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ORTEP-style representation of diiron end-on pz-n*:nt-CN bridged complex [(MeCN)(NHC)Fel2(p2-nt:n*-
CN)(PFe)3 (31). Hydrogen atoms and hexafluorophosphate anions are omitted for clarity. Thermal ellip-
soids are shown at a 50% probability level.
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Abstract

The development of sustainable catalysts is essential in order to successfully meet today's
climate and environmental protection challenges. Iron stands out as a particularly suitable
metal due to its good availability, low price and its use in many enzymes in nature, which has
been perfected over millions of years. Epoxidation is an important reaction in the chemical
industry and research. Heterogeneous catalyst systems are widely used, but homogeneous
catalysts can also be a very good alternative, especially for highly selective or asymmetric
epoxidation to produce fine chemicals. N-heterocyclic carbenes (NHC) are an exceptionally
promising class of ligands for homogeneous systems, and their use in iron epoxidation cata-

lysts has been shown to result in very high activities in research work.

The first part of this dissertation is the continuation of research on bio-inspired iron NHC com-
plexes in homogeneous catalytic epoxidation and the closely related development of new NHC
ligand systems. Several novel iron NHC complexes with different electronic properties are de-
veloped and tested in catalysis. This work contributes to a better understanding of the extent
to which the catalytic properties of the iron NHC complexes, e.g. their activity and stability, can
be optimized by the electronic modifications. In addition, the degradation mechanism of the
most catalytically active iron NHC complex can be identified and comprehensively character-
ized. Furthermore, chiral NHC ligand precursors can be successfully synthesized. These rep-

resent a promising platform for enantioselective epoxidation catalysts.

Further investigations of this dissertation deal with the reactivity of iron NHC complexes. A rare
example of an oxygen-bridged diiron tetracarbene complex in high oxidation states can be
isolated and its degradation is investigated. Structurally similar to highly reactive intermediates
in enzymes, it is suitable for future reactivity studies, such as C—H activation. An unexpected
CN-bridged diiron complex from acetonitrile is also isolated and characterized. Current re-
search in the field of cyclic iron tetracarbene complexes is comprehensively presented and

evaluated in a review article.

In the third part of this work, new multidentate NHC ligand systems are developed and palla-
dium, platinum and gold tetracarbene complexes are synthesized for potential medical appli-
cation. Here, one gold complex can induce cell death in cancer cells, even in cells that are

resistant to cisplatin, a common cytostatic drug.



Kurzzusammenfassung

Um die heutigen Herausforderungen des Klima- und Umweltschutzes erfolgreich bewadltigen
zu konnen, ist die Entwicklung nachhaltiger Katalysatoren von essenzieller Bedeutung. Eisen
sticht hierbei als ein besonders geeignetes Metall hervor aufgrund seiner guten Verflgbarkeit,
des niedrigen Preises und seiner Uber Millionen von Jahren perfektionierten Verwendung in
vielen Enzymen in der Natur. Die Epoxidierung stellt eine wichtige Reaktion in der chemischen
Industrie und Forschung dar. Weit verbreitet sind dabei heterogene Katalysatorsysteme, aber
auch homogene Katalysatoren kénnen hier eine sehr gute Alternative sein, insbesondere fir
die hochselektive oder asymmetrische Epoxidierung zur Herstellung von Feinchemikalien.
N-heterocyclische Carbene (NHC) stellen bei den homogenen Systemen eine auf3erst vielver-
sprechende Ligandenklasse dar, bei deren Einsatz in Eisen-Epoxidationskatalysatoren sehr

hohe Aktivitéaten in Forschungsarbeiten nachgewiesen werden konnten.

Der erste Teil dieser Dissertation ist die Fortfihrung der Forschung zu bio-inspirierten Eisen-
NHC-Komplexen in der homogenen katalytischen Epoxidierung und die damit eng verbundene
Entwicklung neuer NHC-Ligandensysteme. Es werden mehrere neuartige Eisen-NHC-Kom-
plexe mit unterschiedlichen elektronischen Eigenschaften entwickelt und in der Katalyse ge-
testet. Hier tragt diese Arbeit zu einem besseren Versténdnis bei, inwiefern die katalytischen
Eigenschaften der Eisen-NHC-Komplexe, z.B. deren Aktivitat und Stabilitat, durch die elektro-
nischen Modifikationen optimiert werden kénnen. Dartiber hinaus gelingt es, den Abbaume-
chanismus des katalytisch aktivsten Eisen-NHC-Komplexes zu identifizieren und umfassend
zu charakterisieren. Des Weiteren kdnnen chirale NHC-Ligandvorstufen erfolgreich syntheti-
siert werden. Diese stellen eine aussichtsreiche Plattform flir enantioselektive Epoxidations-

katalysatoren dar.

Weitere Untersuchungen dieser Dissertation befassen sich mit der Reaktivitat von Eisen-NHC-
Komplexen. Ein seltenes Exemplar eines sauerstoffverbriickten Dieisentetracarbenkomplexes
in hohen Oxidationsstufen kann isoliert werden und sein Abbau wird untersucht. Strukturell
ahnlich zu hochreaktiven Zwischenstufen in Enzymen eignet es sich fir zukiinftige Reaktivi-
tatsstudien, wie z.B. der C—H Aktivierung. Auch wird ein unerwarteter CN-verbrickter Dieisen-
komplex aus Acetonitril isoliert und charakterisiert. Die aktuelle Forschung auf dem Gebiet
zyklischer Eisentetracarbenkomplexe wird in einem Ubersichtsartikel umfassend dargestellt

und bewertet.

Im dritten Teil dieser Arbeit werden neue mehrzéhnige NHC-Ligandensysteme entwickelt und
damit Palladium-, Platin- und Goldtetracarbenkomplexe fiir eine potenzielle medizinische An-
wendung synthetisiert. Hier kann ein Goldkomplex den Zelltod in Krebszellen einleiten; auch

in Zellen, die eine Resistenz zu Cisplatin, einem gangigen Zytostatikum, aufweisen.
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1. Introduction

1.1. N-heterocyclic carbenes (NHCs)

N-heterocyclic carbenes (NHCs) are a group of organic compounds containing a heterocycle
with at least one nitrogen atom and a carbene carbon.®! Carbenes are neutral molecules
having a divalent carbon atom with an electron sextet resulting in two unbound electrons.™
Due to the incomplete electron octet and the free electrons, carbenes are usually highly reac-
tive and unstable.™ 4 However, in 1988, the first isolable carbene was reported by Bertrand et
al., recognizing the stability-enhancing effect of heteroatoms (P or Si) next to the carbene car-
bon atom (Figure 1).[* 4% This resembles a groundbreaking discovery due to the till then con-
sidered transient nature of free carbenes. While the first NHC metal complexes were obtained
by Wanzlick, Schonherr and Ofele in 1968, it took until 1991 for the first isolable NHC to be
reported by Arduengo et al. (Figure 1).B! The remarkable stability and comparatively simple
synthesis of the first isolable NHC enabled the targeted use of NHCs in the laboratory and thus

established a completely new field of research.™

Q Q o
N/ P N .o
N N Ir2 .~ . .o
> < »—Cr(CO P SiMe LN
[N) "o (N] [Ni ek Pr,N i @\N\_N,/@

Wanzlick and Schénherr Ofele Bertrand Arduengo
1968 1968 1988 1991

Figure 1. First NHC metal complexes reported by Wanzlick, Schénherr and Ofele, the first isolable carbene by
Bertrand et al. and the first isolable NHC published by Arduengo et al.l58l

Classical carbenes often possess a triplet electronic ground state (Figure 2), energetically fa-
vored by the Hund’s rule (especially for linear carbenes).®'9 In contrast, NHCs have a singlet
ground state electronic configuration, stabilized mesomerically by the t-electron donation of
the adjacent nitrogen atoms into the empty p; orbital of the carbene atom.* 1% The singlet state
is additionally stabilized inductively by the o-electron withdrawal of the electronically more neg-
ative neighboring nitrogen atoms, lowering the energy of the occupied o orbital of the carbene
carbon.™™ 19 Both interactions combined can be described as +M/-I push-pull effect.? 1 The
bent geometry of the carbene induced by the cyclic nature of NHCs further promotes the singlet

state.l
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Figure 2. a) Schematic representation of singlet and triplet electronic ground state for carbenes (adapted from[°
12]), b) Schematic representation of the electronic stabilization of the singlet carbene by the adjacent nitrogen atoms
(adapted from(t-2),

The lone pair at the carbene carbon in plane of the heterocycle makes NHCs nucleophilic, in
contrast to classical transient carbenes, which are mostly electrophilic.™®! This results in NHCs
being (usually) strong two-electron-o-donors with a weak -acceptor character that can bind
to various metallic and non-metallic compounds.®! Their use as ligands in coordination chem-
istry and other applications are described below. However, the properties of NHCs can be

affected to a high extent and vary between the classes of NHCs (see below).

1.1.1. Structural features of NHCs

NHCs contain several structural features that allow an easy madification to a high degree. This
enables the NHC'’s properties to be tailored to the respective purpose, which has contributed

significantly to the fact that NHCs are so widely used scientifically.

The backbone of the NHC can be saturated or unsaturated (Figure 3). An unsaturated back-
bone from a heteroaromatic precursor enhances the stability of the formed NHC by ca.
100 kJ/mol due to partial aromaticity, reducing the need for stabilization by steric bulky wing-
tips.l> 13141 On the other hand, in a NHC with a saturated backbone, the electron density is
more concentrated on the C2 carbene carbon atom because of the lack of 1 interactions, in-
creasing the basicity of the carbene.l** 3 As a result, NHCs with a saturated backbone are
considered to be slightly stronger o-donor ligands than their unsaturated counterparts (see
below). Substituents can be added to the backbone influencing the electronic properties of the
NHC. For example, the addition of methyl groups at the 4,5 position increases the electron
density at the carbene carbon due to the +I effect of the substituents, enhancing the o-donor
strength of the modified NHC.4



The substituents at the nitrogen atoms, also called wingtips, protect the NHC from potential
dimerization forming C=C double bonds or other decomposition pathways.* ¢ Similar to sub-
stituents at the backbone, they influence the electronic properties of the NHC.*! This position

is also often used to connect multiple NHCs together.

The structural features and their effects are summarized in Figure 3. The targeted design of
NHCs can be illustrated using the example of ruthenium-catalyzed homogeneous olefin me-
tathesis, where NHCs are applied as ligands (Figure 4):(17-29 By introduction of a polyethylene
glycol (PEG) group to the backbone, the catalyst becomes water-soluble, allowing olefin me-
tathesis in water.!”- 211 Enantioselective olefin metathesis is achieved by employment of a chiral
backbone.!* 22251 Z-selective olefin metathesis of the thermodynamically less favored Z-olefin

was reported with a bidentate binding adamantyl wingtip.[t?: 26-271

NN
\—/

Nitrogen heteroatom(s)
Ring size Backbone . .
- o-electron-withdrawing
- Cyclic structure favors bent - Electronic stabilization from - Tr-electron-donating
singlet ground state aromaticity - Inductive and mesomeric stabilization
- Ring geometry affects - Substituents affect carbene - Number and identity of heteroatoms
sterics and electronics electronics affects carbene electronics

Figure 3. Structural features of NHCs and their effects displayed on the first stable, isolated NHC by Arduengo et
al.®l (adapted from(®- 191),
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Figure 4. Targeted design of NHC ligands illustrated using the example of ruthenium-catalyzed homogeneous olefin
metathesis (adapted from!*")). Mes = mesityl, PEG = polyethylene glycol, Me = methyl, Ph = phenyl, 'Pr = isopropy!.

1.1.2. Classes of NHCs

Since the report of the first isolable NHC by Arduengo et al.,!® the research field has evolved
considerably and nowadays a whole library of NHCs exists. Some of the most relevant groups
of NHCs are shown in Figure 5.1 The classical Arduengo-type carbenes possess a saturated
or unsaturated backbone and varying N- and backbone substituents. There is no prerequisite

for a stable carbene to possess two nitrogen atoms next to the carbene carbon.?® Thus, NHCs



with one different heteroatom have been developed, such as thiazol-2-ylidene, containing sul-
fur, or oxazol-2-ylidene, containing oxygen. Both are expected to have rather weaker o-donat-
ing properties than imidazol-2-ylidenes (oxazol-2-ylidenes slightly weaker than thiazol-2-yli-
denes), but to be significantly better r-acceptors (thiazol-2-ylidenes slightly better than oxazol-
2-ylidenes), due to reduced tr-donation of the O/S atom into the p; orbital of the carbene car-
bon.?%31 The incorporation of additional heteroatoms in the ring structure is possible as well,
for example nitrogen in the case of 1,2,4-triazol-5-ylidenes. 1,2,4-Triazol-5-ylidenes are

weaker o-donors than imidazol-2-ylidenes but slightly better -acceptors.-32
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Figure 5. Selected most relevant groups of NHCs and exemplary resonance structures (adapted from[* 28, 32-34]),

Heavier NHC homologues are shown for completeness.




Several classes of heavier homologues of NHCs exist, which are structurally similar to Ardu-
engo-type carbenes and are listed here for completeness. One rather new class are phospho-
rus containing heterocyclic carbenes (PHCs). The first stable isolated PHC was reported in
2005 by Bertrand et al.>38 albeit first PHC metal complexes have been already published a
few years earlier (Figure 6).2% 3740 Heavier elements of the group 15 have been calculated to
be in principle suitable for stabilization of the carbene carbon due to similar Tr-donor properties
compared to nitrogen.“*2 However, while a theoretical NHC with hydrogen atoms as N-sub-
stituents is calculated to be perfectly planar, the structurally analog calculated PHC contains
strongly pyramidalized phosphorus centers, which hinders an efficient stabilization of the
carbene (Figure 6).12-461 The pyramidality can be reduced by application of steric demand-
ing P-substituents,[*2 471 allowing the isolation of the stable PHC by Bertrand et al.*5-3¢],
PHCs are stronger o-donors than Arduengo-type NHCs, even around as strong as MICs (see

below), but are very weak tT-acceptors.[28: 35-361

/Bu ItBu
H—N < N—H PP " ) | Vs s et
cr H™ ~¢” R-P\P~R N 2

h By ItBu

Bertrand Denk Veith

2005 1994 1982

Figure 6. From left to right: Schematic representation of the planar nitrogen atoms in a calculated NHC (left) and
pyramidalized phosphorus atoms in a calculated PHC (second from left, adapted froml*2)). Middle: first stable iso-
lated PHC by Bertrand et al.?® R = 2,4,6-tri-tert-butylphenyl. Second from right: first stable isolated NHSi by Denk
et al.l*8l Right: first stable isolated NHGe by Veith et al.[**!

The substitution of the carbene carbon in a NHC with other group 14 elements like silicon and
germanium leads to the respective heavier NHC homologues N-heterocyclic silylene (NHSI)
and N-heterocyclic germylene (NHGe). The first stable isolated NHSi has been published 1994
by Denk et al. (Figure 6).1¢! Interestingly, stable NHGes have been developed independently
of the Arduengo NHC and the first example has been reported as early as 1982 by Veith et al.
(Figure 6).14%%2l The heavier NHC homologues have been determined to be weaker o-donors
than NHCs but stronger t-acceptors. The o-donor strength is decreasing in the order NHC >
phosphanes > NHSi > NHGe, while the t-accepting properties are increasing in the order
phosphanes < NHC < NHSi < NHGe.5251 However, as for NHCs, the properties are heavily
dependent on the chemical environment around the divalent center in general. There are also
N-heterocyclic stannylenes (NHSn) and plumbylenes (NHPb) and the o-donor strength is ex-
pected to decrease towards the heavier elements of the group 14.54 56.58-621 Eyrthermore, there

is a rich chemistry of isoelectronic main-group NHC analogues with group 13 — 16 elements.[*?
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As stated above, two nitrogen atoms are not necessarily required for the stabilization of the
carbene.?® There are several classes of stable NHCs with only one nitrogen atom next to the
carbene and the other neighboring atom being carbon. The group of cyclic (alkyl)(amino)car-
benes (CAACS) has been developed in 2005 by Bertrand et al. (Figure 5).%4 One of the nitro-
gen atoms is replaced with a carbon atom containing alkyl substituents. With the replacement
of the more electronegative nitrogen atom and the +I inductive effect of the new alkyl neighbor,
the electron density of the carbene carbon is increased. Having a more electron-rich carbene
carbon, CAACs are somewhat stronger o-donors than Arduengo-type NHCs.* 42 Simultane-
ously, the absence of the T-donation into the p; orbital of one nitrogen atom makes the carbene
more electrophilic, resulting in CAACs being by trend stronger o-donors and 1r-acceptors than
Arduengo NHCs. 5681 Ary| substituents can be added instead of alkyl groups, yielding cyclic
(amino)(aryl)carbenes (CAArCs), which keep the strong o-donating properties of CAACs, but
exhibit better Tr-accepting properties.™* ¢ Increasing the ring size of CAACs from 5-membered
to a 6-membered ring further improves both the nucleophilicity and electrophilicity, making the
6-membered CAACs the strongest o-donors and -acceptors among the series of CAA(K)Cs,

and stronger o-donors and Tr-acceptors than Arduengo-type carbenes.™

Another class of NHCs with one adjacent nitrogen atom are (cyclic) amido carbenes (Figure
5). Amido carbenes are built similar to CAACs and can be divided into alkyl(amido)carbenes,
diamidocarbenes and aryl(amido)carbenes.* 7% The electron-withdrawing carbonyl group in-
creases the electrophilicity, making amido carbenes even stronger T-acceptors than
CAA(r)Cs.* 71 However, this comes at the cost of the o-donor strength, which leads amido
carbenes to be weak o-donors, significantly weaker than Arduengo NHCs.5"1 The 1r-accepting
properties are increasing in amido carbenes from alkyl(amido)carbenes, over diamidocar-
benes (incorporation of a second electron-withdrawing carbonyl group) to peak in aryl(am-
ido)carbenes, which are the strongest -acceptors. Diamidocarbenes and aryl(amido)car-
benes are similar poor o-donors, but both are even weaker o-donors than alkyl(amido)car-
benes.[" However, the a-donor properties of diamidocarbenes and aryl(amido)carbenes are
still in the same order of magnitude of phosphanes and are particularly similar to ar-

ylphosphanes (e.g. PPhs).[* 72!

Mesoionic carbenes (MICs) are the last large class of NHCs to be discussed here (Figure 5).I"*
" They are also called abnormal carbenes. Historically, the “normal” coordination mode of
Arduengo NHCs was via the C2 ring carbon atom and imidazolylidenes instead bound via the
C4/5 position were thus labelled as abnormal carbenes.“? 7578 The usual C2 coordination for
1,3-imidazolium salts can be explained by the lower acidity of the backbone (C4—H pKa > 30)
compared to the C2—H position (pKa = 18).[*84 Making the C2 position inaccessible, for ex-
ample by methylation, allows for a targeted synthesis of abnormal carbenes. Mesoionic is how-

ever the preferred, correct term for abnormal carbenes.!” This term originates from the fact



that these carbenes are mesoionic compounds, i.e. no reasonable resonance structure without
additional charges can be drawn for the free carbene, as demonstrated in Figure 5.24 MICs
are in general stronger o-donors than Arduengo-type NHCs and even stronger than
CAA(r)Cs.B%34.8% Gelected subgroups of MICs are 1,2,3-triazol-5-ylidenes, imidazol-5-ylidenes
(or also -4-ylidenes)™ and pyrazolin-4-ylidenes. Pyrazolin-4-ylidenes can also be called re-
mote carbenes, as they do not have stabilizing heteroatoms next to the carbene carbon.”™ The
o-donation strength increases in the following order; 1,2,3-triazol-5-ylidenes are strong o-do-
nors but are surpassed by imidazol-5-ylidenes, whereas pyrazolin-4-ylidenes are the strongest
in this series.B. 34 MICs are even weaker m-acceptors than Arduengo-type NHCs and thus
effectively act as “pure o-donors”. Imidazol-5-ylidenes and 1,2,3-triazol-5-ylidenes have similar

weak TT-accepting properties, and pyrazolin-4-ylidenes are the weakest m-acceptors.Bl

To summarize, the o-donor and Tr-accepting properties of all discussed classes of NHCs are
ranked in Figure 7 relative to each other. It needs to be noted, that Figure 7 only shows general
trends and the properties of each NHC are highly dependent on the chemical environment of
the carbene. In addition, the properties can vary even within a group between its subgroups,

as can be observed with CAA(r)s, for example.

A
strong amido
carbenes
CAA(r)Cs

Tr-acceptor
properties

NHEs

NHCs
weak PR, PHCs = MICs
>
weak strong very strong

o-donor properties

Figure 7. Visualization of the o-donor and 1r-accepting properties of the discussed classes of NHCs.



1.1.3. General considerations about the properties of NHCs

With the variety of NHCs described, it is important to know their properties in order to select
the most suitable NHC for the respective application. The steric and electronic properties are
dependent on the chemical structure of the NHC. However, one should also consider the con-
text where the NHC is applied, e.g. as ligand in a metal complex. Here, the electronic contri-
butions of the NHC ligand — o-donation, m-donation and t-acceptance — will depend on the
electron density of the metal center, which is in turn influenced by coligands, the oxidation state
and the element itself.[®®-881 A weak 1r-acceptor NHC might experience a larger T-backbonding
in the case of an electron-rich transition metal (e.g. Ni°)®%%I than a strong T-acceptor NHC
from a more Lewis-acidic transition metal.®¢-%8l |n fact, a strong o-donor NHC increases the
electron density of the metal center and thus can promote 1T-backbonding to the NHC ligand
from the metal.B”) NHCs have been found to act as m-donors as well, which contributes to the
total orbital interactions between the ligand and the metal (e.g. 6% in the case of [ZrCl4(NHC)],
NHC = imidazol-2-ylidene).®Y This contribution is especially important for coordinatively un-
saturated complexes.® 92 But also the steric properties of the NHC are to be considered. For
example, a steric demanding NHC might limit the orbital overlap with the metal center due to
interligand repulsion, thus not offering the theoretically and experimentally determined elec-

tronic properties of the free NHC.[88-89

1.1.4. Quantification of the electronic properties of NHCs

The electronic properties of NHCs have so far only been qualitatively discussed (see above).
Selected methods to quantify the electronic properties of NHCs are presented in the following

section.

1.1.4.1. pKavalue of azolium salts

The deprotonation of the respective azolium salt is one of the most frequently used methods
to generate free NHCs (Scheme 1). For that reason, it is helpful to know the pKa value of the
azolium salt for the choice of base. Imidazolium salts possess a pKa value between 16 to 23
at the 2 position.®® The pK, value gives insight into the basicity of the free NHC but that can
only be roughly translated to o-donor strength and has to be interpreted with caution as other
factors like the N-substituents and class of heterocycle also have to be taken into account.
While NHC classes with stronger c-donor properties appear to be by trend less acidic (i.e. the

corresponding free NHC more basic), the 1,2,3-triazolium salt with mesityl wings is more acidic



(22.3 £ 0.1)®4 than its structurally analog imidazolium salt (22.8 + 0.1)"*®l, even though the cor-
responding free MIC is a stronger o-donor than the Arduengo-type NHC (Figure 8).5% The
anion of azolium salts has been found to have a negligible effect on the pKa, value, allowing

the comparison solely based on the azolium cation. 8> 95971
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H H H H H H
14.5 (21.6 in H,O) 22.0,211 22.3 271 (33.0 in H,O,
4 position)

Figure 8. pKa values of a few azolium salts, measured in DMSO if not stated else.[93-9. 97-100]

1.1.4.2. Nucleophilicity and Lewis basicity of NHCs

The nucleophilicity of an NHC is important in organocatalytic reactions of NHCs (see below)
and can be determined by reaction of the NHC with a series of electrophiles.® The nucleo-
philicity parameter N of the imidazolinylidene and imidazolylidene is very high, whereas the
triazolylidene is significantly less nucleophilic and on the same level as PPh; and DMAP, the
latter being used as nucleophilic catalyst (Figure 9).[% 19U However, the Lewis basicity of all
three NHCs is significantly higher than that of PPhsz and DMAP, as revealed by DFT calcula-
tions of the methyl cation affinity (MCA).[6 102

—\ \ Ph \ _
Me /N\/N\Mes Me /N\/N\Mes >:N PPhg N@N
N /
DMAP
N=217 N=234 N=14.1 N=13.6 N =15.90

MCA =767 kd mol'"¥  MCA =769 kd mol'"¥ MCA =712 kd mol'"¥ MCA =618 kd mol"¥ MCA =581 kJ mol™

Figure 9. Nucleophilicity parameter N and Lewis basicity (MCA) of several NHCs and reference examples.[86. 102-104]



1.1.4.3. NMR measurements

There are several quantization methods that are based on NMR spectroscopy.

One method to assess the electron-donating ability of NHCs (and other ligands in general) was
developed by Huynh et al.l!%! Here, a Pd" complex is employed containing a benzimidazolyli-
dene spectator ligand (Pro-bimy, Figure 10). The ligand of interest is added to the Pd" complex
in trans position to the benzimidazolylidene and the resulting chemical shift of the 3C carbene
carbon signal (**Cnic) of the benzimidazolylidene spectator ligand is measured. %! A strong
electron donating ligand increases the “free carbene” character of the benzimidazolylidene
spectator ligand and thus leads to a downfield shift of its 2*Cnnc signal.® Free NHCs are highly
deshielded and in addition have a higher probability of a singlet-triplet transition (Figure 2),
contributing to the paramagnetic shielding term and resulting in downfield shifted **Cnuc Sig-
nals between ca. 200-330 ppm.[t* 88 102 ypon complexation, the probability of a singlet-triplet
transition is decreased and the carbene strongly shielded, resulting in an upfield shift of the
13Cnhc signal [ 88102 Thys, when only a weak electron donating ligand is applied, the **Cnpuc
signal of the benzimidazolylidene spectator ligand will stay rather upfield shifted. This chemical
shift is also called Huynh's electronic parameter (HEP).®®8 Selected examples and their corre-
sponding HEP values are shown in Figure 11. HEP primarily measures the o-donation of a
ligand.®8 1% The principle of HEP could be expanded on similar linear Au' complexes, too, with
good correlation to the obtained HEP values from the Pd" complex.[102 197-108] \When comparing
HEP values, a difference of >0.4 ppm (30) is considered to be significant by means of statistic

uncertainty.t 1051

downfield shift Pd-Pr,-bimy
bond elongation
NMR

N‘/Br

—Pd-

strong donor

4
N Br
weak donor
Pd-"Pr,—bimy
upfield shift bond shortening

trans-[PdBr,('Pryo-bimy)L]

Figure 10. Working principle of HEP (adapted from(* 109)), iPr,-bimy = 1,3-diisopropylbenzimidazol-2-ylidene, L =
ligand to be measured.
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Figure 11. HEP values of some ligands. The g-donor strength increases to higher HEP values.[85 88, 105, 108, 110-113]

Methods to determine the tr-acceptor strength of NHCs have been developed by Bertrand et
al. and Ganter et al.'*41%% The NHCs are converted to carbene-phosphinidene adducts and
selenoureas. Both NHC-derived compounds can exist in two extreme resonance structures
(Figure 12).1192 The chemical shift of the **P NMR or 7’Se NMR signal is measured. NHCs
being primarily o-donors will adopt form A, where the P/Se atom is highly shielded resulting in
an upfield NMR signal.['*! Strong mr-acceptor NHCs will lead to form B, with a deshielded P/Se
atom and thus a downfield shifted NMR signal.**® The scale for NHCs ranges from ca. -60 to
80 ppm for the 3P NMR signal and from ca. -60 to 1200 ppm for the "’Se NMR signal, depend-
ing on the deuterated solvent.[ 1€l Selected examples are shown in Figure 12. However, care
must be taken when interpreting these values. The values do not purely give information about
the TT-acceptor strength but rather the overall T-backbonding, that the NHC is experiencing.
Stronger o-donor NHCs will make the P/Se atom more electron-rich, thus promoting the -
backdonation.®® In the case of two NHCs with a similar -acceptor strength, the overall -
backdonation will be higher for the one NHC with better o-donation to the P/Se atom, resulting
in a more downfield shifted NMR signal. For that reason, parameters like HEP or TEP (see
below) should be consulted to determine the relative contribution of o-donation.!*%? Further-
more, the steric bulk of NHCs has to be considered, especially when comparing NHCs with

different N-substituents. ]
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Figure 12. Left: Resonance forms of carbene-phosphinidene adducts and selenoureas (adapted from[t15)), Right:
31p and "’Se chemical shift of some ligands. 3P NMR measured in CsDs, 7’Se NMR measured in CDCls, if not
stated otherwise. 85 88, 114-115, 118-120] | ewis structures of the NHCs only, without P-Ph/Se rest.

The YJcw coupling constant in azolium salts, i.e. NHC ligand precursors, can indicate the o-
donor strength of the respective free NHCs (Figure 13).1222-1221 The coupling constant ranges
over ca. 180 to 230 Hz and a weaker o-donor corresponds to a higher Jcy coupling con-
stant.[8 1221 The 1Jcse coupling constant shows the same trend and can also be used as indi-

cator for the o-donor strength of the corresponding free NHC, showing a good correlation to

HEP (Figure 13).[85 118.121]

N
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1 - ] >
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Figure 13. Left: Selected azolium salts with their corresponding *Jcr coupling constant. *H and *C NMR measured
in DMSO-ds (YJcH).1*?2 Right: Selected NHCs and the *Jcse coupling constant of the corresponding selenoureas.
13C NMR measured in CDCls (*Jcse).185 118]
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1.1.4.4. Infrared (IR) spectroscopy: Tolman electronic parameter (TEP)

The Tolman electronic parameter (TEP) is one of the most frequently used methods for quan-
tification of the electronic properties of NHCs.['%? |t was originally developed for phosphanes
and can be used to determine the electron donation of a ligand in transition metal carbonyl
complexes.['%2 123 A strong electron donating NHC will make the metal center more electron
rich, which leads to a stronger backdonation from the metal into the * antibonding orbital of
the carbonyl ligand. As a result, the initial C=O triple bond is weakened, which can be quanti-
fied in the infrared (IR) spectrum of the complex, represented in a lower wavenumber of the
CO vibration.[88 102 |n case of tetrahedral [Ni(CO)sNHC] complexes, the A; CO stretching fre-
quency is measured.®® Due to the high toxicity of the precursor, Ni(CO)a, cis-[MX(CO)2(NHC)]
(M =Rh or Ir, X = halide) complexes have been used later, where the averaged wavenumber
(Vay) of both CO vibrational frequencies is used.®® Some examples of NHCs with their TEP
values are presented in Figure 14. However, there are some limitations regarding TEP. For
example, TEP only gives information about the net electron density at the metal center, without
separating o-donation from m-backbonding.® 122 In addition, the TEP scale is rather small,
e.g. classical Arduengo NHCs differ by ca. 4 cm™.[® Considering a statistical error of 3o
(>99%) = + 1.5 cm?, a differentiation between these NHCs becomes difficult.® Furthermore,
the halide in the complex and the solvent used influence the TEP, and the steric bulk of the
NHC has to be considered.®® The interconversion of the wavenumbers from the Rh and Ir

complexes to TEP values is possible, albeit at additional uncertainty.[

switchable NHC
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Biged -
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electron donation strength TEP [cm™"]

Figure 14. TEP values (calculated based on interconversion equations) of some NHCs.[85 88, 102, 124-126]



1.1.4.5. Electrochemical measurements

The redox potential of a metal complex can be influenced by its surrounding ligands. Strong
electron donating ligands facilitate the oxidation of the metal, lowering the redox potential. A
weak electron donating, or strong accepting ligand, rises the redox potential. Using this princi-
ple, NHCs can be ranked according to the resulting redox potential, indicating their electronic
properties. Additionally, an electrochemical parameter (often called Lever electronic parameter
(LEP))27 can be determined for the measured ligand and be used to predict the redox poten-
tial for another metal complex.®8 A systematic measurement of various NHCs has been per-
formed for cis-[MCI(COD)(NHC)] (M = Rh or Ir, COD = 1,5-cyclooctadiene) complexes (Figure
15).%81 The measured redox potentials range from ca. +0.6 to +1.1 V.8 Important for this

method are reversible or quasi-reversible redox processes and innocent ligands (i.e. not redox

ER e

+0.61 +0.74 +0.77 +0.94
Eyj5 [V] of cis-[IrCI(COD)(NHC)]
1/2 >
strong electron donation weak electron donation

and/or
strong electron acceptance

Figure 15. Redox potentials for some NHC ligands. 8. 129-130]

1.1.4.6. Computational methods

Using computational methods, the experimentally obtainable parameters (see above) can be
calculated with good correlation, e.g. TEP,[*31%1 put also other, new metrics can be deter-
mined.[® 102, 1341361 Erontier orbital analysis of free NHCs can give valuable insight into the
electronic properties of NHCs.[?8 81 An energetically higher-lying HOMO is indicative of a
stronger o-donation and higher nucleophilicity — a lower LUMO corresponds to better 1r-ac-
ceptance and electrophilicity (Figure 16).1% 81 The energy of the HOMO has been found to
indicate the NHC—metal bond energy in the absence of steric relevant bulk at the NHC and

without significant 1T-backbonding from the metal (e.g. metal carbonyl complex), with a higher
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HOMO related to a larger bond energy.®% The singlet-triplet gap is the “energy difference be-
tween the relaxed structures of the singlet and the triplet states”.®® The HOMO-LUMO gap
and the singlet-triplet gap correlate with each other and a transition from singlet to triplet is
roughly similar to a transition from HOMO to LUMO (Figure 16).% 137 The singlet-triplet gap
can be used as metric for the reactivity of the NHC and probability to dimerize, with a larger

gap indicating a more stable, monomeric carbene. 68 78 8. 138]
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Figure 16. Calculated energy of the HOMO, LUMO and singlet-triplet gap (Es-E7) of selected calculated NHCs.[3!

1.1.5. Quantification of the steric properties of NHCs

The steric properties of NHCs can be evaluated using the percent buried volume, which pro-
duces a single parameter and describes the buried volume of a NHC upon coordination to a
metal in a virtual sphere with fixed properties (d = 2.00 or 2.28 A, r = 3.5 A, Figure 17).1112 13

SRR
5 < A

%V 27.5% 36.5% 47.0%

>

steric bulk

Figure 17. Principle of percent buried volume (%Vbur, adapted from). %Vour of some NHCs.[139-140]
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Steric maps are another method and provide a visualization of the steric profile.[*3

1.1.6. Synthesis of NHCs

Azolium salts are common precursors for NHCs. An easy route to obtain azolium salts is the
guaternization of the nitrogen atom of a neutral heterocycle, for example N-substituted imidaz-
ole.[33.80. 141-142] A glternative is to directly obtain the azolium salt through cyclization, by final
introduction of the precarbenic unit, the backbone, or the amino moiety.®” The deprotonation
of the azolium salt with a base is one of the most common routes to free NHCs (a, Scheme
1).°81 Another method is the reduction of thiourea with molten potassium in boiling THF (b),
with the advantage of the insoluble by-product K,S, thus readily removable. [0 93 143-1441 A thijrd
route (c) involves the vacuum pyrolysis of the NHC precursor to release volatile by-products
such as CeFsH, MeOH, CHCIlz, CHF3.[80: 93. 1451461 Simjlarly, NHC—CO, and NHC—metal (Sn",
Mg", Zn") adducts can be used to form NHCs in situ (d).[% 9 147-148] Finally, chloro amidinium

and azolium salts can be reduced with Hg(TMS), (e).[80 93. 1491
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Scheme 1. Common routes to NHCs (adapted from[®3l). TMS = trimethylsilyl.

1.1.7. Applications of NHCs

Despite being developed three decades ago, NHCs are still highly relevant in various fields of
chemistry. With their strong electron donating properties, the most obvious application is the
use of NHCs in coordination chemistry as ligands bound to transition metals.’ NHCs appeared
to be both better o-donors and m-acceptors than the frequently used phosphanes, therefore
replacing phosphanes on several occasions in transition metal complexes, with the Grubbs

catalyst for olefin metathesis being the most prominent example (Figure 4). In addition, NHCs
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tend to form thermodynamically stronger NHC—metal bonds in complexes than their phos-
phane analogs, making NHC complexes more thermally and oxidatively stable compared to
the phosphane counterparts.i* 1591 NHC complexes of 5d metals usually are more stable than
those of 3d or 4d elements.["> ° However, NHC—metal bonds can be quite kinetically labile,
as recently reported.*5Y In general, the choice of ligand depends strongly on the task at hand,

and the electronic properties of NHCs are not always desirable.l’? 152

The most important application of NHC transition metal complexes is homogeneous catalysis
(e.g. Figure 4).[1: 153157 Transition metal NHC complexes have also become interesting for me-
dicinal chemistry, with especially Ag and Au, but also Pd, Pt, Rh, Ru and Ir NHC complexes
being promising candidates for antibacterial and anticancer agents.*: 1°8-16% Other applications
of NHCs coordinated to transition metals include heterogeneous catalysis and organometallic

materials like metal-organic frameworks. [t 17. 161-164]

The coordination of NHCs to main group elements is a second large field of research.: 4 165
167l NHC main group adducts can act as new ligands, for example N-heterocyclic olefins or
imines. 1681701 NHCs are employed to stabilize highly reactive species, like a Al=Al dialu-
mene.* 11 Furthermore, NHCs can activate small molecules, as part of frustrated Lewis pairs
or by themselves.* 172174 Here, the classes of NHCs show a different reactivity, for example,

CAACs can activate CO, H, and NHs, while Arduengo-type NHCs are unreactive in this re-
g ard.[28. 175-177]

A third field of research is the application of NHCs as organocatalysts in a wide range of or-
ganic transformations.t*: 178179 The reaction of the NHC with a carbonyl group is usually the

initial step.!!

1.2. Iron NHC complexes

Iron is one of the most abundant elements in the Earth’s crust, making it readily available and
relatively cheap compared to noble metals.*8-18ll |t can be present in formal oxidation states
ranging from -2 to +6.181184 |ron is an essential trace element and iron, iron oxides and most
of iron salts are relatively nontoxic.® 18! Around 1.300 ppm of residual iron is considered
acceptable in drug substances, whereas <10 ppm is mandated for the majority of other transi-
tion metals.[ 8L 1881 |ron plays an important role in biology and is involved in many transfor-
mations driven by iron containing enzymes.*¥”] The above mentioned facts make iron an inter-
esting element to use in chemistry, especially in catalysis, considering the potential economic

benefits. The social demand for environmental benign and sustainable chemical solutions
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(“green chemistry”) further contributes. Iron is already an important transition metal in hetero-
geneous catalysis, with the two most prominent examples being the Haber-Bosch and the
Fischer-Tropsch processes.'®"l Instead, the field of homogeneous catalysis has been rather
dominated by noble metals, and research on iron catalysis has only started to emerge and
gain momentum in the last 15-20 years.[181. 1881901 Stj|| in 2011, Beller and coworkers wondered,
why iron catalysis was underdeveloped compared to other transition metals, while it “should
be one of the most used metals in homogeneous catalysis”™® in their opinion, due to the
combination of the above mentioned arguments.**® Nowadays, iron is described as “multitask-
ing champion”™8l due to the fact that “iron catalysis is potentially capable of covering almost

the entire range of organic synthesis”* and backed by recent developments. [} 181, 187-189, 191-

192]

1.2.1. Synthesis and applications of iron NHC complexes

The first example of an iron NHC complex was reported by Ofele in 1969.1°31 However, it took
more than 30 years for the research field to come back into the focus of chemists, but it has
been growing ever since.® The first three methods are the most common synthesis routes
for iron NHC complexes (a-c, Scheme 2).1287] The first method (a) involves an external base to
deprotonate the NHC precursor, followed by the addition of an iron precursor, usually an iron(Il)
or iron(lll) halide salt.l’87- 194 |n theory, any isolable free NHC can be used in this way. The
transmetalation route (b) is a useful alternative to the first route.!*8”- %I Finally, the application
of an internal base (c) is an effective method to directly obtain the respective iron(ll) NHC
complex from the azolium salt.[*%! The iron precursor Fe[N(SiMes)2]. contains two equivalent
(eq.) of internal base, therefore able to deprotonate two molecules of the NHC precursor at
once. This is the most popular route for the synthesis of iron(ll) NHCs.'®"! Less frequently used
methods are the cyclization of iron-bound isocyanides (d), also known as template synthesis
and allowing post-complexation reactivity of the ligand (A in Figure 18),197-200 the complexation
of the azolium salt with the iron precursor K[FeH(CO),] (e),[**2°U the complexation of the NHC
dimerization product with iron precursors like Fe(CO)s ()2°22031 and formation of the NHC lig-
and from a precoordinated carbon atom[?%42%1 (g, Scheme 2).[*¥”) The route of choice depends
on the specific case and sometimes one method might give higher yields than the other or not

be successful at all.[t1 206-207]
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Scheme 2. Common pathways to Fe NHC complexes (adapted from!187:208) n = -2 to +6, m = 3-5.

Nowadays, iron NHC complexes have been applied in various catalytic reactions covering ox-
idation, reduction, cyclization, polymerization, C—C and C-X bond formation, up to transfor-
mations like the deuteration or tritiation of sp?> C—H bonds (B, Figure 18), being highly relevant
for medicinal chemistry. -4 187, 191-192,209-225] Qther research focuses, for example, on the poten-
tial application of iron NHCs as photosensitizers in photovoltaics and artificial photosynthe-
sis.[?26-2%21 The reactivity of iron NHC complexes is also being studied and species with high
oxidation states can be isolated, e.g. FeV=N (C, Figure 18),2*¢ 231 enabled by the strong elec-

tron donation of the NHC ligands.?34

1.2.2. Design of iron NHC complexes

There are many variables in the design of iron NHC complexes that can be changed in order
to receive the respective complex tailored to the demand and application. Some of the varia-
bles are briefly discussed in the following. The type of NHC, any NHC modification and the
used coligands significantly impact the electronic and steric properties of the iron complex.
Also, the number of NHC moieties is decisive and can usually vary between one and six (Figure
18). The connectivity of the NHC and other coligands amongst each other is another variable
to be determined. The chelating effect can be used with multidentate ligands, inducing greater
stability in the complex formed. Simultaneously, the rigidity of the multidentate ligand is another

important factor, for example, one catalytic application might benefit from a rigid ligand235-237]
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whereas another might need a more flexible ligand™* 2%¢-23° The rigidity or flexibility of the
ligand can also impact the structure of the iron complex.?4%-2421 The type of counterion can have
an influence on the solubility of the complex, for example, the weakly coordinating PFs anion
can decrease the polarity of the complex, increasing its solubility towards less polar solvents.
The oxidation state defines the Lewis acidity of the iron center. The complex synthesis in co-
ordinating solvents like MeCN or DMSO can lead to coordinating solvent molecules to the iron
atom. The coordination strength of the used ligands is important to consider for catalysis,
where accessible coordination sites are required. Here, solvent molecules are helpful, as they
are oftentimes labile coordinating ligands (see e.g. o-donor strength of MeCN in Figure 11)
and allow substrate binding to the iron center during catalysis. Non-coordinating functional
groups at the ligands can allow for immobilization of the iron NHC complex or for post-com-
plexation reactivity (see A in Figure 18). For some applications, having a complex with multiple

iron centers might be desirable, for example for bio-inspired catalysts.

ipr J\‘ _|+ X
RO D@
Q\ §> N/N\Ieif’r @B/NK
F R ~ X FeV=N
e Ot O

F | Pr ! N
1. KO'Bu, (THF )
(THF) X = B(3,5-(CF2);,CeHa)s

2. NH,PFg, (MeOH)
N\/N _|PF6
O I
(L&D

X =Br or PFg

Figure 18. Selected iron NHC complexes with various characteristics (adapted from[192. 233-234, 243-248)) '1To| = para-
toluene. Formally Fe" atoms in F ([FesSs]° 2 4Fe?* + 4S%). 'Bu = tert-butyl.

20



1.3. Homogeneous olefin epoxidation catalysis

The epoxidation of olefins (Scheme 3) is an important reaction for the production of commodity
chemicals to fine chemicals.?*® The annual production volume can be up to millions of tons.[24%
The production of commodity chemicals — and most other epoxides in industry — is usually
performed with commercial, heterogeneous catalysts, because of their robustness and the
possibility to easily separate the product as well as recycle the catalyst.[?4%-25% For example,
ethylene is converted to ethylene oxide with a silver catalyst supported on a-Al>O3 by direct
oxidation with oxygen or air (Scheme 3).124°: 251 The worldwide production of ethylene oxide
was around 31.6 million tons in 2022 and the majority is used to obtain ethylene glycol.[24% 252

: 0,
o | 10-35 bar X~ 10%
(6] ' _ o ~ (o)
AR? [C] R \__  _230-280°C o S~85% .
R catalyst R? s Aglo-Al,Os /N TOF ca. 50-540 h

Scheme 3. Catalytic epoxidation of olefins (left). Heterogeneous oxidation of ethylene to ethylene oxide (right,
adapted from[249: 251]),. X = conversion, S = selectivity, TOF = turnover frequency.

Heterogeneous processes often require harsh conditions while giving rather low product yields
(Scheme 3).1225 2531 |n this regard, homogeneous catalysts can be an alternative. However, the
possible drawbacks of homogeneous catalysts have to be considered, e.g. difficult separation
of the catalyst from the product, loss of the catalyst/ligand(s) after separation and due to deg-
radation during reaction, and cost of the ligand/catalyst synthesis.?>® The production of pro-
pylene oxide was historically performed uncatalyzed via the chlorohydrin process (Scheme
4).2%91 The Halcon process offers a more economical alternative for the production of propylene
oxide using a homogeneous Mo naphthenate catalyst with tert-butyl hydroperoxide or
ethylbenzene hydroperoxide as oxidants and is therefore a prominent example of an industrial

homogeneous epoxidation process (Scheme 4).1254

Chlorohydrin process

1.5 bar
50 °C OH
Xy + Clh o+ H,O — )\/ + HCI
Cl
oH 1 bar
HCI + Ca(OH), —100°C _ /<? + CaCl, + 2H,0

e ?

Halcon process
10 bar _
O. 90 °C OH o XrooH = 92%
>( OH + Ny —~ » >( + <7 s=90%
[Mo] TOF ca. 400 h'

Scheme 4. Chlorohydrin process (top) and Halcon process (bottom, adapted from[249. 253-254])
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Homogeneous catalysts are also applied in highly selective or asymmetric epoxidations in in-
dustry (see 1.3.3), but these tend to be niche applications on a rather small scale.?>>2%1 Most
other homogeneous epoxidation catalysts have so far only been of interest to the scientific
community due to the disadvantages mentioned above, although some catalysts achieve sig-
nificantly higher TOFs than the heterogeneous processes.?4-2%0. 257 Bjological systems are
also being investigated and either extracted enzymes or living cells are used. Enzymes have
similar drawbacks like homogeneous catalysts and living cell catalysis has to deal with the
toxicity of the products, or used chemicals in general, and energy as well as mass transfer

problems. 249

1.3.1. Bio-inspired iron epoxidation catalysis

Epoxides are present in many natural products. The compounds can exhibit a variety of prop-
erties, for example antibiotic, antiviral, antifungal or antitumor activities.!?>¢-2¢% |n nature, the
epoxides are mainly formed through formal dehydrogenation of neighboring C—H and CO-H
groups or epoxidation, i.e. insertion of an oxygen atom into the C=C double bond of an al-
kene.1?58-2601 The epoxidation is catalyzed by various enzymes, for example flavin based en-
zymes, heme and nonheme mononuclear iron enzymes as well as nonheme diiron en-
zymes.[?%8-2661 The most studied enzymes are cytochromes P450 containing a heme unit.[25”
2701 Originally to study their mechanism, biomimetic iron porphyrin complexes have been de-
veloped.?"2"4 The epoxidation mechanism of cytochromes P450 begins with the low-spin
iron(lll) resting state, followed by the coordination of an oxygen molecule to the reduced high-
spin iron(ll) center, resulting in an iron(l1l)-hydroperoxo intermediate (Fe"-OOH), which under-
goes O-0 heterolysis to form Fe'V=O(pors), a porphyrin 11 cation radical, as active species and
oxidant in the reaction (Figure 19).126% 2752761 Dye to the ability of cytochromes P450 to oxidize
non-activated substrates under mild conditions with high activity and selectivity, 4% 2771 these
enzymes also became interesting models for bio-inspired iron epoxidation (and C—H oxidation)
catalysts, in addition to the above mentioned characteristics of iron (see 1.2).[271.273.278-279 The
research has later been extended to bio-inspired nonheme iron complexes, 8% which can have
accessible cis coordination sites allowing for cis-dihydroxylation of alkenes in addition to epox-
idation and in contrast to the heme systems.?%° The ligand topology of the complex influences
the selectivity towards epoxide or cis-diol, and labile ligands in cis coordination are proposed
to be essential for cis-dihydroxylation.[t% 237. 281-283] |ron complexes with tetradentate ligands
have been studied the most and have been shown to be the most efficient systems in oxidation
catalysis compared to compounds with bidentate, tridentate or pentadentate ligands (Figure

19).% The most active bio-inspired, N-ligated iron complexes achieve TOFs up to 25 200 h!
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in epoxidation.?®4 Turnover numbers (TON, a measure of the lifetime/stability of the cata-
lyst)®?%9 of less than 100 are usually reported for N-ligated iron complexes in epoxidation(?:6l
and the highest TONs are 1801284, 715285 and 25212%¢1, The proposed mechanism for epoxida-
tion by nonheme iron complexes with tetradentate ligands and trans labile coordination sites
is shown below (Scheme 6).[29

OTf OTf
b Ch |
NII'."Fe” N A N/l'“Fe“ _\\N NI
N \N\ N/ \N
HO : / H - \I/

oTf OTf

Figure 19. Active species of cytochromes P450, Fe'V=0(por-), also called compound I (left). The porphyrin frame-
work is marked blue. Selected examples of nonheme iron(ll) complexes applied in epoxidation catalysis (right,
adapted from|[10. 237, 269-270, 277, 282, 286-288]) Cys = cysteine, OTf = triflate anion.

1.3.2. Iron NHC complexes in epoxidation catalysis

Organometallic Re and Mo complexes have been intensively studied in epoxidation cataly-
sis.[214. 225, 250, 2561 The two most active systems among them are methyltrioxorhenium (MTO,
ca. 39 000 h'1)8 and a n°-cyclopentadienyl Mo NHC complex (ca. 53 000 h, Figure 20)2%,
being in the same range of extracted cytochrome P450 enzymes (ca. 43 000 h1)249. 291 pyt

beating N-ligated iron complexes in this regard (see 1.3.1).[214 250]

<

|
| Vi OC“'/'MOH"'NCMe

;Re\
© o oc >7N =
Mes— N~ 7

Figure 20. Two most active Re and Mo complexes in epoxidation catalysis (adapted from[289-290]),

With the growing research in the field of iron NHC complexes and the benefits of using iron in
catalysis (1.2), the iron enzymes in nature as models for oxidation catalysis and the intensively
investigated N-ligated biomimetic and bio-inspired iron complexes (1.3.1), as well as the good
results obtained with other organometallic compounds (see above), it became interesting to
study organometallic bio-inspired iron complexes in oxidation catalysis.??®! Iron(ll) complex 1

(Figure 21) containing an open-chain bis(pyridine-NHC) ligand was the first iron NHC complex
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to be employed in epoxidation catalysis.?°? H,O, proved to be the most efficient oxidant. Var-
ious substrates in moderate to high selectivity could be oxidized. An initial TOF of ca. 2 600 ht
could be determined in the epoxidation of cis-cyclooctene at 25 °C with 2 mol% of 1, which is
a slightly higher activity than the majority of N-ligated iron complexes under additive-free con-
ditions show.?%? cis-Cyclooctene is a frequently used model and benchmark substrate in aca-
demic research.?>@ Complex 1 was furthermore extensively studied in C—H hydroxylation of
several substrates like cyclohexane or benzene.??3 293-2%I The stability/TON of 1 in C—H hy-
droxylation could be increased by up to 34% by axial ligand substitution of one MeCN moiety
with strongly binding tert-butyl isocyanide (CN'Bu), resulting in only one accessible coordina-

tion site during catalysis with just one labile axial coordinating MeCN.[%4

NeMe 2 NCMe | NCMe,  |™

SN N =N N | o
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6n=2 X=20Tf 8
7n=3,X=20Tf, 1PFg

Figure 21. Iron(ll) and iron(lll) NHC complexes employed in epoxidation catalysis (adapted from 11, 240, 297-300])

The developed cyclic iron tetracarbene complexes (2-7, Figure 21) structurally resemble the
heme group as can be found in cytochromes P450 (Figure 19). They are however electronically
distinct, mainly due to the strong o-donation in equatorial plane to the iron center, resulting in
a different reactivity compared to iron porphyrins.t! The class of cyclic iron tetracarbene com-
plexes has a rich chemistry, with diverse reactivity including isolable iron(IV) compounds sta-
bilized by the strong electron donating tetracarbene ligand and, apart from epoxidation, iron
tetracarbenes are applied in aziridination, CO, reduction and C—H activation.*¥) Due to their
structural similarity to heme, the shown iron tetracarbenes 2-7 (Figure 21) have been employed
in epoxidation catalysis. Both 2 and 3 achieve very high TOFs (2: ca. 50 000 h, 3: ca.
183 000 h1, Table 1) in the epoxidation of cis-cyclooctene at 20 °C.?°"l The activity is reduced
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at lower temperatures, while a TON of 4 300 was determined at -30 °C for 3. Various sub-

strates are oxidized at very high selectivity and no diol formation is observed.?°"]

Table 1. Selected catalytic performance of 2, 3 and 8 in the epoxidation of cis-cyclooctene.[297. 301]

Cat. Additive X [%]? S [%]? TOF [h]® TON
2 - 24 94 50 000 480
2 Sc(OTfs 59 >99 415 000 1180
3 - 51c >99 183 000 -
3 Sc(OTfs 58 >99 413 000 1160
8 - 7 >99 23 000 140
8 Sc(OTf)s 58 >99 405 000 1160

Reaction conditions: cis-cyclooctene (269 pmol, 100 mol%), H20: (404 uymol, 150 mol%), catalyst
(0.135 pmol, 0.05 mol% based on iron), additive (1.35 pmol, 0.5 mol%); solvent: acetonitrile; T = 20 °C.
a All conversions (X) and selectivities (S) were determined by GC-FID after a reaction time of 5 min. °
TOFs were determined after 10 s. ¢ Catalyst concentration: 0.1 mol%, conversion was determined after
10 s.

The oxidation of iron(Il) complex 2 to iron(lll) analog 3 is proposed to be the first step in catal-
ysis due to the observation of an induction period with 2 but not 3.2°71 Based on the mechanistic
investigations with N-ligated iron complexes,?'®l the following mechanism is suggested
(Scheme 5): The iron(lll) complex reacts with H,O- to result in an Fe"-OOH intermediate,
followed by (presumably rate-determining) homolytic or heterolytic cleavage to form Fe'V=0 or
FeV=0, respectively, as active species. After an electrophilic attack on the alkene, the epoxide
is obtained.!¥ It needs to be noted that no comprehensive mechanistic studies on iron NHC
epoxidation catalysis have been performed yet, and no Fe""-OOH NHC complex and only a
Fe'V=0 complex with a larger tetracarbene ligand have been isolated — the latter complex has

not yet been investigated in epoxidation catalysis.??!

LFel: X
~X
O single O
R~ R electron R™ . R
oxidation
J— J—
R R*TX R R*TX
Lrel
~~X
H,0
|v//O o véO
LFe\X LFe\X
H* + X
OH’ Lrell 970 OH™
4

homolytic
0-0 cleavage

heterolytic
0-0 cleavage

Scheme 5. Proposed mechanism for the epoxidation of olefins by iron NHCs, based on the mechanistic studies of
N-ligated iron complexes (adapted from[216. 223.225l) Compounds marked in red have been isolated.
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Nonheme iron complexes with tetradentate ligands and trans labile coordination sites — thus
structurally similar to the iron NHC complexes 1-7 — are expected to proceed via the Fe'V=0
as active species (Scheme 6). The epoxide is either formed by transfer of the oxygen to the
C=C double bond or by a radical mechanism with molecular oxygen. In one case, the diol was
observed in inert atmosphere with MeCN as solvent.[1% 2163021 On the other hand, the activation
of the Fe'"-OOH intermediate by Sc(OTf)s (see below) leads to the FeV=0 species after heter-
olytic cleavage in the case of nonheme iron complexes, however with cis labile coordination

sites.[303l

_|2+

-HZO O\OH

"OH l

©©©

Scheme 6. Proposed mechanism for the epoxidation of olefins by nonheme iron complexes without cis-labile sites
(adapted from[10. 216,302}y

One degradation pathway of 2/3 in catalysis was identified as the formation of a stable
diiron(ll)-pz-oxo complex (8, Figure 21) from 2 and 3 under oxidative conditions, having a
comparatively low catalytic activity (Table 1).2° Upon addition of a Lewis acid like Sc(OTf)s,
both 2 and 8 form the same catalytically active complex 3.E°Y This means that by adding
Sc(OTf)s, the less reactive decomposition product 8 can be reactivated and the necessary
preoxidation of 2 to 3 is facilitated. This is reflected in the catalytic results: all three compounds
2, 3 and 8 show effectively the same activity and stability in the presence of Sc(OTf)s (Table
1).%01 A remarkable TOF of >400 000 h' is determined,° making it the most active homoge-
neous epoxidation catalyst. It is over eight times more active than the most active iron N-ligated
complexes, extracted enzymes and organometallic epoxidation catalysts (see above). Only in
living cell catalysis a higher TOF of approximately 500 000 h* was reported.?4% 304 The stability
of 3 is also significantly increased by suppressing the deactivation path, resulting in a very high
TON of ca. 1 100 at 20 °C.E°Y However, reusable epoxidation catalysts with TONs up to 16 000
and higher have been reported.%-2%6 The results of 2, 3 and 8 are certainly also supported by
the Lewis acid Sc(OTf)s activating the Fe"-OOH intermediate and facilitating the rate-deter-

mining OH/OH" cleavage to faster generate the active Fe'V=0 or FeV=0 oxidant.[?84 303, 307-308]
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The backbone modification of the tetracarbene ligand with methyl groups results in a more
electron donating ligand in 4/5. The opposite is true in 6/7. 4/5 are more active than 6/7, but
less active than 2/3 due to a low stability.** 2% 6/7 show a low activity at 20 °C in the presence
of Sc(OTf)3 (7: 11 000 ht) but almost equally high TON of 1000 (7) compared to the benchmark
system 2/3.2%1 The TOF of 7 increases with temperature and the opposite is the case with the
TON, resulting in a TOF of 95 000 h* and TON of 360 at 80 °C in the presence of Sc(OTf)3.12%%

Iron(ll) NHC complexes 9/10 have cis labile coordination sites and an equilibrium between the
cis-B and cis-a topology has been observed (Figure 22).1308-311 They were also applied in epox-
idation catalysis and 10 had a better catalytic performance than 9. In the case of iron com-
plexes with cis labile coordination sites, not only Lewis acids but also coordinating (e.g. acetic
acid) or non-coordinating (e.g. HCIO4) Brgnsted acids have a beneficial effect on the catalytic
activity, with the same underlying principle of accelerating the heterolytic cleavage of Fe''-
OOH (see above).[284 307-308, 312] |n gddition, coordinating Brgnsted acids can increase the se-
lectivity towards epoxide formation, because they suppress the competing coordination of wa-
ter, and the latter can lead to the ring-opening of the epoxide and subsequent cis-diol produc-
tion.[28+ 3081 Indeed, both Lewis acids (Sc(OTf)s) and Brgnsted acids (HCIO4, acetic acid) could
significantly increase the activity of 10.E%! However, the selectivity was decreased in the case
of Sc(OTf)s and HCIO, due to ring opening of the formed epoxide induced by the
Lewis/Bransted acid.%: 313 Under optimal conditions using 1.0 eq. of acetic acid at 20 °C and
0.1 mol% of 10, a TON of 200 and a TOF of 76 000 h* with 97% selectivity towards the epoxide

could be determined. %8

9 R =Dipp

, 10 R=Bn .
cis-p cis-o

Figure 22. Iron(ll) NHC complexes with cis labile coordination sites employed in epoxidation catalysis (adapted
from[2°8]), Dipp = 1,5-diisopropylphenyl. Bn = benzyl.
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1.3.3. Enantioselective epoxidation

The synthesis of chiral epoxides is important for the production of fine chemicals and pharma-
ceuticals.?4% 3143161 The two most prominent systems for asymmetric epoxidation were devel-
oped by Katsuki and Sharpless®!”! for the enantioselective epoxidation of (exclusively) allylic
alcohols as well as the groups of Katsuki®*¢-32% and Jacobsent®?'-32% for the enantioselective
epoxidation of general unfunctionalized alkenes. These systems have also found its way into
industry on a small scale.?® The Sharpless-Katsuki method uses a [Ti(tartrate)(O'Pr),]. cata-
lyst, which is formed in-situ from the reaction of Ti(O'Pr), and a chiral diethyl tartrate. The used
chiral diethyl tartrate conducts the addition of the epoxide oxygen (Scheme 7).5 Sharpless
was awarded with the 2001 Nobel Prize in Chemistry for his pioneering work in asymmetric

epoxidation.?4
(S,S)-diethyl tartrate (-)-DET

R R Row_R3

_ . 2 i ‘
R ;&Rs :[Tl(tartrate)(O’P rolo R Rj [T|(tartrate)(O’Pr)2]2> R, I
R4 1/ OH CI) OH

OH ‘BUOOH ‘BUOOH
(R,R)-diethyl tartrate (+)-DET

Scheme 7. Sharpless-Katsuki asymmetric epoxidation of allyl alcohols, published in 1980 (adapted from(32°]),

The Jacobsen-Katsuki epoxidation relies on Mn(lll) salen catalysts with a chiral bridge (Figure
23).[326]

Ph/’ Ph Q
=N_ /N_ =N_ N
/Mn\ /M\
o o 0" | o
Cl

Jacobsen Katsuki Jacobsen
1990 1990 1991

Figure 23. First chiral Mn(lll) salen complexes developed by Jacobsen and Katsuki for the enantioselective epoxi-
dation of general unfunctionalized alkenes (adapted from[318. 321-322})

Nowadays, there is a plethora of chiral-directing catalytic systems with different approaches
developed for the asymmetric epoxidation of various substrates.[?56: 305 315-316, 325, 327-332] The
most notable mention is the metal-free organocatalytic epoxidation (Figure 24)E and the
2021 Nobel Prize in Chemistry was awarded to List and MacMillan “for the development of

asymmetric organocatalysis”.33
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Figure 24. Example for an organocatalyst developed by List et al. for the enantioselective epoxidation of a,-disub-
stituted enals (adapted from[316. 3341),
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2. Objective

One objective of this thesis is the continuation of the research regarding iron NHC epoxidation
catalysis. In this regard, new ligand systems are developed and their influence on the catalytic
performance of the respective iron NHC complexes is investigated. In addition, the degradation

of the most active iron NHC catalyst is studied.

Furthermore, another subject of this work is the investigation of the reactivity of iron NHC com-
plexes. Here, the oxidation of a diiron(lll)-p2-oxo compound up to diiron(IV)-uz-oxo is studied
and moreover a Hz-n:nt-CN bridged diiron complex is discovered. A critical review article about
the chemistry of cyclic iron tetracarbene complexes is elaborated and their synthesis, proper-

ties, reactivity, and catalytic applications are discussed in-depth.

Finally, new NHC ligand systems are to be developed as framework for transition metal com-
plexes with various applications. In this respect, the synthesis of chiral NHC and mesoionic
carbene ligand precursors are first strides towards enantioselective epoxidation catalysts. In
addition, several new multidentate NHC ligand systems are designed and open-chain as well
as cyclic palladium, platinum, and gold tetracarbene complexes are obtained. Their apoptotic

effect in cancer cells is investigated.
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3. Results and discussion — publication summaries

This chapter summarizes the published results of the doctoral thesis. The publications are
ordered chronologically. A complete list of publications is given in chapter 7. The individual
contributions of Tim P. Schlachta to the publications are given in Table 2, chapter 7. The full
text of the publications is attached to this thesis, reprint permissions and bibliographic data are

given in chapter 6 and 8, respectively.
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3.1. Degradation pathways of a highly active iron(lll) tetra-NHC

epoxidation catalyst

Florian Dyckhoff, Jonas F. Schlagintweit, Marco A. Bernd, Christian H. G. Jakob, Tim P.
Schlachta, Benjamin J. Hofmann, Robert M. Reich, Fritz E. Kiihn

Catal. Sci. Technol. 2021, 11, 795-799, DOI: 10.1039/D0OCY02433C 333

Understanding the degradation of a catalyst is important to take measures to increase its sta-
bility during reaction and achieve an overall better catalytic performance. The aim of this study
is to elucidate the degradation of the highly active iron tetracarbene complexes 2/3 during
epoxidation catalysis. One already determined degradation pathway of 2/3 is the formation of
a stable diiron(lll)-p2-oxo complex 8 with rather low activity (Table 1).E% However, 8 can be
reactivated to the catalytically active complex 3 by Lewis acid Sc(OTf)s (Scheme 8, path A)
and the stability in TON is more than doubled (Table 1).2%Y As the lifetime of 2/3 is still rather
low for real-life applications, further investigation is conducted to determine the ultimate deg-
radation route of 2/3 during catalysis.l**® The formation of a dead-end p.-oxo-bridged Fe—O-
Fe complex and the C—H oxidation of the methylene bridges are the most frequently observed
degradation paths for nonheme iron oxidation catalysts.[** 335343 A methylene-bridge oxidation
can be excluded for 2/3 due to the absence of a kinetic isotope effect in catalytic studies be-
tween 3 and an analog complex with deuterated methylene bridges, 3-ds (Scheme 8, path B).
A threefold protonated and mono oxidized species derived from the tetracarbene ligand is
found in NMR (13, Scheme 8). To avoid protonation of the ligand during catalysis, the addition
of intercepting bases is considered. Upon addition of bases to a solution of 3 in MeCN, the
immediate reduction of 3 to 2 is observed due to the oxidation of the axial MeCN ligands or
MeCN solvent to glycolonitrile. Axial ligand substitution of 3 with 'BUCN or PhCN is con-
ducted,®* both containing less activated C—H bonds to avoid undesired oxidation. Catalytic
tests of these derivatives of 3 in different solvents in the presence of additive bases do not
show a beneficial effect in catalysis. No fully protonated ligand (12) can be observed in mass
spectroscopic experiments under oxidative conditions, but rather 13 and a species derived
from 3 containing a mono oxidized NHC ligand still coordinated to the iron atom. Therefore,
path C is finally excluded. To conclude, the oxidation of one carbene initiates decoordination
of the NHC ligand from the iron center, followed by the protonation of the remaining three

carbenes (Scheme 8, path D).
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3.2. Mimicking reactive high-valent diiron-u2>-0x0 intermediates of

nonheme enzymes by an iron tetracarbene complex

Tim P. Schlachta,” Markus R. Anneser,” Jonas F. Schlagintweit, Christian H. G. Jakob, Caro-
lin Hintermeier, Alexander D. Both, Stefan Haslinger, Robert M. Reich, Fritz E. Kiihn

#Tim P. Schlachta and Markus R. Anneser contributed equally to this work.

Chem. Commun. 2021, 57, 6644-6647, DOI: 10.1039/D1CC02027G 344!

Nonheme diiron enzymes catalyze several reaction types through the activation of oxygen.!34¢-
3471 One prominent example is soluble methane monooxygenase, converting methane to meth-
anol.®#8 All of these enzymes involve highly reactive diiron-oxygen intermediates as active
species, oftentimes with iron centers in high oxidation states (+3 or higher), for example a
diiron(IV)-p2-oxo species (intermediate Q) for soluble methane monooxygenase*”: 349 or
diiron(l11,1V)-p2-ox0 intermediate in ribonucleotide reductases.®*¢ 350 Bjomimetic models to

study the mechanisms of these enzymes are rare and usually rely on N-donor ligands.B4": 351

353

In this article, the chemistry of 8 is further explored. Upon single-electron oxidation of 8, a
diiron(l11,1V)-p2-oxo complex can be isolated and characterized (14, Figure 25, Scheme 9). 14
has a nearly linear axis intersecting the axial MeCN ligands and the FeOFe unit (Fe—O—Fe
176.34°), in contrast to 8, which is more bent (8: Fe—O—-Fe 162.7°)%l, |n addition, there are
two coordinating axial MeCN ligands in 14, possibly because of the more Lewis acidic iron
centers.'Y EPR measurements reveal an overall spin S = 1/2 for the paramagnetic complex

14 while the diiron(lll)-p2-0xo complex 8 is diamagnetic due to antiferromagnetic coupling.

The possibility of a diiron(IV)-p2-0xo species is indicated in CV. Furthermore, the formation of
a new species can be monitored in UV/Vis upon addition of two equivalents of one-electron
oxidant thianthrenyl hexafluorophosphate to a solution of 8, proceeding via the interim gener-
ation of 14. The decay of this species to 3 is observable in UV/Vis and NMR. The species could
not be isolated but is very likely to be a diiron(IV)-u2-0xo complex (15, Scheme 9) based on
the collected data from CV, UV/Vis and NMR. The decay of this species to 3 proceeds with an
oxygen transfer to thianthrene forming thianthrene 5-oxide. Two-electron oxidation of 8 by two
equivalents of thianthrenyl hexafluorophosphate at room temperature also directly yields two
equivalents of 3 and one equivalent of thianthrene and thianthrene 5-oxide, respectively
(Scheme 9).
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14 and 15 are the first examples of diiron(lll/IV)- and diiron(IV)-p2-oxo complexes with NHC
ligands. In addition, 14 is only the third reported crystallized example among the group of

diiron(I1I/1V)- and diiron(lV)-p2-oxo complexes.

» c23 Ni8 c26 c27

C35

€36

Figure 25. ORTEP-style representation of the cationic fragment of 14.341 Hydrogen atoms and PFe™ anions are
omitted for clarity and thermal ellipsoids are shown at a 50% probability level. Selected bond lengths (A) and angles
(°): Fe1l-C1 1.929(2), Fe2-C17 1.931(3), Fe1-01 1.7272(17), Fe2-01 1.7298(17), Fe1-N17 1.984(2), Fe2-N18
1.987(2), Fe1-O1-Fe2 176.34(11), C1-Fe1-C5 89.43(10), C1-Fe1-01 95.55(9), O1-Fel-N17 178.09(8). Repro-
duced from Ref. 461 with permission from the Royal Society of Chemistry.
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Scheme 9. Reactivity of 8 (adapted from[34¢l). Th = thianthrene, r.t. = room temperature.
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3.3. The first macrocyclic abnormally coordinating tetra-1,2,3-tria-
zole-5-ylidene iron complex: a promising candidate for olefin

epoxidation

Greta G. Z&mbd, Johannes Mayr, Michael J. Sauer, Tim P. Schlachta, Robert M. Reich, Fritz
E. Kihn

Dalton Trans. 2022, 51, 13591-13595, DOI: 10.1039/D2DT02561B B4

As shown in the introduction, MICs are significantly stronger o-donors than Arduengo-type
NHCs, while having negligible r-acceptor properties. So far, all cyclic iron tetracarbenes have
been based on Arduengo-type NHCs. In this article, the first synthesis of an iron(ll) tetracar-
bene complex with 1,2,3-triazol-5-ylidene moieties is described (16, Scheme 10). The strong
electron donation of the new tetracarbene ligand is showcased in the upfield shift of the *Cnnc
signal (16: 190.35 ppm vs. 205.05 ppm for 2) and in a more negative redox potential
(16: -0.34 V vs. 0.15 V for 2).'%1 16 is applied in preliminary catalytic epoxidation studies. At
20 °C in the presence of Sc(OTf)s, a (initial) TOF of 41 000 h can be determined in the epox-
idation of cis-cyclooctene using 0.5 mol% of 16. A conversion of 97% is reached after 30 min.
Without Sc(OTf)s, the catalyst’s lifetime is significantly shortened, and the reaction is already
finished after 30 s with a conversion of 37%. Lower temperatures benefit the catalyst’s stability

and at -10 °C, a conversion of 89% can be reached (still in the absence of Sc(OTf)3).
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Scheme 10. Simplified synthesis of 16 (adapted from!*1 354y, TIPS = triisopropylsilyl.
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3.4. Cyclic iron tetra N-heterocyclic carbenes: synthesis, proper-

ties, reactivity, and catalysis

Tim P. Schlachta, Fritz E. Kiihn

Chem. Soc. Rev. 2023, 52, 2238-2277, DOI: 10.1039/D2CS01064J 14

This article provides a review about the field of cyclic iron tetracarbenes and all articles up to
January 2023 are summarized. The synthesis, properties, reactivity, and catalytic applications

of cyclic iron tetracarbenes are discussed in-depth.

The macrocyclic ligand precursor is prepared first in all cases, followed by the complexation to
form the cyclic iron tetracarbene. Three methods are applied, namely the direct metalation with
the internal base Fe[N(SiMes)2]2, combination of an external base and iron precursor, and the

transmetalation from the respective Ag complex with an iron precursor.

It is discovered that the a-donor strength of the tetracarbene ligands can be evaluated with the
13Cnnc signal (stronger = upfield shifted) and redox potential (stronger = more negative) of the
iron complex. In addition, a correlation between the *Cywc signal and redox potential is found.
More insights about the electronic properties can be obtained from Mdssbauer spectroscopy.

Structural properties can be derived from the crystal structures.

The chemistry of cyclic iron tetracarbenes is manifold. Simple axial ligand modifications can
significantly impact the electronic properties and, for example, lead to a different spin state of
the complex. Various diiron complexes in oxidation states up to +4 containing O, N, P or S; as
bridging atoms are described. An iron(IV)-oxo tetracarbene complex is capable of hydrogen
atom transfer of various substrates with a C—H bond dissociation energy in the range of 75 to
80 kcal molt with a medium activity. The chelating, strong electron donating properties of tetra-
carbene ligands allow for the isolation of other iron(IVV) complexes, like the first examples of

five-coordinated iron(1V) imides.

Cyclic iron tetracarbenes are also used as catalysts and achieve a very high activity in elec-
trochemical CO; reduction without a proton source and are the most active systems in homo-
geneous epoxidation of alkenes. Furthermore, they are applied in aziridination catalysis. Sev-

eral mechanistic studies have been performed in CO; reduction and aziridination catalysis.

To conclude, cyclic iron tetracarbene complexes have a very strong electron donating carbene
ligand, which can stabilize iron complexes in high oxidation states. Due to the resulting elec-
tronic properties and structure, a different reactivity is observed for cyclic iron tetracarbenes

compared to e.g. heme and nonheme N-ligated iron complexes.
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3.5. Tailoring activity and stability: Effects of electronic variations

on iron-NHC epoxidation catalysts

Tim P. Schlachta, Greta G. Zambd, Michael J. Sauer, Isabelle Ruter, Carla A. Hoefer, Serhiy
Demeshko, Franc Meyer, Fritz E. Kihn

J. Catal. 2023, 426, 234-246, DOI: 10.1016/j.jcat.2023.07.018 5%

In this article, the effect of electronic variations on iron NHC epoxidation catalysts is further
explored. As described in the introduction, the tetracarbene ligand modifications of 2/3 to yield
complexes 4-7 did not result in a better catalytic performance compared to 2/3. Here, complex
1 is chosen as model system to obtain more information on the suitability of ligand modifica-

tions of iron NHC complexes for optimizing their catalytic performance in epoxidation.

The equatorial ligand is modified to give a more electron donating ligand (17, Figure 26) and a
more electron accepting ligand (18). These electronic properties are verified by NMR and CV.
The quadrupole splitting determined by Méssbauer spectroscopy also correlates with the do-
nor strength of the NHC ligands and indicates the deformation of the electric field around the
iron center due to the strong electron donation in equatorial plane. The three complexes are

further characterized by DFT calculations and SQUID magnetometry, among others.
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Figure 26. Modified iron NHC complexes employed in epoxidation catalysis (adapted from[35),
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The three complexes are applied in the epoxidation of cis-cyclooctene. The unmodified com-
plex 1 achieves the highest TOF (24 500 h') and TON (>700) at 20 °C in the presence of
Sc(OTf)s. 17 has the second highest TOF (7 600 h') but 18 has the second highest TON (49)
due to its long lifetime under oxidative conditions. All complexes show a high selectivity. Vari-
ous other alkene substrates are screened. A higher activity and conversion are achieved for

the more nucleophilic alkenes.
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3.6. Chiral imidazolium and triazolium salts as NHC and aNHC lig-
and precursors: A promising framework for asymmetric epoxi-

dation catalysis

Tim P. Schlachta, Leon F. Richter, Fritz E. Kiihn

Results in Chemistry 2024, 7, 101421, DOI: 10.1016/j.rechem.2024.101421 139

The previously studied iron NHC complexes achieve a superior catalytic performance in epox-
idation reaction compared to N-ligated iron complexes (see 1.3.2). Especially 2/3 are the most
active homogeneous epoxidation catalysts. However, many pharmaceuticals and fine chemi-
cals contain chiral epoxides or require them in intermediates for further transformations. A
prominent system for catalytic enantioselective epoxidation is the Jacobsen-Katsuki method
based on Mn(lll) salen catalysts with a chiral bridge (see 1.3.3). The motivation for this study
is to combine the benefits of NHC ligands with the chiral-directing salen ligand framework con-

taining a chiral cyclohexane bridge.

Three systems are designed (Figure 27). One triazolium salt as MIC precursor (19) and two
imidazolium salts as Arduengo-type NHC precursor (20, 21). The phenol wings from the salen
ligand model are kept in 19 and 21, as they can stabilize the high oxidation state of iron during
epoxidation catalysis through ionic interactions.>” A pyridine wing is employed in 20 in anal-
ogy to complex 1 (Figure 21). The syntheses of the imidazolium salts are straightforward, while
the synthesis of the triazolium salt requires several tests and optimization to finally obtain 19

through a multi-step synthesis route.
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Figure 27. Synthesized chiral imidazolium and triazolium NHC ligand precursors (adapted from[36]),
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3.7. Synthesis, characterization, and biomedical evaluation of eth-
ylene-bridged tetra-NHC Pd(ll), Pt(ll) and Au(lll) complexes, with
apoptosis-inducing properties in cisplatin-resistant neuroblas-

toma cells

Wolfgang R. E. Blichele,” Tim P. Schlachta,” Andreas L. Gebendorfer, Jenny Pamperin, Leon
F. Richter, Michael J. Sauer, Aram Prokop, Fritz E. Kiihn

# Wolfgang R. E. Biichele and Tim P. Schlachta contributed equally to this work.

RSC Adv. 2024, 14, 10244-10254, DOI: 10.1039/D4RA01195C 58]

This article deals with the development of several new multidentate NHC ligand systems. One
ligand contains two imidazolin-2-ylidene units connected with an ethylene bridge. This ligand
forms open-chain tetracarbene Pd and Pt complexes with two coordinated NHC ligands (22,
23, Figure 28). Furthermore, two cyclic tetracarbene ligands with saturated and unsaturated
backbone are developed. These ligands are larger analogs to the tetracarbene employed in
the iron complexes 2/3, having ethylene instead of methylene bridges. In addition, the synthetic
approach to a saturated analog of the tetracarbene ligand of 2/3, calix[4]imidazolinium, is de-
scribed. The cyclic tetracarbenes form complexes with Pd, Pt and Au via transmetalation with
Ag20. The ethylene-bridges make the tetracarbenes more flexible than their methylene ana-
logs, resulting in a strongly saddle-shaped structure as revealed by SC-XRD (Figure 29).

The tetracarbene complexes 22, 26 and 29 and their ligand precursors are tested in Nalm-6
cells (human B cell precursor leukemia cell line) and SK-N-AS cells (human neuroblastoma
cell line) regarding their ability to induce apoptosis. 29 shows an apoptotic effect on SK-N-AS
cells, presumably via the mitochondrial and ROS (reactive oxygen species) pathway. However,
a relatively high concentration of 29 is required. Furthermore, 29 is able to overcome cisplatin

resistance in vitro in cisplatin resistant SK-N-AS cells.
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Figure 28. Synthesized transition metal complexes (Pd", Pt", Au') with an open-chain tetracarbene ligand with
saturated backbone (imidazolin-2-ylidene units, 22, 23), with a cyclic tetracarbene ligand with saturated backbone
(imidazolin-2-ylidene units, 24, 25) and a cyclic tetracarbene ligand with unsaturated backbone (imidazol-2-ylidene
units, 26-29) (adapted from[=58l),

Figure 29. ORTEP-style representation of the cationic fragment of 27. Hydrogen atoms and PFs” anions are omitted
for clarity and thermal ellipsoids are shown at a 50% probability level. Left: Top perspective, right: side perspective.
Selected bond lengths (A) and angles (°): C1-Pd 2.019(2), C1-Pd1-C1_b 172.03(12), C1-Pd1-C1_d-N2_d 53.62,
C5-Pd1-C5_b 98.97°. Reproduced and modified from Ref. [358] with permission from the Royal Society of Chemis-

try.
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4. Unpublished results

This chapter summarizes the unpublished results of the doctoral thesis. The individual contri-

butions of Tim P. Schlachta to the results are given in Table 2, chapter 7.

4.1. Impact of ligand design on an iron NHC epoxidation catalyst

Tim P. Schlachta, Greta G. Zambd, Michael J. Sauer, Isabelle Riter, Fritz E. Kihn

submitted 2024

This article continues the study of the effect of electronic variations on the catalytic perfor-
mance of iron NHC epoxidation catalysts (see 3.5). This time, the NHC backbone is modified
with a benzene group (30, Figure 30) to resemble the ligand modification in iron tetracarbene
complexes 6/7 to allow a more concrete comparison. Furthermore, a synthetic approach of a
NHC ligand precursor with 2-imidazoline units instead imidazole, structurally similar to the lig-
and in 1, is described. However, formylation as well as hydrolysis can be identified as potential

problems.

Iron(ll) NHC complex 30 is comprehensively characterized. It has the most positive redox po-
tential (E12 = 0.625 V vs. Fc/Fc*) compared to the series of NCCN complexes, 1 (0.423 V), 17
(0.337 V) and 18 (0.559 V).[240. 242, 355, 359-360] Thjs demonstrates the weaker o-donation and
stronger r-acceptance of the NHC units, also reflected in the strongly downfield shifted *Cnic
signal of 30 (230.31 ppm vs. 1: 216.15, 17: 215.49, 18: 216.24 ppm).[24%: 3581 While the quadru-
pole splitting of the NCCN complexes is ranked with increasing electron donor strength of the
NHC ligand (18 < 1 < 17),%! the quadrupole splitting of 30 (AEq = 2.23 mm s7) is effectively
as high as 17, possibly due to the tr-accepting properties of the benzimidazol-2-ylidene moie-

ties.

In catalytic epoxidation of cis-cyclooctene, 30 shows a pronounced induction phase — oxidation
from Fe' to Fe'' — even upon addition of Sc(OTf); at 20 °C. Higher temperatures presumably
facilitate the preoxidation to iron(lll) as 30 is more active at these conditions. A TOF of
10 200 h't and TON of 706 can be determined at 60 °C in the presence of Sc(OTf)s. Thus,
even though 30 has a less electron donating NHC ligand, it displays equal stability as the
unmodified complex 1, but a lower activity. This is in contrast to the results obtained with the
iron tetracarbene complexes 6/7 with benzimidazol-2-ylidene units, which could not achieve

the same TON as the unmodified iron tetracarbene system 2/3 (see 1.3.2). In the epoxidation
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of other substrates, 30 gives only modest conversions due to its low reactivity at 20 °C. In turn,
the slow reaction rates in epoxidation catalysis make 30 a suitable candidate for mechanistic

studies and especially low temperatures can produce optimal, controlled conditions.
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Figure 30. Modified iron NHC complex 30 containing benzimidazol-2-ylidene units applied in epoxidation catalysis.
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4.2. Formation of a diiron-(u2-n*:n*-CN) complex from acetonitrile

solution

Tim P. Schlachta, (...), Fritz E. Kihn

to be submitted 2024

The activation of C—C bonds by transition metal complexes is of constant interest and MeCN
has attracted attention as cyanide source with relatively low toxicity for organic cyanation re-
actions.¢1-34 When a solution of 30 in CDzCN was slowly evaporated over the course of six
months under ambient conditions, an unexpected diiron end-on pz-n*:n*-CN bridged complex
[(MeCN)(NHC)Fe]2(u2-n*:n*-CN)(PFe)s (31, Figure 31) was obtained as determined by X-ray
diffraction. The two iron centers are bridged by a cyanide anion, hence three PF¢ anions are
present in the crystal structure. Under similar conditions, i.e. MeCN solution, room temperature
and air, a dinuclear Cu(ll) cryptate has been found to form a p2-n*:n*-CN bridged complex by
C—C bond cleavage of MeCN.621 A possible mechanism involves the activation of the sp-
hybridized carbon of MeCN, bound to one Cu atom (MeCN-Cu), by the second Cu center. The
increased electrophilicity of the methyl group allows cleavage by H.O to form MeOH and the
cyanide bridged compound.61-3621 Another possible mechanism for the formation of 31 might
be the C-H oxidation of MeCN by the iron complex 30 to form glycolonitrile, as observed with
3 (see 3.1), and subsequent release of cyanide upon decay of glycolonitrile.[335 3653661 Dye to
the stronger Me—CN bond (122 kcal mol*) compared to the H-CH,CN bond (93 kcal mol*?),[263:
367-369 the C—H oxidation of MeCN seems to be with a higher probability the origin of cyanide
in this case. However, C—C bond cleavage of MeCN by UV irradiation is known®¢* and given
the fact that the crystallization setup with 30 was accessible for sunlight for six months, C-C

bond cleavage of MeCN does not appear to be completely improbable.

Originally, the crystal structure was solved as diiron-(Uz-n*:n*-N2) complex. However, there are

several arguments against a diiron-(p2-n*:n*-N2) complex:

1) The main argument against a diiron-(u2-n*:n*-Nz) complex is the fact that the crystal structure
contains three counterions. As the crystallization was performed with 30 containing an iron(ll)
center, bridging two iron(ll) atoms with a neutral N, ligand should give four counterions. Oth-
erwise, three counterions would indicate that a redox process has occurred during formation
of 31, but the nature of a hypothetical reducing agent and the location of reduction are highly
speculative. The main components of the crystallization experiment were 30 and CDsCN as
well as unreacted ligand precursor as minor impurity (see 10.1). In cyclic voltammetry of 30,

the first reduction event occurred at -1.78 V (vs. Fc/Fc*). A preliminary experiment measuring
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30 in cyclic voltammetry under N, atmosphere (instead of Ar) did not show significant redox
processes or electric current relatable to a reduction of N2 or formation of a diiron-(2-n*:n*-N2)

complex (see 4.1). Considering all facts, an occurred redox process is very implausible.

2) Dinitrogen is a weak o-donor and weak 1r-acceptor, and substitution of the N2 ligand with
CO or nitriles like MeCN is often observed.?7°-71 A diiron-(U2-n*:n*-N2) version of 31 would be
very surprising in this context, since one axial MeCN ligand coordinates with one iron center
each, the crystallization of 31 occurred from (deuterated) MeCN as solvent and the prior occu-
pation of both axial coordination sites by MeCN in 30. Interesting is also the stability of 31
under air, rather uncommon for diiron-(p-n*:n*-N2) complexes,7% 372374 gnd an affinity to N»
over O, would be very unusual considering other Fe compounds tending to form diiron-p>-0xo

species!tt: 3461,

3) A diiron-(u2-n*:n*-N2) complex should show a distinctive vy absorption band in Raman spec-
troscopy and be IR inactive due to centrosymmetric structure.>3"71 No vyn was detected in
crude material either by IR or Raman. However, no pronounced vcy stretch could be observed
as well and interestingly, complex 30 also does not show a characteristic veny band in IR, con-
trary to its similar complexes?4%, but signals attributable to axial MeCN are visible in the Raman

spectrum (see 10.1).
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Figure 31. Left: Diiron end-on p2-n*:n*-CN bridged complex [(MeCN)(NHC)Fe]2(12-n*:n*-CN)(PFe)3 (31). Right: OR-
TEP-style representation of 31. Hydrogen atoms and hexafluorophosphate anions are omitted for clarity. Thermal
ellipsoids are shown at a 50% probability level. Notable are the strongly bent NHC ligands, in contrast to 30, and
their rotation towards each other of 160.7°.
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5. Conclusion and outlook

Several areas were investigated in this thesis:

1) Homogeneous epoxidation catalysis with iron NHC complexes and the closely related
development of new NHC ligand systems

2) The reactivity of iron NHC complexes

3) The synthesis of transition metal tetracarbene complexes with a brief excursus on their

application in medicinal chemistry

To 1)

Modification of an open-chain NHC ligand resulted in a series of iron NHC complexes with
varying electronic properties. They have been employed in epoxidation catalysis to gain more
information on the suitability of ligand modifications of iron NHC complexes for optimizing their
catalytic performance in epoxidation (see 3.5, 4.1). Interestingly, the unmodified iron NHC
complex achieves the best catalytic performance, both in activity and stability. One complex
with a less electron donating NHC ligand is equally stable but less active. Complementary to
the iron tetracarbene benchmark system, a MIC analog with 1,2,3-triazol-5-ylidene moieties
was synthesized (see 3.3). However, this complex, having a stronger electron donating
mesoionic tetracarbene ligand, also achieves a lower activity in epoxidation catalysis than the
Arduengo-type unmodified benchmark. Therefore, no direct correlation can be established be-
tween the electron density of the iron center, which is controlled by the electron donating or
accepting ligands, and the catalytic performance of the iron complex in epoxidation. Other
parameters might have a considerable impact, such as the stability of the ligand under oxida-

tive conditions or the ligand rigidity.

The ultimate degradation of the iron tetracarbene benchmark catalyst was identified to be the
oxidation of one carbene, initiating decoordination of the NHC ligand from the iron center fol-
lowed by the protonation of the remaining three carbenes (see 3.1). The degradation mecha-
nism is thinkable to proceed via an inter- and/or intramolecular path, i.e. amongst neighboring
iron tetracarbene complexes in solution or within one single iron tetracarbene complex, re-
spectively. As long as not both inter- and intramolecular pathways are occurring parallel during
catalysis, exclusion of an intermolecular route might be possible by immobilizing the iron tetra-
carbene so that the complexes are forced to keep a distance during catalysis. Immobilization
of the catalyst or the use of ionic liquids, which allow the catalyst to be recycled, also increase

its suitability for industrial applications.?®® In this context, however, the cost aspect of more
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sophisticated ligand systems should be considered. A deeper understanding about the epoxi-
dation mechanism is also helpful to develop strategies to improve the catalytic performance of
the iron NHC complexes. Mechanistic studies can for example involve labelling experiments
or quantitative formation and in-situ characterization — or even isolation — of potential interme-
diates under controlled conditions like low temperature by use of stochiometric amounts of the

catalyst.

Chiral NHC and MIC ligand precursors were developed having a chiral cyclohexane bridge
(see 3.6). These offer a promising framework for organometallic complexes for asymmetric

epoxidation catalysis.

To 2)

The reactivity of an [z-oxo-bridged complex consisting of two iron(lll) tetracarbenes was in-
vestigated (see 3.2). With single-electron oxidation, a diiron(lll,IV)-pz2-0xo complex could be
isolated and characterized. Furthermore, the existence of a diiron(IV)-uz-oxo species is indi-
cated, which is capable of an oxygen transfer to thianthrene. The versatile chemistry of cyclic
iron tetracarbene complexes was also reviewed and their synthesis, properties, reactivity, and
catalytic applications were discussed in-depth (see 3.4). An unexpected diiron end-on pz-nt:n*-
CN bridged complex was found in a crystallization experiment with an open-chain iron NHC
complex (see 4.2). The cyanide is presumably originating from the solvent MeCN by C-C bond

cleavage or through C—H oxidation.

To 3)

Several new multidentate NHC ligand systems were designed and various open-chain as well
as cyclic palladium, platinum, and gold tetracarbene complexes were obtained (see 3.7). The
gold tetracarbene complex induces apoptosis in SK-N-AS cells (human neuroblastoma cell
line) and overcomes cisplatin resistance in vitro in cisplatin resistant SK-N-AS cells, although

at a relatively high concentration.
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Abstract

Synthesis and characterization of the first two cyclic ethylene-bridged tetradentate NHC ligands, with an unsaturated
(imidazole) and saturated backbone (2-imidazoline}, are described. Complexes of both ligands containing
palladium(i) have been obtained. For platinum(i) and gold(il), only the unsaturated tetracarbene complexes could be
isolated. The attempts to synthesize a methylene-bridged 2-imidazoline macrocycle are also described. Furthermore,
a novel bisimidazolinium ligand precursor and its open-chain Pd" and Pt tetracarbene complexes are obtained.
Finally, it is shown that the unsaturated gold(ill) tetracarbene is able to induce apoptosis in malignant SK-N-AS

neuroblastoma cells via the mitochondrial and ROS pathway and overcomes resistance to cisplatin in vitro.
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10. Appendix

10.1. Formation of a diiron-(u2-n*:n*-CN) complex from acetonitrile

solution — supporting data

This section contains supporting experimental data regarding the diiron-(p2-n*:n*-CN) complex

obtained from acetonitrile solution (see 4.2).

General procedures and analytical methods

Complex 30 was synthesized according to the literature (see 4.1). Solvents were purified, dried
and degassed using standard methods®®% or received from a solvent purification system by M.
Braun. All other chemicals were obtained from commercial suppliers and were used without
further purification. NMR spectra were recorded on a Bruker Avance Ultrashield AV400 (*H
NMR, 400.13 MHz; 3C NMR, 100.53 MHz). The chemical shifts are given in § values in ppm
(parts per million) relative to tetramethylsilane and are reported relative to the residual deuter-
ated solvent signal.*8! Electrospray ionization mass spectrometry (ESI-MS) data were meas-
ured on a Thermo Fisher Ultimate 3000. FT-IR measurements were conducted on a Perki-
nElmer Frontier FT-IR spectrometer (ATR). The "inVia Reflex Raman System" comprises a
research grade optical microscope (Leica DM2700M, Magnification 5x, 20x, 50x (in this case
50x was used)) coupled to a high performance Raman spectrometer (Renishaw). The 633nm

wavelength laser was used: RL633, Class 3B, Company: Renishaw.

Crystallographic data of 31

Single crystals suitable for X-ray diffraction were obtained by slow evaporation of a solution of
30 in CDsCN over 6 months at r.t. under ambient atmosphere near a window with sunlight (see
Figure 32):

A solution of 30 (around 1-2 mg) in CDsCN (around 0.4 mL, dry and degassed) from an NMR
tube (Figure 33, Figure 34) was placed in a 10 mL vial under ambient atmosphere. A human
hair from the first author was fixed with adhesive tape to the inside of the vial, reaching into the
solution. Heterogeneous nucleation occurs more frequently than homogeneous nucleation®#?-
%831 and human hair has been used for growth of nanoparticles or as catalyst support mate-
rial.®84-387 The vial was closed, and the cap was punctured with a cannula. The vial was left 6
months at r.t. under ambient conditions near a window with sunlight, allowing the solvent to

slowly evaporate and orange crystals suitable for SC-XRD were obtained.
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Figure 32. Crystallization setup of 31.
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Figure 33. 'H NMR spectrum of 30 in CD3CN before crystallization. Unreacted NHC ligand precursor is visible as
impurity.
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FT-IR measurements
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Figure 35. FT-IR spectrum of MeCN. The values are in accordance to the literature.[388]
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Figure 36. FT-IR spectrum of CDzCN. The values are in accordance to the literature. 88!
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Figure 37. FT-IR spectrum of 30. No CN band is visible.
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Figure 38. FT-IR spectrum of crude material of the crystallization batch of 31. No CN band is visible.
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Figure 39. Close up of the FT-IR spectrum of crude material of the crystallization batch of 31. No CN band is visible.
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Figure 40. Raman spectrum of 30. The signals at 2291, 2327 and 2941 cm can be assigned to MeCN vibrations
according to the literature.[389
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Figure 41. Raman spectrum of crystalline crude material of the crystallization batch of 31. No NN band is visible.
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Pivotal degradation pathways of the most active non-heme iron
epoxidation catalyst to date are investigated in detail. In-depth HR-
ESI-MS and NMR spectroscopy decomposition studies and
comparative catalytic experiments exclude the generally accepted
literature paths of pi,-oxo bridged Fe'"-O-Fe'" dimer formation and
methylene bridge oxidation. Instead, the Fe-NHC bond has been
identified as the “weak spot”. It is shown that direct oxidation of
one of the carbenes (IMC=O0) results in its de-coordination and
induces protonation of the other NHC moieties, thus completely
deactivating the catalyst. Evidence for protonation prior to carbene
oxidation has not been found in this study.

Olefin epoxidation is of significant importance for the
synthesis of both bulk and fine chemicals in industry." So far,
the most efficient organometallic epoxidation catalysts are
based on molybdenum and rhenium.>® However, their rather
toxic and environmentally hazardous nature in combination
with high cost directed research toward alternatives. Iron has
attracted increasing attention over the past decade, as it is
largely available and considered environmentally benign and
“non-toxic”.”'"  Inspired by metalloenzymes such as
cytochrome P450 monooxygenase, iron is considered to be
the ideal candidate for the development of sustainable
oxidation catalysts.>'>"'® Recent advances in terms of stability
and activity of non-heme iron catalysts in the epoxidation of
cis-cyclooctene with H,0, entailed the highest reported
turnover frequencies (up to 410000 h_l) and turnover
numbers (up to 1200) at 20 °C employing a macrocyclic
tetradentate iron-NHC (N-heterocyclic carbene) complex as
catalyst supported by strong Lewis acidic additives.'”™® Sc¢**
has been shown to promote the instantaneous one-electron
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oxidation of the Fe" pre-catalyst (1) to the catalytically active
Fe™ complex (2) upon addition of H,0,. Furthermore, Sc**
enables the reactivation of a catalytically rather inactive p,-
oxodiiron(IIT) Fe™-0-Fe™ dimer species (3) which is formed
under oxidative conditions (Scheme 1, path A)."”*° The
beneficial influence of Lewis acids - so far known for an
increased activity of non-heme iron catalysts - has therefore
been expanded to the stability of such -catalysts.”*'"°
However, despite the unambiguous improvements with
regard to stability and the progress in the understanding of
the particular roles of Lewis acids such as Sc** in oxidation
reactions with H,O, catalysed by iron (or manganese)

n =2 (R = D) precatalyst
n =3 (R = D) catalyst

n =2 (R = H) precatalyst |I|
n =3 (R = H) catalyst [2]
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pp-oxo-bridged dimer formation methylene-bridge oxidation

Scheme 1 Literature derived degradation pathways of catalysts 1 and
2 under oxidative conditions. Path A: u,-oxo-bridged Fe"-O-Fe'
dimer (3) formation; path B: methylene bridge C-H oxidation (4). All
methylene-bridge deuterated compounds are indicated with a -dg.2®
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complexes, they still fall short with respect to real-life
application due to rapid deactivation and
degradation.>*>>?"% In literature, p,-oxo bridged Fe™-O-
Fe' dimer formation and C-H oxidation of the methylene
bridges ultimately resulting in dissociation of the ligand are
generally accepted as the most imminent decomposition
pathways of non-heme iron oxidation catalysts, although
varying in the particular impact throughout different ligand
structures, as recently demonstrated by Chen and Klein
Gebbink.?”*?"*® However, by far most studied iron catalysts
bear tetradentate exclusively N-donating ligand motifs.'**"~>*
Accordingly, degradation of Fe-NHC catalysts may differ from
decomposition of iron centres coordinated only by N-donors.
Therefore, beside Fe™-O-Fe™ dimer formation and
methylene bridge oxidation, irreversible ligand protonation at
the carbene C-donors with subsequent dissociation and/or
oxidation of the ligand could play a pivotal role in the overall
stability of Fe-NHCs in oxidation catalysis.”*

To investigate the potential decomposition pathway of
methylene-bridge oxidation (Scheme 1, path B) with respect
to the non-heme iron epoxidation catalyst 2, a methylene
bridge deuterated analogue of catalyst 2 was synthesized (2-
dg, see ESIf for synthetic details) and employed in
comparative catalytic epoxidation experiments.
Decomposition products formed during catalytic experiments
were identified using detailed HR-ESI-MS and 'H-NMR
spectroscopic studies. As ligand C-protonation might play a
sustentative role in the decomposition of the catalyst, several
NMR, UV/vis and catalytic experiments were conducted to
evaluate the effects of adding a soluble base (i.e. NEt;,
1,8-bis(dimethylamino)naphthalene) to the epoxidation of
cis-cyclooctene with H,O, catalysed by 2, with the goal to
intercept any protons forming during the reaction. The
influence of the pH value of the reaction medium in non-
heme iron catalysed oxidation with H,0, has already been
reported by Banse and coworkers, however, only with respect
to active species formation.® In order to investigate the
kinetic isotope effect (KIE) the deuterated catalyst 2-dg would
display, if methylene bridge oxidation played a distinctive
role in catalyst degradation, 2 and 2-dg are employed as
catalysts in comparative epoxidation reactions with H,O, as
oxidant and cis-cyclooctene as a model substrate. Kinetic
approaches (Fig. 1) at a reaction temperature of -10 °C and
0.05 mol% catalyst concentration are conducted to facilitate
the observance of potential differences in catalytic behaviour
between 2 and 2-dg. Neither the results of the Kkinetic
experiments at =10 °C, nor a TON comparison at 20 °C (table
in Fig. 1) show a distinctive difference in stability or overall
reaction progression. The determined TONs of 2 and 2-dg in
absence and presence of Sc(OTf); at 20 °C coincide with the
results reported previously for catalyst 2.'” Therefore, in
addition to path A, which is easily suppressed by addition of
Lewis acids,'” path B (Scheme 1) can be excluded from being
involved in the actual degradation mechanism of catalyst 2.
In consequence, other possible pathways such as ligand
protonation (Scheme 2, path C) and/or oxidation (path D) of
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Fig. 1 Time-dependent conversions of catalysts (0.05 mol%) 2 and 2-
dg in the epoxidation of cis-cyclooctene with H,O, in MeCN at -10 °C.
Selectivity >99% in all reactions.

the carbene C-positions are investigated. 'H-NMR
spectroscopic studies reacting catalyst 2 with 10 eq. H,O, in
CD;CN reveal the formation of one dominant decomposition
product (see ESLj Fig. S4, top). The signals conform to a
mono-oxidised and three-fold protonated ligand species 5 (cf:
Scheme 2) which has also reportedly been formed from the
Cu™ analogue of 2 when treated with AcOH.>" Interestingly,
no traces of a compound with more than one oxidised
carbene C-positions are observed. However, the question of
whether this decomposition species is formed through direct
carbene oxidation or imidazolium C-H oxidation with prior
carbene protonation still remains.

If carbene protonation plays a decisive role in the
oxidation of the ligand, an additive base could have a
beneficial effect on the overall stability of catalyst 2.
Therefore, several catalytic experiments with a coordinating
and non-coordinating base (i.e. NEt;, 1,8-bis(dimethylamino)-
naphthalene (BDAN)) at a catalyst/base ratio of 1:10 in MeCN
were conducted, in order to investigate their effects (i.e.
intercepting any forming protons during the reaction) on the
performance of catalyst 2. However, all epoxidation attempts
of cis-cyclooctene with H,0, catalysed by 2 result in an
almost instantaneous colour change from purple (compound
2) to pale yellow upon addition of the base and only
negligible epoxide formation (see ESL} Table S1). "H-NMR
spectroscopic studies adding NEt; or BDAN to a solution of
complex 2 in CD;CN (1:1) using EtOAc as a standard,
respectively, reveal an instantaneous reduction of the active
Fe catalyst 2 to the Fe" pre-catalyst 1 accompanied by
formation of 3 under ambient conditions (see ESLF Fig. S2).
This instantaneous reduction constitutes an exact opposite
effect in comparison to the addition of Lewis acids (e.g.
Sc(OTf);) to Fe" complex 1. Using standard glovebox
techniques, a considerably slower colour change (purple 2 —
yellow 1) is observed indicating that traces of water might be

This journal is © The Royal Society of Chemistry 2021
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Scheme 2 Formation of mono-oxidised and three-fold protonated ligand 5 (path D) possibly via a four-fold protonated ligand species 6 in the
degradation of catalysts 1 and 2 under oxidative conditions. Paths A-C - coloured in grey - were ultimately excluded via several experiments in the
course of this work. All methylene-bridge deuterated compounds are indicated with a -dg.

oxidised forming hydroxyl radicals. Consequently, these
radicals are able to oxidise acetonitrile, a solvent containing
rather activated C-H bonds due to the neighbouring nitrile
group. The oxidation of acetonitrile to glycolonitrile is
verified by '"H-NMR spectroscopic measurements (solvent:
CD;CN with 5% CH;CN), as of the appearance of a distinctive
formaldehyde signal, which is formed wupon decay of
glycolonitrile under basic conditions (see ESILj Fig. S$3).>°
Several catalytic and UV/vis spectroscopic experiments were
conducted applying derivatives of 2, whereat both apical
acetonitrile ligands are exchanged by tert-butylnitrile and
benzonitrile, respectively.”® Therein, no beneficial effects of
varying the nitrile ligand in combination with applying an
additive base were observed (see ESIf for a detailed
discussion of the results).

Additional in-depth degradation studies of catalyst 2 via
high resolution (HR) ESI-MS reveal the formation of one
dominant decomposition product under oxidative conditions
(i.e. 10 eq. of added H,0,), coinciding with the results
obtained via "H-NMR (ESL;} Fig. $4). The mono-oxidised and
three-fold protonated compound 5 formed instantly upon
addition of H,0, (see ESI; Fig. S32 and S33) render path D
(¢f Scheme 2) highly likely as the crucial decomposition
pathway. The fact that there is no protonated and un-
oxidised ligand 6 found via ESI-MS further supports a direct
oxidation mechanism in the formation of compound 5
without prior protonation (path C) of the carbene C-atom to
generate a C-H bond, otherwise a four-fold protonated ligand
should be present among the decomposition species. The
presence of a species comprising of an oxidised and
deprotonated ligand still being coordinated to an Fe'™ centre

This journal is © The Royal Society of Chemistry 2021

confirms this assumption and a feasible structure of this
intermediary species was calculated via DFT methods (see
ESLj Fig. S33-S35 and S40). Furthermore, reacting complex 2
(1.0 eq.) with H,O, (10 eq.) in the presence of an excess of
the bridge-deuterated ligand 6-dg (5.0 eq.) did not result in
any formation of an oxidised and deuterated species 5-dg (see
ESLj Fig. S38 and S39). Conclusively, oxidation of one of the
ligand's carbene C-positions occurs prior to de-coordination
and protonation of the remaining carbenes.

Conclusions

In summary, different degradation pathways of catalyst 2 in
the epoxidation of cis-cyclooctene with H,O, are investigated.
Detailed HR-ESI-MS and "H-NMR spectroscopy studies reveal
direct oxidation of one carbene C-position with subsequent
dissociation of the ligand from the Fe-centre to be the most
imminent pathway of catalyst degradation. Methylene bridge
oxidation was eliminated from being involved in catalyst
decomposition via ESI-MS and comparative catalytic
epoxidation experiments by synthesizing and employing a
methylene bridge-deuterated analogue of 2 (i.e. 2-dg). In these
cases, no distinct differences in performance of 2 and 2-dg
were observed. Furthermore, excluding complete ligand
protonation with and without subsequent oxidation at one of
the generated imidazolium C-H positions was performed via
ESI-MS and by adding a H' intercepting base to a catalytic
epoxidation reaction of 2, resulting in no stability
improvements of the catalyst. An intermediary degradation
species, comprising of a mono-oxidised ligand still
coordinating to an Fe'"" centre, was found via HR-ESI-MS and

Catal. Sci. Technol,, 2021, 11, 795-799 | 797
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calculated by DFT methods, unequivocally confirming the
oxidation of the ligand to occur prior to protonation and de-
coordination. Such a deactivation pathway has not been
reported before for any other iron-based oxidation catalysts.

The

identified decomposition pathway is limited to

N-heterocyclic carbene catalysts and so far only verified for 2.
Further investigations on the exact mechanism of the oxygen
transfer are currently ongoing in our laboratories.
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The first diiron(in,iv)-u,-oxo tetracarbene complex is isolated and
characterized by SC-XRD, UV/Vis, EPR, Evans’ NMR and elemental
analysis. CV indicates the presence of a transient high-valent
diiron(iv)-u>-oxo species. Its formation and decay is investigated
via UV/Vis kinetics and NMR.

Nonheme diiron metalloenzymes are a subclass of enzymes
that activate dioxygen to catalyze a broad variety of reactions,
such as the desaturation of fatty acids, the hydroxylation of
aromatic hydrocarbons or the six-electron oxidation of ami-
noarenes to nitroarenes in the biosynthesis of antibiotics."
Their reaction mechanism involves the formation of highly
reactive intermediates, including diiron(u,m)-superoxo, diiron(um)-
peroxo, diiron(ur,w)-u,-0x0 or diiron(iv)-p,-oxo species. These spe-
cies are responsible for the respective substrate oxidation." One of
the most prominent representatives containing a diiron active site
is soluble methane monooxygenase (sMMO), catalyzing the chal-
lenging C-H oxidation of inert methane to methanol under mild
conditions using dioxygen.” Its reaction mechanism involves the
cleavage of the O-O bond of a diiron(m)-peroxo species, forming
intermediate Q, a diiron(v)-u,-oxo species, which is even more
reactive and facilitates the hydroxylation of the strong C-H bond
in methane."” An example for a high-valent® diiron(is,v)-y,-0x0
intermediate can be found in ribonucleotide reductases. This
intermediate generates tyrosyl radicals that are catalytically essen-
tial to convert ribonucleotides to deoxyribonucleotides.”

The nature of these enzymes has attracted many researchers to
develop model systems to study the reaction mechanisms and
mimic their catalytic reactivity.*® However, artificial models for
high-valent diiron intermediates, such as intermediate Q, remain
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scarce, as they are highly reactive and thus difficult to isolate and
study.™® The vast majority of these biomimetic complexes con-
tains N-donor ligands." So far, only one diiron(m,w)-u,-ox0'® and
one diiron(iv)-u,-oxo complex'" could be isolated and structurally
characterized.

In 2015, a bio-inspired non-heme iron N-heterocyclic tetracar-
bene (cCCCC) complex (1a, Scheme 1) was reported exhibiting close
structural and electronic properties to heme systems.'>"* Indeed,
similar to cytochrome P450, complex 1a, and especially its oxidized
iron(m) counterpart (1b, Scheme 2), are excellent epoxidation
catalysts with unprecedented activity."*'® 1a is capable of activating
dioxygen in acetone at —40 °C to yield an iron(um)-superoxo species,
subsequently forming a diiron(u)-¢,-oxo complex (2) upon warming
to room temperature (r.t., Scheme 1)."> 2 can act as an oxygen atom
transfer agent, as showcased in the fast oxidation of triphenylpho-
sphane or hydroquinone."

In this work, the synthesis of the high-valent diiron(im,v)-,-
oxo tetracarbene complex [(MeCN)(cCCCC)Fe™-0O-Fe™(cCCCC)
(MeCN)J’" (3, Scheme 2) is described. It is obtained from 2 via
one-electron oxidation using thianthrenyl hexafluorophosphate
(ThPFg). Even though such complexes are considered highly
reactive,' 3 has been isolated and characterized by single crystal
X-ray diffraction (SC-XRD, Fig. 2). In addition, it has been
characterized by UV/Vis spectroscopy, cyclic voltammetry
(CV), Evans’ NMR and elemental analysis. Subsequent one-
electron oxidation of 3 with another equivalent of ThPFg
indicates the formation of a diiron(wv)-u,-oxo complex 4
(Scheme 2). Due to its even higher reactivity compared to 3,
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Scheme 1 Activation of dioxygen by 1a.
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Scheme 2 One-electron oxidation of 2 using ThPFg to form the diiron(in,iv)-uz-oxo complex 3 and subsequent one-electron oxidation to obtain the
diiron(iv)- up-oxo species 4. 4 cannot be isolated and is reduced to 1b after a short period by oxygen transfer to thianthrene. Using two equivalents of
ThPFg at r.t., 2 quickly results in 1b, presumably via the formation of 3 and 4. Th** = thianthrenyl, Th = thianthrene, Th=0 = thianthrene 5-oxide.

the formation and decay of 4 can only be investigated in situ by
UV/Vis kinetic studies. To the best of our knowledge, the
compounds 3 and 4 are the first examples of diiron(im,w)-g,-
oxo and diiron(wv)-u,-oxo complexes bearing N-heterocyclic
carbene ligands (NHCs). In fact, 3 is only the second example
of a structurally characterized u,-oxo bridged diiron(mr,w)
complex'® and the third example for a high-valent diiron-,-oxo
complex.”""*

In most cases, the generation of high-valent nonheme diiron
complexes is performed by chemical oxidation.>***® For example,
a recently described method includes the formation of a
diiron(ur)-y,-peroxo complex by reaction with dioxygen in the
presence of a base and subsequent cleavage of the O-O bond
promoted by the Lewis acid Sc(OTf);."” However, bulk electrolysis
has also been utilized to transform a diiron(u,v)-u,-0xo complex
nearly quantitatively to its diiron(iv)-u,-oxo counterpart.'

Therefore, preliminary CV studies of 2 were performed to
investigate its redox behavior (Fig. 1). Indeed, two reversible
one-electron redox processes could be observed. The first one,

1.0 0.5 0.0 05 1.0 15
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Fig. 1 Cyclic voltammogram of 2 in MeCN at —40 °C. Half-cell potentials
are determined to Ey;» = 0.19 Vand Eyp = 1.07 V.

This journal is © The Royal Society of Chemistry 2021

assignable to the diiron(ur)/(u,iv) redox couple, exhibits a half-cell
potential of E;, = 0.19 V. This is significantly lower than half-cell
potentials of similar compounds, e.g. of a diiron(m,w)-,-0xo0
complex bearing a tris(2-pyridylmethyl)amine (TPA) ligand
(Eyj2 = 0.56 V, diiron(m,w)/(m) couple).'®*® This observation can
be attributed to the strong c-donor properties of the tetra-NHC
ligands increasing the electron density of the iron center, resulting
in a lower potential for the one-electron oxidation at 0.25 V. For
comparison, the half-cell potential of the mononuclear complex
1a lies at 0.15 V and the substitution of the axial acetonitrile
ligands of 1a with benzonitrile or tert-butylisocyanide as better
n-acceptors yields 0.27 V and 0.47 V, respectively.'**** The
diiron(ur,v)/(1v) redox couple appears at E;;, = 1.07 V, which is in
the same range, but slightly higher (~170 mV) compared to a
bis(u,-oxo)diiron(m,v) TPA complex.” These results indicate, that

C33

Fig. 2 ORTEP-style representation of the cationic fragment of 3. Hydro-
gen atoms and PFg™ anions are omitted for clarity and thermal ellipsoids
are shown at a 50% probability level. Selected bond lengths (A) and
angles (°): Fel-C1 1.929(2), Fe2-C17 1.931(3), Fel-0O1 1.7272(17), Fe2-
O1 17298(17), Fel-N17 1.984(2), Fe2-N18 1.987(2), Fel-Ol-Fe2
176.34(11), Cl1-Fel-C5 89.43(10), Cl-Fel-O1 95.55(9), Ol-Fel-N17
178.09(8).

Chem. Commun., 2021, 57, 6644-6647 | 6645


https://doi.org/10.1039/d1cc02027g

Published on 07 June 2021. Downloaded by Technical University of Munich on 5/24/2024 8:32:24 PM.

ChemComm
2
2l 0s=2
18 1 ——6s
1.6 ——12s
14 30s
—60s
812
= 360s =4
2 1
s !l M emee—- 3
3
2 0.8
0.6
0.4
0.2
0 . = , ==
300 400 500 600 700

wavelength / nm

Fig. 3 UV/Vis spectrum of the formation of 4 from 2 via 3 upon addition
of 2 eq. ThPFg. The spectrum of 3 was measured separately from isolated 3
and was included for comparison. T = —40 °C, ¢ = 3.5 x 10~* M in dry and
degassed MeCN.

not only one but two one-electron oxidations of 2 are feasible
resulting in the new high-valent species 3 and 4.

ThPFs is an one-electron oxidant which has been used to
selectively oxidize iron(n) to iron(m) complexes.”>** The addi-
tion of one equivalent of ThPF, to 2 in acetonitrile at —40 °C
results in a burgundy solution. Upon precipitation with diethyl
ether 3 is obtained as burgundy powder in 85% yield (ESIT). In
solid form 3 is remarkably stable and can be stored for several
months at —37 °C in argon atmosphere without showing any
signs of decomposition. In the typical range of
"H-NMR spectroscopy, no signals are observable indicating a
paramagnetic character of compound 3. According to SC-XRD
and contrary to 2, the new complex 3 contains two axial
acetonitrile ligands and five counterions (Fig. 2) proving the
successful one-electron oxidation (Scheme 2). The composition
determined by SC-XRD is also in alignment with elemental
analysis (ESIT).

While complex 2 exhibits a slightly distorted square pyrami-
dal geometry,'* the two iron centers in the binuclear iron(im,w)-
U-oxo complex 3 are coordinated in a slightly distorted
octahedral fashion. The average of the Fe—Ccarpene distances is
1.931(5) A and slightly shorter than in 2 (1.949(14) A)'* or
another comparable p,-oxo bridged diiron(m) tetracarbene
complex (1.99 A).** The Fe-N and Fe-O distances are longer
than in 1a,1b (1.914(2)-1.933(3) A)"*'® and similar to 2
(1.7322(7) A),"* respectively. However, in stark contrast to 2
(Fe-O-Fe 162.7°),"* the vertical axis intersecting the axial MeCN
ligands and the p,-oxo bridged iron centers is close to 180° with
the Fe-O-Fe angle of 176.34° and the O-Fe-N angles around
177.64°.

Evans’ NMR method is applied to elucidate the magnetic
moment of the complexes 2 and 3 (ESIt).>® For 2 no relative shift
of the respective solvent signals is determined, even though both
iron centers in 2 are in 3d° electron configuration. The apparent
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Fig. 4 UV/Vis spectrum of the decay of 4 to 1b upon rising temperature.

Each temperature was changed after 25 s. ¢ = 3.5 x 107 M in dry and
degassed MeCN.

diamagnetic behavior of complex 2 is most likely resulting from
antiferromagnetic coupling of the unpaired electrons facilitated
by the bridging u,-oxo ligand."” This is furthermore supported by
EPR measurements, as no signal could be observed (ESL, Fig. S7).
3 on the other hand is paramagnetic and exhibits a magnetic
moment of u = 1.72 pg. A thin, axial signal can be observed in the
EPR spectrum of 3 (Fig. 5, bottom), indicative of a S = 0.5 system.
Simulation was achieved with g = (2.0572, 2.0574, 2.0026) and
A{’Fe} = (183, 97, 136) MHz.

Due to the potential existence of the diiron(iv)-p,-oxo species 4
suggested by CV (Fig. 1), the one-electron oxidation of complex 3 was
studied as well. The addition of one equivalent ThPF, to a burgundy
acetonitrile solution of 3 at —40 °C leads to a brightening of the
color to a light red solution indicating the proposed formation of
diiron(v)-u,-0x0 complex 4. Despite many efforts, this intermediate

Sim

dx"/dB
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T T T T T T
250 300 350 400
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Fig. 5 EPR X-band spectrum of complex 3 (experimental, black, bottom,
173 K, 4.6 x 10~% mol L™ and simulated, red, top).

This journal is © The Royal Society of Chemistry 2021
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could not be isolated, as it readily oxidizes thianthrene (Th) to
thianthrene 5-oxide (Th=—O, ESL{ Fig. S3 and S4). In similar
fashion, two equivalents ThPF, added to a solution of 2 at r.t. result
in the formation of mononuclear iron(m) complex 1b, Th—0 and
Th, as assigned by "H-NMR spectroscopy (ESL Fig. S3 and S4).

The formation of 4 is monitored by in situ UV/Vis kinetics.
The diiron(m)-p,-oxo complex 2 shows a characteristic absorp-
tion maximum at 376 nm (Fig. 3 and Fig. S2, ESIf). Upon
addition of two equivalents ThPF, at —40 °C in acetonitrile, the
maximum rapidly decreases while a new broad band at 503 nm
is observed. The reaction is completed in 360 s at —40 °C
(Fig. 3). This species is unequivocally differentiated from the
diiron(i,v)-y,-0xo complex 3 that shows a broad absorption
maximum at 541 nm. Thus, this highly temperature sensitive
species is assumed to be the diiron(wv)-u,-oxo intermediate 4.

To examine its stability under the afore mentioned condi-
tion, the —40 °C cold solution is warmed at a constant rate of
5 °C per 25 s and monitored by UV/Vis. The absorption
maximum of 4 at 503 nm gradually declines and a broad
absorption maximum is formed with its maximum at 505 nm
(Fig. 4). It was assigned previously to the formation of
the mononuclear iron(m) complex 1b" resulting from the
reduction of 4 by oxygen transfer to Th and consequently the
formation of Th=O0 in line with the NMR experiment (ESL+
Fig. S3 and S4). While these two absorption maxima are close to
each other, their shape is clearly distinguishable, with the
broad maximum of 1b being considerably more red-shifted.

The CV studies and NMR experiment in conjunction with
the UV/Vis kinetics and the isolation of compound 3 conclu-
sively support the mechanism shown in Scheme 2. After two
subsequent one-electron oxidations of diiron(im)-u,-oxo
complex 2, highly reactive diiron(iv)-y,-oxo intermediate 4 is
formed, followed by its decay and oxygen transfer to Th forming
1b and Th=0.

In summary, the synthesis of the high-valent diiron (u,)-,-
oxo tetracarbene complex 3 is described and its reactivity
evaluated. It is formed from the diiron(ui)-u,-oxo complex 2
via one-electron oxidation using ThPFs. SC-XRD reveals, that
during this oxidation, the Fe-O-Fe angle significantly changes
to result in a nearly linear arrangement of the central Fe-O-Fe
motive. In addition, two axial acetonitrile ligands are stabilizing
the new structure. Such an acetonitrile adduct has not been
observed for 2. EPR indicates an overall spin S = 0.5 for complex
3. CV demonstrates, that a consecutive second oxidation of 2 is
feasible, leading to a diiron(iv)-u,-oxo complex 4. Its formation
as well as its decay are observed in situ in UV/Vis kinetic
experiments. The complex is highly active and oxidizes the
oxophilic sulfur compound Th to Th=—O0, as shown by NMR
spectroscopy. The novel compounds 3 and 4 are the first
examples of high-valent diiron(ur,w)-u,-oxo and diiron(v)-u,-
oxo complexes bearing NHC ligands. Furthermore, 3 is only
the third example of a crystallized high-valent diiron-u,-oxo
complex. The synthesis of 3 and 4 can serve as example to

This journal is © The Royal Society of Chemistry 2021
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obtain high-valent u,-oxo iron complexes. Both complexes will
be employed in reactivity and catalytic studies as artificial
models for high-valent diiron intermediates of metalloenzymes
for the ultimate goal of mimicking the reactivity of natural
enzymes by oxidizing methane to methanol.
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The first macrocyclic and abnormally coordinating, mesoionic
N-heterocyclic carbene iron complex has been synthesised and
characterised via ESI-MS, EA, SC-XRD, CV, NMR and UV/Vis spec-
troscopy. *C-NMR spectroscopy and CV measurements indicate a
strong c-donor ability of the carbene moieties, suggesting an
efficient catalytic activity of the iron complex in oxidation reac-
tions. Initial tests in the epoxidation of cis-cyclooctene as a model
substrate confirm this assumption.

Inspired by the activity of iron metaloenzymes," several non-
heme macrocyclic tetradentate iron complexes have been
designed over the last decade,>® mimicking, inter alia, their
capability of oxidation of hydrocarbons as well as for oxygen
transport.”™ In this context, metal supporting N-heterocyclic
carbenes (NHC) have received attention as ligands stabilising
high oxidation state transition metals.”> Accordingly, iron tetra
(NHC) complexes have been successfully applied in oxidation
catalysis,”*° including aziridination, epoxidation and C-H
activation. Based on the extensive work of Que et al.>”™° and
Costas et al.”'® high valent iron intermediates are considered
to be the active species in these reactions. A remarkable
activity in the catalytic oxidation of olefins is displayed by an
imidazole based cyclic tetra(NHC) iron complex with turnover
frequencies (TOFs) up to 410000 h™' (Fig. 1, middle).
However, limited catalyst stability (TON = 1200) overshadows
its high activity."* Tuning of its electronic properties by inser-
tion of substituents varying the NHC backbone affects not only
catalyst stability but also its activity, emphasising once more
the role of ligand design."” Pioneering work on bio-inspired
non-heme macrocyclic iron tetra(NHCs) has been done by

Molecular Catalysis, Department of Chemistry and Catalysis Research Centre,
Technische Universitit Miinchen, Lichtenbergstr. 4, 85784 Garching bei Miinchen,
Germany. E-mail: fritz.kuehn@ch.tum.de
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Jenkins et a , Meyer et a and our group.
During these studies several bridged tetra(imidazole-2-ylidene)
iron complexes have been prepared and characterised (Fig. 1,
left).

Abnormally coordinating NHC moieties (aNHCs) are con-
sidered to be stronger o-donors and post-modification of the
ligand macrocycle is possible.””2° However, all macrocyclic
tetra(NHC) iron complexes reported so far are based on nor-
mally coordinating imidazole-2-ylidenes, where the ligand
modification occurs in the very first synthetic step. On the
other hand, application of aNHCs as ligands in transition
metal catalysis proved to be a powerful tool for tuning the elec-
tronic nature of the central metal and improving the catalytic
perfomance.>*?° In this context, 1,2,3-triazol-5-ylidenes (trz)
come into mind, representing a promising subclass of aNHCs
with easy synthetic access via click chemistry.””*! To date, only
a rather limited number of trz-iron complexes is known.
Besides a homoleptic C,0-chelating trz-iron complex,** three
different general complex scaffolds have been described so far,
where the ligands have an open chain shape: (a) cyclopenta-
dienyl iron half sandwich complexes bearing one trz ligand,***
(b) hetero- and homoleptic iron complexes bearing two or
three bis(trz) in octahedral fashion®** and (c) a class that
contains one or two pincer-type bis(trz) entities, bridged via
pyridine, that latter acting as additional N-donor.***°

A NCMX 2+ . NCMe |2+
Z2oNTNTS--- NN N'é\_i) ‘\N‘ N—
\ﬁ;” ‘ n“;? <N£ Fel” N 2pF, IFe”

EC Fe CE nX 6 2 PFg
N[ NN &L ,h}?{l N
- NLNG - ~ NS
oL NCMe NCMe '
Jenkins, Meyer 1 2
and Kiihn this work

Fig. 1 General framework of macrocyclic tetra(NHC) iron complexes
reported by Jenkins, Meyer and Kuhn (left) with E = CH,, C,H4 or BMe,,
L = ligand, n = 2 or 3, X = PFg or OTf and this work (2, right), and the
chemical structure of the most active (pre-)catalyst Fe'[cCCCClim, 1 in
the epoxidation of cis-cyclooctene with H,O, (middle).

Dalton Trans., 2022, 51,13591-13595 | 13591


http://rsc.li/dalton
http://orcid.org/0000-0002-1515-557X
http://orcid.org/0000-0002-6343-2818
http://orcid.org/0000-0002-2297-2711
http://orcid.org/0000-0002-4156-780X
https://doi.org/10.1039/d2dt02561b
https://doi.org/10.1039/d2dt02561b
https://doi.org/10.1039/d2dt02561b
http://crossmark.crossref.org/dialog/?doi=10.1039/d2dt02561b&domain=pdf&date_stamp=2022-09-19
https://doi.org/10.1039/d2dt02561b
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT051036

Published on 23 August 2022. Downloaded by Technical University of Munich on 5/24/2024 8:33:14 PM.

Communication

In this work, the synthesis and characterisation of the - to
the best of our knowledge - first macrocyclic aNHC iron
complex is reported (Fig. 1, right). A synthetic strategy,
differing from the literature known calix[4]1,2,3-triazole,*" pro-
ceeding via repeated click reactions and azidations, is
described. Subsequent alkylation with MeOTf results in the
formation of the cyclic tetra(trz) ligand precursor. In situ
deprotonation and complexation yields the methyl bridged
tetra(aNHC) iron complex Fe"[cCCCC]y, 2. Application of 2 for
initial catalytic investigations demonstrates its activity in the
epoxidation of cis-cyclooctene with hydrogen peroxide.

The modified synthesis of methylene bridged calix[4]1,2,3-
triazole is based on the copper(i) catalysed click reaction of a
terminal alkyne with an azide, introduced by Sharpless et al.*?
and Meldal et al®® to form 1,4-substituted 1,2,3-triazoles.*
Starting from propargyl bromide the ligand synthesis includes
eleven steps (ESI, Scheme S1%). First, the terminal alkyne has
to be protected with a triisopropylsilyl (TIPS) group to avoid an
undesired second click reaction in the following steps.
Afterwards, the bromide is replaced by an azide group. Then, a
click reaction with propargyl alcohol occurs initially, followed
by an Appel reaction** of the alcohol with PPh; and CBr, and
an in situ azidation with NaN;. These steps are subsequently
repeated for two more times until three triazole moieties are
formed within the chain. The cyclisation occurs via an in situ
deprotection and an intramolecular click reaction. Post modifi-
cation of the macrocycle by alkylation of the N3 positions with
an access of methyl triflate yields calix[4]3-methyl-1,2,3-triazo-
lium triflate b (72% isolated yield, Scheme 1, for SC-XRD data
see ESIf). Methylation with significant less reactive methyl
iodide in DMF, which has been applied in previous synthetic
approaches for the alkylation of 1,2,3-triazoles®***> does not
result in any product formation, even at temperatures of up to
70 °C. Subsequently, salt metathesis of b with NH,PF¢ quanti-
tatively yields the hexafluorophosphate salt trz precursor ¢
(Scheme 1). Recently, a second salt analogue of b and ¢ with
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Scheme 1 Synthesis of the calix[4]1,2,3-triazolium salts b and ¢ and
subsequent iron complexation to complex 2.
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BF¢-anion was described and synthesised via grounding with a
vibration ball mill of a with the corresponding Meerwein salt.*®

Iron bis(trimethylsilyl)amide (btsa, N(SiMej3),) THF adduct
Fe(btsa),(THF) proved to be a viable agent to form iron(u)
complexes.’®**>  Deprotonation of 1.00 eq. alkylated
calix[4]1,2,3-triazole salt ¢ by the internal base of 2.00 eq.
Fe(btsa),(THF) under formation of the free carbene in immedi-
ate metal vicinity gives Fe"[cCCCC], complex 2 in 78% yield
(Scheme 1). During the synthesis of 1, [Fe(MeCN)s](PFe), is
formed as a by-product, due to the excess of Fe(btsa),(THF) in
MeCN.** Under optimal conditions, complex 2 precipitates
directly as orange solid, which makes further purification via
e.g. column chromatography or fractional precipitation
unnecessary. ">*C-NMR spectroscopy shows the coordinating
carbene carbon signals at §(**C) = 190 ppm (ESI, Fig. S327).
The carbene carbon signal is significantly high field shifted,
compared to imidazole-2-ylidene iron complexes (§(**C)Cynuc =
205-194 ppm)'>*>15202247 and  especially its imidazole
counterpart 1 Fe[cCCCCl;y,, where the carbene signals appear
at §(**C) = 205 ppm.** The observed **C shifts indicates a high
electron density environment at the iron centre, as expected
for a strong o-donation. Single crystals of 2 suitable for
SC-XRD were obtained by the slow diffusion of diethyl ether
into a solution of 2 in acetonitrile. The complex exhibits a dis-
torted octahedral coordination sphere around the iron (Fig. 2).
The aNHC ligand is ideal square-planar, differing from the
previously characterised macrocyclic tetra(NHC) iron com-
plexes, which are showing a saddle-distorted conformation for
the NHC ligand (ESI, Fig. S31). Axial positions are occupied by
two acetonitrile ligands. The Fe-Cypc distances of 2 with
1.925(2) and 1.931(2) A are slightly longer than observed for
the saddle-distorted NHC iron complexes. Selected bond
length and angles of complexes 1 and 2 are compared in
Table S3 (ESIY).

ci0

Fig. 2 ORTEP-style representation of the cationic fragment of com-
pound 2. Hydrogen atoms and PFg-anions, as well as a co-crystallised
MeCN molecule are omitted for clarity and thermal ellipsoids are shown
at a 50% probability level. Due to the inversion centre only half of the
atoms are labelled. Selected bond lengths (A) and angles (°): Fel-C2
1.925(2), Fel-C6 1.931(2), Fel-N 1.9247(17), N7—-Fel-N7* 180.00(0),
C2-Fel-C2* 180.00(0), C6-Fe—C6* 180.00(0), C2—-Fel-C6 90.15(8),
C2-Fel-C6* 89.85(8). Symmetry code: —x + 1, -y + 2, -z + 1.
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To get further insights of the electronic structure of
Fe[cCCCCl,, complex 2, cyclic voltammetry (CV) measure-
ments were performed in acetonitrile solution with [N(n-Bu),]
PFs as the supporting electrolyte. The cyclic voltammogram
shows a fully reversible one-electron redox process, assigned to
the Fe''/Fe™ redox couple (ESI, Fig. S41). The half-cell potential
is By, = —0.34 V (Fe"/Fe™™) and oxidation/reduction potentials
are determined to be E,, = —0.31 V and E,.q = —0.38 V. The
insertion of the aNHC ligand significantly decreases the half-
cell potential compared to similar macrocyclic imidazol-2-
ylidene iron complexes with Ey;, = 0.00-0.44 V vs. Fc/Fc'
(ref. 12, 15, 17, 28 and 47) (e.g. E1/» = 0.15 V vs. Fc/Fc* for 1),%
indicating an easier oxidation of Fe" to Fe'". As defined by the
Lever’s Electronic Parameter (LEP),*® the stronger the donor
capability of a ligand, the lower the resulting E;,, values,”® due
to the high electron density at the iron centre induced by the
strong o-donor properties of the aNHC. These results suggest
the applicability of 2 as suitable pre-catalyst for oxidation reac-
tions, as recent investigation on the catalytic mechanism of
iron complexes in oxidation catalysis, such as epoxidation and
C-H activation, indicate an one electron oxidation of Fe'
Fe'" as prerequisite to form the active catalyst.'*® UV/Vis spec-
trometry of complex 2 was performed in acetonitrile at 20 °C.
Two absorption bands are visible at 405 nm and 480 nm
(Fig. 3). In order to gain information about the formation of
iron(umr), one equivalent of thianthrenyl hexafluorophosphate
(ThPF,) was added to the solution of complex 2 in acetonitrile
under inert conditions. ThPF as one-electron oxidising agent
has been successfully used for the selective oxidation of iron(u)
to iron(m) complexes.>*>">* The measured UV/Vis spectrum
shows the disappearance of the two absorption bands by gen-
erating a new band around 431 nm, indicating the occurrence
of an oxidation process (Fig. 3).

Building on the characteristic findings and electronic pro-
perties, complex 2 is examined as pre-catalyst in the epoxi-
dation of cis-cyclooctene, being widely applied as model sub-
strate using H,O, as oxidising agent. First time-dependant
catalytic studies using standard conditions (269 pmol cis-
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Fig. 3 UV/Vis spectrum of 2 (red); ¢ = 0.20 mM, T = 20 °C in MeCN.
Two absorption bands appear at 405 nm and 480 nm. Addition of 1.00
eq. ThPFg to the light orange solution results in a light yellow solution.
The two absorption bands of 2 disappear and a new band around
431 nm occurs (c = 0.2 mM, T = 20 °C in MeCN).
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cyclooctene, 403 pmol H,0,) and 0.50 mol% of 2 have been
performed at variable temperatures in MeCN (Fig. 4, left). No
side product formation occurs with an epoxide selectivity of
>99%. At 20 °C, maximal conversion of 37% is reached after
30 s. Lowering the temperature enhances the catalyst stability,
as a consequence of a longer catalyst lifetime.”® After 10 min
the conversion increases from 49% for 10 °C over 72% for 0 °C
to 89% for —10 °C. In previous catalytic studies strong Lewis
acids like Sc(OTf); are utilised in the oxidation process with
Fe"[cCCCClir, complex 1 as catalyst, resulting in a significantly
improved performance.’* Sc** initiates the in situ oxidation of
Fe complex to the active Fe"" catalyst."* Although an epoxi-
dation mechanism with iron carbenes as catalyst precursors is
not yet established beyond any doubt, it can be assumed,
based on observations of related catalysts, that heterolytic O-O
bond cleavage of a Fe™-OOH species, which is initially formed
upon reaction of the Fe' catalyst with H,0,, is facilitated by Sc
(OTf);, resulting in the formation of an active iron(v) oxo
species.”””™*° Furthermore, the addition of Lewis acids to the
catalytic reaction proofed to reactivate p,-oxodiiron(ur) Fe™-O-
Fe™ species, which has been identified as important de-
activation product."™*” With the addition of 0.10 eq. Sc(OTf);
to the reaction under standard conditions at 20 °C and
0.50 mol% of 2, the reaction is completed after 30 min and a
97% conversion is reached with a cyclooctene oxide yield of
93% (Fig. 4). After 5 min the formation of side products starts,
including 1,2-cyclooctandiol, decreasing the selectivity from
initial >99% to 96%. The 1,2-cyclooctandiol yield remains at
2%. The TOF has been determined after 10 s to be 41 000 h™*,
which is lower than that of its imidazole counterpart 1, but in
the range of the homogeneous laboratory benchmark catalyst
methyltrioxorhenium(vr) (TOF < 40 000 h™")** and the area of
magnitude of some of the most active molybdenum based
epoxidation complexes (TOF ca. 41 000 h™").>*

In summary, the first macrocyclic, aNHC iron complex
Fe"[cCCCCly,, was successfully synthesised. SC-XRD shows an
octahedral geometry with the tetradentate ligand in an ideal
square-planar coordination. As indicated by the carbene shifts
in the C-spectra, as well as by its half-cell potential the
complex displays a remarkably electron-rich iron centre, corre-
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Fig. 4 Time-dependant epoxidation of cis-cyclooctene (403 pmol, 1.50
eq.), in MeCN using using 2 as catalyst (1.35 pmol, 0.005 eq.), and H,O,
(403 pmol, 1.50 eq.) as oxidising agent at variable temperatures (left) and
at 20 °C using Sc(OTf)s (26.9 pmol, 0.10 eq.) as additive (right). Yields
and conversions are determined by GC-FID.
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lating to a high o-donor strength of the aNHCs. CV measure-
ments and UV/Vis experiments suggest the possible oxidation
to the Fe™ derivative, which is crucial for the catalytic activity
in oxidation reactions, including epoxidation and C-H acti-
vation. First epoxidation reactions applying 2 as catalyst show
a substrate conversion up to 97% (TOF = 41000 h™'). As
simple modification inserting different N3 substituents on the
ligand after cyclisation is expected to be possible, this already
highly suitable ligand can be modified to further tune its elec-
tronic and steric environment. The application of 1,2,3-triazol-
5-ylidenes as ligands offers two major advantages over imid-
azole-2-ylidene iron complexes: (a) a significantly higher
o-donation of the NHC moieties and (b) post modification of
the ligand, which is not possible for imidazole-2-ylidene
ligand precursors, where the NHC moieties are defined within
the very first synthetic step. This new ligand system opens
great opportunities for the design of selective and stable
(immobilisation) Fe"™ metal complexes (e.g. for the (ep)oxi-
dation of olefins). Further catalytic in-depth studies, as well as
the synthetic modification of the macrocycle are currently
ongoing in our laboratories.
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Cyclic iron tetracarbenes are an emerging class of macrocyclic iron N-heterocyclic carbene (NHC)
complexes. They can be considered as an organometallic compound class inspired by their heme
analogs, however, their electronic properties differ, e.g. due to the very strong c-donation of the four
combined NHCs in equatorial coordination. The ligand framework of iron tetracarbenes can be readily
modified, allowing fine-tuning of the structural and electronic properties of the complexes. The
properties of iron tetracarbene complexes are discussed quantitatively and correlations are established.
The electronic nature of the tetracarbene ligand allows the isolation of uncommon iron(i) and iron(iv)
species and reveals a unigue reactivity. Iron tetracarbenes are successfully applied in C—H activation,
CO, reduction, aziridination and epoxidation catalysis and mechanisms as well as decomposition path-
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1. Introduction

Since the first isolation of stable N-heterocyclic carbenes (NHCs)
by A. J. Arduengo et al.,"” they have been widely employed as
ligands in coordination chemistry.® NHCs are subvalent com-
pounds, as the divalent carbon atom exhibits an electron sextet.
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their complexes and target their catalyst properties through ligand design.

The carbene carbon atom has an occupied ¢ orbital and an
unoccupied p, orbital. The n-electron-donating properties of the
two adjacent nitrogen atoms stabilize the singlet ground state of
the carbene carbon atom mesomerically by donating electron
density into the empty p, orbital and inductively by lowering the
energy of the occupied o orbital of the carbon atom with their
c-electron-withdrawing effects due to their higher electro-
negativity, also called +M/—1 push-pull effect.” Due to their
electron configuration, NHCs are known to be strong two-
electron-c-donors but possess a weak m-acceptor character.
NHCs are stronger o-donors in comparison to widespread
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phosphane ligands, resulting in stronger metal-ligand bonding.>°
Therefore, NHC complexes often are less prone to oxidation and
more thermally stable than their phosphane analogs.”® In
addition, the substitution of phosphane with NHC ligands can
lead to a higher catalytic activity, as e.g. showcased in olefin
metathesis or cross-coupling reactions."** These reactions led to
a Nobel Prize, both in 2005 and in 2010, underscoring the
significance of NHCs as ligands in catalysis, where 4d and 5d
transition metal complexes play an important role.*'* However,
the used precious metals are expensive and scarce. Hence, replacing
those elements with earth-abundant metals is of major interest. The
challenge is to match the skillset of the more expensive model
catalysts, such as mild reaction conditions or catalytic activity. One
potential candidate is iron, being the fourth most abundant
element in the geosphere with 4.7%."

Polydentate carbene complexes benefit from the strong
o-donation of multiple NHCs and a chelate effect. Thus, the
ligand can support metals in high oxidation states, which often
are important intermediates in catalytic reactions. Depending
on the structural properties, metals in unusual high oxidation
states and certain rare, reactive species can be isolated and
characterized, such as Fe¥=N,'®* Co™¥=N'" or Ni"-halide'®
complexes, to name a few."

Cyclic tetracarbenes are a subgroup amongst polydentate
carbene ligands, resembling porphyrins structurally, but being
electronically distinct. The first cyclic tetra(NHC) ligands have
been implemented in catalysts around two decades ago, featuring
complexes with, among others, Ag, Au, Pd, Pt, Co and Ni.**>*
Tetracarbene complexes with iron can be seen as artificial heme
analogs. Exploring their reactivity has attracted researchers since
the last decade. Eventually mimicking the reactivity of their
models in nature, extending the reaction scope, or even obtaining
superior catalytic systems based on the different electronic
properties of NHCs would be highly desirable. Reactions known
to be catalyzed by biological iron porphyrins include oxygen
transport and storage, electron transfer and oxidation/oxygenation
reactions.”® Artificial iron porphyrin complexes have extended this
scope, for instance, with reduction reactions, such as oxygen or CO,
reduction.>**

Certain aspects in the field of iron NHC complexes and poly-
dentate NHC ligands have been reviewed in the past decade,
which the reader is referred to for additional information. In
2012, high-valent iron-oxo and iron-nitrido complexes have
been summarized, featuring mostly N-donor ligands but NHCs
as well.”® Another article in 2012 focused on fundamentals and
applications of iron NHCs,?® followed by a comprehensive
review on the chemistry of iron NHCs in 2014.*° In 2015, the role
of high-valent iron(v) in oxidation catalysis was described.*’ In
the same year, polydentate NHC complexes of transition metals
were reviewed,*® extended by an article on polydentate NHC
complexes of 3d metals in 2017.** Iron NHC complexes in C-H
oxygenation and epoxidation reactions were illustrated in 2015
and 2016, respectively.***> The role of iron(m)-hydroperoxo
species in epoxidation®® and piano-stool iron NHC complexes'*
have been discussed in 2017. In 2018, 3d metals in high
oxidation state ligated by NHC ligands were summarized."

This journal is © The Royal Society of Chemistry 2023
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In the same year, a general overview on tetracarbene complexes
was published.?” Different factors determining the reactivity of
high-valent Fe™'—0 species were theoretically reviewed both
in 2019 and 2020.*%%° Iron NHC complexes in homogenous
catalysis were described twice in 2020,'%*" followed by a
summary of 3d metal NHC complexes in oxidation catalysis
in 2022.*?

As listed above, there are many reviews in the field of iron
NHC complexes. However, the topic of iron tetracarbenes has
only been loosely touched. This review aims to introduce the
reader to the field of cyclic iron tetracarbenes and summarizes all
articles published up to and including January 2023. Their syn-
thesis and properties are described in-depth and, if applicable,
structure-response relationships are discussed based on the com-
plexes’ reactivity and catalytic activity. These findings are expected
to be helpful in future research, particularly in the area of ligand
design by fine-tuning of the structural and electronic properties,
to steer the reactivity and catalytic performance of the complexes.

2. Synthesis
2.1. Ligand precursors

While cyclic tetracarbene complexes can be obtained via a
template synthesis,> the common route involves the synthesis
of the ligand precursor prior to complexation. First syntheses of
macrocyclic imidazolium salts were reported around 20 years
ago.”***> The synthetic strategy (Scheme 1) usually involves the
synthesis of a bis(imidazolium) unit first. Two units are then
connected using a coupling agent with good leaving groups, like
triflate (OTf "), to form the macrocycle. In the case of imidazolyl-
borane compounds, bromodimethylborane is used as coupling
agent (Scheme 2). To avoid intermolecular coupling, dilute
conditions can be applied (Ruggli-Ziegler dilution principle*®).

1
R3«)\ . \N/g*R?’

.R!
N4\N N/%N TfO" "OTf R/2 4 X

Rs—s’N‘RhN{—Ra

R'" = CHj,, CD,, (S,S)-1,2-Ph,-Et R?
R? = CH,, CD,, CH,CH,

X = OTf-
- NH,PF
R® = H, CHj, Ph, @ X =PFg

Scheme 1 Synthesis of macrocyclic imidazolium salts.

7

_RI
S
R! BrBMe (T\l;
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Scheme 2 Synthesis of zwitterionic macrocyclic imidazolium salts.
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Scheme 3 Synthesis of macrocyclic 1,2,3-triazolium salt.

The synthesis of the macrocyclic 1,2,3-triazolium salt is following
a multi-step synthesis involving the copper(i) catalyzed click reac-
tion of a terminal alkyne with an azide as developed by the 2022
Nobel laureates Sharpless and Meldal (Scheme 3).*** The
calix[4]1,2,3-triazole is subsequently methylated using MeOTf.>?
The imidazolium salts can be purified by anion exchange
with the weakly coordinating anion hexafluorophosphate. This
does not only increase the solubility of the macrocycle towards
organic solvents, but also is an effective way to remove larger
rings as side-products.’® Additionally, the axial positions
remain accessible to labile ligands or substrates after com-
plexation, which is important for potential catalytic use of the
complexes. Zwitterionic imidazolylborane macrocycles already
exhibit good solubility in nonpolar solvents, which increases
the range of solvents of their complexes for applications.*

2.2. Complex synthesis

The three routes followed for the synthesis of iron tetracarbene
complexes are the direct metalation using an internal base
(A, Scheme 4), the use of an external base (B) or the transme-
talation (C). They also represent the most common ways in the
field of iron NHC complexes.>®

Direct metalation is an effective way to obtain the respective
iron(u) complexes by use of the iron(u) precursor and internal
base iron bis(trimethylsilyl)amide, Fe[N(SiMe;),],.>” The amide
is a strong, non-nucleophilic base (pK, ~ 26),>® which deproto-
nates the ligand precursor, while iron coordinates immediately
to the formed carbenes. The resulting amine HN(SiMes), is easily
removable in vacuum. Deprotonation of the imidazolium salts

A Fe[N(SiMe3),l

B FeXp, LiINPr, or n-BuLi

™ 1.AgPFe, NEt ||_ e
|

HC|:—?H 2. FeXp, ?/,— —C

n X 'Fe. k X
HC——CH c—¢
"macrocyclic ligand" L

L = nil, X, MeCN (solvent)

Scheme 4 Synthetic routes to cyclic iron tetracarbene complexes.
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requires slight excess of two equivalents of the iron precursor.
This leads to an inorganic byproduct e.g. [Fe(MeCN)](PFs), if
acetonitrile is used as solvent and hexafluorophosphate is
applied as counterion.®® The byproduct can be removed by
filtration over a plug of silica or several washing steps.>*** ' A
drawback of this route is the high sensitivity of the iron precursor
towards oxygen and water, requiring inert conditions.®>

A combination of an external base and iron halide is used
when the iron precursor and internal base Fe[N(SiMej;),], fails
to fully deprotonate the imidazolium salt.®*® Bases of choice
can be lithium diisopropylamide (pK, ~ 36)%” or n-butyllithium
(pK. ~ 50).°® Depending on the iron salts used, the respective
iron(u) or iron(m) tetracarbenes are obtained. The latter usually
contains one halide in axial position, which can be removed by
reduction to the iron(u) tetracarbene with sodium amalgam.®*
Purification of the complexes by several extractions and filtration
over Celite is necessary to separate them from the respective
lithium salts as byproducts in this route.®®

The transmetalation route is less frequently applied. The
group of Jenkins used this strategy successfully to avoid selec-
tivity issues during the deprotonation of the ligand precursor,
due to similar pK, values of the imidazolium protons and the
ethylene bridge stereogenic protons.®® In another case, the
yield of an iron tetracarbene complex could significantly be
increased by shifting from using an external base and iron
halide to the transmetalation route with AgPFs.”® The obtained
silver complexes can subsequently be treated with an iron
halide and the formed silver halide be removed by filtration
over Celite to receive the respective iron complexes.®®”°

2.3. Summary

The macrocyclic ligand precursor is always synthesized prior to
complexation. The respective iron tetracarbenes are mainly
obtained through direct metalation using Fe[N(SiMes),], as
internal base or iron halide in combination with a stronger
external base if necessary. In special cases, transmetalation via
the corresponding silver complexes may be an alternative.

3. Properties

All cyclic iron tetracarbene complexes reported in literature - all
of them being a direct result of a complexation reaction
described in 2.2 or a one-electron redox reaction of the former
- are depicted in Fig. 1. Their ligands vary in ring size (16 or 18
membered), modifications in the NHC backbone and/or bridging
units. Until recently, only tetracarbenes with imidazolylidenes
have been reported. Complex 70 is the first abnormally coordinat-
ing iron tetracarbene with 1,2,3-triazole-5-ylidenes. The influence
of these changes on the structural and electronic properties of the
displayed iron complexes will be discussed in the following based
on selected structural and spectroscopic parameters (Tables 1 and 2).
The prerequisites for such parameters are, on the one hand,
that they are meaningful and, on the other hand, that they are
available in sufficient numbers for comparison, i.e. that they
are routinely measured. Therefore, the BCrnac NMR signal, the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Cyclic iron(i) and iron(i) tetracarbenes being a direct result of a complexation reaction described in 2.2 or a one-electron redox reaction of the
former. The numbers of all other iron tetracarbene complexes are assigned to their primary iron tetracarbenes and are highlighted in blue.

Fe”/Fe*" half-cell potential, SC-XRD and Méssbauer spectro-
scopy are chosen to compare and discuss the structural and
electronic properties of cyclic iron tetracarbenes. The resulting
reactivity and catalytic performance of the complexes will be
showcased in Sections 4 and 5, respectively.

3.1. “Cyuc NMR signal

The chemical shift of the carbene signal in the ">C NMR is quite
sensitive towards changes in the electronic properties of
the metal center, which gave rise for Huynh et al. to introduce
this observation as Huynh Electronic Parameter (HEP).®* The
HEP measures the shift of the **Cyyc signal of a reference NHC
ligand in a hetero-bis-NHC palladium complex, where the
opposing NHC ligand in trans position is formally exchanged
(Fig. 2). Based on the shift of the reference carbene in the

This journal is © The Royal Society of Chemistry 2023

13C NMR, the c-donation strength of the new ligand can be assessed,
where a downfield shift is assigned to a strong c-donation and
vice versa. Free NHCs possess large downfield carbene chemical
shifts of >200 ppm. In the free carbene, the probability of a
transition of an electron from the occupied o orbital to the
formally empty p, orbital, singlet-triplet transition, is higher.
This transition is contributing the most to the paramagnetic
shielding term, resulting in the observed downfield shift.*> Upon
coordination to a metal center, the carbene experiences a
significant upfield shift, as the lone pair of the NHC is coordi-
nating into the empty metal orbitals, reducing the likeliness of
the singlet-triplet transition. In contrast, when a strong c-donor
ligand is placed in trans position of the reference NHC ligand of
the palladium complex, the Pd-reference NHC bond is weakened,
leading to a more pronounced “free carbene” character and thus

Chem. Soc. Rev., 2023, 52, 2238-2277 |
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The argumentation of the HEP is partly applied in the
following, but due to the equatorial cyclic symmetrical ligands,
no opposing NHC ligand with different donor properties is
present and hence, no trans effect is occurring. Therefore, the
chemical shift of the tetracarbene ligands (Fig. 3) is explained
by a major contribution of the diamagnetic shielding term,
influenced by backbone and wingtip/bridging unit modifica-
tions. The decreased paramagnetic shielding term explains the
upfield shift of the "*Cyyc signals upon coordination and
increasing Lewis acidity of the iron center (Fig. 4).%> The "*Cnpc
signals of the tetracarbene ligands from the iron complexes
shown in Fig. 1 are ranked against each other in Fig. 3. The
chemical shift is a suitable indicator of the electron donating
capabilities of the tetracarbene ligands towards the iron center,
as long as the electronic surroundings of the complex are
comparable, i.e. exhibiting the same axial ligands.

Modifications of the imidazole backbone have a significant
influence on the electronic donating properties of tetracarbene

BC carbene signal of the reference

EIN/> : N/
N\ [N> :
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ligands. Free benzimidazolylidenes have a slightly smaller
singlet-triplet gap than imidazolylidenes, which results in a
larger downfield shift of the former (~223-232 ppm) in com-
parison to the latter (~211-221 ppm). The observed shift
differences vary therefore between ca. 10 and 20 ppm.®” The
benzimidazolylidene ligand of 13 (6(**C) = 216 ppm) is shifted
downfield 11 ppm in comparison to the imidazolylidene ligand
of 1 (6(**C) = 205 ppm, Fig. 3). The chemical shift of *'P or ”’Se
in the respective phosphinidene adducts and selenoureas can
be used to report the n-accepting properties of NHCs, where an
upfield shift is correlated with primarily c-donation and vice
versa.’””®° Benzimidazolylidene appears to be a slightly better
n-acceptor than imidazolylidene, based on their *'P or "’Se
chemical shifts, which might explain part of the observed
downfield shift of 13. However, in general, all NHC units of
the tetracarbene ligands mentioned in this review are in a range of
rather low to negligible n-backdonation,®” therefore the changes
in electronic properties are dominated by the c-donation of the
tetracarbenes. The —M effect of the enlarged aromatic ring of the
benzimidazolylidene ligand is lowering the electron density at
the carbene carbon atom, resulting in the downfield shift of 13 in
comparison to 1 (Fig. 3), due to diamagnetic deshielding. In
contrast, the methyl groups in the backbone of 10 donate electron
density to the carbene carbon atom with their +I effect, increasing
the diamagnetic shielding term and leading to an upfield shift of
the "*Cyyc signal of about 1 ppm, compared to 1. The uncertainty
of a >C NMR measurement is expected to be below 0.1 ppm,
hence using three times the weighted standard deviation, a
difference of >0.4 ppm is required for a significant difference,
exceeding statistic uncertainty.®* Therefore, 1 and 10 show a
sufficiently different chemical shift to be discussed, whereas 1
and 1-dg lay within the 3o interval and have to be considered as
equal with respect to the error range. 4 and 12 follow the same
pattern (AS(**C) = 3 ppm) as 1 and 10, but both are upfield shifted
ca. 7-8 ppm due to the larger +I effect of the ethyl wingtips. The
upfield shift of 17 is unexpected, as the enlarged aromatic system

(/)’2’

®
IN>: \'.‘f/\g:
i N-p'©
\.

13 1-dg L 1 12 70
216.1 —\ 205.26 \[ 205.05 194.8 \ /—190.35
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Fig. 3 3C NMR carbene signals of iron tetracarbenes with MeCN as axial ligands.
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with the two phenyl groups in the backbone is supposed to result
in a downfield shift, as is the case for 13. SC-XRD reveals that the
phenyl rings are twisted and not in the same plane as the imidazole
ring, which is known for similar compounds as well,”**" and
probably makes 7 interactions unfavorable.®** The imidazolylbor-
ane ligand of 27 (Scheme 6) exhibits the second highest electron
donating properties in this series with a chemical shift of
193.4 ppm, due to the strong +I effect of the negatively charged
boron bridging unit. The abnormally coordinating NHC (aNHC)
ligand of 70 shows the highest donating capability, which can be
explained by the removal of one adjacent electron-withdrawing
nitrogen atom, increasing the electron density at the carbene atom.
HEDP for biscarbene systems and Tolman electronic parameter data
are in line with the discussed electronic trends.®”*>**

The *Cynuc signal is further influenced by the oxidation
state of the iron center and by exchanging the axial ligands of
the iron tetracarbene complex. For instance, a higher oxidation
state in an Fe-N-Fe complex led to an upfield shift of the
carbene signal from 187.5 ppm for Fe™-N-Fe'" (55, Scheme 22)
to 163.7 ppm for Fe"V-N-Fe'V complex (58, Scheme 22) (see
Section 4.5).%® This can be explained by the higher Lewis acidity
of the iron center at higher oxidation states leading to a larger
upfield shift of the "*Cyyc signal due to a lower paramagnetic

This journal is © The Royal Society of Chemistry 2023

shielding term, and lower Fe — NHC backbonding,?38%8%8

The significant shift of the **Cyyc signal upon exchange of the
axial ligands of one iron tetracarbene framework (Fig. 4 and
Table 2) can also be explained with the Lewis acidity of iron.
Upon complexation of a NHC ligand, part of the electronic
density is transferred to the iron center by c-donation, which
leads to the observed upfield shift, a less likely singlet-triplet
transition and therefore smaller paramagnetic shielding
term.® This effect appears to be more pronounced with an
increased Lewis acidic center “pulling” the electron density. A
stronger electron donating ligand, e.g. o-donor PPh; (28),
results in a downfield shift of the carbene signal and a more
accepting ligand, e.g. m-acceptor CN‘Bu (29, Scheme 6), leads to
an upfield shift with increased Lewis acidity of iron. Once the
tetracarbene framework remains the same, the **Cypc chemical
shift can be used to rank the electronic properties of different
axial ligands and to estimate the resulting Lewis acidity of the
iron center within this series.

The observed differences in the chemical shift of the **Cyc
signal might also evolve through a higher diamagnetic shielding
of the carbene carbon atom, complementary to a decreased
paramagnetic shielding term: To compensate the electron den-
sity loss at the iron center upon coordination of an electron

Chem. Soc. Rev., 2023, 52, 2238-2277 | 2243
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withdrawing axial ligand, the carbene carbon atom experiences a
higher diamagnetic shielding, ie. higher electron density
(— upfield shift), as the electron density is drawn/donated from
the residual carbene ring system and the wingtips. This leads to
a reduced electron density at these positions and diamagnetic
deshielding (— downfield shift). Indeed, the *C signals of the
backbone (CH) are downfield shifted 2 ppm from 1 (§(*°C) =
122.62 ppm) to bis(DMSO) complex 18 (§(**C) = 124.57 ppm) and
bis(CO) complex 19 (5(*’C) = 124.49 ppm, Scheme 5). The
wingtip (CH,) '*C signals remain rather constant.’® In a similar
fashion, the downfield shift of the '*C signals of the backbone
(CH) of 12 (6(*>C) = 128.2; 126.6 ppm) increase upon addition of
one CO (33: §(**C) = 128.6; 127.4 ppm) and two axial CO ligands
(34: 5(**C) = 130.1; 128.3 ppm, Scheme 7).*"”® Another downfield
shift can be observed in the backbone of the diiron(u)-p,-nitrido
complex (55: 6(**C) = 123.0; 122.5 ppm) upon higher oxidation
state and Lewis acidity of the iron centers in diiron(iv)-i,-nitrido
complex (58: 5(**C) = 126.8; 126.9 ppm, Scheme 22).%* The rather
small difference in **Cyyc signals in the series of the neutral
iron tetracarbene 27 (Scheme 6) does not lead to noticeable
changes in the backbone "*C signals.

The showcased trends in Fig. 4 are in accordance with
HEP and TEP parameters, where available.***”% CO is at the
end of the row with the strongest m-accepting properties in the
two series developed from 1 and 12, reducing the electron
density at the iron center and increasing its Lewis acidity.
The correlation of the Lewis acidity of the metal center with
the ®Cnuc chemical shift was established for various other
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complexes as well, apart from the bis-NHC palladium complex
of HEP.85:95:96

3.2. Half-cell potential

Redox potentials of complexes can be influenced by the electronic
properties of the surrounding ligands. In fact, experimentally
determined parameters of the respective ligands (Lever electronic
parameter)”” can be used to predict the redox potential of a
complex of interest.*””*® By formally exchanging one ligand in a
complex while keeping the co-ligands the same, the difference in
the redox potentials of the two complexes can provide information
about the donor strength of the different ligands, with a lower
redox potential being due to a stronger donor. This effect is
related to the ability of the ligand to facilitate the redox process,
e.g. oxidation from Fe" to Fe™ in the case of iron complexes, and
to stabilize the new (higher) oxidation state, Fe".®” Therefore, the
half-cell potential E;,, of the Fe*'/Fe** redox couple is another
useful parameter to rank the different electronic properties of
cyclic iron tetracarbenes.

The different redox potentials of mononuclear iron tetracar-
benes are listed in Fig. 5, as well as Tables 1 and 2. Interestingly,
while the “*Cyyc signal of 70 is more upfield shifted in compar-
ison to 27 (Scheme 6), the latter exhibits a more negative redox
potential. On the other end, the benzimidazolylidene ligand of
13 is reducing the electron density of the iron center the most,
resulting in the highest half-cell potential amongst the tetra-
carbene ligand modifications. Similar to 3.1, the axial ligands can
significantly affect the redox properties of an iron tetracarbene
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Fig. 6 Correlation of the ¥*Cyyc chemical shift and redox potential of iron
tetracarbenes. Iron complexes with variable tetracarbene ligands are
marked red and with variable axial ligands marked blue (based on 1) and
yellow (based on 12). Oxidation potentials for 18, 33 and 34. 22: CV
measured in PhCN. 22, 25 and 26: *C NMR measured in acetone-ds.

complex. For example, the two axial CO ligands of 19 (Scheme 5) as
strong m-acceptors induce a maximum redox potential of 1.25 V.

The *Cnuc chemical shift can be set in correlation to the
redox potential (Fig. 6). Iron tetracarbene complexes with
variations of the tetracarbene ligands are marked red. A stronger
o-donor tetracarbene results both in an upfield shift of the
BCymc signal and a lower half-cell potential. In return, axial
ligand modifications, marked blue (based on 1) and orange
(based on 12), steer the Lewis acidity of the iron center when
the tetracarbene ligand remains unchanged. As discussed above,
a higher Lewis acidity, i.e. less electron rich iron center, leads to
an upfield shift of the Cyuc signals and a higher redox
potential, i.e. hindered redox process and less stabilized Fe™
oxidation state.

A change of the equatorial tetracarbene ligands follows a
rather loose linear trend (Fig. 6). In contrast, substitution of the
axial ligands of a remaining iron tetracarbene framework
appears to have a nearly linear correlation, especially when
more datapoints are available, as it is the case for the series of 1.
Here, once one parameter is known, e.g. the “Cyyc signal, the
other variable, in this case the redox potential, can be calculated.

3.3. SC-XRD

Most of the published iron tetracarbenes are characterized by
SC-XRD (Tables 1 and 2). Here, useful information about the
structural and electronic properties of the complex can be
obtained.

The rigidity of a ligand is a crucial factor for the reactivity of
the complex. The Fe-Cyyyc bond lengths can be used as a rule of
thumb for the rigidity of the ligand, especially for similar
tetracarbene frameworks. A smaller, more rigid ligand enables
closer interaction of the carbene carbon with the iron center,
while a larger ligand might experience a higher internal steric
tension upon coordination, and thus creates a larger macro-
cycle around the iron center with elongated Fe-carbene bonds.
The iron complex 2 is a highly active precursor for epoxidation
of olefins (see Section 5.3),”® supported by a rigid 16-membered
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tetracarbene ligand. For C-H oxidation and epoxidation reac-
tions, a higher ligand rigidity has been attributed to a higher
activity, selectivity and stability of the catalysts.’*®*°> The 18-
membered tetracarbene of 4 ((Fe-Cypic)ay = 1.996(11) A) is
stabilizing an Fe'™"=0 complex (42, Scheme 11) through intra-
molecular hydrogen bonds between the ethylene bridges and
the oxygen atom® and probably to a certain extent steric
shielding due to the bent ligand (Fig. 10). This has not been
reported in the oxygen transfer reactions of the more rigid
equivalent iron tetracarbene 1 ((Fe-Cyic)ay = 1.907(3) A), even
though hydrogen bonding was also assumed for this tetracar-
bene framework in an iron(m)-superoxo adduct (43, Fig. 11).”*
While 8 ((Fe-Cnmc)ay = 1.990(12) A) is capable of catalyzing
aziridination reactions,®* its more rigid 16-membered analog 6
((Fe~Cniic)ay = 1.940(2) A) is ineffective for this reaction.”® This
can be explained by the proposed mechanism, which requires a
flexible ligand (Scheme 33).'% In return, the strong c-donation
and rigidity of the smaller tetracarbene of 6 allows to stabilize
five-coordinate iron(v) imide complexes as proposed inter-
mediates in aziridination.”®

Upon higher oxidation states of the iron center within one
ligand system, the Fe-Cyyuc bond lengths can become slightly
up to significantly elongated in terms of statistic uncertainty
(i.e. three times the weighted standard deviation for the latter).
For example, the oxidation from iron(u) to iron(m) results in
lengthening of the Fe-NHC bonds from 1.907(3) A for 1, to
1.941(2) A for 2. This is contrary to expectations, as the stronger
Lewis acidity of iron should lead to a stronger bound tetra-
carbene as Lewis base and thus a shorter Fe-NHC bond. In fact,
this observation is likely due to the removal of an electron from
a molecular orbital involved in Fe — NHC backbonding,
resulting in diminished backbonding and weaker Fe-NHC
interaction and consequently a longer Fe-NHC bond.?**%*1%
A holistic analysis can however become quite complex.'**

A weakening of the MeCN-Fe bond in dependence to the
o-donation strength of the tetracarbene, as one might expect
based on HEP,*® cannot be found. However, the significant
impact of the axial ligands on the Lewis acidity of iron, as
described above, can partly be monitored by means of the Fe-X
bond lengths. For example, the Fe-CO length increases from
1.717(4) A (33) to 1.803(11) A (34, Scheme 7) upon formal
substitution of MeCN of 33 with a second CO ligand, resulting
in two axial ligands competing for n-backbonding. This elonga-
tion in the Fe-X bonds can also be observed between mono and
bis CN‘Bu substituted iron tetracarbenes 25 and 26, respectively
(Scheme 5). Here, the length is increased from 1.819(3) A for
mono substituted 25 to 1.868(8) A for bis CN‘Bu containing 26
with shared m-backbonding. Due to the same tetracarbene
frameworks of each pair of complexes, the slight decrease of the
Fe-Cnnc bonds for both bis substituted compounds, 34 and 26,
might be related to the higher Lewis acidity of the iron center.

The trans NHC-Fe-NHC angles give useful information
about the geometry of the iron tetracarbene complex. While
the common angle converges to 180°, the smaller angles of 7
(155.29(11)°) and 9 (153.12(67)°) reveal that the iron is slightly
out of plane of the macrocyclic carbene atoms. This is supported
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by the NHC-Fe-X angle, which is deviating from the usual ~90°
degrees. The typical X-Fe-X angle is converging 180° as well;
deviations can be a sign for a larger steric demand of the axial
ligands or the tetracarbene.

Generally speaking, no significant correlation between the
Fe-NHC bond length and the Lewis acidity of the iron center
controlled by the c-donation strength of the tetracarbene ligand
or axial ligand exchange can be found across the different iron
tetracarbene complexes. A relation of the Fe-NHC bond length
and the Lewis acidity can only be found, when changing the
oxidation state of the iron center — and thus the Lewis acidity -
within one system, i.e. keeping the same ligand framework (vide
supra). Instead, the Fe-NHC bonds are highly dependent on the
geometry of the surrounding tetracarbene. Furthermore, it has to
be considered, that structural parameters in SC-XRD are affected
by various factors like the quality of the single crystals, crystal
packing, temperature of analysis and presence of solvates.®®
Therefore, the *Cnuc signal and half-cell potentials are more
suitable and sensitive measures regarding the electronic proper-
ties of iron tetracarbenes. Nevertheless, using SC-XRD, unex-
pected electronic properties can be explained, e.g. the upfield
shift of the "*Cyyc signal of 17 in relation to the other signals in
Fig. 3 due to suppressed —M effect of the out of plane aligned
phenyl rings.

3.4. Mossbauer spectroscopy

Mdssbauer spectroscopy, often supported by DFT calculations,
is useful for gaining further information on the electronic
properties of iron tetracarbenes, allowing to make statements
concerning oxidation state, spin state and electronic surroundings
of iron tetracarbenes.'’*'°® EPR is usually conducted in addition
to Mossbauer measurements to identify the spin state of the
complex. Magnetic susceptibility measurements through SQUID
magnetometry and Evans NMR spectroscopic method'® can
confirm the spin state assignment.

The isomer shift ¢ and electronic quadrupole splitting |AEq|
are the two parameters that are usually of interest. The isomer
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Fig. 7 Nearly linear correlation of the isomer shift and the oxidation state
between a series of iron (oxo) tetracarbenes, 4, 5, 40, 42 5061
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Fig. 8 Correlation of the isomer shift and the oxidation state of iron
tetracarbenes based on the tetracarbene framework of 4. While there is
some overlap in the ranges of measured isomer shift associated with each
oxidation state, the overall trend is still discernible.

shift is proportional to the electron density at the iron atom,
which primarily originates from the 4s-electrons at the nucleus.
The isomer shift is significantly affected by the oxidation state,
in fact, a (nearly) linear negative correlation between the isomer
shift and the oxidation state of the iron atom has been observed
for a series of iron cyclam (1,4,8,11-tetraazacyclotetradecane) and
iron (oxo) tetracarbene complexes (Fig. 7 and Table 1).6%¢%11°
For such relations it is important to keep variations in the
coordination sphere of the iron complexes at a minimum.'*°
The overall trend is, however, discernible even for a larger group
of iron tetracarbenes based on the tetracarbene framework of 4
(Fig. 8 and Tables 1, 2). The above described observation can be
explained by the increased shielding of the nuclear potential of
iron in lower oxidation states by more electrons in the valence
shell, e.g. six 3d-electrons of iron(u) in comparison to five 3d-
electrons of iron(im). Therefore, more expansion of the s-orbitals
is allowed, which results in a lower electron density around the
nucleus and thus larger (more positive) isomer shift of the
complex with lower oxidation state.'®®

For a holistic interpretation of the isomer shift, the iron-ligand
bond lengths, electronic properties of the ligands (somewhat
related to the former), coordination number and structural
properties, have to be considered. The coordination of the ligand
to the iron atom leads to a compression of the radial distribution
of the 3s- and 4s-iron orbitals, which changes the electron
density at the nucleus. Four-fold coordination induces shorter
Fe-ligand bonds and, because of the accompanying higher
compression of the s-orbitals resulting in a higher electron
density, a lower (more negative) isomer shift, in comparison to
six-fold coordination and longer Fe-ligand bonds. High-spin
states afford longer bond lengths and higher isomer shifts as
opposed to low-spin states.'® The electronic properties of the
surrounding ligands also play a crucial role and are partly related
to the iron-ligand bonds. While the Fe-NHC bonds are more
dependent on the geometry and rigidity of the tetracarbene
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(see Section 3.3), the iron-axial ligand bonds are more propor-
tional to the respective axial ligand’s electronic characteristics.
The strong o-donation of the equatorial tetracarbene into the
4s-orbital of iron is demonstrated by the significantly lower
isomer shifts (Table 1), in comparison to tetradentate N-donor
ligands (A > 0.2 mm s~ ).°>™ Strong n-accepting axial ligands
are effectively depopulating the 3d-orbitals, consequently
deshielding the 4s-iron orbital and, in addition to the compres-
sion due to expected shorter Fe-X bond lengths, result in a lower
isomer shift of the iron tetracarbene.®" Iron(i) complexes 33 and
34 (Scheme 7) illustrate this effect in an extreme manner with
one and two axial CO ligands as strong m-acceptors, respectively.
The isomer shift is significantly lowered from 0.23 mm s~ for 12
(Table 1) upon exchange of axial MeCN with one CO to
0.00 mm s~ ' for 33 and with two CO ligands to —0.04 mm s *
for 34 (Table 2). The structural properties of the iron tetracar-
bene further play a decisive role. For instance, the metal centered
reduction of iron nitrosyl complex 35 to 36 (Scheme 8) not only
leads to a larger shielding of the s-orbitals but the iron atom is
somewhat more displaced from the equatorial plane of the
tetracarbene in 35. Hence, the c-interactions of the iron center
with the tetracarbene are reduced. Both effects result in a lower
electron density at the nucleus and a higher isomer shift.
However, in this particular case, the described effects are coun-
terbalanced by shorter Fe-NHC bonds and increased w-
backbonding of the axial NO ligand in 36, inducing a higher
electron density at the iron and deshielding of the 4s-orbital,
respectively. Therefore, the isomer shift nearly stays the same
with —0.01 mm s~ for 35 and 0.02 mm s for 36.*" This is a
good example of the fact that a correct interpretation of the
isomer shift is only possible if all aspects are taken into account,
since at first glance this marginal change in isomer shift could
also have indicated a ligand centered reduction, which would
not have been unusual.*'*"'*?

Quadrupole splitting |AEq| is occurring when an electronic
field gradient is present at the Méssbauer nucleus.'””'** Iron
tetracarbenes often show high quadrupole splitting because of
the oblate (disk-shaped) charge distribution around the iron
nucleus due to the large electronic charge donation into the Fe
3d,2_y2 orbital by the equatorial tetracarbene."™* This effect is
more pronounced for tetracarbenes than for most N-donor
ligands, likely due to the strong oc-donor properties of the
former, which is showcased in the significantly larger quadru-
pole splitting of iron(iv)-oxo complex 42 (|AEq| = 3.08 mm s ',
Scheme 11) in comparison to the majority of other iron(iv)-oxo
complexes (0.16-1.39 mm s~ *).?%%%'5 When the electric field is
more spherically symmetric distributed around the nucleus, a
smaller quadrupole splitting can be observed: Upon reduction
of 35 to 36 (Scheme 8), the quadruple splitting is significantly
decreased from 2.36 mm s~ for 35 to 0.85 mm s~ * for 36. The
change can be assigned to the displacement of iron out of the
tetracarbene plane in the latter complex, decreasing the charge
donation of the tetracarbene, and thus decreasing the anisotropy.®!
The decline of the quadrupole splitting in the series of iron
carbonyl complexes from 2.19 for 4 (Table 1), 1.76 for 33 (one axial
CO) and 0.98 mm s~ " for 34 (two axial CO, Table 2, Scheme 7)
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corresponds to the more spherically symmetric electron dis-
tribution around the iron center presumably due to the strong
m-accepting carbonyl moieties, balancing the charge donation
of the tetracarbene. The five-coordinate iron(m) halide com-
plexes such as 7 possess a distorted molecular symmetry and
heterogeneous ligand coordination sphere (7: Cxuc-Fe-Cnuc)av =
155.29(11)° and (Cnuc-Fe-X)a = 102.35(1.40)°, (Table 1) - two
effects that lead to a higher quadrupole splitting of these com-
pounds of above 4 mm s *.'%”'% [n addition, the —I effect of the
axial ligand increases the anisotropy of the nucleus, which
enlarges the quadrupole splitting in the order CI~ (30) < Br~
(7) < OTf (31), where 7 is after 30 in contrast to the order of
increasing —I effect, probably due to the stronger donating
tetracarbene of 7, and the stronger —I effect of OTf results in
the largest observed quadrupole splitting of all iron tetracarbenes
in this review, 5.02 mm s * for 31 (Scheme 7).

3.5. Comparison to Fe porphyrins

Iron tetracarbenes share some similarities with the heme group
and have been sometimes described as organometallic heme
analogs.’*%*7%7% The structure of the heme unit is shown in
Fig. 9. In contrast to iron tetracarbenes, the ligand contains a
conjugated cyclic aromatic system with 18 m-electrons and is
coordinated to the iron atom through the nitrogen atoms."®
Furthermore, it is planar,”**! whereas many iron tetracarbenes
possess a saddle-distorted conformation. Porphyrins readily
undergo one-electron-transfer reactions leading to the respective
radical cations or anions. The unpaired electron is effectively
delocalized in the conjugated aromatic circuit."">'*> Radical
porphyrins play an important role as intermediates in enzymatic
cycles, e.g. a cationic radical is involved in C-H oxidation catalyzed
by cytochromes P450."**7'*® Instead, the tetracarbene ligand is
redox inactive which can simplify mechanistic investigations as
the redox processes are limited to the metal center. In addition,
while the heme is not charged, most iron(u) tetracarbenes have
two counterions. In this regard, the 16-membered iron complex 6
has the most porphyrinoid character of all compounds mentioned
in this review, exhibiting a neutral charge due to its dianionic
tetracarbene ligand. Finally, the four connected NHC moieties of
the tetracarbene ligand result in a strong c-donation in equatorial
plane towards the iron atom. This pushes the d,_, orbital above
the d, orbital and can lead to a different reactivity as

Z

HO
o Ho O O

Fig. 9 Heme unit, more specifically called heme B or iron protoporphyrin
IX.>126 The skeletal structure of porphyrin is marked blue. The conjugated
aromatic circuit with 18 n-electrons is marked in bold.
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demonstrated in C-H activation (see Section 4.4). The strong
electron donation also promotes lower spin states, making,
for example a high-spin configuration (S = 5/2) of 30 unfavorable
(see Section 4.2.1, Scheme 7). In the following sections, the
properties and resulting reactivity of iron tetracarbenes are com-
pared with iron porphyrins and iron nonheme complexes at
appropriate sites.

3.6. Summary

Cyclic iron tetracarbenes cover a wide range of structural and
electronic properties. The equatorial tetracarbene ligand needs
to be designed based on the scope and required capabilities of
the target complex, which can be accomplished by modification
of the backbone, bridging units and type of NHC. Post-
processing of the electronic properties of the iron tetracarbene
can be easily achieved by substitution of the axial ligands. The
structural and electronic properties of iron tetracarbenes can be
evaluated and compared based on the 1B3Cnac NMR signal, the
Fe**/Fe*" half-cell potential, SC-XRD and Mdssbauer spectroscopy.

The chemical shift of the *Cyyc NMR signal provides
information about the o-donor strength of the tetracarbene
ligand. Backbone modifications of the NHCs and different
wingtips have a significant impact on the donating properties
of the tetracarbene ligand, as observed in the carbene chemical
shift in NMR spectroscopy. By substitution of the axial ligands
of the finished complex, the "*Cyyc NMR signal of the tetra-
carbene ligand is shifted, and information about the electronic
properties of the axial ligands and the resulting Lewis acidity of
the iron center can be obtained. The electronic changes are also
noticeable in the **C signals of the NHC backbone.

The half-cell potential of the Fe>*/Fe*" redox couple allows
the comparison of the electronic properties of iron tetracar-
benes like the donor strength of the axial or equatorial ligands
and the Lewis acidity of the iron center. The BCnuc chemical
shift and the half-cell potential correlate with each other
allowing the prediction of one of the parameters of an iron
tetracarbene before it is measured.

SC-XRD reveals the structural properties of iron tetracarbenes.
The rigidity of the tetracarbene ligand has a decisive influence on
the reactivity of the respective complex; for example, of the two iron
tetracarbenes 6 and 8 with similar electronic properties, only 8,
which contains a larger tetracarbene ligand, is effective in aziridi-
nation reaction. Furthermore, the changes of the electronic proper-
ties can be monitored in SC-XRD, like the dependency of the iron-
axial ligand bond lengths on the Lewis acidity of the iron center.

Mossbauer spectroscopy is important for the holistic con-
sideration of the electronic properties of iron tetracarbenes,
such as the oxidation state, spin state and electronic surround-
ings. Of interest are the isomer shift and the quadrupole
splitting. The isomer shift is affected by the oxidation state,
and a linear negative correlation can be observed between the
isomer shift and the oxidation state within one iron tetracar-
bene system. The significantly lower isomer shifts of iron
tetracarbenes in comparison to tetradentate N-ligated com-
plexes demonstrate the strong c-donation of the equatorial
tetracarbene. Furthermore, it is the reason for the high
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quadrupole splitting of iron tetracarbenes due to the oblate
(disk-shaped) charge distribution around the iron nucleus.

Finally, iron tetracarbenes differ electronically from iron
porphyrins in that they do not have a conjugated aromatic
system and, unlike the latter, are redox inactive. The strong
o-donation of the tetracarbene ligand in equatorial plane
towards the iron center pushes the d,._,. orbital above the d,.
orbital leading to a different reactivity in C-H activation (see
Section 4.4) and promotes lower spin states.

4. Reactivity

In the following, the reactivity of the cyclic iron tetracarbenes
shown in Fig. 1 is described. The structural and electronic
properties of the newly obtained complexes are exemplified.
However, the reader is referred to the previous chapter for a
more detailed discussion of the respective parameters.

4.1. Modification of the oxidation state

Iron tetracarbenes are usually obtained as iron(u) complexes
(see Section 2.2) but can be readily oxidized to obtain the
respective iron(ur) counterparts (e.g. Scheme 7). Chemical redox
agents include [(4-BrCqH,);N]SbClg (E° = +0.67 V in MeCN'*"'%8),
AgOTf (E° = +0.65 V in DCM"*®"%) AgNO; (E® = +0.04 V in
MeCN"?%"?%) NOBF, (E° = +0.87 V in MeCN'*¥'*) or thian-
threnyl hexafluorophosphate (ThPFg, E° = +0.86 in MeCN'*%™")
and with exception of the first all have been applied in the
oxidation to iron(iv) centers (vide infra).>*®h7?5%83132 The
choice of oxidant depends on e.g. the solubility of the complex,
the required oxidant strength or the counterion of the iron
tetracarbene. [(4-BrC¢H,);N]SbCls has the drawback of
potential chloride abstraction and coordination from SbClg™
by the Lewis-acidic iron center.®' AgOTf, AgNO; and NOBF, also
contain coordinating ions, possibly leading to unwanted coun-
terions for the iron complexes but can also be used to steer the
electronic properties of the complex by introduction of axial
ligands.®"®* However, (partial) anion exchange of the resulting
iron complex has to be considered. Reduction of iron(m) tetra-
carbenes is possible with CoCp, (E° = ca. —1.3 V)"**'3* and, to
additionally remove coordinated halides, with sodium amal-
gam (EO = _2.36 V).64,81,128,134

4.2. Axial ligand modifications

As showcased in the previous chapter, axial ligand exchange
can have a significant impact on the electronic properties of
iron tetracarbenes. The axial ligand substitution can be readily
achieved by adding the new ligand to a solution of the iron
tetracarbene, letting it stir for a certain time, usually at room
temperature, and obtaining the modified complex by precipita-
tion with Et,O or by extraction. Precipitation is applied for the
ionic iron tetracarbenes (Schemes 5 and 7), whereas the neutral
iron tetracarbenes 28 and 29 (Scheme 6) are extracted.
Addition of excess DMSO to iron tetracarbene 1 in MeCN
leads to a mixture of mono-substituted 18a, bis(DMSO)-
complex 18 and 1 (Scheme 5). The equilibrium is shifted to
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19 CO co 24 NCPh NCPh
20 NO nil 25 CNBBu NCMe
21 NCBu NCBu 26 CNBBu CNBu
23,24 n =3 (Fe'), restn =2 (Fe")
Scheme 5 Ligand substitution reactions of 1 and 2.5%77.78

18a and 18 with increasing amount of DMSO and at more than
50-fold excess only 18 is present. When changing the solvent to
acetone as weakly coordinating solvent, exclusively 18 has been
obtained in 95% yield with almost planar geometry of the
tetracarbene.>® A rather rare example for a stable, cationic
bis(carbonyl)-iron NHC complex, 19, can be synthesized in
CO atmosphere at 2.5 atm and 40 °C in 77% yield.”® It shows
a similar saddle-distorted tetracarbene conformation to 1.
Other iron(1) NHC complexes usually only contain one carbonyl
ligand."*> Some examples for cationic bis(CO)-iron complexes have
been published for heme systems."**™*® A mono(carbonyl)-complex
could be observed in CV at higher scan rates (>400 mV s ) at
Ey;» = 0.83 V and represents an intermediate in the decomposition
of 19 to 1 over time under these conditions. The isolation of
complexes 19 and 34 (Scheme 7) demonstrates yet again the strong
o-donating properties of tetracarbene ligands, resulting in a high
electron density at iron. Exchange of the labile MeCN ligands of 1
with ligands exhibiting similar electronic properties, like ‘BuCN and
PhCN, requires MeCN-free conditions to obtain the fully substituted
complexes. Hence, complexes 21-24 were synthesized using the
respective ligand as solvent. To ensure full substitution, the crude
products have to be stirred again in ‘BuCN or PhCN after the first
precipitation with Et,O to obtain the complexes 21-24 in 46 to 57%
yield. All analytics to characterize these compounds have been
performed in weakly coordinating acetone or ‘BuCN and PhCN.””
The overall geometry of the complexes is comparable to 1, but the
Fe-X bonds of 22 are significantly shorter (Table 2), assignable
to the better m-accepting properties of PhCN due to the —M
effect of its phenyl group. This also leads to a decreased
electron density of iron, resulting in a higher redox potential
of 0.27 V. Introduction of axial isocyanide ligands, e.g. ‘BuNG, is
possible in MeCN as solvent,®*™*° but has been conducted in
acetone using one equivalent or excess of ‘BuNC to obtain
mono(‘BuNC)-complex 25 (90% yield) and bis substituted
complex 26 (87% yield), respectively.”® The strong m-accepting
ligands of 25 and 26 lead to higher redox potentials of 0.35 V
and 0.47 V, respectively. Complexes 21-26 have been applied in
epoxidation catalysis to elucidate the effect of axial substitution
in comparison to the performance of their model catalysts 1
and 2 (see Section 5.3).
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4.2.1. Spin state variations. Square planar, neutral iron(u)
complex 6 exhibits an intermediate-spin S = 1, similar to
isostructural iron porphyrin complexes.**'*° Upon coordination
with a strong donor axial ligand, the complex changes to a low-
spin iron(n) complex with S = 0 (Scheme 6). Dissolving 6 in MeCN
gives bis(MeCN)-complex 27, which is diamagnetic and thus
allows the evaluation of the o-donation strength of the dianionic
tetracarbene of 6. This reactivity is in contrast to its larger
counterpart 8, which remains paramagnetic (S = 1) in MeCN
solutions.®® The large upfield shift of the *Cyuc signal
(193.4 ppm) and the negative redox potential (—0.71 V, Table 2)
reveal the stronger electron donating capabilities of this ligand in
comparison to neutral tetracarbenes (see Section 3). However, 27
could not be isolated, as evaporation of MeCN as solvent leads to
the recovery of the starting material 6. Hence, characterization
was performed in situ. Addition of one equivalent of PPh; or
excess of ‘BUNC to a solution of 6 in MeCN (i.e. effectively 27) gave
the respective mono (28, 65% yield) and bis-substituted (29, 88%
yield) low-spin iron(m) complexes. Remaining PPh; or ‘BuNC were
removed by extraction with pentane.®®

The impact of ligand substitutions on the spin state were
further investigated with complexes 4 and 12 (Scheme 7). On
that occasion, the ring-flip of the saddle-shaped tetracarbene
ligands of 4 and 12 was analyzed by means of variable tempera-
ture NMR spectroscopy, giving AG 505 = 12.1 kecal mol " for 4 and
13.4 kcal mol ™ for 12 for the barrier of the conformational ring
A similar iron complex with a macrocyclic NHC/
pyridine hybrid ligand has a slightly higher value of AG',05 =
16.5 kcal mol "' In contrast, the related smaller iron complex 1
does not show any line broadening even at —40 °C in the NMR
spectrum, indicating a fast inversion of its tetracarbene.>® Oxida-
tion of 4 with [(4-BrC¢H,);N]SbCl, (see Section 4.1) in MeCN at
—35 °C leads to species 5 in 31% yield, which is rather unstable
in solution and forms 30 upon chloride abstraction from SbCls ™~
by the Lewis acidic iron center over time. The latter can be
directly obtained from 4 by preparation of 5 in situ in 83% yield.
30 exhibits a square-pyramidal geometry, similar to other halide
iron tetracarbenes like 7 or 9.°>** EPR measurements were
conducted to assign 5 to a low-spin (S = 1/2) and 30 to an
intermediate-spin (S = 3/2) complex, confirmed by a variable-
temperature SQUID measurement.®’ This is similar to iron(m)

inversion.®!

L1
P 27: (MeCN) L~
NTR N
@N \;\? 28: PPh, @N ‘;r\?
~7 /" S\ 29:ex.BUNC  ~ =S
\ / /
N¥ \FN N~ ‘ \FN
&NVNJ &NVNJ
I
6 L2
S=1 L= 12=
27 NCMe NCMe
28 PPh; il
29 CNBu CNBu
S=0

Scheme 6 Addition of axial ligands to 6.5°
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Scheme 7 Ligand substitution reactions of 4 and 12. 30 was synthesized directly from

porphyrins, where complexes with two axial ligands usually show
S = 1/2 and five-coordinate complexes with weak axial ligands
can adopt S = 3/2."*° Due to the strong c-donating properties of the
tetracarbene, a high-spin (S = 5/2) configuration is unfavored, as
determined by DFT calculations.®® This is probably the reason for
the halide complexes 7 and 9 exhibiting S = 1/2 configuration in
contrast to 30 or 31, due to the significant stronger electron donating
character of the equatorial ligand. Oxidation of 12 with AgOTf in
DCM results in the halide iron complex 31 (96% yield), resembling
the other halide complexes structurally and featuring intermediate-
spin state (S = 3/2) like 30. The axial ligand of 31 is replaced upon
addition of MeCN to result in the low-spin (S = 1/2) complex 32. This
rather unstable compound could not be isolated, but the structure
was proposed to contain one axial MeCN and eventually one OTf
ligand in trans position based on the EPR findings.*
Bis(CO)-complex 34 can be obtained by replacing the inert
atmosphere of a solution of 12 in MeCN with CO gas using

S=0

4 61,79

freeze-pump-thaw technique and stirring it for 2 days
(Scheme 7). 34 is received after precipitation with Et,O and
recrystallization from DCM/Et,O (no yield given).”” Removing
excess CO results in a mixture of 33 and 34. Isolation of
mono(CO)-complex 33 has been achieved by direct synthesis
from 12 similar to 34, however it was only stirred overnight, the
CO atmosphere was removed afterwards and multiple recrys-
tallizations steps by slow diffusion of Et,O into a concentrated
solution of 33 in MeCN were performed. 12 and 33 have been
employed in the electrocatalytic CO, reduction to CO (see
Section 5.1).

4.2.2. Tron nitrosyl complexes: {FeNO}°, {FeNO}’ and {FeNO}®.
Iron nitrosyl complex 20 can be obtained by generation of NO
in situ from NaNO, using zinc powder, iron powder or hydro-
quinone as reducing agents (73% yield, Scheme 5).>° The
iron atom is placed 0.475 A above the tetracarbene plane,
resulting in a ruffled macrocycle, similar to 35 (Scheme 8). 20

NCMe |(OTf),
ZNTITNT
N2, | SN
_— [ 'Fé‘ ] -
NO/O, NES ‘\FN NO or Ph;C-S-NO
(MeCN) &NYNJ (MeCN)
NCMe
4
NO [T, NO  |(©OT, NO |
Z N7 TN NO/O, Z N7 TN CoCp, 7 N/‘\N AN
[Nﬂ”"F =N (MeCN) [Q e‘gNj (MeCN) [N“ A Ql]
e,
N | YN CoCp ‘( \FN o N=f" AN
QN\ N (MeClj) QNVNJ : QNVNJ
O-n=o
37 35 36
{FeNO}® {FeNO}’ {FeNO}®

Scheme 8 Synthesis and reactivity of iron nitrosyl complexes based on 4.8%8!
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can be assigned as {FeNO}’ complex using Enemark-Feltham
notation.’**'** Interestingly, 20 exhibits sharp, not para-
magnetic-shifted NMR signals, being rather uncommon for
{FeNO}’ compounds.®*>'** In addition, no oxidation of 20 to
{FeNO}°® can be observed in CV. The result of the CV is,
however, identical to that obtained for 35. Both 35 and 20 show
a reduction wave indicating the formation of {FeNO}®. Contrary
to the isolation of {FeNO}® complex 36 by reduction of 35, the
{FeNO}® species generated from 20 is unstable and thus only an
irreversible reduction wave is visible.>® Iron nitrosyl complex
35, the larger {FeNO}’ counterpart to 20, has been synthesized
by addition of gaseous NO or one equivalent of NO transfer
reagent Ph;CSNO'* to a solution of 4 in MeCN at —35 °C (54%
yield, Scheme 8).%° 35 shows a nearly linear Fe-N-O moiety with
an angle of 176.9(3)°, similar to 20, and unusual for {FeNO}’
complexes. In addition, both complexes have shorter Fe-N dis-
tances than other heme and non-heme {FeNO}’ compounds.>**°
35 has been assigned to a low-spin (S = 1/2) complex based on a
SQUID magnetic susceptibility measurement. The IR spectrum
shows an absorption of Tyo= 1742 cm ™ * for 35, which is similar to
20 (Vo= 1729 em™ ') at slightly higher energy in comparison to
other low-spin {FeNO}” complexes (around 1600-1700 cm '), with
high-spin {FeNO}’ complexes showing an absorption around
1700-1850 cm™ ~.***'*” While the NO stretching frequency is
influenced by the oxidation and spin state of the iron center,
linear Fe-NO units tend to have higher values than their bent
equivalents.®>'**'*° Considering the linear Fe-NO structure of 35,
indicating a NO" ligand, and DTF calculations, a Fe'NO" character
has been proposed.

As mentioned above, {FeNO}® complex 36 could be synthe-
sized by adding CoCp, as reducing agent to a MeCN solution of
35 at —35 °C (47% yield).?' {FeNO}® complexes are known to
form the respective {FeNO}’ complex upon protonation of the
former via a {FeNHO}® intermediate and release of H, after
disproportionation.'*”*>°52 However, 36 does not show such a
reactivity in the presence of Brgnsted acids, which has been
related to the electron density being centered at the iron rather
at the NO ligand, making the protonation somewhat
unfavorable.®" In the presence of oxygen, the formation of
{FeNO}’ is observed, but with a large amount of decomposition
products. Combination of Brgnsted acids and oxygen leads to a
quick formation of {FeNO}’ compound 35 from 36, without
recognizable decomposition.®' The overall geometry of 36 is
similar to 35, but the iron atom is more out of plane (0.56 A)
than in 35, which reduces the interaction with the tetracarbene
ligand. The implications of that and other factors on the
electronic properties are discussed in 3.4. The Fe-NO moiety
is more deviated from 180° (169.13(18)°) in 36 than in 35
(176.9(3)°). The bending appears to originate from lower elec-
tronic repulsion between the more electron rich, reduced iron
atom and the NO ligand, and furthermore enables better Fe — NO
n-backbonding, resulting in a shorter Fe-NO bond rather than
elongation in the case of enhanced electronic repulsion.®!

{FeNO}® complex 37, featuring an unusual axial O-nitrito
ligand, can be obtained in 63% yield by a two-step procedure.
First, a MeCN solution of 4 is treated with NO gas, effectively
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generating the {FeNO}” compound 35 in situ, then oxygen is
added (Scheme 8).*' A proposed mechanism involves the
formation of NO, in the gas phase, which subsequently under-
goes a redox reaction with {FeNO}’ complex 35 to form
{FeNO}*(ONO~) complex 37. The mechanism was supported
by '®0, labeling experiments and DFT calculations. Direct
oxidation of 35 to a five-coordinated {FeNO}® complex has not
been achieved as well as nitrite salts do not lead to a reaction.
Identical to 20, 35 does not show any oxidation peak in CV up to
+1.5 V. However, in presence of a nitrite salt, a redox transition
assignable to {FeNO}’/{FeNO}® is observed in CV, underlining the
requirement of binding of a sixth ligand trans to NO for the
oxidation of 35. The low isomer shift (—0.16 mm s™") of 37 is
evidence for the metal-centered oxidation and the large quadrupole
splitting (3.12 mm s~ ) is caused by the extensive charge donation
of the tetracarbene into the iron 3d,._,. orbital leading to an oblate
charge distribution around the iron nucleus (see Section 3.4).
Reduction of 37 with one equivalent of CoCp, releases the weakly
bound nitrito ligand and forms 35, and two equivalents of CoCp,
give 36 (Scheme 8). Kf X-ray emission spectroscopy has been
performed to confirm the low-spin state of all three complexes
35, 36 and 37.%!

4.3. Oxygen activation and transfer

In nature, many metalloproteins show defined reactivity towards
oxygen due to adaptation to an aerobic environment.'** Activation
of oxygen for e.g. oxygen transport or oxidation reactions involves
reactive, high-valent metal-oxo intermediates."> Iron tetracar-
benes as biomimetic heme analogs are therefore investigated
regarding their reactivity towards oxygen. Some high-valent iron-
oxo species have been isolated and represent artificial models of
intermediates in oxygen activation in enzymes, enabling the study
of their reactivity as well as electronic and structural properties
(Table 3).

The neutral iron(u) complex 6 has been reacted with Me;NO
or oxygen/air to form diiron(im)-p,-oxo complex 38 in 74% yield
(Scheme 9).%* Similarly, 39 is obtained in 88% yield from 15
using Me;NO.%® Based on this reactivity, the bridged diiron
complex often times is the primary impurity if traces of oxygen
or water are present.®® 38 is stable under air and moisture and
oxidized PPh; slowly with only 15% conversion to 28 (Scheme 6)
after 4 days, in contrast to the fast oxidation of PPh; shown by
44 (Scheme 14).”* 38 shows a linear Fe-O-Fe axis, similar to 39
and all other described p,-oxo-bridged diiron complexes, except
for 44, exhibiting a bent axis. Despite iron formally having 15
valence electrons, these oxo-bridged diiron complexes com-
monly are diamagnetic due to the antiferromagnetic coupling
of the unpaired electrons over the bridging oxide.”* The protons
of cyclohexane from 39 pointing toward the oxo ligand are
shifted downfield in the NMR spectrum, suggesting significant
hydrogen bonding, which is further visible in the XRD structure.

When cationic iron tetracarbenes 4 and 12 are stirred under
ambient atmosphere, diiron(m)-i,-0xo complexes 40 (98%
yield, Scheme 10)°° and 41 (76% yield)®" are obtained. 40 is
also obtained by oxidation of 4 with mCPBA, Me;NO or, in
contrast to the generation of iron(iv)-oxo complex 42 with
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2-("BuS0,)C¢H,4IO (Scheme 11), with CgH4IO. The molecular
structure of both complexes resembles 38 and 39 with an
effectively linear Fe-O-Fe axis. 40 and 41 are diamagnetic (S = 0)
as well due to antiferromagnetic coupling. In fact, the antiferro-
magnetic coupling of 40 was found to be very strong (J =
—606 cm ™~ ").%° Based on the Méssbauer parameters and supporting
DFT calculations, both 40 and 41 have intermediate-spin S; = 3/2
iron centers,”"'>” revising the earlier drawn conclusion of 40 being
a rare example for a low-spin diiron(m)-u,-ox0 complex.®® The
isomer shift of 41 (0.03 mm s ', Table 3) is similar to 40
(0.04 mm s, supporting the nearly linear correlation of oxidation
state and isomer shift displayed in Fig. 7, despite its different
backbone modification resulting in a more electron rich iron center.

A first example of an organometallic Fe™—0 complex (42) has
been isolated by reaction of 4 with oxo-transfer agent 2-("BuSO,)-
CeH410™° at —40 °C in MeCN in 16% yield (Scheme 11 and
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Scheme 11 Generation and reactivity of 42 from 4.5°
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Table 4).°° Interestingly, reaction with analog C¢H,4IO yields 40
directly. 40 is stable at —40 °C for at least one month. Upon
warming to room temperature, 42 is reduced to binuclear
diiron(m)-p,-oxo complex 40 (Scheme 11). Single crystals of
the oxoiron(v) complex suitable for XRD were obtained by slow
diffusion of Et,O into a EtCN solution at —40 °C (42a).°° The
molecular structure reveals a nearly linear N-Fe-O angle and
weak intramolecular hydrogen bonds between the ethylene
bridges and the oxygen atom (Fig. 10), which, together with
steric shielding of the ligand, probably stabilize the high-valent
oxygen adduct. The hydrogen bonding strength was calculated
to be 1.9 kcal mol~"."*” 42 can be assigned to an intermediate-
spin (S = 1) based on a SQUID measurement, being stabilized by
the strong c-donation of the tetracarbene ligand over S = 2 spin
state by rising of the iron 3d,._,. orbital. Fe""=0 porphyrins
also exclusively adopt the S = 1 configuration of the metal
center."® The reactivity of iron(iv)-oxo complex 42 in C-H bond
activation and further details on the electronic properties of 42
are discussed in 4.4.

In contrast to diiron-oxo systems 40 and 41, stirring of 1
under ambient atmosphere in MeCN does not yield a p1,-oxo
bridged diiron complex, but iron(m) analog 2 (Scheme 12).”*
The transformation has been proposed to proceed via a sto-
chiometric reaction of 1 and O, by monitoring of the oxygen
pressure. The oxidation of 1 to 2 by molecular oxygen is
complete within 5 h at room temperature. Higher oxygen
pressures of 3.5 bar promote the reaction. In return, addition
of DMSO to 1 leads to no detectable formation of 2, but rather
the stable bis(DMSO) complex 18 (Scheme 5). Therefore, it has
been hypothesized that the key step in the oxidation of 1 to 2 is
an oxygen-axial ligand exchange that is hindered by axial ligand
coordination.”* However, no iron-oxo intermediates or oxyge-
nated products could be observed. This finding has been
explained by the oxidation of the solvent, MeCN, to form

Fig. 10 ORTEP-style representation of the cationic fragment of 42a.
Selected atom distances [A] and angles [°]: Fe-O1: 1.661(3), O1.--H9A:
2.31, O1.-.H17B: 2.35, O1.-.C9: 3.036(6), O1...C17: 3.078(6); C9-
H9A---O1: 130.5, C17-H17B---O1: 131.6.
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glycolonitrile followed by decomposition to gaseous formalde-
hyde and HCN.”>”* Indeed, when using ‘BuCN, PhCN or
acetone as solvents bearing less activated C-H bonds, a -
oxo bridged diiron(u) complex 44 is obtained (67% yield for
acetone, Scheme 12).”%”” The above described reactivity has -
so far - not been reported for other p,-oxo diiron complexes.
Nevertheless, the oxidation of 1 to 2 by O, without detectable
formation of an Fe-O-Fe dimer is analogous to the oxidation of
hemoglobin (Fe™) to methemoglobin (Fe™) and a
superoxide.”*'®" Complex 44 is diamagnetic. However, it is
the only diiron(m)-p,-0xo complex in this review, which does
not exhibit a linear Fe-O-Fe moiety, displaying an 162.72(17)°
angle, presumably due to the lower steric demand of the small
tetracarbene.®'

On the pathway to 44, a superoxo iron(m) complex 43 has
been isolated at —40 °C in acetone in 64% yield (Scheme 12 and
Table 4), stable in solution or as solid at these temperatures for
a few days.”* 43 is diamagnetic, which has been explained by
the antiferromagnetic coupling of the iron(m) center and the
superoxide ligand.”*'®>'®* The superoxidic nature of 43 is
confirmed by EPR experiments using 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) as superoxide trapping reagent. Oxygen cen-
tered radicals are expected to form EPR active oxidation pro-
ducts upon reaction with DMPO.”#*¢4"1¢¢ EPR measurement of
43 + DMPO under inert atmosphere gives two independent
signals with the first, g = 1.97, corresponding to an experiment
of 2 + DMPO, indicating a partial decomposition of 43 to 2
under the reaction conditions. The second, g = 1.95, is related
to an experiment of 1 + DMPO + O,, proposing the same formed
oxygen centered radical for the reaction of 1 + DMPO + O, and
43 + DMPO. As the latter experiment of 43 + DMPO has been
conducted under inert conditions, the oxygen radical is sup-
posed to be bound to the iron center of 43, corroborating 43 as
iron(m)-superoxo complex. Both the NMR spectrum and the
structure obtained from DFT calculations do not show axial

2256 | Chem. Soc. Rev,, 2023, 52, 2238-2277
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MeCN ligands. DFT calculations suggest a side-on coordination
of the superoxide and stabilizing hydrogen bonds between the
methylene bridges and the superoxide (Fig. 11), similar to the
Fe"™V—O0 complex 42 (Fig. 10). 43 can also be obtained from
reaction of 2 with KO, at —40 °C in acetone (Scheme 12), which
forms 44 upon warming to room temperature. 44 in turn is
reduced by KO, to retrieve the starting material of the redox
cycle, iron(m) complex 1.7*

Iron(m)-superoxo complex 43 has been reacted with more
nucleophilic ligands DMSO and PPh;, replacing the superoxide
and leading to iron(u) complexes 18 and 45 (Scheme 13). Upon
addition of MeCN, iron(m) complex 2 is obtained, which is in
accordance to the reactivity of 1 with O, to form 2.”* Iron dimer 44
oxidizes PPh; to O—PPh; forming 1 (Scheme 14). Furthermore,
reducing agents like Zn or Fe powder, hydroquinone or KO, also
reduce 44 to 1. The oxidation of MeCN by 44 has been monitored
via NMR or UV/Vis spectroscopy. In solvents with less activated
C-H bonds like ‘BuCN or PhCN, the decay of 44 to 1 is signifi-
cantly decelerated or even suppressed.”"”” Deoxygenation of 44 to
2 is achieved by addition of Brgnsted acids such as HBF, or HPF,
at room temperature.”*

Diiron(m)-p,-0xo complex 44 can be oxidized using ThPFg
(see Section 4.1) in MeCN at —40 °C to form a rare example of a
diiron(um,v)-p,-0x0 complex 46 in 85% yield (Scheme 15)."*> 46
is remarkably stable and can be stored several months at
—37 °C as solid. Upon oxidation to 46, the Fe-O-Fe angle
significantly changes from 162.72(17)° to nearly linear
176.34(11)° as shown in the crystal structure (Fig. 12) and
similar to all other diiron(ur)-y,-oxo complexes in this review.
In contrast, 46 contains two axial MeCN ligands, presumably
due to the higher Lewis acidity of the iron center. 46 is
paramagnetic and has been assigned as a S = 1/2 system by
EPR spectroscopy, whereas 44 is EPR-silent due to antiferro-
magnetic coupling (vide supra). CV suggests possible oxidation
of 46 to a diiron(iv)-u,-oxo complex 47. Indeed, a change in

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 DTF-derived structure of the cationic fragment of 43. Repro-
duced from ref. 74 with permission from the Royal Society of Chemistry.

color can be observed when adding one equivalent of ThPF, to
46 in MeCN at —40 °C. However, this intermediate has not been
isolated as thianthrene is readily oxidized to thianthrene

NCMe |(PFe),

0=0  |(PFg) L

View Article Online
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5-oxide. Similarly, the reaction of 44 with two equivalents of
ThPF, gives iron(m) complex 3, oxidized thianthrene 5-oxide
and thianthrene. However, UV/Vis kinetic studies provide
further evidence for 47, showing the formation of a new species
after the addition of two equivalents of ThPF, to 44 in MeCN at
—40 °C, which is distinctly different from diiron(u,w)-p,-oxo
complex 46. This species is highly temperature sensitive and
decays to 2 upon warming to room temperature.

4.4. C-H bond activation

The electronic structure of the iron(iv)-oxo complex 42 (Fig. 13)
has been investigated in detail using helium tagging infrared
photodissociation, absorption, and magnetic circular dichro-
ism spectroscopy, coupled with theoretical calculations."®’
Thus, relevant ligand field transitions have been unambigu-
ously assigned. Like 42, the majority of iron(iv)-oxo complexes
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Fig. 12 ORTEP-style representation of the cationic fragment of 46.
Reproduced from ref. 132 with permission from the Royal Society of
Chemistry. Selected (average) atom distances [A] and angles [°]: Fe-O:
1.7286(19), Fe—Cnpc: 1.931(2), Fe—O—Fe: 176.34(11), O—Fe—-Cypc: 94.23(63).
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possesses a § = 1 triplet ground state,""” but a few compounds
are known to have a § = 2 quintet ground state (Fig. 14)."%""°
The quintet ground state can be favored by lowering of the
x*—y” orbital by use of a weak field ligand (H,O) or elongation
of the Fe-ligand bonds in equatorial plane through steric
demand. In the case of 42, the opposite effect is achieved by
the strong c-donation of the tetracarbene ligand in equatorial
plane to rise the x>—y* orbital."®” In fact, the excitation energies
of the d,;,, — d.» transitions of 42 are found to be much lower
than the d,;, — d,2_, transitions. This reveals the unusual
electronic structure of 42, in which the d,._,. orbital is placed
above the d,. orbital, opposite to N-ligated 48""" and related
complexes, as shown in Fig. 13. The equatorial tetracarbene
ligand appears to have no discernible impact on the bonding in
the iron(iv)-oxo unit but pushes the x*—y* orbital above the z*
orbital with its strong c-donation. The Fe-O stretching vibra-
tion of 42 is 832(3) cm ™" for the ground state and a vibration at
616(15) cm ™" has been calculated for the excited state.’®” The
former is in the range of 815 to 855 cm ™ for other iron(iv)-oxo
complexes."”® The triplet-quintet energy gap for complexes
bearing polydentate N-donor ligands usually is quite low
around 3 kcal mol™" (Fig. 14). Here, the iron-ligand bonds in
equatorial plane are expected to increase slightly upon excitation
of one electron from the d,, to the d,._,. orbital for the quintet
state, while the Fe-O bond rather remains the same.'®”"*”>717 In
contrast, the calculated Fe-O bond of 42 (1.73 A) for the quintet
state is significantly larger than in the triplet ground state
(1.661(3) A, Table 4), due to one electron being in the d,. orbital.
This leads to considerably larger triplet-quintet energy gaps of
18.7 keal mol™* and 28.3 kcal mol*, derived by DTF or state-
specific CASSCF/NEVPT?2 calculations, respectively.'®” The calcu-
lated triplet-quintet energy gap of a hypothetical iron(iv)-oxo
complex of 1 is 15 kecal mol ~.'"

High valent iron(wv)-oxo species are key intermediates in
enzymatic cycles in nature that carry out challenging substrate
transformations including the oxygenation of unreactive C-H
bonds under mild conditions.'”®'”” Therefore, the develop-
ment and study of synthetic models is of high interest. The
iron(iv)-oxo species is expected to cleave the C-H bond first by
hydrogen atom transfer (HAT) to yield a radical and Fe™-OH
intermediate (Scheme 16).>%'>7178

The C-H bond activation for S = 1 complexes like 48 does not
necessarily proceed via the triplet ground state but can also

H-CR; 48 H-CR,

22 —
3y + S
e+ +

Quintet pathway

Fig. 14 Electron transfer pathways for the HAT process mediated by 42 and 48. The most favorable substrate attack trajectories are highlighted in red,

determined by computational methods.*>°
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involve the excited quintet state due to the low triplet-quintet energy
gap, vide supra, called two-state reactivity (Fig. 14)."°%'¢7172180 The
quintet state is expected to be more reactive and have a lower
activation barrier, but no distinct conclusion has been drawn so
far, as experimental data from S = 2 complexes is hampered by
their low stability or steric hindrance.">*'®”'#182 purthermore,
the C-H bond activation can run via two routes, ¢ and «. In the
o-pathway, the d,. orbital accepts one electron, and the Fe-O-H
angle is around 180°, whereas in the n-trajectory the d,,,, is the
electron accepting orbital and the Fe-O-H angle is close to 120°
(Fig. 15).">77>183184 1n terms of mechanistic studies, a simple
model exclusively showing triplet reactivity is desired to restrict
the possible four pathways to two. In the case of complex 42,
the large triplet-quintet energy gap should lead to a triplet-only
pathway. This has also been proposed for the hypothetical
Fe'V=0 complex of 1.'7> Therefore, the reactivity of complex
42 in C-H activation has been investigated and compared to
48.159’167

42 reacts with several substrates containing rather weak C-H
bonds like 1,4-cyclohexadiene (CHD), 9,10-dihydroanthacene
(DHA), 9H-xanthene and 9H-fluorene at —40 °C in MeCN to avoid
self-decay of 42 to diiron(m)-j,-0xo complex 40 (Scheme 17)."°
The proposed mechanism proceeds via an iron(ur)-hydroxo inter-
mediate 49 and yields 40 in the end, as evidenced by UV/Vis and
mass spectroscopy experiments.'> However, 40 is not a dead-
end product in this case, contrary to usual p,-oxo bridged
diiron(m) complexes. As revealed in a follow-up study, 40 ther-
mally disproportionates in MeCN solution at room temperature
into 42 and 4 without additional oxidant (Scheme 17, blue).'®®
The equilibrium constant is small with K., = 7.5(2.5) x 10 ° M.
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Fig. 15 Optimal substrate attack geometry of the substrate for the ¢- and

n-pathway.

ZFe-O-H ~ 180.0°
o pathway

157

£Fe-0O-H ~ 120.0°
n pathway

This journal is © The Royal Society of Chemistry 2023

View Article Online

Chem Soc Rev

Nﬂ’ \\iN —‘1—,
[Fe'] + [ “EelV ] ka4 0.5 [Fe"-0-Fe']
4 N~ ‘ AN rt 40

2-('BuSO,)CgH4I0

o s

“Fell

Scheme 17 C-H activation of 42 of CHD and DHA as substrates.*>®

The formed 42 can continue with C-H activation and a selective,
full conversion was achieved.

The decrease of 42 during C-H activation has been measured
as k,ps and appears to be independent from the concentration of
42, meaning that the process follows pseudo-first-order kinetics
and is bimolecular. In Fig. 16 (left), the linear correlation of kops
versus the concentration of the substrate is shown. A plot of
log(k,") versus the bond dissociation energy of the weakest C-H
bonds is presented in Fig. 16 (right), as well. k,’ is defined as
the second order rate constant k, divided by the number of
equivalent C-H bonds on the substrate.'>® A linear correlation is
observed with a slope of —0.39, similar to other iron(iv)-oxo
complexes.>># %% 42 shows no reactivity towards substrates
with a stronger C-H bond like cyclohexane (99.5 kcal mol %)
under these conditions. The kinetic isotope effect (KIE) has been
investigated by employing DHA-d, as substrate and ky/kp = 32(8)
at —40 °C, 18 at —20 °C and 11 at 0 °C were found.">® Complex 48
has a KIE value of 10 at 25 °C."*® The large KIE values indicate
HAT as rate determining step and the reaction to proceed along the
triplet pathway (S = 1, Fig. 14)."**'°%'% The KIE values decrease
with an increasing temperature, explained by an increasing impact
of the differences in entropy (DHA: AS* = —22.4(7) cal K~ " mol ™" vs.
DHA-d: AS* = —11.6(2.0) cal K~* mol™*) and decreasing influence
of the activation enthalpy between C-H and C-D (DHA: AH® =
8.5(2) keal mol™ vs. DHA-dy: AH® = 13.0(5) kcal mol™?). During
C-H activation of DHA, 64% of the theoretical maximum yield is
obtained after 100 s (0.32 equivalents of maximum 0.5 equivalents),
whereas 74% is reached after 1 h. This fast initial conversion
supports the proposed formation of an Fe™-OH intermediate.
Anthracene is the sole product, and no oxygen atom transfer
has been observed. The bimolecular reaction rates k, of 42
are 2-3 orders of magnitude higher than those of 48 but up to
4 orders of magnitude lower than the most active systems, which
are capable of oxidizing cyclohexane, a model substrate in C-H
oxidation,'>*%'93719 gor comparison, Compound I, the reactive
Fe™—=O0 intermediate of cytochrome P450, is capable of cleaving
unactivated C-H bonds with a rate constant of 1.1 x 10’ M s~ 1.1%

Variations in the ligand environment can have a significant
influence on the structural and electronic properties of the
complex, as showcased in Section 3. These changes can impact
the C-H activation activity as observed between 42 and 48.
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Fig. 16 Left: Kinetic data for 42 at 233 K in MeCN. Right: Plot of log(k,’) against the weakest C—H bond dissociation energy of various substrates for 42.
Reprinted and adapted with permission from ref. 159. Copyright 2017 American Chemical Society.

Another example is an iron(iv)-oxo complex resembling 48 but
with a smaller equatorial tetradentate ligand (an ethylene
instead of a propylene bridge), resulting in a 3 orders of
magnitude higher activity compared to 48."%”

Computational studies on the mechanism of HAT suggest a
dissociation of the ¢rans axial MeCN ligand in 42, in contrast to
48, as the resulting five-coordinated complex appears to have
enhanced reactivity in HAT."”>'”®> The HAT is predicted to
follow a radical reaction pathway, as shown in Scheme 16,
beginning with the formation of an oxyl-iron(m) (Fe™-0°")
species from 42 into the iron(u)-hydroxo intermediate 49 and a
hydrocarbon radical."®”**® Furthermore, HAT is proposed to
proceed via the n-trajectory in the triplet pathway and a potential
following hydroxylation step via the o-trajectory.’*”'®* Large
kinetic barriers are calculated for C-H bond activation and
hydroxylation.">”

The C-H activation arising from the disproportionation of 40 to
42 can be significantly retarded upon addition of 4 and conse-
quently shifting the equilibrium towards 40 (Scheme 17)."** Clea-
vage of the Fe-O-Fe bridge and subsequent disproportionation was
suggested to be initiated by axial coordination of the Fe™ =0 unit
to one iron center of 40. An isolated molecular structure of a 42-40-
42 adduct is indicative of this conjecture (Fig. 17). Furthermore,

this adduct supports the proposed highly nucleophilic character of
the oxo-ligand in 42, which unusually does not show oxygen atom
transfer with common substrates like MeSPh or PPh,.'**'%

4.5. Further Fe-X-Fe (X = S-S, P, N) complexes

A trans-1,2-disulfide-bridged (trans-u-n":n"-S,)-diiron(m) complex
(50) has been obtained after reaction of an excess of elemental
sulfur with 4 in THF and subsequent precipitation from a MeCN
solution with Et,0 at —35 °C in 20% yield.'>>'*¥2% The rather
low yield is a result of decomposition of 50 in MeCN to the
starting complex 4 when exposed to higher temperatures
(Scheme 18). Under ambient conditions, 50 shows the same
reactivity as 4 and forms the p,-oxo bridged diiron complex 40.
XRD results reveal the molecular structure drawn in Scheme 18.
The N-Fe-S angles are nearly linear (178.96(15)°, Table 3) and the
Fe-S-S moiety is bent with an angle of 112.59(9)°.">> Generally, the
disulfide-diiron unit can resonate between three structures
including different oxidation states (Scheme 19)."°>*°" However,
the S-S bond length (2.023(3) A) is closer to the one in H,S,
(2.055 A)*°* than to free S=S (1.887 A),>*® indicating single bond
character.””® 50 has been found to be diamagnetic (S = 0) due to
extremely strong antiferromagnetic coupling (J = —836 cm™ ),
similar to 40 (J = —606 cm™ ').°>'>> Mossbauer spectroscopy

Fig. 17 Molecular structure of the 42-40-42 adduct. Selected atom distances [A] and angles [°]: Fel-01: 1.673(4), Fe2-02: 1.7685(9), O1. - -Fe2: 3.193(5),
Fel---Fe2: 4.8647(13), Fe2---Fe2_a: 3.5369(13), O1-Fel-N9: 179.4(4), Fel-O1.--Fe2: 178.2(3), Fe2-0O2-Fe2_a: 179.7(8).
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indicates identical local iron sites, excluding a mixed-valence
configuration (Scheme 19, middle). The lower isomer shift of 50
(0.15 mm s ') in comparison to iron(u) parent complex 4
(0.23 mm s ") suggests low-spin iron(m) centers (S; = 1/2), which
is supported by DTF calculations.'>®

A first example of a Fe-P-Fe complex containing a single-
atom “naked” phosphorus bridge has been reported by reaction
of Na(OCP)**** as a P-anion transfer reagent with 4 in THF at
—35 °C, forming a green precipitate (Scheme 20). It was char-
acterized as the diiron(u)-p,-phosphido complex 52. Mononuclear
iron(un) complex 51 can be obtained as single crystals from the
THF solution. Both 51 and 52 are formed in equal amounts in
total about 60% yield.®* 51 contains an axial P-bound OCP™ ligand
and a CO ligand.>***”” The P-Fe-CO and P-C-O angles in 51 are
nearly linear (174.73(13)° and 178.1(5)°, Table 2) and the C-P-Fe
angle is 95.32(16)°. 51 is diamagnetic and the low-spin (S = 0)

configuration is confirmed by Mossbauer spectroscopy, even
though its isomer shift is lower (0.05 mm s~ ') in comparison to
starting iron(m) complex 4 (0.23 mm s~ '),°° which has been
explained by the different n-backbonding capabilities of the axial
ligands.®” The diiron(m)-p,-phosphido complex 52 shows a nearly
linear Fe-P-Fe angle (178.25(12)° Table 3) and is diamagnetic,
similar to other bridged diiron complexes (except 44, which has a
bent angle but is also diamagnetic, see Scheme 12). A very strong
antiferromagnetic coupling is observed between the two iron
centers (|2]|] = 1200 cm™ ') close to 40 (J = —606 cm ™ ').%%%
The S = 0 ground state and the formal iron(m) centers of 52 have
been confirmed by Mdssbauer spectroscopy. The signal of the P
nucleus appears at 1480 ppm in *'P NMR. Furthermore, three
conformational isomers have been detected in NMR. The reaction
of 4 with NaOCP is assumed to form [LFe(PCO)(MeCN)]" first,
which quickly releases CO. The ease of decarbonylation of OCP™
can be explained with its resonance structures (Scheme 21, right).
The release of CO might result in [LFe(P)(MeCN)]", which reacts
with 4 to 52, but might also be triggered from the coordination of
[LFe(PCO)(MeCN)]" with 4 to form 52, without a terminal
phosphido intermediate. 51 might be formed by substitution of
MeCN with CO of [LFe(PCO)(MeCN)]", apparently stabilizing the
P-bound OCP™ ligand.

0
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Scheme 20 Synthesis and one-electron oxidations of 52.82
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Scheme 21 Resonance structures of OCP™ and their weights obtained
from natural resonance theory analysis.2%*

UV/Vis monitored CV suggests the possibility of oxidizing 52
twice. Indeed, oxidation of 52 in MeCN with one equivalent or
2.5 equivalent of AgOTf leads to diiron(u,w)-u,-phosphido
complex 53 and diiron(w)-p,-phosphido complex 54, respec-
tively, after precipitation with Et,O (Scheme 20). The second
oxidation is kinetically hindered and the product, 54, is
unstable at temperatures above ca. —10 °C. 53 contains one
additional axial MeCN ligand stabilizing the higher oxidation
state, but more information is not yet available due to the
comparatively poor quality of the obtained crystallographic
data. The molecular structure of 54 is similar to 52 and the
Fe-P-Fe angle remains linear (179.61(4)°).%> Based on the
structures of 53 and 54, the electrochemical irreversibility at
lower temperatures has been assigned to coordination/disso-
ciation processes of the axial MeCN ligands. The isomer shift of
the three p,-phosphido bridged complexes 52, 53, 54 barely
changes upon oxidation, which might be assigned to a ligand-
centered oxidation at first glance. However, the situation is
similar to the series of {FeNO}* complexes (see Sections 3.4,
4.2.2) and represents a metal-centered oxidation. The effect of
deshielding of the 4s-iron orbital upon higher oxidation state,
resulting in a higher electron density around the nucleus and
thus smaller, more negative isomer shift, is counterbalanced by
the longer Fe-NHC bonds in 54 (2.017(9) A) compared to 52
(1.982(11) A), leading to reduced c-interactions, a lower com-
pression of the 4s-iron orbital, a lower electron density around
the nucleus and hence a higher, more positive isomer shift.
SQUID magnetometry was used to assign paramagnetic 53 to a
S =1/2 and diamagnetic 54 to a S = 0 system.

Molecular iron nitrido complexes are of interest as models of
key intermediates in the industrially highly desirable conversion
of N, to NH; under mild conditions, as also observed in certain
organisms. Addition of ["Bu,N|N; to 4 in DMF and precipitation
with Et,O yields diiron(m)-p,-nitrido complex 55 (69% yield,
Scheme 22).%* The original formation of a [LFe"(N3)]* species
has been assumed, subsequently combining with 4 to release N,
and form 55, possibly via a high-valent [LFe" = N]" intermediate.
The quantitative isolation of [LFe"(N3),] (60) and [LFe"(N;)](OTf)
(61) from reaction of 4 with an excess of ["BuyN|N; at —35 °C
supports this idea. The high isomer shift of 60 (0.32 mm s,
Table 2) is indicative of an iron(u) oxidation state. Both mole-
cular structures resemble 4 with nearly linear N-Fe-N angles (60:
174.4(12)°% 61: 176.21(18)°) but the azido ligands are tilted, ie.
the Fe-N-N angles are bent (60: 127.5(8.5)°; 61: 120.4(4)°). The
molecular structure of diiron(ur)-p,-nitrido complex 55 is similar
to p,-0X0 complex 40 (Scheme 10), but the Fe-N bonds are
shorter (1.690(1) A) than the Fe-O bonds (1.752(1) A), indicating
multiple bond character in 55, similar to the situation in 52
(Scheme 20 and Table 3). As is compound 40 and other bridged
diiron(m) complexes in this review, 55 is diamagnetic (S = 0) due
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Scheme 22 Synthesis and one-electron oxidations of diiron(in)-p,-nitrido
complex 55. The latter were conducted in MeCN at —35 °C. The counter-
ions of 4, 55, 57 and 59 are OTf~, whereas 56 and 58 can experience
partial anion exchange 8

to very strong antiferromagnetic coupling (J > —700 cm™ ',

stronger than 40 but weaker than 50, see Scheme 18). The
"H NMR spectrum shows three different isomers with and with-
out twisted tetracarbene ligands around the Fe-N-Fe axis.®
One-electron oxidation of 55, as indicated in CV, has been
achieved with AgOTf, AgSbFs or NOBF, (see Section 4.1) to
obtain the mixed-valent diiron(ur,w)-p,-nitrido compound 56
(70% yield, Scheme 22).%* Here, similar to 53 (Scheme 20), an axial
MeCN ligand is coordinating to the iron(v) center. Oxidation of 55
with AgNO; leads to a mixed-valent complex (57, 83% yield) with
an axial O-bound nitrate at the iron(v) site. In excess of AgNO3, a
diiron(iv)-p,-nitrido species (59) with two axial O-bound nitrates is
formed in 77% yield. Complementary, excess of NOBF, with 55
gives the respective diiron(iv)-p,-nitrido complex (58, quantitative
yield) with two axial MeCN ligands, which is slightly less stable
than its counterpart 59. The molecular structures resemble those
of other bridged diiron complexes and the Fe-NHC bonds slightly
increase upon higher oxidation state (55: 1.988(11) A; 59:
2.016(18) A, Table 3). Méssbauer spectroscopy and EPR mea-
surements lead to an assignment of 56 and 57 to S = 1/2 systems
whereas 58 and 59 have S = 0 ground states. The observed high
covalency in the Fe-N-Fe moiety across the redox series sug-
gests the use of Enemark-Feltham notation: {Fe,N}"** with the
nitrido ligand (N°7) as 2e~ o donor and 4e~ = donor, and 7 the
number of d-electrons. Thus, 55 can be written as {Fe,N}**

and 57 as {Fe,N}"* and 58 and 59 as {Fe,N}'*> complexes.*

4.6. Monomeric iron(IV) adducts

Iron(wv) imides are proposed to be intermediates in the azir-
idination of olefins (see Section 5.2).’% In an attempt to isolate
a potential iron(wv) imide species from an iron(u) aziridination
catalyst, 17,°> an iron tetrazene complex has been isolated
instead: Addition of p-tolyl azide to a solution of 17 in MeCN
at 40 °C yields the iron(wv) tetrazene complex 62 (74% yield,
Scheme 23)."°° 62 is diamagnetic (S = 0) and displays a trigonal

prismatic geometry. The N-N bond lengths suggest a double

This journal is © The Royal Society of Chemistry 2023
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Scheme 23 Synthesis of iron(\v) tetrazene complex 62 and its reduction to 63.16°

bond between the central nitrogen atoms, indicative of a
dianionic tetrazene ligand (Table 4). Reduction of 62 has been
achieved with CoCp, to give its low-spin (S = 1/2) iron(im)
tetrazene analog 63. The reduction has been assigned to be
metal-centered based on the results of Mossbauer and EPR
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Scheme 24 Synthesis of iron(iv) tetrazene complex 64.1°
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spectroscopy in contrast to other cases, where the tetrazene
ligand has been found to be redox active.'®>*°*?° The overall
geometry is similar to 62.

Another iron(wv) tetrazene (64) has been obtained from
reaction of excess p-tolyl azide with neutral iron(u) aziridination
catalyst 8 in THF at room temperature in 14% yield
(Scheme 24). 64 adopts a distorted trigonal prismatic geometry
resembling 62.%

Reaction of rather steric demanding azide compounds with
the smaller, more rigid iron(i1) complex 6 did not yield iron(wv)
tetrazenes, instead, it gave the first examples for five-coor-
dinated iron(v) imides. Addition of tert-butyl azide, adamantyl
azide or 2,6-diisopropylphenyl azide to a solution of 6 in
benzene forms iron(iv) imides in 90% (65), 83% (66) and 78%
yield (67), respectively (Scheme 25).”® The complexes are ther-
mally stable but react with traces of water to result in free
amine and the p,-oxo-bridged diiron(m) complex 38. Complex 6
is ineffective for aziridination reaction and the iron(w) imide
complexes are as well (see Section 5.2). 65 and 66 show a similar
distorted square-pyramidal structure with the imide nitrogen
atom tilted towards one side of the macrocycle.”® The Fe-N-C
angles are more bent for 65 (150.07(10)°, Table 4) and 66
(149.4(3)°) in comparison to 67 (163.04(11)°). 67 exhibits a
symmetric structure, where the imide ligand is placed in the
middle of the tetracarbene. The bending of the tetracarbene
ligand upon formation of the iron(iv) imides can be recognized
by the change of the NHC-Fe-NHC angles from square planar 6
(178.74(47)°) to around 145°. 67 has a significantly longer Fe-N
bond (1.7300(12) A) than 65 or 66 (~1.65 A). As 67 is para-
magnetic, it has been assigned an intermediate (S = 1) spin
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Scheme 26  Synthesis of iron(v) diazoalkane 68 and iron(iv) alkylidene 69.%°
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state using Evans NMR method. 65 and 66 are diamagnetic
(S =0). The iron(v) oxidation state was confirmed by Mossbauer
spectroscopy. °N isotope labelling of 65 has been achieved
(83% yield), which allowed the measurement of the >N NMR
resonance of the >N imide at —413 ppm.

The reaction of oxidant N,CPh, with 15 gives a paramagnetic
iron(iv) diazoalkane complex 68 (76% yield, Scheme 26).°°
The axial ligand is suggested to be in a hydrazonido(2-)
[Fe'V=N"==N-C~Ph,] conformation®*® with an Fe-N-N angle
of 174.5(4)° and a N-N-C angle of 140.4(5)°. 68 has a spin state
S = 1.6 Reaction of 15 with N,CPh, at 105 °C in toluene forms a
purely organometallic iron(v) alkylidene complex (69, Scheme 26).
69 is diamagnetic (S = 0) and can also be obtained from heating of
68 at 85 °C albeit 15 is also generated. In contrast to iron
porphyrin alkylidenes, where suggested iron(iv) states have been
corrected to iron(u),”** the iron(iv) oxidation state of 69 has been
verified by CV measurements.*®

4.7. Carbene and phosphinidene transfer

Iron carbene adducts like 69 (Scheme 26) have been reported to
act as useful cyclopropanating agents.>'*>'® Test reactions of 69
in chiral cyclopropanation did not show a carbene transfer,
probably due to rather little space at the iron center for
disubstituted alkenes.®® Complex 15 also did not yield the
cyclopropane (¢, Scheme 27) but a dimeric azine (b).*®

Further studies on carbene transfer using N,CPh, have been
performed with 6, 7 and 38 (Scheme 9).°* Only 6 (25% load)
shows conversion of N,CPh, at r.t. within 1 h. Three products
are found in a 50 (e)/35 (f)/15 molecular ratio with an unidenti-
fied compound (“X”, Scheme 28). e and f are known side
products in the decomposition of N,CPh, after prolonged
heating, but control experiments without 6 do not yield these
compounds, evidencing a certain catalytic activity of 6 albeit at
low selectivity.®*>'>">
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Scheme 27 Cyclopropanation test reaction with 6.5°
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Scheme 28 Carbene and phosphinidene transfer test reactions.®®
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Phosphinidene transfer has been tested using g>'® and
complexes 6, 7, 8 and 38 (Scheme 28). Again, only 6 (10% load)
shows conversion of g at r.t. within 2 h. The major product h is
generated in high selectivity and a control reaction without 6
shows minor decomposition of g. It should be mentioned, that
8, although structurally very similar to 6, does not show any
reactivity.®> In return, 8 is active in aziridination reaction,
whereas 6 is not.**”®

4.8. Olefination of aldehydes

Catalytic olefination of aldehydes in Wittig reactions are known
with transition metal complexes containing, for example, Mo,
Re, Ru and Fe, and have the advantage to not require the
preformation of the ylide as in an un-catalyzed Wittig
reaction.”’”'® While many described systems need high
catalyst loadings and harsh conditions, an iron(u) porphyrin
was reported as a first highly active catalyst working at r.t. at
low concentrations.>'*>*> Hence, iron(i) tetracarbene 1 as
organometallic heme analog has been tested in the catalytic
olefination of aldehydes using 4 mol% of 1 and benzaldehyde,
ethyl diazoacetate (EDA) and triphenylphosphine at 70 °C for
4 h. However, no olefin formation but undesired azine has been
observed in 63% yield (Scheme 29). This has been assigned to
the decomposition of the tetracarbene ligand of 1 in the
presence of EDA, resulting in de-coordination of iron and
thus un-catalyzed azine formation. The degradation is sug-
gested to proceed via an unstable iron(wv) carbene species
(Scheme 30), as for other iron complexes, which would resem-
ble the reactivity of 15 yielding iron(wv) alkylidene 69
(Scheme 26).0>"?

o}
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N .
PhCHO PhCHO
[Cat] EDA
N, + PhzP=0 O=PPhs
O
X, N
OEt vs. ©/\N %)J\OEt
ethyl cinnamate "azine"

Scheme 29 Catalytic olefination of aldehydes (left) and un-catalyzed

competing reaction (right).?%°
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Scheme 30 Degradation of 1 in the presence of EDA?'°
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4.9. Summary

Iron tetracarbenes exhibit a manifold reactivity. Axial ligand
substitution is easy to perform and provides a simple but
powerful tool for post-modification of the electronic properties
of iron tetracarbenes. The choice and number of axial ligands
can be decisive regarding the spin state of the complex, e.g
S =0 or 1 for iron(u) or S = 1/2 or 3/2 for iron(u) complexes,
similar to iron porphyrins, but configurations with high-spin
are unfavored due to the strong c-donation of the tetracarbene.

Iron tetracarbenes show a great affinity to oxygen and
various p,-oxo bridged diiron, a superoxo and an iron(iv)-oxo
complex have been reported. The iron(iv)-oxo complex as a
synthetic model of the active key intermediates in enzymatic
cycles of C-H oxygenation has been studied in C-H bond
activation. The strong electron donation of the tetracarbene
into the equatorial plane rises the x>~y orbital above the 2
orbital, which is unusual and opposite to the electronic struc-
ture of most N-ligated iron complexes. This results in a con-
siderable larger triplet-quintet energy gap and thus exclusively
triplet reactivity in hydrogen atom transfer. The reaction rates
are on an intermediate level compared to the literature, but no
oxygen atom transfer has been achieved.

Similar to oxygen, N, P and S, containing diiron complexes
have been reported. These bridged diiron(m) complexes are
diamagnetic due to very high antiferromagnetic coupling and
can be stepwise oxidized to diiron(iv) compounds. The chelating,
electron donating nature of the tetracarbene ligand is beneficial
for the isolation of stable iron tetracarbenes in high oxidation
state (i.e. Fe'). Monomeric iron(iv) compounds also have been
obtained, such as iron(wv) tetrazenes and first examples of five-
coordinated iron(iv) imides - both being intermediates in the
aziridination reaction -, an iron(v) diazoalkane, an iron(v)
alkylidene and of course the already mentioned iron(iv)-oxo
complex.

5. Catalysis
5.1. Electrochemical CO, reduction

The reduction of CO, in general, but especially using molecular
catalysts with abundant metals mostly based on porphyrin or
other N-donor based systems, has experienced a revival in the
last 15 years. The idea is to remove excess greenhouse gas CO,,
a major cause of the climate change, from the atmosphere and
use it as feedstock.?***** Iron(n) tetracarbene 12 represents one
of the first examples of an iron NHC complex to be employed in
electrochemical CO, reduction.””?*® Iron tetracarbenes are
interesting systems to be investigated in CO, reduction, as they
are structurally similar, but electronic distinct to iron porphyrin
systems, which are capable and stable catalysts achieving
selective CO, to CO reduction at very high turnover frequencies
(TOF) up to 10° s~ 1223226

12 converts CO, to CO selectively at —2.21 V vs. F¢™® with a
faradaic efficiency of 92% in MeCN. A very high TOF of 3300 s " is
reached, which is in the range of other highly active firstrow
transition metal catalysts without a proton source.”® The turnover
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Scheme 31 Proposed mechanism for the reduction of CO, to CO by 12
and 33.7°

number (TON) of 4 is only modest. Mono- and bis(CO) complexes
33 and 34 (Scheme 7) are expected to be intermediates in the
catalytic cycle. Hence, 33 has been tested in the reduction of CO,
at —2.21 V and achieved a slightly lower TOF (3100 s~ ') but higher
TON (7). Linear sweep voltammetry spectroelectro-IR studies
together with DTF calculations suggest the catalytic mechanism
represented in Scheme 31. 12 is expected to lose one axial MeCN
ligand upon first reduction to give [LFe'(MeCN)J". It is consecu-
tively reduced to iron(0) and a CO, molecule coordinates to the
highly nucleophilic iron center with presumably occupied d,.
orbital due to the strong c-donating properties of the tetracarbene
(see Section 4.4 for details).*®” This is in contrast to iron porphyrin
complexes, where the reduction is ligand-centered and an
intermediate-spin iron(u) center which is antiferromagnetically
coupled to a porphyrin diradical anion is proposed.””®**° The
formation of CO in the absence of a proton source proceeds via
disproportionation of two formal CO,* ™ radical species to CO and
CO,27.7%?3% One can visualize the first CO to be bound to the iron
center still after the first cycle of 12, representing the mono(CO)
iron(n) complex 33. The following cycles of the initial complex 12
are the same as for the first and consecutive cycles of 33: The
MeCN ligand is removed upon first reduction of 33 to give
[LFe'(CO)]". The same steps mentioned above are repeated to
finish this catalytic cycle with bis(CO) complex 34. The next and
all subsequent catalytic cycles starting with 34 always involve the
removal of one CO ligand from 34 upon first reduction.”®

5.2. Aziridination

Aziridines, the smallest nitrogen-containing heterocycles, are
important building blocks and synthetic targets that can be

This journal is © The Royal Society of Chemistry 2023
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Scheme 32 Aziridination of olefins with organic azides catalyzed by 8, 16,
17 and 62.

found in natural products and pharmaceuticals.”*"*** Aziri-
dines can be synthesized through addition of a nitrogen source
to olefins, among other methods (Scheme 32).*** Organic
azides are easy to synthesize and are atom efficient and
sustainable metal-nitrene precursors.'®>**> However, rather
harsh conditions, such as heating or UV irradiation, have to
be applied due to the low reactivity of azides.>*>

Iron(u) tetracarbene 17 has been employed as catalyst in
aziridination of different substituted aliphatic alkenes with
electron donating and withdrawing aryl azides.®® The reactions
are performed neat, i.e. using the substrate as solvent, different
to Ru, Cu or Rh systems, which operate at lower temperatures
in the presence of a solvent (Scheme 32).>*> The rather high
temperatures seem to be required for the initial formation of
the iron imide intermediate (vide infra). Due to the resulting
low solubility of 17 at room temperature, the catalyst can be
recovered and reused up to three times without significant
decrease in yield.®® An iron(iv) imide as potential intermediate
in the aziridination has been detected in mass spectroscopy
(Scheme 33). In an attempt to isolate the iron(wv) imide, an
iron(v) tetrazene complex 62 has been obtained instead
(Scheme 23). 62 can be employed as aziridination catalyst and
achieved a lower yield of j (77%) at higher catalyst loading

NZ + RlN’,N\R1
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(0.2 mol%) in comparison to 17 (97%, 0.1 mol%, Table 5).
Direct group transfer of 62 has also been reported and 17 can
be regenerated after heating at 85 °C for 1 d in the presence of
cis-cyclooctene.

Complex 8, possessing a stronger c-donating tetracarbene
ligand than 17, has been used as a first catalyst in aziridination
of aliphatic alkenes with more challenging alkyl azides.®***?
Furthermore, functionalized, aliphatic-aryl and bicyclic aziri-
dines are synthesized. A higher yield (>80%) of aliphatic-alkyl
aziridines is achieved with less steric demanding alkyl azides.
More challenging functionalized aziridines are synthesized in
modest yields (32-50%) and 8 also catalyzes intramolecular
aziridinations. 8 reaches higher yields than 17, e.g. 95% vs. 82%
of k and is more functional group tolerant (Table 5). The higher
yields of 8 are explained by the more electron rich iron center,
which is expected to lower the required energy for the for-
mation of the initial iron(iv) imide.®* A higher electron affinity
(EA) of the iron(iv) imide has also been set in correlation with
higher aziridine yields.>** For the respective iron(iv) imide of 8,
an EA of 70 kcal mol " has been calculated and a value of 88
keal mol ! for 17,>** which does however appear to not be the
decisive factor in this case. Asymmetric aziridination has been
tested with the chiral iron(r) complex 16, which can be recov-
ered after reaction like 17, but to a lower extent. However, 16 is
only moderately active in aziridination (55% yield of k, Table 5),
does not react with alkyl azides like 17, and achieves low
enantiomeric excess of 4% in maximum.®® Similar to 8, more
steric demanding aryl azides lead to lower yields or no reaction
at all. This can be explained by a higher necessary activation
energy for the initial iron(iv) imide formation step (vide infra).
Generally speaking, it has to be pointed out, that the aziridina-
tion of alkenes with organic azides at these conditions already
proceeds without an iron complex in low (2%) up to moderate
yields (60%).646%69:103:235236 [ extreme cases, this can make

L N;—R’ Ny
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Scheme 33 Proposed mechanism of aziridination of alkenes 103160

This journal is © The Royal Society of Chemistry 2023

[Fe™]

Chem. Soc. Rev,, 2023, 52, 2238-2277 | 2267


https://doi.org/10.1039/d2cs01064j

Published on 28 February 2023. Downloaded by Technical University of Munich on 5/24/2024 8:33:57 PM.

Chem Soc Rev

Table 5 Comparable catalytic results of 8, 16, 17 and 62. All reactions
were performed without solvent at 90 °C. Blank experiments are without
an iron complex®46369.160

Entry Complex Catalyst loading Time [h] Yield Blank
17 0.1 mol% 12 97% —
N‘@* 62 0.2 mol% 16 77% —
i
) 17 1 mol% 18 82% 43%
N@ 8 1 mol% 18 95% —
16 2 mol% 24 55% 32%
k
7 17 5 mol% 18 65% —
N—@O\ 8 5 mol% 18 80% —
|
7 17 1 mol% 18 38% —
N < > —\ 8 1 mol% 18 68% —
m
s 16 2 mol% 24 65% 60%
N@ 8 1 mol% 18 91% —
8 1 mol% 18 32% —

¢ Reaction in 5 equivalents of alkene and toluene as solvent.

the addition of the iron complex unnecessary: 16 yields n in
65%, whereas the control reaction without 16 gives 60%.%°
The proposed mechanism of aziridination involving an iron(iv)
imide has been more closely investigated using DFT calculations.'*
The initial iron imide formation (III, Scheme 33) proceeds viaz an o-
bound azide (II). Alkyl azides appear to require a higher activation
energy than aryl azides. Additional experimental data show, that 8
exhibits a higher imide formation rate than 17 because of the higher
electron density from the stronger donating tetracarbene. The
reaction of the alkene with the iron imide is suggested to proceed
via an open-chain radical intermediate (iv) rather than an azame-
tallacyclobutane intermediate (V). Here, a flexible tetracarbene
ligand is required to accommodate the alkene in proximity to the

View Article Online

Review Article

imide as additional ligand is cis position,'® giving reasons why the
more rigid complex 6 is not an effective aziridination catalyst. This
is the rate determining step (r.d.s.) of the aziridination in contrast to
porphyrin systems, where the r.d.s. is the addition of the organic
azide to the catalyst.'%*¥7>*% g already reacts with azides at room
temperature, but aziridination occurs at higher temperatures only,
supporting the r.d.s. assighment. The azametallacyclobutane inter-
mediate is expected to retain the stereochemistry of the alkene in
the aziridine, whereas the open-chain intermediate can change it,
which was observed for 8. However, although not mentioned by the
authors, the control reaction without iron complex already yields a
mixture of the respective diastereomers achieving around a half of
the total yield with 8. 17 achieved a higher stereoselectivity at a
lower yield. While the intramolecular rotational barrier is similar for
both open-chain intermediates of 8 and 17, 17 has a 6.7 keal mol *
lower activation barrier than 8 for the formation of the aziridine
from the open-chain intermediate (VI), resulting in a faster rate of
aziridine generation and an enhanced stereocontrol. The role of the
formation of the iron tetrazene as side product remains somewhat
unclear as described by the authors. While aziridination with iron
tetrazene 62 (Scheme 23) was reported previously,'*® the proposed
mechanism describes the formation of iron tetrazene as competing
reaction, which only yields a diazene upon regeneration of the
iron(n) counterpart."® However, the major product from direct
group transfer of 62 indeed was the diazene and as the iron(u)
complex 17 could be regenerated from 62 below the catalysis
temperature, the aziridination results of 62 might in reality mostly
originate from reformed 17. Therefore, the tetrazene can be con-
sidered to slow down the reaction rate and to consume organic
azide to form (mainly) unwanted diazene. Nevertheless, the use of
steric demanding organic azides is assumed to avoid the formation
of the tetrazene. Indeed, effectively the same yield of aziridine is
obtained with only 5 equivalents of alkene in toluene as solvent in
comparison to an excess of alkene neat when using mesityl azide.'®*

Just recently, complexes 1 and 2 have been tested in
aziridination.”" In this case, (p-toluenesulfonyliminoiodo)
benzene (PhI = NTs) as nitrene source and styrene as substrate
have been used and both complexes achieved around 75% yield
at r.t., indicating that both reactions involve the same active

S=NTs

2+
S = styrene s [:E ?
e
|
L

NTs |2+ 1 Phl=NTs

I
el ———— [Fe'] ——[Fe" FeV] 71a
| -L e T e el L
L L L L

2 | =MeCN 3+ 4+
'TI' 'T:‘ Phl=l|\lTs—|2+
T Fe Fe
NS [| 1 [FeT] [||=e”]
X T )
//\N/\N - N/\N/\\ decomposition ‘ Phl

} Fe”'(L)—6|3+

Scheme 34 Proposed mechanism of aziridination/nitrene transfer employing 1 or 2.7
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species. Furthermore, 1 and 2 have been tested in the sulfimi-
dation of thioanisole (~98% yield) and the amination of
ethylbenzene (~22% yield) and cyclohexane (~15% yield).
No information about the yield without complex is given. The
active species has been characterized as iodinane adduct of an
iron(v) imide complex [LFe" = NTs(PhI = NTs)]*" with S = 1 spin
state (71, Table 4). However, the actual active species during
catalysis is expected to be the analog MeCN adduct [LFe' =
NTs(MeCN)]*" (71a) after ligand exchange. Based on experi-
mental and spectroscopic data, the displayed mechanism was
proposed (Scheme 34). As imino and oxo iodinane reagents
commonly react through two-electron processes,”*® the for-
mation of 71a from iron(m) complex 2 proceeds through a
comproportionation reaction, involving an iron(v) imide spe-
cies and 2. In turn, 71a is directly formed from 1. Similar to
epoxidation reaction (vide infra), degradation of the catalyst was
assigned to C-tosylamination of one of the NHC units of the
tetracarbene ligand, leading to Fe release.

5.3. [Epoxidation

Cytochrome P450 are a family of hemoproteins catalyzing
monooxygenation of inert C-H bonds and epoxidation of
C—C double bonds under mild conditions with high regios-
electivity and stereoselectivity.'””>*>>4! QOriginally to study the
reaction mechanisms of cytochrome P450, artificial Fe catalysts
with porphyrin ligands were synthesized, to mimic the reactive
character of the enzymes, as the chemistry of these hemopro-
teins takes place at the iron(u) porphyrin cofactor, called
heme."?*?*>2% [ron(u) tetracarbenes as heme analogs are
structurally similar, - albeit the heme unit is planar in opposite
to some tetracarbenes''’ "*" - but they are electronically dis-
tinct: the porphyrin ligand contains a conjugated cyclic aro-
matic system and is redox active, whereas tetracarbenes are
not."'® Furthermore, the strong c-donation of the tetracarbene
rises the d,2_,. orbital, which can lead to a different reactivity
(see Section 4.4)."”> Therefore, epoxidation of olefins was tested
with 1 and 2 (Scheme 35).7*

Both iron complexes catalyze the epoxidation of cis-cyclo-
octene as model substrate in full conversion at high selectivity
without the formation of diol (Table 6).”® Trans coordination of
the axial MeCN ligands is known to strongly favor the epoxida-
tion over the dihydroxylation, whereas for a cis coordination the
epoxide is usually obtained in low yields without the use of
coordinating additives, e.g. acetic acid.'*'9*24672%% Control
experiments without 1 or 2 do not show any epoxide
formation.”® Iron complex (II) 1 is highly active with a TOF of
50000 h™", whereas iron(m) complex 2 reaches a TOF of 183000 h™ %,
which is much higher than the most active homogenous
catalysts based on Re (39000 h™') and Mo (53 000 h™") or other
iron catalysts based on N-donor ligands (20000 h™1).>49235256

AR _ O
R Fe-catalyst

o}
R“ﬂ
R2

Scheme 35 Epoxidation of olefins catalyzed by iron tetracarbenes.
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Table 6 Selected catalytic performance of 1, 2 and 44 in the epoxidation
of C"S'Cydooctene53'73l75

Cat.  Additive  Conv.®[%]  Sel?[%] TOF’[h™!] TON
1 — 24 94 50 000 480
1 Sc(OTf); 59 >99 415000 1180
2 — 51° >99 183 000 —

2 Sc(oTf); 58 >99 413000 1160
44 — 7 >99 23000 140
44 Sc(OTf); 58 >99 405 000 1160
70 — 37% >99 — —
70 Sc(oTf);  97Y >96 41000 —

Reaction conditions: cis-cyclooctene (269 umol, 100 mol%), H,0, (404
pumol, 150 mol%), catalyst (0.135 pumol, 0.05 mol% based on iron),
additive (1.35 pmol, 0.5 mol%); solvent: acetonitrile; 7' = 20 °C. ¢ All
conversions and selectivities were determined by GC-FID after a reac-
tion time of 5 min.” TOFs were determined after 10 s. ¢ Catalyst
concentration: 0.1 mol%, conversion was determined after 10 s. ¢
Catalyst concentration: 0.5 mol%. ¢ Reaction time 30 s.7 0.1 eq. of
Sc(OTf);, reaction time 30 min.

Higher yields can be obtained at reduced temperature due to an
enhanced catalyst stability, albeit at lower reaction rates. A TON
of 4300 was found for 2 at —30 °C. Different oxidants have been
tested, but H,0, gives the highest yields of epoxide. Regardless,
H,0, is the oxidant of choice as it is the most atom economic
and cheapest oxidant next to air, easy to handle and its
byproduct, water, is environmentally benign.”>?**”>*° Increas-
ing H,0, over 250 mol% reduces the yield due to a lower
catalyst stability. Lower oxidant concentrations than 150
mol% also result in lower yields due to catalytic decomposition
of H,0, to a certain extent; however, additional H,0, can lead
to a complete conversion, as the catalyst is still active in this
case.”*?%972%2 Furthermore, 2 does not exhibit a strong Fenton
reactivity. Contrary to iron epoxidation catalysts with cis-labile
coordination sites, further addition of H,O results in lower
epoxide yields, indicating, that a water-assisted pathway does not
apply for 2. This is supported by the fact, that no ®0 is
incorporated in formed epoxide in a H,'®0 labeling experiment.
Cyclic, acyclic and aryl alkenes can also be applied in the
epoxidation using 2. For acyclic alkenes, the Z isomer is favored
over the E isomer similar to other iron complexes>> and acyclic
terminal alkenes are the most challenging. The affinity of 2 to
highly substituted alkenes and its high selectivity are an indi-
cator for the electrophilic nature of the active species.”>**®

The oxidation of iron(u) complex 1 to iron(m) counterpart 2
is expected to be the initial step in the mechanism, as 1 has an
induction period contrary to 2.”> No in-depth mechanistic
studies on the epoxidation mechanism for 2 have been reported
yet, but the mechanism for other N-ligated iron complexes
suggests the formation of an Fe""~OOH intermediate as next step,
followed by the rate-determining homolytic or heterolytic cleavage
to give an iron(w)- or iron(v)-oxo intermediate, respectively, and
electrophilic attack on the alkene to yield the epoxide.*®** The
reaction with the alkene is, based on an assumed Fe™=—O0 reactive
species, proposed to proceed via the *c-pathway, as the *r-
pathway is calculated to be 10.6 kcal mol~" higher in energy for
the epoxidation of propene and only the triplet state is accessible
during catalysis (see Fig. 14 and Section 4.4)."”
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Stable diiron p,-oxo-bridged complexes are known to be
generated under oxidative conditions during catalysis and often
are dead-end species decelerating the catalytic performance.”*232%4
Indeed, the evolution of diiron(ur)-1,-0x0 complex 44 (Scheme 12)
was observed in UV/Vis from 1 and 2 under oxidative conditions
and possesses a low activity (23000 h™").”> Addition of Lewis
acids was found to reactivate the deactivation product 44. In
fact, all complexes, 1, 2 and 44 effectively show the same activity
(TOF) and stability (TON) in the presence of Lewis acids, as the
deactivation pathway to form the Fe-O-Fe product is sup-
pressed and the same catalytically active complex 2 is formed
in all reactions. Sc**, Ce** and Fe®* have the highest catalytic
impact and enable a longer lifetime of the catalyst at room
temperature (TON: 1200 vs. without additive 2: 740; 1: 390).”*7>
The Lewis acids are expected to facilitate OH*'~ cleavage from
the Fe™-OOH intermediate and shift the rate determining step
towards olefin oxidation.”>'”®

The electronic properties of 1 and 2 can be changed through
modifications of the ligand framework (see Section 3) and their
influence on the catalytic performance was investigated. Sub-
stitution of the axial MeCN ligands of 1 with one (25) or two
‘BuNC molecules (26, Scheme 5) lowers the electron density at
the iron center through their m-accepting character. Catalytic
tests at room temperature show significantly lower TOFs (25:
1400 h™'; 26: 240 h™"),>*> which can be explained by lower
electron density at iron and by stronger coordinating axial
ligands, corroborated by thermogravimetric analysis.”®*
Higher temperatures (60 °C) might facilitate the dissociation
of the ‘BuNC ligands, as higher TOFs can be achieved (25:
25900 h™%; 26: 4300 h™"),**® underlining the importance of
accessible axial coordination sites for catalysis. Iron(u) 13 and
iron(m) 14 complexes contain a tetracarbene ligand with benzi-
midazole units, which is providing less c-donation compared
to 1 and 2 and thus leading to a less electron rich iron atom (see
Section 3).>* A more electron rich iron center is assumed to be
beneficial for the formation of the electrophilic iron(v/v)-oxo
species, which should increase the activity.>>?*® Indeed, both
13 and 14 (11000 h™") are less active than 1 and 2 at room
temperature, but 14 is comparably stable with a TON of 1000.
While 14 is remarkable temperature-tolerant, the temperature
has to be increased up to 80 °C in order to achieve a TOF of
95000 h™" for 14 (TON = 360). However, 14 appears to convert
more challenging alkenes in higher yields, than 2.>* The two
methyl groups in the backbone of the tetracarbene ligand in 10
(Fe™) and 11 (Fe™) are supposed to increase the electron density
at the iron center (see Section 3). However, albeit being more
active than 13 and 14, 10 and 11 lack behind 1 and 2, due to
their low stability even at room temperature. The highest
conversion for 10 can be achieved at —20 °C (82%, >99%
selectivity). Interestingly, 10 reaches similar conversion (40%)
compared to 11 (46%) at 20 °C, which probably is attributable
to a fast initial Fe" — Fe'™ oxidation (no induction period is
observed in contrast to 13) due to the electron rich iron center.
Despite the low stability of 10 and 11, DTF calculations suggest
a considerable amount of n-backbonding, partly compensating
the +I effect of the methyl groups at the imidazole backbone
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and thus explaining the lower activity in comparison to 1 and 2.>*
Just recently, abnormally coordinating iron(u) tetracarbene 70
(Fig. 1), possessing an even more electron-rich iron center in this
series, has been preliminarily investigated as pre-catalyst in
epoxidation catalysis.”® However, the first results indicate that
70 lags behind its model, complex 1, in terms of activity, as 70
reaches a TOF of 41000 h™" with Sc(OTf);, whereas 1 exhibits a
higher TOF (50000 h™") in the absence of any additive (Table 6).
The highest conversion of 89% without additive is reached
at —10 °C after 10 min, revealing a reduced stability at higher
temperatures, like 1 and 2.

While the found deactivation pathway, the formation of 44
from pre-catalyst 1 and catalytically active 2 during catalysis,
can be suppressed using Lewis acids as additives, the lifetime of
1 and 2 still lacks behind in order to become suitable for real-life
applications.”””> Hence, further studies on the decomposition
pathways of 2 as active complex have been performed using
high-resolution ESI-MS, NMR spectroscopy and DFT calcula-
tions. The C-H oxidation of the methylene bridges and the
formation of a dead-end p,-oxo-bridged Fe-O-Fe complex are
the most common degradation pathways for non-heme iron
oxidation catalysts, however mostly containing N-donor
ligands.”>?47,250:263,264,2672270 The first can be excluded, as no
kinetic isotope effect has been observed between catalytic experi-
ments of 2 and 2-dg with deuterated methylene bridges. In NMR,
one dominant decomposition product is found, which can be
assigned to a mono-oxidized and threefold-protonated ligand
species o (Scheme 36). Carbene oxidation is proposed to occur
prior to carbene protonation due to two reasons: (a) Addition of
intercepting bases does not have a beneficial effect on the
catalytic performance, instead 2 is quickly reduced back to 1.
Traces of water are expected to be oxidized to hydroxyl radicals,
in turn oxidizing the solvent and axial ligands, MeCN (see
Scheme 14). Employing 23 and 24 (Scheme 5) with axial ‘BuCN
or PhCN ligands, respectively, bearing less activated C-H bonds,
did not show a beneficial effect on the catalytic performance in
the presence of bases and other solvents. (b) In mass spectro-
scopic experiments, only o and no fully protonated ligand has
been observed. Furthermore, a species with mono-oxidized
ligand still coordinated to the iron center has been present
(Scheme 36, middle). Therefore, as intercepting bases do not
enhance the catalytic lifetime of 2 (a), no protonated ligand can
be found (b) and a transient species confirming the proposed
mechanism can be detected, the oxidation of one carbene is
expected to initiate de-coordination of the equatorial ligand and
subsequent protonation of the remaining three carbenes.”

t

NCMe
- (PFe)3
NS @V N
/ N
H20, N | SN 3NucH N7 SN
22 _Fe ) ——<( 0 )
(oxidative 0 ‘ N -Fe(Nuc); N @l
conditions) N\ N_I’NJ &,NVN\)
NCMe o

Scheme 36 Proposed degradation mechanism of 2 under oxidative
conditions.
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Whether this mechanism occurs intra- or intermolecular is yet
unclear. In the case of an intermolecular mechanism, a possible
solution could be to block one coordination site. However, it is
challenging to keep the electronic properties of the complex con-
stant, as 25 (Scheme 5), bearing one rather strong bound ‘BuNC
ligand, does not show an enhanced lifetime of the catalyst, but in
fact worse catalytic performance due to the less electron rich iron
center (vide supra). An intramolecular mechanism might be sup-
pressed with stronger NHC-Fe bonds. In theory, the stronger
donating triazolylidene tetracarbene of 70 should result in stronger
ligand-metal bonds, however, predicting the stability is not trivial.””*
Comprehensive catalytic studies of 70 on this topic are still pending.

5.4. Summary

Cyclic iron tetracarbenes have been successfully applied as
catalysts in several reactions. In CO, reduction, a high activity is
reached and despite the structural proximity to iron porphyrins, a
different mechanism is reported. Highly nucleophilic iron(0) is
involved in the case of the iron tetracarbene due to the strong
electron donating properties of the tetracarbene, whereas for iron
porphyrin complexes an intermediate-spin iron(u) center antifer-
romagnetically coupled to a porphyrin diradical is assumed.

Aziridination of olefins is reported for various iron tetra-
carbenes. The reaction mechanism is expected to proceed via an
iron(iv) imide intermediate. Stronger c-donating tetracarbenes
result in a more electron rich iron center, facilitating the
formation of the iron(v) imide intermediate and enabling higher
yields. On the other hand, more steric demanding substrates can
rise the activation energy required for the iron(iv) imide for-
mation and thus lower the yields. The rate determining step of
the aziridination reaction is the open-chain radical intermediate,
in contrast to porphyrin systems where it is the addition of the
organic azide to the catalyst. For this open-chain radical inter-
mediate, a flexible tetracarbene ligand is required. Decomposi-
tion of the iron tetracarbene during catalysis has been assigned
to the oxidation of one carbene carbon atom of the tetracarbene
ligand and subsequent de-coordination.

In epoxidation of olefins, iron tetracarbenes have reached a
very high activity, outperforming other iron catalysts with N-
donor ligands or other homogeneous catalysts based on Re or
Mo. Modifications of the electronic surroundings have a signifi-
cant effect on the catalytic performance. However, the electronic
properties of the unmodified iron tetracarbene appear to be
optimal for the best catalytic results, as both stronger and
weaker electron donating ligands lead to worse results. During
catalysis, a diiron p,-oxo-bridged complex has been identified as
deactivation product, but addition of Lewis acids can suppress
its formation and reactivate it. Similar to aziridination, oxidation
of the carbene carbon atom of the tetracarbene ligand ultimately
initiates the degradation of the catalyst.

6. Conclusion and outlook

Cyclic iron tetracarbenes possess a unique ligand framework
consisting of two axial coordination sites in ¢rans position and a

This journal is © The Royal Society of Chemistry 2023
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cyclic equatorial tetracarbene ligand coordinating fourfold to
the iron center, ensuring a high comparability between the
different systems. The facile modification of both the equator-
ial tetracarbene as well as the axial ligands allows fine-tuning of
structural and electronic properties of the respective iron com-
plexes. The structural and electronic properties of iron tetra-
carbenes can be evaluated and compared based on the “*Cygc
NMR signal, the Fe®"/Fe** half-cell potential, SC-XRD and
Méssbauer spectroscopy:

e The chemical shift of the "*Cyuyc NMR signal provides
information about the c-donor strength of the tetracarbene
ligand; an upfield shift compared to other tetracarbene ligands
indicates a stronger electron donation. Modifications of the
wingtip and backbone have a significant effect on the o-
donation. The donating capabilities of different axial ligands
can be monitored on the basis of the shift of the **Cypc NMR
signal of the tetracarbene ligand.

e The Fe®'/Fe** half-cell potential is a parameter for the
Lewis acidity of the iron center and the electron donation of the
surrounding ligands; a lower, more negative half-cell potential
indicates a more electron rich iron center due to stronger
electron donating ligands. The *Cyyc chemical shift and the
half-cell potential correlate with each other allowing the pre-
diction of parameters.

e SC-XRD gives insights on the structural properties.
Changes of the electronic properties can be measured, and it
can explain experimental findings.

e Mossbauer spectroscopy complements the evaluation of
the properties and provides the oxidation state, spin state and
electronic surroundings of iron tetracarbenes.

Future studies could introduce additional parameters for a
better understanding of iron tetracarbenes, such as the stability
of the iron-NHC bond, determined using thiones.>”" NHCs are
known to be strong c-donors, and even stronger in comparison
to phosphane ligands. Combining four NHC moieties in one
plane in the cyclic tetracarbene ligand results in a very strong
electron donation in the equatorial plane to the iron center and
often determines the overall properties and reactivity of iron
tetracarbenes; the key insights are summarized in the following:

e The strong c-donation of the tetracarbene ligand and its
chelating effect stabilizes multiple uncommon species in high
oxidation states, i.e. up to iron(wv).

e Iron tetracarbenes adopt low-spin or intermediate-spin
complexes whereas high-spin is unfavorable due to the strong
electron donation of the tetracarbene ligand.

e The strong electron donation of the tetracarbene into the
equatorial plane rises the x*—)* orbital above the z> orbital,
which is contrary to the usual electronic structure of most N-
ligated iron complexes. This leads to a significantly larger
triplet-quintet energy gap and thus to exclusive triplet reactivity
in hydrogen atom transfer and in epoxidation of olefins, with-
out a usually occurring spin-crossover.

e Iron tetracarbenes are electronically distinct to iron por-
phyrins as the tetracarbene ligand does not have a conjugated
aromatic system, is redox inactive and exhibits a strong o-
donation. This leads to a different reactivity, as exemplarily
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demonstrated in the CO, reduction (iron(0) vs. iron(u) diradical),
aziridination of olefins (open-chain radical intermediate as rate
determining step) or hydrogen atom transfer and in epoxidation
of olefins (triplet reactivity).

e Iron tetracarbenes can be successfully applied as catalysts
in oxidation but also reduction reactions and structural or
electronic changes can significantly impact the catalytic perfor-
mance. In epoxidation catalysis, NHC ligation was found to be
superior to N-donor ligands achieving unprecedented activities.

All in all, the findings of this review will serve chemists
across disciplines to evaluate their complexes and interpret
their experimental data, tailor their catalyst properties by
ligand design, and investigate their catalytic mechanism and
degradation pathway. Finally, they should of course stimulate
this young research field in designing exciting new compounds
and achieving major breakthroughs in the application of iron
tetracarbenes. Just recently, the first abnormally coordinating
tetracarbene was published, representing an inspiring example
for possible new ligands containing other classes of NHCs. The
isolation of iron tetracarbene complexes in rare higher oxidation
states, e.g., iron(v), would also be desirable. However, several
challenges remain for an application of iron tetracarbenes in
laboratories or industry. To increase the stability while keeping
the high activity is one of the biggest; but also recycling or
immobilization are fields for future research. With the emer-
gence of machine learning in chemical research in recent
years,””>?”* the structural and spectroscopic parameters pro-
vided in this work, as well as established correlations, could
support computational approaches to predict the best candi-
dates for each purpose on the ease of modifiability of iron
tetracarbenes, thus speeding up tedious laboratory research.
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A comparative study of three iron(II) NHC epoxidation catalysts with different electronic properties is performed
to gain more profound insight into the influence of electronic variations on catalytic performance. One iron
complex contains a pyridyl-NHC ligand, the other two are prepared with a modified ligand counterpart. The
complexes are comprehensively characterized by various methods including Mossbauer, SQUID and DFT. While a
lower electron density at the iron atom can be associated with a decline in epoxidation activity, a more electron
rich iron center does not necessarily correspond with higher activity, due to reduced catalyst stability. Addition
of Lewis acids increases both activity and stability significantly and is more effective than temperature variations.
All three epoxidation catalysts achieve high selectivity, with a maximum TOF of 24 500 h™! and TON of >700 for
the unmodified complex. More nucleophilic alkenes promote higher activity and conversion.

1. Introduction

In nature, iron containing enzymes like cytochrome P450, facilitate
the oxidation of various substrates under mild conditions with high
activity and selectivity [1]. Aspired to mimic their reactivity, iron based
complexes have been intensively studied in oxidation reactions. The
relatively low price of iron in comparison to noble metals, as it is one of
the most abundant elements in the Earth’s crust, make iron complexes
interesting candidates for applications in industrial catalysis, although
the cost of the ligands may be considerable [2]. A potentially lower
toxicity of iron is often also mentioned as another advantage of iron
complexes. However, even though iron is an essential trace element,
toxicity of catalysts depends on several factors, e.g. ligands and oxida-
tion state, and cannot be assessed as generally as it is often attempted,
particularly by laypersons or in popular science [2-4].

Previous research on bio-inspired iron catalysts featured N-donor
ligands, like porphyrins or other non-heme ligands [5-12]. In catalytic
epoxidations, the use of N-heterocyclic carbene (NHC) ligands has been
shown to be superior to N-donor ligands [13-17], especially in terms of
activity given in turnover frequency (TOF). A variety of NHC ligated Fe
systems outperform one of the most active N-ligated iron catalysts (25
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E-mail address: fritz.kuehn@ch.tum.de (F.E. Kiihn).
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200 h™1) [18] as well as other organometallic transition metal bench-
mark catalysts, e.g. based on Re (up to ca. 40 000 h’l) [13] or Mo (up to
> 50000 h’l) [19]. A TOF of > 400 000 h~! and a turnover number
(TON) of ca. 1200 were reached at room temperature in the presence of
Lewis acid Sc(OTf)s as additive by the current benchmark system for
homogeneous olefin epoxidation, an iron(Il) tetracarbene complex (a,
and its iron(III) homologue b, Fig. 1), published by our group [15].
Nevertheless, for a potential application in industry, particularly the
stability has to be significantly increased, while maintaining high ac-
tivity. Therefore, we have investigated various methods described in the
following to improve the catalytic performance of our benchmark
catalyst (a/b) or to synthesize a next-generation iron epoxidation cata-
lyst. Application of Lewis acids like Sc(OTf)3 already more than doubled
the average number of catalytic cycles possible with one active center
derived from a from ca. 500 to ca. 1200 by, among other reasons, sup-
pressing a deactivation pathway, the formation of a diiron(III)-uz-oxo
species [14-15,20-21]. The impact of modification of the NHC back-
bone with electron donating (¢, d) and accepting moieties (e, f, Fig. 1) on
the catalytic performance was investigated next by our group. Com-
plexes ¢ and d are more active than e and f, but they all lack behind in
activity compared to a and b [22]. The stability could also not be
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enhanced: while f has a similar TON of 1000, the catalytic performance
of ¢ and d is hampered by their low stability. A different strategy is the
electronic fine-tuning of the iron center through axial ligand substitu-
tion, with which we could for example increase the stability of iron-NHC
catalysts in C-H hydroxylation by up to 34% [23]. However, in epoxi-
dation catalysis this method even decreased the catalytic performance
[24-26]. The rate determining step in epoxidation catalysis is assumed
to be the formation of an electrophilic iron(IV) or iron(V)-oxo inter-
mediate and a more electron rich iron(IIl) center is presumed to facili-
tate its formation [22,27-28]. Hence, an iron(Il) tetracarbene (g, Fig. 1)
containing the theoretically strongest electron donating ligand in this
series and thus most electron rich iron center has been investigated by
us. However, preliminary experiments did not indicate a beneficial ef-
fect as a comparably low TOF of 41 000 h™! is reached in presence of Sc
(0ThH)3 [16].

In order to deepen the understanding of the influence of electronic
changes on the catalytic performance, a different catalytic system from
our group is used in this work (A, Fig. 1). The pyridine-NHC-based
system [29], although less active, is structurally similar to the “flag-
ship” iron tetracarbene scaffold, while being sufficiently different and,
most importantly, easy to modify to make it a suitable candidate. Iron(II)
complex A specifically has been extensively studied in C-H hydroxyl-
ation [23,30-33] and a preliminary study on the epoxidation of olefins
has been conducted by us [34]. The latter was largely done using 'H
NMR spectroscopy. In this work, the results are reevaluated using GC
analysis as a more precise method and compared to two novel iron(II)

N
A NI
=N, | = =N, | L=\
Fe N> 2PFg (FeFN> 2PFg
—N‘ ~ N ‘ ~
wieSiNgte
NCMe NCMe
1 2

Fig. 2. Novel complexes.
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complexes, 1 and 2 (Fig. 2), in the epoxidation of cis-cyclooctene as
model substrate. In addition, a series of more challenging olefin sub-
strates is screened with all three complexes and the impact of Lewis
acidic additives is investigated. 1 and 2 are designed to have a more
electron rich (1) and less electron rich iron center (2) than A, by having a
ligand with supposedly donating (1) or accepting properties (2),
respectively. The impact of these modifications of the catalytic system
on its catalytic performance allows to gain valuable information for the
epoxidation reaction in general, such as whether these effects are uni-
versal or limited to the tetracarbene framework, in order to advance
research related to the benchmark catalytic system. Furthermore, the
synthesis of the two novel complexes 1, bearing two methyl groups at
the 4 and 5 position of the imidazole backbone, and 2, having the pyr-
idine moiety formally substituted by pyrimidine, is reported. The new
compounds 1 and 2, and if applicable, A, are elaborately characterized
using NMR spectroscopy, electrospray mass spectrometry (ESI-MS),
single crystal X-ray diffraction (SC-XRD), UV/Vis spectroscopy, cyclic
voltammetry (CV), Mossbauer spectroscopy, buried volume and steric
map calculations, SQUID magnetometry (for A), DTF calculations, and
elemental analysis.

2. Results and discussion
2.1. Synthesis and characterization of the iron(Il) complexes 1 and 2

The synthesis of the ligand precursor of 1 starts with the coupling of
two 2-(4,5-dimethyl-1H-imidazol-1-yl)pyridine [35] moieties with
excess dibromomethane without additional solvent to give the dibro-
mide salt [HaL1] (Br),. In a next step, the bromide anions are exchanged
with weakly coordinating hexafluorophosphate anions in order to in-
crease the solubility towards organic solvents and as additional purifi-
cation step [28], to obtain [HaL1] (PFg)a (Scheme 1). The synthesis of
the ligand precursor of 2, [HoL2] (PFg)2, follows the same pathway with
2-(1H-imidazol-1-yl)pyrimidine [35-36] as starting material (Scheme
1).

Direct metalation of the ligand precursors with the iron(II) precursor
and internal base Fe[N(SiMe3),]2(THF) affords the complexes 1 and 2
(Scheme 2) [28,37]. The amide as strong, non-nucleophilic base is often
used for the synthesis of iron(II) NHC complexes. It deprotonates the
imidazolium salts and iron immediately coordinates to the in-situ
generated carbenes. The thereby formed amine HN(SiMes), is readily
removed under vacuum [28].

Similar to A, both 1 and 2 are diamagnetic low-spin iron(II) (S = 0)
complexes, as indicated in 'H NMR and as evidenced in the following.
Successful complexation is confirmed by the absence of the C2 imida-
zolium proton resonance signals in the 'H NMR spectra. The two labile
axial MeCN ligands are quickly exchanged in solution with deuterated
MecCN, resulting in two equivalents of free MeCN being visible in the 'H
NMR spectrum. The signals of the methylene bridges are singlets, veri-
fying the equatorial coordination of the ligand, like in complex A. The
carbene signals in 1>C NMR are sensitive to the electronic properties of
the metal center and allow evaluation of the c—donor strength of the
NHC ligand [28,38]. The NHC moieties of 1 should be stronger c—donors
than the unmodified imidazolylidenes of A due to the + I effect of the
methyl groups at the backbone. This expectation is supported by Tolman
electronic parameters [39]. The 13CNHC signal of 1 (215.49 ppm) is
shifted upfield 0.66 ppm compared to A (216.15 ppm [29]), confirming
the stronger electron donation in 1. This change appears to be rather
small but any difference exceeding 0.4 ppm in NMR is significant by
means of statistic uncertainty [28,38]. The upfield shift can be explained
by an increased diamagnetic shielding term of the carbene carbon atom
in 1 due to its higher electron density donated by the methyl groups. For
2, the 3Gy signal (216.24 ppm) does not show any significant shift
change compared to A because both NHC units have the same chemical
structure. Nevertheless, the electron density of the iron center in 2
should be lower than in A, mainly because of pyrimidine being a weaker
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o—donor than pyridine due to the -I effect of adding a second nitrogen
atom to the aromatic ring, while the amount of n-backdonation is ex-
pected to stay the same [40]. The successful synthesis of 1 and 2 is
further shown with ESI-MS where three characteristic fragments are
detected of the iron center with equatorial ligand and without, with one,
or with both axial MeCN ligands, demonstrating again the lability of the
axial ligands. The chemical composition of the new complexes is
confirmed by elemental analysis. Like A, 1 and 2 can be stored as solid
under ambient conditions for a few weeks without degradation.
Furthermore, all three complexes are stable in solution in untreated
HPLC-grade MeCN (i.e. not dried or degassed) under ambient conditions
for at least one day.

The redox potential of a complex can provide further insight into the
electronic properties of its metal center, which is influenced by the
surrounding ligands. Actually, for the iron tetracarbene system of a-f, a
linear correlation between chemical shift of the 13CNHC signal and redox
potential has been found, allowing to predict one parameter once the
respective other parameter is known [28]. Similarly, for a series of
complexes derived by axial ligand substitution of A, a linear relationship
could be established between the redox potentials and the highest
occupied molecular orbital (HOMO) energy determined by DFT [41].
The redox potential of 1 is E; 2 = 0.337 V (see SI), which is 86 mV lower
than that of A (E12 = 0.423 V) [29,41-43], indicating a more electron
rich iron center in 1, as had been intended. In contrast, 2 has a 136 mV
more positive half-cell potential of E;,5 = 0.559 V compared to A,
implying a lower electron density at the iron center due to a weaker
equatorial o-donor [28]. While 1 shows a reversible redox process (AE
= 106 mV), complex 2 has a quasi-reversible redox process (AE = 259
mV). Possible explanations of the latter could be a conformational
change upon oxidation to iron(IIl), like a 180° ring-flip of one pyrimi-
dine unit or the coordination of a third MeCN molecule, leading to de-
coordination of one pyrimidine from the iron atom. Such a behavior
has been observed with similar complexes [42-44].

The UV/Vis spectrum of 1 shows similar absorption characteristics
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like A, but slightly red-shifted (see SI). The bathochromic effect of
around 8 nm can be explained by a higher electron donation in 1 due to
the methyl substituents, decreasing the energy of the HOMO/LUMO gap
[45-47]. The characteristic two absorption maxima around 340 nm and
400 nm (A: 329 and 400 nm, 1: 340 and 408 nm, 2: 355 and 403 nm) can
be assigned to charge-transfer bands based on similar complexes [41].
Solid material of all three Fe(II) complexes was studied using 57Fe
Mossbauer spectroscopy at 80 K to gain further information about their
electronic properties. They all exhibit isomer shifts in the range of
octahedral iron(II) low-spin species [28,48] (A: 6 = 0.26 mm s_l; 1:6=
0.23 mm s %; 2: 5 = 0.24 mm s~ !) but are more positive compared to a
(6 =0.08 mms ) [28,49], attributed to the weaker c-donation of the
equatorial ligand compared to the tetracarbene ligand. However, they
are on the same scale as the 18-membered iron tetracarbene Fe(II)
complexes (§ = 0.23 mm s1) [28,50-51]. A small influence of the
donating properties of the methyl substitution in the backbone of 1 is
visible, moving the isomer shift as expected to smaller values for a more
electron rich iron center. The length of the Fe-ligand bonds can have a
considerable impact on the isomer shift through compression of the s-
orbitals resulting in a higher electron density [48]. However, all three
complexes show similar bond lengths (Table 1) resulting in similar §
values. The quadrupole splittings are rather large for iron(II) low-spin

Table 1
Comparison of selected structural parameters of A [29], 1 and 2.
Bong lengths (A) Fe-Cnpc Fe-N Fe-NCMe
A 1.837(2) 2.096(2) 1.915(2)
1 1.8429(18) 2.0801(16) 1.9283(18)
2 1.8359(14) 2.1028(12) 1.9146(12)
Bong angles (°) Cnuc—Fe-Cnuc Cnuc—Fe-N’ MeCN-Fe-NCMe
A 85.85(9) 165.12(6) 172.23(7)
1 86.59(11) 165.84(7) 167.99(8)
2 86.01(9) 165.12(6) 170.73(7)
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complexes. No valence contribution is expected for them, but the results
are in line with a heteroleptic ligand coordination sphere (different
equatorial donor atoms and axial ligands) and strongly anisotropic co-
valent bonds (vide infra) as already seen in the case of the 18-membered
tetracarbene complexes [28,50-53]. Especially the strong 6-donation of
the NHC moieties in an equatorial plane deforms the charge distribution
surrounding the iron nucleus leading to the observed high quadrupole
splitting. The quadrupole splitting increases in the order 2 (AEg = 1.80
mms ) <A (AEg = 2.07 mm sH<1 (AEg = 2.22 mm s~1) due to the
increasing electron donor strength of the equatorial ligands and the
resulting higher amount of deformation of the electric field (Fig. 3).

All three complexes A, 1 and 2 are low-spin diamagnetic complexes
at 293 K. The magnetic susceptibility of complex A was analyzed
exemplarily using a SQUID magnetometer from 2 K up to 400 K (see SI).
No thermally induced spin crossover [54] from low-spin to high-spin is
observed at elevated temperatures. A is diamagnetic up to 400 K
reflecting the strong ligand field induced by the NHC ligand.

Single crystals suitable for SC-XRD were obtained by slow evapora-
tion of a solution of 1 in MeCN and by slow vapor diffusion of 1,4-
dioxane into a solution of 2 in MeCN (see SI). Both 1 (Fig. 4) and 2
(Fig. 5) show a distorted-octahedral geometry around the Fe center, as
had been observed for A. The tetradentate ligand is coordinating equa-
torial and the labile MeCN ligands axial to the iron(II) center. In all three
complexes, the Fe-Cyyc bond (~1.839 ;\) is significantly shorter than
the Fe-N bond (~2.101 A, see Table 1). In 1, the Fe-N bond is signifi-
cantly shorter and the Fe-NCMe bond significantly longer in terms of
statistic uncertainty (i.e. three times the weighted standard deviation)
[28] compared to the other two complexes. Apart from that, the struc-
tures are similar. The vertical axis passing through the two axial MeCN
ligands and the iron center is more curved compared to iron tetra-
carbene complexes [28], probably because of the steric influence of the
open NCCN ligand.

The ligand modifications should only change one variable, the
electronic properties of the complexes, to ensure a good comparability of
the catalytic experiments. The catalytic pocket is intended to remain
constant. This is proposed to be the case, as derived by the structural
parameters shown in Table 1 of the iron(II) pre-catalysts, and confirmed
by calculations regarding the percentage of buried volume %Vg,; of the
iron center, being around 86%Vsg,; for all three (see SI). The topographic
steric maps of the buried volume of A are exemplarily shown in Fig. 6
(for 1 and 2 see SI).

Finally, DTF calculations were performed to gain more insights of the
electronic properties of A, 1 and 2. In the case of ¢/d, the worse catalytic
performance compared to a/b was explained by computational
methods, which indicated — contrary to the experimental methods — that
the o-donation of the methyl groups in fact is counterbalanced with an
increased n-backbonding character [22]. This results in a less electron
rich iron center compared to a/b, and, as a more electron-rich iron(III)
center is expected to be beneficial for catalysis (vide supra), worse cat-
alytic performance. The electronic influence of the ligand in A, 1 and 2 is
investigated by calculation of the electronic charge of the respective
low-spin iron(III) center. Lowdin population analysis [55] was applied
for that reason. The iron(IIl) Lowdin charge is most negative for 1, fol-
lowed by A and 2 (Table 2). This trend is in accordance to the experi-
mentally determined electronic properties of the three complexes, with
1 having the most electron rich iron center, A in between and 2 with the
lowest electron density at the nucleus. Contrary to ¢/d [22], the methyl
groups in 1 appear to only increase the -donation towards the iron atom
without enhanced rn-backbonding character.

The strong equatorial electron donation of the tetracarbene ligand in
iron tetracarbenes like a/b (Fig. 1) rises the 3dyo.y2 above the 3d;»
orbital, opposite to most N-ligated iron complexes, leading to exclusive
triplet reactivity in epoxidation catalysis [28]. This is also the case for A
[41], 1 and 2, based on the calculation of the LUMO and LUMO + 1
orbitals (see SI). Despite having only two NHCs, the x%-y? orbital is also
elevated above the z? orbital (see SI), justifying again the suitability of

237

Journal of Catalysis 426 (2023) 234-246

0.98
0.96
0.94

B 0.92 4
0.90
0.88
0.86

0.84

0.82 T T T T T T T

o)

v/imms'

Fig. 3. Zero-field >’Fe Mossbauer spectrum of solid A, 1 and 2 at 80 K. The red
line represents a simulation with § = 0.26 mm s ! and AEg = 2.07 mm s (A,
top); 6 = 0.23 mm s~ ' and AEp = 2.22 mm s * (1, middle); 6 = 0.24 mm s~ *
and AEg = 1.80 mm s~! (2, bottom).
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C13_a

Fig. 4. ORTEP-style representation of the cationic fragment of complex 1.
Hydrogen atoms and hexafluorophosphate anions are omitted for clarity.
Thermal ellipsoids are shown at a 50% probability level.

? N5_a
i 9_a
Fig. 5. ORTEP-style representation of the cationic fragment of complex 2.

Hydrogen atoms and hexafluorophosphate anions are omitted for clarity.
Thermal ellipsoids are shown at a 50% probability level.

C10_a

the catalytic system of A/1/2 for comparison with a/b in epoxidation
catalysis in the following, due to an expected similar reactivity.

2.2. Catalytic olefin epoxidation reactions

The impact of the ligand modifications of 1 and 2 on the catalytic
performance is investigated in the following. All three complexes A, 1
and 2 are employed as catalysts in olefin epoxidation reactions. Stan-
dard conditions are defined as 20 °C using H202 (1.50 eq.) as oxidant,
MeCN as solvent, cis-cyclooctene (1.00 eq.) as model substrate in the
presence of one of the three complexes as catalyst (0.02 eq.). Hydrogen
peroxide was used as oxidant, as it has been found to be superior in
comparison to other common peroxides such as tert-butyl hydroperoxide
or the urea hydrogen peroxide adduct in iron-NHC epoxidation catalysis
[14,34]. In addition, being atom-efficient and environmentally friendly
are two further advantages [56-57]. Excess of HoO, was used for best
results based on previous optimizing studies with different loadings
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[14,34]. For the quantification of the formed epoxide, GC-FID and H
NMR spectroscopy were applied.

In a first experiment, all three complexes have been employed in the
olefin epoxidation of cis-cyclooctene under standard conditions for 60
min (Fig. 7). Complex A achieves a conversion of 84% after 10 min that
afterwards only marginally increases to 87% at 60 min. Surprisingly, 1
shows a slightly lower activity than A, reaching 16% conversion after 30
s versus 20% for A. In contrast to A, however, 1 only reaches a con-
version of 20% after 1 min (A: 32%), which does not increase during the
remaining time. This indicates a relatively short lifetime of the catalyst.
Possible degradation (vide infra) might involve the dissociation of the
NCCN ligand, C-C bond formation resulting in a highly-strained annu-
lated 2,2"-biimidazole and subsequent cleavage of the methylene bridge,
as observed under oxidative conditions for A [44,58]. 2 in turn shows a
remarkably longer lifetime albeit being the least active catalyst, as ex-
pected, and stays active for 4 h, reaching a conversion of 45% (see SI). As
demonstrated by its higher redox potential, the initial required preox-
idation from Fe'! to Fe might be slower in the case of 2, restraining the
activity. These different catalytic performances are mainly attributed to
the different electronic properties of the complexes due to the equatorial
ligand modifications. All complexes achieve a selectivity of > 99% under
the applied conditions, placing them among the most selective Fe-NHC
catalytic systems, on par with a/b [28].

A stable diiron(III)-us-oxo complex is formed in iron tetracarbene
epoxidation catalysis of a and b, possessing a low activity [15,20-21].
This dead-end species can be reactivated through the addition of Lewis
acids like Sc(OTf)s. Interestingly, in the presence of Lewis acids, a, b and
the diiron(Ill)-up-oxo complex all show the same activity (TOF of
~410000 h™1), which can be explained by the suppression of this
deactivation pathway, the formation of the bridged oxo-species [15,24].
In addition, the observed activity (TOF) is several times higher
compared to systems without additive (a: 50 000 h’l; b: 183000 h™ 1)
and the stability is significantly enhanced (TON: 1200 vs. without ad-
ditive a: 390; b: 740) [15,28].

Although no uz-oxo bridged complex of A has been reported, the
analogy of these two catalytic systems suggests similar mechanisms. The
impact of Lewis acids on A has not been studied yet. Therefore, in a next
experiment, the olefin epoxidation of cis-cyclooctene under standard
conditions for 60 min is repeated but in the presence of Sc(OTf)s, the
most efficient Lewis acid found for a/b [15] Under these conditions, all
three catalysts achieve relatively high conversions (A: 100%; 1: 92%; 2:
97%, Fig. 8), implying a similar deactivation pathway being present in
the first experiment in Fig. 7, which is now suppressed. Furthermore,
both stability (measured as TON, e.g. 10 vs. 46 for 1, entry 14 and 15)
and activity (determined as TOF, e.g. 1700 h™! vs. 18000 h™! for A,
entry 2 and 3) are significantly enhanced (Table 3). Another reason for
the beneficial effect of Lewis acids on the catalytic activity is their ability
to facilitate crucial proposed mechanistic steps like the initial oxidation
of Fell to Fe', and the OH*" cleavage of the Fe"-OOH intermediate
shifting the rate determining step towards olefin oxidation [15,28,59].
Selectivity is not influenced by the Lewis acid and remains unchanged
high (Table 3). In fact, for a, the selectivity is even improved from 94%
to 99% upon addition of Sc(OTf)3 [14-15].

Different catalyst concentrations have been screened in the epoxi-
dation of cis-cyclooctene under standard conditions using the three
complexes with and without Sc(OTf)3 as additive. They all show a nearly
linear relationship between catalyst loading and conversion (Table 3,
visualized in the SI). A reaches an initial TOF of up to 3 400 h! (entry 7)
and TON of up to 65 (entry 9) without any additive. In the presence of Sc
(OTf)s3, A achieves a highest TOF of 24 500 h! (entry 10), which albeit
being an order of magnitude lower than the benchmark iron tetra-
carbene system a/b (~410 000 h’l), still is on par with the most active
N-donor based iron catalysts (25 200 h™1). This emphasizes once more
the beneficial effect of employing NHC ligands in epoxidation catalysis
[28]. Most N-ligated iron complexes have TONs of less than 100 [9], and
one of the highest reported TONs are 180 [18], 715 [60] and 252 [61],
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Fig. 6. Topographic steric maps of the buried volume of A. The red and blue colors show the more- and less-hindered zones in the catalytic center, respectively. Left:
View towards the opening of the NCCN ligand of A with the axial ligands horizontal and the NCCN ligand vertical. Right: View on top of A, with the red circle
marking the axial ligands and the broader orange area representing the NCCN ligand underneath with its opening to the left.

Table 2

Calculated charges at the iron(III) center of A, 1 and 2 using the Lowdin charge
model. Values are given in atomic units and were rounded to the third decimal
digit.

Complex A 1 2
Lowdin —1.249 —1.263 —1.236
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Fig. 7. Time-dependent epoxidation of cis-cyclooctene (67.3 pmol/mL, 1.00
eq.) in MeCN using A, 1 or 2 (1.35 pmol/mL, 0.02 eq.) as catalyst, and H,O,
(50% aq., 101 pmol/mL, 1.50 eq.) as oxidizing agent at 20 °C. Conversions are
determined by GC-FID.

but the latter with low selectivity towards the epoxide. Using 0.1 mol%
of A, a remarkable TON of 711 is attained at 20 °C, which is, to the best
of our knowledge, the second highest reported one for a Fe-NHC cata-
lytic system, with the highest TON of 1200 at 20 °C for a/b [28]. 1 with
the supposedly more electron rich center has at least the second highest
TOF of the three complexes with 7 600 h™!, and a TON of 46 in the
presence of Sc(OTf)3 (entry 15). 2 has no measurable TOF after 10 s due
to its slow nature without additive, but a TON of 23 can be determined
after 4 h and complete reaction (entry 19). However, despite having the
least electron rich center, 2 achieves nearly full conversion after 10 min

100 {m=m—m : Y
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Fig. 8. Time-dependent epoxidation of cis-cyclooctene (67.3 pmol/mL, 1.00
eq.) in MeCN using A, 1 or 2 (1.35 pmol/mL, 0.02 eq.) as catalyst, Sc(OTf)3
(6.73 pmol/mL, 0.10 eq.), and Hy0, (50% aq., 101 pmol/mL, 1.50 eq.) as
oxidizing agent at 20 °C. Conversions are determined by GC-FID.

with Sc(OTf)3, a maximum TOF of 1 300 h~!and a TON of 49 (entry 20).
The TON is even slightly higher than 1 and as high as for A (50, entry 3).

Variable temperature studies of all three complexes were performed
next (Table 3, Fig. 9). Decreasing the temperature below 20 °C has been
shown to be beneficial for the stability of Fe-NHC catalysts and thus
leading to an enhanced catalyst lifetime [14,17,34]. On the other side,
e/f (Fig. 1) with an electron pulling tetracarbene ligand similar to 2 have
been found to be remarkable temperature-tolerant, albeit also requiring
these higher temperatures for an enhanced activity [22]. A has a lower
activity at 0 °C (400 h_l, entry 1) but achieves an effectively full con-
version (98%) in 60 min reaction time in comparison to the 20 °C run
(87%), which is attributable to the 14% higher stability with a TON of 49
vs. 43 at 20 °C (entry 2). Based on the slope, a lower catalyst loading
would still have been sufficient for complete conversion with a longer
reaction time. Increasing the temperature to 40 °C enhances the activity
and an initial TOF of 2200 h™! is determined (entry 4). However,
deactivation of A also occurs faster, reducing the total conversion to
42% at a TON of 21. For 2, a rise of the temperature to 40 °C also is
beneficial for the activity (200 h™}, entry 21) and at 60 °C the highest
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Table 3
Epoxidation of cis-cyclooctene by A, 1 and 2 at different catalyst concentrations, temperature, and with or without additive.
entry catalyst T [°C] loading [mol%] additive X [%] ! S [%] TOF [h] P! TON
(10 min) (60 min)
1 A 0 2 - 33 > 99 400 49
2 A 20 2 - 80 > 99 1700 43
3 A 20 2 Sc(0Tf)3 100 99 18 000 50
4 A 40 2 - 38 > 99 2200 21
5 A 20 1 - 43 > 99 2700 43 fel
6 A 20 1 Sc(0Tf)3 100 99 20 800 100
7 A 20 0.5 - 24 > 99 3400 48 fel
8 A 20 0.5 Sc(0Tf)3 96 99 22600 194
9 A 20 0.1 - 7 > 99 2900 65 fel
10 A 20 0.1 Sc(0Tf)3 26 99 24500 711
11 1 -10 2 - 2 > 99 0 4
12 1 0 2 - 27 > 99 1000 19
13 1 0 2 Sc(0Tf)3 74 > 99 6500 44
14 1 20 2 - 19 > 99 900 10
15 1 20 2 Sc(0Tf)3 91 99 7 600 46
16 1 20 1 - 10 > 99 900 11
17 1 20 0.5 - 5 > 99 1400 12
18 1 20 0.1 - 1 > 99 1300 12
19 2 20 2 - 6 > 99 0 23 tdl
20 2 20 2 Sc(0Tf)3 97 99 1300 49
21 2 40 2 - 22 > 99 200 15
22 2 60 2 - 20 > 99 700 13
23 2 20 1 - 3 > 99 0 3 fel
24 2 20 0.5 - 1 > 99 0 2 fel
25 2 20 0.1 - 0 - 0 0

Reaction conditions: cis-cyclooctene (67.3 pmol/mL, 1.00 eq.) in MeCN, Fe-catalyst, if stated Sc(OTf)3 (6.73 pmol/mL, 0.10 eq.), and H,O2 (50% aq., 101 pmol/mL,
1.50 eq.). Selectivity is related to the epoxide. [a] Conversions are determined by GC-FID. [b] TOFs are determined after 10 s. [c] TON determined after 10 min. [d]
TON determined after 240 min. T = temperature. X = conversion. S = selectivity.
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Fig. 9. Time-dependent epoxidation of cis-cyclooctene (67.3 pmol/mL, 1.00 eq.) in MeCN, Fe-catalyst (1.35 pmol/mL, 0.02 eq.), and H>0, (50% aq., 101 pmol/mL,
1.50 eq.) as oxidizing agent at different temperatures. Conversions are determined by GC-FID. Top left: A as catalyst. Top right: 2 as catalyst. Bottom left: 1 as
catalyst. Bottom right: 1 as catalyst with Sc(OTf)3 (6.73 pmol/mL, 0.10 eq.).
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initial TOF of 700 h™! (entry 22) without additive is attained. But even
at higher temperatures, 2 still requires longer reaction times for a
complete reaction. On the other side, this is evidence of the high
temperature-tolerance of 2. Based on the rather low stability of 1 in
comparison to A and 2 (Fig. 7) the temperature was lowered for 1. At 0
°C asignificant increase of the stability can be observed for 1, as the TON
is almost doubled (0 °C: 19 vs. 20 °C: 10, entries 12 and 14). Hence, the
total conversion is also twice as high (39% vs. 20%, Fig. 9) and the ac-
tivity is even slightly higher (1000 h™! vs. 900 h™'). Lowering the
temperature to —10 °C does not benefit the stability further, as the ac-
tivity is reduced drastically giving a total conversion of only 8% after 60
min with a TON of 4. In all cases, and in contrast to other Fe-NHC cat-
alysts [17,22], the high selectivity of >99% remains constant even at
elevated temperatures.

Reducing the temperature to 0 °C could enhance the stability for A
and 1, which can be explained by potentially decelerated catalyst
deactivation, e.g. slower formation of an assumed uy-0xo species or
NCCN ligand dissociation (vide supra). However, lowering the temper-
ature to 0 °C in the presence of Sc(OTf)3 does not further increase the
stability for 1 (entry 13, Fig. 9) but in this case reduces the activity
(entry 13 vs 15). Therefore, using a Lewis acid as additive is superior to
varying the temperature in the present case and achieves the best cat-
alytic performance. Furthermore, the significant beneficial effect for the
stability by addition of Sc(OTf)3 gives the following indications: a) The
formation of a deactivation species without Lewis acid as dead-end in
the catalytic cycle. However, this species can either be reactivated or its
formation suppressed by Lewis acids such as Sc(OTf)s. It is likely, that
this species is a diiron-u-0xo complex, as it was demonstrated for the
tetracarbene system a/b, and both a/b and A/1/2 are structurally
similar and show analog reactivity in epoxidation catalysis. For a/b, this
diiron(II)-up-0xo complex could be reactivated with Lewis acids and
had the same activity like a/b. b) The presence of an additional degra-
dation pathway. If the formation of a diiron-us-oxo complex was the
only decomposition mechanism, addition of Sc(OTf)3 should give com-
plete conversions for all three complexes. This is, however, not the case.
In contrast to the formation of the deactivation species, this degradation
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is terminal and results in a permanently decomposed catalyst. As
mentioned above, possible degradation might involve the dissociation of
the NCCN ligand, C-C bond formation resulting in a highly-strained
annulated 2,2-biimidazole and subsequent cleavage of the methylene
bridge, as observed under oxidative conditions for A [44,58]. But also
carbene oxidation, as observed for a/b, methylene bridge oxidation or
carbene protonation are plausible [24]. ¢) The formation of the deacti-
vated species is faster than the terminal degradation. In the case of faster
permanent decomposition, the addition of Lewis acids would not have a
significant effect on the stability and lifetime of the catalyst.

Epoxides do not only act as final products in industry, but are also
building blocks in synthetic organic chemistry [62-65]. In the following,
various relevant olefin substrates are screened with A, 1 and 2 in the
epoxidation catalysis for 5 min with Sc(OTf)s, as their epoxides are
valuable intermediates in industry (Table 4). Here, the functional group
tolerance is tested as well. The respective epoxides are for example used
as monomers in polymerization (entry 27) [66], as stabilizers for
halogen hydrocarbons or oil-soluble bases in cosmetics (entries 28-32)
[671, epoxy resins (entry 34) and reactive diluent for epoxy resins (entry
36) [63].

The overall best catalytic performance is achieved by A, followed by
2 while 1 has the lowest substrate adaptability. A converts the smaller
ring cis-cyclohexene completely with high selectivity (>99%, entry 27),
whereas 1 and 2 show rather low reactivity to this substrate with 27%
and 22% conversion, respectively, albeit retaining the high selectivity of
>99%. The terminal alkenes (entries 28-30) are again completely con-
verted by A (selectivity > 90%) but for 1 and 2 the conversion drops
with a longer hydrocarbon chain from 71% to 28% for 1 and 92% to 54%
for 2. 1 shows the lowest selectivity for 1-hexene (68%) and 1-octene
(71%), and it drastically drops to 20% for 1-decene, in contrast to the
other catalysts (A: 90%; 2: 82%), because of diol formation. Interest-
ingly, 2 reaches a new maximum TOF of 6 400 h™! in the epoxidation of
1-decene. The iron(IIl) tetracarbene b favors the cis-2-octene over the
trans isomer, a behavior also common for other iron epoxidation cata-
lysts [14,68]. A follows this trend with an epoxide yield of 86% (cis)
against 80% (trans). However, especially for 1, this trend is reversed

Table 4
Epoxidation of various olefin substrates using A, 1 and 2 as catalyst with 5 min reaction time and Sc(OTf)s.
Entry Substrate A 1 2
X [%] S [%] TOF [h~11 X [%] S [%] TOF [h~11 X [%] S [%] TOF [h~11%
26 O 100 > 99 18 000 88 > 99 7 600 97 99 1300
[a]
27 @ 100 > 99 18 000 27 > 99 4900 22 > 99 0
[a,b]

28 /\/\/“’] 100 93 - 71 68 - 92 87 -

29 /\/\/\/[?‘J 100 95 17 400 34 71 3800 61 82 1500
30 /\/\/\/\/[a] 100 90 17 500 28 20 2800 54 82 6 400
31 /\/\/ﬁm 100 86 - 53 76 - 70 84 -

32 P U e Y 100 80 - 64 87 - 66 93 -

33 [b] 100 37 - 41 0 - 78 33 -

34 [b] 76 > 99 - 11 78 - 38 > 99 -

35 [a] 100 > 99 18 000 100 > 99 18 000 47 > 99 1200

/\/O\/ *
36 ©/\ 34 0 - 15 0 - 18 0 -
[b]
37 (o] 85 86 - 22 76 - 17 67 -

! % ! [b]

Reaction conditions: substrate (67.3 pmol/mL, 1.00 eq.) in MeCN, Fe-catalyst (1.35 pmol/mL, 0.02 eq.), Sc(OTf)3 (6.73 pmol/mL, 0.10 eq.) and H,0, (50% aq., 101
umol/mL, 1.50 eq.), 20 °C, 5 min. Selectivity is related to the epoxide. [a] Conversions are determined by GC-FID. [b] Conversions are determined by 'H NMR
spectroscopy, applying benzene as external standard. [c] TOFs are determined after 10 s. X = conversion. S = selectivity.
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with an epoxide yield of 40% for cis-2-octene compared to 56% for the
trans isomer. 2 effectively has the same epoxide yields for both isomers
(cis: 58% vs. trans: 61%). Allyl alcohol (entry 33) and allyl chloride
(entry 34) are more challenging to epoxidize resulting in either a low
selectivity for the former due to diol and aldehyde formation or low
conversion for the latter. Interestingly, in the epoxidation of the allyl
ethyl ether (entry 35) 1 is on par with A, reaching the highest TOF of
18000 h™! for 1 in this study at complete conversion and >99%
selectivity. In this case, 2 is left behind and achieves only 47% conver-
sion. No epoxide formation is observed for all catalysts using styrene as
substrate, opposite to A without Sc(OTf)3 and a with or b without Sc
(OTf)3 [14-15,34]; instead formation of a variety of side products is
observed (see SI). Chalcone is also rather difficult to epoxidize, espe-
cially by 1 and 2. In general, a more nucleophilic character of the alkene
through inductive effects results in a higher reactivity towards the
epoxide, which is in line with an electrophilic active species [14,60]. For
example, a highly substituted alkene is more reactive compared to its
terminal alkene due to the +I effect of the substituents and the —M effect
of the carbonyl in chalcone reduces the reactivity of the alkene.

3. Conclusions and outlook

Two novel complexes 1 and 2 were synthesized, characterized and,
together with A, applied as catalysts in the epoxidation of olefins. The
methyl backbone modifications in 1 result in a more electron rich iron
center than in A. A less electron rich iron center is achieved by substi-
tution of pyridine with pyrimidine in 2. The impact of the different
electronic properties of the complexes on the catalysis has been inves-
tigated. Surprisingly, the activity is the highest for A, followed by 1 and,
as expected, lowest for 2. Although 2 is the least active, it has the longest
lifetime. Hence, 2 eventually achieves a higher conversion than 1. The
catalysts enable an overall high selectivity, placing them among the
most selective Fe-NHC catalytic systems, on par with a/b. Addition of Sc
(OTf)3 as Lewis acid increases the activity and stability of all catalysts
significantly, while their selectivity remains high, in contrast to the
benchmark system a/b. The enhancement of the activity and stability
with Sc(OTf);3 indicates the presence of two degradation pathways; one
can be suppressed by Sc(OTf)s, while the slower pathway is terminal. In
the epoxidation of cis-cyclooctene with Sc(OTf); as additive, a TOF of
24500 h™! is achieved for A, followed by 7 600 h™! for 1 and 1 300 h™!
for 2. A reaches a remarkable TON of 711, 1 a TON of 46 and 2 a TON of
49. Lower temperatures can increase the stability for A and 1, and higher
temperatures lead to enhanced activity for 2. Various other substrates
have been screened in the epoxidation reaction. A has the best overall
catalytic performance, followed by 2 and 1. In general, more nucleo-
philic alkenes lead to a higher activity and conversion toward the
epoxide.

This work demonstrates ligand modification as easy and effective
tool to steer the electronic properties of transition metal catalysts and
how they can influence the catalytic performance. The impact of elec-
tronic variations on the epoxidation catalysis was studied on the iron
NHC catalytic system A/1/2 as potential tool for optimization of the
benchmark system a/b. A/1/2 was chosen as candidate due to its
structural and electronic similarities to a/b. Electronic changes of A/1/2
result in the same catalytic trends as for a/b in epoxidation. This con-
firms the universal underlying mechanistic functionality for both sys-
tems. Further evidence for that is the similar effect of Lewis additives on
catalysis and the inferred presumed alike degradation of the catalysts.

Interestingly, the overall lower activity of the A/1/2 system
compared to the flagship iron tetracarbene system a/b is likely a result
of the lower electron density at the iron center of the first compared to
the latter with its significantly stronger electron donating tetracarbene
ligand. Furthermore, decreasing the electron density at the iron atom in
2 is again reducing the activity vs. A — however, this is not true for the
opposite: increasing the electron density in 1 does not lead to a higher
activity vs. A. In other words, modifications within the catalytic system
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of A towards a more electron rich iron center in 1 are not accompanied
by improved activity, analog to the tetracarbene system (c/d vs. a/b).
While the 6-donation of the dimethylimidazole is counterbalanced with
enhanced n-backbonding in c¢/d [22] — which has been proposed as
explanation for the missing catalytic benefit of the tetracarbene modi-
fication in ¢/d vs. a/b —this is not the case for 1, which contains the same
ligand modification like ¢/d, namely two methyl groups at the 4 and 5
position of the imidazole backbone. Here, all analytical methods support
the higher electron density in 1 compared to A. In theory, a higher
electron density is expected to increase the activity due to acceleration
of the formation of the Fe™"”V = O active species as the rate determining
step [22,28], but a ligand modification might have a larger impact on
other factors, which in turn suppress the activity gain, such as catalyst
stability. Indeed, complex 1 has a reduced stability compared to A.
Based on the overall best catalytic performance out of all three com-
plexes, A seems to have the most balanced set of properties like electron
density and ligand/catalyst stability, analog to the unmodified bench-
mark system a/b. In the case of the tetracarbene system a/b, the in-
crease of electron density, like in ¢/d or more pronounced in g, also does
not result in an improved activity in epoxidation of cis-cyclooctene vs. a/
b. While more catalytic experiments of g are necessary for a compre-
hensive discussion, this raises doubts to the simple relation of the elec-
tron density at the iron atom and catalytic activity. A crucial factor to be
considered is the stability of a new or modified ligand under oxidative
conditions. Other parameters might be the ligand rigidity or overall
geometry. In any case, more knowledge about the catalytic mechanism
and structure activity relationships in epoxidation catalysis are required
in order to tailor the next generation of catalysts with the desired
features.

4. Experimental
4.1. General procedures and analytical methods

The syntheses of complexes 1 and 2 were performed under argon
atmosphere using standard Schlenk and glovebox techniques as well as
dry and degassed solvents. 4,5-Dimethyl-1H-imidazole [22], 2-(4,5-
dimethyl-1H-imidazol-1-yl)pyridine [35], 2-(1H-imidazol-1-yl)pyrimi-
dine (ACE pressure tube under Ar atmosphere) [35-36] were synthe-
sized according to literature procedures. Fe[N(SiMes)2]12(THF) has been
synthesized according to a modified literature procedure (see SI)
[69-73]. Solvents were purified, dried and degassed using standard
methods [74] or received from a solvent purification system by M.
Braun. All other chemicals were obtained from commercial suppliers
and were used without further purification. NMR spectra were recorded
on a Bruker Advanced Ultrashield AV400 (‘H NMR, 400.13 MHz; '3C
NMR, 100.53 MHz). The chemical shifts are given in § values in ppm
(parts per million) relative to TMS (tetramethylsilane) and are reported
relative to the residual deuterated solvent signal [75]. Elemental ana-
lyses (C/H/N/S) were obtained by the microanalytical laboratory at
Technical University Munich. Electrospray ionization mass spectrom-
etry (ESI-MS) data were measured on a Thermo Fisher Ultimate 3000.
Electrochemical measurements were carried out using an EmStat3 +
potentiostat using a three-electrode cell equipped with glassy carbon
electrodes as counter and working electrodes and Ag/AgNO3 (0.1 mM)
as the reference electrode. Potentials are measured with a scan rate of
100 mV/s and reported with reference to an internal standard of fer-
rocenium/ferrocene (Fc+/0). Tetrabutylammonium hexa-
fluorophosphate (100 mM in MeCN) was used as electrolyte. The
concentration of the complexes was about 2 mM. UV/Vis spectra were
recorded on an Agilent Cary 60 UV-Vis spectrophotometer with a con-
centration of 0.2 mM complex in acetonitrile. Solid material of all Fe(Il)
complexes (30 to 40 mg) was studied using °”Fe Mossbauer spectroscopy
at 80 K. %Fe Méssbauer spectra were measured using a 57Co source in a
Rh matrix using an alternating constant acceleration Wissel Mofbauer
spectrometer equipped with a Janis closed-cycle helium cryostat.
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Transmission data were collected, and isomer shifts are reported relative
to iron metal at ambient temperature. Experimental data were simulated
with mf2.SL software.[76] A temperature-dependent magnetic suscep-
tibility measurement of A (19.4 mg) was carried out with a Quantum-
Design MPMS3 SQUID magnetometer equipped with a 7 Tesla magnet in
the range from 400 to 2.0 K at a magnetic field of 0.5 T. The powdered
sample was contained in a polycarbonate capsule (29.4 mg) and fixed in
a non-magnetic sample holder. Each raw data file for the measured
magnetic moment was corrected for the diamagnetic contribution of the
sample holder and the polycarbonate capsule. The molar susceptibility
data was corrected for the diamagnetic contribution. Temperature-
independent paramagnetism (TIP = 1980010° cm®mol™!) and para-
magnetic impurities (PI = 1.3 % with S = 5/2) were included according
to Ycale = (1 — PI)-Y + PI-Ymono + TIP. Simulation of the experimental
magnetic data was performed with the julX program.[77].

4.2. Catalytic procedures

Experimental remarks. GC analysis was performed with an Agilent
Technologies 7890B GC-FID system with a 7693A Automatic Liquid
Sampler for 150 samples with G4513A Autoinjector using a HP-5 col-
umn (30 m x 320 pm x 0.25 pm). NMR spectra were recorded on a
Bruker Advanced Ultrashield AV400 (400 MHz) or AV500 (500 MHz)
spectrometer at a temperature of 297 K. Chemical shifts (5) are reported
in ppm and referenced to the residual signal of the deuterated solvent
[75].

Catalytic procedure. All catalytic reactions were conducted in a
cryostat (JulaboFP-50). Acetonitrile (HPLC-grade) as solvent was
applied for all experiments, which are screened via GC (substrates: cis-
cyclooctene, cis-cyclohexene, 1-octene, 1-decene and allyl ethyl ether).
The screening of other substrates (cis-cyclohexene, 1-hexene, allyl
alcohol, allyl chloride, styrene, chalcone, cis-2-octene and trans-2-
octene) was performed using 'H NMR spectroscopy and deuterated
acetonitrile as solvent. The catalyst was added from a preformed stock
solution in acetonitrile corresponding to the appropriate stoichiometry
to a solution of the respective substrate (1.00 eq., 67.3 pmol/mL).
Hydrogen peroxide (50% aq., 1.50 eq., 101 pmol/mL) was used as
oxidizing agent and, if required, Sc(OTf); as additive (0.10 eq., 8.41
pmol/mL). The reaction was started upon addition of the catalyst stock
solution, by adding the catalyst solution all at once. The reaction was
terminated by adding electrolytically precipitated activated MnOs in
order to decompose the excess of HyO in the reaction solution. After
filtration over activated neutral alumina (separation of the catalyst), GC
samples were prepared for each experiment and time point using 200 pL
filtrate, diluted with 1300 pL MeCN, in which p-xylene (0.9 pL/mL) is
dissolved as an external standard. For the screening via 'H NMR spec-
troscopy, 500 pL filtrate was added to 1 pL benzene as external standard.
Control experiments without catalyst were performed for all reactions
and did not show catalytic activity. An additional blank experiment with
a simple iron salt, iron(II) chloride, in the presence of HyO5 was con-
ducted to highlight the importance of iron complexes associated with
NHCs due to minimal product and unselective side-product formation.
Analogous, the additive Sc(OTf); itself shows minimal unselective cat-
alytic activity [15].

4.3. Synthetic procedures

[H2L1] (Br)2

The synthesis follows a similar procedure with regard to literature
methods [78]. 2-(4,5-Dimethyl-1H-imidazol-1-yl)pyridine (0.49 g, 2.83
mmol, 2.00 eq.) is dissolved in excess dibromomethane (4.00 mL, 57.3
mmol, 40.5 eq.) and heated to 110 °C for 16 h while stirring. The brown
oil is dried in vacuo, leaving a brown solid, which is washed with MeCN
(~27 mL) to yield a white precipitate. The brown supernatant is
removed, the white solid is washed with cold MeCN and dried in vacuo to
obtain [HyL1](Br)2 as white powder (0.35 g, 0.74 mmol, 48%).
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'H NMR (400.13 MHz, CDCl3): 5 10.92 (s, 2H, NCHN), 8.59 (dd, >J =
4.8, *J = 1.8 Hz, 2H, Hyy), 8.24 (d, 3J = 7.9 Hz, 2H, H,), 8.04 (td, °J =
7.9,%J = 1.8 Hz, 2H, H,)), 7.74 (5, 2H, CH>), 7.52 (dd, J = 7.6, J = 4.8
Hz, 2H, Hyy), 2.67 (s, 6H, CHj), 2.41 (s, 6H, CHa).

MS-ESI (m/2): [Holl — H']T caled., 359.20; found, 359 (100);
[HoL1 + H —CHoImPy]" caled., 174.10; found, 174 (35).

[HoL1] (PFe)2

The synthesis follows a similar procedure with regard to literature
methods [78]. [HoL1](Br), (202 mg, 388 pmol, 1.00 eq.) is dissolved in
2 mL Hy0 and slowly added to a vigorously stirred solution of NH4PFg
(316 mg, 1.94 mmol, 5.00 eq.) in 25 mL HyO. After stirring for 45 min,
the white precipitate is filtered off and washed with cold H2O. The white
solid is redissolved in 1.5 mL acetone and precipitated by adding 7 mL
Et;0. The precipitate is filtered, washed with Et;O and dried under
vacuum to obtain [HyL1](PF¢)2 as white powder (118 mg, 181 pmol,
47%). The product is dried overnight at 60 °C at 10"> mbar and stored
under argon.

'H NMR (400.13 MHz, CD3CN): 5 9.01 (s, 2H, NCHN), 8.68 (ddd, 3J
=4.8Hz, *J = 1.9 Hz, *J = 0.9 Hz, 2H, H,)), 8.14 (td, >J = 7.9 Hz, 'J =
1.9 Hz, 2H, H), 7.68 (ddd, 3J = 7.6 Hz, °J = 4.8 Hz, *J = 0.9 Hz, 2H,
Hpy), 7.63 (dd, 3J = 8.0, *J = 0.9 Hz, 2H, H,)), 6.45 (5, 2H, CH,), 2.40 (s,
6H, CHs), 2.34 (s, 6H, CHs).

13C NMR (100.53 MHz, CD3CN): 5 151.06 (2C, CH), 147.31 (2C, CH),
141.36 (2C, CH), 136.36 (2C, CH), 130.01 (2C, CH), 129.36 (2C, CH),
127.34 (2C, CH), 120.74 (2C, CH), 57.33 (1C, CHa), 9.86 (2C, CH3), 8.96
(2C, CHs).

MS-ESI (m/2): [HoL1(PFg)] " caled., 505.17; found, 505 (10); [HoL1 —
H']" caled., 359.20; found, 359 (1 00); [HyL1 4+ H — CHaImPy] ™ caled.,
174.10; found, 174 (12).

Anal. caled. for CoHo4F15NgP5: C 38.78; H 3.72; N 12.92. Found: C
38.87; H 3.56; N 12.71.

[FeL1(MeCN)2] (PFe)> (1)

The synthesis follows a similar procedure with regard to literature
methods [78]. Fe[N(SiMe3)2]2(THF) (302 mg, 673 pmol, 1.00 eq.) is
dissolved in ~5 mL MeCN giving a green solution, which becomes yel-
low and light brown after 15 min and is frozen in liquid N». A solution of
[HoL11(PFg)2 (492 mg, 756 umol, 1.12 eq.) in 10 mL MeCN is added over
1 min to the frozen solution, which changes its color to red and is slowly
warmed to r.t. while stirring overnight. The following red suspension is
dried in vacuo and suspended in 20 mL MeCN. The solvent is removed
under vacuum and the red solid is suspended in 20 mL MeCN again. This
is repeated once more to remove residual amine. The red suspension (in
20 mL MeCN) is filtrated, and the yellow residue is washed twice with
20 mL MeCN in order to dissolve all solid. The three filtrates are
collected in one batch (60 mL MeCN) and 60 mL Et,O are added to
precipitate an orange solid. The orange solid is filtered off, washed with
Et,0 (3 x 4 mL), dried at 60 °C at 10~ mbar overnight to yield 370 mg
of the iron complex. The orange filtrate (60 mL MeCN + 60 mL Et;0) is
concentrated under vacuum until ~ 10 mL of dark-red solution are
remaining. 40 mL of Et,0 are added to give an orange precipitate, which
is filtrated, washed with Eto0 (3 x 5 mL), dried at 60 °C at 103 mbar
overnight to yield additional 15 mg of iron complex. [FeL1(MeCN).]
(PFg) can be obtained as orange powder in total yield of 73% (385 mg,
490 umol). Single crystals suitable for X-ray diffraction were obtained by
slow evaporation of a solution of [FeL1(MeCN)5](PFg)2 in MeCN over 3
weeks at r.t. under ambient conditions (see SI for details).

'H NMR (400.13 MHz, CD3CN): 69.60 (ddd, *J = 5.4 Hz, *J = 1.7 He,
4J = 0.9 Hz, 2H, Hy), 8.29 (ddd, >J = 8.5 Hz, 3] = 7.5 Hz, Y = 1.7 Hz,
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2H, Hy), 8.17 (dt, >J = 8.5 Hz, *J = 0.9 Hz, 2H, H,,)), 7.72 (ddd, >J = 7.5
Hz, %] = 5.4 Hz, *J = 0.9 Hz, 2H, Hyy), 6.77 (s, 2H, CH), 2.77 (d, °J =
1.2 Hz, 6H, CHs), 2.50 (d, °J = 1.2 Hz, 6H, CHs), 1.96 (s, 6H, CH3CN).

13C NMR (100.53 MHz, CD3CN): 6 215.49 (2C, Cegrbene), 156.93 (2C,
CH), 153.56 (2C, CH), 141.95 (2C, CH), 131.08 (2C, CH), 127.51 (2C,
CH), 123.71 (2C, CH), 114.03 (2C, CH), 62.30 (1C, CH3), 11.70 (2C,
CHs), 9.00 (2C, CH3).

MS-ESI (m/2): [FeL1 + HCOO™]" caled., 459.12; found, 458.89 (69);
[FeL1(MeCN)5]?* caled., 248.09; found, 247.63 (50); [FeL1(MeCN)]**
caled., 227.57; found, 227.26 (82); [FeL1]?t caled., 207.06; found,
207.21 (100).

Anal. caled. for CosHogF12FeNgPo: C 38.19; H 3.59; N 14.25. Found: C
38.41; H 3.68; N 14.23.

[H2L2] (Br)»

The synthesis follows a similar procedure with regard to literature
methods [78]. 2-(1H-imidazol-1-yl)pyrimidine (323 mg, 1.65 mmol,
2.00 eq.) is dissolved in excess dibromomethane (25 mL, 358 mmol, 433
eq.) and heated to 110 °C for 16 h while stirring. The brown suspension
is dried in vacuo. The crude product is dissolved in MeOH (~20 mL),
precipitated with approximately 30 mL of EtOAc, filtered and washed
with EtOAc to yield [HyL2](Br), as off-white powder (291 mg). To in-
crease the yield, the yellow filtrate was dried in vacuo. The brown solid
was suspended in little MeOH, Et,0 was added and the resulting light-
brown precipitate was filtered, washed with MeCN and Et;0 to give
additional [H2L2](Br); as off-white powder (55 mg). 74% yield in total
(346 mg, 0.61 mmol).

'H NMR (400.13 MHz, DMSO-de): 6 10.59 (ps. t, *J = 1.7 Hz, 2H,
NCHN), 9.11 (d, 3J = 4.9 Hz, 4H, Hyym), 8.59 (ps. t, *J = 2.0 Hz, 2H,
CHim), 8.39 (ps. t, *J = 2.0 Hz, 2H, CHjn), 7.84 (t, °J = 4.9 Hz, 2H, Hpym),
6.99 (s, 2H, CH,).

MS-ESI (m/z): [HoL2 — H]' caled., 305.13; found, 305.10 (43);
[HoL2]%" caled., 153.06; found, 153.10 (100); [H,L2 + H*
—CH,ImC4H3N,] ™" caled., 147.07; found, 147.03 (72).

[H2L2] (PFe)2

The synthesis follows a similar procedure with regard to literature
methods [78]. [HoL.2](Br)2 (614 mg, 1.32 mmol, 1.00 eq.) is dissolved in
around 14 mL H»0 and slowly added to a vigorously stirred solution of
NH4PFg (1.02 g, 6.25 mmol, 5.00 eq.) in 25 mL H50O. After stirring for 15
min, the off-white precipitate is filtered off, washed with H,0O and Et,0.
The product is dried at 60 °C at 10"> mbar and stored under argon.
[HoL2](PFg), is obtained as off-white solid in 69% yield (542 mg, 909
umol).

'H NMR (400.13 MHz, DMSO-dg): § 10.51 (ps. t, *7 = 1.4 Hz, 2H,
NCHN), 9.11 (d, °J = 4.9 Hz, 4H, Hpyn), 8.59 (ps. t, *J = 1.9 Hz, 2H,
CHin), 8.25 (ps. t, *J = 1.9 Hz, 2H, CHyy), 7.83 (t, °J = 4.9 Hz, 2H, Hyym),
6.86 (s, 2H, CH>).

'H NMR (400.13 MHz, CD3CN): 5 9.89 (m, 2H, NCHN), 8.95 (d, 3J =
4.9 Hz, 4H, Hpym), 8.38 (m, 2H, CHy), 7.88 (m, 2H, CHiy), 7.70 (t, %) =
4.9 Hz, 2H, Hyym), 6.68 (s, 2H, CHy).

13¢ NMR (100.53 MHz, DMSO-dg): § 160.32 (4C, CH), 151.81 (2C,
CH), 138.38 (2C, CH), 123.56 (2C, CH), 122.97 (2C, CH), 119.66 (2C,
CH), 59.30 (1C, CHy).

13C NMR (100.53 MHz, CD3CN): 6 161.13 (4C, CH), 152.86 (2C, CH),
137.77 (2C, CH), 124.51 (2C, CH), 124.17 (2C, CH), 121.43 (2C, CH),
60.89 (1C, CHa).

MS-ESI (m/z): [Hol2 + PFg]™ caled., 451.10; found, 450.77 (77);
[HoL2 — H']' caled., 305.13; found, 305.11 (37); [HyL2]%* caled.,
153.06; found, 153.09 (100).

244

Journal of Catalysis 426 (2023) 234-246

Anal. caled. for Cy5H14F15NgP5: C 30.22; H 2.37; N 18.79. Found: C
30.19; H 2.14; N 18.56.
[FeL2(MeCN)2] (PFe¢)2 (2)

The synthesis follows a similar procedure with regard to literature
methods [78]. A -35 °C cold solution of Fe[N(SiMe3)2]2(THF) (178 mg,
396 pmol, 1.05 eq.) in 5 mL MeCN is added to a —35 °C cold solution of
[HoL2]1(PFg)2 (225 mg, 377 umol, 1.00 eq.) in 5 mL MeCN. The red so-
lution becomes a red suspension after 10 min and is stirred at r.t. for 20
h. The formed dark brown solution is dried in vacuo and suspended in 10
mL MeCN. 10 mL Et;0 are added to precipitate an orange solid. The
brown supernatant is removed and the solid washed twice with 3 mL
Et20, once dropwise with around 0.5 to 1 mL MeCN and finally 3 mL
Et,0 again. [FeL2(MeCN)y](PFg)2 can be obtained as orange solid in
68% yield (189 mg, 258 umol). Single crystals suitable for X-ray
diffraction were obtained by slow vapor diffusion of 1,4-dioxane into a
solution of [FeL2(MeCN),](PFg)- in MeCN after 1 to 2 weeks (see SI for
details).

H NMR (400.13 MHz, CDsCN): §9.77 (dd, 3J = 5.4, *7 = 2.2 Hz, 2H,
Hpym), 913 (dd, *J = 4.9, J = 2.2 Hz, 2H, Hpyy), 8.33 (d, *J = 2.3 He,
2H, CHyy), 7.87 (d, *J = 2.4 Hz, 2H, CHyy), 7.79 (ps. t, °J = 5.2 Hz, 2H,
Hpym), 7.02 (s, 2H, CHy), 1.96 (s, 6H, CH3CN).

13C NMR (100.53 MHz, CD3CN): 6 216.24 (2C, Cegrbene), 164.28 (2C,
CH), 161.34 (2C, CH), 160.68 (2C, CH), 126.69 (2C, CH), 120.99 (2C,
CH), 120.55 (2C, CH), 64.86 (1C, CH>).

MS-ESI (m/2): [FeL2 + HCOO]" calcd., 405.05; found, 404.91 (96);
[FeL2(MeCN)5]?" caled., 221.05; found, 220.61 (67); [FeL2(MeCN)]%*
caled., 200.54; found, 200.27 (94); [FeL2]%* caled., 180.02; found,
180.03 (100).

Anal. calced. for C;9H18F12FeN1oP2: C 31.17; H 2.48; N 19.13. Found:
C 31.20; H 2.29; N 18.84.
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Two chiral imidazolium salts and one chiral triazolium salt were synthesized containing a chiral cyclohexane
bridge based on the salen ligand framework of the Jacobsen-Katsuki epoxidation catalysts. They are promising
NHC and aNHC ligand precursors for asymmetric epoxidation or C-H oxidation catalyzed by organometallic
compounds. The ligand framework offers plenty of opportunities for modification.

1. Introduction

Olefin epoxidation is important for the synthesis of bulk chemicals,
fine chemicals, and pharmaceuticals [1-4]. In the latter two areas many
of the most interesting olefins are prochiral. To obtain enantiopure ep-
oxides, chiral-directing catalysts are required. The Jacobsen-Katsuki
epoxidation is a classical method to convert unfunctionalized alkenes
containing alkyl and aryl substituents at high enantioselectivity [5,6].
As catalyst, a Mn(III) complex with a chiral salen ligand framework is
employed [5,6]. Chirality is achieved by substitution of the ethyl-
enediamine backbone, for example with trans-1,2-diaminocyclohexane.

Our group has developed a series of highly active and stable iron N-
heterocyclic carbene (NHC) epoxidation catalysts [7-18] Among them is
the current benchmark system for homogeneous olefin epoxidation, an
iron(II) tetracarbene [14,15,19]. An activity given in turnover frequency
(TOF) of over 400 000 h™! and a turnover number (TON) of around
1 200 are reached in the conversion of cis-cyclooctene as model sub-
strate at room temperature with Sc(OTf)3 as additive [19]. The use of
NHC ligands as strong c-donors has been shown to be superior to N-
ligated Fe complexes in epoxidation, especially in terms of activity and
stability [10,13,15,17,19,20].

The motivation for this work is to combine the asymmetric catalytic
properties induced by the chiral salen framework with the benefits of
NHC ligands. Therefore, three ligand precursors containing a chiral
cyclohexane bridge for potential application in asymmetric epoxidation
NHC catalysts are reported.

* Corresponding author.
E-mail address: fritz.kuehn@ch.tum.de (F.E. Kiihn).
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2. Results and discussion

Some NHC ligands containing a chiral cyclohexane bridge are
already established in literature [21-24]. In the first ligand precursor (1,
Scheme 1) the imine functionality of the salen ligand is formally
substituted with imidazole containing phenol groups with bulky tert-
butyl wings, as also seen in the Jacobsen catalyst [25]. The steric demand
prevents dimerization of the complex and possibly influences the tra-
jectory of the alkene, important for the enantioselectivity of the catalyst
[26]. The imidazolium chloride salt can be obtained by reaction of
(1S,25)-1,2-di(1H-imidazol-1-yl)cyclohexane [24,27,28] with two
equivalents of 2,4-di-tert-butyl-6-(chloromethyl)phenol [29-32]. An
anion exchange with NH4PF¢ is conducted as further purification step
and to enhance the solubility of the ligand precursor in organic solvents
for future complexation reactions to give 1 (see SI).

In a similar fashion, the chiral ligand precursor 2 can be obtained by
reaction of (1S§,25)-1,2-di(1H-imidazol-1-yl)cyclohexane [24,27,28]
with two equivalents of 2-(chloromethyl)pyridine hydrochloride
(Scheme 2). In 2, the phenol groups are replaced with pyridine. The
structure of ligand precursor 2 resembles open-chain iron bis(pyridine)-
bis(NHC) complexes, which have been extensively studied in epoxida-
tion reactions but also C-H hydroxylation reactions, among others
[8,12,33-35]. Thus, iron NHC complexes with 2 as ligand would be
interesting to test in asymmetric C-H oxidation reactions and compare
their catalytic performance with the achiral iron NHC catalysts.

The third chiral ligand precursor (9, Scheme 6) has been designed
based on a framework similar to 1 but having triazole moieties instead of

2211-7156/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).
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Scheme 1. Synthesis of the chiral ligand precursor 1.
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Scheme 2. Synthesis of the chiral ligand precursor 2.
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Scheme 3. Synthesis of the alkyne building block 5. a) pTsOH (0.10 eq.), NIS (1.21 eq.), (DCM), r.t., 3 d. b) TMSA (1.30 eq.), Pd(PPh3)Cl, (0.05 eq.), Cul (0.05 eq.),
(NEt3) 55 °C, 18 h. ¢) K»CO3 (3.00 eq.), KF (2.00 eq.), (MeOH), r.t., 3.5 h.

imidazole. The triazole units are intended to be methylated in order to or + 5) [10]. First row transition metals prefer ionic interactions
act as abnormally coordinating NHCs (aNHC). aNHCs are even stronger particularly at these high valence states [36]. Therefore, the phenol
o-donors than normal NHCs and their bonds to the metal center possess a wings are designed to synergistically enhance the bonding of the aNHCs
highly covalent character [36]. However, during the epoxidation reac- for a more robust catalyst, while the strong electron donation especially
tion, the iron catalysts are expected to reach high oxidation states (+4 from the aNHC units is expected to increase the activity.
K,COs3,
© CUSO4 -5 Hzo,

\NH N
R 2 HSO, O\\ _N3 rt,72h, ('BUOH/H,0) N e
+ 2 @//\N/S\\
0 N3

NH, HN
= ]

Scheme 4. Synthesis of the diazide 6. K,CO3 (31.6 eq.), CuSO4 e 5 H;0 (0.05 eq.), (tBuOH/H,0), r.t., 72 h.
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Scheme 5. Synthesis of the chiral triazole 7. d) sodium ascorbate (3.00 eq.), CuSO4 e 5 H,0 (1.35 eq.), (tBuOH/H30), r.t., 72 h.

Fig. 1. ORTEP-style representation of 8. Hydrogen atoms are omitted for
clarity. Thermal ellipsoids are shown at a 50% probability level.

Synthesis of 9 proved to be more challenging but is achieved via a
multi-step synthesis. First, the alkyne building block 5 is synthesized by
a Sonogashira reaction [37] of the phenol 3 and subsequent deprotection
of the alkyne group (Scheme 3). Contrary to literature reports [38],
using bromide as leaving group in 3 led to some problems as the Sono-
gashira reaction gives lower yields in this case. Separation of 4 from the
bromide educt of 3 is difficult due to highly similar physicochemical
properties (see SI), which can be circumvented by using iodide as better
leaving group in 3 leading to a high conversion to 4. Deprotection of 4
was successful at smaller scales using KF or KyCO3. At large scale,
however, degradation of 5 comes into play (see SI). Combining KF and
K2CO3 while keeping the reaction time short (monitored via TLC) gives
satisfying results (1S,2S)-1,2-Diazidocyclohexane (6, Scheme 4) is syn-
thesized according to a modified literature procedure [39]. The yield of
this reaction varies from 31 % to 97 % [39]. Imidazole-1-sulfonyl azide
hydrogen sulfate [40] is used as a relatively safe diazo-transfer reagent.
Purification and isolation of 6 (in solution) is possible, but no benefit, for
example a higher yield in following reactions, could be observed. Also,

there is a risk of decomposition over time. Thus, the freshly prepared
reaction mixture of 6 is directly used further in the click reaction with 5.

Combination of 6 and 5 in the CuAAC click reaction leads to the
chiral triazole (7) but also a side-product is obtained with only one
clicked triazole and one remaining azide group (8, ratio of 7:8 1:1.6,
Scheme 5). 4 can also be applied as educt and deprotected in-situ [41],
but previous deprotection was observed to lead to higher yields (prob-
ably due to more controlled deprotection and reaction conditions in
general). The amount of 5 can be decreased to 1.1 eq. — and probably
even lower — without any decrease in product yield. This indicates that 6
is in-situ produced in maximum ~ 55 % yield and the amount of 6 is the
limiting factor in the click reaction. A higher reaction temperature
apparently does not have a beneficial influence on the yield of the click
reaction. The side-product 8 is easily separable from 7 and can be
employed in another click reaction with 5. Interestingly, even in the
latter case, 8 is always obtained, which could indicate the presence of an
equilibrium. The ring strain in 7 might also be a factor [27]. The mo-
lecular structure of 8 is further confirmed by X-ray diffraction (Fig. 1),
also proving the unchanging relative configuration of the chiral centers.

Methylation of 7 is achieved with Me3OBF, to give the third chiral
ligand precursor (9, Scheme 6). If desired, anion exchange can probably
be achieved with NEt4Cl to form the chloride salt and subsequently with
NH4PF¢ to form the PFg salt [38]. Methylation with Mel exclusively
yields mono-methylated product. Using MeOTf results in O-methylation
as side-reaction (see SI). These problems are known with these kind of
triazole-phenol compounds [38]. Hence, several attempts were made to
protect the hydroxy group with various silyl ethers. These experiments
(and other synthetic studies) are described in the SI. However, incom-
plete protection occurred and hampered their application. Demethyla-
tion after reaction with MeOTf did not selectively remove the methoxy
group at the chosen conditions.

3. Conclusion and outlook
Two chiral imidazolium salts 1 and 2 and one chiral triazolium salt 9

were synthesized containing a chiral cyclohexane bridge based on the
salen ligand of the Jacobsen-Katsuki epoxidation catalysts. The new

e, e,
N\ K7 /N
9 N N N N\ 4 /N @
N N Me;OBF, = N N™ =
- 5 — ~
(DCM)
OH HO 34 rt. OH HO
55%

7

9

Scheme 6. Synthesis of the chiral ligand precursor 9. Me3OBF,4 (3.00 eq), (DCM) r.t., 3 d.
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compounds are promising NHC (1-2) and aNHC ligand precursors (9)
for organometallic complexes. An application as ligands in iron catalysts
for the asymmetric epoxidation or C-H oxidation is intended. The ligand
framework offers plenty of opportunities for further modification, e.g. at
the chiral bridge, the imidazole/triazole units and at the pyridine/
phenol wings. The use of chiral anions can also be investigated in future
catalytic studies [42,43].
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mitochondrial and ROS pathway and overcomes resistance to cisplatin in vitro.

Introduction

N-heterocyclic carbenes (NHCs), first described in 1991," have
found many applications.” There are several structural features
that allow the tuning of their electronic properties. Ring size,
the adjacent heteroatoms, N-substituents, and the backbone
can be modified. Changing one or more structural properties of
a NHC ligand can lead to significantly different reactivities and
stabilities of the resulting complexes.® Often several NHC units
are combined in multidentate ligands, making use of the
chelating effect, and a plethora of multidentate NHC metal
complexes has been reported.*®
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Our group has developed several bidentate and cyclic tetra-
dentate NHC ligands. The respective transition metal
complexes have been applied e.g. in medicinal chemistry®” and
epoxidation catalysis.®* While the bidentate ligands can form
open-chain tetracarbene complexes,®® the tetradentate ligands
give cyclic tetracarbene compounds. Most commonly applied in
our recent examinations is the calix[4]imidazolium ligand
precursor (a, Fig. 1)."° Its iron complex (c) can be used as olefin
epoxidation catalyst achieving unprecedented activity.* Coinage
metal tetracarbene complexes (and metal NHC complexes in
general”) have been investigated regarding their anti-
proliferative activity and selectivity against cancer cells (b, d-f,
Fig. 1).%7
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Fig. 1 Tetracarbene ligand precursor a and derived transition metal
complexes b—f.
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In this study, the scope of multidentate NHC ligands is
extended with an ethylene-bridged bisimidazolinium ligand
precursor and two cyclic ethylene-bridged tetradentate NHC
ligands, with an unsaturated (imidazole) and saturated back-
bone (2-imidazoline). Pd", Pt" and Au™ tetracarbene complexes
containing the novel ligands are synthesized, characterized and
applied in preliminary medicinal studies regarding their activity
in inducing apoptosis in malignant cells. Finally, the synthetic
attempts to a calix[4]imidazolinium macrocycle (structurally
analog to ¢ but with a saturated backbone) are described,
because there is an increasing demand for reliable training
data, including data on negative outcomes, for machine
learning systems in chemistry."®

Especially the two new macrocyclic ligand precursors are
intended to lay the foundation for electronic comparisons
induced by the different backbone in future studies. The
unsaturated backbone of the imidazole moiety causes partial
aromaticity, increasing NHC stability by ca. 100 k] mol~*.%* A
saturated backbone, in turn, can lead to higher basicity because
the electron density is more concentrated on the C2 carbene
carbon atom due to the lack of m-interactions.”

Results and discussion

The synthesis of a saturated macrocyclic ligand precursor
similar to ¢, but containing 2-imidazoline moieties instead of
imidazole, calix{4]imidazolinium, was pursued parallel to the
synthesis of the other ligand precursors. However, the synthesis
was not successful with the chosen synthetic approaches as
described in the ESL.}

Synthesis and characterization of H,L3

H,L3 is based on the literature known ethylene-bridged imi-
dazoline moiety (1).>* Alkylation of 1 with Mel in MeCN at 82 °C,
followed by an anion exchange with NH,PF in water, gives
H,L3 in 91% yield (Fig. 2).

Synthesis and characterization of H,L5/6 and H,L8/L9

For the preparation of H4L5/6 and H,L8/9, a slightly modified
literature procedure for similar macrocycles was used (Fig. 3).*
Ring closure to form the macrocyclic imidazolium salt a is
commonly achieved with CH,(OTf),,* but also CH,Br, is re-
ported.>* Here the ethylene-bridged imidazoline 1 (ref. 23) and
the ethylene-bridged imidazole 7 (ref. 25) are reacted with
ethylene bistriflate (4) under dry conditions at —45 °C over
a period of 5 h in dry MeCN for H,L5 and H,L8 (see ESIt).

Ik \ Bk
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Fig. 2 Synthesis of ligand precursor H,L3 via alkylation and anion
exchange.
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Fig. 3 Synthesis of ligand precursors H4L5/6 and H4L8/9 via ring
closure with ethylene bistriflate and anion exchange.

The synthesis of H,L5 and H,L8 yields a mixture of a 20-
membered macrocycle (87% H,L5 and 90% H,4L8, as deter-
mined by NMR), consisting of four imidazole (C[4]) units, and
a 30-membered macrocycle (13% H,4L5, 10% H,L8) consisting of
six imidazole (C[6]) units (see ESIT). Separation attempts of C[4]
and C[6] via column chromatography, precipitation or subli-
mation were not successful. However, by increasing the cooling
period during the addition of the ethylene bistriflate at —45 °C
to a total of 5 h, the purity of the kinetically preferred C[4] unit
could be easily increased up to 98% C[4] for H4L5 and in case of
H,L8 an increase up to 100% (ESIT). Due to the absence of
similar macrocyclic imidazolinium compounds, H,L5 is
compared to a and H,L8 in the following.?

Relative to a, all signals of H,L5 and H,L8 are upfield shifted,
indicating a higher electronic density due to the +I effect of the
ethylene bridge leading to an increased shielding effect in the
NMR.**?¢ The higher upfield shift of Hy,L5 compared to H,L8
can be explained by the electronic inducing effect of the satu-
rated bond.?*?%*”

Unlike in "H-NMR, each individual **C signal of H,L8 in
DMSO-d; is in the same range as the signals obtained for the
macrocyclic compound a.'® However, in case of H4L5, opposite
to the "H-NMR, the C2 carbon resonance at 159.16 ppm is
downfield shifted compared to H,L8 and a (H,L8, A6 =
22.08 ppm, a, Ad =< 22.0 ppm), thus contradicting expectations.
According to literature and as described by H. V. Huynh, the
hypothetical free carbene of the imidazoline ligand H,L5
should be a stronger o-donor than H4L8, so an enhanced
upfield shift of the C2 signal of H,L5 should have been
detectable.*®**?* Interestingly this expectation is not met here,
and apparently other factors play a role. Every other resonance
in the *C-NMR is upfield shifted."

Salt metathesis of the formed macrocyclic salts can be per-
formed with NH,PFs to increase the solubility in organic
solvents and as additional purification step.>** Thus, an anion
exchange in water towards PF,~ is conducted with H,L5 and
H,L8, resulting in H4L6 (81%) and H,L9 (88%).

Synthesis and characterization of complexes (Pd/PtL3, PdL5/6,
Pd/PtL8, Pd/AuL9)

A well-established route to obtain NHC complexes is to convert
the corresponding imidazolium salts with group 10 metal
acetates. In this reaction, the acetate serves as an internal base
capable of deprotonating imidazolium- and imidazolinium

RSC Adv, 2024, 14,10244-10254 | 10245
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salts to form NHCs, which subsequently coordinate to the
metal.**'"** An alternative route is via a silver transmetalation.**
In the first approaches, attempts were made to synthesize the
respective Ag' complex with H,L3 to obtain a dinuclear structure
similar to already published open chain bis-NHC-
complexes.®*>** However, no product formation was observed
in our case. Either no reaction took place or complex signals
were observed in the aliphatic region of § = 1.9-4.4 ppm in the
'H-NMR after purification, indicating the decomposition of
H,L3. Several other conditions with different Ag'-salts and
addition of sodium acetate as internal base at different
temperatures were tested without success. A possible problem
might be the stability of the Ag'-complex. Another issue might
be hydrolysis of imidazolines under acidic and basic condi-
tions.***” It has been proposed in literature that the moisture in
the solvent can react with sodium acetate to generate hydroxide
ions which can attack the electrophilic center of the C2 carbon
and lead to ring-opening products, rather than nucleophilic
attacking the acidic proton at the C2 carbon.*® Therefore, the
next attempts were conducted under moisture-free reaction
conditions by using dried solvents. Even the direct metalation
with palladium(u) acetate or palladium(u) chloride under dry
reaction conditions did not lead to the desired product. The
focus was then shifted to a combination of the transmetalation
route using Ag,O in situ with the direct metalation, by applying
the respective metal precursor and sodium acetate as a mild
base in dry solvents (Fig. 4).

The absence of the acidic imidazolinium proton signal and
appearance of characteristic carbene carbon signals confirms
the successful formation of PdL3 and PtL3. Unfortunately,
despite several attempts, a clean elemental analysis for PtL3
could not be obtained. Also, the "H-NMR of PtL3 shows some
impurities, which could not be identified and no *°>Pt isotope
coupling phenomena was observed in the ">C-NMR.

The carbene carbon signal of PdL3 at 194.29 ppm in DMSO-
de [PtL3; 188.38 ppm in CD3;CN], is surprisingly downfield
shifted compared to other Pd(u) bis-NHCs reported in litera-
ture.***® Due to the theoretically stronger o-donation of the
imidazolinylidene ligand H,L3 compared to its unsaturated
analog, an upfield shift of the *Cyyc signal was expected.
Literature indicates that the significant downfield shift of the
carbene carbon resonance from imidazolium to imidazolinium
compounds is a general phenomenon.***"*> Another interesting
fact is that the analytic data, including HR-ESI-MS and
elemental analysis, are not supporting a dinuclear complex or
a mono-carbene complex as expected, but indicate that PdL3
has rather a [Pd(L3),](PFe), structure similar to e. This is further

+N 2
4 ] -
N N
<N a) Ag,0, NaOAc, c - :R
_ (MeCN), rt. 1 h NN -
2 PFg 2 2PFs
N b) Metal Precursor [IV1] N\/ \7N
f\) (MeCN), 80 °C, 3d On- N
N
W3 L3, 1 = Pd, Pt

Fig. 4 General synthesis of Pd/PtL3.
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Fig. 5 ORTEP-style representation of the cationic fragment of
complex PdL3. Hydrogen atoms and hexafluorophosphate anions are
omitted for clarity. Thermal ellipsoids are shown at a 50% probability
level. Selected bond lengths (A) and angles (°): C1-Pd1 2.039(2); C7-
Pd12.038(2); C7_a—Pd1-C7 180.0; C7-Pd1-C1_a 91.64(9); C7-Pd1-
C188.36(9), C7_a—Pd1-Cl_a—-N2_a 55.30.

confirmed by single-crystal X-ray diffraction (SC-XRD). The
PdL3 complex displays a distorted square planar structure. Two
L3 ligands coordinate to the Pd center, resulting in an open-
chain tetracarbene complex of similar geometry like the cyclic
complex e.** The Pd-C (2.039 A, 2.038 A) distances are in good
accord with palladium(u) NHC complexes reported in litera-
ture.>»* The alkyl groups of the ligand L3 adopt a syn confor-
mation in the solid state, while the imidazole rings are tilted by
55.30° out of the palladium square plane (Fig. 5).

The PtL3 complex exhibits a similarly distorted square
planar structure compared to PdL3. The Pt-C (2.033 A, 2.039 A)
distances are comparable to similar literature known group 10
NHC compounds.**™*” The alkyl groups of L3 also adopt a syn
conformation, while the imidazole rings are tilted by 50.53° out
of the palladium square plane as in PdL3 (Fig. 6).

Complex PdL5/6 and PdL8/9

Since H,L5 and H,L8 are quite similar to other macrocycles (a),
it seemed suitable to synthesize PdL5 and PdL8 according to
alike compounds via the direct metalation route.** Therefore,
H,L8 was first converted with Pd(OAc), in a mixture of dry

Fig. 6 ORTEP-style representation of the cationic fragment of
complex PtL3. Hydrogen atoms and hexafluorophosphate anions are
omitted for clarity. Thermal ellipsoids are shown at a 50% probability
level. Selected bond lengths (A) and angles (°): Pt1-C12.0337 (18); Pt1—
C72.039 (6), C1_a-Pt1-C1180.00(7); C1-Pt1-C7_a 91.2(5); C1-Ptl-
C7 88.8(5), C7_a—Pd1-Cl_a—-N2_a 50.53°.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 General synthesis of PdL5/6, Pd/PtL8 and Pd/AuL9.

DMSO/MeCN (1:1) at 40 °C for 16 h.** However, no product
formation was observed after work-up. Several other conditions
such as increasing temperature and reaction time led to the
absence of the imidazolium protons and the formation of new
product signals in the '"H-NMR after 4 d at 80 °C. Still these
intensities were very low, and no product could be isolated.
Another approach was tried via the transmetalation route with
Ag' salts, but this also led to no product formation. Finally, both
PdL8 (50%, Fig. 7) and PdL5 (3%) could be obtained by applying
the same reaction conditions as for the already synthesized
complexes PdL3 and PtL3. The yield of the imidazolinylidene
tetracarbene complex could be increased to 46%, by using H,L6
instead of H4L5, resulting in PdL6.

Again, the absence of the acidic position 2 proton signals in
the '"H-NMR and appearance of the carbene carbon peaks
confirm the formation of Pd(u) carbene complexes. The
observed chemical shift of PdL8 is in the typical range of Pd(u)
tetra-NHC compounds and indicates the formation of
a complex with similar coordination sphere as e.****> The 'H-
NMR of PdL5 in CD;CN shows three signals, with two of them
in a similar range to PdL8 and one upfield shifted signal of the
backbone protons. As already mentioned in the discussion of
H4L5, the *C-NMR of PdL5 is contrary to expectations. The
carbene carbon of PdL5 (191.30 ppm) is surprisingly strong
downfield shifted compared to PdL8 (165.84 ppm) and in
a similar range to the carbene carbon of PdL3 (195.6 ppm in
CD;CN). Literature indicates that the significant downfield shift
of the carbene carbon resonance from imidazole to imidazoline
compounds is a general phenomenon.*®**> The uncertainty of
a "*C-NMR measurement is expected to be below 0.1 ppm; by
using three times the weighted standard deviation, a difference
of >0.4 ppm is required for a significant difference that exceeds
the statistic uncertainty.>*® Therefore, PdL5 (191.30 ppm in
CD;CN) and PdL8 (165.84 ppm in CD3;CN) show a sufficiently
different chemical shift to allow its discussion. In general, the
normal NHC unit (without any modification) of the tetra-
carbene ligands is in a range of rather low to negligible -
backdonation, hence the changes in electronic properties are
dominated by the o-donation of the tetracarbenes.*** According
to literature, the imidazoline ligand L5 should be in general
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Fig. 8 ORTEP-style representation of the cationic fragment of
complex PdL9. Hydrogen atoms and hexafluorophosphate anions are
omitted for clarity. Thermal ellipsoids are shown at a 50% probability
level. Selected bond lengths (A) and angles (°): C1-Pd 2.019(2), C1-
Pd1-Cl_b 172.03(12), C1-Pd1-Cl_d-N2_d 53.62, C5-Pd1-C5_b
98.97°.

PAN

a stronger o-donor than L8, so an enhanced upfield shift of the
carbene signal would have been detectable.>?***?* Interestingly,
this expectation is also not met here, and apparently other
factors may play a role, as already observed with PdL3 and PtL3.
Therefore, further investigations on this subject, e.g. by means
of DFT calculations, have to be carried out, since only conjec-
tures can be made with the present analytical data. The
elemental analysis and HR-ESI-MS for PdL8 are in accord with
a composition [Pd(L8)](OTf), similar to e. It needs to be noted
that no clean elemental analysis of PdL6 could be obtained.
However, the elemental analysis and HR-ESI-MS of PdL6 are in
accordance with the composition [PdL6](PFs),. Due to unsat-
isfying results in crystallization of PdL8, an anion exchange in
water towards PFs~ was conducted, resulting in PAL9 (41%).
Single crystals suitable for SC-XRD were obtained by slow
diffusion of Et,O into MeCN solution of PdL9. As expected, the
Pd(u) ion is coordinated in a nearly square planar fashion with
C-Pd-C angles deviating from 180° by ~8°, thus lifting the
metal slightly above the carbene carbon atom plane (Fig. 8).
However, due to the C,-bridge, the ligand is strongly bent (C5-
Pd1-C5_b = 98.97°) and adopts a crisp-shape, while tilting the
imidazole rings 53.62° in an alternating pattern out of the
palladium square plane.” The Pd-C distance (2.019 A) is
comparable to those of other cyclic Pd(u) tetracarbene
compounds reported in literature.*>**345-47

In the following Table 1 the M—Ccarbene bond lengths [A], the
Cearbene=M—Cearbene angle [°], the tilt of the NCN unit [°] of the
complexes Pd/PtL3 and PdL9 and additionally the Cprigge—M-
Chridge angle [°] for PAL9 are summarized.

Table 1 Summary of the M=Ccamene bond lengths [Al, the Ccarpene—
M—=Ccarbene angle [°], the tilt of the NCN unit [°] of the complexes Pd/
PtL3 and PdL9 and the Cyigge—M—Chyiage angle [°] for PdL9

Compound PdL3 PtL3 PdL9
M-Cearbene [A] 2.038|2.039 2.033/2.039 2.019
Ccarbenefoccarbene [O] 180 180 172.03
Tilt NCN unit [°] 55.30 50.53 53.62
Cbridge_M_Cbridge [0] - - 98.97
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Complex PtL8

Applying the same reaction conditions and work-up methods to
Pt(MeCN),Cl, instead of Pd(OAc), results in the formation of
PtL8 (25%,Fig. 7). The absence of acidic proton signals in the
'"H-NMR and the appearance of the carbene '*C-peak at
159.39 ppm in CD;CN confirms the formation of the respective
Pt(u1) complex. The chemical shift of the carbene carbon is in
accordance with Pt(u) tetra-NHC complexes previously reported
in literature and is slightly shifted to the upfield compared to
PAL8 ("*Cnpic in CD;CN at 165.84 ppm) by 6.45 ppm.***%*° No
195pt isotope coupling was observed. The 'H-NMR in CD;CN
shows similar signals compared to PdL8, where the bridge
protons also split into two multiplets at 5.01 and 4.44 ppm. In
addition, HR-ESI-MS is in accordance to a similar composition
as PdL8. Despite multiple attempts, no single crystals suitable
for SC-XRD were obtained. However, the discussed analytical
data strongly support a similar structure compared to PAL8 and
similarly structured tetracarbene ligand.®**

Complex AuL9

For the synthesis of AuL9 (Fig. 7), the same reaction conditions
were applied as reported in the literature for similar
complexes.** Therefore, H,L8 was converted with KAuCl, and
NaOAc in dry DMSO under exclusion of light at 100 °C for 5 h.
After the work-up, including an ion exchange to PFs~ as a puri-
fication step, AuL9 (47%) was obtained. The absence of acidic
proton signals in the "H-NMR and the appearance of a new *C-
peak at 146.03 ppm in CD3;CN confirm the formation of the
respective Au(m) complex. The chemical shift of the carbene
carbon is in accord with Au(m) tetracarbene complex (e) previ-
ously reported in literature and slightly downfield shifted by
1.79 ppm when compared to e.** Furthermore, the backbone
carbons are also slightly downfield shifted by 0.68 ppm. The 'H-
NMR in CD;CN shows similar signals compared to complex
PdL8 and PtL8 with the backbone protons at 7.47 ppm and the
bridge protons as two multiplets in close proximity at 4.83 and
4.71 ppm. Both elemental analysis®* and HR-ESI-MS are in
agreement with the composition [Au(L15)](PFe);. Although no
single crystals suitable for SC-XRD were obtained, the discussed
analytical data strongly support the coordination of one tetra-
carbene ligand similar to PdL9.

Biological evaluation

Induction of apoptosis as cell death type

PdL3, PdL8, AuL9 and their respective protonated ligand
precursors were tested for their apoptotic effects on Nalm-6 cells
(human B cell precursor leukemia cell line) and SK-N-AS cells
(human neuroblastoma cell line) at different concentrations
and quantified by the nuclear DNA fragmentation by flow
cytometry analysis. PdL3 and PdL8 as well as the ligand
precursors do not show any apoptosis inducing effects in Nalm-
6 cells and SK-N-AS cells (see ESIT). AuL9 shows no apoptotic
effect in Nalm-6 cells, but significant apoptosis induction by
AulL9 is detected in SK-N-AS cells (Fig. 9A); therefore, the effect
of AuL9 in SK-N-AS cells was further characterized.
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Fig. 9 (A) AuL9 induces apoptosis in SK-N-AS cells. The cells were

treated with different concentrations of AuL9 and incubated for 96 h.
Nuclear DNA fragmentation was analyzed. (B) To exclude unspecific
cytotoxic effects, such as necrotic cell death, the viability of SK-N-AS
cells was determined by measurement of LDH release into the
medium after 2 h of incubation with different concentrations of AuL9.
No significant LDH release could be detected in cells treated with AuL9
up to a concentration of 100 uM. Values are given as mean% of DMSO
control & SD (n = 3). (C) The inhibition of proliferation of AuL9 treated
SK-N-AS cells was measured after 48 h using the CASY Cell-Counter
System. A significant inhibition of cell growth was observed at
concentrations as low as 10 uM. Inhibition of proliferation is given in
mean¥% of control & SD (n = 3); *: p < 0.05 vs. DMSO, t-test.

To exclude necrotic effects of AuL9, lactate dehydrogenase
(LDH) leakage from SK-N-AS cells after 2 h incubation with AuL9
was measured. LDH is released from the cell in case of necrosis
and can be detected in the cell culture medium in case of loss of
cell integrity and thus serves as a necrosis indicator.® AuL9
shows no significant non-specific cytotoxic effects on SK-N-AS
cells in the relevant concentration range up to 100 uM (Fig. 9B).

In addition to apoptosis induction, it was tested whether
Aul9 can inhibit the proliferation of malignant cells. For this
purpose, SK-N-AS cells were incubated with different concen-
trations of AuL9 for 48 hours. The proliferation inhibition was
determined by comparing the total cell number of vital cells of
the DMSO control with the total cell number of vital cells of the
treated cells. The results show that AuL9 inhibits cell prolifer-
ation of SK-N-AS cells in a dose-dependent manner (Fig. 9C). A
concentration of 50 pM AuL9 causes nearly 100% inhibition of
proliferation, indicating G1 arrest.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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For the investigation of the mechanism of action of AuL9,
the mitochondrial membrane potential of SK-N-AS cells was
measured after 48 h incubation with AuL9. It was shown that
the mitochondrion and thus the intrinsic apoptosis pathway
plays at least a partial role in the effect of AuL9 (Fig. 10A).

To further characterize the role of mitochondria in AuL9-
induced apoptosis, the apoptosis pathway mediated by reactive
oxygen species (ROS) was investigated. Therefore, N-acetylcys-
teine (NAC) as a known ROS inhibitor and H,0,, which belongs
to the ROS, as a positive control was investigated. It was shown
that apoptosis induction could be significantly inhibited by
NAC. It can therefore be concluded that the generation of ROS
plays a role in the AuL9-induced apoptosis (Fig. 10B). However,
it is not possible in the present state to be sure how the ROS are
generated and whether AuL9 directly leads to an increased ROS
production or triggers pathways that result in the generation of
ROS.

Overcoming cisplatin resistance

Cisplatin is a well-known chemotherapeutic agent for the
treatment of many different types of cancer.* The development
of resistance in tumor cells is a major problem in therapy and is
usually the limiting factor in the cure of cancer patients.>

>
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Fig. 10 (A) The mitochondrial membrane potential in SK-N-AS cells
was impaired by Aull15 treatment, which implicates mitochondrial
pathway involvement in apoptosis induction. The mitochondrial
membrane potential was measured by flow cytometric analysis in SK-
N-AS cells after 48 h of incubation with different concentrations of
AuL15 and staining with the cationic dye JC-1. Values are mean% of
cells with low mitochondrial membrane potential + SD (n = 3); *: p <
0.05 vs. DMSO, t-test. B The induction of apoptosis in SK-N-AS cells in
response to AuL15 treatment was shown to be dependent on the ROS
mediated pathway. The cells were incubated for 72 h with 50 uM H,O,
as a positive control or different concentrations of AuLl15 with or
without pretreatment of the cells with the ROS inhibitor N-ace-
tylcysteine (NAC, 5 mM) 1.5 h prior to substance addition. Nuclear DNA
fragmentation was analyzed by flow cytometric analysis. Values are
mean¥% of apoptotic cells + SD (n = 3); *: p < 0.05 vs. DMSO, t-test.
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Fig. 11 SK-N-AS and SK-N-AS cisplatin resistant cells were treated
with different concentrations of AuL15 and incubated for 96 h. It is
shown that AuL9 was also effective in inducing apoptosis in cisplatin
resistant cells, thus overcoming resistance. 8.25 uM cisplatin has been
used as a positive control to prove resistance. Nuclear DNA frag-
mentation was analyzed by flow cytometric analysis. Values are
mean% of apoptotic cells + SD (n = 3); *: p < 0.05 vs. DMSO, t-test.

Therefore, it is of great importance for drug development that
new agents are able to overcome cytostatic drug resistance. In
addition to SK-N-AS cells, AuL9 was tested on cisplatin resistant
SK-N-AS cells and cisplatin resistance overcoming could be
demonstrated (Fig. 11). In a previous characterization of the
cisplatin resistant SK-N-AS cells, procaspase-8 under expression
was shown.”® The cisplatin resistance overcoming of SK-N-AS
cells indicates that procaspase-8 has a minor role in AuL9-
induced apoptosis.

Conclusion and outlook

A synthetic approach to a calix[4]Jimidazolinium macrocycle as
saturated analog to a is presented. The synthesis of two new
macrocyclic ligand systems, being bridged by ethylene groups
and containing imidazoline (H,L5/6) and imidazole moieties
(H4L8/9) are discussed. In addition, a novel bisimidazolinium
ligand precursor (H,L3) is described. All complexes (Pd/PtL3,
PdL5/6, Pd/PtL8, Au/PdL9) with their respective ligands
synthesized in this work are not accessible via the direct met-
alation of the respective ligand, due to irreproducible or unre-
liable results, except for AuL9. Even the route via the silver salt
transmetalation does not lead to reliable results. The silver
complexes of the respective ligands could not be isolated,
probably due to instability of the respective complexes. There-
fore, a modified synthetic method has been established. Here,
in situ transmetalation with silver oxide is used in combination
with the metal precursor and an excess of sodium acetate as
a mild base, resulting in the corresponding complexes.
Furthermore, the complexes PdL3, PdL8, AuL9 and their
respective ligands were tested for their ability to induce
apoptosis on Naml-6 and SK-N-AS cells. According to the
experiments performed, the data suggest that AuL9 is capable of
inducing apoptosis in malignant cells via the mitochondrial
and ROS pathway. However, so far, an effect could only be
observed on SK-N-AS neuroblastoma cells. In addition, a rela-
tively high dose of AuL9 is required to induce apoptosis in
neuroblastoma cells, which could be challenging for clinical
applicability. AuL9 is able to overcome resistance to cisplatin in
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neuroblastoma cells (SK-N-AS) in vitro. Further characterization
experiments would be required to determine the exact mecha-
nism of action of AuL9, for example identification of molecular
targets that are involved in the AuL9 induced apoptosis, as well
as the selectivity for cancer cells.

Experimental section
General procedures and analytical methods

Unless otherwise stated, all manipulations were performed
under normal atmosphere without dried and degassed chem-
icals. All syntheses regarding the complexes were conducted
under the exclusion of light. Every work-up was performed
under normal atmosphere without dried and degassed chem-
icals; the complexes' work-ups were conducted in addition
under the exclusion of light unless otherwise stated. Purifica-
tion, in case of the Pt and Pd complexes, is achieved by dis-
solving the crude product in MeCN and filtering it through basic
aluminum oxide to remove impurities. Acidic aluminum oxide
promotes the decomposition of the complexes while pH-neutral
aluminum oxide leads in smaller yields.® All obtained
complexes are air- and water stable; however, PtL3, PtL8 and
AuL9 decompose after extensive exposition to light. Solvents
were obtained water-free from a MBraun solvent purification
system and stored over molecular sieves (3 A). The procedures
for novel compounds obtained during the synthetic approaches
to the saturated macrocyclic ligand precursor, containing 2-
imidazoline moieties instead of imidazole, calix[4]imidazoli-
nium, (2-imidazoline, N-benzyl-2-imidazoline, 3,3/-
methylenebis(1-benzyl-2-imidazolinium)dibromide,

N',N',N? N*-tetrabenzylethane-1,2-diamine, tert-butyl (2-ami-
noethyl)carbamate, tert-butyl 2-imidazoline-1-carboxylate) are
stated in the ESL{ N-Benzylethylenediamine (12),°° ethyl-
enebis(trifluoromethanesulfonate)  (4),° 1,1’-ethylene-di-2-
imidazoline (1)** and 1,1-ethylenebis-1H-imidazolyl (7)*>*
were synthesized according to literature procedures. All other
reagents were purchased from commercial suppliers and used
without further purification. NMR spectra were recorded on
a Bruker Avance DPX 400 ("H-NMR, 400 MHz; "*C-NMR, 100
MHz; 'F-NMR, 376 MHz) and chemical shifts are given in
6 values in ppm (parts per million) relative to TMS (tetrame-
thylsilane) and reported relative to the residual signal of the
deuterated solvent.®* Elemental analysis (C/H/N) were obtained
by the Microanalytical Laboratory at Technische Universitét
Miinchen. Electrospray ionization mass spectrometry (ESI-MS)
data were acquired on a Thermo Fisher Ultimate 3000 and
with higher resolution (HR-ESI-MS) on Exactive Plus Orbitrap
from Thermo Fisher.

Synthetic procedures

Alkylbisimidazoline diiodide (2). 1 (5.00 g, 30.0 mmol, 1.00
eq.) is dissolved in MeCN (300 mL) and MelI (213 g, 1.50 mol,
50.0 eq.) is added. The resulting reaction mixture is heated to
reflux for 4 h. After cooling to ambient temperature, all volatile
compounds are removed in vacuo. The resulting crude material
is redissolved in a small amount of MeCN (5 mL) and an off-
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white solid is precipitated after the addition of Et,O (40 mL).
The crude material is collected via centrifugation and washed
with (3 x 5 mL) Et,O. After removal of all volatile compounds in
vacuo, 2 is obtained as an off-white solid (11.1 g, 24.7 mmol,
82%). 'H-NMR (400 MHz, DMSO-dg) 6 (ppm) = 8.54 (s, 2H, N-
CH-N), 3.91 (s, 8H, CH;-N-CH,-CH,), 3.70 (s, 4H, CH,-CH,),
3.12 (s, 6H, CH;). *C-NMR (101 MHz, DMSO-dg) 6 (ppm) =
159.12 (N-CH-N), 50.96 (C(backbone))s 48-70 (Cipackbone)), 45.02
(CH,-CH,), 35.08 (CH3). Elemental analysis: for C;oH,0I,N4 (%)
anal. calc.: C: 26.68, H: 4.48, N: 12.45, found: C: 26.66, H:
4.48, N: 12.39.

Alkylbisimidazolinium hexafluorophosphate (H,L3). 2
(100 mg, 222 pmol, 1.00 eq.) is dissolved in H,O (1 mL) and
added to a solution of NH,PF, (217 mg, 1.33 mmol, 6.00 eq.) in
H,O (1 mL). The resulting white precipitate is collected, washed
three times with H,O (2 mL, 2 mL, 1 mL) and dried subse-
quently in vacuo. Without further purification, the titled
compound H,L3 is obtained as a white solid (98 mg, 202 mmol,
91%). 'H-NMR (400 MHz, DMSO-dg) 6 (ppm) = 8.39 (s, 2H, N-
CH-N), 3.88 (s, 8H, CH;-N-CH,-CH,), 3.67 (s, 4H, CH,-CH,),
3.11 (s, 6H, CH;). "*C-NMR (101 MHz, DMSO-ds) ¢ (ppm) =
158.77 (N_CH_N)’ 50.36 (C(backbone))’ 48.12 (C(backbone))’ 44.55
(CH,-CHy,), 34.43 (CH;). ">’F-NMR (376 MHz, DMSO-ds) 6 (ppm)
= —70.15 (d, YJo_r = 713 Hz, PFs ). Elemental analysis: for
C10H0F12N, P, (%) anal. calc.: C: 24.70, H: 4.15, N: 11.52, found:
C: 24.28, H: 4.01, N: 11.17.

Calix[4](-Et-Et-)imidazoliniumtrifluoromethanesulfonate
(H4L5). 1 (1.00 g, 6.17 mmol, 2.00 eq.) is dissolved in dry MeCN
(1.5 L), cooled to —45 °C and a solution of 4 (2.02 g, 6.20 mmol,
2.01 eq.) in dry MeCN (50 mL) is added dropwise over 6 h. After
the addition, the reaction mixture is stirred for 72 h at ambient
temperature. All volatile compounds are removed in vacuo and
the resulting crude material is dried subsequently in vacuo.
Without further purification the titled compound H,L5 is ob-
tained as an off-white solid (1.50 g, 1.54 mmol, 50%). Note:
everything is conducted under inert conditions. "H-NMR (400
MHz, DMSO-de) 6 (ppm) = 8.46 (s, 4H, N-CH-N), 3.95 (s, 16H,
CHy(briage/backbone)); 3-74 (s, 16H, CHy(bridge/backbone))- - C-NMR
(101 MHz, DMSO-d¢) 6 (ppm) = 159.16 (N-CH-N), 120.80 (q,
Jior-13c = 320 Hz, OTf), 48.15 (CHj(pridge/backbone))y 44.54
(CH,~CHo(pridge/backbone)- — F-NMR (376  MHz, DMSO-d)
6 (ppm) = —77.74 (CFs;). Elemental analysis for
C14H;36N30,,F1,S, (%) anal. calc.: C 29.27; H 3.68; N 11.38; S
13.02 found: C 29.37; H 3.67; N 11.01; S 13.12.

Calix[4](-Et-Et-)imidazoliniumhexafluorophosphate
(H4L6). H,L5 (300 mg, 304 pmol, 1.00 eq.) is dissolved in H,O
(50 mL) and added to a solution of NH,PF (223 mg, 1.37 mmol,
4.50 eq.) in H,O (50 mL). The resulting white precipitate is
collected, washed three times with H,O (10 mL, 7 mL, 5 mL),
Et,0 (3 mL, 2 mL) and dried subsequently in vacuo. Without
further purification, the titled compound H4L6 is obtained as
a white solid (240 mg, 248 pumol, 81%). However, a small
amount of OTf ™ is still detectable in the "*F-NMR. "H-NMR (400
MHz, DMSO-de): 6 (ppm) = 8.44 (s, 4H, N-CH-N), 3.93 (s, 16H,
CH,(backbone) CHa, (bridge))s 3-72 (S, 16H, CH, (pridge)/CHa (backbone))-
'H-NMR (400 MHz, CD;CN): 6 (ppm) = 7.98-7.82 (m, 4H, N-
CH-N), 4.00-3.82 (m, 16H, CH, (backbone)/CHz, (bridge)), 3-73-3.65
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(m, 16H, CH, (bridge)/CHz,(backbone))- - F-NMR (376 MHz, CD;CN):
6 (ppm) = —72.45 (d, YJp_p = 713 Hz, PF, ). ESI-MS: m/z = calc.
for [H,L6-PF, |": 823.20 ([M-PF, ]"); found: 822.94; calc. for
[H4L6-2PF, |": 339.11 ([H,L6-2PF |"); found: 339.12.

Calix[4](-Et-Et-)imidazoliumtrifluoromethanesulfonate
(H4L8). 7 (1.00 g, 6.17 mmol, 2.00 eq.) is dissolved in dry MeCN
(1.5 L), cooled to —30 °C and a solution of 4 (2.02 g, 6.20 mmol,
2.01 eq.) in dry MeCN (100 mL) is added dropwise over 5 h. After
the addition, the reaction mixture is stirred for 72 h at ambient
temperature. All volatile compounds are removed in vacuo and
the resulting crude material is washed eight times with cold
acetone (10 mL, 5 mL, 5 mL, 3 mL, 3 mL, 2 mL, 2 mL, 1 mL) and
dried subsequently in vacuo. Without further purification, the
titled compound H,L8 is obtained as a white solid (1.50 g,
1.54 mmol, 50%). 'H-NMR (400 MHz, CD;CN) 6 (ppm) = 8.57 (t,
*J = 1.6 Hz, 4H, N-CH-N), 7.39 (d, %] = 1.7 Hz, 8H, CH), 4.71 (s,
16H, CH,). *C-NMR (101 MHz, CD;CN) ¢ (ppm) = 138.49 (N-
CH-N), 124.49 (HC=CH), 121.80 (q, “J1op—13c = 320 Hz, OTf"),
50.14 (CH,-CH,). "’F-NMR (376 MHz, CD;CN) é (ppm) = —79.32
(CF;). "H-NMR (400 MHz, DMSO-d¢) 6 (ppm) = 9.00 (t, ¥J =
1.7 Hz, 4H, N-CH-N), 7.57 (d, / = 1.6 Hz, 8H, CH), 4.74 (s, 16H,
CH,). "*C-NMR (101 MHz, DMSO-d,) ¢ (ppm) = 137.08 (N-CH-
N), 123.28 (HC=CH), 120.66 (q, “J1or—13c = 320 Hz, OTf ), 49.24
(CH,-CH,). Elemental analysis for C,,H,3NgO1,F1,S, (%) anal.
calc.: C 29.54; H 2.84; N 11.54; S 13.13 found: C 29.54; H 2.84; N
11.54; S 13.25. ESI-MS: m/z [H,L8-40Tf |** calc.: 95.06, found:
94.91, [H,L8-30Tf J** calc.: 176.39, found 176.36, [H,L8-
20Tf " cale.: 339.07, found: 339.22, [H,L8-10Tf |'* calc.:
827.03, found 826.93.

Calix[4](-Et-Et-)imidazoliumhexafluorophosphate (H,L9).
H,L8 (3.20 g, 3.28 mmol, 1.00 eq.) is dissolved in H,O (300 mL)
and added to a solution of NH,PF (3.20 g, 19.66 mmol, 6.00 eq.)
in H,O (50 mL). The resulting white precipitate is collected,
washed three times with H,O (10 mL, 7 mL, 5 mL) and dried
subsequently in vacuo. Without further purification, the titled
compound H,L9 is obtained as a white solid (2.80 g, 2.85 mmol,
88%). "H-NMR (400 MHz, CD;CN) d (ppm) = 8.44 (t, *] = 1.6 Hz,
4H, N-CH-N), 7.33 (d, %] = 1.7 Hz, 8H, CH), 4.70 (s, 16H, CH,).
9F-NMR (376 MHz, CD;CN) 6 (ppm) = —72.30 (d, ‘Jgp = 713 Hz,
PF¢"). "H-NMR (400 MHz, DMSO-d) 6 (ppm) = 9.00 (s, 4H, N-
CH-N), 7.55 (d, ¥J = 1.6 Hz, 8H, CH), 4.73 (s, 16H, CH,). *C-
NMR (101 MHz, DMSO-ds) ¢ (ppm) = 137.26 (N-CH-N),
123.49 (HC=CH), 49.44 (CH,-CH,). Elemental analysis for
CooH,gNgF,4P, (%) anal. calc.: C 25.01; H 2.94; N 11.67; S 0.00
found: C 25.08; H 2.90; N 11.31; S 0.00.

PA[C"'Cipni(Me),C™ Cimmi(Me),]hexafluorophosphate  (PdL3).
Ag,0 (150 mg, 648 pmol, 1.05 eq.) is added to a solution of H,L3
(300 mg, 617 pmol, 1.00 eq.) and NaOAc (202 mg, 2.47 mmol,
4.00 eq.) in dry MeCN (15 mL) and stirred for 1 h at ambient
temperature, followed by the addition of Pd(OAc), (145 mg, 648
pmol, 1.05 eq.). The resulting reaction mixture is heated to 80 ©
C for 3 d. After cooling to ambient temperature, the reaction
mixture is filtered over a short plug of basic aluminum oxide.
The filter column is eluted with MeCN (20 mL) and all volatile
compounds are removed in vacuo. The resulting crude material
is resuspended in MeCN (5 mL) and centrifuged. Upon the
addition of Et,O (20 mL) to the supernatant, a white solid is

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

precipitated. The crude material is collected via centrifugation,
washed with Et,O (3 x 5 mL), redissolved in MeCN (5 mL) and
precipitated with Et,O (15 mL). After drying in vacuo, the titled
compound PdL3 is obtained as an off-white solid (140 mg, 178
umol, 29%). Single crystals suitable for SC-XRD were obtained
by slow diffusion of Et,O into MeCN solution of PdL3. "H-NMR
(400 MHz, CD;CN) 6 (ppm) = 4.32-4.22 (m, 4H, CHj(packbone)),
3.71-3.51 (m, 20H, CH,~CH,, CHy(packbone))s 2-97 (S, 12H, CHs).
3C-NMR (101 MHz, CD;CN) é (ppm) = 195.6 (N-C-N), 51.72
(C(bridge)y C(backbone))’ 51.26 (C(bridge)’ C(backbone)); 46.5 (CHz)y
37.62 (CHj3). ">F-NMR (376 MHz, CD;CN): 6 (ppm) = —72.94 (d,
p_g = 706 Hz, PF). "H-NMR (400 MHz, DMSO-d¢) ¢ (ppm) =
4.35-4.13 (m, 4H, CHy(packbone))s 3-82-3.57 (m, 20H, CH,~CH,,
CH(backbone))s 2.95 (s, 12H, CHz). *C-NMR (101 MHz, DMSO-d,)
& (ppm) = 194.29 (N-C-N), 50.94 (Cipriage)y Clbackbone))s 50.56
(Cbridge)y Cibackbone)), 45.76 (CH,), 37.17 (CH;). Elemental anal-
ysis: for CpoH36F24NgP,Pd; (%) anal. calc.: C: 30.60, H: 4.62, N:
14.28, found: C: 30.93, H: 4.55, N: 14.14, S: 0.00. HR-ESI-MS: m/z
[PAL3-2PFs J** calc.: 247.1044, found: 247.1039, [PAL3-PF, |"
calc.: 639.1735, found: 639.1720.

Pt{C*'Cimni(Me),CF'Cimi(Me), Jhexafluorophosphate  (PtL3).
Ag,0 (150 mg, 648 umol, 1.05 eq.) is added to a solution of H,L3
(300 mg, 617 umol, 1.00 eq.) and NaOAc (202 mg, 2.47 mmol,
4.00 eq.) in dry MeCN (15 mL) and stirred for 1 h at ambient
temperature, followed by the addition of PtCl, (145 mg, 648
pumol, 1.05 eq.). The resulting reaction mixture is heated to 80 °©
C for 3 d. After cooling to ambient temperature, the reaction
mixture is filtered over a short plug of basic aluminum oxide.
The filter column is eluted with MeCN (20 mL) and all volatile
compounds are removed in vacuo. The resulting crude material
is resuspended in MeCN (5 mL) and centrifuged. Upon the
addition of Et,O (20 mL) to the supernatant, a white solid is
precipitated. The crude material is collected via centrifugation,
washed with Et,0 (3 x 5 mL) and redissolved in MeCN (5 mL)
and precipitated with Et,O (15 mL). After drying in vacuo, the
titled compound PtL3 is obtained as an off-white solid (23 mg,
26 pmol, 4%). Single crystals suitable for SC-XRD were obtained
by slow diffusion of Et,O into MeCN solution of PtL3. Note;
a clean EA could not be obtained, and the NMR includes
impurities. "H-NMR (400 MHz, CD;CN) 6 (ppm) = 4.35-4.26 (m,
4H, CHZ(backbone)); 3.72-3.51 (m, 20H, CH,-CH,, CHZ(backbone))y
2.94 (s, 12H, CHj;). "*C-NMR (101 MHz, CD;CN) é (ppm) =
188.38 (N-C-N), 51.47 (d, Cpriage)s Cpackbone))s 46.39 (CH,), 37.44
(CHL).

Pd[(cC*CC"'Cipn;)OTH] (PAL5). Ag,0 (155 mg, 670 pmol, 2.20
eq.) is added to a solution of H,L5 (300 mg, 305 umol, 1.00 eq.)
and NaOAc (200 mg, 2.42 mmol, 8.00 eq.) in dry MeCN/DMSO
(12 mL 1:1) and stirred for 1 h at ambient temperature, fol-
lowed by the addition of Pd(OAc), (71.8 mg, 320 umol, 1.05 eq.).
The resulting reaction mixture is heated to 80 °C for 3 d and is
filtered, after cooling to ambient temperature, over a short plug
of basic aluminum oxide. The filter column is eluted with MeCN
(100 mL) and all volatile compounds are removed in vacuo. The
resulting oily solution (still approx. 6 mL of DMSO remaining) is
resuspended in MeCN (6 mL) and centrifuged. Upon the addi-
tion of Et,O (25 mL) to the supernatant, a brown/black solid is
precipitated. After another addition of Et,O (120 mL) a white
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solid is precipitated. The white crude material is collected via
centrifugation, washed with Et,O (3 x 5 mL) and redissolved in
MeCN (5 mL). After purification [3 times dissolving in MeCN (4
mL) and precipitating with Et,O (~15 mL)] and removing all
volatile compounds in vacuo, the titled compound PdL5 is ob-
tained as an off-white solid (7.00 mg, 8.87 umol, 3%). "H-NMR
(400 MHz, CD;CN): 6 (ppm) = 4.10-4.00 (m, 8H, CHy (bridge)),
3.76-3.54 (m, 16H, CHy (backbone))s 3-52-3.45 (M, 8H, CHy (bridge))-
3C-NMR (101 MHz, CD;CN): 6 (ppm) = 191.3 (N-C-N), 51.0
(CHZ,(bridge)/CHZ,(backbone)); 47.4 (CHZ,(backbone)/CHz,(bridge))- 19F'
NMR (376 MHz, CD;CN): ¢ (ppm) = —79.33 (CF;). ESI-MS: m/z
= calc. for [PAL5-OTf ]": 639.13 ([PAL5-OTf |"); found: 639.44;
calc. for [PAL5-20Tf ]": 245.09 ((M-20Tf ["); found: 245.20.
Pd[(cC*'CC*'Cipmi)PF6] (PAL6). PAL6 is synthesized analog to
PdL5; by converting H,L6 (230 mg, 238 pmol, 1.00 eq.) with
Ag,0 (121 mg, 522 pmol, 2.20 eq.) in dry MeCN (4 mL) while
stirring for 1 h at ambient temperature, followed by the addition
of NaOAc (156 mg, 1.90 mmol, 8.00 eq.), Pd(OAc), (56.0 mg, 249
pumol, 1.05 eq.) and is heated at 75 °C for 4 d. After purification
[3 times dissolving in MeCN (4 mL) and precipitating with Et,O
(~15 mL)] and removing all volatile compounds, PdL6 is ob-
tained as a pale-yellow solid (85.0 mg, 109 pmol, 46%). "H-NMR
(400 MHz, CD;CN): 6 (ppm) = 4.13-4.02 (m, 8H, CHy (bridge)),
3.78-3.60 (m, 16H, CHy (backbone))s 3-52-3.46 (M, 8H, CHy (bridge))-
9F-NMR (376 MHz, CD;CN): 6 (ppm) = —72.78 (d, Jps1_r10 =
707 Hz, PFg) elemental analysis for C,oH;3,F;,NgP,Pd (%) anal.
calc.: C 30.76; H 4.13; N 14.13; found: C 29.50; H 4.07; N 14.35.
ESI-MS: m/z = calc. for [PAL6-PF, |": 635.14 ((M-PF, " |"); found:
635.21. HR-ESI-MS: m/z [PAL6-2PFs ** calc.: 245.0887, found:
245.0890, [PdL6 + H,0-2PF¢ *' calc.: 254.0940, found:
254.0944, [PdLG—PF{]+ calc.: 635.1422, found: 635.1425, [PdL6
+ H,0-PF; | cale.: 653.1527, found: 653.1534.
Pd[(cC**'CC*'C)OT{] (PdL8). Ag,O (74.7 mg, 322 pmol, 1.05
eq.) is added to a solution of H,L8 (320 mg, 307 umol, 1.00 eq.)
and NaOAc (202 mg, 2.46 mmol, 4.00 eq.) in dry MeCN (15 mL)
and stirred for 1 h at ambient temperature, followed by the
addition of Pd(OAc), (72.4 mg, 322 umol, 1.05 eq.). The result-
ing reaction mixture is heated to 80 °C for 4 d. After cooling to
ambient temperature, the reaction mixture is filtered over
a short plug of basic aluminum oxide. The filter column is
eluted with MeCN (50 mL) and all volatile compounds are
removed in vacuo. The resulting crude material is resuspended
in MeCN (5 mL) and centrifuged. Upon the addition of Et,O (20
mL) to the supernatant, a white solid is precipitated. The crude
material is collected via centrifugation, washed with Et,O (3 x 5
mL) and redissolved in MeCN (5 mL). After the precipitation
with Et,O (15 mL) and drying in vacuo, the titled compound
PdLS8 is obtained as an off-white solid (119 mg, 153 pmol, 50%).
"H-NMR (400 MHz, CD;CN) § (ppm) = 7.20 (s, 8H, CH), 5.02-
4.93 (m, 8H, CH,), 4.47-4.39 (m, 8H, CH,). ">*C-NMR (101 MHz,
CD,CN) 6 (ppm) = 165.84 (N-C-N), 123.77 (CH), 49.11 (s, CH,-
CH,). "H-NMR (400 MHz, DMSO-d¢) 6 (ppm) = 7.52 (s, 8H, CH),
5.05-4.95 (m, 8H, CH,), 4.52-4.42 (m, 8H, CH,). ">*C-NMR (101
MHz, DMSO-d¢) ¢ (ppm) = 163.80 (N-C-N), 123.32 (CH), 48.14
(CH,-CH,). Elemental analysis for C,gHpgNgF,,P4 + 1 MeCN (%)
anal. calc.: C 35.07; H 3.31; N 15.33; S 7.80 found: C 35.26; H
3.21; N 15.73; S 7.82. HR-ESI-MS: m/z [PAL8-20Tf |** calc.:
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241.0574, found: 241.0570, [PAL8-OTf | calc.: 631.0674, found:
631.0658.

Pd[(cC™CC"'C)PF¢] (PAL9). PAL8 (95 mg, 122 umol, 1.00 eq.)
is dissolved in H,O (35 mL), after the addition of NH,PF,
(50.0 mg, 305 pmol, 2.5 eq.) a white precipitate is collected via
centrifuge and washed three times with H,O (5 mL, 3 mL, 3 mL)
and Et,O (10 mL, 5 mL, 3 mL). After drying in vacuo, the titled
compound PdL9 is obtained as an off-white solid (39 mg, 50
umol, 41%). Single crystals suitable for SC-XRD were obtained
by slow diffusion of Et,O into MeCN solution of PAL8. "H-NMR
(400 MHz, CD;CN) é (ppm) = 7.22 (s, 8H, CH), 4.97 (m, 8H,
CH,), 4.43 (m, 8H, CH,). ">’F-NMR (376 MHz, CD;CN) ¢ (ppm) =
—72.93 (d, YJgp = 713 Hz, PFs ). HR-ESI-MS: m/z [PAL9-2PF, |**
calc.: 241.0574, found: 241.0570, [PAL9-PF, " calc.: 627.0796,
found: 627.0782.

Pt[(cC**'CC"*C)OTH] (PtL8). Ag,0 (209 mg, 900 umol, 2.20 eq.)
is added to a solution of H,L8 (400 mg, 410 pmol, 1.00 eq.) and
NaOAc (202 mg, 2.46 mmol, 4.00 eq.) in dry MeCN (30 mL) and
stirred for 1 h at ambient temperature, followed by the addition
of Pt(MeCN),Cl, (156 mg, 450 pmol, 1.10 eq.). The resulting
reaction mixture is heated to 80 °C for 3 d and is filtered, after
cooling to ambient temperature, over a short plug of basic
aluminum oxide. The filter column is eluted with MeCN (50 mL)
and all volatile compounds are removed in vacuo. The resulting
crude material is resuspended in MeCN (5 mL) and centrifuged.
Upon the addition of Et,O (20 mL) to the supernatant, a white
solid is precipitated. The crude material is collected via centri-
fugation, washed with Et,0 (3 x 5 mL) and redissolved in MeCN
(5 mL). After the precipitation with Et,O (15 mL) and drying in
vacuo, the titled compound PtL8 is obtained as an off-white
solid (90 mg, 103 pmol, 25%)."H-NMR (400 MHz, CD;CN)
6 (ppm) = 7.19 (s, 8H, CH), 5.11-4.94 (m, 8H, CH,), 4.50-4.38
(m, 8H, CH,). "H-NMR (400 MHz, DMSO-d) 6 (ppm) = 7.49 (s,
8H, CH), 5.06-4.97 (m, 8H, CH,), 4.54-4.44 (m, 8H, CH,). *C-
NMR (101 MHz, CD;CN) 6 (ppm) = 159.39 (N-CH-N), 123.58
(HC=CH), 48.86 (CH,-CH,). F-NMR (376 MHz, CD;CN)
6 (ppm) = —79.27 (CF;). HR-ESI-MS: m/z [PtL8-20Tf |** calc.:
285.5881, found: 285.5864, [PtLS—Ong]+ calc.: 720.1287, found:
720.1264.

Au[(cC*CC*C)PF¢] (AuL9). H,L8 (500 mg, 458 pmol, 1.00
eq.), KAuCl, x 2H,0 (209 mg, 505 pmol, 1.05 eq.), and NaOAc
(197 mg, 2.41 mmol, 5.00 eq.) are suspended in dry DMSO (5
mL). The resulting reaction mixture is stirred for 5 h at 100 °C
and filtered at ambient temperature. MeCN (5 mL) is added to
the filtrate. After the addition of Et,O (30 mL) to the solution,
white solid precipitated. It is washed with MeCN (3 x 5 mL) and
DCM (2 x 5 mL) and after the removal of all volatiles in vacuo,
the solid is dissolved in H,0O (2 mL) and added dropwise to
a solution of NH,PF; (353 mg, 2.17 mmol, 4.00 eq.) in H,O (5
mL). The resulting white precipitate is collected and washed
with H,O (3 x 5 mL) and after removal of all volatiles in vacuo,
the titled compound AuL9 (230 mg, 228 mmol, 47%) is obtained
as a white solid. "H-NMR (400 MHz, CD;CN) ¢ (ppm) = 7.47 (s,
8H, CH), 4.89-4.77 (m, 8H, CH,), 4.76-4.66 (m, 8H, CH,). **C-
NMR (101 MHz, CD,;CN) é (ppm) = 146.03 (N-CH-N), 125.92
(HC=CH), 48.58 (CH,-CH,). Elemental analysis for C,oH,4-
AuFgNgP; x 0.1 MeCN (%) anal. calc.: C 24.62; H 2.70; N 11.11;
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S 0.00 found: C 24.82; H 2.78; N 11.15; S 0.57. HR-ESI-MS: m/z
[AUL9-3PF; J** calc.: 191.0591, found: 191.0587, [AuL9-PF |"
calc.: 863.1068, found: 863.1038.
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