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Introduction

1. Introduction

1.1. Carbenes

In general, carbenes are neutral compounds featuring a divalent carbon atom. The valence shell of
the carbene carbon atom contains only six electrons, which classifies it as an electron deficient
compound. Carbene compounds tend to be highly reactive and therefore usually exist as
intermediates in organic transformations.

In the early 19" century Dumas et al. assumed methylene as the smallest thinkable carbene. Using
a hygroscopic compound like concentrated sulphuric acid they tried to experimentally dehydrate
methanol.™ Nowadays it is known that their reaction conditions just lead to dimethylether.®
Some names of scientists have to be mentioned who worked on the fundamental understanding of
carbenes in the early days of this research field. Nef presented his general understanding and the
chemistry of the methylene in an remarkable essay in 1897 (Nef ).!¥! During the following century
many scientists worked on dihalocarbenes (Geuther), highly-reactive transition states of
carbenes (Buchner) ! and transition metal carbene complexes (Tschugajeff ).

H

>:

H
Figure 1.1: Lewis diagram of methylene.

The electronic structure of the methylene is directly influencing its geometry. The geometry of the
ligand around the carbene carbon atom could either be linear or bent. To distinguish between the
bent and the linear geometry of the carbene carbon atom sp? and sp-hybridisations were discussed
for the methylene. The linear structure of the carbene could be referred back to a sp hybrid orbital
of the carbene carbon atom and two pure p-orbitals. This configuration characterises the triplet
carbene which could also be described as a diradical due to its electron distribution (Figure 1.2,
right). The bent structure could be ascribed to the sp>-hybridisation of the carbene carbon atom. In
this hybridisation mode carbene compounds tend to be more stable due to three sp?-orbitals which
exhibit partial s character and is thereby energetically stabilised. The electrons can be distributed
in two different ways. The two electrons could be paired in the sp-orbital, which leads to the
singlet carbene ground state o”p, (Figure 1.2). A triplet ground state (c'p,") could be reached if
one electron occupies the sp-orbital and one electron occupies the p-orbital with parallel spin
(Figure 1.2). There are two further, less stable singlet states known (c°p.” ,o'p.) Which
energetically lie too high in energy for significant occupations and will not be discussed any
further.™
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Figure 1.2: Orbital occupation of the electronic ground states of methylene.

A milestone in carbene chemistry was set in 1958 by Breslow, who increased the stability of
carbenes through aminosubstituents.®! In 1960 Wanzlick etal. published the first stable
N-heterocyclic carbenes (NHC) (Figure 1.3) characterised only by its chemical behaviour."
Molecular weight measurements did not support their discovery at that time. Later on they could
describe the so called “Wanzlick equilibrium” between a monomeric and a dimeric structure,
which fits properly to their earlier molecular weight measurements.™ Since these discoveries it
was actually possible to synthesise a crystalline, dimeric carbene precursor for further research.
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Figure 1.3: The synthesis of a NHC and the following dimerization called the “Wanzlick equilibrium”.

In 1964 Fischer and Maashdl discovered the first transition metal carbene complex which is
nowadays known as the Fischer carbene complex (Figure 1.4).'" A nucleophilic attack of
methylelithium (MeLi) at a carbonyl ligand of the tungsten hexacarbonyl complex (W(CQ)s)
yields (CO)sWC(Me)Li. After a protonation followed by a methylation with diazomethane the
Fischer carbene complex (CO)sW=C(Me)OMe could be obtained.

oLi  *H O-CHjy
+ MeLi W"C// + CH3N,
W(CO)s (OC)s W=~ _N (OC)sW= C
CHs 2 CH,

Figure 1.4: Synthesis of the first metal carbene complex by Fischer.

The Fischer carbenes are characterised by a metal centre in a low oxidation state. Furthermore, a
heteroatom (e.g. oxygen or nitrogen) is connected to the carbene carbon atom which possesses p-
donor strength to stabilise the carbene. Fischer carbenes are based on the o-donation of the lone
pair electrons of the carbene to an empty d-orbital of the metal, and w-backbonding from a filled
metal d-orbital to the unoccupied p-orbital of the carbon atom.

In 1968 Ofele published the synthesis of chromium N-heterocyclic carbene complex (Figure
1.5).4
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Figure 1.5: Transition metal carbonyl carbene complex by Ofele.

The decomposition of 1,3-dimethylimidazolium-hydrogen-pentacarbonylchromate(-11) under high
vacuum at 120°C yields 80% of the transition metal-carbonyl-carbene complex which was further
characterised using NMR spectroscopy, mass spectrometry and infrared spectroscopy.
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Figure 1.6: Synthesis of the first Schrock carbene.

Six years later Schrock presented another type of carbene complexes. The reaction of two
equivalents neopentyllithium with trineopentyltantaldichloride yields an orange solution, which
could be characterized as (MesCCH,);Ta=C(H)CMes. From the transition state one equivalent of
neopentane will be eliminated after the a-hydrogen abstraction."® Schrock carbene complexes
contain metal centres in high oxidation states and a hydrogen or carbon substituent at the carbene
atom. Therefore, the carbene is not stabilized through these substituents.

The metal carbenes discovered by Fischer and Schrock differentiate through their bonding
characteristics and as a result in their reactivity. Both classes of complexes underlie different
types of carbenes. Fischer carbenes are singlet carbenes, Schrock carbenes are triplet carbenes.
The singlet carbene in the Fischer complex shows two paired electrons occupying the sp>-hybrid
orbital. The hybrid orbital can form a c-donor bond with the unoccupied orbital of the metal. The
p-backbonding occurred from the occupied d-orbital of the metal into the unoccupied p-orbital of
the carbene carbon atom. Because of the dominant o-donor bond the carbene carbon atom carries
a positive charge and reacts thereby as electrophile. In Schrock carbenes each electron occupies
the sp®-hybrid orbital and the p-orbital. These orbital could interact with the occupied orbital of
the metal. Two covalent bonds were formed which were polarized towards the carbene carbon
atom, which gives the carbene carbon atom a negative charge and a nucleophilic reactivity.
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Figure 1.7: Bonding situation and reactivity of metal carbene complexes.

In 1989 Bertrand et al. presented the synthesis of the first stable, acyclic carbene (Figure 1.8).
They could prove the carbene character of this compound performing and analysing different
following reactions e.g. cyclopropanation reactions, oxirane formation or [1+1]-addition to
isocyanides.
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Figure 1.8: Thermolysis of [bis(diisopropylamino)phosphine](trimethylsilyl)diazomethane by Bertrand et al.

Hereafter, Arduengo et al. proved stable carbenes when they synthesised imidazole-2-thiones via
a carbene intermediate that turned out to be stable under aqueous conditions (Figure 1.9)."® This
patent was the beginning of their effort towards stable NHCs which Arduengo et al. finally
presented several years later based on this accidental, but ground-breaking discovery.
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Figure 1.9: Industrial synthesis of imidazolin-2-thiones including the carbene as a plausible transition state.

It was again Arduengo et al. who published the synthesis of the first stable NHC in 1991."% They
used sterically demanding adamantly (Ad) ligands as residues and prepared the NHC from the
imidazolium chloride by using sodium hydride (NaH) and a catalytic amount of dimethyl
sulfoxide (DMSO) in tetrahydrofuran (THF) (Figure 1.10, C).

Ad Ad

N N
| )—H + NaH omsoeat %+ Hy+ NaCl
N/@ @ THF N

Ad CI Ad

Figure 1.10: The first stable N-heterocyclic carbene by Arduengo et al.

This stable nucleophilic carbenes should allow convenient investigations of NHCs.

In 1995 Grubbs et al. developed a series of ruthenium based Schrock carbenes which are
nowadays widely used as efficient metathesis catalysts. Four years later they published about a
more stable and active second generation Grubbs’ catalyst, in which one phosphine ligand was
replaced by a NHC ligand (chapter O, Figure 1.22). For the development of theses catalyst and
their metathesis reactions the Noble Prize in chemistry 2005 was awarded to Yves Chauvin,
Robert H. Grubbs and Richard R. Schrock, underlining the importance of catalysis and catalyst
manipulation.

1.2. N-Heterocyclic Carbenes

Synthesis

Coming back to the discovery of Arduengo et al. the known carbenes from the “Wanzlick
equilibrium” could be stabilised and isolated. NHCs extended the field of carbenes, representing
also a divalent carbene carbon atom like methylene.™"!

Different routes are available to alkylate 1H-imidazole. One possibility is the nucleophilic
substitution at the nitrogen atom of the 1H-imidazole. It is then possible to symmetrically or
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asymmetrically N, N’-alkylate the 1H-imidazole depending if the reaction is done in one step or
two. 18!

H R P
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Figure 1.11: Symmetric and asymmetric N,N’-alkylation of 1H-imidazole.

Kuhn et al. developed a method for the synthesis of imidazol-2-thione. It is a condensation
reaction of a o-hydroxyketone with a N,N’- substituted thiourea. The imidazole-2-thione could
then reductively desulfonated with potassium to yield the free carbene.™
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Figure 1.12: Synthesis of imidazolium-2-thione.

Another way to synthesize a free NHC is the reaction of the imidazolium chloride salt in a solvent
mixture of ammonia and THF with a stoichiometric amount of sodium hydride. The reaction has
to be performed at minus 30°C for just a few minutes and delivers pure product after evaporation
of the ammonia.’?” The preferred and therefore used synthesis is a two-step reaction leading to the
imidazolium chloride salt which is further deprotonated to obtain the free NHC.
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Figure 1.13: Three step synthesis of a NHC.

Stability

NHCs are thermally stable and mostly feature a singlet ground state. The environment of the
carbene carbon atom in a NHC affects its steric and electronic effect and controls the multiplicity
of the carbene ground state. It is well established that the singlet ground state is promoted by o-
electron withdrawing and electronegative substituents. o-electron donating substitutions promote
the triplet ground state. Furthermore, the mesomeric effect plays an important role for the stability
of the ground state. The substituents at the carbene carbon atom could be classified in three
categories. The first category provides m-electrons for the carbene carbon atom, while the second
withdraw m-electrons from the carbene carbon atom. The third category are carbon atoms which
are part of a conjugated system.?"!
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Nevertheless, most of the linear w-acceptor substituted carbene centres are in the singlet ground
state. The mixed case of a n-acceptor and a o-donor substituent at the carbene carbon atom shows
almost linear geometry like the phosphanyl(silyl)carbene (R,N),P-C-SiR; (Figure 1.14) or
(phosphany!)(phosphonio) carbenes reported by Bertrand et al.?”! Moreover, conjugated systems
can stabilise triplet carbenes from ps to at least several minutes.”®! However, more essential for
this discovery was the steric factor which minimises the risk of dimerization to olefins and
suppresses the reaction with oxygen.[#%4

In the case of two n-donors as substituents at the carbene carbon atom the singlet carbene is bent
at the carbene centre and therefore stabilised. The four-electron-three-centre m-system in this
motif suggests a partial multiple bond character and is represented for example in
diaminocarbenes, dimethoxycarbenes and dihalocarbenes. The electronic structure of heterocyclic
five membered carbenes and especially the NHCs are well characterised by theoretical and
experimental means.™ Bertrand et al. discussed the impact of different heteroatoms as direct
neighbour of carbene carbon atoms and their influence on the stability of these compounds.®®
Three different ways have been presented maintaining the electro neutrality of the carbene centre
and therefore stabilising the singlet carbene.’”” The n-donor, c-acceptor ligands lead to a bent
structure like in most NHCs. The electron density of the lone pair at the donor atom (i.e. nitrogen)
is donated into the unoccupied p-orbital of the carbene carbon atom (Figure 1.14, 1). Likewise, the
electron density of the carbene carbon atom will be reduced by the o-acceptor influence of the
heteroatom. The stabilisation of the linear carbene (Figure 1.14, I1) arises from the n-accepting
properties of the heteroatoms (i.e. boron). The electron density of the carbene carbon atom could
be transferred to the p-orbitals of the heteroatom while at the same time the heteroatom has a o-
donating effect.
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Figure 1.14: Stabilisation of the carbene atom.

A combination of a =w-donating, oc-accepting heteroatom and a m-accepting, o-donating
heteroatom will also stabilise the linear carbene carbon atom (Figure 1.14, I11).

The most popular NHCs are the diaminocarbenes which consist of a five membered ring in which
two nitrogen atoms enclose the carbene carbon atom. If one nitrogen atom is replaced by another
heteroatom, such as sulphur or oxygen the heterocyclic structure is still named as NHC. The basic
motifs for NHCs are therefore imidazole, thiazole and oxazole (Figure 1.15, A-C). But also
triazole and pyrazole basic frameworks are used to generate carbene ligands (Figure 1.15, D-F).

R
N A X =NH v-N D:Y =N X=NR
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Figure 1.15: N-heterocyclic base frames (A-C). Basic structures: Triazole-, pyrazole- and imidazole-carbenes (D-F).

Nevertheless ring sizes from four to seven membered rings have been synthesised and
characterised (Figure 1.15, G-1).%®
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Figure 1.16: Examples of four-membered NHCs by Grubbs et al.(G), six-membered NHCs by Richeson et al.(H), and seven-
membered NHCs by Stahl et al.(1).2

In all these cases the steric demand of the residues at the nitrogen atoms (‘Pr, Dipp, Ad) is
relatively high. In the instance of the six- and seven-membered ring systems an increased steric
demand at the carbene backbone is mandatory. Apart from these NHCs different cyclic and
acyclic carbenes are known, too. Till the beginning of the 21* century all known stable carbenes
which were not diaminocarbenes comprise a heteroatom substituted carbene centre. During the
last fifteen years cyclic and acyclic mono- and di-heteroatom substituted carbenes were
synthesised as shown in Figure 1.15 (J-N).! The most extensively studied NHCs are among the
three groups of triazols-, pyrazole- and imidazole-carbenes (Figure 1.15, D-F).
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Figure 1.17: Selected carbenes reported before 2004 (J-N).

The main reasons why these diaminocarbenes are so well understood is the facile access, the
impressive stability of the free carbene and the remarkable coordination behaviour towards metal
centres. Due to the steric and electronic properties of the NHC, the o-donor strength is much
higher compared to the electron-richest phosphine ligands.**! Although the electronic structure of
phosphines and NHCs are quite similar, they have a major difference in their topology. The
geometry of the metal coordinated phosphine is trigonal pyramidal and the metal is therefore not
sterically shielded. The phosphine ligands have a direct influence on the donor atom. In contrast,
the ligands at the NHCs nitrogen atoms are typically bent towards the carbene centre (chapter 1.2)
and therefore towards the coordinated metal, which increases the impact of the substituents on the
metal.®? An advantage of both classes of compounds is the steric and electronic tuning ability.
The basic imidazole structure allows a tuning at the nitrogen atoms and the possibility to
functionalise the backbone carbon atoms (C4/C5). The former determines the steric bulk of the
ligand and has only less effect on the electronic density at the carbene carbon atom. The latter has
a greater influence on the heterocyclic moiety and therefore on the electronic properties. In Figure
1.18 the simplified representation of the frontier orbitals of an NHC as well as their interaction
with the metals d-orbitals is shown.



Introduction

E [ ’\/lg o O
——— oo —— N "

N \\\ \\\ (%) [90% T _\‘ O

\ —_— 0 \ N

A — ‘@"8 T

; 4_ o + 0 /9d +
N No . \
[N/O + +1” %d [§g8 +\\ “#’/ +f %d

Figure 1.18: Simplified representation of the frontier orbitals and interaction with the d orbitals of a transition metal atom for NHCs.
Adapted from Refs.[?!

NHCs firstly were considered to be almost pure c-donor ligands with the o orbital (Figure 1.18,
left) donating electrons to the molecular orbital of the complex. However, it was further suggested
that the n- and =n*-orbital of the NHC can also contribute to the NHC-metal bond. Electron rich
metal atoms are meant to donate electron from their d-orbital into the w*-orbital of the NHC
which is called n-backdonation (Figure 1.18, right). NHC also could stabilise electron deficient
metals as shown in Figure 1.18 in the middle. Tertiary phosphines and NHCs have a similar
electronic structure. The orbital interaction, donation from the c—orbital into the d-orbital of the
metal and backdonation from the metal to the phosphine, is absolutely comparable with the
interaction of the NHC. Only the n-, m*-interaction could not be observed for the phosphine
which maybe the reason for the weaker donor ability of the phosphines. The NHC can therefore
flexibly react to the constitution of the metal orbitals. Furthermore thermochemical investigations
and calculations on different NHC-complexes have also shown that the NHC-metal bond is much

stronger than the phosphine metal bond what makes the NHCs to very attractive ligands.?*

Until now, there is an ever increasing interest in the development of new stable N-heterocyclic
carbenes and transition metal complexes especially for their application in catalysis, as easily
shown by a SciFinder hit search of the keywords “carbene” and “N-heterocyclic carbene”.
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Figure 1.19: SciFinder search as obtained on 13.09.2016. Search results were taken as entered for the topic ‘carbene’ and ‘N-
heterocyclic carbene’. Document type was refined to Journal, Letter, Report and Review. Duplicates were removed. Results were
analysed by the publication year and exported.
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Reports of carbene chemistry increased slowly from the 1950ies until 1990. With the first
synthesis of a stable NHC the number of publications increased rapidly from about 450 per year
to 1400 publications per year. This number is still increasing what indicates the actuality and
advantages of this kind of chemistry in coordination chemistry and catalysis.

N-heterocyclic carbenes (NHCs) are extensively used as ligands in organometallic and transition
metal chemistry. They are also found to be very efficient organocatalysts in synthesis.

In addition to homogeneous catalysis diverse class of main-group compounds, which were
otherwise either detected under extreme experimental conditions or only studied in silico, have
been stabilised by employing NHCs. Main group compounds-(Figure 1.20) and transition metal
(Figure 1.21) complexes featuring an NHC ligand are remarkably stable and often exhibit high
catalytic activity. NHCs continue to attract attention in the chemical society.
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Na Si P S Cl
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Figure 1.20: s- and p-block elements in the periodic table of elements of which NHC complexes exist. Complexes which show
catalytic activity are marked in green.
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Figure 1.21: f- and d-block elements in the periodic table of elements of which NHC complexes exist. Complexes which show
catalytic activity are marked in green.

Grubbs’ second generation olefin metathesis catalyst is the most prominent example of these
types of compounds (Figure 1.22, right). The catalyst contains a transition metal and a carbene
ligand, which has strong donor properties and therefore increases the stability of the complex.
This makes the second generation catalyst more favourable compared to the first generation
Grubbs’ catalyst containing more labile phosphine ligands (Figure 1.22, left).k®
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Figure 1.22: First generation Grubbs’ catalyst (left) and second generation Grubbs’ catalyst (right).

Numerous late transition metal complexes as well as main group complexes are known to be
catalytically active (see Figure 1.20). C-C bond forming reactions, polymerisation, hydrosilylation
and cross-coupling reactions are just a selection of what could be done with nNHC metal

complexes (Figure 1.23).
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Figure 1.23: Different nNHC catalysts. I: Atom transfer radical polymerisation catalyst;®® I1: Alkyne hydrosilylation catalyst;®! 111:
Friedel-Crafts reaction catalyst;® IV: Suzuki-Miyaura cross-coupling catalyst;® V: Catalyst for the carbonylation of boronic esters
(R*=IPr, R? = Mes, M = Cu)®™, Catalyst for [4 + 3] cycloaddition of allenedienes (R*? = Mes, M = Au)®9, Catalyst for the
carbomagnesiation of enynes (R*?= IMes, M = Ag)"®; VI:Olefin methathesis catalyst.?

Furthermore, chiral NNHCs could be a useful tool as catalysts in the total synthesis of pure
enantiomers. Two selected examples are shown in Figure 1.24. Compound A, allows the enantio-
and diasteroselective desymmetrisation of 1,3-diketones to generate the indane base frame for the
natural product bakkenolide S.°1 Compound B is a chiral Grubbs catalyst which is used for the

desymmetrisation of trialkenes by an asymmetric ring closing reaction.!*"

10
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Figure 1.24: A: Chiral triazolium salt used in the synthesis of bakkenolide S. B: Catalyst for desymmetrization of triolefins (R = Me
or 'Pr).

Based on the manifold possibilities of tuning the electronic and steric properties, NHCs arouse a
great interest among scientists. Especially their stabilising behaviour towards low-valent main
group elements [ 43¢ 431, 442 951 5 complexes with metals in a high oxidation state!®®, convince
scientists of the properties as capable ligands. Further research resulted in such diverse
developments like imidazolium-based lipids (Figure 1.25, right) !, NHC-based pincer ligands as
photosensitiser®™, NHC-stabilised nanoparticles®, water soluble NHCsM and plenty
catalysts, 68 94 101]
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Figure 1.25: Dinuclear gold(l) carbene complex pairing antitumor activity with luminescence!® (left) and 4,5-Cys-1,3-dimethyl-1H-
imidazolium iodide a imidazolium-based lipid with cytotoxic activity®®” (right).

Furthermore NHCs are recognized as materials in different research fields like organic light-
emitting diodes™™, in medicine as drug or as theranostic (Figure 1.25, left) ", for
polymerization®! or as ionic liquids. 82 1%

1.3. Mesoionic Carbenes

Besides diaminocarbenes that are considered as normal NHCs (nNHCs), the classes of mesoionic
carbenes (MIC)™! and remote N-heterocyclic carbenes (rNHC) extend the list of potential NHCs
(Figure 1.26). rNHCs are defined through the position of the heteroatom. The heteroatom must
not be next to the carbene carbon atom. rNHCs could also be MICs and nNHCs. Another term for
MICs, which can be found in literature, is abnormal N-heterocyclic carbenes (aNHCs) but would
not be used in this work. The feature of having just six valence electrons is on the contrary not an
essential condition. Methylene (Figure 1.26, A) and a normal NHC (nNHC) (Figure 1.26, B)
show an electron sextet. If the n-donation of an adjacent nitrogen atom is considered, the formal
negatively charged carbene carbon atom fulfils an electron octet (Figure 1.26, C). This is also true
for MICs like compound D (Figure 1.26) where no resonance structure could be written without
formal charges.

11
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Figure 1.26: Methylene (A), nNHC (B), resonance structure of nNHC (D), MIC (D) and rNHC (E).

MICs show quite different electronic properties compared to nNHCs. Only one nitrogen moiety is
stabilising the carbene atom so that the impact of the second nitrogen moiety is reduced. MICs are
significantly more electron-donating owing to the lowered c-withdrawal from the carbene carbon
atom as indicated by the Tolman electronic parameter (TEP).'%®! Additionally to the stronger
o—donor properties MICs are described as weaker m-acceptors compared to their normal
isomers.® The TEP is an indirect measure of the donor strength of a donor ligand (phosphines
or NHCs) measured by the CO stretching frequency of the ligand-NiCO; complex. Further details
of the method are described at the end of the introduction.

For MICs the “Wanzlick equilibrium”, and therefore a dimerization of this compound is not
possible, because two carbanions had to be combined. A closer look at the carbene bound to a
metal makes clear that the nNHC and the MIC behave the same way. Both abandon their
divalency and six valence electrons count to reach the stable tetravalent, octet character in the
NHC-metal complex.
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Figure 1.27: Metal coordination to a MIC and mesomeric structures.

Crabtree et al. published the first MIC iridium complex which was found by accident, as they
investigated the reaction of a pyridine substituted imidazolium salt and an iridium hydride
complex to give the chelate (Figure 1.28).M!
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Figure 1.28: The first transition metal NHC complex with an abnormal binding mode.**"!

The first free MIC was presented by Bertrand et al.**™! In 2009 they synthesised N,N’-Bis(2,6-
diisopropylphenyl)-N-(2-oxo-2-phenylethyl) benz-imidamide as a precursor in a condensation
reaction with either tetrafluoroboronic acid, hydrobromic acid or hydrochloric acid in acetic
anhydride (Figure 1.29). After deprotonation of 1,3-bis(2,6-diisopropylpheny)-2,4-diphenyl
imidazole tetrafluoroborat with potassium hexamethyldisilazide they could isolate the free MIC

12
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and characterise it by NMR spectroscopy and X-ray diffraction experiments.
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Figure 1.29: Synthesis of Bertrand et al. leading to the first free MIC in 2009.1%

Furthermore, Frenking calculated the pK, value of the parent imidazolium salt to be pK, ~33
which is 9 pK, units higher than that for the loss of the C2 bound proton of IPr HCI.}12]

MICs and its metal complexes are also used in organometallic chemistry and catalysis.
Furthermore, MICs could be used for the same applications then their normal isomers. MICs
containing light absorbing dyes for Gréatzel solar cells or as photosensitizer are already known.
Also medical applications are known from MICs complexes.

But as for nNHCs the main application is still catalysis. MICs are used in ring opening
polymerisation reactions,™® in click chemistry,** different coupling reactions,™*!
hydrosilylations,™**! hydrohydrazinations,™*® hydrogen transfer reactions™™” and furan-yne
reactions (Figure 1.30).[8
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Figure 1.30: Selected MIC catalysts. VII: Click Chemistry catalyst;***! VI11: Catalyst for the hydrohy-drazination of terminal
alkynes;™® IX: Oxidative Heck coupling catalyst;***? X: Ruthenium catalyst for hydrogen transfer reactions;*" XI: Catalyst for the
activation of aryl halides in Suzuki-Miyaura cross couplings;*** XI1: Catalyst for the ring opening polymerization of cyclic esters.!***!
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1.4. C2-Arylation Strategies and Synthesis of Mesoionic Carbenes

In order to isolate an MIC, different synthetic approaches can be made. The first proven option is
the blocking of the C2-position of the NHC with an aryl group. Blocked C2-positions with alkyl
groups mostly lead to migration of the alkyl group to the C4/C5-position upon deprotonation.™*!
Bertrand et al. showed this behaviour for the reaction of IPr with benzoyl chloride. The migration
of the benzoyl group takes place upon deprotonation of the C4 position (Figure 1.31).

Dipp o D|pp DIIOIO 0 Dipp
@ 7
[ > )j\ [ base [ | N>.
>_< N :
Dlpp Dlpp Dlpp Dipp

Figure 1.31: Migration of the substituent at the C2 position upon deprotonation of the C4 position.

They could show that the migration process involves the formation of a short living MIC that
reacts as a nucleophile with the protonated form generating a bis-adduct and free IPr. The
nucleophilic IPr itself reacts again with the bis-adduct to yield the C4 functionalised product of
Figure 1.31 and regenerate the C2 blocked precursor salt.

Another method uses the variation of the side arms leading to an asymmetric imidazolium salt.
Because of the different steric demand of the side arms the metal phosphine complex gives a
selective C-H oxidative addition reaction to yield an MIC (Figure 1.32).1*

®

N/@) S [OsHs(PR3)2] (RSP)ZHSOS
[ \> BPh, base
N — ['\P BPh,

Dipp Dlpp

Figure 1.32: CH oxidative addition of a metal phosphine complex to an asymmetric substituted imidazolium salt.

A third possibility is the linking of two C2 blocked NHCs through a methylene bridge between
the imidazole nitrogen atoms. The forced chelating effect of the imidazolium salt ensures the
deprotonation at the backbone protons in the applied direct metallation procedure (Figure
1.33).1221]

219 Pdl,

= ./ \.
R— —-R Pd(OAC)Z N*R

@TNVN% ® DMSO, 120°C @7/ \<

Figure 1.33: Chelating bis-MIC ligand complexing a Pd(I1) atom.

P——

In 2010, Robinson etal. synthesised the first anionic N-heterocyclic bis-carbene (NHBC)
polymer.®*! This compound contains a normal and a deprotonated C4-position in the same
imidazolium ring. They prepared the NHBC by lithiation of IPr in hexane and generated the
polymeric structure by adding THF or N,N,N’,N’-tetramethylethylenediamine (TMEDA) as
donorbase (Figure 1.34).
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Figure 1.34: Synthesis of the anionic NHBC and its polymer by Robinson et al.

The NHBC could be used for further manipulations as a valuable precursor for MICs.

1.5. Methods to Quantify the Steric and Electronic Properties of

NHCs

In this chapter a short description of typical methods which were employed to characterise NHCs
should be given. Powerful and state of the art methods to determine the donor ability of NHCs
utilise infrared spectroscopy (IR) and nuclear magnetic resonance spectroscopy (NMR).
Furthermore, computational chemistry is used to estimate steric parameters of NHCs and
ultraviolet-visible spectroscopy (UV/Vis) is applied to determine their pK, values.

Tolman Electronic Parameter

The most commonly used method to determine the electronic properties of NHCs is the Tolman
electronic parameter (TEP)?2 which was originally developed to determine the electronic
properties of tertiary phosphines™®. Metal carbonyl complexes like [Ni(CO)s(L)] (A),
[IrCI(CO),(L)] (B) and [RhCI(CO)2(L)] (C) are used to determine the s-donor strength of a ligand
by measuring the IR stretching frequencies of the carbonyl ligands (Figure 1.35). A was the first
complex which was used for determination the TEP followed by B and C.

NHC NHC NHC NHC
. - i
OC...I\lli OC—Ilr—CI OC—th—CI G-donation l ~ back donation
oc? >co &o Lo 5

Figure 1.35: Metal carbonyl complexes which are used for IR measurements (A-C). Graphical description of the TEP method (D)."?!

Depending on the electron density at the metal centre the IR stretching frequencies of the carbonyl
ligand changes. If more electron density is concentrated at the metal, the metal-carbon bond is
strengthened due to m-backbonding into the n*-CO anti-bonding orbital (Figure 1.35, D).
However, this weakens the carbon-oxygen triple bond resulting in a reduced bond-stretching
vibrational frequency. If the metal is on contrast less electron-rich, fewer n—backbonding will
occur, and therefore the carbon-oxygen triple bond is stronger with an increased v(CO). One can
then compare the electronic properties (o-donating abilities) of different carbene ligands by
evaluating the IR stretching frequencies of the chosen metal-complexes. The TEP is the
vibrational stretching frequency of the normal mode with A, symmetry (approx. 2050-2100 cm™).
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The IR measurements are subject to restrictions. They are strongly solvent-dependent so that for a
meaningful comparison the same solvents should be used. A general drawback of this method is
that, the measurement of the CO stretching frequency on the NHC metal carbonyl compounds is
an indirect measurement of the n-donating ability of the metal atom in the complex. For a better
reliable determination of the NHC-metal bond-nature, the absolute electron density at the metal
should be measured directly. For that reason, TEP values should be compared carefully also with
respect to the saturation and substitution of the NHC. Nevertheless, the TEP is hence a good
approximation for the m-donating ability of the metal centre and will therefore be used as a
measure for the electronic properties of the NHC. As mentioned above, not only the nickel
tricarbonyl ligand complexes are made to determine the TEP. Moreover, due to the high toxicity
of nickel tetracarbonyl other transition metal carbonyl complexes had to be found to measure the
TEP. Iridiumchloride dicarbonyl ligand [IrCI(CO),L] and the rhodiumchloride dicarbonyl ligand
complexes [RhCI(CO),L] were therefore prepared as alternative complexes. In both cases two
carbonyl stretching frequencies are quoted due to the cis arrangement of the carbonyl ligand. As a
lot of examples were measured for the iridium complex, NHC ligands can be compared to their
nickel analogues with the help of a linear correlation between the nickel and iridium systems,
which was first proposed by Chianese et al.*?! and re-evaluated in 2008 by Kelly et al.
(equation 1).B

TEP = 0.8470,(CO)[Ir] + 336 cm™  (equation 1)

Wolf and Plenio suggested the use of the rhodiumchloride dicarbonyl ligand complex to measure
the TEP.'”) Some more NHC complexes were synthesised from the rhodium species which
allowed a correlation to the iridium complexes. The linear correlation between the iridium and the
rhodium systems was repeatedly re-evaluated to give the final equation:

La(CO)[Ir] = 0.9230,,(CO)[Rh] + 141.2 cm™  (equation 2)

With these two equations data from all three systems can be compared properly with minor
uncertainties. In Figure 1.36 some selected examples are presented.

‘Bu
N o
Ar” 7. IIRP' [N> N
i \ \ Ar/ .
Ph ,\( Ph /P By Dipp
\[ >—Ph N N
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ipr Ph Ni ! y3
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2030 2040 2050 2060 cml

O-donor strength

Figure 1.36: Classification of NHCs due to their estimated TEP values, from IR spectroscopy of [IrCI(CO),(NHC)].[*1
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The Steric Parameter by Tolman

An early method to define a steric parameter for ligands like phosphines and NHCs was proposed
by Tolman. He suggested measuring a cone angle @in order to quantify the size of the ligand. For
a phosphine compound the cone is defined with the metal atom at the vertex and the residues at
the perimeter of the cone. This angle is named the Tolman cone angle #and can be applied to any
ligand (Figure 1.37, left).

cone Angle 0

Figure 1.37: The Tolman cone angle (left). Graphical representation of the buried volume (%Vbur) of a NHC metal complex (right).

In order to measure the dimension of a large steric environment as in NHCs Nolan et al. proposed
a method based on crystallographic data. Nolan defined a length (A.) and a height (Ay) parameter
along the M-NHC bond.™" But this early model supplies only rough data. Therefore Nolan and
Cavallo developed the buried volume parameter (%Vy,), as an alternative model (Figure 1.37,
right).*) The steric demand is defined by the percentage of the space of a theoretical sphere
around the metal centre which is occupied by a ligand in the first coordination sphere. This
occupation value is calculated by the SambVca (Salerno molecular buried volume calculation)
software developed by Cavallo et al. &

For the calculation original crystallographic data has to be used. If just the ligand is available a
fictive metal atom must be defined, which is coordinated to the ligand. The metal centre is then
located perpendicular to the mass centre of the nitrogen atoms (Xy) (first coordination sphere of
the carbene carbon atom) through the carbene carbon atom (Figure 1.38, left). Analogously one
can approach phosphines with a mass centre of the three carbon atoms (Xc) and the perpendicular
axis to the metal through the phosphorous atom (Figure 1.38, right).

Figure 1.38: Positioning of the fictive metal atom in NHC (left) and PR3 ligands (right).

Further values needed for the calculation, like sphere radius, M-(NHC) bond distance, mesh
spacing and sets of atoms radii are available and pre-set. The bond distance and sphere radius is
suggested by Cavallo et al. owing to DFT calculation results of a series of NHC complexes.
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Table 1-1: Some selected %V g, values for NHC ligands. Bond radii scaled by 1.17 for the atoms, radius of the sphere R = 3.5 A.F
Mes = mesityl, Dipp = 2,6-diisopropylphenyl, Ad = Adamantyl.

Residues R,\i_ \‘\R R/'\(_\\R

Me- 24.9 25.4
Et- 26 25.9
Ph- 30.5 31.6
Tol- 30.5 32.4
Mes- 31.6 35.7
Dipp- 33.6 35.7
'Bu- 35.5 36.2
Ad- 36.1 36.6

The selection in Table 1-1 shows increasing %V, for various ligand residues of unsaturated and
saturated NHC ligands. The values for the saturated NHCs are larger due to the slightly wider N-
C-N angle due to the backbone saturation.

BC-NMR Measurements

The chemical shift is a proper tool to determine the electronic properties of ligands as the
electronic environment of the nucleus is closely related to its shift.2?®1 Moreover, the NMR
measurement is much more precise than infrared experiments. In this method, [PdBr,("Pr-
bimy)(L)] is used to measure the electronic properties. The dimer [PdBr,('Pr,-bimy),] is broken by
two equivalents of the ligand to be tested (Figure 1.39).1%

\ Br 2 NHC H*Br \7/
\< _PdT b

N Br
B \ /pd'Br 2) Ag20, -~ AgBr . 2 >:_> Pd‘\<—NHC
e s
N O

Figure 1.39: Synthesis of trans-[PdBr, (Pr,-bimy)NHC] complex.t*!

Different ligands such as imidazoles, phosphines and N-heterocyclic carbenes have been
measured using this method.

The best information about the compounds properties could be collected using a combination of
the presented methods.

pK.-Measurements

In this part | will, for the sake of completeness, outline the methods used to measure the pK, value
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of NHC salts. The Knowledge about the pK, of the NHC salt which can be converted into the
carbene in situ is advantageous. Whenever comparing pK, values it is useful to notice the
conditions these pK, were measured because they are temperature and solvent dependent. Even
though pK, values have been measured for a broad range of compounds many known NHCs still
lack this information. There are different methods to obtain the pK, which will be shortly
presented hereafter.

The deuterium method is used to determine the equilibrium constant.*” The method uses a
particular reaction of the hydroimidazolium salt with deuterated water. The deuterium exchange
reaction of the C2-proton of the imidazolium cation leads to an equilibrium state. Where mainly
three compounds could be found in solution, from which one is the deuterated imidazolium cation
(Figure 1.40, red). The deuterium exchange is hereby monitored by *H-NMR spectroscopy in
buffered deuterated water (D,0).

Qf ¥ [ @
N po® N D,0 N
L) [ye L [N\%
\ \ \

Figure 1.40: Deuterium Method for pK, measurements.

The data is then used to obtain the pK, values for ionization of these cations. Another process,
which could be followed via *H-NMR spectroscopy, and therefore named NMR Method™, is the
deprotonation ability of the carbene. Typical acidic hydrocarbons with known pK, values are
deprotonated by the compound of interest. The NMR signals can be integrated and related to each

other to give the desired pK, value.
(s (.
©H
' H \4< Me,SO ' \/<
-
o T O

Figure 1.41: Reaction of 2,3-benzofluorene with 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene in dimethyl sulfoxide.

A further routinely used method to determine the pK, value of an imidazolium moiety is called
overlapping indicator method and uses UV/Vis spectroscopy.™*? With this method the differences
of the equilibrium acidity of the unknown acid relative to that of the indicator acid is measured by
monitoring the changes of the UV/Vis absorption of the indicator or the unknown acid during the
titration against each other.

At last computational methods could be used to determine the pK, values of chemical
compounds.™® In 2004 Yates et al. developed a computational method to determine highly
accurate pK, values.™? These calculations require a large amount of computational resources and
time. After an initial geometry optimisation and frequency calculation, single point energies were
calculated at three different levels of theory.
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1.6. Scope

NHC ligands aroused major interests in catalysis during the last three decades. Furthermore, new
carbon donor ligand design by the functionalization of NHCs evolved as an interesting research
field, aiming at tailored electronic and steric properties of NHCs. During my master thesis |
synthesised silyl-bridged NHBCs. Until now diarylsilicon bridged NHCs could only be
synthesised carrying the carbene centre at the C2-position of the NHC moieties. These ligands
feature an interesting scaffold for metal complexation in general may also enable the synthesis of
bis-abnormal carbene complexes via an indirect deprotonation-protonation process that has been
recently applied to mono-MIC iron and cobalt complexes.™*!

The NHBCs to aNHBCs conversion should in principle be favoured due to the chelating effect
offered by potentially bidentade ligands. However, such a conversion with NHBCs could not be
observed with transition metals. Nickeldichloride, copperchloride, tris(triphenylphosphine)-
rutheniumdichloride, tris(triphenylphosphine)rhodiumchloride, and palladiumdichloride were
used in this experiments. Alternatively, protecting the carbene (C2) position of NHBCs with an
aryl group and subsequent deprotonation should lead to the formation of aNHBCs

Dlpp ph _Ph D|pp Dlpp Ph _Ph Dlpp
(] j o — <] j@@T
D|pp l Dlpp Dlpp IV|Xn D|pp
Dlpp Ph _Ph D'Pp Dlpp Ph._ S Ph D|pp
T T —— ] jeet a
Dlpp Dlpp Di MX Dipp
5 X@ pp n

Figure 1.42: Diarylsilicon-bridged-NHBC compound (left); Aimed conversion of carbene centres (right).

Therefore, the development of a new synthesis strategy towards unconventional carbene ligands
became necessary. Our major aim was to establish a synthetic strategy that would enable the
efficient blocking of the C2-position with aryl substituents. The C2-blocking should be performed
with an aryl compound, such as a phenyl group, to gain more electronic stabilisation. Afterwards
the free MIC should be generated via deprotonation. Having these compounds in hand further
reactions towards MIC transition metal complexes should be done. All new prepared compounds
should be analysed and investigated focusing on their properties. Moreover, these complexes
should be compared to well-known NHC compounds, which are often used in a large variety of
catalytic reactions.
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Figure 1.43: C2-arylated imidazolium salt (left); Free MIC with an unsubstituted C4-position (right).
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With this work | would like to contribute some information of properties and catalytic activities of
new unconventional NHC ligands and complexes to this extraordinary interesting research field.
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Results and Discussion

2. Results and Discussion

2.1. The Synthesis of the N-Heterocyclic Carbene IPr

The 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr) (1) is a frequently used and
extensively investigated nNHC. It was first reported by Arduengo et al. in 1999. (%I
Compound 1 is one of the most analysed NHCs known. Indeed, this NHC (1) is commercially
available (Sigma-Aldrich: for 120 € per gram), indicating the importance and demand of
1.% Therefore, the IPr was an obvious choice for this work. Moreover, 1 can be readily
prepared in large scale by literature procedures.*”

N

Y

Figure 2.1: Lewis structure of IPr.

NHC 1 was prepared according to an adapted literature procedure.'*! The first step in the
synthesis of 1 is a condensation reaction of glyoxal with two equivalents of diisopropylaniline
in the presence of a catalytically amount of formic acid which lead to the formation of a
diazabutadiene (Figure 2.2, top). The crude product was washed with methanol and then dried
to yield the analytical pure diazabutadiene in good yields of 85%. Even for up-scaled
reactions starting with ~200 g diisopropylaniline a vyield of 71% was obtained. The
condensation is a rapid exothermic conversion of the staring materials after the catalysed
initiation of the reaction.
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Figure 2.2: Reaction sequence yielding the diazabutadiene (top). 6 = electrocyclisation towards IPr-HCI (middle). Salt
elimination reaction of IPr-HCI with KO'Bu. (bottom)
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In a 6 & electrocyclisation of the obtained diazabutadiene with paraformaldehyde and chloro-
trimethylsilane in 60°C warm toluene to yield the 1,3-bis(2,6-diisopropylphenyl) imidazolium
chloride (IPr-HCI) (Figure 2.2, middle). The resulting suspension was filtered and washed
with THF to obtain a white powder. The hydrochloride salt is stable and could be stored for
years without decomposition. Finally IPr-HCI could be deprotonated in a salt elimination
reaction with potassium tert-butoxide (KO'Bu) in THF using standard Schlenk techniques
(Figure 2.2, bottom). The two white solids turn instantly brown. Filtering of the suspension
afterwards leads to a brown solid in up to 91% vyield. The carbene has to be stored under inert
atmosphere in a flask or glove box. An approved method to minimise the risk of hydrolysis is
to freshly prepare small batches for the following reactions instead of large batches, which
have to be stored afterwards. Nonetheless 1 could be stored for months under inert
atmosphere.
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2.2. Functionalised bis-NHCs

Functionalization of NHCs is one of many methods of fine-tuning the properties of NHCs and
opening a route to a new class of NHCs. 1¥% 43" 119 1381 Tha narspective of direct access to
functionalised NHCs from an NHC, especially with p-Block moieties is tremendous since it
enables the innovative synthesis of new ligands. Phosphaalkene functionalised imidazole-2-
ylidene were first observed by Gates et al.'** Furthermore Bertrand et al. were able to
develop a method to synthesise C4-substituted imidazole-2-ylidene only by deprotonation of a
C2-substituted imidazolium salt.™® *¥ Functionalisation of an NHC has also been achieved
with a silylene (IPrSiCl,), when treated with adamantyl azide.**" Robinson et al. followed a
new route to a lithiated NHC, which led to easier access of a new ligand scaffold with
remarkable properties and applications.®®! Streubel et al. could show that the reaction of
1-methyl-3-tert-butyl-imidazole-2-thione and n-butyhllithium (n-Buli) in the presence of a
phosphine affords a phosphine bridged di-thione. Unfortunately, the reaction of the di-thione
with potassium metal does not lead to the phosphine-bridged NHBC but to a zwitterionic
imidazolium phosphanide. Functionalised mono NHC compounds could be prepared before
my investigations during the master thesis. But at that time no NHBC has been synthesised,
what leads my focus on this type of compounds. Investigations in our group were focused on
functionalised NHCs. Monomeric and dimeric structures could be synthesised.™! The aim
was to connect two imidazole moieties via the C4 backbone carbon atom with a diarylsilyl
spacer. NHBC (4) has been prepared in almost quantitative yield treating lithiated IPr (2) with
an appropriate dihalosilane (Figure 2.3).
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Figure 2.3: Synthesis of the NHBC, C4 functionalised NHC and its copper complex.

Furthermore, | could obtain the CuCl complexes of these functionalised NHCs. They are
colourless, moisture sensitive crystalline solids which are soluble in THF and
dichloromethane (DCM). The formation of 5 and 6 is supported by the appearance of the
corresponding molecular ion peak in the El-mass spectrum. Moreover, X-ray crystal
structures could be obtained for compound 4 and 6. Complex 4 crystallises in the
orthorhombic space group Pna2;. The molecular structure of 4 shows that each carbene centre
coordinates one copper chloride moiety (Figure 2.4, left). The carbene copper distance of
1.89(5) A and the C—Cu—Cl angle of 174.14° (av.) are consistent with other reported NHC-
copper complexes. The Cu-Cl bond length of 2.11 A (av.) may be assigned for terminal
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CuC|.1%8 138 1401 The four fold coordination of the silicon atom shows distorted tetrahedral
geometry with a significant decrease of the C4-Si1-C9 bond angle of 98.63(14)°. Compound
6 crystallises in the monoclinic space group P21/c. The molecular structure of 6 shows a
distorted linear geometry with a C2-Cul-CI1 bond angle of 174.02(5)° (Figure 2.4, right). As
expected for these metal complexes the N—-C—N bond angle increases by 2.9° (av.).

Figure 2.4: Molecular structure of NHBC copper complex (4)(left) and the C4 functionalised NHC copper complex (6)(right).
Isopropyl groups for 4 and hydrogen atoms for 4 and 6 have been omitted for clarity. Anisotropic displacement parameters are
depicted at the 50% probability level.

This bridged NHBC copper complex could potentially be used in catalysis although no
experiments have been done until now. Furthermore, the ligand framework is of particular
interest because of the steric bulk and two potential carbene centres at the backbone to gain a
pincer type ligand. The synthetic problem that has to be solved is the blocking of the
C2-positions of both sides and the subsequent deprotonations of the backbone carbene atoms
have to be achieved. These reaction sequences will most certainly direct to a salt formation in
the ligand metal complex, what is beneficial for catalyst storage and handling. On that score

synthetic strategies have been developed to block the C2-position, which will be presented
hereafter.
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Figure 2.5: Unsuccessful reaction of Li-1Pr with different equivalents of dichlorodiphenylmethane.

Further experiments have been done trying to synthesise carbon bridged NHBCs. These
reactions were performed following the same procedure as reported for the silicon bridged
compounds but used dichlorodiphenylmethane as bridging moiety. Approaches to synthesise
the functionalised NHC and the NHBC have been done, but unfortunately these reaction
pathways did not afford the desired compounds. One reason could be the more strained C—
(CPh,)-C angle due to the shorter C-CPh, bond length (1.54 A) compared to the C-SiPh,
bond length (1.87 A). The same reaction was performed with diiodomethane due to the less
steric bulk carried by the methane moiety.
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Figure 2.6: Unsuccessful reaction of Li-1Pr with diiodomethane.

This would reduce the strain of the bridged IPr moieties and could therefore give the compound
more degrees of freedom which could be beneficial for metal coordination. Unfortunately, no

product could be isolated.
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2.3. Palladium-Catalysed C2-Arylation of a nNHC

In order to block the C2-position of a nNHC initial tests have been performed with aryl
halides (Figure 2.7).
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Figure 2.7: Reaction of IPr with phenyl iodide without any catalyst.

The used phenyl groups have enhanced stability compared to aliphatic groups. Moreover,
phenyl groups are resistant against oxidation and reduction and deliver a steric bulk, which is
also useful in order to shield the backbone carbon atoms. Another feature of an aryl halide is
the high electrophilic character, which can lead to a nucleophilic attack of the nNHC. The
reaction of phenyl iodide and IPr in toluene only resulted in the isolation of the starting
materials. First approaches have been made using catalytically amounts of copper iodide as a
catalyst in 1,4-dioxane at refluxing conditions. This route was also unsuccessful as only
starting materials could be detected.

Another attempt was made by trying to increase the electrophilic character of the phenyl ring.
Therefore, diphenyliodonium triflate was synthesised following literature procedure (Figure
2.8).0141]

MCPBA
! TfOH ?B e
+ e OTf

Figure 2.8: Synthesis of diaryliodonium triflate.

The oxidant meta-chloroperoxybenzoeic acid (MCPBA) was used in a one pot reaction with
benzene, phenyl iodide and triflic acid (TfOH) in DCM at room temperature to obtain the
hypervalent diaryl-A*-iodane salt. In this reaction mCPBA is used to initially oxidise the
phenyl iodide to iodine (I11) followed by a ligand exchange to yield the desired product. This
compound is highly electron deficient and should therefore be a superb arylating agent.!*?
Reactions of IPr and the diphenyliodonium reagent were performed in toluene at room
temperature and under refluxing conditions. Unfortunately, under the investigated conditions
no reaction took place. Nevertheless, at least the crystal structure of diphenyliodonium triflate
could be determined for the first time (Figure 2.9).

Figure 2.9: Crystal structure of diphenyliodonium triflate. Hydrogen atoms are omitted for clarity. Anisotropic displacement
parameters are depicted at the 50% probability level.
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Diaryliodonium derivatives with various anions have been measured in the past.'*! In
contrast to the compounds with halide anions the diphenyliodonium triflate forms a
monomeric structure. The previously measured X-ray structures of diaryliodonium chloride,
bromide and iodide by Alcock and Countryman were dimers.** The first synthesis of the (c-
aryl)palladiumcomplex was reported by Grushin and Marshall, which was stabilised by a
NHC and a triphenylphosphine (Figure 2.10).%4
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Figure 2.10: First (c-aryl)palladium complex undergoing C—C reductive elimination of 2-phenylimidazolium salt.**!

They also report a solid precipitate after several hours and identified it as phenyl substituted
IPr. Their serendipitous result enabled the first NMR measurements as well as X-ray
diffraction experiments of the desired compound.

A novel catalytic and atom economic synthesis of MIC precursors by the direct C2-arylation
could be achieved in this work (Table 2-1).1%8

Table 2-1: Direct catalytic C2-arylation of IPr. ([Pd(0)] = [Pd.(dbas)]). Reaction condition optimization for the reaction of IPr

with Phl.
Dipp Dipp

N [Pd(0)] cat. N

I — L .
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IPr (1) (IPrPh)I (7)
Entry  Time[h] Temp [°C] Solvent Catalyst [mol%]™@ Yield™
1 48 25 o-xylene - 0
2 10 145 o-xylene - 0
3 48 25 1,4-dioxane - 0
4 10 102 1,4-dioxane - 0
5 24 25 1,4-dioxane 1 16
6 102 1,4-dioxane 1 72
7 4 102 1,4-dioxane 0.5 92
8 102 1,4-dioxane 0.5 76
9 2 102 1,4-dioxane 0.1 2
10 48 25 o-xylene 1 18
11 2 145 o-xylene 1 81
12 2 70 THF 1 27
13 48 25 THF 1 0
14 48 25 Toluene 1 22
15 2 110 Toluene 1 75

[a] catalyst = [Pd,(dba)s]; [b] yield of isolated product.

If IPr (1) is treated with aryl iodide in the presence of 0.5 mol% of tris(dibenzyliden-
acetone)dipalladium(0) ([Pd,(dba)s]) as a precatalyst the corresponding C2-arylated 1,3-
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bis(2,6-diisopropylphenyl)-2-phenyl-1H-imidazolium iodide ((IPrPh)I, 7) can be obtained in
good yields. (IPrPh)I is air and moisture stable and can therefore be stored easily without any
additional precautions. The purification of the products can be performed by filtration because
they are insoluble in o-xylene. Starting material and most of the catalyst remain in the
solution. The crude product was extracted with DCM to obtain the analytically pure product.
Equimolar ratio of carbene and phenyl iodide and 1 mol% of palladium catalyst was reacted
in 0-xylene to give a yield of 81% (Table 2-1).

Following this result reaction conditions were investigated to find the optimal reaction
settings (Table 2-1). Different reaction times, temperatures and catalyst loadings as well as
solvents have been tested. The exchange to the lower boiling solvent 1,4-dioxane results in
almost similar results. The yield decreased under refluxing conditions by about 9%. At room
temperature it could be shown, that the reaction proceeds but with highly reduced yields down
to 16%. The same reaction was tested further in the more polar solvent THF and in the less
polar solvent toluene. The yield of the reaction in boiling toluene is comparable to the
reaction in 1,4-dioxane. Only the reaction in boiling THF provided significantly lower yields
in the same time. At room temperature the tendency of decreasing yield is independent of the
solvent. All reactions show decreased yields from 22% for toluene (48 h), 18% for o-xylene
(48 h), 16% for 1,4-dioxane (24 h) and just hydrolysed product for THF (48 h). Furthermore,
blank tests in o-xylene and 1,4-dioxane have been performed with the anticipated result of
absolutely no conversion. These results give rise to the conclusion that this palladium
catalysed reaction needs a certain activation energy in terms of temperature. A closer look at
the solvent properties supports this conclusion as o-xylene with the highest boiling point
(144°C) delivers the best yield at the boiling point followed by toluene (110°C), 1,4-dioxane
(101°C) and at last THF (66°C).

2.3.1. Coordinating and Non-Coordinating Anions

lodide as an anion is a mild reducing agent and could easily be oxidised to iodine. In order to
prevent this redox chemistry of the prepared salts the iodide should be exchange for non-
redox active and non-coordinating anions. Considering that halide anions are mainly
coordination anions it could be beneficial to exchange the iodine anion not only because of its
redox activity. Non-coordinating anions like tetrafluoroborate or hexafluorophosphate enable
better solubility in organic solvents for the following deprotonation step. Moreover, these
complex anions are less nucleophilic and less basic compared to halides.

Anion exchange reactions are widely known in organic chemistry. Typically, a silver salt
carrying the desired anion is reacted with the salt of interest because silver salts, especially
silver halides have very low solubility products. Basic requirement is that the solubility
product of silver and the compound’s anion is lower than the solubility product of the silver
salt itself. In this particular case NaBF,, KPFs and KOTf were used for the anion exchange for
sustainability reasons as shown in Table 2-2.

Table 2-2: Comparison of purchase costs of different salts from Sigma-Aldrich. [245]

Compound AgPFg KPFg AgBF, NaBF, AgOTf NaOTf KOTf
Prize 58,30 € 0,66 € 28,40 € 129€ 25.00€ 9.36 € 6.98 €
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The anion exchange reactions were carried out at room temperature in a biphasic solvent
mixture in the ratio of 3:2 (DCM: water). The mixture was stirred for one day before the
phases were separated. The organic phase was dried further with magnesium sulphate
(MgSQ,), then filtered and concentrated under reduced pressure. The compounds (IPrPh)BF,
(8), (IPrPh)PFs (9) and (IPrPh)OTf (10) could be synthesised in good yields up to 86%.
Furthermore (IPrPh)Br (20) could be prepared, which will be explained in chapter 2.4. The
reasonances of all compounds could be found with identical shifts, except for the backbone
hydrogen atoms. The eight methyl groups of the isopropyl functionality could be found as two
doublets at high field with a shift of 1.04 and 1.27 ppm. The four corresponding ipso protons
show a discrete septet at 2.43 ppm. Furthermore, a doublet at 7.36 pm and a triplet at
7.61 ppm describe the meta and para positions of the Dipp ligand. The resonances of the
phenyl group appear as three sets of multiplets. A doublet of doublets at 6.96 ppm, a triplett at
7.26 ppm and another triplet at 7.44 ppm complete the spectrum. The *H-NMR spectra show
significant shifting for the backbone (C4/C5) proton singlet resonances towards higher field
for all compounds. The bromine ligand shows a shift at 8.29 ppm compared to the iodine
ligand at 8.07 ppm followed by the triflate- (7.97 ppm), tetrafluoroborate- (7.88 ppm) and
hexafluorophosphate ligands (7.76 ppm).
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Figure 2.11: Superimposed *H-NMR spectrums of the five (IPrPh)X compounds in CD,Cl,. X = Br, I,0Tf", BF,~, PFs~.

The shifting of the backbone singlet resonance results from the different electronic influences
of the counterions. Bromine and iodine are supposed to be coordinating anions which results
in a low field shift. Triflate, tetrafluoroborate and hexafluorophosphate are known to be non-
coordinating anions. Correlating the chemical shift of the backbone hydrogen atoms of these
five compounds with the acidity of the hydrogen atoms it could be stated that the bromine
compound is the most acidic and the hexafluorophosphate compound the least acidic.

We could show with °F-'H-2D heteronuclear Overhauser enhancement spectroscopy
experiments (HOESY) that in all three cases coupling between the fluorine and the hydrogen
atoms could be observed. This proves at least a partial coordination of the anion Furthermore,
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'H- NMR experiments have been done using different concentrations of the sample to
evaluate, if a coordination of the anion is present. In case of coordinating anions one should
observe a high field shift going to lower concentrations due to the lower probability of
interactions.
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Figure 2.12: Exemplary **F-'H-HOESY spectrum of (IPrPh)PFs in THF-d8.

Furthermore, diffusion-ordered spectroscopy (DOSY) experiments have been done to
evaluate the coordination behaviour of those five anions to the ligand. It was assumed that a
coordination of the anion would lead to larger diffusion coefficients and therefore higher
molecular weights determined with the ECC-MW estimation method developed by R. Neufeld
and pursued by S. Bachmann in our workgroup.**®! External calibration curves (ECC) have
been used to determine the molecular weight of the five salts. For the method to work an
internal reference has to be added to the sample to get a normalised diffusion coefficient,
which can be used to overcome the inherent errors when comparing DOSY experiments
(diversities in temperature, concentration, viscosity, NMR-device properties, etc.). For the
measurements the reference molecule adamantan was added to the samples.

Furthermore, the method includes different ECCs for the shape of the molecule. Compact
spheres (CS), dissipated spheres and ellipsoids (DSE) and expanded discs (ED) could be
distinguished, which led to lower standard deviations of the ECCs. If the shape of a molecule
is not clear a merged calibration curve can be used to determine the molecular weight but with
a higher standard deviation. The shape of the measured molecules was considered to be
associated to the DSE shape following the classification suggested by Neufeld. One issue with
this method is the high molecular weight of the investigated compounds, if a coordinated
anion is considered. The method was developed for compounds with molecular weights from
70 to 600 g/mol. The molecular weight of (IPrPh)OTf and (IPrPh)PF; lie marginally above
these values, wherefore the results have to be interpreted with care.
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Table 2-3: Measured and calculated molecular weights and their standard deviations for the five salts using the ECC-DOSY
method developed by Neufeld and Bachmann.

Compound MW AMWpse MWMerge AMWMerge MWCaIc.
[g/mol] [%0] [g/mol] [%0] [g/mol]
without 28.35 42.73 465.30
anion (IPrPh)Br 597.20 664.13
with anion 9.54 21.81 545.20
without 19.77 32.46 465.30
anion (IPrPh)I 557.28 616.33
with anion 5.90 4.07 592.20
without 22.61 35.85 465.30
anion (IPrPh)OTS 570.49 632.12
with anion 7.13 2.90 614.30
without 24.62 38.26 465.30
anion (IPrPh)BF, 579.84 643.31
with anion 5.02 16.52 552.11
without 22.87 36.16 465.30
anion (IPrPh)PF 571.70 633.57
with anion 6.38 3.75 610.65

Nevertheless, all results show a tendency towards coordinating aggregates even though most
values are over interpreted. Following the results of Bachmann et al. a deviation of 14% could
be tolerated for measurements in DCM. Those results fall into this given empirical error
region. It is likely that all anions coordinate to a certain extent and molecular weights in
between the values of the coordinated complex and the free cation are expected.

Another reason for the overestimated values could lie in DOSY experiment. ECCs possible
inclusions of solvent in the cavities of the (IPrPh)I molecule or “free space” cannot be
distinguished (Figure 2.13). The diffusion coefficients of molecules with or without these
possible inclusions could ensure overestimated diffusion values, which again result in higher
molecular weights. Unfortunately, it is not possible to prove the assumptions with this method
until now.

Figure 2.13: Spacefill model of (IPrPh)l. Top view (left), side view (middle), bottom view (right).

2.3.2. Crystal Structures of IPrPhX Salts

Almost all discussed compounds could be crystallised. Crystals could be grown from
saturated acetone (7) or DCM (8, 9 and 10) solution via a slow solvent evaporation procedure.
In case of compound 7, two different coloured crystals, red crystals (7b) as impurity and
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colourless crystals (7a) have been found in the same sample. These two different crystals
contain different anions. The red crystal could be identified as the C2-arylated imidazolium
cation with a palladium trichloride and the colourless compound contains iodide as anion. 7b
crystallises in the monoclinic space group P2:/n with one molecule in the asymmetric unit
(Figure 2.14) and 7a in the triclinic space group P1 with one molecule in the asymmetric unit
(Figure 2.14). The two structures differ by the anion and the rotation of the phenyl group by
6.7°. In addition, 7b shows a disordered isopropyl group with a side occupation factor of
0.55(3).

Figure 2.14: Crystal structures of compounds 7a and its impurity 7b. Hydrogen atoms have been omitted for clarity.
Anisotropic displacement parameters are depicted at the 50% probability level.

(Figure 2.15) and compound 9 crystallises in the monoclinic space group and P2;/n with
Compound 8 crystallises in the monoclinic space group P2;/m with one half of the molecule
in the asymmetric unit one molecule in the asymmetric unit (Figure 2.15)

Figure 2.15: Crystal structures of compounds 8, 9 and 10. Hydrogen atoms have been omitted for clarity. Anisotropic
displacement parameters are depicted at the 50% probability level.
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Compound 10 crystallises in the monoclinic space group and P2,/c with one molecule in the
asymmetric unit (Figure 2.15). Crystals from compound 20 could not be grown by the end of
this work.

Table 2-4: Selected bond lengths [A] and angles [°] of the four (IPrPh)X salts (7a, 7b, 8, 9, 10).*Symmetry generated.

7a 7b 8 9 10

N1-C2 1.349(2) 1.346(4) 1.344(1) 1.351(2) 1.345(2)
N1A-C2/N3-C2 1.345(2) 1.348(4) 1.344(1)* 1.348(2) 1.349(2)
N1-C5 1.381(2) 1.380(4) 1.385(1) 1.382(2) 1.387(2)
N3-C4 1.384(2) 1.383(4) - 1.383(2) 1.383(2)
C4-C5/C5-C5A 1.347(3) 1.348(4) 1.351(2)* 1.349(2) 1.346(2)
N1-cczgr_\|’\1]§\/ N1- 106.96(2) 107.0(2) 107.3(1)* 106.8(1) 107.1(1)
N1-C2-C6-C7 61.1(2) 54.6(4) 89.7(2) 53.6(2) 51.0(2)

The imidazole moiety of the five structures is very similar with respect to the bond lengths
and angles. The bonds N1-C2 and N3-C2 which carry the positive charge is partly a double
bond and show bond length from 1.344(1) A to 1.351(2) A, which is in good agreement of
theoretical C-N-bond lengths between a single (1.47 A) and a double bond (1.29 A).*"!
Compound 8 shows a slightly different binding situation concerning the phenyl ring, which is
orientated perpendicular to the imidazole moiety compared to an approximately 60° angle in
compounds 7a, 7b, 9 and 10.

2.3.3. Substrate Scope

Dipp R Dipp
N [Pd(0)] Cat. N R
Ly - C />_® ©
N N® |
Dipp Dipp
IPr (1) (IPrAn)I (7a, 12-15)

Figure 2.16: Palladium catalysed synthesis of C2-arylated NHC salts.

For investigation of the scope of the reactions according to Figure 2.16 alkyl-, methoxy-,
ester-, nitro-, and amino substituted iodobenzenes have been tested. Table 2-5 summarises
conditions and yield for this screening.®
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Table 2-5: Scope of the C2-arylation of IPr with RC¢H4X. [a] Time under reflux; [b] catalyst = [Pd,(dba)s]; [c] yield of
isolated product; n.c. = no coupling product.

Entry  Time [h]® R X Solvent Catalyst [mol%]™  Yield [%]
1 2 H | 1,4-dioxane 1 72 (7a)
2 4 H | 1,4-dioxane 0.5 92 (7a)
3 3 H | 1,4-dioxane 0.5 76 (7a)
4 2 4-Me | o-xylene 1 80 (12)
5 3 2-Me | o-xylene 1 60 (13)
6 2 4-MeO | 1,4-dioxane 1 74 (14)
7 2 4-MeOOC | 1,4-dioxane 1 75 (15)
8 4 4-NO, | 1,4-dioxane 1 n.c

9 4 4-NMe, | 1,4-dioxane 1 n.c
10 4 H Cl 1,4-dioxane 1 n.c
11 4 H Br 1,4-dioxane 1 n.c

Compounds 12, 14 and 15 were isolated in good yields (entries 4, 6 and 7). The treatment of
compound 1 with 4-nitro- and 4-(N,N-dimethylamino)iodobenzene did not afford the
anticipated products (entries 8 and 9). Coupling product 13 was synthesised in a rather low
yield by reacting 1 with 2-iodotoluene, may be due to increased steric interference by the o-
methyl group (entry 5). Under similar experimental conditions it was shown that, chloro- and
bromobenzene are inactive (entries 10 and 11). Reasons for this behaviour can be found in the
strength of the carbon halide bond which increases from iodine to fluorine in accordance to
the concept of hard and soft acids and bases (HSAB). The fluorine atom as a hard base
interact the most with the carbon atom as hard acid. The hardness of the used bases, in this
case chlorine, bromine and iodine, decreases in this sequence. This trend in stability has been
extensively examined e.g. by theoretical means. The bond energies for mono halogenated
methane further underline these assumptions (bond energies [kcal] CH3F = 107.0;
CH;Cl = 76.7; CH3Br = 66.4; CH;l = 52.6).

All air-stable C2-arylated imidazolium salts (7a—15) have been isolated as off-white solids.
Compounds 7a-10 and 13-15 were utterly characterised by elemental analysis, NMR
spectroscopy, and mass spectrometry. With the exception of 13, the isopropyl groups of 7a,
12-15 showed two sets of doublets for the methyl groups in the NMR spectra. The spectrum
for compound 13 exhibits three sets of for the methyl protons of Me,CH groups, with one of
them (86 = 1.07 ppm) appearing as a pseudo-triplet, due to the overlap of two expected
doublets. The imidazole protons (at C4 and C5) in 12-15 appear as singlet in the range of
8.01-8.30 ppm. The EI mass spectra of 7, 12-15 each show the molecular ion peak for the
imidazolium moiety.

2.3.4. Crystal Structures of (IPrPh-R)I salts

Moreover, the molecular structures of 12-15 were determined by single crystal X-ray
diffraction analysis.[68°] The molecular structures of compounds 7a, 12, 14 and 15 exhibit
similar structural features. Molecular structures of compound 12 and 13 are shown in Figure
2.17. The N1-C2-N3 bond angles range from 106.2-107.7°, which is comparable to those
observed in unsubstituted 1,3-imidazolium salts.[*** 4!
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12 13

Figure 2.17: Crystal structures of compounds 12 and 13. Hydrogen atoms have been omitted for clarity. Anisotropic
displacement parameters are depicted at the 50% probability level.

14 15

Figure 2.18: Crystal structures of compounds 14 and 15. Hydrogen atoms have been omitted for clarity. Anisotropic
displacement parameters are depicted at the 50% probability level.

All crystal structures give, with minor deviations, similar motifs (Figure 2.19). Almost all
ligands at the imidazole are ordered in an approximately perpendicular fashion. Two
exceptions show a slightly distorted motif. Compound 13 and (IPrPh)I. Structure 13 shows a
twist of 58.3° for the C2-phenyl ring. Furthermore, the Dipp substituents are also twisted by
69.94°. For compound 7a a twist of 59.2° of the C2-phenyl ring could be observe. However,
the Dipp ligands are only twisted by 77.1°. This behaviour can be explained with the steric
repulsion of the methyl group at the ortho position.

37



Results and Discussion

-

(IPrPh-4-OMe)

(IPrPh-4COOMe)l

(IPrPh)l (IPrPh-4-Me)l

(IPrPh-2-Me)|

Figure 2.19: Overlay of the five synthesised structures 7a, 12, 13, 14, and 15.

In Table 2-6 selected bond lengths and angles are listed, which show that all measured structures
crystallise in the same motif. With an ortho substituted aryl halide the crystal structure could be
twisted to some extent, whereas the different para substitution did not affect the approximately
perpendicular orientation of the substituent. The possibility of changing the ligand orientation
would be beneficial for further investigations.

Table 2-6: Selected bond lengths [A] and angles [°] of the four (IPrPh)X salts (12, 13, 14, 15).

12 13 14 15%*

N1-C2 1.345(2) 1.354(3) 1.344(2) 1.343(8)/ 1.327(9)
N1A-C2/N3-C2 1.345(2)* 1.349(3) 1.344(2)* 1.347(8)/ 1.345(9)

N1-C5 1.385(2) 1.377(3) 1.384/2) 1.393(7)/ 1.391(10)

N3-C4 - 1.382(3) - 1.392(7)/ 1.389(9)

C4-C5/C5-C5A 1.345(3)* 1.346(4) 1.354(4)* 1.341(10)/ .338(11)
N1-C2-N1A/N1-C2-N3 107.2(2)* 106.6(2) 107.8(2)* 107.7(5)/ 108.1(6)
N1-C2-C6-C7 89.6(2) 58.3(3) 87.3(6) 87.6(8)/ 82.2(18)

*Symmetry generated.**Since there are two molecules in the asymmetric unit, both values are given.

Compounds 12-15 show that the palladium catalysed C2-arylation reaction is an efficient way to
design a variety of new imidazolium salts, which could be used as precursors for MICs. The
ability to tune the ligand (1) can be important to develop appropriate MICs for certain
applications. Depending on the substituted aryl halide the electron density within the imidazolium
moiety will change, influencing the acidity of the hydrogen atoms at the imidazole backbone
carbon atoms C4 and C5. This is interesting for the generation of the MIC and its stabilisation
after deprotonation.

The electron-releasing inductive effect increases the electron density in the imidazolium moiety,
which lowers the acidity of its backbone hydrogen atoms. The electron withdrawing inductive
effect decreases the electron density within the imidazolium moiety and therefore increases the
acidity of the hydrogen atoms at the C4/C5 carbon atom. Mesomeric effects could not influence
the CH-acidity since for mesomeric interaction, the C2-arylated phenyl ring has to be coplanar to
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the imidazole moiety. The inductive effect can be observed through *H-NMR chemical shifts of
the hydrogen atoms at the backbone carbon atoms. In solution one singlet can be assigned for the
chemically equivalent hydrogen atoms. A shift towards lower field can be observed for the C2-
substitution of 4-methoxyphenyl (8.01 ppm), 4-methylphenyl (8.02 ppm), 2-methylphenyl
(8.11 ppm), phenyl (8.15ppm) and 4-esterphenyl (8.30 ppm). All 'H-NMR spectra were
measured at 25°C in DCM and showed no impurities.

Unfortunately, until now it was not possible to isolate the free MIC from ligands 7a, 12-15 and
hence a conclusion about the stabilising effect of the C2-substituent cannot be given.
Nevertheless, compounds 7a, 12-15 are robust imidazolium salts. They can be stored without any
precautions and are stable for months. Moreover, their high melting points indicate a tolerance
against high temperatures. They could also be stored in solution without any recognisable
decomposition. So far research has focused on IPr, preliminary tests with IMes and I'Bu proved
unsuccessful. However, C2-arylation as described above should also be possible for these
compounds and future attempts should target at this goal.

2.3.5. Proposed Catalytic Cycle

A proposed catalytic cycle to form compounds 7b/b and 12-15 is given in Figure 2.20.1%
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17
Figure 2.20: Proposed catalytic cycle for the C2-arylation of an nNHC %9

As precatalyst [Pd,(dba)s] was used as the commercially available source of Pd(0). Studies have
shown that substitution of “dba” with a two-electron donor auxiliary ligand (L) leads to
[(LPd),(dba)]-type species.™! At higher temperature, [(LPd),(dba)] generates a catalytically
active monoligated L-Pd(0) species, which readily undergoes oxidative addition with an aryl
halide.®® % Therefore, formation of [(IPrPd),(dba)] (16a) by reaction of [Pd,(dba)s] with IPr
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seems reasonable. At high temperatures, 16a yields the reactive monoligated [(IPr)Pd] compound
(16b). The following oxidative addition step of iodobenzene with 16b would give species 17. The
coordination by a second molecule of IPr may stabilise species 17 to yield species 17°. The
reductive elimination (RE) step via a concerted transition state 18 may afford the C2-arylated
product (7) and regenerate [(IPr)Pd] (16b).*>!

To examine the validity of the proposed cycle, catalytic activity of the bis-NHC-Pd(0) compound
[(IPr),Pd] (19) was tested. [(IPr),Pd] was prepared by treating [(IPr),PdCl,] in THF with KCs.
Although, compound 19 was found to be an active catalyst, the reaction of IPr with Phl to yield
7a was rather slow. This further supports the involvement of 16a, featuring a rather labile ligand
(dba), in readily supplying the active catalyst 16b. This catalytic cycle shows a novelty, in respect
to the mechanism and the involvement of the IPr. To the best of our knowledge, the presented
reaction is the first in which IPr acts as a catalyst ligand and reactant.

Finally, it could be shown that a catalyst recycling is possible. A standard reaction was performed
and the resulting catalyst mixture was collected and combined with fresh carbene and phenyl
iodide. In Table 2-7 the results of the catalyst recycling reaction are presented. In the first cycle
81% vyield could be obtained as well as for the decreases significantly after the second cycle still
50% of 7 could be isolated. In the second cycle 80% could be obtained followed by a yield
reduction of 30% in the third cycle. Even after the fourth cycle 50% yield could be isolated, which
shows that Pd,(dba)s is a very sufficient catalyst.

Table 2-7: Catalyst recycling for the reaction of compound 1 with Phl to species 7 by using 1 mol% of precatalyst.

Cycle  IPr(mmol)  Phl (mmol)  Yield (g, %) Time

1 3.35 3.38 1.60, 81 2
2 3.35 3.35 1.51, 80 2
3 3.35 3.35 1.00, 50 2
4 3.35 3.35 0.99, 50 2

Under the presented conditions a turnover number of 257 could be reached. So far no further
investigation on catalyst deactivation has been made.
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2.4. Nickel-Catalysed C2-Arylation of an nNHC

Finding alternatives to precious heavy metals is an important step forward for addressing the
current sustainability issues. Nickel based catalysts have shown a remarkable reactivity in a
variety of coupling reactions**? and also hold promises in new challenging transformations. It
should however be noted that the mechanism of Ni-catalysed reactions is significantly different
than that of Pd-catalysed transformations. Therefore, the choice of reactants and reaction
conditions plays an enormous role of the scope of reactions.

Nickel is the smaller homologue of palladium and seems to have all the attributes to also catalyse
the direct C2-arylation reaction. With respect to the abundances of the elements and the price of
the precatalysts, it is advantageous to use Nickel (Ni on earth are estimated to 1.69*10" and
palladium to 0.88 ppmw.">). One gram of nickel bromide cost 2.8 € compared to 66.1 € for of
Pd,(dba);.">"

Nickel (11) halides are often used as precatalyst or catalyst in different types of reactions.*®
Phosphine substituted nickel (1) chloride is for example used in Suzuki-Miyaura arylations. Many
cross coupling reactions are actually catalysed by using nickel (I1) halides or neutral ligand
substituted nickel (11) halides.® Furthermore many reactions are catalysed by using the nickel(0)
compound, nickel dicyclooctadiene. Radius et al. published a di-NHC Ni(0) compound that can
be applied in Suzuki-Miyaura cross-coupling reactions.” The starting material is also react with
phenyl halides to yield a C2-arylated NHC cation and an anionic nickel component of the type
[NiBrX,]*.

/iPr 'Pr /iPr
N Br N 2 er N
[ Y= Nie—i( ] > 2 [ )—@ [NiBra]*
N B N N®
ipr ip/ ipr

Figure 2.21:Synthesis of 'PrIM salt by Radius et al.

The NHC in this case is the N-N-isopropyl substituted imidazolium-2-ylidene (‘Prim), but also
other para-substituted aryl halides have been synthesised.™” This reaction was classified as a
catalyst deactivation reaction. Radius et al. could proof that under their reaction condition slow
catalyst crumbling takes place. A test reaction with excess of different aryl halides led to several
different substituted C2-arylated imidazolium salts. The stoichiometric reaction conditions to
obtain good yields are pretty harsh and the reaction took at least several days. Fluorobenzene and
chlorobenzene did not react at all.

In view of this, it becomes clear that a systematic study is highly desired to achieve further
mechanistic understanding of Ni-catalysed reactions as well as developing more efficient Ni-
based catalysts. In this context, we decided to investigate NHC-Ni complexes for developing
catalytic methods for C2-arylation of NHCs.
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Figure 2.22: First nickel catalysed C2-arylation of an nNHC.

Following these results, a range of reactions has been done as shown in Table 2-8. The reactions
were performed in analogy to the palladium catalysed C2-arylation reaction!®® but with 10mol%
catalyst loading, NiBr, as catalyst and phenyl bromide as reactant. The typically used solvents
o0-xylene, 1,4-dioxane, THF and toluene have been tested at room temperature and under refluxing
conditions. The progress of the reaction can be followed visibly because the product is not soluble
in the used solvents and precipitates out as it forms. Reactions at rt were stopped after 24 h due to
no conversion. A small amount of residue was formed and identified as (IPr-HBr). This may be
due to slow hydrolysis of IPr. The reason for the hydrolysis is so far not clear. Using o-xylene as
the solvent with the highest boiling point 37% product yield could be reached after 4h. A slow
increase in yields (45%) can be observed for longer reactions times (12h). In toluene no
conversion was observed regardless of reaction temperature. However, in refluxing THF 27%
yield could be isolated after 12h. In boiling 1,4-dioxane 34% yield could be reached after the
same time.

In the beginning, a 10 mol% of the catalyst loading was selected. Following the good yields of the
reaction in o-xylene the catalyst loading was first decreased to 5 mol% and then to 1 mol%. The
yield decreased slightly using 5 mol% of NiBr, under refluxing conditions for a similar time
interval of 12 h. A catalyst loading of 1mol% leads to a lower yield of 29% even after a longer
reaction time of 48 h.

Table 2-8: Reaction condition optimization for the reaction of IPr with PhBr. [a] catalyst = [NiBr.]; [b] yield of isolated product; n.c.
=no coupling product.

Entry  Time[h] Temp [°C] Solvent Catalyst [mol%]"® Yield™
1 24 25 o-xylene 10 n.c.
2 4 145 o-xylene 10 36
3 12 145 o-xylene 10 45
4 24 25 1,4-dioxane 10 n.c.
5 12 102 1,4-dioxane 10 34
6 24 25 THF 10 n.c.
7 12 70 THF 10 27
8 24 25 toluene 10 n.c.
9 12 110 toluene 10 n.c.
10 12 145 o-xylene 5 40
11 12 145 o-xylene 1 12
12 48 145 o-xylene 1 29
13 48 145 o-xylene 5 42
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In summary it can be stated that more energy is needed to break the bromine carbon bond to
enable the oxidative addition step. A further possibility, through which one could possibly obtain
higher yields, could be a pressurised reaction at high pressure enabling higher boiling points.

2.4.1. Substrate Scope

To investigate the substrate scope reactions with alkyl- and methoxy- substituted bromobenzenes
have been tested (Figure 2.23).

Dlpp Dipp
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Figure 2.23: Nickel catalysed synthesis of C2-arylated NHC salts.

Table 2-9 entry 1-3 show the dependence of catalyst loading for the synthesis of (IPrPh)Br. The
yield decreases inconsiderable from 45% with a catalyst loading of 10mol% to 40% with a
catalyst loading of 5mol%. All other reaction parameters were maintained same.

The reaction of various substituted aryl halides have been tested as substrates (Table 2-9 entry 4—
8). The methoxy and the para-methyl substituted phenyl bromide delivered the desired products
in good to excellent (up to 82%) yield. Notably, di-substituted and ortho-substituted phenyl
bromides did not undergo C—C coupling reactions under similar conditions (Table 2-9 entry 5, 7—
8).

Table 2-9: Scope of the C2-arylation of IPr with RCsH4X.

Entry Time[h]® R X Solvent Catalyst [mol%]™  Yield [%]
1 12 H Br o-xylene 10 45 (20)
2 12 H Br o-xylene 5 40 (20)
3 12 H Br o-xylene 1 12 (20)
4 6 4-Me Br o-xylene 7 82 (21)
5 12 2-Me Br o-xylene 10 n.c.

6 5 4-MeO Br o-xylene 6 62 (22)
7 5 3,4-Me Br o-xylene 1 n.c.
8 24 2,6-Me Br 1,4-dioxane 7 n.c.
9 12 H | o-xylene 10 62 (7a)
10 12 H Cl o-xylene 10 n.c.
11 72 H Cl 1,4-dioxane 14 n.c.
12 24 4-Me Cl 1,4-dioxane 11 n.c.

[a] Time under reflux.; [b] catalyst = [NiX,], If an aryl bromide is used the complementary bromine nickel salt
is used, analogously aryl iodides and chlorides were converted with Nil, and NiCl,, respectively.; [c] yield of
isolated product; n.c. =no coupling product.

P-toluene bromide did react with IPr and 7mol% catalyst loading to give the desired product in
82% yield after 6 h under refluxing conditions (Table 2-9 entry 4). Slightly lower yield (62%) was
found for the reaction of para-bromoanisole with IPr and 6 mol% catalyst after 5 h. Furthermore,
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different nickel(Il) halides were. Nickel(ll) iodide (10mol%) was successful in the reaction of IPr
with phenyl iodide. After a reaction time of 12 h 62% yield could be obtained. The same reaction
was performed using phenyl chloride and nickel (I1) chloride as catalyst, but did not yield any
product. In conclusion, the Ni-based catalysis works for the C2-arylation of an NHC and the use
of nickel iodide and aryl iodides gives the best results.

2.4.2. Crystal Structures of (IPrPhR)Br

The molecular structures of 21 and 22 were determined by single crystal X-ray diffraction
analysis. The molecular structures of compounds 21 and 22 exhibit similar structural features. The
molecular structure of compound 21 is crystallises in the triclinic space group P-1 with two
molecules in the asymmetric unit.

Figure 2.24: Crystal structure of 21 (left) and 22 (right). Hydrogen atoms are omitted for clarity.

The samples contain water molecules in the crystal. Residual electron density represents
disordered water molecules. A further refinement of the water molecules does not lead to
satisfying results. It has to be mentioned that the adequate description of the solvent molecules in
the crystal structure is not meaningful; however, the refinement of the desired compounds 21 and
22 seems utterly acceptable.
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2.4.3. Proposed Catalytic Cycle

A proposed catalytic cycle to form compounds 7a, 20-23 is given in Table 2-9.

Ni(I1)Br2

-21Pr ||+ 21Pr

Ni(l)Br2 i(IBr2

><|Pr,\,(”) IPr
Reductive Elimination [IPr Ni(l)— IPr] N'(”)BM lIPr—Ni(”)—IPrI

o4 . .
IPrPhBr Oxidative Addition
20 Ph-Br
- O,

Ph
IPr- |\||(||) IPr]

// \\\ N
(IPr)2N k <] ; Br
(\Br /N IPr 25

Figure 2.25: Proposed catalytic cycle for the nickel catalysed C2-arylation.

A typical case of nickel bromide as pre-catalyst is shown. With excessive IPr, [(IPr),Ni(I)]Br,
(23) can be formed, which at higher temperature may react with the second nickel dibromide
species to generate nickel tetrabromide and [(IPr),Ni(Il)] (24). Compound 24 can undergo
oxidative addition with phenyl bromide to give [(IPr),Ni(I)Ph]Br (25). The reductive elimination
step via a concerted transition state 25’ would lead to the C2-arylated product (7) along with 24.
The catalytic active species in this cycle is believed to be the [(IPr),Ni(ll)] compound. Literature
precedents indicate the disproportionation of NHC-species like 25 into corresponding
imidazolium salts.

R R R R R O
N Ph N e N N N Br
| N P [ N ] e [ P
[N> Br <N N> <N N>®_
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25  R='Pr

Figure 2.26: Disproportionation of NHC-species 25 leads to the formation of aryl imidazolium salts.

Our products are off-white solids. These results extend the range of C2-arylated imidazolium salts
which could readily be prepared and reduces the cost by using nickel instead of palladium.
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2.5. Electronic and Steric Properties of MICs and their precursors

2.5.1. Calculation of Tolman Electronic Parameter (TEP)

The detail understanding of the electronic and steric properties of ligands is essential to estimate
their ability for catalytic applications. One of the most established methods for the determination
of the electron donor ability of ligands is the Tolman Electronic Parameter (TEP) method (chapter
1.5). Experimental and calculated values are known for a variety of ligand systems. Herein, the
reported values (entry 1-9) are compared with the calculated values of the synthesised compounds
(entry 10-14).

Table 2-10: Calculated and experimentally determined TEPs for selected NHCs and those presented in this work. Experimental values
of entry 1-9 for the complexes (NHC)IrCI(CO), and (NHC)Ni(CO); were reported in a review article by Nolan et al.** DFT
calculated values for entry 1-6 have been reported by Gusev.'™ The values have a maximum deviation of 2.5 cm™.

Entry NHC (NHO)ITCI(CO),[cm™]  (NHC)Ni(CO)s[cm™]  DFT calculation[cm™]
1 SIPr 2051.1 2052.2 2051.5
2 SIMes 2050.8 2051.5 2051.5
3 I'Bu 2048.9 n/a 2050.6
4 IMes 2049.6 2050.7 2050.6
5 IPr 2050.2 2051.5 2050.5
6 1Ad 2048.3 n/a 2045.8
7 IPr-2,4-Ph 2038.4 n/a n/a
8 IPr-2-Ph-4-(Ph-4-OMe) 2039.2 n/a n/a
9 IPr-2-Ph-4-(Ph-4-Me) 2038.3 n/a n/a
10  (IPrPh-2-Me)(13) n/a n/a 2051.9* 2137.4*
11 (IPrPh-4-Me)(12) n/a n/a 2052.6* 2138.4"
12 (IPr-4-OMe)(14) n/a n/a 2051.2* 2141.6"
13 (IPrPh-4-CO,Me)(15) n/a n/a 2052.7* 2141.3"
14 (IPrPh)(7) n/a n/a 2040.1**

2052.2* 2138.7"

*Values for entry 10-14 are calculated with the BP86/def2-SVP functional.

*Values for entry 10-14 are calculated with the B3LYP/def2-SVP functional. The standard deviation for both
calculations is around 1 cm™.

**V/alue for entry 14 was calculated following the instructions by Gusev to establish comparability.

In Table 2-10 some representative NHCs (entry 1-6), MICs (entry 7-9) and the synthesised
compounds from this work (entry 10-14) are shown. DFT calculations were carried out according
to Gusev, which allows extracting a comparison of the TEP values. Gusev calculated the TEP for
76 NHCs with the same DFT method and supported his results with experimental data.
Furthermore, experimentally determined IR values are presented in order to classify the recent
results.*® Imidazolidinylidenes show larger TEP values than imidazolylidene and are therefore
less electron donating ligands. MICs (Table 2-10, entry 7-9) show exceptionally smaller TEP
values and are therefore more electron donating compounds. Entry 14 shows a TEP (calc.) value
of 2040.1 cm™ and is therefore a slightly weaker donor compared to MICs (entry 7-9), however a
stronger donor than nNHCs (entry 1-6). An additional substituent at the C2-position (entry 14) or
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at the C2- and C4-position (entry 7-9) leads to increased electron density in the zwitterionic
imidazole moiety. The more substituents with a positive inductive effect are bound to the
imidazole moiety the more electron rich are the compounds which leads to a lower TEP value.
The prepared ligand is an effective electron donor but due to the two backbone H-atoms maybe
not stable enough to isolate the free MIC. The calculated TEP values for entry 10-13 have to be
handled with care. The first value was calculated with the BP86 DFT-functional and the second
was calculated with B3LYP. Between these calculations are great differences, which could be
seen comparing the values 2051.85 (BP86) and 2137.4 cm™ (B3LYP) for entry 10. As not enough
compounds have been compared using those calculation strategies, these compounds could not be
classified concerning their donor ability. But a comparison between entries 10-13 could be done
and within the standard deviation of 1 cm™ the substituent at the phenyl ring seems to make no
significant difference for the donor strength. Comparing the backbone CH-shift of C2- and C4-
substituted NHCs a significant difference can be observed. It is likely to see that a substitution at
the C4-position has more influence on the acidity of the C5 H-atom. The backbone protons of
(IPrPh)1 and IPr-HCI show a "H-NMR resonance in the range of 8.0-8.3 ppm. The C2-proton of
IPr-HCI has a resonance at 10.1 ppm, which is in much lower field and therefore much more
acidic than the backbone protons. Furthermore, the adjacent hydrogen atom and the carbene could
switch among each other. This is not possible for the nNHC due to the adjacent threefold
coordinated nitrogen atoms.

Coincidentally Dipp Migration

Attempts for the preparation of the nickel tricarbonyl and the iridium dicarbonyl chloride NHC
compounds were made to experimentally investigate the CO stretching vibration (i.e., TEPS).
Unfortunately, these efforts were not successful. The reaction of Ni(COD), with the MIC could
just be performed in situ due to the instability of the free MIC.

Dipp : .
KHMDS Dlpp ! KHMDS NDIpp
Ph Ni(COD)z2 Ni(COD)2
[ >_ toIGene ['\prh toluene )I'\/P—Ph
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(cod)N| D|pp D|pp pp
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Figure 2.27: Reaction of 7a with KHMDS and nickel cyclooctadiene led to a Dipp N-C migration.

As known from earlier reports a migration of the C2-bound substituent to the C4-backbone
position is likely to happen.”*" 1 %8l gy rprisingly, a migration of the Dipp substituent of the
nitrogen atom to the C4-backbone position has been so far not observed.
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Figure 2.28: Migration of Dipp ligand from the nitrogen to the backbone of the imidazole moiety. The data of this crystal structure is
below our internal quality standards and is therefore not further discussed but should illustrate the unexpected result.

The synthesis of the iridium complex also did not lead to the desired compound. The [Ir(COD)CI]
dimer could be synthesised according to literature.*™ Unfortunately, the [(NHC)Ir(CO),CI]
complex could not be prepared due to the instability of the free carbene.

2.5.2. NMR Measurements

On comparing the *H- and *C-NMR chemical shift values of the five different C2-arylated
imidazolium salts, it becomes obvious that the substitution of the initial aryl halide exert an
influence on the backbone H-atoms of the imidazole moiety (Table 2-11). As discussed for
compounds 7-10 the C4/C5 backbone shift can be correlated with the CH acidity. The further
their downfield shift the higher the acidity. This gives us the possibility to synthesise new C2-
arylated compounds with other substituents and tune the acidity as needed.

Table 2-11: *H- and *C- NMR shifts of the backbone hydrogen- and carbon- atoms respectively of compounds 7, 12-15.

'H-NMR shifts of the backbone B3C-NMR shifts of the backbone
H-atoms [ppm] C-atoms [ppm]
(IPrPh-4-OMe)I(14) 8.01 126.52
(IPrPh-4-Me)l (12) 8.02 126.71
(IPrPh-2-Me)I(13) 8.11 127.16
(IPrPh)I(7) 8.15 127.09
(IPrPh-4-CO,Me)I(15) 8.30 127.85

Compound 15 is therefore the most acidic compound compared to the other synthesised
compounds.

2.5.3. Percent Buried VVolume Calculation

To investigate the ligand environment further occupation calculations with the program SambVca
for all precursor salts and the abnormal copper iodide complex were made.*? X-ray diffraction
data was used for the calculation of %Voly,,. The input .xyz files were manipulated in a way that
the C4-position of the imidazole moiety was deprotonated. With the purpose of comparing
optimised values (%Voly,0pt) with the crystallographic data, the crystal structure was geometry
optimised by Avogadro™® using the MMFF94 force field. Furthermore default values suggested
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by Cavallo et al. were used for the calculation.®? Not surprisingly, the values for both cases show
the same tendency. The substituent has just a very little influence on the %Voly,. Four out of five
aryl halides are para substituted and have a minor impact on the strain of the Dipp ligand, which
occupies the carbene sphere. The ortho substituted aryl halide shows the highest %Voly, which
can be explained by the steric effect of the ortho methyl group on the Dipp ligand. One Dipp
ligand is not involved in the occupation of the coordination sphere which generally leads to
smaller %Vol,, values compared to nNHCs. Due to the expanded N-C—N angle one Dipp ligand
is pushed into the coordination sphere.

Table 2-12: %Voly, values for selected compound and a schematic representation of the buried volume..

Compound %Vpur  %0Vpy0pt
(IPrPh-2-Me)l 356 334
(IPrPh)I 33.9 317
(IPrPh-4-Me)l 323 314
(IPrPh-4-CO,Me)l 32.1 31.2
(IPrPh-4-OMe)l 311 30.3
[(IPrPh)Cu]I 30.3

[(IPrPh)Cu]I, 1.897 333

IPr 33.6

In terms of sterics, C2-arylated compounds do not differ much from a nNHCs. Comparing IPr
with the (IPrPh)lI compound, the %Voly, value just differs by 0.3% which is negligible. The
different reactivity of compound 7a towards deprotonation and the problems of isolating the MIC
IPrPh allow for the conclusion that the acidity of the backbone protons plays a major role in terms
of reactivity.
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2.6. Coin Metal Complexes of (IPrPh)I (7a)

Among a variety of routes to NHC-metal complexes, trans-metallation with silver or copper
complexes has found to be the most convenient, as these complexes can be directly prepared from
the air stable imidazolium salts.l” % 9. 1000 101c. 124,148, 1601 Therefore, the suitability of the C2-
arylated imidazolium salts 7a, 12—15 to deliver the desired MIC-copper complexes was evaluated.
Treatment of a 1:1 mixture of the MIC-precursor 7a and Cul with KN(SiMej3), afforded the MIC-
copper complex [(IPrPh)Cu]l (26) as a yellowish solid in 91% yield (Figure 2.29).[%]
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Figure 2.29: Synthesis of MIC-copper complex 26.

The *H-NMR spectrum of 26 clearly indicates the deprotonation of 7a with KN(SiMe;), to form
the imidazole-4-ylidene. The remaining imidazole proton at the C5 position appears as a singlet at
d =6.99 ppm. Compound 26 shows three sets of signals for the methyl protons of the isopropyl
groups. The EI mass spectrum of 26 exhibits the molecular ion [(IPrPh)Cul]” peak at 654 amu.
Elemental analysis, NMR spectroscopy, and mass spectral studies confirm the structure of 26.
Alternatively, compound 26 was also prepared by treatment of 7b with CuCl and KN(SiMes),.

Figure 2.30: Molecular structure of MIC-copper complex [IPrPh)Cul] (26). 26 was refined with 60% of iodine and 40% of chlorine
occupancies. Hydrogen atoms and the chlorine disorder have been omitted for clarity. Anisotropic displacement parameters are
depicted at the 50% probability level.

Colourless crystals were grown from a saturated toluene solution at room temperature which
exhibited *H- and *C-NMR resonances indistinguishable from those shown by the compound 26
prepared by using Cul. Single-crystal X-ray diffraction unequivocally supported the formation of
complex 26, the molecular structure of 26 shows disorder. The structure of 26 was refined with
60% of iodide and 40% of chloride occupancies, suggesting the formation of chloro as well as
iodo derivatives of [(IPrPh)CuX] (X = Cl or 1), which crystallise together. The disordered solvent
molecules and halogen atoms were modelled and refined. Both N3-C4 and C4-C5 bonds are
elongated compared to the free ligand. The N3—-C4—C5 bond angle in 26 (103.3°) is decreased by
4°. These features are comparable to those of NHCs and their metal complexes.'** & This
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accounts for the increased s-character at the C4 carbon atom in 26. The N1-C2-N3 bond angle
remains essentially the same.

Dimeric NHC copper complexes have been prepared in the past by the two groups of Nolan and
Gall.™® Tetrakis(acetonitrile)copper(l) was used as copper source and treated with different
azolium salts in the presence of sodium tert-butoxid to yield the corresponding [Cu(NHC),]X
complexes. NHC salts with the tetrafluoroborate and hexafluorophosphate anions were used in
this synthesis.

R base

N® Cu-[—NEC—CH3]X N ® N_ X
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R= Mes' D|pp, Ad, Cy’ tBu X= BF4, PF6

Figure 2.31: Synthesis of bis-NHC copper complexes by Nolan et al.

Another way to synthesise bis NHC copper complexes is a decarboxylation reaction in the
presence of a copper salt. Therefore, the N-heterocyclic caboxylates have to be prepared by
deprotonation of the azolium salt followed by a carbene quenching with carbon dioxide.
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Figure 2.32: Synthesis of bis-NHC copper complexes by Gall et al.

The presented bis-NHC Cu complexes are very active catalysts in the 1,3-dipolar Huisgen
cycloaddition (click chemistry) and hydrosilylation reactions.

In order to possibly improve the catalytic activity of bis-NHC-Cu-complexes a MIC moiety was
introduced into the complex. Therefore, (IPrPh)I was deprotonated in the presence of Cul at 0°C
to form (IPrPh)Cul. The resulting compound was then reacted with IPr to form the bis-MIC-
Cu-complex [(IPrPh)Cu(IPN]I.
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Figure 2.33: Synthesis of a mixed nNHC-MIC-Cu-complex.

The 'H-NMR spectrum shows the two backbone singlets from which the two IPr backbone
hydrogen atoms (7.75 ppm) are lowfield shifted. The C5 hydrogen atom at the MIC moiety shows
a resonance at 6.51 ppm. Furthermore, from the heteronuclear single quantum correlation
spectroscopy experiment (HSQC), three sets of multipletts representing the asymmetrical
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environment of the Dipp ligands could be assigned. Two multipletts at 2.21 and 2.33 ppm belong
to the MIC moiety and the third septet at 2.58 ppm represents the Dipp groups of the IPr moiety.
The ESI mass spectrometry shows the molecular ion peak of the cation at [IPrPhCulPr]" 915.5
amu. Suitable crystals for X-ray diffraction experiments could be grown from a DCM/toluene
mixture.

Figure 2.34: Molecular structure of bis MIC-copper complex [IPrPh)CulPr]l (27). Hydrogen atoms and isopropyl groups have been
omitted for clarity. Anisotropic displacement parameters are depicted at the 50% probability level

In comparison with crystal structures of two bis-nNHC-Cu-complexes reported by Nolan et al. the
Cu—C bond length of 1.901 A (Cul-C4) and 1.904 (Cul-C42) are comparable to the reported
ones ([(IPr),Cu]PFs Cu-C 1.938(5); ([(IPr),Cu]BF; Cu-C 1.939(18))."*d The C4-Cul-C42
angle of compound 26 is 168.45°, that is more bent then for the nNHC dimers which have an
angle close to 180°. With the intention of changing the coordinating iodine anion to a non-
coordinating anion an anion exchange reaction with sodium tetrafluoroborate was performed.
[(IPrPh)CulPr]BF,4 (27b) could be isolated in good yields of 70%.

Figure 2.35: Molecular structure of bis MIC-copper complex [IPrPh)CulPr]BF, (27a). Hydrogen atoms and isopropyl groups have
been omitted for clarity. Anisotropic displacement parameters are depicted at the 50% probability level

In order to generate a bis-MIC-Cu-complexe, 7a was treated with KN(SiMes), and an sub
stoichiometric amount of copper salt to yield 28 (Figure 2.36).
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Figure 2.36: Synthesis of the bis-MIC-Cu-complex 25.

The reaction was performed in THF for 2 h at 0°C. Afterwards the reaction was allowed to warm
to room temperature a then filtered. The solvent was removed under reduced pressure and
compound 28 was obtained in yields of 40%. The *H-NMR spectrum of compound 28 shows two
overlapping sets of septets representing the ipso-hydrogen atoms of the isopropyl groups. The
backbone hydrogen atoms could be assigned to a singlet at 7.08 ppm. Crystals could be grown
from a saturated DCM solution. 28 crystallises in the hexagonal space group P6;22 (Figure 2.37).

Figure 2.37: Crystal structure of 28. Hydrogen and isopropyl groups have been omitted for clarity. Anisotropic displacement
parameters are depicted at the 50% probability level.

The bond lengths in the crystal are in the same range then for their normal analogous. The Cu-C

bond length lies in the range of 1.9 to 2.0A. Furthermore, it was tried to synthesise analogous
silver complexes.
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Figure 2.38: Synthesis of the bis-MIC-Ag-complex 28.
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The reaction of C2-blocked ligand in the presents of KHMDS as base and 0.5 equivalents of
silver tetrafluoroborate led to the corresponding silver complex in 91 % vyield. Crystals could be
grown from a saturated DCM solution. 29 crystallises in the hexagonal space group P6s22.

Figure 2.39: Crystal structure of 29. Hydrogen and isopropyl groups have been omitted for clarity. Anisotropic displacement
parameters are depicted at the 50% probability level.

The Ag—C bond lengths are comparable to literature in the range of 2.0-2.15 A.
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2.7. Application of Copper Catalysts (26—28) in Click Chemistry

NHC copper complexes are commonly used in catalysis. They can be divided into two classes:
neutral mono-NHC and cationic bis-NHC derivatives. Some selected catalytic reactions are the
boration- of alkenes!*®?, allylic substitutions!*®®), [3+2] cycloaddition (click chemistry)®® %4 or
hydrosilylations™*®d. NHC copper complexes are very efficient as catalysts due to the tune ability
of the NHC. NHCs can stabilise the copper halide and help to solve problems like catalyst
crumbling or solubility. The catalytic activity of their MIC copper complex (1,3-bis(2,6-
diisopropylphenyl)-2,4-diphenylimidazol copper (1) chloride) is outstanding.'**? Catalysts could
be apply to at least 27 examples with not less than 73% isolated yield in maximal 5 hours reaction
time. The reaction of benzyl azide with phenylacetylen yields 99% product in 20 minutes’ time.

With a number of MIC-copper compounds in hand we decided to probe their catalytic activity for
Copper(l)-catalysed Azide-Alkyne Cycloaddition (CUAAC) reactions. All three potential catalysts
(26, 27, 28) have been tested in reactions using the same alkynes and azides in order to compare
the catalytic activity.
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Figure 2.40: Copper complexes 26-28 used as catalysts in this work.

Table 2-13 summarises the reaction conditions (reaction times, used alkynes, catalysts and the
conversion).
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Table 2-13: Reactions performed to investigate the catalytic activity of the synthesised catalysts 26, 27 and 28.

RN
N . — R Cat. 26 or 27 or 28 (1 mol%l \[ N
. DCM N’
" Ph
Entry  Time[h] R Catalyst [ 1 mol%]  Conversion®®
1 3 Ph 26 83
2 3 Ph 27 0
3 3 Ph 28 0
4 48 Ph 26 100
5 48 Ph 27 100
6 48 Ph 28 55
7 15 C,H,OH 26 100
8 15 C,H,OH 27 100
9 15 C,H,OH 28 80
10 15 CsHaN 26 100
11 15 CsHyN 27 100
12 15 CsHyN 28 83
13 15 Bu 26 100
14 15 Bu 27 26
15 15 Bu 28 8
16 15 C3;HgOH 26 100
17 15 CHsOH 27 100
18 48 C3HgOH 28 3

[a] The conversion was measured via *H-NMR spectroscopy.

Compound 26 appeared to be the most active catalyst in all reactions (entry 1, 4, 7, 10, 13, 16)
with yield of 83-100%. It is shown that 26 is catalytically active independent of the substrate. In
contrast to the reaction with 26, the cycloaddition with 27 needs much longer reaction times
(entry 2 and 5). After a reaction time of 3 h no conversion of the starting materials could be
observed whereas after 48 h, all starting material is converted to the triazole. Compound 28 shows
the least catalytic activity of the three copper complexes (entry 3 and 6). Even after 48 h just 55%
of the starting materials were converted to the triazole. This activity ranking of the copper
complex (26 > 27 > 28) is also shown for the other alkynes, even if generally the reaction time
was increased to 15 h. The overall lowest catalytic activity was observed for the Bu-alkyne. 26
delivers complete conversion, while with 27 and 28 only 26% and 8% conversion could be
reached respectively.

The mechanism of the copper catalytic [3+2] cycloaddition of alkynes and azides has been
investigated by Sharpless and others. The catalytic cycle starts from the formation of the Cu(l)
acetylide species (29) by the transformation of the catalyst with the alkyne. Upon the interaction
of 29 with the azide the triazolide intermediate (32) was formed. Two further intermediates (31
and 32) could not be isolated, but there is evidence from extensive DFT calculations of their
existence. (Figure 2.41).1%"!
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Figure 2.41: General mechanism for the copper-(l)-catalysed azide- alkyne- cycloaddition.

Within these results, and the *H-NMR result from chapter 2.5, it could be argued, that a mono-
ligated copper species is needed to form the acetylide. The formation of a mono-ligated copper
species is achieved easier from 27 than from 28. The second abnormal bound NHC in 28 is more
difficult to remove, in comparison with the nNHC in 27, to obtain the catalytic active mono-
ligated NHC species. This is in accordance with the results of the reactions containing 27 and 28
as catalysts.

For further investigations the reaction conditions could be changed. Neat [3+2] cycloadditions
containing nNHCs as catalyst show complete conversion in very short reaction times. Probably
applied neat conditions will increase the yields and reduce the reaction times of the reaction using
catalyst 26 and 27.
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2.8. Threefold Click Chemistry: Improved Procedure

One topic in our workgroup is currently concentrating on the synthesis of Cz-symmetric triazole
ligands and their metal coordination. The basic reaction is a copper catalysed [3+2] cycloaddition

of 1,1,1-tris(azidomethyl)ethane with three equivalents of alkyne (Figure 2.42).
R

‘N

Na ascorbate

Ng Ng . 3 —_R CuSO4
ZO/tBuOH
24 h, 1t

\

R = alkyl, aryl, alcohol
Figure 2.42: Synthesis of C3-symmetric tristriazole compounds.

In this particular case the copper source is copper sulphate (CuSQ,). In the presence of a base in a
solvent mixture of water and tert-butanol the reaction yields the desired tristriazole in 24 h at
room temperature. The desired product precipitates from a cold pentane solution. A drawback of
this standard procedure is the elaborate workup due to the presence of remaining copper in the
reaction mixture. In view of metal complexes of the tristriazole ligand, copper residues have to be
removed completely. The copper salt is good soluble in water and has to be extracted from the
crude product with agueous ammonia several times.

Using compound 26, 27 or 28 as catalyst in this click reaction, the conversion can be performed in
DCM at room temperature as discussed (Figure 2.43).

R = alkyl, aryl, alcohol
Figure 2.43: Synthesis of C;-symmetric tristriazoles using copper complexes 26, 27 and 28.

To precipitate the product from the solution, cold pentane has to be added as mentioned before.
The remaining solution can be filtered and washed with pentane to yield the pure product. A test
on copper has been confirmed with aqueous ammonia to ensure no remaining copper in the
product.

This improved procedure is sustainable and shortens the workup without reducing the yield.
Reactions with different acetylenes could be performed following the same procedure. Herein
phenylacetylene, 3-butyn-1-ol, 2-methyl-3-butyn-1-1ol, 3,3-dimethyl-1-butyn and 1-pentin were
used to extend the scope of the application (Table 2-14). Measured *H-NMR data was compared
to reported data.®!.
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Table 2-14: Alkyne-azide cycloaddition reaction performed with catalyst 26, 27 and 28.

Entry Catalyst Loading [mol%o] Alkyne Yield [%]
1 IPrPhCul 1 Phenylacetylene 99
2 (IPrPh),Cul 0.5 Phenylacetylene 91
3 (IPrPh),Cul 1 Phenylacetylene 79
4 [(IPrPh)Cu(IPM)]I 1 Phenylacetylene 76
5 IPrPhCul 1 3-butyn-1-ol 65
6 IPrPhCul 1 2-methyl-3-butyn-2-ol 74
7 IPrPhCul 1 3,3-dimethyl-1-butyne 71
8 IPrPhCul 1 1-Pentiyne 87

Five 1,2,3-tristriazoles could be synthesised using this modified procedure. It could be shown that
all 1,2,3-tristriazoles could be prepared in high to moderate yields using the different catalyst
species 26, 27 or 28.
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3. Conclusion and Outlook

Within this thesis, a novel synthetic access to C2-arylated imidazolium salts as precursors for
MIC ligands was developed. The properties of the MIC precursors (7a, 8-10, 12-15) were
investigated as well as their coin metal complexes (26-28, 337?). Furthermore, the catalytic
activity of the copper-NHC-complexes (23-25) examined.

The first catalytic C2-arylation of a NHC has been developed. Many examples could be
synthesised (Figure 3.1).

7a: R=Ph, X =1

b= _ Dipp 14: R = Ph-4-OMe, X = |
82 R _ Ph, X _ BF, N NS 15: R = Ph-4-CO,Me, X = |
9:R=Ph, X=PF [>—R 20: R = Ph, X = Br
10: R = = 7 AR
0-R=Ph, X = OT N® 21: R = Ph-4-Me, X = Br

12: R = Ph-4-Me, X = | .
' . = -4- e = Br
13: R = Ph-2-Me. X = | Dipp 22: R = Ph-4-OMe, X =B

Figure 3.1: Synthesised C2-arylated NHCs as precursor for MICs.

Furthermore, the catalytic process could be optimised. It was found that the most beneficial
conditions were to use 1 mol% of palladium catalyst in refluxing o-xylene for 2 h. The catalytic
C2-arylation could also be performed using nickel halides as catalysts. The reactions however led
to lower yields.

The synthesised compounds 7a, 8-10 and 12-15 have been investigated with a particular
emphasis on their electronic and steric properties. DOSY NMR measurements and others were
used to find out that in all cases counter anions coordinate to the ligand to a certain extent. DFT
calculations were made to evaluate the TEP for 7a, 12-15. It has been shown that the MIC is a
stronger c-donor compared to its nNHC counterparts. Furthermore, buried volume of compound
7a and 12-15 have been calculated using the SambVca tool by Cavallo et al. Interestingly, it turns
out that in the investigated cases the sterical demand of 7a and 12-15 does not differ much from
the known nNHCs.

In situ 7a could successfully be deprotonated and reacted with Cu and Ag salts to vyield
compounds 26-28 (Figure 3.2).

Dlpp

Dlpp >_© Di © Di
@[ >_© oo N® PR pp
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/ \
D|pp Dipp Cu Dipp

26 27 28

Figure 3.2: Synthesised MIC-Cu complexes 26-28.

These Cu- and Ag-NHC complexes have been analysed and compared to their normal analogues.
Moreover, the applicability of compounds 26-28 as catalyst in [3+2] cycloadditions has been
evaluated. It could be verified that 26—28 catalysed the cycloaddition reaction. The most effective
catalyst is, on this occasion the monomeric compound 26 followed by compound 27.
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Complexes 26-28 have also been applied in a [3+2] cycloaddition reaction for triazoles. The
reaction towards tristriazoles typically uses CuSO, and sodium ascorbate in a solvent mixture of
water and tert-butanol. The drawback of this reaction is the elaborate workup process, which
include repeated washing with aqueous ammonia to remove all copper residues. With the use of
the presented copper complexes 26-28 the reaction could be done in DCM which shortens the
workup time. The purity of the desired 1,2,3-tristriazol and therefore the absence of copper, could
be verified with a copper analysis experiment.

Further work should be focused on the optimisation of the nickel catalysed C2-arylation as a
sustainable and cheap alternative to the palladium catalysed reaction. An important and interesting
work will be the investigation of the catalytic cycle involved. The knowledge of actual transition
states is importand to adjusted reaction conditions.

First reactions to investigate the catalytic activity of the copper complexes have been made. It is
further necessary to expand the range of application for these kinds of compounds and to compare
its activity with known catalysts.
Another desirable aim is the synthesis and characterisation of free MICs (Figure 3.3).

R

N
Josk
R

Figure 3.3: Desired free abnormal C2-arylated NHC.

In order to reach this goal, it could be beneficial to vary the substituents either at the nitrogen
atom or at C2-position. If it could be managed to raise the acidity of the NHC backbone hydrogen
atoms, one can be optimistic that the free MIC could be isolated.

C2-arylated NHCs allow functionalization at the backbone carbon atoms. A challenging task
would be the introduction of another donor function via functionalization or the bridging of two
NHC-moieties over the backbone carbon atoms (Figure 3.4).

R Dipp Ph__._Ph Dipp
N ®N__SI__N@
kT L Tol
2k, @ N® N— -~N
R Dipp Dipp

Figure 3.4: Proposed functionalisation of C2-arylated imidazolium salts.

These ligands featuring MIC moieties are believed to open new opportunities in organometallic
chemistry as well as in catalysis.
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4. Experimental Section

4.1. General Procedures

All reactions, except otherwise stated, were carried out with strict exclusion of air and moisture
under nitrogen or argon atmosphere using modified Schlenk-techniques or in an argon dry
box.™ All solvents were dried using standard laboratory procedures and were freshly distilled
from sodium/potassium alloy (Et,O, n-pentane, 1,4-dioxane, o-xylene), potassium (THF), sodium
(n-hexane, toluene) or phosphorous pentoxide (DCM) prior to use. Solvents used for the synthesis
were degassed according to standard laboratory procedures and stored over 3 A molecular sieves
(dried in vacuum at 300°C for 48 h). All employed reactants were commercially available or
reproduced according to the given literature procedure.

4.2. Analytical Methods

4.2.1. Mass Spectrometry

El-spectra were recorded with a MAT 95 device (EI-MS: 70 eV). ESI-spectra were recorded
either with a micrOTOF (ESI-TOF-MS) mass spectrometer (Bruker Daltronik) or a maXis (ESI-
QTOF-MS) mass spectrometer (Bruker Daltronik). The measurements were performed by the
central analytic unit of the institute of organic and biomolecular chemistry at the Georg-August
University Gottingen. Peaks are given as a mass to charge ratio (m/z) of the fragment ions, based
on the molecular mass of the isotopes with the highest natural abundance (*H, *2C, *N, *°0, *°F,
ZSSi’ SZS, 3SC|’ 63CU, 79/818r, lOYAg, 127|).

4.2.2. NMR Spectroscopy

Samples were prepared and filled in NMR-tubes inside an argon dry box or when the compound
was air and moisture stable no precautions were taken, instead of self-protection (gloves, goggles,
labcoat). The NMR-tube was sealed to exclude any impurities. Spectra were recorded at room
temperatures with a Bruker Avance 300, Bruker Avance 400, or a Bruker Avance 500 NMR
spectrometer. All chemical shifts ¢ are given in ppm, relative to the residual proton signal of the
deuterated solvent."®® Assignments of the shifts were controlled by two-dimensional correlation
spectra (heteronuclear single quantum correlation (HSQC)-, heteronuclear multiple bond
correlation (HMBC)- and correlation spectroscopy (COSY) experiments). The shifts of the °N-
NMR signals were recorded in a *°N, "H-HMBC experiment.

4.2.3. Elemental Analysis

Elemental analysis was performed as a combustion analysis by the Analytical Laboratory of the
Institute of Inorganic Chemistry at the Georg-August-Universitat Gottingen with an elementar
vario EL Il device. The inclusion of argon, from canning in an argon dry box, led to systematic
errors.
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4.2.4. Computational studies

DFT calculation of the TEP value was performed by Thorsten Teuteberg from the workgroup of
Prof. Ricardo Mata at the University of Géttingen.[*® 6
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4.3. Synthesis and Characterisation

4.3.1. Synthesis of bis(2,6-diisopropylphenyl)diazabutadiene

at

In a one litre round bottom flask 2,6-diisopropylaniline (94.0 g, 0.52 mol), glyoxal (15.7 g,
0.27 mol) and methanol (500 mL) was added. Some drops of formic acid were applied as catalyst.
The reaction mixture was stirred overnight and the precipitate was filtered afterwards. The crude
product was washed with methanol and the solvent was removed in vacuum to yield the desired
compound as yellow solid (84.7 g, 83%).

Empirical formula: CysHssN> Molecular weight: 376.29 g/mol
Yield: 84.7 g, 225.1 mmol, 83%.

'H-NMR (300.13 MHz, THF-dg): 6 1.21 (d, J = 6.9 Hz, 24H, HCMe,), 2.94 (sept, J = 6.9 Hz,
4H, CHMe,), 7.21-7.16 (m, 6H, m-C¢Ha, p-C¢H3), 8.10 (s, 2H, NCH) ppm.

BC{*H}-NMR (75.47 MHz, THF-dg): 6 23.5 (HCMe,), 28.2 (HCMe,), 123.3 (m-CgHs), 125.3 (p-
CeHs), 136.9 (0-CgHs), 148.2 (ipso-CgHs), 163.3 (NCH) ppm.

Reference; 7
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4.3.2. Synthesis of 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride
(IPrHCI)

NN
oY

S)
Cl

N,N’-(2,6-diisopropylphenyl)-1,4-diaza-1,3-butadiene (50 g, 0,13 mol) was dissolved in toluene
(500 mL). Paraformaldehyde (3.9 g, 0.13 mol) was added and the reaction mixture was heated to
60°C. Subsequent slowly addition of trimethylsilylchlorid (16.5 mL, 0.13 mol) the reaction
mixture was allowed to cool down to room temperature. The reaction mixture was stirred for 3
days the precipitate was filtered and washed three times with THF. The volatiles were evaporated
under vacuum and the desired compound was obtained as off white solid (50.8 g, 92%).

Empirical formula: C,;H3CIN; Molecular weight: 425.05 g/mol
Yield: 50.8 g, 120 mmol, 92%.

'H-NMR (300.13 MHz, THF-dg): ¢ 1.25 (d, J = 6.9 Hz, 12H, CHMe,). 1.29 (d, J = 6.9 Hz, 12H,
CHMe,), 2.45 (sept, J=6.9Hz, 4H, CHMe,), 7.34 (d, J=7.8 Hz, 4H, m-CeHs), 7.57 (t,
J=7.8 Hz, 2H, p-CeHs), 8.14 (d, J = 1.5 Hz, 2H, NCH), 10.12 (s, 1H, NCHN) ppm.

BC{*H}-NMR (75.47 MHz, THF-ds): 6 23.9 (s, 4C, CHMe,), 25.0 (s, 4C, CHMe,), 29.7 (s, 4C,
CHMe,), 125.1 (s, 4C, m-C¢H3), 126.1 (s, 2C, NCH),130.6 (s, 2C, ipso-C¢Hs), 132.5 (s, 2C, p-
CeH3), 141.2 (s, 1C, NCHN), 145.7 (s, 4C, 0-CgHs) ppm.

Reference; 1373
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4.3.3. Synthesis of 1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene
(IPr) ()

\C/

THF (250 mL) was added to a mixture of IPr-HCI (30.0 g, 70.7 mmol) and potassium tert-butoxid
(7.9 g, 70.7 mmol) at room temperature. The reaction mixture was stirred for 6 2 h and the
solution was filtered through a plug of Celite®. The volatiles were removed under vacuum and
the desired carbene was obtained as brown solid (25.0 g, 91%).

Empirical formula: Cy;H3N; Molecular weight: 388.59 g/mol

Yield: 25.0 g, 64.3 mmol, 91%.

'H-NMR (300.13 MHz, THF-dg): 5 1.16 (d,J = 6.9 Hz, 12H, CHMe;,). 1.20 (d,J = 6.9 Hz, 12H,
CHMe,), 2.82 (sept, J = 6.9 Hz, CHMe;), 7.18 (s, 2H, NCH), 7.25 (d, J = 7.2 Hz, 4H, m-CgHy),
7.36 (t, J = 6.6 Hz, 2H, p-C¢Ha).

BC{*H}-NMR (75.47 MHz, THF-dg): 5 23.9 (s, 4C, CHMe,), 25.0 (s, 4C, CHMe,), 29.4 (s, 4C,
CHMe,), 122.6 (s, 4C, m-C¢Hs), 124.1 (s, 2C, NCH), 129.3 (s, 2C, ipso-CgHs), 139.8 (s, 0-CsHs),
146.9 (s, 4C, 0-C¢H3) ppm.

Reference; 78
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4.3.4. Synthesis of bis(1,3-bis(2,6-diisopropylphenyl)-4-diphenylsilane-
5-hydro-1H-imidazol)-copper chloride Ph,Si[(IPr™)CuCl], (4)

Dipp Ph,__Ph Dipp

Si
oN N
ClCu=—:¢ ]/ \[ />§)—>CUCI
®N N®

. \
Dipp Dipp

To a Schlenk flask containing Ph,Si(IPr"), (0.52 g, 0.54 mmol) and CuCl (0.11 g, 1.11 mmol)
was added 20 mL of THF. The resulting suspension was stirred overnight at room temperature.
Removal of the volatiles under vacuum afforded an off-white solid, which was washed with
(2 x 20 mL) n-hexane. The residue was dissolved in 5 mL of DCM and combined with 10 mL of
n-hexane. The solution was stored at -35°C to obtain colourless crystals of 4 in 81% (0.51 g)
yield.

Empirical formula: CggHgoCl,Cu,N,Si Molecular weight: 1155.45 g/mol
Yield: 510mg, 0.44 mmol, 81%.

'H-NMR (300.13 MHz, CD,Cl,): 60.50 (d, 12H, J=6.63 Hz, HCMe,), 1.14 (d, 12H,
J=6.79 Hz, HCMe,), 1.31 (m, 24H, HCMe,), 2.18 (sept, 4H, J =6.77 Hz, HCMe,), 2.64 (sept,
4H, J = 6.88 Hz, HCMe;), 6.85 (m, 8H, 0-, m-C¢Hs), 7.08 (m, 4H, J = 7.70 Hz, m-C¢H3), 7.31 (t,
2H, J = 6.99 Hz, p-C¢H3), 7.19 (t, 2H, J=7.79 Hz, p-Ce¢Hs), 7.41 (d, 4H, J = 7.76 Hz, m-CgH5),
7.50 (s, 2H, NCH), 7.61 (t, 2H, J = 7.77 Hz, p-CsH3) ppm.

BC{*H}-NMR (75.47 MHz, CD,Cl,): § 21.42 (HCMe,), 24.44, 24.90, 27.21, 29.18 (HCMe,),
29.39, 124.27 (CgHs, CgHs), 124.90, 126.49, 128.72, 129.58, 131.17, 131.26, 131.33, 134.27,
134.48, 134.88, 136.48, 145.69, 146.02, 186.27 (NCN) ppm.

#Si{*"H}-NMR (59 MHz, CD,Cl,): ¢ -30.10 ppm.
Elemental analysis (found (calc.) [%0]): C 67.50 (68.61), H 6.85 (6.98), N 4.91 (4.85).

EI-MS: m/z : 1154.3 [M] ", 1054.5 [M—CuCl] *, 956.6 [M-2 CuCI]".
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4.3.5. Synthesis  of  [4-(chlorodiphenylsilyl)-1,3-bis(2,6-diisopropyl-
phenyl)-imidazole-2-ylidene] copper(l) chloride
[Phy(CHSi(1Pr)Cu]CI (6)

Ph  Ph pj
"N Dipp

Si
cl- N
\[ />:@—>CuCI
N®

bipp

To a 100 mL Schlenk flask equipped with SiPh,CI(IPr") (360 mg, 0.6 mmol) and anhydrous CuCl
(60 mg, 0.6 mmol) was added 50 mL toluene and stirred overnight. Filtration through Celite®
afforded yellowish solution, which was concentrated (20 mL) under vacuum and stored at 0°C to
yield colourless crystals (335 mg, 80%).

Empirical formula: CzgH;sCl,CuN,Si Molecular weight: 704.33 g/mol
Yield: 335 mg, 0.50 mmol, 80%.

'H NMR (300.13 MHz, THF-d8): & 0.75 (d, 6H, J = 6.81 Hz, HCMe,), 1.26 (d, 6H, J = 3.99 Hz,
HCMe,), 1.28 (d, 6H, J=4.07 Hz, HCMe,), 1.32 (d, 6H, J =6.88 Hz, HCMe,), 2.41 (sept, 2H,
J=6.81 Hz, HCMe,), 2.69 (sept, 2H, J =6.90 Hz, HCMe,), 7.19 (d, 2H, J = 7.83 Hz, m-C¢Hy),
7.35-7.52 (m, 15H, C¢Hs, CsHs), 7.89 (s, 1H, NCH) ppm.

BC{*H}-NMR (75.47 MHz, THF-d8): & 22.20 (HCMe,), 24.13, 24.34, 24.91, 25.10 (HCMe,),
27.07, 29.92, 30.14, 125.05 (Ce¢Hs, C¢Hs), 125.08, 125.79, 129.35, 129.45, 131.41, 131.56,
131.70, 135.96, 137.38, 146.63 (ipso-CsH3), 147.02, 186.82 (NCN) ppm.

#Si{*"H}-NMR (59 MHz, THF-d8): & -10.95 ppm.
Elemental analysis (found (calc.) [%]): C 66.95 (66.51), H 6.25 (6.44), N 3.88 (3.98).

MS (EI): m/z: 703.9[M]*,603.1 [M—CuClI] *, 387.28 [IPr].
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4.3.6. Synthesis of 1,3-bis(2,6-diisopropylphenyl)-2-phenyl-imidazolium

iodide (IPrPh)I (7)
| ©
N/:/\N
%é%

To a 100 mL Schlenk flask equipped with IPr (1) (1.30 g, 3.35 mmol) and Pd,(dba); (31 mg,
0.035 mmol, 1 mol%) was added 50 mL of o-xylene. lodobenzene (683 mg, 3.35 mmol) was
added and the reaction mixture was heated under reflux for 2 h. The precipitate was filtered and
washed with 20 mL of toluene. Removal of the volatiles under vacuum afforded an off-white
solid, which was extracted with 20 mL of dichloromethane to obtain analytically pure product
(IPrPh)1 (7) in 81% (1.60 g) yield. Suitable single crystals of 7 for X-ray diffraction analysis were
grown from a saturated acetone solution at room temperature with slow evaporation of acetone.

Empirical formula: Ca3HyiNol Molecular weight: 592, 60 g/mol
Yield: 1.60 g, 2.70 mmol, 81%.

'H-NMR (300.13 MHz, CD,Cl,):  1.03 (d, J = 6.8 Hz, 12H, HCMe,), 1.30 (d, J = 6.8 Hz, 12H,
HCMe,), 2.45 (sept, J =6.8 Hz, 4H, HCMe,), 6.96 (d, J=7.5Hz, 2H, 0-C¢Hs ), 7.26 (t,
J=7.9Hz, 2H, m-CgHs), 7.36 (d, J = 7.9 Hz, 4H, m-C¢H3), 7.45 (t, J = 7.6 Hz, 1H, p-CgHs), 7.61
(t,J = 7.8 Hz, 2H, p-CeHs), 8.15 (s, 2H, NCH) ppm.

BC{*H}-NMR (75.47 MHz, CD,Cl,): 6 22.84 (HCMe,), 25.86(HCMe,), 29.97 (HCMe,),
120.79 (ipso-CeHs), 125.97 (m-CgHj), 127.09(NCH), 129.71 (0-CgHs), 129.95 (m-CgHs),
130.37(ipso-CeH3), 132.98 (p-CeHs), 133.62 (p-CsHs), 145.30(0-C¢H3), 146.30 (NCN, only seen
in HMBC) ppm.

Elemental analysis (found (calc.) [%6]): C 66.67 (66.88), H 6.77 (6.97), N 4.71 (4.73).
EI-MS m/z [%]: 465.3 [M-I]".

Mp: 280°C.
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4.3.7. Large Scale Synthesis of (7)

A 150 mL 1,4-dioxane solution of 1 (17.45 g, 44.90 mmol) and Pd,(dba); (0.20 g, 0.22 mmol, 0.5
mol%) was stirred at room temperature for 10 min. To the brown reaction mixture was added
5.0 mL of iodobenzene (9.16 g, 44.88 mmol) and boiled under reflux (102°C) for 4 h with
constant stirring. Heating was stopped and the resulting suspension was allowed to cool to room
temperature. Off-white solid was isolated by filtration, washed with Et,O (2 x 20 mL), and dried
under vacuum to yield 7 (24.5 g, 92%).

Treatment of a o-xylene (145°C) solution of 1 (8.90 g, 22.90 mmol) with iodobenezene (2.56 mL,
23.19) in the presence of 0.5 mol% of Pd,(dba); (0.10 g, 0.11 mmol) afforded 88% (11.90 g) of 7
after 4 h.
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4.3.8. Synthesis of 1,3-bis(2,6-diisopropylphenyl)-2-phenyl-imidazolium
tetrafluoroborate (IPrPh)BF,(8)

S)
BF,
[\
\j; N__N \t/
5

To a 100 mL Schlenk flask equipped with 7a (5.0 g, 8.4 mmol) and NaBF, (0.31 g, 8.4 mmol) was
added 30 mL of DCM. Water (20 mL was added and the reaction mixture was stirred for 24 h.
The phases were separated and the organic layer was dried over MgSO,. Removal of the volatiles
under vacuum afforded a brown solid in 86% (4.0 g) yield.

Empirical formula: CgHyBF4N, Molecular weight: 552.51 g/mol
Yield: 4.00 g, 7.24 mmol, 86%.

'H-NMR (300.13 MHz, CD,Cl,): ¢ 1.03 (d, J = 6.9 Hz, 12H, HCMe;), 1.29 (d, J = 6.8 Hz, 12H,
CHMe,), 2.46 (sept, J =6.9 Hz, CHMe,), 6.96 (dd, J = 8.4 Hz, 2H, m-C¢Hs), 7.26 (t, J = 7.9 Hz,
2H, 0-C¢Hs), 7.36 (d, J=7.9Hz, 4H, m-C¢H), 7.44 (t, J=7.6 Hz, 1H, p-C¢Hs), 7.61 (t,
J=7.8 Hz, 2H, p-C¢Hs), 7.95 (s, 2H, NCH) ppm.

BC{*H}-NMR (75.47 MHz, CD,Cl,): § 22.8 (HCMe,), 25.7 (HCMe,), 29.9 (HCMe,), 120.7
(ipso-CgHs), 125.9 (m-CgH3), 126.8 (NCH), 129.6 (0-C¢Hs), 129.9 (m-CeHs), 130.3 (ipso-
CeHs) 132.9 (p-CgHs), 133.5 (p-CsHs) 145.2 (ipso-CgH3), 145.9 (NCN) ppm.

"“B-NMR (96.3 MHz, CD,Cl,): & -1.06 (s, 1B) ppm.

F-NMR (282.3 MHz, CD,Cl,): & -153.1 (s, 4F, B) ppm.

Elemental analysis (found (calc.) [%]): C 70.94 (71.74), H 7.70 (7.48), N 4.94 (5.07)
ESI-MS m/z [%]: 465.3 [M- BF,]".

Mp.: 297°C.
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4.3.9. Synthesis of 1,3-bis(2,6-diisopropylphenyl)-2-phenyl-imidazolium
hexafluorophosphate (IPrPh)PFg (9)

©
PR,
[\
\j; N__N \i/
5

To a 100 mL Schlenk flask equipped with 7a (5.0 g, 8.4 mmol) and KPFg (1.55 g, 8.4 mmol) was
added 30 mL of DCM. Water (20 mL was added and the reaction mixture was stirred for 24 h.
The phases were separated and the organic layer was dried over MgSO,. Removal of the volatiles
under vacuum afforded a brown solid in 87% (4.43 g) yield.

Empirical formula: Ca3HyPFsN, Molecular weight: 610.67 g/mol
Yield: 4.43 g, 7.25 mmol, 87%.

'H-NMR (300.13 MHz, CD,Cl,): § 1.04 (d, J = 6.8 Hz, HCMe,), 1.27 (d, J = 6.8 Hz, HCMe,)
2.43 (sept, J= 6.8 Hz, CHMe,), 6.96 (dd, J = 8.4 Hz, m-C¢Hs), , 7.26 (t, J = 7.9 Hz, 0-C¢Hs), 7.36
(d, J=7.9 Hz, m-CgHy), 7.44 (t, J=7.6 Hz, p-C¢Hs), 7.61 (t, J=7.8 Hz, p-CeH3), 7.74 (s, 2H,
NCH) ppm.

BC{*H}-NMR (75.47 MHz, CD,Cl,): § 22.8 (HCMe,), 25.7 (HCMe,), 30.0 (HCMe,), 120.7
(ipso-CsHs), 126.0 (m-CsH3), 126.4 (NCH), 129.7 (0-CgHs), 130.0 (m-CgHs), 130.4 (ipso-
CgHs) 133.0 (p-CgH3), 133.7 (p-CsHs) 145.3 (ipso-CgHs), 146.2 (NCN) ppm.

3'P-NMR (121.5 MHz, CD,Cl,): & -144.5 (sept, "Jpr = 710.4 Hz) ppm.

YF-NMR (282.3 MHz, CD,Cl,): & -73.2 (d, *Jpe = 711.6 Hz) ppm.

Elemental analysis (found (calc.) [%]): C 64.73 (64.91), H 7.20 (6.77), N 4.37 (4.59).
ESI-MS m/z [%)]: 465.3 [M- PF¢]".

Mp.: 241°C.
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4.3.10. Synthesis of 1,3-bis(2,6-diisopropylphenyl)-2-phenyl-
imidazolium triflate (IPrPh)CF3;SO; (10)

5
S

To a 100 mL Schlenk flask equipped with 7 (1.0g, 1.69 mmol) and KCF3;SO; (318 mg,
1.69 mmol) was added 30 mL of DCM. Water (20 mL was added and the reaction mixture was
stirred for 24 h. The phases were separated and the organic layer was dried over MgSQO,. Removal
of the volatiles under vacuum afforded a brown solid in 40% (410 mg) yield.

_Oe

O=0n=0

Empirical formula: Cg4Hy;FsN,O3S Molecular weight: 614.28 g/mol

Yield: 410 mg, 0.67 mmol, 40%.

'"H-NMR (300.13 MHz, CD,Cl,): 6 1.03 (d, J = 6.8 Hz, HCMe,), 1.28 (d, J = 6.8 Hz, HCMe,)
2.44 (sept, J= 6.9 Hz, CHMe,), 6.95 (dd, J = 8.6 Hz, m-C¢Hs), , 7.26 (t, J = 8.0 Hz, 0-CgHs), 7.35
(d, J=7.9Hz, m-C¢Hs), 7.44 (t, J=7.8 Hz, p-C¢Hs), 7.60 (t, J =7.8 Hz, p-C¢H3), 7.97 (s, 2H,
NCH) ppm.

BC{*H}-NMR (75.47 MHz, CD,Cl,): ¢ 22.81 (HCMe,), 25.69 (HCMe,), 29.95 (HCMe,),
120.80 (ipso-CsHs), 125.94 (m-CsH3), 126.88 (NCH), 129.70 (0-CgHs), 129.93 (m-CgHs),
130.40 (ipso-CsH3), 132.94 (p-CeH3), 133.57 (p-C¢Hs) 145.30 (ipso-CeH3), 146.01 (NCN) ppm.

“F-NMR (282.3 MHz, CD,Cl,): & -78.9 ppm.

Elemental analysis (found (calc.) [%0]): C 65.70 (66.43), H 6.81 (6.72), N 4.51 (4.56).

ESI-MS m/z [%)]: 465.3 [M-CF3SO5]"; 149.0 [M—IPrPh]".
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Synthesis of 12-15: Compounds 12-15 were prepared by employing the similar protocol as
discussed for 7. Detail of the reactants used, analytical data, and NMR spectroscopic data are
given below.

4.3.11. Synthesis  of  1,3-bis(2,6-diisopropylphenyl)-2-(p-tolyl)-
imidazolium iodide (IPrPh-4-Me)l (12)

&ab

Reactants: IPr (1) (4.00 g, 10.29 mmol), 4-MeC¢H,4l (2.25 g, 10.32 mmol), Pd,(dba); (0.09 g,
1 mol%).

Empirical formula: Cz4HssIN, Molecular weight: 606.62 g/mol
Yield: 5.00 g, 8.24 mmol, 80%.

'H-NMR (300.13 MHz, CD,Cl,): 6 1.03 (d,J = 6.8 Hz, 12H, HCMe,), 1.30 (d, J = 6.8 Hz, 12H,
HCMe,), 2.23 (s, 3H, CsHsMe), 2.43 (sept, J = 6.9 Hz, 4H, HCMe;,), 6.82 (d, J = 8.4 Hz, 2H, o-
CeHsMe), 7.03 (d, J=8.7Hz, 2H, m-CeH,Me), 7.35 (d, J=7.8 Hz, 4H, m-CeHs), 7.61 (t,
J=7.8Hz, 2H, p-C¢Hs), 8.02 (s, 2H, NCH)) ppm.

BC{*H}-NMR (75.47 MHz, CD,Cl,): 6 21.76 (CsH,Me), 22.86 (HCMe,), 25.80 (HCMe,),
29.94 (HCMe,), 117.73 (ipso-CsH,Me), 125.94 (m-CsH3) , 126.71(NCH), 129.52 (0-CsH,Me),
130.59 (m‘C6H4ME), 132.89 (p‘C6H3), 144.9 (p'C6H4ME), 145.30 (|pSO'C6H3), 146.40 (NCN)
ppm.

Elemental analysis (found (calc.) [%0]): C 67.30 (67.32), H 6.94 (7.14), N 4.59 (4.62).
ESI-MS m/z [%0]: 465.3 [M- I]".
Mp.: 245°C.
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Experimental Section

4.3.12. Synthesis  of  1,3-bis(2,6-diisopropylphenyl)-2-(o-tolyl)-
imidazolium iodide (IPrPh-2-Me)l (13)

RS

Reactants: IPr (1) (1.30 g, 3.35 mmol), 2-MeCgH,l (730 mg, 3.35 mmol), Pd,(dba); (31 mg,
1 mol %).

Empirical formula: Cz4HssIN, Molecular weight: 606.62 g/mol
Yield: 1.18 g, 1.94 mmol, 58 %.

'H-NMR (300.13 MHz, CD,Cl,): § 1.07 (t,J = 6.6 Hz, 12H, HCMe,), 1.24 (d, J = 6.8 Hz, 6H,
HCMe,), 1.32 (d, J =6.8 Hz, 6H, HCMe,), 2.00 (s, 3H, CsHiMe), 2.42 (sept, J =6.9 Hz, 2H,
CHMe,), 2.58 (sept, J = 6.9 Hz, 2H, CHMe,), 6.94 (d, J = 6.9 Hz, 1H, 0-CsH;Me), 7.15-7.08 (m,
2H, m-C¢HsMe), 7.32-7.28 (m, 5H, p-C¢HsMe, m-CgHs), 7.55 (t,J = 7.8 Hz, 2H, p-CsHs), 8.11
(s, 2H, NCH) ppm.

BC{*H}-NMR (75.47 MHz, CD,Cl,): § 20.84 (CsHsMe), 22.44 (HCMe,), 22.69 (HCMe,),
26.50 (HCMe,), 26.85 (HCMe,), 29.89 (CHMe,), 30.21 (CHMe,), 120.29 (ipso-CsH4Me) ,
125.72 (m-CsH4Me), 126.05 (m-CgHs), 126.83 (m-CgHsMe), 127.16 (NCH), 130.27 (ipso-
CgHs) , 132.01 (0-CgH4Me), 132.11 (m-C¢H4Me), 132.82 (p-CsH3), 133.50 (p-CsH,Me), 139.04
(0-C¢H4Me), 145.05 (0-CgH3), 145.43 (0-CsH3), 147.60 (NCN, only seen in HMBC) ppm.

Elemental analysis (found (calc.) [%]): C 66.86 (67.32), H 7.17 (7.14), N 4.55 (4.62).
ESI-MS m/z [%]: 479.3 [M- I]".

Mp.: 285°C.
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4.3.13. Synthesis of 1,3-bis(2,6-diisopropylphenyl)-2-(4-
methoxyphenyl)-imidazolium iodide (IPrPh-4-OMe)l (14)

ot

Reactants: IPr (1) (1.30 g, 3.35 mmol), 4-MeO-CgH,l (784 mg, 3.35 mmol), Pd,(dba); (31 mg,
1 mol%).

Empirical formula: Ca4Hs3IN,O Molecular weight: 622.62 g/mol
Yield: 1.54 g, 2.47 mmol, 74%.

'"H-NMR (300.13 MHz, CD,Cl,): 6 1.04 (d,J = 6.8 Hz, 12H, HCMe, ), 1.29 (d,J = 6.8 Hz, 12H,
HCMe,), 2.44 (sept, J=6.9 Hz, 4H, HCMe,), 3.71 (s, 3H, OMe), 6.71 (d, J=9.2 Hz, 2H,
0-C¢H,OMe), 6.85 (d, J =9.2 Hz, 2H, m-C¢H,OMe), 7.37 (d, J =7.9 Hz, 4H, m-CgHs), 7.62 (t,
J=7.8Hz, 2H, p-C¢H3), 8.01 (s, 2H, NCH) ppm.

BC{*H}-NMR (75.47 MHz, CD,Cl,): 6 22.87(HCMe,), 25.69 (HCMe,), 29.90(CHMe,), 56.25
(OMe), 112.34 (ipso-CsH4OMe), 115.42 (0-CsH4OMe), 125.98 (p-CsH3), 126.52 (NCH), 130.64
(ipso-CgHs), 131.45 (M-CsH,OMe), 132.86 (M-CgHs), 145.30 (0-CgHs), 146.23 (NCN), 163.43
(p-CsH4OMe) ppm.

Elemental analysis (found (calc.) [%0]): C 65.67 (65.59), H 6.70 (6.96), N 4.57 (4.50).
ESI-MS m/z [%)]: 494.3 [M- I]".

Mp.: 302°C.
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4.3.14. Synthesis of 1,3-bis(2,6-diisopropylphenyl)-2-(4-
(methoxycarbonyl)  phenyl)-imidazolium iodide  (IPrPh-4-

CO,Me)l (15)
I@
&@N
§
@)

o
I

Reactants: IPr (1) (1.30 g, 3.35 mmol), 4-MeO,CCgHyl (880 mg, 3.35 mmol), Pd,(dba); (31 mg,
1 mol%).

Empirical formula: CzsHs3IN,0, Molecular weight: 650.63 g/mol
Yield: 1.49 g, 2.29 mmol, 68%.

'H-NMR (300.13 MHz, CD,Cl,): 6 1.03 (d, J = 6.8 Hz, 12H, HCMe,), 1.30 (d, J = 6.8 Hz, 12H,
HCMe,), 2.42 (sept, J=6.6 Hz, 4H, CHMe,), 3.82 (s, 3H, CO,Me), 7.03 (d, J=8.8 Hz, 2H,
0-C¢H,CO,Me), 7.35 (d, J=7.9Hz, 4H, m-C¢H3), 7.61 (t, J=7.8 Hz, 2H, p-C¢Hs3), 7.87 (d,
J =8.8 Hz, 2H, m-CsH,CO,Me), 8.30 (s, 2H, NCH) ppm.

BC{H}-NMR (75.47 MHz, CD,Cl,): & 22.83 (CHMe,), 25.84 (CHMe,), 29.94 (CHMe,), 53.17
(CO,Me), 12582  (ipso-CgH,CO,Me),  126.01(m-CgHs), 127.85 (NCH), 129.83
(0-C¢H.CO,Me), 130.10 (ipso-CgHs), 130.62 (m-CsH.CO,Me), 133.12 (p-CeHs), 134.41(p-
CsH4CO,Me),144.68 (NCN), 145.18 (0-CgH3), 165.25 (CO,Me) ppm.

Elemental analysis (found (calc.) [%6]): C 64.33 (64.61), H 6.75 (6.66), N 4.45 (4.31).
ESI-MS m/z [%]: 527.2 [M- I]".

Mp.: 359°C.
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4.3.15.

Reaction Optimisation

Detail of the reaction optimization is given in Table 4-1.

Table 4-1: Reaction details for the reaction optimization.

Entry IPr (1) Phl Solvent Catalyst; Temp. Time Yield
(g, mmol) (g, mmol) Pd,(dba)s (°C) (h) (9, %)
(mg/ mol %)

1 1.30,3.35 0.69, 3.38 o-xylene - 25 48 -

2 1.30,3.35 0.69, 3.38 o-xylene - 145 10 -

3 1.30,3.35 0.69, 3.38 1,4-dioxane - 25 48 -

4 1.30,3.35 0.69, 3.38 1,4-dioxane - 102 10 -

5 0.5,1.29 0.26, 1.27 1,4-dioxane 12/1 25 2 0.12, 16

6 0.65, 1.67 0.34,1.66 1,4-dioxane 16/1 102 2 0.71,72

7 1.30, 3.35 0.69, 3.38 1,4-dioxane 16/ 0.5 102 3 1.50, 76

8 17.45, 9.16,44.88  1,4-dioxane 200/ 0.5 102 4 245,92

44.90

9 1.30, 3.35 0.69, 3.38 1,4-dioxane 3/0.1 102 2 0.04,2

10 0.5,1.29 0.26, 1.27 o-xylene 12/1 25 48 0.14, 18

11 1.30,3.35 0.69, 3.38 o-xylene 31/1 145 2 1.60, 81

12 0.65, 1.67 0.34,1.66 THF 16/1 70 2 0.27, 27

13 05,129 0.26,1.27 toluene 12/1 25 48 0.17, 22

14 0.65, 1.67 0.34,1.66 toluene 16/1 110 2 0.74,75
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4.3.16. Recycling of the Catalyst

A 50 mL o-xylene solution of 1 (1.30 g, 3.35 mmol), Pd,(dba)s; (31 mg, 0.035 mmol, 1 mol%),
and iodobenzene (0.69 mg, 3.38 mmol) was stirred under reflux for 2 h. The resulting suspension
was allowed to come to room temperature. Filtration through a frit afforded brown filtrate. The
off-white residue was extracted in dichloromethane after washing with Et,O and dried under
vacuum to obtain 7 (81%, Table 4-2).

To the brown filtrate was added 1 (1.30 g, 3.35 mmol) and iodobenzene (0.68 mg, 3.33 mmol).
The reaction mixture was refluxed for 2 h and then brought to the room temperature. Insoluble
product was isolated, dried, and characterized as 7 (80%). The filtrate was re-employed for the
next cycle. The results of the four cycles are summarized in the Table 4-2.

Table 4-2: Catalyst recycling for the reaction of 1 with Phl to 7.

Cycle IPr Phl Yield Time
(mmol)  (mmol) (g, %)

3.35 3.38 1.60, 81
3.35 3.35 1.51, 80
3.35 3.35 1.00, 50
3.35 3.35 0.99, 50

A W (N (-
NN (NN
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4.3.17. Modified Method for the Synthesis of (IPr),Pd (19)

Pipp Dipp
N

[ —Pd=—: ]
N> <N
Dipp Dipp{

To a 100 mL Schlenk flask equipped with (IPr),PdClI, (1.0 g, 1.05 mmol) and KCg (283 mg, 2.1
mmol) was added 40 mL of precooled (-30°C) THF. The reaction mixture was slowly brought to
room temperature and stirred overnight. Removal of the volatiles under vacuum afforded 19 as a
brown solid, which was extracted with 20 mL of toluene.

Yield: 687 mg (74%).

'H-NMR (300 MHz, CgDs): 61.12 (d, J = 6.9 Hz, 24H, HCMe,), 1.21 (d, J= 6.9 Hz, 24H;
HCMe,), 2.88 (sept, J =6.9 Hz, 8H; HCMe,), 6.27 (s, 4H; NCH), 7.09 (d, J=7.7 Hz, 8H, m-
CsC3), 7.30 (t, J= 7.7 Hz, 4H, p-CsH3) ppm.

BC{*H}-NMR (75 MHz, CsD¢): 524.08 (HCMe,), 25.16 (HCMe,), 28.72 (HCMe,), 125.25
(NCH), 123.43 (m‘C6H3), 128.61 (p'C6H3), 139.17 (lpSO'C6H3), 146.08 (0'C6H3), 199.31
(NCN) ppm.

Mp.: 253°C.

Reference; 7%
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4.3.18. Reaction of IPr and Phl with 1 mol% of (I1Pr),Pd

To a Schlenk flask containing IPr (1) (1.27 g, 3.27 mmol) and (IPr),Pd (30 mg, 1 mol%) was
added iodobenzene (0.36 mL, 3.27 mmol) and 30 mL of 1,4-dioxane. The resulting reaction
mixture was stirred under reflux for 3 h. White precipitate was isolated by filtration and washed
with 10 mL of toluene. Removal of the volatiles under vacuum afforded compound 7a as a white
solid (0.72 g, 37%).
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4.3.19. Synthesis of 1,3-bis(2,6-diisopropylphenyl)-2-phenyl-
imidazolium bromide (IPrPh)Br (20)

&5
3

To a 100 mL Schlenk flask equipped with IPr (1) (500 mg, 1.28 mmol) and NiBr; (28 mg, 0.13
mmol, 10 mol%) was added 25 mL of o-xylene. bromobenzene (261 mg, 1.28 mmol) was added
and the reaction mixture was heated under reflux for 24 h. The precipitate was filtered and
removal of the volatiles under vacuum afforded an off-white solid, which was extracted with 20
mL of dichloromethane to obtain analytically pure product (IPrPh)Br (20) in 36% (250 mg) yield.

Empirical formula: C33H4BrN, Molecular weight: 545.60 g/mol
Yield: 250 mg, 0.46 mmol, 36%.

'H-NMR (300.13 MHz, THF-dg): ¢ 1.02 (d, J = 6.8 Hz, 12H, CHMe,). 1.30 (d, J = 6.8 Hz, 12H,
CHMe,), 2.45 (sept, J=6.9 Hz, 4H, CHMe,), 6.94 (d, J=8.0Hz, 4H, 0-C¢Hs), 7.25 (t,
J=8.0 Hz, 2H, m-C¢Hs), 7.34 (d, J = 7.8 Hz, 1H, m-C¢Hs), 7.43 (t,J = 8.2 Hz, 1H, p-C¢Hs), 7.59
(t,J =8.2 Hz, 2H, p-CgHs), 8.32 (s, 2H, NCH) ppm.

BC{*H}-NMR (75.47 MHz, THF-dg): 6 22.82 (HCMe,), 25.82(HCMe,), 29.95 (HCMe,),
120.93 (ipso-CeHs), 125.90 (m-CgHj), 127.33(NCH), 129.74 (0-CeHs), 129.87 (m-CgHs),
130.46(ipso-CgH3), 132.87 (p-CsH3), 133.46 (p-CeHs), 145.34(0-CgHs), ppm.

Elemental analysis (found (calc.) [%0]): C 71.25 (72.65), H 7.66 (7.57), N 4.76 (5.13).

ESI-MS m/z [%)]: 465.3 [M-Br]".
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4.3.20. Synthesis  of  1,3-bis(2,6-diisopropylphenyl)-2-(p-tolyl)-
imidazolium bromide (IPrPh-4-Me)Br (21)

B
&
g

To a 100 mL Schlenk flask equipped with 1Pr (1) (500 mg, 1.28 mmol) and NiBr, (20 mg, 0.09
mmol, 7 mol%) was added 40 mL of 1,4-dioxane. 1-bromo-4-methylbenzene (220 mg, 1.28
mmol) was added and the reaction mixture was heated under reflux for 6 h. The precipitate was
filtered and removal of the volatiles under vacuum afforded an off-white solid, which was
extracted with 20 mL of DCM to obtain analytically pure product (IPrPh)Br (21) in 82% (590 mg)
yield.

Empirical formula: C34H43BrN, Molecular weight: 558.26 g/mol
Yield: 590 mg, 1.05 mmol, 82%.

'"H-NMR (300.13 MHz, THF-dg): J 1.02 (d, J = 6.9 Hz, 12H, CHMe;). 1.28 (d, J = 6.8 Hz, 12H,
CHMey), 2.23 (s, 3H, C¢H;Me), 2.43 (sept, J = 6.8 Hz, 4H, CHMe,), 6.81 (d, J = 8.4 Hz, 4H, o-
CeHy), 7.05 (d, J = Hz, 2H, m-C¢H,), 7.34 (d, J = 1.5 Hz, 4H, m-CgH3), 7.59 (t, 2H, p-C¢Hs), 8.19
(s, 2H, NCH) ppm.

BCLH}-NMR (75.47 MHz, THF-dg): 6 21.69 (CsHaMe), 22.79 (CHMe,25.72 (CHMe,),29.66 (s,
2C, ipso-CeHeMe), 29.87 (ipso-CgHs), 117.82 (CHaMe), 125.14 (m-CgHs), 126.83 (NCH), 129.49
(0'C6H4), 130.49 (m'C6H4), 132.75 (p'C6H3), 144.80 (p'C6H4), 145.30 (0'C6H3), 146.16 (NCN)
ppm.

EI-MS m/z [%0]: 465.3 [M-Br]".
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4.3.21. Synthesis of 1,3-bis(2,6-diisopropylphenyl)-2-(4-
methoxyphenyl)-imidazolium bromide (IPrPh-4-OMe)Br (22)

©)
Br
N__N
5
-

To a 100 mL Schlenk flask equipped with IPr (1) (613 mg, 1.58 mmol) and NiBr, (20 mg, 0.09
mmol, 6 mol%) was added 20 mL of o-xylene. 1-bromo-4-methoxybenzene (295 mg, 1.58 mmol)
was added and the reaction mixture was heated under reflux for 5 h. The precipitate was filtered
and removal of the volatiles under vacuum afforded an off-white solid, which was extracted with
20 mL of dichloromethane to obtain the product (IPrPh)Br (22) in 62% (560 mg) yield.

Empirical formula: Cz4H43BrN,O Molecular weight: 575.63 g/mol
Yield: 560 mg, 0.98 mmol, 62%.

'H-NMR (300.13 MHz, CD,Cl,): 6 1.02 (d,J = 6.8 Hz, 12H, HCMe, ), 1.27 (d,J = 6.8 Hz, 12H,
HCMe,), 2.44 (sept, J=6.6 Hz, 4H, HCMe,), 3.70 (s, 3H, OMe), 6.70 (d, J=9.0 Hz, 2H,
0-C¢H,OMe), 6.84 (d, J =9.0 Hz, 2H, m-C¢H,OMe), 7.35 (d, J = 7.8 Hz, 4H, m-CgHs), 7.62 (t,
J=7.8 Hz, 2H, p-C¢Hs), 8.17 (s, 2H, NCH) ppm.

BC{*H}-NMR (75.47 MHz, CD,Cl,): § 22.82(HCMe,), 25.63 (HCMe,), 29.83(CHMe,), 56.17
(OMe), 112.45 (ipso-CsH,OMe), 115.31 (0-C¢H,OMe), 125.87 (p-CgHs), 126.70 (NCH), 130.67
(ipso-CsH3), 131.42 (m-CsH,OMe), 132.72 (m-CsH3), 145.30 (0-CsH3), 146.29 (NCN), 163.30
(p-CsH,OMe) ppm.

ESI-MS m/z [%]: 495.3 [M-Br]".
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4.3.22.

In order to optimise the reaction conditions a whole string of reactions have been made

Reaction Optimisation

Entry IPr (1) PhBr Solvent Catalyst; NiBr, Temp. Time Yield
(g, mmol) (g, mmol) (mg/ mol %) (°C) (h) (9, %)
1 0.50, 1.28 0.21,1.34 o-xylene 28/ 10 25 24 -
2 0.75,1.93 0.32, 2.02 o-xylene 43/ 10 145 12 0.48, 45
3 0.50, 1.28 0.21,1.34 o-xylene 14/ 5 145 12 0.28, 40
4 0.50, 1.28 0.21,1.34 o-xylene 3/1 145 48 0.20, 29
5 0.50, 1.28 0.21,1.34 o-xylene 3/1 145 12 -
6 0.50, 1.28 0.21,1.34 o-xylene 14/5 145 48 0.29, 42
7 0.50, 1.28 0.21,1.34 THF 28/ 10 25 24 -
8 0.50, 1.28 0.21,1.34 THF 28/ 10 70 12 0.90, 27
9 0.50, 1.28 0.21,1.34 toluene 28/ 10 25 24 -
10 0.50, 1.28 0.21,1.34 toluene 28/ 10 110 12 -
11 0.50, 1.28 0.21,1.34 1,4-dioxane 28/ 10 25 24 -
12 0.50, 1.28 0.21,1.34  1,4-dioxane 28/ 10 102 12 0.24,34
12 0.50, 1.28 0.21,1.34 THF 16/ 1 70 2 0.27,27
Entry IPr (1) PhX Solvent Catalyst; Temp. Time Yield
(g, mmol) (g, mmol) (mg/ mol %) °C) (h) (9, %)
13 0.50, 1.28 1, (0.2, o-xylene Nil, (40/ 10) 145 12 0.47,
1.34)
14  050,1.28 Cl1 (gé1)4, o-xylene NiCl, (17/10) 145 12 -
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Experimental Section

4.3.23. Coincidental synthesis of 1,4-bis(2,6-diisopropylphenyl)-2-
phenyl-1H-imidazole

N

| N/>_Ph

Empirical formula: CasHsoN, Molecular weight: 464.68 g/mol

To a 100 mL Schlenk flask equipped with IPrPhl (7) (1 g, 1.69 mmol), KHMDS (338 mg, 1.69
mmol) and NiCOD, (464 mg, 1.69 mmol) was added 30 mL of precooled (0°C) toluene. The
reaction mixture stirred for 1 h at 0°C. Afterwards the reaction mixture was allowed to warm to rt
and stirred overnight. The solution was filtered and removal of the volatiles under vacuum
afforded a brownish solid as product in 35 % (275 mg) yield.

Yield: 275 mg, 0.59. mmol, 35%.

'H-NMR (300.13 MHz, CD,Cl,): § 1.01 (dd,J = 6.9 Hz, 12H, HCMe,), 1.16 (d,J = 6.9 Hz, 6H,
HCMe,), 1.19 (d,J = 6.9 Hz, 12H, HCMe,), 2.70 (sept,J = 7.0 Hz, 2H, HCMe,), 3.17 (sept,

J = 7.0 Hz, 2H, HCMe,), 6.97 (s, 1H, NCH), 7.14-7.21 (m, 5H, ), 7.27-7.35 (m, 3H, ), 7.46-7.54
(m, 3H, ) ppm.

BC{*H}-NMR (75.47 MHz, CD,Cl,): ¢ 23.18, 24.77, 25.49 (CHMe,), 29.54, 31.44 (CHMe,),
122.97, 123.93 (NCH), 125.31, 127.89, 128.73, 128.90, 129.08, 130.85 , 132.24, 133.94, 136.06,
140.52, 146.80,146.96, 149,49 (CsH3, CHs) ppm.
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Experimental Section

4.3.24. Synthesis  of  [1,3-bis(2,6-diisopropylphenyl)-2-phenyl-
imidazol-4-ylidene] copper(l) iodide (IPrPh)Cul (26) from Cul

-

acal

S)

To a 100 mL Schlenk flask equipped with (IPrPh)I (7) (1.0 g, 1.69 mmol), KN(SiMes), (337 mg,
1.69 mmol), and Cul (321 mg, 1.69 mmol) was added 30 mL of pre-cooled THF at 0°C. The
reaction mixture was brought to room temperature and further stirred overnight. Filtration through
a plug of Celite® afforded clear solution. The volatiles were removed under vacuum to obtain off-
white solid, which was washed with 20 mL of n-hexane and dried to yield 23 (1.01 g, 91%).

Empirical formula: CssHiN,Cul Molecular weight: 655.13 g/mol
Yield: 1.01 g, 1.54. mmol, 91%.

'H-NMR (300.13 MHz, CD,Cl,): 5 1.01 (dd,J = 6.6 Hz, 12H, HCMe,), 1.24 (d,J = 6.5 Hz, 6H,
HCMe,), 1.40 (d,J = 6.5 Hz, 6H, HCMey), 2.57 (m, 4H, HCMe,), 6.91 (d, 2H, 0-C¢Hs ), 6.99 (s,
1H, NCH), 7.12 (t, 2H, m-C¢Hs), 7.26 (m, 5H, p-C¢Hs, m-CeHs), 7.49 (t, 2H, p-CsHa) ppm.

BC{*H}-NMR (75.47 MHz, CD,Cl,): § 22.83, 22.91 (HCMe,), 26.01, 26.29 (HCMe,), 29.40,
29.50 (HCMe,), 124.98, 125.26 (m-CsH3), 129.04 (m-CgHs), 129.59 (0-CsHs), 130.24 (NCH),
130.92 (NCCul), 131.39 (p-C¢Hs), 131.54 (p-CgHs), 135.98 (0-CgHs), 145.42 (ipso-CgHs),
145.68 (ipso-C¢H3) ppm.

Elemental analysis (found (calc.) [%]): C 60.06 (60.50), H 6.48 (6.15), N 4.67 (4.31).
ESI-MS m/z [%]: 654.0 [{M}]", 527.2 [M-I]", 465.3 [M-Cul]".

Mp.: 215°C.
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Experimental Section

4.3.25. Synthesis  of  [1,3-bis(2,6-diisopropylphenyl)-2-phenyl-
Imidazol-4-ylidene] copper(l) iodide (IPrPh)Cul (26b) from CuCl

A

®N
O3
N '\

%CU\I

Treatment of a mixture of (IPrPh)I (7a) (510 mg, 0.86 mmol) and CuCl (172 mg, 0.86 mmol)
with KN(SiMe3z), (172mg, 0.86 mmol), under similar experimental conditions as discussed for
the compound 23, afforded compound (IPrPh)Cul (23b) (305 mg, 72%). Irrespective of the
copper precursor (CuCl or Cul) used the product shows identical *H- and **C-NMR signals, which
indicates the formation of the (IPrPh)Cul (23) in both cases. However, the presence of the small
amount of (IPrPh)CuCl can be seen in the El-mass spectrum when CuCl was used. Suitable single
crystals for X-ray diffraction analysis were grown from a saturated toluene solution at -30°C.

'H-NMR (300 MHz, CD,Cl,): 51.01 (dd, J = 6.6 Hz, 12H, HCMe,), 1.24 (d, J = 6.8 Hz, 6H,
HCMe,), 1.40 (d, J = 6.5 Hz, 6H, HCMe,), 2.57 (m, 4H, HCMe,), 6.91 (d, 2H, 0-CsHs ), 6.9 (s,
1H, NCH), 7.12 (t, 2H, m-CHs), 7.27 (m, 5H, p-CsHs, m-CsHs), 7.48 (t, 2H, p-CsHs) ppm.

BC{*H}-NMR (75 MHz, CD,Cl,): § 22.83, 22.91 (HCMe,), 26.01, 26.29 (HCMe,), 29.40,
29.50 (HCMe,), 125.01, 125.25 (m-CsH3), 129.02 (m-CgHs), 129.62 (0-CsHs), 130.46 (NCH),
130.93 (NCCul), 131.35 (p-CgHs), 131.52 (p-C¢Hs), 136.08 (0-CgHs), 145.45 (ipso-CgHs),
145.71 (ipso-CgH3) ppm.

ESI-MS: m/z: 654.0[(IPrPh)Cul]", 562.2 [(IPrPh)CuCI]*, 527.2 [(IPrPh)Cul — I]*/ [(IPrPh)CuClI
— CI]*, 465.3 [(IPrPh)Cul — Cul/CuCI]".
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Experimental Section

4.3.26. Synthesis  of  [(1,3-bis(2,6-diisopropylphenyl)-2-phenyl-
imidazol-4-ylidene)-(1,3-bis(2,6-diisopropylphenyl)-imidazol-2-
ylidene)] copper(l) iodide [(IPrPh)Cu(IPr)]l (27)

Dipp
) h
| N
o)
Dipg @Cu/ ‘@
N_..7 Dipp
=

\Dipp

To a 100 mL Schlenk flask equipped with (IPrPh)Cul (23) (1.0 g, 1.53 mmol), and IPr (594 mg,
1.53 mmol) was added 20 mL of toluene. The reaction mixture was stirred at room temperature
overnight. Filtration through a plug of Celite® afforded a clear solution. The volatiles were
removed under vacuum to obtain the desired compound as brown solid (1.29 g, 81%).

Empirical formula: CgoH76CulN,4 Molecular weight: 1043.72 g/mol

Yield: 1.29 g, 1.24 mmol, 81%.

'"H-NMR (300.13 MHz, THF-d8): ¢ 0.65 (d, J = 6.79 Hz , 6H, IPrPhCHMe,), 0.82 (d,

J =6.86 Hz, 6H, IPrPhCHMe,), 0.96 (d, J = 6.85 Hz, 6H,IPrPh CHMe,), 1.10 (t, J = 6.65 Hz,
18H, IPrCHMe,, IPrPhCHMe, ), 1.17 (d, 12H, J = 6.85 Hz , IPrCHMe,) 2.08-2.26 (m, 2H,
IPrPhCHMe,), 2.28-2.37 (m, 2H, IPrPhCHMe;), 2.58 (sept, J = 6.85 Hz, 4H, IPrCHMe,), 6.51 (s,
1H, IPrPhNCH), 6.81 (d, J = 7.38 Hz, 2H, 0-C¢Hs ), 7.07-7.15 (m, 4H, p-C¢Hs ), 7.25-7.37 (m,
8H, m-C¢H3 ), 7.45-7.54(m, 3 H, m-p-CgHs)7.75 (s, 2H, IPrNCH) ppm.

BC{*H}-NMR (75.47 MHz, THF-d8): § 22.81 (IPrPhCHMe,), 22.94 (IPrPhCHMe,), 24.48
(IPrCHMe,), 25.34 (IPrCHMe,, IPrPhCHMe,), 26.29 (IPrPhCHMe,), 29.73 (IPrCHMe,), 29.83
(IPrPhCHMe;), 30.05 (IPrPhCHMe;), 123.67(0-CgH3), 125.20 (p-C¢H3), 125.58 (p-CeHs),
126.05 (m-CgH3), 126.08 (IPrNCH), 129.76 (p-CeH3), 129.98 (0-CeHs), 131.47, 131.81 (m-p-
CeHs), 132.09 (IPrPhNCH), 132.48, 132.57, 136.02(0-CsH3), 136.44, 145.17(0-CsH3), 145.80,
145.89, 146.58 (ipso-C¢Hs), 159.53, 180.99 ppm.

ESI-MS m/z [%]: 915.5 [{M-1}]*, 465.3 [M-(IPr)Cul]".
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Experimental Section

4.3.27. Synthesis  of  [(1,3-bis(2,6-diisopropylphenyl)-2-phenyl-
Imidazol-4-ylidene)-(1,3-bis(2,6-diisopropylphenyl)-imidazol-2-
ylidene)] copper(l) tertrafluoroborate [(IPrPh)Cu(IPr)]BF, (27a)

Dipp
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A

"Dipp

To a Schlenk flask equipped with 27 (120 mg, 0.11 mmol) and NaBF, (13 mg, 8.4 mmol) was
added 10 mL of DCM. Water (10 mL) was added and the reaction mixture was stirred for 24 h.
The phases were separated and the organic layer was dried over MgSO,. Removal of the volatiles
under vacuum afforded a brown solid in 59% (65 mg) yield.

Empirical formula: CgH-sCuBF;N,4 Molecular weight: 1003.62 g/mol

Yield: 65 mg, 0.65 mmol, 59%.

'H-NMR (300.13 MHz, THF-d8): ¢ 0.68 (d, J = 6.88 Hz , 6H, IPrPhCHMe,), 0.82 (d,

J =6.81 Hz, 6H, IPrPhCHMe,), 0.98 (d, J = 6.88 Hz, 6H,IPrPh CHMe,), 1.11-1.15 (m, 18H,
IPrCHMe,, IPrPhCHMe; ), 1.18-1.24 (m, 12H, IPrCHMe,) 2.24 (m, 2H, IPrPhCHMe,), 2.36 (m,
2H, IPrPhCHMey,), 2.61 (m, 4H, IPrCHMe,), 6.54 (s, 1H, IPrPhNCH), 6.84 (d, J = 7.84 Hz, 2H,
0-CgHs ), 7.05-7.17 (m, 4H, p-C¢Hs ), 7.24-7.41 (m, 8H, m-C¢Hs ), 7.45-7.55(m, 3 H, m-p-
CeHs)7.61 (s, 2H, IPrNCH) ppm.

The 'H-NMR data are in good agreement with the reference data of compound 27. The reaction
was not repeated and therefore no further measurement than the x-ray diffraction experiment was
done.
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Experimental Section

4.3.28. Synthesis of Bis[1,3-bis(2,6-diisopropylphenyl)-2-phenyl-
imidazol-4-ylidene] copper(l) iodide [(IPrPh),Cu]l (28)

D|pp @ D|pp
{ H To ol %< )
AN \
and %’ Dipp

To a 100 mL Schlenk flask equipped with (IPrPh)I (7) (1.0 g, 1.69 mmol), KN(SiMe3), (337 mg,
1.69 mmol), and Cul (161 mg, 0.84 mmol) was added 30 mL of pre-cooled THF at 0°C. The
reaction mixture was brought to room temperature and further stirred overnight. Filtration through
a plug of Celite® afforded clear solution. The volatiles were removed under vacuum to obtain a
brown solid, which was washed with 20 mL of n-pentane and dried to yield 25 (746 g, 40%).

Empirical formula: CgsHggCulIN,4 Molecular weight: 1119.82 g/mol

Yield: 746 mg, 0.67 mmol, 40%.

'H-NMR (500.26 MHz, THF-ds): 6 1.01(dd, J = 6.9 Hz, 24H, HCMe,), 1.12(d, J = 6.8 Hz, 12H,
HCMe,), 1.22 (d, J = 6.8 Hz, 12H, HCMe,), 2.49-2.59 (m, 8H, CHMe,), 6.91(d, J = 7.4 Hz, 4H,
0-C¢Ha), 7.08 (s, 2H, NCH), 7.18(t, J = 7.5 Hz, 4H, m-C¢Hs), 7.23 (d, J = 7.8 Hz, 4H, m-C¢H),
7.30 (t, J = 7.5 Hz, 2H, p-C¢H3), 7.38 (m, 6H, m-CeHs, p-CsHs), 7.54 (t, J = 7.8 Hz, 2H, p-CsHs)
ppm.

BC{*H}-NMR (125.76 MHz, THF—d;): 6 22.89 (CHMe,), 22.95 (CHMe,), 25.90 (CHMe,),
26.38 (CHMe;), 29.91 (CHMe,), 30.08 (CHMe,), 124.07, 125.55, 125.94, 129.68 (m-CgHs),
130.10 (0-CgHs), 131.51 (p-CsHs),131.73 (NCH), 132.18 (p-CgH3), 132.32 (p-CgHs), 132.43 (o-
CeHa3), 136.64 (0-CgHs), 145.71 (ipso-CeHs), 146.02 (ipso-CeHs) , 161.03 (CCuC) ppm.

ESI-MS m/z [%)]: 991.6 [{M-1}]", 465.3 [M-(IPrPh)Cul]*.
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Experimental Section

4.3.29. Synthesis of Bis[1,3-bis(2,6-diisopropylphenyl)-2-phenyl-
imidazol-4-ylidene] silver Q) tetrafluoroborate
([(1PrPh),Ag(1)]IBF,) (29)

Dipp, B% Dipp
N N
Osde O
®N N S N®
ipp & ipp

To a 100 mL Schlenk flask equipped with (IPrPh)BF, (3) (1.33 g, 2.4 mmol), KN(SiMes), (480
mg, 2.40 mmol), and AgBF, (230 mg, 1.2 mmol) was added 30 mL of pre-cooled THF at 0°C.
The reaction mixture was brought to room temperature and further stirred overnight. Filtration
through a plug of Celite® afforded clear solution. The volatiles were removed under vacuum to
obtain the desired compound as brown solid (1.2 g, 91%).

Empirical formula: CesHgoAgBF;N, Molecular weight: 1124.07 g/mol

Yield: 1.2 g, 1.06 mmol, 86%.

'H-NMR (300.13 MHz, CD,Cl,): § 1.12-0.88 (m, 24H, CHMe,), 1.41-1.14 (m, 24H, CHMe,),
2.66-2.47 (m, 8H, CHMe,), 6.92 (dbr, J = 9.1 Hz, 4H, m-CgHs), 7.23-7.10 (m, 4H, m-CgHs),
7.30-7.24 (m, 4H, p-C¢Hs), 7.34 (d, J = 7.5 Hz, 4H, 0-C¢Hs), 7.40 (s, 2H, NCH), 7.50 (t,
J=7.8 Hz, 1H, p-C¢Hs) ppm.

BCLH}-NMR (75.47 MHz, CD,Cl,): 22.90 (CHMe,), 25.76 (CHMe,), 26.28 (CHMe,), 29.78
(CHMey), 30.05 (CHMe,), 124.17, 12556 (m-CeHs), 125.86 (p-CsHa), 129.62 (m-CHa),
13014(m'C6H5), 131.58 (0'C6H5), 132.13 (p'C6H5), 145.76 (lpSO'CGHs), 14603(|pSO'C6H5)

ESI-MS m/z [%)]: 1037.5 [M-BF,]", 465.3 [M-(IPrPh)AgBF,]".
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Experimental Section

4.3.30. Synthesis of 1-benzyl-4-phenyl-1H-1,2,3-triazol (30)

Ph N

T
N/
)

Phenylacetylene (0.41 mL, 3.75 mmol) and benzyl azide (0.5g, 3.75 mmol) was added to a
solution of a catalyst in DCM (10 mL). The reaction mixture was stirred for 3 or 48 h. The
conversion of the reactants was monitored by ‘H-NMR spectroscopy. The reaction mixture was
filtered and all volatiles were removed under vacuum to obtain the product. Catalyst loadings, *H-
NMR conversion and isolated yields are shown in the tables below.

Catalyst loading: Conversion after 3 h Isolated yield:
(IPrPh)Cul, 25 mg, 1 mol% 83 % 570 mg, 2.42 mmol, 65%.
(IPrPh)Cu(IPr)1, 39 mg, 1 mol% 0%
(IPrPh),Cul, 42 mg, 1 mol% 0%

Catalyst loading: Conversion after 48 h Isolated yield:
(IPrPh)Cul, 125 mg, 5 mol% 100 % 758 mg, 3.33 mmol, 89%.
(IPrPh)Cu(IPr)l, 196 mg, 5 mol% 100 % 610 mg, 2.59 mmol, 69%
(IPrPh),Cul, 210 mg, 5 mol% 55 % 350 mg, 1.48 mmol, 40%
Empirical formula: C;sHi3N3 Molecular weight: 235.28 g/mol

'H-NMR (300.13 MHz, CDCly): 6 5.57 (s, 2H, CH,Ph), 7.28-7.42 (m, 8H, CH,Ph, C¢Hs), 7.67
(s, 1H, CN4CH), 7.80 (dd, J = 8.3 Hz, 2H, CeHs) ppm.

BC{*H}-NMR (75.47 MHz, CDCls): 54.32 (CH,Ph), 119.61 (CN;CH), 125.80, 128.15, 128.25,
128.87, 128.90, 129.25, 130.66, 134.81 (CH,Ph, CqHs), 148.32 (CN,CH) ppm.

Reference; 74
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Experimental Section

4.3.31. Synthesis of 2-(1-benzyl-1H-1,2,3-triazol-4-yl)ethanol (31)

OH

N
o

N/
ot/

But-3yn-1-ol (0.29 mL, 3.75 mmol) and benzyl azide (0.5 g, 3.75 mmol) was added to a solution
of a catalyst in DCM (10 mL). The reaction mixture was stirred for 15 h. The conversion of the
reactants was monitored by 'H-NMR spectroscopy. The reaction mixture was filtered and all
volatiles were removed under vacuum to obtain the product. Catalyst loadings, 'H-NMR
conversion and isolated yields are shown in the table below.

Catalyst loading: Conversion after 15 h Isolated yield:
(IPrPh)Cul, 25 mg, 1 mol% 100 % 445 mg, 2.19 mmol, 58%
(IPrPh)Cu(IP1)I, 39 mg, 1 mol% 100 % 350 mg, 1.73 mmol, 46%.
(IPrPh),Cul, 42 mg, 1 mol% 80 % 304 mg, 1.50 mmol, 40%
Empirical formula: Cy;H;3N30 Molecular weight: 203.24 g/mol

'H-NMR (300.13 MHz, CDCI5): 6 3.37 (dt, 4H, J = 11.5, 6.0 Hz C,H,OH), 5.46 (s, 2H, CH,Ph),
7.22-7.26 (m, 2H, 0-Cg¢Hs), 7.31-7.36 (m, 4H, p-CsHs, m-C¢Hs, CN3;CH) ppm.

BC{*H}-NMR (75.47 MHz, CDCls): 6 53.95 (CH,Ph), 61.22 (C,H,OH), 121.77 (CN5CH),
127.97, 128.57, 128.98 (CH,Ph), 134.73 (CNsCH) ppm.

Reference: 172

96



Experimental Section

4.3.32. Synthesis of 1-benzyl-4-butyl-1H-1,2,3-triazol (32)

N
| °N
N/

o

Hexin (0.43 mL, 3.75 mmol) and benzyl azide (0.5 g, 3.75 mmol) was added to a solution of a
catalyst in DCM (10 mL). The reaction mixture was stirred for 15 h. The conversion of the
reactants was monitored by 'H-NMR spectroscopy. The reaction mixture was filtered and all
volatiles were removed under vacuum to obtain the product. Catalyst loadings, 'H-NMR
conversion and isolated yields are shown in the table below.

Catalyst loading: Conversion after 15 h Isolated yield:
(IPrPh)Cul, 25 mg, 1 mol% 100 % 690 mg, 3.21 mmol, 85%.
(IPrPh)Cu(IPr)1, 39 mg, 1 mol% 26 % 96 mg, 0.45 mmol, 12%
(IPrPh),Cul, 42 mg, 1 mol% 8 %
Empirical formula: C;3H37N3 Molecular weight: 215.14 g/mol

'H-NMR (300.13 MHz, CDCl5): 6 0.90 (t, J = 7.3 Hz, 3H, C4H¢Me), 1.35 (sext, 2H, J = 7.3 Hz,
CsHeMe), 1.61 (pent, 2H, J = 7.3 Hz, C4HsMe), 2.67 (t, J = 8.1 Hz, 2H, C,HsMe), 5.47 (s, 2H,
CH,Ph), 7.17 (s, 1H, CN3CH), 7.22-7.26 (m, 2H, 0-CH,Ph), 7.32-7.39 (m, 3H, m-p-CH,Ph)
ppm.

BC{*H}-NMR (75.47 MHz, CDCl): 6 13.84 (C;HsMe), 22.35 (C.HsMe), 25.45 (C,HsMe), 31.55
(C4H6ME), 53.98 (CHzph), 120.57 (CN3CH), 127.97 (m‘C6H5), 128.59 (p‘C6H5), 129.05 (0‘C6H5),
135.09 (ipso-C¢Hs), 148.98 (CN3;CH) ppm.

Reference: 172
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Experimental Section

4.3.33. Synthesis of 2-(1-benzyl-1H-1,2,3-triazol-4-yl)propan-2-ol

(33)
/KE N
| °N
N

or

2-methylbut-3-yn-2-ol (0.37 mL, 3.75 mmol) and benzyl azide (0.5 g, 3.75 mmol) was added to a
solution of a catalyst in DCM (10 mL). The reaction mixture was stirred for 15 or 48 h. The
conversion of the reactants was monitored by *H-NMR spectroscopy. The reaction mixture was
filtered and all volatiles were removed under vacuum to obtain the product. Catalyst loadings, *H-
NMR conversion and isolated yields are shown in the tables below.

Catalyst loading: Conversion after 15 h Isolated yield:
(IPrPh)Cul, 25 mg, 1 mol% 100 % 740 mg, 3.48 mmol, 92 %.
(IPrPh)Cu(IP1)I, 39 mg, 1 mol% 100 % 620 mg, 2.85 mmol, 76 %.
Catalyst loading: Conversion after 48 h Isolated yield:
(IPrPh),Cul, 42 mg, 1 mol% 3%
Empirical formula: CypH;sN3O Molecular weight: 217.27 g/mol

'H-NMR (300.13 MHz, CDCI5): § 1.60 (s, 6H, COHMe,), 2.73 (s, 1H, OH), 5.48 (s, 2H,
CH,Ph), 7.24-7.30 (m, 2H, 0-CH,Ph), 7.34-7.39 (m, 4H, m-p- CH,Ph, CN3;CH) ppm.

BC{*H}-NMR (75.47 MHz, CDCly): § 30.51 (CMe,OH), 54.16 (CH,Ph), 68.55 (CMe,OH),
119.22 (NCHC), 128.19 (0-CgHs), 128.76 (p-CeHs), 129.15 (M-CsHs), 134.74 (NCHC) ppm.

Reference; 73
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Experimental Section

4.3.34. Synthesis of 2-(1-benzyl-1H-1,2,3-triazol-4-yn)pyridine (34)

| °N
N/
o’

2-ethynylpyridine (0.41 mL, 3.75 mmol) and benzyl azide (0.5g, 3.75 mmol) was added to a
solution of a catalyst in DCM (10 mL). The reaction mixture was stirred for 15 h. The conversion
of the reactants was monitored by "H-NMR spectroscopy. The reaction mixture was filtered and
all volatiles were removed under vacuum to obtain the product. Catalyst loadings, *H-NMR
conversion and isolated yields are shown in the table below.

Catalyst loading: Conversion after 15 h Isolated yield:
(IPrPh)Cul, 25 mg, 1 mol% 100% 710 mg, 3.00 mmol, 80%.
(IPrPh)Cu(IPn)I, 39 mg, 1 mol% 100% 690 mg, 2.92 mmol, 78%
(IPrPh),Cul, 42 mg, 1 mol% 83 % 600 mg, 2.54 mmol, 68%
Empirical formula: C14HoNy Molecular weight: 236.11 g/mol

'"H-NMR (300.13 MHz, CDCl5): § 5.50 (s, 2H, CH,Ph), 7.13 (ddd, 1H, J = 7.4, 4.9, 1.1 Hz, p-
CsHyN), 7.23-7.34 (m, 5H, CH,Ph), 7.68 (dt, J = 7.7, 1.7 Hz, 1H, m-CsH,N), 7.98 (s, 1H,
CN3CH), 8.08 (d, 1H, J = 8.0 Hz, 0-CsH,N), 8.45 (d, J = 4.9 Hz, 1H, m-CsH;N) ppm.

BC{*H}-NMR (75.47 MHz, CDCls): § 54.46 (CH,Ph), 120.30 (p-CsNH,), 122.01 (NCHC),
122.92 (p-CsNH,), 128.39 (0-CgHs), 128.92 (p-CsHs), 129.25 (m-CgHs), 134.45 (NCHC), 136.95
(m-CsNH,), 148.83 (ipso-CgHs), 149.42 (m-CsNH,), 150.34 (ipso-CsNH,4) ppm.

Reference; 174
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Experimental Section

4.3.35. Synthesis of 1,1'-(2-methyl-2-((4-phenyl-1H-1,2,3-triazol-1-
yl)methyl)propane-1,3-diyl)bis(4-phenyl-1H-1,2,3-triazole)
C2H3(C3H3N3(Ph))s (35)

Ph
N
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Phenylacetylene (0.84 mL, 7.68 mmol) and 1,3-diazido-2-(azidomethyl)-2-methylpropane (0.5 g,
2.54 mmol) was added to a solution of a catalyst in DCM (10 mL). The reaction mixture was
stirred for 5 h. The solution was halved under vacuum and cold pentane was added. The product
precipitates as a white solid. The solution was filtered and dried under vacuum to yield the pure
product.

Catalyst loading: Isolated yield:
(IPrPh)Cul, 17 mg, 1 mol% 1,27 g, 2.53 mmol, 99%.
IPrPhCulPrl 26 mg, 1 mol% 1,28 g, 2.55 mmol, 99.7%
(IPrPh),Cul, 29 mg, 1 mol% 1.02 g, 2.03 mmol, 79 %
Summenformel: CyH,7Ng Molekulargewicht: 501.59 g/mol

'H-NMR (300 MHz, THF-d8): 4, 0.96 (s, 3 H, CHs), 4.64 (s, 6 H, (CH,)s), 7.27 (t, J = 7.4 Hz,
3H, p-C¢Hs), 7.38 (t, J=7.4 Hz, 6H, m-C¢Hs), 7.91 (d, J=7.0 Hz, 6H, 0-C¢Hs), 8.54 (s, 3 H,
C,HN,) ppm.

BC{!H}-NMR (75.47 MHz, THF-d8): & 19.43 (CH,);CMe), 42.21 ((CH,);CMe), 54.46
((CH,)sCMe), 123.76 (ipso-CgHs), 126.37 (0-CsHs), 128.65 (p-CgHs) 129.56 (m-CgHs), 132.23
(NCHC), 147.92 (NCHC) ppm.

ESI-MS m/z [%]: 524.2 [M+Na]".
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4.3.36. Synthesis of 1,1'-(2-methyl-2-((4-phenyl-1H-1,2,3-triazol-1-
yl)methyl)propane-1,3-diyl)bis(4-phenyl-1H-1,2,3-triazole) (36)

OH

N
I N
N

HO

)L{N&K

- NI OH
N=

2-methyl-3-butyn-2-ol (0.86 mL, 7.68 mmol) and 1,3-diazido-2-(azidomethyl)-2-methylpropane
(0.5¢g, 2.56 mmol) was added to a solution of a catalyst IPrPhCul 17 mg, 1 mol% in DCM
(20 mL). The reaction mixture was stirred for 5 h. The solution was halved under vacuum and
cold pentane was added. The product precipitates as a white solid. The solution was filtered and
dried under vacuum to yield the pure product.

Summenformel: C,,H33NgO3 Molekulargewicht: 447.53 g/mol
Yield: 850 mg, 1.89 mmol , 74%

'H-NMR (300 MHz, THF-d8): 6 7.97 (s, 3 H, C,HN), 4.39 (s, 6H, (CH,)s), 4.30(s, 3H, OH),
1.53 (s, 18H,C3HsOH), 0.79 (s, 3 H, CH2) ppm.

BC{!H}-NMR (75.47 MHz, THF-d8): § 19.49 (CH,);CMe), 31.29 ((CH),COH), 42.07
((CH,)sCMe;), 54.16 (CH,)sCMes), 68.46 ((CH3),COH), 123.15 (NCHC), 157.21 (NCHC) ppm.

ESI-MS m/z [%]: 470.3 [M+Na]".
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4.3.37. Synthesis of 2,2'-(1,1'-(2-((4-(2-hydroxyethyl)-1H-1,2,3-
triazol-1-yl)methyl)-2-methylpropane-1,3-diyl)bis(1H-1,2,3-
triazole-4,1-diyl))diethanol (37)

OH
N
oH (N
&{[\1/\3 HO
=N

3-butyn-1-ol (0.58 mL, 7.68 mmol) and 1,3-diazido-2-(azidomethyl)-2-methylpropane (0.5 g,
2.56 mmol) was added to a solution of a catalyst IPrPhCul 17 mg, 1 mol% in DCM (20 mL). The
reaction mixture was stirred for 5 h. The solution was halved under vacuum and cold pentane was
added. The product precipitates as a white solid. The solution was filtered and dried under
vacuum to yield the pure product.

Summenformel: C;;H,7NgO3 Molekulargewicht: 405.45 g/mol

Yield: 680 mg, 1.68 mmol, 65%

'H-NMR (300 MHz, DMSO-d6): 6 7.89 (s, 3 H, NCHC), 4.52 (s, 3H, OH), 4.32(s, 6H,
(CH,)sCCH3), 3.72 (s, 6H, (CH,CH,OH)3), 2.84 (s, 6H, (CH,CH,OH)3), 0.75 (s, 3H,(CH,)sCCHs)
ppm.

BC{'H}-NMR (75.47 MHz, DMSO-d6): ¢ 18.66 (CH,);CMe), 28.83 ((CH,CH,OH)s), 40.58
(CMes), 52.75((CH,)sCCHs), 60.36 ((CH,CH,0OH)s3), 124.38 (NCHC), 144.61 (NCHC) ppm.

ESI-MS m/z [%]: 428.2 [M+Na]".
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4.3.38. Synthesis of 1,1'-(2-methyl-2-((4-neopentyl-1H-1,2,3-triazol-
1-yl)methyl)propane-1,3-diyl)bis(4-(tert-butyl)-1H-1,2,3-triazole)
(38)

N
/R
N’
1
Ney

3,3-dimethyl-1-butyne (0.95 mL, 7.68 mmol) and 1,3-diazido-2-(azidomethyl)-2-methylpropane
(0.59, 2.56 mmol) was added to a solution of a catalyst (IPrPh)Cul 17 mg, 1 mol% in DCM
(20 mL). The reaction mixture was stirred for 5 h. The solution was halved under vacuum and
cold pentane was added. The product precipitates as a white solid. The solution was filtered and
dried under vacuum to yield the pure product.

Summenformel: Cy3HsgNg Molekulargewicht: 441.33 g/mol

Yield: 830 mg, 1.82 mmol, 71%

'"H-NMR (300 MHz, THF-d8): § 7.91 (s, 3 H, C,HN3), 4.38 (s, 6H, (CH,)s), 1.35(s, 27H, CMey),
0.77 (s, 3H, CHz) ppm.

BC{*H}-NMR (75.47 MHz, CDCly): 6 19.33 (CH,);CMe), 30.88 (CMes), 31.52 (CMes), 42.12
(CH,);CMe), 54.09 ((CH,)sCMe), 122.46 (NCHC), 157.34 (NCHC) ppm.

ESI-MS m/z [%]: 464.3 [M+Na]".
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4.3.39. Synthesis of 1,1'-(2-methyl-2-((4-propyl-1H-1,2,3-triazol-1-
yl)methyl)propane-1,3-diyl)bis(4-propyl-1H-1,2,3-triazole) (39)

N
B
;
~ot

1-Pentin  (0.76 mL, 7.68 mmol) and 1,3-diazido-2-(azidomethyl)-2-methylpropane (0.5g,
2.56 mmol) was added to a solution of a catalyst (IPrPh)Cul 17 mg, 1 mol% in DCM (20 mL).
The reaction mixture was stirred for 5 h. The solution was halved under vacuum and cold pentane
was added. The product precipitates as a white solid. The solution was filtered and dried under
vacuum to yield the pure product.

A\

-

z-Z

Empirical formula: CyoHs3No Molecular weight: 399.29 g/mol

Yield: 886 mg, 2.21 mmol, 87%.

'H-NMR (300 MHz, THF-d8): 6 7.93 (s, 3 H, C,HN3), 4.39 (s, 6H, (CH,)s), 2.67(t, J =7.5 Hz,
6H, C,H;Me), 1.76-1.64 (m, 6H, C,H;Me), 0.97 (t, 9H, C,H,;Me), 0.77 (s, 3H, Me) ppm.

BC{H}-NMR (75.47 MHz, THF-d8): 6 14.17 (C,H.Me), 19.36 ((CH,);CMe), 23.63 (C,HiMe),
28.50 (C;HsMe), 42.16 ((CH,):CMe), 53.98 ((CH,);CMe), 124.58 (NCHC), 147.95 (NCHC)
ppm.

ESI-MS m/z [%]: 422.3 [M+Na]".
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5. Crystallographic Section
5.1. Crystal Selection and Manipulation

If necessary, due to moisture and air sensitivity and crystal growing temperature, single crystals
were selected from a Schlenk flask under argon atmosphere and covered with perfluorated
polyether oil on a microscope slide, which was cooled with an inert gas flow (nitrogen, +25 °C —
—100 °C) using the X-TEMP2 device.'™ An appropriate crystal was selected using a microscope
equipped with polarization filter, mounted on the tip of a MiTeGen®MicroMount or glass fibre,
fixed to a goniometer head and shock cooled by the crystal cooling device.

5.2. Data Collection and Processing

The compounds were measured using either an Incoatec microfocus source with mirror optics or
on a rotating anode turbo X-ray source.’ Both are equipped with an APEX 11 CCD detector,
mounted on a three—circle D8 goniometer, and mirrors as monochromator optics, which supplies
very intense and brilliant MoK, radiation (2 = 0.71073 A). All crystals were centred optically
using a video camera after being placed on the diffractometer.

The data collection strategy was calculated with the APEX plugin COSMOY"" or entered by hand.
Therefore, a test run (matrix scan) was recorded prior to each experiment to check the crystal
guality, to get a rough estimate of the cell parameters, and to determine the optimum exposure
time. All scans of the data collections were performed in an w—-scan mode with a step—width of
0.5° at fixed g—angles.

The unit cell was indexed with the tools in the Bruker APEX2 software suite.’® The intensities
on the raw frames were integrated with SAINT 7.68a."% The orientation matrix was refined in
several integration runs and the maximum resolution was adjusted so that only useable data with a
maximum R;,; of 0.20 were integrated.

The software SADABS™™ was used for absorption correction and scaling. TWINABS™ ! was
utilised in the cases of non—merohedral twins or split crystals. Both programs refine an empirical
error function by symmetry—equivalent reflections. XPREP in various version up to 2015/118!
was used for the examination of data statistics and preliminary space group determination prior to
the absorption correction, as this is crucial for a correct treatment. Finally, XPREP was used to
setup the files for structure solution and refinement.

5.3. Structure Solution and Refinement

The structures were solved with direct methods using SHELXS.®2 All refinements were
performed on F? with SHELXL-20120"% implemented in the SHELXLE-GUI."®* All non-
hydrogen—-atoms were refined with anisotropic displacement parameters. The C-bonded hydrogen
atoms were set on calculated positions and refined isotropically using a riding model with their
Uiso Values constrained equal to 1.5 times the Ugq of their pivot atoms for methyl carbon atoms and
1.2 times for all other carbon atoms. The N-bonded hydrogen atom coordinates were refined
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freely from the residual density map and constrained to 1.5 U, of their pivot nitrogen atom. If not
stated otherwise, the hydrogen bond lengths were restrained to a sensible value and the U;s, were
constrained as mentioned above.

In the absence of restraints, the only data the structural model is refined against are the measured
intensities in the form of squared structure factors. Structure factors are calculated from the
atomic model and the so—calculated intensities are then compared with the measured intensities,
and the best model is the one that minimises M(p;, k) (Eq. 6-1) using the weights w defined in Eqg.
6-2.

Eq.6-1 M (pi,k) = ZW[leobslz - |Fcalc|2]2 = min

(pi: structural parameters; k: scale factor)

Eq.6-2 wl= o2(F3) + (g1 X P)% + g2 x P with P = ( :

,2 2
Max (Fyp0 + ZFWC)

The results of the refinements were verified by comparison of the calculated and the observed
structure factors. Commonly used criteria are the residuals R1 (Eq. 6-3) and wR2 (Eq. 6-4).

- _ Z“Fobs'_'Fcalc”
BQ.6-3  Rl1="

2 _ g2 \?2
Eq.6-4 wR2= Lw(Fgps Fc%lc)
z:"V(Fozbs)

Additionally, the goodness of fit (GoF, S), a figure or merit showing the relation between
deviation of F¢, from Fy,s and the over—determination of refined parameters is calculated (Eq. 6—
5).

w 2 _ g2 2
Eg.6-5 S= \/Z( (Fobs FCalc))

n-p

(n: number of reflections; p: number of parameters)

The residual densities from difference Fourier analysis should be low. Due to the model
restrictions the residuals are normally found in the bonding regions. Higher residuals for heavy
scatterers are acceptable as they arise mainly from absorption effects and Fourier truncation
errors due to the limited recorded resolution range. The highest peak and deepest hole from
difference Fourier analysis are listed in the crystallographic tables.

Additionally, the orientation, size and ellipticity of the ADPs show the quality of the model.
Ideally, the ADPs should be oriented perpendicular to the bonds, be equal in size and show little
ellipticity. All graphics were generated and plotted with the xp™®! program at the 50 %
probability level.

5.4. Treatment of Disorder

Structures containing disordered fragments were refined using constraints and restraints.
Constraints used within this work are, for example, the site occupation factor and the AFIX
instruction, which defines and constrains rigid groups.
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Mathematically, restraints are treated as additional experimental observations, thus increasing the
number of data to refine against. In the presence of restraints, the minimization function changes
as follows:

2 2
Eq. 6-6 M=% W(Fc?bs - Fczalc) + X Wr(Rtarget - Rcalc)

The geometries of chemically equivalent but crystallographically independent fragments can be
fitted to each other by distance restraints. Especially the 1,2 distances (bond lengths) and 1,3
distances (bond angles) are set to be equal within their effective standard deviations. This is
helpful for refining disordered positions as the averaging of equivalent fragments implements
chemical information and stabilises the refinement. Within this work, disordered moieties were
refined using distance restraints (SADI and SAME) and anisotropic displacement parameter
restraints (SIMU, DELU and RIGU).!"
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5.5. Determined Structures

5.5.1. 1,3-bis(2,6-diisopropylphenyl)imidazole-2-yliden (IPr) (1)

Figure 5.1: Asymmetric unit of IPr. The anisotropic displacement parameters are shown at the 50% probability level. Hydrogen atoms

are omitted for clarity.

This structure was first reported by Arduengo et al. in 1999.1'%]

Structure code SR_070_IPr 4 4
Empirical formula Ca7H36N; Crystal dimensions [mm] 0.178 x 0.175 x 0.080
Formula weight [g/mol] 388.58 Peacd. [9/cm®] 1.089
Sample temperature [K] 100(2) u[mm™] 0.063
Wavelength [A] 0.71073 F (000) 848
Crystal system Monoclinic O range [°] 1.959 to 25.384
Space group P2i/c Reflections collected 47390
Unit cell dimensions [A] and [°] Unique reflections 4330

20.810(3) Rint 0.0445

5.775(2) Completeness to Oy = 25.242° 100%

19.733(2) restraints/parameters 86 /291

90.0 GooF 1.096

92.36(2) R1(1 > 24(1)) 0.0438

90.0 WR2 (all data) 0.1178
Volume [A%] 2369.5(9) max. diff. peak/hole [e-A~] 0.208 and -0.230
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5.5.2. 1,3-bis(2,6-diisopropylphenyl)imidazoliumiodide (1Pr-HI)

Figure 5.2: Asymmetric unit of IPr-HI. The anisotropic displacement parameters are shown at the 50% probability level. Hydrogen

This structure was first reported by Curran et al. in 2010.

an unsuccessful reaction.

atoms are omitted for clarity.

[186]

It was grown in the mother liquor of

Structure code SR_126 4 4
Empirical formula Cz7H37IN; Crystal dimensions [mm] 0.1x0.1x0.1
Formula weight [g/mol] 516.48 Paatea. [9/cM°] 1.328
Sample temperature [K] 100(2) u[mm™] 1.254
Wavelength [A] 0.71073 F (000) 1064
Crystal system Monoclinic O range [°] 2.146 to 26.389
Space group Pccn Reflections collected 32743
Unit cell dimensions [A] and [°] Unique reflections 2650
10.644(2) Rint 0.0249
12.791(2) Completeness to Oy = 25.242° 100%
18.979(3) restraints/parameters 0/141
90.0 GooF 1.044
90.0 R1(1 > 24(1)) 0.0234
90.0 wR2 (all data) 0.0680
Volume [A%] 2385.9(8) max. diff. peak/hole [e-A~] 0.612 and -0.737
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5.5.3. 1,3-bis(2,6-diisopropylphenyl)imidazoliumiodide (IPr-HI*1,4-

dioxane)

Figure 5.3: Asymmetric unit of IPr-HI. The anisotropic displacement parameters are shown at the 50% probability level. Hydrogen

atoms are omitted for clarity.

This structure without co-crystallised solvent was first reported by Curran et al. in 2010.1% |t
was grown in the mother liquor of an unsuccessful reaction.

Structure code SR_139 z 4
Empirical formula Ca1HssIN,0O; Crystal dimensions [mm] 0.1x0.1x0.1
Formula weight [g/mol] 604.59 Peacd. [9/cm®] 1.256
Sample temperature [K] 100(2) u[mm™] 1.028
Wavelength [A] 0.71073 F (000) 1256
Crystal system Monoclinic O range [°] 2.046 to 26.336
Space group C2/c Reflections collected 31670
Unit cell dimensions [A] and [°] Unique reflections 3247

a= 22.403(3) Rint 0.0208

b= 9.428(2) Completeness to Oy = 25.242° 100%

c= 17.029(2) restraints/parameters 0/168

= 900 GooF 1.081

p= 117.28(2)0 R1(1 > 26(1)) 0.0265

y= 900 WR2 (all data) 0.0679
Volume [A%] 3196.7(10) max. diff. peak/hole [e-A~] 1.582 and —0.484
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5.5.4. 4-(chlorodiphenylsilyl)-1,3-bis(2,6-diisopropyl-phenyl)-2,3-

dihydro-1H-imidazole

copper

CuCI(IPr)SiPh,Cl-toluene (6)

chloride

Figure 5.4: Asymmetric unit of compound 6. The anisotropic displacement parameters are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Published in: ““Synthesis and structural investigation of R,Si (R = Me, Ph) bridged di-N-heterocyclic
carbenes.” R. S. Ghadwal, S. O. Reichmann, E. Carl, R. Herbst-Irmer, Dalton Trans. 2014, 43, 13704-

13710.
CCDC number 982102
Structure code SOR_A 079 z 4
Empirical formula CHs3ClL,CUN,Si Crystal dimensions [mm] 0.235 x 0.196 x 0.150
Formula weight [g/mol] 796.43 Peaia. [g/em’] 1.230
Sample temperature [K] 100(2) u[mm™] 0.692
Wavelength [A] 0.71073 F (000) 1680
Crystal system Monoclinic O range [°] 1.558 t0 26.378
Space group P2i/c Reflections collected 97304
Unit cell dimensions [A] and [] Unique reflections 8799
11.380(2) Rint 0.0519
15.471(2) Completeness to Oy = 25.242° 100%
24.676(3) restraints/parameters 0/478
90.0 GooF 1.036
98.03(2) R1(I > 24(1)) 0.0288
90.0 WR2 (all data) 0.0740
Volume [A%] 4301.9(11) max. diff. peak/hole [e-A~] 0.367 and -0.272
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5.5.5. Bis(1,3-bis(2,6-diisopropylphenyl)-2,3-dihydro-1H-imidazol-4-
yldiphenylsilane-copper chloride Ph,Si[(IPr)CuCl], (4)

Figure 5.5: Molecular structure of Ph,Si{(IPr)CuCl}. (4) with three dichloromethane molecules in the asymmetric unit. Anisotropic
displacement parameters are depicted at the 50% probability level. All hydrogen atoms are omitted for clarity. The dichloromethane
molecules are disordered on the two positions each. The site occupation factor refine to 0.691(8), 0.717(5), 0.683(6))..

Published in: ““Synthesis and structural investigation of R,Si (R = Me, Ph) bridged di-N-heterocyclic
carbenes.” R. S. Ghadwal, S. O. Reichmann, E. Carl, R. Herbst-Irmer, Dalton Trans. 2014, 43, 13704-

13710.
CCDC number 982104
Structure code SR_Raj_287 4 4
Empirical formula CeoHssClsCu,N,4Si Crystal dimensions [mm] 0.368 x 0.190 x 0.964
Formula weight [g/mol] 1410.18 Peaico, [g/cm?] 1.327
Sample temperature [K] 100(2) u[mm™] 0.964
Wavelength [A] 0.71073 F (000) 2944
Crystal system Orthorhombic © range [°] 1.647 to 26.347
Space group Pna2; Reflections collected 226192
Unit cell dimensions [A] Unique reflections 14390
= 24.735(3) Rint 0.0340
= 11.999(2) Completeness to By =25.242° 100%
c= 23.789(2) restraints/parameters 2847 /1003
a= 90° GooF 1.075
p= 90° R1(I > 24(1)) 0.0352
y= 90° WR2 (all data) 0.0968
Volume [A%] 7060.5(16) max. diff. peak/hole [e-A~] 0.824 and —0.561

The molecular structure shows pseudo-symmetry. It can also be refined in space group Pccn, but
then the results are much poorer (Table 5-1). To identify the correct space group we had a closer
look at the weak reflection."®” A good figure of merit is the K value K = |[F3]|/|[F2]| calculated
as K = |[F02]|/|[FC2]| for reflections with low intensity (Table 5-2). In this case the K value for
Pna2;) does not deviate much from unity compared to the Pccn model. Furthermore the R1 (%)
value drops from 7.94 (in Pccn) down to 3.62 (in Pna2(,), indicating that the space group Pna2,
fits best. Additionally the systematic absences of space group Pccn are not fulfilled. (Table 5-3)
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Table 5-1: K-value for the reflections with weakest intensity and R1 for all data for the two space groups Pccn and Pna2

Pcen Pna2
K for the reflections with weakest intensity 8.842 1.291
R1 all data [%] 8.19 3.73

Table 5-2 Abstract of the program XPREP —Reciprocal space exploration- Version 2013/2 for Windows.

Systematic absence exceptions:

b-- c-- n- 21 -c- -a- n- -21-  -a --b -n =21

N 6535 6554 6487 72 3155 3196 3197 121 3149 3158 3165 127

1535 2925 26 2941 9 1472 2166 2176 37 1466 1492 48 20

<I> 29.8 0.1 30.0 0.2 1.9 31.6 31.7 0.6 231 23.0 0.2 0.4

<l/s> 10.9 0.5 11.0 11 4.9 12.9 13.0 22 11.0 11.0 0.6 1.8

Table 5-3: Abstract of the program XPREP —Reciprocal space exploration- VVersion 2013/2 for Windows.

Identical indices and Friedel opposites combined before calculating R(sym)

Option Space Group No. Type Axes CsD R(sym) N(eq) Syst. Abs. CFOM
[A] Pna2, #33 Non-cen 5 903 0.014 20848 2.2 4.9 5.73
[B] Pnma #62 centro 4 894 0.014 20848 2.2 4.9 2.64

In space group Pna2; the structure crystallizes as a twin by inversion. The fractional contribution
of the minor domain refines to 0.19(2). All solvent molecules are severely disordered. Although
we tried to resolve the disorder, the results are not quit satisfying leading to still relatively high
residual density. Trials with the SQUEEZE routine of the PLATON program package did not
improve the model.”®® The large non-solvent Ueq(max)/Ueq(min) ratio of 6.6 is caused by
disorder of the isopropyl groups.
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5.5.6. 1,3-bis(2,6-diisopropylphenyl)-2-phenyl-imidazolium palladium

triiodide (IPrPh)Pdl; (7b)

Figure 5.6: Asymmetric unit of compound 7b. The anisotropic displacement parameters are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity. The isopropyl-moiety is disordered on two positions (sof: 0.552(30)).

Structure code SOR-A-083 z 4
Empirical formula CasHaiNIPd Crystal dimensions [mm] 0.08 x 0.12 x 0.10
Formula weight [g/mol] 952.78 Peaica, [9/cm7] 1.764
Sample temperature [K] 100(2) u[mm™] 3.121
Wavelength [A] 0.71073 F (000) 1832
Crystal system Monoclinic O range [°] 1.711to 26.480
Space group P2i/n Reflections collected 57358
Unit cell dimensions [A] and [°] Unique reflections 74113
= 12.103(2) Rint 0.0460
= 20.028(3) Completeness to Ory = 25.242° 100%
c= 15.122(2) restraints/parameters 1717381
a= 900 GooF 1.020
= 101.82(2) R1(1> 24(1)) 0.0227
y= 900 WR2 (all data) 0.04866
Volume [A%] 3587.8(10) max. diff. peak/hole [e-A~] 0.618 and —0.473

115



Crystallographic Section

5.5.7. 1,3-bis(2,6-diisopropylphenyl)-2-phenyl-imidazolium

(IPrPh)I (7a)

iodide

Figure 5.7: Asymmetric unit of compound 7a. The anisotropic displacement parameters are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Published in:

“Palladium-Catalyzed Direct C2-Arylation of an N-Heterocyclic Carbene: An Atom-

Economic Route to Mesoionic Carbene Ligands.” R. S. Ghadwal, S. O. Reichmann, R. Herbst-Irmer,
Chem. Eur. J. 2015, 21, 4247-4251.

CCDC number 1017469
Structure code SOR-A-083_white z 2
Empirical formula CasHaiNal Crystal dimensions [mm] 0.15x 0.11 x 0.09
Formula weight [g/mol] 592.58 Paaea. [9/cM°] 1.271
Sample temperature [K] 100(2) u[mm™] 1.056
Wavelength [A] 0.71073 F (000) 612
Crystal system Triclinic O range [°] 1.240 to 26.491
Space group P-1 Reflections collected 56863
Unit cell dimensions [A] and [°] Unique reflections 6401
a= 10.146(2) Rint 0.0395
b= 10.563(2) Completeness to O = 25.242° 100%
c= 16.556(3) restraints/parameters 0/333
a= 8281(2) GooF 1.062
p= 86.52(3) R1(1 > 24(1)) 0.0233
y= 61.56(2) wR2 (all data) 0.0503
Volume [A%] 1547.9(6) max. diff. peak/hole [e-A~] 0.513 and -0.571
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5.5.8. 1,3-bis(2,6-diisopropylphenyl)-2-phenyl-imidazolium

fluoroborate (IPrPh)BF,4(8)

tetra-

Figure 5.8: Asymmetric unit of compound 8. The anisotropic displacement parameters are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Structure code SR_NG_6 Z 2
Empirical formula Ca3HuBFsN, Crystal dimensions [mm] 0.305 x 0.201 x 0.172
Formula weight [g/mol] 552.49 Peaica, [9/cm7] 1.242
Sample temperature [K] 100(2) u[mm™] 0.089
Wavelength [A] 0.71073 F (000) 588
Crystal system Monoclinic O range [°] 221710 27.482
Space group P2,/m Reflections collected 15691
Unit cell dimensions [A] Unique reflections 3474
= 9.313(2) Rint 0.0278
= 17.270(3) Completeness to Oy = 25.242° 99.6%
c= 9.822(2) restraints/parameters 0/200
a= 90° GooF 1.041
A= 110.70(2)°. R1(1 > 26(1)) 0.0407
y= 90° WR2 (all data) 0.1027
Volume [A%] 1477.7(5) max. diff. peak/hole [e-A~] 0.270 and -0.388
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Crystallographic Section

5.5.9. 1,3-bis(2,6-diisopropylphenyl)-2-phenyl-imidazolium
hexafluorophosphate (IPrPh)PFg (9)

Figure 5.9: Asymmetric unit of compound 9. The anisotropic displacement parameters are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity. The isopropyl-moiety is disordered on two positions (sof: 0.440(17)). The hexafluoro

phosphate anion is disordered on two positions (sof: 0.925(2))

Structure code SR_NG_X V4 4
Empirical formula CasHarFNoP Crystal dimensions [mm] 0.246 x 0.228 x 0.176
Formula weight [g/mol] 610.65 Pealca, [9/cm7] 1.267
Sample temperature [K] 100(2) u[mm™] 0.145
Wavelength [A] 0.71073 F (000) 1288
Crystal system Monoclinic O range [°] 1.763 to 26.386
Space group P2i/n Reflections collected 65146
Unit cell dimensions [A] Unique reflections 6539
= 13.508(2) Rint 0.0324
= 13.745(2) Completeness to Oy = 25.242° 99.9%
c= 17.630(3) restraints/parameters 473 /469
o= 90° GooF 0.894
p= 101.97(2)° R1(1> 24(l)) 0.0351
y=90° WR2 (all data) 0.0902
Volume [A%] 3202.1(9) max. diff. peak/hole [e-A~] 0.372 and -0.280
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Crystallographic Section

5.5.10.1,3-bis(2,6-diisopropylphenyl)-2-phenyl-imidazolium
(IPrPh)CF3S0O; (10)

En A

triflate

Figure 5.10: Asymmetric unit of compound 10. The anisotropic displacement parameters are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Structure code SR_303 z 4
Empirical formula CasHa1F3N205S Crystal dimensions [mm] 0.232 x 0.182 x 0.143
Formula weight [g/mol] 614.75 Peacd. [9/cm®] 1.285
Sample temperature [K] 100(2) u[mm™] 0.156
Wavelength [A] 0.71073 F (000) 1304
Crystal system Monoclinic O range [°] 1.738 t0 26.466
Space group P2./c Reflections collected 78299
Unit cell dimensions [A] Unique reflections 6538
= 11.742(2) Rint 0.0377
= 13.656(2) Completeness to Oy = 25.242 100%
c= 19.859(3) restraints/parameters 0/396
a= 90° GooF 1.066
B=93.90(2)° R1(1 > 24(1)) 0.0356
y= 90° WR2 (all data) 0.0885
Volume [A%] 3177.0(9) max. diff. peak/hole [e-A~] 0.414 and -0.280
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Crystallographic Section

5.5.11.1,3-bis(2,6-diisopropylphenyl)-2-(p-tolyl)-imidazolium
(IPrPh-4-Me)l (12)

@11

iodide

Figure 5.11: Asymmetric unit of compound 12. The anisotropic displacement parameters are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Published in: “Palladium-Catalyzed Direct C2-Arylation of an N-Heterocyclic Carbene: An Atom-
Economic Route to Mesoionic Carbene Ligands.” R. S. Ghadwal, S. O. Reichmann, R. Herbst-Irmer,
Chem. Eur. J. 2015, 21, 4247-4251.

CCDC number 1017467
Structure code SR_Raj_Pd z 2
Empirical formula CssHazN2l Crystal dimensions [mm] 0.2x 0.19 x 0.09
Formula weight [g/mol] 606.60 Peacd. [9/cm®] 1.331
Sample temperature [K] 100(2) u[mm™] 1.082
Wavelength [A] 0.71073 F (000) 628
Crystal system Monoclinic O range [°] 2.202 t0 26.338
Space group P2:/m Reflections collected 26916
Unit cell dimensions [A] Unique reflections 3187
= 9.569(2) Rint 0.0318
= 17.103(3) Completeness to Oy = 25.242 99.9%
c= 9.832(2) restraints/parameters 0/186
a= 90° GooF 1.050
A= 109.80(2)° R1(1 > 24(1)) 0.0215
y= 90° WR2 (all data) 0.0491
Volume [A%] 1514.0(5) max. diff. peak/hole [e-A~] 0.495 and -0.540
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Crystallographic Section

5.5.12.1,3-bis(2,6-diisopropylphenyl)-2-(p-tolyl)-imidazolium
(IPrPh-2-Me)I (13)

lodide

Figure 5.12: Asymmetric unit of compound 13. The anisotropic displacement parameters are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Published in: “Palladium-Catalyzed Direct C2-Arylation of an N-Heterocyclic Carbene: An Atom-
Economic Route to Mesoionic Carbene Ligands.” R. S. Ghadwal, S. O. Reichmann, R. Herbst-Irmer,
Chem. Eur. J. 2015, 21, 4247-4251.

CCDC number 1017468
Structure code SOR-A-128 z 4
Empirical formula CaaHasN2l Crystal dimensions [mm] 0.09 x 0.19 x 0.20
Formula weight [g/mol] 606.60 Pealca, [9/cm7] 1.294
Sample temperature [K] 100(2) u[mm™] 1.051
Wavelength [A] 0.71073 F (000) 1256
Crystal system Triclinic ©® range [°] 1.833t0 26.397
Space group P2./n Reflections collected 82325
Unit cell dimensions [A] Unique reflections 6375
= 12.469(2) Rint 0.0476
= 14.628(2) Completeness to Or, = 25.242° 100%
c= 17.254(3) restraints/parameters 382/406
a= 90° GooF 1.057
p= 98.23(2)° R1(1> 24(l)) 0.0370
y=90° WR2 (all data) 0.0763
Volume [A%] 3114.7(9) max. diff. peak/hole [e-A~] 1.697 and —1.782
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Crystallographic Section

5.5.13.1,3-bis(2,6-diisopropylphenyl)-2-(4-methoxyphenyl)-
imidazolium iodide (IPrPh-4-OMe)l (14)

Figure 5.13: Asymmetric unit of compound 14. The anisotropic displacement parameters are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Published in: “Palladium-Catalyzed Direct C2-Arylation of an N-Heterocyclic Carbene: An Atom-
Economic Route to Mesoionic Carbene Ligands.” R. S. Ghadwal, S. O. Reichmann, R. Herbst-Irmer,
Chem. Eur. J. 2015, 21, 4247-4251.

CCDC number 1024657
Structure code SR_134 z 2
Empirical formula CasH43IN,O Crystal dimensions [mm] 0.12 x 0.11 x 0.09
Formula weight [g/mol] 622.60 Pealca, [9/cm7] 1.325
Sample temperature [K] 100(2) u[mm™] 1.054
Wavelength [A] 0.71073 F (000) 644
Crystal system Monoclinic O range [°] 2.180 to 26.367
Space group P2,/m Reflections collected 45199
Unit cell dimensions [A] Unique reflections 3313
= 9.760(2) Rint 0.0327
= 17.115(3) Completeness to Oy = 25.242° 99.8%
c= 10.091(2) restraints/parameters 805/315
a= 90° GooF 1.079
p=112.24(2)° R1(1> 24(l)) 0.0280
y=90° WR2 (all data) 0.0656
Volume [A%] 1560.2(6) max. diff. peak/hole [e-A~] 0.683 and -0.726
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Crystallographic Section

5.5.14.1,3-bis(2,6-diisopropylphenyl)-2-(4-(methoxycarbonyl)
phenyl)-imidazolium iodide (IPrPh-4-CO,Me)l (15)

Figure 5.14: Asymmetric unit of compound 15. The anisotropic displacement parameters are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Published in: “Palladium-Catalyzed Direct C2-Arylation of an N-Heterocyclic Carbene: An Atom-
Economic Route to Mesoionic Carbene Ligands.” R. S. Ghadwal, S. O. Reichmann, R. Herbst-Irmer,
Chem. Eur. J. 2015, 21, 4247-4251.

CCDC number 1019232
Structure code SR_138 Z 4
Empirical formula CasHa3IN,O; Crystal dimensions [mm] 0.189 x 0.138 x 0.098
Formula weight [g/mol] 650.61 Pealca, [9/cm7] 1.335
Sample temperature [K] 100(2) u[mm™] 1.021
Wavelength [A] 0.71073 F (000) 1344
Crystal system Monoclinic O range [°] 1.073 to0 26.515
Space group P2, Reflections collected 56139
Unit cell dimensions [A] Unique reflections 13331
= 10.071(2) Rint 0.0657
= 16.944(2) Completeness to Oy = 25.242° 100%
c= 18.991(3) restraints/parameters 512 /838
a= 90° GooF 1.041
A= 92.63(2)° R1(1 > 26(1)) 0.0418
y= 90° WR2 (all data) 0.0943
Volume [A%] 3237.3(9) max. diff. peak/hole [e-A~] 0.825 and -0.797
Extinction coefficient - Absolute structure parameter® 0.125(10)
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Crystallographic Section

5.5.15.1,3-bis(2,6-diisopropylphenyl)-2-(p-tolyl)-imidazolium bromide

(IPrPh-4-Me)Br (21)

@Br2
02gp, @gr3

Figure 5.15: Asymmetric unit of compound 21. The anisotropic displacement parameters are shown at the 50% probability level.

Hydrogen atoms and isopropyl groups are omitted for clarity.

Structure code SR_170a Z 2
Empirical formula CesHo1Br2NsO4 Crystal dimensions [mm] 0.354 x 0.203 x 0.116
Formula weight [g/mol] 1187.25 Pealca, [9/cm7] 1.243
Sample temperature [K] 100(2) u[mm™] 1.327
Wavelength [A] 0.71073 F (000) 1256
Crystal system Triclinic O range [°] 1.233 10 26.338
Space group P-1 Reflections collected 74925
Unit cell dimensions [A] Unique reflections 12887
= 12.723(2) Rint 0.0282
= 15.216(2) Completeness to Oy = 25.242° 99.9%
c= 18.315(3) restraints/parameters 0/743
a= 110.39(3)° GooF 1.054
p=102.30(2)° R1(1> 24(l)) 0.0384
y= 96.93(2)° wR?2 (all data) 0.1044
Volume [A%] 3172.8(10) max. diff. peak/hole [e-A~] 1.0002 and —0.871

In the present sample water molecules are incorporated in the crystal. Three water molecules
could be refined. Nonetheless residual electron density represents more water molecules with
occupation factors lower than one. A further refinement does not lead to a satisfying result. It has
to be mentioned that the adequate description of the solvent molecules in the crystal structure
could not be reached, however the refinement of the desired compound 21 seems utterly

acceptable.
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Crystallographic Section

5.5.16.1,3-bis(2,6-diisopropylphenyl)-2-(4-methoxyphenyl)-

imidazolium bromide (IPrPh-4-OMe)Br (22)

@BI‘Q

Figure 5.16: Asymmetric unit of compound 22. The anisotropic displacement parameters are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Structure code SR_191 Z 4
Empirical formula Ca4Hs3 BrN,O Crystal dimensions [mm] 0.16 x 0.15 x 0.11
Formula weight [g/mol] 575.61 Pealca, [9/cm7] 1.175
Sample temperature [K] 100(2) u[mm™] 1.290
Wavelength [A] 0.71073 F (000) 1216
Crystal system Monoclinic ©® range [°] 1.599 to 26.028
Space group P2./n Reflections collected 61312
Unit cell dimensions [A] Unique reflections 6411
= 9.813(2) Rint 0.0340
= 16.405(2) Completeness to Oy = 26.028° 99.9%
c= 20.399(3) restraints/parameters 0/356
a= 90° GooF 1.226
p= 97.91(2)° R1(1> 24(l)) 0.0738
y= 90° WR2 (all data) 0.2071
Volume [A%] 3252.6(9) max. diff. peak/hole [e-A~] 2.509 and -0.765

In the present sample water molecules are incorporated in the crystal. Residual electron density
represents disordered water molecules. A further refinement of the water molecules does not lead
to a satisfying results. It has to be mentioned that the adequate description of the solvent
molecules in the crystal structure is not meaningful, however the refinement of the desired

compound 22 seems utterly acceptable.
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Crystallographic Section

5.5.17.1-(2,6-diisopropylphenyl)-1H-imidazole

Figure 5.17: Asymmetric unit of 1-(2,6-diisopropylphenyl)-1H-imidazole. The anisotropic displacement parameters are shown at the

50% probability level. Hydrogen atoms are omitted for clarity.

Structure code SR_SM Z 4
Empirical formula CisHaoN, Crystal dimensions [mm] 0.16 x 0.15 x 0.11
Formula weight [g/mol] 228.33 Pealca, [9/cm7] 1.120
Sample temperature [K] 100(2) u[mm™] 0.066
Wavelength [A] 0.71073 F (000) 496
Crystal system Monoclinic O range [°] 1.871to 25.350
Space group P2/c Reflections collected 22867
Unit cell dimensions [A] Unique reflections 2480
= 5.662(2) Rint 0.0388
= 16.551(3) Completeness to Oy = 100%
c= 14.447(2) restraints/parameters 0/185
a= 90° GooF 1.043
A= 99.79(2)° R1(1> 24(l)) 0.0397
y= 90° WR2 (all data) 0.0942
Volume [A%] 1353.7(6) max. diff. peak/hole [e-A~] 0.180 and -0.207
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Crystallographic Section

5.5.18.[1,3-bis(2,6-diisopropylphenyl)-2-phenyl-imidazol-4-ylidene]
copper(l) iodide (IPrPh)Cul (26)

Figure 5.18: Asymmetric unit of compound 26. The anisotropic displacement parameters are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Published in: “Palladium-Catalyzed Direct C2-Arylation of an N-Heterocyclic Carbene: An Atom-
Economic Route to Mesoionic Carbene Ligands.” R. S. Ghadwal, S. O. Reichmann, R. Herbst-Irmer,
Chem. Eur. J. 2015, 21, 4247-4251.

CCDC number 1019233
Structure code SR_098 4 4
Empirical formula Ca3 Hao Clozg CU g1 N2 Crystal dimensions [mm] 0.239 x 0.173 x 0.146
Formula weight [g/mol] 619.14 peales. [glem’] 0.959
Sample temperature [K] 100(2) u[mm™] 0.987
Wavelength [A] 0.71073 F (000) 1279
Crystal system Monoclinic O range [°] 1.564 to 28.298
Space group P2./c Reflections collected 134343
Unit cell dimensions [A] Unique reflections 10640
a= 12.423(2) Rint 0.0479
b= 20.420(3) Completeness to Oy, = 25.242 100%
c= 17.498(2) restraints/parameters 0/346
a= 90° GooF 1.086
p=105.05(2)° R1(1 > 24(1)) 0.0526
y=  90° WR2 (all data) 0.1421
Volume [A%] 4286.6(11) max. diff. peak/hole [e-A~] 2.543 and -1.385

Diffuse residual electron density was observed in the crystal voids. The pictures show the residual
electron density in the solvent channels. Heavily disordered lattice solvent (toluene) could be
modelled in the voids (see figure below). However, the refined model with solvent molecules was
not satisfying. Therefore the SQUEEZE routine of PLATON program package was used, which
allows for the mathematical compensation of the electron distribution of disordered solvent
contained in the voids to the calculated diffraction intensities.*®®!
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Crystallographic Section

without modelled solvent molecules

squeeze model

Cuerent lavel; -1. 512845
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without solvent with solvent squeeze
R1* 0.1274 0.0771 0.0631
wR2* 0.3395 0.1774 0.1421

*indices for all data




Crystallographic Section

5.5.19.[(1,3-bis(2,6-diisopropylphenyl)-2-phenyl-imidazol-4-ylidene)-

(1,3-bis(2,6-diisopropylphenyl)-imidazol-2-ylidene)]  copper(l)
iodide [(IPrPh)CulPr)]l (27)
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Figure 5.19: Asymmetric unit of compound 27. The anisotropic displacement parameters are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Structure code SR_211 z 4
Empirical formula CeoH76CUINy4 Crystal dimensions [mm] 0.14 x 0.11 x 0.08
Formula weight [g/mol] 1043.68 Peatea. [9/cM°] 1.225
Sample temperature [K] 100(2) u[mm™] 0.970
Wavelength [A] 0.71073 F (000) 2184
Crystal system Monoclinic O range [°] 1.444 to 25.681
Space group P 2./c Reflections collected 72914
Unit cell dimensions [A] Unique reflections 10760

a=  14.199(2) Rint 0.0564

b= 20.651(3) Completeness to O = 25.242 100%

c= 19.460(2) restraints/parameters 56 / 642

a= 90° GooF 1.020

B=  97.46(2)° R1(I > 24(1)) 0.0296

y= 90° wR2 (all data) 0.0680
Volume [A%] 5657.8(13) max. diff. peak/hole [e-A~] 0.467 and —-0.305
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Crystallographic Section

5.5.20.[(1,3-bis(2,6-diisopropylphenyl)-2-phenyl-imidazol-4-ylidene)-

(1,3-bis(2,6-diisopropylphenyl)-imidazol-2-ylidene)]
tertrafluoroborate [(IPrPh)Cu(IPr)]BF, (27a)

copper(l)

Figure 5.20: Asymmetric unit of compound 27a. The anisotropic displacement parameters are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Structure code SR_250 z 4
Empirical formula EZOI\IMB”OCUZ Foso Crystal dimensions [mm] 0.289 x 0.205 x 0.138
Formula weight [g/mol] 2019.22 Peaica. [g/em’] 1.182
Sample temperature [K] 100(2) u[mm™] 0.517
Wavelength [A] 0.71073 F (000) 4286
Crystal system Monoclinic O range [°] 1.207 to 25.366
Space group P 2i/n Reflections collected 253770
Unit cell dimensions [A] Unique reflections 20798

a= 19.402(2) Rint 0.0602

b= 20.807(2) Completeness to Oy = 25.242° 100%

c= 28.343(3) restraints/parameters 833/1430

a= 90° GooF 1.062

p= 97.25(2)° R1(1 > 24(1)) 0.0444

y= 90° wR2 (all data) 0.1110
Volume [A%)] 11351(2) max. diff. peak/hole [e-A~] 0.887 and -0.674
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Crystallographic Section

5.5.21.Bis[1,3-bis(2,6-diisopropylphenyl)-2-phenyl-imidazol-4-ylidene]
copper(l) iodide [(IPrPh),Cu]l (28)

Figure 5.21: Asymmetric unit of compound 28. The anisotropic displacement parameters are shown at the 50% probability level.

Hydrogen atoms and isopropyl groups are omitted for clarity.

Structure code SR_241 z 12
Empirical formula CesHgoCulN4 Crystal dimensions [mm] 0.18 x 0.19 x 0.090
Formula weight [g/mol] 1119.78 Peacd. [9/cm®] 1.005
Sample temperature [K] 100(2) u[mm™] 0.746
Wavelength [A] 0.71073 F (000) 7032
Crystal system Hexagonal O range [°] 0.953 t0 25.349
Space group P6322 Reflections collected 338168
Unit cell dimensions [A] Unique reflections 15214
= 24.661(2) Rint 0.0509
= 24.661(2) Completeness to Oy = 25.242° 100%
c= 42161(3) restraints/parameters 352 /737
a= 90° GooF 1.126
p= 99° R1(1 > 26(1)) 0.0331
y= 120° WR2 (all data) 0.0956
Volume [A%] 22206(4) max. diff. peak/hole [e-A~] 1.095 and —0.403

Diffuse concentrated residual electron density was observed in the crystal voids. The pictures
show the residual electron density in the solvent channels. Heavily disorder lattice solvent (THF)
could hardly be modelled into these voids. However, the refined model with solvent molecules
was not satisfying. Therefore, the SQUEEZE routine of PLATON program package was used,
which allows for the mathematical compensation of the electron distribution of disordered solvent
contained in the voids to the calculated diffraction intensities. "
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Crystallographic Section

without solvent with solvent squeeze
R1* 0.3399 0.0497 0.0378
wR2* 0.6779 0.1398 0.0956

*indices for all data

without modelled solvent molecules
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Squeezed model



Crystallographic Section

5.5.22.Bis[1,3-bis(2,6-diisopropylphenyl)-2-phenyl-imidazol-4-ylidene]
silver (1) tetrafluoroborate [(IPrPh),Ag]BF, (29)

Figure 5.22: Asymmetric unit of compound 29. The anisotropic displacement parameters are shown at the 50% probability level.

Hydrogen atoms and isopropyl groups are omitted for clarity.

Structure code 4 12
Empirical formula CesHsoAgB117F4N, Crystal dimensions [mm] 0.243 x 0.229 x 0.098
Formula weight [g/mol] 1125.79 Pealca, [9/cm7] 0.987
Sample temperature [K] 100(2) u[mm™] 0.309
Wavelength [A] 0.71073 F (000) 7114
Crystal system Monoclinic ©® range [°] 0.973 to 25.349
Space group P6322 Reflections collected 407983
Unit cell dimensions [A] Unique reflections 13908

a= 25.038(2) Rint 0.0539

b= 25.038(2) Completeness to Oy = 25.242° 100%

c= 41.865(3) restraints/parameters 649 /834

a= 90° GooF 1.067

p= 90° R1(1> 24(l)) 0.0515

y= 120° wR2 (all data) 0.1630
Volume [A%] 22729(2) max. diff. peak/hole [e-A~] 2.463 and —0.395

Diffuse concentrated residual electron density was observed in the crystal voids. The pictures
show the residual electron density in the solvent channels. Heavily disorder tetrafluoroborate
anions and lattice solvent (DCM) could hardly be modelled into these voids. Disordered
tetrafluoroborate and lattice solvent (DCM) are placed on the same position. However, the refined
model with solvent molecules was not satisfying. Therefore, the SQUEEZE routine of PLATON
program package was used, which allows for the mathematical compensation of the electron
distribution of disordered solvent contained in the voids to the calculated diffraction
intensities. (¢!
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Crystallographic Section

modelled squeeze
R1* 0.0905 0.0567
wWR2* 0.2662 0.1622

*indices for all data

without modelled solvent molecules Squeeze model
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Crystallographic Section

5.5.23.Bis(1,3-Bis(2,6-diisopropylphenyl)imidazole-2-yliden palladium

iodide)

Figure 5.23: Asymmetric unit of (IPr,Pd)I,. The anisotropic displacement parameters are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Structure code SR_160 z 2
Empirical formula CssH721,N4Pd Crystal dimensions [mm] 0.12 x 0.15 % 0.19
Formula weight [g/mol] 1137.35 Paatea. [9/cM°] 1.459
Sample temperature [K] 100(2) u[mm™] 1.589
Wavelength [A] 0.71073 F (000) 1152
Crystal system Monoclinic O range [°] 1.797 to 26.391
Space group P 2i/n Reflections collected 41508
Unit cell dimensions [A] Unique reflections 5301

a= 13.195(2) Rint 0.0363

b= 14.072(2) Completeness to O = 25.242° 100%

c= 14.768(3) restraints/parameters 0/285

a= 90° GooF 1.053

= 109.27(2)° R1(1 > 24(1)) 0.0214

y= 90° wR2 (all data) 0.0552

Volume [A%] 2588.5(8) max. diff. peak/hole [e-A~] 0.718 and -0.631
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Crystallographic Section

5.5.24.2-(1-benzyl-1-1,2,3-triazol-4-yl)propan-2-ol

C9

Figure 5.24: Asymmetric unit of 2-(1-benzyl-1-1,2,3-triazol-4-yl)propan-2-ol. The anisotropic displacement parameters are shown at
the 50% probability level. Hydrogen atoms are omitted for clarity.

Structure code SR_281 z 4
Empirical formula C12H15N3s0 Crystal dimensions [mm] 0.127 x 0.134 x 0.368
Formula weight [g/mol] 217.27 Paatea. [9/cM°] 1.283
Sample temperature [K] 100(2) u[mm™] 0.085
Wavelength [A] 0.71073 F (000) 464
Crystal system Monoclinic O range [°] 1.774 t0 26.353
Space group P 2./c Reflections collected 33085
Unit cell dimensions [A] Unique reflections 2300
a= 11.515(3) Rint 0.0241
b= 10.493(2) Completeness to O = 25.242° 100 %
c= 9.342(2) restraints/parameters 0/149
a= 90° GooF 1.089
B= 94.62(2)° R1(1 > 24(1)) 0.0353
y= 90° wR2 (all data) 0.0852
Volume [A%] 1125.1(5) max. diff. peak/hole [e-A~] 0.280 and -0.207b
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Crystallographic Section

5.5.25.1-benzyl-4-butyl-1H-1,2,3-triazole

Figure 5.25: Asymmetric unit of compound 1-benzyl-4-butyl-1H-1,2,3-triazole. The anisotropic displacement parameters are shown at
the 50% probability level. Hydrogen atoms are omitted for clarity.

Structure code SR_279_Triazol z 4
Empirical formula C13 H17 N3 Crystal dimensions [mm] 0.11 x 0.15 x 0.16
Formula weight [g/mol] 215.29 Peatca. [9/cm®] 1.207
Sample temperature [K] 100(2) u[mm™] 0.074
Wavelength [A] 0.71073 F (000) 464
Crystal system Monoclinic O range [°] 1.647 to 26.560
Space group P2./c Reflections collected 30375
Unit cell dimensions [A] Unique reflections 2462
= 13.06(2) Rint 0.0387
= 5.473(2) Completeness to Og =25.242° 100%
c= 17.510(3) restraints/parameters 0/146
a= 90° GooF 1.065
p= 108.84(2)° R1(I > 24(1)) 0.0364
y=90° WR2 (all data) 0.0980
Volume [A%] 1184.6(6) max. diff. peak/hole [e- A~ 0.186 and —0.235
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5.5.26.2-(1-benzyl-1H-1,2,3-triazol-4-yl)ethanol

Figure 5.26: Asymmetric unit of 2-(1-benzyl-1H-1,2,3-triazol-4-yl)ethanol. The anisotropic displacement parameters are shown at the

50% probability level. Not freely refined hydrogen atoms are omitted for clarity.

Structure code SR_269a z 4
Empirical formula C11H13NsO Crystal dimensions [mm] 0.10 x 0.12 x 0.15
Formula weight [g/mol] 203.24 Peais. [g/em’] 1.377
Sample temperature [K] 100(2) u[mm™] 0.088
Wavelength [A] 0.71073 F (000) 432
Crystal system Monoclinic O range [°] 1.837 to 25.347
Space group P 2i/c Reflections collected 16590
Unit cell dimensions [A] Unique reflections 1886
= 22.580(3) Rint 0.0265
= 5.375(2) Completeness to Oy = 25.242° 99.9%
c= 8599(2) restraints/parameters 0/138
a= 90° GooF 1.089
p=100.86(2)° R1(I > 24(1)) 0.0342
y= 90° WR2 (all data) 0.842
Volume [A%] 1024.9(5) max. diff. peak/hole [e- A~ 0.227 and -0.212
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6. Crystal Structure Determination in Collaborations
6.1. Structures determined for Svenja Duifert

6.1.1. 7-methoxy-1-methyl-10a,11-dihydro-5H-
benzo[e]furo[3',4':6,7]naphtho[1,8-bc]oxepin-13(10H)-one

Figure 6.1: Asymmetric unit of 7-methoxy-1-methyl-10a,11-dihydro-5H-benzo[e]furo[3',4":6,7]naphtho[1,8-bc]oxepin-13(10H)-one .
Anisotropic displacement parameters are depicted at the 50% probability level. Hydrogen atoms are omitted for clarity.

Structure code SCSC511 z 4
Empirical formula C21H1504 Crystal dimensions [mm] 0.626 x 0.329 x 0.136
Formula weight [g/mol] 334.35 Peatca. [9/cm®] 1.395
Sample temperature [K] 100(2) u[mm™] 0.096
Wavelength [A] 0.71073 F (000) 704
Crystal system Monoclinic O range [°] 1.811 to 26.759
Space group P2./c Reflections collected 42667
Unit cell dimensions [A] Unique reflections 3394
a= 11.783(2) Rint 0.0272
b= 12.227(3) Completeness to Omax 99.8%
c= 11.583(2) restraints/parameters 0/228
a= 90° GooF 1.060
p=107.39(2)° R1(I > 24(1)) 0.0354
y= 90° WR2 (all data) 0.0939
Volume [A%] 1592.5(6) max. diff. peak/hole [e-A~] 0.315 and -0.223
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6.2. Structures determined for Jonas Ammermann

6.2.1. 1-(5-Methyl-3-(9H-xanthen-9-yl)-1H-indole-1-yl)ethan-1-one

Figure 6.2: Asymmetric unit of 1-(5-Methyl-3-(9H-xanthen-9-yl)-1H-indole-1-yl)ethan-1-one. Anisotropic displacement parameters
are depicted at the 50% probability level. Hydrogen atoms are omitted for clarity.

Published in “A Facile Synthesis of 3-Substituted Benzofurans And Indoles Through A palladium-catalyzed
Domino Carbopalladation/CH-activation/Isomerization Process.” L.F. Tietze, T. Hungerland, J.
Ammermann, C. Eichhorst, S.0. Reichmann, D. Stalke, Ind. Chem. Soc. 2013, 90, 1537-1555.

CCDC number 948415
Structure code CS_LK_SOR_JA z 4
Empirical formula C2sH19NO; Crystal dimensions [mm] 0.348 x 0.096 x 0.054
Formula weight [g/mol] 353.40 Paaea. [9/cM°] 1.303
Sample temperature [K] 100(2) u[mm™] 0.083
Wavelength [A] 0.71073 F (000) 744
Crystal system Monoclinic O range [°] 1.551 to 29.595
Space group P2:/n Reflections collected 41195
Unit cell dimensions [A] Unique reflections 5024
a= 6.393(2) Rint 0.0242
b= 26.264(2) Completeness to O = 25.242° 99.8%
c= 10.740(2) restraints/parameters 0/246
a= 90° GooF 1.037
B=92.95(2)° R1(1 > 24(1)) 0.0414
y= 90° wR2 (all data) 0.1144
Volume [A%)] 1801.0(7) max. diff. peak/hole [e-A~] 0.390 and -0.192
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6.3. Structures determined for Bernd Waldecker

6.3.1. 4,9-Bis(9H-xanthene-9-ylidene)-1,3,4,6,8,9-
hexahydropyrano[3,4-g]-isochromene

Figure 6.3: Asymmetric unit of 4,9-Bis(9H-xanthene-9-ylidene)-1,3,4,6,8,9-hexahydropyrano[3,4-g]-isochromene. Anisotropic
displacement parameters are depicted at the 50% probability level. Hydrogen atoms are omitted for clarity.

Published in “Four- and Sixfold Tandem-Domino Reactions Leading to Dimeric Tetrasubstituted Alkenes
Suitable as Molecular Switches.” L. F. Tietze, B. Waldecker, D. Ganapathy, C. Eichhorst, T. Lenzer, K.
Oum, S. O. Reichmann, D. Stalke, Angew. Chem. Int. Ed. 2015, 54, 10317-10321; Angew. Chem. 2015,

127, 10457-10461.

CCDC number 1049106
Structure code SR_BW1 z 1
Empirical formula CagH2604 Crystal dimensions [mm] 0.201 x 0.120 x 0.093
Formula weight [g/mol] 546.59 Paaea. [9/cM°] 1.430
Sample temperature [K] 100(2) u[mm™] 0..092
Wavelength [A] 0.71073 F (000) 286
Crystal system Triclinic O range [°] 2.005 to 26.454
Space group PT Reflections collected 26056
Unit cell dimensions [A] Unique reflections 2615

a=  6.745(2) Rint 0.0513

b= 9.358(2) Completeness to O = 25.242° 100%

c= 10.196(3) restraints/parameters 0/191

a= 88.07(3)° GooF 1.038

B= 8526(2)° R1(I > 24(1)) 0.0339

y= 81.86(2)° wR2 (all data) 0.0820
Volume [A%] 634.7(3) max. diff. peak/hole [e-A~] 0.244 and -0.208
Extinction coefficient - Absolute structure parameter -
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6.3.2. 4,6-Bis(9H-xanthene-9-ylidene)-4,6,7,9-tetrahydro-1H,3H-

pyrano[3,4-g]-isochromene

Figure 6.4: Asymmetric unit of 4,6-Bis(9H-xanthene-9-ylidene)-4,6,7,9-tetrahydro-1H,3H-pyrano[3,4-g]-isochromene. Anisotropic
displacement parameters are depicted at the 50% probability level. Hydrogen atoms are omitted for clarity.

Published in “Four- and Sixfold Tandem-Domino Reactions Leading to Dimeric Tetrasubstituted Alkenes
Suitable as Molecular Switches.” L. F. Tietze, B. Waldecker, D. Ganapathy, C. Eichhorst, T. Lenzer, K.
Oum, S. O. Reichmann, D. Stalke, Angew. Chem. Int. Ed. 2015, 54, 10317-10321; Angew. Chem. 2015,

127, 10457-10461.

CCDC number 1049107
Structure code SR_BW_2 z 2
Empirical formula Cas Hzs O4 Crystal dimensions [mm] 0.302 x 0.09 x 0.073
Formula weight [g/mol] 546.59 Peaico. [9/cm?] 1.385
Sample temperature [K] 100(2) u[mm™] 0.089
Wavelength [A] 0.71073 F (000) 572
Crystal system Monoclinic O range [°] 2.056 to 27.488
Space group P2, Reflections collected 29508
Unit cell dimensions [A] Unique reflections 5920
= 8.104(2) Rint 0.0231
= 16.329 (3) Completeness to Oy = 25.242° 100%
c= 10548 (2) restraints/parameters 1/379
a= 90° GooF 0.978
p=110.10(2)° R1(I > 24(1)) 0.0298
y=90° WR2 (all data) 0.0761
Volume [A%] 1310.8 (5) max. diff. peak/hole [e-A~] 0.244 and -0.1796

Extinction coefficient
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6.4. Structures determined for Simon Biller

6.4.1. (+)-(R)-Linoxepin

Figure 6.5: Asymmetric unit of (+)-(R)-Linoxepin. Anisotropic displacement parameters are depicted at the 50% probability level.
Hydrogen atoms apart from H2 are omitted for clarity.

Structure code SR_SB_030815 z 2
Empirical formula C21H1606 Crystal dimensions [mm] 0.200 x 0.150 x 0.080
Formula weight [g/mol] 364.34 Peaico. [9/cm?] 1.443
Sample temperature [K] 100(2) u[mm™] 0.888
Wavelength [A] 1.54178 F (000) 380
Crystal system Monoclinic O range [°] 2.813to 74.522
Space group P2, Reflections collected 18983
Unit cell dimensions [A] Unique reflections 3351
a= 4.800(2) Rint 0.0273
b= 11.119(2) Completeness to 0 = 67.679° 99.8%
c= 15.738(3) restraints/parameters 1/246
a= 90° GooF 1.062
p= 93.47(2)° R1(I > 24(1)) 0.0259
y=90° WR2 (all data) 0.0633
Volume [A%] 838.4(4) max. diff. peak/hole [e-A~] 0.170 and -0.146
Extinction coefficient 0.0074(9) Absolute structure parameter 0.04(4)
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6.4.2. 2-((2-(4-bromo-3-methylphenyl)-2-oxoethyl)thio)-6-0xo-4-
(thiophen-2-yl)-1,6-dihydropyrimidine-5-carbonitrile

Figure 6.6: Asymmetric unit of 2-((2-(4-bromo-3-methylphenyl)-2-oxoethyl)thio)-6-0xo-4-(thiophen-2-yl)-1,6-dihydropyrimidine-5-
carbonitrile. Anisotropic displacement parameters are depicted at the 50% probability level. Hydrogen atoms are omitted for clarity.

Structure code SR_SB_X z 4
Empirical formula C1sH1,N3BrO,S; Crystal dimensions [mm] 0.240 x 0.210 x 0.160
Formula weight [g/mol] 446.3 Peaico, [9/cm?] 1671
Sample temperature [K] 100(2) u[mm™] 2571
Wavelength [A] 0.71073 F (000) 896
Crystal system Monoclinic O range [°] 1.495 to 26.033
Space group P2i/n Reflections collected 14869
Unit cell dimensions [A] Unique reflections 3488
= 14.386(2) Rint 0.0266
= 4.959(2) Completeness to Oy = 25.242° 99.8%
c= 25571(3) restraints/parameters 70/273
a= 90° GooF 1.024
p= 103.47(2)° R1(I > 24(1)) 0.0353
y=90° WR2 (all data) 0.0866
Volume [A%] 1774.1(8) max. diff. peak/hole [e-A~] 1.045 and -0.879
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6.5. Structure determined for Yan Li

6.5.1. SOR_LY_023

c(19)

C(1A)
\ F(1C)

Cl2A) \ @)

Figure 6.7: Asymmetric unit of SOR_LY_023. Anisotropic displacement parameters are depicted at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Structure code SOR_LY_023 z 6
Empirical formula Cs7HesNgFoLiz0Ss Crystal dimensions [mm] 0.10 x 0.06 x 0.01
Formula weight [g/mol] 1267.15 Paaea. [9/cM°] 1.312
Sample temperature [K] 100(2) u[mm™] 0.198
Wavelength [A] 0.71073 F (000) 3960
Crystal system Monoclinic O range [°] 1.742 t0 26.728
Space group R3c Reflections collected 20858
Unit cell dimensions [A] Unique reflections 4537

a= 16.138(2) Rint 0.0326

b= 16.138(2) Completeness to O = 25.242° 99.7%

c= 42.653(3) restraints/parameters 130/ 327

a= 90° GooF 1.062

p= 90° R1(I > 26(1)) 0.0323

y= 120° wR2 (all data) 0.0792
Volume [A%] 9620(2) max. diff. peak/hole [e-A~] 0.285 and —0.265
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6.6. Structures determined for Alexander Paesch

6.6.1. 2-Phenyl-4-diphenylphospan-1,3-bis(2,6-diisopropylphenyl)-
imidazolium-Kupfer(l)iodid ([(Ph,P-1PrPh)-Cu(l)-1])

Figure 6.8: Asymmetric unit of 2-phenyl-4-diphenylphosphine-1,3-bis(2,6-diisopropylphenyl)-imidazolium-copperr(l)iodide ([(Ph,P-
IPrPh)-Cu(l)-1]). Anisotropic displacement parameters are depicted at the 50% probability level. Hydrogen atoms are omitted for

clarity.
Structure code SR_AP_18 z 4
Empirical formula CaaH4CUINP Crystal dimensions [mm] 0.18 x 0.13 x 0.07
Formula weight [g/mol] 839.27 Peaico, [9/cm?] 1.380
Sample temperature [K] 100(2) u[mm™] 1.377
Wavelength [A] 0.71073 F (000) 1720
Crystal system Monoclinic O range [°] 1.455 to 25.349
Space group P2i/n Reflections collected 106743
Unit cell dimensions [A] Unique reflections 7414
a= 10.226(2) Rint 0.0900
b= 18.652(2) Completeness to Oy = 25.242° 100%
c= 21.549(3) restraints/parameters 0/459
a= 90° GooF 1.035
p=100.53(2)° R1(I > 24(1)) 0.0342
y=90° WR2 (all data) 0.0808
Volume [A%] 4040.9(9) max. diff. peak/hole [e-A~] 1.616 and -0.873
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6.6.2. Bis[2-phenyl-1,3-bis(2,6-diisopropylphenyl)-imidazolium]-
palladium(Il)dichloride ([(IPrPh),-Pd(11)-Cl;])

Figure 6.9: Asymmetric unit of bis[2-phenyl-1,3-bis(2,6-diisopropylphenyl)-imidazolium]-palladium(Il)dichloride ([(IPrPh).-Pd(I1)-
Cl.]). Anisotropic displacement parameters are depicted at the 50% probability level. Hydrogen atoms are omitted for clarity.

Structure code SR_AP_19 z 2
Empirical formula CoaH112N4ClPd Crystal dimensions [mm] 0.297 x 0.156 x 0.095
Formula weight [g/mol] 1475.17 Paaea. [9/cM°] 1.186
Sample temperature [K] 100(2) u[mm™] 0.336
Wavelength [A] 0.71073 F (000) 1568
Crystal system Monoclinic O range [°] 1.457 to 26.392
Space group P24/n Reflections collected 116397
Unit cell dimensions [A] Unique reflections 8448

a= 16.581(2) Rint 0.0731

b= 12.031(6) Completeness to O = 25.242° 100%

c= 20.983(3) restraints/parameters 828 / 597

a= 90° GooF 1.029

B=  99.25(2)° R1(I > 26(1)) 0.0437

y= 90° wR2 (all data) 0.1201
Volume [A%] 4131.4(11) max. diff. peak/hole [e-A~] 1.538 and —0.639
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