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Introduction

1 INTRODUCTION

The development of novel, sustainable and efficient catalysts begins with the synthesis of a
tailor-made ligand platform. In this context, the ligand framework has to satisfy several
requirements like to guaranty a high turnover number of the catalyst and a sufficient product
selectivity and yield."> ¢ The ligand should be able to undergo metal-ligand cooperative processes,”
81 as well as to exhibit a redox non-innocent behavior.”! Moreover, it should be able to host
differently sized metal ions in high as well as low oxidation states, to provide a sufficient flexibility
as well as different coordination sites to address both, hard and soft metal centers. A
multifunctional ligand platform has to provide an efficient charge delocalization and to promote
the formation of metal complexes with different coordination numbers and geometries.'” In
addition, a well-considered ligand backbone should supply adequate steric shielding to a
coordinated cation to prevent the complex from oligomerization and to enhance its solubility.!>®!
The p-diketiminate or NacNac ligand family represents a well-established compound class that
combines most of these features. Hence, it finds widespread application in transition- as well as
main-group metal mediated catalysis.'> '? This thesis focuses on the development of novel
NacNac-like ligand platforms comprising additional donor sites, the ability to show redox non-
innocent behavior as well as to assist in metal-ligand cooperative substrate activation. Furthermore,

on their introduction to s-block coordination for future applications in small molecule activation

and homogeneous catalysis.

1.1 Development of the 8-Diketiminate Ligand System

Initially, McGeachin,"! Bonnett"" and Parks and Holm!" reported the preparation of f-diket-
iminate-based transition-metal complexes in 1968. Two fundamental synthetic routes for the

preparation of this ligand class that are known for several decades are depicted in Scheme 1-1.1'*!

R"
R R™
(CHW 0Q © wxerH2
R” Rll
o O N HN_
Ar Ar
R"
ArNH, R‘WRI"
(. 1. [Et30][BF 4]
o._ N 2. ArNH,
H Ar 3. NaOMe

Scheme 1-1. Simplified generation of NacNac ligands from their related $-diketones.
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The upper route consists of the simple reaction of one of the ketone functions with ethylene glycol
leading to the formation of the corresponding cyclic acetal moiety. Subsequently, the formed ketal
is converted via a double condensation reaction with two equivalents of a primary amine forming
the -diketiminate."” The bottom route starts with a mono condensation reaction of a primary
amine at one of the ketone moieties of the starting material. A clear disadvantage of this pathway is
the necessity of two additional steps to prevent the reaction from stopping at the stage of this
B-enaminoketonato product. To realize the second imine condensation, a metalation with the help
of a Meerwein salt has to be carried out, followed by the addition of a base.I">'¥! Furthermore, in a
method to prepare f-diketiminates that do not bear any further substituents at the ligand
backbone, 1,1,3,3-tetracthoxy propane is used as starting material. On addition of an aromatic
amine hydrochloride the corresponding p-diketimin hydrochloride salt is obtained and
subsequently deprotonated with sodium hydroxide, giving the target ligand.!"”’

Until the late 1990s, NacNac-based ligand systems remained mainly unattended in coordination
chemistry, which was put to an end by the initial synthesis of the famous Dipp-substituted
PirPNacNac by Marshall et al. in 1997.%% Also due to a new and straightforward synthesis method
for N-arylated ligands with yields around 80%, this derivative should become one of the most
frequently used and best studied NacNac platforms in the following years (Scheme 1-2). In detail,
the steric strain supplied by two-fold N-aryl substituted 3-diketiminates is compared to that offered
by terphenyl systems.”!) The latter established a reputation in successfully stabilizing multiple

bonded low-valent group 13 and 14 compounds.?>#*!

1 1
NH R R
2 W R1 - Me
R2 R3 R2

1.) EtOH, H* R2 NH

N R? = Me, Et, iPr
+ 2 e
R1JJ\/U\R1 2.) base ﬁjRS RD{EL R3 = H, Me, Et, iPr
- H,0, - baseH . R*=H, Me

R4 R R*

Scheme 1-2. General procedure for the preparation of N-arylated $-diketiminates.

As can be see from Scheme 1-2, ligand preparation consists of a simple acid-catalyzed double
condensation reaction of differently substituted aniline derivatives and acetylacetone followed by
basic workup to obtain the desired ligand.*>***! While this approach covers a wide range of
anilines, only limited modifications at the ligand backbone of the 2,4-pentanedione is tolerated.
The introduction of sterically demanding substituents like tBu groups at the 3-carbons of the CsN,
framework still requires several but fortunately high-yielding steps to build up the diketiminate
scaffold (Scheme 1-3, I, vide infra). In the course of the procedure, pivaloyl chloride is reacted with
a corresponding aniline derivative. A subsequent chlorination with PCls affords the N-methyl-
pivalimidoyl chloride. Subsequent methylation and lithiation reactions pave the way for a C-C
coupling with a second equivalent of the pivalimidoyl chloride to yield the related -C-substituted

diketiminate.”
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ArNH,
g B g e g
Ar Ar
1. MelLi
|27 R =tBu, NMe;, NEt, 2. nBulLi,
)C\' TMEDA
R R R R R ’\Ij CH Li+_CH
YU R=me YU AL T P
NH N — N N S S
A ‘A A ‘A R™ N RT N
r r r r Ar Ar
2CI | C|C|‘ o,
O N + MeZN NM92 1. AI'NHZ MeZN NMez
e L e T abese T T
NMe, Cl Cl /N N\
Ar Ar

Scheme 1-3. Synthesis procedures of N-arylated NacNac ligands bearing f3-carbon substituents.

Most recently, route I was additionally used to implement NR, groups (R = Me, Et) at the ligand
backbone forming highly electron-rich so-called N-NacNac ligand systems.”™ A second, less
elaborate preparation method was presented as well, that based on a procedure by Viehe et al.l*”!
(Scheme 1-3, II). Starting from N,N-dimethylacetamide, in a reaction with two equivalents of
Viehe’s salt, a bifunctional backbone is pre-assembled. Subsequent condensation with the desired
aryl amine forms the corresponding N-NacNac ligand derivative. In contrast to the NacNac ligands

that usually exhibit an imino-enamin tautomerism in the protonated form, in the N-NacNac

congeners the diimine form was found to be favored.”**

The residues at the nitrogen donor atoms (e.g. hydrogen-, alkyl-, silyl- or bulky aryl substituents) in
direct proximity to the coordination pocket are known to have a strong influence on the ligands
steric and electronic capabilities. They play a major role in controlling the coordination sphere of a

metal ion enabling access to low-valent compounds. Thus, even slide variations are reported to

[9, 30

provoke significant changes in complex reactivity.’”> *! Typically, B-diketiminates are used as

monoanionic chelate ligands that bind in a x*-(N,N’) fashion to a coordinate metal ion, forming a
six-membered metalla-heterocycle (A®! in Figure 1-1). Additionally, in this form, the established
aromaticity throughout the ligand backbone allows a metal to interact with the offered m-electron

density. This results in manifold possible coordination motifs up to a maximum #’-hapticity,

depending on the nature of the metal ion as well as the nitrogen substituents (B-I1°% in
16]

Figure 1-1, vide infra).!
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Despite a vast amount of readily R R
. NN
accessible N-alkylated NacNacs,"*”! metal Ar”MT A
Al
ions hosted by N-arylated coordination Ar
Ar, N Hy
. . FiC CF, N=CH C —SnPh,
pockets form the majority. Dominated by NS " N
. . arNarNs H MeN AN OHANG
the latter ligand class, a variety of A T ? .
PPh; Ar,N Ar
structures stabilizing main-group, d- and B! cea D=
f-block metal ions of diverse oxidation ” ’\I'Ar A N o
— N7, e .
L S Ul SN —-Ti—Cl
states were successfully synthesized in the § g Tl >N H D=Ny “ci
N AN —ar
. N
last two decades. Many of these Ar Ar Ar
EB4 Fl3s1 GB8l
compounds proved to show a high Bu
Pr = _ Ar
activity and selectivity in catalytic N N

reactions like cross-couplings, alkene
polymerization and functionalization as
well as to contain unprecedented low-  Figure 1-1. Selection of different coordination modes in
valent and/or low oxidation state metal  mononuclear -diketiminate-based complexes. A: #’-
ions. This process has been summarized ~ (N-NV)s B: ©!-(N); C: #'-(y-C); D: #'-(B-Me); E: x*-(y-CN);
§.12.16,26 F: ©>-(N,N) + >-(NCC); G: «*-(y-C,N,N’); H: (1°-(C3N2))»;
I: ®-(N,n*-Ar). Adapted with permission from reference .

in several excellent review article

10-4] Moreover, it was shown by Lappert

Copyright 2016, The Royal Society of Chemistry.
et al. in 2003 that -diketiminate ligands PITI y y of y

exhibit a redox non-innocent character which was investigated in detail in the last fifteen years."*"!

1.2  Alkali- and Alkaline-Earth-Metal 8-Diketiminato Complexes

The sophisticated steric and electronic fine-tuning of the NacNac ligand,” and the manifold

1122681 compounds put the focus on the

catalytic applications found for its derived transition-meta
extension of these applications to the corresponding late and early main-group metal complexes in
current research topics."!! In this context, the following chapter focuses on the area of s-block

B-diketiminate compounds.

In particular, lithium and potassium compounds are commonly used as versatile starting materials
for metathesis reactions with metal halides or —amides to access other metal complexes.!® 4!
Lithiated p-diketiminates are easily obtained by deprotonation of the corresponding NacNacH
ligand with lithium organics like n- or tBuLi, LiN(iPr), or LIHMDS.!"® The structural features of
these products strongly depend on the bulkiness of the ligand itself and the presence of additional
donor molecules."? In particular, in less hindered structures like [Li(THF),{*"NacNac}] that bears

2-isopropylphenyl-substituted nitrogen donor atoms, a four-coordinate, tetrahedral complex was

obtained in the presence of THF (Figure 1-2, left).!*
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Figure 1-2. Isotropic solid-state structures of the alkali metal complexes [Li(THF),{""NacNac}]*! (left),
[Li(THF){®NacNac}]*" (middle) and polymeric [K{x*(#?)-C,N,C’,N’-P*"NacNac}]..""! (right). The Hydrogen
atoms are omitted for clarity.

By incremental increase of steric demand around the cation, low-valent species are accessible.
Starting from a fBu N-alkylated NacNac derivative, the three-coordinate, trigonal-pyramidal
compound [Li(THF){"®™NacNac}] was obtained (Figure 1-2, middle).*” Here, the inflexible {Bu
substituents successfully block one of the coordination sites of the lithium ion preventing it from
being coordinated in a tetrahedral fashion by a second THF donor molecule. Additionally,
comparable three-fold coordinated structures were reported for the lithiation of the corresponding
Dipp N-arylated f-diketiminates which bear either tert-butyl or methyl groups at the S-carbon
atoms.® ?! Interestingly, lithiation of the latter in absence of any donor molecules led to the
formation of [Li{P*"NacNac}],*” that crystallized in two different but associated structural motifs.
One is described as a dimer in which the lithium ions, along with a ¥*>-N,N’ coordination, exhibit a
Li--C interaction to one of the carbon atoms of a 2,6-diisopropylphenyl substituent of a second
molecule. The other motif consists of two linked hexameric chains that form in total a dodecameric
so-called slipped ladder structure.*”!

Generally, in concerted deprotonation-metalation reactions with simple potassium hydride or
other organometallic KR compounds (e.g. R = CH,Ph, N(iPr), or N(SiMes).), potassium-containing
B-diketiminates are as easily accessed as their lithium congeners. The obtained potassium
complexes tend to form multi-hapto binding modes like reported for compound [K{x*(#?)-
C,N,C,N’-PPNacNac}]..”" (Figure 1-2, right). In the solid-state, this structure exhibits on the one
hand a x*(n%)-C,N,C,N’ coordination to one "*?NacNac ligand as well as an #°-K--aryl interaction
to the Dipp residue of a second molecule. This satisfies the coordination sphere of the potassium
ion forming infinite zig-zag strands.”" Interestingly, usage of a sterically demanding ""?NacNac
ligand system that carries additional fBu substituents at the -carbons in the ligand periphery,
forced the potassium ion in [K(THF):{""*NacNac(B-C(tBu))}] into a «'-N + #*-aryl coordination.
Presumably to avoid steric congestion, this binding motif is preferred over the formation of a low-

valent compound like in the corresponding lithium derivatives.*”
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N N N N
AT Ny A AN £ A AN A
/N |
Ly X L,
M = Li, K
Ae = Mg, Ca, Sr, Ba
X=Cl, Br, |
Mg(nBu)y; i R = Me, iPr , nBu, N(SiMe3),
[Ae(HMDS),], N N RMgX L, = Donor solvent
> Ar \A 7 CAr
e\
L7 R

Scheme 1-4. Selected preparation methods for different f-diketiminate-based alkaline-earth-metal halide
compounds (top routes), and —alkyl or -amide pre-catalysts (bottom routes).

As illustrated in Scheme 1-4 (top), p-diketiminate-supported alkaline-earth-metal halide
compounds are mainly accessed via two different procedures. These complexes are versatile
platforms for further transformations like the activation of small molecules (e.g. H,, CO,), or
reduction to access low oxidation state magnesium(I) compounds (see next chapter).
Magnesium-based halide compounds can be obtained from reaction of a Grignard reagent RMgX
(X =Cl, Br, I) with a corresponding protonated NacNacH ligand."* The heavier NacNac-based
alkaline-earth-metal halides are commonly prepared through salt metathesis of a lithium or
potassium B-diketiminate precursor complex with a group 2 halide AeX, (X=Cl, Br, I)." If a
halide compound is obtained as a monomer or in a dimeric form, with bridging halide ions,
strongly depends on cation size, the steric bulk offered by the -diketiminate ligand as well as the

presence of additional donor molecules (e.g. THF, Et,0).[57)

Most advances of group 2 catalysis are strongly influenced by the aspect that Ae** metal centers
should be able to promote a lanthanide-like catalysis, due to an analogous d° valence-shell
configuration. With this in mind, the construction of similar catalytic cycles like for trivalent, redox

01 Tn  transition-metal-mediated mechanisms,

inactive d° lanthanide compounds is feasible.
variation of the catalysts oxidation state is a crucial feature in the process of catalytic bond
activation. In contrast to that, with o-bond metathesis and polarized insertion the catalytic
reactivity of lanthanide metals features two fundamental mechanistic steps, which do not alter the
d° configuration of the metal fragment (Scheme 1-5, vide infra)."** Starting with reaction type Ia,
lanthanide hydrides are obtained via o-bond metathesis from substrates comprising a hydridic E-H
bond. Substrates that exhibit a protic E-H bond undergo protonolysis to give an L,Ln-E species
(Ib). In combination with reaction type II, two catalytic cycles for the heterofunctionalization of
unsaturated bonds can be derived. In the case of the metal hydride L,Ln-H, the catalytic cycle
proceeds via insertion into the unsaturated bond, affording L,LnEC(X)RR’ (X = H) as intermediate
species. Subsequent o-bond metathesis with a second equivalent of the hydridic E-H bonded

substrate yields the Markovnikov product E-E’~CHRR’. In the case of the L,Ln-E species, obtained
from a reaction with a protic E-H substrate, the intermediate L,LnEC(X)RR’ (X = E) is formed by
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insertion into the parent multiple bond. The catalytic cycle is closed via protonolysis with a second
molecule of the protic E-H substrate affording the anti-Markovnikov addition product HE-
C(E)RR’.I"

| s—bond metathesis

a: hydridic H 5t i
— Ly—Ln---X
Ly-Ln-X E-H 20 — Leobn"H + X-E
H----E
& 8"
E=B. AlSi Ln = lanthanide
o X = reactive group
b: protic H 55 R
— Lo—Ln---X
L-tn-x —E M TR o B+ X-H
E----H
5 &
E=N,P,O,S
Il insertion of multiple bonds
R + _
E=C/ 8y
\RI Lz_Ln___X L2_Ln X
Ly-Ln-X ——— R » _— \ /
E—C, E—C-~R
& & R R'

E=N,0,S

Scheme 1-5. Overviews of catalytic key steps in trivalent, lanthanide mediated o-bond metathesis. I:
Utilization of a substrate that comprises either a hydridic (a) or a protic (b) E-H bond. II: Insertion of an
unsaturated E=C bond into a Ln-X o-bond. Adapted with permission from reference "', Copyright 2016, The
Royal Society of Chemistry.

With an emphasis on the practicability of alkaline-earth-metal-mediated protonolysis reactions
(Scheme 1-5, Ib), different 3-diketiminate-based group 2 alkyl- and amide pre-catalyst species were
prepared.’ These complexes are usually accessed by reaction of a protonated NacNacH ligand
with a group 2 alkyl or —amide precursor compound.*>** %! In the case of magnesium, preparation
may also proceed via salt metathesis of an alkali 3-diketiminato complex with a Grignard reagent
RMgX (X = Cl, Br, I) (Scheme 1-4, bottom routes).” Many of these compounds already found a

versatile catalytic application, for example, in the field of ring opening polymerization reactions of

2] 63-65]

cyclic esters (eg rac-lactide)®™ ®? or inter- and intramolecular hydroamination!

and -phosphination reactions.!*

In order to exceed the variety of heterofunctionalizations of unsaturated substrates to hydro-
genation as well as hydrosilylation and —boration reactions, the search for well-defined group 2
hydride complexes capable of a lanthanide analogous reactivity was started. Initiated by the
groundbreaking synthesis of the dimeric """NacNac-based calcium hydride complex [Ca(THF)-
(u-H){"**NacNac}], by Harder and co-workers in 2006, preparation of the corresponding
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magnesium-based congeners was independently reported by Jomes and Stasch shortly after

(Scheme 1-6).5> 481

Ar Ar,
X ’ \
THF
W PhSiH,4 N )n N

/aHi / \
2 ANCONS —_— A ag
Ar pSt AT phsiR Ny THT =
Ly R Ar (THF)”Ar/
Ae = Mg or Ca Ae = Mg, n =0-1
R = nBu or N(SiMe3), Ae=Ca,n=1

L=THF, n=0or1

Scheme 1-6. Preparation of -diketiminate-based magnesium®! and calcium!® hydrides.

According to pathway Ia in Scheme 1-5, the calcium as well as the magnesium complexes were
obtained through o-bond metathesis with phenylsilane as hydride source. Due to an intrinsic
higher reactivity of the heavier strontium and barium homologues, associated with decomposition
reactions, the synthesis of the related -diketiminate hydride complexes remains elusive. Here, an
increasing cation size is assumed to provoke faster ligand exchange as well as to hamper the ability
of a sterically demanding ligand framework to prevent the complex from Schlenk equilibrium
redistribution."!! Building up on this work, also a couple of higher magnesium hydride clusters
were introduced, for example, by the groups of Hill and Harder."*? Remarkably, Harder and
co-workers also succeeded in the synthesis of the first higher strontium hydride cluster only very
recently.””! Simple treatment of [Sr(N(SiMes),).] with phenylsilane and PMDTA led to the
formation of a hexanuclear “inverse cryptant”-like cage structure in [Sr¢Ho(N(SiMes),)s(PMDTA);].
These findings simultaneously underscore that bulky spectator ligands are obviously no basic
requirement to stabilize heavier group 2 hydride species. The analogous higher calcium hydride

cluster was obtained as well.

CH,
Ph)J\Ph
/DippTHFDipp\ Dipp
_N\C ZwHi, /N \ benzene, 20 bar Hy; _N\C WWTHF
AN —ra 20°C, 17 h a
P TN baC N o
Dipp Dipp DippPh/ \Ph
5 mol%
CH3 H2
H|I'
Ph Ph

Scheme 1-7. Exemplary and simplified catalytic hydrogenation of 1,1-diphenylethylene with the dimeric
calcium hydride complex [Ca(THF)(u-H){"*"NacNac}], by Harder et al."!
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Additionally, an initial reactivity study was carried out on the calcium hydride complex
[Ca(THF)(u-H){"**NacNac}], by Harder et al.’> " Reactions with stoichiometric amounts of
different unsaturated substrates supplied precise data on its insertion reactivity, paving the way for
heavier alkaline-earth-metal hydrides in catalytic applications./”’ In later implementations of this
compound to catalytic hydrogenations of diverse diphenylethylene and styrene substrates, even at
mild conditions conversions of 99% and higher were achieved (Scheme 1-7, vide supra).” Also for
the corresponding magnesium congeners, successful application to hydroboration”” and -
amination'®! reactions of aldehydes, ketones and pyridines as well as the dehydrocoupling of

amines and boranes was reported.!!

1.3 Low Oxidation State Magnesium 8-Diketiminato Complexes

The isolation and characterization of the first dimeric Zn' complexes [Zn{Cp*}],"® (Cp* = CsMes)
and [Zn{"*"NacNac}],” was reported in 2004 and 2005, respectively. Encouraged by this
development and due to a chemical analogy between both elements, attempts to prepare related
Mg'-Mg' dimers were carried out.® Finally, this research peaked in the synthesis of the first
“bottleable” dimeric low oxidation state magnesium compounds [Mg{"*’NacNac}], (Figure 1-3, b)
and [{Mg(iPr,NC(N-Dipp)2)}2(Et;0)] by Jones and Stasch in 2007.%Y The preparation proceeded

via potassium-metal-mediated reduction, starting from the related magnesium iodide precursor

complexes.
a Ar Ar b
i ; Ar
, ( N\M 4OFt, 2M ( N\M . ‘N
— .
4 g"’l Toluene g Q:N “‘W"}J
N —2 M N Ar
Ar 2 OFt, Ar |
M=NaorK > 80% yields
=10g scale
Mg, (PiPnacnac _ _ .
%ngﬁ(gapnacnac}}ﬂ] Increasing | Increasing e N
[Mga(M=nacnac),] | Steric bulk | reactivity S s

Figure 1-3. a (top): General preparation of dimeric S-diketiminate-based Mg' compounds of the form
[Mg{*NacNac}], (Ar=Dip, Dep, Mes) by reduction of the corresponding divalent magnesium iodide
precursors with sodium or potassium metal. a (bottom): Schematic relationship between the steric demand of
the ligand scaffold and the reactivity of its derived Mg'-Mg' dimer. b: Solid-state structure of the first
B-diketiminate-supported dimagnesium(I) complex [Mg{P""NacNac}],. Reprinted with permission from
reference (2. Copyright 2017, Springer Nature.

The utilized bulky -diketiminate and guanidinate ligand systems are assumed to play a key role in
stabilizing these reactive species by rather favoring the formation of a reduced heteroleptic than a
homoleptic divalent magnesium compound.*? In the following years, many other Mg'-Mg'

compounds featuring different N-arylated S-diketiminate ligand scaffolds were prepared in high
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yields from their respective divalent magnesium iodide precursors (Figure 1-3, a (top), vide
supra).’*® Due to the variety in N-aryl substituents, the reactivity of the corresponding reduced
magnesium(I) dimer can be simply adjusted. Thus, a clear trend of increasing reactivity
accompanied by a decreasing steric congestion of the coordination pocket was derived from the
most commonly used species, featuring 2,6-diisopropyl-, 2,6-diethylphenyl (Dep) or mesityl (Mes)
substituents. (Figure 1-3, a (bottom)).®” Inspired by this development, several comparable
dimagnesium(I) complexes supported by related anionic ter- di- and even monodentate ligand
systems were synthesized and intensively studied during the last decade. As one can see from
Figure 1-4, these range from tripodal diimine-enolate derived species (a),’® over a bulky double
negatively charged a-diimine supported complex (b),™ to Mg'-Mg' dimers stabilized by highly

sterically demanding monodentate amido ligands (c).*

Ph,C THR ThE

THF~ Ph, R-¢
N O’ Ar Ar K i Phes O
\\\ A . Dipp
—N " N— ..N,Dlpp \N N !
Mg—Mg_  ___ b N, Mg—Mg
a - NS | . 7 (o]
N\ \\/\N //LN/MQ_MQ\‘N :I\ _ ! ~N
Ar Arf o — “Dipp AN R’ “Ph
Dipp \} Ph
CPh2 A\
THE K THF
Ar = Dipp, Dep, Mes THF R = Me, iPr, Ph, OtBu
R' = Me, iPr

Figure 1-4. Diversity of dimagnesium(I) compounds derived from other ter- (a),®" di- (b)® and
monodentate (¢)® supporting ligands.

The preparation of other [Ae{*"NacNac}], species, e.g. from the respective beryllium or calcium
iodide precursors failed so far. The preferred formation of the corresponding homoleptic
[Ae{*NacNac},] compounds has been affiliated to the size and reduction potential of the
alkaline-earth-metal being crucial for the preparation of the desired reduced Ae'-Ae' bound
dimer.®™® After its first preparation, the nature of the Mg'-Mg' bond in [Mg{"**NacNac}], was
investigated in detail. X-ray structure analysis revealed a molecular geometry similar to the
corresponding dimeric Zn' species exhibiting two almost perfectly perpendicular arranged Cs;N,
ligand planes. This directly excluded the hypothesis of a hydride bridged Mg-Mg moiety, because
in this case these planes would be arranged in an almost co-planar fashion with an orthogonally
oriented pair of hydride ions (see Scheme 1-6).* 8!/ The absence of an MgH, moiety was
additionally corroborated by the lack of any hydride signals in the compounds '"H NMR spectrum.
Furthermore, only marginal residual electron-density was observed between the magnesium ions,
and no hydride species were detected in high resolution mass spectrometry experiments.®’
Computational as well as crystallographic studies further affirmed an unsupported, high
s-character, covalent Mg'-Mg' bond.”® Because of a pronounced polarization of the Mg-N bonds,

the two monovalent magnesium ions can also be seen as a Mg,** dication supported by negatively

charged f-diketiminate ligands that readily form stable donor-base adducts.® "]
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Moreover, experimental charge density studies revealed the presence of a local maximum in the
electron density between the two magnesium ions that does not arise from a present atom. Hence,
the Mg'-Mg' bond represents a rare case of a structure containing a so-called non-nuclear

attractor.[>°%

In the last decades, a variety of compounds have distinguished themselves as powerful lab-tools to
access synthetic targets in organic-, inorganic and organometallic transformations, that are

82 Besides simple s-block elements (e.g. Na,

nowadays used on a daily routine by synthetic chemists.
K or Rieke-magnesium),® the utilization of different organometallic reagents has gained wide
acceptance. Among others, these range from potassium graphite (KCs)®? and sodium- or

potassium naphthalenides,”” over magnesium anthracene [Mg(CisHio)(THF)s] as source of

[94,95 [97,

elemental magnesium,**** to decamethylsamarocene [Sm(Cp*),]"®" or simple samarium iodide.
%] Despite their unabated preparative significance, most of them share some disadvantages like an
insolubility in conventional organic solvents accompanied by a strongly negative redox potential.
The latter often results in poor selectivity control and over-reduction of the substrate. Furthermore,
a general instability and highly pyrophoric character makes them hard to store. Even soluble
reducing agents like sodium naphthalenide still exhibit harsh cathodic redox potentials that
promote side-product formation.’® As a result, there had been a strong urge for readily accessible
and more controllable reducing agents, which was satisfied with the synthesis of the first
magnesium(I) dimers in 2007.%" These compounds and their derivatives are easily prepared under
mild conditions, they show a high solubility and stability in common aprotic organic solvents and
exhibit some stability against air and hydrolysis. Since then, this compound class, and in particular
the NacNac-based complexes, have proven to be reliable and controllable two-electron sources.
Experiments to determine the redox potential of dimeric Mg'-Mg' species have failed so far, but
they are assumed less reductive than the corresponding group 1 metals used for their preparation.
Based on redox potentials of -2.61 V and -2.29 V for the respective Mg"°and Mg""redox couples, it

is anticipated that those of the magnesium(I) dimers range in a similar scale.*”

Continuing this development, [Mg{*NacNac}], dimers have been implemented as versatile
reducing agents in organic- and inorganic syntheses. In Scheme 1-8 (vide infra), selected reactions
of B-diketiminate-supported dimagnesium(I) compounds with different organic substrates and
their striking adaptation in the synthesis of other low oxidation state main-group complexes are
summarized. Thus, the following paragraph focuses on recent highlights of this novel class of more

user-friendly reducing agents.
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Scheme 1-8. Selected reactions of [Mg{*"NacNac}], (Ar = Dipp, Dep, Mes) reductants with organic substrates
[82]

and their application in the preparation of low oxidation state group 2, 13 and 14 compounds.
In general, [Mg{*NacNac}], dimers are reported to be able to perform one-, two- or even three
electron reductions of a variety of unsaturated organic materials.®? Starting with complex A in
Scheme 1-8, a reaction of benzophenone in the presence of DMAP led to the formation and first
description of a magnesium ketyl-radical which was subsequently affirmed by solid-state structure
determination.” So far, this reduction represents the only example of a one-electron delivery
process promoted by a dimagnesium(I) reductant. In contrast to that, the insertion of an organic
material into the Mg'-Mg' bond under formation of dimagnesiated products involve a more
common two-electron transfer onto the substrate. For example, this is reported for unsaturated

e’[53, 100]

compounds like azides, carbodiimides, ketenimines and cyclooctatetraen or anthracene.®

The ter-magnesiated complex B is a prominent representative for a three-electron reduction by a

dimeric Mg' complex.!'!

Here, three monomeric p-diketiminate supported magnesium(II)
fragments are bridged by the nitrogen donor atoms of a triple negatively charged hexaazatri-
naphthylene system. Continuing in clockwise direction, it was shown that dimeric Mg' reductants

are capable of the activation of stable carbon-fluoride bonds of partially- or perfluorinated aromatic
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substrates under formation of arylated (C) and dimeric, fluoride bridged, Mg" complexes (C’)."%? If
the mechanism of the reductive C-F bond cleavage is mediated by preliminary Mg' radical
formation or by simple ligand-scrambling, still is subject to current investigations. Moreover, a
reaction of a magnesium(I) dimer with CO, was reported to promote the reductive dispro-
portionation of carbon dioxide under formation of carbon monoxide and the related carbonato
complex D as kinetic main products. In addition, minor amounts of the thermodynamic oxalato
compound D’ were detected as a result of reductive coupling between CO, molecules.” In this
context, a striking study on the possibility to use magnesium(I) dimers in the transformation of

(194 Tn the course of the study, 1,3-cyclo-

feedstock gases into value-added products was carried out.
hexadiene (a molecular source of H,) was treated with [Mg{*NacNac}], (Ar = Dipp, Dep)
reductants under a CO atmosphere at room temperature. As a result, magnesium complexes
coordinated by alkoxy ligands were obtained, that are assumed to form in a Fischer-Tropsch-like
C-C coupling process. As suggested by experimental and computational studies, the reaction is
mediated by intermediary hydride bridged [Mg(u-H){*NacNac}], species. These undergo a
subsequent reaction with CO under formation of the corresponding alkoxy ligands after several
further reaction steps. This work underscores the possible future application of dimeric Mg'
compounds in the stoichiometric or catalytic Fischer-Tropsch-like transformation of synthesis gas
into higher alcohols.® A further remarkable reaction product of a magnesium(I) dimer with an
organic substrate is visualized with structure E. Here, a reductive coupling of two 1-azide-
adamantane molecules takes place, affording a dianionic Adam,N¢* hexaazadiene ligand.!** 1%
Straight organic compounds that contain covalently bound Ng-chains are known to be prone to
spontaneous explosive decomposition. In stark contrast to that, the [Mg"{*'NacNac}] supported

hexaazadienes do not appear to be subject to shock- or thermally induced detonations.*?

Besides utilization as reductants in organic substrate transformation, dimagnesium(I) compounds
also found a widespread application in tailored syntheses of other low oxidation state main-group
complexes. A compound class that promises to be a serious alternative for small-molecule
activation and catalysis — transformations that usually require the presence of a rare and toxic
transition-metal.[®” So far, complex F represents the only example for the synthesis of another low
oxidation state group 2 compound mediated by a dimeric Mg'-Mg' species (Scheme 1-8, vide

191 Analogous to the synthesis of the reducing agent itself, a halide precursor complex

supra).
[MgBr{Ph,P(NDipp).}] is converted to the respective magnesium(I) dimer [Mg{Ph,P(NDipp).}].,
which in this case is based on a Mg'/Mg" redox couple. Continuing with group 13 elements, in a
reduction of a platinum(II)-based boryl compound, the corresponding multiple reduced complex G
was obtained.!'"® Compound G features both, a now neutrally charged platinum metal center as
well as the first #°-bound diborene ligand in any metal complex. It was shown by computational

and experimental investigations that there is m-back donation from the Pt(0) metal to a vacant

n-bonding orbital of the perpendicularly arranged diborene, strengthening the boron-boron double
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bond. Therefore, the bonding situation in complex G can be seen as a rare and unusual exception
from the Dewar-Chatt-Duncanson model.®? Moreover, in the reaction of two equivalents of an
N-heterocyclic carbene (NHC) supported AlH; adduct with a [Mg{"*“NacNac}], dimer, the first
thermally stable NHC adduct of highly elusive dialane(4) (ALH.) (H) and the respective
dimagnesium(II) hydride [Mg(u-H){**NacNac}], are formed.""” Treatment with potassium metal,
revealed the hydrogenation of the magnesium(I) dimer to be reversible, indicating a possible future
application of this compound as hydrogen storage material in fuel cell driven units. Remarkably,
preparation of structure I allowed the isolation of the dialanate dianion structural fragment
([ALHe]*) as a CIP supported by two singly hydride bridged dimagnesium(II) counter ions.!'*®!
Computational studies revealed that the stability of the dialanate (an isoelectronic analogue of
ethane) strongly depends on the coordination and support of the sterically demanding
dimagnesium(II) cations. Complex J is one of the first examples of the preparation of a low
oxidation state group 14 compound accessed via reduction with a dimagnesium(I) reagent."® In
particular, from a reaction with NHC supported germanium(II) chloride the respective dimeric
germanium(0) fragment featuring a Ge’=Ge’ double bond was obtained. In a similar reaction, the

10 Furthermore, there are several reported

related Sn’=Sn° NHC adduct was accessed as well.!
examples in which dimeric Mg'-Mg' species were successfully applied to generate low oxidation
state group 15 as well as d-block element complexes. An excellent review summarizing these

approaches has been published recently.!*?

1.4 B-Diketiminate Related Ligand Platforms

The archetypical -diketiminate ligand scaffold is characterized by a pronounced modularity with
respect to the substituents attached to its nitrogen donors (see Scheme 1-2).5% Moreover, by the
sweeping capability of its main-group-'> 'l and transition-metal"” compounds to perform in
catalysis, as well as its ability to host low oxidation state group 2 and late main-group metals.!s>%!
The corresponding group 13 and 14 complexes are also known as metallylenes, due to their analogy
to N-heterocyclic carbenes.?"''? Inspired by these features and its applicability, the search for
related auspicious ligand platforms was started. So far, the synthesis of novel ligand systems has
mainly focused on the ability to maintain the formation of a NacNac-like six-membered metalla-
heterocycle. Another point of interest was to mimic the excellent shielding that is supplied to a

metal ion by the residues residing at the NacNacs nitrogen Lewis-donor atoms. Especially, as it is

the case for the famous 2,6-diisopropylphenyl substituted "*?NacNac ligand system.
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Figure 1-5. The archetype p-diketiminate ligand system (A) in comparison to selected derived ligand
scaffolds featuring heterocyclic side arms with endocyclic C=N imine moieties (B-D).

In this context, several different NacNac-related ligand systems featuring heterocyclic side arms
with fused C=N imine moieties were synthesized that are summarized in Figure 1-5. Starting with
ligand class B, the B-diketiminate side arms are formally replaceable by 2-pyridyl units. The
resulting 2,2’-dipyridylmethane ligand is readily accessed by heating 2-picolylithium with either
2-bromopyridine or an excess of neat pyridine.'”* The corresponding amine bridged derivatives
are obtained in a Buchwald-Hartwig type reaction of, for example, 2-bromo- with 2-amino-
pyridine.""* " In the case of the group 15 homologues, synthesis is started from the triple
substituted phosphide or arsenide compounds (2-NCsH4)sE (E = P, As). A treatment with lithium
chips followed by hydrolysis from aqueous workup affords the secondary phosphanes or arsines via
reductive fission of an aryl substituent. Accompanied by X-ray structure analysis-based structure-
reactivity investigations as well as computational and charge density studies, these ligand scaffolds
were intensively studied by our group from the early 1990s to the late 2000s. During that time,
focus was put on the introduction of the monoanionic ligands to group 1 and 13 metal
coordination. Among others, a variety of different complexes of the form [MR,((2-NCsH.),E}]
(M =Li, Cs, Al, Ga, In, Tl; R = THF, Me, Et, E = CH,!!*116-118] N [119-121] p [6. 119, 122-125] Al123]) wyere
obtained. Especially for the heavier group 13 metals and the soft cesium cation, these showed

versatile coordination motifs under incorporation of the bridging heteroatom.

In addition to this development, some recent highlights in the utilization of ligand class B are
mentioned in the following paragraph. Regarding the neutral 2,2’-dipyridylmethane ligand, in
2013, a derived platinum-based complex of the form [PtPh(THF){2-NC;H4),CH,}][B{3,5-(CF:)-
CsHs}s] was reported to be one of the most active catalysts to perform in the hydrophenylation of
ethene.” Moreover, the formation of a variety of ionic structures as well as neutral adducts

obtained from 1:1 and 1:2 molar ratios of the parent neutral ligand and group 13 (B, Al, Ga, In)
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chlorides were introduced by Vasko and co-workers in 2015. Their molecular and electronic
structures were examined in detail."” Lately, copper- and platinum dichloride complexes
supported by different neutral 2,2’-dipyridyls featuring various substituted carbon bridges (CH,,
CHMe and CMe;) were evaluated with respect to their anti-proliferative character for possible
future anti-cancer drug application.”! Moreover, iridium(III) complexes of differently substituted
2,2’-dipyridylamine and -amide ligands were reported to show photo-catalytic activity in, for

2] Interestingly, in a recent screening study

example, CH-functionalizations of organic substrates.!
on copper(I) NHC adducts supported by aryl-functionalized 2,2’-dipyridylamines, the first blue
copper(I) based LECs (light-emitting cells) were presented and thoroughly investigated in terms of

their photo-physical features.!'"”!

With respect to the heavier 2,2’-dipyridylphosphane congener, the neutral phosphide analogue is
accessed if the hydrogen atom at the bridging position is replaced, for example, by an phenyl
substituent. Lately, zinc(II) chloride complexes supported by such a neutral (2-NCsH,),PPh
phosphide were investigated in terms of their capability to activate and electrochemically reduce
carbon dioxide.™ Starting from the same phosphide bridged ligand and copper(I) halides, in a
mechanochemical synthesis under crucial addition of a few drops of aceto- or benzonitrile, highly
emissive dinuclear copper(I) species of the form [CuX{(2-NCsH4),PPh}], (X=Cl, Br, I) were
quantitatively obtained. In a same manner, these complexes were accessed starting from the
dimeric copper(I) tetrafluoroborates [Cu(MeCN){(2-NCsH.),PPh}],[BF.], and the corresponding
potassium halides. Based on experimental and theoretical studies, the emission observed at low
temperature around 77 K could be assigned to phosphorescence. In contrast to that, at ambient
temperature so-called thermally activated delay fluorescence (TADF) processes are reported to take

place.l'!

From a formal replacement of the NacNacs RC=NR’ substituents by oxazoline side arms, the family
of bis(oxazoline-2-yl)methane or BOX ligands (C in Figure 1-5, vide supra) and its derivatives

become available.!'*

R R
OWO SRS
HO  NH, ) \\‘>§[// on

2\ cl OH
= R/NH HN\)
R R

1.) MsClI, NEt,
2.) NaOH, EtOH

NH NH

- 2HCI
EtoJ\/U\OEt RGAR
o) | | o)

Scheme 1-9. Two exemplary preparation methods of carbon bridged bis(oxazoline) ligand systems.!'*
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For example, these ligand platforms are readily accessible through a one-step double
cyclocondensation reaction starting from an ethylbisimidate dihydrochloride linker unit and a
adequately substituted 1,2-aminoalcohol (Scheme 1-9, vide supra). Another method starts from
malonyl dichloride as linker yielding a yet non-cyclized bis(hydroxy) amide intermediate.
Activation with mesityl chloride (MsCl) affords the corresponding bis(mesylate) that forms the
desired bis(oxazoline) upon two intramolecular cyclocondensation reactions.'* Because of a
partially saturated ligand backbone, in association with bulky substituents adjacent to the
coordination pocket, these ligands carry chiral information. Based on the prototypical ligand C,
versatile ligand systems featuring substituents with varying degree of steric demand (e.g. Me, iPr,
tBu, Cy, Ph) adjacent to the imine nitrogen
atoms have been prepared. These platforms

soon proved to be efficient asymmetric

catalysts that are now widely utilized in
transition-metal-mediated catalytic reac-

133-137]

tions.! Despite that most of these

catalysts carry neutral BOX systems, a S
variety of monoanionic oxazolinato-based ‘
main-group-*1¥! and transition-metal**-

144 complexes were synthesized as well. As a

highlight, the only crystallographically
characterized bis(oxazoline-2-yl)methanide

group 2 complex [Ca(THF){N(SiMes;),}- Figure 1-6. Isotropic solid-state structure of the
{PPBOX}] 4 was synthesized by Harder and bis(oxazolinato)-based alkaline-earth metal complex
co-workers in 2008 (Figure 1-6).%1 A [Ca(THF)2{N(SiMe;),}{**BOX}] by Harder et al.'*"!

subsequent evaluation of its applicability in
the catalytic hydrosilylation and intramolecular hydroamination of alkenes revealed a high
substrate turnover but only a poor enantiomeric excess of the obtained products. It is assumed that
the poor enantioselectivity of the catalyst is due to the catalytically active species being mainly
homoleptic. As a landmark in biomimetic applications, in the group of Meyer, neutral BOX-
supported copper(I) complexes were successfully used for a hemocyanin-like dioxygen activation.
The formed u-#*-1-peroxido-dicopper(Il) complexes were shown to reversibly release dioxygen at

[147

elevated temperatures.*”) Most recently, these peroxido-dicopper(Il) compounds (Scheme 1-10,

left, vide infra) were readily transformed into their bis(u-oxido)-dicopper(III) (Scheme 1-10, right)

148

derivatives by simple deprotonation of the ligand backbones and vice-versa.'*s! Subsequently,
extensive spectroscopic, crystallographic and computational studies were carried out to shed light
on these proton coupled electron transfers. As a result, rare insights into key intermediates in
copper-mediated dioxygen activation were gained, which are proposed model compounds for pH

responsive histidine-supported dicopper proteins.
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(0] (0]
-2 H'e N _0 ~N=
R / >Cu< >Cu3+ / R
+2 HYe =N 0 SN

Scheme 1-10. Acid/base induced transformation between p-#>-#>-peroxido-dicopper(II) complexes (left) and
[148]

their oxidized bis(y-oxido)-dicopper(III) congeners (right).
In analogy to the archetypical 3-diketiminate ligand scaffold, if the CR; spacer in C carries at least
one hydrogen atom, a tautomerism between the imino-enamine and the diimine form was
detected. The former is fostered especially by the presence of a phenyl substituent at the bridging

unit.

Regarding variations in the backbone spacer, a formal replacement of the CR, moiety with a BR,!"*")

or NH™! group gives access to the corresponding lighter group 13 and 15 bridged BOX derivatives
of C. In association with modifications at the ring system, so-called bis(indaoxazoline-2-yl)-
methanes were introduced (D in Figure 1-5, vide supra). Preparation in a one-pot procedure can be
carried out by condensation of the aforementioned ethylbisimidate dihydrochloride salt with
(1S, 2R)-aminoindane-2-ol."** In addition, these extended bis-oxazolines found implementation as
versatile platforms for asymmetric catalysts, for example, in a diastereo- and enantioselective

cyclopropanation of 1,2-disubstituted alkenes.!'**-'*#l

The formal replacement of the unsupported C=N imine residues of the 3-diketiminate framework
by benzannulated five-membered heterocycles gives access to the related bis(heterocyclo)methane

ligand family (E and F in Figure 1-7).

E F
X=NMe, O, S;R=H X=0;Y=8;R=H E=NH; X=0, S; R=H, Me, OMe
X=0;R=Me X=NMe;Y=S;R=H E=PH;X=S;R=H

Figure 1-7. Bis(heterocyclo)methane, -amine and -phosphane derivatives mimicking the five-membered
coordination pocket of the paragon NacNac ligand. Adapted with permission from reference ['. Copyright
2017, John Wiley and Sons.
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The preparation of bis(benzothiazole-2-yl)methanes was established many decades ago,'* and
bis(heterocyclo)methanes and —methanides have proven to be suitable hosts for transition-metal
complexation, forming salt- or neutral chelate complexes. Despite that, this ligand class has gained
only minor attention in the field of coordination chemistry."*®” Nevertheless, a wide range of
bis(heterocyclo)methanes and -methanides featuring benzimidazol, -oxazol, benzothiazol and
asymmetrically substituted side arms were prepared and investigated in detail during the last
decades."”*"l However, research predominantly focused on comprehensive NMR spectroscopic
studies in order to determine the intrinsic m-electron-withdrawing ability of each heterocyclic
residue. In order to gain a reliably experimental charge distribution mapping, extensive *C- and
"N NMR shift-to-charge ratio calculations were carried out in comparison to related heterocyclic
substituted platforms.'®*'**! Despite a neglected implementation in coordination chemistry, in
recent years, our group successfully introduced differently shaped bis(heterocyclo)methanides
(NCXCsHs).CH; (X = NMe, O, S) as well as (4-Me-NCOCsH:),CH, (E in Figure 1-7, vide supra) to
selected group 1 (Li) and 13 (Al, Ga, In) coordination.!"*'¥”] A preparation can be carried out
similar to the one-step procedure depicted in Scheme 1-9, using different linker units like the
aforementioned bisimidate dihydrochloride salt or malonodinitrile. Additionally, this chemistry
was successfully exceeded to selected asymmetric platforms {(NCXCsH4)(NCYCsH4)}CH, (X = O,
NMe; Y =S) featuring two different
heterocyclic ~ side arms (F in O

Figure 1-7).8!  All  obtained  metal W
complexes contain MRR’ fragments L |

(M=Li: R, R=THF; M=Al: R=Me, .

R =Me, Cl, ; M=Ga: R, R’'=Me) and .

were studied in detail in comparative

crystallographic and NMR spectroscopic
investigations with respect to their

coordinative features. On the way to low

oxidation state group 13 compounds T
similar to those already established for the g
PPPNacNac ligand system in

[M{P¥PNacNac}] (M = AL Ga,!'7% In,!7Y
T2, especially the

Figure 1-8. Comparison of the space-filling models of
[AlMe,{(4-MeNCOC¢H;),CH}] (top), [AlMe,-
(4-MeNCOG4H;),CH,  ligand  system  {PNacNac}] (middle) and the reduced alumylene
species [Al{P*"NacNac}] (bottom) (left: side views; right:

bearing methyl groups adjacent to the
bootom views). Note, the top and the bottom structure,

coordination pocket turned out to be most both show an in-plane arrangement of the metal fragment

promising. Its group 13 metal complexes  with respect to the chelating plane of the ligand molecule.
Reprinted from reference ', Copyright 2016, The Royal

that contain MMe, fragments (M = Al*%,
Society of Chemistry.

Ga®, In*") exhibit almost no dislocation of
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the cation from the chelating C;N, plane, assuring an enhanced orbital overlap. Thus, charge
delocalization between a potentially low oxidation state metallylene and the ligand framework is
facilitated (Figure 1-8). Moreover, the methyl substituents in proximity to the coordination pocket
combine the best of two worlds. A sufficient shielding is supplied to the metal fragment, which still

allows additional substitutions at the metal center.!'¢”)

H
N
X H cat. Phenol R Nx X
(et T
N H - NH3
R R
X =8; R=H, Me, OMe
X=0;R=H

Scheme 1-11. General procedure for the synthesis of different bis(benzoxazol-2-yl)- and bis(benzothiazol-2-
yl)amine ligands. Adapted with permission from reference U, Copyright 2016, The Royal Society of Chemistry.

Regarding Group 15 bridged ligand scaffolds (G in Figure 1-7, vide supra), the respective NH
bridged bis(heterocyclo)amines are accessed by reaction of two equivalents of 2-aminobenzo-
thiazole or —oxazole accompanied by the addition of 1.4 equivalents of phenol and a release of
ammonia (Scheme 1-11).1'?) Following this procedure, a couple of novel chelate ligands (4-RNCX-
CsHs):NH (X =S, O; R = H, Me, OMe) carrying hydrogen-, methyl- or methoxy substituents at the
4-position adjacent to the coordination

pocket were obtained. Subsequently, an

evaluation of their coordination 11 ¢
behavior  towards lithium and
aluminum cations was performed.
While in the case of aluminum
structures similar to the afore-
mentioned methanide ligand frame-
works were obtained, a donor-base free

lithiation of the parent amine scaffolds

afforded tetrameric species like in

Figure 1-9. Isotropic solid-state structure of [Li{(4-MeNCS-
[Li{(4-MeNCSCsH3),N}]s (Figure 1-9).

CsH3),N}]s. The heterocyclic side arms are partially depicted
These structures exhibit an exclusive  in faded colors and the lattice solvent molecules as well as
N-coordination mode under incorpora- hy(.irogen. at(?ms are f)mitted for clar.ity. To emphasi.ze orT Fhe
unique binding motif, the smaller figure shows a simplified
tion of the bridging nitrogen atom. representation of the coordinative situation. Reprinted with
Interestingly, in contrast to stacked ring ~ permission from reference 1. Copyright 2016 The Royal

Societ Chemistry.
or ladder shaped structures, which are ociety of Chemistry

observed for related lithium amides, a strongly distorted Lis-tetrahedron is formed.!"”*'""!
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The synthesis of the corresponding heavier group 15 bridged homologue bis(benzothiazol-2-
yl)phosphane (NCSCsH4).PH (G in Figure 1-7, vide supra) is carried out just like for its 2-pyridyl
substituted congener. The preparation of the tertiary phosphide (NCSC¢H.)sP is followed by
abstraction of one of the heterocyclic side arms and subsequent hydrolysis, as developed in our

(78] The neutral ligand scaffold as well as its monoanionic phosphanide form offer many

group.
feasible coordination motifs, due to three different types of donor atoms (N, P and S) in the ligand
periphery. Thus, an enhanced ability to address metal cations of different Lewis acidity and basicity

179-181

according to the HSAB concept by Pearson is given.! I Moreover, the heteroaromaticity of this

ligand scaffold was carefully examined by theoretical calculations and charge density studies.!'”* 8
The investigations unveil the formation of an NH tautomer to be energetically fostered in contrast
to a hydrogen atom residing at the phosphorous atom in a respective PH tautomer. This is also
reflected by the fact that the ligand in its NH tautomeric form is only stable when handled in
diethyl ether. Dilution in any other solvent caused a hydrogen shift towards the PH tautomeric
form, resulting in ligand scrambling and subsequent decomposition. Despite the sensitivity of this
ligand platform, it was successfully used in the coordination of different main-group- (Li,"*#*! Cs'78)

and transition-metals (Fe,'® Mn,!'$¥ Cd,!"s Zn!"*), exhibiting a variety of different coordination

motifs based on its unique set of N, P and S donor atoms.

1.5 Outline

In light of a successful and widespread implementation of the NacNac ligand scaffold, many efforts
have been made to transfer the NacNacs steric and electronic features to other ligand systems in the
last two decades. For example, the development of novel symmetrically and partly asymmetrically

substituted bis(heterocyclo)methane, -amine and-phosphane ligand scaffolds mirror some advance

[6,125,178, 183, 184

within this process. These ligand systems were developed in our group by Stey I'and

[166-168, 173

Dauer, I'and offer additional N, O, S or P donor sites in the ligand periphery. In the course

of this research, especially the bis(4-Me-benzoxazol-2-yl)methanide ligand system turned out to be

17} Continuing on

a vital aspirant for the synthesis of low oxidation state main-group compounds.!
these investigations, this thesis focuses on the development of novel bulky bis(benzoxazol-2-

yl)methane derivatives and their application in s-block metal coordination (Figure 1-10).

R NN R
/N\ /N\ ] ]
R™ ™H R

R
R = alkyl, aryl R = Me, iPr, tBu
R' = alkyl, amide R'=H, iPr, tBu

Figure 1-10. The p-diketiminate ligand system (left) in comparison to the bis(benzoxazol-2-yl)methane
scaffolds used in this thesis (right).
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In general, this ligand class is characterized by both, benzannulated as well as methylene bridged
1,3-azole moieties, mimicking the five-membered coordination pocket of the NacNac system. As an
advance, the implementation of additional oxygen donor atoms and the simultaneous extension of
the aromatic backbone leads to the formation of much more electron-rich ligand platforms.
Furthermore, the presence of four donor sites gives access to several conceivable coordination
motifs. Among others, these range from a NacNac-like N,N” chelation, over an O,0- to a mixed
N,O coordination. Due to the synergy of the four heteroatoms, the adjacent methylene bridge can
be readily deprotonated with organometallic reagents. So far, all developed benzannulated
bis(heterocyclo)methane, -amine or —phosphane ligand scaffolds with H, Me or OMe substituents
adjacent to the coordination pocket supply only limited steric shielding to a coordinated metal ion.
Thus, to better mimic the shielding abilities provided by the mainly N-arylated NacNac ligand
systems, new synthetic routes for the synthesis of benzannulated bis(benzoxazol-2-yl)methane
ligand scaffolds featuring sterically demanding residues adjacent to the coordination pocket are
presented. Hence, investigations embark on the synthesis and subsequent introduction of the three
utilized ligand scaffolds bis(4-Me-benzoxazol-2-yl)- and bis(4,6-R-benzoxazol-2-yl)methanide
(R =iPr, tBu) (see Figure 1-10) to group 1 and 2 metal coordination. The methods of choice are
concerted deprotonation-metalation reactions with group 1 or 2 organometallics or salt metathesis
reactions starting from group 1 precursor complexes and the corresponding alkaline-earth-metal
halides. In light of ten years of low oxidation state magnesium(I) dimers reported by Jones et al.,’®"
82 focus is put on the ability of the ligand scaffolds to stabilize heteroleptic alkaline-earth-metal
halide and -amide precursor complexes for subsequent reduction. Finally, on the way to dimeric
Ae'-Ae' bound species for small molecule activation and potential catalytic applications, first

reduction attempts on magnesium(II) halide precursors are presented.
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2

RESULTS AND DISCUSSION

Major parts of this chapter have been published in:

(1]

(2]

(3]

(4]

2.1

I. Koehne, R. Herbst-Irmer, D. Stalke, “Bis(4-methylbenzoxazol-2-yl)methanide in s-Block
Metal Coordination”, Eur. ]. Inorg. Chem. 2017, 2017, 3322-3326.1"

I. Koehne, S. Bachmann, T. Niklas, R. Herbst-Irmer, D. Stalke, “A Novel Bulky
Heteroaromatic-Substituted Methanide Mimicking NacNac: Bis(4,6-tert-butylbenzoxazol-2-
yl)methanide in s-Block Metal Coordination”, Chem. Eur. J. 2017, 23, 13141-13149.

I. Koehne, S. Bachmann, R. Herbst-Irmer, D. Stalke, “A Water-Containing Organopotassium
Compound Based on Bis(4,6-tBu-benzoxazol-2-yl)methanide and Its Unexpected Stability to
Hydrolysis”, Angew. Chem. 2017, 129, 15337-15342; Angew. Chem. Int. Ed. 2017, 56, 15141-
15145.5

I. Koehne, N. Graw, T. Teuteberg, R. Herbst-Irmer, D. Stalke, “Introducing NacNac-Like
Bis(4,6-isopropylbenzoxazol-2-yl)methanide in s-Block Metal Coordination”, Inorg. Chem.
2017, 56, 14968-14978.14

Important Structural Features

Besides the consideration of bond lengths and angles, some additional features are of importance

for the discussion of the solid-state structures of the metal complexes in the following chapters of

this thesis. The distinct dislocation from the chelating ligand plane displayed by each metal

fragment is one of these features (Figure 2-1).

Figure 2-1. Determination of the metal fragments dislocation in the discussed methanide complexes.
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In most cases, the imine nitrogen atoms coordinate to the utilized s-block metals. Thus, if not
stated otherwise, the dislocation of the cation is calculated with respect to the chelating C;N, plane.
The red colored plane was put through the atoms marked with a white star. To determine its
dislocation, the distance of the respective metal fragment to the aforementioned plane was

calculated.

Figure 2-2. Determination of the butterfly-like folding angle between both heteroaromatic side arms in the
discussed methanide complexes.

In addition to that, a plane can be spanned based on the ring atoms of each heteroaromatic side
arm (Figure 2-2). The blue plane was spanned based on the atoms highlighted with a black star,
while the red plane was fitted through the atoms marked with a white star. Both planes intersect at
a specific angle. Upon deprotonation, the formation of a formally planar aromatic system
delocalized about the whole ligand framework is expected. Hence, the butterfly-like folding angle
reflects the deviation of the aromatic ligand scaffold from perfect planarity in consequence of the

coordination of a metal cation.

2.2 Bis(4-Me-benzoxazol-2-yl)methanide (1) Based s-Block
Complexes

Major parts of this chapter have been published in:

[1] I. Koehne, R. Herbst-Irmer, D. Stalke, “Bis(4-methylbenzoxazol-2-yl)methanide in s-Block
Metal Coordination”, Eur. ]. Inorg. Chem. 2017, 2017, 3322-3326.!!

2.2.1 Ligand Synthesis

In previous investigations by Dauer, especially the bis(4-Me-benzoxazol-2-yl)methane ligand
system (1) has turned out to be most promising for the generation of low oxidation state
main-group compounds. It was shown that upon metalation with group 13 organometallics its

complexes exhibit the least deviation of the metal cation from the chelating ligand plane, indicating
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the best charge distribution within the aromatic system. This is advantageous, for example for the
stabilization of low oxidation state species obtained from subsequent reduction. Furthermore, the
methyl substituents offer a certain amount of shielding to the metal cation while not hampering

further substitution reactions at the metal center.!'”!

Continuing on these studies, synthesis was started on the preparation of 1 according to procedures

) [167, 186]

by Dauer and Ben Ammar (Scheme 2-1

OH NH NH . O 0
A 2we T

2
EtO OEt
NH»
Me MeOH, 85°C, o.n.; Me Me
- 2 NH4CI, - 2 EtOH 1

Scheme 2-1. Preparation of bis(4-Me-benzoxazol-2-yl)methane (1). Reprinted with permission from
reference ['l. Copyright 2017, John Wiley and Sons.

Initially, the bisimidate dihydrochloride linker had to be prepared from malonodinitrile. In this
reaction, the addition of ethanol and hydrochloric acid dissolved in 1,4-dioxane to the starting
material leads to the preliminary formation of a primary imine that is subsequently protonated to
give the activated bisimidate dihydrochloride salt.'*”'*! Subsequently, from the addition of two
equivalents of 3-methyl-2-aminophenol to the Cs-linker unit, compound 1 was accessed via a

two-fold cyclocondensation reaction under release of ammonium chloride and ethanol.!*”!

2.2.2 Group 1 Complexes

2.2.2.1 [K(THF){(4-Me-NCOCgsH3),CH}]- (2)

To obtain a starting material for subsequent salt metathesis reactions with group 2 halides, a

potassium precursor complex was prepared (Scheme 2-2).

THF

THF 7/3
1+ KH ——

r.t., 18h;
- H,

/

THF

Scheme 2-2. Synthesis of [K(THF){(4-Me-NCOCsH;),CH}].. (2). Reprinted with permission from reference 1.
Copyright 2017, John Wiley and Sons.
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The addition of 1 to a suspension of potassium hydride (KH) in THF led to the formation of a red
solution under vigorous evolution of hydrogen gas. After removal of the solvent and washing with
pentane, the corresponding potassium complex [K(THF){(4-Me-NCOC¢H;),CH}].. (2) was
obtained in a yield of 73%.

The '"H NMR spectrum of 2 shows one set of signals for the methanide ligand and the additionally
attached THF molecule, indicating that the two sides of the ligand framework are chemically and
magnetically equivalent. The resonances in a range of 6.85 to 6.60 ppm can be assigned to the
aromatic protons of the benzene perimeters. The signals at 4.65 and 2.41 ppm with integrals of one
and six, respectively, can be ascribed to the bridging CH fragment and the methyl substituents. The
coordinating THF molecule gives rise to resonances at 3.62 and 1.77 ppm with integrals of four in
each case. In Figure 2-3, a comparative stack of the "H NMR spectra of 1 (bottom) and 2 (top) is

given.

[K(THF){(4-Me-NCOCsH3).CH} ] (2)

il [ L

(4-Me-NCOCgH3).CH: (1)

#

_UU‘ L I\ A .

75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
&/ ppm

Figure 2-3. Stacked '"H NMR spectra of the ligand system 1 (bottom) and the derived potassium complex 2
(top) in [Ds] THEF. The residual proton resonances of the solvent are marked with #.

In comparison to the neutral ligand 1, the resonances of complex 2 are shifted to higher field
without exception (Figure 2-3). The coordination of an electron deficient cation usually causes an
electronic deshielding of the ligand protons that is reflected by a stronger down-field shift of most
of its proton resonances. This effect should be pronounced for the signal corresponding to the
proton at the bridging methylene position, because this signal is most sensitive to changes in the
electron density accumulated in the perpendicular p-orbital of the bridging carbon atom that is

formed upon deprotonation and re-hybridization. The observations made for 2 are most likely a
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feature of the additionally present #°-coordination of a second ligand molecule to the potassium ion

that decreases the net electronic deshielding of the ligand protons.

Colorless needle-shaped crystals were obtained by gas-phase diffusion of pentane into a saturated
solution of 2 in THF. The four-fold coordinated compound 2 crystalizes in the orthorhombic space
group Pbca. It contains two molecules in the asymmetric unit that form infinite zigzag strands

(Figure 2-4).

Figure 2-4. Excerpts of the polymeric solid-state structure of [K(THF){(4-Me-NCOCsH;).CH}].. (2). Left:
Nlustration of the four-fold coordination motif around the potassium cation. Right: Illustration of the formed
infinite zigzag strands. Anisotropic displacement parameters are depicted at the 50% probability level.
Hydrogen atoms are omitted for clarity, except for those at the bridging methylene positions. Reprinted with
permission from reference . Copyright 2017, John Wiley and Sons.

The central potassium cation shows a distorted tetrahedral coordination by two ring nitrogen
atoms of a monoanionic methanide ligand, a THF molecule and an additional #°-coordination to

the central C;N; plane of a second ligand molecule.

In comparison to the free uncharged ligand 1 (1.484(2) to 1.489(2) A),"”) the C(1)-Ci, distances
in 2 (1.386(3) to 1.398(3) A) decrease (Table 2-1).

Table 2-1. Selected bond lengths [A] and angles [°] of 2.
K(1)-N(1)  2.770(2),2.890(2) | N(1)-C(2)  1.331(2), 1.334(2) | K(1)-CsN, dist. 1.28(3), 1.39(3)
K()-N(2)  2.795(2),2.919(2) | N(2)-C(10)  1.329(2), 1.334(2) | N(1)-K(1)-N(2) 67.9(5), 67.4(5)
C(1)-C(2) 1.393(3),1.386(3) | C(2)-O(1)  1.398(2), 1.395(2) | C(2)-C(1)-C(10)  125.1(2), 124.9(2)
C(1)-C(10)  1.398(3),1.393(3) | C(10)-0(2)  1.392(2), 1.394(2) Folding angle 4.56(3), 9.53(3)

The asymmetric unit contains two molecules. Hence, two values are given for each parameter. Symmetry
transformations used to generate equivalent atoms: #1: x+1/2, 'y, -z+1/2; #2: X-1/2, y, -z+1/2; #3: x+1/2, -y+1/2, -z+1;

#4:x-1/2, -y+1/2, -z+1.

The opposite is true for the N-C,,, distances. These range from 1.329(2) to 1.334(2) A and are
slightly elongated in comparison to 1 (1.290(2) to 1.292(2) A). This is due to the formation of a

conjugated 7t-system throughout the ligand and a change in hybridization of the bridging carbon
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atom from sp’ to sp® upon deprotonation. This re-hybridization is also reflected by the widening of
the C(2)-C(1)-C(10) angle from 110.8(1)° in 1 to an average of 125.0(2)° in 2, indicating a nearly
trigonal-planar geometry adopted by the bridging carbon atom in the complex. As one can see
from Table 2-1, the determined C(1)-Cy, distances range between a characteristic C(sp’)-C(sp?)
single- (1.51 A) and a C(sp*)=C(sp*) double bond (1.34 A), indicating effective charge
delocalization. The same can be derived for the corresponding N-Cj,, bond lengths. Here, typical
values for a N(sp*)-C(sp?) single- and a N(sp?)=C(sp?) double bond are 1.43 and 1.29 A,
respectively.'” 1] To satisfy its coordination sphere and to facilitate the #’-coordination to a
second ligand molecule, the potassium ion in 2 shows a strong dislocation (1.28(3) to 1.39(3) A)
from the x*-N,N’ chelating C;N, plane. Despite that, with butterfly-like folding angles between
4.56(3) and 9.53(3)°, the methanide ligand exhibits only a minor deviation from ideal planarity. The
K(1)-N distances range from 2.770(2) to 2.919(2) A and are in good agreement with other
potassium amides. For example, the #°-coordination of the potassium ion in the complex
[K(THF)(PyCPh,){PMDETA}] exhibits an averaged K-N distance of 2.809 A."* Generally, the
structural features of 2 also match quite well those of a related homoleptic -diketiminate-based
barium complex [Ba{®*"NacNac},],®” that exhibits a similar averaged dislocation of 1.222 A to its
chelating ligand planes. Additional structural parameters like an averaged Ba-N distance of 2.712 A
and an averaged N-Ba-N bite angle of 68.9° are also in good agreement. These observations are not
surprising in consideration of similar effective ionic radii of both cations (K*=137pm to

Ba?* = 135 pm).[""!

2.2.3 Group 2 Complexes

2.2.3.1 [Mg{(4-Me-NCOCgcHs).CH}2] (3)

As a first step, attempts to synthesize a magnesium halide complex of ligand system 1 were
performed. Hence, treatment of 1 with a magnesium chloride Grignard reagent seemed to be best
suited for this purpose. Contrary to expectations, adding ligand 1 to a solution of a slight excess of
iPrMgCl in THF at -20 °C did not give an intended heteroleptic magnesium chloride complex.
Instead, the homoleptic species [Mg{(4-Me-NCOCsH3),CH},] (3) was obtained (Scheme 2-3).
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\\\‘\\N

1 + PrMgClI \
-20°C = r.t, 18h

Scheme 2-3. Synthesis of [Mg{(4-Me-NCOCH;),CH}.] (3). Reprinted with permission from reference [,
Copyright 2017, John Wiley and Sons.

After removal of the solvent and extraction with toluene, crystalline 3 was isolated in a yield of 39%

at room temperature.

The 'H NMR spectrum of 3 in [Ds] THF shows only one set of signals, which indicates the presence
of chemically and magnetically equivalent heteroaromatic side arms as well as ligand molecules in
the complex. The three resonances corresponding to the aromatic protons at the benzene
perimeters are found in a range of 7.07 to 6.92 ppm. The methylene bridge protons show a signal at
5.05 ppm and the methyl substituents at the 4-positions give rise to a singlet at 2.69 ppm. In
comparison to the protonated ligand 1, which shows a methylene bridge signal at 4.68 ppm
(Figure 2-3, vide supra),'®”) upon metalation, this signal experiences a shift to lower field in 3. This
effect is also observed for the resonance of the methyl substituents. In contrast to that, the three
resonances caused by the benzene perimeter protons experience a pronounced shift to higher field,

indicating a now enhanced charge accumulation at these positions.

A saturated solution of 3 in toluene afforded colorless prism-shaped crystals at room temperature.
Compound 3 crystalizes in the monoclinic space group P2;/n that contains one molecule in the
asymmetric unit. The central magnesium(II) cation adopts a slightly distorted tetrahedral
coordination sphere, resulting in the two planar ligand molecules to exhibit an almost perfectly

perpendicular arrangement with an twisting angle of 85.42(4)° (Figure 2-5).
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Figure 2-5. Solid-state structure of [Mgf{(4-Me-NCOCsH3),CH},] (3). Anisotropic displacement parameters
are depicted at the 50% probability level. Hydrogen atoms are omitted for clarity, except for those at the
bridging methylene positions. Reprinted with permission from reference ['l. Copyright 2017, John Wiley and
Sons.

The magnesium cation shows dislocations of 0.021(2) and 0.124(2) A from the chelating C;N,
planes giving a minor averaged dislocation of only 0.07(2) A. On the one hand, the smaller
dislocation is affiliated to N(1)-Mg(1)-N(2) and C(2)-C(1)-C(10) angles of 94.8(4) and 123.8(1)°,
respectively. The folding angle in this particular ligand deviates with 4.24(3)° only marginally from
perfect planarity (Table 2-2).

Table 2-2. Selected bond lengths [A] and angles [°] of 3.

Mg(1)-N(1)  2.056(1), 2.053(1) N(1)-C(2)  1.341(2),1.334(2) | Mg(1)-CsNadist.  0.021(2), 0.124(2)

Mg(1)-N(2) 2.058(1), 2.060(1) N(2)-C(10) 1.342(2), 1.346(2) | N(1)-Mg(1)-N(2) 94.8(4), 93.3(4)
C(1)-C(2) 1.393(2), 1.398(2) C(2)-0(1) 1.374(2), 1.372(2) C(2)-C(1)-C(10) 123.8(1), 122.7(1)
C(1)-C(10)  1.391(2),1.385(2) | C(10)-0(2)  1.376(1), 1.382(1) Folding angle 4.24(3), 16.16(5)

Two ligands coordinate to the magnesium cation. Hence, two values are given for each parameter.

On the other hand, the stronger dislocation of 0.124(2) A produces slightly more acute N(1’)-
Mg(1’)-N(2’) and C(2")-C(1")-C(10’) angles of 93.3(4) and 122.7(1)°, respectively. The folding of
this ligand molecule exhibits with 16.16(5)° an about four times more pronounced butterfly-like
arrangement than the other. Additionally, the folding is accompanied by a torsion of the two
heteroaromatic side arms of 9.5(2)°. Both features can be ascribed to a reduction of steric strain
around the cation. Again, the C(1)-Cyy, as well as the N-Cy,,, distances range between the values of
characteristic single- and double bonds, indicating an effective charge delocalization throughout
the ligand framework. Comparing 3 to the related homoleptic compound [Mg("**NacNac),],!"*
similar structural features like an averaged Mg-N distance of 2.111 A and an averaged N-Mg-N
bite angle of 93.0° are found for the NacNac-based structure. Interestingly, in the hexa-coordinated
magnesium complex [Mg{(pz*);:C}.] (pz* = 3,5-dimethylpyrazolyl), the mean Mg-N bond path of
2.197 A is only slightly longer."*!
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2.2.3.2 [Ca(THF)2{(4-Me-NCOCsHs)CH},] - THF (4)

Simultaneously to the intended generation of 1-based magnesium halide complexes, the
preparation of similar heteroleptic halide- or amide complexes of the heavier alkaline-earth-metal
calcium was attempted. A ligand 1 supported calcium amide compound should be accessible in a
concerted deprotonation-metalation reaction utilizing a suitable organometallic calcium reagent.
For the generation of a corresponding calcium halide complex, a salt metathesis reaction between
the potassium precursor complex 2 and a calcium halide was intended. In the first case, 1 was
added to a suspension of the calcium-HMDS precursor complex [Ca(THF),{N(SiMes).}.]
(Scheme 2-4, top route), while for the latter a suspension of anhydrous calcium iodide beads and

compound 2 was prepared (Scheme 2-4, bottom route).

1 + [Ca(THF),{N(SiMes)},] — THF
L2
THF =N~—__ M‘e‘mm\N S | e
| THF Ca ‘‘‘‘‘ —
75°C, 18 h \ TN
|
2+ cal, —— THF
4

Scheme 2-4. Two investigated synthesis routes which afforded the calcium complex [Ca(THF),{(4-Me-NCO-
CsH3),CH},] - THF (4). Reprinted with permission from reference ['l. Copyright 2017, John Wiley and Sons.

Recrystallizations by slow evaporation of pentane into saturated solutions of the crude products in
THEF were carried out at -30 °C. The top procedure afforded crystals of calcium complex 4 in a yield
of 66%, the bottom procedure in a yield of 84%. Also the "H NMR spectrum of 4 in [Ds]THF
exhibits only one set of signals for the two coordinating ligands. Again, this unequivocally indicates
the heteroaromatic side arms as well as ligand molecules in the complex to be chemically and
magnetically equivalent. The signals at 6.97, 6.73 and 6.55 ppm belong to the protons residing at the
benzene perimeters, while the remaining hydrogen atom attached to each singly deprotonated
methylene bridge shows a signal at 5.07 ppm. A resonance at 1.91 ppm with an integral of twelve
can be assigned to the four methyl substituents. The signals observed at 3.62 and 1.77 ppm each
showing an integral of eight correspond to the two additionally coordinating THF donor

molecules.

Upon recrystallization, colorless prism-shaped crystals of 4 were obtained. The six-fold coordinated
compound 4 crystalizes in the orthorhombic space group Pbca and contains one molecule in the

asymmetric unit (Figure 2-6).
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Figure 2-6. Solid-state structure of [Ca(THF).{(4-Me-NCOC¢H3),CH},] - THF (4). Anisotropic displacement
parameters are depicted at the 50% probability level. A lattice THF molecule as well as the hydrogen atoms
are omitted for clarity, except for those at the bridging methylene positions. Reprinted with permission from
reference ['. Copyright 2017, John Wiley and Sons.

The central calcium cation shows a distorted octahedral coordination made up from the four
nitrogen donor atoms of two methanide ligands and two additionally attached THF donor
molecules. The two methanides show an almost perfect parallel arrangement with a twisting angle
of only 7.25(9)°. Steric crowding causes the dication to adopt a similar dislocation of averaged

1.34 A from both chelating C;N, planes (Table 2-3).

Table 2-3. Selected bond lengths [A] and angles [°] of 4.
Ca(1)-N(1)  2482(2),2470(2) | N(1)-C(2)  1.336(3),1.338(3) | Ca(1)-CaN»dist.  1.330(3), 1.348(3)
Ca(1)-N(2)  2461(2),2475(2) | N(2)-C(10)  1.330(3), 1.327(3) | N(1)-Ca(1)-N(2)  78.8(6), 78.4(6)
C(1)-C(2) 1.386(3), 1.378(3) C(2)-0(1) 1.391(2)1.389(2) C(2)-C(1)-C(10) 125.0(2), 124.8(2)
C(1)-C(10) 1.392(3), 1.397(3) C(10)-0(2) 1.391(3), 1.389(3) Folding angle 18.41(5), 20.42(5)

Two ligands coordinate to the calcium cation. Hence, two values are given for each parameter.

This is accompanied by almost identical N(1)-Ca(1)-N(2) bite angles (av. 78.6°) as well as C(2)-
C(1)-C(10) angles (av. 124.9°) of the ligand backbone. The folding angle between the
heteroaromatic side arms of the methanides ranges from 18.41(5) to 20.42(5)°, indicating a rather
strong deviation from a planar arrangement than expected for an aromatic system. Each methanide
is folded to the opposite direction of the second chelate ligand. Thus, this feature can be assigned to
the avoidance of steric congestion around the calcium cation. The Ca(1)-N distances in 4 cover the
range of 2.461(2) to 2.482(2) A. In comparison to that, in the related homoleptic S-diketiminate
compound [Ca(®*NacNac),] a considerably shorter averaged Ca(1)-N bond length of 2.379 A is
found.™ Associated with that, the NacNac-based structure features a smaller averaged dislocation
of the calcium ion of 1.291 A from its C;N; planes as well as a widened mean N-Ca-N bite angle of

83.09°.
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2.2.4 Comparison of Complexes 2-4 and Conclusions

With potassium compound 2 a promising precursor complex for subsequent transmetallation
reactions was prepared. Moreover, two new homoleptic alkaline-earth-metal complexes 3 and 4

were obtained. Some general structural trends for 2-4 can be deduced from Table 2-4.

Table 2-4. Selected averaged bond lengths [A] and angels [°] of 2-4.

M-N N(1)-M-N(2) C(2)-C(1)-C(10) M-C;N: distance Folding angle
3 2.057 94.1 122.6 0.07 4.24(3), 16.16(5)
4 2472 78.6 124.9 1.34 18.41(5), 20.42(5)
2 2.844 67.7 125.0 1.34 4.56(3), 9.53(3)

An order of the complexes of 3, 4, 2 was chosen to emphasize on the trends caused by an increasing cation size from

Mg?* to K*. The folding angles are not averaged.

Just like for a set of related NacNac-based structures [M("*"NacNac),] (M = Mg, Ca, Ba),!"*" these
features are predominantly caused by the increasing effective ionic radii of the cations from Mg*

(72 pm) over Ca** (100 pm) to K* (137 pm):

i) The M-N distances increase with increasing cation size: Mg** < Ca’" < K*
ii) The N(1)-M-N(2) bite angles decrease with increasing cation size: Mg** > Ca** > K*
iii) The C(2)-C(1)-C(10) angle increases with increasing cation size: Mg** < Ca** < K*

Due to changes in coordination modes, the M—C;N, distances as well as the butterfly folding angles
of the ligand molecules do not follow such trends. Nonetheless, in contrast to complexes 2 and 4,
the magnesium cation in 3 shares both C;N, planes with a marginal average deviation of 0.07 A,
thus fitting best into the offered coordination pocket of the methanide ligand. In consideration of
the smaller folding angle of 4.24(3)° displayed by 3, these values match well to those found in
related group 13 (AP, Ga’*, In**) complexes of the bis(4-Me-benzoxazol-2-yl)methanide system.
Here, M-C:N, distances and folding angles in a range of 0.005(2) to 0.154(3) A and 3.04(2)° to

6.23(3)°, respectively were reported.!*”

In conclusion, the intended syntheses of heteroleptic group 2 halide- or amide complexes for
subsequent reduction attempts based on ligand system 1 failed. Instead, the homoleptic complexes
3 and 4 were obtained, which presumably formed upon Schlenk equilibrium ligand scrambling.
Due to the limited steric shielding offered by the methyl substituents adjacent to the coordination
pocket in 1, such a ligand redistribution is assumed to be favored. Thus, to stabilize the intended
heteroleptic group 2 compounds, the implementation of bis(benzoxazol-2-yl)methanides that carry

more bulky substituents at the 4-position close to the coordination pocket seems to be mandatory.
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2.3  Syntheses of the Bis(4,6-tBu-benzoxazol-2-yl)methane (7)
Ligand and its s-Block Complexes

Major parts of this chapter have been published in:

[2] I. Koehne, S. Bachmann, T. Niklas, R. Herbst-Irmer, D. Stalke, “A Novel Bulky
Heteroaromatic-Substituted Methanide Mimicking NacNac: Bis(4,6-tert-butylbenzoxazol-2-
yl)methanide in s-Block Metal Coordination”, Chem. Eur. J. 2017, 23, 13141-13149.”

[3] I. Koehne, S. Bachmann, R. Herbst-Irmer, D. Stalke, “A Water-Containing Organopotassium
Compound Based on Bis(4,6-tBu-benzoxazol-2-yl)methanide and Its Unexpected Stability to
Hydrolysis”, Angew. Chem. 2017, 129, 15337-15342; Angew. Chem. Int. Ed. 2017, 56, 15141-
15145.5)

2.3.1 Ligand Synthesis

Building up on the knowledge obtained from the syntheses on ligand system 1 (see
Subchapter 2.2.4), the search for a ligand scaffold was started that stronger mimics the steric
shielding offered by the N-aryl substituents in the paragon NacNac system. To obtain a
bis(benzoxazol-2-yl)methane derivative that provides sufficient steric demand adjacent to the five-
membered coordination ring, a synthetic route to a corresponding bulky substituted
2-aminophenol derivative had to be established first. From a retrosynthetic point of view, it seemed
to be most convenient to start from a symmetrically substituted phenol derivative. Then, an amino

function at the 2-position of this compound should be successively introduced (Scheme 2-5).

R OH R OH R OH
p— p—
NH» NO,
R R R

Scheme 2-5. Retrosynthetic approach to access bulky substituted 2-aminophenol compounds.

In the first step of this two-step procedure, a nitration reaction is carried out to generate a
2-nitrophenol derivative. From a subsequent hydrogenation reaction, the intended steric
demanding 2-aminophenol compound is obtained. With such a molecule in hand, the desired
ligand species would be easily accessible through a double cyclocondensation reaction with a

suitable Cs-linker unit as already applied in the synthesis of 1.!¢7- 15!
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2.3.1.1 3,5-di-tert-butyl-2-nitrophenol (5) & 3,5-di-tert-butyl-2-aminophenol (6)

With this in mind, it was decided to start with the synthesis of a ligand system that carries fert-butyl
substituents close to the coordination pocket. To cope with the unselective nature of the common
nitration reaction at aromatic compounds with nitrating acid, synthesis commenced from the
symmetrically substituted 3,5-di-fert-butylphenol. Advantageously, this compound features two
equivalent ortho positions as well as a sterically hindered para position. As a result, upon slow
addition of one equivalent of nitrating acid to the starting material in ethyl acetate, a yellow
solution formed. Workup and removal of the solvent gave a reddish-orange solid, which was
subsequently recrystallized from pentane. The corresponding mono ortho-nitrated derivative
3,5-di-tert-butyl-2-nitrophenol (5) was obtained as a yellow crystalline solid in an appreciable yield
of 45% (Scheme 2-6).01%)

tBu OH tBu OH
HNO3 / H,SO,

EtOAc, RT NO,
tBu {Bu

Scheme 2-6. Synthesis of 3,5-di-fert-butyl-2-nitrophenol (5). Adapted with permission from reference [,
Copyright 2017, John Wiley and Sons.

In the "H NMR spectrum of 5 in [Ds]acetone, a singlet at 9.12 ppm with an integral of one can be
assigned to the present OH group. For the remaining two aromatic protons, doublets at 7.12 and
7.01 ppm can be reported. Singlets at 1.37 and 1.30 ppm are caused by the tert-butyl substituents at
the 4- and 6-positions of 5. The observed characteristic signal pattern indicates the presence of an
unsymmetrically substituted product, thus confirming the successful synthesis of the desired mono
ortho-nitrated compound 5. Additionally, in the IR spectrum characteristic vibrational bands for

the symmetric (1366 cm™) and asymmetric (1518 cm™) NO; stretching vibrations are found.

In the next step, a reduction of the NO, moiety in 5 with H, gas and a hydrogenation catalyst was

carried out (Scheme 2-7).

tBu OH  Pd/C (10mol%),  tBu OH
H, (1.5 Bar)
NO, MeOH, RT; NH;
tBu -2 H50 tBu
5 6

Scheme 2-7. Synthesis of 3,5-di-fert-butyl-2-aminophenol (6). Adapted with permission from reference .
Copyright 2017, John Wiley and Sons.
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For this purpose, a suspension of 5 and palladium on charcoal (Pd/C) in MeOH was prepared in a
pressure flask. Then, 1.5bar of H, gas were applied to the mixture. When the reaction was
completed, separation from the heterogeneous hydrogenation catalyst had to be performed under
inert conditions to avoid the formation of a purple side product. A recrystallization of the crude
product from chloroform gave 3,5-di-tert-butyl-2-aminophenol (6) as a white, fluffy solid in an

excellent yield of 90%.

In comparison to the 'H NMR spectrum of 5, the resonances found for compound 6 in [Dg]acetone
experience a shift to higher field. This is due to a switch from a —-M-effect causing NO, substituent
in 5, to a +M-effect induced by the established NH, group in 6. The resonances for the aromatic
protons as well as for the two Bu substituents are found in a typical range. A singlet at 7.86 ppm
can be assigned to the OH group, while the NH, moiety exhibits a broad singlet at 4.02 ppm.
Moreover, the IR spectrum of 6 exhibits characteristic vibrational bands for the symmetric

(3316 cm™) and asymmetric (3415 cm™) NHo stretching vibrations.

2.3.1.2 Bis(4,6-tBu-benzoxazol-2-yl)methane (7)

Finally, with the successful synthesis of the tert-butyl substituted 2-aminophenol derivative 6, a
preparation analog to the synthesis of 1 was carried out. Hence, two equivalents of 6 and one

equivalent of ethyl-bisimidate dihydrochloride were dissolved in MeOH and heated for 48 hours (

Scheme 2-8).
O (0]
2 + ’
tBu tBu
NH, EtO OEt reflux, 48 h;
tBu - 2 NH4CI, - 2 EtOH tBu tBu
6 7

Scheme 2-8. Synthesis of bis(4,6-Bu-benzoxazol-2-yl)methane (7). Adapted with permission from reference 2.
Copyright 2017, John Wiley and Sons.

After removal of the solvent, the residue was extracted with pentane by sonication. The solid
obtained from the extract was recrystallized from EtOH to give colorless crystals of bis(4,6-Bu-

benzoxazol-2-yl)methane® (7) in a sufficient yield between 18 to 21%.

As expected, the '"H NMR spectrum of 7 in [Ds]THF shows resonances with integrals in a ratio of
2:2:2:18:18. Doublets at 7.42 and 7.30 ppm can be assigned to the four aromatic protons at the 5-

? In the following also abbreviated as: (4,6-tBu-NCOCsH>)CHa.
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and 7-positionsof the benzene perimeter. Those at the 7-positions are shifted the most to lower
field. The protons at the bridging methylene moiety cause a singlet at 4.66 ppm, while the four tBu
groups at the 4- and 6-positions exhibit resonances at 1.54 and 1.35 ppm, respectively. Apparently,
the protons of the tBu substituents at the 4-positions experience a stronger electronic deshielding,

resulting in a signal shifted 0.19 ppm more to lower field.

Compound 7 crystalizes in the monoclinic space group P2;/n and contains one molecule in the

asymmetric unit (Figure 2-7 and Table 2-5).

Figure 2-7. Solid-state structure of (4,6-tBu-NCOC¢H,).CH, (7). Anisotropic displacement parameters are
depicted at the 50% probability level. Hydrogen atoms are omitted for clarity, except for those at the bridging
methylene position. Reprinted with permission from reference. 2! Copyright 2017, John Wiley and Sons.

Table 2-5. Selected bond lengths [A] and angles [°] of 7.

C(1)-C(2)  1.495(2), 1.496(1) | N(2)-C(17)  1.288(2),1.286(2) | C(2)-C(1)-C(17)  111.2(1), 114.5(1)
C(1)-C(17) 1.494(2), 1.511(1) 0O(1)-C(2) 1.371(2), 1.369(2) 0O(1)-C(2)-C(1) 115.5(1), 112.8(1)
N(1)-C(2) 1.290(2), 1.295(2) 0(2)-C(17) 1.369(2), 1.367(2) 0(2)-C(17)-C(1) 114.8(1), 111.8(1)

The whole molecule shows a positional disorder about two positions (see Figure 5-4). Hence, two values are given for

each parameter.

In comparison to the related bis(benzoxazol-2-yl)methane derivatives (NCOCsH4).CH,"*! and
(4-Me-NCOC¢H3),CH, (1),'”) some general trends can be derived. On the one hand, in all three
compounds the corresponding averaged Cpige—Cipso and N-Cyy, distances are within the same
range, showing no significant deviation upon increasing steric demand of the introduced

substituents (Table 2-6).

Table 2-6. Selected angles and averaged bond lengths of (NCOC¢H,4),CHz, 1 and 7.
Chridge—Cipso N—Cipso Cipw—Cbridge—Cipsn Torsion angle: N—Cipso—Cbridge—Cipw

(NCOCsH4)2CH> 1.489 1.286 120.2(3) 15.4(2), 96.3(6)
(4-Me-NCOGCsH3):CH: (1) 1.487 1.291 110.8(1) 15.3(2), 90.3(2)
(4,6-Bu-NCOCsHa)>CHa (7) 1.495 1.289 111.2(1) 130.1(2), 133.2(2)
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On the other hand, the Cipo—Ceriage—Cipso angle gets significantly narrowed from 120.2(3)° in the
non-substituted ligand to 110.8(1)° in 1 upon introduction of a methyl group at the 4-positions.
This strong deviation might also be caused by the formation of a 3D network of C-H---N hydrogen
bonds in the solid-state of 1. Regarding compound 7, the parent Cipo—Carigee—Cipso angle is slightly
increased to 111.2(1)° if fert-butyl substituents are introduced at the 4- as well as the 6-positions.

Due to a distorted tetrahedral coordination around the bridging carbon atom in the three

considered molecules, the benzoxazol side arms display a twisted orientation (see Figure 2-7 and

Figure 2-8).

Figure 2-8. Solid-state structures of the to 7 related ligand scaffolds. Left: Non-substituted derivative. Right:
ligand system 1. The left structure was reprinted with permission from reference 1. The right structure from
reference 1. Copyright 2014, 2016, The Royal Society of Chemistry.

As can be deduced from Table 2-6, in the non-substituted derivative as well as in ligand 1, one of
the heterocycles stays almost in plane with the Cs-linker unit showing a torsion of only 15.4(2) and
15.3(2)°, respectively. The other shows a nearly perpendicular torsion with respect to this moiety
(96.3(6)° in the non-substituted derivative and 90.3(2)° in 1). In contrast, 7 shows a notably
stronger twisted orientation due to its greater steric demand. Here both N-Cip—Crigee—Cipso angles
show with an average of 131.6° a similar torsion out of the plane set up by the Cs-linker unit.
Noteworthy, while the coordination pocket in the solid-state of the non-substituted ligand and 1 is
made up by the Ciy—Chrigee—Cipso bridging moiety and the ring nitrogen atoms, the opposite is true
for 7. Here, the oxygen atoms are twisted inwards now occupying the position of the donor atoms.
Only in this arrangement, minimal steric repulsion of neighboring tBu groups is ensured and a 2D
C-H--N hydrogen bond network is established (Figure 2-9, vide infra). Each methylene bridge
hydrogen atom is coordinated by an imine nitrogen atom of a neighboring ligand, resulting in four
moderate hydrogen bonds per ligand molecule to be formed. In moderate hydrogen bonds, the

1947 Two of these hydrogen bonds are more

interactions are mostly of electrostatic nature.
pronounced (H(1A)--N(2): 2.579 A), while the other two are energetically slightly less favored and

thus elongated (H(1B)--N(1): 2.639 A).
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Figure 2-9. Isotropic solid-state structure of 7 with illustrated 2D hydrogen bond network.

2.3.1.3 Excursus: Attempts for Bis(4,6-tBu-benzoxaphosphol-2-yl)methane (12)

In this chapter, attempts to get access to the heavier phosphorous containing derivative of 7 are
described. In such a species, phosphorous atoms formally replace the imine nitrogen atoms of the
five-membered coordination pocket forming benzoxaphosphol side arms attached to the bridging

methylene moiety (Scheme 2-9).

O (0] O (@)
{Bu BBu /™ Bu Bu
tBu tBu tBu tBu
7 12

Scheme 2-9. Intended switch to the heavier phosphorous homologue bis(4,6-tBu-benzoxaphosphol-2-yl)-
methane (12).

Similar to the synthesis of ligand system 7, the respective 2-phosphinophenol derivative had to be
prepared prior to subsequent cyclocondensation reactions. The desired 3,5-di-tert-butyl-2-
phosphinophenol (11) is obtained in a four-step procedure in an overall yield of 39%

(Scheme 2-10).
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NaH,
o
| + O_
tBu OH tBu oH c-RroEt Bu O.l,
B _~ OEt _ R~OEt
DCM, 0 °C; THF, 0 °C; OEt
Br Br
- HBr - H,, - NaCl
tBu tBu tBu
8 9
nBulLi,
THF, -78 °C;
- LiBr
tBu OH tBu OH
L|A|H4 O_
-4
) i
PH, THE. R<0Et
1By - H,0, - 2 EtOH {8y OFt
11 10

Scheme 2-10. Synthesis route for the preparation of 3,5-di-tert-butyl-2-phosphinophenol (11).%"]

Starting from 3,5-di-fert-butylphenol, the corresponding 2-bromophenol 8 was quantitatively
accessed by a reaction with bromine at 0 °C."*®! With 8 in hand, the 2-phosphinophenol 11 was
prepared according to a procedure by Wu and co-workers."” A deprotonation of the hydroxyl
function with sodium hydride at 0 °C followed by the addition of diethylchlorophosphate gave

7. 1%8] the respective

phosphate compound 9. In an anionic phospha-Fries rearrangement,'
phosphonate 10 was obtained by addition of nBuLi and subsequent workup with aqueous
ammonium chloride. Finally, the desired 2-phosphinophenol 11, with a phosphorous atom in the
formal oxidation state of +III, is prepared by addition of LiAlH, under strict exclusion of air after

aqueous work up.

Next, three different activated 1,3-dielectrophiles, based on malonic acid, were evaluated towards

their ability to function as potential Cs-linker compounds in the preparation of 12 (Scheme 2-11).

tBu OH NH NH MeOH, 85 °C, 18 h
1) 2 N )J\/U\ - 2 HCI
PH, O OFt -2 EtOH, - 2 NH,CI

tBu
1" o] o]
)Ol\/l?\ MeOH, 85 °C, 18 h \|||3/\P|r
2 " + tBu tBu
) Cl cl -2 HCI, - 2 H,0
_ Bu  tBu
cl
. 12
NMe, NMe, MeOH, 85 °C, 18 h
"
3) oo Y

-2 HCI, - 2 Me,NH

Scheme 2-11. Attempted cyclocondensation reactions for the synthesis of 12.
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In procedure 1), due to an already successful application in the syntheses of 1 and 7, ethyl-
bisimidate dihydrochloride was used. In procedure 2), malonyl dichloride was tested, while in
procedure 3) a highly 1,3-activated chloro-bis(dimethyl)imidate chloride linker was utilized. For a
better comparability, the reaction conditions were not altered. The 'H NMR spectra of the reaction

crudes are depicted in combination with a Lewis structure of the utilized linker unit in Figure 2-10.

Figure 2-10. A stack of 'H NMR spectra of the reaction crudes of the synthesis described in Scheme 2-11. The
spectra apply to the usage of the corresponding linker units as follows: 1: chloro-bis(dimethyl)imidate
chloride; 2: malonyl dichloride; 3: ethyl-bisimidate dihydrochloride. The residual proton signal of CsDs is
marked with #. Signals indicative for a formation of 12 are marked with *.

The observation of a resonance with triplet structure is expected for the methylene bridge signal in
the "H NMR spectrum of compound 12. This is due to an expected coupling of the attached
protons with the two chemically equivalent phosphorous atoms in this species. The related ligand
scaffold 7 shows a methylene bridge resonance at 4.20 ppm in Cs¢Ds, thus in 12 this signal is
expected to appear in a similar range. As can be deduced from Figure 2-10, the reaction crude of a
reaction of 11 with ethyl-bisimidate dihydrochloride as linker mainly shows signals of the starting
materials and some unknown side products. However, a characteristic methylene bridge resonance
indicating a formation of 12 is not observed. In contrast to that, in the spectrum of the reaction
crude from a conversion of 11 with malonyl dichloride the observation of such a characteristic
triplet at 4.57 ppm can be reported. With a coupling constant of 10.8 Hz this signal displays a
typical *Jup coupling.”® This signal becomes even stronger if the chloro-bis(dimethyl)imidate
chloride spacer unit was used. For related benzoxaphospholes, *'P{'H} signals between 77.2 to
92.2 ppm are reported.'* Among other signals, the *'P{'H} spectra of the latter two reactions

exhibit a resonance at 93.3 ppm, which is additionally affiliated to a successful formation of 12.
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Unfortunately, it was not possible to crystalize any product from the reaction crudes, yet. Attempts
to obtain pure 12 via column chromatography led to the isolation of decomposition products.
Hence, due to an aggravated workup and a relatively low spectroscopic yield, the intended synthesis

of 12 was discarded.

2.3.2 Group 1 Complexes

With a successful synthesis of bis(4,6-tBu-benzoxazol-2-yl)methane (7), preparation of group 1
precursor complexes for subsequent salt metathesis reactions with group 2 halides was started. At
the beginning, finding a suitable metalation agent turned out to be rather difficult. Because of its
steric demanding fert-butyl substituents, a deprotonation of 7 seemed to be kinetically hindered

(Scheme 2-12).

nBuLi
THF;
-78 °C => RT;
X
[LiN(SiMes),] ﬂ
iN(SiMe
7 ( 3)2 (> (Bu \M/ Bu
THF; .

RT, o.n. Bu L tBu
KN(SIM M=Li, K
[KN(SiMe3),] L, =THF

THF;

RT, o.n.

Scheme 2-12. Syntheses attempts on the way to group 1 complexes of 7.

Neither a reaction with #BuLi, nor the use of lithium or potassium hexamethyldisilazane
compounds afforded a groupl complex of 7 at room temperature. NMR spectroscopic
investigations of the reaction crude solely reveal the presence of signals that correspond to the
starting materials in all three cases. To force a conversion, the reactions were repeated with heating
and an extended reaction time. Again, NMR spectroscopic evaluation of the reaction crudes only
indicates the presence of unreacted starting materials and no evidence of product formation.
Hence, the application of these reagents to compound 7 in concerted deprotonation-metalation

reactions was discarded.

2.3.2.1 [Li(THF){(4,6-tBu-NCOCgH)2CH}] (13)

Treatment of 7 with tBuLi at -50 °C led to the formation of a yellow solution. After removal of the

solvent, the residue was washed with ice-cold pentane. The three-fold coordinated lithium complex
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[Li(THF){(4,6-tBu-NCOC¢H,).CH}] (13) was obtained as a pale-yellow solid in a yield of 74%
(Scheme 2-13).

tBu

) : ~tBu

THF e

7 + fBuli {;N“/VL'\O
-50°C =>RT, 55h; o N Q

- tBuH \©/t8u
tBu

13

Scheme 2-13. Synthesis of [Li(THF){(4,6-tBu-NCOC4H,),CH}] (13). Adapted with permission from
reference 2. Copyright 2017, John Wiley and Sons.

The "H NMR spectrum of 13 in CsDs displays signals of the deprotonated ligand and a coordinating
THF molecule. As expected, the ligand related resonances exhibit integrals in a ratio of 2:2:1:18:18,
while the THF signals show an integral ratio of 4:4. In particular, doublets at 7.34 and 7.30 ppm
with “Jus couplings of 1.8 Hz can be assigned to the aromatic protons H7 and H5 residing at the
benzene perimeters. The bridging CH moiety exhibits a singlet resonance at 5.60 ppm and is shifted
about 1.40 ppm to lower field in comparison to the free protonated ligand. For the fBu substituents
at the 4- and 6-positions, singlets at 1.58 as well as 1.34 ppm can be reported. A singlet at 2.76 ppm
is found in the ’Li NMR spectrum of 13. For the related lithium methanides [Li(THF).{(1-Me-
NCNC¢H4).CH}] and [Li(diox).{NCSCsH4)CH(1-Me-NCNC¢H,)}] stronger high-field shifted
signals at 2.54 and 2.37 ppm, respectively are observed.!"*® With singlets at 1.61 ppm and 1.67 ppm,
the corresponding NacNac-based structures [Li(L){"*"NacNac}] (L=Et,0, THF) show ’Li
resonances that are shifted even stronger to higher field.!*”!

Furthermore, in a collaboration with Bachmann, the structure of 13 in solution was evaluated by
'"H-DOSY-ECC-MW estimation.* It was shown in previous studies that for most organometallic
compounds the dissipated spheres and ellipsoids (DSE) calibration curve is the most suitable for an
accurate estimation.”™ Hence, only resulting values from the DSE and, for comparison, from the
merge calibration curve are considered.” The molecular weight of 13 in solution was estimated to be
575 g/mol (DSE) and 643 g/mol (merge). Within the error range, either these values fit to a three-
fold (553 g /mol) or a four-fold (625 g /mol) coordinated species with one or two attached THF
molecules, respectively. This finding indicates dynamical exchange processes to be present that are

in tune with the THF signals exhibiting a diffusion coefficient that slightly differs from the

* All 'TH-DOSY-ECC-MW estimations discussed in Chapter 2.3 were performed in collaboration with Bachmann.

® This applies to all DOSY experiments discussed in Chapter 2.3.
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remaining complex related signals. In comparison to the 'H NMR spectrum of 13, which shows one
equivalent of THF to be attached to the complex, it is most likely that the three-fold coordination
derived from the solid-state (vide infra) is also retained in solution. A superimposition of the 'H-
and Li DOSY experiments of 13 reveals the ligand related signals as well as the ’Li signal to show

the same diffusion coefficient, indicating the presence of a strong contact ion pair (Figure 2-11).

o . ‘ } ‘ log (D /D)

Compound 13 ‘Li Signal ) i
= I PN
| i U

THE ‘ -
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+C.D
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Figure 2-11. Superimposition of the 'H- and “Li DOSY spectra of [Li(THF){(4,6-tBu-NCOCsH,),CH}] (13) in
CsDs. Internal reference: 2,2,3,3-Tetramethylbutane (TMB). Reprinted with permission from reference 2.
Copyright 2017, John Wiley and Sons.

Colorless crystals were obtained from a saturated solution of 13 in hexane at room temperature.
Complex 13 crystalizes in the monoclinic space group C2/c containing one molecule in the
asymmetric unit (Figure 2-12, vide infra). The central lithium cation shows a trigonal-pyramidal
coordination made up by two ring nitrogen atoms of the monoanionic methanide ligand and an
oxygen donor atom of a THF molecule. Obviously, the hard lithium ion prefers to coordinate the
nitrogen atoms despite the steric strain imposed by the cross-ligand tBu substituents. Interestingly,
the fourth coordination site at the Li* center is shielded by the tBu substituents at the 4-positions of
the ligand periphery. This prevents the cation from being tetrahedrally coordinated by another
potential THF donor-base.
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Figure 2-12. Solid-state structure of [Li(THF){(4,6-tBu-NCOCsH,).CH}] (13). Anisotropic displacement
parameters are depicted at the 50% probability level. Hydrogen atoms are omitted for clarity, except for the
one at the bridging methylene position. Reprinted with permission from reference 2. Copyright 2017, John
Wiley and Sons.

The metal ion is lifted 0.629(6) A from the plane defined by N(1)-O(3)-N(2). Furthermore, the
steric repulsion of the tBu substituents forces the lithium cation 0.696(7) A out of the plane of the
chelating CsN; ring (Table 2-7).

Table 2-7. Selected bond lengths [A] and angles [°] of 13.

Li(1)-N(1) 1.950(6) N(1)-C(2) 1.327(4) Li(1)-CsN: dist. 0.696(7)
Li(1)-N(2) 1.951(6) N(2)-C(17) 1.324(4) N(1)-Li(1)-N(2) 99.0(3)
C(1)-C(2) 1.399(4) C(2)-0(1) 1.381(4) C(2)-C(1)-C(17) 121.7(3)
C(1)-C(17) 1.393(4) C(17)-0(2) 1.391(3) Folding angle 23.1(1)

The ligand framework displays with 23.1(1)° a considerable folding and deviation from perfect
planarity. Interestingly, the strongly related 3-diketiminato structure [Li(THF){®*"NacNac}] shows a
similar trigonal-pyramidal coordination mode (see Figure 1-2, middle).”” Here, the fourth
coordination site of the lithium ion is blocked as well by the present tBu substituents. The
dislocations of the cation from the N-O-N as well as the chelating CsN; plane are with 0.600(1) and
0.622(1) A, respectively in good agreement to those found in complex 13. Moreover, the methanide
complex 13 displays Li-N bond lengths of 1.950(6) and 1.951(6) A, while these distances are
slightly shortened in the NacNac-based structure (1.918(4) and 1.917(4) A.) In contrast to 102.25°
found in the NacNac-supported lithium compound, 13 shows a slightly more acute N(1)-Li(1)-
N(2) angle of 99.0(3)°. The opposite is observed for the Cj,—C(1)-Ci, angles. In comparison to
121.7(3)° in 13, this angle is strongly widened to 130.9(2)° in the 3-diketiminato based structure.

Complex 13 is the first bis(benzoxazol-2-yl)methanide lithium complex displaying a
trigonal-pyramidal coordination. In addition, it is reminiscent of the related three-fold coordinated
trigonal-planar lithium compounds [Li(L){"**NacNac}] (L =EtO, THF).” Their reported

45



Results and Discussion

averaged Li-N distances (1.915 and 1.958 A) are in good agreement with the averaged distance of
1.951 A found in 13, fitting best the THF solvate. The same is true for the corresponding N-Li-N
bite angles. Here, the 99.9(2)° displayed by the Et;O solvate fit best the value of 99.0(3)° found in
13. While the values for the Cy—C1-Cy, angles in the ligand periphery of the reported structures
are very similar (129.5(2)° and 128.6(3)°), in 13 this angle experiences a considerable reduction to
121.7(3)°. Even the related four-fold coordinated bis(pyridyl)methanide-based compound
[Li(THF),{(2-NCsH,4).CH}] and its higher homologue the bis(pyridyl)phosphide-based [Li(THF),-
{(2-NCsH,),P}] show comparable structural features to 13.!!!¢122]

Reactivity of Complex 13

To get access to 7-supported calcium compounds, the lithium precursor complex 13 was reacted
with different calcium halides and the calcium-HMDS compound [Ca(THF).{N(SiMes),},]
(Scheme 2-14).

Caly, THF
1.)RT, o.n;;
2)75°C,4h
O 0,
W
. CaCl, THF N N
> B B
1) RT, o.n.; ! Ca B
2.) 75°C, 60 h tBu L, tBu
Ca(THF)2{N(SiMes),}],
[Cal )ZiH(F slail Ly = Cl, I, N(SiMe3),, THF
1.) RT, o.n,;
2.)75°C,6h

Scheme 2-14. Synthesis attempts on the way to calcium complexes starting from the lithium precursor 13.

An attempted salt metathesis reaction with anhydrous Cal, beads did not afford the intended
calcium complex under precipitation of the corresponding lithium halide at room temperature. As
affirmed by 'H NMR spectroscopy, only an isolation of the starting material 13 from the reaction
crude can be reported. Thus, the reaction was repeated with heating but with the same negative
result. To facilitate the formation of lithium halide, calcium iodide was replaced by CaCl,. Due to
the more favorable ratio of the ionic radii of both ions, the expected precipitation of the lithium
halide was assumed to be fostered. Unfortunately, also from this reaction no desired calcium
complex was obtained. Even if the reaction was carried out at elevated temperature and an
extended reaction time of 60 h. A conversion of 13 with [Ca(THF),{N(SiMes).}>] only led to the
isolation of the starting materials at room- as well as at increased temperature. In this conversion,

the reaction was assumed to proceed via formation of Li{N(SiMes).} as driving force.
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2.3.2.2 [K{n°-(4,6-tBu-NCOCcH,),CH}]- (14)

The addition of 7 to a suspension of potassium hydride (KH) in THF led to a visible evolution of
hydrogen gas, indicating a successful deprotonation of the bulky ligand system. From this reaction,
the corresponding potassium precursor compound 14 was obtained in an excellent yield of 80%

overnight (Scheme 2-15).

RT, 18 h; N
-Hz tBu

tBu
o)
THF —‘\%tBu YO
7 + KH o\ N 'K‘§ =

14

Scheme 2-15. Synthesis of [K{#*-(4,6-tBu-NCOCsH,),CH}].. (14). Adapted with permission from reference .
Copyright 2017, John Wiley and Sons.

The "H NMR spectrum of 14 in [D;s] THF exhibits one set of signals for the deprotonated ligand and
no evidence for additionally coordinating THF molecules. The doublets corresponding to the
aromatic protons H7 and H5 that reside at the benzene perimeters are found at 7.01 and 6.97 ppm,
respectively. The bridging CH moiety resonates at 4.56 ppm. The singlets at 1.54 and 1.32 ppm can
be assigned to the tBu substituents at the 4- and 6-positions. Just like for the bis(4-Me-benzoxazol-
2-yl)methanide based potassium compound 2, all signals are shifted to higher field in comparison
to the free protonated ligand. In an investigation of its structure in solution by "H DOSY NMR
experiments in Ce¢Ds, the molecular weight of 14 was estimated to be 490 g/mol (DSE) and
620 g/mol (merge). This observation indicates the formation of monomeric structures with an
additionally attached benzene molecule to satisfy the coordination sphere of the cation. This
assumption is consistent with a theoretical molecular weight of 591 g/mol for such a species fitting

best the estimated values.

The slow evaporation of pentane into a saturated solution of 14 in THF afforded small
needle-shaped crystals. Complex 14 crystalizes in the triclinic space group P1. The asymmetric unit
contains one ligand molecule and two potassium cations lying on an inversion center (see
Figure 5-6 in the appendix). Due to the formation of needle-shaped crystals with decreased
scattering abilities causing low data resolution, the determined bond lengths and angles within this
structure suffer from a certain unreliability. Hence, no detailed discussion concerning these

parameters is attempted. Only the unambiguous data for the N(1)-K(1/2)-N(2) bite angles, the
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dislocation of the potassium cations from the chelating C;N; plane as well as the folding of the
ligand backbone are discussed in the following paragraph (Table 2-8). The central potassium cation

is sandwiched by #°-coordination to two CsN; planes forming infinite linear strands (Figure 2-13).

Figure 2-13. Excerpt from the solid-state structure of [K{z*-(4,6-tBu-NCOCsH,),CH}].. (14) forming infinite
linear coordination polymer strands. Anisotropic displacement parameters are depicted at the 50%
probability level. Hydrogen atoms are omitted for clarity, except for those at the bridging methylene
positions. Reprinted with permission from reference 2. Copyright 2017, John Wiley and Sons.

Table 2-8. Selected bond lengths [A] and angles [°] of 14.

K(1/2)-N(1)  2.850(6),2.838(6) | N(1)-C(2) 1.325(8) K(1/2)-C:N> dist.  2.313(7), 2.308(7)

K(1/2)-N(2)  2.889(6),2.857(6) | N(2)-C(17) 1.318(8) N(1)-K(1/2)-N(2)  65.7(2), 66.3(2)
C(1)-C(2) 1.386(10) C(2)-0(1) 1.390(8) C(2)-C(1)-C(17) 125.5(6)
C(1)-C(17) 1.402(9) C(17)-0(2) 1.394(8) Folding angle 1.57(2)

The asymmetric unit contains two K* ions with an occupancy of 0.5 (see Figure 5-6). Hence, two values are given for
the K* related parameters. Symmetry transformations used to generate equivalent atoms: #1: -x+1, -y+1, -z+1; #2: -x, -

y+1, -z+1.

Just like in the lithium congener 13, the steric demand of the fBu substituents inhibits the
coordination of THF donor molecules to the metal ions within the polymer strands. Because of the
K* ions residing on top and below the ligand molecules, the total ligand framework is only
marginally folded by 1.57(2)°. To realize a favored #’-coordination of the soft potassium ion to the
soft and undirected nt-density of the deprotonated ligand molecules,'”-'8" 2" complex 14 shows an
averaged N(1)-K(1/2)-N(2) bite angle of 66.0°. This fits well to a mean bite angle of 67.7° found in
the related potassium structure 2. Moreover, a dislocation of the metal ions from the C;N; plane
with on average 2.311 A and a mean N(1)-K(1/2)-N(2) bite angle of 66.0° are in good agreement
with the values found in a related dimeric NacNac-based potassium complex.”® For this structure
a C;N, plane distance of averaged 2.29 A and a mean bite angle of 65.7° are reported. In contrast,
the dislocation found in 14 falls at the short end of the range for other non-NacNac related
compounds that display potassium-m-system interactions. For example, the #°- and #°-bound

species [K(PMDETA)(PhCH,)]..* and [K(Py),(CsMes)]** adopt a polymeric structure in the
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solid-state as well, but show with 3.150(2) A and 2.79(1) A significantly longer K*-m-plane

distances.

Reactivity of Complex 14
Just like 13, potassium precursor 14 was evaluated in terms of its ability to undergo salt metathesis

reactions with calcium halides (Scheme 2-16).

CaBr, THF
1.)RT, o.n; O\(\/O
2.)75°C,16 h N N
14 —#—> {Bu \Ca/ tBu
|
Caly, THF tBu Ln tBu
1.)RT, o.n;
2.)75°C,16 h L,=Br, I, THF

Scheme 2-16. Synthesis attempts on the way to calcium complexes starting from the potassium precursor 14.

As can be deduced from Scheme 2-16, again no calcium halide complexes of ligand 7 where
obtained from reactions of precursor 14 with calcium bromide or —iodide at room temperature or
after heating at 75 °C for 16 h. The '"H NMR spectra of the reaction crudes solely display signals of
the starting material 14 or free protonated 7 which formed upon decomposition. Nonetheless, in an
NMR tube containing a solution of the reaction crude from a reaction of 14 with CaBr, in [Ds] THF,
crystals suitable for X-ray diffraction experiments grew after a few weeks. The crystal structure
revealed that an oxidative C=C coupling between the bridging methylene moieties of two

monoanionic ligands 7 had occurred (Figure 2-14).

tBu tBu
tBu
tBu
tBu
tBu
tBu tBu

Figure 2-14. Left: Solid-state structure of 1,1,2,2-tetrakis(4,6-tBu-benzoxazol-2-yl)ethane (15). Anisotropic
displacement parameters are depicted at the 50% probability level. Hydrogen atoms are omitted for clarity.
Right: Lewis structure of 15 to illustrate the present binding situation.
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The newly formed tetra-dentate ligand system 1,1,2,2-tetrakis(4,6-tBu-benzoxazol-2-yl)ethane (15)
crystalizes in the monoclinic space group P2,/c, containing half a molecule in the asymmetric unit.
As sp* hybridized bridging carbon atoms, C(1) and C(1A) display a distorted trigonal planar
environment. The C(1A)-C(1)-C(2/17) angles exhibit values of 122.3(1)° and 121.6(1)°
respectively that match almost perfectly an ideal angle of 120° expected for a trigonal planar
binding motif. However, the C(2)-C(1)-C(17) angle shows a slightly more acute arrangement
(115.95(8)°). This is most likely caused by steric strain induced by tBu substituents of neighboring

heteroaromatic side arms (Table 2-9).

Table 2-9. Selected bond lengths [A] and angles [°] of 15.

C(1)-C(2) 1.460(1) C(2)-0(1) 1.378(1) C(1A)-C(1)-C(2) 122.3(1)
C(1)-C(17) 1.491(1) C(17)-0(2) 1.373(1) C(1A)-C(1)-C(17) 121.6(1)
N(1)-C(2) 1.295(1) C(1)-C(1A) 1.356(2) 0(1)-C(2)-C(1)-C(17) 8.6(1)
N(2)-C(17) 1.283(1) C(2)-C(1)-C(17) 115.95(8) 0(2)-C(17)-C(1)-C(2) 94.4(1)

Symmetry transformations used to generate equivalent atoms: -x+1, -y+1, -z+1.

The determined C(1)-C(1A) distance of 1.356(2) A being only slightly longer than a characteristic
C(sp?)=C(sp*) double bond (1.34 A) is also in tune with this observation.!'¥ '™ To avoid steric
congestion, one of the heteroaromatic side arms in each ligand molecule stays almost in plane with
the bridging moiety (O(1)-C(2)-C(1)-C(17) torsion angle of only 8.6(1)°), while the other is
perpendicularly arranged (O(2)-C(17)-C(1)-C(2) torsion angle of 94.4(1)°). Other structural

features do not differ much from those found in the monomeric ligand molecule 7.

On the one hand, the formation of 15 can be rationalized by a catalytic C=C double bond
formation mediated by the presence of the Lewis-acid CaBr,. In former studies on
bis(heterocyclo)methanes, reactions with M(II)acetates (M = Mn, Fe, Pb) led to the observation of
similar Lewis acid catalyzed coupling and oxidation products.*” Here, ligand dimers bridged either
by C-C single- or by C=C double bonds were isolated. It was stated that present Bronstedt bases
like the aforementioned acetate anion or the monoanionic ligand itself might additionally promote
such dimerization reactions.’**>2*) Moreover, the ability of S-diketiminato supported alkali salts to
function as one-electron reducing agents was observed.?” In this case, ligand dimerization was
reported to be mediated by the generation of a ligand centered, n-delocalized radical species upon

Ag(I) salt reduction, and subsequent radical C-C coupling.

On the other hand, a formation of 15 promoted by direct oxidation with oxygen from leaked in air

is feasible (Scheme 2-17).
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+1
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Oxiation: 4 o L2 o=C + 4H* + 4e
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Reduction: O, + 4H* + 4 ——— > 2H,0

H R\ /R
Redox: 4 &+ 0 ——> 2 C=C + 2H
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Scheme 2-17. Proposed redox reaction between monoanionic 7 and oxygen yielding 15 and water.

Due to a storage of the reaction crude in an NMR tube and the elongated reaction time, the
presence of leaked in air is reasonable. The oxygen promotes the oxidation of monoanionic ligand
molecules of complex 14 to yield 15 with an unknown standard potential in ([Ds])THEF. In
combination with the released protons the oxygen molecules are reduced under formation of water.
This particular reaction proceeds in water with a standard potential of E°(red)=1.229 V.l
Because of the missing standard potentials of the reactions in ([Ds])THF, a AE°® value cannot be
calculated via the equation AE® = Eeq) — Eon. In assumption of the reduction of oxygen to exhibit a
standard potential in ([Ds])THF in a similar positive range as in water, the redox reaction in total
should be favored to show a positive AE® value. In connection with the so-called free Gibbs energy
AG® = -z-F-AE° (z = number of transferred electrons, F = Faradays constant), a negative AG® value

would be received. In such a case, the redox reaction depicted in Scheme 2-17 would proceed

spontaneously.

Interestingly, in related f-diketiminato-based lanthanide complexes, a direct oxidation and ligand
dimerization under aerobic conditions was postulated to proceed via formation of a radical residing
at the bridging carbon of the ligand backbone and subsequent radical coupling.”™ Due to the
NacNacs preference to show an NH tautomerism of the bridging protons, only dimers with C-C

single bonds were observed so far."’!

In general, with compound 15 an interesting novel ligand scaffold was accessed. In future studies,
an application as neutral tetra-dentate ligand platform, for example, in the preparation of homo- as

well as heterobimetallic complexes is conceivable.
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2.3.2.3 [K(18-crown-6){(4,6-tBu-OCNC¢H2)>CH}-(H20)0.35]-(THF)2 (16)

Introduction

Modern chemical synthesis is not conceivable without organometallic compounds. In particular,
Grignard as well as organolithium reagents are cornerstones in organic and life science product
syntheses. Unfortunately, these reagents are prone to hydrolysis while bearing a highly polarized
metal-carbon (M-C) or metal-hydrogen bond (M-H) in the case of potassium hydride. Thus,
handling in anhydrous inert organic solvents and under strict exclusion of water to avoid fast
degradation is mandatory to date.?’” In contrast, it was shown that in the presence of
stoichiometric amounts of water in conventional solvents the reactivity and outcome of an
organometallic transformation can be influenced in several ways. Examples are the modification of

the stereochemistry within a synthetic pathway or the enhancement of a reaction rate.*'>2?l

Taylor et al. reported one of the first examples that mention the unexpected influence of present
water on the outcome of a reaction in 1975. They could show that the direct addition of nBuLi to a
mixture of a bromoarene in T,O wetted sodium-dried Et;O is the most suitable procedure on the
way to tritium labelled aromatic compounds. These findings displayed that the parent
lithium/bromide exchange has at least to be as fast as and potentially even faster than the
competitive decomposition reaction between the organometallic reagent and the tritiated water to
form BuT and LiOT.”™ An example for a comparable so-called water effect on the
enantioselectivity of a reaction is the asymmetric lithium-diisopropylamide (LDA) mediated
synthesis of the anticancer drug Lonafarnib. Here, the addition of water in the key alkylation step
with an LDA-THF complex gave the highest yields and enantiomeric excesses (ee) (both 95%) for
this particular reaction. In contrast, attempts without the addition of water led to significant lower
yields and ees.”' Wipfand co-workers reported the strong influence of stoichiometric amounts of
water on the reaction rate in the carboalumination of alkynes in 1993. In the methylalumination of
1-hexyne in the presence of 1.5 equivalents of water full turnover was achieved within minutes even
at -70 °C.»"*! As a landmark, [Li(TMEDA)(H,0){CsHsOCSN}] as the unprecedented example of an
organolithium compound coordinated by a water molecule even as polar ligand was introduced by
Wright et al. in 1990.2¢! This breakthrough fired the synthetic efforts on further aqua ligands
containing organometallic species.2'8 Two years later, Schleyer et al. presented the formation of
the first water containing lithium complex bearing an organic residue with a C-H acidic moiety.
Upon addition of TMEDA and water to lithiated malonodinitrile the polymeric structure
[Li(TMEDA)(H,O){CH(CN),}].. is formed. Its solid-state structure revealed a unique three-
dimensional hydrogen bonded pattern build up on water molecules. This emphasizes the ability of

water molecules to function simultaneously as both, a donor as well as an acceptor molecule.*”!

However, many open questions remain about the striking effect of water on the outcome of

organometallic transformations. A recent article by Capriati et al. emphasizing on organolithiums
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underscores some of these topical aspects: Under which conditions can water act as a polar ligand?;
How reactive is “coordinated water” in comparison to “free water”?; Is the transfer of a water
molecule to the carbanion mediated by a preliminary coordination of this molecule to the

201 Tn this context, also DESs (deep eutectic solvent) have emerged as

corresponding Li* center?!
alternative and versatile green solvent class in the field of sustainable organometallic
transformations like addition reactions, the ring opening or synthesis of tetrahydrofuran’s and even
in organo- and transition-metal catalysis. Thus, in the last years the groups of Hevia**>?**! and
Capriati®*") significantly contributed to this topic and showed that s-block element chemistry in
bio-renewable protic DES is indeed feasible. Furthermore, DES’s have found widespread

[228

application as effective electrolyte solution in dye-sensitized solar cells,”?*! in bio-catalysis,’”*” and

20 Astonishingly, even the

as medium for photosynthetic reaction centers in energy technology.!
use of neat water as the only reaction medium for nucleophilic addition reactions of Grignard- as
well as organilithium reagents on imines, nitriles and carbonyl compounds has been reported only

very recently.l*!

Synthesis and Characterization

To facilitate the release of the potassium ion from the deprotonated ligand in later salt metathesis
reactions, preparation of 14 was repeated under addition of 18-crown-6 ether. Hence, a treatment
of 7 with potassium hydride in the presence of 18-crown-6 ether that contained traces of water was
performed in vigorously dried THF. Subsequent workup afforded a pale-yellow solid that was
recrystallized via gas-phase diffusion of pentane into a saturated solution of this residue in THF.
From the solution pale-yellow needle-shaped crystals of the remarkable potassium complex [K(18-
crown-6){(4,6-tBu-OCNCsH,),CH}-(H,0)o35]-(THF), (16) were obtained in a yield of 83%
(Scheme 2-18).

H\
O
-
//H
tBu N=——<—N tBu
THF 0 o}
7 + KH + 18-crown-6-x H,0 L (THF),
RT, 18 h; NS
"H, Bu K Bu
00
=00
16

Scheme 2-18. Synthesis of [K(18-crown-6){(4,6-tBu-OCNCsH,),CH}-(H,0)o3s]-(THF), (16). Adapted with
permission from reference Pl Copyright 2017, John Wiley and Sons.

Complex 16 crystalizes in the monoclinic space group P2)/c. The asymmetric unit contains one

molecule of the potassium complex, 0.35 equivalents of co-crystalized water and two lattice THF
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molecules. Its solid-state structure shows several remarkable features: Despite the bulky fBu
substituents in the periphery of monoanionic 7, a contact-ion-pair is formed. Moreover, eight
oxygen atoms exclusively coordinate the potassium ion. These originate from two heteroaromatic

ring atoms of 7 and from six oxygen donor atoms of a 18-crown-6 ether molecule (Figure 2-15).

Figure 2-15. Solid-state structure of [K(18-crown-6){(4,6-tBu-OCNC¢H,),CH}-(H,O)o3s]-(THF), (16).
Anisotropic displacement parameters are depicted at the 50% probability level. Co-crystalized lattice THF
molecules and hydrogen atoms are omitted for clarity, except for those at the bridging methylene position
and the water molecule. Reprinted with permission from reference . Copyright 2017, John Wiley and Sons.

Most likely, the preferred solely N-coordination by the heteroaromatic rings is prevented by the
increased steric repulsion from the tBu substituents at the 4-position blocking that coordination
pocket. So far, 16 represents the first example of a bis(benzoxazol-2-yl)-, bis(oxazol-2-yl)methane
or -methanide displaying a solely oxygen coordination to any metal ion. The main electron density
in these ligand systems is located at the ring nitrogen atoms,!”*”'** %2l and multitudes of solely
N-bound structures are present in the literature.!*> 144 1667168, 173, 2332351 Degpite that, in 16 an
O-coordination to the electron deficient metal ion is favored. A further remarkable feature of 16 is
the presence of a water molecule with a site occupation factor estimated to 35%. This results in the
formation of a two-dimensional hydrogen bonded network between the outwards tilted accessible
ring nitrogen atom of a monoanionic ligand and the crown-ether molecule of a second equivalent
of 16. These hydrogen bonds are only facilitated by the unique all-O-coordination of the ligand.
The N(1)--O(11) and O(11)--O(8_$3) distances are 2.929(4) and 3.060(5) A, respectively.'*¥ There
are two maxima present in the electron density distribution along the Nigana-*Owater Vector indicating
a double potential hydrogen bond. One maximum was refined to give 21% occupation, the second
14%. This results in 14% of the molecular units being N-protonated to give neutral 7 with the
negative charge residing at the resulting hydroxide anion in [K(18-crown-6){(4,6-tBu-OCN(H)-
CsH,)CH(4,6-tBu-OCNCsH,)}-OH], whereas 21% contain complexed intact water molecules in
[K(18-crown-6){(4,6-tBu-OCNC¢H,),CH}-H,O]. The remaining 65% of the molecular units
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contain no water and consist of [K(18-crown-6){(4,6-tBu-OCNCsH,).CH}]. These findings
underline, on the one hand, the amphoteric ability of water, but on the other hand, indicate an
enhanced stability of 16 against hydrolysis. Noteworthy, in a phenylene-1,4-bis(trifluoroborate)
dipotassium salt, presumed to be prone to hydrolysis, a co-crystalized water molecule was reported
to contribute trough K.-O and OH..m interactions to its ability to self-assemble in the
solid-state.*! To facilitate the formation of a contact ion pair, the potassium ion in 16 shows a
dislocation of 0.689(7) A from the plane made up by the six oxygen atoms of the crown ether
molecule. Additionally, a dislocation of 2.729(2) A from the C;O; plane of the monoanionic chelate
ligand is found (Table 2-10).

Table 2-10. Selected bond lengths [A] and angles [°] of 16.

K(1)-0(1) 3.177(1) 0(2)-C(17) 1.403(2) K(1)-18-crown-6 dist. 0.689(7)
K(1)-0(2) 2.954(1) C(2)-N(1) 1.323(2) K(1)-C50: dist. 2.729(2)
C(1)-C(2) 1.394(2) C(17)-N(2) 1.320(2) 0(1)-K(1)-0(2) 52.64(3)
C(1)-C(17) 1.395(2) N(1)--O(11) 2.929(4) C(2)-C(1)-C(17) 128.83(2)
0(1)-C(2) 1.402(2) 0(11)--O(8_$3) 3.060(5) Folding angle 14.12(5)

Symmetry operation to generate $3: -x+1, y+1/2, -z+1/2.

The averaged C(1)-Ciys and N-Cj,, distances of 1.395 and 1.322 A, respectively, indicate a
significant double-bond character.'® 2! This observation is consistent with a distinct conjugation
of the methylene bridge to the adjacent heteroaromatic side arms. The K(1)-O1s-crown-s distances in a
range from 2.7881(1) to 2.9346(1) A are in good agreement with the mean value of 2.84(8) A
displayed by related structural fragments found in the Cambridge Structural Data Base
(1061 structures with R < 0.075).12%"

As expected, the "H NMR spectrum of 16 in [Ds] THF shows one set of signals for the deprotonated
monoanionic ligand 7 and a singlet at 3.45 ppm that can be assigned to the coordinating
crown-ether molecule. A broad singlet at 6.98 ppm and a doublet at 6.85 ppm can be assigned to
the aromatic protons residing at the benzene perimeters, with H5 being shifted most to lower field.
The signal broadening indicates that H5 is subject to unknown dynamical processes within the
structure. Additionally, a singlet at 4.55 ppm caused by the methylene bridge moiety and two
doublets at 1.50 and 1.32 ppm arising from the Bu substituents are observed. Unfortunately,
neither a water, nor a NH signal resulting from protonation can be reported. In the light of an

occupancy of only 35% of the water molecule, this becomes less surprising.

A 'H-DOSY-ECC-MW estimation was applied to further examine the structure of 16 in solution.
Its molecular weight was estimated to be 870 g/mol (DSE) and 967 g/mol (merge), excluding larger
polymeric structures to be retained in solution. The fact that all complex-related signals show the
same diffusion coefficient unequivocally indicates the CIP to be maintained in solution. Mono-

meric structures with one or two additionally attached THF molecules are most likely formed.
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Within the error range, this hypothesis is consistent with theoretical molecular weights of 849 and
921 g/mol for such species, which deviate by only 2% and 6%, respectively, from the estimated
DOSY molecular weights (DSE). Furthermore, this assumption is in tune with the solid-state
structure of 16. Here, one of the two co-crystalized and disordered lattice THF molecules in one of

the positions also tends to O-coordinate to the central potassium cation (see Figure 5-8).

Reactivity of Complex 16

A "HNMR water titration experiment was carried out with 16 to shed light on its stability to
hydrolysis. Utilizing an electronically supported microliter syringe, a well-defined amount of water
was added to a single NMR sample. The effect of the successively increasing water content was

monitored by '"H NMR spectroscopy (Figure 2-16).
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Figure 2-16. Excerpt from the stacked "H NMR spectra of a water titration experiment of 16 in [Ds] THF. For
clarity, only the aromatic region is displayed. Spectrum 1 shows the two aromatic resonances of 16 before the
first addition of water. Spectra 2 to 20 display the slow decomposition process of 16 to protonated 7. Finally,
spectrum 21 solely exhibits the two aromatic resonances of 7. A full spectrum is included in the appendix (see
Figure 5-16). Adapted with permission from reference P, Copyright 2017, John Wiley and Sons.

Unexpectedly for an organopotassium compound, the titration experiment revealed 16 to be
remarkably stable towards hydrolysis. As obvious from Figure 2-16, the aromatic signals of free
protonated 7 only emerge very slowly upon gradually addition of water to the sample. Even after
addition of 15.6 equivalents and an extended reaction time of 14 hours, only a small amount of 7 is
detected. The signals for 2 are slightly but constantly shifted to lower field. The same trend
continues until 36.4 equivalents of water are added and the reaction time is extended by additional
60 hours. Finally, full protonation of 16 is achieved after the addition of a huge excess of water
(114.4 eq.) and an additional reaction time of seven days.
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A recent combined MS and DFT study on a 3-aminopyrrolidine lithium salt by Gimbert et al.
exhibited a certain protection of the lithium amide against hydrolysis only if additionally
aggregated with lithium halides.'**® In the light of these findings, the role played by the 18-crown-6
ether molecule either to act as a bystander or to contribute actively to the hydrolysis resistant
character of 16 was further examined. Thus, a similar water titration experiment was carried out on
the related potassium compound [K{#°-(4,6-tBu-NCOCsH>),CH}].. (14) to estimate its hydrolysis
stability in comparison to complex 16. The experiment revealed this complex to show a certain, but

definitely not as astonishing stability against hydrolysis as compound 16 (Figure 2-17).

+4.0 L (7.60 eq.) H0 M 14 [0
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_ N JL— T N
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+ 1.0l (1.90 eq.) H0 + 12 h JL 4
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o~ — N N
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15mg 14 in [D]THF JL*I
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Figure 2-17. Excerpt from the stacked '"H NMR spectra of a water titration experiment of [K{#’-(4,6-tBu-
NCOCH,),CH}].. (14) in [Ds]THF. For clarity, only the aromatic region is displayed. Spectrum 1 shows the
two aromatic resonances of 14 before the first addition of water. Spectra 2 to 9 display the slow
decomposition process of 14 to protonated 7. Finally, spectrum 10 solely exhibits the two aromatic
resonances of 7. A full spectrum is included in the appendix (see Figure 5-17). Adapted with permission from
reference Pl Copyright 2017, John Wiley and Sons.

A significant amount of 7 can be detected even after the addition of only 1.90 equivalents of water,
which did not increase after an extended reaction time of 12 hours. Full protonation is achieved
after addition of 7.60 equivalents of water and a total reaction time of approximately 24 hours. To
conclude, the comparative water titration experiment revealed compound 14 to have a strongly
diminished stability to hydrolysis compared to complex 16. This finding certifies the 18-crown-6
ether molecule to play an active role in the water resistance of 16 by forcing the methanide ligand to
adopt a solely O-coordination to the potassium ion. The unique binding motif established is
accompanied by the ability of the nitrogen atoms in the ligand periphery to function preferably as

hydrogen bond acceptors, thus preventing the methylene bridge from quick protonation.

57



Results and Discussion

Furthermore, the air-stability of compound 16 was elucidated by exposing it to air which had been
dried for several days over P,Oy, prior to use. Hence, a solution of 16 in THF was exposed to dry air
at room temperature for three days. The experiment revealed the ligand backbone to be prone to
oxidation leading to the formation of the new complex [K(18-crown-6){(4,6-tBu-OCNCsH),.
C(OH)}] (17) (Scheme 2-19).

H\
O
J OH ...

Bu N=—>—N tBu dry air Bu N=—%-N Bu
58PS 58PS
NS THF: NS
B 14 tBu ’ B 14 tBu

u KL RT, 3 d ! KL
fu ///./_ ‘1/—\\\ y— —\ ////_ ‘1/—\\\ =
16 17

Scheme 2-19. Synthesis of [K(18-crown-6){(4,6-tBu-OCNCsH,),C(OH)} (17). Adapted with permission from
reference . Copyright 2017, John Wiley and Sons.

An extraction of the reaction crude with THF afforded a white residue and a pale-yellow filtrate.
The white residue was insoluble in common organic solvents and can most likely be ascribed to the
formation of an inorganic potassium salt. From the filtrate, complex 17 was obtained as a
pale-yellow solid in a yield of 46% and was characterized by 'H-, "C NMR spectroscopy and ESI

mass spectrometry.

The '"H NMR spectrum of 17 in [Ds] THF exhibits a distinct signal pattern with the absence of any
resonance for a bridging methylene moiety. Despite that, the presence of a singlet at 8.20 ppm in a
typical range of an OH group attached to an aromatic system,'” can only be rationalized by the
bridging carbon atom now carrying a hydroxyl function. Thus, the formation of the new complex
[K(18-crown-6){(4,6-tBu-OCNC¢H,).C(OH)}] (17) which exhibits an oxidized ligand scaffold is
plausible (Figure 2-18, vide infra). The doublets found for the aromatic protons H5 and H7 at 7.48
and 7.33 ppm are shifted both about 0.5 ppm to lower field in comparison to the starting material
16. The 18-crown-6 ether molecule shows a singlet resonance at 3.64 ppm that is shifted about
0.2 ppm to lower field in comparison to the starting complex. Singlets at 1.54 and 1.38 ppm can be

assigned to the tBu substituents at the 6- and 4-positions, respectively.
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Figure 2-18. '"H NMR spectrum of 17 in [Ds]THF. Residual solvent signals are marked with #. Grease is
marked with *. Resonances marked in red correspond to a minor contamination with a side product.
Reprinted with permission from reference . Copyright 2017, John Wiley and Sons.

In the light of these findings, the formation of a structure A can be ruled out (Scheme 2-20). The
presence of this compound would result in the same signal pattern but with doubled integral
intensities. In particular, the OH groups in A are no longer attached to an aromatic system, thus the

observation of a stronger high-field shifted resonance between 4-6 ppm for these substituents

would be expected.!*”!

tBu

tBu

Scheme 2-20. Additional feasible oxidation products from a direct oxygen oxidation of complex 16. Adapted
with permission from reference Pl. Copyright 2017, John Wiley and Sons.

Compounds 15 and B represent additional feasible oxidation products. The formation of these
structures would be in tune with the resonances marked in red in Figure2-18. As already
mentioned before, similar oxidation products were observed for other heteroaromatic substituted

methanide!” as well as NacNac®! ligand systems. Moreover, the successful formation of complex
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17 is supported by ESI mass spectrometry. A peak observed at m/z =791.4 can be assigned to the
molecule radical cation [M]* of 17. Furthermore, a peak at m/z = 880.4 corresponds to the radical
cation [M + C4HoO,]"*. The fragment C,HsO,* with m/z = 89 is a typical fragmentation product of
an 18-crown-6 ether molecule due to the ionization process. Until the end of the work, no further
spectroscopic investigations could be carried out. Crystals of 17 remain to be obtained and to be
subjected to X-ray diffraction experiments in the future. Furthermore, an estimation of the

structure of 17 in solution by "H-DOSY-ECC-MW experiments has to be carried out.

Complex 17 is formed upon an oxygenative oxidation of the ligand backbone. Unfortunately, it was
not possible to elucidate the exact mechanism of this reaction until the end of this work.
Nonetheless, similar oxygenations of the ligand backbone in transition-metal complexes based on

239,240

B-diketiminato and related ligands can be found in the literature.! I'In this context, a reaction

by Goldberg and co-worker that was reported in 2010 is particularly interesting (Scheme 2-21).24!

N/Ar . H O_E\Ar HO C,)\l',Ar
H—C _ SPtMey —2~ "\ TPtMe, ——— T\ PiMe,
NV N‘ N‘
Ar Ar Ar

Scheme 2-21. Reaction of a NacNac-based platinum(IV) complex with oxygen. Ar =4-tert-butyl-2,6-
dimethylphenyl.

The reaction of a 3-diketiminato supported platinum(IV) complex [PtMe;{*"NacNac}] (Ar = 4-tert-
butyl-2,6-dimethylphenyl) with dry oxygen led to the rapid formation of a Pt(IV)peroxo-complex
(Scheme 2-21, middle). As confirmed by X-ray diffraction analysis, in the formed compound one of
the oxygen atoms is bound to the bridging y-carbon atom of the NacNac ligand, while the other is
bound to the platinum ion. Within a few days, this complex rearranged to another platinum(IV)
complex with a cleaved oxygen—oxygen bond (Scheme 2-21, right). Its solid-state structure revealed
the bridging moiety to carry a hydroxyl function as well as an oxygen atom that binds to the
platinum center. Unfortunately, no abstraction of the bridging oxygen was observed, which would
have led to the formation of a platinum complex reminiscent of compound 17. Still, it is feasible
that the formation of 17 proceeded via a metal-ligand cooperative mechanism similar to that

observed by Goldberg et al.
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2.3.3 Group 2 Complexes

Simultaneously to the attempts to obtain group 2 complexes via salt metathesis reactions, concerted
deprotonation-metalation reactions with alkaline-earth-metal organometallics were carried out

with ligand 7 (Scheme 2-22).

iPrMgCl

MePh/THF;
0°C => 110°C, 2h

MeMgl

£40. O~ N0
-30°C =>RT, 3 h N N
7 > tBu \M/ tBu
|

IM(THF){N(SiMe3),},] Bu Ly tBu

THF
) RT, 18 h: M = Mg, Ca, Sr, Ba

1.
2.)75°C, 3 h L, = Cl, I, THF, N(SiMe3),

PhCal
THF
1.)-10°C, 1.5 h;

2.)RT, 18 h

Scheme 2-22. Synthesis attempts on the way to group 2 complexes starting from 7.

Unfortunately, no reaction was observed between ligand 7 and common group 2 metal sources, like
different magnesium Grignard reagents or alkaline-earth-metal hexamethyldisilazanes. "H NMR
spectra of the reaction crudes solely exhibit signals of the starting materials in all cases. Even at
elevated temperatures, no product formation could be observed. In addition, a conversion of 7 with
a freshly prepared PhCal Grignard compound, obtained from a reaction with activated calcium
metal and iodobenzene was carried out. Again, NMR spectroscopic investigation of the reaction
crude showed no evidence of a successful complex formation, but resonances of the starting

materials.

2.3.3.1 [MgX(THF)x{(4,6-tBu-NCOCcH,),CH}] (X = CI, Br: 18/18a)

Finally, from reactions of ligand system 7 with the Hauser type bases (iPr),NMgX (X = Cl, Br) in
THF, the heteroleptic magnesium halide complexes [MgX(THEF),{(4,6-tBu-NCOCsH,),CH}]
(X =Cl, Br: 18/18a) were obtained (Scheme 2-23).
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Scheme 2-23. Synthesis of [MgX(THF).{(4,6-tBu-NCOCsH,).CH}] (X = Cl, Br: 18/18a). Adapted with per-
mission from reference %, Copyright 2017, John Wiley and Sons.

The chloride-substituted complex 18 was isolated as colorless plate-shaped crystals in a yield of
48%. Due to its high solubility, even in unpolar solvents like hexane, no crystals of the bromide
congener 18a have formed at lower temperatures, yet. Thus, 18a was obtained as an amorphous,
almost pure orange solid in a yield of 68%. To generate a magnesium complex with an even better
leaving group for subsequent reduction attempts, preparation of the corresponding iodide Hauser
base was attempted. Unfortunately, the procedure by Neufeld that worked for the respective
chloride and bromide congeners did not afford the iodide substituted base.** In contrast to its
lighter halide homologues that were obtained as white solids, the white residue obtained from

reactions of diisopropylamine and a slight excess of MeMgI did not react with 7.

In Figure 2-19 (vide infra), the stacked '"H NMR spectra of 7 and the derived complexes 18 and 18a
are shown. The '"H NMR spectra of 18 and 18a exhibit signals of the methanide ligand as well as for
the coordinating THF molecules with an integral ratio from left to right of 2:2:1:8:18:18:8. The
spectra of the two complexes deviate only marginally. The biggest differences can be found for the
methylene bridge resonances (5.62 ppm in 18 and 5.56 ppm in 18a) and the high-field signal of the
THF donor ligands (1.07 ppm in 18 and 1.16 ppm in 18a). In comparison to the protonated ligand
7, upon metalation, the signal of the methylene bridge experiences the strongest shift of averaged

1.39 ppm to lower field in the magnesium halide complexes.

62



Results and Discussion
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Figure 2-19. Stacked "H NMR spectra of ligand 7 and the complexes 18 and 18a in CsDs. The residual solvent
signal is marked with #. The signals of coordinating THF molecules are marked with *. Note that there is a
slight contamination of 7 in the spectra of complexes 18 and 18a.

Regarding the structures of both complexes in solution, their molecular weights were estimated by
DOSY experiments to be 609 g/mol (18) / 634 g/mol (18a) (DSE) and 685 g/mol (18) / 715 g/mol
(18a) (merge). Within the error range, the experimental molecular weights of the structures fit to
theoretical values of either a four-fold or a five-fold coordination with one or two attached THF
molecules, respectively. Again, these findings show the THF donor ligands to be subject to rapid
dynamical exchange processes exacerbating a reliable conclusion on the molecular shape of 18/18a

in solution.

Complex 18 crystalizes in the monoclinic space group P2i/n. The asymmetric unit contains one
molecule of the complex as well as a lattice pentane molecule. An Addison parameter of 7 =0.74
undoubtedly indicates a five-fold trigonal-bipyramidal coordination around the central
magnesium(II) ion.***! Two chelating ring nitrogen atoms of the methanide ligand and a chloride
substituent form the equatorial plane, while two THF donor molecules reside at the apical positions

of the coordination polyhedron (Figure 2-20).
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Figure 2-20. Solid-state structure of [MgCI(THF),{(4,6-tBu-NCOCsH,),CH}]-pentane (18). Anisotropic
displacement parameters are depicted at the 50% probability level. A co-crystalized pentane molecule as well
as hydrogen atoms are omitted for clarity, except for the one at the bridging methylene position. Reprinted
with permission from reference 2. Copyright 2017, John Wiley and Sons.

With a dislocation of only 0.010(2) A the Mg** cation shows an in-planar arrangement to the
chelating C;N; moiety fitting perfectly into the offered coordination pocket. Interestingly, this
feature is still accompanied by a folding of the ligand framework by 10.16(3)° (Table 2-11).

Table 2-11. Selected bond lengths [A] and angles [°] of 18.

Mg(1)-N(1) 2.179(2) C(1)-C(2) 1.399(2) C(17)-0(2) 1.379(2)
Mg(1)-N(2) 2.160(2) C(1)-C(17) 1.391(2) Mg(1)-CsN: dist. 0.010(2)
Mg(1)-CI(1) 2.343(8) N(1)-C(2) 1.342(2) N(1)-Mg(1)-N(2) 99.83(6)
Mg(1)-0(3) 2.172(2) N(2)-C(17) 1.344(2) C(2)-C(1)-C(17) 128.9(2)
Mg(1)-0(4) 2.139(1) C(2)-0(1) 1.375(2) Folding angle 10.16(3)

In comparison to the lithium complex 13, the N(1)-Mg(1)-N(1) bite angle in 18 experiences no
significant change upon cation change. In contrast to that, the corresponding N-M distances
(2.179(2) and 2.160(2) A to av. 1.951(6) A in 13) and the Ciy—C1-Cips angle (128.9(2)° to 121.7(3)°
in 13) increase, which is in good agreement with the elevated ionic radius of the Mg* cation.
Complex 18 is the first example of a NacNac-like bis(benzoxazol-2-yl)methanide magnesium
complex with a trigonal-bipyramidal coordination geometry. Comparable five-fold coordinated
NacNac-based magnesium species are the di-nuclear [Mg,Br(THF).{(N(SiMes)C(tBu)C(H)).-
CHoN3} 2% and the tripodal species [Mg(u-1)2{x’-N,N’,0-("**"NCMe),(OCCPh,)CH}]®#* and
[{Mg{x’-N,N’,0-(P*"NCMe),(OCCPh,) CH}}»(u-x%x>-$,04) . Those exhibit with values in a range
from 2.155 to 2.132 A slightly shorter averaged Mg-N bonds than found in compound 18.
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Reactivity of Complex 18a
To get access to magnesium hydride species, reactions with different hydride sources were carried

out with complex 18a that carries with bromide a better leaving group than 18 (Scheme 2-24).

PhSiH;
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75°C,18h \ \\H/, \

A "

18a \ / ‘H’

K[HB(secbutyl)s] o tBu {Bu
THF;
-80 °C =>RT, 18 h

Scheme 2-24. Synthesis attempts on the way to a potentially dimeric magnesium hydride complex starting
from 18a.

In the synthesis of related NacNac-supported magnesium hydride complexes, phenylsilane was
successfully utilized as a hydride source.” Thus, in first attempts, this hydride donor was applied
to 18a as well. In addition to that, the hydride-transfer reagent potassium tri-sec-butylborohydride,
also known as K-Selectride®, was evaluated as potential alternative to phenylsilane. Starting from
this hydride donor, the formation of the magnesium hydride complex would proceed via the
release of a potassium halide and volatile tri-sec-butylborane as side products. For NacNac-based
magnesium hydride compounds like, for example, [Mg(u-H){"*’NacNac}],'*®! and [MgH(DMAP)-
{P""NacNac(B-C(tBu))}],1**) hydride resonances between 3.83 ppm and 4.65 ppm are reported from
"H NMR data. Hence, hydride signals for 7-based magnesium hydride compounds are expected to
occur within a similar region. So far, neither reactions of 18a with phenylsilane, nor with
K-Selectride® led to the formation and isolation of such a magnesium hydride complex. 'H NMR
spectroscopic investigations of the reaction crudes only afforded spectra that indicate a
decomposition of the starting complex as well as the methanide ligand. Until the end of this work,
attempts to isolate distinct species from the reaction crudes by crystallization have been

unsuccessful. Hence, repetition of the reactions with complex 18 as starting material was discarded.

2.3.3.2 [Mg{(4,6-tBu-NCOCsH2)2CH}.] (19)

With 7-based magnesium halides 18 and 18a in hand, reductions to obtain a potentially dimeric,
low oxidation state Mg(I)-Mg(I) complex were attempted. In analogy to the synthesis of related
NacNac-supported magnesium(I) dimers, both complexes were reacted with potassium metal in
toluene at room temperature. Moreover, these reactions were repeated with potassium graphite as

reducing agent (Scheme 2-25).
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Scheme 2-25. Synthesis of [Mg{(4,6-tBu-NCOCsH,),CH}.] (19). Adapted with permission from reference .
Copyright 2017, John Wiley and Sons.

Unfortunately, from all attempts, the homoleptic Mg(II) complex [Mg{(4,6-tBu-NCOCsH,)-
CH}] (19) was isolated as sole product in a yield between 76-80%. As a result, and to avoid a
possible over-reduction of the starting material, the reaction was attenuated by repetition at 0 °C,
but with the same outcome. Because of a high solubility of the product, even at reduced

temperatures, no single-crystals suitable for X-ray diffraction experiments could be obtained so far.

Nevertheless, formation of homoleptic compound 19 was indicated by LIFDI experiments. The
molecule radical cation peak [M]* at m/z=970.7 undoubtedly displays the isotopic pattern and
mass of an Mg(II) ion chelated by two methanide ligand molecules. Despite that, it is also feasible
that this species might have formed upon the ionization process from a previously present Mg(I)

complex.

In '"H-DOSY-ECC-MW experiments, the molecular weight of the obtained product in solution was
estimated to be 857 g/mol (DSE) and 993 g/mol (merge). Within the error range of 9%, especially
the latter estimate would fit to both, complex 19 as well as an only 24.3 g/mol heavier dimeric, low
oxidation state Mg'-Mg' species. Because of the lack of a solid-state structure, and in light of more
evidence for the formation of a homoleptic magnesium(II) compound, in the following it is
assumed that structure 19 represents the obtained product. In particular, formation of 19 might be
the result of a Schlenk equilibrium redistribution of a heteroleptic complex towards its homoleptic
equivalent, or due to a transient Mg(I) complex that is prone to disproportionation yielding Mg(0)
and Mg(II) and an excess of negatively charged ligand molecules. Jones and co-workers made
similar observations when carrying out reduction attempts with sodium or potassium metal on the

related NacNac precursor complex [MgI(Et,O){""NacNac}]."*’!

In a '"H NMR spectrum of 19 in C¢Ds, the complex related resonances are partly obscured by the
residual solvent signal, thus the measurements were repeated in [Di.]cyclohexane as another

non-donating solvent. Here, doublets at 7.05 ppm and 7.01 ppm with *Jux couplings of 2.0 Hz are
66



Results and Discussion

found for the aromatic protons H7 and H5 of the methanide ligands. A singlet at 5.38 ppm can be
assigned to the proton at the bridging methylene positions. The tBu substituents residing at the 4-
and 6-positions exhibit resonances at 1.25 ppm and 1.15 ppm, respectively. The presence of N- and
O-donor sites within the deprotonated bis(4,6-tBu-benzoxazol-2-yl)methanide ligand results in two
feasible symmetrical coordination modes: An exclusively N-bound (19) and a solely O-bound

species (19a) (Figure 2-21).

Bu
tBu tBu

tBu

0 N
I @C

W

19 19a

Figure 2-21. Comparison of exclusively N-bound (19) and solely O-bound (19a) coordination motifs.
Adapted with permission from reference 2. Copyright 2017, John Wiley and Sons.

Due to the presence of only one set of signals in the '"H NMR spectrum of 19, a third feasible
coordination motif that comprises one N- and one O-bound ligand can be directly ruled out. From
the coordination chemist’s point of view, a solely N-bound complex should be less favored. This is
due to steric crowding around the Mg(II) ion caused by the tBu groups at the 4-positions of the
methanides. Hence, for a correct determination of the coordination mode advanced NMR

techniques were applied.

First, the N-binding motif of deprotonated 7 to the Mg(II) cation in solution was evaluated by
considering the "N NMR chemical shift as determined from “N-"H HMBC spectroscopy. For
complex 19, a resonance at -213 ppm is found. This shift is close to the signal at -217 ppm displayed
by 18, which exhibits an N-binding mode, as determined from single-crystal X-ray diffraction. The
exclusively O-coordinated 7 exhibits a less high-field shifted °N resonance at -184 ppm.

In a collaboration with Niklas, this motif was further corroborated by "H NOESY experiments. The
cross-peak between the fBu substituents at the 4-position of an attached ligand and the methylene
bridging moiety of the second one is much stronger than between the tBu groups at the
corresponding 6-position and the bridging motif (Figure 2-22, vide infra). Thus, the correlated
proximity in space can only be rationalized by the N-binding mode present in 19 (also see

structural models as included in the appendix: Figure 5-18).
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Figure 2-22. Excerpt from the 'H NOESY spectrum of 19 in CsDs (*). For clarity, only relevant cross-peaks
are shown. Reprinted with permission from reference 2. Copyright 2017, John Wiley and Sons.

Moreover, the observation of a cross-peak between 4-tBu and Hyrag is indicative for the formation
of 19 instead of a Mg'-Mg' complex. Due to a missing proximity in space of the considered

structural fragments in the latter, the absence of such a cross-peak would be expected.

In a further collaboration with Niklas, a preliminary study on one-bond residual dipolar couplings
(RDCs) between C and H was performed and revealed that this technique can also be applied to
shed light on this stereochemical problem. A detailed introduction on the theoretical background of
RDC:s and the utilized alignment tensor concept would go beyond the scope of this thesis. Thus, for

a comprehensive overview on this issue it is highly recommended to consult reference 4.

A Dy symmetric compound such as 19 exhibits a uniaxial alignment tensor with its principal
components aligned along the C2 symmetry axes. Thereby, a single one-bond RDC is sufficient to

determine the alignment tensor (Table 2-12).

Table 2-12. Experimental one-bond scalar couplings 'Jcu, sums of scalar couplings and residual dipolar
couplings 'Tcu and resulting residual dipolar coupling 'Dcu in Hz. Adapted with permission from
reference 2. Copyright 2017, John Wiley and Sons.

Yen "Ten 'Dcn
C—-Hbridge 162.5+0.2 169.6 £ 1.2 71x1.2
C5-H5 1534+ 0.2 154.6 + 0.8 1.2+£0.8
C7-H7 160.8 £ 0.2 1713+ 1.8 105+1.8
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Practically, compound 19 was set into a coordinate system by aligning its C—Hyrage Vector along z.
Furthermore, the ring planes were embedded within the y-z plane. Polar angles 9 were then

determined between the z-axis and the respective C—H bond vector (Figure 2-23).

Figure 2-23. Polar angle 9 and azimuthal angle ¢ for an arbitrary C—H bond vector. Reprinted with permission
from reference 2. Copyright 2017, John Wiley and Sons.

The parallel arrangement between the ring and the y-z plane leads to ¢ = 90° for all bonds. Angles
are summarized in Table 2-13 (vide infra). The Equations (1) to (3) are fundamental and more
thoroughly explained in reference ***/ which can be employed to derive the alignment tensor

elements from the RDC of C—Hprigge-

D = k(Aysin?9cos?@ + Aysin®Isin’@ + A;cos??) (1)

The constant k is derived from the vacuum permeability, the gyromagnetic ratios of *C and 'H, the
Planck’s constant, numerical factors and the distance between the coupling nuclei. The latter is
1.09 A and thereby gives k = -69959.8 Hz.

Finally, D = 7.1 Hz yields the following results for A and A:

i) A=A, =(5.1+0.9)-10" and
ii) A, =(10.1£1.7)-107.

Subsequently, 3D structure proposals of the two possible binding motifs were obtained from simple
force-field optimization (see Figure 5-18). Note that state-of-the-art structure analysis via RDCs
usually employs DFT derived geometries, but low-level theoretical means have proven to yield

sufficiently accurate results as well.
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Table 2-13. Polar angles 9 between C-Hyrigee and C5-H5 and C-Hyrigge and C7-H7 as determined from
simple force-field optimized N-bound and O-bound structures. Resulting back-calculated RDCs Dy and
experimental RDCs Dey,. Adapted with permission from reference 2. Copyright 2017, John Wiley and Sons.

S(CS—HS) [0] \9(C7—H7) [0] Deaic [HZ] Dexp [HZ]

9.8 68+12 105138

N-bound 1315 11406 12+038
149.3 43409 10.5+1.8

O-bound 87.9 235406 12+08

This allows the determination of angles between the vectors C—Huriqge/ C5—H5 and C—Hyrigee/ C7-H7
which correspond to the polar angles 9. Back-calculation through equation (1) utilizing the
estimated tensor elements Ay, A, and A, yields theoretical RDCs Dy as summarized in Table 2-13

(vide supra). These values can be compared with the actual experimental RDCs Dey.

The agreement between back-calculated and experimental RDC is better in the case of N-bound as

can be immediately recognized. This can additionally be quantified by e.g. the Q-factor which

should be low for the correct structure (equation (4)).*!

2
Q _ Z(Dcalc,i - Dexp,i) (4)
Z D exp,i
This gives:
i) Q = 1.1 for the N-bound structure and
ii) Q = 2.3 for the O-bound structure.

In summary, the N-binding mode in 19 is supported by i) the "N NMR chemical shift, ii) NOE

contacts and iii) analysis of experimental and back-calculated RDCs.
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2.4 Syntheses of the Bis(4,6-iPr-benzoxazol-2-yl)methane (26)
Ligand and its s-Block Complexes

Major parts of this chapter have been published in:

[4] I. Koehne, N. Graw, T. Teuteberg R. Herbst-Irmer, D. Stalke, “Introducing NacNac-Like
Bis(4,6-isopropylbenzoxazol-2-yl)methanide in s-Block Metal Coordination”, Inorg. Chem.
2017, 56, 14968-14978.1

2.4.1 Ligand Synthesis

To exceed the group of bis(benzoxazol-2-yl)methane ligands that carry sterically demanding
substituents in close proximity to the coordination pocket, synthesis of the 4,6-iPr-substituted
derivative of 7 was started. In contrast to 7 and due to its smaller alkyl substituents, this ligand
system is assumed to exhibit a diminished kinetic hindrance towards concerted
deprotonation-metalation reactions with organometallic reagents. The symmetrically substituted
3,5-diisopropylphenol (23) is ten times as expensive as its corresponding tBu-substituted derivative.
Thus, this compound was self-made for a fraction of the cost, prior to the successive introduction
of an amino function at its 2-position. The latter proceeds according to the retrosynthetic approach

already depicted in Scheme 2-5 in Chapter 2.3.1.

2.4.1.1 3,5-diisopropylphenol (23)

Starting from commercially available 2,6-diisopropylaniline, 23 was prepared in a four-step
procedure following a protocol by Diemer and co-workers, which was modified and improved
(Scheme 2-26, vide infra).”**! In the first step, a bromine substituent was introduced at the para
position of the aniline starting material forming 4-bromo-2,6-diisopropylaniline (20) in a

(2471 A subsequent diazotization with in sifu generated nitrous acid

quantitative yield of 99%.
followed by the addition of hypophosphorous acid as reducing agent readily gave 1-bromo-3,5-
diisopropylbenzene (21) in a high yield of 93%. In contrast to the procedure proposed by Diemer, a
less elaborate purification method was acquired: A simple extraction of the reaction crude with
0.5 M sodium hydroxide solution and water. In the next step, a borylation with tributylborate of in
situ generated (3,5-diisopropylphenyl)lithium, obtained from a reaction of 21 with nBuli, gave a
mixture of boronic acid 22 (14%) and cyclo-triboroxane 22a (86%) in a yield of 60%. Notably, the
assignment of the '"H NMR spectroscopic resonances of compounds 22 and 22a in CDCl; were
mistakenly interchanged by Diemer and co-workers. Additionally, a singlet at 4.56 ppm (CDCls)

with an integral of two, also missing in reference ), could be assigned to the corresponding

B(OH); group of product 22.
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Br 1.) HCI (2m),
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Scheme 2-26. Four-step synthesis route for the preparation of 3,5-diisopropylphenol (23). Adapted with
permission from reference . Copyright 2017, American Chemical Society.

Finally, anion oxidation was carried out through addition of H,O, to a solution of 22/22a in
aqueous sodium hydroxide. To facilitate the formation of reactive hydroperoxide anions, reaction
was carried out in an alkaline instead of the suggested neat concentrated hydrogen peroxide
medium.**®! After protonation of the formed phenolate with aqueous HCI and subsequent workup,
3,5-diisopropylphenol (23) was obtained in an almost quantitative yield of 95%. Simultaneously, a
time-consuming workup via column chromatography suggested by Diemer and co-workers was
avoided. In conclusion, the overall yield of the four-step synthesis of 23 could be improved from
46% to 52%. This is accompanied by the implementation of less elaborate workup methods like

simple washing/extraction of the products with solutions of different pH-values.

2.4.1.2 3,5-diisopropyl-2-nitrophenol (24) & 3,5-diisopropyl-2-aminophenol (25)

Finally, with a sufficient amount of 23 in hand and analogous to the preparation of compound 6,

successive introduction of an amino function at the 2-position of 23 was started (Scheme 2-27).

; ; Pd/C (10mol%), .
iPr OH HNO, / HpSO, iPr OH H, (1.5 Bar) iPr OH
EtOAc, RT NO, MeOH, RT; NH,
: ) -2 H,0
iPr iPr iPr
23 24 25

Scheme 2-27. Syntheses of 3,5-Diisopropyl-2-nitrophenol (24) and 3,5-Diisopropyl-2-aminophenol (25).
Adapted with permission from reference . Copyright 2017, American Chemical Society.

72



Results and Discussion

Just like for the corresponding tBu-substituted derivative,” the first step consisted of adding one
equivalent of nitrating acid to compound 23. Subsequent fractional distillation of the reaction
crude, gave the parent mono ortho-substituted 3,5-diisopropyl-2-nitrophenol (24) as a yellowish-
orange oil in an appreciable yield of 46%. Besides resonances of the iPr substituents and the OH
group in the 'H NMR spectrum of 24 in acetone-ds, an additional doublet at 6.89 ppm and a
doublet of doublets at 6.83 ppm with an integral of one for each of the aromatic protons are
observed. This indicates the formation of an asymmetric product and thus, a successful mono
ortho-nitration. Furthermore, the IR spectrum of 24 displays characteristic vibrational bands for
the symmetric (¥ = 1365 cm™) and asymmetric (¥ = 1525 cm™) NO; stretching vibrations which are
in good agreement with the values of 1366 cm™ and 1518 cm™ found for the fBu-substituted

derivative 5.

Proceeding with the synthetic protocol depicted in Scheme 2-27, reduction of the parent nitro
function in 24 was performed by applying the already approved method used in the preparation of
compound 6. Subsequent recrystallization of the reaction crude from CHCl; readily gave the
desired 3,5-diisopropyl-2-aminophenol (25) in a yield of 90%. In the "H NMR spectrum of 25 in
[Ds]THE, a characteristic broad singlet at 3.82 ppm with an integral of two can be assigned to the
introduced NH, group. Again, distinctive vibrational bands at 3307 cm™ and 3376 cm™, arising
from the symmetric and asymmetric NH, stretching vibrations, are in tune with wave numbers of

3316 cm™ and 3415 cm™ found for 5.

2.4.1.3 Bis(4,6-iPr-benzoxazol-2-yl)methane (26)

As a last step and to ultimately generate the desired ligand system bis(4,6-iPr-benzoxazol-2-
yl)methane (26)," a two-fold cyclocondensation reaction between two equivalents of 25 and the

well-established ethyl-bisimidate dihydrochloride Cs-linker unit was carried out (Scheme 2-28).

iPr o M “2HCI  MeOH, 85 °C, 48 h NN
2 P P
NH, E© OBt -2 EtOH,-2NH,Cl " o

iPr
25 26

Scheme 2-28. Synthesis of bis(4,6-iPr-benzoxazol-2-yl)methane (26). Adapted with permission from
reference [, Copyright 2017, American Chemical Society.

Practically pure 26 was obtained as an orange oil in a yield of 43% by simple extraction of the

reaction crude with pentane and sonication. For analysis, the product was additionally purified by

2 In the following also abbreviated as: (4,6-iPr-NCOCsH2).CHo.
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column chromatography. In the "H NMR spectrum of 26 in [D;s]THF, ligand signals with an
integral ratio of 2:2:2:2:2:12:12 are observed (Figure 2-24).
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Figure 2-24. 'H NMR spectrum of compound 26 in [Ds]THF. Residual solvent signals are marked with #.
Grease is marked with *. Adapted with permission from reference ™. Copyright 2017, American Chemical
Society.

Besides resonances at 7.23 and 7.07 ppm for the benzene perimeter protons H7 and HS5, the
spectrum additionally shows a distinct singlet at 4.63 ppm caused by the methylene bridge protons.
Furthermore, a characteristic pattern of septets at 3.46 and 2.99 ppm as well as doublets at 1.38 and
1.26 ppm is observed, which exhibit *Juu couplings of 7.0 Hz. This can be assigned to the chemically
inequivalent iPr substituents at the corresponding 4- and 6-positions. Interestingly, despite bearing
four methyl groups less than its fBu-substituted congener 7, and being accompanied by a
supposedly decreased +I effect, the "H NMR signals of 26 are less down-field shifted. Thus, an
enhanced electron density residing at these positions is indicated. Additionally, a C=N stretching

vibration observed at 1609 cm™ is in good agreement with a value of 1601 cm™ found for 7.

2.4.2 Group 1 Complexes

For ligand system bis(4,6-iPr-benzoxazol-2-yl)methane (26), complex syntheses also commenced
with the preparation of group 1 precursors for the later implementation in salt metathesis reactions

with group 2 halides.
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2.4.2.1 [Li(THF)2{(4,6-iPr-NCOCH,)2CH}] (27)

To evaluate a lessened kinetic hindrance of 26 in comparison to its tBu-substituted congener 7, the
compound was lithiated with #nBuLi. In contrast to the behavior of 7 (see Chapter 2.3.2), the
addition of nBuLi to a solution of 26 in THF at -60°C gave the corresponding four-fold
coordinated lithium precursor complex [Li(THF),{(4,6-iPr-NCOC¢H,).CH}] (27) in a yield of 69%
overnight (Scheme 2-29).

iPr
26 Buli THF O{:N/”""Tr/
+ nBulLi > _ - Li
=60 °C => RT, 18 h: N

O i
- nBuH iPr
THF

iPr
27

Scheme 2-29. Synthesis of [Li(THF),{(4,6-iPr-NCOC¢H,).CH}] (27). Adapted with permission from
reference (Y. Copyright 2017, American Chemical Society.

Upon lithiation of 26, the resonances intrinsic to the aromatic protons at the benzene perimeters
experience a significant up-field shift. Now, signals at 6.84 ppm and 6.82 ppm are found in the
"H NMR spectrum of 27 in [Ds] THF. This observation is in tune with an increased electron density
at these positions, due to a successful charge delocalization from the CsN, moiety towards the Ce
perimeters in the ligand periphery. This is also accompanied by a deshielding and simultaneous
downfield shift of the corresponding methylene bridge signal to 4.72 ppm. In addition, complex 27
shows a ’Li NMR signal at 2.07 ppm that is shifted about 0.69 ppm to higher field than the

resonance exhibited by its congener 13.

Moreover, 27 crystalizes in the non-centrosymmetric monoclinic space group Cc comprising one
molecule in the asymmetric unit. The solid-state structure reveals an only slightly distorted

tetrahedral coordination around the central lithium ion (Figure 2-25).
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Figure 2-25. Solid-state structure of [Li(THF),{(4,6-iPr-NCOCsH,),CH}] (27). Anisotropic displacement
parameters are depicted at the 50% probability level. Hydrogen atoms are omitted for clarity, except for the
one at the bridging methylene position. Reprinted with permission from reference . Copyright 2017,
American Chemical Society.

The coordination sphere is made up by two ring nitrogen atoms of deprotonated monoanionic 26
and additionally by the oxygen atoms of two attached THF donor molecules. With a dislocation
between 0.00(3) and 0.07(5) A, the lithium ion is almost ideally placed within the chelating CsN,
plane. Moreover, a butterfly-like folding angle in a range of only 2.2(10)° to 2.3(6)° between the two

benzoxazol side arms indicates an almost planar ligand framework (Table 2-14).

Table 2-14. Selected bond lengths [A] and angles [°] of 27.

Li(1)-N(1) 2.03(1) N(1)-C(2) 1.331(8) Li(1)-CsNa dist.  0.00(3), 0.07(5)
Li(1)-N(2)  1.96(2),2.11(2) | N(2)-C(15) 1.33(1), 1.32(2) N(1)-Li(1)-N(2)  99.7(6), 91.7(8)
C(1)-C(2) 1.41(1),1.392) | c(2)-0(1) 1.400(8) C(2)-C(1)-C(15)  126.8(1), 119(2)
C(1)-C(15)  1.39(1),1.37(2) | C(15)-0(2) 1.41(1) Folding angle 2.2(10), 2.3(6)

The N—M distances in 27 between 1.96(2) to 2.03(1) A are elongated in comparison to the closely
related complex [Li(THF){(4,6-tBu-NCOCsH.).CH}] (13). An electronically more depleted ligand
periphery and an increased coordination number of four, due to an additional THF donor, most
likely causes this feature. The same trend can be derived for the corresponding N-M—N bite angle
between 91.7(8)° and 99.7(6)° and a considerable widening of the Cj,—C1—Ci, angle from 121.7(3)°
in 13 to 119(2)°-126.8(1)° in 27. Another related lithium complex [Li(THF),{(1-Me-NCN-
CeH,),CH}]'¥ exhibits comparable N-M bond lengths (1.979(3) and 1.974(3) A) to 27, but
reduced N-M—N and Cj,—Ci—Cyss angles of 96.85(1)° and 124.28(2)°, respectively. Furthermore,
the general structural features of 27 are also in good agreement with those for comparable

B-diketiminate-based lithium compounds from literature.*>*!
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2.4.2.2 [K{n>-(4,6-iPr-NCOCsH2).CH}]- (28)

The addition of compound 26 to a suspension of potassium hydride in THF led to the formation of

a novel potassium species in a yield of 71% overnight (Scheme 2-30).

i
o)
THF /%Pr 0 YO
26 + KH ——— —— | o\ V" RK =

RT, :I 8 h; N iPr o
T2 iPr
]  iPr
iPr \
‘\
L —J o0
28

Scheme 2-30. Synthesis of [K{#-(4,6-iPr-NCOCsH,),CH}].. (28). Adapted with permission from reference [,
Copyright 2017, American Chemical Society.

Recrystallization from gas-phase diffusion of pentane into a saturated solution of 28 in THF only
afforded small needle-shaped crystals unsuitable for single-crystal X-ray diffraction experiments.
Nevertheless, in light of the structural motifs of other bis(benzoxazol-2-yl)methanide based
potassium compounds, it is most likely that [K{#*-(4,6-iPr-NCOCsH,),CH}].. (28) was obtained as
product. For example, the complexes [K(THF){(4-MeNCOCsH3),CH}].. (2) and [K{n>-(4,6-fBu-
NCOCsH:).CH}].. (14) form polymeric strands in the solid-state, thus this coordination polymer is
assumed for 28 as well. Because the "H NMR spectrum of 28 in [Ds] THF solely exhibits resonances
of the monoanionic ligand 26 and no additionally attached THF molecules, a donor-base free
polymeric structure like in the aforementioned and closely related 14 is most likely (Figure 2-26,
vide infra). In comparison to 14, the signals for the protons H7 and H5 residing at the benzene
perimeters experience a stronger upfield shift (6.78 and 6.73 ppm versus 7.01 and 6.97 ppm in 14)
in the '"H NMR spectrum of 28. In contrast, the resonance for the bridging CH moiety (4.61 ppm
compared to 4.56 ppm in 14) is shifted slightly more downfield, again indicating an enhanced

charge redistribution towards the benzene perimeter than in its tBu-substituted congener.
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Figure 2-26. '"H NMR spectrum of compound [K{#’-(4,6-iPr-NCOC¢H,),CH}].. (28) in [Ds]THF. Residual
solvent signals are marked with #. Grease is marked with *. Adapted with permission from reference V.

Copyright 2017, American Chemical Society.

2.4.3 Group 2 Complexes

2.4.3.1 [MgCI(THF)2{(4,6-iPr-NCOCsH:).CH}]-hexane (29)

To maximize the formation of a heteroleptic complex, compound 26 was added very slowly to a
solution of two equivalents of the well-established Hauser base (iPr),NMgCL** As a result, the
derived magnesium halide compound [MgCI(THF).{(4,6-iPr-NCOCsH,).CH}]-hexane (29) was

isolated in form of colorless crystals in a yield of 56% (Scheme 2-31).

I o,

THF
26 + 2 . - CN“"""""-Mg—m
MgClI RT, 18 h; N—
- (iPr),NH iPr
Pr THF
29

Scheme 2-31. Synthesis of [MgCI(THF),{(4,6-iPr-NCOCsH,),CH}]-hexane (29). Adapted with permission
from reference [l Copyright 2017, American Chemical Society.

Again, the deprotonated ligand system 26 shows an enhanced dislocation of the negative charge
throughout the ligand framework, which is reflected in the chemical shifts found in the '"H NMR
spectrum of 29 in Ce¢Dg. In detail, the two resonances for the aromatic protons at the benzene
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perimeters (7.11 and 7.03 ppm versus 7.42 and 7.28 ppm in 18) and the signal arising from the
bridging CH fragment (5.59 ppm relative to 5.62 ppm in 18), experience a stronger electronic

shielding effect expressed by a more pronounced upfield shift.

Moreover, complex 29 crystalizes in the triclinic space-group P1 and was refined as a four-fold
non-merohedral twin. The asymmetric unit contains four equivalents of non-crystallographic C,,
symmetric 29 and four lattice hexane molecules (see Figure 5-11 in the appendix). The central
magnesium dication displays a five-fold trigonal-bipyramidal coordination (Addison parameter
75 =0.77).2* Like in 18, the equatorial plane is spanned by a chloride substituent and two imine
nitrogen atoms of the chelating monoanionic ligand 26, while two THF donor molecules reside at

the apical positions (Figure 2-27).

Figure 2-27. Solid-state structure of [MgCI(THF),{(4,6-iPr-NCOCH,).CH}]-hexane (29). Anisotropic
displacement parameters are depicted at the 50% probability level. Hydrogen atoms are omitted for clarity,
except for the one at the bridging methylene position. Three additional molecules of 29 as well as four lattice
hexane molecules present in the asymmetric unit are omitted as well. Reprinted with permission from
reference 1. Copyright 2017, American Chemical Society.

Concerning the ligand framework of the four molecules present in the asymmetric unit, the
butterfly-like folding angle between the heteroaromatic side arms ranges from 1.99(9)° in the least
bend structure to 15.72(6)° in the most folded one. As can be seen from Table 2-15 and the
superposition plot in Figure 2-28 (vide infra), the Mg(II) ion in 18 (blue) shows an in-planar
arrangement with respect to the chelating C;N, plane. In contrast, the cation in 29 (red) exhibits a
significant dislocation of 0.412(5) to 0.547(4) A from this moiety in contrast to the vanishingly low
0.010(2) A in 18. Most likely, this can be ascribed to the reduced steric demand of the iPr
substituents in 29, diminishing the kinetic barrier for the magnesium dication to leave an in-planar

arrangement.
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Table 2-15. Selected bond lengths [A] and angles [°] of 29.
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The asymmetric unit contains four equivalents of complex 29. Hence, four values are given for each parameter.

Symmetry transformations used to generate equivalent atoms: #1: -x+2, -y+1, -z+1; #2: -x, -y+1, -z.

Figure 2-28. Superimposition of the molecular structures of 29 (red) and 18 (blue). Hydrogen atoms and the
corresponding iPr/tBu substituents are omitted for clarity. Reprinted with permission from reference ™.
Copyright 2017, American Chemical Society.

In the case of 18, the cation is locked between the inwardly pointing methyl groups of the Bu
substituents bound at the 4-positions (also see Figure 2-29, vide infra). The observed N-Cy,
distances within the six-membered metalla-heterocycle span the narrow range from 1.325(5) to
1.341(5) A, consistent with efficient delocalized bonding.!'*” ¥¥ Because of a decreased steric
repulsion, the N-M distances in 29 cover the narrow array of 2.098(3) to 2.114(3) A and are
considerably shortened with respect to the corresponding values of 2.1786(2) and 2.1602(2) A
found in 18. The same trend can be derived for the correlating N-Mg-N and Ci;,~C(1)-Ci angles.
In 29 they range from 93.84(1)° to 94.38(1)° and 124.0(3)° to 125.2(3)°, respectively, while being
significantly widened in 18 (99.83(6)° and 128.9(2)°).

2.4.3.2 Excursus: Percent Buried Volume (%Vbur) Calculations

The next step was to gain a firm estimation of the steric demand and the offered shielding
capabilities of each ligand system towards the coordinated magnesium dication. For this purpose,
percent buried volume (%Vy.) and topographic steric map calculations were carried out for the
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monoanionic ligand platforms in compounds 29, the closely related 18, as well as bis(oxazol-2-
yl)methanide derived species [ZnMe{""BOX}] (A).”" Because of the lack of metal complexes
comprising the monoanionic ®BOX, this ligand system is not considered. For comparison, the
closely related iPr- and Bu-substituted NacNac ligands in [Mg{*NacNac},]** (B, R = iPr) and (C,
R = tBu) and the popular Dipp-substituted congener in [MgCI(THF){"**NacNac}]'*** (D) are also
considered (Figure 2-29). For computational details, see Subchapter 4.1.5.

SwW s SE
83 -2 1 0 1T 2 3 3 -2 10 1T 23 S -2 -1 0 17T 23
%V, =456 %V, = 53.5 %V, =51.8
o M o 0 Mo W A
Al o
F G
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2
1
0
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-3
3 -2 -1 0 1T 2 3 S -2 -1 0 1T 2 3 3 2 1 0 1T 2 3
%V, = 488 %oV, = 49.6 %V, = 53.1

B 2 2 202 s
-3.00 -225 -150 -0.75 000 075 150 225 3.00 [A]
less bulky more bulky

Figure 2-29. Percent buried volumes (%Vy.) and topographic steric maps of compounds 18, 29 and A-D. For
clarity, only the relevant metal ion and the considered dicoordinate ligand are depicted. The orientation of
the ligand as well as the notation of quadrants as NE (northeast), SE (southeast), SW (southwest) and NW
(northwest) for 29 is valid for all systems and steric maps. For structures that show several molecules in the
asymmetric unit or more than one molecule of the considered ligand attached to the metal ion, averaged
%V values are given. Adapted with permission from reference ™. Copyright 2017, American Chemical
Society.

81



Results and Discussion

The steric map of 29 reveals good shielding properties (% V.- = 45.6) of the coordination pocket
within this system (Figure 2-29: top, left). An additional feature responsible for the dislocation of
the metal from the chelating plane is revealed when taking a closer look at the CH hydrogen atoms
of the C4 iPr groups pointing in toward the coordination pocket (red bulges in SW and SE
quadrants). Because they already claim an in-planar arrangement to the C;N, scaffold, the Mg(II)
ion is forced to leave this plane to evade steric congestion, resulting in an upwardly aligned MgCl
bond and a dislocation of the metal ion. Proceeding with structure 18, the steric map of this
complex reveals a sufficient shielding of the MgCl unit, which is almost perfectly positioned
between the four inwardly pointing methyl groups visualized by the red bulges in all four quadrants
(Figure 2-29: top, middle). In this arrangement, an enhanced charge delocalization between the
metal ion and the ligand framework is assured. Additionally, the tBu substituents offer a fair
shielding on top and underneath via wrapping around the MgCl moiety, resulting in the highest
% Vur value of 53.5% of all of the considered structures. Despite that the coordination pocket of the
chiral BOX ligand in A is characterized by a SW and NE groove (Figure 2-29: top, right), the tBu
substituents, which correlate with the red bulges that protrude into the NW and SE, provide
sufficient shielding in these directions. This results in a % V. of 51.8% that is only slightly smaller
than in 29.

Interestingly, the iPr- and tBu-substituted NacNac ligands in B and C give rise to almost identical
topographic steric maps and %Vu.: values of 48.8% and 49.6%, respectively. These values lie
between those of the bis(benzoxazol-2-yl)methanide ligand systems in 29 and 18 (Figure 2-29:
bottom, left and middle). The molecular structures of D, containing the popular "*?NacNac ligand,
and complex 29 share some common structural features: Despite the different tetrahedral
coordination, the metal in D shows a similar dislocation of 0.534 A from the chelating CsN; plane
as well as a comparable N-Mg-N bite angle and N-Mg distances. D exhibits a coordination pocket
that almost covers the entire area. With angles of 73.3° and 69.9°, the parent Dipp substituents are
considerably twisted away from a perpendicular alignment with respect to the chelating Cs;N; plane.
This is visualized by the strong bulges in the SW and SE and rather depleted NW and NE regions in
the steric map of this structure (Figure 2-29: bottom, right). The %V, value was calculated to be

53.1%, which is only slightly smaller than that in the methanide supported 18.

In light of the substituents bending away from the coordination pocket, the shielding abilities of the
iPr-substituted bis(benzoxazol-2-yl)methanide in 29 (%Vu. of 45.6%) are still good and
comparable to those of the iPr- and Bu-substituted NacNac systems in complexes B and C. The
tBu-substituted bis(benzoxazol-2-yl)methanide in 18 and the Dipp-substituted NacNac ligand in D
exhibit %V, values of 53.5% and 53.1%, respectively. These are the best shielding capabilities
within the considered series, being most pronounced in the methanide 18. Nevertheless, both

bis(benzoxazol-2-yl)methanides provide sufficient shielding to the cation, preventing the
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complexes from aggregation. Regarding the coordination pockets in the MgCl complexes, the size
offered by the tBu-substituted methanide seems to be the most suitable. Here, the magnesium ion

exhibits the least dislocation from the chelating C;N; ligand plane.

2.4.3.3 Excursus: Electronic Structure Analyses

In order to gain some insight into the electronic structure and the related donating properties of the
examined ligand systems, electronic structure analyses we carried out in collaboration with
Teuteberg from the Mata group. For computational details, see Subchapter 4.1.4. In a related study,
this tool was already successfully applied to clarify the structural description of 2-picolyllithium,?**
that turned out to be best described as a lithium amide, rather than by lithium-carbanion
interactions. Hence, the lithium complexes 13 and 27 as well as [Li(THF){®NacNac}] (E),"*"
[Li(THF){P**NacNac}]®" (F) and amide-functionalized [Li(Et,O){N-"**NacNac}]?" (G) were taken
into account. The latter is based on an electron-rich so-called N-NacNac ligand system, which bears
NMe; groups at the ff-carbons and was reported only very recently. For these systems, NPA charges
were calculated and NBO as well as NRT analyses were carried out. All calculations were performed
at the BP86-D3/def2-TZVP level of theory. Some calculations were repeated at the B3LYP-D3/def2-

TZVP level of theory to ensure consistency of the results and only minor differences could be

observed.

The NPA only reveals minor differences between the systems. As expected, all systems show an
almost entirely ionic lithium and both, the coordinating nitrogen atoms N and N’ as well as the
bridging y-C atom are assigned with significant negative charges. The two bis(benzoxazol-2-
yl)methanide systems 27 and 13 show only slightly different charge distributions, therefore

exhibiting similar donating properties (Figure 2-30).
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Figure 2-30. Calculated NPA charges for selected lithium compounds 27, 13 and E-G at the BP86-D3/def2-
TZVP level. Adapted with permission from reference . Copyright 2017, American Chemical Society.

Still, a stronger asymmetric charge distribution, e.g., at the coordinating nitrogen atoms, in 27

(-0.609 e and -0.631e to -0.640 e and -0.651 e in 13) is found. Accompanied by considerably
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deviating Li-N and N-C,, distances in 27 (see Table 2-14), these features indicate a slightly less
pronounced delocalized imino-enamide ligand description than in 13 or the highly symmetric
NacNac species E and F. Interestingly, a comparable asymmetric charge distribution was calculated
for the N-NacNac-based species G. In addition, an averaged charge of -0.401 e residing at the
nitrogen atoms in its ligand periphery fits quite well to averaged values of -0.384 e and -0.378 e
calculated for the oxygen atoms in 27 and 13, indicating an enhanced conjugation throughout the
oxygen atoms in the methanides. In general, slightly larger charges of average -0.64 e (E), -0.66 e (F)
and -0.71 e (G) at the coordinating nitrogen atoms indicate slightly enhanced donating properties

for the NacNac systems.

Standard NBO analysis for all systems results in a carbanionic diimino structure as the reference
Lewis representation. In all cases, however, the lone pair on the bridging y-C atom is assigned an
occupation number of only about 1.3 electrons, and second-order perturbation theory indicates
strong delocalization towards the N/N’-Cj,, anti bonds. Thus, the electronic structure is strongly
delocalized, somewhere between a carbanionic diimino and an imino-enamide structure. While, in
principle, the perturbation interaction energies provide useful insight into the donating properties,

interpretation based on a single Lewis representation is not meaningful in this case.

Because the single carbanionic structure does not represent the calculated electronic structure very
well, NRT analyses were performed to estimate the influence of other resonance structures.
Although the carbanionic diimino structure is found to have the largest contribution for all five
systems, it only contributes to a small extent for the NacNac-based structures E (21.5%), F (12.3%)
and G (9.2%) and even less for 13 and 27 (8.3% and 7.7%, respectively). Hence, a large number of
small contributions from several resonance structures have to be taken into account. Summation
and renormalization of contributions for all structures featuring a lone pair at y-C or one of the

coordinating nitrogen atoms N and N’ leads to much more comparable results (Table 2-16).

Table 2-16. Fraction of NRT resonance structures exhibiting a carbanionic diimino (lone pair at the
bridging y-carbon) or an imino-enamide (two lone pairs at N or N’) structure for 27, 13 and E-G. Adapted

with permission from reference [ Copyright 2017, American Chemical Society.

H H CH_
R C R R C R R__.C R
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N: R (X} R Ni: R .o R y_c R R
27 37.3 39.7 17.9
13 36.6 39.5 17.2
34.0 34.2 24.6
36.0 36.0 19.6
G 39.9 35.0 17.4
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The NacNac-based compounds E and F show more contribution from carbanionic structures
(24.6% and 19.6%, respectively) than the electron-rich N-"P"NacNac-derived G (17.4%) and the
bis(benzoxazol-2-yl)methanide systems 27 and 13 (17.9% and 17.2%, respectively) and slightly less
from amidic structures. While the summation revealed all five systems to be significantly more
amidic than carbanionic, it seems reasonable to assign the electron-rich systems G, 27 and 13 a
somewhat more amidic character compared to E and F. This also indicates that the electron-rich
bis(benzoxazol-2-yl)methanide systems could act as better donor systems than the “normal”

NacNac ones and even than the electron-rich N-"""NacNac systems.

2.4.3.4 [M(THF).{(4,6-iPr-NCOCcH,).CH}.] (30-33) (M = Mg, Ca, Sr, Ba; n = 0-1)

To obtain heteroleptic amide complexes of 26, group 2-HMDS compounds were applied again as
reagents in concerted deprotonation-metalation reactions. Unfortunately, a treatment of 26 with
[M(THF)»{N(SiMes),}.] (M = Mg, Ca, Sr and Ba) gave the corresponding homoleptic compounds
[M(THF).{(4,6-iPr-NCOC¢H,).CH},] M =Mg, n=0(11); M=Ca, n=1(12); M =Sr, n=1 (13);
M = Ba, n =1 (14)) in yields of 40-71% at room temperature (Scheme 2-32).

iPr
26 + [M(THF){N(SiMe3),}] T ~N\A \\“‘Nj\
+ iMes)}] —— = (& A e
2 3)212 RT, 18 h: \ /M\N

, o)
-2 (SiMeg)NH _IPr O/

30: M=Mg,n=0 iPr P

31:M=Ca,n=1 T

32:M=Sr,n=1
33: M=Ba,n=1 iPr

Scheme 2-32. Syntheses of [M(THF).{(4,6-iPr-NCOC¢H,),CH},] (30-33) (M =Mg, Ca, Sr, Ba; n=0-1).
Adapted with permission from reference Yl Copyright 2017, American Chemical Society.

Complex 30 displays a four-fold distorted tetrahedral MgN, arrangement made up by four ring
nitrogen atoms of two monoanionic ligands 26. The higher homologues 31-33 all show an isotype
five-fold coordination with one additional THF donor molecule to saturate the coordination
sphere. With 7z parameters of 0.46 (31), 0.48 (32) and 0.37 (33), all three structures adopt a
distorted square-pyramidal-based coordination of the dication, being most pronounced in the
barium derivative. Against all expectations, the ionic radius of 1.35 A for the barium(II) ion still is
not large enough to accommodate a second THF donor molecule.*" All four compounds show an
exclusive x’-coordination by the imine ring nitrogen atoms and a similar puckering of the

six-membered metalla-heterocycle (Figure 2-31).
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Figure 2-31. Solid-state structures of complexes 30-33. Anisotropic displacement parameters are depicted at
the 50% probability level. Hydrogen atoms are omitted for clarity, except for those at the bridging methylene
positions. A lattice hexane molecule present in the asymmetric unit of 30 is omitted as well. Adapted with
permission from reference . Copyright 2017, American Chemical Society.

With butterfly-like folding angles between 10.76(3)° and 13.34(3)°, this feature is most prominent
in the tetrahedral structure 30. The square-pyramidal-based species 31-33 exhibit angles between
1.98(5)° and 8.24(4)° and show enhanced planarity due to the present change in geometry. The
latter is accompanied by a decrease in steric crowding. The opposite trend is observed for metal
dislocation from the chelating CsN, plane. Here, the distances gradually increases along the line Mg
(0.018(2)/0.072(2) A) < Ca (1.182(3) A) < Sr (1.247(4)/1.130(4) A) < Ba (1.281(2) A). The C:N,
moiety provides both, o- as well as m-electron density. Because polarizability and softness of the
dications rise with increasing ionic radius from Mg®* to Ba®, the increasing out-of-plane
arrangement also indicates a more and more pronounced metal-mt interaction of the cations to the
non-directed m-density of the delocalized aromatic system. Furthermore, in 30-33 the N-M
distances also increase along the row Mg < Ca < Sr < Ba (average values: Mg 2.045 A, Ca 2.424 A, Sr
2.569 A, Ba 2.733 A), while the corresponding N-M-N bite angles decrease with cation size: Mg >
Ca > Sr > Ba (average values: Mg 95.0°, Ca 80.81°, Sr 75.2°, Ba 70.83°). These observations are in
tune with increasing ionic radii from Mg?* (0.66 A) over Ca** (1.00 A) to Sr** (1.18 A) and Ba®*
(1.35 A).o0
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Table 2-17. Selected bond lengths [A] and angles [°] of 30-33.

30 (M =Mg) 31 (M =Ca) 32 (M =Sr) 33 (M =Ba)

M(1)-N(1) 2.046(1), 2.041(1) 2.440(2) 2.579(2), 2.550(2) 2.726(1)
M(1)-N(2) 2.048(1), 2.046(1) 2.409(2) 2.569(2), 2.578(2) 2.740(1)
C(1)-C(2) 1.391(2), 1.386(2) 1.399(3) 1.388(4), 1.390(4) 1.399(2)
C(1)-C(15) 1.386(2), 1.389(2) 1.385(3) 1.397(4), 1.393(4) 1.398(2)
N(1)-C(2) 1.340(2), 1.336(2) 1.323(3) 1.336(3), 1.332(3) 1.332(2)
N(2)-C(15) 1.341(2), 1.339(2) 1.334(3) 1.328(3), 1.329(3) 1.325(2)
C(2)-0(1) 1.373(2), 1.376(2) 1.392(3) 1.391(3), 1.390(3) 1.396(2)
C(15)-0(2) 1.374(2), 1.373(2) 1.394(3) 1.390(3), 1.393(3) 1.400(2)
M(1)-C5N: dist. 0.018(2), 0.072(2) 1.182(3) 1.247(4), 1.130(4) 1.281(2)
N(1)-M(1)-N(2) 95.17(5), 94.83(5) 80.81(6) 74.88(7), 75.60(7) 70.83(4)
C(2)-C(1)-C(15) 123.8(1), 123.4(1) 125.5(2) 125.4(2), 125.7(2) 125.5(1)
Folding angle 13.34(3), 12.09(4), 3.90(3) 1.98(5), 8.24(4) 8.01(6)

10.76(3)

In complexes 31 and 33, the second methanide molecule is symmetry-generated. Hence, only one value is given for
each parameter. Symmetry transformations used to generate equivalent atoms: 31: -y+1, -x+1, -z+1/2; 33: -x+1,

Yy, -z+3/2.

In comparison to the magnesium complex, an elongation of 0.69 A of the M-N distance in the

barium complex fits quite well to the 0.69 A difference regarding their ionic radii.

Moreover, a cross-validation for a given set of bis(4-Me-benzoxazol-2-yl)methanide-based
complexes [Mg{(4-MeNCOCsH3).CH},] (3) and [Ca(THF).{(4-MeNCOCsH3),CH},] (4), and
related NacNac-derived structures [M{***NacNac},] (M = Sr, Ba),!"®” reveals the same trends with
increasing cation radii for the N-M distances and N-M-N bite angles. Here, even the dislocation of
the cations from the chelating C;N, plane follows a similar tendency, emphasizing on the close
relationship between both ligand platforms. The same is valid among the related iPr- and fBu-
substituted homoleptic f-diketiminate complexes [M{¥"**NacNac},] (M = Mg, Ca, Sr, Ba).*”*!
While 30-33 solely exhibit «*>-N,N’-coordinations to the metal ions, different motifs are reported for
the related NacNac structures. The magnesium complexes in both *NacNac (R =iPr, tBu)
structures show a x?-coordination as well. In contrast, in association with the fBu-substituted
NacNac ligand, the heavier alkaline-earth-metals (Ca, Sr and Ba) preferably adopt #°-binding
modes consistent with the preference of those cations for non-directed n-density. In the iPr-
substituted systems, the Ca compound maintains a x*-N,N’- and the Sr complex a 7°-coordination,
due to decreased steric crowding. Only the barium species does not fit the trend, now exhibiting an

unprecedented mixed coordination pattern to two Ba** cations.

The structurally characterized less bulky solvated group 2 aminoiminophosphoranates [M(THF),-
{(NSiMe;),PPh,},]?* (M =Be to Ba; n=0-2) and benzamidinates [ML,{(NSiMes),CPh},]?55-28!
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(M =Mg to Ba; L,=THF, benzonitrile, 1,2-dimethoxyethane), show the same trends for metal
dislocation with increasing cation size like in 30-33, despite exhibiting a less pronounced out-of-
plane arrangement. In the phosphoranates it increases gradually from 0.098 A for Be?* to 0.557 A
for Ba’, while for the latter, values between 0.054 A for Mg’*and 0.816 A for Ba’* are reported.
These dislocations indicate a less populated and therefore less attractive m-density in both ligand
systems. The aforementioned comparable influences on N-M distances and N-M-N bite angles are
observed as well. In comparison to 30-33, considerable elongated N-M distances are reported as
steric demand increases within the narrowed N-P-N and N-C-N coordination pockets.
Interestingly, the group 2 diazasulfinates [M(THF),{(NSiMes),SPh},]**! (M = Ca to Ba), which bear
an electron-withdrawing phenyl substituent at the ligand backbone, show no metal dislocation
from the chelating plane. An increasing dislocation of the metal with increasing ionic radius is
observed with an electron-donating substituent at this position like in the corresponding

triazasulfites [M(THF),{(NSiMe;),SN(SiMes),},]*** (M = Mg, Sr, n = 0-1).

In addition, structures 30-33 were studied by 'H- and “C{'H} NMR spectroscopy. All recorded
spectra show a distinctive pattern of chemical shifts arising from the monoanionic ligand scaffold
and, in 31-33, from an additionally attached THF donor molecule. Regarding the '"H NMR spectra
of the discussed complexes, the resonances arising from the ligand molecules show a ratio of
4:4:2:4:4:24:24 for the aromatic protons at the benzene perimeters (4:4), the bridging CH moiety (2)
and the corresponding CH (4:4) and CH; (24:24) moieties of the iPr substituents at the 4- and
6-positions, respectively. This observation indicates that all four compounds adopt a C,, symmetric
geometry in solution, resulting in one set of chemically and magnetically equivalent heteroaromatic
side arms as well as ligand molecules in each structure. As summarized in Figure 2-32 (vide infra),
some general trends within the Mg** to Ba’" series can be derived from the NMR data: The "H NMR
shifts for the C-H bridging position exhibit a continuous decline along the line Mg (5.39 ppm) > Ca
(5.08 ppm) > Sr (5.02 ppm) > Ba (4.85 ppm). Because this resonance is highly indicative for the
corresponding electron density accumulated in the perpendicular p-orbital being part of the
aromatic system, a stronger down-field shift descending from Mg** to Ba** directly correlates with
an enhanced negative charge at this position. The same trend can be deduced for the aromatic
proton at the C7 position. In contrast, all remaining protons in the ligand periphery, even the iPr
methyl groups, exhibit a small but steady upfield shift. The carbon atoms involved in the
six-membered metalla-heterocycle show a comparable tendency like the proton at the bridging
moiety (Mg (59.7 ppm) > Ca (58.8 ppm) > Sr (58.1 ppm) > Ba (56.9 ppm)). As was also stated in a
related study on homoleptic alkaline-earth-metal NacNac complexes, a steady decrease in chemical
shifts in the row Mg > Ca > Sr > Ba is related to an increasing ionicity accompanied by an enhanced

U9 Concerning the ligand backbone, only the

charge delocalization through the ligand system.
chemical shifts of the quaternary C4 and C6 ring carbon atoms seem to be affected by a cation

change.
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Figure 2-32. 'H- (left) and C{'H} NMR shifts (right) of the complexes: [M(THF),{(4,6-iPr-NCOCsH,)-
CH},] M =Mg, n=0(30); M=Ca, n=1(31); M=Sr, n=1(32); M =Ba, n=1(33)). Measurements were
performed in [Ds]THF, except for the “C{*H} (CsDs) of 31, due to a poor solubility of pure crystalline 31 in
[Ds]THE. The stacks of numbers represent the values for the corresponding Mg, (Ca), [Sr] and {Ba}
compounds. Reprinted with permission from reference . Copyright 2017, American Chemical Society.

On the one hand, for the C6 carbon, again a decreasing chemical shift on the way from Mg
(144.4 ppm) to Ba (142.8 ppm) can be reported. On the other hand, for the corresponding C4
carbon, the opposite trend is observed (Mg 136.9 ppm to Ba 140.6 ppm). Because the charge
accumulation increases with an increasing ionic character along the array Mg** < Ca** < Sr** < Ba*,
this observation is in tune with the negative charge being more and more pushed into the benzene
perimeter and obviously preferably accumulated at the C6 position. The unique tendencies in NMR
shifts observed within the series of the discussed homoleptic compounds 30-33 emphasize this

method to be indicative to charge distribution analysis.
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3 SUMMARY & OUTLOOK

This thesis focused on the development and synthesis of novel sterically demanding
bis(benzoxazol-2-yl)methane ligand systems and their introduction to group 1 and 2 metal
coordination. In addition, special focus was put on the preparation of alkaline-earth-metal halide
and -amide complexes for subsequent reduction attempts on the way to reduced Ae'-Ae' dimers. In
the three parts of this work, it was finally possible to exceed the family of bis(benzoxazol-2-
yl)methane ligand scaffolds to bulkier representatives carrying iPr and tBu substituents adjacent to
the coordination pocket (Figure 3-1). As a result, first steps to mimic better the shielding abilities of
the paragon NacNac ligand were made. Thereupon, varieties of new group 1 and 2 complexes were

accessed and first reduction attempts were carried out.

O (o} [e] (o]
Y T
N N N N
tBu tBu iPr iPr
tBu tBu iPr iPr

el

Et3

Figure 3-1. Space-filling models of the prepared bulky methane ligand systems: Left: (4,6-tBu-NCO-
C6H2)2CH2) (7), nght (4,6—1PI’—NCOC5H2)2CH2) (26)

In the first part of this thesis, research focused on the less bulky bis(4-Me-benzoxazol-2-
yl)methane (1) ligand system, because my predecessor Dauer successfully introduced this ligand to
group 13 coordination. In light of a bulk of prepared heteroleptic group 13 alky- and halide
complexes, start of an extension to early main-group elements on this ligand scaffold was
compelling. Subsequently, the successful preparation and characterization of a potassium precursor
complex 2 for subsequent salt metathesis reactions can be reported. Furthermore, the homoleptic
alkaline-earth-metal compounds 3 and 4 were accessed via salt metathesis of 2 and/or conversion
of 1 with a suitable group 2 organometallic reagent. From the solid-state structures of 2-4, general

trends caused by increasing ionic radii could be derived.
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To conclude, the intended syntheses of monoanionic 1-supported heteroleptic group 2 halide- or
amide complexes for subsequent reduction were unsuccessful. Formation of the homoleptic
complexes 3 and 4 is assumed to proceed via Schlenk equilibrium-like ligand scrambling, promoted
by the limited steric shielding offered by the methyl substituents adjacent to the coordination
pocket. To stabilize the desired heteroleptic group2 compounds, implementation of
bis(benzoxazol-2-yl)methanides that carry substituents with enhanced bulkiness at the 4-positions
close to the coordination pocket seemed to be obligatory. As a result, the preparation of more bulky

ligands that meet those requirements was pursued.

In the second part of this thesis, the sterically demanding ligand system bis(4,6-tBu-benzoxazol-2-
yl)methane (7) was successfully prepared in a straight-forward three-step synthesis starting from
3,5-di-tert-butylphenol. Concerted deprotonation-metalation reactions with group 1 reagents like
tBuLi or KH were carried out, yielding the respective precursor complexes 13, 14 and 16.
Furthermore, from reactions with the Hauser bases (iPr),NMgX (X = Cl, Br) the related five-fold
coordinated magnesium halide species 18/18a were accessed. For the prepared complexes, several
different coordination motifs adopted by the methanide ligand 7 can be reported. Especially
potassium complex [K(18-crown-6){(4,6-tBu-OCNCsH,),CH}-(H,0)o35]-(THF), (16) should be
mentioned as highlight. Compound 16 is a rare example of a water-containing organopotassium
species that proved that organometallic syntheses and the presence of protic solvents like water do
not automatically have to exclude each other (Figure 3-2).

RpLde) 47

+22 L (1144 eq.)
+17uL(88deq)

+8.0pL(416eq)
+7.0 L (36.4 eq.) + 60h
+ 7.0 uL (36.4 eq.)
60uL(31.2eq)
oo Gsom

350018
3.0, (156 eq) + 14h_

FOULUB0 Q) e Mot
+ 2,

HLSpLOSeq)
+ 1.0 L (5.2 eq.) e ~
+.0.5 pL (2.6 eq.) T | GRS
10mg 16 in [Ds]THF

Figure 3-2. Left: Artistic illustration of the unique solid-state structure of 16 that figuratively unifies fire and
water in one compound. Right: Excerpt from the water titration experiment carried out with 16, which
revealed a pronounced water resistant character of the complex. Figures reprinted/adapted with permission
from reference . Copyright 2017, John Wiley and Sons.

Complex 16 exhibits several remarkable features in the solid-state as well as in solution that were
extensively studied by X-ray diffraction and DOSY NMR experiments, which are discussed in

detail. For example, the methanide ligand shows an unprecedented all-O-coordination to the
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potassium cation. In addition, '"H NMR water titration experiments confirmed a high resistance of
16 against hydrolysis. In comparative water titration experiments with the related potassium
complex 14, the 18-crown-6 ether molecule was certified to play a crucial role for the water
resistant character of 16. A reaction of 16 with dry air led to the formation of potassium complex
17 that comprises an oxidized ligand backbone. Instead of a hydrogen atom, the bridging
methylene position now carries a hydroxyl function. The Oxygen activation is assumed to proceed

in a metal-ligand cooperative fashion.

On the way to low oxidation state Mg'-Mg' dimers, first reduction attempts were performed with
magnesium halide compounds 18/18a utilizing potassium metal or KCs as reducing agents. From
these reactions and in spite of the steric bulk provided by the tBu substituents, the homoleptic
magnesium(II) complex 19 was obtained as the sole product. An X-ray structure of 19 could not be
obtained. The formation of 19 as well as the correct N-coordination motif were affirmed by
applying LIFDI mass spectrometry and advanced NMR techniques (DOSY, NOESY,
clean-inphase HSQC). In particular, a formation of 19 is assumed to proceed via Schlenk
equilibrium ligand redistribution or disproportionation processes of an intermediate magnesium(I)

species.

In the third part of this thesis, the bulky iPr-substituted bis(4,6-iPr-benzoxazol-2-yl)methane (26)
ligand system was accessed via a seven-step procedure. For later salt metathesis reactions, lithium
(27) and potassium (28) precursor compounds were prepared in a first step. Utilizing the
aforementioned and well-established MgCl Hauser base, a synthesis of the 26-supported
magnesium chloride complex 29 for future reduction attempts was provided. In comparison to 7,
ligand system 26 shows no kinetic hindrance in concerted deprotonation-metalation reactions with
s-block organometallics. Thus, organometallic reagents that showed no reactivity towards 7 yielded
related metal complexes in combination with 26. Subsequent conversions of 26 with group 2
HMDS compounds gave the corresponding homoleptic compounds 30-33 (Mg-Ba). Here, distinct
structural trends were observed in the solid-state, which are induced by an increasing cation size
within the Mg** to Ba®* series. In addition, certain trends in charge distribution were derived from a
comparative analysis of the '"H- and "C NMR data of 30-33. This indicated an increasing ionic
character of the complexes as well as a pronounced charge delocalization throughout the ligand

framework going from Mg** to Ba*".

Additionally, the shielding abilities offered to a coordinate metal ion by monoanionic 7 and 26
were evaluated. For this purpose, percent buried volume (%Vu.:) calculations were carried out on
magnesium complexes 18 and 29 in comparison to related oxazolinato- and f-diketiminato-
supported compounds. Within the set of considered complexes, calculations revealed the herein
presented bulky bis(benzoxazol-2-yl)methanides 7 and 26 to show shielding capabilities that are
indeed comparable to other iPr-, {Bu- or Dipp-substituted oxazolinato as well as f-diketiminato
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platforms. In detail, the tBu-substituted monoanionic 7 exhibits the highest %V, value of 53.5%.

Even a related "*’NacNac-based magnesium compound shows with 53.1% an inferior value.

In comparison to related NacNac platforms, an electronic structure analysis of monoanionic 7 and
26 was carried out to shed light on their electronic structure and related donating properties. For
calculation, compounds 13 and 27 as well as ®"NacNac-, ""?PNacNac- and N-"PPNacNac-based
lithium complexes were taken into account. From NPA, only marginal differences between the
considered systems could be reported. Similar charge distributions and thus donating properties
were found for the bis(benzoxazol-2-yl)methanides in 13 and 27 as well as in comparison to their
NacNac-supported congeners. Summation and renormalization of the results from a NRT analysis
revealed especially the electron-rich methanides and the N-"*NacNac structure to exhibit a more
amidic than carbanionic character. In particular, the methanides in 13 and 27 exhibited the most
contributions from amidic resonance structures. Still, the binding situation in all systems is best

described by effectively delocalized imino-enamide and carbanionic diimino resonance structures.

In conclusion, especially the %Vu. calculations as well as the electronic structure analysis
underscored the NacNac-like character of the prepared bulky ligand systems 7 and 26. Nonetheless,
the offered shielding abilities in the third dimension, above and underneath a formed metal
heterocycle, are still not as embracing as in the case of their NacNac congeners. In future studies,
special focus has to be put on the synthesis of bis(heterocylco)methane systems carrying even
bulkier substituents adjacent to the coordination pocket, that supply sufficient shielding in all three
dimensions (e.g. Dipp). As a result, a Schlenk equilibrium ligand scrambling yielding homoleptic
species should be less favored and a successful formation of reduced Ae'-Ae' dimers more likely. A
further method to enhance the shielding abilities of the existing ligand platforms 7 and 26 might be

the introduction of a third donor arm at the ligand backbone (Scheme 3-1).
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13: R=1tBu,n=1
27:R=iPr,n=2

Scheme 3-1. Feasible exemplary preparation of tri-dentate scorpionate ligands starting from bis(4,6-R-benz-
oxazol-2-yl)methanide (R = iPr, tBu)-based lithium compounds 13 and 27.

From reactions of the lithium salts 13 and 27 with suitable electrophiles like 2-(chloromethyl)-

pyridine, the formation of derived scorpionate ligand systems is feasible. This method was already
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successfully applied to related bis(oxazoline) systems.?® By addition of a second equivalent of an
alky-lithium reagent as well as of the electrophile, the corresponding ter-dentate ligand scaffolds

might be accessed as well.

In future projects, the group 1-precursor complexes 16, 17 and 27, 28 still have to be evaluated in
terms of their ability to undergo salt metathesis reactions with group 2 halides. Due to its enhanced
hydrolysis resistance, the ability of potassium complex 16 to function as an organometallic synthon

in sustainable deep-eutectic as well as protic solvents should be further investigated.

Regarding future reduction attempts on the magnesium halides 18/18a and 29, an application of

milder reducing agents should be favored to avoid potential over reduction (Scheme 3-2).
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Scheme 3-2. Alternative preparation methods on the way to 7- and 26-supported magnesium(I) dimers
applying different sodium- as well as magnesium-based reducing agents.

Reduction reactions should be repeated utilizing sodium metal, sodium naphthalenide or readily
accessible NacNac-based Mg'-Mg' dimers as stoichiometrically controllable one- or two-electron
sources. The latter were already successfully applied to access other reduced group 2-"'%! and group
142 element dimers. In addition, these reactions could be accompanied by cyclovoltammetric
measurements. From these experiments, an insight on structural changes as well as the stability of
the complexes upon oxidation state variation can be gained. Moreover, determination of the
corresponding redox potentials should simplify the process of finding a suitable reducing agent and

if the reduction process is reversible.

Due to an increasing cation size and ionicity from Mg’ to Ba’*, the 26-based complexes 30-33
show distinctive trends in the solid-state as well as in solution. For related NacNac-based
compounds, an implementation to CVD film growth processes was suggested.*”2%?) An application
as precursor compounds for the preparation of heteroleptic species exhibiting catalytic activity was

190, 263

discussed as well.! ! Thus, in future projects, 30-33 should be evaluated in terms of their

sublimation behavior as well as their ability to undergo further substitution reactions.
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4 EXPERIMENTAL PART

Major parts of this chapter have been published in:

[1] I. Koehne, R. Herbst-Irmer, D. Stalke, “Bis(4-methylbenzoxazol-2-yl)methanide in s-Block
Metal Coordination”, Eur. ]. Inorg. Chem. 2017, 2017, 3322-3326."

[2] I. Koehne, S. Bachmann, T. Niklas, R. Herbst-Irmer, D. Stalke, “A Novel Bulky
Heteroaromatic-Substituted Methanide Mimicking NacNac: Bis(4,6-tert-butylbenzoxazol-2-
yl)methanide in s-Block Metal Coordination”, Chem. Eur. J. 2017, 23, 13141-13149.

[3] I. Koehne, S. Bachmann, R. Herbst-Irmer, D. Stalke, “A Water-Containing Organopotassium
Compound Based on Bis(4,6-tBu-benzoxazol-2-yl)methanide and Its Unexpected Stability to
Hydrolysis”, Angew. Chem. 2017, 129, 15337-15342; Angew. Chem. Int. Ed. 2017, 56, 15141-
15145.13

[4] I. Koehne, N. Graw, T. Teuteberg, R. Herbst-Irmer, D. Stalke, “Introducing NacNac-Like
Bis(4,6-isopropylbenzoxazol-2-yl)methanide in s-Block Metal Coordination”, Inorg. Chem.
2017, 56, 14968-14978.14

4.1 Work Techniques and Experimental Setups

4.1.1 Handling of Air- and Moisture-Sensitive Compounds

All manipulations involving air- and moisture sensitive compounds were carried out under an
argon atmosphere using Schlenk techniques”** or handled in an argon glove box. All solvents
used for metalation reactions and subsequent manipulations were distilled from sodium or
potassium, or sodium-potassium alloy before use. Filtering of moisture sensitive compounds was
carried out with the aid of self-made filter-cannulas assembled from Whatman fiberglass filters

(GF/B, 25 mm), which were applied with Teflon® tape to Teflon® cannulas.

4.1.2 Preparation and Workup of Starting Materials

Starting materials were purchased commercially and were used as received if not stated otherwise.
The bis(4-Me-benzoxazol-2-yl)methane (1) ligand and the C; linker unit ethyl-bisimidate
dihydrochloride were prepared according to procedures by Dauer'*”! and Ben Ammar.'*¢ 3,5-di-
tert-butyl-2-nitrophenol (5) was synthesized based on a procedure by Elder, which was

modified."” Hauser type bases (iPr),.NMgX (X = Cl, Br, I) were prepared following a protocol by
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Neufeld.”*! Group 2 hexamethyldisilazanes [M(THF),{N(SiMes),},] (M = Ca, Sr and Ba) and the
calcium Grignard compound PhCal were synthesized according to procedures by Westerhausen'*”
and Fischer,*®! respectively. The metals Ca, Sr, Ba were activated by dissolving in liquid ammonia
under inert conditions to obtain a fine and highly reactive metal powder after evaporation of the
solvent.1**>?”%) The Mg-HMDS compound was prepared in a reaction of Mg(nBu), with HHMDS.
Compounds 8-11 and the chloro-bis(dimethyl)imidate chloride linker were synthesized according

196l Wyl and Viehe,”™ respectively. 2,6-diisopropylaniline was freshly

to protocols by Zhang,
distilled prior to use. Compounds 20-23 were synthesized based on modified and improved
protocols by Diemer*®! and Basauri-Molina.**! KCs was prepared following a procedure by
Uhlig.” The organometallic reagents nBuLi, as well as fBuLi were percolated through Celite® (frit,
P4) before use to separate formed lithium hydroxide, followed by the determination of the
concentration according to a procedure by Burchat.?”) Deuterated solvents for NMR spectroscopic

investigations of organometallic compounds were dried over activated molecular sieves (3 A) and

were additionally stored in an argon dry box.

4.1.1 Elemental Analyses

Elemental analyses (C, H, N) were performed on an Elementar Vario EL3 machine at the
Micro-analytics Laboratory, Department of Inorganic Chemistry, University of Gottingen.
Deviations between the calculated and measured mass fractions are due to the loss of lattice solvent

molecules or minor impurities.

4.1.2 Mass Spectrometry

The mass spectra were recorded at the Central Analytics Department, Department of Organic
Chemistry, University of Gottingen. EI-MSP7? spectra (70 eV) were recorded with a Thermo
Finnigan DSQ, ESI-MSP”! spectra with a Bruker MicrOTOF and LIFDI-MS® %] gpectra with a
Jeol AccuTOF spectrometer. The isotopic pattern of molecule ion and fragment ion peaks are
correlated to their isotopes with the highest natural abundancies (e.g. 'H, “Li, *C, "N, *°O, **Mg, *'P,
*Cl/¥Cl, *K, “Ca, ”Br/*'Br, *Sr, '**Ba).

4.1.3 NMR Techniques and Experiments

The NMR spectroscopic data were recorded with either a Bruker Avance III 300 MHz or 400 MHz
spectrometer. All measurements were conducted at ambient temperature with samples prepared in
1-10% solutions of deuterated solvents. All spectra were processed with MestReNova 6.02. The
chemical shifts (§) are given in ppm relative to TMS, using the residual solvent signals as internal

standards.””**”) Coupling constants (J) are reported in Hz and standard abbreviations indicating
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multiplicity are used as follows: s=singlet, d =doublet, t= triplet, m = multiplet, br = broad.
Combined abbreviations are derived from their components (e.g. dd = doublet of doublets). A
correct signal assignment was ascertained by applying 2D 'H, *C-HSQC™* and 'H, *C-HMBC®”!
NMR techniques. 'H, 'H-NOESY* spectra were recorded using a relaxation delay of 1.5 s and
0.5 s mixing time. 2048x512 data points were sampled over a spectral width of 12 ppm. Number of
scans was 4. 'H, "N-HMBC spectra were recorded using a relaxation delay of 2 s. 2048x256 data
points were sampled over a spectral width of 12 ppm in F2 and 200 ppm in F1. Number of scans
was 2. The DOSY NMR experiments were recorded on two spectrometers. A Bruker Avance 400
spectrometer equipped with an observe broadband probe with z-axis gradient coil with a maximum
gradient strength of 57 G cm™ and a Bruker Avance III HD 400 spectrometer equipped with an

inverse broadband probe with z-axis gradient coil with a maximum gradient strength of 51 G cm™.

4.1.3.1 'H-DOSY-ECC-MW Estimation: Sample Preparation and Measuring
Parameters

'H-DOSY-ECC-MW measurements and calculations were carried out in collaboration with
Dr. Sebastian Bachmann from the group of Prof. Dr. Dietmar Stalke. All samples for a '"H-DOSY-
ECC-MW!128] estimation were prepared by the addition of an equimolar amount of
2,2,3,3-tetramethylbutane (TMB) as internal reference to a solution of the analyte in CsDs or
[Ds]THEF. The ECC-parameters for DOSY measurements in these solvents are given in Table 5-16.
It was shown in previous studies that for most organometallic compounds the DSE calibration
curve is the most suitable for an accurate estimation.”™ Thus, only resulting values from the DSE
and for comparison from the merge calibration curve are considered in the discussion of the DOSY
NMR results in Chapter 2.3. For measurements, sample spinning was deactivated and the
temperature was set and kept at 298 K. The experiments were performed using the dstebpgp3s
pulse sequence.® 2! The diffusion time was A =0.1s. The duration of the magnetic field pulse
gradients §/2 was adjusted for every compound in a range of 400-3500 ps. After Fourier
transformation, processing with a line broadening of 2 Hz and baseline correction, the diffusion
dimension was processed with the Topspin 3.1 software. Diffusion coefficients were calculated by

Gaussian fits with the T1/T2 software in Topspin. For MW calculation details, see Table 5-17 ff.

4.1.3.2 Clean-Inphase HSQC Measurements for Residual Dipolar Coupling
Calculations

Clean-inphase HSQC measurements and calculations were carried out in collaboration with
Dr. Thomas Niklas from the group of Prof. Dr. Dietmar Stalke. One-bond scalar couplings between

286)

C and H (YJcu) were measured by clean-inphase HSQC** of compound 19 in isotropic CsDs.
Measurements were performed on a Bruker Avance III 400 spectrometer using an INEPT delay of
1/(4]) with ] = 145 Hz. In the F1 dimension, 256 data points were sampled over a spectral width of
150 ppm. In F2, 4096 data points were recorded with a spectral width of 12 ppm. Number of scans
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was 4. A sum of scalar couplings and residual dipolar couplings ('Tcu = 'Jcu + 'Dcn) is obtained by a
further clean-inphase HSQC measurement in anisotropic media. Therefore, a polystyrene stick!?*”!
(2 cm, cross-linked by 0.4 vol% divinylbenzene) was swollen in a solution of compound 19 and
CsDs. In this measurement, in the F1 dimension 512 data points were sampled over a spectral width
of 150 ppm. In F2, 4096 data points were recorded with a spectral width of 12 ppm. Number of

scans was 16. The RDCs ('Dcn) then were obtained by simple subtraction.

4.1.3.3 H NMR Water Titration Experiments

The samples were prepared in Young NMR tubes using 10 mg (14) or 15 mg (16) analyte dissolved
in 0.5 mL of [Ds]THF. The water was added with an electronically assisted SGE Analytic Science
“eVol” syringe (0.5 pL per step). Measurements were carried out with a Bruker Avance III 300 MHz

spectrometer.

4.1.4 Computational Details of Electronic Structure Analyses

The electronic structure analyses were carried out in collaboration with M.Sc. Thorsten Teuteberg
from the group of Prof. Dr. Ricardo Mata. Electronic structure calculations were performed using
the ORCA 3.0.3 program package,”®! the following NPA,?*! NBO®" and NRT™®"#% analyses of

the wave function were carried out using the GenNBO 5.9

program. For NRT analysis three
reference-bonding structures were defined manually, locating the negative charge on the bridging
y-C carbon atom or at one of the coordinating N atoms. The molecular structure was taken from
the crystallographic data and hydrogen positions were relaxed. The BP86/**! and B3LYP®*! DFT
functionals were used together with the def2-TZVP™®* basis set. DFT-D3*"! dispersion corrections
301,

with Becke-Johnson**="! damping were included for all calculations. For all calculations the RI]J!

302 approximation, for BALYP together with the COSX"* approximation, was applied.

4.1.5 Percent Buried Volume (%Vyur) calculations

The percent buried volume calculations were performed with the SambVca 2 web tool.?*****! Based
on crystallographic data, topographic steric maps were created by orienting the complexes in a
Cartesian coordinate system. The metal ion was positioned at the origin. The midpoint of the two
nitrogen donor atoms was aligned along the negative direction of the z-axis. One of the nitrogen
atoms was placed in the xy-plane. For calculation, all unneeded atoms were removed. The H atoms
were included. The default parameters recommended by the web application were applied to all
%V computations: Sphere radius of 3.5 A; mesh of 0.1; Bondi radii scaled by 1.17. For detailed

data, see the supporting information of reference 1.,
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4.1.6 Single Crystal X-ray Diffraction Experiments

The selection of air- and moisture sensitive crystals from Schlenk flasks was carried out under an
argon inert gas flow followed by the quick transfer of the crystal to a microscope slide covered in
perfluorinated polyether oil. The crystals were immediately shock cooled using the X-TEMP2
device.P%%] A suitable single crystal was selected with the help of a microscope equipped with a
polarizing filter. The crystal then was mounted either on a MiTeGEN® MicroMount loop or on the
tip of a glass fiber and was instantly transferred to the X-ray diffractometer where it was shock-
cooled by the machines cooling device.

The data were collected with an Incoatec Mo IuS microfocus source®™ or with a Bruker TXS-Mo
rotating anode, both supplying MoK, radiation (\ = 0.71073 A). Measurements were carried out
applying w-scans with a step width of 0.5 degree per frame and fixed @ angles at a temperature of
100(2) K if not stated otherwise. The diffractometers were equipped with mirror optics, an APEX I1
CCD detector and a D8 goniometer head.

The determination of the unit cells and their refinement as well as the data collection strategy
calculations were performed with the help of APEX2.P' All data were integrated with SAINT.'!)
For multi-scan absorption correction the SADABS"®' or in the case of non-merohedral twinning
the TWINABSP"! programs were applied. If necessary, an additional 3\ correction of the data was

315] and

carried out.’" The space group determinations were performed with the program XPREP!
the structures were solved by direct methods (SHELXT)"' and refined on F? using the full-matrix

least-squares methods of SHELXLP'" within the shelXle GULP*®!

4.2 Syntheses and Characterizations

9
o1 0
7 857 N
R'6 N\/N R'
32M
5 4% R

R = Me, tBu, iPr
R'=H, tBu, iPr

Figure 4-1. General ligand numbering for NMR spectroscopic data assignment.
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4.2.1 Syntheses of Bis(4-Me-benzoxazol-2-yl)methane based s-Block

Complexes

4.2.1.1 [K(THF){(4-Me-NCOCgcH3),CH}]- (2)

KH (48.0 mg, 1.19 mmol, 1.10 eq.) was suspended in THF (10 mL) and compound 1 (300 mg,

1.08 mmol, 1.00 eq.) dissolved in THF (10 mL) was slowly added drop wise. A red suspension

forms upon gas evolution. The mixture was stirred at RT overnight. The resulting brownish-orange

suspension was filtered via cannula and the solvent of the filtrate was evaporated. The residue was

washed with pentane (3 x 10 mL) and dried under reduced pressure. For analysis, the residue was

recrystallized by slow evaporation of pentane into a saturated solution of 2 in THF at RT to give

colorless needle-shaped crystals.

Chemical Formula:
Molecular weight:
Yield:

'"H NMR

(300 MHz, [Ds] THF):

BC{'H} NMR
(75 MHz, [Ds] THF):

MS (LIFDI)
m/z (%):

Elemental analysis

in % (calculated):

THF
CZIHZIKNZO3
388.50 g/mol \Me @
306 mg, 788 pmol, 73% Q Me .
/
i
L —Jaoo

8 =6.85 (m, 2 H, H7), 6.71 (m, 2 H, H5), 6.60 (m, 2 H, H6), 4.65 (s,
1 H, Hprigge), 3.62 (m, 4 H, OCH,CH.) 2.41 (s, 6 H, CH3), 1.77 (m,
4 H, OCH,CH>) ppm.

6 =170.3 (2 C, C2), 149.9 (2 C, C8), 146.5 (2 C, C3), 1239 (2 C,
C5), 122.5 (2 C, C4), 118.5 (2 C, C6), 105.6 (2 C, C7), 68.4 (2 C,
OCH,CHa), 57.0 (1 C, Chigge)> 26.5 (2 C, OCH,CH), 17.5 (2 C
CH;) ppm.

671.1 (12) [2(M - 2THF) + K*]*, 632.1 (40) 2[M - 2THF]*, 316.1
(100) [M - 2THF]".

(7.21).
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4.2.1.2 [Mg{(4-Me-NCOCcHs),CH}.] (3)

iPrMgCl (2M in THF, 1.00 mL, 1.98 mmol, 1.11 eq.) was diluted in THF (10 mL) and cooled
to -20 °C. Then, compound 1 (500 mg, 1.80 mmol, 1.00 eq.) dissolved in THF (10 mL) was slowly
added drop wise. After completed addition, the cooling-bath was removed and the mixture was
stirred at RT overnight. The solvent was removed under reduced pressure and the residue was
extracted with toluene (3 x 10 mL) and filtered via cannula. The volume of the toluene extract was
reduced to a minimum and gentle heating again dissolved a formed precipitate. From this solution

colorless prism-shaped crystals of 3 were obtained at RT.

Chemical Formula: C34H26MgN404 /© M
0 e
Molecular weight: 578.90 g/mol e@\o

M
Yield: 405 mg, 700 umol, 78% § N> Mg'“‘:i:f\o
S N? e L

'"H NMR

(300 MHz, [Ds] THF): 8=7.07 (m, 4 H, H7), 6.92 (m, 8 H, H5 + H6), 5.05 (s, 2 H, Horag)s
2.69 (s, 12 H, CH3) ppm.

BC{'H} NMR

(75 MHz, [Ds] THE): 0 =169.9 (4 C, C2), 149.1 (4 C, C8), 140.8 (4 C, C3), 125.6 (4C,
C5), 124.6 (4 C, C4), 121.6 (4 C, Cé6), 108.6 (4 C, C7), 60.4 (2C,
Chrigge)> 19.2 (4 C, CH;) ppm.

MS (LIFDI)

m/z (%): 578.1 (100) [M]™*, 278.1 (20) [(4-Me-NCOC¢H3),CH,]".

Elemental analysis

in % (calculated) Cs:HasMgN:O4 (578.91 g/mol): C 69.95 (70.54), H 4.31 (4.53), N
9.29 (9.68).

4.2.1.3 [Ca(THF){(4-Me-NCOCsHs)2CH}.]- THF (4)

Method A: Complex 2 (290 mg, 747 umol, 1.00 eq.) and anhydrous Cal, beads (241 mg, 821 umol,
1.10 eq.) were suspended in THF (15 mL). The suspension was heated under reflux at 75°C
overnight. The mixture was cooled to RT and the solvent was removed under reduced pressure.
The residue was washed with pentane (2 x 10 mL), and then extracted with toluene (3 x 10 mL) and
filtered. The solvent of the toluene filtrate was evaporated and the crude product was recrystallized
by slow evaporation of pentane into a saturated solution of 4 in THF at —-30 °C. From this solution,

colorless prism-shaped crystals were obtained.
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Method B: [Ca(THF),{N(SiMes).}.] (200 mg, 396 umol, 1.00 eq.) was suspended in THF (10 mL).
Then 1 (110 mg, 396 pmol, 1.00 eq.) dissolved in THF (5 mL) was added drop wise. The mixture

was stirred at RT for 2 h, and was heated under reflux at 75 °C overnight. The formed suspension

was filtered via cannula and the solvent was evaporated under reduced pressure. Recrystallization

following the above-mentioned procedure afforded colorless prism-shaped crystals.

Chemical Formula:
Molecular weight:
Yield (Method A):
Yield (Method B):

'"H NMR

(300 MHz, [Ds] THF):

1BC{'H} NMR
(75 MHz, [Ds] THE):

MS (LIEDI)
m/z (%):
Elemental analysis

in % (calculated)

CysHs0CaN4O; [ THF ]
810.98 g/mol

0] e
255 mg, 314 pmol, 84% Me@O

M
_N\
212 mg, 261 pmol, 66% \ /Ca'-'-'l:__Nf THF
N Me 0
g ol M
THF

8=6.97 (m, 4 H, H7), 6.73 (t, *Juu = 7.8 Hz, 4 H, H6), 6.55 (m, 4 H,
H5), 5.07 (s, 2 H, Horage), 3.62 (m, 8 H, OCH,CH,), 1.91 (s, 12 H,
CHs), 1.77 (m, 8 H, OCH,CH>) ppm.

6 =170.2 (4 C, C2), 149.6 (4 C, C8), 142.8 (4 C, C3), 1254 (4 C,
C5), 124.8 (4 C, C4), 121.3 (4 C, C6), 106.3 (4 C, C7), 68.4 (4 C,
OCH,CH,), 59.0 (2 C, Chrigge)> 26.6 (4 C, OCH,CH,), 17.1 (4 C,
CH;) ppm.

594.1 (100) [M - 3THF]".

CHunCaNyOs (738.90 g/mol): C 67.73 (68.27), H 5.51 (5.73), N
7.69 (7.58).

4.2.2 Syntheses of the Bis(4,6-tBu-benzoxazol-2-yl)methane Ligand
and its s-Block Complexes

4.2.2.1 3,5-di-tert-butyl-2-nitrophenol (5)

3,5-di-tert-butylphenol (10.0 g, 48.5 mmol, 1.00 eq.) was dissolved in ethyl acetate (800 mL). Under

vigorous stirring, nitrating acid (1:2 HNO3/H,SO,, 9.32 mL, 48.5 mmol, 1.00 eq.) was slowly added

portion wise (0.20 mL/min). After complete addition, the mixture was stirred for an additional

15 minutes, then transferred to a separation funnel. The organic phase was washed with H,O and

brine until an almost pH neutral reaction of the aqueous phase. The organic phase was separated,
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dried over MgSO,, and the solvent was removed under reduced pressure. The reddish-orange

residue was recrystallized several times from pentane to give 5 as a yellow crystalline solid.

Chemical Formula: C1H21NOs OH
Molecular weight: 251.33 g/mol NO;
1 . [0)

Yield: 5.44 g, 21.6 mmol, 45% By By

'H NMR

(300 MHz, [Dg]acetone): 6=9.12 (s, 1 H, OH), 7.12 (d, YJux = 1.9 Hz, 1 H, H4), 7.01 (d, *Jun
= 1.9Hz, 1H, He6), 1.37 (s, 9H, 3-C(CH;);), 1.30 (s, 9H, 5-
C(CHj3)s) ppm.

BC{'H} NMR

(75 MHz, [Ds]acetone): 0 =154.3 (1 C, C5), 149.6 (1 C, C1), 141.7 (1 C, C3), 1389 (1 C,

C2), 116.6 (1 C, C4), 112.8 (1 C, C6), 36.6 (1 C, 3-C(CH)s), 35.8
(1 C, 5-C(CH3)3), 31.5 (1 C, 3-C(CHs)s), 31.2 (1 C, 5-C(CHs)s) ppm.

IR

(ATR) ¥ = 3423, 2956, 2908, 2872, 1592, 1518 (Tigy. ), 1366 (T, ), 1291,
978, 860, 666 cm™.

MS (EI, 70 eV)

m/z (%): 251.3 (30) [M]*, 236.2 (100) [M - OH + H*]*.

Elemental analysis

in % (calculated) C1sH21NOs (251.33 g/mol): C 65.67 (66.91), H 8.37 (8.42), N 5.39

(5.57).

4.2.2.2 3,5-di-tert-butyl-2-aminophenol (6)

In a 100 mL pressure flask with screw cap and Young valve 5 (4.00 g, 15.9 mmol, 1.00 eq.) was
dissolved in MeOH (20 mL) and Pd/C (10%) (180 mg, 1.59 mmol, 0.10 eq.) was added under
cooling. The resulting suspension was degassed via three “freeze-pump-thaw” cycles, and then an
H,-atmosphere (1.5 bar) was established above the frozen suspension and the mixture was stirred at
RT for 24 h. All solid material was removed by filtration via cannula under an argon atmosphere
and then the solvent was removed under reduced pressure. The crude product was purified by

recrystallization from CHCI; to give 6 as a white fluffy solid.

Chemical Formula: CisH2sNO OH
Molecular weight: 221.34 g/mol NH,
Yield: 3.17 g, 14.3 1, 909

ie g mmol, 90% Bu Bu
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'"H NMR

(300 MHz, [Dg]acetone):

BC{'H} NMR
(75 MHz, [Ds]acetone):

IR
(ATR)

MS (EI, 70 eV)
m/z (%):
Elemental analysis

in % (calculated)

6 =7.86 (S, 1 H, OH), 6.81 (d, 4]HH =22 HZ, 1 H, H4), 6.74 (d, 4]]—1]—[
= 2.2 Hz, 1 H, H6), 4.02 (s, 2 H, NH,), 1.41 (s, 9 H, 3-C(CH,)s),
1.22 (s, 9 H, 5-C(CH3)3) ppm.

8 =152.9 (1 C, C5), 145.2 (1 C, C1), 135.4 (1 C, C3), 133.4 (1 C,
C2), 114.8 (1 C, C4), 104.5 (1 C, C6), 35.3 (1 C, 3-C(CHs)3), 35.2

(1 C, 5-C(CH3)3), 32.2 (1 C, 3-C(CH3)s), 30.0 (1 C, 5-C(CH3)5) ppm.

U= 3415 (T ) 3316 (TR ), 2954, 1580, 1418, 1301, 1171, 957,
860, 789 cm™.

221.3 (25) [M]*, 206.3 (100) [M - NH,]".

C1sH2:NO (221.34 g/mol): C 74.08 (75.97), H 10.12 (10.47), N 6.14
(6.33).

4.2.2.3 Bis(4,6-tBu-benzoxazol-2-yl)methane (7)

Compound 6 (8.00 g, 36.1 mmol, 2.00 eq.) and ethylbisimidate dihydrochloride (4.17 g, 18.1 mmol,

1.00 eq.) were dissolved in MeOH (60 mL) and heated at 85 °C for 48 h. The mixture was cooled to

RT and the solvent was removed under reduced pressure. The residue was extracted with pentane

(3 x 30 mL) utilizing a supersonic bath, and then filtered. The solvent of the filtrate was evaporated

under reduced pressure and the crude product was recrystallized from EtOH to give 7 as a white

crystalline solid suitable for X-ray diffraction analysis.

Chemical Formula:
Molecular weight:
Yield:

'H NMR
(300 MHz, CDCL):

BC{!H} NMR
(75 MHz, CDCL):

C31HuN;0, o} (0]
T
474.32 g/mol N N
tBu tBu
1.55 g, 3.27 mmol, 18%
tBu tBu

0=7.35(d,*Jsu = 1.7 Hz, 2 H, H5), 7.28 (d, Jas = 1.7 Hz, 2 H, H7),
461 (s, 2H, CH,), 1.55 (s, 18 H, 4-C(CHa)s), 1.36 (s, 18 H, 6-
C(CHs);) ppm.

8 =157.7 (2C, Cl), 152.0 (2C, C8), 148.5 (2 C, C6), 142.6 (2C,
C4), 137.2 (2C, C3), 118.2 (2 C, C5), 105.2 (2 C, C7), 35.6 (2 C, 4-
C(CHs)s), 35.4 (2 C, 6-C(CHs)3), 31.9 (6 C, 4-C(CHa)3), 30.5 (6 C,
6-C(CH3)s), 29.8 (1 C, Coriage) ppm.

104



Experimental Part

'"HNMR
(300 MHZ, C5D6):

BC{'H} NMR
(75 MHZ, C5D6):

'HNMR

(300 MHz, [Ds] THF):

IR

(ATR)

MS (EIL, 70 eV)
m/z (%):
Elemental analysis

in % (calculated)

(S =7.40 (d, 4]HH =1.7 HZ, 2 H, HS), 7.21 (d, 4]HH =17 HZ, 2 H, H7),
4.20 (s, 2H, CH,), 1.68 (s, 18 H, 4-C(CHs);), 1.23 (s, 18 H, 6-
C(CHa)s) ppm.

0 =1583 (2C, Cl), 152.6 (2C, C8), 148.6 (2C, C6), 1429 (2C,
C4), 137.8 (2C, C3), 118.2 (2C, C5), 105.6 (2 C, C7), 359 (2C, 4-
C(CHs)3), 35.3 (2 C, 6-C(CHa)s), 31.8 (6 C, 4-C(CHs)3), 30.6 (6 C,
6-C(CHs)3), 29.5 (1 C, Chridge) ppm.

(S =742 (d, 4]HH =1.7 HZ, 2 H, HS), 7.30 (d, 4]HH =17 HZ, 2 H, H7),
4.66 (s, 2H, CH,), 1.54 (s, 18 H, 4-C(CHs);), 1.35 (s, 18 H, 6-
7 =2956, 1601 (Vc_y), 1396, 1243, 1153, 993, 853, 777.

474.3 (40) [M]", 459.3 (100) [M - CH]".

CsiHaN,O, (474.23 g/mol): C 77.45 (78.44), H 8.55 (8.92), N 5.84
(5.90).

4.2.2.4 [Li(THF){(4,6-tBu-NCOCcH,),CH}] (13)

Compound 7 (300 mg, 632 pmol, 1.00 eq.) was dissolved in THF (15 mL) and cooled to -50 °C.

Under stirring, tBuLi (2.05M in hexane, 0.32 mL, 656 umol, 1.04 eq.) was slowly added dropwise.

After complete addition, the mixture was stirred at -50°C for an additional 15 min. The

cooling-bath was removed and the solution was stirred at RT for 5h. The solvent was removed

under reduced pressure, then the residue was washed with ice cold pentane (3 x 10 mL), filtered via

cannula, and dried under reduced pressure to give 13 as a pale-yellow solid (259 mg, 74%). Crystals

suitable for X-ray diffraction analysis were obtained from a saturated solution of 13 in hexane at

RT.

Chemical Formula:
Molecular weight:
Yield:

tBu
CisHaLiN O, O,liN;L o
552.72 g/mol /_‘N/ '\O
259 mg, 469 umol, 74% © tBu O
tBu
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'H NMR
(300 MHZ, Cst)!

BC{'H} NMR
(75 MHZ, C6D6)Z

’Li NMR

(116 MHz, C¢Dg):
MS (LIEDI)

m/z (%):
Elemental analysis

in % (calculated)

6 =7.34 (d, 4]HH =1.8 HZ, 2 H, H7), 7.30 (d, 4]HH =1.8 HZ, 2 H, HS),
5.60 (s, 1 H, Hpriage), 3.15 (m, 4 H, OCH,CH,), 1.58 (s, 18 H, 4-
C(CHa)a), 1.34 (S, 18 H, 6-C(CH3)3), 0.93 (m, 4 H, OCHzCHz) ppm.

8 =169.9 (2C, Cl), 150.8 (2C, C8), 143.1 (2C, C6), 139.0 (2C,
C4), 134.1 (2C, C3), 117.5 (2C, C5), 104.4 (2C, C7), 68.6 (2C,
OCH,CH,), 57.3 (1 C, Chrigge), 35.1 (2 C, 6-C(CHs)s), 35.0 (2 C, 4-
C(CHs)s), 32.1 (6 C, 6-C(CHs)3), 31.1 (6 C, 4-C(CHs)3), 25.1 (2C,
OCH,CH,) ppm.

0 =2.76 (s) ppm.

480.2 (20) [M - THF]*, 474.3 (100) [4,6-Bu-NCOC4H,)>CH,]".

CasHusLiN,Os (552.72 g/mol): C 75.18 (76.06), H 8.86 (8.94), N 5.36
(5.07).

4.2.2.5 [K{n>-(4,6-tBu-NCOC¢H;).CH}]- (14)

KH (33.0 mg, 696 pmol, 1.10 eq.) was suspended in THF (10 mL) and 7 (300 mg, 633 umol,

1.00 eq.) dissolved in THF (5 mL) was added drop wise via syringe. The mixture was stirred at RT

for 18 h. The suspension was filtered via cannula, and the solvent of the filtrate was evaporated

under reduced pressure. The residue was washed with pentane (3 x 10 mL), filtered, and dried

under reduced pressure to give 14 as a white solid (296 mg, 80%). Recrystallization by evaporation

of pentane into a saturated solution of 14 in THF at RT gave colorless needle-shaped crystals

suitable for X-ray diffraction analysis.

Chemical Formula:
Molecular weight:
Yield:

Cs1HuKN:O, K

512.77 g/mol Bu
Bu
296 mg, 577 pmol, 83% 0 N
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'"H NMR

(300 MHz, [Ds] THF): 0=7.01(d, ¥Jun = 1.7 Hz, 2 H, H7), 6.97 (d, *Juu = 1.8 Hz, 2 H, H5),
4.56 (s, 1 H, Hyrigge), 1.54 (s, 18 H, 4-C(CHs)3), 1.32 (s, 18 H, 6-
C(CHs)s) ppm.

BC{'H} NMR

(75 MHz, [Ds] THF): 8 = 169.0 (2C, Cl), 151.2 (2C, C8), 142.7 (2C, C6), 141.3 (2 C,
C4), 135.4 (2C, C3), 116.1 (2C, C5), 103.2 (2C, C7), 553 (1C,
Chrigge)> 35.9 (2 C, 6-C(CHs)3), 35.5 (2 C, 4-C(CHa)3), 32.6 (6 C, 6-
C(CHs)3), 30.9 (6 C, 4-C(CHj3)s) ppm.

MS (LIEDI)

m/z (%): 551.1 (33) [M+K'*, 512.2 (100) [M]*, 474.2 (42) [4,6-tBu-
NCOCsH,).CH,]".

Elemental analysis

in % (calculated) C51H4KN;O; (512.77 g/mol): C 70.34 (72.61), H 8.12 (8.06), N 5.25
(5.46).

4.2.2.6 1,1,2,2-tetrakis(4,6-tBu-benzoxazol-2-yl)ethene (15)

Freshly prepared 14 (246 mg, 480 pmol, 1.00 eq.) was suspended with CaBr, (93.0 mg, 463 pumol,
0.97 eq.) in THF (10 mL). The mixture was heated at 75 °C for 18 h. The suspension was cooled to
RT, and was subsequently filtered via cannula. The filtrate was evaporated under reduced pressure.
Within a few weeks, some crystals of 15 formed in an almost completely dried out NMR sample of

the residue in [Ds] THF.

Chemical Formula: Ce2HsoN4O4
Molecular weight: 945.35 g/mol
Yield: few crystals

Bu tBu
tBu tBu
Q L0 ;
O | 0]
@] (@]
| |
tBu N N tBu
Bu Bu
4.2.2.7 [K(18-CrOWI‘I-6){(4,6-tBU-OCNC5Hz)zCH}‘(HzO)o_gs]'(THF)Z (16)

Compound 7 (300 mg, 633 pmol, 1.00 eq.), KH (33.0 mg, 696 pmol, 1.10 eq.) and 18-crown-6 ether
(167 mg, 633 pmol, 1.00 eq.) were dissolved in THF (15 mL) and stirred at RT for 18 h. The solvent
was removed under reduced pressure. The residue was washed with pentane (3 x 10 mL) and dried
in vacuo. Recrystallization through evaporation of pentane into a saturated solution of 16 in THF at

RT yielded pale-yellow needle-shaped crystals suitable for X-ray diffraction analysis.
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Chemical Formula:

Molecular weight:
Yield:

'"H NMR
(300 MHz, [Ds] THF):

BC{'H} NMR
(75 MHz, [Ds] THF):

5N NMR

(50 MHz, [Ds] THEF):
MS (LIFDI)

m/z (%):

Elemental analysis

in % (calculated)

Cu3HesKN2Os ,

_ Y -
-(H20)035+(THEF), /\O
927.58 g/mol ‘ ".,H

484 mg, 522 umol,

Bu N=——=—N_ tBu
o0 oS |7
83%

’

8 = 6.98 (sur, 2 H, H5), 6.85 (d, Jun = 1.9 Hz, 2 H, H7), 4.55 (s, 1 H,
Horigge), 3.45 (s, 24 H, 18-crown-6), 1.50 (s, 18 H, 6-C(CHs)3), 1.32
(s, 18 H, 4-C(CHs);) ppm.

8 =169.5 (2C, Cl), 152.1 (2C, C3), 146.3 (2C, C4), 138.6 (2C,
C6), 134.4 (2 C, C8), 115.2 (2 C, C5), 102.8 (2 C, C7), 71.2 (12 C,
18-crown-6), 68.4 (1 C, Curigge), 36.0 (2 C, 6-C(CHs)3), 35.4 (2 C, 4-
C(CHs)3), 32.9 (6 C, 6-C(CH3)3), 30.8 (6 C, 4-C(CHs)) ppm.

0 =-184 (s) ppm.

1591.8 (10) [2M - 2H,0 + K*]*, 1552.9 (5) [2M - 2H,O]", 1079.5
(5) [M -H,O0 + {K(18-crown-6)}*]*, 551.1 (80) [M -H,O - 18-
crown-6 + K*]*, 512.2 (100) [M - H,O - 18-crown-6]", 474.3 (50)
[4,6-tBu-NCOCsH>), CH,] ™.

CsiHuKN,Oy (921.31 g/mol): C 66.16 (66.49), H 8.64 (8.86), N
3.31 (3.04). (For simplicity, the calculation of the elemental
composition was performed assuming a non-occupied water
molecule. The deviation is due to the loss of lattice THF molecules

in the drying process.)

4.2.2.8 [K(18-crown-6){(4,6-tBu-OCNCsH,),C(OH)}] (17)

In a 500 mL Schlenk flask, air was dried over P,O,, for several days prior to use.

Complex 16 (15 mg, 16.2 umol) was dissolved in dry THF (10 mL) in a 100 mL Schlenk flask. The

solution was degassed through three “freeze-pump-thaw” cycles. Then, an atmosphere of dry air

was established above the frozen solution. The mixture was allowed to react at RT for 3 days. The
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solvent was removed under reduced pressure to give a white to pale-yellow solid. Extraction with

dry THF and subsequent filtration via cannula afforded a pale-yellow filtrate and a white solid

residue. The residue did not redissolve in common organic solvents hampering further

investigations. The solvent from the filtrate was evaporated under reduced pressure to give 17 as a

pale-yellow solid.

Chemical Formula:
Molecular weight:
Yield:

'HNMR

(300 MHz, [Ds] THEF):

BC{'H} NMR
(75 MHz, [Ds] THF):

MS (ESI(+))
m/z (%):

OH ...
CisHgsKN Oy "‘B"'@%(b By
793.10 g/mol Bu 1Bu
6.00 mg, 7.56 umol, 46% LT
’,/ O‘I N
C(EL_,O‘B’:

(S =8.20 (S, 1 H, OH), 7.48 (d,4]HH =1.7Hz2 H, HS), 7.33 (d, 4]HH =
1.7Hz, 2H, H7), 3.64 (s, 24 H, 18-crown-6), 1.54 (s, 18 H,
6-C(CHs)s), 1.38 (s, 18 H, 4-C(CHj3)3) ppm.

8 =167.5 (2C, C1), 152.0 (2C, C3), 144.8 (2C, C4), 138.9 (2C,
C6), 137.3 (2 C, C8), 118.9 (2 C, C5), 106.2 (2C, C7), 71.2 (12 C,
18-crown-6), 51.6 (1 C, Curigge), 36.4 (2 C, 6-C(CHs)s), 36.1 (2 C,
4-C(CHs)3), 32.2 (6 C, 6-C(CHs)3), 30.9 (6 C, 4-C(CH3)5) ppm.

880.4 (12) [M + CiHsOs]", 791.4 (2) [M]*, 303.1 (100) [K{18-

crown-6}]*.

4.2.2.9 [MgCI(THF):{(4,6-tBu-NCOCsH,),CH}]-pentane (18)

Compound 7 (300 mg, 633 umol, 1.00eq.) and (iPr;N)MgCl: (THF)ses (283 mg, 1.39 mmol,

2.20 eq.) were suspended in THF (15 mL) and stirred at RT for 18 h. The solvent was removed

under reduced pressure and the residue was extracted with pentane (3 x 10 mL) then filtered via

cannula. The filtrate was concentrated to two thirds of its original volume, and then stored at -28 °C

to afford 18 as colorless plate-shaped crystals suitable for X-ray diffraction analysis.

Chemical Formula:
Molecular weight:
Yield:

C44H69C1MgN204 {Bu THF
749.80 g/mol o) N Bu 1
2 Mg, .
228 mg, 304 umol, 48% __N__,__,Mg—q pentane
O tBu
Bu  THF
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'H NMR
(300 MHZ, Cst)!

BC{'H} NMR
(75 MHZ, Cst)!

N NMR

(30 MHz, CsDs):
MS (LIFDI)
m/z (%):

Elemental analysis

in % (calculated)

6 =7.42(d,*Jsu = 2.0 Hz, 2 H, H7), 7.28 (d, *Jas = 2.0 Hz, 2 H, H5),
5.62 (s, 1 H, Huprigge), 3.57 (m, 8 H, OCH,CH,), 1.84 (s, 18 H,
4-C(CH3)3), 1.27 (S, 18 H, 6-C(CH3)3), 1.07 (m, 8H, OCHzCHz)

6 =168.3 (2C, C1), 149.7 (2C, C8), 145.3 (2C, Cé6), 138.6 (2C,
C4), 136.5 (2 C, C3), 118.1 (2C, C5), 104.2 (2C, C7), 69.1 (4C,
OCH,CH,), 58.6 (1 C, Chrigge), 35.5 (2 C, 6-C(CHa)3), 34.7 (2C,
4-C(CH3)s), 32.0 (2 C, 6-C(CHs)3), 31.6 (2 C, 4-C(CHj3)3), 25.1 (4 C,
OCH,CH) ppm.

0 =-217 (s) ppm.

532.2 (40) [M - 2THF - CsHy,]*, 474.3 (100) [4,6-tBu-NCOCsH,),
CHz]v'Jr.

CuHeMgN,O4 (749.79 g/mol): C 69.30 (70.48), H 8.72 (9.28), N
3.81 (3.74). (The deviation is due to the loss of lattice pentane

molecules in the drying process.)

4.2.2.10 [MgBr(THF)2{(4,6-tBu-NCOCgH,),CH}] (18a)

Compound 7 (200 mg, 421 pmol, 1.00 eq.) and (iPr.N)MgBr - (THF), (293 mg, 842 umol, 2.00 eq.)

were suspended in THF (15mL) and stirred at RT for 18 h. The solvent was removed under

reduced pressure and the residue was extracted with pentane (3 x 10 mL) then filtered via cannula.

The filtrate was evaporated under reduced pressure to give 18a as an orange solid. Due to a high

solubility of the compound in common organic solvents even at low temperature, no pure

crystalline material for analysis and X-ray diffraction experiments could be obtained.

Chemical Formula:

Molecular weight:
Yield:

Cs9oHs;BrMgN,O,4 Bu

722.10 g/mol J@l\

210 mg, 290 pmol, 69% 7N,
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'HNMR

(300 MHz, CsDg): §=7.42 (d, Jun = 2.0 Hz, 2 H, H7), 7.27 (d, *Jur = 2.0 Hz, 2 H, H5),
556 (s, 1H, Hngg), 3.52 (m, 8 H, OCH,CH,), 1.87 (s, 18 H,
4-C(CHas)3), 1.27 (s, 18 H, 6-C(CHa)3), 1.16 (m, 8 H, OCH,CH)
ppm.

BC{'H} NMR

(75 MHz, C¢Ds): 8 =169.2 (2C, Cl), 149.9 (2C, C8), 145.6 (2C, C6), 138.5 (2C,
C4), 136.2 (2C, C3), 118.8 (2C, C5), 1044 (2C, C7), 69.3 (4C,
OCH:CH,), 59.1 (1C, Chriag)s 36.0 (2 C, 6-C(CHs)3), 349 (2C,
4-C(CHs)s), 32.7 (2 C, 6-C(CHs)3), 31.8 (2 C, 4-C(CHs)s), 25.3 (4 C,
OCH,CH,) ppm.

MS (LIEDI)

m/z (%): 578.2 (25) [M - 2THF + H*]*, 474.3 (100) [4,6-tBu-NCOCH,),
CH.]".

Elemental analysis

in % (calculated) CsoHs;BrMgN,O;4 (722.10 g/mol): C 63.96 (64.87), H 9.01 (7.96), N

4.00 (3.88). (The deviation is due to a minor contamination with

side product.)

4.2.2.11 [Mg{(4,6-tBu-NCOCsH,),CH}2] (19)

Method a:
Complex 18/18a (304 pmol, 1.00 eq.) and KC;s (41.0 mg, 304 umol, 1.00 eq.) were suspended in

toluene (15 mL) and stirred at RT for 72 h. The suspension was filtered via cannula and the solvent

of the filtrate was removed under reduced pressure to give 19 as a reddish-orange solid.

Method b:
Complex 18/18a and KCs were suspended in toluene (15 mL) at 0 ® and the mixture was stirred for

72 h, during which time the cooling-bath was allowed to slowly warm to RT. The suspension was
filtered via cannula and the solvent of the filtrate was removed under reduced pressure to give 19 as

a reddish-orange solid.

Method c:
Complex 18/18a (412 pmol, 1.00 eq.) was dissolved in toluene, and then stirred over a potassium

mirror (56.0 mg, 412 umol, 1.00 eq.) at RT for 72 h. The suspension was filtered via cannula and the

solvent of the filtrate was removed under reduced pressure to give 19 as a reddish-orange solid.
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Due to a high solubility of the compound in common organic solvents even at low temperature, no

crystalline material for X-ray diffraction analysis could be obtained.

Chemical Formula: CsHs:MgN,O, Bu
Molecular weight: 971.67 g/mol
Bu
Yield: 118 - 152 mg, 121 - 156 pmol, o Bu ,@
— 809 N tBu o
76 80%) € \Mg n”.u\N N
7 YTTNT
N™  tBu
© tBu
Bu
tBu
'"HNMR

(400 MHz, [Dy]cyclohexane): & =7.05 (d, “Jan = 2.0 Hz, 2 H, H7), 7.01 (d, *“Jun = 2.0 Hz, 2 H, H5),
538 (s, 1H, Hungg), 1.25 (s, 36 H, 4-C(CHs)s), 1.15 (s, 36 H,
6-C(CHs)s) ppm.

13C{'H} NMR

(100 MHz, [D1;]cyclohexane): & = 168.5 (4 C, Cl1), 150.1 (4 C, C8), 145.3 (4 C, C6), 138.7 (4 C,
C4), 136.2 (4 C, C3), 118.6 (4 C, C5), 104.3 (4 C, C7), 60.9 (2C,
Chridgge), 35.2 (4 C, 6-C(CHa)3), 35.2 (4 C, 4-C(CHs)3), 31.9 (12C,
6-C(CHs)3), 30.9 (12 C, 4-C(CHs)3) ppm.

5N NMR

(30 MHz, CsDg): 0 =-213(s) ppm.
MS (LIEDI)

m/z (%): 970.7 (100) [M]".

Elemental analysis
in % (calculated) CsHs:MgN4Os4 (971.67 g/mol): An interpretable elemental analysis
could not be obtained, presumably due to magnesium nitride

formation.

4.2.3 Syntheses of the Bis(4,6-iPr-benzoxazol-2-yl)methane Ligand and
its s-Block Complexes

4.2.3.1 4-Bromo-2,6-diisopropylaniline (20)

Br; (9.50 mL, 186 mmol, 1.00 eq.) dissolved in DCM (70 mL) was slowly added dropwise at 0 °C to
a solution of 2,6-diisopropylaniline (35 mL, 186 mmol, 1.00 eq.) in DCM (1.00 L). After completed
addition, the reaction mixture was stirred at RT for an additional 30 min. Then, a saturated
solution of Na,S$;0; (100 mL) was added and the mixture was stirred for an additional 15 min. The

organic layer was separated, concentrated to half of its original volume and extracted with NaOH
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(0.5M, 2x100mL) and brine (2x100mL). The organic layer was dried over MgSO; and
concentrated under reduced pressure. Compound 20 was obtained as a pale-yellow oil (47.3 g,

99%) pure enough to be used without further purification.

Chemical Formula: C,HisBrN Br

Molecular weight: 256.19 g/mol

Yield: 47.3 g, 185 mmol, 99% Pr Pr

'HNMR e

(300 MHz, CDCl): 0 =7.11 (s, 2H, H3 + H4), 3.70 (so, 2 H, NH,), 2.88 (sept, *Jun =
6.8 Hz, 2 H, CH(CHj3)»), 1.26 (d, *Jun = 6.8 Hz, 12 H, CH(CH3)>)
ppm.

BC{'H} NMR

(75 MHz, CDCls): 0 =1394 (1C, C1), 1347 (2C, C3 + C5), 1258 (2C, C2 + C¢),
111.2 (1 C, C4), 28.1 (2 C, CH(CHs),), 22.4 (4 C, CH(CHs),) ppm.

MS (ESI(+))

m/z (%): 256.07 (100) [M + H*]".

HR-MS (ESI(+))

m/z: calcd. for [M + H*]*: 256.0695; found: 256.0697.

4.2.3.2 1-Bromo-3,5-diisopropylbenzene (21)

Sodium nitrite (47.1 g, 683 mmol, 2.50 eq.) dissolved in water (150 mL) was added dropwise to a
precooled suspension (10 °C) of 20 (70.0 g, 273 mmol, 1.00 eq.) in HCI (2M, 700 mL). The reaction
was allowed to react at —10 °C for an additional 10 min., and then H;PO, (50 w%, 283 mL, 2.73 mol,
10.0 eq.) was added. The reaction mixture was stirred for 48 h during which time the cooling-bath
was allowed to slowly warm to RT. The mixture was transferred to a separation-funnel and the
aqueous layer was extracted with Et;O (3 x 150 mL).The combined organic layers were extracted
with NaOH (0.5M, 4 x 100 mL) and H>O (2 x 150 mL), then dried over MgSO, and concentrated
under reduced pressure. Compound 21 was obtained as a brownish-orange oil pure enough to be

used without further purification.

Chemical Formula: Ci,Hi17Br Br

Molecular weight: 241.17 g/mol

Yield: 61.1 g, 253 mmol, 93% iPr Pr

'H NMR

(300 MHz, CDCL;): 8 =7.18 (m, 2 H, H2 + H6), 6.99 (tt, “fum = 1.6, 0.5 Hz, 1 H, H4)

2.86 (sept, *Jun = 6.9 Hz, 2 H, CH(CHa),), 1.24 (d, *Juu = 6.9 Hz,
12 H, CH(CHs),) ppm.
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3C{'H} NMR

(75 MHz, CDCly): 8 =151.2 (2C, C3 + C5), 127.0 (2C, C2 + C6), 123.8 (1 C, C4),
1225 (1 C, C1), 34.2 (2 C, CH(CHs),), 24.0 (4 C, CH(CHs),) ppm.

MS (EI, 70 eV)

m/z (%): 240.05 (42) [M]*, 225.1 (100) [M - CHa]*, 197.0 (60) [M - iPr]",

161.2 (30) [M - Br]".

4.2.3.3 (3,5-Diisopropylphenyl)boronic acid (22) / 2,4,6-Tris(3,5-diisopropyl-
phenyl)cyclotriboroxane (22a)

To a precooled solution (-78 °C) of 21 (9.70 g, 40.2 mmol, 1.00 eq.) in dry Et,O (40 mL), TMEDA
(6.20 mL, 40.2 mmol, 1.00 eq.) was introduced. Subsequently, nBuLi (2.4M, 16.8 mL, 40.2 mmol,
1.00 eq.) was added dropwise over a period of 30 min. and the mixture was stirred at -78 °C for an
additional 30 min. The cooling-bath was removed, B(OBu); (13.0 mL, 48.2 mmol, 1.20 eq.) was
introduced and the solution was stirred at RT for 10h. HCl (1M, 80 mL) and additionally
concentrated aqueous HCI (8 mL) were added and the resulting layers were separated. The aqueous
layer was washed with Et;O (2x80 mL) and the combined organic layers were extracted with
NaOH (1M, 4 x 150 mL). Under stirring, the combined aqueous layers were acidified with
concentrated aqueous HCl. Upon addition, a beige solid precipitated which was recovered by
filtration (frit, P3), and then washed with H,O (3 x 100 mL). The solid was redissolved in Et,O, the
remaining aqueous phase was separated and the organic phase was dried over MgSO,. Removal of
the solvent under reduced pressure yielded a beige solid in an overall yield of 60% as a mixture of

22 (16%) and 22a (84%), which was used without further purification.

22:

Chemical Formula: C12H1sBO, HO. B/OH

Molecular weight: 206.09 g/mol /@\

Yield: 4.97 g, 185 mmol, 60%

iPr iPr

'"H NMR

(400 MHz, CDCls): 8=7.41(d, *Jun = 1.8 Hz, 2 H, H2 + H6), 7.21 (t, Jun = 1.8 Hz, 1 H,
H4), 4.56 (s, 2H, B(OH),), 2.93 (sept, *Jun = 7.0Hz, 2H,
CH(CHs)2), 1.27 (d, ’Jun = 7.0 Hz, 12 H, CH(CH3),) ppm.

BC{'"H} NMR

(100 MHz, CDCls): 8=148.7 (2C, C3 + C5),129.1 (2C, C2 + C6), 128.1 (1 C, C4), 34.4

(2 C, CH(CHa),), 24.2 (4 C, CH(CHs),) ppm.
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'H NMR

(400 MHz, [Ds]DMSO): 8 =7.90 (s, 2H, B(OH),), 7.49 (d, Jun = 1.8 Hz, 2 H, H2 + He),
711 (t, “hm = 1.8 Hz, 1H, H4), 2.84 (sept, *Jim = 6.9 Hz, 2 H,
CH(CHs),), 1.20 (d, *Jun = 6.9 Hz, 12 H, CH(CHs),) ppm.

MS (ESI(+))

m/z (%): 257.2 (93) [ArB(OCH3), + Na*]*, 243.2 (100) [ArB(OH)(OCH3) +

Na*]*, 229.2 (34) [M + Na']".
HR-MS (ESI(+))

m/z: caled. for [M + Na'*]*: 229.1372, found: 229.1377.
22a:

a iPr iPr
Chemical Formula: CssH51B504
Molecular weight: 564.23 g/mol

.B.
? 9
iPr B. o B iPr
Pr Pr

'H NMR
(400 MHz, CDCls): 0=7.93(d, ¥ur = 1.9 Hz, 6 H, H2 + H6), 7.33 (t, “Jun = 1.9 Hz, 3 H,

H4), 3.03 (sept, *Jun = 6.9 Hz, 6 H, CH(CH3),), 1.35 (d, *Jun =
6.9 Hz, 36 H, CH(CHs),) ppm.

BC{'H} NMR

(100 MHz, CDCL): 8 =148.5 (6 C, C3 + C5), 131.3 (6 C, C2 + C6), 129.3 (3 C, C4), 34.3
(6 C, CH(CHs).), 24.3 (12 C, CH(CHs)) ppm.

4.2.3.4 3,5-diisopropylphenol (23)

A mixture of 22 and 22a (9.00 g, 43.7 mmol, 1.00 eq.) was dissolved in NaOH (3M, 200 mL) and
warmed to 30 °C. Then H,O, (35 w%, 4.51 mL, 52.4 mmol, 1.20 eq.) was added portion wise. After
addition, the reaction mixture was heated at 70 °C for 1 h. Completion of the reaction was verified
using potassium iodide-starch test strips. When there were peroxides left in the reaction mixture
heating was continued at 70 °C for an additional 30 min. After a finished reaction, the mixture was
cooled in an ice-bath and concentrated aqueous HCl was added to obtain a pH of 1. The mixture
was transferred to a separation-funnel, and then extracted with Et;O (3 x 200 mL). The combined
organic layers were washed with H,O, then dried over MgSO, and concentrated under reduced
pressure. Compound 23 was obtained as a pale-yellow oil which became a white solid after a while

that was used without further purification.
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Chemical Formula: C:Hi50 OH

Molecular weight: 178.28 g/mol

Yield: 7.40 g, 41.5 mmol, 95% Pr Pr

'H NMR

(300 MHz, CDCl): é = 6.67 (tt, YJun = 1.5, 0.5 Hz, 1 H, H4), 6.53 (m, 2 H, H2 + H6),

4.60 (spr, 1 H, OH), 2.97 (sept, *Jun = 6.9 Hz, 2 H, CH(CH3),), 1.23
(d, *Jun = 6.9 Hz, 12 H, CH(CHs),) ppm.

BC{'H} NMR

(75 MHz, CDCLy): 8 = 156.6 (1C, Cl), 150.9 (2C, C3 + C5), 117.7 (1 C, C4), 110.8
(2 C, C2 + C6), 34.2 (2 C, CH(CH,),), 24.1 (4 C, CH(CHs),) ppm.

MS (EI, 70 eV)

m/z (%): 178.1 (53) [M]*, 163.1 (100) [M - CHs]*, 135.1 (49) [M - iPr]",

121.0 (45) [CsHsO]*, 107.0 (30) [C;H,O]*.
HR-MS (EIL, 70 eV)
m/z: calcd. for [M]: 178.1358; found: 178.1354.

4.2.3.5 3,5-diisopropyl-2-nitrophenol (24)

Compound 23 (5.00 g, 28.1 mmol, 1.00 eq) was dissolved in EtOAc (500 mL). Under vigorous
stirring, nitrating acid (1:2 HNOs/H,SOs, 5.50 mL, 28.1 mmol, 1.00 eq) was slowly added portion
wise (0.25 mL/min) at RT. After complete addition, the mixture was stirred for an additional
15 min. Then H,O (50 mL) was added and the mixture was transferred to a separation-funnel. The
organic phase was separated and washed with H,O and brine until an almost pH neutral reaction of
the aqueous phase. The organic phase was dried over MgSO, and the solvent was removed under
reduced pressure. The crude product was purified by fractional distillation under reduced pressure

(150 °C oil bath) yielding 24 as a yellowish-orange oil.

Chemical Formula: C1,H1:NO; OH

Molecular weight: 223.27 g/mol NO;

Yield: 2.54 g, 11.4 mmol, 46% Pr Pr

'H NMR

(300 MHz, [Dg]acetone): 0=9.29 (s, 1 H, OH), 6.89 (d, *Jun = 1.7 Hz, 1 H, H6), 6.83 (dd, “Jun

= 1.7, 0.4 Hz, 1 H, H4), 2.88 (m, 2 H, 3- + 5-CH(CHs),), 1.25 (d,
un = 6.8 Hz, 6 H, 3-CH(CH>),), 1.22 (d, *Jun = 6.9Hz, 6 H,
5-CH(CHs),) ppm.
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BC{H} NMR

(75 MHz, [Ds]acetone):

IR
(ATR)

MS (ESI(-))

m/z (%):

HR-MS (ESI(-))
m/z:

Elemental analysis

in % (calculated)

8 = 154.4 (1C, C5), 149.2 (1C, C1), 141.9 (1 C, C3), 130.3 (1 C,
C2), 116.1 (1 C, C4), 113.1 (1 C, C6), 34.9 (2 C, 3- + 5-CH(CHa),),
23.9 (2 C, 3-CH(CHs),), 23.7 (2 C, 5-CH(CH3),) ppm.

~ ~asym. ~Sym.
vV = 2965, 2934, 2873, 1612, 1579, 1524 (1/No2 ), 1431, 1343 (1/NO2 )
1269, 1183, 994, 864, 712 cm™.

222.1 (100) [M - H]".
calcd. for [M - H]: 222.1136; found: 222.1134

C1.H;NO; (223.27 g/mol): C 64.36 (64.55), H 7.55 (7.67), N 6.18
(6.27).

4.2.3.6 3,5-diisopropyl-2-aminophenol (25)

In a 100 mL flask with screw cap and Young valve 24 (5.12 g, 22.9 mmol, 1.00 eq) was dissolved in
MeOH (25mL) and Pd/C (10%) (240 mg, 2.29 mmol, 0.10 eq) was added under cooling. The

resulting suspension was degassed via three “freeze-pump-thaw” cycles, and then an

H,-atmosphere (1.5 bar) was established above the frozen suspension and the mixture was stirred at

RT for 18 h. All solid material was removed by filtration via cannula under an argon atmosphere

and the filtrate was evaporated under reduced pressure. The crude product was purified by

recrystallization from CHCI; to give 25 as a white fluffy solid.

Chemical Formula:
Molecular weight:
Yield:

'"H NMR
(300 MHz, [Ds] THF):

BC{'H} NMR
(75 MHz, [Ds] THF):

Ci:H1sNO OH
193.29 g/mol NH;
3.98 g, 20.6 mmol, 90% Pr Pr

0 =7.78 (sur, 1 H, OH), 6.46 (d, *Jun = 2.0 Hz, 1 H, H4), 6.36 (d, *Jun
= 2.0 Hz, 1 H, H6), 3.82 (su, 2 H, NH>), 2.95 (sept, *Jax = 6.9 Hz,
1 H, 3-CH(CH3),), 2.68 (sept, *Jin = 6.9 Hz, 1 H, 5-CH(CH3),), 1.19
(d, *Jan = 6.9 Hz, 6 H, 3-CH(CH.),), 1.15 (d, *Juu = 6.9 Hz, 6H,
5-CH(CHs),) ppm.

8 = 145.6 (1C, Cl), 138.3 (1 C, C5), 133.6 (1 C, C3), 131.8 (1 C,
C2), 114.9 (1 C, C4), 110.4 (1 C, C6), 34.9 (1 C, 3-CH(CHa),), 28.7
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(1 G, 5-CH(CHas)2), 25.1 (2 C, 3-CH(CHs)2), 23.0 (2 C, 5-CH(CHs),)

ppm.

IR

(ATR) =3376 (TR, )» 3307 (g, ), 2961, 2868, 1560, 1435, 1324, 1190,
975, 854, 739 cm™.

MS (EL 70 eV)

m/z (%): 193.1 (25) [M]*, 178.1 (100) [M - CHs]", 91.0 (24) [C;H;]*, 77.0

(19) [CeHs]".
HR-MS (EI, 70 eV)

m/z: calcd. for [M]*: 193.1466, found: 193.1475.

Elemental analysis

in % (calculated) CHisNO (193.29 g/mol): C 73.55 (74.57), H 9.77 (9.91), N 7.04
(7.25).

4.2.3.7 Bis(4,6-iPr-benzoxazol-2-yl)methane (26)

Compound 25 (7.70g, 39.8 mmol, 2.00eq.) and ethylbisimidate dihydrochloride (3.15g,
19.9 mmol, 1.00 eq.) were dissolved in MeOH (80 mL) and heated at 85 °C for 48 h. The mixture
was cooled to RT and the solvent was removed under reduced pressure. The residue was extracted
with pentane (3 x 50 mL) utilizing an ultrasonic bath and subsequently filtered. The combined
organic phases were dried over MgSO,, and then the solvent was removed under reduced pressure
to give 26 as an orange oil, which was used without further purification. For analysis, the product
was additionally purified via column chromatography (silica; DCM, neat). The product can be

marked with an aqueous solution of vanillin and sulfuric acid.

Chemical Formula: Cy7H34N-O, O @]

N
Molecular weight: 418.58 g/mol N N

iPr iPr

Yield: 3.60 g, 8.60 mmol, 43%

iPr iPr
'H NMR
(300 MHz, [Dg]acetone): 6 =7.30(dd, *Jsx = 1.5, 0.4 Hz, 2 H, H7), 7.15 (m, 2H, H 5), 4.71 (s,

2 H, CH,), 3.47 (sept, *Jun = 6.9 Hz, 2 H, 4-CH(CHs),), 3.04 (sept,
uw = 6.9 Hz, 2H, 6-CH(CHs),), 1.37 (d, Jax = 6.9 Hz, 12 H,
4-CH(CHs)), 1.28 (d, *Jun = 6.9 Hz, 12 H, 6-CH(CH3),) ppm.

BC{'H} NMR

(75 MHz, CDCL): 8 = 158.7 (2C, Cl), 151.6 (2 C, C8), 147.0 (2 C, C6), 140.8 (2 C,
C4), 137.5 (2C, C3) 119.9 (2C, C5), 105.4 (2C, C7), 34.7 (2C,
6-CH(CHa),), 29.8 (2 C, 4-CH(CH3),), 29.8 (1 C, Chridge) 24.5 (4C,
6-CH(CHs),), 23.3 (4 C, 4-CH(CHs),) ppm.
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'HNMR

(300 MHz, [Ds] THF):

BC{'H} NMR
(75 MHz, [Ds] THEF):

'HNMR
(300 MHZ, Cst)!

BC{'H} NMR
(75 MHZ, Cst)!

IR

(ATR)

MS (ESI(+))
m/z (%):

HR-MS (ESI(+))
m/z.
Elemental analysis

in % (calculated)

8 =7.23(d, ¥uu = 1.5 Hz, 2 H, H7), 7.07 (m, 2 H, H5), 4.62 (s, 2 H,
CHa), 3.46 (sept, *Jun = 6.9 Hz, 2 H, 4-CH(CHs),), 2.99 (sept, ¥Jun =
6.9Hz, 2H, 6-CH(CH:)), 1.38 (d, *Jiu = 6.9Hz, 12H,
4-CH(CH3),), 1.26 (d, *Jun = 6.9 Hz, 12 H, 6-CH(CHs),) ppm.

8 = 160.1 (2C, Cl), 152.8 (2C, C8), 147.6 (2 C, C6), 141.5 (2 C,
C4), 138.8 (2C, C3) 120.9 (2C, C5), 106.2 (2C, C7), 35.7 (2C,
6-CH(CH3),), 31.5 (2 C, 4-CH(CHa)s), 29.9 (1 C, Corigge), 24.9 (4 C,
6-CH(CH3),), 23.5 (4 C, 4-CH(CHs),) ppm.

d =7.02 (m, 2 H, H7), 6.99 (m, 2 H, H5), 4.21 (s, 2 H, CH,), 3.60
(sept, *Jun = 6.9 Hz, 2 H, 4-CH(CHa3),), 2.76 (sept, *Jun = 6.9 Hz,
2 H, 6-CH(CHs),), 1.43 (d, *Jux = 6.9 Hz, 12 H, 4-CH(CHs3),), 1.13
(d, *Jum = 6.9 Hz, 12 H, 6-CH(CH3),) ppm.

d =159.1 (2C, C1), 152.2 (2C, C8), 146.9 (2C, Co6), 141.2 (2 C,
C4), 138.4 (2C, C3) 120.4 (2C, C5), 105.7 (2C, C7), 349 (2C,
6-CH(CHs),), 30.9 (2 C, 4-CH(CHa),), 29.5 (1 C, Chriage), 24.5 (4 C,
6-CH(CHs),), 23.3 (4 C, 4-CH(CHs)) ppm.

7 = 2959, 2930, 2870, 1609 (Vc=N), 1459, 1417, 1007, 848, 776 cm™.

859.5 (67) [2M + Na*]*, 441.3 (36) [M + Na*]*, 419.3 (100) [M +
H*J".

calcd. for [M + H*]*: 419.2693, found: 419.2695

CxyH3N>O; (418.58 g/mol): C 76.08 (77.48), H 8.38 (8.19), N 6.35
(6.69).

4.2.3.8 [Li(THF)x{(4,6-iPr-NCOCsH,),CH}] (27)

A solution of compound 26 (0.335M in THF, 1.43 mL, 478 umol, 1.00 eq.) was additionally diluted
in THF (15 mL) and cooled to -60 °C. Under stirring, nBuLi (2.40M in hexane, 0.25 mL, 526 umol,

1.10 eq.) was slowly added dropwise. After complete addition, stirring was continued for an

additional 15 min. The cooling-bath was removed and the mixture was stirred at RT for 18 h. The
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solvent was removed under reduced pressure; the residue was washed with hexane (3 x 10 ml), then

filtered via cannula and dried in vacuo. Recrystallization of the crude product from evaporation of

pentane into a saturated solution of 27 in THF at RT gave colorless plate-shaped crystals suitable

for X-ray diffraction analysis (188 mg, 69%).

Chemical Formula:
Molecular weight:
Yield:

'"H NMR

(300 MHz, [Ds] THF):

1BC{'H} NMR
(75 MHz, [Ds] THE):

’Li NMR

(116 MHz, [Ds] THF):

MS (LIFDI)
m/z (%):

Elemental analysis

in % (calculated)

Pr
Cs5H4LiN,Oy /@\ THF
) iPr
568.73 g/mol {Nu. ,,,,,, .
=N—" Li

188 mg, 331 umol, 69%

8 =6.84 (dd, YJux = 1.6, 0.4 Hz, 2 H, H7), 6.82 (m, 2 H, H5), 4.72 (s,
1 H, Hrigge)» 3.62 (m, 8 H, OCH,CH,), 3.51 (sept, Jurr = 6.9 Hz, 2 H,
4-CH(CHs),), 2.89 (sept, *Jaxr = 6.9 Hz, 2 H, 6-CH(CHs),), 1.77 (m,
8 H, OCH,CH,), 1.29 (d, *Jun = 6.9 Hz, 12 H, 4-CH(CH3),), 1.24 (d,
un = 6.9 Hz, 12 H, 6-CH(CH3),) ppm.

8 = 170.5 (2C, Cl), 150.2 (2C, C8), 141.2 (4 C, C6 + C4), 134.1
(2C, C3),117.8 (2 C, C5), 103.6 (2 C, C7), 68.4 (4 C, OCH,CH,),
56.9 (1 C, Chrigge)> 35.5 (2 C, 6-CH(CHs),), 28.4 (2 C, 4-CH(CHs)»),
266 (4C, OCH:CH,), 252 (4C, 6-CH(CH:),), 249 (4C,
4-CH(CHs),) ppm.

0 =2.07 (s) ppm.

424.2 (100) [M - 2(THF)]*, 417.2 (20) [(4,6-iPr-NCOCeH,),CH, —
HJ*.

CssHusLiN;O4 (568.73 g/mol): C 73.19 (73.92), H 8.80 (8.68), N 4.90
(4.93).

4.2.3.9 [K{n®-(4,6-iPr-NCOCsH,),CH}]-- (28)

KH (25.0 mg, 623 umol, 1.30 eq.) was suspended in THF (15 mL) and a solution of 26 (0.335M in

THF, 1.43 mL, 478 umol, 1.00 eq.) was slowly added dropwise. The mixture was stirred at RT for

18 h. The solvent from the green solution was removed under reduced pressure. The residue was

washed with hexane (3 x 10 mL) and subsequently dried to give an off-white solid. Recrystallization

from the evaporation of pentane into a saturated solution of 28 in THF at RT yielded tiny colorless

needle-shaped crystals not suitable for X-ray diffraction analysis (155 mg, 71%).
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Experimental Part

Chemical Formula:
Molecular weight:
Yield:

'HNMR

(300 MHz, [Ds] THEF):

1BC{'H} NMR
(75 MHz, [Ds] THF):

MS (LIFDI)
m/z (%):

Elemental analysis

in % (calculated)

C27H33KN202
456.67 g/mol
155 mg, 339 umol, 71%

— —Jlao

0 =6.78 (m, 2 H, H7), 6.73 (m, 2 H, H5), 4.61 (s, 1 H, Hprigge), 3.33
(sept, *Jun = 6.9 Hz, 2 H, 4-CH(CHa3),), 2.87 (sept, *Jun = 6.9 Hz,
2 H, 6-CH(CH,),), 1.32 (d, *Jua = 6.9 Hz, 6 H, 4-CH(CH3),), 1.23
(d, *Jun = 6.9 Hz, 6 H, 6-CH(CHs),) ppm.

d =170.0 (2C, C1), 150.3 (2 C, C8), 143.3 (2 C, C3), 140.0 (2 C,
Ce6), 132.9 (2C, C4), 116.9 (2C, C5), 103.3 (2C, C7), 56.6 (1C,
Chridge)> 35.5 (2 C, 6-CH(CHa),), 29.7 (2 C, 4-CH(CHs),), 25.3 (4 C,
6-CH(CHs),), 23.7 (4 C, 4-CH(CHs),) ppm.

495.1 (35) [M+K*]*, 456.1 (100) [M]*, 417.2 (20) [(4,6-iPr-
NCOC4H.),CH, - HJ".

CoH:KN, O, (456.67 g/mol): C 68.76 (71.01), H 7.37 (7.28), N 6.09
(6.13).

4.2.3.10 [MgCI(THF)2{(4,6-iPr-NCOCsH2).CH}]-hexane (29)

(iPr):NMgCl - (THF)o¢s (195 mg, 959 pmol, 2.01 eq.) was dissolved in THF (15mL). Then, a

solution of 26 (0.335M in THF, 1.43 mL, 478 pmol, 1.00 eq.) was very slowly added dropwise to

maximize the formation of the heteroleptic compound. The mixture was stirred at RT for 18 h. The

solvent was removed under reduced pressure; the residue was extracted with hexane (3 x 10 mL),

and then filtered via cannula. The yellow filtrate was stored at -28 °C to give colorless crystals of 29

suitable for X-ray diffraction analysis.

Chemical Formula:
Molecular weight:
Yield:

iPr
C41H63C1MgN204 @\ THF
707.72 g/mol O N iPr l
N Mg—Cl
166 mg, 235 pmol, 49% o=N—""9 hexane
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Experimental Part

'H NMR
(300 MHZ, Cst)!

BC{'H} NMR
(75 MHZ, C6D6)Z

MS (LIFDI)
m/z (%):

Elemental analysis

in % (calculated)

8=7.11(d, ¥Jun = 1.6 Hz, 2 H, H7), 7.02 (d, ¥Juu = 1.6 Hz, 2 H, H5),
5.59 (s, 1 H, Hiuiage), 4.15 (sept, *Jun = 6.9 Hz, 2 H, 4-CH(CHa),),
3.59 (m, 8H, OCH,CH,), 2.82 (sept, Junu = 6.9Hz, 2H,
6-CH(CHs),), 1.51 (d, *Jun = 6.9 Hz, 12 H, 4-CH(CH3),), 1.19 (d,
3un = 6.9 Hz, 12 H, 6-CH(CH3),), 1.11 (m, 8 H, OCH,CH.) ppm.

8 =169.6 (2C, Cl1), 149.2 (2 C, C8) 143.6 (4 C, C6 + C4), 135.1
(2C, C3), 119.1 (2C, C5) 104.4 (2C, C7), 69.1 (4 C, OCH,CH,),
59.1 (1 C, Chridge), 34.7 (2 C, 6-CH(CHs),), 29.4 (2 C, 4-CH(CHs),)
254 (4C, OCH,CH,) 247 (4C, 6-CH(CH:),) 246 (4C,
4-CH(CHs),) ppm.

858.5 (89) [M - Cl - 2(THF) + (4,6-iPr-NCOCsH,),CH]"*, 429.2
(50) [M - Cl-2(THF) + 2((4,6-iPr-NCOC¢H,),CH>)]**, 418.3
(100) [(4,6—iPr—NCOC6H2)2CH2]'*.

CuHegCIMgN,O4 (707.72 g/mol): C 67.85 (69.58), H 8.02 (8.97), N
4.66 (3.96). (The deviation is due to the loss of lattice hexane

molecules in the drying process.)

4.2.3.11 [M(THF)n{(4,6-iPr-NCOCsH,)CH}.] (30-33) (M = Mg, Ca, Sr, Ba; n = 0-1)

[M(THEF),{N(SiMes).}.] (M =Mg, Ca, Sr, Ba, 526 umol, 1.10 eq.) was dissolved in THF (15 mL).
Then, a solution of 26 (0.335M in THF, 1.43 mL, 478 pmol, 1.00 eq.) was added dropwise and the

mixture was stirred at RT for 18h. The solvent was removed under reduced pressure.

Recrystallization of crude 30 from a saturated hexane solution as well as from evaporation of

pentane into saturated solutions of crude 31, 32 or 33 in THF at RT yielded crystals suitable for X-

ray diffraction analysis in each case.

30 - hexane:
Chemical Formula:
Molecular weight:
Yield:

iPr

C60H80MgN4O4 . iPr

0] iPr
945.63 g/mol =N—__ Pro—_ °

........ WHINTTR
134 mg, 142 umol, \ /MQ'-&\_EN—— hexane
iPr
©/ iPr
| iPr B
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Experimental Part

'HNMR
(300 MHz, [Ds] THF):

BC{'H} NMR
(75 MHz, [Ds] THF):

MS (LIFDI)
m/z (%):

Elemental analysis

in % (calculated)

31:
Chemical Formula:

Molecular weight:
Yield:

'"H NMR
(300 MHz, [Ds] THEF):

(400 MHz, CeDe):

8=7.01(d, YJun = 1.6 Hz, 4 H, H7), 6.80 (d, “Jun = 1.6 Hz, 4 H, H5),
5.39 (s, 2 H, Huoriage), 3.09 (sept, *Jun = 6.9 Hz, 4 H, 4-CH(CHas),),
2.86 (sept, *Jiu = 6.9 Hz, 4 H, 6-CH(CHa),), 1.18 (d, ¥Jun = 6.9 Hz,
24 H, 4-CH(CH3)2), 0.77 (d, *Jun = 6.8 Hz, 24 H, 6-CH(CHs),) ppm.

8 = 170.6 (4C, Cl), 149.4 (4 C, C8), 144.4 (4 C, C6), 136.9 (4 C,
C3), 134.8 (4C, C4), 119.6 (4C, C5) 105.0 (4C, C7), 59.7 (2C,
Chridge)> 35.3 (4 C, 6-CH(CHa),), 31.0 (4 C, 4-CH(CHa),), 24.7 (8 C,
6-CH(CH3),), 24.1 (8 C, 4-CH(CHs),) ppm.

858.5 (70) [M - CsHua]™*, 729.4 (100) [M - (4,6-iPr-NCOCH,) -
C6H14 + THF]+

CooHsoMgN1O4 (945.63 g/mol): C 75.26 (76.21), H 7.93 (8.53), N
6.65 (5.92). (The deviation is due to the loss of lattice hexane

molecules in the drying process.)

iPr
CssH74CaN4Os
947.33 g/mol _THE iPr
e} iPr
97.0 mg, 102 umol, 43% N iPr ¢ (0]
il \

......

iPr
8 =6.95(d, YJun = 1.6 Hz, 4 H, H7), 6.78 (d, *Jus = 1.6 Hz, 4 H, H5),
5.08 (s, 2 H, Horiage), 3.62 (m, 4 H, OCH,CHa), 3.31 (sept, *Jiu =
6.9Hz, 4H, 4-CH(CH),), 2.87 (sept, Jiu = 6.9Hz, 4H,
6-CH(CHs),), 1.78 (m, 4 H, OCH,CH,), 1.20 (d, *Jux = 6.9 Hz,
24 H, 4-CH(CH3)»), 0.78 (d, *Juu = 6.9 Hz, 24 H, 6-CH(CH3),) ppm.

§=7.01(dd, ¥Jux = 1.6, 0.4 Hz, 4 H, H7), 6.80 (d, “Juu = 1.6 Hz, 4 H,
H5), 578 (s, 2H, Hprgee), 3.49 (sept, *Jun = 6.9Hz, 4H,
4-CH(CH3),), 3.13 (m, 4 H, OCH,CH,), 2.71 (sept, i = 6.8 Hz
4 H, 6-CH(CHs),), 1.10 (d, ¥Jun = 6.9 Hz, 24 H, 4-CH(CH3)), 0.98
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Experimental Part

1BC{'H} NMR
(100 MHz, CD):

MS (LIFDI)
m/z (%):
Elemental analysis

in % (calculated)

32:
Chemical Formula:

Molecular weight:
Yield:

'"H NMR

(300 MHz, [Ds] THF):

1BC{'H} NMR
(75 MHz, [Ds] THF):

MS (LIFDI)
m/z (%):

(d, ¥Juu = 6.9 Hz, 24 H, 6-CH(CH.),), 0.84 (m, 4 H, OCH,CH,)
ppm‘

8=169.8 (4C, Cl),149.1 (4 C, C8), 143.1 (4 C, C6) 138.7 (4 C, C4),
134.3 (4C, C3), 1186 (4C, C5), 1043 (4C, C7), 685 (2C,
OCH,CH,), 58.8 (2 C, Chrigge), 34.6 (4 C, 6-CH(CHs),), 31.2 (4C,
4-CH(CHa),), 25.0 (2 C, OCH,CH,), 24.5 (8 C, 6-CH(CH),), 23.8
(8 C, 4-CHz(CH3),) ppm.

874.5 (100) [M - THEF]™.

CssH74CaN4Os (947.33 g/mol): C 73.48 (73.54), H 7.91 (7.87), N
6.39 (5.91). (The deviation is due to partial loss of THF in the

drying process.)
iPr
CssH74SN4O5
994.87 g/mol THF iPr
iPr
169 mg, 170 umol, 71% N iPr 0

,,,,,,,

iPr
8=6.96 (d, “Jun = 1.6 Hz, 4 H, H7), 6.81 (d, ¥Jux = 1.6 Hz, 4 H, H5),
5.02 (s, 2 H, Horigge), 3.62 (m, 4 H, OCH,CH,), 3.13 (sept, *Jan =
6.9 Hz, 4H, 4-CH(CH),), 2.87 (sept, im = 6.9Hz, 4H,
6-CH(CHs),), 1.78 (m, 4 H, OCH,CH,), 1.21 (d, *Jux = 6.9 Hz,
24 H, 4-CH(CHs)»), 0.88 (d, *Jim = 6.9 Hz, 24 H, 6-CH(CH3),) ppm.

8 =169.7 (4 C, Cl), 149.6 (4 C, C8), 143.4 (4 C, C6), 139.8 (4 C,
C4), 134.7 (4C, C3), 119.1 (4 C, C5), 104.4 (4 C, C7), 68.4 (2C,
OCH,CH,), 58.1 (2 C, Cuiage), 35.4 (4 C, 6-CH(CHa),), 31.4 (4C,
4-CH(CHa),), 26.6 (2 C, OCH,CH,), 25.2 (8 C, 6-CH(CHs),), 25.0
(8 C, 4-CH(CHs),) ppm.

922.4 (100) [M - THF]*.
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Experimental Part

Elemental analysis

in % (calculated)

33:

Chemical Formula:
Molecular weight:
Yield:

'HNMR

(300 MHz, [Ds] THF):

BC{'H} NMR
(75 MHz, [Ds] THE):

MS (LIFDI)
m/z (%):
Elemental analysis

in % (calculated)

CssH74SrN4O5 (994.87 g/mol): C 69.31 (70.02), H 7.20 (7.50), N 5.92
(5.63). (The deviation is due to partial loss of THF in the drying

process and a minor contamination with 26.)

iPr
CssH74BaN.Os
THF Pr
1044.58 g/mol o Pr J
P 0]
100 mg, 95.7 pmol, 40% —N Pr N—

iPr
8=6.87 (d, YJun = 1.6 Hz, 4 H, H7), 6.82 (d, “Jun = 1.6 Hz, 4 H, H5),
4.85 (s, 2 H, Hprigge), 3.62 (m, 4 H, OCH,CH,), 3.19 (sept, *Jun =
6.9Hz, 4H, 4-CH(CH),), 2.90 (sept, *Jiu = 6.9Hz, 4H,
6-CH(CHs),), 1.77 (m, 4H, OCH,CH,), 1.24 (d, ¥uu = 6.9 Hz,
24 H, 4-CH(CH3),), 1.07 (d, *Jun = 6.9 Hz, 24 H, 6-CH(CH3),) ppm.

0 =168.8 (4C, Cl1), 149.9 (4 C, C8), 142.8 (4 C, Cé6), 140.6 (4 C,
C4), 135.0 (4 C, C3), 1185 (4C, C5), 104.1 (4C, C7), 68.4 2C,
OCH,CH,), 56.9 (2 C, Curiag)> 35.5 (4 C, 6-CH(CHa),), 30.6 (4 C,
4-CH(CHs),), 26.6 (2 C, OCH,CH,), 25.1 (8 C, 6-CH(CHs),), 24.3
(8 C, 4-CH(CH3),) ppm.

972.4 (100) [M — THF]*.

5.70 (5.36). (The deviation is due to partial loss of THF in the

drying process and a minor contamination with 26.)
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5 APPENDIX
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Appendix

5.1 Crystallographic Data

5.1.1 [K(THF){(4-Me-NCOCsHs)2CH}]- (2)

Figure 5-1. Asymmetric unit of 2 containing two molecules. Anisotropic displacement parameters are

depicted at the 50% probability level. Hydrogen atoms are omitted for clarity, except for those at the bridging

methylene positions. Reprinted with permission from reference . Copyright 2017, John Wiley and Sons.

Table 5-1. Crystallographic data for 2.

Structure code

Empirical formula
Formula weight [g - mol”]
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell parameters
a[A]
b[A]
c[A]
(]
BI°]
Y[l

Volume [A%]

Z

Peilcd. [Mg - m?]

IDK_069
C21H21KN20;
388.50

100(2)

0.71073
Orthorhombic
Pbca

7.103(2)
28.522(2)
38.061(3)
90

90

90
7711(2)
16

1.339

CCDC no.

 [mm]

F(000)

Crystal size [mm]

0 range [°]

Reflections collected
Unique Reflections

Rint

Completeness t0 Omax [%]
Restraints / parameters
Goodness-of-fit on F?

R1 [I>20(I)]

wR2 (all data)

Max. diff. peak / hole [e - A?]
Absolute structure

Extinction coefficient

1536931

0.299

3264
0.405x0.097 x 0.030
1.070 to 25.352
61122

7074

0.0659

100.0

0/492

1.035

0.0366

0.0891
0.234/-0.263
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Appendix

5.1.2

Mgl

[Mg{(4-Me-NCOC¢Hs).CH}:] (3)

Figure 5-2. Asymmetric unit of 3. Anisotropic displacement parameters are depicted at the 50% probability

level. Hydrogen atoms are omitted for clarity, except for those at the bridging methylene positions. Reprinted

with permission from reference ['l. Copyright 2017, John Wiley and Sons.

Table 5-2. Crystallographic data for 3.

Structure code

Empirical formula
Formula weight [g - mol]
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell parameters

Volume [A3]
Z
Pealed. [Mg . m'3]

a[A]
b[A]
c[A]
a[]
B1°]
y[°]

IDK_067
CasHasMgN4O4
578.90

100(2)

0.71073
Monoclinic

P2i/n

11.336(2)
15.002(2)
16.777(2)
90
93.10(2)
90
2849.0(7)
4

1.350

CCDC no.

¢ [mm™]

F(000)

Crystal size [mm]

0 range [°]

Reflections collected
Unique Reflections

Rint

Completeness to Omax [%]
Restraints / parameters
Goodness-of-fit on F?

R1 [I>20(D)]

wR2 (all data)

Max. diff. peak / hole [e - A?]
Absolute structure

Extinction coefficient

1536929

0.110

1208
0.218x0.142x0.128
1.822 to 30.042
58293

8328

0.0466

100.0

0/392

1.039

0.0398

0.1034

0.416 /-0.301
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513

[Ca(THF)2{(4-Me-NCOCsHs).CH}.]- THF (4)

Figure 5-3. Asymmetric unit of 4 also containing a co-crystallized lattice THF molecule. Anisotropic

displacement parameters are depicted at the 50% probability level. Hydrogen atoms are omitted for clarity,

except for those at the bridging methylene positions. One carbon atom and the corresponding hydrogen

atoms of a coordinating THF molecule are disordered about two positions. They are refined with distance

restraints and the anisotropic displacement parameters are constrained to be the same. The occupancy of the
minor position refined to 0.061(7). Reprinted with permission from reference (. Copyright 2017, John Wiley

and Sons.

Table 5-3. Crystallographic data for 4.

Structure code

Empirical formula
Formula weight [g - mol']
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell parameters
a[A]
b[A]
c[A]
(]
Bl
y[°]

Volume [A3]

z

palca. [Mg - m]

IDK_071
CasHs0CaN4O7
810.98

100(2)
0.71073
Orthorhombic
Pbca

18.297(2)
15.994(2)
27.504(3)
90

90

90
8048.8(16)
8

1.338

CCDC no.

¢ [mm™']

F(000)

Crystal size [mm]

0 range [°]

Reflections collected
Unique Reflections

Rint

Completeness to Omax [%]
Restraints / parameters
Goodness-of-fit on F?

RI1 [I>20(D)]

wR2 (all data)

Max. diff. peak / hole [e - A?]
Absolute structure

Extinction coefficient

1536930
0.214
3440

0.219x0.165x0.043

1.481 to 26.369
50606

8215

0.0634

100.0

11/531

1.006

0.0441

0.1230

0.599 /-0.280
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5.1.4 Bis(4,6-tBu-benzoxazol-2-yl)methane (7)
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Figure 5-4. Asymmetric unit of 7 containing one molecule. Anisotropic displacement parameters are depicted
at the 50% probability level. Hydrogen atoms are omitted for clarity, except for those at the bridging
methylene position. The whole molecule (except of C1) is disordered about two positions. It is refined with
distance restraints and some of the anisotropic displacement parameters are constrained to be the same. The
occupancy of the minor position refined to 0.062(1). Reprinted with permission from reference 1. Copyright
2017, John Wiley and Sons.

Table 5-4. Crystallographic data for 7.

Structure code IDK_035
Empirical formula CaiHeN20: CCDC no. 1551829
Formula weight [g - mol'] 474.66 ¢ [mm™] 0.069
Temperature [K] 100(2) F(000) 1032
Wavelength [A] 0.71073 Crystal size [mm] 0.274x0.215 x 0.070
Crystal system Monoclinic 0 range [°] 1.400 to 26.062
Space group P2i/n Reflections collected 50265
Unit cell parameters Unique Reflections 5570

alA]  18.068(2) Rint 0.0564

b[A]  7.992(2) Completeness to Omax [%] 100.0

c[A] 19.848(2) Restraints / parameters 1781/ 606

a[°] 90 Goodness-of-fit on F? 1.048

B°] 100.75(2) R1 [I>20(D)] 0.0436

y [°] 90 wR2 (all data) 0.1055
Volume [A3] 2815.7(8) Max. diff. peak / hole [e - A?] 0.230/-0.168
V4 4 Absolute structure --
Palcd. [Mg - m*?] 1.120 Extinction coefficient 0.0029(4)
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515

[Li(THF){(4,6-tBu-NCOC¢H2)CH}] (13)

Figure 5-5. Asymmetric unit of 13 containing one molecule. Anisotropic displacement parameters are
depicted at the 50% probability level. Hydrogen atoms are omitted for clarity, except for that at the bridging
methylene position. Due to a phase transition of the crystal at lower temperatures data collection had to be
carried out at an elevated temperature of 180 K causing increased thermal movement and decreased
scattering abilities. Thus, three of four fBu substituents and the coordinating THF molecule are disordered
about two positions. They are refined with distance restraints and restraints for the anisotropic displacement
parameters. The minor positions refined to 0.49(1), 0.321(8), 0.42(1) and 0.39(1). Reprinted with permission
from reference 2. Copyright 2017, John Wiley and Sons.

Table 5-5. Crystallographic data for 13.

Structure code IDK_058
Empirical formula C35HaLiN20s3 CCDC no. 1551830
Formula weight [g - mol'] 552.70 ¢ [mm™] 0.069
Temperature [K] 180(2) F(000) 2400
Wavelength [A] 0.71073 Crystal size [mm] 0.126 x0.116 x 0.091
Crystal system Monoclinic 0 range [°] 1.219 to 25.510
Space group C2/c Reflections collected 49428
Unit cell parameters Unique Reflections 6154

a[A]  34.402(6) Rint 0.0905

b[A] 12.474(2) Completeness t0 Omax [%] 100.0

c[A] 15.983(3) Restraints / parameters 1712 / 494

a[°] 90 Goodness-of-fit on F? 1.074

B[] 103.89(2) R1 [I>206(1)] 0.0805

y[°] 90 wR2 (all data) 0.2347
Volume [A?] 6658(2) Max. diff. peak / hole [e - A?] 0.328/-0.351
Z 8 Absolute structure --
pealed. [Mg - m™] 1.103 Extinction coefficient --
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[K{n>-(4,6-tBu-NCOCsH,).CH}]- (14)

Figure 5-6. Asymmetric unit of 14 containing one ligand molecule and two potassium ions, which both lie on

an inversion center. Anisotropic displacement parameters are depicted at the 50% probability level.

Hydrogen atoms are omitted for clarity, except for that at the bridging methylene position. The data were

collected from a four-fold non-merohedral twin. The fractional contributions of the minor domains refined
to 0.296(4), 0.202(3) and 0.193(3), respectively. The crystal diffract very weakly. Therefore the data are cut to
a resolution of 0.9 A. Two of four tBu substituents are disordered about two positions. They are refined with

distance restraints and restraints for the anisotropic displacement parameters. The occupancy of the minor

positions refined to 0.48(1) and 0.088(9), respectively. Reprinted with permission from reference 2. Copyright

2017, John Wiley and Sons.

Table 5-6. Crystallographic data for 14.

Structure code

Empirical formula
Formula weight [g - mol™]
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell parameters
a[A]
b[A]
c[A]
al’]
Bl
y [°]

Volume [A3]

V4

palct. [Mg - m]

IDK_073
C31HuKN20,
512.76
100(2)
0.71073
Triclinic

P1

9.242(2)
9.733(2)
17.430(3)
86.98(2)
88.01(2)
69.48(2)
1466.1(5)
2

1.161

CCDC no.

¢ [mm']

F(000)

Crystal size [mm]

0 range [°]

Reflections collected
Unique Reflections

Rint

Completeness to Omax [%]
Restraints / parameters
Goodness-of-fit on F?

R1 [I>20(D)]

wR2 (all data)

Max. diff. peak / hole [e - A?]
Absolute structure

Extinction coefficient

1551831

0.210

552

0.098 x 0.046 x 0.033
2.353 t0 23.301
37614

4010

0.1275

96.2

712 /393
1.059

0.0859

0.2061

0.378 /-0.384
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5.1.7 1,1,2,2-tetrakis(4,6-tBu-benzoxazol-2-yl)ethene (15)

Figure 5-7. Asymmetric unit of 15 containing one molecule. Anisotropic displacement parameters are

depicted at the 50% probability level. Hydrogen atoms are omitted for clarity.

Table 5-7. Crystallographic data for 15.

Structure code

Empirical formula
Formula weight [g - mol']
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell parameters

a[A]
b[A]
c[A]
a ]
B[]
y [°]

Volume [A?]

Z

Palca. [Mg - m7]

IDK_079
Ce2HsoN4O4
945.30
100(2)
0.71073
Monoclinic

P2i/c

9.974(2)
26.406(2)
11.263(3)
90
110.20(2)
90
2783.9(8)
2

1.128

CCDC no.

u [mm]

F(000)

Crystal size [mm]

0 range [°]

Reflections collected
Unique Reflections

Rint

Completeness t0 Omax [%]
Restraints / parameters
Goodness-of-fit on F?

R1 [I>20(I)]

wR2 (all data)

Max. diff. peak / hole [e - A?]
Absolute structure

Extinction coefficient

1576653

0.070

1024
0.157x0.137 x0.127
1.542 to 27.482
134577

6383

0.0364

100.0

0/328

1.020

0.0372

0.0938

0.387 /-0.215
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5.1.8 [K(18-crown-6){(4,6-tBu-OCNCsH2).CH}:(H20)0.35]-(THF)2 (16)

0(6) 0(9B)
g’%\?@
I% -l

<@ 0%A)
0(9)

Figure 5-8. Asymmetric unit of 16 containing one molecule of the potassium complex and additionally a co-
crystallized H,O as well as two THF molecule. Anisotropic displacement parameters are depicted at the 50%
probability level. Hydrogen atoms are omitted for clarity, except for those at the bridging methylene position
and the water molecule. One of the co-crystalized THF molecules is disordered about two, the other about
three positions. They are refined with distance restraints and restraints for the anisotropic displacement
parameters. The occupancy of the minor position of the single disordered THF refined to 0.395(9), while
these for the two-fold disordered THF refined to 0.057(2) and 0.346(3), respectively. Additionally, the
occupancy of the water molecule was fixed to 0.35 to give sensible displacement parameters. One of its
hydrogen atoms is partly protonating the nitrogen atom N(1). These hydrogen atoms were refined with
distance restraints and U-values of 1.5 U(eq) of the O or the N atom, respectively. The H(O) position refined
to 21% and the H(N) position to 14 %. Reprinted with permission from reference Bl Copyright 2017, John
Wiley and Sons.

Table 5-8. Crystallographic data for 16.

Structure code IDK_084
Empirical formula Cs1Hs1KN2O10-(H20)035s | CCDC no. 1555630
Formula weight [g - mol 927.58 y [mm'] 0.159
Temperature [K] 100(2) F(000) 2014
Wavelength [A] 0.71073 Crystal size [mm] 0.180x0.110 x 0.100
Crystal system Monoclinic 0 range [°] 1.487 to 25.323
Space group P2i/c Reflections collected 61760
Unit cell parameters Unique Reflections 9419

al[A]l  10413(2) Rint 0.0424

b[A] 15.047(2) Completeness t0 Omax [%] 100.0

c[A] 33.190(4) Restraints / parameters 1833 /750

a[°] 90 Goodness-of-fit on F? 1.059

B0l 95.48(2) R1 [1>206(1)] 0.0411

y[°] 90 wR2 (all data) 0.0967
Volume [A3] 5176.6(14) Max. diff. peak / hole [e- A®]  0.254 /-0.294
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Z 4 Abs. struct. parameter --
Palcd. [Mg - m?] 1.190 Extinction coefficient -
5.1.9 [MgCI(THF)x{(4,6-tBu-NCOC¢H:).CH}]-pentane (18)

Figure 5-9. Asymmetric unit of 18 containing one molecule and co-crystalized lattice pentane molecule.
Anisotropic displacement parameters are depicted at the 50% probability level. Hydrogen atoms are omitted
for clarity, except for that at the bridging methylene position. The four carbon atoms of an attached THF
molecule and a co-crystalized pentane molecule are disordered about two positions. They are refined with
distance restraints and some of the anisotropic displacement parameters are constrained to be the same. The
occupancy of the minor positions refined to 0.067(6) and 0.079(5), respectively. Reprinted with permission
from reference 2. Copyright 2017, John Wiley and Sons.

Table 5-9. Crystallographic data for 18.

Structure code IDK_059
Empirical formula CuaHeyCIMgN204 CCDC no. 1551832
Formula weight [g - mol’ 749.77 ¢ [mm™'] 0.145
Temperature [K] 100(2) F(000) 1632
Wavelength [A] 0.71073 Crystal size [mm] 0.226x0.196 x 0.129
Crystal system Monoclinic 0 range [°] 1.507 to 26.103
Space group P2i/n Reflections collected 64634
Unit cell parameters Unique Reflections 8491

alA]  10.775(3) Rint 0.0410

b[A] 27.033(7) Completeness t0 Omax [%] 99.9

c[A] 14.765(4) Restraints / parameters 771/ 546

a ] 90 Goodness-of-fit on F? 1.157

Bl 90.92(2) R1 [I>20(D)] 0.0438

y[°] 90 wR2 (all data) 0.1024
Volume [A3] 4300(2) Max. diff. peak / hole [e - A?] 0.345 / -0.293
Z 4 Absolute structure parameter --
Palcd. [Mg - m™] 1.158 Extinction coefficient --
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5.1.10 [Li(THF)2{(4,6-iPr-NCOC¢H2)CH}] (27)

Figure 5-10. Asymmetric unit of 27 containing one molecule. Anisotropic displacement parameters are
depicted at the 50% probability level. Hydrogen atoms are omitted for clarity, except for that at the bridging
methylene position. One of the benzoxazol side arms of the ligand molecule as well as both attached THF

donor molecules are disordered about two positions. They are refined with distance restraints and restraints

for the anisotropic displacement parameters. The occupancy of the minor position of the heteroaromatic side
arm refined to 0.370(13), while the minor positions of the THF molecules refined to 0.428(13) and 0.332(13),
respectively. In the other side arm, one of the iPr substituents is disordered about two positions. They are

refined with distance restraints and partially with restraints for the anisotropic displacement parameters,

since those of one of the methyl carbons are constraint to be the same. The minor position refined to 0.33(2).

The disorder leads to a poor data-to-parameter ratio, but the restraints stabilize the refinement. Reprinted

with permission from reference . Copyright 2017, American Chemical Society.

Table 5-10. Crystallographic data for 27.

Structure code
Empirical formula
Formula weight [g - mol’
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell parameters
a[A]
b[A]
c[A]
a[°]
BI°]
Y[l

Volume [A3]

Z

Pald. [Mg - m™?]

IDK_086
CssH9LiN204
568.70

100(2)
0.71073
Monoclinic

Cc

15.234(2)
9.324(2)
23.111(4)
90
91.92(2)
90
3280.9(10)
4

1.151

CCDC no.

¢ [mm™]

F(000)

Crystal size [mm]

0 range [°]

Reflections collected

Unique Reflections

Rint

Completeness t0 Omax [%]
Restraints / parameters
Goodness-of-fit on F?

R1 [I>20(D)]

wR2 (all data)

Max. diff. peak / hole [e - A?]
Absolute structure parameter'>'!

Extinction coefficient

1572042
0.074
1232

0.275x0.225x0.100

1.763 to 25.328
19040

5877

0.0380

100.0

2088 /613
1.079

0.0751
0.1933
0.283/-0.244
-0.2(5)
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5.1.11 [MgCI(THF)2{(4,6-iPr-NCOCsH:2).CH}]-hexane (29)

Figure 5-11. Asymmetric unit of 29 containing four equivalents of the complex as well as four lattice hexane
molecules. Anisotropic displacement parameters are depicted at the 50% probability level. Hydrogen atoms
are omitted for clarity, except for that at the bridging methylene position. The compound crystalized as a
four-fold non-merohedral twin with the twinlaws 100/-1-10/00-1;-100/110.630/00-1;-100/0-1
-0.630 / 0 0 1. The fractional contributions of the minor components refined to 0.4290(8), 0.0132(11) and
0.0135(11), respectively. Three of the eight THF donor molecules are disordered about two positions. They
are refined with distance restraints and restraints for the anisotropic displacement parameters. The
occupancies of the minor positions refined to 0.307(8), 0.464(11) and 0.156(13), respectively. Additionally,
three of the sixteen iPr groups are disordered about two positions. They are refined with distance restraints
and partially with restraints for the anisotropic displacement parameters, since those of four methyl group
carbons are constrained to be the same. The minor positions refined to 0.293(10), 0.47(2) and 0.39(2),
respectively. Additionally, one of the four lattice hexane molecules is disordered about two positions. They
are refined with distance restraints and partially with restraints for the anisotropic displacement parameters,
since those of a terminal methyl group are constrained to be the same. The minor position refined to
0.376(6). Reprinted with permission from reference (Y. Copyright 2017, American Chemical Society.

Table 5-11. Crystallographic data for 29.

Structure code IDK_063
Empirical formula CuiHe:CIMgN204 CCDC no. 1572043
Formula weight [g - mol 707.69 ¢ [mm™] 0.150
Temperature [K] 100(2) F(000) 3072
Wavelength [A] 0.71073 Crystal size [mm] 0.221 x0.125x 0.085
Crystal system Triclinic 0 range [°] 1.251 to 25.409
Space group P1 Reflections collected 82492
Unit cell parameters Unique Reflections 29794

alA]  10.538(2) Rint 0.0634

b[A] 27.580(3) Completeness t0 Omax [%] 100.0

c[A] 30.525(3) Restraints / parameters 3278 /2000

al°] 110.40(2) Goodness-of-fit on F? 1.007

Bl 90.04(2) R1 [1>206(1)] 0.0507

y [ 101.00(2) wR2 (all data) 0.1128
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Volume [A3] 8141.(2) Max. diff. peak / hole [e - A?] 0.335/-0.325
V4 8 Absolute structure parameter --
paled. [Mg - m™] 1.155 Extinction coefficient --

5.1.12 [Mg{(4,6-iPr-NCOCsH;).CH}.]-hexane (30)

Figure 5-12. Asymmetric unit of 30, additionally containing a lattice hexane molecule. Anisotropic
displacement parameters are depicted at the 50% probability level. Hydrogen atoms are omitted for clarity,
except for those at the bridging methylene positions. The co-crystalized hexane molecule, seven of the eight
iPr groups as well as parts of one benzene perimeter are disordered about two positions. They are refined
with distance restraints and restraints for the anisotropic displacement parameters. The occupancy of the
minor position of the hexane molecule refined to 0.328(4). The minor positions of six of the iPr groups
refined to 0.43(2), 0.344(7), 0.048(4), 0.251(13), 0.160(7), 0.38(2), respectively, while the minor position of the
iPr group in combination with the disordered benzene perimeter refined to 0.489(6). Reprinted with
permission from reference . Copyright 2017, American Chemical Society.

Table 5-12. Crystallographic data for 30.

Structure code IDK_088
Empirical formula CosoHsoMgN4O4 CCDC no. 1572044
Formula weight [g - mol’ 945.59 ¢ [mm™] 0.083
Temperature [K] 100(2) F(000) 1024
Wavelength [A] 0.71073 Crystal size [mm] 0.316 x0.175x 0.139
Crystal system Triclinic 0 range [°] 1.161 to 26.092
Space group P1 Reflections collected 113528
Unit cell parameters Unique Reflections 10686

alA]  12.893(2) Rint 0.0480

b[A]  13.337(2) Completeness to Gmax [%] 99.9

c[A] 18.684(2) Restraints / parameters 2594/ 859

a[°] 80.17(2) Goodness-of-fit on F? 1.012

Bl 69.85(2) R1 [1>206(1)] 0.0441

y[°]  63.48(2) wR2 (all data) 0.1191
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Volume [A3] 2698.2(9) Max. diff. peak / hole [e - A7] 0.317 /-0.234
Z 2 Absolute structure parameter --
palcd. [Mg - m?] 1.164 Extinction coefficient --

5.1.13 [Ca(THF){(4,6-iPr-NCOCsH:).CH}.] (31)

Figure 5-13. Molecular structure of 31. Anisotropic displacement parameters are depicted at the 50%
probability level. Hydrogen atoms are omitted for clarity, except for those at the bridging methylene
positions. The compound crystalizes in space group P432,2 containing half a molecule in the asymmetric unit.
The other half is generated by a two-fold rotation axis. The attached THF donor molecule is disordered about
two positions as well as along the two-fold rotation axis. They are refined with distance restraints and
partially with restraints for the anisotropic displacement parameters, since two of the ring CH, units are
constrained to be the same. The minor position refined to 0.235(13). Reprinted with permission from
reference (Y. Copyright 2017, American Chemical Society.

Table 5-13. Crystallographic data for 31.

Structure code IDK_089
Empirical formula CssH74CaN4Os CCDC no. 1572045
Formula weight [g - mol’ 974.29 ¢ [mm™'] 0.174
Temperature [K] 100(2) F(000) 2040
Wavelength [A] 0.71073 Crystal size [mm] 0.185x0.120 x 0.066
Crystal system Tetragonal 0 range [°] 1.694 to 25.360
Space group P4,2:2 Reflections collected 67625
Unit cell parameters Unique Reflections 4755

alA]  13.1122) Rint 0.0672

b[A] 13.112(2) Completeness t0 Omax [%] 100.0

c[A] 30.088(6) Restraints / parameters 243/ 358

al°] 90 Goodness-of-fit on F? 1.045

Bl 9 R1 [I>20(D)] 0.0330
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Volume [A3]
V4
Palcd. [Mg - m™?]

90
5172.9(19)
4

1.216

wR2 (all data)
Max. diff. peak / hole [e - A?]
Absolute structure parameter'**!

Extinction coefficient

0.0786
0.171/-0.230
0.021(14)
0.0023(3)

5.1.14 [Sr(THF){(4,6-iPr-NCOC¢H2).CH}:] (32)

Figure 5-14. Asymmetric unit of 32 containing one molecule. Anisotropic displacement parameters are
depicted at the 50% probability level. Hydrogen atoms are omitted for clarity, except for those at the bridging
methylene positions. The compound crystalized as a two-fold non-merohedral twin with the twin law -1 00/
0-10/0.610 1. The fractional contribution of the minor component refined to 0.2851(5). Reprinted with
permission from reference . Copyright 2017, American Chemical Society.

Table 5-14. Crystallographic data for 32.

Structure code
Empirical formula
Formula weight [g - mol’
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell parameters
a[A]
b[A]
c[A]
al’]
Bl
Y[l

Volume [A3]

Z

IDK_090
CsgH74SrN4Os
994.83

100(2)
0.71073
Monoclinic

P2i/c

13.202(2)
13.261(2)
29.928(2)
90
97.72(2)
90
5192.1(12)
4

CCDC no.

# [mm™]

F(000)

Crystal size [mm]

0 range [°]

Reflections collected
Unique Reflections

Rint

Completeness to Omax [%]
Restraints / parameters
Goodness-of-fit on F?

R1 [I>20(D)]

wR2 (all data)

Max. diff. peak / hole [e - A?]

Absolute structure parameter

1572046

1.090

2112
0.240x0.129x0.105
2.187 to 26.454
174741

11737

0.0814

99.3

0/630

1.084

0.0412

0.0793
0.393/-0.288
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Paled. [Mg - m™] 1.273 ‘ Extinction coefficient --

5.1.15 [Ba(THF){(4,6-iPr-NCOCsH>).CH}:] (33)

Figure 5-15. Molecular structure of 33. Anisotropic displacement parameters are depicted at the 50%
probability level. Hydrogen atoms are omitted for clarity, except for those at the bridging methylene
positions. The compound crystalizes in space group C2/c containing half a molecule in the asymmetric unit.
The other half is generated by a two-fold rotation axis. Additionally, the attached THF donor molecule is
disordered along this two-fold axis. Furthermore, one of the iPr groups is disordered about two positions.
They are refined with distance restraints and restraints for the anisotropic displacement parameters. The
minor position refined to 0.475(5). Reprinted with permission from reference (. Copyright 2017, American
Chemical Society.

Table 5-15. Crystallographic data for 33.

Structure code IDK_091
Empirical formula CssH74BaN4Os CCDC no. 1572047
Formula weight [g - mol’ 1044.55 ¢ [mm™'] 0.809
Temperature [K] 100(2) F(000) 2184
Wavelength [A] 0.71073 Crystal size [mm] 0.237x0.144x0.104
Crystal system Monoclinic 0 range [°] 1.931 to 26.384
Space group C2/c Reflections collected 154533
Unit cell parameters Unique Reflections 5379

alA]  19.286(2) Rint 0.0282

b[A]  18.480(2) Completeness to Omax [%] 100.0

c[A] 14.984(2) Restraints / parameters 204/ 364

a ] 90 Goodness-of-fit on F? 1.060

Bl 100.79(2) R1 [I>206(1)] 0.0197

y [°] 90 wR2 (all data) 0.0503
Volume [A3] 5246.0(11) Max. diff. peak / hole [e - A?] 0.586 / -0.322
Z 4 Absolute structure parameter --
Paled. [Mg - m™] 1.323 Extinction coefficient --
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5.2 DOSY NMR Data

TMB was used as internal reference for all measurements with logDi.;s(TMB) = -8.7771 (CsDs)
and logD..tsi(TMB) = -8.7749 ([Ds] THF). For CsDs, the accuracy of the ECC (ED) is in the range of
MWqis< £8%, for ECC (DSE) in the range of MWgi< 6% and for ECC (Merge) in the range of
MWy < £20%. For [Ds] THF, the accuracy of the ECC’s is in a range of MWayi< +3% (ED), MW
< +8% (DSE) and MWai< £18% (Merge).

Table 5-16. ECC-parameters for DOSY measurements in [Ds] THF?! and CgDs.1*?

logK error o error

ECCia ~7.60 0.0407 -0.553 0.0180
ECCL28ITHF ~7.74 0.0397 -0.494 0.0187
ECCLDSITHF ~7.54 0.0285 ~0.582 0.0124
ECCLD8ITHF ~7.12 0.0449 ~0.752 0.0191
logK error o error

ECCEEP8, -7.58 0.0380 -0.572 0.0172

ECCEeD6 -7.75 0.0545 -0.494 0.0260

ECCSSRe -7.47 0.0284 -0.622 0.0124

ECCESPe -7.06 0.0861 -0.787 0.0365

Table 5-17. 'H-DOSY-ECC-MW estimation of [Li(THF){(4,6-tBu-NCOCsH,),CH}] (13) in C¢Ds at 25 °C.
Hypothetical aggregates are [Li(THF),{(4,6-tBu-NCOCsH,),CH}] withn=0-2in A to C.

TH-DOSY 25°C
Aggregate MWe [g/mol] MWiic [%]
Dy [m?/s] 6.357E-09 | A 481 ~16 (DSE)
logD. -9.1967 -4 (ED)
IOng,norm -9.1863 =25 (Merge)
Dret (TMB) [m?/s] 1.631E-09 | B 553 -4 (DSE)
logD:(TMB) -8.7875 10 (ED)
MWge [g/mol] (ED) 503 -14 (Merge)
AMWae [g/mol] (%) (ED) +64(13) [ C 625 9 (DSE)
MW [g/mol] (DSE) 575 24 (ED)
AMWqet [g/mol] (%) (DSE) +32 (6) -3 (Merge)
MWie [g/mol] (Merge) 643
AMWqet [g/mol] (%) (Merge) +55 (9)

Table 5-18. 'H-DOSY-ECC-MW estimation of [K{#’-(4,6-tBu-NCOCsH,).CH}].. (14) in CsDs at 25 °C.
Hypothetical aggregates are [K(benzene)a{r*-(4,6-tBu-NCOC¢H,),CH}] withn=0-2in A to C.

H-DOSY 25°C
Aggregate MW [g/mol] MWait [%]
Dy [m?/s] 7.050E-09 | A 513 -8 (DSE)
logDx ~9.1518 5 (ED)
long,norm -9.1774 -17 (Merge)
Drat (TMB) [m?/s] 1.772E-09 | B 591 6 (DSE)
logD:(TMB) -8.7515 21 (ED)
MWge [g/mol] (ED) 490 -5 (Merge)
AMWqet [g/mol] (%) (ED) +62(13) | C 669 20 (DSE)
MWae [g/mol] (DSE) 556 37 (ED)
AMWqet [g/mol] (%) (DSE) +31 (6) 8 (Merge)
MWie [g/mol] (Merge) 620
AMWqet [g/mol] (%) (Merge) +52 (8)
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Table 5-19. 'H-DOSY-ECC-MW estimation of K(18-crown-6){(4,6-tBu-OCNCsH,),CH}-(H,0)o35]-(THF),
(16) in [Ds]THF at 25°C. Hypothetical aggregates are [K(18-crown-6)(THF),{(4,6-tBu-NCOCsH,),CH}]
withn=0-2in A to C.

"H-DOSY 25°C
Aggregate MW [g/mol] MWait [%]
Dy [m?¥/s] 5.782E-10 | A 777 ~11 (DSE)
logDy ~9.2312 14 (ED)
logDxnorm -9.2509 -20 (Merge)
Dret (TMB) [m?/s] 1.757E-09 [ B 849 22 (DSE)
logDr(TMB) 87552 25 (ED)
MWie [g/mol] (ED) 682 -12 (Merge)
AMWae [g/mol] (%) (ED) +56 (8) [ C 921 6 (DSE)
MWiet [g/mol] (DSE) 870 35 (ED)
AMWeet [g/mol] (%) (DSE) +64 (7) -5 (Merge)
MWee [g/mol] (Merge) 967
AMWeet [g/mol] (%) (Merge) +112(12)

Table 5-20. 'H-DOSY-ECC-MW estimation of [MgCl(THF),{(4,6-tBu-NCOCsH,),CH}] (18) in C¢Ds at
25 °C. Hypothetical aggregates are [MgCI(THF),{(4,6-tBu-NCOCsH,),CH}] withn=0 -2 in A to C.

'H-DOSY 25 °C
Aggregate MW [g/mol] MWiit[%]
D« [m¥/s] 5.845E-09 | A 533 ~12 (DSE)
logDx -9.2332 1 (ED)
logDx norm -9.2020 -22 (Merge)
Dret (TMB) [m¥/s] 1.555E-09 | B 606 0 (DSE)
logD:s(TMB) -8.8083 15 (ED)
MWie [g/mol] (ED) 527 -12 (Merge)
AMWiet [g/mol] (%) (ED) +67(13) | C 678 11 (DSE)
MWae [g/mol] (DSE) 609 29 (ED)
AMWie: [g/mol] (%) (DSE) +34 (6) -1 (Merge)
MWet [g/mol] (Merge) 685
AMWie: [g/mol] (%) (Merge) +59 (9)

Table 5-21. 'H-DOSY-ECC-MW estimation of [MgBr(THF),{(4,6-tBu-NCOCsH,),CH}] (18a) in CsDs at
25 °C. Hypothetical aggregates are [MgBr(THF).{(4,6-tBu-NCOCsH,),CH}] withn=0-2in A to C.

'H-DOSY 25 °C
Aggregate MW [g/mol] MWaic [ %]
Dy [m?¥s] 5.476E-09 | A 578 ~9 (DSE)
logDx ~9.2616 6 (ED)
long,norm -9.2127 -19 (Merge)
Dret (TMB) [m¥/s] 1.493E-09 | B 649 2 (DSE)
logD:«(TMB) ~8.8259 19 (ED)
MWie [g/mol] (ED) 544 -9 (Merge)
AMWaet [g/mol] (%) (ED) +70 (13) [ C 720 14 (DSE)
MWie [g/mol] (DSE) 634 32 (ED)
AMWie: [g/mol] (%) (DSE) +36 (6) 1 (Merge)
MWeet [g/mol] (Merge) 715
AMWie [g/mol] (%) (Merge) +62 (9)

Table 5-22. 'H-DOSY-ECC-MW estimation of [Mg{(4,6-tBu-NCOCsH>),CH},] (19) in CsDs at 25 °C.

'H-DOSY 25 °C
Aggregate MW [g/mol] MWaic [%]

Dy [m?/s] 4.548E-09 | Homoleptic 972 14 (DSE)

logDx -9.3422 41 (ED)

logDxnorm -9.2942 -2 (Merge)

Dret (TMB) [m?/s] 1.496E-09

IOgDref(TMB) -8.8251

MWeet [g/mol] (ED) 690

AMW e [g/mol] (%) (ED) +92 (13)

MWae [g/mol] (DSE) 857

AMW e [g/mol] (%) (DSE) +50 (6)

MWiet [g/mol] (Merge) 993

AMWdet [g/mol] (%) (Merge) +90 (9)

143



Appendix

5.3 Spectra of 1H NMR Water Titration Experiments
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Figure 5-16. Full Stacked 'H NMR spectra of a water titration experiment of 16 in [Ds]THF. Note that the
resonances around 0 ppm which are obviously also affected by the successive addition of water belong to an
impurity. Adapted with permission from reference Pl Copyright 2017, John Wiley and Sons.
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Figure 5-17. Full stacked '"H NMR spectra of a water titration experiment of [K{#’-(4,6-tBu-NCOCsH,),-
CH}].. (14) in [Ds]THF. Note that the resonances around 0 ppm which are obviously also affected by the
successive addition of water belong to an impurity. Adapted with permission from reference . Copyright
2017, John Wiley and Sons.
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5.4 Structural Models of 19 and 19a

Figure 5-18. Force field optimized structural models to illustrate approximate distances. Top: Between Hurigge
and the corresponding 4-tBu substituents (quaternary C atom). Bottom: Between the hydrogen atom H7 and
the corresponding 4-¢Bu substituents (quaternary C atom). Left: N-bound 19. Right: O-bound 19a.
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