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Abstract

The sodium salt of the thiopyridazine based scorpionate ligand Na|Tn!?“| (1) was synthe-
sised by the reaction of 6-tert-butyl-3-thiopyridazine (PnH) with NaBH,. A screening on
the reaction conditions revealed that refluxing a 2.0 M solution of PnH with 1 equivalent
of NaBH, in toluene for 2 days leads to 85% yield. The ligand is best purified via a
reversed soxhlet extraction with cyclohexane.

Furthermore, it was found, that 1 is sensitive towards light and undergoes rapid decom-
position upon UV - irradiation. The decomposition products were identified as PnH (2
equivalents) and 1 equivalent of the reduced 4,5- dihydro- 6- tert butyl- 3- thiopyridazine.
Reaction of 1 with zinc halides in THF in the dark leads to the THF - coordinated
complexes of the formula [ZnBr(Tn'®*)(THF)| (3a) and [ZnI(Tn!?*)(THF)] (4), respec-
tively. Upon crystallization, 3a loses its coordinated THF and a blue, scorpionate complex
|ZnBr(Tn'5%)|s (3b) forms. X-ray diffraction analysis of 3b reveals a hexameric struc-
ture, where each sulfur atom coordinates a different zinc atom. The analogous zinc iodine
species |Znl(Tn!P")| (5) was synthesised by reaction of 1 with Znl, in CH5Cly. The com-
plexes were characterised by 'H and *C NMR spectroscopy, IR spectroscopy and high
resolution mass spectrometry.

The hybrid Na[’"Bm]| scorpionate ligand, consisting of two thiomethimidazoles and one
thiopyridazine, reacts with zinc bromine to form a bidentate, dimeric complex of the for-
mula [ZnBr(""Bm)|, (6). X-ray diffraction analysis revealed, that two zinc atoms are
bridged via the scorpionates thiopyridazine substituent. Furthermore, a weak B-H-Zn
interaction is observable. 'H and 3C NMR spectroscopy, IR spectroscopy and elemental
analysis confirmed the structure and purity of the compound.

An iron(IT) scorpionate complex (7) was synthesised, reacting 1 with iron(II)triflate in
Et50O under inert atmosphere. Characterisation via IR spectroscopy and high-resolution
mass indicate a complex of the putative formula [Fe(Tn!®*)(OTf)]. NMR measurements
point to a paramagnetic compound and the IR spectrum shows a strongly shifted B-H

resonamnce.

IV



Reaction of PnH with Fe(OTf), leads to formation of an unusual, trisulfide bridged,
N,S,N - coordinating Fe(IT) complex [Fe(PnS3Pn),|(OTf), (8). The complex shows strong
paramagnetic properties and measurements on a Gouy balance revealed a magnetic sus-
ceptibility, consistent with a high spin complex with 4 unpaired electrons. The complex
was characterised via IR spectroscopy and elemental analysis. X-ray diffraction analysis
of 8 revealed an octahedrally coordinated Fe(II) center with two facially coordinating,

tridentate ligands.



Abbreviations

NADH
NHIE
NMR

Pan

Absorption
Acetonitrile

Aryl

Aspartic acid
Benzimidazole
Carotene Oxygenase
Deuterated chloroform
Cysteine dioxygenase
Cysteine
Dichloromethane
Diketo dioxygenase
Dimethylsulfoxide
Glutamic acid

Histidine

Hard and soft acids and bases

Infrared (spectroscopy)

Methanol
Methimidazole

Microwave

Reduced form of nicotinamide adenine dinucleotide

Non-heme iron containing enzymes

Nuclear magnetic resonance (spectroscopy)

3-thiopyridazinyl - bis(2-mercapto-methimidazolyl) borate
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Pyridine

Pyridazine

Quercetin dioxygenase
Halogenase

Tertiary butyl group
Tetrahydrofurane

Threonine

Tris (2-mercapto-methimidazolyl) borate
Tris (3-thio-pyridazinyl) borate
Tris (pyridazinyl) borate
Tyrosine

Ultra violett (light)
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Chapter 1.

Introduction: Zinc and iron iIn

biology

1.1. Zn-dependent enzymes

Due to its full d-shell, zinc lacks a lot of abilities, that makes other metals more interest-
ing for organometallic and catalytic chemistry. In contrast to copper, iron or manganese,
zinc neither possesses colour, nor redox activity or magnetism and its oxidation state is
limited to +2, which excludes its complexes from classic catalysis. Despite its limited
properties, the zinc metal has a lot of functions in living organisms. An average adult
human contains about 3 g of zinc, which is responsible for effective growth and devel-
opment.1?l Furthermore it is proposed, that it shortens the length of a common cold in
adults.[>® These effects are due to its catalytic and structural roles in enzymes and thus,
there are zinc enzymes known for all fundamental enzyme classes like oxidoreductases,

transferases, hydrolases, lyases, isomerases and ligases. 7]

1.1.1. Coordination motives in mononuclear zinc enzymes

Generally, the active site in zinc dependent enzymes consists of a tetrahedral zinc center,

coordinated by 3 of the proteins amino acids and a catalytically important water molecule
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or hydroxide ion.[312!

The bound amino acids are usually a combination of histidine (His),

aspartic acid (Asp), glutamic acid (Glu) and cysteine (Cys), respectively. Figure 1.1 shows

the amino acids that provide nitrogen, oxygen and sulfur donors, being histidine one of

the most common. 319!
=
Remm7n—H,0
Rr3

H
N
R His R——COOH Asp
,’—\&E

R—sSH Cys  R———COOH Glu

Figure 1.1.: different coordination mo-

tives and amino acids.

Histidine represents a neutral ligand coordinat-
ing with its imidazole-nitrogen atom, while the
aspartic- and glutamic acid are deprotonated
and coordinate via their carboxylic group. In
contrast to these amino acids, the protonation
state of the bound cysteine is under discussion.
Some calculations suggest, that most probably
all cysteine is bound by its deprotonated form,
especially in the presence of other stabilizing

amino acids. [16:17]

Although tetrahedral zinc centers are often quite similar concerning their coordination

geometry and ligands, they perform different functions. This is believed to be due to

different combinations of donor groups and different lengths of the spacer between the

amino acids and the coordinating residues. This generates an active site, which is perfectly

adapted for the respective function. 8!

Figure 1.2.: scheme of a zinc finger

motive.

Additionally to their catalytic function, zinc en-
zymes play an important structural role, be-
cause they have a huge impact on the con-
formation and stability of enzymes. Other
than in catalytic zinc enzymes, in structural
sites, the cysteine is predominant. In structural
sites, nitrogen and sulfur donors are favoured.
This is illustrated by the [Zn(Cys)y] and the
|(His)2(Cys)2Zn| motive in Alcohol Dehydroge-
nase and the zinc finger, respectively (Figure

12) ] [19-21]
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1.1.2. Carbonic anhydrase

Upon all zinc enzymes, the carbonic anhydrase is probably one of the most investi-
gated. 224 Discovered in 1933, it was the first known zinc-containing enzyme and it was

[25] The intense

found, that it is ubiquitous (is present in animals, plants and bacteria).
investigation of this enzyme derives from its unique catalytic function: the reversible
hydration of carbon dioxide to bicarbonate. Thus it is important for respiration, CO,

transport and the intracellular CO5/HCOj equilibrium.

HCO:]_- + H

CO'2 + HED

H d Jl’:
Zn—0" Zn—o~-" / 0%
+ b
o= =
co, So T zno 2
b Jf )—-— Znhof ~o-H

Figure 1.3.: proposed mechanism of carbonic anhydrase.

There have been several theoretical and experimental studies that investigated the mech-
anism of carbonic anhydrase.?527 In figure 1.3, the proposed mechanism based on these
studies is illustrated. Starting with the deprotonation of the bound water, the catalytically
active Zn-OH species is formed. After a nucleophilic attack of the Zn-bound hydroxide,
a 4-membered intermediate is formed. From this intermediate, two possible pathways
are possible. The "Lindskog" mechanism (Path a) and the "Lipscomp" (Path b) vary by
the positioning of the originally zinc bound oxygen atom (red). While the "Lipscomp"
mechanism is based on an internal proton transfer, the "Lindskog" mechanism goes with
an unbroken O-H bond. Although it is not possible to experimentally observe these
species and therefore confirm one of these mechanisms, some theoretical studies support

a Lindskog-type mechanis. [28-3]
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In order to successfully model the carbonic anhydrase, the structure and coordination

around the active center is of particular interest.

G'"mﬁk?:O Figure 1.4 illustrates the tetrahedral zinc center,
y O-H - facially coordinated by 3 histidine, while the 4"

is /'(%“ 3 { . . .
et AN site is occupied by a water molecule. The wa-

His 96 w/\'ﬁﬁ‘;‘l‘_;:___ " /H
e /“ °\H ter again is stabilized via hydrogen bonds to a
%Eg) threonine (Thr) and a glutamic acid (Glu). In
H
the deprotonated form, the hydroxide can be
Figure 1.4.: active site of CA. stabilized by a hydrogen bond from Thr.

1.1.3. Modelling of the carbonic anhydrase

[lustrated in figure 1.4, the active center of the carbonic anhydrase can be modelled by a
tetrahedral zinc-hydroxide complex. Naturally, the use of simple pyridazines or imidazoles
leads to the formation of a tetrahedral [ZnT4]** and an octahedral [ZnLg)*" complex and
no zine-hydroxide or zinc-aqua complex could be isolated so far.!*!] Therefore, tripodal
ligands, where the donating groups are attached to a common tetrahedral center have

proven to be good ligands (Figure 1.5). In contrast to acyclic ligands, they enforce a fa-

R D’R cial coordination rather than a planar T-shaped
D :
? _o-R , - . e .
K’I;'HTD R-D- -M binding. The facial coordination is required to
:_DHR D“Ft generate a tetrahedral metal center. Further-
facial coordination  T-shaped coordination ~ more, tripodal ligands are not very flexible and
of a tripodal ligand of an acyclic ligand

therefore can only coordinate in one binding
Figure 1.5.: coordination of a tripodal conformation. This is also an important factor

and an acyclic ligand. for modelling an enzymes active site.

Additionally, by varying the residues of the tripodal ligands, the steric environment around

the metal center can be varied easily to generate a suitable coordination pocket.
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Therefore, a variation of different tripodal ligands containing nitrogen donors have been
applied to generate synthetic analogues of the carbonic anhydrase active center. A lot of
effort was put into tris(imidazolyl)phosphine, tris(imidazolyl)carbinol or tris(imidazolyl)alkane

ligands and their pyrazole derivatives, but only a few of them afforded a tetrahedral zinc

complex. 32739
& = | eEh
3 Rl X
H— */"ﬁ‘:‘-‘mi Bc H H—C—N=N {Zn
\ N// \\\ NE}N/ \ / \X
& & R~

Figure 1.6.: sandwich- and bidentate coordinating zinc complexes.

Figure 1.6 shows the first structurally characterized zinc-complexes derived from tris-
(pyrazolyl)methane ligands. But instead of a tetrahedral zinc complex, they form a
sandwich-type complex of the formla {[n® — HC(L3)]sZn}** and {[n* — HOC(L)3]2Zn}*T,
respectively.[*! Furthermore, the increase of steric hindrance using highly substituted
tris(pyrazolyl)methane ligands did not lead to the desired mononuclear cationic zinc
species. Instead these ligands formed six-coordinated complexes of the formula [n? —
HC(L)3]Zn(NOs)y and tetrahedral, bidentate coordinated halide derivatives of the for-
mula [n? — HO(L)3]ZnX,.1M

The first ligand to form a tetrahedral zinc hydroxide complex was Trofimenko s tris
(pyrazolyl) borate scorpionate ligand [Tp|.1>*3]. Since that, a lot of effort was put into

the development of zinc scorpionate complexesFigure 1.7 shows the first functional

— e —~a :
25 o a .\,“:“—;\.e-a-- N model, that was able to insert COs
B - —— H—u—--"'—“-—-—z»__{{
\N_,k// e \H// . . .
s~ A into the Zn-OH bond, generating a zinc-
— o
e

5 bicarbonate complex.[* The resulting

/1 “j/,r‘_;“f' complex however, does not exchange the
I .;,__zn:_'__,‘_,‘__\.a -
L bicarbonate with a hydroxide to restart

a new cycle but rather condensates with

Figure 1.7.: the first functional model of car- , ,inc hydroxide forming a carbonato-

bonic anhydrase. bridged dimer. 4]
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In 1996, Reglinski et al. introduced another class of scorpionate ligands. His 2-mercapto-
methimidazole - based scorpionate [Tm| was able to bind via its sulfur atom and therefore
generating an 8- membered ring, that is more flexible than the original [Tp| ligand. !l
Based on this new ligand, Bridgewater et al. were able to characterize a stable S3-

coordinating zinc-hydroxide complex (Figure 1.8A).17]

“?9* 5

H—B\\ ‘/ 2y OH
\3v7 &
e @) 6
Pt @
A B

Figure 1.8.: A: S3-coordinating Zn-OH complex B: N-based scorpionates.

The first non-boron based tripodal ligands, that form zinc-hydroxide complexes were
introduced in 2005 by Vahrenkamp et al. (Figure 1.8B). These nitrogen based ligands
generate a tetrahedral zinc-aqua complex and with highly sterical substituents (L4), a

zinc complex with a vacant site is formed. 8]

With the introduction of mixed hybrid @
scorpionates, the field of research in the vl \
Zn——l
zinc-scorpionate chemistry widened up.[*) ] ;/
) e
In 1997, Kimblim et al successfully g

characterized a zinc halide complex with ) ) )
Figure 1.9.: first ~ mixed  scorpionate

a  bis(2-mercapto-methimidazolyl)pyrazolyl
complex.

borate ligand (Figure 1.9).

In 2003, Shu et al. showed, that also sterically encumbered mixed bis(2-mercapto-
methimidazolyl) pyrazolyl borate ligands do not form a Zn-OH species but undergo de-
composition upon hydrolysis. P!

Other classes of scorpionate ligands were introduced and applied in this field, like the
pyridine-based-[! or the triazole-based scorpionates[®2 but none of them showed better

results, than the original Tp ligand.
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1.2. Fe-dependent enzymes

Iron is the most abundant element in the earth crust and the human body contains about
4-5 g iron, of which approximately 50% is bound in hemoglobin.®*! Furthermore, it has
several stable oxidation states, varying from the common +2 and +3 to high valent +4
and +5 in active intermediates in non-heme iron containing enzymes (NHIEs).[*%° Due
to its different oxidation states and coordination geometries, iron catalysts find a lot of
application in industrial processes. *!

In nature, iron has several important functions. In blood, for example, iron is coordinated
by a heme-motive building the hemoglobin, which is responsible for oxygen transport.

Because of the fact, that iron is easily available and there are a lot of iron dependent

enzymes, there is a huge interest in the field of iron chemistry. >4l

1.2.1. O, activation of non-heme Fe enzymes

In enzymes bearing a heme-iron motive (Figure 1.10), the iron center is coordinated by 4
nitrogen atoms of a planar porphyrin cofactor.
In this iron-porphyrin complex - like in
hemoglobin, the iron center is additionally
coordinated by a sulfur from cytochrome

P450, leaving one vacant, active site. As a

consequence, no other substrate can bind and
HOOC

COOH

thus NADH is necessary for reduction and a

reductase is required for electron transfer. >l Figure 1.10.: Fe-porphyrin complex.

Non-heme iron containing enzymes (NHIEs), on the contrary, possess a lot of electron
sources like co-factors or bound substrates. Therefore, they have a more flexible coor-
dination environment to bind the various required ligands. Thus, NHIEs can catalyse
a broad set of oxygen dependent transformations like oxygenative bond cleavage, bond
formations or hydroxylations.[®®! Although the functions are different, the enzymes share

the common catalytic principle.
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Figure 1.11 shows the general schematic Sub-00 L= Qb .
mechanism of Oy dependent transformations A
catalysed by NHIEs. A: The substrate binds G H0

to the active site, releasing HyO. B: Oxygen 0-° e A

_ _ _ L-Fe - Sub
binds end-on to the activated iron-substrate
complex. C: The enzyme-dependent trans- B o,
formation is carried out, releasing the oxi-

dised substrate and re-coordinating water to  Figure 1.11.: general mechanism of O, ac-

finish the catalytic cycle. 5! tivation by NHIEs.

With the first crystal structures of non-heme iron(II) containing enzymes, a trend in the

59,601 This coordination motive - referred as 2His-1-

coordination sphere was observable. !
carboxylate facial triad - is illustrated in figure 1.12. Tt consists of 2 N-coordinating

histidine, a carboxylic acid - based amino acid and a water molecule providing a 2N20

coordination.
H,O >|( X
281, Lt X
_Fell O, | X
Or"'l ~ = His , F I
N e
ASDW N \\#/_Ilf; Or"l \N
4 | N
HN .
His

Figure 1.12.: 2His-1-carboxylate facial triad.

This facial triad has long been a paradigm for Fe(II)/Fe(IIl) active sites and numerous
of ligands and complexes have been synthesised forming structural and functional mod-
els. 1817661 But by the time, new crystal structures of NHIEs emerged, that showed different

coordination motives (Table 1.1).[67:68]
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X
CI/”’!:, X N, WX
enzyme name motive 71N /'Fe”\
N ’ X N ‘ X
N
QDO Quercetin dioxygenase 3His-1Glu s 1C1 3Hi:—] Gl
DKE  Diketo dioxygenase  3His "
X
CDO  Cysteine dioxygenase 3His N, 1N No, |
Fe, el
SyrB2 Halogenase 2His-1C] N TN g
X N
CarO  Carotene oxygenase  4His 4His 3His

Table 1.1.: list of different motives in NHIEs.  Figure 1.13.: different motives of NHIEs.

The new motives listed in table 1.1 differ in many ways compared to the "old" 2His-
l-carboxylate" motive. The unusual 2His-1Cl motive, found in the halogenase enzyme,
shows a chlorine bound to the active site and 3 vacant, solvent occupied sites. The 3His-
1Glu motive is similar to the 2His-1-carboxylate motive, but is now coordinated by 3
nitrogen atoms (instead of 2) and one oxygen (instead of 2). Cysteine dioxygenase and
Diketo-dioxygenase show a 3His and a 4His motive, respectively. In these enzymes, the
iron center is coordinated only by nitrogen atoms, leaving 2 and 3 vacant, solvent occupied

sites for the oxygen and the substrates to bind.

o o
_,-JL_,L 02 _,,-J-L D- * _',,J-L_‘//O

Figure 1.14 shows the different reactions

talysed by DKE1, CDO and QDO. Th Q - 3t
catalysed Dy 5 and Q € HS/\TJLOH cgo 0\§ﬁJ\OH
latter catalyses the oxygenative bond cleav- NHy & hHg
age of quercetin and quercetin related struc- JOL
R

R_ O OH o
tures,® while DKE1 was found to cleave a OW %0' ,E];[COOH
H
HO OH

- diketones.[™ Cysteine dioxygenase oxidises —
cysteine forming cysteine-sulfinic acid.[™
Figure 1.14.: reactions catalysed by differ-

ent NHIEs.
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1.2.2. CDO - cysteine dioxygenase

The cysteine dioxygenase, as mentioned before, catalyses the O, dependent conversion of
L-cysteine into L-cysteinesulfinic acid (Figure 1.14). The enzyme is present in mammalian

[ Numerous studies, including metal

cells, as well as in yeast and prokaryotic homologues.
dissociation experiments, showed, that the enzyme is strictly Fe-dependent and requires

a tyrosine (Tyr) co-factor. 717l

The structure of the active site (seen in fig-
ure 1.15 and 1.13) consists of a facial triad
of N-coordinating histidine, while the fourth
site is occupied by a water molecule, result-
ing in a distorted tetrahedral geometry. The
co-factor tyrosine stabilizes the Fe-OH, via
hydrogen bonding. In the active state (seen

in figure 1.15), the cysteine binds ¢ — N and

e — S to the iron center, raising the coordi-

nation number to 5.[71:74 Figure 1.15.: active site of CDO.

A lot of effort was put into the determination of the catalytic mechanism and several
studies have come up with the proposed mechanism, seen in figure 1.16. In the resting
state, the center is tetrahedrally coordinated by 3 His and a water molecule (A). Cysteine
replaces the water molecule by the S-atom and additionally coordinates via its nitrogen,
forming a coordinately unsaturated complex (B). Next, Oy binds end-on, which is sta-
bilized by a hydrogen bond from the tyrosine co-factor (C). Without stabilisation, an
oxoferryl species would form, releasing a hydroxyl-radical (I). Due to the close distance,
a peroxo intermediate with the sulfur is proposed (D), followed by a homolytic cleavage of
the O-O bond (E). The resulting oxoferryl species (again stabilized by the Tyr-cofactor)
is known as a strong oxidising agent, and a S-O bond is formed (F,G). After reductive
elimination (H) and hydrolysis, the cysteinesulfinic acid is released and the resting state

is re-established (A). [71,74-78]

10
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L-Cysteine ) B /Q._;/rmsr &
5 3 C . Tyr157
3 " —~cyse3 . /C?/
o ~0

s
“—cys03

N
| His1e0
N

L-CSA Hisgs
H,0
Tyr157
: W=0 X o
w" ’ S —cys3 Oy
—v<\ " "’<\
& NH_.:\.\_._'.__ ™, 'L His140
2 ¥ 2 ;
. S, J HO" -—— / His88
g Fe 3 . is!
i’ 4 T
i M W His86
His140

2 - s Tyris7
(7V i ~~Cys83 g yr - Lal ~cyem
';<\ 4 o Wy B =
W o. S—0 T N
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Figure 1.16.: proposed catalytic cycle of CDO.

Although different studies have come up with the proposed catalytic cycle, it has not been
proved so far. In order to do so, numerous structural and functional models have been
developed. In the beginning, the applied ligands were mainly amines with N-containing
residues, shown in figure 1.17.

These ligands could be used in a triden- B g = RTONTTH

tate (HNRy) or a tetradentate (NR3) manner i
H

|
with different N-coordinating residues like : N:@ o o N
Y K HJ

benzimidazole, pyridine or methimidazoles. i
im Py Mim
Mixed ligands of these derivatives have also

been reported.[79:8] Figure 1.17.: N-based amine ligands.

Nevertheless, none of these purely nitrogen-containing ligands showed any activity towards
oxygen activation. The first structural and functional models for CDO were reported by
Goldberg and co-workers. In these studies, a new, sterically demanding pyridine based

Schiff base ligand was introduced (Figure 1.18).18" Using the N3-ligand with an equivalent
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Chapter 1. Introduction: Zinc and iron in biology

of NaS-Ph, the corresponding thiolate complex could be isolated. This complex was able to
activate oxygen, forming a sulfinato-complex. With these ligands, it could be shown, that
sulfur coordination is required for dioxygen activation. Furthermore, it was recognizable,

that covalently bound sulfur-donors were over-oxidised to a R-SOj species.[?!

NapyameSR

Figure 1.18.: pyridine Schiff-base
Figure 1.19.: N4Py ligands.

ligands.
Introducing the N4Py ligands (Figure 1.19), Goldberg and co-workers were able to oxidise
covalently bound S-donors (like in the N3PyS ligand) to the corresponding sulfinic acid.
By varying the substitution of the ligand (like in the N3Py®™¢SR ligand), the tyrosine
co-factor could be modelled , which led to a spectroscopically characterized Fe(IV) oxo-

ferryl species, using PhlO as oxygen source. [*3!

Among all the previously described ligands, based on pyridine, imidazole, pyrole and

benzimidazole, complexes with pyridazine containing ligands are still unexplored.

1.3. Thiopyridazine and its derivatives

Pyridazines and its substituted analogues are of particular interest, due to their versatile

applications in biology. Not only do they interfere in several regulation processes in

[84-86 86,87]

enzymes, I but they also show high biological activity and fungicide properties.

1.3.1. Structural and chemical properties

Due to its electron deficient aromatic system, pyridazine and its derivatives show different

behaviour in coordination chemistry, than other N-containing ligands. Compared to pyri-

12



Chapter 1. Introduction: Zinc and iron in biology

dine, they have decreased electron donor abilities, which is demonstrated by their pK4
values (2.2 in pyridazine and 5.2 in the corresponding pyridine).[gs]

Furthermore, bearing two vicinal nitrogen atoms would allow two metals to coordinate
in close proximity to each other. However, this can only be achieved with 3- or 6- sub-
stituted pyridazines, where the residues bear coordinating atoms. 899 Unsubstituted, or

alkyl-substituted pyridazines, instead, work as monodentate ligands, where only one metal

binds. [P1.92]

Figure 1.20.: tautomerism of thiopyridazine.

Substituting the pyridazines on the 3 - position with donor atoms like oxygen or sulfur
leads to the pyridazine-3-one and the 3-thiopyridazine, respectively. These new ligands
have two tautomeric forms, represented in figure 1.20. Typically, the pseudo-aromatic
ring is preferred (left side), but upon UV-irradiation the equilibrium shifts to the right
side and the aromatic thiol is formed. %324

In coordination chemistry, the thiopyridazine has the possibility to act as a monodentate
and bidentate ligand. Furthermore, by introducing a sulfur and a nitrogen donor, the
thiopyridazine can act as a hard, as well as a soft ligand, according to Pearson’s HSAB

concept. ]

1.3.2. Thiopyridazine based complexes

Despite its various functions in biology and its promising properties in coordination chem-
istry, there are only a few examples of thiopyridazine based complexes. Several complexes
of pyridazine-3-one derivatives have been reported, but the thiopyridazine ligand is a rare

96971 Only recently, a series of tin complexes bearing thiopyridazine ligands

exception.[
was published.[?®l In these examples, the thiopyridazine coordinated bidentate via its 2

- N and S-atom, forming a planar 4-membered ring. Except for this example, no other

13



Chapter 1. Introduction: Zinc and iron in biology

thiopyridazine - based complex has been described.

While there is only little known about thiopyridazine complexes, the ligand class of thiopy-
ridine complexes is well established. There are examples of thiopyridine coordinating in a
monodentate or in a bidentate fashion and in some cases, the thiopyridine serves as mon-
odentate - bridging molecule, connecting two metal-complexes via its sulfur and nitrogen

atoms (Figure 1.21).199-101]

ML S—
y i Nf X "’.,I'\\-"IL,Q
W_g— =N

Figure 1.21.: different coordination modes of the thiopyridine ligand.

In zinc complexes, thiopyridines usually bind monodentate via their sulfur atom, but there

102,103] The coordination

are some rare examples of a bidentate thiopyridine zinc complex. !
chemistry of iron thiopyridines depends on the co-ligand used. With strong coordinating
ligands, like iron-nitrosyls, the thiopyridine is bound monodenate. Using weakly or non -
coordinating ligands like carbonyls or [PF4|~, the iron is coordinated by the nitrogen and

the sulfur in a bidenate manner. 104109l

1.3.3. Thiopyridazine based scorpionates

While there are only a few complexes with thiopyridazines known, in 2011, M&sch-Zanetti
and co-workers published a new, soft-coordinating, electron deficient scorpionate ligand
based on 3-mercapto pyridazine (PnH).[mG] This new potassium salt of the scorpionate
ligand has different possibilities to bind to the metal center, as shown in figure 1.22.
Because of the two donating atoms in the ligand, it is possible to coordinate via its sulfur
or nitrogen atoms, depending on the "hardness" of the metal. Furthermore, mixtures of

a N,S coordination could be conceivable.

S/z \S N/E\N S/: \\N S/:.q\h
N W AW

Figure 1.22.: different coordination modes of the scorpionate ligand.
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Chapter 1. Introduction: Zinc and iron in biology

Additionally, the coordination versatility of this scorpionate ligand is demonstrated by
the crystal structure of the potassium salt of the tris(6-methyl-3-thiopyridazinyl)borate
ligand (Figure 1.23). The ligand crystallizes as a dimer,
- forming a x® —S% and a k% — N3, O3 co-
ordination, respectively. Interestingly,
one potassium is coordinated only by

sulfur atoms, while the other is sur-

rounded by 3 nitrogen donors and 3 wa-

ter molecules, providing an octahedral
Figure 1.23.: crystal structure of K[T'n*¢]. geometry.

Furthermore, the central boron of the scorpionate shows an inversion, indicating a begin-

ning B-H-K interaction. With this electron deficient scorpionate ligand, unusual cobalt

and nickel boratranes could be synthesised and characterized by X-ray crystallography. 196l

These scorpionate derived boratrane complexes, first published by Owen and co-workers

in 1999, are more stable, due to their closer ligand-metal distance.[107]
tBu
J

1Bu
tB
u | “‘r;l .-
= N
| | \B_.N
K N
. [ T =
S S\\ /H f
Cii ,,CU\
| W / S
S / & |

B
3 | B—]||—N
- |
| ri" \N N I
=N I\LJ |
X {Bu

A B

Figure 1.24.: A: structure of a copper-boratrane, B: dimeric structure of [Cu(Tn)]».

Introducing this ligand to copper, the choice of solvent is crucial for the complex forma-
tion. While non-coordinating solvents like dichloromethane provide the copper-boratrane
complex (Figure 1.24 A), coordinating solvents like THF or water form a dimeric Cug|Tn]|,
compound, seen in figure 1.24 B.[1%8] In this complex, one thiopyridazine-arm bridges two
copper atoms. Furthermore the hydrogen atom at boron points to the copper center

forming a Cu-H-B interaction.
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Chapter 1. Introduction: Zinc and iron in biology

1.4. Scope of the work

Because of the fact, that only the potassium salt of the thiopyridazine- based scorpionate
ligand is known, this work focuses on the synthesis of the sodium- and thallium tris (6- tert
butyl- 3- thiopyridazinyl) borate Na|Tn*?“| and T1|Tn*#"| ligands, respectively. Further-
more, the best reaction conditions for the synthesis of the sodium salt were investigated

(Figure 2.1).

s 5
3 HM | NEBH4 H=B-+MN
N N, |
tBu tBu

Figure 1.25.: synthesis of the ligand.

There was ample indication that, in contrast to K|Tn'5%|, the stability of the sodium salt
Na[Tn'5*] in solution is low. Thus, one goal of the work was to confirm the instability
and to find conditions that allow using this ligand.

After finding the proper purification methods, the coordination behaviour of the ligand
was to be tested towards zinc halides. The difference of the homo - thiopyridazine scor-
pionate and the hybrid thiopyridazine - thiomethimidazole scorpionate was analyzed. 10
Additionally, since only a few complexes with thiopyridazine ligands are known, the co-
ordination behaviour of 6- tert butyl- thiopyridazine towards Fe(II) was investigated in
order to obtain a better understanding of this unusual ligand and its better target-oriented

use in future compounds.
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Chapter 2.

Results and discussion

2.1. Synthesis of Na[Tn'5] (1)

s HN NEBH4 H—B+MN

R e [EE
= N-\
1Bu

6-Tert-butyl-3-thiopyridazine |PnH| was used for the synthesis of the corresponding scor-

31 na (2.1)

pionate ligand, seen in eq. 2.1. Under inert atmosphere, 1 equivalent of NaBH, and 3
equivalents of PnH were suspended and refluxed in toluene for 2 days. After cooling and
triturating in pentane, the product was purified via reversed soxhlet extraction and dried
in vacuo to obtain the product as a yellow powder in 85% yield. The 'H-NMR spectrum
of Na|Tn'B%| (1) shows one singlet at 0.99 ppm, representing the tBu group, a broad
singlet at 5.89 ppm for the B-H and two doublets at 6.99 ppm and 7.74 ppm representing
the aromatic protons, respectively. In the IR spectrum of the compound, the B-H bond
is apparent at 2536 cm ™!

Scorpionates are commonly synthesised neat at high temperatures, however, the thiopy-

ridazine decomposes under these conditions.[*? Therefore, a suitable solvent with a high

boiling point had to be found.
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Chapter 2. Results and discussion

2.1.1. Determination of the best reaction conditions

Originally, Nuss et al. synthesised the potassium salt of the ligand using diphenylmethane
and 180°C.[%] For the sodium salt, different high - boiling solvents and the optimal
reaction conditions for the synthesis were investigated. After a general reaction time of
2 days, the mixtures were filtered, washed with hot cyclohexane and dried in vacuo. All
reactions were carried out under inert atmosphere, using fresh NaBH, stored in the Glove

Box.

Table 2.1.: different solvents and stoichiometry.

Entry solvent stoichiometry conversion
1 toluene dry 3:1 <5%
2 toluene 3:1 100%
3 toluene 4:1 100%
4 xylene dry 3:1 0%
5 xylene (1% HyO) 3:1 75%

* 1 equiv of PnH as side product

Table 2.1 summarizes the data obtained using various solvents and stoichiometry. The
stoichiometry refers to the ratio between thiopyridazine and sodium borohydride. The

data is discussed in the following sections.

Influence of the solvents water content

Clearly, the content of water in the solvent has a significant influence on the conversion.
While dry toluene gives only very low yields (less than 5%), the use of bench top toluene
leads to full conversion (Entries 1 and 2). Furthermore, the addition of 1% water to dry

xylene increases the conversion from 0% to 75% (Entries 4 and 5).
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Chapter 2. Results and discussion

Table 2.2.: different water content. The conversion of compound 1 with different

] equivalents of water is listed in table 2.2. Us-
Entry Equiv HoO conv.

ing the parallel synthesiser, the effect of differ-

1 0 0% ent water-concentrations on the reaction out-
2 1 0% put was investigated. The resulting low con-
3 2 =5% versions are probably due to the fact, that the
4 3 ~10% reactions could not be carried out under inert
5 4 0%

atmosphere.

Comparison of the data from table 2.1 and table 2.2 shows, that both, an inert atmosphere
and a water content of the solvent are crucial for the reaction. While a small water content
is crucial for the reaction, high amounts of water or working not under inert atmosphere
leads to a significant decrease of conversion. This might be due to decomposition of the

NaBH, or disulfide formation of PnH.

Stoichiometry of the reaction

Incorrect stoichiometry could lead to bi- and tetrasubstituted boron species with the
formula |PnyBHy|™ and |[PnyB|~, respectively. However, comparison of entries 2 and
3 in table 2.1 shows, that the influence of additional thiopyridazine is negligible. No
[PnyB]|~ is formed and the additional equivalent, used in entry 3, can be found again in
the product ratio of approx. 1:1, therefore yielding 100% conversion. This demonstrates,
that additional thiopyridazine does not form any side-products or interferes with the

scorpionate synthesis.

Influence of temperature

The conversion was not only determined after two days but was also followed by moni-
toring the evolution of Hy. By the use of a bubbler, the end of hydrogen evolution, and
therefore the end of the reaction was observable. It was clearly visible, that the toluene-
based reactions took more than a day to cease H, evolution, whereas the xylene based

reactions were finished within 2-3 hours.
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This led us considering using a mi-

el -pressure -Power 1 a1
crowave assisted synthesis. In this 300 e
method, the reaction mixture is heated

by MW - radiation. Because of the 7 T
closed vessel and the resulting pressure, o "
a solvent can be heated higher than its

boiling point. Furthermore, the hydro- o olo

T T T T 1
0o:00 0345 o730 11:15 15:00

gen evolution and therefore the reac-
tion progress can be followed by mea- Figure 2.1.: reaction profile of the MW assisted

- B
suring the increasing pressure (Figure synthesis of Na[Tn"?"].

2.1).

Using 3 mmol of thiopyridazine, 1 mmol of NaBH, and 2 mL of toluene, the reactions were
carried out at 180°C and 200 °C, respectively (Figure 2.1). Nevertheless, the conversion
ranged between 60% - 70% and the results were hard to reproduce. This might be due to
a combination of low concentration and the fact, that the reaction could not be carried

out under inert atmosphere.

Influence of the thiopyridazine concentration
In order to evaluate the influence of the concentration on the conversion, a series of
experiments were performed. Using 3 equiv of thiopyridazine and 4 mmol of NaBH,, the

thiopyridazine concentration was set by varying the volume of toluene.

Table 2.3.: different PnH concentrations. Table 2.4.: different scales.
Entry. ¢ V  conv. Entry. NaBH,4 ¢ conv.
|mol/L| [mL] |mmol| [mol/L]
1 0.4 10  40% 1 8 0.4 2%
2 0.7 6 40% 2 1 0.5 45%
3 1.3 3 75% 3 4 0.4 40%
4 2.0 2 100% 4 4 2.0 100%
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Chapter 2. Results and discussion

Table 2.3 lists the conversions, obtained with different PnH concentrations, ranging from
0.4M to 2.0 M. With increasing concentration of thiopyridazine, the yield increases steadily
until full conversion can be obtained with a 2.0 M thiopyridazine solution. Varying the
scale of the reaction (Table 2.4), does not lead to the same conversions. Doubling the
scale to 8 mmol of NaBHy in a 0.4 M PnH solution yields only 2% conversion. Decreasing
the scale to 1 mmol of NaBH, in a 0.5 M PnH solution gives a slightly better conversion
than using 4 mmol of NaBH, in a 0.4 M PnH solution. Comparing entries 2-4 in table
2.4 and entries 1-4 in table 2.3 suggests, that a scale of 1 mmol NaBH, in a 2.0 M PnH

solution might yield good conversions as well.
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2.1.2. Work up and purification

In order to purify the scorpionate ligand, the optimal conditions and methods for the work
up were investigated. For this purpose, the product mixture of the reaction described in
table 2.1, entry 3 was chosen as it contains an additional equiv of PnH. A modified work
up compared to the published potassium salt was applied, where the crude product was
triturated in pentane and the resulting precipitate was filtered and dried in vacuo to
obtain the product in high yield. With an equimolar mixture of product and starting

material, different purification methods were tested.
Table 2.5.: different purification methods.

method solvent purity

Wash hot pentane 54%
Wash  hot cyclohexane  82%
Soxhlet pentane =>95%
Soxhlet cyclohexane >97%

Table 2.5 summarizes the different purification methods and the resulting purities. It
shows, that the purification via soxhlet extraction leads to the best results. While the
scorpionate ligand is not soluble in cyclohexane or pentane, the thiopyridazine is only
slightly soluble in these solvents, so that simple washing only removes it partially. Using
a reversed soxhlet extraction for purification, the insoluble scorpionate is collected in
the extraction chamber and over a period of 12 h (overnight), the impurities are slowly
dissolved and enriched in the soxhlet flask. The resulting solid can be removed from
the extraction chamber and dried in vacuo, to obtain the product in high yields. NMR
and TR spectroscopy showed the product to be highly pure. Additionally, the extracted
thiopyridazine can be recycled by evaporation and recrystallization from ethanol to be

re-used.
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2.1.3. Decomposition of the scorpionate ligand

Repeated NMR measurements of a sample of Na|Tn'?%] in different solvents revealed rapid
decomposition of the ligand. Figure 2.2 shows the stacked 'H NMR spectra of the sample
in methanol. After 0.5 hours, the signal for the tBu group of the scorpionate ligand at
1.05 ppm is predominant. With increasing time, it decreases steadily and the signals for
the tBu group of PnH at 1.32 ppm increases. Furthermore a third peak appears at 1.18
ppm, that can be assigned to the tBu group of the Pn-disulfide (Pny). The increase of
the aromatic PnH peaks can also be seen at 7.47 ppm (the second doublet is overlapped

by the scorpionate ligand).

4 Na[Tn®Y]
Na[Tn'i'] t=47 h P TS =
/ .
L 1 L
N PrH

L | S L]

. JLm 1 b

t=05 h

S JL PR | ..

T T T T T T
75 70 6.5 6.0 55 5.0

T T T T T T T
4.5 40 35 3.0 2.5 20 15 10
1 (ppm}

Figure 2.2.: stacked 'H NMR spectra of 1 in methanol over a period of time.

The ratio of the integral of the tBu signal of the scorpionate ligand at 1.05 ppm and the
integrals of the signals for the tBu groups of PnH and Pny at 1.32 ppm and 1.18 ppm,
respectively, gives the concentration of Na|Tn'®%] in the mixture. Figure 2.3 shows the

plotting of the Na|Tn'#¥| concentration against time in different NMR-solvents.
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Na[Tn*®“] decomposition
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Figure 2.3.: decomposition of the scorpionate in different solvents.

Clearly, the scorpionate ligand decomposes rapidly in all tested solvents. After 47 hours
in methanol, only 50% of the compound is left. Changing the solvent to deuterated
chloroform or deuterated dichloromethane, 75% and 80% of the ligand is decomposed,
respectively. Bearing in mind, that the B-N bond of the scorpionate is the most fragile
bond in the molecule, hydrolysis may be the cause of the decomposition. However, com-
paring the decomposition rate of the scorpionate in methanol, which contains the highest
amount of water, the rate is the lowest. This indicates, that hydrolysis is probably not
the only cause of the decomposition.

The decomposition under inert atmosphere was also investigated. Therefore, the sam-
ples were prepared and dissolved under nitrogen atmosphere and stored in air-tight NMR

tubes. Na[Tnt®“] decomposition (inert)

=—4=THF
ol A CN
=—dr=CDCI3
e #L8Y
a 10 20 30 44 B
time [h]

Figure 2.4.: decomposition of the scorpionate under inert atmosphere.
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Figure 2.4 shows the decomposition of the scorpionate ligand under inert atmosphere.
The scorpionate concentration was calculated analogous to the concentration in figure 2.3
and was plotted against the time. Under inert atmosphere, the compound decomposes in
all solvents and after 38 hours, only 55%-48% of Na|Tn'P¥| are left, therefore excluding
oxygen as the cause of degradation.

Compared to the decomposition in air, under inert atmosphere, the decomposition rate
is slower. Furthermore, the decomposition is almost independent of the solvent and de-
composes with the same rate.

Additionally, the decomposition was followed by UV-Vis spectroscopy. A 0.1 mM solution
of PnH and Na|Tn!?“| in methanol was measured over a period of time. The resulting

thiopyridazine spectra did not change over time, however, the spectra of the scorpionate

ligand changed.

f
1,5
N \
| NalTn'BY] (after 4 days)
3- oh LBTY %
s ) |
| o | |
2 5h < | 8
< | Pt N | II =1
o\ 18h \ |
A ‘__:' ._ 0,5+ Iﬂll
\ 28h N\ |\
17 \ x\\__\ PnH "".,‘ .\'[I
7 4d -
0- — 0,0- e
T T T T I
250 300 350 400 200 400
Wavelength (nm) Wavelength (nm)
A B

Figure 2.5.: A: UV-Vis spectra of Na|Tn'?¥| over time. B: overlay of Na[Tn’P!| after 4
days and PnH.
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The change of the UV-spectra of Na|Tn!?“| over time is illustrated in figure 2.5A. The
absorption maxima at 283 nm and 360 nm decreases rapidly and shifts to 285 nm and 370
nm, respectively. Figure 2.5B shows the overlay of the scorpionate spectrum after 4 days
and the PnH spectrum. The common absorption maximum of the two spectra at 285 nm
is highlighted. These results indicate, that with increasing time, the scorpionate ligand
decomposes and its UV-Vis spectra assimilates to the thiopyridazine spectrum. Thus,
these results are coherent with the results of the NMR - measurements.

UV-Vis spectra of the scorpionate ligand in methanol were also continuously recorded
over a period of 16 hours, under exclusion of light. A control sample, that was exposed

to light, was measured before and after the experiment. The obtained spectra are given

in figure 2.6.
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Figure 2.6.: A: UV-Vis spectra of Na|Tn'5*| under light exclusion. B: overlay of Na|Tn'?|

after 16h under light exclusion and the control sample.

Over a period of 16 hours, 19 spectra of the scorpionate ligand were recorded under light
exclusion. Figure 2.6A clearly shows, that the spectra do not change over time. The
spectrum of the control sample, that was exposed to light, however, shows a decrease

of the absorption and a shift to higher wavelengths (Figure 2.6B). These results prove,
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that the scorpionate ligand is stable under light exclusion, but decomposes under light

exposure.

The sensitivity of the ligand towards light was investigated by irradiation with UV light,
using a UV-reactor. A methanolic solution of the pure ligand was placed in a UV-reactor
and continuously exposed to UV-irradiation. Samples of 1 mL were taken after 5, 15, 35,
65 and 125 minutes. The methanol was evaporated under light exclusion and the crude
sample mixtures were dissolved in deuterated chloroform. The obtained 'H NMR spectra

are given in figure 2.7.

l t=65 min
A Mo

)

t=15min 1
al o,
i

Na[Tn®"1

PnH

t=5 min

T T T T r T T T T T T T
75 7.0 6.9 6.0 5.5 50 45 4.0 35 3.0 25 20 15 10
1 fpprm)

Figure 2.7.: stacked 'H NMR spectra of the UV-induced decomposition of Na|Tn®?¥|.

After 5 minutes, a signal at 1.28 ppm, representing the tBu group of the PnH, can be seen.
The signal for the tBu group of the scorpionate ligand at 1.00 ppm decreases rapidly with
increasing time and after 65 minutes it is disappeared in the background. The increase of
the signals for the PnH molecule and the decrease of signals for the Na|Tn'Z%| can also

be observed in the aromatic region of the spectrum. Furthermore, a singlet at 1.17 ppm
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and two triplets at 2.37 ppm and 2.84 ppm appear, integrating in a ratio of 2:2:9.

The sample after 125 minutes was hydrolysed, extracted into CHyCl, and measured via
GC-MS. The spectrum revealed two peaks with masses of 170 g/mol and 168 g/mol, in a
ratio of 1:2, respectively. The mass of 170 g/mol and the 3 '"H-NMR signals at 1.17 ppm,

2.37 ppm and 2.84 ppm indicate the formation of a reduced thiopyridazine species, shown

in figure 2.8. This structure would fit with the obtained mass

3 of 170 g/mol and with the obtained signals of

,EH the 'H NMR spectra. The signals at 2.37 ppm

lay and 2.84 ppm would refer to the 2 protons of the

reduced heterocycle and the singlet at 1.17 ppm

Figure 2.8.: structure of the re- would fit with the tBu group. Furthermore the
duced PnH species. ratio of 2:2:9 is identical with this structure.

Another fact, that points towards the reduced PnH species is its ratio to PnH. The 1:2
ratio goes with the decomposition of one molecule of scorpionate ligand. However, the

structure of the remaining boron species could not be determined yet.

The concentration of scorpionate ligand in the mixture was calculated analogous to figure
2.3. The graphs for the scorpionate concentration and the logarithm of the scorpionate

concentration plotted against the time are given in figure 2.9.

C,It Inc R?=0,9535
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“15 = -
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Figure 2.9.: graphical plot of ¢/t and In c.

The ¢/t graph clearly shows the rapid decomposition of the scorpionate ligand under

UV-irradiation. After 5 minutes, 45% of the ligand is already decomposed and after 35
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minutes, only 7% of the ligand is left. This is significantly faster, than the decomposition
under normal light exposure (Figure 2.3), implying, that the ligand is rather UV-light
sensitive, than to light of higher wavelengths. The linear relationship of the logarithm
of the scorpionate concentration vs the time implies a 1% order kinetic with a linear
regression of 95%. However, in order to confirm this, an extended kinetic measurement is

required, to exclude other reaction orders.
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2.2. Preparation of TI[Tn'5Y] (2)

In order to synthesise metal-scorpionate complexes, the use of a thallium - derived scor-
pionate species has some significant advantages. In the case of metal halide scorpionate
complexes, insoluble Tl-halide side products are formed and can be removed easily. Fur-
thermore, for the synthesis of zinc alkyl complexes, the use of a thallium salt provides a

good starting material.['1*]

Na[T 1Elu] M TIT ‘Eu]
A1 MeOH, H,0 ;
1 -NaNO4 2

(2.2)

The thallium salt of the scorpionate ligand T1[Tn5%] (2) was prepared according to eq.

2.2. For the synthesis of 2, a mixture of methanol/water was used, whereas without wa-
ter, no conversion was observed. Thus, after addition of an aqueous solution of T1(NOj)
to a methanolic Na|Tn'5*| solution, a yellow precipitate formed, which can be filtered and
dried in vacuo, to obtain the product in good yields (90%). The 'H NMR spectrum of
the compound shows one set of signals at 1.03 ppm, 7.06 ppm and 7.76 ppm, respectively.
The signal of the B-H proton is not observable in CDCl3. A high-resolution mass spec-
trometry yielded the MT peak with a mass of 718.1880 g/mol, which fits to the calculated
T1|Tn'5*| mass. Single crystals, suitable for X-ray diffraction could be obtained from slow

evaporation of a methanolic solution.

Figure 2.10.: molecular view of compound 2; crystal structure with 10% probability. 1]
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The crystal structure, given in figure 2.10, reveals a polymeric structure, where the unit
cell consists of 8 Tl atoms, coordinated by 8 scorpionate ligands. Compared to the K| Tn"/¢]
structure (Figure 1.23), where the K is coordinated by S,N and HyO, the thallium atoms

are only coordinated by sulfur atoms.

Taking a closer look at this complex
crystal structure, a new coordination
mode is seen. In figure 2.11, the struc-
ture is shown in a molecular view, re-
vealing an octahedral coordination of
the thallium atoms. Furthermore, it

is clearly visible, that one scorpionate

coordinates two thallium atoms: while
two sulfur atoms coordinate on the Figure 2.11.: detailed view of the TI[Tn'?Y|

same thallium, the third sulfur atom
crystal structure.

bridges to a second thallium atom.
Therefore, the structure can be simplified to a K — S, S, Tl', k — S, TI? coordination. A

similar coordination mode, where one sulfur is bridging two thallium atoms has already
been published by Gardinier, using a thallium salt of the tris (mercaptothiadiazolyl)

borate ligand. 7]

2.3. Synthesis of a scorpionate zinc-alkyl complex

The thallium salt 2 was used as a starting material for the preparation of zinc alkyl
complexes, according to eq. 2.3. The preparation of organometallic zinc scorpionate com-
plexes has previously been described by Kumar et al., using triazole - based scorpionate

ligands. %2

antE
TTRBY —= [Zn(Tn' BU)C,Hg)]
DCM

(2.3)

Under inert atmosphere, diethyl zinc was slowly added to a stirred solution of 2 in DCM
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and was stirred overnight at room temperature. The resulting dark brown suspension
was centrifugated and the brown solution was decanted and evaporated to give an or-
ange powder. Subsequent NMR analysis of the compound revealed full decomposition
of the ligand. Single crystals of the decomposition product could be obtained from slow

evaporation of a THF solution. The obtained crystal structure is shown in figure 2.12.

The X-ray diffraction analysis revealed
a zinc compound in which the scorpi-
onate ligand is no longer intact. How-
ever, the thiopyridazine moieties re-
mained in the structure. Furthermore,
the thio groups are oxidised.

The structure consists of two octahe-
drally coordinated- and two tetrahe-

drally coordinated zinc atoms and four

oxidised thiopyridazines. The four zinc
the atoms are connected to each other via

a [,Lg—OH (05)

Figure 2.12.: molecular view of
[Zn(Tn'B*(Et)] decomposition
product.

The oxidised sulfinato-pyridazines bridge the two differently coordinated zinc atoms via

their oxygen and nitrogen donors and the tetrahedrally coordinated zinc atoms bear a

chlorine atom, which might origin from the used dichloromethane.

Because of the fact, that only single crystals could be obtained, no other data on this

structure are available. Nevertheless, this not-reproducible structure gives a good hint of

what can happen applying the thallium salt to zinc alkyl species.
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2.4. Synthesis of zinc-halide complexes coordinated by

[TntBu] —

Zinc halide complexes with scorpionate ligands are a useful precursor for the preparation
of zinc¢ hydroxide or zinc alkyl complexes because they can be substituted easily. Further-
more, the synthesis of zinc halide complexes is simple and the resulting insoluble metal
halide side product can be easily removed.

Starting with the sodium salt of the scorpionate ligand (1), several zinc halide complexes

could be isolated. Depending on the solvent, different products were obtained.

2.4.1. Synthesis of [ZnBr(Tn'Z*)(THF)] (3)

ZnB
Na[Tn'BY] %ﬁ- [ZnBriTnEW( THF)]
1 3 (2.4)

Addition of zinc bromine to a solution of Na|Tn'Z%| in THF leads to the formation of
|ZnBr(Tn'5*)(THF)| (3a), according to eq. 2.4. Under inert atmosphere and light ex-
clusion, a yellow powder could be isolated in 70% yield. The 'H NMR spectrum of the
product revealed 3 sets of signals for the pyridazines, that are consistent with an asymmet-
ric coordination of [Tn#*]. The 'H NMR spectra of the aromatic signals of the starting

material and the product are stacked in figure 2.13.

Na[TntBu

[TnBYZnBr(THF)

o i

910089 88 87 86 85 84 8382 8180 79 78 77 76 75 7?1(7':3 ;2 71 70 69 68 67 66 65 64 6.2 62 6.1 60 59 58 57 56 55 54
P

Figure 2.13.: stacking of the 'H-NMR spectra of starting material and product.
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It is clearly seen, that in the starting material, the aromatic protons give 2 signals. In
the zinc-scorpionate complex 3a, however, the signals split up and each proton gives an
individual resonance. This indicates a loss of symmetry, where each "thiopyridazine -
arm" has a different chemical environment. Furthermore, resonances assignable to one
equivalent of a coordinated THF molecule are found in the spectrum at 1.89 ppm and
3.84 ppm. This can also be observed in the *C-NMR spectrum.

Upon standing under inert atmosphere, a yellow solution of complex 3a in CDCl3 turned
deep blue. A subsequent NMR analysis of this blue solution revealed 3 sets of signals,
however the resonances for uncoordinated THF molecules can be observed. Additionally,
the aromatic signals in the 'H NMR spectrum of 3b are significantly shifted, compared
to complex 3a (Figure 2.14).

$92001 UESIER £78Y 83 ST s2eeD 70 TE T JouTe e Tatra 71 0NeS SRUATINN E5I6WAS 6RIRIAD SUISEST 56
pin

Figure 2.14.: superimposed 'H-NMR spectra of 3a and 3b.
While the signals of one proton of the thiopyridazine moiety (3 signals) are significantly
shifted towards lower fields, the other 3 proton signals and the broad singlet for the B-H
resonance do not change. Single crystals of the moisture - sensitive, blue complex 3b
could be obtained from slow diffusion of pentane into a CDCl3 solution. They proved
to be difficult to handle due to fast solvent evaporation, hampering the quality of the
crystals and thus the obtained data. Although for the discussion of bond lengths and
angles, the accuracy is not large enough, it showed the connectivity. Figure 2.15 shows
the molecular view from the top. In this hexameric structure, 6 zinc-bromine moieties
and 6 scorpionate ligands can be found. Furthermore, the structure shows an interesting

form, where the sulfur atoms are arranged in a cylindrical shape, providing an inner core
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and the tBu groups forming an outer sphere. Additionally, the crystal structure shows

pentane molecules surrounding the outer sphere.

Figure 2.15.: molecular view of the crystal structure of complex 3b; pentane molecules
and H atoms omitted for clarity.

The complicated structure can be simplified by removing all atoms except the zinc,

bromine and boron atoms. Figure 2.16 shows the resulting frame and the coordination

motive of the scorpionate ligand in the crystal structure.

Figure 2.16.: frame of the |[ZnBr(Tn'?")] crystal structure and monodentate coordination

mode of the scorpionate ligand.
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The circular arrangement of alternating zinc and boron atoms leads to three bromine
atoms alternating pointing up- and down, respectively. Furthermore, the zinc atoms are
tetrahedrally coordinated by different "arms" of the scorpionates central boron atom,

providing a new coordination motive of a monodentate scorpionate ligand.

2.4.2. Synthesis of [ZnI(Tn'Z*)(THF)] (4)

Znl
By — 2 . tBu
Na[Tn'BY) THE [Znl{TR™=)THF )

. 4 (2.5)

In analogy to compound 3a, the zinc-iodine complex 4 was prepared according to eq. 2.5.
Under inert atmosphere and under light exclusion, the compound could be isolated as a
yellow powder in 68% yield. The compound proved to be air - and moisture stable and
an IR-measurement revealed a B-H resonance at 2565 cm~!. The 'H NMR spectrum of

complex 4 revealed a significant difference to the zinc bromine complex 3a.

_— ' As expected, the aromatic signals of
J\ LM complex 4 (Figure 2.17) are shifted to-
|

wards lower field, and the resonances

[ZnI(Tr'BY)YTHF)]

for one molecule of coordinating THF

can be found. But instead of an asym-

L /ﬁb . metric complex like in complex 3a, only

AR N N Y one set of signals is observed, indicating

a symmetric complex. This symmetry
Figure 2.17.: stacking of the aromatic region of

can also be seen in the 3C - NMR spec-
the 'H-NMR spectra of Na|Tn'5Y|

trum.
and complex 4.
Another difference to the zinc-bromine complex 3a is the fact, that no coloured hexam-
eric complex is formed upon standing. After 1 month under inert atmosphere, neither the
colour of the solution, nor the NMR - spectra changes. This suggests, that the THEF is

more tightly bound to the zinc-iodine complex than to the corresponding bromine species.
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The increased down-fielded shift of the resonances for the coordinated molecule of THF
in the |ZnI(Tn*?*)(THF)| complex strengthens the hypothesis of a stronger coordinating
solvent.

Despite of the differences between the zinc bromine and iodine species, both THF-
complexes are air stable and their IR - spectra are identical. These identical spectra can
be explained, because their difference - the zinc-halide bond - is beyond the measurement

range of the used IR-spectrometer. 1l

2.4.3. Synthesis of [ZnI(Tn'P%)] (5)

The preparation of a compound similar to 3b, albeit with iodine instead of bromine at-
tached to the zinc was attempted. Under inert atmosphere, Znl, was added to a solution
of Na|Tn'5*] in dry DCM and stirred overnight under light exclusion. The resulting beige
solution was evaporated to yield [Znl(Tn'5%)] (5) as a light green powder in 62% yield.
The complex is air- and moisture sensitive and the 'H NMR spectrum shows 3 sets of
signals, that are identical to the 'H NMR spectrum of complex 3b. These identical spec-
tra give rise to the assumption, that in solution, the zinc-bromine and the zinc-iodine
complex provide the same species, whereas upon crystallization, different solid species
are formed. One explanation of this ambivalence would imply a cationic complex, that is
formed in solution. However, these ambiguous results are a topic of further investigation,

to understand the coordination geometry in the two complexes.

Re-dissolving complex 5 in THF leads to a yellow solution, that yielded a yellow, air-
stable powder after evaporation. A subsequent NMR analysis of the obtained compound
showed 3 sets of signals and resonances that indicate one molecule of a coordinated THF'.
These results imply, that the symmetric, THF-coordinated zinc iodine complex 4 can not

be obtained by a simple re-coordination of THF.
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2.4.4. Comparison of compounds 2-5 to other [Tn]-metal

complexes

Comparing these [Tn‘B*|-coordinated zinc complexes with previously published copper,
nickel and cobalt based scorpionate complexes, a difference can be observed. In copper
complexes, the scorpionate ligand coordinates in a bi- and tridentate manner, providing

n.11%8 Coordinating the ligand to nickel or cobalt, the corre-

a copper-hydride interactio
sponding boratrane complexes are formed.[1%! In contrast to these metals, zinc provides
a completely different coordination behaviour. Without coordinating solvent, the scor-
pionate ligand coordinates in a monodentate fashion, leading to a coloured hexameric
complex. Although the crystallographic data are vague, they show an inverted boron
atom, where the hydrogen points towards the metal center. Furthermore, due to the
lack of redox-activity, no tridentate boratrane complexes like the nickel and cobalt species

could be obtained. Still, the question of the solvent-coordinated structures 3 and 4 have to

be answered, to fully compare the zinc-complexes with other [Tn!?“|-based complexes.
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2.5. Synthesis of a zinc-halide complex coordinated by
[""Bm]~ (6)

The coordination behaviour of the electron deficient thiopyridazine based scorpionate lig-
and was compared to electron rich scorpionate ligands. Therefore, a previously published

mixed hybrid scorpionate ligand, based on two thiomethimidazoles and one thiopyridazine

was used. [109]
- - Na
=
ZnBr NepZ —~tBu
Na[fBm] ~——  [ZnBr(PrBm)] 8 N
DCM HE s
1 6 =N N7
Veud
\_‘ N"—-_
Na[™Bm] (2.6)

According to eq. 2.6 the moisture and air stable Na[""Bm]| ligand was dissolved in DCM,
anhydrous zinc bromine was added and the beige solution was stirred overnight. The
resulting beige suspension was filtered and dried in vacuo to obtain [F"Bm|ZnBr (6) as
a white powder in 82% yield. The complex is air and moisture stable and does not
decompose upon heating to 60°C. The 'H NMR spectrum shows a singlet at 1.13 ppm,
another singlet at 3.50 ppm, a broad singlet at 5.29 ppm and 4 doublets in the aromatic
region at 6.79 ppm, 7.24 ppm, 7.33 ppm and 7.57 ppm, respectively. While the singlets in
the aliphatic region refer to the tBu group of the thiopyridazine and the two Me groups
of the methimidazole moiety, the broad singlet at 5.29 ppm refers to the B-H resonance.
The fact, that only one set of signals is obtained points towards a symmetric complex.
Single crystals, suitable for X-ray diffraction analysis could be obtained from layering a
DCM solution of 6 with cyclohexane. A molecular view is given in figure 2.18 and selected

bond lengths and angles are listed in table 2.6.
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Figure 2.18.: crystal structure of complex 6, hydrogen atoms omitted for clarity, except

the H atom at boron.

Table 2.6.: selected bond lengths and angles for complex 6.

bond lengths [A] bond angles [°]

Znl - S1  2.3582(11) Brl-Znl-S1 116.21(3)
Znl - S2  2.3613(12) Brl-Znl-S2 98.32(3)

Znl - S3  2.3604(12) Brl-Znl-S3 107.31(3)
Znl - Brl 2.4090(6) Brl-Znl-H1l 174.86(4)

The structure consists of two tetrahedrally coordinated zinc atoms, that are bridged via
the thiopyridazine of the scorpionate. Interestingly, the boron atoms are involved in B-
H-Zn interaction, leading to a Zn-B distance of 3.379(8) A. This beginning interaction is
supported by the elongated zinc bromine bond from 2.22 A in ZnBr, to 2.4090(6) A.[113]
Additionally, the scorpionate ligand does not coordinate tridentate but bidentate, using
the third donor to bridge the two monomeric units. The reduced coordination capacity
of the thiopyridazine moiety is consistent with its electron deficiency. The bidentate co-
ordinating donors both belong to the electron rich thio-methimidazole, while the electron
deficient thiopyridazine is used for the bridging. However, comparing the bond lengths
of the zinc - sulfur bonds, they all show almost the same bond length of 2.3599(78) A.
This shows, that there is negligible difference in the Zn-S bond strengths, whether the
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sulfur derives from an electron rich 5-membered ring or an electron deficient 6-membered
heterocycle.

The dimeric structure shows high similarity to a Cu(I) complex, with the same ligand pre-
cursor described by the Mésch-Zanetti group, where also a copper-dimer was obtained. 10
In the Cu complex, the thiopyridazine arm also bridges the two Cu - centers, but they
clearly observed a copper - hydride interaction with a Cu-B distance of 2.798(9) A. This
is significantly closer than the Zn-B distance in complex 6, where only the enlarged Zn-Br
bond indicates a B-H-Zn interaction.

Comparing the hybrid [ZnBr(*"Bm)]| scorpionate complex with the |Tn*#*|Zn-halide com-
plexes, a significant difference in the coordination mode can be stated. While the homo-
scorpionate coordinates only in a monodentate fashion, resulting in a hexameric structure,
the mixed hybrid-scorpionate, however, coordinates bidentate, forming a thermally stable

dimer.
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2.6. Synthesis of Fe(ll) complexes

The coordination mode of the thiopyridazine based scorpionate ligand in zinc chemistry
was compared to its coordination behaviour in iron complexes. Therefore, the sodium salt
of the scorpionate (1) and the free thiopyridazine (PnH) were reacted with iron(II)triflate
(Fe(OTf)3) to obtain iron(II) complexes with the corresponding ligands.

2.6.1. Synthesis of [Fe(Tn!5%)(OTf)] (7)

Fe(OTf
Na[TnBY) L%" "[Fe(TntBuyOTHI"
-L7
1 7 (2.7)

According to eq. 2.7, Na|Tn!P¥] was stirred together with Fe(OTf), in dry diethyl ether.
After 12 hours, the orange suspension was filtrated and dried in vacuo to obtain the
product as a light red, micro crystalline solid. An TR analysis of the air stable complex

showed a B-H resonance at 2455 cm ™!

and a high-resolution mass spectrometry reveals
a mass of 1287.238 g/mol, which fits to the calculated mass of a dimeric structure of the
formula |LyFes(OTS)|*. Based on the putative formula [Fe(Tn!?*)(OTf)], the reaction
yielded 94%. Due to the paramagnetic properties of the sample, a NMR analysis showed
no resonances. Single crystals could be obtained from a toluene solution, however, the
obtained crystals were too small for X-ray diffraction.

Comparing the IR spectrum of the complex, a significant shift of the BH - peak from 2536
em ™! in the ligand to 2455 em ™! in the complex is observed. Compared to the BH-shifts

in the corresponding zinc-halide complexes (2562 cm ™! and 2565 cm ™, respectively), the

high shift to lower wave numbers implies a significantly looser bound boron hydride.
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ssion

2.6.2. Synthesis of a [Fe(PnS3Pn);](OTf), complex (8)

5

LI

g

|

=

M.,

(OTf),

Bu” N7 Tl TN B
N tBu

Ny Fe(oTh),

g | ,_,blé Et,0 tBu /N“N/f TR“N' »
| e
Bu K/J\SJSHS P

s : (2.8)

The attempt to prepare a thiopyridazine coordinated Fe-complex led to the formation of
complex 8, according to eq. 2.8. Stirring 6 equivalents of PnH and 1 equiv. of Fe(OTf),
under inert atmosphere in dry diethyl ether for 16 hours, an orange suspension forms.
The precipitate is filtered and dried in vacuo to obtain Fe[(PnS3Pn),|(OTf), (8) as an
orange solid in 85% yield. Due to strong paramagnetic properties, NMR analysis of the
complex showed no resonances. Subsequent measurements with a Gouy balance yielded a
value for the magnetic susceptibility, that indicates 4 unpaired electrons. Single crystals,
suitable for X-ray diffraction, could be obtained from a concentrated DCM solution. The
crystal structure of complex 8 is illustrated in figure 2.19 and selected bond lengths and

angles are listed in table 2.7.

Figure 2.19.: crystal structure of 8; H-atoms and OTT groups were omitted for clarity.
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Table 2.7.: selected bond lengths and angles for complex 8.

bond lengths [A] bond angles |°]

Fel - N22  1.9700(14
Fel - N32 1.9701(14
Fel - N12 1.9724(14
Fel - N42 1.9765(14
Fel - S34  2.2338(4
Fel - S12  2.2353(4
S51-S512  2.0831(6
S12-852  2.0743(6
S3-S534  2.0780(6
S34 - 54 2.0826(6

N12 - Fel - N32  179.08(6)
N22 - Fel - N42  179.39(6)
S12 - Fel - $34  179.111(18)
$2-S812-S1  103.82(2)
S2-S12-Fel  103.01(2)
S1-S12-Fel  101.79(2)
S3-534-S4  103.67(2)
S3-534-Fel  102.63(2)
S4- 534 - Fed  102.38(2)

The octahedral environment of the Fe atom comprises 4 N atoms of the pyridazine rings
and of two central S atoms of the S3 bridges between these rings, providing a K — N, S, N
facial coordination. For each iron complex unit, two triflate anions can be found in the
structure, consistent with an iron(IT) complex. The compound is highly symmetric with
the four tBu groups shielding the core against external impacts and therefore is apolar.
This might be a reason for the compounds inertness in water or other solvents.

Stirring the orange powder in water for half an hour does not change the sample, as
subsequent crystallization and X-ray diffraction shows. Furthermore, reactions with a 3:1
stoichiometry with respect to the iron precursor in dry, coordinating solvents do not lead

to a tetrahedrally, solvent coordinated complex, but results in formation of compound 8.

For this reaction, the origin of the coordinating sulfur is of particular interest. NMR
- measurements and elemental analysis of PnH, however, showed pure starting material.
This implies, that the sulfur derives from a thiopyridazine molecule. Therefore, a ratio of
6:1 with respect to the iron precursor, would lead to the trisulfide - bridged product.

Interestingly, a copper - derived trisulfide bridged complex has already been reported by

Delgado and co-workers in 2011.['" However, they obtained the complex only in traces
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(8% yield) starting with a bipyridine disulfide species. The reaction of thiopyridazine
with Fe(IT), however, is high yielding and the complex can be isolated without further

purification.
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Experimental

3.1. General methods

Chemicals were purchased from commercial sources and used without further purification.
Air- and moisture sensitive chemicals, as well as NaBH, were stored in the glove box, to
prevent hydrolysis or decomposition. The starting material, 6- tert- butyl- pyridazine-3-
on, PnH and Na|""Bm| were synthesised according to literature procedures. %6109 A1l
reactions were - unless stated otherwise - carried out under inert atmosphere using stan-
dard Schlenk and glove-box techniques. Solvents were purified via a Pure Solv. Solvent
Purification System and their dryness was checked via a Metrohm 831 KF Coulometer.
NMR spectra were measured on a Bruker Avance 11T 300 MHz spectrometer at 25°C. The
shifts of the 'H and '3C NMR spectra are given in ppm and referred to residual protons in
the solvent. Signals are described as s (singlet), bs (broad singlet), d (doublet), t (triplet)
and m (multiplet)and coupling constants are given in Hertz (Hz).

IR spectra were directly measured on a Bruker ALPHA-P Diamant ATR-FTIR spec-

trometer at a resolution of 2 em™!.

Signal intensities are assigned according to their
relative intensities as strong (s), medium (m), weak (w) or very weak (vw). All IR-bands
are listed in cm~!. Mass spectra were recorded with an Agilent 5973 MSD — Direct
Probe using the EI ionization technique. Elemental analyses were carried out using a

Heraeus Vario Elementar automatic analyzer at the Technical University of Graz. Sus-
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ceptibility measurements were obtained on a MSB Auto Magnetic Susceptibility Balance
of Johnson Matthey Alfa. UV-Vis measurements were carried out with a Varian 50 Conc
UV-Vis Spectrophotometer. Photochemical reactions were carried out using an Immer-
sion Well Photochemical Reactor RQ125 with a 125 watt medium pressure mercury lamp
3010/PX0686.

X-ray structure determinations were performed on a Bruker AXS SMART APEX 2 CCD
diffractometer by using graphite-monochromated Mo-K, radiation from a fine-focus sealed
tube at 100 K. SHELXS-97 was used as structure solution and structure refinement pro-
gram. ™%l Full-matrix least-squares on F2? was employed as refinement method. The non-
hydrogen atoms were refined with anisotropic displacement parameters without any con-

straints.

3.2. Ligand Synthesis

3.2.1. Sodium [tris (6- tert- butyl- 3-thiopyridazinyl) borate]
Na[Tn!?“] (1)

The sodium salt of the scorpionate ligand was prepared analogous to the published potas-
sium salt, however, instead of KBH,, NaBH, was used. In the glove box, 151 mg (1.0
equiv, 4 mmol) of fresh sodium borohydride was combined with 2.0 g (3.0 eq., 12 mmol)
of PnH. The solids were suspended in 2.5 mL of bench top toluene (dry toluene yields no
conversion, see results and discussion). Upon heating under reflux, the yellow suspension
turns to an orange solution. Hydrogen starts to evolve at 100°C and after 1h stirring un-
der reflux, a precipitate forms. After 2 days, hydrogen evolution ceased and the reaction
mixture was cooled to room temperature and triturated in 100 mL of pentane. Immedi-
ately, a yellow precipitate formed and was filtered and dried in vacuo. The crude product
was purified via reversed soxhlet extraction overnight in cyclohexane. After drying in

vacuo, the product was obtained as a light yellow powder. Yield: 1.83g (85%)
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'H NMR (300 MHz, CDCl) 6 (ppm): 7.74 (d, J=9.2Hz, 3H, ArH), 6.99 (d, J=9.2Hz, 3H,
ArHD), 5.89 (bs, 11, BH), 0.9 (s, 27H, CH,).

BC NMR (300 MHz, CDCl3) 6 (ppm): 178.80 (Ar-C), 160.43(Ar-C), 142.00(Ar-C), 122.67
(Ar-C), 36.33(R-C-(CHs)s), 29.17 (R-C-(CHs)s).

3.2.2. UV-induced decomposition of 1

A methanolic solution consisting of 300 mg (0.56 mmol) of 1 and 75 mL of methanol was
prepared. Under light exclusion, the solution was stirred for 5 minutes until all solid was
dissolved. The yellow solution was transferred into the nitrogen flushed UV-reactor and
subsequently the UV light was turned on. Samples of 1 mL were taken after 5, 15, 35, 65
and 125 minutes, respectively and dried in vacuo. The resulting yellow precipitate was

analysed via 'H NMR spectroscopy under light exclusion.

3.2.3. Determination of the decomposition products

After collecting all samples of the UV-induced decomposition of 1, the remaining solution
was evaporated. The yellow precipitate was quenched with 30 mL of water, extracted into
70 mL of DCM, dried over MgSO, and dried in vacuo to obtain a crude product mixture
of the decomposition products. Subsequent GC-MS measurements revealed two signals

with Mt masses of 170 g/mol and 168 g/mol in an approximate relation of 1:2.

3.2.4. Thallium [tris (6- tert- butyl- 3-thiopyridazinyl) borate]

(2)

In a 50 mL Erlenmeyer flask, 645 mg (1.0 equiv, 1.2 mmol) 1 were suspended in 10 mL H,O
and 5 mL of methanol. Under stirring, a solution of 620 mg (2.0 eq. 2.4 mmol) thallium
nitrate in 10 mL of HyO was added dropwise. A yellow precipitate forms immediately
and after additional 30 minutes of stirring, the solution was filtered and the precipitate

was dried in vacuo to obtain pure 2. Yield: 801 mg (93%).
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'"H NMR (300 MHz, CDCl3) § (ppm): 7.76 (d, J=8.9Hz, 3H, ArH), 7.06 (d, J=8.9Hz, 3H,
ArH), 1.03 (s, 27H, CHj).

BC NMR (300 MHz, CDCl3) 6 (ppm): 179.08 (Ar-C), 161.20 (Ar-C), 142.00 (Ar-C),
122.46 (Ar-C), 36.30 (R-C-(CHs)s), 29.14 (R-C-(CHj)s). M T calc.: 718.1846 m/z, found:
718.1880 m/z. Figures of the crystal structure and isotope pattern of the high-resolution

mass are given in the appendix.

3.3. Complex Synthesis

3.3.1. [ZnBr(Tn'*)(THF)] (3)

Under inert atmosphere and light exclusion, 200 mg (1.0 equiv, 0.37 mmol) of 1 were
mixed with 125 mg (1.5 equiv, 0.56 mmol) of ZnBry and dissolved in 5 mL of dry THF.
After stirring for 16 h, the beige solution was evaporated to give a light yellow powder.
The crude product was dissolved in DCM and filtered over celite to remove any traces
of the additional ZnBr,, evaporated and dried in vacuo to obtain 3a as a yellow powder.
Yield: 210 mg (78%). IR: B-H 2562 ¢cm ™.

'H NMR (300 MHz, CDCl3) § (ppm): 8.86 (d, J=9.3Hz, 1H, ArH), 8.59 (d, J=9.0Hz, 1H,
ArH), 8.33 (d, J=9.3Hz, 1H, ArH), 7.36 (d, J=9.3Hz, 1H, Ar), 7.25 (d, J=9.0Hz, 1H, Ar),
7.01 (d, J=9.3Hz, 1H, Ar), 5.88 (bs, 1H, BH), 3.84 (m, 4H, THF), 1.89 (m, 4H, THF),
1.10 (s, 9H, CHjy), 1.03 (s, 9H, CHj3), 0.92 (s, 9H, CHj).

13C NMR (300 MHz, CDCl3) § (ppm): 175.57 (Ar-C), 174.92 (Ar-C), 173.68 (Ar-C),
163.29 (Ar-C), 162.68 (Ar-C), 162.49 (Ar-C), 140.40 (Ar-C), 139.77 (Ar-C), 138.37 (Ar-
C), 124.95 (Ar-C), 124.39 (Ar-C), 123.92 (Ar-C), 68.64 (O-CH,), 36.69 (R-C-(CHj)s),
36.62 (R-C-(CHjs)s), 29.07 (R-C-(CHjs)s), 29.04 (R-C-(CHjs)s), 28.91 (R-C-(CHjs)s), 25.74
(CHy-CHy). MT cale.: 1237.194 m/z. found: 1237.199 m/z.

Upon standing under inert atmosphere, the solution turned blue and the complex 3b was
obtained. 'H NMR (300 MHz, CDCIl3) § (ppm): 8.94 (d, J=9.1Hz, 1H, ArH), 8.69 (d,
J=9.1Hz, 1H, ArH), 8.28 (d, J=9.0Hz, 1H, ArH), 7.39 (d, J=9.0Hz, 1H, Ar), 7.25 (d,
J=9.1Hz, 1H, Ar), 7.02 (d, J=9.1Hz, 1H, Ar), 5.85 (bs, 1H, BH), 1.13 (s, 9H, CH3), 1.05
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(s, 9H, CHj), 0.93 (s, 9H, CHs).

13C NMR (300 MHz, CDCLy) 6 (ppm): 175.76 (Ar-C), 174.85 (Ar-C), 173.27 (Ar-C),
163.34 (Ar-C), 163.03 (Ar-C), 162.62 (Ar-C), 140.96 (Ar-C), 138.93 (Ar-C), 138.90
(A-C), 124.55 (Ar-C), 124.24 (Ar-C), 123.98 (Ar-C), 36.88 (R-C-(CHs)3), 36.70 (R-
C-(CHy)s), 36.67 (R-C-(CHy)s), 29.18 (R-C-(CHy)s), 29.10 (R-C-(CHy)s), 28.96 (R-C-
(CHs)s).

3.3.2. [Znl(Tn!B*)(THF)] (4)

Under inert atmosphere and light exclusion, 200 mg (1.0 equiv, 0.37 mmol) of 1 were
mixed with 190 mg (1.5 equiv. 0.56 mmol) of Znl, and dissolved in 5 mL of dry THF.
After stirring for 16 h, the beige solution was evaporated to give a light yellow powder.
The crude product was dissolved in DCM, to remove any traces of the additional Znl,,
evaporated and dried in vacuo to obtain 4 as a yellow powder. Yield: 195 mg (68%). IR:
B-H 2565 cm™!

'H NMR (300 MHz, CDCl3) § (ppm): 8.97 (d, J=9.1Hz, 3H, ArH), 7.43 (d, J=9.1Hz, 3H,
ArH), 6.23 (bs, 1H, BH), 3.99 (m, 4H, THF), 1.96 (m, 4H, THF), 0.98 (s, 27H, CHj3).
13C NMR (300 MHz, CDCl3) § (ppm): 174.34 (Ar-C), 164.13 (Ar-C), 138.65 (Ar-C),
125.25 (Ar-C), 69.63 (O-CH,), 36.79 (R-C-(CHj3)3), 28.92 (R-C-(CHzs)s), 25.55 (CHa-
CH,). M* calc.: 1285.180 m/z. found: 1285.187 m/z.

3.3.3. [Znl(Tn'®)] (5)

Under inert atmosphere and light exclusion, 200 mg (1.0 equiv, 0.37 mmol) of 1 were
mixed with 190 mg (1.5 equiv, 0.56 mmol) of Znl; and dissolved in 5 mL of dry DCM.
After stirring for 16 h, the beige solution was filtered over celite and evaporated to give a
light green powder. Yield: 180 mg (62%).

'H NMR (300 MHz, CDCl3) § (ppm): 8.94 (d, J=9.13Hz, 1H, ArH), 8.72 (d, J=9.13Hz,

20



Chapter 3. Experimental

1M, ArH), 8.28 (d, J=9.01Hz, 11, ArH), 7.39 (d, J=9.13Hz, 1M, Ar), 7.25 (d, J=9.01Hz,
1H, Ar), 7.02 (d, J=9.13Hz, 11, Ar), 5.87 (bs, 1H, BH), 1.13 (s, 9H, CH;), 1.05 (s,
9H, CHs), 0.93 (s, 9H, CHs). Re-dissolving the green powder in THF and subsequent
evaporation yielded a yellow powder. 'H NMR (300 MHz, CDCl3) § (ppm): 8.94 (d,
J=9.39Hz, 11, ArH), 8.69 (d, J=9.13Hz, 1H, ArH), 8.27 (d, J=9.13Hz, 1M, ArT), 7.42
(d, J=9.13Hz, 1H, Ar), 7.28 (d, J=9.39Hz, 1H, Ar), 7.02 (d, J=9.13Hz, 1H, Ar), 5.88 (bs,
1H, BH), 3.97 (m, 4H, THF), 1.93 (m, 4H, THF), 1.13 (s, 9H, CH,), 1.05 (s, 9H, CHs,),
0.92 (s, 9H, CH;).

3.3.4. [ZnBr("Bm)] (6)

200 mg (1.0 equiv, 0.47 mmol) of Na(""Bm)| were dissolved in 15 mL of dry DCM. To
the beige solution, 105 mg (1.0 equiv, 0.47 mmol)of anhydrous zinc bromide was added
and stirred at room temperature for 16 h. The beige suspension was filtered and dried in
vacuo to obtain 6 as a white powder. Yield: 212 mg (82%).

'"H NMR (300 MHz, DMSO-d6) § (ppm): 7.57 (d, J=9.13Hz, 1H, ArH), 7.33 (d, J=9.13Hz,
1H, ArH), 7.24 (s, 2H, ArH), 6.79 (s, 2H, ArH), 5.29 (bs, 1H, BH), 3.50 (s, 6H, N-CHs),
1.13 (s, 9, CH,).

13C NMR (300 MHz, DMSO-d6) ¢ (ppm): 153.75 (Ar-C), 141.93 (Ar-C), 122.29 (Ar-C),
122.06 (Ar-C), 121.41 (Ar-C), 120.66 (Ar-C), 36.36 (R-C-(CHs)s), 34.66, 28.65 (R-C-
(CHs)s).

Elemental Anal. calc: C: 28.00, H: 3.48, N: 10.00, found: C: 28.31, H: 3.47, N: 10.77.

Crystal structure and crystallographic data are given in the appendix.

3.3.5. [Fe(Tn'®")(OTF)] (7)

In 10 mL of dry diethyl ether, 100 mg (1.0 equiv, 0.19 mmol) of 1 and 80 mg (1.2 equiv,
0.22 mmol) of Fe(OTf), were suspended. The orange suspension was stirred under inert
atmosphere for 24 h. The resulting orange precipitate was centrifugated twice for 15 min

and 2000 rpm. The light yellow solution was transferred into another flask, while the
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orange precipitate was dried in vacuo to obtain 7 as a light red powder. Yield: 140 mg

(94%) TR: B-H 2455 cm~! M™ calc.: 1287.244 m/z. found: 1287.238 m/z.

3.3.6. [Fe(PnS;Pn),](OTf), (8)

Under inert atmosphere, 550 mg (1 equiv, 1.5 mmol) of Fe(OTf), and 800 mg (3.2 equiv,
4.76 mmol) of PnH were suspended in 10 mL of dry diethyl ether. Within 30 minutes, the
brown suspension turned into a red, viscous suspension. After 16 hours, the precipitate
was filtered and dried in vacuo, to obtain the product as a red solid. Yield: 730 mg (85%
based on a 1:6 ratio). Elemental anal. calc: C: 34.40, H: 3.85, N: 8.91, found: C:34.43,
H: 4.11, N: 8.89. Single crystals, suitable for X-ray diffraction could be obtained from a
DCM solution. Figures of the crystal structure and crystallographic data are given in the

appendix.
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Supplementary data

IR-spectra

IR spectrum of PnH
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Figure A.1.: IR-spectrum of PnH.
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IR spectrum of 1
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Figure A.2.: IR-spectrum of 1.

IR spectrum of 2
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Figure A.3.: IR-spectrum of 2.
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IR spectrum of 3
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Figure A.4.: IR-spectrum of 3.

IR spectrum of 4
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Figure A.5.: IR-spectrum of 4.
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IR spectrum of 7
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Figure A.6.: IR-spectrum of 7.
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Figure A.7.: IR-spectrum of 8.
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High-resolution mass
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Figure A.8.: high-resolution mass isotope pattern
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High-resolution mass of 3
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Figure A.9.: high-resolution mass isotope pattern of 3.
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Figure A.10.: high-resolution mass isotope pattern of 4.
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High-resolution mass of 8
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Crystallographic data

6- tert- butyl- 3-thiopyridazine (PnH)

Figure A.12.: stereoscopic ORTEP plot of PnH showing the atomic numbering scheme.
The probability ellipsoids are drawn at the 50% probability level. The H
atoms are drawn with arbitrary radii, the hydrogen bonds are indicated by

dashed lines.

The non-hydrogen atoms were refined with anisotropic displacement parameters without
any constraints. The H atom of the NH group was put at the external bisector of the
C-N-N angle at a N-H distance of 0.88 A but the isotropic displacement parameter was
free to refine. The H atoms bonded to C of the pyridazinium ring were put at the ex-
ternal bisector of the C—C—C angles at C—H distances of 0.95 A and a common isotropic
displacement parameter was refined for these H atoms. The H atoms of the methyl
group were refined with common isotropic displacement parameters and idealized geome-
try with tetrahedral angles, enabling rotation around the C-C bond, and C-H distances
of 0.98 A.
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Table A.1.: crystallographic data and structure refinement for PnH.

Empirical formula

Formula weight

Crystal description

Crystal size

Crystal system, space group
Unit cell dimensions

a

b

c

Volume

Z

Calculated density

F(000)

Linear absorption coefficient pu
Reflections collected / unique
Significant unique reflections
R(int), R(sigma)

Data / parameters / restraints
Goodness-of-fit on F?

Final R indices [I > 20(I)]

R indices (all data)

Largest difference peak and hole

C5HgNyS

126.18

needle, yellow

0.34 x 0.32 x 0.07mm

orthorhombic, P b ¢ n

8.2980(3)A

11.8267(4)A

12.1382(3)A

1191.22(7)A3

8

1.407Mg/m?

528

0.425mm ™"

8985 / 1744

1557 with I > 20(1)

0.0191, 0.0138

1744 /77 /0

1.038

R1 = 0.0286, wR2 = 0.0793
R1 = 0.0321, wR2 = 0.0825
0.498 and -0.194e/A?
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Table A.2.: full list of bond lengths [A] and angles [°| for PnH.
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3,3’-disulfanediylbis(6-tert-butylpyridazine) (PnS.)

Figure A.13.: stereoscopic ORTEP plot of the disulfide showing the atomic numbering
scheme. The probability ellipsoids are drawn at the 50% probability level.

The H atoms are drawn with arbitrary radii.

The H atoms of the pyridazine rings were put at the external bisectors of the C-C-C
angles at C—H distances of 0.95A and common isotropic displacement parameters were
refined for the H atoms of the same phenyl group. The H atoms of the methyl groups
were refined with common isotropic displacement parameters for the H atoms of the same
group and idealized geometries with tetrahedral angles, enabling rotation around the C-C

bond, and C—H distances of 0.98 A.
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Table A.3.: crystallographic data and structure refinement for PnS,.

Empirical formula

Formula weight

Crystal description

Crystal size

Crystal system, space group
Unit cell dimensions

a

b

¢

«

p
7

Volume

Z

Calculated density

F(000)

Linear absorption coefficient p
Reflections collected / unique
Significant unique reflections
R(int), R(sigma)

Data / parameters / restraints
Goodness-of-fit on F?

Final R indices [I > 20(I)]

R indices (all data)

Largest difference peak and hole

Cr6Haa Ny So

334.50

needle, colorless

0.33 x 0.17 x 0.05mm

triclinic, P-1

5.82840(10)A
11.5363(3)A
13.7476(3)A
107.9297(10)°
95.8257(9
95.3949(9
867.23(3)A3

2

1.281Mg/m?

356

0.309mm !

9787 / 5038

4216 with T > 20(I)

0.0214, 0.0323

5038 / 213 / 0

1.038

R1 = 0.0346, wR2 = 0.0859
R1 = 0.0449, wR2 = 0.0909
0.546 and -0.281e/A?

o

o

~—

XXII



Appendix A. Supplementary data

Table A.4.: selected bond lengths [A] and angles [°] for PnS,.
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bis((u*-0x0)-bis(u?3-6-tert-butylpyridazine-3-sulfinato-N,0,0’)-
chloro-di-zinc(Il))

Figure A.14.: stereoscopic ORTEP plot of the centro-symmetric complex of the decom-
position product showing the atomic numbering scheme. The probability
ellipsoids are drawn at the 50% probability level. The disordered solvent
molecules and the less occupied orientations of the disordered tert. butyl
groups as well as the H atoms were omitted for clarity reasons. The H atoms
of the OH groups were drawn with arbitrary radii and the intra-molecular

hydrogen bonds were indicated by dashed lines.

The solvent molecule situated in a large void of approx. 178 A3 is disordered over two
orientations around a centre of symmetry. Their non-hydrogen atoms were refined with
isotropic displacement parameters with site occupation factors of 0.5. The equivalent
bonds in the THF molecule were restrained to have the same lengths and the H atoms
of the CH, groups were included at calculated positions with approximately tetrahedral
angles and C-H distances of 0.99 A with their isotropic displacement parameters fixed

to 1.2 times U,, of the C atom they are bonded to. The tert. butyl group bonded to
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C26 was disordered over two orientations and was refined with site occupation factors of
0.686(5) and 0.314(5), respectively. The same anisotropic displacement parameters were
used for equivalent C atoms of the disordered tert. butyl group. The other non-hydrogen
atoms were refined with anisotropic displacement parameters without any constraints.
The H atoms of the disordered methyl groups were refined with idealized geometries with
tetrahedral angles, staggered conformations, and C—H distances of 0.98 A. Their isotropic
displacement parameters were fixed to 1.3 times U, of the C atom they are bonded to. The
H atoms of the ordered methyl groups were refined with common isotropic displacement
parameters for the H atoms of the same group and idealized geometries with tetrahedral
angles, enabling rotation around the C-C bond, and C-H distances of 0.98 A. The H
atoms of the pyridazine rings were put at the external bisectors of the C-C-C angles at
C-H distances of 0.95 A and common isotropic displacement parameters were refined for
the H atoms of the same ring. After the refinement of all other atoms the position of the
H atom of the OH group could be taken from a difference Fourier map. The O—-H distance
was fixed to 0.84 A, and the H atom was refined with an individual isotropic displacement

parameter without any constraints to the bond angles.
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Table A.5.: crystallographic data and structure refinement.

Empirical formula

Formula weight

Crystal description

Crystal size

Crystal system, space group
Unit cell dimensions

a

b

¢

B

Volume

7

Calculated density

F(000)

Linear absorption coefficient g
Reflections collected / unique
Significant unique reflections
R(int), R(sigma)

Data / parameters / restraints
Goodness-of-fit on I?

Final R indices [I > 20(I)]

R indices (all data)

Largest difference peak and hole

U39 HyC1aN3O10S4 24 * C4HgO
1235.49

block, colorless

0.24 x 0.13 x 0.10mm

monoclinic, P 2, /n

11.8257(3)A
14.5199(4) A
15.3873(4)A
97.1970(10)°

2621.31(12)A3

2

1.565Mg/m?

1264

2.128mm™"

26768 / 7654

6488 with I > 20(I)

0.0218, 0.0206

7645 / 304 / 5

1.041

R1 = 0.0359, wR2 — 0.0933
R1 = 0.0448, wR2 = 0.1000
1.075 and -0.748e/A?
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Table A.6.: selected bond lengths [A] and angles [°].
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Appendix A. Supplementary data

bis(mu2-hydrogen-tris(3-mercapto-6-tert-butyl-pyridazin-2-
yl)borato-S,S’,S”)-di—bromo-di-zinc(I1)
(6)

Figure A.15.: stereoscopic ORTEP plot of 6 showing the atomic numbering scheme. The
probability ellipsoids are drawn at the 50% probability level. The H atoms

are drawn with arbitrary radii.

The H atom H1 bonded to Bl was clearly identified in a difference Fourier map and
was refined without any positional constraints with an isotropic displacement parameter.
The H atoms bonded to ring atoms were put at the external bisectors of the C-C-X
angles at C-H distances of 0.95 A and common isotropic displacement parameters were
refined for the H atoms of the same ring. The H atoms of the methyl groups were refined
with common isotropic displacement parameters for the H atoms of the same group and
idealized geometries with tetrahedral angles, enabling rotation around the X-C bond, and

C-H distances of 0.98 A.
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Appendix A. Supplementary data

Table A.7.: crystallographic data and structure refinement for 6.

Empirical formula

Formula weight

Crystal description

Crystal size

Crystal system, space group
Unit cell dimensions

a

b

c

«

B
g

Volume

Z

Calculated density

F(000)

Linear absorption coefficient p
Reflections collected / unique
Significant unique reflections
R(int), R(sigma)

Data / parameters / restraints
Goodness-of-fit on F?

Final R indices [I > 20(I)]

R indices (all data)

Largest difference peak and hole

CsoHy4BoBroNi2Ss Zny * 4C7 Hg
1469.87

needle, colorless

0.22 x 0.12 x 0.07mm

triclinic, P-1

9.1011(6)A
13.7402(10)A
14.1721(10)A

1.473Mg/m3

756

2.166mm*

13201 / 6488

4933 with T > 20(I)

0.0322, 0.0566

6488 / 402 / 0

1.040

R1 = 0.0447, wR2 = 0.1211
R1 = 0.0674, wR2 = 0.1298
0.923 and -0.578¢/A3
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Appendix A. Supplementary data

Table A.8.: selected bond lengths [A] and angles [°] for 6.
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Appendix A. Supplementary data

bis[3,3’-trisulfane-1,3-diylbis(6-tert-butylpyridazine)-
N,S,S’]iron(Il) di(trifluorome-thanesulfonate)

(8)

Figure A.16.: stereoscopic ORTEP plot of 8 showing the atomic numbering scheme. The
probability ellipsoids are drawn at the 50% probability level. The H atoms
and the OTf groups are omitted for clarity.

The structure could not be solved by direct methods, but by interpretation of the patter-
son map and subsequent structure expansion (SHELXS-97) [115] " Several attempts with
different superposition vectors had to be made to overcome the pseudo-symmetry problem
and to get a correct solution. Full-matrix least-squares refinements of F? values against all
reflections were performed by (SHELXL-97)['"l, The non-hydrogen atoms were refined
with anisotropic displacement parameters without any constraints. The H atoms of the
pyridazine rings were put at the external bisectors of the C—C-C angles at C-H distances
of 0.95 A and common isotropic displacement parameters were refined for the H atoms
of the same ring. The H atoms of the methyl groups were refined with common isotropic
displacement parameters for the H atoms of the same group and idealized geometries with
tetrahedral angles, enabling rotation around the C—C bond, and C—H distances of 0.98 A.
The H atoms of the solvent molecules were refined with common isotropic displacement
parameters for the H atoms of the same group and idealized geometry with approximately

tetrahedral angles and C—H distances of 0.99 A.
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Appendix A. Supplementary data

Table A.9.: crystallographic data and structure refinement for 8.

Empirical formula

Formula weight

Crystal description

Crystal size

Crystal system, space group
Unit cell dimensions

a

b

¢

g

Volume

7

Calculated density

F(000)

Linear absorption coefficient p
Reflections collected / unique
Significant unique reflections
R(int), R(sigma)

Data / parameters / restraints
Goodness-of-fit on 2

Final R indices [I > 20(I)]

R indices (all data)

Largest difference peak and hole

CagHyy FeNgS$? (CF3503S )y * 3CH,Cly
1341.88

block, orange

0.32 x 0.25 x 0.21mm

monoclinic, P 2;/c

15.2993(4) A
14.6458(4) A
50.0036(13)A
96.2896(9)°
11136.9(5)A3

8

1.601Mg/m?

5488

0.929mm ™!

96005 / 32325

23702 with I > 20(I)
0.0260, 0.0361

32325 / 1362 / 0

1.030

R1 = 0.0372, wR2 — 0.0865
R1 = 0.0580, wR2 = 0.0931

0.903 and -0.715¢/A?
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