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Chapter 1

Introduction

1.1 Nickel and Its Bioinorganic Impact

Nickel is a 3d transition metal found in group 10 of the periodic system with an
electronic configuration for elemental nickel of (Ar) 3d®4s%. Nickel is used exten-
sively for technical applications!!! but also plays an important role in nature. Nature
harnesses transition metals to catalyze many different biological reactions, leading
to an estimated third of all enzymes being metalloenzymes. However, nickel-based
enzymes are not as common as the omnipresent biological metal iron.”l Nonethe-
less, nickel serves as an essential cofactor in archaea, bacteria, plants, fungi, and
primitive eukaryotes.>®! Even though no Ni-based enzymes are known in mam-
malian species until today, their impact on human health is significant.’l On the
one hand, nickel is known to cause cancer by an epigenetic mechanism, ! which in-
cludes substituting Ni'! for Fe!! in nonheme iron dioxygenases that are involved in
DNA and histone demethylation.l”#! Furthermore, one of the most common aller-
gies in the modern world, nickel contact dermatitis, is caused by exposure to nickel
compounds.[9] On the other hand, nickel is an essential trace element for bacteria,
plants, animals, and humans.!!91]

The predominant oxidation state of nickel is +II or 0 for elemental nickel,!'? while
the uncommon oxidation states of +I and +III are comparatively rare to find. Nickel
is found in various coordination geometries, which constitutes an advantage of nickel
as a catalytic center allowing diverse functions. For instance, in redox enzymes, the
metal environment is crucial to adjust its redox potential, and nickel is thus able to
switch between different redox states. In metalloproteins, nickel is found in three
distinct oxidation states (I, II, III) and can access potentials spanning over a range
of 1.4 V.13-15] In an aqueous solution, Ni' forms the octahedral [Ni(H,O)s]?* com-
plex; however, most of the Nill enzymes exhibit a square planar coordination en-
vironment. This versatility explains the multitude of chemical transformations this
first-row transition metal can achieve.

The biological role of nickel was ambiguous for a long time, and it has not been
identified as a metal of biological relevance until 1975 when ZERNER discovered the
first nickel metalloenzyme, urease.!'®! There are ten nickel enzymes in total by the
current state of scientific knowledge, covering an extensive bandwidth of reactivity.
Which include, among other things, small-molecule activation or two-electron redox
processes.['”] Further, all but glyoxalase I and lactate racemase catalyze reactions that
are involved in the regulation of global gas cycles (CO, CO,, CHy, Hy, NH3, and O5)
and are therefore assumed to play a crucial part in the evolution of life.181°
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In general, nickel enzymes can be divided into two groups. First, redox enzymes, as
Ni-superoxide dismutase (Ni-SOD), methyl-coenzyme M reductase (MCR),?%! NiFe-
hydrogenase (H,ase),?!l acetyl-coenzyme A synthase (ACS),??l carbon monoxide
dehydrogenase (CODH)[?*l and, second, nonredox enzymes comprising urease,!'°!
lactate racemase (LarA),?*! glyoxalase I (GlxI),1?°! quercetin 2,4-dioxygenase,?°! and
acireductone dioxygenase (ARD).[?I' All nickel enzymes and their respective reac-
tivities are listed in table 1.1. Especially methyl-coenzyme M reductase (MCR) and
Acetyl-coenzyme A synthase (ACS) will be discussed in further detail as they illus-
trate the mechanistic importance of the unusual oxidation state of Ni'.[8]

Table 1.1: All known Ni enzymes and compilation of the corresponding catalytic
reactions.[17,28:29]

Enzyme reaction
Redox enzymes

[NiFe]-hydrogenase 2H" + 200 = Hp

S:S’Ei{;—g:enzymeM COM\S/ + \S/CoB - + COM\S/S\CoB
I;Ieilcll}(’illrggoenase CO + HO ——= COz + 2H" + 2¢
?;fg:;oenzym“ ~Gol-FeSP + CO + COA-SH ——= Gol-FesP + [

O
pemide | o e 00+ ke

Nonredox enzymes

Acireductone
dioxygenase

(0]
OH
. HO O__R HO O_&
Quercetin WOH . o \@f . o
OH O

O
o e CcO
0® + NP S G

2,4-dioxygenase

OH OH
HoN . NHz H.N_ 0%
Urease \ﬂ/ + HO —— \ﬂ/ + NH‘E9
(6] O
H OH (0]
Glyoxalase 1 HSC%SG — HSc}_)J\SG
o) H O
(0]

I

O
Lactate racemase HsC /J\SG —_— HsC/J\ SG
OH H
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1.2 Ni' and its Role in Biological Systems

As illustrated before, nickel enzymes are involved in processing global gases and
in the transformation of small molecules. Thus, elucidating the underlying reaction
mechanisms of nickel-dependent enzymes is of critical importance. In this context,
Nil has proven its potential to mediate the transformations of organic substrates
in biological and industrial processes.*") Ni! has a 34° valence electron configura-
tion and can act as a moderately strong one-electron reducing agent, as oxidation
leads to a thermodynamically favored d®-configurated Ni™.l®!l In biological systems,
monovalent nickel intermediates are assumed to play a vital role in acetyl-coenzyme
A synthase (ACS) or methyl-coenzyme M reductase (MCR) for developing their
function; the underlying mechanisms are presented in the following subsections
1.2.1 and 1.2.2. Besides, the rising use of Ni! complexes in catalysis, particularly
in cross-coupling chemistry, and the reductive activation of small molecules repre-
sent a strong driving force for further investigations.!32-34

The realization of Ni-mediated activation of small molecules depends heavily on
the ligand scaffold, which must be capable of stabilizing this uncommon oxidation
state while keeping the coordination number low to provide a redox-active metal
center with a vacant coordination site. These specific requirements can be fulfilled
by pincer-based ligands enforcing a T-shaped geometry.[*>%”] One remarkable exam-
ple is given by YOO and LEE, who presented a T-shaped Ni' PNP system that reacts
with a diversity of inert substrates.!®! Notably, the T-shaped metalloradical forms
binuclear Ni!! species if reacting with double bond containing molecules, such as
CO; or CoHy, see Scheme 1.1.

(PiPrZ O Tiprz (PiPrg iPrsz
2 N—| Ho i ROH N—| |

Ni'l—H 2 N-Ni' Ni'-OR + H—Ni""N

|

| | | )
L,Piprz O PPr, PPry Pr,P
MV I \\cfm

F|>i|=>r2
PP Pr,P ( ProP
(| 2 r2|j N—lTli”—‘ng 2
N=Nill—M I—Ni'-N Q’ , —Ni'-N
& | [ e + | [ PiPr, H>C
P/Pr 'Pr,P 'ProP

Scheme 1.1: Reactivity of T-shaped Ni! PNP complex I towards several challenging
substrates.[3]
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1.2.1 Acetyl-Coenzyme A Synthase (ACS)

Acetyl-coenzyme A synthase (ACS) is an enzyme that plays a key role in the anaer-
obic carbon dioxide fixation by the WOOD-LJUNGDAHL pathway metabolism of
anaerobic bacteria and archaea.[*’! Along with carbon monoxide dehydrogenase
(CODH), a bifunctional protein complex (ACS/CODH) is formed, which catalyzes
the reversible synthesis of acetyl-CoA.!'*! This metalloprotein is capable of carbon
monoxide fixation and carbon-carbon bond coupling reactions associated with ac-
cessing various oxidation states.*’) A comparable reaction sequence is carried out
by the rhodium-based MONSANTO process for the large-scale synthesis of acetic acid
by catalytic carbonylation of methanol.*!l These unique features motivated scien-
tists for decades to develop model complex and to elucidate the ongoing reaction
mechanism of ACS.

The interplay of ACS and CODH can be illustrated by briefly describing the present
reaction sequence. At the Ni center in CODH, carbon dioxide is reversibly reduced
to carbon monoxide, which is subsequently transported through a 70 A long hy-
drophobic channel to the nickel-containing ACS active site.[*?] At the so-called prox-
imal nickel center, Ni,, CO is combined with a methyl group and CoA to form
the metabolite and cellular building block, acetyl-CoA. Upon splitting the energy-
rich thioester bond, acetyl-CoA serves as a provider of an acetyl group that is oxi-
dized to CO,. Based on the citric acid cycle (CAC), the released chemical energy is
stored in the form of adenosine triphosphate (ATP).*3 The structure of the active
site of the Ni/Fe/S cofactor of acetyl coenzyme A synthase is displayed in Figure
1.1. Both thiolate-bridged nickel centers are in the oxidation state +II and located
in a square-planar coordination environment. Lastly, one thiolate links the Niy, to a
[FesS4] cluster.?]

° Cys Cys
d
| SCys
S /
S S N
OxNo S 77 gl NoF€ seys
Nig__Nig \° Fel\
el S Oy s\ S
~
o Fe\
Cys SCys

Figure 1.1: Structure of the active site of the Acetyl-coenzyme A synthase (ACS).

Due to its complexity, investigations of the mechanism of this biological system do
not provide a definitive result but point to possible competing reaction pathways
known as the paramagnetic and diamagnetic mechanisms. The main difference is
found in the assignment of the redox states of Nij, during the reaction. Furthermore,
it is unclear in which order the CO and CHjz groups bind to the enzyme;[40] how-
ever, it is possible as well that the binding is random.!**! Both reaction mechanisms
share the similarity that the distal Nig remains in the divalent oxidation state, stabi-
lizing the structure.[*’! In the paramagnetic mechanism, the Ni'! ion is activated by
reducing it to Ni' and binding reversibly CO, produced within the CODH subunit.
Subsequently, cobalamin transfers CH; onto the Ni'-CO species. The acetyl-CoA is
formed after a series of reaction steps while cycling between the Ni%), Nig, and NigI

states.[*®] The paramagnetic mechanism is displayed in Scheme 1.2; for simplicity,
the intermediate states are abbreviated.
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CoAS
. _ ©
Nil- — Nilll— e
© ©
CoAS
e e
T M T i
Nig—_&__nil [FesS4?* Nig—&_—Ni' ~[FesS4?*
N \SS/ 1 494, N \S/ I\ 494,

N

Figure 1.2: Simplified paramagnetic mechanism of the Acetyl-coenzyme A synthase (ACS).
Both paths only differ by order of substrate binding.[34?1 There are strong indica-

tions for the coordination of two CO molecules to the Nip,, but since a molecular
47]

structure is lacking, it is omitted for comprehensibility.!

I
P

methyl transfer from the methylated corrinoid iron-sulfur protein CHz - Co''FeSP.
However, to balance the electron count, a yet-unidentified redox partner is needed.[*V]
However, it has been shown that the rate of electron transfer between the coupled
[Fe4S4] cluster, and Nij is 200-times slower than the rate of observed methyl trans-
fer to Nip, which brings the reaction mechanism into question.*8] Notwithstanding,
there is also strong evidence supporting the paramagnetic pathway and the forma-
tion of a Ni! species, while it appears highly probable that two CO molecules are
bound to Nip.[*”! In this context, it is also worth mentioning that SHAFAAT et al. pre-
sented a nickel-substituted azurin mutant capable of adopting all three relevant oxi-
dation states of nickel and further generating the postulated intermediates (Ni'-~CO
and Ni'l - Me).[404950] Byrther, there is one model complex that supports the idea of
oxidative addition of methenium (Me") to a monovalent nickel center. Upon treat-
ing the Ni! bis-amido complex with methyl iodide, an isolable Ni''! alkyl species is
formed, !5 see 1.3.

//,-K\\\ , Q...ipr .
_ wWipp ipp ipr | SiMes
'Pr

This mechanism relies on rapid reduction of the transient Ni " state, generated upon

N—Ni"'—N

Me38i/ ip Pr
rn-

. |
Pr
N—Ni'—N ~Ki
MesSi SiMes
I I

Figure 1.3: Oxidative addition of Me™ to the K[Ni[N!(SiMe3)DIPP] complex II results in a
Ni™ -Me complex IIL1>"]
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Alternatively, the diamagnetic mechanism proposes a Ni’ intermediate compound
formation instead of a Ni' species.[>3 It has been suggested that CO binds to a
doubly reduced Ni center that switches between the oxidation states 0 and +II. Al-
though this mechanism is electronically balanced, there is still no solid evidence for
the formation of a Ni’ intermediate, along with the fact that such a zerovalent nickel
complex remains unobserved in biological systems.[54'55] Nonetheless, model com-
plexes could prove oxidative addition of carbon electrophiles to Ni’, substantiating
the plausibility of this reaction path.!]

1.2.2 Methyl-Coenzyme M Reductase (MCR)

The Ni coordinating methyl-coenzyme M reductase (MCR) is the central enzyme
in biological methane formation by methanogenic Archaea and consumption by
anaerobic methanotrophs.®®571 For methane production, the metalloprotein is re-
versibly catalyzing the conversion of methyl-coenzyme M (CH3-SCoM) and coen-
zyme B CoB-SH) to a heterodisulfide (CoM -S—-S-CoB) and methane. The enzyme
has two active sites containing the nickel cofactor F430, which is displayed in Figure
1.4.158] Therefore, MCR carries out the last step of microbial methane formation and
the first step of anaerobic methane oxidation.

HOOC O

Figure 1.4: Prosthetic group of methyl-coenzyme M reductase (MCR), F430.

Since its discovery 50 years ago,l®®l MCR has been intensively investigated, repre-
senting an extraordinary challenge for experimental and computational studies. The
hydroporphinoid nickel complex coenzyme F430 in its active site must be in the Ni!
(MCR-red) oxidation state for the enzyme to be active.[’] Due to the extreme oxy-
gen sensitivity of the Nil species, it is necessary to harvest and purify the cells under
anaerobic conditions to circumvent the oxidation to Ni'.[!l Therefore it is not sur-
prising that only the inactive Nil state has been structurally characterized by X-ray
diffraction.[?’] However, the molecular structure could reveal that the substrates are
guided to the active site by a long narrow tunnel, which opens into an essentially hy-
drophobic aromatic environment above the hydrocorphinoid plane of F430.121 No
structural information of the reactive forms of F430 could be obtained until today,
and no intermediate could be observed when the active enzyme is incubated with
its two natural substrates.[%®] Despite the fact that a definite reaction mechanism is
still unclear, some success was achieved by isotopic exchange experiments combined
with DFT calculations to illuminate the reaction mechanism partially.[%33! Further,
EPR and UV-vis spectra have been reported, supported by intensive computational
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studies, laying the foundation for in total four proposed reaction mechanisms, pre-
sented in Scheme 1.2. To conclude, the best fitting reaction mechanism is the SIEG-
BAHN proposal (II), which assumes a methyl radical instead of a Ni'! species, re-
sulting in a CoM -S—Ni!! F430 intermediate.['”] However, further investigations are

needed as still not all experimental results can be explained.®®!

CoB\Sij

H30\3/Co|v|

R Saez L
CoB . .© \ COB\S\

S CoB~g_ CoB-g H
H—S/ © H \H H\®/COM
S
*CHs CoM |
CHs HsC ~ s—CoM CHs
| \ S
NlIII NI” NlIII
CH, l
CoB\S
CoB - N
s (oM coBg Ho Gom
. H—S
CHs 5 oM CHg

i Nil NI llli”'

\@ CoM

b_> MCR + CoB—S—S—CoM

Scheme 1.2: Four proposed mechanisms for the MCR reaction. (I) The reaction includes
a methyl-Nil F430 intermediate. (II) The reaction proceeds via a methyl
radical and a CoM—-S—Ni! F430 intermediate. (IIl) This mechanism assumes
an intermediate with a coordinated methyl group and CoM-S~ coordinating
to the Ni center. (IV) The last reaction sequence presumes S-protonation of
CH3-SCoM.I1"]
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1.3 p-diketiminato Ligand Systems

In 1968, the first documented transition metal complexes based on B-diketiminato
ligands were reported by MCGEACHIN, %, who isolated complexes of several metal
ions, and by PARKS and HowwMm, %] who focused in particular on bis-(B-diketimina-
to) Nil! complexes. They set the starting point for the rich organometallic chemistry
of this ligand scaffold and were the first who realized their potential tuneability.
Even after 50 years, mononuclear S-diketiminato complexes are still of interest today
and are intensively investigated, especially in the field of small-molecule activation.

1.3.1 The B-diketiminato Ligand

N-substituted p-diketiminato ligands, also known as “nacnac” or BDI, are well-
established and widely used.l®! By comparing the nacnac ligand with its oxygen
analog “acac” (acetylacetonate), it became apparent that new tuneable properties
arise upon replacing the oxygen atoms with nitrogen-based moieties NR. As a re-
sult, the substitutions at the N-donor function (e.g., alkyl, silyl, or aryl) provide the
feasibility to customize the steric protection of the chelated metal ion or the active
site.[00-%8] Further, not only the adaptable sterical demand but also the tunable elec-
tronic properties enable nacnac ligands to stabilize rare coordination environments
and to make it possible to isolate labile intermediates. Nacnac ligand scaffolds are
employed to coordinate a large bandwidth of elements, leading to a versatile deploy-
ment of this monoanionic ligand. The range of application extends to alkali and al-
kaline earth,[0%-73] main—group,[74f75] transition-metal, 768 Janthanide, 8182 and acti-
nide!8183851 complexes, which underlines the widespread utility of this versatile lig-
and.

The electronic structure of the planar, aromatic nacnac ligand is an essential aspect
to estimate the ligand interaction with the corresponding coordination center, see
Figure 1.5. The molecular orbital diagram is displayed in (a); the residues of the
nitrogen moiety are not part of the conjugated 77-system and are therefore not con-
sidered. The HOMO (2b1) is characterized by out-of-plane p-type orbitals on the
two nitrogen donor functionalities. In addition, substantial electron density is lo-
cated at the y-C, but none on the two B-carbons. In light of these considerations, it
is possible to derive a general reactivity profile of the nacnac ligand scaffold, which
will be discussed later. In contrast, the 5b2 and 6al orbitals are in-plane and located
on the nitrogen atoms. The two last-mentioned orbitals are particularly interesting
as they are pointing directly towards the central ion. Consequently, both are ex-
pected to take part in ligand-metal bonding. As a result, there is a profound o-type
donation from the 5b2 ligand orbital into the Ni dxz_yz orbital (c), as both have the
appropriate symmetry to interact (d). As the LUMO (2a2) is very high in energy 7
backdonation is unlikely; however, this orbital becomes important in terms of UV-
vis spectroscopy since it is responsible for a characteristic ligand 7w — 7* transition
around 350 nm. The low-lying orbitals, 1a2 and 1b1, are unlikely to show significant
interactions with the metal orbitals.
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Figure 1.5: Electronic structure of the nacnac ligand (C3HsN>)(a) and general reactivity pro-
file of the nacnac ligand (b).3¢] Molecular orbital diagram for a "T"-shaped d°
system (c) and schematic visualization of the 5b2 orbital interacting with the
dxz_yz orbital of Ni! (d).[3887]

1.3.2 Metal-Ligand Cooperation (MLC)

Metal-ligand cooperation (MLC) has become of general importance in transition
metal chemistry exploited by naturally occurring enzymes and synthetic complexes.
MLC means that the metal and the coordinated ligand participate in the bond acti-
vation processes, by contrast to transition metal catalysis, where the ligand acts as a
spectator, while the reactivity happens exclusively at the metal center. The field has
rapidly developed, becoming a general strategy for effecting highly efficient molec-
ular transformations. Since there are many examples for reductive transformations
of small molecules (such as Hy, N>, and H>O) involving the synchronized transfer
of electrons and protons, metal-ligand cooperativity using proton transfer sites on
the ligand has emerged as a powerful concept!®®1 which is well established for
pincer ligand scaffolds bearing N/NH functionalities.””! For instance, MILSTEIN et
al. presented a Ru' complex IV consisting of a non-innocent tridentate PNN pincer
ligand scaffold, which can donate or accept one proton.[gl] This system is capable of
water splitting by oxidative addition via a dearomatization-aromatization process in
cooperation with the metal center. Upon splitting the O—H bond of H>O, the proton
is accepted by the ligand, and the respective hydroxido is coordinated to the metal
center, which remains its initial oxidation state of +II, see Scheme 1.3.192
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Scheme 1.3: Reaction of a pincer Ru!! complex IV with H,O/D,0 leads to ligand aromati-
zation and formation of a trans hydrido-hydroxido species V.

The non-innocence of B-diketiminato ligands at the -C atom has also been demon-
strated, albeit it mainly involves oxygenative ligand modifications or metal-ligand
cross additions, while backbone protonation for enhancing the utility of nacnac com-
plexes is relatively rare.[80] An example is given by STEPHAN et al., who have pro-
tonated the Ni'! synthon VI with [PhMe,NH][B(C¢Fs)4], see Scheme 1.4. As shown
in Figure 1.5 (b), the nacnac backbone -C is prone to nucleophilic attack. There-
fore it is not surprising that protonation yields the corresponding non-planar ligand
H,C(C(Me)NAr), with localized double imine (C=N) bonds.
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Scheme 1.4: Protonation at the -C of the B-diketiminato Ni cyclopentadienyl complex VI
yields complexVIL.I8]

Consequently, by protonating the B-diketiminato ligand, the interaction between the
metal center and the now neutral ligand is weakened, which can be attributed to the
more insufficient donor ability. This was verified by X-ray diffraction (XRD), reveal-
ing longer Ni—N distances than for the precursor complex.[*?!

The protonation of the BDI ligand can be unequivocally identified by 'H NMR
spectroscopy since it usually displays two doublets that couple in the 'H-'H COSY
NMR spectrum, corresponding to the two diastereotopic -CH, protons in
H>C(C(Me)NAr),. In the solid-state, short C=N bond lengths are observed, in agree-
ment with localized double imine functionalities and a non-planar H,C(C(Me)NAr),
ligand core with an sp? hybridized methylene carbon.[%4l
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1.3.3 p-diketiminato Complexes for Small-Molecule Activation

Pincer-type ligands dominate the research field of small-molecule activation. In
this context, chelating monoanionic nacnac ligands have been extensively used to
stabilize low valent transition metal systems. In addition, several p-diketiminato-
nickel' complexes bearing sterical demanding substituents at the nitrogen atoms
have shown their capability of generating highly active Ni' species. Notably, groups
of HOLLAND and LIMBERG have pioneered the development of B-diketiminato lig-
ands for activation of challenging gases such as H,, 591 O, P7-100] and N, [101,102]
some prominent examples are displayed in the following, see Scheme 1.5.
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Scheme 1.5: Literature known examples of small-molecule activation by p-diketiminato
nickel complexes. Hydrido bridged Ni'l complex VIIL %>l side-on superoxo Nil!
complex IX1190] and diazine coordinating Nit complex x.[101]

Although this ligand system has been used primarily to synthesize mononuclear
complexes, some of them form dimers when reacting with small molecules; how-
ever, there is no cooperativity between the coordinated metal ions in these cases.
Therefore, dinucleating ligand scaffolds are of great interest due to their capabil-
ity to provide a preorganized coordination environment while keeping the metal
ions at a certain distance.['®®! As presented in Section 1.1, there are several multinu-
clear biocatalysts that are able to carry out different relevant reactions, such as small-
molecule activation or redox processes. Inspired by enzymatic processes, chemists
have synthesized novel model complexes that mimic the enzymatic reactivity and
further help to elucidate the underlying reaction mechanism.

Since replicating the whole enzyme is not possible, the focus of designing such
model complexes is set on the active site. In this regard, the bimetallic system
[NiFe] hydrogenase is worth mentioning. This enzyme has received much atten-
tion not only because of its biological relevance but also due to its potential indus-
trial application. The central intermediate within the catalytic cycle of the [NiFe]-
hydrogenase is assumed to contain a bridging hydrido ligand between the Ni and
the Fe centers!'%l and therefore rivals platinum.!!%! As industrial processes for hy-
drogen production and uptake are dominated by expensive Pt catalysts, the natu-
rally occurring hydrogenase represents a desired replacement since it is based on
abundant early transition metals.['%! Together, this has been a driving force for de-
veloping bioinspired catalysts, which mimic enzymatic reactivity.[107‘109] In the con-
text of this work, an example from the LIMBERG group will be presented briefly.[1]
Treatment of the bromide-bridged dinuclear Ni!' precursor complex XI with KHBEt;
yields into the mixed-valent Ni''-Ni! complex XII featuring a hydrido in the bridg-
ing position, see Scheme 1.6. It is important to note that the same reaction procedure
for the corresponding mononuclear complex yields to bridging hydrido ligands (see
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Scheme 1.5) while the oxidation state of both Ni ions is +IL1%°! Further, this exam-
ple illustrates that p-diketiminato ligand systems are not only capable of stabilizing
different oxidation states but even allow to generate mixed valent complexes, in this
case, Nil/IL.
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r

05H2

VA ¢ 7@ ’Q(

XI XII

Scheme 1.6: Formation of a mixed-valent Ni'—y — H—Nil' complex XIL.[110]

Altogether, nacnac based complexes have proven their potential, particularly in the
field of small-molecule activation, but also enable the coordinated metal center to
switch its oxidation state. Additionally, the possibility to convert mononucleating
B-diketiminato ligand scaffolds to binucleating ligand systems has opened up new
fields of application and enabled metal-metal cooperativity, which will be discussed
in the following.

1.3.4 Ligand Design for Cooperative Small-Molecule Activation

A successful approach to designing such bimetallic ligand scaffolds is by linking
already established mononuclear systems. The choice of the bridging unit has a
crucial influence not only on the metal-metal distance but also represents an ad-
ditional adjustment option for fine-tuning the steric demand, electronic properties
and potentially offering coordination sites. Lastly, the active site’s geometric flex-
ibility and accessibility can be controlled by changing the aliphatic linkers in the
ligand backbone. These advantages and the before mentioned characteristics of
B-diketi-minato ligand systems have led to different approaches to synthesizing
bimetallic nacnac complexes. Several ligand scaffolds are known to literature com-
posed of nacnac compartments but differ from the used bridging unit, for instance,
pyridine, 1% phenylenediamine,!'!!! ethylene, and cyclohexyl.1?l Based on previ-
ous work by DENNIS MANZ,[1®] a pyrazolate-bridged compartmental ligand (HsL)
with B-diketiminato chelate arms are providing two pincer-type {N3} binding pock-
ets will be discussed in further detail. The ligand system is similar to the previously
reported by LIMBERG, except that the two DIPP-substituted B-diketiminato units
were linked by a 3,5-dimethyl-1H-pyrazole bridging unit. The advantage of using
a pyrazole-linked ligand scaffold instead is the additional N-donor function, which
results in a stronger chelating effect. Overall, the trianionic, hexadentate ligand scaf-
fold with two highly preorganized binding pockets in close proximity facilitates the
formation of a bimetallic system harnessing metal-metal cooperativity.
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1.3.5 Dinickel(II) dihydride complexes

In contrast to the before shown reaction in Scheme 1.6, the bromido-bridged pre-
cursor complex [LNiz(u-Br)] (187) reacts with KHBEt; to give the dihydrido nickel
complexes K[LNij (H),] (2X), see Scheme 1.7:
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Scheme 1.7: Synthesis of nickel(II) dihydrido complexes. Note that the upper line’s reaction
yields the same product VIII as in Scheme 1.5 but originates from a different
precursor reacting with Hp.

This system can be described as a masked dinickel(I) synthon bearing two terminal
hydrido ligands close to each other, stabilized by the potassium counter ion. This
system is capable of cooperative two-electron reductive binding of various small
molecules accompanied by Hj release.['13-115] The respective substrates within the
bimetallic cleft are stabilized by the charge withdrawing potassium counterion, en-
capsulated by the two flanking aryl groups. Even though the reaction product, di-
hydrido complex 2X, is comparable to complex VIII (Scheme 1.5), the underlying
reaction mechanism is different. By treating the corresponding diiron complex of
VIII with D», results in all hydrido/ deuterido isotopologues. The mechanism is not
fully understood, but it is plausible to assume that H, /D, exchange proceeds at the
dimeric molecule, leaving two possible reaction pathways,!!1®l see Scheme 1.8.
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Scheme 1.8: Possible mechanisms of D, /H; exchange for a dihydrido complex which results
in the formation of HD.[116]

During both proposed reaction sequences, one of the bridging hydridos is cleaved to
provide a free coordination site to bind dideuterium. The reaction mechanism in the
upper line proceeds via the oxidative addition of D;, while the one in the lower line
involves forming a transient side-on D, complex. Furthermore, intermolecular hy-
drido/deuterido ligand exchange between isotopologues of VIII has been observed,
a phenomenon that does not play a role for K[LNi5 (H),] (2X). This difference in re-
activity can be attributed to the divergent ligand binding mode. There are no bridg-
ing hydridos, p—H, for complex 2K due to the larger metal-metal separation en-
forced by the pyrazolate bridging unit (VIII: 2.3939(6) A,[17] 2K: 4.1586(1)) A).[118]

The significant advantage of using dinickel(Il) complex 2X compared to low valent
Ni! reductants is that Ni! species are often extremely sensitive and consequently
tricky to isolate. As a result, dinuclear Ni' systems are relatively seldom.l3%3! Fur-
ther, the square-planar coordinated Ni'' ions in 2K exhibit a singlet spin state (S = 0),
resulting in a diamagnetic compound that can be unambiguously analyzed by NMR
spectroscopy. As mentioned above, the dihydrido complex 2X is capable of reduc-
tive activation of a wide range of substrates. To illustrate the reactivity of this com-
plex, two examples will be discussed in the following.

1.3.6 Dioxygen activation at Dinickel(II) Complexes

The dihydrido complex 2¥ has proven its potential in the field of small molecule
activation.[!13-115119.1201 The sufficient stability combined with high reactivity of 2¥
can be attributed to the fact that the two hydrido ligands within the pocket of the
dinickel(II) core function as reducing equivalents. Therefore, this complex serves as
a masked-dinickel(I) complex. Upon the release of Hp, 2K transforms into a tran-
sient low-valent dinickel(I) species, which undergoes smoothly reductive substrate
activation:
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Scheme 1.9: General concept of reductive small molecule (X=Y) activation at the dinickel(II)
dihydrido complex 2X accompanied by the release of Hy.[114]

This mechanism was demonstrated by the reaction of 2K with various small molecules.
For example, the reaction of 2K with one equivalent of O, results in the formation of
the dinickel(II) peroxido complex XIV with concomitant reductive H, elimination,
see Scheme 1.10. It was also possible to remove the potassium cation with DB18C6
from the peroxo ligand of XIV, resulting in the stable complex XV.[114]
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Scheme 1.10: Reaction of 2K /2" with O, results in the respective peroxido complex XIV /XV
accompanied by the reductive elimination of Hy.[114]

1.3.7 A Dinitrogen Radical Complex

Based on the work of DENNIS MANZ, the dihydrido complex 2K can be transformed
into the dinickel dinitrogen complex XVI, see Scheme 1.11.1118 PENG-CHENG DUAN
continued this work and discovered that adding one equivalent of absolute 2,6-
lutidinium triflate ((HLut]OTf) to 2X in THF resulted in the release of 1.4 eq. equiv-
alents (eq.) of Hy (determined by gas chromatography) under N, atmosphere. The-
oretically, 1.0eq. of H; originates from 2X and 0.5eq. of H from the reduced H"
of the acid. Moreover, alternative synthetic routes were established by THOMAS
KOTHE to generate XVI. Instead of using BRONSTED acids, the same complex was
isolated when 2K was treated with hydride abstraction reagents, such as Et3OBF,.
This finding supports the hypothesis that one hydrido ligand is removed from the
bimetallic cleft in both cases, resulting in a vacant coordination site at the Nil ion.
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Scheme 1.11: Reaction of 2X with [HLut][OTf] or Et3OBFs under a nitrogen atmosphere
leads to the formation of a dinitrogen radical complex [LNi3 (N5 )] (XVI).
The postulated hydrido intermediate is placed in square brackets.

It was impossible to trap the assumed intermediate of these reactions; however, XVI
was isolated and extensively characterized, including X-ray crystallography.!!181211
The formation of a dinitrogen radical was confirmed by EPR spectroscopy revealing
an S = 1/2 system with an gjs, value of 2.072. A characteristic band at 1896 cm !
(free Np: 2359 cm ™ 1)122] was detected in the IR spectrum attributed to the N=N
stretching vibration. In addition, UV-vis spectroscopy was used to analyze the com-
plex further. Both 2K and XVI feature absorptions between 300nm and 500 nm.
However, the spectrum of XVI shows a characteristic feature at 698 nm, which was
suspected to originate from the electronic transition between the dinitrogen radical
ligand and the Ni" ions.['?!]
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1.4 Thesis outline

The great potential of the masked dinickel(I) complex 2K for the stoichiometric ac-
tivation of small molecules has been demonstrated by reference to the reductive O,
binding (Section 1.3.6). This has been achieved by reductive release of Hy, which
formally leaves one reducing equivalent for each hydrido ligand on the respective
Nil ion. As a result, the in situ generated unmasked Nil species is able of reduc-
tive substrate binding. Even though this approach is well established, an alternative
synthetic route towards an isolable dinickel(I) complex would be desirable. This is
due to the fact that the dihydrido complex 2K does not exclusively react as masked
dinickel(I) complex. An example is given Scheme 1.11. In this case, the addition
of an acid to 2K under an N, atmosphere results in forming a dinitrogen radical
complex (XVI). Even though the exact mechanism of this reaction is unknown, it is
reasonable to assume that one hydrido ligand combines with the incoming proton
resulting in a monohydrido intermediate. This transient species is now capable of
single reduced substrate binding. To elucidate the underlying reaction mechanism,
the reaction should be repeated with a discrete dinickel(I) complex.

In addition, Ni' complexes are efficient catalysts for the activation of small mole-
cules, 3! and biologically relevant (compare Section 1.2). Some examples of mononu-
clear Ni! complexes are known in the literature. However, these Ni! complexes are
often limited to one-electron transfer or alternatively forming Ni'f) dimers.%>101]
Therefore, a bimetallic version of Ni! metalloradicals would be highly desirable for
enabling two-electron transformations via metal-metal cooperativity (MMC). Con-
sequently, a binucleating ligand scaffold providing two preorganized d” Ni! ions in
an appropriate arrangement for cooperative bimetallic chemistry would be a con-
sistent further development. In this context, p-diketiminato based ligand systems
appear to be predestined for providing such a coordination environment to enable
reductively binding of inert substrates. Two major prerequisites need to be fulfilled
to achieve a relatively stable Ni' compound with high reactivity towards inert sub-
strates. First, the employed ligand system must be capable of stabilizing such a low
valent oxidation state, and second, a vacant coordination site for substrate-binding
must be available. In particular, three-coordinate Ni! complexes with a T-shaped
geometry arranged by pincer-type ligands have proven their potential.[>-! The co-
ordinated Ni' metal center is characterized by an unpaired electron located in the
accessible o-antibonding d,>_» orbital (see Figure 1.5) and therefore eminently suit-
able for small-molecule activation.

Under consideration of all these factors, the already established binucleating
B-diketiminato/pyrazolato hybrid ligand H3L seems to be a suitable ligand system
to fulfill these requirements (see subsection 1.3.4). Notwithstanding, Ni' complexes
are considered to be rather unstable, this thesis aims to isolate and structurally char-
acterize such a species. Moreover, the ligand system should be tested towards metal-
ligand cooperativity (MLC). In this respect, the before-mentioned y-C of the nacnac
backbone is of interest since its protonation would result in localized double C=N
bonds accompanied by a significant change of the electronic structure (Scheme 1.4).

Further efforts should be devoted to small molecule activation. Even though Ni'
compounds are susceptible to moisture, the reactivity with water should be investi-
gated. However, there are no examples of Ni! compounds, or 34 transition metals in
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general, capable of metal-centered oxidative addition of water. DENNIS MANZ car-
ried out initial investigations on this topic by treating 2X with HyO.[18] However,
it was not possible to fully characterize the postulated hydroxido hydrido species.
Therefore further efforts will be dedicated to completing the characterization and
isolating this complex.
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Scheme 1.12: Overview of reactions towards a dinickel(I) complex and target reaction with
H,O.

Another small molecule that will be investigated in this work is the phosphaethano-
late anion PCO™. This reagent has been utilized in many different reaction types;
however, it is rarely found in late transition metal chemistry.l'?*l A well-established
method to generate phosphaethanolate complex is by salt metathesis reaction. Based
on this approach, the bromido precursor 18 is assumed to react with NaPCO to de-
liver the desired neutral phosphaethanolate complex. In general, dinuclear phos-
phaketene complexes are scarcely investigated and are therefore highly interesting.
Further, phosphaketenes willingly release CO and are prone to nucleophilic attack
at the phosphaketene—C, representing a promising starting point for subsequent in-
vestigations. Consequently, this thesis aims to isolate a bimetallic phosphaketene
complex and carry out follow-up transformations of the PCO ligand within the
bimetallic pocket.
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Chapter 2

Binuclear Mono-, and Mixed-valent
Dinickel Metalloradicals

Parts of this chapter were adapted from:

P.-C. Duan, R. A. Schulz, A. Romer, B. E. Van Kuiken, S. Dechert, S. Demeshko, G. E.
Cutsail I1I, S. DeBeer, R. A. Mata, F. Meyer Angew. Chem. Int. Ed., 2021, 60, 1891-1896.

2.1 State of Knowledge

In the following, a series of nickel-complexes based on a binucleating bis(tridentate)
ligand H3L that consists of two B-diketiminato compartments linked by a pyrazo-
late unit will be discussed. The dinickel(Il) dihydrido complex 2X is capable of two-
electron reductive binding of small molecules accompanied with the elimination of
H, while harnessing metal-metal cooperativity (MMC). As described before, this
complex can thus serve as a masked dinickel(I) synthon. However, there is a grow-
ing interest in Ni metalloradical complexes in catalysis, making it highly desirable
to generate a discrete Ni' species, ideally via a direct reduction route starting from
the bromide-bridged precursor 1P*. In addition, the complexes shall be tested for
potential metal-ligand cooperativity (MLC). In this context, the nucleophilic y—C at
the nacnac backbone represents a potential target for manipulating the coordination
environment and tuning the electronic properties, see Figure 1.5.

The dinickel(Il) dihydrido complex 2K was already extensively described by MEYER
et al., laying the foundation for the herein presented work.["'3! As previously illus-
trated, complex 2K is not only capable of behaving as a Nil synthon but also can
be converted into the discrete Ni! species 2’ as well, see Scheme 2.1. This has been
done by segregating the stabilizing potassium counter ion from the DIPP cleft by
[2,2,2]cryptand, yielding [K(DB18C6)][LNi2(H),] (2"). During the course of these
studies, they were able to isolate and investigate the resulting species, 2’, by X-ray
diffraction. Even though this data need to be treated with caution, due to the fact
that hydrogen atoms are weakly scattering, they revealed a variation of the posi-
tions of the hydrido ligands. While the Ni—H distances were elongated, the H- - -H
spacing was shrinking. Accompanied by the absence of the stabilizing counter ion,
the former tightly bounded hydrido groups were labilized and consequently prone
to elimination. The reductive elimination can be triggered by either increasing the
temperature or by applying vacuum on 2’, which will finally result in the loss of H,
leaving two electrons on the respective nickel core and resulted in the formation of
complex 3’. This conversion process was monitored by magnetic susceptibility mea-
surements, confirming the predicted presence of two antiferromagnetically coupled
S = 1/2 sites, in accordance with two Ni!(d”) ions.
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Scheme 2.1: Reaction overview towards [K(DB18C6)][LNiz(H),] (2") and subsequent Hy
release under vacuum leading to complex 3.

Even though a dinickel(I) complex has been generated, this procedure presents the
drawback of lacking potassium ion in the coordination sphere. This is indeed dis-
advantageous as the counter ion has a profound stabilizing effect on potential sub-
strates within the binding pocket. However, it has been shown that the applied lig-
and system, H3L, is capable of stabilizing a low-valent Ni species. Therefore, further
efforts will be directed towards an alternative synthetic route to generate an {LNi} }
compound directly.

2.1.1 Generation of Double "T"-shaped Dinickel' Complexes

As mentioned above, the dihydrido complex 2X was utilized to obtain a Ni! species;
another synthetic approach towards generating such a low valent complex involves
reducing the bromido-bridged precursor. Since this complex has a reduction poten-
tial of —2.1V vs. Fc/Fc™, the usage of a strong reducing agent is needed. Addition-
ally, it would be handy if potassium or sodium could be introduced as a counter
ion to ensure comparability with the respective hydrido complexes. Finally, since
reactivities shall be investigated with the resulting Ni! complex, the presence of K*
near the binding pocket for potential stabilization of reduced substrates would be
desirable and represent an advantage over 3'.

Consequently, 18" was treated with KCg in a minimum amount of THF at room
temperature. Over a period of two hours, the green suspension turned into a deep
red, clear solution, which was filtered afterward. Next, the filtrate was layered with
hexane followed by cooling to —38 °C, leading to the formation of polycrystalline
material; however, single crystals suitable for X-ray diffraction required several re-
crystallizations. The molecular structure of 3X is displayed in Figure 2.1, selected
bond lengths, distances, and angles are shown in Table 2.1.
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Figure 2.1: Molecular structure of K[LNi5] (3X) (30% probability thermal ellipsoids).
K*.. -Cp contacts <3.5 A are shown as dashed lines.

Table 2.1: Selected bond lengths, distances, and angles of 3X.

Bond length / A
Nil—N4 1.890(3)
Nil—N1 1.890(3)
Nil—N3 1.917(3)
Ni2—N6 1.857(3)
Ni2—N2 1.892(3)
Ni2—N5 1.917(3)

Distances / A
Nil- - -Ni2 4.1243(7)

Nil- - K1
Ni2- - K1
Pz- - -K1'

3.8554(9)
3.9661(9)
2.9036

Angle / °

N4—-Nil—N1
N4—-Nil—N3
N1-Nil—N3
N6—Ni2—N2
N6—Ni2—Nb5
N2—-Ni2—Nb5

176.76(13)
98.75(13)
84.43(12)
176.21(12)
99.22(12)
84.49(12)

TMeasured distance between the pyrazolate centroid and the potassium

The same approach has been followed to synthesize the analogous sodium adduct
3Na_ This time, the precursor complex 187 was treated with a THF solution of freshly
prepared sodium naphthalenide. The reaction solution immediately turned red and
was worked up in the same way as 3X. Single crystalline material of 3N2 was ob-
tained from a THF /hexane solution and subjected to X-ray diffraction; the respective
molecular structure is shown in Figure 2.2:
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Figure 2.2: Molecular structure of Na[LNi}] (3N?) (30% probability thermal ellipsoids).
Na™ -~Np, contacts are shown as dashed lines.

Table 2.2: Selected bond lengths, distances, and angles of 3N,

Bond length / A Distances / A Angle / °©
Nil—-N4 1.8794(17) Nil---Ni2 4.1899(4) N4—-Nil—-N1 175.59(7)
Nil-N1 1.9118(17) Nil---Nal 3.3477(10) N4—-Nil—N3 98.17(7)
Nil—N3 1.9212(17) Ni2---Nal 3.0507(10) N1—-Nil—N3 84.34(7)
Ni2—N6 1.8624(18) Pz---Nal' 2.3874 N6—-Ni2—N2 176.50(7)
Ni2—N2 1.8944(17) N6—Ni2—N5 98.36(8)
Ni2—N5 1.9140(17) N2—-Ni2—N5 85.04(7)

 Averaged distance between the nitrogen bond (N1—N2) and the sodium anion

Both molecular structures illustrate the nearly ideal ,T“”-shaped coordination
sphere of both nickel centers. The two pincer-type {N3} nickel units are character-
ized by a metal---metal separation of d(Ni---Ni) = 4.1243(7) A, while the respective
bonding angles of the N1 —Nij —Ny4 and N, —Ni> —Ng fragments are almost reaching
180° (viz. 176.8(1) ° and 176.2(1) °). The most apparent difference to the dihydrido
complexes 2K and 2N? is the position of the respective counter ion, which is posi-
tioned above the pyrazolate and is additionally ligated by a variable number of THF
molecules.

Since H-atoms are not unambiguously detectable via X-ray diffraction, the distinct
position of the alkali metal ion serves as an indicator if a negatively charged lig-
and is coordinated in the bimetallic pocket. To illustrate this relation, the respective
molecular structures of the dihydrido complexes 2X and 2N? are compared with the
corresponding Ni! complexes. In 2X and 2N9, the hydrido ligands are located within
the bimetallic pocket, while the coordination environment of the nickel ions can be
described as slightly distorted square planar. In both complexes, the alkali metal
cation is in close proximity to the negatively charged hydrido groups; though, their
position is different. In 2X, the K* ion is sandwiched between the two aryl rings of
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the DIPP units via cation-7r interactions and is placed within the plane spanned by
the pyrazolate-bridged dinickel dihydrido core, presumably supported by attractive
K*---H™ interactions (d(K*---H)= 2.45(3)-2.53(3) A). However, the binding situation
is different for the smaller Na* ion. Due to its smaller size, it is not found in the DIPP
cleft but above the pyrazolate-bridged dinickel dihydrido core, associated with the
two hydrido ligands, the two pyrazolato-N, and two additional THF molecules. This
arrangement is reminiscent of the analogous Ni' complexes; nonetheless, the Na™ is
not associated with the binding pocket because of the lack of alkali metal-hydride
interactions. This finding leads to the conclusion that indeed no hydrido ligand is
present in 3% and 3N, and therefore the desired binuclear nickel! metalloradical
complex has been formed; however, this is not solid evidence, which makes further
analytical investigations necessary.

The NMR spectrum of 3X revealed paramagnetic behavior, indicating the expected
presence of at least one unpaired electron, see Figure 2.3. An assignment of the peaks
could not have been achieved, though a minor impurity of 2X (24.13 ppm) is found,
which will be explained in the following chapter. It is also worth mentioning that

the observed peak pattern resembles that of the dinickel(I) complex 3”.[11I
2 8 osE5z 2%
2 = M o o A
\ | A A=l
80 70 60 50 40 30 20 10 -10 -20 -30 -40
J/ppm

Figure 2.3: 'H NMR spectrum of 3X in THF-dg at room temperature. The region of approx-
imately 10-0 ppm is not displayed; the signal at —24.13 ppm can be assigned to
complex 2K,

As stated above, a reliable method to investigate metalloradical complexes is by
magnetic susceptibility measurements. First of all, this kind of technique reveals the
number of unpaired electrons and, therefore, clearly allows to determine whether
the complex is reduced twice. For comparison, complex 3’ bears two Ni! centers,
which results in a magnetic moment of 0.5cm? - mol ! - K (in cgs-units: 2.0 up) at
295K, close to the estimated value for two S = 1/2 ions (2.45 up for g = 2.0). This
mismatch can be attributed to diamagnetic impurities, such as unconverted quan-
tities of the dihydrido complex 2K, which shows diamagnetic behavior. Further,
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2’ features a coupling constant of ] = —70cm ™!, indicating antiferromagnetic cou-
pling between the two d” nickel centers. To validate the hypothesis that the bromido
precursor 187 was transformed in the desired dinickel(I) complex, superconduct-
ing quantum interference device (SQUID) data for a sample of crystalline material
of 3K has been collected, see Figure 2.4. The measurement shows a xmT value of
0.66 cm® mol~! K at 270K, and a decrease of xyT upon decreasing the temperature,
approaching zero below 30K. This indicates considerable antiferromagnetic cou-
pling and an St = 0 ground state. Analysis of the magnetic data utilizing a dimer
model with two coupled S = 1/2 spin centers (H = 2]$,5, Hamiltonian) revealed
a coupling constant of | = —71 cm~! (¢ = 2.14), which agrees very well with the |
value of 3”.[113]
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Figure 2.4: (T vs. T plot for 3% and 3N?; the solid black line represents the calculated curve
fit (H = 2J5,5, with ] = —71ecm™1(3K) (¢ = 2.14) and ] = —83cm~1(3Na))
(¢ = 2.04). The insets show the magnetic orbitals derived by DFT calculations,
see Section C.1.2 for details.

The antiferromagnetic coupling is slightly stronger in 3N with | = —83cm ™! (¢ =
2.04), which might be related to the more planar pyrazolato-based dinickel(I) core.
The respective torsion angle < are (Ni(1)-N(1)-N(2)-Ni(2)) = 4.98° for 3Na ver-
sus 18.28° for 3K. It is important to notice that the M—Np,—Np,—M torsion has
previously been shown to substantially affect the magnetic coupling in pyrazolato-
bridged bimetallic complexes of S = 1/2 metal ions.[124]

In conclusion, the SQUID results are in agreement with the paramagnetic in solution
of the complexes and are in good correlation with the previously described complex
3’, underlining that in both cases, a dinickel(I) complex has formed. These results
were compared with a single-point calculation based on the atomic coordinates de-
rived from the molecular structure of 3¥, validating an antiferromagnetically cou-
pled ground state of ] ~ —100cm~!. Corresponding to a LOWDIN spin population
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analysis, 87% of the spin density is centered on the nickel ions, while the magnetic or-
bitals, derived from unrestricted corresponding orbitals, have mainly (70%) nickel-d
character, see C.1.1 for details. The small overlap of 0.05 of the associated orbitals is
in line with the weak antiferromagnetic coupling of 3% and 3N2.112%1

The magnetic orbitals of the respective metalloradical subunits can be character-
ized as the c-antibonding d., ,, orbitals, compare Figure 1.5. However, the herein
presented system utilizes two metal centers, suggesting that metal-metal coopera-
tive 2e ™ -substrate binding within the cleft should be facile. This was tested by the
reaction with Hy or O,, see Scheme 2.2. Indeed, under the exposition of H, 3
forms readily the corresponding dihydrido complex 2X, which was validated by
'H NMR spectroscopy (Figure B.51). In the same way, 3¥ reacts with O to XIV,
which was verified by UV-vis spectroscopy and comparing with the data reported
in the literature.l'"*! This reaction does not only illustrate the ability of dinickel(T)
complexes to activate small molecules but also proves the concept that the hydrido
ligands in 2K serve as reducing equivalents.

Ni Ni
(THF) H, NT Ny H Y
Q

- Wy
\\\ ié\____-K\__/ér
N /N N\ /
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i NI\ / i NaC10H8 > 2
1Br \ N|” N|”
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M=Na;x=2 ]
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Scheme 2.2: Reduction of the bromido precursor 187 with a strong reducing agent, depend-

ing on the respective counterion, either 3¥ or 3N is formed; subsequent oxida-
tive addition of Hy or O yields 2K or X1V, respectively.

2.2 Protonation of the nacnac-Backbone

In subchapter 1.3.2, the principle of metal-ligand cooperation (MLC) has been intro-
duced and briefly described. Even though several examples are known to the liter-
ature dealing with this concept, only a few cases have been reported manipulating
the properties of nacnac ligands, see Scheme 1.4. Since the -C is prone to nucle-
ophilic attack, the herein used ligand scaffold L offers the opportunity to investigate
the changing electronic properties of the p-diketiminato side arms towards proto-
nation. Therefore, the dihydrido complex 2X and the dinickel(I) complex 3¥ were
treated with different acids in varying ratios.
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2.21 Induced Release of Hydrogen

The protonation of the -C breaks the aromaticity of the B-diketiminato ligand, ac-
companied by the formation of S-diimine subunits. This ligand transformation re-
duces the donor ability of the former nacnac sidearms, which consequently weak-
ens the NiH-ligand interaction.%®] On the other hand, it can be assumed that the now
neutral ligand is more suited to stabilize a Nilion. As explained before, the oxidation
state change from Ni! to Ni! can be observed upon dehydrogenation of the hydrido
ligands from complex 2¥, see Scheme 2.1. Therefore, it was investigated if the pro-
tonation of the backbone can trigger the release of H. In this context, it is important
to note that 2K has been treated with the acid 2,6-lutidinium triflate ((HLut]OTf) be-
fore, which yields, under a nitrogen atmosphere, in the activation of Nj. To circum-
vent this reaction, a different acid had to be found. A suitable alternative was found
in [H(OEtz)z]BAr}: (BArE = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) since the
weakly coordinating counter ion avoids unindented interactions with the nickel cen-
ters and facilitates crystalization of the reaction product. Upon adding two equiv-
alents of acid to complex 2X results in an immediate color change of the solution
from orange to ochre-brown, see Scheme 2.3. In addition, the evolution of gas was
observed, which implicates the presumed loss of the hydrido ligands, accompanied
by the reduction of both nickel centers.

S
BArF,
—I®
Nm\/\ﬂ\‘ + 2 [H(OEt,),]BAF, ’ C%NC@R\/\,N=<
< /Ni"\ NIII\ ) " THE 2 _ /Nil Nil\ ’-CHZ
N H H N atr.t. H, )\N N{
g Y
W]_—-"K“\W W W
2K 4

Scheme 2.3: Peripheral -C protonation at the nacnac subunits leads to the loss of Hy and
formation of the dinickel(I) 4.

Although complex 4 is very sensitive towards even traces of water, single crystals,
suitable for X-ray diffraction, were obtained by layering the THF reaction solution
with hexane at —38°C. The molecular structure of the cation of 4 is displayed in
Figure 2.5. This complex was previously isolated and described by X-ray crystallog-
raphy by DUAN;!'2% however, this subject was resumed in this thesis due to the lack
of reproducibility.
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Figure 2.5: Molecular structure of the cation of [HaLNi5][BArY] (4) (30% probability thermal
ellipsoids). The BAr} counterion and all hydrogen atoms except for those at the
v-C of the B-diimine subunits are omitted for clarity.

Table 2.3: Selected bond lengths, distances, and angles of 4.

Bond length / A Distances / A Angle / °©
Nil—-N4 1.8881(16) Nil---Ni2 4.1032(5) N1-Nil—-N4 177.91(7)
Nil—-N1 1.8807(16) N1-Nil—N3 84.73(7)
Nil—N3 1.9513(16) N4—Nil—-N3 96.99(7)
Ni2—N6 1.8860(16) N2—-Ni2—N6 178.04(7)
Ni2—N2 1.8785(16) N2—-Ni2—N5 84.62(7)

Ni2—N5 1.9476(15)
N-Ct 1.285(3)

t Averaged distance between the nitrogen and carbon of the -diimine subunit

N6—Ni2—N5 96.52(7)

In 4, the two nickel ions are also found tricoordinate close to an ideal "T"-shaped ge-
ometry (N—Ni—N angles of 84.6°, 97.0°, and 177.9° at Nil and 84.6°,96.5° and 178.0°
at Ni2), while the Ni ions are separated by a distance of d(Ni --- Ni) = 4.1032(5) A.
In contrast to the before presented molecular structures of 3% and 3N, no posi-
tively charged counter ion but the anion BArE’ is found. In addition, the aver-
aged C=N bond of the p-diimine subunits is shortened in comparison with the
B-diketiminato sidearms of the beforehand described complexes (1.285(3) A in 4 vs.
1.330(3) /1.332(5) A in 3% /3K). Due to the high reactivity of 4 and diamagnetic im-
purities of KBArE, no conclusive SQUID data could be obtained. Nonetheless, it was
possible to ascertain antiferromagnetic coupling of the same magnitude as in 3¥ or
3Na gee Figure B.1.

To substantiate that both nacnac parts are protonated at the -C atoms, NMR spec-
troscopy could not be applied due to the paramagnetic behavior of the compound.
Instead, IR spectroscopy was used to identify the newly formed B-diimine units, see
Figure 2.6. The characteristic C=N stretch was found at 1670 cm~! in the IR spec-
trum (Figure 2.6), which is in good agreement with the theoretical calculations, see
Figure B.3.
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Figure 2.6: IR spectrum of 4, the C=N stretching vibration is indicated at 1670 cm~!.

The protonation of 2X to the twice backbone protonated complex 4 has also been
monitored by UV-vis spectroscopy, see Figure 2.7. Subsequent addition of KHMDS
(potassium bis(trimethylsilyl)amide) resulted in the formation of 3X. Due to the
instability of 4, the titration experiment had to be carried out at —40°C and all ad-
ditions of reagents were done inside a glove box. Since the stepwise addtion of
[H(OEtz)z]BArE to 2X has failed in the past, it was decided to add 2.0 eq. at once.
Subsequent addition of 1.0 eq. KHMDS resulted in the foramtion of 3. In this con-
text, it must be mentioned that the addition of another 1.0 eq. only resulted in a de-
grease of absorption in the UV-vis spectrum. One explanation for this finding is that
the resulted HMDS is capable of deprotonating the backbone of 4. However, HMDS
is a very weak base with a pK, value of 25.8,1271 which makes this theory rather
unlikely. Unfortunately, further trials have failed to deprotonate 4. Even though
the spectra are relatively similar, a characteristic shoulder at 380nm is detectable
for complex 4, which is not present for 2K or 3% complex. This distinctive feature
matches well with the TD-DFT computations, compare Figure B.10 and Figure B.11.
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Figure 2.7: UV-vis titration experiment of a 58 M THF solution of complex 2¥ at —40°C.
First 2K was treated with 2.0 eq. of [H(OEtz)g]BArZ, which resulted in the forma-
tion of 4. Subsequent addition of 1.0 eq. of KHMDS led to 3X.

2.2.2 Calculated Reaction Mechanism for the Release of H,

During the complex synthesis of 4, it was impossible to isolate an intermediate dihy-
drogen complex; consequently, it can be assumed that the dehydrogenation reaction
of 2K is triggered upon the protonation of the p-diketiminato sidearms. Moreover,
the release of hydrogen must be even more favored as for complex 2’ since the de-
hydrogenation reaction even proceeds at low temperatures and ambient pressure.
To verity this assumption, DFT calculations were performed by ANTON ROMER in
cooperation with PROF. MATA, see Section C.1.4 for details. The reaction paths to
reductive Hj release were calculated with and without protonation of the peripheral
ligand. As a starting point, the structures of the anion 2’ and the hypothetical dihy-
dride of 4, [H2L(Ni-H),]1 (4) were chosen; the calculated reaction pathways are
depicted in Figure 2.8.



Chapter 2. Binuclear Mono-, and Mixed-valent Dinickel Metalloradicals

30
—©® —©®
>:N\ N=N ,N:< >:N\ N=N ,N:< Ha
HoC N il CHa HoC /Nll’ \NII\ CH, {
=N ww N —— =N Saon N
"y b Wy 3
MIN1 MIN2
—_— Prm—
50 1 m— g’ ;'
40 - i
E 1
& |
= 30 1 i
A !
> i
20 il
g Iy
g 20 1 I
a i
1.40 i
10 i /I TS~ 119 ! :l
/1.20 /
2.06 lll ,/ \\\ ‘l‘
01 1.74 e, 09

Figure 2.8: Top: Theoretical reaction mechanism for the release of dihydrogen from the hy-
pothetical dihydride complex 4’. Middle: Calculated reaction pathways for the
release of Hy. The distance between the hydrides is indicated by the numbers
above the bars, respectively. The second transition state (T52*) has been approx-

imated by constrained optimization at the equilibrium distance of the hydrogen

atoms. Bottom: Calculated structure of 2K (left) and 4’ (right).
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By shortening the distance between the two hydrogen atoms in a predetermined re-
action path, the dihydride state (MIN1) is transformed into a predissociated station
(MIN2), separated by a comparatively low barrier (TS1). Similar to the previous
report on 2K and 2’, the barrier associated with the H; release from the bimetallic
cleft was derived from the equilibrium dihydrogen H—H distance at the same level
of theory (TS2*). By comparing 2’ with 4’, it becomes visible that MIN2 is energet-
ically favored for 4, which can be explained by the more profound stabilization of
the Ni' ions by the B-diimine sidearms. Further, the hydrido ligands in the bimetallic
cleft of 4% are considerably labilized in contrast to 2X, resulting in a lower barrier
of TS2* resulting in a favored release of Hy. To understand this distinction, the
different ligand systems of both complexes must be considered. Due to the protona-
tion of the -C, the nacnac compartments are transformed into p-diimine subunits
accompanied by the loss of conjugation, which leads to increased flexibility. This
circumstance allows the sidearms to arrange a configuration where the potassium
is no longer closely associated with the Hy, promoting dehydrogenation. Summing
up, the peripheral protonation of the ligand not only stabilizes MIN2 but further
significantly facilitates the release of dihydrogen, which is reflected by the reduced
TS2 barrier from 55 to 37 k] mol ~'. At the bottom line of Figure 2.8, both computed
minima structures of 2K and 4 are displayed, respectively, where this difference
becomes apparent.

In total, three dinuclear Ni' complexes have been isolated and structurally charac-
terized. In addition, the metalloradical character could be proved by SQUID mea-
surements unveiling an antiferromagnetic coupling of the respective metal centers.
Besides, the non-innocence of the S-diketiminato compartments has been illustrated
by protonation of the -C, leading to the reductive elimination of H,. Further, the
release of hydrogen was investigated by DFT calculations, which elucidate the sig-
nificant differences between the g-diketiminato based complex 2K and the g-diimine
complex 4.

2.2.3 A Mixed-Valent Dinickel Complex

It has been shown that the protonation of the backbone of the dinickel(Il) dihy-
drido complex facilitates the release of dihydrogen. Moreover, it was found out that
the reaction mechanism depends on the choice of acid and how many equivalents
were added since complex 4 only forms when 2X is treated with two equivalents of
[H(OEty),][BAr}]. Thus, using a sterically less demanding acid, such as [HLut][OTf],
results not in protonation of both -C but ultimately yields a monoanionic radical
species [LNiy (N5 )] under a nitrogen atmosphere, see Scheme 2.4 top line. This
result is exceptional as the precursor complex 2K bears two redox equivalents in the
respective metal-hydrido units M—H, which generally lead to double reduced sub-
strate binding. Since the nitrogen is only one time reduced, it can be assumed that
only one hydrido group is left after protonation or a mixed-valent dinickel/™ has
been formed. All efforts to isolate or analyze the proposed intermediate have been
unsuccessful in the past, which can be addressed to its high reactivity. Even carry-
ing out the reaction under an argon atmosphere did not result in an isolable species.
However, with the dinickel(I) complex 3¥ in hand, a comparison experiment could
be conducted to elucidate the influence of the hydrido groups.
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Hence, complex 3X was treated with varying ratios of different acids under an argon
atmosphere. As the first attempt, [H(OEt,),][BAr} | was chosen, which did not result
in any useful results but yields the hydroxido complex [LNiz(u-OH)] (19H) or its
one-time protonated analog [HLNiY (u-OH)][BArY]. The latter complex was iden-
tified by X-ray crystallography, see Figure A.4. However, refinement of the molec-
ular structure revealed the co- crystallization of the this compound with a chlorido
complex [HLNiy (u-Cl)][BAr}]. Details of this side reaction have not been eluci-
dated but can probably be attributed to residues of HCl and H,O. This result clearly
demonstrates that it is crucial to ensure that even the slightest traces of impurities,
such as water, must be avoided because of the remarkable reactivity of these Ni!
complexes towards water. Consequently, [HLut]BF; was used instead since it can be
purified by sublimation, which guarantees the absence of moisture. Consequently,
complex 3% was treated with different ratios of acid under argon. However, only
the addition of two equivalents results in an isolable species, see Scheme 2.4, bottom
line. Even though this complex is very interesting from a coordination chemistry
perspective, it is not the intermediate formed in the top line reaction in Scheme 2.4.
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Scheme 2.4: Reactions of 2K and 3% with BRONSTED acids. Upper line: A monoanionic
nitrogen complex is formed upon the addition of [HLut][OTf] to 2K, Bottom
line: Protonation of 3% with [HLut][BF4] yielding complex 5. Both experiments
were conducted under a nitrogen atmosphere.

The dinickel(I) complex 3¥ was treated with two equivalents of [HLut][BF4] in 2-
methyl-THF at —40 °C. The reaction solution turned dark red immediately and was
filtered. Single crystalline material of 5, suitable for X-ray diffraction, was obtained
by layering a 2-methyl-THF reaction mixture with hexane at —38 °C within two days
in 40% yield. The molecular structure of the cation of 5 is displayed in Figure 2.9,
exhibiting two different ligand subunits and a bridging lutidinium ligand.
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Figure 2.9: Molecular structure of 5 (30% probability thermal ellipsoids). The BF4 counteran-
ion and hydrogen atoms, except those at the y-C of the subunits (gray), are omit-
ted for clarity. The lutidinium---Ni contacts are shown as dashed lines.

Table 2.4: Selected bond lengths, distances and angles of the mixed-valent complex 5.

Bond length / A Distances / A Angle / °©
Nil-N4 2.075(2) Nil---Ni2 4.3141(5) N4—Nil—-N1 144.40(10)
Nil-N1 = 2.043(2) N4—-Nil—-N3  88.00(10)
Nil—-N3  2.008(3) N1-Nil—-N3  81.10(10)
Nil—C41 2.122(3) N3-Nil—C41 162.03(12)
Ni1l—-C42 2.152(3) N1-Nil—-C41 109.50(11)
Ni2—N6  1.898(2) N4-Nil—C41 90.75(11)
Ni2—N2  1.895(3) N5—-Ni2—N2  84.44(11)
Ni2—-N5  1.878(3) N5-Ni2—N6  93.27(11)
Ni2—N7  1.934(2) N2—-Ni2—N6  176.04(11)
N-Ct 1282 N5-Ni2—N7  164.62(11)

N-C* 1.329

T Averaged C-N distance of the -diimine subunit * Averaged C—~N distance of
the B-diketiminato subunit

Unlike the twice protonated complex 4, generating a f-diimine unit did not result in
a "T"-shaped nickel center. Moreover, the Ni! ion is not located in the plane spanned
by the nitrogen atoms but is additionally coordinated by the nearby carbon atoms
C41 and C42, leading to a N1—-Nil—N4 angle of 144.4°. This distorted arrangement
can be attributed to the loss of aromaticity of the nacnac sidearm, which increased
the flexibility of the coordination environment of Nil. In contrast, the coordination
sphere of Ni2 can be best described as slightly distorted from square planar, with
a dihedral angle of 9.9°. The geometry of the unprotonated nacnac unit resembles
that of the precursor complex 2X and is supported by the rigid g-diketiminato com-
partment. As a consequence of the high sterical demand of the Me,CsH3N ligand,
the distance of the nickel ions is increased (d(Nil --- Ni2) = 4.3141(5) A), and the
DIPP substituents are farther apart, as usually observed. This specific coordination
environment enables the isolation of the unusual mixed-valent complex 5. Since Nil
is better stabilized by the B-diimine, while Ni2 is found in its preferred tetrahedral



34 Chapter 2. Binuclear Mono-, and Mixed-valent Dinickel Metalloradicals

coordination geometry. Furthermore, the active site is shielded by the bulky luti-
dinium ligand.

Another example of a mixed-valent complex XII has been presented in Scheme 1.6.
Though, there are two striking differences between this compound and the herein
presented complex 5. First of all, complex 5 bears a f-diimine unit, which leads to a
more flexible geometry resulting in a more distorted coordination environment for
the Ni! metal center. Additionally, [HLNi'Ni"(z-Me2CsH3N)][BF4] (5) does not
feature a bridging hydrido ligand. Since Ni! and H™ serve as a reducing equivalent,
only complex 5 should be capable of carrying out single reducing substrate activa-
tion. This has been demonstrated by exposing a THF solution of the complex to a
N> atmosphere at room temperature. In the IR spectrum, the characteristic N=N
stretching vibration arises at 1894 cm™! (see Figure B.4 and compare Section B.2.2),
which is very similar to [LNij (N~ )] (XVI), compare Section 1.3.7.

Due to the antiferromagnetic coupling of the Ni! centers, it was not possible to
analyze the complexes 3X, 3N2, and 4 by electron paramagnetic resonance (EPR)
spectroscopy. However, the situation is different for complex 5 as it only bears one
unpaired electron. The resulting EPR spectrum (black line) of the S = 1/2 system is
displayed in Figure 2.10 together with the simulation (red line).
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Figure 2.10: Experimental X-band EPR spectrum (9.440 GHz, microwave power 10mW)
(black line) of 5 recorded at 153K in frozen THF solution. The red line rep-
resents the corresponding simulation of the experimental data with gjs, = 2.121
(gx = 2.031, gy = 2.133, and g; = 2.200).
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The simulation delivers a rhombic signal with an average ¢ value of 2.121 (g, =
2.031, gy = 2.133, and g; = 2.200), while no hyperfine coupling could be resolved.
As expected, the large g-anisotropy indicates that the electron density is mainly lo-
cated on the metal center. The g-values are comparable to the mixed-valent Ni'—y —
H—Ni"! complex XII in Scheme 1.6, (g = 2.054, g, = 2.159, and g, = 2.454).1110]
However, the g, is significantly smaller in 4. The electronic structure of 5 was addi-
tionally examined by SQUID magnetometry. Before the simulation, the experimen-
tal data were corrected by a fixed temperature-independent paramagnetism (TIP) of
80 - 10~ cm® - mol ' and modeled according to the formula A = g- B - S. The ymT
value of 0.31 cm® mol~! K is constant in almost full temperature range and slightly
smaller than the spin-only value expected foran S = 1/2 system (0.375 cm® mol ! K),
see Figure 2.11. Analysis of the experimental data reveals the g-value of 1.84 for an
S = 1/2 spin state of 5, which is smaller than observed by EPR spectroscopy and
may indicate the presence of diamagnetic impurities or partial decomposition of this
highly sensitive compound even in the solid-state.
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Figure 2.11: x)yT vs. T plot for 5; the solid black line represents the calculated curve fit

(A = g- B- §). Intermolecular interactions were considered in a mean field
approach by using the WEISS temperature ©.

The mixed-valent nature of 5 could be unambiguously verified by EPR spectroscopy
and SQUID magnetometry. Also, the protonation of only one nacnac subunit was
indirectly proven by the molecular structure, revealing a shorter C-N distance of
1.282 A for the B-diimine subunit than for the corresponding p-diketiminato subunit
(d(C—N) = 1.329 A), see Table 2.4. The hydrogen atoms were placed in positions
according to DFT calculations, see Section A.1 for details.
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2.3 Conclusion and Outlook

In this chapter, a direct reduction route starting from the bromide-bridged precur-
sor 187 to several Ni! species was established. The resulting dinickel(I) complexes
were successfully isolated and structurally characterized. Even though the struc-
tural data of 3X, 3N2 4 and 5 are relatively similar, minor distinctions become visible
by comparing the C—N bond lengths of the respective p-diketiminato or B-diimine
subunits. For a more convenient overview, the essential metric parameters of all
herein discussed complexes are presented in the following table:

Table 2.5: Selected bond lengths, distances, and angles of the herein presented complexes.

Complex Bond lengths / A distances / A
3K N—-C* 1332  Nil---Ni2 4.1243(7)
3Na N-C* 1326  Nil---Ni2 4.1899(4)
4 N-C' 1285  Nil---Ni2 4.1032(5)
5 N-C' 1282  Nil---Ni2 4.3141(5)
N-C* 1329

T Averaged C-N distance of the -diimine subunit
*Averaged C—N distance of the g-diketiminato subunit

Although hydrogen atoms can not be detected unambiguously by X-ray diffraction,
the molecular structures of 3X and 3N? indicate the absence of the hydrido ligands
since the counterion is not located between the aryl rings but above the pyrazolato
unit coordinated by a varying number of THF molecules, see Figures 2.1 and 2.2. An
alternative synthetic strategy to obtain mono- and mixed-valent Ni! complexes was
revealed by protonation experiments. Interestingly, the hydrido complex and the
nickel complex show different reactivity towards acids. When the dihydrido com-
plex 2X complex is treated with [H(OEt,),][BAr}], both nacnac ligands are converted
into B-diimine units, resulting in complex 4. In contrast, the same reaction with 3¥
did not yield an isolable product. On the other hand, the addition of one equivalent
of [HLut][OTf] to 2X initiates the formation of the nitrogen complex LNiI21(N'2_)
(XVI), whereas the treatment of two equivalents to 3¥ resulted in complex 5 under
an Ar atmosphere. By IR spectroscopy, it was possible to observe the transforma-
tion of 5 to XVI; however, labeling experiments with 5N, would verify this result.
By comparing the C—N distances of the S-diketiminato and B-diimine subunits, it
was also possible to indirectly identify the backbone’s protonation. In particular,
this relation was helpful to identify the B-diimine compartment of complex 5. The
slightly shorter C—N bond lengths of the imine functionalities are almost identical to
the C-N bonds in twice protonated dinickel(I) complex 4. For the latter compound,
also IR spectroscopy proved the formation of p-diimine subunits, see Figure 2.6.

Another clear indication for forming a metalloradical species is found in the 'H
NMR spectrum of 3¥, which shows a paramagnetic species, see Figure 2.3. Eventu-
ally, the oxidation state of the nickel centers was verified by SQUID measurements
for all herein presented complexes except for complex 4. Due to diamagnetic im-
purities and not further analyzed decomposition products, no undisputed magnetic
susceptibility measurement of 4 could be conducted. However, for 3K and 3N2 the
SQUID data revealed two S1/2 centers, which are moderately antiferromagnetically
coupled (] = —83/ — 71cm™1), resulting in an S = 0 ground state, see Figure 2.4.
In contrast, the mixed-valent nickel complex 5 was identified as an S = 1/2 system
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(Figure 2.11), allowing investigation by EPR spectroscopy, see Figure 2.10.

Further, the mostly unnoted non-innocence of nacnac ligands was investigated, re-
sulting in two different complexes. For complex 2K, it has been demonstrated that
the release of hydrogen can be triggered by peripheral ligand protonation, which
significantly lowers the barrier for reductive H; elimination from the bimetallic cleft
and finally yields the dinickel(I) complex, see Section 2.2.2. Formally, this reaction
can be interpreted as a proton-coupled electron transfer (PCET) since two protons
initiate the transfer of two electrons from the hydrido ligands to the nickel centers.
In general, PCET processes are of high interest!!?8] and are frequently harnessed by
biological systems.[213] Related to this topic are the protonation experiments of
3K resulting in the isolation of complex 5. Albeit the reaction mechanism stays un-
clear, this species was fully characterized and represents an interesting example of
a mixed-valent dinickel system. For future experiments, complex 4 offers two e~ as
a highly reactive dimetallodiradical and two H™ stored at the ligand periphery to
possibly realize coupled 2e~ /2H™ reactions. The same also applies to complex 5,
which should be probed in terms of 1le~ /1H" substrate transformations.

In contrast to the masked dinickel(I) complex 2¥, the d° nickel! complexes feature
two singly occupied d,>_,» type orbitals, which are oriented into the bimetallic cleft
and easily accessible for incoming substrates. The reactivity of these species was
tested by reacting complex 3X with different gases: H, and O, see Scheme 2.2. The
reaction with Hj resulted in the formation of the dihydrido complex K[LNiz(H),]
(2X). Whereas the peroxido complex K[LNiz(Oz2)] (XIV) is formed, when 3¥ reacts
with O,. While these examples are comparable to the previos reported reactions of
2K different reactivities of 2K and 3¥ with acids were noticed.

To conclude, a series of complexes bearing two adjacent "T"-shaped Ni! centers have
been isolated and comprehensively characterized by IR and NMR spectroscopy, mag-
netometry measurement, and X-ray diffraction. Furthermore, the concept of metal-
ligand cooperativity (MLC) has been introduced by the protonation of the -C of
the B-diketiminato subunits. Finally, a mixed-valent complex has been generated,
which opens up the possibility of new reactivity, for instance, single reduced sub-
strate binding. All results are summarized by the following overview, including all
presented complexes in this chapter:
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Scheme 2.5: Overview of reactions towards binuclear mono-, and mixed-valent dinickel(I)
metalloradicals and activation of Hy and N».
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Chapter 3

Metal-Metal Cooperative Oxidative
Addition of Water Supported by
LEWIS Acid Interaction and
Dihydrogen Bonding

3.1 Oxidative Addition of Water

Water is a desired reagent for chemical reactions since it is ubiquitous, cheap, and
nontoxic. Therefore, it is not surprising to find several industrial applications uti-
lizing water, such as water-gas shift reaction, hydrocarbonylations of olefins, or the
HOECHST-WACKER process.'3!l Further, oxidative addition of water is potentially
relevant for solar energy conversion and storage by water photodissociation.32] All
these processes share the similarity of facing the challenge of cleaving the very stable
O-H bond (bond dissociation energy (BDE) = 119 kcal mol~'),13 leading to differ-
ent strategies to overcome this obstacle. That has been done by oxidative addition of
water to a transition metal complex, resulting in a splitting of water.'3# Upon cleav-
ing the O-H-bonds, a metal-hydroxido and a corresponding metal-hydrido bond
are formed. From a thermodynamic point of view, it is advantageous for oxidative
addition to take place when the newly formed M—-O and M-H can energetically
compensate the BDE of water. Further, thermodynamic gain from another mode of
interaction, e.g., water coordination, must be less beneficial.[1%! A further factor is an
entropic contribution which is expected to be unfavorable as an addition decreases
the number of free particles.[13¢]

Mechanistic investigations are usually carried out by theoretical calculations since
experimental information is often limited. Especially characterization of possible
hydrido/hydroxido products, even thermodynamically favorable, can be compli-
cated by possible decomposition reactions. For instance, hydrolysis of M—-H with
an excess of water yielding into a bis(hydroxido),[137] dehydration and formation
of bridging oxo-ligands, or unintended follow-up reactions of the potentially reac-
tive product.13] However, several reasonable proposals suggest how the oxidative
addition of water proceeds, see Scheme 3.1



40 Chapter 3. Metal-Metal Cooperative Oxidative Addition of Water Supported by
LEWIS Acid Interaction and Dihydrogen Bonding

[LnM—H]®+ oH®

-H
LM

LM === LM +H0 ok
"OH

[ LaM-OH ]®+ Ko

Scheme 3.1: Possible reaction pathways for the oxidative addition of water at a mononuclear
complex.[138]

In general, oxidative addition requires both a vacant coordination site at the metal
center and the availability of the Ox+2/2(Ox+1) oxidation state for a mononuclear/
dinuclear system. In order to provide a free binding site, it is necessary in some cases
to dissociate a ligand or to cleave a metal-metal bond to initiate dissociation of the
respective dimerized complex. The addition of water may proceed either in a con-
certed way by forming a three-center transition state (b) or stepwise. The stepwise
addition of water would either lead to protonation of the metal complex (a) or the
abstraction of hydroxide (c).'3¥! By thermodynamic considerations, it is possible to
exclude the option of direct abstraction of a hydrogen atom from water by late transi-
tion metals, since the gained energy for forming the M—H bond cannot compensate
for cleaving the O—H bond in water. Although this is different for early transition
metals in low oxidation states, especially for an odd electron center, almost every ex-
ample of oxidative addition of water deals with late transition metal chemistry (vide
infra). Even though most literature examples present the oxidative addition of water
to mononuclear complexes, there are dinuclear complexes as well, yielding to hy-
drido and hydroxido groups being bound to two different metal centers. There are
only a few rare examples of bimetallic ligand-linked complexes capable of oxidative
addition of water; more common are dimers bridged by a metal-metal bond which
is cleaved upon the addition of water.[138]

Another approach uses non-innocent ligand scaffolds, which have been employed
to split water by storing the H-atom equivalent on the ligand periphery while the
respective transition metal coordinates the resulting hydroxido group. One pincer-
based Ir complex IV exploiting this principle has been presented already in Scheme
1.3, but there are also more recent examples using early transition metals. Both of
the following complexes capitalize on metal-ligand cooperation, whereby they con-
tain fundamental disparities. Complex XIII in the upper line is a SCHROCK-type
carbene which can be assigned a formal charge of +II while compound XV in the
lower line bears a radical on the nitrogen, 3149 see Scheme 3.2. Although the O-H
bonds are successfully cleaved, the reaction displayed in the second line cannot be
classified as oxidative addition of water. Still, it can be described as homolytic cleav-
age of water.1*%] This example illustrates that the splitting of water may not only be
achieved by oxidative addition, but different reaction mechanisms are conceivable.
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Scheme 3.2: Addition reactions of water by Ni!! complexes. Top: PCcampeneP pincer nickel
complex XIII activating O—H bond.[3*! Bottom: High-spin Ni!! complex XV
splits water upon dimerization XVI.140]

As indicated above, the oxidative addition of water is not limited to mononuclear
complexes but has been shown for binuclear systems as well. Even if the reaction
mechanism is uncertain, the known examples can be categorized into two reaction
types. Both types have in common that the initial step is generating a free coordina-
tion site either by losing a ligand (Type I) or cleaving an M—-M bond (Type II). As a
consequence, Type I yields into bridging hydroxido and hydrido functionalities14!]
while Type II results in the formation of mononuclear hydrido and hydroxido com-
plexes, see Scheme 3.3:[138142]

LoL ™, OH
Type I: L M—ML, + H20 oL L M—ML
- A

Type ll: L)M—ML, + H,0 L.M—OH + H—ML,

Scheme 3.3: Possible reaction types for the oxidative addition of water at a dinuclear
complex.[38]

The oxidative addition of water of Type II for binuclear complexes has been reported
for a dimeric PNP pincer Pd(I) complex XVII. The exact reaction mechanism is un-
known, but three feasible options are imaginable. Either, initial attack of water on a
metal center or the M—M bond is cleaved, leading to dissociation into monomers. At
any rate, the addition of water results in monomeric hydroxido and hydrido Pd(II)
complexes, respectively, see Scheme 3.4:
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Scheme 3.4: Oxidative addition of water by a dimeric PNP pincer Pd! complex XVI,
resulting in monomeric hydroxido (XXII) and hydrido complexes (XXIII),
respectively.[142]

In summary, oxidative water addition has been shown for a diversity of transition
metal complex, whereby the literature is dominated by electron-rich systems coor-
dinating 4d or 5d transition metal as Pt0 [143] Ryy0 [144] pg! [142] RRWI145] g Tyl [146,147]
Even if it is not the focus of this work, it should be noted, for the sake of complete-
ness, that there are also examples of main group element compounds capable of
oxidative addition of water.14814°1 Nevertheless, there are no proven examples for
oxidative addition of water with an early transition metal. This circumstance can be
attributed to the earlier mentioned preference of alternative reaction pathways, e. g.
homolytic cleavage of water or inadvertent side/follow-up reactions are less likely
for late transition metals.[138]

3.2 State of Knowledge and Motivation

The oxidative addition of water is a challenging reaction, which has not been achieved
by 3d transition metal based complexes.[138] Nevertheless, the splitting of water was
carried out by different nickel complexes; admittedly, these reactions proceed via ho-
molytic activation and are exploiting metal-ligand cooperativity, see Scheme 3.2. An
alternative strategy to activate small molecules is based on metal-metal cooperativ-
ity (MMC). In this context, the previously described bimetallic nickel complexes 2K
and 3X are worth mentioning as they have proven their potential to activate various
small molecules.113-115119120] For the dinuclear Ni' dihydrido complex (2X), the ox-
idative addition is accompanied by the reductive release of Hy, which best describes
2K as a masked dinickel(I) synthon. Due to its ability to combine high reactivity
with the capability to stabilize substrates within the bimetallic pocket, the oxida-
tive addition of water will be investigated. Also, the reactivity of the corresponding
dinickel(I) complex 3¥ with water will be tested, offering the possibility to carry out
comparative experiments.

All nickel complexes based on the herein used ligand system L, including 2¥ and
3X, are both highly reactive towards moisture, which eventually results in the unde-
sired [LNi"! (u-OH)] (1°H) complex. However, it is evident that this reaction cannot
proceed in one step, but an intermediate must be formed beforehand, most likely by
splitting water into the respective hydroxido and hydrido units. This conclusion was
already made by MANZ,['8 who has partially characterized the presumed hydrido
hydroxido complex K[LNi5 (H) (OH)] (6). Even though the target complex could
be generated in situ by adding one equivalent of water at room temperature, the
isolation of this sensitive species was not achieved. Further, large quantities of 191
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and starting material were detected, which reduces the informative value. There-
fore, the reaction procedure must be optimized to avoid the formation of interfering
side products.

As illustrated in the preceding chapter, the potassium counterion has a profound
stabilizing effect on the hydrido ligands within the pocket of complex 2K. This was
illustrated by removing the alkali metal cation from the dihydride cleft by using
dibenzo-18-crown-6, which triggers the release of hydrogen, see Scheme 3.5, second
line.l"3] For that reason, the postulated species 6 will be treated with [2.2.2]-cryptand
to elucidate the influence of the K* cation on the H™ and OH™ ligands within the
bimetallic pocket. In this context, it is of interest if the substrate binding is reversible
when the stabilizing counterion is removed from the [LNi% (H) (OH)] ™ core, see the
upper line in Scheme 3.5. If that is the case, the role of the potassium cation would
be comparable to what was found for the dihydrido complex 2X. Consequently, it
could be assumed that 6 can be converted into a dinickel(I) species upon reductive
elimination of H,O. However, also an alternative scenario is conceivable. For exam-
ple, the peroxido complex was treated with dibenzo-18-crown-6 as well, which did
not lead to reductive O, release, 114! see the third line in Scheme 3.5.
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Scheme 3.5: First line: Treatment of 6 with [2.2.2]-cryptand and assumed reductive elimi-
nation of H,O. Second line: Addition of dibenzo-18-crown-6 to 2K and subse-
quent reductive release of Hy. Third line: Reaction of with dibenzo-18-crown-6
resulting into XV.
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Thus, the herein presented work aimed to isolate and characterize the hydrido hy-
droxido complexes 6 and 6-K(crypt). In cooperation with the MATA group, the ex-
perimental results will be supported by theoretical calculations. Further, the under-
lying reaction mechanism and the decomposition pathway will be investigated by
experimental and computational methods. An overview of the planned reactions is
given in Scheme 3.6, including the decomposition to [LNi"' (u-OH)] (1°H).
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Scheme 3.6: Reaction overview towards K[LNi} (H)(OH)] and subsequent abstraction of
the potassium counterion by [2.2.2]-cryptand.

3.2.1 Synthesis and Isolation

In the past, 2X to 6 was converted on the NMR scale by adding water at room
temperature.l'8 This attempt suffers from some disadvantages. First of all, the tar-
get complex is not stable at this temperature, which yields decomposition. Second,
at these conditions, a local high concentration of water results in the formation of the
hydroxido complex (1°H), while still unreacted hydride complex is left over. To cir-
cumvent these obstacles, a different approach was chosen. Two flasks were linked
via a three-way-cock, which was connected to a Schlenk line. One flask was filled
with approximately 5mL of water under an argon atmosphere and freeze-pump-
thaw-degassed three times. Afterward, the flask was filled with argon again and the
valve was closed, then the solution was slightly heated to ensure that the gas phase
is saturated with water. In the other flask, a solution of 2K in THF was frozen and
set under vacuum; after the gas phase was removed, the valve was closed. The solu-
tion was slightly warmed up to —60 °C, and the connection to the Schlenk line was
closed. Subsequently, the valves of both flasks were opened, which results in the
transfer of water via the gas phase. This process led to a color change of the reaction
solution from orange to yellow, completed within a few minutes. Under vigorous
stirring, solvent and unreacted water were removed in vacuo. Then, the flask was
warmed up to 10°C to ensure that even traces of moisture were eliminated. The
same experimental procedure was also carried out with the dinickel(I)complex 3
instead of the dihydrido complex 2K to identify potential differences in reactivity.
However, both reactions resulted in the formation of 6.
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Polycrystalline material of 6 could be obtained by redissolving the crude product in
2-Me-THF and layering the solution with hexane at —38 °C over two days. Several
attempts were made to isolate the target product as single crystalline material, in-
cluding the use of different solvent combinations and crystalization methods. Albeit
any impurities could be removed, only weakly scattering crystals could be obtained,
leading to a low-resolution structure:

Figure 3.1: Low-resolution molecular structure of 6. Non-coordinating solvent molecules
and hydrogen atoms are omitted for clarity.

The low-resolution structure of 6 supports the assumed formation of the hydrido hy-
droxido binding motif. In addition, the potassium ion is located between the flank-
ing aryl groups of the DIPP subunits, which indicates the presence of a negatively
charged ligand between the bimetallic cleft. Even though the ligands hosted in the
bimetallic pocket could not be definitely assigned, one oxygen atom could be de-
tected. However, due to the disorder of the hydroxido and hydrido groups between
the two nickel centers, the position of the oxygen atom could not be ascertained.

To investigate the potential interaction of the counterion with the hydrido and hy-
droxido ligands, the potassium ion was sequestrated with a cryptand. Adding [2.2.2]-
cryptand to a solution of 6 in 2-Me-THF results in an immediate color change from
yellow to red. Vapor diffusion of pentane to the reaction solution at —38 °C led to
the formation of single crystals of 6-K(crypt) suitable for X-ray diffraction, see Figure
3.2.
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Figure 3.2: Molecular structure (30% probability thermal ellipsoids) of the anionic part of
6-K(crypt) (first crystallographically independent anion). Solvent molecules and
hydrogen atoms are omitted for clarity.

Table 3.1: Selected bond lengths, distances, and angles of 6-K(crypt).

Bond length / A

Nil-N4
Nil-N1
Nil-N3
Ni2-N6
Ni2-N2
Ni2-N5
Ni1-O1
N-C*

1.880(7)
1.870(6)
1.892(7)
1.849(7)
1.865(7)
1.904(7)
1.859(8)
1.33825(10)

Distances / A Angle / °

Nil---Ni2 4.0803(13) N1-Nil-N4
N1-Nil-N3
N4-Nil-N3
N2-Ni2-N6
N2-Ni2-Nb5
N6-Ni2-Nb5
O1-Nil-N1
O1-Nil-N3
O1-Nil-N4

177.3(3)
83.4(3)
95.6(3)
178.8(3)
83.2(3)
96.3(3)
92.9(3)
168.1(3)
88.5(3)

The molecular structure reveals the expected bimetallic core with the two Nil! ions
hosted in the ligand’s tridentate {N3} compartments and bridged by the pyrazolato
unit, with a Ni---Ni separation of 4.0803(13) A. In addition, an oxygen atom is found
within the bimetallic cleft coordinated by solely one nickel ion. However, the struc-
ture determination’s quality was not sufficient to localize hydrogen atom positions
within the pocket. Further details are found in Section A.2.
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3.3 An Intramolecular Dihydrogen Bond

The hydrogen bond is an intermediate-range force of attraction between electron-
deficient hydrogen and a region of high electron density in the same or a separate
molecule, and its spectral criteria are well defined.l'*") Hydrogen bonding is om-
nipresent in nature; multitudinous examples demonstrate the importance of hydro-
gen bonding in enzymatic catalysis!!>!! or its crucial role in the structure and stability
of the DNA.'52] The dihydrogen bond (DHB) represents a particular case involving a
transition metal hydride or main-group hydride (M-H) and a protic hydrogen moi-
ety (H-X). Since its discovery, this specific kind of hydrogen bond was a matter of
intensive research, especially in organometallic chemistry.['®] The first evidence for
such kind of interaction was found by investigating the reactivity of boron hydrides
LBHj3 (L = Py, Et3DP,...) and Me3NBH,X (X = halogen).[154'155] Another system that
is potentially able to form a dihydrogen bond is complex 6. The positively polarized
hydrogen of the hydroxido group and the negatively charged hydride functional-
ity within the pocket should both be at a suited distance for interaction. If there
is such attractive bond formation, it should be possible to detect them by different
spectroscopically methods such as IR or NMR spectroscopy.

3.3.1 Spectral Criteria and Expected Distances of Dihydrogend Bonds

Numerous examples of dihydrogen bonded systems have been analyzed in the past,
making it possible to derive spectral criteria for this form of bonding in solution and
the solid state.[13156157] IR spectroscopy is highly suitable for detecting potential in-
teractions between the hydrogen atoms of interest since the minor changes can be
resolved. In general, the presence of a dihydrogen bond results in an elongation
of the proton-donating HX bond; consequently, the respective stretching vibration
appears at a lower wavelength. Mostly, this new band is wider, more intense, and
shifted Avxy = v??{’f‘ded — V;f{fle, of up to —450 cm~1.[133] However, in rare cases a
shift to higher frequencies is observed.[81%] In that case, the HX bond is strength-
ened, which results in a contraction of the bond.'®0! Therefore it is imperatively re-
quired to consider the associated metal hydride signal as well. If the respective M-H
stretching band is located at lower frequencies, the existence of a hydrogen bond is
demonstrated. Certainly, these observations only indirectly prove the formation of a
dihydrogen bond; direct evidence would be detecting a H --- H stretching vibration
vpn, which appears below —600 cm~1.11%3] Unfortunately, investigations in the low-
frequency range are often challenging due to the interference of many vibrational
modes in this region. Especially for large organometallic complexes, no observa-
tions of vy have been reported; however, simpler DHB complexes were described
in the literature.[161-163]

Another appropriate method for characterizing the interaction between the hydro-
gen atoms is NMR spectroscopy. Upon forming a dihydrogen bond, the respective
'H NMR signal of the HX group is shifted to lower field by 2 — 4 ppm.[156:164.165] [y
contrast, the hydride resonance is high-field shifted by 0.1 — 0.8 ppm accompanied
by a 1.5 — 3.0 fold decrease of its longitudinal relaxation time Tl,min.[166‘168] A fur-
ther parameter that can be derived directly from the 'H spectrum is the exchange
coupling Jyn. Both J-coupling and the hydride chemical shift dy are serving as an
indicator for the strength of interaction. For instance, the ruthenium trihydride com-
plex Cp*RuH3(PCy,) was treated with several proton donors; in line with the donor
strength and concentration, Jy and éy increased progressively.[16]
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An additional benefit offered by 'H NMR spectroscopy is the opportunity to de-
termine the H --- H bonding distance by carrying out NMR Inversion-recovery-
experiments, which has been done for inter-[170171] and intramolecular(!72173] di-
hydrogen bonds. However, due to the insufficient numbers of neutron diffraction
structures of dihydrogen-bonded transition-metal complexes, H---H distances are
either provided by NMR spectroscopy or computational investigations. Generally,
a distance less than 2.4 A, which corresponds to the sum of van der Waals radii
of two hydrogen atoms,[74l can be taken as an indication for a dihydrogen bond;
but there are also exceptions. For instance, systems such as Li—H-- -H-CUI7! and
C-H---H-AI""%I are exceeding this threshold but still show features typical for di-
hydrogen bonding. Furthermore, besides the distance, the bonding geometry of the
H°~ --- H*" —X unit is expected to be almost linear; large divergences can be ascribed
to additional interactions or weak hydrogen bonding.'””7-17°l In conclusion, five cri-
teria for evaluating the presence of DHB can be considered in the present system:

¢ Nuclear Overhauser effect (NOE)

Upfield/Downfield shift of the hydride/hydroxido 'H NMR signal

Redshift of the vop and vni—p stretching vibrations

H --- H distance below 2.4 A

Linear disposition of the O—H---H unit

The last point, as well as the detection of an H --- H stretching vibration, would serve
as a particularly strong indication for the presence of hydrogen bonding. However,
these data are often not experimentally ascertainable.
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3.3.2 Investigation by Infrared Spectroscopy

To investigate the assumed dihydrogen bond of complex 6, IR spectroscopy was
used. First, 2K was treated with H,O, resulting in the formation of 6. The same
reaction was repeated with D,O yielding the corresponding deuterated complex 6-
DOD. The absorption bands at 3409 and 1891 cm ! could be assigned to the O—-H
and Ni—-H units’ stretching vibration, see Figure 3.3. The corresponding OD group
was identified in the IR difference spectrum (Figure 3.3, inset) at 2531 cm ! (calcu-
lated via the harmonic oscillator approximation: 2481 cm™!), while the Ni—D band is
assumed to be in the fingerprint region (calc.: 1348 cm~!). These results substantiate
the assumption of reductive water splitting into the corresponding hydroxido and
hydrido ligands.

| 2531

3409 Ni—OD 1891

Ni—OH Ni—H ’
|

w'r"“v % ‘ﬁrﬁ"’,,‘ l "‘(lﬁh' ﬁJH

‘“‘“\/"‘* T |
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3500 3400 281?0 2_6100 2400 6-DOD
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Figure 3.3: ATR-IR spectrum of K[LNiX (H) (OH)] (6) and K[LNi}](OD)(D)] 6-DOD, and
difference spectrum of the region of interest (inset).

Additionally, 6-K(crypt) was investigated by IR spectroscopy, see Figure B.5. This
complex offers the advantage that no interaction between the ligands within the
pocket and the potassium cation should be present. Since the neutral hydroxido
complex [LNij (u-OH)] (1°H) has no counterion, it is reasonable to contrast these
two complexes to elucidate the interaction between the two hydrogens within the
bimetallic cleft. Therefore, the band positions for the O—H stretch of the respective
hydroxido groups of 6-K(crypt) and the hydroxido complex 1°H were compared.
The formation of a dihydrogen bond results in a band shift of Avog = —152cm™!
(6-K(crypt): vo_pg = 3456 em ™ 19H: y5 1 = 3608 cm ™! caused by an elongated
O-H bond. For a better overview, all results are assembled in Table 3.2.
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Table 3.2: Compilation of the relevant IR data and comparison with the literature.

Complex  vog/cm™! wyp/em™! Avog/em™!  Avnipg/cm!
10H 3608
2K 1961
6 3409 1891 —199 —70
6-K(crypt) 3456 1871 —152 —90
Literaturel1>3 < —450 lower

To conclude, the obtained redshifted stretching vibrations of the O-H group in-
dicates the formation of a dihydrogen bond. Accordingly, the respective Ni-H
stretches appear at lower frequencies for both complexes (6 and 6-K(crypt)). Nev-
ertheless, it remains unclear in which case the hydrogen bond is more pronounced
since the stretching vibration of the hydroxido unit is larger for complex 6, whereas
the hydrido group is found at lower wavenumbers for complex 6-K(crypt). Also,
DFT calculations could not resolve these ambiguities since the dihydrogen bonding
stretching frequency could not be identified. Although they matched the experi-
mental spectra reasonably well, the inherent uncertainty is too considerable for a
definitive conclusion, see Section B.2.3. However, an alternative approach to deter-
mine the strength of the dihydrogen bond is discussed in Section 3.3.5.

3.3.3 Characterization by NMR Spectroscopy

In-depth characterization was carried out by NMR spectroscopy focusing on the
hydroxido and hydrido groups within the bimetallic cleft. Following the previously
described procedure, 2% (0n;_p = —24.16 ppm) was treated with an excess of water
to yield complex 6 (compare Section 3.2.1 for details). This approach was successful
since no significant amounts of the decomposition product 1°H (6o = —7.26 ppm)
or starting material were detected in the 'H NMR spectrum, see the bottom line of
Figure 3.4. All peaks could be assigned in the 'H NMR spectrum, see Figure 3.4.
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Figure 3.4: 'H NMR spectrum of 6 at —40°C in THF-dg include numbering scheme. Top:
Assignment of the peaks corresponding to the ligand scaffold (L). Bottom: The
inset shows the respective signals for the hydroxido and hydrido groups.

The "H NMR spectrum of K[LNiy(H)(OH)] (6) shows two sharp doublet reso-
nances (Jyg= 6.0 Hz) at —1.90 and —25.73 ppm, which can be assigned to the O—H
and the Ni—H protons, respectively. Comparing hydride resonance of 6 with the
corresponding dihydrido complex 2¥ shows a doublet with lower chemical shift
(Aéni—n = —1.57ppm). The observed coupling proves the correlation between
the negatively charged hydrido ligand and the positively polarized hydroxido pro-
ton. The comparable 'H NMR spectrum of 6-K(crypt) reveals two doublets (dorg =
—245ppm; éni—g = —24.79 ppm) with a lower coupling constant of Jyp= 4.5Hz
as for complex 6. These results substantiate the hypothesis that the potassium ion
is interacting with the ligands within the pocket. Further, it is possible to evaluate
the extent of attraction between the hydrogen atoms. As stated above, the strength
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of the dihydrogen bonding correlates with the coupling constant [, which would
mean that the dihydrogen bond is weakened in the absence of the potassium coun-
terion (AJyp= 1.5 Hz).

Keeping in mind that the potassium counterion is most probably located between
the aryl rings, interacting with negatively charged ligands (Figure 3.1), a comparison
between 6-K(crypt) and the related hydroxido complex (1°H) should eliminate inter-
fering side effects. The hydroxido ligand in 6-K(crypt) is considerably less shielded
than the respective hydroxido group in 1% (Adoy = 4.82 ppm). Comparing these
findings with the criteria listed above allows evaluating if a dihydrogen bond is
present.
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Figure 3.5: Superimposed 'H NMR spectra of 2K, 6 and 6-K(crypt) at —40°C in THF-dg.
Only the signals of the hydroxido and hydrido ligands are shown and labelled.

Table 3.3: Compilation of the relevant NMR data and comparison with the literature.

Complex dou/ppm Su/ppm Adon/ppm  Adu/ppm  Juu/Hz
10H —7.27
2K —24.16
6 —-1.90 —25.73 5.37 —-1.57 6.0
6-K(crypt) —2.45 —24.79 4.82 —0.63 4.5
Literaturel156:164-168] 2—-4 —(01—-0.8) 2—4

In conclusion, the determined upfield shift of the hydride resonance and the ac-
companying low field shift for the hydroxido 'H NMR signal (Table 3.3), indicate
a dihydrogen bonding (DHB).'>3l However, it is crucial to note that the hydroxido
and hydrido groups of complex 6 and the two hydrido groups of 3¥ interact with the
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potassium ion, which complicates a simple comparison. Additionally, the hydroxido
unit of [LNi5 (u-OH)] (1°H) and 6 are exhibiting a divergent binding mode. Despite
these circumstances, the signals of interest follow the expected trends. Nevertheless,
to figure out whether the two protons of interest are linked by a chemical bond or
coupling occurs through space, the usage of 2-D NMR spectroscopy is required.

In agreement with the observed coupling in the 'H NMR spectrum, 'H, 'H COSY
spectrum shows the coupling between the two doublets mentioned above. How-
ever, the displayed extract of the 'H,'H-NOESY spectrum of 6 (Figure 3.6 (left)) in-
dicates a cross-peak correlation between the hydrido and hydroxido signals prov-
ing a through-space correlation and serve as evidence for the presence of dihy-
drogen bonding.® Chemical exchange peaks must have the same sign as the di-
agonal peaks; in contrast, opposite signs are predicted for NOE peaks for small
molecules.!8!l As expected for the higher molecular mass of 6-K(crypt), the cross-
peaks share the same sign as the respective diagonal peaks.
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Figure 3.6: 'H,'H NOESY spectra of 6 (left) and 6-K(crypt) (right). Only the regions of inter-
est are displayed.

3.3.4 OH---H Bonding Distance Determinations

As stated above, the distance between the hydrogen atoms serves as a criterion for
hydrogen bonding and gives an indication of its strength. Thus, the intermolecu-
lar OH-:--H distance ( r(H --- H)) was determined by NMR inversion-recovery (IR)
experiments, assuming that the relaxation time T; is dominated by proton-proton
dipole-dipole interactions, according to the equation:[18?!

1
o Tl,min 6
r(H-H) = 5815 ( == 3.1)

As the relaxation time T; directly depends on molecular mobility, it is regularly
possible to determine minimal relaxation times T7 min for relatively bulky molecular
systems even in non-highly viscous solvents. Furthermore, while the molecular mo-
tion correlation time 79 depends on the temperature, the desired minimal relaxation
time T} min can be defined by variable temperature 'H T; experiments.!'83] There-
fore, relaxation times T; were determined at varying temperatures, locating T; min at
—30°C.
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Figure 3.7: NMR inversion-recovery-experiment at —30°C in THF-dg; only the regions
around the hydroxido (—1.90 ppm) and hydrido (—25.73 ppm) resonances are
shown.

To accurately determine T min,['®* complex 6 was partially deuterated by treating
2K with HDO. Therefore the same experimental procedure as previously described
was applied. However, this time, a mixture of HO/D,O in a ratio of 10/90 % was
used instead of water. To ensure that most of the H,O was converted to HDO, the
mixture was warmed up and stirred for one day. As a result, three isotopologues
are formed, but only the partly deuterated species are of interest, see Scheme 3.7.
As a result of the excess of D,0, mostly the deuterated species K[LNij (OD)(D)]
is formed, which did not appear in the 'H NOE spectrum. Notwithstanding, it was
tried to ensure that no unlabelled complex is formed, small signals are visible but
still sufficiently displaced to be able to assign all species clearly, see Figure 3.8.
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Scheme 3.7: Reaction of K[LNiJ(H),] with a mixture of HyO/D,O in a ratio of 10/90 %,
resulting in 6 and its isotopologues. The associated signals in the 'H NMR
spectrum are listed below the respective complex.
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Figure 3.8: 'H NMR spectrum of the labeling experiment. The inset shows the respective
signals for the hydroxido and hydrido groups.

The relaxation time was computed using the following equation, where the factor
compensates for the residual dipolar coupling of the deuterium nucleus:8’!

1 1 1
= — -0.96 3.2
T i <TfIOH T1H0D> (3.2)
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Figure 3.9: NMR Inversion-recovery-experiment at —30 °C in THF-dg. The singlets could be
assigned to the partly deuterated hydrido hydroxido species 6 (4-, 0). The small
doublets x are matching with the non-deuterated complex.

Hence T7 min was determined as 0.44s. Combining this finding with the given fre-
quency of v = 500.25 MHz according to Equation 3.1, the bonding distance is deter-
mined as 1.78 A. A detailed overview of all results and theoretical background of the
NMR Inversion-Recovery-Experiment is provided in Section 5.2.2.

A different approach to calculate the OH---HNi separation is from NOE data us-
ing the so-called "Tsolated-Spin-Pair-Approximation" (ISPA).['¥! By comparison of
the fraction of normalized intensities of a pair of NOE signals I with the associated
ratio of their internuclear distances (r). The desired interspace rq of the hydroxido
and the hydrido protons can be calculated following the equation:[186187]

= ‘ ~
N ov= | o=

(3.3)

|

Since the needed integrals are known from the 1'H 'H-NOESY spectrum, only one
distance is required to calculate the unknown H---H separation. Thus, a proper
reference length r; is found between the pyrazolate—H* proton and the averaged
proton positions of the methylene linker unit, see Figure 3.8. This value was either
derived by DFT calculations or in the case of 6-K(crypt) from the molecular structure
determined by X-ray diffraction.
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Scheme 3.8: Simplified sketch of 6 with indicated H---H separation r; (green) and reference
distance 7, (blue) between the pyrazolate—H* proton and the averaged proton
positions of the methylene linker unit.

With these data in hand, the unknown interatomic H---H distance was derived as
1.63 A for 6 and 1.68 A for 6-K(crypt). A detailed description of the "Isolated-Spin-
Pair-Approximation" (ISPA) is given in Section 5.2.3.

In order to gain a deeper understanding of the experimental results, theoretical cal-
culations were carried out by ANTON ROMER. Firstly, structures of both complexes
6 and 6-K(crypt) were optimized by DFT calculations. Particular attention was paid
to the H --- H distance within the pocket. Therefore, molecular dynamic (MD) sim-
ulations were performed, which resulted in greater H---H distances as the values
derived by the DFT optimized structures, compare Section C.3.1. In addition, the
influence of the solvent on the hydrogen separation within the bimetallic cleft is
noticeable. An overview of all distances, including the distances derived by DFT
computations, is given in the following table:

Table 3.4: Determined H---H distances of 6 and 6-K(crypt) by NMR methods and DFT cal-

culations.
methode DFT opt. struc. MD ISPA NMRIR
complex H---H distance / A
6 1.58 193 1.63 1.78
6 + one THF mol. 1.58 1.66
6-K(crypt) 1.53 1.77  1.68

By comparing the H---H distances of the optimized structures with each other, al-
most no differences are observable. However, these results show the same trend as
the MD simulations; in both cases the H---H interspace reduces if the potassium ion
is removed by [2.2.2]-cryptand. In contrast, the H:--H separation derived by the ISPA
method, shows the opposite behavior; however, the disparity is marginal. Finally,
the H---H distance determined by NMR Inversion-recovery is found in between of
the values derived by MD simulations and the ISPA method. To conclude, regard-
less of the choice of method, all H---H distances are below 2.4 A, which supports the
hypothesis that a dihydrogen bond has formed.

Further computational investigations were carried out to characterize the interac-
tion between the hydroxido and hydrido groups. For instance, the energy of the
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hydrogen bond should be approximated, which cannot be directly determined ex-
perimentally for the herein presented complexes 6 and 6-K(crypt). In addition, the
exact reaction mechanism is of interest, with a particular focus on metal-metal coop-
erativity and the potential mediating role of the potassium ion.

3.3.5 Computational Analysis of the Dihydrogen bond

The calculated and the experimental distances of the O—H---H unit in 6 have been
interpreted in the previous section and are listed in Table 3.4. However, the dis-
tance is only one important pointer; the other crucial characteristic is the angle of the
O-H---HNi fragment. Following the definition of hydrogen bonding, the X-H---Y
unit is ideally linear but at least above 110°; further, the closer the bonding angle
reaches 180°, the stronger and shorter the hydrogen bond is.[1°l The H---H distance
and the corresponding O—H:--H angle in 6 can be determined by DFT calculations,
however, it is not possible to derive the energy of the dihydrogen bond by this pa-
rameters. Therefore, an indirect method was employed to approximate the energy
of the hydrogen bond. This was done by comparing two different configurations
of 6. The first one is the DFT optimized structure of 6, serving as a reference point.
The second configuration must include an O-H---H angle where no interactions
between the hydrogen atoms of interest are expectable. Provided that all other inter-
actions remain unchanged, the DFT calculated energy difference between these two
configurations corresponds to the energy of the hydrogen bond.

First, the optimized structure of 6 (Section C.2.1) was taken as a reference point.
The energetic profile of this rotation in steps of 30° is displayed in Figure 3.10. Upon
reaching an angle of 180°, the orbital interaction is identical to 0°. Therefore the rela-
tive energy value at this point was assumed to indicate the energy of the dihydrogen
bond. The ground state is placed at 0°; however, it should be noted that the torsion
angle H-O—Ni—N is strictly speaking 177°. The energy profile is antisymmetric
due to the initial angle of the O—H---H unit at the starting point of the simulation.
Due to the angle of 132° of the O-H---H fragment, the hydrogen of the hydrox-
ido group approaches the hydrido ligand by turning the torsion angle H-O—Ni—N
counterclockwise, see Figure 3.11. Furthermore, other factors need to be considered,
such as the repulsion energy between the DIPP groups or the influence of the potas-
sium ion.
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While turning the O—Ni bond counterclockwise, a 19.0kcalmol ™! high barrier is
found at —120°. The angle of interest is reached at —180° with a relative energy of
10.5kcal mol ~!. However, this value corresponds not exclusively to the strength of
the dihydrogen bond, but other contributions must be taken into account as well.
First, the influence of the potassium cation was approximated by carrying out the
same calculation without the alkali metal, leading to structure 6—K (red line). By
doing so, two differences were identified. First, the torsional barrier is lower and
was determined as 15.2kcalmol . Second, the energy profile differs only slightly
depending on the rotational direction of the torsion angle and delivers a relative en-
ergy of 13.2kcal mol ! at —180°. The other factor is the sterical effect of the DIPP
groups. To ensure that the rotation was unhindered, each of these units was re-
placed by a hydrogen atom (6’), and the calculation was repeated (blue line). The
simulated rotation along the Ni—O axis of 6" delivered comparable results; how-
ever, the slope of the curve is flattened, but the barrier height is not significantly
changed (13.6 kcal mol ! at 180°). However, this calculation has to be interpreted
with caution because the position of the potassium ion has to be fixed to hold it in
position. Otherwise, it would have profoundly changed its position in the absence
of the stabilizing effect of the aryl rings. To conclude, upon reaching a torsion an-
gle of 180°, an energy difference around 11 kcalmol ' is determined, which would
represent a reasonable value for a dihydrogen bond.[15%188]

3.4 Reaction Mechanism

The possible reaction mechanisms for the oxidative addition of water have been dis-
cussed in detail in Section 3.1; further, two examples of nickel complexes capable of
splitting water were presented. Though these systems did not split water by an ox-
idative addition, this reaction type was reported exclusively for late transition met-
als. However, the herein presented bimetallic nickel precursor complexes 2K and 3K
are incomparable with the systems reported in the literature. The most prominent
distinctions are, on the one hand, the two nickel centers in a suited distance to each
other, enabling metal-metal cooperativity, and on the other hand, the potassium ion,
which is located in close proximity to the active site. The second feature is partic-
ularly essential in this context since the reaction does not proceed if the counterion
is removed from the DIPP cleft by DB18C6. This was verified by a control reaction.
When complex [K(DB18C6)][LNiz] (3’) is exposed to H>O, not the desired target
complex 6 is formed but only 1°H. Thus, even though the role of the LEWIS acid is
ambiguous, it must have an essential impact on the reaction mechanism. The suited
metal-metal distance and the presence of a LEWIS acid close to the bimetallic cleft
are two factors affording a coordination sphere, which enables the splitting of water
into the respective hydroxido and hydrido fragments.

In the literature, a few bimetallic complexes are presented, which are categorized
into two different classes. Some similarities are revealed by comparing the reaction
of 2K with water with the reaction mechanism Type I or Type II, see Scheme 1.11.
Both reactions yield in the splitting of H,O; however, either the hydroxido is coor-
dinated by both metal centers (Type I) or the bimetallic complex disintegrates into
mononuclear subunits (Type II). In contrast, complex 6 does not feature a bridging
OH-unit within the pocket, but both ligands are solely coordinated to one nickel
center. Another disparity is found in the absence of an M—M bond, neither for the
dinickel(I) complex 3X nor for the hydrido hydroxido complex 6. In addition, for no
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system in the literature dealing with the oxidative addition of water at a transition
metal complex has been reported the interaction with a LEWIS acid or the subse-
quent formation of a dihydrogen bond.

To illuminate the reaction mechanism, DFT calculations were carried out, details are
found in Section C.3. As a starting point, the dinickel(I) complex 3% and one water
molecule placed nearby the pocket was chosen (MIN1). Starting from a bimetal-
lic Ni' complex is a valid assumption since it has been proven that the dihydrido
complex 3 serves as a masked Ni! synthon. Moreover, it has been shown experi-
mentally that both complexes 2K and 3X react with H,O to form 6, see Section 3.2.1.
Additionally, the potassium ion was placed between the aryl rings as a starting point
for the calculation. This modification was necessary since otherwise, no transition
state was found. A DFT optimized structure of 6 was taken as the endpoint of the
reaction pathway (MIN2). For a first approximation of the reaction pathway, MIN1
and MIN2 were taken as starting and endpoint, respectively, of a nudged elastic
band (NEB) calculation. After further optimization steps, the transition state TS
was located; and the final energy levels of MIN1 and MIN2 were determined. The
proposed reaction mechanism is displayed in Figure 3.13, including all relevant dis-
tances and angles, see Table 3.5.
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Figure 3.12: Simplified sketch of MIN1 and TS. Relevant interactions are indicated by
dashed lines.

Table 3.5: Selected distances and angles of MIN1, MIN2, and TS derived by DFT calcula-

tions.
MIN1 TS MIN2 MIN1 TS MIN2
Distance / A Distance / A
H(1)---O 1.00 098 099 Ni2--H(1) 347 336 231
H(2)---O 1.00 1.14 2.40 Ni(2)---H(2) 2.26 1.85 1.46
H(1)-- H(2) 153 164 163 KO 269 259 251
Ni(1)--- 3.14 210 1.85 K---H(1) 2.97 3.33 2.69
Ni(1)-- H(l) 227 249 230 K---HQ) 297 272 266
Ni(1)---H(®2) 3.34 2.70 3.46 K..-DIPP* 2.87 282 294
Ni(1)---Ni(2) 4.24 408 4.17
Angle / © Angle / °
Ar—Art 40.4 19.7 221 O—H(1)-H2) 399 42.0 131.9

T Angle between the aryl rings
* Averaged distance between the potassium ion and the aryl centroids
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Figure 3.13: Proposed reaction mechanism of the oxidative addition of water towards the
hydrido hydroxido complex 6.

In MINT1, each hydrogen atom of the water molecule points towards one Ni! cen-

ter at approximately the same distance of 2.3 A, see Figure 3.12 and Table 3.5. This
alignment is promoted by the suited Ni---Ni distance and the additional interaction
of the oxygen atom with the potassium ion. While the water molecule approaches
the bimetallic cleft, the oxygen atom approximates Ni(1), whereas the hydrogen
atom H(2) reduces its distance to Ni(2). Furthermore, the K---O distance decreases,
which is followed by a reduced angle of the aryl rings. When the H(2)—O bond
is located between the nickel centers, the transition state (TS) is reached, which is
9.7 kcal mol ! energetically uphill. Interestingly, the water molecule’s bond length
and angles did not change significantly between MIN1 and TS. However, this changes
along the pathway from the transition state and MIN2. The O—H(2) bond break-
ing is accompanied by an electron density transfer from the Ni! ions to the water
molecule. Consequently, a hydroxido and a hydrido ligand have formed accompa-
nied by the formal oxidation of both nickel centers from Ni! to Nill, leading to the
energetically favored minimum (MIN2).
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To summarize, the oxidative addition of water at the dinickel(I) complex (3X) is fa-
cilitated by two circumstances. First, the Ni(1)-Ni(2) distance promotes metal-metal
cooperativity, and second, the attractive interaction of the potassium ion with the
oxygen of the water molecule. The importance of the alkali metal was also recog-
nized experimentally. In agreement with the experimental observations, the reaction
does not proceed if the counterion is separated from the complex anion by cryptand.
In contrast, 3’ decomposes to the hydroxido complex (1°H) in the presence of HyO
at T > —30°C. These findings were also substantiated by single point calculations
of MIN1 and MIN2 without the potassium ion resulting in significantly higher bar-
riers. Further, no transition state was found in the absence of the cation. It is also
worth mentioning that the reaction proceeds exergonic. Even though the stabiliz-
ing effect of the formed dihydrogen bond H(1)---H(2) could not be evaluated sep-
arately within the NEB calculation, the strength of this interaction was determined
as roughly 11 kcal mol ™! in the previosuly chapter and contributes to the stability of
MIN2.

3.5 Decomposition Mechanism

Due to to the thermal instability of 6, the synthesis and the characterization of 6
were performed at —35°C or lower temperatures. At higher temperatures, follow-
up reactions were observed. To better understand this decomposition reaction, NMR
experiments were carried out. Furthermore, the stabilizing influence of the potas-
sium ion was of interest; thus, comparison experiments using 6 and 6-K(crypt) were
conducted. A few decomposition pathways are discussed in the literature, e.g., hy-
drolysis of the hydrido ligand M—-H with excess water accompanied by the loss of
H, are conceivable.['8] In this context, an example given by MILSTEIN et al. is worth
mentioning.”!] The previously described hydrido hydroxido complex V in Scheme
1.3, reacts with an excess of water to the corresponding dihydroxido complex under
the release of Hy:

H H OH
H ‘7P‘Bu2 H ‘7PtBu2
RG—CO HOH 7 X RO—OH
/ —Ha =/
NEt, NEt,
OH CO
\" XXIV

Scheme 3.9: The hydrido hydroxido Ru!' complex (V) reacts with H>O at 100 °C to the cor-
responding cis dihydroxido complex (XXIV) under the release of H.

The hydrido hydroxido complex 6 (x) is stable under inert conditions and at low
temperatures; however, decomposition becomes visible from temperatures above
—30°C. In contrast, complexes 2X and 2M do not show any transformation even at
room temperature. The decomposition of complex 6 was monitored by 'H NMR
spectroscopy over 72 hours at room temperature in THF-dg. Based on their char-
acteristic signal in the 'H NMR spectrum, all but the last species could be clearly
assigned. Over the entire period, no formation of Hy (6{'H} = 4.55 ppm)!'®! was
detected. However, it is likely that H,O has formed. Substantiating this hypothe-
sis is the evolution of a new broad peak at 2.70 ppm, which is assumed to be water
(6{'H} = 2.46 ppm in THF).['¥]
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The resulting decay products are labeled in Figure 3.14. The most dominant species
is the hydroxido complex 198 (%), which has been frequently observed as a decom-
position product and is already present in minor amounts in the initial spectrum.
For example, at room temperature, 2X and 2M react with traces of water to form the
same decomposition product (1°H). However, during this experiment, it is surpris-
ing to monitor the evolution of 1°H since the spectrum was recorded in anhydrous
THEF-dg. This finding supports the theory, that the broad at 2.70 ppm is indeed wa-
ter, which further reacts with the other complexes. The other detected species is the
dihydrido complex 2K in very small amounts after 24 hours. Finally, an unknown
compound ((+)) arose with a similar chemical shift as 190 After 48 hours, this
species became visible and was even more dominant after the third day (72 hours).
Notably, no paramagnetic species were observed, which could have indicated the
formation of a Ni! species. However, the change of the integrals does not provide
any indication for a simple decomposition pathway. Therefore investigations were
carried out to elucidate the influence of the potassium and the hydrogen bond and
will be discussed in the following.
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Figure 3.14: 'H NMR spectra of 6 at room temperature in THF-dg. The decomposition of the
complex was monitored over 72 hours. The first spectrum represents the initial
spectrum. The respective species are labeled according to: 6 (x); 2K (o); 1°H
(%); and an unknown species (+).

The role of the potassium ion in the reaction mechanism has been discussed in the
previous section. Therefore, it can be assumed that it is involved in the decay re-
action as well. Thus, the decomposition of complex 6-K(crypt) was monitored as
well by 'H NMR spectroscopy at room temperature. The same decay products as
in the previous experiment were observed, except the unknown species ((+)). Ad-
ditionally, the reaction was completed much faster. Consequently, the experiment
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was repeated at lower temperatures to ensure that possible intermediates were de-
tected. Interestingly, it was found out that 6-K(crypt) already started to decompose
slowly at —30 °C; for that reason, the temperature was held constant at this point.
This extraordinary temperature sensitivity was not observed before since 6-K(crypt)
is crystalizing rapidly and is stable in the solid state. While this circumstance fa-
cilitated the isolation of this species, it has a detrimental effect on long-time experi-
ments. Throughout the investigation, the compound crystallized in the NMR tube,
leading to smaller intensities in the 'H NMR spectrum, which restricted the obser-
vation period to two hours. Nonetheless, the formation of a paramagnetic species
was detected at —30 °C, see Figure 3.15.
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Figure 3.15: '"H NMR spectrum of the decomposition of 6 at —30°C in THF-ds.

Even though it appears to be reasonable that an analogous dinickel(I) complex like
[K(DB18C6)|[LNiz] (3’), has been formed under dehydration, the NMR signals are
not matching exactly. Albeit the peak pattern resembles that of 3X, see Figure 2.3.
However, in contrast to the previously shown 'H NMR spectra in Figure 3.14 the
characteristic broad band of water could not be detected in Figure 3.15. This could
be explained by the interaction of water with the presumed in situ formed dinickel(I)
species and the different temperatures of this measurement.

To conclude, the decomposition of 6 and 6-K(crypt) was investigated, revealing
significant differences depending on whether the potassium ion is located near the
bimetallic pocket (6) or chelated by [2.2.2]-cryptand (6-K(crypt)). First, the decom-
position of complex 6 was observed at higher temperatures as for 6-K(crypt) (—10°C
vs —30°C). Second, during the decomposition of 6 an unknown species and the pre-
sumed evolution of water were detected, which were both not observed during the
decay of 6-K(crypt). Instead, a paramagnetic species has formed, which is most
likely a dinickel(I) species. Even though it is not possible to derive a precise reaction
mechanism for the decomposition of 6, one potential pathway will be discussed in
the following. A reasonable starting point is the reductive release of H,O, which
would result in the formation of 3X and free H,O, which then can react with 6.
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The hydrido hydroxido complex 6 does not react with HO at temperatures below
—30°; however, this is different at r.t. Even though no dihydrogen was detected, it
can be assumed that H,O reacts with the hydrido group of 6 to form a dihydroxido
complex (2HOOH) under the release H,. This reactivity would be comparable to the
reported example mentioned above, see 3.9. The most reasonable explanation why
no H, was observed is that it instantaneously reacts with 3K to the dihydrido com-
plex 2K. The postulated dihydroxido complex (2HOOH) would represent a potential
intermediate, which might show a comparable resonance for the hydroxido groups
in the 'H NMR spectrum as the hydroxido species (1°H) and is therefore assumed
to be the unknown species (+) in Figure 3.14. Eventually, this complex decomposes
to 1°H. The proposed decomposition mechanism is displayed below:

R s

\w/

2HOOH

H.0 | H20

Scheme 3.10: Proposed decomposition mechanism of 6.

The decomposition for 6-K(crypt) may proceed comparably. However, since no H,O
nor the assumed 2HOOH complex were observed during the decay reaction, it is ques-
tionable to derive a mechanism. The absence of the stabilising influence of the potas-
sium ion likely results in faster decomposition of all involved dinickel complexes,
except for 1°H. Furthermore, it was impossible to monitor the decomposition reac-
tion over such a long period as for 6.
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3.6 Conclusion and Outlook

Only a few complexes are capable of splitting water via oxidative addition; they
mainly bear 4d or 5d transition metals!'*>147] or exploit non-innocent ligand scaf-
folds.[139140] In this case, an alternative strategy to overcome the O—H bonds’ chal-
lenging high bond dissociation energy using a bimetallic system capitalizing on
metal—metal cooperativity has been established. Thus the oxidative addition of wa-
ter at a masked dinickel(I) complex 3¥ or the discrete Ni! complex 3¥ resulting in
a hydrido hydroxido complex K[LNi% (H) (OH)] was presented. Additionally, the
potassium cation of 6 was removed by [2.2.2]-cryptand, yielding 6-K(crypt). Even
though both complexes are very sensitive to moisture and higher temperatures, they
were both successfully isolated and characterized by several spectroscopic methods
including, X-ray crystallography.

Characterization by IR and NMR spectroscopy revealed a reductive splitting of H,O
into the respective hydrido (H™) and hydroxido (OH™) units coordinated by one
nickel ion each. Identification of the individual ligands by 'H NMR spectroscopy
revealed two through space coupled doublets (Jup = 6.0Hz) in the expected re-
gion for hydroxido (dJog = —1.90 ppm) and hydrido (dg = —25.73 ppm) groups,
respectively. In order to determine the intramolecular hydrogen distances, T; relax-
ation times were determined by NMR-inversion-recovery experiments; in addition,
NOE spectroscopy was conducted, revealing that both hydrogen atoms are in close
proximity to each other, enabling hydrogen bonding interaction. Isotopic labeling
experiments with D,O/HDO and the reaction with previously reported dinickel(I)
complex 3¥ provide strong support that indeed water was split. Efforts have been
undertaken to elucidate the role of the potassium ion by removing it from the coor-
dination sphere with [2.2.2]-cryptand. The resulting complex 6-K(crypt) was thor-
oughly characterized and contrasted with 6, demonstrating the impact of the coun-
terion on the ligands within the bimetallic cleft. Further, the reaction mechanism is
thoroughly investigated by computational studies to provide a more detailed un-
derstanding of possible reaction pathways, with a particular focus on the potential
mediation by the potassium counterion.

The spectroscopic results can be rationalized by assuming an intermolecular dihy-
drogen bond between the hydridic Ni-H and the hydroxido proton Ni-OH. Addi-
tionally, the strength of the dihydrogen bond was approximate by DFT calculations.
Further, the hydroxido and hydrido groups are in suited proximity to interact with
the potassium ion. This arrangement and the accompanied stabilizing effect by the
electron density withdrawing counterion are known from previous investigations of
3K In this context, the reported reductive release of H, from the dihydrido complex
3K if a crown ether removes the potassium ion from the DIPP cleft, resulting in 3’,
revealed parallels to the herein presented work, see Scheme 3.11. In both cases, a
dinickel(I) complex has formed; however, for complex 3¥ it was necessary to keep
the sample at room temperature and to apply vacuum to achieve complete conver-
sion to 3".[113] In contrast, 6-K(crypt) transforms into a dinickel(I) species in THF at a
temperature of —30°C.
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Scheme 3.11: First line: Treatment of 6 with [2.2.2]-cryptand and reductive elimination of
H,O. Second line: Addition of dibenzo-18-crown-6 to 3X and subsequent
reductive release of Hy.[113]

Furthermore, mechanistic investigations by DFT computations elucidate the potas-
sium ion’s additional role. The alkali metal stabilizes 6 but further mediates the
reaction process, representing a unique example of the oxidative addition of water
involving a LEWIS acid. All these factors together enable the metal-centered ox-
idative addition of water by a 3d transition metal complex. Further investigations
should focus on elucidating the decomposition mechanism. First attempts have al-
ready been made by NMR spectroscopy; however, the isolation of the assumed di-
hydroxido complex (2HOOH) or labeling experiments would support the proposed
decomposition mechanism. For example, according to Scheme 3.10, the treatment of
6 with D,O should result in a deuterated version of 2K and 2HOOH. These complexes
should be easy to identify by 2H NMR spectroscopy.
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Chapter 4

A Dinickel Phosphaketene
Complex for the Synthesis of
Novel Phosphorous Compounds

4.1 The Chemistry of the Phosphaethanolate Anion (PCO")

For approximately one decade, the phosphaethynolate anion (PCO™) has appeared
as a versatile reagent for synthesizing a variety of novel phosphorus-containing
compounds. This unique reagent is valence isoelectronic with the cyanate ion
(NCO7); even though a few parallels in terms of reactivity are present, the reac-
tivity of PCO™ is dominated by the relatively fragile P—CO bond. This distinction
results in different reaction pathways, for instance, the transfer of phosphorus!'’!
or the formation of oligomers.['*!11192] These kinds of reactivities illustrate the strik-
ing difference between the cyanate anion and its phosphorus-containing analog and
represent the primary motivation for exploring the chemistry of PCO™.

X=C-0° = ©x=c=0 =— “x-c=0
a b c
X=N  60% 33% 7%
X-P 5% 40% 7%

Scheme 4.1: Resonance forms of PCO~ and NCO~ and their weights.[%]

The different reactivity is explained clearly by the diverging resonance structures. In
total, three resonance forms can be considered for PCO~, exhibiting varying bond
orders for the P-C bond, see Figure 4.1. The first and most contributing resonance
structure resembles a phosphaethynolate, featuring a triple bond between the phos-
phorus and carbon atom and a negative charge on oxygen (a). The second resonance
structure is a phosphaketenide species with a double bond between phosphorus
and carbon where the negative charge is located on the phosphorus atom (b). The
last resonance form, which can be described as a carbonyl adduct of a monoanionic
phosphide, (c), contributes minor to the electronic structure of PCO™. Nonetheless,
it offers a reasonable explanation for the frequently observed decarbonylation.'*?!

In 1992 BECKER et al. laid the foundation for today’s chemistry of the phosphaethyno-
late anion by developing an applicable synthesis for the PCO™ anion and subse-
quent characterization.['!! Unfortunately, the synthesis yielded an unstable lithium
salt, Li(DME),(PCO), which was impractical to use. As a consequence, the phos-
phaethanolate anion has not gained much attention, and only minor progress was
achieved for twenty years. Over the intervening years, attempts have been made to
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improve the stability of the phosphaethanolate anion by changing the counterion.
For instance, in 2002, WESTERHAUSEN et al. were able to synthesize several other
salts of PCO~ with different alkaline earth metals as counterion (Ae(DME);(PCO),
where Ae=Mg, Ca, Sr, Ba), which show comparable stability as Li(DME)z(PCO).[195]
Due to its fragile nature, exploration of its multifunctional chemistry was only possi-
ble after more convenient syntheses were published in 201111%! and 2012.['7] Even-
tually, it was possible to isolate the PCO™ anion as the sodium salt Na(DME),(PCO)
on a multi-gram scale, which was indeed the breakthrough for a manifold utiliza-
tion of the phosphaethanolate anion and represented a substantial driving force for
ongoing research.

4.1.1 Transition Metal Chemistry

The phosphaethynolate anion belongs to the class of pseudo-halogen ligands and
has been extensively investigated in coordination chemistry resulting in a variety of
transition metal and main-group-element complexes. PCO™ binds in an ambiphilic
fashion, while a basic assessment to predict whether it binds through the phospho-
rous or the oxygen can be made based on the HSAB principle, whereby account must
be taken that there are exceptions.[198'199] Hence, soft, polarisable elements favor co-
ordination through the phosphorus atom, while hard, charge-dense Lewis acids fa-
vor binding through the oxygen atom. In transition metal chemistry, the dominat-
ing bonding mode is through the phosphorus atom, resulting in a so-called phos-
phaketene complex (M-P=C=0).1%1 Those complexes are, in many cases, readily
available by salt metathesis reactions with halide precursors.

| X
had 7
N
UN._ .No o
DIPP O/SAC\THII:NPP /N—Clo—N\
_C”" OPh DIPP Ps DIPP
P~ Cs
0]
XV XXVI
~— ) <
~Ng _c™ —N——Ni—
DIPP ®\\C/ N IPr NI\\ /NI IPr
| \cho
Cu P
1\ €]
P=C-0
XXVII XXV

Figure 4.1: Prominent examples for phosphaethynolate coordinating 3d-metal
complexes!?0-202 that have been structurally characterized by X-ray diffrac-
tion. IPr = 1,3-bis(2,6-diisopropylphenyl)-imidazol-2-ylidene, DIPP = 2,6-
diisopropylphenyl.
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For instance, the reaction of a f-diketiminato-Scandium complex, (nacnac)ScCIl(OAr)
with NaPCO yields complex (XIV).2% Since Scandium (IIT) can be considered redox-
inert, no unintended reduction or decarbonylation was observed. In addition, there
are numerous examples of phosphaethynolate compounds with main group ele-
ments and actinides. As the PCO™ anion can be considered strongly reducing, reac-
tions of the phosphaethynolate anion with transition metals are often accompanied
with side reactions leading to decomposition.?®® Hence, only a few examples of
transition-metal-complexes of PCO™ are reported in the literature. The first coordi-
nation compound binding PCO™ reported and structurally characterized was a rhe-
nium(I) phosphaethynolate complex [Re(PCO)(CO)z(triphos)].[203] To prevent inad-
vertent redox chemistry, the supporting ligand system must be redox inert and stabi-
lize the oxidation state of the coordinating metal center. For instance, the halide pre-
cursor [CoCl(PDIiPr)](PDI = pyridinediimine) reacts with sodium phosphaethyno-
late via salt metathesis reaction to a stable cobalt phosphaketene complex (XXVT).[201]
As the chosen ligand system is known for stabilizing metals in low oxidation states,
the obtained molecular structure verifies that no reduction took place, and indeed
a terminal phosphaketene transition metal complex has been formed. In addition
to these monodentate binding modes, there are also two examples of a bidentate
binding mode (side-on) via the 7-bond. The first of these complexes shows a side-
on binding of the PCO™ ion to a Cu! metal center (XXVII).[?!l A related bonding
mode has been reported for an intermediary bimetallic Ni! compound (XXVIII), in
which the PCO™ ion bridges to metal centers in a unique p2:7j2, 72-binding mode.[2%?!

Besides the reducing ability of the phosphaethynolate anion, many phosphaethyno-
late compounds are rather unstable, making full characterization challenging.204l
Thus, it is not surprising that all of the presented compounds in Figure 4.21 exploit
sterically demanding ligand systems to prevent decomposition reaction. As already
mentioned above, the PCO™ anion forms willingly oligomers; consequently, in the
absence of steric bulk, it has been shown that the corresponding phosphaketene
complexes further react by cyclization reaction as well.[?%®! From an experimen-
tal perspective, there are additional limitations towards forming such complexes.
PCO™ is readily oxidized, especially by oxidative tetramerization, resulting in the
heterobicylic dianion (P4C4O4)*~.1200]

The M-P-C bond angles for most phosphaketene compounds are almost rectan-
gular, which can be rationalized by considering the frontier molecular orbitals of
PCO™. The HOMO of this anion has a significant degree of phosphorus p-orbital
character. All phosphaketene compounds known to literature show this particular
binding geometry which can be related to the corresponding parent acid HPCO.

To identify the binding mode, different analytical methods are suited. Besides the
most obvious method, single-crystal X-ray diffraction, IR spectroscopy is particu-
larly useful for distinguishing between the E-P=C=0 and E-O-C=P coordina-
tion modes. The IR spectra of such phosphaketenes often feature bands approxi-
mately around 1900 cm ™! from the antisymmetric PCO™~ vibration, whereas those
of the phosphaethynolate-type compounds occur at lower wavenumbers, around
1700 cm~!. Even though 3'P NMR spectroscopy is advantageous to monitor in situ
reactions, it cannot identify the present binding mode since no characteristic chemi-
cal shifts are observable.['%3] Nevertheless, for special cases, this might be different.
3P NMR chemical shifts of carbene-phosphinidene adducts have been used as a
parameter to quantify the 7r-accepting properties of carbenes. It was found out that



Chapter 4. A Dinickel Phosphaketene Complex for the Synthesis of Novel

74 Phosphorous Compounds

with increasing 7r-accepting of the carbene, the signal of the phosphorus nucleus is
downfield shifted.207.208]

4.1.2 Reactivity

In addition to the aforementioned reaction pathways, the phosphaethynolate anion
is suitable for a wide range of applications. Due to the fact that the P-CO bond is rel-
atively easy to break, the PCO™ anion is capable of serving as a phosphorus transfer
reagent or of carrying out decarbonylation and deoxygenation reactions. This mani-
fold reactivity profile has enabled PCO™ to be incorporated into many coordination
complexes. In addition, it has become a growing field of research to utilize the anion
as a synthetic building block for organophosphanes or to synthesize inorganic vari-
ants of basic organic molecules in which nitrogen is replaced by phosphorus.

Even though a cation exchange was initially intended, GRUTZMACHER et al. were
the first who used PCO™ as a P~ transfer reagent. They synthesized a phosphini-
dine carbene adduct by reacting NaPCO with an N-heterocyclic carbene (NHC), see
Scheme 4.2.2%1 Supported by DFT studies, it was assumed that the PCO™ anion is
first protonated by the acidic imidazolium cation to form a highly reactive intermedi-
ate, H-P=C=0, which under decarbonylation forms the respective
N-aryl substituted NHC.

®

H p/H
)\ o 80 °C
. ) + [Na(dioxane),(PCO : >
Dipp~p# - Dipp |Cl [Na(dioxane)(PCO) - ~gioxane Dipp\N)]\N/Dipp
-NaCl
-CO —/

Scheme 4.2: Sodium phosphaethynolate serves as a phosphorus transfer reagent for the syn-
t.[209]

thesis of N-heterocyclic carbene-phosphinidene adduct.
Another interesting example to illustrate the potential of NaPCO to serve as a P~
transfer reagent is given by FRANC MEYER. ef al. The macrocyclic tetracarbene com-
plex XXIX reacts with NaPCO to give a y-phosphido diiron complex XXXI and XXX.
The latter complex features trans-positioned P-bound PCO™ and CO ligands. This
reaction is remarkable because it delivers a (P~) phosphido bridged dinuclear iron
complex, which is an uncommon ligand for late transition metals.[123]
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Scheme 4.3: Reaction of the macrocyclic tetracarbene complex [LFe(NCMe),](OTf), XXIX
with NaPCO results in the formation of a ferrous complex [LFe(PCO)(CO)]JOTf
XXX and a p-phosphido diiron complex [(LFe),P](OTf)3 XXXL.[123]
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As mentioned above, interest is growing in synthesizing synthetic building blocks
as starting material for a diversity of new phosphorus compounds. In this con-
text, urea represents an interesting example of replacing nitrogen for its heavier
congener phosphorous, which will be briefly illustrated by two examples. First,
GOICOECHEA et al. have reported the reaction of the PCO™ anion with different
ammonium salts resulted in a phosphorus-containing analog of urea (phosphinecar-
boxamide) in which a phosphine replaces an amine group, see Scheme 4.4.11921 The
herein presented example, as well as WOHLER’S urea synthesis, have been inves-
tigated by quantum chemical calculations,?!%! revealing a similar reaction mecha-
nism. In both cases, first, the anion is protonated, yielding the phosphorus-containing
analog of cyanuric acid, H-P=C=0, as intermediate, which subsequently reacts
with ammonia.

o)
o dineor THE. H, G _H
pyridine or w _C
p=c—o * _Nou, atrt. .~ P7 ON
H \H : |
H H

Scheme 4.4: Synthesis of phosphinecarboxamide from reaction of [K(18-crown-6)][PCO]
with NHyX salts (X = BPhy, C1).[192]

The phosphaethanolate anion has proven itself as a tremendously versatile chemical
reagent, which is now, which is now available on a multi-gram scale due to its im-
proved synthesis. Over the last decade, PCO™ has developed into a viable reagent
that has been harnessed for many applications, for instance, in transition metal
chemistry or synthesizing novel phosphorus-containing building blocks. There-
fore it is not surprising that this anion is used by numerous research groups world
-wide.[1%3]

4.2 Motivation

The PCO™ anion is a unique reagent that has been exploited as a versatile ligand in
transition-metal chemistry. However, there are only a few rare examples of dinuclear
compounds known to literature utilizing this pseudo-halide; an example is given in
Scheme 4.3. The only reported bimetallic nickel complex in which a PCO™ ligand
is involved has been reported by GOICOECHEA et al.. This complex (XXVIII) is re-
markable as the ligand is bridging between the two metal centers in an unexpected
p2:17%, 7%-binding mode, see Scheme 4.5.2021 Even though XXVIII was isolated and
its structure elucidated by X-ray crystallography, it is presumably an intermediate,
which willingly rearranges upon decarbonylation and carbene migration to the re-
spective phosphinidyne. The addition of a second equivalent of NaPCO leads to the
"butterfly-shaped" complex (p2:12, 7?-P2) {Ni(NHC)(CO) }, (XXXIV).
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Scheme 4.5: Synthesis of a bimetallic phosphaethynolate Ni! complex XXVIII, which rear-
ranges to (XXXIII). Both of these complexes are further reacting with an addi-
tional equivalent of NaPCO, affording (XXXIV).[202]

A different approach to generate phosphaethynolate compounds is by a salt metathe-
sis reaction. This synthetic strategy is well established and has been exploited, for
instance by pincer-type, and p-diketiminato ligand-based complexes before. In com-
pliance with these reported studies, a similar procedure seems to be a promising
starting point. Since the pyrazolato bridged ligand system L has proven its ability
to stabilize highly reactive nickel species, the bromido complex [LNiz (p-Br)] (157
represents the ideal precursor for synthesizing a phosphaketene complex. With this
compound in hand, the next step is to investigate possible follow-up reactivities.
Several different strong nucleophiles are known to react with phosphaketene com-
pounds to yield, for instance, phosphorus-based building blocks.??12] In this con-
text, it is worth to be mentioned that particular focus is set on the fragile P-CO
bond, which allows versatile conversion of the PCO ligand accompanied with de-
carbonylation reactions.

4.3 Synthesis of a Dinickel(II) Phosphaketene Complex

Due to the fact that the PCO anion is unstable towards higher temperatures, the
tirst attempts of synthesizing the desired phosphaethynolate complex were carried
out at ambient temperatures. However, no reaction was observed on the NMR
scale. Therefore the reaction solution was heated until a new signal became visible
in the 3'P NMR spectrum. It is unavoidable under these conditions that the phos-
phaethynolate partially decomposes accompanied by the formation of an insoluble
black precipitate, which was not further analyzed. However, it is also possible that
unintended redox reactions with the halide precursor took place.?®! To compensate
for this side reaction, 1.2 equivalents of sodium phosphaethynolate were used, re-
sulting in a complete conversion of the bromido precursor complex 18" to the target
complex [LNiz(p-PCO)] (7). The same procedure was applied to obtain the com-
plex 7 on a synthetic scale. To ensure the highest possible yield, the solution was
stirred for two days at 55 °C. Carrying out the synthesis at even higher temperatures
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was not successful but led to nonisolable decomposition products. After filtration,
the concentrated red THF solution was layered with hexane and stored at —35 °C.

C N N\NI 3 eV N\NI /S\
| \ | ~
| B _ NaPCO NT ~p~
I'

Pr 'P 'Pr ” 'Pr
T Ker ip

'Pr iPr in THF at 55°C Pr o iPr

1Br 7

Scheme 4.6: Salt metathesis reaction of 18" with NaPCO resulting in the dinickel phos-
phaketene complex [LNiz (u-PCO)] (7).

Red block crystals suitable for single-crystal X-ray diffraction (SC-XRD) were iso-
lated in moderate yields (65%) after five days. The molecular structure of 7 is dis-
played in Figure 4.2, confirming the successful replacement of the bromido anion by
a phosphaketene unit. In addition, this has been the only structurally characterized
example of so far featuring PCO ligand, which bridges two metal centers in a g 1-
binding mode. In cooperation with the group of MAX C. HOLTHAUSEN, theoretical
calculations were carried out to support the experimental results. The structural pa-
rameters obtained from the molecular structure and the DFT optimized structure are
in good agreement, see Chapter C.4.1.
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Figure 4.2: Molecular structure of 7 (30% probability thermal ellipsoids). The hydrogen
atoms are omitted for clarity.

Table 4.1: Selected bond lengths, distances, and angles of 7.

Bond length / A

Nil—-N4
Nil—N1
Nil—-N3
Ni2—Né6
Ni2—N2
Ni2—N5
Nil-P1

Ni2—P1

P1-C40
C40-01

1.901(3)
1.832(3)
1.896(3)
1.899(3)
1.825(3)
1.904(3)

2.3354(11)
2.3366(11)
1.671(5)

1.170(5)

Distances / A
Nil---Ni2  3.7513(7)

Angle / °©

N4—-Nil—-N1
N4—Nil—N3
NI1-Nil—N3
N6—Ni2—N2
N6—Ni2—N5
N2—-Ni2—N5
C40—-P1—-Nil
C40—P1—-Ni2
Nil—-P1—-Ni2
01-C40-P1

177.13(13)
94.64(12)
82.71(13)
176.80(13)
95.05(13)
85.04(7)
80.85(14)
81.50(14)
106.82(4)
177.8(4)

The coordination sphere of both Ni!! centers is only slightly distorted from square
planar, and the two metal ions are separated by a distance of 3.7513(7) A. The PCO
ligand within the bimetallic cleft features Nil—P1—-C40/ Ni2—P1—-C40 angles of
80.85(14)/81.50(14)°, as expected for a phosphaketene complex.[l%] The obtained
interatomic distance for P1—C40 is 1.671(5) A, which fits very well with the litera-
ture known value for P=C double bonds of 1.69 A, in contrast to triple bonds with
a bond length of 1.54 A.'%! By taking the C40—O1 distance of 1.170(5) A and the
O1—-C40—P1 bonding angle of 177.8(4)° into account, it is possible to assume the
most contributing resonance form of the PCO ligand, which is the phosphaketenide
(P=C=0) type. However, further investigations are needed to validate this pre-

sumption.
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Topological analysis of the electron densities and energy decomposition analyses
computed from PBE0-D3(BJ)/ 6—311++G(2d,2p)[213'214] wavefunctions obtained at
the PBEh-3c molecular structure of 7 were done to obtain further insight into the
bonding and electronic structure of the complex 7, see Figure 4.3 and Table 4.2.

(22.9%)Ni1—P(57.2%)-C(12.9%)  (22.4%)Ni2—P(58.1%)~C(13.0%)

Figure 4.3: Selected NLMOs of 7 resulting from PBE0-D3(BJ)/6-311++G(2d,2p) calculations

based on PBEh-3c structures; isovalue 0.05 4, 3/2

Table 4.2: Selected properties of the electron density distribution in compounds 7 resulting
from PBE0-D3(BJ)/6-311++G(2d,2p) calculations computed at PBEh-3c geome-

tries.
Bond  p(ry)P V2(rp)d  H(r)/p(r) @ Gr) /p(ry)d e(ry)8
Nil—P1 043 1.71 —0.33 0.61 0.09
Ni2—P1 0.44 1.76 —0.33 0.61 0.06
P1-C11 1.11 8.86 —0.86 1.42 0.10
WBI(A[B)EEl  s(A[B)M  4(A)/q(B)1

Nil—P1 0.35 0.55 0.82 /0.43

Ni2—P1 0.36 0.56 0.43 / 0.81

P1-C11 1.67 141 043 /0.44

[l Topological charact. computed at bond critical points (ry); lelectron den. in e A=3;
[C]Laplacian of p in e A5, [dlrel. total energy den. in Hartree/e; le]rel. kinetic energy den.
in Hartree/e; (1] ellipticity; (¢l Wiberg bond index between atoms A and B; (W delocalization
index between atoms A and B; [!/QTAIM partial charge on atoms A and B in a.u.

Combining these results with the molecular structure, the bonding situation be-
tween the phosphaketene unit and the nickel ions can be described in detail. The
P—C bond is described by one ¢-bonding NLMO, which is polarized by 64.6% to-
wards the carbon. The Ni-P interactions are represented by 2c-2e bonding NL-
MOs with a P(2p)-Ni(4s) o-donor character. The dative nature of the P-Ni inter-
action through a p-bonding orbital results in Nil —P1—-C40/Ni2—P1—-C40 angles of
81.6/86.4°. These results are in good agreement with the angles determined by X-ray
diffraction, showing Nil—P1—-C40/Ni2—P1—-C40 angles of 80.85(14)/81.50(14)°, see
Table 4.1. The expected double bond character of the P=C is validated by a natural
bond orbital (NBO) analysis and a Wiberg bond index (WBI) of 1.67. To analyze the
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bonding scheme, energy decomposition analysis with natural orbitals for chemical
valence (EDA-NOCV) were carried out. With these data in hand, the stability of
the phosphaketene can be explained, revealing a profound stabilizing c(CO)— o(P)
donation associated with less pronounced ¢((P) — 7(CO) and 7(P) — 7(CO)
backdonation from the phosphorous into the carbonyl unit, see Figure 4.14.

71(PCO) — o(Ni) 72(PCO) — o(Nip)

AEqyp(1) = —44.2 AEgs(2) = —34.1
vy| = 0.78 || = 0.71

% \Q E“‘
L 4

&

o(CO) — o(P) a(P) — 7(CO) w(P) — =(CO)
AEorb(1) = —132.6 AEorb(z) = —44.8 AEQrb(s) = _38-5
|v1| = 0.99 |v2| = 0.76 |vs| = 0.65

Figure 4.4: Deformation densities Ap from EDA-NOCV of 7 resulting from PBEO-
D3(B])/TZ2P//PBEh-3c calculations based on [LNiy(-P)]/[CO] fragmentation

(orbital interaction energy contributions AE,y, in kcal mol~!, charge flow |v;]
-3/2
0

from red to blue, isovalue 0.005 a
The clean conversion to the target complex could be confirmed by 'H NMR spec-
troscopy and all peaks assigned, see the numbering scheme for 7 in Figure 4.5. In-
terestingly, 7 and the respective precursor complex 1B do not result in considerably
different 'H NMR spectra. Moreover, both complexes show the same C,, symmetry
on the NMR time scale. This result is indeed surprising since the molecular structure
of 7 features C; symmetry. The most reasonable explanation for this disparity is that
the PCO ligand can unhindered oscillate through the plane defined by pyrazolato-
bridged dinickel core:
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Figure 4.5: Top: Simplified sketch of the suspected oscillation of the PCO ligand, including
numbering scheme for 7. Bottom: 'H NMR spectrum of 7 at —35°C in THF-ds.

Further evidence for the replacement of the bromido ligand is given by 3'C and 3!P
NMR spectroscopy. In the phosphorous NMR spectrum, one singlet at 264.5 ppm
is detected, which is profoundly displaced in comparison with the sodium phos-
phaethynolate (392.0 ppm), see Figure B.30. In general, the signals in the 3P NMR
spectrum bear a similar shift independently from the coordination mode. Thus it
is not possible to differentiate between a P=C-0O and a P=C=0 species by this
method.®l A doublet in the 3C{'H} NMR spectrum at 182.2 ppm can be assigned
to the carbon atom (C40), which couples to the phosphorous atom with !Jpc =
138 Hz, see Figure 4.6. In comparison, the starting material (NaPCO) features a dou-
blet at 166.3 ppm with a coupling constant of !Jpc = 47Hz in THF-dg. Primarily,
the magnitude of the coupling constant is of interest since it appears to be very in-
formative for identifying the binding mode and which resonance form of the ligand
is dominating. More specifically, phosphaethynolate compounds (P=C-0O) result
in smaller !Jpc coupling constants around 12 Hz than phosphaketenide type ions
(P=C=0), which feature !Jpc values in the range of 94 Hz.'3l Therefore, it can be
concluded that the latter resonance form best describes the electronic structure of the
PCO ligand in complex 7.
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Figure 4.6: '3C{'H} NMR spectrum of 7 at room temperature in THF-dg. The inset shows
doublet at ép_c49 = 182.2 ppm, which was assigned to C40 with a coupling con-
stant of ! Jpc = 138 Hz.

Even though NMR spectroscopy confirms the clean formation of 7, it is impossi-
ble to determine the PCO ligand’s binding mode using this method. For this pur-
pose, infrared spectroscopy is more revealing. For NaPCO, the IR spectrum fea-
tures two characteristic bands that can be assigned to the antisymmetric (Vasym)
and symmetric (Vsym) PCO stretching vibrations. The former of these is located at
1755cm~!, whereas the latter band is found at 1247 cm~1.[215] However, these sig-
nals are profoundly shifted in the IR spectra of PCO™, depending on the coordina-
tion environment and binding mode. The antisymmetric vibrational mode v,sym of a
phosphaketenide type compound is usually greater than 1840 cm ™!, whereas the re-
spective stretching vibration for a phosphaethynolate-type species is found at lower
wavenumbers, with an average value of 1677 cm—1.1193]

Complex 7 follows this trend and features an intensive peak at 1855cm™! that can
be unambiguously attributed to an antisymmetric stretching vibration, see Figure
4.7. This signal is blue-shifted compared to NaPCO (Av = 100cm™!) and within
the characteristic range for a P—bonded compound M-P=C=0.[201216217] Dye to
overlapping signals in the IR spectrum, the corresponding symmetric stretching vi-
brations could not be clearly assigned.
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Figure 4.7: IR (KBr) spectrum of 7. The labeled peak at 1855cm ™! represents the antisym-
metric stretching vibration of the phosphaketene unit.

The ESI(+)-MS-spectrum of 7 in THF shows a signal that is consistent with the ex-
pected mass to charge ratio calculated for complex 7 at m/z = 781.4 [M+H], see
Figure 4.8. A further peak is detected at m/z = 753.4, which can be attributed to
a pnictogen species [M—CO+H]. This highly reactive compound has been formed
most likely by decarbonylation and underlines the relative weakness of the P-CO
bond.
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Figure 4.8: ESI(+)-MS-spectrum of 7 in THF. The molecular ion peak is found at m/z= 781.4
[M+H].

With 7 in hand, the next chapter will deal with its follow-up reactivity. The ESI(+)-
MS-spectrum of 7 implies one possible reaction pathway involving the replacement
of the carbonyl unit. Consequently, 7 will be treated with varyingly strong nucle-
ophiles to gain a deeper insight into the reactivity of the phosphaketene unit.
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4.4 Replacement of the Carbonyl Unit

The obtained complex 7 bears a monoanionic PCO ligand, which can serve as a
building block to generate novel phosphorous-based compounds. Based on the ex-
tensive characterization of 7, the most promising approach for follow-up reactivity
is a nucleophilic attack on the carbon atom of the P=C=0 unit, which will be most
likely accompanied by the release of CO. By doing so, the carbonyl group would
be replaced by another neutral two-electron donor group. The S-diketiminato based
ligand system L is very capable of stabilizing reactive substrates, which has been il-
lustrated in the previous chapters. Thus, it is not surprising that this property is also
well pronounced in the herein presented phosphaketene complex. Consequently,
complex 7 is thermally stable up to 70 °C and is impervious to moisture and oxygen
at ambient temperatures. Considering this stability, the isolation of reactive species
seems promising and opens up the possibility of carrying out reactions under a wide
temperature range.

4.5 Formation of a P—P Bond

In general, phosphaketene compounds R—-P=C=0 are prone to decarbonylation re-
actions leading to terminal pnictogenides, which then readily react with a multitude
of substrates. This kind of reactivity opens up the possibility of generating novel
phosphorus-based compounds, including varying species containing P—P bonds,
known as diphosphenes RP=PR’".[218-220] In order to replace the CO unit of the PCO
ligand, different phosphines were added to 7. A first attempt has been made by
treating 7 with an additional equivalent of NaPCO, which should yield a so-called
phosphanyl phosphaketene (RP=PCO) functionality. This species would be a desir-
able target compound as they can be transformed into versatile usable phosphanyl
phosphandiyl (RP=P) units, see Scheme 4.7.1218]
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Scheme 4.7: Synthesis of a phosphanyl phosphandiyl species (XXXVI) and subsequent re-
action with an isocyanide results in XXXVII.

However, it was not possible to establish a synthetic route starting from 7 to the
corresponding phosphanyl phosphaketene complex. All attempts led to impracti-
cal results, irrespective of whether the bromido complex 1Br is reacted with two
equivalents of sodium phosphaethynolate or 7 is isolated before. Also, initiating the
decarbonylation reaction by irradiation of 7 with a medium-pressure Hg or a LED
lamp could not be achieved. A noticeable difference becomes apparent by compar-
ing the literature known examples with the herein presented reaction. In Scheme 4.7,
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a neutral phosphanyl phosphandiyl compound (XXXVI) is formed. In contrast, the
reaction of 7 with PCO™ would have led to a dianionic ligand within the bimetallic
pocket. It can be assumed that such a species would be fairly unstable, especially at
the here required high temperatures.

Therefore the next attempt should involve a neutral reagent to accomplish the for-
mation of a P—P bond. In this context, phosphines are well suited due to their nucle-
ophilic properties, which makes an attack at the carbon of the phosphaketene ligand
most likely resulting in a phosphanylidene phosphorane (RP=PR}) unit. These com-
pounds are particularly interesting since they are considered as phosphorus analogs
of phosphonium ylides (RP=CR5).[??!l Both species can be described by similar res-

onance forms and show comparable reactivity.[22?!
Ph Ph
| l® O
Ph—P=CH, <——= Ph—P=CH,
Ph Ph
.. 9 o
RP=PRy === g5_pg,

Scheme 4.8: Top: Resonance forms of phosphonium ylides. Bottom: Resonance forms of
phosphanylidene phosphoranes.[?2!

In analogy to WITTIG reagents, phosphanylidene phosphoranes are capable of car-
rying out "phospha-WITTIG" reactions with C=0 functionalities to form phosphaal-
kenes (RP=C(H)R').[222224225] Formally, phosphanylidene phosphoranes are formed
upon the transfer of phosphinidenes to phosphines;?%¢! therefore, they can be seen
as a base-stabilized adduct of phosphinidenes (RP).??”] The first phosphanylidene
phosphorane species was synthesized in 1961 by reacting the cyclopolyphosphine
(PCF3)5 with trimethylphosphine PMej3, yielding the diphosphene CF;P=PMejs :1228]
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Scheme 4.9: Top: Synthesis of a phosphanylidene phosphorane compound.??8! Bottom:
Presumed synthesis of a diphosphene complex.

Following this procedure, 7 was treated with two different alkylphosphines, pro-
viding that the CO unit of the PCO™ ligand will be released, the desired P-PR3
unit should be formed, see the bottom line of Scheme 4.9. While 7 did not react with
triphenylphosphine PPhs, the situation is different with PMes. This distinction in re-
activity can likely be attributed to two factors; first, the latter phosphine is a stronger
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nucleophile. Second, PMej is sterically less demanding. The reaction of the phos-
phaketene complex 7 with one equivalent of trimethylphosphine was monitored on
the NMR scale in THF-dg. The reaction took five days to be completed even though
the reaction mixture was heated to T < 70 °C.

The 'H NMR spectrum (Figure 4.9) reveals a clean conversion with only one res-
onance for the pyrazole-H* at 5.51 ppm with an unexpected integral of 2H (no. 1); in
addition, no intermediates were detected during the reaction. Furthermore, a set of
four signals at 4.23 ppm with a total integral of 8H appeared (no. 2 and 3 inFigure
4.9, inset) in the region typical for the methylene linker CHj unit. This feature in the
'H NMR spectrum proved to be characteristic for the dimerization of the complex at
the respective methylene bridge:

Scheme 4.10: Reaction of 7 with PMej resulting in 8 accompanied with the dimerization at
the CH> linker unit.

1012
|

—_ o

Figure 4.9: 'H NMR spectrum of 8 at r.t. in THf-dg. The inset shows the signals for the
methylene linker unit.
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In the 3'P NMR spectrum (Figure 4.10) a doublet at 12.4 ppm (see no.1 in the number-
ing scheme of Figure 4.10) with a corresponding !Jpp coupling constants of 516 Hz
was detected. Additonally, a multiplet (theoretically: decett) was found at 4.4 ppm
(no.2). It was not possible to resolve all peaks originating from the coupling of the
phosphorous with the hydrogen of the attached methyl groups. However, a 2Jpy
value of 12 Hz was determined.
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Figure 4.10: 3'P NMR spectrum of 8 at r.t. in THD-dg.

The synthesis was repeated on a larger scale to gain enough material to facilitate
crystalization. After work-up and crystallization from a concentrated THF solution,
deep red crystals, suitable for X-ray diffraction, were obtained in good yields (80%).
The molecular structure of 8 is displayed in Figure 4.11.
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Figure 4.11: Molecular structure of 8 (30% probability thermal ellipsoids). The hydrogen
atoms are omitted for clarity.

Table 4.3: Selected bond lengths, distances, and angles of 8.

Bond length / A Distances / A Angle / ©
Nil—-N4 1.894(4) Nil---Ni2 3.6669(69) N4—Nil—N1 167.11(18)
Nil—-N1 1.823(4) N4—Nil—N3 95.62(16)
Nil-N3 1.926(4) N1-Nil-N3 81.38(16)
Ni2—N6 1.909(4) N6—Ni2—N2 172.31(17)
Ni2—N2 1.935(4) N6—Ni2—N5 94.40(16)
Ni2—N5 1.942(2) N2—-Ni2—N5 81.21(16)
Nil-P1 2.2975(13) P1-P2—-Nil  95.31(6)
Ni2—P1  2.2922(13) P1-P2—Ni2  86.45(6)
P1-P2  2.1541(18) Nil—-P1-Ni2 106.05(5)

The molecular structure reveals the formation of two phosphanyl phosphandiyl
units and validates the assumed dimerization reaction. However, the dimeriza-
tion process stays inexplicable. Since X-ray crystallography and NMR spectroscopy
agree, the isolation of a side product can be ruled out. The metal centers show a
square-planar coordination environment, while the P1-P2—Nil/P1-P2—Ni2 an-
gles are comparable to the C40-P1-Nil/C40—P1-Ni2 bonding angles of 7
(7: 80.85(14)/81.50(14)° vs. 8: 95.31(6)/86.45(6)°). The P-P bond length was de-
termined as 2.1541 A, which is between a single and double phosphorus bond.[22%]

Even though it was tried to circumvent the dimerization by tuning the reaction
conditions, neither changing the temperature nor varying the educts’ ratio led to
a different product. Nonetheless, the basic concept of replacing the carbonyl unit
by treating complex 7 with a nucleophilic reagent has been demonstrated. In ad-
dition, the absent reactivity with triphenylphosphine leads to the conclusion that
bulky substituents are unsuited to react with the PCO moiety in 7.
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4.6 A Carbene-Stabilized Phosphido Complex

Motivated by the previous results, various reagents were tested to replace the car-
bonyl fragment of the PCO ligand within the pocket of 7 by different donor function-
alities. In this context, N-heterocyclic carbenes represent an appealing option since
they have already proven their potential to stabilize highly reactive phosphorous
species.[227'230‘233] In 1997, ARDUENGO et al. reported the first synthesis of an N-
heterocyclic carbene-phosphinidene adduct (NHC=PR) by reacting N-heterocyclic
carbenes with cyclo-polyphosphines.!?3!l This class of molecules exhibits P—~C bond
lengths ranging from 1.6912%2] to 1.80 A[%4, exceeding the respective P—C bond-
ing distance for nonconjugated phosphaalkenes, which are found between 1.65 and
1.68 A.[235236] Moreover, the N—C—P—R dihedral angle between the imidazole ring
and the P-Rpy, bond is informative because it is associated with the P, _-C, . inter-
action. In general, N-heterocyclic carbene stabilized phosphinidenes adducts can be
characterized as polarized phosphaalkenes,!?3”] which is visualized by the following
resonance structures:?%!

x R x R X R
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Scheme 4.11: Resonance forms of N-heterocyclic carbene-phosphinidene adduct, based on
the studies of ARDUENGO!?*! and SCHMIDPETER.[2%]

As a result of the inverse polarization of the P-C bond, the phosphorus atom is
electron-rich!?*! (in agreement with resonance forms B and C). This finding leads
to an upfield shifted phosphorus resonance signal, in contrast to phosphaalkenes,
which are usually found in the region of 230-420 ppm in the 3P spectrum.l??! To
conclude, three characteristics to describe the properties of N-heterocyclic carbene-
phosphinidene adducts were identified. First, the P-C bond length, implying the
bonding order.[?*") Second, the N-C-P-R dihedral angle, reaching a value close
to zero if the orbital overlap becomes maximal.[?*®! And finally, the position of the
phosphorous signal in the NMR spectrum, indicating electron density at the phos-
phorous atom.[240]

Surprisingly, it took almost 20 years until the first N-heterocyclic carbene—phosphi-
nidyne transition metal complex became synthetically accessible.?*!l Even today,
this compound class is rarely encountered in coordination complexes.[?>3242] How-
ever, an exceptional example of a bimetallic nickel complex featuring this ligand has
already been presented at the beginning of this chapter, see Scheme 4.5.1202 In this
case, the anionic [P(NHC)]™ ligand is formed upon the addition of sodium phos-
phaethynolate to a nickel' carbene complex (CpNi(NHC)) (Cp = cyclopentadienyl;
NHC = 1,3-bis(2,4,6-trimethylphenyl)-imidazole-2-ylidene), which demonstrates the
possibility of synthesizing N-heterocyclic carbene—phosphinidyne adducts by the re-
action of NHCs with a PCO™ source.

Because the 7 complex is already available, a more convenient synthesis method for
generating a carbene-phosphinidyne adduct should involve a phosphaketene metal
complex as a precursor. This has been done by GRUTZMACHER et al. by treating the
triphenyl tetrel substituted phosphaketenes, such as Ph3Sn(PCO) and PhzGe(PCO),
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with different N-heterocyclic carbenes, see Scheme 4.12.2#31 These phosphaketenes
reacted willingly to form the corresponding isolable NHC-phosphaketene adducts
(NHC-C(O)PR). Under heating, these complexes decompose under decarbonyla-
tion, resulting in the desired NHC-phosphinidene adducts.
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Scheme 4.12: Carbene-phosphinidene adduct synthesis from a phosphaketenes complex,
where R = DIPP, Mes; E = Sn, Ge.[?%3]

Following the same procedure, the phosphaketene complex 7 was reacted with two
different carbenes, which only differ in the sterical demand. The first approach was
carried out with 1,3-diisopropyl-imidazole-2-ylidene. This attempt was not pur-
sued any further because the 'H NMR spectrum featured the same characteristic
pattern as for the reaction of 7 with PMe3, clearly indicating dimerization. There-
fore a methyl-substituted NHC was used instead. First, the reaction was faster,
which means that only two instead of six days were needed for complete conver-
sion. Second, the 'H NMR spectrum showed the expected signals. The reaction was
repeated on a larger scale by treating 7 with 1,3-dimethylimidazolium-2-carboxylate
(CO,-NHC) in THF at 65°C. At higher temperatures, the carboxylate—NHC re-
leases CO; resulting in the free carbene, which then forms, under decarbonylation,
the [LNiz(p-P(NHC))] complex. Since high temperatures were needed to carry
out the reaction, the formation of the hypothetical NHC-phosphaketene intermedi-
ate was not observed.

N~ N NHC-CO, N Ny
oy Pr in THF , pro} P
iPr 3 9 ¥ iPr at65 °C Pr “\N)\N/ P iPr
© \—/
-CO,
7 9

Scheme 4.13: Reaction of 7 with an N-heterocyclic carbene leading to the N-heterocyclic
carbene-phosphido nickel complex [LNiz (u-P(NHC))] (8).

After work-up and crystallization from a 2-Me-THF solution, deep red crystals, suit-
able for X-ray diffraction, were obtained in moderate yields (55%). The molecular
structure of 9 is shown in Figure 4.12 and confirms the molecular constitution of
target compound 8. Moreover, no dimerization reaction like in the synthesis of 8
occurred, which could be correlated with the shorter reaction time of this reaction
and the smaller sterical demand of the methyl-substituted carbene.
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Figure 4.12: Molecular structure of 9 (30% probability thermal ellipsoids). The hydrogen
atoms are omitted for clarity.

Table 4.4: Selected bond lengths, distances, and angles of 9.

Bond length / A

Nil—-N4
Nil—N1
Nil—N3
Ni2—Né6
Ni2—N2
Ni2—N5
Nil—-P1
Ni2—P1
P1-C41

1.923(2)
1.8142(19)
1.938(2)
1.9044(19)
1.8250(19)
1.942(2)
2.2949(6)
2.2714(6)
1.841(2)

Distances / A
Nil---Ni2  3.6436(6)
Nil---C41 2.2856(65)
Ni2---C41 2.9715(75)

Angle / °©
N4—Nil—-N1  166.29(9)
N4-Nil-N3  93.69(9)
N1-Nil-N3  81.63(9)
N6—Ni2—N2 176.25(9)
N6—Ni2—N5  95.50(8)
N2-Ni2—N5  81.46(8)
C41-P1-Nil  93.84(7)
C41-P1-Ni2  98.58(8)
Nil-P1-Ni2  105.87(3)

N11-C41-N12 103.96(19)

The molecular structure confirmed the expected bimetallic core in which both nickel
ions are roughly square-planar coordinated with a Ni---Ni separation of 3.6436(6) A.
Interestingly, the binding pocket of Nil is slightly twisted, leading to a N4—Nil—N1
angle of 166.29, which is reminiscent of the coordination environment in the phos-
phanylidene phosphorane complex 8, see Table 4.3. The most striking similarity
between the complexes 9 and 7 is the related bonding angle between the respective
bridging ligand and the nickel centers (averaged bonding angle of the C—P—-Ni frag-
ment for 7: 81.0°, and for 9: 96.2°). This resemblance points to a comparable bonding
situation, which was also shown by theoretical calculations.
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(28.8%)Ni1-P(60.0%)-C(5.8%)  (32.1%)Ni2—P(62.9%)—C(1.9%)

Figure 4.13: Selected NLMOs of 9 resulting from PBE0-D3(BJ)/6-311++G(2d,2p) calculations

based on PBEh-3c structures; isovalue 0.05 a, 3/2

Table 4.5: Selected properties of the electron density distribution in compounds 9 resulting
from PBEO-D3(B])/6-311++G(2d,2p) calculations computed at PBEh-3c geome-

tries.
Bond®  p(r,)IP) V2o(rp)l H(ry)/p(rp)1) G(rs)/p(r)1d e(rp)!f
Nil—-P1 0.53 1.29 —0.36 0.54 0.03
Ni2—P1 0.55 141 —0.37 0.55 0.02
P1-C11 0.96 1.10 —0.87 0.95 0.20
WBI(A[B)E 5(A[B)MN  g(A)/q(B)l

Nil—P1 0.49 0.73 0.76 / 0.14

Ni2—P1 0.55 0.80 0.14 / 0.74

P1-C11 1.11 1.04 0.14 / 0.37

[a] Topological charact. computed at bond critical points (ry); blelectron den. in e A~3;

I Laplacian of p in e A=%; [dlrel. total energy den. in Hartree/e; [¢/rel. kinetic energy den.
in Hartree/e; [flellipticity; |8/ Wiberg bond index between atoms A and B; (" delocalization
index between atoms A and B; [lQTAIM partial charge on atoms A and B in a.u.

In 9, the P-C interaction is characterized by one pronounced NHC—P donation,
accompanied by three weaker P-NHC 7t backbonding contributions. However, a
significant difference is recognized in the more strongly pronounced asymmetry of
the P(NHC)-Ni(1/2) binding as for the PCO-Ni(1/2) fragment in complex 7. The
torsion angle of Nil—P1—C41 is 67.512(190)°, while the respective Ni2—P1—-C41
angle is —16.105(233)°, which can be explained by two 7(P—C) backbonding de-
formation densities Aps and Aps. By comparing the Ni(1/2)—P1—-C41 angles, this
interaction becomes visible as well, as a result, the carbene ligand is tilted by 4.74° to-
wards Nil. In contrast, the phosphaketene ligand in complex 7 is only slightly tilted
by 0.65° due to the presence of only one 77(P—C) backbonding, compare Figure 4.14.
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Another variation is found in the P—C bond lengths. The P—C(NHC) bond is signif-
icantly elongated in comparison to the P=CO double bond (d(P-CO) = 1.671(5) A;
d(P-C(NHC)) = 1.841(2) A, while the WBI reduces to 1.10 (WBI(P=CO)= 1.67),
still surpassing the expected value for a single bond. The P1—-C41 bond length
in 9 is remarkable as it even exceeds the peak value for a P-C(NHC) distance of
1.8017(18) A.1234

71(P-NHC) — o(Ni) 72(P-NHC) — o(Ni)
AEyp(1) = —51.9 AE,(2) = —53.5
|v1] =0.99 |ve| = 0.91

o(NHC) — o(P) o(P) — 7(NHC) m(P) — n(NHC) 7(P) = 7(NHC)
AEop(1) = —162.5 AE(2) = —24.2 AEo(3) = —11.7 AEop(4) = —5.6
1] = 1.20 |v2] = 0.52 |vs| = 0.28 |va| = 0.21

Figure 4.14: Deformation densities Ap from EDA-NOCV of 9 resulting from PBEO-
D3(BJ)/TZ2P/ /PBEh-3c calculations based on [LNi,(-P)]/[CO] fragmentation
(orbital interaction energy contributions AEyy, in kcal mol~!, charge flow |v;]
from red to blue, isovalue 0.005 a, 3/2,

Another factor, which must be taken into account, is the P—C interaction. According
to a natural bond orbital (NBO) analysis, the associated c-bonding NLMO is polar-
ized towards the carbene carbon (68.3 %). The 7(P—C) backbonding contributions
are localized mainly on the phosphorous atom (60%), but are weaker as for PCO~
ligand in 7. To conclude, the donating nature of the P—Ni interaction and the po-
larized P1—C41 bond lead to a comparative electron-poor phosphorous, which was
quantified by BADER’S quantum theory of atoms in molecules (QTAIM), leading to
QTAIM partial charges/a.u. of: (q(P1: 0.14) / (C41: 0.37)).
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NMR spectra were recorded with a particular focus on the carbene-phosphido moi-
ety. All peaks in the 'H and 3C{'H} NMR spectrum could be assigned, see the num-
bering scheme in Figure 4.15 and Figure 4.16. As suggested by the molecular struc-
ture and theoretical calculations, the P1—-C41 bond only shows partial double bond
character, allowing relatively free rotation of the carbene fragment. Consequently, a
more pronounced double bond would increase the rotational barrier around the PC
bond, leading to inequivalent N-substituents of the NHC on the NMR time scale.
However, this is not the case. At —35°C, one sharp singlet corresponding to equiv-
alent methyl groups of the carbene is found at 4.06 ppm in the 'H NMR spectrum,
compare no. 2 in the numbering scheme. The same applies to the hydrogen reso-
nance of the carbene (no. 3). In contrast, two septets for the isopropyl groups (no. 9
and 12) are found.

-
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Figure 4.15: 'H NMR spectrum of 8 at —35°C in THF-dg, including numbering scheme.

The C{'H} NMR spectrum shows the same symmetry as the 'H NMR spectrum.
However, a doublet can be assigned to the methyl groups of the carbene at 38.5 ppm,
which originates from coupling with the phosphorous atom 3]PC(2) = 4Hz. These
results indicate an unhampered rotation of the ligand. Albeit the carbene fragment
does not oscillate as the PCO™ ligand in 7, compare Figure 4.5. Therefore, 9 only fea-
tures a 0, mirror plane, which result in a C; symmetry on the NMR time scale. Con-
sequently, the DIPP groups only show one set of signals (no. 12-19) in the *C{!H}
NMR spectrum.
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Figure 4.16: 3C{'H} NMR spectrum of 8 at —35°C in THF-dg, including numbering scheme.
The magnifications below show two doublets. The first one at 171.5 ppm was
assigned to C1 with a coupling constant of 1]PC(1) = 142Hz. The second dou-

blet at 38.5 ppm was assigned to C2 with a coupling constant of 3 Jec(2) =4Hz.

At the beginning of this chapter, the resonance forms of N-heterocyclic carbene-
phosphinidene adduct were presented, see Scheme 4.11. To define the most con-
tributing structure, 3P NMR spectroscopy can be used since it provides a rough esti-
mate of the electron density at the phosphorous atom. In general, it can be presumed
that an electron-rich phosphorus atom is upfield shifted (resonance form B and C in
Scheme 4.11) and vice versa. This method was exploited in numerous cases by or-
ganic chemists to gain insight into the bonding situation.[?®! A simple example is
given by comparing the 3!P signals of the carbene-phosphinidene adducts 1,3-dime-
thyl-2-phosphanylidene-2,3-dihydro-1H-imidazole (NHC=PH) with 1,3-dimethyl-
2-(phenylphosphanylidene)-2,3-dihydro-1H-imidazole (NHC=PPh). While the par-
ent carbene-phosphinidene NHC=PH features a phosphorous resonance at

—149.3 ppm, 244! the corresponding NHC =PPh species features a downfield shifted
signal at —49.1 ppm!?#] in the 3!P spectrum upon replacement of the hydrogen atom
for an electron-withdrawing phenyl group. The herein discussed complex (9) bears
the same carbene-phosphinidene ligand resulting in a signal at 44.78 ppm in the
31P spectrum, see Figure B.36. Following the previously described argumentation,
the phosphorous atom must be electron-deficient, which would indicate a profound
charge flow to the bonded Ni'l metal centers. Additionally, the doublet at 171.45 ppm
in the 3C{1H} spectrum (inset, Figure 4.16) follows the same trend. However, this
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effect is much weaker!?*! (for comparison, NHC=PH ¢'3C = 176.0 ppm).[?*| This
hypothesis was again underpinned by computational chemistry, unambiguously
identifying the dative ligand-to-metal bonding interactions for both the P1—+Nil and
P1—Ni2 bonds.

Further information to characterize the bonding situation can be derived by electro-
chemistry. This was done by ARDUNEGO et al., who examined the redox properties
of NHC=PPh (NHC = 1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene (IMes)) by
cyclic voltammetry (CV), revealing an irreversible one-electron oxidation at —0.08 V
(vs SCE).I2Y] This relatively low oxidation potential indicates a high electron den-
sity at the phosphorus center, corresponding to resonance form C (Scheme 4.11).12301
For comparison, the one-electron oxidation potentials of phosphaalkenes are found
in the range of 1.07-2.94V (vs SCE).[?*l The one-electron oxidation of a carbene-
phosphinidenyl would result in the corresponding radical cation. Such a species
was isolated by treating a CAAC-phosphinidene-PN adduct (CAAC = cyclic alkyl
amino carbene) with [Ph3C][B(CsF5)], the bis(carbene)-PN compound is displayed
in Figure 4.14.1247] The cyclic voltammogram of the neutral compound shows two re-
dox events, one reversible one-electron oxidation at E;,, = —0.51V vs Fc' /Fc, and
a second irreversible oxidation at 0.6 V. The reversibility of the first oxidation was
experimentally verified by the addition of the strong reductant (KCs) to the oxidized
species, regaining the neutral compound. DFT calculations of a slightly simplified
model complex were performed to obtain information about the spin distribution
of the oxidized carbene-phosphinidenyl adduct, pointing out that the highest spin
density is located on the phosphorous atom.
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Scheme 4.14: Resonance forms of the bis(carbene)-PN adduct XXX VIIL[247]

Driven by these reports, the electrochemical properties of 9 were investigated by
cyclic voltammetry as well, see Figure 4.17. The experiment was performed under
inert conditions at ambient temperature in THF with BusNPFg (0.2 M) as electrolyte.
The data was referenced to the Fc/Fc*t redox couple. The cyclic voltammogram of
8 shows two redox events. The reductive regime shows one irreversible reduction
wave centered at —2.86 V vs Fc/Fc™, which is most likely associated with the reduc-
tion of the metal centers. In contrast, the oxidative region of the cyclic voltammo-
gram shows one reversible oxidation, appearing at —0.58 V that fulfills the criteria
for a reversible process, see Figure 4.18.
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Figure 4.17: Cyclic voltammogram (vs Fc/Fc™) of 8 (THF, 0.1 M BusNPFg) at a scan rate of
100mV -s~ 1.
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Figure 4.18: Left: Fully reversible oxidation wave (E1;, = —0.58 V) at 100mV - s~ (black),
200mV -s~! (red), 300mV - s~ ! (blue), 400mV - s~ ! (magenta), and 500 mV - s~
(green). Right: Reversible electron transfer indicated by the RANDLES-SEVCIK
plot that verifies the linearity between the peak current (anodic) and the square
root of the scan rate.

It is reasonable to assume that the carbene-phosphido moiety is involved in the pro-
cess. Interestingly, the oxidation potential is similar to the system mentioned above
(AEq /2 = —0.07V), although the example dealt with a neutral carbene-phosphinide-
nyl adduct. In contrast, the oxidation of the anionic [P(NHC)]™ ligand unit would
formally lead to the corresponding neutral [P(NHC)] species. Alternatively, the ox-
idation of the nickel ions from Ni' to Ni'! or the oxidation of the ligand scaffold L
are conceivable.
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The successful substitution of the carbonyl fragment of the PCO ligand by an N-
heterocyclic carbene has been demonstrated, yielding a bimetallic N-heterocyclic
carbene-phosphido nickel complex. In addition, the unintended dimerization of the
ligand could be avoided by using a sterically undemanding reagent. Hence, this
reaction provides an encouraging outlook for potential follow-up reactions of the
phosphaketene complex 7.
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4.7 An Isocyanide-Phosphido Complex

In the previous chapters, it was illustrated that the PCO™ ligand of 7 can be trans-
formed into different ligands within the dinickel cleft. Since this kind of reaction
triggers the release of CO, complex 7 formally transfers P~ on the respective sub-
strate, which allows the synthesis of phosphorus-based compounds stabilized by
the bimetallic pocket. While the interaction of phosphaketenes with LEWIS bases,
such as carbenes, has been extensively described, the reactivity with isocyanides
(R-N=C) has recently gained more attention.!?*8! In that sense the conversion of an
isocyanide to a cyanophosphide P-C=N" unit is desirable.

Various synthetic procedures are known in the literature to generate cyanophos-
phides. However, for the first time, SCHMIDPETER et al. reported the isolation of
a carbene-cyanophosphinidene unit (NHC-PCN) by reductive decyanation of di-
cyanophosphines (RP-(CN),).[2°l Another possibility to generate PCN functionali-
ties involves the deoxygenation of isocyanates (RNCO) using silylphosphines
(Ry —P-Si(Me)3)?42%01 Alternatively, coupling reactions of isocyanides with phos-
phinidene fragments offers a further synthetic route to disubstituted cyanophos-
phide compounds.!?>1-2%1 In this matter, it is worth noting that a synthesis following
this approach has been presented earlier in this work, see Scheme 4.7.

However, only a few examples deal with the reactivity of the phosphaethanolate
anion or the related phosphaketene ligand towards isocyanides. An unusual exam-
ple, including a PCO unit, for synthesizing monosubstituted cyanophosphide has
been presented by GRUTZMACHER et al. They have established a synthetic route
for converting phosphaketenes via metathesis into PCN building blocks. By treating
NHP-PCO (NHP = N-heterocyclic phosphenium) with M[N(SiMe3),] (M = Na, K),
the O is isoelectronic replaced for [N]~, leading to the previously unknown phos-
phanyl cyanophosphide [NHP-PCN]~ compound, see Scheme 4.15:1212]
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Scheme 4.15: Synthesis of phosphanyl cyanophosphide salts (XXXIX).212l
Consequently, complex 7 was treated with KHMDS as well, which did not afford any
useful results. An alternative synthetic protocol, which involves an isocyanide and a
phosphaketene species, was reported by GOICOECHEA et al.[?*8] They described the
conversion of a phosphaethynolato-borane [B]JPCO with four equivalents of (tert-
butyl)isocyanide into the respective [BJPCN-tert-Bu compound upon decarbonyla-
tion, see Scheme 4.16:
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Scheme 4.16: Synthesis of a isocyanide-stabilized phosphinidene (XXXXI).1248]

Inspired by these studies, 7 was treated with stoichiometric amounts of isocyanides,
starting with tert-Bu isocyanide. Since no conversion was monitored by 'H NMR
spectroscopy, the temperature was increased, resulting in the same reaction condi-
tions as for the beforehand presented synthesis of complex 8. Unfortunately, this
reaction was accompanied again by the dimerization of the ligand system, which
could be clearly identified by the typical peak pattern for the methylene-linker unit.
Based on the experience acquired with the [LNiz (u-P(NHC))] (9) complex, this re-
action can be avoided using a less demanding reagent. Therefore, benzyl isocyanide
was used instead. Upon decarbonylation, the desired complex [LNiz (-PCNBn)]
(10) was obtained, see Scheme 4.17:

|/N N\N I ‘> i N/’,-\“\P/N'I\N
P rN . ?Pr / ?’Pr
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Scheme 4.17: Reaction of 7 with benzyl isocyanide leading to the cyanophosphide nickel
complex [LNiz(u-PCNBn)] (10).

After work-up and crystallization from a 2-Me-THF solution, deep red crystals suit-
able for XRD were obtained. The obtained molecular structure confirmed the forma-
tion of a PCN-Bn unit, see Figure 4.19. In agreement with the 'H NMR spectrum, no
dimerization reaction of the ligand took place.
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Figure 4.19: Molecular structure of 10 (30% probability thermal ellipsoids). The hydrogen
atoms are omitted for clarity..

Table 4.6: Selected bond lengths, distances, and angles of 10.

Bond length / A Distances / A Angle / °
Nil—-N4 1.899(5) Nil---Ni2 3.7083(12) N4—Nil—N1 173.0(2)
Nil—-N1 1.824(5) Nil---C41 2.286(6) N4—Nil-N3 95.0(2)
Nil-N3 1.919(5) Ni2.--C41 29715(75) NI1-Nil-N3 81.8(2)
Ni2—N6 1.893(5) N6—Ni2—N2 176.9(2)
Ni2—N2 1.825(5) N6—Ni2—N5 95.3(2)
Ni2—N5 1.911(5) N2—-Ni2—N5 81.9(2)
Nil—-P1 2.2801(17) C41-P1-Nil 66.2(2)
Ni2—P1  2.2801(17) C41-P1-Ni2 95.0(2)
P1-C41 1.719(8) P1-C41-N7 168.5(6)
C41-N7 1.197(9) Nil—-P1-Ni2 106.41(7)

Both nickel! centers show an almost perfect square planar coordination environ-
ment, and they are separated by a distance of 3.7083(12) A. The ligand within the
pocket is profoundly inclined towards the Nil center, resulting in a Nil—P1—-C41/
Ni2—P1—-C41 angle of 66.2(2)/95.0(2) °. The obtained interatomic distance for P1-
C41 is 1.719(8) A, which only slightly exceeds the literature known value for P=C
double bonds of 1.69 A (ref.: P—C single bonds: 1.86 A).[20257] To describe the C—N
binding situation, the molecular structure and IR spectroscopy were taken into ac-
count. The C—N bond distance is 1.197(9) A and the corresponding stretching fre-
quency is found at 1808 cm ™! (calc. : 1816 cm™!) in the IR spectrum, see Figure 4.20.
These results lie between the reference numbers for imines (d(C=N)= 1.27 A; ven =
1640 cm ') and nitriles (A(C=N) = 1.16 A; veny = 2250 cm—1),[256257] indicating no
clear preference for one of the two possible canonical forms (P=C=N/P-C=N).
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Figure 4.20: IR (KBr) spectrum of 10. The labeled peak at 1808 cm ! represents the antisym-
metric C—N stretching vibration of the isocyanide-phosphido ligand.

Since identifying the most contributing resonance form is valuable information for
possible follow-up reactivities, literature known compounds were compared with
complex 10. The cyanophosphide species (XXXIX), presented in Scheme 4.15, ex-
hibits similar bond lengths and spectroscopical features. In comparison to the PCN
unit in complex 10, the corresponding PCN unit shows a slightly elongated P-C
bond of 1.75 A as well as shortened C—N bond of 1.16 A. Based on the compara-
ble bond length, it is noticeable that the (C—N) stretching vibration of XXXIX ap-
pears at higher frequencies of around 2067 cm ™! (Avcy = 259 cm™1). This finding
might be linked with the different bonding angles of the PCN moieties, while com-
plex 10 features a P1-C41—N7 angle of 168.5(6) °, the respective PCN unit of the
phosphanyl cyanophosphide is nearly linear (177.0(2) °). Additionally, in complex
10, the Nil ion is located at a distance of 2.286(6) A from the C41 atom, which could
influence the stretching vibration as well. However, GRUTZMACHER et al. concluded
that the phosphanyl cyanophosphide compound is best described as [NHP]P-C=N
species, see Scheme 4.15 (A). In contrast, the PCN fragment in 10 shows a larger
contribution of the resonance form B (P=C=N). This assumption is supported by re-
cently published studies by JUNGHANS and FISCHER addressing 1,3-phosphaazaal-
lenes (RP=C=NR).[?8] These compounds share several characteristic properties with
the presented PCN unit of 10, such as a slightly bent P—-C—N angle around 170°
and a similar bonding length. Moreover, these compounds exhibit an asymmetric
stretching vibration (vcn) between 1830 and 1915 cm— 11259

Further characterization was carried out by NMR spectroscopy while special atten-
tion was paid to the isocyanide-phosphido ligand. In the 'H NMR spectrum, all
peaks could be assigned, see Figure 4.21. Thereby it was found that the ligand in
the bimetallic pocket of 10 oscillates in a comparable way as the PCO ligand in 7,
compare Figure 4.5. At —35°C, the 'H NMR spectrum (Figure 4.5 (top) of 10 shows
equivalent resonances for the nacnac sidearms (no. 5 to 7) but two resonances for the
CHa, linker units (no.4 and 14). The latter finding can be explained by the strongly
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inclined binding of the ligand within the pocket. In line with the presumed dynamic,
the 'H NMR spectrum features Cy, symmetry at higher temperatures. As a result,
the resonances associated with the CH; linker unit (no. 4) and the isopropyl units of
the DIPP groups (no. 9-13) are merging together at r.t. This indicates that the barrier
for the oscillation of the ligand is significantly higher in 10 as for 7.
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Figure 4.21: '"H NMR spectrum of 10 at different temperatures in THF-dg. Top: —35°C and
Bottom: r.t.

In the 3P NMR spectrum (Figure B.42), one singlet with a chemical shift of § =
—84 ppm was detected, which is a comparable value to the phosphanyl cyanophos-
phide XXXIX, displayed in Scheme 4.15 (§ = —104 ppm).1?12] Further, the nitrogen of
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the PCN fragment was identified by 'H->N-HMBC NMR spectroscopy, showing a
coupling with the methylene unit of the benzene at —159 ppm. In addition, the car-
bon of the PCN unit was identified in the *C{'H} spectrum, displaying a doublet at
5c = 172.7 ppm with a coupling constant of ! Jpc = 131 Hz (Figure 4.22). For compat-
ison, 1,3-phospha-azaallenes are usually found between 170-210 ppm,?*°! whereas
cyanophosphides appear at higher field around 140 ppm.[?'? In agreement with the
identified stretching vibration of the CN unit, the diagnostic chemical shift of C41 in
the 13C{H} NMR spectrum indicates a phosphaazaallene resonance form.
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Figure 4.22: 3C{'H} NMR spectrum of 10 at —35° C in THF-dg. The inset shows doublet
at 6c = 172.7 ppm, which was assigned to C41 with a coupling constant of
pc = 130 Hz.

The previously established synthetic strategy for the synthesis of 9 has been suc-
cessfully applied to generate an isocyanide-phosphido complex 10. It can be as-
sumed that both syntheses share a comparable reaction mechanism, including the
attack of the carbon atom of the phosphaketene unit by an uncharged nucleophile.
This initiates the decarbonylation reaction and eventually results in the formation
of a phosphorous-based ligand. Additionally, the dimerization reaction, which was
observed for 8, could be circumvented for 8 and 10 by using sterically undemand-
ing substrates. To fully understand the bonding situation, computational methods
would be helpful, though IR and NMR spectroscopy delivered valuable information
to characterize the most contributing resonance forms. To summarise, the struc-
tural data is very similar to the literature reported examples of cyanophosphides; in
contrast, spectroscopical methods support the presence of cumulated double bonds
(P=C=N).

During the reaction, it was not possible to identify the formation of an intermedi-
ary phosphaketene-adduct. This circumstance can be attributed to the required high
reaction temperatures, which facilitate the release of the CO fragment, see Scheme
4.12. In order to isolate such a species, the next logical step would be to find a reagent
that reacts under mild reaction conditions. Thus, the next chapter will describe the
reaction of 7 with a more potent nucleophile.



4.8. Synthesis of a Diphospha-Urea Derivative 105

4.8 Synthesis of a Diphospha-Urea Derivative

In the previous chapters, the transformation of the phosphaketene ligand of com-
plex 7 was illustrated. However, the reaction mechanism is ambiguous. It can be as-
sumed that the reaction proceeds via the nucleophilic attack on the carbon of the PCO
ligand, compare Figure 4.12 Unfortunately, no intermediates were detected during
the syntheses of 9 or 10, which can be explained by the applied high temperatures.
The previous chapters dealt with the reactivity of 7 with uncharged carbenes and
isocyanides. Another potential reactivity includes the usage of an anionic species.
However, two factors must be considered beforehand. First, the substrate should
not be too bulky to circumvent the dimerization of the ligand. Second, it has been
shown in previous studies dealing with the herein used nickel system that two times
reduced species in the pocket are best stabilized by potassium ions. Taking these as-
pects into account, the reactivity of 7 with potassium diphenylphosphide KPPh, was
tested. In analogy to the reaction of complex 7 with PMe3 (compare subsection 4.5),
the final reaction product should feature a diphosphido unit. Additionally, the iso-
lation of the intermediary phosphaketene adduct is pursued.

As illustrated in the proceeding subsections, the PCO moiety serves as a versa-
tile building block for synthesizing phosphorus-containing compounds. In this re-
gard, STEPHAN et al. recently published a synthetic procedure to obtain primary
acylphosphines (XXXXIII) using a phosphaketene reagent. By treating the triphenyl-
germanylphosphaketene Ph3GePCO (XXXXII) with the WITTIG reagent methylen-
etriphenylphosphorane, a ylide stabilized primary acyl phosphine (XXXXIII) was
isolated, see Scheme 4.18, upper line. More closely related to the reaction of 7 with
diphenylphosphide, they also described the reaction of the same germanyl phos-
phaketene synthon (XXXXII) with different alkali phosphides.?*°l Due to the fact
that an additional phosphorous moiety instead of an organyl group is introduced,
this reaction afforded an acylphosphine phosphide or diphospha-urea derivative
(XXXXVI). By treating XXXXII with the strong nucleophilic reagent, KP(tert-Bu),, an
asymmetric diphospha-urea derivate (XXXXIV) is formed, see scheme 4.18, bottom
line. Moreover, the subsequent addition of the halide precursor ClGePhj3 afforded a
bimetallic complex(XXXXV):

Ph O@
| ®
Ph—||3:CH2 )\/PPh3
P
Ph H” =
GePh3
PhaGePCO XXXXII

KP(tert-Bu), o
XXXXII (o} (K] Il
lo ClGePhg _C_ _GePhy
/C1 > /GePh3 —KClI \P/

(tert-Bu)oP
(tert-Bu)oP» P4 |
GePh3

XXXXIV XXXXV

Scheme 4.18: Top: Reaction of PhzGePCO (XXXXII) with a WITTIG reagent resulting in a
primary acylphosphine species (XXXXIII). Bottom: Synthetic route towards a
diphospha-urea derivative (XXXXV) coordinated by two GePhj units.[20}
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Interestingly, the GePhs fragments serve as protective groups for the phosphorous
moiety. According to a previously established deprotection strategy,?!! the GePh;
units can be removed, yielding the asymmetric diphospha-urea derivate (XXXXVI)

0 K] |
|:@ Mel C GePh KOt-Bu
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e I R Vg \Fl’/ ~GePhyOtBu
L Me
[ 0 [K] Q

K Mel

© Me

C N Me g SN A 7
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XXXXVI

Scheme 4.19: P—Ge bond-deprotection strategy resulting into the asymmetric diphospha-
urea derivate (XXXXVTI).[260]

A similar approach as in Scheme 4.18 (bottom line) was chosen in the present work
to synthesize a diphospha-urea complex, see Scheme 4.20. Because of the high
thermosensitive, all steps were carried out at cold temperatures. By treating 15*
with a 0.5M THF solution of potassium diphenylphosphide, a rapid color change
of the solution from red to deep red was observed. Single crystals of the air and
moisture-sensitive product K[LNiz (PC(O)PPh,)] (11) were obtained in moderate
yields (40%) by layering the 2-Me-THF solution with hexane at —38 °C. The forma-
tion of a diphospha-urea derivate was evidenced by X-ray diffraction.

C iz N\ j K/O\ A
' ~N KPPh,
'Pr in THF ﬁN,Nl\ﬁR ~ni 6\

II
i > C
"Pr. . i -40 °
8 Pr at-40°C or E o,

7 11

Scheme 4.20: Reaction of 7 with potassium diphenylphosphide leading to the formation of
a diphospha-urea derivate nickel complex K[LNig (PC(O)PPh,)] (11).

The molecular structure of 11 is displayed in Figure 4.23 and reveals an unexpected
placement of the potassium counterion. In comparison with the dihydrido complex
2K or the corresponding peroxido complex XIV (compare Section 1.3.6), it could
have been assumed to find the K™ cation between the aryl rings of the ligand scaf-
fold L. However, in this case the potassium ion is located over the nacnac subunit
interacting with the electron-rich oxygen of the ligand and two THF molecules. One
factor contributing to this different position of the counterion is the Ni—-P-C bond
angle in 11, which is similar to the herein presented phosphaketene derivates. As
the bond angle is close to 90°, it is reasonable that the potassium cation is preferably
located over the nacnac subunit, stabilizing the electron-rich substrate by withdraw-
ing charge density.
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Figure 4.23: Molecular structure of 11 (30% probability thermal ellipsoids). K* -~nacnac con-
tacts are shown as dashed lines.

Table 4.7: Selected bond lengths, distances, and angles of 11.

Bond length / A Distances / A Angle / ©
Nil—-N4 1.8997(19) Nil---Ni2 3.6795(6) N4—Nil-N1 174.46(8)
Nil—-N1 1.8250(19) Nil---K1 3.1269(6) N4—Nil—-N3 95.79(8)
Nil—-N3 1.9375(19) Ni2---P1 3.1250(8) N1-Nil-N3 81.69(8)
Ni2—N6 1.901(2) K1.--01 2.7853 N6—Ni2—N2  169.58(8)
Ni2—N2 1.819(2) K1---nacnac’ 2.5905(18) N6—Ni2—N5 95.21(9)
Ni2—N5 1.921(2) N2—-Ni2—-N5 81.9(2)
Nil—-P1 2.2688(6) C40—-P1-Nil 95.86(8)
Ni2—P1  2.2711(7) C40—P1—-Ni2 91.27(8)
P1-C40 1.806(2) Nil—-P1-Ni2 108.28(3)
P2—-C40 1.908(2) P1-C40-P2  113.11(12)
O1-C40 1.241(3) P1-C40-01 127.63(18)

P2—-C40-01 119.12(17)

TDistance between K1 and the center of the plane spanned by the nacnac subunit

Both Nil' centers exhibit a slightly distorted square-planar coordination environ-
ment and are separated by a distance of 3.6795(6) A. The ligand within the pocket
is slightly tilting towards the Ni2 center, resulting in Nil—P1-C40/ Ni2—P1-C40
angles of 95.86(8)/91.27(8)°. The interatomic distance for P1—C40 is 1.806(2) A,
which corresponds to a shortened P—C single bond, while the bond length P2—C40
of 1.908(2) A only marginally exceeds the reference value of a P-C single bond of
1.86 A.[2°7] The C40—O1 distance is 1.241(3) A, which surpasses the reference length
of approximately 1.22 A for a C=0 double bond.?*!l This bonding situation resem-
bles that of the anionic diphospha-urea derivate (XXXXIV), displayed in Scheme
4.18 (d(C1—01) =1.246(3) A; d(P1—C1) = 1.901(3) A; and d(P1-C2) = 1.779(3) A).
However, in contrast to 11, no potassium ion is found in the coordination sphere of
XXXXIV.
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The phosphaketene unit of complex 7 shows a characteristic stretching vibration in
the IR spectrum, which is expected to be downshifted upon the transformation into
a diphospha-urea species. While comparable species exhibit CO stretching vibra-
tions around 1550 cm !, such a feature is unidentifiable for complex 11 because of
overlapping peaks in this region. However, mass spectrometry was more conclusive.

The ESI(+)-MS-spectrum of 11 in THF did not show a signal consistent with the
expected mass to charge ratio calculated for complex 11 (exact mass = 1176.43 u);
instead, a nickel species is found at m/z = 1218.4, see Figure 4.24, top line. How-
ever, the peak with the highest intensity at m/z = 937.4 ((M—(K(2-Me-THF),; CO)])
is more informative since it can be attributed to a decarbonylation reaction, lead-
ing to a diphosphene nickel species. This finding is particularly interesting since
it correlates with the initially presumed decomposition pathway of the diphospha
urea unit. Even though both signals show the expected isotopic pattern (see Figure
4.24, bottom line) and could be detected separately by tandem mass spectrometry
(MS/MS), it is noteworthy that this species should be negatively charged since no
additional protons were detected. Lastly, at m/z = 753.4, the same species as in Fig-
ure 4.8 is detected, which is assumed to be a pnictogen species [M—(K(2-Me-THF);
CO; PPhy)+H].

937.4
1218.5
753.3
b —— " -
! ! ! ! ! ! ! ! ! ! ! ! |
700 800 900 1000 1100 1200 1300
m / z

936 938 940 942 944 946 948 936 938 940 942 944 946 948
m/z m/z

Figure 4.24: Top: ESI(+)-MS-spectrum of 11 in THF. Bottom: Experimental (right) and sim-
ulated (left) isotope distribution of the peak at m/z = 937.4.
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Further analysis has been carried out by NMR spectroscopy. It was possible to iden-
tify 11 in the 'H NMR spectrum with the help of 'H,'H-COSY (Figure B.49) and
H,3C-HSQC (Figure B.50) NMR spectroscopy. Even though crystalline material
was used, the spectrum shows the presence of minor impurities, see Figure 4.25.
This finding can be explained by the high temperature-sensitive of complex 11. Al-
though single-crystalline material was used, and utmost attention was paid to keep-
ing the NMR sample at low temperatures, it is highly probable that the compound
partly decomposed. Further, the assignment of all peaks was complicated by the
presence of coordinating 2-Me-THF molecules and traces of hexane. Nevertheless,
the characteristic pyrazole peak at 5.21 ppm is clearly visible, while the other reso-
nances were assighed with the assistance of 2-D NMR spectroscopy, see Figure B.49
and Figure B.50).
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Figure 4.25: 'H NMR spectrum of 11 at —35°C in THF-ds.

The 3'P NMR spectrum shows two doublets at § = 1.7 ppm and 203.3 ppm with
a relatively small 2Jpp coupling constant of 131 Hz, see Figure 4.26. Even though
the doublet resonances could not be assigned to one certain phosphorous atom, the
profoundly separated peaks indicate an unequal charge distribution. The *C{!H}
NMR spectrum shows a characteristic downfield shifted doublet of doublet reso-
nance at 253 ppm with !Jpc coupling constants of 94 and 57 Hz, see Figure 4.27.
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Figure 4.26: 3'P NMR spectrum of 11 at —35 °C in THF-dg. The two doublets are featuring a
coupling constant of 2Jpp = 131 Hz.
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Figure 4.27: 3C{'H} NMR spectrum of 11 at —35°C in THF-ds. The inset shows doublet
of doublet at dpc = 253.8 ppm (dd, | = 94.3,56.7 Hz), that was assigned to the
carbon of the PC(O)P part of the ligand.
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Both 1,3-dimethylimidazolium and benzyl isocyanide served as neutral nucleophi-
les, yielding different phosphaketene derivates. Due to the applied high tempera-
tures, these reactions were accompanied by decarbonylation. A different approach
was chosen by reacting 7 with a negatively charged and, thus, even stronger nu-
cleophile at low temperatures. In line with the literature reported examples, the
phosphaketene unit of 7 was converted into a diphospha-urea derivate. Due to the
enormous sensitivity of 11 it was not possible to isolate the presumed diphosphene
species. Even slowly warming up 11 to 0°C resulted in decomposition and no inter-
pretable signals in the 'TH NMR or 3'P spectrum.
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4.9 Conclusion and Outlook

In summary, the isolation and complete characterization of a dinickel phosphaketene
complex 7 and its follow-up reactivity with several nucleophiles are presented. Due
to its high stability, 7 represents a handy platform for synthesizing unusual phospho-
rus-based complexes (Figure 4.21), which were in-depth analyzed. Although these
reactions were not mechanistically investigated, the initial step probably includes
the nucleophilic attack on the carbon of the PCO-unit resulting in the formation of
a phosphaketene-adduct. This hypothesis could be substantiated by the reaction
of 7 with potassium diphenylphosphide, yielding a diphospha-urea derivative. It
can be assumed that a comparable intermediate is also involved in the reaction of 7
with NHC or isocyanide. However, due to the applied high temperatures, the de-
carbonylation reaction is considerably facilitated, making the trapping of such an
intermediate difficult.
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Scheme 4.21: Simplified reaction towards the dinickel phosphaketene complex 7 and follow-
up reactivities.

All complexes were characterized by UV-vis (Figure B.14), IR and NMR spectroscopy,
and X-ray crystallography, see Table 4.8. Additionally, the electronic structures of 7
and 9 were investigated with the help of DFT calculations, carried out by MAX C.
HOLTHAUSEN and coworkers. Combining these results made it possible to identify
the most contributing resonance structure and understand the ligand’s bent geom-
etry relative to the nickel centers. However, the isocyanide-phosphido complex 10
and the diphospha-urea derivative 11 were not investigated by theoretical calcu-
lation, which would be helpful to understand the bonding situation of these com-
plexes entirely.
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Table 4.8: Selected bond lengths, distances, angles, and spectroscopic features of the herein

presented complexes.

Complex Bond length / A Angle / °©

7 P1-C40 1.671(5)  C40—P1-Nil 80.85(14)
C40-01 1.170(5)  C40—-P1-Ni2 81.50(14)

9 P1-C41 1.841(2) C41-P1-Nil 93.84(7)

C41-P1-Ni2 98.58(8)

10 P1-C41 1.7198) C41-P1-Nil 66.2(2)
C41-N7 1.1979) C41-P1-Ni2 95.0(2)

11 P1-C40 1.806(2)  C40—P1—-Nil 95.86(8)
P2—-C40 1.908(2)  C40—-P1-Ni2 91.27(8)
C40—-01 1.241(3)

Complex NMR spectroscopy IR spectroscopy
Sp/ppm BC/ppm !Jp_c/Hz Visgon, /@i "

7 —264.5 181.7 138 1885

9 44.8 171.5 142

10 —84.2 172.7 130 1808

11 1.7 253.3 94; 57
203.24

The LNi, scaffold serves as a suited platform to stabilize reactive phosphorus-based
ligands derived from the PCO™ ligand in the bimetallic pocket. Therefore, the re-
activity with potent nucleophiles is worth to be examined in greater detail. In this
context, the reaction with potassium diphenylphosphide is interesting since the reac-
tion does not require high temperatures and is not accompanied by the unintended
dimerization of the ligand. One example, following this synthetic strategy, would
be the reaction of 7 with potassium cyanide to afford a primary cyanophosphide.
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Chapter 5

Experimental Section

5.1 General Considerations

5.1.1 Materials and Methods

All experiments were performed under an argon or nitrogen atmosphere using stan-
dard Schlenk and glove box techniques. Glasware was dried at 120 °C before use.
Solvents were dried over sodium-potassium alloy (2-Me-THEF, THF, n-hexane,
n-pentane), CaH, or P4O;9 (CHCI3, EtsN) and distilled and degassed before use.
Deute-rated solvents were dried analogously. Alternatively, toluene, n-hexane were
dried using a solvent purification system (MB-SPS) and subsequent storage over
molecular sieves (3 A). Hydrogen gas was purchased from Messer and deuterium
gas from Linde. Chemicals used were either present in the working group or pur-
chased from commercial sources as Acros, Aldrich, Deutero, Merck, ABCR and used
without further purification unless stated otherwise. [HLut]BFs was synthesized
according to the literatur?®?! but additionally purified by sublimation (100 °C and
1.9 - 102 mbar). The used NaOCP(dioxane), 5 (abbreviated as NaPCO) in this work
was gratefully taken from MAX HANSMANN. Gases (O2 and Hj) were dried by stor-
ing them over concentrated H,SOj for at least two days.

5.1.2 Instrumentation

NMR spectra: 'H NMR and 3C NMR spectra were recorded on Bruker Avance
spectrometers (300 MHz, and 500 MHz, for H) at room temperature unless other-
wise noted. Residual 'H signals of the deuterated solvent in 'H NMR were used as
internal references (CDCl3: o(H) = 7.26 ppm, ¢(C) = 77.16 ppm; THF-dg: o(H) = 1.72
and 3.58 ppm, ¢(C) = 25.31 and 67.21 ppm).!18°

Mass spectrometry: Electro ionization (EI) and Electrospray ionization (ESI) mass
spectra were collected on a Bruker Daltonics maXis instrument. Moisture or oxygen
sensitive samples were prepared in a glovebox (MBRAUN UNIlab) under an inert
gas atmosphere and injected into the Bruker HCT Ultra spectrometer via a direct
Peek © tubing connection.

Elemental analyses: (standard CHN) were obtained from the analytical laborato-
ries at the Georg-August-University on an Elementar Vario EL 3.

IR spectroscopy: IR spectra were measured with a Cary 630 FTIR spectrometer
equipped with a DialPath and Diamond ATR accessory (Agilent) placed in a glove-
box (MBRAUN UNIlab, argon atmosphere). IR bands were labeled according to
their relative intensities with vs (very strong), s (strong), m (medium), w (weak) and
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very weak (vw).

UV-vis spectroscopy: UV-vis experiments in solution were recorded in quartz cu-
vettes on an AGILENT Cary 60 equipped with a UNISOKU cryostat (CoolSpek)
for low-temperature measurements connected with a magnetic stirrer. Temperatur-
sensitive compounds were recorded at —40 °C if not otherwise noted. Stock solu-
tions of oxygen or water-sensitive compounds were freshly prepared in a glove box
with <0.1 ppm O, and H,O and transferred into glass cuvettes, which were sealed
with a J. Young NMR valve.

SQUID: Measurements were performed with a Quantum Design MPMSXL-5 SQUID
magnetometer in the temperature range from 295 to 2K at 0.5T applied field. The
powdered sample was encapsulated in a Teflon bucket and placed in a non-magnetic
sample holder. Each raw data point for the measured magnetic moment of the sam-
ple was corrected for the diamagnetic contribution by subtraction of the experimen-
tally determined magnetic measurement of the Teflon bucket. Experimental data
were modelled with the julX program!?®! by applying a fitting procedure to the
spin Hamiltonian for isotropic exchange coupling and Zeeman splitting:

H= 2]§1§2 -+ g}l31§<§1 + §2) (5.1)

Paramagnetic impurities (PI) and temperature-independent paramagnetism (TIP)
were included according to:

Xcale = (1 - PI)X + PIXmono + TIP (5-2)

EPR spectroscopy: X-band EPR spectra were recorded on a Bruker ELEXSYS-II E500
CW-EPR equipped with a standard cavity (ER4102ST, 9.45 GHz). The temperature
was regulated with an Oxford Instruments Helium flow cryostat (ESP910) and an
Oxford temperature controller (ITC-4). The microwave frequency was measured
with the built-in frequency counter and the magnetic field was calibrated using an
NMR field probe (Bruker ER035M). The spectra were simulated by iteration of the
anisotropic g-values, and line widths using the MATLAB!?%4l-based EPR-simulation
program EasySpin.[26%]

Cyclic voltammetry: Cyclic voltammetry measurements of sensitive oxygen com-
plexes were carried out by using a METROHM Autolab potentiostat under inert
conditions in a one-compartment gastight cell at 0°C. Stock solutions were pre-
pared freshly in MeCN (0.1 M n-BusNPFs) in a glove box with <0.1 ppm O, and H,O.
Cyclic voltammograms were recorded using Ag/Ag™ reference-, glassy-carbon wor-
king- and Pt-wire counterelectrodes. Ferrocene was added as an internal standard
and all spectra were referenced to the ferrocene/ ferrocenium redox couple Fc/Fc™.[266]

X-ray structure determination: X-ray data were collected on a STOE IPDS II or a
BRUKER D8-QUEST diffractometer (monochromated Mo-Ka radiation, A =
0.71073 A) by use of w or w and ¢ scans at low temperature. The structures were
solved with SHELXT and refined on F2 using all re flections with SHELXL.[267.268]
Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed
in calculated positions and assigned to an isotropic displacement parameter of 1.5/
1.2 Ueq(C). Absorption corrections were performed numerically with the program
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X-REDE! or by the multi-scan method with SADABS.[?70]
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5.2 OH---H Bonding Distance Determinations

NMR spectroscopy is a beneficial tool for investigating transition-metal hydrides
spectroscopically; moreover, different methods were developed for revealing their
structural and dynamic properties. Conveniently, hydride resonances are often found
in the characteristic region around —5 to —20 ppm, which allows their distinct iden-
tification. Even though these techniques have been designed initially to study #7%-H,
complexes, '8 it is also possible to utilize them to investigate inter-17171 and intra-
molecular!'”2173] dihydrogen bonds. In this work, the H---H distance of the hydrido
hydroxido complex K[LNi% (H) (OH)] is of particular interest and was therefore ex-
tensively examined. In the following, the applied methods in Chapter 3.3.4 will be
further explained, and a more detailed description of the procedure is provided.

5.2.1 Theoretical Background

The distance between two protons #(H — H) can be ascertained by 'H T experi-
ments, provided that all portions of the total relaxation rate T{°T are known. Al-
ternatively, only the main contribution is considered, while conditions are chosen
where the other influences are negligible. Since dipole-dipole (TP interactions of-
ten dominate the overall relaxation of hydride resonances, it is crucial to determine
its contribution ), which is done accordingly:

1 3 (o) 4 4o e 1 4
= (2) (& W . r(H—H 5.3
PP (2) (4) ih® zer(H -1 (5 T or? Il 63)

where yg is the permeability of vacuum, yy and wy are the nuclear magnetogyric
ratio and resonance frequency of hydrogen respectively, /1 is the PLANCK’S constant
divided by 27t. The molecular motion correlation time 7. must be determined inde-
pendently; however, this can be avoided under certain conditions. The molecular
correlation time 7. depends on the temperature according to:

T. = Tpexp(Ea/RT) (5.4)

where R is the BOLTZMANN constant and Ej is the activation energy. This formula
simplifies if the system of interest features a minimal relaxation time H T1,min Since
the influence of 7. becomes insignificant:

0.6158
T = on (5.5)

Under this conditions, wy can be replaced by the operating frequency v, and TPP by
the minimal relaxation time Tj min. This assumption allows determining the H---H
bonding distance accordingly:

1

r(H---H) = 5.815 <T1an> ‘ (3.1)

This equation only requires the minimal relaxation time T} min in seconds and the
spectrometer frequency v in MHz to deliver the distance (H --- H) in A. However,
to find the desired 'H T1 min for the H---H moeity, it is necessary to determine the
dipole-dipole contribution TPP at variable temperatures. There are two different
approaches to examine TPP, the first is by measuring the nuclear Overhauser en-
hancement of the 'H nuclei.l?”!] The second one compares the relaxation rates T; for
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the non-deuterated (H, H) and partially deuterated (H, D) isotopomers.[zm More
precisely, the latter method requires T; measurements of the hydrido (H™) and the
corresponding deuteroxido (OD™) resonances or vice versa (D~ and OH™). The in-
dividual relaxation times are linked by the following correlation, whereby the factor
(0.96) compensates for the residual dipolar coupling of the deuterium nucleus:!8%!

1 1 1
= — -0.96 3.2
TPD ( TPOH T1HOD ) ( )

5.2.2 The NMR Inversion-Recovery (IR) Experiment

Due to its applicability and convenience, the most popular approach to determine T;
relaxation times is by NMR inversion-recovery experiments. The pulse sequence of
this experiment consists of the following pulse sequence, where RD is the relaxation
delay and AT is the acquisition time:

RD —180° — 7 —90° — AT

First, a 180° pulse inverts the magnetization vector along the z-direction from +Z
to —Z. During the time delay 7, relaxation along the longitudinal plane occurs until
the equilibrium z-magnetization is reached. Second, the 90° registering pulse creates
transverse magnetization, converting the vector from —Z to —X. Consequently, the
intensity of the NMR signals will show negative intensity at T < T;. The evolution
from negative to positive intensity is observed upon variation of the time delay T
from T < T; to T ~ 3Ty, yielding so-called inversion recovery curves. These ob-
tained NMR data can be analyzed by a standard nonlinear three-parameter fitting
routine. For demonstration, this method is illustrated in the following. First, the
complex of interest is measured at a fixed temperature, while 7 is varied after each
recorded spectrum. Then, after a rough estimation of Tj, the time delay is adapted
accordingly. A common mistake in this context is choosing a too short time de-
lay; to ensure a reliable estimation of the relaxation time, it is advisable to adjust
T ~ 3T;. Ideally, the inversion recovery curve becomes linear for long relaxation
times, indicating almost complete (approximately 99%) relaxtion of magnetization
in Z-direction, see Figure 5.2.

The relaxation time T; for the hydrido resonance of complex 6 was calculated; ac-
cordingly, an example is given below, see Figure 5.1 and Figure 5.2. To determine
the H---H distance, it is necessary to ascertain TP at the minimal relaxation time
Tl,min-
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Figure 5.1: NMR inversion-recovery experiment at —30 °C in THF-dg of K[LNiJ (OD) (H)].
Left: Intensity change upon variation of time delay 7. The NMR spectrum only
displayed the hydrido region at —25.78 ppm. Right: Data points used for the
inversion-recovery curve.
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Figure 5.2: Inversion recovery curve for the hydrido peak of K[LNiJ (OD) (H)] at —25°C in
THEF-dg. Experimental values (red circles) and calculated with standard nonlin-
ear three-parameter fitting routine (black line).
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Table 5.1: All determined relaxation times Tj for the respective resonance, T°P and H---H
distances. The minimal relaxation time Tj y is located at —30°C, resulting in

r(H --- H) of 1.783 A. To improving the visibility of the resonance of interest, the
respective H atom is printed boldly.

ﬁ(\ NH/N N\N|” /i ﬁ\ N”’ N\N|” /i ﬁ(\ NH/N N\N|”
ipr D, HO ipN Pr H HO ’Pr ipr H DO ipN
PKQ @, :Pr\Q @,

Complex K [LN1 K [LNIZ (H) (OH) ] LN1
Relaxation time T; /s

T/°C D---HO H---HO H---HO H---DO
—10 1.24 0.33 0.27 0.70
—20 1.09 0.34 0.26 0.66
—25 1.12 0.32 0.27 0.64
-30 1.07 0.33 0.24 0.63
—40 0.98 0.31 0.25 0.59
R r(H---H)/A

0.427 1.791

0.443 1.802

0.439 1.799

0.415 (T} min) 1.783*
0.426 1.790

"To minimize measurement errors, TPD has been determined for both combina-
tions (OD---H and OH---D) and averaged
*Only this distance was measured at T min

5.2.3 Isolated-Spin-Pair-Approximation (ISPA)

An alternative approach to examine proton-proton distances utilizes NOE spectroscopy
by the so-called isolated-spin-pair approximation (ISPA). This method has a signif-
icant advantage that neither the correlation time nor other independent data must
be determined before. Instead, the relative NOE intensities associated with an un-
known and a reference distance are required.'84] In the fast tumbling regime, the
normalized NOE intensity I between two resonances is proportional to the cross-
relaxation rate 0 and the experimental mixing time 7p:17!

I = (Tl'ij (56)

Under these conditions, the cross-relaxation rate is proportional to the distance of

the respective protons (ré) and a prefactor k. Conveniently, this factor can then be
regarded as constant, due to the fact that all values defining k are fixed for one ex-
periment.

2 h2a4
k= ”0) h”( L —TC> (5.8)
c
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Thus, the ratio of intensities of a pair of NOE signals is equivalent to the ratio of their
distances and independent of the mixing time:[18¢]

1
h_n (3.3)
I r%

2

Since the intensities can be directly derived from the 'H,'H-NOESY spectrum, the
unknown distance can be determined if the reference distance has been obtained pre-
viously from DFT calculations or X-ray crystallography. To calculate the intramolec-
ular proton distance, two sets of resonances must be evaluated, whereby one is the
interaction of interest, and the other one can be freely chosen. Notwithstanding,
the reference must meet the following conditions: First, all signals must be clearly
assignable and separated by potentially interfering resonances; second, the associ-
ated distance should be fixed. The first prerequisite can be fulfilled by the right
choice of NOE diagonal- and cross-peaks. The second requirement is more com-
plicated to accomplish. In general, suitable proton-proton distances are found in
rigid molecules or aromatic systems because conformational changes are unlikely to
occur.l'8] Theoretically, also more flexible molecules, including structural dynamics,
can be analyzed.['¥”l However, these kinds of systems should be avoided if possible
to keep the procedure more straightforward and less sensitive to errors.

As in the previous chapter, the accurate H---HO distance measurement of the hy-
droxido and hydrido groups within the pocket of the complexes 6 and 6-K(crypt) is
desirable. Therefore, the exemplary procedure is explained in the following. First, a
'H,'H-NOESY spectrum of 6-K(crypt) was recorded, revealing overlapping signals
in the aromatic regions, see Figure 5.3. Hence, the meta- and para-H’s are inappro-
priate to serve as a reference point; the distance between the pyrazolato-H and the
averaged proton position of the adjacent methylene unit r(HPY" --- H®H2) were taken
instead.
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Figure 5.3: 'H,'H-NOESY spectrum of 6-K(crypt). To provide a better overview, the spec-
trum is divided into two parts, and the peak position (blue) and the correspond-
ing intensities (black) are listed in Table 5.2.

The 'H,"H-NOESY spectrum shows a sufficient separation of the respective peaks
and consequently allows to determine the diagonal (Isa and Igg)- and cross-relaxation
terms (Iap and Iga). Ideally, the intensities of the inverted resonances are identical.
However, slight deviations are acceptable. The obtained NOE values are summa-
rized in the following table:
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Table 5.2: NOE values obtained from the 'H,'H-NOESY spectrum at —30 °C in THF-dg of
complex 6-K(crypt).

Resonance Integral / rel 6(F1)/ppm J(F2)/ppm peak type

H---H 1.76 —24.77 —24.78 diagonal
OH---OH 2.68 —2.41 —2.40 diagonal
H---OH 1.02 —24.77 —2.40 Cross
OH---H 1.03 —2.41 —24.78 Cross
HCH2 .. HCH2 841 4.15 4,15 diagonal
HPY™ ... HPYT 582 5.50 5.49 diagonal
HPyr ... HCH2 0,12 4.17 5.49 Cross
H 2 .. HPYT  0.13 5.50 4.15 Cross

First, the cross-peaks Iap and Igs were averaged for a given signal and normalized
by the associated diagonal peaks Ixa and Igg. Second, the intensities of the measured
NOE signals were corrected for the symmetry in each group by dividing the NOE
intensity between signals by ), I,, where I, is the number of chemically equivalent
spins of the respective group. This term is 1 for the H---OH spin pair and 2 for the
HPY" ... H*™2 counterpart.

I:< Iag + Ia ) 1 (5.9)
2v/Ian +Igg /) XonIn

The reference distance and the normalized intensities I; and I, are inserted into the
formula 3.3 to give the H---HO distance.
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5.3 Reaction Overview
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Scheme 5.1: Simplified reaction overview of all reactions presented in this thesis.
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5.4 Synthesis of Complexes

5.4.1 Synthesis of 3X

(THF),

)
A
r Nf/@fﬂ . F G
N\ii B ::/ND —nTHE N\;T N\il&N >
. ' atr.t. . ‘

1 Br 3K
Scheme 5.2: Synthesis of K[LNi}] (3%).

KCs (74mg, 553 ymol, 2.2eq.) was added to a brown/green suspension of
[LNi2 (p-Br)] (157) (20.0mg, 25.1 umol, 1.0eq.) in THF (4 mL). The reaction mixture
became dark red within 30 min and was stirred for two hours at room temperature
to yield a deep red solution. The solvent was removed under vacuum. The residue
was then dissolved in THF, and the KBr and graphite were removed by filtration
through a Whatman® filter paper. After layering with hexane, the product was ob-
tained as red block crystals after one week (yield: 35%).

'H-NMR (500 MHz, 238K, THF-dg): § / ppm = 60.88, 14.18, —3.41, —6.81, —9.04,
—21.02, —24.06.

UV-Vis (298 K, THF): Apax / nm (€ / M~ tem™1) = 369 (19404), 384 (18752), 449 (5185).
IR (ATR, 298 K): 7 / cm™! = 3056 (w), 2955 (m), 2923 (m), 2863 (m), 1552 (m), 1521
(m), 1458 (m), 1432 (s), 1397 (s), 1319 (m), 1270 (m), 1253 (m), 1231 (m), 1192 (m),
1090 (w), 1056 (m), 1019 (m), 935 (w), 848 (m), 795 (m), 756 (s), 735 (w), 645 (w), 631
(w), 545 (w), 520 (w).

SQUIDZ 51 = 52 = 1/2; g12 = 2.136; ]1/2 =-71 Cmfl.



5.4. Synthesis of Complexes 127

5.4.2 Synthesis of 3N?

(THF),
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Scheme 5.3: Synthesis of Na[LNi5] (3N2).

A freshly prepared solution of sodium naphthalide (1 M) in THF (0.53 mL, 53.2 ymol,
2.1eq.) was added to a brown slurry of [LNiz (p-Br)] (157 (20 mg, 25.1 pmol 1eq.) in
THE. The reaction mixture became dark red immediately and was stirred for 30 min
at room temperature to yield a deep red solution. Afterward, the reaction mixture
was filtered through a Whatman® filter paper. After layering with hexane, the prod-
uct was obtained as red block crystals after one week (yield: 40%).

SQUID: S; = S, = 1/2; g1, = 2.054; [, = —83cm !
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5.4.3 Synthesis of 4
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Scheme 5.4: Synthesis of [HaLNiL][BArY] (4).

An orange solution of K[LNiy (H),] (2¥) (30.0mg, 38.7 umol, 1.0eq.) in THF (3mL)
was cooled to —38 °C. To this solution [H(OEt;),] [BArE] (86.2mg, 85.1 umol, 2.2 eq.)
was quickly added under vigorous stirring, resulting in a brown-red clear solution.
The reaction mixture was filtered through a Whatman® filter paper. After one week,
the slow diffusion of the solvents yielded the product as yellow, block-shaped crys-
tals suitable for X-ray diffraction (yield: 40%). The crystals were accompanied by
inorganic impurities, which were not further analyzed. Manual separation was nec-
essary to collect the pure product.

UV-Vis (298 K, THF): Apax / nm (¢ / M~ tem™1) = 373 (17012), 385 (17732), 459 (6506).
IR (ATR, 298 K): 7 / cm™' = 2960 (m), 2926 (m), 2873 (m), 2861 (m), 1670 (m), 1610
(m), 1464 (m), 1442 (m), 1387 (m), 1357 (m), 1271 (m), 1113 (m), 957 (m), 936 (m), 887
(m), 841 (m), 803 (m), 791 (m), 770 (m), 758 (m), 744 (m), 711 (m), 682 (m), 670 (m).

SQUID: S; = S, = 1/2; g10 = 1.866; J10 = —78cm ™!
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5.4.4 Synthesis of 5

H BFe
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Scheme 5.5: Synthesis of [HLNi!Ni! (u-Me2CsH3N)|[BF4] (5).

A red solution of K[LNi5] (3¥) (30.0 mg, 39.6 umol, 1.0 eq.) in THF (3 mL) was cooled
to —38°C. To this solution, [HLut][BF4] (15.4mg, 79.1 umol, 2.0eq.) was quickly
added under vigorous stirring, resulting in an intense deep red, clear solution. The
reaction mixture was filtered through a Whatman® filter paper. Slow diffusion of
the solvents yielded the product as yellow, block-shaped crystals suitable for X-ray
diffraction (yield: 55%) after three days. Comparable to the synthesis of 4, the crys-
tals were accompanied by inorganic salts; however, the amount of KBF; was suffi-
ciently low to be removed manually.

UV-Vis (298 K, THF): Ajax / nm = 273, 372,471, 510, 696.
SQUID: S1 =1/2; g1 = 1.779.

EPR (THE, 153 K, 9.440469 GHz), 9865 mW) = g = 2.2955, 2.2007, 2.0211. Simulation
parameters: g, = 2.2966 g, = 2.1898, g, = 2.0133; s¢(x, y, z) = 0.02.
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5.4.5 Synthesis of 6
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Scheme 5.6: Synthesis of K[LNiy (H) (OH)] (6

A solution of K[LNi5 (H),] (2X) (20.0mg, 25.3 umol, 1.0eq.) in THF (3mL) was
freeze-pump-thaw degassed once and warmed up to —60°C. In a separate flask,
a small amount of water (5 mL) was three-times freeze-pump-thaw degassed and
slightly warmed up under an argon atmosphere. The solution was stirred for two
hours to ensure that the argon gas phase was saturated with water. Both flasks were
connected with the Schlenk line via a three-way cock. The tubing and the THF solu-
tion were set under a static vacuum. Then, the second flask valve was opened, which
allowed the water-saturated argon phase to be transferred to the reaction solution.
After a few seconds, the solution turned from orange to yellow until no further color
change was visible after approximately one minute. To secure complete conversion,
the solution was stirred for 20 min and afterward removed completely in vacuo. The
yellow crude product was redissolved in THF and filtered through a Whatman®
filter paper at cold temperatures. For crystalization, the solution was layered with
hexane and stored at —38 °C. After two days, the product was isolated as yellow
polycrystalline material in moderate yields ((15.2 mg, 18.8 ymol, yield: 60%).

'H-NMR (500 MHz, 238K, THF-dg): 6 / ppm = 6.95-6.85 (m, 6H, HA"), 5.55 (s,
1H, CH"?), 4.62 (s, 1H, CH™") 4,53 (s, 1H, CH"), 4,10 (m, 2H, CH};), 3.87-
3.81 (m, 2H, CH'™), 3.81 (m, 2H, CH,), 3.58-3.52 (m, 2H, CH'""), 1.88 (s, 3H, CH3),
1.75 (s, 3H, CH3), 1.49 (d, 3Jun = 6.7Hz, 6H, CH5'""), 1.43 (d, 3Juu = 6.7Hz, 6H,
CH;'™), 1.13 (s, 3H, CH3), 1.11 (s, 3H, CH3), 1.10 (d, 3Jyy = 7.3Hz, 6H, CH3'™),
1.07 (d, 3Jyu = 7.0Hz, 6H, CH3™*, —1.90 (d, ®Jun = 6.0Hz, 1H, Ni-OH), —25.73 (d,
3T = 6.0Hz, 1H, Ni-H).

I3C{'H}-NMR (125MHz, 238K, THF-dg): 6 / ppm = 159.9 (C-MeNamac) 1595 (C-
MeNaemacy 159 1 (CAT), 158.2 (CF#), 157.5 (C-MeNaenac)  156.4 (C-MeNacnac) 155.2 (CF?),
150.6 (CAT), 144.5 (0-CAY), 141.2 (0-CAT), 123.9 (m-CAT), 123.6 (m-CA¥), 123.3 (p-CAY),
122.7 (p-CAr), 97.7 (CHNacnac) 97 6 (CHNamac) 91.8 (CH'?), 51.6 (CHy), 51.2 (CHy),
28.8 (CHIr), 28.4 (CH™™), 25.5 (CH;r), 24.9 (CH3), 24.2 (CH;™), 23.7 (CH3i'™), 23.5
(CH3™™), 23.1 (CH3), 21.9 (CH3), 21.7 (CH3).

UV-Vis (298 K, THF): Amax / nm (e / M~ tem™1) = 385 (14800), 401 (14100), 440 (3900),
510 (600).

IR (ATR, 298K): 7 / cm~! = 3410 (s), 3057 (w), 2956 (m), 2922 (w), 2861 (m), 1891
(w), 1525 (s), 1463 (m), 1430 (s), 1399 (s), 1316 (m), 1253 (m), 1233 (m), 1195 (w), 1101
(w), 1054 (m), 1029 (m),1017 (m), 909 (w), 865 (m), 803 (m), 771 (m), 739(m).
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5.4.6 Synthesis of 6-K(crypt)

K([2.2.2]- Cryptand]

N N=N_ N Q

( NI NI, > [2.2.2]-cryptand -
NT N AN .2.2]-cryptan N|" N|"
o AR in THF

WKW at-35 °C

Scheme 5.7: Synthesis of Crypt(K) [LNiy (OH) (H)] (6-K(crypt)).

6 K(crypt)

To a solution of K[LNi5 (H)(OH)] (6) (20.0mg, 24.8 ymol, 1.0eq.) in THF (2mL),
[2.2.2]-cryptand (9.4 mg, 24.8 umol, 1.0eq.) was added at cold temperatures, which
was accompanied by an instantaneous color change from yellow to red. The reac-
tion solution was filtered through a Whatman® filter paper, layered with hexane,
and stored at —38 °C. After two days, the product was isolated as red plate-shaped
crystals in good yields (yield: 95%).

'H-NMR (500 MHz, 238 K, THF-dg): § / ppm = 6.78-6.70 (m, 4H, m-CHA"), 6.61-6.58
(m, 2H, p-CHAY), 5.46 (s, 1H, CH"?), 4.46 (s, 1H, CH™ac), 432 (s, 1H, CH"a™Mc),
4.12 (m, 2H, CH,), 3.90-3.86 (m, CH''"), 3.86 (m, 2H, CH>), 2.67 (s, 12H, [2.2.2]-
cryptand), 1.83 (s, 3H, CH3), 1.67 (s, 3H, CH3), 1.20 (s, 3H, CH3), 1.16 (s, 3H, CH3),
1.10 (d, 3 Jyn = 7.8Hz, 6H, CH3''™), 1.01 (d, ®Jyn = 6.9 Hz, 6H, CH3'"), —2.44 (d,
3Tun = 4.2 Hz, 1H, Ni-OH), —24.82 (m, 1H, Ni-H).

BC{'H}-NMR (125MHz, 238K, THF-dg): § / ppm = 157.6 (C-MeNaac) 157.5 (C-
MeNacnacy 1157 4 (C-MeNacnac) 157 3 (C-MeNamac) 1566 (CAT), 156.6 (CAY), 156.5 (CT?),
153.8 (CT%), 142.7 (0-CAY), 140.2 (0-CA%), 123.9 (m-CAT), 123.6 (m-CAT), 123.3 (p-CA7),
122.7 (p-CAY), 96.5 (CHNaenac) 99,1 (CHNamac) 90.7 (CHP?), 71.0 (CH,[222Feryptand)y,
68.1 (CH,[222]-cryptandy 51.8 (CHy), 51.6 (CHy), 33.0
(CH,[222l-eryptandy = 98 8 (CHIPY), 285 (CHI™), 24.7 (CH;™"), 24.6 (CH3), 24.3
(CH5Pr), 23.9 (CH;5'PT), 23.2 (CH5'PT), 22.1 (CH3), 21.6 (CH3), 21.4 (CH3).

UV-Vis (298 K, THF): Aax / nm (e / M~ 1em™1) = 389 (11400), 440 (9000), 468 (8600),
522 (3200), 561 (2300).

IR (ATR, 298K): # / ecm~! = 3410 (s), 3057 (w), 2956 (m), 2922 (w), 2861 (m), 1891
(w), 1525 (s), 1463 (m), 1430 (s), 1399 (s), 1316 (m), 1253 (m), 1233 (m), 1195 (w), 1101
(w), 1054 (m), 1029 (m),1017 (m), 909 (w), 865 (m), 803 (m), 771 (m), 739(m).
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Scheme 5.8: Synthesis of [LNiz (u-PCO)] (7).

To a brown/ greenish suspension of [LNiz (p-Br)] (157) (100 mg, 0.125 mmol, 1.0eq.)
in THF (7 mL), Na(dioxane), 5(PCO) (45mg, 0.163 mmol, 1.3 eq.) was added. The re-
action mixture was heated to 55 °C for two days and changed its colour to dark red.
The solvent was removed under vacuum. The residue was then again dissolved in a
minimum amount of THF, and the NaBr removed by filtration through a Whatman®
filter paper. After layering with hexane, the product was obtained as red block crys-
tals after five days (yield: 65%) suitable for X-ray structure analysis.

1H-NMR (500 MHz, 238 K, THF-dg): 6 / ppm = 7.01-6.69 (m, 4H, m-CArATY), 6.91-
6.89 (m, 4H, m-CHA"), 5.62 (s, 1H, CH'?), 4.80 (s, 2H, CH), 4.36 (m, 4H, CH>), 3.30
(m, 2H, CH'""), 3.32-3.24 (sept, *Juy = 6.8 Hz, 1H, CH™"), 2.08 (s, 6H, CH3), 1.33 (s,
6H, CHs), 1.15-1.13 (s, 6H, CH3) 1.32-1.31(d, 3Jun = 6.1 Hz, 12H, CH;i™r), 0.98-0.97
(d, *Jqu = 6.0 Hz, 6H, CH3"™).

IBC{'H}-NMR (125MHz, 238K, THF-dg): § / ppm = 182.2 (d, Jpc = 138, C-B,),
161.2 (C-MeNaenac) 11603 (C-MeNanac) 1556 (CP%), 151.3 (CAY), 142.2 (0-CAT), 126.3
(p-C™), 124.5 (m-CA%), 123.9 (p-C~%), 98.1 (CH), 92.8 (CHPz), 55.2 (CH,), 28.8 (CH'™™),
25.3 (CH3'"), 25.2 (CH3'™™), 24.9 (CH3™™), 24.7 (CH3'™), 24.5 (CH3), 21.6 (CH3).

I5N{'H}-NMR (50 MHz, 238 K, THF-dg): § / ppm = —164.8 (NF?), —218.7 (NNacnac),
—239.7 (NNacnac),

31P{1H}-NMR (202 MHz, 238K, THF-dg): § / ppm = —264.5.

UV-Vis (298 K, THF): Amax / nm (e / M~ tem™1) = 318 (17337), 365 (18816), 481 (3153).
IR (KBr, 298K): 77 / cm~! = 3060 (w), 2958 (m), 2868 (w), 1885 (s), 1622 (w), 1557
(s), 1530 (s), 1463 (m), 1435 (m), 1400 (s), 1314 (m), 1278 (w), 1189 (w), 1032 (w), 795
(w), 761 (w), 748 (w).

ESI*-MS in THF m/z = 781.4 [M+H] (100%), 753.4 [M-CO+H] (36%).
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Scheme 5.9: Synthesis of [L'{NizP(PMej) }2] (8).

To a dark red solution of [LNi, (#-PCO)] (7) (20 mg, 25.6 ymol, 1.0eq.) in THF (3 mL)
PMes (2.9 uL, 26 ymol, 1.0 eq.) was added. The reaction mixture was heated to 65 °C
for two days. The solvent was removed afterwards under vacuum. The residue was
then dissolved in a minimum amount of THF and filtrated through a Whatman®
filter paper. Afterwards, the solution was layered with hexane and stored at —35°C
for one week. The product was isolated as red block crystals (yield: 45%) suitable
for X-ray structure analysis.

TH-NMR (300 MHz, 238 K, THF-ds): § / ppm = 6.99 (s, 2H, CHNHC), 6.92-6.85 (m
4H, m-CHA"), 6.72-6.70 (dd, 3Jgu = 7.4Hz, 1.7 Hz, 2H, p-CHA"), 5.43 (s, 1H, CH"?),
4.57 (s, 2H, CH), 4.16 (m, 2H, CH,), 4.06 (s, 6H, CH3NHC), 3.91-3,83 (sept, *Jupy =
6.9Hz, 1H, CH™), 2.94-2.86 (sept, *Jun = 6.8 Hz, 2H, CH'™), 1.89 (s, 6H, CH3), 1.59-
1.58 (d, 3Juu = 6.9Hz, 6H, CH3'™), 1.14 (s, 6H, CH3), 1.04-1.02 (d, 3Jyu = 6.9Hz,
6H, CH3'™), 0.88-0.87 (d, 3Juy = 6.9 Hz, 6H, CH3'™), 0.76-0.74 (d, 3 Juy = 6.9 Hz, 6H,
CH3iPr).

31P-NMR (202 MHz, 238 K, THF-dsg): 6 / ppm = 4.4 (m, ! Jpp = 516 Hz, 2Jpc = 12 Hz),
12.4 (d, 'Jpp = 516 Hz).
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Scheme 5.10: Synthesis of [LNiz (u-P(NHC))] (9).

To a dark red solution of [LNi,(p-PCO)] (7) (20mg, 25.6 umol, 1.0eq.) in THF (3
mL) benzyl isocyanide (2.9 uL, 26 ymol, 1.0eq.) was added. The reaction mixture
was heated to 65 °C for two days. The solvent was removed afterwards under vac-
uum. The residue was then dissolved in a minimum amount of Me-THF and fil-
trated through a Whatman® filter paper. The consequent vapour diffusion with TMS
yielded the product as red block crystals after two weeks (yield: 45%) suitable for
X-ray structure analysis.

'H-NMR (500 MHz, 238 K, THF-dg): 6 / ppm = 6.99 (s, 2H, CHNHC), 6.92-6.85 (m,
4H, m-CHAY), 6.72-6.70 (dd, 3Juy = 7.4Hz, 1.7 Hz, 2H, p-CHAY), 5.43 (s, 1H, CH"?),
4.57 (s, 2H, CH), 4.16 (m, 2H, CH,), 4.06 (s, 6H, CH3NHC), 3.91-3,83 (sept, Juy =
6.9 Hz, 1H, CH™™), 2.94-2.86 (sept, 3 Jun = 6.8 Hz, 2H, CH"), 1.89 (s, 6H, CH3), 1.59-
1.58 (d, 3Juy = 6.9Hz, 6H, CH5™), 1.14 (s, 6H, CH3), 1.04-1.02 (d, 3Juy = 6.9 Hz,
6H, CH3'P"), 0.88-0.87 (d, 3 Jun = 6.9 Hz, 6H, CH3F"), 0.76-0.74 (d, 3 Jun = 6.9 Hz, 6H,
CH3iPr).

I3C{'H}-NMR (125MHz, 238K, THF-dg): 6 / ppm = 171.5 (P-CNHC), (d, Jpc =
142 Hz, CNHC) 160.0 (C-MeNanac) 159.7 (C-MeNaemac) 154 4 (CP?), 152.1 (CAY); 143,4
(0-CAY), 141.4 (0-CAT), 124.7 (m-CAT), 124.5 (m-CAT), 123.6 (p-CAT), 122.5 (CHNHS),
97.5 (CHNacmac) 91.8 (CH?), 53.2 (CH»), 38.5 (d, 3Jpc = 4Hz, CH3NHC), 29.1 (CHIM™),
28.9 (CH™), 26.3 (CH;™), 25.8 (CH3™"), 24.9 (CH3), 24.6 (CH5™), 24.6 (CH3I™),
21.2(CH3).

I5N{'H}-NMR (50 MHz, 238 K, THF-dg): § / ppm = -228.8 (N%), —209.4 (NNHC),
—207.0 (NNacnaC), —151,9 (NNacnaC).

31P{1H}-NMR (202 MHz, 238 K, THF-ds): § / ppm = 44.8.
UV-Vis (298 K, THF): Amax / nm (¢ / M~Lem 1) = 337 (14612), 377 (11953), 541 (2200).

IR (ATR, 298 K): 7 / cm™~! = 3080 (w), 2945 (m), 2851 (w), 1637 (s), 1618 (s), 1555 (w),
1528 (w), 1462 (w), 1433(m), 1401 (m), 1314 (w), 1260 (w), 1088 (m), 1030 (m), 801 (w).

ESI*-MS in THF m/z = 849.4 [M+H] (100%).

EA Anal. caled (%) for C4Hg1 NgNipP: C 62.15, H 7.23, N 13.18; Found: C 61.87,
H 7.05, N 12.96
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Scheme 5.11: Synthesis of [LNiz (#-PCNBn)] 10.

To a dark red solution of [LNi, (#-PCO)] (7) (20 mg, 25.6 ymol, 1.0eq.) in THF (3 mL)
1,3-Dimethylimidazolium-2-carboxylate (3.97 mg, 28.1 umol, 1.1 eq.) was added. The
reaction mixture was heated to 65 °C for three days. The solvent was removed af-
terwards under vacuum. The residue was then dissolved in a minimum amount
of Me-THF and filtrated through a Whatman® filter paper and layered with hexane
(10ml). The product was isolated as deep red block crystals after one week (yield:
55%) suitable for X-ray structure analysis.

'H-NMR (500 MHz, 238K, THF-dg): § / ppm = 7.22-7.17 (m, 4H, m-CH"Y), 6.96-
6.87 (m, 4H, m-CH*"), 6.83-6.76 (dd, *Jun = 7.4Hz,1.7Hz, 2H, p-CH*"), 5.59 (s, 1H,
CH"?), 5.18 (s, 2H, CH,®"), 4.81 (s, 2H, CH), 4.29 (m, 4H, CH>), 3.30 (m, 2H, CH™),
2.86 (m, 2H, CH''), 2.08 (s, 6H, CH3), 1.45 (m, 6H, CH5'"), 1.33 (m, 6H, CH3'"), 1.11
(m, 6H, CH3"), 1.03 (m, 6H, CH3'""), 0.77 (m, 6H, CH3'"").

BC{1H}-NMR (125MHz, 238K, THF-dg): 6 / ppm = 172.7 (d, !Jpc = 130Hz, P-
C), 160.4 (C-MeNaenac) 160.1 (C-MeNamac) 1556 (CP?), 152.1 (CAT); 150.7 (CAT), 142.1
(0-CAY), 141.5 (0-CAT), 137.5 (C™1), 129,1 (m-CA), 128,4 (m-C™™M), 127.7 (p-C™), 125.8
(m-CAr), 124.5 (m-CAr), 123.9 (p-CAT), 97.3 (CH), 92.9 (CH'?), 54.2 (CH,5") 53.4 (CHy),
28.7 (CHI™), 28.4 (CHIr), 25.8 (CH;'T"), 25.7 (CH3), 25.1 (CH5"), 25.0 (CH5r), 24.5 (
CHj3). 21.9 ( CH3).

15N{'H}-NMR (50 MHz, 238K, THF-ds): & / ppm = —232.6 (NNamac) 2006
(NNacnac) _160.0 (NF#), —159.13 (NC).

31p{'H}-NMR (202 MHz, 238K, THF-dg): 6 / ppm = —84.2.

UV-Vis (298K, THF): Amax / nm (e / M~ lem™1) = 336 (20739), 361 (16429), 376
(16070), 480 (2444).

IR (KBr, 298K): 7 / cm~! = 3080 (w), 2945 (m), 2851 (w), 2070 (w), 1809 (m), 1637
(w), 1617 (m), 1553 (m), 1529 (s), 1456 (m), 1436 (s), 1395 (s), 1312 (m), 1030 (w), 795
(w), 758 (w).

ESI*-MS in THF, m/z = 870.3 [M+H] (100%).
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Scheme 5.12: Synthesis of K[LNiz (PC(O)PPh,)] (11).

To a dark red 2-methyl-THF (2 mL) solution of [LNi, (#-PCO)] (7) (20 mg, 25.6 ymol,
1.0eq.), a 0.5 M THF solution of potassium diphenylphosphide (51 uL, 25.6 yumol,
1.0eq.) was added at —38 °C. The reaction mixture immediately turned darker. Sub-
sequently, the solution was filtered through a Whatman® filter paper. The conse-
quent vapour diffusion with TMS yielded the product as black block crystals after
two weeks (yield: 65%) suitable for X-ray structure analysis.

'H-NMR (500 MHz, 238 K, THF-dg): § / ppm = 7.12-6.75 (m, 16H, CHAT), 5.21 (s,
1H, CH"), 4.55 (s, 2H, CH), 3.87-3.72 (m, 4H, CH>), 3.27-3.20 (sept, >Juyg = 6.8 Hz,
1H, CH™™), 1.97-1.77 (m, 6H, CH3), 1.23 (s, 6H, CH3), 1.15-1.13 (d, 3 Juy = 6.1 Hz, 6H,
CH;3r), 1.01-0.99 (d, ®Jgg = 6.8Hz, 6H, CH3''™), 0.97-0.95 (d, }Jyy = 6.8 Hz, 6H,
CH3'™), 0.91-0.90 (d, *Jun = 6.0Hz, 6H, CH3™).

1I3C{1H}-NMR (125MHz, 238K, THF-dg): § / ppm = 253.3 (dd, ] = 94.3,56.7 Hz,
P-C-P), 153.3 (C-MeNamac) 152 07 (C-MeNacnac), 141.9 (3,5-CF?), 134.6, 134.5, 127.4,
127.4, 126.7, 124.5, 124.3, 123.6 (CA7), 97.2 (CHNamac) 90,6 (CH'?), 67.9 (CH,), 28.4
(CHIPr), 25.7 (CH5™™), 24.1 (CH3), 21.6 (CH3).

31P{1H}-NMR (202 MHz, 238K, THF-ds):  / ppm = 203.3 (d, ?Jpp = 131Hz), 1.7
(d, 2Jpp = 131 Hz).

UV-Vis (298 K, THF): Amax / nm (¢ / M~lem™1) = 377 (29676), 517 (5194), 726 (1270).

IR (ATR, 298K): 7 / cm~! = 1542 (m), 1516 (m), 1432 (s), 1398 (s), 1303 (s), 1273
(w), 1251 (w), 1184 (w), 1077 (m), 1017 (m), 815 (s), 7378 (s), 693 (s).



137

Appendix A

Crystallographic Data

A.1 Crystallographic Data of the Complexes 3%, 3N, 4 and 5

The crystal data and refinement details of the data collections and the molecular
structures are given in the following: 3¥: Figure A.1; 3N2: Figure A.2; 4: Figure
A.3; and 5: Figure A.5. The molecular structure of the side product of the pro-
tonation experiment of 3% with [H(OEt,),|[BAr}] is displayed in Figure A.4. Se-
lected bond lengths and angles are shown and discussed in the respective section of
this work. Non-hydrogen atoms were refined anisotropically. The structures were
solved with SHELXT and refined on F? using all reflections with SHELXL.[267,268]
Hydrogen atoms were placed in positions with the help of DFT calculations and as-
signed to an isotropic displacement parameter of 1.5/1.2 Ueq(C).

In 3N, one iso-Pr group (occupancy factors: 0.837(4) / 0.163(4) (C37, C38, C39A/B))
and a THF solvent molecules (occupancy factors: 0.679(9) / 0.321(9) (only C46A/B))
were found to be disordered. SADI restraints (dcaga /B—ca5,47) and EADP constraints
(for iso-Pr carbon atoms) were applied to model the disordered parts.

In 4, one iso-Prgroup was found to be disordered about two positions (occupancy
factors: 0.602(5) / 0.398(5)). SAME, SADI & RIGU restraints and EADP constraints
were applied to model the disorder. Two CF; groups of the [BAr;|~ counterion
(occupancy factors: 0.305(4) / 0.695(4) and 0.552(19) / 0.448(19)) and three THF
molecules (occupancy factors: 0.226(15) / 0.774(15), 0.569(7) / 0.431(7) and 0.497(8)
/ 0.503(8)) are disordered as well. SADI, RIGU & ISOR restraints and EADP con-
straints in case of the CF3 groups and DFIX d(C-O) = 1.44A, d(C-C) = 1.44A),
SAME, SIMU, DELU & ISOR restraints in case of the THF molecules and a BUMP
restraint have been used.

In 5, one THF solvent molecule was found to be disordered (occupancy factors:
0.580(12) / 0.420(12)). SAME, RIGU and DELU restraints were applied to model
the disordered parts.
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Figure A.1: Top: Molecular structure of K[LNi}] (3%) (30% probability thermal ellipsoids).
The hydrogen atoms are omitted for clarity. Bottom: Crystal data and refine-

ment details of 3X.

Empirical formula
Formula weight
T/K

Crystal size /mm?
Crystal system
Space group

Unit cell dimensions

V/A3

V4

p/gcem™3

Absorption coefficient
F(000)

®-range /°

hkl-range

Measured refl.

Unique refl. / Rint.

Data / restr. / param.
Goodness-of-fit (F?)

R1, wR2 (I > 20(1))

R1, wR2 (all data)

Largest diff. peak and hole

Cs5HgsKNgNiz Oy

1050.80

133(2)

0.500 x 0.490 x 0.360
monoclinic

P21 /n o

a = 13.8033(4) A a = 90°
b = 14.7683(3) A B = 106.622(2)°
c =14.2159(4) A v =90°
2776.83(13)

2

1.257

0.801 mm™!

1128

1.495-25.649

—16 <h< 16

17 <k< 17

—~17 <1< 17

32019

10195 [0.437]

10195 / 1 / 625

1.053

0.0302 / 0.0749

0.0344 / 0.0785

0.481 / —0.197 eA3
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Figure A.2: Top: Molecular structure of Na[LNi}] (3N?) (30% probability thermal ellipsoids).
The hydrogen atoms are omitted for clarity. Bottom: Crystal data and refine-

ment details of 3N2,

Empirical formula
Formula weight
T/K

Crystal size /mm?
Crystal system
Space group

Unit cell dimensions

V/A3

V4

p/gem™

Absorption coefficient
F(000)

®-range /°

hkl-range

Measured refl.

Unique refl. / Rint.

Data / restr. / param.
Goodness-of-fit (F?)

R1, wR2 (I > 20(I))

R1, wR2 (all data)

Largest diff. peak and hole

C47H69NaN6Ni202
890.49

100(2)

0.352 x 0.263 x 0.176
monoclinic

1—:'21/11 .

1 =18.6514(7) A
b = 13.9305(5) A
c =18.7394(7) A
4607.3(3)

4

1.284

0.870 mm!

1904

2.297-28.293

—24 <h< 23

—18 <k< 18

—24 <1< 24
128356

11438 [0.0821]
11438 / 6 / 557
1.062

0.0372 / 0.0776
0.0592 / 0.0903
0.961 / —0.994 ¢A3

o = 90°
B = 108.8700(10)°
v =90°
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Figure A.3: Top: Molecular structure of the cation of [HoLNi5][BArk] (4) (30% probability

thermal ellipsoids). The [BAr}]~ counterion and all hydrogen atoms except for
those at the y-C of the S-diimine subunits (gray), are omitted for clarity. Bottom:

Crystal data and refinement details of 4.

Empirical formula
Formula weight
T/K

Crystal size /mm3
Crystal system
Space group

Unit cell dimensions

V/A3

Z

p/gcm3

Absorption coefficient
F(000)

®-range /°

hkl-range

Measured refl.

Unique refl. / Rint.

Data / restr. / param.
Goodness-of-fit (F?)

R1, wR2 (I > 20(I))

R1, wR2 (all data)

Largest diff. peak and hole

CgyHg9BF24NgNi Oy
1876.95

133(2)

0.500 x 0.490 x 0.480
triclinic

P-1

a=12.7703(4) A
b = 18.0462(5) A

¢ = 20.8906(6) A
4395.8(2)

2

1.418

0.532mm !

1944

1.359-26.968

—16 <h< 14

—22 <k< 22

—26 <1< 26

59769

18539 [0.0198]
18539 / 724 / 1335
1.025

0.0399 / 0.1001
0.0504 / 0.1076
0.636 / —0.503 eA3

x = 72.510(2)°
B = 74.014(2)°
y = 80.426(2)°
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Figure A.4: Top: Molecular structure of the cation of [HLNi} (-OH)][BAr] (30% probabil-
ity thermal ellipsoids). The [BAr}]~ counterion and all hydrogen atoms, except
those at the y-C of the side arms (gray), are omitted for clarity. Bottom: Crystal
data and refinement details of [HLNiY (u-OH)][BAr}].

Empirical formula
Formula weight
T/K

Crystal size /mm?
Crystal system
Space group

Unit cell dimensions

V/A3

V4

p/gem™

Absorption coefficient
F(000)

®-range /°

hkl-range

Measured refl.

Unique refl. / Rint.

Data / restr. / param.
Goodness-of-fit (F?)

R1, wR2 (I > 20(I))

R1, wR2 (all data)

Largest diff. peak and hole

C72Hg3BCl50F20NgNizOp 415
1548.08

133(2)

0.500 x 0.490 x 0.480
monoclinic

I)zl/c .
a=14.8942(2) A

b =11.2036(2) A

c = 41.0168(5) A
6739.92(2)

4

1.526

0.687 mm !

3165

1.388-25.716

—18 <h< 18

—13 <k< 13

—49 <1< 49

75223

12740 [0.0551]
18539 / 724 / 1335
1.034

0.0378 / 0.0845
0.0546 / 0.0939
0.379 / —0.0442 eA3

a = 90°
B = 100.0250(10)°
v =90°
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Figure A.5: Top: Molecular structure of [HLNi!Nil (-Me2CsH3N)]|[BF4] (5) (30% prob-
ability thermal ellipsoids). The lutidinium---Ni contacts are shown as dashed
lines. The BF4 counteranion and hydrogen atoms, except those at the y-C of the
side arms (gray), are omitted for clarity. Bottom: Crystal data and refinement

details of 5.
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A.2 Crystallographic Data of Complex 6-K(crypt)

The crystal data and refinement details of the data collections and the molecular
structures of 6-K(crypt) are given in Figure A.6. Selected bond lengths and angles
are shown and discussed in the respective section of this work. Non-hydrogen atoms
were refined anisotropically. The structures were solved with SHELXT and refined
on F? using all reflections with SHELXL.12¢7.2%8] Hydrogen atoms were placed in po-
sitions according to DFT calculations and assigned to an isotropic displacement pa-
rameter of 1.5/1.2 Ueq(C).

During a multitude of crystallization attempts of 6-K(crypt) with varying solvent
combinations and ratios, and several measuring trials, the presented molecular struc-
ture in Figure A.6 shows the best data quality in comparison with all previous struc-
tures. The otherwise observed disorder of the hydroxido group among the two
nickel ions was also not present. The quality of the structure determination, how-
ever, was not sufficient to localize hydrogen atom positions. Furthermore, the unit
cell contains highly disordered solvent molecules for which no satisfactory model
for a disorder could be found. The solvent contribution to the structure factors was
calculated with PLATON SQUEEZE[?”# and the resulting .fab file was processed
with SHELXL using the ABIN instruction. The empirical formula and derived val-
ues are in accordance with the calculated cell content. The crystal was racemically
twinned which is expressed in an absolute structure parameter of x = 0.66(2). One
iso-Pr group (occupancy factors: 0.47(3) / 0.53(3); (C56, C57, C58A/B)) in one of the
two crystallographically independent anions was found to be disordered. SAME,
RIGU, SIMU, DELU restraints were applied to model the disorder.
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Figure A.6: Top: Molecular structure (30% probability thermal ellipsoids) of the anionic
part of Crypt(K)[LNiJ (OH)(H)] (6-K(crypt)) (first crystallographically inde-
pendent anion). Solvent molecules and hydrogen atoms are omitted for clarity.

Bottom: Crystal data and refinement details of 6-K(crypt).
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A.3 Crystallographic Data of the Complexes 7, 8, 9, 10, and
11

The crystal data and refinement details of the data collections and the molecular
structures are given in the following: 7: Figure A.7 and Figure A.8; 8: Figure A.9;
9: Figure A.10; 10: Figure A.11; and 11: A.12. Selected bond lengths and angles are
shown and discussed in the respective section of this work. Non-hydrogen atoms
were refined anisotropically. The structures were solved with SHELXT and refined
on F? using all reflections with SHELXL.1?¢72%8] Hydrogen atoms were placed in po-
sitions according to DFT calculations and assigned to an isotropic displacement pa-
rameter of 1.5/1.2 Ueq(C).

Two different conformations of 7 were isolated. Interestingly, the molecular struc-
tures show different C—P—Ni(1/2) bond angles (C40—P1—Nil 80.85(14) and C40—
P1—Ni2 81.50(14) (in Figure A.7): vs C40—P1—Nil 69.42(9) and C40—P1—Ni2 96.21(8)
(in Figure A.8)), which results either in a symmetric or tilted confirmation of the
PCO™ ligand. It was not possible to reproduce the confirmation displayed in Figure
A.8, which is also not in agreement with the DFT calculations, see Section C.4.1.

In 9 atoms of one DIPP group (occupancy factors: 0.508(8) / 0.492(8) (C12—C15A/B
& C19—-C21A/B)) and a 2-methyl-THF solvent molecule were found to be disor-
dered (occupancy factors: 0.441(14) / 0.559(14)) about 2 positions and another 2-
methyl-THF solvent molecule about a center of inversion. The latter was refined at
1/2 occupancy. SAME, SADI and RIGU restraints were applied to model the dis-
order of the side arm and DFIX (d(C-C) = 1.44A, d(C-O) = 1.44A, d(C-CH3) =
1.52 A), SAME, RIGU, SIMU and DELU restraints to model the disorder of the 2-
methyl-THF molecules.

In 11 two methyl groups of one iso-Pr group are disordered (occupancy factors:
0.60(3) / 0.40(3) (C38 & C39 A/B)). DFIX restraints (for H:--H separation) and an
EADP constraints were applied. Two 2-methyl-THF solvent molecules coordinating
the potassium atom (occupancy factors: 0.693(6) / 0.307(6) & 0.691(6) / 0.309(6)) and
two methyl groups of one iso-Pr group (occupancy factors: 0.68(2) / 0.32(2) (C20 &
C21 A/B)) were found to be disordered in 11. SAME and RIGU restraints and EADP
constraints were used to model the disordered 2-methyl-THF molecules.
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Figure A.7: Top: Molecular structure of [LNiz (u-PCO)] (7) (30% probability thermal ellip-

soids). The hydrogen atoms are omitted for clarity. Bottom: Crystal data and

refinement details of 7.
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Figure A.8: Top: Molecular structure of a different configuration of [LNiz (u-PCO)] (30%

probability thermal ellipsoids). The hydrogen atoms are omitted for clarity.
Selected bond lengths / A, distances / A, and angles /°: Nil—P1 2.3542(6),
Ni2—P1 2.3293(6), P1—-C40 1.638(2), C40—0O1 1.173(3), C40—P1—-Nil 69.42(9),
C40—P1—-Ni2 96.21(8), Nil—P1—-Ni2 106.64(2), O1-C40—P1 173.5(2). Bottom:
Crystal data and refinement details.
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Figure A.9: Top: Molecular structure of [L'{NizP(PMegy)}2] (8) (30% probability thermal
ellipsoids). The hydrogen atoms are omitted for clarity. Bottom: Crystal data
and refinement details of 8.

Empirical formula
Formula weight
T/K

Crystal size /mm?
Crystal system
Space group

Unit cell dimensions

V /A3

Z

p/gem™>

Absorption coefficient
F(000)

®-range /°

hkl-range

Measured refl.

Unique refl. / Rint.

Data / restr. / param.
Goodness-of-fit (F?)

R1, wR2 (I > 20(I))

R1, wR2 (all data)

Largest diff. peak and hole

C108H146N12Nig Py

1971.08

133(2)

0.400 x 0.290 x 0.260
monoclinic

C2/c

a = 43.670(2) A a = 90°
b =13.8603(8) A B = 108.535(3)°
¢ = 18.0979(8) A v =90°
10386.0(9)

4

1.261

0.828 mm !

4200

1.549-26.990

—53 <h< 53

—16 <k< 16

—20 <1< 22

64759

9840 [0.1512]

9840 / 0 / 592

1.079

0.0690 / 0.1688

0.1011 / 0.1960

1.714 / —0.824 ¢A3



A.3. Crystallographic Data of the Complexes 7, 8, 9, 10, and 11

149

Figure A.10: Top: Molecular structure of [LNiz (u-P(NHC))] (9) (30% probability thermal
ellipsoids). The hydrogen atoms are omitted for clarity. Bottom: Crystal data
and refinement details of (9).
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Figure A.11: Top: Molecular structure of [LNiz2 (u-PCNBn)] (10) (30% probability thermal

ellipsoids). The hydrogen atoms are omitted for clarity. Bottom: Crystal data
and refinement details of 10.
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Figure A.12: Top: Molecular structure of K[LNiz(PC(O)PPh,)] (11) (30% probability ther-

mal ellipsoids). The hydrogen atoms are omitted for clarity. Bottom: Crystal
data and refinement details of 11.
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Further Analytics

B.1 SQUID Data of 4
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Figure B.1: T vs. T plot for 4; the solid black line represents the calculated curve fit (H =
2]515, with | = —78 cm L

The SQUID data of [HoLNi5][BAr}] (4) reveals an antiferromagnetically coupling
of ] = —78cm~! but do not match the expected xuT at low temperatures. The cou-
pling constand is in the same order of magnitude as for the other Ni! complexes.
However, the x\T value does not reaches 0 upon lowering the temperature, indi-
catng the presence of a paramagnetic compound. Even though this impurity has
not been isolated, it is reasonable to assume that a mixed-valent nickel complex
was formed. Further, the amount of diamagnetic impuruties were assumed to be
25.3 %. It is highly propable that this impurities are KBAr! and the hydroxido com-
plex [LNi5 (u-OH)], which has formed due to traces of moisture.
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B.2 IR spectroscopy

B.2.1 Simulated IR Spectra of Dinickel Metalloradicals
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Figure B.2: Calculated IR spectrum of K[LNi}]. The spectrum was convoluted using a Gaus-
sian line shape function with a half-width of 20cm~!. The spectrum was simu-
lated by TD-DFT calculation, see Section C.1.3 for details.
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Figure B.3: Calculated IR spectrum of [HaLNi5][BArY] (4). The spectrum was convoluted
using a Gaussian line shape function with a half-width of 20cm~!. The CN
stretching vibration of the B-diimine subunits is found at 1605cm~!. The spec-
trum was simulated by TD-DFT calculation, see Section C.1.3 for details.
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B.2.2 Activation of Nitrogen by a Mixed-Valent Dinickel Complex

During the transport from the synthetic glove box to the analytic glove box, it was
unavoidable that the sample warmed up to room temperatur. It is likeable that
the [HLNi'Ni" (u-Me2CsH3N)][BF4] complex (5) reacted with the nitrogen atmo-
sphere and formed the LNi5 (N} ~) (XVI (vn—n = 1896 cm~!, compare Section 1.3.7)
complex. In addition, it was not possible to identify a C=N stretching vibration,
which would indicate the presence of a f-diimine unit. However, to verify the for-
mation of XVI the further investigations, such as isotopic labelling experiments with
15N, would be necessary.

1894 cm-1

—— [HLNiNi' (z#Me C_H N)][BF |

r T T T T T T T T T T T 1
3500 3000 2500 2000 1500 1000 500

-1
wavenumber / cm

Figure B.4: IR (ATR) spectrum of (5) under a nitrogen atmosphere. The presumed N=N

stretching vibration is indicated at 1894 cm 1.
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B.2.3 IR Spectrum of 6-K(crypt) and Calculated IR Spectrum of 6

3456 T

1871 N

T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
wavenumber / em |

Figure B.5: IR (ATR) of K[LNiY(H)(OH)] (6-K(crypt)). The O—H and Ni-H stretching
vibrations are found at 3456 and 1871 cm ™!, respectively.
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The calculated IR spectrum of K[LNiy (H)(OH)] (6) is in good agreement with
the experimental result. The Ni—H stretching vibration is shifted by Avsim.—exp. =
71cm~!. This procedure is usually aplied to allow an easier comparison of experi-
mental and computed spectra.l?’>l However, the simulated feature appears narrower
than the experimental one; moreover, the calculated hydroxido resonance is more in-
tense.

3409

experimental spectrum

simulation

T ’ T ’ T ’ T ’ T ’ T ’ 1
3500 3000 2500 2000 1500 1000 500

1
wavenumber / cm

Figure B.6: IR (ATR) and calculated IR spectrum of 6. The O—H stretching vibration at
3409 cm~! was taken as reference point. The calculated Ni-H stretching vibra-
tion is found at 1962 cm 1.

B.2.4 IR Spectra of Phosphaketene Adducts

All phosphaketene adducts were investigated by IR spectroscopy. However, no
characteristic P—C stretching vibrations could be detected for 9 (Figure B.7) or 11
(Figure B.8), which can be can be attributed to the band position close to the reso-
nances of the ligand system. The calculated IR spectrum of [LNiz(u-PCNBn)] (10)
is in good agreement with the experimental result. The The CN stretching vibration

is only minor shifted by Avgim —exp. = 8 cm L.
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[
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Figure B.7: IR (KBr) spectrum of 9.

K[LNi (PC(O)PPh,)]
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Figure B.8: IR (ATR) spectrum of 11.
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Figure B.9: Calculated IR spectrum of [LNi2(u-PCNBn)]. The spectrum was convoluted

using a Gaussian line shape function with a half-width of 20cm~!. The CN

stretching vibration is found at 1816 cm ™.

B.3 UV-vis spectroscopy
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Figure B.10: Calculated absorption spectrum of K[LNi5] (2X) in THE. The spectrum was
convoluted using a GAUSSIAN line shape function with a half-width of 20 nm.
The spectrum was simulated by TD-DFT calculation, see Section C.1.3 for de-
tails.
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Absorption spectrum
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Figure B.11: Calculated absorption spectrum of [H2LNi5][BArY] (4) in THE. The spectrum
was convoluted using a GAUSSIAN line shape function with a half-width of
20nm. The spectrum was simulated by TD-DFT calculation, see Section C.1.3
for details.
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Figure B.12: UV-vis spectrum of [HLNi'Ni'! (u-Me2C5H3N)][BF4] (5) in THF at —40 °C.
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Uv-vis spectroscopy was used to characterize complex 6 and 6-K(crypt) in THF at
—40°C. Complex 6 shows a relatively strong absorption in the range of 350-400 nm
(e > 10*Lmol *em™1). To investigate the counterion’s influence the potassium ion
was abstracted with [2.2.2]-cryptand. By doing so, the prior pale yellow solution
turned instantly red, which is reflected by additional features at 440 nm and 469 nm
and a broad band around 550 nm.
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Figure B.13: UV-vis absorption spectra of 6 and 6-K(crypt) in THF at —40°C.

B.3.1 UV-vis Spectra of Phosphaketene Derivatives

The [LNiz(u-PCO)] complex and all its derivatives were investigated by UV-vis
spectroscopy showing intensive bands in the range of 350 — 400 nm. All complexes,
except [LNiz (u-P(NHC))], feature an additional weaker absorption at 480 — 520 nm.
In contrast to the other compounds, K[LNiz(PC(O)PPh,)] features a third broad
absorption at 720 nm which can be assigned by DFT calculations (Figure B.15, band
at 637 nm) to ligand-to-metal charge transfer (LMCT) transitions involving the phos-
phorous.
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Figure B.14: UV-vis spectra of the presented complexes in Chapter 4, [LNiz2 (u-PCO)] (7),

[LNiz (pu-P(NHC))] (9), [LNiz(p-PCNBn)] (10) and K[LNiz(PC(O)PPh,)]
(11) in THF at r.t. (11 was measured at —40 °C).
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Figure B.15: Calculated absorption spectrum of K[LNiz(PC(O)PPh,)] in THE The spec-
trum was convoluted using a GAUSSIAN line shape function with a half-width
of 20 nm.

B.3.2 ESI-MS spectra of Phosphaketene Derivatives
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Figure B.16: ESI(+)-MS-spectrum of 9 in THE The molecular ion peak is found at m/z=

849.4 [M+H].
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Figure B.17: ESI(+)-MS-spectrum of 10 in THE. The molecular ion peak is found at m/z=

870.3 [M+HI.
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B.4 NMR spectroscopy

B.4.1 NMR spectra of 6
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Figure B.18: '*C{!H} NMR spectrum of 6 at —35°C in THF-ds.
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Figure B.19: 'H,'H-COSY NMR spectrum of 6 at —35°C in THF-dg.
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Figure B.20: 'H,'3C-HSQC NMR spectrum of 6 at —35°C in THF-ds.
Y (1482871} , . 20
- 4.61,22.76 ~ i
{ t {4 52,24.77} {1_09’28_70} :
40
60
80
{1.75,97.54} {1.87,97.44} i
X
7 100
{1.13,97.50} ]
| /{6.69,123.29} 120
1.48,144.34) pl-4s 141l
{6 86,150. 43} { A 140
 14.09, 158 13} . {1.75,159.77} I
- N <> 160
{4.52,159.74} {3.80,159.77} {1.87,159.42}

7.5 7.0 65 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
o/ ppm

Figure B.21: 'H,'3C-HMBC NMR spectrum of 6 at —35°C in THF-dg.
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Figure B.22: 'H,'H-NOESY NMR spectrum of 6 at —35°C in THF-ds.
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Figure B.23: 2H NMR spectrum of 6-DOD at —35°C in THF-ds.
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B.4.2 NMR spectra of 6-K(crypt)
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Figure B.24: 'H NMR spectrum of 6-K(crypt) at —35°C in THF-ds.
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Figure B.26: 'H,'H-COSY NMR spectrum of 6-K(crypt) at —35°C in THF-ds.
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Figure B.27: 'H,'*C-HSQC NMR spectrum of 6-K(crypt) at —35°C in THF-ds.
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Figure B.28: 'H,'3C-HMBC NMR spectrum of 6-K(crypt) at —35°C in THF-ds.
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Figure B.29: 'H,'H-NOESY NMR spectrum of 6-K(crypt) at —35°C in THF-ds.
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B.4.3 NMR spectra of [LNi(¢#-PCO)]|
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Figure B.30: 3!P NMR spectrum of 7 at —35°C in THF-dg.
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Figure B.31: DEPT-135 NMR spectrum of 7 at —35°C in THF-ds.
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Figure B.32: 'H,'H-COSY NMR spectrum of 7 at —35°C in THF-dg.
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Figure B.33: 'H,'3C-HSQC NMR spectrum of 7 at —35°C in THF-dg.
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Figure B.34: 'H,'3C-HMBC NMR spectrum of 7 at —35°C in THF-ds.
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Figure B.35: 'H,'°N-HMBC NMR spectrum of 7 at —35°C in THF-dg.
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B.4.4 NMR spectra of [LNiy(u#-P(NHC))]
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Figure B.36: 3'P NMR spectrum of 9 at —35°C in THF-dg.
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Figure B.37: 'H,'H-COSY NMR spectrum of 9 at —35°C in THF-ds.
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Figure B.38: 'H,'3C-HSQC NMR spectrum of 9 at —35°C in THF-ds.
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Figure B.40: 'H,'>N-HMBC NMR spectrum of 9 at —35°C in THF-ds.
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Figure B.41: 'H,'H-NOESY NMR spectrum of 9 at —35°C in THF-ds.
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B.4.5 NMR spectra of 10
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Figure B.42: 3!P NMR spectrum of 9 at —35°C in THF-dg.
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Figure B.43: DEPT-135 NMR spectrum of 9 at —35°C in THF-dg.
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Figure B.44: 'H,'H-COSY NMR spectrum of 10 at —35°C in THF-dg.
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Figure B.45: 'H,'3C-HSQC NMR spectrum of 10 at —35°C in THF-ds.
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Figure B.46: 'H,'3C-HSQC NMR spectrum of 10 at —35°C in THF-ds.
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Figure B.47: 'H,">N-HMBC NMR spectrum of 10 at —35°C in THF-ds.
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B.4.6 NMR spectra of K[LNi,(PC(O)PPh;)]
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Figure B.48: DEPT-135 NMR spectrum of 11 at —35°C in THF-ds.
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Figure B.49: 'H,'H-COSY NMR spectrum of 11 at —35°C in THF-dg.
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Figure B.50: 'H,'3C-HSQC NMR spectrum of 11 at —35°C in THF-dg.
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B.4.7 Reaction of 3X with H,
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Figure B.51: 'H NMR spectrum of the reaction of 3%¥ with Hy yielding 2¥ 6y = ppmat
—40°C, recorded in THF-dg at r.t. The inset shows the concomitant formation

of 19" (5o = 7.27ppm) and 6 (5o = ppm and dy = ppm), which were iden-
tified by there characteristic peaks.
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Appendix C

DFT calculations

The ORCA 4.2.1 program package was employed for all calculations.?7¢]

C.1 DFT calculations for the dinickel(I) complexes 3%, 3Na
and 4

Geometry optimization and frequency calculation were performed on the basis of
the crystallographic data of 3X and 4; however, to reduce computation time, the sim-
plified complexes were taken used. For 3K the [K(THF)4]* was removed, and for
4 only the cation was taken. The DFT optimized structures were obtained by us-
ing the BP86 functional with def2-TZVP basis set,!?”” RT approximation using the
auxiliary def2/] basis set, Grimme ‘s D3 dispersion correction with Becke-Johnson
damping, 213214 tight convergence, and optimization criteria. All other calculations
were performed on the optimized coordinates or coordinates from crystallographic
data with the B3LYP functional and the RIJCOSX approximation with the same
basis sets and dispersion correction. TD-DFT calculations were carried out at the
B3LYP/def2-TZVP level of theory under the consideration of 80 electronic states.
Molecular structures have been optimized using the conductor-like polarizable con-
tinuum mode (CPCM) with default settings for the used solvent THE.[278]

C.1.1 LOWDIN Spin Population
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% ¢

Figure C.1: Spin density plot of [LNiz]™ (S = 1). Lowdin spin population: Nil = 0.87, Ni2 =
0.87. (isosurface value: 0.04).
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o~
c.*%%'/'

Figure C.2: Spin density plot of [LNi2]™ (S = 1). Lowdin spin population: Nil = 0.87, Ni2 =
0.87. (isosurface value: 0.04).

C.1.2 Magnetic Orbitals

u*x?g:“ s\g 2

Figure C.3: Combined corresponding orbitals representing the magnetic orbitals for the bro-
ken symmetry state of [LNi]*. (isosurface value: 0.08).

Figure C.4: Combined corresponding orbitals representing the magnetic orbitals for the bro-
ken symmetry state of [LNiy] ™. (isosurface value: 0.08).
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Figure C.5: Corresponding orbitals (left: « , right: ) representing the magnetic orbitals for
the broken symmetry state of [LNiy] . (isosurface value: 0.08).

Figure C.6: Corresponding orbitals (left: « , right: ) representing the magnetic orbitals for
the broken symmetry state of [LNip]*. (isosurface value: 0.08).

C.1.3 DFT Calculation for the UV-vis spectra of 3X and 4

Table C.1: Selected states (s.), energies (cm~!), A (wavelengths) (nm), oscillator strengths,
and compositions (according to Lowdin reduced orbital populations per MO) of
electronic transitions of [LNiz]~ (S = 0) from TD-DFT calculation (H=HOMO, L
= LUMO).

n

energy A osc. strength selected large contributions

3 10420.0 959.7 0.000612546 H-2(a)(91% Ni) — L+2(a)(16% Ni)(d-d),
H-2(a)(91% Ni) — L+6(a)(33% Ni)(d-d)

6 11826.8 8455 0.000907443 H-4(b)(61% Ni) — L+2(b)(16% Ni)(d-d),
H-3(b)(61% Ni) — L+6(b)(33% Ni)(d-d)

7 137474 7274 0.001711298 H-7(a)(67% Ni) — L+2(a)(16% Ni)(d-d),
H-7(a)(67% Ni) — L+6(a)(33% Ni)(d-d)

12 190609 524.6 0.006385497 H-1(a)(56% Ni) — L+1(a)(7% Ni)(MLCT),
H-1(a)(56% Ni) — L(a) (8% Ni)(MLCT)

15 21572.8 463.5 0.017377888 H-6(a)(70% Ni) — L+1(a)(7% Ni)(MLCT),
H-4(a)(63% Ni) — L(a) (8% Ni)(MLCT)

18 23010.8 434.6 0.026032864 H-3(a)(60% Ni) — L+1(a)(7% Ni)(MLCT),
H(a)(63% Ni) — L+1(a)(7% Ni)(MLCT)

26 23010.8 405.3 0.029405567 H-1(b)(56% Ni) — L+6(b)(3% Ni)(MLCT),
H-1(a)(56% Ni) — L+6(a)(3% Ni)(MLCT)

57 246739 357.8 0.014884541 H-2(b)(91% Ni) — L+4(b)(2% Ni)(MLCT)

64 279514 3394 0.014417610 H-2(b)(91% Ni) — L+4(b)(2% Ni)(MLCT)

71 299928 333.4 0.048750075 H-2(a)(91% Ni) — L+5(a)(3% Ni)(MLCT)
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Table C.2: Selected states (s), energies (em™1), A (wavelengths) (nm), oscillator strengths,
and compositions (according to Lowdin reduced orbital populations per MO) of
electronic transitions of [LNiz]* (S = 0) from TD-DFT calculation (H = HOMO, L
= LUMO).

energy A osc. strength selected large contributions
10467.2 955.4 0.001019499 H-2(a)(91% Ni) — L+2(a)(33% Ni)(d-d),
12033.4 831.0 0.000648272 H-4(b)(87% Ni) — L+2(b)(33% Ni)(d-d),
14045.3 712.0 0.001166516 H-7(a)(87% Ni) — L+2(a)(34% Ni)(d-d),
201559 496.1 0.012365618 H-1(a)(55% Ni) — L+1(a)(6% Ni)(MLCT),
H-1(a)(55% Ni) — L(a) (6% Ni)(MLCT)
24 24605.7 4064 0.016499617 H-6(a)(87% Ni) — L+1(a)(10% Ni)(MLCT),
32 25303.1 3952 0.011178716 H-3(a)(55% Ni) — L+1(a)(33% Ni)(MLCT),
36 27239.6 367.1 0.034795307 H-1(b)(64% Ni) — L+6(b)(6% Ni)(MLCT),
45 283764 3524 0.031564584 H-2(b)(64% Ni) — L+4(b)(6% Ni)(MLCT)
56 29578.0 338.1 0.040157944 H-2(b)(64% Ni) — L+4(b)(6% Ni)(MLCT)
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Figure C.7: Orbitals with large contributions to state 3 in [LNiz] ™. (S = 0); H-2(a)(91% Ni)
— L+2(a)(16% Ni). (isosurface value: 0.08).
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Figure C.8: Orbitals with large contributions to state 6 in [LNiz] ™. (S = 0); H-4(b)(61% Ni)
— L+2(b)(16% Ni). (isosurface value: 0.08).

Figure C.9: Orbitals with large contributions to state 7 in [LNiz] ™. (S = 0); H-7(a)(67% Ni)
— L+6(a)(33% Ni). (isosurface value: 0.08).
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Figure C.10: Orbitals with large contributions to state 12 in [LNix] ™. (S = 0); H-1(a)(56% Ni)
— L+1(a)(7% Ni). (isosurface value: 0.08).

Figure C.11: Orbitals with large contributions to state 26 in [LNiz] . (S = 0); H-1(b)(91% Ni)
— L+6(b)(3% Ni). (isosurface value: 0.08).

Figure C.12: Orbitals with large contributions to state 64 in [LNiz] . (S = 0); H-2(a)(87% Ni)
— L+4(a)(33% Ni). (isosurface value: 0.08).

Figure C.13: Orbitals with large contributions to state 2 in [LNiz]*. (S = 0); H-3(a)(91% Ni)
— L+4(a)(33% Ni). (isosurface value: 0.08).

Figure C.14: Orbitals with large contributions to state 6 in [LNiy]*. (S = 0); H-7(b)(87% Ni)
— L+4(a)(33% Ni). (isosurface value: 0.08).
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Figure C.15: Orbitals with large contributions to state 7 in [LNiz]*. (S = 0); H-7(b)(87% Ni)
— L+4(b)(34% Ni). (isosurface value: 0.08).

Figure C.16: Orbitals with large contributions to state 13 in [LNi]*. (S = 0); H-2(b)(55% Ni)
— L+1(a)(6% Ni). (isosurface value: 0.08).

Figure C.17: Orbitals with large contributions to state 24 in [LNi]*. (S = 0); H-3(b)(91% Ni)
— L+3(b)(10% Ni). (isosurface value: 0.08).
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Figure C.18: Orbitals with large contributions to state 32 in [LNiz]*. (S = 0); H-2(a)(87% Ni)
— L+3(b)(10% Ni). (isosurface value: 0.08).

Figure C.19: Orbitals with large contributions to state 36 in [LNi]*. (S = 0); H-4(b)(64% Ni)
— L+2(b)(6% Ni). (isosurface value: 0.08).
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Figure C.20: Orbitals with large contributions to state 45 in [LNi]*. (S = 0); H-2(a)(64% Ni)

— L+2(b)(6% Ni). (isosurface value: 0.08).
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Figure C.21: Orbitals with large contributions to state 56 in [LNiz]*. (S = 0); H-4(a)(64% Ni)

— L+2(a)(6% Ni). (isosurface value: 0.08).

Table C.3: XYZ—coordinates of [LNiz]~ (S = 1).

Atom X y z | Atom X y z
Ni | -2.0483 1.0552 -0.2334 | H |-29834 4.4563 0.3780
Ni 20542 1.0235 02174 | H |-2.6594 4.4571 -1.3632
N |-06594 23394 -0.1040 | H 0.4966 -0.2340  1.2959
N | -31872 25577 -0.5540 | H 0.0292 -0.7535  2.9266
N | -33282 -02834 -03844 | H |-04691 -1.7212 1.5138
N 0.6837 23288 0.0990 | H 0.0365 5.5694  0.0039
N 3.2153 25074 05450 | H |-6.2992 3.4614 -1.4590
N 3.3155 -0.3336 03574 | H | -4.8210 4.2937 -2.0081
C -1.0728  3.6303 -0.1765 | H | -52939 4.3763 -0.3054
C -2.5312 3.8585 -0.4396 | H |-6.4834 -0.9500 -1.3407
C -4.4637 24602 -0.8991 | H |-57251 -1.7416 0.0634
C -4.6010 -0.0675 -0.7545 | H | -5.0718 -2.0281 -1.5483
C -29219 -15526 0.0948 | H | -2.4563 -1.2293 -2.4537
C -0.3747  -1.0977 -19677 | H 3.0383  4.4153 -0.3733
C 1.1164 3.6131 0.1767 | H 2.7155 44085 1.3680
C 0.0283 4.4826 0.0019 | H |-3.1122 -35163 2.8852
C -5.1228 12113 -1.0178 | H | -4.7014 -0.3843 1.6724
C -5.2671 3.7115 -1.1845| H | -1.0866 -4.2759 -0.8238
C -5.5245 -1.2576 -0.9056 | H | -1.3130 -2.6279 -4.1036
C -3.2815 -19514 14111 | H |-23976 -3.6839 -3.1600
C -21175 -2.3907 -0.7171 | H | -0.6404 -3.6851 -2.8527
C -1.6735 -1.9125 -2.0874 | H |-1.7481 -5.0084 1.4536
C 25780 3.8183 04402 | H |-3.5980 0.7384 3.5807
C -2.8500 -3.1975 1.8753 | H | -24770 0.5367 2.2070
C -4.0390 -0.9870 23113 | H | -23540 -0.5458 3.6254
C -1.7091 -3.6273 -0.2080 | H | -55226 -0.9381 3.8959
C -1.5011 -3.0471 -3.1038 | H | -43138 -2.2146 4.1114
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44912 2.3898 0.8860
45920 -0.1385 0.7265
2.8897 -1.5936 -0.1292
0.3450 -1.1213 1.9401
-2.0750 -4.0388 1.0741
-3.0582 -0.0055 2.9739
-49153 -1.6822 3.3584
51327 11311 0.9961
53133 3.6280 1.1753
54985 -1.3427 0.8684
2.0723 -2.4237 0.6778
3.2423 -1.9900 -1.4481
1.6373 -1.9475 2.0515
1.6437 -3.6502 0.1611
27903 -3.2258 -1.9201
4.0165 -1.0326 -2.3421
1.4600 -3.0850 3.0639
2.0020 -4.0594 -1.1238
3.0527 -0.0300 -2.9980
4.8804 -1.7358 -3.3942
-6.1601  1.2452 -1.3492
6.1712  1.1487 1.3252
-0.5239 -0.2081 -1.3258
-0.0489 -0.7337 -2.9524
0.4312 -1.7035 -1.5344

-5.5971 -2.4116 2.8947
6.3424 33616  1.4458
4.8778 42129  2.0026
53474 4.2963 0.2991
6.4613 -1.0523 1.3067
5.6929 -1.8210 -0.1046
5.0346 -2.1121 1.5044
24272 -1.2726 2.4181
1.0109 -4.2924 0.7731
3.0467 -3.5423 -2.9322
4.6894 -0.4464 -1.6988
12776 -2.6688  4.0660
23526 -3.7277 3.1146
0.5947 -3.7170 2.8132
1.6593 -5.0213 -1.5092
3.6053 0.7086 -3.5999
24803 0.5165 -2.2278
2.3401 -0.5544 -3.6534
55032 -0.9992 -3.9242
4.2693 -2.2489 -4.1528
55468 -2.4828 -2.9362
23401 -0.5544 -3.6534
55032 -0.9992 -3.9242
4.2693 -2.2489 -4.1528
55468 -2.4828 -2.9362
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Table C.4: XYZ—coordinates of [LNiy]™ (S = 0).

Atom X y z | Atom X y Z
Ni -2.0202 1.0519 -0.28664 -0.1021 -0.8764 -3.04565
Ni 2.0260 1.0207 0.26701 0.4033 -1.7490 -1.57414

-0.6524  2.3451 -0.13461
-3.1628  2.5458 -0.64327
-3.2961 -0.2928 -0.41629
0.6772 23347 0.12171
3.1904 24960 0.63157
3.2825 -0.3428 0.39001
-1.0654  3.6350 -0.223
-2.5165 3.8524 -0.53319
-4.4371 24371 -0.99268
-4.5701 -0.0866 -0.78703
3.1904 24960 0.63157
3.2825 -0.3428 0.39001
-1.0654  3.6350 -0.223
-2.5165 3.8524 -0.53319
-4.4371  2.4371 -0.99268
-4.5701 -0.0866 -0.78703
-2.8938 -1.5475 0.10435
-0.4143 -1.1802 -2.03562
11092  3.6179 0.21629
0.0283  4.4879 -0.00129

-2.99379  4.46156  0.26054
-2.62082 44344 -1.47066
0.55536 -0.27468  1.41707
0.08539 -0.89166  3.01517
-0.43714 -1.75495  1.54419
0.03629  5.57404 0.00133
-6.27503 3.4214 -1.57557
-4.7984  4.24362 -2.14333
-5.27209  4.36511 -0.44386
-6.4533 -0.99036 -1.33915
-0.43714 -1.75495 1.54419
0.03629 5.57404 0.00133
-6.27503 3.4214 -1.57557
-4.7984  4.24362 -2.14333
-5.27209  4.36511 -0.44386
-6.4533 -0.99036 -1.33915
-5.69153 -1.72709  0.09478
-5.03999 -2.07435 -1.50604
-2.50243 -1.36404 -2.48031
3.04973 44184 -0.26291
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C -5.0923  1.1841 -1.08645 H 2.67596  4.38821  1.46807
C -5.2432  3.6798 -1.30691 H -3.06258 -3.39731 2.97246
C -5.4941 -1.2810 -0.89289 H -4.62781 -0.29341 1.65864
C -3.2356 -1.8900 1.44056 H -1.1274 -4.33804 -0.74377
C -2.1198 -2.4296 -0.69006 H -1.35729 -2.82904 -4.07189
C -1.7040 -2.0159 -2.09055 H -2.41698 -3.85009 -3.06189
C 25633 3.8124 0.52772 H -0.65607 -3.80928 -2.77552
C -2.8149 -3.1237 1.94556 H -1.75068 -4.96816 1.57344
C -3.9668 -0.8813 2.31332 H -3.47952  0.89158 3.49815
C -1.7224  -3.6527 -0.14084 H -2.37428 0.6016 2.12704
C -1.5296 -3.1990 -3.05008 H -2.26199 -0.41436  3.59568
C 44628 2.3671 0.98071 H -5.42572  -0.74718  3.91488
C 45591 -0.1572 0.76244 H -4.22997 -2.02999 4.16427
C 2.8629 -1.5888 -0.13813 H -5.53524 -2.25992  2.97668
C 0.3900 -1.1987  2.00382 H 6.31491 3.32145 1.56825
C -2.0691 -4.0078 1.16329 H 4.85055 4.16256  2.14009
C -2.9593  0.1090 2.92423 H 5.32595 4.28526  (0.44119
C -4.8375 -1.5214 3.39972 H 6.42821 -1.09153 1.31199
C 5.0997 1.1042 1.06862 H 5.65855 -1.80801 -0.12792
C 52870 3.5963  1.30092 H 499914  -2.1561 1.46943
C 54657 -1.3654 0.86223 H 247508 -1.41632 2.44792
C 2.0772 -2.4651 0.65115 H 1.05966 -4.36059  0.69352
C 3.2000 -1.9276 -1.47644 H 3.00615 -3.42289 -3.01758
C 1.6671 -2.0538 2.05403 H 4.6138 -0.34891 -1.68452
C 1.6634 -3.6794  0.09459 H 1.30565 -2.87326  4.03002
C 2.7624 -3.1523 -1.98897 H 2.35191 -3.90395 3.01581
C 3.9451 -0.9237 -2.34299 H 0.59221  -3.8355 2.72692
C 1.4742 -3.2398  3.00636 H 1.67349 -4.98448 -1.62784
C 2.0049 -4.0310 -1.21188 H 348379 0.86332 -3.51665
C 29521 0.0844 -2.94832 H 2.37331  0.58005 -2.14843
C 48074 -1.5692 -3.43288 H 2.24796 -0.42443 -3.62384
H -6.1322  1.2092 -1.41218 H 5.40602 -0.80009 -3.94362
H 6.1396 1.1125 1.39496 H 419324  -2.0654 -4.20031
H -0.5677 -0.2546 -1.44802 H 549519 -2.31941 -3.01397

Table C.5: XYZ—coordinates of [LNi]" (S = 1).

Atom X y z | Atom X y z
Ni | -2.0300 0.97408 -0.1985 H -6.11013 1.1866  -0.9065
Ni 2.0044 095014 0.4091 H -3.05365  4.29603 0.5402
N -0.6805 2.26595  0.03656 H -2.65803  4.45541 -1.17831
N -3.1881 2.49093 -0.55264 H -0.0173  5.49173  0.30505
N -3.3155 -0.35079 -0.38545 H -6.20013 3.406 -1.70079
N 0.6488  2.25507 0.3006 H -4.70468 4.33132 -1.98178
N 3.1566 243264 0.90302 H -5.39057  4.24223 -0.35444
N 3.3062 -0.37565 0.44752 H -6.08661  -1.2796 -1.85356
C -1.0989  3.55549  0.00101 H -6.21804 -1.31615 -0.09061
C -2.5452  3.79443 -0.30212 H -4.99137 -2.32155 -0.89231
C -4.3994 243664  -0.9902 H 3.01832  4.32312 -0.03585
C -4.5286 -0.21177 -0.82772 H 2.62771  4.33694 1.69121
C -2.8682 -1.62865  0.10242 H -2.9911 -3.57395  2.88505
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1.0659  3.53778 0.4443
-0.0168 4.40743  0.25902
-5.0728  1.11797 -1.27988
-5.2232  3.66352 -1.27666
-5.4991 -1.35176 -0.92677
-3.1893 -1.99837  1.42837
-2.0968 -2.44827 -0.74808

25124 3.75231 0.76276
-2.7510 -3.25059 1.87314
-3.9159 -1.03254 2.35182
-1.6907 -3.69295 -0.25391
-1.6885 -1.96333 -2.12896

43717  2.34352 1.32367

4.5148 -0.27454 091111

2.8849 -1.58595 -0.20678
-2.0217 -4.09737 1.0385
-2.9155 -0.01662  2.93172
-4.7058 -1.72153  3.46806
-0.4384 -1.07319 -2.01803
-1.4484 -3.09738 -3.13039

5.0407 1.00356  1.51125

52023 3.54345 1.69152

54962 -1.40877  0.88893

21233 -2.52756 0.51658

3.2190 -1.765 -1.56844

1.7305 -3.69223 -0.15171

1.7122  -2.25617 1.95451

2.7938 -2.94473 -2.18888

3.9551 -0.68123 -2.34091

2.0659 -3.90536 -1.48774

0.4847 -1.32853 1.98466

1.7305 -3.69223 -0.15171

1.7122  -2.25617  1.95451

2.7938 -2.94473 -2.18888

1.7305 -3.69223 -0.15171

1.7122  -2.25617 1.95451

2.7938 -2.94473 -2.18888

3.9551 -0.68123 -2.34091

2.0659 -3.90536 -1.48774

0.4847 -1.32853 1.98466

1.4333 -3.52808 2.76096

29584 0.38984 -2.81937

47890 -1.2168 -3.50871

51372 0.84522  2.60522

6.0897 1.10587 1.18201
-5.2099 1.06365  -2.3794

-4.63701 -0.46241 1.74507
-1.11615 -4.35772 -0.89641
-2.50863 -1.34021 -2.52028
-1.71093 -5.07844 1.39871
-3.43025 0.73222  3.55101
-2.37831 0.51665  2.12552
-2.1678 -0.52803 3.5553
-5.30128 -0.97956  4.01812
-4.04223 -2.20647  4.19843
-5.39102 -2.48508 3.07321
-0.13191 -0.6976 -3.00361
0.39831 -1.63325 -1.58181
-0.62139 -0.18711 -1.37548
-1.28119 -2.68026 -4.13287
-2.30712  -3.78177 -3.18383
-0.55545 -3.68372 -2.87067
6.16866  3.25253  2.11804
4.67784 4.18042 2.41989
5394 416695 0.80342
6.21173 -1.28192  0.05877
499698 -2.37471 0.7575
6.08688 -1.42633 1.81647
1.15816 -4.44446  0.38745
254301 -1.72185 2.44391
3.04131 -3.11749 -3.23538
4.64959 -0.18591 -1.64376
1.76182 -4.82698 -1.98532
0.16104 -1.1404 3.01699
-0.35296  -1.7674 1.42715
0.71301 -0.33992  1.53374
126001 -3.27164 3.81514
4.64959 -0.18591 -1.64376
1.76182 -4.82698 -1.98532
0.16104 -1.1404 3.01699
4.64959 -0.18591 -1.64376
1.76182 -4.82698 -1.98532
0.16104 -1.1404 3.01699
-0.35296  -1.7674 1.42715
0.71301 -0.33992  1.53374
126001 -3.27164 3.81514
227333 -4.23569  2.71279
0.52987 -4.03794 2.39754
3.48142 1.21139 -3.32965
239701 0.81705 -1.96873
223131 -0.04578 -3.52023
5.38987 -0.40557 -3.94237
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Table C.6: XYZ—coordinates of [LNiz]* (S = 0).

Atom X y z | Atom X y z
Ni | -2.01032 0.9790 -0.22109 H -3.05496  4.30866 0.4906
Ni 1.9906 0.9544 0.41753 H -2.64293  4.44991 -1.22586
N -0.6736 2.2775 0.01753 H -0.01654 5.50207 0.30325
N -3.17404 24914 -0.58539 H -6.18755 3.3907 -1.74194
N -3.29549 -0.35032  -0.3965 H -4.69498  4.32238 -2.01866
N 0.64831 2.26612  0.30032 H -5.38694  4.23265 -0.39396
N 3.14506  2.43165 0.9287 H -6.07249 -1.29295 -1.84602
N 3.28985 -0.375  0.45325 H -6.19589 -1.31147 -0.08219
C -1.09364 3.56622 -0.02082 H -4.97372 -2.32595  -0.8792
C -2.53713  3.79925 -0.34114 H 3.02589  4.32915  0.00136
C -4.3852  2.43074 -1.02266 H 2.61504 4.3328 1.72395
C -4.50926 -0.21574 -0.83805 H -2.95703 -3.53543  2.90989
C -2.84996 -1.62479 0.10261 H -4.59088 -0.42348 1.74568
C 1.06518  3.54775 0.4527 H -1.12975 -4.37873 -0.88188
C -0.0152 4.41792  0.25433 H -2.54898 -1.39635 -2.53561
C -5.05359 1.10834  -1.3062 H -1.69951 -5.06471  1.42977
C -5.21335  3.65329 -1.31469 H -3.36331 0.77785 3.53174
C -5.48078 -1.35612 -0.92125 H -2.31793  0.53212  2.10599
C -3.16012 -1.97627  1.43595 H -2.11587 -0.49736  3.54777
C -2.09708 -2.46171 -0.74764 H -5.25007 -0.91488 4.02612
C 250843 3.75524  0.79013 H -4.00184 -2.15211 4.21136
C -2.72535  -3.2258 1.89171 H -5.35819 -2.42762 3.0947
C -3.87269 -0.99529  2.35431 H -0.19254 -0.74225 -3.07995
C -1.69137 -3.70142 -0.24119 H 0.3792 -1.64304 -1.65254
C -1.71616 -2.00375 -2.14577 H -0.65231 -0.20441 -1.45113
C 435332  2.33405 1.36666 H -1.34172  -2.76135 -4.14112
C 449646 -0.27864  0.92304 H -2.34148 -3.84909 -3.149
C 2.86769 -1.57943 -0.21162 H -0.58513  -3.7326 -2.87203
C -2.00917  -4.0867 1.06038 H 6.14098 3.22737  2.19822
C -2.85926 0.01546 2.92026 H 4.6495 4.15854  2.48607
C -4.66407 -1.66711  3.47988 H 5.39145 4.15857 0.88123
C -0.47309 -1.10017 -2.08015 H 6.26104 -1.21578 0.13316
C -1.487 -3.1576  -3.1268 H 5.00286 -2.36262  0.65322
C 5.01353 0.98939  1.55242 H 6.0008 -1.49176 1.85797
C 5.1827 3.52676 1.75952 H 1.16233 -4.45324  0.36968
C 5.48305 -1.40793 0.89071 H 257354 -1.76168  2.44287
C 2.11903 -2.53295 0.50977 H 3.00913 -3.08194 -3.25531
C 3.19255 -1.74405 -1.5771 H 4.61272  -0.1557 -1.64294
C 1.72474 -3.69195 -0.16719 H 1.74474 -4.80777 -2.01254
C 1.73197  -2.2841 1.95871 H 0.20616 -1.18209 3.06934
C 2.76803 -2.91981 -2.20557 H -0.34063 -1.78161  1.48023
C 3.92195 -0.65167 -2.34331 H 0.73123 -0.35857  1.58798
C 2.04921 -3.88989  -1.5083 H 1.3076 -3.32871  3.80937
C 0.50896 -1.353  2.02768 H 229979 -4.27773  2.67493
C 1.46292 -3.56851 2.74845 H 0.55208 -4.06964 2.39162
C 291821 0.41492  -2.8168 H 3.43568 1.24346 -3.32138
C 476031 -1.17626 -3.51302 H 2.35306  0.83292 -1.96397
H 5.08068 0.81631 2.64648 H 2.19486 -0.02174 -3.52082
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H 6.0705 1.09279 1.25145 H 535566 -0.35892 -3.94282
H -5.18133  1.04386 -2.40638 H 412983  -1.5746 -4.32071
H -6.09386 1.17773 -0.94163 H 544912 -197217  -3.1958

C.1.4 Reaction Pathway Calculations for the Release of Hydrogen

The starting structures for optimization were derived from extensive constrained
scans (on the singlet, broken-symmetry, and triplet PES) of the complexes 2" and
3’ using the BP86 functional with the basis set def2-SVP.[?”7l The reaction pathway
was simulated along the decreasing distance of the two leaving hydrogen atoms,
serving as an approximated reaction coordinate. The final energies and correspond-
ing structures for the minima MIN1 and MIN2 were obtained via optimizations at
the BP86-D3/def2-SVP level of theory and the CPCM solvation model with default
settings for THFE.[?8] These two minima served as reference points for the nudged
elastic band method?”’! (keyword: NEB-TS in Orca) to obtain the final energies and
structures of the first transition state (TS1). A different method was applied to de-
rive the second transition state (TS2). This was done by fixing the distance between
the hydrido ligands within the bimetallic cleft to the equilibrium distance of free
hydrogen, which is 0.767 A at this level of theory. By reducing the H---H distances,
an earlier crossover to the broken-symmetry state of 3’ in contrast to 1" (r(H---H) >
1.2 A) was calculated.
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C.2 DFT calculations for the Oxidative Addition of Water at
Dinickel Complexes

C.2.1 Structure Optimizations of 6 and 6-K(crypt)

Starting from the crystallographic structure data of 2K, geometry optimizations were
performed using the BP86 functional with the def2-SVP-basis set,!?”7] the def2/]
auxiliary basis set?"] and Grimme’s D3 dispersion correction with Becke-Johnson
dampening.[?!3214] The resulting DFT optimized molecular structure of 6 and the
anion of 6-K(crypt), including the XYZ coordinates are displayed in the following:
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Figure C.22: DFT optimized molecular structure of 6 (Ni green, C grey, H white, K purple,
N blue, O red).

Table C.7: XYZ—coordinates of 6.

Atom X y z | Atom X y z
C —0.37519 20.99977 22.51073 H —8.10352 26.61527 28.57868
C —1.46058 20.21623 23.00104 H —8.65384 25.03742 27.92093
C —1.36216  19.5245  24.2382 H —5.89267 26.93374 28.78652
C —0.16007 19.6196  24.9701 H —2.63358 26.41516 29.11779
C 0.92644 20.36987 24.49192 H —3.86496 27.71707 29.13299
C 0.81479 21.05454 23.26715 H —2.62388 27.63615  27.8346
N —2.65926 20.14418 22.23556 H 0.02516 26.84903 24.40894
C —2.67516 19.26132 21.21494 H 1.54754 25.70489 26.03404
C —1.47486 18.36118 20.98926 H 0.58535 24.32166 27.87882
C —2.52639 18.69375 24.76026 H —3.04837 24.23659 28.72848
C —2.16949 17.19619 24.80412 H —1.74415 23.02067 30.41628
C —0.53959 21.79746 21.21867 H —0.92548 24.58756 30.10619
C 0.77682 22.07133 20.48109 H —0.26611 23.06728 29.42154
Ni —4.08893 21.27498 22.75599 H —1.50874 21.90932 27.41762
N —5.2415 20.71069 21.38489 H —3.09866 22.58866 26.88267
C —4.98846 19.81579 20.42501 H —2.94712 21.77414  28.4641
C —3.76308 19.11747 20.33988 H —3.68779 26.29189  24.4527
C —6.56636 21.33887 21.39711 H —3.0186 27.25826 22.27403
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—6.66661
—5.49725
—5.76173
—7.10424
—7.72738
—7.60867
—6.45905
—6.6768
—5.61524
—4.24722
—3.29688
—4.76549
—3.75051
—2.34307
—1.80299
—0.40254
0.45533
—0.08968
—1.48531
—2.74494
—3.07602
—2.08233
—2.42412
—8.09332
—1.20444
—2.2497
—6.04787
—3.02381
—1.3151
—1.08561
—8.79088
—8.24359
—8.27602
—8.66054

22.20366

22.4561
23.26171
23.49818
22.84694
24.33343
24.85001
25.65649
26.27398
26.18415
27.03261
24.34643
25.40447

25.4403
26.19189
26.26353
25.61462

24.8457

24.7332
26.88123
28.31522
23.79841
22.44499
25.96651
23.61515
26.83729
19.49978
19.20907
23.10411
23.13445

22.8391
25.16502
23.72103
26.47987

22.60289
23.24546
24.31206
24.34087
23.26258
25.46826
26.2092
27.24743
27.95369
27.64937
28.47664
25.48916
26.6572
26.46438
25.3786
25.23726
26.14266
27.18553
27.3586
24.40374
24.85748
28.40736
27.75319
27.68409
29.65144
22.953
19.38933
26.12224
21.4863
24.72995
23.00149
25.08161
26.12177
26.87785
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—2.05867
—1.32043
—3.56109
—3.77866
—2.16219
—7.37623
—6.72926
—6.96315
—5.67367
—6.3652
—3.66234
—0.55802
—1.6673
—1.23928
1.67337
1.86499
—0.07372
—3.35613
—2.23858
—3.89681
—3.32556
—1.84338
—3.04778
—1.34875
—1.1834
—2.23953
—1.61339
—0.68077
0.57542
1.34811
1.43288
—3.1341
—3.56565
—3.68609

25.79459

27.4251
28.31764
28.79552
28.94381
20.57359
21.94932
19.07974
18.76512
20.41031
18.37674
18.93997
17.65968
17.77506
21.63172
20.41675
19.08878

18.8335
19.13625
18.61748
20.26757
16.82337
16.59461

16.9929
21.19336
22.89901
23.59639
23.83589
22.54202
21.13752
22.76806
21.76715
24.08996
22.46631

22.62452
22.79858
25.85303
24.14497
2491705
21.40354
20.47596
19.85789
18.65338
18.83809
19.53604
20.75259
20.15728
21.90079
22.89175
25.06652
25.93108
24.03813
26.90615
26.46736
26.00674

23.8115
25.11736
25.52462
20.54737
22.06911
20.53922
22.03657
19.49758
20.30312
21.04487
24.25818
24.69287
24.68244
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Figure C.23: DFT optimized molecular structure of the anion 6-K(crypt) (Ni green, C grey,

H white, K purple, N blue, O red).

Table C.8: XYZ—coordinates of 6-K(crypt.

Atom X y z | Atom X y z
C —0.37519 20.99977 22.51073 H —8.65384 25.03742 27.92093
C —1.46058 20.21623 23.00104 H —5.89267 26.93374 28.78652
C —1.36216  19.5245  24.2382 H —2.63358 26.41516 29.11779
C —0.16007  19.6196  24.9701 H —3.86496 27.71707 29.13299
C 0.92644 20.36987 24.49192 H —2.62388 27.63615  27.8346
C 0.81479 21.05454 23.26715 H 0.02516 26.84903 24.40894
N —2.65926 20.14418 22.23556 H 1.54754 25.70489 26.03404
C —2.67516 19.26132 21.21494 H 0.58535 24.32166 27.87882
C —1.47486 18.36118 20.98926 H —3.04837 24.23659 28.72848
C —2.52639 18.69375 24.76026 H —1.74415 23.02067 30.41628
C —2.16949 17.19619 24.80412 H —0.92548 24.58756 30.10619
C —0.53959 21.79746 21.21867 H —0.26611 23.06728 29.42154
C 0.77682 22.07133 20.48109 H —1.50874 21.90932 27.41762
Ni —4.08893 21.27498 22.75599 H —3.09866 22.58866 26.88267
N —5.2415 20.71069 21.38489 H —2.94712 21.77414  28.4641
C —498846 19.81579 20.42501 H —3.68779 26.29189  24.4527
C —3.76308 19.11747 20.33988 H —3.0186 27.25826 22.27403
C —6.56636 21.33887 21.39711 H —2.05867 25.79459 22.62452
C —6.66661 22.20366 22.60289 H —1.32043  27.4251 22.79858
N —5.49725 224561 23.24546 H —3.56109 28.31764 25.85303
N —5.76173 23.26171 24.31206 H —3.77866 28.79552 24.14497
C —7.10424 23.49818 24.34087 H —2.16219 28.94381 24.91705
C —7.72738 22.84694 23.26258 H —7.37623 20.57359 21.40354
C —7.60867 24.33343 25.46826 H —6.72926 21.94932 20.47596
N —6.45905 24.85001  26.2092 H —6.96315 19.07974 19.85789
C —6.6768 25.65649 27.24743 H —5.67367 18.76512 18.65338
C —5.61524 26.27398 27.95369 H —6.3652 20.41031 18.83809
C —4.24722 26.18415 27.64937 H —3.66234 18.37674 19.53604
C —3.29688 27.03261 28.47664 H —0.55802 18.93997 20.75259
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—7.60867
—6.45905
—6.6768
—5.61524
—4.24722
—3.29688
—4.76549
—3.75051
—2.34307
—1.80299
—0.40254
0.45533
—0.08968
—1.48531
—2.74494
—3.07602
—2.08233
—2.42412
—8.09332
—1.20444
—2.2497
—6.04787
—3.02381
—1.3151
—8.79088
—8.24359
—8.27602
—8.66054
—8.10352

24.33343
24.85001
25.65649
26.27398
26.18415
27.03261
24.34643
25.40447

25.4403
26.19189
26.26353
25.61462

24.8457

24.7332
26.88123
28.31522
23.79841
22.44499
25.96651
23.61515
26.83729
19.49978
19.20907
23.10411

22.8391
25.16502
23.72103
26.47987
26.61527

25.46826
26.2092
27.24743
27.95369
27.64937
28.47664
25.48916
26.6572
26.46438
25.3786
25.23726
26.14266
27.18553
27.3586
24.40374
24.85748
28.40736
27.75319
27.68409
29.65144
22.953
19.38933
26.12224
21.4863
23.00149
25.08161
26.12177
26.87785
28.57868
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—6.72926
—6.96315
—5.67367
—6.3652
—3.66234
—0.55802
—1.6673
—1.23928
1.67337
1.86499
—0.07372
—3.35613
—2.23858
—3.89681
—3.32556
—1.84338
—3.04778
—1.34875
—1.1834
—2.23953
—1.61339
—0.68077
0.57542
1.34811
1.43288
—3.1341
—3.56565
—3.68609

21.94932
19.07974
18.76512
20.41031
18.37674
18.93997
17.65968
17.77506
21.63172
20.41675
19.08878

18.8335
19.13625
18.61748
20.26757
16.82337
16.59461

16.9929
21.19336
22.89901
23.59639
23.83589
22.54202
21.13752
22.76806
21.76715
24.08996
22.46631

20.47596
19.85789
18.65338
18.83809
19.53604
20.75259
20.15728
21.90079
22.89175
25.06652
25.93108
24.03813
26.90615
26.46736
26.00674

23.8115
25.11736
25.52462
20.54737
22.06911
20.53922
22.03657
19.49758
20.30312
21.04487
24.25818
24.69287
24.68244
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C.3 Reaction Pathway Calculations for the Oxidative Addi-
tion of Water

To elucidate the mechanism of the oxidative addition of water at 6, DFT calcula-
tions were performed in the group of Prof. MATA by ANTON ROMER. The initial
structures for optimization were derived from extensive constrained scans (on the
singlet, broken-symmetry, and triplet PES) of the dinickel(I) complex 2¥ with the
located potassium ion between the aryl rings and the water molecule placed in mul-
tiple different positions, using the BP86 functional with the basis set def2-SVP.[277]
The scans followed the increase of the distance between the hydrogen and oxygen
atom of the incoming H,O molecule, as an approximation to the reaction coordinate.
The final energies and structures for the minima (MIN1, MIN2) were obtained via
optimizations at the def2-TZVP basis set’?’”” and the CPCM solvation model with
default settings for THE.?78] The final energies and structures for the first transition
state (TS1) were obtained by employing the nudged elastic band method!?”*! inte-
grated in ORCA (using the keyword NEB-TS). The XYZ-coordinates of MIN1, TS,
and MIN?2 are listed below:
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Figure C.24: DFT optimized molecular structure of MIN1 with a HoO molecule placed above
the bimetallic cleft (Ni green, C grey, H white, K purple, N blue, O red).

Table C.9: XYZ—coordinates of MINT1.

Atom X y z | Atom X y z
C —0.3077 21.1137 22.6485 C —7.0879 23.3337 24.4879
C —1.4528 20.3481 23.0368 C —7.7253  22.6506 23.4362
C —1.4934 19.7057 24.3176 C —7.5967 242145 25.5881
C —0.4362 19.9268 25.2205 N —6.4542 24.7983 26.2828
C 0.6668 20.7286 24.8707 C —6.6390 25.6076 27.3260
C 0.7283 21.2998 23.5874 C —55560 26.2119 28.0192
N —2.5724 20.2331 22.1772 C —4.1869 26.1111 27.7110
C —2.5826 19.3229 21.1739 C —3.2010 26.8821 28.5674
C —1.3736 18.4283 20.9939 Ni —4.7608 24.2634 25.5969
C —2.6990 18.8518 24.6902 N —3.7151 25.3567 26.6902
C —2.3129 17.5434 25.3972 C —2.3422 254108 26.3540
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—0.2252  21.7580 21.2655

1.1325 21.4995 20.5898
—4.0369 21.2577 22.6925
—5.2642 20.6253 21.3890
—4.9739 19.7366 20.4373
—3.6906 19.1338 20.3275
—6.6214 21.1448 21.5309
—6.6753 22.0127 22.7530
—5.4903 222956 23.3682
—5.7421 23.1146 24.4325
—0.8500 23.2051 29.1418
—2.5465 27.4000 23.0801
—6.0459 19.3102 19.4551
—3.7120 19.6652 25.5187
—0.5397 23.2671 21.3127
—8.7951 22.6259 23.2013
—8.2631 25.0040 25.1656
—8.2358 23.6206 26.2856
—8.6457 26.3876 26.9916
—8.0397 26.5932 28.6698
—8.5828 24.9843 28.0860
—5.8177 26.8511 28.8733
—2.5549 261972 29.1571
—3.7298 27.5466 29.2753
—2.5149 27.4971 27.9504
—0.2105 26.8948 24.0992

1.4463 25.4901 25.3350

0.6875 24.0109 27.1998
—2.7445 24.0976 28.6369
—1.3083 22.5793 29.9344
—0.3948 24.0927 29.6260
—0.0311 22.6053 28.6906
—1.7158 21.7855 26.8822
—3.2870 22.6829 26.6717
—2.9930 21.6926 28.1296
—3.8713 26.4923 24.5340
—3.3831 279161 22.5663
—2.3363 26.4693 22.5193
—1.6647 28.0725 23.0160
—3.7059 28.2090 26.2822
—4.0108 29.0004 24.7120

—1.9148 26.2590 25.2820
—0.5503 26.2606 24.9312

0.3832 25.4662 25.6198
—0.0468 24.6379 26.6724
—1.4016 24.5912 27.0540
—2.9378 27.1037 24.5333
—3.2690 28.4077 25.2865
—1.9048 23.6075 28.1050
—2.5020 223721 27.4050
—8.0458 259136 27.7981
—2.3600 29.0318 25.4178
—-7.3704 20.3217 21.6154
—6.9250 21.7377 20.6333
—6.9036 18.8335 19.9769
—5.6535 18.5898 18.7136
—6.4582 20.1830 18.9057
—3.5692 18.3886 19.5293
—0.4464 19.0069 20.8066
—1.5215 17.7281 20.1515
—1.1853 17.8334 21.9130

1.6068 21.9032 23.3092

1.4838 20.8940 25.5892
—0.4656 19.4531 26.2140
—3.2018 18.5931 23.7359
—3.3111 19.9070 26.5226
—4.6589 19.1037 25.6490
—3.9676 20.6173 24.9990
—1.5784 16.9609 24.8046
—3.2121 16.9123 25.5500
—1.8714 17.7246 26.4000
—1.0149 21.2895 20.6452
—1.5798 23.4681 21.6369
—0.4344 23.7234 20.3071

0.1597 23.8109 21.9869

1.1210 21.8683 19.5444

1.3796 20.4186 20.5710

19613 22.0217 21.1124
—3.4698 24.3473 22.7422
—4.0892 24.6383 23.4659
—3.9137 23.4990 22.4611
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Figure C.25: DFT optimized molecular structure of TS (Ni green, C grey, H white, K purple,
N blue, O red).

Table C.10: XYZ—coordinates of TS.

Atom X y z | Atom X y V4
C 2.8325 —1.6981 —1.8781 C 43441 —1.2534 —3.8927
C 1.5520 —2.2794 —1.6317 Ni —0.9945 —1.1753 —2.0489
C 1.3049 —2.9805 —0.4093 N —2.2595 —2.0954 —3.1108
C 2.3604 —3.1379 0.5110 C —1.9616 —2.8972 —4.1356
C 3.6344 —2.5984 0.2601 C —0.6440 —3.3595 —4.3832
C 3.8530 —1.8689 —0.9212 C —3.6667 —1.8231 —2.7892
N 0.5079 —2.1982 —2.5931 C —3.7067 —1.0352 —1.5194
C 0.4807 —3.1363 —3.5692 N —2.5248 —0.4758 —1.1445
C 1.6748 —4.0501 —3.7590 N —2.6981 0.1865 0.0248
C —0.0889 —3.4974 —0.0716 C —4.0056 0.0499 0.3918
C —0.0960 —5.0013 0.2394 C —4.6912 —0.7256 —0.5654
C 3.0804 —0.8466 —3.1163 C —4.4192 0.7177 1.6651
N —3.3083 1.5371 2.1295 H 1.1944 —0.8347 3.4432
C —3.4976 2.3959 3.1284 H —0.3001 0.0341 2.8482
C —2.4643 3.2660 3.5742 H —0.1675 —0.5222 4.5442
C —1.1467 3.3410 3.0927 H —0.5526 2.9028 —0.3323
C —0.2417 4.4053 3.6903 H 0.0496 3.9513 —2.5017
Ni —1.6559 1.3126 1.1215 H 1.3272 2.7627 —2.0818
N —0.6578 2.5409 2.1084 H 1.6286 45094 —1.8829
C 0.7313 2.5378 1.8796 H —0.9019 49112 0.9941
C 1.2622 3.1151 0.6780 H —1.0522 5.3374 —0.7334
C 2.6542 3.1031 0.4792 H 0.4382 5.7839 0.1665
C 3.5284 2.5693 1.4482 H —4.2453 —2.7687 —2.6759
C 3.0016 2.0167 2.6320 H —4.1589 —1.2602 —3.6191
C 1.6129 1.9776 2.8678 H —3.7889 —4.0387 —4.4730
C 0.2862 3.6514 —0.3553 H —2.6649 —4.0034 —5.8703
C —0.3390 4.9998 0.0474 H —3.6560 —2.5625 —5.4614
C 1.0208 1.2728 4.0914 H —0.5172 —4.0599 —5.2195
C 0.4079 —0.0890 3.7009 H 2.6212 —3.4914 —3.8962
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C.3.1

—4.8465 2.4895 3.8138 H 1.5257
2.0023 1.1259 5.2586 H 1.8212
0.8551 3.7187 —=1.7757 H 4.8454

-3.0702 —-3.4036 —5.0348 H 4.4525

—-0.7115 —-2.6671 1.0690 H 2.1822
3.1311 0.6408 —2.7191 H —0.7204

—5.7468 —1.0179 —0.5622 H —0.1349

—5.3447 1.3158 1.4926 H —1.7502

—4.6967 —0.0492 2.4293 H —0.7864

—5.6439 2.7874 3.0990 H 0.3423

—4.8310 3.2267 4.6380 H —1.1340

—5.1530 1.5075 4.2337 H 0.4788

—2.7347 3.9812 4.3635 H 2.2019
0.6018 3.9749 4.2690 H 2.2020

—0.8158 5.0692 4.3626 H 3.2316

—4.7099
—4.6894
—1.4290
—2.7444
—3.6972
—3.3272
—2.7704
—2.9967
—1.5881
—5.5863
—5.3587
—5.2392
—0.9829

0.9239

1.2953

Molecular Dynamics (MD) for 6 and 6-K(crypt)

—4.6331
—2.8627
—1.1065
0.9823
1.4438
—0.9678
2.0132
1.2711
0.8075
—0.5945
0.3976
1.1595
—3.7784
—2.1882
—3.6082

Molecular dynamics (MD) simulations were carried out to determine the NiH---HO
distance. These MD simulations consists of 5000 timesteps with 1.0 fs intervals at a
virtual temperature of 250 K. To complete these simulations in a reasonable time-
frame, the PBEh-3c functional was used. Figure C.26 and Figure C.28 show the
evolution of the NiH:--HO distance for 6 and 6-K(crypt). Moreover, it was tried
to simulate the solvation of 6 by THF by carying out the same MD simulation of 6
with one explicit THF molecule, see Figure C.27.
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Figure C.26: Simulated evolution of the H:--H distance for 6.
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Figure C.28: Simulated evolution of the H:--H distance for 6-K(crypt).
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C.4 DFT Optimized Molecular Structures of 7 and 9

C.4.1 DFT Optimized Molecular Structures of 7

Topological analysis of the electron densities and energy decomposition analyses
computed from PBE0-D3(B])/ 6-311++G(2d,2p)2'32!4 wavefunctions obtained at
the PBEh-3c molecular structures of 7 and 9 were done to obtain further insight into
the bonding and electronic structure of the complexes 7 and 9 listed in the following;:

Figure C.29: DFT optimized molecular structures of 7 at the PBEh-3c level of theory.

Table C.11: Selected structural parameters for 7 computed at the PBEh-3c level of theory;
XRD parameters are given for comparison.

Bond length / A
Method Nil—-P1 Ni2—P1 P1-C40
PBEh-3c 2.403 2.390 1.665
XRD 2.3354(11) 2.3366(11) 1.671(5)
Angle / °
Method Nil-P1-Ni2 Nil-P1-C40 Ni2—P—-C40
PBEh-3c 104.4 81.6 86.4

XRD 106.82(4) 80.85(14) 81.50(14)
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C.4.2 DFT Optimized Molecular Structures of 9

Figure C.30: DFT optimized molecular structures of 9 at the PBEh-3c level of theory.

Table C.12: Selected structural parameters for 9 computed at the PBEh-3c level of theory;
XRD parameters are given for comparison.

Method
PBEh-3c
XRD

Method
PBEh-3c
XRD

Nil—P1
2.403
2.2949(6)

Nil—P1-Ni2
104.4
105.87(3)

Bond length / A
Ni2—P1
2.390
2.2714(5)

Angle / ©

Nil—P1-C41
81.6
93.84(9)

P1-C41
1.665
1.841(2)

Ni2—P—C41
86.4
98.58(8)
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