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The octahedrally coordinated complex compounds are named according to the IUPAC
convention.!

All complex compounds are visualized with the same color code: iron atoms are drawn in
orange, oxygen atoms in red, nitrogen atoms in blue, carbon atoms in gray and hydrogen atoms
in white.

The hydrogen-bond pattern of the crystal structures is described with the descriptors R§(n) as
defined by graph-set analysis.?® The number of atoms n involved in the respective ring pattern
is specified in parentheses. The number of hydrogen-bond donors is given in the subscript (d)
and the number of hydrogen-bond acceptors is given in superscript (a).

The canonical molecular orbitals of the nitrosyl-iron compounds are analyzed using the following
coordinate system: the z-axis is defined along the Fe—N vector of the Fe—N—-O moiety.
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1 Introduction

1.1 The chemical biology of nitric oxide

Long known for its toxigenic and environmentally destructive properties®2®l, the small molecule nitric
oxide (NO) attracted worldwide research interest due to its important role as a cellular signaling molecule
in mammals. Nitric oxide is involved in several physiological processes in the human body, where it acts
as a regulator of blood pressure, as an immune defense agent and as a neurotransmitter in the central
nervous system. Because of its regulatory effects in the cardiovascular and nervous system, nitric oxide
was declared molecule of the year by the journal Science in 1992.1%1% Six years later, in 1998, the
American scientists Furchgott, Ignarro and Murad were awarded the Nobel Prize in Physiology or
Medicine “for their discoveries concerning nitric oxide as a signaling molecule in the cardiovascular
system”.[1*-141 Ongoing research continued in order to understand the cellular mechanisms that regulate
the formation and the reactivity of the small hormone NO.

NO is biosynthesized endogenously by the oxidation of L-arginine to L-citrulline with the enzyme nitric

oxide synthase (NOS) (Scheme 1.1). NADPH and molecular oxygen are involved as co-substrates.*®

©_OH
NH HN 0
N L
HoN“" NH H2N™ "NH
NADPH + O, + H* HoN NADPH + 02
+ NO

f ®
NH3 NH3

5 NADP* + H,0 NADP" +H,0 o

o0~ o o~ 0
L-arginine N-w-hydroxy-arginine L-citrulline

Scheme 1.1: The endogenous formation of NO from oxidation of L-arginine by the nitric oxide synthase (NOS).["8]

In humans, three isoforms of the NOS enzyme are known: neuronal NOS of the nervous system (nNNOS),
inducible NOS of the immune system (iNOS) and endothelial NOS of the cardiovascular system
(eNOS).[*5-181 While the constitutive isoforms eNOS and nNOS produce only low amounts of NO in the
cell, the induction of INOS can lead to sustained NO fluxes in the micromolar range that can be
cytotoxic.[**l Under hypoxic conditions, the reduction of nitrite (NO2") can serve as an alternative oxygen-
independent source for low levels of NO in the cell .2

Once produced, the small NO molecule quickly diffuses across cell membranes and reacts with diverse
cellular targets, which leads to various biological implications (see Figure 1.1). Most NO-regulated
physiological processes are initiated by the activation of soluble guanylate cyclase (sGC), an Fe' heme
protein (Figure 1.2 and Scheme 1.2). There are several studies in literature that focus on elucidating the

molecular mechanism of the sGC activation in order to emphasize its role in the development of novel
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therapeutic agents.[*821-24 |t is presumed that the nitrosylation of SGC at the distal site of the enzyme
causes bond cleavage between the proximal His ligand and the low-spin Fe'' heme center, which
activates the conversion of GTP to cGMP. The second messenger cGMP then modulates
phosphodiesterases (PDEs), ion-gated channels or cGMP-dependent protein kinases to regulate

vasodilation and neurotransmission. 18!

Direct reactions L-arginine Indirect reactions
MNO NOS
M 0, ONOO
NO. . HbO: /
s NO/CO,
0,

‘[O]/ \ Y oxidation
. NO,

nitration
/
Biological effects NO

A J

N,O; nitrosation

NO,

RNO

cardiovascular function
antioxidant
immune response
inflammation
cancer biology

Figure 1.1: Direct and indirect reactions of NO with important cellular targets and their biological implications.

Redrawn from Reference [25].




1 INTRODUCTION

Generator cell Target cell

Ca?*/CaM
i GTP
L—Argl + 0, ng%
@ cGMP + PP,

L-Cit + NO
NOS sGC

cGKs PDEs GMP-gated
ion channels

Figure 1.2: The nitric oxide / cyclic GMP (NO/cGMP) signaling pathway. Nitric oxide synthase (NOS) catalyzes the
biosynthesis of L-arginine (L-Arg) to L-citrulline (L-Cit) and nitric oxide (NO). Ca?*/calmodulin (CaM) activates the
NOS by a structural change that enables a continual electron flow. The endogenously produced NO diffuses across
cell membranes and binds to the Fe! heme center of soluble guanylate cyclase (SGC). This results in significant
increase of the second messengers cGMP and pyrophosphate (PPi). cGMP activates the cGMP-dependent protein

kinases (cGKs), phosphodiesterases (PDEs) and ion-gated channels. Redrawn from Reference [18].

NO NO NO NO NO NO
N [Te7 [ S A
His His His NO i NO His

Scheme 1.2; Reaction scheme of NO-binding to the Fe' heme center of soluble guanylate cyclase (sGC). The

presumed dinitrosyl intermediate is shown in brackets. Adopted from Reference [24].

Blood-sucking insects profit from NO’s ability to widen the blood vessels: they inject nitric oxide loaded
nitrophorines (NO-binding Fe'"" heme enzymes) into the bloodstream of their victims. The Fe—NO linkage
of these Fe" heme enzymes is, however, weaker than the linkage in the formerly discussed Fe' heme
enzymes. Thus, NO is released from the nitrophorines in the bloodstream, the blood vessels dilate and
the bloodsuckers benefit from the increased blood flow.?®! NO interacts also with various other heme
proteins including hemoglobin, cyclooxygenase, cytochrome P450 and cytochrome ¢ oxidase.?” For
instance, the reaction of NO with oxyhemoglobin (HbO3) to nitrate (NO3s~) and methemoglobin serves as
a major regulatory mechanism for the in-vivo NO detoxification.[*”:282% High levels of NO trigger the
formation of reactive nitrogen species (RNS), typically by the oxidation of the NO molecule. Nitrogen

dioxide (NOz), dinitrogen trioxide (N203), and the powerful oxidant peroxynitrite (ONOQO") are essential
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RNS.720 These species act as potent nitrating, nitrosating and oxidizing agents that may initiate
cancer, septic shock and other diseases.'”*° But they play an important role as antitumorigenic
mediators as well.l*¢

In order to get a better understanding of the cellular processes that are associated with the formation
and the reactivity of the hormone NO, the properties of NO as a ligand must be taken into consideration.

The next chapter focuses on the role of nitric oxide as a ligand in metal complexes.

1.2 General properties and coordination chemistry of nitric oxide

NO is produced on a large scale as an intermediate in the Ostwald process, in which nitric acid is
synthesized from ammonia.®! The formation of nitric oxide from oxygen and nitrogen is a strongly

endothermic reaction (Scheme 1.3).5%2

Y%aNy+ % 0y —> NO  AH° = +90.4 kJ mol™
Scheme 1.3: The endothermic reaction of oxygen and nitrogen to nitric oxide.

Due to its odd number of eleven valence electrons, NO is a paramagnetic free radical. It has a bond
order of 2.5, a N-O bond length of 1.15 A and its stretching vibration band is found at 1875 cm™.[33:34]
At ambient temperature, NO is a colorless gas that reacts immediately with molecular oxygen into the
brown gas NO:. Because of its weak dipole moment, NO is poorly soluble in water (1.93-
1.95 - 107 mol cm™3).13% The Lewis structures of NO are illustrated in Scheme 1.4.

o« o e . o — )
IN=—=O0| N=O> D S N=O|

Scheme 1.4; Lewis structures of nitric oxide.

The radical character of NO makes it a highly chemically reactive species. Stabilization of the unpaired
electron can be achieved upon the reaction with other compounds bearing unpaired electrons or upon
the reaction with transition-metal complexes to generate nitrosyl-metal complexes.

The various properties of NO as a ligand in metal complexes become apparent from its molecular orbital
(MO) diagram (Figure 1.3). The unpaired electron, which is responsible for the radical character, is
located in one of the two 111 orbitals. The frontier orbitals 20 (HOMO-1) and 1 (HOMO) are suitable
for forming binding and antibinding interactions with the d orbitals of a transition metal. Because of their
larger lobes on the nitrogen atom, coordination in a kN-binding mode is favored under normal conditions.
The 20 orbital can form a o interaction with the symmetrically matching e orbitals of the metal and the

energetically higher, degenerated 111 orbitals can interact with the metal t2 orbitals to two T-type bonds.
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Figure 1.3: Molecular orbital (MO) scheme of the neutral NO radical. The nitrogen atom is illustrated in blue, the
oxygen atom in red. Up-arrows symbolize a-spin electrons, down-arrows B-spin electrons. The unpaired electron,
which is responsible for the redox activity of the ligand, is located in one of the degenerated 11* orbitals. Orbitals
were calculated with TPSSh/def2-tzvp, isovalue 0.14.

Upon coordination to a metal center, NO can easily be oxidized to the nitrosonium cation NO™* or reduced
to the nitroxyl anion NO™. Thus, NO is a so-called non-innocent, redox-active ligand.*®! Four coordination
modes with either linear or bent M—N-O moieties are possible: the NO ligand can coordinate linearly as
NO*, weakly bent as neutral NO", strongly bent as *NO™ and linear or weakly bent as NO~.4371 The
analogy of the 3NO~ligand to the 302 ligand is used, for example, to model the structure of biochemical
non-heme iron oxygenases.®

Characteristic spectroscopic and structural parameters can be useful to draw conclusions about the
electronic state of the complex in question. For instance, the N-O stretching vibration bands, the M—N
and the N-O bond distances as well as the M—N—-O bond angles, derived from X-ray crystallography,
can provide helpful information for identifying the bonding mode in the nitrosyl compounds. 4
Depending on the geometry of the M—N-O moiety, different bonding interactions define the metal-
nitrosyl fragment (Figure 1.4, the z-axis is defined along the M—N vector of the M-N-O group). The
doubly occupied 20 orbital donates electron density into the d_2 orbital of the metal to generate a o bond
(o-basicity of the NO ligand). The 11 orbitals interact as electron donors or electron acceptors with the
symmetrically matching metal dx. and dy; orbitals either to two 11-bonding interactions (linear M—N-O

moiety) or to one T-bonding interaction and one o-bonding interaction with a strong metal d,> orbital




1 INTRODUCTION

participation (bent M—N—O moiety).[343739 |n the case of a linear NO* ligand and an electron-rich metal

center, strong backdonation from the dx. and dy. metal orbitals into the 11 orbitals of NO prevails.
o o)
/
N N
| %
X % %

o L 0]

Hence, the NO ligand can also interact as a 1 acid.

Figure 1.4: The possible bonding interactions of the metal-nitrosyl bond. Left: o bond (20 + d.2), middle: 1 bond(s)
(1 *+ dy. and 11", + dy; in a linear M-N-O moiety), right: o-bonding interaction in a bent M-N-O moiety

(1Tr*yz+ dZZ).

In order to avoid the problem of assigning a physical oxidation state to the central metal atom and to the
NO ligand, the Enemark-Feltham nomenclature was established in 1974.% |n this context, the metal-
nitrosyl complex is classified as a {M(NO)\}" fragment, whereby x is the nhumber of binding NO ligands
and n is the sum of the electrons in the d orbitals of the metal and in the 111 orbitals of the NO ligand.
Using this formalism, the NO-binding Fe'" heme center of sGC may be described as a low-spin {FeNOY’
center and the NO-binding Fe" heme center of the nitrophorines as a low-spin {FeNO}® center.l?®! The
exact bonding mode in NO-binding heme enzymes is still a subject of ongoing research

discussions.#0-42

1.3 Relevance of high-spin nitrosyl-iron compounds

This thesis focuses on the synthesis and the theoretical description of the bonding mode of high-spin
nitrosyl-iron(Il) compounds. These species are thought to be relevant intermediates in the anaerobic
respiration and NO detoxification process performed by microorganisms.[*>43-471 They play, moreover,
an important role in the so-called BioDeNOXx process that is a proven method for NOx removal from
industrial flue gases.[*®-571 The electronic structure of the high-spin nitrosyl-iron complexes differs from
the previously described low-spin species that are found within the NO-bound iron heme enzymes (see
chapter 1.1). In literature, their bonding mode is commonly described as a high-spin Fe'"' (S = 5/2) that
is antiferromagnetically coupled to a 3NO™ ligand (S = 1).[8-67 This results in an overall spin state of
S =3/2. According to the Enemark-Feltham notation, the complexes can be designated as
{FeNOY}'(S = 3/2) or as quartet-{FeNO}’ species.
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1.31 Nitric oxide reductases

Chapter 1.1 demonstrates the essential role of NO as a signaling molecule in mammals. In contrast to
mammalian species, many microorganisms possess NO-reducing enzymes that catalyze the two-
electron reduction of two NO molecules to the less-toxic N2O as part of their anaerobic respiration
process or as a detoxifying strategy (Scheme 1.5).[15:43-47]

NORs
2NO+2e +2H" — N,O +H,0

Scheme 1.5: The two-electron reduction of NO to N,O performed by the nitric oxide reductases (NORs).

Three different types of nitric oxide reductases (NORs) were identified: the NO reductases of denitrifying
bacteria (NorBC, gNOR and qCuaNOR)“34%l, the fungal P450 NO reductase (P450nor)“+686% and the
flavodiiron NO reductases of non-denitrifying bacteria, archaea, and protozoans (FNORs)*>7071, While
the enzymes NorBC, gNOR and qCuaNOR catalyze NO reduction predominantly as part of anaerobic
respiration, FNORs have evolved in order to protect the non-denitrifying organisms against exogenously
produced NO. This allows the pathogens to proliferate in the human body.*5

The subsequent part of this chapter provides a brief insight into the proposed catalytic mechanisms of
the NO reduction processes (Schemes 1.6-1.8). The active sites of the different NORs enzymes are

shown in Figure 1.5.

IIIis
2 |:l'_steB—Glu
/ is y
Glu A
AN
Hls—FeO 'oFe<H|s
| his” 7O okyHis
Cys | Asp
0] OH His

Figure 1.5: The iron-containing active sites of the different NORs. Left: fungal P450 NO reductase (P450nor),
middle: bacterial nitric oxide reductases (NorBC, gNOR, qCuaNOR), right: flavodiiron NO reductases (FNORs). The

FNORs of some microorganisms possess an additional His ligand instead of the non-bridging H,0.154344

In P450nor (a cytochrome P450-type enzyme) NO reduction occurs at a mononuclear low-spin Fe'"
heme center. NO binds upon the formation of a {FeNO}® species in the catalytically active state of the
enzyme. The activation is followed by hydride-transfer from the cofactor NAD(P)H to the {FeNO}®
complex, which results in an {FeHNO}® intermediate. Either this intermediate or an analogous double-
protonated species, which can be described as FeV-NHOH" or Fe'"-NHOH complex, reacts with a

second NO molecule upon N-N bond formation to the product species N2O.[#447.72.73]
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Scheme 1.6: Proposed mechanism for the N,O formation in fungal P450nor. Redrawn from Reference [47].

The three classes of bacterial respiratory NORs (NorBC, gNOR and qCuaNOR) share the same active
site, but vary in their electron donors and internal electron-transfer sites. The active site of the bacterial
NO reductase enzymes consists of a heme and a non-heme (Feg) iron motif.[*34574 Three overall
mechanisms have been proposed for these enzymes (Scheme 1.7): the NO activation can occur either
at both the non-heme (Fes) center and the heme iron center (trans mechanism) or at a single iron site
(cis heme b3 mechanism and cis FeB mechanism). In contrast to the cis Fes mechanism, in which both
NO molecules are suspected to bind to the Fes site, the cis heme b3 mechanism involves the
electrophilic attack of a second NO molecule to the initially generated heme-bound NO species. All of
these mechanisms include the formation of a hyponitrite dianion intermediate and the concomitant
oxidation of both iron centers prior to the release of N20.["™ Most studies in literature presume a non-
heme {FeNO}’ as well as a heme {FeNO}’ intermediate during the NO reduction process.["®="8l It is
however worth mentioning that there is some discussion about a non-heme {FeNO}® and a heme

{FeNO}® center as transient species in a redox-type coupling process within the trans mechanism.6:47]




1 INTRODUCTION

trans mechanism
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Scheme 1.7: The three proposed mechanisms for the N,O formation in bacterial respiratory NORs.["%!
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Flavodiiron NO reductases (FNORSs) contain a non-heme diiron active site with a flavin mononucleotide

(FMN) cofactor in close proximity that enables fast electron transfer between the cofactor and the diiron

core.’57071 The exact mechanism of NO reduction in FNORs is still a subject of discussion in the

literature.*>4¢! Three probable mechanisms are shown in Scheme 1.8. For one thing, NO reduction can

be achieved via the formation of a semi-bridging mononitrosyl high-spin [Fe'{FeNO}’] intermediate that

reacts with a second NO molecule to N2O (bridging mononitrosyl mechanism).[#647.79.8% Otherwise, the

reaction of two NO molecules with the catalytically active diferrous form of the enzyme results in a high-

spin [{FeNO}']z intermediate. This intermediate can generate N20 via the coupling of the two Fe-N-O

moieties (diferrous dinitrosyl mechanism). In an alternative mechanism, the high-spin [{FeNO}]2

intermediate is reduced to a so-called super-reduced high-spin [{FeNO}?]. species by the FMN cofactor,

which performs N—N coupling in order to release N2O (super-reduced mechanism).[46:47.81.82]

bridging mononitrosyl mechanism

No?
e'" N Fell
N4
hs- [Fe"{FeNO}N
Fe'  Fe' 0 2 H*
Fe"' \Fe"' FMNH;
© o H,0
NO  NO ~— N
2NO | |
Fell Fe"'

Fe'

Fe'

oot \ .
diferrous dinitrosyl mechanism FMNH, ell N20

H,0
hs-[{FeNO}a]z

super-reduced mechanism

Scheme 1.8: Three proposed mechanisms for the N,O formation in FNORs. Copied from Reference [83].
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1.3.2 {FeNO}'(S = 3/2) complexes with aminecarboxylato co-ligands

In the 1980s, aminecarboxylato co-ligands were discovered to induce a markedly increased stability of
{FeNOY}(S = 3/2) complexes against NO release. The research activities in this field were motivated by
the concept that the enhanced Fe—NO binding of the complexes makes them a suitable agent for the
removal of NO from power-plant-flue gas streams.®4#! |n the 2000s, the van Eldik group published
several studies on spectroscopic, thermodynamic as well as kinetic data of aqueous {FeNO}/(S = 3/2)
complexes with aminecarboxylates.[®5°01 The research group investigated the reactivity of aqueous
iron(ll) chelates against nitric oxide and oxygen, whereby co-ligands of various denticity such as edta,
nta and ida were used. The {FeNO}(S = 3/2) complexes were synthesized by treating an aqueous
buffered reaction solutions of iron(ll) salts and aminecarboxylato co-ligands with gaseous nitric oxide
and the formation of the Fe—NO linkage was followed by IR and UV/Vis spectroscopy. Van Eldik’s group
determined the stability constants Kno for the nitrosyl complexes and, moreover, the oxidation sensitivity
of the iron(ll) aminecarboxylate species. It was found that the stability of the Fe—NO linkage roughly
correlates with the sensitivity of the respective aqueous solution to oxidation by O2. The research group
stated that the higher stability of the Fe—NO linkage is connected with a higher Fe" character of the
{FeNO}'(S = 3/2) species. Nevertheless, all of these studies were not supported by structural
information on the complexes.

The stability constants Kno of the nitrosyl compounds were determined in the following manner: Kno is
generally based on the reaction equilibrium between the [Fe'(L),] and [Fe"(L),(NO)] complexes
(Formula 1.1, L = aminecarboxylato co-ligand). Kno is thus defined according to Formula 1.2:

kq
[Fe'(L),] + NO = [Fe'(L),(NO)] (1.1)
ky
K. = ki _ Cre' L),y
o= Zrlwnon
N kz C[Fe”(L)n] * C[NO] (12)

The equilibrium concentrations of the [Fe'(L),] and [Fe'(L),(NO)] species were identified by means of
UV/Vis spectroscopy and the concentration of free nitric oxide in solution with a NO electrode. The
oxidation of the complex compounds was also followed by UV/Vis spectroscopy. The period of time after
more than about 80% of the [Fe"(L),] species was oxidized to the corresponding [Fe" (L), complex, was
defined as "qualitative oxidation time". A correlation between the Kno values and the “qualitative

oxidation time” of the complexes is illustrated in Figure 1.6.
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a) Stability constants Ky for [Fe'(L),(NO)] complexes in M~!
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b) “Qualitative oxidation time” of [Fe'(L),] complexes to [Fe'(L),] complexes
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Figure 1.6: The stability constants Kyo of the [Fe'(L),(NO)] complexes (a) and the "qualitative oxidation time" of
[Fe'(L)s) complexes to [Fe"(L),] complexes (b). The period of time after more than about 80% of the [Fe'(L)]
species was oxidized to the corresponding [Fe(L),] complex was defined as "qualitative oxidation time".
L = aminecarboxylato co-ligand. The various groups of chelate ligands are presented in different colors (see

Reference [87] for further details). The survey is copied from Reference [87].

Itis a known fact that the emission of nitrogen oxides (NOx), produced from combustion of coal and fuel
oils, causes harmful environmental complications such as acid rain, the depletion of the ozone layer and
photochemical pollution.>" The chemical-absorption-biological-reduction (CABR) process or simply
BioDeNOx process is a cost-efficient and “green” technology for NOx disposal from coal-fired power
plants.[*8-571 Herein, the NO removal is accomplished via the complexation to aqueous iron(ll) chelates,
whereupon edta is commonly used as the chelating agent. The technology takes advantage of the
efficient binding of NO to the [Fe'(edta)]?” species in order to increase the solubility of free NO in
aqueous solution. This is of particular importance since the removal efficiency of NO is hindered by the
mass transfer from gas to liquid phase, which is attributed to the high Henry’s constant of NO.[®Y The
principle of the BioDeNOx technology is shown in Figure 1.7. NO is absorbed by the [Fe'(edta)]*
species in a wet-separator (or scrubber in the field of engineering science) and subsequently reduced
to harmless N2 by microbial denitrification in a bioreactor. As seen from van Eldik’s studies, the high
reactivity of the [Fe'(edta)]>” species against NO is associated with a high oxygen sensitivity of the NO
scavenger. Thus, the [Fe"'(edta)]” complex, which is formed by the reaction with oxygen in the flue gas,
is regenerated to the [Fe'(edta)]?>” species in a microbial iron-reduction step, whereby a suitable

reductant serves as an electron donor (ethanol, for example).
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purified waste gas N,, CO

2! 2

! !

BioDeNOx

wet separator [Fe"(edta)]zf bio reactor

A

NO absorption > NO reduction

[Fe'(edta)-NO]*
[Fe'(edta)]

! !

waste gas ethanol
NO, O,

Fe" oxidation Fe"I reduction

Figure 1.7: The principle of the BioDeNOx process. Redrawn from Reference [53].

The tentative chromophore of the “brown ring”, [Fe(H20)sNO]?, is a well-known representative of
{FeNOY'(S = 3/2) complexes. It is observable in the qualitative nitrate test, performed commonly in
undergraduate education (Figure 1.8). In a sulfuric acid solution that contains Fe' ions, nitrate ions
(NO3") are reduced to NO and Fe'" ions are oxidized to Fe''ions. The in-situ generated NO binds excess
[Fe(H20)s]?* and the tentative chromophore of the brown ring, [Fe(H20)sNO]?*, becomes apparent as a
brown, ring-shaped coloring in the test tube (see Figure 1.8).186:92 X-ray structure analysis of this cation
has not been available as yet but calculations and spectroscopic data indicate a linear Fe—N—O moiety
with an electronic  structure between high-spin  [Fe"(H20)s(3NO7)]>** and  high-spin
[Fell(Hzo)s(No)]2+.[86,92—96]

¥
lF-'
.~ 3Fe?" +NO; +4 Hy0" — > 3 Fe? +NO+6H,0

[Fe(H,0)s]*" + NO === [Fe(H,0)5(NO)**

Figure 1.8: The “brown-ring test’. The tentative chromophore of the “brown ring”, [Fe(H20)sNOJ?*, is a well-known
representative of {FeNO}(S = 3/2) complexes. The picture is presented with kind permission from Prof. Dr. Peter

Kltfers.

13



1 INTRODUCTION

1.4 Scope of thesis

This thesis is focused on the examination of the molecular structures and the electronic configuration of
octahedrally coordinated {FeNOY'(S = 3/2) complexes. Even though about three dozen single-crystal X-
ray analyses on these compounds can be found in literature, only eight species have been crystallized
from an aqueous solution.[446.6081.97-1151 N Wolf of the Klifers group succeeded in synthesizing
crystalline quartet-{FeNO}’ compounds with derivatives of iminodiactetate (ida) as co-ligands and aqua
ligands that complete the octahedral coordination sphere. These are the first crystalline
{FeNOY}'(S = 3/2) complexes with aqua co-ligands.[**'% According to van Eldik’s studies, the species
rank among the less-stable {FeNO}'(S = 3/2) compounds with aminecarboxylates (left hand side of the
upper series in Figure 1.6 on page 12).1878% A detailed analysis of the bonding situation with quantum-
chemical calculations revealed that the Fe—NO bonding is best described as a mostly covalent
interaction with a neutral NO° ligand antiferromagnetically coupled to an Fe" center.[*'% However,
structural information on the stable subclass in the van Eldik series is still lacking (right-hand side of the
upper series in Figure 1.6 on page 12). An important representative beyond this subclass is the
Feledta/NO species. Its relevance in the application-oriented flue gas area in engineering science was
mentioned in chapter 1.3.2. The speculative molecular structure of the hitherto crystallographically
uncharacterized Fe/edta/NO species was already presumed in several publications on the basis of
various spectroscopic and computational techniques.[616267.116] Knowledge of its structural chemistry is
certainly an essential factor for optimizing NOx removal efficiency. Furthermore, as seen from
chapter 1.3.1, the {FeNO}(S = 3/2) compounds have been proposed as relevant intermediates in the
enzymatically catalyzed NO reduction process of microorganisms. Structure analysis on related model
complexes can provide helpful insights into the fundamental chemistry of these enzymes. The lack of
structural data on {FeNO}(S = 3/2) compounds with the concomitant presence of aqua and nitrosyl
ligands becomes particularly apparent in a recent publication by Cracken et al..[*¥! In trying to model the
so-called facial triad (two histidine and one carboxylate ligands) of mononuclear non-heme iron
oxygenases by aminecarboxylato ligands, advanced EPR technology was used in order to elucidate the
structures of the aminecarboxylate-aqua-{FeNO} model compounds. X-ray analyses on the model
complexes would surely have supported the research studies.

Thus, the overall goal of this thesis is to close the knowledge gap about the structural chemistry of stable
guartet-{FeNO}’ complexes with aminecarboxylates. To elucidate the molecular structure with single-
crystal X-ray diffraction, high-purity crystals of the target compounds had to be synthesized. After
crystallization, the complex structures were modelled by means of quantum-chemical calculations in
order to get insight into their electronic configuration and, furthermore, to analyze structural peculiarities.
The X-ray and the computational results were expected to contribute to an understanding of the complex
stability and to establish a correlation between the stability and the structure of the nitrosyl compounds.
In addition, the {FeNO}'(S = 3/2) compounds are model compounds for a DFG priority program that
deals with the “influence of local transport processes in chemical reactions in bubble flows”. In this
context, the Fe—NO reaction system was investigated in two engineering collaborations with Dr. Glnter

Rinke and Dipl. Ing. Daniela Schurr**”118 from the Institute for Microprocess Engineering of the
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Karlsruhe Institute of Technology and with Prof. Dr. Christian Kahler and M.Sc. Katharina Haase**"!
from the Institute of Fluidmechanics and Aerodynamics of the Bundeswehr University Munich.
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2 REsSULTS

2 Results

2.1 Stable {FeNOY}/(S = 3/2) complexes with aminecarboxylates

The first chapter of the REsuLTs PART deals with the crystal synthesis, the description of the molecular
structures as well as with the IR and UV/Vis characterization of the nitrosyl-iron complexes. During the
research for this thesis, four new crystalline quartet-{FeNO}’ compounds with the co-ligands
ethylenediamine-N,N'-diacetate (edda), nitrilotriacetate (nta), N,N'-bis(2-hydroxyethyl)ethylene-

diamine-N,N'-diacetate (bhedda) and ethylenediamine-N,N,N’,N'-tetraacetate (edta) were synthesized.

2.1.1 Synthesis of crystalline {FeNO}/(S = 3/2) complexes

The aqueous nitrosyl-iron compounds were synthesized following a published procedure by van Eldik
et al.[B-8% The chelating ligand in its acid form (LH,) and sodium or potassium hydroxide as the base
were stirred in water before iron(ll) sulfate heptahydrate was added in stoichiometric amounts to the
aminecarboxylato co-ligand. Immediately after adding the iron salt, the reaction solution was treated
with gaseous nitric oxide to avoid the precipitation of the iron(ll) aminecarboxylate precursor complex.
Within a few minutes the almost colorless precursor solution turned into the characteristic dark green
color of the {FeNO}(S = 3/2) chromophore. Black crystalline {FeNO}'(S =3/2) complexes were
obtained by the isothermal diffusion of acetone or ethanol into the reaction solutions. In general, the
aqueous solutions of the nitrosyl species are stable against NO loss upon stripping with inert gas or
upon subjection to low pressure. They are stable under inert gas atmosphere but oxidize quite rapidly
when exposed to atmospheric oxygen. All crystalline products are air stable. The general synthetic route

is shown in Scheme 2.1.

NaOH/KOH

FeSO,4 7H20 + LH, + NO(g) [Fe(NO)(L)] + (7+n) H2O

N32804/ K2804

Scheme 2.1: Synthetic route to {FeNO} (S = 3/2) complexes with aminecarboxylates. LH,: the free acid of the

aminecarboxylato co-ligand.

2.1.2 [Fe(edda)(H:0)(NO)] (1)

Black crystals of (OC-6-14)-aquaethylenediamine-N, N-diacetatonitrosyliron hemihydrate (1b - %2 H20)
were obtained from an aqueous solution of gaseous nitric oxide and equimolar amounts of iron(ll) sulfate
heptahydrate and fully neutralized ethylenediamine-N,N'-diacetic acid by the diffusion of acetone over

three weeks. 1b - ¥ H2O crystallized in the triclinic space group P1 with four formula units in the primitive
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cell. The asymmetric unit contains two independent complex molecules which do not significantly differ
from each other in terms of bond angles and bond lengths. The iron center is octahedrally coordinated
by the tetradentate ligand edda via three five-membered chelate rings. Nitric oxide coordinates in trans
position to a nitrogen donor atom of the chelating ligand and the single free coordination site is occupied
by an aqua ligand. The average Fe—N-O angle is 148°. All equatorial donor atoms are tilted away from
the nitrosyl ligand, resulting in an average N1-Fe—02/03/N3/091 angle of 96°. The molecular structure
in crystals of 1b - %2 H20 is shown in Figure 2.1. For reasons of clarity, only one complex molecule is

illustrated.

Figure 2.1: ORTEP plot of one of two symmetrically independent molecules in crystals of 1b - 2 H,O (50%
probability level). Space group: P1. Interatomic distances (A) and angles (°) with the standard deviation of the last
digit in parentheses: Fe1-N1 1.775(3), Fe1-02 2.004(2), Fe1-N3 2.173(3), Fe1-N2 2.231(3), Fe1-03 2.086(2),
Fe1-091 2.070(3), N1-01 1.163(3), Fe1-N1-O1 147.8(3), N1-Fe1-02 89.93(11), N1-Fe1-091 97.26(13),
N1-Fe1-03101.07(11),N1-Fe1-N397.03(12), N1-Fe1-N2 168.61(12). Data of the second independent complex
molecule: Fe1'-N1' 1.775(3), Fe1'-02' 2.019(2), Fe1'-N3' 2.165(3), Fe1'-N2' 2.229(3), Fe1'-03' 2.089(2),
Fe1'-091'2.058(3), N1'-01'1.158(3), Fe1'-N1'-01' 148.5(2), N1'-Fe1'-02' 90.23(11), N1'-Fe1'-091' 95.53(13),
N1'-Fe1'-03' 100.78(11), N1'-Fe1'-N3' 97.28(12), N1'-Fe1'-N2' 168.43(11). Exact assignment of atoms in the
crystallographic data of the second independent complex molecule N1'=N4, N2'=N5, N3'=N6, 01'=06, 02'=07,
03'=08, 091'=092.

Both complex molecules in the asymmetric unit form hydrogen bonds to neighboring coordination
entities. The aqua ligands and the water of crystallization form hydrogen bonds among each other as
well as to neighboring non-metal bonded carboxyl-oxygen atoms of carboxylate groups. The hydrogen
atoms of the amine groups form hydrogen bonds to neighboring carboxyl-oxygen atoms. Three cyclic
motifs are formed with the descriptors Ré(1 6) (tertiary graph-set 093-H931---09'---H76—-N6-Fe2-092-
H922..-093ii-H931i...09"...H76-N6i-Fe2i-092ii-H922il), R3(8) (binary graph-set O5.--H921i-
092-Fe2-N5-H75"--03-C4) and R](13) (unitary graph-set N6-H76-:-09-C12-O7-Fe2-N6-
H76'---09-C12-0O7-Fe2) according to graph-set analysis.>¥ Table 2.1 gives an overview of all
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hydrogen bonds in crystals of 1b- ¥2 H20 and a schematic illustration of the hydrogen-bond network in

crystals of 1b- % H20 is shown in Figure 2.2.

Table 2.1: Hydrogen bonds in crystals of 1b - % H,0 with H-+A < r(A) + 2 A and <«(DHA) > 110°.

D-H-A d(D-H) d(H~A) d(D-A) <«(DHA)
N6-H76--09 0.76(3) 2.19(3) 2.929(4) 168(4)
N5-H75:-03i 0.88(3) 2.23(3) 3.008(4) 146(3)
N3-H73--04i 0.84(3) 2.12(3) 2.944(4) 166(3)
091-H911--010i 0.82(4) 1.90(4) 2.711(4) 167(4)
091-H912--010¥ 0.73(4) 1.97(4) 2.683(4) 164(4)
092-H921--05'  0.72(4) 1.96(4) 2.668(4) 171(5)
092-H922--093i  0.79(5) 1.82(5) 2.604(4) 169(4)
093-H931--09'  0.81(4) 1.96(4) 2.762(4) 167(4)
093-H932--05"  0.85(5) 1.92(5) 2.703(4) 154(5)

Symmetry code: P -x, —y+1, =z+1; i =x+1, —y+2, -z; i1 =x+1, =y+1, -z+1; V X, y+1, Z, V =X, —y+1, =z, Vix+1, y, Z.

Figure 2.2: SCHAKAL illustration of the hydrogen-bond pattern (dashed pink lines) in crystals of 1b - /2 H,0.
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2.1.3 [{Fe(H20)4}{Fe(NO)(nta)}2]wn - 2 H20 = [Fe(H20)4(2)2]n - 2 H20

Greenish-black crystals of the coordination polymer [Fe(H20)4(2)2]wn - 2 H20 with [Fe(NO)(nta)]™ (2) as
the nitrosyl-containing building block were obtained from an equimolar solution of iron(ll) sulfate
heptahydrate, partly neutralized nitrilotriacetic acid and gaseous nitric oxide by the diffusion of acetone
and ethanol over one year. The compound crystallized in the orthorhombic space group Pbca with eight
formula units in the primitive cell. Crystal-structure analysis reveals an Fe/nta molar ratio of 3:2 instead
of the supplied 1:1 proportion. However, the equimolar ratio is maintained in the nitrosyl-containing anion
[Fe(nta)(NO)] (2). The structure of the anionic building unit (OC-6-11)-nitrilotriacetatonitrosylferrate (2)

is illustrated in Figure 2.3.

Figure 2.3: ORTEP plot of the anion 2 including a carboxylate residue of an adjacent complex unit in the coordination

9

polymer [Fe(H20)4(2)2]wn - 2 H20 (50% probability level). Space group Pbca. Interatomic distances (A) and angles
(°) with the standard deviation of the last digit in parentheses: Fe1-N1 1.752(3), Fe1-02 2.072(2), Fe1-N2
2.226(3), Fe1-03 2.055(2), Fe1-04 2.086(2), Fe1-05 2.073(2), N1-O1 1.152(3), Fe1-N1-O1 164.8(3),
N1-Fe1-02 99.01(11), N1-Fe1-05 100.80(11), N1-Fe1-04 106.79(11), N1-Fe1-03 93.21(11), N1-Fe1-N2
172.93(11).

The iron center is coordinated octahedrally by the tetradentate chelating ligand via three five-membered
chelate rings and the nitrosyl ligand binds trans to the nitrogen donor atom of the chelating ligand. A
non-metal bonded carboxyl-oxygen atom from an adjacent [Fe(nta)(NO)]~ building unit fills the remaining
coordination site. The bond angle in the Fe—N—-O moiety is 165°. All equatorial donor atoms bend away
from the nitrosyl group and an average N1-Fe—02/03/04/05" angle of 100° results. The entire crystal
is a “higher-order” coordination polymer. Pentacoordinate [Fe(nta)(NO)]~ building units attain
hexacoordination by forming a one-dimensional, zigzag-shaped polyanion. The lateral carboxylate-
oxygen atoms of these polyanions complete planar dicationic [Fe(H20)4]?* moieties—instead of the
attempted sodium counterions—to octahedra by two trans linkages from two parallel-arranged
polyanions. Alternating blocks of repeating zigzag-shaped ---Fe—NO--Fe—-NO--Fe-OH2:--Fe-NO--

Fe—-NO-:- entities are formed along [001]. These elements are stabilized via hydrogen bonds between
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the carboxylate groups of the Fe/NO/nta building blocks and the aqua ligands of the [Fe(H20)a4]?*
moieties. The water of crystallization forms hydrogen bonds to the aqua ligands of the bridging
[Fe(H20)4]?* units as well as to the lateral carboxylate-oxygen atoms of the polyanions. Three cyclic
motifs exist with the descriptors R3(8) (quaternary graph-set H931i---092-H921---O6'-H911V-
091"-H912"---093"), R5(10) (tertiary graph-set 093'-H932'-O7"-C4i-03i-Feli-02i--H922-
092---H931) and R3(8) (binary graph-set H911"---O6ii-C6ii-0O2ii---H922-092-Fe2-091") according
to graph-set analysis.[?3 Figure 2.4 shows the hydrogen-bond network in the coordination polymer and

Table 2.2 lists all hydrogen bonds.

Table 2.2: Hydrogen bonds in crystals of [Fe(H20)4(2)2]un - 2 H0 with H--A < r(A) + 2 A and <(DHA) > 110°.

D-H-A d(D-H) d(H~A) d(D~A) <«(DHA)
092-H921--06' 0.71  2.01 2.691(3) 159.6
091-H911--06i 0.86  1.91 2.691(3) 149.6
091-H912--093 0.80(5) 1.93(5) 2.700(3) 163(5)
092-H922--02ii  0.98(5) 1.85(5) 2.826(3) 173(4)
093-H931--092 0.85(5) 2.20(5) 3.048(4) 173(5)
093-H932--0O7" 0.83(4) 2.10(5) 2.920(3) 166(4)

Symmetry code: P x+1/2, =y+1/2, -z+1; 1 x+1, y, z; T =x+1, =y+1, =z+1; V x-1, y, z; V=x+2, -y+1, —z+1; ¥ x-1/2,

-y+1/2, -z+1.

Figure 2.4: SCHAKAL plot of a cutout of the polymeric structure and the hydrogen-bond network (dashed pink lines)
in crystals of [Fe(H20)4(2)2]wn - 2 H20 with view along [100].
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2.1.4 [Fe(bhedda)(NO)] (3)

The chelating ligand N,N'-bis(2-hydroxyethyl)ethylenediamine-N,N'-diacetate (bhedda) was
synthesized following a published procedure by Wensel and Meares.?% N,N'-bis(2-hydroxyethyl)-N,N'-
ethylenediamine was reacted with two equivalents of bromoacetic acid in an alkaline aqueous solution.
The BC{*H}-NMR spectrum of the reaction solution shows the characteristic chemical shifts for
Kz(bhedda) (Table 2.3) but some additional non-assignable signals are found as well (see

EXPERIMENTAL PART).

Table 2.3: ®C{'H}-NMR data for Ky(bhedda) in aqueous solution. Chemical shifts & in ppm.

-COO OOC-CH2-N  N-CH2-CH2-OH N-CH2-CH2-OH N-CH>-CH2-N
176.4 58.1 57.4 56.6 51.6

The reaction solution was treated with an equivalent molar amount of iron(ll) sulfate heptahydrate,
referring to N,N'-bis(2-hydroxyethyl)-N,N'-ethylenediamine, to form the colorless [Fe'"(bhedda)] (6)
complex in 22% vyield. 6 was characterized by X-ray crystallography (see chapter 2.2.2) and mass
spectrometry. (FAB~) and (FAB*) mass spectra show the characteristic molecular ion peaks [M-H]™ at
317.2 m/z and [M+H]" at 319.2 m/z, respectively. An aqueous solution of 6 was then reacted with
gaseous nitric oxide in order to synthesize the nitrosyl-iron complex 3. The synthetic route is illustrated

in Scheme 2.2.

OH
o KOH
H - KBr o) \
_( 0 ®
A~oN A~y ~_OH )
Ho N 2 B/ OH  40°C,H0 o)l\/N\/\N/\n/OK
© o)
Kz(bhedda)\
OH
FeS0,-7H,0
-K;S0, |, H20
HO NO O HO
\/\N/__‘( \—_\ o

"F R ‘\\\o No(g) N/,,' ‘ \\\O o

. . s

(o/ ‘\OH 1, H,0, MeOH / /Fe\o?‘
NV

Scheme 2.2: Synthetic route to (OC-6-14)-N,N"bis(2-hydroxyethyl)ethylenediamine-N,N*-diacetatonitrosyliron (3)
and (OC-6-13)-N,N*bis(2-hydroxyethyl)ethylenediamine-N,N-diacetatoiron(ll) (6).
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The crystallization of 3 from aqueous solution was hampered but it succeeded with methanol as the
reaction medium. One brownish-black crystal of (OC-6-14)-N,N"-bis(2-hydroxyethyl)ethylenediamine-
N, N'-diacetatonitrosyliron(3) was isolated from a methanolic solution by the diffusion of acetone over
two weeks. The structure solution succeeded in the monoclinic space group P21/c with four formula units
in the primitive cell. The molecular structure in crystals of 3 is shown in Figure 2.5.

Figure 2.5: ORTEP plot of the molecular structure of the solvent-free mononuclear entity in crystals of 3 (50%

9

probability level). Space group P24/c. Interatomic distances (A) and angles (°), the standard deviation of the last
digit is given in parentheses: Fe1-N1 1.782(2), Fe1-02 2.026(1), Fe1-N3 2.242(2), Fe1-N2 2.215(2), Fe1-03
2.045(1), Fe1-04 2.079(1), N1-O1 1.134(2), Fe1-N1-O1 150.20(15), N1-Fe1-02 89.90(6), N1-Fe1-0O4
103.95(6), N1-Fe1-03 101.82(6), N1-Fe1-N3 98.99(6), N1-Fe1-N2 169.22(6).

The asymmetric unit contains one complex molecule of [Fe(bhedda)(NO)] (3). 3 consists of an iron atom
that is octahedrally coordinated by the nitrosyl ligand and by the potentially hexadentate chelating ligand
via the carboxylate-oxygen atoms, the nitrogen donor atoms and the oxygen atom of one hydroxyethyl
function. The other hydroxyethyl function bends away from the iron atom in order to attain octahedral
coordination. Nitric oxide is bound in trans position to a nitrogen donor atom of the bhedda co-ligand.
The Fe—N-O bond angle is 150°. All equatorial donor atoms of the chelating ligand are tilted away from
the nitrosyl group, the average N1-Fe—02/03/04/N3 angle is 98°. Both hydroxyethyl groups of the co-
ligand form hydrogen bonds to acetate groups of adjacent formula units (Figure 2.6 and Table 2.4). A

ring motif is formed with the descriptor R§(12) (binary graph-set C7-C8-N3-C9-C10-07-H87---02/-
Fel'-04-H84'.--06) according to graph-set analysis.??!
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Table 2.4: Hydrogen bonds in crystals of 3 with H-A < r(A) + 2 A and <(DHA) > 110°.

D-H-A d(D-H) d(H—A) d(D-A)  «(DHA)
O7-H87--02 0.84  2.08 2.9054(19) 168.4
04-H84--061 0.81(3) 1.76(3) 2.5495(18) 168(3)

Symmetry code: i x, y-1, z; i x, y+1, z.

Figure 2.6: SCHAKAL graphic of the hydrogen-bond pattern (dashed pink lines) in crystals of 3 with view along [100].

2.1.5 [{FG(HzO)Z}{Fe(NO)(Hedta)}z]n/n = [Fe(H20)2(4)2]n/n

Large black crystals of the polymeric compound [{Fe(H20)K{Fe(NO)(Hedta)}2]nn = [Fe(H20)2(4)2]wn were
obtained from an equimolar solution of iron(ll) sulfate heptahydrate, partly neutralized ethylenediamine-
N,N,N’,N'-tetraacetic acid and gaseous nitric oxide by the diffusion of acetone over six months. Crystal-
structure analysis reveals an Fe/edta molar ratio of 3:2 instead of the supplied 1:1 proportion. The
structure solution succeeded in the monoclinic space group P2:/c with four formula units in the primitive
cell. Figure 2.7 shows the structure of the nitrosyl-containing monoanion (OC-6-31)-ethylenediamine-
N,N,N',N'-tetraacetatonitrosylferrate (4). The iron atom is octahedrally coordinated by three carboxylate-
oxygen atoms and the two nitrogen donor atoms of the co-ligand via four five-membered chelate rings.
Nitric oxide binds in trans position to a nitrogen donor atom of the co-ligand. One of the four carboxylate
groups is protonated and bends away from the iron center. The Fe—N-O bond angle measures 149°.
All equatorial donor atoms of the co-ligand are tilted away from the nitrosyl group and a mean N1-Fe—
02/03/04/N3 angle of 99° results. The pH-value relevance of the mother liquor becomes apparent here:
fairly acidic conditions have to be met to support the dangling non-deprotonated carboxymethyl function
of the [Fe(H20)2(4)2]wn Species.
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Figure 2.7: ORTEP plot of [Fe(Hedta)(NO)]- (4) monoanions in crystals of [Fe(H20)2(4)2]» (50% probability level).
Space group P24/c. Interatomic distances (A) and angles (°), the standard deviation of the last digit is given in
parentheses: Fe1-N11.763(2), Fe1-02 2.055(2), Fe1-N3 2.241(2), Fe1-N2 2.196(2), Fe1-03 2.069(2), Fe1-04
1.999(2), N1-0O1 1.158(2), Fe1-N1-O1 148.8(2), N1-Fe1-02 94.95(7), N1-Fe1-04 91.70(7), N1-Fe1-03
102.11(7), N1-Fe1-N3 106.37(7), N1-Fe1-N2 168.53(7). Data of the bridging diaquairon(ll) moieties: Fe2-05

2.141(1), Fe2-07 2.108(1), Fe2-091 2.128(2).

Anions 4 and [Fe(H20)2]?* cations—instead of the attempted potassium counterions—form two-
dimensional building blocks with layers along [100]. Within these 2D-blocks, a square net of [Fe(H20)2]?*
building units is connected via iron-carboxyl-oxygen contacts to square anion assemblies above and
below, resulting in the AB2-type stoichiometry of the compound. The crystal structure is stabilized via
hydrogen bonds between the carboxylate groups and the aqua ligands of the bridging [Fe(H20)2]?*
moieties. The bonded hydrogen atom of the dangling carboxymethyl function forms a hydrogen bond to
a carboxyl-oxygen atom of a neighboring anionic building unit. Three cyclic motifs exist with the
descriptors R3(15) (tertiary graph-set H912Y-.-0O3i-Feli-N3i-C9i-C10i-09i-H89'..-06'-C4"'-04"~
Fel'-02'---H911Y-091"), R}(6) (unitary graph-set 091i-H912i...03V-C6"-07"-Fe2") and R}(6)
(unitary graph-set 0911-H911"--02-C1-05-Fe2) according to graph-set analysis.>® Figure 2.8
illustrates the hydrogen-bond network in the coordination polymer [Fe(H20)2(4)2]nn and Table 2.5 lists

all hydrogen bonds.
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Table 2.5: Hydrogen bonds in crystals of [Fe(H20)2(4)s]un with H--A < r(A) + 2 A and «(DHA) > 110°.

D-H--A d(D-H) d(H~A) d(D-A) <«(DHA)
09-H89--06  0.90 181  2.673(2) 158.4
091-H911--021 098  1.78  2.716(2) 157.0
091-H912--03i 091  1.91  2.776(2) 159.0

Symmetry code: ' x+1/2, =y+3/2, z; 1 =x+1, =y, =z; i =x+312, y-112, -z; ¥ x-112, =y+112, z,; V —x+112, y-112, - Z;
Vix=112, -y-112, z.

Figure 2.8: SCHAKAL plot of a cutout of the polymeric structure and the hydrogen-bond pattern (dashed pink lines)
in crystals of [Fe(H20)2(4)2]w» with view along [010].
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2.1.6 IR- and UV/Vis-analytical characterization

Besides X-ray crystallography, the formation of the {FeNO}'(S = 3/2) compounds was analyzed with IR-
and UV/Vis spectroscopy. In general, the spectra of the reaction solution as well as of the crystalline
compound are in good agreement. A typical UV/Vis-spectrum shows two charge transfer bands around
330 nm and 430 nm and a d-d transition band at around 600 nm. The characteristic N-O stretching
vibration bands are found in the range between 1761 cm™ and 1791 cm™. The IR- and UV/Vis-
spectroscopic data are summarized in Table 2.6. Because of the strong water-absorption band in the
region of the NO-stretching vibration, IR spectra of the dissolved complexes were recorded in D20.
Figure 2.9 shows the IR spectrum of the crystalline coordination polymer [Fe(H20)2(4)z2]nn as well as a

comparison of the UV/Vis spectra of the crystalline compound [Fe(H20)2(4)2]wn and its mother liquor.

Table 2.6: IR- and UV/Vis-spectroscopic data of complexes 1b-4 (sol.: aqueous reaction solution, cry.: crystalline
compound). The absorption maxima given in the cry. column were determined from Kubelka-Munk!"2"-transformed

reflectance spectra. Data for solid-state measurements on 3 are missing because of the low crystal yield.

V(NO)/lcm™ (sol.) ¥(NO)lcm™ (cry.)  A/nm (sol.) Alnm (cry.)

1000

833

- 667

- 500

333

- 167

1(b) 1769 1761 342,435, 617. 414, 430, 644.
2 1793 1791 339, 439, 602. 433, 622.
3 1782 - 337, 422, 650. -
4 1777 1781 342, 435, 634. 432, 623.
110 12
100 ; Solid-state UV/Vis spectrum of [Fe(H20)2(4)2] i
1 —— UV/Vis spectrum of the mother liquor
90
80;
% 70 el <
2 4] Vno T
40
30;
20;
4000 ‘ 3560 ‘ 3050 ‘ 2560 ‘ 2050 ‘ 1560 ‘ 1060 ‘ 300 ‘ 42)0 ‘ 530 ‘ s(;o ‘ 760 800
Wavenumber/cm’™ Wavelength/nm

Figure 2.9: Left: IR spectrum of the crystalline coordination polymer [Fe(H20)2(4)2]w»; right: UV/Vis spectra of the
crystalline coordination polymer [Fe(H20)2(4)2].» and its mother liquor.
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2.1.7 The crystallization of stable {FeNO}/(S = 3/2) complexes with amine-

carboxylates

The pH value of the mother liquors before and after the treatment with gaseous nitric oxide had
significant influence on the crystallization process of the nitrosyl-iron compounds. Table 2.7 summarizes
the pH values of the mother liquors of complexes 1-4 before and after the treatment with nitric oxide.
Slightly acidic conditions were necessary to obtain crystalline products. Buffers were not used because
of their pronounced tendency to crystallize from aqueous solution. pH values of eight and higher

promoted the oxidation of Fe'to Fe'" and led to the fast decomposition of the compounds.

Table 2.7: pH values of the aqueous reaction solutions of complexes 1-4 before and after NO absorption.

1 2 3 4

Before NO treatment 6 3-4 4 3-4
After NO treatment 56 5 56 4-5

The crystallization of the {FeENO}'(S = 3/2) complexes lasted from two weeks for compound 3 to one
year for the complex polymer [Fe(H20)4(2)2]nn - 2 H20. The crystallization of 3, [Fe(H20)4(2)2]wn - 2 H20
and [Fe(H20)2(4)2].n was hampered and not reproducible. Compound 3 was isolated as one single
crystal, sufficient for a X-ray measurement. Further crystallization experiments under analogous reaction
conditions were unsuccessful. Crystal synthesis from the crystalline precursor compound 6 - H20 was
ineffective as well. The polymeric compounds with the nitrosyl-containing building blocks 2 and 4 were
merely isolated from mother liquors, as described in the EXPERIMENTAL PART, with acidic conditions and
sodium or potassium hydroxide as the base. Even though the anticipated sodium or potassium
counterions are not found in the polymeric structures of [Fe(H20)4(2)z2]un - 2 H20 and [Fe(H20)2(4)2]wn,
crystalline products could not be obtained when lithium hydroxide, cesium hydroxide or rubidium
hydroxide were used as bases (acidic conditions were fulfilled). The addition of salts with sterically
demanding cations such as bis(triphenylphosphine)iminium chloride and benzyltrimethylammonium
hydroxide in order to improve the crystallization tendency had no success. Moreover, the use of choline
hydroxide as a base (the choline counterion was expected to form a strong hydrogen-bond network in
the crystal structure of the nitrosyl compound) did not lead to a crystalline product. The crystal structures
of the polymeric compounds [Fe(H20)4(2)2]wn - 2 H20 and [Fe(H20)2(4)2]wn reveal a 3:2 iron:amine-
carboxylate molar ratio instead of the supplied 1:1 proportion. Their mother liquors obviously “lost” some
bonded nitric oxide so that one third of the iron atoms can serve as bridging building-block entities.
Subsequent crystallization experiments were performed with magnesium sulfate (an aquated
magnesium ion was expected to adopt the position of the bridging dicationic [Fe(H20)42]>* moieties) in
order to examine whether the use of exact stoichiometric amounts would accelerate the crystallization
of the complex polymers. Magnesium was used because it is not able to form a nitrosyl complex or an
aminecarboxylate complex that is more stable than the iron complex. But these crystallization attempts
were not effective. Nevertheless, 1b - ¥ H2O crystallized reproducibly from its mother liquor. The
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isothermal diffusion of acetone accelerated the crystallization but the complex was also isolated directly
from aqueous solution. Moreover, 1b - % H2O was obtained from the low-scaled IR reaction mixture with

D20 instead of H20 as the solvent.

2.1.8 Synthesis of nitrosyl-iron complexes with amino acids

As part of this thesis, the crystallization of nitrosyl-iron complexes with the amino acids gly, ser, thr, asp,
cys, tyr, leu, phe, thr and his as co-ligands was attempted. When the complexes were synthesized in
aqueous solution with iron(ll) sulfate heptahydrate as the iron salt, the dark green reaction solutions of
the nitrosyl-iron complexes adopted a distinct red coloring after about one day. This indicated the
oxidation of Fe'' to Fe'". The red coloring was also observed when methanol or ethanol were used as
solvents. Thus, the syntheses were carried out in the absence of water in aprotic polar solvents. Iron(ll)
triflate was utilized as the anhydrous iron source, TEA as the base and MeCN, DMF or a DMF/MeCN
mixture as the solvent. The amino acids were applied in their L-configuration or as racemic mixtures.
Racemic mixtures were used in order to raise the number of potential space groups in the case of
crystallization. Further syntheses were performed with the bidentate auxiliary ligands acac, tmeda, bpy
and phen, whereby the tridentate amino acids his, asp, ser and thr were used as co-ligands. Hence, the
coordination of solvent molecules was avoided and the crystallization tendency of the compounds would
be increased. When a suspension of the amino acid, iron(ll) triflate, TEA and the auxiliary ligand (if
desired) was treated with nitric oxide, a color change from yellowish-green (orange when acac was used
as the auxiliary ligand, red in the case of bipy or phen) to dark reddish-brown was observed. This was
taken as an indicator for the successful formation of a nitrosyl species. The IR-spectra of the reaction
solutions showed vibration bands, although of low intensity, in the range of the characteristic N-O
stretching vibration of {FeNO} (S = 3/2) complexes. Even though the crystallization of an nitrosyl-iron
compound was unsuccessful (see EXPERIMENTAL PART for further details), some amorphous black solids
were isolated. The N-O stretching vibration bands of the reaction solutions and the solids are in good

agreement (see Table 2.8).

Table 2.8: N-O stretching vibration bands of the solid Fe/gly/NO, Fe/acac/his/NO, Fe/asp/NO, Fe/asp/tmeda/NO

and Fe/tyr/NO species as well as of their reaction solutions.

Species V(NO)/cm™ (solution)  ¥(NO)/cm™ (solid)
Fe/gly/NO 1789, 1740 1799, 1731
Fe/acac/his/NO 1779 1792
Felasp/NO 1817 1818
Felasp/tmeda/NO 1776 1772
Fe/tyr/NO 1793 1801

28



2 REsSULTS

2.2 Synthesis of crystalline iron(ll) complexes with aminecarboxylates

Crystalline iron(ll) complexes were obtained with ethylenediamine-N,N'-diacetate (edda), N,N'-bis(2-
hydroxyethyl)ethylenediamine-N,N'-diacetate (bhedda) and N-(2-hydroxyethyl)ethylenediamine-N,N' N*-
triacetate (hedtra) as co-ligands. The Fe" complexes with edda and bhedda as chelating ligands were
synthesized in order to permit structural-data comparison with the corresponding non-polymeric nitrosyl
species 1b and 3 and, moreover, to draw conclusions about how they are influenced in NO-binding. The
crystallization of an Fe/hedtra species was aspired to, as the Fe/hedtra/NO complex exhibits the most
stable Fe—NO linkage according to van Eldik’s survey.®789 But the crystallization of an Fe/hedtra/NO

species was unsuccessful.

2.2.1 [Fe'(edda)(H20)2] (5)

Colorless needle-shaped crystals of (OC-6-13)-diaquaethylenediamine-N, N"-diacetatoiron(ll) (5b) were
obtained from an aqueous solution of iron(ll) sulfate heptahydrate and equimolar amounts of fully
neutralized H.edda by the diffusion of acetone over one week. The complex crystallized in the
monoclinic space group P21/n with four formula units in the primitive cell. The asymmetric unit contains
one complex molecule with an iron central atom that is octahedrally coordinated by the tetradentate
edda co-ligand and two aqua ligands, which coordinate in trans position to the nitrogen donor atoms of
the chelating ligand. The molecular structure resembles the nitrosyl complex 1b, whereby the aqua

ligand 092 occupies the NO position.

Figure 2.10: ORTEP plot of [Fe'(edda)(H20),] in crystals of 5b (50% probability level). Space group P2i/n.
Interatomic distances (A) and angles (°), the standard deviation of the last digit is given in parentheses: Fe1-N1
2.2813(14), Fe1-03 2.0765(12), Fe1-01 2.0891(12), Fe1-091 2.0905(13), Fe1-092 2.1399(13), Fe1-N2
2.2265(14), Fe1-N1 2.2813(14), 03-Fe1-01 165.88(5), 03-Fe1-091 102.42(5), O1-Fe1-091 90.27(5),
03-Fe1-092 81.48(5), O1-Fe1-092 105.32(5), 091-Fe1-092 88.38(5), O3-Fe1-N2 78.71(5), O1-Fe1-N2
95.10(5), 091-Fe1-N2 91.02(5), 092-Fe1-N2 159.57(5), O3-Fe1-N1 88.61(5), O1-Fe1-N1 77.83(5),
091-Fe1-N1164.86(5), 092-Fe1-N1 103.67(5), N2-Fe1-N1 80.88(5).
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A strong hydrogen-bond pattern prevails in the crystal structure of 5b. The amine groups and both aqua
ligands form hydrogen bonds to carboxylate groups of adjacent coordination entities and a three-
dimensional network occurs (Table 2.9 and Figure 2.11). Three ring motifs are formed with the

descriptors  R2(10) (binary graph-set 092'-H921'-.-04Vi...H922V-092V~Fe1V-03"-C4V-04". ..
H922Y), R5(8) (binary graph-set H72:--01-C1-02'---H912-091-Fe1-N2) and R3(8) (binary graph-set
H912...02"-- H911"-091'-H912"---02"---H911-091) according to graph-set analysis.??!

Table 2.9: Hydrogen bonds in crystals of 5b with H-~A < r(A) + 2 A and <(DHA) > 110°.

D-H-A dD-H) d(H+A) d(D+~A)  «(DHA)
N2-H72--01 0.88(2) 2.16(2) 3.0215(18) 165.4(19)
091-H911--021 0.78(2) 2.01(2) 2.7748(18) 164(2)
091-H912-~-02' 0.85(3) 1.84(3) 2.6819(18) 173(2)
092-H921--04ii  0.86(3) 1.84(3) 2.7015(17) 178(2)
092-H922-~-06" 0.80(3) 2.04(3) 2.8440(18) 175(2)

Symmetry code: '-x+3/2, y-1/2, -z+1/2; 1x-112, =y+312, z-112; T x, y+1, z; V=-x+1/2, y+1/2, =z+1/2; V —x+1, —y+1,
=Z;Vi—x+1, =y, =z; Vi x+112, -y-112, z-1/12.

Figure 2.11: SCHAKAL plot of the hydrogen-bond pattern (dashed pink lines) in crystals of 5b.
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2.2.2 [Fe'(bhedda)] (6)

Colorless needle-shaped crystals of (OC-6-13)-N,N-bis(2-hydroxyethyl)ethylenediamine-N,N'-di-
acetatoiron(ll) hydrate (6 - H20) were isolated from an aqueous solution of the raw product 6 by the
diffusion of acetone over two weeks (see chapter 2.1.4 for the synthetic route). 6 - H20 crystallized in
the monoclinic space group P2 with two formula units in the primitive cell. The asymmetric unit contains
one iron atom that is coordinated by the bhedda co-ligand in a pentadentate binding mode via the two
carboxylate-oxygen atoms, the two nitrogen donor atoms and via the oxygen atom of one hydroxyethyl
group. The other hydroxyethyl function bends away from the iron center and forms a hydrogen bond to
a carboxyl-oxygen atom of a neighboring complex entity. The remaining coordination site is occupied
by a carboxyl-oxygen atom from an adjacent complex unit and a polymeric three-dimensional network
results. The molecular structure in crystals of 6 H20 is shown in Figure 2.12. The structure is
strengthened by a strong hydrogen-bond network. The coordinated hydroxyethyl function forms
hydrogen bonds to the water of crystallization. This in turn forms further hydrogen bonds to carboxyl-
oxygen atoms and to the dangling hydroxyethyl functions from neighboring complex entities (Table 2.10
and Figure 2.13). Three cyclic motifs are formed with the descriptors Rg(ZO) (quaternary graph-set
H911v..-0O6-H86"---04---H912V-091"-H911"---06-H86:-04'-C8-03-Fel-01-C2'-02'-FelV-
O5Y-H85"..-091Y), R3(28) (quaternary graph-set H911Y-.-06'-H86":--04-C8-03-Fe1-02"-
C2V-01"-FelV-05"-H85"Y---091V-H912"---06-H86"--O4'-C8-03-Fe1-01-C2'-02'-Fel"-05"~
H85Y..-091"), and R5(12) (binary graph-set H912---04ii-C8ii-03ii-Fe1ii-02-C2-01-Fe1-05-H85-

091) according to graph-set analysis.??

02

Figure 2.12: ORTEP plot of [Fe'(bhedda)] in crystals of 6 - H2O (50% probability level). A carboxylate residue from
an adjacent complex is included. Space group P21 Interatomic distances (A) and angles (°) with the standard
deviation of the last digit in parentheses: Fe1-N12.284(3), Fe1-N2 2.234(4), Fe1-012.097(3), Fe1-02 2.081(3),
Fe1-03 2.096(3), Fe1-05 2.124(3), N1-Fe1-01 77.59(12), N1-Fe1-02 113.99(13), N1-Fe1-03 92.29(12),
02-Fe1-N2 162.58(13), O1-Fe1-03 165.49(12), N1-Fe1-05 153.35(15), N1-Fe1-N2 81.37(14), 02-Fe1-03
92.05(13), 02-Fe1-05 89.53(12), 02-Fe1-01 101.48(11).
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Table 2.10: Hydrogen bonds in crystals of 6 - H,O with H-A < r(A) + 2 A and <«(DHA) > 110°.

D-H-A dD-H)  d(H~A) d(D—A) <«(DHA)
06-H86--04'  0.84 1.89 2.728(4) 176.2
O5-H85--091  0.824(14) 1.89(3)  2.665(4) 156(6)
091-H911--06i 0.805(14) 2.05(2)  2.816(4) 158(5)
091-H912--04ii 0.818(14) 1.947(19) 2.751(4) 167(6)

Symmetry code: 1-x+2, y-1/2, =z+2; i -x+1, y+1/2, —z+1; i-x+2, y+1/2, =z+1; vV —x+2, y=1/2, -z+1; ¥ —x+2, y+1/2,

-z+2; Vi x+1, y, z+1.

Figure 2.13: SCHAKAL plot of the hydrogen-bond network (dashed pink lines) in crystals of 6 - H,O with view along

[100].
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2.2.3 [Fe'(Hhedtra)] (7)

[Fe'(Hhedtra)] (7) was synthesized from an aqueous solution of iron(ll) sulfate heptahydrate and
equimolar amounts of half-neutralized N-(2-hydroxyethyl)ethylenediamine-N,N’,N-triacetic acid
(Hshedtra). Colorless rod-shaped crystals of (OC-6-31)-N-(2-hydroxyethyl)ethylenediamine-N,N',N*-
triacetatoiron(ll) hydrate (7 - H20) were obtained in a “slow-cooling” procedure. An aqueous solution of
the raw product 7 was heated under reflux and the reaction flask was transferred immediately to a dewar
vessel filled with boiling water. The apparatus was then allowed to cool to room temperature within
24 hours. 7 - H20 crystallized in the orthorhombic space group Fdd2 with 16 formula units in the primitive
cell. The molecular structure resembles that of compound 6. The iron atom is coordinated by the
chelating ligand in a pentadentate binding mode via the two nitrogen donor atoms, two carboxylate-
oxygen atoms and the oxygen atom of the hydroxyethyl group, resulting in four five-membered chelate
rings. The sixth coordination site is occupied by a carboxyl-oxygen atom of an adjacent complex unit.
The third carboxylate group is protonated, dangles and forms a hydrogen bond to the water of
crystallization. The molecular structure in crystals of 7 - H20 is shown in Figure 2.14. As in the case of
the complex polymer [Fe(H20)2(4)z2]nn, slightly acidic conditions must be satisfied in order to support the

dangling protonated carboxymethyl function (pH = 5 of the mother liquor).

Figure 2.14: ORTEP plot of [Fe'(Hhedtra)] in crystals of 7 - H,O (50% probability level). A carboxylate residue from
an adjacent complex is included. Space group Fdd?2. Interatomic distances (A) and angles (°) with the standard
deviation of the last digit in parentheses: N2-Fe1 2.341(3), Fe1-04 2.048(2), Fe1-05 2.073(3), Fe1-01 2.075(3),
Fe1-03 2.163(2), Fe1-N1 2.220(3), 05-Fe1 2.073(3), O4-Fe1-05 104.55(10), O4-Fe1-0O1 171.32(10),
05-Fe1-01 83.96(10), O4-Fe1-03 85.57(10), O5-Fe1-03 90.05(10), O1-Fe1-03 96.31(10), O4-Fe1-N1
93.06(10), O5-Fe1-N1 158.49(10), O1-Fe1-N1 79.03(10), O3-Fe1-N1 78.92(10), O4-Fe1-N2 77.14(10),
05-Fe1-N2 114.82(10), 01-Fe1-N2 97.86(10), 03-Fe1-N2 152.46(11), N1-Fe1-N2 80.76(10).
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The crystal structure is stabilized via a strong hydrogen-bond network. The coordinated hydroxyethyl
group and the water of crystallization form hydrogen bonds to a carboxylate group of a neighboring
complex unit. Two ring motifs are formed with the descriptors R§(17) (tertiary graph-set
091V---H87V-07V-C10"-C9"-N2"-FelV-05'-C5/i-04i-Fe1i-03li-H83!...02"-C1-01"---H912")

and R5(8) (tertiary graph-set 091ii-H912ii---O1-Fe1-03-H83::-O2ii..-H911) according to graph-set

analysis.!2°!

Table 2.11: Hydrogen bonds in crystals of 7 - H,0 with H-A < r(A) + 2 A and <«(DHA) > 110°.

D-H-A d(D-H) d(H~A) d(DA) <«(DHA)
091-H911+-02 0.91(8) 1.98(8) 2.841(4) 157(6)
091-H912--01" 0.73(7) 2.20(7) 2.927(4) 170(7)
O7-H87--091'  0.91(6) 1.75(6) 2.640(4) 166(6)
03-H83--02i  0.84  1.78 2.624(3) 177.5

Symmetry code: -x+1, —y+1, z; i x+1/4, -y+3/4, z-1/4; i-x+3/4, y-1/4, z+1/4,V x-1/4, -y+1/4, z+3/4; v —x+3/4,
y-3/4, z+3/4; Vi x, y-112, z+1/2.

\

Figure 2.15: SCHAKAL drawing of the hydrogen-bond network (dashed pink lines) in crystals of 7 - H,O with view
along [001].
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2.3 Quantum-chemical calculations

Quantum-chemical calculations, based on DFT, were performed in order to attain a clear insight into the
electronic structure of the {FeNOY/(S = 3/2) complexes and to evaluate possible differences between
stable and less stable*1'5 complexes. Structural peculiarities are discussed with DFT calculations and
guantified with relaxed surface scans. The calculations were performed using spin-unrestricted open-
shell systems with a quartet spin state.

2.3.1 Structural optimization

Geometry optimizations were expected to reproduce the experimentally determined structural
parameters of the Fe—N-O moiety as well as the N-O stretching vibrations as accurately as possible.
All optimizations were accomplished with starting geometries derived from X-ray crystallography. The
triple zeta basis set def2-TZVP!1?2 with polarized and diffuse functions led to a satisfying overall
agreement of computational and experimental results for the less stable compounds.i! Thus, the
complexes were optimized on the def2-TZVP level of theory with the pure density functional BP86!123:124,
the dispersion-corrected pure density functional B97-DI*?%! as well as with the hybrid density functional
TPSSh*?8,  Dispersion correction (D3) by Grimmel'?! was utilized to consider van-der-Waals
interactions and the COSMO model™?” was applied for solvent correction. As the normal COSMO
model™?"1 was not sufficient to account for the strong hydrogen-bond network in the less stable
compounds, geometry optimizations were also accomplished using the COSMO-RS model.*! This
solvation model is able to provide a more suitable description of hydrogen bonds without the need to
know the explicit position of all molecules in space.[}?812% The carboxylate residue of the adjacent anion
in 2 was first replaced by an acetato co-ligand in order to construct a non-polymeric single unit. But the
optimization of this single unit calculates the Fe—N—-O bond angle as too small. A suitable picture of the
Fe—N-O entity is obtained when the sixth coordination site is occupied by an aqua ligand. This
calculated [Fe(H20)(NO)(nta)]- complex anion is specified as 2i in the following text.

A comparison of results on complexes 1b-4 with different computational methods is given in
Tables 2.12-2.15. Regarding bond distances only, a satisfying overall agreement of computational and
experimental results is obtained with the TPSSh functional or the B97-D functional. As expected, the
Fe—091 distance in 1b is described more precisely using the COSMO-RS model for solvent correction.
However, when the Fe—-N-O bond angles and the N-O stretching vibrations are considered as well, an
accurate description of the Fe—N—O moiety is obtained with the TPSSh/COSMO combination or with the
B97-D/COSMO-RS combination. TPSSh/COSMO-RS calculates the Fe—N-O bond angles about 12°
too big and the N-O stretching vibration energies approximately 50 cm™ too high. On the whole, the
TPSSh/COSMO combination provides reasonable values for the structural parameters as well as for
the N-O stretching frequencies. The maximal deviation between the computed and the experimental
N-O stretching vibration energy is 17 cm™ (2i), which matches the normal limits found for DFT
calculations.*3% Since a COSMO-RS calculation may take about three times more computing time than
a normal COSMO calculation does, subsequent calculations were performed on the TPSSh/def2-TZVP

level of theory with the COSMO model for solvent correction.

35



2 REsSULTS

Table 2.12: DFT results on 1b using the basis set def2-TZVP, the functionals BP86, B97-D or TPSSh, COSMO (c)
or COSMO-RS (crs) and dispersion correction (D3). The Exp. column lists the average structural data of the two

independent complex molecules in the asymmetric unit in crystals of 1b - %2 H,0.

1b Exp. BP86c BP86crs B97-Dc B97-Dcrs TPSShc TPSShcrs
N1-O1/A 1.16 1.18 1.18 1.17 1.17 1.17 1.16
Fel-N1/A 1.77 1.73 1.73 1.78 1.78 1.78 1.78
Fel-N2/A 2.23 2.19 2.19 2.24 2.23 2.23 2.23
Fel-N3/A 2.17 2.18 2.16 2.20 2.19 2.18 2.18
Fel-02/A 2.01 1.98 2.04 2.02 2.08 2.01 2.06
Fel-0O3/A 2.09 2.07 2.12 2.07 2.12 2.05 2.09
Fel-091/A 2.06 2.23 2.16 2.23 2.17 2.19 2.13
Fel-N1-O1/° 148.1 1435 145.5 146.1 149.5 152.4 160.0
7(NO)/cm™ 1761 1683 1702 1729 1752 1786 1815

Table 2.13: DFT results on 2i using the basis set def2-TZVP, the functionals BP86, B97-D or TPSSh, COSMO (c)
or COSMO-RS (crs) and dispersion correction (D3).

2(i) Exp. BP86c BP86crs B97-Dc B97-Dcrs TPSShc TPSShcrs
N1-O1/A 1.15 1.18 1.17 1.17 1.16 1.17 1.16
Fel-N1/A 1.75 1.72 1.73 1.77 1.77 1.77 1.77
Fel-N2/A 2.23 221 221 2.25 2.25 2.24 2.24
Fel-O2/A 2.07 2.05 2.08 2.06 2.09 2.04 2.07
Fel-O3/A 2.05 2.00 2.04 2.03 2.08 2.02 2.06
Fel-O4/A 2.09 2.05 2.08 2.06 2.09 2.04 2.06
Fel-N1-O1/° 164.8 147.3 149.5 151.9 155.9 161.4 175.1
V(NO)/cm™ 1791 1700 1738 1746 1787 1808 1852
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Table 2.14: DFT results on 3 using the basis set def2-TZVP, the functionals BP86, B97-D or TPSSh, COSMO (c)
or COSMO-RS (crs) and dispersion correction (D3). The N-O stretching vibration of the aqueous complex is given

in the Exp. column because of the low crystal yield.

3 Exp. BP86c BP86crs B97-Dc B97-Dcrs TPSShc TPSShcrs
N1-O1/A 1.13 1.18 1.18 1.17 1.17 1.17 1.16
Fel-N1/A 1.78 1.73 1.73 1.78 1.78 1.78 1.77
Fel-N2/A 2.21 2.20 2.19 2.25 2.24 2.23 2.23
Fel-N3/A 2.24 2.25 2.23 2.27 2.25 2.23 2.22
Fel-02/A 2.03 1.98 2.01 2.01 2.05 2.01 2.05
Fel-O3/A 2.04 2.05 2.10 2.06 2.10 2.03 2.08
Fel-04/A 2.08 2.19 2.16 2.19 2.16 2.14 2.13
Fel-N1-O1/° 150.2 143.2 145.2 146.1 149.3 152.4 161.7
7(NO)/cm™ 1782 1684 1706 1733 1758 1791 1828

Table 2.15: DFT results on 4 using the basis set def2-TZVP, the functionals BP86, B97-D or TPSSh, COSMO (c)
or COSMO-RS (crs) and dispersion correction (D3).

4 Exp. BP86c BP86crs B97-Dc B97-Dcrs TPSShc TPSShcrs
N1-O1/A 1.16 1.18 1.18 1.18 1.17 1.17 1.16
Fel-N1/A 1.76 1.73 1.73 1.78 1.78 1.78 1.77
Fel-N2/A 2.20 2.20 2.20 2.24 2.24 2.23 2.23
Fel-N3/A 2.24 2.34 2.29 2.36 2.31 2.30 2.27
Fel-O2/A 2.05 2.05 2.09 2.06 2.10 2.04 2.07
Fel-O3/A 2.07 2.06 2.09 2.06 2.10 2.04 2.08
Fel-O4/A 2.00 2.01 2.02 2.04 2.06 2.03 2.06
Fel-N1-O1/° 148.8 143.3 146.2 146.5 151.2 153.5 169.1
V(NO)/cm™ 1781 1695 1708 1715 1760 1774 1835
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2.3.2 Electronic-structure description

The electronic structure of the nitrosyl compounds is analyzed in terms of the relevant canonical
molecular orbitals. The molecular orbital diagram of the HOMO-LUMO region in 1b is illustrated in
Figure 2.16. It is representative for complexes 2i—4. In the following orbital discussion, the z-axis is
defined along the Fe-N vector of the Fe—N-O group (see also the MO diagram of free NO in chapter
1.2 on page 5).

The five energetically highest occupied orbitals in the a-spin manifold (69-73) exhibit a marginal
Fe d character with weak antibonding contributions from the co-ligands. The two highest occupied
orbitals in the B-spin manifold (69/70) are comprised of T interactions between the NO 11m* orbitals and
the Fe dx and dy; orbitals, respectively. In addition to a o bond between the Fe d_. orbital and the 20
orbital of the NO ligand, these two 1-bonding interactions contribute most to the Fe—NO bonding. The
bonding o interaction is, however, greatly stabilized and difficult to identify due to strong contributions
from the co-ligands in the lower energy levels of the complex. The a-HOMO (73) is comprised of the
antibonding o interaction between the Fe d,. and the NO 2¢ orbital. To reduce this unfavorable
interaction, the Fe—N—O bond angle deviates from 180° (152° in the calculated structure of 1b). In doing
S0, a weak o interaction between the Fe dy; orbitaland one NO 11 orbital is generated, which becomes
more essential the more acute the Fe—N-O angle becomes (see also chapter 2.3.6.1). This interaction
is enhanced by mixing minimal Fe d_2 contributions to the B-orbital with a Fe dy. character (70).

It is customary in literature to consider the unoccupied molecular orbitals in order to describe the
Fe—N-O bonding because the occupied molecular orbitals are often greatly stabilized due to spin
polarization and high contributions from the co-ligands.*58.62.66.67.1311 The unoccupied molecular orbitals
reflect the bonding properties as described above. The five lowest unoccupied orbitals in the B-spin
manifold (71-75) are comprised of a mostly Fe d character, whereas the two unoccupied orbitals in the
a-spin manifold (74/75) show a predominantly NO 1m* character. Within the unoccupied molecular
orbitals in the $-spin manifold, strong NO contributions are found in LUMO+1 and LUMO+2 (72/73) that
are made up of antibonding 1T interactions between the NO 111" orbitals and the Fe dx. and dy. orbitals,
respectively. When the bonding situation is initially considered as ®Fe®*-3NO~,[58-6567] the nitrosyl ligand
acts as a strong 1T donor in the $-spin manifold while almost no 1 backdonation from the singly occupied
Fe dx and dy: orbitals into the empty NO 1m* orbitals prevails within the a-spin manifold (weak 1T
acceptor). The nearly evenly distributed percentages of Fe and NO in the two highest occupied R3-
orbitals (69/70) indicate an almost covalent bonding character for the Fe—N-O moiety with
antiferromagnetic spin coupling between the NO 11 and the Fe dx. and dy; orbitals. The three unpaired
electrons, responsible for the S = 3/2 spin state, are located almost completely on the iron atom.

A density-of-states (DOS) plot for the a-spin as well as for the B-spin manifold is shown in Figure 2.17.
The diagrams visualize contributions from the NO fragment as well as from the residual [Fe''L] fragment
(L = co-ligands) to the total DOS in complex 1b. The DOS plots were created using the AOMix

software.[*32.133 They reflect the electronic structure of 1b as described above.
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Figure 2.16: Energy-level diagram of the HOMO-LUMO region for the spin-unrestricted calculation of TPSSh/def2-
TZVP-optimized 1b together with the orbital contours and their Fe and NO contributions. The individual
contributions were derived from Mulliken population analysis (contributions from Fe in gray, contributions from NO

in red). Up-arrows symbolize a-spin electrons, down-arrows B-spin electrons. Isovalue of the orbitals: 0.04.
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Total of a-spin electrons in [Fe(edda)(H,0)(NO)] (1b)
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Figure 2.17: Continuous Gaussian-band shape plot of the density of states (DOS) in 1b. The contributions of the

NO fragment and the [Fe'lL] fragment (L = co-ligands) to the total DOS are presented for the a-spin manifold (top)

and for the B-spin manifold (bottom). The DOS plots were created using the AOMix program.[132.133]
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2.3.3 Population analyses

Mulliken population analysis (MPA)**4, natural population analysis (NPA)**! and quantum theory of
atoms in molecules (QTAIM)%6:137 were carried out to gain insight into the charge and spin distribution
of the Fe—N—-O moiety. To assign charges to atoms, the spatial region of those atoms must be well
defined. MPA and NPA are based on the linear combination of atomic orbitals and thus the wave function
of the molecule. Shared electrons are equally distributed between two atoms. NPA differs between
orbitals involved in bonding and antibonding, non-bonding atomic orbitals and Rydberg type orbitals. In
contrast to MPA, which considers all orbitals, NPA treats only the orbitals involved in bonding. QTAIM
was found to provide an accurate interpretation of the chemical bonding in metal complexes.*%¢ The
method defines the spatial partition of atoms with electron density surfaces. The calculation is therefore
based on the electron density and a different partitioning of atoms is realized.

The calculations were performed using the def2-TZVP basis set and the hybrid density functional
TPSSh (T) or the pure density functional BP86 (B). Table 2.17 summarizes the computed charges and
spin densities on the iron center and on the nitrosyl ligand in complexes 1b—4. All population analyses
assign positive charges to the iron center and the nitrogen atom and negative charges to the oxygen
atom. In general, MPA calculates lower charges than NPA, which in turn gives lower charges than
QTAIM. The population analyses reveal spin densities with opposite signs on the iron center and on the
nitrosyl group. The chelating ligands hardly affect the results. Slightly lower charges are calculated on
the nitrosyl ligand of the monoanionic complex 4. The computed charges on the nitrosyl ligand show
only slight dependence on the functional but vary considerably within the population method. MPA
assigns almost neutral charges to the nitrosyl group (0.01 to —-0.07). More negative charges are
calculated with NPA (-0.12 to —0.19) and QTAIM (-0.31 to —0.35). The charges on the iron atom follow
the same trend. The lowest positive charges on the iron center are calculated with MPA (+0.33 to +0.51).
NPA (+1.19 to +1.40) and QTAIM (+1.42 to +1.61) assign more positive charges to the central metal.
The computed spin densities depend strongly on the functional. The TPSSh functional assigns B-spin
densities of —1.03 to —1.14 to the nitrosyl ligand and a-spins between +3.61 and +3.77 to the iron center.
The BP86 functional calculates less spin-polarized solutions with smaller spin densities on the iron atom
(+2.83 to +3.41) and on the nitrosyl ligand (-0.41 to —0.81). Figure 2.18 illustrates a spin-density plot of
[Fe(Hedta)(NO)]™ (4). It is representative for compounds 1b-3. The donor atoms of the co-ligand show

the same positive spin density as the iron center due to spin delocalization.
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Figure 2.18: Plot of the spin density in 4. Calculated with TPSSh, def2-TZVP, COSMO and dispersion correction

(D3).

In order to examine possible differences in the charge distribution of the stable and less stable

compounds, the QTAIM charges of some less stable quartet-{FeNO}’ complexes were calculated as

well. The charges on the nitrosyl group and on the iron center are summarized in Table 2.16. Similar
results are obtained for [Fe(H20)2(NO)(oda)] (1), [Fe(dipic)(H20)2(NO)] (II) and [Fe(H20)z(ida)(NO)] (IlI).

The lowest negative charge on the nitrosyl group is calculated in the unstable complex cation

[Fe(H20)s(NO)J?".

Table 2.16: QTAIM charges q of different {FeNO}'(S = 3/2) complexes arranged according to the stability constants

Kno derived by the van Eldik’s group.®8” All values are elementary charges. The calculations were performed with

TPSSh/def2-TZVP, dispersion correction (D3) and COSMO(water).

q(Fe) q(NO)
[Fe(H20)s(NO)I*  1.63 -0.11
|2 1.62 -0.25
2 1.61 -0.25
e 1.59 -0.27

() [Fe(H20)2(NO)(oda)] , (I) [Fe(dipic)(H20)2(NO)], (Il) [Fe(H20)2(ida)(NO)].

aThe starting geometries for the calculations were taken from the X-ray results of Reference [4].
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Table 2.17: MPA, NPA and QTAIM analysis on 1b, 2i, 3 and 4. All values are elementary charges. The calculations
were carried out with the basis set def2-TZVP and the functional TPSSh (T) or BP86 (B), dispersion correction (D3)

and COSMO(water).
Charge Spin

Fe N @) NO Fe N o) NO
0.50 0.16 -0.16 0 3.73 -0.60 -0.48 -1.08

MPA
040 0.13 -0.14 0.01 |3.33 -0.39 -0.32 -0.71
138 0.04 -0.19 -0.15|3.64 -0.61 -0.43 -1.04

1b NPA
1.19 0.08 -0.21 -0.13|287 -0.17 -0.24 -041
157 0.09 -040 -0.31|3.61 -0.57 -0.46 -1.03

QTAIM
143 0.07 -0.39 -0.32|3.02 -0.24 -0.23 -0.47
0.51 0.18 -0.18 0 3.77 -064 -050 -1.14

MPA
0.42 0.15 -0.15 0 341 -046 -0.36 -0.82
140 0.04 -0.19 -0.15|3.67 -0.66 -0.44 -1.10

2i  NPA
122 0.08 -021 -0.13|291 -0.21 -0.27 -0.48
161 0.09 -041 -0.32|364 -0.61 -0.47 -1.08

QTAIM
147 0.07 -039 -0.32|3.07 -0.28 -0.25 -0.53
044 0.16 -0.17 -0.01|3.72 -059 -0.49 -1.08

MPA
0.33 0.13 -0.15 -0.02|3.33 -040 -0.33 -0.73
1.38 0.04 -0.19 -0.15|3.62 -0.60 -0.43 -1.03

3 NPA
1.20 0.08 -0.20 -0.12 283 -0.16 -0.25 -0.41
156 0.09 -040 -0.31|3.61 -0.58 -0.47 -1.05

QTAIM
142 0.08 -039 -0.31|3.01 -0.24 -0.23 -0.47
048 0.12 -0.19 -0.07|3.75 -0.64 -050 -1.14

MPA
0.38 0.09 -0.16 -0.07 |3.36 -0.45 -0.35 -0.80
1.39 0.02 -021 -0.19 365 -0.65 -0.45 -1.10

4 NPA
121 0.07 -022 -0.15|284 -0.20 -0.27 -0.47
158 0.07 -042 -0.35|3.63 -0.61 -0.48 -1.09

QTAIM
143 0.05 -040 -0.35|3.03 -0.28 -0.25 -0.53
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2.3.4 AOMix-FO charge decomposition analysis (CDA)

AOMix-fragment orbital charge decomposition analysis (CDA)!*32133 was performed in order to evaluate
the amount of electron donation and backdonation between NO and [Fe''L] (L = co-ligands). Table 2.18
summarizes the CDA results for compounds 1b—-4 with the two fragments 2NO° and 5[Fe'L]. A positive
value indicates charge transfer from the [Fe''L] fragment to the NO fragment and vice versa. The
analyses show nearly no electron transfer in the neutral complexes 1b and 3. A minimal charge transfer
occurs from the [Fe''L] fragment to the NO group in the B-spin manifold of the monoanionic compounds
2i and 4.

Table 2.18: CDA analyses using AOMix-FO. All values are elementary charges. Calculated with TPSSh/def2-
TZVP, dispersion correction (D3) and COSMO(water).

o—CT (Fe > NO) B-CT (Fe > NO)

1b -0.03 0.03
2i -0.06 0.11
-0.03 0.04
-0.04 0.13

CDA was further accomplished with the nitrosonium cation (°NO*) as well as the nitroxyl anion (3NO")
as fragments. The results for compound 1b are listed in Table 2.19. They are representative for

complexes 2i-4.

Table 2.19: CDA analyses using AOMix-FO. All values are elementary charges. Calculated with TPSSh/def2-
TZVP, dispersion correction (D3) and COSMO(water).

a—CT (Fe > NO) B-CT (Fe » NO)
‘[Fe'L]-*NO* -0.03 1.03
[Fe"L]-3NO"~ -0.03 -0.97

Whereas almost no charge transfer arises in the a-spin manifold, a total of one B-electron is transferred
from the iron center to the NO group in the case of the INO* fragment and from the NO group to the iron

center in the case of the 3NO~ fragment.
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2.3.5 Broken-symmetry calculations

Spin-coupling parameters of the nitrosyl-iron compounds were determined with broken-symmetry (bs)
calculations.[*38139 The Heisenberg exchange coupling constant J was calculated in order to quantify
the strength of the antiferromagnetic spin coupling and the overlap integrals Sqg in order to estimate the
covalent bonding character. The BS-calculation starts with a ferromagnetic coupled spin state (hs) and
generates a broken-symmetry (bs) state by swapping the spins at the center with the smaller number of
unpaired electrons. The coupling constant J determines the energetical arrangement of the spin states
(Formula 2.1) and is calculated from the energy difference between the ferromagnetic coupled (Ens) and

the broken-symmetry state (Ebs) with Yamaguchi's expression!*4% (Formula 2.2).

ﬁ — A A Ehs
hs state T S=72 1041 1oy

| =32 o
bs state Sbs =3/ —_— Eaf

Figure 2.19: (a) Formal “site spin” orientations in the ferromagnetic-coupled (hs) and broken-symmetry (bs) states
of the nitrosyl-iron compounds, up-arrows symbolize a-spin electrons, down-arrows B-spin electrons. (b) The
Heisenberg exchange coupling constant J is calculated from the energy difference between the ferromagnetic-
coupled (Ens) and the broken-symmetry (Es) state and is ideally very close to the real antiferromagnetic (Esf) spin

state.

E(S) = —JS(S+ 1) 2.1)

Ehs - Ebs

S = T e — P

2.2)

Table 2.20 summarizes the Heisenberg exchange coupling constants J as well as the overlap integrals
Sap Of the non-orthogonal singlet coupled orbital pairs HOMO-3 and HOMO-4 (the two -HOMOs that
represent the 1r-bonding interaction between NO and Fe, see chapter 2.3.2) of the broken-symmetry
solution for compounds 1b—4. The energies of the broken-symmetry calculations differ only little from
the real antiferromagnetic spin state solutions. Moreover, the determined broken-symmetry spin states
<S?%>p5 of about 4.56 agree suitably with the real antiferromagnetic spin states <S?>s of 3.75.
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Table 2.20: Results of the broken-symmetry calculations: Heisenberg exchange coupling constants J, overlap
integrals Sqg of the non-orthogonal singlet coupled orbital pairs HOMO-3 and HOMO-4 as well broken-symmetry
spin states <S%>s for compounds 1b-4. The DFT calculations were performed with TPSSh/def2-TZVP, dispersion
correction (D3) and COSMO(water).

1b 2i 3 4
Jiem® -1948 -1891 -1943 -1813
Se(HOMO-3) 075 074 075 0.75
Ses(HOMO-4) 081 079 081 0.77
<S%>ps 454 454 458  4.60

The computed Heisenberg-exchange coupling constants J indicate a strong antiferromagnetic coupling
between the iron center and the nitrosyl ligand and the magnitudes of the overlap integrals Sqp Of
HOMO-3 and HOMO-4 are consistent with an almost covalent bond in the Fe—N-O moiety.

2.3.6 Structural peculiarities

The molecular structures of the {FeNO}(S = 3/2) complexes described in this thesis reveal two distinct
structural features. The nitrosyl ligand is tilted towards a carboxylate function of the aminecarboxylato
co-ligand. Furthermore, the thermal ellipsoid of their nitrosyl-oxygen atom is uncommonly small for
{FeNOY}(S = 3/2) complexes.**8l This is particularly obvious in complex 3. These peculiarities will be

outlined and analyzed with DFT calculations in the following part.

2.3.6.1 The thermal ellipsoid of the nitrosyl-oxygen atom

Among quartet-{FeNO}’ complexes, an exact experimental determination of the Fe—N-O bond angle is
often hampered because of the high thermal mobility and the concomitant disordered ellipsoid of their
nitrosyl-oxygen atom.™#¢l A relaxed surface scan of the Fe—N-O bond angle in 1b-4 was performed in
order to understand the origin of the small broadening of their nitrosyl-oxygen atoms’ vibrational
ellipsoid. The Fe—N-O bond angles were fixed to constrained values between 120° and 180° in steps
of 10° and all other coordinates were optimized to their most favorable values. Because of the normal
shape of the thermal ellipsoid, a bending curve with a distinct minimum close to the experimentally
determined value was expected. Bending of the Fe-N-O unit should result in significant energy
differences between the DFT-optimized structures. The dependence of the energy on the Fe—N-O bond
angle is shown in Figure 2.20. A weak bending potential is calculated in which the Fe—N—-O angle can
be varied between 140° and 180° with an energy change of only 2.5 kJ mol™. However, the energetic
minima agree with the experimentally determined bond angles. The small broadening is obviously not
due to electronic effects but it may be the result of crystal-packing effects or intermolecular interactions.

In order to evaluate whether the NO ligand is untypically fixed by short intermolecular contacts, the direct
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environment of the nitrosyl ligand was analyzed with the program package MERCURY, whereby distances
of £0.1 of the sum of van-der-Waals radii of atoms were considered. But neither an intermolecular
interaction nor a specific crystal-packing pattern that could have accounted for the small thermal ellipsoid
was found (see also the packing diagrams of the crystal structures in the APPENDIX).

AE/kJmol™

\ \ \ \
120 130 140 150 160 170 180

T/°

Figure 2.20: Fe-N-O bending potential of 1b-4. The DFT calculations were performed with TPSSh/def2-TZVP,

dispersion correction (D3) and COSMO(water). The DFT-optimized structures of 1b are shown for graphical

visualization.

A Walsh diagram analysis (Figure 2.21) demonstrates that the flat Fe—N—O bending potential results
from the opposing effects of both Fe—NO 11 bonds and the Fe-NO ¢ antibond. This is in line with the
results of the less stable complexes.*'* When the Fe—-N-O moiety is bent, the character of the a-HOMO
changes from a o-antibonding interaction between the Fe d,2 orbital and the NO 20 lone pair to a weak
o-bonding interaction between the Fe d,. orbital and one NO 1* orbital. This results in a lowering of the
a-HOMO orbital energy of about 0.1 eV. Furthermore, in a bent Fe—N-O moiety, the Fe dx—NO 11*
interaction is moderately destabilized due to the weakened 1-bonding interaction (= 0.6 eV, referring to
a linear Fe-N-O unit). The Fe dy~—NO 1m*interaction now has o-bonding character, is faintly
destabilized (= 0.1 eV, referring to a linear Fe—N-O unit) and becomes the B-HOMO-1. This g-bonding
interaction is enhanced by mixing minimal Fe d,. contributions to the B-orbital with a predominantly
Fe dy: character. In a linear Fe—N-O moiety, both Fe—NO T interactions are greatly stabilized and

lowered in energy because of the optimal orbital overlap between the NO 11* and the Fe dx; and Fe dy:
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orbitals, respectively. The balance of these effects causes the minor energy differences that are

associated with bending of the Fe—N-O unit.

EleV A

™ d+1m(NO)

v
d,, +1T*(NO)

d,./d 2+17*(NO)

\ d,+1T"(NO)

d 2-26(NO)

................ +

d,,+1T*(NO)

2 d +17"(NO)

120°

152°

180°

Figure 2.21: Walsh diagram of 1b. The diagram is representative for compounds 2i—4. Up-arrows indicate a-spin

electrons, down-arrows -spin electrons. The DFT calculations were performed with TPSSh/def2-TZVP, dispersion
correction (D3) and COSMO(water), isovalue of the orbitals: 0.04.
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2.3.6.2 The tilt of the NO ligand

The molecular structures of 1b—4 show a particularity that can also be found among the less stable
representatives./ The nitrosyl group is bent towards the oxygen atom of a coordinating carboxylate
group that is perpendicular to the basal plane of the coordination octahedron (the plane normal to the
NO ligand). When two such oxygen donor atoms exist cis to each other, the NO ligand is tilted into the
space between them (2 and 4). The observation is supported by DFT calculations. Geometry
optimizations of structures with the nitrosyl group pointing to another donor atom in the complex’
equatorial plane, result in energetic minimum structures with the nitrosyl ligand tilting towards the
respective oxygen donor atom (all coordinates were optimized to their most favorable values). The
optimized minimum structures of 1b—4 are illustrated in Figure 2.22.

1b 2i

Figure 2.22: DFT-optimized minimum structures of 1b-4. The structures illustrate the tilt of the NO group to the
oxygen donor atom of the carboxylate function that is perpendicular to the basal plane of the coordination
octahedron. The calculations were accomplished using TPSSh/def2-TZVP, dispersion correction (D3) and
COSMO(water).
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The effect was analyzed with canonical bonding molecular orbitals. To simplify the investigation, the
tentative octahedrally coordinated complex anion [FeFz(NH3s)2(NO)]~ with only ¢ and 1 donors as co-
ligands was considered. A DFT-based geometry optimization (BP86/def2-TZVP) results in a nitrosyl
group that is bent towards a coordinated fluorido co-ligand. Among the canonical MOs, the —HOMO
clarifies the observed effect (Figure 2.23, left). The orbital shows one of the two 1-bonding interactions
between the NO 11* and the Fe d orbitals. Simultaneously, there is an antibonding interaction between
the nitrogen atom and the oxygen atom of the NO group as well as between the iron center and the
fluorido co-ligand. This results in a nodal plane between those atoms. By bending the nitrosyl-oxygen
atom to the fluoride donor atom, a slightly bonding interaction is generated. This can be transferred to
complexes with aminecarboxylato co-ligands. The smaller bond angle in the tentative model compound,
however, leads to a better bonding overlap between the terminal atoms of the F—Fe—N-O moiety. The
interaction can be seen, although to a lesser extent, in the B-HOMO of the nitrosyl-iron compounds with

aminecarboxylates (Figure 2.23, right).

Figure 2.23: Left: B-HOMO of the tentative [FeF3(NHs)2(NO)]- model complex (BP86/def2-TZVP, isovalue 0.008);
middle: schematic illustration of the bonding overlap between the nitrosyl-oxygen atom and the fluorido ligand or
the oxygen atom of the carboxylate group of the aminecarboxylato co-ligand; right: B-HOMO of 1b (TPSSh/def2-
TZVP, isovalue 0.008).

In order to quantify the effect, a relaxed surface scan of the X—Fe—N-O torsion angle (whereby X stands
for one of the four donor atoms in the complex’s equatorial plane) was performed in the non-polymeric
species 1b and 3. The Fe—N-O-X torsion angles were fixed to 0° and all other coordinates were
optimized to their most favorable values. Analogous results were obtained for 1b and 3. Figure 2.24
shows the calculated energy differences as well as the change of the Fe—N-O bond angles for the four
conformations of complex 1b. The atomic labels correspond to the nomenclature of Figure 2.1 and are
related to the equatorial donor atom to which the NO ligand is bent. The calculations verify the
experimentally determined conformation as minimum structure (NO bends towards 02, <« Fe-N-
Oexp = 152°). The conformation with the nitrosyl group tilting towards the in-plane-carboxylato ligand O3
is thereby, marginally less stable than the conformation with the nitrosyl ligand bending to the nitrogen

donor atom N3. Simultaneously, the Fe—N-O bond angle straightens up. The NO ligand is bent towards
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the aqua ligand (or the hydroxyethyl group in 3) in the least stable conformation and linearization of the
Fe—N-O moiety results.

AE/kJmol™
o/O-N-24

-0.5 I I I I 150
02 o3 N3 04

Tilt of the NO ligand to the equatorial donor atom

Figure 2.24: Schematic illustration (top) and results (bottom) of the relaxed surface scan on the rotation of the NO
ligand about the Fe-N axis in 1b. The energy difference AE and the variation of the Fe-N-O bond angle are
depicted. The atomic labels correspond to Figure 2.1 and are related to the equatorial donor atom to which the NO
ligand is bent. The same result is obtained for the relaxed torsion scan of the non-polymeric complex 3. The DFT
calculations were performed with TPSSh/def2-TZVP, dispersion correction (D3) and COSMO(water). The four
corresponding DFT-optimized structures of 1b are shown for graphical visualization.
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The marginal bonding overlap between the carboxylate-oxygen atom and the nitrosyl-oxygen atom can
be seen in the B-HOMO of the DFT-optimized complex structures. Figure 2.25 shows the relevant
molecular orbitals of the four conformations of complex 1b. The contours of these orbitals confirm the
results of the relaxed surface scan (see Figure 2.24). The best orbital overlap can be seen in the B-
HOMO of the minimum structure with an Fe—N—O bond angle of 152° and the NO ligand tilting towards
the carboxylate-oxygen atom O2. A faintly weaker overlap exists when the nitrosyl ligand is bent towards
the carboxylate-oxygen atom in the equatorial plane of the octahedron O3, with the consequence, that
the Fe—N—O bond angle straightens up to 157°. No orbital overlap is found between the nitrosyl-oxygen
atom and the nitrogen donor atom N3 or between the nitrosyl-oxygen atom and the aqua ligand 091,
whereupon further straightening up to linearization of the Fe—N—O maoiety results.

It is however worth mentioning that the energy difference of only 1.9 kJ mol™ between the minimum
conformation (NO bends towards O2, « Fe—N-O 152°) and the maximum conformation (NO bends

towards 091, « Fe—N-O 180°) demonstrates the great electronic flexibility of the Fe—N—-O system.

091

Figure 2.25: B-HOMOs of the four conformations in the relaxed surface scan of 1b. The labels are related to the
nomenclature of Figure 2.1 and correspond to the specific equatorial donor atom to which the NO ligand is bent.
The DFT calculations were performed with TPSSh/def2-TZVP, dispersion correction (D3) and COSMO(water),

isovalue 0.008.
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2.3.7 TD-DFT calculations

In contrast to the normal DFT method, which is generally limited on the electronic ground state of a
molecule, the time-dependent DFT (TD-DFT) formalism is able to account for electronically excited
states.[*4! Excitation energies of the nitrosyl compounds 1b-4 were calculated in a TD-DFT approach
in order to assign electronic transitions and their orbital contributions to the UV/Vis spectroscopic data.
Three characteristic absorption bands at around 330 nm, 430 nm and 600 nm are found in the UV/Vis-
spectra of the nitrosyl complexes. The TPSSh/def2-TZVP-based computed excitation energies agree
with the experimental data (Figure 2.26). Table 2.21 summarizes the UV/Vis spectroscopic data and the
calculated TD-DFT transitions together with the corresponding orbital contributions for the a- and for the
B-spin manifold (see also the energy-level diagram of the HOMO-LUMO region of 1b on page 39).
Distinct orbital contributions can be assigned to the calculated wavelengths. Several strong excitations
are calculated in the UV region between 300 nm and 380 nm. They are due to a B-transition from the
aminecarboxylato co-ligand into the B-LUMO with a Fe dxy character and into the Fe—NO 1T antibond,
respectively. An a-transition is observed in 1b and 3, stemming from an Fe d¢-y? to NO charge transfer.
Strong excitations are computed as well in the blue region of the electromagnetic spectrum between
420 nm and 490 nm. An electronic-charge transfer transition from Fe-centered MOs with a dx*-y?or a dz?
character into the NO 11" orbitals occurs within the a-spin manifold. The transitions in the (3-spin
manifold correspond to excitations from the Fe—NO 1 bond either into the Fe—NO 11 antibond or into the
Fe-centered MOs with a Fe d¢-y? and a dz? character, respectively. Weak excitations are calculated in
the red region of the electromagnetic spectrum between 600 nm and 690 nm. These are responsible for
the dark green color of the aqueous compounds. The color is due to a B-transition from the Fe—-NO 1
bond either into the Fe—~NO 1 antibond or into the iron-centered B-LUMO with a predominantly dxy

character.
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Figure 2.26: TD-DFT calculated excitation energies (vertical gray lines) and UV/Vis spectra of complexes 1b-4.
The solid-state UV/Vis spectrum of 3 is missing because of the low crystal yield.
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Table 2.21: Calculated TD-DFT excitations (TPSSh/def2-TZVP) together with the corresponding orbital

contributions in the a- and in the B-spin manifold as well as the experimentally determined UV/Vis spectroscopic

data of complexes 1b-4 (sol.: aqueous reaction solution, cry.: crystalline compound).

UV/Vis
sol. / crys. TD-DFT a—transition B-transition
328, 343, edda > Fe dx / Fe-NO 1r*
342 [ - Fe dxz—y2 - NO 11*
362, 377. Fe-NO =2 Fe dv-y*/ Fe d?
1b 435/ 414, 411, 415, Fe d¢-y?/ Fe d2? > Fe-NO 1 > Fe—-NO m*/
430. 473. NO 11r* Fe d><2—y2 [ Fe dz
617 /644 653, 691. - Fe-NO ™ > Fe-NO m* / Fe dy
338, 367, nta > Fe dxy / Fe—-NO 1*
339/ - -
375. Fe-NO 1 > Fe d?
389, 447, Fe d¢-y?/ Fe d2 >
2(i) 439/433 Fe-NO ™ > Fe-NO m* / Fe d¥-y?
481. NO 1m*
586, 611,
602 / 622 - Fe-NO m > Fe-NO m* / Fe dy
662.
308, 331, bhedda - Fe dx / Fe—-NO m*
337/ - Fe dxz—y2 - NO 11r*
370. Fe-NO 1 > Fe dvy?/ Fe dz?
3 Fe dxz—yZ/ Fe dz >
422 | - 390, 430. Fe—-NO ™ > Fe-NO m* / Fe d¢-y?
NO 1m*
650/ - 619, 675. - Fe-NO ™ > Fe-NO m* / Fe dy
335, 350, edta 2> Fe dxy / Fe-NO m*
342/ - -
354, Fe-NO m - Fe dz
4 425, 495, Fe dxz—yzl Fe d2 >
435/ 432 Fe-NO m > Fe-NO *
557. NO 1m*
634 /623 596, 657. - Fe-NO m > Fe-NO m* / Fe dy
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2.3.8 Structural optimizations and comparison of the coordination isomers of
[Fe(edda)(H20)(NO)] (1) and [Fe(edda)(H20);] (5)

The tetradentate chelate ligand edda gives rise to different coordination isomers (see also the overview
of numbered compounds). On the one hand, four isomers are plausible for the nitrosyl species 1: the
nitrosyl ligand can coordinate either in trans position to one of the nitrogen donor atoms of the co-ligand
(1b and 1c) or in trans position to a carboxylate-oxygen atom (1d). In the fourth possible coordination
isomer (1a), the co-ligand coordinates meridionally to the iron center and the nitrosyl ligand coordinates
in trans position to the aqua ligand. On the other hand, three coordination isomers are probable for the
precursor compound 5: both aqua ligands can coordinate trans to each other (5a). The aqua ligands
can also coordinate cis to each other, whereby a coordination trans to both nitrogen donor atoms of the
edda co-ligand (5b) or trans to one nitrogen donor atom and one carboxylate-oxygen atom of the co-
ligand (5c) is plausible.

Structure  optimizations were performed on the different coordination isomers of
[Fe(edda)(H20)(NO)] (1) and [Fe(edda)(H20)2] (5). It was tested whether the crystallized species 1b and
5b represent the minimum structure in solution as well. The DFT results are listed in Table 2.22 and
Table 2.23.

Table 2.22: DFT-calculated energy differences of the coordination isomers of [Fe(edda)(H20)(NO)] (1). The DFT
calculations were performed with TPSSh/def2-TZVP, dispersion correction (D3) and COSMO(water).

la 1b 1c 1d
AE/KJImol™ 161 0 7.1 4.1

Table 2.23: DFT-calculated energy differences of the coordination isomers of [Fe(edda)(H20),] (5). The DFT
calculations were performed with TPSSh/def2-TZVP, dispersion correction (D3) and COSMO(water).

5a 5b b5c
AE/kJmol™ 349 0 8.6

The calculations reveal the energetic minimum for 1b and 5b, respectively. However, the energies of
the coordination isomers 1c, 1d and 5c are found close to the minimum structures, which indicates that
they coexist in solution. The energetic maxima and, therefore, the most unfavorable structures are
obtained for the meridionally (referring to the edda coordination) coordinated isomers 5a and la. Thisis

most likely due to the steric hindrance of the edda co-ligand.
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2.3.9 Structural optimization of [Fe(hedtra)(NO)]~

A geometry optimization was performed on the [Fe(hedtra)(NO)]” complex anion with the highest stability
constant Kno according to van Eldik’s survey.[”8% The hedtra co-ligand is a derivative of edta, whereby
one of the carboxymethyl functions is replaced by a hydroxyethyl residue. The starting geometry was,
thus, constructed from the minimum structure of complex 4 by replacing the dangled protonated
carboxymethyl function by a hydroxyethyl residue. The energetic minimum structure of the
[Fe(hedtra)(NO)]™ species is shown in Figure 2.27. The calculation results in an Fe—N-O bond angle of
153.1° and a N-O stretching vibration of 1786 cm™. The DFT-optimized structure confirms the structural
feature of quartet-{FeNO}’ compounds with aminecarboxylates as described in chapter 2.3.6.2: the NO
group is bent towards the oxygen atom of a carboxylate group that is perpendicular to the basal plane

of the coordination octahedron.

Figure 2.27: Energetic minimum structure of the [Fe(hedtra)(NO)]- complex anion. The DFT calculation was
accomplished with TPSSh/def2-TZVP, dispersion correction (D3) and COSMO(water).

2.4 The Influence of Local Transport Processes on Chemical
Reactions in Bubble Flows — SPP1740

An important research area in the field of engineering science is the investigation of multiphase systems
in so-called “bubble columns”. The interplay between hydrodynamic conditions, mass transport as well
as reaction kinetics is being intensely studied to confirm industrial oxygenation products with high yield
and high selectivity. The DFG priority program SPP1740 assembles chemists and engineers to
investigate the reaction of gas bubbles in a liquid phase, when they are consumed in a chemical reaction.
To enable the investigation of a specific chemical reaction system on a larger scale, several conditions
must be met: an in-situ traceability of the reaction progress, an adjustability of the intrinsic reaction
kinetics and the availability of a suitable solvent. {FeNO}'(S = 3/2) complexes with aminecarboxylato
co-ligands fulfill these requirements and are, moreover, synthesized from inexpensive chemicals. During

the synthesis of the complex compounds, a distinct color change from the colorless Fe' precursor

57



2 RESULTS

solution to the characteristic dark green quartet-{FeNO}’ species is observable. The colored Fe—-NO
reaction product can then be visualized in-situ around the NO bubble. Furthermore, the complexes are
detectable by various analytical methods and the reaction rate can be influenced by the choice of
different chelating ligands.

The Fe—NO reaction system was tested in a gas-liquid flow apparatus at the Institute for Microprocess
Engineering of the Karlsruhe Institute of Technology in a collaboration with Dr. Glinter Rinke and Dipl.
Ing. Daniela Schurr.'*7:118 This flow system consists of alternating gaseous bubbles and liquid slugs. It
can characterize real-time bubble dynamics and measures localized concentrations around the bubbles
with confocal Raman spectroscopy. The experimental set up of this so-called Taylor flow apparatus is

shown in Figure 2.28.

Figure 2.28: Experimental set up of the Taylor flow apparatus.''."8 Alternating gaseous NO bubbles and liquid

slugs of the aqueous dark green Fe-NO reaction product are illustrated.

In order to verify whether the Fe—-NO reaction system provides a characteristic analyzable Raman active
absorption band for concentration measurements, Raman spectra were performed on several agueous
nitrosyl-iron compounds with an argon-ion laser excitation wavelength of 488 nm. The results of the
Raman measurements are shown in Figure 2.29. The spectra reveal the characteristic N-O stretching
vibration band. However, the intensity of this signal is too low for concentration measurements at a
localized spot. All quartet-{FeNO}’ complexes show an intense vibration band at 500 cm™. The intensity
of this vibration signal varies depending on the aminecarboxylato co-ligand. Reference Raman
measurements of the Fe' aminecarboxylate precursor compounds as well as of free NO in water
demonstrate that the vibration band stems from NO-binding. DFT calculations attribute the absorption
band to the Fe—N(O) stretching vibration. Table 2.24 summarizes the Raman data of the NO-stretching
vibration signals as well as of the intense Fe—N(O) vibration bands together with the computed DFT-

based values.
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Table 2.24: Raman data of the NO-stretching vibration bands as well as of the intense Fe-N(O) vibration bands
together with the calculated DFT-based values in cm™' (TPSSh/def2-TZVP, dispersion correction (D3),
COSMO(water)).

V(Fe—No)exp. V(Fe—No)cacd V(N—O)exp. V(N—O)calcd

[Fe(edda)(H20)(NO)] 486 457 1768 1786
[Fe(edta)(NO)|> 494 461 1786 1774
[Fe(H20)s(NO)]?* 456 496 1821 1886
[Fe(hedtra)(NO)]" 499 463 1786 1772
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Figure 2.29: Raman spectra of some aqueous quartet-{FeNO}’ complexes with aminecarboxylato co-ligands, of
free NO in water and of the colorless Fe' aminecarboxylate precursor compounds. The inset shows the
characteristic N-O stretching vibration band of the nitrosyl species at around 1800 cm™". The spectra were recorded

with 488 nm laser excitation.

The confocal Raman-spectroscopy subsystem operates with a pulsed Nd:YAG laser (wavelength of
532 nm). But the characteristic Fe—N(O) vibration band can be observed only with 488 nm laser
excitation. This indicates resonance-Raman activity. The laser wavelength of 488 nm is close in energy
to the electronic-charge transfer transition of the {FeNO}'(S = 3/2) species at around 430 nm (see their
UV/Vis spectroscopic data in chapter 2.1.6). The frequency coincidence leads to a high-intensity Fe—
N(O) absorption band that, however, is not detectable with 532 nm laser excitation because of the
reduced Raman scattering.
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The Fe—NO reaction system was further investigated in a cooperation with M.Sc. Katharina Haase and
Prof. Dr. Christian Kahler*'9 at the Institute of Fluidmechanics and Aerodynamics of the Bundeswehr
University Munich. The in-situ traceability of the reaction progress was utilized in order to visualize the
darkened mass transport from a free rising NO bubble in an Fe' aminecarboxylate precursor solution
with shadow images and a tomographic camera set up. The aminecarboxylato co-ligand hedtra was
used because of its good solubility in aqueous solution and the high stability of the Fe/hedtra/NO
species.f789 The NO bubbles were injected with a capillary into 10 L of a 62 mmol L™ (referring to the
iron content) aqueous solution of iron(ll) sulfate heptahydrate, sodium hydroxide and Hshedtra. The
tomographic camera set-up and the time-resolved shadow images, which show the motion of the NO
bubble, are illustrated in Figure 2.30. The NO bubble is rising in a straight path after detecting from the
capillary. A cone-like form is observable until the path changes and the bubble goes into a zig-zagging
motion (t = 0-0.026 s). The Fe—NO reaction product is formed in the shape of two trails behind the
bubble (t = 0.026—-0.053 s). These trails grow in length until the bubble changes its direction and the
reaction product diffuses. After the change in curvature, the two trails begin to reform until the next path

change occurs (t = 0.07-0.1 s).

Figure 2.30: Left: schematic tomographic 3D camera setup with triggered background light, right: time-resolved
shadow images of the darkened mass transport from the free rising NO bubble in the Fe' aminecarboxylate

precursor liquid.["!
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3 Discussion

3.1 Characterization and crystallization of stable {FeNO}'(S = 3/2)

compounds with aminecarboxylates

In the context of this thesis, four crystalline octahedral quartet-{FeNO}’ complex compounds with
polydentate aminecarboxylato co-ligands were characterized by X-ray diffraction. The agueous reaction
solutions of the complexes are stable against NO loss upon stripping with inert gas or upon the
application of vacuum. They share a bent Fe—N—-O moiety with bond angles between 148° and 165° and
a nitrosyl ligand that is coordinated trans to a nitrogen donor atom of the aminecarboxylato co-ligand.
The Fe-N(O) bond lengths range from 1.76 A to 1.78 A and the N-O bond distances are found between
1.13A and 1.16 A. The ¥(NO) stretching vibration bands are observed between 1761 cm~ and
1791 cm™. As the experimentally determined Fe—N(O) and N-O bond lengths as well as the 7(NO)
stretching vibration signals match perfectly with the data of quartet-{FeNO} complexes known from
literature, the average Fe—N—O bond angles of about 150° in 1b - %2 H20, 3 and [Fe(H20)2(4)2]nn mark
the lower limit of typical values for quartet-{FeNO}’ centers.[46:60.6481,98-115] The maximum Fe—N-O bond
angle of 165° is found in the nitrosyl-containing building block 2 of the complex polymer
[Fe(H20)4(2)2]wn - 2 H20. The IR- and UV/Vis data of the crystalline nitrosyl compounds agree suitably
with the spectroscopic data of their mother liquors. Moreover, the IR and UV/Vis solution data match
those reported by the van Eldik group.®”

The crystallization of the {FeNO} (S = 3/2) complexes lasted from two weeks for compound 3 to one
year for the complex polymer [Fe(H20)4(2)2]wn - 2 H20. The coordination polymers [Fe(H20)2(4)z2]nn and
[Fe(H20)4(2)2]nn - 2 H20 contain bridging dicationic [Fe(H20)42]>* moieties instead of the attempted
sodium or potassium counterions. A closer look at the hydrogen-bond network in the crystal structure of
these compounds shed light on the unusual structure motif of the complex polymers. The structures are
comprised of a strong three-dimensional hydrogen-bond pattern, whereby hydrogen bonds are formed
between the aqua ligands of the bridging dicationic [Fe(H20)42]** moieties and the carboxyl-oxygen
atoms of neighboring nitrosyl-containing monoanions 2 and 4. In the nitrosyl-containing monoanion 4,
one of the chelating ligand's carboxymethyl function is protonated and bends away from the iron center.
The hydrogen atom bound to the dangling carboxymethyl group forms a hydrogen bond to a carboxyl-
oxygen atom of an adjacent Fe/Hedta/NO entity. This explains why the crystallization succeeded only
under acidic conditions. A strong hydrogen-bond network also prevails in the crystal structure of
1b - ¥ H20 as well as in the crystal structures of the less stable quartet-{FeNO}’ complex compounds
with derivatives of the tridentate iminodiactetate as co-ligands. The less stable complexes bear
additional aqua ligands to complete the octahedral coordination sphere of the central metal. These aqua
ligands form hydrogen bonds to carboxyl-oxygen atoms of neighboring complex molecules.**5 To sum
up, the crystallization of the {FeNO}(S =3/2) complexes with aminecarboxylato co-ligands from
aqueous solution is hardly correlated to the ability to form a strong hydrogen-bond network in the crystal

structure of the compounds.
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3.2 The stability of the Fe—NO linkage

While the nitrosyl-iron complexes in this thesis contain aminecarboxylato co-ligands of denticity four and
higher, the complexes of the less stable subclass are comprised of aminecarboxylato co-ligands of
limited denticity and aqua ligands that complete the octahedral environment of the iron atom.*1%% |n
contrast to the less stable representatives, the aqueous reaction solutions of the nitrosyl-iron complexes
in this thesis are stable against NO loss when treated with an inert gas stream or when subjected to low
pressure. The complex stability is obviously not influenced by just the spectator ligand, the Fe—-NO
linkage is also connected to the specific aminecarboxylato co-ligand. These stability differences will be
discussed in the following chapter.

3.2.1 X-ray results, DFT-based structural optimizations and broken-symmetry

calculations

The molecular structures in crystals of {FeNO}'(S = 3/2) complexes with aminecarboxylates do not allow
accurate conclusions concerning the observed stability differences. Table 3.1 compares experimental
and computed data of the stable complexes (1b—4) with selected less stable representatives.*1% The
experimental and the DFT results reveal similar structural parameters for the Fe—-N-O moiety. The
broken-symmetry calculations!*®8139 give comparable magnitudes of the overlap integrals Sqs as well as
Heisenberg-coupling constants J.[*4% Al of these results indicate the same bonding situation as for the
less stable compounds: an almost covalent bonding character of the Fe—NO linkage with strong
antiferromagnetic coupling between the iron center and the NO ligand.
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Table 3.1: Experimental (upper rows) and DFT (lower rows) structural data of the Fe—-N-O moiety in 1b—4 and in
the less stable complexes [Fe(dipic)(H20)2(NO)] (II), [Fe(H20)(ida)(NO)] (ll), and [Fe(H20)2(NO)(phida)] (IV). The
magnitudes of the overlap integrals S,z and the Heisenberg coupling constants J"% were derived from broken-

symmetry calculations.[3l

E e v 1bP 2(i)° 3b 4b

176 178 178 177 175 178 1.76
Fel-N1/A

177 178 178 178 177 178 1.78

1.14 111 117 116 115 113 1.16
N1-O1/A

1.15 116 116 117 117 117 117

167 155 148 148 165 150 149
Fel-N1-01/°

167 151 153 152 161 152 153

1806 1772 1764 1761 1791 1782 1781
7(NO)/cm™

1832 1v81 1792 1786 1808 1791 1774
S (HOMO-3) 0.76 0.76 0.76 0.75 0.74 0.75 0.75
S (HOMO-4) 0.76 0.76 0.76 0.81 0.79 0.81 0.77
Jicm™ 2205 -2268 -2316 -1948 -1891 -1943 -1813

aThe DFT data resulted from calculations on the B97-D/def2-TZVP level of theory, dispersion correction (D3) and
COSMO-RS(water). Experimental and computed data were taken from Reference [4].  The DFT calculations were
performed with TPSSh/def2-TZVP, dispersion correction (D3) and COSMO(water).

3.2.2 Reaction equilibrium in aqueous solution

The stability differences are observed in the aqueous reaction solutions of the nitrosyl-iron compounds.
Apart from the intrinsic complex stability of the nitrosyl-iron compounds, the aqueous reaction
equilibrium has to be taken into consideration. The relevant reaction equilibria for the edta co-ligand are

summarized in Scheme 3.1.

[Fe(edta)(H20)* [Fe(H20)e]**
- NO, + H,O| + NO, - H,0 - NO, + H,O || + NO, - H,0
[Fe(edta)(NO)]* [Fe(H,0)5(NO)J**

Scheme 3.1: Relevant equilibria in the aqueous reaction solution of the Fe/edta/NO species.
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In the case of stable reaction solutions with edta as the co-ligand (Ig 8= 6.3 at pH 5 for the nitrosyl
speciesl® %, Ig B = 14.94 at 0.1 molL* ionic strength for the aqua species!**?), the reaction equilibrium
is located predominantly on the left-hand side of Scheme 3.1 and only minor quantities of both aqua
species prevail in the aqueous reaction medium. When the hexadentate edta co-ligand is substituted by
the tridentate ida co-ligand (Ig 8 = 4.1 at pH 5 for the nitrosyl species”:°%, Ig 8 = 5.45 at 1 molL™ ionic
strength for the aqua species!**®), the less stable aminecarboxylate complex with and without a bonded
nitrosyl ligand causes higher amounts of the residual aqua species. After the treatment with NO, the
green nitrosyl-iron solutions contain either a higher residual concentration (instable) or a lower residual
concentration (stable) of the unstable [Fe(H20)s(NO)]?* complex cation which is destroyed upon
stripping with an inert-gas stream or upon subjection to low pressure. On continuous readjustment of
the solution equilibria, the aquated nitrosyl species decomposes and the original colorless solution of
the Fe' aminocarboxylate complex results, as observed for the aqueous solutions of the less stable

compounds when exposed to an inert gas stream.!

3.2.3 Structural considerations — Comparison of {FeNO}(S = 3/2) complexes

with the nitrosyl-free Fe''and Fe'' compounds

It was stated in chapter 3.2.1 that, at first sight, the molecular structures barely reflect the observed
stability differences. In order to make a statement about the oxidation state of the iron atom in the stable
and less stable compounds, structural parameters of the corresponding Fe'" and Fe"' aminecarboxylate
species are compared. For the non-polymeric nitrosyl species 1b and 3, the Fe' aminecarboxylate
precursor compounds 5b and 7 were crystallized. Structural data of the Fe" complexes were derived
from DFT calculations. Data of selected less stable nitrosyl-iron compounds and the analogous nitrosyl-
free compounds were taken from the literature.[*144-248 Taple 3.2 summarizes the average Fe—Ocamoxylate
and Fe—OH2/OHmydroxyethyl bond distances in quartet-{FeNO}’ compounds arranged according to their
stability constants Kno (pursuant to van Eldik’s survey®"°%) together with the data of the Fe" and Fe'"
complexes.

The DFT result of the experimental inaccessible least stable [Fe(H20)s(NO)]?* complex cation lies close
to the data of the corresponding [Fe"(H20)s]>* complex, indicating an Fe'" state in that complex. In
contrast, the structural parameters of the stable Fe—-NO compounds [Fe(edda)(H20)(NO)] (1b) and
[Fe(bhedda)(NO)] (3) are found between the Fe'" and Fe'"' complexes. Hence, significant admixture of
the Fe'" state can be discussed for these compounds. The Fe—-NO stability is obviously correlated to the
larger weight of the trivalent state of the iron center. Even though the unstable [Fe(dipic)(H20)2(NO)] (II)
complex shows a considerably Fe" character, a distinct Fe" character prevails in the
[Fe(H20)2(NO)(oda)] (I) compound which, however, belongs to the less stable subclass.

In order to quantify the weight of the Fe'' character in the {FeENO}’(S = 3/2) complexes, Fe" and Fe'
entities of the same overall structure are considered. For this purpose, the heptacoordinated
[Fe'(edta)(H20)]?~ and [Fe'"'(edta)(H20)]- compounds are compared. The mean Fe—Ocarboxylate bond
length in [Fe"(edta)(H20)]" is 2.12 A9 and 2.24 A in [Fe'(edta)(H20)]> 1%, They differ by 0.12 A,
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which is — due to some degree of covalency in the Fe—O bonds — a little bit smaller than the difference
of the high-spin ionic radii for hexacoordinated Fe'" and Fe'" centers of 0.14 A.['51 The difference between
the mean Fe—Ocaroxyiate bond lengths in the nitrosyl compound 3 and its Fe' precursor species 6 is 0.06 A
(for the bhedda co-ligand) and 0.07 A for the oda co-ligand. Consequently, the ferric Fe"(NO~) mesomer
contributes with a weight of roughly one half to the electronic states of the stable [Fe(bhedda)(NO)] (3)
and the unstable [Fe(H20)2(NO)(oda)] (I) species.

To conclude, the following criteria have to be met for a stable quartet-{FeNO}’ complex: an adequate
stability constant Kno to ensure only minor quantities of the unstable aqua species in the aqueous

reaction medium and, moreover, a considerable weight of the ferric Fe"'(NO-) part.
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Table 3.2: Comparison of experimental structural data (upper rows) and DFT results (lower rows) of several {FeNO}(S = 3/2)
complexes, arranged according to their stability constants Kno, with the corresponding nitrosyl-free Fe!l and Fe!l compounds.
The stability constant Kno of the [Fe(bhedda)(NO)] (3) complex is not known so far but it is assumed that the complex belongs
to the stable subclass of the van Eldik series. The listed values represent the mean Fe—Ocaroxylate and Fe—OHa/OHryaroxyethy!
bond lengths in the complex compounds. Distances are given in A.

(T Fe—OCarboxylate (T Fe—OH./O HHydroxyethyI

2.12#
[Fe”(H2O)6]2+[l44] - 2 12b
[Fe(H20)s(NO)]** ) 2 12°
1.99°
[Fe!(H20)e]3*1245! - 2.01°
[{Fe"(H20)2(0da)}]140 2.14 2.15
£ Fe(H:0):(NO)(oda) (4 > e
§ [ e( 2 )2( )(O a)()] 205d 215d
E [FellIc|(H20)2(Oda)][147] 2.00 2.03
g 216 2.12
£ Fe'(dipic)(Hz0)s]
: [Fe'"(dipic)(H20)s] 2 149 2.18°
g B W 212 2.11
5 [Fe(dipic)(H20)2(NO)] (I 211¢ 2.154
Q . |
e
c 2.01 2.00
5 Fe"(dipic)(H20)s] 1149
é [Fe'(edda)(H20)2] (5b) o 223
g 2 2 2028 223e
5 2.05 2.06
4 [Fe(edda)(H0)(NO) (1b) ., 2.19°
: | |
& [Fe"(edda)(H20)2]* 1.94¢ 2.08°
” 2.09 2.12
[Fe'(bhedda)] (6) 2 02¢ 2.22¢
2.03 2.08
[Fe(bhedda)(NO)] (3) 2 0p° 2.14¢°
[Fe"(bhedda)]* 1 93¢ 2 10¢
v . .

aThe average Fe-OH: distance was taken from the crystal structure of iron(ll) sulfate heptahydrate.!44> The DFT results were
obtained with BP86/def2-TZVP, dispersion correction (D3) and COSMO(water). ¢ The average Fe—OH2bond length refers to
the crystal structure of caesium iron alum. ['451d Results of the DFT calculations with TPSSh/def2-TZVP, dispersion correction
(D3) and COSMO-RS(water), data were taken from Reference [4].¢ The DFT calculations were performed with TPSSh/def2-
TZVP, dispersion correction (D3) and COSMO(water).
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3.2.4 Population analyses and CDA results

AOMix-FO charge decomposition analyses (CDA)*32133 Mulliken population analysis (MPA)™*34, natural
population analysis (NPA)**! and quantum theory of atoms (QTAIM)*%6:137 were performed in order to
draw conclusions about the charge and spin distribution in the Fe—N—-O moiety.

The computed charges as well as spin densities on the iron center and on the NO ligand are consistent
with an electronic structure between Fe''(NO) and Fe''(NO~). The population analyses do not reflect the
various Fe—N—-O bond angles in the compounds. Analogous charges and spin densities are calculated
on the nitrosyl ligand and on the iron center in 2i, whose structure-optimized Fe—N-O bond angle of
161° differs from the average angle of about 152° in 1b, 3 and 4. It turned out in chapter 3.2.3 that the
stability of the NO-linkage is correlated to the weight of the Fe"'(NO-) part in the compounds. Table 3.3
summarizes the average charges on the iron atom and on the nitrosyl ligand in complexes 1b—4 together
with the computed charges of selected less stable compounds.® All population analyses assign more
negative charges to the nitrosyl ligand and less positive charges to the iron atom in the stable complexes.
This probably originates from an enhanced electron-density transfer from the higher dentate
aminecarboxylato co-ligand to the iron atom in the stable complexes. The less effective nuclear charge
on the iron center causes decreasing 1r-donation from the nitrosyl ligand into the iron dx. and dy: orbitals,
which leads to a higher calculated negative charge on the nitrosyl group.

The QTAIM method was expected to provide an alternative description of the electronic situation in the
complex compounds.*38! However, the QTAIM calculations are not in accordance with the structural
considerations of the last chapter. Analogous charges are calculated on the iron atom and on the nitrosyl
group in the [Fe(H20)2(NO)(oda)] (I) complex, an Fe'" character was discussed in the last chapter, and
in the [Fe(dipic)(H20)2(NO)] (II) compound for which an Fe'" character was determined.

In effect, QTAIM can estimate trends for the charge distribution in the Fe—N-O moiety as MPA and NPA

but is not able to predict absolute elementary charges.

Table 3.3: Average MPA, NPA and QTAIM charges on Fe and NO in stable (1b-4) as well as in selected less
stable (I-1Il) {FeNOY(S = 3/2) complexes. All values are elementary charges. The DFT calculations were performed
with TPSSh/def2-TZVP, dispersion correction (D3) and COSMO(water). The MPA and NPA data of the less stable

complexes were taken from Reference [4].

-l 1b—4
Fe 059 0.48
MPA
NO 0.08 -0.02
Fe 141 1.39
NPA
NO -0.07 -0.16
Fe 161 1.58
QTAIM

NO -0.26 -0.32

I: [Fe(H20)2(NO)(oda)], II: [Fe(dipic)(H20)2(NO)], lll: [Fe(H20)2(ida)(NO)].
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Moreover, the AOMix-FO charge decomposition analyses (CDA) calculate almost no charge transfer
between the fragments 2NO° and SFe'L (L = co-ligands), indicating an Fe" oxidation state in the
compounds. A total of one B-electron is transferred from the iron fragment to the NO fragment for the
fragment combination “[Fe'L]-*NO* and vice versa for the fragment combination ¢[Fe"'L]-*NO.

Al of these results are in agreement with a bonding situation between *Fe?*—2NO° and 6Fe®*—NO~ with
an approximately zero net charge on the nitrosyl ligand because of charge compensation due to the

largely covalent Fe—NO 11 bonds in the B-spin manifold.

3.3 Structural individualities of {FeNO}(S = 3/2) complexes with

aminecarboxylato co-ligands

3.3.1 The steric demand of the nitrosyl ligand

All crystalline quartet-{FeNO}’ complexes with aminecarboxylates share an iron central atom that is
coordinated by the co-ligand via five-membered chelate rings.[ Crystallization attempts with chelating
ligands which are expected to form six-membered chelate rings (e.g. iminodiproprionate) resulted in
reaction solutions that were prone to oxidation to Fe'".*52 In the literature, there is only one crystalline
octahedral {FeNO}'(S = 3/2) compound with a coordinated carboxylate group that forms a six-
membered chelate to the iron center.['%? The destabilizing influence of six-membered chelate rings on
the {FeNO}’(S = 3/2) complexes in aqueous solutions was also stated by the van Eldik group.®”]

With the molecular structures of the nitrosyl-iron compounds in this thesis, a structural characteristic of
{FeNOY}(S = 3/2) complexes with aminecarboxylates becomes clear once again.”¥! All equatorial donor
atoms are tilted away from the nitrosyl ligand and an average O—N—Fe—X angle of about 98.4° results
for 1b—4 (with X = the four donor atoms in the equatorial plane normal to the NO group). Six-membered
chelate rings would push the equatorial atoms towards the NO hemisphere and an unstable Fe—N-O
moiety results (Figure 3.1). A DFT calculation supported this observation. Capturing the four equatorial
donor atoms in the basal plane of the coordination octahedron in [Fe(H20)2(ida)(NO)] resulted in an

energy loss of about 15 kJ mol~* compared to the downwards-angled structure.

NO NO

\Y
o

s |--||l|| OIL )O
|
o N 0 N
H H

Figure 3.1: Molecular structure of {FeNO}'(S = 3/2) complexes with five-membered chelate rings (left) and potential
molecular structure with six-membered chelate rings (right). The concept is illustrated with iminodiacetate and
iminodipropionate as co-ligands. In the case of six-membered chelate rings, a structure would be expected with the

equatorial donor atoms tilting towards the nitrosyl group.
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The steric demand of the nitrosyl ligand becomes further apparent when the monoanionic building block
[Fe(Hedta)(NO)]~ (4) of the complex polymer [Fe(H20)2(4)2]wn is compared with its sevenfold-
coordinated precursor compound [Fe'(edta)(H20)]? [150.153.1541 The molecular structures are illustrated
in Figure 3.2. The coordination number changes from seven to six on NO-binding and one of the
chelating ligand’s functional groups dangles in the nitrosyl complex. A coordinated aqua ligand is
obviously sterically less demanding than a nitrosyl ligand, which is evident from the typical Fe—NO bond
distance of 1.78 A and the Fe—OH bond length of 2.27 A*59 in the heptacoordinated precursor

compound.

Figure 3.2: Monoanionic building block [Fe(Hedta)(NO)]-(4) of the complex polymer [Fe(H20)2(4)2].» and molecular

structure of the sevenfold-coordinated precursor compound [Fe'(edta)(H,0)]%.['5

All of these observations are most likely due to the steric demand of the orbital lobes of the Fe—-NO
T interaction. This clarifies the most stable Fe—NO linkage for the hedtra co-ligand in van Eldik’s stability
survey as well.[B7°% |n 4, the NO ligand competed with one of the carboxylate groups of the potentially
hexadentate edta co-ligand and a complex anion with a dangled protonated carboxyl group results. This
carboxyl group is, however, part of the chelate in the sevenfold-coordinated precursor compound. With
its hydroxyethyl group, the hedtra co-ligand provides a hemilabile function that can bend away from the
iron center to enable a free coordination site for the sterically demanding nitrosyl ligand. The geometry
optimization of the Fe/hedtra/NO species results in an energetic minimum with a dangled hydroxyethyl
function and three coordinated carboxylate groups (see chapter 2.3.9). The calculated Fe—N-O bond
angle of 153° is consistent with the bond angles between 152° and 161° that are found in the DFT-
optimized structures of 1b—4. Moreover, the DFT-based N-O stretching vibration of 1786 cm™ agrees

suitably with the vibration signal of the agqueous species at 1777 cm.[87
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3.3.2 Structural correlations of {FeNO}/(S = 3/2) complexes with amine-

carboxylato co-ligands

With the stable {FeNO}(S = 3/2) complexes of this thesis and the less stable representatives known in
literature,[ structure analyses of 13 crystalline quartet-{FeNO}’ compounds with aminecarboxylato co-
ligands are accessible so far. Consequently, structural correlations between these complexes are
considered.

3.3.2.1 Experimentally determined data of the Fe—N-O moiety

The molecular structures of all crystalline quartet-{FeNO}’ complexes with aminecarboxylato co-ligands
share an octahedrally coordinated iron center. As already mentioned in chapter 3.2.1, the structural
parameters of the Fe—N—-O moiety closely resemble each other. The Fe—N(O) bond distances of 1b—4
are found between 1.76 A and 1.78 A, the N-O bond distances lie between 1.13 A and 1.16 A. These
data match with the corresponding bond lengths of the less stable compounds with iminodiacetate
derivatives as co-ligands. They are observed between 1.76 A and 1.80 A for the Fe-N(O) bond
distances as well as between 1.09 A and 1.17 A for the N-O bond lengths. Within the stable compounds,
the maximum Fe—N—O bond angle is found in the complex anion 2, the only complex with merely one
nitrogen donor atom coordinating to the iron center. Its Fe—N-O bond angle of 161° deviates from the
Fe—N-O bond angles of about 150° that are found in the crystal structures of 1b - ¥ H2O, 3 and
[Fe(H20)2(4)2]wn. The less stable compounds show Fe—N—O bond angles between 148° and 171°,
whereby the [Fe(H20)2(NO)(phida)] (IV) complex has the smallest bond angle.”! As a result, a
correlation between the different aminecarboxylato co-ligands and the structural parameters of the Fe—
N-O moiety is not assignable. Nevertheless, there is a relation between the Fe—N-O bond angle and
the N-O stretching vibration band. The complex anion 2 with the maximum Fe—N-O angle shows the
highest N-O vibration band (1791 cm™?), whereas compound 1b with the minimum Fe-N-O bond angle
of 148° exhibits the lowest N-O stretching vibration band (1761 cm™). A similar low N-O stretching
frequency (1764 cm™?) is found in the less stable complex [Fe(H20)2(NO)(phida)] (1V). This phenomenon
has also been discussed in literature for sixfold-coordinated {FeNO} (S = 3/2) complexes.*#4664 A
smaller Fe—N-O bond angle is connected with a lower N-O stretching vibration band. However, the
correlation is not particulary pronounced in this thesis. The N-O stretching vibrations of 2, 3 and 4,

whose Fe-N-O bond angles lie between 148° and 150°, deviate by circa 20 cm™ from each other.
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3.3.2.2 The correlation between the Fe—N-O bond angle and the N-O stretching
vibration band in the context of DFT calculations

The experimentally determined Fe—N—-O bond angle is a result of various electronic effects and is thus
difficult to predict (see also chapter 2.3.6.1). DFT calculations (BP86/def2-TZVP) on the tentative model
compound [FeFq(H20)s-n(NO)]>™ show that the Fe—N—-O bond angle is associated with the number of
anionic ligands bound to the iron atom. Structural optimizations result in decreasing Fe—N-O bond
angles on increasing fluoride substitution. A similar observation is made when the carboxylate residue
of the adjacent complex entity in 2 is replaced by an anionic acetato ligand. Structural optimization
(TPSSh/def2-TZVP) results in an Fe—N-O bond angle of 148° that is not in satisfying agreement with
the experimentally determined value of 165°. When the carboxylate residue is substituted by the weak
aqua donor ligand, the DFT calculation results in an Fe—N-O bond angle of 161° so that an accurate
description of the Fe—N—O moiety is achieved. This trend can be explained with ligand-donor effects
that influence the effective nuclear charge of the iron center. An anionic ligand leads to a decreased
effective nuclear charge on the iron center and, consequently, less 1T-donation from the singly occupied
NO l1m*orbitals into the empty symmetrically matching Fe dx: and Fe dy: orbitals occurs within the 3-spin
manifold. As the tr-donation stems from NO antibonding (117*) orbitals, a strengthening of the Fe—N(O)
bond and an increase in ¥(NO) is expected in complexes with a higher Fe—N—-O bond angle. Li et al.[
published the octahedrally coordinated quartet-{FeNO}’ complex cation [Fe(X)(NO)(THF)(OTf)]* (X =
tris(1-ethyl-4-isopropylimidazolyl)-phosphine) with only neutral donor ligands, an Fe—N-O bond angle of
172° and the highest N-O stretching vibration band (1831 cm™) observed for sixfold-coordinated
guartet-{FeNO}’ compounds so far (note the N-O stretching vibration band of free NO at 1875 cm™ [53]),
DFT calculations revealed the high N-O stretching vibration band and the Fe—N-O bond angle close to
linearity to the strong t-donation from the NO 11* orbitals into the Fe dx. and dy. orbitals.[54

Because of the good agreement between experimental and DFT data of the Fe—N-O moiety, the
computational results are considered to evaluate electronic-structural reasons for the vibration—bond
angle correlation in 1b (minimum Fe-N-O bond angle and N-O stretching frequency) and 2(i)
(maximum Fe—N-O bond angle and N-O stretching frequency). The amount of $-electron transfer from
the 11r* orbitals of NO into the Fe dw. and Fe dy: orbitals can be estimated from the NO and Fe
contributions in the corresponding occupied orbitals B-HOMO and B-HOMO-1. As these molecular
orbitals show considerable contributions from the co-ligands, the exact amounts of Fe and NO are
difficult to quantify. The strength of T-donation can also be predicted from the relative amounts of Fe
and NO in the corresponding antibonding orbitals 3-LUMO+1 and p-LUMO+2. The contours of these
orbitals together with their relative amounts of Fe and NO as well as selected parameters of the
Fe—N-O moiety and the N-O stretching frequencies are shown in Figure 3.3. As evident from the
comparable Fe and NO contributions in the occupied and the unoccupied orbitals, strong Tr-donation is
expected in both complexes. Moreover, the Fe—N(O) bond distances are similar. As a result, the higher
Fe—-N-O bond angle and N-O stretching frequency of 2i is not due to stronger t-donation. The
hyphothesis is also contradicted, when the [Fe(phida)(H20)(NO)] (IV) compound with the least obtuse

Fe—N—-O bond angle of 148° within the less stable representatives is taken into consideration. The iron
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atom is coordinated by two weak aqua donor ligands as well as by the tridentate phida co-ligand and
the nitrosyl group coordinates cis to the nitrogen donor atom of the chelating ligand. A more “electron-
poor” iron center is expected, whereby the NO ligand should donate significant B-electron density into
the Fe d-orbitals and a straightened Fe—N-O bond angle would be expected.

To sum up, the experimentally determined structure of {FeNO}(S =3/2) complexes with
aminecarboxylates is very difficult to forecast. A relation between bond lengths, bond angles and IR
absorptions of the individual Fe—N—O moieties is almost not assignable. However, it should be noted
that a less obtuse Fe—N-O bond angle in {FeNO}(S = 3/2) complexes with aminecarboxylates could be
correlated to a cis-positioned nitrogen donor atom as evident from the small bond angles of about 150°
in 1b, 2, 4 and [Fe(H20)(NO)(phida)] (IV).
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25 % Fe
62 % NO

Exp./Calc. data of 1b:

d (Fe-N) =1.77/1.78 A
X (Fe-N-0O) = 148/152°
V(NO)=1761/1786 cm™"

24 % Fe
58 % NO

Exp./Calc. data of 2(i):

d (Fe-N) = 1.75/1.77 A

% (Fe-N-O) = 165/161°

V(NO) =1791/1808 cm™" 62 % Fe
35 % NO

42 % Fe
55 % NO

33 % Fe
57 % NO

62 % Fe
32 % NO

B-LUMO+2

Figure 3.3: Selected data of the Fe-N-O moiety and contours of B-HOMO, B-HOMO-1, B-LUMO+1 and f-
LUMO+2 together with the relative amounts of Fe and NO in 1b (top) and 2(i) (bottom). The DFT calculations were
accomplished using TPSSh/def2-TZVP, dispersion correction (D3) and COSMO(water), isovalue of the orbitals:

0.04. The individual Fe and NO contributions were derived with MPA.
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3.4 {FeNO}'(S = 3/2) complexes with aminecarboxylates in the DFG
priority program SPP1740

The {FeNO}(S = 3/2) compounds with aminecarboxylato co-ligands are model compounds in the
SPP1740 priority program, which deals with the “influence of local transport processes in chemical
reactions in bubble flows”. Raman measurements in collaboration with Dr. Ginter Rinke and Dipl. Ing.
Daniela Schurrt*'”118l at the Karlsruhe Institute of Technology revealed an intense resonance-Raman
active Fe—N(O) vibration band at around 500 cm™. Resonance enhancement of the ¥(Fe—NO) stretching
mode in quartet-{FeNO} compounds is also known in literature.[6279155-1571 The resonance-Raman
signal of the Fe—NO-stretching vibration band of complex 4 at 494 cm™2, obtained with 488 nm laser
excitation, agrees perfectly with the ¥(Fe—NO) mode at 496 cm™ that is known for the Fe/edta/NO
species in the literature.[27° The mass transport of a free rising NO bubble in an Fe'" hedtra precursor
solution was visualized with a tomographic camera set up in collaboration with M.Sc. Katharina Haase
and Prof. Dr. Christian Kahler®'® at the Institute of Fluidmechanics and Aerodynamics of the
Bundeswehr University Munich. The Fe/hedtra/NO reaction system was used because of the good water
solubility of the hedtra co-ligand and the high stability of the resulting nitrosyl complex. Nonetheless,
according to van Eldik’s studies, a high stability of the nitrosyl species is correlated to a high oxygen
sensitivity of the Fe" aminecarboxylate precursor complex.®” As evident from chapter 3.2, the stability
of the aqueous nitrosyl complexes can be varied by different aminecarboxylato co-ligands. Establishing
a correlation between the complex stability and the structure of the nitrosyl-iron compounds has long
been hampered because of the lack of structural information on these species. The X-ray results of this
thesis contribute to a better understanding of the characteristics of solution chemistry. The structure
information of this thesis gives rise to new aminecarboylato co-ligands that can support favored NO-
binding. An optimal aminecarboxylato co-ligand causes a stable nitrosyl complex and a minimal oxygen
sensitivity of the precursor species. With the awareness that the coordination humber of multidentate
ligands, edta for example, changes from seven to six on NO-binding, potentially heptadentate, bis-

hemilabile chelators can be tailored for future research and engineering collaborations.
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4  Summary

The focus of this thesis is on the crystallization and the description of the molecular structures as well
as the quantum-chemical analysis of octahedrally coordinated {FeNO}'(S = 3/2) complexes. Based on
several publications by the van Eldik group!®-°9, the authors reported thermodynamic, kinetic and
spectroscopic studies on agueous {FeNO}(S = 3/2) complexes with aminecarboxylato co-ligands, M.
Wolf of the Klifers group succeeded in crystallizing several compounds of that kind. They were the first
guartet-{FeNO}’ complexes to be crystallized from an aqueous solution.*9 In accordance with van
Eldik’s studies, the complexes rank among a less-stable subclass of quartet-{FeNO}’ compounds with
aminecarboxylates. Their agueous reaction solutions lose nitric oxide when stripped with inert gas or
when subjected to low pressure within a short period of time. So far, structural information on the stable
subclass of {FeNO}(S = 3/2) compounds with aminecarboxylates has not been available. An important
representative beyond this subclass is the hitherto not crystallographically characterized Fe/edta/NO
complex, whose application in flue-gas cleaning processes has recently been reported in several
studies.[“8-571

Four new crystalline {FeNO}(S = 3/2) complexes with the multidentate co-ligands edda, nta, bhedda
and edta were synthesized and analyzed by X-ray diffraction: the hemihydrate complex
[Fe(edda)(H20)(NO)] - ¥2 H20 (1b - % H20), the solvent-free complex [Fe(bhedda)(NO)] (3) and the two
coordination polymers [Fe(H20)4(2)2]wn - 2 H2O and [Fe(H20)2(4)2]nn with [Fe(NO)(nta)]” (2) and
[Fe(Hedta)(NO)]™ (4) monoanions as the nitrosyl-containing building blocks. All of these complexes
belong to the stable subclass of van Eldik’s studies. Their aqueous reaction solutions are stable against
NO loss upon stripping with inert gas or upon the application of vacuum. The crystallization processes
lasted from two weeks for the solvent-free complex [Fe(bhedda)(NO)] (3) to one year for the coordination
polymer with [Fe(NO)(nta)]” (2) monoanions. Both coordination polymers contain bridging dicationic
[Fe(H20)42]>* moieties instead of the attempted counterions. These unusual structure motifs were
attributed to the ability of the bridging [Fe(H20)4/2]?* units to form a strong three-dimensional hydrogen-
bond pattern in the crystal structure of the coordination polymers.

Comparison of the molecular structures of all currently available crystalline quartet-{FeNO} compounds
with aminecarboxylates revealed one common structural feature, namely the octahedral coordination of
the iron center. This became particularly evident in the molecular structure of the monoanionic building
unit [Fe(Hedta)(NO)]™ (4) (Figure 4.1). Even though the edta co-ligand is a strong hexadentate chelating
agent, an octahedrally coordinated nitrosyl-iron complex with a dangled protonated carboxymethyl
function was formed. Keeping in mind the sevenfold-coordinated precursor compound
[Fe''(edta)(H20)]?-,1150:153.1%4 the NO-binding required the coordination number of the iron atom to
decrease. In all crystalline quartet-{FeNO}’ complexes with aminecarboxylates, the equatorial donor
atoms are tilted away from the nitrosyl group, resulting in an average O—N-Fe—X torsion angle of about
100° (with X = the four donor atoms in the equatorial plane normal to the NO ligand). This sterically
demanding behavior of the NO ligand clarified the most stable Fe—NO linkage for the hedtra co-ligand

in van Eldik’s studies.[®-8% Wwith its hydroxyethyl group, the potential hexadentate hedtra ligand
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possesses a hemilabile function that can bend away from the iron center to provide a free coordination
site for the sterically demanding NO ligand.

Figure 4.1: Monoanionic building block [Fe(Hedta)(NO)]- (4) of the complex polymer [Fe(H20)2(4)2]wn.

The {FeNOY}'(S = 3/2) complexes were further analyzed with quantum-chemical calculations, based on
DFT, in order to get insight into their electronic configuration, to evaluate possible differences between
the stable and the less stable complexes and to analyze structural peculiarities. The DFT results, in
association with the X-ray results, were expected to contribute to an understanding of the observed
stability differences. It was, however, demonstrated that both the experimental and the DFT-optimized
structural data of the stable and the less-stable complexes are the same with regard to bond distances
and bond angles. An analysis of the electronic structure in terms of the relevant canonical molecular
orbitals, broken symmetry calculations, AO-Mix CDA analyses and population analyses indicated the
same bonding situation as for the less stable {FeNO}'(S = 3/2) compounds with aminecarboxylato co-
ligands: the electronic configuration is best described as an intermediate between Fe'(NO) and
Fe''(NO") with strong antiferromagnetic coupling between the iron center and the NO ligand and largely
covalent Fe—NO 1T bonds within the 3-spin manifold. A closer look at the structural parameters of the
corresponding nitrosyl-free Fe" and Fe" complexes revealed that a higher stability of the Fe—NO linkage
is associated with a significant admixture of the ferric Fe'"(NO™) mesomer. The instability towards NO
loss upon stripping with inert gas was related to the higher amount of the unstable [Fe(H20)s(NO)]?* ion
in the aqueous solution equilibria. It was concluded that these two criteria, an adequate stability constant
Kno to ensure only minor quantities of the unstable [Fe(H20)s(NO)]?* species in the reaction medium as
well as a considerable weight of the ferric Fe"'(NO-) part, have to be satisfied for a stable nitrosyl
complex.

With the molecular-structure analyses of this thesis, a special feature of {FeNO}'(S = 3/2) complexes
with aminecarboxylato co-ligands became apparent (see Figure 4.2). The NO ligand is tilted towards
the oxygen atom of a carboxylate group that is perpendicular to the basal plane of the coordination

octahedron (the plane normal to the NO ligand). This structural feature is due to a marginal bonding
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interaction between the carboxylate-oxygen atom and the nitrosyl-oxygen atom of the NO group. The

bonding overlap responsible for the NO tilt can be seen in the -HOMO of the DFT-optimized complexes.

Figure 4.2: The tilt of the NO group to the oxygen donor atom of the carboxylate function that is perpendicular to
the basal plane of the coordination octahedron. Left: ORTEP plot of the molecular structure of
[Fe(edda)(H20)(NO)] (1b) in crystals of 1b - %2 H,0, middle: the TPSSh/def2-TZVP-optimized structure of 1b, right:
B-HOMO of 1b (TPSSh/def2-TZVP, isovalue 0.008).

The X-ray analyses of the {FeNO}(S = 3/2) complexes described in this thesis revealed another
structural particularity: the thermal ellipsoids of their nitrosyl-oxygen atoms are uncommonly small for
{FeNOY}(S = 3/2) complexes.**¢1 An examination of the direct environment of the NO ligand in the
crystal structures of the complexes showed neither an intermolecular interaction nor a specific crystal-
packing pattern as being responsible for this small vibrational ellipsoid. Moreover, the energetic scan of
the Fe—-N—-O bond angle resulted in a weak Fe—N-O bending potential, which proved that the normal
shape of the nitrosyl-oxygen atoms’ ellipsoid is not due to electronic effects either. Unfortunately, it was
not possible to provide a satisfying explanation for this structural peculiarity.

As part of a DFG priority program, the Fe—NO reaction system was investigated in two collaborations
with engineering research groups.*”-1*l Raman measurements at the Karlsruhe Institute of Technology
revealed an intense resonance-Raman active Fe—N(O) vibration band at around 500 cm™ for the
guartet-{FeNO}’ complexes. Furthermore, the mass transport of a free rising NO bubble in an iron(ll)
precursor solution was visualized with a tomographic camera set up at the Institute of Fluid Dynamics
and Aerodynamics of the Universitat der Bundeswehr Miinchen.

To conclude, the results of this thesis contribute to an enhanced understanding of the solution chemistry
of {FeNO}(S = 3/2) compounds with aminecarboxylates. The stability rules for the agueous complexes,
as described by the van Eldik group about fifteen years ago, have become comprehensible by means
of single-crystal X-ray analysis and computational chemistry. The structure information of this thesis
gives rise to new aminecarboylato co-ligands that can support favored NO-binding. With the finding that
the coordination number of the edta co-ligand changes from seven to six on NO-binding, potentially
heptadentate, bis-hemilabile chelators can be tailored for future research and engineering
collaborations.
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5 Experimental Part

5.1 Common working techniques

Due to the possible oxidation of the {FeNO}(S = 3/2) compounds and the iron(ll) aminecarboxylate
complexes, all experiments were carried out under strict exclusion of oxygen from air using standard
Schlenk techniques with argon or nitrogen as the inert gas. Before usage, all reaction flasks were
evacuated and filled with argon three times in order to remove oxygen. Solvents were deaerated with
argon before usage. For this purpose, the solvents were transferred under an argon stream in pre-
evacuated Schlenk flasks and degassed by a continuous argon flow (15 min per 100 mL volume). The
deaerated solvents were then stored under an argon atmosphere. The syringes and cannulas that were
used to transfer reagents and solvents, were purged three times with argon before usage.

To enable the crystallization of the {FeNO}/ (S = 3/2) complexes, the principle of isothermal diffusion
was utilized. In this context, a two-chamber Schlenk flask was constructed by integrating a test tube into
a conventional Schlenk tube. The reaction partners were dissolved inside the test tube while a suitable
solvent with less polarity was added outside to diffuse into the reaction solution.

The experimental set-up of the NO apparatus is shown in Figure 5.1. Nitric oxide was purged with a 4 m
sodium hydroxide solution before passing it through the reaction flask to exclude higher oxidized NOx
species and polymers. Excess NO gas was converted to N2 with a 2 m amidosulfuric acid solution. The
apparatus was flushed with argon (10 min) before and after the reaction with gaseous NO in order to

eliminate oxygen and NOx residues.

a) | d) b)

a) NaOH, ¢ =4 mol/L

b) Amidosulfuric acid, ¢ = 2 mol/L RestNO5 = N, - Fume hood
c¢) Reaction mixture

d) Magnetic stirrer

Figure 5.1: Experimental set-up of the NO apparatus. The pH indicator methyl orange was added to the 2 M

amidosulfuric acid solution.
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5.2 Analytical methods

5.2.1 NMR spectroscopy

The BC{*H}-NMR spectrum of the Kzbhedda reaction solution was recorded with a resonance frequency
of 100 MHz on a Jeol Eclipse 400 spectrometer. The measurement was carried out at room temperature
(ca. 24°C) in a 5 mm tube. The chemical shift & is given in ppm. The spectrum was recorded broadband

proton decoupled and interpreted using the software MESTRENOVA.[15€]
5.2.2 Mass spectrometry

The FAB spectra were measured on a Jeol MStation 700. The samples were ionized in a

nitrobenzylalcohol or glycerine matrix, using 8 kV fast argon atoms.

5.2.3 Elemental analysis

The CHN analyses were recorded on an Elementar vario micro cube instrument.
5.2.4 IR spectroscopy

IR spectra were recorded on a Jasco FT/IR-460 Plus spectrometer. Because of the strong absorption
band of water in the region of the characteristic NO stretching vibration, IR spectra of the dissolved
complexes were recorded in D20. Solid samples were measured with an ATR diamond plate, solutions
were recorded with a CaF2 measuring cell or an ATR diamond plate. Solid samples were recorded from
400 cm™ to 4000 cm™, solutions from 1300 cm™ to 2000 cm™. The intensity of the vibration bands is
given in parenthesis behind the wavenumber. The spectra were interpreted with the software SPECTRA
MANAGER 2.11%% They were plotted with the program package ORIGIN PRO for visual presentation.!*6 All

signals are given in wavenumbers (cm™).
5.2.5 Raman spectroscopy

Raman spectra were recorded at the Institute for Microprocess Engineering of the Karlsruhe Institute of
Technology on a self-constructed spectrometer.!*”1181 The measurements were performed in silica
glass cuvettes with a thickness of 1 cm using the 488 nm excitation wavelength from a continuous
emitting argon-ion laser. The spectra were recorded from 0 cm™ to 4000 cm™ and plotted with the

program package ORIGIN PRO for visual presentation.[*6%!
5.2.6 UV/Vis spectroscopy

UV/VIS spectra in solution were measured on a Cary 50 Conc UV-Visible-Spectrophotometer in silica

glass cuvettes with a thickness of 1 cm. Solid samples were measured on a Cary 500 Scan UV-Vis-IR-

79



5 EXPERIMENTAL PART

Spectrophotometer with a Labsphere DRA-CA-5500 photometer sphere. The diffuse reflectance spectra
of the UV/Vis spectrometer were converted into absorption data by using the Kubelka-Munk function:!*24

fry =2 R _K (5.1)

2R S
R is the relative reflectivity of an infinitely thick layer, K is the absorption coefficient and S is the scattering
coefficient. The spectra were recorded from 300 nm to 800 nm and plotted with the program package

ORIGIN PRO for visual presentation.!26%
5.2.7 X-ray diffraction

Crystals suitable for single-crystal X-ray diffraction analysis were selected by using a Leica MZ6
polarization microscope. The measurements were performed at 173 K on single crystal diffractometers
of the types Bruker D8 Quest and Bruker D8 Venture using MoKq irradiation (A = 0.71073 A). The
structures were solved by direct methods using SHELxs2014116% and refined by full-matrix, least-squares
calculations on F? (SHELXL2014[162) Non-hydrogen atoms were initially located and later refined
anisotropically, hydrogen atoms were refined isotropically. C—H bonds and the corresponding angles
were idealized. SHELXLE (version 7.25)153 was used as graphical user interface. Intermolecular contacts
were analyzed with the program package MERCURY.[*6416% Visualization was performed with ORTEP166]
and ScHAKALI®, Further informations on the structures are listed in tabular form in the APPENDIX. The

values given there are described as follows:

YIFZ —(F,)?|
= it (5.2)
R(F) = ZII%;JIFCII (5.3)
wR(F?) = % (5.4)
o

80



5 EXPERIMENTAL PART

The weighting factors w and P are defined as:

1 max(F?,0) + 2F?

with P =

C T FED T P +yP 3

(5.6)

In analogy to SHELXL-97, the values of the parameters x and y were adopted to minimize the variance

of w(F2/F#)? for several (intensity-ordered) groups of reflexes.

The coefficient Ueq is defined as follows:

5.3 Reagents and solvents

Table 5.1: Chemicals used, their purity and their manufacturers.

Chemical

Manufacturer (Purity)

1,10-phenanthroline

1,4-dioxane

2,2"-bipyridyl

acetone

acetonitrile

acetylacetone

amidosulfuric acid
benzyltrimethylammonium hydroxide solution 2
bis(triphenylphosphine)iminium chloride
bromoacetic acid

cesium hydroxide monohydrate

choline hydroxide solution °

deuterium oxide

D-histidine
diethylenetriaminepentaacetic acid
diethylether

DL-aspartate

DL-serine

D-threonine

iron(ll) triflate

Merck (299.0%)
Sigma-Aldrich (299.5%)
Alfa Aesar (98%)
Sigma-Aldrich (299.5%)
VWR Chemicals (299.5%)
Sigma-Aldrich (299%)
ApplChem (>99%)
Sigma-Aldrich

ABCR (97%)

Fluka (97%)

Acros (99.95%)

TCI

Euriso-Top (99.9%)
Alfa Aesar Fluka (99%)
Sigma Aldrich (=98%)
Bernd Kraft (299.5%)
Fluka (299%)

Fluka (299%)

Merk (299%)

c

(5.7)
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ethanol, abs.
ethylenediamine-N,N,N',N'- tetraacetatic acid
ethylenediamine-N,N'-diacetic acid

ethylenediamine-N,N'-disuccinic acid trisodium salt solution ¢

glycine

iron(ll) sulfate heptahydrate
L-aspartate

L-cysteine

L-histidine

lithium hydroxide monohydrate
L-leucine

L-phenylalanine

L-serine

L-threonine

L-tyrosine

magnesium sulfate

methanol
N-(2-hydroxyethyl)ethylenediamine-N,N’,N'triacetic acid
N,N,N’,N'-tetramethylethylenediamine
N,N’-bis(2-hydroxyethyl)-N,N'-ethylenediamine
N,N-dimethylformamide

n-hexane

nitric oxide

nitrilotriacetic acid

n-pentane

potassium hydroxide

rubidium hydroxide hydrate

sodium hydroxide

tetrasodium N,N-bis(carboxymethyl)-L-glutamate solution ©

triethylamine

water

Sigma-Aldrich (>99.5%)
Fluka (>99%)
Sigma-Aldrich (98%)
Sigma-Aldrich
Sigma-Aldrich (>99%)
Merk (99.9%)

Fluka (299.5%)

Acros Organics (>99%)
Fluka (299.0%)

Fluka (=98.0%)

Fluka (299.5%)

Acros Organics (>98.5%)
Acros Organics (99%)
Acros Organics (=298%)
Sigma-Aldrich Fluka (298%)
Grussing (99%)

Fluka (99.8%)

Aldrich (98%)
Sigma-Aldrich (99.5%)
Sigma-Aldrich (97%)
Fluka (299.5%)

Grissing (95%)

Air Liquide

Fluka (>99%)

VWR Chemicals (99.9%)
Sigma-Aldrich (99.99%)
Aldrich

Fluka (299.5%)

TCI

RiedeldeHaen (99%)

in-house system

a 50 wt.% in H20. ® 49 wt.% in H20. ¢ Synthesized according to Reference [168]. ¢ 35 wt.% in H20. ¢ 40 wt.% in H20.
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5.4 Synthesis of iron(ll) aminecarboxylates

5.4.1 [Fe'(edda)(H20)2] (5b)

o TH2
NaOH
J N~ OH H0, | wO._O
- Na;SO “Ea
HO ﬂ/\ﬂ/ + FeSO4- 7 Hy0 224 SN T
O H,0, rt o” | "NH

- N
M, = 176.17 M, =278.01 OJ\/H

5b

Starting material: Ethylenediamine-N,N'-diacetic acid (Hzedda), iron(ll) sulfate heptahydrate, sodium

hydroxide, water, acetone.

Procedure: Sodium hydroxide (0.013 g, 0.32 mmol) was added to a suspension of Hzedda (0.028 g,
0.16 mmol) in distilled water (0.75 mL). After stirring the colorless solution for 30 min at room
temperature, FeSO4-7H20 (0.044 g, 0.16 mmol) was added to it in portions. The slightly green solution
was stored at room temperature under an argon atmosphere, and over one week, acetone (0.75 mL)
was diffused into the reaction solution. [Fe'"(edda)(H20)2] (5b) was isolated in the form of colorless

needle-shaped crystals.
Yield: 0.031 g (0.12 mmol, 72%).
Empirical formula: CeH14FeN20s (266.04 g mol™, 5b).

IR (crystal, ATR): ¥/cm™: 3330(s), 3258(s), 2966(s), 2942(m), 2361(vw), 1978(vw), 1681(S, Vc=0),
1575(vs, Vas coo), 1558(vs), 1489(m), 1436(m), 1389(s, Vs coo), 1333(w), 1316(w), 1303(vs), 1283(w),
1255(w), 1141(m), 1098(m), 1050(m), 1006(s), 983(w), 943(s), 914(m), 899(m), 854(w), 831(w), 701(s),
687(s), 661(m).

Elemental analysis: (calcd. for CéH14FeN20s - 0.25 H20, 270.54 g mol™), found (calcd.): %: C 26.81
(26.64), H 5.60 (5.40), N 10.32 (10.35).

X-ray structure analysis: uv436.
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5.4.2 [Fe'(bhedda)] - H20 (6 - H20)

OH
o KOH
H - KBr 0 H
/—-( © ®
~N A~ y~_OH - o
K@ \ o)
M, =148.21 M, = 138.95 Kaobhedda 1
M; = 340.46
FeSQ,4 - 7 H,O
M, =278.01 rt, H,0
- KsS0O4
HO .

According to T. G. Wensel, C. F. Meares, Biochemistry 1983, 22, 6247-6254.

Starting materials: N,N'-bis(2-hydroxyethyl)-N,N'-ethylenediamine, bromoacetic acid, potassium

hydroxide, iron(ll) sulfate heptahydrate, water, acetone.

Procedure: N,N"-bis(2-hydroxyethyl)ethylenediamine-N,N'-diacetate dipotassium salt (Kzbhedda) was
synthesized by following a published procedure by Wensel and Meares® under an nitrogen
atmosphere. N,N'-bis(2-hydroxyethyl)-N,N'-ethylenediamine (2.67 g, 18.0 mmol) was dissolved in
distilled water (8 mL). The solution was cooled with an ice bath, and bromoacetic acid (5.02 g,
36.0 mmol) was added in portions while stirring. During the addition of bromoacetic acid, the pH value
of the mixture was kept at 11 with agueous potassium hydroxide solution (7 M). The resulting mixture
was stirred at 40°C for 60 h, whereby the pH value was still maintained at 10—11. The colorless reaction
solution was treated with FeSO4-7H20 (5.00 g, 18.0 mmol) to form the [Fe'(bhedda)] complex (6). The
colorless solid that precipitated was filtered from the slightly green reaction solution and dried in vacuum
to give a colorless solid containing the [Fe'(bhedda)] complex. The colorless raw product (0.318 g,
~1.00 mmol) was dissolved in water (3 mL) and over two weeks, acetone (3 mL) was diffused into the
reaction solution. [Fe''(bhedda)] - H20 crystallized as colorless needle-shaped crystals, suitable for X-

ray crystallography.
Yield: Raw product: 1.26 g (= 3.96 mmol, = 22%), crystals: 0.174 g (0.518 mmol, = 52%).

Empirical formula: CioH20FeN207(336.13 g mol™; 6 - H20).
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B3C{*H}-NMR (raw solution before the treatment with FeSO4-7H20, 100 MHz, H20): &/ppm: 179.7, 178.9,
176.4 (-COO), 169.6, 169.2, 162.2, 61.6, 58.1 (OOC-CH2-N), 57.4 (N-CHa-CH,-OH), 56.6 (N-CH2-CHz-
OH), 55.9, 51.6 (N-CH2-CH>-N), 48.6, 46.5, 41.7.

MS (raw product, FAB*, M = [Fe'(bhedda)] (C10H1sFeN20s), 318.05 g mol™t): m/z = 319.2 [M+H]".
MS (raw product, FAB-, M = [Fe"(bhedda)] (CioH1sFeN20s), 318.05 g mol™Y): m/z = 317.2 [M-H]~.

IR (crystal, ATR): v/cm™: 2860(m), 2348(w), 2192(vw), 2158(vw), 1698(s, V c=0), 1582(s, Vas coo),
1462(vw), 1427(w), 1402(s, Vs coo), 1373(m), 1310(w), 1237(w), 1237(m), 1098(vs, Vv c_on), 983(m),
970(m), 938(w), 905(w), 878(w), 825(w), 762(w), 738(m), 732(w), 668(w).

Elemental analysis (crystal, calcd. for CioH20FeN207 - 0.1 H20, 337.85 g mol™), found (calcd.):%:
C 35.53 (35.54), H 6.06 (6.03), N 8.30 (8.29).

X-ray structure analysis: uv207.

85



5 EXPERIMENTAL PART

5.4.3 [Fe'(Hhedtra)] - H20 (7 - H20)

OH

N
NaOH

0
HOJ\/N\/\N/\[]/OH PPN-CI O\]\:O"«,

Hoj]) T+ FeSOy 7THO ————> HQ

|
rt, H,O, MeOH )\/N/ T\°7 0
0 M, = 278.01 \/NJ

M, = 278.26 7

Starting materials: N-(2-hydroxyethyl)ethylenediamine-N,N' N'-triacetic acid (Hshedtra), sodium

hydroxide, iron(ll) sulfate heptahydrate, water, bis(triphenylphosphine)iminium chloride, methanol.

Procedure: Sodium hydroxide (0.600 g, 15.0 mmol) was added to a suspension of Hshedtra (2.80 g,
10.0 mmol) in distilled water (15 mL). Bis(triphenylphosphine)iminium chloride (0.290 g, 0.500 mmol)
and methanol (5 mL) were added under stirring conditions in order to improve the crystallization
tendency of the reaction product. FeSO4-7H20 (2.80 g, 10.0 mmol) was added in portions, whereupon
a slightly green solution resulted. The precipitated colorless solid was filtered from the reaction solution,
washed with methanol (ca. 10 mL) and dried in vacuo. To enable crystallization, the colorless solid
(0.315 g) was heated under reflux in water (15 mL). The reaction flask was immediately transferred to a
dewar vessel that was filled with boiling water, and cooled to room temperature within 24 hours.
[Fe(Hhedtra)] - H20 (7 - H20) crystallized as colorless rods.

Yield: Raw product: 0.462 g, crystals: 0.138 g (0.394 mmol).

Empirical formula: CioH1sFeN20s(350.11 g mol™, 7 - H20).

MS (raw product, FAB, [Fe'(hedtra)]", 331.08 g mol™): m/z = 331.3 [C1oH15FeN207]".
MS (raw product, FAB*, PPN*, 538.58 g mol™): m/z = 538.6 [CasHz0oNP2]".

IR (crystal, ATR): ¥/cm™: 3412(vw), 2921(vw), 2854(vw), 1725(w), 1580(S, Vas coo), 1432(w), 1400(m,
Vs coo), 1297(m), 1223(m), 1170(m), 1103(m), 1082(m), 993(w), 933(w), 880(w), 827(w), 802(w),
760(w), 724(w), 699(w).

Elemental analysis (crystal, calcd. for Cio0H1sFeN20s - 0.35 H20, 356.41 g mol™?), found (calcd.):%: C
33.84 (33.53), H 5.67 (5.32), N 7.63 (7.82).

X-ray structure analysis: sv252.
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5.5 Synthesis of {FeNO}/(S = 3/2) complexes with aminecarboxylates

5.5.1 [Fe(edda)(H20)(NO)] - ¥ H.O (1b - % H.0)

NaOH N
Joj\/H Naa SO Hzo"' | ‘\\“OTO
N~ OH - Na,SO, Ea
HO N FeSO4-7H,0 + NO ~
H/\[or ToreSter i ft, H0 o” | “NA

- N

M, = 176.17 M,=278.01  M;=30.01 o) H

1b

Starting material: Ethylenediamine-N,N'-diacetic acid (Hzedda), iron(ll) sulfate heptahydrate, sodium

hydroxide, nitric oxide, water, acetone.

Procedure: Sodium hydroxide (0.100 g, 2.50 mmol) was added to a suspension of Hzedda (0.220 g,
1.25 mmol) in distilled water (4 mL). The mixture was stirred for 30 min at room temperature.
FeS04-7H20 (0.278 g, 1.00 mmol) was added in portions, and a slightly green solution resulted. The
solution was treated with gaseous nitric oxide for ten minutes, whereupon a color change to green-black
was observed after two minutes. The green-black solution was stored at room temperature under an
NO atmosphere, and over three weeks, acetone (4 mL) was diffused into the reaction solution.
[Fe(edda)(H20)(NO)] - ¥2 H20 was isolated in the form of black crystals.

Yield: 0.121 g (0.421 mmol, 42%).
Empirical formula: CeH13FeNsOss0 (287.04 g mol™, 1b - %2 H20).

IR (crystal, ATR): v/icm™: 2360(vs), 2341(vs), 1761(m, vno), 1589(Ss, Vascoo), 1457(w), 1417(w), 1376(m,
Vs coo), 1339(m), 1306(w), 1282(vw), 1248(vw), 1213(vw), 1141(w), 1117(vw), 1075(vw), 1016(w),
958(m), 913(w).

IR (reaction solution, D20, measuring cell with CaF2 panels): v/cm™: 1769(s, vno), 1599(VS, Vas coo),
1462(vs), 1389(vs, Vs coo), 1320(s), 1291(w).

UV/Vis (crystal): A/Inm: 414 (CT), 430 (CT), 644 (d-d).

UV/Vis (reaction solution, H20, 1 mmol L™): A/nm: 342 (CT), 435 (CT).

UV/Vis (reaction solution, H20, 10 mmol L™): A/nm: 617 (d-d).

Raman (reaction solution, H20, 62 mmol L™, laser excitation 488 nm): /cm™: 486 (Vre-no), 1768 (VnO).

X-ray structure analysis: sq016.
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5.5.2 [{Fe(H20)4}{Fe(NO)(nta)}2]wn - 2 H20 = [Fe(H20)4(2)2]wn - 2 H20

Oj/OH NeOH - TO
o) - NapSO e, | 0O
NN + FeSO4-7H,0 + NO it /Fe\OYO
on L_ow v THO 07 Jfo
M,=278.01 M:=30. Ne—
o) ' o)\/
M, = 191.14 2

Starting material: Nitrilotriacetatic acid (Hznta), iron(ll) sulfate heptahydrate, nitric oxide, sodium

hydroxide, water, acetone, ethanol.

Procedure: Sodium hydroxide (86.0 mg, 2.15 mmol) was added to a suspension of Hzsnta (0.194 g,
1.00 mmol) in distilled water (3 mL). After stirring the colorless solution for 30 min at room temperature,
FeS04-7H20 (0.278 g, 1.00 mmol) was added to it in portions. Nitric oxide was bubbled through the
slightly green solution for ten minutes, and a green-black solution resulted. The mixture was stored at
room temperature under an NO atmosphere, and over six months, acetone (6 mL) was diffused into the
reaction solution. The NO atmosphere was changed to an argon atmosphere, and ethanol (6 mL) was
added to diffuse over a further six months into the reaction solution. After a period of one year,
[{Fe(H20)as}{Fe(NO)(nta)}2]nn - 2 H20 = [Fe(H20)4(2)2]n - 2 H20 was isolated in the form of large black

crystals suitable for X-ray crystallography.
Yield: 0.173 g, (0.486 mmol, 49%).

Empirical formula: {CsHi2Fe1.50N2010}n (355.95 g mol™, 0.5 [{Fe(H20)s{Fe(NO)(nta)}2]nn - H20 =
0.5 Fe(H20)4(2)2]nn - H20).

IR (crystal, ATR): v/cm™: 3222(s), 1791(s, Vno), 1574(VS, Vas coo), 1505(vs), 1459(m), 1317(s, Vs coo),
1271(s), 1223(m), 1124(m), 912(w), 736(S).

IR (reaction solution, D20, measuring cell with CaF2 panels): ¥/cm™: 1793(w, vno), 1714(s, VS, Vc=0),
1623(vs, Vas coo), 1435(s), 1400(vs, Vscoo), 1319(m), 1280(m), 1255(m), 1240(w).

UV/Vis (crystal): A/nm: 433 (CT), 622 (d-d).
UV/Vis (reaction solution, H20, 3 mmol L™): A/nm: 339 (CT), 439 (CT), 602 (d-d).

X-ray structure analysis: uv073.
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5.5.3 [Fe(bhedda)(NO)] (3)

HO ‘
, NO O
RN o~ X
J/i/ e © H,0, CH3OH N., w0
Fe 2V, 3 Fe
~ + No 2P
o o | OT " (o/ |\OH
’ \/NT/ M, = 30.01 A//N\/
o)
6 3

Starting material: (OC-6-13)-N,N"-bis(2-hydroxyethyl)ethylenediamine-N, N*-diacetatoiron(ll) (6), nitric

oxide, water, methanol, acetone.

Procedure: The precipitated colorless solid from chapter 5.4.2 that contains the [Fe'(bhedda)]
complex (6) was utilized without further purification. The solid (0.300 g, 0.940 mmol) was dissolved in
water (3 mL). Gaseous nitric oxide was bubbled through the light-green solution for ten minutes, and,
after two minutes, a color change to green-black was observed, indicating the formation of the
{FeNO}Y'(S = 3/2) chromophore. All attempts to crystallize [Fe(bhedda)(NO)] from an aqueous solution
failed. Instead, the crystallization of the complex succeeded from a methanolic solution. [Fe'"(bhedda)]
(50.0 mg, 0.157 mmol) was dissolved in methanol (1 mL), and the solution was treated with gaseous
nitric oxide. The resulting brown-black reaction solution was stored at room temperature under an NO
atmosphere, and acetone (2 mL) was diffused over two weeks into the reaction solution.

[Fe(bhedda)(NO)] was isolated as one single black crystal.
Yield: One crystal.

Empirical formula: CioHisFeN3O7(348.12, 3).

IR (crystal): yield too low.

IR (reaction solution, D20, measuring cell with CaF2 panels): v/icm™: 1782(m, vno), 1620(s, Vas coo),
1380(m, Vs coo).

UV/Vis (crystal): yield too low.
UV/Vis (reaction solution, H20, 3 mmol L™): A/nm: 337 (CT), 422 (CT), 650 (d-d).

X-ray structure analysis: tv157.
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5.5.4 [{Fe(H20){Fe(NO)(Hedta)}2]nn = [Fe(H20)2(4)2]nn

O HO

HO)J\/N\/\N/\H/OH FeSO, - 7H0 NG - K,S04 (o] N,,'l" , )
+ - + 0
S R W
fo) M,=278.01 M,;=30.01 /,O Nt/lto‘\

M, = 292.24 4

Starting material: Ethylenediamine-N,N,N’,N'-tetraacetic acid (Hsedta), iron(ll) sulfate heptahydrate,

nitric oxide, potassium hydroxide, water, acetone.

Procedure: To Hsedta (0.292 g, 1.00 mmol) in distilled water (3 mL) was added 85% potassium
hydroxide (0.187 g, 3.33 mmol), and the colorless solution was stirred for 30 min at room temperature.
FeS04-7H20 (0.278 g, 1.00 mmol) was added in portions, resulting in a slightly green solution. Gaseous
nitric oxide was bubbled through the reaction solution for ten minutes, whereupon after two minutes, the
characteristic color change to green-black was observed. The solution was stored at room temperature
under an NO atmosphere, and acetone (3 mL) was diffused into the reaction solution over six months.
[{Fe(H20)}{Fe(NO)(Hedta)}2]wn = [Fe(H20)2(4)2]wn was isolated in the form of large black crystals.

Yield: 0.347 g (0.824 mmol, 82%).

Empirical formula: {CioH1sFe1.50N3010}nn (421.02 g mol™, 0.5 [{Fe(H20)2}{Fe(NO)(Hedta)}z]nn =
0.5 [Fe(H20)2(4)2]wn).

IR (crystal, ATR): ¥/cm™: 3255(vw), 2968(vw), 1839(w), 1781(m, Vno), 1572(S, Vas coo), 1440(w), 1370(s,
Vs coo), 1316(m), 1260(vw), 1215(w), 1168(m), 1102(s), 1024(vw), 1002(w), 979(w), 931(m), 861(w),
800(w), 717(m), 685(m).

IR (reaction solution, DO, measuring cell with CaF2 panels): v/cm™: 1777(s, vno), 1643(Vs, Vc=0),
1592(vs, Vas coo), 1466(s), 1439(s), 1403(vs), 1384(vs, Vs coo), 1321(m), 1289(w), 1269(m), 1234(s),
1218(s), 1205(s).

UV/Vis (crystal): A/nm: 432 (CT), 623 (d-d).
UV/Vis (reaction solution, H20, 3 mmol L™): A/nm: 342 (CT), 435 (CT), 634 (d-d).
Raman (reaction solution, H20, 62 mmol L™, laser excitation 488 nm): /cm™: 494 (Vre-no), 1768 (Vo).

X-ray structure analysis: tv202.
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5.6 Further crystallisation experiments

During the research for this thesis, many attempts were made to obtain crystalline
Fe/aminecarboxylate/NO species of the stable subclass according to van Eldik’'s survey.l®” Hanta,
Hzedda, Hsedta, Hshedtra, NasHedds, Hsdtpa and NasAcGlu were used as commercially available
chelating agents. All experiments were carried out in aqueous solution (3—-6 mL). Acetone or 1,4-
Dioxan[®® (3—-6 mL) was added as the antisolvent in order to diffuse into the reaction solution. The
aminecarboxylate compound (1.0-1.3 mmol) and one of the bases, lithium hydroxide monohydrate,
sodium hydroxide, potassium hydroxide, cesium hydroxide monohydrate, rubidium hydroxide,
benzyltrimethylammonium hydroxide or cholin hydroxide (1.0-5.0 mmol in each case) were dissolved
in water. After stirring the colorless solution for 30 min at room temperature, iron(ll) sulfate heptahydrate
(0.28 g, 1.0 mmol) was added to it in portions. The slightly green reaction solution was then treated with
gaseous nitric oxide (10 min to 15 min) at room temperature. After a few minutes, the characteristic dark
green color of the {FeNO}'(S = 3/2) chromophore was observable. Further syntheses were carried out
in an analogous procedure, whereas bis(triphenylphosphine)iminium chloride (0.10-0.50 mmol) and
methanol (1.5-3 mL) were added in order to improve the crystallization tendency of the nitrosyl
complexes. All reaction solutions with pH-values of eight and higher (the pH value was measured after
the addition of iron(ll) sulfate heptahydrate) adopted a slightly red coloring after about one month,
indicating the oxidation of iron(ll) to iron(lll). The reaction mixtures were stored at room temperature
under an NO atmosphere for six months. Afterwards, the NO atmosphere was changed to an argon
atmosphere and ethanol (6 mL) was added as an additional antisolvent. As the reaction solutions were
stable against NO loss upon being subjected to low pressure, the mixtures were concentrated by the
slow evaporation of the solvent in vacuo in order to induce crystallization. Over a period of one to three
years, no crystalline products were obtained.

Because of the strong absorption band of water in the region of the characteristic NO stretching
vibration, IR spectra of the dissolved complexes were recorded in D20. All syntheses were repeated in
up-scaled amounts using D20 instead of H20 as the solvent. The different reaction conditions did not
affect the NO stretching vibration bands or the UV/Vis absorption bands of the reaction solutions. The
spectroscopic data of the Fe/hedtra/NO, Fe/edds/NO and the Fe/dtpa/NO species agreed perfectly with
those reported by the van Eldik group.®” The IR and UV/Vis data of the Fe/AcGIu/NO species are not

known in literature.
Fe/hedtra/NO
IR (reaction solution, D20, measuring cell with CaF2 panels): v/cm™: 1776(s, Vo).

UV/Vis (reaction solution, H20, 3 mmol L™1): A/nm: 342 (CT), 433 (CT), 635 (d-d-transition).
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Fe/edds/NO
IR (reaction solution, D20, ATR): ¥/cm™: 1763(s, Vno).

UV/Vis (reaction solution, H20, 3 mmol L™): A/nm: 342 (CT), 440 (CT), 636 (d-d-transition).

Fe/dtpa/NO
IR (reaction solution, D20, ATR): vicm™: 1773(s, Vo).

UV/Vis (reaction solution, H20, 3 mmol L™): A/nm: 433 (CT), 636 (d-d-transition).

Fe/AcGIlu/NO
IR (reaction solution, D20, ATR): v/icm™: 1791(s, vno).

UV/Vis (reaction solution, H20, 3 mmol L™): A/nm: 342 (CT), 440 (CT), 597 (d-d-transition).

The X-ray analyses of the coordination polymers [Fe(H20)4(2)2]wn - 2 H20 and [Fe(H20)2(4)2]wn reveal a
Fe:nta molar ratio of 3:2 instead of the supplied 1:1 proportion. Crystallization experiments were
performed with magnesium sulfate (an aguated magnesium ion was expected to adopt the position of
the bridging dicationic [Fe(H20)42]>* moieties) in order to examine whether exact stoichiometric amounts
would accelerate the crystallization of the complex polymers. The quantities of the chemicals used are
given in Table 5.2 and Table 5.3. The free acid of the aminecarboxylate and the base were stirred in
water (3 mL) for 30 min at room temperature. Magnesium sulfate and iron(ll) sulfate heptahydrate were
mixed and added to the colorless solution in portions. A slightly green solution resulted. After the
treatment with gaseous nitric oxide (10 min), the green-black reaction solution was stored under an NO
atmosphere and acetone (3 mL) was diffused into the solution for six months. The NO atmosphere was
then changed to an argon atmosphere and ethanol (= 6 mL) was added as an additional antisolvent. No

crystalline product was observed after one and a half years.

Table 5.2: Crystallisation attempts of an Fe/nta/NO species using magnesium sulfate.

n/mmol n/mmol n/mmol n/mmol m/g m/g m/g m/g
FeS04-7H0 Hsnta MgSO. NaOH FeSO4-7HO Hsnta MgSO. NaOH
Exp. 1 0.66 0.66 0.33 1.4 0.18 0.13 0.040 0.057
Exp. 2 1.0 1.0 0.50 21 0.28 0.19 0.060 0.086
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Table 5.3: Crystallisation attempts of an Fe/edta/NO species using magnesium sulfate.

n/mmol m/g
n/mmol n/mmol  n/mmol m/g m/g m/g
KOH KOH
FeS0O4-7H0 Hsedta MgSO. FeS0O4-7H0 Hsedta  MgSO.
85% 85%
Exp. 1 0.66 0.66 0.33 2.2 0.18 0.19 0.040 0.12
Exp. 2 1.0 1.0 0.50 3.3 0.28 0.29 0.060 0.19

In order to reproduce the crystalline compound 3, the crystalline precursor compound 6 - H20 (0.100 g,
0.297 mmol in each case) was dissolved in water, methanol or in a 1:1 methanol/water mixture (1 mL in
each case). The colorless solutions were treated with gaseous nitric oxide, whereupon the characteristic
dark green color of the quartet-{FeNO}’ chromophor was observable. The mixtures were stored at room
temperature under an NO atmosphere and acetone (1 mL in each case) was diffused in the reaction
mixtures. After six months, the NO atmosphere was changed to an argon atmosphere and ethanol (2 mL
in each case) was added as an additional antisolvent. Analogous experiments were carried out with the
colorless raw product that contains the [Fe'(bhedda)] complex (6) as well as with the crystalline
precursor compound 7 - H20 in order to synthesize a crystalline Fe/hedtra/NO species. No crystalline

product was obtained.

5.7 Synthesis of nitrosyl-iron complexes with amino acids

The quantities of the chemicals used are given in Tables 5.4-5.8. All experiments were carried out in
MeCN, DMF or in a DMF/MeCN mixture. The amino acid, the auxiliary ligand (if desired) and the base
TEA were suspended in the solvent and iron (l1) triflate was added to the mixture in portions. Nitric oxide
was bubbled through the yellowish-green suspension (orange when acac was used as an auxiliary
ligand, red in the case of bipy or phen) for 10 min to 15 min at room temperature. After a few minutes,
a dark reddish-brown solution occurred. This was taken as an indicator for the successful formation of
a nitrosyl species. When DMF was used as the solvent, the dark reddish-brown reaction solution
adopted a red coloring after a few days, indicating the oxidation of iron(ll) to iron(lll). Several attempts
were made to obtain crystalline nitrosyl-iron species: the reaction mixtures were stored under an NO
atmosphere at room temperature and n-pentane, acetone or diethyl ether was diffused into the solutions.
Moreover, the reaction solutions were layered with n-hexane or n-pentane (the same volume as the
solvent) and stored under an argon atmosphere at room temperature. The mixtures with the auxiliary
ligands acac, tmeda, bpy and phen were stable against NO loss upon subjecting them to low pressure.
These solutions were concentrated by the slow evaporation of the solvent in vacuo and stored under an
argon atmosphere at 4°C. A Fel/gly/NO, a Fe/acac/his/INO, a Fel/asp/NO a Fe/asp/tmeda/NO and a
Feltyr/NO species were obtained as amorphous black solids. These solids were dissolved in MeCN,
DMF or in MeCN/DMF mixtures for temperature gradient crystallization. No crystalline product was

obtained.
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Table 5.4: Crystallization attempts of nitrosyl-iron complexes with amino acids from acetonitrile (MeCN) solution using different antisolvents (AS). P = n-pentane, A = acetone, E = diethyl ether.

AMmino acid n/mmol n/mmol n/mmol m/g m/g VimL  V/ImL V/mL
amino acid Fe(OTf); - 1.9 MeCN TEA amino acid Fe(OTf); - 1.9 MeCN TEA  MeCN AS
gly 0.46 0.23 0.46 0.035 0.10 0.064 1.0 P25
L-ser 0.12 0.12 0.12 0.012 0.050 0.016 030 A10
L-thr 0.30 0.30 0.30 0.036 0.13 0.042 1.0 P15
L-his 0.12 0.12 0.058 0.018 0.050 0.0080 050 P15
L-asp 0.30 0.30 0.60 0.040 0.13 0.083 3.0 E 2.0
L-Cys 0.32 0.32 0.32 0.039 0.14 0.045 1.0 P20
L-tyr 0.93 0.46 0.93 0.17 0.20 0.13 4.5 E 2.0
L-leu 1.9 0.97 1.9 0.26 0.42 0.27 3.0 A 35
L-phe 0.74 0.37 0.74 0.12 0.16 0.10 3.5 -

Table 5.5: Crystallization attempts of nitrosyl-iron complexes with amino acids and the aukxiliary ligand acac from various solvents (S). MeCN = acetonitrile, DMF = N, N-dimethylformamide.

n/mmol n/mmol n/mmol  n/mmol m/g m/g VimL  V/mL V/mL
Amino acid amino acid Fe(OTf); - 1.9 MeCN TEA Hacac amino acid Fe(OTf),-1.9MeCN TEA Hacac S

1.7 1.7 1.3 1.7 0.26 0.73 0.18 0.17 DMF/MeCN25/2.5
pL-his 1.0 1.0 0.75 1.0 0.16 0.43 0.10 0.10 DMF/MeCN1.5/1.5

1.0 1.0 0.75 1.0 0.16 0.43 0.10 0.10 MeCN 3.0

1.0 1.0 0.75 1.0 0.13 0.43 0.10 0.10 MeCN /DMF 1.5/1.5
DL-asp 1.0 1.0 0.75 1.0 0.13 0.43 0.10 0.10 MeCN /DMF 1.5/1.5

0.17 0.17 0.13 0.17 0.022 0.072 0.017 0.017 DMF 0.50
DL-ser 1.0 1.0 0.75 1.0 0.11 0.43 0.10 0.10 MeCN /DMF 1.5/1.5
pL-thr 1.0 1.0 0.75 1.0 0.12 0.43 0.10 0.10 MeCN /DMF 1.5/1.5
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Table 5.6: Crystallization attempts of nitrosyl-iron complexes with amino acids and the auxiliary ligand tmeda from various solvents (S). MeCN = acetonitrile, DMF = N,N-

dimethylformamide.

n/mmol n/mmol n/mmol  n/mmol m/g m/g VimL  V/mL V/mL
Amino acid amino acid Fe(OTf); - 1.9 MeCN TEA tmeda aminoacid Fe(OTf),-1.9MeCN TEA tmeda S
) 1.7 1.7 0.85 1.7 0.26 0.73 0.12 0.26 DMF /MeCN 2.5/ 2.5
bL-is 1.0 1.0 0.50 1.0 0.16 0.43 0.069 0.15 MeCN 6.0
1.0 1.0 0.50 1.0 0.13 0.43 0.069 0.15 MeCN/DMF 15/1.5
1.0 1.0 1.0 1.0 0.13 0.43 0.14 0.15 MeCN 3.0
pL-asp 1.0 1.0 1.0 1.0 0.13 0.43 0.14 0.15 MeCN/DMF 1.5/1.5
0.17 0.17 0.083 0.17 0.022 0.072 0.012 0.025 DMF 0.50
DL-ser 1.0 1.0 0.5 1.0 0.11 0.43 0.069 0.15 MeCN /DMF 1.5/1.5
pL-thr 0.17 0.17 0.080 0.17 0.020 0.072 0.012 0.025 MeCN/DMF 0.25/0.25

Table 5.7: Crystallization attempts of a nitrosyl-iron species with DL-His and the auxiliary ligand bpy.

n/mmol n/mmol n/mmol n/mmol  m/g m/g VimL m/g VImL
pL-his  Fe(OTf)2 - 1.9 MeCN TEA bpy pL-his Fe(OTf), - 1.9MeCN TEA bpy MeCN
1.0 1.0 0.50 1.0 0.16 0.43 0.069 0.16 3.0

Table 5.8: Crystallization attempts of a nitrosyl-iron species with DL-His and the auxiliary ligand phen.

n/mmol n/mmol n/mmol n/mmol  m/g m/g VimL m/g VimL
pL-his  Fe(OTf)2 - 1.9 MeCN TEA phen  pL-his Fe(OTf),- 1.9 MeCN TEA phen MeCN
1.0 1.0 0.50 1.0 0.16 0.43 0.069 0.18 3.0
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Felgly/NO
IR (reaction solution, MeCN, ATR): v/cm™: 1789(vw,), 1740(vw).

IR (solid, ATR): v/cm™: 1799 (vw,), 1731 (vw).

Fe/ser/NO

IR (reaction solution, MeCN, ATR): v/cm™: 1803(vw, Vno).

Fel/acac/ser/NO

IR (reaction solution, MeCN/DMF, ATR): v/cm™: 1769 (m, vno).

Fe/ser/tmeda/NO

IR (reaction solution, MeCN/DMF, ATR): #/cm™: 1779 (m, vno).

Fe/thr/INO

IR (reaction solution, MeCN, ATR): v/icm™: 1782 (Vw, Vno).

Fe/his/INO

IR (reaction solution, MeCN, ATR): v/icm™: 1791 (VW, Vno).

Felacac/his/NO
IR (reaction solution, MeCN/DMF, ATR): v/cm™: 1779 (m, vno).

IR (solid, ATR): ¥/cm™: 1792 (Vvw, Vno).
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Fe/his/tmeda/NO
IR (reaction solution, MeCN, ATR): v/cm™: 1751 (vw, Vno).
IR (reaction solution, MeCN/DMF, ATR): v/cm™: 1773 (m, vno).

UV/Vis (reaction solution, MeCN, 3 mmol L™): A/nm: 331 (CT), 440 (CT), 600 (d-d-transition).

Fe/bpy/his/NO

IR (reaction solution, MeCN, ATR): #/cm™: 1786 (w, Vo).

Fe/his/phen/NO

IR (reaction solution, MeCN, ATR): v/icm™: 1789 (VW, Vno).

Felasp/NO
IR (reaction solution, MeCN, ATR): v/cm™: 1817 (vw, vno).

IR (solid, ATR): ¥/cm™: 1818 (vw, Vno).

Felacac/asp/NO
IR (reaction solution, DMF, ATR): ¥/cm™: 1771 (m, vno).

IR (reaction solution, MeCN/DMF, ATR): /cm™: 1778 (m, vno).

Fel/asp/tmeda/NO
IR (reaction solution, DMF, ATR): v/icm™: 1776 (m, vno).

IR (solid, ATR): ¥/cm™: 1772 (vWw, Vno).

Felcys/INO

IR (reaction solution, MeCN, ATR): v/cm™: 1792 (vw,), 1762 (vw).
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Fe/tyr/NO
IR (reaction solution, MeCN, ATR): v/cm™: 1793 (vw, Vno).

IR (solid, ATR): #/cm™: 1801 (vw, Vno).

Fe/leu/NO

IR (reaction solution, MeCN, ATR): v/cm™: 1796 (vw, vno).

Fe/phe/NO

IR (reaction solution, MeCN, ATR): v/cm™: 1775 (vw, vno).

5.8 Computational methods

DFT calculations were accomplished with the program system TURBOMOLE."%171 The starting
geometries were taken either from X-ray diffraction or set up manually using the graphical interface
TMoLEX.[1721731 Wave functions were calculated at the multipole-accelerated RI-DFT level, using the
basis set def2-TZVP!?2 and the functionals TPSSh*?¢8, BP86[23124 or B-97D12%, All calculations were
performed under tight convergence criteria using spin-unrestricted open-shell systems with a quartet
spin state. COSMOI*?l1 or COSMO-RSI*?8129 was applied for solvent correction. The dispersion
correction by Grimme with BJ-damping*’4 was used to consider van-der-Waals interactions. Frequency
analyses were run numerically and excited states were calculated in a TD-DFT approach.**Y Broken
symmetry calculations*313% were done with the program system ORca 3.0.3.1275 MPA34 and NPA[3]
analyses were carried out with the program package TURBOMOLE. The QTAIM analyses*36-3371 were
performed with the program system MULTIWFN['®], the Ao-Mix CDA analyses with the program packet
Ao-Mix*321331 The input files for these calculations were obtained from spin-unrestricted single point
calculations with the Orca 3.0.3 program package, whereby the DFT-optimized structures were set as

initial geometries.
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6 Appendix

6.1 Packing diagrams of the crystal structures

Figure 6.1: Packing diagram of 1b - %2 H,O in the triclinic space group P1 with view along [001]. The symmetry
elements of the space group P1 are overlaid. Atoms: carbon (gray), hydrogen (white), iron (orange), nitrogen (blue),

oxygen (red).
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Figure 6.2: Packing diagram of [Fe(H20)4(2)2]w» - 2 H20 in the orthorhombic space group Pbca with view along [100]. The symmetry elements of the space group Pbca are
overlaid. Atoms: carbon (gray), hydrogen (white), iron (orange), nitrogen (blue), oxygen (red).
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Figure 6.3: Packing diagram of 3 in the in the monoclinic space group P2+/c with view along [010]. The symmetry
elements of the space group P2i/c are overlaid. Atoms: carbon (gray), hydrogen (white), iron (orange), nitrogen

(blue), oxygen (red).
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Figure 6.4: Packing diagram of [Fe(H20)2(4)2] in the in the monoclinic space group P21/c with view along [010]. The symmetry elements of the space group P2+/c are overlaid.
Atoms: carbon (gray), hydrogen (white), iron (orange), nitrogen (blue), oxygen (red).
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Figure 6.5: Packing diagram of 5b in the in the monoclinic space group P2+/n with view along [010]. The symmetry
elements of the space group P2+/n are overlaid. Atoms: carbon (gray), hydrogen (white), iron (orange), nitrogen

(blue), oxygen (red).
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Figure 6.6: Packing diagram of 6 - H,O in the in the monoclinic space group P2 with view along [100]. The
symmetry elements of the space group P2, are overlaid. Atoms: carbon (gray), hydrogen (white), iron (orange),

nitrogen (blue), oxygen (red).
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Figure 6.7: Packing diagram of 7 - H20 in the orthorhombic space group Fdd2 with view along [001]. The symmetry elements of the space group Fdd2 are

overlaid. Atoms: carbon (gray), hydrogen (white), iron (orange), nitrogen (blue), oxygen (red).
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6.2 Crystallographic tables

Table 6.1: Crystallographic data of [Fe(edda)(H20)(NO)] - 2 H20 (1b - %2 H,0) and
[{Fe(H20)4}{Fe(NO)(nta)}2]wn - 2 H20 = [Fe(H20)4(2)2]wn - 2 H20.

compound

[Fe(edda)(H20)(NO)] - % H.0

(1b - % H,0)

[Fe(HZO)A(Z)Z]n/n -2 H0

netto formula CeH13FeNz0e.50 CeHi2Fe1.50N2010
Mi/g mol™ 287.04 355.95

crystal system triclinic orthorhombic
space group P1 Pbca

alA 7.9223(6) 7.6681(8)

b/A 12.3799(9) 12.2304(15)

c/A 12.4184(9) 26.315(3)

a/® 104.754(2) 90

p/° 101.383(2) 90

y/° 103.638(2) 90

VIA3 1100.81(14) 2468.0(5)

z 4 8

p/g cm™ 1.732 1.916

p/mm™t 1.394 1.840

crystal size/mm 0.128 x 0.081 x 0.040 0.200 x 0.050 x 0.020
temperature/K 173(2) 173(2)
diffractometer Bruker D8Quest Bruker D8Venture
radiation MoKaq MoKa

anode rotating anode (TXS) rotating anode (TXS)
rated input/kw 50 2.5

0 range/® 2.751-25.04 3.075-26.53
reflexes for metric 82 7045

absorption correction multi-scan multi-scan
transmission factors 0.6594-0.7452 0.6807-0.7454
reflexes measured 18384 65988
independent reflexes 3870 2551

Rint 0.0771 0.1142

mean o(l)/| 0.0659 0.0574

reflexes with | = 20(1) 2816 1919

X, ¥ (weighting scheme)
hydrogen refinement
Flack parameter

0.0324, 0.1791

a

0.0228, 5.2231

a

parameters 338 198
restraints 0 0
R(Fobs) 0.0417 0.0410
Rw(F?) 0.0815 0.0823
S 1.043 1.136
shift/errormax 0.001 0.001
max. electron density/e A= 0.459 0.542
min. electron density/e A= -0.407 -0.680

a The coordinates of hydrogen atoms bonded to oxygen atoms and nitrogen atoms were refined freely. The other hydrogen

atoms were calculated in idealized positions, riding on their parent atoms. Uiso was always coupled to the parent atom.
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Table 6.2: Crystallographic data of [Fe(bhedda)(NO)] (3) and [Fe(H20){Fe(NO)(Hedta)}2]n = [Fe(H20)2(4)2]n.

compound [Fe(bhedda)(NO)] (3) [Fe(H20)2(4)2]nn
netto formula C1oH18FeNsO7 Ci1oH1sFe1.50N3010
Mi/g mol™? 348.12 421.02

crystal system monoclinic monoclinic

space group P2i/c P2i/c

a/A 13.4496(5) 13.5547(5)

b/A 7.2995(3) 9.7325(4)

c/A 15.2882(6) 11.0127(4)

a/° 90 90

p/° 114.2367(11) 95.5394(13)

y/° 90 90

VIA3 1368.63(9) 1446.02(10)

z 4 4

p/g cm™ 1.689 1.934

p/mm1t 1.141 1.589

crystal size/mm 0.100 x 0.030 x 0.020  0.250 x 0.050 x 0.050
temperature/K 173(2) 173(2)
diffractometer Bruker D8Venture Bruker D8Venture
radiation MoKaq MoK

anode rotating anode (TXS) rotating anode (TXS)
rated input/kw 2.5 2.5

0 range/° 3.150-27.50 3.020-27.17
reflexes for metric 8332 6211

absorption correction multi-scan multi-scan
transmission factors 0.7002-0.7456 0.6746-0.7455
reflexes measured 24600 18231
independent reflexes 3158 3200

Rint 0.0399 0.0383

mean o(l)/| 0.0257 0.0272

reflexes with | = 20(1) 2669 2730

X, ¥ (weighting scheme)
hydrogen refinement
Flack parameter

0.0274, 1.2541

a

0.0323, 1.7839

a

parameters 196 225
restraints 0 0
R(Fobs) 0.0288 0.0299
Rw(F?) 0.0678 0.0715
S 1.066 1.037
shift/errormax 0.001 0.001
max. electron density/e A3 0.459 1.456
min. electron density/e A3 -0.239 —0.388

a The coordinates of hydrogen atoms bonded to oxygen atoms were refined freely. The other hydrogen atoms were calculated

in idealized positions, riding on their parent atoms. Uiso was always coupled to the parent atom.
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Table 6.3: Crystallographic data of [Fe'(edda)(H20)] (5b) and [Fe"(bhedda)] - H.O (6 - H20).

compound [Fe'"(edda)(H20)2] (5b) [Fe"(bhedda)] - H20 (6 - H20)
netto formula CeH14FeN20s C10H20FeN207

Mi/g mol™? 266.04 336.13

crystal system P2i/n P21

space group monoclinic monoclinic

a/lA 10.9071(3) 9.2749(5)

b/A 7.5083(2) 7.1006(3)

c/A 13.2820(4) 10.9111(6)

a/° 90 90

p/° 112.1251(9) 113.0863(15)

y/° 90 90

VIA3 1007.62(5) 661.03(6)

4 4 2

p/gcm3 1.754 1.689

p/mm- 1.509 1.175

crystal size/mm 0.100 x 0.100 x 0.080  0.100 x 0.080 x 0.020
temperature/K 173(2) 173(2)
diffractometer Bruker D8Venture Bruker D8Venture
radiation MoK MoK

anode rotating anode (TXS) rotating anode (TXS)
rated input/kw 2.5 2.5

0 range/° 2.071-27.50 2.029-26.41
reflexes for metric 5986 9937

absorption correction multi-scan multi-scan
transmission factors 0.6955-0.7456 0.6869-0.7454
reflexes measured 11432 16822

independent reflexes 2299 2670

Rint 0.0331 0.0332

mean o(l)/| 0.0275 0.0325

reflexes with | = 20(1) 2022 2627

X, ¥ (weighting scheme)
hydrogen refinement

0.0094, 1.1532

a

0.0529, 0.0476

a

Flack parameter - 0.023(6)
parameters 160 195
restraints 0 4
R(Fobs) 0.0240 0.0263
Rw(F?) 0.0582 0.1066
S 1.080 1.586
shift/errormax 0.001 0.002
max. electron density/e A3 0.413 0.649
min. electron density/e A3 -0.369 —0.758

a The coordinates of hydrogen atoms bonded to oxygen atoms and nitrogen atoms were refined freely. The other hydrogen
atoms were calculated in idealized positions, riding on their parent atoms. Uiso was always coupled to the parent atom.
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Table 6.4: Crystallographic data of [Fe'(Hhedtra)] - H20 (7 - H20).

compound [Fe'(Hhedtra)] - H20 (7 - H20)
netto formula Cio0H1sFeN20s

Mi/g mol™t 350.11

crystal system orthorhombic

space group Fdd2

a/A 36.366(3)

b/A 21.9743(15)

c/A 6.9742(5)

a/® 90

p/° 90

y/° 90

VIA3 5573.2(7)

Z 16

p/g cm™ 1.669

p/mmt 1.124

crystal size/mm 0.170 x 0.060 x 0.050
temperature/K 173(2)
diffractometer Bruker D8Venture
radiation MoK

anode rotating anode (TXS)
rated input/kwW 2.5

0 range/® 2.908-26.11
reflexes for metric 9914

absorption correction multi-scan
transmission factors 0.6479-0.7453
reflexes measured 34506

independent reflexes 2692

Rint 0.0808

mean o(l)/| 0.0342

reflexes with | = 20(1) 2540

X, ¥ (weighting scheme)
hydrogen refinement

0.0369, 5.9986

a

Flack parameter 0.000(9)
parameters 203
restraints 1
R(Fobs) 0.0278
Rw(F?) 0.0670
S 1.074
shift/errormax 0.001

max. electron density/e A 0.464
min. electron density/e A -0.287

a The coordinates of hydrogen atoms bonded to oxygen atoms were refined freely. The other hydrogen atoms were calculated

in idealized positions, riding on their parent atoms. Uiso was always coupled to the parent atom.
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