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Zusammenfassung

Die Synthese, spektroskopischen Eigenschaften und Rontgenkristallstrukruren von sieben
systematischen Serien dinuklearer Minzmetall(1)-NHC-Komplexe werden hier gezeigt. Als
Anionen werden sowohl Bromid als auch Hexafluorophosphat verwendet, bei dem
Miinzmetallzentrum handelt es sich um Gold(l) oder Silber(l). Die NHC Liganden basieren
auf Imidazol oder Benzimidazol und besitzen Methyl- oder Ethylseitenketten. Die L&nge der
flexiblen Alkyllinker variiert von lediglich einer bis zu sechs Methylengruppen. Insgesamt

werden 24 Ligandvorlaufer und 42 Minzmetall(1)-NHC-Komplexe untersucht.

Die Zlchtung von Einkristallen, welche fir die Rontgenstrukturanalyse geeignet sind, ist von
32 der Minzmetall(l)-NHC-Komplexen gelungen. Sie bestehen in (fast) allen Féllen aus
Makrozyklen der Form M,L,**. Diese zeigen eine groRe Vielfalt von starren, zuriickgefalteten
oder offenen bis hin zu verdrehten Konformationen der Makrozyklen; sogar eine
Polymerstruktur ist zu finden. Als Folge koénnen sich Dimere durch kurze Au(l)-Au(l)

Abstédnde bilden, die zusétzlich durch n-n Wechselwirkungen stabilisiert sein konnen.

Kurze Gold-Gold-Abstande von <3.5 A (Summe der van der Waals Radien) werden als
aurophile Bindungen bezeichnet. Als Folge konnen auBergewdhnliche Fluoreszenz-
eigenschaften auftreten, die in der vorliegenden Arbeit in Losung untersucht werden. Es zeigt
sich, dass alle Gold-Komplexe mit Propylenlinker, unabhangig von der Wahl des Ldsemittels,
des Anions und sogar der Wahl des NHC Liganden, eine auflergewohnlich starke
Emissionsbande bei 375 nm aufweisen. Diese spricht fiir eine stabile, formale
Gold-Gold-Einfachbindung und damit fur die Bildung eines angeregten Triplettkomplexes der
Form *[do*po]. Die Komplexe mit kurzen Linkerlangen zeigen zudem ein erstaunlich
dynamisches Verhalten in Ldsung, welches NMR-spektroskopisch bei verschiedenen
Temperaturen untersucht wird. Mit diesen Untersuchungen soll ein Beitrag zum besseren
Verstandnis der Dynamik von dinuklearen Gold(l)-NHC-Komplexen in Ldsung geleistet

werden.
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1. Introduction

1. Introduction

In recent years, there has been an increasing interest in gold complexes with N-heterocyclic
carbene (NHC) ligands™* as a consequence of their promising applications in fields like
catalysis®>, nanotechnology®’ and medicine®**. Given the usual linear coordination mode of
Au', mononuclear gold(l) NHC compounds®® often posses two different ligands (typically a
neutral carbene and a coordinating anion)™*'?*3. The respective homoleptic derivatives
bearing two identical NHC ligands are usually cationic bis(NHC) gold(l) complexes®?"3%,
The two NHC ligands can be connected with a long linker??* With shorter linkers, dinuclear
macrocycles are formed that consist of two gold(l) atoms and two bridging bis(NHC)
ligands®***. A growing number of such homoleptic dinuclear gold(l) tetra(NHC) macrocycles

have been reported in recent years, including compounds with very rigid® 4244

and very
flexible?*%032-343837 |inkers connecting the carbene subunits. A few NHC gold(l) compounds
with ligands on the basis of benzimidazole have been studied*?3****¢ Even a direct N-N
connection of two NHC moieties, leading to an extremely short gold-gold distance, is
possible®*°. A chiral example® as well as neutral macrocycles with anionic linkers?>2%4°
have been synthesized. Some multinuclear complexes with NHC-ligated Au' atoms are also

known*"*0,

A very intriguing feature of gold(l) complexes is the occurrence of aurophilic interactions,
often recognized in the solid state by an intermetallic distance shorter than the sum of the van
der Waals radii (3.5 A)**% The strength of this unusual bonding type is comparable to
hydrogen bonds (5-10 kcal/mol)®*>>. The phenomenon has been associated with the
exceptional photophysical properties of gold compounds®®°2°*% Results obtained by the
group of Che assigned the excitation of a dinuclear Au(l) complex with bridging phosphine
ligands displaying aurophilic interactions to the 5do* — 6pc transition producing the
[do*po] excited state. This excited state electron configuration represents a formal
Au(l)-Au(l) single bond and the visible emission resulting from exciplexes of the form
[Auz(dcpm),]Y2 (depm = bis(dicyclohexylphosphino)methane, Y = a range of anions,
including halides) originates from the 3[do*pc] excited-state, which is perturbed by
anion/solvent association®®°. Nevertheless solution based structural studies for dinuclear
Au(l) complexes, which display aurophilic interactions, are rare. Mononuclear gold(l)

5152 \whereas dinuclear

1,2,51,52

complexes realize short Au-Au spacings by intermolecular aggregation

complexes can also adopt conformations with short intramolecular Au-Au distances




1. Introduction

The synthesis and spectroscopic characterization of a series of flexible gold(I) NHC
macrocycles with methyl substituted carbenes has recently been reported, but only one
substance has been structurally characterized so far***°. This member of the series (propylene
linker) shows an exceptionally efficient luminescence™. Its structure reveals a backfolded
conformation with short Au-Au distance irrespective of the anion (triflate*® and
hexafluorophosphate®). Furthermore, two publications of Hemmert's group may be
combined to compare the first three members of a similar series with hydroxyl-functionalized

. . 3233
side chains .

Hitherto, there are only very few reports of gold(I) NHC complexes with ligands on the basis
of benzimidazole. Ozdemir et al. report the synthesis and antimicrobial activities of three
mononuclear heteroleptic complexes (NHC-Au-Cl) with sterically demanding side chains™.
Ghdhayeb et al. showed the syntheses and structural characterization of symmetrical
mononuclear gold(I) and silver(I) NHC complexes with symmetrical and unsymmetrical
ligands. The side chains were short alkyl chains like methyl or allyl or sterically demanding
side chains like cyanobenzyle®. Mononuclear complexes with long side chains (twelve to 16
methylene units) were reported to form a lamellar bilayer structure with Au-Au distances of
~3.6 A'. The only dinuclear benzimidazole NHC gold(I) complexes were reported by Baron
et al.. They showed a series of complexes with propylene linkers, methyl side chains and
hexafluorophosphate as counter ion with ligands on the basis of benzimidazole or a mixed
compound with imidazole and benzimidazole in one ligand. This mixed compound showed a
backfolded conformation like reported before for the complex bearing only imidazole

35 with a very short intramolecular gold-gold distance of 3.1 A. In contrast, the

ligands
corresponding complex with only benzimidazole ligands showed an open arrangement, which

realized a short Au-Au distance only intermolecularly (3.5 A)*.

However, the anions affiliated with the reported molecular structures are not identical, which
can have a disturbing impact on the observed conformations. Thus, the spectroscopic
characteristics and solid state molecular structures of the complete systematic series with
alkyl linker lengths ranging from one to six methylene units will be subject of discussion in
this report. Both the counter ions bromide and hexafluorophosphate have been investigated, as
the nature of the anion is known to have a severe impact on photoluminescent Au(I)

70,71
complexes ™.




1. Introduction

The subtle interplay of weak interactions governing the conformation of gold(l) macrocycles
is remarkable. Thus, the syntheses and characterization of several systematic series of new
dinuclear gold(l) NHC complexes and their corresponding NHC precursors are reported in
this work. All compounds vary in the length of the alkyl chain, respectively linking two NHC
units. Flexible alkyl linkers were chosen to systematically study the influence of the linker
length on the conformation of the gold macrocycles with special respect to the formation of
intramolecular gold-gold bonds. The series are categorized into three types of complexes. The
complexes Type 1 consist of gold(l) (and silver(l)) complexes with N-heterocyclic carbene
ligands on the basis of imidazole with ethyl side chains. As counter ions, bromide and the
bulkier hexafluorophosphate are studied. The complexes Type 2 also consist of gold(l)
complexes with N-heterocyclic carbene ligands on the basis of imidazole, but with methyl
side chains. As counter ions, bromide and the bulkier hexofluorophosphate are studied here
again. The complexes Type 3 consist of gold(l) complexes with N-heterocyclic carbene
ligands on the basis of benzimidazole with ethyl and methyl side chains. Here, solely bromide
serves as counter ion. The three types of complexes are described in three seperate chapters,
which can be read detached and in any order. The conclusion at the end of this report referes
to all three types of complexes. A summary of the studied compounds is given in scheme 1.1
and tables 1.1 and 1.2. In our group, the synthesis of eight of these complexes (1a-4a, 6a,
14a-16a) has already been reported’?. Additionally, structural characterization was successful
for six of these compounds (2a-4a, 6a, 15a, 16a)” in my diploma thesis. Nonetheless, all

these structures are discussed here again for the purpose of comparison.

N N - A Z R
RN W W TR RN \M; \/@
n ]
© © Br Br
Br Br 13-24

\ / \ / N N N N
1a/b/c - 12a/b @ @

13a-24a

Scheme 1.1. Summary of the studied compounds.




1. Introduction

Table 1.1. Summary of the studied ligand precursors and their classification.

n=

1

2

3

4

imidazole

R = ethyl

R = methyl

10

11

12

benzimidazole

R = ethyl

13*

14

15

16

17*

18*

R = methyl

19

20

21

22

23*

24

* Syntheses not known to literature yet

Table 1.2. Summary of the studied complexes and their classification.

n=

1

2

3

4

imidazole

M=Au
R = ethyl
X =Br

la*

2a*

3a*

4a*

B5a*

6a*

M=Au
R = ethyl
X =PFg

1b*

2b*

3b*

4b*

5b*

6b*

M =Ag
R = ethyl
X =Br/
AgBry

1c*

2c*

3c

4c*

5¢c*

6c*

Complexes Type 1

M = Au
R = methyl
X =Br

7a

8a

9a

10a

1la*

12a*

M=Au
R = methyl
X =PFg

7b

8b

9b

10b

11b*

12b*

benzimidazole

M=Au
R = ethyl
X =Br

13a*

1l4a*

15a*

16a*

17a*

18a*

M = Au
R = methyl
X =Br

19a*

20a*

21a*

22a*

23a*

24a*

Complexes Type 3 | Complexes Type 2

* Syntheses not known to literature yet

-4 -




2. Complexes Type 1 based on Ethylimidazole

2. Complexes Type 1 based on Ethylimidazole

The synthesis and characterization of three systematic series of new dinuclear gold(l) (and
silver(l)) NHC complexes and their corresponding NHC precursors is reported in this section.
One of these compounds (3c) has already been structurally characterized by Liu et al.”* in
2010. Four of the compounds (2a-4a, 6a) were structurally characterized in my diploma

thesis’®. Nonetheless, these structures are discussed here again for the purpose of comparison.

2.1 Synthesis

The ethyl imidazolium bromide salts 1-6">"°

(Scheme 2.1) were obtained by conversion of N-
ethylimidazole with the corresponding alkyldibromide in toluene. The corresponding NHC
gold(l) bromide complexes la-6a were synthesized by direct metallation of the respective
imidazolium salt in the presence of sodium acetate in DMF according to a well-established
procedure?” 232333537 The complexes were purified by crystallization (slow diffusion of
diethylether into a methanol solution). Subsequent anion exchange with KPFg in a
methanol/water mixture produced the complexes 1b-6b in excellent yields. The analogous
silver(l) complexes 1c-6¢ were obtained by direct metallation of the ethyl imidazolium
bromide salts 1-6 with silver(l)oxide, which is not only the silver source in the reaction, but
the base as well’”™®. The silver complexes were synthesized successfully with the aim of
obtaining crystals suitable for X-ray measurements as a means to study the influence of
aurophilic and argentophilic interactions, respectively, vs. -7 interactions. Their r.t. solution
phase NMR spectroscopic behaviour is in accordance with the expectations for NHC silver(l)
complexes™?. Argentophilic interactions are a common phenomenon among NHC silver(1)
complexes while considered a weak interaction, even weaker than aurophilicity®>". The
compounds la/b/c-6a/b/c were readily characterized by electrospray mass spectra showing
intense signals for the intact dicationic macrocycle M?*, except for the silver(l) compound 4c
(vide infra). Indications for the presence of mononuclear complexes with a chelating bis-

NHC-ligand known for longer linkers were not found®*2*.




2. Complexes Type 1 based on Ethylimidazole

Br: Br
—_ v
4>
N N
N S toluene
110 °C
1-3d
2
— o~
NN N N N~ KPF,
\( g MeOH/H,O
Au Au 2PF; -w——
' A
\—/ \—/
yield [%]
n=[1 1b 99
2 2b 99
3 3b 99
4 4b 99
5 5b 99
6 6b 99

— — Ag,O
/ \ / \ ® 2
NN N N_ N~
o Y h A
n DCM
2Br . rltd
yield [%]
n=1 1 72
2 2 67
3 3 80
NooAc | DMF P 18
120 °C
Au(SMe,)Cl 6 6 86
2h
2+
— o~
NN N NN~
hh e
Au Au 2Br

e

yield [%]

ng1 1la 99
2 2a 94
3 3a 97
4 4a 99
5 5Sa 99
6 6a 98

2
—_ —_ %
\/N NS N N N~ N\/
Yy
Ag Ag 2X°
n
\—/ \—/
yield [%]
n=1 1c 89
2 2 84
3 3¢ 87
4  4c 89
5 Sc 89
6 6¢ 88

Scheme 2.1. Syntheses of the NHC precursors 1-6 and the gold(l) NHC complexes la/b/c-6a/b/c (X" = Br" or AgBry). Syntheses not kown to

literature yet are indicated by black boxes.

-6 -



2. Complexes Type 1 based on Ethylimidazole

2.2 NMR Spectroscopy

The room temperature *H and **C NMR spectra for the complexes 1a/b-6a/b confirm the
expected highly symmetrical structures. The formation of gold(l)-carbene complexes is
accompanied by a vanished acidic imidazolium proton signal at & ~ 9.50 ppm in the
'H NMR spectrum and a typical shift of the Ccamene Signal from <140 ppm in the NHC
precursor to >180 ppm in the gold(l) complex in the **C NMR spectrum*2. In accordance to

previously reported similar findings®**"%%3°

, heither the exocyclic NHC side chain nor the
counter anion induce significant changes in the macrocycle resonances at room temperature,
whereas an upfield shift in acetonitrile solution is more pronounced. The compounds 1c-6¢
undergo the same changes to the NMR spectra with respect to the vanishing acidic
imidazolium proton signal and the Cearpene Signal*?

the *H NMR spectra and upfield for the *C NMR spectra compared to those of the gold

, While all signals are shifted downfield in

compounds.

The protons of the methylene linkers in compounds 1a/b are not equivalent and appear as two
separated doublets at room temperature?’*2**3* They reversibly coalesce upon heating to
100 — 105 °C (Figure 6.1.1, Appendix). As a result the free activation enthalphy at 298 K of
AGZQJ =74 = 11 kJ/mol is extracted from an Eyring plot of exchange rates (Figure 6.1.2 and

Table 6.1.1, Appendix) obtained by line shape analysis using the programme gNMR®. A
similar behaviour has been reported for the congener with methyl side chains and has been
attributed to an interconversion of exo- and endo hydrogens by a kind of ring inversion®’
(Scheme 2.2).

N N N
[~ ] [~] [~
[Nym{(Nj [ N%\%Nj [Nym{@
JIER BEEE oL

Scheme 2.2. Proposed ring inversion of compounds 1a/b.

Some more reversible spectral changes occur during heating: The methylene protons of the

ethyl side groups seem to be diastereotopic and appear as two multiplets when measured with




2. Complexes Type 1 based on Ethylimidazole

500 MHz at room temperature in DMSO-ds (Figure 6.1.1). Heating the sample leads to
coalescence into the quartet signal expected for freely rotating ethyl groups. The signal for the
pending methyl protons appears as triplet, which shifts very slightly downfield by 0.05 ppm at
higher temperatures. A parallel dynamic behaviour is observable with respect to the signal of
the imidazolium proton next to the ethyl side chain. It broadens and resharpens again, similar
to the findings reported for the methyl derivative”’. In summary, all these additional
observations are in accordance with a free rotation around the C-CH3 bond, while the rotation
around the N-CH; bond is frozen at room temperature with activation parameters of
AH =43 + 3 kJ/mol and AS = -87 + 9 Jmol’K™ and, thus, a free activation enthalpy of
AGZQJ = 69 = 4 kJ/mol (Figure 6.1.2 and Table 6.1.1). This value is unexpectedly high (and

AS very low) for a simple ethyl rotation at the periphery of the molecule. An effect of a
potentially coordinating anion can be ruled out as similar activation parameters are obtained
for the bromide (1a) and hexafluorophosphate (1b) salt. Inspection of the molecular structure
in the solid state in a spacefilled view (vide infra, Figure 6.1.6) might lead to an explanation.
The ethyl side chains of the two NHCs coordinating a gold atom come rather close (distance
between the methylene carbon atoms d = 4.350 A). Thus, the ethyl groups are jammed and
their independant rotation is hindered.

The room temperature *H NMR spectra for the ethylene-connected macrocycles 2a/b show a
singlet for eight equivalent linker hydrogens and a well-defined quartet for the side chain
methylene groups. Thus, chain elongation expectedly enhances the flexibility of the
macrocycles. Lowering the temperature reveals a partial freezing of the conformational
flexibility: In the '"H NMR spectra of 2a, a broadening and finally splitting of the linker CH,
signal into two broad singlets at -80 °C is visible with coalescence around -60 °C (Figure 2.1).
Line shape analysis (Figure 6.1.2 and Table 6.1.1) yields AGZ%7ﬁ = 47 = 4 kJ/mol for the

frozen process. It could be interpreted as an inversion of the ethylene-bridged macrocycle
equilibrating exo and endo protons in analogy to the behaviour of 1la/b described above. The
smaller AH and much lower AS value are fully consistent with the enhanced flexibility of the
elongated linker. In addition, signal broadening during cooling of the sample is visible for the
H5 imidazol proton, and, similar to the findings for the smaller macrocycle 1a/b, for the CH,
groups in the ethyl side chains. Unfortunately, the signals do not yet split into separated ones
at the experimental minimum of -80 °C, which impedes a modelling of the kinetic rate

constants due to unknown chemical shifts of the system with frozen dynamics. Nevertheless,

-8-



2. Complexes Type 1 based on Ethylimidazole

a concerted ethyl rotation of partly jammed ethyl side chains again seems plausible (see
Figure 6.1.6 for a spacefilled view of the solid state molecular structure).

8\/3N/\=/\Nl\/\ X _‘ =

H8
H4
H5 ¥
H7
lH6

253K

I "
233K

)| A
213K
JL _

193 K
JL I /\_/\__Jk n

: | % | ' I 5 I : I 2 I b I d I . |
PPM 80 70 6.0 6.0 4.0 3.0 20 10 0.0

Figure 2.1. Low-temperature *H NMR spectra (500.13 MHz, CD;0D) of 2a. *partially deuterated and

undeuterated methanol and water, respectively.
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4 s
3 7 2+
N NN [\ B
\ 2\(1 T NYN\/
Au
/k Au
/\N\;N\/\/\/\Né/N/\
H4/H5 H10
H6/H9 H7
233K
HS
\ 1, JI
213K
193 K
'
M e 70 e 8 40 a2 10 oo

Figure 2.2. Low-temperature ‘H NMR spectra (500.13 MHz, CD;0D) of 6a. *partially deuterated and

undeuterated methanol and water, respectively.

The *H NMR spectra of the macrocycles with three, four and five methylene groups as linkers
(3a, 4a, 5a) show broadening of the methylene signals at lower temperatures, but coalescence

could not be reached in the temperature range down to -80 °C (Figures 6.1.3 — 6.1.5,

-10 -



2. Complexes Type 1 based on Ethylimidazole

Appendix). The changes in the NMR spectra for 4a are rather subtle, whereas broadening of
the H8 signal and thus a hindered ethyl side chain rotation is clearly visible for compound 3a.
For compound 5a, the imidazol protons broaden and shift downfield by 0.1 ppm, and the CH,
and CHg; signals of the ethyl groups broaden and shift upfield by 0.3 and 0.15 ppm,
respectively.

For substance 6a with six methylene units in the linker, sample cooling has a different effect
on the '"H NMR spectra (Figure 2.2). At -80 °C, additional broad signals are clearly visible,
which could be interpreted as signs of a starting aggregation inspired by the solid state

packing with dominant n- interactions arranging the cations in long chains (vide infra).
2.3 X-ray Crystal Structures

Single crystals suitable for X-ray diffraction could be obtained by slow diffusion of
diethylether in a methanol solution (1la-4a, 6a), an acetonitrile solution (1b-6b) or a DCM
solution (1c, 3c, 4c). Thus 14 out of 18 complexes were structurally characterized. Selected
structural data is summarized in Table 2.1. The compounds containing gold centres consist of
dicationic dinuclear complexes Au,L,?* with bridging dicarbene ligands L. The basic
structural parameters fit the expectations: The gold atoms are doubly coordinated with
C-Au-C angles close to linearity and mean C-Au bond lengths of 2.02 A typical for gold(1)
NHC compounds™?. The compounds 1c and 3c show similar macrocycles with dicationic
dinuclear complexes Ag,L,>* containing bridging dicarbene ligands L. The complex 4c shows
a completely different organization with polymer chains instead of macrocycles. Two
different ligands connect three instead of two Ag atoms. Nonetheless in all three silver
compounds the silver atoms are doubly coordinated with C-Ag-C angles close to linearity and

mean C-Ag bond lengths of 2.08 A typical for silver(l) NHC compounds’*".

Owing to the almost linear C-M-C axis, the torsion angles can be measured between N-C-C-N
of the two ligands in a dication to describe their position. For all cations studied here, except
for the ones with ethylene linkers 2a/b and the silver compounds 1c and 3c, the torsion angle
is close to zero and the NHC planes on opposite sides of the metal are coplanar. Each cation is
accompanied by two bromide, hexafluorophosphate or AgBr,” anions, respectively. In all
cases, the complexes are arranged in a way, that layers are formed consisting of organic
ligands on the one hand and coin metal atoms with counter ions on the other. NHC ligands of

neighboured complexes are interconnected by m-rt interactions.

-11 -



2. Complexes Type 1 based on Ethylimidazole

Table 2.1. Selected structural data for complexes 1a/b/c — 6a/b.

Crystal M-C/ A C-M- N-C-C-N/° | dihedral Confor- M« M/A M« M/A nen/A
symmetry Cr° @) angle mation intra- inter- inter-
of NHC next to molecular molecular molecular
planes/® NHC (d) (d) (d)
(b); (©)
la P 2i/n 2.015(12) 170.0 -4.6 0.8 - 3.6633(1) 3.57866(16) 3.48279(16)
2.018(13) 174.5 -1.4 28.1
2.026(12)
2.031(12) 1090
107.9
1b C2/m 2.017(5) 172.6 0.0 114 - 3.6475(5) 5.2346(8) 3.6386(5)
2.022(5) 1743 145
106.2
1c P 2./c 2.100(5) 1648 | -87.0 109.5 - 3.4707(1) 9.2156(3) 3.5851(2)
2.103(5)
2a P 2y/n 2.018(5) 1738 | -42.8 433 gauche 3.3988(1) 7.2397(3) 3.91031(16)
2.021(5) 1774 | -56.9 55.8
2.023(5)
2.025(5) 519
38.8
2b P 2:/c 2.025(3) 1753 | -49.4 47.0 gauche 3.2328(2) 6.2975(2) 3.49732(15)
2.027(3) 176.2 | -555 497
203209 1
032(3) 419
3a Pmmn 2.012(5) 1786 | 0.0 6.0 trans 6.7918(3) 7.1092(4) 3.6215(3)
126.3
3b P-1 2.0069(3) 175.6 15 114 trans 6.4190(9) 3.2916(4) 3.5878(4)
2.0151(3) 176.6 16 7.9
2.0261(3)
2.0333(3) 103.4
104.8
3c P-1 2.088(6) 1761 | -70.1 66.0 gauche/ | 5.7454(5) 7.1354(6) 3.7113(2)
trans
4.7244(4)*
4a P-1 2.01734(14) | 1757 | 35 3.2 gauche 6.7729(4) 3.69214(15) | 3.59182(14)
2.01675(13)
4b P-1 2.057(2) 176.5 24 33 gauche 6.972(6) 3.5818(25) 3.607(3)
2.061(2)
4c P-1 2.089(9) 180.0 0.0 0.0 gauche 7.472(3) 7.472(3)
5b C2lc 2.01847(6) 1767 | 25 3.7 gauche 4.9425(2) 3.5478(1) 3.74249(12)
2.02094(6)
6a P-1 1.99590(16) 178.8 2.2 6.0 gauche 8.7084(7) 3.8164(3) 3.6865(3)
2.02309(16)
6b P-1 2.036(15) 1773 -7.3 44 gauche 8.8268(7) 3.3582(2) 3.5897(2)
2.046(14)

(a) torsion angle between the two NHC rings (EtN-Cearpene-Cearrene-NEL) coordinating a metal atom; (b) dihedral angle of the two NHC planes

coordinating an M atom; (c) dihedral angle of the two NHC planes in the linker; (d) the shortest value is given. * Ag « AgBr, [A]

Further, all solid state structures of the gold compounds, except for 3a, reveal a relatively

short Au-Au distance, either intra- or intermolecularly; in one case (1a) even both is realized.
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2. Complexes Type 1 based on Ethylimidazole

The silver compound 1c is the only one shown here with a short Ag-Ag distance (3.47 A).
The space groups and crystal packing of the two complexes with the same cation typically
differ due to the size difference of the two anions studied. The same applies to two complexes
with different coin metals. However, the influence of the counter ion on the conformation of
the cation is unexpectedly small (Figures 2.3 — 2.15 and 6.1.7-6.1.9, Table 2.1) compared to

similar examples in literature®**>%7,

One of the more obvious conformational differences is observed for the smallest cation
bearing only methylene linkers. Here, all ethyl side chains point inwards for the bromide salt
la (Figure 2.3), but show an in/out conformation for 1b with PFg (Figure 2.4). In both cases,
the ethyl side groups of the two NHC rings coordinating an Au atom come rather close, which
renders an independant rotation of the two groups impossible (Figure 6.1.6). The angles of the
NHC substituents at the methylene group are identical (111.8° and 111.1°, respectively) and
the intramolecular Au-Au distance (3.663 A vs. 3.648 A) is only 0.016 A shorter for 1b. The
crystal structure of both 1a/b consists of pairs of macrocycles with parallel arrangement of a
whole NHC-Au-NHC unit. The dimers of macrocycles are further connected by head-to-tail
n—n interactions with neighbouring NHC units (Figure 2.3 and 2.4). The intermolecular
distance between the gold atoms of a dimer of macrocycles is much shorter in 1a (3.579 A)
than in 1b (5.235 A) due to the different orientation of the ethyl side chains. In contrast, the
corresponding silver structure 1c shows an outward orientation of the ethyl side chains
leading to a zig-zag pattern for the ligands. However, this zig-zag pattern is shifted for the
ligands on opposite sides of the silver atoms (ligand planes are not coplanar) (Figure 2.5).
Nonetheless the angle of the NHC substituents at the methylene group is identical (111.6°) to
the one in the corresponding gold complexes 1la/b. The intramolecular Ag-Ag distance is by
~0.2A shorter (3.471A) than the Au-Au distances found in the gold complexes, which
confirms similar published findings*%®®. The dimers of macrocycles are further connected

by head-to-tail n—= interactions with neighbouring NHC units (Figure 2.6).

A similar complex published by Barnard et al. has methyl side groups and I” as counter ion?’.
The shape of the cation is comparable to la/b, but the intramolecular Au-Au distance is
shorter (3.5425(6) A). Further, Hemmert and coworkers structurally characterized two
methylene-bridged gold-NHC complexes with alcohol- or carboxylate-functionalized side
chains (Au-Au 3.514 A and 3.589 A, respectively)***. An even shorter distance
(3.3610(7) A) could be realized by Frankel et al.? in a neutral complex containing a BH.-unit
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2. Complexes Type 1 based on Ethylimidazole

instead of a methylene linker and by the group of Hahn via incorporation into a large
macrocycle (3.0737(3) A)*. A short Ag-Ag distance (3.318 A) was found in a similar
complex with methyl side chains and chloride as counter ion by Wang et al.%. In contrast, the

NHCs on both sides of one Ag atom are coplanar.

Figure 2.3. ORTEP drawing (left) and crystal packing (view along b axis, right) of complex 1la (50%
probability level for the thermal ellipsoids). Au-Au bound dimers of macrocycles are connected by
intermolecular n—r interactions indicated by dotted blue lines. Hydrogen atoms have been omitted for

clarity.

\ 4 4\_///:('/’
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il [ ] \‘. x L ‘ “:\ »

Figure 2.4. ORTEP drawing (left) and crystal packing (view along b axis, right) of complex 1b (50%
probability level for the thermal ellipsoids). Intermolecular n—= interactions are indicated by dotted

blue lines. Hydrogen atoms have been omitted for clarity.

-14 -



2. Complexes Type 1 based on Ethylimidazole

Figure 2.5. ORTEP drawing (left) and top view (right) of complex 1c (50% probability level for the
thermal ellipsoids). Br™ anions and hydrogen atoms have been omitted for clarity.

Figure 2.6. Crystal packing (right: view along a axis, left: view along c axis) of complex 1c (50%
probability level for the thermal ellipsoids). Intermolecular n—m interactions are indicated by dotted

blue lines. Hydrogen atoms have been omitted for clarity.

The complexes 2a/b both form monoclinic space groups as well (2a: P2;/n, 2b: P2;/c). The
overall conformation of the dicationic macrocycle is unusual, but rather similar for both anion
types (Firgure 2.7), apart from the relative position of the ethyl side groups. A backfolded
twisted geometry with gauche conformation in the ethylene linkers leads to a short
intramolecular Au-Au distance (2a: 3.3988(1) A, 2b: 3.2328(2) A). The Au-Au bond is

-15 -



2. Complexes Type 1 based on Ethylimidazole

significantly (Ad = 0.167 A) shorter for the bigger hexafluorophosphate salt. This cation is the
only one of the whole series of gold complexes, for which the two NHC planes bound to a
gold atom are not coplanar, but twisted by approx. 50°, respectively, - probably to avoid steric

repulsion of the ethylene linkers, while retaining the short Au-Au distance.

Figure 2.7. ORTEP drawing of complex 2a (left) and 2b (right) (50% probability level for the thermal
ellipsoids). Counter ions (Br and PFg, repectively), hydrogen atoms and cocrystallized water and
methanol (for 2a) have been omitted for clarity.

The conformational folding of the dication 2a is so compact and twisted, that close
arrangement with neighbouring macrocycles is restricted to a single n—=n interaction per
molecule, while the hexafluorophosphate congener 2b can perform two n—= interactions per

molecule (Figure 2.8).

Figure 2.8. Crystal packing of complex 2a (view along no axis, left) and 2b (view along b axis, right)
(50% probability level for the thermal ellipsoids). Intermolecular n—n interactions are indicated by

dotted blue lines. Bromide anions and hydrogen atoms have been omitted for clarity.
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2. Complexes Type 1 based on Ethylimidazole

The only published ethylene-linked NHC-Au complex structurally characterized by X-ray
bears a bulky alcohol-functionalized side group and PFg anions®. Its conformation is
backfolded with 50° twisted NHC planes and an intramolecular Au-Au bond in the range of
3.3 A. It strongly resembles the conformations of the ethyl derivatives described here. The
fact, that all side chains point to the same side of the molecule thus is not enforced by
hydrogen bonds between OH groups, because a similar conformation is retained by simple
ethyl groups as well. In sight of the absence of strong intra- or intermolecular n—=n
interactions, the backfolded conformation should have an attractive aurophilic origin even

though the two gold atoms are cationic.

Figure 2.9. Top view of the overlay of complexes 3a and 3b (green) (50% probability level for the

thermal ellipsoids). The difference in the angle of the linker results in a shorter Au-Au distance in 3b.

Figure 2.10. Crystal packing of complex 3a (view along b (left) and c (right) axis, 50% probability
level for the thermal ellipsoids). The macrocycles form double-layers connected by intermolecular

n—n interactions indicated by dotted blue lines. Hydrogen atoms have been omitted for clarity.
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2. Complexes Type 1 based on Ethylimidazole

Figure 2.11. Two views of the crystal packing of complex 3b (50% probability level for the thermal
ellipsoids). Au-Au bound dimers of macrocycles are connected by intermolecular n—mn interactions
indicated by dotted blue lines. Hydrogen atoms and in the right view also PFg anions and

cocrystallized Et,O and have been omitted for clarity.

Both dications 3a/b with propylene-linked NHC ligands show an open, W-like conformation
with an all-trans propylene linker (Figures 2.10 and 2.11). The intramolecular Au-Au distance
is very long for both structures, but for 3a even 0.373 A longer than for 3b (see Figure 2.9).
This is the result of a flattened conformation as the dihedral angle of 103° - 105° between the
two NHC planes of a ligand in the PF¢" structure 3b is widened to 126° when crystallized as
the bromide salt 3a (Figure 2.9). The reason probably is a packing effect: The crystal packing
of 3b closely resembles the one of methylene-linked 1a. Dimers of macrocycles are formed
by a short intermolecular Au-Au distance of 3.292 A, stabilized by m—n interactions
(Figure 2.11). In contrast, the bromide derivative 3a appears in extended m—n bound
double-layers (Figure 2.10), which should be easier to form with flattened macrocycles. It is
the only structure of the series that does not show any kind of intra- or intermolecular Au-Au

interaction.

Much like 1c, 3c has a twisted conformation, where the NHC planes are not coplanar
(Figure 2.12., left). The linker is unlike in 3a/b not all trans, but rather a mixture of trans and
gauche on both sides of the Ag atoms. Though close n- interaction (3.71 A) is still possible
(Figure 2.12, right). The compound 3c was already structurally characterized by the group of
Wang'“.
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/

Figure 2.12. Top view (left) and crystal packing (right) of complex 3c (50% probability level for the
thermal ellipsoids). Dimers of macrocycles are connected by intermolecular t—= interactions indicated
by dotted blue lines. Ag » AgBr, contact is indicated by dotted green lines. Hydrogen atoms have been
omitted for clarity.

Baron et al. reported the crystal structure of a related propylene bridged Au(l) NHC complex
with methyl side chains and PF¢™ as counter ion in 2012%. Unlike the situation shown here,
the alkyl chains fold in two gauche conformations resulting in a U-shaped macrocycle with
parallel NHC-Au-NHC subunits and a short intramolecular gold(l)-gold(l) distance of
3.272 A. Gil-Rubio et al.?* crystallized the same cation with triflate anions in 2013. This time,
a helical conformation with orthogonal NHC-Au-NHC bonds and a very small Au-Au
distance of 3.032 A is realized. In both structures, the backfolded macrocycles form C3- and
C2-symmetric columnar aggregates, respectively, with intermolecular Au-Au and n—n
interactions of about d = 3.7 A. In contrast, the last structurally characterized propylene-
bridged complex of this type crystallizes in an open conformation and a double-layer packing
without Au-Au interactions®?, which strongly resembles the findings reported above for the
propylene derivative 3a. It comes from the Hemmert group and possesses PFg anions and
bulky side groups with hydroxyl functions. Thus, counter ion as well as the type of side group
have an extreme effect on the molecular conformation of propylene-linked dinuclear NHC
complexes of gold(l). In particular, the steric increase from methyl to ethyl is sufficient to

open the conformation and suppress the formation of an intramolecular Au-Au bond.
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Figure 2.13. ORTEP drawing (left) and crystal packing (right) of complex 4a (50% probability level
for the thermal ellipsoids). Au-Au bound dimers of macrocycles are connected by intermolecular n—mn
interactions indicated by dotted blue lines. Cocrystallized methanol and hydrogen atoms have been
omitted for clarity.

The complexes 4a/b both form the triclinic space group P-1. The orientation of the cations is
similar (Figure 2.13, left). Therefore both cations cannot, due to the open S-arrangement of
the cation, realize a short intramolecular Au-Au distance (Figure 2.13, right). Conformation
next to the NHC is gauche for both cations enabling coplanarity for all NHCs. Complexes

6a/b are conformationally comparable to 4a/b (Figure 6.1.7 — 6.1.9, Appendix).

A AT
A

Figure 2.14. Two views of the crystal packing of complex 4c (50% probability level for the thermal
ellipsoids). Hydrogen atoms have been omitted for clarity.

In contrast, 4c shows a very unusual conformation: the M,L,%* macrocycles are replaced by a
polymer structure with AgL" subunits forming long chains (Figure 2.14). Conformation next

to the NHC is gauche for 4a/b/c and 6a/b, but due to the polymerisation and separation of the
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layers by counter ions, there is no possibility for short Ag-Ag distances or n—r interactions in
4c.

Comparable complexes with butylene or hexylene linkers are unkown so far. Berners-Price et
al.?” showed a structure with an o-phenyl cycle as linker, but the NHCs are connected on both
sides, which results in parallel NHC-Au-NHC units in the gold(l) complex and flexibility is
not given. The intramolecular Au-Au distance is short (3.0 A). The corresponding silver
structure of cation 4c with hexafluorophosphate as counter ion has been published by the
group of Wang™. Contrary to the unusual polymer structure found here, the
hexafluorophoyphate congener shows the common Ag.L,”* macrocycles with the same
arrangement in the X-ray structure as 4a/b: a long intramolecular Ag-Ag distance of 6.844 A
with a formation of dimers bound by short intermolecular Ag-Ag distances and stabilized by

n—7 interactions.

Figure 2.15. ORTEP drawing (left) and crystal packing (view along ¢ axis, right) of complex 5b (50%

probability level for the thermal ellipsoids). Hydrogen atoms have been omitted for clarity.

While purification by crystallization was successful for 5a, the resulting crystals were not
suitable for X-ray diffraction measurements. Yet, 5b gave good crystals in the monoclinic
space group C2/c. The adjustment of the cation is rather unusual compared to the other
complexes of this series (Figure 2.15). The two C-Au-C axes are twisted and not parallel
(-64.2°), resulting in a compact cation with a quite long intramolecular Au-Au distance
(4.9425(2) A). Due to the ethyl side chains facing inside, close n-n stacking and a shorter
intermolecular gold-gold distance of 3.548 A are realized.
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Comparable complexes with pentylene linkers are unkown so far. Berners-Price et al.?’
showed structures with a m-phenyl and m-pyridyl cycle as linker and methyl side chains, but
the NHC-Au-NHC units are parallel in the gold(l) complex and flexibility is not given. Zhang
et al.*® showed a structure with an oxydiethyl chain as linker and anthracene side chains.
These anthracene units dominate the crystal structure by stacking. Interestingly, the cation is
twisted in a similar way (68°), but the intramolecular Au-Au distance is, due to the different
angles in the linker, short (3.5 A).

2.4 UV/Vis and fluorescence studies

Solution based structural studies for dinuclear Au(l) complexes, which display aurophilic
interactions, are still rare. To make a contribution to a better understanding of possible triplet
state exciplexes and their stability in solution, the ligand precursors 1-6 and the gold
complexes la/b-6a/b are studied here both in pure acetonitrile and acetonitrile with
20% water at room temperature. The negliglible role of the counter ion is visible in the X-ray
crystal structures, which showed only a minor influence on the formation of Au-Au bonds. In
solid state, solely the complexes with the shortest linkers 1a/b and 2a/b performed a short

intramolecular Au-Au distance, irrespective of the counter ion.

All photophysical measurements were performed with 10”° molar solutions of pure substances
(results of the crystallization) in acetonitrile or acetonitrile with 20% water at room
temperature. The first measurements in our group were perfomed in DMSO (measurement
range <250 nm). To enlarge the measurement range to higher energies (<200 nm) the solvent
was changed to ACN. The influence (solvation possibility) of the solvent was insignificant.
The results turned out to be hard to reproduce (variability of the absolute intensity), therefore
measurements were performed multiple times to eliminate weighing and diluting errors. The

results shown here are well-established.

Both the ligand precursors 1-6 and the bromide complexes 1la-6a show a strong absorption
band at 220 nm in acetonitrile, wich disappears by adding 20 % water (Figure 2.16). The
complexes 1b-6b lack the corresponding band. The intensity of the absorption of 3b is

remarkable. All complexes are red shifted compared to the ligand precursors.
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Figure 2.16. Graphics of the absorption measurements of ligand precursors 1-6 and complexes la/b-
6a/b in pure ACN (left) and ACN with 20% H,O (right) at room temperature.
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Figure 2.17. Graphics of the emission measurements of ligand precursors 1-6 and complexes la/b-
6a/b in pure ACN (left) and ACN with 20% H,O (right) at room temperature. The exact excitation

wave length used during measurements is 255 nm.

All emission measurements were performed with three different excitation wavelengths
(Figure 2.17: Aexc = 255 nm; Figure 6.1.55 - 6.1.56, Appendix: Aec =260 nm, 265 nm). The
ligand precursors 1-6 are all unremarkable in acetonitrile and show the same strong band at

330 nm. The comparison of the absolute intensities reveals that the addition of water is
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quenching this band for ligand precursor 1 and 4, but increasing the intensity for 2, 3, 5 and 6.
The low emission bands at 380 nm of complexes 1b, 4b-6b are expected to belong to the
naked dication, while blue-shifted emission bands at 330 nm of complexes la, 4a-6a are
expected to belong to the association complex between the corresponding dication and
bromide. The bromide counter ion is due to its size capable of arranging around the gold
atoms in the macrocycle, possibly related to the corresponding Au(l1l) NHC halide complexes
found in literature®®*°. The bulky hexafluorophosphate congener has no possibility to form a
related association complex. The position of the emission bands and therefore the energy is
dependant on the counter ion, which is in agreement with earlier findings®, but here the low
energy emission band is formed by the naked dication in the hexafluorophosphate solution
and not by the soft bromide congener. Neither the anion exchange nor the addition of water
seems to have any influence on the strongest emitters 2a/b and 3a/b, which indicates propably
a stable exciplex (][do*po] excited state) not influenced by possible anion or solvent
association. The addition of 20% water leads to the disappearance of the emission bands at
330 nm of complexes 5a and 6a, therefore the decomposition of the suggested dication-
bromide complex, possibly because of formation of hydration spheres, while the associated
complex of bromide and cation 4a is stable to the change of the solvent. Interestingly the
complex with the shortest linker 1a seems to form a new kind of associated complex possibly
including water with an emission band at 310 nm. The situation of the complex 5b with a
bridging five methylene groups is similar, while the other complexes with the bulky
hexafluorophosphate 1b-4b and 6b undergo no change in the emission spectra after adding
20% of water to the solution.

The direct comparison of the ligand precursor 1 and the complexes with both bromide (1a)
and hexafluorophosphate (1b) as counter ion in pure ACN and ACN with 20 % water is given
in Figure 2.18. Both complexes with a short methylene linker are not influenced by the choice
of the counter ion and are hardly emissive compared to the corresponding precursor in ACN.
The corresponding solution with the addition of water as solvent shows the increase of the

emissive behaviour of 1b. The excitation measurements confirm the previous observations.
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Figure 2.18. Graphics of the emission and excitation measurements of ligand precursor 1 and
complexes la/b in pure ACN (left) and ACN with 20% H,O (right) at room temperature. Excitation

wave lengths and emission wave lengths respectively used during measurements are given in the

legend.
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Figure 2.19. Graphics of the emission and excitation measurements of ligand precursor 2 and
complexes 2a/b (left) and of ligand precursor 3 and complexes 3a/b (right) in pure ACN at room
temperature. Excitation wave lengths and emission wave lengths respectively used during

measurements are given in the legend.

The direct comparison of the ligand precursors and the complexes with both bromide and
hexafluorophosphate as counter ion (Firgure 2.19) confirm the previous observations of stable
and highly emissive complexes, possibly stable exciplexes (}[do*po] excited state), for the
complexes with ethylene and propylene linkers 2a/b and 3a/b, which are proven before to be

able to perform Au-Au bonds in solid state (see above, *).
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2.5 Summary

Three systematic series of gold(l) (or silver(l)) NHC complexes on the basis of imidazole
with ethyl side chains have been shown. The corresponding silver(l) complexes were
synthesized successfully with the aim of obtaining crystals suitable for X-ray measurements
as a means to study the influence of aurophilic and argentophilic interactions, respectively, vs.

n-7 interactions.

The VT-NMR spectra reveal interesting dynamic behaviour for the compounds with the
shortest linkers la/b and 2a/b in solution: A kind of ring inversion. The free activation
enthalpy for the conversion of the linker conformation could be extracted from an Eyring plot
of exchange rates. For substance 6a with six methylene units in the linker, VT-NMR spectra
reveal additional broad signals, which could be interpreted as signs of a starting aggregation.

Altogether, 14 out of 18 complexes were structurally characterized. The compounds
containing gold as metal consist of dicationic dinuclear complexes Au,L,** with bridging
dicarbene ligands L. The basic structural parameters fit the expectations with doubly
coordinated gold (C-Au-C angles close to linearity) and mean C-Au bond lengths of
~2.02 A,

The compounds 1c and 3c show the same type of macrocycles (dicationic dinuclear
complexes Ag,L,**). The compound 4c shows a completely different organization with
polymer chains instead of macrocycles. Nonetheless, in all three silver compounds the silver
atoms are doubly coordinated with C-Ag-C angles close to linearity and mean C-Ag bond
lengths of 2.08 A™.

A short M-M distance is realized intramolecularly for the complexes with methylene (1a/b/c)
and ethylene (2a/b) linkers. For the complexes with longer linkers stacking of the cations
allows a short intermolecular Au-Au distance stabilized by n-n interactions. Exceptions are
the two complexes with propylene linkers 3a/c, which show head-to-tail -x interactions and
no short metal-metal distance is found intra- or intermolecularly. The exceptional role of the
complexes with propylene linkers 3a/b among the gold compounds is visible in the
conformation next to the NHC (gauche, while others are trans). The polymeric arrangement
in complex 4c allows neither a short intra- or intermolecular Ag-Ag distance nor m-m

interactions.
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The conformational differences between complexes with varying counter ions are few. The
complexes with the bulky hexafluorophosphate counter ions show slightly shorter Au-Au and
n-1t distances than their bromide congeners. The silver compounds arrange in a different way,
where metal-metal interactions seem to have a minor role, which is in accordance with
previous publications, which indicate that argentophilicity is a weaker phenomenon than

aurophilicity®>®.

UV/Vis and fluorescence spectra are measured in acetonitrile and a mixture of acetonitrile and
water. Neither the anion exchange nor the addition of water seem to impact on the strongest
emitters 2a/b and 3a/b, which indicates propably a stable exciplex (*[do*pc] excited state) not
influenced by possible anion or solvent association. Measurements should be repeated with
degassed solvents and additionally solvent-free with pure crystals.
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3. Complexes Type 2

The synthesis and characterization of a systematic series of new dinuclear gold(l) NHC
complexes and their corresponding NHC precursors will now be reported. The series consists
of gold(l) complexes with N-heterocyclic carbene ligands on the basis of imidazole with
methyl side chains. The compounds only vary in the length of the alkyl chain linking two
NHC units, respectively. One of these compounds (9b) was already structurally characterized
by Baron et al.** in 2012. Nonetheless, the structure is discussed here again for the purpose of
comparison.

3.1 Synthesis

The methyl imidazolium bromide salts 7-12%” and the gold(l) NHC complexes 7a/b-10a/b®
and 1la/b, 12a/b were synthesized by well-established procedures (Scheme 3.1). The
compounds 7a/b-12a/b are readily characterized by electrospray mass spectra showing
intense signals for the intact dicationic macrocycle Au,L,*. Indications for the presence of
mononuclear complexes with a chelating bis-NHC-ligand known for longer linkers have not
been found®?*.

Br\M/Br
A Ty N—-N N__ﬁ
N~
/N\/N toluene hd \M/n h
110°C
1-3d 2Br siold [%]
n=1 7 72
2 8 72
3 9 99
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AuSMe,)CI| 120°C 5 45 90
Y
—_ — 2+ N 2+
NN Ny N —’ KPF, ‘— . _‘
S N~ 6 N N
Y MY MeOH/H,0 /YWY\
Au Au PFy - oBr
Au
LA, DY
N7 SN N7 N
\—/ \—/ \_/ \/
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n=1 7b 99 n=1 T7a 99
g gg gg 2 8a 99
3 9a 99
4 10b_ 99 4 10a 99
5 11b 99 5 11a 99
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Scheme 3.1. Syntheses of the NHC precursors 7-12 and the gold(l) NHC complexes 7a/b -12a/b.

Syntheses not kown to literature yet are indicated by black boxes.
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3.2 NMR Spectroscopy

The room temperature *H and *C NMR spectra for the complexes 7a/b-12a/b confirm the
expected highly symmetrical structures. The formation of gold(l)-carbene complexes is
accompanied by the disappearance of the acidic imidazolium proton signal at & ~ 9.50 ppm in
the *H NMR spectrum and a typical shift of the Ccapene Signal from <140 ppm in the NHC
precursor to >180 ppm in the gold(l) complex in the **C NMR spectrum®?. In accordance to

previously reported similar findings**?"%333

, neither the exocyclic NHC side chain nor the
counter anion induce significant changes of the macrocycle resonances at room temperature,

whereas an upfield shift in acetonitrile solution is more pronounced.

The protons of the methylene linkers in compounds 7a/b are not equivalent and appear as two
separated doublets at room temperature?’***% They reversibly disappear/coalesce upon
heating to 100 - 105 °C (Figure 6.2.1, Appendix). As a result the free activation enthalphy at
298 K of AGZQ;é =70+ 6 kd/mol is extracted from an Eyring plot of exchange rates

(Figure 6.2.2 and Table 6.2.1, Appendix) obtained by line shape analysis using the
programme gNMR®. A similar behaviour has already been reported for the identical complex
with iodide as counter ion and has been attributed to an interconversion of exo- and endo

hydrogens by a kind of ring inversion®’ (Scheme 3.2).

sz |2 R rooyv |2

N N R . !’ Y
@%Aﬁ@ @%Au%N] [I\?AI%N j
[@}Au@] [@%Au{fNj L I\iyAHfNj

Scheme 3.2. Proposed ring inversion of compounds 7a/b.

A dynamic behaviour is observable for the signal for the imidazolium proton next to the
methyl side chain. It broadens and resharpens again, similar to the findings reported for the
iodide derivative?’. An effect of a potentially coordinating anion can be ruled out as similar

activation parameters are obtained for the bromide (7a) and hexafluorophosphate (7b) salt.
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Figure 3.1. Low-temperature *H NMR spectra (500.13 MHz, CD;0D) of 8a. *partially deuterated and

undeuterated methanol and water, respectively.

The room temperature *H NMR spectra for the ethylene-connected macrocycles 8a/b show a
singlet for eight equivalent linker hydrogens and for the methyl side chain, respectively
(Figure 3.1). Thus, chain elongation expectedly enhances the flexibility of the macrocycles.
Lowering the temperature reveals a partial freezing of the conformational flexibility: In the *H
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NMR spectra of 8a, a broadening and finally splitting of the linker CH signal into two broad
singlets at -80 °C is visible with coalescence around -60 °C (Figure 3.1). Line shape analysis
(Figure 6.2.2 and Table 6.2.1) yields AGZQ;£ = 53 + 4 kJ/mol for the frozen process. It could

be interpreted as an inversion of the ethylene-bridged macrocycle equilibrating exo and endo
protons in analogy to the behaviour of 7a/b described above. The smaller AH and lower AS
value are fully consistent with the enhanced flexibility of the elongated linker. In addition,

signal broadening during cooling the sample is visible.

The 'H spectra of the macrocycles with Cs, C4, Cs and Cg linkers (9a, 10a, 11a, 12a) show
broadening of the methylene signals at lower temperatures, but coalescence could not be
reached in the temperature range down to -80 °C (Figures 6.2.3 — 6.2.6, Appendix). Especially
the H6 signal in the compounds 9a and 11a show the same tendencies as 7a and 8a, but the

signal separation is not distinct and line shape analysis is not possible.
3.3 X-ray Crystal Structures

Single crystals suitable for X-ray diffraction could be obtained by slow diffusion of
diethylether in a methanol solution (7a-10a, 12a) or an acetonitrile solution (7b-12b). Thus,
eleven out of twelve complexes were structurally characterized. Selected structural data is
summarized in Table 3.1. The compounds consist of dicationic dinuclear complexes Au,L,**
with bridging dicarbene ligands L. The basic structural parameters fit the expectations: The
gold atoms are doubly coordinated with C-Au-C angles close to linearity and mean C-Au
bond lengths of 2.02 A typical for gold(l) NHC compounds™?.

Owing to the almost linear C-M-C axis, the torsion angles can be measured between N-C-C-N
of the two ligands in a cation to describe the position of these ligands. For all cations studied
here except for one with ethylene linkers 8a, the ones with the proyplene linkers 9a/b and the
one with the pentylene linker 11b, the torsion angle is close to zero and the NHC planes on
opposite sides of the gold atoms are coplanar. Each cation is accompanied by two bromide or

hexafluorophosphate anions, respectively.
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Table 3.1. Selected structural data for complexes 7a/b — 12a/b.

Crystal Au-C/A | C-Au-C/° | N-C-C-N/ dihedral Confor- AusAuw/A | AucAWA | mem/A
symmetry @) angle of mation intra- inter- inter-
NHC next to molecular molecular molecular
planes/® NHC (d) (d) (d)
(b); (©)
Ta P-1 2.021(8) 169.3 -0.1 11.7 - 3.4671(4) 4.4997(5) 3.6191(4)
2.022(8) 172.3 0.8 28.2
2.023(9)
2.024(8) 78.4
75.6
b C2/m 2.013(4) 177.9 0.0 26.5 - 3.8842(1) 3.7236(1) 3.7489(1)
2.019(4) 1705 2.2
108.7
8a P-1 2.051(11) | 1771 -35 44 gauche/ 4.6320(3) 6.8465(3) 3.5726(2)
2.009(11) | 174.0 87.9 93.2 trans
2.028(11)
2.027(11) 97.3
47
8b C2/m 2.035(5) 177.1 0.0 43 trans 5.5492(3) 4.6992(2) 3.7356(2)
9a C2lc 2.007(15) | 177.2 160.9 15.6 gauche 3.1153(2) 3.9286(3) 3.4287(2)
2.045(12)
9b P312 2.024(6) 177.6 13.2 10.9 gauche 3.2283(4) 3.7036(1) 3.45762(7)
2.009(6)
147
10a P 2./c 2.027(11) | 178.6 2.0 31 trans 8.0692(4) 3.5842(2) 3.7420(2)
2.034(12) | 176.4 -1.6 75
2.014(12)
2.004(12) 8.6
24
10b P-1 2.032(15) | 176.5 5.6 11.0 gauche 7.0525(5) 4.9587(2) 3.5258(2)
2.024(15)
11b P2, 2.017(5) 176.7 164.8 9.6 gauche/ 4.1307(2) 3.2582(2) 7.3836(4)
2.015(5) 176.6 168.1 12.0 trans
2.017(5)
2.029(4) 14
7.0
12a P-1 2.006(12) | 177.2 4.6 6.3 gauche 8.5616(6) 4.9548(3) 3.6847(2)
2.062(16)
12b P-1 2.008(13) | 177.0 0.1 3.7 gauche 8.8762(8) 3.6224(2) 3.8434(1)
2.034(13)

(a) torsion angle between the two NHC rings (MeN-Cearpene-Cearbene-NMe) coordinating an Au atom; (b) dihedral angle of the two NHC planes

coordinating an Au atom; (c) dihedral angle of the two NHC planes in the linker; (d) the shortest value is given.
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In all cases, the complexes are arranged in a way that layers are formed consisting of organic
ligands on the one hand and gold atoms with anions on the other. NHC ligands of all
neighboured complexes are interconnected by =-7 interactions, except the compound with the
pentylene linker 11b. Further, all solid state structures of the gold compounds except for 8a/b,
10b and 12a reveal a relatively short Au-Au distance, either intra- or intermolecularly; in
three cases (7b, 9a/b) even both is realized. The space groups and crystal packing of the two
complexes with the same cation typically differ due to the size difference of the two anions
studied. However, the influence of the counter ion on the conformation of the cation is
unexpectedly small (Figures 3.2 — 3.12, Table 3.1) compared to similar examples in

literature®*3>3',

Figure 3.2. Overlay drawing of complex 7a and 7b (green) (50% probability level for the thermal
ellipsoids). Br™ anions and hexafluorophosphate anions have been omitted for clarity.

The smallest cations bearing only methylene linkers are conformationally equal (Figure 3.2).
The NHCs on different sides of the gold atoms are coplanar. The angles of the NHC
substituents at the methylene group are identical (110.7° and 111.2°, respectively), but the
intramolecular Au-Au distance (3.467 A vs. 3.884 A) is remarkably shorter for 7a (0.417 A).
The explanation for this big difference can be found in the angles of the Ccamene-AU-Cearbene
axes: While one of the axes has nearly the same amount for both cations (169.3° and 170.5°,
respectively), the other axis is more bent for 7a (172.3°) than for 7b (177.9°), which leads to
the shorter Au-Au distance. The crystal structure of both 7a/b consists of pairs of macrocycles

with parallel arrangement of a whole NHC-Au-NHC unit. The dimers of macrocycles are
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further connected by head-to-head and additionally by head-to-tail n—m interactions with
neighbouring NHC units (Figure 3.3). The intermolecular distance between the gold atoms of
a dimer of macrocycles is much shorter in 7b (3.724 A) than in 7a (4.500 A) due to the

different arrangement of the anions in the macrocycle layers.

Figure 3.3. Crystal packing of 7a (view along b axis, left) and of 7b (view along b axis, right) (50%
probability level for the thermal ellipsoids). Intermolecular n—r interactions are indicated by dotted

blue lines. Hydrogen atoms have been omitted for clarity.

A similar complex published by Barnard et al. has a methyl side group as well, but iodide as
counter ion®’. The shape of the cation is identical and the intramolecular Au-Au distance
(3.5425(6) A) is comparable to 7a. Further, Hemmert and coworkers structurally
characterized two methylene-bridged gold-NHC complexes with alcohol- or carboxylate-
functionalized side chains (Au-Au 3.514 A and 3.589 A, respectively)®®. An even shorter
distance (3.3610(7) A) could be realized by Frankel et al.?® in a neutral complex containing a
BH,-unit instead of a methylene linker and by the group of Hahn* via incorporation into a
large macrocycle (3.0737(3) A).
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Figure 3.4. ORTEP drawing of complex 8a (left) and 8b (right) (50% probability level for the thermal

ellipsoids). Anions (Br and PF¢’, repectively) and hydrogen atoms have been omitted for clarity.

The macrocycle 8a crystallizes in the triclinic space group P -1. The complex 8b crystallizes
in the monoclinic space group C 2/m. It shows an open Z-like conformation with all-trans
ethylene linker. The resulting intramolecular gold-gold distance is quite long (5.5492(3) A).
In contrast, cation 8a has one trans ethylene linker and one gauche ethylene linker, which
leads to a shorter Au-Au distance (4.6320(3) A) (Figure 3.4). Simultaneously, the NHC
planes are only coplanar on both sides of one gold atom in the macrocycle, while the other
two planes are twisted by approx. 90°. The conformational folding of the dication 8a is so
compact and twisted that a close arrangement with neighbouring macrocycles is restricted to a

single m—m interaction per molecule, while 8b can perform multiple ones (Figure 3.5).
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Figure 3.5. Crystal packing (view along c axis, left) of complex 8a and crystal packing (view along b

axis, right) of complex 8b (50% probability level for the thermal ellipsoids). Intermolecular n—x

interactions are indicated by dotted blue lines. Hydrogen atoms have been omitted for clarity.
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The only published ethylene-linked NHC-Au complex structurally characterized by X-ray
bears a bulky alcohol-functionalized side group and PFg counter ions®. Its conformation is

backfolded with 50° twisted NHC planes and an intramolecular Au-Au bond in the range of
33A.

Both dications 9a/b with Cs-linked NHC ligands show a backfolded conformation with an
all-gauche propylene linker (Figure 3.6). The intramolecular Au-Au distances are the shortest
ones shown here (9a: 3.1153(2) A, 9b: 3.2283(4) A). This is the result of a folded
conformation as the dihedral angle amounts to 66° - 68° between the N-C-C-C linkers of a
ligand. Polymers of macrocycles are formed by a short intermolecular Au-Au distance of

3.7 — 3.9 A and stabilized by n—n interactions (Figure 3.7).

Figure 3.6. ORTEP drawing of complex 9a (left) and 9b (right) (50% probability level for the thermal
ellipsoids). Anions (Br" and PFg, repectively), cocrystallized methanol (9a) and hydrogen atoms have
been omitted for clarity.

1 1 1 A \
w ) ,Adri - n lh E /j ‘ 7([ %f
1 e 1h A ‘ [7

i”a i
M%MW Tk < &
RRERERY o

Figure 3.7. Crystal packing of complexes 9a (view along b axis, left) and 9b (view along a axis, right)

(50% probability level for the thermal ellipsoids). The macrocycles form double layers connected by
intermolecular n—n interactions indicated by dotted blue lines. Hydrogen atoms and cocrystallized

methanol (9a) have been omitted for clarity.
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Baron et al.*® reported the crystal structure of 9b, a propylene bridged Au(l) NHC complex
with methyl side chains and PFs as counter ion in 2012. Gil-Rubio et al.?* crystallized the
same cation with triflate anions in 2013. This time, a helical conformation with orthogonal
NHC-Au-NHC bonds and a very short Au-Au-distance of 3.032 A is realized. In both
structures, the backfolded macrocycles form C3- and C2-symmetric columnar aggregates,
respectively, with intermolecular Au-Au and m—r interactions of about d = 3.7 A. In contrast,
the last structurally characterized propylene-bridged complex of this type crystallizes in an
open conformation and a double-layer packing without Au-Au interactions®. It comes from
the Hemmert group and possesses PFg™ anions and bulky side groups with hydroxyl functions.
The significant effect of counter ion as well as the type of side group on the molecular

conformation of propylene-linked dinuclear NHC complexes of gold(l) is obvious.

Figure 3.8. ORTEP drawing (left) and crystal packing (view along b axis, right) of complex 10a (50%
probability level for the thermal ellipsoids). Au-Au bound dimers of macrocycles are connected by
intermolecular m—n interactions indicated by dotted blue lines. Hydrogen atoms, except the ones

belonging to cocrystallized H,O, have been omitted for clarity.
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Figure 3.9. ORTEP drawing (left) and crystal packing (view along a axis, right) of complex 10b (50%
probability level for the thermal ellipsoids). Dimers of macrocycles are connected by intermolecular

n—n interactions indicated by dotted blue lines. Hydrogen atoms have been omitted for clarity.

The complex 10a crystallizes in the monoclinic space group P 2;/c. The cation shows an open
conformation, comparable to 8b, with an all-trans butylenes linker (Figure 3.8). Due to this
open arrangement, the intramolecular Au-Au distance is very long, but simultaneously the
crystal packing allows the formation of columns of NHC-Au-NHC units with close
intermolecular gold-gold distances of 3.5842(2) A. Additionally, these columns are stabilized
by intermolecular n—n interactions. In contrast, the complex 10b crystallizes in the triclinic
space group P -1. The conformation next to the NHC units is gauche, which results in a
backfolded conformation comparable to 9b, but due the additional methylene unit in the
linker with a trans conformation, the intramolecular gold-gold distance is still very long
(7.0525(5) A) (Figure 3.9). The NHC-Au-NHC units are facing each other and polymers are
connected by head-to-tail n-rt interactions. The cation 10b is one out of two examples shown

in this series without any close Au-Au contacts.

Comparable complexes with butylene linkers are unkown so far. Barnard et al.?’ showed a
structure with a o-phenyl cycle as linker, where the NHCs are connected on both sides which
results in parallel NHC-Au-NHC units in the gold(l) complex and flexibility is not given. The

intramolecular Au-Au distance is short (3.0 A).
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Figure 3.10. ORTEP drawing (left) and crystal packing (view along c axis, right) of complex 11b
(50% probability level for the thermal ellipsoids). Hydrogen atoms have been omitted for clarity.

While purification by crystallization was successful for 11a, the resulting crystals were not
suitable for X-ray diffraction measurements. Yet, 11b gave good crystals in the monoclinic
space group P 2;. The adjustment of the cation is rather unusual compared to the other
complexes of this series. The two C-Au-C axes are twisted and not parallel (-53.2°), resulting
in a compact cation with a quite long intramolecular Au-Au distance (4.1307(2) A)
(Figure 3.10). The conformation next to the NHCs is a mixture of three gauche and one trans
arrangement. The C-Au-C axes are forming columns, in which the pentylene linkers are
facing each other. A shorter intermolecular gold-gold distance of 3.2582(2) A is realized,
albeit the NHC planes are not parallel. This arrangement is only one in this series, which does
not allow intermolecular t—= interactions. The structure determining motif here seems to be
the formation of close gold-gold bonds and stabilization through intermolecular m—=n

interactions is insignificant.

1.7 showed a

Comparable complexes with pentylene linkers are so far unkown. Barnard et a
structure with a m-phenyl and m-pyridyl cycle as linker and methyl side chains, but again the
NHC-AuU-NHC units are parallel in the gold(l) complex and flexibility is not given. Wang et
al.*® showed a structure with an oxydiethyl chain as linker and anthracene side chains. These
anthracene side chains dominate the crystal structure by stacking. Interestingly, the cation is
twisted in a similar way (68°), but the intramolecular Au-Au distance is short (3.5 A) due to

the different angles in the linker.
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Figure 3.11. Overlay drawing of complex 12a and 12b (green) (50% probability level for the thermal
ellipsoids). Bromide and hexafluorophosphate anions and methanol molecules (12a) have been
omitted for clarity.

Figure 3.12. Crystal packing (view along a axis, left) of complex 12a and crystal packing (view along
no axis, right) of complex 12b (50% probability level for the thermal ellipsoids). Au-Au bound dimers
of macrocycles are connected by intermolecular n—n interactions indicated by dotted blue lines.

Hydrogen atoms have been omitted for clarity.

The complexes 12a/b crystallize in the triclinic space group P -1. The cations show an open
conformation, comparable to 9b and 10b, with a gauche conformation next to the NHC, but
trans conformation in the hexylene linkers (Figure 3.11). Due to this open arrangement, the
intramolecular Au-Au distance is very long for both cations (12a: 8.5616(6) A; 12b:
8.8762(8) A). The crystal packing however differs. While the arrangement of the cations in
12a is comparable to 10b, dimers are formed by stacking of NHC planes of different cations
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stabilized by intermolecular n—mn interactions, the cations of complex 12b show an
arrangement comparable to complex 10a with close intermolecular Au-Au distances
(3.6224(2) A) stabilized by intermolecular t—r interactions. The cations 10b and 12a are the

only ones shown in this series without any close Au-Au contacts.

Comparable complexes with hexylene linkers are unkown so far.

3.4 UV/Vis and fluorescence studies

Solution based structural studies for dinuclear Au(l) complexes which display aurophilic
interactions are still rare. To make a contribution to a better understanding of possible triplet
state exciplexes and their stability in solution, the ligand precursors 7-12 and the gold
complexes 7a/b-12a/b are studied here in acetonitrile at room temperature. The negliglible
role of the counter ion is also visible in the X-ray crystal structures, which showed only a
minor influence on the formation of Au-Au bonds. In solid state, solely the complexes with
methylene and propylene linkers 7a/b and 9a/b performed a short intramolecular Au-Au

distance, irrespective of the counter ion.

All photophysical measurements were executed with 10 (or 10°) molar solutions of pure
substances (results of the crystallization) in acetonitrile at room temperature. The first
measurements in our group were perfomed in DMSO (measurement range <250 nm). To
enlarge the measurement range to higher energies (<200 nm) the solvent was changed to
ACN. The influence (possible solvation effects) of the solvent was insignificant. The results
turned out to be hard to reproduce (variability of the absolute intensity); therefore
measurements were performed multiple times to eliminate weighing and diluting errors. The

results shown here are well-established.
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Figure 3.13. Graphics of the absorption measurements of ligand precursors 7-12 and complexes
7a/b-12a/b in ACN at room temperature.

The ligand precursors 7-12 show the same absorption band at 220 nm with a prominent
shoulder at 210 nm. The complexes 10a/b, 11a/b and 12a/b show the same line shape with

several strong maxima below 275 nm. The complexes with the shortest linkers 7a/b and 8a/b

show a different line shape with a maximum at 255 nm. The complexes with bromide as

counter ion (7a and 8a) are clearly less intensive. The complexes with the propylene linker

9a/b show a strong band at 270 nm. All complexes are red shifted compared to the ligand

precursors (Figure 3.13).
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Figure 3.14. Graphics of the emission measurements of ligand precursors 7-12 and complexes
7a/b-12a/b in ACN at room temperature. The exact excitation wave length used during measurements
is 215 nm for 7-12 and 255 nm for 7a/b-12a/b.

The ligand precursors 8-12 show the exact same line shape with two strong emission bands at
290 nm and 330 nm. Only the ligand precursor with the shortest linker 7 is more intensive
than the others and the height of the two bands is inversed. Clearly the strongest emitters are
the complexes with the propylene linkers 9a/b with a maximum at 375 nm, which was

.. The concentration of the complex 9b was reduced to a 10°® molar

suggested by Baron et a
solution to obtain good unaffected spectra. The anion exchange seems to have no influence on
the strongest emitters 8a/b and 9a/b, which indicates propably a stable exciplex (*[do*po]
excited state) not influenced by possible anion association. The complexes with the ethylene
linkers 8a/b are considerably weaker and blue shifted by 10 nm. These results reflect the
X-ray studies found above: the compounds 8a/b seem to be in a transition state between an
open and a backfolded arrangement compared to the backfolded macrocyles 9a/b with short
Au-Au distances in solid state. In comparison to this, the other complexes are weak emitters.
The compounds 7a, 10a-12a are expected to form an association complex®**® between the

macrocycle and bromide, which are hardly emissive here. In contrast, the complexes 7b,
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10b-12b should not be able to form a corresponding association complex with the bulky
hexafluoropohosphate and represent therefore the naked dication. Interestingly the complex
with the shortest linker 7b seems to form a new kind of associated complex (possibly
including dissolved gases) in the dry solvent with an emission band at 325 nm. The situation
of the complex 11b with a bridging five methylene groups is similar, while the other
complexes with the bulky hexafluorophosphate 10b and 12b show the same emission band at
375 nm as the strongest emitters 8a/b and 9a/b, but the intensity is reduced significantly
(Figure 3.14).
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Figure 3.15. Graphics of the emission and excitation measurements of ligand precursor 7 and
complexes 7a/b in ACN at room temperature. Excitation wave lengths and emission wave lengths,

respectively, used during measurements are given in the legend.
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Figure 3.16. Graphics of the emission and excitation measurements of ligand precursor 8 and
complexes 8a/b (left) and of ligand precursor 9 and complexes 9a/b (right) in ACN at room
temperature. Excitation wave lengths and emission wave lengths respectively used during

measurements are given in the legend.
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The direct comparison of the ligand precursor 7 and the complexes with both bromide (7a)
and hexafluorophosphate (7b) as counter ion in ACN is given in Figure 3.15. Both complexes
with a short methylene linker are not influenced by the choice of the counter ion and are
hardly emissive compared to the corresponding precursor. The excitation measurements

confirm the previous observations.

The direct comparison of the ligand precursors and the complexes with both bromide and
hexafluorophosphate as counter ion (Firgure 3.16) confirm the previous observations of stable
and highly emissive complexes, possibly stable exciplexes ([do*po] excited state), for the
complexes with ethylene and propylene linkers 8a/b and 9a/b, which are proven before to be
able to perform Au-Au bonds in solid state (see above, *). The concentration of the intensly
emissive complex 9b was reduced to a 10® molar solution to to obtain good unaffected

spectra.
3.5 Summary

Two systematic series of gold(l) NHC complexes based on imidazole with methyl side chains
have been shown here. Bromide or hexafluorophosphate serve as counter ion. The compounds

vary in the length of the alkyl chain linking two NHC units, respectively.

The VT-NMR spectra reveal an interesting behaviour for the compounds with short linkers
7a/b and 8a/b. The free activation enthalpy for the conversion of the linker conformation

could be extracted from an Eyring plot of exchange rates.

Thus eleven out of twelve complexes were structurally characterized. The compounds consist
of dicationic dinuclear complexes Au,L,** with bridging dicarbene ligands L. The basic
structural parameters fit the expectations: The gold atoms are doubly coordinated with
C-Au-C angles close to linearity and mean C-Au bond lengths of 2.02 A typical for gold(1)
NHC compounds™?.

A short Au-Au distance is realized intramolecularly for the complexes with methylene (7a/b)
and propylene (9a/b) linkers. For the complexes with longer linkers, stacking of the cations
allows a short intermolecular Au-Au distance stabilized by n-n interactions. Exceptions are
two complexes with butylenes (12a) and hexylene (10b) linkers, which show head-to-tail n-n
interactions and no short gold-gold distance is found intra- or intermolecularly. The
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exceptional role of the complexes with propylene linkers 9a/b among the gold compounds is
visible in the conformation next to the NHC (all-gauche, while others are trans).

The conformational differences between complexes with varying counter ions are negligible.
The complexes with the bulky hexafluorophosphate counter ions show slightly longer Au-Au
and m-mt distances for short linkers (7a/b-9a/b) than their bromide congeners. The complex
with five methylene units in the linker is the only one in these series without any n-n
interactions stabilizing a dimer. The backfolded and twisted arrangement in the cation allows
a short gold-gold distance intermolecularly, but the C-Au-C axes are contorted so that n-7

stacking is impossible.

UV/Vis and fluorescence spectra are measured in acetonitrile. The anion exchange doesn’t
seem to have any influence on the strongest emitters 8a/b and 9a/b, which indicates propably
a stable exciplex (’[do*po] excited state) not influenced by possible anion association.
Measurements should be repeated with degassed solvents and additionally solvent-free with

pure crystals.
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4. Complexes Type 3

The synthesis and characterization of a systematic series of new dinuclear gold(l) NHC
complexes and their corresponding NHC precursors will now be reported. The series consists
of gold(l) complexes with N-heterocyclic carbene ligands based on benzimidazole with ethyl
or methyl side chains, respectively. The compounds vary in the length of the alkyl chain
linking two NHC units, respectively. The conformation of the gold macrocycles with special
respect to the formation of intramolecular gold-gold bonds is studied, while the =n-n
interactions are expected to have a larger influence on the X-ray structures due to the major -
system in the benzimidazole. Two of the compounds were already structurally characterized
in my diploma thesis’® (15a, 16a) Nonetheless, these structures are discussed here again for

the purpose of comparison.

4.1 Synthesis

The NHC precursors 13-18 can be obtained by two different synthesis routes, namely the
conversion of N-ethylbenzimidazole with the corresponding alkyldibromide in toluene at
110 °C or the conversion of benzimidazole with the corresponding dialkylbromide and
subsequent ethylation with ethylbromide (Figure 4.1). Both paths lead to a white powder
following purification by washing with toluene/diethylether and drying in vacuo. The
syntheses of the ligand precursors 14, 15 and 16 are already reported, although a different,
well-established route is followed here in hope to increase the yield. Nonetheless
spectroscopic data is confirmed®®®°. The NHC precursors 19-24 were obtained by conversion
of N-methylbenzimidazole with the corresponding alkyldibromide in toluene at 110 °C giving
a white powder following purification by washing with toluene/diethylether and drying in
vacuo. The syntheses of the ligand precursors 19-22 and 24 are already reported, whereas
again the well-established, different route is followed here in hope to increase the yield.
Nonetheless, spectroscopic data is confirmed®*®. The corresponding NHC gold(l) bromide
complexes 13a-24a were synthesized by direct metallation of the respective imidazolium salt
in the presence of sodium acetate in DMF in analogy to the well-established procedure for
imidazole congeners?’ 23233337 The complexes were purified by crystallization (slow
diffusion of diethylether into a methanol solution) and readily characterized by electrospray
mass spectra showing intense signals for the intact dicationic macrocycle Au,L,**. Indications
for the presence of mononuclear complexes with a chelating bis-NHC-ligands known for

longer linkers are not found here®?*
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Scheme 4.1. Syntheses of the NHC precursors 13-24 and the gold(l) NHC complexes 13a-24a. Syntheses not kown to literature yet are indicated by black

boxes.

- 49 -



4. Complexes Type 3 based on Benzimidazole

4.2 NMR Spectroscopy

The room temperature *H and *C NMR spectra for the complexes 13a-24a confirm the
expected highly symmetrical structures. The formation of gold(l)-carbene complexes is
accompanied by the disappearance of the acidic benzimidazolium proton signal at
§ ~9.50 ppm in the *H NMR spectrum and a typical shift of the Ccarene Signal from <140 ppm
in the NHC precursor to >180 ppm in the gold(l) complex in the *C NMR spectrum™?. In

24,27,32,33,35

accordance to previously reported similar findings , the exocyclic NHC side chain

does not induce significant changes of the macrocycle resonances at room temperature.

The protons of the methylene linkers in compound 13a are not equivalent and appear as two
separated doublets at room temperature®’*233%_ They reversibly disappear/coalesce upon
heating to 100 °C (Figure 6.3.1, Appendix). As a result the free activation enthalphy at 298 K
of AGZ%7£ =70 = 8 kJ/mol is extracted from an Eyring plot of exchange rates (Figure 6.3.2 and

Table 6.3.1, Appendix) obtained by line shape analysis using the programme gNMR®’. A
similar behaviour has been reported for a complex with NHC on the basis of imidazole,
methyl side chains and iodide as counter ion and has been attributed to an interconversion of
exo- and endo-hydrogens by a kind of ring inversion®’ (Scheme 4.2). The methylene group of

the exocyclic side chain appears as a sharp quartet, as expected for a freely-rotating group.
/ T2+ \ T2t T2

©[>>Au<< 1 @»Au% j@ @[»Au« j@

b a a b s
(exo0) )}IC_III d 0) H (exo) =H

@D Au D @[ b aud j@ @@ (:130)@

Scheme 4.2. Proposed ring inversion of compounds 13a.
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Figure 4.1. Low-temperature 'H NMR spectra (500.13 MHz, CD;0D) of 15a. *partially deuterated

and undeuterated methanol and water, respectively.
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The room temperature 'H NMR spectra of the complexes 14a-18a show the expected sharp
signals for the linker hydrogens (Figures 6.3.3 — 6.3.6). Cooling leads to broadening of the
methylene signals at lower temperatures, but coalescence could not be reached in the
temperature range down to -80 °C. Nonetheless, the cation 15a undergoes some interesting
changes: At -40 °C, a complete new set of signals begins to appear, which has about the same
intensity as the original signals at -50 °C (Figure 4.1). HLH-COSY NMR measurements at
-50°C show no bonding between the two sets of signals. Further cooling to -80 °C leads to the
complete disappearance of the original signal set and shows only the new one with two
separated broad singlets for the methylene protons next to the NHC (H10 and H12). The new
set of signals can be explained by the aggregation of two cations, possibly stabilized by

intermolecular Au-Au bonds and/or nt-x interactions.
4.3 X-ray Crystal Structures

Single crystals suitable for X-ray diffraction could be obtained by slow diffusion of
diethylether in a methanol solution (13a-16a, 21a, 22a, 24a). Thus, seven out of twelve
complexes were structurally characterized. Selected structural data is summarized in
Table 4.1. The compounds consist of dicationic dinuclear complexes Au,L,?* with bridging
dicarbene ligands L. The basic structural parameters fit the expectations: The gold atoms are
doubly coordinated with C-Au-C angles close to linearity and mean C-Au bond lengths of
2.02 A typical for gold(l) NHC compounds™?.

Owing to the almost linear C-M-C axis, the torsion angles can be measured between N-C-C-N
of the two ligands in a cation to describe the position of these ligands. For the cations with the
long butylene (16a, 22a) and hexylene (24a) linkers the torsion angle is close to zero and the
NHC planes on opposite sides of the gold are coplanar, which is contrary for the complexes
with the short methylene (13a), ethylene (14a) and propylene (15a, 21a) linkers. Each cation
Is accompanied by two bromide anions. In all cases, the complexes are arranged in a way that
layers are formed consisting of organic ligands on the one hand and gold atoms with anions
on the other. All NHC ligands of neighboured complexes are interconnected by n-nt
interactions. Further, all solid state structures of the gold compounds, except for the
propylene-linked compounds 15a and 21a, reveal a relatively short Au-Au distance, either
intra- or intermolecularly. The space groups and crystal packing of the two complexes with
the same linker length typically differ due to the size difference of the two side chains studied.
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Table 4.1. Selected structural data for complexes 13a — 24a.

n | Crystal Au-C/A | C-Au-C/° | N-C-C-N/ dihedral Confor- AusAuw/A | AucAWA | mem/A
symmetry @) angle mation intra- inter- inter-
of NHC next to molecular molecular molecular
planes/® NHC (d) (d) (d)
(b); (©)
13a | 1| C2/c 2.032(5) 1745 -65.1 66.4 - 3.1700(3) 7.8570(2) 3.5369(7)
2.017(5) 175.9 -59.6 65.4
2.017(5)
2.022(5) 99.7
87.6
l4a | 2| C2lc 2.023(9) 175.6 52.8 50.9 gauche 3.5194(2) 8.1412(4) 3.6578(1)
2.011(9)
43.6
5a [ 3| P-1 2.021(4) 1753 76.0 105.6 trans 6.6437(2) 7.1395(2) 3.5227(1)
2.018(4)
16a |4 | P-1 1.997(9) 176.6 -1.6 4.7 trans 8.2281(7) 3.2990(3) 3.5992 (3)
2.005(9)
2la | 3| C2c 2.029(15) | 175.0 140.3 515 gauche/ 4.7375(6) 7.4740(1) 3.6264(4)
trans
66.1
22a | 4| C2c 2.062(10) | 175.3 31 1.6 trans 7.9193(14) | 3.6216(6) 3.7080(6)
2.016(8)
0.2
2.9
24a | 6 | P2Jn 2.021(8) 175.8 34 4.0 gauche/ 9.4918(5) 3.5005(2) 3.8593(2)
2.018(7) trans

(a) torsion angle between the two NHC rings (RN-Cearpene-Cearbene-NR) coordinating an Au atom; (b) dihedral angle of the two NHC planes

coordinating an Au atom; (c) dihedral angle of the two NHC planes in the linker; (d) the shortest value is given.

The smallest cation bearing only methylene linkers 13a crystallizes in the monoclinic space
group C 2/c. The NHCs on different sides of the gold atom are not coplanar and the N-C-C-N
dihedral angles are comparable (-65.1° and -59.6°, respectively). Nonetheless, the angles of
the NHC substituents at the methylene group are identical (110.0° and 111.2°, respectively)
and the intramolecular Au-Au distance (3.1700(3) A) is short. The ethyl side chains on both
sides of the gold atoms are conformationally different; they are facing each other on one side
of the gold atoms and pointing in the same direction on the other side. The dimers of
macrocycles are connected by head-to-tail n—n interactions with neighbouring NHC units, but

not by intermolecular close Au-Au distances (Figure 4.2).

A similar complex published by Barnard et al. consists of ligands on the basis of imidazole, a
methyl side group and iodide as counter ion®’. The shape of the cation is quite different
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(NHCs are coplanar), with an intramolecular Au-Au distance of 3.5425(6) A. Further,
Hemmert and coworkers structurally characterized two methylene-bridged gold-NHC
complexes with alcohol- or carboxylate-functionalized side chains (Au-Au 3.514 A and
3.589 A, respectively)®**. An even shorter distance (3.3610(7) A) could be realized by

25
l.

Frénkel et al.”> in a neutral complex containing a BH»-unit instead of a methylene linker and

by the group of Hahn* via incorporation into a large macrocycle (3.0737(3) A).

Figure 4.2. ORTEP drawing (left) and crystal packing (view along a axis, right) of complex 13a (50%
probability level for the thermal ellipsoids). Dimers of macrocycles are connected by intermolecular
n—m interactions indicated by dotted blue lines. The formation of the dications is indicated by stylized
red arrowheads. Hydrogen atoms, cocrystallized methanol and bromide anions have been omitted for

clarity.

The macrocycle 14a crystallizes in the monoclinic space group C 2/c. It shows a backfolded
conformation with all-gauche ethylene linker (Figure 4.3, left). The resulting intramolecular
gold-gold distance is short (3.5194(2) A). Simultaneously, the NHC planes are not coplanar,
neither on both sides of one gold atom in the macrocycle, nor in one ligand (twisted by
approx. 50°, respectively). The ethyl side chains point to the same direction in one ligand and
in the other direction for the other ligand. The conformational folding of the dication is so
compact and twisted, that close arrangement with neighbouring macrocycles is restricted to a

single m—m interaction per molecule (Figure 4.3, right).
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Figure 4.3. ORTEP drawing (left) and crystal packing (view along b axis, right) of complex 14a (50%
probability level for the thermal ellipsoids). Dimers of macrocycles are connected by intermolecular
n—m interactions indicated by dotted blue lines. Hydrogen atoms, cocrystallized methanol and bromide

anions have been omitted for clarity.

The only published ethylene-linked NHC-Au complex structurally characterized by X-ray
bears a bulky alcohol-functionalized side group and PF¢ anions™. Its conformation is
backfolded with 50° twisted NHC planes and an intramolecular Au-Au bond in the range of
3.3 A. The fact that all side chains point to the same side of the molecule thus is not enforced
by hydrogen bonds between OH groups, because a similar conformation is retained by simple
ethyl groups as well. In sight of the absence of strong intra- or intermolecular n—n interactions
(imidazole-based ligands), the backfolded conformation should have an attractive aurophilic

origin even though the two gold atoms are cationic.

Figure 4.4. ORTEP drawing (left) and top view of one cation (right) of complex 15a (50% probability

level for the thermal ellipsoids). Hydrogen atoms and bromide anions have been omitted for clarity.
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Figure 4.5. Crystal packing of complex 15a (50% probability level for the thermal ellipsoids, view
along a axis). Dimers of macrocycles are connected by intermolecular n—r interactions indicated by

dotted blue lines. Hydrogen atoms have been omitted for clarity.

The complex 15a crystallizes in the triclinic space group P -/. The dication with Cs-linked
NHC ligands shows an open conformation with an all-trans propylene linker (Figure 4.4).
The intramolecular Au-Au distance is long (6.6437(2) A). The top view of the cation 15a
shows, that the NHCs on both sides of one gold atom are not coplanar and the ethyl side
chains point to one direction: the cation is located around the inversion centre of the structure
(Figure 4.4, right). Due to this twisted arrangement, a close intermolecular Au-Au contact is
impossible, but polymers of macrocycles are formed by short intermolecular n—r interactions

(Figure 4.5).

The complex 21a crystallizes in the monoclinic space group C 2/c. Contrary to the ethyl side
chain congener 15a, this compound shows a backfolded and twisted conformation with a
mixed gauche/trans propylene linker (Figure 4.6). The intramolecular Au-Au distance is by
approx. 2 A shorter than the analogous one in the complex with ethyl side chains 15a, but still
long (4.7375(6) A). Here, the NHCs on both sides of one gold ion are coplanar, but the
C-Au-C axes are twisted by 87.2°, which leads to a cross-like conformation (Figures 4.6 and
4.7). Due to this twisted and compact arrangement, the formation of polymers comparable to
those of the other structures shown here, are possible through short intermolecular n—n

interactions (Figure 4.6, right). The two complexes with propylene linkers 15a and 21a are
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the only ones of the series shown here without any intra- or intermolecular close Au-Au

contact.

Figure 4.6. ORTEP drawing (left) and crystal packing (view along b axis, right) of complex 21a (50%
probability level for the thermal ellipsoids). Hydrogen atoms, cocrystallized diethylether and bromide

anions have been omitted for clarity.

Figure 4.7. Crystal packing (view along no axis) of complex 21a (50% probability level for the
thermal ellipsoids). The formation of the dications is indicated by stylized red crosses. Hydrogen

atoms, cocrystallized diethylether and bromide anions have been omitted for clarity.

Tubaro et al.’® reported the crystal structure of cation 21a with hexafluorophosphate as
counter ion in 2013. It shows an open arrangement with coplanar NHCs and a resulting
intramolecular Au-Au distance of 6.827(2) A. It is the first and only dicarbene NHC gold

complex with benzimidazole in literature so far. However, they showed a mixed
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imidazole/benzimidazole dicarbene NHC gold complex with an all-gauche propylene linker
and methyl side groups, which is backfolded with an intramolecular gold-gold distance of
3.0954(1) A*. The same group reported the crystal structure of a propylene bridged Au(l)
NHC complex with methyl side chains and PF4 as counter ion (ligands based on imidazole)
in 2012. Gil-Rubio et al.** crystallized the same cation with triflate anions in 2013. This time,
a helical conformation with orthogonal NHC-Au-NHC bonds and a very small Au-Au-
distance of 3.032 A is realized. In both structures, the backfolded macrocycle form C3- and
C2-symmetric columnar aggregates, respectively, with intermolecular Au-Au and n—=
interactions of about d = 3.7 A. In contrast, the last structurally characterized propylene-
bridged complex of this type crystallizes in an open conformation and a double-layer packing
without Au-Au interactions>. It comes from the Hemmert group and possesses PF¢ anions
and bulky side groups with hydroxyl functions. Thus, counter ion as well as the type of side
group have an extreme effect on the molecular conformation of propylene-linked dinuclear

NHC complexes of gold(I).

Figure 4.8. ORTEP drawing (left) and crystal packing (view along c axis, right) of complex 16a (50%
probability level for the thermal ellipsoids). Au-Au bound dimers of macrocycles are connected by
intermolecular n—m interactions indicated by dotted blue lines. Hydrogen atoms have been omitted for

clarity.

The complex 16a crystallizes in the triclinic space group P -/ with cocrystallized water bound
in the structure. The cation shows an open conformation, with an all-trans butylenes linker.
Due to this open arrangement, the intramolecular Au-Au distance is very long, but
simultaneously the crystal packing allows the formation of columns of NHC-Au-NHC units

with close intermolecular gold-gold distances of 3.2990(3) A. Additionally, these columns are
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stabilized by intermolecular n—n interactions (Figure 4.8). The congener with methyl side
chains 22a shows a similar conformation with an intermolecular gold-gold distance of
3.6216(6) A. It crystallizes in the monoclinic space group C 2/c with cocrystallized methanol
bound in the structure (Figure 4.9). Both complexes with butylenes linkers 16a and 22a have
intramolecular alkyl-alkyl interactions and intermolecular short gold-gold distances

accompanied by n—n interactions in common.

Figure 4.9. ORTEP drawing (left) and crystal packing (view along b axis, right) of complex 22a (50%
probability level for the thermal ellipsoids). Au-Au bound dimers of macrocycles are connected by
intermolecular m—m interactions indicated by dotted blue lines. Hydrogen atoms have been omitted for

clarity.

Figure 4.10. ORTEP drawing (left) and crystal packing (view along no axis, left) of complex 24a
(50% probability level for the thermal ellipsoids). Au-Au bound dimers of macrocycles are connected
by intermolecular n—m interactions indicated by dotted blue lines. Hydrogen atoms have been omitted

for clarity.
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The complex 24a crystallizes in the monoclinic space group P 2;/n with cocrystallized
methanol bound in the structure (Figure 4.10). The cations show an open conformation,
comparable to 15a and 22a, but with a mixture of gauche and trans conformation next to the
NHC in the hexylene linkers. Due to this open arrangement, the intramolecular Au-Au
distance is very long (9.4918(5) A). Again, the crystal packing allows the formation of
columns of NHC-Au-NHC units with close intermolecular gold-gold distances of
3.5005(2) A. Contrary to the situations in the complexes 16a and 22a, the linker chains on
both sides of the gold atoms in 24a are not parallel. Unexpectedly, alkyl-alkyl interaction

seems to have a minor role here.

Comparable complexes with NHCs on the basis of benzimidazole and butylene, pentylene or

hexylene linkers are unkown so far.

The expected large influence of the enhanced m-system in the benzimidazole on the X-ray
structures is visible in the conformation of the cations: every complex shown here is arranged
in a way, that m-m interactions are intermolecularly accomplished. Additionally,
intermolecular short Au-Au distances are possible through the parallel formation of the
NHC-Au-NHC units with coplanar NHCs in the complexes with butylene (16a, 22a) and
hexylene (24a) linkers.

4.4 UV/Vis and fluorescence studies

Solution based structural studies for dinuclear Au(l) NHC complexes on the basis of
benzimidazole, which display aurophilic interactions, are unkown to literature yet. To make a
contribution to a better understanding of the triplet state exciplexes the ligand precursors
13-18 and the gold complexes 13a-18a are studied here in acetonitrile at room temperature. In
solid state, solely the complexes with methylene and ethylene linkers 13a and 14a performed

a short intramolecular Au-Au distance.

All photophysical measurements were performed with 10™° molar solutions of pure substances
(results of the crystallization) in acetonitrile at room temperature. The first measurements in
our group were perfomed in DMSO (measurement range <250 nm). To enlarge the
measurement range to higher energies (<200 nm) the solvent was changed to ACN. The
influence (possible solvation effects) of the solvent was insignificant. The results turned out to

be hard to reproduce (variability of the absolute intensity), therefore measurements were
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performed multiple times to eliminate weighing and diluting errors. The results shown here

are well-established.

0,84

normalized intensity

0,24

0,0

0,6

0,4

—1
—14

200 220 240 260 280 300 320 340

wave length [nm]

normalized intensity

1,0
0,8
0,64 \
0,4-
0,2-

0,0

13a
14a
15a
16a
17a
18a

200 220 240 260 280 300 320 340

wave length [nm]

Figure 4.11. Graphics of the absorption measurements of ligand precursors 13-18 and complexes

13a-18a in ACN at room temperature.

The ligand precursors 13-18 show the same line shape and absorption intensity with maxima

at 280 nm and 270 nm (Figure 4.11, left). The same applies to the complexes with long

linkers 16a, 17a and 18a with maxima at 290 nm and 240 nm. The complex with the

propylene linker 15a is comparable in line shape, but less intensive. The complexes with the
shorter linkers 13a and 14a have shifted maxima (13a: 280 nm; 14a: 300 nm) (Figure 4.11,

right).
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Figure 4.12. Graphics of the emission measurements of ligand precursors 13-18 and complexes

13a-18a in ACN at room temperature. The exact excitation wave length used during measurements is
270 nm for 13-18 and 290 nm for 13a-18a.
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The emission of the ligand precursors 14-18 is rather unremarkable in acetonitrile and show
the same band at 360 nm with variable intensity (Figure 4.12, left). Only the ligand precursor
with the shortest linker 13 shows a different line shape with a promint maximum at 300 nm.
The complexes 16a-18a are able to form an association complex®*® between the macrocycle
and bromide, which are hardly emissive here. The complexes with the long linkers 16a-18a
are weak emitters while the complex with the propylene linker 15a is the strongest emitter,
although the solid state structure suggests otherwise (open conformation with Au-Au
6.6437(2) A intramolecularly). Despite this conformation, an explanation could be the
formation of a stable exciplex (}[do*po] excited state). Interestingly the complex with the
ethylene linker 14a seems to form a new kind of associated complex possibly including water
with an emission band at 325 nm. The methylene-linked complex 13a shows the same band at

375 nm, but the emission intensity stays nearly constant up to 550 nm (Figure 4.12, right).
4.5 Summary

Two systematic series of gold(l) NHC complexes on the basis of benzimidazole with ethyl or
methyl side chains have been reported. The counter ion is bromide. The compounds vary in

the length of the alkyl chain linking two NHC units, respectively.

The VT-NMR spectra reveal an interesting behaviour for the compound with the shortest
linker 13a. The free activation enthalpy for the conversion of the linker conformation could
be extracted from an Eyring plot of exchange rates. The cation 15a undergoes some
interesting changes. At -40 °C, a complete new set of signal begins to appear, which can be
explained by the aggregation of two cations, possibly stabilized by intermolecular Au-Au

bonds and/or w7 interactions.

Seven out of twelve complexes were structurally characterized. The compounds consist of
dicationic dinuclear complexes Au,L,** with bridging dicarbene ligands L. The basic
structural parameters fit the expectations: The gold atoms are doubly coordinated with
C-Au-C angles close to linearity and mean C-Au bond lengths of 2.02 A typical for gold(1)

NHC compounds™?.

A short Au-Au distance is realized intramolecularly for the complexes with methylene (13a)
and ethylene (14a) linkers. For the complexes with longer linkers stacking of the cations
allows a short intermolecular Au-Au distance stabilized by n-n interactions. Exceptions are

two complexes with propylene linkers 15a and 21a, which show a head-to-tail n-n
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interactions and no short gold-gold distance is found intra- or intermolecularly. Unfortunately,
a trend for the conformational differences between complexes with varying side chains can

not be derived from the studies shown here.

UV/Vis and fluorescence spectra are measured in acetonitrile. Measurements should be
repeated with degassed solvents and additionally solventfree with pure crystals. The complex
with the propylene linker 15a is by far the strongest emitter studied here. Despite the open
conformation in solid state, an explanation could be the formation of a stable exciplex

(ldo*po] excited state)..
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5. Conclusions

The spectroscopic characteristics and solid state molecular structures of seven systematic
series of dicationic coin metal(l) NHC complexes with alkyl linker lengths ranging from one
to six methylene units are reported. Both the counter ions bromide and hexafluorophosphate
have been investigated, as well as gold(l) and silver(l) atoms, ethyl and methyl side chains
and ligands based on imidazole and benzimidazole. Overall, 24 ligand precusors and 42

metal(l) NHC complexes have been analyzed.

The (benz)imidazolium bromide salts 1-24 were obtained by conversion of the corresponding
N-substituted (benz)imidazole with the corresponding alkyldibromide in toluene’%%%
Additionally, the NHC precursors 13-16 and 18 can be obtained by the conversion of
benzimidazole with the corresponding dialkylbromide and subsequent ethylation with
ethylbromide. The corresponding NHC gold(l) bromide complexes 1a-24a were synthesized
by direct metallation of the respective imidazolium salt in the presence of sodium acetate in
DMF according to a well-established procedure®” 23333537 The complexes were purified by
crystallization (slow diffusion of diethylether into a methanol solution). Subsequent anion
exchange with KPFg in a methanol/water mixture gave the complexes 1b-12b in excellent
yields. The analogous silver(l) complexes 1c-6¢ were obtained by direct metallation of the

ethyl imidazolium bromide salts 1-6 with silver(l)oxide’"",

The room temperature *H and **C NMR spectra for the all complexes confirm the expected
highly symmetrical structures. The formation of gold(l)-carbene complexes is accompanied
by the disappearance of the acidic imidazolium proton signal at & ~ 9.50 ppm in the *H NMR
spectrum and a typical shift of the Ccampene Signal from <140 ppm in the NHC precursor to
>180 ppm in the gold(l) complex in the *C NMR spectrum®™? In accordance to previously

reported similar findings®**"3%%%%

, neither the exocyclic NHC side chain nor the counter
anion induce significant changes of the macrocycle resonances at room temperature, whereas
an upfield shift in acetonitrile solution is more pronounced. The compounds 1c-6¢ show the
same changes to the NMR spectra, but the signals compared to those of the gold compounds

are shifted downfield in the *"H NMR spectra and upfiled for the **C NMR spectra®.

The protons of the methylene linkers in compounds 1a/b, 7a/b and 13a are not equivalent and
appear as two separated doublets at room temperature, which was observed before for the

iodide congener of 7a/b®’. They reversibly coalesce upon heating to 100 - 105 °C
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(Figures 6.1.1, 6.2.1 and 6.3.1, Appendix), which has been attributed to an interconversion of
exo- and endo-hydrogens by a kind of ring inversion’. Therefore the free activation enthalphy
at 298 K is extracted from an Eyring plot of exchange rates (Figures 6.1.2, 6.2.2 and 6.3.2 and
Tables 6.1.1, 6.2.1 and 6.3.1, Appendix) obtained by line shape analysis using the programme
gNMR®.

Additionally, the rotation of the N-CH, bond of the side chain in 1a/b seems to be frozen at
room temperature (two multiplets when measured with 500 MHz at room temperature in
DMSO-dg). Heating the sample leads to coalescence and appearance of a quartet signal
expected for freely rotating ethyl groups. The signal for the pending methyl protons appears
as triplet, which shifts very slightly downfield by 0.05 ppm at higher temperatures. The ethyl
side chains of the two NHCs coordinating a gold atom come rather close (distance between
the methylene carbon atoms d = 4.350 A). Thus, the ethyl groups are jammed and their
independent rotation is hindered. (vide infra, Figure 6.1.6, Appendix). For the corresponding
benzimidazole complex 13a the rotation around the N-CH, bond is not hindered at room

temperature and the protons are equivalent (vide infra, Figure 6.3.7, Appendix).

The compounds 2a/b and 8a/b show a similar behaviour at lower temperatures, where the
inversion of the ethylene-bridged macrocycle equilibrating exo and endo protons is frozen at
-80 °C. However, the rotation of the ethyl side chains in 2a/b is possible at every temperature
studied here, but a concerted ethyl rotation of partly jammed ethyl side chains agains seems

plausible. (vide infra, Figure 6.1.6, Appendix).

For substance 6a with six methylene units in the linker, sample cooling reveals additional
broad signals which could be interpreted as signs of a starting aggregation inspired by the
solid state packing with dominant w-n interactions arranging the cations in long chains. The
cation 15a undergoes similar changes: At -40 °C, a complete new set of signals begins to
appear, which has about the same intensity as the original signals at -50 °C. H.H-COSY NMR
measurements at -50 °C show no bonding between the two sets of signals. Further cooling to
-80 °C leads to the complete disappearance of the original signal set and only shows the new
one with two separated broad singlets for the methylene protons next to the NHC (H10 and
H12). The new set of signals can be explained by the aggregation of two cations, possibly

stabilized by intermolecular Au-Au bonds and/or n-w interactions.
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Single crystals suitable for X-ray diffraction could be obtained by slow diffusion of
diethylether in a methanol solution (la-4a, 6a; 7a-10a, 12a; 13a-16a, 21a, 22a, 24a), an
acetonitrile solution (1b-6b; 7b-12b) or a DCM solution (1c, 3c, 4c). Thus, 32 out of 42
complexes were structurally characterized. The compounds containing gold as metal consist
of dicationic dinuclear complexes Au,L,** with bridging dicarbene ligands L. The basic
structural parameters fit the expectations: The gold atoms are doubly coordinated with
C-Au-C angles close to linearity and mean C-Au bond lengths of 2.02 A typical for gold(l)

NHC compounds™?.

The compounds 1c and 3c show the same macrocycles with dicationic dinuclear complexes
Ag,L,*" containing bridging dicarbene ligands L. The compound 4c shows a completely
different organization with polymer chains instead of macrocycles. Two different ligands
connect three instead of two silver ions. Nonetheless in all three silver compounds the silver
atoms are doubly coordinated with C-Ag-C angles close to linearity and mean C-Ag bond

lengths of 2.08 A typical for silver(l) NHC compounds’®.

Owing to the almost linear C-M-C axis, the torsion angles can be measured between N-C-C-N
of the two ligands in a cation to describe the position of these ligands. The torsion angle is
close to zero when the NHC planes on opposite sides of the metal are coplanar. Each cation is
accompanied by two bromide, AgBr," or hexafluorophosphate anions, respectively. In all
cases, the complexes are arranged in a way that layers are formed consisting of organic
ligands on the one hand and metal atoms with anions on the other. NHC ligands of
neighboured complexes are interconnected by n-n interactions. Further, almost all solid state
structures of the gold compounds (except for 3a; 8a, 10b, 12a; 15a, 21a) reveal a relatively
short Au-Au distance, either intra- or intermolecularly; in four cases (1a; 7b, 9a/b) even both
is realized. The silver compound 1c is the only one shown here with a short Ag-Ag distance
(3.47 A). An overview of the solid state structures is given in Table 5.1. The structures are
roughly categorized in rigid, backfolded, twisted and the most common open arrangement of
the macrocycles.
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Table 5.1. Summary of the studied complexes and their classification.
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