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Abstract

Over the past decades, transition metal N-heterocyclic carbene (NHC) complexes have
emerged as a significant area of research within organometallic chemistry. The expanding
range of their applications has garnered considerable attention, primarily due to their
excellent adaptability in terms of steric and electronic properties. Consequently, NHC
chemistry has established as a crucial component of modern homogeneous catalysis,
organometallic materials and medicinal chemistry. In particular, abnormally coordinating
NHCs (aNHCs) exhibit generally enhanced electronic properties compared to normal NHCs,
such as stronger o-donor and m-acceptor capabilities, which can improve the stability and

reactivity of metal complexes in their corresponding oxidation states.

In this thesis, a macrocyclic tetra-aNHC ligand system, consisting of four methyl-bridged and
methyl-substituted 1,2,3-triazoles was designed as a mimic of its imidazole counterpart,
known for efficiently in stabilizing and supporting a variety of transition metals. Specifically
iron stands out for its advantages in oxidation catalysis due to its abundance, cost-
effectiveness, and environmental compatibility, making it a sustainable alternative to heavier,
toxic metals. Inspired by biological systems, numerous iron oxidation catalysts have been
studied over the last years. As part of this work, the synthesis and characterization of iron(ll)
and iron(lll) NHC complexes have furthered the understanding of catalytic oxidation, by
emphasizing the pivotal role of electronic properties and ligand design in catalysis. The first
macrocyclic iron aNHC complexes were synthesized and characterized, displaying strong o-
donor properties and achieving selective olefin epoxidation with H,0,, yielding turnover
frequencies (TOFs) of up to 60,000 h™. Additionally, a comparative study of four open-chain
iron(Il) NHC complexes reveals that ligand electronic variations influence catalytic activity and
stability. The addition of Lewis acids significantly enhances the performance of all the catalysts

studied.

Beyond iron, the macrocyclic aNHC ligand was also employed to synthesize and characterize
silver(l), gold(l), nickel(ll), palladium(ll), and platinum(ll) complexes. The silver and gold
complexes adopt a molecular box-like structure containing four metal ions, while the nickel,

palladium, and platinum complexes exhibit ideal square planar geometries.
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Kurzzusammenfassung

In den letzten Jahrzehnten haben sich Ubergangsmetall N-heterocyclische Carben (NHC)
Komplexe als ein bedeutender Forschungsbereich innerhalb der organometallischen Chemie
etabliert. Das wachsende Spektrum ihrer Anwendungen hat aufgrund ihrer hervorragenden
Anpassungsfahigkeit in Bezug auf sterische und elektronische Eigenschaften betrachtliche
Aufmerksamkeit erregt. Folglich hat sich die NHC Chemie als wesentlicher Bestandteil der
modernen homogenen Katalyse, der organometallischen Materialien und der medizinischen
Chemie etabliert. Insbesondere abnormal koordinierende NHCs (aNHCs) weisen im Vergleich
zu normalen NHCs allgemein verbesserte elektronische Eigenschaften auf, wie starkere o-
Donor- und ni-Akzeptorfahigkeiten, die die Stabilitdat und Reaktivitat von Metallkomplexen in

ihren jeweiligen Oxidationszustanden verbessern kénnen.

In dieser Arbeit wurde ein makrocyclisches tetra-aNHC-Ligandensystem entwickelt, das aus
vier methylverbrickten und methylsubstituierten 1,2,3-Triazolen besteht und als Nachbildung
seines Imidazol-Gegenstiicks dient, das dafir bekannt ist, eine Vielzahl von
Ubergangsmetallen effizient zu stabilisieren und zu unterstiitzen. Besonders Eisen sticht durch
seine Vorteile in der Oxidationskatalyse hervor, da es reichlich verfligbar, kostengiinstig und
umweltfreundlich ist, was es zu einer nachhaltigen Alternative zu schwereren, toxischen
Metallen macht. Inspiriert von biologischen Systemen wurden in den letzten Jahren zahlreiche
Eisenoxidationskatalysatoren untersucht. Im Rahmen dieser Arbeit haben die Synthese und
Charakterisierung von Eisen(ll)- und Eisen(lll)-NHC-Komplexen das Verstiandnis der
katalytischen Oxidation vorangetrieben, indem sie die zentrale Rolle der elektronischen
Eigenschaften und des Ligandendesigns in der Katalyse hervorheben. Die ersten
makrocyclischen Eisen-aNHC-Komplexe wurden synthetisiert und charakterisiert, die starke o-
Donoreigenschaften aufweisen und eine selektive Olefinepoxidierung mit H,O, erreichen, was
zu Umsatzzahlen (TOFs) von bis zu 60.000 h™* fuihrt. Zusatzlich zeigt eine vergleichende Studie
von vier offenkettigen Eisen(ll)-NHC-Komplexen, dass elektronische Variationen der Liganden
die katalytische Aktivitat und Stabilitat beeinflussen. Die Zugabe von Lewis-Sduren steigert die

Leistung aller untersuchten Katalysatoren erheblich.

Uber Eisen hinaus wurde der makrocyclische aNHC-Ligand auch fiir die Synthese und

Charakterisierung von Silber(l)-, Gold(l)-, Nickel(ll)-, Palladium(ll)- und Platin(Il)-Komplexen

Vi



verwendet. Die Silber- und Goldkomplexe bilden eine molekulare, box-type Struktur mit vier
Metallionen, wahrend die Nickel-, Palladium- und Platinkomplexe ideale quadratisch-planare

Geometrien aufweisen.



Abbreviations

13CNhe 13C carbene carbon signal

aNHC abnormal N-heterocyclic carbene

BPMCN N,N-bis(2-pyridylmethyl)-N,N-dimethyl-trans-1,2-diamino-cyclohexane
BPMEN N,N-dimethyl-N,N-bis(2-pyridylmethyl)-1,2-diaminoethane
btsa bis(trimethylsilyl)amide

ca. circa

CAAC cyclic (alkyl)(amino) carbene

CAArC cyclic (aryl)(amino) carbene

CuAAC Cu' catalysed azide-alkyne cycloaddition

CYp cytochrome P450

cv cyclic voltammetry

DFT density functional theory

EPR electron paramagnetic resonance

ESI electrospray ionization

etal. et alia

eq. equivalents

HOMO highest occupied molecular orbital

HR high-resolution

+/-1 +/-inductive

LUMO lowest occupied molecular orbital

+M mesomeric

max maximum

MIC mesoionic carbene

MS mass spectrometry

MTO methyltrioxorhenium

NHC N-heterocyclic carbene

NNHC normal N-heterocyclic carbene

OTf triflate

PDP 2-((S-2-[S-1-(pyridine-2-yImethyl)pyrrolidin-2-yl]pyrrolidin-1-yl)-

methyl)pyridine
PyTACN 1-(2-pyridylmethyl)-4,7-dimethyl-1,4,7-triazacyclononane
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| Introduction

| Introduction

1 Carbenes as ligands for transition metal complexes

Carbenes are electron-deficient carbon compounds characterized by a divalent carbon atom
with two non-bonding electrons. These electrons can exist either in the same orbital with
antiparallel spins (singlet state) or in separate orbitals with parallel spins (triplet state),

resulting in an incomplete octet with a six-electron valence shell (Figure 1).12

E A EA
R.. sp? R,,/\4 sp?
—, R/C fy 4—,32 R/C 1
A § H 4+ &
singlet triplet

Figure 1 Schematic representation of electronic carbene singlet and triplet ground states.3

1.1 Fischer and Schrock carbenes

In 1964, E. O. Fischer* considerably advanced the applications of carbenes by demonstrating
their ability to act as ligands in stable transition metal complexes, known as Fischer carbenes.
Fischer carbene complexes are characterized as singlet state carbenes due to their significant
energy gab between their singlet and triplet ground states. They typically feature a m-donating
substituent at the a-position, such as an amino or alkoxy group. The metal-carbene bond is
formed via the interaction of two closed-shell singlet fragments, involving o-donation from
the carbene to the metal and generally weak n-back donation from the metal to the carbene
(Figure 2). The resulting electron polarization towards the metal renders the carbene
electrophilic. The carbon-metal bond exhibits partial double bond character due to the metal
ni-back bonding. In general, Fischer carbenes coordinate to late transition metals in a low

oxidation state.%2>6

One decade after Fischer’s discovery, R. R. Schrock’ introduced a novel class of carbene
complexes that differ significantly from Fischer carbenes in both structure and reactivity.
Schrock’s carbenes are characterized via a small energy gap between their singlet and triplet
states, which leads to a preference for the triplet state due to the poor stabilization provided

by neighboring alkyl or alkylidene groups. This results in a highly covalent metal-carbene bond,
1



| Introduction

where the bonding electrons are nearly equally distributed between the carbon and the metal,
forming what is effectively a true double bond (Figure 2). These complexes are typically found
with early transition metals in high oxidation states, displaying nucleophilic characteristics at
the carbon-metal bond, contrasting with Fischer carbenes.?®° Schrock carbenes are
particularly notable for their reactivity with electrophiles and their significant role in industrial
catalysis, such as in olefin metathesis, a process that was awarded the 2005 Nobel Prize in

Chemistry.”10-12

R\ o 2 R\ °
sp? JC ) ——( M ) d, sp> CA) ~———>=( M | d,
R 3 ! RO —— (4
pZ \’_ TT ’ dn pz : Tt M dn
W < R\\ ¢ >
Fischer Schrock

Figure 2 Schematic representation of the important orbital interactions in Fischer-type carbenes®® (left) and
Schrock-type carbenes*®° (right) with transition metals (M).

1.2 N-heterocyclic carbenes (NHCs)

N-heterocyclic carbenes (NHCs) as a subclass of Fischer-type carbenes are classified as organic
compounds characterized by a heterocyclic framework containing a divalent carbon atom with
only six electrons in its valence shell — a defining feature of carbenes (vide supra) — and at least
one nitrogen atom. Carbenes are typically highly reactive and unstable due to theirincomplete
electron octet and the presence of unpaired electrons.’>!4 The initial research on the synthesis
of NHC complexes already began in the 1960s with Wanzlick, Schénherr!> and Ofele’®, who
identified NHCs as ligands for mercury(ll) and chromium(0) (Figure 3). In 1988, Bertrand?’ and
coworkers were the first to discover that introducing heteroatoms, such as phosphorus or
silicon, next to the carbon center significantly increase the stability of the carbenic species
(Figure 3). Despite Bertrand’s discovery it took until 1991 for Arduengo et al.!® to isolate the
first stable free NHC in the solid state, which was achieved by the incorporation of bulky
substituents into a nitrogen containing heterocycle (Figure 3).13'* The incorporation of
adamantyl groups at the amino positions proved to be an innovative feature, as they provide
steric protection to the resulting carbene, preventing dimerization via the Wanzlick

equilibrium.?° Since this pioneering discovery, the field has rapidly advanced, deepening the
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understanding of NHC behavior and expanding their fundamental applications in natural

sciences.314

Q Q_I(Clo4)z
N/ ProN.

ol Drocos e eme [ AT
N NPr, \—/

oo

Wanzlick and Schénherr Ofele Bertrand Arduengo
1968 1968 1988 1991

Figure 3 First NHC metal complexes reported by Wanzlick, Schénherr’> and Ofele?®, the first isolable carbene by
Bertrand and coworkers and the first isolable NHC published by Arduengo et al*® (adapted from ref. 29).

Traditional carbenes typically have a triplet electronic ground state (Figure 1), which is
energetically favored according to Hund’s rule, particularly in linear carbenes.?! In contrast,
NHCs exhibit a singlet ground state (Figure 1), stabilized by two key effects (Figure 4, left): n-
electron donation from adjacent nitrogen atoms into the empty p;-orbital of the carbene
carbon (LUMO), and o-electron withdrawal from the non-bonding lone pair on the carbene
(HOMO) due to the high electronegativity of the neighboring nitrogen atoms. These

mesomeric (+M) and inductive (-1) effects create a push-pull stabilization, further supported

by the bent geometry of NHCs, which reinforces the singlet state.!3??
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Figure 4 Representation of the electronic stabilization of the singlet carbene by adjacent heteroatoms (left)™* and
the three dominant orbital interactions between a NHC and a transition metal (M) forming a carbene-metal bond
(right).224

NHC ligands offer three orbital interactions with transition metals (Figure 4): m-donor, n-
acceptor (n"-backbonding into the vacant p.-orbital) and o-donor abilities, depending on the
electronic nature of both, the metal and the coordinating NHC. The unique details of NHC
bonding interactions with transition metals clearly distinguish them from Fischer and Schrock

carbenes. The predominant o-donating character over m-acidity making them capable of

3
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stabilizing metal ions, even in high oxidation states, which is particularly valuable for catalytic
applications.’>?* Often compared with phosphines, NHCs overall show even stronger o-
donation, which is reflected inter alia by their ability to bind metal centers incapable of m-
backdonation, like main group elements®® or rare earth metals?®. The strong donor capability
and kinetic stability prevent rapid ligand dissociation and association processes, replacing

established phosphine ligands in studied areas.!3?’

1.2.1 Structural features of NHCs

The kinetic and thermodynamic stability of NHCs, along with their specific reactivity and
binding behaviors, are influenced by several structural features. In general, four key aspects
contribute to these characteristics (Figure 5, top, left): @ the presence and arrangement of
heteroatoms; the placement of substituents in nearby positions (“wingtip” positions); @
the structure of the backbone, such as unsaturation and substituents; and the size of the

ring.1314

Building on Arduengo's pioneering work, the field of different NHC classes has expanded
significantly. As a result, an extensive library of NHCs with diverse structures and properties
has been developed. A selection of some of the most important classes of NHCs is shown in
Figure 5. The classical Arduengo-type carbenes feature either saturated or unsaturated
backbones with varying nitrogen and backbone substituents. In this context, imidazol-2-
ylidenes, along with their saturated (imidazolin-2-ylidenes) and benzo-fused (benzimidazol-2-
ylidenes) derivatives, have been the most extensively studied.!* NHCs with saturated
backbones concentrate more electron density on the C2 carbene carbon atom, as there are
no Tt interactions, leading to increased basicity and thus tend to be slightly stronger o-donors.
In contrast, an unsaturated backbone provides enhanced thermodynamic stability to the NHC,
due to partial aromaticity, which reduces the need for bulky substituents to stabilize the
carbene.’®?® Altering the N-substituents enables control over both the electronic and steric
characteristics of the carbene, which in turn affects the properties of the coordinated metal.
Introducing electron-withdrawing groups at this position reduces the electron donation from
the nitrogen atoms to the carbene’s vacant p,-orbital, thereby diminishing its donation ability
to the metal center. Conversely, the opposite effect occurs when electron-donating groups
are added. Incorporating bulky substituents leads to carbenes that are less prone to

dimerization within the Wanzlick equilibrium. Additionally, the steric hindrance can provide

4
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protection to the coordinated metal.»>2° Modifying the backbone position primarily affects
the electronic properties of the carbene, since these substituents typically do not cause steric
hindrance to the metal center. Introducing electron-withdrawing groups (like benzene) reduce
electron density and can also extend the aromatic structure. Vice versa, electron-donating
groups (like methyl, due to its +l-effect) at the backbone raises the electron density at the

carbene, enhancing the carbene's o-donor strength.30:31

abnormal/mesoionic carbenes?
N/ /
8 o, 8 e}
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: J N :
' — — N —N N—N N=N N—N '
. / \ \ / \ / \ 1 \ '
. oxazol thiazol pyrazol 1,2,4-triazol 1,2,3-triazol tetrazol E
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° ) =
-—N N /N\/N\ N N _N—
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CAAC CAAC CAArC carbene carbene ~ Sn, Pb

Figure 5 General structural features of NHCs with X = CR’, NR’, O, PR’, S (top, left) and selected classes of relevant
NHCs and selected NHC-homologues. “The carbene position followed by the suffix “ylidene” should be added to
obtain the generic name of each NHC subclass.131432-35

The majority of NHCs consist of a five-membered ring at their core, although several ring-
expanded variants have been reported, incorporating structures such as tetrahydropyrimidine

and diazepine frameworks.3® These ring-expanded NHCs demonstrate increased basicity and

stronger o-donating abilities compared to traditional five-membered imidazole-type NHCs.
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This is attributed to the wider N-C-N bond angle, which enhances the p,-character of the lone
pair orbital. For instance, this angle in a typical five-membered carbene is 101.4° vs. 114.6° in
a six-membered analogue. The higher energy of the HOMO results in stronger electron
donation. Additionally, the presence of methylene groups in the ring backbone contributes to
a positive inductive effect, further enhancing the electron-donating properties. Steric effects
also differentiate ring-expanded NHCs from their five-membered counterparts. Due to the
larger N-C-N angle and more flexible backbone, ring-expanded NHCs exhibit greater steric
demand. The larger ring size directs N-substituents towards the metal center, promoting
stronger interactions within the catalytic pocket and enhanced metal stabilization by blocking

two coordination sites.3’

Notably, two nitrogen atoms adjacent to the carbene carbon are not required for stability,3®
allowing for the development of NHCs with other heteroatoms, such as sulfur in thiazol-2-
ylidenes or oxygen in oxazol-2-ylidenes. While these variants exhibit weaker o-donating
abilities than imidazol-2-ylidenes — with oxazol-2-ylidenes being slightly weaker than thiazol-
2-ylidenes — they are superior n-acceptors, due to reduced n-donation from the heteroatoms
into the carbene carbon’s p,-orbital.3°4! Further NHC fine-tuning can be achieved by modifying
the heterocyclic cores to change the number and arrangement of heteroatoms, allowing for
tailored electronic and steric properties. This facilitates the introduction of pyrazol, triazole
and tetrazol NHC scaffolds. In their normal forms, these carbenes feature nitrogen in their
backbone, which results in diminished o-donor strength, but enhanced nt-acceptor capabilities
compared to imidazol-2-ylidenes. Carbenes can also be generated in configurations where a
neutral, non-zwitterionic resonance structure cannot be formally depicted. In such cases, the
species is referred to as an abnormal or mesoionic carbene (vide infra). When the carbene
center is located at a position that is not adjacent to a nitrogen atom, the species is called

remote carbene (rNHC).:

Another group of stable NHCs exhibit only one nitrogen atom next to the carbene, with the
other neighboring atom being carbon. Cyclic (alkyl)(amino)carbenes (CAACs), developed by
the group of Bertrand in 2005, feature a nitrogen atom replaced by a carbon atom with alkyl
groups.*? This substitution increases the electron density at the carbene carbon due to the
reduced electronegativity of carbon and the inductive effect of alkyl groups. As a result, CAACs

are stronger o-donors than Arduengo-type NHCs.1**3 However, the absence of m-donation
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from the nitrogen makes CAACs more electrophilic, enhancing their m-accepting
properties.'34 Substituting alkyl with aryl groups forms cyclic (amino)(aryl)carbenes (CAArCs),
which maintain strong o-donating and better n-accepting abilities. Amido carbenes, similar to
CAACs, can be categorized into alkyl(amido)carbenes, diamidocarbenes, and aryl(amido)-
carbenes. The presence of an electron-withdrawing carbonyl group increases their
electrophilicity, making them even stronger n-acceptors than CAACs or CAArCs. However, this
enhanced m-accepting ability comes at the expense of o-donor strength, rendering amido

carbenes weak o-donors, much weaker than Arduengo-type NHCs.1345

Furthermore, NHCs have expanded beyond carbon-based systems to include heavier group 14
analogs, where the central carbene atom is replaced by silicon, germanium, tin, or lead. These
systems exhibit unique reactivity and coordination properties, broadening the scope of NHC

chemistry and are listed here for completeness.*¢4°

1.2.2 Abnormal or mesoionic N-heterocyclic carbenes (aNHCs)

As described in chapter 1.2.1, Arduengo-type NHCs coordinate to the metal center via the C2
carbon due to the significant lower acidity of the backbone, with a pK; value for the C2-bound
hydrogen in imidazolium salts between 16 to 23 vs. for the C5—H of 33.0.3%°° Nevertheless,
the carbene carbon can be shifted to the C4 or C5 position, forming a distinct subclass known
as abnormally coordinating NHCs (aNHCs), or more generally classified as mesoionic carbenes
(MICs).>12 MICs generally feature less heteroatom stabilization of the carbenic carbon and
hence impart specific donor properties and reactivity schemes when coordinated to a
transition metal.>? The concept of abnormal coordination was first introduced by Crabtree>
and coworkers in 2001, when they reported the cationic iridium complex 1 converted from

pyridyl-substituted imidazolium (Scheme 1).
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Scheme 1 Synthetic route of the first reported aNHC complex by Crabtree and coworkers.>
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The unexpected metal coordination via the C5 carbon within the backbone of the
imidazolylidene ring, rather than between the nitrogen atoms is forced by steric factors,
particularly the substitution on the carbon adjacent to the metal-bound carbon. Hence,
abnormal coordination tends to be favored when bulky substituents, such as mesityl or

isopropyl groups, are attached to the nitrogen atom.>*

In 2008, Albrecht®> and colleagues developed a novel class of aNHCs based on a 1,2,3-triazole
scaffold. These 1,3,4-substituted 1,2,3-triazol-5-ylidenes are synthesized via copper(l)-
catalyzed azide-alkyne cycloaddition (CuAAC, vide infra), followed by an alkylation step at the
N3 position (Scheme 2). Direct metalation of the triazolium salt via thermally induced C-H

bond activation with Pd(OAc) affords the dinuclear aNHC complex 2.3%5°

R R ! I
N/ N/ - I Ph
N~ Mel N~ Pd(OAc), ' (O)—Pd—I _
i L — N I N
N N - I—Pd—
e
Ph I =N
N
Ph Ph Ly
R
R = Et, Bn 2

Scheme 2 Synthetic route of the first reported triazole based aNHC complex by Albrecht and coworkers.>®

A key feature of these aNHC complexes is their dipolar structure, forming 5- or 6-membered
heterocycles with partial charge delocalization. Such characteristics are consistent with the
IUPAC definition of MICs>!, wherein no feasible resonance structure can be depicted for the
free carbene without introducing additional charges (Scheme 3, exemplified for imidazole and

triazole aNHCs).>%°¢
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Scheme 3 Resonance structures of imidazole-5-ylidene® and 1,4-disubstituted 1,2,3-triazol-5-ylidene®.

Positioning the carbene center at the C5 position renders abnormal aNHCs less

thermodynamically stable but more strongly donating compared to their normal NHC (nNHC)
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counterparts. Energy decomposition analysis has demonstrated that the energy gap between
the parent nNHC and aNHC is approximately 19 kcal/mol.>%5%f0 Experimental approaches
aimed at investigating the electronic properties of C5-carbenes consistently show that aNHCs
exhibit stronger electron-donating characteristics than their nNHC analogs. Consequently,
aNHCs present promising candidates for stabilizing high-valent metal species in catalytically

active complexes.>°

1.2.3 Synthetic access to imidazole precursors

A straightforward strategy to synthesize NHC precursors involves the quaternization of the
nitrogen atom on a pre-existing neutral N-substituted imidazole, oxazole, or thiazole,
efficiently yielding the desired compounds.®! Notably, the most common method for
preparing imidazole-based NHCs involves deprotonation of imidazole, followed by stepwise
alkylation, allowing for the formation of both symmetric and asymmetric motifs (Scheme 4,
left).62 Another method is the multicomponent reaction building up the heterocycle with the
appropriate substituents in a one-pot reaction. In this process, two equivalents of primary
amines are reacted with glyoxal and paraformaldehyde in the presence of an acid, such as
hydrochloric acid. Initially, the formaldehyde forms an N,N'-disubstituted aminal, which then
undergoes condensation with glyoxal to yield the corresponding symmetric imidazolium salt
(Scheme 4, right). This second method is especially advantageous for synthesizing imidazolium
salts with aromatic, highly bulky, or functionalized N,N'-substituents.®1-63
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Scheme 4 The two most common synthetic strategies towards imidazole NHC precursors.

The NHC framework can be expanded by linking multiple NHC units via carbon bridges,
resulting in the formation of poly-NHC ligands. This extension enables the creation of
multidentate ligand systems with enhanced coordination capabilities and diverse applications

in catalysis and coordination chemistry.®*

1.2.4 Copper(l)-catalyzed alkyne-azide “click” reaction
In 2001, a revolution in synthetic chemistry occurred when Kolb, Finn and Sharpless

introduced the concept of “click” chemistry.®> Independently, Sharpless and Fokin et al.®® and

9
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Meldal et al.®’ facilitated the accessibility of synthesizing 1,4-disubstituted 1,2,3-triazoles
selectively under mild water-tolerant conditions, fulfilling the criteria of “click” reactions
(Scheme 5). Generally, this so-called Cu' catalysed azide-alkyne cycloaddition (CuAAC) yields
the desired triazoles from terminal alkynes with little or no by-product formation.®®7° The
non-catalyzed azide-alkyne reaction dates back to 1893, when 1,2,3-triazole was first
synthesized from diethyl acetylenedicarboxylate and phenyl azide. This type of 1,3-dipolar
cycloaddition reaction, known as the Huisgen reaction’?, produces, in contrast to the CuACC,
a non-selective mixture of 1,4- and 1,5-disubstituted products and generally requires high

temperatures.®® The selective formation of the 1,5-regioisomere is achieved applying base or

ruthenium catalyzed conditions (Scheme 5).5%72
_N =N
N=" [Ru] [Cu] =N,
N—=R' - R—— + N3-R' ——— N N—=R'
or base <
R
R

Scheme 5 General ruthenium or base (left) and copper (right) catalyzed azide-alkyne cycloaddition.”

The general mechanism of the CUAAC has not yet been clarified. The 1,4-disubstituted 1,2,3-
triazole is obtained by reacting a terminal alkyne with an azide using a Cu' catalyst. Various
copper catalysts are applicable for the CuAAC, providing a Cu' species is generated.
Conventionally, in a solvent mixture of water and an alcohol (‘BuOH, MeOH or EtOH) 0.20 eq.
CuS0g is applied as Cu" pre-catalyst together with 0.40 eq. sodium ascorbate as reducing
agent, which additionally enables aerobic conditions due to oxidation prevention.®® In a first
proposed mechanism, following a mononuclear reaction, the catalytically active copper(l)
generated in situ reacts with the terminal alkyne under the formation of a o-bond to a Cu'-
acetylide intermediate (Scheme 6, A). Subsequently, the alkylated Lewis-basic nitrogen of the
azide coordinates to Cu', followed by a transformation into a 6-membered metallocycle with

I considered as rate-determining step. Contracting the ring to a

copper being oxidized to Cu
cuprous triazolide, with copper being reduced and substituting the transition metal by a
proton completes the catalytic cycle.”®>’* However, recent advances propose a bimetallic
mechanism (Scheme 6, B). The high activation energy required for the formation of the
constrained six-membered metallocycle contradicts the mononuclear mechanism. Density

functional theory (DFT) calculations reveal that the activation barrier for the alkyne is

significantly lowered when two copper ions are involved in the complexation, possibly via an

10
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o- and m-bimetallic intermediate. Moreover, kinetic studies support the involvement of two
copper centers in the CUAAC mechanism. Consequently, mechanisms incorporating more than
one copper ion have been proposed and are widely referenced in literature, although several

intermediates remain uncertain and are still being studied.””>
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Scheme 6 Proposed catalytic mechanism following a mononuclear reaction (A) and a bimetallic reaction (B). For
simplification [Cu] represents a copper-ion with an unspecific environment.

1.2.5 Macrocyclic tetra-NHC ligand precursors

Macrocyclic ligands, which form a continuous ring around a metal center and include at least
nine ring atoms (three of which are potential donor atoms) are known for their ability to form
highly stable metal complexes. The macrocyclic effect, which enhances both kinetic and
thermodynamic stabilization, is crucial in the design of ligand frameworks in coordination
chemistry and leads to the formation of metal complexes that exhibit significantly greater
stability compared to their acyclic counterparts.3%’®¢ When combined with NHC chemistry,
such NHC metal complexes demonstrate potential as effective catalysts in various reactions,
including oxidation and hydrogenation processes. Particularly, macrocyclic tetra-NHC ligands
show the capacity to chelate metal ions with coordination numbers of four or higher.””"’8
Since the report of a macrocyclic tetracarbene Pt complex formed via template controlled
reaction by Hahn et al.”® in 2007 these ligand subclass has received considerable attention.®

Shortly after, a more convenient route for obtaining macrocyclic tetra-NHC metal complexes

was developed by deprotonating imidazolium salts in situ.®!

Apart from template synthesis, where the ligand system assembles around the metal
center’®8! the conventional synthesis of macrocyclic tetra-NHCs typically starts with the

preparation of a bis-imidazole unit. This is achieved through a bimolecular nucleophilic

11
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substitution reaction between the corresponding imidazole and a dihalogenated alkyl
compound. The resulting bis-imidazole unit is then connected via a strong dielectrophilc
coupling agent with efficient leaving groups, such as triflate (OTf"), to form the macrocyclic
structure (Scheme 7, left).3! A similar reaction employing dihaloalkanes for tetracarbene ring
formation often results in the partial formation of larger cycles.®? The group of Jenkins
concentrated on the synthesis of macrocyclic tetraimidazole diborates, which exhibit an
increased o-donor strength compared to alkyl-bridged tetra-NHCs. The ring formation
proceeds via the reaction of the corresponding bis-imidazole with bromodimethylborane
(Scheme 7, right).8-%°> To minimize the risk of intermolecular coupling, the reactions are often

conducted under dilute conditions.3!
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Scheme 7 General synthetic routs of macrocyclic tetraimidazoles.?*
2 Carbon feedstock for chemical industry

The synthesis of various of bulk and fine chemicals is fundamentally reliant on the availability
of carbon feedstocks, predominantly derived from the refining of mineral oil and natural
gas.®588 These carbon-based building blocks play a crucial role in the production of polymers,
pharmaceuticals, flavors, fragrances, and coatings, among other industrial and consumer
products.®59! Crude oil, primarily composed of alkanes with varying chain lengths and minor
guantities of olefins, aromatics, and acetylene, undergoes a refining process that includes
desalting and fractional distillation into various products such as gaseous fuels, naphtha,
kerosene, and diesel 892 Notably, thermal steam cracking of naphtha (Figure 6, right), which
consists mainly of lighter alkanes, produces significant quantities of ethylene and propylene
(approximately 225 million tons?® and 150 million tons annually®®, respectively) through the
breaking of carbon-carbon bonds at elevated temperatures (450 to 900 °C) and pressures (up

to 70 bar).87889255 |mportantly, the production of ethylene and propylene has been increasing
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over the years (Figure 6, left), reflecting the growing demand for these key intermediates in
the chemical industry.®% The reaction temperature critically influences the product

distribution, with higher temperatures favoring ethylene production.®
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Figure 6 Production capacity of ethylene and propylene worldwide from 2018 to 2022 (left)**9* and simplified
representation of thermal steam cracking (right)8°¢.

Syngas, or synthesis gas, is a mixture of carbon monoxide and hydrogen produced from the
gasification of carbon-containing materials, such as coal, natural gas, or biomass. This versatile
intermediate can be used in various applications, including the production of chemicals and
fuels. A key process for converting syngas into liquid hydrocarbons is the Fischer-Tropsch
synthesis, which catalyzes the reaction of CO and H, to form liquid hydrocarbons, primarily
synthetic fuels and lubricants, applying Co/Mn or Fe/Mn on a partially reduced oxide support

as catalyst (Scheme 8).8897

[cat.]

alkanes nCO + (2n+1) H, ChHopi2 + N H0
[cat.]

alkenes nCO + 2nH, CyHyn + NHO
[cat.]

alkohols nCO + 2nH, CyHon+1OH + (n-1) H,O

Scheme 8 Reaction equations of the Fischer-Tropsch synthesis of alkanes, alkenes and alcohols.®’

The water-gas shift reaction is crucial for adjusting the CO to CO, ratio in the Fischer-Tropsch
process. Water and carbon monoxide are converted into hydrogen and carbon dioxide using
iron or copper-based catalysts. This reaction not only facilitates the regulation of the CO, ratio

but also serves the additional benefit of transforming toxic carbon monoxide into less harmful
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carbon dioxide, thereby improving the overall safety and environmental impact of the

synthesis process.889899

These processes not only highlight the evolution of organic chemistry, which previously relied
on coal-derived feedstocks, but also addresses the limitations associated with coal, such as
toxic waste generation and safety hazards. The transition to using mineral oil fractions in the
chemical industry has enhanced the ability to convert simpler hydrocarbons into more
complex, valuable molecules through advanced techniques like catalytic and thermal steam
cracking/reforming, thereby supporting the growing demand in various industrial

applications.86:%

3 Homogenous epoxidation catalysis

Parts of the following chapter are based on a previously published perspective®, that was
developed as part of this doctoral thesis. These sections have been integrated into this
dissertation to expand upon the original insights and provide additional context to the overall
research. In accordance with the citation guidelines outlined in the university’s regulations on
good scientific practice, these portions are correctly cited where necessary to ensure

transparency and proper attribution.

Catalytic alkene epoxidation has received significant interest in both the chemical industry and
academia due to the importance of epoxides in the production of bulk and fine
chemicals.39190.101 Fthylene oxide and propylene oxide are particularly notable as key
intermediates, ranking among the most produced chemicals in industry, especially for
polymer synthesis.3%102 For example, in 2022, global production of ethylene oxide reached
approximately 31.6 million tons,°® with the majority being utilized for the synthesis of
ethylene glycol.?®* Furthermore, the epoxide functionality is presented in highly specific
organic molecules, representing key compounds in polymer production, fragrances,
detergents, flavors and pharmaceutical products (Figure 7). Among the latter, many are

classified as anticancer agents.102105-110
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Figure 7 Selection of relevant fine chemicals with epoxide functionalities (highlighted), including
pharmaceuticals, flavors and fragrances.102105-110

While the importance of epoxides in various industrial applications is undeniable, traditional
methods for their production have faced several challenges. Historically, epoxidation
reactions have been studied without the use of catalysts, often employing peroxocarbonic
acids as stoichiometric oxidizing agents. However, these reagents tend to be unselective and
relatively aggressive.3%111112 |n industrial applications, heterogeneous epoxidation catalysts,
particularly silver- or gold-based systems, are commonly used for the conversion of simple
bulk alkenes, such as the epoxidation of ethylene. While effective, these systems are typically
very substrate-specific and exhibit little to no tolerance for functional groups.3%!13 To address
these limitations, homogeneous catalysts are frequently utilized in the production of
specialized chemicals, offering enhanced selectivity and activity.3%114116 However, many of
these homogeneous epoxidation catalysts rely on scarce and often toxic transition metals,
such as rhenium, tungsten and molybdenum, particularly noted for their use in processes like
the Arco-Halcon process for propene epoxidation.3%'” Consequently, there is an ongoing
effort to develop more suitable catalysts based on cheaper, more abundant, and non-toxic
metals for selective epoxidation reactions. Iron, as the most abundant transition metal in
earth's crust,18119 has shown significant potential in various catalytic applications, including
alkene epoxidation.3%100.117.120 |nspired by biological systems, catalysts have been designed
with iron-stabilizing ligands.3%121122 These catalysts often involve octahedral iron(ll)
complexes coordinated by tetradentate nitrogen donor ligands such as amines, pyridines, and
pyrroles. Two labile ligands are typically coordinated to the metal center, oriented either cis

or trans, mimicking the active sites of oxidation-catalyzing enzymes.3%122-12> Qxidants such as
15
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hypochlorites'<®, periodates*’, molecular oxygen'<°, and peroxides are used for these

reactions, with hydrogen peroxide being the most common due to its atom efficiency.3%12212°

Cis-cyclooctene is widely used as a model substrate for epoxidation in scientific literature.3°

3.1 Ti, Mn, Re and Mo olefin epoxidation catalysts

Significant advancements in homogeneous epoxidation catalysis have been made by pioneers

137,138

such as Sharpless®3%131  Kochi'®?, Jacobsen!3*134 Katsukil3>!3¢, Espenson and

Herrmann!32:140

, who studied the performance and mechanism of titanium, manganese and
rhenium complexes (Figure 8).8117 Sharpless, in particular, made notable contributions to the
field of asymmetric homogeneous epoxidation, for which he was awarded the 2001 Nobel
Prize in Chemistry!#!, His work focused on the epoxidation of allyl alcohols, achieving over 90%
enantiomeric excess. This method utilizes an in situ generated dinuclear titanium(1V) complex
containing diethyl tartrate and alkoxy ligands, where the enantiomer of the product is
determined by the tartrate configuration.®139131 For a broader substrate range, including
olefins with aromatic and aliphatic substituents, manganese(lll) salen catalysts have proven

to be effective for highly stereoselective epoxidation reactions.88132-136
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Figure 8 Relevant homogenous epoxidation catalysts studied by Sharpless , Kochi'®2, Jacobsen

Katsuki'®>136, Espenson®®”13 Herrmann!391%0 and Kiihn!*? (adapted from ref. &),

Methyltrioxorhenium (MTO) stands out as a highly effective homogeneous epoxidation
catalyst, overcoming many limitations of earlier systems, by facilitating the oxidation of
various substrates under mild conditions. Initially discovered by Beattie and Jones in 1979143,
MTO was later applied for epoxidation by Espenson and Herrmann. Two key intermediates
have been identified as the active species in these reactions (Scheme 9): the mono-peroxo

complex!®’, detected via spectroscopic methods, and the bis-peroxo complex

139
characterized by single-crystal X-ray diffraction (SC-XRD). Both species are formed upon
reaction with one or two hydrogen peroxide molecules under elimination of water,

respectively. These intermediates facilitate the epoxidation process via a concerted attack of
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the peroxo moiety on the olefin, forming the epoxide product.!'’#* The epoxidation of cis-
cyclooctene with MTO achieves turnover frequencies (TOFs) up to 40,000 h™". However, the
high cost of rhenium has driven interest in cheaper alternatives, such as molybdenum-based
catalysts.’’ In 2014, our group reported a Mo'"-NHC complex, which can achieve even higher
TOFs in the epoxidation of cis-cyclooctene (up to 53,000 h) but with a more limited substrate

scope (Figure 8).117142
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Scheme 9 Mechanism of the catalytic epoxidation of olefins with MTO with aqueous hydrogen peroxide as the
oxidant.117:144

3.2 Bio-inspired iron complexes in epoxidation catalysis

Nature overcomes the challenge of selective oxofunctionalization of diverse substrates under
mild conditions by utilizing metalloenzymes, which facilitate these reactions with exceptional
chemo-, regio-, and stereoselectivity.!*>1%® These enzymes contain active sites within
hydrophobic pockets, enabling lipophilic substrates to access the catalytic center while
promoting the release of more hydrophilic oxidation products. This arrangement helps to
prevent undesired reactions, such as overoxidation.}#%147 Notable examples of enzymes that
catalyze the oxidation of C—H bonds in challenging substrates include heme-containing
monooxygenases from the cytochrome P450 (CYP) family4®14° (vide infra), soluble methane
monooxygenases (sMMO)¥°, Rieske dioxygenases'*>, and aromatic amino acid
hydroxylases!®’. A common feature among these enzymes is their iron-containing active
sites.}48151 For example SMMO catalyzes the conversion of methane to methanol,**° while CYP

enzymes oxidize alkanes, alkenes, and aromatic compounds!*®49, They all utilize molecular

oxygen as the terminal oxidant, forming a peroxo intermediate that is further converted into
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a highly reactive iron-oxo species. Electrons required for the oxidation process are typically

provided by a NAD(P)H cofactor,146:148-151

Cytochrome P450 enzymes are essential for the oxidative transformation of both endogenous
and exogenous compounds across a wide range of organisms, including plants, bacteria, and
mammals. This extensive family of heme enzymes comprises over 2,000 members.248149 Each
enzyme features an active site that contains an iron(lll) porphyrin cofactor, which is axially

coordinated by a cysteine residue (Scheme 10).

compound Il compound | compound 0

Scheme 10 Proposed C—-H activation mechanism of hydrocarbons on the active site of cytochrome P450
monooxygenase including key intermediate compounds 0, | and 1122149

This unique structural arrangement is critical for the enzyme's catalytic function, facilitating
the oxidation of various substrates. The oxidation mechanism of CYP enzymes initiates with

I resting state, which transitions to a high-spin Fe' center upon the

the low-spin Fe
coordination of an oxygen molecule (Scheme 10). This interaction leads to the formation of
an iron(lll) hydroperoxo intermediate (compound0). The subsequent proton assisted
heterolytic O—O bond cleavage generates a formal iron(1V) oxo species (compound 1), as active
species, featuring a porphyrin m-cation radical. This high-valent intermediate acts as the
primary oxidant, facilitating the epoxidation of hydrocarbons via radical abstraction by
forming an iron(IV) hydroxo complex (compound Il). Additionally, the stabilization of

compound | via the delocalization of the positive charge within the porphyrin ligand enhances

its reactivity. The cycle concludes with the regeneration of the initial Fe'" heme complex. If
18



| Introduction

hydrogen peroxide is utilized as the terminal oxidant, the catalytic pathway diverges, leading
to the direct formation of the Fe'-OOH intermediate through the peroxide shunt

pathway.122,148,149,152,153

Advances in biological research and the growing understanding of enzyme structure and
active site motifs have provided valuable insights for catalyst development over the past
decades. As a result, there has been increasing interest in designing biomimetic catalysts,
particularly those based on more affordable, abundant, and environmentally friendly metals
like manganese and iron. These metals offer a promising alternative for mimicking the

function of natural enzymes while maintaining sustainability and reducing toxicity.?1122

3.2.1 Non-heme iron catalysts with N-donor ligands

Bio-inspired iron catalysts can generally be categorized into two main classes: heme and non-
heme complexes. Heme catalysts are characterized by their porphyrin ligands, mimicking the
natural iron-porphyrin systems. In contrast, non-heme iron catalysts are more structurally
diverse and typically incorporate tetradentate N-donor ligands (Figure 9). These complexes
often feature two labile ligands, such as triflate (OTf) or acetonitrile (MeCN), which play a key
role in their catalytic activity by enabling substrate coordination and activation.®117.1> Heme
complexes exhibit trans orientated labile ligands, whereas non-heme iron complexes mostly

feature cis labile coordination sites.88129,154,155
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Figure 9 Structures of selected non-heme iron (ep)oxidation catalysts with their ligand abbreviations below. L =
labile solvent ligand (generally MeCN or OTf). Known functional positions in literature are highlighted.17:154

Two primary catalytic pathways are described for oxidation reactions involving synthetically

generated non-heme iron catalysts. The mechanism involving high-valent iron-oxo species

156

compete with undesired radical-based Fenton-type pathway. The Fenton-type™° mechanism

proceeds via the formation of long-lived radicals (Scheme 11). In this mechanism, the peroxide

species decomposes in the presence of Fe' or Fe!", generating powerful, but highly unselective

(hydroxyl) radicals. These radicals rapidly engage in various radical-based reactions with
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organic substrates. When dioxygen is present, the reaction can lead to a termination step,
known as the auto-oxidative pathway. This step results in the formation of equal amounts of
alcohol and ketone as the final oxidation products, reflecting the non-selective nature of this

mechanism 30.157,158

' peroxide decomposition E radical reactions auto-oxidative pathway

;Fe” + HO-OH — Fe!' + OH + -OH R-H + -OH — R-+ H,0 R- + 0, — R-00"

E\.F_e_”_'_f__'19_‘_‘?_”_:T.f?'.'..*.ﬁ?f.‘.’.‘.iﬂf; Re+ -OH = RooH R700: + H0 — R-OCH + -OH
R+ + -:0-OH — R-OCH 2 R-00:- — R-OH + R=0 + O,

Scheme 11 Fenton-type mechanism of irons catalyzed oxidation reactions with H,O, as oxidant and following
radical reactions.?>7:18

The second, and desirable, pathway for the oxidation mechanism of alkenes involves a metal-
centered process mediated by high-valent Fe'- or FeV-oxo intermediates. This pathway is
largely accepted as the operative mechanism, though certain aspects remain to be fully
elucidated. It draws parallels with the catalytic cycle observed at the active site of CYP
enzymes. The preferred oxidation state of this species is influenced by the electronic and steric
characteristics of the tetradentate spectator ligand and the associated orientation of labile
ligands. Notably, extensive research conducted by the groups of Que'**, Costas!®® and
Nam16%161 has significantly advanced the mechanistic understanding of non-heme iron
complex catalysis. The reaction begins with a single electron oxidation of the Fe' catalyst
precursor, typically by oxidants such as hydrogen peroxide, leading to the formation of a Fe''-
hydroperoxo intermediate.3%12212> The formation of Fe'-OOH is supported by various
spectroscopic techniques. UV-visible (UV/Vis) spectroscopy reveals a characteristic absorption
band, often associated with the intense purple color of these species.?%122 This intermediate,
formed in situ upon deprotonation of H,0, and coordination to the Fe'' center, undergoes
either homolytic or heterolytic cleavage of the O-0 bond, as the rate-determining step (rds)
due to the poor leaving ability of the hydroxide, generating the catalytically active species
(Scheme 12). Importantly, Que, Miick, Nam!®? and co-workers have provided direct
experimental confirmation of the homolytic bond cleavage through SC-XRD analysis,
identifying the [Fe'V(O)(TMC)(MeCN)]?** species as a key intermediate for iron complexes with
trans labile ligands. Additionally, variable-temperature mass spectrometry (VT-MS) has been
employed to detect the formation of iron(V) species, further corroborating the mechanistic

pathway.30/163
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Scheme 12 Catalytic mechanism for epoxidation of alkenes by non-heme iron(ll) complexes with tetradentate N-
donor ligands (L) affording cis-labile coordination sites and transition states for assistance pathways (X = labile
solvent ligand). Acceleration of the rds heterolytic O—O bond cleavage is possible by water, Brgnsted acid or
Lewis acid (LA) assistance (adapted from ref. 30).

The heterolytic cleavage of the O—0 bond, which results in the formation of a high-valent FeV-
oxo species, can be facilitated by the presence of water. The water-assisted pathway (wap)
operates exclusively with cis-labile coordination sites.3%1241%4 Here, water coordinates near
the hydroperoxo intermediate via hydrogen bonds, accelerating the heterolytic O-0 cleavage
and Fe"-oxo formation.3%124 Subsequent electrophilic attack on the alkene substrate yields the
product epoxides. During this process, the oxygen atom involved in the epoxide cycle can
originate from either the coordinated water molecule or the hydrogen peroxide used initially.
This occurs due to rapid oxo-hydroxo tautomerization within the iron complex.30:122125129
Alternatively, the presence of cis-oriented labile ligands within the wap may drive the reaction
towards cis-dihydroxylation, where the high-valent iron-hydroxo intermediate attacks the
alkene to form cis-diols.3%122124 This dihydroxylation mechanism, however, is not observed
when trans-labile ligands are present, especially in tetradentate non-heme iron

complexes.30:160

The addition of Brgnsted or Lewis acids, making OH" to a better leaving group by protonation
or coordination further enhance the catalysts performance. When acetate binds to the
Fe'"-OOH intermediate in a manner similar to water, it facilitates the formation of the
catalytically active FeY(O)(OAc) intermediate by suppressing H,O coordination. This

intermediate is both highly electrophilic and selective for epoxide formation.39.16>
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Research into the epoxidation mechanisms of tetradentate non-heme iron complexes with
trans-labile coordination sites remains relatively limited. Complexes utilizing H,O, as an
oxidant have often been overlooked due to lower turnover numbers and modest yields
compared to cis-configured systems, leading to assumptions about their limited efficiency in
epoxidation processes.1?2166167 However, recent findings reveal that trans-labile iron
complexes exhibit distinct mechanistic pathways and key intermediates, offering unique
selectivity advantages.'??1% The proposed mechanism is primarily characterized by the
formation of a Fe'V-oxo species, rather than a FeV-oxo intermediate.?%%8 Upon reaction with
H,0,, the formed Fe""-OOH intermediate undergoes O—0 bond cleavage (Scheme 13). The
epoxide is either formed via direct oxygen transfer to the C=C bond or a radical mechanism
involving molecular oxygen. The electrophilic nature of the Fe'V-oxo species is key to the
selective epoxidation of alkenes, without promoting dihydroxylation (as observed with FeV-
oxo complexes) Additionally, the trans-labile configuration restricts water coordination near
the hydroperoxo ligand, making a water-assisted heterolytic O—O bond cleavage

unfeasible.122,166,163
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Scheme 13 Schematic representation of the catalytic mechanism for epoxidation of cis-cyclooctene with H,0, by
non-heme iron(Il) complexes with tetradentate N-donor ligands (L) affording trans-labile coordination sites; X =
labile solvent ligand (adapted from ref. 122)16°

3.2.2 Iron NHC catalysts

Unfortunately, most non-heme iron catalysts perform rather poorly compared to the enzymes
they are meant to mimic or to metal-based complexes containing titanium, manganese,
molybdenum and rhenium. The group of Que!’® reported the highest TOF of 25,200 h™,

achieving a 50% yield of cyclooctene oxide with a 0.5 mol% catalyst loading in just 14 s, using
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the non-heme iron epoxidation catalyst [Fe(BPMEN)(MeCN),]?*. However, this result required
acetic acid as additive. In additive-free conditions, the maximum reported TOF was around
4,100 h™, yielding 17% after 30 seconds. Although a few studies report TOFs exceeding
1,000 h™" with additives,’’! most systems typically reach maximum TOFs!?3172 in the range of

100-1,000 h™'.173

In 2014 our group were the first who described the application of an active iron NHC complex
in epoxidation catalysis.}’® The complex coordinates an acyclic tetradentate di(o-imidazol-2-
ylidenepyridine)methane ligand via its two carbene carbon atoms and two pyridine N-donors
(Figure 10, 3). The ligand adopts an equatorial gecometry around the metal center, leaving the
axial positions available for additional coordination.3%'’4 While iron carbon bonds are
generally more thermodynamically unstable than iron oxo bonds, complex 3 remains air- and
water-stable due to the ligands chelating and stabilizing nature. 3 demonstrates impressive
selectivity (> 99%) for producing cyclooctene oxide using H,0; as oxidant and the benchmark
substrate cis-cyclooctene. At room temperature (r.t.) 3 achieves a 99% conversion within just
5 minutes at a catalyst loading of 5 mol%, operating effectively without additional additives.
TOFs reach ca. 2,600 h* (1 min, 2 mol% of 3, 25 °C) with high selectivity across various alkenes.
However, under oxidative conditions, the catalyst experiences deactivation, and increased
concentrations of the oxidant reduce alkene conversion, indicating partial catalyst
deactivation. At lower concentrations, hydrogen peroxide limits the reaction by providing
insufficient oxidizing agents. Two opposing effects were noted with decreasing temperatures:

reaction rates decrease, but catalyst stability significantly improves.30173

One year later our group reported the catalytic activity of a more heme like iron NHC
system.!?® The iron complexes studied here feature a macrocyclic imidazole based
tetracarbene ligand that coordinates in an equatorial plane around the iron center, creating a
near-perfect octahedral geometry, with two acetonitrile molecules occupying the axial
positions (Figure 10, 4).17> Since single electron oxidation to iron(lll) is considered to be part
of the catalytic mechanism in non-heme iron complexes with tetradentate N-donor ligands

(vide supra) both Fe" and Fe'

oxidation states are investigated. Excellent catalytic
performance is obtained using complexes 4 as catalyst in the epoxidation of cis-cyclooctene
with H20,. At r.t. and a catalyst concentration of 0.5 mol% full conversion is reached within

5 min and an epoxide selectivity of >99%, highlighting the remarkable catalytic potential of
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this framework. 4a reaches a TOF of ca. 50,400 h* (10 s, 0.10 mol% of 4a, 25 °C)*?° and a TON
of 480 (5 min, 0.05 mol% of 4a, 20 °C)!’®. Applying Fe' catalyst 4b pushes the TOF significantly
to ca. 183,600 h'' (10 s, 0.10 mol% of 4b, 25 °C). The improved activity may indicate a reduced
decomposition of H,0,, due to Fenton-type radical pathways suppression (vide supra).
Furthermore, the oxidation of complex 4a to its Fe'' counterpart likely initiates the reaction
mechanism, evidenced by an induction period observed in 4a that is absent in 4b. Although
detailed mechanistic studies specific to iron NHC complexes are lacking, insights from similar
N-ligated iron complexes suggest that an Fe'"'-OOH intermediate forms as the next step. This

intermediate may then undergo either a homolytic or heterolytic cleavage, producing a

catalytically active high-valent Fe!V-oxo or FeV-oxo species, respectively.31120
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Figure 10 Iron NHC epoxidation catalysts (adapted from ref. 3°).

Compound 4b maintains high activity and selectivity even at low temperatures, with complete
conversions at temperatures as low as -10 °C. Decreasing temperatures again slow reaction
rates but enhance the catalyst stability. Optimal epoxidation yields are achieved with
moderate H,0, concentrations, particularly between 150-300 mol%. Higher levels of H,0,
slightly lower catalytic yields, as excess oxidant reduces the catalyst’s stability over time.
Interestingly, the addition of water, often beneficial in other non-heme Fe catalysts with cis-

labile coordination sites, does not enhance the activity of the iron tetracarbene complexes
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and can even reduce epoxide yields. This confirms that macrocyclic Fe tetra-NHCs operate via

a non-wap (like trans-labile non-heme iron catalysts with N-donor ligands).12°

Oxidative conditions in iron complex catalysis often lead to the formation of stable diiron(lll)-
H2-oxo complexes, which are typically catalytically inactive and reduce reaction efficiency.
Specifically, diiron(lll)-p2-oxo complex 5 has been observed to form under oxidative conditions
from complexes 4a and 4b (Scheme 14), showing limited catalytic activity with a TOF of
ca. 23,000 h'! and a turnover number (TON) of 140 (tror = 10 s, tton = 5 min, 0.05 mol% based
on iron, 20 °C).31176177 The addition of Lewis acids reactivates complex 5 by preventing the
formation of Fe—-O—Fe compounds and promoting the consistent formation of the active
iron(ll1) complex 4b.3117® Furthermore, Lewis acids are believed to assist in the cleavage of the
0-0 bond in the Fe'"-OOH species, shifting the rds towards more efficient olefin oxidation.3!
Adding Lewis acids such as Sc3*, Ce**, and Fe3* salt significantly enhance the performance of
complexes 4a, 4b and 5, achieving similar results for all three catalysts, with TOFs of ca.
410,000 ht and TONs of ca. 1,200 (tror=10s, tron =5 min, 0.05mol% based on iron,
20 °C).34176
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Scheme 14 Overview of detected and/or isolated species formed upon oxidative reaction of 4a.3!

Under ambient conditions in MeCN, complex 4a is suggested to react stoichiometrically with

0,, leading to the formation of the iron(lll) complex 4b. This process likely involves an oxygen-
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axial ligand exchange. No iron-oxo intermediates or oxygenated species are observed under
these conditions, likely due to MeCN oxidation. However, using solvents with less reactive C-H
bonds, like acetone, results in the formation of a t,-oxo bridged diiron(lll) complex 5. On the
path to forming 5, a stable intermediate 10 can be isolated at -40 °C in acetone, remaining
stable for days in solution or in solid state (Scheme 14). The superoxide identity of 10 is
confirmed via EPR spectroscopy, where an oxygen-centered radical is shown to be
coordinated to the iron center, establishing 10 as an iron(lll)-superoxo complex. Alternatively,
10 can also be formed by reacting complex 4b with KO, at -40 °C in acetone, which converts
to 5 upon warming. The reduction of complex 5 with KO, or dissolving in MeCN at r.t. (with
MeCN undergoing oxidation to form glycolonitrile) regenerates complex 4a. Addition of MeCN
to 10 yields iron(lll) complex 4b, mirroring the reactivity of 4a with 0,.31”7 Further oxidation
of 5 with ThPFg in MeCN at -40 °C yields diiron(lll,IV)-y,-oxo complex 11, which is stable for
several months at -37 °C. The Fe—O—Fe bond angle in 11 shifts to nearly linear, from 162.7° for
5 to 176.3°. The increased Lewis acidity at the iron center is proposed to allow the
coordination of two axial MeCN ligands. Cyclic voltammetry (CV) suggests that 11 can be
oxidized further to a diiron(IV)-p,-oxo complex 12, evidenced by a color change upon adding
one equivalent ThPFe at -40 °C to 11. This transient species quickly reverts to 4b upon warming

to r.t. (studied via UV/Vis spectroscopy).1178

While the found deactivation pathway, where 4a and 4b convert into the p,-oxo-bridged
complex 5 during catalysis, can be suppressed, the stability remains insufficient for practical
applications. Typical decomposition in non-heme iron oxidation catalysts with N-donor ligands
additionally involves C—H oxidation of methylene bridges.3%179180 |nyestigations into the
deactivation of active catalyst 4b, C—H oxidation was ruled out, as catalytic tests with
deuterated 4b-ds, in which all proton atoms of the methylene bridges are replaced by
deuterium, showed no kinetic isotope effect. NMR analysis revealed a main decomposition
product, identified as a mono-oxidized, threefold-protonated ligand species a (Scheme 14). It
is suggested that oxidation occurs before carbene protonation, as mass spectrometry
detected only this partially oxidized ligand and not a fully protonated version. Additionally, a

species with a mono-oxidized ligand still bound to iron was detected.3%181

A comprehensive overview of the characteristic and reactivity of macrocyclic tetra NHC iron

complexes is provided in ref. 31,
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The electronic properties of iron complexes can be adjusted by modifying their ligand
frameworks, which directly impacts their catalytic efficiency. In this context, two series of
iron(ll) and iron(lll) complexes, each with distinct modifications in their NHC backbone, are
developed (Figure 10, 6 and 7).18 Complexes 7a and 7b incorporates benzimidazole units in
their tetracarbene ligands, reducing o-donation compared to complexes 4a and 4b and
creating a less electron-rich iron center. This decreased electron density is expected to
influence catalytic activity since a more electron-rich iron center is supposed to favor the
formation of electrophilic iron(IV/V)-oxo species. Complexes 7a and 7b display moderate
activity at 20 °C, achieving a TOF of ca. 11,000 h™' for 7b (with addition of Sc(OTf)s, 10s,
1 mol% of 7b). However, complex 7b stands out for its stability, showing a TON of 1,000 (with
addition of Sc(OTf)s;, 0.10 mol% of 7b, 20 °C) and demonstrating tolerance for higher
temperatures, reaching a TOF of 95,000 h™' at 80°C (with addition of Sc(OTf)s, 10s).
Additionally, complex 7b exhibits superior performance over 4b in processing more

challenging alkenes under similar conditions.31:182/183

In contrast, iron complexes 6a and 6b are based on a methyl-substituted tetracarbene ligand
backbone, which is supposed to increase the electron density at the iron center. This greater
electron richness, provided by the positive +l-effect of the methyl groups, is expected to
enhance o-donor properties and could theoretically support higher catalytic activity. Indeed,
6a and 6b display greater initial catalytic activity than 7a and 7b, but show less stability than
complexes 4a and 4b, even at ambient temperatures. The best conversion for cis-cyclooctene
with complex 6a is achieved at 20 °C with the addition of Sc(OTf)s (yielding 82% with 49%
selectivity), while at 20 °C without the addition of Sc(OTf)s, both 6a and 6b maintain similar
conversions of 40% and 46%, respectively. This performance is likely due to a rapid initial

oxidation from Fe' to Fe'"

, as suggested by the absence of an induction period, which is seen
in 7a. Although complexes 6a and 6b exhibit lower stability, DFT calculations reveal significant
n-backbonding, which appears to counterbalance the electron-donating influence of the
methyl groups. This balance between o-donation and m-backbonding could explain their
comparatively lower catalytic activity in relation to complexes 4a and 4b, despite their higher

inherent electron-donating properties.31:182,183

In 2020, the first iron NHC complexes, featuring exclusively cis labile coordination sites, were

introduced and applied in olefine epoxidation (Figure 10, 8 and 9).184 These complexes feature
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acyclic mixed tetradentate NHC/1,2,3-triazole ligands. In acetonitrile, they exhibit an
equilibrium between a "sawhorse-type" coordination with cis-a acetonitrile ligands and a C>-
symmetric configuration with cis-B oriented labile acetonitrile ligands, which can be observed
via NMR spectroscopy. An equatorial arrangement of the ligand framework could not be
confirmed, likely due to the steric hindrance posed by substituents (Dipp in 8 or Bn in 9) on
the triazole units acting as nitrogen donors. Non-heme systems with cis labile coordination
sites often show higher oxidation activity, achieved by water or Brgnsted acid involvement in
the catalytic cycle (vide supra). Initial studies of the catalytic performance of 8 and 9 showed
only minimal activity without additives. However, introducing acidic additives such as acetic
acid significantly enhanced both selectivity (97%) and catalytic activity, achieving a TOF of ca.
76,000 h™ and a TON of ca. 200 with 9 (tror = 10 s, tton = 3 h, 0.1 mol%, 20 °C). In contrast,
when HOAc was applied to related complexes, 4a and 4b, which feature trans labile
coordination sites, no improvement in activity was observed, supporting the proposed
catalytic pathway favoring cis-oriented sites. 8 and 9 exhibit strong tolerance to functional

groups with high selectivity.183184

4 Macrocyclic late transition metal NHC complexes

The coordination chemistry of late transition metals such as nickel, palladium, platinum,
copper, silver and gold, has gained significant interest due to their unique electronic
properties and diverse applications in catalysis, photoluminescence and biological activity.
Among the diverse ligands available, NHCs have emerged as particularly versatile and robust
options, offering high o-donating and tunable electronic characteristics. These properties
enable stabilization of metals in multiple oxidation states and varied coordination geometries,

thereby broadening their applicability.18>-187

Silver NHC complexes are notable for their stability and controlled ion release, which
underlines their exceptional antimicrobial and anticancer properties. These complexes
surpass traditional silver compounds in efficacy, disrupting bacterial, fungal, and cancer cell
functions with precision, making them invaluable in bioorganometallic chemistry. Silver NHC
complexes are often used as transmetalation agents, enabling the synthesis of other transition
metal complexes. Similarly, gold NHC complexes exhibit exceptional stability and unique

biological activity, including anticancer, antimicrobial, and antiplasmodial effects. Their robust
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metal-ligand bonds and structural adaptability, typically achieved via transmetalation
methods of corresponding silver NHC complexes, have established them as leading candidates

in drug development, with particular promise in targeting cancer and bacterial infections.8

In the field of catalysis, nickel NHC complexes play a crucial role, leveraging the electronic and
steric properties of NHC ligands to stabilize nickel in various oxidation states and geometries.
Their contributions to green chemistry are profound, particularly in facilitating C—C and C—
heteroatom coupling reactions, small molecule activation, and sustainable catalytic
processes.’® Palladium NHC complexes, on the other hand, have revolutionized organic
synthesis through their impact on cross-coupling and hydrogenation reactions, while also
exhibiting significant biological activity in anticancer therapies. Their structural diversity and
stability have allowed for precise tuning, enabling advances in both catalysis and medicinal

chemistry.18>

Platinum NHC complexes have redefined the potential of organometallic compounds in
oncology, addressing limitations of traditional platinum-based drugs like cisplatin. Their
robust metal-ligand bonds and enhanced stability reduce toxicity while improving therapeutic
effectiveness. The ability to modify these complexes post-synthetically has opened new
pathways for targeted drug delivery, imaging, and broader medicinal applications.'®” The
integration of NHCs into macrocyclic frameworks has been especially transformative,

providing ligands with enhanced stability due to the macrocyclic effect.!®’

In 2016, our group explored the coordination modes of silver(l), gold(l), nickel(ll), palladium(ll)
and platinum(ll) complexes 13-17 supported by the methylene-bridged macrocyclic imidazole
based tetracarbene ligand (Figure 11),”” which has been described in the catalytic iron alkene
epoxidation (vide supra). Ag' ions typically form linear coordination with two NHC ligands.
Macrocyclic Ag(l) complexes can be categorized into three distinct types: (a) structures where
silver ions are exclusively coordinated within the cavity of the NHC ligand,””8%188 (b) box-type
complexes formed by two ligands and four silver ions, with two ions occupying the ligand
cavities and the other two serving as bridges between the ligands,””181% and (c) box-type
complexes where all Ag' ions are positioned exclusively as bridges between two ligand
frameworks. Silver(l) complex 13 exhibits a distinctive molecular box-type structure,
characterized by close silver=silver contacts within a tetranuclear core. The compound serves
as an effective transmetalation reagent for synthesizing analogous gold(l) and group 10 metal
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complexes. The gold(l) derivative 14 mirrors the molecular box geometry, demonstrating
shorter gold—gold distances indicative of aurophilic interactions. The group 10 metal
complexes of nickel(ll) (15), palladium(ll) (16) and platinum(ll) (17) adopt a square planar
coordination geometry within the macrocyclic cavity. The study reveals subtle structural
differences influenced by the ionic radii of the central metals, affecting both ligand distortion

and vibrational dynamics.”’
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/{\lﬁi;N x\N ﬂ/ Ff 4 PFg

N A
N "N—Ny/
\—/ J
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Figure 11 Silver(l), gold(l), nickel(ll), palladium(Il) and platinum(ll) complexes supported by methylene-bridged
macrocyclic imidazole based tetracarbene ligand.””

Replacing the macrocyclic ligand system with a modified one, consisting of benzimidazole
units leads to the isolation of complexes 18-22 (Figure 12).19%192 Sjlver(l) complex 18 exhibits
a rigid box-type coordination geometry, comparable to its imidazole counterpart 13. The
corresponding gold(l) complex 19, displays a markedly different mixed coordination
geometry, where two gold atoms are linearly coordinated within the macrocyclic cavity of
each ligand, forming internal C—Au—C units. These gold atoms exhibit Au—C bond lengths
around 2.03 A, slightly longer than those of the external gold centers. The other two gold
atoms are positioned externally, connecting the two ligands in a bridging arrangement
through additional linear C—Au—C interactions. The internal gold atoms are involved in
aurophilic interactions, with Au—Au distances of approximately 3.20 A and 3.33 A. °* Ni", Pd",
and Pt compounds 20-22 exhibit less distortion from square planar geometry compared to
compounds 15-17 as the benzimidazole-based ligand provides a more optimal coordination

environment, reducing angular deviations and structural deformation.*2
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Figure 12 Silver(l), gold(l), nickel(ll), palladium(Il) and platinum(ll) complexes supported by methylene-bridged
macrocyclic benzimidazole based tetracarbene ligand.9192

The biological activity of complexes 14-17 and 19-22 was investigated, providing valuable
insights into their potential as anticancer agents. Biological evaluations revealed varying levels
of cytotoxicity across different cancer cell lines, including Hela (cervical cancer), MCF-7 (breast
cancer), PC3 (prostate cancer), and A2780cisR (cisplatin-resistant ovarian cancer), which are
commonly used human cancer cell lines in biomedical research, representing different types
of cancers.?®1192 Ay' complex 19 demonstrates moderate cytotoxicity with selective activity
against Hela and cisplatin-resistant A2780cisR cells, likely due to its increased lipophilicity
from the benzimidazolylidene ligand. In contrast, Au' complex 14, featuring an imidazolyl
framework, exhibits lower activity across all tested cell lines, indicating that its reduced
lipophilicity and structural rigidity limited its efficacy. While neither complex matched the
potency of cisplatin, the selective cytotoxicity of 19 highlights its potential in overcoming
resistance in specific cancer types.’®* Ni" complexes 15 and 20, exhibit poor or no cytotoxic
activity across the tested cancer cell lines. In contrast, Pd" complexes 16 and 21 demonstrate
significant antiproliferative effects, with 21 showing enhanced activity in HelLa and cisplatin-
resistant A2780cisR cells, likely due to its increased lipophilicity and effective square planar
geometry. Pt" complexes 17 and 22 also exhibit strong cytotoxicity but is slightly less active
than its palladium counterpart in specific cell lines. 22 showing comparable biological activity
to 17, particularly in HelLa and A2780cisR cells, but demonstrating fluorescence instead of

phosphorescence, offering potential for cellular imaging.1%?
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The notable activity of non-heme iron complexes 4a and 4b in epoxidation catalysis, offers an
excellent basis for advancing the study of macrocyclic tetra-NHC iron complexes. Enhancing
the catalytic system could be achieved by fine-tuning the NHC ligand framework. Specifically,
modulating the level of electron donation to the iron center can influence the catalytic
properties in a controlled manner. Adjustments to the ligand design could improve catalytic
activity enhance system stability, enable reactions at elevated temperatures, or facilitate the

conversion of more challenging substrates.

The impact of axial ligands’ occupation on the catalytic epoxidation activity of 4a and 4b is a
focus of this thesis, providing insights into how ligand coordination affects catalytic

performance.

For example, reducing the o-donation of the macrocyclic NHC system to create a less electron-
rich iron center can be accomplished by incorporating benzimidazole units. While this
modification did not enhance catalytic activity, it significantly improved thermal stability.
Conversely, introducing methyl substituents into the NHC backbone influenced the ligands’ o-
donor properties and introduced substantial m-backbonding, partially offsetting the electron-
donating effect of the methyl groups. Abnormally coordinating NHCs are considered stronger
o-donors than their normally coordinating NHC counterparts, making them a powerful tool
for tuning the electronic properties of the central metal. These aNHCs are also believed to
enhance the stabilization of higher iron oxidation states, which is crucial for epoxidation and

CH activation catalysis.

This thesis primarily focuses on the development and characterization of macrocyclic iron
aNHC complexes and their performance in (ep)oxidation reactions, compared to normally
coordinated macrocyclic iron NHC complexes. Additionally, the catalytic activity and stability
of iron(ll) open-chain NHC complex 3 and its complexes with modified backbones are
investigated, particularly in relation to macrocyclic complexes 4a and 4b. Finally, transition
metal complexes of group 10 and 11 with macrocyclic aNHC frameworks are synthesized,
characterized, and compared to their imidazole-based counterparts with normal NHC

coordination.
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This chapter provides a summary of the publications that originated from this thesis. The
articles are arranged chronologically according to their publication dates. A complete list of
publications and the individual contributions to the publications are given in chapter VI. The
full text of the publications is attached to this thesis, reprint permissions and bibliographic

data are given in chapter V.

1  The effect of trans axial isocyanide ligands on iron(ll) tetra-NHC

complexes and their reactivity in olefin epoxidation

Eva-Maria H. J. Esslinger, Jonas F. Schlagintweit, Greta G. Zdmbd, Alexander M. Imhof,

Dr. Robert M. Reich, Prof. Dr. Fritz E. Kithn”

*corresponding author

published in Asian J. Org. Chem., 2021, 10, 2654-2662.1%3
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Figure 13 Structures of iron-NHC complexes 4a, 23 and 24 employed in the epoxidation of cis-cyclooctene.

This study investigates the effect of trans axial isocyanide ligands on macrocyclic iron(ll) tetra-
NHC complexes and their catalytic performance in olefin epoxidation reactions. Two
complexes mono-(tert-butylisocyanide) 23 and bis(tert-butylisocyanide) 24 were evaluated
using H20; as the oxidant and cis-cyclooctene as substrate (Figure 13). Notably, the addition
of Sc(OTf)3 as a Lewis acid additive was crucial, as no significant catalytic performance was
observed in the absence of this additive. The thermal stability of both complexes is impressive,
with 24 displaying a higher decomposition temperature compared to 23. The maximum TOF

of 23 reaches ca. 25,900 h™' (0.25 mol% of 23, 60 °C) and TON of ca. 330 (0.10 mol% of 23,
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20 °C), while 24 exhibits a TOF of ca. 4,300 h™" (0.25 mol% of 24, 60 °C) and a TON of ca. 150
(0.10 mol% of 24, 20 °C). The study underscores the essential role of Sc(OTf)s, which is
supposed to facilitated the cleavage of the O-O bond in the iron(lll) hydroperoxo
intermediate, thereby promoting the formation of active species (vide supra).
Thermogravimetric analysis (TGA) was used to assess the thermal stability of the complexes,
with 23 and 24 decomposing at higher temperatures than the parent compound 4a, while 24
displaying a higher decomposition temperature compared to 23. The findings suggest that
while these new complexes offer high thermal stability, they are limited by low catalytic
activity, prompting further research into catalyst modification to improve both stability and

activity.
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2  Organometallic 3d transition metal NHC complexes in oxidation

catalysis

Greta G. Zdmbo, Jonas F. Schlagintweit, Robert M. Reich and Fritz E. Kiihn*
“corresponding author
published in Catal. Sci. Technol., 2022, 12, 4949-4961.3°

This article provides an overview about the field of 3d transition metal NHC complexes in
oxidation catalysis (especially Cr, Mn, Fe, Co, Ni and Cu), focusing on the advances towards
the conversion of the most important substrates namely alkenes, alkanes, aromatics, alcohols
and amines until the end of 2021. These metals are explored as affordable and eco-friendly
alternatives to expensive, toxic noble metals traditionally used in catalytic processes. The
strong o-donor characteristics of NHCs, which stabilize metals in high oxidation states,
essential for oxidation reactions is emphasizes. Additionally, the role of molecular oxygen as

an environmentally friendly oxidant is investigated.

Research into the aziridination and epoxidation of alkenes reveals the promising catalytic
activity, selectivity, and stability of chromium and iron NHC complexes. Notably, iron-based
NHC catalysts demonstrate high efficiency in alkene epoxidation, achieving TOFs that exceed
those of catalysts such as MTO. The selective hydroxylation of C—H bonds in alkanes and
aromatic compounds with iron, nickel cobalt and copper NHC complexes is discussed,
addressing the difficulty of activating these stable bonds. Again, iron NHC complexes
demonstrate high selectivity in hydroxylation reactions with compounds such as benzene and
toluene. Cobalt NHC complexes, with cis-oriented reactive sites, exhibit enhanced selectivity
toward alcohol formation in cyclohexane oxidation, while nickel NHC complexes demonstrate
variable selectivity based on the structure of their ligands, effectively oxidizing substrates like
cyclohexane and n-octane. Copper NHC complexes, though unstable, can catalyze the
oxidation of alkanes through in situ formation, with a likely radical-based mechanism for C-H
bond activation. The NHC complexes of iron, copper, cobalt, and manganese are effective
catalysts for the oxidation of alcohols to carbonyl compounds and amines to imines or nitroso
compounds. Iron exhibits remarkable activity and selectivity across these transformations.

Copper is especially efficient for the selective oxidation of alcohols to aldehydes. Cobalt, with
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its cis-oriented active sites, is well-suited for more challenging substrates. Manganese is ideal
for the selective oxidation of both alcohols and amines under milder conditions, effectively

minimizing over-oxidation and reducing byproduct formation.

Mechanistic insights provided in the review include pathways involving high-valent metal-oxo
species and Fenton-type reactions, contrasting the stability and activity of various metal NHC
complexes. Also, the study addresses challenges in oxidation catalysis, such as maintaining

catalyst stability and preventing undesired side reactions.
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3  The first macrocyclic abnormally coordinating tetra-1,2,3-
triazole-5-ylidene iron complex: A promising candidate for

olefin epoxidation

Greta G. Zambd, Johannes Mayr, Michael J. Sauer, Tim P. Schlachta, Robert M. Reich
and Fritz E. Kihn*

*corresponding author

published in Dalton Trans., 2022, 51, 13591-13595.1%
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Figure 14 Graphical abstract of ref. 19,

As described in the introduction aNHCs show significantly stronger o-donor properties
compared to normal coordinating Arduengo-type NHCs, while having negligible m-acceptor
properties. All macrocyclic tetracarbene iron complexes synthesized so far, however, contain
normally coordinating imidazole-2-ylidene NHC moieties. This article describes the synthesis
of the first macrocyclic aNHC tetracarbene iron complex consisting of four 1,2,3-triazole-5-
ylidene units (Scheme 15). The modified synthesis of the methylene-bridged calix[4]1,2,3-
triazole b proceeds via repeated “click” reactions. Methylation of the N3 positions with
methyltriflate and subsequent salt metathesis of ¢ with NH4PFs quantitatively yields the ligand
precursor d. Complexation of d with Fe(btsa),(THF) forms the desired compound 25a. The
complex exhibits a distorted octahedral coordination sphere around the iron with the aNHC

ligand in ideal square-planar fashion, shown by SC-XRD measurements (Figure 14). The new
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aNHC tetracarbene ligand demonstrates strong electron-donating properties, as indicated by
the upfield shift of the 3Cnuc signal (190.35 ppm vs. 205.05 ppm) and a more negative redox
potential (-0.34 V vs. 0.15 V) compared to its imidazole counterpart 4a Fe'[cCCCC]im. In initial
catalytic epoxidation tests, using 0.5 mol% of 25a with Sc(OTf); at 20 °C results in an initial
turnover frequency (TOF) of 41,000 h~" for the epoxidation of cis-cyclooctene, achieving a 97%
conversion after 30 minutes. Without Sc(OTf)s, the catalyst's activity diminishes rapidly,
completing the reaction in just 30 seconds with a 37% conversion. Lower temperatures
improve the catalyst's stability, with an increased conversion (X = 89%) observed at -10 °C in

the absence of Sc(OTf)s.
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Scheme 15 Simplified synthesis of the calix[4]1,2,3-triazolium salts c and d subsequent complexation to iron(ll)
complex 25a (adapted from ref. 194),
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4  Tailoring activity and stability: Effects of electronic variations

on iron-NHC epoxidation catalysts

Tim P. Schlachta, Greta G. Zambd, Michael J. Sauer, Isabelle Riiter, Carla A. Hoefer,

Serhiy Demeshko, Franc Meyer, Fritz E. Kithn”

*corresponding author

published in J. Catal., 2023, 426, 234-246.1%
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Figure 15 Modified iron NHC complexes employed in epoxidation catalysis (adapted from ref. 19°).

A series of three iron(ll) open-chain NHC complexes in the epoxidation of olefins are
investigated, focusing on how variations in electronic properties influence catalytic activity
and stability (Figure 15). These complexes differ in the electron-donating or -withdrawing
nature of their ligands, affecting the electron density at the iron center. As described in the
introduction electronically modifications of the macrocyclic tetracarbene ligands in
complexes, yielding 6 and 7, did not enhance catalytic efficiency over the performance of 4.
However, this study provides information on whether the influence the ligand modification

can also be transferred to other NHC systems.

The equatorial NHC ligand was modified to create a more electron-donating (complex 26) and
a more electron-accepting ligand (complex 27), which is confirmed via NMR, CV and
Mossbauer spectroscopy. Detailed characterizations of the complexes, including SC-XRD,
SQUID and DFT calculations, provide more insights into the structural and electronic effects.
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Figure 16 Time-dependent epoxidation of cis-cyclooctene (67.3 umol/mL, 1.00 eq.) in MeCN using 3, 26 and 27
(1.35 pumol/mL, 0.02 eq.) as catalyst and H,0, (50% aqg., 101 pumol/mL, 1.50 eq.) as oxidant at different
temperatures. Conversions are determined by GC-FID.

The complexes were tested in the epoxidation of cis-cyclooctene. Different from expectations,
a higher electron density does not necessarily improve catalytic activity but can impact
catalyst stability. Testing Lewis acid additives, such as Sc(OTf)s, shows that activity and stability
were again enhanced, indicating that these additives can counteract deactivation pathways.
Consequently, the TOF and TON of the unmodified complex 3 can be pushed to ca. 24,500 h!
and ca. 700 (0.10 mol%, 20 °C; vs. previously published values, described in the introduction),
which is the highest achieved in this complex series. Complex 26 shows the next highest TOF
of ca. 7,600 h™ (10 s, 2 mol%, 20 °C), while complex 27 had the second-highest TON of 49 (1 h,
2 mol%, 20 °C) due to its stability under oxidative conditions. All complexes exhibit high
selectivity. Temperature variation influences the catalytic stability and activity in distinct ways.
For complex 3, lowering the temperature to 0°C enhanced its stability, achieving a higher TON
compared to runs at 20°C; however, raising the temperature to 40°C increased initial activity
but led to faster deactivation, reducing overall conversion. Complex 26 also demonstrated
improved stability at lower temperatures, with a significant increase in TON at 0°C compared

to 20°C. Conversely, complex 27 shows greater tolerance to elevated temperatures, with
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increased catalytic activity observed at 40°C and optimal activity at 60°C, reflecting its

resilience under higher thermal conditions.
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5

Exploring the impact of abnormal coordination in macrocyclic
N-heterocyclic carbene ligands on bio-inspired iron epoxidation

catalysis

Greta G. Zambd, Carla A. Esslinger, Michael J. Sauer, Isabelle Riiter, Robert M. Reich,

Serhiy Demeshko, Franc Meyer, Fritz E. Kithn”
*corresponding author

published in Catal. Sci. Technol., 2024, 14, 6259-6269.183
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Figure 17 Graphical abstract of ref. 183,

The influence of abnormal coordination in macrocyclic N-heterocyclic carbene ligands on bio-

inspired iron epoxidation catalysis is explored. The synthesis, characterization, and catalytic

performance of the first macrocyclicaNHC iron(lll) complex 25b using a calix[4]3-methyl-1,2,3-

triazole-5-ylidene ligand system is described. Analytical methods, including Mdssbauer

spectroscopy, SQUID and DFT calculations are employed for 25b and for its previously

published iron(ll) counterpart 25a, to understand the structural and electronic properties of

the complexes. The study highlights the differences in the behavior of iron(ll) and iron(lll)

aNHC complexes to the epoxidation complexes 4a and 4b with normal NHC coordination. The

aNHC Fe complexes demonstrated significant catalytic activity, with cis-cyclooctene serving as

a model substrate (Figure 18). Key findings suggest that aNHC ligands, due to their stronger o-
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donor properties, enhance catalytic activity by stabilizing high oxidation states of iron.
However, the stability of the complexes remains a challenge, with degradation of the Fe-aNHC
bond under oxidative conditions, identified via NMR and mass spectrometry. Decomposition
studies further revealed the formation of mono-oxidized ligands and an iron-oxo species.
Moreover, the addition of Lewis acids such as Sc(OTf)s improved the catalytic efficiency,
enhancing both TOFs and TONs (up to almost 60,000 h™" and 250). Adding 0.10 equivalents of
Sc(OTf)s to a reaction with 0.50 mol% of 25a at 20 °C significantly extends the catalyst's
lifetime and improves its performance. This modification speeds up the reaction, achieving
97% conversion in 30 min (TOF of ca. 40,900 h™"). When 25b is used under the same conditions,
the reaction completes even faster, within 10 min, reaching 99% conversion, with a TOF of
51,800 h™" (Figure 18). This suggests a slower in situ oxidation process for 25a to 25b compared
to other systems, such as 4a to 4b. The introduction of Lewis acids in the reaction appears to
enhance activity and stability by potentially regenerating degraded species, similar to the

mechanism seen in systems 4a to 4b.
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Figure 18 Time-dependent epoxidation of cis-cyclooctene (67.3 pmol/mL, 1.00 eq.) in MeCN at 20 °C using 25a
or 25b (0.34 umol/mL, 0.005 eq.) as catalyst and H,0, (101 umol/mL, 1.50 eq.) as oxidant, (a) without additive
and (b) with the addition of Sc(OTf); (6.73 umol/mL, 0.10 eq.). Conversions are determined by GC-FID.

The study and underscores the necessity of balancing electronic properties with stability for
practical industrial applications. Although the performance of the aNHC iron complexes did
not surpass the existing benchmark catalysts, their novel coordination mode offers promising
directions for future ligand design and catalytic optimization. The findings contribute to the
limited understanding of iron aNHC complexes and create opportunities for further

investigations into their catalytic mechanisms and potential applications.
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6 Impact of ligand design on an iron NHC epoxidation catalyst
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Figure 19 Graphical abstract of ref. 1,

The design and performance of an open chain iron(ll) pyridine-NHC framework, applied as
epoxidation catalyst is explored. Benzimidazole units are introduced in the NHC backbones
(Figure 19), aiming to understand how electronic modifications affect the catalyst’s stability
and effectiveness. Analyzation of electronic and structural properties involves inter alia SC-
XRD and Mossbauer spectroscopy. CV measurements indicate complex 28 as the most positive
in the series of the NCCN complexes 3, 26 and 27. The positive redox potential and the strong
downfield shift of the 3Cnnc signal reveal a lower electron density around the iron center,

attributed to the benzimidazole’s electron-withdrawing characteristics.

This modified complex, demonstrates thermal stability and reaches a moderate TOF of ca.
10,000 h! (determined at the highest slope of X, 0.10 mol%, 60 °C) and TON of ca. 700 (1 h,
0.10 mol%, 60 °C) in the epoxidation of cis-cyclooctene, particularly in the presence of the
Lewis acid Sc(OTf)s, which suppresses degradation pathways and increases reactivity.
Although the complex shows lower catalytic activity at r.t., it performes significantly better at
higher temperatures, achieving the second-highest TOF among similar iron NHC complexes.
Furthermore, tests with different substrates indicate that complex 28 favors nucleophilic

alkenes.
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This work contributes to understanding how ligand design in iron-based epoxidation catalysts
can impact stability and reactivity, suggesting that modifications like benzimidazole
integration could facilitate the development of more robust catalysts for industrial

applications.
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7 Unpublished results

This chapter summarizes the unpublished results of this doctoral thesis.

7.1 Silver(l) bis-calix[4]3-methyl-1,2,3-triazol-5-ylidene triflate

Silver(l) complex 29 is synthesized by reacting the ligand precursor with a slight excess of Ag,0,
according to known literature procedures for similar complexes’”1°! (Scheme 16). Under
atmospheric conditions 220 mg of the ligand precursor calix[4]3-methyl-1,2,3-triazolium
triflate ¢ (224 umol, 1.00 eq.) are dissolved in 10 mL acetonitrile. 125 mg Ag,0 (538 umol, 2.40
eq.) are added to the solution. The suspension is stirred for 3 d at r.t. under the exclusion of
light. The mixture is filtered through a plug of Celite resulting in a clear, slightly yellowish
solution. Fractional precipitation with Et,0 results in the formation of a colorless solid. After
drying in vacuum, 101 mg of 29 (56.5 umol, 50%) are obtained as colorless solid, which is
stored at 2 °C under the exclusion of light. However, after 24 h and dissolved in MeCN 29

remains stable even at 40 °C.

Scheme 16 Synthesis of the macrocyclic silver(l) bis-aNHC complex 29.

The *H-NMR spectrum of compound 29 in CDsCN displays a single sharp peak at 4.24 ppm for
the methyl substituent protons on the triazoles, along with a pair of doublets at 6.10 and
5.88 ppm corresponding to the protons in the bridging methylene groups. These doublets
have a coupling constant of 15.5 Hz, which is in the range of geminal coupling between two
magnetically inequivalent protons. This pattern indicates a non-square planar and rigid
binding arrangement for the ligand, consistent with the preference of Ag' for linear

coordination. In the 13C-NMR spectrum, four groups of signals are observed. The resonance
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for the carbene carbon appears at 169.59 ppm, splitting into two distinct doublets due to
strong coupling with the two silver isotopes’’. The peak is significantly upfield shifted,
compared to its imidazole counterparts 13 and 18 (*3Cnc = 183.2 and 194.27 ppm)’”1%1, which
indicates a high o-donor strength of the aNHCs. Due to the relatively strong Ag—C coupling,
this interaction is detectable across up to three bonds.”” Consequently, the signal for the
carbon atom next to the carbene carbon at 145.17 ppm is also spitted into two doublets. The
signal at 50.09 ppm, appears as a single sharp peak, corresponding to the methylene bridges
and the methyl substituent signal appears at 38.28 ppm. ESI-MS and elemental analysis

confirm these results.

1H-NMR (400 MHz, CDsCN): & [ppm] = 6.10 (d, % = 15.46 Hz, 8 H, CH,), 5.88 (d, 2J = 15.46 Hz,
8 H, CH,), 4.24 (s, 24 H, CH).

13C-NMR (101 MHz, CD3sCN): 6 [ppm] = 169.59 (Ccarbene), 145.17 (Cir.CH2N), 50.09 (CH>), 38.28
(CH3).

19E.NMR (376 MHz, CDsCN): & [ppm] = -79.27 (s, 12 F).

ESI-MS (m/z): calcd [M]**: 298.00; found: 298.14; calcd [M*OTf]3*: 446.99; found: 446.98;
calcd [M*2(OTf)]%*: 744.95; found: 745.09; calcd [M*3(OTf)]*: 1638.86; found: 1638.57.

Analytical calculation (%) for C3sHaoAgaF12N24012S4: C 24.18; H 2.25; N 18.80; S 7.17. Found: C
24.50; H 2.35; N 18.72; S 6.90.

7.2 Silver(l) bis-calix[4]3-methyl-1,2,3-triazol-5-ylidene hexafluoro-phos-

phate

Silver(l) complex 30 is synthesized similar to compound 29 (Scheme 17). Under atmospheric
conditions 25.0mg of the ligand precursor calix[4]3-methyl-1,2,3-triazolium
hexafluorophosphate d (25.9 umol, 1.00 eq.) are dissolved in 1 mL acetonitrile. 14.4 mg Ag,0O
(62.2 umol, 2.40 eq.) are added to the solution. The suspension is stirred for 3 d at r.t. under
the exclusion of light. The mixture is filtered through a plug of Celite resulting in a clear,
colourless solution. Precipitation with Et,0 results in the formation of a colorless solid. After
drying in vacuum, 22.0 mg of 30 (12.4 umol, 96%) are obtained as colorless solid, which is

stored at 2 °C under the exclusion of light.
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Scheme 17 Synthesis of the macrocyclic silver(l) bis-aNHC complex 30.

The NMR spectroscopic results and elemental analysis confirm the formation of the same
structural pattern as observed in complex 29. Single crystals of 30 suitable for SC-XRD are
obtained by the slow diffusion of diethyl ether into a solution of 30 in acetonitrile under the
exclusion of light. The molecular structure in the solid state is consistent with the analytical
data obtained in solution. The complex exhibits a similar box-type coordination pattern (Figure
20), as seen in the previously studied macrocyclic silver(l) NHC complexes.””1°1 All four Ag'
ions are positioned between the two ligands and each metal is coordinated via two carbene
carbons. The average Ag—C bond length is 2.09 A, which is comparable of that of 1377, but
slightly than that of 18 (2.11 A) 1°%, The Ag—Ag distances are in the range of 3.21 to 3.31 A. The
C—Ag—C angels are determined to be 164.74, 166.28, 166.33, and 169.39°.
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Figure 20 ORTEP style representation of the cationic fragment of 30 with ellipsoids shown at 50% probability
level. Hydrogen atoms and PF¢ anions, as well as two co-crystalized MeCN molecules are omitted for clarity.
Front view (left) and view from above (right).

'H-NMR (400 MHz, CD3CN): & [ppm] = 6.06 (d, 2J = 15.53 Hz, 8 H, CH,), 5.87 (d, % = 15.46 Hz,
8 H, CH,), 4.24 (s, 24 H, CH53).

13C-NMR (101 MHz, CD3CN): & [ppm] = 169.61 (Ccarbene), 145.21 (Cir,CH2N), 50.18 (CH.), 38.36
(CH3).

Analytical calculation (%) for C3yHaoAgaF24N24Pa: C 21.69; H 2.28; N 18.97. Found: C 21.45;
H 2.40; N 17.20.

7.3 Nickel(ll) calix[4]3-methyl-1,2,3-triazol-5-ylidene triflate

Nickel(ll) complex 31 is synthesized via direct metalation by reacting the ligand precursor with
a slight excess of Ni(OAc), in combination with an excess of Na(OAc) as mild base, according
to known literature procedures for similar complexes'®? (Scheme 18). Under Schlenk-
conditions 100 mg of the ligand precursor calix[4]3-methyl-1,2,3-triazolium triflate c
(102 pumol, 1.00 eq.), 19.8 mg Ni(OAc)2 (112 pumol, 1.10 eq.) and 41.8 mg Na(OAc) (510 umol,

5.00 eq.) are dissolved in 4 mL dry and degassed DMSO, resulting in a yellow suspension. The
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mixture is stirred at 70 °C for 5 d, which turns the suspension orange. Subsequently, DMSO is
removed at 70 °C under vacuum. The purification is carried out under atmospheric conditions.
After cooling to room temperature, the residue is washed with 4 mL methanol and the yellow
solid is separated via centrifugation. This step is repeated by washing the residue with 1 mL
methanol prior to its separation. After drying in vacuum, 44.8 mg of 31 (61.2 umol, 60%) are

obtained as yellow solid.

NT N NZ N
N\/ / N7\ +_ N\’ / N~ \\N+’
N = Ni(OAc),, Na(OAc), N =
4 OTF

(DMSO0), 70 °C, 18 h

|
"
!
Y
f
!
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Scheme 18 Synthesis of the macrocyclic nickel(ll) aNHC complex 31.

The *H-NMR spectrum displays two singlets at 6.23 ppm assigned to the methylene bridges
and at 4.31 ppm originate from the methyl substituents. 23C-NMR reveal the carbene carbon
signal at 150.60 ppm, which is again significantly upfield shifted, compared to its imidazole
counterparts 13 and 18 (*3Cnuc = 166.6 and 175.38 ppm)’7191, The other three signals at
138.67, 47.26 and 37.12 ppm can be assigned to the remaining triazole carbon atom, the
methylene bridge and the methyl substituent, respectively. Elemental analysis confirm these
results. Single crystals of 31 suitable for SC-XRD are obtained by the slow diffusion of diethyl
ether into a solution of 31 in acetonitrile under an argon atmosphere. The complex exhibits a
highly symmetric framework (Figure 21). The metal ions are coordinated in an ideal square-
planar fashion with C—-Ni—C angels of exact 180°. The average Ni—-C bond length with 1.90 A is
slightly longer than that of 13 and 18 (1.87 A for both)77/1°1,
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Figure 21 ORTEP style representation of the cationic fragment of 31 with ellipsoids shown at 50% probability
level. Hydrogen atoms and an OTf anion, are omitted for clarity. View from above (left) and front view (right).

1H-NMR (400 MHz, DMSO-dg): & [ppm] = 6.23 (s, 8 H, CHa), 4.31 (s, 12 H, CHs).

13C-NMR (101 MHz, DMSO-dg): & [ppm] = 150.60 (Ccarbene), 138.67 (Cir.CH2N), 47.26 (CH,), 37.12
(CH3).

19E_NMR (376 MHz, DMSO-de): & [ppm] = -77.76 (s, 4 F).

Analytical calculation (%) for CigH20FsN12NiO6S22: C 29.33; H 2.73; N 22.80; S 8.70. Found: C
29.71; H 2.66; N 22.29; S 8.84.

7.4 Palladium(ll) calix[4]3-methyl-1,2,3-triazol-5-ylidene triflate

Palladium(ll) complex 32 is synthesized similar to compound 31 (Scheme 19). Under Schlenk-
conditions 100 mg of the ligand precursor calix[4]3-methyl-1,2,3-triazolium triflate ¢
(102 pumol, 1.00 eq.), 25.2 mg Pd(OAc)2 (112 umol, 1.10 eq.) and 41.8 mg Na(OAc) (510 umol,
5.00 eq.) are dissolved in 7mL dry and degassed MeCN, resulting in a yellow-brown
suspension. The mixture is stirred at 70 °C for 3 d, which turns the solution yellow. The
purification is carried out under atmospheric conditions. The solvent is removed under
reduced pressure. The yellow-brown residue is washed with methanol (3 x 3 mL) and the grey
solid is separated respectively via centrifugation. The solid is suspended in 15 mL MeCN and
heated up to 70 °C. The hot suspension is filtered through a short plug of basic alumina, which
is flushed with another 20 mL of hot MeCN. The solution is reduced under reduced pressure.
Et;0 is added to the clear solution resulting in the precipitation of a colorless solid. The solid
is separated via centrifugation and dried in vacuum. 29.6 mg of 32 (37.7 umol, 37 %) are

obtained as colorless solid.
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Scheme 19 Synthesis of the macrocyclic palladium(ll) aNHC complex 32.

!H- and 3C-NMR spectroscopy are performed in DMSO-ds and in CD3CN, revealing the same
signal pattern as observed for complex 31 (vide supra). The carbene carbon signal appears at
151.38 ppm in DMSO-ds and at 153.40 ppm in CD3CN. These findings are further supported by
ESI-MS and elemental analysis. Single crystals of 32 suitable for SC-XRD are obtained by the
slow diffusion of diethyl ether into a solution of 32 in acetonitrile under an argon atmosphere.
Comparable to 31, the complex features a highly symmetrical structure (Figure 22), where the
metal ions are arranged in a perfect square-planar geometry with C—Pd—C bond angles
precisely at 180°. The average Pd—C bond length of 1.98 A is in the range of the bond lengths

observed in compounds 1377 and 18%°1,

Figure 22 ORTEP style representation of the cationic fragment of 32 with ellipsoids shown at 50% probability
level. Hydrogen atoms and an OTf anion, are omitted for clarity. View from above (left) and front view (right).

1H-NMR (400 MHz, DMSO-dg): & [ppm] = 6.43 (s, 8 H, CHa), 4.33 (s, 12 H, CHs).
1H-NMR (400 MHz, CDsCN): & [ppm] = 6.11 (s, 8 H, CHa), 4.23 (s, 12 H, CHs).
13C-NMR (101 MHz, DMSO-ds): & [ppm] = 151.38 (Cearbene), 137.47 (Cr2CH2N), 49.71 (CH2), 37.28

(CH3).
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13C-NMR (101 MHz, CDsCN): & [ppm] = 153.40 (Ccarbene), 138.15 (Cir.CH2N), 50.91 (CH.), 38.18
(CH3).

19E.NMR (376 MHz, DMSO-de): & [ppm] = -79.36 (s, 4 F).

ESI-MS (m/z): calcd [M]?*: 243.05; found: 243.19; calcd [M]: 486.10; found: 485.13; calcd
[MZ*(OTf)]*: 635.05; found: 634.85.

Analytical calculation (%) for CigH20FsN12PdOgS22: C 27.54; H 2.57; N 21.42; S 8.17. Found: C
27.51; H2.51; N 21.10; S 8.12.

7.5 Platinum(ll) calix[4]3-methyl-1,2,3-triazol-5-ylidene triflate

The metal precursor Pt(OAc)2(HOACc)os is synthesized according to a modified literature
method.'’ 206 mg PtCl, (774 umol, 1.00 eq.) and 271 mg Ag(OAc) (1.63 mmol, 2.10 eq.) are
suspended in 12 mL glacial acetic acid under the exclusion of light, The brown suspension is
refluxed at 130 °C for 45 min, turning into a dark brown suspension. After cooling to r.t. the
mixture is filtered through a short plug of Celite, which is flushed with another 2 mL of glacial
acetic acid, resulting in a dark blue solution. The solvent is removed under reduced pressure.
The dark blue solid is solved in 10 mL dichloromethane and again filtered through a short plug
of Celite, which is flushed with another 10 mL of dichloromethane. The solvent is removed
under reduced pressure. The solid is suspended in 10 mL Et,0, separated via centrifugation
and dried in vacuum. 102 mg of Pt(OAc)2(HOAC)o.5 (294 pumol, 38%) are obtained as dark blue

solid.
Analytical calculation (%) for CioH16FsO10Pt2: C 17.50; H 2.35. Found: C 17.49; H 2.15.

Platinum(ll) complex 33 is synthesized similar to compound 31 (Scheme 20). Under Schlenk-
conditions 150 mg of the ligand precursor calix[4]3-methyl-1,2,3-triazolium triflate ¢
(153 umol, 1.00 eq.), 57.7 mg Pt(OAc)2(HOACc)o.s (168 umol, 1.10 eq.) and 62.4 mg Na(OAc)
(765 pmol, 5.00 eq.) are dissolved in 5 mL dry and degassed DMSO and under the exclusion of
light, resulting in a dark purple suspension. The mixture is stirred at 70 °C for 21 h, which turns
the solution brownish. The suspension is stored for 48 h at -37 °C. The purification is carried
out under atmospheric conditions. The suspension is filtered through a short plug of basic

alumina, which is flushed with another 3 mL of DMSO and subsequently diluted with 8 mL
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MeCN. Fractional participation with Et,0 results 30.7 mg of 33 (35.2 umol, 23%) as colourless

solid.
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Scheme 20 Synthesis of the macrocyclic platinum(ll) aNHC complex 33.

'H- and 3C-NMR spectroscopy are performed in CD3CN, revealing the same signal pattern as
observed for complex 31 and 32 (vide supra). The carbene carbon signal appears at
147.57 ppm in CD3CN. Single crystals of 33 suitable for SC-XRD are obtained by the slow
diffusion of diethyl ether into a solution of 33 in acetonitrile under an argon atmosphere.
Comparable to 31 and 32, the complex features a highly symmetrical structure (Figure 23),
where the metal ions are arranged in a perfect square-planar geometry with C—Pt—C bond
angles precisely at 180°. The average Pt—C bond length of 1.96 A is slightly shorter as observed
in compounds 13 and 18 (1.98 A for both)77/191,

Figure 23 ORTEP style representation of the cationic fragment of 33 with ellipsoids shown at 50% probability
level. Hydrogen atoms and an OTf anion, are omitted for clarity. View from above (left) and front view (right).

1H-NMR (400 MHz, CDsCN): & [ppm] = 6.27 (m, 8 H, CH2), 4.21 (s, 12 H, CHs).

13C-NMR (101 MHz, CD3sCN): & [ppm] = 147.57 (Ccarbene), 137.51 (CiroCH2N), 50.99 (CH,), 38.13
(CH3).
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7.6 Gold(l) bis-calix[4]3-methyl-1,2,3-triazol-5-ylidene triflate

Under the exclusion of light, 50.0 mg of silver complex 29 (28.2 umol, 1.00 eq.) and 36.6 mg
Au(THT)CI (114 umol, 4.04 eq.) are suspended in 2 mL MeCN. The slightly pink suspension is
stirred for 24 h at room temperature. The suspension is centrifuged and the supernatant is
separated. Precipitation of the supernatant with Et,O forms a white solid, which is washed
with Et20 (2 x 3 mL). After drying in vacuo, the product is obtained as white solid in a yield of
57.0 mg (26.6 umol, 95%). The NMR spectra show increased signal splitting than for the
corresponding silver(l) complexes due to a loss symmetry in comparison to 29 and 30. The
assumption that four Au' atomes are boxe-type coordinated via two ligands with two metal
atoms occupying the ligand cavities and the other two serving as bridges between the ligands
is in accordance with the results obtained for the macrocyclic benzimidazole complex 19%°?
(vide supra). The 3Cnuc signals, presented at 172.51 and 161.17 ppm, are significantly upfield
shifted compared to 191, These findings are further supported by ESI-MS and elemental

analysis.

'H-NMR (400 MHz, CDsCN): § [ppm] = 6.35 (ddd, %/ = 49.69, %/ = 15.70 Hz, ) =5.13 Hz, 8 H,
CH,), 5.91 (t, 2J = 16.39 Hz, 8 H, CH>), 4.24 (dd, 2J = 46.96 Hz, 2J = 1.68 Hz, 24 H, CH3).

1H-NMR (400 MHz, D,0): & [ppm] = 6.42 (ddd, 2J = 52.15, 2J = 15.64 Hz, 2J = 6.10 Hz, 8 H, CH,),
6.11 (dd, 2J = 21.42 Hz,%J = 15.66 Hz, 8 H, CH,), 4.30 (d, 2J = 32.64 Hz, 24 H, CHs).

13C-NMR (101 MHz, CDsCN): & [ppm] = 172.51 (Cearbene), 161.17 (Cearbene), 149.44 (CerzCH2N),
145.66 (CuzCH2N), 48.78 (CHa2), 39.01 (CHs).

19F-NMR (376 MHz, CD3CN): 6 [ppm] =-79.27 (s, 4 F).
ESI-MS (m/z): calcd [M**OTf]3*: 565.74; found: 565.74; calcd [M**]:387.42; found: 387.06.

Analytical calculation (%) for CssHaoAusF12N2401254 x 1.2 AgCl: C 18.65; H 1.74; N 14.51; S 5.53.
Found: C 18.66; H 1.66; N 14.59; S 5.49.
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IV Conclusion and outlook

In conclusion, this doctoral thesis advances the understanding and development of
macrocyclic tetracarbene and open chain tetradentate NHC iron complexes, particularly in
their application as catalysts for epoxidation reactions. Investigations into catalytic
epoxidation have revealed that the occupation of trans axial coordination sites in the
macrocyclic benchmark imidazolium-based iron catalyst with non-labile isocyanide ligands
exhibits exceptional stability at elevated temperatures. However, these mono- and bis(tert-
butylisocyanide)-substituted iron(ll) complexes require the addition of Sc(OTf)s; and exhibit
significantly lower catalytic activity compared to their counterparts featuring exclusively labile

MecCN ligands.

The major focus has been on the development of an abnormally coordinating macrocyclic

' complexes

tetra-NHC ligand system with high electron-donation properties and its Fe'' and Fe
25a and 25b. These complexes have been investigated for their applicability as catalysts in
epoxidation reaction in comparison to the benchmark imidazolium-based complexes 4a and
4b. Notably, the synthesis and characterization of the first macrocyclic iron aNHC complexes
— featuring 1,2,3-triazol-5-ylidene units — demonstrate enhanced o-donating ability,
underscoring their catalytic potential. Even though the performance of the original iron NHC
catalyst could not be surpassed, it is reasonable to assume that increased 6-donation stabilizes
iron in its higher oxidation states. Therefore, it is possible that the isolation and study of key

species involved in oxidative reactions, such as epoxidation or C—H activation, could be

achieved using such frameworks.

As described in the introduction, regarding the reaction mechanism in the catalytic
epoxidation of cis-cyclooctene with H,0,, it is assumed to resemble the mechanism observed
for non-heme iron complexes with N-donor ligands. Even though the studies conducted here
primarily focus on catalysts with cis-labile coordination sites, a water-assistant pathway can
be ruled out for complexes featuring trans-labile coordination sites. Based on the reactivity of
macrocyclic tetra-NHC complexes, described in the introduction and in the results, Scheme 21
proposes a simplified reaction mechanism for the epoxidation of olefins using macrocyclic

tetra-NHC iron complexes. The involvement of a Fe"-OO0OH species is assumed. However, such

an intermediate has not been described in the context of iron NHC catalysts.
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Stoichiometrically controlled experiments under specific conditions (inter alia solvent and
environment choice) using iron NHC complexes 4, 7 or 25, exhibiting different electron
donation properties, with H,0, and under reduced temperatures could provide insights in the
formation of key compounds, like the hydroperoxo species. As described by the group of Que
(J. Am. Chem. Soc. 2002, 124, 3026-3035) ESI-MS has demonstrated to be an excellent tool in
determining the molecular compositions of transient species involved in iron-catalyzed
oxidation processes. Additionally, HR-ESI-MS, UV/Vis and EPR spectroscopic measurements
offer valuable complementary insights. Isotope labeling experiments with labeled oxidants
can trace the oxygen atom’s origin in specific intermediates or products by providing insights
into whether O3 is incorporated from air due to potential autoxidation and may giving insights
if the formation of a superoxide like 10 is formed. The isolation of a macrocyclic tetra-NHC
oxoiron(IV) complex by the group of Meyer (Angew. Chem. Int. Ed. 2013, 52, 901-905) upon
reaction of the iron(ll) precursor with an oxo transfer reagent at -40 °C supports the possible
mechanism via an active Fe'V=0 compound. In both cases, reactions of complexes 4 and 25

with H,0; form a mono-oxidized and threefold protonated ligand.

single electron
oxidation

Scheme 21 Proposed and simplified reaction mechanism for the epoxidation of olefins using macrocyclic tetra-
NHC iron complexes featuring trans-labile coordination sites with X = labile ligand. Species not yet characterized
are grayed out.

The modification of an open-chain NHC ligand led to the development of various iron NHC
complexes with differing electronic properties. These complexes have been utilized in

epoxidation catalysis to assess how ligand modifications influence the catalytic efficiency of

iron NHC complexes. Interestingly, the unmodified iron NHC complexes demonstrated the
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highest catalytic efficiency in terms of both activity and stability. Through systematic
investigation of electronic modifications, it was found that achieving an optimal balance
between the electron density at the metal center and the stability of the complex is crucial.
While electron-donating ligands enhance catalytic activity, they often reduce stability,
whereas electron-accepting ligands improve stability but diminish activity. No clear
relationship was observed between the electron density at the iron center, which is influenced
by the electron-donating or electron-accepting nature of the ligands, and the catalytic
performance in epoxidation. Other factors, such as the oxidative stability of the ligand or its

structural rigidity, might have a considerable impact.

Finally, the macrocyclic tetra-aNHC ligand was successfully employed to synthesize late
transition metal complexes of Ag', Au', Ni", Pd"" and Pt". These complexes have been generally
characterized by means of H- and *C-NMR spectroscopy, ESI-MS, SC-XRD and elemental
analysis and compared to their imidazole counterparts described in the introduction. Their
potential in medicinal chemistry opens promising opportunities for future research,
particularly in exploring their biological and pharmacological applications. Recent studies have
highlighted the potential of aNHCs, particularly through a series of gold(l) bis-1,2,3-triazole-5-
ylidene complexes (J. Med. Chem. 2021, 64, 15747-15757). These compounds exhibit
remarkable anticancer activity, comparable to the most potent gold-based agents, against a
range of solid tumor cell lines and blood cancer cells. Furthermore, the macrocyclic imidazole
tetracarbene ligand proved to form copper(l) complexes in a molecular box-type structure,
and square planar copper(lll) (Chem. Sci. 2018, 9, 8307-8314), gold(lll) (Dalton Trans. 2019,
48, 16615-16625) and cobalt(ll) complexes (Chem. Eur. J. 2021, 27, 1311-1315) with potential
in medicinal chemistry and molecular oxygen reactions. The tetra-NHC ligand could be

replaced by the macrocyclic tetra-aNHC ligand, which has been developed with this thesis.
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Optimizing such catalytic systems is closely connected to the improvement of stabilizing ligands. In this context, A= Read more about how to correctly acknowledge RSC content.

heterocyclic carbenes (NHCs) have attracted particular attention. Their strong o-donor properties, compared to
nitrogen or oxygen-donor ligands, allow the stabilisation of transition metals in high oxidation states, known to be key
intermediates in oxidation catalysis. This review provides an overview of recent applications of 3d transition metal
NHC complexes in oxidation catalysis, by summarising the advances towards the catalytic oxidation of the most
important substrates namely alkenes, alkanes, aromatics, alcohols and amines until the end of 2021. Additionally the
activation of molecular oxygen, representing a green and abundantly available oxidant, is described with first row

transition metal NHC complexes.
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Abstract

The first macrocyclic and abnormally coordinating, mesoionic A-heterocyclic carbene iron complex has been
synthesised and characterised via ESI-MS, EA, SC-XRD, CV, NMR and UV/Vis spectroscopy. *C-NMR spectroscopy and

CV measurements indicate a strong o-donor ability of the carbene moieties, suggesting an efficient catalytic activity of
Read more about how to correctly acknowledge RSC content.

the iron complex in oxidation reactions. Initial tests in the epoxidation of cis-cyclooctene as a model substrate confirm

this assumption.
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Abstract

The first macrocyclic abnormal N-heterocyclic carbene (aNHC) Fe'' complex, featuring a calix[4]3-methyl-1,2,3-
triazole-5-ylidene ligand system is synthesised and characterised inter alia via EA, SC-XRD, NMR and UV/vis
spectroscopy. Including Mdssbauer spectroscopy, SQUID and DFT calculations, the impact of the aNHC on the Fe''
complex and its corresponding Fe!' derivative is investigated. A comprehensive study of the aNHC Fe complexes in
their performance in homogenous epoxidation reactions is reported and compared to the established benchmark
catalysts. The complexes demonstrate efficient and selective catalytic activity in the epoxidation of cis-cyclooctene
with H,0,, with TOFs up to almost 60 000 h~*. Additionally, the epoxidation of more challenging olefinic substrates is
possible. The reactivity under oxidative conditions of both complexes is investigated. NMR measurements reveal the
formation of a mono-oxidised triazole ligand as degradation product. HR-ESI-MS measurements, supported by DFT

calculations indicate the formation of an oxoiron species.
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The Effect of trans Axial Isocyanide Ligands on Iron(ll) Tetra-NHC
Complexes and their Reactivity in Olefin Epoxidation

Eva-Maria H. J. Esslinger, Jonas F. Schlagintweit, Greta G. Zdmbo, Alexander M. Imhof,

Robert M. Reich, and Fritz E. Kihn*®

Abstract: The performance of trans axially substituted mono-
(2a) and bis(tert-butylisocyanide) (2b) complexes derived
from the highly active bio-inspired iron(ll) (pre- )catalyst 2
containing an equatorial macrocyclic tetra N-heterocyclic
carbene in homogenous olefin epoxidation catalysis is
reported. H,0, is used as oxidant in combination with the
Lewis acid Sc(OTf); as additive resulting in a considerable

improvement of catalytic activity. In contrast to other iron
epoxidation catalysts, the introduction of m-accepting
isocyanide ligands does not improve the catalytic perform-
ance of 2a and 2b posed by cyclic voltammetry. However,
besides their lower activity, a high temperature tolerance of
both compounds is found as a unique feature for iron NHC
epoxidation catalysts.

p y )

Introduction

Oxidation catalysis, especially the oxidation of olefins to
epoxides as wide-ranging intermediates plays a pivotal role in
polymer industry as well as in the production of fine chemicals,
food additives, and drug intermediates.™

As electronic and catalytic properties are mainly influenced
by the choice of the central metal and the surrounding ligand
sphere, a variety of catalysts have been designed and tested
over time. Among them, many homogeneous catalysts based
on expensive noble metals such as palladium, rhodium,
molybdenum, rhenium, and ruthenium are characterized by
high efficiency in several applications.” With regards to
economic costs and the rising interest in sustainable catalysis,"
the use of earth-abundant and non-toxic transition metals came
more into focus.” Iron is the most common transition metal in
the earth’s crust (4.7 wt%) and in living organisms with iron
cofactors that are capable to catalyse manifold oxidation
reactions from demanding C—H activation to cis-dihydroxylation
and epoxidation with high selectivity and activity at mild
conditions.”®** Thus, using nature as a role model led to the
mimicking of heme and non-heme iron complexes™ and their
application in the oxidation of organic molecules.” Cytochrome
P450 (CYP), one of the most intensively studied oxygen-
activating superfamily of heme-containing enzymes, enables
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the controlled hydroxylation of aliphatic C—H bonds and the
epoxidation of C=C double bonds with high regio- and
stereoselectivity.®® These natural systems have an iron-porphyr-
in core” as a key structural motive in common, based on a Fe-
(Il/1N) center and coordinating polydentate, mostly tetradentate
N-donor ligands.”) Due to the mentioned structure-activity
insights, the synthesis and application of N-heterocyclic carbene
(NHQ) ligands with easy-to-modify steric and electronic proper-
ties have become increasingly interesting for transition-metal
centers in oxidation catalysis."” A wide range of these artificial
bio-inspired iron catalysts exhibit an octahedral structure of
iron(ll) complexes with two labile ligands (e.g. solvent mole-
cules) in cis or trans position to each other, determined by the
coordination mode of the NHC ligand, containing amine,
pyridine, pyrrolidine, and pyrrole units.®>'

Since reaction performance under aerobic conditions
(activation of dioxygen in nature often involving cofactors like
NADPH/H" as reducing agent)® is often difficult to control,
hydrogen peroxide has become an established alternative as an
oxidant in catalytic reactions. Besides its relatively high atom
efficiency (47%), water is generated as the only by-product
making it an environmentally friendly oxidant®'? in contrast to
other sources such as Peroxysulfates,"® Hypochlorites,"¥ or
Periodates." First of all, the reaction of the Fe-complex with
hydrogen peroxide initiates the formation of an iron(lll) hydro-
peroxo intermediate by a ligand exchange reaction after an
essential one electron step (Fenton).""™'® According to mecha-
nistic studies, either a high valent iron(V)-oxo compound or an
iron(IV)-oxo species with an oxyl radical can be formed in the
following step depending on a homolytic or heterolytic
cleavage pathway. The latter is less preferred as electron-
deficient oxidants like H,O, do not have stabilizing ability for
the resulting radical, rendering it incapable to attack the oxygen
source and the catalyst.""®'® Furthermore, the interplay of the
ligand arrangement (cis/trans) at the central atom and selectiv-
ity emphasize the competing character between dihydroxyla-
tion and epoxidation."” Complexes with cis-oriented ligands
tend more to dihydroxylation, whereas epoxidation takes rather

© 2021 The Authors. Asian Journal of Organic
Chemistry published by Wiley-VCH GmbH
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place when the labile sites are in trans position.’ It has been
observed, that the activity of the catalysts of the type described
in this work can be noticeably improved by additives, such as
Lewis (e.g. scandium(lll)-triflate) or Brensted (e.g. perchloric,
acetic acid) acids."® The presence of additives is supposed to
facilitate the O—O bond heterolysis towards the formation of a
highly electrophilic active species."™'® The suppressing effect
of Sc* on the deactivation pathway leading to an oxo-bridged
Fe"—O—Fe" species of a non-heme iron-NHC-complex epoxida-
tion reaction is also another essential point with regard to a
significant increase of the turnover number.*”

Well-studied prototypes of successful artificial catalytic
models are primarily represented by bio-inspired iron-com-
plexes 1 and 2 bearing tetradentate NHC ligands (Figure 1).%2'@

Their applicability as catalyst precursors includes a variety of
transformations such as the oxidation of unreactive alkanes,
aromatic hydroxylation, and olefin epoxidation.*?'?

Complex 1, bearing a bis(pyridyl-NHC) ligand NCCN was the
first organometallic iron complex (with a Fe—C bond) used for
epoxidation reactions enabling high activity and selectivity.*?
Compared to 1, complex 2 and its Fe(lll) derivative, bearing a
tetradentate macrocyclic NHC ligand cCCCC has been standing
out with particularly high activity (turnover frequencies up to
183,000 h™") and in comparison to other iron catalysts high
turnover numbers (TON up to 4,300). Here again, the activity-
rising-effect of additives (largely doubling TOFs to values up to
410,000 h™") by applying Sc(OTf);, Ce(OTf),, or Fe(ClO,);-H,0 on
complex 2 is of high relevance in epoxidation catalysis.”” These
reference points showcase again the competitive potential of
iron complexes over more expensive metal catalysts.”!

Specific electronic and hence associated catalytic character-
istics (activity, selectivity, stability) of the complexes can be
obtained by variation of the polydentate scaffold or the
introduction of ligands with individual electron pulling or
pushing properties.?’® Concerning this matter, the influence of
axial ligands on catalytic properties through axial ligand
exchange at accessible coordination sites has been thoroughly
investigated by cyclic voltammetry (CV) experiments concerning
the Fe—-NCCN complex 1.2'@ The result is a better catalyst

Inspiration for Isocyanide Substitution

L 2+
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performance, recognizable by an increase in selectivity and
turnover number in the precious C—H-oxidation of alkanes® by
introduction of a tert-butyl isocyanide ligand (1a) with -
acceptor and o-donor features at one coordinating site of the
complex.” On account of the easily modifying functionality,
isocyanides were synthetically favored instead of their isolobal
CO counterpart.'®?'¥ |ncreasing the substitution grade from 1
to 3 m-accepting isocyanide ligands at complex 1 (1e-h) (two-
isocyanide substituted complexes could not be isolated) has
resulted in an increase of the half-cell potential (E,,=0.57 V-
1.092 V).2'¥ With respect to this observed tendency, all iron
NHC complexes in olefin epoxidation display a typical correla-
tion pattern between the redox potential and the resulting
catalytic activity. Thus, a lower half-cell potential of the
reversible Fe(ll)/Fe(lll) redox couple indicates a higher activity
and vice versa."#*¥

This concept of isocyanide ligand substitution was trans-
ferred to the notably more active Fe-cCCCC complex 2 to create
novel complexes with mixed catalytic properties released by
axial m-acceptor ligands.**"™ Accordingly, the mono- (2a) and
bis(tert-butylisocyanide) derivatives (2b) were already synthe-
sized and characterized by NMR-spectroscopy, elemental analy-
sis, ESI-MS, and single crystal X-ray diffraction (SC-XRD)
before.?™ Preceding cyclic voltammetry studies of both new
compounds reveal the same redox potential trend, rising from
mono- to bis(tert-butylisocyanide) ligand substitution. In com-
parison to 2 (E;,=0.15V) and 2a (E,,=0.35 V), 2b displays the
highest half-cell potential (E;,=0.44V) corresponding to the
reversible Fe(ll)/Fe(lll) redox process.?’™ Another derivative 3
with a tetradentate macrocyclic NHC ligand cCCCC (Figure 2)
showing similar electrochemical properties (E,,,=0.44 V) is also
examined and serves as an interpretation basis for the obtained
catalytic results of 2a and 2b. Compared to 2a and 2b,
complex 3 is bearing a backbone-modified imidazole structure
without any modification at the axial positions.””

The characteristic macrocyclic benzimidazolylidene ligand is
inducing lower electron-donating properties because of the
enlarged aromatic ring system and provokes analogously a
decreased electron density at the iron center, but through

Introduction of —|2+
Isocyanide ligands
y g (\ J\‘ \gN
""""""""" . N\( \ N 2 PFg
{ L2\,
L1=L2 =MeCN: 2
L1=CN'Bu; L2 = MeCN: 2a ’
New compounds

L1=L2=CNBu: 2b
L1 =CO; L2 = MeCN: 2c
L1=L2=CO: 2d

Figure 1. Structures of iron(ll) complexes 1a-1d containing tetradentate bis(pyridyl-NHC) ligand NCCN and one isocyanide ligand and 1e-1h containing

211

tridentate NCCN and three isocyanide ligands (left).

Structures of complex 1 as an example for the application of one or two isoyanide ligands at complex 2

leading to mono- and bis(tert-butylisocyanide) substituted derivatives 2a and 2b. Their isolobal carbonyl analogs 2 c and 2d containing tetradentate

[10a,21b]

macrocyclic NHC ligand cCCCC are also depicted (right).
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Figure 2. Comparison of the mono- and bis(tert-butylisocyanide) substituted
derivatives 2a and 2b with an already existing and in epoxidation catalysis
tested system 3.2

equatorial modification.”” These electronic features are re-
flected in an overall lower activity, high turnover numbers and
especially in a light increase in stability towards higher temper-
atures in epoxidation catalysis.”” In this work, compounds 2a
and 2b are applied in olefin epoxidation catalysis as a means of
confirming the described redox behavior and its degree of
influence on higher TONs as for complex 3. Looking at the
diversity of chemical features including compounds 1, 2, their
derivatives, and compound 3, the novel compounds 2a and 2b
are expected to be unique in their catalytic performance.
Furthermore, UV/Vis spectroscopy and thermogravimetric anal-
ysis of compounds 2a and 2b should reinforce the catalytic
results and are also reported in this work.

Results and Discussion
Catalytic Olefin Epoxidation

Complexes 2a and 2b are studied in terms of their applicability
as catalysts in olefin epoxidation reactions. Their performance is
compared to the most active literature known non-heme iron
complexes 1 and 2 as well as to complex 3 which possess
similar electrochemical features (room temperature). Under
standard conditions, H,O, is applied as oxidant, acetonitrile as
solvent, and cis-cyclooctene as a model substrate.

GC-FID analytic method is applied for the model substrate,
particularly for the quantification of the formed epoxide and
the respective cis-diol as a common byproduct. The catalytic

Asian J. Org. Chem. 2021, 10, 2654-2662 ~ www.AsianJOC.org
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performance of both new compounds related to other sub-
strates is conducted via 'H-NMR spectroscopy.

When evaluating the curve progression, specifically the
curve slope of (pre-)catalysts 2a and 2b in view of conversion
[%] and yield [%] at 20°C, it is obvious, that the mono-(tert-
butylisocyanide) substituted derivative 2a reveals a higher
catalyst activity compared to the bis-(tert-butylisocyanide)
substituted derivative 2b (Figure 3). Hence, the activity estima-
tion with the aid of half-cell potentials of each compound still
remain a solid comparative basis. This is underlined by
considering the reaction time (~12 h) of 2a, which is about
twice as high as for 2b (~6 h). Moreover, this finding in terms
of the catalytic reaction rate is supported by specific turnover
numbers of 2a (TON=84) and 2b (TON=72) at a catalyst
concentration of 1.0 mol%. However, the combination of a high
catalyst concentration (1.0 mol%) and the necessary usage of
scandium(lll)-triflate as an additive demonstrates an overall low
activity, but appropriate higher stability for both catalysts in the
epoxidation reaction. These findings can be explained through
the different substitution grades with trans axial tert-butyliso-
cyanide ligands at the iron center. First, accessible coordination
sites must be present for the attack of the oxidant in order to
form the active species."™ Accordingly to the examined
reversibility of the redox process in cyclic voltammetry for
compound 2b, no isocyanide ligand dissociation after the
oxidation step is expected, so that ligand exchange reactions at
the beginning are hampered.?"”’

Even the reduced nt-backbonding at the iron center because
of two competing axial isocyanide ligands with m-acceptor
character leads only to weak dissociation of the ligands in
acetonitrile, determined by "H-NMR spectroscopy.?'™ Contrarily,
the more active (pre-)catalyst 2a exhibits one accessible
coordination site with a weakly coordinating acetonitrile ligand
which can be easily exchanged. Nevertheless, the m-back-
bonding from the iron center is reinforced by the stronger
electron donating c¢CCCC-scaffold compared to NCCN and
shortens the Fe—Cioyanide bONd so that the dissociation of the
isocyanide ligand is impeded. This could explain the limited
catalyst activity of 2a despite the freely accessible coordination
site.”’? As can be observed in both cases, the reaction needs a
strong additive as first initiator, otherwise barely low or rather
no conversion can be noticed if only H,O, interacts with the
catalyst (Figure 3). This indicates that Sc(OTf); does not only
accelerate the O—O-cleavage of the formed iron(lll) hydroperoxo
intermediate,"® but also accelerates the formation of a free
coordination position at the iron center, which is also confirmed
by UV/Vis spectroscopy (see SI for further information). A closer
look at conversion and yield of both catalysts reveals that no
high selectivities are achieved. Via GC-FID analysis, many
unidentifiable side-products besides small amount of cis-diol,
explaining the gap between the conversion and yield graphs
can be detected with help of the respective chromatograms.

Reducing the temperature provides further insights into
existing induction periods of both compounds. In terms of the
extremely low catalysts activities, a temperature of 0°C instead
of —10°C or —20°C as for other known high performance

catalysts is chosen (Figure 4).1%"
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Figure 3. Conversions and yields (cis-cyclooctene oxide) applying catalysts (1.0 mol%) 2a at 20°C (left) and 2b at 20°C (right) in olefin epoxidation of cis-

cyclooctene in absence and presence of Sc(OTf),.
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Figure 4. Conversions of cyclooctene applying catalysts (1.0 mol%) 2a
(above) and 2b (below) at 0°C in olefin epoxidation of cis-cyclooctene in
presence of Sc(OTf); in order to determine the existence of an induction

period. The approximate length of the induction period is marked in red.
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While the curve shape for complex 2b shows an almost
linear path, a slight induction period for complex 2a can be
observed. The length of the induction period is about 30 min
(Figure 4) in spite of the presence of Sc(OTf); and highlights the
overall low activity associated with a slow oxidation step from
Fe(ll) to Fe(lll) towards more active catalyst species.** The
oxidation to the active species in case of complex 2b seems to
be extremely slow so that the key reaction, the epoxidation of
cis-cylooctene may outperform the rate-determining step
resulting in a curve linearity.

Due to the overall low catalytic performance of both
compounds, the reaction temperature is increased from 20°C to
40°C and 60°C with the focus on the development of the
catalyst activity (TOF) and catalyst stability (TON) (Figure 5). It is
clear that the TOF numbers of each catalyst are rising at
elevated temperatures and that the reaction time is highly
reduced to a time range of 15 min to max. 120 min for both
compounds. Consequently, the reaction is already completed
after 15 min for 2a and after 30 min for 2b in the fastest case
(60°C) at a catalyst concentration of 1.0 mol% in combination
with Sc(OTf),.

In order to determine max. TOFs, a catalyst concentration of
0.25 mol% is used for 2a and 2b (Table 1). The results achieved
at different temperatures show a rapid increase of the TOF from
1,400 h™' to 25,900 h™' for complex 2a and demonstrate its
already examined higher catalytic activity. On the other hand,
2b also shows a rather low increase of activity displayed in its
TOF indicating a considerable higher stability towards increas-
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Figure 5. Conversions of cyclooctene applying catalysts (1.0 mol%) 2a
(above) and 2b (below) at 20°C, 40°C and 60°C in olefin epoxidation of cis-
cyclooctene in presence of Sc(OTf)s.

Table 1. Catalytic performance of catalysts 2a and 2b in the epoxidation
of cis-cyclooctene in comparison to catalysts 1, 2 and 3.

catalyst  T[°C]  conv.[%]® vyield [%]®  sel. [%]®  TOF[h~"]®

2a 20 85 54 83 1 400*

2a 40 90 58 71 6 200

2a 60 90 52 59 25900

2b 20 72 46 75 240

2b 40 72 45 72 2900

2b 60 72 41 59 4300

1 20 66 66 >99 792

2 20 24/59 100 >99 50.000/
415.000"

3¢ 20 100 9% 9 11.000®

Reaction conditions: cis-cyclooctene (269 umol, 1.0 eq.), Sc(OTf),

(26.9 pmol, 0.1 eq.), H,0, (403 umol, 1.5 eq.), catalyst (2.69 umol,

1.0 mol%); [a] all yields (cis-cyclooctene oxide) and conversion were
determined by GC-FID after the completion of the reaction; [b] Max. TOFs
were determined at a catalyst concentration of 0.25 mol% at 20°C, 40°C
and 60 °C for catalyst 2a and 2b. [c] 1 & 3: catalyst concentration of

1.0 mol%. 2: 0.05 mol% without additive. [d] with additive Sc(OTf)s.

[e] TOF number of Fe(lll) species. * catalyst concentration of 1.0 mol% for
2a at 20°C. Blank experiments (reaction mixture 1) without iron catalysts
and with 2) a simple iron salt) are included.

ing temperatures along with a low level of activity based on its
substitution with two weakly dissociating tert-butylisocyanide
ligands in axial position.

Compared to the first investigated classical ¢cCCCC and
NCCN systems,*? the determined TOFs of 2a and 2b do not
reach the same level of activity of these previously in literature
reported catalysts, even by using an additive (Table 1). How-
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ever, catalyst 2a (1.0 mol%) with a max. TOF of 1,400 h™" at
20°C lies in between these two systems, but remains all in all in
the lower area of potential achievable TOF numbers.

A particularly conspicuous new aspect among all existing
iron epoxidation catalysts is the widely constant TON observed
at higher temperatures. The TON in case of 2a and 2b remains
largely identical within the margin of error from 20°C to 60°C
(Table 1, Figure 6). These outcomes demonstrate once again the
exceptionally high temperature stability of both complexes, in
particular of complex 2b. The temperature consistency and the
associated high stability contrast with the low catalyst activity,
which may constitute the limiting factor with respect to the
average TON values, especially for complex 2b. Reducing the
catalyst concentration (0.1 mol%) leads to max. TONs up to 330
for 2a and 150 for 2b. Thus, rising temperatures may have a
stronger impact on lower catalyst concentrations, major fluctua-
tions can be seen at a catalyst concentration of 0.1 mol%
compared to 1.0 mol% (Figure 6).

Simultaneously, a generally decline of yield and selectivity
for compound 2a and 2b (Table 1) can be explained by the fact
that another reaction type, competing with the epoxidation
takes place as no further cis-diol formation can be noticed in
comparison to catalytic reactions at 20°C, attributable to the
growing activity and remaining stability at higher temperatures.
Conceivable would be, that these features may orient the
catalyst selectivity to more challenging substrates as for
example in the C—H oxidation. Analogous to derivative 3

120

—=u— compound 2a (1.0 mol%)
—e— compound 2b (1.0 mol%)
100 4
80+
z
O 60+
=
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204
0 T T T T T
20 30 40 50 60
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Figure 6. Comparison of TONs of catalysts (1.0 mol%) 2a and 2b at various
elevated temperatures in presence of Sc(OTf); (above). All TONs were
determined at catalysts concentrations of 1.0 mol% and 0.1 mol% for
maximum achievable values (below).
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(Figure 1), bearing a characteristic tetradentate macrocyclic
benzimidazolylidene ligand, catalysts 2a and 2b show high
stability combined with a high temperature tolerance (up to
60°C), but an overall lower activity in contrast to the most
active non-heme iron epoxidation catalyst to date (2) due to
the electronic-finetuning at the iron center or the modified
scaffold in case of 3.” Interestingly, the initial oxidation step of
catalyst 3 from Fe(ll) to Fe(lll) is slowed down by the with-
drawing properties of the modified scaffold, coinciding with the
significantly higher half-cell potential (E;,=0.44 V).?* This fact
can be transferred to the more active mono-(tert-butylisocya-
nide) substituted compound 2a having a nearly related half-cell
potential (E,,=0.35V), resulting in a long-lasting induction
period even in the presence of Sc(OTf);.*

Moreover, the better catalyst performance of 3 compared to
2a and 2b™' is a good indication of the exact location for the
selective modification at the classical iron NHC complex with
two axial acetonitrile ligands. Direct modifications on the base
frame or the iron center obviously evoke widely divergent
features with regard to the catalytic activity.

For a broad understanding concerning the catalytic poten-
tial of 2a and 2b, supplementary epoxidation reactions with
various cyclic, acyclic, terminal and functionalized olefin sub-
strates are conducted via 'H-NMR spectroscopy (SI, Figures 1-
17). All experiments are realized using 1.0 mol% of the
respective Fe(ll)-catalyst and 0.1 eq. Sc(OTf); at 20°C with a
reaction time of approximately 24 h. Due to the overall low
activity of both catalysts and the crucial necessity of Sc(OTf); as
additive, a comparatively long reaction time is chosen for
maximal achievable conversions and yields (Table 2). For better

Table 2. Catalytic epoxidation of various olefins by catalyst 2a and 2b.

entry substrate 2aconv. 2asel 2b conv. 2b sel.

[%] (%] [%] [%]"
1 @ 19 50! 19 5
2 NN 30 23 23 17
3 NN 73 8 58 5
4 SN 14 14 14 14
5 /\/OH 42 _la 42 _la
6 G _ - - -
=
7 38 3 35 30
(0]

Reaction conditions: substrate (135 pmol, 1.0 eq.), Sc(OTf); (13.5 umol,

0.1 eq.), H,0, (ag. 50%, 202 pmol, 1.5 eq.), 2a & 2b (1.0 mol%), solvent
MeCN-d;, tg=24 h, T;=20°C; conversions and selectivities are identified
by "H-NMR spectroscopy applying benzol (entry 1-6) and toluene

(entry 7, 8) as external standard; [a] cis-diol formation and identified high
amounts of byproducts with new functional groups as ketones, alcohols
and aldehydes (see Sl for further information); [b] possible side products
of the catalyzed cyclohexene: 2-cyclohexen-1-one and 2-cyclohexen-1-ol;
[c] aldehyde formation to acrolein (entry 5) and benzaldehyde (entries 7 &
8).
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control of the reaction progression over a longer time period,
the setting of higher temperatures is avoided. To obtain
suitable NMR spectra, the overall concentration is doubled. By
means of the 'H-NMR experiments, it becomes visible, that
catalysts 2a and 2b are capable to reach conversions up to
73% for more challenging double bond systems except for the
substrate allyl chloride (entry 6). As the formed active species in
epoxidation catalysis possesses an electrophilic oxygen,'? the
electron density of the double bond plays a decisive role in the
reactivity of the relevant substrate. The chloride substituent at
entry 6 exerts a negative inductive effect and leads to a lower
electron density, which finally impedes the desired electrophilic
attack of the active species.

If the chloride substituent is replaced by an electron-
donating hydroxyl group (entry 5), conversions up to 42% are
feasible due to the increased electrophilic character of the
double bond. The highest conversion is obtained for hex-2-ene
(entry 3) as another acyclic system with 73% followed by allylic
alcohol (entry 5) and styrene (entry 7) as an aromatic system
with 38%. Hex-2-ene (entry 3) has an increased reactivity based
on the fact, that the internal double bond is affected by
neighboring alkyl groups as opposed to 1-hexene (entry 2) and
1-octene (entry 4) with less reactive terminal double bonds.
Styrene (entry 7) contains an aromatic system, which can
apparently better stabilize the formed epoxide product, where-
as trans-chalcone (entry 8) bears additionally an electron-with-
drawing carbonyl group close to the double bond, provoking a
reduced electron density. As observed in the catalytic epox-
idation of cis-cyclooctene, the more active catalyst 2a reaches
higher conversion and selectivity in comparison to 2b. With
respect to the resulting conversions, the epoxide yields of all
investigated substrates, leading to maximal selectivities of 23%
are negligible, which again supports the assumption, that
another reaction type potentially interferes. Concerning this
matter, a divergent behavior pattern of 2a and 2b referring to
other cyclic substrates like cyclohexene (entry 1) is basically
recognizable  when compared to other non-heme
catalysts."*2! Usually, cyclic olefins are considered as favored
substrates in epoxidation reactions as the electron donating
effect of the neighboring CH,-groups. Contrary to the assump-
tions, the oxidation products of the catalyzed cyclohexene are
not just limited to the formation of cis-diol, but also arise from
oxidation of existing C—H bonds and can be assigned by NMR
spectroscopy to several ketone (2-cyclohexen-1-one) and alco-
hol (2-cyclohexen-1-ol) species nearby located to the double
bond. Apart from the new findings, cis-diol appears in nearly all
cases as one of the main side products and emphasize the
unfavored epoxide formation, probably inhibited by the present
Sc(OTf);, which is able to open epoxides to cis-diols in presence
of water unlike coordinating Brgnsted acids."®™ However, due
to the high amounts of existing co-products, the signal assign-
ment remains mainly an assumption. The appearance of new
functional groups as ketones, alcohols and aldehydes like
acrolein for entry 5 and benzaldehyde in the case of entries 7
and 8 clearly underlines the expected significant low selectivity
towards more challenging substrates in olefin epoxidation. The
NMR experiments are also conducted for the standard substrate
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cis-cyclooctene under the same conditions and showed similarly
to cyclohexene, the formation of C—H oxidation products as
well. This outcome confirms the former detection of several
side products via the quite more sensitive gas chromatography
(see Sl for further information) and may switch the future focus
on investigations of C—H-oxidations with the catalysts 2a and
2b.

Thermogravimetric Analysis (TGA)

In regards to the unusual high tolerance of catalyst 2a and 2b
to increased temperatures in epoxidation catalysis, thermogra-
vimetric measurements were conducted for catalyst 2, 2a and
2b in solid state (Figure 7).

The thermal stability of all three compounds is determined
through monitoring the weight change by heating the sample
at a constant rate of 10 K/min in a temperature range from
25°C to 300°C. The heating chamber where the respective
catalyst is placed, is purged with nitrogen with a volume flow
of 100 ml/min. Initial irregularities arise from small fractions of
volatile components. Thus, the samples are examined in solid
state, catalytic reaction conditions in solution can not be
imitated realistically on account of the respective components
(e.g. oxygen, H,0,, additives) which influence or rather reduce
the actual thermo-stability of the catalysts during the reaction,
so that the real decomposition process under catalytic con-
ditions possibly occurs at lower temperatures. Nevertheless, a
general trend of the catalyst decomposition in temperature
dependency is essential for further interpretation. Catalyst 2
decomposes already at 155°C, while the decomposition onset
of compounds 2a and 2b is detected at 185°C and 225°C,
respectively. This observation supports the catalytic results
relating to unvarying turnover numbers coming from a high
temperature tolerance, corresponding to following catalytic
activity order: 2 >2a>2b.

—— compound 2
compound 2a
——— compound 2b

100 o 155 185 225

95 | NN
90 -

85 Y

weigth [%]

80

754 .

70 T T
100 200 300

temperature [°C]

Figure 7. Thermogravimetric analysis of catalyst 2, 2a and 2b and
determination of the dissociation temperature in solid
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Conclusion

The previous estimation of an overall lower catalyst activity by
CV data could be largely confirmed by means of the catalytic
epoxidation reaction of cis-cyclooctene with trans axially
substituted mono (2a) and bis(tert-butylisocyanide) (2b) (pre-)
catalysts. According to the comparison of half-cell potentials,
the catalytic activity of 2a and 2b should be between that of
the iron(ll) complex 2 bearing a macrocyclic tetra-NHC ligand
cCCCC and trans labile acetonitrile ligands and the iron(ll)
complex 1 with a tetradentate bis(pyridyl-NHC) ligand NCCN,
also bearing trans labile acetonitrile ligands. Contrary to expect-
ations, both complexes 2a and 2b show comparatively low
activities correlating to their electrochemical properties, which
are highly influenced by the isocyanide ligands with m-accept-
ing character. This finding is supported by the necessary use of
Sc(OTf); as an additive in order to activate the (pre-)catalysts for
the epoxidation of olefins. Due to the fact that 2a possesses
one accessible coordination site with a weakly coordinating and
hence easily replaceable acetonitrile ligand, an increased
activity compared to 2b with two comparatively weak dissociat-
ing isocyanide ligands is found. The stronger electron donating
¢CCCC scaffold compared to NCCN makes the dissociation of
one isocyanide ligand rather difficult, resulting from the
reinforced m-backbonding from the iron center and could
explain the limited catalyst activity of 2a towards other non-
heme iron(ll) catalysts despite the freely accessible coordination
site. Rising temperatures effect increased activities, manifested
by a significant development of the TOF values from 1,400 h™'
to 25,900 h™" for 2a and 240 h™' to 4,300 h™" for 2b. Thereby, a
particular new aspect is the consistent TON and consequently
high stability of the catalysts at different temperature levels
such as (pre-)catalyst 3 with analog electrochemical features,
but equatorially placed modifications. High decomposition
temperatures, especially for 2b specified by TGA measurements
correlate well with an observed great temperature tolerance
during epoxidation reaction. As a whole, the compound is also
exceptionally stable in solid state in addition to a high temper-
ature stability under oxidative conditions compared to various
other iron NHC catalysts.

An overall higher catalyst performance of 3 evidently makes
a difference if new functional groups with unique electron
properties are introduced axially or equatorially to the iron
center where the initial oxidation step takes place.

Related to selectivities in epoxidation reactions, a clear gap
between the conversion and the yield can be observed for both
catalysts 2a and 2b, pointing out a relatively high amount of
unidentifiable side products apart from the minimal formation
of cis-diol detected by gas chromatography. Finally, the
presented catalytic experiments are considered essential for
future improvements of catalyst activities (TON) and stabilities
(temperature tolerance) based on the modification location and
redox potentials. Additional substrate screening with more
challenging olefins leads - not unexpectedly - to low yields
and selectivities regarding epoxide formation. The unusual
formation of C—H oxidation products, particularly in the case of
cyclohexene is additionally supporting the assumption of
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another competing reaction type. Inspired by NCCN ligand
derivatives 1a-1d, showing improved turnover numbers in the
C—H oxidation reaction after replacing one labile acetonitrile
ligand through one isocyanide ligand, the same substitution
pattern at (pre-)catalyst 2 might have enhanced the potential
for activating unreactive alkanes for the challenging C—H
oxidation and may be worth further examination.

Experimental Section

General Procedures and Analytical Methods

All reagents and solvents for the catalytic procedures were
purchased from commercial suppliers and used without further
purification. NMR spectra were recorded on a Bruker AV 400 ('H-
NMR, 400.13 MHz) and chemical shifts are reported relative to the
residual signal of the deuterated solvent. UV-Vis spectra were
recorded on an Agilent Technologies Cary 60 UV-Vis spectropho-
tometer at 20°C. Solutions of 2a and 2b with an initial
concentration of 10™* M in acetonitrile were treated with 10.0 eq.
Sc(OTf); and 1.50 eq. H,0..

Catalytic procedures

All reactions were conducted in a cryostat (Julabo FP-50) with a
total reaction volume of 4.0 mL. Acetonitrile (HPLC-grade) as
solvent was applied for all experiments. The catalyst (1.0 mol%,
2.69 umol) was added from a preformed stock solution (5.5 mg/mL
in acetonitrile) corresponding to the appropriate stoichiometry to a
solution of cis-cyclooctene (100 mol%, 269 umol) and, if applied,
the respective Brensted acid (0.1 mol%, 26.9 umol) in acetonitrile.
The reaction was started upon addition of H,0, (150 mol%,
403.5 umol). The reaction was terminated by adding electrolytically
precipitated activated MnO, in order to decompose the excess of
H,0O, in the reaction solution. After filtration over activated neutral
alumina (separation of the catalyst), two GC samples were prepared
for each experiment using 200 pl filtrate, 500 pL external standard
(p-xylene, 4.0 mg/mL in i-PrOH) and 800 uL n-hexane for each
chosen time point. Control experiments without catalyst were
performed as a reference for all reactions. An additional blank
experiment with a simple iron salt, iron(ll) chloride in the presence
of H,0, was conducted in order to stress the relevance of iron
complexes associated with NHCs due to minimal product and
unselective side-product formation.

The screening of other substrates beside cis-cyclooctene was
performed using 'H-NMR spectroscopy. All reactions were carried
out at 20°C in a total volume of 1.0mL with a catalyst
concentration of 1.0 mol% in doubled absolute concentrations. A
catalyst stock solution (5.5 mg/mL in CD;CN) was added to a
prepared solution of the respective substrate (100 mol%,
134.5 umol) in deuterated acetonitrile and the reaction was started
upon addition of H,0, (150 mol%, 201.8 umol). Then, the reaction
was aborted after 24h by adding electrolytically precipitated
activated MnO,. The suspension was filtered and benzol or toluene
was added as an external standard. For each experiment, '"H-NMR
spectra were recorded and the products were quantified by integral
ratios of the respective olefin, epoxide and cis-diol protons.

Thermogravimetric analysis

TGA measurements were recorded with a TGA/DSC 3+ from
Mettler-Toledo. Approximately up to 5.0 mg of the respective
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catalyst (2, 2a, 2b) were placed in a sapphire skillet attached to a
microbalance. The heating chamber was purged with nitrogen with
a volume flow of 100 mL/min. The thermal stability, especially the
decomposition temperature of all three compounds was deter-
mined through monitoring the weight change by heating the
sample at a constant rate of 10 K/min in a temperature range from
25°C to 300°C.
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Organometallic 3d transition metal NHC
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complexes in oxidation catalysis
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The development of processes for the selective oxidation of hydrocarbons is a major focus in catalysis
research. Making this process simultaneously environmentally friendly is still challenging. 3d transition
metals are highly promising candidates to replace expensive and/or toxic heavier metals in their
applications as oxidation catalysts. Optimizing such catalytic systems is closely connected to the
improvement of stabilizing ligands. In this context, N-heterocyclic carbenes (NHCs) have attracted
particular attention. Their strong o-donor properties, compared to nitrogen or oxygen-donor ligands, allow
the stabilisation of transition metals in high oxidation states, known to be key intermediates in oxidation
catalysis. This review provides an overview of recent applications of 3d transition metal NHC complexes in
oxidation catalysis, by summarising the advances towards the catalytic oxidation of the most important
substrates namely alkenes, alkanes, aromatics, alcohols and amines until the end of 2021. Additionally the
activation of molecular oxygen, representing a green and abundantly available oxidant, is described with
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Introduction

Selective oxidation of hydrocarbons is a fundamental topic in
academia and industry, requiring the design of efficient and
inexpensive catalytic systems."” The unique properties of 3d
metals Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn have found a
wide range of applications in modern synthetic chemistry,
biology and material science.>® Their high-oxidation state
complexes are key intermediates in valuable biological and
catalytic conversions of organic compounds.”® Some metallo
enzymes, such as cytochrome C, possess active sites
exhibiting these metals, reflecting their high reactivity
potential.”® Commonly applied active catalytic systems often
depend on expensive and/or toxic noble metals, e.g. rhenium
or ruthenium.”™ Since first row transition metals are
abundant in earth's crust and may feature a non-toxic
character (depending on the oxidation state and applied
ligand systems), they are considered to be economical and
sustainable alternatives as organometallic catalysts.”
Substantial factors for a catalyst are, inter alia, selectivity,
activity, indicated by the turnover frequency (TOF), and stability,
indicated by the turnover number (TON)."> A good catalyst
features both a high to very high TOF and TON, associated with
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Technische Universitdt Miinchen, Lichtenbergstr. 4, 85748 Garching bei Miinchen,
Germany. E-mail: fritz.kuehn@ch.tum.de

4940 | Catal. Sci. Technol,, 2022, 12, 4940-4961

first row transition metal NHC complexes.

high selectivity.'"” Development of effective, non-toxic abundant-
metal-based catalysts regularly involves synthesis and
modification of metal stabilizing ligands. The introduction of
metal supporting N-heterocyclic carbenes (NHCs) has become a
multifunctional tool in homogeneous catalysis, opening an
enormous field of applications for transition metal complexes,
eg in oxidation catalysis.”*'® NHCs are electron-rich
heterocyclic compounds, allowing easy tuning of their electronic
and steric properties, by insertion of N-substituents or backbone
modification.””'® Over the past three decades, numerous NHC
scaffolds have been synthesized, derived from imidazole,
imidazoline, pyrazole, triazole or tetrazole, varying in ring size,
the number and type of heteroatoms, the nature of their
substituents and the resulting stabilization.'””"® By far the most
applied building units are based on imidazole.>***" The
remarkable stability of the carbene centre C* in NHCs originates
from the favourable electronic properties and the easy
introduction of steric constraints of this compound class. When
coordinated to a metal, NHCs are able to vary both in their
metal-carbon interaction and in electron donating as well as
accepting properties. The o-donor capability and kinetic
stability are significantly higher in NHCs, compared to
previously reported nitrogen, phosphine or oxygen-donor
ligands, usually preventing rapid dissociation and association
processes.>** These features render NHCs suitable candidates
for stabilizing high valent metal intermediates, which are
proven to be the active species in several catalytic oxidation
reactions.”

This journal is © The Royal Society of Chemistry 2022
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The literature on the stabilization of 3d transition metals
with NHC moieties already exists;®> however there is, to the
best of our knowledge, so far no concise summary of the
application of 3d transition metal NHC complexes available
in the context of oxidation catalysis of hydrocarbons.
Additionally, a quite recently published review of Liang and
Song in 2020 is restricted to the application of exclusively
iron NHC complexes.>® With this work, a comprehensive
overview on first row transition metal NHC catalysts for
alkene oxidation, C-H activation of unreactive alkanes and
aromatics, alcohol as well as amine oxidation, and activation
of molecular oxygen is provided. Although there are
publications about the application of in situ generated metal
NHC complexes of metal precursors combined with separate
addition of stabilizing NHC salts for catalytic oxidation
reactions,>*® only isolated and/or well characterized metal
NHC systems are described in the present review.

Oxidation of alkenes

Aziridination

Aziridination of alkenes is one of the most valuable
transformations in organic synthesis.>’>° The nitrogenous
analogues of epoxidations are important C-N bond forming
reactions, since the resulting products are useful building
blocks for a variety of nitrogen containing compounds.*’
Aziridines are three membered heterocycles with high
reactivity due to their cyclic strain and the reactivity of the
integrated nitrogen atom.’’ Ring openings take place with
excellent regio- and stereoselectivity and yield a variety of
stable and ring-open or -expanded chiral amines and more
complex molecule precursors.”®> Their physical nature and
biological activity render these heterocycles a target of
interest, not only in organic synthesis, but also in biology
and medicinal chemistry, mainly as antitumor agents.>* The
common synthetic approach is to combine an alkene with a
nitrene fragment such as PhI=NTs (Ts = tosylate) or
chloramine-T with the disadvantage of the necessary tosyl
group removal before the desired final substituent is
transferred.>*** A promising alternative is the catalytic
conversion of alkenes with organic azides exhibiting high
functional group tolerance and further improving the atom
economy of these reactions.”> In recent decades, various
aziridination catalysts have been developed, usually
containing rather toxic metals whose applicability is limited
to a narrow range of substrates.>”*¢7*

The group of Jenkins studied the use of chromium and
iron complexes supported by NHC ligands as catalysts in
aziridination reactions of alkenes (e.g. 1-decene, 9-decenol,
4-pentenol or N-allylaniline) with organic azides (e.g. p-tolyl
azide, 3-azidophenol or 1-azidooctane).**™** In 2011, the
group developed an equatorial plane forming macrocyclic
tetracarbene ligand supporting an iron(m) centre for the
aziridination of electron-donating and -withdrawing aryl
azides and substituted aliphatic alkenes (Scheme 1, 1).*° Due
to the insolubility of the catalyst in the reaction mixture at

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Aziridination of alkenes with organic azides catalysed by
iron and chromium NHC complexes.

room temperature, the complex can be easily recovered and
reused up to three additional times without a significant loss
in its catalytic performance. As indicated by the presence of
weakly coordinating axial acetonitrile ligands, which can be
easily exchanged in CD;CN solution, the diamagnetic
octahedral complex 1 exhibits accessible coordination sites,
necessary for catalytic reactions. The X-ray crystal structure of
1 shows an average Fe-C bond distance of 201 pm. At a
catalyst loading from 0.1 to 1 mol%, yields between 20 and
97% are achieved at 70-90 °C within 18-160 h, depending on
the inserted alkene.*® The best catalytic results are obtained
in the conversion of cis-cyclooctene with an excess of p-tolyl
azide. Based on previous studies’ on the mechanism of
catalytic aziridinations, the potentially active species is
assumed to be an iron(wv) imide intermediate (Scheme 2).
Although the isolation of this particular iron imido species
was unsuccessful, its formation during the aziridination
reaction of 1-azido-4-(trifluoromethyl)-benzene is indicated by
electrospray ionization mass spectrometry (ESI-MS) data.*”
Insights into the mechanism of 1 as a catalyst has been
provided by a subsequent publication in 2014 by Jenkins
et al. highlighting the synthesis and characterization of the
corresponding iron(iv) tetrazene complex.”® Reacting two
equivalents of organic azide with 1 results in the formation
of iron tetrazene 5 (Scheme 2). Single crystal X-ray
crystallography (SC-XRD) data show the complex in an
unusual trigonal prismatic geometry with binding of the
tetrazene in a dianionic mode. The Fe-C bond length in 5 of
198 pm (error range of 0.3 pm) is slightly shorter than that in
1. However, the axial coordination site is accessible due to
the NHC ligand occupying the cis position. Reaction with
cis-cyclooctene leads to the formation of the initial iron NHC
complex 1, by releasing the corresponding aziridine. Thermal
decomposition also yields compound 1. Combining
density-functional ~ theory  (DFT)  calculations  with
experimental results identifies iron imide intermediate
formation as the first catalytic key step. This step proceeds
via an a-bound azide with subsequent direct loss of N,
(Scheme 2).** Formation of the aziridine from the iron imide
is the second key step. The addition of alkene to imide is
considered to be the rate determining step via an open chain
radical pathway causing loss in stereo chemical information,
which would explain the generation of both syn- and
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anti-aziridines of cis- and trans-isomers.*> Tetrazene and

aziridine formation are in direct competition. Increasing the
steric bulk of the organic azide causes a reversal of the
relative stability of the product aziridine and metal tetrazene,
which strongly favours the formation of aziridine, explaining
why no tetrazene is formed with mesityl azide and no alkene
excess is necessary.*

In 2013 the group of Jenkins designed a comparable
macrocycle with an increase in its o-donor strength by
additional inserted borate bridges between the imidazoles.*®
The corresponding iron(i) complex 2 (Scheme 1) is capable
of catalysing inter- and intramolecular alkene aziridination,
achieving higher yields with defined stereoselectivity
compared to previously reported catalysts.***” The complex
is tolerant towards a variety of functional groups on both
alkenes and azides, resulting in a broad range of linear and
cyclic aziridination products with yields between 30 and 95%
and low catalyst loading (0.1-10%) at 90 °C within 18 h.*?
Expecting an octahedral structure, common for tetracarbene
iron(m) complexes,®> X-ray crystallography of 2 shows an
unusual square planar geometry with an Fe-C bond distance
of 199 pm, equal to the average Fe-C distance of iron-NHC
complexes in the Cambridge Structural Database.”® Due to
paramagnetism, even in polar solvents, suggesting the
retention of the square-planar mode, associated with an
electron-deficient complex, 2 has easily accessible sites to
bind apical ligands. The fact that weaker nitrene sources,
such as alkyl azides, undergo aziridination and higher yields
are obtained with aryl azides with 2 as a catalyst is consistent
with the proposed catalytic cycle (Scheme 2). The energy
required for the first step, the formation of iron(wv) imide, is
probably lowered by the increased electron density caused by
the borate based macrocycle.*” In the solid state, complex 1
is air stable,® whereas 2 is very air and moisture sensitive.*

On the basis of the same NHC ligand system as in
compound 2, Jenkins et al’® and Lu et al®® studied the
catalytic capability of the corresponding chromium(n)
tetra(NHC) complex 3 (Scheme 1). The paramagnetic complex
exhibits a square planar structure and is extremely sensitive
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towards oxygen and traces of water.”” The high electronic
unsaturation and the low valent state of 3 lead to a high
activity towards oxidative group transfer reactions. In contrast
to previously discussed iron complexes, conversion with
mesityl azide or adamantyl azide yields stable and isolable
bent square pyramidal chromium(iv) imido species 6a and 6b
(Scheme 3). The paramagnetic complex 6a is active in the
nitrene group transfer with 1-decene and exhibits with 170
pm an exceptional long Cr(iv)-imido bond. 1-Mesityl-2-
octylaziridine is generated at 75 °C within 18 h in 86% yield.
Experiments on direct catalytic aziridination with 3
investigated at 75 ©°C were
Unfortunately, the initial complex is susceptible to thermal
degeneration. The reaction with less sterically bulky azides
like tolyl azide gives dianionic chromium(iv) tetrazene 7a in
which the NHC ligand is in a slightly distorted trigonal
prismatic fashion (Scheme 3). In contrast to the situation
observed for iron(v) tetrazene 5, the ethylene bridges are in
the same plane as the metal center. Investigations on the
challenging alkyl azide activation lead to the formation of
metallotetrazene 7b, an analogue of compound 7a, but with a

however unsuccessful.
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Scheme 3 Reaction of the chromium(i) tetracarbene complex with
stereo chemical bulky azides to form chromium(iv) imido species and
with less sterically bulky azides to form chromium(v) tetrazene
species.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2cy00127f

Published on 17 February 2022. Downloaded by Technical University of Munich on 8/27/2024 3:53:05 PM.

Catalysis Science & Technology

slightly higher distortion in the ligand geometry (Scheme 3).
Due to the potential metal accessibility and the comparability
to iron, analogous chromium(wv) tetrazene complexes are
promising candidates for oxidative nitrene transfer reactions
with alkenes.*’

In 2018 the first group six metal aziridination catalyst has
been described to be a tetracarbene chromium(m) complex.*!
Pioneered by the catalytic activity of iron NHC compound 1, an
octahedral chromium(m) complex was designed based on the
same imidazole macrocycle with additional chloride ligands in
axial positions (Scheme 1, 4).>> In contrast to the initial iron
catalyst, 4 is effective for aziridination at low alkene loadings. At
2 mol% catalyst loading, the reaction of decene and p-tolyl azide
in a 1:1 ratio gives the aziridine in 26% yield. An excess of
alkene to a 3:1 ratio increases the product yield to 67%,
whereas the use of iron catalyst 1 under the same conditions is
ineffective. In comparison to the behaviour in polar solvents, 4
shows no catalytic activity in non-polar solvents.** As a variety
of aziridine containing natural products include protic
functional groups® and the initial iron complex is unable to
catalyse such substrates, 4 was further evaluated. Chromium(m)
tetracarbene is capable of inducing aziridination with protic
functional groups such as alcohols or amines on both the
alkene and the azide. However, conversions with short chain
alcohols lead to alkene amination, either caused by nucleophilic
intramolecular ring opening through the hydroxyl group and
subsequent proton shift with 4, or by forming a carboradical
intermediate from the aziridine via an attack of the alcohol.
Short chain alkenes with a terminal aryl alcohol give either an
aziridine or an amine, depending on the hydroxyl position. Para
arrangement yields the aziridine, while the ortho position leads
to the amine. With carboxylic acids (e.g. 9-decenoic) the reaction
was not possible. Mechanistic insights into the catalytic cycle of
4 are based on additional DFT calculations (Scheme 4).*' While
iron complex 1 is able to exchange its labile acetonitrile ligands
rapidly,®® chromium(m) catalyst 4 needs to release a chloride to
generate an open site, which apparently occurs in polar
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Scheme 4 Proposed mechanistic insights in aziridination of alkenes
with tolyl azide catalysed by tetracarbene chromium(in) complex 4.
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solvents. The subsequent reaction with an azide to chromium(v)
imide intermediate in which only one chloride is removed is
highly favourable. According to DFT calculations and in
agreement with experimental observations, a reaction with a
second azide to form a metallotetrazene is disfavoured by the
trans chloride ligand on 4a solely. Consequently, direct
formation of the aziridine from chromium(v) imido with alkene
is more favourable. These theoretical results would explain why
4 is active at low azide loading. Probably the increased activity is
due to two features. On the one hand, the tetra NHC ligand
system is a strong o-donor; on the other hand, ligands in the
trans position to the imide promote the reactivity with alkenes.
Furthermore, 4 is considered to be the most effective catalyst
for aliphatic alkenes at low loading up to date.*!

Di- and tri-nuclear copper(i) complexes 8 and 9, bearing bis-
or trissNHC moieties, have been applied in catalytic nitrene
transfer reactions from PhI=NTs with styrene (Scheme 5).
Under optimal reaction conditions (2 mol% catalyst, 50 °C,
styrene:nitrene = 30:1) yields up to 95% aziridine in
acetonitrile with molecular sieve are obtained after 17 h. Di-
nuclear copper complexes are more active than tri-nuclear Cu(i)
NHCs. 8b was found to be active for a series of substituted
styrene substrates, however with moderate to low yields.
Changing to room temperature, or replacing PhI=NTs with
chloramine T led to a decrease in the aziridination yield. The
presence of water was found to be highly detrimental in this
case, as the reaction yield improved strongly upon the addition
of molecular sieves.””

In summary, the iron, chromium and copper NHC catalysts
described above are active in the aziridination of alkenes with
good to excellent yields and low catalyst loadings. Stabilization
of the metal centre with macrocyclic tetra NHCs allows the
aziridination of a variety of substituted aliphatic alkenes with
diverse aromatic and aliphatic azide sources with and without
functional groups at high temperatures. Di- and tri-nuclear
copper NHC complexes require alkene aziridination with a tosyl
containing nitrene fragment, which has to be removed for
further processing of the product. However, the Cu(i) complexes
are active even at moderate temperatures.

L
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Scheme 5 Styrene aziridination catalysed by copper() NHC
complexes (NTs = nitrene tosylate).
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Catalytic alkene epoxidation has evoked great interest in the
chemical industry and academia since epoxides are of high
importance for the production of bulk and fine chemicals.’®>’
Ethylene oxide and propylene oxide are key intermediates and
therefore among the most produced chemicals in industry as
they are in high demand especially for polymer synthesis.*
Epoxidation reactions have been investigated in academia for
decades without using a catalyst, with peroxocarbonic acids
being applied as stoichiometric epoxidation agents with the
disadvantage of being rather unselective and quite “aggressive”
reagents.’®>  Heterogeneous epoxidation catalysts are
industrially used for the conversion of simple bulk alkenes,
particularly silver based systems for the epoxidation of ethylene.
Such systems are generally very substrate specific and have little
or no tolerance to functional groups.”> Homogeneous catalysts
are often employed to overcome such challenges for speciality
chemicals, by offering both high selectivity and activity.**°®
However, most homogeneous epoxidation catalysts rely on
scarce (ie. expensive) and/or toxic transition metals such as
rhenium, tungsten and molybdenum (the latter metal being for
example applied in the Arco-Halcon process for propene
epoxidation).”® Consequently, considerable efforts have been
made to develop suitable catalysts based on cheaper, more
abundant and non-toxic metals for selective epoxidations. In
particular iron as the most abundant transition metal in earth's
crust proved to be a promising candidate for several catalytic
applications, among them alkene epoxidation.'®*®®” Inspired
by biological systems, such catalysts have been designed with a
variety of iron stabilizing ligands.>**® Predominantly octahedral
iron(n) complexes bearing tetradentate N-donors, like amines,
pyridines and pyrroles, were developed, where two labile ligands
coordinated to the metal centre are orientated cis or trans to
each other, mimicking the active site of oxidation catalysing
enzymes.”***”"  Hypochlorides,”” periodates,” molecular
oxygen’* and peroxides'****” are applied as oxidants for these
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reactions. Hydrogen peroxide is most commonly used, due to
its atom efficiency and the fact that water is formed as the sole
by-product in the oxidation process.>*”® Cis-Cyclooctene is most
widely applied as a model substrate for epoxidations in the
scientific literature.

Inspired by their structural heme analogy, iron NHC
complexes are utilized by applying these compounds in catalytic
alkene epoxidation reactions (Scheme 6).°”7°7% Displaying
particularly high activity, some iron NHC catalysts exceed the
activity of the organometallic “standard” oxidation catalyst
methyltrioxorhenium (MTO) significantly.®”””° This latter
compound has been very well examined as an epoxidation
catalyst since the late 1980s and is sometimes considered as the
“benchmark catalyst” for alkene epoxidations in academia with
TOFs up to 40000 h™.* Even the most active molybdenum
complexes (usually employing organo hydroperoxides as
oxidants, however) with TOFs up to 53000 h™" are clearly
outperformed by several more recently described iron based
catalysts, which are described in detail in the following
paragraphs.®" The first iron NHC complex to be examined in an
epoxidation reaction coordinates an acyclic tetradentate di(o-
imidazol-2-ylidenepyridine)methane ligand via its two carbene
carbon atoms and two pyridine N-donors (Scheme 6, 10a).”%%
The NHC system exhibits an equatorial plane geometry around
the metal centre by leaving the remaining axial positions as
accessible coordination sites. Although iron-carbon bonds are
thermodynamically labile compared to iron-oxo bonds, complex
10a is nevertheless stable towards air and water due to the
chelating and stabilising iron-NHC bonds. 10a shows
remarkable selectivity (>99%) towards cyclooctene epoxide with
hydrogen peroxide as the oxidant in high yields with the
benchmark substrate cis-cyclooctene. A conversion of 92%
within a reaction time of only 5 min at 2 mol% catalyst loading
without the need for additives underlines its high activity. TOFs
up to ca. 2600 h™ are achieved with a high selectivity for a
broad range of alkenes. However, catalyst deactivation occurs
under oxidative conditions. Higher concentrations of the
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Scheme 6 Epoxidation of alkenes with hydrogen peroxide catalysed by open chain and macrocyclic tetradentate iron NHC complexes.
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oxidizing agent lead to a decrease in the alkene conversion,
suggesting a partial catalyst deactivation. Two competing
influences were found to be present. The reaction rate decreases
with decreasing reaction temperature, while the -catalyst
becomes significantly more stable at reduced temperatures.”®
Finding the active species of nonheme iron complexes has
been a major target of investigations in the past decades by
several groups. Two possible catalytic pathways in the oxidation
pathway with synthetically generated iron catalysts, bearing
tetradentate nitrogen donors, are discussed in the literature. It
has to be emphasized that mechanistic studies have - so far -
not been executed with complexes containing iron carbene
bonds. Mechanisms via high valent iron oxo compounds® are
in competition with the undesired radical based Fenton-
type®*®* pathway. The hypothesis of adverse non-selective
Fenton-type mechanisms occurring via long-lived radicals has
to be seen in this context. The decomposition of hydrogen
peroxide at iron(m) or (m) leads to highly reactive hydroxyl
radicals, which immediately undergo several radical-based
reactions in the presence of organic substrates. Additional auto-
oxidative reactions of the radicals with dioxygen generate equal
amounts of alcohols and ketones.** The second (and desired)
pathway is proposed to be similar to the catalytic cycle for the
active site of cytochrome P450 oxidase.®® Despite comprehensive
studies, the mechanism of non-heme iron complexes is still not
examined in all necessary detail. Nevertheless, Scheme 7
presents pathways that are currently accepted by the scientific
community working on organometallic iron oxidation catalysis.
To generate the active species, the initial formation of an
iron(m) hydroperoxo intermediate with oxidants like hydrogen
peroxide appears to be necessary, after single electron oxidation
of the iron(n) catalyst precursor.>*”" An in situ generated Fe(m)-
OOH intermediate undergoes homolytic or heterolytic O-O
bond cleavage, which is regarded as the rate determining step
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(r.d.s.) for the formation of the active species, which is either an
iron(v) or (v) oxo intermediate. This step has been verified by
Que et al. by a SC-XRD characterization of [Fe(iv)(O)(TMC)
(NCCH3)** (TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetrade-cane).’®  Heterolytic cleavage can be
accelerated by water, Brensted acids or Lewis acids. The
transition state in the water assisted pathway (w.a.p.) affords
complexes with cis labile coordination sites due to the
coordination of water proximally to the hydroperoxo
intermediate.,”® whereas the latter two assistance pathways
(Brensted and Lewis acid a.p.) also allow for labile coordination
sites in the trans position.*” Binding water forms cis-Fe'"(OOH)
(OH,) as a five membered cyclic transition state. Electrophilic
attack on alkenes by the resulting high valent cis-iron(v) oxo
compound leads to epoxide formation. Here, the oxygen is
derived either from the bound water molecule or from the
initial hydrogen peroxide, possibly by the rapid oxo-hydroxo
tautomerization of the intermediate.**”"”* Alternatively, cis
orientated labile ligands cause the formation of cis-diols.
Cis-Dihydroxylation of the alkene occurs when the iron(v)
hydroxo ligand coordinates to the substrate, resulting in the
creation of an intermediate in which the oxygen of the hydroxo
group additionally coordinates to the alkene.**®%°
Dihydroxylation is not observed with trans labile ligands on
tetradentate iron complexes.® In general, the formation of
iron(u) hydroperoxo intermediates can be detected using UV/
Vis spectroscopy, due to their characteristic absorption band
corresponding to an intensive purple colour. Variable-
temperature mass spectroscopy supports the existence of the
proposed iron(v) species.®® In this context, Mossbauer
spectroscopy can be applied to determine the oxidation states
of iron intermediates in the catalytic mechanism, based on
recoilless emission and resonant absorption of gamma
radiation by atomic nuclei.*’
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transition states for assistance pathways (X = labile ligand). Acceleration of the r.d.s. heterolytic O-O bond cleavage is possible by water, Brensted
acid or Lewis acid (LA) assistance. Catalysts with trans labile coordination sites follow the same pathway without the possibility of water assistance.
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A remarkable increase of the reactivity toward epoxidation
on complexes with labile ligands in a cis fashion can be
achieved by the addition of acetic acid. The acid binds to
Fe"'-OOH in the same way as water and generates the
catalytically active Fe¥(O)(OAc) intermediate, which is highly
electrophilic and epoxide selective.”® However, hydrogen
peroxide decomposition via the Fenton-type mechanism
always occurs parallel to the mechanism via high valent iron
oxo intermediates. Moreover, homolytic O-O bond cleavage
produces hydroxyl radicals, which can also enter a radical
chain reaction, lowering the selectivity.** Consequently, the
key is to prevent such decomposition processes by optimizing
the electronic structure of iron precursors with the design of
the ligand system and additionally balancing the reaction
conditions for the catalytic conversion.®”

Significantly higher epoxide yields are obtained by
replacing the stabilizing ligand system of 10a with a
macrocyclic tetra NHC.®” Comparable to 10a iron(i) complex
11a exhibits an octahedral coordination geometry with two
acetonitrile ligands in axial positions (Scheme 6).°" Under
standard conditions applied for catalytic investigations with
10a (2 mol% catalyst, 5 min, 25 °C) in the case of 11a epoxide
yields of 100% with a high selectivity (>99%) are achieved
using hydrogen peroxide and cis-cyclooctene. The TOF for
complex 11a (ca. 50000 h™") demonstrates its high
reactivity.®” Since iron(u) hydroperoxo species are considered
intermediates in the formation of the oxidation catalytically
active species, an iron(m) analogue to complex 1la was
synthesized via a one electron oxidation of 11a. Regarding
the catalytic behaviour of macrocyclic tetracarbene iron(i)
complex 11b (Scheme 6), some unique differences emerge.
The TOF almost quadruples to a value of 184000 h™". The
difference in catalytic performance supports the thesis of
high valent oxo intermediates as active species. The required
in situ formation of an iron(m) intermediate from the initial
iron(ii) complex 11a by one electron oxidation in the catalytic
cycle may lead to the formation of radicals via a Fenton type
mechanism, thus lowering the selectivity. In the case of
complex 11b as a starting material, direct conversion to a
high valent, active oxo intermediate without a primary
oxidation step in an induction period is possible during
catalytic conversion. The remarkable activity of 11b allows
the epoxidation of various cyclic and acyclic alkyl and aryl
alkenes with yields between 36 and 93% with high
selectivities.®”

The addition of strong Lewis acids considerably improves
the catalytic performance of 11a. By using Sc(OTf);, Ce(OTf),
or the even more beneficial Fe(ClO,);-H,O as a supporting
additive, the TOFs again more than double to reach 410000
h™. Such high values are achieved due to the facilitated
heterolytic O-O bond cleavage of the initially formed iron(m)
hydroperoxo species.”® Furthermore, possible reactivation of
u,-oxodiiron(m) Fe™-O-Fe™ species, which are considered as
“dead-end” compounds discussed in relation to iron catalyst
deactivation pathways under oxidative conditions, is proven,
increasing also the TON by a factor of 2.5 from 480 to 1200

4946 | Catal Sci. Technol, 2022, 12, 4940-4961

View Article Online

Catalysis Science & Technology
(0.05 mol% catalyst loading, 20 °C).”*?>* UvV-vis
experiments show that isolable complex 12 (Scheme 6) and
11a form the same active catalyst 11b, using scandium
triflate as an additive. Employing Sc(OTf); in the catalytic
epoxidation reaction with 11b does not lead to a rise in
activity or stability. Corresponding UV-vis experiments show
no significant changes. Depending on these observations, the
in situ oxidation of iron(u) complexes to the active iron(u)
analogue must proceed instantaneously upon the start of the
reaction.”’

By tuning the electronic properties of 11, two macrocyclic
ligand motifs are introduced varying in their NHC backbone
modification. The corresponding iron(u) or () complexes 13
with methyl substituted imidazole backbones and 14 with
benzimidazolylidenes (Scheme 6) are employed due to their
catalytic alkene epoxidation activity. Hereby, complex 14b
shows remarkable stability for an iron complex under
oxidative conditions with a TON of 1000 at 20 °C and high
tolerance towards functionalized alkenes and temperatures
(up to 80 °C). In comparison to 11, the ligand in 14 exhibits
lower electron-donating properties due to its aromatic ring
system, whereas the ligand system in 13 exhibits higher
electron-donating properties due to the +I effect of the
methyl groups. Even if complex 14 is more stable than the
benchmark system 11, the activity with a TOF of 11000 h™ is
comparatively low, requiring the application of Sc(OTf);,,
However, contrary to expectations, 13a and 13b display a
significant decrease of catalytic performance due to an
inherently low stability, even at low temperatures. In contrast
to the non-substituted ligand scaffold, the ligands in 13 and
14 additionally exhibit strong n-back bonding capabilities.
Even if the methyl groups in 13 seem to induce stronger
o-donor properties than 11 and especially 14, this +I effect
probably competes with additional n-back bonding. This
aspect correlates to the lower catalytic activity of 13b.”®

Besides the modification of the NHC system in 11, axial
MeCN ligands of highly active catalyst 11a and 11b can be
substituted with ligands bearing less activated C-H bonds,
such as ‘BuCN and PhCN. The obtained complexes exhibit
significantly more stable axial ligands against C-H oxidation,
as demonstrated by UV/vis kinetics, by depicting similar
electrochemical properties. These complexes may have the
potential to be more robust against oxidative degeneration
during the catalytic reaction, by enhancing the stability
against oxidation of the axial ligand, which is in competition
with substrate oxidation.”” In this context, the catalytic
performance of iron(u) complexes 11¢ and 11d substituted by
trans axially mono- and bis-CN‘Bu ligands has been
investigated (Scheme 6).°® The catalytic activity was expected
to be between that of Fe(n) NCCN complex 10a and Fe(u)
macrocyclic NHC complex 11a with labile MeCN ligands.””%®
However, both complexes exhibit comparatively low
epoxidation activities due to the m-accepting character of “
BuCN. The strongly electron-donating NHC framework makes
dissociation of an isocyanide ligand difficult, which is in
correlation with the catalytic results. The use of Sc(OTf); is
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essential to activate the compounds. 11lc possesses one
accessible coordination site, while both trans positions in
11d are occupied. Consequently, 11c is a more efficient
catalyst precursor than 11d. Increasing the temperature to 40
and 60 °C increases the catalyst activity. 11c reaches TOFs up
to ca. 26000 h™" and 11d ca. 4000 h™", while TONs stay low,
but largely temperature independent (330 for 11c and 150 for
11d), proving high temperature tolerance.”® Additional
modifications of the NHC scaffold may be required to achieve
higher activities with comparable stability.

In 2020 the first iron(u) NHC complexes (15a and 15b)
with only cis labile coordination sites were reported and
applied in alkene epoxidation (Scheme 6). These compounds
bear acyclic mixed tetradentate NHC/1,2,3-triazole ligands. In
acetonitrile, an  equilibrium of the sawhorse-type
coordination with cis-o. arranged acetonitrile ligands and a
C,-symmetric species with cis-f orientated labile acetonitrile
ligands can be observed by 'H- and "*C-NMR spectroscopy.
An equatorial geometry of the ligand system could not be
verified, probably due to the steric bulk of the substituents
(Dipp or Bn) on the triazoles, acting as N-donors.”” As
mentioned before, catalytic systems affording cis labile
coordination sites are more active in oxidation catalysis due
to the water or Brensted acid assistance in the catalytic
cycle.”® Initial assignments of the catalytic performance of
15a and 15b reveals only low activity by the catalysts
themselves. Meanwhile the introduction of acidic additives
such as HOAc (1.0 eq., 20 °C) leads to high selectivity (97%)
and activity and TOFs up to 76000 h™ (0.1 mol% catalyst
loading), which is the highest value reported so far for an
acyclic iron(m) catalyst precursor.”” Applying HOAc in the
catalytic performance of 11a and 11b affording t¢rans labile
coordination sites does not improve their activity, which
supports the proposed catalytic pathway.” In contrast to
iron(u/ur) macrocyclic and N, CCN,,, complexes, 15a and 15b
reveal functional group tolerance (Cl, OH) with high
selectivity. Since complex 15b displays a comparable TON of
200, the stability still has to be improved significantly to be
applicable not only in academia.””

In conclusion iron(u/m) macrocyclic tetra NHC complex 11
with trans labile MeCN ligands is currently the most active
non-heme iron epoxidation catalyst. The reaction setup
allows mild conditions with H,0, being the oxidant.
However, the catalyst stability is low and has to be improved
considerably in order to obtain a compound of industrial
interest or value. Different degeneration pathways are
described in the published literature for non-heme iron
catalysts supported by N-donating ligand motifs. Besides the
formation of a p,-oxo bridged Fe'"-O-Fe'"" dimer, methylene
bridge C-H oxidation is described.'*'*" For NHC supported
iron catalysts, irreversible ligand protonation at the carbene
C-donors with subsequent dissociation and/or oxidation of
the ligand could be possible."® As mentioned before,
degeneration over the Fe™-O-Fe™ dimer can be excluded
due to the regeneration with Lewis acids. Methylene bridged
oxidation can also be ruled out by ESI-MS analysis and
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Scheme 8 Decomposition pathway of iron NHC catalyst 11b under
oxidative conditions.

comparative catalytic epoxidation experiments by employing
an analogue of 11b with deuterated methylene bridges, where
no distinet differences in performance are observed.
Furthermore, ESI-MS and experimental results exclude
complete ligand protonation with and without subsequent
oxidation at any of the imidazolium C-H positions. The
addition of an H' scavenging base to a catalytic epoxidation
reaction to 11b resulted in no improvement in the stability of
the catalyst. Detailed HR-ESI-MS and 'H-NMR spectroscopy
studies have demonstrated that direct oxidation of a carbene
C-position followed by dissociation of the ligand from the Fe
centre, which induces protonation of the other NHC
moieties, proves to be the most important route of catalyst
degradation (Scheme 8). By HR-ESI-MS, an intermediate
degradation species consisting of a mono-oxidized ligand still
coordinating to an Fe(m) centre was found and correlates
with DFT calculations."**

Oxidation of alkanes and aromatics
Hydroxylation

The selective oxidation of inert C-H bonds of aliphatic and
aromatic hydrocarbons is among the most challenging
reactions in current catalysis.’>'** The direct formation of
C-H bonds plays a crucial role in the eco-friendly production
of fine chemicals and pharmaceuticals.'® Energy-intensive
cracking and thermal hydrogenation are the major processes
in industry for the direct conversion of alkanes into more
valuable products. Natural gas with methane as the main
component is one of the most important primary energy
sources in the world. The synthetic access of methanol from
methane, which allows the synthesis of a broad range of
organic intermediates including formic acid and acetic acid
via steam reforming, is well established, but requires a
multistep process with temperatures above 230 °C. A more
efficient conversion would lead to an enormous energy
consumption reduction.'®'°® Unfortunately, the cleavage of
C-H bonds requires drastic conditions, due to the high C-H
bond dissociation energy, lowering the selectivity or
necessitating highly active catalyst systems.'*>'%® In the case
of aromatic compounds, the bond strength is even higher
and phenolic products are commonly more reactive resulting
in over-oxidation. Even phenol, being among the simplest
hydroxyl-arenes with a million-ton scale production per year,
is currently synthesized via a multi-step process with acetone
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Scheme 9 Hydroxylation of alkanes and aromatics with hydrogen peroxide catalysed by iron, copper, cobalt and nickel NHC complexes.

as an equimolar by-broduct.'”” The transformation under

mild conditions is still one of the “dream reactions” in the
chemical industry. In this context, homogeneous catalysts are
beacons of hope as their active sites can be tuned comparably
easily.’®® Introducing NHC transition metal complexes might
help to overcome these challenges and offer high selectivity.
Herrmann et al. applied a palladium(n) bis-NHC complex,
which shows catalytic activity in the oxidation of methane,
and Sarkar et al. described the catalytic activity of abnormal
iridium 1,2,3-triazol-5-ylidene complexes in C-H oxidation of
alkanes.'”

Our group recently reported a tetradentate NHC ligand
stabilizing iron(u) as a promising and very active catalyst in the
oxidation of arenes and alkanes."'°™"* The exploitation of this
complex 10a (Scheme 9) described before as active in the
oxidation of alkenes was inspired by the oxidative catalytic
capability of cytochrome P450.%° As described above for the
catalytic alkene epoxidation cycle, the C-H bond activation
mechanism proceeds via high valent iron oxo compounds
(Scheme 10).>* This mechanism, however, is again in
competition ~ with  undesired Fenton-type  pathways.
Investigations on the catalytic oxidation of benzene and
toluene (Scheme 11A and B) with 10a gave insights into the
mechanism."®'** Three possible reaction pathways had been
considered, either an electrophilic attack on a tetrahedral iron-
arene c-complex intermediate, an aromatic oxidation process
via an arene oxide species or a H-atom abstraction followed by
hydroxyl group transfer (rebound) (Scheme 10)."**'"* Which
pathway dominates depends on several factors, the oxidation
state of iron, which defines the character of the active species,
the spin state and the first coordination sphere depending on
the ligand environment."'*"® Theoretical and experimental
investigations favour an electrophilic attack of the active iron
oxo species on the n-system of the arene. To elucidate the
reaction pathway, the kinetic isotope effect (KIE) was taken into
account. A low intramolecular KIE of 0.9 through competition
experiments between perdeuterated and protic benzene is in
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accordance with an electrophilic attack. High KIE values would
indicate an H-atom abstraction due to the different bond
energies of deuterated or protic educts.”® The presence of
radical scavengers does not significantly affect the reaction
outcome, suggesting that a Fenton-type reaction does not
occur. Additionally, a hydrogen abstraction pathway for the
catalytic oxidation of benzene to phenol and 1,4-benzoquinone
by 10/H,O, can be ruled out, which is also supported by
additional KIE measurements at 20 °C (inverse KIE of 0.8).”°
Intramolecular migration reactions with 1,3,5-[D;]benzene as
the test substrate were examined to investigate if a migration
of substituents (so-called “NIH-shift reaction”) takes place,
which was reported for iron containing enzymes as well as iron
(non-)heme complexes. The fact that not exclusively 2,6-[D,]-

OH
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L,l:eu \ Lll-'e”' LLle‘V
| |
X X X
—FeL —FeL
electrophilic @ :
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Scheme 10 Mechanistic insights into the oxidative hydroxylation of
benzene by iron NHC complexes with axial labile ligands (X), with L
being the supporting ligand.
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Scheme 11 Oxidative hydroxylation of different model substrates (A:
benzene, B: toluene, C: cyclohexane, D: p-xylene) with iron NHC
complex 10a and its derivatives 10b and 10c.

1,4-benzoquinone is formed strongly suggests an NIH shift.”®
DFT calculations” and experiments with toluene as the
substrate'’® support the hypothesis of a high valent Fe'™V=0
intermediate as the active species and assume a pathway most
likely via the iron-arene c-complex intermediate (Scheme 10).
The high selectivity of 78% towards ring oxidation clearly
indicates an electrophilic mechanism, while aliphatic oxidation
with a selectivity of 17% is less likely, as would be the case for
H-atom abstraction or radical reaction by Fenton type
reactions.""’

Complex 10a oxidizes benzene and toluene to phenols and
cresols with high ortho/para selectivity. A catalyst loading of 1
mol% in acetonitrile at 25 °C with hydrogen peroxide as the
oxidant has been used.’ Under these conditions, a
conversion of 7.4% for benzene with a selectivity toward
phenol formation of 94% can be achieved, which is in the
range of the best catalytic systems in the homogeneous
phase.’' > 118 pyurthermore, complex 10a is the most
efficient homogeneous catalyst for aromatic hydroxylation of
toluene at the time. High catalyst concentration increases the
conversion and vice versa, indicating a catalyst deactivation
over time. As oxidation of the substrate becomes less likely at
lower concentrations, the decay of a potentially short-lived
intermediate may cause catalyst deactivation. High excess of
H,0, decreases the selectivity substantially. High selectivities
are obtained at low temperatures down to 0 °C.""*°

Complex 10a and its modifications were also applied in
the C-H oxidation of cyclohexane (Scheme 11C),""" which is
well established as a model substrate in homogeneous
catalysed oxidation of light hydrocarbons®*'**'*° due to its
comparable bond strength®®" to methane.'** To overcome the
disadvantages of high ketone formation, described by the
alcohol to ketone ratio (A/K) and a low catalyst stability —
indicated by the turnover number - 10a is additionally
modified in its axial ligands. In complexes 10b and 10c, one
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acetonitrile ligand is replaced by trimethylphosphine®® and
tert-butyl isocyanide,""" respectively (Scheme 9). PMe;, as a
strong o-donor as well as CN'Bu as a strong m-acceptor
exhibits a much stronger interaction with the iron centre
than acetonitrile. In acetonitrile solution, therefore, no
exchange with MeCN can be observed once the phosphine or
the cyanide is coordinated.’"***'>4 All three complexes are
capable of oxidizing cyclohexane under ambient conditions
with high alcohol selectivity (A/K ratios up to 26) and good
stabilities (TON up to 43). Cyclohexanol, cyclohexanone and
cyclohexyl  hydroperoxide are the main oxidation
products,*"?%12> whereby the latter can be converted
quantitatively to  cyclohexanol by reduction with
triphenylphosphine.'**"**¢*2” The experimental data support
a metal centred mechanism with rather low Fenton reactivity.
The amount of H,0,, which is used as the oxidant, clearly
influences the catalytic reaction. The best stabilities are
obtained with 2 eq. for 10a and 10b and 3 eq. for 10c. Using
2 eq. H,O, leads to the highest A/K ratios. Irreversible
substitution and the nature of one of the axial ligands lead to
a higher stability of the catalyst towards hydrogen peroxide.
The axial isonitrile ligand slightly improves the TON (from 32
turnovers for 10a and 39 turnovers for 10b to 43 turnovers for
10c).""" The groups of Que (A/K = 19)"*® and Costas (A/K =
12)"?° gave examples of catalysts with good selectivity and Di
Stefano™*® and Costas’®® provided comparatively stable
catalysts (TON = 64). However, selectivity and stability could
not be optimized at the same time. Selectivity increases
consistently with lower relative catalyst concentration.
Turnover frequencies decrease from 47 h™" for 10a to 8 h™
for 10b and to 4 h™* for 10c. In contrast to its derivatives, the
mono(iso-cyanide) complex shows an induction period of
approximately 1 h, due to the n-acceptor properties of CN‘Bu,
which disfavours the dissociation of the acetonitrile ligand in
the trans position. This effect can be overcome by higher
temperatures up to 50 °C due to the dissociation of the
acetonitrile ligand. In addition to cyclohexane, other
substrates were selectively oxidized (H-atom abstraction
product anthracene and the secondary alcohol oxidation
product from 2,3-DMB), attesting to the broad applicability of
the catalyst system as a C-H oxidation catalyst.'""

The oxidation of non-active arene substrates poses a
formidable challenge in reaction design. Complex 10a has been
proven to be a versatile catalyst for the oxidation of p-xylene and
pseudocumene with hydrogen peroxide and high selectivity for
aromatic C-H bonds in comparison to benzylic C-H bonds
(Scheme 11D). Remarkably low oxidation agent amounts and
catalyst loadings are required. The methyl shift (NIH shift)
reaction, which had been reported for the first time for Fe-
NHCs in this context, plays a major role in the catalytic
mechanism. Two different mechanistic pathways are
considered, including the formation of an iron-arene
c-intermediate or the formation of an arene oxide with a
subsequent isomerization (Scheme 11D).
2,5-Dimethylbenzoquinone is formed during the reaction as a
secondary product and 2,5-dimethylphenol is identified as an
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intermediate. Lowering the reaction temperature to -10 °C
further increases both the selectivity and catalyst lifetime.
Additionally, catalyst deactivation, caused by side reactions and
H,0, decomposition, is reduced. However, substrate conversion
and selectivity cannot be simultaneously optimized. The best
catalytic performance for the hydroxylation of p-xylene (13%
conversion and 85% selectivity) is obtained at —10 °C, 1 mol%
catalyst loading, 0.5 M substrate concentration, and low oxidant
concentration (0.25 eq.). The introduction of additives like acids
and bases does not affect the reaction outcome positively.'*>

Sheng et al described the catalytic activity of diiron
complexes for the direct hydroxylation of benzene to phenol
with hydrogen peroxide in correlation to the redox potential of
the catalysts. NHC supported diiron complexes bearing
2,3-butanthiol and terminal carbonyl ligands were investigated
as catalysts (Scheme 9, 16-18). X-ray crystallographic analysis
identifies the Fe,S, skeleton exhibiting a butterfly conformation
where each iron centre adopts a distorted square-pyramidal
coordination geometry. The ethane-bridged bis-NHC di-iron
complex 16 adopts a symmetrically chelated cisoidal basal/basal
coordination pattern, resulting in a distorted square pyramid
geometry. CV measurements show that 16 with a reduction
potential of —2.57 V displays the most negative potential among
the examined diiron complexes, caused by its bis-NHC ligand,
suggesting a strong influence on the catalytic activity. The redox
potential increases from complex 16 to 17a and 17b to 18.
However, due to the similarity of the electron density of
complexes 17a, 17b, and 18, the reduction potentials are very
similar under the applied CV conditions. Consequently,
insertion of the bidentate NHC ligand bridged with two Fe
atoms exerts a stronger influence on the redox potentials of the
diiron complexes versus the introduction of a monodentate
carbene. These findings are consistent with the catalytic activity
being the highest for 16 and the lowest for 18. Under optimised
experimental conditions (0.01 mmol catalyst loading, 0.1 mL
benzene, 2.0 mL MeCN, 6.0 mmol H,0,, 60 °C and 3 h) phenol
yields up to 27% are obtained."*' Mechanistic insights from
previous experimental and theoretical data suggest that an
active Fe'-(u-O)-Fe" intermediate is formed from an
electrophilic addition during the oxidation process with
hydrogen peroxide, capable of transferring an oxygen atom to
the substrate after a H-atom shift."**

Besides iron, cobalt is a 3d transition metal with high
potential of being active in catalytic oxidation reactions.
Cobalt(m) tris(1-methylimidazol-2-ylidene)phenylborate
([PhB(MeIm);] ) complexes 19 and 20 (Scheme 9) are capable of
oxidizing inert alkane C-H bonds.'** The tris(NHC)borates in
the compounds are wunique chelating ligands offering
cis-orientated vacant sites for binding reactants. Besides the
NHC stabilization, negatively charged borate creates
intramolecular charge separation which is capable of stabilizing
high valent metals.” 19 possesses a hexa-coordinated
heteroleptic structure with a less hindered i’-capping
[PhB(MeIm);] ligand and a bidentate acac ligand, as revealed
by X-ray crystallography. The sixth coordination site is occupied
by a 1-methylimidazole N-donor. 20 is a hexa-coordinated
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homoleptic pseudo-octahedral cobalt(m) complex supported by
two k*>-[PhB(MeIm);] ligands in a C; symmetric arrangement of
the trisqNHC)borates. The catalytic performance of both
complexes in the oxidation of cyclohexane was examined with
mCPBA as the oxidant due to previous studies with comparable
NHC free cobalt catalysts."**** Compared to the NHC free
cobalt catalysts Co"(acac),, complex 19 exhibits enhanced
selectivities towards alcohols at 25 °C (A/K = 8.7 and a TON of
540). 19 achieves an increased TOF of 1050 h™" at 35 °C. The
highest conversion (53%) is obtained after a short reaction time
of 30 min. At 25 °C, complex 20 is almost inactive (TOF = 20
h™), probably caused by the occupied coordination site from a
second [PhB(MeIm);]™ ligand. Raising the reaction temperature
to 35 °C increases the activity (A/K = 4.2, TON = 530), which
nevertheless is 50% lower than that of 19. UV-vis spectra under
catalytic conditions show a stable intermediate for 20, which is
formed at 25 °C and changes to another species when rising the
temperature up to 35 °C, supporting a difference in the catalytic
pathway of 19 and 20."**

Bala et al. introduced nickel(i) NHC complexes (Scheme 9,
21a-e), bearing straight chain alkyl wingtip substituents, in
the oxidative hydrogenation of cyclohexane and n-octane
applying tert-butyl hydroperoxide (TBHP) as the oxidant. The
nickel centre is symmetrically aligned within a square planar
coordination of trans-halides and trans-1,2,3-triazol-5-
ylidenes, as revealed by single crystal XRD. The difference in
the hydrophobic alkyl chain wingtip groups influences the
catalytic performance towards the product selectivity. As the
length of the substituent increases, the alcohol formation is
enhanced. CV measurements show that an increase in the
length of the alkyl substituents has a negligible influence on
the values of the oxidation, suggesting that any different
behaviour in catalysis is due to structural and geometric
changes rather than in electronic properties. Oxidation of
n-octane with catalysts 21a-e results in a substrate conversion
of up to 19% to a mixture of isomeric alcohols and ketones."*®
The maximal conversion of the oxidation of cyclohexane is
15% with a TON of 150 and high selectivity towards the
ketone, demonstrating higher activity, but lower or the same
TON as previously used nickel(u) catalysts without stabilizing
NHC ligands."**"*® Mechanistic considerations suggest a
mechanism via a Fenton-like pathway involving the reactive
Ni(u) species*® due to a reported Ni(u) alkylperoxo complex
generated in the presence of ‘BuOOH for the oxidation of
cyclohexane.”*® Addition of a radical scavenger to the reaction
increases the yield significantly."*® These considerations
would also be in accord with the high ketone selectivity
caused by the over oxidation of the alcohol by radical
involving reactions.

Copper(1) complexes bearing 1,2,3-triazol-5-ylidene ligands
(Scheme 9, 22a-d) were evaluated as in situ generated
catalysts for homogeneous oxidation of cyclohexane, toluene
and n-octane with H,0,. Due to the poor stability of these
complexes in solution, even under inert gas atmosphere
(complete decomposition after 24 h), the in situ technique
was adopted, by adding the NHC precursor and Cu,O
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separately to the reaction mixture. Aliphatic N-substituents
show higher catalytic activities than bulky aromatic wingtip
N-substituents in the oxidation of cyclohexane as a substrate.
Conversions of up to 39% with a A/K ratio of 1.7 are
achieved. The addition of acids is problematic, causing
catalyst decomposition. Radical scavengers suppress the
catalytic ~activity —suggesting a radical (Fenton-type)
mechanistic pathway."** A proposed mechanism involves the
oxidation of Cu()-NHC to Cu(u)-NHC with H,0, by
generating a hydroxyl radical, which subsequently activates
the substrate alkane via proton abstraction. The so-formed
highly activated alkyl radical further reacts with molecular
oxygen by forming an alkyl peroxyl radical, which may
undergo dismutation or reduction into alkyl hydroperoxide
yielding the alcohol and ketone, for the latter through
decomposition.*>*** Oxidation of toluene with 22c yielded a
mixture of benzaldehyde and benzyl alcohol as the main
products."*°

Amination

Functionalization of inert C-H alkane bonds by insertion of
nitrogen is an important and challenging area in the
pharmaceutical industry. For instance, alicyclic amines are
ubiquitous in natural and pharmaceutical molecules.'**
Examples for these medicinally important alkanoids are
nornicotine,'*® tropane, the basic framework for a variety of
medications,"** cis-octahydroindole, a potent inhibitor of the
blood coagulation cascade'® and leelamine, a potent anti-
melanoma agent.'*® Transition metal catalysed direct
amination of alkanes via C-H activation is receiving attention
for being able to overcome certain challenges such as
substrate limitation and undesired product regioselectivity.'*”

In this context and inspired by the catalytic efficiency of
noble metal based ruthenium(u) porphyrins,**® an iron(m)
porphyrin complex, bearing axial imidazole ligands, is
introduced (Scheme 12, 23). Compound 23 provides catalytic
access to a wide range of alicyclic amines via an
intramolecular ~ C(sp®)-H-amination of alkyl azides
(Scheme 12). Selective product formation of tertiary, benzylic,
allylic, secondary, and primary C-H bonds with yields up to
95% is afforded. Treatment of the substrates with 10 mol%
catalyst loading and 1 eq. Boc,O at 115 °C under inert
atmosphere results in conversions above 99% with good to
excellent product yields together with a remarkable
selectivity. Changing the conditions to microwave-assistance
at 140 °C and 50 W results in high tolerance towards oxygen
and moisture with comparable performance but ten times
faster reaction time and improved product yield. Additionally,
the recycling of the catalyst is possible up to three times
without a significant loss in its performance. Furthermore,
compound 23 is able to catalyse the synthesis of the Boc
protected precursors of tropane, cis-octahydroindole and
leelamine. Deprotection with TFA leads to the desired
products in good yields. Paramagnetic low spin Fe(ur)
complex 23 is stable towards air and moisture for several
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Scheme 12 Amination of alkanes catalysed by an iron NHC complex
and the proposed mechanistic pathway (Ar = 2,6-Cl,CgH3).

weeks due to the NHC occupation of the axial positions. To
gain insight into the reaction mechanism and the role of the
axial NHC ligands, the same complex was investigated,
bearing no axial ligands. Under such conditions, the product
yield decreases significantly from 95 to 8%. DFT calculations
for the complex with unoccupied axial positions show that
the coordination of Fe®* with alkyl azide appears to be
required by the abolition of heme coplanarity, with the iron
lying outside the porphyrin plane. Ligation with NHC already
breaks the conformation, minimizing the required
displacement upon adduct formation with alkyl azide.
Subsequently, the iron(ur)-alkylazide adduct tends to undergo
decomposition and cyclization. Mechanistic proposals
suggest a thermally driven initial dissociation of one NHC
ligand to give access to the metal centre (Scheme 12).
[Fe'(porphyrin)(NHC)]", which has been detected by ESI-MS
analysis, binds an alkyl azide to give [Fe™(porphyrin)(NHC)
(N3R)]" followed by azide decomposition and cyclization to
afford the cyclic amine. These findings reveal the vital role of
the NHC in the mechanism of C-H amination."*’

Nitrene insertion into C-H bonds is a highly attractive
synthetic strategy for the introduction of amino groups into
organic molecules. With this C-H bond amination method,
an amino group can ideally be incorporated into an organic
skeleton in one single step, avoiding lengthy multi-step
functional group conversions."*® Originating from previously
described molecular skeleton 8 in the aziridination of alkenes
(Scheme 5), the dinuclear copper(i) complex 8e supported by
bis-NHCs has also been applied in tosylamidation of alkanes
(Scheme 13). Caused by the solubility of 8e, 1,4-dioxane and
tetrahydrofuran were used as suitable substrates. At 70 °C
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Scheme 13 Nitrene insertion catalysed by a dinuclear copper NHC
complex.

and in acetonitrile, the bis-Cu(1) NHC complex promotes the
formal insertion of a NTs group from chloramine T into the
a-C-H bond of cyclic ethers.’”

Thiolation

The C-S bond formation of aromatic hydrocarbons is a key
step in pharmaceutical and biological synthesis, as well as in
the formation of functional materials.'""***> The direct C-H
thiolation is a promising alternative to cross-coupling
reactions, requiring the presence of functional groups.'”?
Transition metal catalysts have been developed for this
reaction based on expensive noble metals."** Recently copper
has attracted attention in this research field showing good
catalytic activity.'>*">®

In this context copper(1) complexes 24 and 25 supported by
imidazole or triazole moieties have been applied in the oxidative
C-H bond functionalization of benzothiazoles and benzoxazoles
with aryl and alkyl thiols (Scheme 14). In the presence of air
and base (K,COj3), all Cu(l) NHC complexes are capable of
forming the desired thioethers at elevated temperatures (140
°C) with moderate to good yields (22-95%). Imidazole
supported complexes show better performances compared to
abnormal triazole NHC complexes with 24a being the most
active one. At a high catalyst loading of 20 mol%, yields up to
95% are achieved within 3 h, which is much faster compared to
NHC free copper catalysts. Ligand-free Cu(i) is also capable of
catalysing the reaction but slower when using 24a. In the
absence of air, the yield dropped to 10% indicating an oxidative
process. Furthermore, the use of inexpensive Cu catalysts and
0O, as the stoichiometric oxidant is a significant advantage.
Application of various substituted benzothiazoles in catalyst
screening showed that the position of the substituent hardly
affects the reaction. Applying electron-donating substituents in
4- and 6-positions results in lower yields. In the case of the
thiolation of benzoxazole electron-donating substituents on the
alkyl- and arylthio substrates, the corresponding thioethers are
obtained."**

------------------------------------------------ Ar Ar
N N ' N
@[ Y+ Ren [2410029) @[ Y—sr i [ )—cu-i |(/)gf<:u'—|
X X !
"""""""""""""""""""""""" Ar Ar
24a Ar = Dipp 25a Ar = Dipp
24b Ar = Mes 25b Ar = Mes

Scheme 14 Oxidative direct C-H thiolation of benzothiazoles (X = S)
and -oxazoles (X = O) catalysed by copper() NHC complexes.
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Oxidation of alcohols and amines

Carbonyl compounds play an important role in the total
synthesis of natural products and fine chemicals. Consequently,
the selective oxidation of alcohols to their corresponding
carbonyl products is one of the most fundamental organic
transformations.”” Much attention has been devoted to the
development of methods for catalytic aerobic alcohol oxidation.
While most common traditional methods usually require the
application of toxic oxidants under harsh reaction conditions,
the stoichiometric use of molecular oxygen or air combined
with transition metal catalysts has emerged as a very powerful
alternative for this reaction.”®'*° Numerous palladium or
ruthenium containing systems have been developed in aerobic
alcohol oxidation with the disadvantage of their noble
character.'® %% As a result, researchers now focus on the
catalytic applicability of cheaper and more environmentally
friendly transition metals.

In situ generated Cu(1)-NHC-TEMPO complexes 26a-e
have been introduced as efficient catalysts for aerobic and
selective oxidation of primary alcohols into aldehydes with
excellent yields (Scheme 15A). Outstanding activity properties
are obtained by functionalizing the catalytic system with
TEMPO, a potent oxidant. Cu-NHC-TEMPO complexes were
analysed by ESI-MS and EPR spectra, showing the expected
complex mass and the characteristic nitrosyl radical mass,
respectively. All complexes give access to the desired
aldehyde. Under optimized conditions (80 °C, 15 h, 10 mol%
catalyst loading) 26e exhibits the highest activity in the
oxidation of decan-1-ol with yields up to 95%. Regarding the
effect of solvents, the oxidation proceeds more efficiently in
chlorobenzene (than in MeCN, toluene, THF and DMF).
Examinations under molecular oxygen showed no significant
improvement compared to the results driving the reaction in

26aR=Me, X=Cl

5 Ny ;
. o R 26b R = Mes, X =Cl !
LI N, —[—]—’ai, H/U\R \c(u' 26¢ R = Dipp, X=Cl |
: 7 26dR=Py, X=Cl !
( N
; ;

X 26e R = Mes, X = Br |
; TR R e e ——
B j"\ [24c,d)[27a,b] i
R OH 0O,, base R0

24c¢ Ar = Dipp, X =ClI
Ar’N\\-(N‘Ar 24d Ar = Mes, X = Cl
24e Ar = Mes, X =Br

Ar’NYN\Ar 27a Ar = Mes, X = CI

|

: 24f Ar = Dipp, X = Br Cu
X
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Scheme 15 Oxidation of primary and secondary alcohols by copper(i)
NHC complexes (A, B and D) and catalytic one-pot oxidation of
benzylic primary alcohols and -amines affording imines and secondary
amines via subsequent catalytic reduction with 22¢ (C).
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air. Bases mostly favour the oxidation reaction of alcohols in
reported Cu-ligand-TEMPO systems. Addition of KO‘Bu or
Et;N, however, resulted in negative effects on the catalytic
system. Under the same conditions, comparable Cu(1)-NHCs
24d-f (Scheme 15), bearing two mesityl or diisopropyl phenyl
N-wingtips without the functionalization of TEMPO, are
completely inactive, indicating the need for TEMPO
anchorage to ensure a facile intramolecular proton
abstraction. 26e proved to be active for a variety of other
benzylic, allylic, propargylic, and heterocyclic-substituted
primary alcohols with yields up to 99% within 15 h.'®?

Jiang et al. examined the catalytic activity of complexes 24¢,d
and additionally 27a,b, where the copper(i) centre is supported
by an imidazoline ligand instead of an imidazole (Scheme 15B).
In the presence of a base and O,, various primary and secondary
alcohols are oxidized to ketones in high yields (up to 99%) after
12 h at room temperature and 2 mol% catalyst loading. The
saturated NHC-Cu(1) complexes are less active than their
unsaturated analogues presumably due to the slightly reduced
electron donating properties. Changing the pure oxygen
atmosphere to air or to argon decreases the yield or even no
product could be detected for the latter. Furthermore, 27a
shows versatile tolerance towards an aerobic one-pot oxidation
of benzylic primary alcohols and amines, affording imines and
secondary amines via subsequent catalytic reduction
(Scheme 15, C). Desired products are obtained in high yields
(75-94%) and under mild reaction conditions (r.t, 2 mol%
catalyst loading, base). PMHS and additional catalyst (2 mol%)
were added to the mixture after consumption of the alcohol to
reduce the imine to secondary amine.'®* Amines are important
compounds mainly found in bioactive molecules and natural
products and are frequently used in agrochemicals, chemical
industry and pharmaceuticals. Currently applied methods are
prone to over-alkylation.'®>'*® Consequently, the insertion of a
catalyst is a promising opportunity.

The catalytic copper(i) system 22¢, bearing a 1,2,3-triazol-
5-ylidene moiety (Scheme 15D), which is described in the
hydroxylation of alkanes and aromatics, is used for the
further oxidation of (the received) alcohols to the
corresponding ketones with H,0, as an oxidizing agent. High
conversions (up to 91%) are achieved with phenolic and
benzylic alcohols compared to aliphatic variants, due to the
C-OH bond activation capacity. Here secondary alcohols are
more reactive than primary ones."*

Chelating bis-NHC complexes of iron(u) containing bipyridyl
ligands are applied as catalyst precursors for oxidation of a
series of aromatic and aliphatic secondary alcohols to the
corresponding ketones in excellent yields (Scheme 16).
Complexes 28a and 28b are soluble in polar, but insoluble in
non-polar solvents. Additionally, these compounds are air and
moisture stable for several weeks in the solid state. In catalytic
studies, TBHP functions as an oxidant. The replacement of
TBHP with H,0, leads to the inactivity of the bipyridyl complex
28a. Under neat conditions or in the presence of a polar solvent
(MeCN or water) above 99% acetophenone from
1-phenylethanol is formed within 4.5 h at 80 °C with 2 mol%
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Scheme 16 Oxidation of secondary alcohols by iron() NHC
complexes.

loading of 28a/b and a TON of 1500 for 28a. The reaction profile
shows conversions at early reaction times (5 min), indicating a
rapid formation of the active species upon addition of the
oxidant. The active reaction mixture with 28a can be reused
upon six consecutive additions of the substrate and oxidant
with quantitative ketone conversions. "H- and >C-NMR analyses
during stability explorations with 28a in CD3;CN show
significant resonances associated with a mixture of complex 29
(Scheme 16) and [Fe(bipy)s;]*", along with small quantities of
bis-imidazolium salt after stirring for 16 h. The colour of the
solution changed from the initial deep purple to purplish red.
The identity of 29 was confirmed by single crystal XRD. The
molecular structure displays a slightly distorted octahedral
geometry with one bipyridyl in the equatorial plane. Axial
positions are occupied by a moiety of the second bipyridyl and
one NHC moiety. Because of these findings, the catalytic activity
of acetonitrile solutions of 28a after incubation for 16 h was
further explored. Under identical reaction conditions,
acetophenone is formed in 40% yield, suggesting that 28a is a
pre-catalyst in the catalytic oxidation reaction. Additional spin
trap experiments give information about the mechanistic
pathway. Since the presence of an oxygen-radical reduces the
yield significantly and a carbon-radical trap does not affect the
catalytic reaction, the oxidation reaction proceeding via a radical
mechanism involving oxygen-centred radicals is expected."®”

Nickel as an abundant and comparatively cheap metal was
used in recent NHC supported catalytically active systems for
oxidation processes.'®®'® Navarro et al. presented highly active,
anaerobic Ni(0)-NHC catalytic systems for the selective
oxidation of secondary alcohols with addition of KO‘Bu
(Scheme 17, 30)."°® 2,4-Dichlorotoluene acts as both an oxidant
and solvent. Air-stable bis-dimethyl fumarate Ni(0)- NHC
complex 30 enables the reaction at room temperature. Elevating
the temperature to 40 °C and 60 °C strongly decreases the
reaction time from 12 h to 2.5 h and 1 h, respectively, with high
yields of up to 98%, even for 40 °C at a catalyst loading of 5
mol%. Different to aryl-alkyl or aryl-aryl alcohols, alkyl-alkyl
substrates require 60 °C to reach completion in short reaction
times.168'170

A series of nickel(n) NHC complexes of the type
[CpNiBr(NHC)] effectively catalyse the aerobic oxidation of a
range of secondary alcohols using KO‘Bu as a mild base and
1,2-dibromobenzene as an oxidant. The NHC moieties either
contain a symmetric or asymmetric imidazole (Scheme 17,
31). X-ray crystallographic analysis of 31e, f and h displays a
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Scheme 17 Oxidation of primary and secondary alcohols by nickel(0)
and (1) NHC complexes.

half-sandwich geometry around the metal centre. Under
optimized conditions (3 mol% catalyst, 110 °C or microwave
assisted and 2.6 eq. base) high conversions up to 98% and
excellent yields are obtained within 2 h. Microwave assistance
decreases the necessary reaction time to 30 min. Electronic
and steric differences in the N-substitutions of the
coordinated NHC ligands affect the performance and
efficiency of the catalyst. Complexes 31a, b and e are the
most active ones due to their strong electron donating
character. This electron donation in conjunction with bulky
substituents leads to more stable and active nickel species.
Due to the high flexibility of the substituents, unhindered
substrate coordination to the metal is nevertheless ensured
and enhances reductive elimination steps in the catalytic
cycle. Insertion of nitrobenzene substituents, having an
electron-withdrawing effect, decreases the catalytic activity.
Mechanistic studies with DFT calculations give more insight
into the favoured reaction. Two different mechanistic
pathways are considered (Scheme 18)."”" Besides the ketone
formation over the anaerobic alcohol oxidation (path A)
subsequent domino o-ketone arylation (path B) is proposed
to be possible as well."”'”? In path A, the secondary alcohol
is dehydrogenated by the base to form an active alcoholate
salt, dehalogenating the catalyst by releasing of KBr. The
ketone is generated by B-hydride elimination and subsequent
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elimination of the nickel centre. The nickel(u)-hydride species
undergoes elimination of the aryl group (Cp) leading to the
nickel(0) intermediate, regenerating the initial complex after
addition of another aryl halide molecule. In path B,
ethenoxide, being formed by the reaction of the desired
ketone with KO‘Bu, may react with the catalyst. The Ni(0)
intermediate is generated via a tautomeric shift and reductive
elimination steps yielding 1-arylethanone as an organic side
product. DFT calculations reject the possible mechanism via
path B due to the highly exergonic character of path A
compared to its endergonic character. Additionally,
intermediates in path A are more stable, favouring the ketone
product formation.*”*

Previously described catalytic system 21a is also efficient
for the oxidation of linear primary and secondary alcohols to
the corresponding ketones with TBHP as an oxidant.
Conversions of up to 72% are achieved at 80 °C after 12 h.
Substrates with an alcohol moiety in the C2 position were
found to be the most reactive linear alkanes, since the
conversions with substrates where the hydroxyl group is
located at C3 or C4 are lower and the activity is lowest for
primary alcohols."*®

Non-toxic manganese, as the third most abundant transition
metal in earth's crust, offers facile access to multiple oxidation
states with great potential in catalytic activity to a variety of
reactions. Additionally, manganese can accommodate up to
seven ligands in its first coordination sphere.'”® Albrecht and
Royo et al. were the first to describe the capability of a
manganese NHC complex in the catalytic oxidation of secondary
alcohols and benzyl alcohols. Monometallic Mn(1) complexes
containing bis-1,2,3-triazol-5-ylidene or bis-imidazol-2-ylidene
ligands are compared with a bimetallic Mn(0) bis-1,2,3-triazol-5-
ylidene complex (Scheme 19). X-ray crystallographic analysis
display the molecular structure of highly symmetric 34 with two
formally zero-valent Mn centres in a slightly distorted
octahedral geometry. Complexes 32-34 are air and moisture
stable and therefore easy to handle. Under optimized conditions
(40 °C, MeCN, 1 mol% catalyst) all three complexes are active
with TBHP being the oxidizing agent. Bimetallic complex 34
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Scheme 18 Mechanistic insights into the oxidation of secondary alcohols by nickel(i1) NHC complexes.
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Scheme 19 Oxidation of secondary alcohols with TBHP catalysed by
manganese NHC complexes.
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Scheme 20 Oxidative cleavage of lignin with copper() NHC complex
27b.

turned out to exhibit the best performance with excellent yields
(=99%) after 2 h and TOFs up to 72 h™. It can be reused up to
six times without any loss in its performance. Replacing TBHP
with H,0, decreases the yield to 27% after 24 h, indicating a
critical role of the oxidant in the mechanism, or water
sensitivity of the catalyst. However, primary aliphatic alcohols
do not undergo oxidation under these conditions."”*

Lignins are bio-renewable biopolymers, incorporated into
the plant cell wall. These phenolic macromolecules are hoped
to replace rare fossil resources, by synthetic depolymerisation
to sustainable aromatic compounds with high added value.
However, the cleavage of such systems requires the
development of efficient catalysts. In this context Li et al
presented the catalytic selectivity of copper(r) NHC 27a in the
aerobic cleavage of f; lignin (Scheme 20). Over 99%
conversion and good to excellent yields (up to 90%) of the
corresponding aldehydes are achieved after 24 h (20 mol%
catalyst, 3 eq. quinolone, 100 °C), using dioxane as a solvent.
The C,~Cp bond cleavage reaction is suggested to proceed via
a retro-aldol reaction after the selective oxidation of the
primary alcohol. No ketone formation was observed.
Modification of the NHC system by backbone variation
(imidazole wvs. imidazoline, insertion of phenyl or
cyclohexane) or N-substituent variation (Mes vs. Dipp vs.
anisole) decreases the efficiency significantly."”>

Molecular oxygen activation

The activation of molecular oxygen by metalloproteins
containing iron or copper plays a vital role in biology.'”*™"”®
The coordination of O, to a protein metal centre is a primary
step in aerobic respiration and enzymatic oxidation
reactions.””® For environmentally friendly and sustainable
chemistry, molecular oxygen is considered as an ideal and

This journal is © The Royal Society of Chemistry 2022
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Scheme 21 Activation of dioxygen by an tris-NHC cobalt() complex,
forming a side-on peroxo complex.

cost-effective oxidant.'®® Unfortunately, it cannot oxidize

most organic substances under ambient conditions because
the reactions are spin forbidden.'®" Reactive oxygen species
including superoxo, (hydro)peroxo and oxo moieties as active
intermediates are remarkably efficient and led to the
development of bioinspired transition metal complexes with
the ability to activate dioxygen.'®*™'®* Dioxygen activation at
transition metal centres is a fundamentally important
process due to its postulated role in molecular catalysis.

Meyer et al.,'®® Radius et al.'®® and our group'®” worked
on the selective activation of dioxygen from air utilizing
cobalt NHC complexes and their potential use as artificial
oxygen carriers. Ligands that enforce a tripodal topology on
coordinated metal ions are known to provide powerful
platforms for small molecule activation and
functionalization. A low-valent cobalt(i) tris NHC complex
was found to react with O, from air at ambient temperature
to form a rare cobalt side-on (n?) peroxo species (Scheme 21),
as proven by IR spectra (O-O stretching frequency of 890
em™) and SC-XRD. Under an inert gas atmosphere, 35 is
stable in the solid state but oxidizes in solution to its
cobalt(u) counterpart with one chloride counter ion being in
the axial position. SC-XRD shows that in this counterpart of
35 the ligand is only bound by the three carbenes without
N-donation. Complex 36 exhibits a pseudo-octahedral
coordination sphere with two carbene carbon pendant arms
in an axial position and the dioxygen coordinates side-on.
The three xylene substituents on the highly flexible tris-NHC
ligand flank the activated dioxygen ligand, effectively
blocking the frequently observed bimolecular decomposition
pathway to form p-peroxo dimers. DFT calculation and
reactivity studies with triphenylphosphineoxide and the
extremely electron-deficient alkene tetracyanoethylene verify
the nucleophilic character of the coordinated dioxygen
ligand. The peroxo complex reacts with strong electrophiles
and allows the transfer of the O, fragment.'®*

NHC-stabilized cobalt carbonyl half-sandwich complex 37
reacts in the solid state and in solution with O, at room
temperature by yielding cobalt(ur) carbonato complex 38
(Scheme 22). UV/vis spectroscopy combined with stopped-
flow techniques suggests the formation of an intermediate.
Additional DFT calculations assume a mechanism via
superoxo and peroxo intermediates, in which a peroxo acyl
complex is proposed as the key intermediate in this process.
Exchanging pentamethylcyclopentadiene with cyclopenta-
dienyl leads to the formation of a compound which

Catal. Sci. Technol,, 2022, 12, 4940-4961 | 4955


https://doi.org/10.1039/d2cy00127f

Published on 17 February 2022. Downloaded by Technical University of Munich on 8/27/2024 3:53:05 PM.

Perspective

b
3

e

N ~ t N
\ R/ co h o 0
r r
37 38

Scheme 22 Activation of dioxygen by an cobalt NHC complex,
forming a cobalt(i) carbonato complex.

subsequently decomposes under air exposure and does not
form a comparable carbonato complex."®®

Recently a bioinspired cobalt(ir) complex 39 supported by
a macrocyclic tetra NHC ligand, being the same as that
applied in the iron based epoxidation catalyst 11 (Scheme 6),
was reported to activate dioxygen from air at ambient
temperatures (Scheme 23). As proven by SC-XRD, 39 displays
a slightly distorted square pyramidal structure, comparable
to that of its iron analogue. When exposing a solution of 39
in MeCN to air, an immediate colour change from yellow to
green is observed. Subsequent addition of Et,O yields a green
precipitate. SC-XRD identified a p,-peroxo dicobalt(m)
complex, with two Co-centres, bridged via a trans p,-peroxo
ligand in a distorted octahedral fashion. Formation of this
18-valence-electron complex 40 is thermodynamically
favoured and a consequence of a redox-reaction oxidizing two
Co(u) centres to Co(m) and reducing O, (Scheme 23). Related
po-peroxo (di)cobalt complexes, bearing nitrogen donor
ligands, are often only achieved and/or stable at extremely
low temperatures, while the first isolable macrocyclic p,-
peroxo (di)cobalt NHC complex 40 is stable at room
temperature. The reaction of such compounds usually
proceeds via superoxo intermediates. In situ EPR
spectroscopy analysis during the reaction of 39 with O,
detected an end-on superoxo species, which could be
supported by DFT calculations. The nucleophilic nature of
the peroxo moiety is also suggested by DFT analyses. Upon
addition of acetic acid, the formed peroxo moiety can be
cleaved, yielding a Co(u) acetate complex 41, by
simultaneously releasing H,0, (Scheme 23)."®”

As described before, oxoiron(wv) or (v) species are considered
to be key intermediates in the catalytic cycle of numerous (non)-
heme iron enzymes and complexes allowing for the insertion of
an oxygen atom into unreactive C-H bonds. F. Meyer et al. were
able to isolate and crystallize such an iron(v) oxo complex
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supported by an NHC unit. Treatment of a macrocyclic NHC
iron(u) compound 42 with a PhIO derivate in MeCN at —40 °C
results in the formation of oxoiron(v) complex 43 in an planar
tetradentate carbene coordination with #rans axial oxygen and a
solvent ligand, as confirmed by ESI-MS, UV/vis spectroscopy
and SC-XRD (Scheme 24). Warming a MeCN solution of 43
results in a reduction to binuclear p-oxo dimeric complex 44,
identified by ESI-MS and UV/vis data. Treating the initial
compound 42 with aerial O, in MeCN at —40 °C directly gives
access to the diiron species (Scheme 24), detected via SC-XRD.
Mossbauer spectra reveal the cyclic tetra-NHC as an extremely
strong equatorial o-donor with high stabilizing capacity towards
high valent metals.>

As described previously in the catalytic epoxidation section
(vide supra) of alkenes, macrocyclic tetra-NHC iron(n) complex
11a forms a p,-oxo diiron(ur) compound 12 when exposed to air
(Scheme 22). Interestingly, reaction of 11a with oxygen in MeCN
yields the oxidized iron(m) complex 11b (Scheme 6) instead of
12. Changing the solvent to acetone (benzonitrile or
pivalonitrile) at —40 °C, the formation of a side-on superoxidic
iron(m) intermediate 45 is detectable and analysed by UV/vis
experiments, DFT calculations, EPR and NMR spectroscopy.
Subsequent heating to room temperature results in complex 12
(Scheme 25). The molecular structure shows a slightly distorted
square pyramidal geometry with the tetradentate cyclic ligand
coordinated in a saddle distorted fashion, as analysed by SC-
XRD. The reactivity test of 12 showed that PPh; could be
oxidized stoichiometrically to OPPh; via simultaneous reduction
of the bimetallic complex to the initial compound 11a.
Reducing agents such as Zn powder lead also to the reduction
of 12 to 11a."®® Recently, a one electron oxidation of Fe"'-O-Fe'"
species 12 with ThPFs to diiron(uswv)-p,-0x0 tetracarbene
complex 46 has been reported (Scheme 25). Complex 46 is
characterized by SC-XRD, UVjis, EPR, Evans' NMR and
elemental analysis. The Fe-O-Fe angle significantly changes
during the oxidation, resulting in a nearly linear arrangement of
the central diiron(i,v)-p,-oxo motif with stabilizing acetonitrile
ligands. CV measurement, UV/vis kinetic and NMR experiments
demonstrate a feasible consecutive second oxidation of 46 by
forming a highly stable diiron(iv)-p,-oxo complex 47.'%°

Molecular oxygen activation by nickel NHC complexes also
attracts increasing attention.'”*™°* Sigman et al,'?"'9>'*
Whittlesey et al.'>* and Mandal et al.*° reported NHC stabilized
Ni(1) and Ni(u) complexes that form p-hydroxo-bridged dimeric
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Scheme 23 Activation of dioxygen by an macrocyclic NHC cobalt(i) complex via an superoxo intermediate forming a bimetallic p,-peroxo
complex 46. Reaction of 46 with HOAc results in the formation of H,O, and an cobalt(i) acetate complex.
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Scheme 24 Activation of dioxygen by a macrocyclic NHC iron(n)
complex forming a binuclear p-oxo differic complex 44. Reaction of
42 with a PhlO forms a oxoiron(iv) complex 43. Subsequent heating
gives bimetallic compound 44.

Ni(u) complexes by O, activation either by oxidation of the
coordinated allyl ligand or ligand dehydrogenation (Scheme 26).
The complexes differ in their NHC moieties. Each metal in
binuclear compound 48 possesses an imidazole ligand, while
mononuclear nickel complex 54 displays an abnormal bounded
imidazole unit. Meanwhile compound 51 has a ring expanded
NHC, which is six (51a) and seven (51b) membered, respectively.
Complex 48 undergoes facile aerobic oxidation via a fast colour
change to purple, caused by the formation of bis-p-hydroxo
nickel(n) dimer 50 with concomitant ligand dehydrogenation of
a single isopropyl group from one Dipp N-substituent.’**
Activation of O, by the three-coordinate Ni() compounds 51a
and 51b yields dimeric Ni(n) complexes containing oxidized
ortho-mesityl groups from one of the carbene ligands to afford
dinuclear species with bridging aryloxy and hydroxyl ligands."**
Treatment of the NHC based Ni(m) n’-allyl complex 54 with
oxygen leads to a dimeric Ni(u)-hydroxo complex, as well as to
the cleavage of cyclooctene to form m’-cyclooctenyl, which is
detected with GC-MS analysis. Dimer 55 is only generated when
the reaction is performed under dry O, atmosphere.*

Conclusions

3d transition metal-NHC complexes are versatile catalysts for
the oxidation of alkenes, aliphatic and aromatic
hydrocarbons, alcohols, and amines. The application of these
abundant, inexpensive, and likely less toxic first row

View Article Online

Perspective

Dipp Dipp |
: Dipp Dipp, (’\N’ / '
. , / :
' JH o oo |
EEN)>—Ni&Ni—<(N] = N’km/o\m’c' Dipp /\Ni’o:mi’cI Dipp.
g - i - @ <, :
PN ~cr /N rt. Dipp ¢” 8’ VN C|/ S FN :
Dipp  Dipp N Di N
Dipp’ PP’
48 49 50
@
=
™ ) E
M
Mes’Nv(N Mes Oy & Br ,“/K 0. Br Mes
N NEDSNT e Mes o Nig-Nis N
7% Mes. r 20 N + Br’ ~
PhsP" Br H @ N
_N n
Mes’ S
51an=1 52an=1 53an=1
51bn=2 52bn=2 53bn=2
1 ) cl
: Ph_ Dipp Ph)_Np.pp
: o
P NO Dipp,NO H
: Dipp N 0O, Ni,O\NI
. I — LS
(g g ON,Dmp
: N
; Dipp Ph
H Cl cl
: 54 55

Scheme 26 Activation of dioxygen by nickel NHC complexes.

transition metals in oxidative catalysis has recently received a
significant impetus. NHC systems are comparatively easy to
synthesize and modify ligands for the stabilization of
catalytically active metal complexes and therefore an
important tool to regulate activity and selectivity in catalysis.
NHC motifs have been shown to support catalytically highly
active chromium, manganese, iron, cobalt, nickel, and
copper complexes in oxidation catalysis, even in high
oxidation states. The catalyst activity is comparable to, or in
most cases, exceeds that of expensive and/or toxic metal
complexes. Moreover, some 3d transition metal-NHC
complexes even enable the activation of molecular oxygen.
However, challenges still remain to be overcome in
oxidative reactions with these 3d transition metal-NHC
complexes. The catalyst activity is limited to certain
substrates and does not always have a high tolerance towards
functional groups, thus limiting their application. The
recycling of the catalyst is still a major issue in many of the
described reactions. In the oxidation reactions discussed
here, the recycling was either non-existent or is restricted to a
few cycles, mostly caused by the short lifetime of the catalysts
under oxidative conditions. The promising high TOFs versus
comparable complexes without NHC support are
overshadowed by significantly lower TONs. Consequently, the
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Scheme 25 Activation of dioxygen by a macrocyclic NHC iron(i) complex forming a superoxide iron(in) intermediate 51. Subsequent heating gives
pz-oxo diiron(in) complex 12. Further oxidation of 12 leads to high valent diiron(ii,iv)-p,-oxo and diiron(iv,Iv)-u,-oxo NHC complexes 46 and 47.
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catalyst stability has to be significantly improved, ideally
enabling a proper recycling of the catalyst as well. The
general mechanisms of catalytic oxidation reactions are not
yet fully understood and need to be further investigated to
gain additional knowledge to design active, selective and
particularly more stable catalysts. Even if 3d metals are
considered as an environmentally friendly alternative to
noble metals, the toxicity is certainly significantly influenced
by the applied ligand system. This has to be taken into
account when designing a suitable ligand system. Moreover,
the more complex the syntheses of the applied ligand motifs
are, the more expensive these systems eventually become,
offsetting the advantage of the inexpensive metals.
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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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ESI and crystallographic data in CIF or other electronic format see DOI: https:/
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This journal is © The Royal Society of Chemistry 2022

Johannes Mayr, Michael J. Sauer, Tim P. Schlachta,
and Fritz E. KGhn @2 *

1 13-18 l 19-21 12,22-26

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).
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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

N N NI N,
N NN N\’fN N
N . 4 MeOTf, N
—_— 4x
— N (MeCN), L= N
N, N\/[',N 40°C —N, N\/[',N
N” N N” +r\<

a b: X = OTf
C: X = PFg BRI

2 Fe(btsa),(THF),
(MeCN),
-40°Ctort.

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.

This journal is © The Royal Society of Chemistry 2022
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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-

—2
2+ ThPF

0.8

o
o
L

absorbance
o
~
1

0.2 H

0.0 T T T T
300 400 500 600 700 800

wavelength / nm

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).

This journal is © The Royal Society of Chemistry 2022
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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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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

* Corresponding author.
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
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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
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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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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
/‘ e ®
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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).
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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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A model catalysis reaction for a C3 + Nj type aziridination and imination of p-tolyl azide with cis-cyclooctene in
toluene is reported. Applying 10 equivalents related to the azide, cis-cyclooctene is consumed within 24 h. A
reaction temperature of 90 °C is chosen for solubility and activity reasons. A variety of Fe(Il) N-heterocyclic
carbene (NHC) complexes (1-5) are tested as additives. All show promising formation of aziridine and its imine
isomer in the benchmark reaction. However, similar activities are also achieved by a metal-free control reaction
together with a similar product distribution of A (aziridine), B (imine) and C (aziridine). The metal compounds
cannot be considered as catalysts, but they do indeed influence the isomeric distribution of the reaction.
To contextualize the conceivable product isomers, density functional theory calculations were performed
(B3LYP/6-31G(d,p)) to determine the minimum ground state energies. As expected, these are nearly identical.
However, the backbone modification of the open-chain NHC ligated iron(II) complex (5) allows switching of the
predominant reaction, favoring imine (B) as main product.

1. Introduction

Ethylenimines or aziridines are the nitrogenous analogues of epoxides
and therefore the smallest saturated N-heterocycles [1]. The azahetero-
cycle was presumably first synthesized by Gabriel in 1888 by base initiated
ring closure of bromoethylamine [2]. Starting from ethanolamine, Wenker
prepared aziridine in a two-step procedure by esterification with sulfuric
acid and subsequent intramolecular cyclization mediated by NaOH in
1935 [3].

The high ring strain energy infers a highly reactive structure, facili-
tating an easy cleavage of the C—N bond, consequently leading to rapid
participation in nucleophilic ring opening, expanding or rearrangement
reactions [4,5]. Apart from acting as building blocks for a multitude of
complex nitrogen containing molecules or as monomers for polymer
synthesis, their chiral derivatives are useful for the stereoselective con-
struction of a variety of compounds [5-7].

Solely organic strategies are one option for the syntheses of aziridines
as well as recently reported electrochemical approaches via alkene
transformation to a metastable dicationic intermediate and subsequent

* Corresponding author.
E-mail address: fritz.kuehn@ch.tum.de (F.E. Kiihn).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.jorganchem.2024.123018

basic coupling with a primary amine [8]. Mitigating the conditions in
comparison to classic synthesis strategies, transition metal catalyzed
methods have been developed to improve selectivity and yield. Similar to
historic procedures, base or Lewis acid mediated ring closures are
possible. Another infrequently applied method are C;N; + C; reactions,
where a carbene fragment is transferred to an imine [1,4]. Despite
efficient performance especially for enantioselective aziridinations,
the deficiency of stable imines limits the implementation of such
transformations. Prevalent reactions are of the Cz 4+ Nj type. It involves
the addition of a nitrene source that necessitates catalytic activation to
ubiquitous olefin substrates. With chiral catalysts, stereochemically
pure aziridines can be obtained [4]. The abundance of stable nitrene
precursors for aziridination comprise peculiarities like N-tosylox-
ycarbamates, chloramine-T and bromamine-T as well as hypervalent
iminoiodinane species such as PhI=NTs [4]. Whereas the latter imply
easy activation, their challenging synthesis and poor solubility are
disadvantageous. Additionally, the amount of substrate required in
excess for this reaction causes low yields and selectivities, as well as the
formation of amination and stoichiometric aryl iodide side products. In
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contrast, the usage of azides as nitrene reagents generates Ny as the only
side product [4]. Organic azides are of particular interest as they enhance
atom economy and functional group tolerance. Aryl and alkyl azides can
be easily prepared from amines and sodium azide in a one-step procedure
[9,10]. Moreover, they simultaneously allow the direct insertion of a vast
number of residues [4].

Microwave-assisted aziridination is performed using catalysts con-
taining Cu, Ni, Co, Fe, Mg, Mn, Sr, Cu, and Rh as metals. With
bromamine-T as nitrogen source and styrene as substrate, yields in the
range from 40 to 88% are reported. The tested catalysts were nearly
exclusive metal halides [11]. More sophisticated catalysts based on
porphyrin scaffolds incorporating Ru as metal catalyzed the olefin
aziridination by aryl azides leading to conversions up to 100% [12,13].

The group of Jenkins applied tetracarbene iron(II) catalysts in olefin
aziridination [14,15]. In addition, other studies showed that the struc-
turally similar complex 1 also results in good conversions in the azir-
idination of a variety of substrates with PhI=NTs as nitrene source [16].
This striked the interest of testing complex 1 amongst other complexes
published by our group with regard to their catalytic activity with
organic azides [14,15,17-21]. A first indication is given by the good
activies of complexes 1-5 in olefin epoxidation [22-25].

The aim of this work was to develop a catalysis method to monitor
the reaction of the Fe(II) NHC complexes (1-5) in olefin aziridination, by
performing preliminary kinetic studies. Analysis was performed via GC
and GC-MS. In addition, the catalytic impact of 1-5 especially in terms
of selectivity was investigated and compared to the metal-free trans-
formation (Scheme 1).

2. Experimental Section

The olefin aziridination reactions reported in this work were per-
formed according to the following procedure:

A Schlenk tube was equipped with a magnetic stir bar, sealed with a
septum and put under inert gas atmosphere. The solid Fe(II) complex
(1-5,4.20 pmol, 0.20 mol%, 0.002 equiv.) was added followed by syringe
injections of cis-cyclooctene (2.75 mL, 21.1 mmol, 10.0 equiv.) and
toluene (2.25 mL). In case the complexes were not soluble in this mixture
at r.t. (2-5) the respective tubes were put in an ultrasonic bath to form
homogenous suspensions. Subsequent to tempering the reaction mixture
at 90 °C for 15 min, p-tolyl azide (281 mg, 2.11 mmol, 1.00 equiv.) was
injected as the starting point of the reaction. During the entire reaction
time, the mixture was kept at constant 90 °C and stirred with 300 rpm.

0.2 mol% 1-5 © O
+ R —
(Toluene) / \ /

N 90°C, 24 h
Aziridine (A,C) Imine (B)

’ ] (PFek ‘ "] (PFek
I\ I r
N 7N
y N/’ NN Q‘ N&E R
<N F' N> (’I‘—'e” o)
e N =N
oo S g
I R
N
I‘\
2n=1,R=H
3n=2;R=H
1 4:n=3;R=H
5:n=1;R=Me

Scheme 1. Reaction scheme for the model reaction of p-tolyl azide and cis-
cyclooctene with the different additives (1-5) tested.
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Samples (0.30 mL) were taken with syringes after 5min, 0.5h,1h,2h, 3
h,4h,5h,6h,7h,8hand 24 h and cooled to room temperature for 5 min
maintaining inert gas atmosphere. The crude samples were filtrated over
a miniature silica column to remove the metal species and flushed with
MeCN (1.5 mL). Two GC samples were prepared for each chosen data
point combining 120 pL filtrate and 500 pL standard (p-xylene in MeCN
8.00 mg mL™!) which were diluted in 880 pL MeCN. Analytics are
supplied in the Supporting Information.

3. Results and Discussion

The substrates cis-cyclooctene and p-tolyl azide were chosen for this
model reaction as they exhibit good conversions in previous reported
aziridination reactions [14,19]. The model reaction was optimized for
the additives (“catalysts”) 1-5. Most reported aziridination reactions
employing organic azides only use neat cis-cyclooctene as both substrate
and solvent [14,19]. Since complexes 2-5 show low solubility at room
temperature (r.t. = 25 °C), a mixture of cis-cyclooctene and toluene has
been used in this work, also significantly reducing the required substrate
amount. The optimum amount of cis-cyclooctene was set to 10 equiv. for
maximum activity in the period of 24 h (see Fig. SI. 26). To further
overcome solubility issues and to ensure sufficient product formation, a
reaction temperature of 90 °C was chosen, similar to literature condi-
tions [14,15]. To substantiate the elevated temperature, the aziridina-
tion reaction was conducted at r.t. in the presence of readily soluble
complex 1 and metal-free as control reaction. Product formation was
observed to be negligible in both reactions (see Fig. SI.27 + SI.28).

Since organic azides are prone to eliminate Ny [12], they are not
directly detectable via GC. However, under the chosen conditions the
fragments dimerize to 1,2-di-p-tolyldiazene. This was validated by a
single peak with corresponding diazene mass in both GC and GC-MS
analysis of pure p-tolyl azide. This diazene species was also reported as
side product in mechanistic studies by Isbill [15]. The GC data show that
during the reactions the diazene, respectively azide, is consumed as
expected for an undersupplied substrate (see Fig. SI.26). This evidences
against the formation of diazene as off-cycle product, hence
corroborating the correlation of azide consumption by diazene decrease
to reaction progress. With all examined complexes (1-5) similar
formation levels to the corresponding aziridine (9-(p-tolyl)-9-azabicyclo
[6.1.0] nonane) and imine (N-(p-tolyl)cyclooctanimine) are observed.

The optimized catalytic conditions were also tested in the absence of
an iron complex as control reaction to justify the addition of an iron
complex. Interestingly, this experiment (metal-free) results in similar
activity, which is implying that the high temperature facilitating the
dissolving of the complexes in the reaction mixture is also sufficient to
yield product without the presence of an additional metal species. This
has recently been reported also for other aryl aziridines [26].

Computational and experimental studies of the catalytic mechanism
of Co + N; aziridination by a tetracarbene iron(II) complex have been
reported in literature [15]. These examinations confirmed the formation
via a radical open-chain mechanism instead of an azametallacyclobu-
tane intermediate in the aziridination of p-tolyl azide and cis-/-
trans-2-octene. A low rotational barrier of the open-chain intermediate
allows the formation of diastereomers. For the model reaction reported
herein three stereoisomers are conceivable as well as the imine com-
pound featuring the same molecular mass (See Fig. 1).

In the considerations of the possible products aziridines (S,R), (R,R),
(S,S) and the respective imine were extended by the imine tautomer,
further referred to as enamine.

For all of them, density functional theory (DFT) calculations were
performed on a B3LYP/6-31G(d,p) level of theory, as benchmarked for
cis-cyclooctene systems (see Table 1, Fig. 2) [29]. Multiple local minima
were determined for all conceivable products by conformational anal-
ysis and global minima were identified (see Table SI.7-SI.9). Co-
ordinates of the (R,R) isomer were derived from its (S,S) enantiomer by
mirroring. Their similar ground state energies (E) imply likewise
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Fig. 1. Structures of the different stereoisomers from the resulting aziridine (A,
C) and imine (B).

Table 1

Ground state energies (charge 0, multiplicity 1) of the stereoisomers calculated
by Gaussian [27]. Further calculations of the different energies can be found in
the supporting information.

E [kcal mol 1] AG [kcal mol ]

Aziridine (S,R) —396,093.93 —51.01
Aziridine (R,R) —396,089.21 —46.67
Aziridine (S,S) —396,089.21 —46.67
Imine —396,105.41 —63.84
N\,
i
= — &

A(\ 1/\\\' (s,5) ?’\r\\w Imine

Fig. 2. Tube representation of the different products visualized in Gauss-
View [28].

chemical and physical properties of the molecules. As expected, the
enamine tautomer is energetically disfavored in comparison to the imine
isomer and hence not included in further considerations. In the mech-
anistic studies by Jenkins et al. the intramolecular rotational barrier
determining stereochemistry is 10.5 kcal mol~! for a similar Fe(I) tet-
racarbene additive [15]. With the presented metal containing systems
this is expected to be slightly higher due to the torsional strain of the
cyclic substrate, also supported by conformational analysis of cis-cy-
clooctene [29]. However, it indicates, that the reaction temperature of
90 °C is sufficient to overcome the rotational barrier, enabling the for-
mation of all depicted products.

Indeed, three signals were found by GC and GC-MS analysis of the
aziridination reaction mixtures. As (R,R) and (S,S) are enantiomers,
their signals are expected to coincide on the non-chiral GC column. All
products were further analyzed by GC-MS featuring the same mass
(215.2 g mol™1).

The splitting of these products results in very similar retention times
on the GC comparable to GC-MS (see Table SI.1). All reported reactions
result in all three signals without exception, even in the metal-free re-
action. This correlates with the findings of Jenkins et al. who also

Journal of Organometallic Chemistry 1006 (2024) 123018

reported formation of the syn- respectively anti-2-methyl-3-pentyl-1-(p-
tolyl) aziridine [15,19].

The distributions of all products are presented in Table 2. In the
metal-free reaction as well as with the complexes 1-4, the major product
A is an aziridine species. This was confirmed via separation and identi-
fication by 'H and '3C NMR and ESI-MS analysis. The analytical data is
in accordance to literature values [14]. Experimental FT-IR character-
ization was corroborated by comparison with DFT calculated spectra.

The second isomer B does not possess the aziridine functionality but
in fact is an imine isomer. Targeted synthesis of the imine via an adapted
established organic route [30] substantiated isomer B as imine due to
the same retention time on GC and GC-MS. While peaks are super-
imposed with residual reactants in the 'H NMR spectrum, '3C NMR
analysis corroborated the characteristics of the imine as well as ESI-MS
and IR studies (see Fig. SI.25) [31,32]. The experimental FT-IR spectra
revealed a characteristic imine signal shoulder at 1644 cm™!. Transition
metal catalyzed (Co, Cu) imination from hydrocarbons is known in
literature [33,34]. Here it was also found that the amount of imine can
also be influenced by the substrate amount. Imine formation was also
reported for reactions targeting aziridine as product [35].

Compound C is only obtained as minor isomer in small amounts
compared to A and B in all experiments, solely detectable by GC and
GC-MS. The imine does not induce stereoisomers, only tautomerism is
conceivable. However, this is energetically disfavored according to the
DFT calculations (see Table SI.7-SI.9). A rearrangement equilibrium of
the tautomers was not observed by performed analytical characteriza-
tions. Hence, product C is presumed to be another aziridine stereoiso-
meric species, all of which are depicted in Fig. 1 and 2. This is supported
by three possible stereoisomers, while the two enantiomers are coin-
ciding on the non-chiral columns of GC and GC-MS. Due to their chal-
lenging separation and identification, the assignment of the aziridine
stereoisomers to the corresponding peaks in the GC spectra was not
further examined in this work. This certainly challenging task is kept for
ongoing studies including more relevant or even chiral substrates.

Complexes 1, 3 and 4 do not show considerable influence on the
selectivity compared to the metal-free reaction. Together with complex
2, the following distribution was found: A (aziridine) > B (imine) > C
(aziridine). However, 2 already pushes the distribution in favor of the
imine.

Considering complex 5, the distribution of the isomers is switched to
imine B as the major product and assists the formation of isomer C,
which is formed in much lower amounts in the presence of any other
metal complex. 5 leads to the order B (imine) > A (aziridine) > C
(aziridine). Since complexes 2-5 are based on the same ligand system, it
is presumed that the backbone modification of the NHC moiety is able to
alter the type of preferred reaction. Interestingly, the open chain com-
plex 2 with a methyl bridge (n = 1) shows also an influence on the
distribution of the main products. Here, the common order of amounts
formed, A (aziridine) > B (imine) > C (aziridine), is observed, but
instead of nearly 80% of A less than 60% are formed and 36% for B
instead of < 20%. Even though the structures of complexes 1, 3 and 4
vary more (tetracarbene vs. open-chain), they do not exhibit a compa-
rable effect. Catalytic experiments using pure aziridine A instead of
azide as substrate in combination with complex 5 under the same con-
ditions confirmed a competitive formation pathway of aziridine and

Table 2
Product distribution in percent after 24 h.
A Aziridine B Imine C Aziridine
metal-free 84 15 1
1 85 14 1
2 58 36 6
3 82 16 2
4 79 19 2
5 35 51 14
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imine, excluding isomerization.

However, as the complexes show these remarkable selectivity effects
even with such simple substrates, an enhanced influence of the iron
complexes is certainly of interest with more sophisticated and particu-
larly with chiral substrates inducing stereocontrol. Introducing chiral
groups in the NHC backbone is also expected to improve selectivity. A
larger variation of complexes with functional modifications will be
screened.

This preliminary work shows that the synthesis of isomeric products
with important nitrogen functionalities can be targeted from the same
(simple) reactants by choice of a specifically designed additive. The
influence of steric and electronic properties is part of ongoing research
as well as mechanistic studies to target specific applications.

4. Conclusion and Outlook

The formation of p-tolyl azide and cis-cyclooctene in toluene to the
corresponding aziridines and imines at 90 °C is almost unaffected by the
presence of the iron(II) NHC species (1-5), when compared to the metal-
free reaction. Although not enhancing the activity of the reaction com-
plex 5 is able to tune the selectivity between the different isomers.

Since the selectivity of the benchmark system is tunable with the
metal containing systems, an enhanced influence regarding selectivity is
very likely on more sophisticated substrate systems. Continuative
studies are currently ongoing to determine the influence of extended
variations in the ligand framework of these Fe(II) complexes. This forms
the foundation for developing customized designed additives for specific
applications.
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A series of six bimetallic bis-NHC(Ptdvtms); complexes 1-6 (dvtms = 1,1,3,3-tetramethyl-1,3-divinyldisiloxane)
has been designed by expansion of the monometallic Marké-type system in anticipation of synergistic bimetallic
cooperation. The new compounds are easily accessible using Karstedt’s catalyst [Ptp(dvtms)s] as platinum(0)
precursor and the respective bis-(imidazolium) salts (L1-6), deprotonated by potassium tert-butoxide. Charac-
terization via NMR spectroscopy (*H, 13C, 2°Si, 19°Pt) and SC-XRD reveals a strong similarity of this new complex
class to the parent monometallic complexes. The hydrosilylation reactions of oct-1-ene or 1,1,1,3,3-pentamethyl-

3-vinyldisiloxane MMYY with 1,1,3,5,5-heptamethyltrisiloxane (MD"M), respectively, are efficiently and
selectively catalyzed with turn-over frequencies (TOF) of up to 78,000 h™' after a significantly shortened in-
duction period compared to their monometallic relatives. Mercury poisoning experiments demonstrate the su-
periority of bimetallic compared to monometallic systems in terms of stability when exposed to silanes.

1. Introduction

Metalloproteins are essential in living organisms to perform count-
less reactions efficiently and, first and foremost, selectively to sustain
vital biological functions. Frequently, bimetallic sites are capable of
overcoming reaction barriers under physiological conditions that pose
problems in artificial non-protein systems [1-4]. A range of biomimetic
studies has been inspired by these proteins, indicating the larger protein
structure has to be considered in many cases in addition to the first
coordination sphere [5-12]. Synergistic or cooperative effects between
metals in close proximity have been recognized to promote activity and
selectivity [13-17] and led to studies of a plethora of bimetallic com-
plexes in catalysis [18-26]. This also holds true for the hydrosilylation
reaction [27-35], where platinum catalysts dominate in industrial ap-
plications [36-38]. However, the Pt-Ir heterobimetallic complexes of
Ishii et al. are the only platinum-containing bimetallic complexes that
have been subjected to hydrosilylation so far [39]. The introduction of
N-heterocyclic carbenes (NHCs) as spectator ligands by Marko et al. for
monometallic platinum (NHC)Pt(dvtms) complexes proved beneficial in
terms of selectivity and stability, reducing colloidal platinum formation
under catalytic conditions [40-43]. They do, however, suffer from a
pronounced initiation process, which is why they are frequently referred
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E-mail address: fritz.kuehn@ch.tum.de (F.E. Kiihn).
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to as “slow-release” precursors.

In this work the class of Marké-type complexes is extended to
homobimetallic systems with the anticipation of cooperative effects and
the synthesis and characterization of six bis-NHC(Ptdvtms), complexes
1-6 (Fig. 1) is reported. The basic scaffold consists of two methylene-
bridged imidazole-2-ylidene-Pt(dvtms) moieties that enable variable
distances of the platinum atoms by conformational dynamics. The outer
wingtips of the NHCs are altered in terms of steric bulk and contain, inter
alia, dangling pyridine (3) or triazole (6) groups as presumed N-donors,
virtually duplicating monometallic complexes [40,42,44,45]. These
compounds are evaluated as catalytic precursors in the hydrosilylation
of alkenes and compared to ImM®Pt(dvtms) (7) [41,42,46] as mono-
metallic catalytic reference. A comparison of monometallic and bime-
tallic complexes is presented, especially in the presence of silanes.

2. Experimental
2.1. Methods and materials
All reactions were carried out under oxygen-free, dry conditions in

an argon atmosphere using standard Schlenk and glovebox techniques
unless specifically stated otherwise. The solvents were purified,
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Fig. 1. Structure of NHC(Ptdvtms)y (x = 1,2) complexes used in this study. Compound 7 is literature known and used as catalytic reference [42]. .
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degassed, and dried according to standard purification techniques or
obtained from an MBraun solvent purification system (SPS). The ligand
precursor salts bis-ImMe-(PFé)z (L1) [47], bis-ImPh-(Br)z (L2) [48],
bis-Im"™-(PFg)2 (L3) [49], bis-ImM®-(Br), (L4) [48], bis-ImPPP-(PF¢),
(L5) [48], bis-ImMeTPiPP.(PF(), (L6) [50] and ImM®-BF, (L7) [51] were
prepared according to literature procedures. Where necessary, the
ligand precursor salts were further purified by an anion exchange with 5
eq. NH4PFg. All further chemicals were purchased from Sigma-Aldrich,
VWR, or abcr and used as received. NMR spectra were recorded on a
Bruker Avance Ultrashield 400 MHz and a Bruker DPX 400 MHz spec-
trometer. All 'H, 13C, and 2°Si chemical shifts are reported in parts per
million (ppm) relative to TMS, with the residual solvent peak serving as
an internal reference. 19°Pt chemical shifts are externally referenced to
K5PtCly in H30 (6 =-1628 ppm). 295 NMR spectra were recorded via the
INEPT technique. Abbreviations for NMR multiplicities are singlet (s),
broad singlet (bs), doublet (d), triplet (t), and multiplet (m). Coupling
constants are given in Hz. Catalytic experiments were conducted under
atmospheric conditions and GC-grade p-xylene and n-hexane were
employed therein. GC analysis was performed with an Agilent Tech-
nologies 7890B GC system using an HP-5 column (30 m x 320 pm x 0.25
pm). The injection volume was 1 pL at an oven temperature of 50 °C and
with a split ratio of 30:1. A flow of 0.9 mL-min™" of nitrogen as carrier
gas was applied and the system was equipped with an FID detector, that
was kept at 50 °C. After injection of the sample at 50 °C the oven tem-
perature was held for 9 min and subsequently ramped to 80 °C at a rate
of 6 °C-min”". Afterward, the ramp was increased to 15 °C-min! until
205 °C was reached and the final temperature of 250 °C was reached by
heating at 30 °C-min' and then keeping the temperature for 3 min.
Elemental analyses were performed at the microanalytical laboratory of
the Catalysis Research Center, Technical University Munich. Single
crystals were measured in the SC-XRD laboratory of the Catalysis
Research Center at Technical University Munich, Germany.

2.2. Synthesis and characterization

2.2.1. General protocol for the synthesis of bis-NHC(Ptdvtms), complexes
(1-6)

Under argon, the respective bis-(imidazolium) salt (L1-L6, 1.00 eq.),
Karstedt’s catalyst (2.00 eq. Pt), potassium tert-butoxide (3.00 eq.; 2.05
eq. for 6) and toluene are combined. The resulting suspension is stirred
overnight in the dark. Under air, n-pentane is added to the reaction
mixture and stirred before filtration over Celite. Elution with n-pentane
and removal of all volatiles in vacuo gives crude product. The target
compound is obtained by washing with propan-2-ol and n-pentane and
subsequent drying. A more detailed account is presented in the ESL

2.2.2. bis-ImMe(Ptdvtms); (1)

Yield: 53%. 'H NMR (400 MHz, CDCls, 298 K): 5 [ppm] = 7.12 (s,
2H, Hyy), 6.93 (s, 2H, Hym), 5.99 (s, 2H, NCH,N), 3.51 (s, 6H, CHj), 2.20
(bs, 4H, CHCHSI), 2.06-1.82 (m, 8H, CH,CHS1), 0.34 (s, 12H, SiCH3 ¢q),
-0.27 (s, 12H, SiCH3 ). *C{'H} NMR (101 MHz, CDCl3, 298 K): &
[ppm] = 185.8 (Pt—Cecar), 122.8 (Cim), 120.4 (Cr), 61.6 (NCH,N), 41.4
(CH,CHSi, LJp; c= 160.6 Hz), 37.1 (CH3), 35.5 (CH,CHSI), 1.6 (SiCHg,
eq)> —1.6 (SiCH3 5). °Si{'H} NMR (79 MHz, CDCl3, 298 K): & [ppm] =
3.11 (s, 2Jpisi = 41.1 Hz, 4 Si). '9°Pt NMR (85 MHz, CDCl3, 298 K): 6
[ppm] = -5390 (s, Pt, rotamer), -5395 (s, Pt, rotamer), -5399 (s, Pt,
rotamer). Elemental analysis caled (%) for CosHagN4O2Pt,Sis: C 31.97; H
5.15; N 5.97; found: C 31.62; H 5.12; N 5.83.

2.2.3. bis-Im™(Ptdvims); (2)

Yield: 89%. 'H NMR (400 MHz, CDCl3, 298 K): § [ppm] = 7.49-7.35
(m, 6H, Hyy), 7.34-7.27 (m, 6H, Hyy), 7.17 (s, 2H, Hay), 6.23 (s, 2H,
NCH,N), 2.35-2.08 (m, 4H, CH,CHS), 2.03-1.69 (m, 8H, CH,CHS),
0.30 (s, 12H, SiCHzeq), —0.54 (s, 12H, SiCHj4y). "*C{'H} NMR (101
MHz, CDCl3, 298 K): § [ppm] = 186.5 (Pt—Cear), 140.4 (Car), 129.0 (Cap),
128.2 (Cap), 124.6 (Cap), 122.4 (Crm), 121.2 (Cry), 62.3 (NCH,N), 42.6

Journal of Organometallic Chemistry 1007 (2024) 123030

(CH,CHSI, lth,c = 161.6 Hz), 35.3 (CH2CHSI), 1.6 (SiCH3eq), 2.5
(SiCH3 ay). 2°Si{'H} NMR (79 MHz, CDCl3, 298 K): § [ppm] = 2.98 (s,
2Jpsi = 40.1 Hz, 4 Si). 1°°Pt NMR (85 MHz, CDCls, 298 K): 6 [ppm] =
-5339 (s, Pt, rotamer), -5356 (s, Pt, rotamer), -5363 (s, Pt, rotamer).
Elemental analysis calcd (%) for C35HsaN4O2Pt,Sis: C 39.53; H 4.93; N
5.27; found: C 39.53; H 4.91; N 5.17.

2.2.4. bis-Im™ (Ptdvtms), (3)

Yield: 16%. 'H NMR (400 MHz, CDCls, 298 K): 5 [ppm] = 8.54-8.40
(m, 2H, Hyy), 8.40-8.19 (m, 2H, Hy), 8.19-7.91 (m, 2H, Hyy), 7.64-7.47
(m, 2H, Hyy), 7.43-7.24 (m, 2H, Hy,), 7.24-7.17 (m, 2H, H,p), 6.38 (s,
2H, NCH>N, rotamer), 6.17 (s, 2H, NCH;N, rotamer), 2.44-2.17 (m, 4H,
CH,CHSi), 2.15-1.74 (m, 8H, CHCHSi), 0.35 (s, 12H, SiCH3 eq), —0.31
(s, 12H, SiCH3 5. '*C{'H} NMR (101 MHz, CDCl3, 298 K): § [ppm] =
187.6 (Pt—Ccar), 151.6 (Cyp), 148.1 (Cyp), 137.7 (Cyp), 122.7 (Cyp), 121.1
(Car), 120.5 (Cyp), 116.0 (Cyp), 63.0 (NCH2N), 43.1 (CH2CHSI, lth,C:
161.6 Hz), 36.1 (CH2CHS), 1.6 (SiCHz eq), —1.8 (SiCH3 4, rotamer), —2.5
(SiCH3 4y, rotamer). 2Si{'H} NMR (79 MHz, CDCls, 298 K): 6 [ppm] =
3.11 (s, 2Jpisi = 41.1 Hz, 4 Si). '9°Pt NMR (85 MHz, CDCl3, 298 K): 6
[ppm] = -5343 (s, rotamer), -5347 (s, rotamer), -5353 (s, rotamer).
Elemental analysis calcd (%) for C33HsoNgO2Pt2Sis: C 37.21; H 4.73; N
7.89; found: C 37.10; H 4.66; N 7.79.

2.2.5. bis-ImM*(Ptdvtms), (4)

Yield: 79%. 'H NMR (400 MHz, CDClg, 298 K): 5 [ppm] = 7.41 (d,
3Ji = 2.0 Hz, 2H, Hyy), 6.86 (d, *Jun = 2.0 Hz, 2H, Hyy), 6.83 (s, 4H,
Hap), 6.28 (s, 2H, NCH,N), 2.31-1.67 (m, 12H, CH,CHSi), 2.22 (s, 6H, p-
CHs), 2.00 (s, 12H, 0-CH3), 0.26 (s, 12H, SiCHz3eq), —0.69 (s, 12H,
SiCH3 4. °C{'H} NMR (101 MHz, CDCls, 298 K): § [ppm] = 187.0
(Pt—Cear, WJpr.c = 1381.7 Hz), 139.1 (Cap), 136.3 (Car), 135.1 (Cap), 129.0
(Car), 123.2 (Cap), 120.6 (Cap), 62.1 (NCH,N), 42.3 (CH2CHSI, 'Jpic =
164.6 Hz), 35.9 (CHyCHSI, 'WJp,c = 119.2 Hz), 21.1 (p-CH3), 18.0 (o-
CH3), 1.6 (SiCHz,eq), —2.3 (SiCH3z o). 2°Si{'H} NMR (79 MHz, CDCls,
298 K): 6 [ppm] = 3.78 (s, 2Jpsi = 40.3 Hz, 4 Si). 1°Pt NMR (85 MHz,
CDClg, 298 K): § [ppm] =-5390 (s, Pt). Elemental analysis caled (%) for
C41HeqN404P15Si4: C 42.92; H 5.62; N 4.88; found: C 43.14; H 5.61; N
4.71.

2.2.6. bis-ImPPP(Ptdvims)s (5)

Yield: 55%. 'H NMR (400 MHz, CDCls, 298 K): 5 [ppm] = 7.43 (d,
3Jim = 2.0 Hz, 2H, Hyy,), 7.34 (t, *Jun = 7.8 Hz, 2H, Hyp), 7.15 (d, Jum
= 7.8 Hz, 4H, Hy), 6.96 (d, Juu = 2.0 Hz, 2H, Hyy), 6.37 (s, 2H,
NCH,N), 2.81-2.52 (m, 4H, CH(CHs),), 2.23-1.95 (m, 4H, CH,CHSi),
1.92-1.68 (m, 8H, CH>CHSi), 1.21 (bs, 12H, CH(CHs)5), 1.05 (d, *Jiy iz =
6.8 Hz, 12H, CH(CH3)2), 0.28 (s, 12H, SiCHseq), —0.42 (bs, 12H,
SiCH3 ay). '*C{'H} NMR (101 MHz, CDCl3, 298 K): § [ppm] = 187.5
(Pt—Cear), 145.9 (Car), 135.9 (Car), 129.8 (Car), 125.5 (Crm), 123.7 (Car),
119.4 (Cp), 62.2 (NCH,N), 42.5 (CH2CHSi, Upic = 165.6 Hz), 36.3
(CH2CHSI, Ypc = 120.2 Hz), 28.4 (CH(CH3)2), 26.3 (CH(CHs),), 22.4
(CH(CH3)2), 1.7 (SiCHzq), —1.7 (SiCH3qy). 2°Si{'H} NMR (79 MHz,
CDCl3, 298 K): § [ppm] = 3.41 (s, 2Jprsi = 41.1 Hz, 4 Si). 19°Pt NMR (85
MHz, CDCl3, 298 K): § [ppm] = -5382 (s, Pt). Elemental analysis calcd
(%) for C47H76N402Pt5Sis: C 45.83; H 6.22; N 4.55; found: C 45.97; H
6.50; N 4.39.

2.2.7. bis-ImMeTPPP (prdyims) , (6)

Yield: 50%. *H NMR (400 MHz, CDCls, 298 K): § [ppm] = 7.50 (t,
3Jun = 7.8 Hz, 2H, Hyy), 7.44-7.11 (m, 6H, Hyy), 7.29 (d, *Jyy 1 = 7.7 Hz,
4H, H,,), 6.09 (s, 2H, NCH,N, rotamer), 5.99 (s, 2H, NCH,N, rotamer),
5.35 (s, 4H, NCH,C, rotamer), 5.40 (s, 4H, NCH,C, rotamer), 2.37-1.80
(m, 4H, CH,CHSi, 4H, CH(CH3), 4H, CH>CHS), 1.14 (d, 3Ji1 s = 6.8 Hz,
12H, CH(CHs),), 1.09 (d, 3J11.11 = 6.8 Hz, 12H, CH(CHs),), 0.34 (s, 12H,
SiCH3 eq), —0.28 (s, 12H, SiCHj ). *C{'"H}M NMR (101 MHz, CDCls,
298 K): 6 [ppm] = 186.5 (Pt—Ceay), 146.0 (Car), 143.1 (Cyr), 142.8 (Cayr),
132.9 (Cay), 131.1 (Cap), 124.9 (Cap), 124.0 (Car), 121.9 (Cay), 120.9 (Cap),
61.8 (NCH,N), 45.3 (NCH,G), 42.2 (CHoCHSI, 'Jpyc = 158.6 Hz), 36.3
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(CH,CHSI, rotamer), 35.9 (CH,CHSi, rotamer), 28.5 (CH(CHz),), 24.2
(CH(CH3)), 24.1 (CH(CHa)y), 1.5 (SiCHz eq), —1.6 (SiCH3,ay). 2°Si{'H}
NMR (79 MHz, CDCls, 298 K): & [ppm] = 3.11 (s, 4 Si). '*°Pt NMR (85
MHz, CDCl3, 298 K): 6 [ppm] = -5386 (s, Pt, rotamer), -5391 (s, Pt,
rotamer), -5396 (s, Pt, rotamer). Elemental analysis caled (%) for
Cs3HgoN71902PtsSi4: C 45.67; H 5.93; N 10.05; found: C 45.62; H 6.00; N
9.88.

2.2.8. Platinum hydride test — reaction of 1 with MD"™M

Under atmospheric conditions 1 (20.0 mg, 21.3 umol, 1.0 eq.),
MD"M (40.5 uL, 149 umol, 7.0 eq.) and toluene—dg (0.3 mL) are reacted
for 7 min at 72 °C. Analysis by 'H NMR reveals four major hydride
resonances at § = —4.25 (1py i = 640 Hz), -5.16,-7.18 (1Jp. iy = 632 Hz)
and -9.46 ppm (1th,H = 652 Hz) with °°Pt satellites.

2.3. Single crystal X-ray structure determination

Single crystals of 1 were obtained by slow evaporation of a
concentrated solution in CDCls. The same procedure was successfully
applied for a n-pentane solution of 3. The layering of a solution of either
2 or 4 in DCM with n-pentane gave suitable crystals of the respective
compounds. Complex 5 was carefully recrystallized from n-hexane at 80
°C. Finally, crystals of 6 were obtained by layering a solution thereof in
CDCls with n-pentane. X-ray crystallographic data was collected on a
Bruker D8 Venture single crystal X-ray diffractometer, equipped either
with a CMOS detector (k-CMOS) and a TXS rotating anode or a CMOS
detector (Bruker Photon-100) and an IMS micro source, both in
conjunction with a Helios optic as setup using the APEX4 software
package [52]. The measurement used MoK, radiation (4 = 0.71073 10\)
and was performed on single crystals coated with perfluorinated ether.
The crystals were fixed on top of a micromount sample holder and frozen
under a stream of cold nitrogen at 100 K. A matrix scan was used to
determine the initial lattice parameters. Reflections were corrected for
Lorentz and polarization effects, scan speed, and background using
SAINT [53]. Absorption corrections, including odd and even ordered
spherical harmonics were performed using SADABS [54]. Space group
assignment was based upon systematic absences, E statistics, and suc-
cessful refinement of the structure. The structure was solved by direct
methods (SHELXT) with the aid of successive difference Fourier maps
and was refined against all data using SHELXL-2015 in conjunction with
SHELXLE [55-57]. Hydrogen atoms were calculated in ideal positions as
follows: Methyl hydrogen atoms were refined as part of rigid rotating
groups, with a C-H distance of 0.98 A and Ujso(H) = 1.5-Ueqg(C). Other H
atoms were placed in calculated positions and refined using a riding
model, with methylene, aromatic, and other C-H distances of 0.99 10\,
0.95 A, and 1.00 A, respectively, and Ujo(H) = 1.2:Ueq(C).
Non-hydrogen atoms were refined with anisotropic displacement pa-
rameters. Full-matrix least-squares refinements were carried out by
minimizing Zw(Fg—Fg)2 with the SHELXL weighting scheme [55].
Neutral atom scattering factors for all atoms and anomalous dispersion
corrections for the non-hydrogen atoms were taken from International
Tables for Crystallography [58]. The images of the crystal structures were
generated with PLATON [59]. CCDC 2321225-2321230 contain the
supplementary crystallographic data for this paper. This data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, by
emailing data request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: +44 1223 336033.

3. Results and discussion

3.1. Synthesis and characterization of bis-NHC(Ptdvtms), complexes (1-
6)

The homobimetallic bis-NHC(Ptdvtms), complexes 1-6 are easily
accessible by reaction of the respective bis-(imidazolium) salt (L1-L6,
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1.00 eq.) with potassium tert-butoxide (3.00 eq.) in the presence of
Karstedt’s catalyst (2.00 eq. Pt) [37,60,61], based on the synthetic
procedure of Marké et al. (Scheme 1) [42]. Solely in the synthesis of 6,
the amount of potassium tert-butoxide was reduced to 2.05 equivalents
in accordance with the synthesis of a monometallic congener [45] to
avoid unintended deprotonation of the triazoles [62,63]. The target
compounds, bis-ImMe(Ptdvtms); (1, 53%), bis—ImPh(Pthtms)z (2, 89%),
bis-Im™Y(Ptdvtms), (3, 16%), bis-Im“*(Ptdvtms), (4, 79%), bis-Im-
DiPP(pidvtms)s, (5, 55%) and bis-ImMeT?PiPP(Ptdvims), (6, 50%) were
isolated as off-white or colorless, air- and moisture stable compounds.
The comparatively low yield of 3 is caused by the low solubility of the
desired complex during the filtration step, which was however found to
be necessary on top of the washing process to obtain pure product.
Improving the yields might be facilitated by the weak base approach in
acetone as solvent [64,65], recrystallization [43], precipitation [66,67],
or column chromatography [41,68] which have been applied in the
purification of related complexes. A potential yield optimization ach-
ieved by screening alternative synthetic routes, however, was not the
goal of this work.

The chemical composition of 1-6 was confirmed by comprehensive
NMR spectroscopy (lH, 13C, 29Si, 195Pt), SC-XRD, and elemental anal-
ysis. Complex formation is indicated by vanishing of the carbenoid
proton resonances in the 'H NMR, upfield shifting of the dvtms vinyl
protons from § = 6.17-5.70 ppm for the free molecule to § = 2.44-1.68
ppm and splitting of the SiMes singlet into two resonances at approxi-
mately 5§ = 0.3 and -0.4 ppm, for equatorial and axial methyl groups,
respectively. The 13C carbene signal is observed in the narrow range of 5
= 187.6-185.8 ppm (Table 1), approving the similar Pt-C bond in the
investigated complexes. In addition, a singlet at § = 3.78-2.98 ppm in
the 2°Si NMR with 2th,si = 40.1-41.1 Hz platinum satellites reinforces
the claim of (NHC)Pt(dvtms) complex formation. 195p¢ satellites are also
observed for the 13C resonances at 1JPt,C,terminal = 158.6-165.6 Hz and
1th,c,imema1 = 119.2-120.2 Hz. These results match with the mono-
metallic Marko-type complexes, for instance 7, with § = 184.4 ppm for
the carbene signal, lth,c,teminal =165.6 Hz, lth,C,imemal =118.2 Hz and
for the 2°Si resonance 6 = 3.57 ppm, with a coupling constant of Zth,si =
40.3 Hz. This demonstrates a very similar chemical environment for the
monometallic and bimetallic systems, which is the prerequisite for a
meaningful comparison in catalysis in terms of structure.

The electronic environment of the catalytically active platinum atom
is directly probed by highly sensitive 1°>Pt NMR, where c-donor prop-
erties of ligands lead to an increase in electron density and n*-acceptor
properties of ligands induce the opposite [42,69,70]. The observed
resonances range from § = -5339 for 2 with phenyl wings to -5399 ppm
for 1 with methyl wings for the bimetallic complexes and are charac-
teristic for Pt(0) complexes [70]. The 195p¢ shifts of 1 and 6 with
aliphatic wingtips at the NHC, although slightly more shielded, resemble
their monometallic congeners [45]. Complexes 2-5 with terminal aro-
matic wingtips at the NHC are significantly upfield shifted by As = 22
for 4 and 76 ppm for 3 compared to their monometallic counterparts.
This is attributed to the internal methylene bridge that renders these
compounds mixed aromatic/aliphatic substituted NHCs and partly in-
troduces a characteristic of ImM®Pt(dvtms) (Im™ = 1,3-dimethylimida-
zolyl) that exhibits an upfield shifted '°>Pt of 5 = 5392 ppm [45]. The
most striking feature however is, that for 1-3 and 6 three slightly
chemically different platinum atoms are observed at room temperature.
This behavior was previously reported for asymmetric monometallic
(tetrylene)Pt(dvtms) compounds (tetrylene = carbene or silylene) and is
induced by a hindered rotation along the Pt-C axis which might result in
syn and anti-conformational isomers [44,46,67,68,71,72]. Our group
[46] and Iwamoto et al. [72] investigated the issue for their compounds
by variable temperature 'H NMR from 183 to 363 K and from 203 to 343
K, respectively but no coalescence point was reported. The group of
Iwamoto pushed even further and calculated the preference of the syn
conformation (# rotational barrier) by 4.3 kJ-mol ™. Expansion of this
concept to incorporate two hindered rotational Pt-C axes is necessary to
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Scheme 1. Syntheses of bimetallic complexes 1-6 from Karstedt’s catalyst [37,60,61]. 1: R = Me, X” = PFg; 2: R=Ph, X" =Br; 3: R=2-Py, X =PFs; 41 R =24,
6-trimethylphenyl (Mes), X~ = Br; 5: R = 2,6-diisopropylphenyl (Dipp), X~ = PFg; 6: R = 4-methylene-1-(2,6-diisopropylphenyl)-—1H-1,2,3-triazole (MeTrzDipp),
X~ = PFg. Stoichiometry: 1.00 eq. L1-6, 2.00 eq. Pt, 3.00 eq. KO'Bu (2.05 eq. for 6).

Table 1
Chemical shifts of complexes 1-7 as observed by NMR spectroscopy. Main species are highlighted.
Complex 1 2 3 4 5 6 7
Chemical shifts 6 [ppm]
B3Cearbene 185.8 186.5 187.6 187.0 187.5 186.5 184.4
-5390 -5339 -5343 -5386
195p¢ -5395 -5356 -5347 -5390 -5382 -5391 5368 °
-5399 -5363 -5353 -5396

# Differs by 29 ppm from the previously reported shift of -5339 ppm [42].

properly describe bis-NHC(Ptdvtms); complexes 1-6 (Fig. 2). This re-
quires three permutations with syn/syn as the energetically most
favorable according to the SC-XRD results (vide infra). Evaluation of the
ratio of rotamers is not presented due to improper resolution of the NMR
signals. Variable temperature 'H NMR studies were performed from 233
K to 363 K in steps of 10 K for 5 and 6 to elucidate conformational dy-
namics (ESI). Complex 5 was selected as it exhibits a clean singlet in the
195pt NMR and is sterically more hindered than 4, where also a singlet is
observed. It is expected that an increased steric bulk should enhance
conformational effects, making them easier to monitor. In contrast, 6
was selected as distinct rotamers are present at room temperature, and,
on top of the internal methylene bridge, the external methylene bridges
that connect the triazoles to the central scaffold also serve as a probe for
conformational dynamics. Analysis of the VT NMR data of 5 reveals the
splitting of the NCH,N bridge into two individual singlets at 5§ = 5.90 and
5.53 ppm at 233 K. Also, the axial methyl groups of the dvtms moiety
separate into singlets at § = 0.13 and -0.24 ppm at 233 K. Both signal
groups coalesce at about 268 K with Av = 148 Hz, calculating AGT =
52.5kJmol ! for both barriers using a derivation of the Erying equation
[73,74]. This indicates that these dynamics are linked to one another.
Values of similar magnitude were reported for rotation along a met-
al-NHC bond [75-77]. Lastly, the equatorial methyl groups of dvtms
start to separate at 233 K into peaks at § = 0.77 and 0.69 ppm. The axial
methyl groups of dvtms are generally further split as they point towards
the NHC ligand and hence their separation is more easily detected, while

N
o-Si R

~N

the equatorial methyl groups, that point away from the complex, are not
that well unraveled [44,72]. The VT NMR data of 6 reveals a more
complex behavior, where both the equatorial and axial methyl groups of
dvtms split into three, narrowly parted signals each at 233 K at § = 0.83,
0.81, 0.80 and 0.10, 0.08 and 0.07 ppm, respectively. This contradicts
the previously stated findings and is attributed to the introduction of
additional degrees of freedom in the form of the methylene bridge on the
outer wingtip of the complex scaffold. Coalescence of both peak sets into
two singlets is observed at roughly 298 K. At 363 K two singlets at § =
6.10 and 5.31 ppm in the ratio of 2:4 indicate chemically equivalent
protons in each case of the internal and external methylene bridge(s),
respectively. The internal methylene bridge exhibits a T, = 343 K and
disaggregates into three peaks at low temperatures, which might be
explained by the conformational isomers of Fig. 2. For the outer meth-
ylene bridges two consecutive coalescence points are observed at T, =
333 and 308 K, splitting each peak into two successors repeatedly.
Contrary to expectations, the sterically more hindered specimens 4 and
5 don’t impose a barrier on the Pt-C rotation at room temperature, while
1-3 are divided into rotamers. This hints at an additional factor that — so
far — remains unaccounted for.

Structure elucidation of 1-6 by single crystal XRD reveals coordi-
nation of the platinum atoms in characteristic [45,46,66,68,78-80],
distorted trigonal planar fashion by the carbene and vinyl groups of the
dvtms moiety (Fig. 3). The dvtms groups invariably crystallize in strict
syn/syn orientation, pointing away from each other, thereby reducing

R

Si\/\é'.. N ///,._ N //11-, N
P \\,Pt—«N] \Si&,Pt—«N] \Si\/§,Pt—<(N]

0l 0la”
Si Si
N> ah N> 7N N> sl
T = Q/\/ .

[ )%Pt';\s/ [ )%Pt';\s/ [ )>—Pt';‘/8|\

N =N N =X -I>O N =

R /SI\ R /SI\ R
syn/syn anti/syn anti/anti

Fig. 2. Conformational isomers produced by hindered rotation along Pt—Cearpene axes. Syn: the dvtms moiety is pointing towards the NHC wingtip R. Anti: the dvtms

moiety is pointing away from the NHC wingtip R.
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Ci8 C17

Fig. 3. ORTEP style molecular structure representation of complexes 1-6. Thermal ellipsoids are given at a 50% probability level. Hydrogen atoms are omitted for
clarity. One molecule of co-crystalized dichloromethane per unit cell is omitted for 2. Only the mainly occupied site is depicted for the disordered iso-propyl group

in 5.

steric strain. Therefore, only the most energetically favorable confor-
mation is observed in the crystalline state, which may also be due to
packing, while other rotamers may prove viable in solution. The sup-
posedly hemilabile N-donors in 3 and 6 are oriented in the opposite
direction to the platinum centers, which rules out an intramolecular
interaction between the two groups in the solid state. This is consistent
with monometallic Marké-type complexes that also contain pyridine or
triazole wingtips at the NHC, where no Pt-N interaction was observed
either [45] . The main geometric parameters of the bimetallic complexes
are summarized in Table 2 and compared to 7 as representative of
monometallic complexes. The Pt—Ccarbene bond lengths lie in the narrow
range of 2.022 A for the sterically least hindered 1 to 2.054 A for 6 with
bulky, though admittedly flexible NHC wingtips. The geometric pa-
rameters of the trifold ligated platinum centers are consistent with their
monometallic relatives, which further emphasizes the similarity of the

bimetallic and monometallic complexes. However, torsion of the dvtms
vinyl groups is generally more pronounced in the bimetallic system,
culminating at —14.7(4)° for 5 in this study. This value has so far only
been exceeded once in a report by Pietraszuk et al. where an extremely
bulky ligand forces a distortion of 17.2(6)° [79]. Although bound to the
identical main scaffold, the Pt-Pt distances vary in the range of 5.787 A
in 1 to 7.004 A in 6. For complexes 2-5, which contain aromatic NHC
wingtips, the Pt-Pt distance correlates with the Pt—Ccarbene bond length,
indicating that both parameters are affected by steric strain in the same
way. Thus, the ideal metal-metal distance for bimetallic catalysis of
3.5-6 A [19] is partially exceeded but could be realized after the loss of
the dvtms moieties and due to conformational dynamics in solution.
Interaction of the substrate with both platinum atoms or binding of two
reactants in close proximity might still prove beneficial, even if there is
no direct interaction between the platinum atoms.
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4

Fig. 3. (continued).

3.2. Catalytic hydrosilylation of alkenes

3.2.1. Catalytic reaction of oct-1-ene with MDM

The performance of the bimetallic catalyst precursors 1-6 was
evaluated and compared to 7 as a reference system for monometallic
Marko-type complexes in the catalytic hydrosilylation reaction of oct-1-

ene and MD'™M at 72 °C. The bulky MD"M mimics a PMHS (poly-
methylhydrosiloxane) in this by Marké et al. established benchmark
reaction (= A, Table 3) [40,41], which finds widespread application in
research [45,46,66,81]. The target compound MyD-oct is formed at very
good to excellent yields of up to 98% with respect to the alkene. Linked
byproducts are observed at total yields < 1% and are therefore neglected
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Fig. 3. (continued).
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Table 2
Selected crystallographic data of bimetallic complexes (1-6) in comparison to literature known complex 7 [42].

Complex 1 2 3 4 5 6 7°

Bond lengths (A)

Pt—Ccarbene 2.027(5) 2.050(4) 2.050(3) 2.044(3) 2.044(4) 2.054(7) 2.046(4)
2.022(5) 2.042(4) 2.039(3) 2.039(6)

Pt-Cc= ¢ 2.124(4) 2.133(4) 2.120(4) 2.114(3) 2.124(4) 2.147(6) 2.141(5)
2.110(4) 2.123(4) 2.133(4) 2.129(3) 2.106(4) 2.116(7) 2.138(5)
2.127(5) 2.138(4) 2.122(3) 2.123(7)
2.120(6) 2.137(5) 2.130(3) 2.103(7)

Pt-Cc=c d 2.143(5) 2.141(4) 2.140(4) 2.141(3) 2.134(4) 2.151(7) 2.146(4)
2.121(5) 2.143(4) 2.137(4) 2.142(3) 2.139(4) 2.141(6) 2.148(5)
2.142(5) 2.140(4) 2.133(3) 2.151(7)
2.139(5) 2.147(4) 2.148(3) 2.145(7)

Ce=c—Cc= © 1.420(7) 1.436(6) 1.426(5) 1.428(4) 1.429(6) 1.428(9) 1.437(7)
1.447(7) 1.429(6) 1.427(6) 1.426(4) 1.425(6) 1.432(11) 1.419(7)
1.438(7) 1.435(5) 1.433(4) 1.439(9)
1.442(8) 1.435(5) 1.427(5) 1.426(9)

Pt-Pt 5.7874(4) 6.7208(8) 6.5177(6) 6.2245(5) 6.396(1) 7.0041(8) n.a

Angles (°)

Nim—CHo—Niy 113.4(4) 113.0(4) 114.2(4) 113.8(2) 112.9(4) 112.5(5) n.a.

tilt angle © 84.12 70.81 83.32 69.42 61.21 66.11 64.67

NHC-Pt(dvtms) 82.05 78.03 72.80 74.82

Torsion (°)

Ce—c—Co—c—Ce—c—Ce—c 5.9(5) 0.0(4) 8.2(4) -3.8(3) ~14.7(4) ~1.1(7) 4.3(5)
4.3(5) -3.4(4) -4.0(3) -6.6(7)

b Data was extracted from CCDC 275,306 [42].

¢ Denotes the distance to the terminal carbon.

4 Denotes the distance to the internal carbon.

¢ Denotes the distance between the two olefinic carbons of dvtms.

Table 3

Model reaction A: Catalytic formation of product (MaD-oct) by hydrosilylation of oct-1-ene (1.0 eq., 2.024 mmol, 0.5 M) with MD"M (1.0 eq., 2.024 mmol, 0.5 M) in p-
xylene at 72 °C with 50 ppm [Pt] and n-decane (1.518 mmol) as internal standard. Analysis by GC-FID.

P MesSiO.1_OSiMe; 50 ppm [P MesSiO 1o
CeHqg™ ™ Si g A~Si
I\I/Ie (p-xylene) C6H13 \OSiMe3
72 °C
Catalyst Y(M;D-oct) [%] X(oct-1-ene) [%] X(MD"M) [%] S [%] ° Y(isomerization) [%] * TOF [h™1] "
1 36 43 37 85 2 5000
2 90 92 88 98 3 48,000
3 22 27 23 80 1 12,000
4 90 94 90 9% 3 38,000
5 95 99 93 96 3 43,000
6 52 56 51 92 2 5000 '
7 91 98 90 92 4 17,000

Y = yield. X = conversion. S = selectivity.

f Selectivity regarding oct-1-ene at t = 6 h; Selectivity regarding MD™™M > 97%.

8 Sum of Cg isomers at t = 6 h. n-Octane is included herein.
b TOF of oct-1-ene calculated at the steepest slope.
! Yield used for calculation.

(Smpum > 97%). However, the catalysts compete for the minimization of
Cg byproducts that are formed by isomerization and reduction of
oct-1-ene.

Equimolar amounts of oct-1-ene and MD'M are reacted under air at
72 °C in the presence of 50 ppm [Pt]. In the case of the bimetallic
compounds 1-6, this entails loading the respective complexes at 25 ppm
to account for both platinum atoms in them. For 7 on the other hand,
loading is fixed at 50 ppm complex, which equals the platinum con-
centration due to the monometallic nature. This allows comparison of
catalytic performance in relation to the amount of platinum sites inde-
pendent of the catalyst precursor. The reactions were monitored by GC-
FID using n-decane as an internal standard. The observed time-yield
kinetics (Fig. 4) exhibit sigmoidal behavior due to an initiation period
in which the active catalyst is formed by hydrosilylation of the dvtms
ligand, which is the rate-determining step [42].

This characteristic is most pronounced for 7 and results in < 1%

product formation after 20 min. Classical, monometallic Markd-type
(NHC)Pt(dvtms) complexes are therefore described as “slow-release”
precursors of catalytically active platinum species [42], a drawback that
limits the performance of these complexes and is surpassed by bimetallic
complexes 1-6. For instance, a yield of 37% MyD-oct is obtained for 4
after 20 min, both compounds being related and containing mesityl
wingtips at the NHC(s). However, the overall catalytic performance also
depends on the inherent activity and stability of the active species. The
latter appears to be poor for 1, 3, and 6, as is indicated by flattening of
the kinetic curves at yields < 10% in a logarithmic form. Previously,
pyridine and triazole wingtips at the NHC moiety proved detrimental in
monometallic (NHC)Pt(dvtms) complexes and was attributed to the
stabilization of a Pt(Il) species [45]. However, these N-donor-containing
ligands prevent catalysis for bimetallic systems at a different magnitude.
An inflection point, caused by increasing activity, around the 1 h mark
for 1 and 6 implies another transformation. Investigation and discussion
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Fig. 4. Time dependent catalytic formation of product (M.D-oct) by hydro-
silylation of oct-1-ene (1.0 eq., 2.024 mmol, 0.5 M) with MD"'M (1.0 eq., 2.024
mmol, 0.5 M) in p-xylene at 72 °C with 50 ppm [Pt] and n-decane (1.518 mmol)
as internal standard. Analysis by GC-FID.

of the deactivation and transformation reactions are presented below. At
this point a discrepancy of calculated selectivity (S = Y-X') and
observed byproduct formation for 1, 3, and 6, which yield the least
desired product is worth mentioning. This finding was however
confirmed by a fourfold determination for each complex. The cause of
this might be the minimal evaporation of oct-1-ene, which has the
lowest boiling point in the catalysis mixture, and the resulting error
propagation since no additional byproduct was identified by GC-FID.
Addressing the difference of 4 and 7 again, not only does initiation
occur faster for 4, but also the turnover frequency (TOF) of 38,000 ht
more than doubles the TOF of 17,000 h™! for 7. The highest TOF in this
study is observed for 2 at 48,000 h™! with no distinct induction period,
just as for the monometallic ImMePt(dvtms), where a TOF of 31,000 ht
was achieved [45]. The monometallic relative of 2, ImPhPt(dvtms), falls
short at a TOF of 39,000 h! and a selectivity of 96% compared to 98%
for 2, but forms more MyD-oct at a yield of 94% (2: Y = 90%) [45].
Contradicting our expectations, 4 and 5 exhibit virtually the same in-
duction period, while in the case of the monometallic relatives Im™*Pt
(dvtms) and ImPPPPt(dvtms), the steric bulk of the later prolongs the
induction period by 1/3 [41]. With the highest yield of 95% and a TOF
of 43,000 h™! at S = 96%, 5 emerges with the best performance in the
investigated series.

Table 4
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3.2.2. Catalytic reaction of vinylsiloxane MM"" with MD'M

The hydrosilylation of MM"! with MD"M is selected to simulate
industrial-relevant three-dimensional silicone network formation by
addition-cure crosslinking using a platinum catalyst (= B) [82,83].
Experiments were carried out at 100 °C with a loading of 100 ppm [Pt]
for direct comparison to the performance of the monometallic relatives
of 1-6 [45]. The results are summarized in Table 4, showing excellent
performance of the bimetallic complexes (reaction kinetics are provided
in the ESI).

The highest yield of the target product MM(CoH4)DMs, is achieved by
1, namely 75%, contradicting the results in A (vide supra), where poor
performance was realized, due to deactivation. This is attributed to the
raised reaction temperature of 100 °C compared to 72 °C in A, which
supports the presumed transformation in A that is accompanied by an
increase in activity. A TOF of 51,000 h™! is calculated for 1, slightly
exceeding 50,000 h! of ImMePt(dvtms) under equal conditions, which
signals that the reaction is not limited by diffusion, even though two
platinum atoms are linked in close proximity. Complex 2 is by far the
most active with a TOF of 78,000 h™!, outperforming the monometallic
relatives by over 50%. Substitution of the phenyl wingtips in 2 with
pyridine in 3 impairs catalytic performance significantly to a TOF of
34,000 h™!. This detrimental effect of N-donors was previously reported
for monometallic Marké-type (NHC)Pt(dvtms) complexes and is attrib-
uted to excessive stabilization of the Pt(II) state as mentioned above
[45]. Lowering the catalyst loading and the temperature might prove
beneficial in more clearly distinguishing the kinetics of 1-6 but was not
pursued in the work presented here.

3.2.3. Comparison of a monometallic (7) and bimetallic (4) complex

In the following, a detailed comparison of the homobimetallic plat-
inum system with the classical monometallic system is presented, with
the mesityl-containing complexes 4 and 7 serving as representatives of
their respective classes and A as benchmark reaction (Table 5). The
temperature is fixed at T = 72 °C, while the [Pt] loading is set to 100, 50,
25, and 10 ppm and even as low as 5 ppm for 7. At a loading of 100 ppm,
4 yields 91% of the main product with a TOF of 42,000 h™! which is
calculated based on the recorded reaction kinetics (see ESI). Lowering
the catalyst concentration to 50 and subsequently to 25 ppm yields 90
and 89% product while maintaining catalyst activity at TOFs of 38,000
and 42,000 h™!, respectively. The difference in TOFs is negligible in
terms of uncertainty and indicates that catalytic activity is decoupled
from the catalyst loading. This is however contradicting experiments at
10 ppm of 4, where the TOF is reduced to half to 20,000 h™'. Complex 7
on the other hand increases activity while catalyst loading is reduced. At
100 ppm a TOF of 11,000 h™! is calculated that continuously improves
and peaks at 33,000 h™! at the lowest investigated loading of 5 ppm. This
finding is attributed to catalytic overloading at higher catalyst

Model reaction B: Catalytic formation of product (MM(C,H4)DM) by hydrosilylation of MMV (1.0 eq., 2.024 mmol, 0.5 M) with MD'M (1.0 eq., 2.024 mmol, 0.5 M) in
p-xylene at 100 °C with 100 ppm [Pt] and n-decane (1.518 mmol) as internal standard. Analysis by GC-FID. Evaluation of selected byproducts is included in the ESI.

H
Me, Me;SiO. 4 .OSiMe;

100 ppm [Pt]
_S + - =
MeySio” >~ .

Me3SiO
e3 |I Me

Me,SiO.. sie
€255 ™0 5iMe,

-xylene
Me (p1 00 °C ) Me

Catalyst Y(MM(C,H4)DM,) [%] X(MMYY) [%] X(MDM) [%] S(MMYY) [%] S(MDM) [%] TOF [h ~ 1]/
1 75 97 97 77 77 51,000

2 71 97 98 72 72 78,000

3 72 92 91 79 80 34,000

4 71 98 99 73 72 46,000

5 73 97 99 75 73 52,000

6 72 91 89 80 82 51,000

7 68 94 94 72 72 9000

Y = yield. X = conversion. S = selectivity. All data given at t = 6 h.
J TOF of MM"! calculated at the steepest slope.
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Table 5
Catalytic hydrosilylation of oct-1-ene with MD''M at varying temperature and
catalyst loading. The corresponding reaction kinetics are included in the ESI.

Catalyst T [ Catalyst loading Y(MM(C;H4)DM,) TOF
°C] [ppm] [%] 1"
4 72 100 91 42,000
4 72 50 90 38,000
4 72 25 89 42,000
4 72 10 59 20,000
4 62 50 86 29,000
4 52 50 84 12,000
7 72 100 94 11,000
7 72 50 91 17,000
7 72 25 91 26,000
7 72 10 82 31,000
7 72 5 62 33,000
7 62 50 78 6000
7 52 50 45 3000

Yields (Y) after 6 h.
k" denotes the loading of platinum.
! TOF of oct-1-ene calculated at the steepest slope.

concentrations and emphasizes the inherently different nature of the
investigated systems. To examine the thermal dependence of the cata-
lysts, the temperature is lowered in steps of 10 K to 62 and 52 °C, while
the platinum loading is fixed at 50 ppm. The bimetallic complex 4
achieves yields of 86 and 84% at TOFs of 29,000 and 12,000 h™! at 62
and 52 °C, respectively. This preserves 76 and 35% of the activity at
standard conditions as the temperature is lowered. This retained activity
to original activity ratio is significantly lower for 7, where TOFs of 6000
and 3000 h™! reveal that merely 32 and 18% of the activity at standard
conditions are preserved. This is rationalized in terms of the initiation
process, which was determined as the rate-determining step for mono-
metallic Marko-type complexes [42]. The induction period of 7 is
considerably longer compared to 4 (Fig. 4) and is consequently more
strongly affected as temperature is decreased. To summarize, the per-
formance of 7 exceeds 4 at low catalyst loadings, while 4 is superior at
low temperatures.

3.2.4. Addition of fresh reactants

The initiation behavior is further investigated by the addition of
fresh reactants (equimolar ratio of oct-1-ene and MDYM) after comple-
tion of a standard experiment (see ESI for kinetics and detailed experi-
mental). Conversion of the second batch of reactants starts immediately
without an induction period, demonstrating that 4 and 7 are still cata-
lytically active. TOFs of 20,000 and 14,000 h™! are calculated (3 to 10
min) for 4 and 7, respectively. The decrease in activity is — at least in part
- attributable to the dilution of educts from 0.5 to 0.4 M due to their
repeated addition. However, 4 only retains 53% activity, while 7 per-
forms at 82%. This may be due to the continuous activation of 7 upon
the addition of fresh reactants, due to the inherently slow initiation
behavior of the monometallic complex. Previously, ImCyPt(dvtms) was
repeatedly subjected to fresh reactants under similar conditions [84].
The absence of the initiation period in follow-up runs was here also
observed, but the TOF increased ninefold, while a third addition raised
the activity 16 times compared to the first experiment. The disagree-
ment with the herein presented results might be attributable to the
different characteristics of the catalysts and applied methods.

3.2.5. Pre-catalytic reaction of complexes and MD*M

Since it is assumed that the initiation process of Marké-type com-
plexes proceeds by partial dissociation of the dvtms chelate and subse-
quent hydrosilylation of the latter by two SiH entities [42], model
reaction A was modified with the objective of comparing “true” TOFs of
4 and 7. The respective complex is reacted with MD'M for defined
durations tgjy in the presence of solvent (p-xylene) and internal standard
(n-decane) prior to the addition of oct-1-ene that launches catalysis (=
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100
— v—"”/—A/O
¥ = {1
g 7’ ASiH (tSiH)
0, = 0h
= —-—0.5h
E ——1h
> —~-2h
——3h
—~—6 h
——16 h
=40 h
1:0 1?5 2:0
time [h]

Fig. 5. Agiu — Preceding reaction of 7 with MD"M for defined durations tg.
Catalysis is launched upon addition of oct-1-ene. Reaction conditions: oct-1-ene
(1.0 eq., 2.024 mmol, 0.5 M) and MD'M (1.0 eq., 2.024 mmol, 0.5 M) in p-
xylene at 72 °C with 50 ppm [Pt] and n-decane (1.518 mmol) as internal
standard. Analysis by GC-FID.

Asin). As expected, the induction period is significantly shortened after
exposing 7 to MD'M for 0.5 h (Fig. 5), but disappears completely at tgy
= 3 h, transforming the sigmoidal shape to a logarithmic curve. Activity
accumulates to a TOF = 220,000 h™! at tgjy; = 6 h, a 13 times increase
compared to the performance of 7 in A (Table 6). The selectivity and
yield remain virtually unchanged at 91 and 92%, respectively,
compared to 92 and 91% in A. At tgjy = 16 and 40 h a notable decrease in
yield to 81 and 79%, respectively, can be observed, accompanied by S =
82 and 81%. This indicates a transformation of the catalytically active
species and is supported by TOFs of 296,000 h™! and a decline to 174,
000 h! after exposure of 7 to MDP'M for 16 and 40 h, respectively. The
drop in activity at tgjy = 40 h also transforms the kinetic curve back into
a sigmoidal shape, reintroducing an initiation phase. Potential loss of the
NHC moiety and platinum agglomeration might form colloids where
reactivation due to the “oxygen effect” occurs [85,86]. This is further
investigated by mercury poisoning experiments that are presented
below.

Contrary to our expectations 4 shows inverse behavior to 7 in Agjg
(Fig. 6). Exposure of 4 to MD"'M before catalysis results in a prolonged
induction period and activity loss, which is most pronounced at tgjy = 6
h. The selectivity is slightly reduced to 92% and activity is cut down to
7000 h™!, compared to 96% and 38,000 h™! in A, respectively. This in-
dicates deactivation by transformation into another species. However, at
longer tsiy higher activities are observed again with TOFs of 25,000 and
79,000 h™! after 16 and 40 h, respectively, which is only a fraction of the
activity of 7. Interestingly, the selectivity remains at 92% and is even
slightly enhanced to 95% at tgjy = 40 h, which matches — within the

Table 6
Preceding reaction of 4 and 7 with MD'M for defined durations tgj; in Asiy.
Catalyst tsin [h] Y(M.D-oct) [%] S [%] ™ TOF [h~1] "
7 6 92 91 220,000
7 16 81 82 296,000
7 40 79 81 174,000
4 6 48 92 7000
4 16 85 92 25,000
4 40 90 95 79,000

Y = yield. S = selectivity.
™ Selectivity regarding oct-1-ene at t = 2 h.
™ TOF of oct-1-ene calculated at the steepest slope.
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100
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»——"””/
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O\E /
s 60 | /
Q
o, 4, Agiy (tsin) R
= 20 -0 min
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Fig. 6. Agiu — Preceding reaction of 4 with MD"M for defined durations tg.
Catalysis is launched upon addition of oct-1-ene. Reaction conditions: oct-1-ene
(1.0 eq., 2.024 mmol, 0.5 M) and MD"M (1.0 eq., 2.024 mmol, 0.5 M) in p-
xylene at 72 °C with 50 ppm [Pt] and n-decane (1.518 mmol) as internal
standard. Analysis by GC-FID.

margin of error — S = 96% under standard conditions. This indicates,
that the Pt-C bond remains undamaged and an interim species is formed
upon exposure of 4 to MD'M. In this context, di-p-hydrido platinum
dimers D and E (Fig. 7) were reported to form in the presence of silanes
[84,87]. The structures of both species were unequivocally resolved by
SC-XRD. Catalytic evaluation of D revealed a longer initiation period
and lower activity compared to ImCyPt(dvth), which matches the
behavior of 4 in the Agjy method. To investigate this issue, 1 (1.0 eq.) is
reacted with MD'M (7.0 eq.) at 72 °C for 7 min. Analysis by 'H NMR
reveals four major hydride resonances with 9Pt satellites at § = -4.25
({pe 1 = 640 Hz), -5.16, -7.18 (\Jp. iy = 632 Hz) and —9.46 ppm (Wpe i =
652 Hz). Chemical shifts and coupling constants are consistent with
platinum hydride complexes, among them p-hydrido platinum dimers
[88-96]. Attempts to isolate or crystallize the formed species remained
unsuccessful. Based on this, di-p-hydrido-bridged species C is postu-
lated, whose formation is favored due to the proximity of two platinum
atoms in the bimetallic complex. This also serves as an explanation of the
inferior performance of 1 in A, which indicates that the sterically least
occupying methyl wingtips at the NHCs cannot prevent the formation of
C even under standard catalytic conditions. In this context and also
relevant for 7 in Agiy, the di-p-hydrido-bridged Im®YPt species of Marké
et al. was obtained under relatively mild conditions with five equivalents
silane at 80 °C for 10 h. Harsher conditions of 20 equivalents silane and

(\/\\ _SiR'; Cy SlRin
< H [ )>—Pt Pt—<(
Q/\’/ “SiR', CR;SI Cy/

Cc

postulated species Marké, 2006
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100 °C for 15 h however facilitate conversion of IrnDiPPPt(thms) into
tricoordiante bis-(silyl)platinum(II)-NHC complex F that remains stable
in the presence of excess silane even under ambient conditions [97].
Especially in the hydrosilylation of alkynes, F proves significantly more
active and selective than the parent ImPPPPt(dvtms) complex [98].
Following this model, further conversion of C into a silyl species appears
reasonable and explains the increase in activity [99,100]. In addition,
the initial activation of dvtms is of particular interest as it was reported
that the catalyst activation pathway for mono- and bimetallic complexes
might be fundamentally different. Investigation of monometallic (NHC)
Rh(COD) and bimetallic bis-NHC(RhCOD); complexes revealed
hydrogen transfer from one to another COD moiety that forms
cycloocta-1,3,5-triene and opens up a free coordination site at the site
with reduced cyclooctene [34]. This pathway is significantly faster than
the dissociation of COD for the monometallic complex and increases
catalytic performance. Work is currently in progress to unveil the origin
of the synergistic effect and to elucidate the transformations of bime-
tallic bis-NHC(Ptdvtms), complexes, especially their induction period.

3.2.6. Mercury(0) poisoning experiments

The pre-catalytic reaction of 7 with MDIM (vide supra) raised the
question of (NHC)Pt stability and clearly demanded a more in-depth
examination, as colloid formation for similar complexes has been
assumed in previous reports [81,101]. The catalyst poisoning experi-
ment with elemental mercury is commonly used to distinguish homo-
geneous molecular catalysis from heterogeneous catalysis [102,103]
and is applied to the monometallic (7) and bimetallic (4) systems. The
method is based on the assumption that Hg(0) will amalgamate Pt(0)
clusters/colloids and nanoparticles and render them inactive. However,
wrong conclusions might be drawn as it was shown that there are mo-
lecular complexes that are reactive to Hg(0) and a proper methodology
is crucial to obtain meaningful results [102-106]. To overcome these
issues 1500 equivalents of Hg(0) with regards to platinum are used and
intimate contact of Hg(0) with the reaction mixture is ensured by raising
the stirring frequency from 500 to 1400 rpm. Also, mercury is only
added to the reactor, after educt conversion is higher than 10%, which
results in a bending of the kinetic curve if Hg(0) influences the catalyst.
On top of this, the mercury poisoning experiment is conducted under
standard conditions (A) and after 40 h of pre-reaction of 4 and 7 with
MD"M. In this study, no visual discoloration of the reaction mixtures
was observed, which would indicate the formation of colloidal platinum

Table 7
Results of mercury poisoning experiments (1500 eq. Hg/Pt) and observed final
yields in parentheses.

Catalyst A Asin (40 h)
4 Negative (90%) Negative (88%)
7 Negative (94%) Positive (56%)
Dipp
H_ siEt N SiMe,Ph
CysP— Pt Pt PCys, [ >—Pt
Et;Si N SiMe,Ph
Dipp
E F
Stone, 1978 Marko, 2009

Fig. 7. Postulated di-p-hydrido complex C. Platinum dimer D of Marko et al. with SiRz = MDM [84]. Platinum dimer E of Stone et al. [87]. Bis-(silyl)platinum(II)-

NHC complex F of Marko et al. [97].
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species but does not necessarily rule out their existence. There is no
abnormality in the kinetics of the mercury test of 4 in either A or Agin
(40 h) as is expected from the maintained selectivities (Table 7, kinetics
in ESI). While no poisoning is observed for 7 under standard conditions
(A), Hg(0) completely deactivates the catalyst in Agjy (40 h). This
matches with the behavior of 7 in Agjg (40 h), without mercury addition,
where a decrease in selectivity and activity was recorded, which even
leads to the formation of an induction period. These independent results
indicate the formation of colloidal platinum from 7 in the presence of
MDM after 40 h, while 4 is intermediately stabilized as di-p-hydrido
complex.

4. Conclusion

A series of six homobimetallic bis-NHC(Ptdvtms), complexes 1-6
was prepared with the anticipation of cooperative effects. Character-
ization by NMR spectroscopy (lH, 13C, 298i, and '°°Pt) and SC-XRD
revealed the strong similarity of this new complex class to the parent
monometallic Marké-type (NHC)Pt(dvtms) complexes. Hindered rota-
tion of the Pt-C bond generates conformational isomers for 1-3 and 6 at
room temperature. 'H VT-NMR experiments with 5 disclose coalescence
at 233 K, which gives AGT = 52.5kJmol ! as a rotational barrier, using
the Erying equation. The bimetallic complexes prove to be potent
catalyst precursors for the hydrosilylation of alkenes and are charac-
terized by minuscule initiation periods compared to ImMesPt(dvtms) (2
which is used as a reference to Marké-type complexes. Inverse behavior
was observed for 4 and 7 in the pre-catalytic reaction of the complexes
with MDPM. Activation of 7 results in a TOF of 296,000 h™, with
selectivity decreasing under harsh conditions, while 4 is first deactivated
and then reactivated under harsh conditions, with selectivity being
maintained. These findings are explained by the decomposition of 7 to
platinum colloids after extended exposure to MDM as revealed by
mercury poisoning experiments and intermediate stabilization of 4 as
the postulated di-p-hydrido complex C under the same conditions.
Relevant for the application is the performance of 7 at low catalyst
loadings, while 4 is superior at low temperatures due to easier
activation.
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Exploring the impact of abnormal coordination in
macrocyclic N-heterocyclic carbene ligands on
bio-inspired iron epoxidation catalysist
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The first macrocyclic abnormal N-heterocyclic carbene (aNHC) Fe!' complex, featuring a calix[4]3-methyl-
1,2,3-triazole-5-ylidene ligand system is synthesised and characterised inter alia via EA, SC-XRD, NMR and
UV/vis spectroscopy. Including Méssbauer spectroscopy, SQUID and DFT calculations, the impact of the
aNHC on the Fe'" complex and its corresponding Fe' derivative is investigated. A comprehensive study of
the aNHC Fe complexes in their performance in homogenous epoxidation reactions is reported and
compared to the established benchmark catalysts. The complexes demonstrate efficient and selective
catalytic activity in the epoxidation of cis-cyclooctene with H.O,, with TOFs up to almost 60000 h™2.
Additionally, the epoxidation of more challenging olefinic substrates is possible. The reactivity under
oxidative conditions of both complexes is investigated. NMR measurements reveal the formation of a
mono-oxidised triazole ligand as degradation product. HR-ESI-MS measurements, supported by DFT
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Introduction

Inspired by nature, organometallic iron N-heterocyclic carbene
(NHC) systems have gained attention as attractive alternatives
to established catalyst systems due to their activity in oxidation
reactions.'™ Following the model of cytochrome P450, various
non-heme iron complexes have been designed to mimic its
ability to undergo fundamental chemical transformations such
as the oxidation of hydrocarbons and oxygen transport." This
includes the epoxidation of olefins, which represents an
essential approach for the modification of organic
intermediates in the production of various fine and bulk
chemicals.” In this context, the investigation of the activity of
macrocyclic tetradentate iron complexes in the epoxidation of
alkenes has evoked interest.® Previously, focus was laid
primarily on examining the mechanisms of corresponding
porphyrin-like systems featuring exclusively N-donor ligands.
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DFT calculations. CCDC 2362784. For ESI and crystallographic data in CIF or
other electronic format see DOI: https://doi.org/10.1039/d4cy00992d
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calculations indicate the formation of an oxoiron species.

High valent iron intermediates of oxidation state IV or V are
considered to be the active species in these reactions."”
However, most catalytic reactions are starting from iron(u) pre-
catalysts, which requires a pre-oxidation to form an active
iron(u) hydroperoxo species, usually involving an undesired
Fenton-type radical step.>"*™*® The radical formation can affect
catalyst activity, represented by the turnover frequency (TOF)
and stability, represented by the turnover number (TON)."” Even
if the results on mechanistic studies of iron NHC complexes in
epoxidation catalysis are limited,” NHC ligands are expected to
be superior due to their favourable electronic properties as
strong o-donors possessing high kinetic stability.*'®"® The
current benchmark catalyst for homogenous olefin epoxidation
is an iron(u) tetracarbene complex with a ligand system
consisting of four imidazole-2-ylidene units connected via
methylene bridges and two labile acetonitrile ligands in trans
positions to each other (Fig. 1, A).*>*" Complex A reaches a TOF
of ca. 50000 h™ with a TON of 480. The unfavourable Fenton-
type reactivity in the oxidation reaction could be suppressed
applying its iron(m) homologue B (Fig. 1) as catalyst by
increasing the TOF to > 180000 h™.>* Adding Lewis acids like
Sc(OTf); to the catalytic reaction increases activity and stability
of the catalyst significantly (TOF > 400000 h™", TON =~ 1200).>°
These results outperform previous established epoxidation
catalysts based on rhenium (TOFs up to ca. 40000 h™")° or
molybdenum (TOFs up to ca. 50000 h™').>* However, for
application of iron NHC complexes in industrial catalysis, the
stability has to be considerably enhanced without
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Fig. 1 Chemical structure of the precursor of the most active catalyst
Fe'[cCCCClim A in the epoxidation of cis-cyclooctene with H,O, and
its Fe"'[cCCCCl;,, derivative B and the structure of the abnormal
coordinating iron NHC complexes Fe'[cCCCCly,, 1 and Fe"'[cCCCCly,,
2 (this work).

compromising the remarkable activity. The electronic properties
of A and B can be adjusted by introducing substituents into the
NHC backbone, impacting both their respective TON and TOF,
with a lag in activity compared to A and B.”*

Abnormal NHCs (aNHCs) are considered to be stronger
o-donors than normal coordinating imidazole-2-ylidene units
as in complexes A and B.>>*° Introducing aNHCs as ligands
in transition metal catalysis has proven to be effective in
adjusting the electronic characteristics of the central metal
and enhancing its catalytic performance. Among these, 1,2,3-
triazol-5-ylidenes turned out as a promising aNHC subclass
due to their straightforward synthesis via click chemistry.>*>°
In order to deepen the understanding of the influence of the
NHC oc-donor strength on the iron catalyst performance in
oxidation reactions, our group recently designed a ligand
which is geometrically similar to the calix[4]imidazol in
complex A and B. However, the designed ligand differs in its
NHC units and mode of coordination with the metal,
changing from a normal NHC to an aNHC.** To date only
one macrocyclic abnormal coordinating iron NHC complex is
reported in literature (Fig. 1, 1).*> Complex 1 represents a
promising candidate for olefin epoxidation®* due the high
donor abilities of its tetra NHC ligand consisting of 1,2,3-
triazole-5-ylidene moieties.>*>° First epoxidation reactions of
cis-cyclooctene with H,O, applying 1 as pre-catalyst reach
conversions up to 97% with a TOF of 41000 h™" and a TON
of 200.*

In this work, on the one hand, the synthesis and
characterisation of the iron(m) homologue 2 (Fig. 1) of the first
macrocyclic aNHC iron complex 1 is reported. The new
compound 2 and if applicable, 1, are characterised using NMR
spectroscopy, high-resolution electrospray ionisation mass
spectroscopy (HR-ESI-MS), single crystal X-ray diffraction (SC-
XRD), UV/VIS spectroscopy, Mdssbauer spectroscopy, elemental
analysis (EA) and multiple DFT calculations. On the other hand,
catalytic in-depth studies using complex 1 and 2 in the
epoxidation of olefins and the comparison to the so far most
active catalyst allow to gain valuable information for effective
ligand design. Additional DFT calculations regarding the
modification of the triazole ligand backbone provide further
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Scheme 1 Synthesis of iron() complex 2 via the reaction of iron(i)
complex 1 with thianthrenyl hexafluorophosphate as one-electron
oxidant.

information about the theoretical influence of the aNHC
electrons on the iron centre.

Results and discussion

Synthesis and characterisation of aNHC Fe" and Fe
complexes 1 and 2

I

Thianthrenyl hexafluorophosphate proved to be an efficient
one-electron oxidant to oxidise iron(m) complexes to their
iron(u) derivatives selectively and in high yields.*>?*%!
Complex 2 is synthesised by an outer-sphere one-electron
oxidation of 1.00 eq. of the previously reported aNHC iron
complex 1 with 1.00 eq. thianthrenyl hexafluorophosphate
(Scheme 1). 2 can be isolated in 96% yield as yellow solid.
The paramagnetism of complex 2 poses challenges for the
NMR spectroscopy analysis and complicates the comparison
with 1. The 'H-NMR spectrum shows a significant low field
shift of the methylene bridge protons from 6.12 ppm for 1 to
44.33 ppm for 2, confirming its paramagnetism (see ESL}
Fig. S1). Whereas the signal for the methyl substituent
protons with 4.31 ppm is barley shifted (vs. 4.21 ppm for 1).
Single crystals of 2 suitable for SC-XRD were obtained by
the slow diffusion of diethyl ether into a solution of 2 in
acetonitrile under an argon atmosphere. In general, the
crystal structure of 2 differs only marginally from that of
complex 1.>° Similar to its iron(n) counterpart, complex 2
displays a distorted octahedral coordination sphere around
the iron centre (Fig. 2). Axial positions are occupied by two
acetonitrile ligands, while the tetradentate ligand is
coordinating equatorially. The bond angles around the iron
centre in 1 and 2 are very close to the ideal octahedral angle
with a mean deviation of 0.50° for 1 and 0.29° for 2. Varying
from the geometry of previous characterised macrocyclic
tetracarbene iron complexes with imidazole moieties in a
saddle-distorted conformation,® the aNHC ligand exhibits an
ideal square-planar geometry. Selected structural parameters
of complexes A, B, 1 and 2 are summarised in Table 1. The
Fe-Cypic distances of 2 with 1.950(2) and 1.943(3) A are
slightly longer than measured for 1 with 1.925(2) and
1.931(2) A.*° In contrast to the comparison of Fe'[cCCCCli,
complex A (ref. 21) with Fe"[cCCCC]y, complex 1,>° 2 and B
(ref. 22) show similar bond Fe-Cypc length. The geometric
parameters are in conformity with DFT calculated values in
gas phase and solution of both structures 1 and 2 (see ESL}

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 ORTEP-style representation of the cationic fragment of iron(in)
calix[4]3-methyl-1,2,3-triazole-5-ylidene hexafluorophosphate 2.
Hydrogen atoms and PFg™ anions are omitted for clarity and thermal
ellipsoids are shown at 30% probability level.

Table S7). Removing one molecule of acetonitrile as labile
ligand does not affect the geometry of the structure to a greater
extent.

The electronic influence of the ligand in 1 and 2 is
investigated via DFT by calculation of the electronic charge.
Lowdin population analysis®* was applied for that reason.
Although theoretically calculated charge values are not
realistic charge distribution representations, relative trends
can be examined for the comparison of similar molecules.*
Lowdin population analysis revealed a more negative value
for the Fe' centre 1 due to the lower oxidation state, however
with only a difference of 0.32 atomic units compared to 2
(Table 2). Hence the additional positive charge of 2 is not
solely located at the iron atom but compensated by the
ligand system. This is also corroborated by the electrostatic
potential (ESP) mapped total density plots (see ESLj Fig.
S26). As expected, the iron(u) complex features overall a more
negative charge. The removal of one MeCN molecule
increases the Lowdin charge to 0.33 and 0.39 less negative
values for iron(um) and iron(m), respectively. This shows that
not only the equatorial ligand scaffold influences the
electronic characteristics, but also the axial labile ligands.
Their substitution was reported to influence the catalytic
activity of olefin epoxidation not only statistically by vacating
and blocking a catalytic site but also from an electron density
point of view.**

Table 1 Comparison of selected structural parameters of A,?* B,?2 1,%° and 2

View Article Online
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To gain further information about the electronic properties
of 1 and 2, solid material of the complexes was studied using
>’Fe Mossbauer spectroscopy at 80 K. The respective spectra
show a quadrupole doublet with a small isomer shift and a
large quadrupole splitting (Fig. 3). The integer iron(u) spin
system feature a sharp line in its quadrupole doublet. In
contrast, a broadened asymmetric doublet was observed for
iron(ur) complex 2, which is in accordance with Mossbauer
spectra of half-spin systems and can be ascribed to slow
relaxation processes.’® The isomer shifts of both compounds
with 6 =0.13 mm s for 1 and § = -0.01 mm s ' for 2 are in the
range of octahedral iron(u) (§ = —0.18-0.50 mm s ', S = 0)
respectively iron(m) low spin species (6 = -0.18-0.25 mm s, § =
1/2).>3%73% Nevertheless, the isomer shift of 1 is slightly more
positive than for A (ref. 39) (Table 3).

The Fe-ligand bond lengths can have a considerable
influence on the isomer shift through compression of the
s-orbitals resulting in a higher electron density.?” In both cases,
oxidising the iron(ir) complex to iron(m) moves the isomer shift
to lower values, although the length of the Fe-carbene bond
increases. This can be ascribed to the decreased number of d-
electrons, so that less shielding of the core electron density is
obeserved for the iron(m) species. The quadrupole splitting
with |AEg| = 3.34 mm s for 1 and |AEq| = 2.12 mm s™* for 2
are rather large for low-spin complexes, but in line with iron
tetra NHC complexes®®®®” with a heteroleptic ligand
coordination sphere (different equatorial donor atoms and
axial ligands) and an axial elongated octahedral ligand field."’

The magnetic susceptibility of complexes 1 and 2 were
analysed using a SQUID magnetometer (see ESL} Fig. S14 and
S15), confirming the diamagnetic (S = 0) ground state of 1 and
the absence of any SCO in the temperature range from 2-400 K.
This is in line with a strong ligand field induced by the aNHC
ligand and with observations for all related six-coordinate
tetra(NHC) ligated complexes including A.*> The SQUID
measurement for 2 validate its S = 1/2 low-spin state with the
absence of any SCO in the measured temperature area.

In view of occupancy, the molecular frontier orbitals of
DFT calculated structures 1 and 2 were analysed (see ESLj
Fig. S27 and S28). The vacating of one catalytic site by MeCN
dissociation does not notably affect the occupied orbitals of 1
(HOMO - 1 and HOMO, see ESILj S29). Regarding the six-
coordinate complex 1, the LUMO does not exhibit iron(u)
participation, while the LUMO + 1 is of e, symmetry. This
order of the unoccupied orbitals is reversed for the five-

Bond lengths [A]

Bond angles [°]

Fe-Cruc” Fe-NCMe” MeCN-Fe-NCMe Crnc-Fe-Cuct Cnuc-Fe-NCMe?
A 1.907(3) 1.932(2) 177.09(10) 178.93(67) 90.00(66)
B 1.941(2) 1.922(8) 179.04(9) 179.09(8) 90.00(23)
1 1.928(2) 1.9247(17) 180.00 180.00 90.00(8)
2 1.947(3) 1.926(2) 180.00 180.00 90.00(10)

“ Average distance between iron centre and carbene carbon atom. ? Average distance between iron centre and axial ligands. ¢ Average angle
between carbene and the carbene in trans position. ¢ Average angle between carbene, iron centre and axial ligand.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Calculated charges at the iron center of 1 and 2 and the MeCN
dissociated species using the Léwdin charge model

Complex 1 2 1-MeCN 2-MeCN

Lowdin -1.793 -1.475 -1.399 -1.142

Values are given in atomic units and were rounded to the third
decimal digit.

coordinate iron(n) species. A strong electronic influence also
from the axial ligands is inferred.

The generation of an electrophilic oxygen species for catalytic
epoxidation is expected to proceed via overlap of the HOMO of
the incoming oxo species with the five-coordinate iron complex
LUMO. The comparison of 1-MeCN and 2-MeCN show a fairly
similar LUMO, asymmetrically distorted along the z-axis and
with slightly more carbene participation in case of the iron(ur)
centre, attributed to the stabilisation of the additional positive
charge. A direct comparison of the a-HOMOs of 2 with B show
similar symmetry, taking into account the inherent asymmetry
of the triazole rings in comparison to imidazole rings.

Reactivity of aNHC Fe™ and Fe™ complexes 1 and 2 with H,0,

UV/Vis spectroscopy of complex 1 (ref. 30) and 2 was
performed in dry and degassed acetonitrile at 20 °C under an

1.00
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Fig. 3 Zero-field >’Fe Mdssbauer spectrum of solid 1 and 2 at 80 K. The
red line represents a simulation with 6 = 0.13 mm s and AEq = 3.34 mm
s (1, top) and § = -0.01 mm s  and AEg = 2.12 mm s (2, bottom).
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Table 3 Selected spectroscopic parameters of A, 23 B,223° 1,30 and 2

OCnuc®  Eip [V]vs. FJE™?  d[mm s |AEq| [mm s™]?
A 205.05 0.15 0.08 3.45
B — — 0.01 3.73
1 190.35 -0.34 0.13 3.34
2 — — —-0.01 2.12

@13 C-NMR carbene signal. ” Half-cell potential in MeCN. © Isomer
shift. ¢ Quadrupole splitting.

argon atmosphere to maintain anhydrous and oxygen-free
conditions. Handling the measurements under these inert
conditions is necessary due to the sensitivity of both the
catalyst precursor and the active catalyst to atmospheric
moisture and oxygen. Two absorption bands and an
absorption shoulder around 337 nm are visible for complex 2
(Fig. 4). The major band seems to be consisting of two bands
in close proximity, appearing at a wavelength of 441 nm. The
second band is observed at 302 nm. In order to gain
information about the formation of the high valent active
catalytic species in the oxidative catalysis with Fe™[cCCCCli,
1.50 eq. of the oxidising agent H,O, was added to the
solution of 2. The UV/vis spectrum shows the disappearance
of the two absorption bands by generating a shoulder around
378 nm and a second one around 450 nm.

Decomposition studies of the iron epoxidation catalyst A,
respectively B identify the Fe-NHC bond as weak spot. Direct
oxidation of one of the carbenes results in metal de-
coordination, which induces protonation of the remaining
NHC moieties.”’ The addition of 10.0 eq. H,0, (50% aq.) to a
solution of iron(m) complex 2 in dry and degassed
acetonitrile under argon is investigated further with "H-NMR
spectroscopy. After 21 h, selective formation of another
species, is detectable. In addition to the paramagnetic
complex broad singlet at 4.34 ppm, three singlets occur at
8.85, 8.69 and 8.42 ppm, each with an integral of 1, which
are assigned to protons in carbene positions of the
diamagnetic ligand (see ESL} Fig. S2). Additionally, four

—1

—2

2+ H,0,, 1 min
2 +H,0, 5min
2+ H,0,, 10 min

absorbance
o
(9]
1

0.0

T T T T T
300 400 500 600 700 800
wavelength / nm

Fig. 4 UV/Vis spectrum of 1 (blue) and 2 (red); ¢ = 0.20 mM, T = 20
°C in MeCN with the addition of 1.50 eq. H,O, to 2 with a reaction
time of 1 min (orange), 5 min (green) and 10 min (yellow) in the
absence of substrate.
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singlets occur at 6.12, 6.09, 5.75 and 5.49 ppm, each with an
integral of 2, which are attributed to the protons of the
ligand bridges. The singlet of the methyl substituents splits
into four singlets at 4.31, 4.28, 4.25 and 3.92 ppm caused by
asymmetric effects of the resulting species. This is in
accordance with the disappearance of the two absorption
bands in the UV/Vis experiment, indicating a direct oxidation
of the complex ligand by H,0,, resulting in the formation of
a mono-oxidised and three-fold protonated ligand, which is
consistent with the observations regarding the degradation of
B under oxidative conditions.**

Decomposition studies of catalyst 1 via HR-ESI-MS reveal
the formation of a mono-deprotonated Fe'™ complex (m/z =
217.56) and an oxidised iron compound (m/z = 225.56) after
adding 10 eq. H,O, to a solution of complex 1 in dry,
degassed acetonitrile (see ESIL;} Fig. S16). Even under ambient
conditions without adding an oxidant, an oxidised iron
compound (m/z = 226.06) was detected, in addition to the
main signal for unreacted complex 1 (m/z = 218.06; see ESL
Fig. S17). According to mechanistic studies regarding iron
epoxidation catalysts with ¢rans labile coordinating sites by
Que et al.,** the reaction between the Fe complex and H,0,
initiates with the formation of a Fe"'~OOH intermediate by a
simple ligand exchange process after a crucial single electron
transfer (Fenton reaction). Mechanistic studies indicate that
this can lead to either a high-valent iron(v) oxo compound or
an iron(iv) oxo species with an oxyl radical, depending on
whether the cleavage pathway is homolytic or heterolytic. The
heterolytic pathway is less favourable, as electron-deficient
oxidants such as H,0, cannot stabilise the resulting radical
so that it cannot attack the oxygen source and the
catalyst.""** The corresponding oxoiron species with the
aNHC scaffold (aNHC-FeV=0 and aNHC-Fe'=O0) are
validated via DFT calculations (see ESIT). The HOMOs of both
proposed species include the Fe=O bond of n* symmetry,
making them capable of n-donation into the alkene m*-
LUMO in order to break the double bond for the epoxide
formation. In contrast, the LUMO of the oxoiron(w)
compound is entirely ligand centered while the iron(v)
species exhibits a metal centered LUMO, rotated by 90° in
comparison to the HOMO (see ESL} S31 and S32).

Catalytic olefin epoxidation reactions

Complexes 1 and 2 were investigated with regard to their
suitability as catalysts for the epoxidation of olefins, with a
comparison to the most active non-heme iron complexes A,
respectively B reported in literature.>® Established standard
conditions for oxidation reactions with iron NHC catalysts
comprise 20 °C, the use of H,0, (101 pumol mL™, 1.50 eq.) as
oxidising agent, MeCN as solvent and cis-cyclooctene (67.3
umol mL™, 1.00 eq.), widely applied as model substrate.”
Hydrogen peroxide was chosen as the oxidising agent due to
its superiority over other common peroxides such as
tert-butyl hydroperoxide (TBHP) or the urea-hydrogen
peroxide adduct in iron-NHC epoxidation catalysis.*>**
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Previous optimising studies revealed that the best results
were achieved with an excess of 1.50 eq. of H,0,.>>** Product
quantification was performed using GC-FID for the model
substrate (cis-cyclooctene) and "H NMR spectroscopy for the
screening of various other olefinic substrates.

Initial evaluation employing the abnormally coordinated
Fe'" macrocycle 1 demonstrate the remarkable difference in
activity and stability of this complex class in comparison to
the iron catalyst A with normal NHC coordination.?*° At 20
°C different catalyst concentrations of Fe"" pre-catalyst 1 are
screened (Fig. 5a). A nearly linear relationship between
catalyst loading and conversion is expected if no degradation
products®>*"** prevent catalytic activity. Nevertheless, this
trend remains imperceptible in this case (Table 4, entry 1-4).
At 0.1 mol% a maximal conversion of 6% (TON = 60) and at
0.5 mol% of 37% (TON = 74) has been detected. However, if
the catalyst loading is doubled to 1 mol%, the maximal
conversion only increases to 49% (TON = 49). At a
concentration of 2 mol% of 1 a conversion of 84% (TON =
42) is reached after 5 min. These results indicate a fast
degeneration, possibly promoted by higher -catalyst
concentrations. A common method to increase the catalyst
lifetime is to reduce the reaction temperature.”>*%*> Hence,
at a catalyst loading of 1 mol% of 1 the conversion and
catalyst stability increases from 84% (TON = 80) for 10 °C
over 92% (TON = 92) for 0 °C to full conversion (TON = 100)
for —10 °C after 10 min with raising the stability respectively
(Fig. 5b and Table 4, entry 2, 5-7). Remarkably, unlike the
constantly increasing TON, the TOF does not necessarily
decrease with lower temperature and can be pushed up to
32100 h™" at 0 °C (Table 4, entry 9). As stability is one of the
biggest challenges of iron catalysts,>****>*® including
complexes with Fe-carbene bonds™*”*® and many iron
complexes decompose rather quickly after the addition of
aqueous H,0,, influenced by the unavoidable presence of
water,"”*>*® TBHP (101 pmol mL™, 1.50 eq.) in n-decane
solution is used in a single reaction with 1 (Fig. 5¢). However,
at standard conditions and a catalyst loading of 1 mol% a
significantly smaller amount of epoxide is formed after 10
min with a TON of 22 (Table 4, entry 12), which is less than
half as much when TBHP is substituted with aqueous H,O,.
All reactions are carried out at atmospheric conditions by
starting the reaction with the addition of the catalyst from a
preformed stock solution in dry and degassed acetonitrile,
which was handled under argon. All experiments achieve a
selectivity of >99% towards the product epoxide.

Regarding mechanistic studies towards non-heme iron
epoxidation catalysts with ¢rans labile coordinating sites (vide
supra) the impact of atmospheric conditions on the catalysis
can significantly affect the reaction outcome. The presence of
oxygen under aerobic conditions enhances the formation of
epoxide products via radical pathways, by suppressing diol
product formation, as oxygen traps the radical intermediates.
Under argon, the reaction is slower and yields less epoxides,
demonstrating the catalysts sensitivity to oxygen.'** To
investigate the influence of atmospheric conditions on 1 a
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Fig. 5 Time-dependent epoxidation of cis-cyclooctene (67.3 pmol mL™, 1.00 eq.) in MeCN using 1 as catalyst and H,O, or TBHP (101 umol mL™, 1.50
eq.) as oxidant, (a) at different catalyst loadings (20 °C, H,O,, air), (b) at various reaction temperatures (1 mol% of 1, H,O,, air), (c) with different oxidising
agents (1 mol% of 1, 20 °C, air) and (d) at different ambient conditions (1 mol% of 1, 20 °C, H,0O,). Conversions are determined by GC-FID.

catalytic reaction was handled completely under an argon
atmosphere with a catalyst loading of 1 mol% (Fig. 5d). The
TON with 46 vs. 49 and the maximal conversion is
comparable to the reaction under atmospheric conditions
with a high selectivity (S > 99%) for both reactions (Table 4,
entry 2 and 12). The comparable performance under both
conditions suggests a mechanism less dependent on radical
intermediates and a higher iron stabilisation due to the
macrocyclic aNHC ligand system.

The formation of an iron(m) hydroperoxo intermediate
with oxidising agents such as hydrogen peroxide after the
one-electron oxidation of the iron(u) catalyst precursor
appears to be essential for the formation of the active
species.>'"**°° Applying the abnormally coordinated Fe™
macrocycle 2 (0.34 umol mL™", 0.005 eq.) as catalyst precursor
in the epoxidation of cis-cyclooctene with H,0, under
standard conditions achieves a significant higher conversion
within 10 min compared to 1 (Fig. 6a). The maximal
conversion of 71% is reached after 5 min. An initial TOF of
44000 h™" and TON of 142 is achieved (Table 4, entry 16).

Previous catalytic studies have employed strong Lewis acids
such as Sc(OTf); in the oxidation process, utilising the normally

Catal. Sci. Technol.

coordinated Fe" and Fe™ NHC macrocycle A and B as catalysts,

which provides notably enhanced performance.”® Although an
epoxidation mechanism involving iron carbenes as catalyst
precursors remains uncertain, it can be inferred, that st
triggers the in situ oxidation of the Fe" complex to the active
Fe™" catalyst, based on observations of related complexes.*
Furthermore, it might be assumed that heterolytic cleavage of
the O-O bond in a Fe™-OOH species, initially formed upon
reaction of the Fe'" catalyst with H,0,, is facilitated by Sc(OTf);,
resulting in the generation of an active oxoiron(iv) or (v)
species.® ** Additionally, the application of Lewis acids in the
catalytic reaction demonstrated to reactivate p,-oxodiiron(ur)
Fe-O-Fe™ species, which has been identified as a crucial
deactivation product.>*>**** The addition of 0.10 eq. Sc(OTf); to
the reaction with 0.05 mol% of Fe"" complex 1 under standard
conditions results in an extended lifetime of the catalyst (TON =
194 vs. 74). The reaction is completed after 30 min with an
enhanced conversion of 97% (vs. 37%) with a TOF of 40900 h™*
(Table 4, entry 14).*° However, applying Fe'™ complex 2 as
catalyst under the same conditions the reaction is completed
after 10 min with a maximum conversion of 99% (vs. 70%
without additive) and a TON of 197 (vs. 142), which is

This journal is © The Royal Society of Chemistry 2024
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Table 4 Epoxidation of cis-cyclooctene by 1 and 2 at different catalyst concentrations, temperatures, atmospheres, oxidising agents and with or

without additive

Entry Catalyst T [°C] Loading [mol%] Additive X [%] S [%] TOF [h™] TON Oxidant Atmosphere
1 1 20 2 — 84 >99 13000 42 H,0, Air

2 1 20 1 — 49 >99 16 600 49 H,0, Air

3 (ref. 30) 1 20 0.5 — 37 >99 24 500 74 H,0, Air

4 1 20 0.1 — 6 >99 20100 60 H,0, Air

5 1 10 1 — 84 >99 26 500 80 H,0, Air

6 1 0 1 — 92 >99 22,700 92 H,0, Air

7 1 -10 1 — 100 >99 25000 100 H,0, Air

8 (ref. 30) 1 10 0.5 — 49 >99 29900 99 H,0, Air

9 (ref. 30) 1 0 0.5 — 72 >99 32100 145 H,0, Air

10 (ref. 30) 1 -10 0.5 — 89 >99 30200 177 H,0, Air

11 1 -10 0.1 — 20 >99 40 800 202 H,0, Air

12 1 20 1 — 22 >99 6800 22 TBHP Air

13 1 20 1 — 46 >99 14000 46 H,0, Argon
14 (ref. 30) 1 20 0.5 Sc(OTf), 97 96 40900 194 H,0, Air

15 1 20 0.1 Sc(OTf); 25 97 59200 248 H,0, Air

16 2 20 0.5 — 70 >99 44000 142 H,0, Air

17 2 20 0.5 Sc(OTf); 99 97 51800 197 H,0, Air

Reaction conditions: acetonitrile as solvent, cis-cyclooctene (67.3 umol mL™", 1.00 eq.), H,O, or TBHP (101 umol mL™, 1.50 eq.), if stated
Sc(OTf); (6.73 pmol mL™", 0.10 eq.). Selectivity is related to the epoxide. Conversions are determined by GC-FID. TOFs are determined after 10
s. TONs are determined when maximal conversion is reached. T = temperature. X = conversion. S = selectivity, selectivity = yield(epoxide)/

conversion(substrate).

100 100
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Fig. 6 Time-dependent epoxidation of cis-cyclooctene (67.3 umol mL™, 1.00 eq.) in MeCN at 20 °C using 1 or 2 (0.34 pmol mL™, 0.005 eq.) as
catalyst and H,O, (101 umol mL™, 1.50 eq.) as oxidant, (a) without additive and (b) with the addition of Sc(OTf)s (6.73 umol mL™, 0.10 eq.).

Conversions are determined by GC-FID.

comparable to the results with 1 (Fig. 6b). In contrast to the
respective experiments with A and B (ref. 20), the TOF is pushed
to 51800 h™" with an increased conversion in the first minutes
of the reaction (Table 4, entry 17), which indicates a slower in
situ single oxidation of 1 to 2 versus the instantaneous in situ
single oxidation of A to B. The observed enhancement in activity
and stability upon the introduction of Lewis acids to the
reaction involving compounds 1 and 2 suggests the potential
regeneration of degraded species, analogous to the mechanism
observed in systems A and B.%* Otherwise, the time-
dependent conversion of cis-cyclooctene is anticipated to be
nearly identical for complex 2 with and without the additive.
Unfortunately, the addition of Sc(OTf); to the catalytic reaction

This journal is © The Royal Society of Chemistry 2024

with 1 or 2 decreases the product selectivity slightly to 96 and
97%, respectively. No byproduct formation other than
1,2-cyclooctanediol was observed.

Epoxides not only serve as final products in industrial
applications but also function as crucial building blocks in
synthetic organic chemistry.”’>* In this context, a screening
of a variety of olefin substrates is conducted using complex 1
for epoxidation catalysis, as the resulting epoxides are of
great value as intermediates in various industrial processes.
Additionally, the catalyst tolerance of different functional
groups is assessed. The resulting epoxides find wide
application as monomers in polymerisation processes,>
stabilisers for halogenated hydrocarbons or oil-soluble bases

Catal. Sci. Technol.
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Table 5 Epoxidation of various substrates using complex 1 as catalyst
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X0 5 [%] (S) X1 n [%] (5) TOF [h™'] TON X5 min [%] (S)°
O 57 (>99) 97 (96) 40900 194 37 (>99)
@ : 33 (>99) 39 (38) 23800 78 25 (>99)
A~ 0(-) 6 (>99) — 13 0 (-
_A~_OH 21 (0) 34 (11) 15100 67 9 (8)
N 19 (24) 27 (0) 13300 54 24 (89)

o 4(92) 13 (5) 3000 26 2 (83)
g0
NN 6 (> 99) 29 (49) 4100 58 9 (>99)
w 40 (64) 51 (45) 28600 91 27 (96)
AN
P e 6 (>99) 57 (74) 4500 114 11 (>99)

Reaction conditions: acetonitrile as solvent, substrate, (67.3 umol mL™, 1.00 eq.), Fe"" complex 1 (1.35 pmol mL™, 0.005 eq.), and H,0, (50%
aq., 101 umol mL™", 1.50 eq.), using Sc(OTf); (6.73 umol mL™", 0.10 eq.) as additive, 20 °C. X = conversion; S = selectivity, related to the
epoxide. TOFs are determined after 10 s. TONs are determined after 1 h. Conversions are determined by 'H-NMR spectroscopy, applying
benzene as external standard. “ Conversions are determined by GC-FID. ? Without the addition of Sc(OTf).

51754 g5 well as constituents in

5256

in cosmetic formulations,
epoxy resins and as reactive diluents for such resins.

All experiments concerning the epoxidation of various olefin
substrates are performed using 0.5 mol% of Fe" catalyst 1 and
0.10 eq. Sc(OTf); at standard conditions and are analysed via
"H-NMR spectroscopy. Samples were taken after 10 s and 1 h
(Table 5). Catalyst 1 demonstrates the ability to transform all
employed substrates. Highest conversion is obtained for the
benchmark substrate cis-cyclooctene. The smaller ring
cis-cyclohexene is converted to 33% after 10 s (S > 99%), with a
TOF of 23800 h™ and to 39% after 1 h with a significant
decrease in selectivity (38%). The electron density of the double
bond plays a decisive role in the reactivity of the respective
substrate.>® After 1 h, lowest conversion of 6% is achieved for
allyl chloride, but with a high selectivity of >99%. Replacing the
chloride substituent, which possesses an -I effect towards the
double bond, by an electron donating hydroxyl group, a
conversion of 34% is obtained, with a TOF of 15100 h™".
However, the increased electrophilic character of the double
bond likely leads to a reduced selectivity of 11%. Styrene, as
aromatic system is transformed to 27% after 1 h with no
selectivity towards the epoxide due to overoxidation. Catalyst 1
shows rather low reactivity to the more challenging olefinic
systems trans-chalcone, which bears additionally an electron-
withdrawing carbonyl group in proximity to the double bond,
provoking a reduced electron density. Acyclic 1-hexene with its
terminal double bond is converted to 29% after 1 h. Complex 1
exhibits relatively high activity and stability towards cis- and
trans-oct-2-ene (conv. = 57 and 51%, 1 h) attributed to the
enhanced reactivity of the internal double bond influenced by
neighbouring alkyl groups. Notably the TOFs differ significantly
with 28600 h™" for cis-oct-2-ene and 4500 h™* for trans-oct-2-ene.

Catal. Sci. Technol.

This preference for cis conversion over ¢rans is also a commonly
observed for other iron epoxidation catalysts.”>***® In order to
determine whether the respective substrates are also converted
without additives, the experiments were carried out under same
conditions without the addition of Sc(OTf); with a reaction time
of 5 min (Table 5, right column). With the exception of allyl
chloride and allyl alcohol, all substrates were successfully
transformed with high selectivity. In general, an increased
nucleophilic nature of the alkene, induced by inductive effects,
correlates with enhanced reactivity towards the epoxide,
consistent with an electrophilic active species.***” A highly
substituted alkene has a higher reactivity than its terminal
counterpart due to the +I effect of the substituents. In addition,
the -M effect of the carbonyl in chalcone reduces the reactivity
of the alkene.>®

Conclusions

In summatry, the first macrocyclic aNHC iron(umr) complex 2 was
successfully synthesised. 'H-NMR spectroscopy confirms the
paramagnetism of 2. Characterisation via SC-XRD analysis
reveals an octahedral geometry with the tetradentate ligand
arranged in an ideal square-planar coordination, as in its iron(u)
counterpart 1. Mossbauer measurements as well as SQUID data
allow to identify both complexes as low spin species (1: S = 0
and 2: S = 3). Epoxidation reactions applying aNHC iron(n) and
(m) complexes 1 and 2 and screening of optimal conditions
show efficient substrate conversion. However, the performance
of the so far most active macrocyclic iron catalyst with classical
NHC coordination could not be exceeded or even reached.
These findings suggest that a more electron rich iron centre is
not necessarily associated with higher activity, due to reduced

This journal is © The Royal Society of Chemistry 2024
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catalyst stability and vice versa. Decomposition studies via "H-
NMR spectroscopy identify the Fe-aNHC bond as weak spot by
detecting the mono-oxidised and three-fold protonated ligand
after the addition of H,0,. HR-ESI-MS measurements supported
by DFT studies imply the possible formation of an oxoiron(w) or
(v) species under oxidative conditions. While these results
provide insights into the correlation between ligand design and
activity in oxidation catalysis of iron NHC complexes, the exact
nature of the active species remains unclear, and further
investigation is necessary. Importantly, this study contributes to
the limited analytical and experimental data available on iron
aNHC complexes, offering valuable information for future
research in this area.

Experimental
General considerations

Unless otherwise stated, all manipulations were performed
under argon atmosphere using standard Schlenk and glovebox
techniques. Dry and degassed solvents were obtained from an
MBraun solvent purification system, degassed via freeze-pump-
thaw (3 cycles) and stored over molecular sieve (3 or 4 A) prior
to use. Fe(btsa),(THF),’>*® thianthrenyl hexafluorophosphate™’
and the iron(u) calix[4]3-methyl-1,2,3-triazole-5-ylidene
hexafluorophosphate complex®® 1 were synthesised according to
literature procedures. All other reagents were purchased from
commercial suppliers and used without further purification.
NMR spectra were recorded on a Bruker Advanced Ultrashield
AV400 (400 MHz) at a temperature of 297 K. Chemical shifts (J)
are reported in ppm and referenced to the residual signal of the
deuterated solvent.* Elemental analyses (C/H/N/S)
performed by the microanalytical laboratory at Technische
Universitdt Miinchen. High resolution electrospray ionization
mass spectrometry (HR-ESI-MS) data were acquired on a
Thermo Fisher Exactive Plus Orbitrap. UV/vis spectra were
recorded on an Agilent Technologies Cary 60 UV/vis
spectrophotometer with a concentration of 0.20 mM complex in
dry and degassed acetonitrile at 20 °C. Solid material of Fe
complexes 1 and 2 was studied using *’Fe Mossbauer
spectroscopy at 80 K. >’Fe Mossbauer spectra were measured
using a *’Co source in a Rh matrix using an alternating
constant acceleration Wissel Mossbauer spectrometer equipped
with a Janis closed-cycle helium cryostat. Transmission data
were collected, and isomer shifts are reported relative to iron
metal at ambient temperature. Experimental data were
simulated with mf2.SL software.®® 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 column (30 m x 320 pm x 0.25 pm).

were

Synthesis of iron(m) calix[4]3-methyl-1,2,3-triazole-5-ylidene
hexafluorophosphate (2)

Under Schlenk-conditions 44.7 mg thianthrenyl hexafluoro-
phosphate (124 pmol, 1.00 eq.) are dissolved in 2 mL dry and
degassed acetonitrile resulting in a dark blue solution. 100 mg of
Fe(u)[cCCCCly,, complex 1 (124 umol, 1.00 eq.) are dissolved in 3

This journal is © The Royal Society of Chemistry 2024
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mL dry and degassed acetonitrile resulting in an orange solution
and added to the thianthrenyl hexafluorophosphate solution.
The dark purple mixture is stirred at r.t. for 1 h. Subsequently,
the addition of 5 mL dry and degassed diethyl ether while stirring
leads to the precipitation of a yellow solid and turns the solution
from dark purple via purple into a colourless supernatant. The
yellow solid is separated from the solution via Whatman-
filtration and washed with dry and degassed diethyl ether (3 x 2
mL). After drying under vacuum, 113 mg of the product (120
umol, 96%) are obtained as yellow solid. "H-NMR (400 MHz, CD;-
CN): J [ppm] = 44.49 (s, 8 H, CH,), 4.38 (s, 12 H, CH,). Analytical
calculation (%) for C,oHyeFigFeN14Ps: C 25.20; H 2.75; N 20.57.
Found: C 24.91 H 2.63; N 19.52.

Catalytic procedures

All catalytic reactions were conducted in a cryostat (JulaboFP-50)
under atmospheric conditions, unless otherwise stated.
Acetonitrile (HPLC-grade) as solvent was applied for all
experiments, which are screened vie GC (substrate:
cis-cyclooctene). The screening of other substrates was performed
using "H-NMR spectroscopy and deuteride acetonitrile as solvent.
The catalyst was added from a preformed stock solution in dry
and degassed acetonitrile, which was handled under argon
corresponding to the appropriate stoichiometry to a solution of
the respective substrate (67.3 pmol mL™, 1.00 eq.). Hydrogen
peroxide (50% aq., 101 pmol mL™, 1.50 eq.) was used as
oxidising agent and, if required, Sc(OTf); as additive 8.41 pumol
mL™, (0.10 eq.). 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 MnO, in order to decompose the excess of
H,O, in the reaction solution. After filtration over activated
neutral alumina (separation of the catalyst), GC samples were
prepared for each experiment using 200 pL filtrate, diluted with
1300 pL. MeCN and p-xylene (0.90 puL. mL™) as external standard
for each chosen time point. For the screening via 'H-NMR
spectroscopy, 500 uL filtrate was added to 1 pL benzene as
external standard. Control experiments without catalyst were
performed for all reactions. An additional blank experiment with
a simple iron salt, iron(u) chloride in the presence of H,O, was
conducted to highlight the importance of iron complexes
associated with NHCs due to minimal product and unselective
side-product formation. All reactions were conducted at least
twice. Analogous, the additive Sc(OTf); itself shows minimal
unselective catalytic activity.>°
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Impact of Ligand Design on an Iron NHC Epoxidation

Catalyst

Tim P. Schlachta®,”™ Greta G. Zambé*,® Michael J. Sauer,”? Isabelle Riiter,”™ and

Fritz E. Kihn*®

An open-chain iron pyridine-NHC framework is expanded
utilizing a benzimidazole moiety to deepen the understanding
of the impact of electronic variations on iron NHC epoxidation
catalysts, especially regarding the stability. The thereby newly
obtained iron(ll) NHC complex is characterized and employed in
olefin epoxidation. It is remarkably temperature tolerant and
achieves a TOF of ca. 10000 h™' and TON of ca. 700 at 60°C in

1. Introduction

Epoxidation of olefins is an important process to produce
commodity chemicals, fine chemicals, pharmaceuticals as well
as building blocks for synthetic organic chemistry."™ The
majority of homogeneous epoxidation catalysts are transition
metal complexes based on, for example, Re, Ru, W, polyoxome-
talates, Pt or Mo.” In a bio-inspired approach, iron-containing
enzymes like cytochrome P450 have been used as models for a
number of Fe epoxidation catalysts.” Originally to study the
chemistry of these metalloproteins, the ability of the enzymes
to oxidize challenging substrates at mild conditions with high
activity and selectivity, has made the artificial iron complexes
interesting candidates for catalytic application.*” Similar to the
models in nature, first generations of biomimetic Fe catalysts
had N-donor ligands such as porphyrins or non-heme
ligands.®®™ While the use of iron makes their application
financially attractive, their activity given in turnover frequency
(TOF, up to 25200 h™")"" lacks somewhat behind other organo-
metallic benchmark catalysts containing Re (up to «ca.
40000 h™")" and Mo (up to ca. 50000 h™").""" In this context,
iron N-heterocyclic carbene (NHC) complexes have shown to be
on par or better to N-ligated iron complexes, especially in terms
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the presence of the Lewis acid Sc(OTf);, displaying equal
stability, but lower activity than the unmodified iron pyridine-
NHC (pre-)catalyst. In addition, a synthetic approach towards
another ligand containing 2-imidazoline units is described but
formylation as well as hydrolysis hamper its successful syn-
thesis.

of activity."*'®*?" The two most studied catalytic systems
possess a cyclic iron tetracarbene and open-chain iron pyridine-
NHC framework (Figure 1).22® The iron tetracarbene complex
a/b is the current benchmark system for homogeneous olefin
epoxidation with a TOF >400000 h" and turnover number
(TON) of around 1200 at room temperature in combination
with the Lewis acid Sc(OTf); as additive."” The open-chain iron
NHC complex h is still on par with the most active N-ligated
iron catalyst with a TOF of 24500 h™' and a TON of > 700, also
in the presence of Sc(OTf); at room temperature.”® While the
stability (in TON) of both systems is also better compared to N-
ligated iron catalysts, where most TONs are below
100,'>152326-271 jt stjll has to be improved for potential industrial
applications. By suppression of a degradation pathway with
Lewis acids like Sc(OTf);, the formation of a diiron(lll)-u-oxo
complex, the TON could already be more than doubled from ca.
500 to ca. 1200 for a and similarly for h, i and j.'®'932529 Ag
another strategic option, the modification of the axial ligands
has been chosen, as it appeared to be the synthetically simplest
approach to modify the system.?? Interestingly, it was possible
in this way to increase the stability of h in C—H hydroxylation by
up to 34%.2” However, at least one of the labile axial ligands
apparently needs to leave the molecule to enable catalysis by
creating a free coordination site.®?'? Accordingly, an exchange
of both axial ligands to stronger coordinating ones has a
negative effect on the catalytic performance, at least in the case
of the well examined olefin epoxidation.*>-

A more electron rich iron center is assumed to facilitate the
proposed rate determining step in epoxidation, the formation
of an electrophilic iron(IV)-oxo or iron(V)-oxo
intermediate.”>?**=7 On the other hand, a more Lewis acidic
iron center might increase the reactivity of the electrophilic
active species. Thus, equatorial ligand modifications toward a
higher (c/d, g, i) and lower (e/f, j) electron density at the iron
center were executed. However, so far, the changes did neither
lead to a higher stability nor to higher activity. Both catalytic
systems (a/b and h) remain most active and stable when
unmodified; a more electron rich iron center (c/d, g, i) leads to a

© 2024 The Authors. ChemistryOpen published by Wiley-VCH GmbH
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Figure 1. Iron NHC (pre-)catalysts.

lower activity and decreased stability while a less electron
donating ligand (e/f, j) results in an even lower activity and
additionally to a slightly lower stability, compared to the
unmodified complex.?*#37

In this work, the open-chain iron pyridine-NHC framework is
expanded with a benzimidazole moiety (1, Figure 2) and
examined in order to deepen the understanding of the impact
of electronic variations on iron NHC epoxidation catalysts,
especially regarding stability. This modification is analog to e/f,
allowing to investigate whether it has a similar effect on the
open-chain catalytic system. Furthermore, a synthetic approach
toward a ligand precursor containing 2-imidazoline units is
described. The previous ligand modifications all had a meas-
urable influence on the catalytic performance. Changing the
NHC backbone from unsaturated to saturated might be a

NCMe |

7 NN
=N, | =N
Fe >  2PFg
—N(| }FN
QNQ
NCMe
1

Figure 2. Novel iron(ll) NHC complex.
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desirable, sufficiently small change with a gentle electron
donation toward the iron center. As there is an increasing
interest in the application of machine learning models in
chemistry, the publication of training data is needed, especially
of otherwise neglected unsuccessful reactions.”® The successful
synthesis and in-depth characterization of the novel iron(ll) NHC
complex 1 is reported. 1 is employed as (pre-)catalyst in the
epoxidation of cis-cyclooctene as model substrate. Additionally,
more challenging olefin substrates and the effect of Lewis acid
Sc(OTf); is investigated. The results are discussed within the
framework of the current research state on iron NHC catalyzed
olefin epoxidations. The catalytic activity of 1 is assumed to be
lower compared to the other complexes. A slower ongoing
reaction and degradation would possibly allow the investiga-
tion of the epoxidation mechanism of iron NHCs by e.g.
trapping intermediates or real-time monitoring at low temper-
atures. Elucidating the mechanism would also help to find
suitable strategies to improve stability.

2. Results and Discussion
2.1. Synthesis and Characterization of the Iron(ll) Complex 1

The synthesis of a ligand precursor, analogous to h, but
containing a saturated backbone, i.e. 2-imidazoline moieties
instead of imidazole, was pursued parallel to the synthesis of
iron(l) NHC complex 1. However, formylation as well as
hydrolysis posed potential problems during the synthesis. The
synthetic approaches are described in the SI.

© 2024 The Authors. ChemistryOpen published by Wiley-VCH GmbH
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The ligand precursor of iron(ll) complex 1 is obtained by a
two-step synthesis (Scheme 1). First, 1-(pyridin-2-yl)-1H-benzimi-
dazole is reacted with excess CH,Br, to give the bromide salt
[H,L11(Br),. Then, an anion exchange with NH,PF is performed
to increase the solubility of the compound in organic solvents
as well as additional purification step to yield [H,L1](PFg),.

The synthesis of iron(ll) NHC complex 1 proved to be rather
challenging. An established effective way to synthesize Fe NHC
complexes is the use of Fe[N(SiMes),], as both internal base and
iron precursor and has been used for the similar complexes h, i
and j.”> However, in this case, the conversion remains very
low, leaving a large amount of unreacted ligand precursor and
an inorganic impurity (see Sl). The iron complex and the ligand
precursor are difficult to separate, most likely due to very similar
polarity, with the iron complex being slightly more polar. While
at this point 1 could be isolated analytically pure by precip-
itation with a specific ratio of Et,0 to MeCN, the yield was very
low (3%, method A), and the purification method was poorly
reproducible. A more complete reaction would simplify the
purification. Thus, efforts were made to increase the conversion
of the ligand precursor. Experiments with iron precursor
(FeBr,(THF),, Fe(OAc),) in combination of a (stronger) external
base (NaH, KN(SiMe;),, n-BuLi, LiN'Pr,) were conducted (see SI),
even though the proton at position 2 of the benzimidazole
units should be more acidic than for the imidazole ligand
precursors of e.g. h due to the conjugative effect of the
benzene ring.”? In addition, the transmetalation route was
applied with Ag,0 and FeBry(THF),.*” However, these ap-
proaches were not successful. Finally, the best method to
obtain 1 (8% yield, method B) proved to be the reaction of
[H,L1](PFy), with Fe[N(SiMe,),], (Scheme 2) and removal of

unreacted ligand precursor afterwards by multiple washing
steps with a mixture of MeCN/Et,0 with increasing polarity (see
Sl). Then, the inorganic impurity derived from unreacted iron
precursor can be removed by filtration over neutral Al,O; (see
SI).

The successful synthesis of 1 is evidenced in 'H NMR by the
absence of the acidic benzimidazole protons in position 2 and
the appearance of the carbene carbon signal in *C NMR at
230.31 ppm. The “Cyyc signal of 1 is significantly downfield
shifted compared to the other NCCN-ligated complexes (h:
216.15, i: 21549, j: 216.24 ppm)®>#" and the effect is also
observed in the iron tetracarbene e/f®” This shift can be
explained with the lower electron density at the carbene carbon
atom compared to the other complexes h, i, j and the followed
deshielding noticeable in NMR. The anellation of the benzene
ring to the backbone of the NHC results in a transfer of the n-
electron density from the carbene carbon into the larger
conjugated 7 system.*** Other factors may also contribute.*?
The chemical composition of 1 is further shown by ESI-MS and
elemental analysis. Similar to h, i and j, 1 is stable as solid under
ambient conditions for at least one month and in MeCN
solution (HPLC-grade, not dried or degassed) for at least one
day.”

In cyclic voltammetry, the reversible Fe?"/Fe** transition of
1 is located at E,,=0.625V (AE=91 mV, V vs. Fc¢/Fc”, see SI)
and is the most positive in the series of the NCCN complexes (h:
0.423V, i: 0.337 V, j: 0.559 V).2344+4 The strong downfield shift
of the Cyc signal and this positive redox potential reflect the
weaker ¢ electron donation of the benzimidazolylidene ligand
to the iron center, supported by Tolman electronic

© ©
N o
Doy sz (4, et O
\ y
2 ot N INTNT NN
1-(pyridin-2-yl)-1H-benzimidazole [H,L1](PFg),
Scheme 1. Synthesis of ligand precursor [H,L1]1(PFy),.
NCMe  [*
5 E 7 N\ /Q
PF PF O
/'\\l ®6 ®6 N Fe[N(SiMes)]o(THF) 3¥
NN < 3)2l2 —_—
-40°C—>rt, 3d }7
e Q“@
NC
[H2L1](PFg)2 1

Scheme 2. Synthesis of iron(ll) complex 1.
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parameters,***” and implies a lower electron density at the iron
atom.”?

The UV/Vis spectrum of 1 is similar to the other NCCN-
ligated complexes.” It has four local absorption maxima
(227 nm, 279 nm, see Sl) and the two at 327 nm and 393 nm
are assigned to charge-transfer bands.*’

A solid sample of 1 was characterized by *’Fe Méssbauer
spectroscopy to gain more insights on the electronic properties
of the complex (Figure 3). As indicated in '"HNMR, 1 is a
diamagnetic iron(ll) complex with an isomer shift of 6=
0.22 mms™' in the range of other octahedral iron(ll) low-spin
species.”>2 The isomer shift is close to the other three Fe
NCCN complexes (A0 up to 0.04 mms ") as they all exhibit
similar Fe-ligand bond lengths (see below) and no significant
influence of the benzimidazolylidene ligand is noticeable. For
example, a shorter bond length can increase the electron
density at the iron atom through compression of the s-orbitals,
resulting, among other factors, in a more negative isomer
shift.”® The quadrupole splitting of 1 is relatively high for an
iron(ll) low-spin complex with AE,=2.23 mms™, but still in the
typical range for NHC-ligated iron(ll) low-spin complexes.?>*
This is due to the NHC ligand’s strong o-donation in the
equatorial plane deforming the charge distribution around the
iron nucleus. The quadrupole splitting of the NCCN-ligated
complexes could be ranked in the order of increasing ligand
electron donor strength, j<h <i, resulting in a higher amount
of deformation of the electric field.”® However, 1 has a
quadrupole splitting of AE,=2.23 mms™', effectively the same
as i (AEg=2.22 mms™"), which is counterintuitive at first glance,
since 1 exhibits the weakest electron donation from the NHC
ligand. The high quadrupole splitting can probably be attrib-
uted to the stronger n-accepting properties of the benzimidazo-
lylidene ligand."

Single crystals suitable for X-ray diffraction were obtained
by slow vapor diffusion of Et,0O into a solution of 1 in MeCN
(see Sl). The molecular structure of 1 is displayed in Figure 4
and it is similar to the other complexes h, i, j.”* The NHC ligand

1

is coordinating in equatorial fashion and the labile MeCN
ligands are located at the axial coordination sites of the iron
center. The axis intersecting the axial ligands and the iron atom
is slightly bent (171.34°) like in h, i, j, while it is usually closer to
180° in iron tetracarbenes.”? The other parameters are in the
typical range of open-chain iron complexes.”® The buried
volume of 1 is 86 %V, (see SI) and is therefore the same size as
h, i, j, ensuring a good comparability in catalysis due to equal
steric properties of the iron(ll) (pre-)catalysts.

2.2. Catalytic Olefin Epoxidation Reactions

The influence of the backbone modification on the catalytic
performance of complex 1 in the epoxidation of olefins is
investigated in the following. For a good comparability of the
results with h, i and j, identical conditions are applied if not
stated otherwise. Hence, standard conditions are defined as
20°C, applying H,0, (1.50 eq.) as oxidant, MeCN as solvent, cis-
cyclooctene (1.00 eq.) as model substrate and 1 as (pre-)catalyst
(0.02 eq.).”® Excess hydrogen peroxide was used as it has been
found to be best option for iron NHC epoxidation catalysis and
is atom-efficient as well as environmentally friendly."8%34°-1
Quantification of the formed epoxide was done with GC-FID
and "H NMR spectroscopy.

A first experiment was conducted under standard condi-
tions. With the weaker electron donating NHC ligand and the
highest redox potential, 1 was expected to show the lowest
activity out of h, i and j. However, over the course of 60 min, no
conversion was detected at all (Figure 5). A behavior like j was
anticipated, of course with slightly lower conversion. The
performance of 1 is likely a result of a low activity but can also
imply a fast degradation within the first seconds. For h, de-
coordination of the NCCN ligand and subsequent reaction to a
C—C coupled biimidazole species was found as one degradation
pathway under oxidative conditions.*>?

v/imms’

Figure 3. Zero-field *’Fe Mdssbauer spectrum of solid 1 at 80 K. The red line represents a simulation with 6 =0.22 mms™' and AE;=2.23 mms™".
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Figure 4. ORTEP-style representation of 1. 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—Fe1 1.8314(19); N3—Fe1 2.0721(16); C19—Fe1 1.8293(19); N6—Fe1 2.0852(16); N7—Fe1 1.9136(18);

N8—Fe1 1.9253(18); N7—Fe1-N8 171.34(7); C1—Fe1-N3 79.90(7); C1-Fe1-N6 166.66(8); C1—Fe1-N7 95.12(8); C1—Fe1-N8 91.09(8).

100
80
—a—h
X ——|
=~ -
S 60 —j
? 1
2
e 404
Q
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time / min

Figure 5. Time-dependent epoxidation of cis-cyclooctene (67.3 umol/mL,
1.00 eq.) in MeCN using h, i, j** or 1 (1.35 umol/mL, 0.02 eq.) as catalyst and
H,0, (50% aq., 101 umol/mL, 1.50 eq.) as oxidizing agent at 20°C.
Conversions are determined by GC-FID.

The addition of Lewis acids to the reaction has shown to
significantly increase the activity and stability of the iron NHC
catalyst."?** One reason for this is the reactivation of a
potential dead-end species by the Lewis acid, an diiron(lll)-x-
oxo complex formed during catalysis of a/b."***? Furthermore,
the Lewis acid is facilitating the initial oxidation of Fe" to Fe" as
well as OH*/~ cleavage of a proposed Fe"-OOH intermediate
transferring the rate determining step to the olefin
oxidation."®?>2**¥ Hence, the same experiment was repeated

ChemistryOpen 2024, 13, e202400071 (5 of 10)

with Sc(OTf); as additive, which has proven to be the most
effective Lewis acid for a/b."” In its presence 1 reaches a
conversion of 89% (Figure 6), which is close to the other
complexes (h: 100%; it 92%; j: 97 %) and indicative for a
deactivation pathway which now appears to be suppressed. At
these conditions, the selectivity of 1 (99%) is on par with the
other NCCN complexes and a/b, being among the most
selective iron NHC epoxidation catalysts."®'** Noticeable is the
induction period of 1, which can be attributed to preoxidation
from Fe' to Fe", aided by Sc(OTf), this time, and is also observed
for iron(ll) tetracarbenes, e.g. a or e.'®¥ This reinforces the
proposed mechanism, which continues with the iron(lll) com-
plex to form a Fe"-OOH intermediate, followed by the
presumably rate-determining step, the homolytic or heterolytic
cleavage to generate iron(lV) or iron(V)-oxo species, respec-
tively. Finally, the epoxide is obtained after electrophilic attack
of the oxo species on the alkene As 1 takes more than
30 min to reach its final conversion, it has the lowest TOF
(300 h7", Table1 entry2) of the four NCCN complexes.”®
However, the TON is on the same level (1: 44; h: 50; i: 46; j:
49).)

Both j and e/f are remarkably temperature tolerant and
achieve a higher activity at higher temperatures.”**” Therefore,
1 was screened at different temperatures at otherwise standard
conditions (Figure 7). Indeed, in the presence of Sc(OTf); at
40°C, a final conversion of 90% is already reached after 5 min
corresponding to a TOF of over 1000 h™' (entry 4). At 60°C,
most of the conversion is reached even faster after 30 s (83%,
Figure 7), equal to a TOF of 5200 h™' (entry5). The TON
effectively does not change at higher temperatures (40°C: 45;
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Figure 6. Time-dependent epoxidation of cis-cyclooctene (67.3 umol/mL,
1.00 eq.) in MeCN using h, i, j** or 1 (1.35 umol/mL, 0.02 eq.) as catalyst,
Sc(OTf); (6.73 umol/mL, 0.10 eq.) and H,0, (50% aq., 101 umol/mL, 1.50 eq.)
as oxidizing agent at 20°C. Conversions are determined by GC-FID.

60°C: 43), contrary to j and e/f showing declining TONs but
similarly increasing activity like 1. However, the selectivity is
lower in these experiments (40°C: 91%; 60°C: 80%). Striking
though is that the selectivity is >99% in the beginning of both
runs and gradually decreases over time, while the amount of
formed cyclooctane-1,2-diol is increasing (see SI). This strongly
suggests catalytic ring-opening of the epoxide by the Lewis
acid Sc(OTf); as described in the literature®*>¥ Another
evidence is the high selectivity (> 99 %, entry 3) achieved with 1
at 40°C without Sc(OTf); after even 300 min. This experiment
also demonstrates the long lifetime of 1 under oxidative
conditions, although only a conversion of 11% is reached in the
end (h: 42%; j: 30%, Figure 7).

At lower catalyst concentrations at 60°C an induction
period can be observed again despite the use of Sc(OTf);
(Figure 7). At these seemingly optimal conditions, the highest
TOF with 10200 h™' and TON with 706 are found for 1 (entry 7).
Regarding the activity, this places 1 second behind h, with the

order h (24500 h™")>1 (10200 h™")>i (7600 h™")>j (1300 h™),
while having the most positive redox potential and weakest
NHC ligand.”® However, at identical conditions, for example
20°C with Sc(OTf);, 1 possesses as expected the lowest activity
(h: 18000 h™'>i: 7600 h'>j: 1300h'>1: 300h )2 The
stability of 1 in TON is effectively as high as h, resulting in the
order h (711)x1 (706) >j (49) >i (46).*® While the TOF of 1 is
lower than the most active N-ligated Fe complex (25200 h~"),1"
its TON is like h on par with the highest obtained for a N-donor
Fe complex (715),”” which usually have TONs around 200 or
below."?'*#%9 The iron tetracarbene a/b still has the best
reported catalytic performance (TOF >400000 h~'; TON= 1200
atr.t)"?

A selection of other substrates was examined with 1 at
standard conditions in the presence of Sc(OTf); (Table 2). They
are important building blocks in industry®™ and contain func-
tional groups that allow the performance of 1 to be studied for
more sophisticated alkenes. The reaction time is set to 30 min
based on the achieved full conversion in the case of cis-
cyclooctene (Figure 6). Although the reaction time was only
5min for h, i, ¥ this should allow to determine the actual
performance of 1 for the different substrates while considering
its lower activity. Thus, a good comparability amongst the
NCCN complexes should be ensured, as the reaction time is
standardized relative to the completeness of the reaction with
cis-cyclooctene.

Overall, 1 exhibits a moderate performance when compared
to the other NCCN complexes. While the conversion of cyclo-
hexene is approximately as high as for i and j,** the selectivity
is surprisingly low for 1 (4%, entry 8). The conversion of 1-
hexene appears to be challenging for 1 reaching only 22 % with
a selectivity of 43% (entry 10). Together with i and j, 1 favors
trans-2-octene (30% vyield) over the cis isomer (7% yield),
contrary to h, b and other iron epoxidation catalysts."3%*%" The
backbone modifications indicate to have an opposing influence
in this regard, possibly because of steric reasons. For all the
three linear carbon chains, significant diol formation is meas-
ured (1-hexene: 6%; trans-2-octene: 16%; cis-2-octene: 19%
yield). The conversion of allyl alcohol and allyl chloride is lower,
but the selectivity is on par or better than for the NCCN

Table 1. Epoxidation of cis-cyclooctene by 1 at different catalyst concentrations, temperature, and with or without additive.

entry catalyst T[°C) loading [mol %] additive X [%]® S [%] (60 min) TOF [h~"]® TON
(60 min) (60 min)
1 1 20 2 - 0 0 0 0
2 1 20 2 Sc(OTf), 89 29 300 44
3 1 40 2 - 1 >99 - 5 «
4 1 40 2 Sc(OTf); 920 91 1000 45
5 1 60 2 Sc(OTf), 87 80 5200 43
6 1 60 05 Sc(OTH), 82 91 8500 164 @
7 1 60 0.1 Sc(OTH), 71 92 10200 706 el

selectivity.

Reaction conditions: cis-cyclooctene (67.3 umol/mL, 1.00 eq.) in MeCN, Fe catalyst, if stated Sc(OTf); (6.73 pmol/mL, 0.10 eq.), and H,0, (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 at the highest slope of X. [c] X, S and
TON determined after 300 min. [d] X, S and TON determined after 10 min. [e] X, S and TON determined after 5 min. T=temperature. X=conversion. S=

ChemistryOpen 2024, 13, e202400071 (6 of 10)
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Figure 7. Time-dependent epoxidation of cis-cyclooctene (67.3 umol/mL, 1.00 eq.) in MeCN using Fe catalyst and H,0, (50% aq., 101 umol/mL, 1.50 eq.) as
oxidizing agent. Conversions are determined by GC-FID. Top left: 1 (1.35 umol/mL, 0.02 eq.) as catalyst and Sc(OTf); (6.73 umol/mL, 0.10 eq.) at 20, 40 and
60°C. Top right: h, j? or 1 (1.35 umol/mL, 0.02 eq.) as catalyst at 40 °C. Bottom left: 1 (0.02 eq., 0.005 eq. or 0.001 eq.) as catalyst and Sc(OTf); (6.73 pmol/mL,
0.10 eq.) at 60 °C. Bottom right: overview of TON and TOF of 1 at different conditions.

Table 2. Epoxidation of various olefin substrates using 1 as catalyst with
30 min reaction time and Sc(OTf),.

entry substrate X [%] S [%]

8 cis-cyclooctene 88 >99 @
9 cyclohexene 29 4

10 1-hexene 22 43

1 cis-2-octene 37 18

12 trans-2-octene 54 56

13 allyl alcohol 36 29

14 allyl chloride 10 >99

15 styrene 16 26

16 chalcone 8 26

Reaction conditions: substrate (67.3 umol/mL, 1.00eq.) in MeCN, 1
(1.35 pmol/mL, 0.02 eq.), Sc(OTf); (6.73 umol/mL, 0.10 eq.) and H,0, (50%
ag., 101 umol/mL, 1.50 eq.), 20°C, 30 min. Selectivity is related to the
epoxide. Conversions are determined by 'H-NMR spectroscopy, applying
benzene as external standard. [a] Conversion determined by GC-FID. X=
conversion. S = selectivity.

complexes. No epoxide formation could be observed with h, i, j
for styrene,” but despite severe aldehyde production (12%
yield, see Sl), 4% vyield of product was achieved. In contrast,

even though the conversion of chalcone was low for i and j,**

ChemistryOpen 2024, 13, e202400071 (7 of 10)

1 only manages to consume 8% (entry 16). To summarize, for
the various substrates, the nucleophilicity of the alkene is
decisive for its reactivity, underlining the electrophilic nature of
the active species. This is clearly demonstrated for chalcone, for
example: The —M effect of the carbonyl group reduces the
nucleophilicity and thereby reactivity of the carbon-carbon
double bond, resulting in the observed low conversion.

3. Conclusions and Outlook

A synthetic approach towards a NCCN ligand containing 2-
imidazoline units is described. Formylation as well as hydrolysis
pose potential problems. A novel iron(ll) NHC complex 1
containing a NCCN ligand with benzimidazole moieties has
been successfully synthesized by two different methods. 1
contains the most positive redox potential amongst the iron
NCCN complexes described so far” In epoxidation of cis-
cyclooctene, this results in a noticeable induction phase -
oxidation from Fe" to Fe" — even in the presence of Sc(OTf), at
20°C. Higher temperatures and the Lewis acid Sc(OTf); are
beneficial for the catalytic performance of 1 and the catalyst
species is - compared to other iron NHC epoxidation
catalysts®**' — remarkably temperature tolerant (up to 60°C).
Regardless of its high redox potential induced by the weaker o-

© 2024 The Authors. ChemistryOpen published by Wiley-VCH GmbH
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donation from the NHC ligand, 1 achieves the second highest
TOF of 10200 h™' amongst the other iron NCCN complexes at
60°C. Furthermore, a TON of 706 is determined, as high as
observed for the unmodified iron NCCN complex h. In contrast
to the benzimidazole modification in the iron tetracarbene
system e/f, 1 can keep the stability of its unmodified derivative,
h. When screening various other substrates, 1 also favors the
more nucleophilic alkenes, similar to h, i and j. However, due to
its low reactivity at 20°C, 1 achieves only modest conversions.
Based on its slow reaction, the suitability to use 1 for
mechanistic studies is demonstrated, particularly low temper-
atures should ensure controlled conditions.

Experimental

General Procedures and Analytical Methods

The synthesis of complex 1 was performed in argon atmosphere
using standard Schlenk and glovebox techniques as well as dry and
degassed solvents. N'-(Pyridin-2-yl)ethane-1,2-diamine,®” 1-(pyri-
din-2-yl)-1H-benzimidazole® and Fe[N(SiMe,),l,(THF)** were syn-
thesized according to literature procedures. The procedures for
novel compounds obtained during the synthetic approaches to the
saturated ligand precursor, containing 2-imidazoline moieties
instead of imidazole, (2-imidazoline, 2-((2-
aminoethyl)amino)pyridine 1-oxide, 2-(2-imidazolin-1-yl)pyridine 1-
oxide) are stated in the SI. 1-(Pyridin-2-yl)-1H-benzimidazole was
purified by column chromatography on silica gel (~30 g silica per
gram of crude product) using ethyl acetate as eluent (R;=0.29)
prior to use. 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; *C NMR, 100.53 MHz). The chemical shifts are given in
d values in ppm (parts per million) relative to TMS (tetramethylsi-
lane) and are reported relative to the residual deuterated solvent
signal.® Elemental analyses (C/H/N/S) were obtained by the
microanalytical laboratory at Technical University Munich. Electro-
spray ionization mass spectrometry (ESI-MS) data were measured
on a Thermo Fisher Ultimate 3000. Electrochemical measurements
were carried out in a scintillation vial closed with a septum lid
under argon atmosphere, equipped with a glassy carbon disc
electrode (working electrode), a platinum wire electrode (counter
electrode) and a silver wire (pseudo reference electrode) on a
Metrohm Autolab PGSTAT302N potentiostat. Potentials are meas-
ured with a scan rate of 100 mV/s and are reported with reference
to an internal standard of ferrocenium/ferrocene (Fc+/0; 0.8 mg).
Tetrabutylammonium hexafluorophosphate (100 mM in MeCN) was
used as electrolyte. The concentration of the iron complex was
about 2 mM. The UV/Vis spectrum was recorded on an Agilent Cary
60 UV-Vis spectrophotometer with a concentration of 0.02 mM
complex in acetonitrile. Solid material of 1 (30 to 40 mg) was
studied using *’Fe Mdssbauer spectroscopy at 80 K. The *'Fe
Méssbauer spectrum was measured using a *’Co source in a Rh
matrix using an alternating constant acceleration Wissel M6Bbauer
spectrometer equipped with a Janis closed-cycle helium cryostat.
Transmission data were collected, and isomer shifts are reported
relative to iron metal at ambient temperature. Experimental data
were simulated with mf2.SL software*® Deposition Number
2326822 (for 1) contain the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
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Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.

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
column (30 mx320 pmx0.25 pm). NMR spectra were recorded on a
Bruker Avance Ultrashield AV400 (400 MHz) or AV500 (500 MHz)
spectrometer at a temperature of 297 K. Chemical shifts (0) are
reported in ppm and referenced to the residual signal of the
deuterated solvent.®

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 (substrate:
cis-cyclooctene). 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 umol/mL). Hydrogen peroxide (50% ag., 1.50 eq.,
101 umol/mL) was used as oxidizing agent and, if required, Sc(OTf);
as additive (0.10 eq., 8.41 umol/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 MnO, in order to decompose
the excess of H,0, 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 uL/mL) is
dissolved as an external standard. For the screening via 'H NMR
spectroscopy, 500 L 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(ll) chloride, in the presence
of H,0, was conducted to highlight the importance of iron
complexes associated with NHCs due to minimal product and
unselective side-product formation. Analogous, the additive Sc-
(OTH), itself shows minimal unselective catalytic activity."**"**

Synthetic Procedures

[H,L11(Br),. 1-(Pyridin-2-yl)-1H-benzimidazole (266 mg, 1.36 mmol,
2.00 eq.) is dissolved in excess dibromomethane (10 mL, 143 mmol,
105 eq.) and heated to 110°C for 1d. The white suspension is
cooled to r.t., then 10 mL Et,0 is added. The precipitate is filtrated,
washed with 5 mL MeCN and 10 mL Et,0 to obtain [H,L1](Br), as
white powder (249 mg, 441 umol, 65%). 'HNMR (400.13 MHz,
DMSO-d,): § 11.13 (s, 2H, NCHN), 8.82 (dd, 3>/=5.2 Hz, “J=1.7 Hz, 2H,
H,), 861 (d,’J=83 Hz, 2H, H,,), 8.48 (d, *)=8.3 Hz, 2H, H,,), 8.35 (td,
*J=7.8Hz, Y=19Hz, 2H, H,), 8.12 (d, >J=8.3 Hz, 2H, H,), 7.91 (td,
>J=7.8Hz, *J=1.1Hz, 2H, H,), 7.81 (m, 4H, H,), 7.67 (s, 2H, CH,).
MS-ESI (m/z): [HL11" calcd., 403.17; found, 403.18 (6); [L1 - 1-
(pyridin-2-yl)-1H-benzimidazole + MeOH] calcd., 240.11; found,
240.07 (100); [1-(pyridin-2-yl)-1H-benzimidazole +H*] calcd., 196.09;
found, 196.12 (68).

[H,L11(PFg),. [H,L11(Br), (196 mg, 347 umol, 1.00 eq.) is dissolved in
10 mL H,0 and slowly added to a vigorously stirred solution of
NH,PF, (410 mg, 2.52 mmol, 7.24 eq.) in 15 mL H,0. After stirring
for 30 min, the white precipitate is filtered off and washed with H,0
and Et,0 to obtain [H,L1](PFs), as somewhat hygroscopic white
powder (180 mg, 259 umol, 75%). The product is immediately

© 2024 The Authors. ChemistryOpen published by Wiley-VCH GmbH

85U8017 SUOWWOD SAIE8ID 3|dedt|dde au Ag peusenob a2 seolie VO ‘8sn J0 s8Nl 1oy Afeid)auljuQ A1 UO (SUOIIPUOD-PUR-SLLBYW0D" A8 | W AReq 1 Ut |Uo//:Sthiy) SUOIPUOD pUe swie | 84} 885 *[z02/2T/9T] Uo ARiqi]auliuo A8|IM ‘SLFOFHONNIN-UBYIUN A TBISIBAIUN 8YsIuyDe | Aq T2000¥202 Uedo/z00T 0T/I0p/w0d A8 |mAkeiq 1 pul|uoadoune-Alis iweyoy/sdiy wo. pepeojumod ‘ZT ‘0z ‘S9ETT6TZ


https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/open.202400071
http://www.ccdc.cam.ac.uk/structures

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemistryOpen doi.org/10.1002/0pen.202400071

transferred into a Schlenk flask, dried overnight at 70°C at
1073 mbar and stored under argon. '"H NMR (400.13 MHz, CD,CN): §
9.91 (s, 2H, NCHN), 8.76 (dd, ®°J=5.0 Hz, *J=1.8 Hz, 2H, H,,), 8.36 (m,
2H, H,), 8.22 (td, >J=7.9Hz, *J=1.8Hz, 4H, H,), 7.88 (m, 6H, H,),
7.73 (dd, *J=7.6 Hz, 3)=4.9 Hz, 2H, H,), 7.28 (s, 2H, CH,). *C NMR
(100.53 MHz, CD;CN): & 151.16 (C,,), 147.41 (C,,), 142.90 (C,), 141.80
(C,), 132.08 (C,), 131.26 (C,), 130.03 (C,), 129.96 (C,), 127.31 (C,),
118.88 (C,), 117.22 (C,), 114.54 (C,), 57.26 (CH,). MS-ESI (m/2): [L1 +
PF¢ 1" calcd., 549.14; found, 548.65 (20); [HL1]" calcd., 403.17;
found, 403.16 (66); [1-(pyridin-2-yl)-1H-benzimidazole +H"*] calcd.,
196.09; found, 196.03 (100). Anal. calcd. for C,sH,F;,NgP,: C 43.24; H
2.90; N 12.10. Found: C 43.26; H 2.94; N 12.06.

[FeL1(MeCN),l(PF¢), (1). Method A. A —40°C cold solution of
Fe[N(SiMe;),l,(THF) (108 mg, 241 pmol, 1.05 eq.) in 4 mL MeCN is
added to a —40°C cold solution of [H,L1](PFs), (159 mg, 229 umol,
1.00 eq.) in 4 mL MeCN. The solution becomes red and is stirred at
95°C for 2 d. The dark red solution is dried under vacuum. The
black residue is dissolved in MeCN and dried again under vacuum
to remove any remaining free amine HN(SiMe;),. The crude is
dissolved in 2 mL MeCN and 5.4 mL Et,0 is added to precipitate a
first fraction of a brown precipitate. The supernatant is filtered off
and the resulting light brown to yellow solid is dried under vacuum,
to obtain the analytically pure iron complex 1 (ca. 6 mg, 7 umol,
3%). At this point, tiny washing steps with MeCN can be performed
(around 0.3 to 0.5 mL MeCN), if necessary.

Method B. A black —40°C cold solution of Fe[N(SiMes),],(THF)
(2.91 g, 649 mmol, 1.11 eq.) in 10 mL MeCN is added to a yellow
—40°C cold solution of [H,L1](PF¢), (4.08 g, 5.87 mmol, 1.00 eq.) in
15 mL MeCN. The solution becomes red at first but turns black
upon complete addition and is stirred at r.t. for 3d. A brown
precipitate has formed at the bottom of the black solution. The
following work-up is performed under ambient atmosphere with-
out the use of Schlenk technique. The black reaction mixture is
dried in vacuo resulting in a black residue. A series of washing steps
is performed to remove unreacted [H,L1](PF,), and other organic
impurities from the residue: 12 mL MeCN (obtained from solvent
purification system, i.e. somewhat dry) is added to the residue in
order to completely suspend the solid without any remaining
precipitate. 60 mL Et,O (neither degassed nor dried) is added to the
black mixture and the dark yellow supernatant is decanted through
a filter in order to catch any solid particles and is discarded. All
black solids are combined to be suspended in MeCN again. This
process is repeated further 9 times, i.e. in total 10 washing steps
with the combination of 12 mL MeCN and 60 mL Et,O. Then, 3 steps
with 12mL MeCN and 55 mL Et,0 are performed, followed by
3 steps with 12 mL MeCN and 50 mL Et,O. Finally, 9 steps with
14 mL MeCN and 40 mL Et,0 are conducted. As the purification
progresses, the mixture becomes lighter resulting in a light brown
solid and yellow filtrate in the end. The light brown solid is
dissolved in 100 mL MeCN. The resulting black solution is filtrated
over a plug of ALO; (37g Al,O;; pH=7; 7cm height; column
diameter 3 cm; dry Al,O; and not wetted beforehand) to remove
inorganic impurities. After filtration of the 100 mL solution, the plug
of Al,O; is not washed with additional MeCN as this can re-dissolve
the impurities. An intense orange solution is collected and the
solvent is removed in vacuo. The resulting orange solid is re-
dissolved in 18 mL MeCN and 100 mL Et,0 is added to form a
yellow precipitate and orange supernatant. The mixture is cooled at
—32°C for 10 min. Afterwards, the suspension is filtrated and the
yellow precipitate washed with Et,0. The precipitate is dried
overnight at 60°C at 102mbar and stored under argon.
[FeL1(MeCN),](PF¢), can be obtained as yellow solid in 8% vyield
(406 mg, 489 umol). Single crystals suitable for X-ray diffraction
were obtained by slow vapor diffusion of Et,O into a solution of
[FeL1(MeCN),](PFs), in MeCN after 1 to 2weeks at r.t. under
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ambient atmosphere (see S| for details). '"H NMR (400.13 MHz,
CD;CN): & 9.69 (m, 2H, H,), 8.50 (m, 4H, H,), 8.33 (m, 2H, H,,), 8.03
(m, 2H, H,), 7.86 (td, 3J=5.6 Hz, *J=2.7 Hz, 2H, H,), 7.69 (m, 4H,
H,), 7.45 (s, 2H, CH,), 1.96 (s, 6H, CH;CN). *C NMR (100.53 MHz,
CDsCN): & 230.31 (Cppene)r 155.95 (C,), 153.47 (C,), 142.75 (C,),
138.05 (C,), 133.95 (C,), 125.83 (C,), 125.61 (C,), 124.07 (C,), 114.37
(C,), 112.72 (C,), 110.80 (C,), 62.60 (CH,). MS-ESI (m/z): [FeL1+
HCOO™ +HCOONa]" calcd., 571.08; found, 570.92 (19); [FelL1+
HCOO 1" calcd., 503.09; found, 502.87 (74); [FeL1(MeCN),]*" calcd.,
270.07; found, 269.76 (85); [FeL1(MeCN)]*" calcd., 249.56; found,
249.51 (45); [FeL1]*" calcd., 229.04; found, 229.32 (100). Anal. calcd.
for CooHaF1oFeNgP,: C 41.95; H 2.91; N 13.50. Found: C 41.61; H 2.98;
N 13.97.
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