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Summary

Reaction monitoring by electrospray (ESI) mass spectrometry is a valuable technique to
investigate reaction mechanisms. It allows a glimpse into the reacting solution and the
characterization of transient intermediates by tandem mass spectrometry. Herein we
studied a captivating gold(lll)-catalyzed synthesis of dicoumarin derivatives which consists of
a combination of hydroarylation and homo coupling steps. A special challenge lies in the
corrosivity of the catalyst HAuCl,, which requires the use of inert material for every step. The
application of a fused-silica capillary eliminated almost all side reactions of the catalyst
during the mass spectrometric experiments. Another problem is the necessary switching of
the measurement modus while investigating the reacting solutions. Whereas the reactants
and products could be detected in positive mode, the negatively charged species, correlating
with all proposed transient intermediates, could only be detected in negative mode. Fast
reaction rates hampered the monitoring of the interesting species additionally. Therefore
the reaction conditions had to be adjusted and improved. The interesting ions were
characterized by accurate mass determinations and supporting gas phase fragmentation
experiments. The following species could be detected and characterized: [AuCl,]’; [AuCl4];
[A+AuCl;]” = B/ C+CI; [A-H+AuCls]” = D; [2A-H+AuCls] = D+A; [2A-2H+AuCl] = E, F =
coumarin, G = dicoumarin (The nomenclature of the species A, B, C, D, E, F and G originated
from the postulated mechanism and is listed consecutively with the reaction steps). Thus,
the nature and ligand sphere of all reaction intermediates, formerly proposed in the catalytic
cycle, were clarified and their evolution over different periods of time were followed. A
strong influence of the substrate and catalyst concentrations on the reaction time could be

demonstrated.

Furthermore the synthesis and characterization of three consistent series of dinuclear gold(l)
N-heterocyclic carbene (NHC) complexes in comparison with a previously reported series is
presented. Herein the differences of the four compelling series consist in the imidazole or
benzimidazole moieties, the lengths of the alkylene linkers (C1-C3), the methyl or ethyl side
chains and the counterion Br or PFg. Single crystals suitable for x-ray diffraction were
obtained as [M2L2]2+ macrocycles from all complexes and from additional two new PO,F,
salts and a NO;3 salt. Furthermore the crystal structure of a dinuclear gold(l) NHC BF,

complex with a notably short intramolecular Au..-Au distance of 2.999 A was obtained.



Significant influences of intra- and intermolecular mess1t- and Aus«<Au interactions as well as
hydrogen bonding, depending on the varying functionalization, have been found. Gold(l)
NHC complexes are known for their intriguing luminescence behaviour. Therefore detailed
UV/Vis- and fluorescence spectroscopic experiments were performed, which confirmed the
impact of the counterions on the supramolecular interaction. The most outstanding
examples are all propylene complexes. They have all shown an intense emission band at
~350-400 nm (Aex (imidazolium) = 255 nm, Aex (benzimidazolium) = 289 nm). The assumed
aurophilic interactions could be altered via the addition of an excess of bromide, which leads
to the quenching of the emission and the concurrent increase of a new lower energy
maximum (~450-500 nm) and an additional emission band at shorter wavelengths (~350nm).
Those are attributed to association complexes and/or changes of the Au..<Au bond lengths.
The exceptional aggregation behaviour between the cationic complexes and other ions in
solution was also investigated by additional NMR spectroscopic measurements. The
imidazolium compounds have shown a strong interaction with bromide via hydrogen
bonding with the aromatic protons, whereas the interactions with the benzimidazolium
complexes have changed the chemical shift of the alkylene bridge protons. The strongest
downfield shifts could be found for the methylene compounds. The results are all highly
depending on the analytical technique, but all experiments have shown a strong interaction
of the complexes with the counterions. The combined investigations illustrate the highly
tuneable behaviour of the complexes and provide more information for a better

understanding of it.

The last chapter of this thesis deals with larger astounding cage like trinuclear silver(l) and
gold(l) NHC complexes. The enlargement of the system from two to three metal centres and
a bigger cavity allows the insertion of larger substrates. The backbone of the new host
molecules is based on tribenzotriquinacene. Three additional amine substituents were
inserted to provide binding sites. Thereby a chiral C3 symmetry was obtained. The aromatic
scaffold could be linked to the imidazolium units by an amidation reaction with DMAP and
EDC. The key to an effective reaction was the use of the highly nucleophilic but steric
hindered base DIPEA. Unfortunately the reaction was incomplete and lead to a mixture of
three different imidazolium compounds, containing one, two or three successful coupled
imidazolium units. Nevertheless the obtained main compound is the intended tripodal

compound. Tested reactions of the ligand precursor mixture with a gold source did not



yielded the trinuclear complexes, but different side products. Thus, the silver base route was
used prior to create Ag cage templates. Silver(l) NHC compounds usually contain weaker M-C
bonds than Au(l) NHC complexes and are known as dynamic and reversible in solution. This
behaviour allows self driven ligand exchange processes, to sustain different products and
correct mismatching. The syntheses of the corresponding gold compounds were realized via
transmetallation of the silver cage molecules. The products were investigated by mass
spectrometric means. Almost all possible silver and gold complexes could be detected and
confirmed trough their accurate masses and isotopic pattern. This lead to a new library of a
variety of fascinating silver and gold TBTQ cage compounds. In the future, possible
supramolecular host-guest aggregations could get enabled via hydrogen bonding or mee.mt-
and Au...Au interactions. Additional binding sites for specific guest molecules are available
through the amide substituents. The chiral symmetry could potentially support the

separation or differentiation of isomers.
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1 Introduction

The central theme in this work is gold and its compounds with their intriguing miscellaneous
features. Numerous successful uses of the noble metal are known in the literature and they
still play an important role in chemical research. The applications are versatile and amongst
other things range from catalysis, nanotechnology and medical implementations to
luminescence chemosensoring. The number of gold related publications is high and still
rising. Gold as catalyst in organic reactions and total synthesis is one of the important and
interesting research tasks. Particularly the interplay of Au(l)/ Au(lll) catalysts is fascinating
and sometimes requires further investigation for a better understanding of the reaction
mechanisms. In 2008 Wegner et al. described an intriguing gold(lll) catalyzed domino
cyclization and oxidative coupling reaction of phenylpropiolic esters which yield dicoumarin
derivatives.'! Different conditions were tested, which lead to the combination of HAuCl, as
catalyst, tert-butylhydroperoxide (tert-BuOOH) as oxidant and 2-dichloroethane (DCE) as
solvent. The catalyst coordinates to the alkyne, and activates a ring closure reaction via an
electrophilic substitution. Rearomatization could lead to the monomeric species or be
followed by another cyclization process and eventually yield the dimer via a reductive
elimination. Even though most of the mechanism steps have already been described, the
exact composition of the catalyst during the reaction stays unclear. A possible role of the
oxidant or other compounds in the solution could not directly be excluded. Next to the thirst
for knowledge, the potential antitumor activity of the products emphasizes the importance
of deeper and more detailed researches. The first goal of this work is to use mass
spectrometric means for a further insight into the reaction mechanism and a concrete
identification of the ligand sphere of the catalyst. Electrospray (ESI) mass spectrometry is a
great tool for the investigation of reaction mechanisms in the gas phase. The used catalyst
HAuCl, is an acid, which gets deprotonated fast in solution. Therefore the anion of the
species should be easily detectable in the negative ESI modus as [AuCls] and allow the
planned analysis. Potential transient species could also bear negative charges. Next to the
structural, the temporal evolution of all species should be investigated (substrate, product

and intermediates) for a better understanding of the reaction cycle.

N-heterocyclic carbenes (NHC) are an intriguing class of molecules. These compounds and
their corresponding metal complexes are known for decades.”” The range of applications for

these valuable ligands and complexes is wide. Some of the most common uses are as




catalysts[g], in medical research or as luminescent material™®. The last example leads to a
fascinating feature of gold compounds in general, the occurrence of aurophilic interactions.
They are often combined with an interesting spectroscopical behaviour. The name was
introduced by Schmidtbaur in 1988.5) This remarkable bonding type is provoked by brief
intermetallic distances. The strength of the weak supramolecular interactions is comparable
to hydrogen bonds. The accumulations of these aggregates are often associated with
extraordinary photophysical properties. The visible emission can be perturbed by anion/
solvent aggregations. Intrinsic designed sensor molecules could act as a host for
supramolecular interactions. Inter- or intramolecular aurophilic interactions can be triggered
or interrupted by the penetration of a substrate molecule inside the specific cavity. These
interactions are weakly bonded and therefore reversible. Accordingly the potential
supramolecular host-guest system would be reusable. Another criterion for a long life
receptor molecule is the stability of the host structure itself. Gold(l) NHC complexes are
pretty stable in solution and in the solid state. Therefore they are used with good prospects
for the intended purpose. Next to the Aus.-Au interactions, the complexes could provide
other weak interactions due to their substituents. Possible aggregations could be promoted
by hydrogen bonding, ionsssion-, cationess1t-, anionss1t- as well as me«s1 interactions. Thus

the intended host-guest aggregations could be stabilized in deliberately drafted systems.

A previous research project in our group, mainly operated and controlled by Kobialka,
included the synthesis and characterization of four consistent series of dinuclear gold(l) N-

4% The differences of the compounds consist in the

heterocyclic carbene (NHC) complexes.
imidazole or benzimidazole moieties, the lengths of the alkylene linkers (C1-C6), the methyl
or ethyl side chains and the counterion Br or PFs. The homoleptic [M2L2]2+ cations bear a
cavity between the two metal centres, which could probably be occupied by small molecules
or ions. Potential aurophilic interactions in these systems should be detected in the solid
state via x-ray diffraction and in solution by UV/Vis- and fluorescence spectroscopic
experiments. The extensive investigations suggest a huge influence of the counterions to the
properties of the complexes. This interesting behaviour was also found and published by
other research groups.m The biggest impact was detected for the complexes with short
alkylene linkers (C1-C3). Foregoing comparison mainly contained only one of the series at a

time, e.g. all relations of the imidazole ethylene complexes (C1-C6). The now presented work

should compare all four series to each other. The anion exchange with hexafluorophosphate




was only performed for the imidazolium compounds before. Accordingly the
benzimidazolium complexes should be synthesized for the overall comparison. Hitherto
single crystals suitable for x-ray diffraction could not yet be obtained for all compounds. For
the intended complete overview, all missing compounds of the 24 complexes have to be
crystallized. Further investigations in solution could clarify the influence of the counterions
and detect potential substrates for supramolecular sensor systems. On that account detailed
NMR-, UV/Vis- and fluorescence spectroscopic experiments are planned with all interesting
complexes and counterions. The scheduled project should enhance our understanding of the
highly tuneable behaviour of the gold(l) NHC compounds and their intriguing ability to build

supramolecular aggregates with small ions.

The up to now in our group investigated compounds are limited to mono- and mainly
dinuclear homoleptic and heteroleptic silver and gold complexes. As the cooperative effect
explains, simultaneous execution of numerous interactions encourages the stability of a
host-guest system.[8] The integration of more binding sites could improve the aggregation
behaviour, for the purpose of a supramolecular receptor molecule. On that consideration, a
more complex cage like structure with three metal centres is aimed. This motif is also chosen
because of the better preorganisation of the cavity structure. The rigid structure of
macrobicyclic compounds is often beneficial for supramolecular interactions, due to small
rearrangement energies.m Due to the already predetermined bowel shaped scaffold
tribenzotriquinacene (TBTQ) is chosen as potential backbone of the cage. The cup like
molecule was found by Kuck et al.®* and seems promising as template for a capsule
structured host compound. Due to the versatile options to introduce substituents, the NHC
moieties could probably be linked to them and additional binding sites could be created.
Another benefit is expected by a C3 symmetrical configuration, arising from the substitution
design. This could provide the ability to distinguish racemate mixtures and separate the
containing compounds. For this project a suitable synthesis route for the coupling of the
imidazolium ligand precursors to the TBTQ backbone has to be established. The planned
compounds should then be transferred to the corresponding gold(l) NHC complexes. The

best case scenario includes additional experiments of possible host-guest systems.







2 Mechanistic Investigation of a HAuCl, catalyzed oxidative C-C coupling reaction

2.1 Introduction

The discovery of the reactivity of gold compounds started a so-called gold rush in chemical
research.”** since then the application of gold in organic catalysis increased rapidly.
Gold-catalyzed reactions are suitable for total synthesis[lz] of numerous natural products like

the synthesis of Reticuol*®!

g4l

from the Hashmi group, Echavarren’s synthesis of ()-

laurokamurene or Fiirstner’s use of a typical [3,3]-sigmatropic rearrangement of a

propargyl acetate for the total synthesis of Enigmazole Al An important part of current

(16]

organometallic research aims at versatile and selective gold-catalyzed reactions.'”™ Special

interest recently is laid on gold(lll)-catalysts which can be used in C-C coupling reactions."”!

HAuCl,4
/©/ T tert BuOOH

A4 R=H; Ay R= tert-Bu.

Scheme 1: Investigated gold(lll)-catalyzed domino cyclization and oxidative coupling reaction.

Herein, we focus on the mechanism of an intriguing gold(lll)-catalyzed domino cyclization
and oxidative coupling reaction for the synthesis of dicoumarin derivatives, first reported by
Wegner et al. in 2008." Dicoumarins are an interesting class of natural products with
potential anti-tumour activity.“gl Different gold compounds and oxidants were tested, to

catalyze the reaction. HAuCl, in combination with anhydrous tert-butylhydroperoxide (tert-




BuOOH) and the solvent 2-dichloroethane (DCE) gives the best yields. The reaction scope
could also be extended to bisbenzofurans.™ The group of Stratakis used Au/TiO, as catalyst

for a similar reaction.’? Tang et al. contributed with density-functional theory calculations

on the mechanism of a related reaction catalyzed by gold-clusters.m]
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Scheme 2: Proposed reaction mechanism' for the Au(lll)- catalyzed dicoumarin formation. The actual composition/

ligand sphere at the Au centre remained unclear.

Some mechanistic information is available concerning the first step of the reaction.’” The
proposed catalytic cyclem (Scheme 2) starts with coordination of the gold catalyst to the
alkyne which allows ring closure via electrophilic substitution. Rearomatization leads to a o-
complex D which either directly forms the monomeric product F via protodeauration or
catalyzes another cyclization process in a second reactant molecule A. The final step is the
reductive elimination of the dicoumarin product G, overall resulting in an oxidative coupling
reaction. An alternative mechanism via C-H activation'” was already ruled out by mixing
coumarin F and the catalyst as no reaction could be observed under these conditions.™™ The
mechanism depicted in Scheme 2 proposes Au(lll) species for both the cyclization and

coupling steps. However, a combination of Au(l)- and Au(lll)-catalyzed processes could also




be involved.!*?#12217.22 £y rther, the actual composition and ligand shell of the catalyst and
the transient Au complexes are still unknown. The aim of the present work is the
experimental detection and characterization of the intermediate species B - E using mass

spectrometric means.

)[23]

Electrospray ionization mass spectrometry (ESI-MS)*“™ is a powerful tool for the investigation

241 The technique transfers molecules from

of reaction mechanisms and reaction monitoring.
the reacting solution directly into the gas phase of a mass spectrometer. Thereby, it gives an
overview of the species present in the reacting solution containing substrates, transient
intermediates as well as products. High-resolving mass analyzers allow the determination of
elemental compositions via accurate mass measurements. The combination with
fragmentation experiments like collision induced dissociation (CID) gives access to structural
information.'”® Beautiful studies have been published about mass spectrometric mechanistic
investigations of homogeneous reactions catalyzed by metal complexes or
organocatalysts.[24'26] The group of Mcindoe developed a very useful technique to transfer a
reacting solution directly from the flask into the mass spectrometer by pressurized sample
infusion.”?”! Short-lived reactive species can be detected with a micro reactor setup.[24b’28]
Roithovd et al. recently presented an intriguing method to investigate the kinetics of reactive
intermediates of diaurated complexes.me] There are numerous more examples of charged

S [26a,26¢,29

gold species detected by ESI-M ! Furthermore, the key transmetallation step during

a Sonogashira reaction was successfully investigated in the gas phase.[ao] Several interesting

(31]

publications deal with negatively charged reactive species including palladate(ll)

[31a,32

complexes as intermediates in a cross coupling reaction. I'Yet there are some challenges

and limitations for the investigation of reaction mechanisms by mass spectrometric

[26k,28d) | particular, the structure elucidation, identification and differentiation of

means.
isomers is sometimes difficult. The study presented herein was complicated by a series of
technical problems due to the extreme corrosivity of HAuCls, the unusual solvent DCE, and
the need to observe negatively as well as positively charged ions of interest. E.g. the relative
intensities of the detected species do not necessarily correlate with the real concentration in

[38] depending on the charge, the

the solution. They vary by their so called ES/ response
molecular structure, the mass spectrometer and the measuring parameters. Additional
signals resulting from impurities, side products or background noises are possible. Exotic

artefacts can also be generated during the ionization process and have to be excluded by

7



further experiments. However ESI-MS is an effective method to detect charged gold

species.[zsk’34]

2.2 Synthesis of the substrates

The used phenylpropionic esters were synthesized via a Steglich esterification according to
the literature.?? For a better handling, we used solid HAuCl;*3H,0 for our investigation.
Gold(lll) chloride trihydrate, 1,2-dichloroethane, tert-butylhydroperoxide (5.5 M in decane),
propiolic acid, phenol, and 4-tert-butylphenol were used as received from commercial

sources. The solvents were dried and stored under argon according to standard procedures.

2.3 Mass Spectrometry Experiments

If not mentioned otherwise, experiments were performed on a Fisher Scientific LTQ-Orbitrap
XL™ hybrid lon Trap with an ESI/APCI lon Max Source. Spectra for the reaction monitoring
and CID experiments were recorded in the He-filled ion trap (accuracy of one decimal place
in the given spectra). High resolution spectra for accurate masses were recorded with the
Orbitrap analyzer (spectra shown with three or four decimal places). Additional
measurements carried out with a commercial quadrupole/time of flight (Q/TOF) hybrid mass
spectrometer (Bruker micrOTOF-Q) equipped with an Apollo ESI source show similar results.
Investigation of aggressive compounds like oxidants and inorganic acids via ESI-MS is
complicated by corrosion of stainless steel material. Thus, we used ESI needles and
capillaries made of inert fused-silica and strictly avoided all metal containing syringes and
connectors. Acetonitrile (HPLC grade) from VWR was used for MS-measurements.
Trifluoroacetic acid from Roth was added when appropriate to enhance signal intensities of
protonated molecules for the measurement of pure substances (not reaction mixtures).
Relative intensities are normalized to the sum of all depicted ions. ESI-Low Concentration

Tuning Mix from Agilent was used as internal standard in some monitoring experiments.

2.4 Preparation of Reaction Mixtures
Reactions were performed in 2 — 10 ml of dry 1,2-dichloroethane as solvent under argon
atmosphere using standard Schlenk technique. The amount of the catalyst was varied from 5

mol% to 20 mol% and the substrate was used in concentrations from 20 mmol/L up to 110




mmol/L. Small samples were taken after different reaction time intervals and diluted 1:100
up to 1:50 in 1 mL acetonitrile. High concentrated solutions could not be measured due to
blocking of the capillaries. This prevents the application of the method introduced by

Mecindoe.”?”

2.5 Results and discussion
All investigations were performed with the two substrates A; and A, (Scheme 1). The
nomenclature of species in the following text is based on the labels in Scheme 2, the index

indicates the respective starting compound.

The substrates and products of the reaction in pure isolated form are well detected as
[M+H]" or [M+Na]" ions with ESI- or atmospheric-pressure chemical ionization (APCI)-MS.
Unfortunately the monomer product F; and the substrate A; are isomers with equal m/z
values. They can nevertheless be distinguished by mass spectrometric means using CID.
While the main fragmentation of [Fy+H]" is the loss of CO,, this elimination is absent during
the fragmentation of [A;+H]". For A, and the respective products F, and G, with tert-butyl
substituent, additional loss of C4Hg is dominating the fragmentation (see Figure 2 and Figure

3).

(0] (0]
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Figure 1: ESI(+) CID spectrum of the mass-selected cations [F;+H]" und [A;+H]" recorded with the Q/TOF mass

spectrometer.
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Figure 2: ESI(+) CID spectrum of a mixture of mass-selected protonated molecules F, and A,.
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Figure 3: ESI(+) CID spectrum of the mass-selected protonated molecule G,.

As expected the catalyst HAuCl, is not visible in ESI or APCI spectra in positive mode. Its
deprotonated form [AuCls]” however has a very good ESI response.[33] ESI(-) spectra of
catalyst-containing solutions show high intensities of the ion. Yet, it is also very prone to
fragmentation. Reductive elimination of Cl, leads to the Au(l) species [AuCl,],"** which we
unfortunately could not avoid even under mild ESI tuning conditions. Reduction processes

during ESI in negative mode are expected.[36]
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To gain access to reaction intermediates, we obtained best results when performing the
reaction offline in a flask. Small samples with a defined volume were taken from the
solution, diluted and immediately measured at varying reaction times. Mass spectra
recorded in ESI(+) mode only showed the substrate and both products, but no gold
containing intermediates. However, ESI(-) spectra of reacting solutions showed several

negatively charged species (Figure 4).

@AUC|2
2671

S B1
AUC|4 +
338.9 S}

(¢]]

449.0 484.9

557.0

200 300 400 500 600 700 800 900 m/z

Figure 4: ESI(-) mass spectrum of a reacting solution containing 20 mol% of HAuCl, and a concentration of substrate A, of

12 mmol/L in DCE at room temperature. Sample taken after 37 minutes and diluted 1:100 with acetonitrile.

The signal with a monoisotopic m/z value of 482.9 (max. 484.9) shows the characteristic
isotope pattern of four Cl atoms and an accurate mass indicating the elemental composition
[CoHeAUCl40,] (Figure 4). This composition fits to a putative coordination complex between
substrate A; and [AuCl,], i.e. the first intermediate B; in the mechanism proposed in Scheme
2. Yet, it is likely that a species with five ligands at one gold centre is only loosely bound and
thus probably fragments during ESI. Another potential assighment of this signal is

intermediate C; with three chloride ligands binding to gold and an additional chloride as

11



counter anion for the carbocation (Figure 4). Intermediate C without the additional chloride
anion is zwitterionic. These kinds of compounds are hard to detect by ESI-MS and they are
likely to bind other ions to form a species with only one charge. Hence the ions B; and
[C1+Cl] are isomers they cannot be distinguished by simple mass spectrometry. Different
structures can however result in a different fragmentation behaviour which can be probed
by tandem mass spectrometry. In species By, the weak interaction between the two stable
subcomponents should be broken preferably yielding the ion [AuCl4] via loss of neutral A;. In
intermediate C;, the covalent bond between the gold centre and the substrate is stronger
which should open other fragmentation routes. Mass selection and fragmentation of the
species m/z = 483.0 [C1+Cl]” by CID results mainly in the reduced form of the catalyst [AuCl,]
which unfortunately is not helpful for structural assignments. Two other fragments could be
detected with an intensity of only 1 % from the mass selected signal, but still more than 5
times higher than the baseline noise (Figure 5). These two fragments are indicative for the
presence of intermediate [C;+Cl]” with a covalent Au-C bond. The ion with m/z = 301.8
corresponds to AuCls™ with an unusual formal oxidation state Au(ll). Its formation by
homolytical cleavage of an Au-C bond in a minor gas phase fragmentation pathway is
plausible. The ion with m/z = 446.9 is formed via loss of HCl — which is exactly the next step
in the proposed catalytic cycle: rearomatization of the substrate by deprotonation of C leads
to intermediate D (Scheme 2, since species D1 does not bear a positive charge like species C,,
the additional chloride anion also gets separated from the transient species. Therefore the

deprotonation step from Scheme 2 is replaced by the loss of HCI).
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Figure 5: ESI(-) CID spectrum of the mass-selected ion with m/z = 482.9 corresponding to intermediates B1 and/or

[C.#+CI], The intensities in the mass range m/z = 300 - 450 are enlarged by a factor of 100.

The formation of D; cannot only be provoked by CID in the gas phase. The intermediate is
also present in the reacting solution: It is visible in the respective spectra (Figure 4) in
remarkable intensity at m/z = 446.9 with the expected isotope pattern of three Cl atoms and
the correct accurate mass for [CoHsAuCl;0,] (Figure 4). Fragmentation of the mass selected
ion again yields the reduced ion [AuCl;]. Although we cannot strictly exclude that the
observed ion D, is produced from [C1+Cl] via loss of HCl during the ionization process, the
relative abundances of B; and [C;+Cl] in the ESI spectra (Figure 4) and the very low efficiency
of HCl abstraction in the CID spectra of B; (Figure 5) lead us to the conclusion that the

observed signal for D; mainly is due to its presence in solution.
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Figure 6: ESI(-) CID spectrum of the mass-selected ion with m/z = 446.9 corresponding to intermediate D1.

According to the proposed mechanism, the o-complex D; undergoes two possible reaction
pathways. Addition of a proton leads to the monomer F; and releases the Au(lll) catalyst.
Alternatively, the reaction with an additional substrate molecule A; results in a second ring
closure and the final oxidative coupling to the dimer. ESI(-) spectra of the reacting solution
show very small amounts of a negatively charged ion with the isotope pattern of three
chloride anions and a monoisotopic mass of 592.9 (Figure 7). This ion fits to a new species
resulting from the coordination of D; to an additional substrate A;. CID experiments of this

aggregate unfortunately were not successful due to low signal intensity.
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Figure 7: ESI(-) mass spectrum of a reacting solution containing 20 mol% of HAuCl4 and a concentration of substrate Al of
100 mmol/L in DCE at room temperature. Sample taken after 22 minutes and diluted 1:50 with acetonitrile (* = internal

standard, for full spectrum see Figure 22).

Further, a species with the isotope pattern of two chlorine atoms and an accurate mass in
accordance with [CigH10AuCl,04]° was found in small abundance consistent with
intermediate E;. Mass selection and CID yields the Au(l) fragment at m/z = 377.0 (Figure 8)
which indicates that the two coumarin subunits are still separated in the mass-selected ion.
The additional formation of [AuCl,] in this case is revealing as it represents the next step in

the catalytic cycle, the reductive elimination of the desired dicoumarin product.
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Figure 8: ESI(-) CID spectrum of the mass-selected ion with m/z = 556.8 corresponding to intermediate E1.

In analogy to the results obtained with substrate A;, all the anionic species B,/[C,+Cl], D,, E;
and the aggregate D,+A; could also be detected for the reaction with substrate A, (see

Figure 18, Figure 19, Figure 20 and Figure 21).

Thus, we successfully detected all species proposed as reaction intermediates of the reacting
solutions by ESI MS. The spectra also clarify that the previously undefined coordination sites
at the gold centre are continuously possessed by chloride ligands. As a consequence, the
gold-containing intermediates are negatively charged. In addition, their reactivity could also
be addressed: two of the single steps along the catalytic cycle could indeed be mirrored in

the gas-phase reactivity of [C;+Cl]” and E; provoked by CID.

[24e,26k37) However, we
7

Some diaurated species are reported as catalysts for similar reactions.
did not find any indications for intermediates with several gold atoms or gold dimers. We
further aimed to monitor relative signal intensities during the course of the reaction.
Reactant and products are only detected in the positive mode, whereas the negative mode is
needed for the anionic intermediates and catalyst. Observing all relevant species in one
spectrum is thus impossible. We therefore chose to measure mass spectra in the ion trap

part of our instrument which allows fast switching between positive and negative mode and

thus achieved a quasi-simultaneous monitoring of reacting solutions in both modes. In
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absence of tert-BuOOH, ESI(-) shows the disappearance of Au(lll) in the course of approx. 2 h

(Figure 9) in good accordance with the time for the respective synthetic procedure under

stoichiometric conditions.?”!
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Figure 9: Temporal evolution of ionic species recorded with ESI from a solution containing 7 mol% HAuCl, and a substrate
concentration (A;) of 110 mmol/L in DCE reacting at 60 °C. Samples are diluted with acetonitrile before measurement.
Signal intensities are normalized relative to an internal standard. (a) negative mode; (b) positive mode.

Note that Au(l) is the major fragmentation product of all negative compounds in the catalytic
cycle. Some undefined proportion of its abundance thus is due to fragmentation in the ESI
source. The reaction can be slowed down by reducing the temperature (Figure 10). The
abundances of ions D; and E; are rather low, but in accordance with their presence as

reaction intermediates.
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Figure 10: Temporal evolution of ionic species recorded with ESI from a solution containing 5 mol% HAuCl, and a
substrate concentration (A,) of 50 mmol/L in DCE reacting at 40 °C. Samples are diluted with acetonitrile before

measurement. Signal intensities are normalized relative to an internal standard. (a) negative mode; (b) positive mode.

An unexpected increase for the ions assigned to the intermediates B;1/[C:+Cl]" at late
reaction times is shown in Figure 10. Based on this behaviour, we considered the presence of
a third isomer [F1+AuCly], i.e. an unspecific adduct of the catalyst with the monomeric
reaction product. Such a species can easily be generated independently by mixing pure
coumarin F; with HAuCl, and recording a mass spectrum in negative mode. This spectrum
indeed shows the three expected species: [AuCl,], [AuCls]” and [F1+AuCls]". Mass-selection
and CID of the latter ion mainly yielded [AuCl,]” and small amounts of [AuCls]". In good

[12b]

accordance with earlier results, we could not detect the dimeric product G; after

addition of [AuCl4] to a solution of monomeric product F;.
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ESI(+) spectra are more difficult to rationalize. First, reactant A and monomeric product F are
isomers and therefore isobaric. We had hoped to distinguish both species by CID of
protonated molecules as described above for the spectra of pure compounds. However, it
turned out that ESI of reaction mixtures mostly yielded [M+Na]" instead of [M+H]*, and we
could not obtain reasonable fragmentation spectra of the sodiated ions probably due to
charge loss by elimination of Na*.*® Therefore, we could only follow the sum of A and F.
Second, there is a tremendous difference in ESI response of A and G, G is detected much

better. In Figure 11 a spectrum measured from a 10:1 mixture of A, and G, is shown.

G2+Na®
425173
A2+Na®
225.089
2G2+Na®
Gp+H 827.356
403.191
3G2+Na® ®
304.227 1229.540 4G2+Na
1431.636 1632.727
ol N | | T} a '} ala l 1 l A

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 m/z

Figure 11: ESI(+) mass spectrum of a 10:1 mixture of A, and G,. Irrespective of its presence in large excess, A, is

suppressed.

Irrespective of its presence in tenfold excess, A, is visible only in traces, whereas G, is
detected in very high intensity in monomeric and aggregated form. As a result, ESI(+) spectra
are dominated by signals of G as soon as this product is present even in very small
percentages. Accordingly, Figure 9 shows the presence of A; only at the very beginning of
the reaction. Already after 10 min, signals for G; prevail in the ESI(+) spectra even though A;
was added in twenty-fold excess. Figure 12 shows an ESI(+) spectrum of a reacting solution
after 40 minutes. Due to the ESI response factor of the positive species the signal to noise

ratio is worse than for the negative species.
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Figure 12: ESI(+) mass spectrum of a reacting solution containing 20 mol% of HAuCl, and a substrate concentration (A,) of
100 mmol/L in DCE at room temperature. Sample taken after 40 minutes and diluted 1:50 in acetonitrile (* = internal

standard).

Similar results were obtained for the reaction with A, leading to F,/G,. Nevertheless
performing the reaction at room temperature significantly slows down the reaction and
therefore the temporal evolution of the positive species could be followed. The initial
increase of G, and decrease of A, is then nicely monitored (Figure 13). Please bear in mind
that the chart only depicts the measured signal intensities which do not mirror the correct
relative concentration ratios due to the strong difference in ESI response of A, and G,. The
spectra clearly show that A, has a higher affinity for Na* instead of H®, whereas the

preference is vice versa for G, (Figure 13).
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Figure 13: Temporal evolution of ionic species recorded with ESI from a solution containing 20 mol% HAuCl, and a
substrate concentration (A,) of 20 mmol/L in DCE reacting at room temperature. Samples are diluted with acetonitrile

before measurement. Relative intensities are normalized to the sum of all depicted ions.

The described intricacy hampers a quantitative modelling of the time-dependent ion
abundances. However, the qualitative behaviour fully supports the proposed mechanism.

Consistent with the already published results?? ™

we found a faster reaction at higher ratios
of the catalyst (Figure 14, Figure 15, Figure 16 and Figure 17). We concluded that by
comparing the time when the intensity of product G, got higher than the signal of substrate
A; in the reacting solution. For an easier evaluation we combined the intensities of the Na*
and H' species. Changing the substrate concentration from 50 mmolL™ to 20 mmolL™
lengthened the time just a few minutes or seconds, while increasing the amount of the
catalyst from 5 mol% to 20 mol% fastened the reaction essentially. The curves are already

crossing after 5 min instead of 30 min. Even though this does not reflect the real

concentrations, it still illustrates the course of the evolution.
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Figure 14: Temporal evolution of ionic species recorded with ESI from a solution containing 20 mol% HAuCl, and a
substrate concentration (A,) of 50 mmol/L in DCE reacting at room temperature. Samples are diluted with acetonitrile
before measurement. Relative intensities are normalized to the sum of all depicted ions. (a) negative mode; (b) positive

mode.
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Figure 15: Temporal evolution of ionic species recorded with ESI from a solution containing 20 mol% HAuCl, and a

substrate concentration (A,) of 20 mmol/L in DCE reacting at room temperature. Samples are diluted with acetonitrile

before measurement. Relative intensities are normalized to the sum of all depicted ions. (a) negative mode; (b) positive

mode, the same data as shown in Figure 13; depicted without separation for protonated and sodium-coordinated

molecules.
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Figure 16: Temporal evolution of ionic species recorded with ESI from a solution containing 5 mol% HAuCl, and a

substrate concentration (A,) of 50 mmol/L in DCE reacting at room temperature. Samples are diluted with acetonitrile

before measurement. Relative intensities are normalized to the sum of all depicted ions. (a) negative mode; (b) positive

mode.
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Figure 17: Temporal evolution of ionic species recorded with ESI from a solution containing 5 mol% HAuCl, and a
substrate concentration (A,) of 20 mmol/L in DCE reacting at room temperature. Samples are diluted with acetonitrile
before measurement. Relative intensities are normalized to the sum of all depicted ions. (a) negative mode; (b) positive

mode.
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2.6 Conclusion

We present an ESI-MS investigation of an interesting tandem cyclization and oxidative
coupling reaction catalyzed by HAuCl,. All postulated intermediates of the catalytic cycle
could be detected and characterized by accurate mass determinations and collision induced
dissociation. All involved ions bearing organic ligands are found as Au(lll) complexes. In all
cases, the remaining ligand sphere at the Au centre is filled with chloride ligands resulting in
negatively charged intermediates (A = substrate, F = coumarin, G = dicoumarin; all found
species are [AuCl,]; [AuCls];; [A+AuCly]” = B/ C+CI; [A-H+AuCls]” = D; [2A-H+AuCls]” = D+A;
[2A-2H+AuCl,] = E (The nomenclature of the species A, B, C, D, E, F and G originated from
the postulated mechanism and is listed consecutively with the reaction steps). While all gold
containing species bear a negative charge, the organic substrates and products are only
detectable as [M+H]" and [M+Na]® in the positive ESI modus. Monitoring the temporal
evolution of the reacting solution was unfortunately hampered due to fragmentation during
the ionization process, strong ESI suppression effects, currently indistinguishable isobaric
species and several interesting species with different charges which could not be followed in
one measurement modus (ESI(-) or ESI(+)). However, after some alterations to slow down
the reaction conditions, the progress of all species (positive and negative) could be
monitored over an hour. The results were pretty helpful for a better insight of the reaction
mechanism. Two of the proposed steps along the catalytic cycle, including the key C-C
coupling step by reductive elimination, could be proven to be viable by provoking them in
mass-selected ions in the gas-phase. We could not find evidence for diaurated species or
gold clusters involved in this reaction. We very much hope to contribute to a better
understanding of Au(lll)-catalyzed oxidative coupling reactions which paves the way for

further optimization and the development of new reactions.
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Scheme 3: Proposed reaction mechanism with all detected positive (blue boxes) and negative (orange boxes) species

The red boxes show the three different possible isobaric species which currently cannot be distinguished.
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Figure 18: ESI(-) CID spectrum of mass-selected ions with m/z = 539 corresponding to intermediates B,/C,.
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Figure 19: ESI(-)CID spectrum of mass-selected ions with m/z = 502.9 corresponding to intermediate D,.
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Figure 20: ESI(-) mass spectrum of a reacting solution containing 20 mol% of HAuCl, and a substrate concentration (A,) of
45 mmol/L in DCE at room temperature. Sample taken after 71 minutes and diluted 1:50 in acetonitrile (* = internal
standard; ¥ = FeCl; (m/z = 158.8 (max. 160.8)), FeCl, (m/z = 193.8 (max. 197.8)); iron-containing signals stem from

corrosion of steel equipment).
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Figure 21: ESI(-) mass spectrum of a reacting solution containing 20 mol% of HAuCl, and a substrate concentration (A,) of

45 mmol/L in DCE at room temperature. Sample taken after 7 minutes and diluted 1:50 with acetonitrile (* = internal

standard).
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Figure 22: Full ESI(-) mass spectrum of a reacting solution containing 20 mol% of HAuCl, and a substrate concentration
(A;) of 100 mmol/L in DCE at room temperature. Sample taken after 22 minutes and diluted 1:50 with acetonitrile (* =

internal standard).
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Figure 23: ESI(+) mass spectrum of a reacting solution containing 20 mol% of HAuCl, and a substrate concentration (A,) of
45 mmol/L in DCE at room temperature. Sample taken after 71 minutes and diluted 1:50 in acetonitrile (* = internal

standard).
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3 A conformational and spectroscopic investigation of Aurophilicity and Hydrogen bonding

in Dinuclear Gold(l) NHC complexes
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3.1 Introduction

The initial mention of NHC compounds was done by Ofe/e[za] and Wanzlick'® in 1968 but the
first isolation of a free carbene was accomplished by Arduengo and his co-workers not
before over 20 years later in 1991.59 This pioneering work however led to crystals of [1,3-
bis(1-adamantyl)imidazol-2-ylidene], bearing two adamantly substituents. Since then NHC
compounds and their corresponding metal complexes have gained strong attention, due to a

huge variety of promising applications[4°], which still provide an interesting and growing

[3a-m

research field. Their coinage metal complexes are often used in catalysis, I'as luminescent

compoundsw or other materials'*!. The group of Hashmi recently published a study of highly
active asymmetrically substituted NHC gold(l) catalysts.B”] There are also many medical

applicationsm] known for gold(l) or silver(l) NHC complexes, based on their cytotoxicity[43],

[44 [45

cell imaging properties I'and anti-tumour activity !, Coinage metal complexes with NHC

ligands are also well established due to their intriguing and highly tuneable spectroscopic

(42,4546 \vhich are often based on exceptional d'%-d™ interactions. These

(5]

properties,
aurophilic interactions were first introduced by Schmidtbaur in 1988." They belong to weak
supramolecular interactions with the bonding energy of 5-10 kcal/mol and a typical bonding
length smaller than the sum of the van der Waals radii (< 3.5 A). Over the past decades,
aurophilic interactions were mainly known in solid state. More recently some intriguing
reversible supramolecular systems were found in solution and since then significantly

changed the possible fields of application.[m
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Cationic gold(l) and silver(l) NHC complexes usually feature linear structures with two
heteroleptic or homoleptic ligands. The aromatic carbene moieties can be modified and bear
different kinds of substituents, which leads to a wide array of electronic and steric
parameters. Lots of varying examples are known in the literature with imidazole or
benzimidazole units. Some examples are given below. Hence NHCs provide strong o-donor
abilities, they are often used as option instead of phosphine complexes. Especially gold(l)
NHC complexes are also air and moisture stable and offer a great alternative. This type of

complexes often provides several different binding sites on the ligands and the metal centres

[48] [4d,7¢,49]

and therefore could be used as chemosensors for small molecules™, ions and even

solvents.”*%  Metal complexes with NHC ligands can therefore be part of

] [52] ]

metallosupramolecular  aggregates®”, cages®, macro molecules®®, helicates®™,

[49b,55 [56]

pincers I clusters”®® and other 3d structures”®’®*”!. Aggregation processes are realized

by weak interactions like hydrogen bonding, ion pairing, mesert- as well as metallophilic

(58]

interactions and sometimes even Au...H bonds™"". Exceptional host-guest interactions are

[59

often accompanied by a change of the photophysical behaviour, 'which is usually based on

]

metallophilic[60 interactions. Due to the weak interaction most of the supramolecular

483l 5y stems. Initiation of the

systems are reversible and could provide fascinating switchable
aggregation can be triggered through numerous simple or special techniques like mixing,
grinding (mechanochromic) and even exposure to vapours (vapochromic).[4f’7°'61] This utmost
interesting behaviour provides a convenient yet versatile colour adjustability of metal NHC
compounds. The counterions and their affinity to the cations also play an important role for
the reactivity of catalysts or other properties like solubility, crystal structures or the
aggregation behaviour of host-guest compounds. Therefore their influence should not be
neglected while creating new systems or during investigations of known compounds. Due to
their highly tuneable properties and different features, which are often triggered by small

alterations, coinage metal NHC complexes provide the entry to an attractive research field

and have a huge impact in organometallic chemistry.

Numerous homoleptic dinuclear gold(l) NHC complexes with varying captivating properties
have already been reported before,[2¢42442:46b,46¢,53,61a62] \ayt 14 the alkyl substituents other
functional groups can be attached at the Iigand.[63] Derivatives with differences at the
linker,[4&4162€62564] tha side chains,*®%2"92™85] and the imidazolium moieties'®*™ are possible.

All of these parameters are highly affecting the characteristic parameters of the compounds.
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Crystal structures of gold(l) NHC complexes are highly depending on all functional groups

inside the molecule as well as the choice of the solvent used during the crystallization.

6] [7

Simple modifications at the side chain'® or variation of the counterion”® could change the

[62f,67

whole structure. The exchange of the anions I'has an additional huge impact on other

(68 [69]

properties”al like their photophysical behaviour Vor their catalytical performance™".

Former investigations in our group have shown the correlation between different
counterions and the properties of a series of gold(l]) NHC complexes with ethyl side chains
and imidazolium moieties.*" Varying crystal structures and a change in the fluorescence
behaviour could be connected to different lengths of the flexible alkyl chains between two
NHC units. The main focus of that study lies in the investigation of aurophilic[sa’sc’sd’m]
interactions. Nearly at the same time Pelle et al. presented a [Agz(bis—NHC)z]2+ complex as an

71 R

outstanding example for an Ag’ sensor supported by argentophilic interactions.
addition to our results, Penney et al. confirmed the interactions between similar homoleptic
gold(l) NHC complexes with benzimidazole moieties and bromide as counterion, by
fluorescence- and NMR titration experiments.m] They have shown reversible aurophilic
interactions triggered by the counterion or the solvent methanol. However the connection
between the bromide concentration and the fluorescence of dinuclear NHC complexes
accompanied with a red shift of the emission band was first mentioned by Wedlock et al.l”?!
Another interesting selective halogen receptor was found by Baron et al.’¥ The
supramolecular host-guest interactions of the square planar gold(lll) NHC complexes with

the anions are based on hydrogen bonding, which derive from the wingtip groups of the

ligands.

Overall the research of this type of compounds bears a lot of interesting features and is not
utilized yet. Thus, we now report the synthesis and characterization of three systematic
series of dinuclear gold(l) NHC complexes with hexafluorophosphate and bromide
counterions and compare them with our previously reported results. The choice of the
counterions is not arbitrarily. The bromide salts are deriving from the starting materials of
the synthesis (see Scheme 4) and PFs was chosen for the anion exchange, because
crystallization of those compounds often results in crystal structures free of additional
solvent molecules. Pure substances are important for a clear investigation of the properties.

For additional binding sites the aromatic systems were expanded from imidazole to the
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bigger benzimidazole derivatives. To examine the role of the side chains and linkers, we
synthesized the methyl and ethyl derivatives and complexes with different alkylene bridges
(C1-C3). Crystal structures of all complexes from the series and four new salts with other
counterions ([Auy(bisEt,Melm),](NOs),, [Au,(bisMe,Prim),](BF4),,
[Au,(bisEt,MeBIm),](PO,F,), and [Au,(bisEt,EtBIm),](PO,F,),) were obtained. A subsequently
consistent study of all structural parameters in correlation with the derivatization has been
performed. Supplementary UV/Vis-, fluorescence- and NMR spectroscopic experiments were
performed to analyze the qualification of the complexes as receptor for small substrates,

including the counterions.
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3.2 Synthesis and general characterization of Au(l) NHC complexes

The homoleptic gold(l) NHC complexes 1a — 12a were prepared according to a modified

/- . 123,25b

synthesis adapted from Baker et a The corresponding imidazolium salts were

synthesized via a nucleophilic substitution and then dissolved in DMF, in the presence of
sodium acetate and Au(SMe,)Cl. Anion exchanges were forced by adding an excess of KPFg in

[4f,62f]

H,O to a solution of the complexes in methanol (1a — 3a, 7a - 9a) or a mixture of

methanol/dichloromethane (4a — 6a, 10a - 12a).

77 RN PN
<;/ \:) <i/ \:) <i/ \:> @
__ N Br Br tolucfne = o 2 Br
N _N N 110°C _N.<_N N_ _N<
R\~ n — > R7eN v, R
R =methyl R =ethyl
n= n=
Im 1 1 Im 1 7
2 2 2 8
3 3 3 9
Bim 1 4 Bm 1 10
2 5 2 1
3 6 3 12

NaOAc, Au(SMe,)CI

DMF, 120°C
<;// \\:> (7 \:) "(/// \E> (i \E)
Au® AL®  2PFC MeOH/H,0 Ay ® AL® 52
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3 6b 3 12b 3 6a 3 12a

Scheme 4: Syntheses of the NHC precursors 1-12 and the dinuclear gold(l) NHC complexes 1a,b-12a,b.
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Purification was achieved by slow diffusion of diethyl ether into a concentrated solution of
the complexes. The characterizations of all complexes were performed by NMR
spectroscopy and electrospray mass spectrometry (ESI-MS). The cations were detected as
[M-2X]** and [M-X]* species in the positive ESI-MS modus and the separated anions in the
negative modus. Complete conversions of the imidazolium salts were proven by the shifting
of some resonances and/or the absence of the resulting respective signals in the *H- and **C-
NMR spectra. The synthesized gold(l) NHC complexes can easily be distinguished from the
corresponding imidazolium compounds by a different shifting of the belonging resonances.
The synthesis of the highly symmetrical homoleptic compounds 1a — 12a involves the
disappearance of the resonance from the acidic proton H4 at 6 = 9.5 ppm. Additionally the
signal from the Ccapene atom shifts from approximately 140 ppm up to > 180 ppm.[75] The
change from bromide to hexafluorophosphate could be confirmed by 3p. and ®F-NMR

spectroscopy.

3.3 NMR spectroscopy experiments

Gold(l) NHC complexes show an interesting ring inversion dynamic in solution, which can be
investigated by means of NMR spectroscopy. This effect is especially pronounced for
methylene compounds. The two resonances of the linker (Ha and Hb) are not isochronic, in
consequence of their different chemical environment. Due to their flexibility in solution they
are constantly changing from the exo to the endo position, converting the conformation

from twisted to folded (see Scheme 5).14¢"!

N NeﬁlobN N N N_HONC N _N Nexo N N
N NG\ 1P aVIN 2 NP2 N N z \/ ~
\( Y@ Y@ | Y@ \(@ i‘
A Ha Au Au” Ha i Hb di
eno
"”NANAN)/\N“” \NAN\“ N7 N ~SNANY NN
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Scheme 5: Ring inversion of dinuclear gold(l) NHC complexes with methylene linkers."*®!

The ring inversion can be simply promoted by heating the solution, resulting in a single
resonance for both protons at their coalescence temperature. Yet at room temperature the
molecule is rigid on the NMR timescale and the signals appear as two well distinguishable

doublets.*® Similar ethylene complexes are indeed less rigid and show an enhanced
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flexibility in solution, resulting in a much lower coalescence temperature. Therefore they
cannot be separated, in a spectrum measured at temperatures cooler than ambient

conditions.!®7 *

H-NMR spectra of complexes with longer alkylene chains did show a much
faster dynamic in solution, which could ultimately not be frozen on the NMR time scale.
Hence, a splitting of the signals could not be reached by lowering the temperature down to -
80°C. All NMR experiments in the now presented work were performed at 298 K. Since the
temperature should not have an influence on the mobility of the complexes in solution,
which is important for the comparability of the compounds and their behaviour. The
chemical shift of the signals is not only influenced by the conformation of the complexes but
also by their interactions with the counterions. The interplay of the cations and the anions is
often accompanied with a significant shift of some of the proton resonances caused by the
aggregation, and more precisely by the resulting hydrogen bonding and shielding processes.
The interaction depends on the nature of both of the components, the anions and the
cations, which means that other substrates interact differently with the potential binding
sites of the receptor molecules. Therefore several hydrogen bonds are possible, which will
result in the shifting of the respective resonance or resonances. E.g. Biz et al. found a gold
metallo-tweezer molecule which is able to bind polycyclic aromatic hydrocarbons. The NHC
moiety bears butyl wingtip substituents. Amongst other signals the N-CH, resonances of the

771 Penney et al. examined a shifting of

alkylene chain undergo a significantly downfield shift.
the signals for dinuclear gold(l) NHC complexes with benzyl side chains and varying alkylene
bridges (C1—C3).[72] They found a significant downfield shift for the endo methylene proton
resonance for bromide complexes in comparison with hexafluorophosphate complexes.
Small shifts of the CH,-benzyl resonances and the signals of the aromatic side chain
substituents were also visible. Adding excess TBAB intensifies the effects. The ethylene and
propylene complexes show a similar behaviour and small downfield shifts for the CH,-benzyl
signals, the N-CH, resonances of the alkylene bridges and some of the aromatic resonances.
The strongest changes are however detected for the endo protons of the complexes with
methylene bridges. Another fascinating halogen sensor was found by Basato et al. as a
gold(lll) tetra NHC PFg complex. The ligand precursors are the same as in compound 1 in this
work (bisMe,Melm), but they are linked to only one gold centre with a higher oxidation state

(Au(l1)). Thus, the complex bears two methylene groups and four methyl side chains. The

resonances of the methyl substituents undergo a small downfield shift after the addition of
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halides, while the Hengo signal shows a much stronger shift. This effect is attributed to

hydrogen bonding with the halides.”*!

All these aggregation phenomena are highly depending on the concentration of the
receptors and substrates. High concentrations in solution support the aggregation, due to
higher possibilities of an encounter of the compounds. The mixture will always contain
unbounded cations and anions, due to the reversibility of the weak interactions. High
concentrations change the chemical equilibrium. Most of the host compounds bear several
binding sites. Hence they are able to interact with more than just one potential guest.[”] On
the basis of this experience, the supramolecular interactions in combination with the visible
changes in the spectra are therefore influenced by the stoichiometry of the compounds in

solution.

In addition to the counterions, solvent molecules can also associate with the NHC

[72,78 [4f,7¢,61]

complexes. ! Some of these interactions are also activated by solvent vapours.
Comparing experiments of different complexes should therefore be performed in the same
(preferably purified) solvent. Otherwise a change of the NMR-signals could not be exclusively

connected to the addition of the counterions and the resulting interactions with them.

The counterions also have essential effects on the solubility and the resulting *H-NMR
spectra of the complexes. While the bromide salts dissolve completely in methanol-d4 the
preferred solvent for most hexafluorophosphate salts is acetonitrile-d3 (the solubility of
benzimidazole complexes could be improved by adding dichloromethane-d2). Changing the
solvents involves a crucial decrease of the solubility for most complexes. In contrast to other
solvents all complexes show an adequate but limited solubility in DMSO-d6. Therefore this
solvent was chosen to compare all compounds in Table 1, Table 2 and Table 3. Some of these
solutions could also be used to perform *C-NMR experiments, but some were not
concentrated enough for that purpose. Therefore the overall comparison is limited to the
proton resonances. The Ccpene atoms are directly bonded to the gold centres and the
resonances would probably shift visibly triggered by an aggregation process to the metal.l””!
Even though these data would also be pretty interesting, we were not able to find a good

solvent to compare all these spectra homogenous.
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Table 1: '"H-NMR data of the alkylene linker protons in DMSO-d6, for the complexes 1a,b — 12a,b in ppm.

-CH,- endo/exo -CH,-CH,- -CH,-CH»-CH>-
ImMe*Br 7.19/6.34 4.81 4.16/2.59
ImMe*PFs 7.18/6.33 4.79 4.17/2.59
ImEt*Br’ 7.18/6.38 4.82 4.23/2.62
IMEt*PFg 7.14/ 6.35 4.81 4.22/2.62
BimMe*Br 7.86/7.53 5.39 4.95/3.05
BiImMe*PF¢ 7.53/7.47 5.37 4.93/3.05
BImEt*Br 7.81/7.47 5.39 4.97/3.00
BImEt*PF¢ 7.54/7.44 5.36 4.97/3.01

Table 2: 'H-NMR data of the aromatic protons in DMSO-d6, for the complexes 1a,b —12a,b in ppm.

c1 Q c

ImMe*Br 7.91/7.60 7.89/7.59 7.73/7.60

ImMe*PFs 7.42/7.38 7.73/7.60 7.70/7.57

ImEt*Br 7.93/7.71 7.52/7.45 7.67/7.63

ImEt*PFg 7.90/7.70 7.51/7.38 7.65/7.61
BImMe*Br’ 8.15/7.92/7.62 7.71/7.64/ 7.44/ 7.33 7.71/7.60/ 7.32/ 7.22
BImMe*PFg 8.10/7.93/7.64 7.71/7.62/ 7.48/ 7.34 7.68/7.58/7.31/7.21
BIMEt*Br 8.12/8.01/7.63 7.78/7.58/ 7.44/ 7.31 7.77/7.69/ 7.34/ 7.29
BIMEt*PF, 8.10/ 8.02/7.64 7.77/7.55/ 7.45/ 7.32 7.75/7.68/7.34/ 7.28

Table 3: "H-NMR data of the side chain protons in DMSO-d6, for the complexes 1a,b — 12a,b in ppm.

C1 c2 c3
ImMe*Br 3.88 3.78 3.50
ImMe*PFg 3.88 378 3.49
ImEt*Br m/ 1.39 4.14/1.33 3.87/1.27
IMEt*PFg m/1.39 4.13/1.33 3.87/1.27
BImMe*Br’ 4.13 4.00 3.99
BImMe*PFs 4.13 4.00 3.98
BImEt*Br 4.63/1.44 4.49/1.16 4.52/1.38
BIMEt*PF, 4.64/ 1.45 4.48/1.17 4.52/1.39

The proton resonances of the wingtip substituents are not shifting after the anion exchange.
Some small alterations are found by investigating the second position after the decimal
point, which is rather negligible. A strong interaction of the counterions with the alkyl chains

(as HeesBr bonds) are therefore excluded. The experiments yield also just small shifting for
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the linker resonances of the imidazolium complexes 1a,b — 3a,b and 7a,b — 9a,b. However
the corresponding aromatic signals show strong shifting. The major differences were
observed for the methylene complexes. The complexes with the longer ethylene linker cause
smaller shifting of the signals, while the differences in the spectra of the propylene
complexes are rather subtle and almost not observable. This could presumptively be linked
to another dynamic in solution. While the signals of the aromatic protons of the imidazole
complexes are changing visibly, the spectra of the benzimidazole complexes do not show
significant differences in this area, after anion exchange. The protons are farther from the
gold centres and therefore apparently not strongly affected by the aggregation process. The
more pronounced differences for the complexes 4a,b — 6a,b and 10a,b — 12a,b are visible in
the shifting of the resonances of the linker. The strongest examples are again the methylene
compounds, while the propylene resonances are almost unaffected by the anion exchange.
Nonetheless the bigger benzimidazole moiety should provide an additional binding site in
the first place and so support the interaction of the cation with the counterion. This could
lead to different bonding motifs for these compounds. The anion could be ether interacting
with the big m system or lying between the two gold centres (stabilized by Au««+Br and/or
H.«+Br interactions). The aggregation of cations and anions could be achieved by either one
of these motifs or a combination of them. Due to the accessibility of several different
bonding sites, the NHC compounds could potentially interact with more than just one anion
(For a better overview the following NMR spectra will only show the aggregation between
the gold centres (see Figure 24, b), even though other motifs or a combination are probably
present in solution). Those interactions could activate a folding process of the complexes
and therefore promote the intended aurophilic interactions, due to short Au...Au distances.
The supramolecular interplay does not necessarily include the penetration of the cation by a
counterion. The negative charged substrates could also interact with the complex, by

coordination on the outside of a cavity or interfolded structure.
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Figure 24: Potential binding motifs of the cationeeeanion aggregates, a) anioneeemt aggregation in benzimidazolium
complexes, b) AueeeBr and/or HeeeBr aggregation in benzimidazolium complexes, c) anion — it aggregation in

imidazolium complexes, d) AueeeBr and/or HeeeBr aggregation in imidazolium complexes.

Even though the aggregation behaviour and changes of the dynamic in solution are different
for imidazolium and benzimidazolium complexes, both derivatives seem to interact with the
counterions, resulting in visible changes in the respective spectra. The herein presented
benzimidazolium complexes demonstrate a comparable ion pairing interaction, as seen in

(721 1yt without the additional benzyl function. These additional

the work of Penney et al.
aromatic systems seem to support the aggregation behaviour but can be ruled out as
essential for the binding process. The smaller complexes used in our work do provide several

binding sites which are, depending on the results, able to interact with the counterions.

The connection between a bromide - complex interaction and the downfield shift could be
proven by adding tetrabutylammonium bromide (TBAB) to the solution of the PFg
complexes. Switching from the bromide complex 10a (10 = [Au,(bisEt,MeBim),]**) to the
corresponding hexafluorophosphate complex 10b shows the abovementioned strong
downfield shift of the two signals from the endo/exo protons. Yet adding TBAB to the
solution of 10b causes the reverse downfield shift of the examined signals, proofing the
influence of the counterion. The shifting was therefore attributed to an aggregation of the

anion into the cavity of the cation in solution.
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Figure 25: 'H-NMR spectra of a) 10a, b) 10b and c) 10b+TBAB in DMSO-d6.
Measurements in other solvents than DMSO-d6, though obtain stronger shifting of the
signals of the bridging protons (see Figure 26, Figure 27, Figure 28 and Figure 29). These
spectra are recorded from solutions in ACN-d3. Only some of the complexes show a good
solubility in this solvent and can therefore be used for experiments, in an adequate
concentration. DMSO is not a good solvent for UV/Vis measurements, due to the limited
measurement range. Acetonitrile however is a good solvent for the investigation in the

interesting wavelength area. Thus the NMR experiments in both solvents are interesting and

constructive.

Hexafluorophosphate and bromide are not the only possible counterions for gold(l) NHC
complexes. Even though we are mainly working with these two derivatives, others are also
possible and the investigation of their behaviour is just as interesting. Several examples of

[2c,4b,4d,4h,7b,

compounds with other anions are known to the literature. 74.80] According to Viji et

al. the addition of AgNOs in acetonitrile shows a similar impact on the proton resonance of a

79 These changes could be confirmed for the

dinuclear silver(l) NHC complex.
benzimidazolium complex 10b after the addition of AgNOs in acetonitrile. The both doublets
of the endo and exo protons undergo the shifting process. In accordance with our previously
found results, the signals of the aromatic benzimidazole systems undergo only small but still

visible shifting after the addition of TBAB (Figure 25) or AgNOs (Figure 26).
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Figure 26: '"H-NMR spectra of a) 10b and b) 10b+AgNO; in ACN-d3.

In contrast to these results, adding AgPFs to the solutions causes no changes in the NMR
spectra. This silver salt, with the non coordinating counterion, was chosen to reduce cation
anion interplay and to force an Au...Ag interaction, but resulted in none observable effects
at all. The experiment indicates that the examined complex was not able to form aggregates
with silver ions but rather with nitrate, after the addition of AgNOs to the solution of the
complexes (Figure 26). Interestingly the resonances of the aromatic systems are also slightly
shifting. This could be an indication for an aggregation of counterions to several binding

sides of the complex, inside the cavity as well as between the benzimidazolium moieties.

Next to the counterions the solvents are also important for the dynamic and interaction in
solution. The spectra in Figure 25 b) and Figure 26 a) are both recorded with a solution of
complex 10b, but one in DMSO-d6 and the other in ACN-d3. The shifted signals could be
attributed to different solvation behaviour with containing moisture and interactions of the
solvent itself with the complexes. Penney et al. were able to confirm phosphorescence

arising from exciplexes formed between the excited state of the cation and methanol.”?

Using complexes with imidazolium moieties for these aggregation experiments shows

stronger shifts of the aromatic resonances as already mentioned. The two signals of the ring
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protons are strongly shifted after the addition of different silver salts. Figure 27 shows the
'H-NMR spectra of the two imidazolium complexes 7a and 7b as well as the three spectra of
the solutions of 7b after the addition of an excess AgNO3, AgOTf and AgBF, respectively (7 =
[Au,(bisEt,Melm),]*). The anion exchange from bromide to hexafluorophosphate results in
a difference of the proton resonance of the methylene linker (small shift) and the
imidazolium ring (strong shift). Adding a huge excess of the silver salts leads to a comparable
downfield shift of the respective resonances depending on the counterion. The intensity of
this effect is highly influenced by the counterion. The strongest impact was achieved by
adding the nitrate compound. This improved anion cation aggregation is probably supported
by additional hydrogen bonds. The oxygen atoms in NOs3 are good acceptors for these
bonding interactions. Keep in mind, that all experiments are showing differences in relation
to the PF¢ complexes in acetonitrile. Hexafluorophosphate has the weakest interaction of all
anions with the complexes, under the given conditions. This was already investigated by
adding AgPF¢ to the complex solutions, resulting in NMR spectra with no recognizable
shifting of the resonances. The new results are highly recommending cation (dinuclear gold

compound) anion interactions, independently of the cation in the added salt (here silver).
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Figure 27: "H-NMR spectra of a) 7a, b) 7b, c) 7b+AgNO, d) 7b+AgOTf, e) 7b+AgBF, in ACN-d3.
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Due to the fact that this impact is similar to the changes caused by bromide, more detailed
investigations of the anions of the corresponding silver salts were performed. The two
compounds with the strongest (NO3’) and the weakest (BF;’) impact (in comparison with the
PFs complexes) were chosen for further experiments. An excess of the corresponding
tetrabutylammonium (TBA') salts was added to a solution of 7b in acetonitrile and the
resulting spectra compared to the former results. The achieved spectra show a comparable
effect. An excess of the NO5 salts (Ag* or TBA') causes a strong downfield shift of the signals,
while adding BF, (Ag’ or TBA') causes only a small but still recognizable difference.
Therefore we concluded that the shifting of the proton resonances is based on the
aggregation of the anions to the cation. This result is supported by the absence of these
processes after adding AgPFg and the obvious shifting in the spectra of the complexes with
different counterions. The anions PFs and BF; are known as non-coordinating. The
aggregation with the NHC compounds could be forced by several possible weak HeseeF
hydrogen bonds. The bigger hexafluorophosphate is probably more steric hindered and
therefore the interactions with the smaller tetrafluoroborate seem stronger, based on the
shifting process of the aromatic resonances. The aggregation of NOs” however results in the
strongest changes in the "H-NMR spectrum. This behaviour could be explained by stronger
hydrogen bonding with the oxygen atoms (O...H). While the cation does not significantly
influence the aggregation with BF, the interactions of the NO3” salts are different. They likely
derive from additional interactions of the anion with TBA®. Nevertheless both nitrate
containing mixtures show the strongest shift of the proton resonances, in comparison with
the other tested anions. Based on the given results, an attractive interaction of the added
cations (Ag" and TBA") with the dicationic gold compounds was again excluded. Even though
Au...Ag interactions are possible, metallophilic attractions are not strong enough to
overcompensate the coulomb repulsion. An interplay of the compounds, would obtain three

positive metal centres next to each other, which is often unstable and therefore unusual.
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Figure 28: '"H-NMR spectra of a) 7b, b) 7b+AgNO;, c) 7b+TBA"™*NO; in ACN-d3.

a)7b

b) 7b+AgBF,

c) 7b+TBA™ BF,

Figure 29: 'H-NMR spectra of a) 7b, b) 7b+AgBF,, c) 7b+TBA"*BF, in ACN-d3.

3.4 X-ray crystal structures
Single crystals suitable for x-ray diffraction were obtained by slow diffusion of diethyl ether

in a solution of methanol for the bromide complexes (1a — 12a) or acetonitrile for the
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hexafluorophosphate complexes (1b — 12b). Thus we compared those 24 crystal structures
including 15 not yet known to the literature. Supplemental aggregation experiments with
different silver and ammonium salts were performed in solution. During these investigations
four additional single crystals with other counterions could be obtained
(3 = [Au,(bisMe,Prim),]***2N03’, 7¢ = [Au,(bisEt,Melm),]***2BF,

10c = [Au,(bisEt,MeBim),]>**2P0O,F,, 11c = [Au,(bisEt,EtBim),]*"*2P0O,F,). All relevant
structural parameters are summarized in Table 4. The structures are typically consisting of
layers of dinuclear gold(l) NHC cations with two surrounding anions. The two coordinated
gold centres with mostly coplanar NHC moieties show almost linear C-Au-C axes with an

expected length of approximately 2.0 A for the Au-C bonds.[#2/4/4%41:46¢,62f,63b,71-72,81]
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Table 4: Selected data of the crystal structures for the complexes 1a,b — 12a,b and 3c, 7c, 10c, 11c.

'moieties | Au-C/A C-Au-C/° AueesAu/ A AusesAu/ A n-n/ A HX/A | H-X/A | H-X/ A
Intra- Inter- inter- linker side- ring
molecular molecular molecular chain
1af Im 2.021(8) 169.3(3) 3.4671(4) 4.4997(5) 3.2132(4) 2.715 2.713 2.682
2.022(8) 172.3(3) 3.5205(4) 2.730 2.757 2.722
methyl
2.023(9) 3.5313(4) 2.970 2.865
2.024(8) 2.986 2.895
2.915
1b° Im 2.013(4) 177.9(2) 3.8842(1) 3.7236(1) 3.59184(9) 2.400 2.396 2.255
2.019(4) 170.5(2) 3.76566(10) 2.458 2.527 2.404
methyl
3.95247(11) 2.608 2.588 2.478
2.557
2.591
2a° Im 2.051(11) | 177.1(5) 4.6320(3) 6.8465(3) 3.2815(2) 2.646 2.799 2.698
2.009(11) | 174.0(4) 3.4522(2) 2.926 2.849 2.707
methyl
2.028(11) 3.7038(2) 2.985 2.912 2.739
2.027(11) 3.033 2.896
2.900
2.970
2b° Im 2.035(5) 177.11(19) 5.5492(3) 4.6992(2) 3.4034(2) 2.494 2.384 2.493
3.5177(2) 2.654 2.631 2.547
methyl
2.563
3a%" Im 2.007(15) | 177.2(5) 3.1153(2) 3.9286(3) 3.1556(2) 3.030 3.044 2.895
2.045(12) 3.3809(2)
methyl
3b° Im 2.024(6) 177.6(2) 3.2283(4) 3.7036(1) 3.29060(6)" 2.456 2.428 2.357
2.009(6) 3.55873(7) 2.470 2.578 2.520
methyl
2.473
2.618
2.650
3¢ Im 2.023(8) 178.7(4) 2.9990(6) 3.7469(3) 3.4272(3) 2.348 2.331 2.490
2.031(9) 2.503 2.337 2.505
methyl
2.558 2.376 2.637
2.562 2.529
2.584 2.601
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4ot Bim 1.993(15) | 174.8(6) 3.0469(10) 9.010 3.3964(7) 2.779 2.837 | 2.757
i 2.016(14) | 175.3(6) 3.5091(7) 2.895 | 3.019 | 2.854
methy
2.024(15) 3.4023(8) 2.958
2.024(15) 3.4672(5) 2.961
2.995
ap'* Bim 2.027(10) | 169.6(4) 3.0744(8) 8.664 3.66132(19) | 2315 | 2.395 | 2.433
i 2.032(10) 3.46569(17) 2.521 | 2.507
methy
2.530 | 2.544
2.589 | 2.619
2.598
5a%" Bim 2.027(13) | 178.4(6) 3.43670(19) | 9.416 3.46978(19) | 2.673 | - 2.951
i 2.045(13) | 178.6(7) 3.39365(16) | 2.747 2.953
methy
2.046(13) 3.46485(19) 2.988
2.070(14) 3.44875(18) 2.992
3.034
5b° Bim 2.020(15) | 177.8(6) 3.2359(10) 8.680 3.3398(4) 2340 | 2454 | 2.441
i 2.030(15) | 176.6(7) 3.2739(3) 2395 | 2538 | 2514
methy
2.019(19) 3.4139(4) 2.562 | 2.554 | 2.526
2.064(17) 3.3043(4) 2.584 | 2.617 | 2.535
2.660 | 2.618 | 2.569
2.629 | 2.581
2.635
2.644
2.645
2.659
2.664
6a"" Bim 1.993(17) | 175.0(6) 4.7375(6) 7.4740(1) 3.4097(3) 2.845 2.788 | 2.904
il 2.029(15) 3.4625(4) 2933 | 2829 | 2976
methy
3.027
6b’ Bim 2.009(10) | 175.6(4) 6.3844(5) 6.903 3.3427(3) - 2591 | 2.401
i 2.008(9) 2.494 | 2391
methy
2.630
2.670
7a%" Im 2.015(12) | 170.0(5) 3.6627(13) 3.57866(16) | 3.4598(16) 2750 | 2.869 | 2.677
i 2.018(13) | 174.5(5) 3.48532(15) | 2.855 | 2.956 | 2.786
ethyl
2.026(12) 2.905 2.814
2.031(12) 2.846
3.024
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7b° Im 2.017(5) | 172.6(3) 3.6475(5) 5.2346(8) 3.4790(5) 2311 | 2515 | 2.287
ethyi 2.022(5) | 174.3(2) 4.6784(6) 2422 | 2539 | 2.353
2.588 | 2.518
2589 | 2.612
2611 | 2.646
7¢" Im 2.025(4) | 172.39(15) | 3.69346(10) | 3.580 3.30811(7) 2.265° | 2.447° | 2.232°
ethyi 2.015(4) | 173.45(15) 3.39609(10) | 2.541° | 2.475° | 2.272°
2.029(4) 2.647° | 2.536° | 2.290°
2.026(4) 2.714° | 2.669° | 2.324°
2.680° | 2.368°
2.720° | 2.379°
2.470°
2.546°
2.619°
8a°" Im 2.018(5) | 173.8(2) 3.3988(1) 7.2397(3) 3.28064(12) | - 2675 | 2.836
thyl 2.021(5) | 177.4(2) 2.884
2.023(5) 2.921
2.025(5) 2.978
8b° Im 2.025(3) | 175.29(11) | 3.2328(2) 6.2975(2) 3.22013(14) | 2.332 | 2437 | 2372
ethyi 2.027(3) | 176.22(11) 3.28141(15) | 2.511 | 2.499 | 2.469
2.032(3) 2590 | 2.582 | 2.492
2.032(3) 2644 | 2598 | 2.514
2.659 | 2.657 | 2.552
2.670 2.566
2.625
2.531
2.592
93’ Im 2.012(5) | 178.6(2) 6.7918(3) 7.1092(4) 3.4334(2) - 3.036 | 3.016
thyl 3.041
9b*" Im 2.0069(3) | 175.6(4) 6.4190(9) 3.2916(4) 3.4283(5) 2440 | 2386 | 2.325
thyl 2.0151(3) | 176.6(4) 3.5103(4) 2480 | 2458 | 2.344
2.0261(3) 2536 | 2.547 | 2.410
2.0333(3) 2593 | 2.566 | 2.435
2619 | 2574 | 2.593
2.640 | 2.584 | 2.604
2.654 | 2.600 | 2.611
2.601
2.625
2.644
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102" %" Bim 2.032(5) | 174.45(18) | 3.1700(3) 7.8570(2) 3.19075(8) 2591 | 3.022 | 2.815
ethyi 2.017(5) | 175.86(19) 3.28623(7) 2759 | 3.027 | 2.865
2.017(5) 3.38093(7) 2.808 2.928
2.022(5) 3.50901(9) 2.966 2.949
2.979
3.006
106°° Bim 2.031(6) | 172.2(2) 3.1635(5) 6.108 3.44976(5) 2553 | 2552 | 2.510
ethyi 2.027(5) 2.664 | 2569 | 2.523
2649 | 2.669 | 2.525
10c*¢ Bim 1.981(17) | 172.8(6) 3.2241(11) 6.119 3.43696(10) | 2.246 | 2.592° | 2.515
thyl 2.065(17) 2.660° | 2.466
2.423° | 2.667
11a%" Bim 2.023(9) | 175.6(4) 3.5194(2) 8.1412(4) 3.31395(13) | 2.948 | 2.300 | 2.498
thyl 2.011(9) 3.4894(2) 2.630 | 2.501
2.758 | 2.937
2.786 | 2.973
2.827 | 3.006
2.926 | 3.009
2.992
3.033
11b%" Bim 2.032(4) | 179.71(18) | 3.3937(2) 8.497 3.33847(17) | 2.526 | 2.374 | 2.340
ethyi 2.030(4) | 178.26(18) 3.37197(18) | 2.542 | 2426 | 2.386
2.013(4) 3.40200(17) | 2.587 | 2.534 | 2.431
2.019(4) 3.5317(2) 2.647 | 2.447
2.466
2.797
2.508
2.529
2.593
2.657
11¢° Bim 1.997(15) | 174.3(6) 3.54335(14) | 8.006 3.29492(9) 2649 | 2331 | 2.430
thyl 2.000(15) | 174.8(6) 3.54575(15) 3.30034(9) 2.480° | 2.543 | 2.522
2.008(18) | 175.5(6) 3.63054(15) 3.38703(12) | 2.575° | 2.133° | 2.544
2.010(15) | 175.7(6) 3.49989(13) | 2.630° | 2.616° | 2.548
2.011(13) 2.688° | 2.581
2.011(13) 2.689° | 2.616
2.011(14) 2.708° | 2.621
2.021(15) 2.405°
2.040(13) 2.468°
2.562°
2.678°
2.718°
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12a° 3 | Bim 2.021(4) 175.32(13) 6.6437(2) 7.1395(2) 3.29403(10) 2.800 2.953 2.980
2.018(4) 3.47269(11) 2.924 3.042 3.043
ethyl
2.953
12b° 3 | Bim 2.10(5) 172(3) 6.669(5) 7.259 2.7651(15) 2.362 - 2.483
4.102(2) 2.600
ethyl

“The value NHC plane centre to centre is given; ? intramolecular r-it distances; © O-H bond distances; Geometrie of the cations:
"stretched, ¢folded, ftwisted, 9U shaped, " additional solvent molecules in the structure; i aromatic moiety: im = imidazole,

Bim = benzimidazole; ix represents F or Br.

In accordance with the NMR experiments, silver salts of NO3’, BF4, OTf and PFs were added
to the solutions. All realized attempts to crystallize a silver containing system just resulted in
the exchange of the counterion and the formation of bright yellow silver nanoparticles.
These results are not depending on the counterion of the complexes, which were used for
the crystallization experiments. Adding an excess of AgNOs to a solution of the PFg
complexes simply produces the nitrate complexes. The corresponding crystal suitable for x-
ray crystallography was exclusively obtained from the imidazolium complex 7c (Figure 1; 7 =
[Au,(bisEt,Melm),;]**). Even though the NMR experiments have shown the strongest
interactions between the cations and nitrate, this counterion does not support the growth of
monocrystals. Changing the solvent or the crystallization technique could overcome this
problem, but was not further tested in the given work. The crystal structures of the other
ethyl compounds 7a,b — 9a,b have already been discussed in detail.*? The previous work is
limited to the comparison of the complexes of this series and will now be expanded with the

new complexes.
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Scheme 6: Anion exchange of the complex 7b with AgNO;.

The new structure of 7c is comparable to the structure of the equivalent bromide salt 7a.1%
The preferred and more stable conformation of the cation is U shaped.m] All imidazole

complexes with methylene linker (1a,b and 7a,b,c) have these folded structures in common.
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They consist of a network build of it stacked layers of cations with surrounding anions (and
solvent molecules) which are connected via hydrogen bonding. Therefore the cations take
up different orientations in the crystal which allows face to face interactions of the aromatic
systems. Sometimes the two imidazolium moieties linked by a gold atom are lying above a
pair of two imidazolium moieties which are also linked by a gold centre, allowing
intermolecular Au...Au distances slightly above the range for aurophilic interactions. This
structure motif is not continuous in the whole crystal. Several aromatic systems linked by the
same Au atom are interacting with the m systems of different cations. This arrangement

connects the cation arrays.
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Figure 30: ORTEP drawing and crystal packing of complex 7c (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity.

The influence of the counterions on the structure seems small and the conformation of the
linker terminates the arrangement. All C-Au-C axes are slightly bent and the gold atoms are
pointing inwards to each other, resulting in intramolecular Au...Au distances just a little
longer than the range of aurophilic interactions. They are strongly determined by the N-C-N
angles of the tetrahedral methylene bridges with the two connected nitrogen atoms. All
ethyl wingtip groups are pointing to the cavity of the U shaped cations as seen in the

bromide complex 7a. In contrast, two of the side chains of the PFs complex 7b are pointing
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to the outside of the cavity. This in out conformation indicates the influence of the
counterion to the conformation of the side chains, based on different interactions with the
cocrystallized solvents and the anions. The NOs; counterions are interacting with the
imidazolium cations and the acetonitrile molecules via several hydrogen bonds. One
counterion is arranged near a gold centre with a Au...O distance of 3,363 A. According to the

work of Bondi'®

I'these distances are larger than the sum of the van der Waals radii of the
atoms (3.18 A). But there are newer findings of Batsanov®! which provide larger radii for
gold and result in a Au--.O distance of 3.65 A. Weak interactions between the counterion
and the gold atom could not be excluded. Keep in mind, that packing effects and other
different bonding types (like hydrogen bonds) could promote the position of the counterion

and be the driving force for the given geometry.

Figure 31: OR ORTEP drawings of complexes 7c showing short AueeeO and Hee«O distances in the crystal (50% probability

level for the thermal ellipsoids).

The bromide complex 1a is the only imidazole methylene complex with an Au..<Au distance
shorter than 3.5 A (1 = [Au,(bisMe,Melm),]*"). Bigger counterions lead to longer distances
between two cations, in account of steric effects. Additional HeesF/ H+s.O bonding between
the cations and the counterions support a more linear conformation. Interactions between
the hydrogen atoms of the complexes and halides are common for this type of
compounds.P7?*826207484 This tyne of counterions are unusual, but actually good hydrogen

bond acceptors[SS] and therefore able to interact with the cations. The NHC compounds for
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their part do bear several CH, CH, and CHs groups which can all act as donors and provide
hydrogen bonds with bromide (C-He«..Br) and the rather non-coordinating

hexafluorophosphate (C-He«<F-P).

ﬁBRQ

Figure 32: ORTEP drawings of complexes a) 1a and b) 1b (50% probability level for the thermal ellipsoids).

The crystal structures of the complexes 1a and 1b (see Figure 32) are quite similar to 7a - 7¢
(7 = [Auz(bisEtzMeIm)2]2+). The longer ethyl side chain enables the cocrystallization of solvent
molecules in 7a and 7c. Using the bulky PFg ion prevents this phenomenon in the structure
of 7b.*! There are two different positions of the anions in the structure of 1a. The bromide
(Br2) in the structure of 1a is mainly interacting with the aromatic hydrogen atoms of one

cation and the methyl substituents of another cation.
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Figure 33: ORTEP drawings of complexes 1a showing short AueeeBr and HeeeBr distances in the crystal (50% probability

level for the thermal ellipsoids).

The other counterion (Brl) however lies between two methyl groups next to a metal centre
of one complex and two methylene bridges of another cation. This configuration provides
short Au...Br distances of 3.347 A, next to the H.«.Br bonds. Based on the results of Bondi [82]
the van der Waals radii of Au.«-Br are 3.51 A. Therefore the interactions could probably be

classified as attractive. They could also be forced by packing effects or in contrast be another

driving force for the give crystal structure.
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Figure 34: ORTEP drawing of complex a) 1a and b) 1b (50% probability level for the thermal ellipsoids). Hydrogen atoms

have been omitted for clarity.

The PFg counterion also provides two different positions of the anions in the structure. One
(with P1) is centrally arranged above the cavity and is stabilized by H...F bonds to the

methylene bridges and the other one (with P2) lies next to the aromatic moieties of the
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cation. Both counterions also build hydrogen bonds to the methyl wing tip substituents of
the neighbouring cations. According to Bondi, the van der Waals radii of Au«««F are 3.13 A.182
In contrast to that Batsanov reports van der Waals radii of gold, which can reach 2.1 A1
With this data the Au..«F distances could reach 3.6 A (and 4.0 A for Au.«-Br). Following these
results, shows one short Aue.«F distance of 3.478 A and one long distance of 3.626 A which is

slightly above those values. The interaction of the metal centres with the counterion is not

as clear as in compound 1a and therefore at the utmost described as weak.
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Figure 35: ORTEP drawings of complexes 1b showing short AueeeF and HeeeF distances in the crystal (50% probability

level for the thermal ellipsoids).

Chancing the counterion to iodide has similar effects on the structure, shown by Barnard et

[465] The cations are also U shaped and stabilized by m stacking, but the Au...Au distances

al..
are longer in comparison with complex 1a. The described 3.5425(6) A are slightly above the

range for aurophilic interactions.
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The structure of 7b (7 = [Au,(bisEt,Melm),]**) should not be discussed in detail in this work,
but is still providing some interesting interactions. As seen before for the compound 1b, the
hexafluorophosphate ion is centrally arranged above the cavity. This geometry allows short
Aue.+F distances of 3.405 A. This is shorter than the sum of the van der Waals radii and

therefore considered carefully as a weak attractive interaction.

Figure 36: ORTEP drawings of complexes 7b showing short AueeeF and HeeeF distances in the crystal (50% probability

level for the thermal ellipsoids).

Contrary to the first examples the structures of imidazole complexes with ethylene bridges
are highly depending on the counterion and the wingtip groups. While both complexes with
ethyl side chains (8a,b) build folded pocked shaped cations with short metallophilic
distances, the corresponding methyl derivatives (2a,b) are stretched out without Au..:Au

interactions (8 = [Aus(bisEt,Etim),]**; 2 = [Au,(bisMe,Etim),]*").
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Figure 37: ORTEP drawing and crystal packing of complex 2a (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity.

Two cations of the bromide salt 2a show a capsule like conformation, surrounding one anion
and leading to short He..+Br distances. Therefore one linker has a trans and one a gauche
conformation. This creates long Au..Br distances of 3.735 and 4.496 A, which cannot mainly
be explained by aurophilic interactions but packing effects in combination with hydrogen
bonding and m stacking. The smaller Au.«.Br distance does fit to the van der Waals radii
found by Batsanov'®3! but they are at best a weak support for the hydrogen bonds. The
bromide (Br2) is the one inside the cavity of two cations. This counterion has mainly short
distances to the ethylene bridges and methyl side chains, but also to the aromatic protons of
a cation next to the aggregates. The both other counterions (Brl and Br3) are arranged in
the space around the cationic dimers. They show short He..Br distances to all possible

protons (methyl-H, ethylene-H and imidazolium-H).
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Figure 38: O ORTEP drawings of complexes 2a showing short AueeeBr and HeeeBr distances in the crystal (50% probability

level for the thermal ellipsoids).

The corresponding PFg derivative 2b has an all trans conformation (see Figure 39). The
S-shaped cations are stretched with a long intramolecular Au..-Au distance of 5.5492 A. The
cations are highly symmetrical and form layers, stabilized by m stacking. The PFg ions are
lying on top of the zigzag cations. The conformation is stabilized by multiple short HeeeF
bonds. They arrive from the ethylene bridges of the cations above and beneath the
counterions but also from the imidazolium moieties and the methyl substituents of the
surrounding complexes. This crystal structure was previously published by Baron et al. in

2016.8%
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Figure 39: ORTEP drawing and crystal packing of complex 2b (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity.

The geometry of the counterions allow one shorter Au.«+F distance of 3.162 A, which could

be considered as weak attractive interaction. Again the H.««F interactions are more clearly

pronounced.

Figure 40: ORTEP drawings of complexes 2b showing short AueeeF and HeeeF distances in the crystal (50% probability

level for the thermal ellipsoids).

63



[4f’6], some of the

Even though the structures of 8a and 8b were described in detail before
shorter interactions are still worth mentioning. As seen in Figure 41 the bromide has a
distance of 3.733 A to Au2, which is shorter than the sum of their van der Waals radii
according to Batsanov. B3] There are no He«+Br interactions marked in the figure, because the
counterion does only form hydrogen bonds to other cations. This means, that the Au.«.Br

interaction is the only connection of this counterion and the cation.

Figure 41: ORTEP drawings of complexes 8a showing short AueeeBr distances in the crystal (50% probability level for the

thermal ellipsoids).

The crystal structure of 8b shows another bonding type, which has not been seen and
discussed before in this work. The counterions are lying next to aromatic moieties, providing
anione..mt interactions. They are realized by short distances between the NHC planes and the
respective fluorine atoms (F4: 2.98231(10) A, F5: 3.51648(12) A, F6: 3.16659(10) A for one
moiety and F8: 3.22091(11) A, F11: 3.04657(11) A, F12:3.19695(11) A for the other moiety).
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Figure 42: ORTEP drawing of complex 8b (50% probability level for the thermal ellipsoids).

The imidazole propylene structures are as well highly affected by the wingtip groups.
Reverse to the ethylene derivatives the methyl complexes (3a,b) build sandwich analogue
cations with short Au...Au distances and the ethyl derivatives (9a,b) are stretched out (3 =

[Aua(bisMe,Prim),]*; 9 = [Au,(bisEt,Prim),]**).
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Figure 43: ORTEP drawing and crystal packing of complex 3a (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity.
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The structure of complex 3a consists of alternating layers of the folded m stacked cations.
The C-Au-C axes are parallel arranged providing short aurophilic interactions of 3.1153(2) A.
The linkers are pointing in different directions from these axes, building a chair
conformation. The solvent molecules and counterions are arranged in layers connected to
the side chains and linkers by attractive hydrogen bonding. All bromide anions in the
structure of 3a show short Hs«.Br distances to four protons which are always the same for
every layer. They are interacting with three cations (one methyl-H8, one propylene-H6 and
one aromatic H13) and the hydroxyl proton of the here distorted methanol molecule. All
other protons do not provide any short distances to bromide. The hydrogen bonds in this
structure are exceptionally long for these kind of complexes (2.895 A, 3.030 A and 3.044 A)
and therefore only moderate. The distances of the H...Br bonds with the solvent are
depending on the arrangement in the structure. The distorted position could provide
distances of 2.327 A or long 3.033 A. The driving force in this structure seems to be the it

stacking and the metallophilic interactions.

Figure 44: Crystal packing of complex 3a (50% probability level for the thermal ellipsoids). Hydrogen atoms have been

omitted for clarity.

The cations of 3b show three different rotated U shaped arrangements in the crystal (see
Figure 45). They form horizontal layers with the cations pointing in the same direction and
vertical layers with the different orientations. The view along the Au...Au axes looks like
triangles formed by the C-Au-C axes and an overall structure similar to a picture from a

kaleidoscope. Interestingly the three intramolecular and respective intermolecular Auss<Au
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distances are identical (3.2293(4) A intramolecular and 3.7036(1) A intermolecular). The
structure found here is in good agreement with the already published results of Baron et
al.* The bigger counterion fills out the space between the cations and renders the
additional solvent molecules unnecessary. Due to the alternating overall structure the
counterions are surrounded by several cations, providing versatile short He«.F bonds to all of
them. Even though the arrangement of the cations and counterions is pretty different in the
structures of 3a and 3b, both structures have the sandwich like configuration of the cation
with aurophilic interactions in common. The key for that favourable geometry is the long and

dynamic propylene linker.
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Figure 46: Crystal packing of complex 3b (50% probability level for the thermal ellipsoids). Hydrogen atoms have been

omitted for clarity.
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The previously reported structures of 9a and 9b are W shaped[‘”] and their overall structure
is rather similar with the structures found for the methylene complexes 1a,b and 7a,b,c.
While the arrangement of the cations in 9a does not allow aurophilic interaction, the
structure of 9b provides short intermolecular aurophilic interactions. This is a unique feature
of this structure and could not be detected for any other complex, even though the

distances in 7a and 7c are only slightly above 3.5 A.

Adding AgBF,; to the crystallizing solutions always yielded in crystals of [Ag(CH3CN)4](BF4).
Therefore an anion exchange was performed before the crystallization process. The complex
was dissolved in a mixture of methanol, acetonitrile, dichloromethane and then a saturated
solution of NaBF; in water was added. Removing the organic solvent led to the new
compound 3c. Single crystals were obtained by slow diffusion of diethyl ether in a saturated

acetonitrile solution of the pure complex.
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Scheme 7: Anion exchange of the complex 3a with NaBF,.

The structure of this peculiar new complex contains the shortest Aus<-Au distance (2.9990(6)
A) of all investigated complexes. This strong aurophilic bond is fulfilled by a distorted
conformation of the cation. The two C-Au-C axes are not parallel but almost vertically

arranged.
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Figure 47: ORTEP drawing of the distorted cations of complex 3¢ (50% probability level for the thermal ellipsoids).

The arrangement of the cations is slightly disordered, resulting in two almost identical but
rotated molecules. The methyl carbon atoms C6 and C13 are part of the propylene-linker in

the other conformation and the loss of C5 and C12 leads to the new methyl side chains (see

Figure 47).
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Figure 48: Crystal packing of complex 3c (different cation conformation, 50% probability level for the thermal ellipsoids).

Hydrogen atoms have been omitted for clarity.

The counterions are stabilized via H...F bonds and form separated sections between the
cations. While the complexes 3a and 3b contain the already mentioned sandwich like cations
with intramolecular me...mt interactions, in complex 3c only intermolecular m stacking is
possible. Therefore the complexes are stacked with parallel C-Au-C axes of the two
neighbouring cations. Thus the next cation above is turned to achieve the same parallel
orientation to the other C-Au-C axis. This leads to long alternating chains of the gold
compounds. Another example of an imidazole propylene complex with a methyl side chain

was found by Gil-Rubio et al. in 2013.12" The given structure was crystallized with triflate
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counterions. The bulky anion promotes a stacked arrangement with twisted cations similar
to 3c. Even though the Aus..Au distances in that structure are slightly longer than in the

crystal of the here presented BF; complex.

Figure 49: ORTEP drawing and crystal packing of complex 4a (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity.

Changing the imidazole scaffold to benzimidazole creates a bigger m-system with a higher
ability for it stacking and additional binding sites. The methylene complexes 4a,b and 10a,b
were crystallized to compare them with their imidazolium derivatives (4 =
[Au,(bisMe,MeBim),]**; 10 = [Au,(bisEt,MeBim),]**). They cannot create the same U shaped
conformation like the imidazolium complexes, due to repulsive interactions of the
interfering bigger benzimidazole backbones. The bulky ligands support an even more
complex arrangement. The aromatic systems are not coplanar but twisted, resulting in
slightly crosswise arranged C-Au-C axes. While most of the methylene imidazolium
complexes do not show short Au..Au distances, the different geometry of the
benzimidazole complexes enables aurophilic interactions in all investigated compounds. Two
of the benzimidazole moieties are leant to each other and the other two ring systems are
turned away from the pocket shaped occurring cavity. The cations are interacting with other
cations by mt stacking. All benzimidazole containing complexes with methylene linker got this
structural motif in common, with small changes of the angles. But the different wingtip
groups and counterions are changing the overall arrangement of the neighbouring cations,
due to their sizes and interactions. Using bromide requires the cocrystallization of methanol,

independent from the length of the side chains (see Figure 53).
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Figure 50: ORTEP drawings of complexes 4a showing short AueeeBr, OeeeH and HeeeBr distances in the crystal (50%

probability level for the thermal ellipsoids).

The position of the counterion in the structure of 4a provides several hydrogen bonds to the
solvent and the cation. Another interesting weak interaction could also be found between
the counterion and one of the gold centres (see Figure 50). The counterions and solvent
molecules in the bromide complexes are stabilized via several He..Br and O-.<<H bonds with
the cations. The Au...Br distances are smaller than the sum of their corresponding van der

Waals radii.

Figure 51: ORTEP drawing and crystal packing of complex 4b (50% probability level for the thermal ellipsoids). Hydrogen
atoms have been omitted for clarity. Intramolecular n- stacking indicated by the black circle, the four benzimidazole

units are building a box like arrangement.
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The corresponding PFg containing structures of 4b and 10b do not require additional solvent
molecules. Interestingly the smaller methyl complexes 4a and 4b also have smaller AussAu
distances of 3.0469(10) A and 3.0744(8) A compared to the complexes 10a, 10b and 10c with
distances of 3.1700(3) A, 3.1635(5) A and 3.2241(11) A respectively. The ethyl substituents
are sufficient to open the folded structure a bit due to varying attractive interactions with

the counterions.
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Figure 52: Crystal packing of complex 4b (50% probability level for the thermal ellipsoids). AueeeF distances in the crystal.

Due to the stacked arrangement the counterions and cations in the crystal structure of 4b
are lying centric above and below the cavity of the gold(l) NHC compound. The two
differently ordered anions are stabilized via various hydrogen bonds to the side chains of the
cation. This geometry is additionally stabilized by weak Au...F interactions, which are seen

as short distances between the atoms.
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Figure 53: ORTEP drawing and crystal packing of complex 10a (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity.
Similar to the crystal packing of 4a, the structure of 10a contains Au.--Br distances shorter
than the sum of their van der Waals radii. Due to the longer ethyl wingtips, the counterions
have the ability to build additional He«+<Br bonds to the side chain protons. This leads to a

more centric position of the bromide above the metal centre and a slightly shorter Au...Br

distance than found in the structure of 4a.

Figure 54: ORTEP drawings of complexes 10a showing short AueeeF and HeeeF distances in the crystal (50% probability

level for the thermal ellipsoids).
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Figure 55: ORTEP drawing and crystal packing of complex 10b (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity. Intramolecular n- stacking indicated by the black circle.

Comparing the overall structures of 4b and 10b demonstrates the impact of the longer
wingtip groups. Both structures contain layers of alternating cations. The distances between
these cations and the locations of the counterions are determined by the size of the alkyl
substituents. The cations of the ethyl containing structure of 10b are farther away from each
other, while in 4b the cations are nearer and therefore creating a box like arrangement
consisting of four benzimidazole moieties. In 10b the distances of the cations are longer,
creating a larger “box” (consisting of the NHC planes). The structures bear alternating layers
of the cations where one layer is turned upside down in contrast to the next layer. While
these rows are stacked on top of each other in the structure of 10a, they lay next to each
other in the structure of 10b. As seen in Figure 55, one cation does always enclose two
counterions between two aromatic moieties respectively. The interactions of one PFg ion
and the cation are shown in Figure 56. The aggregation is mainly based on the particular
hydrogen bonds with the counterion (here only shown with the side chains, the other Hee.F
interactions are formed with neighbouring cations and not shown for clarity). But there is
also a short distance of 3.074 A between one Au centre and F4, hinting for utmost
interesting Aue«+F interactions. The picture does only contain one counterion for a better
view, but the given distances are the same for the other anion. The position of the

counterion between two aromatic moieties provides the possibility of another bonding type
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which has not seen in the other structures. A connection of the PFs anions with the
benzimidazolium ring system by anione..1t interaction is assumed, due to the short distances
of the NHC planes and one of the respective fluorine atoms (F1: 3.14133(14) A and F4:
3.12561(14) A) of the counterion.

Figure 56: Crystal packing of complex 10b (50% probability level for the thermal ellipsoids). AueeeF and HeeeF distances in

the crystal, hydrogen atoms have been omitted for clarity.
To avoid exchange processes of the counterions and force Ag---Au interactions while adding
silver salts, AgPFs was added to solutions of all PFg containing complexes. The reaction of
AgPFg with even minimal amounts of water results in a hydrolysis process and yields the

anion POZFZ'.[87] By adding the silver salt to solutions of the complexes and letting them rest

for several days, this counterion was build unintentionally.
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Scheme 8: Anion exchange of the complexes 10b and 11b with PO,F,, including the in situ hydrolysis of AgPF;.

Single crystals of the PO,F, containing complexes 10c and 11lc were prepared by slow
diffusion of diethyl ether in a solution of 10b (respectively 11b) in acetonitrile with an excess
of AgPFg (11 = [Auz(bisEtzEtBim)2]2+). The structures of 10b and 10c are almost identical. The
slightly smaller counterion does not significantly change the arrangement of the cations in
the structure but the distances between neighbouring complexes are bigger. The unusual

881 Additional potentially

anion PO,F, is already known from some studies of ionic liquids.
interesting properties should be investigated. The here presented work is limited to the

examination of the two crystal structures, containing this particular counterion.
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Figure 57: ORTEP drawing and crystal packing of complex 10c (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity.
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Figure 58: Crystal packing of complex 10c (50% probability level for the thermal ellipsoids). AueeeO and Hee«O distances

in the crystal.

The anion aggregation via hydrogen bonds in 10c is similar as seen for the PFs compound.
Two of the wingtip substituents are part of the O...H interactions. The Au...O distances
however are too long to be considered as real interactions. The fluorine atoms are pointing
away from the metal centres and form the special H«s«F bonds with the neighbouring
cations. As already seen for compounds 10b, the counterions are stabilized by anione...m
interactions. They are seen as short distances between the NHC planes and one oxygen atom

of the anion (01) (3.52809(12) A and 3.10905(9) A).
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Figure 59: ORTEP drawing and crystal packing of complex 5a (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity.
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The benzimidazolium ethylene compounds do all crystallize with a folded geometry. The
folded structures provide small Aus.sAu distances for some of the complexes (5a:
3.43670(19) A, 5b: 3.2359(10) A, 11b: 3.3937(2) A), while 11a and 11c have distances slightly
above 3.5 A (5 = [Auy(bisMe,EtBim),]*"; 11 = [Au,(bisEt,EtBim),]**). The wingtip groups and
counterions are providing different arrangement of the cations in the crystal packing. All of
these structures contain four different m...mt distances, resulting from the interaction from
one cation with four other cations. While the crystal structure of the methyl complex 5a
requires additional methanol molecules, the voids between the different cations of complex

5b are exclusively occupied by the bigger hexafluorophosphate anions.

Figure 60: Crystal packing of complex 5a (50% probability level for the thermal ellipsoids). AueeeBr distances in the

crystal, hydrogen atoms have been omitted for clarity.

The counterion Brl is centrically lying above the cavity of compound 5a. This arrangement
does again support short interactions between the anion and the metal centre. The Au.«.Br

distances are 3.455 A and therefore considered as attractive interactions.
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Figure 61: ORTEP drawing and crystal packing of complex 5b (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity. Intramolecular it stacking is indicated by the black circles.

The conformation of the cations of the benzimidazole complexes with ethylene linkers are
not depending on the side chains or counterions. Similar to the methylene complexes they
form U shaped cavities. Due to the longer linker the two inwards turned aromatic systems
are almost parallel. The two others are pointing outwards. Similar to complex 10b ( 10 =
[Au,(bisEt,MeBim),]**) the geometry of the counterion provides short distances to one of
the benzimidazolium moieties. The distances of the anione..1t interactions in this compound
are 2.8929(3) A. In contrast to the methylene complex 10b the interactions in 5b are limited

to one of the aromatic systems, due to the different folding and arrangement of the cations.

Figure 62: Crystal packing of complex 5b (50% probability level for the thermal ellipsoids). Hydrogen atoms have been

omitted for clarity.




The hexafluorophosphate anion in the structure of 5b is lying above one aromatic moiety.
This arrangement provides short Au...F distances of 3.397 A. The stabilization of the
counterion in that position is supported by anion...t interactions, leading to pretty small

distances between the counterion and the NHC plane (F11: 2.8929(3) A).
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Figure 63: ORTEP drawings of complexes 5b showing short AueeeF and HeeeF distances in the crystal (50% probability

level for the thermal ellipsoids).

80



2
-

o o
o o o
o T
- o T ()
T () e

2
-
-

2 >

2
=

Figure 64: ORTEP drawing and crystal packing of complex 11a (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity.
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Figure 65: ORTEP drawing and crystal packing of complex 11b (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity.
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Even though the ethyl derivatives 11a,b,c have similar conformations of the cations as the
methyl complexes, only the PFs complex 11b provides Au...Au distances in the range of
aurophilic interactions. Depending on the anion, the ethyl side chains point inwards or
outwards. In the Br and the PO,F, complexes 11a and 11c the two alkyl substituents of the
same ligand are pointing in the same direction (two inwards and two outwards). Contrary to
that in the structure of 11b three ethyl substituents are pointing inwards. The cations and
methanol molecules are stacked and form alternating layers in the structure of 11a. The row
next to one layer is shifted, so they are also alternating in this direction. While it is a
common arrangement of bromide complexes, the remarkable structure of 11b is the only
example of a benzimidazole PFs complex with cocrystallized solvent molecules. The big
counterions in combination with the ethyl side chains provide the different arrangement of

the molecules.
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Figure 66: ORTEP drawing and crystal packing of complex 11c (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity.

The structure of 1lc is an interesting example of an overall structure with three similar
geometries of the cation, leading to three Au...Au distances slightly longer than aurophilic
interactions. This is the only structure with more than only one geometry of the cations. The
unusual PO,F, counterions surround layers of the cations, which originate from m stacking.
Each aromatic ring interacts with one benzimidazole unit of another cation, resulting in

interactions with four different cations (like 5a,b and 11a,b). This arrangement provides long
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strings of cations and anions. These strings are ordered like chessboards, stabilized by O««-H

and He«..F bonds (Figure 66).

Figure 67: Crystal packing of complex 11c (50% probability level for the thermal ellipsoids). Hydrogen atoms have been

omitted for clarity.
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Figure 68: ORTEP drawing and crystal packing of complex 6a (50% probability level for the thermal ellipsoids). Hydrogen
atoms have been omitted for clarity.

Analogue to the imidazolium complex 3¢ the benzimidazolium complex 6a has a folded

conformation with crossing C-Au-C axes (3= [Auz(bisMezPrIm)2]2+;

6= [Auz(bisMezPrBim)2]2+). Nevertheless while 3¢ consists of two coplanar pairs of NHCs, the

cations of 6a are more distorted. The conformation results in a cup like cavity including an

additional methanol guest molecule encircled by two benzimidazole moieties. The bromide

ions are outside of the cavity connected via hydrogen bonding with the NHCs and the
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solvent molecules. Unlike the other twisted conformations the structure does not include

intramolecular aurophilic interactions.

Figure 69: ORTEP drawing and crystal packing of complex 6b (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity.

The PFg derivative 6b has a stretched and all trans geometry. The aromatic systems linked by
the gold atoms are not coplanar but 73.380(4)° rotated, resulting in a Z conformation of the
complex. The overall conformation consists of two face to face and two edge to face n
interactions per cation (see Figure 69 and Figure 70). The flat structure involves pretty long
Au...Au distances of 6.3844(5)A. Unlike the example shown here the structure of
[Au,(bisMe,PrBlm),](PF¢), previously found by Tubaro et al. is different, although they were

612] The cations in the crystal structure show a

using the same crystallization technique.
flattened conformation and almost coplanar NHC moieties. These cations show a stacked W

like arrangement, stabilized by m interactions.
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Figure 70: Crystal packing of complex 6b (50% probability level for the thermal ellipsoids). Hydrogen atoms have been
omitted for clarity. Intramolecular nt- stacking indicated by the black (edge to face) and green (face to face) circle (for

different view see the supporting information).

Figure 71: ORTEP drawing and crystal packing of complex 12a (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity.

The structure of 12a is another example of a stretched structure without aurophilic
interactions, similar to 6b (12 = [Au,(bisEt,PrBim),]*"; 6 = [Aua(bisMe,PrBim),]*). The

complex shown here also has a big torsion angle between the aromatic rings and an all trans
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propylene linker. The resulting stretched conformation and stacked arrangement of the
cations are sufficient for a crystal structure without cocrystallized solvent molecules. This is
the only example of the benzimidazole bromide complexes without additional methanol.

The side chains in that conformation seem big enough to fill the existing free spaces in the

crystal.

Figure 72: Crystal packing of complex 12a (50% probability level for the thermal ellipsoids). Hydrogen atoms have been

omitted for clarity.

Figure 73: Crystal packing of complex 12a (50% probability level for the thermal ellipsoids). AueeeBr distances in the

crystal.
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The bromide counterion in the structure of 12a is not centrically arranged above the cavity
of the counterion. It is positioned nearby one gold centre, providing small Au.s+Br distances
of 3.480 A. This attractive interplay is supported by some hydrogen bonds of the bromide

with the cation.

Figure 74: ORTEP drawing of complex 12b (50% probability level for the thermal ellipsoids). Hydrogen atoms have been

omitted for clarity.

The cations of 12b are highly symmetrical and show a stacked conformation stabilized by mt
interactions. The gold(l) NHCs are staggered arranged surrounded by the anions. While half
of the PFg ions are connected to the wingtip groups the other anions lie directly above the
cavity provided by the open conformation of the cations. This arrangement is realized by
short He...F distances between the linker and the PFg anions. The given structure provides
only Au...Au distances longer than 6 A, which could not be considered as attractive

interactions.
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Figure 75: Crystal packing of complex 12b (50% probability level for the thermal ellipsoids). Hydrogen atoms have been

omitted for clarity.
As seen in Figure 76 the distances between fluoride and gold are 3.433 A. In agreement with

Batsanov® these could be considered as smaller than the sum of their van der Waals radii.

The arrangement of the counterion in between two cations is therefore stabilized via several

bonding types.
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Figure 76: Crystal packing of complex 2b (50% probability level for the thermal ellipsoids). a) AueeeF distances in the

crystal, hydrogen atoms have been omitted for clarity; b) HeeeF distances in the crystal.
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3.5 Photophysical measurements.

Gold(l) NHC complexes usually feature strong absorbance - and emission bands. They can
change when host-guest interactions are induced. For an investigation of the photophysical
effects, all bromide and hexafluorophosphate complexes were diluted in acetonitrile.
Measurements in DMSO would be interesting to match the results with the NMR
experiments. Unfortunately the solvent could not be used for investigations in the
interesting wavelength range, due to absorption provoked by the solvent itself. Using
acetonitrile overcomes this problem. The poor solubility of some compounds does not apply
for those experiments, because the concentration is much lower (10 M) than for NMR

measurements.

As an example the absorption spectra of the imidazolium ligand precursors1-3 and 7 -9 are
given. We were using only the bromide compounds and therefore are not able to compare
them to the hexafluorophosphate compounds. However the given spectra do only show high

energy absorptions.
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Figure 77: UV/Vis spectra of the ligand precursors a) 1 — 3 and b) 7 — 9; measured in acetonitrile at room temperature.

Meanwhile the UV/Vis spectra of the imidazole complexes 1a,b - 3a,b and 7a,b — 9a,b show
absorption maxima between 255 and 265 nm, the Amax on the corresponding benzimidazole
complexes 4a,b - 6a,b and 10a,b — 12a,b undergo a red shift to 282 - 289 nm (see Figure 72
and Figure 78). These high energy bands are attributed to m-nt* ligand centred transition
processes.ma’gg] The changes of the emission bands in comparison with the ligand precursors
are lead back to the associated metal perturbed transition.”? Switching the counterions

does not strongly affect these unremarkable spectra. There are several changes in the

90



intensity of the absorption maxima or additional shoulders in the curve, but they are not
continuous systematically. Most hexafluorophosphate compounds show a more intense
curve, but the methylene complexes 7a,b and 10a,b do not follow this trend. While all of the
absorption maxima of the propylene imidazolium complexes are shifted to longer
wavelengths, the methylene complexes show this trend for benzimidazolium compounds
(both in comparison to the other gold(l) NHC compounds of the series). There are already

visible variations between the different series, but they are mostly small.
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Figure 78: UV/Vis spectra of the complexes a) 1a,b — 3a,b and b) 7a,b — 9a,b; measured in acetonitrile at room

temperature.
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Figure 79: UV/Vis spectra of the complexes a) 4a,b — 6a,b and b) 10a,b — 12a,b; measured in acetonitrile at room

temperature.
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Excitation at the described wavelengths indeed leads to the intriguing emission spectra. For
a better understanding of the following data, some emission spectra of the ligand precursors
are given first. Both examples show strong emission bands at ~ 330 nm, which are mainly
found for the methylene salts 1 and 7. The other imidazolium compounds do show only
minor emission maxima after excitation. Due to the fact, that we exclusively used bromide
compounds the respective spectra for hexafluorophosphate are not available. Therefore the
interaction with the counterions and the resulting influence to the fluorescence could not be
evaluated. Comparing the fluorescence spectra of the imidazolium salts with the spectra of
the corresponding complexes illustrates the impact of the metal centres (see Figure 80 as
example for the imidazolium compounds, a detailed investigation of the ligand precursors

was done before '® and is not part of this work).
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Figure 80: Fluorescence spectra of the ligand precursors a) 1 — 3 and b) 7 — 9; measured in acetonitrile at room

temperature after excitation at 255 nm.

Some of the fluorescence spectra of the complexes show a strong maximum between 350
and 400 nm after the excitation at 255 nm (imidazole) or 289 nm (benzimidazole)
respectively, measured in acetonitrile. These were not visible in the spectra of the
imidazolium compounds. Those emission bands are attributed to stable exciplexes (3[d0*po]

).[4f'6’72'73’9°] All complexes with a propylene linker have these strong emission

excited state
maxima in common. Interestingly the maxima are also visible in the spectra of the ethylene

imidazole complexes, while the benzimidazole derivatives are not emissive at the given
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excitation (see Figure 81 and Figure 82). This behaviour implicates different transition
processes inside the compounds. The herein demonstrated photophysical behaviour is
attributed to the formation of aurophilic interactions. The formation of Au..+Au interactions
in this compounds could be explained by the flexibility of the propylene compounds and the
resulting possibility of sandwich like structures. This folding process of the complexes can be
supported by the formation of hydrogen bonds with the counterions.”? The ethylene
complexes with an imidazolium moiety are also able to form similar exciplexes, but the steric
hindered benzimidazolium compounds are unlikely to promote this type of bonds. Even
though the methylene complexes do show a demonstrative interplay with the counterions in
solution (in the 'H-NMR spectra), the attractive interactions of the gold centres seem
hampered. This is probably determined by the more rigid N-(CH,)-N angles and the resulting
distances of the alkylene bridges. The emission band of the hexafluorophosphate
compounds is always more intense than for the corresponding bromide complexes. Those
differences occur via an other aggregation behaviour of the counterions. This suggests a
strong interaction of bromide with the complexes, that probably changes the Au...Au bonds.

One possibility could be the penetration of the cavity by bromide, which would interrupt the

aurophilic interactions.
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Figure 81: Fluorescence spectra of the complexes a) 1a,b — 3a,b and b) 7a,b — 9a,b; measured in acetonitrile at room

temperature after excitation at 255 nm.
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Figure 82: Fluorescence spectra of the complexes a) 4a,b — 6a,b and b) 10a,b — 12a,b; measured in acetonitrile at room

temperature after excitation at 289 nm.

Regardless of that, similar emission maxima as seen for the ligand precursors at
~ 330-360 nm are found in all spectra of the gold compounds 1a,b — 12a,b with moderate
intensities. The intensity is the strongest for the methylene compounds 1a,b; 4a,b; 7a,b and
10a,b. The other curves tend to form shoulders at the given wavelength, which hints to the
occurrence of different charge transfer processes at the same time. The simultaneous
presence of ligand centred and metal perturbed transitions are already known for this type
of compounds.ma’62ﬂ The intensities of the curves for the bromide and hexafluorophosphate
compounds are also varying, although without the clear correlation, which could be seen for
the lower energy bands. The similarity of the emission bands in the spectra of the complexes

and ligand precursors, suggest the occurrence of ligand centred transition processes.

As the next step, the correlation between the emission and the counterion should be further
investigated. If the intensity changes are clearly assigned to the varying interaction with
bromide and hexafluorophosphate, they should be controllable by adding those anions. A
supposed reversibility of the effects should be examined by adding a huge excess of bromide
to the solutions of both, the bromide and the hexafluorophosphate compounds. The
interactions between the anions and the metal centres could affect the Aus..Au bonds and
therefore will probably have an impact on the fluorescence. Bromide is known to form
association complexes with the cations and therefore quench the high energy emission.”?!

This leads to the formation of lower energy emission bands. 12290490l Ag expected the

addition of 300 eq TBAB quenches this high energy emission (as seen before in Figure 81 and
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Figure 82 for stoichiometric amounts), while a new maxima at ~460 nm for the complexes
1a,b — 3a,b (see Figure 83) and 7a,b — 9a,b (see Figure 84) is detectable. The maxima for the
benzimidazole complexes 4a,b — 6a,b (see Figure 82) and 10a,b — 12a,b (see Figure 86)
appear at ~540 nm. In the emission spectra are additional shoulders visible at roundly 350
nm. Those are comparable to the high energy emission of the ligand precursors, but the
curves do not have a single maximum. Instead the emission shows several shoulders. This
indicates different transfer processes at the same time, which are not necessarily the same
as in the ligand precursors. This thesis is supported by the rising of the maxima for all
compounds after adding bromide. This behaviour could possibly explained by an alteration
of the Au..:Au interaction by the aggregation of bromide. E.g. shortening of the bond
distances, provoked by an interaction with the counterion alters the emission ™Y, This is
also an explanation for the already existing high energy emission bands of the methylene
complexes. They are not as flexible as the complexes with longer alkylene chains for which

reason the Au...Au distances could only be a little modified.

Similar to the complexes described by Wedlock et al.[73], the complexes 1a,b — 12a,b do not
show the strong emission at wavelengths over 400 nm without the addition of bromide. The
fluorescence quenching performance is comparable to the effects observed in the NMR
spectra of the complexes. The shifting of the proton resonances induced by the different
counterions is reversible as expected and a stronger effect was again provoked by adding
more of the better coordinating bromide, even though the intensity of the results are
stronger for different chain lengths. While the shifting of the resonances in the NMR spectra
is stronger for the methylene complexes, the fluorescence spectra of the propylene
complexes show the most intense emission bands and changes of them. The quenching
process after the addition of TBAB is more pronounced for the benzimidazolium complexes
4a,b - 6a,b and 10a,b - 12a,b. This interesting effect could be explained by additional He«+Br
bonds or anion.«.Tt interactions. Those attractive interactions support the aggregation of the

counterions to the complexes.
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Figure 83: Fluorescence spectra of the complexes 1a,b — 3a,b (with TMAB addition); measured in acetonitrile at room

temperature after excitation at 255 nm.
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Figure 84: Fluorescence spectra of the complexes 4a,b — 6a,b (with TMAB addition); measured in acetonitrile at room

temperature after excitation at 289 nm.
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Figure 85: Fluorescence spectra of the complexes 7a,b — 9a,b (with TMAB addition); measured in acetonitrile at room

temperature after excitation at 255 nm.
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Figure 86: Fluorescence spectra of the complexes 10a,b — 12a,b (with TMAB addition); measured in acetonitrile at room

temperature after excitation at 289 nm.
Adding silver salts to the solutions in acetonitrile did not yielded evidence for Au...Ag
interactions. In general a new absorption maximum was found at ~ 400 nm and the

excitation at the given wavelength resulted in an emission band at ~560 nm. This behaviour

was attributed to the formation of silver nano particles B2lin the mixture.

The influence of the solvent was further investigated. Therefore additional absorption and
emission spectra of the benzimidazole complexes 10a,b — 12a,b in methanol were
measured. The alteration of the solvent did not change the location of the absorption bands

but some intensities switched.
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Figure 87: UV/Vis spectra of the complexes 10a,b — 12a,b; measured in methanol at room temperature.
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The propylene complexes are also the strongest emitters in methanol. Interestingly the
intensities of the bromide and hexafluorophosphate complexes are almost the same. This
behaviour implies the interaction of methanol with the 3[do*po] excited state in a similar
way as seen for bromide. Another possibility could be the solvation of ether the counterion
or the cations by methanol. This could hamper the folding of the complexes and therefore
reduce the aurophilic interactions. A methanol molecule could also potentially lie inside the
cavity and prevent the gold atoms from interacting. The luminescence of some gold(l) NHC
compounds is known to be highly depending on the solvent, because the solvent molecules
are aggregating to the complexes and could change the geometry. Sometime those
interactions lead to shorter metallophilic bonds and those are reflected by an other emission

behaviour.*”

Adding an excess of TBAB to the solutions of the complexes 10a,b and 12a,b (> 100 eq)
causes a strong increase of the intensities of the shoulders at 350 nm (10 =
[Auz(bisEtzMeBim)2]2+; 12 = [Auz(bisEtzPrBim)2]2+). The excess of bromide also lead to the
familiar maxima at 510 nm for the methylene (10a,b) and propylene (12a,b) complexes. This
is in good agreement with the results of the complexes in acetonitrile. The corresponding
ethylene complexes 11a,b do only show weak luminescence (11 = [Aus(bisEt,EtBim),]*").
These findings are similar to the published benzyl derivatives in methanol.[’? Contrary to the
bigger aromatic complexes in the literature, the here investigated complexes necessarily
need the addition of a huge excess of bromide to be emissive at wavelengths over 500 nm.
Even though the intensity of the maxima at 400 nm are not as high as seen for the
measurements in acetonitrile, the maxima at 510 nm are more intense (in comparison with

the lower energy emission).

98



0.9 10a
208 10a+TBAB
207 la
206 1;a+TBAB
T 0.5 X
~ 12a+TBAB
< 03 10b+TBAB
c 0.2 11b

0.1 11b+TBAB

0.0 12b

300 350 400 450 500 550 12b+TBAB
wavelength [nm]

Figure 88: Fluorescence spectra of 10a,b - 12a,b (with TMAB addition); measured in methanol at room temperature after

excitation at 290 nm.

Aggregation experiments in methanol are also different because the solvent itself can

72,9091 Eyen though

interact with the complexes and induce or change the phosphorescence.
the investigated complexes do not contain the additional aromatic moieties, similar
aggregation processes could be demonstrated. Therefore the herein presented Au(l) NHC
compounds could provide interesting applications in the future. There are also several
interesting examples of compounds with aggregated methanol of acetonitrile molecules in

the literature.[430>0071]
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3.6 Conclusion
The here presented work shows a clear connection between the counterions and the
behaviour of the NHC complexes in solution and in solid state. Interactions with silver ions

(and TBA®) could be excluded for the hereby used complexes.

Shifting of the proton resonances were observed by changing the counterions. All
investigated counterions induced a downfield shift of some signals in comparison with the
shifting of the corresponding signals of the complexes with the non coordinating PFs anion
(the anion affinity was ranked: PFg < BF; < OTf << NOs3 ~ Br). While the counterions
provoked a notably shifting of the aromatic resonances of the imidazolium complexes, the
shifting of the alkylene bridging protons were stronger for the benzimidazolium complexes.
The wingtip substituents were almost not affected by this behaviour. This performance could
be explained by different binding motifs. The bigger aromatic benzimidazolium units provide
additional binding sites for anione«..mt interactions but they also offer more steric hindered
moieties. Additionally the protons are farther away from the metal centre and therefore less
affected by an Au...Au interaction. The effect of anion exchanges observed in the *H-NMR
spectra is highly depending on the length of the linking alkylene chain and the NHC moiety.
The methylene complexes show the strongest impact and shifting. This is attributed to the

different flexibility of the compounds in solution.

The crystal structures of the investigated compounds provided a good overview of the
dominating interacting between the cations and anions and even solvent molecules. Even
though, the stabilisation is mainly based on hydrogen bonding between the cations and
anions (and cocrystallized solvent molecules) as well as dominating intra- and intermolecular
nt stacking, we were able to find some examples with short distances between the Au
centres and the counterions. The interactions of the gold atoms with other compounds like
the counterions does usually weaken the Au-C bond or existing Au...Au bonds, but we were
not able to find such a trend inside the series. The structures are influenced by several
interactions and packing effects. Those often hamper clear and simple correlation of a single
bonding interaction in the crystal back to the configuration or conformation of the
compounds. Aurophilic interactions in general play a minor part of most of the overall
structures and they are mainly limited to the cations. The conformations of the cations with

small linkers are often independent from the corresponding counterion, while longer linkers
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provide different possible arrangements. Crystals including small anions as bromide often
require additional solvent molecules in the structure. In contrast hexafluorophosphate
complexes tend to grow in more clearly arranged structures. The NHC units of imidazolium
complexes are often coplanar while the benzimidazolium derivatives show a bigger torsion
angle, due to steric effects. However all analyzed differences including linker length, side
chains, aromatic backbones and the anion types do change the structures. Some trends
caused by the derivatization could be shown but there are also a few examples with unique
properties. This is another evidence for the highly tuneable properties of the NHC
complexes. Aurophilic interactions are not limited to particular building blocks of the
molecules, but originate from an interplay of the whole set of cations, anions and even the

solvent.

UV/Vis experiments have shown strong absorption bands for the gold(l) NHC complexes
which are attributed to metal perturbed m-n* ligand centred transition processes. The
corresponding emission spectra are more interesting. Excitation leads to the emission
maxima between 350 and 400 nm for all propylene compounds and the imidazolium
ethylene complexes (Aex (imidazolium)=255nm, Aex (benzimidazolium)=289 nm). The
corresponding benzimidazolium ethylene compounds are probably steric hindered and
therefore not able to form the analogous aurophilic interactions. The methylene compounds
show a weak maximum at higher energies (~340-350 nm). The emission is explained by the
formation of aurophilic interactions (S[do*po] excited state). Changing the counterion from
bromide to hexafluorophosphate increases the intensity, due to different interactions with
the counterions. The intense emission could also be quenched after the addition of a huge
excess of bromide and new red shifted emission maxima occurred. This behaviour is
attributed to the formation of an association aggregate with differing aurophilic interactions.
Further increases of the curves (including several maxima and shoulders) are seen at shorter
wavelengths ~350 nm, as seen for the methylene complexes. Those emissions could be
explained by the formation of aurophilic interactions with different distances. The emission
spectra of gold(l) NHC compounds are known to change with different Au...Au distances
(e.g. forced by aggregation of additional molecules or temperature changes). The different
bond lengths could be achieved by folding of the complexes. The propylene linker provides
more flexibility than the methylene bridge. Therefore they are able to build sandwich like

geometries. The ethylene compounds are also able to achieve folded or stretched
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conformations. But they are not as flexible as the propylene compounds. Changing the
solvent from acetonitrile to methanol slightly alters the emission behaviour of the
complexes. Methanol does also form aggregates with the complexes and therefore
guenches the emission provoked by Au..<Au and Au..+Br interactions. Hence methanol is not
a good choice for aggregation experiments with the given gold(l) NHC complexes. In
summary a strong interaction between the cations and anions (as well as the solvent) was

proven by photophysical measurements.

Hence the intriguing aurophilic interactions could also be triggered in solution and not
exclusively as short distances in the solid state. They are supported by the plausible NMR-
and fluorescence experiments. Specific configurations of the complexes providing suitable
host molecules seem promising. In view of the application as receptor molecule the best
match depends also on the used analysis technique. While *H-NMR experiments provide
stronger shifting of resonances from methylene complexes with bromide, the corresponding
propylene compounds show distinct changes of the photophysical behaviour. In comparison
with the NMR experiments those results are astonishing. While the emission behaviour of
the propylene compounds changes visibly with the counterions, the proton resonances show
only neglectable differences. The interaction of stoichiometric amounts of bromide with the
complexes is therefore not strong enough to be observed in the NMR experiments.
Investigations with higher bromide concentrations are interesting and planned for the

future.
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3.7 Experimental section

If not mentioned otherwise, all operations were performed under argon atmosphere using
standard schlenk techniques with conventional glassware and dried solvents. Most solvents
were dried, distilled, and stored under argon according to standard procedures. All starting
materials were used as received from commercial sources. NMR data were recorded on a
Bruker Avance 300 or 400 spectrometer at 25°C. The references for NMR spectra are as
follows: *H (MeOD (3.31 ppm), DMSO-d6 (2.50 ppm), CDsCN (1.94 ppm)), *C{*H} (MeOD
(49.0 ppm), DMSO-d6 (39.52 ppm), CDsCN (118.26 ppm)).[93] The spectroscopic
characterization matches the reported data. [10b-h] X-ray crystallographic data were collected
on a Nonius Kappa CCD diffractometer at 123 K using graphite monochromated Mo-Ka
radiation (A = 0.71073 A) (1a, 2a, 2b, 3a, 3b, 10a, 11a, 12a), a STOE IPDS2T diffractometer at
123 K (5a, 6a), a Bruker D8-Venture at 100 K (3c, 4a, 4b, 5b, 6b, 7c, 10b, 10c, 11b), and a
Bruker X8- KappaApexll diffractometer at 100 K (1b, 11c, 12b). Intensities were measured by
fine-slicing ¢- and w-scans and corrected for background, polarization and Lorentz effects. A
semi-empirical absorption correction was applied for the data sets following Blessing’s
method.” The structures were solved by direct methods and refined anisotropically by the
least squares procedure implemented in the ShelX program system.[gsl The hydrogen atoms
were included isotropically using the riding model on the bound atoms.”® Uv/Vis and
fluorescence spectra were measured with 10° M solutions in ACN in precision cuvettes
(SUPRASIL®) with 10 mm thickness. For UV/Vis measurements a Perkin ElImer Lambda 18

was used, for fluorescence a Perkin LS50B. Scan rate was 120 nm/s (200 nm - 700 nm).

The imidazolium/ benzimidazolium salts®”! and the corresponding complexes 1a,b-3a,b; 4a-
6a; 7a,b-9a,b and 10a-12a were synthesized according to the literature. The spectroscopic

data agree with the previously reported.[4f'6]

3c. 3a (19.0 mg, 1.97 umol) was dissolved in a mixture of methanol, dichloromethane and
acetonitrile (5 mL). A solution of NaBF; (10.8 mg, 9.80 umol) in water (4 mL) was added to
precipitate the corresponding complex. The white powder was filtered, washed with water
and methanol and dried in vacuo. The complex was purified by crystallization (slow diffusion
of diethyl ether into a solution in acetonitrile). Yield 55%. *H-NMR (500 MHz, DMSO-d6, 298
K): 6=7.72 (d, 3J(H,H)=1.8 Hz, 4H; H-4), 7.59 (d, >J(H,H)=1.8 Hz, 4H; H-5), 4.16 (m, 8H; H-6),
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3.49 (s, 12H; H-8), 2.58 (m, 4H; H-7); *C-NMR (125 MHz, DMSO-d6, 298 K): 6=181.9 (C-2),
124.3 (C-5), 121.2 (C-4), 46.3 (C-6), 36.7 (C-8), 30.7 (C-7); HR-ESI-MS(+) m/z: 401.1044 [M-
2BF4]*", calc. for CyoH3AuNg> : 401.1035; ESI-MS(-) m/z: 86.8 [BF4].

4b. 4a (106.2 mg, 96.0 umol) was dissolved in a mixture of methanol and dichloromethane
(15 mL). A solution of KPFg (88.3 mg, 480 umol) in water (3 mL) was added to precipitate the
corresponding complex. The white powder was filtered, washed with water and methanol
and dried in vacuo. The complex was purified by crystallization (slow diffusion of diethyl
ether into a solution in acetonitrile). Yield 40%. 'H-NMR (500 MHz, DMSO-d6, 298 K): 6=8.10
(m, 4H; H-4), 7.93 (m, 4H; H7), 7.64 (m, 8H; H-5/6), 7.53 (m, 2H; H10a), 7.47 (m, 2H; H10b),
4.13 (s, 12H; H-11); *C-NMR (125 MHz, DMSO-d6, 298 K): §=190.2 (C-2), 133.6 (C-8 or C-9),
132.2 (C-8 or C-9), 125.8 (C-5 or C-6), 125.6 (C-5 or C-6), 113.2 (C-4 or C-7), 111.9 (C-4 or C-
7), 66.0 (C-10), 35.8 (C-11); °F-NMR (470 MHz, DMSO-d6, 298 K): 6=-70.1 (d); **P-NMR
(202 MHz, DMSO-d6, 298 K): 6=-144.2 (sept); HR-ESI-MS(+) m/z: 473.1012 calc. for
Cs4H32Au,Ng": 473.1035 [M-2PF¢]"; ESI-MS(-) m/z: 144.1 [PF¢].

5b. 5a (55.9 mg, 49.2 umol) was dissolved in mixture of methanol and dichloromethane
(15 mL). A solution of KPFg (45.3 mg, 246 umol) in water (2 mL) was added to precipitate the
corresponding complex. The white powder was filtered, washed with water and methanol
and dried in vacuo. The complex was purified by crystallization (slow diffusion of diethyl
ether into a solution in acetonitrile). Yield 40%. *H-NMR (300 MHz, DMSO-d6, 298 K): 6=7.71
(d, 3.I(H,H)=8.1 Hz, 4H; H-4 or H-7), 7.62 (d, 3’J(H,H)=8.1 Hz, 4H; H-4 or H-7), 7.46 (m, 8H; H-5
or H-6), 7.34 (m, 8H; H-5 or H-6), 5.37 (s, 8H; H-10), 4.00 (s, 12H; H-11); BC-NMR (125 MHz,
DMSO-d6, 298 K): 6=189.7 (C-2), 133.3 (C-8 or C-9), 132.7 (C-8 or C-9), 124.8 (C-5 or C-6),
124.6 (C-5 or C-6), 112.3 (C-4 or C-7), 111.5 (C-4 or C-7), 35.2 (C-10), 34.0 (C-11); YE.NMR
(470 MHz, DMSO-d6, 298 K): 6=-70.1 (d); 3'p_NMR (202 MHz, DMSO-d6, 298 K): 6=-144.2
(sept); HR-ESI-MS(+) m/z: 487.1179 calc. for CsgHsgAusNg™: 487.1192 [M-2PFg]; ESI-MS(-)
m/z: 144.1 [PFg].

6b. 6a (211 mg, 181 umol) was dissolved in mixture of methanol and dichloromethane
(15 mL). A solution of KPFg (167 mg, 905 umol) in water (5 mL) was added to precipitate the
corresponding complex. The white powder was filtered, washed with water and methanol
and dried in vacuo. The complex was purified by crystallization (slow diffusion of diethyl

ether into a solution in acetonitrile). Yield 26%. *H-NMR (500 MHz, DMSO-d6, 298 K): 6=7.68
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(d, *J(H,H)=8.2 Hz, 4H; H-4 or H-7), 7.58 (d, *J(H,H)=8.2 Hz, 4H; H-4 or H-7), 7.31 (dd,
3J(H,H)=7.8 Hz, 8H; H-5 or H-6), 7.21 (dd, ®J(H,H)=7.8 Hz, 8H; H-5 or H-6), 4.93 (t, 8H; H-10),
3.98 (s, 12H; H-12), 3.05 (m, 4H; H-11); **C-NMR (125 MHz, DMSO-d6, 298 K): 5=189.1 (C-2),
133.3 (C-9), 131.9 (C-8), 124.5 (C-5), 124.3 (C-6), 112.5 (C-4 or C-7), 111.7 (C-4 or C-7), 48.0
(C-10), 34.7 (C-12), 25.7 (C-11); °F-NMR (470 MHz, DMSO-d6, 298 K): §=-70.1 (d); *'P-NMR
(202 MHz, DMSO-d6, 298 K): 6=-144.2 (sept); HR-ESI-MS(+) m/z: 501.1325 calc. for
CssHa0AuNs': 501.1348 [M-2PF¢]"; ESI-MS(-) m/z: 144.1 [PFg].

10b. 10a (35.7 mg, 30.7 umol) was dissolved in mixture of methanol and dichloromethane
(15 mL). A solution of KPFg (28.3 mg, 154 umol) in water (2 mL) was added to precipitate the
corresponding complex. The white powder was filtered, washed with water and methanol
and dried in vacuo. The complex was purified by crystallization (slow diffusion of diethyl
ether into a solution in acetonitrile). Yield 71%. *H-NMR (400 MHz, DMSO-d6, 298 K): 6=8.10
(d, 3J(H,H)=8 Hz, 4H; H-4), 8.02 (d, 3J(H,H)=8 Hz, 4H; H-7), 7.64 (m, 8H; H-5, H-6), 7.54 (d,
2J(H,H)=13.8 Hz 2H; H10a), 7.44 (d, *J(H,H)=13.8 Hz, 2H; H-10b), 4.64 (q, >J(H,H)=7 Hz 8H; H-
11), 1.45 (t, >J(H,H)=7 Hz, 12H; H-12); *C-NMR (175 MHz, DMSO-d6, 298 K): 6=190.2 (C-2),
132.9 (C-8 or C-9), 132.8 (C-8 or C-9), 126.3 (C-5 or C-6), 126.2 (C-5 or C-6), 113.4 (C-4 or C-
7), 112.3 (C-4 or C-7), 58.8 (C-10), 44.8 (C-11), 16.1 (C-12); *F-NMR (202 MHz, DMSO-d6, 298
K): 6=-70.1 (d); 3'p_NMR (470 MHz, DMSO-d6, 298 K): 6=-144.3 (sept); HR-ESI-MS(+) m/z:
501.1316 calc. for C3gHaoAu,Ng**: 501.1348 [M-2PFg]"; ESI-MS(-) m/z: 144.9 [PF¢].

11b. 11a (152 mg, 128 umol) was dissolved in mixture of methanol and dichloromethane
(15 mL). A solution of KPFg (118 mg, 638 umol) in water (4 mL) was added to precipitate the
corresponding complex. The white powder was filtered, washed with water and methanol
and dried in vacuo. The complex was purified by crystallization (slow diffusion of diethyl
ether into a solution in acetonitrile). Yield 43%. *H-NMR (500 MHz, DMSO-d6, 298 K): 6=7.77
(d, ®J(H,H)=8.3 Hz, 4H; H-4 or H-7), 7.55 (d, >J(H,H)=8.3 Hz, 4H; H-4 or H-7) 7.32 (m, 4H; H-5 or
H-6), 7.45 (m, 4H; H-5 or H-6), 5.36 (bs, 8H; H-10), 4.48 (q, 3J(H,H)=7.2 Hz, 8H; H-11), 1.17 (t,
3J(H,H)=7.2 Hz, 12H; H-12); *C-NMR (125 MHz, DMSO-d6, 298 K): §=189.2 (C-2), 132.7 (C-8
or C-9), 132.1 (C-8 or C-9), 124.9 (C-5 or C-6), 124.6 (C-5 or C-6), 112.1 (C-4 or C-7), 111.7 (C-
4 or C-7), 46.6 (C-10), 43.4 (C-11), 30.7 (C-12); **F-NMR (470 MHz, DMSO-d6, 298 K): 6=-70.1
(d); 3'P-NMR (202 MHz, DMSO-d6, 298 K): 6=-144.2 (sept); HR-ESI-MS(+) m/z: 515.1749 calc.
for CagHaaAu;Ng>": 515.1505 [M-2PFg]*; ESI-MS(-) m/z: 145.0 [PF].
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12b. 12a (197 mg, 162 umol) was dissolved in mixture of methanol and dichloromethane
(15 mL). A solution of KPFg (149 mg, 810 umol) in water (8 mL) was added to precipitate the
corresponding complex. The white powder was filtered, washed with water and methanol
and dried in vacuo. The complex was purified by crystallization (slow diffusion of diethyl
ether into a solution in acetonitrile). Yield 36%. *H-NMR (500 MHz, DMSO-d6, 298 K): 6=7.75
(d, 3J(H,H)=8.15 Hz, 4H; H-7), 7.68 (d, >J(H,H)=8.15 Hz, 4H; H-4), 7.34 (m, 4H; H-5, H-6), 7.28
(m, 4H; H-5, H-6), 4.97 (t, >J(H,H)=6.30 Hz, 8H; H-10), 4.52 (g, *J(H,H)=6.70 Hz, 8H; H-12), 3.01
(m, 4H; H-11), 1.39 (t, *J(H,H)=7.15 Hz, 12H; H-13); *C-NMR (125 MHz, DMSO-d6, 298 K):
6=189.1 (C-2), 132.2 (C-8), 132.2 (C-9), 124.7 (C-5), 124.5 (C-6), 112.6 (C-7), 111.7 (C-4), 48.0
(C-10), 43.3 (C-12), 27.0 (C-11), 15.8 (C-13); °F-NMR (470 MHz, DMSO-d6, 298 K): §=-70.1
(d); 3'P-NMR (202 MHz, DMSO-d6, 298 K): 6=-144.2 (sept); HR-ESI-MS(+) m/z: 529.1618 calc.
for CaoHagAusNg>*: 529.1661 [M-2PF¢]*; ESI-MS(-) m/z: 144.1 [PFe].
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3.8 Appendix

Table 5: Crystallographic Data.

1a

2a

3a

formula

cryst size [mm3]
cryst syst

space group
a[A]

b [A]

61[°]
v[°]
VA%

z

Peaic [mg m’]
FOOO

p[mm]

O range [°]
reflns collected
reflns unique
Rint

GOF

refined params
R1 [1>26(1)]
wR2 (all data)

largest diff peak [e A

C1sH24AU,Br Ng

0.25 x 0.08 x 0.06

triclinic

P1
7.5549(9)
12.2807(14)
13.3725(17)
70.942(4)
82.744(4)

88.960(4)

1162.9(2)

2.588
832
16.059
2.75-27.48
48844
5280
0.0608
1.052
275
0.0368
0.0943

2.866/ -1.995

ConnguzBerg

0.34 x0.20 x 0.04

triclinic

P1
9.7703(7)
11.2794(8)
12.7721(9)
71.643(2)
69.989(2)

82.087(3)

1254.54(15)

2.473
864
14.891
2.20 - 28.00
39576
6001
0.0764
1.054
296
0.0556
0.1658

4.633/ -5.692

CZgHgsAuZBerg

0.21 x 0.10 x 0.06

monoclinic
C2/c
13.1421(11)
17.5172(16)
13.8320(11)
90
117.786(2)
90
2817.1(4)

4

2.344

1864
13.273
2.11-28.00
31616

3418
0.0780
1.024

171

0.0684
0.1770

6.610/ -3.738
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1b

2b

3b

formula

cryst size [mm3]
cryst syst

space group
a[A]

b [A]

61[°]
v[°]
VA%

z

Peaic [mg m’]
FOOO

p[mm]

O range [°]
reflns collected
reflns unique
Rint

GOF

refined params
R1 [1>26(1)]
wR2 (all data)

largest diff peak [e A

CisH24AU,F1,NgP,
0.12 x 0.06 x 0.05
monoclinic
c2/m
17.0766(5)
13.3831(4)
12.7710(4)
90
105.0990(10)
90
2817.90(15)
q

2.443

1936

10.620

3.04 - 27.99
3534

3536

0.0449

1.218

211

0.0187
0.0540

1.243/-0.914

CyoH28AuU,F1,NgP,
0.40x 0.34 x 0.15
monoclinic
c2/m
14.2284(8)
13.1742(5)
8.6638(5)
90
116.197(2)
90
1457.19(13)
2

2.426

1000
10.272

2.62 - 27.00
4940

1653
0.0512
1.061

110

0.0287
0.0645

1.959/ -2.517

Cz;H3,Au,F1;NgP,
0.20 x 0.16 x 0.08
hexagonic

P3,12

11.9420(2)
11.9420(2)
18.9955(4)

90

90

120

2346.04(7)

2.320
1548
9.574
1.07 - 28.00
30574
3780
0.0676
1.029
212
0.0246
0.0522

0.756/ -0.934
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4a

5a

6a

formula

cryst size [mm3]
cryst syst

space group
a[A]

b [A]

61[°]

v[°]

VA’

z

Peaic [mg m’]
FOOO

p[mm]

O range [°]
reflns collected
reflns unique
Rint

GOF

refined params
R1 [1>26(1)]
wR2 (all data)

largest diff peak [e A

2C34H3Au,Br;Ng
0.15 x 0.08 x 0.07
triclinic

P1

10.195(2)
13.426(3)
17.046(3)
74.219(10)
73.143(11)

71.246(8)

2072.9(7)

2.004
1202.0
9.048
4.328 - 55.996
76152
10019
0.1191
1.374
516
0.1129
0.3318

14.98/ -11.42

C3sH36Au,Br,Ng * 2CH;0H
0.24x0.12 x 0.1
triclinic

P1

9.4157(5)
9.3416(5)
22.4692(11)
94.007(4)
97.240(4)
95.609(4)
1944.42(18)

2

2.047

1144.0

9.636

5.328 - 55.996
18344

9283

0.1179

1.143

473

0.1029

0.2701

7.78/ -6.91

CsgHj0Au,Br;N; * Et,0
0.06 x 0.03 x 0.02
monoclinic
C2/c
26.092(3)
11.4454(14)
18.010(3)
90
128.499(9)
90
4209.2(11)
4

1.951

2376

8.905

2.84 - 28.00
21810

5072
0.2344
0.897

273

0.0747
0.1859

1.750/ -3.004
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4b 5b 6b

cryst size [mm?] 0.09 x 0.05 x 0.03 0.05 x 0.04 x 0.02 0.1x0.09 x 0.06

cryst syst monoclinic triclinic monoclinic
space group Cc2/c P1 Cc2/c

a [A] 13.0173(8) 10.4218(11) 24.049(3)
b [A] 15.8980(10) 11.8946(13) 6.9030(7)
c[A] 18.0103(10) 17.3704(18) 23.604(2)
al] 90 90.032(7) 90

81[°] 92.878(3) 94.993(7) 92.519(3)
v 90 108.372(6) 90

VIAY 3722.5(4) 2034.9(4) 3914.7(7)
z 4 2 4

Peatc [mg m*] 2.206 2.064 1.947

Fooo 2352.0 1208.0 2204.0
u[mm™) 16.333 14.957 7.596

O range [°] 8.786 - 135.462 7.836 - 144.754 4.734 - 55.998
reflns collected 22110 53646 53362
refins unique 3381 7913 4713

Rint 0.0638 0.0886 0.0684
GOF 1.033 1.134 1.173
refined params 266 545 252

R1 [1>26(1)] 0.0768 0.0899 0.0668
wR2 (all data) 0.2055 0.2171 0.1520
largest diff peak [e A®]  6.42/ -4.60 6.30/ -3.38 6.90/ -3.34
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10a

11a

12a

formula

cryst size [mm3]
cryst syst

space group
a[A]

b [A]

61[°]
v[°]
VA%

z

Peaic [mg m’]
FOOO

p[mm]

O range [°]
reflns collected
reflns unique
Rint

GOF

refined params
R1 [1>26(1)]
wR2 (all data)

largest diff peak [e A

CigHj0Au,Br;Ng * CH;0H
0.28 x 0.07 x 0.06
monoclinic
C2/c
26.1417(6)
19.0405(6)
19.1794(5)
90
120.9390(14)
90

8188.2(4)

8

1.938

4560

9.151
2.41-27.00
26370

8849

00659

0955

475

0.0334
0.0786

1.058/ -2.106

CoHz4AuU;,Br;Ng * CH;0H
0.38 x 0.18 x 0.06
monoclinic
C2/c
22.3983(13)
12.5583(6)
17.8798(10)
90
120.889(2)
90
4316.0(4)

q

1.946

2440

8.687
2.65-27.00
13633

4633
0.0518
1.082

315

0.0524
0.1318

2.249/ -2.964

C42HssAu,BroNg
0.41x0.11x0.10
triclinic

P1

9.0687(3)
9.3648(3)
12.6898(3)
105.1110(18)
91.103(2)

95.9969(18)

1033.53(5)

1.958
584
9.063
3.02 - 28.00
14553
4855
0.0682
1.002
247
0.0296
0.0639

1.324/ -3.329
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10b

11b

12b

formula

cryst size [mm3]
cryst syst

space group
a[A]

b [A]

61[°]
v[°]
VA’

z

Peaic [mg m’]
FOOO

p[mm]

O range [°]
reflns collected
reflns unique
Rint

GOF

refined params
R1 [1>26(1)]
wR2 (all data)

largest diff peak [e A

C3gHaoAuzF1,NgP,

0.16 x 0.08 x 0.04

orthorhombic
Pccn
26.4253(14)
9.1729(5)
16.7495(9)
90

90

90
4060.0(4)

q

2.115
2480.0
15.011

6.69 - 135.49
117466
3673
0.0769
1.100

282

0.0386
0.0997

4.84/ -1.87

CaoHa4AuU,F15NgP, * CH3CN
0.18 x 0.09 x 0.02
triclinic

P1

13.0703(7)

13.1182(8)

16.8388(10)

68.526(3)

89.683(3)

67.738(3)

2456.6(3)

1.896
1360.0
6.120
4.616 - 61.192
116270
15060
0.1529
1.011
637
0.0416
0.0900

2.35/-2.68

CsoHygAu,F1oNgP,
0.2 x 0.05 x 0.02
orthorhombic
C222

7.459(5)
17.896(14)
17.359(12)

920

90

90

2317(3)

1.933
1304.0
6.482
4.552 - 50.488
1154
1154
0.2668
1.714
143
0.1839
0.4476

8.96/ -5.81
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3c

4c

5¢

formula

cryst size [mm3]
cryst syst

space group
a[A]

b [A]

61[°]
v[°]
VA’

z

Peaic [mg m’]
FOOO

p[mm]

O range [°]
reflns collected
reflns unique
Rint

GOF

refined params
R1 [1>26(1)]

wR2 (all data)

largest diff peak [e A

Cy;H3,Au,B,FgNg
0.21 x 0.04 x 0.03
Pbcn
orthorhombic
19.5638(16)
11.3981(11)
13.1715(10)
90

90

90

2937.1(4)

4

2.207

1840.0
10.058

5.164 - 54
24390

3210

0.0595

1.093

241

0.0416
0.0861

1.67/-2.73

CigHg0Au,F4NgO,4P,
0.11 x 0.09 x 0.04
Pccn
orthorhombic
26.4711(12)
9.2158(4)
16.1720(6)

920

90

90

3945.2(3)

q

2.028

2320.0

15.167

10.164 - 134.986
11539

3242

0.2768

1.019

264

0.1033

0.2969

4.81/ -7.52

CaoHasAu,F4NgO,4P,
0.12 x 0.08 x 0.06
C2/c
monoclinic
40.2611(15)
25.4128(10)
18.4631(8)

90

108.480(2)

90

17916.4(13)

2

1.828

9536.0

13.376

4.176 - 135.488
202505

16236

0.1630

1.038

1162

0.0815

0.2196

3.52/-6.96
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7c

formula

cryst size [mm3]
cryst syst

space group
a[A]

b [A]

61[°]

v[°]

VA’

z

Peaic [mg m’]
FOOO

p[mm]

O range [°]
reflns collected
reflns unique
Rint

GOF

refined params
R1 [1>26(1)]
wR2 (all data)

largest diff peak [e A

C;,H3,Au;NgOg * CH3CN
0.25x0.2x0.13
monoclinic
P2,/n
9.4523(3)
13.2133(4)
24.8558(7)
90
96.8367(11)
90
3082.32(16)
q

2.085

1848.0

9.565

5.324 - 55.99
60952

7431

0.0660

1.042

422

0.0253
0.0595

1.25/-1.31
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4 Synthesis and characterization of trinuclear Ag(l) NHC-tribenzotriquinacene and Au(l)

NHC tribenzotriquinacene cages as supramolecular host molecules

4.1 Introduction

The main goal of this work is the synthesis of a homoleptic metal organic assembly with
three gold(l) atoms and several additional secondary binding sites. The metal centres should
be linked by NHC ligands. The planned cage structure could potentially act as a host for small
guest molecules or ions. Imidazolium compounds as ligand precursors can bear multiple
substituents and therefore provide a couple of different interesting binding sites.
Supramolecular interactions can involve several diverse non covalent bonding types. Next to
hydrogen bonding, ione««sion -, cationes«1t -, anione««.1 - and .11 - interactions some others

are possible.[gsl The containing gold atoms are also possible donor atoms for intriguing
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aurophilic interactions.” In a previous work, vanadium and titanium were tested as a second
metal centre for a bimetallic cage molecule.®” Both of the metals provide interesting
properties and applications fields."®™ Different routes for the synthesis of these host
molecules have been tested. Promising ligand precursors were obtained from 1-
methylimidazole and 2-bromoethanol. The tested reactions of these imidazolium salts with
the metal compounds lead to air and moister sensitive species. Those products could only be
handled in an argon atmosphere with extra dry solvents. These conditions are unhandy for
the intended application as sensor. Analytical experiments would be hindered and the
dissociation of the compounds would lead to misinterpretation. Therefore the concept of a
bimetallic receptor was dropped and a more stable structure was aimed. More simple and
less labile organometallic NHC compounds only based on coinage metals could overcome

this stability problem.

{)=NHC
O=Au
Q=M

Figure 89: Former planned design of the trinuclear gold(l) NHC cage structure with two additional metal atoms for a

bimetallic sensor molecule (M =V, Ti).

The potential application as supramolecular sensor is often combined with an intriguing
spectroscopical behaviour. The complexation of a guest inside the intrinsic designed cavity
could trigger fluorescence or fluorescence quenching, occurring from metallophilic d* - d*
interactions. Therefore the aggregation becomes visible. The high stability of Au(l) NHC
complexes assures long term applications and the fascinating host-guest interactions based

on supramolecular interaction are reversible, which provides reusable receptor molecules.
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There are two possible pathways for the visible recognition of a guest molecule by aurophilic

interactions, which are often joined by significant changes of the geometry:

* If the distances between the gold atoms inside the cavity of the host molecules are
small enough to generate Aus.-Au interactions they could be interrupted by a guest
molecule.

e If the Auss.Au distances inside the cage are too long for aurophilic interactions, the

aggregation of a guest molecule could lead to interactions with the gold atoms.

- Q mp

| @ @
b)
* O - {)=NHC
O=Au
@ =suest

Figure 90: Recognition of a guest molecule inside the host cage accompanied with a) luminescence quenching or b)

activation of aurophilic interaction and luminescence.

A multitude of examples for both types of sensor host-guest assemblies are known to the

literature. E.g. Yam et al. developed a chemosensor for silver ions, based on a calix[4]arene

[101]

structure. Beside them, some more specific cation binding host molecules are

discovered.™® péthig et al. designed a new tube shaped cage molecule containing gold and
macrocyclic Iigands.[‘”‘] Due to the similarity to pillar[n]arenes and the metal complex
structure they called them pillarplexes. These metallocavitands work highly selective as
receptor for linear organic molecules."®® The penetration of the cavity goes in with a

luminescence quenching. Several examples of C; symmetrical structures with different

[104 [105]

atoms or moieties as linker are well documented in the literature. Boron ], carbon or

[106] [107]

nitrogen as well as aromatic systems are possible as centre peace of the ligands.

Some of these molecules are rigid and not able to change the structure. Therefore they are
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not able to form short Au...Au distances and to enable aurophilic interactions. So next to
the described functional sensor complexes are some examples of non luminescent
compounds known. E.g. Meyer et al. synthesized a trinuclear metal complex with two tripod
ligands resulting in a windmill analogue structure.™ The short alkyl chains promote the
rigid configuration with long Au...Au distances over 5 A. Therefore the metal centres cannot
induce aurophilic interactions. Fascinating cone shaped NHC compounds as
tetrakis(methylimidazolium) calix[4]arenes are also able to bind small molecules as

[105] Bullough et al. have shown the successful binding of several anions such as

anions.
bromide, chloride, nitrate, acetate and dihydrogen phosphate. The aggregation is
accompanied by significant shifting of some signals in the *H-NMR spectra and permit job
plot analysis by NMR titration. Host-guest interactions of metal free imidazolium
compounds are also possible but do not provide the interesting fluorescence behaviour, due
to the lack of metallophilic interactions. However these investigations and other examples in

[84b,110

the literature ] prove that NHC compounds are able to provide additional binding sites

and encourage aggregation processes.

The purpose of this work was the generation of a tripodal imidazolium compound and the
subsequent conversion to a trinuclear gold(l) NHC complex. The backbone of the ligand
precursors should be completely organic and preferably rigid with additional flexible NHC
units. A not too flexible structure provides a better preorganisation and prevents the
formation of more complex structures. The planned host structure should be similar to the
complexes found by Meyer et al'® put a little more adjustable. Short alkyl chains tolerate
rearrangements to obtain the most stable structure and assist supramolecular aggregation.
A dynamic behaviour in solution and slight modifications of the molecular structure could
also support the insertion of potential guests. A well known organic supramolecular
compound is tribenzotriquinacene (TBTQ). Kuck et al. have found this mesmerizing cup like
molecule in 1992.1"Y The TBTQ structure with the bowel shaped scaffold provides a good

template for capsule molecules.
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Scheme 9: Tribenzotriquinacene backbone showing the cup like form.[loe'nl]

The addition of a substituent at one C atom of each of the three aromatic systems of the
TBTQ, results in a C3 symmetric chiral conformation. Hence the recognition of specific chiral
substrates is possible and the differentiation between two enantiomers could be enabled.
Stable host-guest systems are realized through several beneficial binding sites. Simultaneous
execution of numerous interactions encourages the stability of the system. The cooperative

<) Combination of the NHC moieties with different

effect describes this principle.
substituents as alkyl chains, amino acids, amines, and hydroxids are imaginable. Some of
them have already been synthesized in our group.[4f’5b’99’112] Thus next to the aurophilic

interactions, various binding sites are possible for the planned structure.

= NHC
O =Au
X =TBTQ

Figure 91: Planned design of the trinuclear gold(l) cage molecule with tribenzotriquinacene NHC ligands.

Hitherto only one successful combination of the TBTQ structure and NHCs was already
published by Segarra et al. in 2013." But herein the NHC moieties are integrated into the
TBTQ backbone. The carbon atoms C4 and C5 are also part of the aromatic system of the
TBTQ. Thus the carbene carbon atoms are pointing outwards and do not support the
building of a cage molecule with two of these ligands. Au(l) NHC complexes usually contain

linear C-Au-C axes!?*"4630:114]

and would lead to different and probably more complicated
structures with these ligands. For the best of our knowledge the now presented work shows

the promising synthesis of a C3 symmetrical ligand precursor with a connection between the
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aromatic system of the TBTQ backbone and the nitrogen atom of the imidazolium moiety for
the first time. A reaction procedure to obtain the ligand precursor was developed over an
amidation reaction between a carboxylic acid and a primary amine. The complexation of the
obtained imidazolium salts with silver could be realized via the silver base route. The
corresponding gold cage molecules have been prepared by transmetallation of the Ag

template compounds.

4.2 Mass Spectrometry Experiments

The intended NHC metal complexes and the ligand precursors bear three permanent positive
charges. Therefore the success of the reactions could be verified by mass spectrometric
means. The compounds are detected as cations, after the separation of the counterions, and
the anions by separation of the metal compounds. Most electrospray ionization mass
spectrometry (ESI MS) experiments were performed on a Fisher Scientific LTQ-Orbitrap XL™
hybrid lon Trap with an ESI/APCI lon Max Source. High resolution spectra for accurate
masses were recorded with the Orbitrap analyzer (spectra shown with three decimal places).
The mass spectrometer was calibrated for a broad mass range (mostly m/z = 100-1000 for an
overview of the whole solution), therefore some accurate masses and isotopic pattern are
not as precise as preferred. Additional measurements carried out with a commercial
quadrupole/time of flight (Q/TOF) hybrid mass spectrometer (Bruker micrOTOF-Q) equipped
with an Apollo ESI source show similar results (spectra shown with two decimal places). Fine
tuning of several measurement parameters on this spectrometer allows the suppression of
all signals with a smaller m/z value than 240. Acetonitrile and methanol (HPLC grade) from
VWR were used for MS-measurements. All detected interesting species were marked in the
spectra if their intensities were >1% of the intensity of the base peak. Smaller signals have
been omitted for clarity. Some of these small but interesting signals will be mentioned under

the schemes, if they are assumed as important.
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4.3 Synthesis of the ligand precursor
The connection of the TBTQ framework and the imidazolium moieties should be realized via
amide bonds. Hence a carboxylic acid function should be added to the secondary nitrogen

atom of the 1-methyl imidazole. The synthesis of this salt was adapted from the

[115]

literature. For the nucleophilic substitution, the imidazolium compound and bromo

acetic acid were mixed in acetonitrile and refluxed. Evaporation of the solvent lead to a

]

colourless oil, which acts as ionic quuid.[115 However washing with concentrated

hydrochloric acid turns the product to white crystals of compound 13*Br.

N OH
[N) ey ACN, reflux ,N/\\MOH

O
13*Br

Scheme 10: Synthesis of the imidazolium salt 13*Br".

During mass spectrometric investigations of the product, several side products were
detected. The ESI MS spectrum (see Figure 92) shows the intended cationic main product 13
([M*] at m/z = 141.10) with the highest intensity and some adducts at m/z = 281.13 [2M-H]"
and m/z = 421.19 [3M-2H]". Those aggregated species occur from the ESI process and cannot
be avoided even by measuring low concentrated probes. The species at m/z = 123.09 and
95.09 originate from fragmentations of the product, which are also common for this
technique. The species m/z = 83.10 could be attributed to a residue of the starting material
1-methyl imidazole. They also appear by using soft ionization parameters. Next to those
simply explainable species, are several signals detectable with a Am of 58.00. They can be
attributed to the addition of one or up to four CH,CO, groups to the product. These side
products were generated by unintentional oligomerisation processes of the bromo acetic

acid. These could be mostly eliminated by using another fresh load of the reactant.
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Figure 92: ESI(+) mass spectrum of 13*Br diluted with acetonitrile (M = 13).

A different side product could be detected at m/z = 155.08. This species was linked to an
ester imidazolium compound 14 with an additional methyl group. All side products could be
removed by crystallization. However some of the following experiments were performed
with the mixture including these side products. Therefore they are visible in the following

spectra.

141.07
/<. ©
- \/N@\)/LLO/
155.08
2M-H®
281.12 [3M-2H]®
421.18
[4M-3H]®
: 561.24 [5M—4H]®
163.05 334.85 443.16 1583.22 701.30  781.22
1 A - Al ‘ A " A L A

BN Dot i i ek i i i b i i e i i o i e i i e i i i i i ik i i i it i i i b i i i i i i |
100 200 300 400 500 600 700 800 900 m/z

Figure 93: ESI(+) mass spectrum of 13*Br” diluted with acetonitrile (product without the additional CH,CO, groups,
M = 13).
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Single crystals suitable for x-ray diffraction were grown slowly from a saturated solution of
the imidazolium salt 13*Br’ in acetonitrile at 3°C. The crystallographic data are summarized

in Table 9. The found bond lengths and angles are comparable with similar compounds in the

[100c,116]

literature.

Figure 94: ORTEP drawing and partial crystal packing of the imidazolium salt 13*Br" (50% probability level for the thermal

ellipsoids). The right picture illustrates the short HeeeBr bonds (all involved hydrogen atoms are green for clarity).

The structure consists of a network of cations surrounded by the counterions. The cations
are arranged in alternating layers. The view from above those layers looks like bows. They
originate from crossing acid substituents of two imidazolium compounds from different
layers (see Figure 95). All bromide anions are surrounded by six close hydrogen atoms of
different imidazolium molecules. The He«+«Br distances are 3.033 A, 3.020 A, 2.965 A, 2.861 A,
2.797 A and 2.591 A. All hydrogen atoms involved are either from the aromatic moiety or the
acid substituent. The methyl side chains only participate in another, more common,
hydrogen bond type with the oxygen of the acid moiety (Oss«H). The given structure is
mainly stabilized over these two He«««Br and O««<H bonding types and packing effects. mes.m

interactions could not be found.
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Figure 95: Crystal packing of the imidazolium salt 13*Br (50% probability level for the thermal ellipsoids). Hydrogen

atoms have been omitted for clarity.

As a first attempt for the complexation, the imidazolium salt 13*Br  was mixed with NaOAc
and Au(SMe,)Cl in DMF and stirred for three hours at 120°C. This method was adapted by a

procedure from Hemmert et al 621

, Which has already been used effectively in our work
group.[4f’63b] The reaction was immediately successful. For the best of our knowledge this

complex is as yet unknown in the literature.

0
[\
N e 5©  AUSMe,)Cl Yo
N2 L on ~ Au

DMF, 3 h, 120°C

13+Br° \NANWOH

15*Br

Scheme 11: Synthesis of the gold(I)NHC complex 15*Br".

Next to the imidazolium compound the amine containing backbone needed to be
synthesized. As the centre piece of the planned C; symmetrical ligand precursor the
corresponding amine TBTQ isomer 23s was chosen. This already known molecule was first
published by Kuck et al. in 1984.1% The here presented synthesis is based on their
procedures and some subsequently changes and improvements. The first step of the
synthesis of the TBTQ derivative is the reaction of dimethyphthalat with 3-pentanone. The
method was adapted from Mosher et al. % The highly cancer causing solvent benzene was

[10f,10h]

replaced with toluene. Stirring under reflux, for 15 hours, led to a deep red solid. The
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next three steps were performed according to the procedures described by Kuck et al..1*0d
Once again toluene was used instead of benzene for the synthesis of compound 17 [10f200]
Even though Kuck et al® had already published an effective bromination procedure,
another instruction was followed for the synthesis of 20. Beaudoin et al. have found the
different route.""®! The new method does not require the use of elemental bromine and was
therefore preferred. The synthesis of the compounds 21, 22a and 22s as well as 23a and 23s

[10d.20¢] The trinitro derivatives were obtained as

were performed according to the literature.
a mixture of the two isomers 22s and 22a. While those compounds are almost inseparable,
the associated reduced amines 23a and 23s have a different elution behaviour."'® Thus the
next reaction step was performed without further purification or separation of the product

mixture.
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Scheme 12: Syntheses of the TBTQ backbone adapted from the literature. [10a] [10b] [10c-h]

In contrast to the nitro TBTQ, the new amines 23a and 23s can easily be separated by liquid
column chromatography.me] The isomers show two different characteristic *H-NMR spectra.
While the asymmetric species 23a results in three multipletts, the spectrum of the

symmetric compound 23s shows two doublets (a+c) and one dd (b) (see Figure 96).
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Figure 96: Enlargement of the aromatic area from the 'H-NMR spectra of the two isomers 23a and 23s.

The last step of the synthesis of the ligand precursor is the amide coupling reaction. There
are a variety of different organic coupling reagents and metallic catalysts known for this type
of condensation reaction and a lot of them work quite well for aromatic amines.'!! They
usually play an important role in peptide synthesis, but can also be used for other
compounds. For the following reactions, metal free routes were mainly chosen. Most of the
here used coupling reagents are hygroscopic and dissociate during the reaction with water.
Therefore all experiments were operated with dry solvents and under argon atmosphere.
The first attempts were performed with the asymmetrical isomer of the triamino compound
23a. The amine and the imidazolium salt 13*Br” were dissolved in dichloromethane and the
solution cooled down to 0°C. Then HOBt, triethylamine (TEA) and EDC were added and the
reacting solution allowed to warm up slowly to room temperature. Stirring was continued
for five days at ambient temperature. A lot of colourless precipitate has formed. For
purification ethyl acetate was added and the solution washed with NaHCO3(,q) and NaCl(yq)
solutions and with pure H,0. The organic layer was dried over Na,SO; and the solvent

removed under pressure.

127



H,oN

Q DCM, TEA
i

K\ J\—OH HOBt, EDC
N —

+ 3
‘ 0°C>1t, 5d
13*Br@
H,N NH,

N=/ 263*3Br®

Scheme 13: Tested synthesis of 26a*3Br” with 13*Br’, 23a, EDC, HOBt and TEA in dichloromethane at 0°C, with a reaction

time of 5 days.

The evolution of the reacting species and the products was followed with ESI MS. Successful
coupling reactions should lead to the new tripodal ligand precursor 26a*3Br with three
imidazolium units. Additional products after only one or two successful amidation reactions
are also plausible and would lead to the intermediates 25a and 24a. Due to a higher charge
26a has the smallest m/z value and should be detectable at 250.1288. Because of their size
and complexity the products will be shown as sketches in the spectra. The asymmetric
conformation of the TBTQ scaffold provides three different isomers at a time for the
compounds 24a and 25a, which cannot be transferred into each other by rotation. Since the
isomers are isobaric they cannot be distinguished by mass spectrometric means. Here they

are shown as one sketch respectively, which is representative for all possible isomers.
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chemical formula: C44H45NgO5%* chemical formula: CagHy1N70,%*  chemical formula: C3,HasN5O*
m/z calc.: 250.1288 m/z calc.: 313.6656 m/z calc.: 504.2758

Scheme 14: Cationic species of the wanted asymmetric tripodal ligand precursor and the two intermediates with only
one or two respectively successfully coupled NHC units; including their chemical formulas and calculated m/z values

(a = asymmetric). The sketches for the asymmetric compounds are illustrated with dashed bonds.
The only detectable TBTQ species in the first sample of the purified product was the triamino
compound 23a as cationized molecule [M+H]*. Therefore the reaction parameters were
changed. The next experiment was adapted from a procedure of Barnard et al."*® The
synthesis is pretty similar to the first attempt, but involves ethanol as solvent. The ESI MS
spectra of the reacting solution after 24 hours did not show any intended products. Further
tests were transferred to the simpler aromatic amine aniline. This compound contains only

one primary amine function. The reaction conditions were further varied for every step.

ACN, TEA ®
’ @ —
NH, o Q DMAP, EDC Br— ) %
+ Br = N}OH . - Q/N\)kN
ON=/ 0°C->rt, 24 h o H
- © 27*Br
13*Br

Scheme 15: Tested synthesis of 27*Br” with 13*Br’, anilin, EDC, DMAP and TEA in acetonitrile at 0°C, with a reaction time

of 24 hours.
The next experiment was performed in acetonitrile at 0°C. The coupling reagents DMAP
(instead of HOBt) and EDC were used. Measured by means of ESI MS, no product could be

detected after 24 hours. Acetonitrile was chosen as solvent in this reaction, because all

reactants have shown a good solubility even at low temperatures. So for the next
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experiment acetonitrile was kept as solvent but the carbodiimid was changed from EDC to
DCC. The changed coupling reagents did also not support the reaction. Another variable
parameter is the temperature. The properties of the solvents like the boiling — or melting
points do have a huge impact on the reaction. With different solvents the reaction
temperature can be varied. For some reactions the transient intermediates are pretty
reactive and dissolve in solution before they are able to react with another molecule.
Lowering the temperature could support the coupling reaction by slowing down the
dissociation step. Numerous instructions of amide coupling reactions suggest low
temperatures under 0°C, so the transient intermediates exist long enough to react with the
amine, without an early dissociation. Therefore the reaction was performed at -60°C in THF.
The reaction mixture was kept at this temperature for 24 hours and then slowly warmed to
room temperature and stirred for another 24 hours. Alongside with the temperature the
base was changed to lithium diisopropylamide (LDA). The stronger base should support the
deprotonation step of the amine. Unfortunately the change of the temperature and the base
were not beneficial. However for the next reaction TEA and LDA were replaced with Huenig
base. Intriguingly this was the first successful performed amide coupling reaction of 13*Br’

with aniline yielding the product 27*Br .

))\j J\
Scheme 16: Huenig base (N,N-Diisopropylethylamine, DIPEA)

Huenig base (N,N-Diisopropylethylamine, DIPEA) turned out as the key to an effective
coupling reaction. The non nucleophilic and steric hindered, but strong base supports the
given synthesis. There are also several examples of successful amide coupling reactions with

[119

DIPEA in the literature.*® After that the promising reaction, the reactants were tested with

the TBTQ compound 23a.
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Scheme 17: Performed synthesis of 26a*3Br” with 13*Br’, 23a, EDC, DMAP and 6 eq. DIPEA in acetonitrile at 0°C, with a

reaction time of 2 days.

The general amidation synthesis was performed by mixing two solutions A + B at 0°C in an
ice bath (containing water, ice and NaCl; to keep the temperature, more ice was added when

needed).

Solution A: The amine 23a (1 eq) was dissolved in acetonitrile and cooled to 0°C. Then DIPEA

(6 eq) was added to the solution.

Solution B: The imidazolium salt 13*Br™ (4 eq) was dissolved in acetonitrile and cooled to

0°C. After that EDC (4.5 eq) and DMAP (0.05 eq) were added to the solution.

The amount of acetonitrile was changed a little bit for each reacting solution to get clear,
colourless solutions. Anyhow the compounds in solution A did dissolve much better than in
solution B, therefore solution B always contains more solvent. E. g. while 50 mg of 23a were
dissolved in 10 mL acetonitrile, 40 mL had been needed for the belonging imidazolium

solution B.

Both solutions were stirred for a few minutes and then A was slowly added to B. The
reaction mixture was continuously stirred and slowly warmed up to room temperature (the
ice bath was kept under the flask but no more ice was added). Most experiments have gone
by with distinct colour changes. This reacting solution turned brown while adding A to B.
After 24 hours a small sample was taken, diluted in acetonitrile and measured by ESI MS. The

reaction mixture contained some positively charged reactants.
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Figure 97: ESI(+) mass spectrum of a reacting solution containing 13*Br’, 23a, EDC and DMAP in acetonitrile at 0°C. The

sample was taken after 24 hours and diluted with acetonitrile.

Huenigs base and DMAP are detectable after the addition of a proton, at m/z = 123.092 and

(331201 and therefore intensive

130.159 respectively. Both species show a high ESI response
signals. The NHC acid 13*Br” was detected at m/z = 141.066 and a fragment at m/z = 123.055
after the loss of H,0, which is a common fragmentation of carbon acids during the ionization
process. The two signals at m/z = 123.092 and 123.055 can easily be distinguished in an
enlarged spectrum. The intensities in the given spectrum (see Figure 98) are almost equal,

but alternate in the following investigations.

123.055 exp. m/z
5 123.092
124.059 124.095
123.092 calc. m/{
CBSHQOAUSN1806
®
| +H
/N =z ‘
124.095 @
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e ¢ -H0
—N /N(D 2
124.058 o

Figure 98: Partial ESI(+) mass spectrum of the reacting solution, showing the differences of the signals from [DMAP+H]"

and [13-H,0]".
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The carbodiimid EDC and the corresponding carbamide are also visible after the addition of a
proton at m/z = 156.149 and 174.160 respectively. Intriguingly at m/z = 296.208 is the first
reactive intermediate (28) visible, occurring from the reaction of EDC with the acid." The
intensity of this species is not very high but still a few times higher than the baseline noise.
The detection of this active species indicates an adequate stability of the intermediate. Apart
from this compound the protonated form could also exist in the reacting solution. This
species has a higher charge (+2) and therefore a smaller m/z value of 148.608. Due to the
composition of the mixture both species are plausible and probably coexisting. However the
given MS spectrum only shows the deprotonated form. The next reaction step is proposed as
the substitution of the EDC moiety with the catalyst DMAP,[11761216122] leading to a new
doubly charged reactive species 29 at m/z = 123.0735. DMAP as coupling reagent is often
used for esterification but the mechanism is similar for the amide bonding reaction. The
proposed transient species or the associated aggregates with anions could not be detected.
The absence of this species does not necessary indicate the absence of this intermediate.

Rather the transient species could be short lived or dissociate during the ionization process.

a) L 28+H> b) L 28 0 NL :/N\

N
e § N ® e 9 N ®
N\éN&OJ\N/\/\H/ /N\éN\)kOJ\N/\/\N/ \ﬁ/ _—
| H \ |

29
H
Chemical Formula: C44H,,N50,%* Chemical Formula: C14H26Ns0,"  Chemical Formula: Cq3H4gN40%*
m/z calc.: 148.6077 m/z calc.: 296.2082 m/z calc: 123.0735

Scheme 18: Two possible species of the first intermediate a) 28 after the addition of a proton, b) 28 without the extra

proton, c) the proposed second transient species 29, with two positive charges.
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The species at m/z = 504.275 is identified as 24a the product of the first successful coupling
reaction of the TBTQ amine 23a with acid 13*Br". Due to the fact that 23a is not charged, it
can only be detected after the addition of a proton or sodium. In contrast to that, the ligand
precursors contain permanent charges and therefore are simply detectable by ESI MS. The

ESI spectrum in negative modus shows the expected counterion bromide.

Br@
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80.75
61.83 06.63
68.83 J ; 96.83
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Figure 99: ESI(-) mass spectrum of a reacting solution containing 13*Br’, 23a, EDC and DMAP in acetonitrile at 0°C. The

sample was taken after 24 hours and diluted with acetonitrile.

After two days the reaction was ended. The solution turned brown and a dark precipitate
has build. The suspension was filtered and the solvent removed under vacuum. The crude
product was obtained as dark brown oil. ESI MS measurements of the product in methanol
presented the species at m/z = 504.276 with a much higher intensity and new additional
species. A new fragment is detectable at m/z = 107.061. This fragment does originate from
the [DMAP+H]" species after the loss of the neutral methane molecule. A new doubly
charged signal could also be detected at m/z = 313.666. The species was assigned to 25a,
which originates from the TBTQ amine 23a after two successful coupling reactions. Even the
final product 26a of the reaction could be detected at m/z = 250.129 but with minor
intensity. The charge of the acid 13*Br used for the reaction contains the additional
oligomeric species with repeating CH,CO; units (each CH,CO, unit is sketched in the spectra
with a *). These reactants could also undergo the coupling reaction. Therefore some side
products with small intensities were detected as well (m/z = 342.668 [25a+CH,CO,], 562.281
[24a+CH,CO0,], 620.287 [24a+CH,CO,]).
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Figure 100: ESI(+) mass spectrum of a crude product containing 13*Br’, 23a, EDC and DMAP in acetonitrile at 0°C. The

sample was diluted with methanol. (x = common background contaminant ions).

Scheme 19: Counterion exchange of 26a*3Br with KPFgin methanol/water.

was filtered and investigated by MS.

26a*3Br°

The crude product was full of side products and remaining reactants. Purification and a
subsequent change of the solubility should be accomplished by an anion exchange with an
excess of PFg (see Scheme 19). Therefore the dark brown oil (66.83 mg) was dissolved in
methanol and a saturated solution of KPFg (66.45 mg) in water was added. The organic

solvent was removed under vacuo and a light brown precipitate has formed. The product

S
26a*3PF;

[62f]
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The ESI(-) MS spectrum of the product shows mainly the new counterion PFg and small
amounts of bromide which could not totally be replaced (see Figure 101). Due to the fact,
that a hydrochloride was used as carbodiimid, chloride is also a plausible counterion. Hence
the product probably consists of a mixture of bromide, chloride and hexafluorophosphate
compounds. The confirmation of chloride by mass spectrometric means is difficult and

requires special calibration steps. This additional effort was not taken for the crude product.

PFe°
145.00
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78.83 80.92 149.00 186.17
68.92 96.92 113.00 h “U57.08 17217 L 200.17
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Figure 101: ESI(-) mass spectrum of the product after the counterion exchange from 26a*3Br” with KPF;. The sample was

diluted with methanol.

However the counterion exchange separated the positive species of the product by their
solubility in water or methanol (see Figure 102). The intensities of the reactants and the side
products decreased and the intensities of the three main products (24a, 25a and 26a) and
the additional oligomeric species (m/z = 342.668 [25a+CH,CO,], 371.670 [25a+(CH,CO,),]
562.281 [24a+CH,CO,], 620.287 [24a+(CH,C0,),]) increased in the spectra of the residue
from the organic phase. Next to those species some adducts of the ligand precursors and
PF¢ could be detected with small intensities (Figure 103). Aggregation of cations and anions
during the ionization process is a common phenomenon. This behaviour is often tuneable by

the ionization parameters and the concentration of the sample.
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Figure 102: ESI(+) mass spectrum of the product after the counterion exchange from 26a*3Br with KPFg. The sample was

diluted with methanol. (x = common background contaminant ions).
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Figure 103: Partial ESI(+) mass spectrum of the product after the counterion exchange from 26a*3Br with KPF; (see

Figure 102) showing the adducts of the NHC precursor molecules and PFg .

Most of the reactants remained in the water phase, due to their hydrophilic properties.

Evaporation of the water leads to a residue, which was also investigated in the gas phase.

The separation of the products and the reactants was incomplete but promising. Repeating

the procedure could improve the result. Changing the solvent or the added counter ion (PFg
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to other species like BF4 (1231 oac” "Mor other anions ]) could also support the anion

exchange and affect the solubility of different species.
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Figure 104: ESI(-) mass spectrum of the residue from the water phase after the counterion exchange from 26a*3Br with

KPF¢. The sample was diluted with methanol.
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Figure 105: ESI(+) mass spectrum of the residue from the water phase after the counterion exchange from 26a*3Br with

KPF¢. The sample was diluted with methanol. (x = common background contaminant ions).
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For a higher conversion the reaction time in the next experiment was doubled to eight days.
The combination of the two mixtures A and B lead to an instant colour change of the
solution to bright yellow. A colourless precipitate was quickly built. After four hours a small
sample of the reacting solution was diluted in MeOH and measured by ESI MS. The first
positive conversions to 24a and 25a could already be detected after this short period.
Another sample was taken and measured after five days. The intensities of the interesting

species were more intense and a small signal of 26a could also be detected.
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Figure 106: ESI(+) mass spectrum of a reacting solution containing 13*Br’, 23a, EDC, DMAP and DIPEA in acetonitrile at

0°C. The sample was taken after 4 hours and diluted with methanol. (x = common background contaminant ions).
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Figure 107: ESI(+) mass spectrum of a reacting solution containing 13*Br’, 23a, EDC, DMAP and DIPEA in acetonitrile at

0°C. The sample was taken after five days and diluted with methanol.

The reaction was stopped after eight days. Removing the solvent in vacuo has lead to the

crude product as brown oil. The product was washed with water and a light brown

precipitant was obtained. The solid was filtered and investigated by ESI MS (see Figure 108).

The simple washing step, with water,

lead to similar successful cleaning results in

comparison with the counterion exchange. The dominating species in the ESI spectrum are

the amides 24a and 25a followed by the oligomeric compounds. The preferred product 26a

was only found in small quantities (experimental and calculated isotopic pattern of the three

interesting compounds are given in Figure 109, Figure 110 and Figure 111).
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Figure 108: ESI(+) mass spectrum of the crude product from the reaction of 13*Br’, 23a, EDC, DMAP and DIPEA in

acetonitrile at 0°C. The sample was diluted with methanol. (* = common background contaminant ions).
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Figure 109: Partial ESI(+) mass spectrum of the crude product, showing the experimental and calculated isotopic pattern

of 24a.
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Figure 110: Partial ESI(+) mass spectrum of the crude product, showing the experimental and calculated isotopic pattern

of 25a.
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Figure 111: Partial ESI(+) mass spectrum of the crude product, showing the experimental and calculated isotopic pattern

of 26a.

A plausible reason for the poor conversion is an incomplete deprotonation step. Therefore
the next reaction should be improved by adding the doubled amount of the Huenig base.
The colour changing of the reacting solution from yellow to brown and the building of a
colourless precipitate was similar as in the reaction before. After five days a sample of the

reacting solution was taken and diluted in methanol. The solution was transferred to the MS.
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The resulting spectrum looks similar to the spectrum of the former experiment with half of

the amount of Huenig base after five days (see Figure 107).
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Figure 112: ESI(+) mass spectrum of a reacting solution containing 13*Br’, 23a, EDC, DMAP and DIPEA in acetonitrile at

0°C. The sample was taken after 5 days and diluted with methanol. (*x = common background contaminant ions).

The reaction was again finished after eight days. The mixture was reduced to a minimum
volume in vacuo and the generating dark brown precipitate was filtered and washed with
acetonitrile. The MS spectrum of the crude product did not show higher intensities of the
interesting species. The amount of 24a and 25a are almost unchanged in comparison with
the spectrum after five days (see Figure 112). The tripodal ligand precursor 26a could only be
detected in small quantities. The previous reaction with half the amount of DIPEA has shown

a much better turn over.
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Figure 113: ESI(+) mass spectrum of the crude product from the reaction of 13*Br’, 23a, EDC, DMAP and DIPEA in

acetonitrile at 0°C. The sample was diluted with methanol and H,0.

The combination of the two solutions has always been performed at low temperatures, in
order to reduce the decomposition of the transient species. Due to the fact, that the
previous reactions have shown good performance even after warming to room temperature,
cooling seem unnecessary. So the reaction was now completely operated without ice bath.
The procedure was performed as described above, by adding the two premixed solutions A
and B, but the combination took place at room temperature. The impact of the changed
reaction parameters was already visible after a short period of time. The colour change, from
yellow to brown, was already apparent after a few hours and a lot of colourless precipitate
has build at this stage. Differently than the previous results, all of the three possible ligand
precursors (24a, 25a and 26a) and some of the oligomeric species were already detected

after three hours (see Figure 114).
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Figure 114: ESI(+) mass spectrum of a reacting solution containing 13*Br’, 23a, EDC, DMAP and DIPEA in acetonitrile at rt.

The sample was taken after 3 hours and diluted with methanol.

After 24 hours the colour of the mixture and the ESI spectra of a sample did not changed

significantly farther.
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Figure 115: ESI(+) mass spectrum of a reacting solution containing 13*Br’, 23a, EDC, DMAP and DIPEA in acetonitrile at rt.

The sample was taken after 24 hours and diluted with methanol.
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Thus the reaction was ended after two days and the solvent was reduced to a minimum
volume in vacuo. The dark solid was filtered and washed with acetonitrile. The ESI spectrum
of the crude product, recorded from a methanol solution, reveals significant amounts of the
three amide ligand precursors (24a, 25a and 26a). Washing the product with acetonitrile
removed most of the reactants from the crude product. The amides are poorly soluble in
acetonitrile and completely soluble in methanol. However washing with water has given

better results, as seen before.
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Figure 116: ESI(+) mass spectrum of the crude product from the reaction of 13*Br’, 23a, EDC, DMAP and DIPEA in

acetonitrile at rt. The sample was diluted with methanol.

After the enhancement of the reaction at higher temperatures, the next experiment was
driven at 50°C. Therefore the two mixtures A and B were mixed at room temperature and
then heated. Similar to the experiment at ambient temperature, the colour of the solution
turned bright yellow and changed to brown soon after the mixing step, accompanied by the
building of a colourless precipitate. The first MS spectrum was taken after three hours. In
contrast to the former experiments all three TBTQ NHC species (24a, 25a and 26a) could be

detected with good intensities by that time.
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Figure 117: ESI(+) mass spectrum of a reacting solution containing 13*Br’, 23a, EDC, DMAP and DIPEA in acetonitrile at

50°C. The sample was taken after 3 hours and diluted with methanol.

Stirring the mixture for 24 hours did not show significant changes in the composition of the

detectable species in the gas phase (see Figure 118).
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Figure 118: ESI(+) mass spectrum of a reacting solution containing 13*Br’, 23a, EDC, DMAP and DIPEA in acetonitrile at

50°C. The sample was taken after 24 hours and diluted with methanol.
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Stirring at 50°C was continued for another 24 hours. The mixture was then cooled to room
temperature and filtered. The dark brown solid was washed with acetonitrile. Apart from the
imidazolium ester 14 at m/z = 155.08 most of the reactants and side products could be
separated from the mixture. The ESI MS spectrum of the product in methanol shows the
tripod ligand precursor 26a as the main product of the reaction (Figure 119). In the sample
two additional aggregates of the tripod species 26a have been detected. The doubly charged
species 26a*Cl"and 26a*Br are visible at m/z = 392.678 and m/z = 414.653 respectively (see
Figure 119). Similar aggregates with PFg have already been detected after the exchange of
the counterion. Interestingly the oligomeric species of 24a ([24a+CH,CO,] and
[24a+(CH,CO,);]) are detectable in an almost equal amount, while the ratio for 25ais 3: 11 :
1 (25a : [25a+CH,C0,] : [25a+(CH,C0,),]) and for 26a the oligomers are only detectable with
negligible intensities. Apart from statistic arrangements, the bigger oligomers seem to hinder

the building of the tripod ligand precursor 26a. This is attributed to repulsive steric effects.
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Figure 119: ESI(+) mass spectrum of the crude product (precipitate) from the reaction of 13*Br’, 23a, EDC, DMAP and

DIPEA in acetonitrile at 50°C. The sample was diluted with methanol (For full spectrum see Figure 173).

Investigations of the filtrate also show small signals of the crucial species 24a, 25a and 26a
as well as some oligomeric species, but the spectrum is dominated by side products and

reactants (see Figure 120).

148



/LHJ\ /N/\\ C\)/U\OH

)(9 141.066
130.159 /Nﬁu _
129.103 | | 155.082
@ K
| +H /\N)J\N/\/\Hé
_N _ H H |
i 174.161
N
123092 % /?L Na®
N L R A
N = ® -H,0 /ﬁ (0] N
N2 I 196.142 —N__\® \
OH : \/N\)J\O)\N/\/\N/
1?3.056 o 2096.209 H |
® - \’\7, i
Y -
/N ~ ‘_CH 250. 129 5 - C";/ "H’
o hoH, Las2279f Oy 5 504.276
107.061 254717 % fas. 666 | 342669 o &
: ; ¢ 537.370, Y
369.295 418.34
il . 8.343
150 200 250 300 350 ﬁ?/g 450 500 550 600 650

Figure 120: ESI(+) mass spectrum of the crude product (solid from the dried filtrate) from the reaction of 13*Br’, 233,

EDC, DMAP and DIPEA in acetonitrile at 50°C. The sample was diluted with methanol.
The next experiment was performed with another increase of the temperature to 80°C. As
described before, the two mixtures A and B were mixed at room temperature and then
heated. The solution turned directly bright yellow and a colourless precipitate was formed.
During the preheating the solution soon turned brown. The reaction mixture was stirred at

80°C for three days. The red brown solid was filtered and washed with acetonitrile. The

resulting MS spectrum is comparable with the spectra of the previous reaction at 50°C.

149



*

/-’*
A
i

oy . ;
= w7 < 371673
50431 313667 <
T 1374.692
i 342670 :; ®
s {iTBTQ+H
Y 1382230
Hion o
2?9.466** i Vi
Sy i | 392,680 U
?—ﬁ' \’\?T+Br@
: 288.801 & "
} 288 = 414.654
i400676 . Y . -
£1403.694." S04.278 &y Gy S
219.126 435.716 562.284  620.290 “y
L 678.295
PRI Yy A A AL
= e e o e ———
450 500 550 600 650 miz

300 350 400

200 250
Figure 121: ESI(+) mass spectrum of the crude product from the reaction of 13*Br’, 23a, EDC, DMAP and DIPEA in

acetonitrile at 80°C. The sample was diluted with methanol (For full spectrum see Figure 174).

After the promising reaction with the asymmetric TBTQ backbone 23a, the symmetrical

isomer 23s was tested. Based on the hitherto existing results, the reaction parameters were

retained with 13*Br’, 23a, EDC, DMAP and DIPEA in acetonitrile at 80°C.
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chemical Formula: Cs,H34N50*
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s
chemical formula: C4H,gNgO5* chemical formula: CsgH4¢N;0,2*
m/z calc.: 250.1288 m/z calc.: 313.6656 Exact Mass: 504.2758
Scheme 20: Cationic species of the wanted symmetric tripod ligand precursor and the two intermediates with only one or
two respectively successfully coupled NHC units; including their chemical formulas and calculated m/z values

(s=symmetric). The sketches for the symmetric compounds are illustrated with solid bonds.
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Due to the symmetric conformation of the TBTQ backbone all possible combinations of the
compounds 24s, 25s and 26s respectively, can be transferred to each other by rotation.
Therefore they consist of only one isomer in contrast to the asymmetric species. The
synthesis with the symmetric compound was performed with the same reaction parameters
as before (with 13*Br, 23a, EDC, DMAP and DIPEA in acetonitrile at 80°C). For this
experiment a fresh charge of the acid 13*Br was used. This product did only contain pretty
small amounts of the oligomeric species. The amount of the Huenig base was raised to 10
eg. to examine the impact at higher temperatures. Again the two mixtures A and B were
mixed at room temperature and then heated to 80°C. The solution turned directly bright
yellow and a colourless solid has formed. In contrast to the previously performed
experiments, the colour of the solution turned orange and not brown. The reaction mixture
was stirred at 80°C for two days. The then red brown solid was filtered and washed with
acetonitrile. The MS spectrum of the crude product shows the two species 25s and 26s as
main products of the reaction. Due to the fact, that the reaction solution only contained a
small concentration of the oligomeric species of 13*Br’, the new product is almost free of
oligomers. Only one species could be detected with minor intensity at m/z = 342.667

[25s+CH,CO,] (see Figure 122).
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Figure 122: ESI(+) mass spectrum of the crude product from the reaction of 13*Br’, 23a, EDC, DMAP and DIPEA in

acetonitrile at 80°C. The sample was diluted with methanol.
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Another attempt with the symmetric compound was performed with 6 eq. of the base. The
two mixtures A and B were mixed at room temperature and then heated to 80°C. As seen
before the solution turned directly bright yellow and a colourless precipitate was formed,
which turned dark after a short period of time. The reaction mixture was stirred at 80°C for
three days. The then red brown solid was filtered and washed with acetonitrile. Even though
the cleaning step was incomplete, this reaction shows the best turn over. The tripod ligand
precursor 26s is the main product (see Figure 123). Interestingly the sample still contains the
transient species 28 and also the protonated form [28+H]*", so the reaction wasn’t finished
yet. Longer reaction times could lead to higher amounts of the tripod compound 26s. Again
the only detectable oligomer is [25s+CH,CO,]. The absence of the species with the additional
CH,CO, groups is a benefiting reason for the better yields of the wanted compounds.
Comparison of both isomers (symmetrical and asymmetrical) shows the best turn over for
the symmetrical compound 26s. This is probably attributed to steric repulsion. The crude
products do also differ in their colour. While both appear brown, the symmetric compounds

have an intense red undertone.
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Figure 123: ESI(+) mass spectrum of the crude product from the reaction of 13*Br’, 23a, EDC, DMAP and DIPEA in

acetonitrile at 80°C. The sample was diluted with methanol.
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Due to the fact, that the unfinished precursors 24a,s and 25a,s partially precipitate in
acetonitrile, other solvents should be tested in the future. While most of the reactants could
be separated from the product by a simple washing step, the mixtures of the three
imidazolium compounds (24a, 25a and 26a) as well as (24s, 25s and 26s) respectively could
not be separated. Several unsuccessful crystallization experiments were performed. Even
though all tested column chromatography and TLC attempts have failed, to separate the

ligand precursors to yield the pure tripod compound 26a or 26s.

As an alternative route the coupling to the TBTQ framework could be realised with a more
reactive acid chloride 30. Similar reactions are known in the literature.?* These compounds
are often reactive and dissociate fast. Therefore the acid chloride should be generated in situ
and mixed with the amine without previous isolation and purification. The imidazolium salt
13*Br was heated in SOCl,. The excess SOCI, was removed by distillation. The crude product
was dissolved in THF and then aniline and Na,COs; were tentatively added to the crude
product. MS spectra of the product did not show the cation of the compound 27*Br". Since
the reaction of the amine with the acid 13*Br  was successful, this alternative approach was

not further investigated.

o o NH, o
Br — ClES
IS T & S e S
N\ — >
NN on N\ ol N\ N
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13*Br 30"Br 27*Br

Scheme 21: Alternative tested synthesis of the compound 27*Br'with the acid chloride 30*Br".
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4.4 Synthesis of the metal TBTQ NHC complexes
Due to the lack of an effective separation method, the crude products of the ligand
precursors were used without separation of the three different isomers 24a, 25a and 26a (as

well as 24s, 25s and 26s respectively).
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Scheme 22: Tested synthesis of 31a*Br” with 26a*3Br, NaOAc and Au(SMe,)Cl in DMF at 120°C, with a reaction time of 3

hours.

The first complex building experiment was again adapted by the approved method from
Hemmert et al.'®*" Therefore the ligand precursors were heated in DMF and stirred for three
hours, after the addition of NaOAc and Au(SMe;)Cl. A small sample was taken, diluted in
methanol and transferred to the MS. All possible Au(l) NHC complexes containing the three
TBTQ NHC compounds 24a, 25a and 26a and their oligomers are summarized in Table 6. For
a better overview the detected gold species are shown as sketches in the MS spectra, as
already seen for the ligand precursors. The explanation of these sketches is given in Scheme

26, Scheme 27 and Scheme 28.
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Figure 124: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br’, Au(SMe,)Cl and NaOAc in
DMF 120°C. The sample was taken after 3 hours and diluted with methanol. (Includes small signals of 26a, 25a,
[25a+CH,CO0,], 244, [35a+CH,CO,]; the crude product contains side products and starting materials from the synthesis of
26a*3Br).

The ESI spectrum shows some successful complexation products at m/z = 505.115 (34),
822.284 (33a) and 880.290 ([35a+(CH,C0,),] + [33a+CH,CO,]) two isobaric species with
different charges). Also a signal at m/z = 695.21 could be detected. The accurate mass fits to
the trinuclear gold cage, but the isotopic pattern does not fit the calculation. Thus the
detected species is not the gold cage or the signal is perhaps superimposed by another signal
(see Figure 125). The intensity of the signal was too small to perform fragmentation
experiments and confirm the species. Even though the other four gold containing species are
detectable with moderate intensities, the signals of the imidazolium species (24a, 25a and
26a) were only very small. Without available ligand precursors the building of more gold
complexes is not possible. Hence the reaction was stopped and the reaction procedure was

modified.
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Figure 125: Partial ESI(+) mass spectrum of the reacting solution, showing the actual spectrum and calculated isotopic

pattern of 31a.

There are some plausible explanations for the unsuccessful reaction. Depending on the fact,
that the mixture of the imidazolium salts could not been purified, die concentration of the
different species in the reacting solution is unknown. The reaction of imidazolium salts with
a nonstoichiometric amount of the Au(SMe;)Cl usually leads to different complexes with
only one NHC ligand and an additional chloride as ligand [NHC-Au-Cl].12¢46289.113,126] T e
products are not charged and therefore not detectable by ESI MS, without further
fragmentation or additional charged substituents. After the loss of the chloride ligand they
can be found as [NHC-Au]" species. Another possible explanation is a mismatch of different
ligands and the oligomerisation or polymerisation of the compounds. The imidazolium
compounds 25a and 26a have more than one binding site available for complexation. The
reaction between more than only two ligand precursors would lead to bigger and more
complex structures. Next to the unwanted side reactions, the decomposition of the amide
bonds through moisture is also possible and would therefore hamper the reaction. Since no

effective purification method for the ligand precursors could be found so far and

oligomerisation could not be excluded, the complexation routine was changed.

An alternative pathway for the synthesis of the trinuclear gold cage is the transmetallation of
a silver complex.™” This type of complex contains partially reversible Ag-carbene bonds

accompanied with an interesting dynamic behaviour in solution. 62128l Ligand exchanges are
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possible, to obtain the strongest versions of the complexes. Gold(l) NHC complexes however
are mostly stable in solution and do not show the same behaviour. A mismatch of different
ligand precursors or the combination of more than two of them could not be corrected.
Therefore the prior synthesis of the silver complex templates seems helpful. Indeed this
approach does not prevent oligomerisation, but the system stays dynamic and can still be
corrected. The use of silver(l) NHC complexes are not limited to this practice, they do have
several interesting properties and possible applications themselves.?***4129 A syccessful
synthesis of an Ag containing cage could also provide a vulnerable sensor molecule. However
the target compound for this work is the gold derivative. The higher stability of the end
product provides a better handling for recognition processes. The first Ag(l) NHC complex in
this work was synthesized via the silver base route.?>*"*13% This routine is the most common
preparation method and includes the treatment of the ligand precursor with Ag,0. Some
examples are known which do not need further additives as the silver source does act as a
base itself, but most reactions are performed with an additional mild base and a phase
transfer catalyst. However the synthesis does not need an inert gas atmosphere and can be
performed at ambient temperature under mild conditions. The only challenge is to totally
exclude the reacting mixture from light. The silver compounds are extremely light sensitive
and dissociate fast in solution. Therefore all silver containing reactions and purification steps
have to be performed without light exposure. The solid complexes after the removal of the

solvent are indeed mostly stable under exposure to light.

() =NHC
O =Ag
~X=TBTQ

Figure 126: Sketch of the trinuclear silver(l) NHC tribenzotriquinacene cage molecule.

For the first reaction the crude product of the asymmetrical tripodal ligand precursors was
dissolved in dichloromethane. A 2N solution of NaOH(q, a catalytical amount of
tetrabutylammonium bromide (TBAB) and AgO, were successively added, leading to a black

suspension. After two hours a small sample of the now brown suspension was diluted in
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methanol and transferred to the MS. All possible Ag(l) NHC complexes with their accurate
masses are summarized in Table 7. As already seen for the gold species and the ligand
precursors, the silver compounds are shown as sketches in the MS spectra. The explanation

of these sketches is given in Scheme 26, Scheme 27 and Scheme 29.
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Scheme 23: Tested synthesis of 50a*Br with 26a*3Br’, TBAB, NaOH,, and AgO, in DCM at rt, with a reaction time of 2

days.

The cation of the phase transfer catalyst TBA" has a pretty high ESI response, leading to an
intense signal. Therefore most of the other detectable species are mainly suppressed.
However the first successful complexation of silver was detected at m/z = 427.636, and
confirmed by the accurate mass and the characteristic isotopic pattern of silver. The given
complex 51a consists of the ligand precursor 26a and a silver atom. Complexation of one
metal atom always involves two prior deprotonation steps leading to the carbene species.
Unfortunately the reaction has linked two NHC units which originate from the same
molecule. The intended cage complex should combine two different molecules. But

nevertheless a first effective complexation step was achieved.
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Figure 127: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br’, TBAB, NaOH,, and AgO, in

DCM at rt. The sample was taken after 2 hours and diluted with methanol.
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Figure 128: Partial ESI(+) mass spectrum of a reacting solution, showing the experimental and calculated isotopic pattern

of 51a.

Changing the investigated m/z range above 250 supports the detection of other interesting
species with moderate intensities, due to suppression of the intense TBA" signal. Next to the
already known species from the crude product of the ligand precursor and the previously
described silver complex, two new silver complexes are visible. They are produced by a
complexation of 25a with one silver ion (52a, m/z = 732.227) and the associated species with
two additional -CH,CO; groups ([52a+(CH,CO,),], m/z = 790.233). Two other silver species
with pretty small intensities could also be detected at m/z = 618.254 (63a), 647.260
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[63a+CH,CO;]). Both complexes occur from the reaction of the two ligand precursors 24a

and 25a as well as the oligomeric species. This is the first detected silver species with two

different NHC ligands. Another detected species with a small intensity is 56a, this complex

also consists of two different NHCs (25a and 26a). The spectrum also includes high

intensities of the not yet reacted ligand precursors. Therefore stirring of the reacting

solution was continued.
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Figure 129: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, TBAB, NaOH,, and AgO, in

DCM at rt. The sample was taken after 2 hours and diluted with methanol. (Includes small signals of 56a, 63a and

[63a+CH,CO,]).
exp. m/z
732.227
734.227
733230 735.230
73;3'233 737.283 738.285
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C38H39AgN7OZ
.
733.224 735.224 @L‘T\,
736.227
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Figure 130: Partial ESI(+) mass spectrum of a reacting solution, showing the experimental and calculated isotopic pattern

of 52a.
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Figure 131: Partial ESI(+) mass spectrum of a reacting solution, showing the experimental and calculated isotopic pattern

of [52a+CH,CO,].

After 24 hours the suspension was brown and contained a mixture of plenty bright and dark
solids. Another sample of the mixture was taken and diluted in methanol. The ESI MS
spectrum differs from the first one. The signal at m/z = 732.221 had changed because a
second species with the same accurate mass but another charge occurred. The intensity of
the new species 55a is pretty small, but still recognizable. This species is the result of the
complexation of two molecules of the ligand precursor 25a and two silver atoms. The
corresponding complex with one additional CH,CO; unit could also be detected with a small
intensity. The signal at m/z = 610.173 (Cs;H33NsOAg) is probably a fragment of a former
complex. Fragmentation of labile silver complexes [Li-Ag-L;]" in the gas phase usually leads
to two detectable fragments [Li-Ag]” and [Ag-L,]" after the loss of the other ligand. The
distribution of the intensities depends on the dissociation energies of the Iigands.[m] The
molecular formula of the detected species and the isotopic pattern fits to [24a-H+Ag]". The
constitution is characteristic for fragments of NHC-silver complexes. Species like that are
marked with a # in the spectra. An overview of all detected fragment species and their
probable assignments are given in Table 8 (this table is not limited to the current

experiment).
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Figure 132: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br’, TBAB, NaOH,, and AgO, in
DCM at rt. The sample was taken after 24 hours and diluted with methanol. (Includes small signals of [TBTQ+H]",
[63a+CH,CO0,], [55a+CH,CO,]; for full spectrum see Figure 175, for explanation of the # see Table 8).

After two days a few more silver complexes could be detected in the solution. Next to the
known isobaric species 52a and 55a are two complexes at m/z = 427.66 and 790.25
respectively. The new species are again Ag-NHC complexes with two different ligands. Due
to the fact, that they have the same accurate mass as the previously found species with only
one NHC ligand, the signals overlie. Since they have different charges the signals can be
distinguished. The intensities of the species with only one NHC ligand are much higher but
the small additional signals lead to deformed isotopic pattern (an example of the overlaying
signals is given further down). The spectrum also contains several Ag-NHC species with
minor intensities (see Figure 133). Suppression of the species with a smaller m/z value than
240 works pretty well with the used parameters at the QToF MS. Therefore the spectrum
looks clean in that area, which is not representative for the sample but helpful for the
detection of the interesting species. The intensities of the remaining ligand precursors in the
solution are really small. Therefore the reaction was stopped and the reaction parameters

were changed.
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Figure 133: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br’, TBAB, NaOH,, and AgO, in
DCM at rt. The sample was taken after 2 days and diluted with methanol. (Includes small signals of 56a, [58a+(CH,CO,),],
[55a+CH,C0,], [51a+(CH,CO,),], 59a/61a, 63a, * = common background contaminant ions).

For the next attempt another solvent was chosen. Replacing dichloromethane with
methanol had a huge impact on the reaction. All reactants were mixed and stirred at room
temperature as done before. The suspension turned directly black from the silver oxide.
After one hour a sample was diluted in methanol and investigated. In contrast to the results
of the reaction in dichloromethane, the given spectrum already shows two sets of isobaric
species 52a and 55a as well as [52a+ CH,CO,] and [55a+ CH,CO,] and the signal for 51a. The

formation of the two dinuclear complexes only took one hour under the given conditions.
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Figure 134: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, TBAB, NaOH,, and AgO, in
MeOH at rt. The sample was taken after 1 hour and diluted with methanol. (Includes small signals of 59a/61a,
[59a+(CH,CO,),]1/[61a+(CH,CO,),], 63a, [63a+CH,CO,], [63a+(CH,CO,),], * = common background contaminant ions ]; the

crude product contains side products and starting materials from the synthesis of 26a*3Br’).

Stirring for 24 hours resulted in the formation of another dinuclear complex 57a next to the
already detected silver complexes. The signal (m/z = 668.18, [C3,H33NsOAg+CH,CO,]") was
linked to another fragment [24a+CH,CO,-H+Ag]" which probably originates from the
fragmentation of a silver complex, similar to the previously explained species at m/z =
610.18. Measurements in the range above m/z = 1000 did not show any silver complexes
with 24a. Even though the intensities of the silver compounds did not increase significantly,
the intensities of the ligand precursor species decreased. There are some plausible
explanations for this observation as already mentioned for the gold compounds. One
possibility is the dissociation of the amides in solution as well as the formation of neutral

(132 pg already outlined above, the detection of

complexes [L-Ag-Cl] could be another reason.
these complexes by mass spectrometric means is difficult. A third possibility is the
oligomerisation of the imidazolium compounds through the complexation of more than only

two ligand precursors.
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Figure 135: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, TBAB, NaOH,, and AgO, in
MeOH at rt. The sample was taken after 24 hours and diluted with methanol. (Includes small signals of [55a+CH,CO,],

[63a+(CH,CO,),], * = common background contaminant ions, for explanation of the # see Table 8).

Even though the reaction seemed promising after only one hour and 24 hours, the
composition of the reaction mixture did not change significantly after 5 days (see Figure

136), therefore the reaction was ended and other reaction parameters have been tested.
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Figure 136: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 12a*3Br’, 26a*3Br, TBAB, NaOH,, and AgO, in
MeOH at rt. The sample was taken after 5 days and diluted with methanol. (* = common background contaminant ions,

for explanation of the # see Table 8).
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Scheme 24:Tested synthesis of 50s*Br- with 26s*Br-, TBAB, NaOAc and Ag02 in MeOH at rt, with a reaction time of 2

days.

Strong bases can cause the dissociation of amides, thus NaOH,q) was replaced with NaOAc,
to prevent the decomposition. The other reaction parameters were retained. This reaction
was performed with the symmetric imidazolium TBTQ salts containing 24s, 25s and 26s. The
mixture was stirred for two days and a light brown precipitate has formed in the solution.
Even though the intensities are small, the already known signals 51s and 57s as well as 52s
and 55s could be detected. Both signals involve the isobaric mono- and dinuclear species
respectively. Both overlying experimental spectra and the correlated calculated isotopic
pattern are shown in Figure 138 and Figure 139. The additional higher charged species 55s
and 57s have been detected before, but with much smaller intensities. The now moderate
intensities allow the visualisation in the two schemes. The species can be identified by the
small additional peaks inside the isotopic pattern of the species 52s and 51s at Am =% and %

respectively, due to the higher charges of the species.
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Figure 137: ESI(+) mass spectrum of the crude product from the reaction of 24s*3Br’, 25s*3Br’, 26s*Br’, TBAB, NaOAc and
AgO0, in MeOH at rt. The sample was diluted with methanol. (For full spectrum see Figure 176; Includes small signals of

[24s+CH,CO0,], [25s+CI], 60s, 59s/61s, 565, 50s, 63s).
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Figure 138: Partial ESI(+) mass spectrum of the crude product, showing the overlaying experimental and calculated

isotopic pattern of 51s and 57s.
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Figure 139: Partial ESI(+) mass spectrum of the crude product, showing the overlaying experimental and calculated

isotopic pattern of 52s and 55s.

The signals of the remaining ligand precursors are still intense. Either they did not react or
the formed complexes did already dissociate. With very small intensities (<1% of the
intensity of the signal at 313.668) five more silver species could be detected. Some are
superimposed with signals of other species (see Figure 140, Figure 141, Figure 142, Figure
143 and Figure 144). All five compounds consist of two ligands and at least one silver centre
atom. Four of these complexes are especially interesting due to the combination of two
different ligands (m/z = 370.652 (60s); m/z = 453.184 (59s or the isobaric species 61s); m/z =
529.166 (56s); m/z = 618.248 (63s)). For the first time a signal with the confirming isotopic
pattern of the wanted trinuclear silver complex 50s could be detected (see Figure 144).
Those new signals are small, but the currently used reaction conditions seem really
promising. Some of these complexes have already been detected in previous experiments,
but this spectrum includes all of them in combination with the cage molecule. The crude
product still contains high signals of the ligand precursors. Therefore the reaction was

incomplete and should be performed with longer reaction times or under other conditions.
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Figure 140: Partial ESI(+) mass spectrum of the crude product, showing the experimental and calculated isotopic pattern

of 60s.
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Figure 141: Partial ESI(+) mass spectrum of the crude product, showing the experimental and calculated isotopic pattern

of 59s and 61s.
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Figure 142: Partial ESI(+) mass spectrum of the crude product, showing the experimental and calculated isotopic pattern

of 56s.
618.253 exp. m/z
i 618.359
621.285
619.254
618.755
sas1f| 019759
619.321) 619-860
620.361
.
calc. m/z
2+
619249 C7DH73AgN1203
618.248
618.750 619.750
620.251
620.753
A 621.254

Figure 143: Partial ESI(+) mass spectrum of the crude product, showing the experimental and calculated isotopic pattern

of 63s.
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Figure 144: Partial ESI(+) mass spectrum of the crude product, showing the experimental and calculated isotopic pattern

of 50s.

The influence of the phase transfer catalyst was investigated next and therefore the reaction
was operated without TBAB. The solution of the ligand precursors was mixed with Ag,0 and
NaOAc in methanol at room temperature. The first spectrum recorded after a reaction time
of five hours contained some of the known mononuclear silver species (51a, 52a and

[51a+CH,C0O,]). Without the dominating signal of the ammonium compound, the other

signals are detectable with good intensities.
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Figure 145: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, NaOAc and AgO, in MeOH

at rt. The sample was taken after 5 hours and diluted with methanol.
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The reaction was continued for four days and another sample was investigated by MS. The
intensities of the three detected silver species increased in comparison with the ligand

precursor. Even though, no new species could be detected.
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Figure 146: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, NaOAc and AgO, in MeOH
at rt. The sample was taken after 4 days and diluted with methanol.

Stirring the mixture for 10 days, lead to higher intensities of the signals assigned to the silver

species. The signals of the ligand precursors decreased in comparison with the complex

signals, but they did not disappear, as seen before. This result supports the theory of the

dissociation driven by the strong base NaOH. A new signal could be detected at m/z =

415.053. The signal was assigned to the Ag complex 53 with two NHC ligands which

originated from the imidazolium compound 14 with the ester moiety.
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Figure 147: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, NaOAc and AgO, in MeOH
at rt. The sample was taken after10 days and diluted with methanol. (Includes small signals of 53, * = common
background contaminant ions; the crude product contains side products and starting materials from the synthesis of
26a*3Br).

After a reaction time of 13 days some additional species could be detected. The dinuclear
complexes 55a and [55a+(CH,CO,),] now exist next to the mononuclear compounds. The
intensity of the previously described signal of complex 53 increased strongly. The new
detected species at m/z = 260.979 could be attributed to a fragment of this complex after
the loss of one ligand. Due to the fact, that the intensities of the ligand precursor signals
dropped dramatically, the reaction was stopped. The phase transfer catalyst seems to be a
crucial factor for the intended complexation reaction. Therefore all following reactions were

performed with catalytic amounts of TBAB.
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Figure 148: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, NaOAc and AgO, in MeOH
at rt. The sample was taken after 13 days and diluted with methanol. (Includes small signals of 25a and [55a+CH,CO,], * =
common background contaminant ions; the crude product contains side products and starting materials from the

synthesis of 26a*3Br’).
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Figure 149: Partial ESI(+) mass spectrum of the crude product, showing the experimental and calculated isotopic pattern

of 53.
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The synthesis of Ag(l) NHC complexes by the silver base route is usually performed at
ambient conditions. Some exceptional ligand precursors require additional activation energy
through higher reaction temperatures.[2°’57a’108b’133] Hence the reaction parameters were
changed again to promote the complexation. The reactants were mixed at room
temperature and then stirred under reflux for 24 hours. A brown solid remained in the
solution and was filtered. The MS spectrum of the crude product does only include small
signals of two mononuclear silver complexes 51a and 52a but no new species. Therefore this

approach was dropped.
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Figure 150: ESI(+) mass spectrum of the crude product from the reaction of 24a*Br, 25a*2Br’, 26a*3Br’, TBAB, NaOAc
and AgO, in MeOH under reflux. The sample was diluted with methanol. (For full spectrum see Figure 177; Includes small

signals of [23+H]", [25a+CI]’, [26a+CI], * = common background contaminant ions).

The higher temperature did not yield new compounds or increasing intensities of the known
signals. On that account the temperature was switched back to ambient conditions. Based
on the results of the former experiments the following reaction was again performed with
the combination of the phase transfer catalyst TBAB, NaOAc and Ag,0 in methanol at room
temperature. For a better turn over the reaction mixture was now stirred for seven days.
The suspension turned red brown similar to the ligand precursor. The first sample was taken
after three days. The results are alike the previous recorded spectrum of the experiment

with the same reaction conditions (see Figure 137).
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Figure 151: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br, 26a*3Br, TBAB, NaOAc and AgO, in
MeOH at rt. The sample was taken after 3 days and diluted with methanol. (For full spectrum see Figure 178; Includes
small signals of [23+H]", 60a, [60a+CH,CO,], 59a/61a, [59a+CH,C0,]/[61a+CH,CO,], [59a+(CH,CO,),]/[61a+(CH,CO,),],

56a, [56a+CH,C0,], 63a, [63a+CH,CO,], [63a+(CH,CO,),], [55a+CH,CO,], [26a+CI]).

24 hours later several more silver species could be detected, including the trinuclear silver
complex 50a. A new compound in the reacting solution is 45. This complex contains the plain
acid NHC originating from compound 1 as ligands. Since the purification was incomplete, the
imidazolium compound 1 is still available in the reacting solution. This also led to some new
complexes, containing this ligand and another NHC compound (67a at m/z = 436.647,
[67a+(CH,CO,)] at m/z = 456.650 and 65a at m/z = 750.238). These side products prevent the
complexation of the TBTQ containing species. Nevertheless these are some more successful
synthesized complexes in the mixture. Next to these new species are several more signals
detectable, which were attributed to fragments of prior complexes and marked with a # in
the spectra. The mixture also contained small amounts of the cage molecule 50a, but the

isotopic pattern is superimposed from another unknown species.
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Figure 152: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br, 26a*3Br, TBAB, NaOAc and AgO, in

MeOH at rt. The sample was taken after 4 days and diluted with methanol. (For full spectrum see Figure 179; Includes

small signals of [51a+CH,CO,], 56a, [56a+CH,C0,], 50a, [63a+CH,CO,], [63a+(CH,CO,),], for explanation of the # see Table

8).
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Figure 153: Partial ESI(+) mass spectrum of the crude product, showing the experimental and calculated isotopic pattern

of 50a.

After seven days the solvent was removed in vacuo. The resulting crude product was used as
a template for the transmetallation with gold. Accordingly the solid was dissolved in dry DMF
leading to a brown solution. After the addition of the gold source (Au(SMe;)Cl) the solution
turned purple. The colour change usually indicates the decomposition of the gold compound
and the building of nano particles.[134] The mixture was stirred for 2 hours at room
temperature. After the addition of diethyl ether, stirring was continued for 30 min. The
resulting dark precipitate was filtered and washed with diethyl ether. The solvent of the

filtrate was removed and both products were dried under vacuo.
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Figure 154: ESI(+) mass spectrum of the residue of the filtrate from the reaction of 14a*Br and Au(SMe,)Cl in DMF at rt.
The sample was diluted with methanol. (For full spectrum see Figure 180, Includes small signals of [25a+CI],

[24a+CH,CO0,], 38a, 32a, 37a, 39a/41a, 33a, 35a, 52s, 55a, 56a, 50a).

The spectrum of the solid originating from the filtrate provides a mixture of silver and gold containing
complexes with small intensities and the remaining unbound ligand precursors (24a, 25a and 26a)
with higher intensities. The MS spectrum from the collected precipitate provides similar species but

with much smaller intensities.
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Figure 155: ESI(+) mass spectrum of the crude product from the reaction of 14a*Br and Au(SMe,)Cl in DMF at rt. The

sample was diluted with methanol. (For full spectrum see Figure 181, Includes small signals of 34, 51a).
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The crude product still contained silver compounds, so the transmetallation step was
incomplete and should be improved. In addition the intensities of the gold complexes are
much smaller than for the previously found silver species. This indicates the decomposition
of the complexes. Perchance the solution was unintentional exposed to light during the
purification step, or they are not stable over a longer period of time. To exclude these
reasons for the dissociation, the drying step was neglected during the next experiment and

the reaction time was shortened.

1. Ag,0, NaOAc, TBAB

0
N
O rt, MeOH, 24 h
2. Au(SMe,)Cl
n rt, 3d
<10 »
(O
0 ( =
NH N
o j\’
Br ® = N

H O _o
26a*38r®

Br

Scheme 25: 1. Tested synthesis of 50a*Br” with 26a*3Br, TBAB, NaOAc and AgO, in MeOH at rt, with a reaction time of 24

hours. 2. Transmetallation step with Au(SMe,)Cl with a reaction time of 4 days.

Accordingly as alternative version the transmetallation was now realized without further
isolation of the silver compounds. The first step of the synthesis was performed as before
with NaOAc and TBAB in methanol at room temperature. Besides the reaction conditions,
the tuning parameters during the MS experiments and the solvents used for them are crucial
for meaningful reaction monitoring. For example the detection of the interesting species
could be hindered by the aggregation behaviour of cations and anions in the gas phase,
which could lead to uncharged compounds. Some aggregates with an unstoichiometric
composition of cations and anions have been described before. This phenomenon is often
tuneable by the concentration of the sample or different interactions with the solvent. For

an investigation of this behaviour, the first sample of the reacting solution was taken after
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two hours and diluted in three different ways. The first measurements have been performed
in pure methanol. The second sample was recorded after ingesting a concentrated methanol
solution into the tube of the mass spectrometer and then flushing with pure methanol. This
method leads to a higher dilution of the sample. The last experiment was performed by
adding H,0 to the methanol solution (1:1) to separate the anions by solvation (some other
ratios were tested, but the spectra are not given in this work). The concentrated sample in
methanol yielded a spectrum with high intensities for the usual species 51a, 52a, 55a,
[52a+CH,C0O;] and [55a+(CH,CO,),]. The signal of the cage complex 50a is small but the
typical isotopic pattern is noticeable (see Figure 157). Next to the known complex 53a some
other complexes containing the ligand precursor 14 could be detected this time.
Interestingly three species in the range over m/z = 1000 could be detected for the first time

(623, [623+CH2C02] and [623+(CH2C02)2])
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Figure 156: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br, 26a*3Br, TBAB, NaOAc and AgO, in
MeOH at rt. The sample was taken after 2 hours and diluted with methanol. (For full spectrum see Figure 182, Includes

small signals of [23+H]", 50a, [63a+CH,CO,], [63a+(CH,CO,),], [55a+CH,CO,], for explanation of the # see Table 8).
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Figure 157: Partial ESI(+) mass spectrum of the crude product, showing the experimental and calculated isotopic pattern
of 50a.
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Figure 158: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, TBAB, NaOAc and AgO, in

MeOH at rt. The sample was taken after 2 hours and diluted with methanol.
The next spectrum was recorded after ingesting a high concentrated methanol solution of
the sample and then pure methanol. Sometimes this technique helps preventing the
aggregation of the ion pairs. Using smaller concentrations of the sample led to an increase of
the background contaminant ions. The intensities of the five usual species (51a, 52a, 55a,

[52a+CH,CO;] and [55a+(CH,C0,);]) stay almost the same. The signal of the cage molecule

50a is still present, even though the isotopic pattern is slightly blended by the electronic
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noise (see Figure 160). Interestingly the intensities of the species linked to fragments of
former complexes (marked with a #) are increasing. So the strong dilution promotes the
fragmentation of the compounds. The intensity of the signal of complex 53 is also much
higher as in the former spectrum. The associated fragment of the complex after the loss of
one ligand is also visible in the full spectrum (Figure 183). Based on that observation the
aggregation of the big TBTQ containing complexes with the counterions seems already
hindered. The small complex with the ester unit appears more likely to build undetectable
ion pairs or aggregates. This behaviour could be suppressed by the strong dilution. Another
possible explanation for a missing ion separation of the cations and anions is a strong
binding inside the cavity. These capsule like molecules are specifically designed to bind small
molecules or ions inside of them. Separation of the aggregates does may need more
activation and is not promoted by simple solvation processes. Also recognizable is the
increase of the signals from the carbamate (see Figure 183). Dilution supports the detection

of this species. However this behaviour is not important for the complexation reaction.
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Figure 159: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, TBAB, NaOAc and AgO, in
MeOH at rt. The sample was taken after 2 hours and diluted with methanol. (For full spectrum see Figure 183, Includes
small signals of [23a+H]’, [23a+Na]’, 56a, 63a, [63a+(CH,CO0,),], 50a, [56a+CH,CO,], * = common background contaminant

ions, for explanation of the # see Table 8).
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Figure 160: Partial ESI(+) mass spectrum of the crude product, showing the experimental and calculated isotopic pattern

of 50a.

For the next measurement the sample was diluted in a mixture of methanol and H,0 (1:1).
The additional water could lead to a better solvation of the anions and therefore prevent the
aggregation with the complexes. Unfortunately the experiment did not realize the intended
effect. Instead of an increase the intensities of the signals decreased. Also the signal of
complex 50a could no longer be detected. The water changed the ESI response of the
complexes for the worse. Even the addition of smaller amounts of H,0 did not promote the
detection of the separated cations. After this experiment the reaction monitoring was
furthermore performed by simply diluting the sample in methanol. After each sample pure
methanol was ingested in the mass spectrometer and another spectrum recorded to

compare differences.
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Figure 161: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br, 26a*3Br, TBAB, NaOAc and AgO, in
MeOH at rt. The sample was taken after 2 hours and diluted with methanol and H,0. (For full spectrum see Figure 184,
Includes small signals of 63a, [63a+CH,CO,], [63a+(CH,CO,),], [55a+CH,CO,], [51a+CH,CO,], * = common background

contaminant ions, for explanation of the # seeTable 8).

The composition of the reacting mixture did not change much over night. The recorded

spectrum is similar to the spectrum of the day before (see Figure 162 and Figure 163).
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Figure 162: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br, 26a*3Br, TBAB, NaOAc and AgO, in
MeOH at rt. The sample was taken after 24 hours and diluted with methanol. (For full spectrum see Figure 185, Includes

small signals of [23a+H]", [23a+Na]", 41a, 50a). * = common background contaminant ions).

1141.438 O =Ag

b

7

R 1147.485

) 1171.465

1113.458 ‘
W_JJLAM“ Aaaadl l II |“ el | PHPVON TS W J—L‘IIIJ “WM.‘A_
1110 1120 1130 1140 1150 1160 1170 1180 1190 m/z

Figure 163: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, TBAB, NaOAc and AgO, in

MeOH at rt. The sample was taken after 24 hours and diluted with methanol.
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As the next step of the reaction, Au(SMe;)Cl was added to the solution and the mixture was
stirred for three days (still under the absence of light). A sample of the reacting solution
showed several gold containing species with moderate intensities (34, 33a, 35a,
[33a+CH,C0O;] and [35a+(CH,C0,),]). Therefore the transmetallation reaction in methanol,
without the purification step was way more successful. The total absence of fragments of
the type [Au-L]" indicates the higher dissociation energy of the gold complexes in
comparison with the silver complexes. The fragmentation of the Au species does usually

need further activation.
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Figure 164: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, TBAB, NaOAc, AgO, and
Au(SMe,)Cl in MeOH at rt. The sample was taken 3 days after the addition of the gold compound and diluted with
methanol. (For full spectrum see Figure 186, Includes small signals of 51a, [52a+CH,CO,], [41a+CH,CO,], * = common

background contaminant ions, for explanation of the # see Table 8).
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Figure 165: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, TBAB, NaOAc, AgO, and
Au(SMe,)Cl in MeOH at rt. The sample was taken 3 days after the addition of the gold compound and diluted with

methanol.

There are almost no remaining silver species detectable in the tested sample. Therefore the
reaction was stopped. Further transmetallation would require more Ag-NHC compounds.
Decomposition of the complexes in solution is possible. The silver complexes are sensitive to
light and the gold compounds are sensitive to air and moisture during the reaction. To avoid
the dissociation of the Ag complexes, Au(SMe,)Cl should be added after a shorter period of

time.

A comparison of the silver containing crude products of the different isomers, shows a
better rate of yield for the symmetrical compound 50s. The experimental isotopic pattern
does match the calculated one, while it is more intense in contrast to the baseline noise.
Similar as the ligand precursors the solids of the symmetrical compounds are more red-
brown and the asymmetrical products have a darker brown-black colour. Using the
symmetrical compounds would probably yield more of the intended main product. This is
attributed to the steric hindered conformation of the asymmetrical compounds. Therefore

the symmetric complexes were used for the following synthesis.

The mixture for the next reaction was treated with Ag,O and stirred for only 45 min, before
the gold source was added. The reaction was then ended after a total of 42 hours. The
solvent was removed in vacuo leading to a light brown solid. The intriguing ESI MS spectrum
of the crude product shows several Au(l) NHC species. Noticeable is the absence of most of

the oligomeric species, due to the improved reaction conditions for the symmetric
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compounds. For a better view of the small signals the range under m/z = 320 with intense
signals was excluded. In combination with another spectrum above m/z = 1000 (Figure 168),
all possible combinations of two of the ligand precursors 24s, 25s and 26s with one, two or
three gold atoms could be detected. As seen before, the spectrum contains several signals of
gold complexes, with ligands occuring from the ligand precursor 14. An improvement of the
purifiction conditions is mandatory for a better rate of yield. Hence these side products
prevent the combination with the TBTQ species. For the first time a species linked to the
trinuclear cage 31s could be detected (see Figure 167). The signal is small and superimposed

with the electronic noise.
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Figure 166: ESI(+) mass spectrum of the crude product from the reaction of 24s*3Br’, 25s*3Br, 26s*Br, TBAB, NaOAc,
AgO0, and Au(SMe,)Cl in MeOH at rt. The sample was diluted with methanol. (For full spectrum see Figure 187, Includes
small signals of [39s+CH,CO,]/ [41 s+CH,CO,], [40s+CH,CO.], [365+CH,CO,]).
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Figure 167: Partial ESI(+) mass spectrum of the crude product, showing the experimental and calculated isotopic pattern

of 31s.

All of the 12 interesting gold-TBTQ species and the free ligand precursors (24s, 25s and 26s),
but none of the silver containing species could be detected in the product sample. This result
confirms the success of the intended transmetallation step. The two step synthesis including
the prior formation of the silver complexes yields in more different gold TBTQ species than
the previous used methods. It yielded the expected 11 different species in the range
between m/z = 245 — 1000, and an additional species at m/z = 1203 (see Figure 168).
Measurements in the range above m/z = 1000 need further calibration. Due to the fact that
the most interesting species are detectable in another range, this tuning step was not
implemented. Therefore the accurate masses are even more imprecise and the random

noise is higher than in the area below.
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Figure 168: ESI(+) mass spectrum of the crude product from the reaction of 24s*3Br’, 25s*3Br’, 26s*Br, TBAB, NaOAc,
AgO0, and Au(SMe,)Cl in MeOH at rt. The sample was diluted with methanol.

Variation of the gold source could improve the reaction. Therefore another compound was
tested. The last reaction was performed almost as the reaction before, but Au(tht)Cl was
used as gold source. This compound is a common and reactive alternative to
Au(SMez)CI.[ZC’BSJ The crude product of the reaction was received as light brown solid. The
ESI MS spectra of the two gold containing crude products are almost identical. Therefore a
preference of one of the gold sources is not recommended yet. Both reactions yielded nearly

the same interesting detectable species, with similar intensities of the signals.
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Figure 169: ESI(+) mass spectrum of the crude product from the reaction of 24s*3Br’, 25s*3Br’, 26s*Br, TBAB, NaOAc,
AgO0, and Au(tht)Cl in MeOH at rt. The sample was diluted with methanol. (For full spectrum see Figure 188, Includes
small signals of [39s+CH,C0,]/[41s+CH,CO0,], [40s+CH,CO,], [365+CH,CO,]).
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Figure 170: Partial ESI(+) mass spectrum of the crude product, showing the experimental and calculated isotopic pattern

of 31s.
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Figure 171: ESI(+) mass spectrum of the crude product from the reaction of 24s*3Br’, 25s*3Br, 26s*Br, TBAB, NaOAc,
AgO0, and Au(tht)Cl in MeOH at rt. The sample was diluted with methanol.
Purification of all the new complexes by crystallization in different solvents was
unsuccessful. Dissolving the product in DMF however leads to a bright yellow solution.
Further investigations of this behaviour could be interesting. The colour change from brown
in methanol to yellow in DMF could indicate different interactions of the complexes with the
counterions or the solvent. Another source for the bright colour could be silver
nanoparticles. They are generated after the transmetallation reaction and therefore could

also exist in the crude product.
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4.5 Conclusion

In conclusion the design and a promising synthesis route for a new C3 symmetrical
tribenzotriquinacene NHC ligand precursor and the respective conversion to the unique
trinuclear silver and gold complexes were presented. Next to them the C; symmetrical
isomers of the imidazolium compounds were synthesized with similar results. The
imidazolium moieties are linked to the aromatic backbone over an amide bonding. The
coupling reaction led to a mixture of three different compounds with one, two or three
imidazolium units respectively. The key for this reaction is the combination of the coupling
compounds EDC and DMAP with the strong but non nucleophilic base DIPEA. In addition the
reaction needs a higher activation through a temperature of at least 50°C, to achieve the
three coupling steps in an adequate rate of yield. All purification attempts to yield the pure
tripodal compounds were ineffective, so the conversion to the corresponding cage
molecules was drastically limited. Therefore the reaction parameters need further
improvement. Different solvents or anion exchanges could support the reaction. However
this is the first example of a tripodal ligand precursor consisting of the TBTQ framework and
NHC moieties linked over amide bonds. The crude product was successfully used to
construct several heteroleptic and homoleptic Ag(l) NHC complexes via the silver base route.
Nevertheless the right combination of base (NaOAc), solvent (MeOH) and phase transfer
catalyst (TBAB) is important for the reaction. Intriguingly 11 possible combinations of the
ligand precursors 24a,s, 25a,s and 26a,s and silver could be detected by mass spectrometric
means. Additionally some complexes containing the plain imidazolium acid precursor 1
without the TBTQ unit or the corresponding ester derivative 17 could be detected.
Transmetallation of the silver complexes with two different gold sources (Au(SMe,)Cl and
Au(tht)Cl) lead to all 12 possible gold complexes of the symmetrical isomers and some of the
additional compounds with acid and ester moieties. So the silver compounds proved to be
suitable transmetallation agents. The reaction conditions for this step are really soft, at room
temperature without prior purification and do not need further activation. All complexes
have been confirmed several times by mass spectrometric means. Comparing both sets of
ligand precursors (symmetric and asymmetric) does not show striking differences during the
synthesis. The symmetrical compounds appear to have slightly better yield rate for the silver
complexes which is attributed to the steric configuration. But nevertheless both tripodal Ag

cage molecules could be synthesized. The successful synthesis of so many different
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complexes provides a large array for possible sensor molecules. Screening experiments can
be performed with small molecules or ions and all of these compounds to find the best host-
guest pair in the herein provided library of complexes. Due to the fact that NHC compounds
are easy tuneable by different substituents, the ligand precursors can be improved and
modulated to fit for a specific substrate. The different isomers lead to different colours of
the complexes. This could also be interesting for the recognition application. Further
luminescence spectroscopic experiments with the 3D-metallocavitands are planned. The
interesting results open up the opportunity as potential highly selective chiral
phosphorescent receptor molecules. The cavity inside the given silver and gold cage
molecules could probably bind different specific hosts. However the described capturing of
small molecules or ions over Au«.<Au bonding and other supramolecular interactions still has

to be observed.

4.6 Experimental section

If not mentioned otherwise, all operations were performed under argon atmosphere using
standard schlenk techniques with conventional glassware. Most solvents were dried,
distilled, and stored under argon according to standard procedures. All starting materials
were used as received from commercial sources. NMR data were recorded on a Bruker
Avance 300 or 400 spectrometer at 25°C. The references for NMR spectra are as follows: H
MeOD (3.31 ppm), “*C{*H} MeOD (49.0 ppm).[93] The known compounds of 16 — 23a, 23s
were mainly synthesized as described in the literature. For some steps the solvent benzene
was replaced with toluene (see Scheme 12). The spectroscopic characterization matches the
reported data. [10e], [10b-d,10%h] X-ray crystallographic data were collected on a STOE IPDS2T
diffractometer at 123 K. Intensities were measured by fine-slicing ¢- and w-scans and
corrected for background, polarization and Lorentz effects. A semi-empirical absorption
correction was applied for the data sets following Blessing’s method.® The structures were
solved by direct methods and refined anisotropically by the least squares procedure
implemented in the ShelX program system.[95] The hydrogen atoms were included

isotropically using the riding model on the bound atoms.”®
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13*Br: Yield 1.40 g (25%); 2.20 mL 1-methyl imidazole (27.9 mmol) and 3.60 g bromo acetic
acid (25.9 mmol) were stirred in acetonitrile at 75°C for 20 h. The solvent was removed
under vacuo, yielding a colourless oil. White crystals were obtained after the addition of
concentrated hydrochloric acid. The product was washed with acetonitrile and dried in
vacuo. 'H-NMR (400.0 MHz, MeQD, & in ppm, RT): 3.91 (s, 3H, H-1), 5.17 (s, 2H, H-4), 7.73-
7.76 (m, 2H, H-2,3), 9.14 (s, 1H, H-7); BC-NMR (125.0 MHz, MeOD, 6 in ppm, RT): 36.0 (C-1),
49.7 (C-5), 123.2 (C-2), 123.7 (C-3), 137.6 (C-7), 168.2 (C-4); HR-ESI-MS(+) m/z: 141.0652 [M-
Br]*, calc. for CgHsN,0,": 141.0659, 281.1231 [2M-Br-HBr]", calc. C1oH17N404": 281.1244.

15*Br: Yield 181 mg (82%); 176 mg (796 umol, 2.0 eq) 3-(carboxymethyl)-1-methyl-1H-
imidazol-3-ium-bromide, 142 mg (1.73 mmol, 4.3) sodium acetate and 119 mg (404 umol,
1.0 eq) Chloro(dimethylsulfid)gold(l) were stirred under reflux in 15 mL DMF for 3 h. The
solution was reduced in volume and precipitated with diethyl ether. The crude product was
filtered, washed with diethyl ether and dried under vacuo. The product was obtained as light
pink crystals. 'H-NMR (300.0 MHz, MeOQD, & in ppm, RT): 3.89 (s, 6H, H-1), 4.76 (s, 4H, H-5),
7.23 (d, 2H, H-2, *Jyons= 1.9 Hz), 7.24 (d, 2H, H-3, *Juzpa= 1.9 Hz); C-NMR (75.0 MHz,
MeOD, 6 in ppm, RT): 38.0 (C-1), 55.2 (C-5), 123.3 (C-2), 124.2 (C-3), 174.1 (C-6), 186.8 (C-4);
HR-ESI-MS(+) m/z: 477.0840 [M-Br]*, calc. for C1,H16AUN,O,": 477.0832.
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4.7 Appendix

Overview of the synthesized compounds and proposed transient species
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Scheme 26: Overview of the synthesized compounds. The additional sketches of the cations are used for the visualization

in the mass spectra.
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Scheme 27: Overview of the synthesized compounds and proposed transient species. The additional sketches of the

cations are used for the visualization in the mass spectra.
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Scheme 28: For a better Overview the following complexes are shown as simple sketches. They are mainly used for the
visualization in the mass spectra. The complexation of a metal atom always includes deprotonation of the ligand
precursors. Therefore each drawn bond between a ligand and a metal atom is also indicating the loss of one proton. The
sketches for the asymmetric compounds are illustrated with dashed bonds and the symmetrical compounds are

illustrated with solid bonds. Explanations of the ligands are given in Scheme 26 and Scheme 27

199



®
51a 51s 52a 52s
50a 50s 53 54
I g N \5/:/ {\j/:/ <:j/\l‘/\
v —b —b \_b
17\ I o 17
<~\/L \‘I/Q \’{g:\ /\ N
55a 55s 56a  56s 57a 57s
I\ ’\‘b L) o o
59a 59s ’ 61a 61s 62a 62s 63a 63s
64a 64s 65a 65s 66a 66s 67a 67s

Scheme 29: For a better Overview the following complexes are shown as simple sketches. They are mainly used for the
visualization in the mass spectra. The complexation of a metal atom always includes deprotonation of the ligand
precursors. Therefore each drawn bond between a ligand and a metal atom is also indicating the loss of one proton. The
sketches for the asymmetric compounds are illustrated with dashed bonds and the symmetrical compounds are

illustrated with solid bonds. Explanations of the ligands are given in Scheme 26 and Scheme 27
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Figure 172: Overview of the possible asymmetrical and symmetrical ligand precursors with 1-3 additional -CH,CO, groups

and their calculated m/z values.

Table 6: Overview of all possible gold complexes consisting of 1, 2 or 3 Au ions, 1 or 2 of the ligand precursors 24a,s;

253,s; 26a,s and one or two additional CH,CO, groups. Two touching blue areas mark two different molecules with the

same charge and molecular formula, but different conformations. Red, green, brown and purple areas mark two

different molecules with different charges and different molecular formulas but the same m/z values. The sketches show

the symmetrical compounds but the asymmetrical compounds are isobaric.

m/z = 822.2826

m/z =663.2792

m/z = 483.2045

m/z = 822.2826

bounded metal ions 00 + O
Sep, +O +0O + OO
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L /(9.3,) no second

rtoond 2 s Saa e S M S M S - I
CasHagAUNgO5?"  |CraHaoAUN1404% | CarHrAUN1605™" | CagHaaAUN1g06%" |CaoHesAUN1605>" |CagHerAUzN1506* [CesHaoAUsN+1506%
m/z =472.6689 |m/z =483.2045 |m/z =393.1672 |m/z =339.1449 |m/z =589.2968 |m/z = 472.6689 |m/z = 695.5090
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m/z =1203.5030
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CuoHagAUNGO5>"  [C78HaAUN 14067 [CasHaoAuN1607" |CopHesAUN1508%"  |CasHerAuzN1607>" | CooHashuaN1g05" |CooHorAUsN+1608>"
m/z =501.6716 |m/z =502.5397 |m/z =407.6686 |m/z =350.7459 |m/z =608.5419 |m/z =487.1703 |m/z =714.5442
CagHatAUN7O," | C7oH75AUN1205%" | CrgHgpAUN1406°" CraHaoAUN1406%"
m/z =880.2880 |m/z =692.2819 |m/z =502.5397 m/z = 851.2853
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m/z =938.2935 |m/z =721.2846 |m/z =521.8749 m/z = 880.2880
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Table 7: Overview of all possible silver complexes consisting of 1, 2 or 3 Ag ions, 1 or 2 of the ligand precursors 24a,s;

25a,s; 26a,s and one or two additional CH,CO, groups. Two touching blue areas mark two different molecules with the

same charge and molecular formula, but different conformations. Red, green, brown and purple areas mark two

different molecules with different charges and different molecular formulas but the same m/z values. The sketches show

the symmetrical compounds but the asymmetrical compounds are isobaric.

bounded metal ions o o @)
+ + +
Seg, o +0O OO
e,
/{99 no second
i 1 &
firstligand 7| ligand Oy OE O?SO OE o§3 OEO
CaaHasAgNgO5?" | CreHaoAGN1404>" | CarHerAGN1605™" | CagHaaAGN1806%" | CeoHasAg2N1605" | CagHerAd2N1806"" | CesHaoAgsN106%"

m/z =427.6382
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m/z =370.6519

m/z =321.1325
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m/z = 427.6382

m/z =605.1476
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m/z =618.2484
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m/z =1113.4416
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m/z =385.1532
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m/z =332.7336
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m/z =548.5010
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m/z =442.1395
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m/z =624.4827

CaoHa1AgN70,4"
m/z =790.2265

C72H75AgN 12052"
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m/z =472.5192

C7HgoAg2N1406>"
m/z =761.2238
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m/z = 491.8544
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m/z = 399.6546
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m/z = 344.3347

CasHaoAg2N1606%"
m/z =567.9361

ICozHasAT2N180 10"
m/z = 456.6409

CozHasAGsN 15016
m/z =643.8179

Ca2HazAgN706"
m/z =848.2320

CraH77AgN 12072
m/z =676.2539
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m/z =491.8544

CaoHe2A02N 140"
m/z =790.2265

£ ptpf| 2 p8pE| 2 pflef

CesH70AgN1006"
m/z =1229.4525

Table 8: Explanation of the detected fragments [L-Ag]* with their accurate mass, molecular formula and the proposed

composition.

accurate mass of the fragment molecular formular proposed fragment composition
366.6142 [CagHa0AgN,0,]°* [25a/s-H+Ag]”*
395.6169 [CagHa0AgN,0,+(CH,CO,)]* [25a/s-H+Ag+(CH,CO,)]*
419.5628 [CagH30Ag,N;0,]% [25a/s-2H+2Ag]”
448.5655 [C3gH39Ag,N,0,+(CH,CO,)]* [25a/s-2H+2Ag+(CH,CO,)]*
610.1731 [C3,H33AgN<0]" [24a/s-H+Ag]"
668.1785 [C3,H33AgNO+(CH,CO,)]" [24a/s-H+Ag+(CH,CO,)]"
726.1840 [C3,H33AgN0+(CH,CO,),]" [24a/s-H+Ag+2(CH,CO,)]*
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Table 9: Crystallographic Data.

1*Br

formula
cryst size [mm’]
cryst syst

space group

Peaic [mg m’]
FOOO

u[mm™]

O range [°]
reflns collected
reflns unique
Rint

GOF

refined params
R1 [1>26(1)]
wR2 (all data)

largest diff peak [e A”]

CsHsBrN,0,
0.31x0.06 x 0.03
orthorhombic
Pca2,
13.3978(3)
6.43648(24)
9.77754(24)
90

90

90

843.16(4)

4

1.741

440.0

4.829

6.082 — 55.982
27209

2028

0.0925

1.214

103

0.0528

0.1446

1.24/-0.91
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Figure 173: ESI(+) mass spectrum of the crude product from the reaction of 13*Br’, 23a, EDC, DMAP and DIPEA in

acetonitrile at 50°C. The sample was diluted with methanol.
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Figure 174: ESI(+) mass spectrum of the crude product from the reaction of 13*Br’, 23a, EDC, DMAP and DIPEA in

acetonitrile at 80°C. The sample was diluted with methanol.
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Figure 175: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, TBAB, NaOH,, and AgO, in
DCM at rt. The sample was taken after 24 hours and diluted with methanol. * = common background contaminant ions;

the crude product contains side products and starting materials from the synthesis of 26a*3Br".
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Figure 176: ESI(+) mass spectrum of the crude product from the reaction of 24s*3Br’, 25s*3Br’, 26s*Br’, TBAB, NaOAc and

AgO0, in MeOH at rt. The sample was diluted with methanol.
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Figure 177: ESI(+) mass spectrum of the crude product from the reaction of 24a*Br, 25a*2Br’, 26a*3Br’, TBAB, NaOAc
and AgO, in MeOH under reflux. The sample was diluted with methanol; the crude product contains side products and

starting materials from the synthesis of 26a*3Br".
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Figure 178: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br, 26a*3Br, TBAB, NaOAc and AgO, in
MeOH at rt. The sample was taken after 3 days and diluted with methanol; the crude product contains side products and

starting materials from the synthesis of 26a*3Br".
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Figure 179: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, TBAB, NaOAc and AgO, in
MeOH at rt. The sample was taken after 4 days and diluted with methanol; the crude product contains side products and

starting materials from the synthesis of 26a*3Br".
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Figure 180: ESI(+) mass spectrum of the residue of the filtrate from the reaction of 17a*Br and Au(SMe,)Cl in DMF at rt.

The sample was diluted with methanol.
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Figure 181: ESI(+) mass spectrum of the crude product from the reaction of 50a*Br and Au(SMe,)Cl in DMF at rt. The

sample was diluted with methanol. * = common background contaminant ions.
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Figure 182: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br, 26a*3Br, TBAB, NaOAc and AgO, in
MeOH at rt. The sample was taken after 2 hours and diluted with methanol. * = common background contaminant ions;

the crude product contains side products and starting materials from the synthesis of 26a*3Br".
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Figure 183: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, TBAB, NaOAc and AgO, in
MeOH at rt. The sample was taken after 2 hours and diluted with methanol. * = common background contaminant ions;

the crude product contains side products and starting materials from the synthesis of 26a*3Br".
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Figure 184: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, TBAB, NaOAc and AgO, in
MeOH at rt. The sample was taken after 2 hours and diluted with methanol and H,0. * = common background

contaminant ions; the crude product contains side products and starting materials from the synthesis of 26a*3Br".
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Figure 185: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, TBAB, NaOAc and AgO, in
MeOH at rt. The sample was taken after 24 hours and diluted with methanol. * = common background contaminant ion;

the crude product contains side products and starting materials from the synthesis of 26a*3Br".
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Figure 186: ESI(+) mass spectrum of a reacting solution containing 24a*Br’, 25a*2Br’, 26a*3Br, TBAB, NaOAc, AgO, and
Au(SMe,)Cl in MeOH at rt. The sample was taken 3 days after the addition of the gold compound and diluted with
methanol. * = common background contaminant ions; the crude product contains side products and starting materials

from the synthesis of 26a*3Br".
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Figure 187: ESI(+) mass spectrum of the crude product from the reaction of 24s*3Br’, 25s*3Br’, 26s*Br, TBAB, NaOAc,
AgO0, and Au(SMe,)Cl in MeOH at rt. The sample was diluted with methanol. * = common background contaminant ions;

the crude product contains side products and starting materials from the synthesis of 26a*3Br .
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Figure 188: ESI(+) mass spectrum of the crude product from the reaction of 24s*3Br’, 25s*3Br’, 26s*Br, TBAB, NaOAc,
AgO0, and Au(tht)Cl in MeOH at rt. The sample was diluted with methanol. * = common background contaminant ions;

the crude product contains side products and starting materials from the synthesis of 26a*3Br.
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5 Summarizing conclusion and brief outlook

The first part of the given work presented the investigation of the gold(lll)-catalyzed domino
cyclization and oxidative coupling reaction, for the synthesis of dicoumarin derivatives, by
mass spectrometric means. Electrospray mass spectrometry should give an insight of the
reaction mechanism and the transient species, by transferring the molecules to the gas
phase. The easy deprotonation of the catalyst and the traceability as [AuCls]” species seemed
promising for the use of this powerful analysis technique. The required substrates were
synthesized via steglich esterification.!”” Two different derivatives of the substrate (with
tert-butyl substituent and without additional substituent) were tested in this work.
Unfortunately different challenges hindered the measurements and necessitated changes in
the technical working routine. First of all the strong corrosivity of the catalyst HAuCl, strictly
excluded the use of any stainless steel equipment, which normally includes spatula, syringes,
the ESI needle and all connectors. All of the metal compounds were replaced by different
materials (with PTFE compounds when possible). The ion source was assembled with an
inert fused-silica capillary. Usually these sprayers are used for capillary electrophoresis mass
spectrometry experiments. With these simple exchanging steps the complications provoked
by corrosion could be reduced to a minimum. A crucial element for the successful reaction is
the solvent DCE. Due to its bad ability to form a stable spray, the investigation required
another solvent. However the problem could be sorted out by diluting the reacting mixture
with acetonitrile, right before the measurement. This step also prevented the blockage of
the capillaries by high concentrated solutions. Even though the catalyst could easily be
detected after deprotonation as the negative [AuCls]” species, the organic compounds
needed the addition of sodium or a proton [M+H]" and [M+Na]*. Therefore these species
could only be followed in the positive ESI modus. This behaviour was a huge drawback for
the simultaneous monitoring of all participating species. Hence the ESI modus had to be
changed constantly during the measurements. An internal standard was used for the correct
normalization of the intensities throughout the monitoring experiments. The identification
of all postulated transient intermediates of the reaction could be achieved by mass
spectrometric means. Therefore the main goal of the given work was accomplished. All
species were detected with negative charge, which was expected due to the nature of the
catalyst. The ligand sphere of the gold centre involves only chloride ligands and one

respectively two molecules of the substrates (A). In summary the species [AuCl,]; [AuCls];

213



[A+AuCls]” = B/ C+CI; [A-H+AuCl;] = D; [2A-H+AuCl;]” = D+A; [2A-2H+AuCl,] = E, F =
coumarin, G = dicoumarin, could be detected (The nomenclature of the species A, B, C, D, E,
F and G originated from the postulated mechanism and is listed consecutively with the
reaction steps). The characterization of the compounds was achieved by their accurate
masses and the characteristic isotopic pattern of the chloride ligands. Supporting
fragmentations were also performed with CID experiments, to assist the results. The
monitoring of the progress from the interesting species represented the next problem of the
project. The reaction conditions require high temperatures of 60°C. The turn over is so fast,
that it could not be monitored under the ideal reaction conditions. Therefore some
parameters had to be adjusted to slow down the reaction. The temperature was set down to
room temperature, the oxidant was omitted and on that account stoichiometric or smaller
amounts of the catalyst used. With these adjustments the reaction was followed over one
hour. The success of the reaction and the rate of monomer and dimer are highly dependent
on the concentration of the substrate. Changing the concentration from 50 mmolL™ to 20
mmolL? lengthened the reaction time a few minutes. Variing the amount of the catalyst
from 5 mol% - 20 mol% indeed had a bigger impact. The intensities of the product species
were higher than the substrate signals after ~5 min (for 20 mol%), while it took almost 30
min for the less concentrated solution (5 mol%). Due to differing ESI response factors the
intensities of the signals are not consistent with the real concentrations in solution, but they

provide a good reference point.

Dinuclear gold(l) NHC complexes are a fascinating and highly investigated type of
compounds for supramolecular aggregation processes. Intra- and intermolecular interactions
of the compounds are highly tuneable by even small changes in the NHC complexes. Due to
the multitude of possible aggregation it is sometimes like playing around with all the
different binding sites to find the right receptor substrate pair. The goal is to get a deeper
inside of all these interactions to be able to design an intrinsic host compound for a given
guest, without the trial and error method. Therefore we investigated the potential
interactions by hydrogen-, ione.esion-, cationesent-, anioneeem- and meeet bonding. The
intriguing gold complexes used in this work are also able to provide metallophilic
interactions. All complexes of the four comparative series were synthesized as bromide and
hexafluorophosphate complexes (the primary differences are: imidazolium -/

benzimidazolium moiety; C1-C3 alkylene bride; methyl- / ethyl wingtip). Some of the
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complexes were already synthesized and partly characterized before but all benzimidazolium
PFs compounds were herein produced for the first time in our group. Several analytical
measurements were performed, starting with NMR spectroscopy. These experiments clearly
showed the influence of the counterions to the chemical shifts of the signals. Whereas the
differences in the linker length and the aromatic systems are crucial for the interplay of the
cations and anions, depending on the NHC moiety, the signals of the wingtip groups do not
change with the counterions. Visible downfield shifting of different proton resonances
clearly hints the aggregation or rather interaction with the counterions. This phenomenon is
strongly affected by the configuration of the complexes. While the aromatic resonances of
the imidazolium compounds show a significant shift, the signals of the alkylene bridges go
through a bigger chance for the benzimidazolium complexes. However, the intensities of the
changes are reverse correlating with the alkylene chain length. The compounds with the
shortest bridges show the strongest impact. This is attributed to an unhampered and faster
dynamic of the longer alkylene chains in solution. Due to the existing cavity in the
complexes, the aggregation of small molecules was supposed to take place between the
metal centres. This could be achieved by interactions with the gold atoms. However the
different aromatic moieties enable various binding sites and therefore lead to different
bonding motifs. The counterions and complexes could form aggregates by reesX, AueeeX
and/or H...X interactions. Hence the differences in the NMR spectra are seen as shifting of

some resonances (not only the resonances of the bridge around the cavity).

Even though hydrogen bonds with halides or hexafluorophosphate are unusual, they are
possible und could already be demonstrated herein by NMR spectroscopic means. Due to
the non coordinating properties of PFg, the aggregation of the better coordinating bromide
could be detected by the shifting of the involved proton resonances, as described above.
Fortunately those interactions are not limited to the two counterions (PFs and Br). The
addition of BF;, NO3 and OTf to solutions of the hexafluorophosphate complex resulted in
similar shifting processes, while adding more PFg did not resulted in any observable
alteration. The comparison experiments were mainly performed with the
[Auz(bisEtzl\/IeIm)z]2+ complex in acetonitrile. Based on the intensity of the downfield shift,
the affinity of the complex to the counterions could be ranked PFg < BF; < OTf << NO3™ ~ Br'.
The rather non coordinating anions PFs” and BF; show a similar behaviour. The aggregation

of tetrafluoroborate is probably preferred because it is less steric hindered. The triflate
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counterion shows a slightly stronger interaction but is also quite bulky. The interaction with
bromide and nitrate are comparable. Triflate and nitrate can be stabilized by several He.cO/
H...Br bonds. All salts were added as silver- and tetrabutylammonium compounds
respectively. The shifting for both additives is comparable. Thus the peculiar interaction of
the cations with the complexes was excluded. The coulomb repulsion of three positive
charges seems stronger than potential metallophilic Au...Ag interactions. Aggregation
processes though are not limited to the cations and anions. Several examples in the
literature have documented interactions between the gold complexes and solvent
molecules, but not all complexes are soluble in the same solvent. Hence the comparability is
not preserved and the experiments presented here are only limited to a few examples,
which are able to illustrate the effects. Even though the NMR spectroscopic experiments
have demonstrated differing aggregations via hydrogen bonding, they are no proof for

aurophilic interactions.

X-ray diffraction experiments should give a better insight to the interactions in solid state.
Single crystals suitable for the measurements were obtained for all complexes 1a,b - 12a,b
and some additional compounds with different counterions ([Auy(bisEt,Melm),](NQOs),,
[Au,(bisMe,Prim),;](BF4),, [Auz(bisEt,MeBIm),](PO,F,); and [Au,(bisEt,EtBIm),](PO,F;),). The
geometry of the resulting crystal structures is not only influenced by attractive interactions
(hydrogen bonding, Auss«Au-, ioneesion-, cations«s7t- and anion..s1t interaction as well as m
stacking) but also by packing effects. Some compounds, mostly bromide complexes, need
additional solvent molecules to form single crystals. This hampers the identification of trends
inside the complex series. However, a few intriguing geometries with short aurophilic
interactions could be shown. The overall structures include cations which are mostly
interacting with other cations via 1 stacking and the surrounding layers of counterions. They
are mainly stabilized by hydrogen bonding to the complexes or solvent molecules. Those
He.eX interactions could be found with distances of 2.255 — 3.034 A (H...F distances are
shorter than Hs..Br distances, due to different atomic radii). Some of the counterions are
also aggregated via anione«.Tt interactions. Keep in mind, that all small distances could also
be forced by packing effects. The configuration of the methylene complexes is mainly U
shaped. The flexibility of the cations is limited due to the fixed N-(CH;)-N angle and the
resulting distances of the alkylene bridges. While the imidazolium compounds provide

coplanar NHC moieties the benzimidazolium rings are twisted due to steric repulsion. Some
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of the C-Au-C axes are slightly bended to each other and therefore allow the formation of
short Au...Au bonds, but there is no clear correlation depending on the counterions or side
chains. Non of the crystal structures investigated in this work contain C-Au-C axis with an
unusual small angle. The angle ranges from 169.3 -179.71° and could therefore be
considered as almost linear. The longer ethylene and propylene linkers provide more
flexibility of the cations. Hence the geometry could be ether folded (flat or twisted) or
stretched out. This provides a wider array of possible geometry motifs and resulted in some
pretty interesting structures. An outstanding crystal structure was found for the
[Au,(bisMe,Prim);](BF4), complex. The intramolecular Au..-Au distances are only 2.999 A,
which are the shortest aurophilic interactions of all complexes investigated in our group so
far. This unique geometry could be achieved due to the flexible propylene bridges. Thereby
the C-Au-C axes could be vertical arranged and the NHC moieties are not located one upon
the other. This leads to minimal steric repulsion and provides short metal — metal distances.
Some exceptional structures contain Au...X distances, which are shorter than the sum of
their corresponding van der Waals radii (no real Au-X bonds were found, those would
require an oxidation of the metal centres to gold(lll) or the substitution of the ligands by the
counterions). This hints to rather weak interactions of the counterions with the metal
centres in solid state. The interactions in the crystal structures are influenced by several
parameters like the configuration and conformation of the compounds, attractive
interactions as well as packing effects. The application of solids for the recognition of other
compounds is limited (e.g. vapours are possible) but they are still interesting, for instance to
create OLEDS or heat sensitive material (provoked by colour changes due to

thermochromism!*929%).

The last mentioned property leads to the also executed fascinating UV/Vis and fluorescence
measurements of the complexes in solution. For a further insight of the cation...counterion
interactions in-depth UV/Vis- and fluorescence spectroscopic experiments in acetonitrile and
methanol were performed. All compounds show intense high energy absorption bands
which are attributed to metal perturbed n-nt* ligand centred transition processes. While the
absorption maxima of the imidazolium complexes 1a,b - 3a,b and 7a,b — 9a,b are between
255 and 265 nm, the Amax of the corresponding benzimidazole complexes 4a,b - 6a,b and
10a,b — 12a,b undergo a red shift to 282 - 289 nm. The counterion exchange does not

strongly change those absorption spectra. The intensities are differing with the anions but
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do not show clear correlations throughout the four series. The excitation at those
wavelengths leads to the interesting emission spectra. All propylene and the imidazolium
ethylene complexes induce a strong maximum between 350 and 400 nm
(Aex (imidazolium)= 255 nm, Aex (benzimidazolium)= 289 nm). The emission is caused by the
formation of a stable exciplex (3[d0*p0] excited state). Aus.-Au interactions in the complexes
with long alkylene chains are probably enabled by folded structures. Compounds with the
shorter bridges are more rigid and in the case of the benzimidazolium compounds probably
also steric hindered. The bended structures could be supported by hydrogen bonding with
the counterions. The emission spectra of the methylene compounds are similar to spectra of
the ligand precursors. The absence of similar aurophilic interactions is stated to their
hindered flexibility. Even though the emission maxima could be observed for both Br and
PFe complexes, the intensities are increasing after the counterion exchange. This quenching
behaviour is attributed to the aggregation of the anion to the cation and the formation of
association compounds with other emission properties. This effect with a simultaneous
appearance of an aggregated complex could be demonstrated by adding a huge excess of
bromide to the solutions. For the given experiments, 300 eq TBAB were added. This lead to
the quenching of the high energy emission with a concurrent increase of a new maxima at
~460 nm for the imidazolium complexes and ~540 nm for the benzimidazole complexes. It is
worth mentioning that all compounds are showing the emission attributed to the association
complex, even when they are not emissive at the higher energy attributed to the
uncoordinated compound. Interestingly the increases of the intensities from the emission

bands are the strongest for the benzimidazolium methylene complexes.

For a broader insight to the solvent - complex interaction, the same experiments were
performed with the benzimidazolium complexes in methanol ([Au,(bisMe,Prim),]**,
[Au,(bisMe,Prim),]** and [Auy(bisMe,Prim),]**). All three complexes were investigated as
hexafluorophosphate and bromide compound respectively. The propylene complexes are
again the strongest emitters but with less intense maxima and almost not distinguishable
curves for the different counterions. This behaviour is attributed to the aggregation of
methanol to the complexes in a comparable association complex as seen for bromide.
Adding a huge excess of TBAB does again quench the emission and lead to the increase of
the low energy maxima. All experiments with the addition of bromide (in acetonitrile and

methanol) lead to another emission band at ~350 nm. Those are attributed to aurophilic
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interactions with varying Au...Au distances. While most compounds have shown these
maxima only after the addition of an excess of bromide, the rigid methylene compounds
always feature those emission. The propylene and ethylene compounds are more flexible in
solution and therefore able to change the bond lengths via folded or stretched
conformations. The herein demonstrated photophysical performance could be explained by
the formation of aurophilic interactions. The high energy emission is attributed to the the
3[do*po] excited state of a non coordinated free complex and the low energy emission to
the association complex with aggregated counterions and/ or coordinated solvent

molecules.

A clear correlation of the different counterions and the complex behaviour in solution could
be shown. The potential application as optical sensors for small molecules, especially
coordinating anions, seems promising. The interactions of the complexes with an other
complex molecule, the counterions or the solvent is highly tuneable and in some cases
explicit unique for just one compound. We hope, that we provided a better insight of the
intriguing aggregation of the counterions to the cations, but there is still a lot room for
following investigations with varying complex substitution or other counterions as potential

guest molecules.

The dinuclear gold(l) NHC complexes used up till now in this work are providing a rather
small cavity. An enlargement of alkylene bridges would provide bigger but pretty dynamic
compounds. Tribenzotriquinacene was chosen as a rigid but blarger backbone for a good
preorganisation of the host molecule. This bowl shaped compound could provide a capsule
like template for cage molecules. Due to the possibility of several substitution motifs of
TBTQ, the imidazolium precursors could be planned as tripodal ligands. The addition of NHC
moieties allows the synthesis of trinuclear gold complex structures. The third metal centre
was inserted for extended aurophilic interactions. The coupling of the imidazolium
compounds to the aromatic backbone should be realized over an amide coupling. Therefore
the imidazolium compound should bear an acid group and the TBTQ scaffold three amine
groups. The corresponding TBTQ derivative was synthesized via a known reaction
pathway.[m] The reaction always yields a C3 symmetrical product and a CI symmetrical
compound as side product. Due to the chirality of the compounds they could probably be

used for racemic recognition experiments and maybe separate isomers. The imidazolium
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moiety was synthesized with 1-methyl imidazole and bromo acetic acid. The following
coupling of the amide bonds needed several adjustments of the reaction parameters. The
effective combination of EDC, DMAP, DIPEA at 80°C in acetonitrile, yielded a mixture
containing the intended tripodal ligand precursor. The influence of the non nucleophilic but
strong Huenigs base (DIPEA) and the high temperature were absolute crucial. Usually amide
coupling is performed at ambient conditions, due to the temperature sensitivity of amino
acids and peptides. However all compounds used here are heat stable. All reaction products
contained a combination of compounds with either one or two or even three successful
linked imidazolium units (from the C1I or C3 symmetric precursors, both were used
separately). Despite several purification attempts, the mixture of the three respective TBTQ
compounds could not be separated. Hence the reactions to the complexes had to be
executed with the impure ligand precursor mixtures. However these crude products were
used to construct almost all possible heteroleptic and homoleptic combinations of
symmetrical and asymmetrical silver(l) NHC complexes via the silver base route (AgO,,
tetrabutylammonium bromide as phase transfer catalyst and methanol as solvent), under
the exclusion of light. Most importantly the intended trinuclear cage molecule could be
detected in the crude product by mass spectrometric means. The reaction parameters were
a combination of NaOAc as base, tetrabutylammonium bromide as phase transfer catalyst
and methanol as solvent, at room temperature. Transmetallation of these products was
achieved with two different gold sources (Au(SMe;)Cl and Au(tht)Cl). Both tested
compounds were suitable for the intended application with similar turn over. The intriguing
trinuclear gold(l) NHC compounds could be detected in the product mixture. Several
crystallization attempts were performed, but did not yielded suitable single crystals or at
least a clean product. Even though all purification steps were unsuccessful, the present
reaction pathway seems really promising. Due to the multiplicity of the products, a library of
different metal NHC compounds was achieved. Hence they could also be used for screening
experiments in the future, to find the right receptor for a given substrate. Further
experiments for recognition applications as luminescence active 3D-metallocavitands are

outstanding but planned.
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6 Abbrevations

ACN

calc.

CID

DCC

DCE

DCM

DIPEA

DMAP

DMF

DMSO

EDC

ESI

etal.

exp.

HOBt

LDA

MeOH

MS

m/z

acetonitrile

calculated

collision induced dissociation

N,N’-dicyclohexylcarbodiimide

1,2-dichloroethane

dichloromethane

N,N-Diisopropylethylamine

4-dimethylaminopyridine

N,N-dimethylformamide

dimethylsulfoxide

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

electrospray ionization

et alia, and others

experimental

benzotriazol-1-ol

coupling constant

lithium diisopropylamide

methanol

mass spectrometry

mass to charge ratio
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NHC

NMR

ORTEP

rt

TBAB

TBTQ

TEA

tert-Bu

tert-BuOOH

TFA

THF

UV/Vis

N-heterocyclic carbene
nuclear magnetic resonance
Oak Ridge Thermal-Ellipsoid Plot
room temperature
tetrabutylamino bromide
tribenzotriquinacene
triethylamine

tert-butyl
tert-butylhydroperoxide
trifluoro acetic acid
tetrahydrofuran

ultraviolet-visible light
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