N
bond lengths are the same as for the bipyridinyl based complex, but the more flexible ligand

allows a slightly more octahedral and even coordination geometry.

[Fe(MeC(Py),Phen)(n—Cl);FeCl;] (2¢c)

The combination of FeCl, and 2 did not result in the expected species [Fe(2)Cl,] where the
Y and Z position would be occupied by chloride ions. The species that could be obtained
was [Fe(MeC(Py),Phen)(u-Cl),FeCl;] (2¢) in sufficient quality for SCXRD (Scheme 4.2, Fig-
ure 4.4). Complex 2c crystallises in the monoclinic space group 12/a with Z = 8. Instead of
two independent chloride ions, two chloride ions of an [Fe''Cl;]?~ anion are coordinating
the iron centre. The charge of —2 of this anion could be confirmed in two ways: first, the
overall charge balance is fulfilled if one considers both iron centres to be iron(Il); second,

the average Fe — Cl bond length between the iron centre and the anion is 2.324 A (Table 4.2).
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Table 4.1: Selected bond lengths, atom distances, bond angles and structure parameters of 2b and
related complexes.

2b 2a
SUTKAW [189] SUTJUPp[136:.189] DIVROS [84]
[Fe(MeC(Py),Phen) [Fe(MeC(Py),Phen) [Fe(MeC(Py),BiPy)
(MeCN)z](BF4)2 - MeCN | (MeCN).](OT1), (MeCN).](OTf),
Space group P1 ‘ P1 P2,/c
Bond lengths [A]
Fe - Npy 1.967(2) 1.965(2) 1.969(2)
Fe - Npy.y 1.9552(18) 1.955(2) 1.951(2)
Fe — Nphen 2.0219(19) 2.016(2) 1.995(2)lal
Fe - Nphen-z 1.9087(17) 1.904(2) 1.905(2)l2]
Fe - Ny 1.9569(18) 1.961(1) 1.950(2)
Fe-Ny 1.9441(18) 1.944(1) 1.951(2)
@Fe-N 1.959 1.958 1.954
Atom distances [A]
NphenNphen-z 2.573 2.564 2.53002]
Bond angles [°]
Fe - Ny - CMe 175.67(18) 175.8(2) 176.2(2)
Fe -Nz - CMe 172.27(18) 171.9(2) 173.9(2)
Struct. param.
CSM S(0OC-6) 0.7 0.8 0.6
CSM S(TPR-6) 12.1 12.6 13.1

[a] Phen denotes here BiPy.

These value would fit to the literature values of [Fe!'Cl4]?~ (2.28-2.34 A) whereas the values
for [Fe'Cly]~ (approx. 2.19 A) are shorter.[1>]

There is only a small number of similar examples of complexes with an iron centre coor-
dinated at four sides by organic ligand molecules (with N- or O-donors) and on the two
remaining coordination sites by an [Fe'Cl]?~ anion. In the CSD database [*®! only three
structures are listed. 190191

The Fe - N bond lengths towards the iron coordinated by 2 are all larger than 2.0 A indi-

cating this iron centre to be HS in the solid state. The Fe -~ N bonds in this complex are

AN AN
| AN FeCly
N N~
Ny MeCN,
SN layered with Eto,O

S

Scheme 4.2: Synthesis of complex 2c.
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Table 4.2: Selected bond lengths, atom distances, bond
angles and structure parameters of 2c.

2c
[Fe(MeC(Py),Phen)(p-Cl);FeCl;]

Space group

12/a

Bond lengths [A]

Fe — Np, 2.173(3)
Fe - Npy.y 2.170(3)
Fe - Nppen 2.186(3)
Fe — Nppen-z 2.118(3)
OFe-N 2.162
Fe-Cly 2.6345(10)
Fe-Cly 2.4046(10)
Fe’ - Cly 2.3623(10)
Fe’'-Cly 2.4265(10)
Fe’ - Cliermn 2.2365(12), 2.2711(11)
Atom distances [A]
Nphen***Nphen-z 2.669
Fe---Fe’ 3.522
) Bond angles [°]
Fe-Cly-Fe’ 89.47(3)
) Fe-Clz -Fe’ 93.62(3)
Figure 4.4: [Fe(2)(u-Cl);FeCl;] unit in Struct. param.
crystals of 2c. Hydrogen atoms are CSM S(OC-6, Fe) 3.0
omitted for clarity. Colour code: black CSM S(TPR-6, Fe) 2.0
= carbon, blue = nitrogen, scarlet = iron, CSM 5(T-4, Fe)) 0.8
CSM S5(SP-4, Fe’) 30.9

green = chlorine.

much more uniform (2.118(3)-2.186(3) A) than in 2b. The Fe — Nppe,.z bond length is the
shortest (2.118(3) A). The bond lengths towards the chloride atoms are longer (2.4046(10)-
2.6345(10) A). What was barely visible in 2b becomes here a more significant trend: The
bond from the six-fold coordinated iron centre to the Y position is elongated compared to
the Z position. This is also in line with the HS species 2¢ compared to the LS complexes 2a
and 2b.

The three literature known complexes show bond lengths in the same range between the
six-fold coordinated iron centre and the ligands (2.107-2.235 A) and the bridging chlo-
ride ions (2.475-2.532 A), as well as between the tetra-coordinated iron centre and the
bridging chloride ions (2.406-2.423 A). This is also true for the terminal chloride ions (2.228—
2.259 A).[190.191]

The coordination geometry of the iron coordinated by the ligand is a slightly distorted
octahedron (CSM S(OC-6, Fe) = 3.0). The [FeCl,]?~ anion exhibits a slightly distorted tetra-
hedron (CSM S(T-4, Fe’) = 0.8). The nature of the spin of the tetra-coordinated iron cannot

be estimated by the Fe — Cl bond lengths, but since tetrahedral complexes are only in excep-
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tional cases LS and chlorides are weak field ligands, a HS species would be expected.[1*? To
investigate this closer as well as possible magnetic coupling between the two iron centres,

further magnetometry measurements would be necessary.

[Fe(MeC(Py),Phen)Cl(n—O)FeCl;] - MeCN (2d)

If the reaction giving 2c is exposed to oxygen, the Fe(I) cations are oxidised to Fe(IIl) and a
different dinuclear compound [Fe(MeC(Py),Phen)Cl(p-O)FeCl;] - MeCN (2d) crystallises as

acetonitrile solvate in the triclinic space group P1 with Z = 2 (Scheme 4.3, Figure 4.5).

- MeCN
MeCN,

Scheme 4.3: Synthesis of complex 2d.

In contrast to 2c, the result is an interesting oxygen bridged diiron species. Charge neutrality
implies both iron centres to be iron(Ill) bridged by an O®” -ion. The O? -ion bridging
[Fe(2)Cl]?* and [FeCls] occupies the Z position. The single chloride anion of [Fe(2)CI]** is
on the Y position. Such a motif of an unsymmetrical p-oxodiiron(IIl) complex is a literature
known oxidation product of [FeLCl,] complexes. [193-203]

The Fe —N bond lengths from ligand 2 towards the hexa-coordinated iron are in the same
range (2.149(2)-2.202(2) A) as for 2c (Table 4.3). Different than in the other structures
with ligand 2, the Fe - Npy.y-bond is elongated (2.202(2) A). This goes along with a shorter
Fe - Cly bond (2.3589(2) A) than in complex 2¢ (2.6345(10) A). This phenomenon is known as

structural trans-effect in octahedral complexes. [204]

Furthermore 2d is the only characterised
iron(IlT) complex with ligand 2, which also influences the coordination geometry. The bond
lengths of the bridging p-oxide are unsymmetrical. Towards the hexa-coordinated iron
centre, the bond is longer (1.8056(17) A) than the tetra-coordinated iron centre (1.7718(17) A).
The bond lengths of the terminal chloride ligands at the tetra-coordinated iron centre show
bond lengths of Fe’ - Clerm = 2.2219(9)-2.2425(10) A. The Fe -Fe’ distance is 3.495 A and
the Fe — Oz - Fe’ angle is 155.32(11)°. The coordination geometries are a slightly distorted
octahedron (CSM S(OC-6) = 2.1) and a tetrahedron (CSM S(T-4) = 0.5) which is comparable
to complex 2c. Bond lengths in literature known similar complexes are all in the same
range. Also the Fe-Fe’ distances (3.35-3.56 A) and Fe - Oz - Fe’ angles (139.2-172.5°) in

193-203

the literature are in a comparable range. | I Such unsymmetrical p-oxo diiron species

are also investigated as catalysts to mimic the enzyme methane monooxygenase (MMO) in

terms of C — H-bond oxidation reactions, [195:198:199]
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Table 4.3: Selected bond lengths, atom distances, bond
angles and structure parameters of 2d.

2d
[Fe(MeC(Py),Phen)(pu-O)FeCls]

-MeCN

Space group P1
Bond lengths [A]
Fe —Np, 2.128(2)
Fe - pr_y 2.202(2)
Fe — Nphen 2.184(2)

(- ) Fe — Nppen-z 2.149(2)

| @OFe-N 2.166

Fe-Cly 2.3589(10)
Fe- 0y 1.8056(17)
Fe'- 0Oy 1.7718(17)
Fe’ - Clierm 2.2219(9)-2.2425(10)
Atom distances [A]
NPhen'**NPhen-z 2.640
Fe.--Fe’ 3.495
Bond angles [°]
Fe-0z-Fe’ 155.32(11)
Cly -Fe-0y 105.25(6)

Figure 4.5: [Fe(2)Cl(p-O)FeCls] unit in
crystals of 2d. Hydrogen atoms and crys-
tal solvent molecules are omitted for clar-
ity. Colour code: black = carbon, blue
= nitrogen, red = oxygen, scarlet = iron,

Struct. param.

CSM S(OC-6, Fe) 2.1

CSM S(TPR-6, Fe) 12.0

CSM S(T-4, Fe’) 0.5
(

green = chlorine. CSM 5(SP-4, Fe’) 32.3

4.1.1 Summary of Iron Complexes of Ligand 2 in the Solid State

In terms of solid state structures of complexes with ligand 2, the bis(acetonitrile) motif could
be repeated with tetrafluoridoborate anions (2b). Attempts of crystallising a bis(chlorido)
complex were not successful. Instead two different chloride based species were obtained. In
the first one a [FeCl;]*~ anion is coordinating in a chelate fashion occupying both co-ligand
sites (2c). The other one exhibits a known oxide bridged side product which is typically

observed in context of iron chlorido complexes (2d).

4.2 Studies with [Fe(MeC(Py),Phen)(MeCN),](OTf); (2a)

as Precursor Complex for an Iron-Oxo Species

Based on the results of Dr. KrisTINA KEISERS, m-chloroperoxybenzoic acid (mCPBA) is used

as oxidation agent to obtain high-valent iron-oxo species from 2a as precursor complex
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(Scheme 4.4). For the further characterisation of the high-valent iron-oxo species, CSI-mass
spectrometry, Mo3bauer and UV/Vis experiments were used which will be discussed in the

following sections. Furthermore, the ability for catalytic C —H bond oxidation was tested.

2+ 2+

mCPBA

Scheme 4.4: Oxidation of an iron(Il) complex with ligand 2 to an iron(IV)oxo species using mCPBA.

4.2.1 CSl-mass Spectrometry Experiment

To obtain more information about the nature of the oxidised iron complex species starting
from [Fe(MeC(Py),Phen)(MeCN),](OTf), (2a), high resolution cryospray-ionisation mass
spectrometry (CSI-MS) at —20 °C in MeCN was measured after oxidation with mCPBA. The
low temperatures were necessary as previous UV/Vis studies showed that the decay of the

species can be slowed down at lower temperatures. [1°]

The measured isotope distribution
pattern with the main signal centred at 217 m/z fits the calculated pattern of [Fe!¥(2)0]?*

(Figure 4.6).

Intens. +MS, 2.7-3.5min #162-209|
X105 [Fe'V(MeCPy,Phen)O]?*, experimental '

217.04126

T 04

0.5 217.54273

216.04358
| 216.54513 218.q4440

0.Q !
x10° CaeHisFeN,0, 217.04095
calculated

2+
217.04096

2+
05 217.54237

2+
218.04354
1

2+
216.04329 2+
| 216.54481

0.0

! A
216.0 216.5 217.0 2175 218.0 2185 m/z

Figure 4.6: Experimental (top) and calculated (bottom) isotope distribution pattern for [Fe!V(2)0]%*.
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This supports the hypothesis of 2a being oxidised by mCPBA to an iron(IV)oxo species.
Structures for two other species found in the spectra could be proposed: The first species
has the sum formula of [C3;H2,CIFeN,O3]* which fits the isotope distribution pattern with
the main signal at 589 m/z. This corresponds to an adduct of the iron-oxo complex and
mCPBA (Figure 4.7). In the literature, similar species with peracids for iron(IIl)/iron(V)

complexes were reported. [104111]

Intens. . +MS, 2.7-3.5min #159-208
x106 experimental

589.07258

590.07619

591.07128

592.07391

587.07697
n 588.07741 593.07691
4 1

qQ
X100, CaiH22CIFeNaO, 589.07243
calculated

1+
589.07251

1+ 1+
590.07544 591.07117

1+
592.07313

Cl

1+
588.08022 593.07536 —
I 'l

1+
587.07711

565 586 567 588 580 580 591 562 563 584 585 miz

Figure 4.7: Experimental (top) and calculated (bottom) isotope distribution pattern and possible
species (right) for [Cs;Hj;CIFeN,O3]".

The sum formula of the second species which fits to the isotope distribution pattern around
581 m/z is [Cs2Hq4CloFeaNgOs,]*. Thinkable for this formula would be a mCPBA bridged

species of an iron complex and an iron-oxo complex (Figure 4.8).

4.2.2 Mof3bauer Experiments

The existence of the iron(IV)oxo species can also be confirmed with Méfibauer spectroscopy.
Figure 4.9 shows the spectra of frozen solutions of the precursor complex 2a and after
oxidation with mCPBA both immediately and after 4h.

For the precursor complex, the signals correspond to the expected Fe(Il) LS species with
an isomer shift of 0.42mms™! and a quadrupole splitting of 0.51 mm s™! (Table 4.4). The
addition of 2 eq. of mCPBA to the solution of 2a at —20 °C and subsequent measurement
of this as a frozen solution resulted in a different spectrum (Figure 4.9, middle), which
can be modelled as two quadrupole doublets. The minor species (37 %, green fit) shows an

isomer shift of 0.04 mms~! and a quadrupole splitting of 0.54 mm s~!. This corresponds to
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Imense. experimental +MS, 2.7-3.5min #159-208
x10
6
581.07541
5 582.07497
581.57656
4
3 582.57545
2
583.07488
1 580.07668 583.57497
580.57855 -
N lss131513 584.07523
X100 calculated CeMCiaFeN:0;, 58107497
6
2+
581.07521
5 2+
582.07497
2+
4 581.57658
2+
3 582.57562
2 2+
58307518
1 2+ 2+
58007737 b 58357533
580.57886 2+
584.07593
o . ; . A
580 581 582 583 584 miz

Figure 4.8: Experimental (top) and calculated (bottom) isotope distribution pattern and possible
species (right) for [C¢;Hy4CloFeaNgOs,]™.
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1% “‘h.'r
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site1
site2
+ mCPBA 4h

Velocity [mm s™]

Figure 4.9: Mofbauer spectra of frozen MeCN solutions (80 K): top: 2a (light blue), middle: reaction
solution of 2a with mCPBA directly after addition at —20 °C (blue) with [Fe!V(2)O]" species (green)
and decomposition product (orange) and bottom: reaction solution after 4 h at —20 °C showing
decomposition product (orange).

a HS iron(IV)oxo species and is in the same range as comparable complexes reported in

the literature. The iron-oxo species [tpa’"Fe!VO]~ with the tetradentate N-donor ligand

1

tris(5-phenylpyrrole-2-ylmethyl)amine (tpa'™?) shows an isomer shift of 0.09 mm s~ and
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Table 4.4: Mof3bauer results of frozen MeCN solutions for 2a and after addition of mCBPA.

Frozen solution 6§ AEq Amount Assignment
[mms™!] [mms™!] [%]

2a 0.42 0.51 LS Fe(II)
2a + mCPBA 0.04 0.54 37 HS Fe(IV)
0.48 1.89 63 Fe(II)
2a + mCPBA, 4h 0.48 1.91 Fe(III)
1 [98]

a quadrupole splitting of 0.51 mm s™"."*! The major species after oxidation with mCPBA

(6 = 0.48mms~!, AEg = 1.89 mms™') indicates an iron(Ill) species which is in line with

205]

values of oxide bridged iron(III) species observed by NORDLANDER et al.[?%] It is very likely

that this iron(III) species is a decomposition product of the iron(IV)oxo species, whose decay

[136] In order to find more evidence for this assump-

can be followed in the UV/Vis spectra.
tion, the experiment was repeated. The conditions were identical, but after the addition
of mCPBA the solution of 2a in acetonitrile was stirred for 4 h at —20 °C. Afterwards, the
solution was frozen in liquid nitrogen and the Méflbauer measurement was performed (80 K).
This time only one quadrupole doublet (§ = 0.48 mms™, AEg = 1.91mms™") is visible
(Figure 4.9, bottom) which matches the iron(Ill) species from the previous experiment.

The results confirm the existence of an evanescent iron(IV)oxo species. It is evidently not
stable for prolonged periods of time which is in line with UV/Vis spectroscopic measure-
ments and also with the clearly visible changes in colour. The degradation product is an

Fe(III) complex.

4.2.3 Recovery of the Iron-Oxo Species

Dr. KrisTiNA KEISERs showed in her work that complex 2a can be oxidised with mCPBA to
a species which shows in UV/Vis spectroscopic experiments a band at 752 nm typical for
iron-oxo complexes. The half-life time of this species was determined to be 5 min at room
temperature. [13¢]

To act as a catalyst, the decomposition product of the iron(IV)oxo needs to be able to
react back to the iron(IV)oxo with more of the oxidation reagent. This is important for the
metal complex to mediate the reaction in multiple catalytic cycles. To investigate this issue,
UV/Vis spectroscopy was chosen with the strategy of adding fresh oxidation agent to the
complex solution several times and follow the intensity of the iron-oxo species band for
every addition. The set-up should also enable the solution to be stirred for good mixing
of complex and oxidation agent as well as the possibility of fast scans. The experiment
was performed under aerobic conditions. Every 15 min, 1 eq. of mCPBA was added to the

solution of 2a in a UV/Vis cuvette. An absorption band at 752 nm could be (re)obtained for

every addition of oxidation agent (Figure 4.10). The rise and fall of this feature is getting
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Figure 4.10: Time resolved development of the absorption at 752 nm with addition of 1 eq. mCPBA
(in solution) at 0, 15, 30, 45 and 60 min (grey bars).

faster after every addition. The reached absorption maximum is high for the first and lower
for the second addition. Afterwards, maximum intensity is getting higher again for every
addition from the second to the fifth. The absorption of the Fe(Ill) decomposition products
is not zero at 752nm (= 0.12) and overlaps with the intensity of the iron(IV)oxo band.
Assuming that all of the 2a precursor has been consumed after the first addition of the
oxidant, all additions other than the first will form the iron(IV)oxo species from the decay
product. Since mCPBA was added as a solution, the volume increases throughout the whole
experiment (117 % of starting volume) and the concentrations decrease. It is not possible to
make precise statements about the completeness of each formation of the oxo species as
the absorption of the latter and the decay species overlap. Nevertheless, this experiment is
an important hint that such an iron(IV)oxo species can be reobtained even from the decay

product and therefore is capable of more than one turnover in a catalytic cycle.

4.2.4 Catalytic Oxidation of C-H Bonds

Based on all the promising results and the identification of an iron(IV)oxo species, the
goal was to test if this species is also suitable as catalyst for C-H oxidation reactions.
Cyclohexane, adamantane and cyclohexane-d;, were chosen as substrates for typical model
reactions (Scheme 4.5).

For the catalytic oxidation of cyclohexane with 2a, different ratios of the oxidation agent
mCPBA (10 or 20 eq.) and substrate (100-1000 eq.) were used (Table 4.5). The reaction
conditions were chosen to be similar to those of CHEN et al, to obtain comparable results

to those obtained with the closely related bipyridine variant of the ligand 2.1%% The amount
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1. OH
2a
mCPBA
MeCN (OTf)z
A
L. 23 OH
mCPBA
E MeCN
3°-A 2°-A 2°-K
. OH
2a
mCPBA
MeCN "
A

Scheme 4.5: Catalytic oxidation of: I. Cyclohexane to cyclohexanol (A) and cyclohexanone (K)
(top); II. Adamantane to 1-adamantanol (3°-A), 2-adamantanol (2°-A) and 2-adamantanone (2°-K)
(middle); III. Cyclohexane (C) and cyclohexane-d;,; (C-d) to cyclohexanol (A), cyclohexanol-d;;
(A-d), cyclohexanone (K) and cyclohexanone-d;y (K-d) (bottom).

of obtained products for each reaction condition is shown in Figure 4.11 (left). One main
information that can be gathered in this model reaction is the alcohol-to-ketone ratio (A/K).
A higher A/K ratio (> 1) indicates a metal-based reaction as the alcohol is generated when
a rapid rebound of the intermediate radical species to the metal centre takes place. %]
For high substrate amounts, high A/K ratios of 6.1 and 4.0 could be achieved, respectively
(Figure 4.11, right). Since they are considerably larger than one, this is the first evidence
for a metal-mediated reaction. In contrast, the A/K ratio is close to one for reactions with
lower amounts of substrate because side reactions could take place. The A/K ratios for
the higher amounts of oxidant (20 eq.) are systematically lower. A reason for this could be
that more oxidation agent could lead to more side reactions, favouring the ketone product.
CHEN et al. published a closely related iron-oxo complex with a bipyridine instead of the
phenanthroline unit in the ligand scaffold (MeC(Py);BiPy). 34 Their catalytic study showed
A/K ratios of 7.5 and 4.8 for comparable conditions, respectively, which is slightly higher
than the results obtained with 2a.

To check if the incorporated oxygen originates from the oxidant and not from molecular

(80] Ty this case,

dioxygen, it is important to repeat the reaction under aerobic conditions.
the A/K ratio of 4.7 is a little lower than under oxygen free conditions, indicating side

reactions, but still in a similar range. It is known that incorporation of molecular oxygen
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Figure 4.11: Molar amounts of cyclohexanol (A) & cyclohexanone (K) and 1-adamantanol (3°-A),
2-adamantanol (2°-A) & 2-adamantanone (2°-K) for different substrate ratios x (left) and alcohol-to-
ketone ratios (A/K) of catalytic cyclohexane oxidations for different substrate ratios x (right).

leads to cyclohexanone as product by a non-metal-based reaction pathway. ) This side
reaction could have lowered the A/K ratio. In terms of the total product, the amount of
reaction under nitrogen atmosphere and under aerobic conditions is very similar. This
supports the hypothesis of a few additional side reactions with molecular oxygen besides
the metal-mediated catalysis.

The yield of this reactions is limited by the amount of oxidant present in the reaction.
Therefore, an oxidation agent based yield or in other words an efficiency of the oxidation
agent has to be used. If the whole 10 or 20 eq. of oxidation agent in the reaction leads to
oxidised product, the efficiency would be 100 %. The efficiency of the reactions here is in a
range of 20-55 % (Table 4.5 & Figure 4.12), which is a medium range. For the reaction under
aerobic conditions, the efficiency is slightly higher which again indicates side reactions.
The bipyridine-based system of CHEN et al. shows higher efficiencies of 48-90 %.[34] An

explanation for these higher values could be that the room temperature half-life time of the

Table 4.5: Catalytic oxidation of cyclohexane with 2a.

# 2a:mCPBA:cyclohexane A/K!#l  Efficiency [%][°] TONI¢!

1 1:10:1000 6.1 53 5
2 1:10:800 53 55 6
3 1:10:300 3.2 41 4
4 1:10:100 1.7 25 3
5 1:20:1000 4.0 45 9
6 1:20:800 3.6 44 9
7 1:20:300 1.9 32 7
8 1:20:100 0.9 20 4
9 1:10:1000 4.7 61 6

[a] A/K = %, [b] efficiency = % - 100, [c] TON = A; K all in molar amounts.
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Figure 4.12: TONs of the formation of cyclohexanol (A) & cyclohexanone (K) and 1-adamantanol
(3°-A), 2-adamantanol (2°-A) & 2-adamantanone (2°-K) for different substrate ratios x (left) and
efficiencies of oxidation agent for different substrate ratios x (right).

iron(IV)oxo species of the bipyridine-based complex is 30 min, which is six times longer
than that of [Fe!V(2)0]%* (5 min).[8413¢]

The turnover numbers (TON) of 3-5 (10 eq. mCPBA) or 4-9 (20 eq. mCPBA) indicate that
the reactions are catalytic (Table 4.5 & Figure 4.12). Note, that the equivalents of mCPBA
determine the maximum possible TON. For twice amount of oxidant, the TON is also almost
twice as high. The fewer cyclohexane is used as substrate, the lower the efficiency and
TON are. At least for reactions with higher substrate amounts, the catalysis seems to be
mediated by a metal complex species rather than a long-lived radical.

The reactions under aerobic conditions show slightly higher efficiencies (61 vs. 53 %) and
TONSs (6 vs. 5) which again indicates a few more side reactions.

The second model reaction regarding the regioselectivity was performed with adamantane
as substrate. For a metal-based oxidant, the attack of the C—H bond of tertiary carbon
atoms should be preferred resulting in the tertiary alcohol product 1-adamantanol (3°-A).
As opposed to this, less of the secondary carbon products 2-adamantanol (2°-A) and 2-
adamantanone (2°-K) should be observed. For this experiments, the ratio of 1 : 10 : 1000
for 2a: mCPBA : adamantane was chosen since this showed the most promising results in
the cyclohexane reactions. The ratio of tertiary to secondary products (3°/2°) was found to
be 38 (Table 4.6). This clearly shows that 1-adamantanol is the favoured product and is a
further hint for a metal-based oxidant. With values of 48 % and 5 for efficiency and TON,

Table 4.6: Catalytic oxidation of adamantane with 2a.

# 2a:mCPBA:adamantane 3°/2°/4l  Efficiency [%]!"! TONI¢!

1 1:10:1000 38 48 5
[a] 3°/2°=3- Jﬁ(, [b] efficiency = W - 100, [c] TON = W,

all in molar amounts.
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respectively, these numbers are comparable to the cyclohexane reactions. The bipyridine
based complex of CHEN et al. shows a higher 3°/2° ratio of 45 (efficiency 87 %).(#* Here, an
explanation may also be the sixfold longer lifetime of the active species.

The third type of reaction was performed with different mixtures of cyclohexane and
cyclohexane-d;; to determine the KIE. It is expected that the C—H bond is preferentially
broken by a metal-based catalyst than the approx. 1.7 kcal/mol stronger C - D bond. (12
The ratios of cyclohexane : cyclohexane-d;; (C : C-d) were varied from 1:3upto4:1in
six steps (Table 4.7) with the combined amount of cyclohexane and cyclohexane-d;; always
being 1000 eq. As expected, lower amounts of deuterated substrate led to lower amounts of
deuterated products (Table 4.7, Figure 4.13).

Table 4.7: Catalytic oxidation of cyclohexane vs. cyclohexane-d;; (C : C-d) with 2a for 1 : 10 : 1000.

# C:C-d A/A-dl] K/K-dYT A/Kll Efficiency [%]l4]  TONL®

1 1:3 0.9 2.1 6.1 41 4

2 1:2 1.6 34 6.2 45 4

3 1:1 34 6.8 6.0 40 4

4 2:1 6.7 114 6.5 41 4

5 3:1 11.9 17.5 7.5 42 4

6 4:1 15.8 21.9 8.2 50 5

C + C-d=1000eq., [a] A/A-d= 2;, [b] K/K-d= %5, [c] A/K = £4+44,

[d] efficiency = %w [e ] TON W all in molar amounts.
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Figure 4.13: Molar amounts of cyclohexanol (A), cyclohexanol-d;; (A-d), cyclohexanone (K) and
cyclohexanone-d; (A-d) for different ratios of cyclohexane to cyclohexane-d;,. Left: all products.
Right: alcohol products (top) and ketone products (bottom).

Important here is the correlation of the initial ratio of non-deuterated and deuterated sub-
strate compared to the ratio of non-deuterated and deuterated product. For the generally
favoured alcohol product (cyclohexanol), a plot of these two ratios can be fitted with a
linear regression to obtain the kinetic isotope effect (Figure 4.14). In this case, the KIE is
3.8 which is higher than the one observed for the bipyridinyl based analogue by CHEN et
al. of 3.2.184] For the 1 : 3 ratio of cyclohexane to cyclohexane-d;,, efficiency and TON are
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Figure 4.14: Ratio of cyclohexanol to cyclohexanol-d;; (A/A-d) vs. ratio of cyclohexane to
cyclohexane-d;, for determination of KIE by linear regression.

lower (41 % and 4) than for the 4 : 1 ratio (50 % and 5). The latter are almost on the level of
the reaction with non-deuterated cyclohexane (53 % and 5). Surprisingly, A/K ratios for
the reactions with cyclohexane-d;; are all similar or slightly higher (6.0-8.2) than for the
reactions without (6.1). But the A/K ratios are getting higher for the reactions with less
cyclohexane-d;; present.

Overall, this complex basically shows the same catalytic trends as the closely related bipyri-
dine based complex by CHEN et al. For oxidation catalysis of cyclohexane and adamantane,
the catalytic performance for 2a seems to be a bit lower but for the KIE experiments, the
performance of 2a is better than for the compared bipyridine-based complex.®¥] To investi-
gate the detailed differences between these two complexes, it would be necessary to repeat
the catalytic experiments under the exact same conditions for both.

The more rigid backbone caused by the phenanthrolinyl unit in 2a does not make this
complex a better catalyst than the one with a MeC(Py),BiPy ligand. Here, the main dif-
ference may be the shorter lifetime of the iron(IV)oxo species. With 2a, reactions under
aerobic conditions are possible and still deliver reasonable results although a small amount
of side reactions that are most likely caused by the incorporation of molecular oxygen were

observed.

4.2.5 Summary of Studies with 2a and the Iron-Oxo Complex

Further experiments with complex 2a showed that it can act as a precursor of a high-valent
iron-oxo species. The latter could be identified as an iron(IV)oxo species by CIS-MS and
Mof3bauer experiments. In a UV/Vis spectroscopic experiment, it was shown that the decay
product of the iron(IV)oxo species can be reactivated with additional oxidant, causing the
characteristic iron-oxo band in the UV/Vis spectrum to rise again. This kind of reactivation

can also be seen in the results of the catalytic C - H oxidation reactions where the complex
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showed activities comparable to similar already known complexes. However, the more rigid
phenanthroline unit (MeC(Py),Phen) reduces the reactivity slightly compared to the ligand
with the more flexible bipyridine based scaffold (MeC(Py),BiPy).

4.3 Femtosecond X-ray Emission Spectroscopy Experi-

ments

4.3.1 X-ray Emission Spectroscopy (XES)

X-ray Emission Spectroscopy (XES) is a method to obtain information about spin and

206] Tf a core electron is removed

oxidation state of a metal complex, among other things. !
by X-ray radiation (ionisation), the vacancy is filled by electrons of higher energy levels
in a fluorescence process. (Figure 4.15).127] Thereby photons are emitted depending on
the energy difference of the levels. In the Ka emission line (Ka;, Kay), a vacancy in the
1s orbital is filled with an electron of a 2p level, which is the most likely event. The Kf3
emission (K3, KB’), which is one order of magnitude less likely, is observed when the

electron gap is filled by an electron of a 3p level.[207]

continuum
KB+ 3
3p =—t— 3p — -
:‘é’

2p —— 2 0]

P = P 2

K-edge KBy 3, KB’ KB’

1s 1s //

S . 7/

ionisation emission Energy

Figure 4.15: Ionisation of a 1s electron to the continuum and subsequent emission lines (left) and
schematic XES spectra with Ka and Kf3 bands (right). Line shape for Ka and Kp are idealised, Ka; is
usually about 10X more intensive than K. Figure cumulated from KowaLskA et al. and BERGMANN
& GLATZEL.[206:207]

4.3.2 XES Pump-Probe Experiments

The line shape of the KP emission provides information about the spin state of the system.
Therefore, the line shape of a new iron complex can be compared to the line shape of a
well characterised iron complex with a known spin state (Figure 4.16, left). (28] While static
XES spectra provide information about the ground state, pump-probe experiments give
information about the excited state. For example, the complex can be excited with an optical
laser and the obtained spectra of the ground state (laser OFF) and the excited state (laser

ON), which is a combination of optically excited and ground state, can be used to calculate
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Figure 4.16: Intensity (I) of KB bands in fluorescence spectra of reference compounds with different
spin states (left): singlet [Fe(BiPy)3;]** (black), doublet [Fe(BiPy);]** (orange), triplet iron(Il) phthalo-
cyanine (blue), quartet iron(IIT) phthalocyanine chloride (yellow), quintet Fe(Phen),(NCS), (green).
Plotted with data taken from ZHANG et al.[?8] Constructed model complex intensity difference (A
spectra for exited states calculated with data shown in the left spectrum (right): doublet—singlet
(orange), triplet—singlet (blue), quartet—singlet (yellow), quintet—singlet (green).

a difference spectrum. [2%°]

The difference spectrum is used to obtain information about
the spin state of the exited states. The needed reference difference spectra in Figure 4.16
(right) can be constructed using the fluorescence bands of the model complexes in Fig-
ure 4.16 (left).[?°8] Since it is possible that more than one exited state is reached by the
complex in a cascade, the time between the excitation with the optical laser and the mea-
surement of the emission spectra is important. Powerful short pulsed X-ray free-electron
laser (XFEL) sources allow to observe very short-lived exited states in the femtosecond

range. [2°]

One of the best characterised iron complexes in XES pump-probe experiments
is [Fe(BiPy)s]?*.[208-211] Studies in water suggest that the photocycle after excitation with
an optical laser involves a singlet to triplet metal to ligand charge transfer state (**MLCT),
which is converted within a few hundreds of femtoseconds to an intermediate short-lived
triplet state (S = 1, >MC) and subsequently to a longer-lived (660 ps) quintet HS state (S = 2,
SMC).[20%211] Stydies suggest that the maximum population of the 3MC is reached after
about 100 fs and after about 600 fs for the >MC.[208.211]

The iron complex [Fe(BiPy);]?* offers a homoleptic ligand set-up with three bidentate
ligands (Figure 4.17). In this work two different complexes were investigated. Complex
[Fe(HC(3,5 -MePz),Py),](CF5CO,), (5a) also provides a homoleptic ligand set-up, but there
are two tridentate ligands coordinating in a bisfacial fashion. This is different to other
intensively studied tridentate ligands like terpyridines coordinating the metal centre merid-

212.213] Additionally, ligand 5 offers two kinds of N-donors: one pyridine and two

ional.[
pyrazoles. This mixed N-donor set-up of complex 5a was analysed in comparison with
the ligand HC(3,5 -MePz),Py in previous N K-edge X-ray absorption spectroscopy (XAS)

experiments where distinct features for coordinating pyridinyl, the coordinating N atom in
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3 bidentate ligands 2 tridentate ligands 1 tetradentate ligand
facial 2 co-ligands

[Fe(BiPy)s]?* 5a 2a

Figure 4.17: Comparison of ligand set-up in [Fe(BiPy)3;]**, 5a and 2a.

the pyrazolyl and the non-coordinating N atom in the pyrazolyl moiety could be identified.
Furthermore, pump-probe iron(II) K-edge XAS allowed the analysis of the LS ground state
compared to the exited state.[161]

A third different coordination sphere is found in complex 2a where one tetradentate ligand
and two co-ligands in cis-position are responsible for a heteroleptic ligand set-up. The
tetradentate ligand provides a more rigid set-up of the four N-donors, while the two mon-
odentate acetonitrile co-ligands are considered to be more flexible.

The complexes 2a and 5a were chosen to investigate if the denticity of the ligands and the
different N-donors have an influence on the nature of the excited states and their lifetime.
Since a lot of investigations were focused on bipyridine and terpyridine complexes, systems
with mixed N-donors or heteroleptic ligand set-up such as the complex 2a with two cis-
labile co-ligands were less studied. However, such complexes with cis-labile coordination
sites were commonly used in homogeneous catalysis and, therefore, it is of large interest to

obtain more information about their excited states.

4.3.3 Femtosecond XES Pump-Probe Experiments of 5a & 2a

Solutions of complexes 5a and 2a were measured at the FXE (femtosecond X-ray ex-
periments) instrument at European XFEL in Hamburg/Schenefeld (Germany). The FXE

instrument provides the opportunity to perform XES pump-probe experiments in a sub
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100 fs timescale. The use of a von Hamos spectrometer in combination with a Jungfrau 500k
detector enabled simultaneous recording of Ka and Kf spectra. For more experimental

details see subsection 9.1.11.

XES Results of 5a

The static Koo and KP X-ray emission lines without optical excitation (laser OFF) of complex

5a in water are shown in Figure 4.18 (top).
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Figure 4.18: Unpumped (laser OFF) static Ko and K spectra of 5a in H,O (top) and corresponding
difference traces (laser ON — OFF) of selected pump-probe time delays (middle) and kinetic traces of
normalised absolute integrals of Ko; (6403-6408 eV) and Kp; 3 (7054-7064 eV) difference traces vs.
delay times (—17 to 100 ps; bottom). The integration ranges are visualised by the coloured areas in
the plots in the middle.
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The Ka; and Ko, occur at 6404 and 6392 eV, respectively. From the KP} emission, the Kf;3
emission line (7058 eV) with a shoulder (KfBsy) at 7049 eV can be identified. For the pump-
probe experiments, different delay times were measured between excitation with an optical
laser and probing with the XFEL X-ray beam. For clarity, only spectra at selected delay
times are shown in Figure 4.18 (middle). For Ka and Kp, the most prominent spectral
changes occur within 1 ps after excitation with the optical laser. This effect can also be seen
in the kinetic traces (Figure 4.18, bottom) where the absolute integral of the Kot; and KB 3
difference traces is plotted against all measured delay times in a range of —17 up to 100 ps.
The difference traces show a very fast process that for the spectral changes and the new
species remains stable up to 100 ps. It becomes evident that this large range of delay times
is not suitable to study the evolution of the long-lived species in more detail, as the change
occurs within four data points. Therefore, the measurement was repeated with a series of
shorter delay times. The spectral changes for Ko and Kf with delay times between —500 fs
up to 2000 fs are shown in Figure 4.19.
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Figure 4.19: Ka and Kp difference traces (laser ON — OFF) of 5a for selected short pump-probe
time delays (top) and kinetic plots of normalised absolute integrals of Ka; (6403-6408 eV) and K3 3
(7054-7064 eV) difference traces vs. delay times (—500 to 2000 fs; bottom). The integration ranges are
visualised by the coloured areas in the upper plots.

The delay times in the femtosecond range are suitable to see the evolution of the spectral
changes in the difference traces.

There are two hints for a process involving two different species in the Ko spectra. The
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first is that the two components (negative and positive) of the Ka; line are increasing
asymmetrically. Second, the rise time of the whole Ka; difference trace and its shoulder
(KBsp) are different (Figure 4.20). This is visualised with a plot of the normalised integrated
absolute integral of the Ko; and Kagy difference trace vs. the delay times. The grey triangles
in Figure 4.20 (right) show the difference of the two features (KBsy—Ka;). This shape
indicates that an intermediate state is populated within 200 fs and a final state is reached

after about 1 ps.
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Figure 4.20: Selected difference traces (laser ON — OFF) of K« of 5a in H,O (left) and kinetic traces
of normalised absolute integrals of Kot; (6403-6408 eV) and Katgy (6399-6403 V) difference traces vs.
delay times of —500 to 2000 fs and the difference of both (Kasgy—Koaty, right). The integration ranges
are visualised by the coloured areas in the left plot.

The Kp; 3 and Kf’ difference traces show a similar rise if the absolute integral of the difference
traces is normalised (Figure 4.21). The most interesting information can be obtained from
the shoulder of the KB, 5 difference trace (KPsy). As shown in Figure 4.16, this shoulder is
sensitive to the spin multiplicity of the excited state. Therefore, the mathematical integral
of KBy is compared to Kf; 5 (positive half) and K’ against the delay times (Figure 4.22).
For better visibility the mathematical integral of the Kp}’ difference traces is multiplied by 2
and for KBsy by 5. The integral of the shoulder difference trace rises for the first 150-200 fs
and afterwards at 250 fs gets negative until a stable state is reached after 1 ps. A positive
shoulder may indicate a MLCT or *MC (triplet) state, whereas negative values indicate a
SMC (quintet) state. Taking all these information into account, the following photocycle
can be proposed: (MLCT + 3MC) — 1ps — MC.

XES Results of 2a

Similar XES measurements were performed for complex 2a in MeCN. The Ko and Kf lines of
the unpumped (laser OFF) measurement are shown in Figure 4.23 (top). Spectral changes are
observed within 1 ps and the optically excited species has a lifetime of at least 15 ps. Again,

different delay times in the picosecond range are too wide and the spectral changes occur



84 Femtosecond X-ray Emission Spectroscopy Experiments

5a, KB
0.006
= 1
0.004 Delay [fs]: 8
-35 & 0.84
0.002 —110 o
261 =
—_ 0.6
= 0- 411 §
3 564 S 4]
-0.0024 \ —_—T711 8 .
\ —— 866 2,
~0.004 i\ — 1012 g 7054-7064 eV, KB,
_0.0064 \'/ ’(23 04 7034-7044 eV, Kp'
7030 7040 7050 7060 7070 -500 0 500 1000 1500 2000
Photon energy [eV] Delay [fs]

Figure 4.21: Selected difference traces (laser ON — OFF) of Kf of 5a in H,O (left) and kinetic traces
of normalised absolute integrals of KB, 5 (7054-7064 eV) and KB’ (7034-7044 eV) difference traces vs.
delay times of —500 to 2000 fs (right). The integration ranges are visualised by the coloured areas in
the left plot.
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Figure 4.22: Selected difference traces (laser ON — OFF) of K of 5a in H,O (left) and kinetic traces
of mathematical integrals of KB; 5 (positive half, 7059-7064 eV), KBsy (X5, 7050-7053 eV) and Kp’
(%2, 70347044 eV) difference traces vs. delay times of —200 to 2000 fs (right). The integration ranges
are visualised by the coloured areas in the left plot.

within two data points. Delay times in the femtosecond range allow a closer investigation of
the spectral changes (Figure 4.24). The difference spectra for the pump-probe measurements
are similar to those obtained for 5a. The two components of the Ka; difference traces show
a similar asymmetry, too. Again, the negative part of the Ka; difference traces grows larger.
The full growth of the difference trace is reached after about 700 fs.

Furthermore, the Ka; difference traces reveal a short-lived intermediate state when the
kinetics of the normalised integral of the whole Ka; difference traces is compared to <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>