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Introduction

Abstract Hydrogen is the most abundant element on earth, but only a very small
fraction of it is found as molecular gas H,. Nevertheless, entire ecosystems are pow-
ered by this fuel in nature, raising mankind’s hope that sustainable alternatives for the
use of fossil fuels exist. Improved systems producing and activating the H, molecule
have to be developed in order to pave the way for a hydrogen economy, which could
satisfy the ever-increasing demand for energy of our society. This chapter provides the
theoretical background on the activation of dihydrogen introducing “classical” tran-
sition metal-based systems and the so-called frustrated Lewis pairs (FLPs), a class of
novel catalysts which has become increasingly popular in the last years. Furthermore,
information on a group of naturally-occurring enzymes called hydrogenases is pro-
vided. Due to their astonishing high efficiency in producing or activating dihydrogen,
hydrogenases are ideal prototypes that could trigger the development of a new era of
H, activation catalysts featuring unforeseen efficiencies.




1 Introduction

1.1 Hydrogen — Fuel of the Future?

In a world as dependent on the availability of energy as ours, the most urgent scientific
and technical challenge is to assure a secure and environmentally benign supply of
energy.l!l Facing an ever-increasing demand for energy which currently comprises
roughly 16.3 TW per year and which is projected to reach 20 TW in 2030, to double by
2050 and to triple by the end of the century,?! this challenge represents an enormous
problem to solve. Furthermore, a development towards a renewable supply of energy
has to occur since only finite resources of fossil fuels are available and combustion of
oil, natural gas or coal poses severe problems to the environment and earth’s climate
by emission of carbon dioxide. And yet, the sun annually provides 100000 TW of
solar energy to our planet, hence only a little more than one hour of sunlight could
in principle satisfy our annual energy requirements.?! Methods to capture this energy
exist but their efficiencies are still insufficient to represent a serious alternative to fossil
fuels.

An attractive approach to utilize solar energy is its storage in the form of chemical bonds
— like in natural photosynthesis. However, the construction of a so-called “artificial
leat” which is able to efficiently collect and convert solar energy remains an enormous
scientific challenge.*®! The hydrogen (H,) molecule — from organometallic chemists
frequently called dihydrogen — is the central energy carrier in an envisioned scenario
of alternative energy supplies focusing on sustainable methods to produce, store and
consume energy. This aspired scenario has been coined “hydrogen economy”, ¢ but
problems connected with its realization still persist despite the effort of research already
spent on this topic. Accordingly, efficient and sustainable methods to produce H,
and to recover the energy stored in this molecule have to be developed by the basic
science.l!! In addition to this, novel hydrogen storage materials have to be found in
order to guarantee a safe and practical possibility to use dihydrogen as an energy
vector, especially in automotive applications.!!% Nevertheless, once the problems are
overcome, dihydrogen could be the ideal energy carrier since its energy density is
142MJ kg™!, which is more than three times larger than that of liquid hydrocarbons.™!
Furthermore, H, is a clean fuel as the only exhaust gas one obtains when burning it with
dioxygen is water. A reaction of H, and O, in a controlled way, for example in a fuel
cell, could thus be the key to a sustainable energy supply in the future. However, novel
catalysts have to be developed in order to make both the production and energetic
exploitation of H, more efficient.

Dihydrogen is not only important as a future energy carrier, but even today vast
quantities are used in chemical reactions. All crude oil is treated with H, within the
refining process and hundreds of million tons of ammonia are synthesized every year by
the Haber-Bosch process.["'l A common problem of the presently available methods to
achieve these transformations is the fact that often expensive and non-abundant metals
as for example platinum have to be used. The main reason for this is the high H-H
bond energy of 436 k] mol'.1'2! Consequently, reactions involving H, usually afford the
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input of considerable amounts of energy. Despite this fundamental drawback, catalytic
hydrogenations constitute the majority of human-made chemical reactions in the world.
Facing the enormous amounts of dihydrogen used in chemical processes, the need for
more efficient catalysts becomes even more apparent.

At the present time, nearly all hydrogen gas required for chemical transformations is
produced by reactions from carbon feedstocks (fossil fuels and biomass).'3! The most
relevant method is the endothermic steam reforming of methane which is conducted
at a nickel catalyst at elevated temperatures and converts natural gas (CH, and H,O)
to synthesis gas (CO and H,). Further amounts of dihydrogen can be obtained by the
water-gas shift reaction producing CO, and H, from CO and H,0O.1%! It is important
to note that this industrial production of dihydrogen is not sustainable since fossil
fuels are used to generate H,. In a long-term view, energetically unfavored splitting of
water by electrolysis or solar power has to evolve into an attractive alternative to steam
reforming processes in order to produce H, in a sustainable way. However, a massive
effort of scientific research is still required in order to improve existing dihydrogen-
producing systems. Inspiration for these novel catalysts might come from naturally
occurring enzymes (see section 1.4).

1.2 Basic Principles of Dihydrogen Activation

The activation of small molecules like dihydrogen is most commonly conducted at
transition metal centers since the availability of d orbitals allows for a variety of possible
orbital interactions, ultimately leading to the activation of chemical bonds.!"¥! The
tuneability in terms of electron configuration and oxidation state are further advantages
of transition metals in catalytic reactions. Soon after the discovery of the first metal
complex containing a dihydrogen ligand, W(CO),(P'Pr;),(n*-H,), by Kubas et al. in
1984, the theoretical foundation for understanding bond formation with a hydrogen
molecule waslaid. This led to a reinvestigation of known dihydride complexes and soon
further dihydrogen complexes appeared in literature.['®! As an extension of the Chatt-
Dewar-Duncanson model for complexes with unsaturated alkene or alkyne ligands

“m-complexes”), the bonding situation found in H, complexes has been termed “o-
complex”, indicating that a 0 bond interacts with a metal center.['”] Analogous to the
three-center two-electron (3c-2e) bonding in carbocations and boranes, this binding can
be called nonclassical."! The set of possible orbital interactions of a transition metal M
with the typically side-on coordinated H, molecule is depicted in Figure 1.1. In principle
two synergistic orbital interactions, donation of electron density from the bonding o
orbital of dihydrogen into a vacant d orbital (d,2) of the metal and M—H, backdonation
into the antibonding o* orbital, contribute to an overall binding interaction.
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Figure 1.1. Orbital interactions in an octahedral M—H, o-complex with a side-on
coordinated dihydrogen ligand. Adapted with permission from Kubas et al., 1]
© 2007 American Chemical Society.

Homolytic and Heterolytic Splitting of H,

Considering backdonation of metal d electrons into the antibonding H, orbital is not
only crucial to the understanding of the stabilization of a metal-H, o-complex, in fact it
is also the key to comprehend activation of the H-H single bond. If the electron density
donated into the o* orbital is large enough, the H-H bond is cleaved homolytically
and a dihydride complex is formed. However, no sharp separation between H, and
dihydride complexes exist, but rather a continuum of different H-H bond distances
(Figure 1.2). The elongation of the H-H bond depends (analogously to the degree of
olefin activation described by the Chatt-Dewar-Duncanson model) on the degree of
backdonation from the metal center.['®! Astonishingly, the very strong H-H bond can
be stretched to more than twice its length in molecular H, during its activation at a
metal center. Powerful methods to probe the degree of activation of the H, molecule
in metal complexes are neutron diffraction and nuclear magnetic resonance (NMR)
spectroscopy, permitting a direct determination of the H-H bond distance and, respec-
tively, the measurement of coupling constants Jyp in HD-substituted complexes or T;
relaxation times. [18]

The type of bond activation associated with a high degree of backdonation of electron
density into the H, o* orbital culminates in a homolytic splitting of the dihydrogen
molecule. By this, the oxidation state of the metal increases by two and overall an
oxidative addition takes place. Furthermore, the total coordination number of the com-
plex increases by one. On the contrary, neither the oxidation state of the metal nor the
coordination number changes when a heterolytic cleavage of the dihydrogen molecule
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M |T| /H /H
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Figure 1.2. Stretching of H-H bond distances for a series of M—H, complexes. Adapted
with permission from Kubas et al., [16] © 2001 Elsevier.

occurs. In this case the H-H bond is not split into equal parts, but formation of a hy-
dride ion (H") and a proton can be observed. Typically the hydride ion coordinates to
the metal center (thereby decreasing the overall charge of the complex by —1) and the
remaining proton is accepted by an internal or external base.[”) Whether a homolytic
or heterolytic splitting of the H, molecule occurs, is governed by the electronic proper-
ties of the complex. Electron-rich metal centers favor the homolytic cleavage since the
extent of backdonation is typically relatively large, whereas electron-poor/electrophilic
metals mostly show heterolytic cleavage of H,. Here, backdonation is weak and most
of the overall bonding interaction can be attributed to a strong H,—M o-donation. 118!
In such complexes, the H, molecule is usually highly polarized. Indeed, coordinating
H, to a highly electrophilic cationic metal usually leads to an increase of its acidity
by up to several orders of magnitude."® Once H, is homolytically or heterolytically
activated, protons and/or hydride ions can be transferred to a substrate, providing the
basis for a large array of homogeneous industrial processes. Metal complexes which
have been successfully applied in large-scale industrial catalytic hydrogenations in-
clude such prominent examples as Wilkinson’s rhodium-based catalyst RhCl(PPhj,), or
the ruthenium-based Noyori systems. [2021]

1.3 Frustrated Lewis Pairs (FLPs)

Until relatively recently in the history of dihydrogen activation, chemists assumed
that only transition metals were able to cleave the very stable H-H bond. This be-
lief was fundamentally shattered when a series of metal-free systems were discovered
at the beginning of the 21%* century. Bertrand et al. reported that stable singlet car-
benes can mimic to some extent the reactivity of transition metals by nucleophilically
activating dihydrogen or even ammonia under very mild conditions.?”’ Even more
groundbreaking was the development of the concept of frustrated Lewis pairs (FLPs)
which was popularized by the groups of Stephan and Erker.!?*%”! The discovery of a
phosphine-borane that was able to reversibly activate dihydrogen by Stephan et al.[*]
in 2006 and subsequent publication of related intermolecular?’! and intramolecular®!
systems paved the way for a new era of hydrogen activation already foreshadowing
unforeseen applications.®!
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1.3.1 General Concept

The first systems represented in Scheme 1.1 had in common that an electron-deficient
borane was combined with a Lewis basic phosphine. Contrary to the widely accepted
understanding that combination of a Lewis acid and a Lewis base would inevitably
lead to the formation of a Lewis acid-base adduct, the reactivity inherent to FLPs was
not quenched by adduct formation. Instead, steric constraints prevented the system
from forming unreactive adducts and enabled the use of FLPs for bond activation. The
first intramolecular system[?! (example (a) in Scheme 1.1) was shown to reversibly in-
corporate dihydrogen. The Lewis acidic borane accepts a hydride ion and the posphine
Lewis base is protonated to yield a zwitterionic phosphonium borate. Hence the H,
molecule is cleaved heterolytically. Further studies led to the discovery of the FLP
shown in Scheme 1.1 (b). Here, a combination of B(CFs), and tri-(tert-butyl)phosphine
afforded an FLP which could activate dihydrogen under mild conditions.?’! The group
of Erker developed the linked FLP shown in example (c) of Scheme 1.1, which could
also achieve a metal-free activation of H, despite interaction of the phosphine and bo-
rane moieties.**3?! In solution, rupture of the weak P---B bond gives the intramolecular
FLP which was also shown to be suitable for H, activation. From a thermodynamic
view, intramolecular FLPs have several advantages since the critical step in the ther-
modynamic cycle, the association of the reaction partners, involves a considerable loss
of entropy in the case of intermolecular systems.****! For this problem, the notion “ter-
molecularity trap” has been used.®!

R F R F
Mes CeFs H, ® o
(a) /P B\ ‘—A—‘ (Mes)gP B(CgF5)2
Mes CsFs H/ ©
F F F F

Mes = C6H2Me3

Hpo (1 atm)

(b) PBus + B(CgFs)s ['BusPH]" [HB(CgFs)s]”

25 °C
—\ (15 Gim) ® E(C Fs)
L B(C<F .5 atm A~ 6r5)2
(© (Mes),P~-~-B(CeFs)s ~ | (Mes),P” > (00782 "5 (Mes)zP™ ™75

H

Scheme 1.1. Several frustrated Lewis pairs and their reactivity with H,: (a) First
FLP published by Stephan et al.,[?®! (b) an intermolecular!®’! and (c) a second
intramolecular®! system.

The prospect of a hydrogenation catalysis no longer dependent on expensive and toxic
metals led to an increased scientific interest in this particular field of research. Con-
sequently, the insights into this fascinating topic grew rapidly and were summarized
several times.[?%3638] In the course of further uncovering FLP reactivity, the early
systems were modified and it was soon realized that the concept of frustrated Lewis
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pairs was suitable to describe the activation of dihydrogen by a number of other sys-
tems. However, most modifications targeted the Lewis basic component and it was
demonstrated that also nitrogen bases®*! and N-heterocyclic carbenes (NHCs) 4044
were able to assist in the heterolytic cleavage of H,. On the contrary, the borane Lewis
acid was not subjected to much variation since this mostly lowered the reactivity of the
obtained systems.[*>%7] Only few systems were reported that did not involve boranes
with strongly electron-withdrawing substituents for FLP-type chemistry. #8521 A rela-
tively recent development in this respect is the utilization of aluminum in FLP-type
chemistry. These compounds show interesting properties and can be used in the acti-
vation of organic and inorganic molecules.[>3-¢4

When developing novel FLP systems it is important to consider the dual importance
of optimizing structural and electronic features of both the Lewis acid and the Lewis
base.[®>661 On the one hand, the reaction partners should have bulky residues in order
to prevent the formation of simple Lewis adducts, and on the other hand the cumula-
tive acid-base strength of the system should be high enough to enable the heterolytic
cleavage of H,.*¥! In principle it is possible to use a relatively weak Lewis base, but
this requires a very electron-deficient Lewis acid as counterpart which is normally
achieved by incorporating particularly electron-withdrawing substituents. By careful
adjustment of steric (principle of “size exclusion”)[®! and electronic!®%¥! properties it
is also possible to add chemoselectivity or functional group tolerance to the system.
Besides dihydrogen also various other substrates have been used in reactions with
FLPs. Particularly important is the activation of CO,!®74 as it represents a potent
greenhouse gas and simultaneously a sustainable source for the production of basic
chemicals (e. g. carboxylic acids, methanol).””! Furthermore, FLPs were found to acti-
vate other small molecules such as THE, ! CO,”678] alkenes, ! alkynes, ¥ silanes, !
halogens, 82l N, O, 8381 NOB788] and SO, .8 Even activity in polymerization reactions
has been demonstrated for FLP systems.”?!] Besides this, FLP chemistry has now
reached the point where it becomes interesting also for organic chemists and the chem-
ical industry because FLP-based catalysts can be used for the transformation of organic
substrates. In fact, a number of metal-free catalytic hydrogenations have been devel-
oped and are now available for reactions performed under mild conditions including
substrates as imines,*? nitriles,"?! aziridines,°?! alkenes,”>** alkynes, ! N-based het-
erocycles®! and many more. FLP catalysts have been optimized for hydrogenation
reactions and surprisingly simple systems including for example ethers as Lewis bases
have been developed.”! Even more astonishingly, first attempts to implement chiral-
ity have been successful and it was found that chiral FLPs can be used in asymmetric
hydrogenations. ! Hydrogenation reactions mediated by FLPs have been comprehen-
sively summarized recently.!**-10!
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1.3.2 Mechanism of H, Activation in FLPs

Despite a considerable amount of scientific contributions to this field, the mechanism of
H, activation mediated by FLPs still remains a matter of debate. In their first publication
on this topic, ! Stephan et al. speculated that the heterolytic splitting of dihydrogen
might be initiated by side-on coordination of H, to the boron center and subsequent
addition of H, to the B—C bond prior to reaction with the Lewis base. However, calcu-
lations showed that the activation barrier for such adduct formation in FLPs is rather
high!1921%1 and no experimental proof for an interaction of boron with H, was found. !
Consequently, coordination of H, to the boron Lewis acid can be considered rather un-
likely. In addition to side-on coordination to the boron center, also end-on coordination
to the phosphine Lewis base was proposed based on the observation of phosphine-
hydrogen adducts in low-temperature matrix-isolation experiments.!!%1%! However,
the adducts were extremely unstable. The most probable mechanism of heterolytic H,
splitting in phosphine-borane FLPs is represented in Scheme 1.2 and has been origi-
nally proposed by Pépai et al. in 2008.1"%?! Instead of forming unreactive Lewis acid-base
adducts, the two components of an FLP exhibit secondary interactions which lead to a
weak association. In such an “encounter complex” the prevailing interactions are H---F
interactions which is in line with the earlier observation of attractive dispersion forces
in phosphine-borane addition products.[1%! Very recently, in addition to highly sophis-
ticated computational investigations,['””l even experimental proof for the association
via weak dispersion interactions has been obtained by means of NMR spectroscopy. %!
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Scheme 1.2. Most probable mechanism of hydrogen splitting mediated by FLPs. For-
mation of a loosely bound encounter complex precedes the actual H, splitting
step.

After formation of the encounter complex, the H, molecule enters the system and inter-
acts with both reactive centers of the FLP. The true nature of this interaction is still under
debate, but the signs increasingly point to a polarization of the H, molecule as part of
the shifting of electron density from the phosphine to the boron center. In the course of
this shifting, the H, o* orbital accepts electron density from the phosphine and simul-
taneously electron density is donated from the H, o orbital to the electrophilic borane.
Consequently, the H-H bond is weakened and ultimately cleaved in a concerted way
resulting in the formation of the phosphonium borate.!!9%1%! [n the transition state, a
non-linear arrangement of the H, molecule has been found by structural and theoret-
ical studies. 1% A second concept has been proposed by Grimme et al. in 2010. 112!



1.3 Frustrated Lewis Pairs (FLPs)

According to this model, a transfer of electrons is not necessarily required in order to
activate dihydrogen. Instead, the electric field generated by the donor and acceptor
atoms of the FLP might be sufficient for polarizing the H, molecule and finally leads
to the observed heterolytic cleavage of dihydrogen. However, a number of subsequent
theoretical calculations found only small contributions of the polarization effect to the
overall interaction energy.!11314! Indeed, Pépai et al. recently showed in a comparative
study that the electric field theory can be seriously questioned.''>! Hence it can be
assumed that H, activation in FLPs is the result of orbital interactions which involve
the shifting of electron density.

1.3.3 Transition Metal-Based FLPs

Still in its infancy, frustrated Lewis pair chemistry has not focused much on transition
metals since scientists were eager to develop main group alternatives for transition
metal-based catalysts. Nevertheless, indications that the FLP concept is also important
in the realm of transition metal chemistry got stronger especially in the last few years.
Indeed, FLP-type reactivity represents an exiting approach to achieve novel activation
pathways and reactivity patterns in transition metal chemistry. Of high importance in
this field were the contributions of Wass et al. demonstrating that some early transition
metals are able to act as Lewis acids in FLP-type chemistry.!'®! The cationic zirconocene-
phosphinoaryloxide complex I depicted in Scheme 1.3 showed for example reactivity
in the dehydrogenation reactions of amine boranes. The related chlorobenzene adduct
of the pentamethylcyclopentadienyl derivative II could even cleave the dihydrogen
molecule.''”] In general, these two and other systems developed by the group of Wass
were shown to react for example with H,, CO,, CO, amine boranes, alkenes, alkynes,
ethers or acetone and thus they represent “typical” FLPs, at least concerning their reac-
tion pattern. 11181 Not only did these systems show a markedly higher reactivity than
classical main group FLPs in many cases, additionally they featured unprecedented
reactivities as for example CO reduction or C-halide cleavage in alkyl halides."'8! To-
day also neutral or cationic lanthanum, ¥ titanium 129 or hafnium complexes!!?%!
showing FLP reactivity are available. A comprehensive review about this chemistry
has appeared recently. [116121]
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Scheme 1.3. Zirconocene-phosphinoaryloxide complexes featuring FLP-type chem-
istry (Cp = C;H;, Cp* = C;Me;). 1]



1 Introduction

Expanding the FLP concept to the group of transition metals was an intriguing ap-
proach and soon other examples appeared in literature. However, most of the systems
were restricted to electron-deficient transition metal centers as exemplified by further
scandium-, 1?2124 zirconium-,11%5-128! hafnium-,!"*! ruthenium-,13% platinum-,[3Y or
zinc-based 2l complexes. A different approach to incorporate transition metals also
makes use of the Lewis acidity of metal centers and their ability to facilitate a nucle-
ophilic attack at a coordinated ligand. An example in which the metal fragment acts as
a mere bystanding group was recently reported by Stephan and co-workers, demon-
strating that complex III in Scheme 1.4 readily accepts a hydride ion at the phenyl ring
when a phosphine base and H, are added.®3 Such ancillary transition metal centers
are not directly involved in the FLP reaction itself, but they are nevertheless essential
for creating the actual Lewis acidic center. In addition to this, also cases are known in
which the (still Lewis acidic) metal center assists in the formation of the carbon-based
Lewis base, for example in ruthenium acetylides.[3 On the contrary, in some other ex-
emplary cases, the metal fragment is the substrate (transformations occur in the ligand
sphere) or provides only the structural framework for activation. 13!
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Scheme 1.4. Examples for transition metal complexes showing FLP-type reactivity.

In contrast to Lewis acidic metal centers, Lewis basic transition metal fragments appear
only rarely in literature, although the topic of metal-only Lewis pairs including tran-
sition metal Lewis bases was addressed recently by a review focusing on metal-metal
dative bonding.!'*! In FLP-type chemistry, transition metal Lewis bases did not play a
decisive role until now. However, some examples already exist where the metal frag-
ment shows a Lewis basic character. The potential of certain platinum complexes!*”]
to act as Lewis bases in reactions with fluoroboranes was recently demonstrated and
furthermore also rhenium hydride/borane FLPs in which the metal hydride is the Lewis
base were published.!!*! A promising concept to achieve Lewis basicity directly at the
transition metal center is to incorporate boranes as ligands in the environment of the
metal.!'* Complex IV in Scheme 1.4 featuring close interactions with the boron atom
and two carbon atoms of the mesityl ring for example cleaves H, heterolytically. In the
course of the reaction the hydride ion is accepted by the borane yielding a bridging
B—H-Ni hydrido ligand and the nickel center gets protonated. %! Furthermore, an in-
tramolecular boron Lewis acid/zirconocene pair with a weak Zr---F contact (compound
V in Scheme 1.4) was reported to react with a variety of small molecules. 141142l
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1.4 Hydrogenases — The Natural Hydrogen Economy

As has been pointed out by Owen,®! many metal-borane complexes are not “frus-
trated” in the original sense since in most cases a direct bonding interaction between
metal and borane moiety exists. This aspect is a general problem when talking about
transition metal FLPs since — as seen above — also many ligand-assisted reactions at
metal centers involving internal bases can be regarded as FLP-type transformations. !?!!
In analogy to the known cooperative effects in transition metal catalysis, these systems
have been termed “cooperative Lewis pairs” by Wass and co-workers due to the absence
of steric factors preventing adduct formation.!'*!! Indeed, in many cases H, cleavage
by transition metal FLPs and ligand-assisted hydrogenation reactions are not so easily
categorized and intermediate cases exist.[!!¢! Nevertheless, keeping the FLP concept in
mind when considering such systems is useful since it permits a new view on already
existing catalysts and could lead to their improvement. While the pool of transition
metals offers new possibilities to extend the set of Lewis acids and Lewis bases in
FLP-type reactions, the boundaries between “classical” FLP chemistry and cooperative
activation by metals and ligands become increasingly blurred. Carrying FLP chemistry
to extremes by expanding the concept to transition metals, might lead to interesting
new developments in catalysis.

1.4 Hydrogenases — The Natural Hydrogen Economy

Despite the many efforts already made, establishing a sustainable energy supply in-
cluding dihydrogen as the primary energy carrier still remains an enormous challenge.
Efficient ways to produce, store and activate the H, molecule have to be found in
order to replace fossil fuels as driving force of our society. In this respect nature is al-
ready far ahead of our development since the estimated global amount of dihydrogen
produced and consumed in nature adds up to roughly 0.3 billion tons per year.!!**!
Invariably, the concentrations of H, encountered by microorganisms are extremely
low and therefore the enzymes involved in its metabolism feature high affinities and
efficiencies. Indeed, dihydrogen is a valuable energy source or a sink of redundant
electrons for many anaerobic or — less frequently — aerobic microorganisms with di-
verse metabolisms. 11451 Among those microorganisms engaged in H, metabolism are
mainly bacteria and archea, but also some eukaryotes.

Most of the processes consuming or producing dihydrogen are performed by an
ancient group of enzymes named hydrogenases which catalyze the reversible reac-
tion H, = H" + H —— 2H" + 2¢.!4¥] From the isotope exchange reaction
H, + D,0 == HD + HDO it was inferred that hydrogenases cleave the H, molecule
in a heterolytic way.!"*8! According to the metal content of the active site, hydrogenases
can be classified into [FeFe], [NiFe] or [Fe] hydrogenases. Although the three types
of hydrogenases represent phylogenetically distinct classes,[1*9! a unifying structural
motif for activation or production of H, can be recognized in the enzymes since all
of them harbor Fel metal ions in their active sites.!#¥149150] Another common feature
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1 Introduction

is the presence of highly toxic CO or CN™ ligands which were previously considered
completely abiological.'> Even though the reversible formation of H, from protons
and electrons looks like a simple reaction, its realization is not so easily achieved
since the standard redox potential E°(H,/H") amounts to —414mV at pH 7, a value
below the potential of common redox mediators.!'® This is why highly specialized
enzymes with complex active centers are necessary to mediate the reaction. Facing
the astonishingly high efficiencies of these biological systems, scientists try to discover
the general concepts behind H, activation and to develop novel catalysts inspired by
nature. 143153154 Ag a consequence of the rapid developments in the field especially
within the last two decades, a number of general reviews covering the most diverse
aspects of hydrogenases such as their structure and function, [146147150.155-157] gecurrence
and classification, 145158 physiological!’®>1%! and chemical aspects, 151160161 gynthetic
model compounds, (1491621631 computational studies, 14 O, tolerance, 116 biosynthe-
sis,[17] and electrocatalytic properties!!%1%! appeared in the literature. Very recently,
an extensive review covering the different facets of hydrogenases was published. 7!
The following sections summarize the essential characteristics of the three classes of
hydrogenases before focusing on approaches to design novel catalysts reminiscent of
the naturally occurring systems.

1.4.1 [FeFe] and [NiFe] Hydrogenases

The first bacterial enzyme capable of activating molecular hydrogen was already ob-
served in 1931 and coined “hydrogenase” by Stephenson and Stickland.[”! However,
the interest in this particular class of enzymes did not start to intensify until the 1990s
after the publication of the first crystal structures of [FeFe] and [NiFe] hydrogenase
enzymes. 1727174 Subsequently, the significance of hydrogenase enzymes for the devel-
opment of future H, production or activation catalysts was recognized and publications
in this field increased rapidly.

Although, in principle, all hydrogenases work bidirectionally as isolated enzymes, the
situation does not represent a true equilibrium process in living organisms because
the physiological conditions provided by the cell mostly decide on the preferred di-
rection of the reaction.'?! [FeFe] hydrogenases preferentially catalyze the formation
of dihydrogen from protons and electrons, whereas [NiFe] hydrogenases are mainly
found in organisms performing the oxidation of H,.l”! Extremely high activities for
H, generation are found in [FeFe] hydrogenases, but the enzymes only work under
strictly anaerobic conditions.[%517] Under optimum conditions for example a single
[FeFe] hydrogenase enzyme from Desulfovibrio desulfuricans is able to produce 9000
molecules of H, per second at 30 °C.[17>176] [n contrast to [FeFe] hydrogenases, [NiFe]
hydrogenases are not irreversibly destroyed by O, and some variants are even active
under aerobic conditions. %! However, the activity of [NiFe] hydrogenases is usually
lower.
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Figure 1.3. Structures of the active sites of [FeFe] and [NiFe] hydrogenases. [159]

Figure 1.3 depicts the structures of the active sites of [FeFe] and [NiFe] hydrogenases.
First indications of the presence of toxic CO and CN ligands obtained by IR spec-
troscopy 7! startled the scientific community and established an astonishing connec-
tion between the chemistry of hydrogenases and traditional organometallic chem-
istry. 18151 Because of their high sensitivity towards dioxygen, these organometallic
centers normally lie deeply buried within the protein scaffold and pathways for the
transport of reactants and products as well as for electrons are necessary.!'7!

[FeFe] Hydrogenases

Most [FeFe] hydrogenases are monomeric and consist of a single catalytic subunit
only.!"*! The active site shown in Figure 1.3 is also called “H-cluster” and consists of
two iron atoms which are bridged by a CO molecule and a dithiolate ligand containing
an amino group. Each of the two metals is further coordinated by a CN" ligand and
an additional CO molecule. The so-called proximal iron atom is linked to a [4Fe4S]
cluster via a bridging cysteine (Cys) sulfur ensuring a pathway for electron transport.
The distance of the proximal iron to the [4Fe4S] cluster amounts to approximately 4 A.
The other iron atom — the so-called distal iron atom — is believed to be the binding
site of inhibitors like CO or O,, as well as of dihydrogen. In the history of exploring
[FeFe] hydrogenase activity, there has been some considerable debate on the identity
of the bridgehead atom of the dithiolate ligand. Meanwhile, strong experimental and
theoretical evidence confirms the presence of an NH group rather than the presence of
the previously proposed oxygen atom or CH, group.[178-18] By accepting or donating
a proton, the NH group plays an important role in the catalytic cycle.!'%! Considering
that the [4Fe4S] cluster might be present in its oxidized [4Fe4S]** or reduced [4Fe4S]*
form and that the binuclear part has three possible redox states (Fe''Fe!, Fe'Fe!, Fe'Fe'),
a total of six redox states are imaginable for the H-cluster. 'l However, not all of these
redox states actually occur under physiological conditions. Most probably, the Hoy
([4Fe4S]1** —Fe''Fe') and the H,oq ([4Fe4S]**—Fe'Fe') states are essential components of
the catalytic cycle.'®l Recently, a super-reduced state Hy,eq ([4Fe4S]*—Fe'Fe') has been
identified [ and considered as part of the catalytic cycle.[17018]

In the quest for biomimetic catalysts, an impressive number of structural and functional
models for the [FeFe] hydrogenase has been designed and especially in the last few
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years an extremely high level of sophistication has been reached.'”"! A recent example
of a complete [FeFe] hydrogenase model is described in section 1.5.1134 Besides the
general reviews cited above, some additional review articles exist which exclusively
treat the [FeFe] hydrogenase and its model compounds. [185-1%

[NiFe] Hydrogenases

In contrast to mostly monomeric [FeFe] hydrogenases, almost all [NiFe] hydrogenase
enzymes consist of a large subunit harboring the active site, and a small subunit ac-
commodating the iron-sulfur (FeS) clusters of the electron transport chain.!'”#! Different
hydrophobic gas channels!'®®! and proton transfer pathways have been identified in
[NiFe] hydrogenases.!'”%! The active site of standard [NiFe] hydrogenases (Figure 1.3)
consists of a nickel and an iron atom which are bridged by two cysteine sulfur atoms.
Furthermore, the Ni center is coordinated by two additional cysteine residues and
the Fe center features two CN™ and one CO ligand. In a distance of approximately
11 A to the redox active Ni atom, a [4Fe4S] cluster is located which belongs to the
small subunit of the enzyme and takes care of the transport of electrons.!”"! In certain
oxygen-tolerant [NiFe] hydrogenases the proximal FeS cluster is not a [4Fe4S] cluster
but a unique [4Fe3S] cluster.”1-1% The possibility of this cluster to access a superox-
idized state and to deliver two electrons back to the active site in order to reduce O,
is assumed to be the reason for the retention of hydrogenase activity even in the pres-
ence of dioxygen.!"11%! The so-called [NiFeSe] hydrogenases are a subclass of [NiFe]
hydrogenases in which one of the terminal cysteine residues coordinating the Ni atom
is replaced by a selenocysteine. In comparison to “normal” [NiFe] hydrogenases, these
enzymes usually exhibit a significantly higher catalytic activity.!!"!

The catalytic cycle performed by [NiFe] hydrogenases has been the subject of intense
debate and in the course of its exploration more than ten different states or interme-
diates of the active site have been identified.?® The main differences between these
structures relate to the oxidation state of nickel (Ni', Ni'! or Ni™) and the nature of
the ligand occupying the open coordination site in Figure 1.3. However, in principle
only three states posses a special relevance for the catalytic cycle: In the active state
of the enzyme, the so-called Ni-SI, state, no additional bridging ligand exists and the
open site remains empty. The oxidation states of the metals are Ni"Fe'". Heterolytic
splitting of H, yields several different Ni-R states carrying a hydride ion in the bridge
between the Ni" and the Fe"" centers. The proton is attached to the sulfur of a terminal
cysteine residue. Release of this proton and an electron leads to the formation of the
paramagnetic Ni-C state still featuring a hydride bridge and a Ni"'Fe" oxidation state.
Finally, the catalytic cycle is closed by removing the second proton and electron.!1702%!
Also in the case of [NiFe] hydrogenases, great progress in modeling the structure and
reactivity of the natural systems has been achieved in recent years and meanwhile also
a remarkable functional model of the [NiFe] hydrogenase has been synthesized (see
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section 1.5).121 A few specialized reviews document the rapid developments in the
field.1202-20]

1.4.2 The [Fe] Hydrogenase — A Novel Kind of Hydrogenase

[Fe] hydrogenase — systematically named H,-forming methylenetetrahydromethanop-
terin dehydrogenase (Hmd) — differs from the other two types of hydrogenases in
the fact that it does not contain any nickel or iron-sulfur clusters. Furthermore, the
enzyme does not catalyze the formation of dihydrogen from protons and electrons
or the oxidation of H,. Instead, it promotes the reversible hydride transfer from H,
to N°,N''-methenyltetrahydromethanopterin (methenyl-H,;MPT") yielding N°>,N°-
methylenetetrahydromethanopterin (methylene-H;MPT) and a proton. Contrary to
[FeFe] and [NiFe] hydrogenases, a direct transfer of electrons is not observed in the [Fe]
hydrogenase. The reaction is an important step in the production of methane from CO,
in many methanogenic archea.[1%*2%] The transfer of a hydride ion occurs stereospecif-
ically to the pro-R side of the substrate at carbon atom C'** which is derived from CO,
(Scheme 1.5).[2%71

pro-R
14a proS H . e
[Fe] hydrogenase
HNJ‘\/[ f "CHs in f "CHy
“CH3 “CHg
methenyl-H4MPT* methylene-H4MPT

Scheme 1.5. Stereospecific hydride transfer from H, to methenyl-Hy;MPT™ catalyzed
by [Fe] hydrogenase.

Since its discovery in 1990,12%2%! the understanding of [Fe] hydrogenase has expe-
rienced substantial breaks. Indeed, the enzyme was initially believed to be a purely
organic hydrogenation catalyst and it took quite some time until the crucial role of an
iron-based cofactor was recognized in 2004.2!% Nevertheless, the prospect to discover
novel concepts of H, activation fueled the curiosity of the scientific community and
meanwhile even details on for example the biosynthesis of the [Fe] hydrogenase are
available.?123] A series of reviews represents the cornerstones of the evolution that
took place in the understanding of [Fe] hydrogenase.[?1421]
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The Enzyme and its Substrate

Tetrahydromethanopterin (HyMPT) is a tetrahydrofolate analogue and acts as a carbon
carrier for C; units in various groups of microorganisms (Figure 1.4).22022! In methano-
genesis it may carry C; units in different oxidation levels.
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Figure 1.4. Structure of tetrahydromethanopterin (H4MPT).

An example for a process in which tetrahydromethanopterin is involved is the afore-
mentioned interconversion of methenyl-Hy;MPT* and methylene-H;MPT, the reaction
performed by the [Fe] hydrogenase (Scheme 1.5). The structure of methylene-H,;MPT
has been elucidated by means of NMR spectroscopy and differences between the so-
lution structure and the structure in the enzyme have been identified. In solution, the
imidazolidine ring adopts an envelope conformation with the flap at the N'° nitrogen
atom, whereas for the structures of enzyme-bound methylene-H;MPT different puck-
ered conformations have been found.??>2%! In the crystal structure of [Fe] hydrogenase
cocrystallized with the substrate,?**! methylene-H4sMPT is present in a rather extended
conformation with the kink at the C'@ carbon atom of the imidazolidine ring (for details
see chapter 2.3.3).

The structure of the [Fe] hydrogenase apoenzyme (the enzyme without the cofactor)
has been determined for the first time in 2006, establishing the fact that the enzyme can
be present either in an open or in a closed conformation.*?”! The homodimeric protein
consists of two peripheral and one central globular unit, while the latter is composed of
segments of both subunits. Each of the two identical subunits features a molecular mass
of roughly 38 kDa and the two clefts between the globular units harbor the active sites
of the enzyme. After it became clear that the active site of the enzyme was not of purely
organic origin but contained a functional iron-based cofactor instead, *1%??%! attempts fo-
cused on the crystallization of the holoenzyme containing the intact cofactor. However,
this was hampered because of the cofactor’s acute light- and temperature-sensitivity.
In contrast to this, the purified enzyme was still active in the presence of dioxygen, but
cyanide or high concentrations of carbon monoxide also deactivated the enzyme. 17!
The O, tolerance of [Fe] hydrogenase was examined in detail.[?®! The breakthrough in
the crystallization attempts came with the work of Shima et al. who revealed the crystal
structure of an active enzyme which was obtained by reconstituting heterologously
produced apoenzyme with the labile cofactor extracted from a native enzyme.?30-2%2!
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Figure 1.5 depicts the protein structure of the [Fe] hydrogenase cocrystallized with the
substrate methylene-H;MPT. %]
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Figure 1.5. Protein structure of the mutated [Fe] hydrogenase from Methanocaldococ-
cus jannaschii reconstituted with the cofactor and cocrystallized with methylene-
H4MPT. 2] The protein model was generated from the X-ray structure (Protein
Data Bank accession code 3H65).

The Active Site of [Fe] Hydrogenase

Before crystallographic data on the active site was available, investigations conducted
independently from the crystallization attempts revealed that the cofactor of [Fe] hydro-
genase contained CO ligands which were most probably bound to Fe'.1?*l Mossbauer
and EPR investigations subsequently confirmed that iron was present in a low oxi-
dation state, either low-spin Fe” or low-spin Fe".?®*! Apart from this, the structure of
the light-inactivation product was determined by means of NMR measurements. >l
Furthermore, X-ray absorption spectroscopy (XAS) provided first hints on the coor-
dination geometry of the active site.[*”] A cis-arrangement of the CO ligands and a
low-spin Fe(Il) oxidation state was also supported by further IR and MofSbauer mea-
surements, ?*®! as well as by means of >Fe nuclear resonance vibrational spectroscopy
(NRVS). 12!

According to the current understanding of the [Fe] hydrogenase, the active site of the
enzyme consists of an iron guanylylpyridinol cofactor (FeGP cofactor) that features a
unique coordination motif (Figure 1.6).[2%%! The central iron atom is coordinated by two
CO molecules, one cysteine sulfur atom and a guanylylpyridinol moiety. The latter is
bound via the pyridinol nitrogen atom and an acyl group which is a rather unusual
coordination motif in biological systems. The position trans to the acyl ligand is con-
sidered to be the site of substrate binding.[22624"!

In the first crystal structure of [Fe] hydrogenase including the cofactor,?% the acyl
binding motif was not considered. Instead, the guanylylpyridinol moity was thought
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Figure 1.6. Structure of the FeGP cofactor.

to bind only in a monodentate way via the pyridinol’s nitrogen atom and to possess a
non-coordinating carboxyl instead of an acyl group. The additional coordination site
was supposed to be occupied by a water molecule. Hiromoto et al. later revised the
structure based on studies of a mutated enzyme because evidence for an acyl ligand
was found in the new protein structure./?!! Reevaluation of the original crystallo-
graphic data indeed led to an improved quality of the data fit, resulting in the active
site structure shown in Figure 1.6. Subsequently, experimental evidence for this novel
structure was gathered, for example by further XAS measurements,**?! IR spectroscopy
and mass spectrometry. 2%l

Mechanism of H, activation in [Fe] hydrogenase

In order to elucidate the mechanism of H, activation in [Fe] hydrogenase, numerous
experiments including isotope labeling experiments have been conducted. The experi-
ments revealed that [Fe] hydrogenase differs from the other two classes of hydrogenases
in the facts that it does not reduce electron acceptors (e. g. artificial dyes) and that it cat-
alyzes the exchange between H, and H,O only in the presence of methenyl-H;MPT" or
methylene-H;MPT.[?%24] Like in the other hydrogenases, a heterolytic splitting of H,
takes place, yielding a hydride ion and a proton. 224! Although these general aspects
of H, splitting in the [Fe] hydrogenase were clear relatively early after the discovery of
the novel hydrogenase, the exact mechanism remained elusive for a long time. In order
to explain the activity of the enzyme considering the apparent absence of a transition
metal, the concept of superelectrophilic activation was put forward by Berkessel and
Thauer in 1995.12%5! According to their proposal, methenyl-H;MPT* gets protonated at
a nitrogen atom during reaction yielding a dication which should exhibit enhanced
electrophilicity at its C'** carbon atom. The increased carbocationic character at this
position then permits hydride abstraction from molecular hydrogen. Further studies
revealed that the splitting of H, requires a base which helps to cleave the H-H bond
in a concerted, bifunctional manner.?*! A detailed conformational analysis explained
the observed stereoselectivity. 2??]
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Along with the realization that the FeGP cofactor was essential for hydrogenase activity
and after unraveling the first crystal structure of an active [Fe] hydrogenase enzyme, !
a series of further attempts to understand the mechanism of dihydrogen activation was
initiated. Computational modeling of the reaction by Yang and Hall®*"! predicted a trig-
ger mechanism in which the presence or absence of the substrate regulates the donor
strength of a simplified pyridone moiety. Reinterpretation of the crystallographic data
and subsequent proposal of an acyl group in the cofactor?!l led to a new model in
which the acyl ligation was considered.?*®! The model features strong Fe—H:--H-O
interactions which were considered responsible for the lacking exchange with water
or H,/D, in the absence of the substrate. A key step in the proposed mechanism is the
proton transfer to the coordinated cysteine sulfur atom or alternatively to the pyridinol
oxygen atom after heterolytic cleavage of the H, molecule. Complementary calcula-
tions by Dey et al. elucidated the effect of the internal ligands on the binding properties
of [Fe] hydrogenase.**’! More recently, the mechanism proposed by Yang and Hall was
revisited by Reiher et al. taking also dispersion interactions between the active site and
the hydride acceptor molecule into account.?% By this means, a lower energy barrier
for the hydride transfer step was calculated and the protonation of the pyridinol oxy-
gen after heterolytic cleavage of the H, molecule was found to be kinetically favored
compared to protonation at the cysteine sulfur atom.

Further information on the mechanism of H, activation was gained by modeling the
closed form of the enzyme in the presence of methylene-H;MPT. Based on the enzyme-
substrate complex in which the enzyme was found in its open form, Shima et al.
reported a computer model of the closed form of the enzyme featuring a distance of 3 A
between the metal center of the FeGP cofactor and the C'* carbon atom of methylene-
H,MPT.[226] [n contrast to a distance of 9.3A which was found in the crystal structure
of the open form, the authors considered this distance to be appropriate for hydride
transfer. Subsequently, a catalytic mechanism for the splitting of dihydrogen in the [Fe]
hydrogenase was proposed taking into account the rearrangement of the enzyme struc-
ture upon substrate binding (Scheme 1.6): In the absence of any substrate, the enzyme is
present in an open conformation. Arrival of the substrate methenyl-HsMPT* then trig-
gers the closure of the cleft resulting in an arrangement in which the iron cofactor and
the substrate are directly opposite to each other. Simultaneously to the conformational
changes in the enzyme, also the substrate might be activated by the structural changes
resulting in an increased carbocationic character of the C'* carbon atom as proposed
earlier.[?#>24] After this, the H, molecule supplied by a hydrophobic channel binds
side-on to iron, gets polarized and is finally cleaved heterolytically. The hydride ion is
transferred to the C'*? carbon atom of the substrate while the proton might be accepted
by either the cysteine sulfur atom or the pyridinol hydroxylate group. The catalytic
cycle is closed by release of methylene-H;MPT, removal of the proton and transition to
the open conformation of the enzyme. The conformational change required for H, ac-
tivation in the proposed mechanism was indeed later confirmed by circular dichroism
(CD) spectroscopy.®!!
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Scheme 1.6. Catalytic mechanism of hydrogen activation in the [Fe] hydrogenase
proposed by Shima and co-workers involving a conformational change of the
enzyme upon substrate binding. 22!

Despite the progress already made in understanding the [Fe] hydrogenase, the details
of the mechanism of dihydrogen activation still remain uncertain. The often proposed
side-on coordination of H, to the Lewis acidic metal center still leaves some open ques-
tions since this would normally lower the pK, of dihydrogen and hence complicate a
hydride transfer to the substrate.!'8#! Furthermore, one would expect an exchange of
the thus activated H, with water also in the absence of substrate which is not observed
in the [Fe] hydrogenase.?! However, considering the influence of the carbocation,
side-on coordination becomes again more feasible. In a possible scenario of hydrogen
activation H, is captured in between the Lewis acidic metal center and the positively
charged carbon atom prior to splitting of the H-H bond.[??! In such a mechanism, the
carbocation is assumed to resemble a second transition metal center.

Ashas been pointed out by Vogt et al. the low-spin iron could not only act as a Lewis acid
but in principle also as a Lewis base during the catalytic cycle.!?? This would make an
end-on binding mode of the H, molecule conceivable and could also explain why the
hydride acceptor is required in order to observe the mentioned exchange activities.
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1.5 Model Complexes: Learning from Nature

A promising approach to develop more efficient catalysts for the transformations of H,
is to model the active sites of enzymes. By designing low molecular weight models,
chemists try to simplify the complex protein scaffold and to unravel the general concepts
behind the enzymes’ activities. Mimicking the reactivity of the natural systems often is
an important part in understanding the catalysis. Hydrogenases provide considerable
inspiration for the fabrication of novel H,-producing or H,-activating catalysts since
they feature earth-abundant metals (Ni, Fe) as well as high efficiencies.15#253-2%5] Un-
raveling the concepts behind dihydrogen activation and production in hydrogenases
could therefore be an important step towards solving the world’s energy problem.

With the advent of low molecular weight models of hydrogenases, first success in the
quest for robust biomimetic catalysts has been achieved. Figure 1.7 depicts a selection
of hydrogenase-inspired systems. Complex VI synthesized by Rauchfuss et al. repre-
sents the first complete model system which contains all of the functional components
of the active site of the [FeFe] hydrogenase: a reactive diiron center, a bridging amine
ligand and a decamethylferrocenyl moiety as a one-electron redox module. 125! In
the presence of oxidant and base, this system is able to catalytically oxidize the H,
molecule. Recently, Ogo and co-workers reported the [NiFe] hydrogenase model VII
mimicking for the first time the bidirectional behavior of the enzyme.!?»?” Oxidation
of dihydrogen as well as production of H, are possible provided that a strong base and,
respectively, a strong acid are added. The intermediary formed hydride complex can
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Figure 1.7. Selection of bioinspired catalysts for the formation or oxidation of dihy-

drogen (Bn = CH,Ph, Cy = cyclohexyl).
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either be oxidized by common electron acceptors like methyl viologen or protonated by
acids to recover compound VII. Iron complex VIIIis able to splita dihydrogen molecule
coordinating to the open site in a heterolytic way.[?®! In the splitting process, the pro-
ton is first transferred to the amine base located in the ligand sphere before subsequent
deprotonation by an added external base. Oxidation of the complex then liberates the
second proton.!8! Although the compound is mononuclear, it nevertheless mimics
essential features of the active site of the [FeFe] hydrogenase and catalyzes the oxida-
tion of H, with relatively high efficiencies. Very recently, the product of H, heterolysis
performed by a complex similar to compound VIII featuring slight modifications in
the ligand system was even characterized by means of X-ray crystallography.'*! The
solid state structure showed a remarkably short H - - - H distance of 1.489(10) A in the
Fe—H - - - H-N moiety.

Very important in the context of mimicking hydrogenase activity is the work of DuBois
and co-workers.?®! Using diphosphine-based ligands, the group synthesized several
functional hydrogenase models based on abundant and inexpensive transition metals
like iron, nickel or cobalt. An example for such a complex is compound IX in Figure 1.7.
Applying some general principles derived from hydrogenase activity, surprisingly high
efficiencies could be obtained.!!>260-263] These design principles are: (i) presence of an
open coordination site at the metal, (ii) presence of a pendant base close to the metal
center functioning as proton relay and (iii) energetic matching of hydride acceptor abil-
ity of the metal and proton acceptor ability of the base. The role of the pendant amine
base constituting the second coordination sphere has been analyzed in detail260264!
and corresponding basic groups have for example also been implemented into model
systems VII and VIIIL

Model Complexes for the [Fe] Hydrogenase Active Site

The systems presented in this section show that already first steps towards understand-
ing the reactivity of hydrogenases are made. Unfortunately, the yields and turnover
numbers of the models systems still leave room for improvements and technological
applications are yet to come. Model complexes for the [Fe] hydrogenase could offer new
perspectives for the development of even more efficient catalysts since the presently
available systems are largely based on [FeFe] and [NiFe] hydrogenases.

Mimicking the active site of the [Fe] hydrogenase began even before the first crys-
tal structure of an active enzyme was uncovered. Royer et al. reported the synthesis
of iridium complex X which contains an analogue of the guanylylpyridone cofactor
(Figure 1.8) and showed that the complex is active in the dehydrogenation reaction
of 1-phenylethanol to acetophenone.?®®! Furthermore, studies on rather simple CO-
containing models helped to interpret the experimental findings related to [Fe] hy-
drogenase and contributed to the elucidation of the active site structure and oxidation
state. [216:218:219,238.242,266-269] After the discovery that the active site of the [Fe] hydrogenase
contains a rather unusual acyl binding motif, more elaborate complexes representing
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Figure 1.8. Selected models for the active site of [Fe] hydrogenase (Cp* = C;Me;).

more accurate models occurred in literature. Today already a large body of model
compounds exists, featuring a cis-arrangement of CO ligands, coordination of a pyri-
dine and/or thiolate moiety as well as acyl ligation. Figure 1.8 depicts a selection of
model complexes for the active site of [Fe] hydrogenase. Rauchfuss et al. obtained one
of the first model complexes containing an acyl ligand, complex XI, by oxidative ad-
dition of phosphine-modified thioesters to an Fe® carbonyl.?*?11 Complex XII was
synthesized by Pickett et al. and contains a carbamoyl group as surrogate for the acyl
group found in the natural enzyme.!*>?”3 Song and co-workers used Collman’s reagent
Na,[Fe(CO),] to synthesize compound XIII via a nucleophilic substitution reaction. 2”4
In their model, a hydroxymethyl group was present for the first time. A similar (but din-
uclear) complex featuring an acylmethylpyridinol ligand with very close resemblance
to the active site of [Fe] hydrogenase was recently obtained by a similar approach.?”!
Also very important in the field of [Fe] hydrogenase model complexes is the work of
Hu and co-workers. Complex XIV represents an early example of a model involving
an acylmethylpyridinyl ligand.[?”®! Only one year later the same group published the
first pentacoordinate iron complex XV with very close resemblance to the active site
of the enzyme.!*”! The model complex was investigated thoroughly by computational
methods!?®! and the reversible protonation of the thiolate ligand was demonstrated
experimentally.!?””! The reactivity of the complex with water parallels the decomposi-
tion of the FeGP cofactor.!?®! Subsequently, similar pentacoordinate complexes were
synthesized 1?1 and recently even the synthesis of an analogous compound featuring
an acylmethylpyridinol ligand was accomplished.[?82! A review on model compounds
containing iron-acyl ligation has been published lately.!?**!
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1.6 Objective

Despite the progress made in modeling the active sites of hydrogenases, until now no
model compound exists that mimics the reactivity of the [Fe] hydrogenase — the hete-
rolytic splitting of dihydrogen. This is hardly surprising since the known models focus
on the structural modeling of the FeGP cofactor and neglect the substrate methenyl-
HyMPT" completely. A truly functional model should also include the hydride acceptor
since it is required for the reactivity of the enzyme.?®! This work now aims at synthe-
sizing the first functional model for the [Fe] hydrogenase considering also a hydride
acceptor molecule. By this, further insights into the mechanism of H, activation by the
[Fe] hydrogenase are expected. Since significant parallels between the [Fe] hydrogenase
and the other types of hydrogenase enzymes exist, ¥l the discovery of mechanistic de-
tails for the [Fe] hydrogenase could also contribute to the understanding of [FeFe] and
[NiFe] hydrogenases in general. Finally, new insights into dihydrogen activation and
formation could probably lead to the development of even more efficient catalysts.

In order to design a functional model for the [Fe] hydrogenase, this project intends to
make use of the analogy between the active site of the enzyme and the chemistry of
frustrated Lewis pairs. As has been pointed out in chapter 1.4.2, the iron center in the
[Fe] hydrogenase could not only act as a Lewis acid but in principle also as a Lewis
base during the catalytic cycle.[?5? This brings into mind the concept of frustrated Lewis
pairs since, from a chemical point of view, the hydride acceptor methenyl-HyMPT™ can
be regarded as a Lewis acid while the FeGp cofactor represents a base that becomes

— A(
Tamm et al.
Stephan et al.
C\ Fs 0

@o o
2
HoN %—#
N%NH o OH OH
(" “Q
thenyl- HN N— " OC"'/C\ FeGP cofact
methenyl- AN N—"------ 1o-moe 0 eGP cofactor
@
H4MPT* I Seve
) HsC\?&N co™
HsC

Figure 1.9. Comparison between a carbene FLP (top),[40'41] and the active site of [Fe]
hydrogenase (bottom).
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protonated during the H, splitting process. In this picture, notable parallels especially
to the FLP systems using an N-heterocyclic carbene as base developed by Tamm % and
Stephan!*!! are evident (Figure 1.9).

The challenge this work has to face is twofold: First, a suitable hydride acceptor
molecule needs to be synthesized which is able to accept the hydride ion originating
from the heterolytic splitting of dihydrogen. Second, this molecule has to be combined
with a transition metal Lewis base that can accept the proton after H, cleavage. To
achieve this, a series of imidazolinium ions will be synthesized and their properties
— particularly with regard to their hydride acceptor abilities — will be tested. Imida-
zolinium ions are attractive candidates to act as hydride acceptors in the envisioned
reaction with H, since they were found to add nucleophiles like the hydride ion to their
reactive C? carbon atoms (Scheme 1.7).12852%1 Also methenyl-HyMPT* which accepts
the hydride ion originating from the heterolytic cleavage of H, in the [Fe] hydrogenase
is an imidazolinium ion and hence an analogy to the natural system exists. As the
imidazolinium ions will be subjected to a base, it is necessary to substitute the proton
which occupies the C? position in the natural prototype methenyl-HyMPT" for a differ-
ent moiety R' in the imidazolinium ions. Otherwise, deprotonation by the base would
yield the respective carbenes.

1+

R' R! R' H
@A R oL e Re| AL e KR
J J

Scheme 1.7. Formation of an imidazolidine via addition of a H™ nucleophile to the C?
carbon atom of an imidazolinium ion.

As transition metal bases, mainly the carbonyl metalates K[CpFe(CO),] (KFp) and
K[CpRu(CO),] (KRp) will be considered. In analogy to the active site of the [Fe] hy-
drogenase, these complexes possess a group 8 transition metal and several CO ligands.
Although the structural similarity to the FeGP cofactor is only present rudimentarily,
the metalates nevertheless feature a low oxidation state (0) of the central metal atom
and can thus be protonated to yield the hydride complexes HFeCp(CO), (HFp) and
HRuCp(CO), (HRp), respectively. Consequently, the function of the FeGP cofactor is
emulated in a simplified way.

By combining the imidazolinium ions and the carbonyl metalates, a heterolytic splitting
reaction of H, according to Scheme 1.8 is envisaged. In case of a successful reaction, the
targeted model system would be the first functional model for the [Fe] hydrogenase

R R? g
N R' H ol N |
\\r ________ [ M \(—H + M.

N i N, HoN
R2 oC Co R2 co

Scheme 1.8. Concept of this work (M = Fe, Ru).

25



1 Introduction

active site. Simultaneously, the scope of transition metal frustrated Lewis pairs would
be significantly extended to also include transition metal Lewis bases. In summary, the
presented system could shed a new light on the heterolytic splitting of H, and stimulate
the development of more efficient H, activation catalysts.
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Mimicking the Natural Hydride
Acceptor Methenyl-H;MPT*

Abstract The enzyme [Fe] hydrogenase cleaves the dihydrogen molecule very effi-
ciently and subsequently transfers the hydride ion to the acceptor molecule methenyl-
H4yMPT". As outlined in the previous chapter, the purpose of the work in hand also
comprises the synthesis of small molecule analogs of the natural hydride acceptor
molecule. Efforts in this direction focused on the synthesis of appropriate imidazoli-
nium ions, but also an imidazolium ion was considered. This chapter summarizes the
performed synthetic steps as well as properties of the obtained molecules with regard
to their envisaged role as hydride acceptors.
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2 Mimicking the Natural Hydride Acceptor Methenyl-H;MPT*

2.1 Hydride Acceptors in Biology and Chemistry

Molecules which are involved in transfer reactions of a hydride ion can be found ubiqui-
tously in biological systems —a prominent example for this type of molecules being the
coenzyme nicotinamide adenine dinucleotide (phosphate) NAD(P)"/NAD(P)H — and
their corresponding transformations are essential for life. Since the [Fe] hydrogenase
has attracted the interest of the scientific community only relatively recently, model
systems for the coenzyme methenyl-HsMPT* have not emerged in the literature so
far. However, first experiences in this field of research have already been gained in
the framework of a diploma thesis!®" elucidating the potential of imidazolium ions
for modeling the reactivity of the cofactor. Furthermore, models for related hydride
acceptor molecules like the N°, N'°-methenyltetrahydrofolate already exist. This section
is meant to summarize the experiments performed in the preliminary stages of this
project. Additionally it covers the research on models for hydride acceptor molecules
similar to methenyl-H;MPT".

2.1.1 Imidazolium lons as Hydride Acceptor Molecules

The purpose of a diploma thesis!*"! dealing with the synthesis and examination of
model compounds for the [Fe] hydrogenase active site was inter alia to gather first
experiences with the chemistry of methenyl-H;MPT" mimics. In a first attempt to un-
derstand the natural hydride acceptor, the three imidazolium ions depicted in Figure 2.1
were synthesized. Unfortunately, either undesired electron transfer reactions (benzimi-
dazolium compounds) or no reactivity at all (remaining imidazolium compound) were
observed when the imidazolium halides were reacted with models for the FeGP cofac-
tor.

Figure 2.1. Imidazolium ions synthesized in the course of a diploma thesis dealing
with the modeling of the methenyl-HsMPT* cofactor and its reactivity.?*l

In the preliminary stages of this work, another try was made at synthesizing appro-
priate imidazolium ions. Following the reaction presented in Scheme 2.1, compound
[Im21]*Br~ was synthesized in a yield of 48 % by a modified literature procedure®!!
designed for the synthesis of C*>-unsubstituted imidazolium salts. The required o-
bromoketone 1 was obtained by following a modified synthetic protocol**?! as well,
and the preparation of amidine PhMesAm is described in section 2.2.2. Exchange of
the bromide counteranion for PF, by stirring a DCM solution of the compound over
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Scheme 2.1. Synthesis of imidazolium salt [Im2H]*Br~ (Mes = 2,4,6-trimethylphenyl).

KPF, and subsequent recrystallization from mixtures of chlorobenzene and n-pentane
yielded crystals suitable for X-ray crystallography. The solid state structure obtained
in this way is represented in Figure 2.2. As it turned out later, the reactivity of imi-
dazolium salt [Im?"]*Br~ was inadequate and an uptake of a hydride ion was not
observed in model reactions analogous to section 2.3.3. One reason for the lack of de-
sired reactivity of the synthesized imidazolium ions might be the heterocycle itself, as
the positive charge can be stabilized very efficiently by its aromatic system. A reaction
with the hydride ion would interrupt the aromatic system. Consequently, nucleophiles
do not readily attack the central C? carbon atom. For this reasons, improved hydride
acceptor molecules were developed in the framework of this work. Corresponding
efforts focused on the synthesis of imidazolinium ions as both improved electrochem-
ical properties and a better reactivity were anticipated. Matters of reactivity of these
systems will be discussed in chapter 2.3.3. Since also methenyl-H,;MPT* features an
imidazolinium heterocycle, these more advanced models emulate the natural system
even more precisely.

2.1.2 Models for N°,N'°-Methenyltetrahydrofolate

Although model systems explicitly mimicking the coenzyme methenyl-H,MPT* do
not yet exist in the literature, related hydride-accepting molecules have been syn-
thesized in the course of developing analogs to the different derivatives of tetrahy-
drofolic acid. Tetrahydrofolate (vitamin By) and its related molecules, the so-called
folates, are essential cofactors that facilitate the transfer of one-carbon units in the
biosynthetic pathways of important biomolecules like amino acids (methionine, ser-
ine, glycine) and nucleobases (purine, pyrimidine).!**?%! One of the intermediates in
the metabolism of tetrahydrofolic acid is N°,N'-methenyltetrahydrofolate which has
stimulated the development of imidazolinium ions as suitable small molecule mim-
ics modeling the transfer of one-carbon units to various substrates. Figure 2.3 depicts
the cofactor N°,N'%-methenyltetrahydrofolate and some exemplary model compounds
synthesized in order to mimic its reactivity. [285286.2%]

Most of the model compounds feature an imidazolinium ion bearing two different sub-
stituents at the nitrogen atoms in order to emulate the situation found in the natural
cofactor more accurately, but also symmetrical imidazolinium ions have been reported.
The model systems were subjected to reactions with a large variety of reagents as for
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Figure 2.2. Thermal displacement ellipsoids (shown at 50 % probability) of the mole-
cular structure of imidazolium salt [Im'ZH]+PF6‘. The PF, counteranion as well
as hydrogen atoms are omitted for clarity. Symmetry operations used to generate
equivalent atoms ('): 1.5 — x, y, 1.5 — z. Selected bond length [A] and angles
[°]: N1-C1 1.408(4), N1-C2 1.341(4), N1-C13 1.449(4), C1-C1’ 1.364(7), C1-C13
1.469(5), C2-C9 1.478(6); N1-C2-N1" 108.0(4), C1-N1-C2 109.4(3), N1-C1-C1’
106.6(2), N1-C2-C9 126.0(2).

N
H2N_</ / ®N4\N QN
HN HN
HN
R = COsEt, Cl, CH3

Figure 2.3. The cofactor N°,N''-methenyltetrahydrofolate (a) and selected imidazoli-
nium ions serving as its model compounds. 12852862951
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example hydride ions,!?>2% carbon nucleophiles,!?®>?%”] and water or the hydroxide
ion[®52%1 in order to understand the chemistry of the natural prototype. In an attempt
to explain the occurrence of over-reduction products (giving ethylenediamines) and
different hydrolysis products, systematic studies on the influences of the different sub-
stituents were conducted. 288289291 Ag in the cofactor, it was noticed that the C? carbon
atom could be easily transferred to other molecules yielding for example ketones!2%>287]
and also more complex molecules by utilizing bifunctional nucleophiles to cleave the
heterocycle (Scheme 2.2).3%! Indeed, the natural system has inspired chemists to ben-
efit from corresponding molecules in a large variety of chemical transformations.!*!

(\XH (\XH

H HY ® Y
H
® L HY XH @®)—H
\N/ N/TS —_— \N><N/TS —_— \N HN/TS
Ts = p-MeCgH4SO5 l
Y. X-H
H

Scheme 2.2. Transfer of a one-carbon unit by reaction of a bifunctional nucleophile
with an imidazolinium ion. 3%

2.2 Synthesis of Imidazolinium lons

Imidazolinium ions were considered promising candidates for mimicking the hydride
acceptor methenyl-HsMPT™* since also in the natural system an imidazolinium hete-
rocycle is present. In comparison with the structurally related imidazolium ion, the
imidazolinium ion was expected to show a higher tendency to accept a hydride ion
as the aromaticity does not extend over the whole ring system. As a consequence,
the hydride uptake is not associated with a disruption of aromaticity in the hetero-
cycle. Furthermore, the experiences made with the synthesis of model compounds for
N°,N'-methenyltetrahydrofolate clearly demonstrate that imidazolinium ions are able
to accept a hydride ion. Additionally they have the potential to transfer the one-carbon
unit. The following sections describe the general approach as well as experimental de-
tails aiming at the synthesis of imidazolinium ions suitable for the task to act as hydride
acceptors in the heterolytic cleavage of dihydrogen.
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2.2.1 General Strategy

As already mentioned in the objective of this thesis, a necessary prerequisite for the
targeted imidazolinium ions is the presence of a substituent in the C? position. The
reason for this is that a proton in this position would be relatively acidic and readily
deprotonated if an appropriate base was present to yield the respective N-heterocyclic
carbene. The substituent in this position should on the one hand be inert towards the
attack of a nucleophile or base, and on the other hand it should also feature a certain
steric demand in order to protect the reactive C? position against the direct attack of a
Lewis base resulting in the formation of a Lewis acid-base adduct. At the same time the
shielding effect should not be too high as a hydride ion originating from the heterolytic
cleavage reaction of dihydrogen should still have free access to the C* carbon atom.
Mainly three strategies for the preparation of imidazolinium ions have been applied in
synthetic chemistry (Scheme 2.3):

(a) Orthoester Method Probably the most common method for the preparation of
imidazolinium salts is the orthoester method which involves the reaction of a di-
amine (or diimine) 3% with an orthoester to close the heterocyclic ring system. 3%
This synthetic strategy has been widely used for the synthesis of imidazolinium
ions bearing no substituent in the C? position as precursors for N-heterocyclic
carbenes, P37 but also imidazolinium ions with C? substituents have been syn-
thesized via this route.**3%! The required diamine is typically obtained by a re-
ductive amination with glyoxal or by palladium-catalyzed C—N coupling. 39310
This method is often relatively elaborate and suffers from purification problems
of the unstable diamines. 3!

(b) Amidine Method The amidine method is a relatively new method to build up
the imidazolinium heterocycle and circumvents the sometimes tedious synthesis
of appropriate diamines. The strategy comprises the reaction of amidines with
so-called "di-electrophiles" and a variety of possible reaction partners like cyclic
sulfates, 'l 1,2-dichloroethane, **! 1,2-dibromoethane, *°?! (2-bromoethyl)diphe-
nylsulfonium triflate®'%! and epoxides®'? have been identified. It has been shown
that the method can be applied very generally and also the synthesis of larger
heterocycles, 292313 as well as of backbone-substituted imidazolinium salts, 312314
has been demonstrated. However, only imidazolinium ions without substituent
in the C? position have been synthesized so far, mainly because the scientific
interest focused on the synthesis of precursors for N-heterocyclic carbenes.

(c) Imidazolidine Method A rather exotic route to imidazolinium ions is the oxida-
tion/dehydrogenation of imidazolidines. After condensation of a suitably substi-
tuted ethylenediamine and an aldehyde, the resulting imidazolidine is reacted
with a dehydrogenating agent in order to formally remove a hydride ion.*15-3%
For this purpose for example N-bromosuccinimide (NBS), N-bromoacetamide
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2.2 Synthesis of Imidazolinium Ions

(NBA), N-iodosuccinimide (NIS),B%! 1,3-dibromo-5,5-dimethylhydantoin (DB-
DMH), %! quinones and azo compounds,®”! or CCl,*'®! have been used. In this
way, also imidazolinium salts substituted in their C? position have been pre-
pared.®73 This method is particularly interesting as it provides the possibility
to make the heterolytic splitting of H, envisaged in this project catalytic. The
dehydrogenation of imidazolidines obtained from the splitting reaction by one of
the reagents mentioned above would recover the imidazolinium ion and thereby
close the catalytic cycle.

H R
RZ~N-g2 + RIC(OED), R AN R+ x X
H + HX H + base
(a) ERE (b)
2® 2
R\N)\N’R

/ x
2~ _N
N/\/ R2 (C)
H
+ R?
ﬁ\ P‘Z‘N)\N’RZ . dehydrogenating
R1 H \ / agent

Scheme 2.3. Synthesis of imidazolinium ions through the orthoester (a), the amidine
(b) and the imidazolidine method (c).

A fourth method to prepare imidazolinium salts is the addition of substituents to ap-
propriate imidazolines. This route has not been considered here since it has mostly
been restricted to alkylation reactions. Also the preparation of the required imidazo-
lines is often not straightforward and sometimes affords the use of expensive palla-
dium catalysts.?1%321 On the contrary, the amidine method (b) is very attractive for
the preparation of a large variety of hydride acceptor molecules because it offers a
comparatively simple route to differently substituted imidazolinium ions which does
not depend on the availability of appropriate diamines. Although imidazolinium ions
featuring C? substituents have not been prepared by this method before, it seems likely
that the method can be modified to also include a C? substituent by using appropriate
amidines. For this reason, the amidine method was chosen to synthesize the desired
hydride acceptors and as it turned out later, synthesis of C*-substituted imidazolinium
salts is indeed possible pursuing this approach. The following sections describe the
syntheses of appropriate amidines and imidazolinium salts via the amidine route, but
also the efforts aiming at alternative synthetic procedures are summarized.
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2 Mimicking the Natural Hydride Acceptor Methenyl-H;MPT*

2.2.2 Synthesis of Amidines

Amidines are an extremely versatile group of chemical compounds and their usefulness
in a large variety of (catalytic) reactions has been demonstrated.!*??**! Furthermore,
they display a rich coordination chemistry and amidine complexes with many different
main group elements and transition metals have been reported (for details see chapter
3.4). As a consequence, various methods for the preparation of amidines exist and re-
views on their synthesis have been published several times.3*3” Among the many
syntheses of amidines, a convenient method for the preparation of N,N’-disubstituted
amidines bearing also a substituent at the carbon atom is the condensation reaction
of a carboxylic acid and aromatic amines (Scheme 2.4). This reaction is conducted in
the presence of polyphosphoric acid trimethylsilyl ester (PPSE) at 160 °C.[328] PPSE is a
soluble mixture of different tetraphosphoric acid trimethylsilyl esters®! which can be
readily prepared from phosphorus pentoxide and hexamethyldisiloxane (HMDSO). 33!

o 1) P4O10, HMDSO, 160°C Rl
I 4+ 2HN-R? 2 KOH,H0 Rz R?
R'"“OH ? NN
HMDSO = pe.si~ O siMes

Scheme 2.4. Synthesis of amidines by using PPSE. 328l

Making use of modified existing literature procedures, 32831332 3 variety of symmetri-
cal amidines with different substituents could be prepared from benzoic acid deriva-
tives and anilines. Table 2.1 depicts an overview of the synthesized amidines which
are abbreviated according to their substituents at the carbon and the nitrogen atoms,
respectively. By using PPSE, the amidines could be prepared in good to excellent yields,
provided that the workup procedures were modified to match the demands of the dif-
ferent substituents (for details see Experimental Section). All obtained products were
characterized carefully, however the NMR spectra were rather complicated as a mix-
ture of different isomers was encountered in solution. This observation prompted us
to look into the chemistry of amidines more thoroughly, and hence the properties of
amidines in the solid state and in solution, as well as their coordination chemistry, will
be covered separately in chapter 3.
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Table 2.1: Overview over the synthesized amidines.

amidine R! R? yield
PhMesAm =) '_%}; 82 %
FF
C5F5M€SAm F /—%3— 87 %
FoF

CF;PhMesAm @CFG F%} 87 %

TolMesAm g @ 74%
R

PhFAm e @ 90 %
F
F

CF;PhFAm Yo, @ 79%
F
R

TolFAm O @ 86%
F
F

MesFAm l—%} ,_@ 77 %
F

F F
TolFTolAm e FQ 58%
FF
TolTolAm @ @ 62 %

2.2.3 Formation of the Imidazolinium Heterocycle

The desired imidazolinium salts were prepared according to reaction (b) in Scheme 2.3
by a reaction of the respective amidines with 1,2-dibromoethane in the presence of a
mild base at reflux temperature (131 °C). In similar reactions with formamidines,3%/310]
ethyldiisopropylamine (Hiinig’s base) proved to be a suitable base to deprotonate the
amidine and thus also in the present case this base was employed. As it turned out,
the targeted C*-substituted imidazolinium salts were accessible via this route in mod-
erate yields. An overview of the synthesized imidazolinium salt as well as the obtained
yields is depicted in Table 2.2. The nomenclature is analogous to the amidine systems
and the counterion is included.
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Table 2.2: Overview over the synthesized imidazolinium bromides. Yields marked
with an asterisk were obtained from reactions without an additional base. Hence,
the maximum yield in those cases is 50 %

=Y —l+ Br~

=
X =~ Z®
| H[\>_
<
my)
n

imidazolinium salt R? yield
PhMesIm*Br~ F%} 85 %
FRF
CgFsMesIm*Br~ ’—Q—F ‘—%} 38 %
FF
CF;PhMesIm*Br~ }—@ca /_%37 39 %
TolMesIm*Br~ ) F%} 66 %
R
PhFIm*Br~ ) @ 28%
F
R
TolFIm*Br- g @ 39'/52%
F
F
MesFIm*Br~ FQ @ 60 %
F
FOF
TolFTolIm* Br- O h& 39%'
FF
TolTolIm*Br~ ;_Q @ 71%

Bertrand and co-workers had reported that imidazolinium ions were not accessible by
the reaction of formamidines with 1,2-dibromoethane due to HBr elimination. "1 How-
ever, optimized conditions including the use of MeCN as the solvent and K,CO; as a
base showed that in principle such a reaction is possible.’?! This work shows that, con-
trary to these reports, 1,2-dibromoethane can be readily used in the reactions with ben-
zamidines. In fact, this reaction represents an attractive route to C>-substituted imida-
zolinium salts. Nevertheless, the reactions were found highly dependent on the utilized
amidine which was reflected in a large variance of the obtained yields. Consequently
each synthesis was optimized as effectively as possible. This sometimes afforded a
change of the applied base (e. g. CsCO, was used in the synthesis of C¢FsMesIm*Br™),
an adjustment of temperature and/or reaction time, or modifications of the workup
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procedure. For TolFIm*Br~ and TolFTolIm*Br~ it was possible to refrain from using
a base since in principle, also the amidine can act as a base in the reaction.’®! The
maximum yield is then 50 % since half of the amount of amidine gets protonated in
the course of the reaction yielding the respective amidinium cation. The advantage of
such a reaction is that the amidine can be recovered after isolation of the product and
reused in additional runs of the reaction permitting an overall higher yield. Details of
the experimental procedures can be found in chapter 6.5.

Interestingly, it was not possible to obtain an imidazolinium salt starting from amidine
CF;PhFAm, in which both R! and R? have electron-withdrawing CF,- or F-substituents,
by a reaction with 1,2-dibromoethane in the presence of a base. Although the imida-
zolinium salt could be detected in the reaction mixture by means of NMR spectroscopy
and ESI mass spectrometry, it could not be isolated as a pure compound. A reason
for this is that CF;PhFAm seems to be extraordinarily unstable compared to the other
imidazolinium ions synthesized in this project. Under workup conditions, the imida-
zolinium ion obviously decomposes to yield a mixture of products which hampers the
purification process.

2.2.4 Further Attempts to Synthesize Imidazolinium Salts

Besides the syntheses already described in the sections above, additional attempts to
produce C?-substituted imidazolinium salts were conducted, albeit with less success.
The following paragraphs summarize the efforts to synthesize appropriate imidazolin-
ium ions featuring also aliphatic substituents.

Alternative Methods to Synthesize Amidines

Since it is known that aliphatic amines do not readily react with carboxylic acids in the
presence of PPSE, 3?81 alternative procedures had to be found in order to gain access to
amidines featuring also aliphatic residues at their carbon and nitrogen atoms. At first
glance, the nucleophilic attack of an organolithium reagent at the carbon atom of a car-
bodiimide offers a promising alternative to the PPSE method. Subsequent reaction of
the obtained lithium amidinate with 1,2-dibromoethane should then yield the respec-
tive imidazolinium salt according to the amidine method (Scheme 2.5). Carbodiimides
can for example be readily obtained from thioureas,®®! a few of them are even com-
mercially available. Following a published literature procedure, *34! Li['BuC(NCy),] (2)
was synthesized from commercially available dicyclohexylcarbodimide. Analogous
reaction of the mesityl-substituted carbodiimide which was obtained from the corre-
sponding thiourea®®! led to the formation of amidinate 3.

However, when both amidinates were subjected to reactions with 1,2-dibromoethane
in the presence of a base (usually ethyldiisopropylamine), no formation of imidazolin-
ium salts 4 and 5 was observed. NMR spectroscopy and ESI mass spectrometry merely
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Bu 5 Bu -
1R N~ r
N=C=N + BuLi — R*N)\N/R Br b FLNékN,R
; L ase
R
R = Cy, Mes 2 (R =Cy) (R = Cy)
3 (R = Mes) 5 (R = Mes)

Scheme 2.5. Synthesis of imidazolinium salts following the carbodiimide method
(Cy = cyclohexyl, Mes = 2,4,6-trimethylphenyl).

showed the presence of the respective amidines or their decomposition products. A pos-
sible reason for this might be that the lithium amidinates are not present in the required
E-anti form in solution (for nomenclature of isomers see section 3.1.2) due to enhanced
steric repulsion between the relatively bulky tert-butyl and cyclohexyl/mesityl groups.
Only when an arrangement of the substituents as shown in Scheme 2.5 is possible, the
reaction forming an imidazolinium ion can be achieved.

An alternative route to imidazolinium ions starting from an aryl bromide and a car-
bodiimide is shown in Scheme 2.6. Commercially available di-tert-butylcarbodiimide
was treated with p-tolyllithium which can be readily obtained from p-bromotoluene
by reaction with lithium powder or n-butyllithium.*3¢3%! Aqueous workup yielded
the amidine 6, but in the subsequent reaction with 1,2-dibromoethane no product for-
mation was observed. Efforts to facilitate the formation of imidazolinium ion 7 by using
1,2-diiodoethane instead of 1,2-dibromoethane were unsuccessful as well.

CHj CHsy |"X~
n-BulLi, C(NBu)s, Et,0,
X
© toluene © 50 °C rt M’
2) H0 base
’Bu\N/ NfBu ’Bu\(ﬁ/ N-Bu
H /
6 X =Br, | 7

Scheme 2.6. Alternative synthesis of imidazolinium salts via carbodiimides.

Imidazolidine Route

As the previously mentioned route was not appropriate to provide alkyl-substituted
imidazolinium ions, further attempts were made to achieve this goal. According to
Scheme 2.7, areaction of diethyl oxalate with tert-butylamine and subsequent reduction
of the obtained diamide 8 with LiAlH, gave N,N’-di-tert-butyl-1,2-ethylenediamine (9).
By this method, which was performed according to a modified literature procedure, 33!
diamide 8 was synthesized in a yield of 94 % and diamine 9 in a yield of 69 %. In the fol-
lowing condensation reaction with 4-(trifluoromethyl)benzaldehyde in toluene, imida-

zolidine 10 could be synthesized in a yield of 64 %. Unfortunately, analogous reactions
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of diamine 9 with pentafluorobenzaldehyde turned out to be unsuccessful and com-
plex mixtures of different products were obtained under different reaction conditions.
A possible explanation for this could be that the pentafluorophenyl-substituted imida-
zolidine is not stable under the applied reaction conditions. This is not surprising as it
is known that in some cases pentafluorophenyl-substituted imidazolidines might loose
pentafluorobenzene to produce carbenes. Similar imidazolidines have in fact been used
as air-stable precursors for carbenes.’*3%! The generated carbene might then undergo
a variety of reactions leading to the different observed products.

0] (@] H H
EtOH t LiAlH4, THF -
BO/KW(OEt+_2NH£BU c Bu\NJLm/N\%U e THE .~ o,
o H § H
8 (94 %) 9 (69 %)
(0]
toluene
/O)kH reflux
F3C
CFy |"X" CFs
dehydrogenating
agent
Bu- O B B
U\N/ N—BU U\N N- u
-/ -
11 10 (64 %)

Scheme 2.7. Attempted synthesis of imidazolinium salts via the imidazolidine route.

CFs B CF3 Bk
dehydrogenating FsC
agent (NBS, DDQ, ) H
DBDMH, NBA) H ! |
Bu-~ -Bu tR_ ) ) i
N N BU\N N—tBU Bu. /\/N\t
/ ®\ H ® Bu
10 12 13
H>O CF5
@]
iRy @ Ha
Q)L” e R T TS
FaC ? \—/
14 15

Scheme 2.8. Intermediate and detected products in the reaction of imidazolidine 10
with dehydrogenating agents
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Imidazolidine 10 was subjected to reactions with various dehydrogenating agents such
as NBS, NCS, NBA, DBDMH, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), and
CCl, (for a review of literature on dehydrogenating agents see section 2.2.1). However,
the formation of an imidazolinium ion 11 was not observed in any of the performed
reactions. Instead, reactions with NBS, DDQ, DBDMH or NBA led to the formation of
imidazolium ion 15, the protonated diamine 14 and 4-(trifluoromethyl)benzaldehyde as
could be verified by means of NMR spectroscopy and mass spectrometry (Scheme 2.8).
Besides these products, the reaction mixtures contained — depending on the applied de-
hydrogenating agent — varying amounts of other (decomposition) products. Reactions
with NCS or CCl, gave only decomposition products. When oxygen- and moisture-free
conditions were maintained throughout the reaction, an intermediate could be detected
which was tentatively assigned to the structure of the protonated imidazolidine 12. For
this compound, NMR spectra showed the presence of two chemically inequivalent tert-
butyl groups as well as four inequivalent protons belonging to the two CH, groups.
Furthermore, a coupling of 5Hz between the C? proton and the NH group was ob-
served. To our knowledge, a similar intermediate has not been reported before, but a
simple ring opening reaction would produce iminium ion 13 which has been proposed
as an intermediate in the reductive cleavage of similar imidazolidines.*®8! The origin
of the proton for this reaction must be the reaction of the dehydrogenating agent with
imidazolidine 10. Consequently, the dehydrogenating agent oxidizes the imidazolin-
ium ion in this reaction to give imidazolium ion 15 and protons, which in turn leads to
the formation of the observed decomposition products via hydrolysis of the protonated
imidazolidine 12.

In summary, the imidazolidine route does not seem to be suitable for the formation
of the targeted imidazolinium ions. The ability of the imidazolidine nitrogen atoms
to be easily protonated, especially if electron-donating tert-butyl groups are used as
substituents, obviously promotes the decomposition of the heterocycle. The decompo-
sition occurs when dehydrogenating agents are used in the synthesis of imidazolinium
ions, most likely via preceding protonation of the imidazolidine.

2.3 Properties of Imidazolinium lons

With the compounds depicted in Table 2.2, a large variety of imidazolinium ions was
synthesized. In order to evaluate their potential in a heterolytic cleavage reaction of di-
hydrogen, the imidazolinium salts were examined in terms of their structural and elec-
trochemical properties. Furthermore, their reactivities were investigated. The following
sections summarize the X-ray diffraction and cyclic voltammetry measurements which
were conducted in order to elucidate the structural and electrochemical properties of
the imidazolinium ions. Additionally, the behavior of the synthesized imidazolinium
ions in model reactions with the hydride ion as well as the implications of the obtained
results for the suitability as hydride acceptor molecules are discussed.
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2.3.1 Structural Parameters of Imidazolinium lons

For most of the synthesized imidazolinium salts, crystals suitable for X-ray crystallo-
graphy were obtained by recrystallization from mixtures of DCM or CHCl, and Et,0.
An overview of the obtained crystal structures is presented in Figure 2.4, where the bro-
mide counterions of the depicted imidazolinium ions are not shown. The figure does
not contain molecular structures of TolMesIm™* and TolFTolIm* although crystals of
both compounds were obtained by diffusing Et,O into DCM solutions of the respective
compounds. A reason for this is the fact that the quality of the measured crystal struc-
tures was not sufficient. Only when a disorder model was applied to the structures,
better R-factors were obtained. For reasons not yet entirely clear, the crystal structure of
TolMesIm*Br~ contained a small fraction of molecules which were halogenated at the
ortho-methyl groups of the mesityl rings, presumably by chlorine atoms. The exact pro-
portion of chlorination could not be determined. Likewise, compound TolFTolIm*Br~
was partly contaminated with molecules showing a fluorine atom at the methyl group
of the para-tolyl ring. Also in this case the origin of the unexpected fluorine atoms
could not be clarified. However, assuming a content of 25 % of additionally fluorinated
molecules led to a significant improvement of the crystallographic data. Recrystalliza-
tion of both imidazolinium ions did not remove the impurities. In sharp contrast to
this, the contamination of the compounds could not be verified by means of ESI mass
spectrometry, and also elemental analysis of the products showed satisfactory results
in favor of the presence of uncontaminated samples. Probably, halogenation occurred
during crystallization or — more likely — the additionally halogenated molecules are
only present to a very small fraction in the bulk material, but crystallize in preference
from solutions of the respective compounds.

Selected bond lengths and bond angles for the imidazolinium ions are depicted in
Table 2.3. All imidazolinium ions have in common that the central imidazolinium hete-
rocycle is more or less planar. Only minor deviations from planarity can be recognized
as one of the two CH, carbon atoms is slightly displaced above a plane spanned by
the two nitrogen atoms and the C? carbon atom, while the other carbon atom is located
slightly below this plane. The deviations are in a range of 0.04 to 0.14 A and the max-
imum is found in compound PhFIm*Br~. Furthermore, the aromatic residues at the
nitrogen atoms as well as the aromatic ring at the C* carbon atom are not located in
a common plane with the heterocycle. Instead, the substituents are tilted against the
imidazolinium ring. The dihedral angles Im-NAr and Im-C?Ar between these planes
are included in Table 2.3 as well.

All in all the C>~N bond lengths vary from 1.32 to 1.34 A and can thus be classified as
a borderline case between “regular” C—N single and C=N double bonds.3*!] The bond
lengths for the two C>—N bonds within one imidazolinium ion differ only slightly, while
TolFTollm* showed the largest difference (0.02 A). However, the effect of the partial
fluorination at the tolyl substituent (see above) remains unclear. In the case of imida-
zolinium ion PhMesIm™, equal bond lengths are observed as the two nitrogen atoms
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TolTollm*

Figure 2.4. Thermal displacement ellipsoids (shown at 50 % probability) of molecular
structures of imidazolinium salts. Bromide anions are omitted and hydrogen
atoms are displayed as ball-and-stick representation with fixed radii of 0.135 A.
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Table 2.3: Selected bond lengths [A] and angles [°] of the solid state structures of the
imidazolinium ions. (*) The crystal structure of TolFTolIm* was refined applying
a disorder model (see text). The quality of the crystal structure of TolMesIm™*
was not sufficient for a reliable determination of bond lengths and ang]les.

compound d(C>-N) d(C>-C,,) 4(N-C?>=N) «(Im-NAr) «(Im-C?Ar)

PhMesIm* 1.322(2)  1.485(3) 112.2(2) 75.3(1) 44.1(1)
1.322(2) 75.3(1)

C¢FsMesIm*  1.327(4)  1.479(5) 112.8(3) 76.0(3) 55.1(2)
1.324(4) 77.7(3)

CF;PhMesIm* 1.323(3)  1.479(3) 112.6(2) 82.2(2) 59.4(2)
1.320(3) 81.8(1)

PhFIm* 1.331(3)  1.464(3) 110.7(2) 75.2(2) 43.8(2)
1.330(3) 67.4(2)

TolFIm* 1.334(2)  1.461(2) 110.5(1) 65.5(2) 36.0(2)
1.330(2) 78.3(1)

MesFIm* 1.331(3)  1.478(3) 110.9(2) 62.0(2) 68.0(2)
1.323(2) 62.1(2)

TolTollm* 1.319(3)  1.470(3) 111.6(2) 42.9(2) 64.8(1)
1.335(3) 62.3(3)

TolFTollm* (*) 1.323(4)  1.466(5) 110.9(3) 55.8(2) 42.5(3)
1.343(4) 63.8(3)

are related by symmetry (symmetry operation used to generate equivalent atoms: —x,
—X + v, 0.333 — z). The C>~C,, distances range from 1.46 to 1.49 A, the comparably
short C—C distance being indicative of a (at least partly) conjugated system includ-
ing the imidazolinium heterocycle and the aromatic ring at the C* carbon atom. The
shortest bond lengths are observed for imidazolinium ions bearing fluorine-substituted
aromatic groups at the nitrogen atoms. Consequently, electron-withdrawing groups at
the nitrogen atoms obviously intensify the electron deficiency at the C* carbon atom
which is at least partly compensated by electron density from the C2-substituent lead-
ing to a shorter C*—C,, bond length. The mesityl group in imidazolinium ion MesFIm*
counteracts this trend. The associated C2—C,, bond length is lengthened, presumably
because of steric reasons. As becomes clear from the structural data of imidazolinium
ion CF;PhMesIm* an electron-withdrawing substituent in the C? position does not
lead to a shorter C>~C,, bond distance. This is an important discovery since it makes
clear that the substituents have differing electronic influences on the imidazolinium
heterocycle depending on their position.

The N—C?=N bond angles are in a range between 110.5 and 112.8°. The smaller ones are
found in imidazolinium ions with electron-withdrawing substituents at the nitrogen
atoms. Since TolTolIm* shows a comparably large N—C?*=N angle, it can be suspected,
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that electronic effects are the main cause for the observed trend. The dihedral an-
gles for the twisting of the imidazolinium plane against the planes of the aromatic
N-substituents «£(Im-NAr) collected in Table 2.3 indicate that mesityl substituents in-
duce a certain steric strain in the molecule as the observed variance is relatively small.
Seemingly, the mesityl substituents are more or less fixed in a certain position close
to 90° to avoid steric repulsion. However, rotation is easier for the other substituents
as is reflected by the variance of dihedral angles. Concerning the C? substituent, the
largest dihedral angle is found for the mesityl substituent as well, again hinting at steric
reasons. As already recognized beforehand, electron-withdrawing substituents at the
nitrogen atoms lead to an enhanced displacement of electron density of the aromatic
ring into the imidazolinium heterocycle. Besides a shorter C>~C,, bond length, this fact
is also reflected by a smaller Im-C?Ar dihedral angle indicative of a more pronounced
delocalization between the two ring systems.

2.3.2 Electrochemical Properties of Imidazolinium lons

When designing hydride acceptor molecules for the use in the heterolytic splitting re-
action of dihydrogen, it is important to consider possible side reactions which could
occur under experimental conditions. In the present case, a conceivable scenario would
be the direct electron transfer from the Lewis basic to the Lewis acidic site. Although
the targeted reaction mechanism does not include a transfer of electrons, such a re-
action cannot be excluded, especially as relatively electron-rich metal centers will be
involved in the reaction. Consequently, the electrochemical properties of the synthe-
sized imidazolinium ions were explored by means of cyclic voltammetry (CV) which
was conducted at a PerkinElmer 263A potentiostat, using a glassy carbon working
electrode, a silver quasi-reference electrode and a platinum counter electrode. All mea-
surements were performed in 0.1 m solutions of NBu,PF, in MeCN at room temperature.
Decamethylferrocene (FeCp’) was added as internal standard. All measured redox po-
tentials are referenced vs. the FeCp,/FeCp, (Fc/Fc*) redox couple (FeCpj/FeCp;" vs.
Fc/Fc*: 0.510 V in MeCN).3*! The cyclic voltammograms obtained for the imidazolin-
ium ions bearing mesityl or tolyl substituents at their nitrogen atoms are compiled in
Figure 2.5. The remaining imidazolinium ions featuring electron-withdrawing fluorine-
substituted aromatic rings at the nitrogen atoms are depicted in Figure 2.6. As antic-
ipated, the imidazolinium ions were readily reduced giving rise to mostly reversible
reduction waves at potentials lower than —1.5 V. For compounds C¢gFsMesIm*Br~ and
TolTolIm*Br~ irreversible waves were measured and only reductive peak potentials
Effd could be determined. Obviously, the two compounds are not stable in their one-
electron-reduced form and decomposition or reaction to other species is faster than
re-oxidation in the cyclic voltammetry experiment. In order to compare these two im-
idazolinium salts to the remaining imidazolinium bromides, for which a calculation of
standard potentials E° was possible, the standard potentials were estimated by adding
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TolTollm’

CF,PhMesim’
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potential (V vs. Fc/Fc)

Figure 2.5. Cyclic voltammograms of the N-mesityl-substituted imidazolinium bro-
mides and TolTolIm*Br~. The measurements were performed in 0.1 m NBu,PF,
solutions (MeCN) at a scan rate of 100mV s™! and the potentials are referenced
vs. the Fc/Fc* redox couple.

MesFIm®

T T T T T T T T T T |
-2.6 -2.4 -2.2 -2.0 -1.8 -1.6 -1.4

potential (V vs. Fc/Fc)

Figure 2.6. Cyclic voltammograms of the imidazolinium bromides bearing fluorine-
substituted aromatic rings at the nitrogen atoms. The measurements were per-
formed in 0.1 M NBu,PF, solutions (MeCN) at a scan rate of 100mV s~ and the
potentials are referenced vs. the Fc/Fc™ redox couple.
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Figure 2.7. Standard potentials E° and estimated standard potentials (marked with an
asterisk, for details see text) of the synthesized imidazolinium salts referenced vs.
the Fc/Fc* redox couple.

a value of 0.05V to the measured peak potentials E;‘*d. This potential corresponds to
the half of the mean difference between reductive and oxidative peak potentials of
the imidazolinium salts featuring reversible reduction waves. The estimated standard
potentials E° of CgFsMesIm*Br~ and TolTolIm*Br~ as well as the standard potentials
of the remaining imidazolinium salts are summarized in Figure 2.7. When looking at
the obtained results, it becomes clear that fluorine-substituted imidazolinium ions gen-
erally show higher potentials than imidazolinium ions lacking a fluorine substituent,
irrespective of the exact site of the fluorination (aromatic ring at the C? carbon atom or at
the nitrogen atoms). This behavior is expected, as the electron-withdrawing effect of the
fluorine atoms should lead to an imidazolinium ring which is more electron-deficient
and can thus be reduced more easily. Imidazolinium salt TolFTolIm*Br~ has the high-
est reduction potential and should readily accept an electron. Seemingly, an exception
to this rule is MesFIm*Br~ which features an unexpectedly low redox potential of
—1.94V, comparable to the other mesityl-substituted imidazolinium ions in Figure 2.5.
An explanation for this could be that the mesityl substituent at the C* carbon atom
complicates the reduction by its steric demand. The most probable site of reduction
is the C? carbon atom, and an uptake of an electron at this position should induce a
structural rearrangement in the imidazolinium heterocycle which is hampered by the
mesityl group.

After examination of the electrochemical reduction potentials, the focus now turns to-
wards the reactivity of the synthesized imidazolinium ions. Special attention will be
devoted to the reduction of the imidazolinium salts with hydride ions, a reaction that
is fundamentally important for the targeted heterolytic cleavage of dihydrogen.
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2.3.3 Reactivity of Imidazolinium lons

The electrophilic character of the C? carbon atom makes the imidazolinium ion a poten-
tial reaction partner for a variety of nucleophiles such as the hydride ion, [285-289,315343]
carbon nucleophiles, 52871 and water or the hydroxide ion.[?52%34334] For the het-
erolytic splitting of dihydrogen envisaged in this project, this electrophilic character of
the imidazolinium salt is desired as it should lead to a polarization of the H, molecule
and thus to an uptake of the subsequently generated hydride ion. Before starting the
eventual reactions with dihydrogen, the synthesized imidazolinium ions were exam-
ined with respect to the electrophilicities of their C? carbon atoms. As a first hint for the
reactivity, the 3C NMR chemical shifts of the C? carbon atoms were compared since they
can be correlated to the electronic environment at this position. Although other effects
as for example local magnetic fields have to be considered, it can be assumed that the
chemical shift ¢ is higher (the signal is shifted to lower field) for C? carbon atoms with a
lower electron density since the structures of the imidazolinium ions are all very similar.
From the chemical shifts depicted in Table 2.4 it is evident that the imidazolinium ions
featuring electron-withdrawing fluorine substituents at the nitrogen atoms generally
show a higher chemical shift of the C? carbon atom, this being indicative of a more
electrophilic character of the carbon atom. The highest shift is found for imidazolinium
ion MesFIm*Br~ which suggests that electron-donating substituents at the C? carbon
atom further enhance this effect. On the contrary, electron-withdrawing substituents
in the C?-position seem to attenuate the electrophilic character since C¢FsMesIm*Br~
and CF;PhMesIm*Br~ display the lowest chemical shifts of all examined imidazolin-
ium ions. At first glance this is surprising since these two imidazolinium ions are
among the group of compounds displaying the highest reduction potentials in the CV

Table 2.4: 3C NMR chemical shifts of the C? carbon atoms of the synthesized imida-
zolinium ions in CDCl, providing a first hint at the electrophilicities of the C?
positions. For comparison, also the chemical shift of imidazolium ion [Im2H]*Br~

(in CD,Cl,) is given.
compound 13C-5 (C?)
PhMesIm*Br~ 165.6 ppm
CgFsMesIm*Br~ 157.8 ppm
CF;PhMesIm*Br~ 164.4 ppm
TolMesIm*Br~ 165.6 ppm
TolTolIm*Br~ 164.5 ppm
PhFIm*Br~ 169.6 ppm
TolFIm*Br~ 169.6 ppm
MesFIm™*Br~ 170.1 ppm
TolFTolIm*Br~ 169.9 ppm
[Im2H]*Br™ 1445 ppm
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2 Mimicking the Natural Hydride Acceptor Methenyl-H;MPT*

measurements. A possible explanation for this trend could be that electron-donating
substituents at the C? carbon atom as well as electron-withdrawing substituents at the
nitrogen atoms stabilize the resonance structure with a positive formal charge at the
carbon atom. In contrast to this, the complementary resonance structure with a positive
formal charge at one of the nitrogen atoms is stabilized when the electron-withdrawing
substituent is located at the C?-position and the electron-donating groups at the nitrogen
atoms. The structural data of the imidazolinium ions obtained by X-ray crystallography
corroborate this assumption since also in the crystal structures, N-fluorine-substituted
compounds were found to have shorter C>~C,, bond length, which is also indicative
of an enhanced electrophilicity of the C? carbon atom (see section 2.3.1). The fact that
the C? chemical shift of imidazolium ion [Im2H]*Br~ (which is represented as well
in Table 2.4) is significantly lower than the chemical shifts of all imidazolinium ions,
provides additional evidence for the conclusion drawn above that imidazolinium ions
are generally more reactive towards nucleophiles than imidazolium ions.

In order to explore the hydride acceptor capacities of imidazolinium ions more thor-
oughly, the synthesized imidazolinium salts were subjected to reactions with NaBH,
in EtOH (Scheme 2.9). As in the planned heterolytic splitting reaction of dihydrogen,
the imidazolinium ions should be readily reduced to give the corresponding imidazo-
lidines. Unfortunately, all of the mesityl-substituted imidazolidines were not converted
into the respective imidazolidines by this procedure and remained unchanged in solu-
tion. Only for imidazolinium ion CF;PhMesIm*Br~ traces of the corresponding imida-
zolidine were identified in solution, butisolation of the compound failed. The reason for
this is most probably connected to both the steric bulk of the mesityl substituents as well
as to electronic effects. As has been already demonstrated, the N-mesityl-substituted
imidazolinium ions mostly feature relatively low >C NMR chemical shifts for the C2
carbon atoms. This could explain the low electrophilicity of the mesityl-substituted
imidazolinium ions and the fact that reactions with the H™ nucleophile do not take
place. The imidazolinium salt MesFIm*Br~ seems to be special in this respect since it
shows the highest shift of the C? carbon atom in the *C NMR measurements. However,
a reaction with NaBH, was not observed under the experimental conditions. A reason
for this could be that the reactive C? carbon atom is shielded by the bulky mesityl
C2-substituent. By this, a reaction with the H™ nucleophile is prevented. Whether steric
reasons are also crucial for the imidazolinium ions featuring mesityl substituents at the
nitrogen atoms cannot be judged ultimately. Most probably, a combination of steric and
electronic factors is responsible for the lack of reactivity.

The remaining imidazolinium ions with fluorine-substituted aromatic residues PhFIm™,
TolFIm* and TolFTolIm* were readily reduced at room temperature and the corre-

S R'H
R O /AN,RQ NaBH,, EtOH Rz\NXN,Rz
/ /

Scheme 2.9. Reaction of imidazolinium ions with NaBH, producing imidazolidines.
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sponding imidazolidines HPhFIm, HTolFIm and HTolFTolIm were formed in a quan-
titative yield. This is understandable since the high chemical shifts of the C? carbon
atoms observed in the ®C NMR measurements indicate a high electrophilicity. Fur-
thermore, the high reduction potentials and the structural parameters derived from the
crystal structures support the estimation of relatively electrophilic C? carbon atoms.
Like the imidazolinium salts with electron-withdrawing substituents at the nitrogen
atoms, also TolTolIm*Br~ reacted with NaBH, in EtOH. However, the reaction did
not proceed as smoothly as in the previous cases and the imidazolidine was contam-
inated with varying amounts of a by-product. Based on the obtained NMR data, the
side product was tentatively assigned to the structure of over-reduction product 16
in Scheme 2.10, since it is known that in certain cases alkaline borohydrides might
cleave the imidazolidine ring, giving rise to ethylenediamines. 28288281 Ag this reac-
tivity hints at an insufficient stability of the corresponding imidazolidine, compound
TolTolIm*Br~ is probably not the ideal candidate for a reaction with dihydrogen, es-
pecially as possible catalytic reactions are hampered due to this additional reactivity.

E —|+ Tol H TOl\CH
® NaBH, X NaBH, v
_/ - H
TolTollm* HTolTollm 16

Scheme 2.10. Reaction of imidazolinium ion TolTolIm* with NaBH, resulting in the
formation of imidazolidine HTolTolIm and over-reduction product 16.

The structural changes that occur in the imidazolinium heterocycle upon accepting
a hydride ion can be illustrated exemplarily by considering the solid state structure
of imidazolidine HTolFIm since it was possible to obtain crystals suitable for X-ray
crystallography by slow evaporation of a CHCl, solution of the compound.#! From
the crystallographic data represented in Figure 2.8 it becomes clear that the almost pla-
nar imidazolinium heterocycle of TolFIm™* experiences severe structural changes upon
accepting a hydride ion. In the solid state, HTolFIm adopts an envelope conformation
in which one carbon atom is located significantly above (0.55 A) the plane defined by
both N atoms and the C? carbon atom. In sharp contrast to this, the imidazolinium ion
is nearly planar as already discussed in section 2.3.1.

The envelope conformation found for HTolFIm parallels to some extent what was al-
ready found in the [Fe] hydrogenase for the structure of methylene-H;MPT bound in
an enzyme-substrate complex. In the open form of the enzyme, a similar geometry
of the reduced hydride acceptor molecule was found (Figure 2.9).122! However, in the
enzyme-substrate complex, the imidazolidine ring is slightly more planar as the respec-
tive carbon atom is only 0.37 A above the plane through both nitrogen atoms (N and
N'%) and the central carbon atom (C'%; atom labeling according to the reference!??).
Besides this, the orientation of the phenyl substituent at the nitrogen atom differs. These
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(@)

Figure 2.8. (a) Thermal displacement ellipsoids (shown at 50 % probability) of the
molecular structure of imidazolidine HTolFIm. Hydrogen atoms are displayed as
ball-and-stick representation with fixed radii of 0.135 A. Selected bond length [A]
and angles [°]: N1-C2 1.472(2), C1-C2 1.516(3), C2-N2 1.480(2), N2-C3 1.465(2),
C3-C41.509(3), C4-N1 1.468(2); N1-C2-N2 101.4(2), N1-C1-C2 111.4(2), C1-C2~
N2 114.1(2); (b) imidazolidine ring of HTolFIm and plane through both nitrogen
atoms and the C? carbon; (c) the imidazolinium heterocycle of TolFIm* for com-
parison.

structural differences between natural prototype and model compound may be related
to the annulated ring system in methylene-H;MPT and/or the protein environment
imposing a more planar conformation on the imidazolidine ring. In fact, the hydride
transfer might be facilitated in the natural system as structural changes are minimized
during reaction.?”! Imposing a certain degree of non-planarity to an imidazolinium
ion might thus be a key to enhancing its hydride acceptor ability in even more potent
model systems.

Figure 2.9. Superposition of HTolFIm (blue) and central fragment of methylene-

H4MPT (red) as found in the crystal structure of the enzyme-substrate com-
[226]
plex.
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2.4 Conclusion

In summary, various imidazolinium salts bearing different aromatic substituents have
been successfully synthesized. In order to get an impression of their suitability as mod-
els for the hydride acceptor methenyl-H,;MPT" found in the [Fe] hydrogenase, a series
of investigations was carried out. Structural aspects were elucidated by means of X-ray
crystallography while CV measurements gave some indications of the electrochemical
properties of the imidazolinium ions. Finally, matters of reactivity were addressed by
subjecting the compounds to model reactions with the H™ nucleophile. The reactions
showed that in general a good correlation between the electrophilicity of the imida-
zolinium ion and the *C NMR chemical shift of the C? carbon atom can be expected.
However, steric aspects have to be considered as well since bulky substituents like the
mesityl group might block the access to the electrophilic carbon atom. In general, the
obtained results indicate that electron-withdrawing substituents at the nitrogen atoms
and electron-donating substituents at the C? carbon atom increase the electrophilicity
of the imidazolinium ion. As has been shown in reactions with NaBH,, the three imida-
zolinium ions PhFIm*, TolFIm* and TolFTolIm™ can readily be reduced by a hydride
ion to yield the corresponding imidazolidines. This demonstrates that imidazolinium
ions are suitable hydride acceptors that can in principle mimic the uptake of a hydride
ion by methenyl-HsMPT*. Whether also the hydrogen splitting reaction performed
by the [Fe] hydrogenase can be mimicked by imidazolinium-based systems will be
investigated in chapter 5.
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The Chemistry of Amidines: Isomers
and Silver Complexes

Abstract In the context of this project, a large variety of amidines as precursors for
imidazolium and imidazolinium salts has been synthesized. Despite their relatively
simple structures, these compounds exhibit surprisingly complex NMR spectra. A rea-
son for this is the fact that amidines are able to adopt different isomeric or tautomeric
forms which might also exist simultaneously in solution. In this chapter, the often com-
plex mixtures of isomers are examined in more detail by means of X-ray diffraction and
NMR spectroscopy. Some of the amidines synthesized in the course of this work are
turthermore able to form dinuclear silver(I) complexes and hence provide an example
for the applicability of amidines in classical coordination chemistry.
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3.1 General Aspects of Amidines

Amidines are a well-known and extensively described class of compounds in literature
with a first comprehensive review dating back to the 1940s.324! Since then, different
aspects of their chemistry have been elucidated and even summarized in two books on
this topic.3#347] As many amidines are biologically active, they often show antiviral,
antifungal and antibacterial properties. Furthermore, some tranquilizing drugs and
potential chemotherapeutics contain the amidine moiety.**3** However, despite their
constantly recurring presence in literature they still hold many surprises and mysteries
since in most cases amidines feature a relatively complicated chemistry in solution. All
of the synthesized compounds showed complex NMR spectra, which were found to be
dependent on temperature, solvent, pH as well as on the concentration. In this section,
a general overview over the different subclasses of amidines and their possibilities
of isomerism and tautomerism is given. As the synthesized amidines are exclusively
symmetrically N,N’-disubstituted amidines, the focus will be on this particular group
of amidines.

3.1.1 Classification of Amidines

Amidines are the nitrogen analogues of carboxylic acids and esters, having both a
C=N double bond and an amide-like C—N single bond (Figure 3.1). The possibility of
protonation at the imino nitrogen atom makes the amidine a nitrogen base, which can
be protonated to yield the symmetric amidinium cation. In very acidic media also a
second protonation is possible, while in strong alkaline solutions deprotonation gives
an anion (as long as at least one of the residues R>-R* is a proton).5% Charges can be
delocalized and thus stabilized very efficiently by the N=C—N-unit.

@ ORE. .
ENEN REO L R ENENC Y
| | | | |
RO H R H R

Figure 3.1. General chemical structures of amidines (a) and amidinium ions (b).

Depending on the number of substituents and the substitution pattern at the nitrogen
atoms, amidines can be classified into five groups: unsubstituted (R*> = R®> = R* = H),
monosubstituted (one of the residues R? or R® or R* # H), N,N’-disubstituted (R* =
H), N,N-disubstituted (R?> = H) and trisubstituted amidines (R?, R® and R* # H). The
nature of substituent R' is irrelevant for this nomenclature, yet in the chemical literature
often trivial names are used for amidines with different substituents R'. Accordingly,
amidines with R! = H, Me or Ph are often called formamidines, acetamidines or benza-
midines. Besides acyclic amidines, also cyclic amidines — with the N=C—N-unit partly
or fully incorporated into a ring system — are known.
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3.1.2 Isomerism in Amidines

All groups of amidines mentioned above exhibit configurational (E/Z) isomerism with
respect to the C=N double bond. Furthermore, rotation about the C—N single bond
leads to two different conformational isomers (syn or anti).[%0%1 In fact, rotational
isomerism plays an important role for amidines as the C—N single bond has partial
double bond character and consequently the rotational energy barriers are relatively
high compared to other systems. Monosubstituted and N,N’-disubstituted amidines
may additionally show tautomerism.?>! The amidines synthesized in the course of
this work are exclusively symmetric N,N’-disubstituted amidines and therefore the
different types of isomerism will be further illustrated by using the example of this
subclass of amidines. Figure 3.2 shows the isomers possible for amidines with the same
substituents at both nitrogen atoms and the possibilities of interconversion via C=N
isomerization (a), C—N rotation (b) or tautomerization (c). It is important to mention
that for the E/Z and syn/anti nomenclature it is always presumed that substituent
R! has a lower priority according to the Cahn-Ingold-Prelog sequence rules than the
nitrogen substituent, which in fact is not necessarily true in every case.!*?

R R?
2 2 R2
R\N)%N,R @ N)%N
H H R2
E-anti Z-anti
(c)
(b) (b)
R? R?
2
H‘N)*N’R (a) H*N)*N
R2 = R2 R?

Figure 3.2. Possible isomeric forms of symmetric N,N’-disubstituted amidines which
are linked by C=N isomerization (a), C—N rotation (b) or tautomerism (c).

In most amidines the E isomer is energetically favored over the Z isomer, however
the type and number of substituents may change this very general trend by steric
or electronic effects. 350352351 According to this, the Z isomer for example is favored
as the steric bulk of the substituent R! increases.!*”*%! Similarly, also the presence of
rotational isomers depends on the substituents, but solvent effects have to be considered
as well.1?¥!
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Mechanisms of Isomerization in Amidines

As already briefly mentioned, isomerization in amidines may occur via rotation about
the C=N double bond or by C-N rotation (possibilities (a) and (b) in Figure 3.2).
However, the activation energy for rotation about the C=N double bond is generally
estimated to be too high to occur at room temperature and hence no equilibrium of E
and Z isomers should be operative in amidines. %361l Reliable experimental data on
this topic are only scarcely available, but in specific cases the barrier to rotation might be
lowered due to bond delocalization in the amidine moiety and an associated weaken-
ing of the C=N double bond.!**! It has been proposed that C—N rotation might also be
catalyzed by acids which are able to protonate the imino nitrogen atom and hence also
weaken the C=N double bond."*? An alternative mechanism for C=N isomerization
is inversion at the doubly bonded nitrogen atom involving a linear transition state. For
some trisubstituted amidines this has been postulated and an activation energy of 105
to 109 k] mol~! has been determined.[3>?!

On the contrary, rotation about the C—N single bond is usually fast and in most cases
reduced temperatures have to be applied to study this rotation. Experimentally de-
termined rotational barriers about the C—N bond normally lie in the range of 50 —
80 kJ mol~1.1352359,363-366] Ty some cases this barrier is lowered due to steric bulk of the
substituents, which causes a destabilization of the planar ground state and thus facili-
tates C—N rotation. 352

A third possibility of isomerization in amidines is tautomerism, which describes the
transfer of a proton from the amino to the imino nitrogen atom (possibility (c) in
Figure 3.2). According to this, the E-syn and Z-anti isomers depicted in Figure 3.2 are
linked by tautomerism, whereas transfer of the proton from one nitrogen atom to the
other for the E-anti and Z-syn isomers would yield the respective identical structures.
For many years, tautomerism — especially of amidines with different substituents at
the nitrogen atoms — was (and still is) a controversially discussed issue in the scientific
world.*”l However, the different views on the identities of the predominant forms of
amidines and their interconversion processes in solution soon met with the general
conclusion that in most cases an equilibrium of different isomers exists and that tau-
tomerism has to be considered. 3" Investigations on the tautomerism of formamidines
by Limbach et al. for example showed that both E-syn and E-anti isomers exist in solu-
tion, but only the E-anti isomer was involved in a fast tautomeric process which was
promoted by the formation of a cyclic dimer.[%¢%%! Further examples for the signifi-
cance of tautomerism in amidines exist, but its actual manifestation is diverse and often
discussed controversially.[3563%-372 Prototropic tautomerism is a very fast reaction and
might be facilitated by intermolecular hydrogen bonding. *%’!

For symmetrically N,N’-disubstituted amidines essentially two general ideas about the
interconversion processes in solution exist: In particular because of the general estima-
tion that E/Z isomerization is very unlikely to occur at room temperature, the opinion
that only rotational isomerism with respect to the C—N single bond has to be the main
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isomerization process, was widely accepted and various IR measurements seemed to
support this hypothesis.[*173 On the other hand, Prevorsek et al. very early suggested
— after analysis of extensive IR measurements — that tautomerism in symmetrically
N,N’-disubstituted amidines could lead to configurational (E/Z) and conformational
(syn/anti) isomerism at the same time in the case that E-syn and Z-anti isomers are
involved in the equilibrium.®#! Later, NMR measurements by Krechl et al. confirmed
the presence of E-syn and Z-anti tautomers in very diluted CDCl, solutions of N,N’-
diphenylacetamidine and also the formation of dimers in concentrated solutions as
well as in the solid state was suggested.*””! The question whether rotational isomerism
or tautomerism (or a combination of both mechanisms) is responsible for the often
complicated situation found in solution of N,N’-disubstituted amidines cannot be an-
swered ultimately and has to be investigated in every specific case. Considering the
diverse and sometimes even confusing influences on the possibilities of isomerization
in amidines, the situation of the synthesized amidines is examined more thoroughly in
the following chapters 3.2 and 3.3.

3.1.3 Molecular Association

Apart from the different kinds of isomerism mentioned in the last section, also inter-
molecular interactions might complicate the evaluation of NMR spectra of amidines.
As soon as there is at least one proton bound to a nitrogen atom, amidines are able to
form dimers or polymers via intermolecular hydrogen bonding networks. [34350361.376]
The extent to which this happens mostly depends on the nature of the substituents
and the substitution pattern, temperature, concentration and the solvent. 35361362 In
apolar solvents the formation of intermolecular aggregates is more likely than in po-
lar solvents, where amidine---solvent interactions are favored.*® For some amidines,
interactions with chloroform have been reported.*? In Figure 3.3 the possibilities of
intermolecular interactions — cyclic or linear aggregation — are illustrated for symmet-
rically N,N’-disubstituted amidines. Linear dimers or polymers are possible for all
isomers, whereas a cyclic dimer can only be realized for the E-anti isomer.

LS L
2 2 2
R\N \N,R H\N \N,R
H RZ
K H
N N N__R'
2 2 2
RY R RZ

R N. e

Figure 3.3. Cyclic dimer (a) and an example for a linear association (b) formed by
amidines.

The molecular association of amidines with carboxylic acids has been studied sev-
eral times. #3737 In the reported cases, formation of dimeric associates comprising
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exclusively the E-anti isomer in a cyclic complex with the carboxylic acid has been
observed.

3.2 Structural Parameters of Amidines

In order to set a starting point for the examination of the isomeric composition of
amidines in solution, this section will focus on the solid state structures of amidines
obtained by X-ray crystallography which has been used several times in literature to
characterize amidines. 3053791 In the course of the preparation of amidines as precur-
sors for imidazolium and imidazolinium ions, crystals suitable for X-ray crystallog-
raphy of several amidines were obtained either by recrystallization from mixtures of
ethanol and water or by slow evaporation of chloroform or dichloromethane solutions
of the respective amidines. All in all seven different amidine solid state structures could
be determined by means of X-ray crystallography and all of them showed molecular
association supported by hydrogen bonds. In almost all cases hydrogen-bonded dimers
are present in the crystal structure (Figure 3.4), and only in the case of TolTolAm the
formation of a linear polymer was observed (Figure 3.5). As becomes clear from the
molecular structures, not all of the possible isomers mentioned in Figure 3.2 are actu-
ally present in the solid state. The E-anti isomer for example seems to be energetically
unfavored as it is not present in any of the structures. Also the Z-syn isomer was found
only for TolFAm. The E-syn isomer on the contrary seems to be energetically favorable
as all of the amidines adopt this conformation.

Different structural parameters can be used in order to compare the solid state struc-
tures of amidines. According to Hifelinger and Kuske!® a valuable parameter is the
difference of CN bond distances Acy = d(C—N) — d(C=N), which is a direct measure of
conjugation and is equal to zero in a fully conjucated system due to bond equalization.
In a system with Acy significantly distinct from zero, conjugation may be hampered
because of electronic or steric reasons. Table 3.1 shows Acy for the obtained molecular
structures, the C—N and C=N bond length d(C-N) and d(C=N), the N-C=N bond
angle as well as the isomer(s) present in the crystal structure for each of the amidines
crystallized. All in all, the C—N bond lengths vary from 1.32 - 1.38 A, the C=N bond
lengths from 1.28 — 1.32 A and the N-C=N bond angles from 118 — 128°. For such a
small group of structurally very similar amidines this might be regarded as a relatively
large variability of structural parameters. It is important to notice that for CgFsMesAm,
PhMesAm, and MesFAm it was not possible to differentiate between Z-anti and E-syn
isomer and therefore only one set of bond length and bond angle is given for each
amidine. A reason for this is that in these cases the isomers are substantially disordered
in the crystal lattice and hence only averaged values can be determined, an observa-
tion that has been made before for related systems.*>! Hence the fact that Acy is very
close to zero does not necessarily mean that those amidines exhibit a large degree of
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TolFAm

Figure 3.4. Thermal displacement ellipsoids (shown at 50 % probability) of molecular
structures of different amidines illustrating the dimer formation in the solid state.
Hydrogen atoms except for hydrogen atoms involved in hydrogen bonding (ball-
and-stick representation with fixed radii of 0.135 A) are omitted for reasons of
clarity.

59



3 The Chemistry of Amidines: Isomers and Silver Complexes

Figure 3.5. Thermal displacement ellipsoids (shown at 50 % probability) of the solid
state structure of a linear polymer of amidine TolTolAm. Hydrogen atoms except
for hydrogen atoms involved in hydrogen bonding (ball-and-stick representation
with fixed radii of 0.135 A) are omitted for reasons of clarity.

conjugation. In these particular cases, small Acy values are rather a consequence of the
structural conditions in the crystal lattice.

For CF;PhMesAm, TolFAm, and PhFAm it was possible to measure the parameters
for both individual amidines of the dimer as they were not significantly disordered. In
the solid state, CF;PhMesAm exists as both Z-anti and E-syn isomers, TolFAm as pair
of Z-syn and E-syn isomers and PhFAm exclusively as E-syn isomer, while one could
even discriminate hydrogen-bond-accepting and -donating amidine.

The PhFAm isomer accepting the hydrogen bond has a longer C=N bond and a shorter
C-N bond, hence the delocalization is more pronounced and Acy is smaller. The hy-

Table 3.1: Structural parameters of the amidines. Hydrogen bond acceptors (acc.) and
donors (don.) are marked where distinct bond length were determined. (*) Acn
of these amidines may be blurred by disorder in the crystal.

amidine isomer(s) d(C-N)A d(C=N)/A «(N-C=N) Acv/A

CeFsMesAm  Z-anti, E-syn  1.324(2)  1317(2)  1245(1)°  0.008(3)*

PhMesAm Z-anti, E-syn  1.330(2) 1.329(2) 120.8(2)°  0.001(4)*

CF;PhMesAm Z-anti (acc.) 1.351(3) 1.292(3) 126.0(2)°  0.059(6)
E-syn (don.) 1.360(3) 1.282(3) 121.1(2)°  0.078(6)

MesFAm Z-anti, E-syn  1.338(3)  1.322(4)  121.3(3)°  0.016(7)*
TolFAm Z-syn (acc)  1.374(2)  1293(2)  1283(1)°  0.082(3)
E-syn (don.)  1.368(2)  1.289(2)  1182(1)° 0.079(3)
PhFAm E-syn (acc)  1.360(2)  1.291(2)  120.0(1)° 0.069(4)
E-syn (don.)  1.379(2)  1.285(2)  119.7(1)°  0.094(4)
TolTolAm E-syn 1.363(2)  1297(2)  122.1(2°  0.066(4)
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drogen bond-donating amidine on the other hand has the largest Acy value of all
investigated amidines. As the only amidine, TolFAm is also present in its Z-syn isomer.
This isomer has the largest N—C=N bond angle of all isomers, presumably because of
steric interactions between the aromatic rings. The smallest N—-C=N bond angle can
be found in the E-syn isomer of TolFAm, this possibly being a result of packing forces
operative in the crystal lattice. In contrast to all the other amidines mentioned before,
TolTolAm only exists as a single isomer — namely the E-syn isomer — forming not a
dimeric aggregate, but a linear polymer in the solid state. Whether this is a consequence
of steric and/or electronic effects cannot be judged from the available data.

3.3 The Chemistry of Amidines in Solution

The chemistry of amidines in solution is often characterized by a complex behavior
with respect to the presence of different isomers or aggregates, which is not necessarily
identical to the situation found in the solid state. Consequently, the crystal structures
analyzed in chapter 3.2 have only limited significance for the respective dissolved
amidines. Historically, this problem was addressed by means of IR spectroscopy 2603
which turned out to be a powerful tool to investigate molecular association of amidines
in solution by hydrogen bonding, and tautomerism particularly of monosubstituted
amidines. In some specific cases IR spectra might also provide indirect evidence con-
cerning the configuration of the double bond.?%? However, IR spectroscopy in most
cases only gave contradictory estimations on the identities of the observed isomers
and failed completely in assigning different rotamers. In hand with its evolution to a
routine analytical method and the development of advanced 2D measurements, NMR
spectroscopy also shed some new light on the chemistry of amidines in solution. Exten-
sive analysis of 'H and *C NMR data on amidines enabled the derivation of additivity
parameters for the calculation of chemical shifts.[354%%2] Subsequently, also elaborate
2D NMR measurements were used in order to identify the isomers of amidines and
amidinium ions present in solution. 3813821 Therefore, this section will focus on NMR
spectroscopy in order to investigate the synthesized amidines. Amidines C¢FsMesAm,
CF;PhMesAm, TolFAm, and TolTolAm will serve as examples for the very diverse
behavior of amidines in solution.
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3.3.1 Temperature and Concentration Dependencies

CsFsMesAm Amidines in solution often show temperature as well as concentration
dependence, as frequently equilibria between different isomers or aggregation phenom-
ena exist. Not surprisingly, also amidine C¢FsMesAm exhibits temperature-dependent
NMR spectra in CDCl, solution as shown in Figure 3.6.
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Figure 3.6. NMR spectra of C¢FsMesAm in CDCl, at 50, 26, 0, =25, and —50 °C (top to
bottom). The NH protons of the major and minor isomer are marked with a blue
and a red box, respectively.

At high temperatures (50 °C) only one set of signals is present with a chemical shift for
the NH proton of 5.9 ppm. Upon cooling of the solution down to —50°C, a second set
of signals occurs which also increases in intensity from a ratio of 1:0.3 (26 °C) over 1:0.4
(0°C) and 1:0.6 (=25°C) to 1:0.7 (=50 °C) as the temperature drops. It is interesting to
note that the chemical shift for the NH proton of the growing species gradually shifts
over a large range from 7.7 to 9.0 ppm whereas the chemical shift of the other NH
proton remains more or less constant (only a small shift from 5.9 to 5.8 ppm can be ob-
served). In principle this behavior is also found for solutions of different concentrations
of CgFsMesAm in CDCl,. Starting with a very dilute solution (0.03 M) and a ratio of
1:0.2, the ratio grows in favor of the second species, finally reaching an amount of 1:0.5
at a 0.20 M concentration. Simultaneously, also the chemical shift for the NH proton of
the second species shifts from 7.2 to 8.2 ppm. Especially the strong concentration de-
pendence and the rather large shifting of the NH proton are indicative of a molecular
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3.3 The Chemistry of Amidines in Solution

association phenomenon. In which way this might be connected to different isomers in
solution will be discussed in section 3.3.2.

From the temperature dependence of the ratio of the two isomers A and B, the thermo-
dynamic parameters of the isomerization reaction A == B can be obtained. According
to the equation

AH° AS° [Bleq

InKeq = “RT + R with the equilibrium constant K.y = E (3.1)

a plot of InK¢q vs. 1/1 allows for a determination of both the standard enthalpy AH®
and the standard entropy AS° of the reaction. For amidine C¢FsMesAm, this plot is
shown in Figure 3.7. From the slope of the linear fit, a AH® value of 6.4 = 0.9 k] mol™
was calculated while the slope gave a standard entropy AS° of 31 + 4] K™! mol ™.
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Figure 3.7. Linear fit of the In Keq vs. 1/T plot of amidine C¢FsMesAm.

CF;PhMesAm The NMR spectra of CF;PhMesAm in CDCl, were difficult to examine
in terms of different isomers because already at room temperature only one species
prevailed in solution. The second isomer was difficult to characterize spectroscopically
as its signal intensity was very low. The ratio between the two isomers did not exceed
1:0.1 over the whole temperature range. However, upon changing the solvent from
CDCl,; to CD,Cl, the ratio was completely shifted. Now two clearly distinguishable
isomers were observed which were present in a ratio of 1:0.4 at room temperature
(Figure 3.8). In sharp contrast to amidine C¢FsMesAm however, this ratio was not
significantly altered upon cooling of the solution to a temperature as low as —90°C
where the isomers still showed a ratio of 1:0.5. As seen before for CsFsMesAm, a
temperature-dependent shifting of the signals was recognized.
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Figure 3.8. NMR spectra of CF3PhMesAm in CD,Cl, at 25, 0, —25, =50, =75, and
—90 °C (top to bottom) in (a) the aromatic and (b) the methyl region. In (a) the NH
protons and in (b) the 0o-NHMes-CHj protons of the major (blue) and the minor
isomer (red) are highlighted.
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Figure 3.9. Linear fit of the In Keq vs. 1/7 plot of amidine CF;PhMesAm.
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The NMR spectra from 0.03 to 0.20m concentrations in CD,Cl, reinforce the picture
obtained from the NMR spectra at variable temperatures. Also in this case a ratio of
1:0.4 remains rather constant, hence CF;PhMesAm shows almost no temperature or
concentration dependence with respect to the ratio of both isomers present in solution.
However, the chemical shifts of the signals depend on temperature and concentration.
At low temperatures the concentration dependence is even more pronounced.

As for amidine C¢FsMesAm, also for CF;PhMesAm the thermodynamic parameters
of the isomerization reaction were calculated using equation 3.1. The linear fit of the
In Keq vs. 1/1 plot shown in Figure 3.9 gave a standard enthalpy AH® of 0.4 + 0.1 k] mol™
and a standard entropy AS° of 9.4 + 0.6 J K™ mol™. AH® is very close to zero since the
ratio of the two isomers does not change significantly over the examined temperature
range.

TolFAm Similar to the NMR spectra at variable temperatures of CF;PhMesAm, also
the NMR spectra of TolFAm in CDCl, show a constant ratio of two isomers (1:0.4) as
well as a shifting of the signals at different temperatures. In contrast to CF;PhMesAm
however, the NH protons of both isomers shift to lower field. Surprisingly, the shift for
the major isomer is more apparent than the one for the minor isomer, hence an obvious
difference to the previously examined amidines exists.

The spectra at different concentrations from 0.03 to 0.20 m solutions feature a constant
ratio of 1:0.4 of the two isomers. Furthermore, no clearly visible shift of the signals can
be noticed as the concentration rises. From these observations concerning temperature
and concentration it is already clear that one has to deal with a different situation in
solution than in the cases of the previously mentioned amidines.

Like in the case of amidine CF;PhMesAm, AH® is expected to be relatively close to
zero since the ratio of the two isomers remains rather constant when changing the

1.104
linear fit:
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Figure 3.10. Linear fit of the In Keq vs. 1/T plot of amidine TolFAm.
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temperature. Indeed, the thermodynamic parameters obtained from the linear fit of the
In Keq vs. 1/1 plot (Figure 3.10) gave a standard enthalpy AH® of —1.1 + 0.3kJ mol™'. The
calculated standard entropy AS° was 4 +1JK ' mol™'.

TolTolAm The NMR spectrum of TolTolAm in CD,Cl, turned out to be marked by
relatively broad signals, indicative of a fast exchange of different species at room tem-
perature. Even at very low temperatures (—90 °C) the signals — in particular those of the
minor isomer —narrow only slightly. Furthermore, the ratio of both isomers is only 1:0.2
which hampers a detailed analysis, especially as the signals of the minor isomer are
partly obscured by signals of the major isomer. This situation improves when changing
the solvent to CDCl,. Athigh temperatures the signals are still broad, but at low temper-
atures they become sharp and a second set of signals becomes visible (Figure 3.11). In
contrast to the amidines mentioned above, no major shifting of the signals is observed
as the temperature decreases. The ratio of isomers is nearly 1:1 at —50 °C.
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Figure 3.11. NMR spectra of TolTolAm in CDCl, at 50, 25, 0, —25, and —50 °C (top to
bottom). Upon cooling the sample, the signals narrow and a second set of signals
occurs.

A rather complex picture is conveyed by the NMR spectra recorded at different concen-
trations (Figure 3.12). Surprisingly, the spectrum of the very diluted 0.03 m TolTolAm
solution shows at first glance only one species displaying relatively sharp signals when
comparing it to the spectrum at —50°C in Figure 3.11. However, a closer look on the
intensities of the signals reveals that also in the very diluted solution a second set
of signals is present which features relatively broad signals. The sharp signals of the
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Figure 3.12. NMR spectra of TolTolAm in CDCl, (25 °C) at 0.03, 0.05, 0.10, 0.15 and
0.20 M concentrations (top to bottom). The signals broaden upon increasing the
concentration.

tirst species observed in the 0.03 m solution broaden upon further increasing the con-
centration. This behavior points towards a molecular association phenomenon which
probably also promotes the interconversion of the two isomers. At very low concen-
trations both isomers presumably exist more or less separated from one another in
solution. Increasing the concentration then results in a rising rate of interconversion as
the molecular association is favored and a broadening of signals is observed. Cooling
down the solution leads to a freezing of the conversion process and hence both isomers
can be observed. The importance of a properly purified NMR solvent is highlighted
by a second series of concentration-dependent measurements which showed only one
species featuring broad signals, irrespective of the adjusted concentration. A compari-
son of these spectra with the spectrum of the 0.03 m solution in Figure 3.12 is depicted
in Figure 3.13. The differing appearance of the spectra points to an interference of traces
of acid (or base) being present in the solution with the isomerization processes between
different isomers of the amidine. Consequently, special precautions — such as stirring
the NMR solvent over NaHCO, prior to use — were taken to avoid the interfering acid-
base chemistry. An identification of the isomers involved in the processes described
here follows in the next section 3.3.2.
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Figure 3.13. Comparison of different room temperature NMR spectra of TolTolAm
in CDCl, at 0.03 M concentrations. In (b) the NMR solvent was presumably con-
taminated with traces of acid leading to a fast exchange of the isomers and an
associated broadening of signals.

3.3.2 ldentification of Isomers

As already mentioned, a powerful tool for the investigation of configuration and rota-
tional isomerism of amidines in solution is NMR spectroscopy.[**? This is why at this
point, the results obtained by means of NOESY NMR spectroscopy will be presented
which were conducted in the hope of clarifying the complex situation found in so-
lution. In this context, the Nuclear Overhauser Enhancement Spectroscopy (NOESY)
experiment turned out to be particularly useful as with this method spatially adjacent
protons can be correlated (up to a distance of 5 — 6 A) by looking at the dipolar relax-
ation between two spins through space. The cross relaxation rate is distance-related
and drops with 1/,.138] Furthermore, also exchanging protons show cross peaks in the
NOESY NMR spectrum due to transfer of longitudinal magnetization, which permits
a determination of exchange rates in the case of interconverting isomers (see Experi-
mental Section 6 for details). When looking at exchange rather than NOE, the NOESY
experiment is also called two-dimensional exchange spectroscopy (EXSY).13%!

CsFsMesAm The NMR measurements of compound C¢FsMesAm revealed a strong
temperature- and concentration-dependent isomeric ratio. The fraction of the minor
isomer increases as the temperature drops and as the concentration increases. In view
of the fact that in the solid state a mixture of E-syn and Z-anti isomers forming a dimeric
aggregate with substantial delocalization is present, it can be suggested that also in so-
lution an equilibrium of those isomers exists. In order to prove this assumption, NOESY
spectra at different temperatures were recorded. At room temperature in principle two
dynamic exchange processes hampered the monitoring of the anticipated NOE signals.
On the one hand, a very fast interconversion of both isomers was detected, and on
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the other hand also a relatively fast interconversion between the NH- and N-aromatic
rings of each isomer was present. At —30 °C the exchange of both aromatic rings within
a single isomer was no longer present, but the interconversion of both isomers contin-
ued. A good evidence for this is the fact that both NH protons are still connected by
cross peaks whereas the signals for the mesityl groups within a single isomer are not.
At —40°C the situation remains nearly the same, but at —50 °C — the lowest tempera-
ture possible in the applied solvent CDCl, — the exchange signals for the NH protons
(kex = 0.06s7") have almost vanished, hence at this temperature an interconversion of
the two isomers does not seem to occur any longer on the NMR time scale. Instead,
NOE signals which might hint at spatial proximity to the NH protons can be observed
(Figure 3.14 (a)). Careful evaluation of these NOE signals not only makes an assignment
of the involved isomers possible, but also suggests a formation of dimeric aggregates
in solution. According to the obtained NMR data, the major isomer can be assigned to
the structure of the Z-anti isomer and the minor isomer to the structure of the E-syn
isomer, respectively. The hypothesis of a formation of a dimeric aggregate is supported
by the fact that a NOE signal connects the NH proton of the E-syn isomer to the ortho-
methyl group of the Z-anti isomer’s N-mesityl moiety. Indeed, molecular association
could also explain the extraordinary temperature and concentration dependence of the
chemical shift of the E-syn isomer. Lowering the temperature or increasing the concen-
tration of the amidine leads to an enhanced formation of dimeric aggregates which in
turn results in an increased deshielding of the NH proton of the E-syn isomer. The fact
that at high temperatures (50 °C) only the Z isomer is present whereas the amount of E
isomer increases upon lowering the temperature and/or increasing the concentration,
indicates a possible stabilization of the E-syn isomer in the equilibrium by this molecu-
lar association. Furthermore, the structure of the dimer depicted in Figure 3.14 (a) could
explain the similar chemical shifts of the Z-anti N- and the E-syn NH-mesityl protons
since both aromatic rings are located in the center of the dimer. Similarly, the Z-anti
NHMes and E-syn NMes aromatic rings are both “outer” arenes and are characterized
by a resembling chemical environment.

However, even though the interconversion process seems to have almost entirely ceased
at —50 °C, when looking at the NH protons, still cross peaks connecting for example the
aromatic NHMes protons of one isomer to the NMes protons of the other isomer are
visible (Figure 3.14 (b), kex = 4.45s7"). Interestingly, the interconversion takes place in
such a way that protons of the NH-aromatic ring of one isomer convert into protons of
the N-aromatic ring of the other isomer and vice versa. Thus the isomerization reaction
seems to be linked to a transfer of protons, meaning a tautomerization reaction. In this
case, obviously different mechanisms exist, involving either (a) isolated isomers or (b)
the transfer of protons within a molecular aggregate (Scheme 3.1). If the tautomeriza-
tion reaction would only take place between the amidine and an external base/acid,
the E-syn isomer would readily be converted into the Z-anti isomer and vice versa, and
the NH protons of both isomers would show the same exchange as all other protons
of the compound. The part of the external base accepting the proton and the part of
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Figure 3.14. (a) NOE signals observed for amidine CgFsMesAm in CDCl, at —50 °C
and resulting assignment of E-syn and Z-anti isomers. (b) Low field region of the
NOESY NMR spectrum (CDCl,, =50 °C) indicating that the exchange of the NH
protons apparently has already stopped but the exchange process between the
NHMes and NMes protons still persists (exemplary evidence for this marked
with green circles). Signals of the E-syn isomer are marked in red, those of the

Z-anti isomer in blue.
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Scheme 3.1. Possible mechanisms for the observed tautomerism in solutions of ami-
dine C¢FsMesAm involving isolated isomers (a) or a dimer of E-syn and Z-anti
isomers (b). In (a) the external base and acid are referred to as R and RH, respec-

tively

the external acid delivering the proton to the respective isomer in such a tautomeriza-
tion reaction might be performed by other amidines or residual amounts of water or
acid being present in the NMR solvent and hence could be concentration dependent
(in the case of an involvement of other amidines) or independent of the amidine con-
centration. As becomes clear from the NOESY NMR measurements, this mechanism
might be operative for amidine C¢gFsMesAm at —40°C and above, but at =50 °C an
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exchange between the NH protons is not observed any longer while the interconver-
sion of protons of the NH-aromatic rings of one isomer into protons of the N-aromatic
rings of the other isomer still persists. A possible explanation for this rather strange
behavior is that such an exchange reaction takes place within a dimeric aggregate. In
such a tautomerization reaction, for example the NH proton of the E-syn isomer gets
transferred to the Z-anti isomer which thereby gets transformed into the E-syn isomer
again (after deprotonation at the second nitrogen atom, possibly by a second dimer).
Hence no exchange between the different NH protons takes place and consequently
no exchange peaks between them would occur in the NOESY spectrum. The chemical
environments of the NH protons of both isomers would not change, but in contrast to
this the aromatic rings are variably influenced depending on the presence or absence
of a proton at the nearby nitrogen atom. At this point, no statement on the actual sta-
bility or dynamic nature of the dimer can be made. On the one hand a static dimer in
solution is hard to imagine, especially as DOSY measurements gave no evidence for
two different species — monomer and dimer — in solution. On the other hand ESI mass
spectrometry showed a peak attributable to the [2M+H]" ion with two amidines M (see
Experimental Section), indicating a certain stability of the dimer.

Summing up the findings obtained so far, three different exchange processes were de-
tected in solutions of amidine C¢FsMesAm by means of NOESY NMR spectroscopy.
The slowest process takes place at room temperature and involves equilibration be-
tween the NH- and N-aromatic rings within each single isomer. A second exchange is
still operative at temperatures where the first process is not observed any longer (-30 °C
and below). The E-syn isomer gets transformed into the Z-anti isomer and vice versa. A
possible mechanism for this reaction might be the deprotonation and reprotonation of
the isolated isomers in solution. The fastest process finally is a tautomerization reaction
which presumably takes place within a dimeric aggregate consisting of an E-syn and a
Z-anti isomer as could be shown by careful evaluation of NOE signals. The exchange
is fast in CDCl; even at —50°C and also provides a reasonable explanation for the
observed concentration and temperature dependence of the recorded NMR spectra.

CF;PhMesAm The NMR spectra of amidines CF;PhMesAm and C¢FsMesAm look
very much alike, except for the fact that amidine CF;PhMesAm exhibits almost no
alteration of the isomeric ratio upon variation of temperature and concentration. Nev-
ertheless, it can be presumed that also CFsPhMesAm adopts E-syn and Z-anti confor-
mations in solution. Evidence for this also stems from temperature-dependent NOESY
NMR spectroscopy. Just like in the case of amidine C¢FsMesAm, also for CF;PhMesAm
several exchange processes exist at room temperature in CD,Cl,. One of them converts
one isomer into the other, whereas a second exchange process converts the signals
for the NH-aromatic ring into the signals for the N-aromatic ring of each isomer. The
latter of the two processes is not longer detectable at —50 °C, but the exchange between
both isomers persists until —90 °C, where it is slow but still present. Like in the case
of amidine C¢FsMesAm, the exchange rate for the NH protons is lower (kex = 0.02 s71)
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than e. g. for the aromatic mesityl protons (kex = 0.13s7!) which indicates that again
two different tautomeric processes are operative, one of them being related to dimer
formation in solution.

At =90 °C different cross peaks can be observed in the NOESY spectrum: In Figure 3.15
the NOE contacts between the NH proton of the Z-anti isomer and the four ortho-
methyl groups of both mesityl moieties of the Z-anti isomer are highlighted with blue
boxes. Furthermore, an NOE signal between the NH proton of the E-syn isomer and the
ortho-NHMes methyl groups of the E-syn isomer is clearly visible (red box). However,
the NOE contact between the NH proton of the E-syn isomer and the ortho-NMes
methyl groups of the Z-anti isomer characterizing the dimer is not so evident as in
the case of amidine C¢FsMesAm. Nevertheless, by looking at the NOESY trace for
the NH proton of the E-syn isomer at 7.01 ppm in Figure 3.15 (c), it becomes clear
that the signal intensity of the NOE signal is significantly above the intensity of the
exchange signals still present at the applied temperature and therefore also amidine
CF;PhMesAm should exist — although not as extensively as amidine C¢FsMesAm —
as molecular aggregates in solution. The weak signal at 1.91 ppm in Figure 3.15 (c) is
mainly attributable to exchange processes between the two isomers, yet it remains at
tirst glance unclear why the correlation to the ortho-NMes methyl groups of the E-syn
isomer at 1.84 ppm is relatively high compared to the signal at 1.91 ppm. The intensity
of the signal should be significantly lower if it was solely attributable to the mentioned
exchange process. A possible explanation could be that indeed an NOE effect is the
origin of the signal. The fact that in the crystal structure of the compound a minimum
distance of 4.15 A between the NH proton and a proton of the respective methyl group
can be found, seems to argue in favor of this suggestion. Besides the NOE signals high-
lighted in Figure 3.15, also further NOE contacts between the 4-(trifluoromethyl)phenyl
groups of both isomers and different mesityl groups were recongnized. All in all, these
NOE contacts support the assignment of isomers already given as well as the idea of a
dimeric structure in solution. In order to slow down the exchange process, also lower
concentrations of the amidine were used in the NOESY NMR measurements. Indeed,
at —90°C and very low concentrations, the exchange rate notably dropped further. For
a 0.02m solution of amidine CF;PhMesAm, exchange peaks were not detected any
longer but the NOE contact indicating dimer formation was still present, albeit not
very pronounced. This suggests that dimer formation is possible even in very diluted
solutions, but the actual tautomerization process may be hampered due to the absence
of an external proton donor or acceptor.

Summarizing the observations made in the NMR measurements, one can state that
amidine CF;PhMesAm exists as E-syn and Z-anti isomers in solution, but in contrast
to amidine C¢FsMesAm the isomeric ratio is not altered when changing temperature
or concentration. However, exchange rates are influenced by variation of those param-
eters. In accordance with the NOESY data obtained, an aggregation is likely to occur
and could also explain the fast exchange between both isomers even at —90 °C.
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Figure 3.15. NOESY spectrum of amidine CFzPhMesAm in CD,Cl, at —90°C (a) and
resulting assignment of E-syn and Z-anti isomers (b). In (c) the methyl region of
the 'H NMR spectrum (top) is shown together with the NOESY trace for the NH
proton of the E-syn isomer at 7.01 ppm (bottom). Signals for the E-syn isomer are
always marked in red, those for the Z-anti isomer in blue.
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TolFAm The NMR spectrum of TolFAm in CDCl; at —50 °C was difficult to interpret
because of overlapping of signals in the aromatic region, which especially included the
NH protons of the two isomers. Furthermore, the interconversion of both isomers was
still considerable at —50°C and a detection of NOE signals was therefore hampered.
Nevertheless, it was possible to detect signals connecting the meta and para protons
of the NH- and N-aromatic rings of the major isomer suggesting the presence of the
Z-syn isomer (Figure 3.16).
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Figure 3.16. NOESY spectrum of amidine TolFAm in CDCl, at —50 °C in the aromatic
region and possible explanations for the observed cross peaks highlighted with
blue circles.

Moreover, the Z-syn isomer was found in a dimer with the E-syn isomer in the solid
state and thus it can be suspected that in solution a similar situation exists, although
the presence of the Z-syn isomer in the crystal structure not necessarily means that this
isomer is also prevailing in solution. Instead, the assignment should be regarded with
caution as the available experimental NMR data do not permit a definite statement on
the origin of the NOE signals highlighted in Figure 3.16. As seen in the other amidines
examined before, similar signals could not only be caused by an NOE, but also by
isomerization processes, probably involving tautomerism within one single isomer (in
case of isomers E-anti or Z-syn) or dimers of amidines (E-syn and Z-anti isomers)
which would make the N- and NH-aromatic rings indistinguishable. Especially as
amidine TolIFAm might be more acidic due to the electron-withdrawing groups, such
a tautomerism cannot be excluded. Furthermore, an isomerization by rotation about
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the C—N single bond is imaginable and would give the Z-anti isomer which has been
recognized as the main isomer for the other amidines examined before.

Preliminary DFT calculations performed with the ORCA program package®! using
the B3LYP functional, SV(P) basis set[3¥! and the COSMO solvation model®¥! to simu-
late the influences of the solvent CHCI, seem to support the hypothesis that the Z-syn
isomer might be favored in solution. However, the energy differences to the single
point energies of the other isomers were very small. As represented in Figure 3.17 these
differences did only account for a few kJ mol™! which hampers a reliable evaluation
of the obtained results. Comparably small energy differences were also found for the
other amidines discussed in this chapter, however in those cases the Z-syn isomer
was usually the isomer with the highest energy. Furthermore, the temperature- and
concentration-dependent measurements showed a low field shifting of the NH protons
of both isomers contrary to the the amidines considered before, which seems to confirm
that the situation found in amidine TolFAm is distinct from the other amidines. The
minor isomer presumably features E-syn configuration as already found in the solid
state, however no experimental proof for this could be gathered by means of NOESY
NMR spectroscopy as the overlapping of signals was too extensive.

Figure 3.17. Calculated energy differences (in kJ mol~!) of the isomers of amidine
TolFAm (for details see text).
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TolTolAm The NMR spectrum of amidine TolTolAm featured significantly broader
peaks at room temperature than all other amidines examined before, but at low temper-
atures two sets of signals were clearly distinguishable. However, different dynamic ex-
change processes hampered the assignment of isomers. In contrast to the other amidines
discussed in this section, NOESY spectroscopy yielded no NOE signals that were help-
ful for answering the question which of the possible isomers exist in solution. Instead,
the NOESY spectrum in Figure 3.18 illustrates that the exchange between the two iso-
mers is fast even at —60 °C as cross peaks correlating the NH protons of both isomers
exist. However, the fact that the exchange process connects the NH-aromatic protons
of one isomer to the N-aromatic protons of the second isomer, suggests that, like in the
case of CgFsMesAm and CF;PhMesAm, an equilibrium of E-syn and Z-anti isomers
exists in solution. Consequently, also in this case a tautomerization reaction involving
a bimolecular mechanism can be assumed which could readily explain the observed
broadening of peaks upon increasing the concentration. Due to a lack of NOE signals
which could give some reliable indication of the present isomers, the isomer with the
low field shift of the NH proton was tentatively assigned to the E-syn isomer since — as
already seen for the other amidines — this proton is deshielded in the course of dimer
formation in solution. Consequently, the second isomer must be the Z-anti isomer. The
nature of the exchange processes was further elucidated by means of *C EXSY NMR
spectroscopy. On the one hand, a concentration-dependent exchange between the two
isomers could be detected (kex = 3.3s7! at —=53°C in CDCl,) and on the other hand
also a concentration-independent exchange of the N- and NH-aromatic rings within a
single isomer was observed (kex = 1.5s7! at —=53°C in CDCl,), but only for the E-syn
isomer. From the obtained NOESY NMR data it is not clear to what extent a dimer of
isomers is responsible for the observed exchange between the two isomers since even
at this temperature an exchange between the NH protons of both isomers is observed.
The amidine could also act as external base or acid without forming a dimer. How-
ever, when comparing the exchange rate of the NH protons in the NOESY spectrum
(kex = 2.0s7!) with the exchange rate calculated from the 3C EXSY NMR spectrum
(kex = 3.3s71), one notices that the exchange rate for the NH protons is smaller. As
explained in detail before, this observation could be an evidence for the simultaneous
action of two tautomerization mechanisms, namely protonation/reprotonation via iso-
lated amidine molecules and tautomerism within a dimeric aggregate of E-syn and
Z-anti isomers (Scheme 3.1). Unfortunately, the temperatures of 'H NOESY and *C
EXSY NMR measurements were not exactly identical due to problems with the tem-
perature maintenance in the EXSY NMR measurements. Therefore the comparison of
the rate constants should be regarded with care.

It is interesting to mention that according to the given assignment the Z-anti isomer
does not show the concentration-independent exchange of the N- and NH-aromatic
protons at —60 °C which was observed above for the other isomer. At the same time the
E-syn isomer shows broader peaks in the temperature- and concentration-dependent
measurements depicted in Figure 3.11 and Figure 3.12. Both observations suggest that

76



3.3 The Chemistry of Amidines in Solution

m-NHTol

-NTol
-CTol
m-NH Tol
-CTol
NTol
m-N Tol

HTol

o-N
o-CTol
m
m
>°'
2
o i
E o-NTol
zZ
T

o-CTol
m

o-NHTol

6.4

(6.5

6.8
6.9

r7.0

r7.3
- i i F7.4
- e [ 1

o | 8

1F7.5

1+7.6

T T T T T T T T T T T T
7.5 74 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5 6.4
6 (ppm)

Figure 3.18. NOESY spectrum of amidine TolTolAm in CDCl, at —60 °C in the aromatic
region showing interconversion of E-syn (red) and Z-anti isomers (blue) and
exchange of the N- and NH-aromatic rings of the E-syn isomer.

the respective possibilities of isomerization might in fact be quite different for the in-
volved isomers. Obviously, the isomerization occurs easier in the E-syn isomer than in
the Z-anti isomer. It is important to realize that the exchange of N- and NH-aromatic
rings within a single isomer cannot be reasoned by only assuming a simple tautomer-
ization reaction, i. e. the changing of position of the proton from one nitrogen atom to
the other, since this would lead to an interconversion of E-syn and Z-anti isomers. A
possible explanation for the observed phenomenon could be that rotation about the
C-N single bond has to be considered. Whereas rotation about this bond would give
the E-anti isomer when starting from the E-syn isomer, the Z-syn isomer is obtained
when rotating about the C—N bond of the Z-anti isomer. Hopping of the proton should
be facilitated in the E-anti isomer due to a more favorable interaction of the proton with
both neighboring nitrogen atoms. The associated tautomerization reaction would not
involve a transformation of the E isomer into the Z isomer, but it would result in an
exchange of N- and NH-aromatic rings. On the contrary, a (concentration-independent)
tautomerization reaction is not so easily achieved for the Z-anti isomer since the lone
pair of the doubly bound nitrogen atom is located at that side of the molecule which is
turned away from the proton which has to change its position. Thus the structure of the
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3 The Chemistry of Amidines: Isomers and Silver Complexes

isomers might provide an approach to an explanation for the differing exchange rates.
However, this mechanism remains speculative as in particular no experimental proof
for the presence of the E-anti isomer could be gathered on the basis of the available
NMR data.

3.4 The Coordination Chemistry of Amidines

After examination of the chemistry of amidines in solution, the focus will now turn to-
wards the coordination chemistry of amidines. General aspects as well as experimental
and theoretical details on the synthesized silver complexes will be provided.

3.4.1 General Aspects

Amidines are an exceptionally versatile group of ligands forming metal complexes with
various elements throughout the Periodic Table of the Elements. Besides the group of
alkali metals[357358:388:3%] ywhogse well-known amidine complexes often serve as starting
materials for the preparation of coordination complexes, also other main group ele-
ments, 334337390391 rare earth metals, 3313323953971 and in particular transition metals as
for example Ti, %4001 Nj, 1401 Fe, [402-405] Ry [406] Cyy, 14071 and many more>>4%-4101 are
known to form complexes with amidine-based ligands. The possibility of variation
of the substituents in the backbone of the amidine moiety as well as at the nitrogen
atoms accounts for their extraordinary flexibility and allows precise tuning of steric
and electronic properties.* 1) Amidines may largely coordinate as anionict 41 or
neutral3513%! ligands, but also some anion receptors have been designed where the
amidinium (or the structurally related guanidinium) moiety acts as a cationic lig-
and.[3514114121 Among the diverse applications of metal complexes featuring amidine
or amidinate ligands are applications as polymerization catalysts#344! or in materials
science for different chemical vapor deposition methods. [410415416]

The structural variability of metal complexes containing amidine-based ligands is very
large. A reason for this is that the amidine molecule can coordinate in different ways to
the metal ion giving rise to chelating, monodentate and bridging binding modes. 419416l
The chelating binding mode comprises symmetrically or asymmetrically coordinated
complexes and also ortho-metallated complexes exist.!*”l Neutral amidines coordinat-
ing to metals are often engaged in additional hydrogen bonding interactions via the
free amino NH group.®! Figure 3.19 shows examples for possible coordination modes
of amidines in metal complexes.
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Figure 3.19. Examples for possible coordination modes of amidines in metal com-
plexes: (a) symmetrically and asymmetrically chelating ligand, (b) monodentate
ligand, (c) ortho-metallated complex, (d) bridging binding mode and (e) example
for coordination of a neutral amidine.

3.4.2 Amidinatosilver(l) Complexes

Group 11 transition metal complexes of amidines are often found to exist as dimers
with the amidine ligand typically adopting a bridging binding mode (example (d) in
Figure 3.19), but also trimeric and tetrameric complexes have been identified. [40410417418]
In general these compounds are considered to be promising precursors for chemical
vapor deposition (CVD) or atomic layer deposition (ALD) of metal films since they
feature a series of beneficial properties as for example volatility, low melting points
and high thermal stability. Amidinatosilver(I) complexes have been reported to form
trimers!*”l or a mixture of dimers and trimers!*!®! in solution as well as in the solid
state. For some dimeric silver(I) complexes, molecular aggregation in solution has been
proposed. However, additional donating groups at the amidine moiety may prevent
intermolecular interactions by coordinatively saturating the silver atoms.*!?! Other
dimeric silver(I) complexes have been reported and their usually short Ag—Ag dis-
tances have been discussed controversially in terms of bonding interactions. 419421

In this section the synthesis and molecular structures of the amidinatosilver(I) com-
plexes synthesized in the course of this project will be described. The complexes pro-
vide interesting insights into the coordination chemistry of amidines, but they only
represent a small fragment of the extraordinarily diverse chemistry of amidines.
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3 The Chemistry of Amidines: Isomers and Silver Complexes

Synthesis of Bisamidinatodisilver(l) Complexes

Amidinatosilver(I) complexes were prepared before by using silver halides, silver
acetate or silver nitrate as silver source producing trimeric*””! and dimeric[4!9421422]
complexes as well as a mixture!*!®! of both species. In solution, also an equilibrium
of dimeric and tetrameric complexes has been detected. 2] In this work, the scope of
possible starting materials is extended to Ag,O, providing bisamidinatodisilver(I) com-
plexes in good to excellent yield (63 % to quantitative yield). According to the reaction
in Scheme 3.2, dimeric silver(I) complexes were obtained by stirring a mixture of the
respective amidine, Ag,O and DCM at room temperature. Filtration over Celite after
five days of stirring and evaporation of the solvent in vacuo afforded the bisamidinato-
disilver(I) complexes.

R
F F
CH;Cly F N—Ag—N F
2 F £ + A0 5 R ( ) R
S Bn
= H g R = H, CF3, CH3 FF

Scheme 3.2. Synthesis of bisamidinatodisilver(I) complexes Ag,(PhFAm), (R = H),
Agz(CF3PhFAm)2 (R = CF3) and Agz(TOlFAm)z (R = CH3)

The method described here was found appropriate for amidines PhFAm, CF;PhFAm,
and TolFAm. However, when PhMesAm, CF;PhMesAm, TolMesAm or TolTolAm
were used, no product formation was observed. Instead, only the unchanged amidines
were obtained as became clear from NMR measurements of the crude products. In
the case of amidine MesFAm, the reaction yielded a mixture of products which also
contained the unchanged amidine. No efforts were made to isolate and character-
ize the different products. The method described above gave no product for amidine
C¢FsMesAm, and also no starting material could be recovered from the reaction mix-
ture. A reason for this might be that with this amidine no dimer formation takes place,
but a formation of a complex of higher nuclearity which is not soluble in the applied sol-
vent. Since the situation did not change when more polar solvents like MeCN or acetone
were used, no further attempts were made to isolate and characterize the product(s)
formed in the reaction. The question whether steric or electronic reasons are responsible
for the failure of the reaction in the case of the mesityl-substituted amidines cannot be
answered ultimately. On the one hand, larger residues at the nitrogen atoms may pre-
vent the coordination to the silver atoms, but on the other hand also amidine TolTolAm
— which has no substituents in the ortho-positions of the aromatic rings — did not show
any tendency to form the desired complex either. Since the amidine has to isomerize to
the E-anti isomer prior to formation of a dimeric complex, another reason for the ham-
pered complex formation in the case of the mesityl-substituted amidines might be the
fact that larger substituents at the nitrogen atoms tend to favor the Z-isomer. 35735
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Structural Parameters of Bisamidinatodisilver(l) Complexes

Slow evaporation of CHCl, or DCM solutions of the silver complexes afforded crystals
suitable for X-ray crystallography. Figure 3.20 depicts the molecular structures obtained
from X-ray diffraction. As anticipated, they show dimeric silver(I) complexes in which
the silver atoms are coordinated almost linearly by two bridging amidinate anions. The
silver atoms are slightly displaced to the outside, resulting in N—Ag—N angles which
are smaller than 180°. Selected bond length and angles of the three complexes are listed
in Table 3.2. Notice that for Ag,(CF;PhFAm), and Ag,(TolFAm), the two parts of the
molecule separated by a plane through both carbon atoms of the N=C—N units (C?)
are symmetry-related, whereas this is not the case for Ag,(PhFAm),. As a consequence,
for example all four Ag—N bonds in Ag,(PhFAm), are different while for the other two
complexes only two different bond lengths exist.

Figure 3.20. Thermal displacement ellipsoids (shown at 50 % probability) of the mo-
lecular structures of the bisamidinatodisilver(I) complexes Ag,(PhFAm), (a),
Ag,(CF3PhFAm); (b), and Ag>(TolFAm); (c); the view of the metallacycle along
the Ag—Ag axis shows the puckering of the ring system of complex Ag,(TolFAm),
(d). Hydrogen atoms and additional solvent molecules are omitted for clarity.

From the structural parameters shown in Table 3.2 it becomes clear that the amidinato
ligands display an enhanced delocalization of electron density within the N=C—N units
as the bond length are almost equal. The difference of CN bond distances Acy is 0.011 A
at the most, which is significantly smaller than found for the amidines not coordinat-
ing a metal (see Table 3.1 in section 3.2). Surprisingly, only for the metallacyclic ring
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Table 3.2: Selected structural parameters for the bisamidinatodisilver(I) complexes.
Interatomic distances are given in [A], angles in [°].

parameter Ag,(PhFAm), Ag,(CF;PhFAm), Ag,(TolFAm),

Ag-Ag 2.7108(3) 2.7175(3) 2.7033(3)

Ag-N 2.100(3) 2.105(1) 2.124(1)
2.104(3) 2.101(1) 2.117(1)
2.125(3)
2.121(3)

C2-N 1.326(5) 1.326(2) 1.327(2)
1.330(5) 1.330(2) 1.328(2)
1.330(5)
1.337(5)

N-Ag-N 168.4(1) 169.1(1) 167.1(1)
165.8(1)

N=C-N 119.5(3) 121.7(2) 120.2(2)
119.4(3)

in complex Ag,(TolFAm), a significant deviation from planarity is found (Figure 3.20
(d)) whereas the other two complexes feature nearly planar metallacycles. A similar
“puckering” of the ring system was recognized in dinuclear silver(I) and copper(I) sele-
nium diimides before, and the angle ® was introduced to quantify it.1?) An analogous
quantification for complex Ag,(TolFAm), is not justified since the twisting of the ring
system is more complex. However, the distortion was found to be directly related to the
metal-metal distance for the selenium diimide complexes and also in the present case
the shortest Ag---Ag distance is found for the most distorted Ag,(TolFAm), complex.
The reason for the puckering remains unclear in this case as the substituents at the
nitrogen atoms of the amidines are identical in all three complexes and hence steric
interactions can be excluded. To what extent packing forces operative in the crystal
lattice are responsible for the observations made so far is not clear from the avail-
able data. In all three complexes, the distances between both silver atoms (2.711, 2.718
and 2.703 A) are significantly shorter than twice the van der Waals radius of a silver
atom[*?] (3.44 A) and also short compared to the shortest Ag--Ag distance found in
metallic silver (2.889 A).#26427] Indeed, the experimentally determined covalent radius
of linearly coordinated silver(I) (1.33 A)is only slightly shorter than half of the Ag--Ag
distances. [4?7]

Attractive interactions between formally closed-shell d'° metals have fascinated scien-
tists ever since their discovery and for gold this novel type of interactions has been
coined aurophilicity by Schmidbaur in 1988.1425-4321 Analogous interactions — also in
systems based on silver(I) or copper(I) — have been identified even before this by Hoff-
mann 344 and Jansen.!*¥! While early theoretical calculations mainly focused on the
participation of s and p orbitals in order to enable bonding interactions, Pyykko and
Li later concluded that the true origin of aurophilicity is electron correlation strength-
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ened by relativistic effects rather than hybridization effects.*3¢4%] In a very simplified
picture, aurophilicity is an unusually strong van der Waals-type (dispersion) interac-
tion.[*38] For gold the energy of this kind of interactions lies within the range of typical
hydrogen bonding (29 — 46 k] mol™),4* but for silver and copper the effect is generally
thought to be smaller.[#0441] In fact, the analogous argentophilic and cuprophilic in-
teractions are still under debate,*?* primarily because ligand-unsupported examples
are extremely rare!*2#%] and the influence of the ligand system has to be considered
as well. 1464481 Nevertheless, experimental and theoretical evidence has been gathered
supporting the assignment of attractive interactions also in these systems!441449450] and
the term “metallophilicity” has been used to describe the interactions operative be-
tween closed-shell d'° metals in general.

Remarkably short Ag(I)---Ag(I) contacts have been observed before for other bisamidi-
natodisilver(I) complexes and bonding interactions have been considered as a possible
reason for this.[*1°#2! Cotton e al. found a relatively short Ag--Ag distance of 2.705 A
in a similar bisformamidinatodisilver(I) complex,**! yet no evidence for the involve-
ment of direct metal-metal bonding was gained on the basis of theoretical calculations.
According to the authors, only the ligand system is responsible for the comparably
close metal-metal contacts. However, participation of metal s and p orbitals was con-
sidered essential for assigning a direct metal-metal bonding — an assumption that is
controversial in light of the metallophilicity concept.*5! In related dimeric formamid-
inato complexes with additional O and S donor atoms, the elongation of the Ag--Ag
distances (2.7801 — 2.805 A) was interpreted in terms of a possible donation of electron
density in an antibonding Ag—Ag orbital.***! A second explanation provided by the
authors was based on steric considerations involving also attractive interactions be-
tween the silver and the donor atoms.

In view of the literature collected above, the close Ag(I)--Ag(I) contacts observed in
the synthesized complexes may be described as argentophilic. However, one should
keep in mind that the ligand environment supports this arrangement. On the other
hand, the tendency to establish close metal-metal contacts might be a prerequisite for
the formation of such complexes.

3.5 Summary

In this chapter the amidines synthesized in the context of this project were studied
more thoroughly. Crystallographic data of these compounds were collected to explore
their structural parameters. As became clear from the solid state structures, all of the
synthesized amidines displayed molecular association supported by hydrogen bonds.
In most cases hydrogen-bonded dimers were present in the crystal structures.

Furthermore, the chemistry of amidines in solution was elucidated using, as representa-
tive examples, the four amidines C¢FsMesAm, CFsPhMesAm, TolFAm, and TolTolAm.
Extensive NMR measurements with several techniques and at variable temperatures

83



3 The Chemistry of Amidines: Isomers and Silver Complexes

and concentrations suggested the presence of a dimer consisting of E-syn and Z-anti
isomers. In case of the mesityl-substituted amidines CF;PhMesAm and C¢FsMesAm,
this dimer could be directly detected by means of '"H NOESY NMR measurements
allowing for an observation of NOE effects. For amidines TolFAm and TolTolAm the
presence of the dimer could not be verified directly because of fast exchange processes
occurring in solution. However, the nature of the observed dynamic processes sug-
gested a contribution of E-syn and Z-anti isomers in solutions of these amidines as
well. In particular cases additional evidence for the presence of other isomers (Z-syn
isomer and eventually also E-anti isomer) was obtained. In general, the performed
NMR measurements suggest that the possibility of fast isomerization between E-syn
and Z-anti isomers by simple deprotonation/reprotonation steps represents a general
characteristic in the solution chemistry of amidines. The resulting NMR spectra are of-
ten surprisingly complex owing to the simultaneous presence of competing exchange
and isomerization processes, and feature a remarkable dependency on different factors
such as solvent, concentration, temperature and purity of the NMR solvent.

As has been demonstrated exemplarily for the three compounds PhFAm, CF;PhFAm,
and TolFAm, amidines are also versatile ligands in coordination chemistry. The corre-
sponding amidinatosilver(I) complexes were synthesized in reactions with Ag,O and
examined more thoroughly by means of X-ray crystallography. The obtained molec-
ular structures featured close Ag(I)---Ag(I) contacts which can be described as argen-
tophilic.
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The Transition Metal Lewis Base

Abstract In this chapter the syntheses and properties of Lewis basic metal complexes
suitable for serving as proton acceptors in the heterolytic splitting reaction of dihy-
drogen are described. The synthetic work in this field focused on the literature-known
carbonyl metalates K[CpFe(CO),] (KFp) and K[CpRu(CO),] (KRp), but alternatives
were also considered. The known procedures for the synthesis of KRp were found to
be inconsistent and hence the synthetic protocol has been revised. Reductive cleavage
of the ruthenium dimer [CpRu(CO), ], (Rp>) not only produces KRp, but also a poorly
soluble black solid (Rs) which has been investigated by a variety of analytical methods.
The interesting properties of this material, among them also its potential to act as a
Lewis base, are compiled in this chapter.
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4 The Transition Metal Lewis Base

4.1 The Choice and Synthesis of a Suitable Lewis Base

In order to find an appropriate transition metal Lewis base for mimicking the reactivity
of the [Fe] hydrogenase, several aspects have to be considered. On the one hand, the
complex should feature a distinct Lewis basic character at the metal center to enable
facile protonation of the metal complex in the heterolytic splitting reaction of dihydro-
gen. At the same time, the propensity to undergo other reactions than the protonation
reaction should be as low as possible. An example for such an undesired reactivity
could be the electron transfer associated with the oxidation of the complex. In fact, the
transfer of an electron might be an important reaction pathway, especially when highly
reduced metal complexes are used as Lewis bases. As already presented in the objective
of this work (see chapter 1.6), efforts to synthesize transition metal Lewis bases largely
focused on the carbonyl metalates K[CpFe(CO),] (KFp) and K[CpRu(CO),] (KRp). In
analogy to the active site of the [Fe] hydrogenase, these complexes possess a group 8
transition metal and several CO ligands. Although the structural similarity to the FeGP
cofactor is only present rudimentarily, the metalates nevertheless feature a low oxida-
tion state (0) of the central metal atom and can thus be protonated to yield the hydride
complexes HFeCp(CO), (HFp) and HRuCp(CO), (HRp), respectively. Consequently,
the function of the FeGP cofactor is emulated in a simplified way. Another advantage
of the presented systems is that the metal fragment bears a single negative charge and
can thus form an 1:1 ion pair with the onefold positively charged imidazolinium ion.
The properties of KFp and KRp relevant to their envisioned role as Lewis bases in the
splitting reaction of dihydrogen are presented in the following section before briefly
discussing alternative metal complexes.

4.1.1 General Aspects

The preparation of the anion [CpFe(CO),|” (Fp~) was first reported by E. O. Fischer in
1955, 14524531 who explored reactions of cyclopentadienyl (Cp) ligated metal complexes.
Since then, this organometallic reagent has been used in a vast number of chemical
reactions providing access to a great variety of organic and inorganic compounds. As
a tribute to this, the unique properties and reactions of this inexpensive and readily
accessible reagent have been reviewed several times. [45+45]

The Fp™ anion is an 18-electron complex and acts as a strongly nucleophilic Lewis base.
In fact, it is one of the most nucleophilic transition metal anions and — contrasting the
usual trend in a group of the Periodic Table of the Elements — even more nucleophilic
than its heavier element analog [CpRu(CO),]” (Rp~) by several orders of magnitude. [4>¢!
Despite the many studies in this field, the reasons for the extraordinary nucleophilici-
ty are still not entirely understood. Most probably a combination of different factors
such as a high charge density at the metal center, an even coordination number in the
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reaction product, and ion-pairing effects are responsible for the extremely high nucleo-
philicity.*>! Despite the high tendency to undergo nucleophilic substitution reactions,
the Fp~ anion can also act as a base. In certain cases, this reaction path might even be
favored over nucleophilic attack.*#71 A third possible reaction that has to be con-
sidered when working with the Fp™ anion is its oxidizability. The anion is a relatively
strong one-electron reductant, exhibiting an irreversible oxidation wave at a potential
of approximately —1.35V vs. the FeCp,/FeCp} (Fc/Fc") redox couple. 145845

In comparison to the iron congener, literature reports for the heavier element analog
[CpRu(CO),]” (Rp”) are much less numerous. However, experiments confirmed its
lower nucleophilicity**! and redox activity (E* = ~1.06 V vs. Fc/Fc"),**l as well as
its higher basicity compared to the Fp~ anion.[*!] With respect to the planned reactions
with dihydrogen, these properties represent significant advantages since undesired
reactions involving electron transfer or nucleophilic substitutions are less likely. Fur-
thermore, deprotonation of the H, molecule should occur more easily in case of the
more basic ruthenium metalate Rp™.

4.1.2 Synthesis of Carbonyl Metalates

In 1955 E. O. Fischer prepared the sodium salt of the Fp~ anion by reductive cleavage of
the dimer [CpFe(CO),], (Fp,). As a reducing agent he used sodium amalgam.*>* Today
many heterogeneous and homogeneous methods to produce the metalate are available,
but all of the procedures still comprise reduction of Fp, by chemical or electrochemical
methods.*®! In this context, trialkylborohydrides like K[HB(sec-Bu),;] (K-Selectride)
proved to be convenient reducing agents providing the potassium salt KFp in high
yields (Scheme 4.1).[462463] The metalate was thus synthesized by this method and re-
crystallized from THF/toluene yielding the compound as orange crystals.

Q
\ /C\ /CO THF + I
M—M + 2K[HB(sec-Bu)s] —— K M + Hy + 2B(sec-Bu)s
/
oc” ¢ T oc co

Scheme 4.1. Synthesis of the metalates KFp (M = Fe) and KRp (M = Ru) by reductive
cleavage of the dimers Fp, (M = Fe) and Rp; (M = Ru), respectively.

The first preparation of the Ru metalate Rp~ was described by Wilkinson and co-
workers.[*4 In comparison to the Fp~ anion it was more difficult to prepare*®! and in
most cases the Rp™~ salt was not isolated prior to using solutions of the compound in
subsequent reactions. Only very few cases are reported where Rp~ salts were actually
isolated, though no clear analytical proof for the purity of the compound was pro-
vided.[#664671 Ag for the iron analog, commonly utilized methods for the preparation
of Rp~ comprise the reduction of the ruthenium dimer [CpRu(CO),], (Rp,) by vari-
ous reagents. In this context for example sodium amalgam, [465468461 NaK alloy, 4! Na
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metal,¥”%! and alkyl borohydrides[#7471472l have been used. Owing to the good experi-
ences made with the iron analog and realizing disadvantages of the sodium amalgam
method like formation of by-products (ruthenocene and Hg[CpRu(CO),],) and diffi-
cult handling, 14721 K[HB(sec-Bu),] was used also for the reductive cleavage of Rp,.
Surprisingly, the synthesis of the potassium salt KRp did not proceed as smoothly as
for the iron congener and difficulties were encountered when trying to isolate the com-
pound as a pure material. As a consequence, the literature was carefully reinvestigated
which revealed inconsistencies in the reported observations connected to the synthesis
of the ruthenium metalate. Efforts to clarify these inconsistencies not only led to a re-
vised synthetic protocol for KRp and the first determination of its molecular structure
by means of X-ray crystallography, but also brought about the discovery of a novel
polymeric Cp/Ru/CO compound.!*3! Experimental details on this topic are provided
in section 4.2.

4.1.3 Alternative Metal Complexes

First experiences with carbonyl metalates have already been obtained in the framework
of a diploma thesis focusing on the heterolytic splitting of dihydrogen with the help
of certain carbonyl metalates and imidazolium salts.*! However, especially the metal
complex K,[Fe(CO),], whose sodium salt is also known as Collman’s reagent, [474-47¢]
was found to easily undergo electron transfer reactions. Therefore, this highly reduced
metal complex was not considered in the present work. Instead, several other alterna-
tives were taken into account as substitutes for the above-mentioned metalate anions
Fp~ and Rp™. The neutral complexes Ni(dppe),, Ni(depe), and Pe(CO)3(PtBu3)2 de-
picted in Figure 4.1 were synthesized according to existing synthetic protocols. The
nickel complexes were easily obtained in ligand substitution reactions starting from
bis(cyclooctadiene)nickel(0) (Ni(cod),) and the respective 1,2-bisphosphinoethane.!””!
Compound Fe(CO),(P'Bu,), was obtained from triirondodecacarbonyl Fe,(CO),, and
tri-(tert-butyl)phosphine.

3)
[478]
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Ni(dppe)2 Ni(depe) Fe(CO)3(P'Bus)2

Figure 4.1. Alternative Lewis basic metal complexes (dppe = 1,2-bis(diphenylphos-
phino)ethane, depe = 1,2-bis(diethylphosphino)ethane).

In contrast to the carbonylates KFp and KRp, protonation of these complexes does not

produce neutral metal hydrides, but positively charged metal complexes. The com-
pounds are less reactive and hence less prone to undergo undesired side reactions.
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However, the fact that the Lewis acidic imidazolinium ion and the transition metal
Lewis base feature differing charges, complicates the formation of the envisioned tran-
sition metal frustrated Lewis pairs (see chapter 5). Two reasons account for this: the
differing solubility which hampers the search for a suitable solvent, and interactions
with remaining counter ions. Indeed, solubility problems were encountered when com-
bining the synthesized imidazolinium ions with these metal complexes. Furthermore,
corresponding mixtures did not react with dihydrogen. As a consequence, the alterna-
tive metal complexes shown in Figure 4.1 are not considered in the further course of
this work. Nevertheless, Table 4.1, which compiles oxidation potentials of basic metal
complexes (E° or EJ¥) and the pK, values of the corresponding acids, includes the
alternative metal complexes mentioned in this section to permit a comparison of the
selected compounds.

Table 4.1: Comparison of different transition metal Lewis bases with respect to their
oxidation potentials (E° or EJ¥) and the pK, values of the corresponding acids.
Potentials are referenced vs. the Fc/Fc* redox couple. (*) Literature values for
Fe(CO)3(PtBu3) o [HFe(CO)3(PtBu3)2] * do not exist, therefore oxidation potentials
and pK, values of similar tricarbonylbis(phosphine)iron(0) complexes are given
to make a rough estimation possible.

metal complex M metal hydride M-H  E° or E* M'/M)  pK, (M-H)
K[CpFe(CO),] (KFp) CpFe(CO),H (HFp) —1.35 V14581 27.1 1461
K[CpRu(CO),] (KRp) CpRu(CO),H (HRp) —1.06 V14581 28.3[461]
K,[Fe(CO),] K[HFe(CO),] _1.67 V147) 12.71450]
Ni(dppe), [HNi(dppe),]" —~0.70 V81 14,2141
Ni(depe), [HNi(depe),]* —1.29 V148l 23.81481]
Fe(CO),(P'Bu,), [HFe(CO);(P'Buy),]* 0to—0.2 VI (%) ca. 4.4 (%)

From the presented data it becomes clear that KFp and KRp are suitable candidates for
acting as transition metal Lewis bases. The oxidation potentials are lower as for example
in the case of K,[Fe(CO),] which makes electron transfer reactions with the involvement
of KFp and KRp less likely. Furthermore, the pK, values of the corresponding acids of
these two metalates are relatively high. Consequently, the Lewis basicity of KFp and
KRp is higher than for the other metal complexes.
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4 The Transition Metal Lewis Base

4.2 Revisiting the Synthesis of K[CpRu(CO).] (KRp)

4.2.1 A Revised Synthetic Protocol

When K[HB(sec-Bu),] was added to a solution of Rp, in THF, a gradual darkening of the
initially orange solution and the formation of a finely dispersed black precipitate (Rs)
was observed.[*”3] This was surprising since KRp was reported to be soluble in THF
and no comparable observations were made during the synthesis of KFp. Obviously
a second product was formed which suggested that the usually moderate yields (20 —
40 %, sometimes even less) encountered in the reported syntheses where solutions of
KRp have been prepared for further use,#>471472484 were connected to the formation
of this precipitate (Scheme 4.2).

|
K'| Ru
ﬁ Q o / oc o
N C\ .
Ri—Ri KBscoBUl KRp (41%)
oc 8ﬂ
Rp2 black solid (Rs)

Scheme 4.2. Reductive cleavage of Rp, producing two products.

The assumption that the borohydride might be involved in the formation of the second
product was disproved since its formation was also observed when a potassium mirror
was used to reduce the ruthenium dimer Rp,. However, in these reactions separation of
the black material from residual amounts of potassium metal was not possible. On the
contrary, the compound could be isolated from the reaction of Rp, and K[HB(sec-Bu);]
by filtration. Addition of toluene to the filtrate produced a yellow crystalline material
which could be recrystallized from THF/toluene to obtain single crystals suitable for
X-ray crystallography. Structure determination by X-ray diffraction established that
indeed the desired metalate KRp was synthesized. Under optimized conditions (see
Experimental Section 6) 37 — 41 % of yellow crystalline KRp can be isolated from the
reaction.
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4.2 Revisiting the Synthesis of K[CpRu(CO),] (KRp)

4.2.2 Isotope Labeling

Before focusing on the characterization of the two products obtained from the reductive
cleavage of Rp, by K[HB(sec-Bu),], the synthesis of *CO-labeled KRp and black ma-
terial will be briefly described. *CO-enriched triruthenium dodecacarbonyl Ru,(CO),,
was obtained according to a modified literature procedure*! by stirring a solution of
Ru,(CO),, in a mixture of THF and MeOH at 50 °C under an atmosphere of *CO gas
(1bar) and with addition of catalytic amounts of KOMe. The *CO-labeled Ru,(CO),,
produced by this method was directly used in the synthesis of *CO-enriched Rp,
which was conducted analogously to the preparation of the non-labeled compound.
As expected, *CO-enriched Rp, exhibits an IR spectrum distinct from the non-labeled
compound (Figure 4.2).
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Figure 4.2. IR spectra of Rp; (blue) and '*CO-enriched Rp; (green) in MeCN.

The IR bands attributable to the CO stretching frequencies of the ?CO-enriched com-
pound shift to lower wavenumbers compared to the IR bands of the non-labeled com-
pound. This totally meets the expectations since the ratio of the wavenumbers complies
with the following equation: 8]

Vo _ /‘I:ZCO =0.9778 with the reduced mass u = i 4.1)
13CO

1712CO mq + nip

By applying this equation, most of the *CO bands can be calculated from the bands
of the unlabeled compound. In the IR spectrum of the *CO-enriched compound ad-
ditional bands are visible due to the presence of isomers with differing isotopic com-
position.*¥”! From the ratio of the signal intensities in the *C NMR spectrum, the 13C
content in the CO molecules was estimated to be at least 90 %. Reductive cleavage of
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4 The Transition Metal Lewis Base

BBCO-enriched Rp, with K[HB(sec-Bu),] analogous to the procedure described above
produced *CO-enriched KRp and the black solid Rs.

4.2.3 Elucidating the Structure and Further Properties of KRp

Recrystallization of the yellow material obtained by the revised synthetic protocol de-
scribed above produced single crystals which enabled the the first determination of the
molecular structure of KRp by means of X-ray diffraction. Caution is required when
handling the compound outside a glovebox, as any exposure to air immediately de-
stroys the crystals.The molecular structure of KRp - THF, which crystallizes in the space
group Pbca, is represented in Figure 4.3. Different interactions between the potassium
cations and the Rp™ anions (and additional THF molecules) are clearly evident: Each
potassium ion features a fourfold coordination by the oxygen atoms of two CO ligands
as well as by two THF molecules. The interatomic distances are 2.754(2) and 2.737(2) A
and, respectively, 2.861(2) and 2.848(2) A. By these interactions a threedimensional net-
work with close K--O contacts is generated in which the Rp™ anions crosslink polymeric
chains of alternating THF molecules and potassium ions. Furthermore, two weak in-
teractions between the K" and C atoms of the carbonyl groups (3.150(2) and 3.202(2) A)
and two K--Ru contacts (3.607(1) and 3.981(1) A) are observed. The resulting formal
coordination number for the potassium cation is 8 or {4 + 4}. Similar interactions of
alkali metal ions are common for carbonyl metalates!*¥5! and have also been noticed in
the solid state structure of KFp.!5!

Crystalline KRp was investigated by different methods. Elemental analysis data (Calcd.:
C32.18,H 1.93; Found: C 32.17, H 2.05) match the expected values and also IR data were
found in accordance with literature values. 46646948 However, the carbonyl stretching
frequencies were found to be solvent-dependent (Table 4.2). This was also observed for
the Fp~ anion and can likewise be attributed to competing tight, contact and solvent
separated ion pairs (Figure 4.4).14>#91 The ratio of the different species in solution and
hence the exact positions of the IR bands depend on the polarity of the solvent. '"H and
13C NMR data of KRp in CD,CN and DMSO-d are included as well in Table 4.2. In
addition to this, the table also contains *C NMR chemical shifts for the CO and Cp
groups obtained from solid-state *C magic angle spinning (MAS) NMR measurements.

With the pure compound in hand, also the electrochemical properties of KRp were
reinvestigated. For this purpose cyclic voltammetry measurements were conducted ina
glovebox with a Metrohm Autolab PGSTAT101 potentiostat using platinum electrodes.
The measurements were performed in 0.1 m NBu,PF, solutions. After the measure-
ment, decamethylferrocene was added as internal standard and the redox potentials
were referenced vs. the FeCp,/FeCp, (Fc/Fc") redox couple.’*?! Figure 4.5 (a) depicts
the cyclic voltammogram of KRp which exhibits an irreversible oxidation at a peak
potential E* of —1.04 V, a value very close to the literature value (~1.06 V).l
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Figure 4.3. (a) Molecular structure of KRp - THF, (b) {4 + 4} coordination environment
of the potassium ions and (c) packing diagram showing the cross-linking of the
polymeric chains. Thermal displacement ellipsoids are given at 50 % probability
and hydrogen atoms are omitted for clarity. Selected bond length [A] and angles
[°]: Rul-C1 1.826(2), C1-O1 1.175(3), O1-K1 2.754(2), Rul-C2 1.818(2), C2-02
1.179(3), 02-K12.737(2), K1-03 2.861(2), O3-K1 2.848(2); K1-O1-C1 164.5(2), O1-
C1-Rul 177.3(2), C1-Rul-C2 87.4(1), Rul-C2-02 179.8(2), C2-02-K1 142.5(2),

02-K1-03 93.97(5), K1-03-K1 107.6(1).

Table 4.2: Spectroscopic properties of KRp.

method solvent value

IR (#(CO), cm™) MeCN 1888 (vs), 1803 (vs)
THF 1895 (vs), 1812 (vs)
DMSO 1895 (vs), 1812 (vs)

"H NMR (6, ppm) CD,CN 4.83 (Cp)
DMSO-d, 4.68 (Cp)

BBC NMR (6, ppm) CD,CN 216 (CO), 80 (Cp)
DMSO-d, 215 (CO), 80 (Cp)
solid 218 (CO), 87 (Cp)
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Figure 4.4. Types of ion-pairing for the Fp~ anion (M = alkali metal). [4>548%]

Solution state UV/Vis spectra of KRp were recorded using sealable quartz cuvettes
after preparation of a THF solution of the metalate in a glovebox directly before the
measurement. As the absorptions were only visible as shoulders, the spectra were
transformed into energy plots and fitted with Gaussian functions using the Fityk pro-
gram.[*" Figure 4.5 (b) shows the recorded spectrum at a 0.7 jtm concentration. Decon-
volution of the spectrum gave three absorptions at 242 (¢ = 3200 Lmol™ em™), 281 (e
=4300Lmol ' cm™) and 331 nm (e = 1200 Lmol~! cm™).
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Figure 4.5. (a) Cyclic voltammogram of KRp. Measurements were performed in 0.1 m
NBu,PF, solutions (MeCN) at a scan rate of 100mVs™' and the peak poten-
tial was referenced vs. the Fc/Fc* redox couple. (b) UV/Vis spectrum of KRp in
THF showing three absorptions at 242, 281 and 331 nm. Absorption bands were
obtained after deconvolution with the Fityk program. /4%l

4.3 Rs — A Metalate with Interesting Properties

Besides yielding the metalate KRp, a typical reaction of Rp, and K[HB(sec-Bu),] as
described above also gave a black solid (Rs).!*”3! For further characterization, the un-
known compound was separated by filtration, washed with THF and MeCN, and
finally dried in vacuo. However, the chemical characterization of this second product
was hampered by its insolubility in commonly used organic solvents, and even the
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addition of dibenzo-18-crown-6 — regardless whether added after isolation of the com-
pound or prior to its synthesis — could not contribute to a better solubility of Rs. Only
when very polar solvents such as DMF or DMSO were used, partial dissolution of the
compound giving black to dark purple solutions could be achieved. Despite extensive
efforts, no crystals suitable for X-ray crystallography could be obtained. Crystallization
attempts with various combinations of solvents solely yielded amorphous material.
Only when degassed water was used to dissolve the black material, single crystals
could be identified in the dark solutions. However, this turned out to be the ruthe-
nium dimer Rp,. This finding demonstrates that the “CpRu(CO),” unit is in some form
preserved in Rs. Decomposition of the compound under aqueous conditions partially
recovers its chemical precursor Rp,, presumably after protonation of the metalate and
intermediate formation of HRp.

4.3.1 IR Spectroscopy

The IR spectra of Rs dissolved in DMSO, DMF and MeOH in comparison with the
spectrum of KRp in DMSO are depicted in Figure 4.6 (a). From these spectra it is clear
that DMSO and DMF solutions of the black solid show in principle the same two CO
stretching vibrations as KRp (¥co = 1833 and 1795cm™!). However, the two bands
protrude more or less from broad bands centered at those positions. The fact that the
sharp bands are more pronounced in the more polar solvent DMSO suggests that an
association phenomenon is the reason for the unusual bandshapes of the CO stretching
vibrations. The degree of association strongly depends on the polarity of the solvent.
When protic MeOH is used as the solvent, the black material dissolves completely and a
yellow solution is obtained. The IR spectrum of this solution displays two significantly
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4 = 2: (gmgO) 1883 cm”’ 1795 cm 064 — Es
Rs §Me02-i) —— "CO-enriched Rs
| — KRp (DMSO) 0.5-
1963 cm’' 1439 cm’’
8 g 0.4+ 1491 cm’'— 4 1468 cm’
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= \ © 0.34
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Figure 4.6. (a) Comparison of the IR spectrum of KRp in DMSO (blue) and the spectra
of Rs in DMSO (black), DMF (red) and MeOH (green). Values for the measured
reflectance are not comparable since a variable scaling parameter was applied.
(b) ATR IR spectra of the Rs (black) and the *CO-enriched black solid (red).
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shifted IR bands at 2026 and 1963 cm™ which indicates that a reaction took place.
Similar bands have been observed for the ruthenium hydride HRp, [461464491492] byt in
this case the bands are highly asymmetric and especially the band at 1963 cm™ has
broad tails. Nevertheless, a protonation of the metalate can be assumed as a reason for
the appearance of the spectrum.

Figure 4.6 (b) shows attenuated total reflectance (ATR) spectra of the black solid Rs
and the CO-enriched analog (preparation see section 4.2.2). Surprisingly, the spectra
feature no distinct CO stretching vibrations but rather broad bands centered at 1815 and
1500 cm~!. However, the fact that these broad bands are shifted to lower wavenumbers
in the case of the ®*CO-enriched black solid indicates that they indeed have significant
contributions from CO stretches. Nevertheless, the frequencies and band shapes are
unusual for metal carbonyls although CO stretching frequencies as low as 1612 cm™
have been reported before for a ruthenium cluster.*¥! In a special instance bands
around 1445 cm™ have been assigned to a ruthenium-bound ps-7?-CO ligand.*** The
present case of low energy stretching vibrations suggests the existence of bridging
CO ligands, p-CO, u3-CO and/or n*-bonded CO. Unfortunately, it was not possible to
measure Raman spectra of the compound at different excitation wavelength in order
to gain more information about the nature of the CO ligands. Possible reasons for
this could be the unfavorable morphology of the solid sample and/or damage of the
material caused by the laser irradiation.

4.3.2 Mass Spectrometry and UV/Vis Spectroscopy

The IR measurements described above suggested that Rs could probably be some kind
of polymeric form of KRp. However, due to its poor solubility as well as due to ioni-
zation problems, only limited conclusions could be drawn from mass spectrometry.
ESI measurements of a DMSO solution of the black solid diluted with MeCN gave no
meaningful signals although the measurements were performed maintaining moisture-
and oxygen-free conditions. Likewise, field desorption (FD) and matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry turned out to be unsuitable for the
characterization of Rs. Electron ionization (EI) mass spectrometry performed at tem-
peratures above 370 °C and very low pressures was also not successful in effecting the
sufficient ionization of the compound. Very weak signals with isotope patterns charac-
teristic for ruthenium could be observed around /- = 700, however an assignment of
the signals was not possible and even under harsh conditions most of the compound
remained unaffected.

Solid-state UV/Vis spectroscopy on the other hand proved to be a valuable method to
compare KRp and Rs. A dissolution of the compound was not necessary and hence
a modification of the compound’s structure by interactions with the solvent could be
excluded. Solid-state UV/Vis spectra of KRp and Rs were recorded with a Varian Cary
5000 UV/Vis/NIR instrument equipped with a Praying Mantis sampling kit for solid
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Figure 4.7. Solid-state UV/Vis spectrum of KRp (orange line) and the black solid Rs
(black line). The absorptions in the UV region are similar and also comparable to
the solution spectra of KRp.

samples. Figure 4.7 shows the solid-state UV/Vis spectrum of KRp and the black solid
Rs. From the continuous absorption over a large wavelengths range, two absorptions
at 236 and 284 nm are clearly discernible. These two absorptions are very similar to the
absorptions found for KRp in the solid state (236 and 281 nm) and are similar to the
absorptions at 242 and 281 nm observed in THF solution spectra of KRp (see part (b) of
Figure 4.5). This finding demonstrates that indeed the black solid might be composed
of Rp™ units with UV/Vis transitions similar to the monomeric metalate.

4.3.3 Solid-State '3C MAS NMR Spectroscopy

Compound Rs was examined by means of NMR spectroscopy. However, the solution
spectra in DMSO-d, provided no clear picture of the black solid’s structure. In addition
to the signal for the Cp ring of KRp (0 = 4.68 ppm) only weak and partially broad
signals were observed in the region between 5.35 and 4.73 ppm of the '"H NMR spec-
trum. The ®C NMR spectrum exclusively showed signals characteristic of the carbonyl
carbon atom (6 = 215 ppm) and the Cp ring (6 = 80 ppm) of KRp.

As a consequence of the limited information one could obtain from the solution-state
NMR spectra of the black material, solid-state >*C MAS NMR spectra at different spin-
ning rates were recorded. Unfortunately, the spectra did not permit a quantification of
the signals as they were relatively broad and difficult to integrate. Nevertheless, the
spectra clearly showed that at least two different kinds of CO ligands were present in
the compound. In order to further examine the material, a 3 CO-enriched sample was
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prepared (see section 4.2.2) and the measurements were repeated. '*C cross-polarization
MAS (CP/MAS) NMR spectra at different spinning rates obtained from these measure-
ments are depicted in Figure 4.8. As it is usually observed in solid-state NMR spec-
troscopy, spinning sidebands occur at both sides of a signal caused by an NMR active
nucleus. The distance between the sideband and the signal is equivalent to multiples
of the spinning rate of the sample. For this reason, the position of a spinning sideband
in the spectrum varies at different spinning rates while the characteristic signals of a
compound remain static. Consequently, the resonances induced by the carbon atoms
of the black solid can be easily assigned (see Figure 4.8).

bridging CO Cp
280 ppm 94 ppm

450 400 350 300 250 200 150 100 50 0
6 (ppm)

Figure 4.8. '3C CP/MAS NMR spectra of '3CO-enriched Rs at 9kHz (red), 11 kHz
(green) and 12 kHz (blue) spinning rate showing bridging (280 ppm) and terminal
CO molecules (215 ppm). First and second order sidebands of the terminal CO
signal are marked with an asterisk (*), first order sidebands of the Cp ring (94 ppm)
with a circle (o). The two signals marked with a question mark could not yet be
assigned, but are presumably due to impurities.

The spectra clearly establish that Cp rings (6 = 94ppm) as well as two different CO
ligands (6 = 215 and 280 ppm) are present in the compound. The signal at 215 ppm can
be attributed to a terminal CO ligand, while the resonance at 280 ppm can be assigned
to bridging or 1,-bonded CO molecules. The terminal CO molecules in Rs show a larger
chemical shift anisotropy (CSA) than the bridging molecules, and hence more inten-
sity is distributed into the spinning sidebands of this signal. Similar observations have
been made before for CO ligands in other metal complexes.!*>**! In contrast to the
observations for the bridging COs, even second-order spinning sidebands belonging
to the terminal CO ligands can be identified.

In the spectra also a sharp but weak signal at 173 ppm can be observed. The origin
of this signal could not be resolved, however its varying intensity in different mea-
surements hints at an impurity — possibly residual solvent — being the source of the
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signal. Nevertheless, it cannot be fully excluded that a third CO species is present in
the black solid giving rise to the signal at 173 ppm. Although the upfield chemical shift
is rather unusual for CO ligands, the signal exhibits a gain in intensity from the unla-
beled to the *CO-enriched compound. Although quantification was difficult because
of problematic integration in the unlabeled compound, this gain in intensity seems to
be lower than in the case of the bridging and terminal COs. Another very weak signal
at 4 ppm can most likely be attributed to vacuum grease which obviously is present as
an impurity as well.

In comparison with the spectra for Rs, the *C CP/MAS spectra of KRp measured at
spinning rates of 9 and 11 kHz (Figure 4.9) feature only two signals at 218 and 87 ppm.
The resonances can be attributed to the terminal CO ligands and the Cp ring, respec-
tively. Interestingly, all signals in the spectra of KRp are significantly sharper than the
signals observed for the black solid in Figure 4.8. In contrast to this, particularly the CO
signals of Rs are extremely broad. Most probably this observation can be explained by
the crystalline nature of the KRp sample. However, it cannot be fully excluded that the
broad NMR signals in case of the black solid originate from paramagnetic impurities,
anisotropic motion or incomplete scrambling of the carbonyl ligands.

: Cp
87 ppm
\
CcO o k e
* 218 ppm |
% 1 | o | i o
L J i ‘. * J'
* 1 *| °
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Figure 4.9. 1>C CP/MAS NMR spectra of crystalline KRp at 9 kHz (yellow) and 11 kHz
(blue) spinning rate showing terminal CO molecules (218 ppm) and the Cp ring
(87 ppm). Spinning sidebands of the terminal CO signal are marked with an
asterisk (*), sidebands of the Cp ring with a circle (o).

The ratio between bridging and terminal CO molecules in the black solid was deter-
mined by integration of a *C MAS spectrum of the *CO-enriched black solid which
was acquired by a direct excitation method. The spectrum at a spinning rate of 12 kHz
which is depicted in Figure 4.10 allows for integration and subsequent determination
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Figure 4.10. 3C MAS NMR spectra of 1>CO-enriched Rs at 12 kHz spinning rate. The
acquisition was performed using a direct excitation method. Fitting of the peak
at 94 ppm was necessary because overlapping of the Cp signal and the first order
spinning sideband of the terminal CO signal occurred. The calculated ratio of
bridging and terminal COs is 3:1.

of a ratio of the CO signals as — unlike in the case of cross-polarization spectra — the
intensities of the signals are independent from the chemical environment of the res-
onating nucleus. When integrating the signals, the intensities of the spinning sidebands
of the terminal CO signal were taken into account. The integral of the upfield first order
spinning sideband of the terminal CO signal overlapped considerably with the reso-
nance for the Cp ring. Therefore it was necessary to estimate its intensity by fitting
two Gaussian functions to the peak at 94 ppm (sideband and Cp signal). For Rs, a
ratio of 3.1:1.0 for the bridging vs. the terminal CO molecules was calculated. Further-
more, Figure 4.10 also demonstrates that the intensity of the peaks at 173 (impurity?)
and 94 ppm (Cp) decrease relative to the CO signals, hence they profit from the cross
polarization method significantly more than bridging and terminal CO signals. This
indicates that protons can be found in the vicinity of the respective carbon atoms.
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4.3.4 Elemental Analysis and Bulk Morphology

In order to gain more insights into the composition of Rs, elemental analyses of the black
material were performed by various methods. While the experimentally determined
values for KRp totally confirmed the expectations (Calcd.: C 32.18, H 1.93; Found: C
32.17, H 2.05), standard CHN analysis of the black solid revealed a surprisingly low
carbon content. Repeated measurements gave reproducible contents of carbon, hydro-
gen and nitrogen with the following mean values (%): C 23.72, H 1.54, N 0.49. The low
content of nitrogen can be traced back to residual amounts of the solvent MeCN as a
batch of Rs where the raw product was not washed with MeCN did not contain any
nitrogen impurities. However, as became clear from solid-state NMR measurements,
other impurities were present in this batch of the black material. The traces of MeCN
could not be removed by prolonged drying of the compound in vacuo. The content
of ruthenium was determined photometrically after pressure digestion with HNO,
to be 42.26 %. Furthermore, ICP-OES measurements revealed a potassium content of
13.18 %.

Additional data on the elemental composition of the black material were obtained
by means of a wavelength dispersive electron microprobe analysis (EMPA). By this
method, detailed information on the local elemental composition can be obtained by
analyzing the element specific X-rays which are emitted when a beam of accelerated
electrons is focused on the surface of a solid material. Despite the difficult bulk mor-
phology of the sample (details see below), reproducible values for the Ru, K and O
content could be obtained. The measurements largely confirmed the elemental analysis
data obtained before by other methods since the absolute values of Ru and K were
found to be 43.2 and 13.0 %, respectively. Furthermore, an average atomic ratio Ru:K:O
of 4:3:8 could be deduced based on quantification at different positions of the sample
using a slightly defocussed beam of 5 um diameter. Besides the elements Ru, K and
O also a low content of Si (0.7 %) was detected in the sample. Most likely, this value
can be attributed to impurities, e. g. silicon grease. Recalculating the raw data using
the CITZAF program®! and assuming that the unassigned content is carbon, leads to
minor deviations in the determined elemental composition. Here, the 4:3 ratio of Ru:K
is even more evident than without taking carbon into account. A direct determination
of the carbon content was not possible due to the inadequate surface quality of the pow-
dered sample which did not fulfill the requirements for a quantitative light element
analysis. Details on the EMPA measurements can be found in the Appendix. Taking
together all experimentally determined values, 96.6 % of the elemental composition has
been assigned.

In addition to performing quantitative analyses, an electron microprobe can also func-
tion like a scanning electron microscope (SEM) and obtain highly magnified secondary-
and backscattered-electron images of a sample. Figure 4.11 depicts a selection of im-
ages of Rs acquired with the electron microprobe. The pictures show that the sample
is heterogeneous and composed of different areas. Darker parts as well as lighter spots
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are visible in the picture generated by the secondary electron imaging technique (SEI)
in Figure 4.11 (a) and in the image obtained from the backscattered electrons (BSE,
Figure 4.11 (b)). With a very focussed beam, slight differences in the composition of the
different areas can be detected. The ruthenium content of the lighter domains seems
to be a little higher. Furthermore, rather thin areas exist alongside with more granular
structures. However, the elemental composition of these areas seems to be identical.
The granular structure of the compound which can be well recognized in Figure 4.11
(c) and (d) possibly hints at a clustering of the individual molecular fragments of the
compound. Obviously, aggregates of different size (a few micrometers and below) exist.

Figure 4.11. Images of Rs acquired with the electron microprobe. (a) SEI and (b)
BSE images of the C-coated compound; (c) and (d): SEI images of an Au-coated
sample.
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4.3.5 Conclusion

It has been demonstrated that besides KRp a second product emerges from the reduc-
tive cleavage of Rp, with K[HB(sec-Bu);]. The black material Rs features an average
atomic ratio Ru:K:O of 4:3:8 which shows that, in the black solid as well as in KRp, each
ruthenium atom is coordinated by two CO molecules on average. As has been revealed
by ¥C MAS NMR spectroscopy of a *CO-enriched sample, these CO molecules are not
only found as terminal ligands but three out of four CO molecules adopt a bridging
(u-CO or p3-CO) and/or n* binding mode. Besides providing valuable information on
the elemental composition of the compound, electron microprobe analysis could also
show that Rs features a granular structure consisting of particles with variable size.
This phenomenon might also offer an explanation for the unusual properties of the ma-
terial. As both the ATR IR spectrum and the *C MAS NMR spectrum exhibit relatively
broad signals for the CO molecules, one could assume a distribution of signals that
varies with the size of the particles. Furthermore, the position and shape of the bands
in the ATR IR spectrum suggest strong ion-pairing effects. The IR spectra in solution
corroborate this estimation since they show a pronounced dependence on the polarity
of the solvent, and hence the degree of association. In conclusion, the presented data
on Rs suggest a polymeric or clusterlike structure in which the “CpRu(CO),” unit is
in some form preserved. In fact, it has been noticed earlier that the accumulation of
negative charge in ruthenium carbonyls might lead to a rearrangement giving bridging
carbonyl ligands: Inkrott and Shore suggested that this might represent an efficient
way to average the charge distribution in highly charged cluster compounds.>™ The
present case seems to argue in favor of this hypothesis, but the exact molecular struc-
ture of the obtained black solid still remains unclear. However, it is clear that a metalate
has been synthesized which can be protonated and thus might possibly function as a
Lewis base in the heterolytic cleavage of dihydrogen.

4.4 Summary and Outlook

In this chapter the syntheses and properties of different transition metal complexes
teaturing Lewis basicity have been described. Of particular interest were the carbonyl
metalates KFp and KRp which possess beneficial properties for the planned reactions
with H, like a highly Lewis basic character and moderate oxidizability. Reinvestigation
of the synthesis of KRp brought to light a novel, presumably polymeric Cp/Ru/CO
material (Rs) which shows interesting properties and can react as a Lewis base as well.
With KFp, KRp and Rs, three transition metal Lewis bases are now available that could
possibly work in concert with appropriate imidazolinium ions to achieve the heterolytic
splitting of dihydrogen. The following chapter deals with the reactivities observed
when combining the transition metal Lewis bases with the synthesized imidazolinium
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ions in the hope of generating a novel type of frustrated Lewis pairs. Subsequently,
reactions with dihydrogen will be discussed.
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Transition Metal Frustrated Lewis
Pairs

Abstract This chapter focuses on the attempts to combine the hydride acceptor
molecules described in chapter 2 and the metal carbonylate complexes treated in chap-
ter 4 in order to synthesize novel transition metal-based frustrated Lewis pairs. By
this, it is hoped to expand the scope of frustrated Lewis pair (FLP) chemistry to also
include H,-splitting systems which resemble the active site of the naturally occurring
[Fe] hydrogenase enzyme. While most of the investigated combinations of imidazolin-
ium ions and carbonyl metalates showed undesired reactivities like electron transfer
and nucleophilic substitution reactions, the formation of the anticipated Lewis pairs
could indeed be observed in certain cases. However, these Lewis pairs did not show
FLP-type reactivities and can thus not be called “frustrated”. On the contrary, a com-
bination involving the presumably polymeric metalate Rs (see chapter 4.3) was found
capable of cleaving the dihydrogen molecule. The system mimics the natural enzyme
[Fe] hydrogenase in terms of its reactivity and thus provides inspiration for the devel-
opment of future H, activation catalysts.
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5.1 Synthesis of Transition Metal Frustrated Lewis Pairs

The synthesis of the targeted transition metal frustrated Lewis pairs was conducted by
combining the imidazolinium salts with the transition metal complexes according to
the following general procedure: To a mixture of the respective imidazolinium salt and
an appropriate solvent (usually MeCN or chlorobenzene) a stoichiometric amount of
the transition metal Lewis base was added in small portions and the reaction mixture
was stirred at room temperature. By this means, the carbonyl metalates KFp and KRp
presented in chapter 4 should in principle yield the desired Lewis pairs via a salt
metathesis reaction. In theory, the simultaneously formed potassium bromide can then
be separated by filtration (Scheme 5.1).

R' : i R' : i
_ . | |
RZ_I\G?/*N/RZ Brr + K M —xar |R2 ﬁ)\N'RZ M
/ OoC CO \/ OC CO
KFp (M = Fe)
KRp (M = Ru)

Scheme 5.1. Synthesis of transition metal Lewis pairs based on imidazolinium ions
and the carbonyl metalates Fp~ (M = Fe) and Rp~ (M = Ru).

First experiences with this relatively straightforward approach were already made
in the preliminary stages of this project where it could be shown that imidazolium
salt [Im2H]*Br~ (see section 2.1.1) reacted in a salt metathesis reaction yielding the
compound [Im"]*Fp~ However, it was also demonstrated that the imidazolinium ion
was not reactive enough to achieve the activation of substrates like dihydrogen. In
contrast to this, the formation of transition metal Lewis pairs turned out to be more
complicated in the case of the imidazolinium ions synthesized in the course of this work
since undesired reactivities were encountered. The observed reactions mainly involved
nucleophilic substitution and electron transfer reactions between the two components
of the Lewis pair. Only in the case of imidazolinium ions PhMesIm* and TolMesIm™* no
undesired reactions were encountered. Unfortunately, like the compound [Im?H]*Fp~,
these Lewis pairs did also not show any reactivity towards H, or other substrates and
can thus not be called “frustrated” in the original sense. This section will first describe
— as a proof of principle for the salt metathesis reaction — the experiences made with
the imidazolium-based Lewis pair [Im?]*Fp~ before discussing the spectroscopic
properties of imidazolinium-based Lewis pairs lacking the characteristic reactivities of
FLPs. The following sections will then focus on matters of reactivity associated with
other imidazolinium ions.
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5.1.1 Proof of Principle: Synthesis of [Im2"]*Fp-

The imidazolium-based Lewis pair [Im?]*Fp~ was synthesized analogous to the pro-
cedure for imidazolinium ions mentioned above by stirring a suspension of imida-
zolium salt [Im?H]*Br~ and KFp in chlorobenzene (Scheme 5.2). Chlorobenzene is a
suitable solvent for this reaction as both starting materials are only scarcely soluble
while the Lewis pair readily dissolves in this solvent. The progress of the reaction is
reflected in the gradual color change of the solution from colorless to ruby-red. At the
same time, precipitation of a colorless solid is observed. Since the precipitate does not
exhibit any signal in the IR and NMR spectrum, it can be assumed that KBr has been
formed in the reaction. Filtration of the solution and evaporation of the solvent in vacuo
produces a solid material. NMR and IR data of this compound confirm the impression
that the targeted Lewis pair was formed in the reaction. Almost no changes compared
to the spectra of the starting materials are visible. Unfortunately, no crystals of the
compound suitable for a structure determination via X-ray crystallography could be
obtained by recrystallization of the material from different combinations of solvents
at variable temperatures. Diffusion experiments with chlorobenzene solutions and cy-
clopentane carried out at —35 °C yielded large crystals with edge lengths of up to a few
millimeters, but complicated diffraction patterns were observed due to multiple crystal
twinning. Despite numerous efforts, the quality of the obtained crystallographic data
was not sufficient for a determination of the compound’s crystal structure.

Ph * - - Ph :
Mes\®/ -Mes - + [ CgHsCl Mes\®)\ -Mes !
N™ N Br + K Fe — N™ N F

)= od co| KB )= oc e\co

Ph Ph Ph Ph
[Im2H*Br~ KFp [Im2H]*Fp

Scheme 5.2. Synthesis of Lewis pair [ImZH]*Fp~.

The reactivity of the Lewis pair [Im™?]*Fp~ towards different substrates was explored
by means of NMR spectroscopy. An NMR sample of the compound was pressurized
with H, (1bar) after degassing by repeated freeze-thaw cycles, but no reaction was
observed in the NMR spectrum. Likewise, other substrates that are known to be acti-
vated/cleaved by FLPs such as CO, and THF[?*! did not show any reactivity in mixtures
with [Im2H]*Fp~.

The ruthenium-containing Rp~ salt can be prepared analogously in a reaction of the
imidazolium bromide with KRp, but efforts to crystallize the Lewis pair were largely
unsuccessful as well. Only in one case very few colorless crystals could be obtained
from a hexane filtrate after an attempt to further purify the compound. However, this
turned out to be the hydrolysis product 17. The crystal structure of this by-product
which presumably is formed by nucleophilic attack of residual amounts of H,O or OH™
at the C? carbon atom of the imidazolium ion and subsequent ring opening, is depicted
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in Figure 5.1. While for the imidazolium-based Lewis pairs no reactivity was observed
in the NMR experiments with various substrates, the crystal structure might hint at an
increased reactivity compared to the imidazolium salt [Im?H]*Br~ alone which is stable
under aqueous conditions (see for example the workup procedure in the Experimental
Section).

Figure 5.1. Thermal displacement ellipsoids (shown at 50 % probability) of the mo-
lecular structure of hydrolysis product 17. Hydrogen atoms except for the NH
hydrogen atom (ball-and-stick representation with a fixed radius of 0.135 A) are
omitted for clarity. Selected bond length [A] and angles [°]: N1-C1 1.360(3), N1-
C2 1.463(2), C1-C4 1.501(2), C1-01 1.239(2), C2—C3 1.350(3), C3-N2 1.398(2);
N1-C1-C2 121.5(2), 01-C1-NT1 121.6(2), N2-C3-C2 121.6(2).

5.1.2 Imidazolinium-Based Lewis Pairs Lacking Frustration

As the imidazolium-based Lewis pair [Im?H]*Fp~ was found to be unreactive towards
H, and other substrates, the use of imidazolinium ions as hydride acceptor molecules
was considered. Due to disruption of the aromatic system and distortion of the het-
erocyclic ring, a higher reactivity was anticipated for these systems. Unfortunately,
most of the systems showed undesired reactions such as nucleophilic substitution and
electron transfer reactions between the two components of the Lewis pair and not
with the substrate. Exceptions were the combinations consisting of imidazolinium ions
PhMesIm™ and TolMesIm™ and the metal carbonyl anion Fp~, as the respective so-
lutions feature NMR and IR spectra reminiscent of the starting materials. However,
mixtures of the imidazolinium bromides and KFp in CD,CN showed — after stirring at
room temperature and filtration — very broad signals for the imidazolinium protons in
the 'H NMR spectrum. Surprisingly, the resonance of the Cp ring was not affected by
this signal broadening. Upon cooling the solution, the signals for the imidazolinium
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protons become visible and sharpen as the temperature drops further. The signal broad-
ening seems to be dependent on the solvent as for a second sample when deuterated
chlorobenzene was applied as the solvent no broad signals were observed. Figure 5.2
depicts the "H NMR spectrum of PhMesIm*Fp~ in CD,CN at variable temperatures.
Only at low temperatures, signals for the imidazolinium ion PhMesIm™* become visible.
In contrast to this, the NMR spectrum of the imidazolinium bromide PhMesIm*Br~
in CD,;CN does not show an unusual signal broadening. This observation as well as
the fact that the resonances of PhMesIm*Fp~ are slightly shifted to higher field (A6 =
—0.03 ppm) compared to PhMesIm*Br~ indicate that the Fp~ metalate probably inter-
acts with the imidazolinium ion. A possible mechanism for this interaction could be
similar to the formation of contact ion pairs between the Fp~ anion and an alkali metal
ion (see Figure 4.4 in chapter 4) in which the oxygen atom of the CO ligand interacts
with the cation. A comparable interaction of the CO molecule with the Lewis acidic
C? carbon atom seems conceivable. However, no evidence for this type of interaction
could be gathered by means of IR spectroscopy since no significant shift of the CO
stretching vibrations between KFp and PhMesIm*Fp~ was observed.

: Ph IR—2)
25°C
Mes\'(\?ékN,Mes /Fle\ CD3CN
/ OoC CO
PhMesIm*Fp~
A JJ - R U
-30 °C

_________AJwvA_ M o

-40 °C Cp

CH3
Mes-H CH2

| s L

85 80 75 70 65 60 55 50 45 40 35 30 25 2.0
6 (ppm)

Figure 5.2. "H NMR spectra (500 MHz) of PhMesIm*Fp~ in CD,CN at variable tem-
peratures. The resonances for the imidazolinium ion are very broad at room
temperature but sharpen upon cooling.

An NMR sample of the compound was pressurized with H, (1bar) and kept at room
temperature for several hours. In the subsequently measured 'H NMR spectrum no
changes compared to the sample without dihydrogen were recognized. Likewise, no
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reaction with added THF or with HSiEt, — a substrate which can be cleaved heterolyti-
cally as well — can be observed. Similar observations were made for combinations of the
imidazolinium ion TolMesIm* and KFp: Also in this case signal broadening in the 'H
NMR spectrum and lacking reactivity towards H, (1 bar) was noticed. Despite exten-
sive efforts to crystallize the synthesized imidazolinium-based Lewis pairs no crystals
suitable for X-ray crystallography could be obtained. In light of the detected dynamics
in solution, the crystallization temperature seems to be crucial for obtaining crystals.

5.2 Nucleophilic Substitution Reactions

Most combinations of the synthesized imidazolinium ions and carbonyl metalates led to
undesired reactions between the two components. A frequently observed phenomenon
was the nucleophilic substitution of fluorine atoms forming adducts of the metal car-
bonylate anion and the imidazolinium salt, and/or coupling products. This section will
first describe an example comprising the imidazolinium salt C¢FsMesIm*Br~ before
briefly discussing the mechanistic details of the reaction. After this, investigations on
the ruthenium adduct [Rp-TolFIm]* will be presented as a second example. Finally,
the significance of the observed substitution reactions for the planned reactions with
dihydrogen or other substrates will be discussed.

5.2.1 The adduct [Fp—C¢cFs;Mesim]*

Contrasting the observations made with imidazolium salt Im*Fp~ and the two imi-
dazolinium salts described above (PhMesIm*Br~ and TolMesIm*Br~), a rapid color
change giving a dark green to black solution was observed when KFp was added to
a mixture of imidazolinium salt C¢gFsMesIm*Br~ and chlorobenzene at —35 °C. This
already indicated that a reaction took place between the two components since solu-
tions containing the Fp~ anion were mostly red. After stirring at room temperature for
1h, the mixture was filtered and an IR spectrum of the filtrate was acquired. Com-
pared to the starting material KFp (7 (CO) = 1861 and 1787 cm™!), a shift of the CO
stretching frequencies was recognized. Two bands at 2046 and 1999 cm™ were found
characteristic of the reaction product. Besides this, minor amounts of the dimer Fp,
(# (CO) = 1997, 1954 and 1781 cm™! in chlorobenzene) were detected in solution. The
product could be isolated by the addition of Et,O to the solution which induced pre-
cipitation of a red solid. An ESI mass spectrum of this compound measured in MeCN
under oxygen- and moisture-free conditions (Figure 5.3) revealed that the identity of
the product is consistent with the structure of the para-substituted imidazolinium ion
[Fp—C¢FsMesIm]*Br~ (Scheme 5.3).

NMR measurements confirmed the proposed structure, especially as the 'F NMR spec-
trum featured only two signals at —103 and —135 ppm, respectively. This indicated that
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Figure 5.3. Mass spectrum (ESI*, MeCN) of the adduct [Fp-C¢FsMesIm]*Br~ in the
m/z =100 - 800 region. A good correlation between simulated and experimental
isotopic distribution patterns (see inset) is found.
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Scheme 5.3. Synthesis of substitution product [Fp—-C¢FsMesIm]*Br~ and consecutive
reaction yielding the dimer [(C¢F4sMesIm);]Br;.
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the para-fluorine atom of the aromatic ring was not present in the product any longer.
Unfortunately, no crystals suitable for X-ray crystallography could be obtained by crys-
tallization attempts at variable temperatures. A possible reason for this could be that
the adduct is not stable in solution over longer periods of time. This assumption is sup-
ported by the fact that precipitation of a slightly reddish compound was observed after
some time from solutions of the adduct. The solid was separated by filtration, dissolved
in MeCN, and stirred over an excess of KBPh, in order to exchange the bromide coun-
terion for BPh;. Et,O diffusion experiments with MeCN solutions of this compound
at room temperature finally produced crystalline material. Structure determination of
the crystals by means of X-ray crystallography could confirm that a coupling reaction
producing the dication [(C¢F;MesIm),]** took place (Scheme 5.3). However, the quality
of the single crystals was insufficient for an accurate refinement and therefore a more
thorough interpretation of the crystallographic data was not carried out. Attempts to
obtain crystals of better quality were unsuccessful, but NMR and ESI-MS data are in
accordance with the proposed structure.

Figure 5.4. Representation with isotropic temperature factors of the molecular struc-
ture of the dimer [(CgFsMesIm),]**. The BPh, counteranions as well as hydrogen
atoms are omitted for clarity. Note: The qualities of the single crystals and col-
lected crystallographic data were insufficient for an accurate refinement. There-
fore only a picture is shown as an “educated guess” for the molecular structure
of the coupling product. Further interpretation or analysis is inappropriate.
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5.2.2 Mechanistic Details

In general, there are three possible reaction pathways that have to be considered when
dealing with reactions of metalates and fluorinated/halogenated aromatic compounds
(Scheme 5.4). The “classical” mechanism is the nucleophilic aromatic substitution fol-
lowing a bimolecular addition—-elimination mechanism (Sy2Ar). Most of the frequently
used nucleophiles react with fluorocarbons according to this mechanism.!®? After
addition of a metal-centered nucleophile like the Fp~ anion to the carbon atom and
formation of a Meisenheimer complex, the halide is eliminated giving the substitution
product. Similar reactions have been observed for the Fp™ nucleophile and other meta-
lates before. 503504

Scheme 5.4. Possible reaction pathways of the Fp~ nucleophile with aromatic fluoro-
carbons (X =F, Cl, Br, I).

The second possibility is the halogen-metal exchange (HME). Here, attack of the meta-
late does not occur at the carbon atom but directly at the halogen atom. The intermediary
formed aromatic carbanion has been detected in reactions of KFp with chloropentafluo-
robenzene by anion scavenging experiments. 5% However, FpCl could not be identified
in solution and it was speculated that this unstable intermediate might also decompose
in a side-reaction to yield the dimer Fp,. The fact that different reactions are possible
for the carbanion could explain the often complicated mixtures of different products
encountered in nucleophilic substitution reactions where a HME mechanism can be as-
sumed.5%5%! [n general, the reactivity is highest for iodine-substituted fluorocarbons
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and decreases when ascending the group of the periodic table. This trend is exactly
reverse to the normal leaving group effect encountered in classical Sx2Ar reactions.
The third possible reaction mechanism is a single electron transfer (SET) reaction in
which the metalate initially reduces the aromatic fluorocarbon before dissociation of
the halide and recombination (possibly within a solvent cage).®””! Indeed, radicals have
been detected in reactions of certain metalate anions with alkyl halides."®! Although
metal-centered nucleophiles often have a high reducing power, an outer-sphere elec-
tron transfer was not considered feasible in the case of aromatic fluorocarbons, and
experiments with radical traps could not confirm the presence of any radicals in reac-
tions with KFp. %%

To conclude, one can say that the reaction of imidazolinium salt CgFsMesIm*Br~ and
KFp most likely occurs via an Sy2Ar mechanism, especially as the HME mechanism
usually is not observed for fluoride leaving groups and an SET mechanism has not
been found for reactions of aromatic fluorocarbons and the Fp~ anion before. The para-
fluorine atom is substituted for the Fp~ unit giving rise to the adduct [Fp—C¢FsMesIm]*.
The fact that no other reaction products (apart from minor amounts of Fp, which is
also a decomposition product of the starting material KFp) were detected, accounts for
this estimation. In a second step, the adduct decomposes — possibly in a metathesis-like
reaction — to yield the coupling product and the dimer Fp,.

5.2.3 A Second Example: Ruthenium Adduct [Rp—TolFIm]*

Nucleophilic substitution reactions were not only observed for the iron metalate KFp,
but also mixtures of imidazolinium salts and the ruthenium metalate KRp under-
went this reaction type. When KRp was added to a solution of imidazolinium salt
C¢FsMesIm*Br~, a rapid color change analogous to the reaction of metalate KFp de-
scribed above was recognized. This suggests that in principle similar reactions can
be expected for the two metalates. However, for imidazolinium salt TolFIm*Br~ this
turned out to be not the case as different reactivities were found for KFp and KRp,
respectively. While reactions with the iron metalate KFp involved electron transfer
reactions (see section 5.3), a nucleophilic substitution reaction was found for the ruthe-
nium anion.B*! As depicted in Scheme 5.5, the adduct [Rp-TolFIm]* is formed after
nucleophilic attack of the Rp™ anion at the ortho-position of the N-aromatic ring and
substitution of the fluorine atom. As in the case of adduct [Fp—C¢F;MesIm]*, an SNy2Ar
mechanism can be assumed for this reaction.

The structure of the reaction product was confirmed by ESI mass spectrometry. As can
be seen in Figure 5.5, the peak at /- = 589.1 corresponds to the molecular ion peak
of the adduct. A good correlation between simulated and experimentally determined
isotopic distribution patterns is observed. Also NMR data were found in accordance
with the proposed structure as the compound features three different resonances in the
F NMR spectrum at roughly —118, —119 and —120 ppm. This indicates that rotation
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Scheme 5.5. Formation of adduct [Rp-TolFIm]*Br~ by nucleophilic attack of the Rp~
nucleophile at the ortho-position of the N-aromatic ring.

of the fluorine-containing aromatic rings is hindered in the adduct [Rp-TolFIm]*Br~
due to interactions with the Rp™ moiety. Ultimate proof for the structure of the adduct
comes from X-ray crystallography. Layering a few milliliters of toluene with the MeCN
solution of the compound produced — upon standing at room temperature — pale yel-
low crystals suitable for X-ray crystallography. The obtained molecular structure is
depicted in Figure 5.6.
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Figure 5.5. Mass spectrum (ESI*, MeCN) of the adduct [Rp-TolFIm]*Br~ in the m/z =
100-800 region. A good correlation between simulated and experimental isotopic
distribution patterns (see inset) is found.

The reaction between imidazolinium salt TolFIm*Br~ and KRp was monitored by
means of IR spectroscopy with a Cary 630 FTIR spectrometer (Agilent) placed in a
glovebox. Upon mixing of the two compounds in MeCN, a gradual decrease of the CO
bands of the Rp~ anion at 1887 and 1802 cm™ and a concomitant rise of new bands at
2034 and 1971 cm™ was observed. Besides this, also small amounts of the dimer Rp,
(7 = 1996 and 1775 cm™!) were detected. The change of the appearance of the spectrum
in the carbonyl region is depicted in Figure 5.7 (a). Kinetic analysis of the reaction by
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Figure 5.6. Thermal displacement ellipsoids (shown at 50 % probability) of the mole-
cular structure of adduct [Rp-TolFIm]*Br~. Hydrogen atoms, the bromide coun-
terion as well as an additional MeCN molecule per unit cell are omitted for clarity.
Selected bond length [A]and angles[°]: Rul-C122.107(2), Rul-C28 1.879(3), Rul-
C29 1.884(3), C28-01 1.146(3), C29-02 1.138(3), N1-C1 1.324(3), N2-C1 1.323(3);
Rul-C28-01173.0(2), Rul-C29-02176.2(2), C29-Rul-C28 94.5(1), C29-Ru1-C12
84.1(1), C28-Rul1-C12 97.4(1), N1-C1-N2 111.9(2).
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Figure 5.7. (a) Superposition of different IR spectra in the carbonyl region of the
reaction between imidazolinium salt TolFIm*Br~ and KRp acquired after certain
periods of time (bands of the dimer Rp, are marked with an asterisk); (b) linear

fit of the 1/c(KRp) vs. reaction time plot.
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quantifying the area beneath the peak at 1887 cm™! and plotting the inverse concen-
tration of the starting material KRp vs. the reaction time gave the graph shown in
Figure 5.7 (b). From the slope of the linear fit, a rate constant of k =4 x 102 L mol™'s™*
in the initial stages of the bimolecular reaction could be deduced. Integration of the
other peak areas was hampered by overlapping bands of the dimer Rp, and therefore
only the peak at 1887 cm™! was considered in the kinetic analysis.

5.2.4 Consequences for Reactions with H, and Other Substrates

The substitution reactions described in this section were not anticipated when design-
ing the hydride acceptor molecules and complicated the envisioned reactions with
dihydrogen. Especially the reactions of imidazolinium salt C¢FsMesIm*Br~ with KFp
and KRp were very fast even at low temperatures. Therefore, a reactivity towards
H, was not observed. In contrast to this, reactions of KRp with imidazolinium salt
TolFIm*Br~ were considerably slower, as full conversion usually was reached not be-
fore a few hours. Consequently, experiments were carried out in which the components
were mixed directly in an NMR tube, immediately frozen, subjected to an atmosphere
of dihydrogen (10bar), and warmed to room temperature. However, instead of ob-
serving a reaction with dihydrogen, NMR measurements confirmed the formation of
the adduct [Rp-TolFIm]* as shown above. No differences to the direct mixing of the
salts in the absence of H, were recognized. Obviously, the nucleophilic substitution
reaction is preferred and the desired heterolytic splitting of dihydrogen does not take
place. Further substrates which usually are more prone to undergo heterolytic splitting
reactions like for example triethyl silane and phenylacetylene were added to mixtures
of the imidazolinium salt and the metal carbonyl anion. Also in these cases no reactions
with the substrates were observed and only adduct formation took place.

To conclude, one can say that the observed nucleophilic substitution reactions ham-
pered the reactions with small molecules like H,. The metalate anion (Fp~ or Rp")
reacted with the imidazolinium ions in a nucleophilic substitution reaction following
an Sy2Ar mechanism. In these reactions, fluoride ions were eliminated and the result-
ing adducts were found unable to activate small molecules. Hence, the reactivity which
otherwise might probably be used for bond activation is quenched. In this respect an
analogy to the formation of classical Lewis acid-base adducts exists.
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5.3 Electron Transfer Reactions

Nucleophilic substitution reactions were not the only reactions observed in the con-
text of attempting to synthesize novel transition metal frustrated Lewis pairs. As it
turned out, a second reaction pathway was the electron transfer (ET) from the meta-
late to the imidazolinium ion. This section focuses on the theoretical and experimental
background of the electron transfer reactions which were encountered when mixing
imidazolinium salts and carbonyl metalates.

5.3.1 General Considerations

A prerequisite for a spontaneous transfer of electrons between an electron donor and an
acceptor is that the standard potentials of the reaction partners E° are compatible. The
Gibbs energy of the reaction is proportional to the difference of the standard potentials
AE° and corresponds to the following equation:

AG = —nF - AE° (5.1)

with the number of transferred electrons n and the Faraday constant F. AE° is the
difference of reductive and oxidative half reactions. As the Gibbs energy is negative
for a spontaneous reaction, AE° has to be positive. Consequently, the potential of the
reductive part of the reaction has to be less negative or more positive than the potential
of the oxidative half reaction. This means that the potential of the electron donor has
to be lower than the potential of the electron acceptor in order to observe a transfer of
electrons.

Figure 5.8 summarizes again the experimentally determined standard potentials E° of
the synthesized imidazolinium ions presented in section 2.3.2. Futhermore, the poten-
tials for the irreversible oxidation waves of the metalate ions Fp~ and Rp~ are given.
The values are referenced vs. the FeCp,/FeCp, (Fc/Fc*) redox couple.

As becomes clear from the figure, the potentials of the metal carbonyl anions are more
positive than the potentials found for the imidazolinium ions. Therefore, from a theoret-
ical point of view, electron transfer reactions between the two components should not
be possible at all. Nevertheless, electron transfer reactions with the iron metalate KFp
were found as will be discussed in more detail in the following sections. An explanation
for this observation could be related to the fact that only irreversible oxidation waves
were measured which is indicative of additional reactions taking place at the electrode
surfaces. Indeed, rapid follow-up reactions are expected for the metal-centered radicals
produced by one-electron oxidation of the Fp~ and Rp™ anions since recombination of
these radicals gives the thermodynamically very stable dimers Fp, and Rp,. However,
the shift resulting from these reactions consuming the electrode-generated species is
expected to occur to lower/more negative potentials for oxidation processes.*3 This
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Figure 5.8. Standard potentials E° and estimated standard potentials (marked with an
asterisk, see section 2.3.2 for details) of the synthesized imidazolinium ions, and
irreversible peak potentials EJ* of the metalates KFp and KRp [458] referenced vs.
the Fc/Fc* redox couple.

would mean that the reversible potential for the oxidation of the metalates is expected
at even higher potentials than the potentials given in Figure 5.8. On the other hand, the
situation seems to be still a little different in solutions containing appropriate oxidation
agents. T. ]. Meyer et al. found a potential of —1.81V for KFp by means of elegant re-
dox equilibration studies!***! and similar values have been reported elsewhere.>®! This
might offer an explanation for the observed reactions since such an oxidation potential
would be in the region of the reduction potentials of some of the synthesized imida-
zolinium ions. It seems like the redox chemistry of the metalates used in the framework
of this thesis is rather complex and has to be examined for each specific case.

5.3.2 Electron Transfer between TolFIm*Br~ and KFp

When the metalate KFp was added to a solution of the imidazolinium salt TolFIm*Br~
in the hope of creating a novel transition metal frustrated Lewis pair, a rapid color
change from a slightly yellow to a dark red solution was observed. This already indi-
cated a fast reaction of the two components. As could be shown by NMR spectroscopy,
the reaction solution contained different products, among them the iron dimer Fp, and
the imidazolidine HTolFIm. The ratio of these compounds and also the presence of
other reaction products varied with the solvent. In chlorobenzene the reactions were
cleaner and a 1:1 ratio of HTolFIm and Fp, was recognized, whereas in MeCN the re-
action solutions generally contained several other products and higher amounts of the
dimer. These observations already suggested a reaction type involving the formation
of radicals and further measures were taken to prove this assumption.

Figure 5.9 (a) shows the EPR spectrum of a 14 mm MeCN solution of a mixture of the
imidazolinium salt and the metalate at 133 K. As can be seen in the spectrum, only a
single resonance is observed which does not exhibit a hyperfine splitting pattern. The
g-factor amounts to 2.006 which is close to the g-factor of the free electron (g. = 2.002).
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5 Transition Metal Frustrated Lewis Pairs

This accounts for the presence of a carbon-centered radical. The unpaired electron has
to be mostly localized at the carbon atom — presumably the C? carbon atom of the
central nitrogen heterocycle — as no interactions with the nuclear spins of other atoms
could be resolved. Also at higher temperatures (188 K) this picture does not change.
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Figure 5.9. (a) EPR spectrum (MeCN, 133K) of the reaction mixture containing
TolFIm*Br~ and KFp. The inset shows the magnified signal region; (b) UV/Vis
spectrum of the mixture at a 0.2 mm concentration.

The color change taking place upon mixing the two components was examined by
means of UV/Vis spectroscopy. Figure 5.9 (b) depicts the UV/Vis spectrum of the mix-
ture recorded at a 0.2 mm concentration. While solutions of the imidazolinium salt show
almost no characteristic absorptions, the mixture exhibits relatively intense absorptions
bands at 439 (¢ = 1900 Lmol~! em™!) and 513 nm (¢ = 2200 Lmol~' cm™).

The characteristic features of the observed EPR and UV/Vis spectra of the reaction
mixture could be reproduced by measuring samples which have been produced by
electrochemical reduction of the imidazolinium salt TolFIm*Br~. For the EPR mea-
surements, bulk electrolysis of a 20 mm MeCN solution of the imidazolinium salt was
carried out at —30 °C with a VersaSTAT 3 potentiostat (Princeton Applied Research) us-
ing a platinum net electrode, a silver quasi-reference electrode, and a platinum counter
electrode. As electrolyte 0.1 mol L' NBu,PF, was added. During electrochemical re-
duction at a potential of roughly —1.00V vs. Ag (-1.73V vs. Fc/Fc*), a gradual color
change from a slightly yellow to a dark red solution was observed. The EPR sample
was then prepared maintaining oxygen-and moisture-free conditions. Analogous to
the reaction mixture of the imidazolinium salt and KFp, the EPR spectrum of the elec-
trochemically reduced species recorded at 133K features again a signal that lacks a
hyperfine splitting pattern (Figure 5.10 (a)). The g-factor of the signal is 2.008, a value
that is comparable to the g-factor measured for the mixture of imidazolinium salt and
KFp.

In a second experiment, a 10mm MeCN solution of TolFIm*Br~ was reduced elec-
trochemically at room temperature directly in a UV/Vis cuvette analogously to the
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procedure described above for the preparation of the EPR sample. The UV/Vis spectra
recorded simultaneously to reduction of the imidazolinium salt are shown in Figure 5.10
(b). The absorption bands that rapidly emerge in the spectrum after starting the reduc-
tion are comparable to the bands observed before in the mixture of imidazolinium salt
and metalate. However, a determination of absorption coefficients was not carried out
because a relatively fast decay of the bands was observed. The concentration of the
radical could therefore not be assigned reliably. A reason for the observed decay is the
inadequate setup of the experiment. Although the cuvette was constantly provided
with a flow of argon gas, it could obviously not be excluded that the radical species got
exposed to air. Most likely the contact to dioxygen resulted in the degradation of the
radical giving again a slightly yellow to nearly colorless solution. Attempts to reduce
this reaction product again by electrochemical methods were not successful.
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Figure 5.10. (a) EPR spectrum (MeCN, 133K) of the electrochemically reduced im-
idazolinium salt TolFIm*Br~; (b) UV/Vis spectra of an analogously prepared
sample.

5.3.3 Structure of the Radical TolFIm

The structure of the radical (TolFIm) resulting from the electron transfer reaction be-
tween the Fp~ anion and the imidazolinium ion was further examined by means of
theoretical calculations performed with the ORCA program!®®! using the B3LYP func-
tional and the TZVP basis set. 38! The calculations predict a Mulliken spin density of
53 % localized at the C? carbon atom and only 4 % on average at the neighboring nitro-
gen atoms. The remaining fraction of the spin density is mostly found in the aromatic
ring connected to the C? carbon atom. These results largely confirm the structure of a
carbon-centered radical proposed on the basis of the experimentally obtained EPR data.
However, the results also indicate that more than 40 % of the spin density is located in
the C? aromatic ring which could not be confirmed by the EPR measurements as no
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coupling to the nuclear spins of the adjacent protons was observed. Also in EPR mea-
surements at higher temperatures no hyperfine splitting patterns were found. Further
calculations using other basis sets and the COSMO solvation model®! to simulate
the influences of the solvent MeCN do not change the general picture of the radical
TolFIm but merely show slightly lower spin densities at the C? carbon atom. Probably
the insufficient description of the experimental conditions by the preconditions of the
theoretical calculations is responsible for this discrepancy.

Figure 5.11 depicts the calculated molecular structure of the radical TolFIm including
also a plot of the spin density. From the representations it is clear that the heteroycle
adopts a distorted, non-planar structure which is similar to the structure found for the
imidazolidine HTolFIm (Figure 2.8 in chapter 2.3.3).

Figure 5.11. Calculated molecular structure of the radical TolFIm in different views
showing also a plot of the spin density.

5.3.4 Competing ET and Nucleophilic Substitution Reactions

As already briefly mentioned, different products were detected in reactions of the im-
idazolinium salt TolFIm*Br~ and the metalate KFp by NMR spectroscopy. The data
suggest that the ratio of these products is strongly dependent on the chosen solvent.
While the radical TolFIm seems to be relatively stable in MeCN solutions even at room
temperature, it most probably is —if present at all - only a transient species in chloroben-
zene solutions. An indication for this is the fact that EPR and UV/Vis measurements
of the radical species were possible in MeCN. Furthermore, NMR spectra of CD,CN
solutions of the mixture featured many different signals, among them those character-
istic of the imidazolidine HTolFIm and the dimer Fp,. The slow degradation of the
TolFIm radical — presumably by proton abstraction from more or less random sites of
imidazolinium ions or solvent — could explain the variety of the formed products. The
formation of the dimer Fp, can also be easily rationalized by recombination of two
metal-centered radicals which are formed by one-electron oxidation of the metalate
anion. The generally low intensity of the NMR spectra might offer additional evidence
for the presence of significant amounts of the paramagnetic radical TolFIm.
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On the contrary, reactions of TolFIm*Br~ and KFp were much cleaner when chloroben-
zene was chosen as the solvent. Apart from the already mentioned products HTolFIm
and Fp, only one additional product was present in solution. This species exhibits two
signals in the F NMR spectrum at —116.3 and —128.1 ppm showing a 1:1 ratio, in-
dicative of nonequivalent fluorine-containing aromatic rings. The obtained NMR and
ESI-MS data are in accordance with the dimeric structure [(TolFIm),]** in which two
imidazolinium ions are joint at the para-positions of their fluoro-substituted aromatic
rings (Scheme 5.6).
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Scheme 5.6. Radical and nucleophilic substitution mechanisms of the reaction between
imidazolinium salt TolFIm*Br~ and the metalate KFp.

A possible explanation for the formation of the dimer comprises nucleophilic attack
of the Fp~ anion at the para-position of the aromatic ring. Subsequently, the meta-
late adduct is formed before the final coupling reaction, involving the formation of
Fp,, occurs (Scheme 5.6). The intermediary formed Meisenheimer complex eliminates
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a hydride ion which is then accepted by an imidazolinium ion. This could explain the
formation of the imidazolidine HTolFIm and the observed 2:1:1 ratio of HTolFIm, Fp,,
and [(TolFIm),]Br,. The formation of the products by a radical mechanism is rather
unlikely because a marked selectivity for the formation of HTolFIm and [(TolFIm),]**
was observed. If a radical reaction would be the reason for the formation of those com-
pounds, several by-products originating from reactions at other positions or with the
solvent could be expected. As this is not the case, a radical mechanism is not feasible.
Nevertheless, it is still surprising that the metalate exclusively attacks the para-position
of the aromatic ring, especially as the ruthenium analog KRp was found to attack the
ortho-positions (see section 5.2.3).

In summary, two different reaction paths for the reaction between TolFIm*Br~ and KFp
exist, namely electron transfer from the metalate anion to the imidazolinium ion and
nucleophilic substitution at the para-position of the aromatic ring by the Fp~ nucle-
ophile. Obviously, the system represents a borderline case between the two reactions.
A change of the solvent might influence the redox-potentials of the reaction partners
and thus determine the outcome of the reaction.

5.3.5 Dihydrogen Splitting Despite Other Reactivities?

Although different reactions between the imidazolinium salt TolFIm*Br~ and the meta-
late KFp were found, it was nevertheless attempted to achieve a reaction of the mixture
with dihydrogen. For this purpose, both compounds were added to a Schlenk tube and
cooled to —30 °C before addition of the precooled deuterated chlorbenzene, C,D;Cl. H,
(0.8 bar) was then added and the mixture was allowed to warm to room temperature
overnight with stirring. After this, the solution was filtered (Sartorius PTFE syringe
filter, 0.45 pm) and filled into a J. Young NMR tube. The 'H and F NMR spectra of
this solution were distinct from the NMR spectra of the mixture of the two compounds
measured without addition of H,. Contrary to what was observed before, no formation
of the dimer [(TolFIm),]Br, could be detected. Instead, several other products were ob-
served, among them also the imidazolidine HTolFIm. Figure 5.12 shows a comparison
of the F NMR spectra of the mixture of KFp and the imidazolinium salt in chloroben-
zene, the pure imidazolidine HTolFIm, the mixture after addition of H, and D,, and
the mixture in CD;CN without addition of any gas.

From the presented NMR data it becomes clear that imidazolidine HTolFIm is present
in the F NMR spectrum regardless wether H, was added to the mixture of TolFIm*Br~
and KFp or not. However, the mechanism of its formation seems to differ. As discussed
earlier, the origin of the imidazolidine in the mixture of TolFIm*Br~ and KFp most
probably is the nucleophilic attack of the Fp™ anion at the para-position of the aromatic
ring and concomitant elimination of a hydride ion. The liberated H™ ion then adds to
the C? carbon atom of the imidazolinium ion, thereby forming the imidazolidine. On
the contrary, HTolFIm seems to be the product of a radical reaction when H, is added
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Figure 5.12. ”F NMR spectra of different reaction mixtures containing the imidazoli-
nium salt TolFIm*Br~ and the metalate KFp. For comparison also the F NMR
spectrum of the pure imidazolidine HTolFIm is given. The two signals belonging
to the dimer [(TolFIm),]Br, are marked with an asterisk.

to the reaction mixture. An indication for this is the fact that the respective NMR spec-
trum show similarities to the NMR spectrum of the mixture in MeCN for which the
formation of the radical species TolFIm has been verified by other methods. Hydrogen
atom abstraction by this radical would also yield the imidazolidine HTolFIm. Mixtures
with added H, contained almost no dimer [(TolFIm),]Br,, like the reaction mixture of
the two components in MeCN.

Nevertheless, a third possibility for the formation of HTolFIm could still be the reac-
tion with dihydrogen giving the imidazolidine and the hydride complex HFeCp(CO),
(HFp). The 'H NMR spectrum did not show a signal for the metal hydride which is
expected to exhibit a signal at approximately —12 ppm.">'®! However, this not neces-
sarily excludes the possibility of a heterolytic splitting of H, since the complex HFp
is reported to be rather unstable and decomposition yielding H, and the dimer Fp,
is a known issue.[*! In order to investigate this reaction more thoroughly, a reaction
with D, was conducted under the same conditions as the reaction with H,. The F
NMR spectrum (Figure 5.12) is almost identical to the spectrum acquired after addition
of H, but shows an additional signal at —112.7 ppm which seems to confirm that H,
and D, are involved in the reaction. Yet the identity of the product giving rise to this
resonance remains unclear. In case of a heterolytic splitting of D,, one would expect the
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formation of the deuterated imidazolidine DTolFIm. As has been verified by reference
measurements, this compound would exhibit almost the same isomeric shift for the
fluorine atoms of the aromatic rings as the “normal” imidazolidine HTolFIm. Hence it
is difficult to distinguish HTolFIm and DTolFIm in the F NMR spectrum presented
in Figure 5.12. However, the 'H NMR spectra after addition of H, and D, are almost
identical which seems to suggest that HTolFIm is also the main product in the reaction
when D, is added to the mixture of the imidazolinium salt TolFIm*Br~ and the meta-
late KFp.

Summing up the experiences made in the reactions with dihydrogen, one can say
that a heterolytic splitting of the H, molecule by the mixture of imidazolinium salt
TolFIm*Br~ and the metalate KFp could not be proved unequivocally. On the one
hand, a reactivity distinct from the reaction of the two components without the addi-
tion of any gas was noticed. On the other hand, the observed distribution of products
resembles the reactivity pattern of mixtures of TolFIm*Br~ and KFp in MeCN solu-
tions. Obviously competing reaction pathways — electron transfer and nucleophilic
substitution reactions — exist and which of them prevails depends on subtle changes of
the underlying conditions.

5.4 Further Examples and Unclear Reactions

In addition to the already described combinations of imidazolinium salts and transition
metal Lewis bases, also other imidazolinium salts and metal complexes were tested to
finally achieve the formation of a transition metal frustrated Lewis pair that is active
in the heterolytic splitting reaction of dihydrogen. Before presenting such a system
in the next section, this part will briefly summarize some further examples where
undesired reactivities comprising the two components were observed. Not in every
case the reaction products could be unambiguously identified.

CF;PhMesIm*Br~

When carbonyl metalate KFp was combined with CF;PhMesIm*Br~ in chlorobenzene
and stirred at room temperature, a color change giving a dark green to black solution
was observed. This already indicated a reaction between the two compounds. Filtration
of the suspension and crystallization attempts with mixtures of chlorobenzene and
cyclopentane finally produced small amounts of green to blue crystals. Unfortunately,
the molecular structure of the compound could not be determined by means of X-ray
crystallography as the quality of the obtained crystallographic data was insufficient
for an accurate refinement. Nevertheless, the data proposed that possibly a coupling
reaction between the CF; groups of two molecules has taken place. NMR spectroscopy
showed only broad signals which suggests the presence of a paramagnetic species. As
the redox potential of the imidazolinium salt is higher than that of TolFIm*Br~ (for
which electron transfer reactions have already been found, see chapter 5.3.4), an electron

126



5.4 Further Examples and Unclear Reactions

transfer reaction is indeed feasible. Unfortunately, no final proof for the identity of the
reaction product(s) could be obtained.

PhFIm*Br~

Upon stirring a mixture of imidazolinium salt PAFIm*Br~ and metalate KFp in chloro-
benzene at room temperature, the color of the solution turned dark red. While ESI-MS
measurements of the reaction mixture only showed the unchanged PhFIm™ cation,
NMR mesurements indicated that the product was not symmetric any longer. As a
consequence, the resonance characteristic for the CH, groups was not a singlet, but
instead two multiplets appeared in the spectrum. Besides this, also the dimer Fp, could
be detected in solution. A possible explanation for this could be an electron transfer
reaction from the metalate anion to the imidazolinium ion which is associated with a
distortion of the planar structure of the heterocycle. The relatively high redox potential
of the imidazolinium ion would support this assumption. However, the imidazolidine
HPhFIm could not be unambiguously detected in solution which hints either at a good
stability of the radical or alternative decomposition or rearrangement paths.

TolFTolIm*Br~

In the case of imidazolinium salt TolFTolIm*Br~ and KFp an electron transfer reaction
analogous to the reaction of TolFIm*Br~ and KFp in chlorobenzene was observed.
This can be readily explained since the reduction potential of the TolFTolIm™ ion is the
highest potential of all synthesized imidazolinium ions and therefore an ET is more
likely to happen. NMR spectra of the mixture in CD,CN showed many different signals
of relatively low intensities. Besides this, the dimer Fp, could be detected in solution.
The presence of a radical TolFTolIm could be verified by means of EPR spectroscopy
since the EPR spectrum of a frozen MeCN solution at —133 K showed a signal lacking
a hyperfine splitting pattern with a g-factor of 2.006 which is identical to the value
observed for the radical TolFIm.

TolTollm*Br~

"H NMR spectra of mixtures containing the imidazolinium salt TolTollm*Br~ and
KFp were very complex and many different signals were observed, especially in the
CH, and CH, regions of the spectrum. However, an electron transfer reaction/the
formation of radicals is rather unlikely as the origin for the complicated NMR spectra
because the estimated standard potential of the imidazolinium ion is found at relatively
low/cathodic potentials (E° = —1.87 V vs. Fc/Fc™, for details see section 2.3.2). In addition
to this, similar reactions took place with the metalate KRp for which electron transfer
reactions with imidazolinium ions have not yet been observed. Unfortunately, the
structure of the reaction product(s) could also not be clarified by ESI-MS measurements
and crystallization attempts were unsuccessful as well.
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5.5 TolFIm*Br~ and Rs: A Novel H, Splitting System

As has already been shown in the course of this chapter, different reactivities of imida-
zolinium salt TolFIm*Br~ and the two metalates KFp and KRp have been observed.
While mixtures of TolFIm*Br~ and the Fp™ anion were found to exhibit — depending on
the reaction conditions — both electron transfer and nucleophilic substitution reactions,
only nucleophilic substitution of a fluoride substituent was noticed in reactions be-
tween the imidazolinium ion and the Rp™ anion. The adduct [Rp—TolFIm]*Br~ could
be identified as main product in those reactions.!**! Unfortunately, formation of the
adduct was also observed when dihydrogen or other substrates were added to the
reaction mixture.

This section now focuses on the metalate Rs (see chapter 4.3) and its mixtures with
the imidazolinium salt TolFIm*Br~ for which reactions with dihydrogen have been
observed.*! In order to get some background information on the thermodynamics of
the dihydrogen splitting process, the results of some initially performed theoretical cal-
culations will be provided before discussing the experimental details of the reaction.

5.5.1 DFT Calculations

The experimental findings described in chapter 4.3 indicate that the metalate Rs fea-
tures a polymeric or clusterlike structure in which the “CpRu(CO),” unit is in some
form preserved. In order to set a starting point for the computational investigation
of the reaction with H,, the presence of a free Rp™ anion in solution was assumed.
However, the true nature of the used metalate Rs remains uncertain (see chapter 4.3 for
details). What is sure is that KRp preferably reacts with the imidazolinium ion TolFIm*
to yield the nucleophilic substitution product [Rp—TolFIm]*. This reaction is not ob-
served with the metalate Rs. The calculations are expected to give some insights into
the H, splitting reaction, the reactive species, and possible intermediates. Furthermore,
an evaluation of the stability of the reaction products HRp and HTolFIm with respect
to H, formation is possible.

The theoretical calculations were performed in cooperation with the group of Jun.-Prof.
Dr. Ricardo Mata at the Institute of Physical Chemistry of the Georg-August-University
Gottingen. The Rp™ anion as well as the imidazolinium ion TolFIm* were optimized
at the B3LYP-D3/def2-TZVP level of theory. In order to obtain the Lewis pair, the com-
pounds were placed in close contact. The ruthenium complex was then rotated about
the axis of contact to obtain starting structures for geometry optimization. The Gibbs
free energy was computed for each resulting local minimum. The final electronic en-
ergy was computed at the BBLYP-D3/def2-QZVPP level, including a COSMO correction
from single point calculations with the def2-TZVP basis set to simulate the influence
of the surrounding solvent MeCN. This procedure was followed in all other stationary
points of the reaction path. In order to follow the hydrogen dissociation at the site,
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a H, molecule was added in varying positions around the C-Ru bridge in the dimer
and optimized. For each structure obtained, reaction paths were obtained by placing
a harmonic potential along a predefined reaction coordinate and optimizing the struc-
ture under this constraint. The reaction path calculations, due to the large number of
combinations tried, were carried out with the smaller def2-SVP basis set.

The finally obtained reaction path with the lowest activation energy for the heterolytic
splitting of dihydrogen mediated by the frustrated Lewis pair TolFIm*Rp~ is repre-
sented in Figure 5.13. In a first step, the two ions have to congregate to form a dimer. This
is an endothermic process with a free energy penalty of 69.3k] mol™'. Consequently,
formation of the Lewis pair is unlikely in solution. However, these results should be
regarded with caution as the computed value is highly dependent on the solution envi-
ronment. The performed B3LYP-COSMO correction contributes more than 300 k] mol ™
to the final energy. This is to be expected since the formation of an uncharged dimer
from two charged compounds is strongly effected by the polarity of the surrounding
solvent. With an increasing dielectric constant, charge separation will be favored and
the dimer formation becomes less likely.
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Figure 5.13. Calculated reaction path for the heterolytic splitting of H, by the frustrated
Lewis pair TolFIm*Rp~.

Despite the large uncertainty in the free energy for the formation of the Lewis pair, the
relative energies between the following species of the reaction path are less affected by
the COSMO corrections and are more reliable in this respect. Addition of H, to the com-
bination of imidazolinium and metalate ions results in the formation of a reactant com-
plex (RC). As can be seen in Figure 5.13, the formation of this dihydrogen-containing
complex is slightly endothermic (8.5kJ mol™), but the actual reaction barrier is only
26.4k] mol~!. Furthermore, the product complex (PC) consisting of a contact pair of
the products HRp and HTolFIm is found to be thermodynamically stable. Dissociation
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to the final products should then readily be observed in solution. It should, however,
be mentioned that a reoptimization at the B3LYP-D3/def2-TZVP level of theory — as
performed for the RC and PC structures — was not possible for the transition state (TS).
The reaction path therefore contains the constrained structure with the highest energy
as an approximation. The value for the Gibbs free energy is approximated on the basis
of the energy difference to the PC and RC states.

Further calculations on this reaction path, including also a correction for the typical
overestimation of entropic factors in solution along a pathway in which the number
of molecular units is changing, can be found in the recent publication of Kalz and
co-workers.3%! According to these results, the formation of the Lewis pair has a free
energy penalty of only 55.5 k] mol™" and the dihydrogen complex RC is stable relative
to the Lewis pair by about 10.3 k] mol ™. The actual reaction barrier remains unchanged.
Summarizing the obtained results, one can say that the major obstacle for achieving
the heterolytic splitting of dihydrogen is the formation of the frustrated Lewis pair
consisting of the Rp~ and TolFIm™* ions. However, once the pair is formed, reaction
with dihydrogen should proceed smoothly as a relatively low activation barrier has
been found. The products of the reaction, HRp and HTolFIm, are energetically favored
accounting for an overall exothermic course of the reaction. In which way the poly-
meric structure of the actual reaction partner Rs affects the free energy profile, cannot
be judged on the basis of the presented calculations. Nevertheless, major effects on the
association of the two components can be expected while the overall reaction profile
should be similar to what was obtained for the Rp™ anion.

5.5.2 Advantages of Rs and H/D Exchange Reactions

In contrast to what was found for the metalates KFp and KRp, no reaction was observed
by means of NMR spectroscopy when imidazolinium salt TolFIm*Br~ was combined
with the metalate Rs in CD,CN. The initially broad signals — which presumably were
caused by the undissolved particles — sharpened after a short time and only signals
characteristic for the imidazolinium ion were recorded. No changes occurred over a
period of four days at room temperature. When the sample was heated to 50 °C for
1d, still only minor changes in the spectrum in the form of small additional signals
were noticed. Only when the NMR sample was heated to 70 °C for 7d, considerable
amounts of (decomposition) products were formed. The F NMR spectrum recorded
after this time featured several signals that could not be assigned, apart from the reso-
nance attributable to the imidazolinium ion. Compared to the other two metalates, this
experimental finding represents a major advantage for the envisioned reaction with
dihydrogen. Presumably due to the polymeric structure of the metalate Rs and its poor
solubility in the applied solvent MeCN/CD,CN, the metalate and the imidazolinium
ion are not (or only to a small fraction) present simultaneously in solution. A reaction
of the two components is therefore hampered.
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Despite its lacking reactivity in mixtures with imidazolinium salt TolFIm*Br~, the me-
talate Rs was found to be active in a H/D exchange reaction. Suspensions of Rs in
CD;CN in a high pressure NMR tube showed — after degassing the solvent and pres-
surization with H, (8 bar) — the gradual formation of HD. A clear evidence for this is the
fact that the H, signal (6 = 4.57 ppm) recedes while a triplet at 4.53 ppm becomes more
and more intense. The measured !'J(H,D) coupling constant of HD is 43 Hz which is in
agreement with literature values.5!l H/D exchange was observed over the course of
47 d, after which the H,:HD ratio is 1:6. Furthermore, the overall decreasing intensity of
the signals points to the formation of D,. In addition to the 'H NMR signals for H, and
HD also a third species with a resonance at 4.86 ppm becomes visible after some time.
The chemical shift of this signal is similar to the chemical shift of the Cp ring of KRp
(6 = 4.83 ppm) and probably hints at the liberation of Rp~ anions as time passes. The
H/D exchange reaction was also observed when the experiment was repeated in MeCN
with D, gas. In the ?H NMR spectrum the formed HD exhibits a doublet at 4.56 ppm
(1J(D,H) = 43 Hz).

The most probable explanation for the observed H/D exchange reactions is an inter-
action of the metalate Rs with the solvent. An indication for this assumption is the
fact that the intensity of the CHD,CN resonance increases over time (relative to resid-
ual amounts of silicon grease) in the 'H NMR spectrum of a CD,CN reaction mixture
pressurized with H,. Obviously, the compound activates the C—D/C—H bonds of the
solvent CD;CN/MeCN so that exchange reactions with H,/D, are possible. However,
the exact mechanism of this interaction remains unclear.

5.5.3 Heterolytic Splitting of Diydrogen

As already demonstrated, mixtures of the imidazolinium salt TolFIm*Br~ and the
metalate Rs in CD;CN did not give any indication of a reaction between the two com-
pounds at room temperature. However, when the mixture was exposed to dihydrogen,
heterolytic splitting of the H, molecule was observed.**! The splitting of dihydrogen
was noticed already with moderate pressures of H, (1.5bar), however the reactions
were cleaner (fewer by-products were formed) when higher pressures were applied.
Figure 5.14 depicts several '"H NMR spectra recorded at selected times after combining
TolFIm*Br~, Rs, and H, (8 bar) in CD,CN at room temperature. The spectra demon-
strate that the imidazolinium ion is consumed while the imidazolidine HTolFIm is
formed.

A more detailed inspection of the presented NMR data reveals that a new signal at
6.06 ppm arises which can be attributed to the CH proton of the product HTolFIm.
Furthermore, the resonance for the CH, groups of the starting material at 4.64 ppm
decreases and at the same time two multiplets at 4.05 — 4.00 and 3.60 — 3.55 ppm be-
come more intense. The multiplets correspond to the diastereotopic CH, protons of the
imidazolidine. Furthermore, a resonance at —11.05 ppm arises which is characteristic
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Figure 5.14. 'H NMR spectra (300 MHz) of the mixture of TolFIm*Br~, Rs and H,
(8bar) in CD,CN at rt after 6 minutes, 1 h and 3 d (bottom to top). Signals that can
be assigned to TolFIm*Br~ (blue), HTolFIm (green), HRp (orange) are marked
with colors; CH, CH, and hydride regions are highlighted by frames. The res-
onance attributable to the Cp rings of Rp, is marked with an asterisk. Detailed
views of the time-dependent evolution of the different signals are provided in

the Appendix.
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of the metal hydride HRuCp(CO), (HRp).*!! The observed signals clearly originate
from the uptake of a hydride ion at the C? position of the imidazolinium ion and from
protonation of the metalate. Hence a heterolytic splitting of H, has taken place. In the
spectra no signals for the polymeric black material Rs are present because of its poor
solubility under the applied conditions.

For the products HTolFIm and HRp formed in this reaction, a ratio of 1:1 is expected.
However, integration of the CH signal of HTolFIm and the Ru-H signal does not con-
tirm this expectation, but the concentration of the metal hydride HRp seems to be
constantly too low. A possible explanation for this could be the partial decomposition
of the formed HRp to dimeric Rp, (which is also present in the 'H NMR spectrum,
see Figure 5.14). Furthermore, the influence of the structure of the starting material
Rs is not entirely clear. After the reaction, still a solid material can be recognized in
the reaction mixture. This is expected since one would assume that — analogous to the
reaction with KRp — considerable amounts of KBr are formed during the reaction. To
what extent parts of the formed product HRp are still associated with this solid material
cannot be judged on the basis of the obtained experimental data. ATR IR measurements
of the solid residue could, however, not prove the presence of HRp. On the contrary,
the presence of the reaction product HRp in solution could be further confirmed by its
reactivity with triphenylphosphine. Since it is known that HRp readily reacts with this
reagent to produce the ruthenium hydride complex CpRu(CO)(PPh,)H, ! the phos-
phine was added to the reaction mixture after completion of the H, reaction. Heating
of the NMR sample to 45 °C for 3d indeed caused the gradual conversion of HRp to
the phosphine complex CpRu(CO)(PPh,)H. An evidence for this is the appearance of
a doublet at —11.69 ppm (*J(H,P) = 32 Hz) in the 'H NMR spectrum and a doublet at
66.6 ppm (*J(PH) = 31 Hz) in the 3'P NMR spectrum.

The fact that the hydride acceptor molecule features fluorine atoms in its aromatic
rings represents an important advantage since F NMR spectroscopy can be used
as an additional probe to examine the reaction with dihydrogen. Consequently, the
time dependence of the reaction with H, was followed by "F NMR spectroscopy.
The measurements showed the gradual decrease of the signal for the starting material
TolFIm*Br~ at —118.5 ppm while the intensity of the resonance for the imidazolidine
HTolFIm at —119.3 ppm increased over time. The progress of the reaction is visible in
Figure 5.15. From the ratio of the integrals it becomes clear that, under the specific re-
action conditions, the reaction is almost complete after 1 d (96 % conversion). A kinetic
analysis of the reaction was not performed because of the heterogeneous character of
the sample. It should, however, be mentioned that thorough mixing of the reaction mix-
ture was required to prevent the formation of a by-product. In the experiment this was
realized by placing the NMR sample in an ultrasonic bath equipped with a timer (2 min
on, 12 min off). By this method, an undesired heating of the bath is avoided and room
temperature is maintained throughout the reaction. The by-product exhibits chemical
shifts similar to those observed for the dimer [(TolFIm),]Br, which was identified in
reactions of the imidazolinium salt with KFp (for details see section 5.3.4). However,
the exact reasons for its formation could not be resolved.
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Figure 5.15. Time dependence of the composition of the reaction mixture of
TolFIm*Br~, Rs and H, (8 bar) in CD,CN at rt. The signal for TolFIm*Br~ (blue)
decreases while the signal for HTolFIm (green) increases over time.

In order to confirm that the identified reaction products HRp and HTolFIm indeed
originate from the heterolytic splitting of dihydrogen, analogous experiments with D,
were conducted. Figure 5.16 depicts the ?H NMR spectrum of a reaction mixture con-
sisting of the imidazolinium salt, the metalate, and D, (8 bar) in MeCN, acquired after
3 d. Signals for the deuterated products DTolFIm (6.05 ppm) and DRp (-10.97 ppm) are
present. Furthermore, resonances for D, (4.58 ppm), HD (4.63 ppm, d, }J(D,H) = 43 Hz)
and CDH,CN (1.94 ppm, t, J(D,H) = 2.5Hz) can be observed. The peak at 2.15ppm
can probably be attributed to D,0O which presumably originates from residual water
present in the imidazolinium salt. Extensive efforts to remove the water (e.g. by pro-
longed heating of the compound to 120 °C in vacuo and stirring a MeCN solution of the
salt over molecular sieves) were undertaken, however the water could not be removed
entirely. The implications for the actual H,/D, splitting process are not yet entirely
clear. In general one would expect that (deuterated) water reacts with the metalate
Rs to produce the metal hydride complexes HRp/DRp. However, this is obviously
not the case since an excess of HTolFIm/DTolFIm has been formed in the heterolytic
splitting reactions. In a control experiment, degassed water was added to a mixture
of TolFIm*Br~ and Rs. After sonication like in the reactions with H,/D,, the mixture
mainly contained the decomposition product already detected as a by-product before.
Only trace amounts of the imidazolidine HTolFIm could be verified by means of NMR
spectroscopy. The origin of these trace amounts of imidazolidine formed in the absence
of H,/D,, could not be finally clarified.
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Figure 5.16. ZH NMR spectrum of the reaction mixture of TolFIm*Br~, Rs and D,
(8bar) in MeCN at rt acquired after 3d. The signal marked with an asterisk
presumably can be assigned to D,O.

The H, splitting reaction was further examined by means of IR spectroscopy in solu-
tion. Figure 5.17 shows an IR spectrum of the reaction mixture after full conversion of
the imidazolinium salt TolFIm*Br~ to the imidazolidine HTolFIm. Furthermore, also
IR spectra of HTolFIm (synthesized independently by reduction of TolFIm*Br~ with
NaBD,, see Experimental Section), TolFIm*Br~, and Rp, are included in the figure for
comparison.
As becomes clear when comparing the different IR spectra, the reaction mixture con-
tains the imidazolidine HTolFIm and not the starting material TolFIm*Br~. Also minor
amounts of ruthenium dimer Rp, are present in the reaction mixture, a finding that has
already been made in the NMR measurements. The remaining very intensive bands
at 2025 and 1960 cm™! are characteristic CO stretching vibrations for the ruthenium
hydride HRp. 4614645121 The two bands are highly asymmetric and especially the band
at 1960 cm ™! has broad tails. This has also been observed for the reaction of Rs with pro-
tic MeOH yielding a similar IR spectrum, and association effects have been proposed
as a possible explanation for this (see section 4.3). The differing intensity of the two
bands is expected since the ratio of the intensities of symmetric and asymmetric CO
stretching vibrations is a function of the angle (26) between the two CO ligands. [313-51¢]
In a simplified picture, equation 5.2 can be used to calculate the angle between the CO
molecules:

Lasym 2

—— =tan“ 0 (5.2)

sym

For 20 = 90°, equal IR intensities of symmetric and asymmetric stretching vibrations
are expected. With an increasing angle between the two CO ligands, the intensity of
the symmetric stretching vibration recedes. In case of a linear arrangement (20 = 180°),
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Figure 5.17. IR spectrum of the reaction mixture of TolFIm*Br~, Rs, and H, (8bar)
after completion of the reaction. For comparison, also IR spectra of HTolFIm,
TolFIm*Br~, and Rp; are shown. All measurements were performed in CD,CN

only the asymmetric stretching vibration can be observed. The symmetric stretching
vibration is IR inactive for a linear geometry since the dipole moment does not change
for this vibration. Unfortunately, a determination of the angle between the two CO
ligands was not possible for the IR spectrum of the reaction mixture presented in
Figure 5.17 because of the unfavorable bandshape of the signals and the overlapping
bands of the impurity Rp,. However, the fact that the intensity of the asymmetric CO
stretching vibration is significantly larger than the intensity of the symmetric stretching
vibration makes clear that the angle between the two CO ligands in the reaction product
is larger than 90°.

In conclusion, also the IR data confirm the presence of HTolFIm and HRp in the
reaction mixture and thus provide further arguments in favor of a heterolytic splitting
of dihydrogen.
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5.6 Summary and Conclusion

In summary, it has been demonstrated that the reactions occurring after mixing of the
synthesized hydride acceptor molecules and carbonyl metalates are manifold. While
imidazolium salt [Im?"]*Br~ and imidazolinium salts PhAMesIm*Br~ and TolMesIm*
Br~ did not show any reactivity in combination with the metalates KFp and KRp -
neither upon mixing with the metalate, nor after addition of H, or other substrates —
differing reaction pathways have been identified for other imidazolinium ions. The
reactions that have been observed after addition of the metal carbonyl anions comprise
nucleophilic substitution and electron transfer reactions. Which of the two competing
pathways is taken depends inter alia on the metalate and the chosen solvent.

With imidazolinium ion TolFIm* and the metalate Rs a combination of organic Lewis
acid and transition metal Lewis base has been found that can cleave H, to produce
the imidazolidine HTolFIm and the ruthenium hydride complex HRp. Theoretical
investigations on the heterolytic splitting of dihydrogen mediated by the frustrated
Lewis pair TolFIm*Rp~ by means of DFT calculations showed that in principle a
relatively low activation barrier can be expected once the FLP is formed. However,
the formation of the FLP is crucial for the overall process and less likely to occur in
solutions of the free ions. The effects of the polymeric nature of Rs on this process could
not be resolved. In a variety of experiments, NMR and IR spectroscopy were used to
confirm the identity of the formed products and to establish essential characteristics
of the reaction. Although not containing Fe but its heavier congener Ru, the system
represents the first functional model system for the [Fe] hydrogenase active site because
it correctly emulates the heterolytic splitting of H, through the cooperative action of a
Lewis acidic imidazolinium ion and a Lewis basic metal complex. In the H, splitting
reaction, the imidazolinium ion serves as a hydride acceptor similar to methenyl-
HyMPT* and the metal complex accepts the proton. This finding permits a new view
on the H, activation performed by hydrogenases since it suggests that the metal ion
might also act as a proton acceptor and gets formally oxidized in the natural systems.
This possibility has only rarely been considered since it was mostly proposed that a
ligand in the coordination sphere of the Fe ion (cysteine thiolato-S or pyridinol-O) takes
up the proton while the metal ion itself acts as a Lewis acid.[?'%24-2] Furthermore, the
presented work demonstrates that superelectrophilic activation by protonation as has
been proposed for methenyl-H;MPT™ to increase its Lewis acidity (see also chapter
1.4.2),1245246] jg not necessarily required for an imidazolinium ion to serve as a hydride
acceptor. This work might therefore contribute to a better understanding of the [Fe]
hydrogenase and stimulate the development of novel H, activation catalysts with
exciting properties.
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Experimental Section

6.1 General Considerations

All manipulations of air- and moisture-sensitive compounds were carried out under
an atmosphere of purified argon (dried over phosphorus pentoxide on solid support
[Sicapent®, Merck] and liberated from traces of oxygen by a heated copper catalyst)
using standard Schlenk techniques or in a glovebox (MBRAUN LABmaster) under a
nitrogen atmosphere. Solvents were dried over sodium benzophenone ketyl (Et,O, n-
pentane, n-heptane, DME), potassium benzophenone ketyl (THF, toluene, n-hexane),
CaH, (DMSO, chlorobenzene, DMF, MeCN, EtCN, DCM, CHCl,) or Mg (EtOH, MeOH)
and distilled as well as degassed before use. Deuterated solvents were dried analo-
gously. Alternatively, DCM, n-hexane and toluene were dried using a solvent purifica-
tion system (MB-SPS). Commercially available chemicals were purchased from Aldrich,
Acros, Merck, Fluka, Deutero, Euriso-Top or ABCR and used without further purifi-
cation unless stated otherwise. Hydrogen gas was purchased from Messer, deuterium
gas was provided by Linde. *C-enriched CO gas (99 % °C) was obtained from Euriso-
Top. 2,3,5,6-Tetrafluoro-4-methylaniline, °'”1 [CpFe(CO),], (Fp.),>'® Ni(dppe),,*”! and
Fe(CO),('Bu),*”®! were synthesized according to published procedures. Ni(depe), was
prepared analogously to Ni(dppe),.*”!

NMR spectra were recorded on Bruker Avance 200, 300, 400 or 500 instruments at 25 °C
if not noted otherwise. Chemical shifts () are given in ppm and are referenced to the
solvent residual signals.®™! The peaks are labeled according to their splitting patterns
with s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet) or m (multiplet).
F NMR spectra were referenced externally relative to CFCl,. If necessary, 2D NMR
measurements were performed in order to assure a correct assignment of the observed
resonances. Exchange rates were determined from NOESY spectra using the program
EXSYCalc.®™ Reactions which required high pressures of H, or D, were performed in
Wilmad-LabGlass high pressure NMR tubes (medium wall, 524-PV-7). Solid-state NMR
experiments were carried out on a Bruker Avance 400 spectrometer equipped with a
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(*H, X, Y) triple resonance 4 mm MAS probe. The *C chemical shifts were referenced
externally to adamantane. Typical 90° pulse lengths were 3 us for proton and 5 us for
carbon. In carbon direct excitation experiments, interscan delays were set to 240s to
avoid saturation. The 'H-'3C cross polarization contact time was 1.3 ms. The interscan
delay in CP experiments was set to 2.5s. In all solid-state NMR experiments, the H
decoupling field strength was 80 kHz during acquisition.

Standard CHN elemental analyses were performed on an Elementar 4.1 vario EL 3
element analyzer. Ruthenium contents were determined photometrically by a Perkin-
Elmer Lambda 2 UV/Vis spectrometer after pressure digestion with HNO; and potas-
sium was quantified using a Thermo Scientific IRIS Intrepid II instrument (ICP-OES).
Wavelength dispersive electron microprobe analysis (EMPA) was conducted using a
JEOI JXA8900 RL instrument. The beam conditions were set to an accelerating voltage
of 15kV, abeam current of 15nA and a slightly defocussed beam of 5 um. The standards
MgO (synthetic), sanidine (KAISi;Oy), wollastonite (CaSiO,) and Ru metal were chosen
to calibrate O, K, Si and Ru, respectively. Matrix correction was performed using the
®pz method (CITZAF program) after Armstrong. 50!

Cyclic voltammetry measurements were conducted either at a PerkinElmer 263A po-
tentiostat using a glassy carbon working electrode, a silver quasi-reference electrode
and a platinum counter electrode or in a glovebox (MBRAUN UNIlab, argon atmo-
sphere) with a Metrohm Autolab PGSTAT101 potentiostat using platinum electrodes.
All measurements were performed in 0.1 m solutions of NBu,PF, in MeCN at room tem-
perature. Decamethylferrocene (FeCp;) was added as internal standard and the redox
potentials were referenced vs. the FeCp,/FeCp, (Fc/Fc*) redox couple (FeCp;/FeCp;"
vs. Bc/Fc™: 0.510V in MeCN).3#! Electrochemical reductions were performed with a
VersaSTAT 3 potentiostat from Princeton Applied Research using a platinum net elec-
trode, a silver quasi-reference electrode, and a platinum counter electrode.

X-ray data were collected on a STOE IPDS II diffractometer with an area detector
(graphite-monochromated Mo-K, radiation, A = 0.71073 A) by use of w scans at 133 K.
The structures were solved by direct methods and refined against F? using all reflections
with SHELX-97 or SHELX-2013.152 Most non-hydrogen atoms were refined anisotrop-
ically. Most hydrogen atoms were placed in calculated positions and assigned to an
isotropic displacement parameter of 1.2/1.5 Uey(C). Face-indexed absorption correc-
tions were performed numerically with the program X-RED. 522! Crystal structure data
for TolFIm*Br~ - H,O (CCDC-944125), HTolFIm (CCDC-944126), KRp - THF (CCDC-
983836), and [Rp—TolFIm]*Br~ - MeCN (CCDC-1007089) have been deposited at The
Cambridge Crystallographic Data Centre CCDC and can be obtained free of charge via
the Internet at http://www.ccdc.cam.ac.uk/data_request/cif.

Mass spectrometry was performed on an Applied Biosystems API 2000 device or on a
Bruker HCTultra instrument. Mass spectrometry samples sensitive to oxygen or mois-
ture were prepared in a glovebox (MBRAUN UNIlab) under an argon atmosphere and
injected into the Bruker HCTultra instrument via a direct Peek™ tubing connection.

IR spectra were recorded using either an Excalibur FTS 3000, a Bruker VERTEX 70
or a Cary 630 FTIR spectrometer equipped with DialPath and Diamond ATR acces-
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sory (Agilent) placed in a glovebox (MBRAUN UNIlab, argon atmosphere). IR bands
were labeled according to their relative intensities with vs (very strong), s (strong), m
(medium), w (weak), very weak (vw) and sh (shoulder).

UV/Vis/NIR spectra were recorded with a Varian Cary 50 Bio or Varian Cary 5000 in-
strument using quartz cuvettes for solutions or a Praying Mantis™ sampling kit for
solid samples. UV/Vis spectra at low temperature were measured with a quartz im-
mersion probe (1 mm path length, Hellma Analytics). If necessary, the obtained spectra
were transformed into energy plots and fitted with Gaussian functions using the Fityk
program. 4]

X-band EPR derivative spectra were recorded on a Bruker ELEXSYS E500 spectrome-
ter equipped with the Bruker standard cavity (ER4102ST) and a helium flow cryostat
(Oxford Instruments ESR 910). Microwave frequencies were calibrated with a Hewlett-
Packard frequency counter (HP5352B), and the field control was calibrated with a
Bruker NMR field probe (ER035M).

Melting points were determined in glass capillary tubes on a Stanford Research Systems
OptiMelt MPA 100 device, the values given are uncorrected.

6.2 Synthesis of Amidines

The amidines synthesized in the framework of this thesis were prepared according to
modified existing protocols.3?$3321 One of the following two general working proce-
dures was applied:

General procedure 1 Diphosphorus pentoxide (21.3g, 75.0mmol, 6.0eq), hexame-
thyldisiloxane (26.0g, 34.2mL, 160 mmol, 13eq) and dichloromethane (30mL)
were heated to reflux for 1 h. All volatile compounds were removed by distillation
at 165 °C. To the obtained viscous syrup, the benzoic acid derivative (12.5 mmol,
1.0eq) and the corresponding aniline (30.0 mmol, 2.4eq) were added, and the
mixture was heated to 165°C for 44h. The hot reaction mixture was poured
into aqueous KOH solution (0.5 M, 400 mL), stirred for 30 min and extracted with
DCM (3 x 200 mL). The combined organic extracts were dried over Na,SO,, con-
centrated in vacuo and filtered over neutral aluminium oxide. The raw product
obtained after removal of the solvent was recrystallized from H,O/EtOH, washed
with water and dried in vacuo.

General procedure 2 The synthesis parallels procedure 1, the workup was conducted
as follows: The hot reaction mixture was poured into aqueous KOH solution
(0.5M, 400mL), stirred for 30 min and extracted with DCM (3 x 200mL). The
combined organic extracts were dried over Na,SO,, concentrated in vacuo and
tiltered over neutral aluminium oxide. N-pentane was then added to the solution
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and the mixture was kept at —26 °C to induce crystallization. Filtration, washing
the product with n-pentane and drying in vacuo afforded the amidine.

N,N’-Bis-(2,4,6-trimethylphenyl)benzamidine (PhMesAm)

PhMesAm was prepared according to general procedure 1. The product was obtained
as yellowish crystals with a yield of 82 %.

'H NMR (500 MHz, CDCl;, —45 °C): Omajor isomer (ppm) = 7.47 (d, *J(HH) = 8Hz, 2 H;
o-Ph-H),7.32 (t,°J(H,H) =8 Hz, 1 H; p-Ph-H), 7.24 (t,*J(H,H) = 8 Hz, 2 H; m-Ph-H), 6.97
(s,2 H; NMes-H), 6.68 (s, 2 H; NHMes-H), 5.68 (s, 1 H; NH), 2.33 (s, 6 H; o-NMes-CH,),
2.30 (s, 3 H; p-NMes-CH,), 2.17 (s, 3 H; p-NHMes-CH,;), 2.07 (s, 6 H; o-NHMes-CH,).
Ominor isomer (PpM) =7.36 —7.28 (m, 5 H, o-Ph-H, p-Ph-H, m-Ph-H), 6.98 (s, 2 H; Mes-H),
6.59 (s,2 H; Mes-H), 5.76 (s, 1 H; NH), 2.42 (s, 6 H; 0o-Mes-CH,;), 2.29 (s, 3 H; p-Mes-CH,),
2.11 (s, 3 H; p-Mes-CH,), 2.01 (s, 6 H; 0-Mes-CH,).

BC{'H} NMR (75 MHz, CDCl,): dmajor isomer (Ppm) = 154.4 (N=C—N), 143.4 (ipso-NMes-
C),136.2 (p-NHMes-C), 135.6 (ipso-Ph-C), 134.7 (o-NHMes-C), 134.6 (ipso-NHMes-C),
132.1 (p-NMes-C), 129.5 (p-Ph-C), 129.3 (m-NMes-C, m-NHMes-C), 128.9 (o-NMes-
C), 128.3 (0-Ph-C), 127.8 (m-Ph-C), 20.9 (p-NHMes-CH,), 20.9 (p-NMes-CHj;), 19.1
(0-NHMes-CH,), 18.1 (o-NMes-CH,). The intensity of the signals belonging to the
minor isomer was generally too low for an accurate assignment.

MS (ESI*, MeCN): /= (%) = 357.1 (100) [M+H]*.

IR (KBr): ¥ (cm™!) = 3356 (m), 3289 (w), 3000 (m), 2965 (m), 2915 (m), 2855 (m), 2728
(w), 1634 (s), 1623 (s), 1600 (s), 1575 (m), 1470 (s), 1365 (s), 1312 (w), 1281 (w), 1243 (w),
1213 (m), 1151 (w), 1092 (m), 1073 (m), 1029 (m), 914 (w), 891 (w), 857 (m), 809 (m), 768
(m), 697 (s), 598 (w), 557 (w), 510 (w), 478 (w).

Elemental Analysis: Calcd. (%) for C,sH,sN,: C 84.23, H 7.92, N 7.86. Found: C 83.39,
H7.62, N 7.85.

N,N’-Bis-(2,4,6-trimethylphenyl)pentafluorobenzamidine
(CeFsMesAm)

Ce¢FsMesAm was prepared according to general procedure 1. The product was obtained
as yellowish crystals with a yield of 87 %.

'H NMR (500 MHz, CDCl,): Omajor isomer (PPm) = 6.93 (s, 2 H; NMes-H), 6.69 (s, 2 H;
NHMes-H), 5.86 (spr, 1 H; NH), 2.30 (s, 6 H; 0-NMes-CH,), 2.29 (s, 3 H; p-NMes-CH,),
2.15 (s, 3 H; p-NHMes-CH,), 2.10 (s, 6 H; o-NHMes-CH,;). Ominorisomer (Ppm) = 8.10
(sbr, 1 H; NH),6.85 (s, 2 H; NHMes-H), 6.52 (s,;, 2 H; NMes-H), 2.36 (s,;, 6 H; o-
NHMes-CH,;), 2.27 (spr, 3 H; p-NHMes-CH,), 2.06 (S, 3 H; p-NMes-CH,), 1.95 (St,
6 H; 0o-NMes-CH,).
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BC{'H} NMR (126 MHz, CDCl,): Omajor isomer (Ppm) = 145.6 (ipso-NMes-C), 137.3 (p-
NHMes-C), 135.9 (0o-NHMes-C), 133.6 (p-NMes-C), 131.6 (ipso-NHMes-C), 129.5 (m-
NMes-C), 129.3 (m-NHMes-C), 128.5 (0-NMes-C), 20.9 (p-NHMes-CH,;), 20.8 (p-
NMes-CH,), 18.2 (o-NHMes-CH,;), 17.8 (0-NMes-CH,). The carbon atoms of the
pentafluorophenyl ring as well as the N=C-N carbon atom could not be assigned
due to their very low intensity caused by coupling to the 'F nuclei. The intensity of
the signals belonging to the minor isomer was generally too low for an accurate assign-
ment.

YE('H} NMR (282 MHz, CDCL): Smajor isomer (PPM) = —137.9 — (=138.0) (m, 2 F; o-F),
~152.0 (t, 3J(EF) = 20Hz, 1 F; p-F), =161.0 — (=161.1) (m, 2 F; m-F). Sminor isomer (PpM) =
-136.9 - (-136.9) (m, 2 F; 0-F), =151.4 (t,*J(EF) = 20Hz, 1 F; p-F), —=160.6 — (=160.7) (m,
2 F; m-F).

MS (ESI*, MeCN): /2 (%) = 447.1 (100) [M+H]*, 469.1 (8) [M+Na]*, 485.1 (10) [M+K]*,
893.2 (48) [2M+H]*, 915.2 (6) [2M+Na]*, 955.2 (8) [2M+Cu]*.

IR (KBr): # (cm™) = 3359 (m), 3194 (m), 2985 (m), 2922 (m), 2858 (m), 2731 (w), 1624 (s),
1520 (s), 1495 (s), 1439 (m), 1362 (m), 1327 (m), 1277 (m), 1204 (m), 1150 (m), 1092 (m),
988 (s), 856 (s), 802 (m), 654 (w), 592 (w), 556 (w), 505 (w), 478 (w).

Elemental Analysis: Calcd. (%) for C,sH,,FsN,: C 67.26, H5.19, N 6.27. Found: C 66.83,
H5.43, N 6.29.

N,N’-Bis-(2,4,6-trimethylphenyl)-4-trifluoromethylbenzamidine
(CFsPhMesAm)

CF;PhMesAm was prepared according to general procedure 1. The product was ob-
tained as yellowish crystals with a yield of 87 %.

"H NMR (500 MHz, CD,Cl,, =75 °C): Omajor isomer (Ppm) = 7.47 (d, *J(H,H) = 8 Hz, 2 H;
o-Ar-H), 7.40 (d, 3J(H,H) = 8 Hz, 2 H; m-Ar-H), 6.89 (s, 2 H; NMes-H), 6.61 (s, 2 H;
NHMes-H), 5.67 (s, 1 H; NH), 2.21 (s, 3 H; p-NMes-CH,), 2.15 (s, 6 H; o-NMes-CH,),
2.06 (s, 3 H; p-NHMes-CH,;), 1.97 (s, 6 H; o-NHMes-CH,;). Ominorisomer (Ppm) = 7.38
(d, 3J(H,H) = 8 Hz, 2 H; m-Ar-H), 7.32 (d, 3J(H,H) = 8 Hz, 2 H; 0-Ar-H), 5.67 (s, 1 H;
NH), 6.88 (s, 2 H; NHMes-H), 6.57 (s, 2 H; NMes-H), 2.23 (s, 9 H; o-NHMes-CH,,
p-NHMes-CH,;), 2.06 (s, 3 H; p-NMes-CH,;), 1.87 (s, 6 H; o-NMes-CH,).

BC{'H} NMR (126 MHz, CD,Cl,, =75 °C): Omajorisomer (ppm) = 152.7 (N=C-N), 142.3
(ipso-NMes-C), 138.3 (ipso-Ar-C), 136.2 (p-NHMes-C), 134.4 (0o-NHMes-C), 133.4 (ip-
so-NHMes-C), 131.8 (p-NMes-C), 129.9 (q, ?J(C,F) = 32 Hz; p-Ar-C), 128.7 (m-NHMes-
C), 128.6 (m-NMes-C), 128.2 (0-NMes-C), 128.2 (0-Ar-C), 124.2 (q, *J(C,F) = 3Hz; m-
Ar-C), 123.5 (g, ?J(C,F) = 272 Hz; CF;), 20.4 (p-NHMes-CH,), 20.3 (p-NMes-CH,), 18.8
(0o-NHMes-CHj;), 17.6 (0-NMes-CH,;). Ominor isomer (ppm) = 153.2 (N=C-N), 144.5 (ipso-
NMes-C), 138.5 (ipso-Ar-C), 136.5 (o-NHMes-C), 136.4 (p-NHMes-C), 133.5 (ipso-
NHMes-C), 129.9 (p-NMes-C), 129.8 (q, 2J(C,F) = 32Hz; p-Ar-C), 128.2 (m-NHMes-
C), 127.7 (m-NMes-C), 127.6 (0-NMes-C), 127.5 (0-Ar-C), 124.6 (m; m-Ar-C), 123.3 (q,
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2J(C,F) = 272 Hz; CF;), 20.6 (p-NHMes-CH,), 20.2 (p-NMes-CHy), 18.9 (0-NMes-CHs,),
17.9 (o-NHMes-CH,).

F{'H} NMR (282 MHz, CDCl,): dmajor isomer (PPmM) = —62.8 (3 F; CF3). Ominor isomer (PPM) =
—-62.8 (3 F; CF3).

MS (ESI*, MeCN): m/z (%) = 425.0 (100) [M+H]*.

IR (KBr): # (cm™!) = 3331 (m), 2987 (w), 2952 (w), 2918 (m), 2863 (w), 2730 (vw), 1644
(m), 1623 (s), 1573 (m), 1516 (w), 1475 (m), 1407 (m), 1375 (m), 1322 (vs), 1234 (w), 1216
(m), 1172 (s), 1128 (s), 1110 (m), 1063 (s), 1017 (m), 890 (w), 849 (s), 798 (m), 747 (w), 700
(m), 690 (m), 647 (w), 610 (w), 561 (w), 505 (w).

Elemental Analysis: Calcd. (%) for C,H,,F;N,: C 73.56, H 6.41, N 6.60. Found: C 73.43,
H 6.23, N 6.58.

N,N’-Bis-(2,4,6-trimethylphenyl)-4-toluamidine (TolMesAm)

TolMesAm was prepared according to general procedure 1. The product was obtained
as yellowish needles with a yield of 74 %.

"H NMR (300 MHz, CDCL,): Omajor isomer (Ppm) = 7.37 (d, *J(H,H) = 7Hz, 2 H; o-Tol-H),
7.02 (d, °J(H,H) = 8 Hz, 2 H; m-Tol-H), 6.94 (s, 2 H; NMes-H), 6.72 (s, 2 H; NHMes-H),
5.67 (s, 1 H; NH), 2.33 (s, 6 H; 0-NMes-CH,;), 2.30 (s, 6 H; p-NMes-CH,, p-Tol-CH,;),
2.19 (s, 3 H; p-NHMes-CH,), 2.10 (s, 6 H; o-NHMes-CH,). The intensity of the signals
belonging to the minor isomer was generally too low for an accurate assignment.
BC{'H} NMR (75 MHz, CDCl,): Omajor isomer (Ppm) = 154.4 (N=C-N), 143.5 (ipso-NMes-
C), 139.5 (p-Tol-C), 136.1 (p-NHMes-C), 134.8 (o-NHMes-C, ipso-NHMes-C), 132.8
(ipso-Tol-C), 132.0 (p-NMes-C), 129.2 (m-NMes-C, m-NHMes-C), 129.0 (0o-NMes-C),
128.5 (m-Tol-C), 128.2 (0-Tol-C), 21.4 (p-Tol-CH,), 20.9 (p-NHMes-CH,, p-NMes-CH,),
19.1 (0o-NHMes-CH,;), 18.1 (0-NMes-CH,). The intensity of the signals belonging to the
minor isomer was generally too low for an accurate assignment.

MS (ESI*, MeCN): /2 (%) = 371 (100) [M+H]*.

IR (KBr): 7 (em™) = 3334 (m), 3212 (w), 2947 (m), 2918 (m), 2857 (w), 2728 (w), 1622
(s), 1603 (s), 1570 (m), 1515 (s), 1497 (s), 1477 (s), 1405 (w), 1368 (m), 1322 (w), 1297 (w),
1281 (w), 1246 (w), 1224 (m), 1213 (m), 1181 (w), 1151 (w), 1115 (w), 1096 (w), 1024 (w),
1021 (w), 1011 (w), 894 (w), 852 (m), 834 (m), 804 (w), 791 (m), 726 (w), 694 (w), 677 (W),
639 (w), 623 (w), 552 (w), 533 (w), 497 (w), 486 (w).

Elemental Analysis: Calcd. (%) for C,,H;,N,: C 84.28, H 8.16, N 7.56. Found: C 83.14,
H 8.48, N 7.33.
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N,N’-Bis-(2,6-difluorophenyl)benzamidine (PhFAm)

PhFAm was prepared according to general procedure 2. The product was obtained as
colorless crystals with a yield of 90 %.

'H NMR (500 MHz, CDCl;, =50 °C): Omajor isomer (Ppm) = 7.42 (d, °J(H,H) = 8Hz, 2 H;
o-Ph-H), 7.40 - 7.34 (m, 1 H; p-Ph-H), 7.31 (t, *J(H,H) = 7Hz, 2 H; m-Ph-H), 7.19 - 7.14
(m, 1 H; p-NAr-H), 6.98 (dd, *J(H,F) = 8Hz, *J(HH) = 8Hz, 2 H; m-NAr-H), 6.78 —
6.67 (m, 3 H; p-NHAr-H, m-NHAr-H), 6.52 (s, 1 H; NH). dminor isomer (Ppm) = 7.72 (d,
*J(H,H) =7Hz, 2H; 0-Ph-H), 7.45-7.42 (m, 1 H; p-Ph-H), 7.39 - 7.34 (m, 2 H; m-Ph-H),
6.99 - 6.96 (m, 1 H; p-Ar-H), 6.83 (spr, 1 H; NH), 6.78 — 6.67 (m, 5 H; p-Ar-H, m-NAr-H,
m-NHAr-H).

BC{'H} NMR (126 MHz, CDCl;, =50 °C): Omajor isomer (Ppm) = 158.7 (N=C-N), 156.6 (dd,
'J(C,F) =284 Hz, *J(CF) = 6 Hz; 0-NAr-C), 154.7 (dd, 'J(C,F) = 278 Hz, *](C,F) = 6 Hz;
0-NHAr-C), 133.4 (ipso-Ph-C), 130.6 (p-Ph-C), 128.5 (m-Ph-C), 127.9 (0-Ph-C), 127.7 (t,
2J(C,F) = 16 Hz; ipso-NHAr-C), 126.5 (t, °J(C,F) = 9Hz; p-NAr-C), 122.1 (t, *J(CF) =
9Hz; p-NHAr-C), 115.5 (t, 2J(C,F) = 16 Hz; ipso-NAr-C), 111.9 (dd, ?J(C,F) = 19Hz,
*J(C,F) =3Hz; m-NAr-C), 111.1 (dd, ?J(C,F) = 18 Hz, *J(C,F) = 6 Hz; m-NHAr-C). The
intensity of the signals belonging to the minor isomer was generally too low for an
accurate assignment.

YF{'H} NMR (282 MHz, CDCl,): Omajor isomer (PPM) = —120.4 (Spr, 4 F; 0-A1-F). Ominor isomer
(ppm) = —119.4 (t,3](EF) = 4Hz, 2 F; 0-NAr-F), =121.6 (t, 8] (E F) = 4 Hz, 2 F; o-NHAr-F).
MS (ESI*, MeCN): /= (%) = 345.1 (100) [M+H]*, 367.0 (15) [M+Na]*, 383.0 (20) [M+K]*,
711.1 (4) [2M+Na]".

IR (KBr): # (cm™) = 3437 (m), 3213 (w), 1917 (w), 1896 (w), 1829 (w), 1750 (w), 1634 (s),
1618 (s), 1600 (s), 1516 (s), 1462 (s), 1322 (s), 1290 (s), 1274 (s), 1242 (s), 1232 (s), 1150 (m),
1105 (m), 1075 (m), 1059 (m), 1011 (s), 998 (s), 927 (m), 914 (m), 877 (m), 845 (w), 768 (s),
743 (s), 700 (s), 612 (m), 588 (m), 569 (m), 530 (m), 501 (m), 453 (m).

Elemental Analysis: Calcd. (%) for C,,H;,F,N,: C 66.28, H 3.51, N 8.14. Found: C 65.86,
H 3.52, N 8.08.

N,N’-Bis-(2,6-difluorophenyl)-4-trifluoromethylbenzamidine
(CF3PhFAm)

CF;PhFAm was prepared according to general procedure 2. The product was obtained
as colorless crystals with a yield of 79 %.

TH NMR (300 MHz, CDCL,): Omajor isomer (PPmM) = 7.61 —7.55 (m, 4 H; o-CF;Ph-H, m-
CF,Ph-H), 7.02-6.70 (m, 6 H; p-NAr-H, m-NAr-H), p-NHAr-H, m-NHAr-H), 6.18 (s,
1 H; NH). Ominor isomer (Ppm) = 7.84 (d, *J(H,H) = 7Hz, 2 H; 0-Ph-H), 7.61 - 7.55 (m, 2 H;
m-CF,Ph-H), 7.02-6.70 (m, 6 H; p-NAr-H, m-NAr-H), p-NHAr-H, m-NHAr-H), 6.18
(sbr, 1 H; NH).
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BC{*H} NMR (75 MHz, CDCL,): Omajor isomer (Ppm) = 157.7 (N=C-N), 156.9 (dm, ' J(C,F) =
245Hz; 0-NAr-C), 156.9 (dm, ' J(C,F) = 245 Hz; o-NH Ar-C), 137.3 (ipso-CF;Ph-C), 132.2
(9, 2J(C,F) = 33 Hz; p-CF;Ph-C), 128.3 (0-CF,;Ph-C), 127.3 (t, *J(C,F) = 9Hz; p-NAr-C),
125.6 (q, *J(C,F) = 4Hz; m-CF,Ph-C), 125.5-125.2 (m; ipso-NHAr-C), 123.9 (t, >J(C,F) =
9Hz; p-NHAr-C), 116.6 (t, ?J(C,F) = 15Hz; ipso-NAr-C), 111.8 — 111.5 (m; m-NAr-C,
m-NHAr-C). The chemical shift for the CF; moiety could not be determined due to
overlapping with other signals. The quartet is expected to appear at 123 — 124 ppm. The
intensity of the signals belonging to the minor isomer was in most cases too low for an
accurate assignment.

YF{'H} NMR (282 MHz, CDCl,): Omajor isomer (Ppm) = —63.0 (s, 3 F; CF;), —=119.5 (spr, 2 F;
0-NAr-F), —=121.4 (spr, 2 F; 0o-NHAr-F).

MS (ESI*, MeCN): /2 (%) = 413.0 (100) [M+H]*, 435.0 (8) [M+Na]*.

IR (KBr): 7 (em™) = 3385 (s), 3209 (m), 3145 (m), 3020 (m), 2994 (m), 2885 (w), 1632 (s),
1580 (m), 1544 (s), 1507 (s), 1469 (vs), 1436 (m), 1410 (s), 1375 (s), 1323 (vs), 1277 (s), 1240
(s), 1216 (m), 1154 (s), 1131 (vs), 1109 (s), 1066 (s), 1008 (vs), 998 (s), 924 (m), 866 (m),
834 (m), 781 (s), 774 (s), 766 (s), 757 (m), 734 (m), 727 (m), 701 (m), 689 (m), 637 (w), 607
(w), 591 (w), 569 (w), 527 (w), 504 (w), 485 (w).

Elemental Analysis: Calcd. (%) for C,,H,;F,N,: C 58.26, H2.69, N 6.79. Found: C 57.82,
H2.55 N6.77.

N,N’-Bis-(2,6-difluorophenyl)-4-toluamidine (TolFAm)

TolFAm was prepared according to general procedure 2. The product was obtained as
colorless crystals with a yield of 86 %.

'H NMR (500 MHz, CDCl,;, —50 °C): Omajor isomer (ppm) = 7.31 (d, *J(H,H) = 8 Hz, 2 H;
o-Tol-H), 7.16 — 7.07 (m, 3 H; p-NAr-H, m-Tol-H), 6.94 (dd, *J(H,F) = 9Hz, *J(H H) =
7Hz, 2 H; m-NAr-H), 6.78 - 6.67 (m, 3 H; p-NHAr-H, m-NHAr-H), 6.64 (s, 1 H; NH),
2.28 (s, 3 H; CH,;). Ominorisomer (ppm) = 7.58 (d, °J(H,H) = 8 Hz, 2 H; o-Tol-H), 7.16 -
7.07 (m, 3 H; m-Tol-H), 6.94 (m, 1 H; p-Ar-H,), 6.78 — 6.67 (m, 5 H; m-Ar-H, p-Ar-H,
m-Ar-H), 6.64 (s, 1 H; NH), 2.30 (s, 3 H; CHj;).

BBC{'H} NMR (126 MHz, CDCl;, =50 °C): Omajor isomer (Ppm) = 156.7 (N=C-N), 156.7 (dd,
'J(C,F) =265Hz;*](C,F) = 6 Hz; 0-N Ar-C), 154.6 (dd, ' J(C,F) =260 Hz, *](C,F) = 6 Hz; o-
NHATr-C), 140.8 (p-Tol-C), 130.4 (ipso-Tol-C), 129.0 (m-Tol-C), 127.9 (t, *J(C,F) = 16 Hz;
ipso-NHAr-C), 127.9 (o-Tol-C), 126.2 (t, °J(C,F) = 9Hz; p-NAr-C), 121.9 (t, *J(C,F) =
9Hz; p-NHAr-C), 115.6 (t, 2J(C,F) = 16 Hz; ipso-NAr-C), 111.9 (dd, ?J(C,F) = 20 Hz,
*J(C,F) =3Hz m-NAr-C), 111.1 (dd, ?J(C,F) = 18 Hz, *J(C,F) = 5Hz; m-NHAr-C), 21.6
(CH,). The intensity of the signals belonging to the minor isomer was generally too low
for an accurate assignment.

YF{'H} NMR (282 MHz, CDCl,): Omajor isomer (PPM) = —120.6 (Spr, 4 F; 0-A1-F). Ominor isomer
(ppm) = —=119.5 (s, 2 F; o-NAr-F), =121.6 (s, 2 F; o-NHAr-F).

MS (ESI*, MeCN): /> (%) = 359.1 (100) [M+H]".
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IR (KBr): # (cm™) = 3409 (m), 3192 (w), 2954 (w), 2913 (w), 2363 (w), 1643 (s), 1607 (s),
1524 (m), 1509 (m), 1468 (s), 1385 (w), 1328 (m), 1312 (m), 1288 (m), 1274 (m), 1240 (m),
1183 (w), 1150 (w), 1105 (w), 1058 (w), 1005 (s), 948 (w), 928 (w), 862 (w), 816 (m), 781
(m), 734 (m), 722 (m), 686 (w), 654 (w), 630 (w), 590 (w), 568 (w), 530 (w), 505 (w), 486
(m).

Elemental Analysis: Calcd. (%) for C,,H,,F,N,: C 67.04, H 3.94, N 7.82. Found: C 66.56,
H3.87, N 7.87.

N,N’-Bis-(2,6-difluorophenyl)-2,4,6-trimethylbenzamidine (MesFAm)

MesFAm was prepared according to general procedure 2. The product was obtained
as colorless crystals with a yield of 77 %.

'H NMR (500 MHz, CDCl;, =50 °C): Smajor isomer (Ppm) = 7.27 —7.21 (m, 1 H; p-N Ar-H),
7.04 (dd, *J(H,H) = 8Hz, *J(H,F) = 8 Hz, 2 H; m-NAr-H), 6.79 (s, 2 H; m-Mes-H), 6.77 —
6.70 (m, 1 H; p-NHAr-H), 6.67 (dd, ®J(H,H) = 8 Hz, *J(H,F) = 8 Hz, 2 H; m-NHAr-H),
6.08 (s, 1 H; NH), 2.36 (s, 6 H; 0-Mes-CH,), 2.21 (s, 3 H; p-Mes-CH;). At =50 °C the
intensity of the signals belonging to the minor isomer was generally too low for an
accurate assignment.

BC{"H} NMR (126 MHz, CDCl;, ~50 °C): Omajor isomer (PPpm) = 157.8 (N=C-N), 157.8 (dd,
'1(C,F) = 250 Hz; J(C,F) = 6 Hz; 0o-N Ar-C), 155.0 (dd, 'J(C,F) = 245Hz, *J(C,F) = 6 Hz;
0-NHAr-C), 138.8 (p-Mes-C), 136.0 (0-Mes-C), 130.8 (ipso-Mes-C), 128.1 (m-Mes-C),
127.4 (t, °J(C,F) = 9Hz; p-NAr-C), 126.3 (t, 2J(C;F) = 16 Hz; ipso-NHAr-C), 122.3 (t,
3J(C,F) =10Hz; p-NHAr-C), 114.8 (t, J(C,F) = 16 Hz; ipso-N Ar-C), 112.0 (dd, ?J(C,F) =
19Hz, *J(CF) = 4Hz; m-NAr-C), 111.1 (dd, *J(C,F) = 19 Hz, *](C,F) = 6 Hz; m-NHAr-
Q), 21.3 (p-Mes-CH,), 19.5 (t, 7J(C,F) = 3Hz; 0-Mes-CHj,). The intensity of the signals
belonging to the minor isomer was generally too low for an accurate assignment.
YF{'H} NMR (282 MHz, CDCl,): Omajor isomer (Ppm) = —116.8 (s, 2 F; 0-NAr-F), —121.0 (s,
2 F; 0-NHAT1-F). Ominor isomer (ppm) = —=117.7 (s, 2 F; 0o-N Ar-F), —121.1 (s, 2 F; o-NH Ar-F).
MS (ESI*, MeCN): /2 (%) = 387.1 (100) [M+H]*.

IR (KBr): ¥ (cm™!) = 3436 (w), 3373 (m), 3196 (w), 2923 (m), 2856 (w), 1631 (vs), 1502 (s),
1469 (vs), 1323 (s), 1273 (s), 1240 (s), 1209 (m), 1150 (w), 1091 (m), 1058 (m), 1005 (vs),
855 (m), 778 (s), 730 (m), 694 (m), 580 (w), 501 (m), 443 (w).

Elemental Analysis: Calcd. (%) for C,,H;sF,N,: C 68.39, H4.70, N 7.25. Found: C 67.98,
H 4.60, N 7.35.
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N,N’-Bis-(2,3,5,6-tetrafluoro-4-tolyl)-4-toluamidine (TolFTolAm)

TolFTolAm was prepared according to general procedure 2. The product was obtained
as a colorless solid with a yield of 58 %. As the starting material 2,3,5,6-tetrafluoro-4-
methylaniline was not available free of regioisomers, also amidine TolFTolAm con-
tained small amounts of differently substituted isomers as impurities which could not
be removed by crystallization or column chromatography.

"H NMR (300 MHz, CDCL,): Omajor isomer (Ppm) = 7.30 (d, *J(H,H) = 7Hz, 2 H; o-Tol-H),
7.13 (d, *)J(H,F) = 9Hz, 2 H; m-Tol-H), 5.69 (spr, 1 H; NH), 2.33 (s, 3 H; Tol-CHj,), 2.19
(s, 6 H; FTol-CH,). The intensity of the signals belonging to the minor isomer was
generally too low for an accurate assignment.

BC{'H} NMR (75MHz, CDCl,): Omajor isomer (PPmM) = 159.9 — 159.6 (m; N=C-N), 145.2
(dm, !J(C,F) = 247 Hz; 0-FTol-C, m-FTol-C), 141.6 (p-Tol-C), 130.1 (ipso-Tol-C), 129.5
(m-Tol-C), 127.7 (0-Tol-C), 111.3 (m; p-FTol-C), 21.5 (Tol-CH,), 7.31 (FTol-CH,). Due to
enhanced delocalization of the NH proton, no separate signals for N and NH aromatic
rings could be recorded. The ipso-FTol carbon atoms were not observed, presumably
because of extensive coupling to the fluorine atoms. The intensity of the signals belong-
ing to the minor isomer was generally too low for an accurate assignment.

YF NMR (282 MHz, CDCl;, —30°C): Smajor isomer (Ppm) = —143.8 (dd, *J(EF) = 23Hz,
°J(FF) = 10Hz, 2 F;, m-NFTol-F), —145.9 (dd, *J(EF) = 23Hz, °J(EF) = 10Hz, 2 F; m-
NHFTol-F), —-146.3 — (-146.4) (m; o-NFTol-F), —153.9 (dd, *J(EF) = 22Hz, °J(EF) =
10Hz, 2 F; o-NHFTol-F). The intensity of the signals belonging to the minor isomer
was generally too low for an accurate assignment.

MS (ESI*, MeCN): /2 (%) = 459.0 (100) [M+H]", 979.2 (13) [2M+Cu]*.

IR (KBr): 7 (em™) = 3433 (w), 3194 (w), 3125 (w), 3039 (w), 2987 (w), 2936 (w), 2867 (w),
2809 (w), 1617 (s), 1542 (s), 1486 (s), 1330 (m), 1301 (m), 1186 (w), 1125 (m), 1070 (m),
982 (m), 929 (s), 824 (m), 658 (w), 617 (w), 600 (w), 580 (w), 536 (W), 476 (w).
Elemental Analysis: Calcd. (%) for C,,H,;,FsN,: C 57.65, H 3.08, N 6.11. Found: C 57.53,
H 3.54, N 6.05.

N,N’-Bis-(4-methylphenyl)-4-toluamidine (TolTolAm)

TolTolAm was prepared according to general procedure 2. The product was obtained
as colorless crystals with a yield of 62 %.

H NMR (400 MHz, CDCl;, —60 °C): Sisomer1 (ppm) = 7.57 (d, *J(H,H) = 8 Hz, 2 H; o-
NHTol-H), 7.22 - 7.18 (m, 2 H; 0-CTol-H), 7.15 - 7.10 (m, 4 H; m-NHTol-H, m-CTol-H),
6.97 — 6.94 (m, 2 H; m-NTol-H), 6.73 (s, 1 H; NH), 6.65 (d, 3J(H,H) = 8 Hz, 2 H; o-NTol-
H), 2.33 (s, 6 H; CTol-CH,, NHTol-CH,), 2.23 (s, 3 H; NTol-CH,). Sisomer2 (ppm) = 7.49
(d, 3J(H,H) = 8Hz, 2 H; o-CTol-H), 7.22 - 7.18 (m, 2 H; m-NTol-H), 7.15 - 7.10 (m,
2 H; m-CTol-H), 6.97 — 6.94 (m, 4 H; o-NTol-H, m-NHTol-H), 6.60 (d, 3J(H,H) = 8 Hz,
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2 H; o-NHTol-H), 6.45 (s, 1 H; NH), 2.35 (s, 6 H; CTol-CH,, NTol-CH,), 2.24 (s, 3 H;
NHTol-CH,).

BC{TH} NMR (101 MHz, CDCl;, =60 °C): disomer1 (ppm) = 154.3 (N=C-N), 147 .4 (ipso-
NTol-C),139.6 (p-CTol-C), 137.3 (ipso-NHTol-C), 132.1 (p-NHTol-C), 131.7 (ipso-CTol-
C), 130.6 (p-NTol-C), 129.4 (m-NHTol-C), 129.1 (m-NTol-C, m-CTol-C), 128.7 (o-CTol-
), 122.3 (o-NTol-C), 118.9 (o-NHTol-C), 21.6 (CTol-CH,), 21.0 (NHTol-CH,), 20.9
(NTol-CH,). Oisomer2 (ppm) = 155.0 (N=C-N), 145.8 (ipso-NTol-C), 140.3 (p-CTol-C),
137.9 (ipso-NHTol-C), 133.0 (p-NTol-C), 132.6 (p-NHTol-C), 131.5 (ipso-CTol-C), 130.2
(m-NTol-C), 129.3 (m-NHTol-C), 129.0 (m-CTol-C), 128.9 (o-CTol-C), 121.7 (o-NHTol-
C), 121.6 (o-NTol-C), 21.7 (CTol-CH,), 21.1 (NTol-CH,), 20.9 (NHTol-CH,).

MS (ESI*, MeCN): /2 (%) = 315.1 (100) [M+H]*, 651.3 (6) [2M+Na]*.

IR (KBr): ¥ (cm™) = 3273 (m), 3019 (m), 2918 (m), 2860 (w), 1623 (s), 1592 (vs), 1530 (vs),
1514 (vs), 1503 (vs), 1404 (m), 1336 (s), 1222 (m), 1101 (m), 1018 (w), 933 (w), 920 (w),
861 (w), 816 (s), 760 (w), 641 (w), 617 (w), 571 (w), 528 (w), 512 (m), 485 (w).
Elemental Analysis: Calcd. (%) for C,,H,,N,: C 84.04, H 7.05, N 8.91. Found: C 84.01,
H7.18, N 8.88.

6.3 Synthesis of Bisamidinatodisilver(l) Complexes

General procedure Ag,O (0.21g, 0.9 mmol, 1.5eq), DCM (20mL) and the respective
amidine (0.6 mmol, 1.0 eq) were added to a flask, protected against light by alu-
minum foil, and the mixture was stirred at room temperature for 5d. Activated
carbon was then added to the reaction flask before stirring was continued for
another 5min. Subsequently, the mixture was filtrated over celite. The desired
amidinatosilver(I) complex was obtained after concentrating the filtrate in vacuo.

Ag2(PhFAmM),

Silver amidinato complex Ag,(PhFAm), was obtained in a quantitative yield as a
colorless solid. Slow evaporation of a CHCl, solution of the compound gave crystals
suitable for X-ray crystallography.

'H NMR (300 MHz, CD,CL): 6 (ppm) = 7.10 - 7.03 (m, 4 H; 0-Ph-H), 6.98 — 6.94 (m,
6 H; m-Ph-H, p-Ph-H), 6.80 — 6.70 (m, 4 H; p-Ar-H), 6.66 — 6.55 (m, 8 H; m-Ar-H).
BC{H} NMR (75 MHz, CD,CL,): § (ppm) = 175.2 (N=C~N), 157.6 (dd, J(C,F) = 244 Hz,
3](C,F) = 5Hz; 0-Ar-C), 136.3 (ipso-Ph-C), 129.3 (t, 2J(C,F) = 16 Hz; ipso-Ar-C), 128.5
(p-Ph-C), 127.4 (m-Ph-C), 127.3 (0-Ph-C), 124.1 (t, *J(C,F) = 10 Hz; p-Ar-C), 111.4 - 111.1
(m; m-Ar-C).

PF{'H} NMR (282 MHz, CD,ClL,): 6 (ppm) = —119.7 (s, 8 F; 0-Ar-F).

MS (ESI*, MeCN): "= (%) = 797.1 (80) [2M+Ag]*, 751.2 (45) [2M+Cul*, 727.2 (6)
[2M+K]*, 711.2 (35) [2M+Nal*, 383.1 (20) [M+K]*, 367.1 (15) [M+Nal*, 345.1 (100)
[M]* with M = PhFAm.
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IR (KBr): # (cm™) = 3029 (w), 2062 (w), 1897 (w), 1616 (w), 1584 (m), 1562 (w), 1496 (s),
1471 (s), 1441 (m), 1417 (m), 1278 (m), 1259 (m), 1237 (m), 1211 (m), 1180 (w), 1148 (w),
1130 (w), 1077 (w), 1059 (m), 1027 (w), 1005 (s), 944 (w), 929 (w), 872 (w), 809 (m), 783
(m), 772 (m), 760 (m), 740 (m), 704 (m), 615 (w), 571 (w), 558 (w), 538 (w), 500 (w).
Elemental Analysis: Calcd. (%) for C;H,,Ag,FgN,: C 50.58, H 2.46, N 6.21. Found: C
50.04, H 2.75, N 5.83.

Ag>(CFsPhFAm),

Silver amidinato complex Ag,(CF;PhFAm), was obtained in a quantitative yield as a
colorless solid. Slow evaporation of a DCM solution of the compound gave crystals
suitable for X-ray crystallography.

H NMR (500 MHz, CD,CL,): 6 (ppm) = 7.27 — 7.17 (m, 8 H; 0-CF;Ph-H, m-CF,;Ph-H),
6.82-6.73 (m, 4 H; p-Ar-H), 6.66 — 6.58 (m, 8 H; m-Ar-H).

BC{TH} NMR (126 MHz, CD,Cl,): 6 (ppm) = 173.6 (N=C—-N), 157.5 (dd, ' J(C,F) = 245 Hz,
3](CF) = 4Hz; 0-Ar-C), 140.3 (ipso-CF,Ph-C), 130.2 (q, ?J(C,F) = 32Hz; p-CF,Ph-C),
128.7 (t,2J(C,F) = 15 Hz; ipso-Ar-C), 127.8 (0-CF,;Ph-C), 124.6 (t, *J(C,F) = 9 Hz; p-Ar-C),
124.4 (q, °J(C,F) = 4Hz; m-CF,Ph-C), 124.2 (q, }J(C,F) = 273 Hz; CF,), 111.6 - 111.4 (m;
m-Ar-C).

PF{'H} NMR (282 MHz, CD,Cl,): 6 (ppm) = —63.3 (s, 6 F; CF;), —119.8 (s, 8 F, 0-Ar-F).
IR (KBr): # (cm™!) = 3075 (w), 2471 (w), 1911 (w), 1619 (w), 1584 (m), 1562 (w), 1511 (s),
1472 (s), 1407 (m), 1325 (s), 1280 (m), 1238 (m), 1222 (w), 1210 (w), 1169 (m), 1152 (w),
1134 (m), 1108 (m), 1066 (m), 1019 (m), 1006 (s), 943 (w), 881 (w), 866 (w), 837 (m), 798
(w), 777 (m), 770 (m), 760 (w), 739 (w), 726 (w), 707 (w), 697 (w), 662 (w), 652 (w), 611
(w), 597 (w), 570 (w), 559 (w), 537 (w), 503 (w).

Elemental Analysis: Calcd. (%) for C,yH,,Ag,F;,N,: C 46.27, H 1.94, N 5.40. Found: C
46.04, H2.11, N 5.24.

Ag>(TolFAm),

Silver amidinato complex Ag,(TolFAm), was obtained in a yield of 63 % as a colorless
solid. Slow evaporation of a DCM solution of the compound gave crystals suitable for
X-ray crystallography.

TH NMR (500 MHz, CD,CL,): 6 (ppm) = 6.95 — 6.88 (m, 4 H; o-Tol-H), 6.79 - 6.69 (m,
8 H; m-Tol-H, p-Ar-H), 6.64 — 6.57 (m, 8 H; m-Ar-H), 2.08 (s, 6 H, CH,).

BC{TH} NMR (75 MHz, CD,Cl,): 6 (ppm) = 175.4 (N=C-N), 157.6 (dd, ' J(C,F) = 245 Hz,
3](C,F)=4Hz; 0-Ar-C), 138.5 (ipso-Tol-C), 133.2 (p-Tol-C), 129.4 (t, *J(C,F) = 15 Hz; ipso-
Ar-C), 128.0 (m-Ph-C), 127.4 (0-Ph-C), 123.9 (t, *J(C,;F) = 9Hz; p-Ar-C), 111.4 — 111.1
(m; m-Ar-C).
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YF{'H} NMR (282 MHz, CD,Cl,): 6 (ppm) = —119.9 (s, 8 F, 0-Ar-F).

IR (KBr): 7 (em™) = 3037 (w), 2921 (w), 1897 (w), 1807 (w), 1728 (w), 1700 (w), 1616 (w),
1584 (m), 1562 (w), 1495 (s), 1471 (s), 1406 (m), 1278 (m), 1253 (w), 1237 (m), 1211 (m),
1183 (w), 1149 (w), 1131 (w), 1113 (w), 1060 (w), 1020 (w), 1004 (s), 944 (w), 856 (w), 842
(w), 824 (m), 789 (m), 773 (m), 758 (w), 745 (w), 734 (w), 725 (m), 715 (w), 694 (w), 630
(w), 575 (w), 560 (w), 540 (w), 503 (w), 484 (w), 461 (w).

Elemental Analysis: Calcd. (%) for C,,H,,Ag,FsN,: C 51.64, H 2.82, N 6.02. Found: C
51.02, H2.89, N 5.77.

6.4 Synthesis of Imidazolium Salt [Im2H]*Br-

2-Bromo-2-phenylacetophenone (1)

Compound 1 was synthesized according to modified existing protocols.?>?l 2-Phe-
nylacetophenone (5.9 g, 30 mmol, 1.0eq) and p-toluenesulfonic acid (0.57 g, 3.0 mmol,
0.1eq) were dissolved in DCM (15mL) and cooled to 0°C before adding NBS (5.3 g,
30mmol, 1.0 eq) in small portions to the reaction mixture. The solution was warmed to
room temperature and stirred for a further 23 h. Pentane (40 mL) was added and the
precipitating solid was separated by filtration and washed with pentane (3 x 10mL).
After this, the filtrate was washed with a saturated Na,S,O; solution (40 mL) and a half-
saturated NaHCO; solution (40 mL), and dried over MgSO,. Removal of the solvent in
vacuo afforded the title compound as a white solid (6.9 g, 25 mmol, 83 %).

H NMR (300 MHz, CDCL,): 5 (ppm) = 8.01 — 7.98 (m, 2 H; 0-COPh-H), 7.59 — 7.52
(m, 3 H; p-COPh-H, 0-BrPh-H), 7.48 - 7.42 (m, 2 H; m-COPh-H), 7.41 - 7.32 (m, 3 H;
m-BrPh-H, p-BrPh-H), 6.38 (s, 1 H; CH).

BC{'H} NMR (75 MHz, CDCl,): 6 (ppm) = 191.2 (CO), 136.1 (ipso-BrPh-C), 134.4 (ipso-
COPh-C), 133.8 (p-COPh-C), 129.3 (p-BrPh-C, 0o-COPh-C, 0-BrPh-C), 129.2 (m-BrPh-
Q), 129.0 (m-COPh-C), 51.2 (CH).

1,3-Bis-(2,4,6-trimethylphenyl)-2,4,5-phenylimidazolium bromide
([Im2"]*Br-)

Imidazolium salt [Im™?H]*Br~ was synthesized according to a modified literature pro-
cedure.”® To a mixture of amidine PhMesAm (4.19g, 11.8mmol, 1.0eq), ethyldi-
isopropylamine (1.82 g, 2.39mL, 14.1 mmol, 1.2 eq), and MeCN (20mL) a solution of 2-
bromo-2-phenylacetophenone 1 (6.47 g, 23.5 mmol, 2.0 eq) in MeCN (15 mL) was slowly
added, and the mixture was heated to reflux for 7 d. The solvent was removed in vacuo
before adding toluene, acetic anhydride (3.61g, 3.35mL, 35.4mmol, 3.0eq) and HBr
(48 % in water, 2.98 g, 17.7 mmol, 1.5 eq). The mixture was stirred for 10 d at 90 °C before
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pouring it into water (80 mL) and extraction with DCM (3 x 80mL). The combined
organic extracts were washed with a saturated NaHCOj, solution (100 mL) and concen-
trated in vacuo to approximately 10 mL. Addition of Et,O led to precipitation of the raw
product which can be recrystallized by layering a DCM solution of the compound with
Et,O. By this procedure, the title compound can be obtained as cube-shaped slightly or-
ange crystals (3.47 g, 5.65 mmol, 48 %). The Br~ counterion can be easily exchanged for
PF, by stirring a DCM solution over KPF, for 5 h. Filtration over silica, removal of the
solvent in vacuo and recrystallization from a mixture of chlorobenzene and n-pentane
yielded crystals suitable for X-ray crystallography.

H NMR (300 MHz, CD,CL):  (ppm) = 7.49 (tt, *J(H,H) = 8 Hz, *J(H,H) = 1Hz, 1 H;
p-C?Ph-H), 7.39 (tt, *J(H,H) = 8 Hz, *J(H,H) = 1Hz, 2 H; p-Ph-H), 7.33 - 7.23 (m, 6 H;
m-C?Ph-H, m-Ph-H), 7.03 - 6.98 (m, 6 H; o-C?Ph-H, o-Ph-H), 6.95 (s, 4 H; m-Mes-H),
2.29 (s, 6 H; p-Mes-CH,), 2.04 (s, 12 H; 0o-Mes-CH,).

BC{TH} NMR (75 MHz, CD,Cl,): 6 (ppm) = 144.5 (C?), 142.4 (p-Mes-C), 134.8 (0-Mes-C),
133.3 (C*, C%), 133.2 (p-C?Ph-C), 130.8 (p-Ph-C), 130.5 (m-Mes-C), 130.4 (0-Ph-C), 129.6
(m-C?Ph-C), 129.5 (0-C?Ph-C), 129.4 (m-Ph-C), 128.7 (ipso-Mes-C), 124.8 (ipso-Ph-C),
121.1 (ipso-C?Ph-C), 21.2 (p-Mes-CH,), 18.3 (0-Mes-CH,).

MS (ESI*, MeCN): "/ (%) = 533.3 (100) [M]*; (ESI", MeCN): /= (%) = 78.8 (100) [Br]".
Elemental Analysis: Calcd. (%) for C;yH,,BrN, - H,O: C 74.16, H 6.22, N 4.43. Found:
C72.28,H5.97, N 4.28.

Melting Point: 202 °C.

6.5 Synthesis of Imidazolinium Salts

The syntheses of imidazolinium salts presented in the following paragraphs are in-
spired by existing protocols for the synthesis of imidazolinium ions and larger hete-
rocyclic ring systems lacking a C? substituent.3%>3%! The reactions were found highly
dependent on the utilized amidine and consequently no general procedure for the
preparation of imidazolinium ions can be given here. In general, a relatively large vari-
ance of the yield was noticed and hence each synthesis was optimized as effectively as
possible.
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1,3-Bis-(2,4,6-trimethylphenyl)-2-phenylimidazolinium bromide
(PhMesIim*Br-)

Amidine PhMesAm (0.25g, 0.70mmol, 1.0eq) was dissolved in 1,2-dibromoethane
(6mL) and ethyldiisopropylamine (0.10 g, 0.13mL, 0.77 mmol, 1.1 eq) was added to the
reaction mixture prior to heating to reflux for 4 h. After cooling to room temperature,
the solvent was evaporated in vacuo and the remaining solid was washed with acetone.
Recrystallization from a mixture of acetone and DCM gave the desired imidazolinium
salt in crystalline form. The product PhMesIm*Br~ was obtained as colorless cube-
shaped crystals (0.28 g, 0.60 mmol, 85 %).

TH NMR (300 MHz, CDCL,): 6 (ppm) = 7.40 (tt, °J(H,H) = 8 Hz, *J(HH) = 1Hz, 1 H;
p-Ph-H), 7.18 (t,°J(H,H) = 8 Hz, 2 H; m-Ph-H), 7.00 (dd, *J(H,H) = 8 Hz, *J(H,H) = 1 Hz,
2 H; o-Ph-H), 6.84 (s, 4 H; Mes-H), 4.83 (s, 4 H; CH,), 2.31 (s, 12 H; 0-Mes-CH,), 2.21
(s, 6 H; p-Mes-CH,;); (300 MHz, CD,CN): 6 (ppm) = 7.46 (tt, °J(H,H) = 8 Hz, *J(H,H) =
1Hz, 1 H; p-Ph-H), 7.26 (t, °J(H,H) = 8 Hz, 2 H; m-Ph-H), 7.17 (dd, J(H,H) = 8 Hz,
*J(H,H) = 1Hz, 2 H; o-Ph-H), 6.96 (s, 4 H; Mes-H), 451 (s, 4 H; CH,), 2.31 (s, 12 H;
0-Mes-CH,), 2.22 (s, 6 H; p-Mes-CH,).

BC{TH} NMR (75 MHz, CDCL,): 6 (ppm) = 165.6 (C?), 140.4 (p-Mes-C), 134.8 (0-Mes-C),
133.9 (p-Ph-C), 131.4 (ipso-Mes-C), 130.4 (m-Mes-C), 129.1 (m-Ph-C), 128.3 (0-Ph-C),
121.8 (ipso-Ph-C), 52.3 (CH,), 21.1 (p-Mes-CH,;), 18.3 (0-Mes-CH,); (75 MHz, CD,CN):
6 (ppm) = 167.4 (C?), 141.4 (p-Mes-C), 136.2 (0-Mes-C), 134.7 (p-Ph-C), 132.2 (ipso-Mes-
(), 130.9 (m-Mes-C), 129.9 (m-Ph-C), 129.3 (0-Ph-C), 125.5 (ipso-Ph-C), 51.9 (CH,), 20.9
(p-Mes-CH,3), 18.1 (o-Mes-CH,;).

MS (ESI*, MeCN): /2 (%) = 383.1 (100) [M]*; (ESI~, MeCN): /> (%) = 78.8 (100) [Br]".
IR (KBr): 7 (cm™) = 2949 (w), 2919 (m), 2762 (w), 1812 (w), 1605 (s), 1584 (s), 1548 (vs),
1485 (s), 1454 (s), 1393 (m), 1360 (m), 1282 (s), 1219 (m), 1191 (m), 1154 (m), 1098 (m),
1026 (m), 950 (w), 926 (w), 907 (w), 868 (m), 805 (w), 779 (s), 701 (m), 578 (m), 521 (w),
424 (w), 340 (w), 370(w).

Elemental Analysis: Calcd. (%) for C,,H,,BrN,: C 69.97, H 6.74, N 6.04. Found: C 69.74,
H 6.85, N 6.08.

Melting Point: decomposition at T > 363 °C.

1,3-Bis-(2,4,6-trimethylphenyl)-2-pentafluorophenylimidazolinium
bromide (C¢FsMesim*Br-)

Amidine C¢FsMesAm (5.0g, 11mmol, 1.0eq) was dissolved in a mixture of 1,2-di-
bromoethane (30 mL) and MeCN (30mL) before Cs,CO; (2.9 g, 9.0mmol, 0.8 eq) was
added. The reaction mixture was stirred for 64 h at 110 °C. After this, the solvent was
evaporated in vacuo and the raw product was dissolved in DCM (50mL), washed
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with saturated NaHCO, (50mL), and dried over Na,SO,. The DCM solution was con-
centrated to approximately 20 mL and diethylether (60 mL) was added to the solution.
Upon standing at room temperature, the product crystallized as slightly orange needles
(2.3 g, 4.2mmol, 38 %).

'H NMR (300 MHz, CDCl,): 6 (ppm) = 6.89 (s, 4 H; Mes-H), 5.07 (s, 4 H; CH,), 2.36 (s,
12 H; o-Mes-CH,), 2.24 (s, 6 H; p-Mes-CH,;).

BC{'H} NMR (75 MHz, CDCl,): 6 (ppm) = 157.8 (C?), 141.2 (p-Mes-C), 135.2 (0-Mes-C),
130.5 (m-Mes-C), 129.3 (ipso-Mes-C), 54.0 (CH,), 21.1 (p-Mes-CH,;), 18.0 - 17.9 (m, o-
Mes-CH,). The carbon atoms of the pentafluorophenyl ring could not be assigned due
to their very low intensity caused by coupling to the "F nuclei. The C? carbon atom
was identified by its coupling to the CH, groups in the 'H,"*C HMBC NMR spectrum.
BF{'H} NMR (282 MHz, CDCl,): 6 (ppm) = —130.6 — (—130.8) (m, 2 F; 0-F), —139.8 (tt,
3J(EF) = 22Hz, *J(EF) = 7Hz, 1 F; p-F), —155.3 - (=155.5) (m, 2 F; m-F).

MS (ESI*, MeCN): "/ (%) = 373.1 (100) [M]*; (ESI~, MeCN): "/ (%) = 78.8 (100) [Br]".
IR (KBr): ¥ (cm™) = 2964 (m), 2924 (m), 2177 (w), 1732 (w), 1642 (m), 1610 (s), 1578 (vs),
1499 (vs), 1383 (m), 1289 (s), 1210 (m), 1119 (m), 1088 (m), 999 (vs), 924 (m), 856 (m), 802
(m), 728 (m), 675 (w), 637 (w), 571 (m), 412 (w).

Elemental Analysis: Calcd. (%) for C,,H, BrF;N,: C 58.60, H 4.74, N 5.06. Found: C
58.49, H 4.80, N 4.77.

Melting Point: decomposition at T > 245 °C.

1,3-Bis-(2,4,6-trimethylphenyl)-2-(4-trifluoromethylphenyl)imidazoli-
nium bromide (CF;PhMesim*Br-)

Amidine CF;PhMesAm (1.0g, 2.4mmol, 1.0eq) was dissolved in 1,2-dibromoethane
(4mL) and ethyldiisopropylamine (0.33 g, 0.44 mL, 2.6 mmol, 1.1 eq) was added to the
reaction mixture prior to heating to reflux for 3h. The solvent was evaporated in
vacuo and the raw product was washed with boiling toluene. The title compound was
obtained after recrystallization from a mixture of DCM and Et,O as colorless needles
(0.49 g, 0.92mmol, 39 %).

TH NMR (300 MHz, CDCL,): 6 (ppm) = 7.47 (d, *J(H,H) = 8 Hz, 2 H; m-CF,Ph-H), 7.19
(d, ®J(H,H) = 8Hz, 2 H; 0-CF,Ph-H), 6.88 (s, 4 H; Mes-H), 4.94 (s, 4 H; CH,), 2.36 (s,
12 H; 0-Mes-CH,), 2.25 (s, 6 H; p-Mes-CH,;).

BC{TH} NMR (75 MHz, CDCl,): 6 (ppm) = 164.4 (C?), 140.9 (p-Mes-C), 135.1 (q, *J(C,F) =
34 Hz; p-CF;Ph-C), 134.8 (0-Mes-C), 130.8 (ipso-Mes-C), 130.5 (m-Mes-C), 128.9 (o-
CF,Ph-C), 126.1 (q, *J(C,F) = 4 Hz; m-CF,Ph-C), 125.4 (q, °J(C,F) = 1 Hz; ipso-CF,Ph-C),
123.2 (q, 'J(C,F) = 274 Hz; CF,), 52.6 (CH,), 21.1 (p-Mes-CH,), 18.4 (0-Mes-CH,).
PF{'H} NMR (282 MHz, CDCl,): 6 (ppm) = —63.6 (s, 3 F; CF,).

MS (ESI*, MeCN): /2 (%) = 451.2 (100) [M]*; (ESI~, MeCN): /= (%) = 78.8 (100) [Br]".
IR (KBr): # (cm™!) = 3343 (w), 2970 (w), 2956 (w), 2938 (w), 1611 (m), 1588 (m), 1564 (s),
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1464 (w), 1406 (w), 1384 (w), 1324 (vs), 1287 (m), 1168 (m), 1131 (s), 1115 (m), 1067 (s),
1016 (w), 855 (m), 840 (m), 695 (m), 600 (w), 575 (w).

Elemental Analysis: Calcd. (%) for C,gH, BrF;N,: C 63.28, H 5.69, N 5.27. Found: C
62.35, H 5.52, N 5.12.

Melting Point: decomposition at T > 303 °C.

1,3-Bis-(2,4,6-trimethylphenyl)-2-(4-tolyl)imidazolinium bromide
(TolMesIm*Br-)

TolMesAm (1.0g, 2.7mmol, 1.0eq) was dissolved in 1,2-dibromoethane (10 mL) and
ethyldiisopropylamine (0.38 g, 0.5mL, 3.0 mmol, 1.1 eq) was added. The reaction mix-
ture was stirred for 17h at reflux temperature. After this, the solvent was evaporated
in vacuo and the raw product was dissolved in DCM (100 mL), washed with saturated
NaHCO, (100 mL), and dried over Na,SO,. The DCM solution was concentrated to ap-
proximately 20 mL and layered with Et,O (60 mL). Upon standing at room temperature,
the product precipitated as colorless crystals (0.85 g, 1.8 mmol, 66 %).

TH NMR (300 MHz, CDCL,): 6 (ppm) = 6.97 (d, *J(H,H) = 8 Hz, 2 H; m-Tol-H), 6.89 (d,
3J(H,H) = 8Hz 2 H; o-Tol-H), 6.86 (s, 4 H; Mes-H), 4.81 (s, 4 H; CH,), 2.31 (s, 12 H;
0-Mes-CH,), 2.23 (s, 9 H; p-Mes-CH,, Tol-CH,).

BC{TH} NMR (75 MHz, CDCL,): 6 (ppm) = 165.6 (C?), 145.1 (p-Tol-C), 140.4 (p-Mes-C),
134.9 (0-Mes-C), 131.6 (ipso-Mes-C), 130.4 (m-Mes-C), 129.8 (m-Tol-C), 128.3 (o-Tol-C),
118.8 (ipso-Tol-C), 52.3 (CH,), 21.8 (Tol-CH,), 21.1 (p-Mes-CH,;), 18.3 (0-Mes-CH,).
MS (ESI*, MeCN): m/z (%) = 397.1 (100) [M]*; (ESI~, MeCN): /> (%) = 78.8 (100) [Br]".
IR (KBr): ¥ (cm™!) = 2967 (m), 2919 (m), 2860 (w), 1609 (vs), 1581 (vs), 1546 (vs), 1499
(m), 1482 (s), 1470 (s), 1405 (w), 1382 (m), 1362 (m), 1308 (w), 1292 (vs), 1216 (m), 1190
(m), 1158 (w), 1122 (w), 1035 (m), 1020 (m), 985 (w), 951 (w), 855 (m), 818 (s), 724 (m),
693 (w), 639 (w), 620 (w), 570 (m), 529 (w), 472 (w).

Elemental Analysis: Calcd. (%) for C,gH4;BrN,-0.5 H,0: C 69.13, H7.04, N 5.76. Found:
C68.96,H7.17, N 5.71.

Melting Point: decomposition at T > 317 °C.
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1,3-Bis-(2,6-difluorophenyl)-2-phenylimidazolinium bromide
(PhFIm*Br-)

Amidine PhFAm (2.0 g, 5.8 mmol, 1.0 eq) was dissolved in 1,2-dibromoethane (4 mL)
and ethyldiisopropylamine (0.83 g, 1.1 mL, 6.4 mmol, 1.1 eq) was added to the reaction
mixture prior to heating to reflux for 6 h. After cooling to room temperature, the solvent
was evaporated in vacuo and the remaining solid was washed with acetone. Recrystal-
lization from a mixture of acetone and DCM gave the desired imidazolinium salt as
colorless crystals (0.74 g, 1.6 mmol, 28 %).

TH NMR (300 MHz, CDCl,): 6 (ppm) = 7.53 — 7.41 (m, 3 H; p-Ph-H, p-Ar-H), 7.31 (¢,
3J(H,H) = 8 Hz, 2 H; m-Ph-H), 7.16 (d, *J(H,H) = 8 Hz, 2 H; 0-Ph-H), 7.03 - 6.97 (m, 4 H;
m-Ar-H), 5.02 (s, 4 H; CH,).

BC{TH} NMR (75MHz, CDCL,): 6 (ppm) = 169.6 (C?), 157.6 (dd, 'J(C,F) = 256 Hz,
3](C,F) = 3Hz; 0-Ar-C), 134.8 (p-Ph-C), 133.2 (t, *J(C,F) = 10Hz; p-Ar-C), 129.7 (m-Ph-
C), 127.6 (0-Ph-C), 120.2 (ipso-Ph-C), 113.1 (¢, *J(C,F) = 16 Hz; ipso-Ar-C), 113.1 (dd,
2J(C,F) = 19 Hz, *J(C,F) = 4Hz; m-Ar-C), 53.8 (CH,).

PF{'H} NMR (282 MHz, CDCl,): 6 (ppm) = —117.1 (s, 4 F; o-Ar-F).

MS (ESI*, MeCN): m/z (%) = 371.0 (100) [M]*; (ESI", MeCN): /= (%) = 78.8 (100) [Br]".
IR (KBr): # (cm™) = 3057 (w), 2977 (w), 2891 (w), 1622 (s), 1590 (vs), 1557 (vs), 1474 (vs),
1442 (m), 1366 (w), 1293 (s), 1233 (m), 1190 (s), 1062 (m), 1028 (m), 1005 (vs), 930 (m),
810 (s), 797 (vs), 775 (vs), 699 (s), 627 (m), 562 (m), 503 (m), 411 (w), 348 (w).
Elemental Analysis: Calcd. (%) for C,,H,sBrF,N,: C 55.89, H 3.35, N 6.21. Found: C
55.67, H3.09, N 6.34.

Melting Point: 358 °C.

1,3-Bis-(2,6-difluorophenyl)-2-(4-tolyl)imidazolinium bromide
(TolFIm*Br-)

Imidazolinium salt TolFIm*Br~ can be prepared by two different methods. Method 1
does not require a base since the amidine can also act as a base in the reaction. Con-
sequently, the maximum yield in such a reaction is 50 %. After precipitation of the
product, the organic phase still contains protonated TolFAm, which can be reused for
additional runs of the reaction after deprotonation. If an additional base is used to de-
protonate the amidine prior to reacting it with 1,2-dibromoethane (method 2), column
chromatography is required as a further purification step.

Method 1 Amidine TolFAm (5.7 g, 16 mmol) and 1,2-dibromoethane (20 mL) were hea-
ted to reflux for 63 h. The solvent was removed in vacuo and the crude product
was dissolved in DCM (100 mL). After washing with a saturated NaHCO, so-
lution (100mL) and drying over Na,SO,, the organic phase was concentrated.
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Upon addition of Et,O, the product precipitated as a beige solid which can be
recrystallized from DCM/Et,O to yield colorless crystals (2.9 g, 6.1 mmol, 39 %).

Method 2 Amidine TolFAm (4.7 g, 13 mmol, 1.0 eq) and KO'Bu (1.6 g, 14 mmol, 1.1 eq)
were dissolved in MeCN (15mL) and stirred at room temperature for 1h. The
solvent was evaporated in vacuo and 1,2-dibromoethane (10 mL) was added before
heating the mixture to reflux for 71h. The solution was concentrated and the
crude product was purified by column chromatography (silica, DCM/MeOH 12:1,
Ry(DCM/MeOH 9:1) = 0.36) and subsequent crystallization from DCM/Et,0O to
yield the desired product (3.1g, 6.7 mmol, 52 %).

TH NMR (300 MHz, CDCl,): 6 (ppm) = 7.52 - 7.42 (m, 2 H; p-Ar-H), 7.09 - 6.97 (m, 8 H;
o-Tol-H, m-Tol-H, m-Ar-H), 4.98 (s, 4 H; CH,), 2.26 (s, 3 H; CH,;); (300 MHz, CD,CN):
6 (ppm) =7.60-7.50 (m, 2 H; p-Ar-H), 7.21 - 7.10 (m, 8 H; o-Tol-H, m-Tol-H, m-Ar-H),
4.67 (s, 4 H; CH,), 2.27 (s, 3 H; CH,).

BC{TH} NMR (75MHz, CDCl,): 6 (ppm) = 169.6 (C?), 157.6 (dd, 'J(C,F) = 255Hz,
3J(C,F) = 3Hz; 0-Ar-C), 146.3 (p-Tol-C), 133.1 (t, *J(C,F) = 10 Hz; p-Ar-C), 130.4 (m-Tol-
Q), 127.7 (0-Tol-C), 117.1 (ipso-Tol-C), 113.4 (t, ?J(C,F) = 16 Hz; ipso-Ar-C), 113.1 (dd,
2J(C,F) = 19 Hz, *J(C,F) = 4Hz; m-Ar-C), 53.7 (CH,), 21.9 (CH,); (75 MHz, CD,CN): 6
(ppm) = 170.2 (C?), 158.7 (dd, 'J(C,F) = 254 Hz, *J(C,F) = 3Hz; 0-Ar-C), 147.3 (p-Tol-C),
134.1 (t, 3J(C,F) = 10Hz; p-Ar-C), 131.0 (m-Tol-C), 129.2 (o-Tol-C), 118.3 (ipso-Tol-C),
114.3 (t,?J(C,F) = 16 Hz; ipso-Ar-C), 113.9 (dd, ?J(C,F) = 19 Hz, *J(C,F) = 4 Hz; m-Ar-C),
53.2 (CH,), 21.7 (CH,).

PF{'H} NMR (282 MHz, CDCl,): 6 (ppm) = —117.2 (s, 4 F; 0-Ar-F); (282 MHz, CD,CN):
0 (ppm) = —-118.5 (s, 4 F; o-Ar-F).

MS (ESI*, MeCN): m/z (%) = 385.0 (100) [M]*; (ESI~, MeCN): /= (%) = 78.8 (100) [Br]".
IR (KBr): # (cm™!) = 3057 (w), 2907 (vw), 2051 (vw), 1603 (m), 1582 (s), 1544 (s), 1475 (s),
1369 (w), 1295 (m), 1236 (m), 1190 (m), 1050 (m), 1004 (s), 804 (m), 789 (s), 723 (w), 561
(m), 517 (m); MeCN): # (cm™) = 2230 (w), 2107 (w), 1625 (w), 1605 (m), 1586 (s), 1556
(s), 1484 (vs), 1376 (w), 1305 (m), 1251 (w), 1015 (m), 827 (w), 797 (m), 728 (w).
Elemental Analysis: Calcd. (%) for C,,H,,BrF,N, - 0.5 H,O: C 55.71, H 3.83, N 5.91.
Found: C 55.41, H 4.01, N 5.85.

Melting Point: 330 °C.

1,3-Bis-(2,6-difluorophenyl)-2-(2,4,6-trimethylphenyl)imidazolinium
bromide (MesFIm*Br-)

Amidine MesFAm (0.50 g, 1.3 mmol, 1.0 eq) was dissolved in 1,2-dibromoethane (10 mL)
and ethyldiisopropylamine (0.18 g, 0.24mL, 1.4mmol, 1.1eq) was added to the reac-
tion mixture prior to heating to reflux for 26 h. After cooling to room temperature,
the solvent was evaporated in vacuo and the remaining solid was dissolved in DCM
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(100 mL), washed with a saturated NaHCOj, solution (100 mL), and concentrated. Addi-
tion of Et,O precipitated the raw product. Recrystallization by layering a DCM solution
with Et,O gave the desired imidazolinium salt as brownish crystals (0.39 g, 0.79 mmol,
60 %).

TH NMR (300 MHz, CDCL,): 6 (ppm) = 7.46 - 7.36 (m, 2 H; p-Ar-H), 7.02 - 6.95 (m, 4 H;
m-Ar-H), 6.74 (s, 2 H; m-Mes-H), 5.16 (s, 4 H; CH,), 2.19 (sp:, 6 H; 0-Mes-CH,;), 2.17 (s,
3 H; p-Mes-CH,).

BC{TH} NMR (75MHz, CDCl,): 6 (ppm) = 170.1 (C?), 157.5 (dd, 'J(C,F) = 256 Hz,
3](C,F) = 3Hz; 0-Ar-C), 143.6 (0-Mes-C), 137.9 (p-Mes-C), 132.6 (¢, *J(C,F) = 10Hz; p-
Ar-C), 129.5 (m-Mes-C), 116.4 (ipso-Mes-C), 113.1 (dd, ?J(C,F) = 20Hz, *J(C,F) = 4Hz;
m-Ar-C), 112.9 (t, ?J(C,F) = 15Hz; ipso-Ar-C), 53.4 (CH,), 21.4 (p-Mes-CH,), 19.3 (t,
3](C,H) = 6 Hz; 0-Mes-CH,).

PF{'H} NMR (282 MHz, CDCl,): 6 (ppm) = —114.3 (s, 4 F; o-Ar-F).

MS (ESI*, MeCN): /2 (%) = 413.0 (100) [M]*; (ESI~, MeCN): /= (%) = 78.8 (100) [Br]".
IR (KBr): 7 (cm™) = 3016 (m), 2956 (m), 1974 (vw), 1596 (s), 1551 (vs), 1480 (s), 1383 (m),
1299 (s), 1201 (m), 1072 (m), 1003 (s), 913 (w), 858 (m), 802 (s), 727 (m), 631 (m), 564 (s),
507 (m), 374 (m).

Elemental Analysis: Calcd. (%) for C,,H,,BrF,N,: C 58.43, H 4.29, N 5.68. Found: C
58.37, H 4.06, N 5.58.

Melting Point: 343 °C.

1,3-Bis-(2,3,5,6-tetrafluoro-4-tolyl)-2-(4-tolyl)imidazolinium bromide
(TolFTollm*Br~)

Amidine TolFTolAm (1.0 g, 2.2 mmol) and 1,2-dibromoethane (10 mL) were heated to
reflux for 7 d. The solvent was removed in vacuo and the crude product was dissolved in
DCM (100mL). After washing with a saturated NaHCO; solution (100 mL) and drying
over Na,SO,, the organic phase was concentrated. After precipitation by addition
of Et,O, the raw product was further purified by column chromatography (silica,
DCM/MeOH 9:1, R¢(DCM/MeOH 9:1) = 0.30) and subsequent recrystallization from
DCM/Et,O. The title compound was obtained as colorless needles (0.48 g, 0.84 mmol,
39 %). As in the synthesis of TolFIm*Br~ (method 1), the amidine also acts as a base
in this reaction. Therefore, the maximum yield is 50 %. Since amidine TolFTolAm was
contaminated with traces of regioisomers (see above), also TolFTolIm*Br~ contained
small amounts of differently substituted isomers as impurities which could not be
removed by crystallization or column chromatography.

TH NMR (300 MHz, CDCL,): 6 (ppm) = 7.21 (d, *J(H,H) = 8 Hz, 2 H; m-Tol-H), 7.10 (d,
3J(H,H) = 8Hz, 2 H; o-Tol-H), 5.12 (s, 4 H; CH,), 2.35 (s, 3 H; Tol-CHy), 2.26 (t, *J(H,F) =
2Hz, 6 H; FTol-CH,).
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BC{IH} NMR (75 MHz, CDCL,): § (ppm) = 169.9 (C?), 147.3 (p-Tol-C), 147.1 — 140.5 (m;
m-FTol-C, 0-FTol-C), 131.0 (m-Tol-C), 127.8 (0-Tol-C), 120.6 (t, *J(C,F) = 19 Hz; p-Tol-C),
116.6 (ipso-Tol-C), 112.7 (tt, 2J(C,F) = 14Hz, J(C,F) = 3Hz; ipso-FTol-C), 54.1 (CH,),
22.1 (Tol-CH,;), 8.17 (spy; FTol-CHj).

1F{IH} NMR (282 MHz, CDCL,): 6 (ppm) = —138.7 — (~138.8) (m, 2 F; o-F), —145.3 —
(-145.4) (m, 2 F; m-F).

MS (ESI*, MeCN): /2 (%) = 484.9 (100) [M]*; (ESI~, MeCN): /> (%) = 78.8 (100) [Br]".
IR (KBr): # (cm™) = 2984 (vw), 1609 (w), 1583 (m), 1549 (s), 1506 (vs), 1470 (m), 1435
(w), 1282 (m), 1076 (m), 956 (w), 943 (w), 929 (m), 821 (m), 730 (w), 718 (w), 625 (w), 587
(w), 474 (vw).

Elemental Analysis: Calcd. (%) for C,,H,,BrFsN,: C 50.99, H 3.03, N 4.96. Found: C
48.73, H2.94, N 4.68.

Melting Point: 266 °C.

1,2,3-Tris-(4-tolyl)imidazolinium bromide (TolTolim*Br-)

Amidine TolTolAm (0.50 g, 1.6 mmol, 1.0 eq) was dissolved in 1,2-dibromoethane (5 mL)
and ethyldiisopropylamine (0.23 g, 0.30mL, 1.7 mmol, 1.1 eq) was added. The reaction
mixture was stirred for 24 h at reflux temperature. After this, the solvent was evapo-
rated in vacuo and the residue was dissolved in DCM (100 mL), washed with saturated
NaHCO, (100mL), and dried over Na,SO,. The DCM solution was concentrated be-
fore adding Et,O to precipitate the raw product which was again recrystallized from
DCM/Et,O. The product was obtained as slightly brownish crystals (0.48 g, 1.1 mmol,
71 %).

TH NMR (300 MHz, CDCl,): 6 (ppm) = 7.32 (d, °J(H,H) = 8 Hz, 4 H; o-NTol-H), 7.26
(d, 3J(H,H) = 8 Hz, 2 H; o-Tol-H), 7.02 (d, 3J(H,H) = 8 Hz, 4 H; m-NTol-H), 6.94 (d,
3J(H,H) = 8Hz, 2 H; m-Tol-H), 4.79 (s, 4 H; CH,), 2.24 (s, 6 H; NTol-CHy), 2.20 (s, 3 H;
Tol-CH,).

BC{TH} NMR (75 MHz, CDCL,): 6 (ppm) = 164.5 (C?), 143.1 (p-Tol-C), 139.0 (p-NTol-C),
134.3 (ipso-NTol-C), 130.3 (m-NTol-C), 130.1 (o0-Tol-C), 129.5 (m-Tol-C), 126.3 (o-NTol-
C), 119.3 (ipso-Tol-C), 53.3 (CH,), 21.7 (Tol-CH,), 21.2 (N Tol-CH,).

MS (ESI*, MeCN): /= (%) = 341.4 (100) [M]*; (ESI", MeCN): /= (%) = 78.8 (100) [Br]".
IR (KBr): 7 (cm™) = 3025 (w), 2915 (w), 2880 (w), 1612 (m), 1576 (s), 1564 (s), 1547 (vs),
1509 (s), 1498 (s), 1377 (m), 1304 (vs), 1210 (m), 1185 (m), 1112 (w), 1040 (w), 1022 (m),
990 (w), 972 (w), 938 (w), 821 (vs), 723 (m), 694 (w), 650 (w), 626 (m), 619 (w), 563 (m),
525 (s), 472 (m).

Elemental Analysis: Calcd. (%) for C,,H,sBrN,: C 68.41, H5.98, N 6.65. Found: C 66.80,
H 5.82, N 6.32. Melting Point: 271 °C.
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6.6 Synthesis of Imidazolidines

Imidazolidines were synthesized as precursors for imidazolinium ions in the synthetic
route described in section 2.2.4. Furthermore, a variety of imidazolidines was obtained
in reactions of a hydride donor reagent (NaBH,) with imidazolinium ions which were
performed in order to demonstrate their hydride acceptor properties.

General procedure To a solution of the imidazolinium salt (0.13 mmol, 1.0 eq) in EtOH
(10mL), NaBH, (7.2mg, 0.19 mmol, 1.5eq) was added in small portions and the
mixture was stirred at room temperature for 2h. The solvent was removed in
vacuo and after addition of CHCI,, the resulting suspension was filtered (Sarto-
rius PTFE syringe filter, 0.45 pm) and again concentrated to yield the respective
imidazolidine.

N,N’-Di-(tert-butyl)oxamide (8)

N,N’-Di-(tert-butyl)oxamide (8) was synthesized according to a modified literature
procedure. 33! Diethyl oxalate (14.6 g, 13.6 mL, 100 mmol, 1.0 eq) was mixed with tert-
butylamine (21.9 g, 31.8 mL, 300 mmol, 3.0eq) in EtOH (15mL) and the mixture was
stirred at room temperature for 3 d. The solid material was collected by filtration and
washed with EtOH (10 mL). The filtrate was concentrated in vacuo and the remaining
solid was washed with EtOH (5 mL) to produce a second portion of the product. After
drying under reduced pressure, the title compound was obtained as a white solid
(18.8 g, 93.8 mmol, 94 %).

TH NMR (300 MHz, CDCL,): § (ppm) = 7.40 sy, 2 H; NH), 1.37 (s, 18 H; CH,).
BBC{1H} NMR (75 MHz, CDCL,): 6 (ppm) = 159.7 (C=0), 51.4 (*"*Bu-C), 28.3 (CH,).

N,N’-Di-tert-butyl-1,2-ethylenediamine (9)

N,N’-Di-tert-butyl-1,2-ethylenediamine (9) was synthesized according to a modified
literature procedure.33¥! N,N’-Di-(tert-butyl)oxamide (8) (10.0 g, 50 mmol, 1.0 eq) was
added as a THF suspension (50 mL) dropwise to a mixture of LiAlH, (11.4 g, 300 mmol,
6.0eq) and THF (40mL). After this, the mixture was heated to reflux for 19h before
careful addition of water at 0°C. The solid material was separated by filtration and
washed with Et,O (180 mL). The layers of the filtrate were separated and the aqueous
phase was extracted with Et,O (3 X 40 mL). The organic layers were combined, dried
with MgSO, and concentrated in vacuo. Distillation under reduced pressure (78 °C,
24 mbar) gave the title compound as a colorless liquid (5.96 g, 35 mmol, 69 %).

160



6.6 Synthesis of Imidazolidines

1H NMR (300 MHz, CDCL,): § (ppm) = 2.67 (s, 4 H; CH,), 1.62 (s, 2 H; NH), 1.10 (s,
18 H; CH,).
BC{1H} NMR (75 MHz, CDCL,): § (ppm) = 50.5 (*"Bu-C), 43.3 (CH,), 29.2 (CH.,).

1,3-Di-tert-butyl-2-(4-trifluoromethylphenyl)imidazolidine (10)

N,N’-Di-tert-butyl-1,2-ethylenediamine (9) (2.0 g, 12 mmol, 1.2 eq), 4-(trifluoromethyl)-
benzaldehyde (1.7 g, 1.3 mL, 9.7 mmol, 1.0 eq) and toluene (20 mL) were heated to reflux
at a distilling trap for 67 h. The solvent was removed in vacuo and the crude product
was purified by Kugelrohr distillation under reduced pressure. By this procedure,
imidazolidine 10 was obtained as a white solid (2.0 g, 6.2 mmol, 64 %).

1H NMR (300 MHz, CDCL,): 6 (ppm) = 7.57 (d, 3J(H,H) = 8 Hz, 2 H; 0-CF,Ph-H), 7.49
(d, *J(H,H) = 8 Hz, 2 H; m-CF,Ph-H), 4.80 (s, 1 H; CH), 3.20 - 3.12 (m, 2 H; CH,), 3.04 -
2.96 (m, 2 H; CH,), 0.99 (s, 18 H; CH,).

BC{1H} NMR (75MHz, CDCL,): 6 (ppm) = 155.7 (ipso-CF,Ph-C), 128.5 (q, 2J(C,F) =
32 Hz; p-CF,Ph-C), 128.4 (0-CF,Ph-C), 124.7 (q, 3J(C,F) = 4Hz; m-CF,Ph-C), 124.7 (q,
LJ(C,F) = 272 Hz; CF,), 76.1 (CH,), 54.1 (*""Bu-C), 46.7 (CH,), 28.2 (CH,).

F{'H} NMR (282 MHz, CDCL,): 6 (ppm) = —62.1 (s, 3 F; CF,).

1,3-Bis-(2,6-difluorophenyl)-2-phenylimidazolidine (HPhFIm)

Imidazolidine HPhFIm was prepared according to the general procedure by reaction of
PhFIm*Br~ with NaBH, in EtOH. The product was obtained in a quantitative yield.

'H NMR (300 MHz, CDCL,): 6 (ppm) = 7.37 — 7.34 (m, 2 H; 0-Ph-H), 7.18 - 7.11 (m, 3 H;
p-Ph-H, m-Ph-H), 6.89 — 6.69 (m, 6 H; p-Ar-H, m-Ar-H), 6.12 (s, 1 H; CH), 4.13 — 4.02
(m, 2 H; CH,), 3.68 — 3.57 (m, 2 H; CH,).

13C{TH} NMR (75 MHz, CDCL,): 6 (ppm) = 159.0 (dd, 'J(C,F) = 248 Hz, 3J(C,F) = 7Hz;
0-Ar-C), 140.7 (ipso-Ph-C), 128.2 (p-Ph-C), 128.0 (m-Ph-C), 127.9 (0-Ph-C), 123.5 (t,
3J(C,F) = 10Hz; p-Ar-C), 1233 (t, 2J(CF) = 14Hz; ipso-Ar-C), 112.0 (dd, 2J(C,F) =
17 Hz, *J(C,F) = 8 Hz; m-Ar-C), 79.7 (quin, *J(C,F) = 4 Hz; CH), 50.6 (t, */(C,F) = 4Hz;
CH,).

PF{'H} NMR (282 MHz, CDCl,): 6 (ppm) = —118.1 (s, 4 F; o-Ar-F).
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1,3-Bis-(2,6-difluorophenyl)-2-(4-tolyl)imidazolidine (HTolFIm)

Imidazolidine HTolFIm was prepared according to the general procedure by reaction
of TolFIm*Br~ with NaBH, in EtOH. The product was obtained quantitatively and
crystals were grown by slow evaporation of a CHCl, solution.

H NMR (300 MHz, CD,CN): 6 (ppm) = 7.23 (d, °J(H,H) = 8 Hz, 2 H; o-Tol-H), 7.00 -
6.78 (m, 8 H; Ar-H, p-Tol-H), 6.07 (quin, °J(H,F) = 2Hz, 1 H; CH), 4.09 — 3.97 (m, 2 H;
CH,), 3.64 - 3.52 (m, 2 H; CH,), 2.18 (s, 3 H; CH,).

BC{TH} NMR (75 MHz, CD,CN): 6 (ppm) = 159.9 (dd, !J(C,F) = 247 Hz, *](C,F) = 7Hz;
0-Ar-C), 139.3 (p-Tol-C), 138.7 (ipso-Tol-C), 129.5 (m-Tol-C), 128.9 (o-Tol-C), 125.1 (t,
3](C,F) =10 Hz; p-Ar-C), 123.8 (t, ?J(C,F) = 14 Hz; ipso-Ar-C), 113.0 (dd, ?J(C,F) = 17 Hz,
*J(C,F) = 8Hz; m-Ar-C), 80.0 (quin, *J(C,F) = 4Hz; CH), 51.3 (t, *J(C,F) = 3Hz; CH,),
21.1 (CH,).

PF{'H} NMR (282 MHz, CD,CN): 6 (ppm) = —120.3 (s, 4 F; o-Ar-F).

IR (CD,CN): 7 (cm™!) = 1619 (w), 1590 (w), 1571 (w), 1495 (s), 1474 (s), 1351 (m), 1305
(w), 1290 (m), 1230 (m), 1180 (w), 1162 (w), 1068 (w), 1000 (m), 843 (w), 828 (w), 782
(m), 722 (w).

1,3-Bis-(2,6-difluorophenyl)-2-(4-tolyl)-(2-°H)-imidazolidine
(DTolFIm)

Imidazolidine DTolFIm was prepared starting from TolFIm*Br~ according to the gen-
eral procedure, but with NaBD, (8.1mg, 0.19 mmol, 1.5eq) instead of NaBH,. The
product was obtained in a quantitative yield.

TH NMR (300 MHz, CD,CN): 6 (ppm) = 7.23 (d, °J(H,H) = 8 Hz, 2 H; o-Tol-H), 6.99 -
6.78 (m, 8 H; Ar-H, p-Tol-H), 4.09 - 3.98 (m, 2 H; CH,), 3.63 - 3.52 (m, 2 H; CH,), 2.18
(s, 3 H; CH,).

BC{TH} NMR (75 MHz, CD,CN): 6 (ppm) = 159.9 (dd, !J(C,F) = 247 Hz, *](C,F) = 8 Hz;
0-Ar-C), 139.3 (p-Tol-C), 138.6 (ipso-Tol-C), 129.5 (m-Tol-C), 128.9 (o-Tol-C), 125.0 (t,
3](C,F) =10 Hz; p-Ar-C), 123.8 (t,?J(C,F) = 14 Hz; ipso-Ar-C), 113.0 (dd, ?J(C,F) = 17 Hz,
*J(C,F) = 8Hz; m-Ar-C), 80.1 - 79.2 (m; CD), 51.3 (t, *J(C,F) = 3Hz; CH,), 21.1 (CH,).
PF{'H} NMR (282 MHz, CD,CN): 6 (ppm) = —120.4 (s, 4 F; o-Ar-F).

’H NMR (77 MHz, MeCN): 6 (ppm) = 5.98 (s, CD).

IR (CD,CN): 7 (cm™) = 1571 (w), 1619 (w), 1586 (w), 1497 (s), 1474 (s), 1344 (m), 1290
(m), 1232 (m), 1160 (w), 1147 (w), 1085 (w), 1003 (m), 977 (w), 828 (w), 784 (m), 722
(w).
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1,3-Bis-(2,3,5,6-tetrafluoro-4-tolyl)-2-(4-tolyl)imidazolidine
(HTolFTollm)

Imidazolidine HTolFTolIm was prepared according to the general procedure by reac-
tion of TolFTolIm™*Br~ with NaBH, in EtOH. The product was obtained in a quantitative
yield, however, since imidazolinium salt TolFTolIm* Br~ was contaminated with traces
of regioisomers (see above), also HTolFTolIm contained small amounts of differently
substituted isomers as impurities which could not be removed by crystallization or
column chromatography.

TH NMR (300 MHz, CD,CN): 6 (ppm) = 7.24 (d, *J(H,H) = 8 Hz, 2 H; o-Tol-H), 7.02
(d, 3J(H,H) = 8 Hz, 2 H; m-Tol-H), 6.10 (quin, °J(H,F) = 2Hz, 1 H; CH), 4.13 — 4.01 (m,
2 H; CH,), 3.69 - 3.58 (m, 2 H; CH,), 2.20 (s, 3 H; Tol-CH,), 2.12 (t, *J(H,H) = 2 Hz, 6 H;
FTol-CH,).

13C{TH} NMR (75MHz, CD,CN): § (ppm) = 146.4 (dm, 'J(C,F) = 241 Hz; m-FTol-C),
143.9 (dm, 'J(C,F) = 244 Hz; o-FTol-C), 139.9 (p-Tol-C), 137.6 (ipso-Tol-C), 129.8 (m-
Tol-C), 128.8 (0-Tol-C), 123.6 (tt, 2J(C,F) = 12 Hz, *J(C,F) = 2 Hz; ipso-FTol-C), 111.0 (t,
2J(C,F) = 20 Hz; p-FTol-C), 79.9 (quin, *J(C,F) = 4Hz; CH), 51.2 (t, *J(C,F) = 4 Hz; CH,),
21.1 (Tol-CH,), 7.24 — 7.00 (m, FTol-CH,).

19E{'H} NMR (282 MHz, CD,CN): & (ppm) = —147.0 — (~147.1) (m, 2 F; 0-F), ~150.9 -
(~151.0) (m, 2 F; m-F).

6.7 Synthesis of Carbonyl Metalates

Potassium Cyclopentadienyldicarbonylferrate K[CpFe(CO),] (KFp)

KFp was synthesized according to a modified literature procedure.!*! [CpFe(CO),],
(4.1g, 12mmol, 1.0eq) was added to a THF solution of K[HB(sec-Bu),] (1.0 M, 25mL,
25mmol, 2.2 eq). The reaction mixture was heated to reflux for 3 h before cooling to 0 °C
overnight. After this, the precipitate was separated by filtration and washed with THFE.
The orange filtrate was layered with toluene and kept at —20 °C to induce crystallization.
The orange crystals were collected, washed with toluene and dried in vacuo to afford
the title compound (3.8 g, 18 mmol, 74 %).

TH NMR (300 MHz, CD,CN): 6 (ppm) = 4.24 (s, 5 H; Cp).

BC{'H} NMR (75 MHz, CD,CN): 6 (ppm) = 229.3 (CO), 76.9 (Cp).

IR (MeCN): 7 (CO, em™) = 1866 (s), 1790 (s); (THF): # (CO, cm™!) = 1870 (s), 1793 (sh),
1774 (s); (DMF): 7 (CO, ecm™) = 1865 (s), 1790 (s); (C,HsCl): 7 (CO, cm™) = 1861 (s), 1787
(s); (ATR): 7 (CO, cm™!) = 1860 (m), 1727 (s); (KBr): 7 (CO, cm™!) = 1886 (m), 1744 (s).
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Bis(cyclopentadienylruthenium dicarbonyl) [CpRu(CO),], (Rp2)

The ruthenium dimer Rp, was synthesized according to a slightly modified litera-
ture procedure.®! Triruthenium dodecacarbonyl Ru,(CO),, (1.7 g, 2.7 mmol, 1.0eq),
dry and deoxygenated n-heptane (80 mL) and freshly distilled cyclopentadiene (4.1 g,
5.3mL, 62mmol, 23 eq) were heated for 2h at reflux in a two-necked round-bottomed
flask under an argon atmosphere. The glass stopper was then removed and the volume
of solvent was reduced to roughly 10 mL under a brisk flow of argon before adding
again a volume of 110 mL of unpurified n-heptane directly from the reagent bottle. The
solution was heated for a further 3 h. Upon standing overnight, the product crystallized
from the reaction mixture. In order to complete crystallization, an additional amount
of 30 mL of unpurified n-heptane was added to the reaction mixture and the flask was
kept at 0°C for 1d. Decantation, washing the crystals with n-pentane and drying in
vacuo afforded the product as orange needles (1.3 g, 3.0 mmol, 74 %).

'H NMR (300 MHz, CD,CN): 6 (ppm) = 5.36 (s, 5 H; Cp).

1BC{'H} NMR (75 MHz, CD,CN): 6 (ppm) = 220.8 (CO), 90.7 (Cp).

IR (MeCN): ¥ (CO, em™!) = 1997 (s), 1959 (m), 1937 (sh), 1776 (s); (KBr): # (CO, cm™!) =
1948 (s), 1771 (s).

Potassium Cyclopentadienyldicarbonylruthenate K[CpRu(CO),]
(KRp) and Black Solid (Rs)

To a solution of Rp, (0.50g, 1.1 mmol, 1.0eq) in THF (20mL), K[HB(sec-Bu),] (1M in
THE 6.7 mL, 6.7 mmol, 6.1 eq) was added and the resulting mixture was heated to 40 °C
for 6h. After a short time the initially orange solution darkened and precipitation of
a finely dispersed black solid was observed. Stirring of the mixture was continued
overnight and the precipitate was isolated by filtration and subsequent washing with
THF (2 x 5mL) and MeCN (2 x 10 mL). Exhaustive drying of the solid in vacuo afforded
a black material (Rs, 0.10g). Toluene (60 mL) was added to the filtrate and after 1d
the resulting crystals were collected by decantation, washed with toluene, and dried in
vacuo. By this method, KRp was obtained as yellow crystals (0.24 g, 0.90 mmol, 41 %).
Crystals suitable for X-ray diffraction were obtained by layering a THF solution of the
compound with toluene. Caution is required when handling the compound outside a
glovebox as any exposure to air immediately destroys the crystals.

Analytical data of KRp:

TH NMR (300MHz, CD,CN): 6 (ppm) = 4.83 (s, 5 H; Cp); (300 MHz, DMSO-dq): 6
(ppm) =4.68 (s, 5 H; Cp).

BC{'H} NMR (75 MHz, CD,CN): 6 (ppm) = 216 (CO), 80 (Cp); (75 MHz, DMSO-ds): 6
(ppm) = 215 (CO), 80 (Cp); (101 MHz, solid): 6 (ppm) = 218 (CO), 87 (Cp).
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IR (MeCN): # (CO, cm™) = 1888 (s), 1803 (s); (THF): ¥ (CO, cm™!) = 1895 (s), 1812 (s);
(DMSO): 7 (CO, em™) = 1882 (s), 1796 (s); (ATR): # (CO, cm™!) = 1889 (s), 1785 (s).
UV/Vis (THF): Apax [nm] (e [L mol™ em™1]) = 242 (3200), 281 (4300), 331 (1200); (MeCN):
Amax [nm] (€ [L mol™ em™']) = 218 (7660), 258 (4440), 319 (1970); (solid): Amax [nm] = 281,
236.

Elemental Analysis: Calcd. (%) for C,H;KO,Ru (the THF found in the crystal structure
is lost upon drying under reduced pressure): C 32.18, H 1.93. Found: C 32.17, H 2.05.

Analytical data of Rs (for details see chapter 4.3):

BC{'H} NMR (101 MHz, solid): 6 (ppm) = 280 (CO), 215 (CO), 94 (Cp).

IR (DMSO): 7 (CO, cm™) = 1882 (s), 1795 (s); (DMF): ¥ (CO, cm™!) = 1885 (s), 1801 (s);
(ATR): 7 (CO, ecm™!) = 1815 (m, br), 1500 (s, br).

UV/Vis (solid): Ayax [nm] = 284, 236.

Elemental Analysis: Found: C 23.72, H 1.54, N 0.49, K 13.18, Ru 42.26.

13CO-Labeled Compounds

3CO-enriched triruthenium dodecacarbonyl was obtained according to a modified
literature procedure from Darensbourg and co-workers.*®! Commercially available
Ru,(CO),, (1.0 g, 1.6 mmol) dissolved in a mixture of THF (90 mL) and MeOH (50 mL)
and catalytic amounts of KOMe (0.1M in MeCNj/toluene, 0.2mL, 0.02 mmol) were
placed in a 500 mL Schlenk flask and the mixture was degassed by repeated freeze-
thaw cycles. The flask was charged with an atmosphere of *CO gas (1bar) and the
mixture was stirred for 3h at 50 °C. Stirring was continued overnight. After this, the
atmosphere of CO was renewed and the mixture was stirred for another 5h at 50 °C.
The solvent was removed in vacuo and the raw product was extracted with warm n-
hexane. Filtration and removal of the solvent afforded *CO-enriched Ru,(CO),, which
was directly used in the synthesis of *CO-enriched Rp, analogously to the prepara-
tion of the non-labeled compound. From NMR spectroscopy of *CO-enriched Rp; in
comparison with the unlabeled compound, the *C content in the CO molecules was
estimated to be at least 90 %. Subsequent reductive cleavage according to the method
described above gave the *CO-enriched metalate and the *CO-enriched black solid
Rs.
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6.8 Attempted Syntheses of Transition Metal FLPs

General procedure To a solution/suspension of the imidazolinium salt (0.10 mmol,
1.0 eq) in an appropriate solvent (usually MeCN or chlorobenzene), the carbonyl
metalate (KFp or KRp) (0.10 mmol, 1.0eq) was added in small portions and the
mixture was stirred at room temperature for 1 — 3 h. Filtration (Sartorius PTFE
syringe filter, 0.45 pm) and removal of the solvent in vacuo or precipitation with
an apolar solvent (e. g. cyclopentane) gave the reaction product as solid material.

Lewis Pair [Im2"]*Fp~

A mixture consisting of imidazolium salt [Im?"]*Br~ (0.13 g, 0.20 mmol, 1.0eq), KFp
(0.05g,0.22mmol, 1.1 eq) and chlorobenzene (5 mL) was stirred at room temperature for
1h. The dark red solution was then filtered (Sartorius PTFE syringe filter, 0.45 um) and
concentrated in vacuo. Crystals of the compound can be obtained from a chlorobenzene
solution by diffusion with cyclopentane at —35 °C. The synthesis of the Rp™ salt can be
conducted analogously.

TH NMR (500 MHz, C,D-Cl, —35°C): 6 (ppm) = 7.18 (d, *J(H,H) = 7Hz, 4 H; o-Ph-H),
7.13 (d, *J(HH) = 7Hz, 2 H; 0-C?Ph-H), 7.04 — 6.84 (m, 9 H; Ph-H), 6.42 (s, 4 H; Mes-
H), 4.77 (s, 5 H; Cp), 2.11 (s, 12 H; 0-Mes-CH,), 1.83 (s, 6 H; p-Mes-CH,); (200 MHz,
CD,CN): 6 (ppm) = 7.50 (tt, °J(H,H) = 8 Hz, *J(H,H) = 1Hz, 1 H; p-Ph-H), 7.43 - 7.13
(m, 14 H; Ph-H), 6.96 (s, 4 H; Mes-H), 4.23 (s, 5 H; Cp), 2.23 (s, 6 H; p-Mes-CH,), 2.09
(s, 12 H; o-Mes-CH,).

BC{TH} NMR (126 MHz, C,D;Cl, -35 °C): 6 (ppm) = 229.4 (CO), 143.9 (C?), 141.6 (p-Mes-
C), 135.1 (0-Mes-C), 133.2 (C*, C°), 132.7 (p-C?Ph-C), 130.9 (p-Ph-C), 130.4 (m-Mes-C),
130.0 (0-Ph-C), 129.8 (m-C?Ph-C), 129.6 (0-C?Ph-C), 129.2 (m-Ph-C), 128.8 (ipso-Mes-C),
125.1 (ipso-Ph-C), 121.4 (ipso-C?Ph-C), 77.4 (Cp), 21.2 (p-Mes-CH,;), 18.9 (0-Mes-CHy,).
IR (C,H:Cl): # (CO, em™) = 1859 (s), 1782 (s); (THF): # (CO, cm™) = 1863 (s), 1789 (s);
(toluene): 7 (CO, cm™') = 1858 (s), 1780 (s).
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Lewis Pair PhMesIim*Fp~

Imidazolinium salt PhMesIm*Br~ (15 mg, 0.03 mmol, 1.0 eq) and KFp (8 mg, 0.04 mmol,
1.2 eq) were stirred at room temperature in MeCN (0.7mL) for 1h. After cooling to
—35°C for 10min, the dark red solution was filtered (Sartorius PTFE syringe filter,
0.45 um). The compound was not isolated as solid material.

'H NMR (500 MHz, CD,CN, —50°C): 6 (ppm) = 7.4 (spr, 1 H; p-Ph-H), 7.24 (s, 2 H;
Ph-H), 7.16 (spr, 2 H; Ph-H), 4.48 (sp,, 4 H; CH,), 4.21 (s, 5 H; Cp), 2.28 (sr, 12 H; 0-Mes-
CH;), 2.21 (spr, 6 H; p-Mes-CH,).

IR (MeCN): 7 (CO, cm™!) = 1863 (s), 1788 (s).

Lewis Pair ToIMesIim*Fp~

The synthesis of Lewis pair TolMesIm*Fp~ was performed in MeCN according to the
general procedure. The imidazolinium NMR resonances of the compound are extremely
broad at room temperature but narrow upon cooling. The synthesis of the Rp™ salt can
be conducted analogously.

TH NMR (300 MHz, CD;CN, —30°C): 6 (ppm) = 7.03 (s, 4 H; Ph-H), 6.95 (s, 4 H; Mes-H),
443 (s,4H; CH,), 4.21 (s, 5 H; Cp), 2.26 (s, 12 H; 0-Mes-CH,), 2.21 (s, 6 H; p-Mes-CH,).

Adduct [Fp—CgF;MesIim]*Br-

CeFsMesIm*Br~ (0.11 g, 0.2 mmol, 1.0 eq) was dissolved in chlorobenzene and cooled to
—-35°C. KFp (0.04 g, 0.2 mmol, 1.0 eq) was then added in small portions and the mixture
was stirred at room temperature for 1h. The solution was filtered (Sartorius PTFE
syringe filter, 0.45 um) before adding diethyl ether to precipitate the title compound.

TH NMR (300 MHz, C,D;Cl): 6 (ppm) = 6.45 (s, 4 H; Mes-H), 5.36 (s.,, 4 H; CH,), 4.21
(s, 5 H; Cp), 2.44 (s, 12 H; 0-Mes-CH,), 1.81 (s, 6 H; p-Mes-CH,).

PF{'H} NMR (282 MHz, C,D;Cl): 6 (ppm) = —102.8 — (-=102.9) (m, 2 F; Ar-F), —=135.2 -
(-135.4) (m, 2 F; Ar-F).

MS (ESI*, MeCN): /2 (%) = 631.1 (100) [M]*.

IR (C,H;Cl): 7 (CO, cm™) = 2046 (s), 1999 (s); (MeOH): # (CO, cm™) = 2044 (s), 1997
(s).
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Dimer [(CeF;Mesim),](BPh,)2

Upon standing, solutions of the adduct [Fp—C¢FsMesIm]*Br~ (preparation see above)
slowly decompose to yield the coupling product [(C¢FsMesIm),]** and the dimer Fp,.
In order to obtain crystalline material, the bromide counterion was exchanged for BPh,
by stirring a MeCN solution of the compound over an excess of KBPh, for 4 h. Filtration
of the solution and Et,O diffusion at room temperature produced crystals of the title
compound.

H NMR (500 MHz, CD,CN): 6 (ppm) = 7.29 - 7.25 (m, 16 H; o-Ph-H), 7.00 - 6.97 (m,
24 H; m-Ph-H, Mes-H), 6.84 (t, °*J(H,H) = 7Hz, 8 H; p-Ph-H), 4.60 (s, 8 H; CH,), 2.29 (s,
24 H; 0-Mes-CH,), 2.23 (s, 12 H; p-Mes-CH,).

BC{TH} NMR (126 MHz, CD,CN): 6 (ppm) = 164.8 (q, ' J(C,B) = 49 Hz; ipso-Ph-C), 158.9
(C?), 142.1 (p-Mes-C), 136.7 (q, *J(C,B) = 1 Hz; m-Ph-C), 136.5 (0-Mes-C), 131.1 (m-Mes-
C), 130.2 (ipso-Mes-C), 126.5 (q, 2J(C,B) = 3 Hz; 0-Ph-C), 122.7 (p-Ph-C), 53.5 (CH,), 21.0
(p-Mes-CH;), 17.8 = 17.7 (m, 0-Mes-CHj;). The carbon atoms of the pentafluorophenyl
ring could not be assigned due to their very low intensity caused by coupling to the F
nuclei.

YF{'H} NMR (188 MHz, CD,CN): 6 (ppm) = —131.9 (s, 4 F; m-F), -133.0 (s, 4 F; o-F).
MS (ESI*, MeCN): /= (%) = 454.1 (100) [M]**, 491.1 (14) [M+Et,O]**; (ESI", MeCN): /-
(%) = 319.0 (100) [BPh,]".

Adduct [Rp—TolFIm]*Br-

TolFIm*Br~ (70mg, 0.15mmol, 1.0eq) and KRp (39mg, 0.15mmol, 1.0eq) were dis-
solved in MeCN (10mL) and stirred at room temperature. The reaction was largely
complete after 5h as determined by IR spectroscopy. Besides traces of the dimer Rp,
(#(CO) = 1996, 1775 cm™!) only the adduct [Rp—TolFIm]*Br~ was detected in solution.
The resulting suspension was filtered (Sartorius PTFE syringe filter, 0.45 pm) and the
solvent was removed under reduced pressure. The remaining solid was then washed
with small amounts of THF and toluene and dissolved in MeCN. Layering toluene with
the MeCN solution produced — upon standing at room temperature — crystals suitable
for X-ray crystallography confirming the identity of the adduct [Rp—TolFIm]*Br~.

TH NMR (500 MHz, CD,CN): 6 (ppm) = 7.55 — 7.49 (m, 1 H; p-FAr-H), 7.35 (ddd,
3J(HH) = 8Hz, *J(H,H) = 1Hz, °J(H,F) = 1Hz, 1 H; m-RpAr-H), 7.25 - 7.12 (m, 5 H;
m-FAr-H, Tol-H), 7.05 — 7.01 (m, 1 H; m-FAr-H), 6.94 (td, *J(H,H) = 8 Hz, *J(H,F) =
6Hz, 1 H; p-RpAr-H), 6.72 (ddd, *J(H,F) = 10Hz, *J(H,H) = 8 Hz, *J(H,H) = 1Hz, 1 H;
m-RpAr-H), 5.54 (s, 5 H; Cp), 4.87 - 4.81 (m, 1 H; CH,), 4.72 - 4.66 (m, 1 H; CH,), 4.60 -
453 (m, 1 H; CH,), 4.40 - 4.33 (m, 1 H; CH,), 2.24 (s, 3 H; CH,).

BC{TH} NMR (126 MHz, CD,CN): 6 (ppm) = 202.6 (CO), 201.0 (CO), 169.9 (C?), 159.3
(dd, 'J(C,F) = 254 Hz, *J(C,F) = 3Hz; o-FAr-C), 158.6 (d, }J(C,F) = 252 Hz; 0-RpAr-C),
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158.3 (dd, 'J(C,F) = 254 Hz, 3[(C,F) = 3 Hz; 0-FAr-C), 146.6 (p-Tol-C), 145.2 (s5,; 0-Rp Ar-
Q), 144.1 (d, *J(CF) = 4Hz; m-RpAr-C), 1346 (d, 2J(C,F) = 9 Hz; ipso-RpAr-C), 133.7
(t, 3J(C,F) = 10 Hz; p-FAr-C), 130.6 (m-Tol-C), 129.5 (0-Tol-C), 129.0 (d, *J(C,F) = 8 Hz;
p-RpAr-C), 119.1 (ipso-Tol-C), 114.7 (t, 2J(C,F) = 16 Hz; ipso-FAr-C), 113.9 (t, ?J(C,F) =
20Hz; m-FAr-C), 113.8 (t, 2J(C,F) = 20 Hz; m-FAr-C), 112.1 (d, 2J(C,F) = 20Hz; m-
RpAr-C), 91.0 (Cp), 53.8 (CH,), 52.6 (CH,), 21.6 (CH,).

19F NMR (471 MHz, CD,CN): 6 (ppm) = ~118.4 — (—118.5) (m, 1 F; 0-FAr-F), ~118.9 -
(-118.9) (m, 1 F; 0-FAr-F), -119.5 - (-119.5) (m, 1 F; o-RpAr-F).

MS (ESI*, MeCN): /2 (%) = 589.1 (100) [M]".

IR (MeCN): 7 (CO, em™1) = 2034 (s), 1971 (s).

Imidazolidine Radical TolFIm

Mixtures of imidazolinium salt TolFIm*Br~ and KFp in MeCN prepared according to
the general procedure mentioned above contained the imidazolidine radical TolFIm as
evidenced by EPR and UV/Vis spectroscopy and the dimer Fp, as deduced from NMR
spectra (6 (Cp) = 4.88 ppm in CD,CN). The radical is relatively stable under oxygen-
free conditions at room temperature, but small amounts of imidazolidine HTolFIm (see
section 6.6) and other decomposition products can be detected in the NMR spectrum.
Alternatively, the radical can be prepared electrochemically by reduction of TolFIm*Br~
(0.1 m NBu,PF, solution in MeCN) at a platinum net electrode. The reaction is very
sensitive to changes of reaction conditions. If e. g. chlorobenzene is used as the solvent,
larger amounts of the imidazolidine HTolFIm and the coupling product [(TolFIm),]**
can be detected in solution (see below).

UV/Vis (MeCN): Amax [nm] (€ [L mol~! ecm™']) = 439 (1900), 513 (2200).
EPR (MeCN, 133K): g = 2.006.

Dimer [(TolFIm),]Br,

Mixtures of imidazolinium salt TolFIm*Br~ and KFp in chlorobenzene prepared ac-
cording to the general procedure mentioned above mainly contained imidazolidine
HTolFIm (see section 6.6) and the dimer [(TolFIm),]** in a 2:1 ratio as deduced from
NMR spectroscopy. Furthermore, the iron dimer Fp, (6 (Cp) = 4.44 ppm in C,D;Cl)
could be detected in solution. Unfortunately, attempts to isolate the pure title com-
pound failed.

"H NMR (500 MHz, C,D,Cl): 6 (ppm) = 7.41 — 7.35 (m, 4 H; o-Tol-H), 6.78 — 6.74 (m,
4 H; m-Tol-H), 6.67 — 6.28 (m, 10 H; m-FPh-H, p-FPh-H), 4.04 — 3.97 (m, 4 H; CH,),
3.57 —3.55 (m, 4 H; CH,), 1.92 (s, 3 H; CH,).

BC{1H} NMR (126 MHz, C,D;Cl): & (ppm) = 172.0 (C?), 158.6 (d, !J(C,F) = 251 Hz; o-
FPh-C), 153.6 (dd, 1J(C,F) = 241 Hz, 3](C,F) = 8 Hz; 0-FPh-C), 140.6 (ipso-Tol-C), 128.5
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(m-Tol-C), 127.9 (0-Tol-C), 123.4 (t, 2J(C,F) = 14 Hz; ipso-FPh-C), 116.6 (t, *J(C,F) = 9 Hz;
p-FPh-C), 111.5 (dd, 2J(C,F) = 18 Hz, *J(C,F) = 7 Hz; m-FPh-C), 49.2 (CH,), 45.2 (CH,),
21.0 (CH,).

F{IH} NMR (282 MHz, C,D.Cl): 6 (ppm) = —116.3 (t, ’J(EF) = 1Hz, 4 F; 0-FPh-F),
~128.1 (s, 4 F; 0-FPh-F).

MS (ESI*, MeCN): "/ (%) = 425.1 (29) [//2M+MeCN]*, 827.2 (100) [M+CH,COO]*.

Imidazolidine Radical TolFTollm

Mixtures of imidazolinium salt TolFTollIm*Br~ and KFp in MeCN prepared accord-
ing to the general procedure mentioned above contained the imidazolidine radical
TolFTollm as evidenced by EPR spectroscopy and the dimer Fp, as deduced from
"H NMR spectra (6 (Cp) = 4.88 ppm in CD,CN). The radical is relatively stable un-
der oxygen-free conditions at room temperature, but small amounts of imidazolidine
HTolFTolIm (see section 6.6) and other decomposition products can be detected in the
NMR spectrum.

EPR (MeCN, 133K): g = 2.006.

Reaction between TolFIm*Br- and Rs

Mixtures of imidazolinium salt TolFIm*Br~ and Rs in (deuterated) MeCN prepared
according to the general procedure described above mainly contained signals of the
unchanged imidazolinium salt. Due to the insufficient solubility of Rs, no signals can
be attributed to the metalate. The observed 'H and F NMR signals are relatively broad
in the beginning, but sharpen after a while. Heating the sample to 70 °C for a few days
leads to the formation of several decomposition products, however the major part of
the imidazolinium ions remains unchanged.

6.9 Reactions with H, or D,

General procedure for NMR experiments NMR experiments that required the addi-
tion of H, or D, were conducted either in J. Young NMR tubes (for pressures up to
1.5bar) or in Wilmad-LabGlass high pressure NMR tubes (for higher pressures).
The NMR tubes were filled with the respective compound(s) and NMR solvent in
a glovebox (the preparation of transition metal Lewis pairs was conducted analo-
gous to section 6.8), and degassed by repeated freeze-thaw cycles. After this, the
gas was added to the NMR tube.

Alternatively, the compounds were filled into a Schlenk tube and cooled to —30 °C
before addition of the precooled NMR solvent. H, or D, was then added to
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the flask and the mixtures were allowed to slowly warm to room temperature
overnight with stirring. After this, the solutions were filtered (Sartorius PTFE
syringe filter, 0.45 ym) and filled in J. Young NMR tubes for the measurements.

Rs-Catalyzed H/D Isotope Exchange Reaction

A high pressure NMR tube was loaded with Rs (11 mg) and MeCN (0.6 mL). Pressur-
ization with D, (8bar) as described above, mixing by using an ultrasonic bath, and
keeping the sample at room temperature leads to a gradual H/D-exchange of D, over
several days. The reaction can be followed by ?H NMR spectroscopy. Mixtures of Rs
and CD,CN catalyze the analogous exchange reaction of H,.

2H NMR (46 MHz, MeCN): 6 (ppm) = 4.56 (d, 1 J(D,H) = 43 Hz; HD), 4.52 (s; D,).
1H NMR (500 MHz, CD,CN): 6 (ppm) = 4.57 (s; H,), 4.53 (t, ! J(H,D) = 43 Hz; HD).

Reactions of TolFIm*Br- and Rs with H,/D,

The black solid Rs (11 mg, equivalent to 0.04 mmol/1.4eq KRp?®) was transferred to
a high pressure NMR tube in the glovebox. After addition of TolFIm*Br~ (14mg,
0.030 mmol, 1.0 eq) dissolved in CD;CN/CH,;CN (0.6 mL), the sample was immediately
frozen in liquid nitrogen and degassed by repeated freeze-thaw cycles. Addition of
H,/D, (8 bar) was followed by warming to room temperature. In order to guarantee a
sufficient mixing of the heterogeneous solution, the sample was placed in an ultrasonic
bath equipped with a timer (2 min on, 12 min off). By this method, an undesired heating
of the bath is avoided and room temperature is maintained throughout the reaction.
Besides the imidazolidines HTolFIm and DTolFIm (for experimental data see section
6.6), the reaction mixtures contained NMR signals that could be assigned to the metal
hydrides HRp/DRp:

Experimental data for HRp:

'H NMR (500 MHz, CD,CN): 6 (ppm) = 5.39 (s, 5 H; Cp), —11.06 (s, 1 H; RuH).
BC{'H} NMR (126 MHz, CD,CN): 6 (ppm) = 202.5 (CO), 86.6 (Cp).

IR (CD,CN): 7 (CO, em™) = 2025 (m), 1960 (s).

Experimental data for DRp:
H NMR (77 MHz, MeCN): 6 (ppm) = —10.97 (s; RuD).
IR (MeCN): 7 (CO, cm™!) = 2024 (m), 1960 (s).

2The exact structure and formula weight of Rs are unclear. Nevertheless, the equivalents were calculated
for KRp to get a rough impression of the required amount of black material. The transfer of the powder
to the NMR tube was always associated with a substantial loss of compound and therefore an excess
of the metalate was used.
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Ruthenium Hydride CpRu(CO)(PPh3)H

The ruthenium hydride complex CpRu(CO)(PPh,)H can be prepared from HRp pro-
duced in the splitting reaction of H,. For this purpose, PPh,; (8 mg, 0.03 mmol, 1.0eq)
was added to the reaction mixture of TolFIm*Br~, Rs, and H, after the reaction was
performed as described above. The NMR sample was heated to 45 °C for 3d. During
this time, the gradual conversion of HRp into CpRu(CO)(PPh,)H can be observed by
means of NMR spectroscopy.

TH NMR (500 MHz, CD,CN): 6 (ppm) = 7.49 — 7.29 (m, 15 H; Ph-H), 4.95 (s, 5 H; Cp),
-11.69 (d, 2J(H,P) = 32 Hz, 1 H; RuH).

BC{'H} NMR (126 MHz, CD,CN): 6 (ppm) = 207.6 (d, 2J(C,P) = 19 Hz; CO), 85.0 (d,
2J(C,P) =2Hz; Cp).

3TP NMR (202 MHz, CD,CN): § (ppm) = 66.6 (d, 2J(P,H) = 31 Hz; PPh,).

6.10 Reactions with Other Substrates

General procedure To a solution/suspension of the imidazolinium salt (0.04 mmol,
1.0eq) in CD4,CN or C,D;Cl, the substrate (e.g. phenylacetylene, triethylsilane
or propylene oxide; 0.04 mmol, 1.0 eq) and the carbonyl metalate (KFp or KRp)
(0.04 mmol, 1.0eq) were added in small portions and the mixture was stirred
at room temperature for 1 — 3h. After filtration (Sartorius PTFE syringe filter,
0.45 pm) the solution was transferred into a J. Young NMR tube.

6.11 DFT Calculations

Calculations on the Reaction Path for Dihydrogen Splitting

Calculations concerning the mechanism of dihydrogen splitting by the FLP TolFIm*Rp~
in chapter 5.5.1 were carried out in cooperation with the group of Jun.-Prof. Dr. Ricardo
Mata at the Institute of Physical Chemistry of the Georg-August-University Gottingen
with the ORCA program package.*®! The B3LYP functional®*! was used including
dispersion corrections as proposed by Grimme et al.,5®! with Becke-Johnson damp-
ing.15%] The basis sets used were the def2-SVP, def2-TZVP and def2-QZVPP sets,**! in
combination with the respective Stuttgart/Dresden effective core potential ECP.[5?8! The
RIJCOSX approximation was used throughout in order to accelerate the calculation
of two-electron integrals.®! All structure optimizations were carried out in the gas
phase. The thermodynamic corrections used to derive the Gibbs free energies (as well
as the zero point energy) were based on harmonic frequency calculations considering
a temperature of 298.15K. In order to correct for solution effects, single points with
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the COSMO continuum model were performed with standard defaults for MeCN (e =
36.6).15%01

Other Calculations

Calculations on the amidine isomers (chapter 3.3.2) were performed with the ORCA
program package*®! using the B3LYP functional, 54 SV(P) basis set*®! and the COSMO
solvation model®®”! to simulate the influences of the solvent CHCl,. Before the geome-
try optimizations, atom coordinates for the different isomers were obtained from first
guess structures drawn with ChemDraw3D.

Calculations concerning the structure of the radical TolFIm (see chapter 5.3.3) were
carried out with the ORCA program package as well.33 The B3LYP functional®*
with SV(P), TZVP or def2-TZVPP 38527 basis sets was used for geometry optimiza-
tion. In some of the performed calculations the RIJCOSX approximation®”! and the
COSMO correction®! for MeCN were used. Spin densities are based on the Mulliken
population analysis.
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0 S iso-propyl

Bu ..., tert-butyl

Fp™ ..ol [CpFe(CO), I

Rp oo, [CpRu(CO), ]

ALD .............. atomic layer deposition

ATR ... attenuated total reflectance

BSE ............... backscattered electrons

CD ...l circular dichroism

cod ............... cyclooctadiene

P cross-polarization
Cp.ovevinnn. cyclopentadienyl, C;H;

Cp" oo pentamethylcyclopentadienyl, C;Me;
CSA ... chemical shift anisotropy

CV cyclic voltammetry

CVD .............. chemical vapor deposition

Cys .ooooiiiiiii cysteine

DBDMH .......... 1,3-dibromo-5,5-dimethylhydantoin
DCM ............. dichloromethane

DDQ ............. 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
depe .............. 1,2-bis(diethylphosphino)ethane
DFT .............. density functional theory

DME ............. 1,2-dimethoxyethane

DMF ............. dimethylformamide

DMSO ............ dimethyl sulfoxide

DOSY ............ diffusion-ordered spectroscopy
dppe ............. 1,2-bis(diphenylphosphino)ethane
ET ...l electron ionization/electron impact
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EPR .............. electron paramagnetic resonance
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2 electron transfer

EXSY ............. exchange spectroscopy

Fc ... ferrocene

FD ................ field desorption

FeGP cofactor ..... iron guanylylpyridinol cofactor
FLP ............... frustrated Lewis pair

Fpy ool [CpFe(CO),],

HMPT ........... Tetrahydromethanopterin

HFp .............. HFeCp(CO),

Hmd ............. H,-forming methylenetetrahydromethanopterin dehydrogenase
HMDSO .......... hexamethyldisiloxane

HME ............. halogen-metal exchange

HRp .............. HRuCp(CO),

IR ... infrared

KFp ..., K[CpFe(CO),]

KRp ........ooot K[CpRu(CO),]

MALDI ........... matrix-assisted laser desorption/ionization
MAS .............. magic angle spinning

Me ............... methyl

MeCN ............ acetonitrile

Mes .............. 2,4,6-trimethylphenyl

methenyl-H;MPT* N°,N'°-methenyltetrahydromethanopterin
methylene-H,MPT N°,N'°-methylenetetrahydromethanopterin

NAD®P)* ......... (oxidized form of) nicotinamide adenine dinucleotide (phosphate)
NBA .............. N-bromoacetamide

NBS .............. N-bromosuccinimide

NHC ............. N-heterocyclic carbene

NIR .............. near-infrared

NIS ............... N-iodosuccinimide

NMR ............. nuclear magnetic resonance

NOE .............. nuclear Overhauser effect

NOESY ........... nuclear Overhauser enhancement spectroscopy
NRVS ............. nuclear resonance vibrational spectroscopy
Ph................ phenyl

198



List of Abbreviations

PPSE ............. polyphosphoric acid trimethylsilyl ester
Rpy covviiiiit [CpRu(CO),],

rto room temperature

SEI ............... secondary electron imaging

SEM .............. scanning electron microscope

SET ............... single electron transfer

THE .............. tetrahydrofuran

Tol ......ooooiiil tolyl

UV/Vis ........ ... ultraviolet-visible (spectroscopy)

XAS ... X-ray absorption spectroscopy
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Structures of Important Compounds

Amidines
F CF3
F F

H H H
PhMesAm CeFsMesAm CF3PhMesAm

CF3

H

TolMesAm PhFAm CF3PhFAm

TolFAm MesFAm ToIFToIAm

\Q\N/ H/@/

TolTolAm

Bisamidinatodisilver(l) Complexes
Yo o N
F N—Ag—N F F N—Ag—N F
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F N—Ag—N F F N—Ag—N
F \@
F F
Agz(PhFAm), F N—Ag— Ag5(CF3sPhFAm),
oA o
F N—Ag—N
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Agy(TolFAm),

Figure A1. Overview of amidines and bisamidinatodisilver(I) complexes.
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Imidazolium Salt
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Imidazolinium Salts
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Figure A2. Overview of imidazolium and imidazolinium salts.

204



Structures of Important Compounds

Imidazolidines

P TP R

HPhFIm HTolFIm HTolFTollm

Carbonyl Complexes, Metalates, Lewis Pairs, and Reaction Products
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AN /C\ /Co K+ Rl |\|/|
u .
SN AN “\"CO unknown structure
oC 8 ﬂ oC CO H \co (see chapter 4.3)
Fpa (M = Fe) KFp (M = Fe) HFp (M = Fe) Rs
Rpz (M = Ru) KRp (M = Ru) HRp (M = Ru)
Ph * . . .
oL P | = Tol ’
MeS~N 2 NfMes | @* | ® |
_ Fe Mes ~ 7> -Mes Fe Mes ~ 7> -Mes Fe
/N OoC CO _/ OC CO v/ OoCc CO
Ph Ph
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[ Re-. = F
‘CO =~ D\ &/
CO N
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2 2Br

wﬁ Qﬁ Lo

F

[(T°|F|m)2]Bl’2 TolFIm

Figure A3. Overview of imidazolidines and other compounds.
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Appendix

Crystallographic Data

Table A1: Crystal data and refinement details.

compound PhMesAm C¢FsMesAm CF;PhMesAm

empirical formula CysHygN, CysHyzFsN, C,H,,FiN,

formula weight 356.49 446.45 42451

T [K] 133(2) 133(2) 133(2)

crystal size [mm?] 041 x0.17x0.06 0.50x050x0.46 0.44x0.15x0.14

crystal system monoclinic monoclinic orthorhombic

space group C2/c C2/c P2,2,2,

a[A] 28.7595(16) 20.5125(7) 10.7826(6)

b[A] 8.7326(3) 13.4309(3) 18.8601(9)

c[A] 18.4758(12) 16.6149(6) 22.5082(10)

al] 90.00 90.00 90.00

Bl°] 113.359(5) 106.455(3) 90.00

v [°] 90.00 90.00 90.00

V[A3] 4259.8(4) 4389.9(2) 4577.3(4)

Z 8 8 4

plgem] 1.112 1.351 1.232

F(000) 1536 1856 1792

u[mm] 0.065 0.109 0.089

Tmin / Trmax 0.8013/0.9716 0.8098 / 0.9598 -/-

O-range [°] 1.54 -26.73 1.84 - 26.72 1.41 - 25.68

hkl-range -36 <h <36 -25<h<25 -13<h<13
-11<k<11 -l16 <k<16 —-22<k<22
-23<1<22 -20<1<20 -23<1<27

measured refl. 20050 29454 40365

unique refl. [Rin]
obs. refl. (I > 20(1))
data / res. / param.
goodness-of-fit (F?)
R1, wR2 (I > 20(I))
R1, wR2 (all data)
resid. el. dens. [e A~3]

4506 [0.0611]
2779

4506 /70 / 256
0.904

0.0463, 0.0912
0.0910, 0.1033
—-0.168 / 0.156

4650 [0.0258]
4076

4650/ 0/ 301
1.047

0.0396, 0.1059
0.0459, 0.1094
~0.222/0.223

8623 [0.1201]
6238

8623 /0 /608
1.016

0.0489, 0.0987
0.0712, 0.1056
~0.173/0.171
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Crystallographic Data

Table A2: Crystal data and refinement details.

compound PhFAm TolFAm MesFAm

empirical formula CoH,F 4N, CyoHy, 4N, Cy,HsF,N,

formula weight 344.31 358.33 386.38

T[K] 133(2) 133(2) 133(2)

crystal size [mm?] 0.53 X 0.45%x0.33 0.49 x0.37 x0.33 0.28 x 0.23 x 0.14

crystal system monoclinic monoclinic monoclinic

space group Cc P2,/n C2/c

a[A] 19.438(4) 10.3066(3) 46.8826(12)

b[A] 10.114(2) 9.5516(2) 12.1413(4)

c[A] 17.811(4) 33.7798(11) 31.8845(8)

al’] 90.00 90.00 90.00

BI°] 116.93(3) 97.362(2) 124.558(2)

y[°] 90.00 90.00 90.00

V[A3] 3121.8(11) 3298.02(16) 14946.8(7)

zZ 8 8 32

plgem™] 1.465 1.443 1.374

F(000) 1408 1472 6400

pt [mm™] 0.121 0.117 0.109

Tmin / Tmax 0.8082 / 0.9665 0.8991/0.9756 0.7712/ 0.9489

O-range [°] 2.33-26.71 2.01-26.75 1.55-25.64

hkl-range -24<h<24 -13<h<13 —49 < h <56
-12<k<12 -12<k<12 -14<k<14
-22<1<22 -42 <1<42 -38<1<37

measured refl. 15578 26149 68377

unique refl. [Rin] 6122 [0.0285] 6944 [0.0423] 14073 [0.0753]

obs. refl. (I > 20(I)) 5721 6179 7602

data / res. / param. 6122 /2 /457 6944 /0/479 14073 / 6/ 1039

goodness-of-fit (F?) 1.059 1.051 1.017

R1, wR2 (I > 20(I)) 0.0286, 0.0748 0.0360, 0.0859 0.0561, 0.1069

R1, wR2 (all data) 0.0308, 0.0755 0.0416, 0.0886 0.1180, 0.1197

resid. el. dens.[e A3] —0.133/0.222 —0.209/0.250 —-0.209 / 0.405

207



Appendix

Table A3: Crystal data and refinement details.

compound TolTolAm Ag,(PhFAm), Ag,(CF;PhFAm),
empirical formula C,H»,N, CyHpAg,FgN,  CyHy Ag,Fi N,
-3CHCl;

formula weight 314.42 1260.44 1038.34

T[K] 133(2) 133(2) 133(2)

crystal size [mm?] 0.22x0.20x0.09 0.19 x0.18 x 0.12 0.43 x 0.33 x 0.31

crystal system monoclinic monoclinic orthorhombic

space group P2, /c P2,/c Pbca

a[A] 13.0595(6) 22.5110(10) 11.3583(3)

b[A] 15.5485(7) 16.5658(8) 14.7048(6)

c[A] 9.0203(4) 12.0370(5) 22.1947(6)

al’] 90.00 90.00 90.00

BI°] 97.919(4) 91.787(4) 90.00

y[°] 90.00 90.00 90.00

V[A3] 1814.16(14) 4486.6(3) 3707.0(2)

V4 4 4 +

plgem™] 1.151 1.866 1.860

F(000) 672 2472 2032

p [mm™] 0.067 1.480 1.164

Tonin / Tono —/- 0.6795/0.8275  0.6549 /0.7471

O-range [°] 1.57 -26.73 1.53 -26.18 1.84 -26.74

hkl-range -16<h<16 -27<h<27 -14<h<14
-19<k<19 -20<k<20 -18<k<18
-11<I<11 -14<1<14 -28 <1<28

measured refl. 24162 68258 33892

unique refl. [Rin] 3856 [0.0978] 68258 [0.0000] 3934 [0.0363]

obs. refl. (I > 20(I)) 2799 34116 3464

data / res. / param. 3856/0/223 68258 /0 /578 3934/0/271

goodness-of-fit (F?) 1.017 1.056 1.041

R1, wR2 (I > 20(I)) 0.0510, 0.1156 0.0656, 0.1286 0.0212, 0.0526

R1, wR2 (all data) 0.0777,0.1245 0.1298, 0.1380 0.0273, 0.0544

resid. el. dens. [e A‘3] -0.207/0.204 —0.700/1.996 -0.376 / 0.341
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Crystallographic Data

Table A4: Crystal data and refinement details.

compound Ag,(TolFAm), [Im>H]*PF, PhMesIm*Br~

empirical formula CyHyAg,FgN,  CyoHy F,N,P C,H4 BrN,
-2DCM

formula weight 1100.24 678.68 463.45

T[K] 133(2) 133(2) 133(2)

crystal size [mm?] 0.36 x 0.16 x 0.11 0.13x0.12x 0.10 0.50 x 0.40 x 0.32

crystal system monoclinic monoclinic trigonal

space group C2/c P12/n1 P3,21

a[A] 16.6060(5) 11.1082(9) 11.6076(16)

b[A] 21.7809(6) 11.8758(7) 11.6076(16)

c[A] 11.9174(4) 15.9382(12) 14.991(3)

al°] 90 90.000 90.00

BI° 108.087(3) 91.189(6) 90.00

v [°] 90 90.000 120.00

V[A3] 4097.5(2) 2102.1(3) 1749.2(5)

Z 4 2 3

plgem™] 1.784 1.866 1.320

F(000) 2176 2472 726

(t [mm™1] 1.291 1.480 1.778

Trmin / Tmax 0.6672 / 0.8503 0.6795/0.8275 0.4778 / 0.6374

O-range [°] 1.593 - 26.730 1.53 -26.18 2.03 -26.72

hkl-range -20<h <20 -27<h<27 -14<h<14
-25<k<27 -20<k <20 -14<k<14
-15<1<15 -14<1<14 -18<1<18

measured refl. 25168 68258 19326

unique refl. [Rin] 4345 [0.0479] 68258 [0.0000] 2471 [0.0317]

obs. refl. (I > 20(1)) 3923 34116 2451

data / res. / param. 4345 /0277 68258 /0 /578 2471/0/ 141

goodness-of-fit (F?) 1.019 1.056 1.064

R1, wR2 (I > 25(I)) 0.0198, 0.0459 0.0656, 0.1286 0.0197, 0.0537

R1, wR2 (all data) 0.0241, 0.0472 0.160, 0.1380 0.0200, 0.0538

resid. el. dens. [e A‘3] -0.470/0.418 —0.700/1.996 -0.271/0.217
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Table A5: Crystal data and refinement details.

compound C¢FsMesIm*Br~ CF;PhMesIm*Br~ PhFIm*Br~

empirical formula C,,H,¢BrF;N, C,gH, BrF;N, C,,H,5BrF,N,
-0.25Et,0 - CHCL;, - 0.5 Et,O

formula weight 571.94 687.88 451.26

T[K] 293(2) 133(2) 133(2)

crystal size [mm®] 0.39x0.26 x0.25 0.35x0.22x021 0.5x0.5x0.36

crystal system triclinic orthorhombic monoclinic

space group P1 Pbca P2;/c

a[A] 10.505(2) 14.6158(3) 9.9328(3)

b[A] 10.524(2) 10.3915(2) 18.4913(8)

c[A] 14.887(3) 43.9148(10) 10.6863(3)

al°] 77.47(3) 90.00 90.00

BI°] 78.34(3) 90.00 95.917(3)

v [°] 66.56(3) 90.00 90.00

V[A3] 1461.7(5) 6669.8(2) 1952.30(12)

Z 2 8 4

plgem™] 1.299 1.370 1.535

F(000) 585 2824 904

i [mm™] 1.456 1.514 2151

T'min / Tmax 0.6226 / 0.7349 0.4857 /0.6317 0.2525/0.5110

O-range [°] 1.41 - 26.85 1.85-25.64 2.06 - 26.86

hkl-range -12<h<13 -17<h<17 -11<h<12
-13<k<13 -12<k<11 -23<k<23
-18<1<18 -53<1<53 -13<1<13

measured refl. 18977 53887 25601

unique refl. [Rin]
obs. refl. (I > 20(I))
data / res. / param.
goodness-of-fit (F?)
R1, wR2 (I > 2a(I))
R1, wR2 (all data)
resid. el. dens. [e A~%]

6231 [0.0926]
3637

6231 /24 /357
1.001

0.0687, 0.1821
0.1095, 0.2116
—-0.430/0.748

5951 [0.0839]
5001

5951 /4 /369
1.034

0.0404, 0.1061
0.0501, 0.1115
—-0.350/0.334

4160 [0.0559]
3830
4160/0/ 253
1.124

0.0330, 0.0769
0.0382, 0.0791
—0.404 /0.417
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Table A6: Crystal data and refinement details.

compound TolFIm™*Br~ MesFIm™*Br~ TolFTolIm*Br~

empirical formula C,H,;BrF,N, C,,H,,BrF,N, Cy,Hy575BrFg 55N,
-H,O -0.5H,0

formula weight 483.30 493.34 577.80

T[K] 133(2) 133(2) 133(2)

crystal size [mm?] 0.46 X 0.45x0.15 0.41 x 0.3 x0.08 0.65 % 0.34 x 0.06

crystal system triclinic monoclinic triclinic

space group P1 P2;/c P1

a[A] 10.3885(5) 10.0129(3) 7.8445(8)

b[A] 10.4707(5) 22.7057(9) 10.6861(10)

c[A] 10.6706(5) 10.3495(3) 14.1239(14)

al’] 111.553(4) 90.00 85.586(8)

BI° 96.864(4) 112.720(2) 83.356(8)

v [°] 102.719(4) 90.00 76.014(8)

V[A3] 1027.04(8) 2170.38(12) 1139.68(19)

zZ 2 4 2

plgem™] 1.563 1.510 1.684

F(000) 488 1000 576

(t [mm™] 2.053 1.941 1.889

Tmin / Tmax 0.3849 / 0.7487 0.4735/0.8108 0.4284 / 0.9187

O-range [°] 2.06-26.72 1.79 - 26.75 1.45-26.82

hkl-range -13<h<13 -12<h<12 -9<h<9
-13<k<13 -28 <k<28 -11<k<13
-13<1<13 -13<1<11 -17<1<17

measured refl. 13660 18058 14662

unique refl. [Rin] 4340 [0.0374] 4607 [0.0311] 4837 [0.0530]

obs. refl. (I > 20(I)) 4091 4056 3593

data / res. / param. 4340/2/278 4607 / 0/ 283 4837 / 31/ 348

goodness-of-fit (F?) 1.039 1.055 1.129

R1, wR2 (I > 20(I)) 0.0240, 0.0596 0.0333, 0.0806 0.0629, 0.1367

R1, wR2 (all data) 0.0261, 0.0605 0.0400, 0.0834 0.0901, 0.1479

resid. el. dens.[e A3] —0.365/0.372 —0.691/0.321 —0.256 / 0.604
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Table A7: Crystal data and refinement details.

compound TolTolIm*Br~ HTolFIm KRp
empirical formula C,,HysBrN, C,HgF,N, C,H;KO,Ru
- THF
formula weight 421.37 386.38 333.38
T[K] 133(2) 133(2) 133(2)
crystal size [mm®] 0.28 X 0.26 x 0.22 0.50 X 0.28 x 0.15 0.33 x 0.29 x 0.12
crystal system orthorhombic triclinic orthorhombic
space group Pna2, P1 Pbca
a[A] 19.2736(5) 9.0488(17) 8.7374(17)
b[A] 10.0987(3) 9.7465(18) 11.492(2)
c[A] 10.4938(4) 11.796(2) 24.169(5)
al°] 90.00 106.091(15) 90
Bl°] 90.00 92.927(15) 90
y[°] 90.00 110.799(14) 90
V[A3] 2042.50(11) 921.4(3) 2426.9(8)
V4 4 2 8
plgem™] 1.370 1.393 1.825
F(000) 872 400 1328
i [mm™] 2.023 0.111 1.623
Tmin / Tmax 0.4955/ 0.6973 0.9643 / 0.9875 0.2958 / 0.7075
O-range [°] 211-26.74 1.82 -26.87 1.685 —25.705
hkl-range —24<h<24 -11<h<11 -10<h <10
-12<k<12 -12<k<12 -13<k<13
-13<1<13 -14<1<14 -29<1<29
measured refl. 24856 11628 21384
unique refl. [Rint] 4347 [0.0580] 3931 [0.0945] 2284 [0.0982]
obs. refl. (I > 20(I)) 3926 2363 2029
data / res. / param. 4347 /1247 3931/0/254 2284 /0/ 145
goodness-of-fit (F?) 1.017 0.915 1.073
R1, wR2 (I > 20(I)) 0.0294, 0.0611 0.0474, 0.1052 0.0249, 0.0637
R1, wR2 (all data) 0.0346, 0.0626 0.0898, 0.1224 0.0300, 0.0659
resid. el. dens.[e A=®] —0.273/0.529 -0.196/0.140 —0.585/0.522
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Crystallographic Data

Table AS8: Crystal data and refinement details.

compound 17 [Rp—TolFIm]*Br~
empirical formula C;oH5 N, O C,oH,,BrF;N,O,Ru
- MeCN

formula weight 550.71 709.52

T[K] 133(2) 133(2)

crystal size [mm?] 0.39 x 0.27 x 0.24 0.21 x 0.16 x 0.07

crystal system monoclinic triclinic

space group P2;/c P1

a[A] 16.7008(9) 9.6121(5)

b[A] 8.7947(4) 11.8218(5)

c[A] 20.9993(13) 13.3728(6)

al°] 90 76.337(4)

Bl°] 90.935(5) 87.560(4)

v [°] 90 84.662(4)

VA% 3083.9(3) 1469.84(12)

4 4 2

plgem™] 1.186 1.603

F(000) 1176 708

p [mm™] 0.071 1.944

Tmin / Trmax 0.7732 /0.9483 0.6853 / 0.8580

O-range [°] 1.940 — 26.832 1.567 — 26.756

hkl-range -21<h<21 -12<h<11
-11 <k <10 -14<k<14
—-26<1<26 -16<1<16

measured refl. 25194 18033

unique refl. [Rint] 6343 [0.0469] 6212 [0.0451]

observed refl. (I > 20(I)) 4422 5139

data / restraints / param. 6343 /0 /385 6212 /0/372

goodness-of-fit (F?) 1.031 1.011

R1, wR2 (I > 20(I)) 0.0544, 0.1282 0.0309, 0.0669

R1, wR2 (all data) 0.0852, 0.1420 0.0423, 0.0699

resid. el. dens. [e A~%] —-0.350/0.279 —-0.393/0.693
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Electron Microprobe Analysis

Details of EMPA measurements of the black solid Rs. The table includes

values obtained from measurements at different positions on the sample surface
and their mean values (). Recalculating the raw data using CITZAFPY! (see

Experimental Section) and assuming that the unassigned content is carbon, leads

to minor deviations represented as well in the table (@corr)-

Table A9

“JUNODOE OJUT UdYE) SeM d[ge) ST} UT PIPNIOUT JOU ST UDTYM JUSJU0D U0gIed pajewnsa ay ], ()

F90 890 ¥I'T 8TL 00l T8 60l 90 LTz 00l 6Tl T¥r L0 9€L "o
790 890 ¥I'z 8¢T 00 TOZ 09 ST ¥7S  60L O€L TE€r L0 0%l @
990 £90 1TT Tl 00l 98l §SC €1 ¥¥s  ¥IL TTL 6€F 90 L¥L 1L
€90 690 LT 60T 00l VLI €TC L1 L8 ¥ 9T 9TF 60 ¥LI 0L
€90 890 6£T I€T  00L 90T £9T TI €IS  L69 6Tl T€r S0 TEL 6
790 690 661 €1 00 86I 9FC ST I¥s  T0L 0€l §TF L0 9%l 8
S90 040 S€T LOT 00T TZI TIT ¥T €65 ST LTL 90F €1 08T L
990 £90 SFT €Tl 00l 88L €T Il L¥S €L VTl 9€F S0 8FL 9
S90 890 6LT TE€T 001 €0 99T 8T €Is  £L69 LTL T€h 80 T€l ¢
290 990 0LT Tl 00l Ve €8¢ O1 €Lk  80L THL ¥F¥F S0 LIL ¥
F90 990 /8T 91 00l <TIZ €8T OT 96F  61L TEL 9K ¥0 9T €
€90 £90 18T OFL 00l €Iz T8 61 98F €69 8TL 6€F 80 0T T
T90 £90 €CT WL 00l TE 08T ¥I ¥LF  S0L TPl OFF 90 I 1
N om0 mor Y omy 15 0 ®me Y m IS5 O ON

(somspeys Sununod Aq ewdis-1)
(%, 9ATIE[2I) SUOIIRIADD pIepUL)S

(o4 ¥e) 93ejuadiad

dIWO}e PIZI[eULIou

(o3m) 93eyuadiad ssewr

214



Additional NMR Data

Additional NMR Data

The H, splitting reaction described in chapter 5.5.3 performed by mixtures of TolFIm*Br~
and Rs was examined by means of NMR spectroscopy. In this section, detailed views
of the time-dependent evolution of the signals are provided.

73 h 11 min M ACH

30 h 56 min

20 h 47 min J\AA

11 h 14 min

e

6 h 48 min
P

A
A
A
A
4h2imn I/
/.
e

3 h 24 min

2 h 34 min
AL

M N
M {!‘ A

21 min

6 min p-ArH

T T T T T T T T T T T

7.7 7.5 7.3 7.1 6.9 6.7 6.5 6.3 6.1
& (ppm)

Figure A4. Superposition of "H NMR spectra (300 MHz, CD,CN) acquired at different
times in the region of 7.85 to 5.95ppm. The decrease of the p-ArH signal of
TolFIm™*Br~ at 7.60 — 7.50 ppm and the increase of the CH signal for HTolFIm at

6.07 ppm are visible.
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Figure A5. Superposition of "H NMR spectra (300 MHz, CD,CN) acquired at different
times in the region of 5.49 to 4.45 ppm. Cp signals for HRp (5.40 ppm) and Rp;
(5.36 ppm) increase, while the CH, signal of TolFIm*Br~ at 4.67 ppm decreases.
At a chemical shift of 4.86 ppm, a temporarily formed species is observed. The
species could not be identified unambiguously until now.
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Figure A6. Superposition of "H NMR spectra (300 MHz, CD,CN) acquired at different
times in the region of 4.25 to 1.09 ppm. CH,, signals (4.09-3.97 and 3.64-3.52 ppm)
and a CH, signal at 2.18 ppm attributable to HTolFIm appear while the CH, signal
for TolFIm*Br~ at 2.27 ppm decreases.
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Figure A7. Superposition of '"H NMR spectra (300 MHz, CD,CN) acquired at dif-
ferent times in the region of —11.01 to —11.10 ppm. The intensity of the signal
corresponding to the metal hydride HRp (-11.05 ppm) increases.
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