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Abstract (german)

Die Dissertation handelt von der Synthese von Metallkomplexen mit zwei unterschied-

lichen Di(N-heterocyclischen Carben)-Liganden vegi® und mani® (R = tBu, nPr).

Im ersten Teil wird der Gebrauch von metallhaltigen und metallfreien Basen zur Depro-
tonierung von vegi® - 2HPFg untersucht. Werden alkalimetallhaltige Basen verwendet
fithrt dies zu den entsprechenden Alkalimetallkomplexen (Li, Na und K) aufgrund des
starken chelatisierenden Charakters des Liganden. Die Zugabe der entsprechenden Kro-
nenether zu den Alkalimetallkomplexen fiihrte nur im Fall des labilsten Komplexes, des
Kaliumkomplexes, zur Freisetzung des freien Dicarbens. Im Fall von Lithium vegi®®"
wurde ein Gleichgewicht zwischen einem heteroleptischen- und homoleptischen Kom-
plex beobachtet. Die Bildung des homoleptischen Komplexes wird durch Dispersions-
wechselwirkungen erklart. Die Synthese der freien Dicarbene konnte durch die sehr

starke metallfreie Phosphazenbase P4-tBu realisiert werden.

Im néchsten Kapitel wird eine neue Syntheseroute von dinuklearen Ag(I) und Au(I)
vegi®' Komplexen via Transmetallierung des in situ gebildeten Li-Komplexes mit
AgBF, oder [AuCl(SMe,)] aufgezeigt. Die Geometrie des dinuklearen Cu(I)-vegi®®"-

Komplexes konnte durch eine Kristalltrukturanalyse aufgeklart werden.

Der dritte Teil beschéftigt sich mit der Synthese von Gruppe 10 Metallkomplexen der
vegi®™" und vegi™" Liganden. Paramagnetische Ni(II)-Komplexe und diamagnetische
Ni(0)-Komplexe mit einer ungewohnlichen Koordination an das Riickgrat des Ligan-
den wurden hergestellt. In ersten Versuchen wurde der Ni(0)-Komplex als Katalysator

in der Vinylcyclopropan-Umlagerung getestet. Die Synthese von quadratisch planaren

Dimethyl- und Dichloridokomplexen der Metalle Palladium und Platin wird beschrieben.

Im letzten Teil der Arbeit geht es um die Reaktivitit von mani® - 2HPFy gegeniiber
Li-, Na- und K-Basen. Zusitzlich wird die Generierung von [Pt(CHjz)s(mani™™),]

beschrieben.






Abstract (english)

This thesis deals with the synthesis of metal complexes of two different di(N-heterocyclic

carbene) ligands vegi® und mani® (R = ¢Bu, nPr).

In the first part the use of metal bases and metal-free bases to deprotonate vegi®-2HPFg
was investigated. Using alkali-metal (Li, Na and K) bases to deprotonate vegi®-2HPFg
the corresponding alkali-metal complexes form due to the strongly chelating charac-
ter of the ligand. Adding the respective crown ethers to the alkali complexes led to
the liberation of the free dicarbene only for the most instable complex, the potassium

" an equilibrium between the heteroleptic and

complex. In the case of lithium vegi®
the homoleptic complex is observed. The formation of the homoleptic complex can be
explained by dispersion interactions. The free dicarbenes can be generated using the

strong metal-free phosphazene base P4-tBu.

The next part deals with a new synthesis route of known dinuclear Ag(I) and Au(I)
vegi™®" metal complexes via transmetalation of the in situ generated Li complexes with
AgBF, or [AuCl(SMe,)]. The geometry of the dinuclear Cu(I) vegi™" complex was elu-
cidated by X-ray analysis.

The third part deals with the synthesis of group 10 metal complexes of vegi®®" and
vegi™*. Paramagnetic Ni(II) complexes and diamagnetic Ni(0) complexes with an un-
usual binding mode to the backbone of the vegi ligand are obtained. The Ni(0) was
tested in first experiments as a catalyst in the vinylcyclopropane rearrangement. The
synthesis of square planar dimethyl and dichlorido platinum- and palladium complexes

are described.

In the last part the reactivity of mani®-2HPFg toward Li, Na and K bases are presented

as well as the generation of [Pt(CHj)q(mani™™),).
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1 Introduction

1 Introduction

1.1 N-heterocyclic Carbenes

Carbenes are neutral compounds with a divalent carbon atom. The carbon atom is
electron-deficient with only six electrons in its valence shell including two nonbonding
electrons and no formal charge. Therefore, carbenes are reactive intermediates which
usually are generated in situ. Dichlorocarbene (CCly), for example, can be synthesized
via deprotonation of chloroform followed by an a-elimination.!!! The first free stable
carbene, a phosphinocarbene, was isolated by Bertrand et al. in 1988.2

In NHCs (N-heterocyclic carbenes) - a special subgroup of carbenes - the carbene
atom is part of a nitrogen containing heterocyclus. Pioneering work was carried out
independently by Ofele as well as Wanzlick and Schénherr in the 60ies who first
synthesized metal-N-heterocyclic carbene complexes in 1968.154 Subsequent works by
Lappert et al. examined the coordination properties and organometallic chemistry
of these ligands.”® A major breakthrough came from the Arduengo group with the
isolation of “free” IAd (1,3-di(adamantyl)imidazol-2-ylidene).l”l Since then NHCs have

become one of the most important classes of ligands in organometallic chemistry.!81%

Px \\ I@ Opn

R
linear bent n - electron-donating
- sp sp? o - electron-withdrawing

Figure 1: Left: Relationship between the carbene bond angle and the nature of the
frontier orbitals.'] Right: Ground-state electronic structure and stabilization principle

of imidazol-2-ylidene.['?
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In general the geometry at a carbene carbon atom can be linear or bent (Figure 1: left).
The linear geometry is based on an sp-hybridized carbon that has two energetically
degenerated p orbitals (p.,p,), which leads to a triplet ground state. This geometry
constitutes an extreme case. The degeneration of the m-orbital breaks in the bent
carbene structure which contains an sp?-hybridized carbon atom. The free p,-orbital
remains constant in energy while the former p,-orbital has sp2-character and gets
strongly stabilized."] NHCs are nucleophilic carbenes because the empty m-orbital lies
relatively high as well as the occupied o-orbital.l'”) The electronic situation of an NHC
can be seen in Figure 1 on the right. The adjacent nitrogen atoms stabilize the singlet
state of the NHC by m-electron donating and o-electron withdrawing effects. In other
words, the state is stabilized by both, inductively by lowering the energy of the occupied
o-orbital and mesomerically by donating electron density into the empty p-orbital,
which leads to a four-m-electron 3-center system. The partially empty p-orbital can
provide 7w acceptor character while the electron lone pair at the carbene functions as the
donor. Additionally, unsaturated NHCs are stabilized by aromaticity.['¥ Unsaturated
NHCs are 25 kcal/mol more stable than the corresponding saturated NHCs.[') Due
to the large HOMO-LUMO gap, NHCs have a singlet ground-state with the HOMO
best described as a formally sp?-hybridized lone pair (o orbital) and the LUMO as
an unoccupied p-orbital at the carbene carbon atom. Due to their stronger o-donor
character compared to phosphines, NHCs can be used to create more electron-rich-
metal “centers”. NHCs have a stronger metal-bond in complexes then phosphines.®!
Interest in the design- and synthesis of novel NHCs and their metal complexes ensued

following their application in homogenous catalysis by Herrmann et al. in 1995.16)

= e e =

metal NHC metal metal
A B C

Figure 2: Schematical frontier orbital interactions between the NHC and a transition

metal (nitrogen atoms in the NHC moiety are not shown).l'"
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The interactions between an NHC and a transition metal center can be seen as a sim-
plified diagram in Figure 2. The electronic interaction in the M-NHC bond contains
three main components.!®l Electron density can be accepted by the NHC from the filled
d-orbitals of the metal center (M — NHC 7*-backdonation; A). The main contribution
is the donation of electron density from the NHC o-orbital to an empty orbital on the
metal center which is shown in red (NHC — M o-donation; B). Another component is
the m-donating bond of the NHC to the metal (NHC — M m-donating; C). Especially
in bonds with electron-deficient metals, the NHC can donate electron density from its
filled 7 orbitals to the empty d-orbitals of the metal.

NHC ligands are often formed by the deprotonation of an N,N’-disubstituted imida-
zolium or other azolium salts. As a result of the high-lying HOMO of free NHCs,
binding of the C2-atom of the NHC to a transition metal leads to the formation of a
very strong metal-carbon bond. The transition metal complexes can be synthesizeded

via different ways, the most common ones are:!’)

Synthesis of the free carbene and addition of a metal precursor.

In situ deprotonation of the imidazolium salt with a base and addition of a metal

precursor.

Deprotonation of the imidazolium salt with a basic metal precursor.

Transmetalation of a Ag- or Cu-NHC complex with a metal precursor.
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1.2 Bis(N-heterocyclic Carbene)

H
\/o/ ‘ VanVan =\
\_/ N N—N |
N Ny N

N~
| Pt \\/ N \// N
e N~ o < ~ R/ c SN
/
H
- bitz
Skanaw‘)ll-QC:ggorjewa Herg"g‘g”n Crabtree
2007
FooN
/ )
— N N . k y \ /\‘
. N
| >—<@| ﬁ\ ' N
N NN /N—N\ | N d ke N
R 2 < R NZ —N
e c N
R - = R
i-bitz Hahn CHT/NHC-hybrid
Bertrand 2014 Péthig
2011 2017

Figure 3: Selection of literature known biscarbene ligands.

The first synthesis of a dicarbene complex occurred in the early 20th century, when
Skanawy-Grigorjewa followed a suggestion from 7Tschugajeff adding isonitrile, hy-
drazine and tetrachloroplatinate with hydrochloric acid.'$'9 Unfortunately, they did
not have the required spectroscopic techniques at that time to reveal the formation of
the first dicarbene complex and thought they had obtained a Pt-hydrazine complex.
Years later Balch®?, Rouschias, and Shaw clarified independently the formation of an
N-N connected Pt-dicarbene complex.?') The first free isolated bis(NHC) was gener-
ated by Herrmann in 1996 with two imidazol-moieties bridged by an ethylene-group.??
In 2007 an N-N connected dicarbene with triazole moieties was published, which shows
free rotation around the N-N bond.[?3) This so called bitz ligand is very flexible and co-
ordinates in a chelating or bridging fashion. The attempt of isolating the free dicarbene
[23,24]

resulted in a rearrangement, but its Rh, Ru and Pd complexes were synthesized.

An isomer of the bitz ligand is the C-C connected i-bitz ligand from Bertrand.*®! A 1,4-
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difunctional mixed combination of a triazolinylidene and an imidazolinylidene is also
known and was reported by Hahn.*6) Recently, Péthig presented palladium complexes

bearing a 1,4-dicarbene ligand which is a hybrid of a cycloheptatrienylidene (CHT)

and an NHC.[27:28]
\

/N\./_/ \/N\,

@ > .
Figure 4: The modular structure of a dicarbene.

In bidentate carbene ligands two donor centers can coordinate to the metal atom in
a chelating or bridging fashion. The electron density at the metal can be increased
efficiently in the chelate complexes due to binding to the two NHC moieties. The
properties of dicarbene ligands can be tuned by variation of the substitutents R, R?
and R3. R! mainly regulates the steric influence of the ligand. R? is the linker and
has a major influence on the bite angle. The sterics and bite angle of the ligand
regulate whether a chelating or bridging complex is obtained. If small R! substituents
are used with a long linker then chelation is favored. Conversely, when long linkers
and bulky steric R! groups are used chelation is avoided. Most bis-NHCs are designed
to preferentially bind to the metal center in a chelating fashion. The design of non-
chelating bis-NHCs is, however, also of great interest, as they can result in bimetallic

structures that may lead to advances in the development of electronic materials.?”!
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1.3 The dicarbene vegi
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Figure 5: The bisimidazolium salt 2, the dicarbene vegi 1 and known metal complexes
with the vegi ligand.[30-3%

The synthesis of the bisimidazolium salts 2a,b was first achieved by Verena Gierz in
the Kunz group. The free dicarbene (la and 1b) was named vegi due to the first
two letters of her name.®32 The ligand is an N,N-connected planar 7-conjugated
1,4-dicarbene that can be regarded as an analogue of 1,10-phenanthroline and can
be visualized as a merging of two monopyrido moieties. The empty m-orbital at the
carbene carbon is part of the conjugated 14m-electron system of the vegi dicarbene and
is therefore well stabilized. There is a variety of substituents known at the nitrogen
atoms such as methyl-?%, n-propyl-B%, tert-butyl-#%33 benzyl-3°*7 and phenyleth-1-
y18). In coinage metal complexes the vegi ligand adopts a bridging coordination mode.
Also heterobimetallic complexes Cu-Ag and Ag-Au are known.?® In all other known
transition metal complexes the vegi ligand binds in a chelating fashion. In the Rh(I)
and Pd(II) complexes the coordination geometry at the metal is square planar.%32
The Rh(I) complex is an active catalyst in transfer hydrogenation reactions of various

ketones.?%31) The Ru(II) complex obtains an octahedral coordination geometry at the

6
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metal center.® The Ir(I) complex bis(NHC)(COD)-Ir undergoes an acid-catalysed
COD isomerisation.l*” Unsymmetric Pd(II) complexes are also known with the vegi
ligand prepared from a monochlorinated vegi-species with DBU and a Pd(II) precursor,
but not fully structurally characterized.* Despite its rigid geometry, the vegi-ligand

is still so flexible that it can not only act as a chelating, but also as a bridging ligand.
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2 Purpose and Motivation

One goal was to exchange the counteranion from PFg in the known bis(imidazolium)
salt 2al®%32 to Cl=. This ligand precursor would be advantageous in the generation
of the free dicarbene 1. Deprotonation reactions with alkali-metal bases could lead
to the formation of alkali-chloride salts of low solubility and the desired dicarbene 1.
Another benefit from a ligand precursor with chloride anions would be the generation of
dichlorido vegi metal complexes without adding an additional chloride source. Another
goal was the isolation and crystallization of the free dicarbene la. This would open
new possibilities for the synthesis of other vegi metal complexes by simple coordination
of the carbene to the metal instead of transmetalation. The m-acceptor ability of
1la should be determined by the synthesis of selenium adducts. Due to the strong
chelating character of 1a and 1b the deprotonation of 2a and 2b with cesium bases

was of interest as well as to see whether the very first cesium NHC complex could be

obtained.
_— S —_— —
N\_//N—N\\/N /N\+/N_N\ +/N\
X =
tBu/ c < \tBu R C\ /C R
H H
vegi 2 PFg
1 2 3
(R = tBu (a), nPr(b)) (R = tBu (a), nPr(b)) (R = tBu (a), nPr(b))

Figure 6: The ligand precursors 2a,b and 3a,b and the free dicarbene 1a,b used in

this work.

In the next chapter a new synthesis route of the known dinuclear Ag(I) and Au(I)
vegi®®" complexes was targeted and transferred to the synthesis of heterobimetallic
complexes. The dinuclear Ag(I) complex was further tested in transmetalation reac-
tions. Elucidation of the molecular structure of the dinuclear Cu(I)la complex was

another issue to compare its geometry with that of the other coinage metal complexes.
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N—N
N NN
AL
M\
L/ L

R = tBu (a), nPr(b)
M = group 10 metal
L = ligand

Figure 7: The general structure of chelating group 10 metal metal vegi complexes.

Another emphasis was put on the synthesis of chelating group 10 metal complexes of
vegi®® (Figure 7). Especially the synthesis of a Ni(0) vegi® complex, a potential catalyst
in the vinylcyclopropane rearrangement was of interest. Furthermore, finding access
to palladium- and platinum vegi® complexes with dimethyl- and dichlorido ligand was

of interest.

In the last part the reactivity of the mani® ligand precursor 3a,b should be investigated

towards deprotonation with alkali-metal and metal-free bases in comparison to vegi®.

R

The generation of mono- or dinuclear Ag(I) mani® complexes was of interest as well.
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3 Ligand precursors

3.1 Bis(imidazolium) salts

In this work two different bis(imidazolium) salt systems were used as ligand precursors.
The synthesis of the bis(imidazolium) salt vegi® - 2HPF was developed by Gierz in our
research group in 2010.5%4%) The other bis(imidazolium) salt mani®-2HPF (3a,b) was
synthesized in 2017 by Steimann in our research group. This anellated naphthyridine

based bis(imidazolium) salt with 18m-electrons also contains PFy counterions.

B

In this work 2a and 2b were synthesized by me, while the mani®®" and mani™" ligand

precursors 3a and 3b had been synthesized by Steimann and were only used by me as

ligand precursors.*!

2 PFg

2
(R = tBu (a), nPr(b)) (R = {Bu (a), nPr(b))

Figure 8: The bis(imidazolium) salts vegi® 2 and mani® 3 used in this work.

3.2 Synthesis of the bis(imidazolium) salts according to Gierz

The synthesis of vegi® - 2HPFg (R = nPr (2b), Bn) was published in 2010.5%4% The
sterically more hindered tert-butyl groups (2a) were also introduced to obtain the

vegi®" ligand which was first synthesized by Gierz as well.[3%42]
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3 Ligand precursors 3.2 Synthesis of the bis(imidazolium) salts according to Gierz

(0]
NyHy - Hy0 < > TCC /_<—>_\
toluene/ CHCl,

o n-hexane N=N Cl N=N Cl
Pd/C reflux
4 44 % 5
RNH,
R =1tBu/ nPr /_<—>_\ acetic anhydride
CH3CN, rt R—NH N=—N HN—R HCOOH, rt
92 /49 % 6 89/80 %
1. POCl3 T
toluene, 85 °C = =
R—N N=N N—R 2. KPFg, H,O +  N—/Ny +
RLic 1, NN
H H 81/57 % R - R
o 0 ° 2 PFg

2
R = tBu (a), nPr(b))

Figure 9: Synthesis of the bis(imidazolium) salts 2a and 2b.

The starting material 3,6-dimethylpyridazine (4) can be synthesized from 2,5-hexane-
dione and hydrazine hydrate via a condensation reaction followed by a dehydrogena-

tion with palladium on activated carbon. The synthesis was carried out according to

Wiley*3*] with a modification by Raible.!*"!

The next four-step synthesis of the bis(imidazolium) salt 2a,b was developed by Gierz [31]
and starts with the formation of 3,6-bis(dichloromethyl)pyridazine (5). In an elec-
trophilic chlorination with trichloroisocyanuric acid, the regioselective formation of the
bischlorinated product 5 was achieved. It is important to use amylene stabilized chlo-
roform as a solvent instead of ethanol stabilized chloroform. Byproducts of differently
chlorinated species must be separated by column chromatography. A 44 % yield of the

chlorinated product 5 can be isolated as colorless crystals.

In the next step, 3,6-bis(chlormethyl)pyridazine (5) was reacted with an excess of the
corresponding amine (tert-butylamine or n-propylamine) in acetonitrile to obtain the
corresponding diamine 6a,b via a nucleophilic substitution. The straightforward reac-
tion led to the clean formation of the desired product as a beige solid. Then 3,6-bis(tert-
butylaminomethyl)pyridazine (6a) is formylated with a 1:1 mixture of acetic anhydride

and formic acid to obtain 3,6-bis(tert-butylformamidomethyl)pyridazine (7a) in 89 %

11



3 Ligand precursors 3.2 Synthesis of the bis(imidazolium) salts according to Gierz

yield. Due to hindered rotation of the amide bond three conformers are obtained in
the case of the n-propyl substituted product. In case of the tert-butyl groups only one

conformer forms.

The final product can be synthesized by cyclization of 7a,b with POCl3 in a Bischler-
Napieralski type-reaction in toluene at 80°C. In the last step, the counterion is ex-
changed to PFy by addition of KPFg to an aqueous solution of the raw material. The
products were isolated as beige solids with an overall yield of 20 % for 2a and 10 %
for 2b.

The 'H NMR data of vegi®®" - 2HPFg and vegi™* - 2HPF§ are summarized in Table 1
and are in agreement with the literature.?] Although the bisimidazolium salts 2a and
2b are poorly soluble in THF-dg, analyzable 'H NMR spectra were obtained. The
chemical shifts in THF-dg are helpful as a control for further reactions. The signals
for the hydrogen atoms 1/8 are in the down-field region for both bis(imidazolium)
salts, indicating an acidic character of these hydrogen atoms. This indicates that
deprotonation reactions take place at H-1/8. The signals H-1/8 and H-3/6 show a

4 J-coupling depending on the solvent.

Table 1: 'H NMR data of the literature known bis(imidazolium) salts. The chemical
shifts in THF-dg is new data.

solvent '"H NMR [ppm]

H-1/8  H-3/6 H-4/5 R

DMSO-dg 10.64 (d) 8.79 (d) 7.71 1.76
vegi® . 2HPF;  CDsCN 9.7 (d) 822(d) 7.54 1.79
THF-dg  10.22 835 746 1.79

DMSO-dg  10.57 851 (d) 7.76 455 195 0.95
vegi"™ - 2HPFg  CD3CN  9.72 8.06 757 447 201 1.00
THF-dg  10.05 (d) 819 (d) 7.54 448 206 1.06

Before the anion exchange from Cl™ to PFg anion, the counterion POyCly™ is also

12



3 Ligand precursors 3.2 Synthesis of the bis(imidazolium) salts according to Gierz

present in the mixture. Therefore, it is advantageous to exchange the anion from Cl~
to PFy with KPFg in an aqueous solution of the raw material at 50 °C to easily remove

all undesired counterions first.

At the beginning of my work, the goal was to obtain a vegi®®"- 2HCI (8) ligand pre-
cursor, as the deprotonation with alkali-bases would then lead straightforwardly to
the free dicarbene by precipitation of the alkali-metal chlorides. Another benefit would

be the generation of dichlorido complexes without adding an additional chloride source.

I 4 5

3a 5a
= = 2 TBACI S— =

N—/N.\ + + ;N—/N\ +
N/ NN CH5CN N/ oNN

By SMBu -2TBAPF,  fBuT A A
2 PFq 2CI~
2a 8

Figure 10: Anion exchange from 2a to 8.

The vegi™" - 2HPFg was tested in the anion exchange from PFg to Cl7. 2a and tetra-
butylammonium chloride (TBACI) were suspended in acetonitrile. 2a is soluble in
acetonitrile whereas TBACI is poorly soluble. The suspension was stirred for 2.5 h at
room temperature. The mixture was then concentrated and filtered. The residue and
the filtrate were dried separately. The residue was washed with acetonitrile and dried,
it contained the bis(imidazolium) salt vegi®®®- 2HCI as a white-off solid in a 18 % yield.
The 'H NMR spectrum shows the signal for the acidic protons H-1/8 at 13.09 ppm
which is shifted 3.35 ppm down-field compared to that of 2a. The other signals are
only affected by less than 0.04 ppm. The 'H NMR spectrum of the filtrate also shows
the signals for vegi®®". 2HCL. This explains the low yield of 18 % of the residue because
the salt is soluble in acetonitrile and additional signals for the tetrabutylammonium
cation are present. The *'P NMR spectrum of the filtrate shows the septet of the PFg
anions at -144.6 ppm (! Jpr = 706 Hz). In the 3'P{'H} NMR spectrum of the washed
residue only the middle peak of the septet is visible. Therefore, only small amounts of

PF; from TBAPFg or 2a are still present in the mixture of vegi®"- 2HCI after workup.
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3 Ligand precursors 3.2 Synthesis of the bis(imidazolium) salts according to Gierz

The ESI mass spectrum shows a signal at m/z = 271.1 (100) [M-2C1-+PF; |* and two
small signals at m/z = 307.1 (0.3) [M-CI7]* and m/z = 416.9 (0.5) [M-2Cl-+PPF;

|* of the PFy anion containing products.

Other solvents must be used to synthesize vegi®®- 2HCI (8) to obtain a higher yield.
A possible solution is a reaction of the mixture after the cyclization before the PFg
exchange.

Therefore, after the cyclisation with POCI3, the residue was washed with diethyl ether.
The 'H NMR spectrum indicates the formation of 2a. The residue is suspended in
acetonitrile and filtered off and the solution is stored at -28°C (fraction 1). A solid
starts to crystallize which was filtered off (fraction 2) and the solution was again stored
at -28 °C. Again a solid formed (fraction 3). In all three fractions 2a was confirmed by
NMR spectroscopy. Also the chloride was detected with AgNOj in all three fractions.
In the ESI mass spectrum of fraction 1 a signal at m/z 307.2 can be detected for [M-
ClJ*. In fraction 2 this signal is missing whereas the signal for PO,Cl; at m/z = 132.8
is found. In all three fractions three signals are detected in the 3'P{'H} NMR spec-
trum, which are comparable to PO,Cl; .10 Crystallization experiments failed because
the solids were only soluble in HyO and DMSO. To remove all phosphorus contain-
ing species three experiments were done. The species were hydrolyzed to phosphate,
hydrogenphosphate or dihydrogenphosphate. Afterwards a saturated aqueous CaCl,
solution was used to separate the anions by precipitation of Caz(POy)s. It was neces-
sary to add DBU as a base for full precipitation. In every reaction a solid formed, the
precipitate was filtered off and the filtrate concentrated to dryness. The 'H NMR spec-
tra showed many unknown signals, and additional DBU signals. Therefore, a strong
basic anion exchanger (C1~ from Amberlite® TRA-402, Merck, 0.6-0.75 mm) was used.
A mixture of 8/2a was filtered over a column charged with the anion exchanger. The
measured 3'P{'H} NMR spectrum from the filtrate also showed the typical signal for
PFy .

2a was used for further experiments, because the synthesis of 8 was not straightforward.

The experiment with the anion exchanger was carried out once. This experiment could
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3 Ligand precursors 3.3 Selenium Adducts

be repeated with different solvents to possibility obtain pure 8.

3.3 Selenium Adducts

Although NHCs were initially believed to be mainly o-donor ligands, studies show that
they can accept electron density via m-back donation from the metal, which contributes
to the overall strength of the metal-carbene bond.!!

Different methods have been used to determine the m-accepting ability of NHCs. 4748
Ganter employed ""Se NMR spectroscopy (I = 1/2, 7.5% natural abundance) of se-
lenium carbene adducts (selenoureas). The chemical shifts of the adducts correlate
with the m-acceptor character of the respective carbene. The higher the m-acidity, the
more downfield shifted is the signal. The selenoureas were synthesized using KHMDS
as a base to deprotonate the bis(imidazolium) salts at -78 °C in presence of elemental
selenium.?) Works by Nolan demonstrate the use of KOtBu as a base at room tem-

perature to generate the selenium carbene adducts.?0:%1

_— — 2.2 eqS KOtBu __— —
e
NN g G NN
N7 XN THF _N N
tBu tBu tBu Bu
2 PFg H S€  pfs
2a 9

Figure 11: Synthesis of 9.

Bu ligand were synthesized according to Buck from our

Selenium adducts of the vegi
research group.®? Therefore, the bis(imidazolium) salt vegi®®™ - 2HPF; (2a) was sus-
pended in THF and elemental selenium was added. The suspension was cooled to
- 35°C. Then a solution of KOtBu in THF was added. After the mixture had been
stirred for 30 min at -35°C it was heated slowly to room temperature and stirred

overnight. All volatile species were removed under vacuum. Dichloromethane was

added to the grey residue and the suspension filtered over Celite™. The yellow fil-

15



4  Alkali-metal vegi® complexes

trate was dried. If only one equivalent of KOtBu and one equivalent of selenium was
used, then 9 was obtained. The H-1 signal shifts down-field to 13.02 ppm in the 'H
NMR spectrum. The “"Se NMR shows a signal at 250 ppm. In comparison, IMes
(1,3-dimesitylimidazol-2-ylidene) has a shift of 35 ppm and has a poor m-acceptor abil-
ity. SIMes (1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene) has a signal
at 116 ppm and is a stronger m-acceptor. In comparison the down-field shifted signal of
9 indicates a relatively strong m-acceptor character. However, an interaction between
the selenium atom and the proton could lead to a distortion of the selenium signal
in the 7"Se NMR spectrum as indicated by the strong down-field shift of the proton
signal. Using two equivalents of selenium led to the formation of one symmetric species

in the 'H NMR spectrum with signals at 1.72, 5.86 and 7.28 ppm in CD3;CN.

4 Alkali-metal vegi® complexes

The pK, values of the 2-position of the conjugate acid of imidazol-2-ylidene derived
structures lie between 16-24.3501 Stable NHCs!l usually can be synthesized by de-
protonation of the respective imidazolium salts with strong alkali-metal bases such as
alkyllithium, lithium amides and sodium hydride, potassium tert-butoxide or medium-
strong bases such as potassium tert-butanolate and even sodium acetate. After re-
moval of the metal salts by filtration or by distillation, the free carbenes can be iso-
lated.[79:1157-59 Al]l mentioned pK, values for the used bases in the next chapter are

from the Evans and Bordwell tables and refer to the corresponding acids.606!]
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Figure 12: Selection of literature known alkali-metal NHC complexes.

In some literature known examples, the alkali-metal ions from the used base remain
coordinated to the carbene during the synthesis resulting in the corresponding alkali-
metal complexes.[2 An example is the so-called Weiss-Yoshida carbene A. The three-
membered-ring isomer of an imidazolinylidene was first isolated and described as its

lithium complex in the 70ies.[6365)

It was not even possible to liberate the carbene with
[12]-crown-4 and the coordination of the lithium atom is independed of its counterion
which was shown by Bertrand in 2006. With bases containing the softer Lewis-acidic
potassium cation, the free carbene could be isolated.[%967] The intended synthesis of
alkali-metal bases can be achieved by adding alkali-metal salts to the free carbene
as demonstrated by Alder.[% In comparison to lithium NHC complexes, sodium and
potassium NHC complexes are very rare. They can be generated from the free carbene
by the addition of an excess of potassium salts or potassium hexamethyldisilazide (ex-
ample B).16%%] They can also be synthesized by a transfer reaction of the HMDS anion

to a more strongly coordination counterion (example C).[*7 Chelation of lithium

ions with a second NHC moiety was shown by Hofmann et al. with a dicarbene
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4 Alkali-metal vegi® complexes 4.1 Synthesis of Lithium vegi® complexes

ligand. The deprotonation with potassium bases lead to the free dicarbene.[™ The
dicarbene E only acts as a chelating ligand with the small and hard lithium ion. With
NaHMDS or KHMDS dinuclear structures are obtained.[” As NHCs are relatively
strong o-donors, they seem to be promising ligands for the complexation of s-block

metal ions.

The general synthesis of alkali-metal complexes will be discussed in the following. In

Figure 13 the reaction pathway is shown.

o PFs

2.2 eq MHMDS NN N
N—N - ~ + MPF
N/ NN THF-dg R Jr)/ R ®

7

R R M
2 PFg” SN
THF  THF
2a,b M = Li (10a,b), Na (11a,b),
(R = tBu(a), nPr(b)) K (12a,b), Cs (14a,b)

Figure 13: Formation of the alkali-metal complexes.

4.1 Synthesis of Lithium vegi® complexes

The generation of the Li complexes was carried out in situ without any further workup.
Therefore, LiPFg, hexamethyldisilazane (HMDS) and traces of lithium hexamethyl-
disilazide (LiIHMDS) are present in the reaction mixture. They could not be removed

and were thus part of the NMR spectroscopic studies of the equilibrium in solution.

4.1.1 Deprotonation of the N-n-propyl-substituted bis(imidazolium) salt
2b

The deprotonation of N-n-propyl-substituted bis(imidazolium) salt 2b with two equiv-
alents methyllithium (MeLi, pK, = 48 (H20), 56 (DMSO)) in THF-dg at -30°C (to
generate the free dicarbene) led to the absence of the signal for the imidazolium pro-

tons. It was initially assumed by Gierz that the free carbene was formed.[*? A '"H NMR
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4  Alkali-metal vegi® complexes 4.1 Synthesis of Lithium vegi® complexes

spectrum after one hour at room temperature showed only signals of decomposition
products.?14% The deprotonation reaction was repeated by Raible.[*”) He showed that
a slight excess of the base is required to fully deprotonate vegi"™ - 2HPFg. He could
also deprotonate 2b with n-BuLi (pK, = 56 (DMSO)) at -78°C in THF or toluene.
Extraction experiments with diethyl ether, toluene or n-pentane to remove the vegi-
species from the lithium salts were unsuccessful. This was an early indication that the
formed species was not the free dicarbene, which should be soluble in nonpolar solvents.
The carbene signal was detected at 185.4 ppm at room temperature. This chemical
shift is atypical for a free unsaturated carbene, whose signals are usually found be-
tween 206-220 ppm, 4687471 and points to predict the formation of a lithium adduct.
Organolithium compounds tend to form oligomeric structures!™ therefore, different
structures of a formed lithium adduct could be possible. The formation of a heterolep-
tic lithium vegi™ complex with two THF molecules and one vegi ligand coordinating
to the lithium atom and of a homoleptic lithium complex with two vegi ligands are
the most probable structures. DFT calculations by Raible on the vegi™® ligand also
support the formation of a lithium adduct. The calculated *C-carbene signals (188.5
ppm for the homoleptic (H-) Li complex and 185.7 ppm for the heteroleptic lithium
complex) for the proposed lithium structures are close to the experimental value for

vegi™™ at 185.4 ppm. Raible did not observe the abstraction of the lithium atom from

the carbene after adding [12]-crown-4 to the reaction mixture, indicating a chelating

nPr 45]

coordination of the vegi™™ ligand and a strong coordination.|
The deprotonation reactions were repeated with MeLi and n-BuLi and also with

LiHMDS (pK, = 26 (THF), 30 (DMSO)). A brown-red suspension formed after adding
LiHMDS to the beige suspension of the vegi™™ - 2HPFg salt in THF. For all deproto-
nation reactions a slight excess of the base (around 2.2 equivalents) was used due to
the impurity of the base, and the observation by Raible. After the bis(imidazolium)
salt 2b was reacted with 2.2 equivalents of LIHMDS in THF no imidazolium peaks and
the presence of two broad signals at 7.03 ppm for the pyridazo (H-4/5) and at 7.56
ppm for the imidazo protons (H-3/6) were detected in the "H NMR spectrum. In the

BC{'H} NMR spectrum a carbene signal was detected as a singlet at 185.3 ppm.“?
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4 Alkali-metal vegi® complexes 4.1 Synthesis of Lithium vegi® complexes

All chemical shifts matched those of Raible.

4.1.2 Deprotonation of the N-tert-butyl-substituted bis(imidazolium) salt
2a

Then the bulkier tert-butyl-substituted salt 2a was used for deprotonation reactions
to see if the steric has any additional effect. The deprotonation reaction takes place
in THF-dg with Li-bases such as LiIHMDS, n-BuLi or MeLi and leads to the same
products. In the following the deprotonation reaction with LIHMDS is discussed. After
adding the base to the beige suspension of 10a in THF-dg a brown-red solution forms.
In the '"H NMR spectrum the formation of not only one new signal set but also a second
set in a 1:1 ratio was observed. The aromatic backbone signals (H-4/5 and H-3/6) are
not baseline separated but the tert-butyl signals are separated by 0.17 ppm and are at

1.51 ppm and 1.68 ppm.
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Figure 14: 'H NMR spectrum at room temperature of Li-vegi®®" complexes (square

= 10a-H, circle = 10a).

Such a strong change of the environment around the tert-butyl groups could result
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4  Alkali-metal vegi® complexes 4.1 Synthesis of Lithium vegi® complexes

from a species in which two carbene ligands are coordinated to the lithium atom, and
the tert-butyl groups would be affected by the aromatic deshielding effect of the second
ligand. The other Li complex could be a heteroleptic complex with two THF molecules

:tBu

and one vegi®™" ligand coordinated to the lithium atom. To clarify their structures

further NMR experiments of both formed Li-species in solution were conducted.*?

- PFgs
- PFG_ =
- /N\/ N— N\/ N
Na N NN
u” )/ \tBu HF
+ [Li(THF)4]PFg

+ X
\\‘ tBu
/
THF \THF \N N N

Figure 15: The equilibrium reaction between 10a and 10a-H.

The mixture was cooled down to -80°C and a 'H NMR spectrum was measured. The
low temperature led to sharp signals. The ratio of the signal pairs changed to 1:0.8,
which confirms the presence of two species in equilibrium. Upon warming, the coales-
cence of the signals H-3/6 (8.0 ppm) and of the signals H-4/5 (7.18 ppm) is observed at
60 °C, while the tert-butyl signals still remain separated. Thermodynamically, complex

10a is favored.
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Figure 16: VT 'H NMR spectra (detail, -80°C to +60°C) showing two signal sets
that begin to coalesce at 40°C of 10a and 10a-H.

The “Li NMR spectrum (I = 3/2, 92.4% natural abundance) shows one relatively sharp
peak at 3.2 ppm and two broad peaks at 1.5 ppm (smaller) and 0.4 ppm (larger) at room
temperature. Upon cooling to -80°C all peaks become sharp and baseline separated.
The integrals of the peaks at 3.16 ppm, 1.51 ppm, 0.16 ppm, and -0.40 ppm show
a ratio of 0.4:1:0.3:1.9. The peak at -0.40 ppm results from LiPFg and the peak at
0.16 ppm from traces of LIHMDS. Lithium compounds with these chemical shifts are
considered solvent-separated ion pairs, whereas higher chemical shifts indicate a more

covalent character of the lithium-carbon bond.["
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Figure 17: "Li,"Li EXSY NMR spectrum (-40°C).

The connection of the 0.4:1 ratio of the "Li NMR signals at 3.16 and 1.51 ppm with
the respective 1:0.8 ratio observed for the *H NMR signals at 1.68 and 1.51 ppm, is

Bu ligand with

indicative of the formation of complex 10a which contains one vegi
the 'H NMR tert-butyl signal at 1.68 ppm and the “Li NMR signal at 1.51 ppm and
of a second homoleptic complex 10a-H containing two vegi®" ligands with the 'H
NMR tert-butyl signal at 1.51 ppm and the “Li NMR signal at 3.16 ppm. A com-
plex ratio of 1:0.4 results (10a and 10a-H). The theoretical amount of LiPFg formed
is 1 equivalent of LiPFg per 10a and 1.5 equivalent of LiPFg per complex 10a-H, so

that a total integral of 1 4+ 0.6 = 1.6 is expected, which fits to the observed value of 1.9.
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Figure 18: The equilibrium reaction of the Li-complexes.

A "Li,"Li EXSY NMR experiment at -40°C reveals that 10a is the more dynamic
complex and undergoes a fast exchange, with residual LIHMDS and LiPFg while no
exchange on the NMR time scale is observed for the Li ion of the homoleptic complex

iB" ligands.

10a-H containing two vegi
The 3C NMR spectrum measured at -80°C confirms the formation of two carbene
Li complexes by the two carbene signals found at the characteristic chemical shifts
of 184.3 ppm (10a-H) and 182.2 ppm (10a) (assignment by 2D 'H, C{'H} NMR
experiments) in which the direct Li-C coupling of 'Jor; = 22.7 Hz (10a-H) and 24.2
Hz (10a) leading to a 1:1:1:1 quartet for each carbene signal is resolved (see Figure 19).
At room temperature only the carbene signal of 10a-H shows a Li-C coupling (*Jor; =
22.2 Hz), while the signal of the more dynamic complex 10a (see Figure 17) is detected
as a broad singlet. Recently, Braunstein and Danopoulos reported the only example
of a direct LiC coupling in an NHC complex (an amide PNC pincer complex with an
imidazolin-2-ylidene moiety) with a coupling constant of ! Jor; = 32.0 Hz for the *C
NMR signal at 198.6 ppm.[™ There are no other known examples of direct observed
Li-C couplings in NHC complexes. The observable Li-C coupling for the complexes

10a and 10a-H is a clear evidence for a covalent contribution to the Li-C bond, which

is supported by the rather low-field "Li NMR signals at 3.16 and 1.51 ppm.
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Figure 19: BC{'H} NMR spectrum in THF-dg (detail): carbene signals at -80°C.

Further evidence for the formation of the two species 10a and 10a-H was obtained
from DFT calculations of the NMR chemical shifts. For complex 10a-H, two mini-
mum structures (D2 and C2 symmetry) of similar energy were found (vide infra) that
might both be present and interconvert in solution. More information about the DFT

calculations which were done by Kunz can be found in the corresponding publication.!™

Colorless single crystals suitable for X-ray crystallography were obtained by slow dif-
fusion of benzene into a concentrated solution of the THF-mixture at ambient tem-
perature. The X-ray structure analysis reveals coordination of the PFy counterion to
the lithium atom, in accordance with observations from Hofmann for complex E.I™!
Two independent molecules are in the asymmetric unit, one of which shows a stronger
disorder of the PF; counterion. As the geometries of both independent complexes are
identical within the standard deviation, only the geometry of the non-disordered com-
plex is discussed in the following. The carbene-Li distances of 2.22-2.23 A match those
of complex DI™! but are longer than those typically reported for NHC-Li complexes
(2.09-2.20 A).B The bite angle C1-Li-C8 is 80.1°["), and is in the range of other vegi®
complexes.135:40 The C1-C8 carbene distance of 2.89 A is only slightly shorter than
the value for the bis(imidazolium) salt 2b (3.04 A) and the calculated value (DFT) for
the free carbene vegi™® (2.97 A)[4O]. It lies right within the broad range of 2.67-3.26

A which has previously been observed for this ligand system. The shortest distance was
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found in an Ir-chelate complex and the longest in a dichloroimidazolium salt.®! The Li
atom does not lie in the bisecting line of the N-C-N angles. It is distorted 24° towards
the center of the molecule. Due to the large s character of the carbene o-orbital, which
can be concluded from the very acute NCN angles (average 100.6°) of 10a’ as well as
of the free carbene vegi™® (calculated 100.6°), this deviation should only require small
amounts of energy. In summary, no significant geometric reorientation of the carbene
is necessary to complex the lithium cation, a situation that was observed earlier for
monodentate NHC lithium complexes.l®? The F{*H} NMR spectrum in THF-dg at
-80 °C shows only one signal at 73.34 ppm (d, ! Jpr = 710.8 Hz). The existence of the
structure 10a’ is therefore only present in the solid-state and in solution there is an

exchange of the coordinating PFy anion with THF.[7)

u

Figure 20: Molecular structure of the Li vegi®®" complex 10a’. Atoms are shown
with anisotropic atomic displacement parameters at the 50% probability level. Hy-
drogen atoms as well as two cocrystallized benzene molecules and a second inde-
pendent molecule of 10a’ (showing disorder) are omitted for clarity. Selected bond
lengths (A) and angles (deg): Lil-C1 2.230(5), Lil-C8 2.223(5), O1-Lil 1.920(5), Lil-
F1 1.902(5), N9-N10 1.386(3), C5-C4 1.347(4), C1-C8 2.892, C1-Li-C8 80.99(18), O1-
Lil-F1 121.2(2), N2-C1-N10 100.7(2), N9-C8-N7 100.4(2), C3-C3A-C4 137.8(3), C5-

Cha-C6 136.9(3).

" complexes to attempt the liberation of the

Crown-ether was added to the Li-vegi®
dicarbene. The 'H NMR spectrum after deprotonation showed the two species in the

ratio 2:1 (10a:10a-H). In the first experiment 2.4 equivalents of [12]-crown-4 was added
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to the solution. The ratio changed to 1:1.2 (10a:10a-H) in favor of complex 10b-H
as expected according to the principle of Le Chatelier by removing free lithium ions.
The BC{'H} NMR spectrum still shows a broad singlet at 184.1 ppm for the carbene
signal of 10a and a quartet (1:1:1:1) at 185.7 ppm with a 'Jpic coupling of 22.5 Hz for
complex 10a-H. This reveals that, despite complexation of LiPFg by [12]-crown-4, the
Li™ exchange in complex 10a is still fast on the NMR time scale. The free dicarbene
could not be liberated. This is in accordance with observations made by Bertrand et
al. for the Weiss-Yoshida carbene complex A, which was isolated as its crown ether

[56] The same result was obtained by using 4.8 equivalents. The double amount

complex.
of crown ether was added because 2:1 complexes of alkali-metal ions are known. The
lithium complexes 10a and 10a-H remain stable under addition of excess of the crown

ether.

Another reaction was tested to see whether the Li atom could be abstracted. 2.2 equi-
valents of TBACI were added to a mixture of the Li-vegi®®" complexes to see if LiCl
precipitates in THF and the carbene is freed. In the 'H NMR spectrum three main
signals are obtained at 1.51 ppm, 7.07 ppm and 7.83 ppm which are all very broad.
The formation of the free dicarbene can be excluded. The coordination of chloride to
the homo- or heteroleptic Li complex could take place and result in signal broadening.
Especially the calculated structure of the homoleptic complex with dispersion interac-

tions shows that there is enough space for a chloride ligand to coordinate.

4.1.3 Investigation of the Equilibrium

Non coordinating solvents like benzene-dg and toluene-dg were used to see whether the
equilibrium between the two Li complexes could be shifted to the side of the homoleptic
Li-complex. The formation of two species by deprotonation of 10a in benzene-dg and
toluene-dg at room temperature was observed. However, as THF-dg is not present, the

nature of the complex 10a must be different, while 10a-H could still be formed.
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Table 2: NMR data of the lithium complexes (*measured at -80°C).

solvent 'H NMR [ppm] “Li NMR  13C NMR
H-3/6 H-4/5 R
THF-ds 7.7 7.02 1.68 1.51% 184.1 br s
7.75 7.04 1.51 3.16* 185.7 q
Li(la) benzene-dg 6.64 6.37 1.22 1.43 br s
6.34 6.06 1.36
6.66 6.38 1.23 2.94 br s
toluene-dg
6.43 6.15 1.37 1.28 br s
CD3CN 7.57 6.95/6.99 1.64
THF-ds 7.58 7.03 4.19 190-1.95 0.95 185.3
Li(1b)  benzene-dg 5.97 5.87 3.99 1.54-1.58 1.26
6.05 5.95 3.99 1.59-1.58 1.26
toluene-dg
6.20 br s 3.69-3.77 1.34-1.36  0.86-0.87

Indeed, the two observed species vary not only in the chemical shift of the tert-butyl
groups but also in the ligand backbone signals, which is not the case in THF (Table 2).
Therefore, the species 10a” is postulated, which could contain coordinated PFg sol-
vent, or HMDS (formed during the reaction). In both cases a larger amount of 10a-H
is formed (ratios 10a”:10a-H = 1:0.5 (benzene-dg) and 1:1.4 (toluene-dg)). It is not
clear whether the increased concentration of 10b-H is due to the reduced stability of
species 10a” or to the low solubility of the formed LiPFg in the nonpolar solvent. The
stronger coordinating solvent acetonitrile was also used as a solvent during the depro-
tonation reaction. This solvent favors the formation of the heteroleptic complex 10a”
in a 7:1 ratio. Single crystals suitable for X-ray diffraction are needed to determine the

structure of complex 10a”.

4.1.4 Reasons for the formation of the homoleptic complex

The formation of the homoleptic lithium complex is ascribed to London dispersion
that should be enhanced in the case of tert-butyl-substituents. These interactions
were shown to contribute particularly to the stability of sterically demanding organic
molecules and metal complexes.[82785 DFT calculations reveal the formation of a ho-

moleptic complex 10a-H where the two ligand planes show an orthogonal arrangement.

28



4  Alkali-metal vegi® complexes 4.1 Synthesis of Lithium vegi® complexes

Calculations with dispersion correction by Grimmel®% reveal a rotation of one ligand
about the C2 axis by 9° where one tert-butyl group is close to the vegi™®" ligand in
the optimized geometry. This is not the case for the vegi™® ligand. The difference of
the standard reaction enthalpies of the dispersion is 45 kJ/mol (298 K, 1 bar). The
energetic contribution of the dispersion was calculated via an isodesmic reaction. All

calculations have been made by Kunz.[*2

Initially the formation of the homoleptic vegi® carbene complex seems to be limited to
the N-tert-butyl-substituted vegi ligand in the lithium complex. A closer examination
of the n-propyl-substituted species reveals at -80°C a “Li NMR signal at 2.42 ppm
with a ratio of only 5 % in comparison to the Li signal of complex 10b at 1.47 ppm.
In analogy to the analytical data of complex 10a-H this signal can be assigned to the
homoleptic complex 10b-H. The EXSY spectrum at -40°C reveals that in contrast
to the complex 10a-H the lithium ion of this complex also undergoes a fast exchange
with complex 10b and LiPFg. The lower concentration and the faster exchange rate

can be explained by a higher energy of this species.

4.1.5 Deprotonation of 2a in toluene-dg and benzene-dg with methyllithium

Table 3: 'H NMR data of Li vegi™®" in toluene-ds.

solvent ~ 'H NMR [ppm]

H-3/6 H-4/5 tBu
benzene-dg  6.23 6.00 1.30
toluene-dg  6.35 6.07 1.32

VegitB“

With MeLi as the base, only one symmetric compound was generated when treating
vegi®®" in toluene-dg or benzene-dg. In both reactions grey suspensions formed. If a 'H
NMR spectrum is measured immediately only the solvent signals can be detected. Is
the measurement repeated on the next day (grey solid and colorless solution) then three

signals are obtained. The signals are different from the signals obtained for both vegi®"
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dicarbenes and for the Li-species obtained using LiHMDS in toluene-dg or benzene-dg.
The formed Li complex here must be a complex with either PFg or solvent molecules
coordinating to the lithium cation and it must be different from that obtained with

LiHMDS as the base.

The Li-vegi®®" complexes 10a and 10a-H can also be generated by the deprotonation
of 2a with P,-tBu (Schwesinger’s base) in THF-dg and the addition of LiPFg. If 0.5
equivalents of LiPFg are used, the 'H NMR spectrum shows one single set of broad
signals, situated between those of the complexes 10a and 10a-H. Using one equivalent
of LiPFg (instead of only 0.5 equivalents) led to the formation of 10a and 10a-H in a
0.5:1 ratio. The signals remain broad which might be explained by a fast equilibrium.
Applying 1.5 equivalents of LiPFg showed only one signal set in the 'H NMR spectrum
which lies between the signal sets of 10a and 10a-H. In benzene-dg the complexes 10a
and 10a-H could not be generated via this reaction, which can be explained by the

poor solubility of LiPFg in benzene-dg.

4.2 Synthesis of sodium vegi® complexes

The deprotonation of vegi®®" - 2HPFg with sodium hexamethyldisilazide (NaHMDS)

in THF-dg led to an orange solution and the formation of a Na-vegi™®" complex. The
signals in the 'H NMR spectrum are shifted high-field compared to the signals for the
Li-vegi®®" complexes. The carbene signal of the Na-vegi®" complex is detected at 189.3

tBu

ppm. In benzene-dg the Na-vegi”™" complex was also generated. A grey suspension

formed after the base had been added.

Table 4: NMR data of the sodium complexes.

solvent 'H NMR [ppm] 13C NMR
H-3/6 H-4/5 R
THF-dg 7.65 6.92 1.64 189.3

11a
benzene-dg 6.39 6.08 1.35

THF-dg 7.43 6.91  4.17 1.88 0.93 191.9
11b benzene-dg  6.04 597 3.81 1.60 0.80
toluene-dg 6.14 6.06 3.93 1.68-1.72 0.87
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With vegi”™ a Na complex can also be generated by the addition of NaHMDS to a grey
suspension of 2b in THF-dg leading to a light brown suspension. The carbene signal
of the complex is detected at 191.9 ppm. The Na-vegi"™™ complex was also prepared

in benzene-dg and toluene-dg leading to a brown-red suspension.

The corresponding crown ether was added to the Na-vegi® complexes 11a,b in an
attempt to liberate the free carbene. 2 and 4 equivalents of [15]-crown-5 were added to
the sodium complexes. The Na complexes appeared stable and no free dicarbene was
formed. From a reaction mixture with 4 equivalents of the crown ether, colorless single
crystals were formed and analyzed by X-ray structure analysis. The analysis reveals the
formation of [Na([15]-crown-5)|PF,. As the published datal®” contains strong disorders,
the X-ray data was published*? and can also be found in the spectroscopic data section

of this thesis.

4.3 Synthesis of potassium vegi® complexes

2a was deprotonated with potassium hexamethyldisilazide (KHMDS) in THF-dg. A 'H
NMR measurement of the brown solution confirms the deprotonation of the bis(imida-
zolium) salt. The carbene signal is detected at 195.2 ppm which is shifted down-
field compared to the signal for the Li or Na complexes. This clearly indicates the
formation of the potassium complex 12a. 2a was also deprotonated with KHMDS in
toluene-dg and benzene-dg. In all cases one symmetric potassium complex formed. In
acetonitrile the deprotonation did not work, many small signals of unkown products
were obtained. But the generated complex 12b in THF-dg could be dried and measured
in CD3CN. The spectrum shows three singlets. Benzyl potassium (pK, = 43) or
potassium tert-butoxide (pK, = 17 (H,0), 29 (DMSO)) were also used in THF-dg
as bases to obtain the K-vegi®®" complex. 2b was also deprotonated with KHMDS

"Pr complex 12b. The carbene signal

in THF-dg and benzene-dg forming the K-vegi
is detected at 196.3 ppm. Both bis(imidazolium) salts 2a and 2b were successfully

deprotonated with potassium tert-butoxide in THF-dg.
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Table 5: NMR data of the potassium complexes (* = generated in THF-dg and
measured in CD3CN).

solvent 'H NMR [ppm] 13C NMR
H-3/6 H-4/5 R
THF-dg 7.57 6.85 1.65 195.2
CD3CN* 7.52 6.89 1.62
K(1a)
benzene-dg  6.54 6.18 1.43
toluene-dg 6.55 6.18  1.42
THF-dg 7.37 6.86 4.16 1.89 0.95 196.3
K(1b)

benzene-dg 6.10 6.02 3.90 1.63 0.82

From a saturated THF solution colorless single crystals formed. Due to the low crystal
quality, the structure only serves as a connectivity proof (Figure 21). The bigger size
of the potassium ion allows three vegi®" ligands coordinate to the metal center in an

octahedral fashion.

(a) The view from above. (b) The view from the side.

Figure 21: Molecular structure of 12a. Hydrogen atoms, PF; anion as well as two

cocrystallized THF molecules are omitted for clarity.

Complex 12a can also be generated via the reaction of the free dicarbene 1a with one

equivalent or more KPFg in THF-dg.
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4.4 Synthesis of cesium vegi® complexes

(88]

No Cs(NHC) complexes were found in literature.'® Therefore, the medium strong base

cesium carbonate was initially used (pK, = 10 (H20)) to deprotonate 2a.

g e
N Q/N—N\\;N\ 3 eq Cs,CO4 %N N—N+

K/ N
7 - . .
_ tBu CDLCN %H >/ + symmetric species
2 PFg

O H

tBu

PFg
2a 13

Figure 22: Synthesis of the unsymmetric compound 13.

Using 2.2 equivalents of Cs,CO3; and one equivalent of vegi®®® - 2HPFg lead to the

formation of an unsymmetric species 13 and a symmetric complex in a ratio of 1:2.5.

Table 6: Ratios of the unsymmetric versus symmetric complexes in acetonitrile.

equivalents of base 2a 13 symmetric complex

1.1 1.7 1 0
2.2 - 1 2.5
3 - 1 1.7
6 - 1 2.5
8 - 1 )

If the 'H NMR was measured after 1 h only the unsymmetric species was left. The
monodeprotonated product 13 is stable for 11 days in an acetonitrile solution. The
symmetric species shows three singlet signals at 1.72 ppm, 7.21 ppm and 7.83 ppm. De-
protonation with only 1.1 equivalent of Cs,COj in acetonitirile gives the unsymmetric
species and the bis(imidazolium) salt 2a in a ratio of 1:1.7. The use of six equivalents
of CsyCO3 leads to the formation of the unsymmetric species and a symmetric species
in a ratio of 1:2.5. The ratio can further be shifted to the symmetric side by using up
to eight equivalents of base.

The symmetric species is not a Cs-NHC complex. Therefore, the backbone signals have
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u

to be in the region between the K-vegi®®" complex 12a and the free carbene la. In

contrast, the signals of the unknown symmetric species are low-field shifted.

The experiment was repeated with three equivalents of CsyCOj in acetonitrile which
led to a ratio of 1:1 for a symmetric complex and the unsymmetric complex. After
4 h the signals for the symmetric species in the 'H NMR are almost gone. After 8 h
total reaction time only the unsymmetric species is left. The measured NMR spectra
and ESI mass spectrum reveal the formation of the unsymmetric complex 13 where
one imidazolium ring became hydrolyzed under formation of the aldehyde (Figure 22).

Most likely OH™ is formed which induces the ring opening.

The formation of a Cs complex or the free dicarbene via the transmetalation reaction
of the Li complexes and the addition of two equivalents of CsF could not be realized.
The signals for the Li complexes are still detected and the equilibrium shifts to the
side of complex 10a-H. Also after the addition of an excess (total 2.5 equivalents) the

signals of the Li-complexes remain.

A cesium base which does not form OH~ or HyO was needed to deprotonate the vegi®
ligands without side reactions. Therefore, cesium hexamethyldisilazide (CsHMDS) was
prepared following a literature known synthesis via the cesium halide route avoiding
the use of cesium metal. Anhydrous cesium fluoride and LIHMDS were dissolved in
n-hexane to undergo a salt metathesis reaction (Figure 23). After refluxing overnight,
the solvent was removed in vacuo and toluene was added to extract only CsHMDS.
After filtering off LiF the product could be obtained as a white solid which was sub-
limed at 200 °C.[)

n-hexane
LiHMDS + CsF ————> CsHMDS

- LiF

Figure 23: Literature known synthesis of cesium hexamethyldisilazide.

Using 2.2 equivalents of CsHMDS in THF-dg to deprotonate 2a or 2b leads to the
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formation of either the dicarbene or a Cs-complex.

e
N—N

//<_>\\ \
e — _
+ JN—/N + or Na—/t NN
/NV \\//N\ M /N\ 7 N /N\ R/ \< + \R
R R R = < R Cs
THF-dg / N\ PFg
2PFg~ X °
2a,b 1a,b 14a,b
(R =nPr (a), BBu (b)) (R =nPr (a), Bu (b)) (R = nPr (a), tBu (b))

X = solvent, HMDS, PFgq

Figure 24: Synthesis of the dicarbene via CsHMDS.
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Figure 25: 'H NMR spectrum of the reaction of 2a with CsHMDS. (THF-dg, #).

In case of vegi™™ a dark brown suspension formed in THF-dg after adding CsHMDS

Bu 3 light brown suspension formed. The 'H NMR spectrum of the

whereas with vegi
reaction with vegi®®" and CsHMDS in THF-dg is shown in Figure 25. As expected, the
backbone signals are observed in between the signals for the K-vegi® complex and the
free dicarbene (7.47 ppm, 6.77 ppm and 1.64 ppm). The backbone signals are however,
very similar to the signals for the dicarbene. Therefore, a *C{*H} NMR spectrum was

measured. The carbene signal at 201.7 ppm is also observed in between the values for

the K-vegi® complex and the free dicarbene (195.2 ppm (12a) and 202.6 ppm (14a)).
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The signal lies, however, again closer to that of the dicarbene. With these NMR mea-
surements no clear evidence can be given. The formation of a Cs-vegi™®" complex is
more likely because the carbene signal differs between 14a and 1la. In the literature
an example of an NHC-stannocene complex (216.9 ppm (CgDg)*) shows also only a

small high-field shift of 2.8 ppm of the signal of the carbene atom compared to the
signal of the free carbene (1,3-dimesitylimidazol-2-ylidene, 219.7 ppm (THF-dg)™).

The deprotonation reaction of 2a with CsHMDS also worked in benzene-dg and toluene-
dg. Using nonploar solvents, such as benzene, the precipitation of CsPFg and its
removal via filtration would be possible. A first isolation experiment was carried out
in toluene. To a suspension of 2a in toluene-dg 2.2 equivalents CsHMDS were added.
After 1.5 h the mixture was filtered over Celite™. The obtained yellow filtrate was
concentrated to dryness. A 'H NMR of the obtained brown-red oil was measured. The
signals do not match with the signals obtained from the NMR experiment in toluene.
In this case four signals were obtained in toluene-dg which could be assigned to 3,6-
bis(tert-butylformamidomethyl)pyridazine (7a). No NMR data of compound 7a for
comparison in toluene exists. The filtration over Celite® could induce the hydrolysis

of the product.

Table 7: NMR data of the formed Cs-vegi® complexes.

solvent 'H NMR [ppm] BC{'H} NMR [ppm]
H-3/6 H-4/5 R
THF-dg 7.48 6.80 1.57 201.7

" benzene-dg  6.61 6.25 1.45
toleuene-dg  6.61 6.23 1.44

Cs-vegi'®

Cs-vegi™™  THF-dg 7.27 6.79 4.10 1.89 0.93 202.8

If the reaction with CsHMDS led to a Cs-vegi® complex, this would be the first Cs
NHC complex known so far. Experiments in toluene and THF of 2a with CsHMDS
took place and were filtered over a syringe filter. The resulting filtrates were stored

at -30 °C for crystallization. An X-ray diffraction measurement of a single crystal
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would verify the formation of a Cs complex, but so far, no suitable single crystals have

formed.

4.5 Deprotonation reactions with metal-free bases

While deprotonation with metal bases leads to the corresponding metal complex, due
to the strong chelating character of the vegi ligand metal free bases are used in the
following to obtain the free dicarbene. The stability of free NHCs has received much
attention. It is known from theoretical studies that the stability of free NHCs is

mainly attributed to the p,-p, delocalization of the nitrogen lone pairs. Steric effects

also contribute to the stability of NHCs but to a smaller extent.®1:92
/%<_>§\ 1 eq P4-tBu /%<_>§\ /%<_>§\
N—N or DBU or P1-tBu + /N—Ny + 2.2 eq P4-tBu N—N
NN N LoroprvorPibu - N N L i Na’/ N
B C Y SBu THF-ds R SR THRdeGeDs . RTC ©0 R
H PR - H H 2PFg - or toluene-dg
15a 2ab 1a,b
only with R = tBu (R = tBu (a), nPr (b)) (R = nPr (a), tBu (b))

Figure 26: Synhtesis of monocarbene (15a) and dicarbene (1a,b).

Starting with the weaker organic base N,N-diisopropylethylamine (DIPEA), pK, =
11 (H,0)), the deprotonation of vegi®" and vegi™™ with 2.4 equivalents DIPEA in
CD3CN did not lead to a deprotonation of the bis(imidazolium) salts, because the base

is too weak.
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Figure 27: The used metal-free bases.

The use of 2.2 equivalents of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) as a non-nucleo-
philic base and stronger base (pK, = 24.3 (CH3CN), pK, = 12 (H,0O)) - in THF-dg
only showed the formation of the monocarbene. Even the use of 4.2 equivalents of
DBU only led to the formation of the monocarbene vegi®® 15a. The monocarbene
shows a broad singlet signal at 10.50 ppm with an integral of two (instead of one) and
singlets at 8.15 ppm (2H, sharp), 7.30 ppm (2H, sharp) and 1.75 ppm (18H, C(CHz)3).
Only half of the expected signal set of an unsymmetric compound is observed. This
indicates a fast exchange of the imidazolium protons between the carbene moiety in

15a.

Stronger metal-free bases were needed to fully deprotonate the salts 2a and 2b. Phos-
phazene bases are extremely strong bases. They contain a basic nitrogen center which
is double bonded to a pentavalent phosphorus. Starting with the weakest phosphazene
base P1-tBu (tert-butylimino-tri(pyrrolidino)phoshorane, pK, = 28.4) only led to the
formation of the monocarbene 15a (using 2.2 and 4.2 equivalents of P;-tBu) with half

of the integral for the acidic proton.
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The monocarbene can also be generated with the azaphosphatrane (2,8,9-triisobutyl-
2,5,8,9-tetraaza-1-phosphabicyclo[3.3.3]Jundecane) which is also referred as Verkade’s
base. This strong nonionic Brgnsted base was also not able to deprotonate 2a and 2b

tBu

fully. Using 2.2 equivalents of the Verkade’s base in THF in the case of vegi™" only

led to the monocarbene 12a. In case of vegi”™ many signals are obtained of unkown

side products.

Therefore, the Schwesinger superbase P4-tBu (1-tert-butyl-4,4,4-tris(dimethylamino)-

2,2-bis[tris(dimethylamino)-phosphoranylidenamino]-2 5,4\ 5-catenadi(phos-

phazene)) was used. This base is one of the strongest metal free bases (pK, = 42.1) and

a very weak nucleophile due to its very high steric hindrance. The base is extremely

hydroscopic but is stable toward hydrolysis.>4 With 2.2 equivalents of P4-tBu the
- 1Bu -nPr

carbenes vegi®™" (1la) and vegi™" (1b) can be generated. In both cases a dark brown

THF-solution formed.
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Figure 28: 'H NMR spectrum of 1a (THF, #).
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Figure 29: 3C{'H} NMR spectrum of 1la (THF, #; + artefact).

The deprotonation reaction of 2a and 2b with P,-¢Bu was also carried out in benzene-
dg. In both cases the formation of a dark brown oil was observed. While in toluene-dg
the reaction of 2a with P4-¢Bu led to an almost colorless solution containing the fully
deprotonated species, the reaction with 2b and P4-tBu led to a dark brown oil. The
'H NMR spectrum also shows the formation of a fully deprotonated species. All NMR

data of the dicarbenes 1a,b in different solvents are summarized in table Table 8.
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Table 8: Generation of the dicarbens 1a,b with 2.2 equivalents of P,-tBu (“generated

and measured in these solvents).

solvent 'H(NMR) [ppm] BC{'H}(NMR) [ppm]
H-3/6 H-4/5 R
THF-dg 7.47 6.77 1.64 202.6

vegiBu CsDs 6.71  6.33 1.49
toluene-dg  6.71 6.31 1.48

THF-dg 7.33 6.79 4.10 1.90 0.94 204.5
vegi™r Ce¢Dg 6.36 6.25 3.83 1.64 0.71
toluene-dg  6.37 6.25 3.81 1.67 0.74

The use of only one equivalent of P4-tBu also led to the monocarbene 15. This mono-
carbene 15 is stable in solution for a few days. The 'H NMR spectrum shows a signal
at 10.05 with a integral of one and signals at 8.15 ppm and 7.30 ppm for the backbone
protons (4/5 and 3/6) each with an integral of two. The signal for the tert-butyl group
is at 1.75. Cooling the THF-dg solution down to -80°C resulted in a splitting of the
signals into two sets for H-3/6 to 8.14 ppm and 8.36 ppm and H-4/5 to 7.22 ppm and
7.48 ppm and the tert-butyl groups are found at 1.74 ppm and 1.81 ppm. This means
that the monocarbene 15a exists as a static molecule (on the NMR timescale) at low
temperatures. At room temperature the imidazolium proton shows a fast exchange.
There is no equilibrium between the bis(imidazolium) salt and the dicarbene, as at
-80°C a carbene signal at 197.7 ppm for the monocarbene is obtained. Not all signals

nPr

could be assigned. The generation of the monocarben of vegi™" was attempted, but

the reaction mixture contained impurities of unkown sideproducts. This confirms the
observation of Raible and Gierz that the vegi™™ carbene is not stable when generated

with a substoichiometric amount of base.
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Table 9: NMR data of the monocarbene (* The chemical shift of this signal varies,

concentration and solvent dependent).

solvent '"H NMR [ppm] BC{'H} NMR
H-3/6 H-4/5 R
15a THF-dg 10.05* 8.15 7.30 1.75 197.7

15b THF-dg 10.67 821 7.57 449 206 1.04 -

The isolation of the free dicarbene 1a,b would be an improvement for the synthesis of
metal complexes. The free carbene could be added to the desired metal precursor and
via simple coordination of the carbene to the metal, instead of transmetalation, the
desired metal complex could be obtained. The isolation of the formed metal complexes
would be easier since no or less salts need to be removed.

U were carried out. The dicarbene was

Isolation experiments for the dicarbene vegi®
generated with 2.2 equivalents P4-tBu in THF. The dark brown suspension was dried
and an oily dark brown solid was formed. The residue is extracted with a 1:1 mixture
of toluene/n-pentane. The orange solution was filtered off and dried. The 'H NMR

spectrum shows decomposition. No signals of the dicarbene are obtained. Instead,

many signals of unkown products are detected.

The reaction was repeated in THF and the brown suspension was cocentrated to dry-
ness after 50 min. Then a sublimation at room temperature followed (7-10~° mbar).
As nothing started to sublime, the oil bath was heated up to 70°C in 20 °C steps. No

sublimation was observed.

Another reaction was tested with 2a and P4-tBu in toluene in which a dark oil was
formed as a second phase. The light colored upper phase was separated and analyzed.
The "H NMR spectrum shows signals of the dicarbene and [P4-¢tBuH|PFg. Acetonitrile
was added to wash out all polar compounds. A dark oily solution resulted. The 'H

NMR spectrum shows many signals of unkown products.
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The formed corresponding acid [P4-tBuH|PFg is highly soluble and therefore challeng-

ing to remove during the work up of the dicarbenes 1a and 1b.

The use of only 1.1 equivalents of LIHMDS in THF-dg with vegi®®®.2HPFg (2a) yields
the monodeprotonated species 15a. The 'H NMR spectrum also shows a signal at 10.02
ppm with an integral of one and two broad singlets at 8.11 ppm and 7.27 ppm each
with an integral of two. The tert-butyl signal is detected at 1.74 ppm. The 3'P{'H}
spectrum shows a septet at -144.13 ppm (! Jpp = 709 Hz) and the F{'H} a signal at
-74.11 ppm (' Jpr = 709 Hz) for the counterion. The mixture was also cooled down to
-80°C. The H-3/6 signal at 8.11 ppm splits into two signals at 8.12 ppm and 8.31 ppm
and also the signal at 7.27 ppm splits into signals at 7.20 ppm and 7.46 ppm. The
tert-butyl signal splits into signals at 1.74 ppm and 1.81 ppm. The carbene signal at
-80°C is detected at 197.8 ppm. Overall the VT NMR measurement is in line with the
experiment of the monocarbene generated with P4-¢tBu in THF-dg. The monocarbene
shows a fast exchange of the imidazolium proton at room temperature and therefore
two broad singlets are detected for the four backbone protons. The “Li NMR spectrum
at -80°C of the monocarbene and LiPFg mixture shows a larger signal at -2.14 ppm
and a small signal at 0.15 ppm. The signal at -2.14 ppm is assigned to LiPFg and the
small signal at 0.15 ppm to residual LIHMDS.

= == 1.1 eq LIHMDS = ==
N—N\ + N—N
NatH/ NN THF-dg Na—r/ \F_N
2PFs - HMDS H PR~
2a 15a

Figure 30: Synthesis of the monocarbene 15a.

In conclusion the deprotonation of the bis(imidazolium) salts 2a and 2b with lithium,
sodium or potassium bases did not result in formation of the free dicarbenes, but

in formation of the respective alkali-metal carbene complexes, which can be easily
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derived from the ¥C NMR spectra of the compounds. The high-field shift of the
carbene signal is characteristic for the coordination of the carbene to metal ions as its
shielding is increased.[™%8 The trend of the chemical shifts of the carbene signals also
follows the decrease in Lewis acidity of the metals and the covalent contribution to the
metal-carbene bond, and thus the expected bond strength of the primarily electrostatic
carbene-metal bonds. The C{'H} NMR resonances of the carbene carbon atoms of
the metal complexes increase towards that of the free carbenes as the size of the cation
increases.

Therefore, the signal of the Li complexes is most high-field shifted and the signal of
the free dicarbene the strongest low-field shifted (see Table 10). The observation of
direct Li-C couplings in the *C{'H} NMR and the low-field chemical shifts of the 7Li
NMR signals point to an enhanced covalent contribution in the Li-carbene bond. The
lithium and sodium complexes are very stable and even withstand chelation by the

respective crown ethers.

Table 10: *C NMR data of the carbene signals of the alkali-metal complexes and the

dicarbenes.

PC{'H} NMR [ppm|

vegiBu vegi™r

Li 184.1/185.7 185.4
Na 189.3 191.9
K 195.2 196.3
Cs 201.7 202.8
NHC 202.6 204.5

The signals of the backbone protons in the 'H NMR spectra for the Li, Na and K
complexes and the free dicarbene are shown in Figure 31. The Li complexes show the
strongest low-field shift of the heteroaromatic proton signals in comparison with the
Na, K and Cs complexes and the heteroaromatic proton signals are most high-field
shifted for the free dicarbene. The same order is obtained for the complexes with the

vegi™ ligand.[79%]
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Figure 31: 'H NMR (detail) spectra: Backbone signals H-3/6 and H-4/5 in THF-ds.
1) Li vegi®®" complexes 10a/10a-H; 2) Na vegi®®" complex 11a; 3) K vegi®™" complex

12a; 4) Cs vegi®" complex 14a; 5) dicarbene vegi®®" 1a.

45



5 Coinage metal vegi® complexes

5 Coinage metal vegi® complexes

5.1 Homodinuclear coinage metal vegi® complexes

Coinage metal NHC complexes have been investigated for their diverse structural prop-

9] Since the first report of a Ag-NHC complex by

erties and their variable applications.
Arduengo in 19937 a lot of articles regarding Ag-NHCs have been published. They
are mainly used as NHC transfer reagents®®%% homogenous catalysts, luminescence

8,100,101

materials! I'and also indicate to have antimicrobial potential.l'®? The respective

Au-NHC complexes were found to be active in various cyclization reactions.!'03104
Cu(I)(NHC) complexes are potential catalysts for various reactions, including [2+3]
cycloadditions,!'*>1%] nitrene and also carbene transfer reagents.!'”l The formation

§[108,109

of dinuclear coinage metal complexes containing NHCs ligand I'is of interest to

study metal-metal interactions.

The coinage metal-carbene bond strength follows the order Au-C > Cu-C > Ag-C
and the bond length increases in the order Cu-C < Au-C < Ag-C.['"0 Calculations
(density functional theory) predict that the NHC-metal bond is mostly of electrostatic
nature with minor covalent interactions which are largely o-bonding.''!] The synthesis
of transition metal complexes bearing NHCs ligands by carbene transfer from Ag- or
Cu-NHC complexes represents a useful alternative to the synthetic methods involving

highly unstable free carbenes. !

The synthesis of silver carbene complexes is straightforward and can be conducted in
polar solvents such as acetonitrile, dichloromethane and dioxane with silver(I) oxide
as the basic metal precursor.'%! Copper NHC complexes can be prepared via trans-
metalation from the respective silver NHC complexes!'? or directly from the imida-

[113] Gold NHC complexes are mostly prepared

zolium salt with basic copper(I) oxide.
by transmetalation of the respective silver NHC complex.[''? The driving force of both
transmetalation reactions are the stronger metal-NHC bond in the product compared

to the weaker Ag-NHC bond, which is confirmed by theoretical calculations. "
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i"PT and vegi®" ligands has

The synthesis of dinuclear coinage-NHC complexes with vegi
been reported by our group in 2012.57 Dinuclear coinage metal complexes can also
be synthesized with the bulkier tert-butyl groups attached to the nitrogen atoms at
the vegi ligand.?>33] The optimized syntheses by Denninger from our group were re-

peated. 3!

T Na—"’ NN N2 N
% Bu” \( Y “Bu u” Y Y B
& — M,0 + vt [AuCI(SMe,)] + +

N—N
Nt/ N 12 M Au Au
Bu” ) PF_\/ StBu CH5CN 5 CH4CN, 1t 5 "
" H,0 Bu. ~tBU _ AgCl, - SMe, us ~tEu
2a M = Ag (50 °C) N NN N N—N N
Cu (75 °C) — _— \\<_>¢’
__/ 2PFs —/ 2PFg
M=Ag 22edLiHMDS M = Cu (16), Ag (17) 18
| 169 AgBF4 ! 2.2 eq LIHMDS
. . . I
| CD,Cly, 1t, -2 HMDS, -LiBF, -LiPFg 1eq [AUCI(SMey)] i

CD,Cly, rt, -2 HMDS, -LiCl, -LiPFg

Figure 32: Synthesis of the coinage metal complexes 16, 17 and 18.

The Ag complex 17 can be synthesized with basic Ag,O and 2a in acetonitrile at 50 °C
overnight in the dark. The 'H NMR spectrum in acetonitrile shows three signals at
1.74 (singlet, tert-butyl groups), 7.18 (singlet, H-4/5) and at 7.92 ppm (singlet, super-
imposed by a doublet, H-3/6) indicating a symmetric complex. The coupling pattern
at 7.92 ppm results from an exchange of one of the silver ions, which leads to a doublet
for the coupling from H-3/6 to the Ag atom (I = 1/2) and a decoupled signal (singlet).
In comparison with the bisimidazolium salt 2a, the respective signals are shifted up-
field, which is typical for transition metal NHC complexes.[”” In the *C{'H} NMR
spectrum the signal for the C-carbene atom is at 168.1 ppm also showing couplings
with the silver isotopes (1°"Ag/1%Ag). Three doublets and one broad singlet are ob-
tained due to the exchange of the silver isotopes. The Ag complex 17 shows a dynamic
behavior which was studied by NMR techniques and is published in my master thesis.
VT NMR experiments reveal a silver-silver exchange process in complex 17.1114

The Ag complex 17 can also be generated via transmetalation of the in situ syn-
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thesized Li complexes 10a/10a-H with an excess of 2.4 equivalents of AgBF, in
dichloromethane. The 'H NMR spectrum shows full conversion into complex 17. Gen-
erally the synthesis and handling of complex 17 was conducted with the exclusion of

light, to prevent its decomposition and formation of elemental Ag.

The corresponding synthesis of the Cu complex is carried out at 75 °C overnight. CuPFg
can also be removed by filtration over Celite™. The backbone signals (H-3/6 and -4/5)
and the tert-butyl-group signal of 16 are shifted high-field in the 'H NMR spectrum
in comparison with the spectrum of silver complex 17. In the 3C{'H} NMR spectrum
the signal for the C-carbene atom can be detected at 163.1 ppm, upfield shifted in

comparison with the respective silver complex 17.

The dinuclear gold complex 18 was obtained by transmetalation of the in situ gener-
ated silver complex 17 with 1.05 equivalents of [AuCl(SMeg)] at room temperature in
acetonitrile. The backbone signals (H-3/6 and -4/5) are shifted upfield while the tert-
butyl group signal is shifted down-field in the *H NMR spectrum of 18 in comparison
with the spectrum of silver complex 17. In the *C{'H} NMR spectrum the signal for
the C-carbene atom can be detected at 172.2 ppm, down-field shifted in comparison
with the respective silver complex 17.

nPr

The vegi™™ and vegi®" ligands act as bridging ligands with all monovalent coinage metal

ions forming homoleptic complex as well. While the silver complex vegi®® (and also
vegi™r) features a coplanar orientation of the ligands, the ligand planes are oriented
in a 31° angle in the Au complex and in a 70° angle in the Cu complex, which can

be explained by steric hindrance due to the decreasing metal-C bond lengths in this

order.137

Bu Jigand has an influence on

It was of interest to see whether the steric bulk of the vegi
the geometry of the coinage metal complexes. Denninger obtained single crystals suit-
able for X-ray diffraction of the Au vegi®" complex 18, which shows an angle between
the ligand planes of 77°. In my master thesis I elucidated the molecular structure of the

tBu

Ag complex 17. It shows a perpendicular arrangement of both vegi**" ligand planes to
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each other. The single crystals were unfortunately not of optimal quality, but the X-ray
structure analysis confirms the structure of the bridging dinuclear silver complex 17.
The accuracy of the metal-metal bond in the molecular structure is good enough to be
discussed. The Ag-Ag distance of 2.693 A and is in the lowest among those complexes
bearing neutral ligands!''? and it is shorter than the metal-metal distance in metallic
silver (2.88 A).''6l The Ag-Ag distance is also considerably shorter than the sum of
the van der Waals radii for Ag (3.44 A)[llﬂ implying weak d!°-d'® interactions.!!*®!19]
Compared to the dinuclear silver vegi®® (2.7391 A) and vegi™™ (2.7405 A) complexes
this distance is significantly shorter. Colorless single crystals of the Cu complex 16
were obtained from a saturated acetonitrile solution at -30°C and were suitable for

" complexes can now be

X-ray diffraction (Figure 33). All three coinage metal vegi®
compared. The ligand planes are orientated in a 69° angle in the Cu complex 16. In
this case the degree of tilting does not follow the metal-C bond lengths. This geometry
change can probably be explained by London dispersion of the tert-butyl groups. The

shorter the metal-carbene bond length are, the stronger these interactions should be.
The crystals of 16 belong to the orthorhombic space group Pbca. The asymmetric unit

contains one molecules of 16, one acetonitrile and one dichloromethane molecule as

well as the two PFy counterions.
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(a) The view from the side. (b) The view from above.

Figure 33: Molecular structure of the Cu complex 16. Atoms are shown with
anisotropic atomic displacement parameters at the 50% probability level. Hydro-
gen atoms as well as one cocrystallized acetonitrile molecule, one cocrystallized
dichloromethane molecule and two PFy anions are omitted for clarity. Selected bond
lengths (A) and angles (deg): Cul-Cu2 2.451(3), C1-Cul 1.905(6), C8-Cu2 1.897(6),
N9-N10 1.382(6), C4-C5 1.318(9), C1-C8 3.02, C8-Cu2 1.896(6), N10-C1-N2 101.6(4),
N9-C8-N7 102.4(4), C3-C3A-C4 134.5(5), C6-C5A-C5 134.9(5), N10-C1-Cul 126.8(4),
N2-C1-Cul 130.4(4).

The Cu-Cu distance of 2.451(3) A is short compared to the Cu-Cu distance in elemen-
tal copper (2.56 A) and the the sum of the van der Waals radii of two Cu atoms (2.8
A).'%] The distance is also shorter than the Cu-Cu distance in the vegi®® Cu complex
(2.4923 A)B7 and in literature known dinuclear Cu(NHC) complexes bearing neutral

[109,120] ' The Cu-carbene bond lies almost perfectly on the bisecting line of the

ligands.
NCN carbene angles. This can be explained by the strong electron donating character
of the ligand that reduces the Coulomb repulsion. This was also observed in the vegi®®
Cu complex.®”) The tricyclic pyridazine moiety is twisted by 17.63° to maintain an
almost linear coordination at the copper atoms (174.3(2) and 172.2(2)°. The average
Cu-C(carbene) distance measures 1.90 A, which is shorter then the Au-Carbene dis-

tance in the Au complex (2.02 A) and the Ag-Carbene distance (2.20 A). The N9-N10
bond length is rather long (1.382(6) A) compared to the C4-C5 distance (1.318(9) A)
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which is often observed in the chelating vegi complexes. The NCN angles of 101.6(4)°
(N10-C1-N2) and 102.4(4)° (N9-C8-N7) are slightly smaller than those found in the

respective Au complexes.

From the reaction of silver complex 17 with 1.1 equivalents of AuCISMe, the gold
complex 19 as the main product and another unsymmetric complex in a ratio of 1:0.25
were obtained. At -30°C single crystals were formed from an acetonitrile/diethyl ether
solution of the gold complex 19. The molecular structure reveals the formation of an
unsymmetric gold complex. The formation of compound 19 was also confirmed by 'H

NMR spectroscopy.

Figure 34: Molecular structure of the Au complex 19. Atoms are shown with
anisotropic atomic displacement parameters at the 50% probability level. Hydrogen
atoms (except H-1) are omitted for clarity. Selected bond lengths (A) and angles (deg):
Aul-C8 1.982(3), Aul-Cll1 2.2758(7), C1-H1 0.9500, C4-C5 1.344(4), H1-CI1 3.705,
N9-N10 1.385(3), C8-Aul-Cl1 179.08(8), N10-C1-N2 106.9(2), N9-C8-N7 102.7(2), C3-
C3A-C4 135.2(2), C6-C5A-C5 134.9(2).

The C3-C3A-C4 and C6-C5A-C5 angles are almost identical (135.2(2) and 134.9(2)°).
The N10-C1-N2 angle measures 106.9(2)° in the imidazole moiety while the angle de-
creases upon coordination to the gold atom to 102.7(2)° (N9-C8-N7). The C8-Aul-Cl1
angle is almost linear (179.08(8)). The Aul-Cll bond length is longer (2.2758(7) A)
than the Aul-C8 bond length (1.982(3) A) which is comparable to known Au(I)NHC
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complexes.21122 Complex 19 is an interesting compound in the perspective of synthe-
sizing heterobimetallic complexes. A sequential reaction with this complex by depro-
tonation of H-1 and adding another metal precursor could lead to a heterobimetallic

complex.

5.2 Heterodinuclear coinage metal vegi® complexes

The synthesis of heterodinuclear NHC complexes is of great interest to study metal-
metal bonding interactions. The combination of two metals in one molecule can pro-
duce synergistic catalytic activity which could lead to novel catalysts. Different exam-
ples of heterobimetallic complexes containing NHC are shown in Figure 35. A hetero-
dinuclear pincer-type bis-NHC complex containing Ag and Au I is known and generated
via a postsynthetic modification.['?3] Other examples are complex II by Catalano?4

or complex ITI, a linear Au and Ag NHC complex stabilized by a diphosphanyl ligand,

which was published by Braunstein.!'?)

L y : Y
H Me | |
Wt A O—Cu------- Au------- ci—9” Au---Au---Ag
— I~ M| W L L
N N = 2 (tBu)2P~ 7 N - P(tBU)
/ N N \
% N N\) N\ =/ ~ R

Figure 35: Selected literature examples of heterobimetallic complexes containing

NHC ligands.

Bu Jigand has been reported

The synthesis of heterobimetallic complexes with the vegi
by Denninger.®® All the experiments were repeated and carried out under different

conditions to confirm the system to be at equilibrium state.
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5.2.1 Generation of the Ag-Au complex 20

A heterodinuclear Ag-Au-NHC complex 20 was in situ synthesized from one equivalent
of Ag-NHC complex 17 with one equivalent of [AuCl(SMes)] in CD3CN (Figure 36,
route A). After a short time an equilibrium reaction takes place through transmeta-
lation. Signals for both the homodinuclear complexes 17 and 18 and also the mixed
Ag-Au NHC complex 20 occur in the 'H NMR spectrum. To verify the mixture to
be at equilibrium, the complex 20 was also generated in situ by metal ion exchange
combining one equivalent of the Ag-NHC complex 17 with one equivalent of the Au-Au
complex 18 in CD3CN (route B).

[Ag(vegi®),]2PFg + [AUCI(SMey)]
17

- AgCl, - SMe,
CD3CN

T :

route A

\/N
Y Bu
112 A A v AR A A AF AG
Bu- /k )\ _tBu Bu-. /k )\ _tBu COLCN g, /k )\ _tBu
NQ;N;J‘ NCC;N;;N NN
—/ 2PF; _/ 2PF5 _JapF;
17 18 20

Figure 36: Synthesis of 17, 18 and 20.

It is important to mention that if very pure complexes 17 and 18 were used to gen-
erate the mixed complex 20 it is necessary to add catalytic amounts of AgBF, (< 0,5
mg) to form the mixed Au-Ag-NHC complex 20. Hence, some free silver ions as a
catalyst are essential in the mixture to overcome kinetic inhibition and to get into the

thermodynamic equilibrium sate.
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Table 11: 'H NMR data of complexes 17, 18 and 20 in CD5;CN.

'H (NMR) [ppm]

H-3/6 H-4/5  tBu
Ag complex 17 7.92, 7t *Jagn = 1.7 T7.18,s 1.74,s
Au complex 18 7.87, s 7.14,s 1.83,s

7.90, s 717, s 1.75; s

Ag-Au complex 20
7.88,d, O Jaen = 1.5 7.16,s 1.83,s

Both synthetic routes A and B lead to the same 'H NMR spectrum. The 'H NMR spec-
tral data of complexes 17, 18 and 20 are summarized in Table 11. The signals in the
'H NMR spectrum for the mixed Ag-Au complex 20 lie in between the signals for the
mononuclear complexes 17 and 18. Because the mixed complex 20 has reduced sym-
metry four signals for H-4-, H-5-, H-3- and H-6 are expected. The same compound was
obtained by Denninger and is also reported in my master thesis.[*¥l In addition Den-
ninger could confirm the formation of the mixed Ag Au complex 20 by mass spectrom-
etry. The signal at m/z 989.203765 (cald 989.204170) for the [[AgAu(vegi®")s]PFg]™
fragment is observed and also the signals for the homodinuclear complexes 17 and 18.
Based on the 'H NMR spectrum the amount of the mixed Ag-Au-NHC complex 20
at the equilibrium state is lower than that of the homodinuclear complexes 17 and
18. A ratio of 1:0.3:1 = [Ag-Ag|:[Ag-Au]:[Au-Au] immediately after the generation is
obtained. If the mixture is measured after one week under exclusion of light the ratio
of the gold complex 18 increases to 1.5 due to decomposition of the Ag complex 17

under release of Ag(0).
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Figure 37: 'H NMR spectrum (detail): tert-butyl group (signal at 1.79 ppm: ¢Bu
signal of 2a.)

87

I
= Au-Au

~
Au-Au

T T : T T T T T T T T
' 7'93 7‘92 " 7'91 7‘90 7'59 7‘88 7'87 7‘86 785I 719 7.18 717 7.16 715 714 7.13 712
Chenmical Shift (ppm) Chenmical Shift (ppm)

(a) signals:H-3/6 (b) signals:H-4/5

Figure 38: 'H NMR spectrum: detail H-3/6 and H-4/5.

The generation of complex 20 was also tried by adding AgBF, to a solution of the
gold complex 18 in acetonitrile, but only the signals for the gold complex 18 were
detected in the 'H NMR spectrum. The white suspension turned grey quickly and on
the next day a black precipitation was observed. This might be due to the more stable

Au-carbene bond and different reaction conditions.

It is possible to shift the equilibrium of the reaction to the product side (mixed complex

20) by heating the reaction mixture at 60°C overnight. The new ratio (measured at
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room temperature) is 1:0.7:1 (17:20:18). Experiments from my master thesis reveal
that the doublet at 7.88 results from a Ag-H coupling (°Jyzn = 1.5 Hz) and not from
a *Jagn coupling which had been confirmed with a '"Ag 'H-HSQC (CD3CN) experi-
ment. This explains why the doublet is next to the signal for the Au-NHC complex 18
and not next to the Ag-NHC complex 17.0114

To see whether the equilibrium is solvent dependent, dichloromethane was used as a
solvent. The synthesis routes A and B to form the mixed complex 20 were also carried
out in dichloromethane. Some unknown side products are produced in the less polar
solvent via synthesis route A and no formation of the mixed complex 20 was observed.
If synthesis route B, combining both homodinuclear complexes 17 and 18, was carried
out in CD5Cly only the signals for the homodinuclear complexes 17 and 18 were ob-

tained but no formation of complex 20 was observed.

If synthetic route B was carried out in CDyCls, the solvent removed in vacuo and then
the sample measured in CD3CN, the mixture shows the formation of the heterodin-
uclear complex 20. Also the signals for the homodinuclear complexes 17 and 18 are
obtained in a ratio of 0.7:0.3:1 = [Ag-Ag]:[Ag-Au]:[Au-Au]. This explains that most
probably a coordinating solvent like CD3CN is necessary to kinetically favor the reac-
tion. Adding several drops of acetonitrile to a solution of 17 and 18 in dichloromethane
shows the formation of the signals of 20 in between the signals of the homodinuclear
complexes 17 and 18 and a broadening of all signals. The mixed complex 20 was gen-
erated via synthesis route A in CD3CN and confirmed by 'H NMR spectroscopy. After
removal of the solvent in vacuo the residue was dissolved in pure CD5Cl; and a signal
between the signals H-4/5 of the homodinuclear complexes 17 and 18 is obtained. The

signals are not baseline separated. The signals belong to the mixed complex 20.
The in situ generation of complex 20 via synthetic route A and B in CD3CN is straight-

forward, whereas in CD5Cl, the formation of complex 20 is kinetically inhibited. The

formation of complex 20 is therefore solvent dependent.
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A solution of complex 20 (route B) in CD3CN was measured after four months partially
exposed to light. The 'H NMR spectrum shows a clear degradation of the intensity
of all signals belonging to the silver complex 17. This is due to the fact that silver(I)
is reduced to silver(0) which can be observed in the NMR tube as black precipitation.
Also each signal H-3, H-6, H-4, H-5 and tert-butyl groups of the mixed complex 20
merged into one broad signal. The exchange between the metal ions must be fast on
the NMR timescale that no splitting of the signals occurs anymore. The ESI mass
spectrum of this mixture shows the signals for the gold complex 18 and the mixed

complex 20 but no longer a signal for the silver-NHC complex 17.

Another synthetic pathway was tested to generate the heterobimetallic complex 20.
Using one equivalent of AgBF, and 0.5 equivalents of AuClSMe; should lead to the
formation of AgCl and upon addition of the Li complexes (10a and 10a-H) to the
formation of the heterobimetallic complex 20 via transmetalation. However, this reac-
tion did not lead to the formation of complex 20. In all experiments the formation of
only the Au complex 18 was observed. Therefore, the synthesis of a gold(I) precursor

without any chloride ligands was of interest (Figure 39).

1) [AUCIPPhg)] + AGNTR, — = [AuNTR,)(PPhy)] + AgCl
2vi2

2) [AUCISMep)] +  LiNTR, — > [AuNTR)(SMe)] + LiCl
ALY

Figure 39: Literature known synthesis of [Au(NTf,)(PPhs)] (top) and
[Au(NTfy)(SMez)] (bottom).

The idea was to use this chloride-free precursor and a silver(I) precursor and generate
the heterobimetallic complex 20 as a third and independent route C (Figure 40). Simi-
lar to a literature known synthesis of bis(trifluoromethanesulfonyl)amide triphenylphos-
phane gold(I) (1)1°4 experiments were carried out. Instead of commercially available
AgNTf, the lithium salt LiNTf, (bis(trifluoromethanesulfonyl)amide lithium(I)) was
used and with the addition of [AuCl(SMes)] the gold (I) precursor [Au(NTfy)(SMey)]
should be gene-
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rated. Both compounds were mixed together in dichloromethane and after filtering
off LiCl over Celite® the resulting pale colored solution was concentrated to dryness.
The elemental analysis did not indicate the formation of [Au(NTfy)(SMeg)]. The lit-
erature known synthesis (Figure 39) should be used to obtain a Au(I) source without

chloride ligands.

— —
— PINTARNIR
1.2 eq Li base tBu \( W/ fBu
- = 2. 0.5 eq AgNTF/[Au(NTf,)(SMe,)] . .
- N—N L > 1/2 Ag Au
/N\/ \/N\ CD3CN or CD,Cl,
tBu tBu Bu tBu
— \N N/
2 PFe NN—N7
\§<_>¢I
=/ 2PFg
2a 20

Figure 40: Proposed synthesis of the heterobimetallic complex 20 (route C).

5.3 Generation of the Ag-Cu complex 21

A heterodinuclear Ag-Cu-NHC complex 21 was in situ generated by metal ion exchange
combining one equivalent of the Ag-NHC complex 17 with one equivalent of Cu-NHC
complex 16 in CD3CN (route B). The ratio is 1:2:1 = [Ag-Ag]:[Ag-Cu]:[Cu-Cu] in the
'"H NMR spectrum. The same ratio was found by Denninger.®3 The mixed complex
21 was also generated by combining one equivalent of Ag NHC complex 17 with one
equivalent of CuCl in CD3CN (route A). Signals for both homodinuclear complexes 17
and 16 and also the mixed Ag-Cu NHC complex 21 appear in the 'H NMR spectrum.
Achieving the same ratio by the alternative route B confirms the assumption of the
system beeing in its equilibrium state. When I repeated route B, I obtained a ratio of

1:3:2 = [Ag-Ag]:[Ag-Cul:[Cu-Cu] but K is identical.
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[Aga(vegi®¥),]2PFg + CuCl
17

- AgCl
route A
CD4CN
N—N N—N —
N’ NN Na—"’) NN NN
tBu” \( W/ StBu Bu” \( j/ StBu B tBu/N\( W/N\tBu
route
172 Ad.  Ad + 12 ci o _— s cd

)\ _tBu CDCN gy )\ )\ _iBu
= = Ay
—/ 2PF§ —/ 2PF5 \\Q;/Fg

17 16 21
Figure 41: Synthesis of 16, 17 and 21.

In contrast to the Ag-Au complex 20 the 'H NMR spectrum of 21 reveals only a
symmetric species. The expected double set of the signals for the asymmetric complex
21 was not observed in the 'H NMR spectrum which can be explained by a fast
exchange of the metal ions. The spectroscopic data of the mixed complex 21 are
shown in Table 12. The metal ion exchange has to be fast (on the NMR timescale) so

that only three signals are observed for the mixed complex 21.

Table 12: 'H NMR data of complexes 16, 17 and 21 in CD3CN.

'H (NMR) [ppm|

H-3/6 H-4/5  tBu
Ag complex 17 7.92, 77, Yaen = 1.7 718, s 1.74; s
Cu complex 16 7.87, s 7.16,s 1.70, s
Ag-Cu complex 21 7.89, s 717, s 1.72,s

Both synthetic routes A and B form the mixed complex 21 were also carried out in
dichloromethane. The same 'H NMR spectrum with the same ratio as in acetonitrile
was obtained. Synthetic route B was carried out in acetonitrile and after removal of
the solvent and dissolving the residue in dichloromethane the same product ratio was

obtained. No solvent dependency occurred forming complex 21.

29



5 Coinage metal vegi® complexes 5.3 Generation of the Ag-Cu complex 21

The generation of the heterodinuclear gold-copper complex by the reaction of the gold
complex 18 with the copper complex 16 was also investigated. Heating the r<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>