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Foreword

This thesis covers the work done on three different topics. At first, the synthesis of a new
pyrazole bridged tetraamine ligand and its high valent molybdenum complexes was targeted.
The second topic regarded the isolation and characterization of high valent nickel and copper
(ox0) compounds supported by a macrocyclic tetracarbene ligand which was known to allow
the synthesis of a terminal iron(IV)oxo species. The last part of this thesis deals with dinuclear
Two-in-one pincer ligands and its metal complexes. The synthesis of different metal complexes

and their possible application for catalysis were investigated.

Although not related on a first glance, the projects may be put in the wide background of the
activation of small molecules and its relevance in catalysis and the understanding of enzymatic
efficiency. Mononuclear molybdenum complexes exhibit a remarkable dinitrogen activation
chemistry and SCHROCK has shown that the homogeneous catalytic fixation of dinitrogen at
ambient conditions is possible. The use of dinuclear complexes exhibiting similar coordination
geometries around the two metal ions might lead to beneficial synergisms towards the
activation of the inert nitrogen triple bond. A very similar approach is applied in the pincer
complex catalysis topic. Mononuclear pincer complexes are widely used in catalysis for the
transformation of various substrates under mild conditions. ‘Doubling’ these systems might
enable metal metal cooperativity which could be interesting for the activation of rather difficult
substrates. In this work dihydrogen, as a small molecule, was activated by a dinuclear
rhodium(I) complex to hydrogenate alkynes under mild conditions. The study of high valent
intermediates which occur during the activation of another small molecule, namely dioxygen,
should give new insights in enzymatic mechanisms and a further understanding of the

underlying chemistry.
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1 A Pyrazole-Based Tetraamine Ligand and Its Metal Complexes

1.1 Introduction

In the context of a worldwide expanding population, the optimization of the food production is
already a great topic of recent studies. Due to regional, meteorological circumstances and
political as well as environmental restraints it is not possible to enlarge the limited cultivation
area. One aspect of hight interest is the utilization of fertilizers since the availability of essential
nutrients is a limiting factor in plant cultivation. Thereby, nitrogen based, artificial fertilizers
are important, since biologically available nitrogen sources usually contain ammonium salts.
For most living species the usage of dinitrogen itself is not possible, because of the high
thermodynamic stability of the nitrogen-nitrogen triple bond. In nature, some bacteria and
archaea are able to convert dinitrogen into ammonia by using the nitrogenase enzyme
complexes. Industrial nitrogen fixation is realized on an annual multi-hundred million tons’
scale during the Haber-Bosch process where dinitrogen is reduced to ammonia over a
heterogeneous iron catalyst. The fixation of nitrogen is defined as the reduction of dinitrogen
to ammonia (Scheme 1.1).

N, +6H"+6e — 2 NHj

Scheme 1.1: General equation of nitrogen fixation.

Natural nitrogen fixation

In nature, only a few species, e.g. the bacterium azotobacter vinelandii, are able to fix dinitrogen
by using nitrogenase enzyme complexes. The need of eight electrons during the catalytic cycle
sets the nitrogenase apart from essentially all other enzymatic catalyzed redox processes. The
enzyme contains two metalloproteins as subunits (iron protein and molybdenum iron protein).
The active site contains an iron molybdenum cofactor (FeMo cofactor) and an iron sulfur cluster
(P cluster).[1l [t was found that the molybdenum iron cofactor consists of an unsual [Fe;Mo0SoX]
cluster with an interstitial light atom in the center of the iron sulfur cluster.[2-41 With increasing
resolution of the crystallographic analyses and the use of enhanced spectroscopic methods the
nature of the interstitial light atom could be resolved to be a carbon atom.[5-71 The actual
mechanism of the enzymatic reduction of dinitrogen is not fully understood,8! especially the
role of the molybdenum atom is uncertain since also vanadium iron and only iron forms of the
nitrogenase are known.[?101 Under physiological conditions, the reduction of dinitrogen to
ammonium is thermodynamically favored by having a AG value of -63.6 k]/mol when

ferredoxin is used as the reductant.[!ll Although the free energy is largely negative, the

1



1 A Pyrazole-Based Tetraamine Ligand and Its Metal Complexes

activation barrier is high and additional energy is needed for this reaction. For that reason, the
nitrogenase uses at least eight instead of the theoretically six electrons needed for the
reduction of one molecule of dinitrogen. The high number of electrons, which have to be
accumulated for one turnover, and the requirement of exact timing of the electron transfer
make this enzyme unique in nature. Aside from dinitrogen, many other substrates like carbon

dioxide (to CO) are known to be reduced by nitrogenase.[12|

Artificial nitrogen fixation

Artificial nitrogen fixation plays an important role in both academic and industrial research in
order to cover the great demand of ammonia in industry and agriculture. For more than 100
years, ammonia is produced in the heterogeneous iron catalyzed Haber-Bosch process, which
is by far the largest industrial process in the world.[3] [n 1910 MITTASCH already found by
screening of more than 3000 metal oxides the most applicable catalyst (Fe30., K20, Ca0, Al,O3
and Si0), which is still in use.[1415] Due to economic reasons, mixed iron oxide is used, although
osmium oxide results to be more active. The active species is formed by reduction of Fez0. with
dihydrogen to ferrite. The detailed mechanism of this heterogeneous reaction was intensively
studied by ERTL. For the determination of the molecular steps at the a-iron surface ERTL was

awarded the Nobel Prize in 2007.[16]

1/2 N, 172N
N @ 2(ad)
h 32 Hyg + 312 Hy(aq) Nia) * 3 Hiaa)
2
N2 N, H, HNHH
s |
NH3z(g) NH3(aq) No(ad) + Heaq) NHaq) + 2 H(aq)
H . H . -
! — < H == H__H —
A1 N N H

H
HN H

Figure 1.1: Proposed mechanism of the NH3 formation on an iron surface in the Haber-Bosch process.[16.17]

The crucial step of the mechanism was found to be the dissociative chemisorption of
dinitrogen.['¢l The sticking coefficient (probability of chemisorption) of dinitrogen is the rate
determining step and is in the order of 10-¢ and therefore relatively low.[18] The proposed
mechanism is depicted in Figure 1.1. The first step is the physisorption of N; on the active

catalyst surface. The intermediate N,.q is stabilized by K;O to enhance the dissociation
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1.1 Introduction

probability. The triple bond is broken and chemisorbed nitrides (Na.4) on the surface are
obtained. Dihydrogen is also chemisorbed and a stepwise reaction of Has atoms with the
nitrides leads to physisorbed ammonia, which then has to be desorbed. All reactions are
equilibrium reactions, which can be influenced by external parameters such as temperature or
pressure. Removing ammonia from the reaction mixture drives the reaction to the product site
and enables a continuous reaction. The main issue of this process is the production and
purification of dihydrogen. To date the dihydrogen for the Haber-Bosch process is produced by
steam reforming of methane. However, the removal of remaining methane, carbon monoxide

and other catalyst poisons such as sulfur compounds is expensive and energy consuming.

Due to these drawbacks in combination with the harsh reactions conditions of the Haber-Bosch
process, the development of new catalytic systems is highly desirable. For several decades,
chemists are searching for new approaches for the reduction of dinitrogen at ambient

conditions.

Since the first dinitrogen complex was obtained by ALLEN and SENOFF[!9l in 1965 many N
complexes with different degrees of activation of the triple bond were synthesized.[20-24]
However, only few examples in which dinitrogen was reduced in a catalytic way were reported
during the early years.[25.2¢] First catalytic systems were presented by SHILOV and co-workers in
the 1970’s and 1980’s, using different d2 and d3 metal ions, such as Mo!!l or VILI27-29] The
reactions were conducted in alkaline solutions to avoid proton reduction to dihydrogen. Under
these conditions mainly hydrazine was produced. It was assumed that the catalytically active
species is a cluster compounds, but it could not be identified conclusively. Later, SHILOV et al.
further introducted a vanadium(II) system reducing dinitrogen to ammonia.l3] However, the

reaction was non-catalytic.

The work of CUMMINS on three coordinated molybdenum amido complexes Mo(NRAr); 1
attracted a lot of attention, because it was the first reported example of the splitting of a
dinitrogen molecule by a well-defined metal complex (Scheme 1.2).3132] At low temperature
the molybdenum(III) species readily reacts with dinitrogen to form a linear N»-bridged
dinuclear complex 3. Upon warming, the N-N bond is cleaved via a ‘zigzag’ intermediate 4 and
two molecules of a terminal nitrido molybdenum (VI) complex 5 are formed.[33] So far complex
5 proved to be relatively stable and the nitride ligand could not be protonated to form ammonia.
Nevertheless, CUMMINS showed that molybdenum(III) is able to supply three electrons for the

reduction of dinitrogen.
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A
Ar
ks Ar. N/, /
N "Mo—
R /R N, (1 atm) W R RXN’MO N
o / A R
VS -35°C RO T W R { N
/ °~ “Ar N—Mo A | R
AF N / SN Ar R ‘ /
)&r Ar \ \N 1\/‘[: NOR
Ar — Mo /N
Ar/ \I\{ Ar
1 2 Ar
- - 3
Ar\ ¥
Ar. /N': /Ar
R X _Mo—N,
R N / R N7 |
) \N ]\‘/[‘"“\\N\R R/ N R
—Mo A 7 R
AT/ \N Ar R /
‘X \N ]\/‘[""\\N\R
r —Mo A
~
Ar/ 1\{ Ar
Ar
5 4

Scheme 1.2: Proposed mechanism of reductive dinitrogen splitting by a Mo(NRAr)3 1 complex.[17.33]

A milestone in the artificial nitrogen fixation at ambient conditions was reached in 2003, when
SCHROCK published the first well defined, triamidoamine based catalyst which can fixate
dinitrogen homogeneously.341 Similar to CUMMINS they used a molybdenum(Ill) nitrogen
complex 6 with sterically demanding hexaisopropylterphenyl groups (HIPT) to ensure a
protected cavity above the metal center (Scheme 1.3, left).[34 Catalytic formation of ammonia
from dinitrogen was achieved by the use of [CrCp*;] as an electron source and
[2,6-lutidinium]BAr¥, as a proton source (Scheme 1.2, right). The reductant was slowly added
over hours to a suspension of acid and 6 in heptane to decrease the amount of complex
degradation. Under these conditions an averaged TON of 7.9 (of maximum 12 equivalents NH3)
was obtained. The formed ammonia was detected by the indophenol method used for the

detection of small amounts of NHz.[35!

36 eq Cp*,Co
48 eq [2,6-lutidinium]BArf,
N, (1 atm) —29.6 2 NH;
heptane, rt

Scheme 1.3: Schematic structure of ScHRocK’s highly shielded triamido molybdenum(Ill) complex 6 (left) and
catalytic reduction of dinitrogen with 6.[3¢]

Detailed studies were undertaken to evaluate the mechanism of the reaction and several

possible intermediates could be isolated and characterized. In addition, with theoretical
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1.1 Introduction

calculations it was shown that the mechanism of the reductions is very similar to the one CHATT
proposed already in 1978.137-401 However, catalyst 6 was found to rapidly decompose due to
ligand protonation and consequently SCHROCK et al. changed the side arms to three pyrrole
moieties.*l] But changing of the electronical and sterical environment of the molybdenum
center with the introduction of three new donor sites did not lead to a catalytically active
compound. In 2010 the group of SCHROCK presented an intermediate ligand where only one of

the amido side arms was replaced by a pyrrolyl side arm (Figure 1.2).142

Mes

Ar< N/,,' (I:l

Ar. (/MO_N A
Ny,

7’

l —

N

Ar=CgFs 7

Figure 1.2: Schematic, general structure of diamidopyrrolyl MoCl complexes (left, for Ar = C¢Fs complex 7) and
thermal displacement ellipsoids (shown at 50 % probability) of the molecular structure of [(CéFs)2Pyr]MoCl 7

(right). Hydrogen atoms were omitted for clarity.[17.42]

Although being structurally very similar to the initial trisamido system, the bisamidopyrrolyl
molybdenum complexes showed not the desired enhanced activity. When the nitrido complex
(obtained by the reaction of 7 with NaN3) is reacted under the same conditions as complex 6
1.02 + 0.12 eq. of ammonia were formed. So in the range of the experimental error this system
may produce ammonia, but did not turn over. The formation of ammonia was achieved, but it

could not be released from the catalyst.[42]

In recent years many new and interesting systems for the activation and reduction of dinitrogen
were published. The focus was not only set on the direct reduction of dinitrogen to ammonia
but also other strategies were applied such as nitrogen carbon bond formation to incorporate
the nitrogen into organic scaffolds. To name just a few, the groups of NISHIBAYASHII43-48],
PETERSI[49-53], HOLLANDI54-56], SCHNEIDERI57-601 and TUCZEKI¢1-641 made a lot of effort and provided

great input and inspiration in these fields.






1.2 Objective

Inspired by the work of SCHROCK on the bisamidopyrrolyl ligand system for mononuclear
molybdenum complexes,[*2l and based on previous work in the group of MEYER,[65] the aim of
this work is the synthesis of new dinuclear transition metal complexes, especially with
molybdenum, as possible candidates for the activation of small molecules, in particular
dinitrogen. Dinuclear complexes with two metal centers in close proximity are known to show
metal metal cooperativity.[6¢] The use of 3,5-substituted pyrazoles as bridging unit with suitable
metal metal distances are established.l6”] Therefore, the synthesis of a combination of the
pyrazole bridging unit often used in the group of MEYER and the bisamido side arm of the

SCHROCK system is targeted (Figure 1.3).

Figure 1.3: Targeted pyrazole based tetraamine ligand HsLMe,

To ensure a shielded binding pocket for potential substrates, a large residue for the amido
donor site is chosen. In a next step, the synthesis of molybdenum or other metal complexes is
planned. If possible, reduction of the molybdenum(IV) complex in the presence of dinitrogen
mightlead to a dinitrogen complex (Figure 1.4). The binding properties as well as the electronic

structure of such a complex would be highly interesting.

N . N N=N_ N
/ M{ y( / MS&.  Md
- N - = - R P N
/\I\T\ Cl Cl ’N/\ /\I\T\ N, 'N;

Figure 1.4: Targeted pyrazole bridged dinuclear molybdenum complexes: dichloro Mo!V complex (left) and Mo
dinitrogen complex (right).






1.3 Ligand Synthesis

Previos workl!7l showed, that the well-established standard procedure for the synthesis of
pyrazole bridged ligand systems was not successful for side arm II (Scheme 1.4).16869 It could
be shown, that the central amine moiety in II exhibited a similar reactivity in the coupling
reaction as the aniline moieties giving rise to a mixture of different oligomers observed by ESI
mass spectrometry. Due to the large amount of amine functions in these molecules, it was

impossible to separate the desired proligand HsLMe from the side products.

N N
Ar— ~Ar
/\(Y\ Na,CO5 N /\(Y\ ~
N N
cl / Cl + ZHN\</\ Ar| —— = /
NH HN
CO Il Ar” “Ar
Ar = —§
I HSLMe

Scheme 1.4: Attempted synthesis of HsLMe which proved to be not selective due to different amine moieties in side
arm Il yielding various unseparable side products.

To increase the differences in activity a new synthetic strategy was applied. If bisamide side
arm VI (Scheme 1.5) was used for the coupling reaction followed by subsequent reduction of

the formed amide proligand VIII, the desired product HsLMe was obtained (Scheme 1.7).

Boc,0
NaOH
HO)J\/N\)J\OH 1,4-dioxane/H,0 HOJ\/N\)J\OH THF
III
D
oHo/éj\‘CorlC 0 050 4
HJVNQLH MeCN/DMF NJ\/ﬁN/&J\N
H H

VI

Scheme 1.5: Three step synthesis of bisamide side arm VI from iminodiacetic acid III.

In a first step the amine of the iminodiacetic acid IIl was protected with a tert-butyloxy carbonyl
group (Boc) under basic conditions in aqueous 1,4-dioxane. N,N-Dicyclohexylcarbodiimid
(DCC) was used to enhance the coupling of the carboxylate groups of the protected
iminodiacetic acid IV with 3,5-dimethylaniline to yield the protected side arm V in moderate
yields of approximately 50 %. Concentrated hydrochloric acid was used to deprotect the central
amine function. The deprotected bisamide amine side arm VI was purified by recrystallization

from ethanol to yield 53 % as fine, colorless needles.



1 A Pyrazole-Based Tetraamine Ligand and Its Metal Complexes

N N
Ar— ~Ar
/\(Y\ 0 Na,C03 W/\N/\(Y\N/\«

I /' 1 + 2HN _Ar 0 / 0

H /2
NH HN
CO Ar” CO “Ar
Ar= —§
VII VI VIII

Scheme 1.6: Coupling reaction of the pyrazole building block VII and the bisamide side arm VI to yield VIII.

Due to a low conversion rate when using the standard 3,5-bis(chloromethyl)-1-
tetrahydropyran-2-yl-pyrazole building block(70711 T in the coupling reaction with the side arm,
the iodo analogue VII was used instead. It was synthesized in a Finkelstein reaction by
suspending the chloro compound I with an excess of potassium iodide in acetone. The use of
the THP (tetrahydropyranyl) protected building block was needed to avoid undesired side
reactions of the pyrazole NH function. The coupling reaction was carried out according to the
standard conditions developted in the MEYER group earlier.[72] At ambient temperature the
reaction was slow, therefore the reaction mixture was heated to reflux for two days to
accelerate the coupling. To obtain the product VIII in pure form column chromatography was
tested, but resulted in low yields. It was then found that the product could be isolated in good
purity by extracting the crude product with chloroform. The insoluble salt was separated by
centrifugation. The product contained still traces of sodium iodide which could not be
separated without a dramatic decrease of the yield. Therefore, the mixture was used for the
reduction without further purification. Figure 1.5 shows the 'H NMR spectrum of VIII

displaying an asymmetric species in solution due to the THP protecting group.

Me
- Ir J . - ;o /s P
Ar CHz
NH pz pz CH: THP
| THP
M = T Y e

2.09 2.06 524 4.22 4.28 1.00 1.05 2.03 2.05 4.04 4.05 27.74 2.37 5.35 3.31 1.69
T T T T T T T T T T T T T

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0
& [ppm]

Figure 1.5: 'H NMR spectrum of compound H4LCOMe-THP VIII (CDCls, 298 K).

The reduction of the four amides as well as the purification of the final proligand HsLMe proofed
to be challenging. The reduction could be finally achieved with BH3-THF, while other reducing
agents were too weak (DIBAL or K-selectride) or led to decomposition of the compound

(LiAlHy).
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1.3 Ligand Synthesis

H H H H
N-ar Ar—N

N-ar
)]/\N/\WN/\\( 1. BH3-THF \/\N/\(Y\N/\/
0 /s 0 THF /
Otﬁ// N-N \\T¢O — = HN-N
Cj 2.2 M aq HCl
HN_ NH HN
0 Ar Ar’ “Ar
Ar =
VIII HsLMe
Scheme 1.7: Synthesis of the ligand HsLMe by reduction of compound VIII.

In addition, the amount of borane had to be sufficiently high to ensure a complete reduction of
all four amide moieties. If less than 10 equivalents of the borane were used, a mixture of
different partially reduced species was observed in the corresponding ESI mass spectra. The
reaction could be monitored by 1H NMR spectroscopy, where the amide signals around 9 ppm
vanished and a second CH; peak for the side arm arose at 2.8 ppm (Figure 1.7). The target
product IX was identified via ESI mass spectrometry by the presence of the main peak at
m/z =715.3 corresponding to the protonated ligand [HsLMe+H]* (Figure 1.6). The acidic
workup had the beneficial effect that the THP protection group is cleaved during workup.
However, the product could not be further purified after the reaction due to the five NH
functions, which made column chromatography impossible. For this reason, the workup
conditions were optimized to yield HsLMe in a reasonable purity after extraction (Figure 1.7).
The ligand was obtained in an overall yield of 40 % for all six steps. Crystalline material of HsLMe

could not be isolated.
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Figure 1.6: m/z 200-1000 range of the ESI(+)-mass spectrum of HsLMe, The insets show the experimental and
simulated isotopic distribution patterns for [HsLMe+H]*.
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Figure 1.7: 1H NMR spectrum of ligand HsLMe IX (CDCls, 298 K).

1.4 Complexation Attempts

Although it was not possible to purify the proligand HsLMe completely, the synthesis of high
valent molybdenum complexes was investigated. The assumed general coordination behavior
for the fully deprotonated ligand HsLMe is depicted in Scheme 1.8. From earlier studies on
similar but less bulky tetraamine ligands it was known that the state of deprotonation is crucial
on the formation of one single product.[6569 In addition, the coordination of all four side arms
to the two metal centers proved to be difficult. To ensure a complete deprotonation of all five
NH moieties (the pyrazole one and the four on the side arms) strong bases such as potassium
hexamethyldisilazide (KHMDS) and potassium tert-butoxide (KO‘Bu) were applied although
structurally similar triamidoamine complexes of early transition metals can by synthesized
with the use of the weaker base triethylamine.[”374] These complexes are known to be very

sensitive towards fast decomposition, therefore strictly anaerobic conditions are mandatory.

HSLME
2 eq. MCl3L; 2 eq. MCl4L,
5 eq. base 5 eq. base
Ary IAr Arg IAr
N N N N
< /‘—(@—'\ > < /‘—@—'\ >
N N=N N N N=N N
/Ml SMIHITN OV MY N
LN 2 S 207N Lk
N N~ N N~
Ar Ar Ar Ar
A B

Scheme 1.8: Assumed coordination behavior of HsLMe towards high valent early transition metals with different
oxidations states: Type A for Ml and type B for MV metal centers.

12



1.4 Complexation Attempts

Metal chloride precursors were chosen, because it was shown that in related tripodal amido
complexes an axial chloride could be substituted by more reactive alkyl, alkynyl or hydride
ligands.[75-78] Two possible coordination motives are shown in Scheme 1.8. Type A represents
a neutral complex for metals in the oxidation state of +III with a trigonal bipyramidal
coordination environment, which is often found for triamidoamine complexes.[79-811 The
distance between the two metals should be short enough to enable a bridging chloride ligand
in the binding pocket. For metals in the oxidation state +IV type B displays a potential
coordination geometry with two additional chlorides filling the octahedral coordination sphere

of the metal ions.

HsLMe was added to a suspension of MoCls(thf); in THF followed by the addition of either
triethylamine or KHMDS. In both cases dark brown, almost black solutions were obtained
which were analyzed by inert ESI mass spectrometry. Depending on the conditions of the
reaction (reaction time, solvent, concentration, added counterions) in most samples only peaks
related to the free ligand were found (m/z = 715.3 [HsLMe+H]* or its adducts with Li*, Na+* or
THF+H+). In a few cases molybdenum species were observed, showing a characteristic isotopic
distribution patterns. One of those spectra is depicted in Figure 1.8 and exhibits, aside the
ligand peak with the highest intensity among the signals from the sample, at least four peaks
with isotopic distribution patterns typical for Mo,LMeCl,0y compounds. Unfortunately, none of
these peaks could be assigned to a chemically reasonable species. Crystallization attempts were
unsuccessful. Similar results were obtained for complexation reactions with MoClz(thf)sz as

metal precursor.
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Figure 1.8: ESI(+) mass spectrum of the reaction mixture of a reaction between HsLMe, MoCl4(thf)2, KHMDS and
NaOTf. Left: range of m/z 600-1400 showing the free ligand (m/z = 715) as the peak with the highest intensity.
Right: range of m/z 980-1180 showing the isotopic distribution patterns of the found Moz species in detail.

The amount of free ligand in the products of these experiments could not be decreased by using
an excess of metal precursor, even if the crude products were washed with toluene to remove
unreacted ligand before the measurement. Because of that it was assumed that the free ligand

is generated during the measurement of the ESI-MS spectra indicating a rather weak binding
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1 A Pyrazole-Based Tetraamine Ligand and Its Metal Complexes

to the metal centers. It was not possible to obtain reasonably good NMR spectra of those
reaction mixtures. The spectra exhibited broad signals and in total less resonances as expected.
Nonetheless, diffusion ordered spectroscopy (DOSY) experiments were performed and a
mixture of several species with different diffusion coefficients was found (Figure 1.9). The
results were ambiguous, since compounds of a certain diffusion coefficient were found to have
cross peaks with the aliphatic region of the proton NMR spectrum but none with the aromatic

region. Thus, a decomposition of the ligand could not be excluded.
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Figure 1.9: DOSY NMR spectrum (CDCls, 298 K) of the crude product of a reaction between HsLMe, MoCls(thf)2 and
nBulLi in THF.

The formation of molybdenum complexes of HsLMe seemed to be in principle possible, although
major drawbacks were faced. For stability reasons the metal precursors were changed to
MoN(OtBu)382] and to [MoN(Cl)3(MeCN)]4/83], with molybdenum in the oxidation state +VI.
Further, the diamagnetism of these compounds enables the use of NMR spectroscopy as an
additional analytical method. HsLMe and KHMDS were combined with [MoN(Cl)3(MeCN)]4in
THF, which resulted in a dark brown solution in which free ligand and mainly one species with
a molybdenum isotopic distribution pattern were identified by ESI mass spectrometry (Figure
1.10, left). Although the peak at m/z = 1107.5 could not be assigned in a reasonable fashion,
fragmentation of this peak with MS-MS techniques gave rise to one major peak with a mass to
charge ratio of 930.4 (Figure 1.10, right). This isotopic distribution pattern might be well
simulated with [(MoN),LMe]+, the desired cation of the dinitrido molybdenum(VI) complex. The
mass difference between the fragmentation product and the small peak at m/z=1107.5 could

not be explained.
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Figure 1.10: m/z 600-1200 range of the ESI(+)-MS spectrum of a reaction between HsLMe, [MoN(Cl)3(MeCN)]4, and
KHMDS (left) and the spectrum after fragmentation of the peak at m/z = 1107.5 marked with an asterisk (right).
The insets show the experimental and simulated isotopic distribution patterns for [(MoN)zLMe]+.

Comparison of the ATR-IR spectra of the crude reaction product with those of the starting
materials revealed the disappearance of the acetonitrile bands of the precursor around
2300 cm?! (Figure 1.11). In the reaction mixture bands of the ligand between 3000 cm! and
2800 cm! were found. In the precursor the molybdenum-nitrogen virbration was found to
appear at 1038 cm-L. Due to the presence of ligand bands in that region it remained uncertain
whether a MoN vibration band was present in the crude product. However, it was not possible

to isolate the unknown compound for further characterization by NMR spectroscopy.
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Figure 1.11: ATR-IR spectrum of the reaction product of a reaction between [MoNCl3(MeCN)]4, HsLMe and KHMDS
in THF (top). To compare the spectra of HsLMe (middle) and the [MoNCl3(MeCN)]4 (bottom).
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1 A Pyrazole-Based Tetraamine Ligand and Its Metal Complexes

When MoN(0‘Bu); was used as a metal source, one equivalent of acid had to be added to
neutralize the sixth tert-butoxide, which was not needed for the deprotonation of the ligand.
Upon addition of the metal salt to a solution of the ligand in THF, a color change from almost
colorless to dark blue was observed immediately. Then one equivalent of ammonium chloride
was added. An ESI-MS spectrum showed again the free ligand as one of the major species. Thus
just one peak with an isotopic distribution pattern, which is typical for molybdenum, was
observed at m/z = 1040.4 (Figure 1.12). A simulation of [(MoN),H4LMeCl3]* fitted well to the
measured isotopic distribution pattern. Nevertheless, the ligand would have been only

deprotonated once.
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Figure 1.12: m/z 600-1400 range of the ESI(+)-MS spectrum of the reaction mixture of a reaction between HsLMe,
MoN(0tBu)s and NH4CL

So either the formed complex was very labile towards protonation and readily picked up four
protons during the ionization process, or in the reaction the ligand was not deprotonated
completely. Despite numerous attempts it was not possible to obtain any product of these
reaction in single crystalline form. Hence, it was not possible to get cleaner material to gain

structural insight.

Next the scope of the used metal ions was extended to other high valent transition metals such
as tungsten, titanium and zirconium. Chloride salts (WCls(dme), ZrCls(thf),, VCI3(thf)3) as well
as tetramido precursors (Ti(NMez)s, Zr(NEtz)s) were tested. Again the identification and
isolation of a single product failed. Peaks of possibly metal containing species could not be
assigned in a chemically reasonable sense in recorded ESI-MS spectra. One exception was the

reaction of the ligand HsLMe with Ti(NMe;)4 in THF: in an ESI-MS spectrum of the dark orange
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1.4 Complexation Attempts

reaction mixture at least one titanium containing species was assumed together with two peaks
of similar intensity related to HsLMe (m/z = 715.6 and 721.6). The peak at m/z = 826.7 was in
good agreement with the simulated isotopic distribution pattern of [Ti(NMe;)H,LMe+Na]*
(Figure 1.13). If the assignment was correct it showed that in this compound only one metal
was incorporated in the ligand cavity. The pyrazole would be deprotonated while two of the
four side arms remain protonated. Since no dinuclear titanium species were assigned, it was
tried to react HsLMe with an excess of Ti(NMe;)4 leading to an ESI-MS spectrum with even more
unidentified peaks. In general, titanium(IV) complexes are known to be reactive compounds,

which might degenerate the ligand itself.[8485]
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Figure 1.13: m/z 500-1100 range of the ESI(+)-MS spectrum of the reaction mixture of a reaction between HsLMe,
Ti(NMez2)4 and NHsPFs. The insets show the experimental and simulated isotopic distribution patterns for
[Ti(NMez)HzLMe+Na]*.

Since the complete deprotonation of all four amine side arms seemed to be challenging
although metals ions were present, the synthesis of tetraamine complexes of HsLMe was

attempted (Figure 1.14). For this purpose, divalent 3d transitions metals were chosen.
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Figure 1.14: a) Targeted tetramine complex with divalent 3d transition metals. b) Possible reaction products: if the
ligand is not deprotonated at all (left) and if one side arm is not bound to the metal center (right).
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1 A Pyrazole-Based Tetraamine Ligand and Its Metal Complexes

NiCl:6H20, CuCl>-2H,0, MnCl; and Zn(OAc)2:2H,0 were investigated as metal salts using
triethylamine as a base. The reaction mixtures were filtered and the crude product was
thoroughly washed with ether to remove remaining free ligand. However, in the resulting
ESI-MS spectra the ligand HsLMe was found as the dominant species except from the nickel
chloride attempt. Here, peaks were found which contained nickel ions due to the isotopic
distribution patterns and no ligand related peaks were observed. The ESI-MS spectrum
features multiple peaks having the typical Niz isotopic distribution pattern. Selected assigned
peaks are depicted in Table 1.1. The exact m/z ratios are different for the simulated and found
isotopic distribution pattern, since it was not an HR-MS measurement and additionally the
oxidation states of the nickel atoms remained uncertain, since the total charges of the simulated
complexes are not in agreement with two Ni2* ions. [t was shown before that in those systems
several different constitutions of metal complexes are possible.[69 And since the base was used
in an excess, also different states of deprotonation probably occur resulting in even more
possible products making the isolation and crystallization of a single, clean product almost
impossible. Indeed, neither crystals nor a cleaner product after precipitation in the

crystallization attempt were obtained.

Table 1.1: Comparison of selected peaks of a crude product ESI-MS spectrum after a reaction between HsLMe,
NiClz-6H20 and NEt3 in THF with possible simulated species.

entry fourrlg /rznass irilzlsuslirtl;j simulated formula potential complex
1 977.4 977.3 Ca6Hs9F3NgNi203S [Niz(H.LMe)(OTS)]*
2 1017.5 1017.3 C48He1F3N9gNi203S [Niz(HLMe)(OTf)(MeCN)]+
3 1031.5 1031.3 Ca6HesF3NgNi206S [Niz(HzLMe)(OTf)(H20)3]*
4 1089.6 1089.4 Cs2HeoF3N9gNi204S  [Niz(HLMe)(OTf)(MeCN)(thf)]*
5 1103.6 1103.4 CsoH73F3NgNi207S  [Niz(H2LMe)(OTH)(thf)(H20)3]*
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1.5 Summary

A new synthetic strategy was developed to avoid the formation of oligomers in the synthesis of
HsLMe, Eventually it was possible to synthesize the desired ligand HsLMe (IX) in acceptable
purity by using a bisamide side arm (VI), which leads to a tetraamide ligand precursor. In the
last step, this compound VIII was reduced with an excess of borane and deprotected during the
acidic work up. The compound could be identified with NMR spectroscopy as well as by ESI

mass spectrometry. A solid state structure of HsLMe could not be obtained.

In conclusion, the synthesis of metal complexes of the new ligand HsLMe was not achieved.
Different strategies were applied to synthesize metal complexes of this ligand with high valent
transition metals but also with divalent late transition metals. However, all attempts to isolate
a single species proved to be unsuccessful. Furthermore, in the majority of these reactions it
was not clear, if stable complexes were formed during the synthesis. Instead of the expected
complex related signals, peaks with high intensity related to the ligand were found in ESI-MS
measurements. From the results above two major problems were faced: Firstly, the selective
deprotonation of the ligand and secondly the stability of the potentially formed complexes. If
the ligand would not be deprotonated completely a variety of different products are concevable.
The stability of the formed complexes might be rather low due to steric interactions of the
relatively bulky 3,5-dimethylphenyl substituents at the amine/amide donor sites in the side
arms. In addition, four aryl groups should be beneficial for crystallization issues, but this

seemed to be not true for these systems.[¢5!]
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2 Macrocyclic Tetracarbene Ligands for High Valent Metal Complexes

2.1 Introduction

High valent metal compounds, especially metal oxo species, are often known as reactive
intermediates in enzyme cofactors. The oxygenation of unactivated C-H bonds (by insertion of
an oxygen atom) is of high importance in nature.86871 A lot of different classes of enzymes are
expected to use high valent metal species for the transformation of a broad substrate scope. To
name just a few examples the cytochrome P450 oxygenases (CYPs)8889], soluble methane
monooxygenase (SMMOQ)[90.91], particular methane monooxygenase (pMMO)[92l and superoxide
dimutases (SODs)93] are mentioned. The synthesis and characterization of structural and/or
functional model complexes for these active centers already provided a lot of insights, which
helped to understand the basic chemistry behind these complex systems. But still many

mechanisms remain uncertain or even unknown.

Nickel atoms were not found in metalloproteins as often as iron or copper, but some of them
show fascinating and rather unusual coordination environments, stabilizing high valent
nickel(IlI) species featuring extraordinary reactivity. For example, the bifunctional enzyme
nickel carbon monoxide dehydrogenase/acetyl-cofactor A (CoA) synthase (CODH/ACS)
catalyzes in total the acetylation of CoA.[9 Thereby the CODH part mediates the reversible
reaction of carbon monoxide and water to carbon dioxide, protons and electrons, which is
somehow the biological equivalent to the water gas shift reaction (WGSR).[941 The cytotoxic
carbon monoxide from this equilibrium is used in the production of acetyl-CoA. Both enzymes
contain a dinuclear nickel species in the active site.[959] For the acetyl-CoA synthase two
possible mechanisms are discussed: One mechanism contains a Ni!INi¢ cycle, whereas the other

proceeds via Nill and Ni! intermediates.[96.97]
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Scheme 2.1: Proposed mechanism for the acetyl-cofactor A (CoA) synthase including high valent nickel(III)
intermediate which is generated by nucleophilic attack of a nickel(I) species on a CFeSP.[94]
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In the latter case shown in Scheme 2.1, CO coordinates to a Ni! species, which afterwards
performs a nucleophilic attack on a methylated corrinoid iron sulfur protein (CFeSP) to
generate a Nilll methyl species, which is then rapidly reduced to a Nil! methyl compound. Either
a methyl migration or a CO insertion yields a Ni!l acetyl species, which can be attacked by a
deprotonated CoA- molecule. Acetyl-CoA is formed by reductive elimination in order to reform

the starting Ni! complex.[94]

A high valent organometallic nickel species is discussed to take part in the methane formation
reaction catalyzed by the F430 cofactor of the methyl coenzyme M reductase (the proposed Ni!ll
methyl porphinoid species is shown in Figure 2.1, 8).19%991 Nickel superoxide dismutase
catalyzes the disproportionation of superoxide radicals to hydrogen peroxide and molecular
oxygen and thus protects cells from oxidative damage.[93100] After addition of the substrate, a
nickel(III) center is square pyramidally five-coordinated by the N»S, donor set and an axial
imidazole of a histidine stabilizes the high oxidation state (Figure 2.1, 9). A third enzyme is the
[NiFe] hydrogenase being responsible for the generation of protons from the cleavage of
dihydrogen.[101.102] The mechanism proceeds via a heterolytic splitting of dihydrogen producing
anickel(IlI) species with a bridging hydride (Figure 2.1, 10). The cycle is closed with the release
of another proton and electron so that in total dihydrogen is split into two protons and two

electrons.
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Figure 2.1: Proposed high valent nickel cofactors from methyl coenzyme M reductase (F430) 8, nickel superoxide
dismutase (NiSOD) 9 and [NiFe] hydrogenase 10.

Nickel complexes are also used for catalysis in which nickel(Ill) species are discussed as
intermediates.[103-105] The mechanistic aspects of these reactions are less well understood
compared to the well-established palladium analogues.[106-109] [n the case of nickel catalysis not
only MOM!! oxidative addition/reductive elimination cycles are assumed to take part, but also
NiINill cycles or radical species may be involved.[110111] Thus, a general mechanism for nickel

catalyzed coupling reactions remains elusive.
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2.1 Introduction

Since the understanding of mechanistic aspects of both nature’s enzymatic reactions and
organometallic catalysis is of great interest for research, high valent nickel(Il) model
complexes have been prepared. First examples were already presented back in the 1960s, when
e.g. macrocyclic tetraaza (cyclam type) ligands were used.['2] More recently, nickel(IIl)
complexes with a phospasalen ligand or organometallic aryl or alkyl ligands were reported
(Figure 2.2, 11).[113-116] The group of HILLHOUSE reported that high valent nickel ions can be
coordinated by a carbene ligand (Figure 2.2, 12).117] This was the first and only example in

literature for the stabilization of Nilll by a carbene.

+
Ph,P= N _N=PPh, >7 l
)
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12

Figure 2.2: Selected examples for high valent nickel(III) complexes: phosphasalen Ni!ll complex 11 and the only
example of a carbene supported nickel(III) complex 12.

Although nickel(III) aryl or alkyl species are discussed in catalytic cycles of nickel mediated
coupling reactions, the synthesis of compounds with relevant reactivity remained unknown
until 2014. MIRICA et al. demonstrated 2014 that the halide aryl nickel(IlI) complex 13 can
undergo a transmetallation reaction with a Grignard reagent. Subsequent reductive elimination
from the nickel(1II) alkyl aryl species 14 yielding the C-C coupled product was observed after
warming to ambient temperature (Scheme 2.2).[118] The produced nickel(I) species was not

found due to disproportionation into Ni® and Nill.
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Scheme 2.2: Reductive elimination from a nickel(III) aryl alkyl complex 14.[118]

Copper containing cofactors are often found in enzymes relevant for dioxygen transport such
as hemocyaninel119.120] or for the activation of substrates in, e.g., different oxidoreductases like
tyrosinase or cytochrome-c-oxidase.['21] I[n general, copper proteins are classified into different
types of proteins due to their spectroscopic and structural features,['22] and most often they are
using the Cu!/Cu!' redox couple. For example in the case of the activation of dioxygen
mononuclear active copper(I) sites donate one electron to 02 which results in an end-on bound
superoxo species!23], while dinuclear copper sites can bind dioxygen in a peroxo or bis-u-oxo

fashionl124125] transferring several electrons to dioxygen. Aside the above mentioned binding
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motives there are other binding modes that have been found in model systems and structurally
characterized.[92126-128] High valent copper species in nature remain uncharacterized to date.
Nevertheless, for the particular methane monooxygenase (pMMO) a copper(Ill) intermediate
is supposed to be part of the catalytic cycle.[129130] This protein is found in methanotrophic
bacteria, which uses methane as the only source of carbon and energy. The active center 15 of
this protein consist of two different binding sites for the two copper ions[!31l: one featuring two
histidine ligands while the second copper ion is bound by a primary amine and one histidine
residue (Figure 2.3). As the only known example, the active species of the pMMO is proposed
to contain either a dicopper(IlI) bis(u-oxido), a dicopper(Ill) u-oxido core or a dicopper(II)-
u-peroxido species.[125132] This high valent compound is able to oxidize the very strong C-H
bond (104 kcal/mol) of methane to methanol.2] From calculations it was assumed that a
Cu!Cul! species, rather than a Cu!'Cu! species, is oxidized by dioxygen resulting in an active
CullCulll species for oxidation reactions, since the reorganization energy was lower for the
mixed valent compound.[133] However recently presented model complexes by STACK rather
indicate the potential presence of the dicopper(IIl) bis(u-oxido) core in the active site of the

pMMO.[134]
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Figure 2.3: Proposed active center of the pMMO featuring a dicopper(III) bis(u-oxido) core.[!31]

Since copper(lll) intermediates also of high interest in catalysis,[!35] many copper(IlI)
complexes have been reported. These literature known complexes are mostly supported by a
variety of classical N, O or S donor ligands varying from aminel36l or amidel137 to salen typel138l
or N;S,[139.140] donor sets. All complexes featured a square planar coordination geometry with
Cu'-ions in the low spin ground state. The redox potentials proved to be highly dependent on
the supporting ligand and the used solvent.[!40.141] [n C-H activation and related coupling
reactions organometallic copper(IIl) complexes are proposed as intermediates in the catalytic
cycles.[142-146] However, well-defined organometallic Cul! complexes as well as reactivity studies
on such systems are rarely known. In Figure 2.4 examples of few structurally characterized
copper(IlI) complexes are shown. Complex 16 was one of the first reported organometallic
copper compounds.['471 Complex 17 showed an interesting switch between a diamagnetic and
a paramagnetic ground state upon addition of a second chloride ion.['48] Macrocyclic ligands
such as doubly N-confused porphyrins or triazamacrocyles are represented for example by 18

and 19, respectively.[132.149,150]
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Figure 2.4: Examples of well-defined organometallic copper(Ill) complexes.[147-150]

In order to use base metals for catalytic transformations, copper is used for coupling reactions
and copper(IlI) species are assumed to be part of catalytic cycles of such reactions.[151.152] The
reversible oxidative addition of aryl halides is believed to be the key step in the catalytic cycle
of copper mediated coupling reactions. The two electron process features a switch between Cu!
and Culll species. The direct observation of such a step was reported in 2010 by the group of
STAHLI'S3] based on a macrocyclic ligand system, which was earlier shown to stabilize Cu!!!
complexes (Figure 2.4 19).[150] The reaction of the ligand with a Cull salt led to a
disproportionation into equimolar amounts of Cu! and Cul! complexes. It was shown that halide
copper(Ill) complex 20 can undergo acid triggered reductive elimination yielding the aryl
halide 21 and a copper(I) species.[153] Upon addition of base this reaction is reversible. It was
also shown that addition of a nitrogen nucleophile to this Cu complex led to C-N bond
formation with the release of a Cu! complex.['54] In this example the revesible reductive
elimination included the ligand of the copper ion revealing the need for further studies on the

essential step of copper catalyzed coupling reactions.
Br oy [* H_| *
'\l\f HOTf, MeCN
CuH/I + [Cu!(MeCN),]OTf
-
Y N H™ N
oS

20 NMe, 21
NMeZ

Scheme 2.3: Reversible reductiv elimination of an aryl halide from a copper(IIl) compound.[?53]

Carbenes, in particular N-heterocyclic carbenes (NHCs), are widely used as ligands in
catalysis.[155-159] Since the discovery of the first metal carbene complexes by WANZLICK and
OFELE and the isolation of the first free carbene by ARDUENGO the applications of this class of
ligands expanded to almost all aspects of organometallic chemistry and catalysis.[160-162] NHCs
offer a high complex stability, a broad range of different functional groups to tune e.g. steric
environment around a metal center, and easy synthetic access. Imidazolium, imidazoline or

triazole scaffolds are commonly used to synthesize metal carbene compounds. Synthetic
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2 Macrocyclic Tetracarbene Ligands for High Valent Metal Complexes

strategies include deprotonation in presence of a metal ion, the transmetallation of silver or
coppers complexes, direct reaction of imidazolium salts with elemental metals or the oxidative

addition of imidazolium salts to low valent metal complexes.[163-165]

Carbene ligands are usually regarded as two electron donors exhibiting strong o-donor
character and rather weak m-acceptor properties.['59 In singlet carbenes these electrons are
located both in the o-orbital of the sp2 hybridized carbon while in triplet carbenes they singly
occupy the o-orbital and the m-orbital. Due to steric and electronic effects NHCs are only known
as singlet carbenes.[1¢5] A metal-carbene bond can be seen as the sum of three interactions,
namely a NHC — metal ¢ donation, metal - NHC ©* backdonation and NHC — metal
donation.[16¢] Similar to phosphines and cyclopentadienyls at a first glance, the electronic
structures and steric demands of NHCs are distinct from these of other powerful classes of
ligands in organometallic chemistry. Changing substituents of e.g. phosphine ligands not only
changes the steric parameters, but also affects the electronic structure of the ligand.[167] An
independent tuning of this two factors is hardly possible. In contrast to that, the substituents
on the NHC periphery have only minor influence on the electronic structure, hence a fine tuning
of the size of an open binding site is possible without changing the electronic properties of the
ligand too much. To change the electronic structure in a NHC ligand, the central heterocycle
can be modified e.g. by the use of benzimidazole, imidazoline or triazole instead of an imidazole
ring. Also the steric influence is different. While the substituents of phosphines are pointing
away from the metal center, they are classified mainly by their cone angles (Tolman
parameter).[168169 [n NHC complexes the substituents on the heteroatoms are located much
closer to the coordination sphere of the metal and have therefore a more crucial influence on

the catalytic activity.[15]

Using chelating NHC ligands is one way of increasing the stability of the corresponding metal
complexes. Thus many bidentatel164170-173] tridentatel174-1791 and tetradentatel!80-185] ligand
scaffolds were developed and used for the synthesis of transition metal complexes (selected

examples of these ligand scaffolds X - XIII are depicted in Figure 2.5).

tBu PR
( N/§ B 5@ @N N@
= @> 3¢ N fBu Y Y
N N
7§ )\\ N\_gzé @ @\\N\_/N@
X XI Y=CH, XII(OTf),

BMe, XII(Br);

Figure 2.5: Selected examples of bidentate (X), tridentate (XI) and macrocyclic tetradentate (XII and XIII) NHC
ligands.[173,175,184,185]
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2.1 Introduction

The macrocyclic tetracarbene XII was found to be a suitable ligand for the isolation of an
terminal iron(IV) oxo complex 23 (Scheme 2.4).[186] Upon addition of 2-(tert-butylsulfonyl)-
iodosobenzene XIV (sPhIO) at low temperature to iron(II) complex 22 in MeCN the green
iron(IV) oxo species 23 was formed. At higher temperatures it decomposed to form a dimeric
iron(II) pu-oxo compound 24. This was also the product of the reaction of 22 with dioxygen.
23 was reformed by addition of sPhIO to the ferric dimer. Complex 23 proved to be quite stable
at low temperatures in contrast to other reported non-heme iron oxo complexes.[187] This was
also represented in the low reactivity of 23. Several substrates were tested, however only the
hydrogen abstraction in 1,4-cyclohexadiene and 9,10-dihydroanthracene XV (DHA) was
successful.[188] By treating 23 with an excess of sPhIO and DHA approximately six turnovers
after 3 h at 25 °C were observed. The chemistry of iron nitric oxide, nitrido and disulfido
complexes was thoroughly investigated by the group of MEYER.[189-192] The octaphenyl
derivative of the iron(Il) complex was used for the catalytic aziridation of various

alkenes.[193,194]
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Scheme 2.4: Overview of the synthesis and reactivity of tetracarbene supported iron(IV) oxo complex 23.[188]
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2.2 Objective

The isolation and characterization of 23 was the first example of an terminal iron(IV) oxo
complex, which was not supported by nitrogen donor ligands but by strong o-donor carbene
ligands.[186] [t showed a remarkable stability for such reactive compounds. Therefore, the
tetracarbene ligand system was thought to be suitable for the stabilization of other high valent
metal species such as copper(IlI), nickel(IlI) and manganese in different oxidation states. In
addition, the strong m-backbonding ability of the tetracarbene ligands might enable a break
through of the “oxo-wall” by lowering the substantial destabilization of the degenerated dx, and
dy, orbitals (this destabilization is caused by m-bonding of the metal and the oxo ligand).[195]
Starting from the M! precursors, new complexes of higher oxidation states were planned to be
synthesized using different oxidation-, oxygenation- and nitride transfer agents (Figure 2.6).
These high valent metal complexes should be investigated by various spectroscopic methods
to gain insights into their electronic structures. The comparison of the electronic and structural
parameters of these organometallic metal complexes can lead to a deeper understanding of
bioinorganic reactions. In addition, reactive intermediates in catalysis can be investigated.
(ﬁ:\ /:é — (ﬁ\’N\ | /:% M = Ni, Cu, Mn
N~( \’ N% \——N X=0,0R,N,NR,NRy, F

SNEN2 NN 2

Figure 2.6: Possible structure of the attempted high valent metal complexes of a tetracarbene ligand.

Furthermore, the ligand system should be extended to enhance the solubility of the complexes
and to investigate the influences of the backbone substitution on the electronic structure of the
metal sites (Figure 2.7). The backbone protons of the imidazolium rings may be replaced by
methyl groups. Also the size of the cavity of the macrocycle should be decreased by using

shorter linkers between the imidazoles (CH: instead of CH>CH>).
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Figure 2.7: Modification of the tetracarbene ligand system by changing the size of the macrocycle and the backbone
substituents.[182.185,196]
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2.3 Ligand Synthesis

The macrocyclic tetracarbene ligand scaffolds H4L1(OTf)4 XII and H4L3(PFs)4 XXII with protons
in the imidazole backbone were synthesized according to optimized literature procedures from
a bis-imidazole precursor (Scheme 2.5).[182184] The new octamethyl analogues H4L2(OTf)4 XXI
and H4L4(PF¢)s XXIII were synthesized by using the same conditions. For the 18 membered
rings (H4L1(OTf)4 and H4L2(OTf)4) bis-imidazoles XIX or XX were reacted with ethan-1,2-diyl-
bis-(trifluormethanesulfonate) XVI in diluted MeCN solutions. The isolated yields were found
to increase from 15% to more than 24%, when diluted XVI was added to a more concentrated
solution of the bis-imidazole in MeCN (instead of adding pure XVI to a diluted solution of XIX
as descripted by JENKINSI[!84]). For H4L2(OTf)4 the yield was even higher (33 %).

¢ e
(©)
O~ oTt N) (0T R=H (24 %)H4sL1(OTf)4
/ FN 4 Me (33 %) HqL2(OTf)s
MeCN N@ R
reflux, 2 d /S/ \8\

Z

@\WFU

@N
@
\8@1\1 N
m ) (pEg, REH (71 %) HAL(PFo),

0 4
- reflux, 12 h Me (31 %) HaL*(PFe)4

Me R@NVN

R

N
m/i/z

Scheme 2.5: Synthetic routes to macrocyclic tetracarbene ligand precursors XII, XXI, XXII and XXIII.[182184]

A salt metathesis of the triflate compound XII was performed by adding tetra-n-
butylammonium chloride to a solution of XII in a mixture of MeCN and DMSO (Scheme 2.6).
The resulting white precipitate was filtered off and washed with DCM to remove tetra-n-
butylammonium triflate. The reaction was quantitative and XXIV was found to be only soluble
in water. For the octamethyl derivative XXI analogous salt metatheses did not lead to the
desired products since always mixtures of different counterions were found. This might be due
to a different solubility of XXI.
nBuyNCI
H,L(OTf), -  H,LY(CD,

MeCN/DMSO
XII XXIV

Scheme 2.6: Synthesis of H4L1(Cl)4 XXIV.
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2 Macrocyclic Tetracarbene Ligands for High Valent Metal Complexes

The smaller, 16 membered ring H4L3(PFe)4 and the new methylated analogue H4L*(PFs)s were
synthesized by a template assisted ring closing reaction in dibromomethane according to a

literature-known procedure.[182]

The formation of imidazolium salts was assumed by the appearance of characteristic signals of
the C-2 position in the down field region of 1H NMR spectra (Table 2.1). In comparison to
H4L1(OTf)4 this signal was shifted to higher field in the octamethyl derivative H4L2(OTf)4
representing a higher electron density in the imidazolium units due to the +M effect of the
methyl groups. This effect was not found for the smaller rings, where the shift of the octamethyl
derivative H4L4(PF¢)4 is essentially the same as for H4L3(PF¢)s. The resonances of the larger
rings (H4L1(OTf)4 and H4L2(OTf)4) showed a smaller shifts compared to the 16 membered ring
analogues H4L3(PFs)4 and HsL4(PF¢)4. This trend was also found for the methylene bridges. As

expected, no influence of the backbone substitution for the CH; groups was observed.

Table 2.1: 1H NMR shifts of the imidazolium 2-H and CHz protons of ligand precursors XII, XXI, XXII and XXIII in
DMSO-de at 298 K.

ring size 18 membered 16 membered
R H Me H Me
ligand H4L1(OTf), XII H4L2(0Tf)4 XXI H4L3(PF¢)s XXIIT  H4L#(PFs)4 XXIII
2-H [ppm] 9.00 8.77 9.80 9.85
CHz [ppm] 6.51 6.50 6.79 6.81

Colorless crystals of XXI were obtained by slow evaporation of a MeCN solution. The
crystallographic data was not sufficiently good for a complete resolution of the molecular
structure (too many unresolved and disordered solvent molecules), but the formation of the

macrocyclic ring structure could be proven (Figure 2.8).

Figure 2.8: Stick-and-ball representation of the molecular structure of XXI in two orientations. Triflate counterions,
hydrogen atoms and solvent molecules were omitted for clarity.

In all reactions also the formation of a cyclic bis-imidazolium compound (XXV and XXVI) as

side product was observed by H NMR spectroscopy, that could not be separated from the
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2.4 Complex Synthesis

target molecule.[180.197] This side product did not effect the reaction of different metal ions in

complexation attempts with the macrocyclic ligands.

R R _|2+

R N
NG) @\1 (0702 Me XXVI
]

Scheme 2.7: Side products XXV and XXVI which occurred in the ring closing reaction.

2.4 Complex Synthesis

To synthesize the desired third row transition metal complexes of the macrocyclic tetracarbene
ligand scaffold, mainly two strategies were applied. For the direct route the imidazolium salts
were combined with four equivalents of a suitable base and one equivalent of a metal salt. The
disadvantage of this reaction pathway is the simultaneous formation of two equivalents of
triflate salt, which are well soluble and difficult to separate from the complex. Additionally, the
transmetallation route via silver(I) complexes with subsequent transmetallation was applied.
Therefore, the ligand precursors were reacted with silver oxide, yielding tetrameric silver
carbene complexes, which were then used for transmetallation reactions with the
corresponding metal halide salts. A practical issue in these reactions was the complete

separation of the formed silver halide as an insoluble salt.

2.4.1 Silver Complexes

In order to follow the transmetallation route, ligand precursors Hs4L1(OTf)s, HaL2(OTf)s,
H4L3(PF¢)s and H4L*(PF¢)s were used to synthesize tetranuclear silver(I) complexes 25 - 28
with the general formula [Ags(Lx)2](X)s (Scheme 2.8). As already observed by KLAWITTER, the
use of silver triflate and triethylamine as reported by JENKINS led not to the formation of the
targeted complexes.[163.192] [n consequence, silver oxide, was reacted with the tetraimidazolium
salts in MeCN at elevated temperatures. Important to note, it was found that above an oil bath
temperature of 70 °C no silver complexes were observed due to decomposition of the formed
products. Remaining Ag,O was removed by filtration and the desired products were
precipitated with Et,0. The structure of the tetrameric compounds is assumed to be analogous

to the reported silver complex of the octaphenyl ligand.[163]
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R RR R _I(X)4
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XXII  MeCN H, CH, 27
XXi1  70°C R\<\ﬁ \ng Me, CH, 28
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Scheme 2.8: Synthesis of tetranuclear silver carbene complexes 25 - 28.

The formation of silver carbene complexes was proven by 1H NMR spectroscopy, where the
signals of the imidazolium 2-H (between 8 - 10 ppm, Table 2.1) vanished. Carbon resonances
around 180 ppm were found in 133C NMR spectra indicative for metal carbene complexes.[163]
ESI-MS measurements of the tetranuclear complexes showed that the complex cation was not
stable under the ESI conditions and only fragments like [Ag,Lx(OTf)]* and [Ag.Lx]2* were found.
The purification proved to be difficult and even visually crystalline material gave no clean NMR
spectra. Since the silver complexes could be seen as intermediates during the synthesis of the
transition metal complexes, the crude products were used without further purification for the

transmetallation reactions.

High valent silver(III) complexes are rarely described in literature mainly with nitrogen based
donor sets such as ethylene-bis-(guanide) or macrocyclic porphyrin or corrole derivatives.[198-
200] They were synthesized by reacting the silver(I) complexes with an excess of a silver(I) salt
or strong oxidants like potassium peroxidisulfate. To probe the ability of the tetracarbene
ligand system of stabilising high valent silver complexes, silver(I) complex 26 was reacted with
xenon difluoride (XeF>) as strong oxidant at low temperature in an UV-vis cuvette. However, no
change in the absorption bands could be observed even with an excess of XeF». A problem might
be the required reorganization of the cluster.[163] In 26 a silver to ligand ratio of 2:1 is assumed,

but in an expected silver(IIl) complex each silver ion should be coordinated by just one ligand.

2.4.2 Nickel Complexes

Nickel(II) complexes of the larger macrocyclic tetracarbene ligands XII and XXI were
synthesized, characterized and the redox reactivity of the resulting complexes was evaluated.
A nickel(II) complex of the octaphenyl derivative of this ligand system was previously reported
by the group of JENKINS and synthesized via transmetallation of the corresponding tetranuclear
silver complex.[163]
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2.4 Complex Synthesis

2.4.2.1 Synthesis

Nickel(II) complex 29 of the unsubstituted tetracarbene ligand XII was synthesized via
transmetallation of the corresponding silver complex 25 with NiBry(dme)
(dme = 1,2-dimethoxyethane) or NiCl; in MeCN (Scheme 2.9). The resulting silver salts were
removed by filtration and polycrystalline 29 was obtained by layering the yellow filtrate with
Et;0 in yields up to 66 %. Complex 30 with chlorides instead of triflates as counterions was
synthesized via a direct complexation of H4L1Cl, XXIV with nickel(II) acetate and sodium
acetate in refluxing DMSO according to a literature procedure for a similar nickel tetracarbene

complex containing a larger ring size.[201]

QAN\/?I(OTOZ
1 . II
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XXIV
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Scheme 2.9: Synthesis of 29 and 30 containing the unsubstituted tetracarbene ligand XII via transmetallation of
[Ags(L1)2](0Tf)4 and direct synthesis from H4L1Cla.

For the synthesis of 31 both strategies were used (Scheme 2.10): The transmetallation pathway
by combining silver complex 26 and NiBrz(dme) in MeCN and the direct route by reacting
H4L2(OTf)s XXI with NiBr;(dme) and cesium carbonate (Cs>CO3) as base. The direct route
worked only with Cs,CO3 as base, neither with stronger bases like sodium hydride or KO‘Bu nor
with other weak bases such as sodium carbonate and triethylamine. Both strategies gave 31 in
similar yields (50 to 60 %). However, the transmetallation reaction with an easy and fast
workup could only be done on a small scale, otherwise the yield decreased dramatically. On the
other hand, the direct reaction of the ligand with a nickel salt and base required a more time

consuming purification, which was possible with a larger amount of substance.

, _|(0Tf)2 ,
Ag,(L 0Tf), 26 ZTNT N H4L“(0Th), XXI
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_ MeCN, 1t SN NN MeCN, rt
NiBr,(dme) ’§/\N N”/ NiBr,(dme)
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Scheme 2.10: Synthesis of 31 via transmetallation (left side) or direct route with addition base (right side).

All three nickel(II) salts were air, water and temperature (tested up to 120 °C) stable and they
showed different solubility properties. The unsubstituted complexes 29 and 30 were only

soluble in water, MeOH and MeCN, whereas the methylated complex 31 could be dissolved in
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2 Macrocyclic Tetracarbene Ligands for High Valent Metal Complexes

less polar solvents. The substitution of the protons by methyl groups in the imidazole backbone
led to the desired effect: complex 31 with the methylated ligand was also soluble in acetone,

DCM and slightly in THF. This provides practical advantages for further reactions.

Figure 2.9: Thermal displacement ellipsoids (shown at 30 % probability) of the molecular structures of [NiL1](OTf)2
29 (top), [NiL](CD)2 30 (middle) and [NiL2](OTf)2 31 (bottom) in two orientations (left: top view, right: side view).
Counterions, hydrogen atoms and solvent molecules were omitted for clarity.

In the solid state very similar structures for the three complexes were found (Figure 2.9). 29
crystallizes in the triclinic space group P1, 30 and 31 in monoclinic space groups P12;/m1 and
C12/c1. The nickel ions are coordinated in a distorted square planar fashion by the four
carbene moieties of the ligands (Figure 2.9). The macrocyclic ring is bent and the imidazole
ring planes are twisted against the central carbon plane. To calculate the distortion from ideal

square planar geometry the methods by HOUSER and a modified version of it by KUBIAK were
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2.4 Complex Synthesis

applied, using equations 1 and 2 with a and f being the largest and second largest C-Ni-C

angles.[202.203]

_360°— (@ + )
R VIT (1)
360°—(a+p) B
[ VE TR (2)

With 74 and 75 values smaller 0.15 all complexes can be categorized as distorted square planar
(Table 2.2). The carbon nickel bond lengths are in the range of 1.881-1.940 A (29),
1.878 - 1.940 A (30) and 1.873 - 1.914 A (31). These distances are in good agreement with
similar literature known nickel(II) tetracarbene complexes.[163.201] The metal atom positions are
perfectly in the plane of the carbon donor atoms in complex 31 and almost perfectly in 29, with
a distance of 0.0036 A to the plane. In 30 this distance to the carbon atom plane is longer
(0.126 A) due to weak, axial contact to a chloride counterion. The Ni---Cl distance is 3.265 A.
There are also two weak hydrogen bond interactions between the ethylene linkers each and
the chloride (2.568 A, Figure 2.9 bottom center). Comparable hydrogen bond interactions were
also found in the iron(IV) oxo complex 23 with weak contacts between the oxygen atom and

protons of the ethylene linkers.[18¢]

Table 2.2: Selected bond lengths, angles and structural parameter t4 and ts for the deviation from ideal square
planar coordination geometry of complexes 29 - 31.

dNi-C [4] dNi-plane [A] al] BI°] T4 Ts
1.881, 1.882

29 1914 1940 0.126 178.8 169.5 0.083 0.079
1.878,1.878

30 1940, 1.940 0.004 171.6 171.6 0.119 0.119
1.873,1.873

31 1914 1914 0 179.7 173.6 0.048 0.046

The bend structure in the solid state was also present in solution. tH NMR spectra showed the
protons of the methylene and ethylene groups to be inequivalent due to slow boat-chair
interconversion on the NMR timescale. The methylene protons are split into two doublets while
the two signals for the ethylene protons appeared as complicated multiplets (Figure 2.10). This
rigidity remained present even at elevated temperature of 80 °C (Figure 2.11). Almost no
change of the spectrum was observed at high temperatures compared to the measurement at
ambient conditions. This effect was also observed for other nickel tetracarbene

Complexes_[184,201,204,205]
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Figure 2.10: 1H NMR spectrum of 30 showing the rigidity of the methylene and ethylene linkers on the NMR
timescale (acetonitrile-ds, 298 K, 500 MHz).
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Figure 2.11: Temperature dependent H NMR spectra of 30 (acetonitrile-ds) showing the resonances for the
methylene (6.1 ppm) and ethylene (4.9 ppm and 4.5 ppm) linkers.

For investigation of the redox properties of the complexes, cyclic voltammetry experiments
were carried out (Figure 2.12). In general, in all three complexes redox processes at high
potentials for both reductions and oxidations were found, reflecting the high stability of these
compounds. In addition, only irreversible redox events were observed, which indicates the
instability of potential reduction or oxidation products. The values of the redox potentials are

listed in Table 2.3.

Table 2.3: Oxidation (Eyx) and reduction (E.q) peak potentials for complexes 29 - 31 measured in MeCN at
100 mV/s scan rate and referenced versus Fc/Fc*.

complex  E3, [V] E3x [V] Efed [V] Efed [V] Efed [V]
29 1.67 1.89 -1.48
30 0.426 0.833 -1.34 -1.69
31 0.748 1.20 -1.25 -2.41 -2.51

For all tree complexes two oxidation processes were found. However, the first one was less

prominent, especially for 31. The highest peak potentials were obtained for 29 (higher than
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2.4 Complex Synthesis

1.6 V vs. Fc/Fc+), wheras in 30 both oxidation waves were found at peak potentials lower than
1 Vvs. Fc/Fc*. For 29 only one reduction event could be observed at -1.48 V, while two and three
events were found for 30 and 31, respectively. Due to the eight methyl groups of 31, more
electron density is located on the metal and thus the reduction of the nickel(II) is more difficult.

This is reflected by the low potentials for the second and third reduction in 31, although the

first reduction was found at -1.25 V.
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Figure 2.12: Cyclic voltammograms (measured in 0.1 M nBusNPFe¢ in MeCN) of nickel(II) complexes 29 (top),
30 (middle) and 31 (bottom). The reduction (left) and oxidation (right) events are shown separately at different
scan rates.
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For the smaller ring size ligands XXII and XXIII the same reaction conditions were applied, but
different conditions seemed to be required for the synthesis of those complexes since no
isolation of nickel(Il) complexes was possible. In crude reaction mixtures the formation of
[NiL3]2+ was evidenced by an intense peak in an ESI-MS spectrum at m/z =189.1 correlating
well with a simulated isotopic distribution pattern of [C16sH16NgNi]2*. However, the 1H NMR
spectrum showed very broad, but not paramagnetically shifted, signals, which did not sharpen
upon lowering the temperature. Crystals were not obtained from various attempts, so that the

exact structure remained uncertain.

2.4.2.2 Reactivity

In order to archieve high valent nickel complexes, compounds 29 - 31 were treated with
different oxidants. The reactions with oxygen atom transfer agents including 2-(tert-
butylsulfonyl)-iodosobenzene (sPhlO), metachlorperoxybenzoic acid (mCPBA), Oxone®
(KHSOs), dimethyloxyrane,[206] ceric ammonium nitrate (CAN) and potassium superoxide (KO>)
did not yield any oxidation products. The complexes proved to be very stable since no
decomposition was observed. Also large excesses of the oxidants led to no oxidation products.
Strong LEWIS acids such as scandium(III) are known to stabilized oxo species.[207.208] Therefore,
Sc(0Tf); was added to a suspension of 29 and sPhIO at -35°C. No change in the UV-vis
absorptions was detected. The only reagent causing a reaction was xenon difluoride (XeF2) with
a high oxidation potential (no values for MeCN solutions are available, but for aqueous acidic
solution the Xe®/Xe2+ potential was estimated to be higher than 2 V although no reference was
mentioned).[2091 When solid XeF, was added to a precooled solution of 29 at -35 °C an instant
color change from yellow to orange was observed. The reaction could be followed by UV-vis
spectroscopy (Figure 2.13, left).
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Figure 2.13: Oxidation of 29 with XeF; at -35 °C in MeCN monitored by UV-vis spectroscopy (left). Decay of the
formed Nill! species at-10 °C (right).

Upon addition of XeF; the band at 332 nm decreased while a new band around 450 nm arose.

Additionally, the UV band at 230 nm increased in intensity. When the temperature was raised
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2.4 Complex Synthesis

to -10 °C all bands decreased indicating a decomposition of the complex species (Figure 2.13,
right). An EPR spectrum of a frozen complex solution was recorded directly after addition of
XeF, (Figure 2.14). The spectrum measured at 161 K exhibits broad lines and it was not

possible to simulate the splitting pattern in a reasonable way at this temperature.
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Figure 2.14: EPR spectrum of a frozen solution recorded directly after addition of XeF2 to [NiL1](OTf)2z 29 in MeCN
(161 K).

Despite these promising observations, it was not possible to further characterize or isolate the
reaction product due to its low stability. The color of a nickel(IlI) solution changed back to
yellow within two hours at low temperature even in the presence of an excess of XeF,. Upon
slow diffusion of Et;0 into a concentrated reaction mixture at -80 °C, the yellow starting

nickel(II) complex precipitated.

Azides are versatile reagents to produce metal nitrides or related species.[192210] The reaction
of 29 with one equivalent of tetra-n-butylammonium azide (nBusN-N3) led to no change in an
ATR-IR spectrum except for the appearance of the free azide band at 1999 cm-1. Thus, a
coordination of the azide to the nickel was not indicative. An exchange of one counterion is
likely, but this led not to a reaction at the nickel center not even after irradiation of the sample
with a UV lamp. 3,5-Dimethylphenyl azide and the nitride transfer agent N-tosyl-iminophenyl-

iodinane led also to no desired products.

Since the nickel(II) complexes were hard to oxidize, the opposite reactions were tried.[203]
Starting from a nickel(I) species oxidative addition could lead to a nickel(III) species. Hence, 31
was reacted with different amounts of potassium graphite (KCg) in THF at low
temperatures.[2031 A color change of the mixture was not detected, due to the formed black
graphite. However, after removing the graphite by filtration a yellow solution was obtained and
the nickel(Il) complex was found by ESI mass spectrometry. It was assumed, that no stable
complex could be formed, since the reduction waves in cyclic voltammograms were completely

irreversible (Figure 2.12).
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In summary, a variety of strong oxidants as well as KCg as reductant were reacted with the
synthesized nickel(II) complexes 29 - 31, but only in the case of XeF; a reaction was observed
that could not be quantified. The potential nickel(III) product could be observed by EPR and
UV-vis measurements, however it proved to be very instable and decomposed after short

periods of time so that an isolation or further characterization was not possible.

2.4.3 Complexation Attempts with Copper and Manganese

To synthesize copper complexes of the macrocyclic tetracarbene ligand system, both the direct
and the transmetallation route were tried. When using the transmetallation approach, redox
activity of silver and copper ions might lead to mixtures of different oxidation states. In fact, in
such reactions different color changes were observed, although no copper complexes were
identified or isolated. An oxidation of the ligand was observed if the direct complexation
reactions were carried out under aerobic conditions, but no copper containing species could
be observed in ESI-MS measurements. Generally, carbene complexes are known for their
stability against oxidation, but free carbenes are oxidized by dioxygen at the C-2 position
forming cyclic urea derivatives, which are not able to coordinate a metal ion.[211] Many different
copper salts and bases were tested under various reaction conditions, but in only a very few
experiments analytical evidence for copper containing products were found. Routinely ESI-MS
spectra of dried crude products were recorded and in the majority of cases no peaks with an
isotopic distribution pattern specific for copper were observed. An exception was the reaction
of H4L2(0Tf)4 with anhydrous copper bromide in the presence of four equivalents of sodium
tert-butanolate as base. After a salt metathesis from bromide/triflate to tetraphenylborate
(BPhy4') the crude mixture contained at least two peaks, which could be assigned to a copper(I)
and a copper(Ill) dibromide species. However, the intensity was really low and these two
species may also be formed in the ionization process of the measurement. By taking a closer
look at the other peaks of the spectrum, it was noticeable that there were several peaks for
singly charged ions with a rather low m/z ratio exhibiting an organic isotopic distribution
pattern. For example, a peak at m/z=231.1 was also observed frequently before in other
spectra, also in reactions with manganese salts. [t was excluded that these peaks came from the
background. A reasonable explanation was the decomposition of the macrocyclic ligand to
smaller units with two imidazole rings bridged by methylene or ethylene groups. The isotopic
distribution pattern of a peak at m/z = 231.1 was well simulated with a formula of C12H14N4O0.
Since the methylene groups should be more reactive, a possible decomposition product might
be an ethylene bridged bis-imidazole (formula: C12H1gN4). After all it remained uncertain how
the number of hydrogen atoms should have decreased to fit to the found formula (C12H14N40)

although the oxidation of the C-2 carbon is chemical reasonable.
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2.4 Complex Synthesis

It was tested whether dioxygen or water might have an influence on the reaction. Therefore, a
crude reaction mixture of Hy4L2(OTf)4, CuCl; and NaOtBu in MeCN was portioned into two
Schlenk tubes. Then degassed water was added to one sample and dioxygen was bubbled
through the second sample. In both cases no color change occurred. Crystallization attempts of
both samples led to the same small, intense blue cubic crystals. Unexpectedly, the macroscopic
geometry was found to represent also the molecular structure. The cubic structure of
[Cully(u3-OH)4L4](OTf)s 32 with a [CusO4] core is depicted in Figure 2.15. The [Cua(ps-OH)4]
cubane like core is coordinated by four bis-(4,5-dimethylimidazol-1-yl)-ethane XXVII ligands
capping a Cuz0; face each. The C-2 atoms of the imidazoles were protonated and the
coordination took place via the unsubstituted nitrogen atoms of the imidazole rings. The
geometric form of the core is a distorted rectangular cuboid, having Cu-O-Cu angles between
77.6 ° and 81.5 ° and the sum of angles in each plane is almost ideally 360 ° (357.8 ° - 358.6 °).
The Cu-O distances in the square planes were very similar and in the range of 1.959 A and
1.981 A, whereas the other Cu-0 distances were longer (averaged 2.394 A). Cluster 32 showed
structurally similarity to nickel and cobalt cubane type complexes with 2-(1-(2-hydroxyethyl)-
1-H-pyrazole-3-yl)-phenols as ligands, which have shown interesting solvomagnetic
properties.[212213] Since only very few clean crystals were obtained, investigations regarding

those properties were not possible so far.

Cu1

Figure 2.15: Thermal displacement ellipsoids (shown at 30 % probability) of the molecular structure of
[Culls(ps-OH)4L4]** (32, left, with L = XXVII) and the inner [Cus04] core without L in two orientations (right). Triflate
counterions, hydrogen atoms and solvent molecules were omitted for clarity.

In conclusion, the isolation of this cubane type complex 32 with XXVII as ligands showed that
the macrocyclic ligand XXI, at least in parts, decomposed in mixtures with copper(Il) salts and
base. However, is was not possible to work out whether these crystals were just a minor
decomposition product due to an elongated time in solution or whether it represented a

general chemical problem of the attempted synthesis of tetracarbene copper(Il) complexes,
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2 Macrocyclic Tetracarbene Ligands for High Valent Metal Complexes

namely the decomposition of the ligand in the presence of Cu2+. Therefore, Chelex 100®, a
styrene-divenylbenzene co-polymer containing iminodiacetic acid groups to bind transition
metal ionsl214], was added to a crude reaction mixture of a reaction between copper triflate,
base and H4L2(OTf)s in MeCN. After several hours the color of the polymer changed to blue
indicating the uptake of Cu?* ions. A 'H NMR spectrum of the dried filtrate showed minimal
amounts of ligand XXI and various resonances between 1 and 3 ppm characteristic for small
organic molecules (Figure 2.16). The decomposition of the ligand occurred also at low

temperatures.
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Figure 2.16: 1H NMR spectra of a reaction mixture of copper triflate, base and H4L2(OTf)4 in MeCN after treatment
with Chelex 100 (top) and ligand XXI (bottom), both in acetonitrile-ds at 298 K.

According to CHEN et al. also the reaction of the ligand precursors with elemental copper
powder was tried.l164 The metal powder and the ligand were suspended in MeCN and heated
to reflux for several hours. According to ESI mass spectrometry and 'H NMR spectroscopy no

formation of any copper complex containing the carbene ligand was observed.

Very similar results as for the copper were also obtained for manganese. The ligand precursors
and the silver(I) complexes were reacted with various manganese(ll) and manganese(III) salts
and manganese powder (MnCl;, MnCl;(thf);, Mnl;, Mn(OAc);, MnSO4, [Mn(N(SiMes)2)2]2,
MnF3). Neither the variation of the reaction conditions nor the change of the used base led to
the formation of a manganese species, which could have been detected in ESI-MS

measurements. In addition, often a decomposition of the ligand was found to occur.
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2.5 Summary

Three nickel(Il) complexes (29 - 31) of the macrocyclic tetracarbene ligands were synthesized
and characterized by different spectroscopic methods. The complexes exhibit a bend ring
structure in the solid state, which is preserved in solution. Although different attempts were
tried it was not possible to isolate any high valent nickel(I11I) compound, due to the high stability
of the low spin square planar ds metal starting complexes. The four strong o-donor ligands lead
to a strong separation of the orbital energy levels and making especially reductions more
difficult. But also oxidations were found to be unfavored. Only when XeF, was used as strong
oxidant, a reaction was observed, which could not be quantified and the potentially formed
nickel(III) species was not stable enough to be isolated or further characterized and

decomposed over a short period of time at low temperatures.

Copper or manganese complexes analogous to the presented new nickel complexes could not
be synthesized. It was shown that under several reaction conditions the macrocyclic ligand
decomposed into bisimidazole units, which are capable of stabilizing a cubane type cluster
structure. Suspiciously, the group of JENKINS reported no copper or manganese complexes
among a large variety of different transition metal complexes with macrocyclic tetracarbene

ligands, which they were able to synthesize via the transmetallation route.[163]
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3 Two-in-one Pincer Ligands and Their Metal Complexes for Catalysis
3.1 Introduction

Meriodinally coordinating tridentate ‘pincer’ ligands and the corresponding metal complexes
are well known and widely used in catalysis.[215216] The complexes have been shown to enable

small molecule activation as well as catalytic substrate transformations.[217]

Although known for longer time, systematic development of this class of ligands started in the
late 1970s with pioneering work of SHAW, while the name ‘pincer’ was coined by VAN KOTEN a
decade later.[218-220] Since then, the concept of pincer ligands was developed into a concept of
multifunctional building blocks, which are used in numerous complexes for a wide range of
applications like homogeneous catalysis, activation of small molecules and almost all other
areas of inorganic chemistry.[216221-223] From the general scheme (Figure 3.1, left) of pincer
ligands with three donor atoms arranged in a meridional fashion, countless symmetric as well
as asymmetric combinations of different donor atoms such as carbon (Cnrc[2242251 and
Caryi(223226]),  nitrogen (pyridinel227.228], aminel229-234] and iminel235-2371), phosphorus
(phosphinel238239 and phosphinidenel240]), sulphurl241.242], silicon[243.2441 and boronl[245246] were

synthesized (selected examples: Figure 3.1, right).

/ < (L Y-L X=NR, PR, SiR
l D = donor o /N E=N,CH
X C
\l M = metal - — L= PR2, PR, NR2, NH, SR, CNHC’ Caw|
R Y=L Y =CH, NH,0

Figure 3.1: General scheme of pincer ligands (left) and schematic representation of selected examples of different
types of pincer ligands (right) with various donor sites such as carbenes (Cnuc), aryl carbon (Cary1), nitrogen (NR2,
NR), phosphorus (PRz, PR), sulfphur (SR) and silicon (SiR) donor atoms.

The versatility of this ligand scaffold is based on the easy and fast synthetic accessibility, the
robustness and in some cases the non-innocent behavior which enables unusual reactivity (see
Chapter 3.1.1).[224] Due to this simple tuneability of electronic and steric properties of these
ligands, they are used in many catalytic applications, since a control of both activity and
selectivity is possible. Pyridine-based pincer ligands are synthesized by lithiation of 2,6-
lutidine followed by subsequent reaction with a nucleophile such as chlorophosphines or by

substitution of 2,6-bis-(chloromethyl)-pyridine with phosphides or phosphines.[247]
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3.1.1 Metal-Ligand and Metal-Metal Cooperativity

In metalloenzyme active sites two metal ions are often preorganized in close proximity to each
other, which leads to remarkable cooperativity in activating various substrates (e.g. pMMO and
[FeNi] hydrogenase, see Chapter 2.1).[2481 This metal-metal cooperativity (MMC) was
introduced into several pyrazole based dinuclear complexes,[67.249.2501 which were applied in
the activation of various substrates such as dioxygen!128] or for water oxidation catalysis.[251.252]
By introducing redox active metal ions such as iron, copper or cobalt, further reactions, which
need more electrons than a single metal alone can supply, are possible. If the electrons are
provided by the ligand, metal-ligand cooperativity (MLC) is present and the ligands are denoted
as non-innocent ligands.[253254] This effect was found in nature, where tyrosin or phorphyrin
residues might donate electrons during catalytic transformations.[255256] Redox non-innocent

ligands are utilized e.g. in Csp3-H amination catalysis.[257.258]

Metal-Metal Cooperativity

For pincer complexes this combination of two metal centers in close proximity was only sparely
found and utilized so far. Only a few of such systems are known, which use different bridging
units. The dinuclear complexes might be formed by dimerization of mononuclear
complexes(259] or by the connection of two pincer subunits by a linker in one molecule. Longer
connections such as ferrocenel26%, pyridazinel261l or 1,4-phenylenel262] lead to a quite large
separation of the metal centers of more than 6 A which lowers the interaction of the metal
centers. To yield closer distances the length of the linker was shortened but still flexibility in

the metal-metal distance remained.[263.264]

Another approach to ensure cooperativity is the fusing of two pincer subunits with a bridging
unit that coordinates to both metal ions.[265266]1 The group of FIEDLER synthesized the redox
active pentadentate ligand H3LN302, which forms upon coordination of several transition metals
fused {NNO}, pincer complexes. The two subunits are bridged by a diarylamido unit (Figure
3.2, left). The separation of the metal centers was short (2.7 - 3.3 &). It was shown, that one of
the observed oxidations in electrochemical measurements is ligand based. A cobalt(II) complex
(33) of this ligand was found to activate dioxgen by forming a u-peroxo dicobalt(IIl) complex

(34, Figure 3.2, right).[266]
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L = bpyB2and M = Co!' 33

Figure 3.2: Left: Fused dinuclear {NNO}2 pincer complex with different chelating auxiliary nitrogen donor ligands L
(e.g. L=bpyB2 and M = Co!" 33). Right: Thermal displacement ellipsoids (shown at 30 % probability) of the
molecular structure of [Co2(02)LN302(bpyBr2)2](Cl04) 34. Counterions, hydrogen atoms and solvent molecules were
omitted for clarity.[266]

A similar methodology was pursued by the MEYER group before, using 3,5-substituted
pyrazoles as bridging unit between two metal ions.[128265267] For example in water oxidation
catalysis an intramolecular interaction of two high valent Ru-0 units was found as the crucial
step in the O-0 bond formation.[268.2691 [n 2015, the synthesis of a fused {PNN}, ligand HLBu was
presented, which is the first report that denotes these systems as fused (“Two-in-one’) pincer
ligands.[265] The found separation of the iron centers of 4.195 A was expected to enable MMC,
and indeed the diiron complex 35 exhibited cooperativity by undergoing a reversible and
temperature induced spin transition. Upon lowering the temperature, a high-spin/low-spin
transition was found, caused by a multistep ligand exchange between MeCN and triflate ions in

solution (Scheme 3.1).
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Scheme 3.1: Reversible, temperature induced spin state switching and MeCN/trfilate ligand exchange in 35.[265]

Recently, MMC was also found in exciting new ligand systems developed by MURRAY and LU in
which close metal metal distances were found and also bimetallic systems were

synthesized.[270-273]

Metal-Ligand Cooperativity

Aside the above discussed metal-metal cooperativity and the redox innocence of certain

ligands, another effect was found for some pyridine-based and aliphatic secondary amine
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ligand systems. MILSTEIN reported in 2005 that upon addition of base to complex 36 the
methylene side arm was deprotonated instead of the expected reduction of the ruthenium
center.[2291 The deprotonation of the side arm led to a dearomatization of the pyridine ring and

resulted in a negative charge on the nitrogen atom (Scheme 3.2).
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Scheme 3.2: Dearomatization/aromatization pathway for ruthenium complex 36. First deprotonation of the side
arm and dearomatization of the pyrindin ring (37) followed by the bifunctional activation of dihydrogen with
rearomatization (38).[229]

Dearomatization of the pyridine ring in 37 was indicated by a drastic shift of the pyridine
1H NMR resonances 1 - 2 ppm to higher field. Although the electronic structure of the trans
standing pyridine to the CO ligand changed, the CO stretching frequency was not affected by
the dearomatization.229] In only very few cases the isolation and structural characterization by
means of X-ray diffraction analysis was reported, reflecting somehow the high reactivity of
these compounds.[274-276] The dearomatization effect was also found for other pincer ligand
systems with NH linkers between the donor sides[277-2791 and for systems having an acridine
backbone. For benzene based PCP pincer ligands this effect was not observed due to a higher
resonance energy of the ring.[280.281] Complex 39 is able to provide an unusual long range MLC
involving an interaction of the distal C9 carbon of the acridine backbone and the metal center
(Scheme 3.3). The high flexibility of the ligand enables this interaction as it was suggested by
DFT calculations. A decoordination of the acridine nitrogen seemed to be involved in the

formation of 40,in which the central ring of the acridine is dearomatized.[282]

KOH, toluene
reflux

39

Scheme 3.3: Unusual long-range MLC found for acridine base PNP pincer complex 39 upon deprotonation in the
presence of dihydrogen.[280]

The group of SCHNEIDER showed that MLC could also be observed in aliphatic PNP pincer
systems.[234283-285] As an example, the formation of ammonia from hydrogenolysis of a
ruthenium nitrido complex is depicted in Scheme 3.4.571 In contrast to catalytic ammonia

formation in other systems (see Chapter 1.1), for the first time dihydrogen directly was used
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for the hydrogenation yielding NH3. The cyclic pathway showed MLC by deprotonation and

protonation of the amine donor function to activate dihydrogen.

NRu Cl

A(
Ik R
</ ./
TR T

[N(PPh3),]N3

vacuum

m- ﬂ

X(P% \LXK

Scheme 3.4: Proposed mechanism of the MLC assisted formation of NH3 from hydrogenolysis of a ruthenium PNP
nitrido complex.[57]

3.1.2 Activation of Small Molecules

The discovery of metal-ligand cooperativity by a dearomatization/aromatization mechanism
in pyridine and acridine PNP systems opened a new field of reactivity towards the activation of
different H-X bonds.[286-2891 Complex 37 was found to activate various H-X bonds by
reprotonation of the side arm and incorporation of the resulting anionic substrate in the
coordination sphere of the metal center.[290] As another example, the dearomatized complex 37
facilitated the heterolytic splitting of dihydrogen to form a dihydride complex 38 (Scheme
3.2).[229] Further studies revealed that the ligand was involved in this dihydrogen activation,
since the trans product was formed exclusively.[291] This was not expected for reactions not
involving a metal-ligand cooperativity. Also the activation of N-H bonds was shown for ammine
and aniline derivatives.[292293] An exceptional example for MLC was presented by MILSTEIN in
2009, showing the splitting of water into dihydrogen and dioxygen by a cascade of thermal H;

and light induced O evolution at a ruthenium(1I) center (Scheme 3.5).[2941 Addition of water to
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37 led to the formation of a hydrido-hydroxo complex 370H, which reacts with a second
molecule of water to yield a cis-dihydroxo complex 37(0H); upon heating with simultaneous
release of H,. Under irridiation complex 37(0H); liberated hydrogen peroxide by reductive
elimination, which is then catalytically decomposed to water and dioxygen by 37. The cycle is

closed by migration of a proton of the methylene group to the metal center.[294

Scheme 3.5: Proposed mechanism of the stepwise water splitting promoted by ruthenium PNN complex 37
including thermal Hz and light-induced O: evolution.[294]

A wide range of substrate activation chemistry was found for rhodium(I) pyridine-based pincer
complexes.[295-297] The rhodium(I) complex 41 underwent facile N-H activation of aniline to
form 42 (Scheme 3.6). Interestingly, upon addition of carbon monoxide, the reverse reaction

was observed yielding the starting aniline again and a dearomatized Rh-CO complex 43.[298]
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Scheme 3.6: N-H bond activation by dearomatized Rh!PNP complex 41 and subsequent N-H bond formation upon
addition of CO.[298]

Pincer complexes were also applied for the activation of small molecules without using metal

ligand cooperativity by using reactive metal hydrido or nitrido species.[59.299-302]
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3.1.3 Catalysis

Catalysis in general is a field of chemical research which is in close contact with industrial
production of both base and fine chemicals such as fertilizers or drugs. Most large scale
reactions are either heterogeneously or homogeneously catalyzed. Catalysts increase the rate
of a certain reaction by lowering the activation barrier and sometimes enable reaction

pathways, which are not possible without a catalyst.

Against the background of sustainability of catalytic reactions, the atom economical use of
compounds and the reduction of waste products is highly desired. In addition, the use of
compounds from renewable sources such as biomass converted products would help to
decrease the dependence on limited fossil resources. Thus the development of more reactive
but also more stable catalysts is a great future challenge. Today pincer ligands, as one class
aside NHC and cyclopentadienyl ligands, are widely used in homogeneous catalysis and make
a great impact in the conversion of organic substrates to value-added compounds.[303304] In the
last decade chemists started to use MLC for environmentally benign catalytic reactions to
discover new synthetic pathways to convert biomass and basic chemicals into high valued
products by using earth abundant base metals as catalytically active centers.[305-308] A huge
number of catalysts for other conversions were reported in the field of pincer catalysis, so that

only a few selected examples will be discussed in the following.

Apart from many mono- and di-phosphines also pincer ligands were applied in carbon-carbon
and carbon-heteroatom coupling reactions, in which d0 transition metal ions like palladium

often were used (e.g. SUZUKI, KUMADA or HECK reactions).[224309-315]

Dimerization of Alkynes

Pincer and other metal complexes were shown to dimerize terminal alkynes to conjugated
enynes, which are versatile building blocks for organic synthesis.[316] One Cs,-H bond is formally
added across the triple bond of a second alkyne in a perfectly atom economical route. In
principle three isomers can be formed during the dimerization of terminal alkynes: E, Z and
gem isomers (Scheme 3.7) which are often formed in mixtures of different ratios. Although the
control of the selectivity was a problematic issue in some reports,[316317] there are also catalytic
systems that selectively form the E[318319], 7[320.321] or gem[322323] ijsomer. For this type of reaction
usually noble metals like ruthenium and rhodium were applied, but very recently an iron pincer
complex was shown to selectively form the Z isomer even at ambient conditions.[324] The cross
dimerization of two different alkynes is also possible, but the two alkynes have to have a
distinct electronic structure to prefer the cross coupled products.[32532¢]
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Scheme 3.7: Alkyne dimerization to three possible isomers (E, Z and gem).[316]

Hydrofunctionalization of Alkenes and Alkynes

Another important transformation of unsaturated substrates such as alkenes and alkynes is the
hydrofunctionationalization (e.g. hydroaminationl327.328],  hydroboration(329.330] and
hydrosilylation[331332]). The use of non-noble metals for such reactions is desirable in the sense
of lower costs and sustainability, but iron and nickel complexes often show limited functional
group tolerance (especially carbonyl groups proved to be problematic) and low stability. Thus
superhydride® was used to generate the active catalyst species from more stable catalyst
precursors in several cases.[333-3351 HU presented a hydrosilylation protocol with non-precious
{NNN} nickel methoxide complex 44 without the need for an activating agent, giving a very high
reactivity (Scheme 3.8, max. TOF =83 000 h-1).133¢] [n addition, 44 selectively hydrosilylated
alkenes in the presence of ketone and formyl groups, although the hydrosilylation of ketones

and aldehydes is well known.[332.337]

Me\ Me
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Scheme 3.8: Hydrosilylation by {NNN} nickel pincer complex 44 to form the anti-Markovnikov product.[336]

Hydrogenation Catalysis

Hydrogenation of various unsaturated substrates are important synthetic tools in organic
synthesis. Catalytic reactions can be divided into two main categories: the direct hydrogenation
with dihydrogen gas and the transfer hydrogenation by using a hydrogen donor agent such as
iso-propanol or formic acid. The latter systems are practically more easy to handle but produce
one equivalent of waste per turnover. The famous asymmetric transfer hydrogenation
developed by NOYORI utilizing ruthenium complex 46 was an early example for the versatility

of this reaction.3383391 Two mechanistic pathways can be distinguished: the inner sphere
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mechanism features the coordination and reaction of the substrate at a metal dihydride
complex, while the outer sphere mechanism shows MLC activity with a bifunctional activation
of the hydrogen donor molecule as it was shown for 46.1238340] Selected examples for catalysts
used for hydrogenation, transfer hydrogenation and dehydrogenation reactions are depicted in

Figure 3.3.
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Figure 3.3: Overview of selected complexes used as catalysts in hydrogenation, transfer hydrogenation and
dehydrogenation reactions.[279.306,338,341-345]

The probably most famous hydrogenation catalyst was developed by WILKINSON in the
1960s.1346347] [RhCI(PPh3)3] (45) was shown to be outstanding active and versatile in the
hydrogenation of numerous substrates. Alkynes are hydrogenated to alkanes because the
observed rates for the hydrogenation of alkynes and alkenes are very similar.3481 Mechanistic
investigations by NMR spectroscopy and considerations of well-known phosphine
dissociation/association reactions lead to the proposal of a two-electron redox cycle (Scheme
3.9).[349-352] Dissociation of one triphenylphosphine ligand from the 16 electron rhodium(I)
complex 45 forms the catalytically active, 14 electron species featuring an open coordination
site. This first equilibrium was assumed since reactions with additional ligand equivalents
exhibit slower reaction rates.[348] The oxidative addition of dihydrogen to form a rhodium(III)
cis-dihydride is reversible as well as the subsequent coordination of the substrate. A 1,2
insertion step forms an alkyl-hydride compound from which the alkane is released by reductive
elimination, while the active rhodium(I) species is reformed. By using chiral mono or
bisphosphine ligands stereoselective transformations are possible.[3381 Recently, REPO reported
the addition of a strong base, such as 2-tBuTMG (2-tert-butyl-1,1,3,3-tetramethylguanidine,
XXVIII) to drastically increase the activity of 45 by the formation of [RhH(PPh3)3].[353]
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Scheme 3.9: Proposed catalytic cycle of hydrogenation reactions with the WILKINSON’s catalyst 45 using the example
of ethylene.[349.354]

Hydrogenation of Carbon Dioxide

A greatly emerging field is the catalytic hydrogenation of carbon dioxide or related
compounds.[355-3571 The atmospheric amount of carbon dioxide, which is a final product of
combustion, drastically increased in the past century due to an unlimited use of fossil fuels,
which is belived to cause crucial changes for the global climate.[358-3611 The decrease of CO:
emission is one worldwide major issue and without any alternative. Therefore, the capture and
storage of carbon dioxide becomes more and more a fundamentally important field of research,
not only in chemistry.[362-3¢4] This should happen preferably at its point of generation. The
storage and recycling of the greenhouse gas CO- on a large scale would be beneficial not only
for decreasing the amount of atmospheric CO2, but also carbon dioxide is a non-toxic,
everywhere abundant and versatile C; building block for the use as chemical feedstock.[365-368]
A possible, carbon dioxide based economy is depicted in Figure 3.4, featuring the capture of
CO;2 by means of hydrogenation for the utilization as storage of dihydrogen and the use as fuel.
The transformations to formic acid (FA) and methanol both contribute to a change in the energy
source for future mobility. The reversible hydrogenation and dehydrogenation of CO; and FA

can be used as energy storage for a hydrogen economy with FA fuel cells for the energy
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generation.[3¢91 Although the hydrogen density in FA (4.4 wt %) is lower than in methanol
(12.6 wt %) the reversible transformations are more developed for FA to date.35] A main
drawback is still the production of dihydrogen from fossil resources. Thus, processes have to
be developed in order to use only dihydrogen generated from water and not, as today, steam
reformed dihydrogen. The synthesis of basic chemicals from CO, with different reducing agents
and alcohols, amines or epoxides was already shown before. However, this chemistry is
underrepresented in literature in relation to its importance for future carbon cycles and
processes for generating basic chemicals from renewable resources.3703711 The reduction of

carbon dioxide can also be done by electrocatalysis under an atmosphere of CO,.[372-375]

H;
/—< nH, HCO,H
! CH50H
HCO,H M] CH,

[M] higher alcohols
: hydrocarbons
H, storage\{r re;lzcri?g —
H, [M] g

HCO,H
HCO,R

HCONR!R?
CH;0H
chemicals

Figure 3.4: Possible utilization of carbon dioxide as chemical feedstock for the generation of fuels and chemical
building blocks as well as for the storage of dihydrogen.[355.357]

The activation of CO is rather difficult due to its thermodynamic stability and kinetic
inertness.[355] The hydrogenation of carbon dioxide to various products (FA, formaldehyde,
methanol and methane) is in general entropically disfavoured.l37¢] To lower this entropic
barrier, often the use of additives such as bases was applied, which stabilized the produced
formic acid. In organic solvents mostly NEt; or DBU (1,8-diazabicyclo[5,4,0]Jundec-7-ene) are
used, in aqueous systems hydroxide or carbonate are applied.3551 It was found that the choice
of the solvent for the hydrogenation to formic acid is of high importance, because it can stabilize
the product in a way that additional base is not necessary (Scheme 3.10).377.378] A highly active
ruthenium pincer complex based catalytic system was developed in the group of LEITNER, which

reached TONs of 16 000 and TOFs of 1000 h-1 in buffered DMSO solutions.[37]
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Scheme 3.10: Stabilization of formic acid by suitable solvent molecules (bottom) to avoid the use of base (top).[379]

Pioneering work on homogenous hydrogenation of carbon dioxide to formic acid and methanol
was done by INOUE with different noble metal phosphine complexes.[380 Later on, the WILKINSON
catalyst and water soluble derivatives(381-384 as well as various ruthenium complexes were
shown to catalyze this reaction.[38538¢] [n recent years also the development of catalysts with
earth abundant metals such as iron and cobalt was achieved.[387-3901 Due to the high solubility
of dihydrogen in super critical carbon dioxide (scCO2), high catalytic activities were found when
the hydrogenation was conducted in scC0,.[391.392] Some selected catalysts, which are used in

the hydrogenation of carbon dioxide, are presented in Figure 3.5.
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Figure 3.5: Selected catalysts used for the hydrogenation of carbon dioxide to formiate or methanol and the
reversed reaction.[393-39]

The iridium PNP trihydride complex of NOZAKI reached an impressive turnover number (TON)
of more than 3.5 million and high turnover frequencies (max. TOF = 150 000 h-1) at high CO-
and H; pressures.[3931 The proposed mechanism involves CO; insertion into the iridium hydride
bond along with a dearomatization/aromatization of the pyridine ring (MLC).[3971 Another
example in which non-innocent behavior was shown to be important for the catalytic activity
was reported by HIMEDA.[394 Based on proton responsive hydroxy bipyridine or bipyrimidine
ligands, which can also act as electron donor sites, iridium, rhodium, ruthenium and cobalt
metal ions were applied in the reversible storage of dihydrogen in formiate.[398-4001 The
presence of one or more hydroxy groups not only increased the solubility of the catalysts in
water, but also the initial rate was positively affected due to deprotonation of the hydroxyl
group. The hydrogenation of carbon dioxide to methanol was possible by using a ruthenium
triphos ligand.[3951 LEITNER and KLANKERMAYER proposed a ruthenium(II) hydride species as
active catalyst. DING et al. indirectly hydrogenated carbon dioxide by using ethylene oxide to
synthesize ethylene carbonate, which then can be hydrogenated by a ruthenium pincer
complex to form methanol and ethylene glycol.[396] A similar concept was developed by MILSTEIN

in utilizing organic carbonates, carbamates and formates as substrates for the
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hydrogenation.[*0l] These compound can be easily produced from carbon dioxide.
Dearomatized PNN pincer complexes of ruthenium efficiently produce methanol and provide a

new route for methanol production.

Not only the hydrogenation but also the dehydrogenation of substrates is an important reaction
in the context of hydrogen storage and organic synthesis. To use FA as a hydrogen storage
material, the efficient dehydrogenation is necessary to release H; for further use. Often
catalysts for the hydrogenation also work for dehydrogenation reactions with similar activities.
A highly active iron catalyst was synthesized and tested in the groups of SCHNEIDER and HAZARI
(Scheme 3.11).[283] For this system it was found that the addition of LEWIS acids enhanced the
activity of 47 by assisting in the decarboxylation. The affinity for carboxylates of the LEWIS acids
are well correlated to the activity of the catalytic system and thus highest for Li+. This effect was

also found to take place in the hydrogenation of carbon dioxide.[390]

0 /Q ¥ \r
i\; ; QE; H L pcR e
‘ R LA Ho (_ R He i/_ R H (_‘/ R

SN— Fe co Fe- A
~co, (
( / ( / (/P\/ -LA /P\/ H
R™ R R™R
47

Scheme 3.11: Proposed mechanism for the catalytic, LEwis acid assisted dehydrogenation of formic acid with PNP
iron pincer complex 47.[283]

Other efficient catalysts were developed by GRUTZMACHERI[402:403] or MILSTEIN[404:405], In the area
of green chemistry, the group of BELLER used carbohydrates and bioethanol to produce

dihydrogen from renewable resources. [306.307,341]
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3.2 Objective

In order to thoroughly investigate the properties and the potential applications of the new
Two-in-one pincer ligand HL®v, the ligand system will be extended to other phosphine side
arms aside the tBu derivative synthesized by SAMANTA (Figure 3.6).12651 The change of the
phosphine substituents is expected to vary the electronic and steric properties of the ligand.
Therefore, not only CIP:Bu; but also CIP:Pr;, CIPPh; and CIP(pyr). (pyr = pyrrolyl) should be

used for the phosphorylations to enhance the catalytic activity of the corresponding complexes.

R = ‘Bu, 'Pr, Ph, pyr

Figure 3.6: Attempted extension of the Two-in-one pincer ligand system with tert-butyl, iso-propyl, phenyl and
pyrroyl residues at the phosphorus side arms.

For mononuclear, pyridine based pincer complexes an unusual metal ligand cooperativity
(MLC) was observed by MILSTEIN, namely the deprotonation of the methylene group with
concurrent dearomatization of the pyridine ring.[229] This effect was utilized for the activation
of various substrates during catalytic conversions. For dinuclear complexes a metal metal
cooperativity (MMC) was observed in several complexes, in which metal ions are hosted in
close proximity in the ligand cavities, especially for pyrazole-bridged complexes. Combining
these two effects, namely MLC and MMC, in one well-defined metal pincer complex offers a
great perspective for multifunctional substrate activation in catalysis, while at the same time

making use of the beneficial properties of pincer ligands (Figure 3.7).

« =
=N~ N—
\ N_N / l'H
R,pP—M~ O MZ-pR,

Figure 3.7: Potential MMC (green arrow) and MLC (blue arrow) in Two-in-one pincer complexes.

The aim of this work is to synthesize new transition metal complexes of the Two-in-one pincer
ligand system and to investigate the dearomatization of the pyridine rings upon deprotonation
followed by subsequent substrate activation. Zinc, cobalt and rhodium are chosen as metals,
since zinc(Il) as an inert metal ion might provide structural and electrochemical information
about the ligand system itself, cobalt is quite versatile in catalysis and rhodium as a noble metal
is suitable for NMR spectroscopy (Rh! and Rh!) and features a broad range of possible

applications in catalysis such as hydrogenations.
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3.3 Ligand Synthesis

The ligands were synthesized in a six step synthesis based on literature procedures.[265406,407]
The conditions of single steps were optimized to increase the yield or to simplify the workup
procedure. Scheme 3.12 shows an overview of the synthetic pathway to Two-in-one pincer
ligands HL®Bu (XXXVII) and HL®r (XXXVIII). To obtain the pyridine-pyrazole precursor XXXIII,
2,6-lutidine XXIX was singly oxidized with potassium permanganate in water to obtain
6-methyl-2-picolinic acid XXX in ca. 50 % yield. The carboxylic acid was converted to the
corresponding ester (methyl-6-methyl-2-picolinate XXXI) under acidic conditions in methanol.
Parts of the ester were transformed into 2-acetyl-6-methylpyridine XXXII by a CLAISEN ester
condensation with sodium ethoxide and ethyl acetate in dry toluene with subsequent
hydrolysis of the formed S-keto ester. Another CLAISEN condensation of the ester XXXI and the
ketone XXXII produced f-diketone 1,3-bis-[2-(6-methyl)-pyridyl]-1,3-propanedione, which
was used without isolation for a ring closure with hydrazine monohydrate to yield 3,5-bis-2-

(6-methylpyridyl)-pyrazole XXXIII.

N KMnO, | X H,S0, | X NaOEt, | X
~ —_—
H,0
N 2 0 MeOH 0 toluene 0
XXIX XXX XXXI XXXII

1) NaOEt, toluene

4 \ = 2) HOAc, H,0
- A <
N \ N
N—NH 3) N,H4-H,0, EtOH
XXXIII

1) 2.5 eq nBuli, THF
2) CI-PR,

1) 3.0 eq tBulLi
2) CI-PR,

THF

R=‘Bu XXXIV R = ‘Bu HL™" XXXVII
Pr XXXV Pr HL™" XXXVIII
Ph  XXXVI

Scheme 3.12: Synthetic pathway of the synthesis the Two-in-one pincer ligand scaffold.

A two-fold phosphorylation in one step was not possible, since P-P bond formation
occurred.[2651 Hence, a two-step procedure was applied. XXXIII was deprotonated by n-butyl

lithium (2.5 eq) and one equivalent of chloro-dialkylphosphine was added. After the aqueous
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workup mono phosphorylated compounds XXXIV, XXXV and XXXVI were obtained in high
yields of approximately 90 %. NMR spectroscopy showed asymmetric species in 'H and single
resonances in 31P spectra. The 31P NMR signals were observed at 36.25, 12.20 and -11.43 ppm
for the ‘Bu, Pr and phenyl derivative, respectively, showing an increased in electron density at
the phosphorus atom from tert-butyl to phenyl substituents. For the second deprotonation a
stronger base (t-butyl lithium, 3.0 eq) was used, since it was found that the second
deprotonation is much more difficult than the first one. Addition of a second equivalent of
chloro-dialkylphosphine in the same way as before yielded crude products HL®B" and HLiPr
which were purified by filtration through silica under anaerobic conditions and subsequent
recrystallization from Et,0 (HL®v) and pentane (HL®r). The yield of the second
phosphorylation was significantly lower than for the first step and was further decreased by
the recrystallization step. In total HL®u was isolated in 34 % yield over the last two steps as off-
white powder. Since HLPr was considerably better soluble in apolar solvents, only 7 % of the
ligand precipitated from a concentrated pentane solution after months at low temperature.
Additionally, it was found that the monophosphine educt could not be separated completely in

each batch.

A broad signal for the NH proton of the pyrazole is observed around 12.7 ppm and the CH»
signals were found at 3.13 ppm (HL!B) and at 3.06 ppm (HLr) in 1H NMR spectra (Figure 3.8).
Interestingly, the signals of the phosphorus atoms are not shifted in the mono phosphorylated
species compared to the final ligands (Figure 3.9). For HL®Bu a resonance was observed at
36.3 ppm and for HL®r at 12.1 ppm. At low temperatures, two sets of pyridine and methylene

resonances were found due to slow Ny,H tautomerism.

tBu

HLtBu
py and pz

LJJ'

HLPr

XXXV

[ o S N 1

8.5 8.0 7.5 7.0 65 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0
8 [ppm]

Figure 3.8: 1H NMR spectra of ligands HLtBu (XXXVII), HLPr (XXXVIII) and crude ‘Pr monophosphine XXXV
(acetone-ds, 298 K).
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Figure 3.9: 31P{1H} NMR spectra of ligands HLtBu (XXXVII), HL®r (XXXVIII) and crude ‘Pr monophosphine XXXV
(acetone-ds, 298 K).

Unfortunately, the second phosphorylation was not possible for the diphenyl substituted
chlorophosphine. With different amounts of base and in different solvents in all cases the
monophosphine compound XXXVI was isolated aside the diphosphane product (Ph;P-PPh)..
Either the deprotonation of the second methyl group was too slow in comparison to the
reductive P-P coupling, or even not possible. Aside the lithiation of 2,6-lutidine and reaction
with chlorophosphines, mononuclear PNP pincer ligands could also be prepared by halide
substitution with lithium diphenylphosphide.*8] The analoguous reaction was tested by
reacting 3,5-bis[6-(bromomethyl)-2-pyridyl]-1H-pyrazole XXXIX, which was used for the
synthesis of other pyrazole based ligands before,[267] with in situ prepared LiPPh, (Scheme
3.13). Again the monophospine was detected as the only compound in the crude reaction

mixture.

XXXIX
Scheme 3.13: Alternative synthetic route tested to obtain HLPh,

Dipyrrolochlorophosphine (Pyr;PCl) was used as another phosphine to extend the ligand
system towards highly electron deficient phosphorus donor side arms.[*0% The synthesis from
PCl; and pyrrole in the presence of NEt; as a base was straight forward and distillation gave
pure chlorophosphine.[*10] However, the coupling to the pyrazole building block XXXIII under
conditions used for the alkyl substituted phosphines gave various unidentified products. Since
the development of suitable reaction and workup conditions for this type of ligands is very time

consuming, this project was left for future studies due to limited time for this work.
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3.4 Complex Synthesis and Reactivity

For the synthesis of dinuclear pyrazolate based complexes of the Two-in-one pincer ligands the
deprotonation of the pyrazole is necessary. The use of excess triethylamine was observed to
hamper a facile isolation of pure complex since one equivalent of triethylammonium salt was
formed in the reaction. Pure compound was only obtained by crystallization of the complexes.
To facilitate the purification procedure, one equivalent of a strong base such as KOtBu was used
to deprotonate the pyrazole NH group. The formed potassium salts could be separated more
easily due to a lower solubility in apolar solvents. Alternatively, a metal salt with an internal
base (metal acetate) was used. The reactivity of the synthesized complexes was tested
regarding the ability of deprotonation of the side arm and the formation of reactive species

such as hydrides or alkyl compounds, which might activate small molecules.

3.4.1 Zinc Complexes

Pincer complexes with zinc are only barely known and a complex with a phosphine side arm is
not described so far.[#11-413] Hence, zinc complexes were synthesized with both ligands, HLBu
and HLr, and with triflate and acetate as bridging units between the two metal centers. Zinc(II)
complexes are useful for investigating structural properties due to their air stability, redox
inertness and diamagnetism (for NMR spectroscopy). When HL®$Bu was reacted with
Zn(0Ac)2:2H20 in MeCN, no additional base was needed to deprotonate the pyrazole and
potassium hexafluorophosphate (KPF¢) was added to introduce a non-coordinating counterion

(Scheme 3.14).

Mk || (FFe)e
KPFG % \ /N N
“o0” A
48
Scheme 3.14: Synthesis of acetate bridged [Znz(u-OAc)LBu](PFes) 48 from zinc acetate and HLBu,

HL®BY + Zn(0Ac),-2H,0

The reaction gave the symmetric, acetate bridged complex 48 in high yield. The 'TH NMR
spectrum is depicted in Figure 3.10 showing the symmetry by having three resonances for the
pyridine protons between 7.96 ppm and 7.42 ppm, the singulet for the pyrazole 4-H proton at
7.21 ppm, one doublet for the methylene group at 3.48 ppm and one doublet for the tert-butyl
groups at 1.35 ppm resulting from a coupling to the phosphorus nuclei. The signal of the acetate
is superimposed by the MeCN signal. In a 31P NMR spectrum a shift of 19.48 ppm was observed

for the phosphorus side arms. Crystals of this compound were not obtained, thus the zinc salt
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was changed to zinc triflate in order to vary the counterion and to change the crystallization

properties.
* tBu
*
py
OAc
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Figure 3.10: 1H NMR spectrum of [Znz(u-OAc)L](PF¢)2 48 (acetonitrile-ds, 298 K). Residual solvent resonances
are marked with an asterisk.

For the synthesis of complexes 49 (Zn®*u-0Tf) and 50 (Zn’r-OTf) zinc triflate was added to a
suspension of ligand HLX and KO‘Bu in MeCN. The crude products were extracted with DCM to
separate the formed potassium triflate from the complexes.
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Scheme 3.15: Synthesis of [(Zn(O0Tf))2(u-OTf)LBv] 49 and [(Zn(MeCN))(Zn(OTf))(u-OTf)LPr](OTf) 50 by reacting
HL#Bu and HLPr with Zn(OTf)2.

The formation of the desired, air stable complexes was shown by NMR spectroscopy. In 31P
spectra only single resonances at 22.55 ppm and 6.04 ppm were observed for the ‘Bu and the
iPrligand, respectively. Both 1H NMR spectra exhibit one doublet for the CH; groups evidencing
symmetric species in solution (Figure 3.11). These signals of HL®Bu (3.62 ppm) are slightly
more deshielded as in HLr (3.50 ppm), which was also visible in the 13C NMR resonances
(29.03 ppm vs. 26.39 ppm). ESI-MS spectra showed several species which could be assigned to
different oxygenated species. Even under inert conditions, results showing only one species
were not detected. It was found that complex 50 was not stable in solution under aerobic
conditions for longer time. In NMR measurements a shift of the 31P NMR resonance from

6.04 ppm to 71.56 ppm for the oxidized species was observed. In addition, the signal for the
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CH: groups is located at 3.66 ppm, a shift of 0.17 ppm to lower field. This instability was not
found for the tert-butyl complex, which may indicate that the steric crowd of the substituents

on the phosphine play an important role in the corresponding oxygenation reaction.
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Figure 3.11: 1H NMR spectra of 49 and 50 (acetonitrile-ds, 298 K). Residual solvent resonances are marked with
an asterisk.

Crystals for 49 and 50 were obtained by slow Et,O diffusion into MeCN solutions. Both

complexes crystallize in the triclinic space group P1 with two molecules in the unit cell.

Figure 3.12: Thermal displacement ellipsoids (shown at 30 % probability) of the molecular structure of
[(Zn(OTf))2(u-OTf)LBu] 49 in two orientations. Hydrogen atoms and solvent molecules were omitted for clarity.

In 49 both zinc atoms are coordinated by the meridional {PNN} ligand pocket and two oxygen

atoms of two triflate ions, giving a distorted square pyramidal geometry around the metal
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centers with triflate in the axial positions (Figure 3.12). According to the method of ADDISON,
the geometric parameter s is 0.14 and 0.38 reflecting the found geometry.[14] The zinc atoms
are bridged by one of the triflates and separated by dz.z, = 4.326 A. The metal centers are only
slightly above and below the pyrazole-pyridine-methylene backbone plane, whereas the
phosphorus atoms are located 0.604 A and -0.447 A outside of that plane. The Zn-P bond
lengths are dznip1=2.432 A and dzne-p2 = 2.462 A, which is slightly longer compared to zinc
phosphine complexes reported in literature.[*15] Weak 7m-stacking interactions can be found
between the pyridine C-3 carbon atoms of the ligand backbones. The minimum distances were

found to be dc.c = 3.351 A (Figure 3.13).

Figure 3.13: Thermal displacement ellipsoids (shown at 30 % probability) of the molecular structure of 49: The
packing diagram in the solid state (left) and the two molecules of the unit cell showing weak interactions of the
pyrazole-pyridine backbones (right). Hydrogen atoms and solvent molecules were omitted for clarity.

50 was crystallized under inert conditions. The molecular structure is depicted in Figure 3.14,
showing a non-symmetric arrangement with one acetonitrile molecule coordinated to one of
the zinc atoms. On the same side of the backbone plane, a triflate ion is bound to the second
zinc ion. A second triflate ion is bridging the metal centers, while the third is found as

counterion hampering a stacking of the molecules as observed in 49.

Figure 3.14: Thermal displacement ellipsoids (shown at 30 % probability) of the molecular structure of
[(Zn(MeCN))(Zn(OTf))(u-OTE)LPr](OTE) 50 in two different orientations. Counterions, hydrogen atoms and non-
coordinating solvent molecules were omitted for clarity.
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The metal-metal distance is essentially the same (dznz» = 4.342 A) and also the lengths of the
Zn-P bonds (dznip1=2.431 A and dznze2 = 2.445 A) are very similar. The high structurally
similarity is also reflected by the 15 values, which are close to those of the tBu analogue (0.16

and 0.30 in 50; 0.14 and 0.38 in 49).

If 50 was crystallized under aerobic conditions, oxidation of the phosphines was observed.
Although the quality of the crystallographic data was not sufficient to completely refine the
molecular structure of 51 (ZniProx-QTf), the connectivity could be determined and is shown in

Figure 3.15.

Figure 3.15: Stick-and-ball representation of the molecular structure of [(Znz(u-OTf)LtBuox),(u-OH)2](0Tf)2 51.
Triflate counterions, hydrogen atoms and solvent molecules were omitted for clarity.

The phosphorus atoms were oxidized and the zinc ions are coordinated via the oxygen atoms,
which resulted in a more clinched arrangement. This is represented by the shorter metal
separation (dznz» = 3.920 A) and the fact that the triflate ions are bridging via only one oxygen
atom. The two subunits of the dimer are connected by hydroxides, producing a short distance
between the zinc atoms of the two subunits (dznz: = 3.398 A). A summary of selected bond
lengths and angles is depicted in Table 3.1. For the non-oxidized complexes 49 and 50 similar
bond length and angles were found, although the coordination environment of one zinc ion is

different in the iso-propyl complex.
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Table 3.1: Selected bond lengths, angles and structural parameter s for the deviation from ideal square pyramidal
coordination geometry of complexes 49 - 51.

dznzn [A] dznp [A] dznpen [A] - dapn[A] a1 B[] Ts
49 4326 2432 2.042 2.159 154.2 1458 0.14
' 2.462 2.050 2.151 1674 1449 0.38
50 4342 2431 2.041 2.151 1483 138.6 0.16
2.445 2.058 2.161 1623 1444  0.30
51a 3.920 i 1.966 2.218 151.7 131.7 0.33
3.398b 1.983 2.246 156.6 126.6  0.50

a) For the symmetric structure of 51 values for one subunit are depicted for clarity. Values should be considered
with caution because of the low quality of the structure determination. b) Metal-metal distance between zinc ions
of the two subunits.

In order to investigate the electronic properties of the Two-in-one ligand system,
electrochemical measurements of the two zinc triflate complexes (Zn®Bv-OTf and Znir-OTf)
were performed. Since zinc(II) is an almost redox inert metal ion, reduction or oxidation events
in cyclic voltammograms can be assigned to the ligand itself. Cyclic voltammograms of the
reduction (left) and oxidation (right) of ZntBu-OTf in MeCN are depicted in Figure 3.16. Two
irreversible reductions were observed at low potentials of approx. -1.40 V and -1.65 V (peak
potentials at 100 mV/s). In contrast, no distinct oxidation was found. These findings indicate
that the ligand system can be reduced, but not oxidized in the measured potential range. Very
similar results were also observed for ZniPr-OTf.

——100 mV/s

—— 100 mV/s

- ==500mV/s

-+ 1000 mV/s
1

T T T T r T T T T T T T T T T T 1
2,5 -2,0 -1,5 -1,0 -0,5 05 1,0 1,5 2,0 2,5 3,0 35

potential vs. Fc/Fc’ [V] potential vs. Fe/Fe' [V]

Figure 3.16: Cyclic voltammogram (measured in 0.1 M nBusNPF¢ in MeCN) of Zn®Bu-OTf at different scan rates for
the reduction (left) and at 100 mV/s for the oxidation (right).

Reactions of the synthesized zinc(Il) complexes with different strong bases in order to
deprotonate the ligand side arm were not successful (Scheme 3.16). Upon addition of KO‘Bu or
KH, the triflate complexes 49 and 50 decomposed and no products could be identified by

ESI mass spectrometry or NMR spectroscopy.
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Scheme 3.16: Attempted deprotonation of complex 48 with KOtBu with neutral ligands L in the binding pocket.

A crude H NMR spectrum of a reaction of the acetate complex 48 with KO‘Bu showed some
indications that a deprotonation took place (Figure 3.17), however further investigations were
not possible, since the signals of the formed species vanished after one day completely and the
resonances of the free ligand appeared. The signal for the bridged acetate disappeared and the
integral of the former CH; group was lower and shifted to higher field which is in agreement
with a higher electron density at this position. In contrast, the signals for the pyridine protons
were only shifted less than 0.25 ppm to higher field, so that a dearomatization was not very
likely. But this dearomatization might be crucial for the stabilization of the deprotonated
complex. Unfortunately, a 13C NMR spectrum exhibited too low intensity of the resonances to
safely assign them and support the assumption of deprotonation without a dearomatization.

The 31P NMR signal shifted from 6.04 ppm to 32.11 ppm upon addition of base.
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Figure 3.17: 1H NMR spectra of a reaction mixture of zinc acetate complex 48 and KO!Bu with prosposed
assignment of the resonances (acetonitrile-ds, 298 K). Residual solvent resonances are marked with an asterisk.

It was tried to follow the deprotonation reaction by UV-vis spectroscopy but the observations
were ambiguous. The spectrum of Zn®Bu-OTf in MeCN exhibited two intensive m-m* absorption
bands in the UV region (Amax1=259nm (g,=38800M1cm?)and Amaxz=306nm
(e2=38100 M-1 cm-1)). Upon addition of KOtBu, a shift of the absorption maxima was observed
(259 and 306 nm to 272 and 340 nm), indicating a change in the electronic structure of the
ligand, since these bands were assigned to ligand related m-m* transitions (Figure 3.18, left).
This effect was expected for a deprotonation and dearomatization of the ligand. Unfortunately,
stable products in a reaction on a larger scale could not be isolated, although the formed species

in the cuvettes seemed to be quite stable. In methylene chloride as solvent and using LiOtBu as
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a base, a different behavior was found. Here, the absorption maxima shifted only slightly, which

might be a consequence of a ligand exchange with tert-butoxide anions (Figure 3.18, right).

——[(2n(OTH),(+OTAL™)| ——[(Zn(OT)),(-OTAL™]
57 +2eqKOBu 254 ‘ +5eq LiOl'Bu
p ' ——50 eq LIOBu
30+ 10 eq KOBu
2,0
259 L
£ £
'.0 ‘.o 15
s 207 = 1
o k=)
= 154 =
) © 1,0 4
1,0
0,5
0,5
0,0 0,04
T T T T T T T T T T 1 T T T T T T T T T T 1
225 250 275 300 325 350 375 400 425 450 475 500 225 250 275 300 325 350 375 400 425 450 475 500
wavelength [nm] wavelength [nm]

Figure 3.18: UV-vis spectra of reactions of [(Zn(OTf))z(u-OTf)LBu] 49 with KOBu in MeCN at 0 °C (left) and with
LiO*Bu in CH2Clz at ambient temperature (right).

The behavior of Zn®Bu-OTf upon addition of base was found to be ambiguous and highly
dependent on the reaction conditions. In fact, a deprotonation and a concomitant

dearomatization could not be proved.

Zinc alkyl or alkoxy complexes are known as active initiators for the polymerization of
rac-lactide and other cyclic esters.l*164171 Thus, different ways to synthesize zinc alkyl
complexes were tried, but both the use of diethylzinc in combination with ligand HLtB« and the
reaction of 49 with methyl magnesium bromide did not lead to succesful isolation of the
desired zinc alkyl complexes. With the zinc alkyl precursor, a mixture of various species was
formed as indicated by 31P NMR spectroscopy. The reaction with a Grignard reagent (Scheme
3.17) seemed to be cleaner, the 31P NMR spectrum of the crude reaction products revealed only

one resonance in at 71.01 ppm (49: 22.55 ppm).

i Su _|(0Tf)
MeMgBr NCONN N k NN \
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Scheme 3.17: Possible reaction pathway for the formation of ligand oxidized zinc bromide complex 53 via the alkyl
zinc intermediate 52 upon reaction of 49 with methyl magnesium bromide.

However, the signals of the methylene groups could not be reliably assigned. In addition the
signals of the methyl groups were not found in the expected regions (0 - -1 ppm).[416418] The
spectrum is shown in Figure 3.19, exhibiting three signals for the pyridine protons, revealing a

symmetric compound. Further purification steps led to fast decomposition of the product.
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Figure 3.19: 1H NMR spectrum of a crude product of a reaction of 49 and MeMgBr (acetonitrile-ds, 298 K). The inset
is showing the CHz resonance, which is superimposed by the Et20 signal.

Crystallisization attempts were conducted in the presences of a slight excess of methyl
magnesium bromide and colorless crystals of complex 53 (ZntBuwox-Br) were obtained. 53
crystallized in the monoclinic space group P12;/c1 with eight molecules in the unit cell. The
molecular structure of 53 featured an oxidized ligand with three bromides as coligands
presumably due to air in the crystallization flask (Figure 3.20). The metal metal separation
(dznzn = 3.971 A) was found to be shorter than for 49 due to the smaller brigding unit (bromide
vs. triflate). The geometry around the zinc ions can be described as an intermediate between

square pyramidal and trigonal bipyramidal with s values of 0.53 (Zn1) and 0.48 (Zn2).

Figure 3.20: Thermal displacement ellipsoids (shown at 30 % probability) of the molecular structure of
[(ZnBr)2(u-Br)Lu ox] 53 in two different orientations. Hydrogen atoms and solvent molecules were omitted for
clarity.

3.4.2 Cobalt Complexes

Cobalt(II) complex 54 (CotBu-MeCN) was first synthesized and crystallized by SAMANTA.[419] In
this work the synthetic and crystallization procedures were optimized and reactivity studies as

well as catalysis experiments were conducted.
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3.4.2.1 Synthesis

CoBu-MeCN was synthesized according to the reaction depicted in Scheme 3.18. Cobalt(II)
tetrafluoroborate was combined with a suspension of HL®Bu and KO‘Bu in MeCN. Pure material

was obtained by layering a MeCN solutions with Et,0 as red-brown plates in up to 52 % yield.

(BF4)
Co(BF,),-6H,0 %pm:q)g h

P—C
KO!'Bu, MeCN
L A

L = MeCN
54
Scheme 3.18: Synthesis of [(Co(MeCN)2)2LBu](BF4)3 54 from HL‘Bu and KO‘Bu.

HLtBu

CotBu-MeCN crystallized in the monoclinic space group P12/n1 with two molecules in the unit
cell. Similar to the zinc complexes the cobalt ions are coordinated in a distorted square
pyramidal geometry (zs=0.10), having one acetonitrile ligand in the axial and one in the
equatorial position of each cobalt ion (Figure 3.21). The bonds to the axial ligands are longer
(2.083 A vs. 1.893 A) and the metal atoms are slightly above the plane of the four donor atoms
in the base plane of the pyramidal arrangement (dco-piane = 0.242 A). The metal separation in the
symmetric complex Co®u-MeCN is about 0.1A longer than in the zinc complex
(dco-co = 4.437 A). The separation of the phosphorus atoms and the backbone plane including

the pyrazole, the pyridines and methylene groups is larger than that of the metal ions.

Figure 3.21: Thermal displacement ellipsoids (shown at 30 % probability) of the molecular structure of
[(Co(MeCN)2)2LtBu](BF4)s 54 in two different orientations. Counterions, hydrogen atoms and solvent molecules
were omitted for clarity.

Further characterization of the cobalt(II) complex proved to be difficult in the way that NMR
spectroscopy and mass spectrometry were not suitable methods for this complex.
Paramagnetic NMR measurements showed some rather broad lines, but less than expected and
not assignable (Figure 3.25). Other methods such as UV-vis or IR spectroscopy provided no
structural information. This limitation became especially a problem when the reactivity of this

complex was investigated (see chapter 3.4.2.2). To enhance the crystallization properties, the
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large non-coordinating anion tetraphenylborate was introduced, but no crystals of the product
of the salt metathesis could be obtained. Also the structural characterization of cobalt
complexes with chloride or bromide or with ligand HL®r failed, although many reaction

conditions and crystallization attempts were tested.

The magnetic properties of CotBu-MeCN were investigated by EPR spectroscopy (frozen MeCN
solution) and by temperature dependent measurements of the magnetic susceptibility with a
SQUID magnetometer (solid material, Figure 3.22, left). The magnetic data revealed that the
cobalt(II) ions have a low-spin configuration with one unpaired electron each (S = %2). Via
superexchange through the pyrazole unit the two spins can interact with each other leading to
possible spin states S = 0 and S; = 1. The energetic separation of these two states is represented
by the coupling parameter J for the isotropic interactions (Esc=1 - Est=0 = -2J). The magnetic
susceptibility was recorded in the temperature range from 295 K to 2 K and the data was fitted
using the HEISENBERG-DIRAC-VAN-VLECK Hamiltonian H = —2J$,$, + gug (§1 + §2)§ At
ambient temperature (295 K) a X, T value of 1.24 cm3Kmol-! was observed, which is larger than
the calculated spin only value for two uncoupled S = % spins (0.75 cm3Kmol-1). This indicated
also an impact of the orbital angular momentum and with that a larger LANDE factor than two.
Upon lowering the temperature, the X,,T value decreased to 0.58 cm3Kmol-!. The data was best
fitted with a small antiferromagnetic coupling constant J=-1.25cm! and temperature

independent paramagnetism (TIP, 453 - 10-¢ cm3mol-1).
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Figure 3.22: Temperature dependent measurement of the magnetic susceptibility (left)[4191 and EPR spectrum in
MeCN at 161 K (right) of [(Co(MeCN)2)2LBu](BF4)3 54.

Electron paramagnetic resonance spectroscopy (EPR) showed less than expected and
extremely broad signals at 161K which could not be fitted in an adequate way (Figure 3.22,
right). The g-values of the rhombic spectrum were estimated to g,=1.97, g,=2.28 and
g, = 2.72. These values are in sharp contrast to the fused pincer dinuclear cobalt complex of
FIEDLER (Figure 3.2), which exhibited diamagnetic behavior.[2¢6] To increase the resolution of

the signal the temperature has to be lowered, but this data was not available to date.
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The redox properties of CotBu-MeCN were investigated by electrochemistry measurements. The
cyclic voltammogram and the square wave voltammogram showed four irreversible reduction
events (Figure 3.23, left). The first two are well separated while the third and fourth step are
close together with a separation of only 80 mV. The first reduction is much easier to access with
a potential of almost 1 V less negative compared to the second reduction. A shoulder of the first
reduction wave could not be explained so far. It was assumed that the first two reductions are
metal centered producing a dinuclear cobalt(I) compound. The third and fourth event was
assigned to be ligand-based, since the zinc complexes exhibited events at similar potentials

(Figure 3.16).
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Figure 3.23: Cyclic voltammogram (measured in 0.1 M nBusNPFs in MeCN) of Co®Bu-MeCN at different scan rates
(left) and square wave voltammogram (at 100 mV/s) with the assigned reduction potentials (right).

An elemental analyses performed with carefully dried single crystalline material showed that
loss of almost one acetonitrile per molecule could not be avoided. However, the best values are

in good agreement with the formula [Co;LBv(MeCN)3](BF4)3 (see Chapter 5.5.2.4).

3.4.2.2 Reactivity

To study the reactivity of the cobalt(Il) complex CotBu-MeCN, different reagents such as bases,
reductants and hydride or alkyl transfer agents were applied. With regards to the concept of
the activation of small molecules, especially the reduced cobalt(I) and the deprotonated species

(Scheme 3.19, pathways A and B) are of interest.
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P—Co“

Scheme 3.19: Potential reactivity pathways for [(Co(MeCN)2)zLtBu](BF4)3 54: deprotonation of the side arm(s) (A);
reduction to cobalt(I) or even further (B); alkylation of the cobalt centers (C) and formation of a cobalt hydride
complex for the activation of small molecules (D).

Hence, CotBu-MeCN was treated with different strong bases (KO‘Bu, LiO‘Bu and KH) in MeCN or
CH2Cl; and the reaction was followed by UV-vis spectroscopy. When the reaction was conducted
in MeCN, a slight color change from a red-brown solution to a rather brown solution was
observed. The maximum of the absorption band, however, did not change. Somehow the
intensity of the m-m* ligand band at 258 nm increased upon each addition of KO‘Bu, without
ending in a saturation (Figure 3.24, left). Changing the base to LiO!Bu, similar absorption
changes were observed. The reactions were slower at lower temperature, but showed the same
behavior. This indicated that a deprotonation reaction of CotBu-MeCN did not take place. The
reason for that might be that strong bases may deprotonate bound acetonitrile and with that
totally different reactions may occur.[20] Unfortunately, the poor solubility of CotBu-MeCN in
other solvents than MeCN and CHCl; rendered the use of different solvents impossible. It was
thought that the dearomatization as a consequence of the deprotonation would drastically
change the electronic structure of the complex and therefore a much distinct absorption

maximum was expected.
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Figure 3.24: UV-vis spectra of reactions of [(Co(MeCN)z):Lu](BF4)3 54 with LiO‘Bu in MeCN (left) and in DCM
(right).

A reaction in dichloromethane (with LiO!Bu for solubility reasons) supported this hypothesis,
since in contrast to the reaction in MeCN, in CH2Cl; no increase of the absorption bands was
observed (Figure 3.24, right). In this experiment a slight shift of the absorption maximum by
7 nm was observed. The reason for that might be a change in the coordination sphere of the
cobalt centers. The use of potassium hydride as base yielded intense dark blue reaction

mixtures but no products could be identified by different spectroscopic techniques.

The cyclic voltammogram of CotBu-MeCN (Figure 3.23) exhibited well separated reduction
events. The second reduction at a potential of approx. -1.17 V versus Fc/Fc* is perfectly in line
with the reduction potential of cobaltocene (-1.33 V versus Fc/Fc+ in CHCl;).[421] Assuming the
reduction to take place at the cobalt centers, the resulting species should be a dinuclear
cobalt(I) d8 species, which is diamagnetic in the low spin case. Reduction of the cobalt(II)
complex CotBu-MeCN with cobaltocene in MeCN resulted in an instant color change of the
solution to intense purple. The reaction products were very sensitive to oxygen and moisture.
Upon crystallization yellow needles of the cobaltocenium salt were obtained, but single crystals
suitable for X-ray diffraction analysis of a product resulting from CotBu-MeCN could not be
isolated. TH NMR spectroscopy revealed the presence of paramagnetic compounds, since
strongly shifted resonances were observed (Figure 3.25). This might be explained by the
formation of a high spin cobalt(I) complex. Like for CotBu-MeCN the resonances could not be
assigned and therefore the exact number as well as the structures of reaction products
remained unknown. In 31P NMR spectra neither resonances for the phosphine side arm nor of

free ligand were observed.
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Figure 3.25: 1H NMR spectra of CotBu-MeCN (top) and crude products of reactions of CotBu-MeCN and [CoCpz] under
Ar (middle) and CO atmospheres (bottom)(acetonitrile-ds, 298 K).

To avoid the formation of high spin complexes, the reduction was carried out under an
atmosphere of carbon monoxide, which can act as a strong donor ligand supporting low spin
configurations. Unfortunately, 1H NMR spectra of crude products still showed paramagnetic
character, although a carbonyl vibration at 1893 cm! was found in ATR-IR measurements
showing the presence of a CO ligand in the reaction product. The presence of paramagnetic
impurities was assumed. If the paramagnetically shifted resonances resulted from a formed
carbonyl cobalt(I) complex, it has to have a distorted geometry so that the unusual high spin
state is favored. No high spin cobalt(I) complexes bearing a CO ligand were found in literature

and also only a very few high spin cobalt(I) complexes with other ligands are known. [422:423]

It was also tried to reduce complex Co®Bu-MeCN with a stronger reductant, namely potassium
graphite (KCs). The same purple color of the reaction mixture and similar H NMR data were
found for the reduction with KCs in a mixture of cold MeCN and THF. However, the low stability
of the product(s) prevented the isolation and identification of the formed species. This fast
decomposition (on air within few seconds, under inert conditions at low temperatures within
several hours) supports the assumption of the synthesis of a reactive, low valent cobalt species.
Reaction of CotBu-MeCN with a Grignard reagent (MeMgBr) or sodium borohydride yielded
almost the same purple solutions like the stronger reductants before. Grignard solutions are
also used for reduction reactions, therefore the reduction to cobalt(I) might be favored over the
transmetallation reaction (Scheme 3.19, pathway C). With hydrazine or azides a rather slight
color change of the reaction mixtures was observed indicative for a simple ligand exchange at

the cobalt centers, but the products could not be isolated.

The synthesis of cobalt hydride species was attempted (Scheme 3.19 pathway D). The relatively
large metal-metal distance should lead to a dihydride compound rather than a bridged
monohydride one. Indeed, a color change of the reaction mixture was observed until approx.

two equivalents of superhydride® solution (KHBEt;) were added. Further equivalents did not
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lead to a further color change. Again the identification of the product failed, since single crystals
of the compound could not be obtained and other spectroscopic methods provided no
structural information. Nevertheless, the formation of a reactive species upon addition of
superhydride® to CotBu-MeCN was taken as initiation to investigate of the catalytic activity of

this mixture (see Chapter 3.6.2).

3.4.3 Ruthenium and Molybdenum Complexes

Since in literature many mononuclear ruthenium and molybdenum pincer complexes are
known, which show very interesting reactivity in the activation of small molecules and in
catalysis, the synthesis of dinuclear analogues was attempted.[45300305424-427] The synthesis of
similar pyrazolate bridged ruthenium(II) complexes and their use for water oxidation catalysis
was shown before.[251.252] For ruthenium pincer complexes a wide range of synthetic protocols
were developed by using various different ruthenium precursors, and some of them were used
in this work for the complexation with the Two-in-one pincer ligand.[?15] The reaction of
ruthenium precursors and the ligand had to be performed at elevated temperatures due to slow
ligand exchange at the ruthenium centers. The combination of metal, ligand, base and in some
cases of additional bridging moieties resulted in orange-brown reaction mixtures. In ESI-MS
measurements numerous species with isotopic distribution patterns indicative for dinuclear
ruthenium species were found and some of them could be assigned as desired products. For
example, the reaction of HL$Bv with Ru(dmso)4Cl; in THF in the presence of triethylamine as
base gave among others a peak at m/z = 969.2, which could be simulated with a species
containing one ligand, two ruthenium ions, two dimethylsulfoxides and two chlorides (Figure
3.26). The other two dominant species at m/z = 817.3 and m/z = 858.3 could not be assigned
in a reasonable way, but they were assigned to contain one ruthenium ion based on the isotopic
distribution pattern. The 31P NMR spectrum of this material showed the presence of the free
ligand and three new species shifted to lower field compared to HLtBu (approx. 50 - 80 ppm).
Unfortunately, a purification via column chromatography in using different stationary phases
or crystallization was not successful, so that the exact structure of the complex remained

elusive.
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Figure 3.26: m/z 500-1200 range of the ESI(+)-MS spectrum of the crude product of a reaction between HLBy,
[Ru(dmso)4Clz] and NEts in THF. The insets show the experimental and simulated isotopic distribution patterns for
[RuzLBu(Cl)2(dmso)2]*.

Other ruthenium sources were tried like RuCls, [Ru(p-cymene)Cly];, [RuClz(PPhs)s],
[Ru(H)2(CO)(PPhs)3], [RuCl(H)(CO)(PPhs3)s]. The addition of pyridine or acetonitrile as
potential ligands did not lead to the formation of a single species. It was tried to saturate the
coordination sphere of the ruthenium centers with acetonitrile, so that a symmetric species
would be formed. It was known from other projects in the group, that MeCN binds strongly to
ruthenium(II). Therefore, acetonitrile was added to a reaction mixture and afterwards a salt
metathesis with NaBPhs was conducted (Scheme 3.20). A single resonance in the 31P NMR
spectrum was found at 24.96 ppm and also the tH NMR spectrum showed just one peak for the
tBu groups and one for the MeCN ligands, indicating a high symmetry. In contrast, more peaks
in the aromatic region as expected were observed and CH; peaks could not be assigned (Figure
3.27). Furthermore, ESI-MS of the NMR sample solution revealed the presence of several Ru;
species identified by their typical isotopic distribution patterns, but these peaks could not be
matched with potential products.

1) LiN(TMS),
2) MeCN

3) NaBph4 7L(<\}/\/\/\l/>7 )< (BPh4)3
1

L L A

L = MeCN

HL®" + RuCl,(PPhs); ————>

Scheme 3.20: Example for an attempted synthesis of dinuclear ruthenium(II) complexes of HL‘Bu.
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Figure 3.27: 1HNMR spectrum of a crude product of a reaction of HL®3u [RuCl2(PPh)3] and lithium
hexamethyldisilazane (LiN(TMS)z) in THF/MeCN and subsequent salt metathesis with NaBPha4 (acetone-ds, 298 K).
The inset shows the aromatic region of the spectrum in detail.

Although the complexation reactions of ruthenium(II) with HL®* showed promising
indications for the formation of the corresponding dinuclear complexes, it was not possible to
eventually isolate and identify a reaction product in pure form. Numerous crystallization

attempts failed so far and thus the work on ruthenium complexes was not continued.

For synthesizing molybdenum complexes of HL®Bu, the same metal precursor as for the
tetramine ligand HsLMe (Chapter 1.4) was used (MoCl3(thf)3) and additionally molybdenum
hexacarbonyl Mo(CO)s as zero valent metal source. Upon addition of the molybdenum(III)
complex to deprotonated ligand HL®v, an instant color change to dark brown was observed.
However, neither the addition of potential bridging units (hydrazine, sodium acetate and
benzoate) or the change of the reaction conditions nor the subsequent reduction with
potassium graphite or sodium amalgam resulted in the identification or isolation of well-
defined dinuclear molybdenum complexes of the Two-in-one pincer ligand. In ESI-MS spectra
of crude reaction mixtures often the ligand was found as most intense peak along with some
possible molybdenum species (assigned by the typically broad isotopic distribution patterns
for Mo1 or Mo, compounds). However, none of these peaks could be simulated with ligand
containing dinuclear molybdenum species in a chemically reasonable fashion. No reaction

could be detected via NMR spectroscopy when HL#Buwas reacted with Mo(CO)s.

3.4.4 Rhodium Complexes

The synthesis of rhodium(I) complexes of the Two-in-one pincer ligand was attempted, since
rhodium complexes allow facile analysis due to the low spin character of these Rh! (d8)
complexes. Also products of an oxidative addition are diamagnetic (Rh!!! d¢), which is a typical

reaction for rhodium(I) complexes. In addition, rhodium(I) complexes were often used for
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numerous catalytic transformations and therefore many examplary reactions are available,

which might be tested.

3.4.4.1 Synthesis of Rhodium(l) Complexes

Addition of two equivalents of the rhodium source [Rh(acac)(CO)] to a suspension of ligand
HLBu, KOtBu as base and KPF¢ led to the formation of two products, which were identified by
NMR spectroscopy and ESI mass spectrometry. The desired dinuclear complex 55 (RhtBu-CO)
and a mononuclear rhodium species 56 were identified. In 56 one phosphine side arm was
abstracted (Scheme 3.21). The use of impure and thus monophosphine XXXIV containing
ligand material was excluded by recording a tH NMR spectrum of the ligand batch prior to use.
Variation of the reaction time did not change the observed ratio of the two species of ca. 1:1.
The two compounds were separated by crystallization of Rh#u-CO as yellow, air stable needles.

This purification procedure diminished the yield of the complexation reaction to 28 %.

s ST - UL < >
Rh(acac)(CO), o N N=N N + N\ N=N N

KO'Bu, MeCN

HLtBu
P = P(‘Bu),

Scheme 3.21: Synthesis of rhodium carbonyl complex 55 with formation of side product 56.

The 'H NMR spectrum of RhtBu-CO in MeCN-d; proved the formation of a symmetric species by
the existence of only three signals for the pyridine protons as well as one doublet for the
methylene spacer at 3.81 ppm (Figure 3.28). The 3!P spectrum shows a sharp doublet at
99.13 ppm (Yrne = 148.2 Hz) for the phosphorus atoms coupled to rhodium centers. The
carbonyl carbon atoms gave a doublet of doublets at § = 194.4 ppm in a 13C NMR spectrum with
coupling constants of Jgw.c = 73.8 Hz, Jp.c = 17.5 Hz similar to other reported rhodium(I) pincer

complexes.[298316]
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Figure 3.28: 1H NMR spectrum of [(Rh(CO)):LBu](PFs) 55 (acetonitrile-ds, 298 K). The insets show the aromatic
region of the spectrum and the CHz resonance in detail.
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ESI-MS measurements showed the cation [(Rh(CO));L®3u]* as dominant peak at m/z = 799.1
and the CO stretching frequencies were found at 1964 cm' and 1978 cm! in an ATR-IR

spectrum, slightly lower than reported pyrazole-bridged rhodium (I) carbonyl complexes.[70l

Crystals suitable for X-ray diffraction analysis were grown by slow ether diffusion into a MeCN
solution of RhtBu-CO. The complex crystallized in the orthorhombic space group Cmca with
eight molecules in the unit cell. The molecular structure is depicted in Figure 3.29 and shows
the two rhodium centers in a distorted square planar coordination geometry. Very similar to
the zinc and cobalt complexes the ligand backbone is only slightly bend and the metal ions are
found above and below this plane (dgn-piane = 0.386 A). The carbonyl ligands come in steric clash
and thus they are pointing up and down, respectively. In solution the carbonyl ligands are less
rigid. Thus, an apparent Coy symmetry was found on the NMR timescale at ambient temperature
with a fast interconversion of the two enantiomeric isomers (P and M). The metal-metal
distance was found 0.06 A longer than in Co®+-MeCN (dgnrn = 4.494 A vs. dcoco = 4437 A) and
longer compared to the zinc complexes, which have triflate ions as bridging units. The bond
length of the donor atoms to the metal centers are in the same range as for the zinc and cobalt
complexes and the Rh-CO (drn.co = 1.827 A) and C-O (dc.o = 1.149 A) bonds are essentially as
long as in the mononuclear analogue [(PNP)Rh(CO)](BF4).[428]

Figure 3.29: Thermal displacement ellipsoids (shown at 30 % probability) of the molecular structure of
[(Rh(CO))2LBu](PFe) 55 in two different orientations. Counterions, hydrogen atoms and solvent molecules were
omitted for clarity.

Using the same procedure, the rhodium carbonyl complex 57 (Rh#r-CO) of ligand HLPr was
prepared but here no formation of a second product was observed (Scheme 3.22). The complex
could be isolated as yellow solid in up to 62% yield, but the growing of single crystals, suitable
for X-ray diffraction analysis, failed so far. Interestingly, the solubility of RhiPr-CO was limited to
MeCN, while tBu analogue 55 was also soluble in acetone and methanol. This is in contrast to

the solubility behavior of the ligands themselves.
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Scheme 3.22: Synthesis of complex [(Rh(CO)):LPr](PFs) 57.

Complex 57 was characterized by ESI mass spectrometry with a single main peak (m/z = 743.1,
[(Rh(CO)).L#r]+) as well as by NMR spectroscopy. The doublet of the phosphorus donors in the
31P NMR spectrum was found at a chemical shift of 84.90 ppm, ~15 ppm high field shifted
compared to Rh®u-CO, whereas the coupling constant was essentially the same
(Yrop = 144.5 Hz). The 'H NMR spectrum revealed a symmetric compound in solution and the
shift of the methylene resonance in Rh#r-CO (§ = 3.76 ppm) is only slightly different from
RhtBu-CO (Figure 3.30). For the Pr complex, the CO stretching vibrations were found to have
the same energy (1965 cm'! and 1977 cm-1) as the ‘Bu complex showing, that the difference of

the two ligands HL®" and HLr in rhodium(I) carbonyl complexes is only of steric nature.
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Figure 3.30: 1H NMR spectrum of [(Rh(CO))2Lr](PFs) 57 (acetonitrile-ds, 298 K). The insets show the aromatic
region of the spectrum, the CHz and the CH group of the Pr residue resonances in detail.

The carbonyl complexes were air and water stable and assumed to exhibit a low reactivity, since
the exchange of the CO ligand is not favored. Therefore, another synthetic strategy was applied
in order to synthesize complexes with more labile coligands.[2981 [RhCl(coe):]2
(coe = cyclooctene) was chosen as metal precursor, because the alkene ligands are more easily
substituted than dienes in ,e.g, [RhCl(cod)]: (cod =cyclooctadiene). A direct use of
[RhCl(coe):]. was not successful and produced a mixture of several species as it was observed
via 31P NMR spectroscopy. Thus, the precursor was treated with silver hexafluorophosphate
(AgPF¢) to abstract the chloride, forming [Rh(L)2(coe)z]* in which L is depending on the solvent
used for the reaction. The formed silver chloride was separated and the solution of the rhodium

complex was added to a mixture of ligand and base. When the complexation reactions were
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performed in MeCN, one solvent molecule was coordinated to each metal center (Scheme 3.23,

58 = RhtBa-MeCN).

M e
Rh(acac)(CO), =N NC_?\] N=
> P\\ - ~. /_ P
KO‘Bu, MeCN s RO R
AN co ocC AT
55

CO (1 bar), acetone

_ < (PFy)
[Rh(L),(coe), 1P, : jn ST - S L

KO'Bu, MeCN : P
L = MeCN 7\ \ MeCN A~

MeCN || SMe,, THF, reflux

[Rh(L)z(coe),]PFg M ~|(PFe)
SMeZ b \I\I\ I\IC_?\I /I\I/ P
> ~ ~
KOBu, THF > : \Rh\ /Rh/ . <
L = acetone 7\ /S,/ /r
Me Me
61

Scheme 3.23: Synthesis of complexes [(Rh(CO))2L®u](PFs) 55, [(Rh(MeCN)):L®u](PFs) 58 and
[(Rhz(u-SMe2)LtBu](PFs) 61 and the transformations between them.

Analytically pure substance of 58 was obtained after extraction with a mixture of benzene and
MeCN (8:1), so that the formed KPFs was separated. The identity of RhtBu-MeCN was proven by
ESI-MS showing a single main peak at m/z =825.3 corresponding to the desired cation

[(Rh(MeCN)),Lu]* (Figure 3.31).
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Figure 3.31: m/z 500-1000 range of the ESI(+)-MS spectrum of Rh®u-MeCN in MeCN. The insets show the
experimental and simulated isotopic distribution patterns for [(Rh(MeCN))zLtBu]+.

The 'H NMR spectrum at ambient temperature in MeCN-dz (Figure 3.32) revealed again a
species with apparent Cyy symmetry on the NMR timescale with three resonances
corresponding to the pyridine protons, one pyrazole proton and one doublet each for the CH»
(6 = 3.28 ppm) and the tert-butyl groups (& = 1.38 ppm). The signal of the methylene groups in
RhtBu-MeCN is shifted by ~0.5 ppm upfield compared to the one in RhtBu-CO, suggesting more
electron density at the ligand. A sharp doublet at 90.13 ppm was observed in the 3P NMR
spectrum with a significantly larger coupling constant of Jrn.r = 178.2 Hz, which was not
observed for the mononuclear PNP rhodium(I) complexes in which the coupling constants of
the CO and MeCN complex were similar (Jrw-p = 120 Hz for the CO complex and Jrnr = 137 Hz for

the MeCN complex).[428429]
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Figure 3.32: 1H NMR spectrum of [(Rh(MeCN)):L%u](PFs) 58 (acetonitrile-ds, 298 K). The insets show the aromatic
region of the spectrum and the CHz resonance in detail.
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When performing the NMR experiments in acetone-ds, THF-ds, CD2Cl; or benzene (with one
drop of MeCN-d;3 for solubility reasons) the resonance for the MeCN ligands was observed at
2.40 ppm, 2.48 ppm, 2.40 ppm and 0.89 ppm, respectively. In MeCN-d3 this resonance was not
found due to fast exchange with deuterated MeCN. The chemical shifts of the proton resonances
like the methylene groups or the pyrazole H-4 vary in different solvents due to different
magnetic susceptibilities of the solvents. However, the 31P NMR shifts and Jrw.p coupling
constants are almost not affected (Table 3.2). In all solvents a dissociation of the MeCN ligand
was not observed, but a slow oxidative addition occured in CD,Cl; (see Chapters 3.4.4.2 and

3.4.4.3).

Table 3.2: Selected 1H and 31P chemical shift and Jrn-p coupling constants of RhtBu-MeCN in different solvents. The
shifts are given in [ppm] and the coupling constants in [Hz].

solvent 1H CH> H pz 4-H 1H tBu 1H MeCN 31p Jrn-p
MeCN-d3 3.28 7.21 1.38 - 91.51 178.2
CeDe? 2.74 6.80 1.26 0.89 90.67 179.8
acetone-de 3.40 7.40 1.44 2.40 91.27 1793
THF-ds 3.28 7.21 1.42 2.48 91.19 180.2
CDCl 3.20 7.05 1.40 2.40 9149 178.0

a One drop MeCN-ds was added for solubility reasons.

Single crystals of RhtBu-MeCN were obtained by layering a concentrated acetone solution with
pentane. The complex crystallized in the monoclinic space group P121/n1 with four molecules
in the unit cell. The molecular structure is shown in Figure 3.33, featuring very similar

structural properties of RhtBu-MeCN and RhBu-CO.

Figure 3.33: Thermal displacement ellipsoids (shown at 30 % probability) of the molecular structure of
[(Rh(MeCN)):LBu](PFs) 58 in two different orientations. Counterions, hydrogen atoms and solvent molecules were
omitted for clarity.

Again the coligands in the binding pocket as well as the metal centers and the phosphine donor
atoms are laying above and below the ligand backbone plane, respectively. Due to more steric
interactions of the MeCN ligands in Rh®Bu-MeCN compared to CO ligands in Rh®Bu-CQO, the
distances between the plane and the rhodium and phosphorus atoms are larger
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(drh-plane = 0.530 A and dp_pjane = 0.838 A). This is also reflected in a longer metal-metal

separation of 4.612 A. The Rh-Nuecy bond length was found to be dgy,_y = 1.987 A.

When the chloride abstraction of [RhCl(coe):], was performed in acetone with subsequent
addition of the filtrate to a solution of ligand and base in THF, the formation of the acetone
complex 60 was assumed based on 1H NMR spectroscopy (Scheme 3.24). However, isolation as
a pure compound failed several times due to extremely fast ligand exchange with stronger

binding ligands, which might have been present as impurities in the used solvents.

] (PFg)
L CICRRIGD %W

P—RHK h—P
KO'Bu, THF L

L = acetone /V

60

Scheme 3.24: Attempted synthesis of complex [(Rh(acetone))zLBu](PFs) 60.

To circumvent the observed fast exchange, additional ligands were used, namely dimethyl
sulfide (SMe2) and ethylene (CzH4). Such neutral ligands were known to potentially dissociate
from rhodium(I) centers and to create an open binding site for subsequent catalysis.[316428]
SMe; was introduced by simply adding an excess to the reaction mixture (Scheme 3.23).
Complex 61 (RhtBu-SMe;) exhibited one sharp doublet for the phosphine side arms at
80.77 ppm with Jrn.p = 163.4 Hz in the 31P NMR spectrum. The 'H NMR spectrum revealed a
symmetric species with one resonance for the SMe; unit at 3.26 ppm, which is more than one
ppm low field shifted compared to the signals of free SMe, (Figure 3.34). The pyridine
resonances are more low field shifted than in Rh®u-MeCN. This might be explained by a

stronger trans effect of SMe;.
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Figure 3.34: 1H NMR spectrum of [Rhz(u-SMez)LBu](PFs) 61 (acetone-ds, 298 K). The insets show the aromatic
region of the spectrum and the CHz and SMe: resonances in detail.

From the integral of the SMe; signal which equals six protons, the presence of only a single SMe;
and a bridging binding situation was assumed. Indeed, this situation was found in the solid

state by X-ray diffraction analysis. Red single crystals formed upon standing of a concentrated
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acetone solution of RhtBu-SMe; in the course of two days. The molecular structure offered some
differences compared to the rhodium complexes with CO or MeCN ligands (Figure 3.35). The
rhodium ions were still coordinated in a square planar fashion, although the parameter for the
distortion from ideal square planar geometry tsis higher as for the other two complexes (Table
3.3). Interestingly, the distance between the two metal centers is remarkably shorter
(drnrn = 3.823 A) indicating that the ligand systems is more flexible than expected and even a

monoatomic bridging unit is possible.

Figure 3.35: Thermal displacement ellipsoids (shown at 30 % probability) of the molecular structure of
[Rhz(u-SMez)LtBu](PFs) 61 in two different orientations. Counterions, hydrogen atoms and solvent molecules were
omitted for clarity.

Both metal centers and phosphine side arms are located on one side of the backbone plane in
RhtBu-SMe; (&Rh_plane =0.322A and Jp_plane =0.703 A), giving the complex a slightly
bowlshape overall structure. The bridging sulfur atom is located almost exactly in the middle
between the two rhodium ions. The Rh-P bond lengths are marginally elongated
(dgrn-p = 2.272 &), while the Rh-N,, bonds are shorter in RhtBu-SMe; (JRh_pZ N = 1.976 A) than
in RhtBu-MeCN and RhBu-CO (Table 3.3). The distance between the rhodium center and the
pyridine nitrogen atom is about 0.03 A longer in Rh®u-SMe; than in Rh®u-MeCN as a

consequence of a stronger of a stronger trans effect of SMe..

Table 3.3: Selected bond lengths in [A], angles in [°] and structural parameter s for the deviation from ideal square
planar coordination geometry of complexes [(Rh(CO)):L®u](PFs) 55, [(Rh(MeCN))2L®Bu](PFs) 58 and
[(Rhz(u-SMez)LBu](PFe) 61.

drb-rn drn-p dRrh-pz N dRrh-py N a B Ts

RhtBu-CO 4.494 2.244 2.091 2.072 172.8 161.6 0.17

2.218 2.098 2.001 169.5 163.2 0.19
2.221 2.105 2.003 171.8 163.4 0.17
2.270 1.975 2.035 162.6 160.9 0.26
2.274 1.977 2.036 162.9 160.9 0.25

RhtBui-MeCN  4.612

RhtBu-SMe; 3.823

The ethylene complex 62 was tried to synthesize by using the rhodium precursor
[RhCI(C2H4)2]2 under otherwise equal reaction conditions (Scheme 3.25) but it was not
possible to isolate one single product, according to 31P NMR spectroscopy. From a reaction with
an impure ligand batch a mononuclear complex 63 of monophosphine ligand XXXIV was
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crystallized (Figure 3.36) showing that the formation of a rhodium(I) ethylene complex is
possible. The structural parameters for the single rhodium ion are similar to those of the
dinuclear complexes discussed before. The C=C bond of the ethylene ligand is slightly elongated
as compared with free ethylene.[*30] For further studies, the use of gaseous ethylene in
combination with [RhCl(coe):]. similar to the synthesis of RhtBu-SMe, might result in the
isolation of the desired compound 62.

M E (PFe)
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apima (RIL2(CoH):](PFe) %F NONEN N

KO‘Bu, THF ] _Rh" /Rh g
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Figure 3.36: Thermal displacement ellipsoids (shown at 30 % probability) of the molecular structure of
[Rh(C2H4)(XXXIV)] 63 in two different orientations. Hydrogen atoms except for the C2H4 ligand were omitted for
clarity.

The molecular structure of 63 showed the ethylene coligand to occupy significant space of the
ligand binding cavity, which might be a reason for the formation of several products in the
above discussed reaction of HL®Bu with [RhCI(CzH4)2].. To lower the steric demand of two
ethylene units it was considered to combine both binding sites in one ligand. Therefore,
isoprene was added to RhtBu-MeCN to perform a ligand exchange and incorporate a diene into

the binding pocket between the two rhodium centers (Scheme 3.26).

>_\ %W L

—Rh Rh—P

>_/

64

Rh'BY-MeCN

Scheme 3.26: Attempted synthesis of rhodium isoprene complex [Rhz(u-isoprene)LBu](PFs) 64.

The successful synthesis of the isoprene complex 64 was indicated by NMR spectroscopy,

showing only two doublets in a 3P NMR spectrum at 75.90 ppm and 77.13 ppm as expected for
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an unsymmetric complex. The 'HNMR spectrum revealed the presence of some minor
impurities (Figure 3.37) but the incorporation of isoprene in the complex was demonstrated
by the shift of the corresponding tH NMR resonances by ca. 1 ppm to higher field as compared
to free isoprene. Crystalline material could not be isolated and also crystallization attempts in
the presence of an excess of isoprene did not lead to suitable crystals for X-ray diffraction

analysis.
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Figure 3.37: 'H NMR spectrum of crude [Rhz(u-isoprene)LBu](PF¢s) 64 (acetone-ds, 298 K). The insets show the
aromatic region of the spectrum and the CHz and isoprene resonances in detail.

As for the carbonyl complexes also a iPr analogue of RhtBu-MeCN was synthesized (Scheme
3.27). Under identical reaction conditions a mixture of different species was detected by 31P
NMR spectroscopy. When the reaction mixture was heated to reflux for several hours, a clean
reaction was observed and [(Rh(MeCN)).L#r](PF¢) 65 (RhiPr-MeCN) was isolated as the only
product. It was assumed that for the sterically less bulky HLPr the complete dissociation of the
cyclooctene ligand of the precursor was not required in contrast to the more crowded HLtBu,
For that reason, the reaction mixture was heated to reflux to fully remove the cyclooctene

ligands from the rhodium centers.

s, /L M )\ on

— RN, Rh—P
KO'Bu, MeCN
L = MeCN i

Scheme 3.27: Synthesis of [(Rh(MeCN)):L?r](PFs) 65.

The doublet of the phosphine donor sites of RhiPr-MeCN was found at 78.54 ppm in a 3P NMR
spectrum with a coupling constant of Jrnp = 176.0 Hz, showing the same effect of a high field
shift from ‘Bu to Pr as found already for the carbonyl complexes, while the coupling constants
remain similar. The proton resonances of RhiPr-MeCN for the ligand backbone and for the CH;

group are essentially the same as for Rh#Bu-MeCN, again showing that the difference between
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the two ligands is only of steric nature (Figure 3.38). Unfortunately, the crystallization of

compound 65 was not successful.

— py NE\L CH,
! I ‘.Jﬁﬁ* L —
2.|28 . : Z.IZS . 1.00‘ 2.18 . . . 4.25 . ] X
77 76 75 74 73 72 71 325 3.20 3.15 Pr Pr
& [ppm] & [ppm] \
pog——— i hy o

2.28 2.25 1.00 2.18 4.25 4.35

8.0 7.5 7.0 6.5 6.0 5.5 50 45 4.0 3.5 3.0 25 2.0 1.5 1.0
& [ppm]

13.62 12.93
T

Figure 3.38: 1H NMR spectrum of [(Rh(MeCN)):L¥r](PF¢) 65 (MeCN-ds, 298 K).

In order to increase the solubility of the rhodium complexes in non-polar solvents, salt
metatheses with sodium tetraphenylborate to substitute the hexafluorophosphate counterion
were attempted from methanol solutions of the complexes. For Rh®Bu-CO the desired effect was
found, afterwards the complex was soluble in THF. However, neither analytically pure material
nor single crystals suitable for X-ray diffraction analysis could be obtained so that the complete
conversion could not be proven. When RhtBu-MeCN was used in the salt metathesis reaction,
the desired effect was not observed, because the precipitate from the methanol reaction
mixture was still not soluble in benzene. In addition, again the isolation of clean material
proved to be not possible even if the base in the complexation reaction was changed to a lithium
or sodium containing base, to avoid the formation of KBPh4, which also precipitates from

methanol solutions.

3.4.4.2 Ligand Exchange and Flexibility

To study the ligand exchange and bond strength behavior of Rhtu-CO, Rh$u-MeCN and
RhBu-SMe,, substitution reactions were performed (Scheme 3.23). The MeCN complex 58 can
be transformed into the CO complex by stirring an acetone solution under an atmosphere of
carbon monoxide for less than one hour. A fast color change from red to yellow and
precipitation of Rh®3u-CO was observed. NMR spectroscopy clearly showed the complete
reaction by disappearance of the RhtBu-MeCN resonances and the formation of those of
RhBu-CO. In the course of this project this pathway was mostly used for the synthesis of
RhBu-CO, since the yields were much better than for the reaction with [Rh(acac)(CO):].
Furthermore, refluxing a THF solution of RhtBu-MeCN in the presence of an excess of SMe; for
several hours yielded quantitatively Rh®Bu-SMe,. The reverse reaction already took place when
small quantities of MeCN were present in solution, e.g., as impurity in solvents. These exchange
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reactions were not successful when RhtBu-CO was used. The complex proved to be completely
inert in that context. Neither refluxing in MeCN or acetone nor irradiation with an UV lamp in
the presence of several possible ligands or reagents like MeCN, SMe; or Mel led to a dissociation
of the CO ligands. No reactions were observed if degassed solutions of RhtBu-CO or RhtB:-MeCN
were set under an atmosphere of ethylene gas after the course of one week at ambient and
elevated temperatures. As discussed above, an ethylene and isoprene complex could be
synthesized in acetone solutions. On the basis of these findings a qualitative stability order can
be suggested with acetone being the weakest and CO the strongest ligand in this series of

rhodium(I) complexes (Figure 3.39).

[Rh]—CO [Rh]—isoprene

P N

[Rh]—C,H; =< [Rh]—MeCN
T P4 1 [Rh] = [Rha(L), L] (PF)
— = exchange possible

[Rh]—acetone —= [Rh]—SMe, —%= = exchange not observed

Figure 3.39: Summary of the possible and not observed ligand exchanges with rhodium(I) complexes of HLtBu.

The ligand exchange and flexibility in Rhtu-MeCN was studied in more detail, since this
complex was mainly applied for subsequent catalysis. Firstly, a large excess of deuterated MeCN
(100 equivalents) was added to a THF solution of RhtBu-MeCN and the rate of exchange of the
MeCN ligands was investigated by 1H NMR spectroscopy at different temperatures (278 K to
308 K, Scheme 3.28).

Rh—P
L\ /V A /V
L = MeCN L=

Scheme 3.28: Exchange of the MeCN (green) coligands by deuterated analogue MeCN-ds (orange) in RhtBu-MeCN.

From the decrease of the resonance of bound MeCN (2.48 ppm) and increase of free MeCN
(1.94 ppm) the ratios of the deuterated and non-deuterated complexes were calculated and
plotted versus time (Figure 3.40). The observed initial rate constants kos(T) of the exchange at
different temperatures were obtained from a linear fit of the starting phase and used for an
EYRING plot (1/T versus In(kobs(T)) to determine the thermodynamic parameters of the reaction
AH#*=29.4 + 6.38 k] mol!and AS#=-201.3 + 22.13 ] mol! (Figure 3.41). AH* and AS# can be
translated into AG* value at 298 K of AG#¥29sx = 89.4 + 9.18 k] mol-L.
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Figure 3.40: Plot of the molar ratio x of free MeCN (= x of deuterated complex [(Rh(MeCN-d3))2LBu](PFs) 58) versus
time at different temperatures (blue to red).

The largely negative value for the entropy is indicative for an associative mechanism, meaning
that a deuterated MeCN is coordinated first to form a five-fold coordinated species, which then
releases MeCN.[#31] Rates for the forward and the backward reactions are given in Table 3.4,
derived from the rate constants and the equilibrium constants. The final ratios of the two
complexes were found to be similar within the experimental error, which is in line with the

expectation of a thermoneutral reaction for this kind of ligand exchange reaction.
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Figure 3.41: EYRING plot In(kobs(T)) versus 1/T of the ligand exchange reaction in RhtBu-MeCN with MeCN-ds.
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Table 3.4: Observed and derived rate constants [10-2 min-1] and equilibrium constant at different temperatures [K].

T Kobs Krorward Kbackward Xend, MeCN Keq
278 2.901 3.229 -0.3276 0.9079 9.853
288 6.240 11.33 -0.5562 0.9244 12.22
298 7.635 13.86 -0.6802 0.9244 12.22
308 10.53 11.70 -1.166 0.9093 10.03

In contrast to the ligand exchange, a second effect in Rh®Bu-MeCN was investigated: The
flexibility of the coligands. The MeCN ligands in the dinuclear binding pocket of Rh®Bu-MeCN
are in steric clash and therefore pointing up and down from the ligand backbone plane (see
molecular structure, Figure 3.33). In solution this arrangement is flexible and an

interconversion between the two enantiomers (P and M) can occur (Figure 3.42).

A~ 7\ id /v
Figure 3.42: Interconversion of the P and M enantiomers in RhtBu-MeCN.

This interconversion was observed and studied by variable temperature 1H NMR spectroscopy
in MeCN-ds, acetone-d¢ and THF-ds. The activation barriers for the interconversion were
determined in considering the line width and peak separation of the tert-butyl resonances. A
broadening of the signals was also observed for the CH; groups while the resonances for the
pyridine and pyrazole protons as well as the 31P signals of the phosphine side arms shifted only
slightly upon cooling. For the MeCN sample the coalescence point could not be observed since
the freezing point of the solvent was too high (Figure 3.43). In the case of acetone and THF the
coalescence points are around Tcoa = 243 Kand Tea = 253 K, respectively (see Appendix, Figure

6.1).

For the determination of the rate constants of the conversion at a given temperature the

following equations were used:[432]

k(T) = 1" Avy (3)
_ (Av,p)?
) = v, )
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Figure 3.43: Variable temperature 'H NMR measurement of RhtBu-MeCN in MeCN-ds.

For the slow exchange regime at low temperatures Equation 3 was used to estimate the rate of
interconversion, with Avy,; being the line width (full width at half maximum) neglecting the
natural line broadening of the signals. When the exchange is sufficiently fast (above the
coalescence point), Equation 4 becomes valid, in which Avsg is the peak separation at
temperatures below the coalescence point. From an EYRING plot that uses these calculated rate
constants kr at different temperatures, the activation parameters AH* and AS# for each solvent
could be derived. For a MeCN solution a single linear behavior was found in an EYRING plot
(Figure 3.44, bottom), whereas for Rh®Bu-MeCN in the less coordinating solvents acetone and
THF two regions could be distinguished (Figure 3.44, top). A negative slope was found for
temperatures from 298 K to 213 K and 223 K for acetone and THF, respectively. At lower
temperatures a positive slope was observed which indicated two different mechanisms for the
isomerization to occur at different temperatures. The AS# values for the isomerization in the
high temperature regime are more negative than observed for the ligand exchange reaction but
in the same order of magnitude. The free activation energies of the isomerization at 298 K are
significantly lower than for the ligand exchange reaction (AG#z98x * 90 k] mol-! for the exchange
versus AG#y9gx = 53 - 63 k] mol! for the interconversion at temperatures above 230 K). The
entropy might be decreased by a very rigid transition state. In conclusion, it was assumed that
the isomerization process does not include a Rh-N bond dissociation, as also reported for

similar ruthenium complexes.[267433], A different mechanism seemed be involved at low
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temperatures due to opposite signs of the slopes, although the AS* values are even more

negative. This is not completely understood to date.
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Figure 3.44: EYRING plots In(kr) versus 1/T for the interconversion of the two conformers of Rh®8u-MeCN in different
solvents: Acetone-ds (top, left), THF-ds (top, right) and MeCN-ds (bottom).

The thermodynamic parameters are summarized in Table 3.5. The AH* and AS* were translated
into free activation energies AG*at 298 K. The values for AH#in acetone and THF at higher
temperatures are similar and slightly higher than in MeCN, whereas the values for the low
temperature regime were found to be negative. AS* in MeCN is considerably more negative and

AG#,95k is larger compared to the values for acetone and THF solutions.

Table 3.5: Thermodynamic data of the interconversion of P and M conformers of RhtBu-MeCN in different solvents.
The values for AH* and AG* are given in [k] mol-1]; AS*in [] mol-! K-1].

AH# AS# AG#9gk
MeCN-d3 2043 +1.20 -141.8+4.37 62.68+1.77
>210K 2690+140 -88.86+559 53.38+2.17
acetone-de
<210K -22.54+2.74 -324.0+14.2 74.02 £ 5.06
>220K 2417 £1.37 -103.6+547 55.05%2.13
THF-ds
<220K -20.52+2.14 -309.1+10.1 71.60 + 3.88
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3 Two-in-one Pincer Ligands and Their Metal Complexes for Catalysis

When the calculations were applied for the signal broadening and splitting of the CH; groups,

very similar thermodynamic values were obtained.

In a variable temperature 'H NMR measurement of the {Pr analogue RhiPr-MeCN the
interconversion of the P and M enantiomers was found to be fast on the NMR time scale even
at low temperatures. This may reflect a larger metal-metal separation and thus less steric clash

of the MeCN ligands.

3.4.4.3 Synthesis of Rhodium(lll) Complexes

Low valent, electron rich late transition metals like VASKA’s complex are known to easily
undergo oxidative addition to the corresponding trivalent metal complexes.[34-436] [n
combination with the microscopic reverse reaction, which is the reductive elimination, it plays
an important role in organometallic transformations and especially in catalytic coupling
reactions.l198] Many examples for oxidative additions with alkyl halides or dihydrogen of
rhodium(I) pincer complexes are known in literature.[*37-439] In some cases, upon addition of

dihydrogen, rather the formation of a H, o-complex was observed than oxidative addition.[440]

For RhtBu-CO and Rh*r-CO, no reactions were observed when the complexes were treated with
methyl iodide, phenyl iodide or dihydrogen. Even if the reaction mixtures were heated or
irradiated with UV light. This observation was not surprising, since the stability of the
complexes was already found before and MILSTEIN reported the reductive elimination of
rhodium(III) alkyl halide species upon addition of carbon monoxide induced by the large tert-

butyl groups.4391

M(PFd — \CI/\C/I \//—I(PFé)
— — [@)
NOON=N 2 CH,Cl, N, //N—N\\ N

P—RH, ~ Rh—P ~ P—RHK. Rh—P
P = P(‘Bu), 67

\gZCIZ CHZ(.V
Cl _l (PFe)
p ﬂ/q

P—Rh g Rh—

c1 L
66

Scheme 3.29: Stepwise formation of [(Rh(Cl)(CH2Cl)(MeCN))(Rh(CI)(CHzCl))LtBu](PF¢) 67 by oxidative addition of
two molecules CH2Clz to RhtBu-MeCN.

L =MeCN Cl
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3.4 Complex Synthesis and Reactivity

The more labile coligand MeCN in Rh®u-MeCN was shown to enable oxidative addition
reactions with methyl iodide (Mel) and dichloromethane (CH:Cl;). The latter reaction was
found to be slow in CH,Cl; solution and proceeded within a week to completeness (Scheme
3.29). Upon standing of a CH»Cl; solution of RhtBu-MeCN at ambient temperature first a color
change to yellow and then a precipitation of yellow needles was observed. The progress of the
reaction was followed by NMR spectroscopy, which revealed a two-step process with a mono-
oxidized intermediate 66. After 15 hours, resonances of a second unsymmetric species arose
in a 31P spectrum with one doublet having almost the same chemical shift and Rh-P coupling
constant as the starting, Rh'Rh! complex RhtBu-MeCN (8 = 91.49 ppm, Jrnr = 178.0 Hz). The
second doublets exhibited a significantly lower coupling constant of Janr = 128.1 Hz and was
shifted to higher field (6 = 67.19 ppm,). This is explained by the formation of a mixed valence
species Rh"Rh!, with one rhodium(I) and one rhodium(III) ion with a roughly one third smaller
coupling constant as generally observed for rhodium complexes.[441] In the further course of
the reaction the doublet of the RhIRh! species completely vanished while a third species
appeared at 71.13 ppm with a coupling constant of Jrn-r = 133.0 Hz, indicating the formation of
the symmetric RhIRh!' complex 67 (Rh®Bu-DCM). After 5 days the reaction was finished
showing only the doublet of the product in a 3P NMR spectrum. The 'H NMR spectrum
exhibited a doublet of doublets at 4.23 ppm for the methylene group of the CH>Cl ligand and a
doublet of doublets of doublets at 3.76 ppm for the CH; groups of the ligand side arms.
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Figure 3.45: Progress of the oxidative addition of two CHzCl2 to RhBu-MeCN followed by 31P NMR spectroscopy
showing a mono-oxidized compound as intermediate (CD2Clz, 298 K).
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Rh3Bu-DCM was also characterized by mass spectrometry and X-ray diffraction analysis. An
ESI+ mass spectrum of a MeCN solution of RhtBu-DCM showed a dominant peak at m/z = 438.1
corresponding to the doubly charged species [(Rh(CH2Cl))(Rh(CI)(CH2Cl))Ltu]2+ produced by
loss of one chloride and any remaining MeCN ligands. A few crystals of RhtBu-DCM were grown
by layering of a yellow reaction mixture with pentane. The molecular structure showed two
different rhodium centers in contrast to the solution behavior (Figure 3.46). One metal was
six-coordinated having a distorted octahedral coordination geometry (Rh1), while the second
metal showed a five-fold coordination in a distorted square pyramidal environment (Rh2,

75 = 0.10).

Figure 3.46: Thermal displacement ellipsoids (shown at 30 % probability) of the molecular structure of
[(Rh(CI)(CH2CI)(MeCN))(Rh(CI)(CH2CI))LtBu](PFe) 67 in two different orientations. Counterions, hydrogen atoms
and solvent molecules were omitted for clarity.

Interestingly, the chloride and chloromethylene ligands of Rh1 were bound in the axial
positions trans to each other with a MeCN ligand in the equatorial plane completing the
octahedral coordination. At the second metal site the chloride and the chloromethylene units
are standing cis to each other. The metal metal distance did not change much upon oxidative
addition (drnrn = 4.616 A), but the Rh-P (drnip = 2.308 A and druze = 2.262 A) and Rh-Nuecx
(drni-n = 2.028 A) contacts are elongated in Rh®Bu-DCM as compared to Rh®u-MeCN. The
lengths of the Rh-Cl and Rh-CH:Cl bonds are similar to other rhodium(IIl) complexes, which
are within the range found for the two subunits in RhtBu-DCM (Table 3.6).[442] The amount of
isolated crystals was too small to perform further studies on the subsequent reactivity of this

complex.

The reaction with methyl iodide was fast with an instant color change from deep red to yellow
occurring after the addition of Mel (Scheme 3.30). Unlike the addition of CHCl; to RhtBu-MeCN
no intermediary mono oxidized species could be identified by 31P NMR spectroscopy, since the
spectra after addition of one, two or ten equivalents of Mel showed the same three doublets
(75.29 ppm, 82.86 ppm and 85.17 ppm) with only minor change in the intensity ratio. All
doublets had Rh-P coupling constants between 120 - 130 Hz, indicating an oxidation of both
rhodium(I) centers to yield assumedly 69 (RhtBu-Mel). This is indicative of a large experimental
error for the added volume of Mel. 1H NMR spectra were not as simple as expected for a mixture
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3.4 Complex Synthesis and Reactivity

of potentially only two species. Numerous peaks in the region for the tert-butyl or CH groups
were observed. Thus, resonances of the methyl groups could not be assigned. The amount of
observed resonances changed upon variation of the temperature in an unexplained way. At
50 °C only the doublet at 75 ppm remained present, but with a very low intensity. Lowering the

temperature to -50 °C led to the appearance of new resonances.
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Scheme 3.30: Synthesis of [(Rh(Me))z(u-I)2LBu](PFs) 69 via [(Rh(Me)I)(Rh(MeCN))L®Bu](PFs) 68 by stepwise
oxidative addition of Mel to RhtBu-MeCN.

In ESI mass spectra a difference between the addition of one or two equivalents on Mel was
observed. In both cases the dominant peak was found at m/z = 885.2 corresponding to the
mono oxidized compound [Rh;IMeL®u]* (Figure 3.47). But when two equivalents were added,
also a peak with an intensity of 45% at m/z = 1027.1 was present, which was be assigned to
the twice oxidized compound [RhzI:Me;LBu]+. Upon fragmentation in MS-MS measurements
the peak of the mono oxidized compound was found again as the dominant species. However,
also with a large excess of Mel, a single reaction product was not detected. These findings

suggested, that the oxidative addtion of Mel is reversible under ESI conditions.
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Figure 3.47: m/z 600-1200 range of the ESI(+)-mass spectrum of reaction mixtures of RhtBu-MeCN with one
equivalent Mel (left) and two equivalents Mel (right). The insets show the experimental and simulated isotopic
distribution patterns for [RhzIMeLBu]+ and [Rhzl2MezLtBu]+.
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The solid state structure of Rh®Bu-Mel was analyzed by X-ray diffraction with single crystals
obtained by standing of a MeCN solution of a reaction with a 10-fold excess of Mel. It was
assumed that the cation was soluble in MeCN when hexafluorophosphate was the counterion
and only precipitated as the iodide. The compound crystallized in the triclinic space group P1
with four molecules in the unit cell. The molecular structure of two molecules in the unit cell
are depicted in Figure 3.48. Both methyl groups are on one side of the ligand backbone plane
and the iodides in bridging positions. Noticeable the two molecules (RhtBu-Mel A and
RhtBu-Mel B) exhibit a slightly different binding situation at the rhodium centers. In
RhBu-Mel A both iodides bind in a bridging mode (u2-n!-n!) between the rhodium ions with
similar distances to both metals (drni11a = 2.671 A / drnz1ia = 2.684 A and dgniiz = 3.017 A/
dRrhz12 = 3.078 A). In contrast to that, in the second molecule, Rhtu-Mel B, one Rh-I contact is
remarkably longer than the others (drha-112a = 3.253 A versus drnz-niza = 3.066 A) which might be
an indication for a switch in the binding modes of the iodides. This might lead to the formation
of an unsymmetric species, which gives two doublets for the phosphorus atoms resulting in
three resonances for the equilibrium situation (Scheme 3.31). However, to date this is an
assumption. To prove the presence of an equilibrium like RhtBu-Mel A = RhtBu-Mel B, further
investigations are necessary. For example, single crystals of Rh®u-Mel could be dissolved at
very low temperature to follow a potential formation of an equilibrium by 31P NMR

spectroscopy.

Scheme 3.31: Possible equilibrium in solution between RhtBu-Mel A and RhtBu-Mel B.

The other bond lengths of the two molecules are similar and summarized in Table 3.6. The
rhodium-rhodium separation in RhtBu-Mel B is little larger than in Rhtu-Mel A (3.835 A vs.
3.761 &) and remarkably shorter as for the non-bridged Rht8u-DCM. Another effect of the two
(with the pyrazole: three) bridging units between the two rhodium centers is a more distorted
octahedral coordination geometry. For RhtBu-Mel a stacking of the ligand backbones was
observed as it was also found for [(Zn(OTf)).(u-OTf)LBu] 49 (Figure 3.48, bottom right), which
might explain the low solubility (only in hot DMSO) of the compound.
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Figure 3.48: Thermal displacement ellipsoids (shown at 30 % probability) of the molecular structure of
[(Rh(Me))z(u-1)2LBu](I) 69. Top: Two molecules of the unit cell with different binding situations of the iodide
ligands, RhtBu-Mel A and RhtBu-Mel B. Bottom: Side view of the complex A displaying the distorted octahedral
coordination geometry (left) and stacking diagram of the molecules of the unit cell (right). Counterions, hydrogen
atoms except for the CHs groups and solvent molecules were omitted for clarity.

To increase the solubility, it was tried to convert the iodide salt into the PF¢ or BPhs- analogues,
but crystallization of the compounds failed, so that clean material of Rh®Bu-Mel with these

anions was not be obtained.

Table 3.6: Selected bond lengths in [A] of complexes [(Rh(Cl)(CH2Cl)(MeCN))(Rh(C1)(CH2Cl)) L] (PFs) 67 and two
molecules of the unit cell of [(Rh(Me))2(u-1)2LBu](1) 69.

drh-x

drh-rn drh-p dRrh-pz N dRrh-py N Rh1 Rh2 dRrh-c(atkyn)
2.262 2.103 2.027 2.023
Rhé#u-DCM 4616 2308 2119 2006 2.335 2472 2127

2.285 2.018 2.013 2.671 2.684 2.085
2.289 2.019 2.022 3.017 3.078 2.093
2.292 2.010 2.017 2.725 2.728 2.071
2.299 2.012 2.029 3.066  (3.253)  2.086

RhtBu-Mel A 3.761

RhBu-Mel B 3.835

The oxidative addition of methyl iodide was also tried for Rhr-MeCN, resulting in a similar
mixture of products. A series of 31P NMR spectra recorded at different temperatures showed
the reversible temperature dependence of the product formation/ratio (Figure 3.49). At
ambient temperature one symmetric and one asymmetric species was found with doublets at
68.28 ppm (Jrnr = 123.4 Hz) and 68.18 ppm (Jrn-p = 122.7 Hz) / 72.29 ppm (Jrn-r = 120.8 Hz),

respectively. For all signals small coupling constants were found, which indicated the presence
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of only rhodium(III) species. The symmetric species persisted at higher temperatures while the
asymmetric species was reversibly transformed into another symmetric species
(6 =59.99 ppm, Jrnr=119.7 Hz). The exact structure of these three species could not be
examined, because the corresponding !H NMR spectra were characterized by the presence of
many overlaying resonances and ESI mass measurements showed no dominant peak, which
could be clearly assigned. Unfortunately, crystals of any of the reaction products were not

obtained, so that the results of this reaction remained uncertain.
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Figure 3.49: 31P NMR spectra of a reaction mixture of RhiPr-MeCN with two equivalents Mel at different
temperatures (MeCN-d3).

Most interestingly for catalytic applications would be an oxidative addition of dihydrogen.
Although all synthesized rhodium(I) complexes were tested in various solvents under different
dihydrogen pressures, no reaction could be observed by NMR spectroscopy even at high
pressures of up to 10 bar or at low temperatures. Only in one exception two resonances low in
intensity in the hydride region of a 1H NMR spectrum were observed for the reaction of
RhtBu-SMe; in THF-ds (Scheme 3.32, Figure 3.50). The integral of the two doublets of doublets
at -18.90 ppm (J=22.0, 21.0 Hz) and -19.02 ppm (J = 27.3, 21.7 Hz) corresponded to about
10% for a possible dihydride complex in relation to the CH: group of the unreacted educt.
However, in the corresponding 3P NMR spectrum no new resonances were observed probably
due to the low conversion rate so that the symmetry as well as the exact binding situation (cis

or trans) of the newly formed dihydride species could not be determined.

B T T
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H, (2 bar) %_ N=N
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Me Me

Scheme 3.32: Formation of a potential dihydride complex from RhtBu-SMe: and dihydrogen.
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Figure 3.50: 'H NMR spectrum of Rh®Bu-SMe2z with NaBPh4 under an atmosphere of 2 bar of dihydrogen (THF-ds,
298 K).

The bimetallic reactivity of related pyrazolate bridged diphosphine ligands was also discussed
by the groups of BOSNICH and AKITA.[70.441443] BOSNICH reported the synthesis of a chlorobridged
dinuclear rhodium(I) complex 70 (Figure 3.51), which was shown to undergo oxidative
addition with acetyl chloride and methyl iodide.[*41] However, with chloride as bridging unit
only a single oxidative addition on one rhodium center was observed. When the electron
density of the metal centers was increase by using a phosphide bridging unit (PPhz, complex
71), a reversible second oxidative addition was observed. An analoguous iridium(I) complex
showed a higher tendency to undergo oxidative additions (irreversible and fast reactions). It
was showen, that the oxidative addition behavior could be correlated with the IR bands of the
carbonyl ligands. Higher the carbonyl bands led to less facile and less complete oxidative
additions to this dinuclear complexes. The IR bands of Rh®Bu-CO were slightly lower than for
70, but higher than these of the phosphide bridged complex 71.41] This may explain in parts,
why no oxidative addition reaction was found for RhtBu-CO, although the electronic structures
of the complexes are different. For RhtBu-MeCN less m-backbonding of the MeCN coligands is
expected, resulting in a higher electron density at the rhodium centers. This is reflected by the
facile oxidative addition of both rhodium(I) ions in Rh®u-MeCN with methyl iodide and

methylene chloride.

107



3 Two-in-one Pincer Ligands and Their Metal Complexes for Catalysis

ST\ /S~ |(BF4) - (BF4)
Ph,P _N-N, _PPh, Ph,”. _N-N. /Ppgl NN Bl
Rh Rh Rh Rh Ph.P- PPh
NN I N 2" Rh—Rh™ 2
oc” “x7 co o¢ Lo od €O RICRIC
0oC C CO

X=Cl 70 0

PPh, 71 72 73

Figure 3.51: Related pyrazolate bridged dinuclear rhodium(I) carbonyl complexes.[70.441443]

The group of AKITA tuned the metal-metal separation by introducing a longer side arm
(complex 73; Figure 3.51). For 73 a metal separation of dru.rn = 2.71 A was observed, whereas
in the monooxidized analogue of 71 a distance of dgrnrn = 3.77 A was found (crystallographic
data for 72 was not available, but the distance should be similar or longer).[#41.443] This shorter
contact of the two rhodium centers led to a bridging carbonyl ligand. In contrast to RhBu-CO,
the tri- and tetracarbonyl complexes 72 and 73 showed a variable ligand substitution reactivity.
Ligand dissociation of one or two carbonyl complexes formed open sites, which could react
with four electron donor molecules such as PPh,-. Also the reactions with acetylenes, acetylides
and silanes were investigated and displayed for example an interesting coordination chemistry
of us dicarbide and ps hydride complexes.[443-445] Under similar conditions no reactions were

observed for RhtBu-CO with silanes or lithium carbides.
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A key feature of pyridine based pincer complexes is the possible deprotonation of one or both
side arm CH; or NH linkers, which leads to a dearomatization of the pyridine ring(s). For the
abstraction of a proton, strong bases like n-butyl lithium (nBuLi), methyl lithium (MeLi),
potassium tert-butoxide (KO!Bu) or benzyl potassium (BnK) have been used. [275295446] |n
mononuclear PNP pincer complexes the deprotonation of the second side arm is challenging
due to a high charge resulting on the ligand. This should be not so crucial in the case of the

Two-in-one pincer system, since only one methylene side arm is attached per pyridine unit.

To study the deprotonation accompanied by a dearomatization of a pyridine ring in Two-in-one
pincer complexes in detail, RhtBu-CO was found to be a suitable compound due the high stability
of the Rh-CO bonds. Attempts with Rh®Bu-MeCN and with Rh®Bu-SMe; resulted in partial
deprotonation and in the formation of a complex mixture of products. This could be due to a
competing reaction of the coligands with base, e.g., the deprotonation of MeCN, or by ligand
exchange. Upon addition of one equivalent of a strong base (either KO:Bu or KH) to a yellow
THF suspension of Rh®u-C0, a color change to green was observed and a clear solution was

formed (Scheme 3.33).

M

N N—™

2 eq base C O\ NN k

Rh‘BY-CO K* 7LP—R}(, “Rh—P
THF : o o4 B

55 ﬁ\ oC /v

1 eq base
1 eq base
4

74

Scheme 3.33: Stepwise dearomatization of RhtBu-CO via [(Rh(CO))2Lu*] 74 to yield [(Rh(CO))zLBu**] 75.

The formation of RhtBu*-CO (74) was established by NMR spectroscopy showing a remarkable
shift of the dearomatized pyridine proton resonances of approx. 2 ppm to higher field, whereas
the aromatic pyridine signals are only slightly shifted to higher field (Figure 3.52). The
resonance of the CH spacer is found at 3.11 ppm, 0.65 ppm highfield compared to the CH; unit
of RhtBu-CO (note, that the spectrum of RhtBu-CO was recorded from a MeCN-ds solution, due
to complete insolubility of Rh®Bu-CO in THF). After the second deprotonation step again a
symmetric species was found with all three pyridine resonances between 5.35 ppm and
6.35 ppm. The pyrazole 4-H signal also shifted to more high field upon dearomatization,
reflecting the higher electron density on the ligand. The values for the NMR shifts of the three
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compounds are summarized in Table 3.7. When the 'H NMR spectrum of Rh®Bu**.CO was
recorded in MeCN-d3, the CH group could not be observed due to a fast exchange with the
deuterated solvent.
RhBu-CO % CH,
py
z
PN pl

RhBu*-CO *
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Figure 3.52: 1H NMR spectra of RhtBu-CO 55 (top, MeCN-ds3), RhtBu*-CO 74 (middle, THF-ds) and RhéBu**-CQ 75
(bottom, THF-ds) at ambient temperatures. Residual solvent resonances are marked with an asterisk.

The dearomatization was also observed in 31P NMR spectra (Figure 3.53). The resonance of the
phosphine side arm shifted ca. 10 ppm to high field upon deprotonation, while the coupling
constants remained essentially the same and in addition did not show a trend. The second

deprotonation shifted the doublet to 87.83 ppm (Jrnr = 152.7 Hz).
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Figure 3.53:31P NMR spectra of RhtBu-CO 55 (top, MeCN-ds), Rht#Bu*-CO 74 (middle, THF-ds) and Rh?Bu**-CO 75
(bottom, THF-dg) at ambient temperatures.

Unfortunately, RhtBu*-CO was found to be unstable in solution resulting in a grey precipitate
after a short time. Therefore, it was not possible to record a 13C NMR spectrum and to conduct
further analytic measurements. In contrast, the twice dearomatized species RhtBu**-CQ proved
to be stable for weeks in solution under inert conditions. However, highly desired crystals of

this compound were not obtained, to finally complete the characterization of the
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3.5 Dearomatization/Aromatization in a Rhodium Carbonyl Complex

dearomatization in Rh®u-CO. Since the twice deprotonated complex was an anion, non-
coordinating cations were added during crystallization attempts in order to increase the
crystallization properties. But neither using crown ethers to coordinate the potassium cation
nor the use of ylide Ph3sP=CH; as base, which formed Phs;PMe* as large cation, led to better

results. Obtained crystalline material was identified as starting material.

Table 3.7: Selected chemical shifts in [ppm] of Rh®Bu-CO 55 (MeCN-ds), Rh#Bu*-CO 74 (THF-ds) and Rh®Bu**-CO 75.

1H pZ 1H pYarom 1H pydearom 1I-l CHZ 1I-l CH 31P 13C CHZ/l

7.96
Rhu-CO 7.28 7.64 - 3.81 - 99.50 36.7
7.49
7.82 6.29
RhBw*.C0  6.67 7.50 5.94 3.78 3.11 z;'gg av;f;ble
7.33 5.45 '
6.26
Rh®uw*.CO 617 - 5.87 - 306  87.83 62.0
5.38

A second analytic method for the characterization of Rh#Bu*-CO and Rh®Bu**-CO was infrared
spectroscopy and more precisely the vibration frequency of the carbonyl ligand. The frequency
is dependent on the strength of the C-0 bond, which is correlated to the electron density at the
rhodium center. The data was collected with an ATR-IR spectrometer (attenuated total

reflection IR spectroscopy) in the solid state (Figure 3.54).
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Figure 3.54: ATR-IR spectra of RhtBu-CO 55 (MeCN-d3), Rh$Bu*-CO 74 (THF-ds) and Rh®Bu**-CO 75 in the range of
3200 - 400 cm-! (left) and in detail the region of the carbonyl vibrations (right).

For Rh#u*-CO two bands (1978 cm! and 1964 cm!) corresponding to the CO stretching
vibration were observed, due to slow interconversion of the two conformers on the IR
timescale in contrast to the NMR experiments at ambient temperatures (Chapter 3.4.4.2). With
addition of one equivalent of base one of the CO stretching vibrations is shifted to higher
wavenumbers (1990 cm-1) and the other one to lower wavenumbers (1940 cm-1). For the twice

deprotonated species, bands at 1964 cm! and at 1940 cm'! were observed. The IR
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3 Two-in-one Pincer Ligands and Their Metal Complexes for Catalysis

measurements reflected as well as the NMR spectra an increased m-backbonding by shifting

the CO vibration to smaller wavenumbers.

Table 3.8: IR bands of the CO stretching vibrations in Rh®u-CO 55, Rh®Bu*-CO 74 and Rh®Bu**-CO 75. The
wavenumbers are given in [cm1].

Vco
RhBu-CO 1978, 1964
RhBu*-CO 1990, 1940
RhtBu*¥-CO 1964, 1940

The dearomatized complex was used to study further reactivity. Thus protic substrates (water,
methanol, para-fluoroaniline and phenylacetylene) were added but simply the reprotonation
without substrate coordination to the rhodium ions was observed. The reason for this is the
strength of the Rh-CO bond which inhibited a ligand exchange at the position of the coligand.
Also the activation of dihydrogen under various reaction conditions failed. Thus a heterolytic
splitting of H, and with that a metal ligand cooperativity was not observed. The reaction of the
twice deprotonated complex Rh®Bu**-CO with methyl iodide as electrophilic reagent led to the
formation of the presumably tree new species as observed by 31P NMR spectroscopy (Figure
3.55). The separation or assignment of the formed species was unsuccesfull to date. Thus, a
certain product of this reaction could not be determined. Possibly, the methylene groups are

methylated similar to reported reactions of the related mononuclear pincer complexes.[447]

Hu-‘:.u M.-—_" 1 ul.

130 125 120 115 110 105 100 95 90 85 80 75 70
& [ppm]

Figure 3.55: 31P NMR spectrum after the reaction of Rh®Bu**.CO with methyl iodide (MeCN-ds3, 298 K). The
presumably three formed species are marked with boxes (bold, dashed and dotted).

112



3.6 Catalysis

Pincer complexes are widely used in catalysis, since they are robust, thermally stable and a
variation of their electronic and steric properties is facile (see Chapter 3.1.3). With different
metal complexes in hand, the catalytic activity of this ligand system was investigated in order
to find interesting and maybe unusual reactivity. Inexpensive, abundant and environmentally
more acceptable non-noble metals like iron, cobalt or even zinc represent attractive
alternatives to common, expensive and often toxic noble metals for catalysis.[48-450] But the
development of suitable catalytic systems with these metals is still at the beginning and they

often lack of activity or selectivity.[336]

3.6.1 Zinc Catalysis

Especially zinc catalysis is very rarely found in literature and mainly applied in polymerization
reactions for example of rac-lactide.[#13417,418,451,452] [n recent years also other transformations

were found to be mediated by zinc ions.[453-457]

In a first attempt the ring opening polymerization of rac-lactide was attempted with the used
of Zn®Bu-0OTf and ZnPr-OTf as catalysts. Reactions in THF solution at elevated temperatures did
not lead to polymeric products, not even when Zn®Bu-OTf was activated with 2 equivalents of
MeMgBr. Hence, the reaction was carried out in molten monomer at 140 °C and under these
conditions polylactide was produced in 52% yield after 90 h. This is a really low activity
compared to known zinc alkyl or alkoxide complexes*!71 and indeed a blind reaction using zinc
triflate revealed almost the same yield and same properties of the formed polymer (PDI = 1.31
and My = 9.90-1083). So, zinc complexes Zn®Bu-0OTf and ZnPr-OTf were not able to polymeriz rac-

lactide in a reasonable more active way than zinc triflate.

MARDER has shown that zinc complexes are capable of mediating borylation reactions of C-H
and C-I bonds.[#531 Therefore Zn®u-OTf was tested for this catalytic transformation in order to
see, whether the two zinc ions in close proximity might increase the amount of diborylation

product (Scheme 3.34).

I o 0 1 mol% ZnBU-OTf 0 ;
+ B—B_ > B< + 2" compound
o 0 1.5 eq NaOMe ©/ 0

THF, 24 h, rt

Scheme 3.34: Attempted catalytic C-I borylation by zinc complex Zn®u-OTf.

After workup, NMR spectroscopy (1H, 13C and 2D techniques) revealed the formation of

pinacolboryl benzene and a second, unidentified compound in a 1:1 ratio. However, a second
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3 Two-in-one Pincer Ligands and Their Metal Complexes for Catalysis

species could not be identified in an ESI mass spectrum. No iodo benzene was found after the
reaction. Since the reaction products could not be separated with column chromatography and

the identity of the second product remained unknown, zinc catalysis was not further studied.

3.6.2 Cobalt Catalysis

The use of cobalt for catalysis is highly desirable as discussed above (Chapter 3.1.3) and many
cobalt pincer complexes are known to enable numerous catalytic transformations.[342458-461]
For high activities, reactive cobalt species like hydride or alkyl complexes were applied or
generated in situ. Since such reactive compounds could not be isolated in stoichiometric
reactions before (see Chapter 3.4.2.2), it was tried to activate CotBu-MeCN with superhydride®

in situ.

CotBu-MeCN showed no reactivity in the dehydrogenation of ammonia borane and the transfer
hydrogenation of acetophenone. This was clearly indicated by the isolation of the substrates
from the reaction mixtures. The hydrosilylation of 1-octene with phenylsilane produced traces
of octane but no expected products of the hydrosilylation could be found by NMR spectroscopy.
In hydroboration reactions of styrene and 1-octene with pinacol borane after 2.5h, a
conversion of approx. 25% was observed (according to the methyl resonances of the reactant
and the products in tH NMR monitoring). The same conversion rate was also found for longer
reactions times up to 24 h and for more equivalents of superhydride® indicating that the active
species decomposed before. Since the active species was assumed to be formed upon addition
of superhydride® and products of the stoichiometric reaction are not known, it might be that
no active catalyst species were formed. Because of this issue and the found low activity of the

cobalt complex 54 the focus was set on catalysis with rhodium complexes (see below).

3.6.3 Rhodium Catalysis

3.6.3.1 Dimerization of Phenylacetylene

Enynes are useful synthetic building blocks for organic synthesis. Hence, the selective synthesis
of such compounds is an aim of organometallic catalysis. Many rhodium(I) complexes have
been used for dimerization of terminal alkynes producing mainly the cis-, trans- or gem-isomer,
depending on the catalyst.[316.319.323] The dimerization products can be identified by specific
1H NMR resonances and coupling constants.[3161 A series of rhodium(I) complexes of the Two-

in-one pincer ligand was tested for this reaction (Scheme 3.35).
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2 1 mol% Rh'®-MeCN cis-isomer
2 + i
THF-dg, 80 °C trfms 1Isomer
oligomers

Scheme 3.35: Dimerization of phenylacetylene by rhodium(I) complex RhtBu-MeCN yielding mainly gem-isomer.

It was found, that RhtBu-MeCN exhibited the best activity, while RhtBu-SMe; was inactivated
after a short period of time (< 18 h) and no further conversion was observed. The sterically
less hindered Pr analogue RhPr-MeCN presumably underwent oxidative addition with
phenylacetylene, observed by a fast color change to yellow upon addition of substrate and
evident from a smaller coupling constant Jgn.p. The resulting rhodium(III) species was not
capable of promoting the dimerization reaction. The reaction with RhtBu-MeCN as catalyst was
investigated in more detail. It was found, that the reaction was faster at 80 °C compared to
50 °C, while at ambient temperature almost no conversion was observed over days (which was
important for the hydrogenation reactions, see Chapter 3.6.3.2). Due to low solubility of the
complex the reaction in benzene was slower than in THF, but gave the same distribution of
products. The reaction progress of a reaction in THF-ds at 80 °C was followed by tH NMR
spectroscopy showing the increase in intensity of the resonances of the gem- and the trans-

isomers and then after 2 days a decrease (Figure 3.57).

PA
gem T
cis
trans
J J B
75 70 65 60 55 50 45 20 35 30
& [ppm]

Figure 3.56: 1H NMR spectrum during (after 44 h) the dimerization of phenyl acetylene (PA) catalyzed by
RhtBu-MeCN in THF-dg at 80 °C.

The aromatic region broadened a lot and it was assumed that the formation of trimers and
higher oligomers occurred. A reliable determination of the amount of the trans-isomer was not
possible, due to overlaying aromatic signals and to a lower quality of the NMR data. Varying

the reaction conditions did not lead to a more selective reaction.
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Figure 3.57: Plot of the amount n of the substrate (black) and products (gem: blue, trans: purple, cis: green) versus
time for the catalytic dimerization of phenylacetylene with RhtBu-MeCN 58 in THF-ds at 80 °C. Note that the amount
of the trans-isomer could not be determined in a reliable way due to superimposed phenyl resonances.

The dimerization reaction was not selective and fast enough to further study this reaction. But
it revealed, that the dimerization at ambient conditions slow and therefore does not led to an

undesired side reaction during the hydrogenation reactions.

3.6.3.2 Hydrogenation of Alkynes

Rhodium(I) complexes as the WILKINSON catalyst are well known to promote the hydrogenation
of various unsaturated substrates with dihydrogen gas.[347.353.462] Rhodium complexes RhtBu-CO,
RhtBu-MeCN and RhBu-SMe, were tested in the hydrogenation of alkynes. Phenyl acetylene
(PA) was chosen as a simple substrate with readily accessible substituted derivatives (Scheme

3.36).

4 1 mol% [Rh] H
H, (2 bar) ~__H /©/\
TMB R
R THF-dg, rt R

R =H, Me, OMe, F, CO,Me

Scheme 3.36: Catalytic hydrogenation of phenyl acetylenes to the corresponding styrenes and ethylbenzenes with
different rhodium(I) complexes.

In addition, the corresponding styrene was easy to quantify using 'H NMR spectroscopy,

because of its well isolated peaks. The amount of formed styrenes was calculated from the
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intensity of the doublet of doublets at 5.18 ppm (Figure 3.58) referenced by an internal
standard (1,4-dioxane or 1,3,5-trimethoxybenzene) and plotted versus time. Rate constants Kobs
were obtained by applying the initial rate approximation method for non-optimized conditions,
which are summarized in Table 3.9. The observed reaction rates were found to be very sensitive
towards remaining moisture in the used hydrogen gas and reproducible results were only
obtained when the dihydrogen was thoroughly dried before use (at least two hours with a cool
spiral placed in liquid nitrogen). To increase the reliability of the results, every experiment was
conducted three times with stock solutions of substrate, catalyst and internal standard. The

rate constants kops for the hydrogenation are weighted averages of at least two runs.

1,4-dioxane — ethylbenzene
styrene —_—

Hy

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4,0
& [ppm]

L

.0 2.0 1.5 1.0

Figure 3.58: 'H NMR spectrum during the hydrogenation of phenyl acetylene catalyzed by RhtBu-MeCN, showing
the characteristic resonances for styrene and ethylbenzene and 1,4-dioxane as internal standard (THF-ds, 298 K).

At first it was found that reactions in J. YOUNG NMR tubes resulted in different rates depending
on whether the sample was shaken between the measurements or not. A long-term
measurement under non-shaken conditions showed firstly a remarkable stability of the
catalyst and secondly a further hydrogenation of the formed styrene to ethylbenzene (Figure
3.58).In the course of five days all phenyl acetylene was consumed and the formation of styrene
was observed (kobs(1) = 22.2 mM d-1). After that a much slower second hydrogenation reaction
to ethylbenzene was observed with the appearance of ethyl resonances at 1.21 ppm and
2.61 ppm. After 4 months further 100 equivalents of phenyl acetylene and fresh dihydrogen
were added and essentially the same rate constant (kobs(2)=22.6 mM d-1) for the first
hydrogenation was observed (Figure 3.59), highlighting an impressive stability of the catalytic
system. No decomposition products of the complex were found in 3P NMR spectra which could
potentially lowered the rate of catalysis. For catalysis this durability is beneficial since a
continuous process is conceivable, although the rate of this given catalyst was far too low for a

large scale application.

117



3 Two-in-one Pincer Ligands and Their Metal Complexes for Catalysis

120

® siyrene +100eq PA
] ¢ ethylbenzene .
L]
100 + L)
L
LY L]
- - . "
80 = .. o®
.. . ‘ A kobs(z)
S 60 . :
§- .
i kobs(l) "o
: om
40 ~ .
L] - "
° L}
20 s - -
0 “— T T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160

time [d]

Figure 3.59: Time dependent formation of styrene (black) and ethylbenzene (green) and initial rate constant fitting
for the hydrogenation of phenyl acetylene to styrene for the first and second addition of substrate.

Diphenylacetylene as an internal alkyne and 1-hexyne as an aliphatic alkyne were
hydrogenated with RhtBu-MeCN at ambient temperature and 2 bar dihydrogen pressure. The
rate for 1-hexyne was smaller than that for phenylacetylene (kobs = 8.6 mmol d-1) and the rate
for diphenylacetylene was even lower. Here about four turnovers were observed per day
(kobs = 4.6 mmol d-1). Nevertheless, the product was identified by NMR spectroscopy to be
cis-stilbene, which indicated a cis-addition of dihydrogen to the triple bond. In a small amount

also the formation of 1,2-diphenylethane was observed.

When shaking the samples between each measurement, significantly higher rates for the
hydrogenation of PA were observed. This was explained by the higher concentration of
dihydrogen in the reaction mixture represented by significant larger integrals of the H; in
1H NMR spectra. The shaking led to a constant H; concentration evidenced by a constant
integral of the H; resonance at 4.54 ppm (within the experimental error). Among the tested
three precatalysts, Rh®u-MeCN exhibited the highest rate while RhtBu-CO showed no reactivity
at all and Rh®Bu-SMe; was less active than the acetonitrile complex (Table 3.9, entries 1 - 3). The
reason for that might be that the active catalytic species is formed by decoordination of one or
both coligands. The carbonyl complex is assumed to be inert towards ligand exchange under
these conditions. In general, chelating ligands, as SMe; in RhBu-SMe;, are more difficult to
completely remove compared to monodentate ligands. Thus RhtBu-MeCN was used for further

studies.
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Table 3.9: Results of the hydrogenation of different phenylacetylenes with rhodium(I) catalysts:

/©/ 1 mol% [Rh], Hy,
e
N THF-dg, rt ]

entry catalyst R eq.alkyne p(Hz) [bar]  Kkobs [MM h-1]z
1 RhBu-CO H 100 2 -b
2 RhtBu-MeCN H 100 2 14.4 £ 0.57
3 RhtBu-SMe, H 100 2 9.21+0.60
5 Rhtu-MeCN F 100 2 16.8 + 0.96
6 RhtBu-MeCN Me 100 2 9.57 +1.67
7 RhtBu-MeCN OMe 100 2 13.0+0.14
8 Rh#Bu-MeCN  CO:Me 100 2 4.25 +0.84
9 RhtBu-MeCN H 100 2 (D7) 10.1+0.64
10  Rh®u-MeCN H 100 1 5.28 £ 0.056
11 Rh®u-MeCN H 100 1.5 12.1+£0.56
12 Rh®Bu-MeCN H 10 2 4.66 +0.28
13 Rh®$Bu-MeCN H 30 2 8.24 £ 0.45
14  Rh®u-MeCN H 50 2 8.30 £ 0.041
15  RhtBu-MeCN¢ H 100 2 8.86 £ 0.27
16  Rh®u-MeCNd H 100 2 7.66 + 0.081
17  Rh®Bu-MeCN 1-hexyne 100 2 5.49 £ 0.69

a Amount of product was determined by 'H NMR spectroscopy with 1,3,5-trimethoxybenzene as

internal standard (6 = 6.04 ppm). b No reaction was observed after one day. ¢ 0.66 mol% catalyst
used. 4 0.43 mol% catalyst used.

The electronic structure of the substituent attached to the para-position of the alkyne moiety
seemed to have a moderate effect on the reaction rate. Substrates with different electronic
properties were applied in the hydrogenation reaction (for the [product] vs. time plots see
Appendix 6.1). The resulting HAMMETT plot with the relative rates (kr/ku) plotted against the
HAMMETT parameters op is shown in Figure 3.60.1463]1 A linear correlation of all substituents was
not found, though the sterically less demanding and non-coordinating derivatives with
hydrogen-, methyl- and fluoro-substituents are linear related to the ¢ values with a slope of
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2.19, indicating that a less electron rich triple bond facilitates the hydrogenation.[#64l To draw
solid conclusions from this data, other substituents on the phenyl ring have to be tested in order
to add more data points to the HAMMETT plot.
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0,8 -

k. /k,

0,6
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%21 y=1.01-219x
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Figure 3.60: HAMMETT plot of the hydrogenation of para-substituted phenyl acetylene derivatives with RhtBu-MeCN
in THF-ds.

When the reaction was carried out under an atmosphere of dry deuterium gas, a slightly lower
reaction rate was observed, resulting in a kinetic isotope effect (KIE) of ku/kp = 1.42 £ 0.11. The
low value for the KIE showed, that the splitting of the dihydrogen bond is not directly involved
in the turnover limiting step in the catalytic cycle.l*65] It is possible that a pre-equilibrium
involving dihydrogen or deuterium is present prior to the step with the highest barrier; for
example, a reversible oxidative addition followed by the irreversible insertion of the substrate
into the Rh-H and Rh-D bond, respectively.[66] In addition, the hydrogenation of phenyl
acetylene with deuterium indicated a cis addition of the deuterium to the alkyl triple bond. In
the formed partly deuterated styrene the 1H NMR resonance of the cis proton remained present,
while the other two signals (trans and gem) were not observed in 'H NMR spectra of the
reaction mixture. For this resonance a triplet with a coupling constant of 2Jp.y = 2.6 Hz was

observed.
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Figure 3.61: 1H NMR spectrum during the hydrogenation of phenyl acetylene catalyzed by RhtBu-MeCN with D2 and
1,3,5-trimethoxybenzene as internal standard, showing the one resonance for the ethylene group of styrene (THF-

ds, 298 K).

A reaction with three equivalents of para-fluorophenylacetylene (pF-PA) under standard

conditions was used to search for rhodium species appearing during the catalysis, but no

species other than Rh®Bu-MeCN were found in 'H and 31P NMR spectra (Figure 3.62). The

formation of the corresponding styrene derivative could nicely be seen by the increasing

resonances at 5.17 ppm (d), 5.69 ppm (d) and 6.69 ppm (dd) for the alkene protons.
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Figure 3.62: Hydrogenation of para-fluorophenylacetylene (3.0 eq.) with RhtBu-MeCN (1.0 eq.) followed by 1H NMR
spectroscopy with 1,3,5-trimethoxybenzene as internal standard under Hz (2 bar) (THF-ds, 298 K).

In addition, 19F spectroscopy solely revealed the decrease of the substrate concentration. Thus,

intermediates of the reactions could not be observed, neither a coordination of the alkyne, nor
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an oxidative addition of H,. These findings concluded that the catalytic active species were very

short-lived and only present in minor amounts.

To obtain more insights into the mechanism of this hydrogenation, several experiments with
varying concentrations of the substrate, the catalyst and dihydrogen were performed to study
the reaction orders (Table 3.9, entries 10 - 16). It was considered that the concentrations of
intermediates were generally low and that intermediates reacted as soon as they were formed.
To determine the reaction order of each of the reactants, the initial rates for different starting
concentrations of phenyl acetylene, dihydrogen and catalyst were measured. The data was

linearized and the reaction order determined from the slope of a linear fit (Figure 3.63).
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Figure 3.63: Linearized plots of the observed rate constants kobs versus varied concentrations of the reactants:
Phenyl acetylene (top, left), catalyst RhtBu-Me (top, right) and dihydrogen (bottom).

Prelimenary results showed, that the reaction rate is approx. first order dependent on the
concentration of dihydrogen and catalyst RhtBu-MeCN in solution (1.29 and 0.836,
respectively). The slope of the substrate dependence was found to be 0.442, which is unusual
and might indicate a more complicated mechanism. The reaction order in substrate was not in
agreement with dependencies found for other rhodium hydrogenation catalyst.[354467] The rate

law of the hydrogenation of terminal phenyl acetylenes with RhtBu-MeCN in THF-dg might be:

d[styrene]

o = Kkops - [substrate]®> - [Rh*BY"-MeCN] - [H,]
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A catalytic rate equation could not be derived since potential intermediates were not known.

The catalytic hydrogenation of PA was also performed in the presence of additional MeCN
(MeCN / catalyst = 10 : 1). The observed reaction rate was significantly lower than for the
reaction without additional MeCN (9.76 + 0.37 mM h-t vs. 14.4 + 0.57 mM h-1). In pure MeCN-
dz the reaction rate was found to be even smaller. The increased coligand concentration
lowered the dissociation of the MeCN ligands to form a free coordination site. Thus, the
concentration of the active catalyst species is lower, leading to a lower reaction rate. The same
effect was found also for the WILKINSON catalyst, when additional triphenylphosphine is
added.349 This led to the conclusion, that the first step of the catalytic cycle is the

decoordination of one or both MeCN coligands in RhtBu-MeCN.

In summary the rate of the catalytic hydrogenation of alkynes with complex RhtBu-MeCN is
significantly lower than known for mononuclear complexes, such as the WILKINSON
catalyst.[3463531 Nonetheless it was demonstrated that hydrogenation reactions can be
performed with dinuclear rhodium(I) pincer complexes. The main reason for the low catalytic
activity was assumed to be the slow decoordination of the coligands to create an open binding

site for the substrates.

3.6.3.3 Hydrogenation of Carbon dioxide

The development of new catalysts for the capture of carbon dioxide is of high interest and of
high environmental relevance.355 Although the use of base metals is more desired in the sense
of non-toxicity and costs, the use of noble metal catalysts is still required, since they exhibit
higher activity to date. In addition, the study of mechanistic aspects of the hydrogenation of CO»
with low valent 4d and 5d metals have practical advantages as for example the diamagnetism

of the complexes.

Excitingly, the rhodium(I) MeCN complex Rh®u-MeCN was found to hydrogenate CO; in the
presence of a strong base (Scheme 3.37). As in many literature-known examples, DBU was
utilized as strong base to improve the enthalpy of the hydrogenation. Triethylamine was also
tried but no conversion in the presence of this weaker base was observed. The reactions were
performed either in high pressure NMR tubes (WILMAD®) at ambient temperature or in a steel
reactor (BUCHI®) at 50 °C. For NMR experiments the sample was degassed and purged with CO;
first. The carbon dioxide was frozen out in liquid nitrogen and then H, was added to the sample
at low temperature. For performing the reaction in the steel reactor, the vessel containing the
sample was purged with purified dinitrogen, the sample solution was added via syringe and

purged with H,. CO; was added afterwards. The reactions were run at 50 °C to ensure the
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tightness of the autoclave. The product formation was investigated by NMR spectroscopy with

the use of an internal standard.

Rh'B".MeCN

DBU
Co, + H, ~ [HCO,][HDBU]*
THF

Scheme 3.37: Hydrogenation of carbon dioxide with RhtBu-MeCN in the presence of a strong base.

The formation of formate as the only reaction product was proven by two dimensional NMR
spectroscopy. A sharp singulet a 8.43 ppm was observed after one day under three
atmospheres of H, and CO; each (Figure 3.64). This resonance was coupled to a carbon
resonance at 167.2 ppm. Both values are in good agreement with literature values (Figure 3.65

and Figure 3.66).1468]

8.43

standard
DBU/[HDBU]*

HCO;-

standard

A
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Figure 3.64: 1H NMR spectrum after the workup of a reaction of CO2 and Hz with DBU catalyzed by Rh®u-MeCN in
the presence of 1,3,5-trimethoxybenzene (13.7 umol) as internal standard, showing the formation of formate
(MeOH-ds, 298 K).

167.17

DBU
[HDBU]J* /
HCOZ-\ CO; standard
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Figure 3.65: 13C NMR spectrum during a reaction of COz and Hz with DBU catalyzed by RhtBu-MeCN in the presence
of 1,3,5-trimethoxybenzene (13.7 umol) as internal standard, showing the formation of formate (THF-ds, 298 K).
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Figure 3.66: 1H-13C HSQC NMR spectrum showing the correlation of resonances at 8.43 ppm (1H) and 167.2 ppm
(13C) corresponding to formate ions.

Interestingly, neither H; (6 =4.54 ppm) in a 'H NMR nor CO; (6 =125.7 ppm) in a 31C NMR
spectrum were observed in larger quantities during the NMR measurements, indicating a
problem of the small volume of the high pressure NMR tube (Figure 3.65, box). LEWIS acids are
known to increase the rate by enhancing the formate dissociation and this was also found in
the catalysis of RhtBu-MeCN (see Chapter 3.1.3).[2831 The addition of 20 equivalents of lithium
triflate (LiOTf) in relation to the precatalyst increased the conversion from 2.0 to 5.6 turnovers
after 24 h. Without RhtBu-MeCN no conversion was observed at all and again no changes of
NMR resonances were observed, when only H, or CO; alone with DBU were mixed. Like in the
case of the alkyne hydrogenation, this shows a fast reaction and very low concentrations of the

reactive intermediates.

The reactions in the autoclave could be performed at higher pressure. CO; hydrogenations to
formate at high pressure (up to 100 atmospheres) and high temperatures (80 - 120 °C) are
well-established and often used, whereas there are only few catalytic systems being active at a
pressure lower than 10 atmospheres and ambient temperatures.[356376390] The catalysis was
performed at different total pressures and a linear correlation of the conversion rate and the
pressure was obtained (Figure 3.67). The observed turnover numbers and turnover
frequencies are depicted in Table 3.10. The highest activity was achieved with lithium triflate

as additive translating into a TON = 6.89 * 0.43 after 6 hours and TOF = 1.15 + 0.07 h-L.
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3,0 —
+ LiOTf %
2,5 -
"= 2,0 -
=
E
L
1,54
1,0 4
y=0.752 + 0.0369-x

T T T T
10 15 20

p,., [bar]

Figure 3.67: Correlation of the observed rates and total pressure pges of the reaction without additional LEwis acid.
The addition of LiOTf drastically increases the rate of conversion.

Table 3.10: Hydrogenation of CO2 with RhtBu-MeCN in the presence of DBU in a steel reactor.

5 zmol Rh*BY"-MeCN

CO,/H, + DBU [HCO,]” + [HDBU]J*
2 mL THF, 50 °C, 6 h

pges 250 ,umol

final [HCO2']

Pees [bar] k [mM h-1] M| TON TOF [h-1]
10 1.12 +0.08 6.72 262+019  0.44+0.03
15 1.31+0.14 7.89 315+032  0.52+0.05
20 1.48 +0.15 8.91 348+034  0.58+0.06
202 2.90+0.18 17.4 6.89+043  1.15%0.07

266.7 umol LiOTf added.

At a first glance, the observed values are very small in comparison to the most active, literature
known catalysts,[390.393] but these catalysts were utilized under significantly harsher reaction
conditions with much higher total pressures and often also at higher temperatures (Table 3.11).
In general, it is difficult to compare different catalytic systems due to varying reaction

conditions.
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3.6 Catalysis

Table 3.11: Selected examples of CO2 hydrogenation catalytic systems compared to Rh®u-MeCN (p [bar], T [°C],
t [h] and final [HCO2-] [M]).

catalyst base/ p(Hz/CO3) T t [HCO]

precursors solvent additive [bar] [°C] [h] TON [M] ref
DBU/
Bu. -
Rh®u-MeCN  THF Lo 10/10 50 6 6.9 0.017
H,0/
Ir(H)sL! el KOH 30/30 120 48 3.5-106 0.686  [393]
E3
Ir(CpLZ)(CD H,0 KOH 10/10 80 30 11000 022 B394
Fe(H)(CO) DBU/
[390]
(BHIL THF Lo 35/35 80 24 58990  3.54
Rh(L#),BFs  THF VES;(?;ES 1/1 21 1 406 279 169

a L1 = 2,6-(CH2P(iPr)2)2CsHsN, L2 = 4,4"-dihydroxy-2,2"-bipyridine, L3 =HN(CH2CH2P(iPr)2)2, L = 1,5-diaza-3,7-
diphospha-cyclootane derivative. b 2,8,9-triisobutyl-2,5,8,9-tetraaza-1-phospha-bicyclo[3.3.3]Jundecane.

To investigate the mechanism of the reaction an experiment with a low DBU loading was
performed and indeed an intermediate could be detected by 31P NMR spectroscopy. During the
reaction (Figure 3.68, B) RhtBu-MeCN is still present and a second symmetric species with a
doublet at 81.66 ppm featuring a coupling constant of a rhodium(I) compound
(Jrn-p = 190.0 Hz) was observed. After full conversion of the DBU, a single doublet at 98.84 ppm
was found, which is very similar to Rhtu-CO (Figure 3.68, C and D).

RhBu-CO
6 =99.50 ppm
D ]Rh.p = 1482 Hz

6 =98.84 ppm
Jrnp =149.0 Hz

C: after reaction

6=91.27 ppm 6 =81.66 ppm
]Rh.p =180.3 Hz ]Rh.p =190.0 Hz
B: during reaction
RhBu-MeCN
6=91.19 ppm

]Rh.p = 180.2 Hz

PRI SR TPUT TR | PRI
b Ui i Ll b e L e s Lt Ll b i LLa L ) i ¢ Vel Ao v\ lpd PN e MV AT WA

113 111 109 107 105 103 101 99 97 95 93 91 8 8 8 8 8 79 77
8 [ppm]
Figure 3.68: 31P NMR spectra with chemical shifts and coupling constants Jrn-p of precatalyst RhtBu-MeCN (A,

THF-ds, 500 MHz), the reaction mixture during catalysis (B, THF-ds, 400 MHz), the reaction mixture after catalysis
(C, THF-ds, 400 MHz) and RhtBu-CO (D, MeCN-d3, 500 MHz) at ambient temperatures.
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The coupling constant Jrs-p of the carbonyl complexes was found before to be significantly lower
than Jrnp for the other rhodium(I) complexes (see Chapter 3.4.4.1). Although the data was
collected in different solvents and the chemical shifts were not exactly the same as for the
reference complexes, it was assumed that the final product of the catalyst was the rhodium(I)
carbonyl complex. This was supported by a comparison of the reaction product’s tH NMR
spectrum and that of RhtBu-CO (Figure 3.69). Similar chemical shifts were found for the tert-
butyl, the pyrazoles and the pyridine resonances. The signal of the CH; group is shifted to lower
field after the reaction which might be a result of the use of different solvents for recording the

spectra.

tBu
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Figure 3.69: Comparison of the 1H NMR spectra of RhBu-CO (top, MeCN-ds) and the reaction product of a CO2
hydrogenation catalysis (bottom, THF-ds) at ambient temperatures.

Metal assisted reduction of CO; to CO can occur via several different pathways: A reductive
disproportionation by the transfer of an oxygen atom to form carbonates and metal carbonyl
species,[470471] the reverse water gas shift reaction (reductive cleavage of CO, to CO and H:0,
WGSR)[472473] or an oxygen transfer reaction to metal hydrides to afford intermediary metal
formate complexes which can disproportionate to carbonyl complexes.[474-476] An interesting
example for reductive cleavage of CO, was reported by MILSTEIN, featuring metal ligand
cooperativity.[477l An iridium hydride complex reductively cleaved carbon dioxide to form a
dearomatized iridium carbonyl complex and water. This MLC mediated reaction is also
conceivable for the conversion of RhtBu-MeCN to Rh®Bu-CO because water (ca. 0.5 eq in relation
to the complex pz resonance) was found in the 'H NMR spectrum after the reaction (Figure
3.69, bottom). This suggests the occurrence of two presented pathways, namely a reverse
WGSR or a reductive cleavage with MLC. Further studies are needed to identify the
intermediate and to investigate the possibility of such a pathways involving MLC for the

formation of Rh®Bu-CO from catalysis of RhtBu-MeCN with carbon dioxide and dihydrogen.
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3.7 Summary

In conclusion, the Two-in-one pincer ligand system was successfully extended to the iso-propyl
analogue HL®r while the attempts to introduce other phosphine substituents proved the
complexity of the ligand synthesis so that new strategies have to be developed for other than
alkyl substituents. In addition, the yields of the established ligand precursor compounds were

increased.

Different zinc(II) complexes of the Two-in-one pincer ligands HL®" and HLr were synthesized
and characterized. Further reactions and catalytic applications of these complexes were tested
and some promising results were obtained as for example the zinc methyl complex 52 after
reaction with MeMgBr. Isolation of this zinc alkyl complex might lead to more active catalysts

for the ring opening polymerization of rac-lactide.

The reactivity of the cobalt MeCN complex 54 was found to be multifarious, but the isolation of
any products after reactions with superhydride®, strong bases, reductants or sodium
borohydride failed to date. In all cases, reactions were observed by fast color changes of the
reaction mixtures upon addition of reactant. Due to a very limited tool kit of suitable analytic
methods for these cobalt complexes, accurate structural information of reaction products

remained uncertain.

Rhodium(I) complexes of the Two-in-one pincer ligand system were synthesized with different
monodentate and chelating coligands (e.g. Rh®Bu-CO and Rh®Bu-MeCN). Besides a full
characterization including X-ray diffraction analysis, the ligand flexibility and exchange
properties of Rh#Bu-MeCN were studied in detail revealing an associative ligand exchange
mechanism with MeCN-ds;. The thermodynamics of the interconversion between the two
enantiomers (P and M) of RhtBu-MeCN in different solvents were examined by variable
temperature 'H NMR spectroscopy. Oxidative addition could be performed with methylene
chloride and methyl iodide. In both cases a stepwise formation of the RhiIRh!!! species was

shown by either 31P NMR spectroscopy or ESI mass spectrometry.

A dearomatization/aromatization effect was found in Rh®u-CO. Although the crystallization of
the formed mono- and twice-deprotonated species failed, their existence was clearly indicated
by NMR spectroscopy. The pyridine resonances were shifted to higher field by about 2 ppm
upon deprotonation of the methylene side arm with a strong base. Rh#8u-MeCN, with little more
labile ligands, was utilized successfully for hydrogenation reactions with dihydrogen gas. The
cis hydrogenation of phenyl acetylenes at mild conditions was investigated in detail by

determination of the reaction orders, KIE and initial rates Kops.
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3 Two-in-one Pincer Ligands and Their Metal Complexes for Catalysis

Finally and excitingly, the hydrogenation of carbon dioxide to formate proved to be possible
with RhtBu-MeCN under relatively mild conditions. The reaction was followed by NMR
spectroscopy and at least one intermediate was observed. However, the identity of this species
could not be revealed so far. After the complete consumption of DBU, presumably Rh®u-CO was

found as only rhodium complex. The mechanism of the CO formation remained uncertain.
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4 Conclusion
4.1 Summary

Different strategies and metal complexes with different ligand scaffolds were used to
investigate on the one hand their reactivity towards the activation of small molecules and on

the other hand the properties of potential intermediates of these reactions.

First of all, a new tetraamine ligand HsLMe was successfully synthesized. However,
complexation reactions with various metal precursors failed, probably due to a complicated
deprotonation behavior and steric interactions of the aryl substituents on the amine/amide

side arms.

Furthermore, the synthesis of nickel(Il) complexes of the macrocyclic tetracarbene ligand
system was shown, while the analoguous copper and manganese complexes were not observed,
presumably due to ligand decomposition. These new nickel complexes proved to be very stable
towards both, oxidation and reduction. Targeted, high valent metal species could not be
isolated. With XeF; as strong oxidant a reaction was observed and a nickel-based radical could
be detected by EPR spectroscopy. The low stability hampered the isolation and further

characterization of the product.

In the next step, new Two-in-one pincer ligands and their metal complexes have been
synthesized. Zinc(Il), cobalt(Il) and rhodium(I) complexes with different coligands were
isolated and fully characterized. Zinc compexes could be crystallized and were used to compare
structural and electronical features of the two ligands HL®t and HLPr. Reactivity studies
revealed a broad range of possible reactions of the cobalt(II) complex Co®Bu-MeCN varying from
dearomatization to reduction, but the range of spectroscopic tools suitable for analysis was too
small to gain structural information about the reaction products. Crystallization attempts did
not lead to single crystals suitable for X-ray diffraction analysis. Furthermore, several
rhodium(I) complexes have been synthesized and characterized. For the rhodium(I) carbonyl
complex RhtBu-CO a dearomatization sequence was evidenced by NMR spectroscopy. Upon
stepwise addition of a strong base, the pyridine and pyrazole resonances were shifted to higher
field, attributed to the stepwise dearomatization of both pyridine rings of the ligand. This effect,
which was first discovered for mononuclear, pyridine-based pincer complexes by MILSTEIN, is
also found in the dinuclear Two-in-one pincer complex RhBu-CO used in this work. Complexes
with MeCN as coligands can undergo oxidative addition with methylene chloride and methyl

iodide to form dinuclear rhodium(III) alkyl halide complexes. The reaction with dihydrogen did
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4 Conclusion

not occur under the tested reaction conditions. Nevertheless, the rhodium(I) complexes were
tested for hydrogenation catalysis of alkynes and carbon dioxide. Rh®Bu--MeCN showed the
highest activity among the series of rhodium complexes of this work. Mechanistic aspects of
the hydrogenation of terminal phenyl acetylenes were investigated, although intermediates

could not be observed.

Exciting first results were obtained for the hydrogenation of carbon dioxide to formate salts in
the presence of base. The reactions proceed under relatively mild pressure and temperature
conditions compared to literature known systems. After the reaction, presumably Rh®u-CO was
found as single metal species, although the formation of carbon monoxide could not be

explained so far.

4.2 Prospective

Studies regarding the mechanism of the hydrogenation catalysis with Rh®u-MeCN should be
continued in order to optimize the reaction conditions and gain further information, for
example about the rate determining step. With this information, optimization of the ligand
substitution on the phosphorus side arms should be a possibility to obtain higher activities.
Additionally, the exchange of the MeCN coligands by more labile monodentate ligands should
increase the decoordination of the coligands and with that increase the amount of active
species in the reaction mixtures. The variation of the coordination environment around the
rhodium centers (different ligands and coligands) might also lead to a higher stability of
intermediates such as a potential dihydride complex after the oxidative addition of dihydrogen,
allowing a characterization by X-ray diffraction analysis. Increased crystallization properties of
the ligand should also facilitate the identification of reaction products of the cobalt complex
reactivity studies. The prove of dearomatization of the pyridine ring by X-ray crystallography
is highly desired in order to investigate the structural changes (bond lengths) upon
deprotonation. The activation of substrates with dearomatized complexes with subsequent
coordination of the substrate to the metal centers is an interesting effect (metal ligand
cooperativity, MLC), which might be transferred to catalytic applications. The combination of
MLC effect and metal metal cooperativity of pyrazolate-bridged dinuclear complexes (MMC) in
a well-defined catalyst might lead to a beneficial synergism. Especially the use of
heterobimetallic complexes have been shown to exhibit MMC properties.[4784791 Thus, the
synthesis of heterobimetallic complexes of the Two-in-one pincer scaffold is a promising goal.
For example, the use of a LEwWIS acidic metal such as zinc, which activates the substrate, and a

redox-active metal like cobalt(Il) or rhodium(I), at which the reaction proceeds.
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4.2 Prospective

Due to its relevance for transforming today’s fossil fuel-base economy into an economy based
on renewable energy resources, the hydrogenation of carbon dioxide has to be investigated in
more detail. Reaction conditions have to be optimized and potential intermediates isolated in
order to obtain a deeper understanding of the reaction. This might help to design more efficient
catalysts for the use under relatively mild reaction conditions. The use of different solvents like
DMSO for stabilizing formic acid should be tried. For large scale applications not only the
activity of a catalyst is important, but also the stability of the complex. In this regard, positive
results were obtained for RhtBu-MeCN in the hydrogenation of alkynes and this aspect should

be investigated in more detail.
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Experimental Section

5 Experimental Section
5.1 General considerations

All experiments were carried out under a dry atmosphere of purified dinitrogen in MBRAUN
glove-boxes (Labmaster and Unilab) or using standard SCHLENK techniques under an
atmosphere of purified argon unless otherwise noted. All solvents were used in reagent grade
or better. Non-deuterated solvents were dried, distilled under an argon atmosphere and
degassed with argon prior to use: Et;0, THF, benzene, pentane and toluene over
sodium/benzophenone ketyl; acetone over B,03; MeOH, EtOH and ‘PrOH over Mg. Acetone-ds
was refluxed over B,03 and distilled under argon atmosphere. Other deuterated solvents were
dried and stored over activated molecular sieves (3 A). All deuterated solvents were freeze-

pump-thaw degassed. Commercially available reagents were used as received.

5.2 Methods

NMR spectroscopy

NMR spectra were recorded on a Bruker Avance III HD 500 (*H 500 MHz, 13C 126 MHz, 31P
202 MHz), a Bruker Avance II1 HD 400, a Bruker Avance 111400 (both: 1H 400 MHz, 13C 100 MHz,
31p 162 MHz) and a Bruker Avance III 300 (*H 300 MHz, 13C 75 MHz, 31P 121 MHz)
spectrometers. All spectra were measured at 298 K unless otherwise mentioned. tH NMR and
13C{1H} NMR chemical shifts are reported in parts per million downfield from tetramethylsilane
were referenced to the residual hydrogen or carbon signals of the deuterated solvents
according to GOLDBERG et al.[*80] 31P chemical shifts are reported relative to external reference
phosphoric acid (8 = 0 ppm). Abbreviations used in the description of NMR data are as follows:
b, broad; s, singlet; d, doublet; t, triplet; m, multiplet; py, pyridine; pz, pyrazole; Im imidazole;
Ar aryl.

EPR spectroscopy

EPR spectra were recorded on a X band BRUKER ELEXSYS E500 spectrometer, equipped with an
ER049 X microwave bridge, an ER083 CS magnet and a temperature control system ER4131 VT
for liquid nitrogen as coolant. The microwave frequency was measured with a HEWLETT-
PACKARD frequency counter HP532B and the field control was calibrated by a BRUKER NMR field
probe ERO35M.
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IR spectroscopy

IR spectra were measured on an AGILENT TECHNOLOGIES Cary 630 FTIR. Intensities of the

observed bands in the spectra are abbreviated as follows: s (strong), m (medium), w (weak).

UV-vis spectroscopy

UV-vis spectra of solutions were recorded on VARIAN Cary 60 and Cary 5000 (UV/vis-NIR)
spectrometers using quartz cuvettes (d =1 cm, HELLMA Analytics). For low temperature

experiments a UNISOKU CoolSpek UV (USP-203-A) cryostat was used.

Mass spectrometry

ESI-MS spectra were recorded on a BRUKER HCT Ultra connected to an argon glovebox or a
BRUKER maXis ESI-QTOF EI-MS spectra on a FINNIGAN MAT 8200; MALDI experiments were
conducted on a BRUKER 7 Tesla-Fourier Transform Ion Cyclotron Resonance (FTICR) mass
spectrometer using a DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-

malononitrile) matrix.

Electrochemistry

Redox potentials were determined by measurement of cyclic voltammograms using a
PERKINELMER 263A potentiostat. The samples were measured using a glassy carbon working
electrode, a platinum wire as counter electrode and a silver wire as pseudo-reference electrode
in 0.1 M nBusNPFs MeCN solutions if not otherwise mentioned. Ferrocene (Cp:Fe, Fc) or
decamethylferrocene (Cp*.Fe, DMFc) were used as internal reference. All potentials were

referenced versus the ferrocene couple (Fc/Fc*) using E1/2(DMFc) =-507 mV vs Fc/Fc*.

Elemental Analysis

Elemental analyses were performed by the ‘Analytical Laboratory’ of the Institute of Inorganic

Chemistry at Georg-August University using an ELEMENTAR Vario EL III instrument.

X-ray Diffraction Analysis

Elemental analyses X-ray data were collected on a STOE IPDS II diffractometer with an area
detector (graphite monochromated Mo-Ka radiation, I = 0.71073 A) by use of w scans at 133 K.
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5.2 Methods

The structures were solved by direct methods (SHELXS-97) and refined on F2 using all
reflections with SHELXL-97.811 Non-hydrogen atoms were refined anisotropically. Most
hydrogen atoms were placed in calculated positions and assigned to an isotropic displacement
parameter of 1.2/1.5 Ueq(C). Faceindexed absorption corrections were performed numerically

with the program X-RED.[*82] For further crystallographic details see Appendix 6.2.
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5.3 Tetraamine ligand HsLV®

3,5-Bis-(chloromethyl)-1-tetrahydropyran-2-yl-pyrazole was synthesized according to
literature procedure, 70711 compounds IV831 and VIII72] similar to reported procedures.

5.3.1 Ligand Synthesis

5.3.1.1 N-(tert-Butyloxycarbonyl)-iminodiacetic acid (IV)

To a solution of iminodiacetic acid III (20.0 g, 150 mmol, 1.0 eq) and sodium hydroxide (12.0 g,
300 mmol, 2.0 eq) in a 1:1 mixture of 1,4-dioxane and water (300 mL) di-tert-butyl dicarbonate
(37.9 mL, 165 mmol, 1.1 eq) was added. The reaction mixture was stirred at ambient
temperature for 6 days and then washed with Et;0 (150 mL). The solution was acidified with
aqueous 2M hydrochloric acid (ca. 160 mL) to a pH value of 1 and extracted with EtOAc
(4 x 100 mL). The combined organic layers were washed with saturated, aqueous NaCl solution
(100 mL), dried over MgS04 and the solvent removed under reduced pressure. After drying the
colorless oil over night in vacuo, compound IV (31.5 g, 135 mmol, 90%) was obtained as a white

solid.
Formula (molecular weight) CoHi5NOs (233.2 g/mol)

1TH NMR (300 MHz, acetone-ds) 6 (ppm) = 5.88 (svr, 2H, CO2H), 4.11 (s, 2H, CH2), 4.07 (s, 2H,
CHz), 1.42 (S, 9H, C(CH3)3)

BBCNMR  (75MHz, acetone-ds) § (ppm) = 172.3 (COOH), 171.9 (COOH),  155.8 (CO),
81.1 (C(CHs)3), 50.8 (CH,), 50.1 (CH2), 28.3 (C(CHs)s).

MS (EI) m/z (%) = 233 (16, [M]*), 177 (90, [M-C(CHs)s+H]*), 160 (100, [M-OBu]*).

5.3.1.2 N-tert-Butyloxycarbonyl-bis-(N-(3,5-dimethylphenyl)-2-acetamido)-amine (V)

A solution of IV (11.7 g, 50.0 mmol, 1.0 eq) and 3,5-dimethylaniline (18.71 mL, 150 mmol,
3.0 eq) in THF (80 mL) was cooled in an ice bath. A solution of N,N’-dicyclohexylcarbodiimide
(30.9 g, 150 mmol, 3.0 eq) was added slowly over 1.5 h. The reaction mixture was stirred at
0°C for 2.5h and at ambient temperature overnight. The suspension was filtered and the
residue washed with THF (50 mL). The filtrate was concentrated to a volume of ca. 50 mL,
layered with Et,0 (300 mL) and stored at -20 °C overnight. The analytically pure product was
collected by filtration. After drying in vacuo compound V (12.3 g, 28.0 mmol, 56%) was

obtained as a white solid.

138



5.3 Tetraamine ligand H5LMe

Formula (molecular weight) CzsH33N304 (439.6 g/mol)

1H NMR (300 MHz, CDCls) § (ppm) = 10.65 (s, 1H, NH), 9.02 (s, 1H, NH), 7.43 (s, 2H, Ar 2-H),
7.14 (s, 2H, Ar 2-H), 6.77 (s, 1H, Ar 4-H), 6.65 (s, 1H, Ar 4-H), 4.11 (s, 2H, CH,), 4.00 (s, 2H, CH2),
2.32 (s, 6H, Ar-CHs), 2.22 (s, 6H, Ar-CHs), 1.42 (s, 9H, C(CH3)3).

13C NMR (75 MHz, CDCls) § (ppm) = 168.6 (Ar-CO-N), 168.1 (Ar-CO-N), 155.5 (CO), 138.6 (Ar
C-2), 138.4 (Ar C-1), 138.3 (Ar C-2), 137.5 (Ar C-1), 126.0 (Ar C-4), 117.9 (Ar C-3), 117.7 (Ar
C-3), 82.4 (C(CHs)3), 55.7 (CH,), 54.5 (CH,), 28.3 (C(CHs)3), 21.6 (Ar CHs), 21.4 (Ar CHs).

5.3.1.3 Bis-(N-(3,5-dimethylphenyl)-2-acetamido)-amine (VI)

To a solution of V(12.3 g, 28.0 mmol) ina 1:1 mixture of MeCN and DMF (100 mL) concentrated
hydroclorid acid (50 mL) was slowly added. The reaction mixture was stirred at ambient
temperature for 3 days and neutralized with aqueous NaOH (ca. 25 g in 80 ml). After addition
of CH2Cl; (100 mL) the layers were separated and the aqueous layer was extracted with CH2Cl»
(2x 75 mL). The combined organic layers were washed with water (100 mL), dried over
MgSO,, filtered and the solvent removed under reduced pressure. The off-white crude product
was recrystallized from EtOH. Compound VI (8.97 g, 26.3 mmol, 53%) was obtained as white
plates.

Formula (molecular weight) C0H25N302 (339.4 g/mol)

1H NMR (300 MHz, DMSO-ds) 8 (ppm) = 9.87 (s, 2H, NH), 7.21 (s, 4H, Ar C-2), 6.69 (s, 2H, Ar
C-4), 3.33 (s, 4H, CH,), 2.20 (s, 12H, Ar-CHs).

13C NMR (75 MHz, DMSO-de) § (ppm) = 170.6 (CO), 138.7 (Ar C-1), 138.2 (Ar C-2), 125.4 (Ar
C-4), 117.5 (Ar C-3), 53.1 (CH,), 21.4 (Ar-CHs).

5.3.1.4 3,5-Bis-(iodomethyl)-1-tetrahydropyran-2-yl-pyrazole (VII)

A solution of 3,5-Bis-(chloromethyl)-1-tetrahydropyran-2-yl-pyrazole 1 (6.00 g, 24.2 mmol,
1.0 eq) in acetone (100 mL) was stirred over potassium iodide (16.0 g, 96.8 mmol, 4.0 eq) at
ambient temperature for 3 days. The suspension was filtered and the solvent of the filtrate was
removed under reduced pressure. The residue was taken up in CH2Cl; (50 mL) and washed
with aqueous NazS;03 (8 g in 40 mL). The aqueous layer was extracted with CHCl, (40 mL).
The combined organic layers were dried over MgSOQy, filtered and the solvent removed under
reduced pressure. Drying in vacuo led to the product VII (9.23 g, 21.4 mmol, 88%) as yellow

solid.
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Formula (molecular weight) CioH14I2N20 (432.0 g/mol)

1H NMR (300 MHz, CDCls) § (ppm) = 6.34 (s, 1H, pz 4-H), 5.34 (dd, ] = 9.4, 2.6 Hz, 1H, thp 2-H),
4.42 (d,] = 1.0 Hz, 2H, pz 3-CCHa), 4.33 (d, ] = 10.5 Hz, 2H, pz 5-CCH>), 4.08 - 3.92 (m, 1H, thp
6-H),3.69 (td,/ = 11.1, 3.0 Hz, 1H, thp 6-H), 2.46 - 2.28 (m, 1H, thp 3-H), 2.18 - 2.06 (m, 1H, thp
4-H), 2.02 (dd, ] = 13.2, 3.0 Hz, 1H, thp 3-H), 1.79 - 1.53 (m, 3H, thp 4-H and thp 5-H.).

13C NMR (75 MHz, CDCl3) § (ppm) = 149.5 (pz C-3), 140.9 (pz C-5), 107.3 (pz C-4), 85.1 (thp
C-2), 67.8 (thp C-6), 29.3 (thp C-3), 25.0 (thp C-5), 22.5 (thp C-4), -4.1 (pz C-5 CH,), -9.8 (pz C-3
CHa).

5.3.1.5 3,5-Bis-[bis-(N?-(3,5-dimethylphenyl)-2-acetamido)-methylamine]-1-tetrahydropyran-
2-yl -pyrazole HyL®Me-thp (VIII)

3,5-Bis-(iodomethyl)-1-tetrahydropyran-2-yl-pyrazole VII (1.29 g, 3.00 mmol, 1.0 eq), bis-(N-
(3,5-dimethylphenyl)-2-acetamido)-amine VI (2.04g, 6.00 mmol, 2.0eq) and sodium
carbonate (3.18 g, 30.0 mmol, 10 eq) were suspended in dry MeCN (30 mL) and stirred at 80 °C
for 24 h. The reaction mixture was cooled to ambient temperature and the solvent was removed
under reduced pressure. The residue was suspended in CHClz overnight and centrifuged
(10 min, 2000 rps). The solution was carefully separated from the salt and the solvent removed
under reduced pressure. After drying in vacuo, a mixture of the product VIII and sodium iodide
(2.92 g) was obtained as a yellow solid. The compound was pure due to 'H-NMR and attempts
to completely remove the potassium salt were unsuccessful. Therefore, a full conversion was

assumed and the product used for the next reaction without further purifications.

Formula (molecular weight) CsoHe2NgOs (854.1 g/mol)

1H NMR (300 MHz, CDCl3) 6 (ppm) =9. 09 (s, 2H, NH), 8.91 (s, 2H, NH), 7.25 (s, 4H, Ar 2-H),
7.19 (s, 4H, Ar 2-H), 6.72 (s, 4H, Ar 4-H), 6.17 (s, 1H, pz 4-H), 5.53 (dd, J = 9.4, 1.6 Hz, 1H, thp
2-H), 3.92 (d, = 4.2 Hz, 2H, pz3-CH>), 3.80 (s, 2H, pz5-CH), 3.40 (s, 4H, CO-CH>), 3.23 (s, 4H,
CO-CHy), 2.26 (s, 12H, Ar-CH3), 2.23 (s, 12H, Ar-CH3), 1.92 (d, /= 11.9 Hz, 2H, thp), 1.74 - 1.51
(m, 4H, thp), 1.08 (qd,J = 11.9, 3.2 Hz, 2H, thp).

13C NMR (75 MHz, CDCl3) § = 169.1 (CO), 168.8 (CO), 148.0 (pz C-3), 139.6 (pz C-5), 138.8 (Ar
C-2), 138.7 (Ar C-2), 137.8 (Ar C-1), 137.5 (Ar C-1), 126.4 (Ar C-3), 126.1 (Ar C-3), 117.9 (Ar
C-4),117.7 (Ar C-4),109.3 (pz C-4), 85.0 (thp C-2), 68.1 (thp C-6), 60.0 (CO-CHy), 59.1 (CO-CHz),
52.1 (pz5-CH,), 50.3 (pz5-CHz), 34.1 (thp C-3), 30.0 (thp C-5), 25.1 (thp C-4), 21.5 (Ar-CHs).
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5.3 Tetraamine ligand H5LMe

5.3.1.6 3,5-Bis-[bis-(N2-(3,5-dimethylphenyl)-2-aminoethyl)-methylamine]-1H-pyrazole HsLM®
(1X)

To a solution of H4LCOMe-thp VIII (2.92 g, 3.00 mmol, 1.0 eq) in dry THF (90 mL) a solution of
BH3-THF (30.0 mL, 1.0 M in THF, 10 eq) was added. The reaction mixture was stirred at 80 °C
for 3 days. The solution was cooled to ambient temperature and slowly quenched with aqueous
HCI (2M, 50 mL) and stirred for 2 days. The mixture was neutralized with aqueous NaOH (4 g
in 40 mL) to ca. pH 8. The aqueous layer was extracted with EtOAc (3 x 75 mL). The combined
organic layers were dried over MgS0,, filtered and the solvent removed under reduced
pressure. Drying in vacuo led to the desired product IX (1.78 g, 2.48 mmol, 86%) as a white,
hygroscopic solid.

Formula (molecular weight) CssHe2Ng (715.1 g/mol)

1H NMR (300 MHz, CDCls) § (ppm) = 6.37 (s, 4H, Ar 4-H), 6.19 (s, 8H, Ar 2-H), 6.10 (s, 1H, pz
4-H), 3.76 (s, 4H, pz-CH,), 3.15 (t, ] = 5.7 Hz, 8H, ArNH-CH,CH,), 2.77 (t, ] = 5.6 Hz, 8H, ArNH-
CH,CH,), 2.21 (s, 24H, Ar-CHs).

13C NMR (75 MHz, CDCls) § (ppm) = 148.4 (Ar C-1), 139.0 (Ar C-3), 119.8 (Ar C-4), 111.2 (Ar
C-2),105.1 (pz C-4) 53.3 (CH,), 50.6 (pz-CH,), 41.8 (CH2), 25.7 (pz C-3), 25.1 (pz C-5), 21.6 (Ar-
CHs).

MS (ESI, MeCN) m/z (%) = 787.5 (30, [M+THF+H]*), 737.5 (10, [M+Na]*), 715.3 (100, [M+H]*).
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5.4 Macrocylic Tetracarbene Ligands and Complexes

5.4.1 Ligand Synthesis

The following compounds were synthesized according to literature procedures: Ethan-1,2-diyl-
bis-(trifluormethanesulfonate),84l methylenediformamide, 4851 4,5-dimethylimidazole,[486]
bisimidazol-1-yl-methane,[487] bis-(4,5-dimethylimidazol-1-yl)-methane,[185] 1,1'-
methylenebis-(4,5-dimethylimidazole),[185]  H4L1(OTf)s XII,[184 H4L3(PF¢)s  XXII,[182]
[Ags(L1)2](OTf)4 2501921 and dimethyloxyranel206],

5.4.1.1 3,9,14,20-tetraaza-1,6,12,17-tetraazonia-penta-cyclohexacosane-1(23),4,6(26),
10,12(25),15,17(24),21-octaene tetrachloride HasLY(Cl)s (XXIV)

A solution of tetra-n-butyl-ammonium chloride (278 mg, 1.00 mmol, 10 eq) in MeCN (1 mL)
was added to a solution of H4L1(OTf)4 (105 mg, 0.10 mmol, 1.0 eq) in MeCN (4 mL) and DMSO
(1.5 mL) and stirred at ambient temperature for 18 h. The voluminous precipitate formed was
filtered off and suspended in CH3Cl; (3 mL). Filtration and drying in vacuo yielded HsL1(Cl)4
XXIV (50 mg, 0.10 mmol, quant.) as white solid.

Formula (molecular weight) CigH26Ns(Cl)4 (492.2 g/mol)

1H NMR (300 MHz, DMSO-de) 8 (ppm) = 9.95 (s, 4H, CH,), 8.17 (s, 8H, Im 4,5-H), 6.85 (s, 8H,
CH,CHs).

The imidazole H-2 protons were not detected due to fast exchange with D,0.

5.4.1.2 4,5,10,11,15,16,21,22-Octamethyl-3,9,14,20-tetraaza-1,6,12,17-tetraazonia-penta-
cyclohexacosane-1(23),4,6(26),10,12(25),15,17(24),21-octaene tetratriflate HiL?(OTf)s
(XX1)

A solution of ethan-1,2-diyl-bis- (trifluormethanesulfonate) XVI (17.8 g, 54.7 mmol, 1.0 eq) in
MeCN (100 mL) was slowly added over a period of 6 h to a solution of 1,1'-methylenebis-(4,5-
dimethylimidazole) XX (11.2 g, 54.7 mmol, 1.0 eq) in MeCN (100 mL) at ambient temperature.
The reaction mixture was heated at reflux for 2 d. The volatiles were removed under reduced
pressure and the light brown crude product recrystallized from MeCN (35 mL). The white
precipitate was isolated by filtration and washed with MeCN (15 mL). The filtrate was dried
under reduced pressures and the residue was recrystallized a second time from MeCN (10 mL).
Drying of the combined solids in vacuo led to the ligand XXI (9.66 g, 9.11 mmol, 33%) as a white

solid.
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Formula (molecular weight) C26H40Ng(CF3S03)4 (1060.1 g/mol)

1H NMR (300 MHz, acetonitrile-ds) 6 (ppm) = 8.41 (s, 4H, Im 2-H), 6.28 (s, 4H, CH:), 4.57 (s, 8H,
CHCHy), 2.35 (s, 12H, CH3), 2.28 (s, 12H, CH3).

13C NMR (75 MHz, acetonitrile-ds) 6 (ppm) = 134.7 (Im C-2), 131.0 (Im C-4/5), 129.9 (Im C-
4/5), 58.2 (CH2), 47.4 (CH2CH>), 9.0 (CHs), 8.6 (CH3).

MS (ESI, MeCN) m/z (%) = 911.2 (15, [HsL2(0Tf)3]+), 381.2 (100, [HaL2(OTf)2]2").

5.4.1.3 4,5,9,10,14,15,19,20-Octamethyl-3,8,13,18-tetraaza-1,6,11,16-tetraazoniuapenta-
cylcotetracosan-1,4,6,9,11,14,16-octene-tetrakis-(hexafluorophosphate) HasL*(PFs)s
(XX11)

A solution of bis-(4,5-dimethyl-1H-imidazole-1-yl)-methane XX (1.38 g, 6.76 mmo]l, 1.0 eq) and
tetra-n-butyl-ammonium chloride (4.00 g, 14.4 mmol, 2.1 eq) in dibromomethane (20 mlL,
287 mmol, 42 eq) was stirred at ambient temperature for 24 h and then heated at reflux for
12 h. The reaction mixture was cooled to ambient temperature, filtered and the formed yellow
solid washed with MeCN (25 mL). The solid was solved in water (4 mL) and treated with a sat.
aqg. solution of potassium hexafluorophosphate. The resulting precipitate was washed with
water (15 mL). Recrystallisation from methanol yielded H4L*(PF¢). XXIII (1.08 g, 1.06 mmol],
31 %) as white solid.

Formula (molecular weight) C24H36Ng(PFs)4 (1016.2 g/mol)

1H NMR (300 MHz, acetonitrile-ds) § (ppm) = 9.30 (s, 4H, Im 2-H), 6.48 (s, 8H, CHy), 2.33 (s,
24H, CH3).

13C NMR (75 MHz, acetonitrile-d3) § (ppm) = 136.6 (Im C-2), 129.1 (Im C-4, C-5), 56.2 (CHy),
7.6 (CHa).

EA (%) Calcd. for C24H3¢NgF24P4: C 28.3, H 3.50, N 11.0. Found: C 28.5, H 3.82, N 11.0.

5.4.2 Complex Synthesis
5.4.2.1 [Ags(L?):])(OTf)s (26)

To a suspension of H4L2(OTf)4 (800 mg, 0.75 mmol, 1.0 eq) in MeCN (100 mL) in the dark silver
oxide (376 mg, 1.58 mmol, 2.1 eq) was added. The suspension was heated to an oil bath
temperature of 70 °C for 24 h and then stirred at ambient temperature for 6 h. The reaction
mixture was filtered through Celite® and the filtrate was layered with Et,O (400 mL). The
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brown crude product was filtered off. Drying in vacuo yielded [Ags(L?)2](0Tf)s 26 (599 mg,
0.31 mmol, 41 %) as light brown solid.

Formula (molecular weight) Cs2H72N16Ag4(0Tf)4 (1949.0 g/mol)

1H NMR (300 MHz, acetonitrile-d3) § (ppm) = 6.23 (dt,/=17.2, 14.4, 14.4 Hz, 8H, CH>), 4.51 (d,
J = 14.8 Hz, 4H, CH2.CH2), 4.20 (td, J = 14.3, 13.5, 2.5 Hz, 4H, CH>CH>), 4.02 (td, / = 13.6, 12.5,
1.7 Hz, 4H, CH,CH), 3.50 (d, / = 14.3 Hz, 4H, CH,CH), 2.42 (d, J = 0.6 Hz, 12H, CH3), 2.17 (d,
J=0.6 Hz, 12H, CH3), 1.90 (d, ] = 0.6 Hz, 12H, CH3), 1.51 (d, ] = 0.7 Hz, 12H, CH3).

13CNMR (75 MHz, acetonitrile-ds) 6 (ppm) = 180.4 (Im C-2), 131.1 (Im C-4/5), 131.0 (Im
C-4/5), 129.0 (Im C-4/5), 128.9 (Im C-4/5), 128. 5 (Im C-4/5), 128.4 (Im C-4/5), 126.7 (Im
C-4/5),126.6 (Im C-4/5), 61.0 (CH2), 50.1 (CH2CHz), 47.9 (CH2CH3), 9.6 (CH3), 9.0 (5CH3), 8.65
(5CH3s), 8.5 (CH3).

MS (ESI, MeCN) m/z (%) = 825.0 (82, [AgzL2(OTf)]*), 381.2 (100, [AgzL2(H,0)]>*), 338.1 (65,
[AgzL2]2+), 284.6 (24, [AgL?]?+).

5.4.2.2 [Aga(L®).](PFe)a (27)

To a suspension of H4L3(PFs)4 (904 mg, 1.00 mmol, 1.0 eq) in MeCN (70 mL) in the dark silver
oxide (464 mg, 2.00 mmol, 2.0 eq) was added. The suspension was heated to an oil bath
temperature of 70 °C for 5 h and then stirred at ambient temperature overnight. The reaction
mixture was filtered through Celite® and the filtrate was layered with Et,0 (100 mL). The
brown crude product was filtered off, dried in vacuo yielding 645 mg of 27 and used without

further purification for transmetallation attempts.

Formula (molecular weight) C32H32N16Ag4(PF6)4 (1652.0 g/mol)

1H NMR (300 MHz, acetonitrile-ds) § (ppm) =7.57 (s, 8H, Im H-4/H-5), 7.42 (s, 8H, Im
H-4/H-5), 6.27 (d, /] = 14.0 Hz, 8H, CH), 6.12 (d, ] = 14.1 Hz, 8H, CH2).

5.4.2.3 [Ags(L%)2](PFe)a (28)

To a suspension of H4L*(PFs)4 (102 mg, 0.10 mmol, 1.0 eq) in MeCN (20 mL) in the dark silver
oxide (46.3 mg, 0.20 mmol, 2.0 eq) was added. The suspension was heated to an oil bath
temperature of 70 °C for 5 h and then stirred at ambient temperature overnight. The reaction

mixture was filtered through Celite® and the filtrate was layered with Et;0 (50 mL). The brown
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crude product was filtered off, dried in vacuo yielding 20 mg of 28 and used without further

purification for complexation attempts.
Formula (molecular weight) CagHesN16Ag4(PF¢)4 (1876.5 g/mol)

1H NMR (300 MHz, acetonitrile-ds) 6 (ppm) = 6.06 (s, 16H, CH3), 2.26 (2, 48H, CH).

5.4.2.4 [NiL}](OTf). (29)

[Ags(L1)2](0Tf)4 (50.0 mg, 29.0 umol, 1.0 eq) and NiBrz(dme) (18.8 mg, 60.9 pmol, 2.1 eq) were
suspended in dry MeCN (10 mL) for 1 d. The reaction mixture was filtered through Celite®
twice. Drying the filtrate in vacuo yielded [NiL!](OTf)2 (13 mg, 18.5 umol, 32 %) as yellow solid.
Crystals suitable for X ray diffraction analysis were obtained by layering a concentrated MeCN

solution with Et;0.
Formula (molecular weight) C18H20NgNi(OTf): (705.2 g/mol)

TH NMR (500 MHz, acetonitrile-ds) & (ppm) =7.39 (d, J=2.0 Hz, 2H, Im 4/5-H), 7.18 (d,
J=2.0 Hz, 2H, Im 4/5-H)), 6.14 (d, ] = 12.9 Hz, 2H, CH), 6.06 (d, /] = 12.9 Hz, 2H, CH>), 4.98 -
4.89 (m, 4H, CH,CH3), 4.52 - 4.42 (m, 4H, CH,CHz).

13C NMR (75 MHz, acetonitrile-d3) 6 (ppm) = 170.1 (s, Im C-2), 123.7 (s, Im C-4/5), 123.1 (s, Im
C-4/5), 63.2 (s, CHz), 49.1 (s, CH2CHz).

19F NMR (282 MHz, acetonitrile-d3) § (ppm) =-79.32 (OTf).
MS (ESI, MeCN) m/z (%) = 555.0 (15, [NiL](OTf)+), 203.0 [100, [NiL1]2+).
UV /vis (MeCN): Anax (nm) (e [M -1 cm-1]) = 233 (14909), 300 (6858), 330 (8070).

EChem (MeCN, 0.1 M nBu4NPFs): E1/2 [V vs Fc/Fc*] = +1.67 V (irreversible, Ni!!l/Nilll)
+1.89 V (irreversible, Nilll/NilV)
-1.48 YV (irreversible, Ni!/Nill)

EA Calcd. for C20H20FsNgNiS20¢: C 34.06, H 2.86, N 15.89. Found: C 31.23, H 2.98, N 14.54.

5.4.2.5 [NiL')(Cl) (30)

A suspension of H4L1(Cl)s (145 mg, 295 pmol, 1.0 eq), Ni(OAc)2-4H20 (73.1 mg, 295 umol,
1.0 eq) and sodium acetate (96.8 mg, 1,18 mmol, 4.0 eq) was refluxed in DMSO (8 mL) for 20 h.

The volatiles were removed in vacuo. The crude product was dissolved in water (2 mL) and
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layered with acetone. The resulting oil was taken up in MeOH (2 mL) and layered with Et;O.
[solating the yellow needles and drying the these in vacuo yielded [NiL!](Cl); (66 mg,
138 umol, 47 %) as yellow solid. Crystals suitable for X ray diffraction analysis were obtained

by layering a concentrated aqueous solution with acetone.
Formula (molecular weight) C18H20NgNi(Cl)2 (478.0 g/mol)

1H NMR (500 MHz, acetonitrile-ds) 6 (ppm) =7.58 (d, J = 2.0 Hz, 2H, Im 4/5-H), 7.37 (d,
J=2.0 Hz, 2H,Im 4/5-H), 6.36 (dd, J = 32.8,12.7 Hz, 2H, CHz), 5.17 - 4.99 (m, 2H, CH:CH:), 4.66
-4.48 (m, 2H, CH2CH>).

13C NMR (75 MHz, acetonitrile-ds) 6 (ppm) =170.3 (s, Im C-2), 124.0 (s, Im C-4/5),123.1 (s, Im
C-4/5),118.2 (s, OTf), 63.3 (s, CHz), 49.6 (s, CH2CH>).

MS (ESI, MeCN) m/z (%) = 441.1 (38, [NiL1](C1)*), 203.0 [100, [NiL1]*).

EChem (MeCN, 0.1 M nBusNPFs): E1/2 [V vs Fc/Fc*] = +0.426 V (irreversible, Nill/Nilll)
+0.833 V (irreversible, Nilll /NilV)

-1.34 V (irreversible, Nil/Nill)

-1.69 V (irreversible, Ni°/Nil)

5.4.2.6 [NiL2)(OTf), (31)

a) [Ag4(L?)2](0OTf)4 (1.53 g, 0.79 mmol, 1.0 eq) and NiBrz(dme) (487 mg, 1.58 mmol, 2.0 eq)
were suspended in dry MeCN (30 mL) for 3 d and heated to 60 °C for 18 h. The formed silver
salts were separated by filtration through glas fibre filters. The volatiles were removed in vacuo,
yielding the crude product (1.03 g) as yellow solid. According to 'H NMR spectroscopy, there
were 5 % free ligand in the mixture. To obtain pure 31, a part of the crude product (300 mg)
was dissolved in methanol (2 mL) and filtered through a plug of reversed phase silica. The
volatiles of the filtrate were removed in vacuo and the product extracted with CH>Cl; (2 x 3 mL).
Drying in vacuo yielded [NiL2](OTf); (63 mg, 77.1 pmol, approx. 20 %) as yellow solid. Crystals
suitable for X ray diffraction analysis were obtained by layering a concentrated EtCN solution

with Et;0.

b) A suspension of H4L2(OTf)4 (318 mg, 0.30 mmol, 1.0 eq), NiCl; (39.0 mg, 0.30 mmol, 1.0 eq)
and Cs2C03z (390 mg, 1.20 mmol, 4.0 eq) in dry MeCN (20 mL) was stirred at ambient
temperature for 20 h. The volatiles were removed under reduced pressure and the crude

product was extracted with CH2Cl; (10 mL) and purified by size exclusion chromatography
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(Sephadex®, eluent CH2Cl). Drying in vacuo yielded [NiLz](OTf). 31(124 mg, 0.15 mmol, 50 %)

as yellow-orange solid.
Formula (molecular weight) C26H36NgNi(OTf)2 (817.5 g/mol)

1H NMR (500 MHz, acetonitrile-d3) & (ppm) = 5.88 (d, /= 13.4 Hz, 2H, CH;), 5.80 (d,/ = 13.3 Hz,
2H, CH>), 4.81 - 4.73 (m, 4H, CH,CH>), 4.36 - 4.29 (m, 4H, CH,CH>), 2.24 - 2.23 (m, 12H, CH3),
2.16 - 2.14 (m, 12H, CHs).

13C NMR (126 MHz, acetonitrile-ds) 6 (ppm) = 169.1 (s, Im C-2), 127.4 (s, Im C-4/5), 126. 7 (s,
Im C-4/5),120.8 (s, OTf?), 57.8 (s, CH2), 46.0 (s, CH2CH3), 8.8 (s, CH3), 8.8 (s, CH3).

19F NMR (471 MHz, acetonitrile-ds) 6 (ppm) =-79.30 (OTf).
MS (ESI, MeCN) m/z (%) = 667.1 (10, [NiL2](OTf)+*), 259.1 [100, [NiLz]2+).
UV /vis (MeCN): Amax (nm) (e [M-1 cm-1]) = 253 (10 163), 343 (12 044).

ATR-IR (solid sample): v [cm1] = 403 (w), 414 (w), 516 (s), 533 (w), 541 (w), 557 (w), 572 (m),
636 (s), 755 (w), 842 (w), 853 (w), 888 (m), 977 (w), 1026 (s), 1089 (w), 1140 (s), 1196 (w),
1222 (s), 1249 (s), 1376 (m), 1392 (m), 1412 (w), 1436 (w), 1445 (w), 1468 (w), 1478 (w),
1641 (w), 1660 (w), 2869 (w), 2925 (w), 2957 (w).

EChem (MeCN, 0.1 M nBusNPF¢): E1/2 [V vs Fc/Fc*] = +0.748 V (irreversible, Nill/Ni!ll)
+1.20 V (irreversible, Nilll/NilV)
-1.25V (irreversible, Nil/Nill)
-2.41V (irreversible)
-2.51V (irreversible)

EA Calcd. for C2sH36FsNgNiOgS2: C41.14, H 4.44, N 13.71 S 7.85. Found: C 44.28, H 5.63, N 14.73
S6.43.

5.4.2.7 [NiL'](OTf)s-xFx

A solution of [NiL!](OTf); 29 (7.0 mg, 10 umol, 1.0 eq) in MeCN (0.6 mL) and XeF, (1.7 mg,
10 umol, 1.0 eq) in MeCN (0.4 mL) were combined at -35°C. An instant color change from
yellow to orange was observed. A sample for an EPR measurement was directly frozen in liquid

nitrogen.
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5.5 Two-in-one Pincer Ligands and Complexes

5.5.1 Ligand Synthesis

The ligand precursors XXX - XXXIII as well as the final ligands were synthesized according to
optimized literature procedures.[2654064071 [RhCl(coe)z]. was synthesized according to

literature procedure.[243]

5.5.1.1 6-Methyl-2-picolinic acid (XXX)

A solution of 2,6-lutidine (64.2 g, 600 mmol, 1.0 eq) in water (2 L) was heated to 70 °C. KMnO,
(190 g, 1.20 mol, 2.0 eq) was added in portions over 48 h. Each addition of permanganate was
made after the preceding amount was consumed. The reaction mixture was stirred at 70 °C
overnight, filtered hot and the residue was extracted with boiling water (0.5 L). The combined
filtrates were concentrated to 150 mL and the pH of the solution was adjusted to 3.3 with conc.
HCI (ca. 60 mL). Toluene (300 mL) was added and the water was removed by a Dean-Stark
apparatus. The toluene solution was filtered when still hot. The residue was extracted twice
with boiling toluene (250 mL). The solvent of the combined organic layers was evaporated.

After drying in vacuo, compound XXX (42.7 g, 312 mmol, 52%) was obtained as a white solid.
Formula (molecular weight) C;H7NO (137.1 g/mol)

1H NMR (300 MHz, acetonitrile-d3) & (ppm) = 7.95 (d,/ = 7.6 Hz, 1H, py 3-H), 7.88 (t,/ = 7.6, 1H,
py 4-H), 7.51 (d,J = 7.6 Hz, 1H, py 5-H), 2.59 (s, 3H, CH3).

13C NMR (75 MHz, acetonitrile-dsz) § (ppm) = 165.6 (COOH), 159.1 (py C-6), 146.7 (py C-2),
139.7 (py C-4), 128.7 (py C-5), 121.7 (py C-3), 23.9 (CH3).

MS (EI) m/z (%) = 137 (8, [M]*), 93 (100, [M-CO]*).

5.5.1.2 Methyl-6-methyl-2-picolinate (XXXI)

To a solution of 6-methyl-2-picolinic acid XXX (40.0 g, 292 mmo], 1.0 eq) in methanol (300 mL),
conc. H2S04 (50 mL) was added dropwise over the period of 1 h. The reaction mixture was
heated at reflux for 23 h, cooled to ambient temperature and poured onto ice (300 mL). The
solution was neutralized with Na;COs. After the addition of water (200 mL) and CH:Cl
(200 mL) the layers were separated and the aqueous layer extracted with CH2Cl, (2 x 100 mL).

The combined organic layers were dried over MgSO,, filtered and the solvent was removed
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under reduced pressure. After drying in vacuo, compound XXXI (38.3 g, 253 mmol, 87%) was

obtained as a yellow oil.

Formula (molecular weight) CgHoNO (151.2 g/mol)

1H NMR (300 MHz, chloroform-d) § (ppm) = 7.95 (d, /= 7.6 Hz, 1H, py 3-H), 7.73 (t,/ = 7.7 Hz,
1H, py 4-H), 7.35 (d,/ = 7.7 Hz, 1H, py 5-H), 3.99 (s, 3H, OCH3), 2.67 (s, 3H, CH3).

BCNMR (75 MHz, chloroform-d) § (ppm) = 165.8 (COOMe), 159.1 (py C-6), 147.4 (py C-2),
137.6 (py C-4), 127.2 (py C-5), 122.7 (py C-3), 53.1 (OCH3), 24.6 (CHa).

5.5.1.3 2-Acetyl-6-methylpyridine (XXXII)

Sodium ethanolate was freshly prepared by dissolving Na (3.29 g, 143 mmol, 1.6 eq) in dry
ethanol (50 mL) and dried in vacuo overnight. Toluene (75 mL) and ethyl acetate (47 mL,
475 mmol, 5.3 eq) were added and the mixture stirred at ambient temperature for 0.5 h. After
addition of methyl-6-methyl-2-picolinate XXXI (13.5 g, 89.5 mmol, 1.0 eq) and further toluene
(75 mL) the reaction mixture was heated to reflux for 6.5 h and stirred at ambient temperature
overnight. The volatiles were removed in vacuo and the residue heated at reflux in 20% ag.
H2S04 (135 mL) for 6 h. The mixture was poured onto ice (300 mL) and neutralized with
Na,COs;. After addition of water (300 mL) the aqueous layer was extracted with CHCl,
(4 x 100 mL), dried over MgSOy, filtered and the solvent was removed under reduced pressure.
After drying in vacuo, the compound XXXII (10.6 g, 78.7 mmol, 88%) was obtained as a brown
liquid.

Formula (molecular weight) CgHoNO (135.2 g/mol)

1H NMR (300 MHz, chloroform-d) & (ppm) = 7.82 (d, /= 7.7 Hz, 1H, py 3-H), 7.69 (t,] = 7.7 Hz,
1H, py 4-H), 7.30 (d,/ = 7.7 Hz, 1H, py 5-H), 2.71 (s, 3H, COCH3), 2.61 (s, 3H, CHa).

BCNMR (75 MHz, chloroform-d) § (ppm) =200.6 (COMe), 158.1 (py C-6), 153.2 (py C-2),
137.1 (py C-4), 126.9 (py C-5), 118.9 (py C-3), 25.9 (COCH3), 24.5 (CHa).

5.5.1.4 3,5-bis-2-(6-Methylpyridyl)-pyrazole (XXXIII)

Sodium ethanolate was freshly prepared by dissolving Na (1.29 g, 55.9 mmol, 1.1 eq) in dry
ethanol (30 mL) and dried in vacuo overnight. Toluene (80 mL) and methyl-6-methyl-2-
picolinate XXXI (7.54 g, 49.9 mmol, 1.0 eq) were added and the solution was heated to 50 °C. A
solution of 2-acetyl-6-methylpyridine XXXII (7.02 g, 51.9 mmol, 1.0 eq) in toluene (95 mL) was
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added dropwise over 6 h. The dark red solution was stirred at 50 °C for 3 h and then at ambient
temperature overnight. The volatiles were removed in vacuo and the residue suspended in
aqueous acetic acid (4 mL in 40 mL). The resulting orange solid was filtered off and dried. The
solid was suspended in ethanol (80 mL) and hydrazine monohydrate (6.2 mL, 125 mmol,
2.5 eq) was added. The red solution was heated at reflux for 20 h. The volatiles were removed
invacuo, the crude product was suspended in water (10 mL) and filtered. After drying in vacuo,

compound XXXIII (9.50 g, 37.4 mmol, 75%) was obtained as a pale brown solid.
Formula (molecular weight) CisH14N4 (250.3 g/mol)

1H NMR (300 MHz, CDCls) 8 (ppm) = 7.69 (d, ] = 7.5 Hz, 2H, py 3-H), 7.62 (t, ] = 7.6 Hz, 2H, py
4-H), 7.41 (s, 1H, pz 4-H), 7.08 (d, ] = 7.4 Hz, 2H, py 5-H), 2.60 (s, 6H, CHs).

13C NMR (75 MHz, CDCls) 8 (ppm) = 158.3 (py C-6), 149.5 (py C-2), 148.4 (pz C-3 and C-5),
137.3 (py C-4), 122.5 (py C-5), 117.4 (py C-3), 101.8 (pz C-4), 24.6 (CHs).

5.5.1.5 3-[6-(di-tert-Butylphosphino-methyl)-2-pyridyl]-5-[6-methyl-2-pyridyl]-1H-pyrazole
(XXXIV)

A solution of 3,5-bis-2-(6-methylpyridyl)-pyrazole XXXIII (4.00 g, 15.7 mmol, 1.0 eq) in THF
(20 mL) was degassed by three freeze-pump-thaw cycles and cooled to -90 °C. n-BuLi (2.7M in
toluene, 14.6 mL, 39.4 mmol, 2.5 eq) was slowly added over a period of 30 min. The dark red
solution was stirred at low temperature for 3 h and allowed to warm to ambient temperature
overnight. Chloro-di-tert-butyl-phosphine (2.85 g, 15.7 mmol, 1.0 eq) in THF (3 mL) was added
slowly over a period of 1 h. The reaction mixture was stirred at ambient temperature for 1 d
and then quenched by addition of degassed water (15 mL). After virguous stirring for 30 min
the aqueous layer was removed via a syringe. The organic layer was dried in vacuo overnight

yielding crude XXXIV (6.02 g) which was used in the next step without further purification.
Formula (molecular weight) Cz3H31N4P (394.5 g/mol)

1H NMR (300 MHz, CDCl3) 6 (ppm) = 11.39 (s, 1H, pz NH), 7.62 (t,] = 7.5 Hz, 2H, py 4-H), 7.34
(d,J=8.3 Hz, 2H, py 3-H), 7.32 (s, 1H, pz 4-H), 7.07 (d, ] = 8.0 Hz, 2H, py 5-H), 3.09 (s, 2H, CH>),
2.58 (s, 3H, CH3), 1.17 (d, Jp.u = 11.0 Hz, 18H, C(CH3)3).

31p NMR (121 MHz, CDCls) 8 (ppm) = 37.48 (s), 36.50 (s).
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5.5.1.6 3,5-bis-[6-(di-tert-Butylphosphino-methyl)-2-pyridyl]-1H-pyrazole HL™" (XXXVII)

The crude product XXXIV was dissolved in THF (20 mL), degassed by three freeze-pump-thaw
cycles and cooled to -90 °C. t-BuLi (1.7M in pentane, 27.8 mL, 47.2 mmol, 3.0 eq) was slowly
added over a period of 1 h. The dark red solution was stirred at low temperature for 6 h and
allowed to warm to ambient temperature overnight. Chloro-di-tert-butyl-phosphine (2.85 g,
15.7 mmol, 1.0 eq) in THF (3 mL) was added slowly in 2 h. The reaction mixture was stirred at
ambient temperature for 1 d and then quenched by addition of degassed water (15 mL). After
virguous stirring for 30 min the aqueous layer was removed via a syringe. The organic layer
was dried in vacuo overnight. The crude product was dissolved in a minimum amount of Et,0
and purified by inert column chromatography (silica, 3 x8 cm, Et;0 (ca. 200 mL)) and
subsequent recrystallization from Et;0. Ligand XXXVII (2.51 g, 4.65 mmol, 30%) was isolated

by filtration as off-white solid.

Formula (molecular weight) C31HsN4P2 (538.7 g/mol)

1TH NMR (500 MHz, acetone-ds) 6 (ppm) = 12.76 (s, 1H, NH), 7.82 - 7.68 (m, 4H, py 4-H + 3-H),
7.43 (s, 1H, pz 4-H), 7.38 (d, J=7.7 Hz, 2H, py 5-H), 3.13 (d, /= 2.6 Hz, 4H, CH), 1.19 (d,
Je.n=10.8 Hz, 36H, C(CH3)3).

BCNMR (126 MHz, acetone-ds) 6 (ppm) = 163.0 (d, Jr.c=10.5 Hz, py C-6), 137.5 (s, py C-4),
123.6 (s,py C-5),117.1 (s, py C-3),102.3 (s, pz C-4), 66.1 (CH2), 32.43 (d, Jr.c = 24.2 Hz, C(CH3)3),
30.32 (d, Jr-c = 19.2 Hz, C(CH3)3). Resonances for pz C-3/C-5 and py C-2 were not observed.

31P NMR (203 MHz, acetone-ds) 6 (ppm) = 36.25 (s).

ATR-IR (solid sample): v [cm1] =415 (w), 460 (w), 472 (w), 544 (w), 568 (w), 593 (w), 610
(w), 637 (m), 668 (w), 679 (w), 702 (m), 732 (w), 737 (w), 746 (m), 795 (s), 811 (s), 823 (w),
829 (w), 872 (w), 972 (m), 991 (w), 999 (w), 1014 (w), 1080 (w), 1088 (w), 1160 (m), 1169
(m), 1215 (w), 1256 (w), 1366 (s), 1384 (w), 1417 (m), 1438 (m), 1463 (s), 1553 (w), 1567
(m), 1591 (m), 2858 (m), 2891 (m), 2936 (m), 2971 (m), 3443 (m).

5.5.1.7 3-[6-(di-iso-propylphosphino-methyl)-2-pyridyl]-5-[6-methyl-2-pyridyl]-1H-pyrazole
(XXXV)

A solution of 3,5-bis-2-(6-methylpyridyl)-pyrazole XXXIII (3.61 g, 14.2 mmol, 1.0 eq) in THF
(20 mL) was degassed by three freeze-pump-thaw cycles and cooled to -90 °C. n-BuLi (1.6M in
hexanes, 22.1 mL, 35.4 mmol, 2.5 eq) was slowly added over a period of 30 min. The dark red
solution was stirred at low temperature for 3 h and allowed to warm to ambient temperature

overnight. Chloro-di-iso-propyl-phosphine (2.17 g, 14.2 mmol, 1.0 eq) in THF (3 mL) was
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added slowly over a period of 1 h. The reaction mixture was stirred at ambient temperature for
1d and then quenched by addition of degassed water (15 mL). After virgeous stirring for
30 min the aqueous layer was removed via a syringe. The organic layer was dried in vacuo

overnight yielding crude XXXIV which was used in the next step without further purification.
Formula (molecular weight) Cz1H27N4P (366.5 g/mol)

1H NMR (300 MHz, acetone-de¢) 6 (ppm) = 11.33 (s, 1H, NH), 7.80 (s, 1H, py 4-H), 7.63 (t,
J =7.6 Hz, 1H, py 4-H), 7.50 (s, 2H, py 3-H, 5-H), 7.32 (s, 1H, pz 4-H), 7.22 (d, ] = 7.7 Hz, 1H, py
3-H), 7.08 (d, ] = 7.7 Hz, 1H, py 5-H), 3.03 (s, 2H, CHz), 2.59 (s, 3H, CH3), 1.92 - 1.74 (m, 2H,
CH(CHs)2), 1.18 - 0.98 (m, 12H, CH(CHs3)z2).

13C NMR (75 MHz, acetone-de) 6 (ppm) = 158.8 (s, py C-6), 154.7 (s, py C-2), 143.3 (s, pz
C-3/C-5),137.9 (s, py C-4), 122.8 (s, py C-5), 117.5 (s, py C-3), 102.4 (s, pz C-4), 32.8 (s, CH2),
24.5 (s, CH3), 24.3 (d, ] = 15.4 Hz, CH(CH3)2), 20.1 (d,/ = 15.5 Hz, CH(CH3)2), 19.4 (d,/ = 10.7 Hz,
CH(CHz3)2).

31P NMR (121 MHz, acetone-ds) 6 (ppm) = 13.20 (s), 12.24 (s).

5.5.1.8 3,5-bis-[6-(di-iso-propylphosphino-methyl)-2-pyridyl]-1H-pyrazole HL™" (XXXVIII)

The crude product XXXIV was dissolved in THF (16 mL), degassed by three freeze-pump-thaw
cycles and cooled to -90 °C. ¢t-BuLi (1.7M in pentane, 25.0 mL, 42.5 mmol, 3.0 eq) was slowly
added over a period of 1 h. The dark red solution was stirred at low temperature for 6 h and
allowed to warm to ambient temperature overnight. Chloro-di-iso-propyl-phosphine (2.17 g,
14.2 mmol, 1.0 eq) in THF (3 mL) was added slowly in 2 h. The reaction mixture was stirred at
ambient temperature for 1 d and then quenched by addition of degassed water (15 mL). After
virgous stirring for 30 min the aqueous layer was removed via a syringe. The organic layer was
dried in vacuo overnight. The crude product was dissolved in a minimum amount of Et,0 and
purified by inert column chromatography (silica, 3.5x12 cm, Et;0 (ca. 300 mL)) and
subsequent recrystallization from pentane. Filtration and drying gave 130 mg (2 %) ligand

XXXVII as off-white solid.
Formula (molecular weight) Cz7H40N4P2 (482.6 g/mol)

1H NMR (300 MHz, CDCl3) & (ppm) = 12.58 (s, 1H, NH), 7.64 (d, ] = 6.2 Hz, 2H, py 3-H), 7.58 (t,
J=7.5Hz, 2H, py 4-H), 7.30 (s, 1H, pz 4-H), 7.17 - 7.07 (m, 2H, py 5-H), 2.91 (d, / = 1.6 Hz, 4H,
CHz), 1.70 (heptd, J = 7.2, 1.7 Hz, 4H, CH(CH3)2), 0.97 (d, /= 10.7, 6.5 Hz, 12H, CH(CH3)2), 0.91
(dd,J=13.0, 6.7 Hz, 12H, CH(CH3)2).
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13CNMR (126 MHz CDCl3, 243 K) 6 (ppm) = 161.8 (s, py C-6), 161.0 (s, py C-6), 153.9 (s, pz C-3
or pz C-5),152.3 (s, py C-2),147.8 (s, py C-2), 143.9 (s, pz C-3 or pz C-5), 138.0 (s, py C-4), 137.3
(s, py C-4), 123.5 (s, py C-5), 122.9 (s, py C-5), 117.4 (s, py C-3), 116.7 (s, py C-3), 102.1 (s, pz
C-4),32.7 (s, CHz2), 32.4 (s, CHz), 24.1 (s, CH(CH3)2), 24.0 (s, CH(CHs)2), 19.9 (s, CH(CHz3)2), 19.8
(s, CH(CH3)2), 19.0 (s, CH(CHz3)2), 18.9 (s, CH(CH3)z2).

31P NMR (121 MHz, CDCls) § (ppm) = 12.20 (s), 12.03 (s).

ATR-IR (solid): v [cm-1] = 463 (w), 519 (w), 595 (w), 610 (w), 647 (w), 682 (w), 696 (w), 726
(w), 743 (m), 805 (s), 872 (w), 879 (w), 983 (m), 990 (w), 1000 (m), 1083 (w), 1157 (w), 1174
(w), 1218 (m), 1362 (m), 1417 (m), 1439 (m), 1463 (m), 1561 (m), 1574 (m), 1594 (w), 2863
(m), 2946 (m).

5.5.1.9 3-[6-(diphenylphosphino-methyl)-2-pyridyl]-5-[6-methyl-2-pyridyl]-1H-pyrazole
(XXXVI)

A solution of 3,5-bis-2-(6-methylpyridyl)-pyrazole XXXIII (3.00 g, 11.8 mmol, 1.0 eq) in THF
(20 mL) was degassed by three freeze-pump-thaw cycles and cooled to -90 °C. n-BuLi (2.5M in
hexanes, 14.2 mL, 35.4 mmol, 3.0 eq) was slowly added over a period of 30 min. The dark red
solution was stirred at low temperature for 3 h and allowed to warm to ambient temperature
overnight. Chloro-diphenyl-phosphine (2.60 g, 11.8 mmol, 1.0 eq) in THF (4 mL) was added
slowly over a period of 1 h. The reaction mixture was stirred at ambient temperature for 1 d
and then quenched by addition of degassed water (15 mL). After virgeous stirring for 30 min
the aqueous layer was removed via a syringe. The organic layer was dried in vacuo overnight

yielding crude XXXVI.
Formula (molecular weight) Cz7H23N4P (434.5 g/mol)

1H NMR (300 MHz, CDCl3) 6 (ppm) = 10.56 (s, 1H, NH), 7.82 (d, /] = 7.1 Hz, 2H, py 3-H), 7.68 -
7.59 (m, 2H, py 4-H), 7.54 - 7.46 (m, 4H, Ph), 7.39 - 7.31 (m, 6H, Ph), 7.27 (s, 1H, pz 4-H), 7.09
(d,J=7.7 Hz, 2H, py 5-H), 3.67 (s, 2H, CHz), 2.62 (s, 3H, CHa).

31P NMR (121 MHz, CDCI3) & (ppm) =-11.22 (s),-11.43 (s).

5.5.2 Complex Synthesis

5.5.2.1  [Zny(u-OAc)L™®"](PFe) (48)

A suspension of HL®Bu (25.0 mg, 46.4 umol, 1.0 eq), Zn(OAc)2:2H20 (20.4 mg, 92.8 umol, 2.0 eq)
and KPF¢ (16.9 mg, 92.8 pmol, 2.0 eq) in dry MeCN (3 mL) was stirred until all solids were
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dissolved (2 h). The volatiles were removed in vacuo, the residue extracted with CH2Cl, (2 mL)
and filtered through glas fibre filters. Drying of the light yellow filtrate in vacuo gave 40 mg
(85 %) 48 as off-white solid.

Formula (molecular weight) C33Hs50N4O2P2Zn2(PFs)2 (1017.4 g/mol)

1H NMR (300 MHz, acetone-d¢) § (ppm) =7.96 (td, /] = 7.7, 0.6 Hz, 2H, py 4-H), 7.63 (d,
J=7.7Hz, 2H, py 3-H), 7.42 (dt, ] = 7.8, 1.0 Hz, 2H, py 5-H), 7.21 (s, 1H, pz 4-H), 3.48 (d,
Je.n=8.9 Hz, 4H, CHy), 1.91 (s, 3H, OAc) 1.35 (d, J = 13.7 Hz, 36H, C(CH3)3).

BBC NMR (75 MHz, acetone-ds) 6 (ppm) = 179.0 (s, OAc), 156.3 (s, pz C-3/C-5),150.2 (s, py C-6),
148.1 (s, py C-2), 142.0 (s, py C-4), 125.1 (s, py C-5), 118.41 (s, py C-3), 99.3 (s, pz C-4), 66.3 (s,
CH), 33.7 (d,J = 7.9 Hz, C(CHz)3), 29.3 (d, ] = 6.0 Hz, C(CH3)3), 26.54 (d, J = 20.1 Hz, OAc).

31P NMR (162 MHz, CDsCN) & (ppm) = 19.12 (s), -144.62 (hept, PFs).

HR-MS (ESI+, MeCN) m/z = 364.0971 ([Znz2(0Ac)Ltu]2+, calcd.: 364.0969).

5.5.2.2 [(Zn(OTf)),(u-OTf)L™"] (49)

A suspension of HL®3u (25.0 mg, 46.4 umol, 1.0 eq), Zn(0Tf), (33.4 mg, 92.8 umol, 2.0 eq) and
KO®Bu (5.2 mg, 46.4 umol, 1.0 eq) in dry MeCN (3 mL) was for 21 h. The volatiles were removed
in vacuo, the residue extracted with CH2Cl; (2 mL) and filtered through glas fibre filters. Drying
of the light yellow filtrate in vacuo gave 48 mg (93 %) 48 as off-white solid.

Single crystals suitable for X-ray diffraction analysis were grown by layering a MeCN solution

of the crude product (2 mL) with Et,0.
Formula (molecular weight) C31H47N4P2Zn,(CF3S03)3 (1115.7 g/mol)

1H NMR (300 MHz, acetone-d¢) 6 (ppm) = 8.12 (t,/ = 7.8 Hz, 2H, py 4-H), 7.83 (d, / = 7.8 Hz, 2H,
py 3-H), 7.61 (s, 1H, pz 4-H), 7.57 (d, ] = 7.6 Hz, 2H, py 5-H), 3.61 (d, J = 8.4 Hz, 4H, CHy), 1.30
(d,/ =14.1 Hz, 36H, C(CHz)3).

BBCNMR (126 MHz, acetone-ds) 6 (ppm) = 155.7 (s, pz C-3/C-5), 152.4 (s, py C-2), 147.3 (d,
J=3.0 Hz, py C-6), 143.7 (s, py C-4), 126.2 (s, py C-5), 119.5 (s, py C-3), 102.1 (s, pz C-4), 34.0
(d,J=9.5 Hz, C(CH3)3), 29.6 (d, ] = 5.2 Hz, C(CH3)3), 26.4 (d, /] = 18.4 Hz, CH>).

31P NMR (121 MHz, acetone-ds) 6 (ppm) = 22.55 (s).

MS (ESI+, MeCN) m/z = 787.241 ([(Zn(MeCN)(H20)),LeBu]+).
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UV-vis (MeCN): Amax [nm] (€ [M-! cm-1]) = 259 (38 800), 306 (38 100).

ATR-IR (solid): v [cm-1] = 403 (w), 451 (m), 478 (w), 509 (s), 514 (s), 539 (w), 560 (w), 571
(w), 628 (s), 636 (s), 656 (w), 678 (w), 743 (w), 795 (w), 820 (m), 835 (m), 938 (w), 1007 (s),
1014 (s), 1028 (s), 1050 (w), 1077 (m), 1094 (s), 1153 (m), 1184 (m), 1210 (m), 1222 (m),
1229 (m), 1262 (s), 1274 (s), 1317 (m), 1324 (w), 1456 (m), 1475 (m), 1569 (w), 1607 (w),
2877 (w), 2909 (w), 2968 (w).

EChem (MeCN, 0.1 M nBusNPFs): E1/2 [V vs Fc/Fc*] =-1.39 V (irreversible)
-1.64 V (irreversible)

5.5.2.3 [(zn(OTf))(Zn(MeCN))(u-OTf)L™)(OTf) (50) and [(Znz(n-OTF)L'™***),(u-OH),](OTf). (51)

A suspension of HL®r (22.2 mg, 46.4 umol, 1.0 eq), Zn(OTf): (33.4 mg, 92.8 umol, 2.0 eq) and
KO®Bu (5.2 mg, 46.4 pumol, 1.0 eq) in dry MeCN (5 mL) was for 3 h. The volatiles were removed
in vacuo, the residue extracted with CH2Cl; (2 x 2 mL) and filtered through glas fibre filters.
Drying of the light yellow filtrate in vacuo gave 45 mg (92 %) 50 as off-white solid.

Single crystals suitable for X-ray diffraction analysis of 50 were grown by layering a MeCN
solution of the crude product (2 mL) with Et;0 under inert conditions. Single crystals suitable
for X-ray diffraction analysis of 51 were grown by layering a MeCN solution of the crude product

(2 mL) with Et,0 under aerobic conditions.
[(Zn(OTf))(Zn(MeCN))(u-OTf)LiPr[(OTf) 50:
Formula (molecular weight) C31H47N4P2Zn,(CF3S03)3 (1059.6 g/mol)

1H NMR (300 MHz, CDsCN) & (ppm) = 8.11 (t, ] = 7.8 Hz, 2H, py 4-H), 7.83 (d, ] = 7.8 Hz, 2H, py
3-H), 7.57 (s, 1H, pz 4-H), 7.53 (dt, ] = 7.8, 0.9 Hz, 2H, py 5-H), 3.49 (d, ] = 9.1 Hz, 4H, CH,), 2.48
—2.34 (m, 4H, CH(CH3)2), 1.20 (dd, ] = 7.1, 2.8 Hz, 12H, CH(CHs),), 1.14 (dd, ] = 7.1, 0.9 Hz, 12H,
CH(CHs)2).

BBC NMR (75 MHz, CD3CN) 6 (ppm) = 155.5 (s, py C-6), 152.1 (s, py C-2), 147.3 (s, pz C-3/C-5),
143.5 (s, py C-4), 126.2 (s, py C-5), 122.6 (s, py C-3), 119.5 (s, OTf), 101.7 (s, pz C-4), 60.8 (d, J
=41.5 Hz, CHz), 26.2 (d, Jr.c = 20.7 Hz, CH(CH3)2), 22.5 (d, Jp.c = 15.5 Hz, CH(CH3)2).

31P NMR (121 MHz, CD3CN) & (ppm) = 6.04 (s).
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ATR-IR (solid): v [cm1] =495 (w), 514 (m), 541 (w), 572 (w), 588 (w), 633 (s), 790 (w), 837
(w), 1022 (s), 1104 (w), 1160 (s), 1177 (m), 1206 (s), 1234 (m), 1288 (m), 1312 (m), 1427 (w),
1456 (m), 1470 (w), 1572 (w), 1602 (w), 2877 (w), 2968 (w).

EChem (MeCN, 0.1 M nBusNPFs): E1/2 [V vs Fc/Fc*] =-1.49 V (irreversible)

[(Zn2(u-OTf)LeBuox),(u-OH),](0Tf)2 51:
Formula (molecular weight) Ce4HosFsNg012P4S2Zn4(CF3503)2 (2031.3 g/mol)

1H NMR (400 MHz, CDsCN) & (ppm) = 8.12 (t, / = 7.8 Hz, 2H, py 4-H), 7.91 (d, ] = 7.9 Hz, 2H, py
3-H), 7.59 - 7.56 (m, 3H, pz 4-H/py 5-H), 3.65 (d, Jex = 11.3 Hz, 4H, CH,), 2.37 - 2.27 (m, 4H.
CH(CHs),), 1.18 (dd, ] = 7.2, 5.2 Hz, 12H, CH(CHs)2), 1.13 (dd, ] = 7.2, 5.2 Hz, 12H, CH(CH3)2).

13CNMR (75 MHz, CD3CN) & (ppm) = 154.2 (d, Jpc = 8.7 Hz, py C-6), 152.1 (s, py C-2), 149.0 (s,
py py C-4) 143.3 (s, pz C-3/C-5), 127.2 (d, py C-5), 123.0 (s, py C-3), 120.4 (s, OTf), 102.2 (s, pz
C-4), 29.1 (d, Jrc = 50.5 Hz, CHz2), 26.3 (d, Jr.c= 65.0 Hz, CH(CH3)2), 15.7 (d, Jrc= 2.3 Hz,
CH(CHz3)2), 15.5 (d, Jpc = 3.6 Hz, CH(CH3)2).

31P NMR (162 MHz, CD3CN) & (ppm) = 71.36 (s).

5.5.2.4 [(Co(MeCN),),L®™"](BF4); 54

A suspension of HL#Bu (200 mg, 371 umol, 1.0 eq), Co(BF4)2:6H20 (253 mg, 742 pmol, 2.0 eq)
and KO‘Bu (41.6 mg, 371 pumol, 1.0 eq) in dry MeCN (10 mL) was for 4 h. The volatiles were
removed in vacuo, the residue extracted with CHCl; (4 x 5 mL) and filtered through glass fiber
filters. Drying of the red-brown filtrate in vacuo gave 392 mg (98 %) crude 54 as red-brown
solid. Single crystals suitable for X-ray diffraction analysis were grown by layering a diluted
MeCN solution of the crude product (40 mg in 5 mL) with Et;0. Isolation and drying on air gave
208 mg (52 %) as red-brown plates.

Formula (molecular weight) C39H59NgP2Co2(BF4)3 (1080.2 g/mol)
UV-vis (MeCN): Amax [nm] (€ [M-1 cm-1]) = 259 (26 500), 309 (20 900).

EChem (MeCN, 0.1 M nBusNPF¢): E1/2 [V vs Fc/Fc*] =- 0.27 V (irreversible)

- 1.17 V (irreversible)
- 1.51 V (irreversible)
- 1.59 V (irreversible)
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ATR-IR (solid): v [cm1] =402 (w), 406 (w), 422 (w), 449 (m), 480 (w), 500 (w), 519 (m), 587
(w), 632 (w), 762 (w), 795 (m), 810 (w), 842 (m), 899 (w), 941 (w), 1004 (s), 1024 (s), 1032
(s), 1047 (s), 1169 (w), 1181 (w), 1287 (w), 1321 (w), 1373 (w), 1395 (w), 1423 (w), 1461
(m), 1474 (w), 1563 (m), 1612 (m), 2283 (w), 2313 (w), 2937 (w), 2941 (w).

EA Calcd. for C37Hs¢B3C02F12N702P2: C42.77, H 5.51, N 9.44. Found: C 44.77,H 5.53, N 9.84.

5.5.2.5 [(Rh(CO)).L™®“](PFs) (55)

a) To a suspension of HL®Bu (25.0 mg, 46.4 umol, 1.0 eq), KO‘Bu (5.20 mg, 46.4 pmol, 1.0 eq) and
KPFs (10.2 mg, 55.7 pmol, 1.2 eq) in MeCN (4 mL) [Rh(acac)(CO).] (23.9 mg, 92.8 pmol, 2.0 eq)
was added as a solid. The reaction mixture was stirred at ambient temperature for 23 h,
volatiles were removed in vacuo and the residue extracted with CH:Cl; (2 x 3 mL). Pure
compound was obtained from Et,0 diffusion into a concentrated acetonitrile solution. Drying

under vacuum gave 12 mg (28 %) 55 as yellow solid.

b) A solution of 58 (50 mg, 52 pmol) in acetone (8 mL) was degassed by 3 freeze-pump-thaw
cycles and the solution purged with CO (ca. 1 atm). The solution was stirred for 5 min and then
the volatiles were removed under reduces pressure. Washing the residue with Et;0 (2 x 2 mL)

and drying in vacuo gave 42 mg (86 %) 55 as yellow solid.
Formula (molecular weight) C33H47N402P;Rh,(PF¢) (944.5 g/mol)

1H NMR (400 MHz, Acetonitrile-ds) § = 7.96 (td, Jun = 7.9, 1.1 Hz, 2H, py H-4), 7.64 (d,
Jun=7.8 Hz, 2H, py H-3), 7.49 (d, Jun = 7.9 Hz, 2H, py H-5), 7.27 (s, 1H, pz), 3.81 (d, Jp. = 9.6 Hz,
4H, CHy), 1.38 (d, Jpu = 14.5 Hz, 36H, C(CHs)s).

13C NMR (126 MHz, Acetonitrile-ds) § = 194.43 (dd, Jrwc = 73.8 Hz, Jp.c=17.5 Hz, CO), 163.91
(dd, Jrn-c= 4.8 Hz, Jp.c = 3.2 Hz, py C-6), 155.90 (dt, /¢ = 3.5, 1.7 Hz, pz C-3/C-5), 153.48 (s, py
C-2),142.06 (d, Jr.c= 0.7 Hz, py C-4), 122.13 (dd, Jrw-c = 10.4 Hz, Jp.c = 1.0 Hz, py C-5), 118.70 (d,
Jrc=0.6 Hz, py C-3), 103.48 (s, pz C-4), 36.88 (d, Jrc = 22.4 Hz, C(CH3)3), 36.73 (dd,
Jrnc=21.7 Hz, Jp.c = 2.0 Hz, CHz), 29.33 (dd, Jrn-c = 4.4 Hz, Jr.c= 0.7 Hz, C(CHa3)3).

31P NMR (162 MHz, Acetonitrile-d3) & = 99.50 (d, Jrn-p = 148.2 Hz), -144.25 (hept, ] = 706.3 Hz,
PF¢’).

ATR-IR (solid): v [cm-1] = 450 (w), 465 (w), 469 (w), 483 (w), 495 (w), 502 (w), 507 (w), 523
(w), 530 (w), 555 (s), 739 (m), 791 (s), 807 (s), 828 (s), 1020 (m), 1088 (w), 1105 (w), 1260
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(m), 1371 (w), 1389 (w), 1447 (w), 1460 (m), 1564 (m), 1606 (w), 1964 (m, CO), 1978 (m, CO),
2854 (w), 2923 (m), 2960 (w).

MS (ESI+) m/z = 799.125 ([(Rh(CO))2Leu]+).

EA Calcd. for C33Hs1N4O2P2Rh2: C 40.42, H 5.24, N 5.71. Found: C 40.44, H 5.02, N 5.40.

5.5.2.6 [(Rh(CO)).L*](PFs) (57)

To a suspension of HLPr (22.2 mg, 46.4 umol, 1.0 eq), KO‘Bu (5.20 mg, 46.4 umol, 1.0 eq) and
KPFs (10.2 mg, 55.7 pmol, 1.2 eq) in MeCN (5 mL) [Rh(acac)(CO).] (23.9 mg, 92.8 pmol, 2.0 eq)
was added as a solid. The reaction mixture was stirred at ambient temperature for 22 h,
volatiles were removed in vacuo and the residue extracted with CH2Cl; (2 x 3 mL). Pure
compound was obtained from Et,0 diffusion into a concentrated acetonitrile solution. Drying

under vacuum gave 12 mg (28 %) 57 as yellow solid.
Formula (molecular weight) C20H39N40,P,Rh;(PF¢) (888.4 g/mol)

1H NMR (400 MHz, Acetonitrile-d3) § = 7.96 (t,] = 7.9 Hz, 2H, py 4-H), 7.64 (d, /] = 7.9 Hz, 2H, py
3-H), 7.48 (d,] = 7.9 Hz, 2H, py 5-H), 7.26 (s, 1H, pz 4-H), 3.77 (d, ] = 10.2 Hz, 4H, CH), 2.42 -
2.28 (m, 4H, CH(CH3)2), 1.31 (dd,/ = 18.0, 7.1 Hz, 12H, CH(CH3)2), 1.19 (dd,J = 15.7, 6.9 Hz, 12H,
CH(CH3)2)

13C NMR (126 MHz, Acetonitrile-ds) 6 = 193.0 (d, Jra-c = 19.5 Hz, CO), 192.4 (d, Jrnc = 19.3 Hz,
C0), 163.0 (d, Jrn-c = 3.4 Hz, py C-6), 163.0 (d, Jrn-c = 3.3 Hz, py C-6), 156.1 (s, pz C-3, C-5), 153.6
(s, py ©), 142.0 (s, py C-4), 122.4 (d, Jrnc = 11.2 Hz, py C-5), 118.9 (s, py C-3), 103.7 (s, pz C-4),
36.1 (d, Jrnc = 25.4 Hz, CH2), 26.1 (dd, Jrnc = 30.1, 2.0 Hz, CH(CHs)2), 19.2 (d, Jrnc = 3.5 Hz,
CH(CHa)2), 18.2 (s, CH(CH3)2).

31P NMR (162 MHz, Acetonitrile-ds) & = 85.29 (d, ] = 144.6 Hz), -144.25 (hept, ] = 706.6 Hz,
PFs).

ATR-IR (solid): v [cm-1] = 404 (w), 406 (w), 410 (w), 449 (w), 483 (w), 495 (w), 520 (w), 556
(s), 637 (m), 738 (w), 756 (w), 792 (w), 807 (w), 839 (s), 1020 (m), 1088 (w), 1103 (w), 1167
(w), 1262 (w), 1371 (w), 1390 (w), 1401 (w), 1418 (w), 1458 (m), 1563 (m), 1605 (m), 1965
(m, CO), 1977 (m, CO), 2868 (w), 2901 (w), 2922 (w), 2963 (w).

MS (ESI+) m/z = 743.063 ([(Rh(CO))2L"]+).
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5.5.2.7 [(Rh(MeCN)),L™"]PFs (58)

a) [RhCl(coe)2]z (133 mg, 186 umol, 1.0 eq) and AgPFs (93.8 mg, 371 pmol, 2.0 eq) were
suspended in MeCN (5 mL) for 5 h. The mixture was filtered through a glass fibre filter into a
suspension of HLtBu (100 mg, 186 umol, 1.0 eq) and KOBu (20.8 mg, 186 pmol, 1.0 eq) in MeCN
(5 mL). The reaction mixture was stirred at ambient temperature for 16 h. The volatiles were
removed under reduced pressure and the residue was extracted with a benzene/MeCN 6:1

mixture (7 mL). Lyophilisation and drying in vacuo gave 170 mg (94 %) 58 as dark red solid.

b) RhtBu-SMe; (42.8 mg, 45.0 umol) was solved in MeCN (1 mL), stirred for 5 min and then
layered with Et,0. The dark red solid was separated and dried to afford 21 mg (48 %) 58.

Formula (molecular weight) C3sHs3NeP2Rh2(PFe) (970.6 g/mol)

1H NMR (500 MHz, Acetonitrile-ds) § = 7.72 (td, Jun = 7.8, 1.1 Hz, 2H, py H4), 7.39 (dd, Jus = 7.8,
0.7 Hz, 2H, py H3), 7.21 (s, 1H, pz H4), 7.20 (d, Ju.u = 7.7 Hz, 2H, py H5), 3.28 (d, Jp = 9.1 Hz, 4H,
CH,), 1.38 (d, Jpu = 13.2 Hz, 36H, C(CHs)s).

13C NMR (126 MHz, Acetonitrile-ds) & = 164.3 (dd, Janc = 6.3 Hz, Jo.c = 3.3 Hz, py C-6), 154.1 (s,
pz C-3/C-5), 153.6 (s, py C-2), 126.9 (d, Jrc = 11.1 Hz, py C-4), 120.3 (dd, Janc = 10.6 Hz, Jpc= 1.5
Hz, py C-5), 117.5 (s, py C-3), 101.6 (s, pz C-4), 36.3 (d, Janc = 20.8 Hz, CH3), 35.7 (d, Janc = 16.7
Hz, C(CHs)3), 29.5 (d, Jrn-c = 5.4 Hz, C(CH3)3).

31PNMR (202 MHz, Acetonitrile-ds) 6=91.13 (d, Jemrp=178.2Hz), -144.25 (hept,
]F.p =706.4 HZ).

ATR-IR (solid): v [cm1] = 456 (w), 480 (m), 555 (s), 592 (w), 628 (w), 678 (w), 738 (m), 750
(w), 777 (m), 823 (s), 831 (s), 894 (w), 1020 (w), 1140 (w), 1163 (w), 1179 (w), 1259 (w),
1367 (w), 1387 (w), 1413 (w), 1455 (m), 1553 (w), 1603 (w), 1697 (w), 2265 (w, MeCN), 2899
(w), 2924 (w), 2943 (w), 2957 (w).

MS (ESI+, MeCN) m/z (%) = 825.307 (100, [(Rh(MeCN)),Ltu]+).

EA Calcd. for C3sHs3FsNsP3Rh2: C 43.31, H 5.50, N 8.66. Found: C 42.91, H 5.30, N 8.71.

5.5.2.8 [(Rh(MeCN)).L™"]PFs (65)

[RhCl(coe)z]. (66.4mg, 92.5 umol, 1.0 eq) and AgPFs (46.8 mg, 185 umol, 2.0 eq) were
suspended in MeCN (2 mL) for 6 h. The mixture was filtered through a glass fibre filter into a
suspension of HLPr (44.6 mg, 92.5 pmol, 1.0 eq) and KO‘Bu (10.4 mg, 92.5 pmol, 1.0 eq) in
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MeCN (2 mL). The reaction mixture was heated to 80 °C for 17 h. The volatiles were removed
under reduced pressure and the crude product was recrystallized from acetone and pentane

several times. Drying in vacuo gave 67 mg (80 %) 65 as dark red solid.

Formula (molecular weight) C31HasNeP2Rh2(PFe) (914.5 g/mol)

1H-NMR (500 MHz, Acetonitrile-ds) § = 7.70 (t, ] = 7.8 Hz, 2H, py 4-H), 7.38 (d, ] = 7.4 Hz, 2H, py
3-H), 7.22 (s, 1H, pz 4-H), 7.16 (d, ] = 7.7 Hz, 2H, py 5-H), 3.17 (d, ] = 9.6 Hz, 4H, CH,), 2.20 -
2.11 (m, 4H, CH(CHs),), 1.26 (dd, ] = 16.8, 7.1 Hz, 12H, CH(CH3)>), 1.10 (dd, ] = 14.0, 6.9 Hz, 12H,
CH(CHs)2).

13C NMR (126 MHz, Acetonitrile-d3) 6 = 163.6 (dd, J = 6.7, 3.5 Hz, C-6), 154.2 (s, pz C-3/C-5),
153.7 (s, py C-2), 136.1 (s, py C-3), 120.6 (dd, J = 10.8, 1.4 Hz, py C-5), 117.8 (d, / = 0.6 Hz, py
C-4),101.6 (s,pz C-4),35.9 (dd,J=23.2, 1.9 Hz, CHy), 25.6 (dd, ] = 24.1, 1.7 Hz, CH(CH3)3), 19.53
(d,J =5.4 Hz, CH(CH3)2), 18.35 (d, / = 1.0 Hz, CH(CH3)2).

31P-NMR (202 MHz, Acetonitrile-ds) 6=78.36 (d, Jm-r=176.3Hz), -144.25 (hept,
]F.p = 706.4 HZ).

ATR-IR (solid): v [cm™1] = 404 (w), 413 (w), 417 (w), 423 (w), 430 (w), 436 (w), 440 (w), 448
(w), 458 (w), 461 (w), 464 (w), 469 (w), 474 (w), 484 (w), 487 (w), 490 (w), 494 (w), 499 (w),
503 (w), 508 (w), 512 (w), 517 (w), 529 (w), 555 (s), 612 (w), 644 (w), 658 (m), 738 (w), 751
(w), 778 (w), 787 (w), 834 (s), 877 (w), 1024 (w), 1311 (w), 1362 (w), 1380 (w), 1405 (w),
1408 (w), 1454 (m), 1528 (w), 1552 (w), 1601 (w), 2868 (m), 2926 (m), 2953 (m).

5.5.2.9 [(Rh(n-SMe;)).L™"]PFs (61)

a) [RhCl(coe);]> (133 mg, 186 pmol, 1.0 eq) and AgPFs (93.8 mg, 371 umol, 2.0 eq) were
suspended in acetone (4 mL) for 5 h. The mixture was filtered through a glass fibre filter into a
solution of HL®u (100 mg, 186 pmol, 1.0 eq), KO‘Bu (20.8 mg, 186 pmol, 1.0 eq) and SMe;
(55 uL, 744 pmol, 4.0 eq) in THF (4 mL). The reaction mixture was stirred at ambient
temperature for 23 h. The volatiles were removed under reduced pressure and the residue
solved in acetone (2.5 mL) and layered with pentane to give a dark red polycrystalline solid
overnight. The solid was isolated, washed with pentane and dried in vacuo to yield 143 mg

(81 %) 61.

b) A solution of RhtBu-MeCN (168 mg, 173 umol, 1.0 eq) and SMe; (125 mg, 2.02 mmol, 11.7 eq)
in THF (2 mL) was heated to 60 °C for 24 h. The volatiles were removed in vacuo. The solid

dried in vacuo to yield 143 mg (87%) 61.
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Formula (molecular weight) C33Hs53N4P2Rh,S(PFs) (950.6 g/mol)

1H-NMR (500 MHz, Acetone-ds) & = 7.92 (td, Ju.n = 7.8, 1.1 Hz, 2H, py H-4), 7.55 (d, Ju.n = 7.8 Hz,
2H, py H-3), 7.50 (d, Jir = 7.7 Hz, 2H, py H-5), 7.13 (s, 1H, pz H-4), 3.59 (d, Jp.1 = 8.6 Hz, 4H, CH>),
3.26 (t, Jann = 1.4 Hz, 6H, S(CHs)2), 1.43 (d, Jr.s = 13.1 Hz, 38H, C(CH3)3).

13C NMR (126 MHz, Acetone-ds) & = 164.3 (dd, Jrr-c = 6.3 Hz, Jr.c = 3.3 Hz, py C6), 154.1 (s, pz
C3/C5), 153.6 (s, py C2), 136.1 (s, py C4), 1269 (d, Jrc = 11.1 Hz, py C4), 120.3 (dd,
Jrn-c = 10.6 Hz, Jp.c = 1.5 Hz, py C5), 117.5 (s, py C3), 101.6 (s, pz C4), 36.3 (d, Jrr-c = 20.8 Hz, CH3),
35.7 (d, Jrw-c = 16.7 Hz, C(CH3)3), 29.5 (d, Jrw-c = 5.4 Hz, C(CH3)3).

31P-NMR (202 MHz, Acetone-ds) § = 80.76 (d, Jrn-r = 163.4 Hz), -144.26 (hept, Jr.r = 706.4 Hz).

ATR-IR (solid): v [cm1] =402 (w), 404 (w), 449 (w), 480 (w), 488 (w), 496 (w), 556 (m), 669
(w), 685 (w), 703 (w), 737 (m), 790 (s), 837 (s), 965. (m), 1013 (s), 1062 (s), 1082 (s), 1258
(s), 2863, (w), 2907 (w), 2926 (w), 2962 (m).

EA Calcd. for C33Hs3FsN4P3Rh2S-0.75CsH12: C43.93,H 6.22,N 5.58 S 3.19. Found: C43.68,H 6.22,
N 5.2353.47.

5.5.2.10 [(Rh(CO)).L™"*] (74)

A solution of KO‘Bu (1.8 mg, 15.9 umol, 1.0 eq) in THF (2 mL) was added to solid 55 (15.0 mg,
15.9 pmol, 1.0 eq). The suspension turned green within 5 min and was stirred at ambient
temperature for 2 h. The reaction mixture was filtered through a glass fibre filter and the

volatiles were removed in vacuo to obtain 9 mg (71 %) of 74 as a green solid.

Formula (molecular weight) C33H46N4P2Rh,0, (798.5 g/mol)

1H-NMR (400 MHz, THF-ds) & = 7.82 (t, ] = 7.6 Hz, 1H, pyarom 4-H), 7.50 (d, ] = 7.8 Hz, 1H, PYarom
3-H),7.33 (d,] = 7.0 Hz, 1H, pYarom 5-H), 6.67 (s, 1H, pz 4-H), 6.29 (t,] = 7.1 Hz, 1H, pyacarom 4-H),
5.94 (d, ] = 8.7 Hz, 1H, pYaearom 3-H), 5.45 (d, ] = 6.8 Hz, 1H, pyacarom 5-H), 3.78 (d, ] = 10.3 Hz, 2H,
CH,), 3.11 (d, ] = 3.6 Hz, 1H, CH), 1.42 (d, ] = 9.9 Hz, 18H, C(CHs)s), 1.37 (d, ] = 9.0 Hz, 18H,
C(CHs)s).

31P.-NMR (162 MHz, THF-ds) 6=97.82 (d, J=149.2 Hz, Puon), 88.62 (d, J=154.4 Hz,
Pdearom), -144.26 (hept,]F-P =708.5 HZ)
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ATR-IR (solid): v [cm-1] = 448 (w), 471 (w), 483 (w), 521 (w), 558 (s), 585 (w), 618 (m), 635
(m), 742 (w), 767 (m), 785 (s), 812 (s), 827 (s), 907 (w), 1162 (w), 1410 (w), 1458 (m), 1473
(m), 1604 (m), 1940 (s, CO), 1990 (s, CO), 2866 (w), 2892 (w), 2938 (w), 2959 (w).

5.5.2.11 K[(Rh(CO)),L®"**] (75)

A solution of KO‘Bu (3.6 mg, 31.8 umol, 2.0 eq) in THF (2 mL) was added to solid 55 (15.0 mg,
15.9 umol, 1.0 eq). The suspension turned deep purple within 5 min and was stirred at ambient
temperature for 2 h. The reaction mixture was filtered through a glass fibre filter and the

volatiles were removed in vacuo to obtain 11 mg (83 %) 75 as a purple solid.
Formula (molecular weight) C33H46KN4P2Rh20; (836.6 g/mol)

1H-NMR (400 MHz, THF-ds) 6 = 6.26 (ddd, ] = 8.8, 6.6, 2.2 Hz, 2H, pYaearom 4-H), 6.17 (s, 1H, pz
4-H), 5.87 (d, ] = 8.8 Hz, 2H, Pyaearom 3-H), 5.38 (dd, J = 6.6, 1.1 Hz, 2H, pyaearom 5-H), 3.06 (d,
J = 2.3 Hz, 2H, CH), 1.36 (d, ] = 13.1 Hz, 36H, C(CH3)s).

13C NMR (126 MHz, THF-dg) 6 =197.7 (dd, Jrnc = 70.3 Hz, Jec = 17.1 Hz, CO), 169.84 (dd,
Jrnc = 18.5, Jpc = 3.7 Hz, py C-6), 157.7 (d, Je-c = 3.0 Hz, pz C-3/C-5), 152.7 (s, py C-2), 133.2 (s,
PYaearom C-4), 113.1 (d, ] = 18.7 Hz, pyacarom C-3), 97.2 (s, pz C-4), 95.5 (S, PYdearom C-5), 62.0 (d,
J =56.0 Hz, CH), 36.9 (dd, ] = 26.2, 2.0 Hz, C(CH3)3), 30.4 (d, ] = 5.2 Hz, C(CHs)s).

31P-NMR (162 MHz, THF-ds) § = 87.83 (d, ] = 152.7 Hz), -144.25 (hept, ] = 709.0 Hz, PF).

ATR-IR (solid): v [cm] =472 (w), 558 (m), 606 (w), 620 (w), 632 (m), 687 (w), 700 (w), 705
(m), 757 (s), 766 (s), 796 (s), 804 (s), 858 (w), 991 (m), 1001 (s), 1013 (s), 1048 (m), 1068 (m),
1090 (m), 1258 (m), 1416 (w), 1458 (w), 1475 (m), 1606 (w), 1940 (m, CO),1964 (m, CO), 2865
(w), 2890 (w), 2939 (w), 2962 (m).

5.5.2.12 [(Rh(CHCI)CI)(MeCN)L®“]PFs (67)

58 (30.0 mg, 30.9 pumol) was solved in DCM (2 mL) and left in solution for 2 weeks. The color
of the solution changed to yellow. The solution was layered with pentane and yellow crystals

could be separated. Drying in vacuo gave 2 mg (6 %) 67.
Formula (molecular weight) C35Hs54Cl4NsP2Rh2(PFe) (1099.4 g/mol)

31P NMR (121 MHz, CD.Cl,) § 71.13 (d, ] = 133.0 Hz), -144.25 (hept, ] = 710.9 Hz).
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1H and 13C NMR spectra indicated the presence of a mixture of products and single resonances

could not be assigned.

ATR-IR (solid): v [cm-1] = 405 (m), 415 (w), 420 (w), 430 (w), 440 (w), 450 (w), 459 (w), 462
(w), 469 (w), 472 (w), 484 (w), 487 (w), 491 (w), 499 (w), 512 (w), 517 (w), 523 (w), 529 (w),
555 (s), 580 (w), 594 (w), 598 (w), 606 (w), 610 (w), 631 (w), 648 (w), 674 (w), 677 (w), 687
(w), 696 (w), 717 (w), 737 (m), 792 (m), 829 (s), 837 (s), 871 (w), 1159 (w), 1168 (m), 1371
(w), 1387 (w), 1398 (w), 1458 (m), 1564 (w), 1605 (w), 2873 (w), 2905 (w), 2957 (w).

MS (ESI+) m/z (%)= 438.0377 (100, [Rhz(CI)(CH2CI) LBu]2+),  913.041 (14,
[ha(Cl)z(CHzcnthB“]*).

5.5.2.13 [(RhMe)z(u-1).L™"]I (69)

To a solution of 58 (20.0 mg, 20.6 umol, 1.0 eq) in MeCN (0.5 mL) Mel (13 uL, 206 umol, 10 eq)
was added. An immediately color change to yellow was observed. Yellow needles precipitated
from that concentrated solution in the course of one week at ambient temperature. Isolation of

the product and drying in vacuo gave 2 mg (8 %) of 69.
Formula (molecular weight) C33Hs312N4P2Rh2(1) (1154.3 g/mol)

ATR-IR (solid): v [cm'1] = 404 (s), 411 (m), 428 (m), 434 (m), 450 (m), 462 (m), 488 (m), 506
(m), 517 (m), 522 (m), 528 (m), 555 (s), 571 (m), 595 (m), 609 (m), 631 (m), 636 (m), 657 (m),
662 (m), 674 (m), 679 (m), 708 (m), 711 (m), 738 (m), 756 (m), 829 (s), 873 (w), 1026 (w),
1084 (w), 1106 (w), 1110 (w), 1141 (w), 1148 (w), 1168 (m), 1262 (w), 1372 (w), 1396 (w),
1406 (w), 1458 (m), 1560 (w), 1606 (w), 2872 (w), 2922 (w), 2955 (w).

MS (ESI+) m/z (%) = 885.308 (100, [Rho(Me)([)Lu]+), 1027.063 (50, [Rhz(Me)2(1)2L4]+).

5.5.3 Ligand Flexibility and Exchange Studies

Activation barriers for the follow through of the acetonitrile coligands in different solvents
were determined by variable-temperature H NMR spectroscopy. While the peak separation of
pairs of exchanging protons in the absence of exchange cannot be determined in the available
temperature range, the rate constants for the interconversion of the two conformers in the slow
exchange regime at low temperatures was estimated by using k(T) = 7 - Avy /,, where k(T) is
the rate constant at a given temperature and Avi; is the line width of the analyzed NMR signal

at the same temperature.[88] In case of fast exchange above the coalescence temperature
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. 2
k(T) = HZ(AA+B) becomes valid. Here Avy,; is again the line width at half height of the analyzed
‘AVq/2

signal at the respective temperature, and Av,g is the peak separation below the coalescence
temperature. The Avi;; values were derived from line fitting using the MESTRENOVA

program.[489]

The ligand exchange reaction of RhtBu-MeCN with MeCN-d; to Rh®Bu-MeCN-d3 was performed
in THF-dsg solutions. To a solution of Rh®Bu-MeCN (10 mg, 10.3 pmol, 1.0 eq.) in THF-dg (0.5 mL)
MeCN-d3 (53.7 pL, 1.03 mmol, 100 eq.) was added at a given temperature and 'H NMR spectra
recorded every 1.5 min (308 K), 2 min (298 K), 2 min (288 K) and 4 min (278 K) until the
equilibrium was reached. The ratio of RhtBu-MeCN to Rh®Bu-MeCN-dz was determined by the
comparison of the integrals of the NMR resonances of bound MeCN in RhtBu-MeCN and free
MeCN in Rh®Bu-MeCN-ds. The data was plotted versus time and exponentially fitted with the
initial rate method to obtain the rate constants kons(T) which were combined in an EYRING plot

to determined the thermodynamic values of this exchange reaction. The equilibrium constants

Keq at the end of the reactions were calculated from Keq = 1y—‘; (vo = best-fit line at the end of
-Yo
. . 3
the reaction) and with that, the rates for the backward (Kygckwarda = %) and forward
“Keq

(kforward = Kobs — Kbackwara) reaction.

5.5.4 Catalysis
5.5.4.1 Alkyne Dimerization

A solution of phenyl acetylene (51.0 mg, 500 pmol, 100 eq.), RhtBu-MeCN (4.9 mg, 5.00 umol,
1.0 eq) in THF-dg (0.5 mL) was heated in an 80 °C aluminium heating block. 1H NMR spectra
were recorded at 298 K during the course of the reaction. The dimerization products were
identified by typically resonances for cis- (5.18 ppm, d, J=10.9 Hz), trans- (6.48 ppm, d,
J=16.3 Hz) and gem-isomer (5.71 ppm, d, ] = 1.0 Hz) and remaining substrate (3.51 ppm, s).

5.5.4.2 Alkyne Hydrogenation

A solution of alkyne (10 - 100 eq), trimethoxybenzene as internal standard, catalyst (1.0 eq)
and, if the complex was not soluble enough in THF (55 and 61), NaBPhs (1.0 eq) in THF-ds
(1.5 mL) was portioned into three ]. YOUNG NMR tubes, degassed by three freeze-pump-thaw
cycles and purged with dried dihydrogen or deuterium gas (1.0 - 2.0 bar). The reaction was
started by shaking the orange solution. The formation of styrene was monitored by 'H NMR

spectroscopy. Between two measurements the sample was shaken to ensure a constant H;
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concentration in solution. The amount of formed styrene was derived from the aromatic signal
of the internal standard (6.05 ppm) and plotted vs. time. Following resonances (doublet of
doublets) were used for the phenyl acetylene derivatives: PA 5.19 ppm, pF-PA 5.17 ppm,
pMe-PA 5.11 ppm, pOMe-PA 5.04 ppm and pCO,Me-PA 5.34 ppm. Linear fitting of the data gave

the initial rates Kops.

5.5.4.3 Carbon dioxide Hydrogenation

a) NMR experiments: A solution of RhtBu-MeCN (4.9 mg, 5.00 pumol, 1.0 eq.), DBU (38.1 mg,
250 pmol, 50 eq.) and if noted LiOTf (15.6 mg, 100 umol, 20 eq.) in THF-ds (0.2 mL) in a high
pressure NMR tube was degassed by three freeze-pump-thaw cycles and purged with CO,
(3 bar). The CO; was frozen out with liquid nitrogen for 30 min and H; (3 bar) was added at
low temperatures. After warming to ambient temperatures the reaction mixture was shaken
and 'H NMR spectra were recorded after a certain time (e.g. 24 h). The reactions were
quenched by releasing the pressure and uptaking the reaction mixture in MeOH-d4 (0.5 mL) to
ensure complete solvation of the formed formiate salt. The amount of formate formation was

determined by 'H NMR spectroscopy with 1,3,5-trimethoxybenzene as internal standard.

b) Autoclave experiments: Three vials (8 mL) containing stirring bars were placed in a stainless
steel autoclave (BUCHI Picoclave with a type 3 200 ml vessel), connected to teflon tubes and
evacuated over night at 80 °C. After cooling to 50 °C the autoclave was purged with purified
nitrogen gas three times. In a glove box a solution of RhtBu-MeCN (14.7 mg, 15.0 pmol, 1.0 eq.),
DBU (114.3 mg, 750 pmol, 50 eq.) and if noted LiOTf (31.2 mg, 200 pmol, 13 eq.) in THF (6 mL)
was portioned into three parts and added into the vials in the autoclave via syringes having a
constant N; flow. The teflon tubes were removed and the chamber was closed. The autoclave
was pressurized with H; and afterwards with CO2. The reaction mixture was stirred for 6 h
during which time the pressure did not decrease more than 10 % below the starting pressure.
After safely releasing the pressure the reaction mixtures were dried, dissolved in MeOH-d4 and

CHCl; (10 uL) was added as internal standard.
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6 Appendix

6.1 Two-in-one Pincer Ligands and their Metal Complexes
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Figure 6.1: Variable temperature 'H NMR of Rh®Bu-MeCN in acetone-ds (top) and THF-ds (bottom).
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Figure 6.2: Determination of the initial rates of the hydrogenation of different phenyl acetylenes (PA, PA + Do,
pF-PA, pMe-PA, pOMe-PA, pCOzMe-PA, 1-hexyne and with RhtBu-SMe: as catalyst) determined by linear fits (red
lines) of the concentration of the product versus time plots.
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Figure 6.3: Determination of the initial rates of the hydrogenation of different catalyst, dihydrogen and substrate
starting concentrations (0.43mol% RhtBu-MeCN, 0.66mol% RhtBu-MeCN, 1.5 bar Hz, 1.0 bar Hz, 10 eq. PA, 30 eq. PA,
50 eq. PA and catalysis in the presence of additional MeCN) determined by linear fits (red lines) of the concentration
of the product versus time plots.
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6.2 Crystallographic Appendix

Table 6.1: Crystal data and refinement details.

unique refl. [Rint]

observed refl. (I > 20(1))
data / restraints / param.

goodness-of-fit (F?)
R1, wR2 (I > 20(I))
R1, wR2 (all data)

resid. el. dens. [e/A%]

18771 [0.1615]
7793
18771 /0 /1155
1.003

0.1235, 0.3044
0.2353,0.3703
-1.029 / 1.579

5618 [0.0703]
3875

5618 /0 / 388
1.026

0.0638, 0.1299
0.1033,0.1443
-0.417 / 1.221

compound H4L2(OTf)4 XXI [NiL1](OTf), 29 [NiL1](CD), 30

empirical formula C110H160F78N32018 C20H20F6N8Ni0652 C18H24C12N8Ni02
PIOS6

formula weight 4202.75 705.27 514.06
T [K] 133(2) 133(2) 133(2)
crystal size [mm] 0.20x0.18x0.17 0.19x0.18x0.06 0.45x0.20x0.12
crystal system triclinic triclinic monoclinic
space group P-1 P-1 P21/m
a[A] 13.9887(7) 10.4109(7) 7.7984(4)
b [A] 14.5388(7) 11.4028(7) 12.3965(5)
c[A] 22.1758(12) 13.4097(8) 11.0497(6)
a[°] 100.977(4) 67.363(5) 90
BI°] 90.007(4) 87.553(5) 105.318(4)
v [°] 90.020(4) 65.621(5) 90
VA% 4427.6(4) 1325.43(14) 1030.26(9)
Z 1 2 2
p [g/cm?] 1.576 1.767 1.657
F(000) 2136 716 532
U [mm-1] 0.314 0.986 1.237
Tnin / Timax ?7/7? 0.8491 / 0.9386 0.5990 / 0.8933
®-range [°] 1.427 - 26.775 1.66 - 26.88 1.911-26.712
hkl-range -16-17,+18, £28 -13-11,+14, £16 +9, 15, £13
measured refl. 49308 16840 14614

2280 [0.0334]
2134

2280 /0 /163
1.044

0.0214, 0.0532
0.0236, 0.0540
-0.217 / 0.261
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Table 6.2: Crystal data and refinement details.

compound [NiL2](OTf); 31 Cu!! cube 32 ZnBu-0Tf 49
empirical formula C28H36F6N8Ni0652 C53H77_5CU4F12N16_5 C34H47F9N409P253
017554 Zn,
formula weight 817.48 1836.21 1115.61
T [K] 133(2) 133(2) 133(2)
crystal size [mm] 0.12x0.11x0.09 0.20x0.05%0.04 0.29x0.27x0.10
crystal system monoclinic monoclinic triclinic
space group C2/c C2/c P-1
a[A] 21.8888(8) 28.035(6) 10.6909(4)
b [A] 14.7300(4) 21.620(4) 12.6801(5)
c[A] 25.7353(10) 27.863(6) 18.8338(7)
a[°] 90 90 98.944(3)
B[] 106.039(3) 98.43(3) 94.519(3)
v [°] 90 90 100.670(3)
VA% 7974.6(5) 16706(6) 2463.22(17)
Z 8 8 2
p [g/cm?] 1.362 1.460 1.504
F(000) 3376 7512 1140
f [mm-1] 0.666 1.198 1.250
Tnin / Timax ?7/? ?7/7? 0.7035 / 0.8833
®-range [°] 1.647 - 25.657 1.347 - 25.683 1.659 - 26.738
hkl-range +26,-17 - 16,£31 +34,+26,-33 - 28 *13,-15-16, %23

measured refl.
unique refl. [Rint]

observed refl. (I > 20(1))
data / restraints / param.

goodness-of-fit (F?)
R1,wR2 (I > 20(1))
R1, wR2 (all data)
resid. el. dens. [e/A%]

45711
7506 [0.1487]
4980
7506 /0 / 469
1.047
0.0973,0.2166
0.1406, 0.2403
-0.918 / 1.192

82246
15759 [0.1923]
8074

15759 / 4 / 1007
0.953

0.0816, 0.1206
0.1665, 0.1446
-0.437 / 0.653

34064
10433 [0.0447]
7413
10433 /0 / 653
0.947
0.0376,0.0810
0.0612, 0.0871
-0.444 / 0.349
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Table 6.3: Crystal data and refinement details.

compound

Zn*r-0Tf 5049

ZniProx-0OTf 51

ZnBuox-Br 53

empirical formula

formula weight
T [K]

crystal size [mm]
crystal system
space group

a [A]

b [A]

[A]

N

o

[—

(o)

— 1 ——
T>o_ S

]

N<<T™®® o

p [g/cm’]
F(000)

u [mm-]
Tmin/ Tmax
0O-range [°]
hkl-range

measured refl.
unique refl. [Rind

observed refl. (I > 2o0(1))
data / restraints / param.
goodness-of-fit (F?)

R1, wR2 (I> 20(D))
R1, wR2 (all data)

resid. el. dens. [e/A3]

C32H42F9Ns09P2S3
an

1100.56

133(2)
0.29x0.27x0.12
triclinic

P-1

11.078(2)
14.260(3)
15.099(3)
92.90(3)
106.47(3)
97.89(3)
2255.6(9)

2

1.620

1120

1.364

0.7062 / 0.8566
1.413-26.929
-14-13,-17-18, -
18-19

23122

9470 [0.0489]
6677

9470 / 141 / 623
1.028
0.0542,0.1231
0.0851, 0.1349
-0.835 /0.737

Cs6HgoFsNgO12P4S,
Zn4

1620.76
133(2)
0.46x0.34x0.22
orthorhombic
Cmca
34.0552(6)
20.5722(3)
25.9600(6)

90

90

90

18187.3(6)

8

1.184

6672

1.218

?7/?

1.397 - 25.693
+41,-25-22,+31

99323
8747 [0.0667]
7259

8747 /3 / 426
1.126

0.0814, 0.2215
0.0953, 0.2308
-0.705 / 1.805

C35Hs53BraN¢O2P;
an

1022.24

133(2)
0.19x0.18x0.06
monoclinic
P21/C
21.4230(4)
14.5404(4)
28.9299(6)

90

109.405(2)

90

8499.7(3)

8

1.598

4128

4.062

0.5015 / 0.7445
1.493 - 25.653
-26-25,+17, +35

104398
16017 [0.1007]
10561
16017 /0 / 929
0.974
0.0512,0.0741
0.0954, 0.0834
-0.451 / 0.590
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Table 6.4: Crystal data and refinement details.

compound CotBu-MeCN 54 RhBu-CO 55 RhBu-MeCN 58
empirical formula C47H71B3C02F12N12 C36H53F6N403P3R1’12 C33H59F6N60P3Rh2
P,
formula weight 1244.38 1002.55 1028.64
T [K] 133(2) 133(2) 133(2)
crystal size [mm] 0.49x0.34%0.30 0.32x0.29%0.15 0.50x0.50x0.39
crystal system monoclinic orthorhombic monoclinic
space group P2/n Cmca P2:/n
a[A] 11.461(2) 30.4622(9) 15.1497(4)
b [A] 18.378(4) 17.9792(6) 14.3029(3)
c[A] 14.358(3) 15.5831(6) 20.9682(6)
a[°] 90 90 90
B[] 101.10(3) 90 98.548(2)
v [°] 90 90 90
VA% 2967.8(11) 8534.6(5) 4493.0(2)
Z 2 8 4
p [g/cm?] 1.392 1.560 1.521
F(000) 1288 4080 2104
f [mm-1] 0.694 0.951 0.903
Tnin / Timax 0.7453 / 0.8498 0.7333 / 0.8667 0.6246 / 0.7899
®-range [°] 1.821-26.721 1.337 - 26.739 1.554 - 26.958
hkl-range -14-12,+23,-18-  +38,+22,+19 +19,-18-17,£26
17
measured refl. 28593 54006 60833
unique refl. [Rint] 6287 [0.0291] 4614 [0.0433] 9547 [0.0461]
observed refl. (I > 20(l)) 5602 3929 8826
data / restraints / param. 6287 /0 /409 4614 /68 /301 9547 / 46 / 556
goodness-of-fit (F?) 1.035 1.033 1.103

R1, wR2 (I > 20())
R1, wR2 (all data)
resid. el. dens. [e/A3]

0.0357,0.0927
0.0412, 0.0956
-0.701 / 1.065

0.0302,0.0719
0.0408, 0.0756
-0.624 / 0.678

0.0259, 0.0611
0.0300, 0.0628
-0.306 / 0.485
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Table 6.5: Crystal data and refinement details.

compound

RhBu-SMe; 61

RhtB“-C2H4 63

RhBu-DCM 67

empirical formula

formula weight
T [K]

crystal size [mm]
crystal system
space group

a [A]

b [A]

[A]

N

o

[—

(o)

— 1 ——
T>o_ S

]

N<<T™®® o

p [g/cm?]
F(000)

u [mm-]

Tmin/ Tmax
0O-range [°]
hkl-range
measured refl.
unique refl. [Rint]

observed refl. (I > 20(1))
data / restraints / param.
goodness-of-fit (F?)

R1, wR2 (1> 20(]))
R1, wR2 (all data)

resid. el. dens. [e/A%]

C39HesFsN4O2P3Rh;

S

1066.74

133(2)
0.20%x0.10x0.08
monoclinic
C2/c
29.8440(6)
12.0214(3)
27.3689(5)

90
110.7590(10)
90

9181.6(3)

8

1.543

4384

0.931

0.8155 / 0.9364
1.459 - 25.627
-35-36,+14, £33
51851

8663 [0.0473]
7527

8663 /75 /583
1.018
0.0273,0.0610
0.0354, 0.0634
-0.405 / 0.786

Cz5H34N4PRh

524.44

133(2)
0.38x0.29x0.17
monoclinic
P21/C
11.8259(7)
11.6485(5)
17.6108(9)

90

101.990(5)

90

2373.0(2)

4

1.468

1088

0.807

0.7645 / 0.8957
1.760 - 26.812
+14, +14, +22
31529

5039 [0.0579]
3841

5039 /0 /303
0.996

0.0340, 0.0675
0.0550,0.0728
-0.380 /0.776

C355H55CIsFsNsP3
Rh;

1141.82

133(2)
0.38x0.24%0.19
monoclinic
C2/c
38.7936(11)
9.1801(2)
32.3225(9)

90

126.081(2)

90

9303.0(5)

8

1.630

4616

1.157

0.6462 / 0.8498
1.299 - 25.612
+46,-11-10, +39
56066

8756 [0.0477]
7072

8756 /10 /557
1.069
0.0507,0.1384
0.0649, 0.1458
-1.174 / 1.568
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Table 6.6: Crystal data and refinement details.

compound

RhBu-Mel 69

empirical formula
formula weight

T [K]

crystal size [mm)]
crystal system
space group

a [A]

b [A]

[A]
[

[
[O
[

N

o

—

T>o._ S

]

N<=™™ o

p [g/cm?]
F(000)

p [mm-1]

Tmin/ Tmax
0O-range [°]
hkl-range
measured refl.
unique refl. [Rint]

observed refl. (I > 20(1))
data / restraints / param.
goodness-of-fit (F?)

R1, wR2 (1> 20(]))
R1, wR2 (all data)

resid. el. dens. [e/A%]

CasHs613NsP2Rh»
1195.30

133(2)
0.47x0.07x0.05
triclinic

P-1

15.6191(6)
15.8702(6)
18.7941(7)
112.022(3)
93.953(3)
97.521(3)
4246.1(3)

4

1.870

2320

3.064

0.5039 / 0.7924
1.404 - 26.805
+19, £20,-23 - 21
52428

17964 [0.0655]
13839

17964 / 26 / 936
1.008
0.0508,0.1214
0.0714,0.1303
-2.368 / 2.097
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Q

A
acac
ad
approx
aq
ArF
Ar
atm
Boc
Boc.0
bpy
cat
COoSsy

ESI
EtCN
EtOH
FA
Fc

hept
HIPT
His
hs

Angstrom
acetylacetonato
adsorbed
approximately

aqueous

3,5-CF3-CeH3

aryl

atmosphere
tert-butyloxycarbonyl
di-tert-butyldicarbonate
2,2’-bypridine

catalyst

correlation spectroscopy

cyclopentadienyl anion

pentamethylcyclopentadienyl anion
distance, doublet (NMR), days (time)

1,8-diazabicyclo[5.4.0]Jundec-7-en
dicyclohexylcarbodiimide
dichloromethane
dihydroanthracene
di-iso-butylaluminiumhydride
dimethoxyethane
decamethylferrocene

dimethyl sulfoxide

diffusion ordered spectroscopy
elemental analysis

electron paramagnetic resonance
equivalent

electron spray ionisation
propionitrile

ethanol

formic acid

ferrocene

hour

heptet (NMR)
hexaisopropylterphenyl
histidine

high spin
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HSQC
Im

Pr

IR

J
KHMDS
KIE
KOBu

pMMO

ppm
PPN
py
pz

red
rpm

rt

sat.
194

heteronuclear single quantum coherence
imidazole

iso-propyl

infrared

NMR coupling constant
potassium hexamethyldisilazane
kinetic isotope effect

potassium tert-butoxide

low spin

multiplet (NMR)

molar, L mol!

mass to charge ratio (MS)

methyl

acetonitrile

methanol

minutes

metal ligand cooperativity

metal metal cooperativity

mass spectrometry
N-heterocylic carbene

near infrared

nuclear magnetic resonance
acetate
trifluoromethanesulfonate
oxidized/oxidation

phenyl acetylene

phenyl

proton concentration in aqueous solution
particulate methane monooxygenase
parts per million
bis(triphenylphosphine)iminium
pyridine

pyrazole

quartett (NMR)

residue

reduced/reduction

rounds per minute

room temperature

second, singlet (NMR)

saturated



List of abbreviations

Sbr broad singulet (NMR)

sPhIO 2-(tert-butylsulfonyl)iodosobenzene
SQUID superconducting quantum interference device
t time, triplet (NMR)

T temperature

tBu tert-butyl

THF tetrahydrofurane

thp 2-tetrahydropyranyl

TMS tetramethylsilane

TOF turnover frequency

TON turnover number

TRAN tris-(2-amidoethyl)amine

Ts tosyl

UV-vis ultraviolet/visible

Vs versus

wt% weight percent

Z number of molecules per unit cell
1) chemical shift

€ extinction coefficient

\ wavelength

X susceptibility
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