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1 General Introduction

Porphyrins are ubiquitous macrocycles in nature and their metal complexes are involved
in multiple key processes in living organisms, such as oxygen transport and photosyn-
thesis.[' 3 Due to their flexible electronic structure, which depends on the substitution
pattern, they easily incorporate different metal ions, preferebly in the oxidation state
411134 Numerous enzymes responsible for either the transport or the conversion of oxy-
gen involve an iron porphyrin complex, called heme, in the active center. [0l

Whereas nature is able to activate and transfer oxygen to substrates at ambient tem-
perature and pressure, industrial processes usually require harsh reaction conditions. "]
Thus, detailed investigation into dioxygen activation processes and oxygen transfer in
metalloenzymes is of considerable interest. Hence, often low molecular weight analogues
are developed to study and structurally understand intermediates in an enzyme’s cat-
alytic cycle or as functional models to perform oxygenation catalysis.[8:9]

In the present work, a new class of iron porphyrin complexes, the complexes of the
Siamese-twin porphyrin, '] are established. These complexes are inspired by the bimetal-
lic active center of the methane monooxygenase enzyme familiy and the mechanism of cy-

tochrome P450 to combine their electronic advantages for oxygen activation and binding.

1.1 Porphyrins

Porphyrins (2) (Fig. 1.1) are planar, tetrapyrrolic, aromatic macrocycles, which consist of
four pyrrole units (1) that are connected in 2- and 5-positions via methine groups (meso-
positions). To label the different positions in a heterocyclic ring and the porphyrin
the IUPAC nomenclature with arabic numbers is not consequently used in literature.
Alternatively, the use of the historical numbering with greek letters is very common and
also used in this work. [!!]

18 of the 22 m-electrons of the porphyrin ring are at once part of the delocalized aromatic
system, following Hiickel’s rule for aromaticity (4n+2 7-electrons, here: n = 4).['2l One

possible conjugation pathway is highlighted in Figure 1.1.

Due to their extended w-system, as a result of the numerous conjugated double bonds,
the HOMO (highest occupied molecular orbital) - LUMO (lowest unoccupied molecu-

lar orbital) gap is diminished. Thus, the UV-vis spectra of porphyrins show an intense



1.2. Expanded Porphyrins
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Figure 1.1: Left: Pyrrole labeled according to the TUPAC (numbers) and the historical nomen-
clature (greek letters). Right: Chemical structure of the porphyrin with highlighted
18 m-electron conjugation pathway as "internal cross" and the definition of the po-
sitions in the macrocycle.

absorption band (Soret band) at around 400 nm (7-7* transition) with extinction coeffi-
cients of 10> M~ lem ™! and weak so called Q-bands at wavelengths of 500 to 750 nm, [13:14]
resulting in an intensively colored molecule. The UV-vis spectrum of a porphyrin is very
sensitive towards minor changes of the electronic structure or the incorporated metal ion
and thus is the method of choice for the analysis of porphyrin systems.

When deprotonated, porphyrins are dianionic, tetradentate, chelating ligands with a
square planar nitrogen based coordination cavity (diameter: 0.6-0.7 A).B] Due to their
dianionic character porphyrins preferably coordinate dicationic metal ions but also metal
ions in lower or higher oxidation states, depending on additional axial ligands and the
size of the central metal ion.[">'7] The incoorporation of the metal ion inside the coor-
dination pocket of the porphyrins as out-of plane or in-plane, as shown in Figure 1.2,
is controlled by the size of the metal ion, whereby larger metal ions tend to be located

out-of plane. Varying the oxidation state of the metal ion changes its size and thus the

©) @

Figure 1.2: Schematic representation of the out-of-plane (left) and in-plane (right) coordination
of a metal ion in a porphyrin scaffold. 3]

geometry of the complex.

1.2 Expanded Porphyrins

Expanded porphyrins (EP) are porphyrinoids that contain more than 18 aromatic -
electrons or more than four heterocyclic building blocks. Due to their red-shifted NIR
absorption spectra, their ability to coordinate simultaneously up to two metal ions, and
their conformational flexibility affecting macrocycle w-conjugation and aromaticity, ex-
panded porphyrins are of high interest. A variety of different EPs has been synthesized in
the last decades.['8722] Due to their unique coordination motif these expanded porphyrins
are attractive molecules for non-linear optical materials,/??l as funtional dyes,[2%:24 jon

binding,[%] and the research on aromaticity. 26l
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1.2.1 Structure and Nomenclature

The heterocycles within an expanded porphyrin are not limited to pyrrole but can be
replaced by several other like thiophene, selenophene or furan. Even silicium-based hete-
rocycles are possible. 2730 EPs can adopt two coformations. In the normal conformation,
all heteroatoms point inwards like in 3 and the inverted conformation where at least one
heteroatom is pointing outwards (4). The conformation depends on the size of the EP
and the substitution pattern in 8- and meso-positions.

Due to historical reasons expanded porphyrins are often named after their color, like the
dark blue Sapphyrin (3) (Fig. 1.3). These common names are still in use among por-
phyrin chemists, even though there is a systematic nomenclature, following the nomen-
clature of FRANCK with sligth modifications:*1:32l The EP is mainly named after the
number of connected heterocycles n in its inner core: n = 5 pentaphyrin, n = 6 hexa-
phyrin, n = 7 heptaphyrin, n = 8 octaphyrin etc..[*3] The number of meso-carbon atoms
between each consecutive heterocycle is reflected by the numbers in brackets, seperated
by dots. Finally the number of m-electrons within the conjugation pathway is given in
square brackets in front of the name. For instance the complete name of Sapphyrin (3)
is [22]|pentaphyrin(1.1.1.1.0).

ZT

H

3 4

Figure 1.3: Structure of [22]pentaphyrin(1.1.1.1.0) (3) and [28]hexaphyrin(1.1.1.1.1.1) (4) each
with highlighted m-electron conjugation pathway.

1.2.2 Metal Complexes

A variety of mono- and bimetallic complexes of expanded porphyrins have been syn-
thesized so far.[33436] Due to possible cooperativity between the two metal ions these
complexes are highly attractive for reactivity studies. They can act as dinuclear centers
for bioinspired catalytic reactions or as molecules for optical data storage.’*” Due to
their ability of coordinating multiple metal ions paired with their tunable physical
and spectroscopic properties, expanded porphyrin metal complexes have shown their
potential as photosensitizer in photodynamic therapy (PDT)[®l as non-linear optical

materials/23] and contrast agents for magnetic resonance imaging (MRI).[39’41]



1.3. The Siamese-Twin Porphyrin (STP)

The flexibility of the EPs increases with their ring size and so does the ability to coordi-
nate metal ions with increasing radii such as lanthanides and actinides. 3”42l In bimetallic
complexes the selective incorporation of two equal or different metal ions is also possible,
which was demonstrated by OSUKA et al. for [26]hexaphyrin(1.1.1.1.1.1) 5 in 2005.[34
Depending on the metal ion and the complexation conditions the donorset of 5 can vary
from N3 over NoC (7) and N3C up to NoCs (6, 8) (Fig. 1.4) and the conformation can

be normal or inverted, [20:34-36,43]

CeFs CeFs CeFs CeFs
N N

CeFs CeFs CeFs CeFs

CeFs CeFs
N

N
CeFs CeFs

Figure 1.4: Selection of structures of metal complexes of the [26]hexaphyrin(1.1.1.1.1.1) 5 with
different donorsets. [>4-36]

Due to invertion of one or two pyrrole rings in most metal complexes of hexaphyrins,
the classical all-nitrogen coordination motif of a porphyrin can not be preserved. Fur-
thermore, no iron complexes of a hexaphyrin, made of regular pyrrole rings, have been

synthesized so far.

1.3 The Siamese-Twin Porphyrin (STP)

Even though a lot of different heterocycles were established in expanded porphyrin chem-
istry, no normal EP bearing a pyrazole was known until 2011, when FRENSCH synthesized
the so called Siamese-twin porphyrin (STP) (9 = LHy) (Fig. 1.5).['] The name origi-
nates from its two identical fused porphyrin-like binding pockets that are linked through
pyrazole moieties.['?] This non-planar and non-macrocycle-aromatic molecule is charac-
terized by the presence of two binding pockets whose Ny-coordination mean planes are

nearly orthogonal to each other.
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1.3.1 Structure

The structural motif (di-para-pyrazole-|[26/hexaphyrin(1.1.1.1.1.1) 10) (Fig. 1.5) of the
Siamese-twin porphyrin 9 was formely termed "double porphyrin" and initially, theoret-
ically described by LIND in 1987 but has not been synthesized to date.!**! Since function-
alized pyrazoles had proven to be suitable bridging ligands for multi nuclear transition

metal complexes,[*’l KATSIAOUNI tried to synthesize the macrocycle 11, which is alky-

lated in the pyrrole’s S-position, in another attempt to build a "double porphyrin". [46:47]
Ph Ph Ph
Ph Ph
Ph Ph Ph
9

Figure 1.5: Suggested structure of di-para-pyrazole-[26]hexaphyrin(1.1.1.1.1.1) (10) (left) and
the alkylated double porphyrin 11 (middle) and synthesized Siamese-twin por-
phyrin 9 (right), each with highlighted m-electron conjugation pathway.

The precursor porphyrinogen of 11 was only detected by mass spectrometry (MS),
because NMR spectroscopic investigations were not suitable, due to the enormous
amount of stereoisomers and the conformational flexibility of the porphyrinogen, but
has not been isolated. Furthermore, an oxidation of the pyrazols’ meso-positions of the
porphyrinogen towards the final "double porphyrin" 11 was not possible,[*®! because
these positions were too electron poor, like observed by LASH during the synthesis of

carbaporphyrins. [4]

The synthesis of the new pyrazole building block 120501 allowed for the synthesis of the
pyrrole/pyrazole building block 13, which is the key compound for the synthesis of the
STP 9.0

Ph Ph Ph
Ph
o P oo Ph Ph
W — 7 O N\= — Ph Ph
Ph” % Ph N-NH
N-NH \NH HN ./
Ph Ph Ph
12 13 9

Scheme 1.1: Key compounds 12 and 13 for the synthesis of the Siamese-twin porphyrin 9.

All peripheral positions of the macrocycle 9 were substituted by either ethyl groups (pyr-

role B-positions) or phenyl groups (meso-positions and 4-position of the pyrazole). The
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choice of the substituents and the particular substituent pattern was guided by prac-
tical synthesis considerations and to induce the proper conformation of the precursor
Siamese-twin porphyrinogen to allow its oxidation to the final product 9. The symmet-
ric 3,4-diethylpyrrole is readily accessible/®!l and does not give rise to the formation of
regioisomers due to the protected 3- and 4-positons. Furthermore the bulky phenyl and
ethyl substituents prevented an inverted conformation of the STP.

For electronic reasons the meso-phenyl groups adjacent to the pyrazole were necessary for
the oxidation to take place in this positions, due to the phenyl group’s electron pushing
effect and m-conjugation. [0l

The high steric pressure of the phenyl groups in the STP’s backbone induced the unique
twisted conformation of the STP (Fig. 1.6), resulting in a non-macrocycle-aromatic
molecule, as observed in NMR spectroscopy. ' Therefore the name "porphyrin" only
described the formal fully conjugated system of the STP but not its electronic struc-
ture. Further two- or four-electron oxidation of 9 by VOGEL in 2016 did not lead to
a macrocycle-aromatic molecule either. Even though NMR and UV-vis spectroscopy
could show a highly delocalized extended m-system, no switch to a macrocycle-aromatic
molecule was observed.[?2l A switch was expected because it was observed in hexaphyrin
analogues, which normally switch between Hiickel and Mo&bius aromatic systems, de-
pending on their redox and protonation state.[20:26] Instead, upon oxidation a linkage of
one pyrazole nitrogen atom and the meso-phenyl group for each two-electron oxidation

was observed (Fig. 1.6).

(a) (b)

Figure 1.6: (a) Sideview of the core structure of 9. (b) Linkage product (14) of the four-
electron oxidation of 9.

Despite its non-macrocyle-aromaticity the Siamese-twin porphyrin is a highly interesting

molecule for dinuclear metal complexes, due to its unique coordination motif.

1.3.2 Metal Complexes

With the STP (LHy) several homo- and hetero-bimetallic complexes LX (Fig. 1.7) were
synthesized. An enormous influence of the central metal ions on the electronic properties

of the macrocycle could be demonstrated by means of, e.g., cyclic voltammetry and EPR
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spectroscopy. [10:53-55] Interestingly enough, the mono-nickel complex LH2Ni could be
synthesized selectively at ambient temperature, making heterobimetallic complexes like
LNiCu accessible. 5]

Ph Ph Ph
LH,;Ni: M! = 2H, M? = Ni
Ph Ph LNiCu: 1\[1 = Cu’ 1\[2 — Ni
LNiy: M! = M? = Ni
LCuy: M!' = M? = Cu
Ph  Ph Ph

Figure 1.7: Homo- and heterobimetallic complexes of the STP LH,.[10:53-55]

The metal complexes LX exhibited well-defined redox processes in their cyclic voltammo-
gram, whose first two oxidations were shown to mainly take place at the dipyrromethane
subunits of the organic macrocycle (Fig. 1.8).1%3] Thus the Siamese-twin porphyrin is a

non-innocent ligand.

Ph Ph Ph

Ph  Ph Ph

Figure 1.8: Location of the ligand oxidation of LCus.[?!

The oxidation potentials change remarkably when one or two metal ions are changed from
copper to nickel or vice versa. With a shift of up to 260 mV, the influence of the metal ion
is much higher than in the corresponding meso-tetraphenylporphyrinato(TPP)-complexes
(AE = 60 mV).[56-58] This underlines the principally different electronic structures of the
non-macrocycle-aromatic STP compared to the aromatic porphyrins even further.

Remarkably LCus showed a ferromagnetic coupling between two pyrazolato bridged

copper(IT) ions observed for the first time, due to orthogonal coordination pockets. %3]

1.4 lron Proteins

Numerous metalloproteins that are responsible for either the transport or the conversion
of dioxygen involve an iron ion in the active center.[®l They can be distinguished between
three classes, heme, non-heme diiron centers, and mononuclear non-heme iron centers
(Scheme 1.2), whereas only the non-heme diiron and heme iron centers will be discussed
in more detail in this chapter. Heme proteins possess a substituted porphyrin ring with

an incoorporated iron ion, which will not described in more detail.
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Non-Heme Diiron Non-Heme Mono-
Heme Center Center iron Center
Fo - Fe!
Reduced / O
Enzyme O\TO /Fe”

H* +e + O,

v

O, \L 0-KG + O, \L
0

o

Metal-Peroxo/ HO\ Fe{('; ‘o;/’:el” \(.) 0.0
S < Y s L
H*
\L H,0O K CO,
Highvalent Q - Fex’\“g';/Fe'V »,uelv_o
e 00 T o

Scheme 1.2: Schematic representation of dioxygen activation by heme, non-heme diiron centers
and non-heme monoiron centers. [>]

As can be seen in Fig 1.2, non-heme monoiron centers obtain their four electrons, nec-
essary for the reduction of molecular oxygen, partially from external electron donors. /50l
In contrast, in non-heme diiron centers the two iron ions can provide the required four
electrons alone. With the coordination of molecular oxygen to the reduced iron(II) form
of the active center a diiron(III) peroxo species is formed which transforms into a high
valent bis(p-oxo)-diiron(IV) species, whose coordination geometry is called "diamond
core", by reductive homolytic cleavage of the dioxygen bond. This iron(IV) intermediate
was identified as the active species. [?:61:62]

Two classes of proteins that are able to bind and transfer molecular oxygen to organic
substrates with the afore-mentioned mechanisms are the heme based cytochrome P450
(Cyt P450) (Chap. 1.4.1) and the non-heme diiron containing soluble methane monoxy-

genase (sMMO) (Chap. 1.4.2).15

1.4.1 Heme lron Proteins

Heme iron proteins contain an iron porphyrin in their active center. Such metalloproteins
catalyze a variety of chemical reactions. such as the functionalization of aliphatic C—
H bonds to alcohols (cytochrome P450) or they operate as oxygen carriers in living
organisms (hemoglobin).[>%l The various heme iron proteins differ only in the protein’s

environment of the active center and in the proximal and distal ligands.
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Cytochrome

P450

Cytochrome P450, named after its carbon monoxid complex’s absorption band at 450 nm,

is a monoxygenase. It plays a major role in the biosynthesis of steroids, carcinogenesis

and drug metabolism. Cyt P450 catalyze the hydroxylation of non-activated C—H bonds

under physiological conditions, a reaction that is highly unspecific with a high activation

energy barrier when uncatalyzed. !

5,64]

OH = ROH

oy
T
)

o

<

12
/ §

T
)
T

S S,
Cys Cys
H202
g b
N e’
RH IS RH|™
0 ©
e
:
N\ Q S
Cys s “Cys
t - h0 d
02
H+
HO, RH| o. RH]
S‘c S‘C
ys ysS
o RAIZ /
\ e - e
v
S
\Cys
Scheme 1.3: Schematic representation of the catalytic cycle of the hydroxylation of campher
by cytochrome P450cam.[64]
Cytochrome P450, more precisely Cytochrome P450cam (Cyt P450cam), is a well

studied metalloenzyme catalyzing the regio and stereo specific hydroxylation of cam-

pher (Scheme 1.3). However, several details of the mechanism of this hydroxylation

(Scheme 1.3)

are still unexplained.®%*] Whereas the intermediates a, b and g have

been structurally characterized, most other intermediates were postulated through

spectroscopic comparison with model complexes. One reason is the limited lifetime of
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high valent iron oxo species even at low temperatures. Intermediate f, often labeled
as Compound T (Cpd I) or "active oxygen species", is the key intermediate for the

activation of molecular oxygen. [3:5:6467]

As can be seen in Scheme 1.3 two of the four electrons necessary are provided by the sub-
strate, whereas the remaining two reduction equivalents are provided by external donors.
Hence, it is clear that mononuclear heme iron complexes are not able to activate or split
molecular oxygen by themselves. Only the interaction with the enzyme framework allows
this reactivity, (68l showing the importance of the latter in enzymatic catalysis. Thus, the
enzyme framework does not only ensure the spacial proximity between substrate and
active center but rather protects it against undesired side reactions and provides the

channels for the reactants, including electrons and protons.[68]

1.4.2 Non-heme Diiron Proteins

All non-heme diiron enzymes possess a similar coordination environment of their iron
center with carboxylic aminoacids i.e., glutamate and aspartate,!®! resulting in an ex-
tremely flexible conformation during dioxygen activation. [70,71] Besides a few exceptions,
for example Hemerythrin, the main function of these iron proteins is the activation of
molecular oxygen and the subsequent oxygenation catalysis of various substrates. [69] The

main pathway of this activation reaction is displayed in Figure 1.2.

Methane Monoxygenase

The methane monoxygenase (MMO) family is another representative of non-heme
diiron enzymes. It is an outstanding family of enzymes from methanotropic bacteria,
using methane as carbon and energy source by the oxidation to methanol.[61:63.72]
The first step of the methane metabolism is the oxidation of the robust C-H bond,
a tremendous performance.l%3] The industrial oxidation of methane to methanol is
thereby only accessible via a two-step process, which makes the process unselective and

cost-intensive. [7>73]

In general, two types of MMOs, the particulate form (pMMO) having copper in its
active center and the soluble form (sMMO) with two iron atoms in its active center,
can be distinguished. Due to its accessibility, stability and solubility the sMMO is the
MMO type of choice for the examination of the dioxygen activation. [63,68] Tts hydroxylase
subunit MMOH, in which the oxidation of methane takes place, is able to oxidize different

saturated and unsaturated, linear, branched or cyclic hydrocarbons up to Cg as well as

10
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halogenated derivatives in laboratory experiments, if it gets chemically reduced by an

external reductant.[63:68,74,75]

The coordination motif of the sMMO is displayed in Scheme 1.4.

Glu
Glu Glu 0
Glu Glu i
Glu
N S U L oy 0§
\Fe/O~Fe/O O 2 (6] O\| O / o o)
His N7 /N His His. rfe~ag-fes His
N H*, e N7 A\TO7/Y
[ ) 00 </N\ T\> OHOQT
H Glu H N Eu N
MMOH;eq MMOH gy

Scheme 1.4: Schematic representation of the carbozylate shift of MMOH in its reduced (left)
and oxidized form (right).

Due to the carbozylate shift the bridging glutamate residues can bind either in a p—n':n?

or end-on fashion, depending on the oxidation state of the enzyme.!63:76l

Scheme 1.5 shows a schematic representation of the catalytic cycle of the soluble methane
monoxygenase hydroxylase (SMMOH) center. Only the reduced and oxidized forms
MMOH,eq and MMOH, could be authenticated by solid state crystal structure determi-
nation. The other intermediates were characterized or determinated by a variety of spec-
troscopic techniques like UV-vis and EPR spectroscpocy, stopped-flow measurements,
resonance Raman and especially MéRbauer spectroscopy, (63757781 one of the most pre-

cise techniques for the determination of the iron ion’s oxidation and spin state. (82!

NAD* + H,0 0,
Fe' Fe'
NADH o K
H MMOH 4
| 02
Fell” “Eell Fel' Fe!
. \/MMOHOX N o, MMOH..g
CH .
CHOH :i(\—/ 4 0
Yo .
Fely jFe Fe'” “Fe!

MMOHq \ Fellop‘FeIIIA/ MMOHsyperoxo

MMOH peroxo

Scheme 1.5: Schematic representation of the catalytic cycle of the soluble methane monoxyge-
nase hydroxylase (sMMOH).

Interestingly enough, the peroxo intermediate MMOH ¢rox0 is stable under ambient tem-

peratures in contrast to synthetic peroxo-complexes and does not decompose into a di-

iron(IT) species.[33] Instead, a high valent iron-oxo intermediate (MMOHgq) is formed,

11



1.4. Iron Proteins

whose decay to MMOH,y can be accelerated by the addition of a substrate. Therefore
MMOHg, is distinguished to be the active species in the oxidation of methane. [7%:79:80]
The oxidation state of +IV could be determined by Mofsbauer spectroscopy, showing
only one iron species with a minor isomer shift of § = 0.17 mm-s—!, a typical value for
Fe(IV).[79:82]

An oxidation state of +IV was confirmed, among others, by EXAFS measurements. 5]
However, the actual structural motif of the iron center could not be identified with ab-
solute certainty, due to the absence of a solid state crystal structure. Furthermore the
mechanism of the substrate oxidation is still the subject of ongoing research and various

calculations and measurements are proposing and assuming different mechanisms. [8%:3°]
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2 Objective

It has been shown that metalloproteins containing redox active metal ions, for example
iron, in their active center efficiently activate and transfer dioxygen to various substrates,
which is a four electron redox process, very efficiently at ambient conditions. The familiy
of Cyt P450 for instance combines, in the key intermediate Cpd I, a porphyrin cation
radical scaffold with a high valent oxoiron(IV) unit to oxygenate various substrates. Fur-
thermore, the Siamese-twin porpyhrin (STP) has been shown to be a suitable platform
for hetero- and homobimetallic complexes. Their redox chemistry is fascinating, even
though it is much distinct from that of a normal porphyrin scaffold. 7255861 With the
synthesis of hetero- and homobimetallic complexes of the STP incorporating redox active
metal ions like iron, suitable complexes for the activation of small molecules, especially
molecular oxygen, can likely be obtained. The complexes combine two functional prin-
ciples of a mononuclear heme iron enzyme, namely a redox non-innocent oligopyrrole
scaffold, and of a non-heme diiron enzyme. In the latter one the two redox active metal
ions work in concert to provide the four electrons needed for the activation and conversion
of molecular oxygen. The Siamese-twin porphyrin scafffold has the ability to supply up
to two electrons, like it has been shown for the nickel(II) and copper(II) complexes. 55,86l
Furthermore, in their ferrous state, the two iron ions can potentially provide two elec-
trons each by the oxidation state change to iron(IV). The combination of the STP with
two iron(IT) ions should therefore be able to supply up to six electrons for the activation
of small molecules and should further be of particular interest with regard to its redox

chemistry in general.

The aim of this work was to synthesized and characterize first hetero- and homobimetallic
iron complexes of the parent STP and to investigate their redox behavior to obtain first

insights into the fundamental iron coordination chemistry of the STP scaffold.

With the use of different metal ions within a heterobimetallic complex, iron complexes
with characteristic redox potentials can the synthesized. Analytic methods should
comprise different techniques like UV-vis, IR, EPR and Moéfsbauer spectroscopy as well

as magnetic susceptibility measurements.

13



Ph  Ph Ph

Ph  Ph Ph

M = Fe, Ni, Cu

Figure 2.1: Potential homo- and heterobimetallic iron complexes of the parent Siamese-twin
porphyrin.

Furthermore, new STPs with different substitution patterns should be synthesized, since
so far, no structural variations of the parent free base Siamese-twin porphyrin (LHy)

have been reported.

CPh_Ph PR
Nz

Y
CPh_Ph_PD

LH,4

Figure 2.2: Chemical structure of the free base parent STP LH4 with highlighted substituents
in the pyrazoles’ meso and 4-position (green) and the meso-phenyl groups located
between two pyrrolic moieties (blue).

A variation of the substituent at the pyrazoles’ meso- and 4-position (Fig. 2.2 green)
would change the molecule’s physical properties and should minimize the steric demand
in the STP’s backbone, which would result in a more planar conformation. Variation
of the meso-phenyl group located between two pyrrolic moieties (Fig. 2.2 blue) would

primarily change the molecule’s electronic and physical properties.
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3 A New Pyrrole/Pyrazole Building
Block

Since the unique twist of the STP, induced by the high steric demand of the bulky
phenyl groups, prevents a macrocycle-aromatic system, a planarization of the whole STP
is desirable. A more planar conformation of the Siamese-twin porphyrin would further
lead to an opening of the coordination pocket in metal complexes and the corresponding
metal ion would be less shielded. Geometry optimizing DFT calculations have shown,
that the Siamese-twin porphyrin core would be completely flat, when any substituent
is taken away. [54] However, it is more practicable to minimize the steric demand in the
backbone of the pyrazole building block 15, since the use of non-substituted pyrrole
led to hardly soluble products with vanishingly low yields in their synthesis and the
follow up reaction.[®] Nevertheless, electron donating groups in the pyrazole’s meso-
positions are required so that these positions can be oxidized.*®! Because a synthesis of
a pyrazole building block with phenyl groups only in the meso-position (17) (Scheme
3.1), for example by reacting phenyllithium with 1H-pyrazole-3,5-dicarbaldehyde (16),
was not successful so far, 87 a building block with phenylacetylene groups in the meso-
positions (18) was synthesized in this thesis. This compound has a lower steric demand
in the backbone but should still be easy to oxidize in the pyrazoles’ meso-positions in
the corresponding STP, since the phenyl groups still have an electron donating effect via

the acetylene linker.

Ph
PWh 0 o oL Ph Ph
- >
Ho” T “oH HWH HOWOH
N-NH N-NH N-NH
15 16 17
Li—=ph
Ph Ph
7
HO T~ oH
HN-N
18

Scheme 3.1: Structure of the initially used diol 15 and the schematic reaction towards new
pyrazole builing blocks 17 and 18 without any substituent in the pyrazole’s 4-
position, with 1H-pyrazole-3,5-dicarbaldehyde (16) as starting point.
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The synthesis of pyrazole-based diol 18 seemed to be the most challenging step because
it was assumed to react similar to the pyrazol building block 15. The meso-position
should be more activated towards a nucleophilic attack of the pyrroles’ a-position and
therefore 18 should react more easily with 3,5-diethylpyrrole.

The synthesis was started from 1H-pyrazole-3,5-dicarbaldehyde (16), which dimerizes
over time leading to a nearly insoluble and unreactive white dimer, 88l which did not fur-
ther react with lithium phenylacetylide. To increase solubility by preventing the dimer-
ization and to protect the NH-function in further reactions, a methoxymethyl (MOM)
protecting group was introduced. The MOM group should be easy to cleave under mildly
acidic conditions, for example in the reaction step in which the OH is exchanged by a
chloride by use of SOCly. Therefore no extra reaction step for the cleavage of the MOM

group should be necessary.

Ph Ph
3 7 \ i

1) PhCCH,
0 O 1)NaH HWH nBuLli, -78 °C

N N-N N
HWH 2) MOMCI Y 2) NHCI HO" d .y ©OH
O\ O>
\
16 19 20

Scheme 3.2: Synthesis of 1-(methoxymethyl)-3,5-bis(1-hydroxy-3-phenylprop-2-yn-2-yl)-1H-
pyrazole (20).

The dicarbaldehyde 16 was suspended in a large amount of THF over night and the
pyrazole was deprotonated with sodium hydride. Subsequently MOMCI was added and
the resulting mixture was stirred for 50 min before the reaction was stopped by the ad-
dition of water. After extraction with dichloromethane the raw product was purified by
column chromatography to yield the desired product 19 (60 %). 19 was characterized
via EI mass spectrometry and NMR spectroscopy (see Chap. 9.2.1).

To introduce the phenylacetylene group n-butyllithium was added to a solution of pheny-
lacetylene (PhCCH) in dry THF at —78 °C under inert conditions and the mixture was
stirred for 1 hour. Subsequently, 19, dissolved in THF, was added and the solution was
warmed up to ambient temperature over 1 h. Aqueous ammonium chloride solution was
added and the reaction mixture was extracted with THF and washed with brine. Af-
ter drying the raw product was purified by column chromatography to yield the desired
product (73 %). The diol 20 was characterized by EI mass spectrometry and NMR
spectroscopy (Fig. 3.1).

A reaction of 1-(methoxymethyl)-3,5-bis(1-hydroxy-3-phenylprop-2-yn-2-yl)-1H-pyrazole
(20) with SOCIly according to literature!'l was not successful. "H NMR spectroscopy of
the reaction outcome showed neither the anticipated reaction nor a cleavage of the MOM
protecting group. Most of the starting material was still intact, but decomposed with

extended reaction time or higher temperatures. Especially the unsuccessful cleavage of
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3 A NEW PYRROLE/PYRAZOLE BUILDING BLOCK

the protecting group was surprising, because it should be easily split off under already

mild acidic conditions/®! and even easier with refluxing SOCls.

Ph Ph Ph Ph
I\ il | i
(COCl),

HO \ S OH Cl \ D Cl
N-N excess DMF N-N

) )

(0] (0]

AN AN
20 21

Scheme 3.3: Synthesis of 1-(methoxymethyl)-3,5-bis(1-chloro-3-phenylprop-2-yn-2-yl)-1H-
pyrazole (21).

The reaction with oxalylchloride (COCI), instead of thionylchloride did not yield the
expected product either, when literature known procedures were used. !l Only an in-
crease of the amount of dimethylformamide (DMF) to more than 100 equivalents made
the conversion to the dichloride compound 21 possible.

(COCI), was added to a solution of DMF and acetonitrile at —20 °C under inert con-
ditions and the solution was stirred for 20 min. The diol 20, dissolved in MeCN, was
subsequently added dropwise and the reaction mixture was allowed to warm up to am-
bient temperature and stirred for 2.5 h. After removing the solvent the raw product
was purified by column chromatography to yield 21 (68 %). The methoxy-methyl group
was still present, as could be seen in mass spectrometry and NMR spectroscopy by the

occurrence of the characteristic signals for the MOM’s CH3 and CHy groups (Fig. 3.1).

CH CHs

Ph

CH,

I Y T

CHs

Ph
pz
-J‘_J_‘];_JL._‘.__ i JU_ ) i

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

S —

Figure 3.1: 'H NMR spectra of the diol 20 (top) and the corresponding dichloride compound
21 (bottom) in acetone-dg.
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Unfortunately the dichloride compound 21 showed faster decomposition than the regu-
lar dichloride building block with three phenyl groups, but could nevertheless be used
for coupling reactions with 3,5-diethylpyrrole. Because the coupling was not successful
under the literature known conditions, 19461 3 5-diethylpyrrole was replaced by pyrrole,
5-phenyl-dipyrromethane or thiophene, the latter one being more reactive in a-position,
and used for coupling reactions with both the dichloride (21) and the diol building block
(20) (see Tab. 3.1). None of these reactions led to a coupling.

Furthermore, the MOM group could not be removed, not even under harsh acidic con-
ditions or with heterogeneous catalysts like KSOy4 - SiO9 and ZnBr."'9Y The presence
of the protecting group could lead to problems after the successful coupling with one of
the heterocycles, because a ring closing towards the corresponding porphyrinogen would
eventually not be possible due to the steric demand of the two MOM groups that are both
pointing into the coordination pockets. Furthermore, the MOM group would prevent the
corresponding pyrazole nitrogen atom from coordination to metal ions. Therefore a syn-

thesis without a protecting group was developed.

Ph Ph Ph Ph
o o 1)nBuli,78°C W i W i
ultra sonic bath (COCl)e,
W Ho' % T ow o’ % T o
Ho Nenw Po2nke N-NH excess DMF N-NH
16 18 22

Scheme 3.4: Synthesis of 3,5-bis(1-chloro-3-phenylprop-2-yn-2-yl)-1H-pyrazole (22).

The 1H-pyrazole-3,5-dicarbaldehyde 16 was suspended in THF over night in an ultra
sonic bath connected to water cooling. n-Butyllithium was added to a solution of
phenylacetylene in dry THF at —78 °C under inert conditions and the mixture was
stirred for 1 h. Subsequently the mixture was slowly added to the suspension of
1 H-pyrazole-3,5-dicarbaldehyde (16). The mixture was treated in the ultrasonic bath
for additional 5 h. Afterwards a saturated aqueous ammonium chloride solution was
added and the reaction mixture was extracted with THF and washed with brine. After
drying, the crude product was purified by column chromatography and the desired
diol 18 was obtained in a lower yield (26 %) than the protected one (44 % over two
steps). 18 was characterized by EI mass spectrometry and NMR spectroscopy (Fig. 3.2).

Like the MOM protected building block 20, reaction with oxalylchloride yielded the
dichloride compound 22 in reasonable quantity (35 %). The shift of the proton NMR
signals in respect to the diol 18 is not as obvious as is was in case of the MOM protected
one, but the OH-peak was not observable anymore. Nevertheless, the carbon NMR . spec-
trum indicate a shift of the corresponding carbon atom and the meso-pyrazol acetylene

carbon signals as expected.
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3 A NEW PYRROLE/PYRAZOLE BUILDING BLOCK

Ph
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Figure 3.2: '"H NMR spectrum of the diol 18 in acetone-dg. Solvent impurities are marked with
an asterisk.
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Figure 3.3: Low field region of the >C NMR spectrum of the diol 18 (top) and the correspond-
ing dichloride compound 22 (bottom) in acetone-dg.

19



The dichloride compound 22 was decomposing rapidly even under inert conditions and
was therefore only used in direct coupling with 3,5-diethylpyrrol, pyrrole, 5-phenyl-
dipyrromethane and thiophene; these reactions were performed in DCM (Tab 3.1).

A direct coupling with the heterocycles mentioned above was again not successful, neither
with the diol 18 nor its chloride analog 22. Therefore, a variety of different reactants
was tested. The reaction conditions used for the different unsuccessful coupling reactions
with 3,5-diethylpyrrole, pyrrole, 5-phenyl-dipyrromethane and thiophene are given in ta-
ble 3.1. Since 18 appeared to be the most suitable compound, it was used in most of the

reactions.

Table 3.1: Different reaction conditions used for the coupling of the pyrazole building blocks
18, 20, 21 and 22 with the different heterocycles at ambient temperature.

Compound Reactant ‘ Equivalents ‘ Solvent ‘ Time
18, 20, 21, 22*bcd - - CHyCly | 2 h/16 h
18, 20*P-c.d BF; - Et50 2.9 MeCN | 2h/16 h
18»bcd TFA 0.2/2.0 | CH2Cly | 2h/16 h
1824 Amb-15 0.2/2.0 | CH2Cly | 2 h/16 h
18¢ KHSO, - SiO, 0.2/2.0 CH,Cl, 16 h
18¢ AcOH 0.2/2.0 CH,Cl, 16 h
182¢ TsOH 0.2/2.0 CH,Cl, 16 h

[a] 3,5-diethylpyrrole. [b] pyrrole. [c] 5-phenyl-dipyrromethane. [d] thiophene.

The expected similar reactivity of the phenylacetylene pyrazole building blocks 18 and 22
in comparison to the previously used pyrazole building block with three phenyl groups
in the backbone was not observed. This finding could not be explained so far, but
other investigations have shown that the electronic structure of the pyrazole building
block has a huge influence on its coupling reactions. Whereas 3,5-bis(chloromethyl)-
1 H-pyrazole does react with 3,5-diethylpyrrole straight forward!*6l the corresponding
3,5-bis(chloromethyl)-1H-triazole did not react at all.[?]
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4 New Siamese-Twin Porphyrins

The synthesis of new Siamese-twin porphyrins is of high interest, due to their inter-
resting electronic structure, especially in metal complexes. Besides the planarization
by removing steric pressure in the STPs backbone (Chapter 3), the variation of the
aldehyde used for the cyclization reaction is another possibilty to change the molecule’s
physical properties.

A variation of all or some of the meso-groups perceivably modulates the electronic prop-
erties of the STP-macrocycle, even though the meso-phenyl groups are in the solid state
idealized orthogonal to the mean plane of the position of the macrocycle they are at-
tached to in the solid state.'°l However, parallel to the findings for meso-arylporphyrins,
some rotational freedom of the meso-phenyl groups can be assumed, with the transition
state of the rotation possibly being stabilized by resonance effects. 96981 Even though
the electronic effects, due to inductive effects of the meso-phenyl substituents, of varying
meso-aryls are small, they are not negligible.m’gg’lm] meso-Alkylporphyrins are also
electronically much distinct from their meso-aryl congeners. 103l

With the use of electron withdrawing or donating substituents the oxidation or reduction
of the corresponding metal complexes should be easier or harder to achieve. Furthermore
it has been shown in literature, that slight changes in the porphyrin backbone by electron
donating or withdrawing groups have an influence on the binding of substrates, for
example oxygen to a cobalt TPP complex.1%4 The tuning of the redox potential can
therefore help to find suitable metal complexes of the Siamese-twin porphyrin for the

activation of small molecules.

4.1 Synthesis of XLH,

Of all the substituents on the Siamese-twin porphyrin framework, in principle, none are
as readily varied as the meso-phenyl group located between two pyrrolic moieties (Fig.
4.1).[10’86] All it requires is the variation of the arylaldehyde in the 3+3 condensation
step of pyrrole/pyrazole building block 13 with an arylaldehyde to produce porphyrino-
gen XLHg, where X reflects the substitution pattern at the used arylaldehyde. This
intermediate is subsequently oxidized to the final product * LHy4 (Scheme 4.2). Its prac-

tical realization, however, proved to be more problematic.
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4.1. Synthesis of XLHy4

A series of arylaldehydes containing electron donating and withdrawing substituents as
well as heptanal were used for the cyclization of 13 following the standard literature
procedure for the preparation of LH4.[1952] All of the aldehydes tested resulted in the
formation of the porphyrinogen XLHg (Tab. 4.1).

Ph Ph Ph
Ph
PR Ph R-CHO, TFA
@& R R
= - - CH,CI
SONH NN N 2ve
Ph Ph Ph
13 XLHsg

Scheme 4.1: General synthesis of the Siamese-twin porphyrinogen XLHg.

The characterization of the porphyrinogen, as a mixture of multiple stereoisomers, is not
trivial, because it is hard to detect in mass spectrometry and the proton NMR spectra are
always very complicated due to the high number of stereoisomeres and therefore barely
meaningful.[w] Furthermore, the yields for the oxidation reaction with DDQ have been
much higher, if the porphyrinogen was oxidized as soon as possible. Therefore the reaction
mixture of the cyclization was always concentrated and filtered over a plug of basic
aluminum oxide, where XLHg was the only fraction passing. The porphyrinogen could
be isolated and directly oxidized with DDQ to the corresponding expanded porphyrin
XLHy (Scheme. 4.2).

Ph  Ph Ph
DDQ
R R
Toluene, AT
Ph  Ph Ph
XLHg XLH,4

Scheme 4.2: Synthesis of the Siamese-twin porphyrins X LH4 with displayed Cy symmetry axis.

The new Siamese-twin porphyrins were sythesized according to literature, 0361 but the
reaction time was lowered to 8 minutes and then the reaction mixture was rapidly cooled
down to avoid overoxidation."2] The solvent was removed under reduced pressure and the
resulting residue was suspended in a mixture of MTBE/CH,Cly/EtOAC 10:3:1, filtered
over a plug of basic aluminum oxide, where the expanded porphyrin XLHy4 was the only
fraction passing, and dried under reduced pressure. [52] The raw product was then further
purified by column chromatography on silica with methanol as eluent. The isolated yields
of the STP-derivatives XLHy are listed in Table 4.1.
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4 NEW SIAMESE-TWIN PORPHYRINS

Characterization of the resulting STPs was notably easier than the characterization of the

porphyrinogens. The Siamese-twin porphyrin derivatives formed were spectroscopically

characterized and showed all the expected analytical data. On a routine basis, the singly
and doubly protonated [M+H] and [M+2H]?* species could be observed in the ESI*

mass spectra, another indication for the relative pronounced electronic independence

of each pyrrolic binding pocket in the STPs, shown previously also in solution state

investigations. [10]
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Figure 4.1: Cut-out HRMS ESI* spectra of the species [M+H]|t (black) of PM°LH, (a),
PFLH, (b), M*OLH, (c), PM*OLH, (d), **FLH,4 (e) and Pe™>FLH, (f) as

well as the calculated isotopic pattern (grey bars).
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4.1. Synthesis of XLHy4

Table 4.1: Experimental findings and Hammett parameters of the aldehydes used.

Aldehyde Label | Yield / %/l | S olb] | Moz / nml®l
PhCHO LH, | 500101 (23)[d] | 0 (by definition) 640
4-CH3-PhCHO pMey H, 24 —0.17 640
4-F-PhCHO PFIH, 9 0.06 637
3,4,5-OCH;3-PhCHO MeO7 1, 15 —0.03 640
4-OCH3-PhCHO pMeOT 1y, 27 —0.27 640
2,4,6-F-PhCHO tri-FrH, lel 0.06 -
2,3,4,5,6-F-PhCHO | Penta~FL |, le] 0.74 -
n-CgH;3CHO - n.d.[f] - -

[a] Isolated yield of (micro-)crystalline material based on pyrrole/pyrazole building block 13 used
in synthesis. [b] Sum of Hammett parameters of a single meso-aryl group.['9] [c] Longest wave-
length of absorption (in CH,Cly) cf. also Figure 4.3. [d] The high yield reported by FrEnscu[1]
could not be reproduced on a routine basis at larger scales reported here. [e] Detected by MS.
No material isolated. [f] Not detected.

Remarkable are the diverse isolated yields of the products, varying from traces for
penta~FT H , to 9% for PFLHy | to satisfying yields of 24% and 27% for PM®LH,4 and
PMeOT |, respectively. While aldehydes carrying the strongly electron-withdrawing
substituents, such as 2,4,6-trifluoro- and 2,3,4,5,6-pentafluorobenzaldehyde, were ex-
pected to be more susceptible to nucleophilic attack and thus to react faster than the
electron-rich aldehydes, this did not translate into higher isolated yields of the final
product. This effect may be due to a decreased reactivity of the porphyrinogen precursor
in the oxidation step. Thus it was found that the use of meso-C¢F5 groups did not
have any benefits, even though this meso-substituent has been particularly popular
in the field of expanded porphyrinic macrocycles.[26:106-113] Tnyersely, the somewhat
more electron-rich aldehydes 4-methyl- and 4-methoxybenzaldeyde produced high yields
of product. Heptanal led to the formation of an unstable product that could not be
characterized as an STP by HR-MS and UV-vis spectroscopy. Thus, p-tolylaldehyde,
4-fluorobenzaldehyde, 4-methoxybenzaldehyde and 3,4,5-trimethoxybenzaldehyde al-
lowed the synthesis of the corresponding STPs in multi-100 mg batches using 2 gram of
13 in 350 mL solvent. The degree of crystallinity of the substituted STPs also differs

significantly from each other, contributing to the higher yields for some of the products.

The proton NMR spectrum of each STP was recorded at —35 °C due to signal
broadening at higher temperatures (Fig. 4.2). As can be seen in the inset the
introduction of three methoxy groups resulted in a more unstable expanded porphyrin
which always showed decomposition in solution, resulting in more than three methoxy
peaks. This effect was much weaker, yet still observable when 4-methoxybenzaldehyde
was used. Like LH4 all new STPs are Cy symmetric (Fig. 4.2), resulting in half a set of

proton and carbon NMR signals. [°]

24



4 NEW SIAMESE-TWIN PORPHYRINS
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Figure 4.2: 'H NMR spectra of the different STPs in CD,Cl, at 238 K. The inset shows the
region of the methoxy groups of the corresponding spectrum. Solvent impurities
are marked with an asterisk.

The UV-vis spectra of the STPs XLHy are all as expected, and nearly identical to the
all-phenyl derivative LHy4 , because the phenyl group’s inductive effect does not affect the
HOMO-LUMO gap. The differences observed in their extinction coefficients are within

the error of the measurement (Fig. 4.3).
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Figure 4.3: UV-vis spectra of the different STPs in CH2Cly at ambient temperature.

However, the substituents modulate to a noticeable degree the solubility of the STPs.
In particular, the presence of methoxy groups remarkably increased the solubility of the
SPTs in polar solvents like acetone or methanol, complicating the cleanup and crystal-

lization. Therefore no crystal structures of the Siamese-twin porphyrins PMeOLH, and
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4.1. Synthesis of XLHy4

MeOT,H, could be obtained so far. Nevertheless, the single crystal X-ray structures of
PFLH, (Fig. 4.4) and PMCLHy (not shown, see Appendix) could be determined.

(b)

Figure 4.4: Ball-and-stick model of the molecular structure of PPLH, (a) top view and (b)
side view as stick model along the pyrrole/pyrrole meso-position axis. All carbon-
bound hydrogen atoms, disorder and solvent molecules were omitted for clarity
(grey: carbon, blue: nitrogen, green: flourine, white: hydrogen).

The framework structures of LHy, PMCLH, , and PPLH, are all near-identical to each
other, albeit the compounds crystallized in different space groups (LHy4: P1, PMeLH,
and PPLHy: P2;/c). Thus, the change of the two meso-substituents did not alter the
twisted conformation of the macrocycle (Fig. 4.5). This underlines the conformational

rigidity of the macrocycle imposed by the substituents, shown previously. [53-55]

Figure 4.5: Overlay of the macrocycle core structures of LH4[5? (black), PM°LH, (red) and
PFLH, (blue) as determined by single crystal X-ray crystal diffractometry indicat-
ing near-identical conformations. For details see appendix.

Due to the enhanced solubility of pPMeOT 11, and MeOL,H, no solid state crystal struc-
ture could be obtained so far. The molecular structure of these derivatives was calculated
by DFT methods using the ORCA program, because DFT calculations have previously
been shown to predict the conformations of STPs and its metal complexes with high
fidelity. [10,53-55] The computed conformation of PMeOLH, and M®OLH, indicated the
retention of the conformation observed and calculated for LHy4. The perpendicular ar-
rangement for the aryl groups prevents any steric clashes between the aryl substituents

and the neighboring S-ethyl groups (Fig. 4.6).
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4 NEW SIAMESE-TWIN PORPHYRINS

(b) (c)

Figure 4.6: (a) Calculated core structure of MeO1 H, without the phenyl groups of the pyrrol-
pyrazol building block (yellow: Et, blue: MeO), (b) side view of the overlay of
MeO,H, (magenta with blue methoxy groups) and PMeOLH, (green with red
methoxy groups) and (c) side view of the overlay of LH,4 (black) and M°OLH,
(magenta).

The methoxy groups are almost in a parallel arrangement with the phenyl ring (Fig. 4.6
(b)) and therefore far enough away from the S-ethyl groups. Thus, the methoxy groups

have no influence on the twist of the Siamese-twin porphyrin (Fig. 4.6 (c)).

4.2 Copper Complexes of XLH,

The STP dicopper complex LCus exhibited well-defined redox peaks in its cyclic
voltammogram, associated with oxidations that mainly take place at the dipyrromethene
subunits of the macrocycle (cf. Fig. 1.8).1% It thus could be expected that the oxidation
potentials of the copper complexes XLCusy would reflect the electronic influence of the
meso-aryl groups. Electron withdrawing groups in the phenyl’s backbone should hamper
the oxidation, resulting in a shift to higher electric potential, whereas the opposite

should be true for electron donating groups. This is indeed the case (Fig. 4.8)

The blue dicopper complexes PMeLCus, PFLCu;, M®PLCu, and PMeOLCu,
have been synthesized by reaction of the free base STP with a source of copper(Il) in a
polar solvent (Scheme 4.3), as described previously for the formation of LCug 354 but

using a modified purification protocol.

Ph  Ph Ph Ph  Ph Ph
Cu(OAc),
R R R R
CH2CI2, MeOH
Ph  Ph Ph Ph  Ph Ph
XLH4 XLCU.2

Scheme 4.3: Synthesis of the copper complexes XLCusof the STP according to litera-
ture, [33,54,86]
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4.2. Copper Complexes of XLHy

The solvent of the reaction mixture was removed under reduced pressure and the residue
was dissolved in dichloromethane and filtered over a plug of basic aluminium oxide. The
only fraction passing was the desired blue copper complex. Again the isolated yields
differ widely, varying from low yields of 18% for PPLCus, to satisfying yields of 52%,
60% and 67% for PMeOLCuy, PMeLCuy and MeOLCus, respectively.

| lAA | L.

1450 1452 1454 1456 1458 1460 1458 1460 1462 1464 1466 1468
m/z m/z
(a) (b)

| l . ,l h .

1602 1604 1606 1608 1610 1612 1482 1484 1486 1488 1490 1492

m/z m/z
(c) (d)

Figure 4.6: Cut-out HRMS ESI* spectra of the species [M]* (black) of PM°LCus (a), PFLCu,
(b), M*OLCu; (c¢) and PM*OLCu; (d) and the calculated isotopic pattern (grey
bars).

On a routine basis, the singly oxidized [M]' species are observed in the ESIT mass
spectra. The isotopic pattern does not always fit because of an overlap of the singly
oxidized species [M]" and the minor species [M+H]|*, one mass unit heavier, resulting in
a too high third and too low first peak of the isotopic pattern. This difference is highest
for PFLCuy (Fig. 4.6 (b)).

Mirroring the trends seen for the free base expanded porphyrins, the UV-vis spectra
of the dicopper complexes were also near-identical (Fig. 4.7). The absorption band
marked with an asterisk (Fig. 4.7) most likely results from a slight oxidation of the
corresponding copper complex. A similar absorption band has been observed in the

oxidizied copper complex LCug™.[%3]
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300 400 500 600 700 800 900 1000
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Figure 4.7: UV-vis spectra of the different copper complexes XLCuy (*likely some oxidation
product) in CH,Cly at ambient temperature.

Cyclic and square wave voltammetry measurements of the dicopper complexes XLCu,
(Fig. 4.8) showed the expected two oxidation events in the potential range from —0.8 to
+0.4 V vs. Fe/ Fct.[53:55] The potentials are shifted to higher values with the electron
withdrawing fluorine substituent and are shifted to lower values with electron-donating
substituents, with the shifts conforming to a linear Hammett plot (Fig. 4.9). Only the
first oxidation peak of the trimethoxyphenyl-substituted complex MeOLCus lies outside
this trend.

— LCu,
f— pMeLCu2
— PFLCu,
— PMeOL Oy,
— MeoLCUz
1.0 -08 -0.6 -0.4 02 00 02 0.4 06 10 -08 -06 04 02 00 02 04 06
E/V vs. Fc/Fc* E /V vs. Fc/Fc*
(a) (b)

Figure 4.8: (a) Cyclic and (b) square wave voltammogram of the new copper complexes in
comparison to LCuy (CHCly, 0.1 M [BuyN|PFg) at a scan rate of 100 mV. %%l

One explanation of the deviation of M®OLCus could be its instabillity in solution. De-
composition during the measurement is supported by the fact that the longer the mea-
surement was running the more small additional peaks arose in case of the two methoxy
substituted copper complexes PMEOLCu, and MeOLCu,y. Nevertheless Hammett plots
of the two oxidations of the copper complexes clearly show a linear correlation between
the electronic structure at the dipyrromethene subunits of the Siamese-twin porphyrin

and the substitution of the phenyl group (Fig. 4.9).
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Figure 4.9: Hammett plot of the first (a) and second (b) oxidation of the copper complexes
with linear regressions (grey). The data point in (a) corresponding to M*CLCus
is excluded from the linear regression, because it lies outside the trend in SWV (cf.

Fig. 4.8).

Interestingly, the exchange of one or both copper ions with one or two nickel ions has a
much bigger influence on the corresponding redox potentials than the substitution pat-
terns of the two meso-aryl groups (Table 4.2). In comparison, the shifts observed in the
corresponding meso-tetraarylporphyrin copper complexes T(pX)PPCu upon variation of
the (four) meso-aryl groups are significantly larger while the shifts when switching the
metal ion from copper to nickel are much smaller than those observed for the STP com-
plexes. [06-58,10LIL4115] Thig further underlines the principally different electronic struc-

tures of the non-macrocycle-aromatic STPs compared to the aromatic porphyrins.

Table 4.2: Potential difference of the first two oxidations of the different metal complexes in
comparison to LCusz® and the corresponding meso-tetrakis(aryl)porphyrin com-

plexes.
Complex | AEOx1/mV | AE Ox2 / mV | Ref.
LCu, olbl olbl [53]
PMey,Cu, —35 ~34 ]
PFLCu, 20 14 ]
MeOy,C, —40 —60 _
pMeOLCU2 20 —6 _
LCuNi 30 260 [55]
LNi; 210 320 [55]
TPPCuldl olbl olbl [56]
T(pMe)PPCull —70 —920 [101]
T(pOMe)PPCul®! —140 - [114]
TPPNilfl 10 60 [57]

[a] Values as determined by square wave voltammetry (in CH2Cly, 0.1 M [BuyN]PFg)
cf. to Fig. 4.8. [b] By definition. [c] [meso-tetraphenyl-porphyrinatol-
copper(IT). [d] [meso-tetrakis(4-methylphenyl)porphyrinato]-copper(IT). [e] [meso-tetrakis(4-
methoxyphenyl)porphyrinato]-copper(II). [f] [meso-tetraphenyl-porphyrinato|-nickel(IT).
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4 NEW SIAMESE-TWIN PORPHYRINS

Partial oxidation of the copper complexes XLCugz observed in UV-vis spectroscopy (Fig.
4.7) could be confirmed by thin layer chromatography, with the presence of two addi-
tional weak violet and pink spots, giving the same mass spectrum than the blue copper
complexes. Former studies have shown that a color change to violet and purple came
along with the oxidation of LCus.>% However, EPR measurements of the different
copper complexes (Fig. 4.10) showed no signal for the oxidized complexes when com-
pared with the spectrum of LCug™.[3] It can therefore be assumed that the amount of

oxidized X¥LCus in the samples is rather small.

0 100 200 300 400 500 600
B/mT

Figure 4.10: Selected EPR spectra of the copper complexes PMeLCuy (red) and pPMeOT,Cuy
(green) in CH,Cl, at 150 K being very similar.

Furthermore the EPR spectra of XLCus were all very similar, as expected. Even though
the elctronic structure of the dipyrromethane subunit of the expanded porphyrins *LHy4
should be influenced by the different arylsubstituents (Fig. 4.8) this obviously does not

effect the EPR spectra, due to still identical copper environment.
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5 Iron Complexes of the Siamese-Twin

Porphyrin

In analogy to the copper and nickel complexes of the Siamese-twin porphyrin, [10:53-55]
diiron and monoiron complexes of the parent STP LHy4 have been synthesized and char-
acterized in the oxidation states of +1I and +III. First small molecule activation reactions
have been done, providing further evidence for the different electronic structure of a reg-
ular porphyrin and the Siamese-twin porphyrin (Chap. 7).

Until now a selective (temperature dependent) monometalation of the regular Siamese-
twin porphyrin LH4 was only possible in the case of nickel.[?] In the case of copper and
iron no temperature dependend monometalation could be observed. Even if only one
equivalent of metal salt was used a mixture of free base Siamese-twin porphyrin and the
dimetal complex was formed. Prior to the diiron complex of the Siamese-twin porphyrin,
a number of different monoiron complexes (LNiFeCl, LNiFe, LH2FeCl, LCuFeCl)
have been synthesized with the use of the mononickel complex LHsNi and according
to recent observations by VOGEL.["6l A monoiron complex would clearly facilitate the
characterization of the iron ion’s electronic structure, since cooperativity effects in the
diiron complex hamper a disctinct assignment. Especially in Mofibauer spectroscopy the

presence of only one iron atom simplifies its characterization tremendously.

5.1 Iron Nickel Complexes of the Siamese-Twin Porphyrin

The complex LNiFe is most suitable for the convenient characterization of an iron ion’s
electronic structure due to the low spin nickel(II) spin state (S = 0) in a square planar
complexation geometry. Therefore the nickel(IT) is EPR silent and does not contribute
to magnetic susceptibility measurements, making the determination of the iron ion’s spin
state straightforward. Furthermore the synthesis of LH2Ni is well established and the
nickel ion’s electronic structure is well understood. 7459l

Interestingly the use of Fe(OAc), did not lead to the formation of any iron complex
at all, unlike the acetate salts of nickel and copper,[?*5°] even if the amount of iron
acetate was raised or the reaction time was extended from hours up to days. With
the use of Fe(BF4)s or FeCly in the presence of an external base heterobimetallic nickel

iron(III) complexes could be synthesized under aerobic conditions according to HRMS
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5.1. TIron Nickel Complexes of the Siamese-Twin Porphyrin

measurements. Aerobic conditons were applied initially, because iron porphyrins have
been shown to be most stable in their ferric oxidation state and they can be easily reduced
to the corresponding iron(II) complex later on.[5?]

Even though complexation reactions with Fe(BF4)s led to the corresponding hetero-
bimetallic nickel iron complex, the complex could not be isolated. The complex showed
fast decomposition during liquid chromatography, and its solubility in organic solvents
was enhanced in comparison to the previously synthesized nickel and copper com-
plexes. [10:53:55:86] The stability of the corresponding ferric complex LNiFeCl was higher,

and its clean up was remarkably easier.

5.1.1 Synthesis of LNiFeCl

Complexation with FeCly under aerobic conditions, which results in an oxidation of the
iron(IT) ion subsequent to its complexation, was promising due to the iron ion’s affinity to
coordinate an axial ligand in the oxidation state of +III. Consequently, a clean conversion
into the ferric complex LNiFeCl was expected. Indeed LNiFeCl could be synthesized
with the use of iron(II) chloride and an external base. The complexation reaction with
FeCly alone did not yield any product, like observed in porphyrin and/or corrole chem-
istry before.[®117] The metal insertion is assumed to be a concerted mechanism.[32:118l
The NH groups are only sligthly acidic and can most likely only be deprotonated with
strong acids like trifluoroacetic acid, depending on the electronic structure of the por-
phyrin. 32l During metalation, deprotonation of the NH groups only occurs when the
metal ion/complex is already in close proximity. Conversely, incoorporation of a metal
ion only occurs when a base is present.['*¥] Therefore, deprotonation of the porphyrin’s
NH groups does not occure in the presence of FeCl, only, because the basicity of chloride
is not high enough.*?l However, with the use of additional sodium acetate, the formation
of LNiFeCl could be achieved (Fig. 5.1).

Ph  Ph Ph
FeCl,, NaOAc
Ph Ph
CHQClg, MeOH
Ph  Ph Ph Ph  Ph Ph
LH,Ni LNiFeCl

Scheme 5.1: Synthesis of the ferric nickel iron complex LNiFeCl.

An excess of FeCly and NaOAc was added to a solution of LH3sNi in polar solvents
and the mixture was stirred for 15 minutes at ambient conditions. After removing the
solvent under reduced pressure, CHyCly was added and the suspension was filtered to

remove excess FeCly and NaOAc. The filtrate was filtered over a plug of basic aluminum
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5 IRON COMPLEXES OF THE SITAMESE-TWIN PORPHYRIN

oxide, where LINiFeCl was the only fraction passing, and the solvent was removed under
reduced pressure. The raw product was recrystallized from a mixture of CH2Cly and

n-hexane to yield ferric LNiFeCl as brown needles.

5.1.2 Characterization of LNiFeCl

The iron nickel complex LNiFeCl was characterized with standard analysis techniques
like HRMS and UV-vis spectroscopy and the metal ions’ oxidation and spin state could
be determined with Mofbauer and EPR spectroscopy in combination with magnetic
susceptibility measurements.

The formation of LNiFeCl could be confirmed in mass spectrometry. In ESIT mass
spectrometry the ionized species [M|T without any axial ligand was observed on a routine

basis (Fig. 5.1), like in all previously synthesized metal complexes of the Siamese-twin
porphyrin. [10:53-55]

100+
80 100+
4 80_
2
§> 60— S 604
2 2
k%) 1 o 40
@ k=
= 40— 20-
1 o+ —4 A L L L L l.‘ .
1408 1412 1416 1420
201 m/z
N .‘ | | N Ill

T T ! f 1 1 I 1
200 400 600 800 1000 1200 1400 1600 1800

m/z

Figure 5.1: HRMS ESIT spectrum of crystalline LNiFeCl in MeOH. Inset: Comparison
of the measured (black) and calculated isotopic pattern (grey bars). [M]|*
m/z — 1410.5208 (calcd.: 1410.5209).

The solid state structure of LNiFeCl, as determined by single crystal X-ray diffraction,
confirmed the expected oxidation of LNiFe, due to an axial coordination of a chloride

(Fig. 5.2), that would most likely occur in a ferric complex.

In the molecular structure of LNiFeCl the FeCl moiety and the nickel atom are

disordered about the two coordination sites of the ligand in a 1:1 ratio (1/2 occupancy)
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(b)

Figure 5.2: (a) Ball-and-stick model of the molecular structure of LNiFeCl and (b) space-
filling model of the sideview of the core-structure, without any substituent, of
LNiFeCl , approximately along the iron nickel axis, determined by single crys-
tal X-ray diffraction. All hydrogen atoms and solvent molecules were omitted for
clarity (grey: carbon, blue: nitrogen, green: nickel, red: iron, pink: chlorine) For
details, see Appendix.

(Fig. 5.2).

The optical spectrum of LNiFeCl showed the expected high absorption
(e = 67400 M~!cm™!) of the Soret like band (380 nm) and two additional Q-
bands (535 and 700 nm) (Fig. 5.3) that are assumed to have metal contribution[>?-8]
(see also Chap. 5.1.4).
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Figure 5.3: UV-vis spectrum of LNiFeCl in CH,Cl; at ambient temperature.

To get further insights into the electronic structure of the heterobimetallic complex,

magnetic susceptibility and EPR measurements were performed (Fig. 5.4).

The EPR measurements had to be done at 10 K due to the expected total spin of S > 1/2,
which leads to signal broadening at higher temperatures. A total spin of S > 1/2 is
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Figure 5.4: (a) X-band EPR spectrum of LNiFeCl in CH,Cl, (frozen glass) at 10 K (black)
and its simulation (red). Data were simulated with g, = 1.92, g, = 1.96, g, = 2.15,
(intrinsic line width Wy = 14 mT), D = 6.100 and E/D = 0.33. (b) Suscepti-
bility measurement of LINiFeCl (black circles) and its fit (red) with g = 2.073,
D = —9.981 and E/D = 0.33. The rhombic zero field splitting (E/D) was set to
0.33 like obtained from the EPR measurement.

expected because of the presumed iron ion’s oxidation state of +III under non-inert
conditions. The spin of the iron(III) ion can either be S = 1/2 (low spin (ls)), S = 3/2
(intermediate spin (is)) or S = 5/2 (high spin (hs)), whereby a low spin state in a rhombic
square pyramidal complex with an anionic axial ligand has never been observed before. [¥l
Furthermore, the spin state of the nickel(II) ion is assumed to be low spin (S = 0), like
observed in all nickel complexes of the Siamese-twin porphyrin.[54% A total spin of more
than 1/2 is indeed the case (Fig. 5.4 (a)), as can be inferred from the EPR spectrum.
The signal at 117 mT and its shape are typical for an S = 3/2 system with large rhombic
zero field splitting parameter. [''97121 The shift towards high g-values is justified by the
maximal rhombic zero field splitting of E/D = 0.33. The actual g-values are close to
g = 2. The sharp signal at 160 mT, which integrates to less than 0.1%, results from some
iron impurity.

A total spin of S = 3/2 could be confirmed in magnetic susceptibilty measurements (Fig.
5.4); experimental data could be fitted using the isotropic Heisenberg-Dirac-Van-Vleck
Hamiltonian corrected with the corresponding Zeeman term (equation (1)) with B being
the applied field and pp being the Bohr magneton.['22] The effective magnetic moment
pefs of a dinuclear complex can be determined with equation (2) as a spin-only value,
ignoring coupling with g being the Landé factor. g has a value of 2.0023 for the free
electron and is close to this value for most organic radicals but differs for transition

metal ions due to larger spin-orbit coupling. 123126l

H = —2J‘§1 . 32 + guB(Sl + SQ)B (1)
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% = gv/S1(S1 + 1) + S5(S2 + 1) (2)

An effective magnetic moment of p.rr = 4.01 fits to a S = 3/2 spin system, whose
spin-only value would be 3.88 assuming a g-value of 2.0023.

A spin system of S = 3/2 can be the result of an is-iron(III) center (S = 3/2), of anti-
ferromagnetic coupling between a hs-iron(II) (S = 2) and an organic radical (S = 1/2)
or of antiferromagnetic coupling between a hs-iron(III) (S = 5/2) and a hs-nickel(IT)
(S = 1). The latter is extremely unlikely, because a hs-nickel(II) has never been observed
in nickel complexes of the Siamese-twin porphyrin and is rather untypical for a square
planar coordinated d® nickel(IT) ion. Within a square planar coordination environment,
especially with strong binding ligands, the dg2_,2 orbital is highly destabilized, leading

to a low spin complex for d® metals.

To determine the iron ion’s oxidation and spin state in more detail, Mofbauer (MB)
spectroscopy was used in solid state. The Mofkbauer spectrum of LNiFeCl showed two
doublets in a ratio of 20:80 with isomer shifts of ép. = 0.53 and 0.58 and a quadrupole
splitting of AEg — 1.20 and 2.70, respectively (Fig. 5.5).

2 ] 8¢ =0.58
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Figure 5.5: Solid state Mofbauer spectrum of LNiFeCl with r. = 0.53 and 0.58, AEg = 1.20
and 2.70 at 80 K.

The presence of two doublets indicated two different iron ions within the material mea-
sured with distinct coordination environments with a big difference in AEg. Whereas
the doublet marked in blue is in agreement with the EPR and SQUID data, indicat-
ing an intermediate spin iron(III), the doublet marked in orange is indicative of a high
spin iron(I1T), due to the isomer shift and the small quadrupole splitting of AEg = 1.20
(Tab. 5.1). An intermediate spin or a spin admixture of S = 3/2 and 5/2 is well known
from iron porphyrin systems, and the amount of each spin state strongly depends on the
electronic structure of the porphyrin and especially the nature of the axial ligand. [82,127]
For example the first iron porphyrins with an is-Fe(III) ion have been synthesized with

weakly binding axial ligands like C10,~ (Tab. 5.1).[128-130]
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Table 5.1: Mofsbauer parameter of a selection of iron(III) porphyrins with S =3/2 or S =5/2
spin states at 80 K.

Complex | S | 6pe /mms™ | AEg / mms™! | Ref.
TPPFeCll?! 5/2 0.47 0.60 [131]
TPPFeCl0,4"! 3/2 0.38 3.48 [132]
OEPFeCl0,[ 3/2 0.40 3.54 [129]
OETPPFeClldl 5/2 0.35 0.95 [133]
[OETPPFe(THF),|ClOy | 3/2 0.25 2.29 [134]
[OETPPFe(py)2|ClO4 | 3/2 0.57 3.03 [154]

TPP: meso-tetraphenyl-porphyrinato, OEP: S-octaethyl-porphyrinato, OETPP: S-octaethyl-
meso-tetraphenyl-porphyrinato.

An intermediate spin for Fe(III) is favored when one d-orbital lies strikingly higher in
energy than the other four. Such an orbital arrangement occurs for example in Cyy or
C4y symmetric square-pyramidal Fe(TIT) complexes, when the d,2_,2-orbital is highly
destabilizied due to strong binding equatorial ligands and the d,2-orbital stays low in
energy, because of a weakly binding axial ligand (Fig. 5.6). A spin of S = 3/2 for a ferric
complex is further favored when the porphyrin pocket is contracted or not exactly planar

and/or the metal ion is coordinated more out-of-plane. [82:117,135]
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Figure 5.6: Schematic illustration of the splitting of molecular d-orbitals in different coordina-
tion environments and the favored S = 3/2 spin state in rhombic pyramidal Fe(IIT)
complexes (black box).[8?!

All these requirements for an intermediate spin iron(III) center seem to be fulfilled for
LNiFeCl. With the Siamese-twin porphyrin’s unique coordination motif in combination
with the weakly binding chloride in the iron ion’s axial position, splitting of the
molecular orbitals is within the perfect range to favor the S = 3/2 intermediate spin
state. However, if the two doublets in Figure 5.5 result from a spin admixture of S = 3/2
and 5/2, this admixture should be temperature dependent, resulting in a non-constant

effective magnetic moment. However, fi.¢¢ is constant between 50 and 300 K (Fig. 5.4
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(b)) and clearly shows an S = 3/2 system over the whole temperature range.

To rule out that different coordination motifs in solid state, like in standard Mokbauer
measurements, and frozen solution, like in the measured EPR spectrum, influence the
spin state of the iron(III) center, EPR measurements in solid state and Mokbauer mea-
surements in frozen solution were performed. An EPR measurement on solid material
resulted in signal broadening (see. Appendix A31), which made interpretation difficult.
MoRbauer measurements on frozen solutions were notably easier. Due to the fact, that
MoRbauer spectroscopy only detects the > Fe isotope, which has a natural abundance of
2.18%,82] the amount of substance needed for solution measurements is too high to be
dissolved in any organic solvent suitable for Moéfkbauer spectroscopy, especially because
measurements in frozen solution result in additional line broadening. [82:'36] Therefore the
5TFe labeled pendant LNi%?FeCl was synthesized by use of labeled 57FeCls,.

The labeled iron(II) chloride was synthesized by the addition of concentrated HCI to
metallic 5"Fe under inert conditions. The reaction mixture was stirred over night and
the remaining aqueous HCI solution was removed under reduced pressure yielding white
5TFeCly powder. The synthesis of LNi®”FeCl was done as previously described for
LNiFeCl.

To exclude the effect of solvent coordination, Mofauer measurements in coordinating

THF and non-coordinating toluene were performed (Fig. 5.7).
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Figure 5.7: (a) Mofbauer spectrum of isotopically labeled LNi®”Fe in THF (6. — 0.57 and
0.63, AEg = 1.52 and 2.82) and (b) in toluene (6. = 0.57 and 0.61, AEg = 1.26
and 2.75) both at 80 K.

The Mokbauer measurements on frozen solutions clearly retained the ratio of the two
doublets of 20:80 as observed in the solid state spectra (Fig. 5.5). The isomer shift
as well as the quadrupole splitting and the line width slightly change but are in the
region expected due to solvation.[82136] The presence of the inner MoRbauer doublet
is highly interesting but could not be explained so far. Due to EPR and magnetic
susceptibility measurements the inner signal seems to be an intermediate spin signal,

with an unusual small isomer shift. This disagrees with a spin admixture. Additionally,
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if the iron center would be within the same coordination environment with only the
spin varying, the high spin signal always has to have a higher isomer shift than the
intermediate spin signal.[32'37] This is not the case for LNiFeCl, further indicating
that the inner signal corresponds to an intermediate spin signal too, or does not belong
to the molecule but to an impurity. However, an iron containing impurity could be
ruled out, due to the use of crystalline and polycrystalline material and an elemental
analysis, indicating no impurity, but the incorporation of two n-hexane and 0.75 CH3Cls
molecules per metal complex (see Chap. 5.1.1). Furthermore, investigations of the redox
chemistry of LNiFeCl have shown a clean reduction towards ferrous LNiFe, resulting
in an spectrum giving only one M&fsbauer doublet, further indicating the unlikeliness
of an iron containing impurity. Intriguingly, the second inner doublet reappears after

oxidation of the ferrous complex (Chap. 5.1.4).

The redox chemistry of LNiFeCl was studied by cyclic and square wave voltammetry
and showed the expected two reversible ligand based oxidation events. Reversibility can
be determined based on the shape of the wave and the separation between the oxidation
and reduction half-wave. Furthermore, an additional irreversible reduction event was
observed (Fig. 5.8) in contrast to the nickel and copper complexes of the parent STP
(cf. Fig. 1.8).15]

&:& -0.08 0.33

100 mV

— 200mV
— 500 mV
—— 1000 mV
20 10 00 1.0 04 02 00 02 04 06
E/V vs. Fc/Fc* E /V vs. Fc/Fc*
(a) (b)

Figure 5.8: (a) CV (top) SWV (bottom) curve of LNiFeCl at a scan rate of 100 mV. The two
reversible ligand-based oxidations are marked in blue and the assumed iron(TIT)
reduction in red. Half wave potentials (E;/5) are indicated in volts and determined
from square wave voltammetry. (b) CV curve of the electrochemically reversible
oxidations of LINiFeCl at different scan rates indicated. Both measurements were
performed in CH,Cl, at ambient temperature with 0.1 M [BuyN]PFg as electrolyte
referenced to the redox couple Fc/Fc™.

The two reversible ligand based oxidation waves at —0.08 and +0.33 V vs. Fc/Fct and
the reduction wave at around —1.9 V are comparable with the measured values for the
other metal complexes of the Siamese-twin porphyrin (Tab. 5.2). The additional re-
duction event at —1.12 V vs. Fc/Fct was assigned to the reduction Fe(IIT)/Fe(II), a

reduction that was not observable in nickel and copper complexes due to their already
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reduced oxidation state of +II. The reduction potential of —1.12 V vs. Fc/Fc* for the
redoxcouple Fe(IIT)/Fe(II) is in line with the observed potentials in the corresponding
[meso-tetrakis(aryl)porphyrinato]-iron(III) and [B-octalkylporphyrinato|-iron(III) com-
plexes (Tab. 5.2).

Table 5.2: Potentials of the first reduction and the first two oxidations of LNiFeCll!
in comparison to the nickel and copper complexes of the STP and the corre-
sponding [meso-tetrakis(aryl)porphyrinato]-iron(III) and [S-octalkylporphyrinato]-
iron(IIT) complexes vs. Fc/Fct.

Complex ERed / V| ERed/V|EOx1/V | EOx2/V|Ref
ligand metal

LNiFeCl —1.92 —1.12[0I —0.08 0.33 -

LNi,ll —~1.90 - —0.16 0.30 [55]
LCuNilc —1.81[PI - —0.34 0.24 [55]
LCusl —~1.86 § —0.37 —0.02 [55]
TPPFeClldel - —0.75 0.68 0.94 [138]
OEPFeCllef] . —0.98 0.55 0.93 [139]
Ets TPPFeCllesh - —1.06 0.20 0.66 [140]

[a] Values as determined by square wave voltammetry (in CH3Cls, 0.1 M [BugN]PFg) cf. to Fig.
5.8. [b] Electrochemically irreversible. [c] The values reported previously[°®! have been incorrectly
referenced because of conflicting data in literature.['*!l A potential of —0.48 V of decamethylfer-
rocene vs. ferrocene was choosen instead of —0.59 V. A correction of —0.11 V was done in this
table. [d] [meso-tetraphenyl-porphyrinato]-iron(III)chloride. [e] Experimental data referenced
vs. SCE and converted with E(Fc/Fct) = 0.46 V vs. SCE.['*!l [f] [B-octaethyl-porphyrinato]-
iron(IIT)chloride. [g] [8-octaethyl-meso-tetraphenyl-porphyrinato]-iron (IIT)chloride. [h] Different
solvent: PhCN.

With an increasing electron pushing effect of the substituents, the reduction is hampered
and therefore shifted to a more negative potential, as observed for several other metal
porphyrins.[56l LNiFeCl, even though the STP is electronically much distinct from a
regular porphyin, it fits into this series of redox potentials (Tab. 5.2).

In contrast to the two oxidations, the reduction of Fe(III) in LNiFeCl is electrochemi-
cally irreversible (Fig. 5.8 (a)). Irreversibility of the reduction of ferric porphyrins has
been observed earlier and is usually a result of follow up chemical reactions. [140:142,143]
Furthermore, both the potential and reversibility of the redox events are dependent on
the axial ligand and the solvent.[!38:1427145] Tn the case of LNiFeCl the irreversiblity
can result from a decoordination of the axial chloride ligand upon reduction to the
ferrous pendant LINiFe. Furthermore, the excess of PFg~ could for example lead to the

formation of a complexe like [LNiFe] "PFg" during reoxidation.

Due to the irreversibility of the reduction wave at —1.12 V electrochemical mea-
surements with [BuyN]|Cl as electrolyte were performed to probe whether the reduction
becomes reversible. Unfortunatelly suitable measurements were not possible, due to low

signal intensity and a narrowed potential window.
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With distinct seperated oxidation and reduction waves, LNiFeCl is a suitable
complex for reduction and oxidation chemistry, and the synthesis of the ferrous complex
LNiFe should be easily accessible with the right reduction agent (see. Chap. 5.1.4).

5.1.3 Oxidation of LNiFeCl

According to the oxidation of the copper and nickel complexes of the Siamese-twin
porphyrin 5l oxidation of LNiFeCl was performed. The determination of the oxidation
locus could give insights into subsequent reactivity studies with both, the iron(IT) and
iron (III) complex of the STP, in which an oxidation of either the metal ion and/or the

Siamese-twin porphyrin scaffold will take place.

The oxidation with AgBF4 was found to be the best way to oxidize the metal complexes

of the Siamese-twin porphyrin (Fig. 5.2).[55:86]

Ph  Ph Ph

AgBF,

CHuCly, EtNO,

Ph  Ph Ph

Ph  Ph Ph

LNiFeCl LNiFeCI*

Scheme 5.2: Oxidation of ferric nickel iron complex LNiFeCl with silver(I).

The ferric nickel iron complex LNiFeCl was dissolved in CH5Cly and treated with
AgBFy, dissolved in nitroethane. Nitroethane was chosen as solvent, because AgBFy
is insoluble in CH5Cly. Additionally, nitroethane does not have any absorption bands
above 400 nm. To get an insight into the oxidation process, UV-vis spectra, monitor-
ing the transformation of LINiFeCl into the oxidized species, were recorded. Therefore,
a solution of LNiFeCl was treated with 1.0, 2.0 and 2.5 equivalents of AgBFy. Like
observed for the nickel and copper complexes, the intensity of the Soret like absorption
band diminished, whereas the first Q-band, which has been assigned to have at least

some metal character, is rising (Fig. 5.9).

After the addition of more than two equivalents of oxidizing agent AgBF,, LNiFeCl
started to decompose. In comparison to chemical oxidation, electrochemical oxidation
was performed, followed by simultaneous UV-vis spectroscopy (spectro-electrochemistry)
(Fig. 5.9). Electrochemical oxidation was performed on the ferric complex LNiFeCl
under inert conditions at +0.05 and +0.4 V vs. Fc/Fc', because cyclic voltammetry

has shown two suitable reversible oxidation waves at —0.08 and +0.33 V vs. Fc/Fc™
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Figure 5.9: (a) UV-vis spectra of the chemical oxidation of LNiFeCl (black) with different
equivalents of AgBF, indicated in CH5Cly at ambient temperature under inert
conditions. (b) UV-vis spectra of the electrochemical oxidation of LNiFeCl (black)
at 0.05 (1st oxidation, red) and 0.40 V vs. Fc/Fct(2nd oxidation, blue) in CH,Cl,
at ambient temperature under inert conditions with BuyNPFg as eletrolyte.

(Fig. 5.8). The UV-vis spectrum showed again a conversion towards LNiFeCIT and
LNiFeCI1?1, respectively. Because of the platinum net within the beam of the UV-vis
spectrometer and due to very fast scans (every 5 seconds) the signal to noise ratio is

affecting the intensity of each absorption band, especially in the Q-band region (Fig. 5.9).

To investigate the redox locus of the oxidations, EPR measurements were performed at
liquid nitrogen temperature. Even though the S = 3/2 signal would only be detectable at
lower temperatures, the ligand oxidation, which is commonly taking place upon oxidation
on a regular basis, was detectable at a temperature of 133 K (Fig. 5.2).

EPR samples of oxidized LNiFeCl have been prepared according to the procedure of
oxidized nickel and copper complexes.®l The ferric nickel iron complex LNiFeCl was
dissolved in CH5Cly and one or two equivalents of AgBF, dissolved in nitroethane were
added, respectively. The solvent was removed under reduced pressure and the residue was
redissolved in CH5Cl, to achieve a concentration suitable for EPR measurements. The
solution was filtered to remove elemental silver and directly frozen to avoid rereduction

and/or decomposition and stored at —80 °C in a freezer.

Even though UV-vis spectroscopy indicated two different species upon the first and
second oxidation (Fig. 5.9), the EPR spectra of once and twice oxidized LNiFeCl
look very similar. Only the ratio between the signal of the organic radical (at around
330 mT) and the S = 3/2 signal (at around 150 mT) differs in both oxidation states of
the complex (Fig. 5.10). The oxidation of the ferric complex can take place at both
dipyrromethane like sides of the Siamese-twin porphyrin (cf. Fig. 1.8). However, the
side with the nickel(IT) ion should be preferred, due to the already "oxidized" ferric

side of the complex, where an equilibrium between a ligand and a metal based radical,
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Figure 5.10: EPR spectra of chemically oxidized LNiFeClT (black) and LNiFeCI2* (blue)
in CH2012 at 133 K.

resulting in a formerly iron(IV) ion, is most unlikely. This is in contradiction with the
measured EPR spectra. Interestingly no nickel(III) signal was observed, neither in the
once nor the twize oxidized complex, as observed for the previously synthesized nickel
complexes of the Siamese-twin porphyrin, if the first oxidation took place on the nickel
side (Chap. 6).15%86 Furthermore the addition of BuyNCI did not lead to a vanishing of
the signal for the organic radical, like it was observed in cobalt and nickel complexes of
the STP (Chap. 6). This further indicates a different behavior of LNiFeCl in oxidation

chemistry due to the incorporated iron(III) ion.

The oxidized complexes could not be isolated, due to rapid decomposition. While it
has been shown that the twice oxidized complexes of LCug, LCuNi and LNiy are
unstable, P56 also the once oxidized complex of LNiFeCl was decomposing. The
reason might be the presence of the iron(III) ion. Thus, LNiFeCl contains a metal ion
that already is in a higher oxidation state and is therefore prone to decompose even if

only oxidized once further.

A possible instability of oxidized metal complexes of the Siamese-twin porphyrin is not
unexpected, considering that two electron reactions in porphyrins can lead to either a
decomposition or in the meso-positions subsituted derivatives even if no dioxygen is
present. 8321461 The mechanisms of the breakdowns and substitution reactions of metal
porphyrins are not well understood so far. For that reason and because the electronic
structure of the Siamese-twin porphyrin is notably different from the one of a regular
porphyrin, no further statement on the decomposition in the oxidized metal complexes

can be made for now.
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5.1.4 Reduction of LNiFeCl

The distinct isolated reduction event of LNiFeCl recommends itself for its reduction
to ferrous LNiFe. Besides electrochemical reduction, a variety of different typical
reductants for ferric iron porphyrins were used, for example sodium hydrogensulfide
(NaHS), ethanethiol (EtSH), sodium dithionite (Na3S204), potassium superoxide (KOz)

and cobaltocene (CoCpy). 814771491

To get first insights into the reduction of LNiFeCl , electrochemical reduction was
performed at a potential of —1.2 V vs. Fc/Fct under inert conditions, since cyclic
voltammetry has shown a suitable reduction wave at —1.12 V vs. Fc/Fct (Fig. 5.8)
whose irreversibilty was explained with a coordination change upon reoxidation (Chap.
5.1). A potential slightly lower was applied to assure complete reduction. The reaction

was followed with simultaneous UV-vis spectroscopy (Fig. 5.11).
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Figure 5.11: UV-vis spectrum of the electrochemical reduction of LNiFeCl in CH5Cl; at am-
bient temperature with [BuyN|PFg as electrolyte at a potential —1.2 V vs. the
redox couple Fc/FcT. Data was collected every 5 seconds. Isosbestic points are
marked with black circles

LNiFeCl gets rapidly reduced to LNiFe and the reduction is completed within 90 sec-
onds. The reduction resulted in a color change from dark brown to green. The first
Q-band at 535 nm vanishes, indicating this band to have some iron(III) contribution.
Thus, this decline in absorption can be taken as a good indicator for the oxidation state
of the iron nickel complex. Furthermore the isosbestic point (Fig. 5.11) indicates a
clean conversion from one species into another. LNiFe showed rapid reoxidation in non-
coordinating solvents like CH5Cly, when the negative potential was not applied anymore.
The iron(II) ion is within a rhombic coordination environment after reduction, due to the
absence of a suitable neutral axial ligand. Such a coordination environment is unfavored
for iron(IT), leading to an instable complex. A stabilization was possible with the addi-
tion of a coordinating solvent like THF, but reoxidation still occurred rapidly, as could

be observed in UV-vis spectroscopy. Mofsbauer spectroscopy of the corresponding solu-
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tion, obtained from electrochemical reduction, was not suitable, due to the tremendous
excess of electrolyte [BuyN|PFg. Halides are known to absorb v-radiation in Moéfbauer
spectroscopy, resulting in an enormous drop of the intensity. A cleanup of the solution
of LNiFe was not possible due to immediate reoxidation, even under inert conditions
as could be observed by UV-vis spectroscopy. To obtain a LNiFe solution suitable for
MB spectroscopy, the former mentioned reductants (NaHS, EtSH, NayS,04, KOy) were
used on labeled ferric LNi®7FeCl, to enhance the signal to noise ratio. The benefit of
these reductants in comparison with for example CoCps is their demonstrated selectiv-
ity. Independent of the amount used, these reductants normaly reduce ferric porphyrin
complexes only once. 81471491 Obviously NaHS and EtSH are strong ligands, which re-
sult in decoordination of the iron ion in the case of LNNiFeCl, as could be observed by
HRMS and UV-vis spectroscopy and excludes these as suitable reductants. However,
with NasS90,4 and KOs suitable reductants for LINiFeCl were found, as could be distin-
guished by UV-vis spectroscopy, which are easy to seperate from the solution by simple
filtration. However with the addition of NasS20O4, decomposition was observed after fil-
tration, which does not occur with KO,. Interestingly, potassium superoxide is suitable
to reduce ferric porphyrins even though dioxygen is released, as long as an excess of the
reducing agent is present or the reaction is performed in coordinating solvents, stabilizing
the iron(IT) species due to coordination.['*8:150] Nevertheless no MB spectrum from the
resulting solution of LNi®”Fe could be obtained so far.

With the stoichiometric use of CoCpsy the reduction of LNi®”"FeCl was successful and
the resulting solution in THF could directly be used for MB spectroscopy (Fig. 5.12).
CoCps has a potential of —1.33 V vs. FC/FC+,[141] which is in the perfect range for the
reduction of the iron ion in LNiFeCl (E;/, = —1.12 V) and is only slightly lower than
the potential of —1.2 V applied in electrochemical reduction (Fig. 5.11).

Ph Ph Ph Ph Ph Ph
CoCp2
THF, -40°C
Ph Ph Ph Ph Ph Ph
LNiFeCl LNiFe

Scheme 5.3: Reduction of the ferric nickel iron complex LNiFeCl with cobaltocene at —40 °C.

A solution of CoCps in dry THF was added to a solution of LNiFeCl in dry THF under
inert conditions at low temperature (Fig. 5.3). The solution was stirred for 5 minutes
and directly used for the characterization and further reactions. The resulting UV-vis
spectrum of the solution matched the one of the electrochemical reduction (see Appendix
Fig. A33). For MB spectroscopy the corresponding labeled complex LNi®? FeCl was used
and the reaction mixture was transferred into a Mdékbauer sample holder and directly

frozen.
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Figure 5.12: MoRbauer spectrum of labeled ferrous high spin LNi%’Fe in THF at 80 K with
0pe — 1.07 and AEg — 3.81.

The Mofkbauer spectrum clearly shows a high spin iron(II) (Fig. 5.12), proving a suc-
cessful reduction of LNiFeCl. A high spin state iron(II) ion can be assigned, due to an
isomere shift of more than 0.9 mms~'.18? In solution the hs-iron(II) ion in LNiFe can
either be in octahedral or a rhombic pyramidal geometry. Even though both coordina-
tion geometries are known from ferrous high spin iron porphyrins (Tab. 5.3), a rhombic

pyramidal geometry is normally preferred.[32:147,150-153]

Table 5.3: Mofsbauer parameter of a selection of [meso-tetraphenyl-porphyrinato]iron(IT)
(TPPFe) complexes with different spin states at 80 K.

Complex ‘ S ‘ Spe / mms~! ‘ AEg / mms™! ‘ Ref.
TPPFe 1 0.50 1.51 [154]
TPPFe(2-MeHIm)[? | 2 0.92 2.26 [154]
TPPFe(py)a 0 0.40 1.15 [155]
TPPFe(THF), 2 0.95 2.64 [150]

[a] 2-MeHIm: 2-methyl-3-H-imidazole.

Interestingly, the inner Mofbauer doublet, which was always observed for ferric LINiFeCl
(Fig. 5.5), vanished. This disappearance further indicates the inner signal (cf. Fig. 5.5)
not to be an impurity, because an impurity would still give a Mo6kbauer signal after
reduction, likely different to the one of LNiFe.

Intriguingly, the inner double reappears when LNiFe is reoxidized by the addition of the
oxidant m-CPBA (Fig. 5.13).

A solution of m-CPBA in THF was added to the solution of reduced LNiFe, transfered
into a MB sample holder and directly frozen like before. When a substoichiometric
amount of the oxidant was added, a mixture of LNiFe (green) and LNiFeCl (blue and
orange) was observed (Fig. 5.13 (a)), that turned into the typical two doublets regularly
observed for LNiFeCl when the amount was increased up to one equivalent (Fig. 5.13

(b)). The previously observed ratio of 20:80 is nearly recovered (30:70).
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Figure 5.13: (a) MoRbauer spectrum of isotopically labeled ferrous high spin LNi%7Fe after
reoxidation with substoichiometric (6p. = 0.53, 0.64 and 1.07; AEg = 1.33, 2.82
and 3.76) and (b) with stoichiometric amount of m-CPBA (6. = 0.53 and 0.64;
AEg = 1.07 and 2.85.) in THF at 80 K.

Table 5.4: Mofkbauer parameter of LNiFe , LNiFeCl and LNiFe after reoxidation with sub-
(a) and stoichiometric (b) amount of m-CPBA (cf. Fig. 5.15) in frozen THF
solution at 80 K.

Complex | 0pe | AEqQ | rel. Int. / %
LNiFe | 1.07 | 3.81 | 100
. 0.46 | 1.01 20
LNiFeCl 0.54 | 2.79 80
1.07 | 3.76 18
Reoxidation (a) | 0.53 | 1.33 18
0.64 | 2.82 64
0.53 | 1.07 30
Reoxidation (b) | 0.64 | 2.85 70

The slight differences in ratio, isomer shift and quadrupole splitting can be explained
with possible side reactions and/or decomposition, supported by the loss in intensity
from the partly reoxidized (Fig. 5.13 (a)) to the fully reoxidized spectrum (Fig. 5.13
(b)). If the reaction mixture was stirred for a longer time after the addition of m-CPBA,
decomposition could be observed in UV-vis spectroscopy. The recovery of the two

doublets indicates once more the inner doublet to be part of LNiFeCl.

With ferrous LNiFe in hand, first preliminary reactivity studies were performed
(Chap. 7) and the direct synthesis from the free base Siamese-twin porphyrin was
performed (Chap. 5.1.5), due to the now known spectroscopic details and behavior of
LNiFe.
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5.1.5 Synthesis of ferrous LNiFe

After the succesful synthesis of LINiFeCl and its structural characterization followed by
spectroscopic characterization of its ferrous counterpart LNiFe, the latter one should be
synthesized directly from the free base Siamese-twin porphyrin for later reactivity studies

towards small molecule activation (Chap. 7).

Ph  Ph Ph Ph Ph Ph
FeClp, NaOAc
Ph Ph
CH20|2, MeOH
Ph Ph Ph
LH,Ni

Scheme 5.4: Synthesis of the ferrous complex LNiFe.

LNiFe was synthesized according to the procedure of LNiFeCl (Chap. 5.1.1), but the
reaction was carried out under inert conditions. Regardless, if the reaction was carried
out under inert or non-inert condition the same ionized species [M]t without an axial
ligand like for LNiFeCl was observed in inert and non-inert ESI™ mass spectrometry.
This indicates an already oxidized /ionized complex, which was observed for all previously
synthesized copper(II) and nickel(II) complexes of the Siamese-twin porphyrin as well.
Therefore EST mass spectrometry is not suitable to distinguish between the oxidation
states of the nickel iron complex. Nevertheless the color of the solution turned from
greenish, typical for the ferrous complex, when synthesized under inert conditions, to
brownish, typical for the ferric complex, when exposed to air. This indicated a successful
synthesis of the ferrous complex LNiFe. Even though the solution was typically green,
UV-vis spectroscopy showed a not negligible amount of already oxidized LNiFeCl due
to the presence of the absorption band at 535 nm (Fig. 5.14).
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Figure 5.14: UV-vis spectrum of reaction mixture of the synthesis of LNiFe in CH5Cl,. The

absorption band at 535 nm, marked with a black asterisk, is characteristic for the
oxidation state of the iron ion.
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The prominent Q-band at 535 nm is a good indicator for the oxidation state of the
iron ion within the iron nickel complex LNiFe or LNiFeCl. Whereas this band is very
intense in LNiFeCl it vanishes in the reduced form LNiFe (cf. Fig. 5.11).

Partial oxidation of LNiFe was furthermore confirmed by Mofbauer spectroscopy. The
MB spectrum shows a mixture of the ferrous and ferric iron nickel complexes (cf. Fig.
5.13) together with an additional doublet typical for iron(II) (Fig. 5.15).

4 8, =1.04 )
AEq=4.10

[ )

S

[

Q

£ 0.99

= 5e, = 0.47

=0.994 AEq=1.00

=

T 0.992 dre = 0.56

2 AEq = 2.80
0.9901 solid state

4 2 0 2 4

velocity / mms™

Figure 5.15: Mofkbauer spectrum of partly oxidized LINiFe in CH,Cl, at 80 K with §p, = 0.47,
0.56, 1.04 and 1.38; AEQ = 1.00, 2.80, 4.10 and 2.53.

The additional doublet in Figure 5.15 with an isomer shift of . = 1.38 and a quadrupole
splitting of AEg = 2.53 corresponds to a hs-iron(IT) and is assumed to be remaining
FeCly, whose Mofsbauer parameters are in good agreement with the one of the additional
doublet (Tab. 5.4).[156:157]

Table 5.5: Mofbauer parameter of LNiFe in frozen THF solution, LNiFeCl and the reaction
mixture during the direct synthesis of LNiFe(cf. Fig. 5.15) in solid state at 80 K
in comparison to FeCl, at 78 K in solid state (Fig.5.5).[126:157]

Complex | 0pe | AEg | rel. Int. / %
LNiFe | 1.07 | 3.81 | 100
. 0.53 | 1.20 20
LNiFeCl 0.58 | 2.70 80
1.04 | 4.10 31
. . 0.47 | 1.00 28
Reaction mixture 056 | 2.80 929
1.38 | 2.53 12
FeCl, | 1.40 | 2.63 | 100

Partial oxidation of the ferrous complex could not be avoided, regardless which reaction
conditions were chosen. Strikingly LINiFe could also not be stabelized with the addition
of carbon monoxide, with the intention to form LNiFeCO or LNiFe(CO)s,['58] 4
reaction that is well established in porphyrin chemistry to stabilize iron porphyrins with

iron in the oxidation state of +II.['52158-161] Tnstead, LNiFe decomposed over time, as
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could be observed in UV-vis spectroscopy. This decomposition was unexpected.

The oxidation of LNiFe is remarkable but not suprising, since the oxidation of
Fe(II) to Fe(III) in LNiFe is easily accessible, as it was observed during electrochemical
studies described in chapter 5.1.2 (cf. Fig. 5.8) and is much easier (lower potential)
than in the corresponding TPP and OEP complexes (Tab. 5.2). Furthermore oxidation
of iron porphyrin complexes under inert conditions has been observed before in several
cases. [32:146]

Due to this oxidation, the synthesis of ferrous LNiFe has to be done starting from its

ferric counterpart LNiFeCl followed by reduction with CoCps (Chap. 5.1.4).

5.2 Mononuclear Iron Complex LH;FeCl

A mononuclear iron complex LHoFe of the Siamese-twin porphyrin is a suitable
precursor for the synthesis of different heterobimetallic complexes incorporating redox
active metal ions. With the combination of different metal ions within one complex, the
redox properties can be selectively varied, which may help to find suitable complexes for

the activation of small molecules.

A reaction temperature controlled monometallation resulting in LHsFe could not
be achieved, even if only one equivalent of the metal salt, FeCly or Fe(BF,)s, was used
(Fig. 5.5). Therefore, the solvent system for the complexation was changed from the
previously used CHyCly/MeOH mixture to pyridine, according to recent observations by
vOGEL. "%l With the use of different iron(II) salts and different stoichiometry a suitable
procedure for the synthesis of the monoiron complex LH2Fe was found.

Monometallation was possible with the use of FeCly, in pure pyridine. However,
monometallation could only be achieved with the right concentration of the free base
porphyrin LH4, no matter which stoichiometry was used. Whereas a concentration
below 1.5 mM did not yield any metallation or a mixture of LHy4 and LHsFeCl, a
concentration above 1.5 mM resulted in a double metallation towards L{FeCl}2. Even
if only one equivalent of the metal salt was used, a mixture of the free base porphyrin

LH,, the monoiron and the diiron complex was observed.

Careful optimization of the reaction conditions finally led to the following protocol: FeCls
was added to a 1.5 mM solution of the free base STP in pyridine and the reaction mixture
was heated to 60 °C for 15 minutes under aerobic conditions. The solvent was removed
under reduced pressure and toluene was added and removed again twice to eliminate
excess pyridine. The residue was dissolved in toluene once again and the suspension
was filtered to remove excess FeCly. The resulting mixture of LHy, L{FeCl}2 and

LH>FeCl - a coordination of chloride in axial position was assumed similar to previously
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5 IRON COMPLEXES OF THE SITAMESE-TWIN PORPHYRIN

Ph  Ph Ph Ph  Ph Ph
F9C|2,A
Ph Ph
pyridine
Ph  Ph Ph Ph  Ph Ph
LH4 LHzFeCl

Scheme 5.5: Synthesis of the monoiron complex LH5FeCl.

synthesized LINiFeCl — could not be purified any further due to its instability. The
ferric monoiron complex showed decomposition during column chromatography and size
selective chromatography could not seperate LHoFeCl from LHy4 and L{FeCl}3, due to
their similar/same size. The mixture was therefore directly used for analysis and further

reactions.
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Figure 5.16: HRMS ESIT spectrum of the reaction mixture of LHyFe (marked with a green
asterisk), L{FeCl}s ([M-Cl4+MeOH]|" marked with a red asterisk) and LH,4
([LH4]* and [LH4+CH3;OH]' marked with black asterisks) with the measured
and the calculated isotopic pattern of LHoFe (grey bars). [M]™ m/z = 1354.6002
(caled.: 1354.6010).

The resulting iron(III) complex LH2FeCl could be characterized via HRMS (Fig. 5.16).
The synthesis of the corresponding Fe(II) complex was again not feasible and resulted
in a mixture of the ferrous and ferric complex. Furthermore, the iron(II) complex was
prone to decomposition more rapidly.

A more detailed spectroscopic characterization was hampered by remaining impurities
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5.3. Iron Copper Complex LCuFeCl

and the presence of LH4 and L{FeCl}s. However, the monoiron complex was used for
further complexation reactions to yield the corresponding heterobimetallic copper iron
complex (Chap. 5.3).

It should be noted that synthesis of the monoiron complex was also possible with the
use of Fe(BFy4)2, but the resulting complex, most likely bearing a BF4~ as counterion
instead of a chloride as an axial ligand, was prone to faster decomposition than the

chloride analog.

5.3 Iron Copper Complex LCuFeCl

With LH2FeCl in hand, the synthesis of the iron copper complex LCuFeCl could be
performed by addition of a copper(II) salt in a polar solvent. The resulting heterobimetal-
lic complex incorporates two redox active metal ions, which in their reduced states are
both potentially suitable for small molecule activation, like molecular oxygen.[59’162’164]
The crude reaction mixture of LH2FeCl could be used for further complexation reac-
tions (Fig. 5.6), even though remaining free base Siamese-twin porphyrin in the solution

also led to the formation of the dicopper complex LCus upon addition of a copper salt.

5.3.1 Synthesis of LCuFeCl

Ph Ph Ph Ph Ph Ph

Cu(OAc),

toluene, MeOH

Ph Ph Ph Ph  Ph Ph

LH,FeCl LCuFeCl

Scheme 5.6: Synthesis of the heterobimetallic iron copper complex LCuFeCl.

The residue of the synthesis of LHaFe was dissolved in toluene and added to a solution
of copper acetate in MeOH. The reaction mixture was stirred for 30 min at ambient
temperature and the solvent was removed under reduced pressure. The residue was
redissolved in CH5Cly and filtered over a plug of basic aluminum oxide to remove LCus,
which was the only fraction passing. The remaining LCuFeCl was eluted with MeOH
and the solvent was removed under reduced pressure. The crude product was purified by
column chromatography (silica, n-hexane/EtOAc 4:1) and recrystallized from a mixture
of CH5Cly and n-hexane (1:1) to yield polycrystalline LCuFeCl. No suitable single

crystals for X-ray diffraction could be obtained so far.
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5 IRON COMPLEXES OF THE SITAMESE-TWIN PORPHYRIN

5.3.2 Characterization of LCuFeCl

The crystallization behavior and electronic structure of the incorporated iron ion of
LCuFeCl is assumed to be similar to that of LNiFeCl, due to the similarity of Cu(II)
and Ni(IT) with regards to their coordination environment, as well as previously encoun-
tered similarities of the homobimetallic complexes LCus and LNis .

The LCuFeCl could be characterized by HRMS, again as [M]" species (Fig. 5.17).
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Figure 5.17: HRMS ESI* spectrum of LCuFeCl in MeOH. Inset: Comparison of the measured

(black) and the calculated isotopic pattern (grey bars). [M]* m/z = 1415.5149
(caled.: 1415.5150).

The overall optical spectrum of LCuFeCl looked similar to that of LNiFeCl (Fig. 5.18),
even though all three absorption bands are shifted.
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Figure 5.18: UV-vis spectra of LCuFeCl (blue) and LNiFeCl (brown) in CH,Cly at ambient
temperature.
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5.3. Iron Copper Complex LCuFeCl

Within the error of the measurement the red shifted Soret like band (388 nm) showed a
similar extinction coefficient (e = 72500). The first Q-band appears at a wavelength of
560 nm and is red shifted, whereas the second Q-band (692 nm), which is assumed to

have mainly some copper contribution, is slightly blue shifted.

EPR and Mofbauer spectroscopy as well as magnetic susceptibility measurements
were performed on LCuFeCl to compare the iron ion’s spin and oxidation state with
those of LNiFeCl. Even though copper(II), as a d? metal ion, has a spin of S = 1/2,
no EPR signal could be obtained at temperatures above 120 K. This is in contradiction
to the previously synthesized copper complexes LCus and LNiCu, [P35 but can be
explained with the presence of the iron(III) ion. Exchange coupling between the iron(III)
and copper(IT) metal ions can lead to an EPR silent spin ground state or can result in
signal broadening too large to resolve a signal in X-band EPR spectroscopy at higher
temperatures. Indeed, magnetic susceptibility measurements on solid material have been
interpreted as an antiferromatically coupled two spin system with spins of S; = 3/2 and
Sy = 1/2 (Fig. 5.19).
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Figure 5.19: Susceptibility measurement of LCuFeCl (black circles) and its fit (red) with
g1 = 2.083,D; = —6.81, go = 2.050 and J = —6.40 cm ™.

An effective magnetic moment of p.rr = 4.32 at temperatures over 100 K is indicative of
a spin system of S; = 3/2 and Sg = 1/2, whose spin-only value would be 4.25, assuming
g-values of 2.0023. Two spin centers with S; = 3/2 and Sy = 1/2 are in agreement with
an is-iron(IIT) (S =3/2) and a copper(II) (S =1/2) ion. An intermediate spin iron(III) ion
was expected from previous results for LINiFeCl and was further confirmed by Moéfbauer

spectroscopy (Fig. 5.20).

A doublet (dp. = 0.55) with a quadrupol splitting of AEg = 2.82, which is typical for
iron(III) intermediate spin, was observed in 80 % area ratio together with a doublet with
a distinct smaller quadrupol splitting (dp. = 0.54, AEg = 1.36) in 20 % area ratio. Both
doublets are nearly identical with the doublets obtained for LNiFeCl (Table 5.6). Even
though the synthesis of LCuFeCl and LNiFeCl was partly different, the ratio between

the two characteristic Mofsbauer doublets was retained, however.
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5 IRON COMPLEXES OF THE SITAMESE-TWIN PORPHYRIN
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Figure 5.20: Solid state Mofbauer spectrum of LCuFeCl with ép, = 0.54 and 0.55,
AFEg = 1.36 and 2.82 at 80 K.

Table 5.6: Mofsbauer parameters of LCuFeCl and LNiFeCl in solid state at 80 K.
Complex | dpe | AEg | rel. Int. / %

0.54 | 1.36 20

LOuFeCl 555 | 2.82 ‘ 80
. 0.53 | 1.20 20
LNIFeCL 558 | 2.70 ‘ 80

Similar to LNiFeCl, the redox chemistry of LCuFeCl was studied by cyclic and square
wave voltammetry and showed the expected two reversible ligand-based oxidation events

together with four irreversible reduction events (Fig. 5.21).

| [0:28 0.24
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— 200 mV
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Figure 5.21: (a) CV (top) and SWV (bottom) curve of LCuFeCl at a scan rate of 100 mV.
The two reversible ligand-based oxidations are marked in blue and the assumed
iron(IIT) reduction in red. Half wave potentials (E;/5) are indicated in volts and
determined from square wave voltammetry. (b) CV curve of the electrochemically
reversible oxidations of LCuFeCl at different scan rates indicated. Both measure-
ments were performed in CHyCly at ambient temperature with 0.1 M [BuyN|PFg
as electrolyte referenced to the redox couple Fc/Fc™.

The two reversible ligand-based oxidation waves at —0.28 and 4+0.24 V vs. Fc/Fc' and

the reduction events at —1.07 and —1.71 or —1.85 V are comparable with the measured
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5.4. Diiron Complex L{FeCl}s

values for the other metal complexes of the Siamese-twin porphyrin (Tab. 5.7). The two

reduction waves at —1.71 and 1.85 V interfere and can not be explained.

Table 5.7: Potentials of the first reduction and the first two oxidations of LCuFeCl?! in com-
parison to the iron, nickel and copper complexes of the STP vs. Fc/Fc™.

Complex ERed/V | ERed/V|EOx1/V|EOx2/V|Ref
ligand metal

LCuFeCl | —1.71/—-1.85P1 | —1.070" —0.28 0.24 -

LNiFeCl -1.92 —1.12[P] —0.08 0.33 -

LNiylcl -1.90 - —0.16 0.30 [55]

LCuNilcl —1.81[0I - —0.34 0.24 [55]

LCu,l —1.86 - —0.37 —0.02 [55]

[a] Values as determined by square wave voltammetry (in CH»Cls, 0.1 M [BuyN|PFs) cf. to
Fig. 5.8. [b] Electrochemically irreversible. [c] The values reported previously[®® have been
incorrectly referenced because of conflicting data in literature.['*!] A potential of —0.48 V of
decamethylferrocene vs. ferrocene was choosen instead of —0.59. A correction of —0.11 V was
done in this table.

The first oxidation of the STP scaffold of LCuFeCl occurs at a distinct lower potential
(—0.34 V) than the first oxidation in LNiFeCl (—0.08 V) but is in the same region as
the first oxidation of the copper complexes LCulNi and LCus. This indicates, that the
first oxidation of LCuFeCl takes place at the dipyrromethene unit at the copper side.
The iron-based reduction wave at —1.07 V vs. Fc/FcT is within the same region as it is
for LNiFeCl (—1.12 V vs. Fc/Fct) and should therefore also be accessible for reduction
with CoCps, to yield the ferrous complex LCuFe. However, further investigations have
yet to be done to analyze the redox chemistry of LCuFeCl in more detail. Additionally,

other heterobimetallic complexes can be synthesized starting from LH2FeCl.

5.4 Diiron Complex L{FeCl};

After the characterization and investigation of the redox behavior of LNiFeCl the cor-
responding homobimetallic complex L{FeCl}2 was synthesized. As expected, the incor-

poration of two iron(III) ions led to a complication of the spectroscopic data.

5.4.1 Synthesis of L{FeCl},

According to the procedure developed for LNiFeCl, the corresponding homobimetallic
complex L{FeCl}s was synthesized from LH4 with the use of FeCly, and NaOAc (Fig.
5.7). Strikingly L{FeCl}s was found to be more sensitive than LNiFeCl. Column
chromatography always led to decomposition of the complex, no matter which solid phase

was used. Only with size exclusion chromatography L{FeCl}2 could be separated.
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5 IRON COMPLEXES OF THE SITAMESE-TWIN PORPHYRIN

Ph  Ph Ph Ph  Ph Ph
FeCly, NaOAc
Ph Ph
CH2C|2, MeOH
Ph Ph Ph Ph Ph Ph
LH4 L{FeCl}2

Scheme 5.7: Synthesis of the diiron complex L{FeCl},.

FeCly and NaOAc were added to a solution of LHy4 in a polar solvent and the reaction
mixture was stirred for 30 minutes at ambient temperature. The solvent was removed
under reduced pressure, EtoO was added and the suspension was filtered. The solvent was
removed again and the residue was redissolved in CHyCls, washed with brine and dried
over sodium sulfate. The raw product was purified by size exclusion chromatography

and recrystallized from n-heptane and chlorobenzene.

5.4.2 Characterization of L{FeCl},

L{FeCl}, could be detected in HRMS (MeOH solution) as [M+CH30]* and [M]**
(Fig. 5.22). Due to its two iron(III) ions the corresponding complex LFeFe?™ is twice
positively charged after decoordination of the axial chloride ligands; loss of the chloride
ligand unter ESI-MS conditions was also observed for LNiFeCl. One of the positive
charges is compensated with a methanolate which is present because the measurements

were performed in MeOH, resulting in the formation of [M+CH3O]| ions.

The molecular structure of L{FeCl}2 , as determined by single crystal X-ray diffraction,
confirmed the assumed double oxidation of LFeFe, due to an axial coordinated chloride
ligand for each iron ion, which most likely occurs in a ferric iron complex, resulting in
an overall neutral compound (Fig. 5.23) as in LNiFeCl (cf. Fig. 5.2).

Due to the twist of the Siamese-twin porphyrin, one side of each coordination pocket
is more shielded than the other one, because of the orientation of the phenyl and ethyl
groups. Thus, the coordination of the axial chloride ligand always occurs from the less
shielded site, resulting in a trans-coordination of the chlorides (Fig. 5.23 (b)). This
trans-configuration has to be taken into account in future reactivity studies of bimetallic

complexes of the STP towards small molecule activation and transfer to a substrate.
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5.4. Diiron Complex L{FeCl}s
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Figure 5.22: HRMS ESI* spectrum of crystalline L{FeCl}5 in MeOH. Inset: Comparison of
the measured (black) and calculated isotopic pattern (grey bars). [M-+CH3O|"
m/z = 1439.5375 (caled.: 1439.5386).

(b)

Figure 5.23: (a) Ball-and-stick model of the molecular structure of L{FeCl}, and (b) stick
model of the sideview of the core-structure, without any substituent, of L{FeCl}2,
approximately along the iron nickel axis, determined by single crystal X-ray
diffraction. All hydrogen atoms and solvent molecules were omitted for clarity
(grey: carbon, blue: nitrogen, red: iron, pink: chlorine) For details, see Appendix.
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5 IRON COMPLEXES OF THE SITAMESE-TWIN PORPHYRIN

L{FeCl}, showed the expected absorption spectrum with an extintion coefficient of
67400 for the Soret like band (382 nm) like in LNiFeCl (A = 380 nm, ¢ = 67400) and
LCuFeCl (A = 388 nm, ¢ = 72500).
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Figure 5.24: UV-vis spectra of L{FeCl}2 (red), LNiFeCl (brown) and LCuFeCl (blue) in
CH,Cl, at ambient temperature.

The first Q-band appears at the same wavelength of 535 nm (e = 20400) as in
LNiFeCl (e = 22700), further indicating that this absorption band has some iron
contribution. The second Q-band at 667 nm is significantly weaker (e = 11300)
and blue shifted with regards to LNiFeCl (A = 700 nm, ¢ = 16600) and LCuFeCl
(A = 692 nm, ¢ = 17300) (Fig. 5.24), further indicating that this absorption band

has mainly some nickel and copper contribution in LNiFeCl and LCuFeCl, respectively.

For further insight into the electronic structure of the diiron complex, EPR, Md&fsbauer
and magnetic susceptibility measurements were performed. In this case the diiron com-
plex showed no signal in the X-band EPR spectrum, due to typical signal broadening
in a dinuclear complex having two spin centers with a spin of S > 1/2 each, because of
exchange coupling. [82,165] The spin state of the iron(IIT) ion could therefore only be deter-
mined by magnetic susceptibility measurements (Fig. 5.25) and Mofbauer spectroscopy
(Fig. 5.26).

An effective magnetic moment of p.ry = 5.92, as determined by magnetic susceptibility
measurements (Fig. 5.25), indicated two S = 3/2 spins, whose spin-only value according
to equation (2) would be p.rs = 5.48. A spin system of two times S = 3/2 means
that both iron ions are in the intermediate spin state, like observed for the iron(IIT)
ion in LNiFeCl (Chap. 5.1.2) and LCuFeCl(Chap. 5.3.2). A very small antiferro-
magnetic coupling with J = —0.17 cm~! was observed for L{FeCl}; like in LCuFeCl
(J = —6.40 cm™!) whereas the previously synthesized dicopper complex LCus showed

ferromagnetic coupling due to orthogonal magnetic orbitals.[5l
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Figure 5.25: Susceptibility measurement of L{FeCl}. (black circles) and its fit (red) with
g = 2172, D = 3.01, E/D = 0 and a slight antiferromagnetical coupling of
J = —0.17.

To determine the iron ion’s oxidation and spin state in more detail, Mofbauer (MB)
spectroscopy was performed on solid samples of L{FeCl}, (Fig. 5.26) and compared to
the results for LNiFeCl and LCuFeCl (Tab. 5.6).
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Figure 5.26: Solid state Mofbauer spectrum of L{FeCl}, with dp, = 0.46 and 0.54 and
AEQ — 1.01 and 2.79 at 80 K.

The Mofbauer spectrum of L{FeCl}2 showed two different doublets in a ratio of 50:50,
one with a large quadrupole splitting of AEg = 2.79 and one with a smaller splitting of
AFEg = 1.01. The isomer shift and the quadrupol splitting of both doublets are in good
agreement with the doublets observed in LNiFeCl and LCuFeCl (Tab. 5.6).

For L{FeCl}2 the ratio of the two doublets is 50:50 while it is 20:80 in the case
of LNiFeCl and LCuFeCl. On the first glance, it seemed that both iron ions in
L{FeCl}, are different, due to two different Mokbauer doublets in a ratio of 1:1.
However, L{FeCl}2’s solid state structure showed that both Fe(III) ions are identical
from a crystallographic point of view. Furthermore, LNiFeCl and LCuFeCl have also

shown two different doublets.
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5 IRON COMPLEXES OF THE SITAMESE-TWIN PORPHYRIN

Table 5.8: MoRbauer parameter of L{FeCl},, LCuFeCl, and LNiFeCl in the solid state at
80 K.

Complex ‘ OFe ‘ AEg

0.46 | 1.01
L{FeClL}2 | gyl o7g
) 053 | 1.20
LNiFeCl | ) wo | 270
0.54 | 1.36

LCuFeCl | e | 982

The redox chemistry of L{FeCl}2 was studied by cyclic and square wave voltammetry

and showed the expected two ligand based oxidation events.
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Figure 5.27: (a) CV (top) and SWV (bottom) curve of L{FeCl}, in CH,;Cl, at ambient
temperature with [BusN]PFg as electrolyte at a scan rate of 100 mV referenced to
the redox couple Fc/Fct. The two ligand-based oxidations are marked in blue and
the two presumptive iron reduction waves in red. Half wave potentials (E,/5) are
indicated in volts and determined from square wave voltammetry. (b) CV curve of
the electrochemically (quasi)reversible oxidations of L{FeCl}o at different scan
rates indicated. Measurements were performed in CH,Cly at ambient temperature
with 0.1 M [BuyN|PFg as electrolyte referred to the redox couple Fe/Fe™.

The first of the two ligand based oxidation waves at —0.03 V is reversible whereas the
second one and 40.36 V vs. Fc/Fc™ becomes quasireversible for L{FeCl}2, further
indicating its lower stability. Additionaly the first reduction wave at —1.08 V is within
the same region as for LNiFeCl (—1.12 V) and LCuFeCl (—1.08 V) (Tab. 5.9) and a
second reduction wave at —1.73 V vs Fc/Fct appears. Two metal-based reductions are
theoretically possible, due to the presence of two iron(III) ions. It has to be mentioned,
that the SWYV spectra result from two measurements, one for the oxidation and one for
the reduction. Therefore comparison of the integrals of the redox peaks of the oxidation
and the reduction is not suitable to obtain the number of transfered electrons during the

reduction events.
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5.4. Diiron Complex L{FeCl}s

Table 5.9: Potentials of the first reduction and the first two oxidations of L{FeCl1}2/?! in com-
parison to the iron, nickel and copper complexes of the STP vs. Fc/Fc™.

Complex ERed /V ERed /V EOx1/V | EOx2/V]|Ref.
ligand metal
L{FeCl}, —2.27 —1.730°1 and —1.08["! —0.03 0.36 -
LNiFeCl —1.92 —1.12l —0.08 0.33 -
LCuFeCl | —1.71/—1.85/"] —1.07M! —0.28 0.24 -
LNij!¢! ~1.90 - —0.16 0.30 [53]
LCuNil —1.81l°l - —0.34 0.24 [55]
LCu,l —1.86 - —0.37 —0.02 [53]

[a] Values as determined by square wave voltammetry (in CH2Cls, 0.1 M [BuyN|PFg) cf. to
Fig. 5.8. [b] Electrochemically irreversible. [c] The values reported previously[>® have been
incorrectly referenced because of conflicting data in literature.!'*!l A potential of —0.48 V of
decamethylferrocene vs. ferrocene was choosen instead of —0.59. A correction of —0.11 V was
done in this table.

The (quasi)reversible oxidation events for L{FeCl}2 occured at similiar potentials as for
LNiFeCl and are only sligthly shifted to higher potentials (Fig. 5.9). The oxidation
locus for both oxidations of LINiFeCl was therefore difficult to determine.

Furthermore, L{FeCl}5 showed decomposition during CV measurements at potentials
higher than 1.2 V and lower than —1.3 V vs. Fc/Fc™, as also indicated by instant UV-vis
spectroscopy.

It has been shown for LNiFeCl that single oxidation led to an unstable compound and
L{FeCl}; is formally already oxidized once more due to the presence of a second iron(IIT)
ion. With an additional oxidation, decomposition is expected to be much faster, not to
mention a second oxidation.

The instability of L{FeCl}y also affected its reduction. Reduction with CoCps like for
LNiFeCl always led to decomposition, even at low temperatures.

Nevertheless, when the redox chemistry of the STP’s iron complexes is understood in
more detail, L{FeCl}2 can be a suitable precursor complex for reactivity studies towards

small molecule activation.
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6 Cobalt Complexes of the

Siamese-Twin Porphyrin

Since cobalt(II) is a redox active d” metal ion, it is interesting for catalysis and oxygen
activation104166-168] and would be the missing link between the known d?-d® (Fe'™, Fe')

and d8-d? (Ni'!, Cu'l) metal complexes of the Siamese-twin porphyrin. [10:53-55,95]

6.1 Nickel Cobalt Complex LNiCo

Initially, the nickel(IT) cobalt(II) complex LINiCo has been synthesized. Like LNiFeCl
and LNiFe (Chap. 5) the presence of only one cobalt ion in LNiCo should simplify the

cobalt ion’s characterization.

6.1.1 Synthesis of LNiCo

Interestingly the nickel cobalt complex could not be synthesized according to LNiCu [*]

using the corresponding cobalt acetate Co(OAc)s. In contrast to LNiFeCl a complexa-
tion with the corresponding cobalt chloride salt CoCly did not led to a complexation of
cobalt. Also the addition of pyridine as an axial ligand, due to the cobalt ion’s tendency
to adopt a five or six fold coordination and its affinity towards additional nitrogen based
ligands,[s] did not yield the cobalt complex of the Siamese-twin porphyrin. Only the use
of Co(BF4)2 under inert conditions succesfully generated LNiCo.

Ph  Ph Ph Ph  Ph Ph

Co(BF4)» , NaOAc

Ph Ph
CH2C|2, MeOH

Ph Ph Ph Ph Ph Ph

LH,Ni LNiCo

Scheme 6.1: Synthesis of the heterobimetallic complex LNiCo.
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6.1. Nickel Cobalt Complex LNiCo

Co(BFy4)2 and NaOAc were added to a solution of the mononickel complex LH2Ni in
polar solvent under inert conditions. The reaction mixture was stirred at ambient tem-
perature for 30 minutes. The solvent was removed under reduced pressure and the residue

was filtered over a plug of basic aluminum oxide, yielding LNiCo .

6.1.2 Characterization of LNiCo

Like all other metal complexes of the STP, LINiCo could be observed in mass spectrom-

etry as [M]" species (Fig. 6.1) and could be characterized by HRMS.
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Figure 6.1: HRMS EST*™ spectrum of LNiCo in MeOH. Inset: Comparison of the measured
(black) and calculated isotopic pattern (grey bars). [M|T m/z = 1413.5186 (calcd.:
1413.5171).

Interestingly LINiCo showed rapid decomposition, as determined by mass spectrometry,
in solution as well as in solid state, even if it was stored under inert conditions in the
freezer. This decomposition could also be observed in UV-vis spectroscopy. Hardly any
STP like spectra could be observed, even if the solution of LINiCo was freshly prepared

and measured immediately under inert condition.

EPR spectroscopic investigation indicated an organic radical (g, = 1.9643, g, = 1.9892,
g. = 2.0060) along with an unpaired electron located at the cobalt (g, = 2.1050,
gy = 2.2853, g, = 2.3054) (Fig. 6.2 black), suggesting an oxidized ligand together with
a low-spin cobalt(II) (S = 1/2) metal ion.['89'"!] With the addition of BuyNCl, intro-

66



6 COBALT COMPLEXES OF THE SIAMESE-TWIN PORPHYRIN

ducing a chloride as a medium strong ligand, both EPR signals nearly vanished (Fig. 6.2

red) indicating coordination of the chloride in the cobalt ion’s axial position.

—
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Figure 6.2: (a) EPR spectra of LNiCo in CH»Cl, at 152 K before (black) and after (pink)
addition of BusNCl. (b) Simulated EPR spectrum (red) of LNiCo (black) with
g. = 1.9643, g, = 1.9892, g, = 2.0060 (Gaussian line shape, line width: W, = 24 G,
W, =10 G, W, = 16 G) for the organic radical (blue) and g, = 2.1050, g, = 2.2853,
g. = 2.3054 (Gaussian line shape, line width: W, =50 G, W, =50 G, W, =40 G)
for the cobalt(IT) species (green) with an amplitude ratio of 1:4.

Upon coordination of the chloride ligand the oxidation locus of LNiCo™ is shifted from
the porphyrin scaffold to the cobalt(IT) ion (Scheme 6.2), resulting in a switch from d”
to d® configuration of the cobalt ion. A cobalt(III) ion is stabilized by the coordination
of the chloride ligand and the accrued diamagnetic low spin cobalt(IIT) ion (S = 0) give
rise to an EPR silent complex.['™] These findings support the assumption of a formerly

ligand-centered oxidation locus in LNiCo™.

Cl
LNiCo™ LNiCoCl

Scheme 6.2: Schematic representation of the shift of the oxidation locus in LNiCo® upon
addition of chloride.

A coexistance of a ligand and a metal-based oxidation has been observed previously
by BruscH for the oxidized nickel complexes LHsNi, LNiz and LNiCu, whereat the
ligand based oxidation has always represented the major species.[?>86] If non-distilled
CH,Cl, is used for EPR measurements of LNiy T, the amount of nickel(ITI) species
varies. This can be explained by different traces of HCI within the CH5Cls, due to slow
autoxidation. 17317 When an EPR spectrum of a freshly prepared sample of LNipT
in freshly distilled CH9Cl, was recorded, hardly any nickel(III) was found (Fig. 6.3),
like observed by BLuscH.®l With the addition of BuyNCI the oxidation locus could be
shifted nearly quantitatively towards a nickel(IIT) species (Fig. 6.3), due to axial binding
of the chloride, stabilizing the nickel(III) species. This further reinforces the assumption

on a ligand-centered oxidation locus in LNiCo™ before addition of BuyNCI.

67



6.1. Nickel Cobalt Complex LNiCo
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Figure 6.3: (a) EPR spectra of LNiy " in CH,Cly at 150 K before (black) and after (pink)
addition of BuyNCI. (b) Simulated EPR spectrum (red) of LNiz™ (black) with
g. = 1.9655, g, = 2.0167, g, = 2.0344 (Gaussian line shape, line width: W, =35 G,
W, =19 G, W, = 43 G) for the organic radical (blue) and g, = 2.1382, g, = 2.2932,
g, = 2.4915 (Gaussian line shape, line width: W, =92 G, W, =50 G, W, =130 G)
for the nickel(IIT) species (green) with an amplitude ratio of 1:2. (c¢) Simulated
EPR spectrum (orange) of the nickel(IIT) species of LNiy™ after the addition of
BusNCl with g, = 2.0900, g, = 2.2370, g, = 2.4958 (Gaussian line shape, line
width: W, = 80 G, W, = 60 G, W. = 65 G).

With the addition of BuyNPFg no change of the EPR spectra could be obeserved,

indicating the effect only relies on the potential axial chloride ligand.

The oxidation of LNiCo is not unexpected even under inert conditions in an inert
glove box. Cobalt(II) porphyrins are known to have rather low oxidation potentials in
contrast to the corresponding complexes with different dicationic metal ions like nickel(IT)
and copper(II). The actual potential of cobalt(II)/cobalt(III) can vary in a wide range,
depending on the electronic structure of the porphyrin®17! but is always higher —
oxidation towards cobalt(III) is harder accessible — than for iron(II) /iron(III) within the
same porphyrin (CoTPP: 0.32 VII76l; FeTPP: —0.80 VIl vs. Fc/Fct (converted with
E(Fc/Fet) = 0.46 V vs. SCE['*!)). The rapid oxidation of LNiCo further explains
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6 COBALT COMPLEXES OF THE SIAMESE-TWIN PORPHYRIN

why the corresponding Fe(II) complex of the Siamese-twin porphyrin could directly not

be synthesized in a pure ferrous oxidation state (see. Chap. 5.1.5).

Interestingly the oxidized cobalt nickel complex could not be stabilized by addition of
chloride, forming LINiCoCl, whereas the corresponding iron(ITT) complex LNiFeCl
was stable under ambient conditions (Chap. 5.1). This is not a suprise, considering

that decomposition under inert conditions was observed for a variety of cobalt(III) por-

phyrins. [8,32,146]

6.2 Dicobalt Complex LCo;

Following the procedure developed for LNiCo the corresponding dicobalt complex LCos

was synthesized with the free base Siamese-twin porphyrin LHy4 as starting point.

6.2.1 Synthesis of LCo,

Ph Ph Ph Ph  Ph Ph

Co(BF4)» , NaOAc

Ph Ph
CHuCl,, MeOH, 30 min

Ph  Ph Ph Ph  Ph Ph

LH4 LC02

Scheme 6.3: Synthesis of the homobimetallic complex LCos.

Co(BF4)2 and NaOAc were added to a solution of the free base Siamese-twin porphyrin
LH, in polar solvent under inert conditions. The reaction mixture was stirred at ambient
temperatures for 30 minutes. The solvent was removed under reduced pressure and the

residue was filtered over a plug of SephadeXTM, yielding LCog .

6.2.2 Characterization of LCo,

LCoz could be characterized by HRMS (Fig. 6.1) but showed the expected decomposi-

tion even faster than LINiCo in solution as well as in solid state.

The higher instability of LCo2 was expected and can be explained by once further oxida-
tion in contrast to LNiCo T, resulting in LCo22™". It has been shown that even for the
monocobalt complex LNiCo oxidation led to rapid decomposition. This decomposition

is accelerated upon a second oxidation, like it has been observated for the chemically and
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6.2. Dicobalt Complex LCo2
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Figure 6.4: HRMS ESIT spectrum of LCos in MeOH. Inset: Comparison of the measured

(black) and calculated isotopic pattern (grey bars). [M|T m/z = 1414.5164 (calcd.:
1414.5164).

electrochemically doubly oxidized metal complexes of LCus, LNiCu and LNiy 5! and
the monoxidized complex LNiFeClT (Chap. 5.1.3 ).
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7 Preliminary Reactivity Studies of
LNiFe and LNiFeCl

First preliminary reactivity studies with the well characterized and stable complex
LNiFeCl and its ferrous pendant LNiFe were performed to obtain first insights into
their potential for substrate activation. Therefore, a selection of small molecules, or a
corresponding group transfer agent, have been added to the ferrous and ferric iron nickel
complexes in solution.

Iron complexes, not even necessarily of porphyrins, are known to react with different
gases like CO, NO or 0,. [8:152,158,160,177] Therefore, solutions of LNiFeCl and LNiFe
were treated with these gases at different temperatures ranging from ambient temperature
down to —60 °C. The complexes either decomposed while they were stirred with a gas
for a longer time even at low temperature, or did not react at all. Possible intermediates
of the decomposition reactions could not be isolated and characterized. Decomposition
either means that the complex is successfully coordinating the small molecule but decom-
poses in a subsequent reaction, or the gas directly reacts with the porphyrin ring, leading
to its breakdown. Neither of these two possibilities could be proven. The decomposition
products likely did not retain a porphyrin like structure as deduced from UV-vis spec-
troscopy. NMR spectroscopic investigations always showed a variety of signals, mainly
ethyl and phenyl groups, making NMR, spectroscopy unsuitable to distinguish the break-
down product.

Similar behavior was observed when the complexes were treated with soluble iodosoben-
zene, an oxygen atom transfer agent, or PhsCSNO, a known NO transfer agent.[”&”g]
Whereas LNiFeCl and LNiFe decomposed upon addition of the soluble iodosobenzene,
they did not react with Ph3CSNO at all.

With the addition of KOs, a reagent that is regularly used to reduce ferric iron complexes
and /or to form (su)peroxo complexes,['*8:150] to LNiFe a change of the UV-vis spectrum
could be observed (Fig. 7.1).

After the addition of KOs to a solution of LNiFeCl in THF, a reduction towards LNiFe
(red trace) could be observed (cf. Fig. 5.11), followed by a slow reaction over the
course of one hour to a second species (blue trace) with a new absorption band at
580 nm. Similar observations have previously been made for different iron porphyrin
complexes and have been explained with the coordination of an additional superoxide

ion to the reduced iron(II) ion to yield an iron(III) peroxo adduct[!7:148:149,180-184] ¢ 5y
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Figure 7.1: UV-vis spectra of LNiFeCl before (black) and after the addition of KOs before
(red and blue) and after addition of MeOH (pink) in THF at ambient temperature.

iron(II) superoxo adduct 491831 (Fig. 7.2). The observed absorption bands for these iron
(su)peroxo adduct are within a region of 570-595 nm and are in good agreement with the
observed absorption band of 580 nm for the blue trace in figure 7.1. In particular, for
a substituted [meso-tetrakis(2,4,6-trimethylphenyl)-porphyrinatoliron(II) complex with
an additional imidazole (Im) based ligand ([(tmp)ImFe]|) it recently has been shown
that a transformation of the iron (su)peroxo adduct towards an Fe(IIT) hydroperoxo
occurred, when MeOH was added as proton source (Fig. 7.2).['" Both, the (su)peroxo
and hydroperoxo complex of [(tmp)ImFe| have been characterized spectroscopically using
resonance raman, Mofsbauer, UV-vis and EPR spectroscopy but no molecular structure

could be obained so far. 17!

0—O X 0—o0O
(R) R R
MeOH KO
s ’ o\
O ) MeOH
N\ K+ %

o OH 00 ’

R

Figure 7.2: Proposed reaction of KOs with a five coordinated iron(III) porphyrin (left)

and a six coordinated iron(III) porphyrin with a covalently linked ligand R
(right).[17:148,149,180-184]

Upon the addition of MeOH to the solution of LNiFe and KO», a further change in the
UV-vis spectrum could be observed (Fig. 7.1 pink trace): The new absorption band at
around 570 nm is shifted to lower wavelength and is within the same region as the assumed
hydroperoxo absorption band for [(tmp)ImFe].['”] To investigate if the pink trace in Fig

7.1 could correspond to a hydroperoxo adduct, ferrous LNiFe was synthesized with the
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7 PRELIMINARY REACTIVITY STUDIES OF LNIFE AND LNIFECL

use of KOs, whose excess was filtered off, and the solution was split into two portions.
The first one was treated with KOo and MeOH, whereas the second one was treated with

tert-butyl-hydroperoxide (£--BuOOH), a known hydroperoxide transfer reagent.

1.25- LNiFe(ll)
—  +{BuOOH
1.00 —  + KO, + MeOH
S
o
= 0.75+
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®
@ 0.504
o
®©
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0.00

400 500 600 700 800
A/ nm

Figure 7.3: UV-vis spectra of LNiFe after the addition of KOz and MeOH (blue) and after
the addition of t~-BuOOH (red) in THF at ambient temperature.

The addition of KOs and methanol as well as the addition of ¢-BuOOH led to the for-
mation of exactly the same UV-vis spectrum (Fig. 7.3), suggesting formation of the
same species (eventually a hydroperoxo complex LNiFeOOR, R = H, t-Bu). The re-
action with KOs and #-BuOOH was repeated with LNiz and LCus to inverstigate if
the change in the UV-vis spectrum primary resulted from a decomposition of the STP
framework. Whereas the dinickel complex showed no reaction with KOs and ¢#-BuOOH,
the corresponding dicopper complex did (Fig. 7.4).

1.2 — LCu, 1.2 — LCu, + KO, + MeOH
—  +KO, + MeOH — LNiFe + KO2 + MeOH
1.0 1 1.0
c C
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Figure 7.4: (a) UV-vis spectra of LCug before (blue) and after (red) the addition of KOy and
MeOH. (b) UV-vis spectra of LCuz (red) and LNiFe (green) after the addition
of KO2 and MeOH. All spectra were measured in THF at ambient temperature.

LCus and LNiFe showed comparable spectra after the addition of KOy and MeOH.
The slight shift of the absorption bands for presumed (LNiFeOOR) and (LCuzOOR)
species can be explained with the different electronic structure of the copper and iron

ions within the complexes.
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However, further studies have to be performed to investigate the outcome of the reaction
with KOy and (#~-BuOOH) and to probe whether any adducts are formed or not.

Especially the ferric complex LNiFeOOH would be interesting, because ferric
hydroperoxo species of an iron porphyrin have been supposed to be the intermediate
in the formation of Cpd I from the peroxo species in heme enzymes like Cyt P450 (cf.
Fig. 1.3). Furthermore, the hydroperoxo species of Cyt P450, also called Cpd 0, was
discussed to be the active species in Cyt P450.[18%:186] Even though Cpd 0 has been

characterized spectroscopically, no suitable model complex could be synthesized so
far, [184,185]
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8 Summary and Outlook

In conclusion, a variety of new Siamese-twin porphyrins, their precursors and their
dicopper complexes could be synthesized and the effet of different STP substituents on
redox potentials and spectroscopic properties of the complexes was investigated. Fur-
thermore, different homo- and heterobimetallic iron complexes of the parent STP were
synthesized, and their coordination chemistry and electronic structure was investigated

in comprehensive studies.

In a first step, the substituents at the pyrazole’s meso-positions of the STP were
varied and the pyrazole building blocks 18, 20, 21 and 22, comprising a pyrazole and
two phenylacetylene units, were developed and synthesized. A collection of different
coupling reactions has been performed to attach 18, 20, 21 and 22 to 3,5-diethyl-pyrrole
and various other heterocycles. None ot these reactions led to any coupling product.

In a second approach, the meso-phenyl group located between two pyrrolic moieties
was varied. The resulting expanded porphyrins *LHy, with electron donating and
withdrawing substituents, were characterized and showed no conformational difference
compared to the parent STP. The helical conformation was retained, as could be
shown by single crystal X-ray diffraction for PMeLH, and PPLHy, even though they
crystallized in a different space group, and by DFT calculations for MeOTH, and
pMeOY 7,

Likewise, the influence on the electronic structure of the free base STPs, as assessed by
their near-identical optical spectra, is minute. However, the influence of the substituents
on the yield of the STP synthesis, their solubility, and degree of crystallinity is remark-
ably large. Particularly the meso-bistolyl-tetraphenyl-derivative PMPLH4 recommends
itself for its ease of synthesis in relatively large scales, solubility, relative chemical
stability, and crystallinity for further investigation of the chemistry of the STPs.

The influence of the different electron donating or withdrawing aryl groups was further
investigated for the copper complexes *LCugy of the new STPs. The difference in the
electronic structure of the copper complexes, as could be observed by UV-vis spec-
troscopy, was minute. The oxidation potentials of the copper complexes were somewhat
more affected by the derivatizations, reflecting their influence on the oxidation site,
namely the dipyrromethene subunits to which the substituents are attached. With the
electron withdrawing fluorine substituent the potentials were shifted to higher values,

whereas they were shifted to lower potentials with the electron donating substituents,
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with the shifts conforming to linear Hammett plots. Interestingly, the exchange of one
or both copper ions with one or two nickel ions has a much bigger influence on the
corresponding redox potentials than the substitution patterns of the two meso-aryl
groups. Even though the electronic influence by changing two of eight substituents
is minor, it is not negligible and can help to finetune the redox properties of metal

complexes of the STPs.

Ph Ph Ph Ph  Ph Ph
R R Ph Ph
Ph Ph Ph Ph Ph Ph
pMep | R = 4-CH;—Ph LH,FeCl: M! = 2H, M? = FeCl
PFLH, R = 4-F-Ph LCuFeCl: M! = Cu, M? = FeCl
pMeOp 1y R = 4-OCH; - LNiFeCl: M! = Ni, M? = FeCl
MeO1 H R =345 OCH3 LNiFe: M! = Ni, M2 = Fe
ri-FrH,: R =246-F-Ph L{FeCl},: M' = M’ = FeCl
penta- FLH R = 2,3,4,5,6-F-Ph LNiCo:  M! = Ni, M2 = Co
LCos: M! = M? = Co

Furthermore, the fundamental iron coordination chemistry of the parent Siamese-twin
porphyrin was investigated with different homo- and heterobimetallic iron complexes.
The direct synthesis of ferrous complexes proved to be unachievable, due to partial oxi-
dation to the ferric complexes. The synthesis of ferric complexes LH2FeCl, LCuFeCl,
LNiFeCl and L{FeCl}, was notably easier.

The unique conformation of the STP scaffold is retained upon exchange of a square
planar coordinated metal ion (nickel(IT), copper(II)) with a square pyramidal coordi-
nated metal ion (iron(IIT)), as could be shown by single crystal X-ray diffraction of
LNiFeCl and L{FeCl},. With this unique conformation and coordination motif of the
STP in combination with the weakly binding chloride in the iron ion’s axial position,
splitting of the molecular orbitals was within the perfect range to favor a pure S = 3/2
intermediate spin state for the iron(III) ion in LCuFeCl, LNiFeCl and L{FeCl},.
This intermediate spin state was confirmed by EPR and Mofbauer spectroscopy and
magnetic susceptibility measurements. Moéfbauer spectra of all bimetallic iron complexes
always showed two doublets. Whereas the first one, with a large quadrupole splitting of
around 2.80 and a quantity of 80 % was in agreement with an is-iron(III) ion, the other
one had an untypically small quadrupole splitting for an is-iron(III) signal, in a quantity
of 20 % for LNiFeCl and LCuFeCl, and a 50 % quantity for L{FeCl}. The ratio
of both Méfsbauer doublets was retained at any temperature measured and was further
investigated for LNiFeCl, the most stable iron complex of the STP. In coordinating
(THF) and non-coordinating (toluene) solvents the ratio of the two Mofbauer doublets

of 1:4 was retained and furthermore reappears after reoxidation of the ferrous complex
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8 SUMMARY AND OUTLOOK

LNiFe. Thus, the second Mofbauer doublet is definitely part of the interesting spin
system of ferric iron complexes of the STP, but could not be explained so far.

The redox chemistry of LCuFeCl, LNiFeCl and L{FeCl}s was studied by cyclic
and square wave voltammetry. Besides the previously observed ligand-based oxidation
and reduction events, cyclic and square wave voltammetry of LCuFeCl, LNiFeCl
and L{FeCl}2 showed an additional accessible reduction wave for the iron(III) ion at
around —1.10 V vs. Fc/FcT. All iron complexes were more prone to decompose upon
oxidation, but were found to be stable under aerobic conditions. However, LNiFeCl
could be oxidizied with AgBF4 under anaerobic conditions and showed the expected
STP scaffold based oxidations, as could be observed by instantaneous EPR spectroscopy.
Furthermore, the first ferrous iron complex LNiFe was synthesized using CoCps as a
reductant, which resulted in a clean conversion to a hs-iron(II) complex, with only one
Mo#Rbauer doublet. LNiFe was reoxidized with the addition of an oxidizing reagent
(m-CPBA) and the ratio of 4:1 for the two MoRbauer doublets for the ferric complex
was recovered.

Finally, first preliminary reactivity studies with LNiFe were performed, clearly showing
that the iron complexes of the STP are much distinct from their porphyrin congeners

and do not react in a straightforward way with typical substrates such as CO, NO or Os.

Now, that the fundamental coordination chemistry of iron complexes of the STP is in-
vestigated, the iron complexes of the STP(s) can be studied in a more detailed fashion,
concerning for example reactivity studies. Furthermore, with the use of the synthesized
monoiron complex LHaoFe a variety of different metal complexes incorporating differ-
ent redox active metal ions can be synthesized, to maybe find suitable complexes for

substrate activation.
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9 Experimental Section

9.1 Instruments and Materials

NMR Spectroscopy

NMR spectra were recorded on Bruker Awance 400 MHz or 500 MHz spectrometers at
room temperature if not mentioned otherwise. "*C NMR spectra were generally recorded
in proton decoupled mode. Chemical shifts are reported in ppm relative to residual proton
signals of the solvent. The multiplicity of the signals is abbreviated as follows: singlet
(s), doublet (d), triplet (t), quartet (q), quintet (qu), multiplet (m), broad signal (br).
The coupling constant is abbreviated as follows, depending on the range of the coupling:
VI 20,30, 4.

Mass Spectrometry

Mass spectrometry measurements were recorded on a Bruker APEX IV (FTICR-MS),
a Bruker MicroTOF (ESI-TOF-MS) or a Bruker maXis (ESI-QTOF-MS) spectrometer.
Methanol was used as solvent if not mentioned otherwise.

[M] indicates the corresponding organic molecule or metal complex without any axial

ligand.

Infrared Spectroscopy
IR spectra were recorded on a Brucker VERTEX 70 spectrometer using KBr pellets.
The position of the reported bands is given in wavenumbers (cm~!) and the reported

intensity is abbreviated as follows: very strong (vs), strong (s), medium (m), weak (w).

UV-vis Spectroscopy

UV-vis spectra were recorded at room temperature on a Varian Cary 5000 spectropho-
tometer using quartz cuvettes (d = 1 cm). Dichloromethane was used as solvent if not
mentioned otherwise.

The position of the reported bands is given in nm and the extinction coefficient is given
in L-mol~!.cm™!.

Mbofsbauer Spectroscopy

MoRbauer spectra were recorded on a Mofbauer spectrometer with a helium closed cycle

cryostate and a ®"Co source. The isomere shift (&) is given relative to a-iron foil. The
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9.1. Instruments and Materials

program Mfit (E. Bill, Max-Planck Institute for Chemical Energy Conversion, Miilheim

an der Ruhr, Germany, 2008) was used for simulations.

Susceptibility Measurements

Susceptibility measurements were performed on a Quantum-Design MPMS-55 SQUID
magnetometer equipped with a 5 Tesla magnet. The powdered sample was contained
in a teflon bucket and fixed in a non-magnetic sample holder. The raw data file of
the measured magnetic moment was corrected for the diamagnetic contribution of the
sample holder and the teflon bucket. Simulation of the experimental data with a full-
matix diagonalization of exchange coupling and Zeeman splitting was perfomed with the
JulX program (E. Bill, Max-Planck Institute for Chemical Energy Conversion, Miilheim
an der Ruhr, Germany, 2008).

Elemental Analysis

Standard CHN elemental analyses were measured on an Elementar 4.1 vario EL 3 by
the "Analytic Laboratory" of the Institute of Inorganic Chemistry at the University of
Gottingen.

X-Ray Crystallography

X-ray data were collected on a STOE IPDS II diffractometer (graphite monochromated
Mo-K, radiation, A = 0.71073 A) by use of w scans. The structures were solved with
SHELXT!['87] and refined on F? using all reflections with SHELXL-2014.['88] All non-
hydrogen atoms were refined anisotropically. Most hydrogen atoms were placed in calcu-
lated positions and assigned to an isotropic displacement parameter of 1.2 / 1.5 Ueq(C).

Nitrogen-bound hydrogen atoms were refined freely.

Electron Paramagnetic Resonance Measurements

X-band EPR measurements in the temperature range of 120-198 K were performed on
a Bruker ELEXSYS E500 spectrometer equipped with a ER-049X microwave bridge,
an ER083CS magnet, a digital temperature control system ER 4131 VT and liquid
nitrogen as coolant. Measurements at lower temperatures were performed on a Bruker
ELEXSYS E500 spectrometer equipped with a ER-049X microwave bridge, an ER032T
magnetic field controller calibrated with a Bruker ER035M NMR field probe, a Bruker
ER4116DM dual-mode or a ER4102ST standard cavity and an Oxford Instruments ESR
900 helium flow cryostat at the Max-Planck Institute for Chemical Energy Conversion in
Miilheim an der Ruhr. The microwave frequency of 9.4 GHz was modulated with 5-9 G
field modulation amplitude, 100 kHz field modulation frequency and a microwave power
of around 10 mW. EPR simulations have been done with the programs esim_ gfit and
esim_ sz (E. Bill, Max-Planck Institute for Chemical Energy Conversion, Miilheim an
der Ruhr, Germany, 2008).

Electrochemical Measurements

Electrochemical measurements were performed in dichloromethane with [NBuy|PFg
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9 EXPERIMENTAL SECTION

(0.1 M) as electrolyte using a Perkin Elmer 263A potentiostat controlled by Electrochem-
istry Powersuite software (Princeton Applied Research). A glassy carbon electrode was
used as working electrode, together with a platinum wire counter and a silver wire refer-
ence electrode. Decamethylferrocene was added as internal standard (E; 12 = —0.59 Vvs
Fc/Fet) 1] after the measurement. Bulk electrolysis were performed in dichloromethane
with [NBuy|PFg (0.1 M) as electrolyte and a Metrohm Autolab PGSTAT101 controlled
by Novasoft Software using a platinum net as working electrode, together with a platinum

wire counter and a silver wire reference electrode.

Thin Layer Chromatography
Thin Layer Chromatography was carried out on fluorescence active polyester sheets
coated with silica gel Machery-Nagel MN60 (Polygram® SIL G /UVys4, 0.2 mm silica).

Column Chromatrography

Column chromatography was performed on Machery-Nagel MN60 (0.063-0.2 mm/70-
230 mesh ASTM) silica gel or Machery-Nagel MN90 (0.05-0.200 mm, BET ~ 130 m?/g,
Brockmann activity 1) basic aluminum oxide.

Size exclusion chromatography was perfomed on GE Healthcare SephadexTM LH-20.

DFT Calculations

DFT calculations were carried out using the ORCA program (version 3.0.3) (F. Neese,
ORCA, Max-Planck Institute for Chemical Energy Conversion, Miihlheim/Ruhr, Ger-
many, 2012.). Atom coordinates were obtained from the crystal structure of the parent
Siamese-twin porphyrin (52 and refined using the Becke-Perdew-1986 functional (BP86)
and the def2-tzvp basis set for the copper atoms and the def2-svp basis set for all other

atoms. 3 Structure optimizations of all compounds readily converged.

Materials and Equipment

Reactions were carried out under ambient conditions if not mentioned otherwise.
Reactions under inert conditions were carried out under nitrogen or argon atmosphere
using Schlenk techniques with appropriate glassware or in a glovebox.

Materials obtained from commercial suppliers (Sigmaaldrich, Fluka, VWR, Deutero,
ABCR, TCI, Fisher, ACROS, Roth, Merck) were used without further purification,
except benzaldehyde, which was freshyl distilled before usage.

Anhydrous solvents were dried and destillied according to literature procedures. [189]
Compounds 1H-pyrazole-3,5-dicarbaldehyde (16), 3,4-diethyl-pyrrole and the regular

Siamese-twin porphyrin 9 were synthesized according to literature. [10:51,52,190]
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9.2. Synthesis of the Pyrazole Building Blocks 18, 19, 20, 21 and 22

9.2 Synthesis of the Pyrazole Building Blocks 18, 19, 20, 21
and 22

9.2.1 1-(Methoxymethyl)-1H-pyrazole-3,5-dicarbaldehyde (19)

o] o NaH, THF ] s 4 s o
N + \O/\CI - AN {
HWH H3 0 T 5y
N-NH RT, 1h N—N>
o

1 H-pyrazole-3,5-dicarbaldehyde (2.00 g, 16.1 mmol, 1.0 eq.) was dissolved in THF
(800 mL) over night. A 60 % dispersion of sodium hydride in mineral oil (1.93 g,
48.3 mmol, 3.0 eq.) was added and the mixture was stirred for 50 min at ambient
temperature. Subsequently (Chloromethyl)methylether (1.84 mL, 1.93 g, 24.2 mmol,
1.5 eq.) was added dropwise and the reaction mixture was stirred for another 50 min
at ambient temperature. The reaction was stopped by addition of 500 mL of demineral-
ized water. The mixture was extracted with dichloromethane (3 x 300 mL), dried over
sodium sulfate and the solvent was removed under reduced pressure. The raw product
was purified by colum chromatography (silica, n-hexane/EtOAc 2:1, Ry = 0.50). The
product was obtained as a yellow solid (1.61 g, 60 %).

Empirical Formula: C7HgN50O3

Molecular Weight (g/mol): 168.15

'H NMR (500 MHz, CDCl3): §/ppm= 3.38 (s, 3H, CH3), 5.84 (s, 2H, CH,),
7.45 (s, 1H, HP?), 9.95 (s, 1H, C5’HO), 10.02 (s,
1H, C3'HO).

13C NMR. (125 MHz, CDCl3): §/ppm= 57.5 (CH3), 82.3 (CHy), 114.5 (C4),
140.9 (C5), 151.0 (C3), 179.6 (C5’), 185.7 (C3).

MS (EI): m/z— 168 (12) [M]*, 153 (26) [M-CHs]", 139 (30)

[M-CHOJ*, 137 (20) [M-OCH3]*, 125 (9) [M-
MOM-+2H|*, 123 (12) [M-MOM]|*, 81 (7), 79
(9), 52 (8), 45 (100) [MOM]*.

IR (KBr): v (em™') = 2950 (s), 2589 (m), 2360 w),
2209 (w), 2013 (w), 1703 (vs), 1535 (s), 1461 (s),
1385 (m), 1324 (s), 1246 (s), 1208 (s), 1105 (s),
1208 (s), 1040 (m), 999 (m), 916 (s), 846 (m),
792 (s), 785 (s), 758 (s), 743 (s), 589 (m), ,
549 (m), 534 (m).

S
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9 EXPERIMENTAL SECTION

9.2.2 1-(Methoxymethyl)-3,5-bis(1-hydroxy-3-phenylprop-2-yn-2-yl)-1H-

pyrazole
(20)

nBuli (2.5 M, 8.44 mL, 21.1 mmol, 2.2
(2.32 mL, 2.16 g, 21.1 mmol, 2.2 eq.)

1) nBuLi, -78 °C

2) NH,CI, RT

eq.) was added to a solution of phenylacetylene
in dry THF (100 mL) at —78 °C under inert

conditions and the mixture was stirred for 1 h. Subsequently 1-(methoxymethyl)-1H-

pyrazole-3,5-dicarbaldehyde (19) (1.61

g, 9.95 mmol, 1.0 eq.) in THF (100 mL) was

added and the reactions mixture was allowed to warm up to ambient temperature under

stirring for 1 h. After addition of 200 mL of a saturaed aqueous solution of NH4Cl the

mixture was extracted with THF (3 x 50

mL), washed with brine (100 mL) and dried over

sodium sulfate. The solvent was removed under reduced pressure and the raw product

was purified by column chromatography (silica, n-hexane/EtOAc 1:1, Ry = 0.29). The

product was obtained as a yellow solid (2.62 g, 73 %).

Empirical Formula:
Molecular Weight (g/mol):
'H NMR (500 MHz, acetone-dg):

13C NMR (125 MHz, acetone-dg):

Ca3H2N203

372.42

d/ppm= 3.33 (s, 3H, CHjs), 546 (d,
3J(H,H) — 10 Hz, 1H, CHy), 5.65 (s, 1H,
1”-H), 5.67 (d, 1H, CHy), 5.91 (s, 1H, 1’-H),
6.72 (s, 1H, HP”), 7.35-7.37 (m, 3H, 6"-H, 7"-H,
8-H), 7.38-7.40 (m, 3H, 6-H, 7-H, 8-H),
7.43-7.45 (m, 2H, 5-H, 9”-H), 7.49-7.51 (m, 2H,
5-H, 9-H). (All signals are doubled due to the
presence of diastereomeric pairs of enantiomers.)
d/ppm= 56.7 (CH3), 56.8 (C1’), 59.9 (C1"), 80.8
(CH,), 84.9 (C3"), 85.5 (C3), 88.7 (C2’), 90.8
(C27),105.3 (C4), 123.3 (C4"), 123.8 (C47), 129.3
(C6”, C8”), 129.4 (C7"), 1294 (CT), 129.7 (C6’,
C8"), 132.3 (C5”, C97), 1324 (C5’, C9), 144.7
(C5), 153.1 (C3).
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9.2. Synthesis of the Pyrazole Building Blocks 18, 19, 20, 21 and 22

MS (EI): m/z— 372 (20) [M]*, 343 (15) [M-CHO]*, 341 (15)
[M-OCH3]*", 340 (15), 339 (15), 327 (36) [M-
MOM]*, 310 (100) [M-MOM-OH]*, 281 (66),
265 (7), 252 (12), 241 (9), 237 (13), 225 (16),
209 (24), 197 (37), 195 (14), 181 (18), 169 (10),
139 (16), 131 (32) [PhCCCHOH]|', 129 (24)
[PhCCCOJ*, 115 (39) [PhCCCH,|*, 102 (28)
[PhCCH|*, 77 (22) [CeHs| T, 45 (48) [MOM]™.
IR (KBr): v (em™') = 3354 (s), 2935 (m), 2233 (w),

)

)
1442 (m), 1398 (m), 1381 (m), 1298 (m)
1251 (m), 1191 (w), 1148 (m), 1133 (m),
1095 (s), 1071 (w), 1033 (s), 1020 (s), 998 (m)
964 (m), 916 (m), 842 (m), 815 (m), 757 (vs)
691 (vs), 581 (w), 528 (w).

93]

9.2.3 1-(Methoxymethyl)-3,5-bis(1-chloro-3-phenylprop-2-yn-2-yl)-1H-

pyrazole
(21)
Ph Ph
i I
N (COCl)y, excess DMF
HO \ OH
N—-N THF,RT,2h
)
(0]
AN

Oxalylchloride (1.05 mL, 1.525 g, 12.02 mmol, 2.7 eq.) was added to a solution of DMF
(34.5 mL, 32.8 g, 448.4 mmol, 101 eq.) and acetonitrile (83 mL) at —20 °C under inert
conditions and stirred for 20 min at this temperature. Subsequently 1-(methoxymethyl)-
3,5-bis(1-hydroxy-3-phenylprop-2-yn-2-yl)-1 H-pyrazole (20) (1.66 g, 4.45 mmol, 1.0 eq.)
in MeCN (80 mL) was added dropwise and the reaction mixture was stirred for 20 min
at —20 °C and 2.5 h at ambient temperature. The solvent was removed under re-
duced pressure and the raw product was purified by column chromatography (silica,
n-hexane/EtOAc 2:1, Ry = 0.61). The product was obtained as a yellow solid (1.24 g,
68 %).

Empirical Formula: Co3H1sN5Cl,O
Molecular Weight (g/mol): 409.31
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9 EXPERIMENTAL SECTION

'H NMR (500 MHz, acetone-dg):  §/ppm= 3.38 (s, 3H, CHj3), 562 (d, 1H,
3J(H,H) — 10 Hz, CHy), 5.70 (d, 1H,
3J(H,H) = 10 Hz, CHy), 6.24 (s, 1H, 1™-H), 6.51
(s, 1H, 1’-H), 7.05 (s, 1H, HP?), 7.38-7.48 (m, 6H,
6’-H, 7-H, 8-H, 6™-H, 7"-H, 8"-H), 7.51-7.54 (m,
2H, 5-H, 9™-H), 7.57-7.59 (m, 2H, 5-H, 9-H).
(All signals are doubled due to the presence of
diastereomeric pairs of enantiomers.)
13C NMR (125 MHz, acetone-dg):  J/ppm= 40.9 (C1°), 44.6 (C1”), 57.0 (CH3), 81.3
(CH,), 84.7 (C2'), 86.3 (C2”), 88.0 (C3”), 88.5
(C3), 107.5 (C4), 122.2 (C4"), 122.6 (C4”), 130.2
(C6”, C8”), 130.5 (C6’, C8"), 129.5 (CT'/CT),
129.7 (C7’/CT), 132.5 (C5”, C9”), 132.7 (C5’,
(9), 142.3 (C5), 150.4 (C3).
MS (EI): m/z= 409 (5) [M]*, 373 (100) [M-HCI1]*, 338 (13) [M-
HCI-CI] ", 328 (24) [M-HCI-MOM]*, 308 (24)
[M-HCI-CI-MOM+OH] ", 265 (56), 259 (17), 139
(37), 115 (18) [PhCCCH,]", 73 (38), 45 (98)
[MOM] ™", 36 (95) [HCI] .
IR (KBr): v (em™!) = 3134 (w), 3079 (w), 3057 (w)
3029 (w), 3021 (w), 2997 (w), 2935 (m)
2849  (w), 2248 (w), 2195 (w), 1946 (w),
1885 (w), 1808 (w), 1730 (m), 1644 (vs),
)
)
)

w),

(
(m),

1598 (w), 1557 (w), 1490 (s), 1443 (s), 1430 (s),
1362 (s), 1288 (w), 1251 (m), 1191 (w), 1153 (w),
1095 (m), 1029 (w), 966 (w), 914 (m), 814 (m),
758 (s), 691 (s), 531 (m), 440 (m).

9.2.4 3,5-Bis(1-hydroxy-3-phenylprop-2-yn-2-yl)-1H-pyrazole (18)

HWH Ph 4y nBuLi, -78 °C

H 2) NH,CI, RT

1 H-pyrazole-3,5-dicarbaldehyde (16) (508 mg, 4,09 mmol, 1.0 eq.) was suspended in
THF (300 mL) in an ultrasonic bath connected to water cooling over night.

nBulLi (2.5 M, 6.55 mL, 16.4 mmol, 4.0 eq.) was added to a solution of Phenylacetylene
(1.79 mL, 1.67 g, 16.4 mmol, 4.0 eq.) in dry THF (75 mL) at —78 °C under inert

conditions and the mixture was stirred for 1 h. Subsequently the mixture was added
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9.2. Synthesis of the Pyrazole Building Blocks 18, 19, 20, 21 and 22

dropwise to the suspension of 1H-pyrazole-3,5-dicarbaldehyde (16) (1.61 g, 9.95 mmol,
1.0 eq.) in THF. The mixture was treated in the ultrasonic bath for additional 5 h. After
addition of 300 mL of a saturaed aqueous solution of NH4Cl the mixture was extracted
with THF (3 x 50 mL), washed with brine (100 mL) and dried over sodium sulfate. The
solvent was removed under reduced pressure and the raw product was purified by column
chromatography (silica, n-hexane/EtOAc 1:3, Ry = 0.43). The product was obtained as
a yellow solid (343 mg, 26 %).

Empirical Formula: Co1H15N209
Molecular Weight (g/mol): 328.36
'H NMR (400 MHz, acetone-dg):  §/ppm— 5.77 (s, 2H, 1-H), 6.57 (d,
3J(HH) = 2.5 Hz, 1H, HP?), 7.34-7.36 (m,
6H, 6-H, 7-H, 8-H), 7.43-7.48 (m, 4H, 5-H,
9°-H), 12.14 (s br, 1H, NH).
13C NMR. (100 MHz, acetone-dg):  §/ppm— 58.9 (C1°), 85.0 (C3’), 90.2 (C2’), 102.0
(C4), 123.7 (C4"), 129.3 (C6’, C8’), 129.8 (CT),
132.4 (C5’, C9’), 149.6 (C3, C5).
IR (KBr): v (em™!) = 3140 (w), 3079 (w), 3059 (
3029 (w), 3021 (w), 2997 (w), 2961 (w
(
(

?

Y

2925 (w), 2873 (m), 2361 (w), 2338
2231
1692

Y

—~

s), 1636 (s), 1597 (m), 1570 (m), 1490 (vs
1443 (), 1402 (m), 1261 (s), 1153 (s), 1133 (s),
1032 (s), 1016 (s), 997 (s), 956 (s), 917 (w),
829 (m), 801 (m), 755 (vs), 690 (vs), 584 (m),
532 (m).

7

—~ T

)
)
)
m), 2196 (s), 1958 (w), 1884 (w), 1808 (w),
)
)
)
)

9.2.5 3,5-Bis(1-chloro-3-phenylprop-2-yn-2-yl)-1H-pyrazole (22)

Ph Ph
N (COCI),, excess DMF
HO \ OH
N—-NH THF, RT,2h

Oxalylchloride (0.186 mL, 270 mg, 2.13 mmol, 2.7 eq.) was added to a solution of DMF
(6.5 mL, 6.18 g, 84.5 mmol, 107 eq.) and acetonitrile (20 mL) at —20 °C under inert
conditions and stirred for 20 min at this temperature. Subsequently 3,5-bis(1-hydroxy-3-
phenylprop-2-yn-2-yl)-1 H-pyrazole (18) (260 mg, 0.792 mmol, 1.0 eq.) in MeCN (20 mL)

was added dropwise and the reaction mixture was stirred for 30 min at —20 °C and 3.5 h
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9 EXPERIMENTAL SECTION

at ambient temperature. The solvent was removed under reduced pressure and the raw

product was obtained as a yellow brownish solid (100 mg, 35 %).

Empirical Formula: Co1H14N5Cly

Molecular Weight (g/mol): 365.26

'H NMR (400 MHz, acetone-dg): d/ppm= 6.11 (s, 2H, 1’-H), 6.92 (s, 1H, HP?),
7.35-7.38 (m, 6H, 6’-H, 7-H, 8-H), 7.48-7.54 (m,
4H, 5-H, 9’-H).

13C NMR (100 MHz, acetone-dg):  d/ppm= 57.6 (C1’), 86.4 (C3’), 87.4 (C2’), 104.2
(C4), 122.8 (C4’), 129.4 (C6’, C8’), 129.8 (CT),
132.6 (C5’, C9), 150.3 (C3, C5).

9.3 Synthesis of Siamese-Twin Porphyrins XLH,

9.3.1 General Procedure for the Synthesis of a Siamese-Twin
Porphyrinogen XLHg

Ph  Ph Ph

Ph
Ph Ph R-CHO, TFA

_ CHCly 2 h
SONH NN e

Ph  Ph Ph

The aldehyde (0.180 mmol, 1.0 eq.) and 3,5-Bis-(3,4-diethyl-1H-pyrrole-2-yl-benzyl)-
1H-pyrazole (13) (0.180 mmol, 1.0 eq.) were dissolved in dichloromethane (18.6 mL)
and protected from light. TFA (180 L, 1M in DCM, 20.5 mg, 0.180 mmol, 1.0 eq.) was
added and the solution was stirred for 2 h. The solvent was reduced to less than 5 % and
the solution was filtered over a plug of basic aluminum oxide. The only fraction passing
was the product. The Siamese-twin porphyrinogen *LHg was obtained as a yellow solid

and directly used for the oxidation to the corresponding Siamese-twin porphyrin XLHy.

pMeLHﬁ
Empirical Formula: Cg4HggNg
Molecular Weight (g/mol): 1337.86
Yield: 66.0 mg, 27.4 %
PFLHg
Empirical Formula: CgQHgoNgFQ
Molecular Weight (g/mol): 1345.78
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9.3. Synthesis of Siamese-Twin Porphyrins X*LHy4

Yield: 64.8 mg, 26.7 %
MeOLH6

Empirical Formula: CosH104NgOg

Molecular Weight (g/mol): 1489.96

Yield: 46.5 mg, 17.3 %
pMeOLH6

Empirical Formula: Co4HgsNgO9

Molecular Weight (g/mol): 1369.82

Yield: 44.5 mg, 18.0 %

9.3.2 General Procedure for the Synthesis of Siamese-Twin Porphyrins
XLH,4

Ph  Ph Ph Ph  Ph Ph

DDQ

80 °C, 8 min

Ph Ph Ph Ph Ph Ph

The Siamese-twin porphyrinogen XLHg (0.310 mmol, 1.0 eq.) was dissolved in toluene
(60.0 mL) at 80 °C, DDQ (1.24 mmol, 4.0 eq.) was added all at once and the so-
lution was stirred for 8 min at 80 °C. The solvent was immediately removed un-
der reduced pressure and the residue was dissolved in a mixture of methyl tert-butyl
ether/dichloromethane/EtOAc (10:3:1) and filtered over a plug of basic aluminum oxide.
The only fraction passing was the raw product which was further purified by column
chromatography (silica, MeOH). The Siamese-twin porphyrin XLH, was obtained as a

green blueish solid.
pMeLH4

Crystals suitable for X-Ray rystallography were obtained by cooling down a nearly sat-

urated solution of PMeLH, in dichloromethane to —35 °C.

Empirical Formula: Co4HggNg
Molecular Weight (g/mol): 1329.79

Yield: 98.5 mg, 23.9 %
R (silica, MeOH): 0.30
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9 EXPERIMENTAL SECTION

HRMS (EST", MeOH): m/z=

TR (KBr):

UV-vis/nm (¢/M tem™!):

IHNMR (500 MHz, CD5Cly, 238 K):

1329.7217 (caled. 1329.7205) [M+H]|*, 665.3634
(caled. 665.3639) [M+2H|**.

v (em™1) 3074 (w), 3055 (w), 3022 (w),
2972 (vs), 2930 (s), 2895 (w), 2871 (m),
1645 (s), 1604 (m), 1574 (w), 1525 (vs), 1506 (s),
1494 (m), 1454 (m), 1442 (m), 1392 (
1360 (vs), 1313 (m), 1297 (w), 1251 (m
1208 (m), 1180 (s), 1136 (s), 1117 (m), 1107 (
1052 (m), 1011 (m), 950 (w), 922 (w), 905 (
875 (w), 814 (w), 755 (w), 697 (s), 668 (
547 (w), 515 (w), 397 (w).

278 (30600), 307 (32700), 390 (89000), 640
(37800), 734 (13500).

§/ppm= 0.41 (t, 3J(H-H) 7.3 Hz, 3H,
CH3), 0.45 (t, 3J(H-H) = 7.3 Hz, 3H, CHj),
0.55 (t, 3J(H-H) 7.3 Hz, 6H, CH3), 0.89

B

7

W

—~

7

—
—

W),

)
)
)
);
)
)
)
)

—

8

7

(q, 3J(H-H) = 7.3 Hz, 1H, CHy), 1.20 (q,
3J(H-H) = 7.3 Hz, 1H, CHy), 1.43 (q, 3J(H-
H) — 7.3 Hz, 2H, CHy), 1.55 (q, 3J(H-
H) 7.3 Hz, 2H, CH,), 1.86 (q, 3J(H-
H) — 7.3 Hz, 2H, CHy), 1.98 (q, 3J(H-
H) = 7.3 Hz, 2H, CHy), 2.32 (s, 3H, CHj),

6.17 (d, 3J(H-H) = 7.7 Hz, 1H, Ph), 6.29 (td,
4J(H-H) = 1.3 Hz, 3J(H-H) = 7.5 Hz, 1H, Ph),
6.55 (td, 4J(H-H) = 1.3 Hz, 3J(H-H) = 7.5 Hz,
1H, Ph), 6.74 (td, *J(H-H) = 1.5 Hz, 3J(H-
H) = 7.5 Hz, 1H, Ph), 6.79 (td, *J(H-
H) = 1.5 Hz, 3J(H-H) = 7.5 Hz, 1H, Ph),
6.84 (d, 3J(H-H) = 7.7 Hz, 1H, Ph), 6.92 (d,
3J(H-H) = 7.7 Hz, 1H, Ph), 6.97 (td, *J(H-
H) = 1.3 Hz, 3J(H-H) = 7.5 Hz, 1H, Ph), 7.23-
7.34 (m, 5H, Ph), 7.54 (m, 2H, Ph), 11.32 (s,
1H, NHPT), 13.36 (s, 1H, NHP?).

89



9.3. Synthesis of Siamese-Twin Porphyrins X*LHy4

PFLH,

16.3 (CHs), 18.0 (CHy), 18.1 (CH,
18.9 (CH,), 21.4 (CHs), 106.0 (Ph (
123.9 (Ph), 124.2 (Ph), 124.4 (Ph) (
126.5 (Ph), 126.5 (Ph), 127.0 (Ph) (
127.2 (Ph), 127.6 (Ph), 127.7 (Ph) (
127.8 (Ph), 127.9 (Ph), 128.3 (Ph), 130.7 (Ph
131.6 (Ph), 132.3 (Ph), 132.5 (Ph) (
(Ph) ( (Ph) (
(Ph) ( (Ph) (
(Ph) ( (Ph) (
(Ph)

18.5 (CH,

),
), 113.8

133.1 (Ph), 133.9 (Ph), 134.8
137.4 (Ph), 139.1 (Ph), 139.4
141.3 (Ph), 141.4 (Ph), 145.3
148.2 (Ph), 151.2 (Ph), 151.4 (Ph), 167.7 (Ph).

Crystals suitable for X-Ray crystallography were obtained by cooling down a nearly

saturated solution of PPLH, in dichloromethane to —35 °C.

Empirical Formula:
Molecular Weight (g/mol):

Yield:

R (silica, MeOH):
HRMS (ESI", MeOH): m/z—

TR (KBr):

UV-vis/nm (¢/M~'em

90

Co2HgaNgFo

1337.72

37.2 mg, 9.0 %

0.50

1337.6704 (caled. 1337.6703) [M+H]|", 669.3384
(caled. 669.3388) [M-+2H]|?*.

v (em™!) = 3074 (w), 3055 (w), 3022 (w),
2968 (s), 2928 (s), 2896 (w), 2870 (m), 1640 (
1633 (m), 1600 (m), 1569 (m), 1521 (vs),
1505 (vs), 1497 (s), 1471 (m), 1442 (m),
1387 (s), 1362 (vs), 1313 (m), 1257 (w), 1222 (s),
1186 (m), 1154 (s), 1136 (s), 1118 (s), 1073 (w),
1052 (w), 1016 (m), 955 (w), 825 (m), 811 (m),
763 (m), 698 (vs), 674 (w), 583 (w), 544 (w),
343 (w).

306 (30900), 389 (83200), 637 (36900), 734
(12700).

m),



9 EXPERIMENTAL SECTION

IHNMR (500 MHz, CD5Cly, 238 K):

§/ppm= 0.42 (t, 3J(H-H) = 7.3 Hz, 3H,
CH3), 0.45 (t, 3J(H-H) = 7.3 Hz, 3H, CHj3),
0.56 (t, 3J(H-H) = 7.3 Hz, 6H, CH3), 0.90
(q, 2J(H-H) = 7.3 Hz, 1H, CHy), 1.20 (q,

3J(H-H) = 7.3 Hz, 1H, CHy), 1.45 (q, 3J(H-
H) — 7.3 Hz, 2H, CH,), 1.57 (q, 3J(H-
H) = 7.3 Hz, 2H, CHy), 1.86 (q, 3J(H-
H) = 7.3 Hz, 1H, CHy), 1.98 (q, 3J(H-
H) = 7.3 Hz, 1H, CHy), 6.17 (dd, *J(H-

H) = 2.0 Hz, 3J(H-H) = 7.5 Hz, 1H, Ph), 6.29
(td, *J(H-H) = 1.3 Hz, 3J(H-H) = 7.5 Hz,
1H, Ph), 6.56 (td, *J(H-H) = 1.3 Hz, 3J(H-
H) — 7.5 Hz, 1H, Ph), 6.75 (td, *J(H-
H) = 1.5 Hz, 3J(H-H) = 7.5 Hz, 1H, Ph), 6.79
(td, *J(H-H) = 1.5 Hz, 3J(H-H) = 7.5 Hz,
1H, Ph), 6.83-6.86 (m, 1H, Ph), 6.89-7.05 (m
5H, Ph), 7.13-7.17 (m, 1H, Ph), 7.21-7.38 (m
5H, Ph), 7.48-7.55 (m, 2H, Ph), 11.37 (s, 1H,
NHPT), 13.34 (s, 1H, NHP?).

I3C NMR (125 MHz, CDyCly, 238K):§/ppm= 14.8 (CHj3), 15.5 (CHs), 15.9 (CH3),

19F NMR (470 MHz, CD,Cly, 238 K):

MeOLH4

Empirical Formula:
Molecular Weight (g/mol):
Yield:

16.2 (CH3), 18.1 (CHp), 18.2 (CHs), 18.5
(CH»), 18.9 (CHy), 104.6 (Ph), 114.1 (d, 2J(C-
F) = 21.0 Hz, Ph), 114.4 (Ph), 114.6 (d, 2J(C-
F) = 21.0 Hz, Ph), 124.0 (Ph), 124.4 (Ph), 126.2
(Ph), 126.5 (Ph), 126.6 (Ph), 127.1 (Ph), 127.2
(Ph), 127.3 (Ph), 127.7 (Ph), 127.8 (Ph), 128.0
( h), 131.6 (Ph), 131.6 (d, J(C-F) = 227.7 Hz,
Ph), 132.3 (Ph), 133.1 (Ph), 133.8 (Ph), 134.1
(Ph), 134.1 (Ph), 134.2 (d, 3J(C-F) = 7.9 Hz,
Ph), 134.7 (d, 3J(C-F) = 7.9 Hz, Ph), 135.2
(Ph), 139.1 (Ph), 139.3 (Ph), 140.4 (Ph), 141.1
(Ph), 141.8 (Ph), 145.0 (Ph), 147.8 (Ph), 148.4
(Ph), 151.2 (Ph), 151.4 (Ph), 161.5 (Ph), 163.5
(Ph), 167.5 (Ph).
d/ppm= —115.3 (m).

CogHgsNgOg
1481.90
66.7 mg, 14.5 %
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9.3. Synthesis of Siamese-Twin Porphyrins X*LHy4

R (silica, MeOH):
HRMS (ESI", MeOH): m/z—

IR (KBr):

UV-vis/nm (¢/M 'em™!):

1H NMR. (500 MHz, CD4Cl,, 238 K):

92

0.56

1481.7526 (calcd. 1481.7526) [M-+H| ', 741.3794

(caled. 741.3799) [M+2H]?*.

v (em™) = 3074 (w), 3055 (w), 3022 (w),

2955 (s), 2925 (vs), 2868 (m), 2853 (s),

1693 (m), 1646 (m), 1583 (m), 1554 (w),
)
)
)

—~ o~

1531 (w), 1519 (m), 1501 (s), 1464 (s), 1409 (m

7

1389 (m), 1330 (s), 1235 (s), 1181 (m), 1125 (w
1053 (m), 1009 (m), 920 (w), 829 (w), 766
697 (s), 509 (w), 375 (w).

278 (37200), 306 (38700), 390 (86800), 640
(33500), 734 (15000).

§/ppm— 0.44 (t, 3J(H-H) = 7.3 Hz, 3H,
CH3), 0.52 (t, 3J(H-H) = 7.3 Hz, 3H, CHj),
0.56 (t, *J(H-H) = 7.3 Hz, 3H, CH3), 0.65
(t, 3J(H-H) = 7.3 Hz, 3H, CH3), 1.10 (q,
3J(H-H) = 7.3 Hz, 1H, CH,), 1.30 (q, 3J(H-
H) = 7.3 Hz, 1H, CHy), 1.38-1.45 (q, 2H, CH,),
1.56 (q, 3J(H-H) = 7.3 Hz, 1H, CHy), 1.63
(q, 3J(H-H) = 7.3 Hz, 1H, CHy), 1.90 (q,
3J(H-H) = 7.3 Hz, 1H, CHy), 2.01 (q, 3J(H-
H) = 7.3 Hz, 1H, CHy), 3.68 (s, 3H, OCH3), 3.71
(s, 3H, OCH3), 3.79 (s, 3H, OCH3), 6.13 (dd,
4J(H-H) = 2.0 Hz, 3J(H-H) = 7.5 Hz, 1H, Ph),
6.21 (d, *J(H-H) = 1.5 Hz, 1H, Ph), 6.31 (td,
4J(H-H) = 1.3 Hz, 3J(H-H) = 7.5 Hz, 1H, Ph),
6.43 (d, *J(H-H) = 1.5 Hz, 1H, Ph), 6.54 (td,
5 J(H-H) = 1.3 Hz, 3J(H-H) = 7.5 Hz, 1H, Ph),
6.72 (td, *J(H-H) = 1.5 Hz, 3J(H-H) = 7.5 Hz,
1H, Ph), 6.78 (td, 4J(H-H) = 1.5 Hz, 3J(H-
H) = 7.5 Hz, 1H, Ph), 6.83 (dd, *J(H-
H) = 1.5 Hz, 3J(H-H) = 7.5 Hz, 1H, Ph), 6.96
(td, 4J(H-H) = 1.5 Hz, 4J(H-H) = 7.5 Hy,
1H, Ph), 7.00 (dd, *J(H-H) = 1.5 Hz, 3J(H-
H) = 7.5 Hz, 1H, Ph), 7.21-7.35 (m, 5H, Ph),
7.48-7.54 (m, 2H, Ph), 11.49 (s, 1H, NHMT),
13.20 (s, 1H, NHP?).

(W),
(W),



9 EXPERIMENTAL SECTION

I3C NMR (125 MHz, CDyCly, 238K):§/ppm= 14.7 (CHj3), 15.9 (CHs), 16.0 (CHs),

pMeOLH4

Empirical Formula:
Molecular Weight (g/mol):
Yield:

R (silica, MeOH):

HRMS (EST", MeOH): m/z=

TR (KBr):

UV-vis/nm (¢/M tem™!):

16.7 (CHs), 18.1 (2C, CH,), 18.5 (CHy),
18.9 (CHy), 55.7 (OCHs), 55.9 (OCHj), 60.9
(OCHs), 105.9 (Ph), 108.8 (Ph), 109.6
114.8 (Ph), 123.9 (Ph), 126.1 (Ph), 126.4
126.6 (Ph), 127.0 (Ph), 127.2 (Ph), 127.3
127.7 (Ph), 127.7 (Ph), 127.8 (Ph), 127.9
130.8 (Ph), 131.7 (Ph), 132.5 (Ph
133.2 (Ph), 133.7 (Ph), 134.1 (Ph
137.1 (Ph), 139.1 (Ph), 139.5 (Ph), 140.7
141.2 (Ph), 141.7 (Ph), 145.3 (Ph), 147.8
148.4 (Ph), 151.1 (Ph), 151.4 (Ph), 151.7
(Ph), 167.1 (Ph).

N N N N N N S

Co4HggNgO2

1361.79

113.1 mg, 26.8 %

0.32

1361.7104 (caled. 1361.7103) [M+H]", 681.3582
(caled. 681.3588) [M+2H]>".

v (em™') = 3074 (w), 3055 (w), 3022 (w),
2960 (s), 2925 (vs), 2853 (s), 1744 (m),
1636 (

)

1385 (s), 1366 (m), 1283 (w), 1254 (m
1175 (m), 1112 (s), 1029 (s), 857 (w), 803 (m),
768 (w), 697 (m), 670 (w), 620 (w), 584 (w
544 (w), 475 (w).

277 (33500), 306 (33600), 390 (91000), 640
(39600), 734 (14700).

)

, )

vs), 1611 (vs), 1520 (m), 1462 (m),
)

)

)

9
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9.3. Synthesis of Siamese-Twin Porphyrins X*LHy4

IHNMR (500 MHz, CD5Cly, 238 K): §/ppm= 0.43 (t, 3J(H-H) = 7.3 Hz, 3H, CH3),

0.45 (t, 3J(H-H) = 7.3 Hz, 3H, CH3), 0.56
(t, 3J(H-H) = 7.3 Hz, 6H, CH3), 0.94 (q,
3J(H-H) = 7.3 Hz, 1H, CHy), 1.24 (q, 3J(H-
H) = 7.3 Hz, 1H, CHy), 1.44 (q, 2H, CH,),
1.56 (q, 3J(H-H) = 7.3 Hz, 2H, CH,), 1.87 (q,
3J(H-H) = 7.3 Hz, 2H, CH,), 1.98 (q, 3J(H-
H) = 7.3 Hz, 1H, CHy), 3.76 (s, 3H, OCH3),
6.17 (dd, *J(H-H) = 2.0 Hz, 3J(H-H) = 7.5 Hz,
1H, Ph), 6.29 (td, 4J(H-H) = 1.3 Hz, 3J(H-
H) = 75 Hz, 1H, Ph), 6.55 (td, *J(H-
H) = 1.3 Hz, 3J(H-H) = 7.5 Hz, 1H, Ph), 6.69-
6.76 (m, 3H, Ph), 6.79 (td, *J(H-H) = 1.5 Hz,
3J(H-H) = 7.5 Hz, 1H, Ph), 6.84 (dd, *J(H-
H) = 1.5 Hz, 3J(H-H) = 7.5 Hz, 1H, Ph), 6.93
(dd, *J(H-H) = 2.0 Hz, 3J(H-H) = 7.5 Hz,
1H, Ph), 6.97 (td, *J(H-H) = 1.5 Hz, *J(H-
H) = 7.5 Hz, 1H, Ph), 7.02 (dd, *J(H-
H) = 1.5 Hz, 3J(H-H) = 7.5 Hz, 1H, Ph), 7.06
(dd, #J(H-H) = 1.5 Hz, 3J(H-H) = 7.5 Hz, 1H,
Ph) 7.21-7.37 (m, 5H, Ph), 7.49-7.55 (m, 2H,
Ph), 11.33 (s, 1H, NH™T), 13.37 (s, 1H, NHP?).

I3C NMR (125MHz, CDyCly, 238K):0/ppm= 14.8 (CHj3), 15.6 (CHj3), 16.0 (CHj),

94

16.3 (CHj), 18.1 (2C,CH,), 18.2 (CH,), 18.5
(CH,), 18.9 (CHy), 55.3 (OCHs), 105.5 (
112.4 (Ph), 112.5 (Ph), 113.9 (Ph), 123.9 (
124.2 (Ph), 124.4 (Ph), 126.1 (Ph), 126.5 (
126.5 (Ph), 127.0 (Ph), 127.2 (Ph), 127.2 (
127.7 (Ph), 127.7 (Ph), 127.9 (Ph), 130.1 (Ph),
130.7 (Ph), 131.6 (Ph), 132.4 (Ph), 132.4 (
133.1 (Ph), 133.5 (Ph), 133.9 (Ph), 134.1 (
(Ph) ) ) (
(Ph) ) ) (
(Ph) ) ) (
(Ph)

g d
==

135.3 (Ph), 139.1 (Ph), 139.4 (Ph), 140.7
141.3 (Ph), 141.4
148.4 (Ph), 151.2
167.8

Ph), 145.3
Ph), 151.4

Ph), 1475
Ph), 159.0

?

e T T T T T T T T T
s s T e e T T T

Ph).



9 EXPERIMENTAL SECTION

9.4 Complex Synthesis

9.4.1 General Procedure for the Synthesis of Copper Complexes XLCus,

Ph Ph Ph

Ph  Ph Ph

Ph Ph Ph

Cu(OAG),

CH2C|2, MeOH

Ph  Ph Ph

Copper acetate (62.7 mg, 345.6 umol, 9.0 eq.) was added to a solution of the Siamese-
Twin Porphyrin *LHy (38.4 umol, 1.0 eq.) in dichloromethane (10.0 mL) and methanol

(20 mL) and stirred for 30 min at ambient temperature. The solvent was removed under

reduced pressure and the residue was dissolved in dichloromethane and filtered over a

plug of basic aluminum oxide. The only fraction passing was the product. The copper

complex of the Siamese-twin porphyrin XLCus was obtained as a blue solid.

ph&eIJ(jllz

Empirical Formula:
Molecular Weight (g/mol):
Yield:

R (silica, n-hexane/EtOAc 2:1):

HRMS (EST", MeOH): m/z=

TR (KBr):

UV-vis/nm (¢/M tem™!):

ij;(jllz

Empirical Formula:
Molecular Weight (g/mol):
Yield:

CosHgaNgCus

1452.85

33.6 mg, 60.3 %

0.82

1450.5394 (calcd. 1450.5405) [M]*, 1473.5296
(caled. 1473.5303) [M+Na| ™.

¥ (em™1) = 3078 (w), 3052 (w), 3022 (w), 2957
(s), 2927 (s), 2870 (s), 1741 (w), 1651 (m), 1639
(m), 1602 (m), 1580 (w), 1560 (w), 1512 (m),
1439 (vs), 1372 (m), 1355 (w), 1302 (s), 1252

), 1228 (w), 1190 (s), 1154 (m), 1112 (s), 1056
1018 (m), 960 (w), 928 (w), 890 (w), 860

, 814 (m), 769 (m), 722 (m), 695 (s), 617
562 (w), 546 (w), 512 (w), 462 (w), 390

(w

(w),
(w)
(W),
(w

).
284 (31700), 391 (55900), 578 (13400), 636

(24000), 682 (18200).

Co2H7gNgF2Cus
1460.78
10.3 mg, 18.3 %
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9.4. Complex Synthesis

R (silica, n-hexane/EtOAc 2:1):

HRMS (ESI", MeOH): m/z—
IR (KBr):

UV-vis/nm (¢/M tem™!):

MeOLCu2

Empirical Formula:
Molecular Weight (g/mol):
Yield:

R (silica, n-hexane/EtOAc 2:1):

HRMS (EST", MeOH): m/2=

TR (KBr):

UV-vis/nm (¢/M~tem™!):

pMeOL(ju2

Empirical Formula:
Molecular Weight (g/mol):
Yield:

R (silica, n-hexane/EtOAc 2:1):

HRMS (ESI", MeOH): m/z—

96

0.83

1458.4890 (caled. 1458.4904) [M]*.

7 (em™1) = 3056 (w), 3005 (w), 2961 (s), 2924
(vs), 2853 (s), 1737 (w), 1656 (s), 1634 (s), 1601
(m), 1535 (w), 1509 (m), 1468 (m), 1442 (m),
1405 (s), 1379 (w), 1348 (w), 1300 (w), 1261
(s), 1222 (w), 1153 (w), 1095 (vs), 1022 (vs),
865 (w), 804 (s), 720 (w), 696 (m), 668 (w), 465
(m), 391 (m), 365 (m).

300 (30700), 390 (59100), 549 (14400), 632
(25400), 682 (19200).

CogHgaNgOgCus

1604.96

41.1 mg, 66.7 %

0.58

1602.5720 (caled. 1602.5726) [M]", 1625.5618
(caled. 1625.5624) [M+Na| ™.

7 (em=1) — 3055 (w), 3022 (w), 2961 (m), 2927
(s), 2870 (m), 1737 (w), 1656 (m), 1639 (m),
1599 (w), 1577 (m), 1501 (s), 1436 (vs), 1405
(s), 1373 (m), 1341 (s), 1297 (w), 1235 (m), 1180
(m), 1127 (vs), 1111 (vs), 1054 (m), 1009 (s),
054 (w), 927 (w), 898 (w), 830 (w), 811 (m),
770 (m), 750 (m), 695 (s), 632 (w), 572 (w), 541
(w), 460 (w), 390 (w).

300 (31300), 389 (57100), 546 (20000), 632
(21000), 682 (18000).

Co4HgaNgO2Cugy

1484.85

29.4 mg, 51.6 %

0.73

1482.5295 (caled. 1482.5304) [M]*.
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TR (KBr):

UV-vis/nm (¢/M 'em™!):

7 (em™1) = 3056 (w), 3024 (w), 2966 (s), 2929
(s), 2871 (m), 1655 (s), 1605 (m), 1567 (w),1542
(w), 1512 (vs), 1489 (m), 1437 (vs), 1402 (m),
1376 (), 1348 (w), 1258 (s), 1243 (vs), 1175 (s),
1148 (m), 1110 (s), 1057 (w), 1019 (m), 1002
(m), 958 (w), 934 (m), 910 (w), 893 (w), 827
(m), 750 (w), 727 (w), 695 (vs), 606 (w), 548
(w), 372 (w).

291 (34200), 389 (58500), 542 (21500), 639
(21900), 682 (19200).

9.4.2 Iron(lll) Nickel(Il) Complex LNiFeCl

Ph  Ph Ph

Ph Ph

Ph  Ph Ph

Ph  Ph Ph

FeCly, NaOAc

CH20|2, MeOH

Ph Ph Ph

FeCly (84.0 mg, 660 pmol, 6.0 eq.) and NaOAc (81.0 mg, 990 pmol, 9.0 eq.) were
added to a solution of LH2Ni (150 mg, 110 pmol, 1.0 eq.) in dichloromethane (15 mL)

and MeOH (15 mL). The mixture was stirred for 15 minutes at ambient temperature.

After removing of the solvent under reduced pressure, CH2Cly (20 mL) was added and

the suspension was filtered. The filtrate was filtered over basic aluminum oxide, where

the product was the only fraction passing, and the solvent was removed under reduced

pressure. The raw product was recrystallized from a mixture of CH2Cly and n-hexane
(1:1) to yield 110 mg (69 %) LNiFeCl. Crystals suitable for X-Ray crystallography

were obtained by slow evaporation of a saturated solution of LINiFeCl in acetone into

dimethylformamide.

Empirical Formula:
Molecular Weight (g/mol):
HRMS (EST", MeOH): m/z=
IR (KBr):

CogaHggNgNiFeCl

1447.67

1410.5207 (calcd. 1410.5207) [M]*.

v (em™1) = 3054 (w), 3022 (w), 2973 (m) 2957
(m), 2929 (s), 2870 (m), 1639 (w), 1597 (m),
1565 (m), 1545 (m), 1525 (m), 1494 (m), 1454
(vs), 1441 (vs), 1423 (vs), 1375 (m), 1351 (m),
1317 (w), 1252 (m), 1180 (m), 1157 (w), 1111
(m), 1072 (w), 1053 (m), 1015 (m), 932 (w),
895 (w), 843 (w), 810 (w), 772 (w), 746 (m),
661 (w), 616 (w), 554 (w).
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9.4. Complex Synthesis

UV-vis/nm (¢/M~tem™!): 380 (67400), 535 (22700), 700 (16600).

Elemental Analysis (%): Found (caled.) for CgoHgoNgNiFeCl - 2 n-
hexane - 0.75 CHyCly: C 74.74 (74.72), H 6.56
(6.55), N 6.65 (6.65).

9.4.3 Iron(ll) Nickel(ll) Complex LNiFe

Ph Ph Ph Ph Ph Ph

CoCp»

THF

Ph Ph Ph Ph Ph Ph

A solution of CoCpg in dry THF (100 pL, 14.7 mM, 1.0 eq.) was added to a solution of
LNiFeCl (2 mg, 1.47 pmol, 1.0 eq.) in dry THF under inert conditions at —40 °C. The

solution was stirred for 5 minutes and directly used for further reactions and analysis.

Empirical Formula: CgoHggNgNiFe
Molecular Weight (g/mol): 1412.21
UV-vis/nm (¢/M 'em™!): 380 (60300), 665 (18100).

9.4.4 SIron(111) Nickel(Il) Complex LNi*"FeCl

The isotopically labeled LNi%7FeCl was synthesized like the corresponding non labeled
nickel iron complex LNiFeCl by the use of "FeCly. 5"FeCl, was synthesized from °7Fe
by the addition of concentrated HCI and stirring until no metal gloss was observable
anymore. The remaining liquid was removed and the obtained *"FeCl, was directly used

for the complexation reaction.

9.4.5 5Iron(11) Nickel(ll) Complex LNi*"Fe

LNi%"Fe was synthesized like the corresponding non labeled reduced nickel iron complex
LNiFe by using the labeled LNi%7FeCl. The obtained solution in THF was directly used

for further reactions and characterization.
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9 EXPERIMENTAL SECTION

9.4.6 Monoiron Complex of the Siamese-Twin Porphyrin LH;Fe

Ph Ph Ph Ph Ph Ph

FeXz , A

Ph Ph
pyridine

Ph Ph Ph Ph Ph Ph

The free base porphyrin LH4 (50.0 mg, 38.4 umol, 1.0 eq.) was dissolved in pyridine
(25 mL) and FeCly (73.0 mg, 576.0 pmol, 15.0 eq.) was added. The reaction mixture
was stirred at 60 °C for 15 minutes and the solvent was removed under reduced pressure.
Toluene (10 mL) was added and removed two times. The residue was suspended in
toluene and filtered and the solvent was removed under reduced pressure. The obtained
crude mixture of LHy, L{FeCl}s and LH2FeCl was directly used for analysis and

further reactions.

Empirical Formula: CgoHgoNgFeCl
Molecular Weight (g/mol): 1390.99
HRMS (EST", MeOH): m/z= 1390.5778 (calcd. 1390.5777) [M+CI+H]*,

1354.6002 (caled. 1354.6010) [M]*.

9.4.7 Iron(lll) Copper(ll) Complex LCuFeCl

Ph  Ph Ph Ph  Ph Ph

Cu(OAc),

CH2C|2, MeOH

Ph Ph Ph Ph Ph Ph

The residue of the synthesis of LHoFe was dissolved in toluene (10 mL) and added to
a solution of copper acetate (104.6 mg, 576.0 pmol, 15.0 eq.) in MeOH (25 mL). The
reaction mixture was stirred for 30 min at ambient temperature and the solvent was
removed under reduced pressure. The residue was redissolved in CHyCly and filtered
over a plug of basic aluminum oxide to remove LCusa. The remaining LCuFe was eluted
with MeOH and the solvent was removed under reduced pressure. The crude product
was purified by column chromatography (silica, n-hexane/EtOAc 4:1) and recrystallized
from a mixture of CH2Cly and n-hexane (1:1) to yield LCuFeCl (25 mg, 17.2 pmol,
45 %).

Empirical Formula: CgoHgoNgCuFeCl
Molecular Weight (g/mol): 1452.52
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9.4. Complex Synthesis

Yield: 25 mg, 45 % (over two steps)

R (silica, n-hexane/EtOAc 4:1): 0.47

HRMS (EST", MeOH): m/z= 1415.5149 (caled. 1415.5150) [M]*.

IR (KBr): v (em™1) = 3058 (m), 3020 (w), 2968 (s), 2927

(s), 2867 (m), 2146 (w), 1881 (w), 1852 (w),
1761 (w), 1727 (w), 1634 (s), 1558 (m), 1517
(w), 1496 (m), 1427 (vs), 1381 (m), 1351 (w),
1292 (m), 1248 (m), 1184 (m), 1154 (w), 1110
(s), 1052 (m), 1020 (m), 930 (m), 893 (m), 797
(s), 781 (s), 730 (m), 693 (s), 655 (w), 615 (w),
550 (w), 503 (w), 462 (w).
UV-vis/nm (¢/M~tem™!): 388 (72500), 560 (21100), 692 (17300).

9.4.8 Iron(lll) Iron(lll) Complex L{FeCl},

Ph  Ph Ph

FeCly, NaOAc

Ph Ph
CH20|2, MeOH

Ph  Ph Ph Ph  Ph Ph

FeCly (117.0 mg, 923 pmol, 6.0 eq.) and NaOAc (113.5 mg, 1384 pmol, 9.0 eq.) were
added to a solution of the free base Siamese-twin porphyrin LHy4 (200 mg, 154 pmol,
1.0 eq.) in dichloromethane (20 mL) and MeOH (40 mL). The mixture was stirred for 30
minutes at ambient temperature. After removing of the solvent under reduced pressure,
Et20 (20 mL) was added and the suspension was filtered. The solvent was removed
under reduced pressure and the residue was redissolved in dichloromethane (20 mL),
washed with brine and dried over sodium sulfate. The raw product was cleaned by size
exclusion chromatography (SephadeXTM, CHsCly) and recrystallized by slow evapora-
tion of n-heptane into a solution of the raw product in chlorobenzene to yield 70 mg
(31 %) L{FeCl},. Crystals suitable for X-Ray crystallography were obtained by slow

evaporation of a saturated solution of L{FeCl}2 in benzene into toluene.

Empirical Formula: CgQHSONgFQQClQ
Molecular Weight (g/mol): 1480.27
HRMS (EST", MeOH): m/z= 1439.5375 (caled.  1439.5386) [M-+CH30]",

704.2602 (caled. 704.2601) [M]2+.
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9 EXPERIMENTAL SECTION

R (KBr): ¥ (em™1) = 3055 (w), 3025 (w), 2971 (m), 2929
(m), 2871 (m), 1669 (w), 1642 (w), 1598 (w),
1569 (w), 1548 (w), 1519 (w), 1447 (w), 1426
(vs), 1377 (w), 1347 (w), 1314 (w), 1288 (),
1245 (m), 1177 (m), 1156 (w), 1111 (m), 1054
(m), 1005 (m), 931 (w), 895 (w), 844 (w), 813
(w), 771 (m), 750 (m), 696 (s), 567 (w), 544 (w),
498 (w), 461 (w), 398 (w), 376 (w), 360 (w).

UV-vis/nm (¢/M~'em~1): 382 (67400), 535 (20400), 667 (11300).

9.4.9 Nickel(Il) Cobalt(l1l) Complex LNiCo*

Ph Ph Ph Ph Ph Ph

Co(BF4)2 * 6 Hy0, NaOAc

Ph Ph
CHuCl,, MeOH, 30 min

Ph  Ph Ph Ph  Ph Ph

Co(BF4)2 -6 HoO (45.2 mg, 132.7 umol, 9.0 eq.) and NaOAc (10.9 mg, 132.7 pmol,
9.0 eq.) were added to a solution of the mononickel complex LH2Ni (20 mg, 14.7 pmol,
1.0 eq.) in CH2Cly (2 mL) and MeOH (4 mL) under inert conditions. The reaction
mixture was stirred at ambient temperature for 30 minutes. The solvent was removed
under reduced pressure and the residue was filtered over a plug of basic aluminum oxide.

The solvent was removed under reduced pressure, yielding LNiCo as a red solid (8 mg,

39 %)

Empirical Formula: CgoHgoNgNiCo
Molecular Weight (g/mol): 1415.30
HRMS (EST", MeOH): m/z= 1413.5186 (caled. 1413.5171) [M]*.
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9.4. Complex Synthesis

9.4.10 Cobalt(lll) Cobalt(lll) Complex LCo,?*

Ph  Ph Ph Ph  Ph Ph

Co(BF4), , NaOAc

Ph Ph
CHClp, MeOH, 30 min

Ph  Ph Ph

Co(BF4)2-6H20 (47.1 mg, 138.4 umol, 9.0 eq.) and NaOAc (11.4 mg, 138.4 pmol,
9.0 eq.) were added to a solution of the free base Siamese-twin porphyrin LH4 (20 mg,
15.4 pmol, 1.0 eq.) in CH2Cly (2 mL) and MeOH (4 mL) under inert conditions. The
reaction mixture was stirred at ambient temperature for 30 minutes. The solvent was
removed under reduced pressure and the residue was filtered over a plug of basic alu-
minum oxide. The solvent was removed under reduced pressure, yielding LCo2 as a red

solid that immediately started to decompose.

Empirical Formula: CgQHggNgoOQ
Molecular Weight (g/mol): 1415.54
HRMS (EST", MeOH): m/z= 1414.5164 (caled. 1414.5164) [M]*.
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Appendix

Crystallographic Data

One CH3Cly in PMELH, was found to be disordered about two positions (occupancy
factors: 0.70(1) / 0.30(1)). SAME and RIGU restraints were applied to model the
disorder. The unit cells of PMCLH, and PFLHy contain highly disordered CHyCly
molecules (probably four in case of PMCLHy4 and five in case of PFLHy) for which
no satisfactory model for a disorder could be found. The solvent contribution to the
structure factors was calculated with PLATON SQUEEZE['!l and the resulting .fab
file was processed with SHELXL['88] using the ABIN instruction. The empirical for-
mula and derived values are in accordance with the calculated cell content. For Face-
indexed absorption corrections for PMCLH, were performed numerically with the pro-
gram X-RED (X-RED; STOE & CIE GmbH: Darmstadt, Germany, 2002.). CCDC-
1484865 and -1484866 contain the supplementary crystallographic data. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via
http://www.ccde.cam.ac.uk/data_request/cif.

Figure A1l: Plot of the molecular structure of PM®LH, (50% probability thermal ellipsoids;
most hydrogen atoms and solvent molecules omitted for clarity). Selected bond
lengths [A] and angles [°]: N1---N3 2.627(2), N4- - - N3 2.636(2), N6- - - N7 2.681(2),
N8 --N7 2.642(2); N1-H1---N3 126(2), N4-H4- - N3 129(2), N6-H6- - - N7 124(2),
NS-HS- - N7 129(2).
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Crystallographic Data

Figure A2: Plot of the molecular structure of PFLH, (50% probability thermal ellipsoids;
most hydrogen atoms omitted for clarity). Selected bond lengths [A] and angles
[°]: N1---N3 2.607(3), N4- - - N3 2.08(4), N6- - - N7 2.694(3), N8- -- N7 2.630(3); N1-
H1--- N3 132(3), N4-H4- - - N3 126(3), N6-H6- - - N7 129(3), N8-HS- - - N7 132(3).

compound pMey g1, ‘ PFLH,
empirical formula CggHgo Cl4Ng Co3Hg4ClyFoNg
formula weight 1499.57 1422.58

T K] 133(2) 133(2)

crystal size [mm3| 0.50 x 0.32 x 0.29 | 0.50 x 0.49 x 0.34
crystal system monoclinic monoclinic
space group P2;/n P2;/n

a [A] 13.5344(3) 13.0633(3)

b [A] 29.1838(5) 28.9457(7)

¢ [A] 24.3828(6) 24.9657(5)

a [°] 90 90

8 [°] 102.500(2) 104.034(2)

v [°] 90 90

v [A3%] 9402.6(4) 9158.4(4)

Z 4 4

p lg/cm?] 1.059 1.032

F(000) 3168 3000

i [mm!] 0.171 0.120

Tmin / Tmax 0.6111 / 0.9378 -

f-range [°] 1.395 - 25.673 1.407 - 25.636
hkl-range +16, —32-35, £29 | £15, +35, £30
measured refl. 99795 106084

unique refl. [Rint] 17719 [0.0593] 17249 [0.0574]
observed refl. (I > 20(1I)) 14017 14282

data / restraints / param. 17719 / 27 /1027 | 17249 / 0 / 970
goodness-of-fit (F?) 1.029 1.094

R1, wR2 (I > 20(I)) 0.0547, 0.1236 0.0632, 0.1497
R1, wR2 (all data) 0.0717, 0.1313 0.0746, 0.1547
resid. el. dens. [e/A?] —0.504 / 0.463 —0.388 / 0.233
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10 APPENDIX

In LNiFeCl the FeCl moiety and the nickel atom are disordered about the two coor-
dination sites of the ligand in a 1:1 ratio (1/2 occupancy) along with a DMF molecule
(A(OPMF_Fe) = 3.13 A; d(OPMF-Ni) = 2.64 A) and acetone and water (O" and Q?acetone
not in a coordinating range). DMF and acetone were refined at 1/2, water at 1/4 oc-
cupancy. SIMU, DELU, ISOR, DFIX, SADI, FLAT restraints and EADP constraints
were applied to model the disordered parts. Face-indexed absorption corrections were
performed numerically with the program X-RED (X-RED; STOE & CIE GmbH: Darm-
stadt, Germany, 2002.).

Figure A3: Plot of the molecular structure of om49 (30% probability thermal ellipsoids; hydro-
gen atoms, most disordered parts and solvent molecules omitted for clarity) empha-
sizing the disorder of the nickel atom and the FeCl moiety. Selected bond lengths [A]
and angles [°]: Fel---N2 1.881(5), Fel---N3 1.971(5), Fel--- N4 1.995(5), Fel---N1
2.017(5), Fel---Cl1 2.446(4), Nil---N3 1.873(5), Nil---N4 1.910(5), Nil---N1
1.942(5), Nil---N2 2.024(4); N2-Fel---N3 170.9(2), N2-Fel---N4 91.2(2), N3-
Fel---N4 87.06(19), N2-Fel---N1 89.2(2), N3-Fel---N1 87.42(19), N4-Fel.--N1
147.0(2), N2-Fel---Cl1 93.53(15), N3-Fel---Cl1 95.5(2), N4-Fel---Cl1 101.8(2),
N1-Fel---CI1 111.1(2), N3-Nil---N4 92.4(2), N3-Nil---N1 92.5(2), N4-Nil- - - N1
173.6(3), N3-Nil---N2 160.2(2), N4-Nil- --N2 89.49(18), N1-Nil---N2 87.27(18).
Symmetry transformation used to generate equivalent atoms: (°) 1-x, y, 1/2-z.
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Crystallographic Data

In L{FeCl}s one phenyl group (C9A/B - CI14A/B; occupancy factors =
0.467(12)/0.533(12)) and one ethyl group (C19A/B & C20A/B; occupancy fac-
tors = 0.453(12)/0.547(12)) of the STP were found to be disordered as well as one of
the solvent benzene molecules. The latter one was found to be disordered about a center
of inversion and was refined at half occupancy. AFIX 66 (for the phenyl rings), SADI,
SIMU, DELU, ISOR, DFIX restraints and EADP constraints were applied to model
the disorder. Face-indexed absorption corrections were performed numerically with the
program X-RED (X-RED; STOE & CIE GmbH: Darmstadt, Germany, 2002.).

Figure A4: Plot of the molecular structure of L{FeCl}2 (30% probability thermal ellip-
soids; hydrogen atoms, disorder and solvent molecules omitted for clarity). Se-
lected bond lengths [A] and angles [°]: Fel---N3 1.997(5), Fel---N1 2.002(5),
Fel---N2 2.036(5), Fel---N4 2.061(4), Fel---Cll 2.2732(18); N3-Fel.--N1
164.48(18), N3-Fel- - - N2 88.3(2), N1-Fel- - - N2 86.86(19), N3-Fel- - - N4 87.96(18),
N1-Fel---N4 87.14(18), N2-Fel---N4 143.46(19), N3-Fel---Cl1 97.34(14), NI-
Fel--- Cl1 98.18(13), N2-Fel- - - Cl1 109.55(14), N4-Fel- - - C11 106.98(14). Symme-
try transformation used to generate equivalent atoms: () 1-x, y, 3/2-z.
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compound LNiFeCl | L{FeCl},
empirical formula CgsHg3NgNiFeClOg 5 | Cqi19HggNgFeyCly
formula weight 1586.82 1714.56

T [K] 133(2) 133(2)

crystal size [mm?3] 0.38 x 0.24 x 0.18 0.26 x 0.19 x 0.13
crystal system monoclinic monoclinic

space group C2/c C2/c

a [A] 35.0406(11) 19.2994(14)

b [A] 11.9424(2) 22.3959(18)

¢ [A] 25.6270(8) 22.4844(16)

a | 90 90

B 1°] 127.579(2) 109.565(5)

v [°] 90 90

V [A7] 8499.0(4) 9157.3(12)

A 4 4

p [g/cm?] 1.240 1.244

F(000) 3340 3600

i [mm—!] 0.479 0.429

Twin / Tmax 0.8468 / 0.9368 0.7590 / 0.9321
f-range [°] 1.467 - 25.667 1.442 - 25.780
hkl-range +42, +14, —31-28 +23, £27, —26-27
measured refl. 52231 49488

unique refl. |Rint] 8018 [0.0610] 8729 [0.1606]
observed refl. (I > 20(1)) 6064 3994

data / restraints / param. 8018 / 128 / 566 8729 / 86 / 573
goodness-of-fit (F2) 1.068 0.970

R1, wR2 (I > 20(I))
R1, wR2 (all data)
resid. el. dens. [e/A]

0.0742, 0.1957
0.0993, 0.2116
—0.666 / 1.064

0.0859, 0.1672
0.1926, 0.2074
—0.248 / 1.188
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Additional Spectroscopic Data of XLHy4

Additional Spectroscopic Data of XLH,
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Figure A5: HRMS ESI* spectrum of PMeLH, (m/z = 1329.7217 (caled. 1329.7205) [M+H]|,
665.3634 (calcd. 665.3639) [M-+2H|*") in MeOH. Inset: Comparison of the mea-
sured (black) and calculated isotopic pattern (grey bars).
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Figure A6: HRMS ESI* spectrum of PFLHy (m/z = 1337.6704 (caled. 1337.6703) [M+H]*,
669.3384 (calcd. 669.3388) [M-+2H|*") in MeOH. Inset: Comparison of the mea-
sured (black) and calculated isotopic pattern (grey bars).
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Figure A7: HRMS ESI* spectrum of PM®OLH, (m/z = 1361.7104 (caled. 1361.7103) [M+H]*,
681.3582 (calcd. 681.3588) [M+2H]?>") in MeOH. Inset: Comparison of the mea-
sured (black) and calculated isotopic pattern (grey bars).
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Figure A8: HRMS EST" spectrum of M*CLH, (m/z = 1481.7526 (calcd. 1481.7526) [M+H]| ",
741.3794 (caled. 741.3799) [M+2H]|") in MeOH. Inset: Comparison of the measured
(black) and calculated isotopic pattern (grey bars).
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Figure A9: HRMS ESI* spectrum of " FLH,4 (m/z = 1409.6327 (calcd. 1409.6326) [M-+H]*,
705.3198 (caled. 705.3200) [M+2H]?>") in MeOH. Inset: Comparison of the mea-
sured (black) and calculated isotopic pattern (grey bars).
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Figure A10: HRMS EST* spectrum of P*™* FLH, (m/z = 1481.5955 (calcd. 1481.5950)
[M+H]*, 741.3005 (caled. 741.3011) [M+2H]|?*") in MeOH. Inset: Comparison of
the measured (black) and calculated isotopic pattern (grey bars).
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Figure A11: 'H NMR spectrum (500 MHz, CD>Cly, 238 K) of PMeLH,.
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Figure A12: '*C NMR spectrum (125 MHz, CD5Cls, 238 K) of PMeLH,.
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Figure A13: '"H NMR spectrum (500 MHz, CD>Cl,, 238 K) of PFLH,.
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Figure A14: '3C NMR spectrum (125 MHz, CD,Cls, 238 K) of PFLH,.
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Figure A15: '"H NMR spectrum (500 MHz, CD5Cl,, 238 K) of PMeOLH,.
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Figure A16: '*C NMR spectrum (125 MHz, CD,Cl,, 238 K) of PMeOLH,.
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Figure A17: '"H NMR spectrum (500 MHz, CD,Cl,, 238 K) of M*OLH,.
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Figure A18: '3C NMR spectrum (125 MHz, CD,Cl,, 238 K) of M*OLH,.
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Figure A19: Infrared spectrum of PMeLH, (KBr pellet).
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Figure A20: Infrared spectrum of PPLH, (KBr pellet).
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Figure A21: Infrared spectrum of PMeOLH, (KBr pellet).
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Figure A22: Infrared spectrum of M*CLH, (KBr pellet).
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Additional Spectroscopic Data of XLCus,
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Figure A23: HRMS ESI* spectrum of PMeLCuy (m/z = 1450.5394 (calcd. 1450.5405) [M]T)
in MeOH. Inset: Comparison of the measured (black) and calculated isotopic
pattern (grey bars).
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Figure A24: HRMS ESI* spectrum of PFLCusy (m/z = 1458.4890 (caled. 1458.4904) [M]T) in

MeOH. Inset: Comparison of the measured (black) and calculated isotopic pattern
(grey bars).
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Figure A25: HRMS ESI* spectrum of PMeOLCuy (m/z = 1482.5295 (caled. 1482.5304) [M] )
in MeOH. Inset: Comparison of the measured (black) and calculated isotopic
pattern (grey bars).
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Figure A26: HRMS ESI* spectrum of M®*PLCuy (m/z = 1602.5720 (caled. 1602.5726) [M] ")
in MeOH. Inset: Comparison of the measured (black) and calculated isotopic
pattern (grey bars).
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Figure A27: Infrared spectrum of PMeLCu, (KBr pellet).
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Figure A28: Infrared spectrum of PFPLCuy (KBr pellet).
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Figure A29: Infrared spectrum of PM*OLCu, (KBr pellet).
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Figure A30: Infrared spectrum of M°CLCu, (KBr pellet).
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Additional Spectroscopic Data of LNiFeCl
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Figure A31: EPR spectrum of LNiFeCl in solid state at 10 K.
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Figure A32: Infrared spectrum of LNiFeCl (KBr pellet).
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Figure A33: UV-vis spectra of LINiFe after electrochemical reduction of LNiFeCl in CH5Cl,
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(black) and reduction of LNiFeCl with CoCp, in THF (red). The intensity and
wavelength differences result from measurements in two different solvents and the
high noise to signal ratio of the electrochemical reduction.
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Additional Spectroscopic Data of LCuFeCl and L{FeCl},
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Figure A34: Infrared spectrum of LCuFeCl (KBr pellet).
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Figure A35: Infrared spectrum of L{FeCl}s (KBr pellet).
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Abbreviations

Amb-15

Cp
Cp*
CV

Cyt
DDQ
EP
EPR
ESI

Et
EtOAc
Fc/Fet
Fig.
Glu
HRMS
hs

IR

is

Is
m-CPBA

MeCN
MMO
MS
MTBE
NADH
NMR

Amberlyst-15

aryl

cyclopentadiene
1,2,3,4,5-pentamethylcyclopentadiene
Cyclic Voltammetry

cysteine

cytochrome
2,3-Dichloro-5,6-dicyano-1,4-p-benzoquinone
expanded porphyrin

Electron Paramagnetic Resonance
Electrospray lonization

ethyl

ethylacetate

ferrocene/ferrocenium

figure

glutamate

High Resolution Mass Spectrometry
high spin

infrared

intermediate spin

low spin

meta-chloroperoxybenzoic acid
methyl

acetonitrile

methane monooxygenase

mass spectrometry

methyl tert-butyl ether
nicotinamide adenine dinucleotide

Nuclear Magnetic Resonance
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OAc
Ph
ppm
py
pyr
Pz

sMMO
SQUID
STP
SWV
TFA
THF
Ts
TLC
UV-vis

acetate

phenyl

parts per million

pyridine

pyrrole

pyrazole

residue

soluble methane monooxygenase
Superconducting Quantum Interference Device
Siamese-twin porphyrin

Square Wave Voltammetry
trifluoroacetic acid
tetrahydrofuran

tosyl

Thin Layer Chromatography

ultraviolet-visible
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