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1 General Introdu tion
Porphyrins are ubiquitous ma ro y les in nature and their metal omplexes are involved
in multiple key pro esses in living organisms, su h as oxygen transport and photosynthesis. [13℄ Due to their exible ele troni stru ture, whi h depends on the substitution
pattern, they easily in orporate dierent metal ions, preferebly in the oxidation state
+II. [3,4℄ Numerous enzymes responsible for either the transport or the onversion of oxygen involve an iron porphyrin omplex, alled heme, in the a tive enter. [5,6℄
Whereas nature is able to a tivate and transfer oxygen to substrates at ambient temperature and pressure, industrial pro esses usually require harsh rea tion onditions. [7℄
Thus, detailed investigation into dioxygen a tivation pro esses and oxygen transfer in
metalloenzymes is of onsiderable interest. Hen e, often low mole ular weight analogues
are developed to study and stru turally understand intermediates in an enzyme's atalyti y le or as fun tional models to perform oxygenation atalysis. [8,9℄
In the present work, a new lass of iron porphyrin omplexes, the omplexes of the
Siamese-twin porphyrin, [10℄ are established. These omplexes are inspired by the bimetalli a tive enter of the methane monooxygenase enzyme familiy and the me hanism of yto hrome P450 to ombine their ele troni advantages for oxygen a tivation and binding.

1.1 Porphyrins

Porphyrins (2) (Fig. 1.1) are planar, tetrapyrroli , aromati ma ro y les, whi h onsist of
four pyrrole units (1) that are onne ted in 2- and 5-positions via methine groups (meso positions). To label the dierent positions in a hetero y li ring and the porphyrin
the IUPAC nomen lature with arabi numbers is not onsequently used in literature.
Alternatively, the use of the histori al numbering with greek letters is very ommon and
also used in this work. [11℄
18 of the 22 π -ele trons of the porphyrin ring are at on e part of the delo alized aromati
system, following Hü kel's rule for aromati ity (4n+2 π -ele trons, here: n = 4). [12℄ One
possible onjugation pathway is highlighted in Figure 1.1.
Due to their extended π -system, as a result of the numerous onjugated double bonds,
the HOMO (highest o upied mole ular orbital) - LUMO (lowest uno upied mole ular orbital) gap is diminished. Thus, the UV-vis spe tra of porphyrins show an intense
1

1.2. Expanded Porphyrins
β
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Left: Pyrrole labeled a ording to the IUPAC (numbers) and the histori al nomenlature (greek letters). Right: Chemi al stru ture of the porphyrin with highlighted
18 π-ele tron onjugation pathway as "internal ross" and the denition of the positions in the ma ro y le.

absorption band (Soret band) at around 400 nm (π -π * transition) with extin tion oeients of 105 m−1 m−1 and weak so alled Q-bands at wavelengths of 500 to 750 nm, [13,14℄
resulting in an intensively olored mole ule. The UV-vis spe trum of a porphyrin is very
sensitive towards minor hanges of the ele troni stru ture or the in orporated metal ion
and thus is the method of hoi e for the analysis of porphyrin systems.
When deprotonated, porphyrins are dianioni , tetradentate, helating ligands with a
square planar nitrogen based oordination avity (diameter: 0.6-0.7 Å). [3℄ Due to their
dianioni hara ter porphyrins preferably oordinate di ationi metal ions but also metal
ions in lower or higher oxidation states, depending on additional axial ligands and the
size of the entral metal ion. [1517℄ The in oorporation of the metal ion inside the oordination po ket of the porphyrins as out-of plane or in-plane, as shown in Figure 1.2,
is ontrolled by the size of the metal ion, whereby larger metal ions tend to be lo ated
out-of plane. Varying the oxidation state of the metal ion hanges its size and thus the
geometry of the omplex.
Mn+
Mn+
Figure 1.2:

S hemati representation of the out-of-plane (left) and in-plane (right) oordination
of a metal ion in a porphyrin s aold.
[3,4℄

1.2 Expanded Porphyrins

Expanded porphyrins (EP) are porphyrinoids that ontain more than 18 aromati π ele trons or more than four hetero y li building blo ks. Due to their red-shifted NIR
absorption spe tra, their ability to oordinate simultaneously up to two metal ions, and
their onformational exibility ae ting ma ro y le π - onjugation and aromati ity, expanded porphyrins are of high interest. A variety of dierent EPs has been synthesized in
the last de ades. [1822℄ Due to their unique oordination motif these expanded porphyrins
are attra tive mole ules for non-linear opti al materials, [23℄ as funtional dyes, [20,24℄ ion
binding, [25℄ and the resear h on aromati ity. [26℄
2
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1.2.1 Stru ture and Nomen lature

The hetero y les within an expanded porphyrin are not limited to pyrrole but an be
repla ed by several other like thiophene, selenophene or furan. Even sili ium-based hetero y les are possible. [2730℄ EPs an adopt two oformations. In the normal onformation,
all heteroatoms point inwards like in 3 and the inverted onformation where at least one
heteroatom is pointing outwards (4). The onformation depends on the size of the EP
and the substitution pattern in β - and meso -positions.
Due to histori al reasons expanded porphyrins are often named after their olor, like the
dark blue Sapphyrin (3) (Fig. 1.3). These ommon names are still in use among porphyrin hemists, even though there is a systemati nomen lature, following the nomenlature of Fran k with sligth modi ations: [31,32℄ The EP is mainly named after the
number of onne ted hetero y les n in its inner ore: n = 5 pentaphyrin, n = 6 hexaphyrin, n = 7 heptaphyrin, n = 8 o taphyrin et .. [33℄ The number of meso - arbon atoms
between ea h onse utive hetero y le is ree ted by the numbers in bra kets, seperated
by dots. Finally the number of π -ele trons within the onjugation pathway is given in
square bra kets in front of the name. For instan e the omplete name of Sapphyrin (3)
is [22℄pentaphyrin(1.1.1.1.0).
H
N
N
H
N
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Figure 1.3: Stru ture of [22℄pentaphyrin(1.1.1.1.0) (3) and [28℄hexaphyrin(1.1.1.1.1.1) (4) ea h

with highlighted

π -ele

tron onjugation pathway.

1.2.2 Metal Complexes

A variety of mono- and bimetalli omplexes of expanded porphyrins have been synthesized so far. [8,3436℄ Due to possible ooperativity between the two metal ions these
omplexes are highly attra tive for rea tivity studies. They an a t as dinu lear enters
for bioinspired atalyti rea tions or as mole ules for opti al data storage. [37℄ Due to
their ability of oordinating multiple metal ions paired with their tunable physi al
and spe tros opi properties, expanded porphyrin metal omplexes have shown their
potential as photosensitizer in photodynami therapy (PDT) [38℄ , as non-linear opti al
materials [23℄ and ontrast agents for magneti resonan e imaging (MRI). [3941℄

3

1.3. The Siamese-Twin Porphyrin (STP)
The exibility of the EPs in reases with their ring size and so does the ability to oordinate metal ions with in reasing radii su h as lanthanides and a tinides. [37,42℄ In bimetalli
omplexes the sele tive in orporation of two equal or dierent metal ions is also possible,
whi h 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 omplexation onditions the donorset of 5 an vary
from N3 over N2 C (7) and N3 C up to N2 C2 (6, 8) (Fig. 1.4) and the onformation an
be normal or inverted. [20,3436,43℄
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C6F5
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Sele tion of stru tures of metal omplexes of the [26℄hexaphyrin(1.1.1.1.1.1) 5 with
dierent donorsets. [3436℄

Due to invertion of one or two pyrrole rings in most metal omplexes of hexaphyrins,
the lassi al all-nitrogen oordination motif of a porphyrin an not be preserved. Furthermore, no iron omplexes 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 dierent hetero y les were established in expanded porphyrin hemistry, no normal EP bearing a pyrazole was known until 2011, when Frens h synthesized
the so alled Siamese-twin porphyrin (STP) (9 = LH4 ) (Fig. 1.5). [10℄ The name originates from its two identi al fused porphyrin-like binding po kets that are linked through
pyrazole moieties. [10℄ This non-planar and non-ma ro y le-aromati mole ule is hara terized by the presen e of two binding po kets whose N4 - oordination mean planes are
nearly orthogonal to ea h other.
4

1 GENERAL INTRODUCTION
1.3.1 Stru ture

The stru tural 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, theoreti ally des ribed by lind in 1987 but has not been synthesized to date.
Sin e fun tionalized pyrazoles had proven to be suitable bridging ligands for multi nu lear transition
metal omplexes,
Katsiaouni tried to synthesize the ma ro y le 11, whi h is alkylated in the pyrrole's β -position, in another attempt to build a "double porphyrin".
[44℄

[45℄

[46,47℄

Ph

NH

N NH

N

NH

N NH

N

NH

Ph

Ph

N NH

N

Ph
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Figure 1.5: Suggested stru ture 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 porphyrin 9 (right), ea h with highlighted

π -ele

tron onjugation pathway.

The pre ursor porphyrinogen of 11 was only dete ted by mass spe trometry (MS),
be ause NMR spe tros opi investigations were not suitable, due to the enormous
amount of stereoisomers and the onformational exibility of the porphyrinogen, but
has not been isolated. Furthermore, an oxidation of the pyrazols' meso -positions of the
porphyrinogen towards the nal "double porphyrin" 11 was not possible,
be ause
these positions were too ele tron poor, like observed by LASH during the synthesis of
arbaporphyrins.
[48℄

[49℄

allowed for the synthesis of the
The synthesis of the new pyrazole building blo k 12
pyrrole/pyrazole building blo k 13, whi h is the key ompound for the synthesis of the
STP 9.
[50℄

[10℄
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S heme 1.1: Key

13
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9

ompounds 12 and 13 for the synthesis of the Siamese-twin porphyrin 9.

All peripheral positions of the ma ro y le 9 were substituted by either ethyl groups (pyrrole β -positions) or phenyl groups (meso -positions and 4-position of the pyrazole). The

5

1.3. The Siamese-Twin Porphyrin (STP)
hoi e of the substituents and the parti ular substituent pattern was guided by pra ti al synthesis onsiderations and to indu e the proper onformation of the pre ursor
Siamese-twin porphyrinogen to allow its oxidation to the nal produ t 9. The symmetri 3,4-diethylpyrrole is readily a essible and does not give rise to the formation of
regioisomers due to the prote ted 3- and 4-positons. Furthermore the bulky phenyl and
ethyl substituents prevented an inverted onformation of the STP.
For ele troni reasons the meso -phenyl groups adja ent to the pyrazole were ne essary for
the oxidation to take pla e in this positions, due to the phenyl group's ele tron pushing
ee t and π - onjugation.
The high steri pressure of the phenyl groups in the STP's ba kbone indu ed the unique
twisted onformation of the STP (Fig. 1.6), resulting in a non-ma ro y le-aromati
mole ule, as observed in NMR spe tros opy.
Therefore the name "porphyrin" only
des ribed the formal fully onjugated system of the STP but not its ele troni stru ture. Further two- or four-ele tron oxidation of 9 by Vogel in 2016 did not lead to
a ma ro y le-aromati mole ule either. Even though NMR and UV-vis spe tros opy
ould show a highly delo alized extended π -system, no swit h to a ma ro y le-aromati
mole ule was observed. A swit h was expe ted be ause it was observed in hexaphyrin
analogues, whi h normally swit h between Hü kel and Möbius aromati systems, deInstead, upon oxidation a linkage of
pending on their redox and protonation state.
one pyrazole nitrogen atom and the meso -phenyl group for ea h two-ele tron oxidation
was observed (Fig. 1.6).
[51℄

[10℄

[10℄

[52℄

[20,26℄

Ph

NH

N N

Ph

N

Ph

Ph
N

PSfrag repla ements
14

PSfrag repla ements
(a)

Ph

N N

HN

Ph

14
(b)

Figure 1.6: (a) Sideview of the ore stru ture of 9. (b) Linkage produ t (14) of the fourele tron oxidation of 9.

Despite its non-ma ro yle-aromati ity the Siamese-twin porphyrin is a highly interesting
mole ule for dinu lear metal omplexes, due to its unique oordination motif.

1.3.2 Metal Complexes

With the STP (LH4 ) several homo- and hetero-bimetalli omplexes LX (Fig. 1.7) were
synthesized. An enormous inuen e of the entral metal ions on the ele troni properties
of the ma ro y le ould be demonstrated by means of, e.g., y li voltammetry and EPR
6
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spe tros opy. [10,5355℄ Interestingly enough, the mono-ni kel omplex LH2 Ni ould be
synthesized
tively at ambient temperature, making heterobimetalli omplexes like
PSfrag replasele
ements
LNiCu a essible. [55℄
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LNi2 :

N
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M
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= Cu, M

2

= M
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= M

2

= Ni
= Ni

= Ni
= Cu

Ph

Figure 1.7: Homo- and heterobimetalli

4

omplexes of the STP LH .

[10,5355℄

The metal omplexes LX exhibited well-dened redox pro esses in their y li voltammogram, whose rst two oxidations were shown to mainly take pla e at the dipyrromethane
subunits of the organi ma ro y le (Fig. 1.8). [53℄ Thus the Siamese-twin porphyrin is a
non-inno ent ligand.
Ph

N

Ph

N N
CuII

Ph

Ph

N

N
CuII

N N

Ph

Ph

Ph
N

Ph

Figure 1.8: Lo ation of the ligand oxidation of LCu2 .

[53℄

The oxidation potentials hange remarkably when one or two metal ions are hanged from
opper to ni kel or vi e versa. With a shift of up to 260 mV, the inuen e of the metal ion
is mu h higher than in the orresponding meso-tetraphenylporphyrinato(TPP)- omplexes
(∆E = 60 mV). [5658℄ This underlines the prin ipally dierent ele troni stru tures of the
non-ma ro y le-aromati STP ompared to the aromati porphyrins even further.
Remarkably LCu2 showed a ferromagneti oupling between two pyrazolato bridged
opper(II) ions observed for the rst time, due to orthogonal oordination po kets. [53℄

1.4 Iron Proteins

Numerous metalloproteins that are responsible for either the transport or the onversion
of dioxygen involve an iron ion in the a tive enter. [6℄ They an be distinguished between
three lasses, heme, non-heme diiron enters, and mononu lear non-heme iron enters
(S heme 1.2), whereas only the non-heme diiron and heme iron enters will be dis ussed
in more detail in this hapter. Heme proteins possess a substituted porphyrin ring with
an in oorporated iron ion, whi h will not des ribed in more detail.
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FeIV

O
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O

FeIV

O
O

FeIV
O

O
FeIV O
O
R

representation of dioxygen a tivation by heme, non-heme diiron

and non-heme monoiron

enters.

[59℄

enters

As an be seen in Fig 1.2, non-heme monoiron enters obtain their four ele trons, ne essary for the redu tion of mole ular oxygen, partially from external ele tron donors. [60℄
In ontrast, in non-heme diiron enters the two iron ions an provide the required four
ele trons alone. With the oordination of mole ular oxygen to the redu ed iron(II) form
of the a tive enter a diiron(III) peroxo spe ies is formed whi h transforms into a high
valent bis(µ-oxo)-diiron(IV) spe ies, whose oordination geometry is alled "diamond
ore", by redu tive homolyti

leavage of the dioxygen bond. This iron(IV) intermediate

was identied as the a tive spe ies. [5,61,62℄
Two lasses of proteins that are able to bind and transfer mole ular oxygen to organi
substrates with the afore-mentioned me hanisms are the heme based yto hrome P450
(Cyt P450) (Chap. 1.4.1) and the non-heme diiron ontaining soluble methane monoxygenase (sMMO) (Chap. 1.4.2). [63℄

1.4.1 Heme Iron Proteins

Heme iron proteins ontain an iron porphyrin in their a tive enter. Su h metalloproteins
atalyze a variety of hemi al rea tions. su h as the fun tionalization of aliphati C
H bonds to al ohols ( yto hrome P450) or they operate as oxygen arriers in living
organisms (hemoglobin). [5,6℄ The various heme iron proteins dier only in the protein's
environment of the a tive enter and in the proximal and distal ligands.
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Cyto hrome P450
Cyto hrome P450, named after its arbon monoxid omplex's absorption band at 450 nm,
is a monoxygenase. It plays a major role in the biosynthesis of steroids, ar inogenesis
and drug metabolism. Cyt P450 atalyze the hydroxylation of non-a tivated CH bonds
under physiologi al onditions, a rea tion that is highly unspe i with a high a tivation
energy barrier when un atalyzed. [5,64℄
O
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= ROH
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sh

ro
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Cys
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H2O
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H+
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HO

O

O
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S
Cys
RH
O
FeII
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S heme 1.3: S hemati
by

representation of the

yto hrome P450 am.

[64℄

2-

atalyti

-

O
FeIII
S
Cys

O
H+

RH

e-

e

y le of the hydroxylation of

ampher

Cyto hrome P450, more pre isely Cyto hrome P450 am (Cyt P450 am), is a well
studied metalloenzyme atalyzing the regio and stereo spe i hydroxylation of ampher (S heme 1.3). However, several details of the me hanism of this hydroxylation
(S heme 1.3) are still unexplained. [5,64℄ Whereas the intermediates a, b and g have
been stru turally
spe tros opi

hara terized, most other intermediates were postulated through

omparison with model omplexes. One reason is the limited lifetime of
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high valent iron oxo spe ies even at low temperatures. Intermediate f, often labeled
as Compound I (Cpd I) or "a tive oxygen spe ies", is the key intermediate for the
a tivation of mole ular oxygen. [3,5,6467℄

As an be seen in S heme 1.3 two of the four ele trons ne essary are provided by the substrate, whereas the remaining two redu tion equivalents are provided by external donors.
Hen e, it is lear that mononu lear heme iron omplexes are not able to a tivate or split
mole ular oxygen by themselves. Only the intera tion with the enzyme framework allows
this rea tivity, [68℄ showing the importan e of the latter in enzymati

atalysis. Thus, the

enzyme framework does not only ensure the spa ial proximity between substrate and
a tive enter but rather prote ts it against undesired side rea tions and provides the
hannels for the rea tants, in luding ele trons and protons. [68℄

1.4.2 Non-heme Diiron Proteins

All non-heme diiron enzymes possess a similar oordination environment of their iron
enter with arboxyli aminoa ids i.e., glutamate and aspartate, [69℄ resulting in an extremely exible onformation during dioxygen a tivation. [70,71℄ Besides a few ex eptions,
for example Hemerythrin, the main fun tion of these iron proteins is the a tivation of
mole ular oxygen and the subsequent oxygenation atalysis of various substrates. [69℄ The
main pathway of this a tivation rea tion 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 methanotropi ba teria,
using methane as

arbon and energy sour e by the oxidation to methanol. [61,63,72℄

The rst step of the methane metabolism is the oxidation of the robust CH bond,
a tremendous performan e. [63℄ The industrial oxidation of methane to methanol is
thereby only a essible via a two-step pro ess, whi h makes the pro ess unsele tive and
ost-intensive. [7,73℄

In general, two types of MMOs, the parti ulate form (pMMO) having opper in its
a tive enter and the soluble form (sMMO) with two iron atoms in its a tive enter,
an be distinguished. Due to its a essibility, stability and solubility the sMMO is the
MMO type of hoi e for the examination of the dioxygen a tivation. [63,68℄ Its hydroxylase
subunit MMOH, in whi h the oxidation of methane takes pla e, is able to oxidize dierent
saturated and unsaturated, linear, bran hed or y li hydro arbons up to C8 as well as
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halogenated derivatives in laboratory experiments, if it gets hemi ally redu ed by an
external redu tant. [63,68,74,75℄
The oordination motif of the sMMO is displayed in S heme 1.4.
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O
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O

Fe
O

N
H

O
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O
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O
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H+, e-

O
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N
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O
H
O
O
Fe
Fe
O
N
H
O
O
N
Glu
H
OH2

MMOHred
S heme 1.4: S hemati

Glu
Glu
O
His

MMOHox

representation of the

arboxylate shift

of MMOH in its redu ed (left)

and oxidized form (right).

Due to the
or

end-on

arboxylate shift

the bridging glutamate residues an bind either in a µη 1 :η 2

fashion, depending on the oxidation state of the enzyme. [63,76℄

S heme 1.5 shows a s hemati representation of the atalyti

y le of the soluble methane

monoxygenase hydroxylase (sMMOH) enter. Only the redu ed and oxidized forms
MMOHred and MMOHox ould be authenti ated by solid state rystal stru ture determination. The other intermediates were hara terized or determinated by a variety of spe tros opi te hniques like UV-vis and EPR spe tros po y, stopped-ow measurements,
resonan e Raman and espe ially Möÿbauer spe tros opy, [63,75,7781℄ one of the most preise te hniques for the determination of the iron ion's oxidation and spin state. [82℄
NAD+ + H2O

O2
FeII

FeII

NADH

FeIII

H
O

H+

MMOHred
O2
FeII

FeIII

FeII
O2 MMOHred

MMOHox
CH4

CH3OH
FeIV
MMOHQ

O
O

FeIII

FeIV
FeIII

O
FeIII
O

O
O

FeII
MMOHsuperoxo

MMOHperoxo
S heme 1.5: S hemati

representation of the atalyti

y le of the soluble methane monoxyge-

nase hydroxylase (sMMOH).

Interestingly enough, the peroxo intermediate MMOHperoxo is stable under ambient temperatures in ontrast to syntheti peroxo- omplexes and does not de ompose into a diiron(II) spe ies. [83℄ Instead, a high valent iron-oxo intermediate (MMOHQ ) is formed,

11

1.4. Iron Proteins
whose de ay to MMOH an be a elerated by the addition of a substrate. Therefore
MMOH is distinguished to be the a tive spe ies in the oxidation of methane.
The oxidation state of +IV ould be determined by Möÿbauer spe tros opy, showing
only one iron spe ies with a minor isomer shift of δ = 0.17 mm·s−1 , a typi al value for
Fe(IV).
An oxidation state of +IV was onrmed, among others, by EXAFS measurements.
However, the a tual stru tural motif of the iron enter ould not be identied with absolute ertainty, due to the absen e of a solid state rystal stru ture. Furthermore the
me hanism of the substrate oxidation is still the subje t of ongoing resear h and various
al ulations and measurements are proposing and assuming dierent me hanisms.
ox

Q

[75,79,80℄

[79,82℄

[63℄

[84,85℄
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2 Obje tive

It has been shown that metalloproteins ontaining redox a tive metal ions, for example
iron, in their a tive enter e iently a tivate and transfer dioxygen to various substrates,
whi h is a four ele tron redox pro ess, very e iently at ambient onditions. The familiy
of Cyt P450 for instan e ombines, in the key intermediate Cpd I, a porphyrin ation
radi al s aold with a high valent oxoiron(IV) unit to oxygenate various substrates. Furthermore, the Siamese-twin porpyhrin (STP) has been shown to be a suitable platform
for hetero- and homobimetalli omplexes. Their redox hemistry is fas inating, even
though it is mu h distin t from that of a normal porphyrin s aold. [5255,86℄ With the
synthesis of hetero- and homobimetalli omplexes of the STP in orporating redox a tive
metal ions like iron, suitable omplexes for the a tivation of small mole ules, espe ially
mole ular oxygen, an likely be obtained. The omplexes ombine two fun tional priniples of a mononu lear heme iron enzyme, namely a redox non-inno ent oligopyrrole
s aold, and of a non-heme diiron enzyme. In the latter one the two redox a tive metal
ions work in on ert to provide the four ele trons needed for the a tivation and onversion
of mole ular oxygen. The Siamese-twin porphyrin s afold has the ability to supply up
to two ele trons, like it has been shown for the ni kel(II) and opper(II) omplexes. [55,86℄
Furthermore, in their ferrous state, the two iron ions an potentially provide two ele trons ea h by the oxidation state hange to iron(IV). The ombination of the STP with
two iron(II) ions should therefore be able to supply up to six ele trons for the a tivation
of small mole ules and should further be of parti ular interest with regard to its redox
hemistry in general.
The aim of this work was to synthesized and hara terize rst hetero- and homobimetalli
iron omplexes of the parent STP and to investigate their redox behavior to obtain rst
insights into the fundamental iron oordination hemistry of the STP s aold.
With the use of dierent metal ions within a heterobimetalli omplex, iron omplexes
with hara teristi redox potentials an the synthesized. Analyti methods should
omprise dierent te hniques like UV-vis, IR, EPR and Möÿbauer spe tros opy as well
as magneti sus eptibility measurements.
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Figure 2.1: Potential homo- and heterobimetalli

iron

omplexes of the parent Siamese-twin
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Furthermore, new STPs with dierent substitution patterns should be synthesized, sin e
so far, no stru tural variations of the parent free base Siamese-twin porphyrin (LH4 )
have been reported.
Ph

NH

Ph

Ph

N NH

N

Ph

Ph
N

HN N

Ph

PSfrag repla ements

Ph

HN

Ph

LH4

Figure 2.2: Chemi al stru ture of the free base parent STP LH4 with highlighted substituents
in the pyrazoles'

meso

between two pyrroli

and 4-position (green) and the

meso -phenyl

groups lo ated

moieties (blue).

A variation of the substituent at the pyrazoles' meso - and 4-position (Fig. 2.2 green)
would hange the mole ule's physi al properties and should minimize the steri demand
in the STP's ba kbone, whi h would result in a more planar onformation. Variation
of the meso -phenyl group lo ated between two pyrroli moieties (Fig. 2.2 blue) would
primarily hange the mole ule's ele troni and physi al properties.
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3 A New Pyrrole/Pyrazole Building
Blo k
Sin e the unique twist of the STP, indu ed by the high steri demand of the bulky
phenyl groups, prevents a ma ro y le-aromati system, a planarization of the whole STP
is desirable. A more planar onformation of the Siamese-twin porphyrin would further
lead to an opening of the oordination po ket in metal omplexes and the orresponding
metal ion would be less shielded. Geometry optimizing DFT al ulations have shown,
that the Siamese-twin porphyrin ore would be ompletely at, when any substituent
is taken away. [54℄ However, it is more pra ti able to minimize the steri demand in the
ba kbone of the pyrazole building blo k 15, sin e the use of non-substituted pyrrole
led to hardly soluble produ ts with vanishingly low yields in their synthesis and the
follow up rea tion. [86℄ Nevertheless, ele tron donating groups in the pyrazole's meso positions are required so that these positions an be oxidized. [48℄ Be ause a synthesis of
a pyrazole building blo k with phenyl groups only in the meso -position (17) (S heme
3.1), for example by rea ting phenyllithium with 1H -pyrazole-3,5-di arbaldehyde (16),
was not su essful so far, [87℄ a building blo k with phenyla etylene groups in the meso positions (18) was synthesized in this thesis. This ompound has a lower steri demand
in the ba kbone but should still be easy to oxidize in the pyrazoles' meso -positions in
the orresponding STP, sin e the phenyl groups still have an ele tron donating ee t via
the a etylene linker.
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S heme 3.1: Stru ture of the initially used diol 15 and the s hemati

rea tion towards new

pyrazole builing blo ks 17 and 18 without any substituent in the pyrazole's 4-

H

position, with 1

-pyrazole-3,5-di arbaldehyde (16) as starting point.

15

The synthesis of pyrazole-based diol 18 seemed to be the most hallenging step be ause
it was assumed to rea t similar to the pyrazol building blo k 15. The meso -position
should be more a tivated towards a nu leophili atta k of the pyrroles' α-position and
therefore 18 should rea t more easily with 3,5-diethylpyrrole.
The synthesis was started from 1H -pyrazole-3,5-di arbaldehyde (16), whi h dimerizes
over time leading to a nearly insoluble and unrea tive white dimer, [88℄ whi h did not further rea t with lithium phenyla etylide. To in rease solubility by preventing the dimerization and to prote t the NH-fun tion in further rea tions, a methoxymethyl (MOM)
prote ting group was introdu ed. The MOM group should be easy to leave under mildly
a idi onditions, for example in the rea tion step in whi h the OH is ex hanged by a
hloride by use of SOCl2 . Therefore no extra rea tion step for the leavage of the MOM
group should be ne essary.
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of

pyrazole (20).

20

H-

1-(methoxymethyl)-3,5-bis(1-hydroxy-3-phenylprop-2-yn-2-yl)-1

The di arbaldehyde 16 was suspended in a large amount of THF over night and the
pyrazole was deprotonated with sodium hydride. Subsequently MOMCl was added and
the resulting mixture was stirred for 50 min before the rea tion was stopped by the addition of water. After extra tion with di hloromethane the raw produ t was puried by
olumn hromatography to yield the desired produ t 19 (60 %). 19 was hara terized
via EI mass spe trometry and NMR spe tros opy (see Chap. 9.2.1).
To introdu e the phenyla etylene group n -butyllithium was added to a solution of phenyla etylene (PhCCH) in dry THF at −78 ◦ C under inert onditions 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 hloride solution was
added and the rea tion mixture was extra ted with THF and washed with brine. After drying the raw produ t was puried by olumn hromatography to yield the desired
produ t (73 %). The diol 20 was hara terized by EI mass spe trometry and NMR
spe tros opy (Fig. 3.1).
A rea tion of 1-(methoxymethyl)-3,5-bis(1-hydroxy-3-phenylprop-2-yn-2-yl)-1H -pyrazole
(20) with SOCl2 a ording to literature [10℄ was not su essful. 1 H NMR spe tros opy of
the rea tion out ome showed neither the anti ipated rea tion nor a leavage of the MOM
prote ting group. Most of the starting material was still inta t, but de omposed with
extended rea tion time or higher temperatures. Espe ially the unsu essful leavage of
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3 A NEW PYRROLE/PYRAZOLE BUILDING BLOCK
the prote ting group was surprising, be ause it should be easily split o under already
mild a idi onditions [89℄ and even easier with reuxing SOCl2 .
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21

1-(methoxymethyl)-3,5-bis(1- hloro-3-phenylprop-2-yn-2-yl)-1

pyrazole (21).

H-

The rea tion with oxalyl hloride (COCl)2 instead of thionyl hloride did not yield the
expe ted produ t either, when literature known pro edures were used. [90℄ Only an inrease of the amount of dimethylformamide (DMF) to more than 100 equivalents made
the onversion to the di hloride ompound 21 possible.
(COCl)2 was added to a solution of DMF and a etonitrile at −20 ◦ C under inert onditions and the solution was stirred for 20 min. The diol 20, dissolved in MeCN, was
subsequently added dropwise and the rea tion mixture was allowed to warm up to ambient temperature and stirred for 2.5 h. After removing the solvent the raw produ t
was puried by olumn hromatography to yield 21 (68 %). The methoxy-methyl group
was still present, as ould be seen in mass spe trometry and NMR spe tros opy by the
o urren e of the hara teristi signals for the MOM's CH3 and CH2 groups (Fig. 3.1).

Figure 3.1:

1 H NMR spe tra of the diol 20 (top) and the

orresponding di hloride

ompound

21 (bottom) in a etone-d6 .
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Unfortunately the di hloride ompound 21 showed faster de omposition than the regular di hloride building blo k with three phenyl groups, but ould nevertheless be used
for oupling rea tions with 3,5-diethylpyrrole. Be ause the oupling was not su essful
under the literature known onditions, [10,46℄ 3,5-diethylpyrrole was repla ed by pyrrole,
5-phenyl-dipyrromethane or thiophene, the latter one being more rea tive in α-position,
and used for oupling rea tions with both the di hloride (21) and the diol building blo k
(20) (see Tab. 3.1). None of these rea tions led to a oupling.
Furthermore, the MOM group ould not be removed, not even under harsh a idi onditions or with heterogeneous atalysts like KSO4 · SiO2 and ZnBr. [9194℄ The presen e
of the prote ting group ould lead to problems after the su essful oupling with one of
the hetero y les, be ause a ring losing towards the orresponding porphyrinogen would
eventually not be possible due to the steri demand of the two MOM groups that are both
pointing into the oordination po kets. Furthermore, the MOM group would prevent the
orresponding pyrazole nitrogen atom from oordination to metal ions. Therefore a synthesis without a prote ting group was developed.
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Cl
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H -pyrazole (22).

S heme 3.4: Synthesis of 3,5-bis(1- hloro-3-phenylprop-2-yn-2-yl)-1

The 1H -pyrazole-3,5-di arbaldehyde 16 was suspended in THF over night in an ultra
soni bath onne ted to water ooling. n -Butyllithium was added to a solution of
phenyla etylene in dry THF at −78 ◦ C under inert onditions and the mixture was
stirred for 1 h. Subsequently the mixture was slowly added to the suspension of
1H -pyrazole-3,5-di arbaldehyde (16). The mixture was treated in the ultrasoni bath
for additional 5 h. Afterwards a saturated aqueous ammonium hloride solution was
added and the rea tion mixture was extra ted with THF and washed with brine. After
drying, the rude produ t was puried by olumn hromatography and the desired
diol 18 was obtained in a lower yield (26 %) than the prote ted one (44 % over two
steps). 18 was hara terized by EI mass spe trometry and NMR spe tros opy (Fig. 3.2).
Like the MOM prote ted building blo k 20, rea tion with oxalyl hloride yielded the
di hloride ompound 22 in reasonable quantity (35 %). The shift of the proton NMR
signals in respe t to the diol 18 is not as obvious as is was in ase of the MOM prote ted
one, but the OH-peak was not observable anymore. Nevertheless, the arbon NMR spe trum indi ate a shift of the orresponding arbon atom and the meso -pyrazol a etylene
arbon signals as expe ted.

18

3

Figure 3.2:

Figure 3.3:

A NEW PYRROLE/PYRAZOLE BUILDING BLOCK

1H

NMR spe trum of the diol 18 in a etone-d6 . Solvent impurities are marked with
an asterisk.

Low eld region of the 13 C NMR spe trum of the diol 18 (top) and the orresponding di hloride ompound 22 (bottom) in a etone-d6 .
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The di hloride ompound 22 was de omposing rapidly even under inert onditions and
was therefore only used in dire t oupling with 3,5-diethylpyrrol, pyrrole, 5-phenyldipyrromethane and thiophene; these rea tions were performed in DCM (Tab 3.1).
A dire t oupling with the hetero y les mentioned above was again not su essful, neither
with the diol 18 nor its hloride analog 22. Therefore, a variety of dierent rea tants
was tested. The rea tion onditions used for the dierent unsu essful oupling rea tions
with 3,5-diethylpyrrole, pyrrole, 5-phenyl-dipyrromethane and thiophene are given in table 3.1. Sin e 18 appeared to be the most suitable ompound, it was used in most of the
rea tions.
Table 3.1:

Dierent rea tion onditions used for the oupling of the pyrazole building blo ks
, ,
and 22 with the dierent hetero y les at ambient temperature.

18 20 21

Compound
18, 20, 21, 22
18, 20

a,b, ,d

18

a,b, ,d

18

a,d

18

a,

18
18

a,

a,b, ,d

Rea tant
BF · Et O
TFA
Amb-15
KHSO · SiO
A OH
TsOH
3

2

4

2

Equivalents
2.9
0.2/2.0
0.2/2.0
0.2/2.0
0.2/2.0
0.2/2.0

Solvent
CH Cl
MeCN
CH Cl
CH Cl
CH Cl
CH Cl
CH Cl
2

2

2

2

2

2

2

2

2

2

2

2

Time
2 h/16 h
2 h/16 h
2 h/16 h
2 h/16 h
16 h
16 h
16 h

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

The expe ted similar rea tivity of the phenyla etylene pyrazole building blo ks 18 and 22
in omparison to the previously used pyrazole building blo k with three phenyl groups
in the ba kbone was not observed. This nding ould not be explained so far, but
other investigations have shown that the ele troni stru ture of the pyrazole building
blo k has a huge inuen e on its oupling rea tions. Whereas 3,5-bis( hloromethyl)1H -pyrazole does rea t with 3,5-diethylpyrrole straight forward
the orresponding
3,5-bis( hloromethyl)-1H -triazole did not rea t at all.
[46℄

[95℄
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4 New Siamese-Twin Porphyrins
The synthesis of new Siamese-twin porphyrins is of high interest, due to their interresting ele troni stru ture, espe ially in metal omplexes. Besides the planarization
by removing steri pressure in the STPs ba kbone (Chapter 3), the variation of the
aldehyde used for the y lization rea tion is another possibilty to hange the mole ule's
physi al properties.
A variation of all or some of the meso -groups per eivably modulates the ele troni properties of the STP-ma ro y le, even though the meso -phenyl groups are in the solid state
idealized orthogonal to the mean plane of the position of the ma ro y le they are atta hed to in the solid state. [10℄ However, parallel to the ndings for meso -arylporphyrins,
some rotational freedom of the meso -phenyl groups an be assumed, with the transition
state of the rotation possibly being stabilized by resonan e ee ts. [9698℄ Even though
the ele troni ee ts, due to indu tive ee ts of the meso -phenyl substituents, of varying
meso -aryls are small, they are not negligible. [32,99102℄ meso -Alkylporphyrins are also
ele troni ally mu h distin t from their meso -aryl ongeners. [103℄
With the use of ele tron withdrawing or donating substituents the oxidation or redu tion
of the orresponding metal omplexes should be easier or harder to a hieve. Furthermore
it has been shown in literature, that slight hanges in the porphyrin ba kbone by ele tron
donating or withdrawing groups have an inuen e on the binding of substrates, for
example oxygen to a obalt TPP omplex. [104℄ The tuning of the redox potential an
therefore help to nd suitable metal omplexes of the Siamese-twin porphyrin for the
a tivation of small mole ules.

4.1 Synthesis of

X LH

4

Of all the substituents on the Siamese-twin porphyrin framework, in prin iple, none are
as readily varied as the meso -phenyl group lo ated between two pyrroli moieties (Fig.
4.1). [10,86℄ All it requires is the variation of the arylaldehyde in the 3+3 ondensation
step of pyrrole/pyrazole building blo k 13 with an arylaldehyde to produ e porphyrinogen X LH6 , where X ree ts the substitution pattern at the used arylaldehyde. This
intermediate is subsequently oxidized to the nal produ t X LH4 (S heme 4.2). Its pra ti al realization, however, proved to be more problemati .
21

4.1. Synthesis of X LH4
A series of arylaldehydes ontaining ele tron donating and withdrawing substituents as
well as heptanal were used for the y lization of 13 following the standard literature
pro edure for the preparation of LH4 .
All of the aldehydes tested resulted in the
X
formation of the porphyrinogen LH6 (Tab. 4.1).
[10,52℄

Ph
Ph

Ph

Ph

R-CHO, TFA

Ph

NH

Ph

HN

N NH

R
NH

PSfrag repla ements

HN N

CH2Cl2

HN

R
NH

HN N

Ph

Ph

X LH

13

HN

Ph

6

S heme 4.1: General synthesis of the Siamese-twin porphyrinogen

X LH .
6

The hara terization of the porphyrinogen, as a mixture of multiple stereoisomers, is not
trivial, be ause it is hard to dete t in mass spe trometry and the proton NMR spe tra are
always very ompli ated due to the high number of stereoisomeres and therefore barely
meaningful.
Furthermore, the yields for the oxidation rea tion with DDQ have been
mu h higher, if the porphyrinogen was oxidized as soon as possible. Therefore the rea tion
mixture of the y lization was always on entrated and ltered over a plug of basi
aluminum oxide, where X LH6 was the only fra tion passing. The porphyrinogen ould
be isolated and dire tly oxidized with DDQ to the orresponding expanded porphyrin
X LH (S heme. 4.2).
4
[10℄

C2
Ph

NH

Ph

Ph

N NH

Ph

HN
R

NH

PSfrag repla ements

NH

DDQ

R
HN N

Ph

Ph

HN

Ph

Ph

N NH

N

R

R
N

Toluene, ∆T

Ph

HN N

Ph

X LH
6

Ph

X LH

S heme 4.2: Synthesis of the Siamese-twin porphyrins

X LH
4

HN

Ph

4

with displayed C2 symmetry axis.

but the
The new Siamese-twin porphyrins were sythesized a ording to literature,
rea tion time was lowered to 8 minutes and then the rea tion mixture was rapidly ooled
down to avoid overoxidation. The solvent was removed under redu ed pressure and the
resulting residue was suspended in a mixture of MTBE/CH Cl /EtOAC 10:3:1, ltered
over a plug of basi aluminum oxide, where the expanded porphyrin X LH4 was the only
fra tion passing, and dried under redu ed pressure. The raw produ t was then further
puried by olumn hromatography on sili a with methanol as eluent. The isolated yields
of the STP-derivatives X LH4 are listed in Table 4.1.
[10,86℄

[52℄

2

[52℄
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4 NEW SIAMESE-TWIN PORPHYRINS
Chara terization of the resulting STPs was notably easier than the hara terization of the
porphyrinogens. The Siamese-twin porphyrin derivatives formed were spe tros opi ally
hara terized and showed all the expe ted analyti al data. On a routine basis, the singly
and doubly protonated [M+H℄+ and [M+2H℄2+ spe ies ould be observed in the ESI+
mass spe tra, another indi ation for the relative pronoun ed ele troni independen e
of ea h pyrroli binding po ket in the STPs, shown previously also in solution state
investigations. [10℄

(a)

(b)

( )

(d)

(e)

(f )

p Me
LH4 (a),
Figure 4.1: Cut-out HRMS ESI+ spe tra of the spe ies [M+H℄+ (bla k) of
p FLH (b), MeOLH ( ), p MeOLH (d), tri-F LH (e) and penta-F LH (f ) as
4
4
4
4
4
well as the

al ulated isotopi

pattern (grey bars).
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4.1. Synthesis of X LH4
Table 4.1:

Aldehyde

Experimental ndings and Hammett parameters of the aldehydes used.
P [b℄
Label Yield / %[a℄
λmax / nm[
σ

PhCHO
4-CH3 -PhCHO
4-F-PhCHO
3,4,5-OCH3 -PhCHO
4-OCH3 -PhCHO
2,4,6-F-PhCHO
2,3,4,5,6-F-PhCHO
n-C6 H13 CHO

50 [10℄ (23)[d℄
24
9
4
MeOLH
15
4
p MeOLH
27
4
t ri  FLH
[e℄
4
p ent a  FLH
-[e℄
4
n.d.[f℄
LH4

p MeLH
4
p FLH

0 (by denition)
−0.17
0.06
−0.03
−0.27
0.06
0.74
-

℄

640
640
637
640
640
-

[a℄ Isolated yield of (mi ro-) rystalline material based on pyrrole/pyrazole building blo k 13 used
in synthesis. [b℄ Sum of Hammett parameters of a single meso -aryl group. [105℄ [ ℄ Longest wavelength of absorption (in CH2 Cl2 ) f. also Figure 4.3. [d℄ The high yield reported by Frens h [10℄
ould not be reprodu ed on a routine basis at larger s ales reported here. [e℄ Dete ted by MS.
No material isolated. [f℄ Not dete ted.

Remarkable are the diverse isolated yields of the produ ts, varying from tra es for
p ent a  FLH , to 9% for p FLH , to satisfying yields of 24% and 27% for p MeLH and
4
4
4
p MeOLH , respe tively. While aldehydes arrying the strongly ele tron-withdrawing
4
substituents, su h as 2,4,6-triuoro- and 2,3,4,5,6-pentauorobenzaldehyde, were expe ted to be more sus eptible to nu leophili atta k and thus to rea t faster than the
ele tron-ri h aldehydes, this did not translate into higher isolated yields of the nal
produ t. This ee t may be due to a de reased rea tivity of the porphyrinogen pre ursor
in the oxidation step. Thus it was found that the use of meso -C6 F5 groups did not
have any benets, even though this meso -substituent has been parti ularly popular
in the eld of expanded porphyrini ma ro y les. [26,106113℄ Inversely, the somewhat
more ele tron-ri h aldehydes 4-methyl- and 4-methoxybenzaldeyde produ ed high yields
of produ t. Heptanal led to the formation of an unstable produ t that ould not be
hara terized as an STP by HR-MS and UV-vis spe tros opy. Thus, p -tolylaldehyde,
4-uorobenzaldehyde, 4-methoxybenzaldehyde and 3,4,5-trimethoxybenzaldehyde allowed the synthesis of the orresponding STPs in multi-100 mg bat hes using 2 gram of
13 in 350 mL solvent. The degree of rystallinity of the substituted STPs also diers
signi antly from ea h other, ontributing to the higher yields for some of the produ ts.
The proton NMR spe trum of ea h STP was re orded at −35 ◦ C due to signal
broadening at higher temperatures (Fig. 4.2). As an be seen in the inset the
introdu tion of three methoxy groups resulted in a more unstable expanded porphyrin
whi h always showed de omposition in solution, resulting in more than three methoxy
peaks. This ee t was mu h weaker, yet still observable when 4-methoxybenzaldehyde
was used. Like LH4 all new STPs are C2 symmetri (Fig. 4.2), resulting in half a set of
proton and arbon NMR signals. [10℄
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4 NEW SIAMESE-TWIN PORPHYRINS

Figure 4.2:

H NMR spe tra of the dierent STPs in CD2 Cl2 at 238 K. The inset shows the
region of the methoxy groups of the orresponding spe trum. Solvent impurities
are marked with an asterisk.

1

The UV-vis spe tra of the STPs X LH4 are all as expe ted, and nearly identi al to the
all-phenyl derivative LH4 , be ause the phenyl group's indu tive ee t does not ae t the
HOMO-LUMO gap. The dieren es observed in their extin tion oe ients are within
the error of the measurement (Fig. 4.3).

Figure 4.3:

UV-vis spe tra of the dierent STPs in CH2 Cl2 at ambient temperature.

However, the substituents modulate to a noti eable degree the solubility of the STPs.
In parti ular, the presen e of methoxy groups remarkably in reased the solubility of the
SPTs in polar solvents like a etone or methanol, ompli ating the leanup and rystallization. Therefore no rystal stru tures of the Siamese-twin porphyrins p MeOLH4 and
25

4.1. Synthesis of X

LH4

LH4 ould be obtained so far. Nevertheless, the single rystal X-ray stru tures of
LH4 (Fig. 4.4) and p MeLH4 (not shown, see Appendix) ould be determined.

MeO

pF

(a)

Figure 4.4:

(b)

Ball-and-sti k model of the mole ular stru ture of p FLH4 (a) top view and (b)
side view as sti k model along the pyrrole/pyrrole meso -position axis. All arbonbound hydrogen atoms, disorder and solvent mole ules were omitted for larity
(grey: arbon, blue: nitrogen, green: ourine, white: hydrogen).

LH4, p MeLH4 , and p FLH4 are all near-identi al to ea h
ompounds rystallized in dierent spa e groups (LH4 : P1, p MeLH4

The framework stru tures of
other, albeit the

LH4:

and p F

P21 / ). Thus, the hange of the two meso -substituents did not alter the

twisted onformation of the ma ro y le (Fig. 4.5). This underlines the onformational
rigidity of the ma ro y le imposed by the substituents, shown previously. [5355℄

Figure 4.5:

Overlay of the ma ro y le ore stru tures of LH4 [52℄ (bla k), p MeLH4 (red) and
p FLH (blue) as determined by single rystal X-ray rystal dira tometry indi at4
ing near-identi al onformations. For details see appendix.

LH4 and MeOLH4 no solid state

Due to the enhan ed solubility of p MeO

rystal stru -

ture ould be obtained so far. The mole ular stru ture of these derivatives was al ulated
by DFT methods using the ORCA program, be ause DFT al ulations have previously
been shown to predi t the onformations of STPs and its metal omplexes with high

LH4 and MeOLH4 indi ated the
al ulated for LH4 . The perpendi ular ar-

delity. [10,5355℄ The omputed onformation of p MeO
retention of the onformation observed and

rangement for the aryl groups prevents any steri
and the neighboring β -ethyl groups (Fig. 4.6).
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lashes between the aryl substituents

4 NEW SIAMESE-TWIN PORPHYRINS

(a)

(b)

( )

Figure 4.6: (a) Cal ulated ore stru ture of MeOLH4 without the phenyl groups of the pyrrolpyrazol building blo k (yellow: Et, blue: MeO), (b) side view of the overlay of
MeOLH (magenta with blue methoxy groups) and p MeOLH (green with red
4
4
MeOLH
methoxy groups) and ( ) side view of the overlay of LH4 (bla k) and
4
(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 β -ethyl groups. Thus, the methoxy groups
have no inuen e on the twist of the Siamese-twin porphyrin (Fig. 4.6 ( )).

4.2 Copper Complexes of

X LH

4

The STP di opper omplex LCu2 exhibited well-dened redox peaks in its y li
voltammogram, asso iated with oxidations that mainly take pla e at the dipyrromethene
subunits of the ma ro y le ( f. Fig. 1.8). It thus ould be expe ted that the oxidation
potentials of the opper omplexes XLCu2 would ree t the ele troni inuen e of the
meso -aryl groups. Ele tron withdrawing groups in the phenyl's ba kbone should hamper
the oxidation, resulting in a shift to higher ele tri potential, whereas the opposite
should be true for ele tron donating groups. This is indeed the ase (Fig. 4.8)
[53℄

The blue di opper omplexes p MeLCu2 , p FLCu2 , MeOLCu2 and p MeOLCu2
have been synthesized by rea tion of the free base STP with a sour e of opper(II) in a
but
polar solvent (S heme 4.3), as des ribed previously for the formation of LCu2
using a modied puri ation proto ol.
[53,54℄

Ph
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N
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27

4.2. Copper Complexes of X LH4
The solvent of the rea tion mixture was removed under redu ed pressure and the residue
was dissolved in di hloromethane and ltered over a plug of basi aluminium oxide. The
only fra tion passing was the desired blue opper omplex. Again the isolated yields
dier widely, varying from low yields of 18% for p FLCu2 , to satisfying yields of 52%,
60% and 67% for p MeOLCu2 , p MeLCu2 and MeOLCu2 , respe tively.

(a)

(b)

( )

(d)

p MeLCu (a), p FLCu
Figure 4.6: Cut-out HRMS ESI+ spe tra of the spe ies [M℄+ (bla k) of
2
2
MeO
p MeO
(b),
LCu2 ( ) and
LCu2 (d) and the al ulated isotopi pattern (grey
bars).

On a routine basis, the singly oxidized [M℄+ spe ies are observed in the ESI+ mass
spe tra. The isotopi pattern does not always t be ause of an overlap of the singly
oxidized spe ies [M℄+ and the minor spe ies [M+H℄+ , one mass unit heavier, resulting in
a too high third and too low rst peak of the isotopi pattern. This dieren e is highest
for p FLCu2 (Fig. 4.6 (b)).
Mirroring the trends seen for the free base expanded porphyrins, the UV-vis spe tra
of the di opper omplexes were also near-identi al (Fig. 4.7). The absorption band
marked with an asterisk (Fig. 4.7) most likely results from a slight oxidation of the
orresponding opper omplex. A similar absorption band has been observed in the
oxidizied opper omplex LCu2+ . [53℄
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Figure 4.7:

UV-vis spe tra of the dierent opper omplexes
produ t) in CH2 Cl2 at ambient temperature.

X LCu
2

(*likely some oxidation

Cy li and square wave voltammetry measurements of the di opper omplexes XLCu2
(Fig. 4.8) showed the expe ted two oxidation events in the potential range from −0.8 to
+0.4 V vs. F /F + .
The potentials are shifted to higher values with the ele tron
withdrawing uorine substituent and are shifted to lower values with ele tron-donating
substituents, with the shifts onforming to a linear Hammett plot (Fig. 4.9). Only the
rst oxidation peak of the trimethoxyphenyl-substituted omplex MeOLCu2 lies outside
this trend.
[53,55℄

(a)

(b)

Cy li and (b) square wave voltammogram of the new opper omplexes in
omparison to LCu2 (CH2 Cl2 , 0.1 m [Bu4 N℄PF6 ) at a s an rate of 100 mV. [53℄

Figure 4.8: (a)

One explanation of the deviation of MeOLCu2 ould be its instabillity in solution. Deomposition during the measurement is supported by the fa t that the longer the measurement was running the more small additional peaks arose in ase of the two methoxy
substituted opper omplexes p MeOLCu2 and MeOLCu2 . Nevertheless Hammett plots
of the two oxidations of the opper omplexes learly show a linear orrelation between
the ele troni stru ture at the dipyrromethene subunits of the Siamese-twin porphyrin
and the substitution of the phenyl group (Fig. 4.9).
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4.2. Copper Complexes of

X LH
4

(a)

Figure 4.9:

(b)

Hammett plot of the rst (a) and se ond (b) oxidation of the opper omplexes
with linear regressions (grey). The data point in (a) orresponding to MeOLCu2
is ex luded from the linear regression, be ause it lies outside the trend in SWV ( f.
Fig. 4.8).

Interestingly, the ex hange of one or both opper ions with one or two ni kel ions has a
mu h bigger inuen e on the orresponding redox potentials than the substitution patterns of the two meso -aryl groups (Table 4.2). In omparison, the shifts observed in the
orresponding meso -tetraarylporphyrin opper omplexes T(p X)PPCu upon variation of
the (four) meso -aryl groups are signi antly larger while the shifts when swit hing the
metal ion from opper to ni kel are mu h smaller than those observed for the STP omplexes. [5658,101,114,115℄ This further underlines the prin ipally dierent ele troni stru tures of the non-ma ro y le-aromati STPs ompared to the aromati porphyrins.
Table 4.2:

Potential dieren e of the rst two oxidations of the dierent metal omplexes in
omparison to LCu2 [a℄ and the orresponding meso -tetrakis(aryl)porphyrin omplexes.

Complex
LCu2
p MeLCu
2
p FLCu
2
MeOLCu
2
p MeOLCu
2
LCuNi
LNi2
TPPCu[ ℄
T(p Me)PPCu[d℄
T(p OMe)PPCu[e℄
TPPNi[f℄

∆E Ox 1 / mV

∆E Ox 2 / mV

Ref.

0[b℄

0[b℄

[53℄

−35

20
−40
20
30
210
0[b℄
−70
−140
10

−34

14
−60
−6
260
320
0[b℄
−20
60

-

[55℄
[55℄
[56℄
[101℄
[114℄
[57℄

[a℄ Values as determined by square wave voltammetry (in CH2 Cl2 , 0.1 m [Bu4 N℄PF6 )
4.8.
[b℄ By denition.
[ ℄ [meso -tetraphenyl-porphyrinato℄f.
to Fig.
opper(II). [d℄ [meso -tetrakis(4-methylphenyl)porphyrinato℄- opper(II). [e℄ [meso -tetrakis(4methoxyphenyl)porphyrinato℄- opper(II). [f℄ [meso -tetraphenyl-porphyrinato℄-ni kel(II).
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Partial oxidation of the opper omplexes X LCu2 observed in UV-vis spe tros opy (Fig.
4.7) ould be onrmed by thin layer hromatography, with the presen e of two additional weak violet and pink spots, giving the same mass spe trum than the blue opper
omplexes. Former studies have shown that a olor hange to violet and purple ame
along with the oxidation of LCu2 .
However, EPR measurements of the dierent
opper omplexes (Fig. 4.10) showed no signal for the oxidized omplexes when ompared with the spe trum of LCu2 + . It an therefore be assumed that the amount of
oxidized X LCu2 in the samples is rather small.
[53,55℄

[53℄

Figure 4.10: Sele ted EPR spe tra of the

opper

omplexes

p MeLCu (red) and p MeOLCu
2
2

(green) in CH2 Cl2 at 150 K being very similar.

Furthermore the EPR spe tra of X LCu2 were all very similar, as expe ted. Even though
the el troni stru ture of the dipyrromethane subunit of the expanded porphyrins X LH4
should be inuen ed by the dierent arylsubstituents (Fig. 4.8) this obviously does not
ee t the EPR spe tra, due to still identi al opper environment.
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5 Iron Complexes of the Siamese-Twin
Porphyrin
In analogy to the opper and ni kel omplexes of the Siamese-twin porphyrin, [10,5355℄
diiron and monoiron omplexes of the parent STP LH4 have been synthesized and hara terized in the oxidation states of +II and +III. First small mole ule a tivation rea tions
have been done, providing further eviden e for the dierent ele troni stru ture of a regular porphyrin and the Siamese-twin porphyrin (Chap. 7).
Until now a sele tive (temperature dependent) monometalation of the regular Siamesetwin porphyrin LH4 was only possible in the ase of ni kel. [55℄ In the ase of opper and
iron no temperature dependend monometalation ould be observed. Even if only one
equivalent of metal salt was used a mixture of free base Siamese-twin porphyrin and the
dimetal omplex was formed. Prior to the diiron omplex of the Siamese-twin porphyrin,
a number of dierent monoiron omplexes (LNiFeCl, LNiFe, LH2FeCl, LCuFeCl)
have been synthesized with the use of the mononi kel omplex LH2 Ni and a ording
to re ent observations by Vogel. [116℄ A monoiron omplex would learly fa ilitate the
hara terization of the iron ion's ele troni stru ture, sin e ooperativity ee ts in the
diiron omplex hamper a dis tin t assignment. Espe ially in Möÿbauer spe tros opy the
presen e of only one iron atom simplies its hara terization tremendously.

5.1 Iron Ni kel Complexes of the Siamese-Twin Porphyrin

The omplex LNiFe is most suitable for the onvenient hara terization of an iron ion's
ele troni stru ture due to the low spin ni kel(II) spin state (S = 0) in a square planar
omplexation geometry. Therefore the ni kel(II) is EPR silent and does not ontribute
to magneti sus eptibility measurements, making the determination of the iron ion's spin
state straightforward. Furthermore the synthesis of LH2 Ni is well established and the
ni kel ion's ele troni stru ture is well understood. [54,55℄
Interestingly the use of Fe(OA )2 did not lead to the formation of any iron omplex
at all, unlike the a etate salts of ni kel and opper, [54,55℄ even if the amount of iron
a etate was raised or the rea tion time was extended from hours up to days. With
the use of Fe(BF4 )2 or FeCl2 in the presen e of an external base heterobimetalli ni kel
iron(III) omplexes ould be synthesized under aerobi onditions a ording to HRMS
33
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measurements. Aerobi onditons were applied initially, be ause iron porphyrins have
been shown to be most stable in their ferri oxidation state and they an be easily redu ed
to the orresponding iron(II) omplex later on.
[8,9℄

Even though omplexation rea tions with Fe(BF ) led to the orresponding heterobimetalli ni kel iron omplex, the omplex ould not be isolated. The omplex showed
fast de omposition during liquid hromatography, and its solubility in organi solvents
was enhan ed in omparison to the previously synthesized ni kel and opper omplexes.
The stability of the orresponding ferri omplex LNiFeCl was higher,
and its lean up was remarkably easier.
4

2

[10,53,55,86℄

5.1.1 Synthesis of LNiFeCl

Complexation with FeCl under aerobi onditions, whi h results in an oxidation of the
iron(II) ion subsequent to its omplexation, was promising due to the iron ion's anity to
oordinate an axial ligand in the oxidation state of +III. Consequently, a lean onversion
into the ferri omplex LNiFeCl was expe ted. Indeed LNiFeCl ould be synthesized
with the use of iron(II) hloride and an external base. The omplexation rea tion with
FeCl alone did not yield any produ t, like observed in porphyrin and/or orrole hemistry before.
The metal insertion is assumed to be a on erted me hanism.
The NH groups are only sligthly a idi and an most likely only be deprotonated with
strong a ids like triuoroa eti a id, depending on the ele troni stru ture of the porphyrin.
During metalation, deprotonation of the NH groups only o urs when the
metal ion/ omplex is already in lose proximity. Conversely, in oorporation of a metal
ion only o urs when a base is present.
Therefore, deprotonation of the porphyrin's
NH groups does not o ure in the presen e of FeCl only, be ause the basi ity of hloride
is not high enough. However, with the use of additional sodium a etate, the formation
of LNiFeCl ould be a hieved (Fig. 5.1).
2

2

[8,117℄

[32,118℄

[32℄

[118℄

2

[32℄
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S heme 5.1: Synthesis of the ferri

ni kel iron

omplex LNiFeCl.

An ex ess of FeCl2 and NaOA was added to a solution of LH2 Ni in polar solvents
and the mixture was stirred for 15 minutes at ambient onditions. After removing the
solvent under redu ed pressure, CH Cl was added and the suspension was ltered to
remove ex ess FeCl2 and NaOA . The ltrate was ltered over a plug of basi aluminum
2
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oxide, where LNiFeCl was the only fra tion passing, and the solvent was removed under
redu ed pressure. The raw produ t was re rystallized from a mixture of CH2 Cl2 and
n -hexane to yield ferri LNiFeCl as brown needles.

5.1.2 Chara terization of LNiFeCl

The iron ni kel omplex LNiFeCl was hara terized with standard analysis te hniques
like HRMS and UV-vis spe tros opy and the metal ions' oxidation and spin state ould
be determined with Möÿbauer and EPR spe tros opy in ombination with magneti
sus eptibility measurements.
The formation of LNiFeCl ould be onrmed in mass spe trometry. In ESI+ mass
spe trometry the ionized spe ies [M℄+ without any axial ligand was observed on a routine
basis (Fig. 5.1), like in all previously synthesized metal omplexes of the Siamese-twin
porphyrin. [10,5355℄

Figure 5.1: HRMS ESI

+

spe trum of

rystalline LNiFeCl in MeOH. Inset:

of the measured (bla k) and

al ulated isotopi

Comparison

pattern (grey bars).

[M℄+

m/z = 1410.5208 ( al d.: 1410.5209).

The solid state stru ture of LNiFeCl, as determined by single rystal X-ray dira tion,
onrmed the expe ted oxidation of LNiFe, due to an axial oordination of a hloride
(Fig. 5.2), that would most likely o ur in a ferri omplex.
In the mole ular stru ture of LNiFeCl the FeCl moiety and the ni kel atom are
disordered about the two oordination sites of the ligand in a 1:1 ratio (1/2 o upan y)
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(a)

(b)

Ball-and-sti k model of the mole ular stru ture of LNiFeCl and (b) spa elling model of the sideview of the ore-stru ture, without any substituent, of
LNiFeCl , approximately along the iron ni kel axis, determined by single rystal X-ray dira tion. All hydrogen atoms and solvent mole ules were omitted for
larity (grey: arbon, blue: nitrogen, green: ni kel, red: iron, pink: hlorine) For
details, see Appendix.

Figure 5.2: (a)

(Fig. 5.2).
The

opti al

(ǫ = 67400

m

spe trum

of

LNiFeCl

showed

the

expe ted

high

absorption

−1 m−1 ) 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

ontribution [53,86℄

(see also Chap. 5.1.4).

Figure 5.3:

UV-vis spe trum of

LNiFeCl

To get further insights into the ele troni
magneti

in CH2 Cl2 at ambient temperature.

stru ture of the heterobimetalli

omplex,

sus eptibility and EPR measurements were performed (Fig. 5.4).

The EPR measurements had to be done at 10 K due to the expe ted total spin of S > 1/2,
whi h leads to signal broadening at higher temperatures.
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(a)

(b)

X-band EPR spe trum of LNiFeCl in CH2 Cl2 (frozen glass) at 10 K (bla k)
and its simulation (red). Data were simulated with gx = 1.92, gy = 1.96, gz = 2.15,
(intrinsi line width Wf = 14 mT), D = 6.100 and E/D = 0.33. (b) Sus eptibility measurement of LNiFeCl (bla k ir les) and its t (red) with g = 2.073,
D = −9.981 and E/D = 0.33. The rhombi zero eld splitting (E/D) was set to
0.33 like obtained from the EPR measurement.

Figure 5.4: (a)

expe ted be ause of the presumed iron ion's oxidation state of +III under non-inert
onditions. The spin of the iron(III) ion an 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 rhombi
square pyramidal omplex with an anioni axial ligand has never been observed before. [8℄
Furthermore, the spin state of the ni kel(II) ion is assumed to be low spin (S = 0), like
observed in all ni kel omplexes of the Siamese-twin porphyrin. [54,55℄ A total spin of more
than 1/2 is indeed the ase (Fig. 5.4 (a)), as an be inferred from the EPR spe trum.
The signal at 117 mT and its shape are typi al for an S = 3/2 system with large rhombi
zero eld splitting parameter. [119121℄ The shift towards high g-values is justied by the
maximal rhombi zero eld splitting of E/D = 0.33. The a tual g-values are lose to
g = 2. The sharp signal at 160 mT, whi h integrates to less than 0.1%, results from some
iron impurity.
A total spin of S = 3/2 ould be onrmed in magneti sus eptibilty measurements (Fig.
5.4); experimental data ould be tted using the isotropi Heisenberg-Dira -Van-Vle k
Hamiltonian orre ted with the orresponding Zeeman term (equation (1)) with B being
the applied eld and µB being the Bohr magneton. [122℄ The ee tive magneti moment
µef f of a dinu lear omplex an be determined with equation (2) as a spin-only value,
ignoring oupling with g being the Landé fa tor. g has a value of 2.0023 for the free
ele tron and is lose to this value for most organi radi als but diers for transition
metal ions due to larger spin-orbit oupling. [123126℄

Ĥ = −2J Ŝ1 · Ŝ2 + gµB (Ŝ1 + Ŝ2 )B

(1)
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p
µef f
= g S1 (S1 + 1) + S2 (S2 + 1)
µB

(2)

An ee tive magneti moment of µef f = 4.01 ts 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 an be the result of an is-iron(III) enter (S = 3/2), of antiferromagneti oupling between a hs-iron(II) (S = 2) and an organi radi al (S = 1/2)
or of antiferromagneti oupling between a hs-iron(III) (S = 5/2) and a hs-ni kel(II)
(S = 1). The latter is extremely unlikely, be ause a hs-ni kel(II) has never been observed
in ni kel omplexes of the Siamese-twin porphyrin and is rather untypi al for a square
planar oordinated d8 ni kel(II) ion. Within a square planar oordination environment,
espe ially with strong binding ligands, the dx2 −y2 orbital is highly destabilized, leading
to a low spin omplex for d8 metals.
To determine the iron ion's oxidation and spin state in more detail, Möÿbauer (MB)
spe tros opy was used in solid state. The Möÿbauer spe trum of LNiFeCl showed two
doublets in a ratio of 20:80 with isomer shifts of δF e = 0.53 and 0.58 and a quadrupole
splitting of ∆EQ = 1.20 and 2.70, respe tively (Fig. 5.5).

Figure 5.5: Solid state Möÿbauer spe trum of LNiFeCl with

δF e

= 0.53 and 0.58,

∆EQ

= 1.20

and 2.70 at 80 K.

The presen e of two doublets indi ated two dierent iron ions within the material measured with distin t oordination environments with a big dieren e in ∆EQ . Whereas
the doublet marked in blue is in agreement with the EPR and SQUID data, indi ating an intermediate spin iron(III), the doublet marked in orange is indi ative of a high
spin iron(III), due to the isomer shift and the small quadrupole splitting of ∆EQ = 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 ea h spin state strongly depends on the
ele troni stru ture of the porphyrin and espe ially the nature of the axial ligand. [82,127℄
For example the rst iron porphyrins with an is-Fe(III) ion have been synthesized with
weakly binding axial ligands like ClO4  (Tab. 5.1). [128130℄
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Table 5.1:

Möÿbauer parameter of a sele tion of iron(III) porphyrins with S =3/2 or S =5/2
spin states at 80 K.

Complex
TPPFeCl
TPPFeClO4
OEPFeClO4
OETPPFeCl
[OETPPFe(THF)2 ℄ClO4
[OETPPFe(py)2 ℄ClO4
[a℄

[b℄
[ ℄

[d℄

S

δF e / mms−1

∆EQ / mms−1

5/2
3/2
3/2
5/2
3/2
3/2

0.47
0.38
0.40
0.35
0.25
0.57

0.60
3.48
3.54
0.95
2.29
3.03

Ref.
[131℄
[132℄
[129℄
[133℄
[134℄
[134℄

TPP: meso -tetraphenyl-porphyrinato, OEP: β -o taethyl-porphyrinato, OETPP: β -o taethylmeso -tetraphenyl-porphyrinato.

An intermediate spin for Fe(III) is favored when one d-orbital lies strikingly higher in
energy than the other four. Su h an orbital arrangement o urs for example in C or
C symmetri square-pyramidal Fe(III) omplexes, when the dx2 −y2 -orbital is highly
destabilizied due to strong binding equatorial ligands and the dz 2 -orbital stays low in
energy, be ause of a weakly binding axial ligand (Fig. 5.6). A spin of S = 3/2 for a ferri
omplex is further favored when the porphyrin po ket is ontra ted or not exa tly planar
and/or the metal ion is oordinated more out-of-plane.
2v

4v

[82,117,135℄

Energy

d x2-y2
eg

d x2-y2

d z2
t2g

Oh

Figure 5.6:

D4h

d xy
d z2

d yz

d yz
d xz

d xy

C2v
(square pyramidal)

d xz

Fe(III)
rhombic pyramidal

S hemati illustration of the splitting of mole ular d-orbitals in dierent oordination environments and the favored S = 3/2 spin state in rhombi pyramidal Fe(III)
omplexes (bla k box). [82℄

All these requirements for an intermediate spin iron(III) enter seem to be fullled for
LNiFeCl. With the Siamese-twin porphyrin's unique oordination motif in ombination
with the weakly binding hloride in the iron ion's axial position, splitting of the
mole ular orbitals is within the perfe t 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- onstant
ee tive magneti moment. However, µef f is onstant between 50 and 300 K (Fig. 5.4
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(b))

and learly shows an S = 3/2 system over the whole temperature range.

To rule out that dierent oordination motifs in solid state, like in standard Möÿbauer
measurements, and frozen solution, like in the measured EPR spe trum, inuen e the
spin state of the iron(III) enter, EPR measurements in solid state and Möÿbauer measurements in frozen solution were performed. An EPR measurement on solid material
resulted in signal broadening (see. Appendix A31), whi h made interpretation di ult.
Möÿbauer measurements on frozen solutions were notably easier. Due to the fa t, that
Möÿbauer spe tros opy only dete ts the Fe isotope, whi h has a natural abundan e of
2.18%, the amount of substan e needed for solution measurements is too high to be
dissolved in any organi solvent suitable for Möÿbauer spe tros opy, espe ially be ause
Therefore the
measurements in frozen solution result in additional line broadening.
57
Fe labeled pendant LNi FeCl was synthesized by use of labeled FeCl .
The labeled iron(II) hloride was synthesized by the addition of on entrated HCl to
metalli Fe under inert onditions. The rea tion mixture was stirred over night and
the remaining aqueous HCl solution was removed under redu ed pressure yielding white
FeCl powder. The synthesis of LNi57 FeCl was done as previously des ribed for
LNiFeCl.
To ex lude the ee t of solvent oordination, Möÿauer measurements in oordinating
THF and non- oordinating toluene were performed (Fig. 5.7).
57

[82℄

[82,136℄
57

57

2

57

57

2

(a)

(b)

Figure 5.7: (a) Möÿbauer spe trum of isotopi ally labeled LNi57 Fe in THF (δF e = 0.57 and
0.63, ∆EQ = 1.52 and 2.82) and (b) in toluene (δF e = 0.57 and 0.61, ∆EQ = 1.26
and 2.75) both at 80 K.

The Möÿbauer measurements on frozen solutions learly retained the ratio of the two
doublets of 20:80 as observed in the solid state spe tra (Fig. 5.5). The isomer shift
as well as the quadrupole splitting and the line width slightly hange but are in the
region expe ted due to solvation.
The presen e of the inner Möÿbauer doublet
is highly interesting but ould not be explained so far. Due to EPR and magneti
sus eptibility measurements the inner signal seems to be an intermediate spin signal,
with an unusual small isomer shift. This disagrees with a spin admixture. Additionally,
[82,136℄
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enter would be within the same

oordination environment with only the

spin varying, the high spin signal always has to have a higher isomer shift than the

intermediate spin signal. [82,137℄ This is not the
that the inner signal

LNiFeCl,

ase for

further indi ating

orresponds to an intermediate spin signal too, or does not belong

to the mole ule but to an impurity.
ruled out, due to the use of

However, an iron

ontaining impurity

ould be

rystalline and poly rystalline material and an elemental

analysis, indi ating no impurity, but the in orporation of two

n -hexane and 0.75 CH2 Cl2

mole ules per metal omplex (see Chap. 5.1.1). Furthermore, investigations of the redox
hemistry of

LNiFeCl have shown a

lean redu tion towards ferrous

LNiFe, resulting

in an spe trum giving only one Möÿbauer doublet, further indi ating the unlikeliness
of an iron

ontaining impurity. Intriguingly, the se ond inner doublet reappears after
omplex (Chap. 5.1.4).

oxidation of the ferrous

The redox

hemistry of

LNiFeCl was studied by

y li

and square wave voltammetry

and showed the expe ted two reversible ligand based oxidation events. Reversibility

an

be determined based on the shape of the wave and the separation between the oxidation
and redu tion half-wave.
observed (Fig. 5.8) in
( f. Fig. 1.8). [55℄

Furthermore, an additional irreversible redu tion event was

ontrast to the ni kel and

opper

omplexes of the parent STP

(a)

(b)

CV (top) SWV (bottom) urve of LNiFeCl at a s an rate of 100 mV. The two
reversible ligand-based oxidations are marked in blue and the assumed iron(III)
redu tion in red. Half wave potentials (E1/2 ) are indi ated in volts and determined
from square wave voltammetry. (b) CV urve of the ele tro hemi ally reversible
oxidations of LNiFeCl at dierent s an rates indi ated. Both measurements were
performed in CH2 Cl2 at ambient temperature with 0.1 m [Bu4 N℄PF6 as ele trolyte
referen ed to the redox ouple F /F + .

Figure 5.8: (a)

The two reversible ligand based oxidation waves at
the redu tion wave at around
other metal

−1.9

V are

−0.08

and

+0.33

V vs. F /F

+

and

omparable with the measured values for the

omplexes of the Siamese-twin porphyrin (Tab. 5.2). The additional re-

du tion event at

−1.12

V vs. F /F + was assigned to the redu tion Fe(III)/Fe(II), a

redu tion that was not observable in ni kel and

opper

omplexes due to their already
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redu ed oxidation state of +II. The redu tion potential of −1.12 V vs. F /F + for the
redox ouple Fe(III)/Fe(II) is in line with the observed potentials in the orresponding
[meso -tetrakis(aryl)porphyrinato℄-iron(III) and [β -o talkylporphyrinato℄-iron(III) omplexes (Tab. 5.2).
Table 5.2:

Potentials of the rst redu tion and the rst two oxidations of LNiFeCl[a℄
in omparison to the ni kel and opper omplexes of the STP and the orresponding [meso -tetrakis(aryl)porphyrinato℄-iron(III) and [β -o talkylporphyrinato℄iron(III) omplexes vs. F /F + .

Complex

E Red / V

E Red / V

E Ox 1 / V

E Ox 2 / V

LNiFeCl
LNi2 [ ℄
LCuNi[ ℄
LCu2 [ ℄

−1.92
−1.90
−1.81[b℄
−1.86

−1.12[b℄

-

−0.08
−0.16
−0.34
−0.37

0.33
0.30
0.24
−0.02

-

−0.75
−0.98
−1.06

0.68
0.55
0.20

0.94
0.93
0.66

TPPFeCl[d,e℄
OEPFeCl[e,f℄
Et8 TPPFeCl[e,g,h℄

ligand

metal

Ref.
-

[55℄
[55℄
[55℄
[138℄
[139℄
[140℄

[a℄ Values as determined by square wave voltammetry (in CH2 Cl2 , 0.1 m [Bu4 N℄PF6 ) f. to Fig.
5.8. [b℄ Ele tro hemi ally irreversible. [ ℄ The values reported previously [55℄ have been in orre tly
referen ed be ause of oni ting data in literature. [141℄ A potential of −0.48 V of de amethylferro ene vs. ferro ene was hoosen instead of −0.59 V. A orre tion of −0.11 V was done in this
table. [d℄ [meso -tetraphenyl-porphyrinato℄-iron(III) hloride. [e℄ Experimental data referen ed
vs. SCE and onverted with E (F /F + ) = 0.46 V vs. SCE. [141℄ [f℄ [β -o taethyl-porphyrinato℄iron(III) hloride. [g℄ [β -o taethyl-meso -tetraphenyl-porphyrinato℄-iron(III) hloride. [h℄ Dierent
solvent: PhCN.

With an in reasing ele tron pushing ee t of the substituents, the redu tion is hampered
and therefore shifted to a more negative potential, as observed for several other metal
porphyrins. [56℄ LNiFeCl, even though the STP is ele troni ally mu h distin t from a
regular porphyin, it ts into this series of redox potentials (Tab. 5.2).
In ontrast to the two oxidations, the redu tion of Fe(III) in LNiFeCl is ele tro hemially irreversible (Fig. 5.8 (a)). Irreversibility of the redu tion of ferri porphyrins has
been observed earlier and is usually a result of follow up hemi al rea tions. [140,142,143℄
Furthermore, both the potential and reversibility of the redox events are dependent on
the axial ligand and the solvent. [138,142145℄ In the ase of LNiFeCl the irreversiblity
an result from a de oordination of the axial hloride ligand upon redu tion to the
ferrous pendant LNiFe. Furthermore, the ex ess of PF6  ould for example lead to the
formation of a omplexe like [LNiFe℄+ PF6 - during reoxidation.
Due to the irreversibility of the redu tion wave at −1.12 V ele tro hemi al measurements with [Bu4 N℄Cl as ele trolyte were performed to probe whether the redu tion
be omes reversible. Unfortunatelly suitable measurements were not possible, due to low
signal intensity and a narrowed potential window.
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With distin t seperated oxidation and redu tion waves, LNiFeCl is a suitable
omplex for redu tion and oxidation hemistry, and the synthesis of the ferrous omplex
LNiFe should be easily a essible with the right redu tion agent (see. Chap. 5.1.4).
5.1.3 Oxidation of LNiFeCl

A ording to the oxidation of the opper and ni kel omplexes of the Siamese-twin
porphyrin oxidation of LNiFeCl was performed. The determination of the oxidation
lo us ould give insights into subsequent rea tivity studies with both, the iron(II) and
iron (III) omplex of the STP, in whi h an oxidation of either the metal ion and/or the
Siamese-twin porphyrin s aold will take pla e.
[55℄

The oxidation with AgBF was found to be the best way to oxidize the metal omplexes
of the Siamese-twin porphyrin (Fig. 5.2).
4

[55,86℄
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The ferri ni kel iron omplex LNiFeCl was dissolved in CH Cl and treated with
AgBF , dissolved in nitroethane. Nitroethane was hosen as solvent, be ause AgBF
is insoluble in CH Cl . Additionally, nitroethane does not have any absorption bands
above 400 nm. To get an insight into the oxidation pro ess, UV-vis spe tra, monitoring the transformation of LNiFeCl into the oxidized spe ies, were re orded. Therefore,
a solution of LNiFeCl was treated with 1.0, 2.0 and 2.5 equivalents of AgBF . Like
observed for the ni kel and opper omplexes, the intensity of the Soret like absorption
band diminished, whereas the rst Q-band, whi h has been assigned to have at least
some metal hara ter, is rising (Fig. 5.9).
2

2

4

4

2

2

4

After the addition of more than two equivalents of oxidizing agent AgBF , LNiFeCl
started to de ompose. In omparison to hemi al oxidation, ele tro hemi al oxidation
was performed, followed by simultaneous UV-vis spe tros opy (spe tro-ele tro hemistry)
(Fig. 5.9). Ele tro hemi al oxidation was performed on the ferri omplex LNiFeCl
under inert onditions at +0.05 and +0.4 V vs. F /F + , be ause y li voltammetry
has shown two suitable reversible oxidation waves at −0.08 and +0.33 V vs. F /F +
4
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(a)

(b)

UV-vis spe tra of the hemi al oxidation of LNiFeCl (bla k) with dierent
equivalents of AgBF4 indi ated in CH2 Cl2 at ambient temperature under inert
onditions. (b) UV-vis spe tra of the ele tro hemi al oxidation of LNiFeCl (bla k)
at 0.05 (1st oxidation, red) and 0.40 V vs. F /F + (2nd oxidation, blue) in CH2 Cl2
at ambient temperature under inert onditions with Bu4 NPF6 as eletrolyte.

Figure 5.9: (a)

(Fig. 5.8). The UV-vis spe trum showed again a onversion towards LNiFeCl+ and
LNiFeCl2+ , respe tively. Be ause of the platinum net within the beam of the UV-vis
spe trometer and due to very fast s ans (every 5 se onds) the signal to noise ratio is
ae ting the intensity of ea h absorption band, espe ially in the Q-band region (Fig. 5.9).
To investigate the redox lo us of the oxidations, EPR measurements were performed at
liquid nitrogen temperature. Even though the S = 3/2 signal would only be dete table at
lower temperatures, the ligand oxidation, whi h is ommonly taking pla e upon oxidation
on a regular basis, was dete table at a temperature of 133 K (Fig. 5.2).
EPR samples of oxidized LNiFeCl have been prepared a ording to the pro edure of
oxidized ni kel and opper omplexes. [55℄ The ferri ni kel iron omplex LNiFeCl was
dissolved in CH2 Cl2 and one or two equivalents of AgBF4 dissolved in nitroethane were
added, respe tively. The solvent was removed under redu ed pressure and the residue was
redissolved in CH2 Cl2 to a hieve a on entration suitable for EPR measurements. The
solution was ltered to remove elemental silver and dire tly frozen to avoid reredu tion
and/or de omposition and stored at −80 ◦ C in a freezer.
Even though UV-vis spe tros opy indi ated two dierent spe ies upon the rst and
se ond oxidation (Fig. 5.9), the EPR spe tra of on e and twi e oxidized LNiFeCl
look very similar. Only the ratio between the signal of the organi radi al (at around
330 mT) and the S = 3/2 signal (at around 150 mT) diers in both oxidation states of
the omplex (Fig. 5.10). The oxidation of the ferri omplex an take pla e at both
dipyrromethane like sides of the Siamese-twin porphyrin ( f. Fig. 1.8). However, the
side with the ni kel(II) ion should be preferred, due to the already "oxidized" ferri
side of the omplex, where an equilibrium between a ligand and a metal based radi al,
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Figure 5.10: EPR spe tra of

hemi ally oxidized LNiFeCl

+

2+

(bla k) and LNiFeCl

(blue)

in CH2 Cl2 at 133 K.

resulting in a formerly iron(IV) ion, is most unlikely. This is in ontradi tion with the
measured EPR spe tra. Interestingly no ni kel(III) signal was observed, neither in the
on e nor the twize oxidized omplex, as observed for the previously synthesized ni kel
omplexes of the Siamese-twin porphyrin, if the rst oxidation took pla e on the ni kel
side (Chap. 6).
Furthermore the addition of Bu NCl did not lead to a vanishing of
the signal for the organi radi al, like it was observed in obalt and ni kel omplexes of
the STP (Chap. 6). This further indi ates a dierent behavior of LNiFeCl in oxidation
hemistry due to the in orporated iron(III) ion.
[55,86℄

4

The oxidized omplexes ould not be isolated, due to rapid de omposition. While it
has been shown that the twi e oxidized omplexes of LCu2 , LCuNi and LNi2 are
unstable,
also the on e oxidized omplex of LNiFeCl was de omposing. The
reason might be the presen e of the iron(III) ion. Thus, LNiFeCl ontains a metal ion
that already is in a higher oxidation state and is therefore prone to de ompose even if
only oxidized on e further.
[55,86℄

A possible instability of oxidized metal omplexes of the Siamese-twin porphyrin is not
unexpe ted, onsidering that two ele tron rea tions in porphyrins an lead to either a
de omposition or in the meso -positions subsituted derivatives even if no dioxygen is
present.
The me hanisms of the breakdowns and substitution rea tions of metal
porphyrins are not well understood so far. For that reason and be ause the ele troni
stru ture of the Siamese-twin porphyrin is notably dierent from the one of a regular
porphyrin, no further statement on the de omposition in the oxidized metal omplexes
an be made for now.
[8,32,146℄
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5.1.4 Redu tion of LNiFeCl

The distin t isolated redu tion event of LNiFeCl re ommends itself for its redu tion
to ferrous LNiFe. Besides ele tro hemi al redu tion, a variety of dierent typi al
redu tants for ferri iron porphyrins were used, for example sodium hydrogensulde
(NaHS), ethanethiol (EtSH), sodium dithionite (Na2 S2 O4 ), potassium superoxide (KO2 )
and obalto ene (CoCp2 ). [8,147149℄
To get rst insights into the redu tion of LNiFeCl , ele tro hemi al redu tion was
performed at a potential of −1.2 V vs. F /F + under inert onditions, sin e y li
voltammetry has shown a suitable redu tion wave at −1.12 V vs. F /F + (Fig. 5.8)
whose irreversibilty was explained with a oordination hange upon reoxidation (Chap.
5.1). A potential slightly lower was applied to assure omplete redu tion. The rea tion
was followed with simultaneous UV-vis spe tros opy (Fig. 5.11).

Figure 5.11: UV-vis spe trum of the ele tro hemi al redu tion of LNiFeCl in CH2 Cl2 at am-

bient temperature with [Bu4 N℄PF6 as ele trolyte at a potential −1.2 V vs. the
+
redox ouple F /F
. Data was olle ted every 5 se onds. Isosbesti points are
marked with bla k

ir les

LNiFeCl gets rapidly redu ed to LNiFe and the redu tion is

ompleted within 90 se onds. The redu tion resulted in a olor hange from dark brown to green. The rst
Q-band at 535 nm vanishes, indi ating this band to have some iron(III) ontribution.
Thus, this de line in absorption an be taken as a good indi ator for the oxidation state
of the iron ni kel omplex. Furthermore the isosbesti point (Fig. 5.11) indi ates a
lean onversion from one spe ies into another. LNiFe showed rapid reoxidation in nonoordinating solvents like CH2 Cl2 , when the negative potential was not applied anymore.
The iron(II) ion is within a rhombi oordination environment after redu tion, due to the
absen e of a suitable neutral axial ligand. Su h a oordination environment is unfavored
for iron(II), leading to an instable omplex. A stabilization was possible with the addition of a oordinating solvent like THF, but reoxidation still o urred rapidly, as ould
be observed in UV-vis spe tros opy. Möÿbauer spe tros opy of the orresponding solu46
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tion, obtained from ele tro hemi al redu tion, was not suitable, due to the tremendous
ex ess of ele trolyte [Bu4 N℄PF6 . Halides are known to absorb γ -radiation in Möÿbauer
spe tros opy, resulting in an enormous drop of the intensity. A leanup of the solution
of LNiFe was not possible due to immediate reoxidation, even under inert onditions
as ould be observed by UV-vis spe tros opy. To obtain a LNiFe solution suitable for
MB spe tros opy, the former mentioned redu tants (NaHS, EtSH, Na2 S2 O4 , KO2 ) were
used on labeled ferri LNi57 FeCl, to enhan e the signal to noise ratio. The benet of
these redu tants in omparison with for example CoCp2 is their demonstrated sele tivity. Independent of the amount used, these redu tants normaly redu e ferri porphyrin
omplexes only on e. [8,147149℄ Obviously NaHS and EtSH are strong ligands, whi h result in de oordination of the iron ion in the ase of LNiFeCl, as ould be observed by
HRMS and UV-vis spe tros opy and ex ludes these as suitable redu tants. However,
with Na2 S2 O4 and KO2 suitable redu tants for LNiFeCl were found, as ould be distinguished by UV-vis spe tros opy, whi h are easy to seperate from the solution by simple
ltration. However with the addition of Na2 S2 O4 , de omposition was observed after ltration, whi h does not o ur with KO2 . Interestingly, potassium superoxide is suitable
to redu e ferri porphyrins even though dioxygen is released, as long as an ex ess of the
redu ing agent is present or the rea tion is performed in oordinating solvents, stabilizing
the iron(II) spe ies due to oordination. [148,150℄ Nevertheless no MB spe trum from the
resulting solution of LNi57 Fe ould be obtained so far.
With the stoi hiometri use of CoCp2 the redu tion of LNi57 FeCl was su essful and
the resulting solution in THF ould dire tly be used for MB spe tros opy (Fig. 5.12).
CoCp2 has a potential of −1.33 V vs. F /F + , [141℄ whi h is in the perfe t range for the
redu tion of the iron ion in LNiFeCl (E1/2 = −1.12 V) and is only slightly lower than
the potential of −1.2 V applied in ele tro hemi al redu tion (Fig. 5.11).
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A solution of CoCp2 in dry THF was added to a solution of LNiFeCl in dry THF under
inert onditions at low temperature (Fig. 5.3). The solution was stirred for 5 minutes
and dire tly used for the hara terization and further rea tions. The resulting UV-vis
spe trum of the solution mat hed the one of the ele tro hemi al redu tion (see Appendix
Fig. A33). For MB spe tros opy the orresponding labeled omplex LNi57 FeCl was used
and the rea tion mixture was transferred into a Möÿbauer sample holder and dire tly
frozen.
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Figure 5.12:

Möÿbauer spe trum of labeled ferrous high spin
δF e = 1.07 and ∆EQ = 3.81.

57 Fe

LNi

in THF at 80 K with

The Möÿbauer spe trum learly shows a high spin iron(II) (Fig. 5.12), proving a su essful redu tion of LNiFeCl. A high spin state iron(II) ion an be assigned, due to an
isomere shift of more than 0.9 mms−1 . [82℄ In solution the hs-iron(II) ion in LNiFe an
either be in o tahedral or a rhombi pyramidal geometry. Even though both oordination geometries are known from ferrous high spin iron porphyrins (Tab. 5.3), a rhombi
pyramidal geometry is normally preferred. [32,147,150153℄
Table 5.3:

Möÿbauer parameter of a sele tion of [meso -tetraphenyl-porphyrinato℄iron(II)
(TPPFe) omplexes with dierent spin states at 80 K.

Complex

S δF e / mms−1

TPPFe
TPPFe(2-MeHIm)[a℄
TPPFe(py)2
TPPFe(THF)2

1
2
0
2

0.50
0.92
0.40
0.95

∆EQ / mms−1

Ref.

1.51
2.26
1.15
2.64

[154℄
[154℄
[155℄
[150℄

[a℄ 2-MeHIm: 2-methyl-3-H -imidazole.

Interestingly, the inner Möÿbauer doublet, whi h was always observed for ferri LNiFeCl
(Fig. 5.5), vanished. This disappearan e further indi ates the inner signal ( f. Fig. 5.5)
not to be an impurity, be ause an impurity would still give a Möÿbauer signal after
redu tion, likely dierent 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 redu ed LNiFe, transfered
into a MB sample holder and dire tly frozen like before. When a substoi hiometri
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 typi al two doublets regularly
observed for LNiFeCl when the amount was in reased up to one equivalent (Fig. 5.13
(b)). The previously observed ratio of 20:80 is nearly re overed (30:70).
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(a)

(b)

Figure 5.13: (a) Möÿbauer spe trum of isotopi ally labeled ferrous high spin LNi57Fe after
reoxidation with substoi hiometri (δF e = 0.53, 0.64 and 1.07;
and 3.76) and (b) with stoi hiometri amount of

∆EQ

= 1.07 and 2.85.) in THF at 80 K.

∆EQ

= 1.33, 2.82

m -CPBA (δF e = 0.53 and 0.64;

Table 5.4: Möÿbauer parameter of LNiFe , LNiFeCl and LNiFe after reoxidation with sub(a) and stoi hiometri (b) amount of
-CPBA ( f. Fig. 5.15) in frozen THF

m

solution at 80 K.

Complex

δF e

∆EQ

LNiFe

1.07
0.46
0.54

3.81
1.01
2.79

rel. Int. / %
100
20
80

1.07
0.53
0.64
0.53
0.64

3.76
1.33
2.82
1.07
2.85

18
18
64
30
70

LNiFeCl

Reoxidation (a)
Reoxidation (b)

The slight dieren es in ratio, isomer shift and quadrupole splitting an be explained
with possible side rea tions and/or de omposition, supported by the loss in intensity
from the partly reoxidized (Fig. 5.13 (a)) to the fully reoxidized spe trum (Fig. 5.13
(b)). If the rea tion mixture was stirred for a longer time after the addition of m -CPBA,
de omposition ould be observed in UV-vis spe tros opy. The re overy of the two
doublets indi ates on e more the inner doublet to be part of LNiFeCl.
With ferrous LNiFe in hand, rst preliminary rea tivity studies were performed
(Chap. 7) and the dire t synthesis from the free base Siamese-twin porphyrin was
performed (Chap. 5.1.5), due to the now known spe tros opi details and behavior of
LNiFe.
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5.1.5 Synthesis of ferrous LNiFe

LNiFeCl and its stru tural hara terization followed by
hara terization of its ferrous ounterpart LNiFe, the latter one should be

After the su

esful synthesis of

spe tros opi

synthesized dire tly from the free base Siamese-twin porphyrin for later rea tivity studies
towards small mole ule a tivation (Chap. 7).
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ording to the pro edure of
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ligand like for

Ph

Ni

LH2 Ni

rea tion was

Ph

omplex LNiFe.

LNiFeCl (Chap.

5.1.1), but the

onditions. Regardless, if the rea tion was

arried

ondition the same ionized spe ies [M℄+ without an axial

LNiFeCl was observed in inert and non-inert ESI+ mass spe trometry.

This indi ates an already oxidized/ionized omplex, whi h was observed for all previously
synthesized

opper(II) and ni kel(II)

omplexes of the Siamese-twin porphyrin as well.

Therefore ESI mass spe trometry is not suitable to distinguish between the oxidation
states of the ni kel iron

omplex.

greenish, typi al for the ferrous
brownish, typi al for the ferri
synthesis of the ferrous

Nevertheless the

olor of the solution turned from

omplex, when synthesized under inert

onditions, to

omplex, when exposed to air. This indi ated a su

omplex

LNiFe.

essful

Even though the solution was typi ally green,

UV-vis spe tros opy showed a not negligible amount of already oxidized

LNiFeCl due

to the presen e of the absorption band at 535 nm (Fig. 5.14).

Figure 5.14: UV-vis spe trum of rea tion mixture of the synthesis of LNiFe in CH2 Cl2 . The
absorption band at 535 nm, marked with a bla k asterisk, is
oxidation state of the iron ion.
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The prominent Q-band at 535 nm is a good indi ator for the oxidation state of the
iron ion within the iron ni kel omplex LNiFe or LNiFeCl. Whereas this band is very
intense in LNiFeCl it vanishes in the redu ed form LNiFe ( f. Fig. 5.11).
Partial oxidation of LNiFe was furthermore onrmed by Möÿbauer spe tros opy. The
MB spe trum shows a mixture of the ferrous and ferri iron ni kel omplexes ( f. Fig.
5.13) together with an additional doublet typi al for iron(II) (Fig. 5.15).

Figure 5.15: Möÿbauer spe trum of partly oxidized LNiFe in CH2 Cl2 at 80 K with

0.56, 1.04 and 1.38;

∆EQ

δF e

= 0.47,

= 1.00, 2.80, 4.10 and 2.53.

The additional doublet in Figure 5.15 with an isomer shift of δF e = 1.38 and a quadrupole
splitting of ∆EQ = 2.53 orresponds to a hs-iron(II) and is assumed to be remaining
FeCl2 , whose Möÿbauer parameters are in good agreement with the one of the additional
doublet (Tab. 5.4). [156,157℄
Table 5.5: Möÿbauer parameter of LNiFe in frozen THF solution, LNiFeCl and the rea tion

mixture during the dire t synthesis of LNiFe( f. Fig. 5.15) in solid state at 80 K
in omparison to FeCl2 at 78 K in solid state (Fig.5.5). [156,157℄

Complex

δF e

∆EQ

rel. Int. / %

LNiFe

1.07

3.81

100

LNiFeCl

0.53
0.58

1.20
2.70

20
80

Rea tion mixture

1.04
0.47
0.56
1.38

4.10
1.00
2.80
2.53

31
28
29
12

FeCl2

1.40

2.63

100

Partial oxidation of the ferrous omplex ould not be avoided, regardless whi h rea tion
onditions were hosen. Strikingly LNiFe ould also not be stabelized with the addition
of arbon monoxide, with the intention to form LNiFeCO or LNiFe(CO)2 , [158℄ a
rea tion that is well established in porphyrin hemistry to stabilize iron porphyrins with
iron in the oxidation state of +II. [152,158161℄ Instead, LNiFe de omposed over time, as
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5.2. Mononu lear Iron Complex

LH2FeCl

ould be observed in UV-vis spe tros opy. This de omposition was unexpe ted.

LNiFe is remarkable but not suprising, sin e the oxidation of
Fe(II) to Fe(III) in LNiFe is easily a essible, as it was observed during ele tro hemi al
The oxidation of

studies des ribed in hapter 5.1.2 ( f. Fig. 5.8) and is mu h easier (lower potential)

than in the orresponding TPP and OEP omplexes (Tab. 5.2). Furthermore oxidation
of iron porphyrin omplexes under inert onditions has been observed before in several
ases. [32,146℄
Due to this oxidation, the synthesis of ferrous
ferri

ounterpart

LNiFe has to be done starting from its

LNiFeCl followed by redu tion with CoCp

2

(Chap. 5.1.4).

5.2 Mononu lear Iron Complex LH2 FeCl

A mononu lear iron

omplex

LH2Fe

of the Siamese-twin porphyrin is a suitable

pre ursor for the synthesis of dierent heterobimetalli

omplexes in orporating redox

a tive metal ions. With the ombination of dierent metal ions within one omplex, the
redox properties an be sele tively varied, whi h may help to nd suitable omplexes for
the a tivation of small mole ules.
A rea tion temperature

ontrolled monometallation resulting in

LH2Fe

ould not

be a hieved, even if only one equivalent of the metal salt, FeCl2 or Fe(BF4 )2 , was used
(Fig. 5.5). Therefore, the solvent system for the omplexation was hanged from the
previously used CH2 Cl2 /MeOH mixture to pyridine, a ording to re ent observations by

vogel.

[116℄

With the use of dierent iron(II) salts and dierent stoi hiometry a suitable

pro edure for the synthesis of the monoiron omplex

LH2Fe was found.

Monometallation was possible with the use of FeCl2 in pure pyridine.

However,

monometallation ould only be a hieved with the right on entration of the free base
porphyrin

LH4,

no matter whi h stoi hiometry was used. Whereas a on entration

LH2FeCl, a
on entration above 1.5 mm resulted in a double metallation towards L{FeCl}2 . Even

below 1.5 mm did not yield any metallation or a mixture of

LH4

and

if only one equivalent of the metal salt was used, a mixture of the free base porphyrin

LH4, the monoiron and the diiron

omplex was observed.

Careful optimization of the rea tion onditions nally led to the following proto ol: FeCl2
was added to a 1.5 mm solution of the free base STP in pyridine and the rea tion mixture
was heated to 60 ◦ C for 15 minutes under aerobi

onditions. The solvent was removed

under redu ed pressure and toluene was added and removed again twi e to eliminate
ex ess pyridine. The residue was dissolved in toluene on e again and the suspension
was ltered to remove ex ess FeCl2 . The resulting mixture of

LH2FeCl  a
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LH4, L{FeCl}2

and

oordination of hloride in axial position was assumed similar to previously

Ph
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omplex LH2 FeCl.

ould not be puried any further due to its instability. The

ferri monoiron omplex showed de omposition during olumn hromatography and size
sele tive hromatography ould not seperate

LH2FeCl from LH4 and L{FeCl}2 , due to

their similar/same size. The mixture was therefore dire tly used for analysis and further
rea tions.

Figure 5.16: HRMS ESI

+

spe trum of the rea tion mixture of LH2 Fe (marked with a green

asterisk), L{FeCl}2 ([M-Cl+MeOH℄+ marked with a red asterisk) and LH4

([LH4 ℄+ and [LH4 +CH3 OH℄+ marked with bla k asterisks) with the measured

and the al ulated isotopi pattern of LH2 Fe (grey bars). [M℄+ m/z = 1354.6002
( al d.: 1354.6010).

The resulting iron(III) omplex

LH2FeCl

ould be hara terized via HRMS (Fig. 5.16).

The synthesis of the orresponding Fe(II) omplex was again not feasible and resulted
in a mixture of the ferrous and ferri

omplex. Furthermore, the iron(II) omplex was

prone to de omposition more rapidly.
A more detailed spe tros opi

hara terization was hampered by remaining impurities
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5.3. Iron Copper Complex LCuFeCl
and the presen e of LH4 and L{FeCl}2 . However, the monoiron omplex was used for
further omplexation rea tions to yield the orresponding heterobimetalli opper iron
omplex (Chap. 5.3).
It should be noted that synthesis of the monoiron omplex was also possible with the
use of Fe(BF4 )2 , but the resulting omplex, most likely bearing a BF4  as ounterion
instead of a hloride as an axial ligand, was prone to faster de omposition than the
hloride analog.

5.3 Iron Copper Complex LCuFeCl

With LH2 FeCl in hand, the synthesis of the iron opper omplex LCuFeCl ould be
performed by addition of a opper(II) salt in a polar solvent. The resulting heterobimetalli omplex in orporates two redox a tive metal ions, whi h in their redu ed states are
both potentially suitable for small mole ule a tivation, like mole ular oxygen. [59,162164℄
The rude rea tion mixture of LH2 FeCl ould be used for further omplexation rea tions (Fig. 5.6), even though remaining free base Siamese-twin porphyrin in the solution
also led to the formation of the di opper omplex LCu2 upon addition of a opper salt.

5.3.1 Synthesis of LCuFeCl

Ph

Ph

PSfrag repla ements

Ph

N Cl N NH
Fe
N
N N

Ph

Ph

Ph

Ph

N

Cu(OAc)2
Ph

HN

Ph
toluene, MeOH

Ph

N Cl N N
N
Cu
Fe
N
N N
N

Ph

Ph

LH2 FeCl
S heme 5.6: Synthesis of the heterobimetalli

Ph

Ph

Ph

Ph

LCuFeCl
iron

opper

omplex LCuFeCl.

The residue of the synthesis of LH2Fe was dissolved in toluene and added to a solution
of opper a etate in MeOH. The rea tion mixture was stirred for 30 min at ambient
temperature and the solvent was removed under redu ed pressure. The residue was
redissolved in CH2 Cl2 and ltered over a plug of basi aluminum oxide to remove LCu2 ,
whi h was the only fra tion passing. The remaining LCuFeCl was eluted with MeOH
and the solvent was removed under redu ed pressure. The rude produ t was puried by
olumn hromatography (sili a, n -hexane/EtOA 4:1) and re rystallized from a mixture
of CH2 Cl2 and n -hexane (1:1) to yield poly rystalline LCuFeCl. No suitable single
rystals for X-ray dira tion ould be obtained so far.
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5.3.2 Chara terization of LCuFeCl

The

rystallization behavior and ele troni

stru ture of the in orporated iron ion of

LCuFeCl is assumed to be similar to that of LNiFeCl, due to the similarity of Cu(II)
and Ni(II) with regards to their oordination environment, as well as previously en ountered similarities of the homobimetalli
The

LCuFeCl

omplexes

LCu2 and LNi2 .

ould be hara terized by HRMS, again as [M℄+ spe ies (Fig. 5.17).

Figure 5.17: HRMS ESI

+

spe trum of LCuFeCl in MeOH. Inset: Comparison of the measured

(bla k) and the

al ulated isotopi

pattern (grey bars). [M℄+ m/z = 1415.5149

( al d.: 1415.5150).

The overall opti al spe trum of

LCuFeCl looked similar to that of LNiFeCl (Fig. 5.18),

even though all three absorption bands are shifted.

Figure 5.18: UV-vis spe tra of LCuFeCl (blue) and LNiFeCl (brown) in CH2 Cl2 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 extin tion oe ient (ǫ = 72500). The rst Q-band appears at a wavelength of
560 nm and is red shifted, whereas the se ond Q-band (692 nm), whi h is assumed to
have mainly some opper ontribution, is slightly blue shifted.
EPR and Möÿbauer spe tros opy as well as magneti sus eptibility measurements
were performed on LCuFeCl to ompare the iron ion's spin and oxidation state with
those of LNiFeCl. Even though opper(II), as a d9 metal ion, has a spin of S = 1/2,
no EPR signal ould be obtained at temperatures above 120 K. This is in ontradi tion
but an be
to the previously synthesized opper omplexes LCu2 and LNiCu,
explained with the presen e of the iron(III) ion. Ex hange oupling between the iron(III)
and opper(II) metal ions an lead to an EPR silent spin ground state or an result in
signal broadening too large to resolve a signal in X-band EPR spe tros opy at higher
temperatures. Indeed, magneti sus eptibility measurements on solid material have been
interpreted as an antiferromati ally oupled two spin system with spins of S1 = 3/2 and
S2 = 1/2 (Fig. 5.19).
[53,55℄

Figure 5.19:

Sus eptibility measurement of LCuFeCl (bla k ir les) and its t (red) with
g1 = 2.083, D1 = −6.81, g2 = 2.050 and J = −6.40 m−1 .

An ee tive magneti moment of µef f = 4.32 at temperatures over 100 K is indi ative of
a spin system of S1 = 3/2 and S2 = 1/2, whose spin-only value would be 4.25, assuming
g-values of 2.0023. Two spin enters with S1 = 3/2 and S2 = 1/2 are in agreement with
an is-iron(III) (S =3/2) and a opper(II) (S =1/2) ion. An intermediate spin iron(III) ion
was expe ted from previous results for LNiFeCl and was further onrmed by Möÿbauer
spe tros opy (Fig. 5.20).
A doublet (δF e = 0.55) with a quadrupol splitting of ∆EQ = 2.82, whi h is typi al for
iron(III) intermediate spin, was observed in 80 % area ratio together with a doublet with
a distin t smaller quadrupol splitting (δF e = 0.54, ∆EQ = 1.36) in 20 % area ratio. Both
doublets are nearly identi al with the doublets obtained for LNiFeCl (Table 5.6). Even
though the synthesis of LCuFeCl and LNiFeCl was partly dierent, the ratio between
the two hara teristi Möÿbauer doublets was retained, however.
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Figure 5.20:

Solid state Möÿbauer spe trum of
∆EQ = 1.36 and 2.82 at 80 K.

Table 5.6:

Möÿbauer parameters of

LCuFeCl

LCuFeCl

with δF e = 0.54 and 0.55,

and LNiFeCl in solid state at 80 K.

Complex δF e ∆EQ rel. Int. / %
1.36
20
LCuFeCl 0.54
0.55 2.82
80
1.20
20
LNiFeCl 0.53
0.58 2.70
80

Similar to LNiFeCl, the redox hemistry of LCuFeCl was studied by y li and square
wave voltammetry and showed the expe ted two reversible ligand-based oxidation events
together with four irreversible redu tion events (Fig. 5.21).

(a)

(b)

CV (top) and SWV (bottom) urve of LCuFeCl at a s an rate of 100 mV.
The two reversible ligand-based oxidations are marked in blue and the assumed
iron(III) redu tion in red. Half wave potentials (E1/2 ) are indi ated in volts and
determined from square wave voltammetry. (b) CV urve of the ele tro hemi ally
reversible oxidations of LCuFeCl at dierent s an rates indi ated. Both measurements were performed in CH2 Cl2 at ambient temperature with 0.1 m [Bu4 N℄PF6
as ele trolyte referen ed to the redox ouple F /F + .

Figure 5.21: (a)

The two reversible ligand-based oxidation waves at −0.28 and +0.24 V vs. F /F + and
the redu tion events at −1.07 and −1.71 or −1.85 V are omparable with the measured
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values for the other metal omplexes of the Siamese-twin porphyrin (Tab. 5.7). The two
redu tion waves at −1.71 and 1.85 V interfere and an not be explained.
Table 5.7:

Potentials of the rst redu tion and the rst two oxidations of LCuFeCl[a℄ in omparison to the iron, ni kel and opper omplexes of the STP vs. F /F + .

Complex

E Red / V

E Red / V

E Ox 1 / V

E Ox 2 / V

Ref.

LCuFeCl
LNiFeCl
LNi2[ ℄
LCuNi[ ℄
LCu2[ ℄

−1.71/−1.85[b℄
−1.92
−1.90
−1.81[b℄
−1.86

−1.07[b℄
−1.12[b℄

−0.28
−0.08
−0.16
−0.34
−0.37

0.24
0.33
0.30
0.24
−0.02

-

ligand

metal
-

[55℄
[55℄
[55℄

[a℄ Values as determined by square wave voltammetry (in CH2 Cl2 , 0.1 m [Bu4 N℄PF6 ) f. to
Fig. 5.8. [b℄ Ele tro hemi ally irreversible. [ ℄ The values reported previously [55℄ have been
in orre tly referen ed be ause of oni ting data in literature. [141℄ A potential of −0.48 V of
de amethylferro ene vs. ferro ene was hoosen instead of −0.59. A orre tion of −0.11 V was
done in this table.

The rst oxidation of the STP s aold of LCuFeCl o urs at a distin t lower potential
(−0.34 V) than the rst oxidation in LNiFeCl (−0.08 V) but is in the same region as
the rst oxidation of the opper omplexes LCuNi and LCu2 . This indi ates, that the
rst oxidation of LCuFeCl takes pla e at the dipyrromethene unit at the opper side.
The iron-based redu tion wave at −1.07 V vs. F /F + is within the same region as it is
for LNiFeCl (−1.12 V vs. F /F + ) and should therefore also be a essible for redu tion
with CoCp2 , to yield the ferrous omplex LCuFe. However, further investigations have
yet to be done to analyze the redox hemistry of LCuFeCl in more detail. Additionally,
other heterobimetalli omplexes an be synthesized starting from LH2 FeCl.

5.4 Diiron Complex L{FeCl}2

After the hara terization and investigation of the redox behavior of LNiFeCl the orresponding homobimetalli omplex L{FeCl}2 was synthesized. As expe ted, the in orporation of two iron(III) ions led to a ompli ation of the spe tros opi data.

5.4.1 Synthesis of L{FeCl}2

A ording to the pro edure developed for LNiFeCl, the orresponding homobimetalli
omplex L{FeCl}2 was synthesized from LH4 with the use of FeCl2 and NaOA (Fig.
5.7). Strikingly L{FeCl}2 was found to be more sensitive than LNiFeCl. Column
hromatography always led to de omposition of the omplex, no matter whi h solid phase
was used. Only with size ex lusion hromatography L{FeCl}2 ould be separated.
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FeCl2 and NaOA were added to a solution of LH4 in a polar solvent and the rea tion
mixture was stirred for 30 minutes at ambient temperature. The solvent was removed
under redu ed pressure, Et2 O was added and the suspension was ltered. The solvent was
removed again and the residue was redissolved in CH2 Cl2 , washed with brine and dried
over sodium sulfate. The raw produ t was puried by size ex lusion hromatography
and re rystallized from n -heptane and hlorobenzene.

5.4.2 Chara terization of L{FeCl}2

L{FeCl}2

ould be dete ted in HRMS (MeOH solution) as [M+CH3 O℄+ and [M℄2+
(Fig. 5.22). Due to its two iron(III) ions the orresponding omplex LFeFe2+ is twi e
positively harged after de oordination of the axial hloride ligands; loss of the hloride
ligand unter ESI-MS onditions was also observed for LNiFeCl. One of the positive
harges is ompensated with a methanolate whi h is present be ause the measurements
were performed in MeOH, resulting in the formation of [M+CH3 O℄+ ions.
The mole ular stru ture of L{FeCl}2 , as determined by single rystal X-ray dira tion,
onrmed the assumed double oxidation of LFeFe, due to an axial oordinated hloride
ligand for ea h iron ion, whi h most likely o urs in a ferri iron omplex, resulting in
an overall neutral ompound (Fig. 5.23) as in LNiFeCl ( f. Fig. 5.2).

Due to the twist of the Siamese-twin porphyrin, one side of ea h oordination po ket
is more shielded than the other one, be ause of the orientation of the phenyl and ethyl
groups. Thus, the oordination of the axial hloride ligand always o urs from the less
shielded site, resulting in a trans - oordination of the hlorides (Fig. 5.23 (b)). This
trans - onguration has to be taken into a ount in future rea tivity studies of bimetalli
omplexes of the STP towards small mole ule a tivation and transfer to a substrate.
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Figure 5.22:

L{FeCl}2

HRMS ESI+ spe trum of rystalline L{FeCl}2 in MeOH. Inset: Comparison of
the measured (bla k) and al ulated isotopi pattern (grey bars). [M+CH3 O℄+
m/z = 1439.5375 ( al d.: 1439.5386).

(a)

(b)

Ball-and-sti k model of the mole ular stru ture of L{FeCl}2 and (b) sti k
model of the sideview of the ore-stru ture, without any substituent, of L{FeCl}2 ,
approximately along the iron ni kel axis, determined by single rystal X-ray
dira tion. All hydrogen atoms and solvent mole ules were omitted for larity
(grey: arbon, blue: nitrogen, red: iron, pink: hlorine) For details, see Appendix.

Figure 5.23: (a)
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L{FeCl}2

showed the expe ted absorption spe trum with an extintion oe ient of
67400 for the Soret like band (382 nm) like in LNiFeCl (λ = 380 nm, ǫ = 67400) and
LCuFeCl (λ = 388 nm, ǫ = 72500).

Figure 5.24: UV-vis spe tra of L{FeCl}2 (red), LNiFeCl (brown) and LCuFeCl (blue) in

CH2 Cl2 at ambient temperature.

The rst Q-band appears at the same wavelength of 535 nm (ǫ = 20400) as in
LNiFeCl (ǫ = 22700), further indi ating that this absorption band has some iron
ontribution. The se ond Q-band at 667 nm is signi antly weaker (ǫ = 11300)
and blue shifted with regards to LNiFeCl (λ = 700 nm, ǫ = 16600) and LCuFeCl
(λ = 692 nm, ǫ = 17300) (Fig. 5.24), further indi ating that this absorption band
has mainly some ni kel and opper ontribution in LNiFeCl and LCuFeCl, respe tively.
For further insight into the ele troni stru ture of the diiron omplex, EPR, Möÿbauer
and magneti sus eptibility measurements were performed. In this ase the diiron omplex showed no signal in the X-band EPR spe trum, due to typi al signal broadening
in a dinu lear omplex having two spin enters with a spin of S > 1/2 ea h, be ause of
ex hange oupling.
The spin state of the iron(III) ion ould therefore only be determined by magneti sus eptibility measurements (Fig. 5.25) and Möÿbauer spe tros opy
(Fig. 5.26).
[82,165℄

An ee tive magneti moment of µef f = 5.92, as determined by magneti sus eptibility
measurements (Fig. 5.25), indi ated two S = 3/2 spins, whose spin-only value a ording
to equation (2) would be µef f = 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(III)
ion in LNiFeCl (Chap. 5.1.2) and LCuFeCl(Chap. 5.3.2). A very small antiferromagneti oupling with J = −0.17 m−1 was observed for L{FeCl}2 like in LCuFeCl
(J = −6.40 m−1 ) whereas the previously synthesized di opper omplex LCu2 showed
ferromagneti oupling due to orthogonal magneti orbitals.
[53℄
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Figure 5.25:

Sus eptibility measurement of L{FeCl}2 (bla k ir les) and its t (red) with
g = 2.172, D = 3.01, E/D = 0 and a slight antiferromagneti al oupling of
J = −0.17.

To determine the iron ion's oxidation and spin state in more detail, Möÿbauer (MB)
spe tros opy was performed on solid samples of L{FeCl}2 (Fig. 5.26) and ompared to
the results for LNiFeCl and LCuFeCl (Tab. 5.6).

Figure 5.26:

Solid state Möÿbauer spe trum of
∆EQ = 1.01 and 2.79 at 80 K.

L{FeCl}2

with δF e = 0.46 and 0.54 and

The Möÿbauer spe trum of L{FeCl}2 showed two dierent doublets in a ratio of 50:50,
one with a large quadrupole splitting of ∆EQ = 2.79 and one with a smaller splitting of
∆EQ = 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 ase
of LNiFeCl and LCuFeCl. On the rst glan e, it seemed that both iron ions in
L{FeCl}2 are dierent, due to two dierent Möÿbauer doublets in a ratio of 1:1.
However, L{FeCl}2 's solid state stru ture showed that both Fe(III) ions are identi al
from a rystallographi point of view. Furthermore, LNiFeCl and LCuFeCl have also
shown two dierent doublets.
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Table 5.8:

Möÿbauer parameter of
80 K.

L{FeCl}2 , LCuFeCl,

and

Complex

δF e

∆EQ

L{FeCl}2

0.46
0.54

1.01
2.79

LNiFeCl

0.53
0.58

1.20
2.70

LCuFeCl

0.54
0.55

1.36
2.82

LNiFeCl

in the solid state at

The redox hemistry of L{FeCl}2 was studied by y li and square wave voltammetry
and showed the expe ted two ligand based oxidation events.

(a)

(b)

CV (top) and SWV (bottom) urve of L{FeCl}2 in CH2 Cl2 at ambient
temperature with [Bu4 N℄PF6 as ele trolyte at a s an rate of 100 mV referen ed to
the redox ouple F /F + . The two ligand-based oxidations are marked in blue and
the two presumptive iron redu tion waves in red. Half wave potentials (E1/2 ) are
indi ated in volts and determined from square wave voltammetry. (b) CV urve of
the ele tro hemi ally (quasi)reversible oxidations of L{FeCl}2 at dierent s an
rates indi ated. Measurements were performed in CH2 Cl2 at ambient temperature
with 0.1 m [Bu4 N℄PF6 as ele trolyte referred to the redox ouple F /F + .

Figure 5.27: (a)

The rst of the two ligand based oxidation waves at −0.03 V is reversible whereas the
se ond one and +0.36 V vs. F /F + be omes quasireversible for L{FeCl}2 , further
indi ating its lower stability. Additionaly the rst redu tion 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
se ond redu tion wave at −1.73 V vs F /F + appears. Two metal-based redu tions are
theoreti ally possible, due to the presen e of two iron(III) ions. It has to be mentioned,
that the SWV spe tra result from two measurements, one for the oxidation and one for
the redu tion. Therefore omparison of the integrals of the redox peaks of the oxidation
and the redu tion is not suitable to obtain the number of transfered ele trons during the
redu tion events.
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Table 5.9:

Potentials of the rst redu tion and the rst two oxidations of L{FeCl}2 [a℄ in omparison to the iron, ni kel and opper omplexes of the STP vs. F /F + .

Complex

L{FeCl}2
LNiFeCl
LCuFeCl
LNi2[ ℄
LCuNi[ ℄
LCu2[ ℄

E Red / V

E Red / V

E Ox 1 / V

E Ox 2 / V

Ref.

−2.27
−1.92
−1.71/−1.85[b℄
−1.90
−1.81[b℄
−1.86

−1.73[b℄ and −1.08[b℄
−1.12[b℄
−1.07[b℄

−0.03
−0.08
−0.28
−0.16
−0.34
−0.37

0.36
0.33
0.24
0.30
0.24
−0.02

-

ligand

metal

-

[55℄
[55℄
[55℄

[a℄ Values as determined by square wave voltammetry (in CH2 Cl2 , 0.1 m [Bu4 N℄PF6 ) f. to
Fig. 5.8. [b℄ Ele tro hemi ally irreversible. [ ℄ The values reported previously [55℄ have been
in orre tly referen ed be ause of oni ting data in literature. [141℄ A potential of −0.48 V of
de amethylferro ene vs. ferro ene was hoosen instead of −0.59. A orre tion of −0.11 V was
done in this table.

The (quasi)reversible oxidation events for L{FeCl}2 o ured at similiar potentials as for
LNiFeCl and are only sligthly shifted to higher potentials (Fig. 5.9). The oxidation
lo us for both oxidations of LNiFeCl was therefore di ult to determine.
Furthermore, L{FeCl}2 showed de omposition during CV measurements at potentials
higher than 1.2 V and lower than −1.3 V vs. F /F + , as also indi ated by instant UV-vis
spe tros opy.
It has been shown for LNiFeCl that single oxidation led to an unstable ompound and
L{FeCl}2 is formally already oxidized on e more due to the presen e of a se ond iron(III)
ion. With an additional oxidation, de omposition is expe ted to be mu h faster, not to
mention a se ond oxidation.
The instability of L{FeCl}2 also ae ted its redu tion. Redu tion with CoCp2 like for
LNiFeCl always led to de omposition, even at low temperatures.
Nevertheless, when the redox hemistry of the STP's iron omplexes is understood in
more detail, L{FeCl}2 an be a suitable pre ursor omplex for rea tivity studies towards
small mole ule a tivation.
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6 Cobalt Complexes of the
Siamese-Twin Porphyrin

Sin e obalt(II) is a redox a tive d7 metal ion, it is interesting for atalysis and oxygen
a tivation [104,166168℄ and would be the missing link between the known d5 d6 (FeIII , FeII )
and d8 d9 (NiII , CuII ) metal omplexes of the Siamese-twin porphyrin. [10,5355,95℄

6.1 Ni kel Cobalt Complex LNiCo

LNiCo has been synthesized. Like LNiFeCl
and LNiFe (Chap. 5) the presen e of only one obalt ion in LNiCo should simplify the

Initially, the ni kel(II) obalt(II) omplex
obalt ion's hara terization.

6.1.1 Synthesis of LNiCo

Interestingly the ni kel obalt omplex ould not be synthesized a ording to
using the orresponding obalt a etate Co(OA )2 . In ontrast to

LNiFeCl a

LNiCu [55℄

omplexa-

tion with the orresponding obalt hloride salt CoCl2 did not led to a omplexation of
obalt. Also the addition of pyridine as an axial ligand, due to the obalt ion's tenden y
to adopt a ve or six fold oordination and its anity towards additional nitrogen based
ligands, [8℄ did not yield the obalt omplex of the Siamese-twin porphyrin. Only the use
of Co(BF4 )2 under inert onditions su esfully generated
Ph
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LNiCo

Co(BF4 )2 and NaOA were added to a solution of the mononi kel omplex LH2 Ni in
polar solvent under inert onditions. The rea tion mixture was stirred at ambient temperature for 30 minutes. The solvent was removed under redu ed pressure and the residue
was ltered over a plug of basi aluminum oxide, yielding LNiCo .

6.1.2 Chara terization of LNiCo

Like all other metal omplexes of the STP, LNiCo ould be observed in mass spe trometry as [M℄+ spe ies (Fig. 6.1) and ould be hara terized by HRMS.

Figure 6.1: HRMS ESI

+

spe trum of LNiCo in MeOH. Inset: Comparison of the measured

(bla k) and al ulated isotopi pattern (grey bars). [M℄+ m/z = 1413.5186 ( al d.:
1413.5171).

Interestingly LNiCo showed rapid de omposition, as determined by mass spe trometry,
in solution as well as in solid state, even if it was stored under inert onditions in the
freezer. This de omposition ould also be observed in UV-vis spe tros opy. Hardly any
STP like spe tra ould be observed, even if the solution of LNiCo was freshly prepared
and measured immediately under inert ondition.
EPR spe tros opi investigation indi ated an organi radi al (gx = 1.9643, gy = 1.9892,
gz = 2.0060) along with an unpaired ele tron lo ated at the obalt (gx = 2.1050,
gy = 2.2853, gz = 2.3054) (Fig. 6.2 bla k), suggesting an oxidized ligand together with
a low-spin obalt(II) (S = 1/2) metal ion. [169171℄ With the addition of Bu4 NCl, intro-
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du ing a hloride as a medium strong ligand, both EPR signals nearly vanished (Fig. 6.2
red) indi ating oordination of the hloride in the obalt ion's axial position.

(a)

(b)

Figure 6.2: (a) EPR spe tra of LNiCo in CH2 Cl2 at 152 K before (bla k) and after (pink)
addition of Bu4 NCl. (b) Simulated EPR spe trum (red) of LNiCo (bla k) with
gx = 1.9643, gy = 1.9892, gz = 2.0060 (Gaussian line shape, line width: Wx = 24 G,
Wy = 10 G, Wz = 16 G) for the organi radi al (blue) and gx = 2.1050, gy = 2.2853,
gz = 2.3054 (Gaussian line shape, line width: Wx = 50 G, Wy = 50 G, Wz = 40 G)
for the obalt(II) spe ies (green) with an amplitude ratio of 1:4.

Upon oordination of the hloride ligand the oxidation lo us of LNiCo+ is shifted from
the porphyrin s aold to the obalt(II) ion (S heme 6.2), resulting in a swit h from d7
to d6 onguration of the obalt ion. A obalt(III) ion is stabilized by the oordination
of the hloride ligand and the a rued diamagneti low spin obalt(III) ion (S = 0) give
rise to an EPR silent omplex.
These ndings support the assumption of a formerly
ligand- entered oxidation lo us in LNiCo+ .
[172℄

Cl
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representation of the shift of the oxidation lo us in LNiCo

+

upon

addition of hloride.

A oexistan e of a ligand and a metal-based oxidation has been observed previously
by Blus h for the oxidized ni kel omplexes LH2 Ni, LNi2 and LNiCu, whereat the
ligand based oxidation has always represented the major spe ies.
If non-distilled
+
CH Cl is used for EPR measurements of LNi2 , the amount of ni kel(III) spe ies
varies. This an be explained by dierent tra es of HCl within the CH Cl , due to slow
autoxidation.
When an EPR spe trum of a freshly prepared sample of LNi2 +
in freshly distilled CH Cl was re orded, hardly any ni kel(III) was found (Fig. 6.3),
like observed by Blus h. With the addition of Bu NCl the oxidation lo us ould be
shifted nearly quantitatively towards a ni kel(III) spe ies (Fig. 6.3), due to axial binding
of the hloride, stabilizing the ni kel(III) spe ies. This further reinfor es the assumption
on a ligand- entered oxidation lo us in LNiCo+ before addition of Bu NCl.
[55,86℄
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LNiCo

(a)

(b)

( )

+

Figure 6.3: (a) EPR spe tra of LNi2 in CH2 Cl2 at 150 K before (bla k) and after (pink)
+ (bla k) with
addition of Bu4 NCl. (b) Simulated EPR spe trum (red) of LNi2
gx = 1.9655, gy = 2.0167, gz = 2.0344 (Gaussian line shape, line width: Wx = 35 G,

Wy = 19 G, Wz = 43 G) for the organi radi al (blue) and gx = 2.1382, gy = 2.2932,
gz = 2.4915 (Gaussian line shape, line width: Wx = 92 G, Wy = 50 G, Wz = 130 G)
for the ni kel(III) spe ies (green) with an amplitude ratio of 1:2. ( ) Simulated
EPR spe trum (orange) of the ni kel(III) spe ies of LNi

2+

after the addition of

Bu4 NCl with gx = 2.0900, gy = 2.2370, gz = 2.4958 (Gaussian line shape, line
width: Wx = 80 G, Wy = 60 G, Wz = 65 G).

With the addition of Bu4 NPF6 no hange of the EPR spe tra ould be obeserved,
indi ating the ee t only relies on the potential axial hloride ligand.

The oxidation of

LNiCo

is not unexpe ted even under inert onditions in an inert

glove box. Cobalt(II) porphyrins are known to have rather low oxidation potentials in
ontrast to the orresponding omplexes with dierent di ationi metal ions like ni kel(II)
and opper(II). The a tual potential of obalt(II)/ obalt(III) an vary in a wide range,
depending on the ele troni stru ture of the porphyrin [58,175℄ but is always higher 
oxidation towards obalt(III) is harder a essible  than for iron(II)/iron(III) within the
same porphyrin (CoTPP: 0.32 V [176℄ ; FeTPP: −0.80 V [114℄ vs. F /F

E (F /F
68

+)

= 0.46 V vs. SCE

[141℄

)). The rapid oxidation of

+

( onverted with

LNiCo further explains

6 COBALT COMPLEXES OF THE SIAMESE-TWIN PORPHYRIN
why the orresponding Fe(II) omplex of the Siamese-twin porphyrin ould dire tly not
be synthesized in a pure ferrous oxidation state (see. Chap. 5.1.5).
Interestingly the oxidized obalt ni kel omplex ould not be stabilized by addition of
hloride, forming LNiCoCl, whereas the orresponding iron(III) omplex LNiFeCl
was stable under ambient onditions (Chap. 5.1). This is not a suprise, onsidering
that de omposition under inert onditions was observed for a variety of obalt(III) porphyrins.
[8,32,146℄

6.2 Di obalt Complex LCo2

Following the pro edure developed for LNiCo the orresponding di obalt omplex LCo2
was synthesized with the free base Siamese-twin porphyrin LH4 as starting point.

6.2.1 Synthesis of LCo2
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omplex LCo .

Co(BF ) and NaOA were added to a solution of the free base Siamese-twin porphyrin
LH4 in polar solvent under inert onditions. The rea tion mixture was stirred at ambient
temperatures for 30 minutes. The solvent was removed under redu ed pressure and the
TM
residue was ltered over a plug of Sephadex , yielding LCo2 .
4 2

6.2.2 Chara terization of LCo2

LCo2

ould be hara terized by HRMS (Fig. 6.1) but showed the expe ted de omposition even faster than LNiCo in solution as well as in solid state.
The higher instability of LCo2 was expe ted and an be explained by on e further oxidation in ontrast to LNiCo + , resulting in LCo2 2+ . It has been shown that even for the
mono obalt omplex LNiCo oxidation led to rapid de omposition. This de omposition
is a elerated upon a se ond oxidation, like it has been observated for the hemi ally and
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6.2.

Di obalt Complex

Figure 6.4: HRMS ESI

+

LCo2

spe trum of LCo2 in MeOH. Inset: Comparison of the measured

(bla k) and al ulated isotopi pattern (grey bars). [M℄+ m/z = 1414.5164 ( al d.:
1414.5164).

ele tro hemi ally doubly oxidized metal
the monoxidized
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omplex

omplexes of

LNiFeCl+ (Chap. 5.1.3 ).

LCu2, LNiCu and LNi2 [55℄ and

7 Preliminary Rea tivity Studies of
LNiFe and LNiFeCl
First preliminary rea tivity studies with the well hara terized and stable omplex
LNiFeCl and its ferrous pendant LNiFe were performed to obtain rst insights into
their potential for substrate a tivation. Therefore, a sele tion of small mole ules, or a
orresponding group transfer agent, have been added to the ferrous and ferri iron ni kel
omplexes in solution.
Iron omplexes, not even ne essarily of porphyrins, are known to rea t with dierent
gases like CO, NO or O2 . [8,152,158,160,177℄ Therefore, solutions of LNiFeCl and LNiFe
were treated with these gases at dierent temperatures ranging from ambient temperature
down to −60 ◦ C. The omplexes either de omposed while they were stirred with a gas
for a longer time even at low temperature, or did not rea t at all. Possible intermediates
of the de omposition rea tions ould not be isolated and hara terized. De omposition
either means that the omplex is su essfully oordinating the small mole ule but de omposes in a subsequent rea tion, or the gas dire tly rea ts with the porphyrin ring, leading
to its breakdown. Neither of these two possibilities ould be proven. The de omposition
produ ts likely did not retain a porphyrin like stru ture as dedu ed from UV-vis spe tros opy. NMR spe tros opi investigations always showed a variety of signals, mainly
ethyl and phenyl groups, making NMR spe tros opy unsuitable to distinguish the breakdown produ t.
Similar behavior was observed when the omplexes were treated with soluble iodosobenzene, an oxygen atom transfer agent, or Ph3 CSNO, a known NO transfer agent. [178,179℄
Whereas LNiFeCl and LNiFe de omposed upon addition of the soluble iodosobenzene,
they did not rea t with Ph3 CSNO at all.
With the addition of KO2 , a reagent that is regularly used to redu e ferri iron omplexes
and/or to form (su)peroxo omplexes, [148,150℄ to LNiFe a hange of the UV-vis spe trum
ould be observed (Fig. 7.1).
After the addition of KO2 to a solution of LNiFeCl in THF, a redu tion towards LNiFe
(red tra e) ould be observed ( f. Fig. 5.11), followed by a slow rea tion over the
ourse of one hour to a se ond spe ies (blue tra e) with a new absorption band at
580 nm. Similar observations have previously been made for dierent iron porphyrin
omplexes and have been explained with the oordination of an additional superoxide
ion to the redu ed iron(II) ion to yield an iron(III) peroxo addu t [17,148,149,180184℄ or an
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Figure 7.1:

UV-vis spe tra of LNiFeCl before (bla k) and after the addition of KO2 before
(red and blue) and after addition of MeOH (pink) in THF at ambient temperature.

iron(II) superoxo addu t
(Fig. 7.2). The observed absorption bands for these iron
(su)peroxo addu t are within a region of 570-595 nm and are in good agreement with the
observed absorption band of 580 nm for the blue tra e in gure 7.1. In parti ular, for
a substituted [meso -tetrakis(2,4,6-trimethylphenyl)-porphyrinato℄iron(II) omplex with
an additional imidazole (Im) based ligand ([(tmp)ImFe℄) it re ently has been shown
that a transformation of the iron (su)peroxo addu t towards an Fe(III) hydroperoxo
o urred, when MeOH was added as proton sour e (Fig. 7.2).
Both, the (su)peroxo
and hydroperoxo omplex of [(tmp)ImFe℄ have been hara terized spe tros opi ally using
resonan e raman, Möÿbauer, UV-vis and EPR spe tros opy but no mole ular stru ture
ould be obained so far.
[149,183℄

[17℄
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Figure 7.2:

Proposed rea tion of KO2 with a ve oordinated iron(III) porphyrin (left)
and a six oordinated iron(III) porphyrin with a ovalently linked ligand R
(right). [17,148,149,180184℄

Upon the addition of MeOH to the solution of LNiFe and KO , a further hange in the
UV-vis spe trum ould be observed (Fig. 7.1 pink tra e): 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 tra e in Fig
7.1 ould orrespond to a hydroperoxo addu t, ferrous LNiFe was synthesized with the
2

[17℄
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7 PRELIMINARY REACTIVITY STUDIES OF LNIFE AND LNIFECL
use of KO2 , whose ex ess was ltered o, and the solution was split into two portions.
The rst one was treated with KO2 and MeOH, whereas the se ond one was treated with
tert -butyl-hydroperoxide (t -BuOOH), a known hydroperoxide transfer reagent.

Figure 7.3: UV-vis spe tra of LNiFe after the addition of KO2 and MeOH (blue) and after
the addition of t -BuOOH (red) in THF at ambient temperature.

The addition of KO2 and methanol as well as the addition of t -BuOOH led to the formation of exa tly the same UV-vis spe trum (Fig. 7.3), suggesting formation of the
same spe ies (eventually a hydroperoxo omplex LNiFeOOR, R = H, t -Bu). The rea tion with KO2 and t -BuOOH was repeated with LNi2 and LCu2 to inverstigate if
the hange in the UV-vis spe trum primary resulted from a de omposition of the STP
framework. Whereas the dini kel omplex showed no rea tion with KO2 and t -BuOOH,
the orresponding di opper omplex did (Fig. 7.4).

(a)

(b)

Figure 7.4: (a) UV-vis spe tra of LCu2 before (blue) and after (red) the addition of KO2 and
MeOH. (b) UV-vis spe tra of LCu2 (red) and LNiFe (green) after the addition
of KO2 and MeOH. All spe tra were measured in THF at ambient temperature.

LCu2 and LNiFe showed

omparable spe tra after the addition of KO2 and MeOH.
The slight shift of the absorption bands for presumed (LNiFeOOR) and (LCu2 OOR)
spe ies an be explained with the dierent ele troni stru ture of the opper and iron
ions within the omplexes.
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However, further studies have to be performed to investigate the out ome of the rea tion
with KO2 and (t -BuOOH) and to probe whether any addu ts are formed or not.

Espe ially

the

ferri

omplex

LNiFeOOH

would

be interesting,

be ause ferri

hydroperoxo spe ies of an iron porphyrin have been supposed to be the intermediate
in the formation of Cpd I from the peroxo spe ies in heme enzymes like Cyt P450 ( f.
Fig. 1.3). Furthermore, the hydroperoxo spe ies of Cyt P450, also
dis ussed to be the a tive spe ies in Cyt P450.

[185,186℄

hara terized spe tros opi ally, no suitable model
far. [184,185℄
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alled Cpd 0, was

Even though Cpd 0 has been

omplex

ould be synthesized so

8 Summary and Outlook
In on lusion, a variety of new Siamese-twin porphyrins, their pre ursors and their
di opper omplexes ould be synthesized and the eet of dierent STP substituents on
redox potentials and spe tros opi properties of the omplexes was investigated. Furthermore, dierent homo- and heterobimetalli iron omplexes of the parent STP were
synthesized, and their oordination hemistry and ele troni stru ture was investigated
in omprehensive studies.
In a rst step, the substituents at the pyrazole's meso -positions of the STP were
varied and the pyrazole building blo ks 18, 20, 21 and 22, omprising a pyrazole and
two phenyla etylene units, were developed and synthesized. A olle tion of dierent
oupling rea tions has been performed to atta h 18, 20, 21 and 22 to 3,5-diethyl-pyrrole
and various other hetero y les. None ot these rea tions led to any oupling produ t.
In a se ond approa h, the meso -phenyl group lo ated between two pyrroli moieties
was varied. The resulting expanded porphyrins X LH4 , with ele tron donating and
withdrawing substituents, were hara terized and showed no onformational dieren e
ompared to the parent STP. The heli al onformation was retained, as ould be
shown by single rystal X-ray dira tion for p MeLH4 and p FLH4 , even though they
rystallized in a dierent spa e group, and by DFT al ulations for MeOLH4 and
p MeOLH .
4
Likewise, the inuen e on the ele troni stru ture of the free base STPs, as assessed by
their near-identi al opti al spe tra, is minute. However, the inuen e of the substituents
on the yield of the STP synthesis, their solubility, and degree of rystallinity is remarkably large. Parti ularly the meso -bistolyl-tetraphenyl-derivative p MeLH4 re ommends
itself for its ease of synthesis in relatively large s ales, solubility, relative hemi al
stability, and rystallinity for further investigation of the hemistry of the STPs.
The inuen e of the dierent ele tron donating or withdrawing aryl groups was further
investigated for the opper omplexes X LCu2 of the new STPs. The dieren e in the
ele troni stru ture of the opper omplexes, as ould be observed by UV-vis spe tros opy, was minute. The oxidation potentials of the opper omplexes were somewhat
more ae ted by the derivatizations, ree ting their inuen e on the oxidation site,
namely the dipyrromethene subunits to whi h the substituents are atta hed. With the
ele tron withdrawing uorine substituent the potentials were shifted to higher values,
whereas they were shifted to lower potentials with the ele tron donating substituents,
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PSfrag repla ements

with the shifts onforming to linear Hammett plots. Interestingly, the ex hange of one
or both opper ions with one or two ni kel ions has a mu h bigger inuen e on the
orresponding redox potentials than the substitution patterns of the two meso -aryl
groups. Even though the ele troni inuen e by hanging two of eight substituents
is minor, it is not negligible and an help to netune the redox properties of metal
omplexes of the STPs.
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Furthermore, the fundamental iron oordination hemistry of the parent Siamese-twin
porphyrin was investigated with dierent homo- and heterobimetalli iron omplexes.
The dire t synthesis of ferrous omplexes proved to be una hievable, due to partial oxidation to the ferri omplexes. The synthesis of ferri omplexes LH2 FeCl, LCuFeCl,
LNiFeCl and L{FeCl}2 was notably easier.
The unique onformation of the STP s aold is retained upon ex hange of a square
planar oordinated metal ion (ni kel(II), opper(II)) with a square pyramidal oordinated metal ion (iron(III)), as ould be shown by single rystal X-ray dira tion of
LNiFeCl and L{FeCl}2 . With this unique onformation and oordination motif of the
STP in ombination with the weakly binding hloride in the iron ion's axial position,
splitting of the mole ular orbitals was within the perfe t range to favor a pure S = 3/2
intermediate spin state for the iron(III) ion in LCuFeCl, LNiFeCl and L{FeCl}2 .
This intermediate spin state was onrmed by EPR and Möÿbauer spe tros opy and
magneti sus eptibility measurements. Möÿbauer spe tra of all bimetalli iron omplexes
always showed two doublets. Whereas the rst 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 untypi ally 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}2 . The ratio
of both Möÿbauer doublets was retained at any temperature measured and was further
investigated for LNiFeCl, the most stable iron omplex of the STP. In oordinating
(THF) and non- oordinating (toluene) solvents the ratio of the two Möÿbauer doublets
of 1:4 was retained and furthermore reappears after reoxidation of the ferrous omplex
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LNiFe.

Thus, the se ond Möÿbauer doublet is denitely part of the interesting spin
system of ferri iron omplexes of the STP, but ould not be explained so far.
The redox hemistry of LCuFeCl, LNiFeCl and L{FeCl}2 was studied by y li
and square wave voltammetry. Besides the previously observed ligand-based oxidation
and redu tion events, y li and square wave voltammetry of LCuFeCl, LNiFeCl
and L{FeCl}2 showed an additional a essible redu tion wave for the iron(III) ion at
around −1.10 V vs. F /F + . All iron omplexes were more prone to de ompose upon
oxidation, but were found to be stable under aerobi onditions. However, LNiFeCl
ould be oxidizied with AgBF4 under anaerobi onditions and showed the expe ted
STP s aold based oxidations, as ould be observed by instantaneous EPR spe tros opy.
Furthermore, the rst ferrous iron omplex LNiFe was synthesized using CoCp2 as a
redu tant, whi h resulted in a lean onversion to a hs-iron(II) omplex, with only one
Möÿbauer doublet. LNiFe was reoxidized with the addition of an oxidizing reagent
(m -CPBA) and the ratio of 4:1 for the two Möÿbauer doublets for the ferri omplex
was re overed.
Finally, rst preliminary rea tivity studies with LNiFe were performed, learly showing
that the iron omplexes of the STP are mu h distin t from their porphyrin ongeners
and do not rea t in a straightforward way with typi al substrates su h as CO, NO or O2 .
Now, that the fundamental oordination hemistry of iron omplexes of the STP is investigated, the iron omplexes of the STP(s) an be studied in a more detailed fashion,
on erning for example rea tivity studies. Furthermore, with the use of the synthesized
monoiron omplex LH2 Fe a variety of dierent metal omplexes in orporating dierent redox a tive metal ions an be synthesized, to maybe nd suitable omplexes for
substrate a tivation.
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9 Experimental Se tion
9.1 Instruments and Materials

NMR Spe tros opy

NMR spe tra were re orded on Bruker Avan e 400 MHz or 500 MHz spe trometers at
room temperature if not mentioned otherwise. 13C NMR spe tra were generally re orded
in proton de oupled mode. Chemi al shifts are reported in ppm relative to residual proton
signals of the solvent. The multipli ity of the signals is abbreviated as follows: singlet
(s), doublet (d), triplet (t), quartet (q), quintet (qu), multiplet (m), broad signal (br).
The oupling onstant is abbreviated as follows, depending on the range of the oupling:
1 J, 2 J, 3 J, 4 J.
Mass Spe trometry

Mass spe trometry measurements were re orded on a Bruker APEX IV (FTICR-MS),
a Bruker Mi roTOF (ESI-TOF-MS) or a Bruker maXis (ESI-QTOF-MS) spe trometer.
Methanol was used as solvent if not mentioned otherwise.
[M℄ indi ates the orresponding organi mole ule or metal omplex without any axial
ligand.
Infrared Spe tros opy

IR spe tra were re orded on a Bru ker VERTEX 70 spe trometer using KBr pellets.
The position of the reported bands is given in wavenumbers ( m−1 ) and the reported
intensity is abbreviated as follows: very strong (vs), strong (s), medium (m), weak (w).
UV-vis Spe tros opy

UV-vis spe tra were re orded at room temperature on a Varian Cary 5000 spe trophotometer using quartz uvettes (d = 1 m). Di hloromethane was used as solvent if not
mentioned otherwise.
The position of the reported bands is given in nm and the extin tion oe ient is given
in L·mol−1 · m−1 .
Möÿbauer Spe tros opy

Möÿbauer spe tra were re orded on a Möÿbauer spe trometer with a helium losed y le
ryostate and a 57 Co sour e. The isomere shift (δ) is given relative to α-iron foil. The
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program Mt (E. Bill, Max-Plan k Institute for Chemi al Energy Conversion, Mülheim
an der Ruhr, Germany, 2008) was used for simulations.
Sus eptibility Measurements

Sus eptibility measurements were performed on a Quantum-Design MPMS-5S SQUID
magnetometer equipped with a 5 Tesla magnet. The powdered sample was ontained
in a teon bu ket and xed in a non-magneti sample holder. The raw data le of
the measured magneti moment was orre ted for the diamagneti ontribution of the
sample holder and the teon bu ket. Simulation of the experimental data with a fullmatix diagonalization of ex hange oupling and Zeeman splitting was perfomed with the
julX program (E. Bill, Max-Plan k Institute for Chemi al Energy Conversion, Mülheim
an der Ruhr, Germany, 2008).
Elemental Analysis

Standard CHN elemental analyses were measured on an Elementar 4.1 vario EL 3 by
the "Analyti Laboratory" of the Institute of Inorgani Chemistry at the University of
Göttingen.
X-Ray Crystallography

X-ray data were olle ted on a STOE IPDS II dira tometer (graphite mono hromated
Mo-Kα radiation, λ = 0.71073 Å) by use of ω s ans. The stru tures were solved with
SHELXT [187℄ and rened on F2 using all ree tions with SHELXL-2014. [188℄ All nonhydrogen atoms were rened anisotropi ally. Most hydrogen atoms were pla ed in al ulated positions and assigned to an isotropi displa ement parameter of 1.2 / 1.5 Ueq (C).
Nitrogen-bound hydrogen atoms were rened freely.
Ele tron Paramagneti

Resonan e Measurements

X-band EPR measurements in the temperature range of 120-198 K were performed on
a Bruker ELEXSYS E500 spe trometer equipped with a ER-049X mi rowave bridge,
an ER083CS magnet, a digital temperature ontrol system ER 4131 VT and liquid
nitrogen as oolant. Measurements at lower temperatures were performed on a Bruker
ELEXSYS E500 spe trometer equipped with a ER-049X mi rowave bridge, an ER032T
magneti eld ontroller alibrated with a Bruker ER035M NMR eld probe, a Bruker
ER4116DM dual-mode or a ER4102ST standard avity and an Oxford Instruments ESR
900 helium ow ryostat at the Max-Plan k Institute for Chemi al Energy Conversion in
Mülheim an der Ruhr. The mi rowave frequen y of 9.4 GHz was modulated with 5-9 G
eld modulation amplitude, 100 kHz eld modulation frequen y and a mi rowave power
of around 10 mW. EPR simulations have been done with the programs esim_gt and
esim_sx (E. Bill, Max-Plan k Institute for Chemi al Energy Conversion, Mülheim an
der Ruhr, Germany, 2008).
Ele tro hemi al Measurements

Ele tro hemi al measurements were performed in di hloromethane with [NBu4 ℄PF6
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(0.1 m) as ele trolyte using a Perkin Elmer 263A potentiostat ontrolled by Ele tro hemistry Powersuite software (Prin eton Applied Resear h). A glassy arbon ele trode was
used as working ele trode, together with a platinum wire ounter and a silver wire referen e ele trode. De amethylferro ene was added as internal standard (E = −0.59 V vs
F /F + )
after the measurement. Bulk ele trolysis were performed in di hloromethane
with [NBu ℄PF (0.1 m) as ele trolyte and a Metrohm Autolab PGSTAT101 ontrolled
by Novasoft Software using a platinum net as working ele trode, together with a platinum
wire ounter and a silver wire referen e ele trode.
1/2

[141℄

4

6

Thin Layer Chromatography
Thin Layer Chromatography was arried out on uores en e a tive polyester sheets
oated with sili a gel Ma hery-Nagel MN60 (Polygram R SIL G/UV , 0.2 mm sili a).
254

Column Chromatrography
Column hromatography was performed on Ma hery-Nagel MN60 (0.063-0.2 mm/70230 mesh ASTM) sili a gel or Ma hery-Nagel MN90 (0.05-0.200 mm, BET ∼ 130 m2 /g,
Bro kmann a tivity 1) basi aluminum oxide.
TM
Size ex lusion hromatography was perfomed on GE Health are Sephadex LH-20.
DFT Cal ulations
DFT al ulations were arried out using the ORCA program (version 3.0.3) (F. Neese,
ORCA, Max-Plan k Institute for Chemi al Energy Conversion, Mühlheim/Ruhr, Germany, 2012.). Atom oordinates were obtained from the rystal stru ture of the parent
Siamese-twin porphyrin
and rened using the Be ke-Perdew-1986 fun tional (BP86)
and the def2-tzvp basis set for the opper atoms and the def2-svp basis set for all other
atoms.
Stru ture optimizations of all ompounds readily onverged.
[52℄

[53℄

Materials and Equipment
Rea tions were arried out under ambient onditions if not mentioned otherwise.
Rea tions under inert onditions were arried out under nitrogen or argon atmosphere
using S hlenk te hniques with appropriate glassware or in a glovebox.
Materials obtained from ommer ial suppliers (Sigmaaldri h, Fluka, VWR, Deutero,
ABCR, TCI, Fisher, ACROS, Roth, Mer k) were used without further puri ation,
ex ept benzaldehyde, whi h was freshyl distilled before usage.
Anhydrous solvents were dried and destillied a ording to literature pro edures.
Compounds 1H -pyrazole-3,5-di arbaldehyde (16), 3,4-diethyl-pyrrole and the regular
Siamese-twin porphyrin 9 were synthesized a ording to literature.
[189℄

[10,51,52,190℄
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9.2. Synthesis of the Pyrazole Building Blo ks 18, 19, 20, 21 and 22
9.2 Synthesis of the Pyrazole Building Blo ks 18, 19, 20, 21
and 22

H

9.2.1 1-(Methoxymethyl)-1 -pyrazole-3,5-di arbaldehyde (19)
O
H

O
N NH

O

NaH, THF
H

O

Cl

RT, 1h

3

H

O

4

5

3'

5'

N N

H

O

1H -pyrazole-3,5-di arbaldehyde (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 rea tion mixture was stirred for another 50 min
at ambient temperature. The rea tion was stopped by addition of 500 mL of demineralized water. The mixture was extra ted with di hloromethane (3 x 300 mL), dried over
sodium sulfate and the solvent was removed under redu ed pressure. The raw produ t
was puried by olum hromatography (sili a, n -hexane/EtOA 2:1, Rf = 0.50). The
produ t was obtained as a yellow solid (1.61 g, 60 %).

Empiri al Formula:
Mole ular Weight (g/mol):
1 H NMR (500 MHz, CDCl ):
3
13 C

NMR (125 MHz, CDCl3 ):

MS (EI): m/z =

IR (KBr):
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C7 H8 N2 O3
168.15
δ/ppm= 3.38 (s, 3H, CH3 ), 5.84 (s, 2H, CH2 ),
7.45 (s, 1H, Hpz ), 9.95 (s, 1H, C5'HO), 10.02 (s,
1H, C3'HO).
δ/ppm= 57.5 (CH3 ), 82.3 (CH2 ), 114.5 (C4),
140.9 (C5), 151.0 (C3), 179.6 (C5'), 185.7 (C3').
168 (12) [M℄+ , 153 (26) [M-CH3 ℄+ , 139 (30)
[M-CHO℄+ , 137 (20) [M-OCH3 ℄+ , 125 (9) [MMOM+2H℄+ , 123 (12) [M-MOM℄+ , 81 (7), 79
(9), 52 (8), 45 (100) [MOM℄+ .
ve ( m−1 ) = 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).

9

EXPERIMENTAL SECTION

H

9.2.2 1-(Methoxymethyl)-3,5-bis(1-hydroxy-3-phenylprop-2-yn-2-yl)-1 pyrazole
(20)
7''

7'

8'

8''

6'

6''
9'

9''
5''

O
H

O
Ph

H

N N

2) NH4Cl, RT

H

O

2''
1''

1) nBuLi, -78 °C

HO

5'

4'

4''
3''

3'
3

4

2'
1'

5

OH

N N
O

n BuLi (2.5 m, 8.44 mL, 21.1 mmol, 2.2 eq.)
(2.32 mL, 2.16 g, 21.1 mmol, 2.2 eq.)

was added to a solution of phenyla etylene

onditions and the mixture was stirred for 1 h.

19)

pyrazole-3,5-di arbaldehyde (

−78

in dry THF (100 mL) at

◦ C under inert

Subsequently 1-(methoxymethyl)-1

(1.61 g, 9.95 mmol, 1.0 eq.)

H-

in THF (100 mL) was

added and the rea tions 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 NH4 Cl the
mixture was extra ted with THF (3 x 50 mL), washed with brine (100 mL) and dried over
sodium sulfate. The solvent was removed under redu ed pressure and the raw produ t
was puried by

olumn

hromatography (sili a,

n -hexane/EtOA

1:1, Rf = 0.29). The

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

Empiri al Formula:
Mole ular Weight (g/mol):
1 H NMR (500 MHz, a etone-d ):
6

C23 H20 N2 O3
372.42

δ/ppm= 3.33 (s, 3H, CH3 ), 5.46 (d,
3 (H,H) = 10 Hz, 1H, CH ), 5.65 (s, 1H,
2

J

1-H), 5.67 (d, 1H, CH2 ), 5.91 (s, 1H, 1'-H),
6.72 (s, 1H, H
8-H),

pz ), 7.35-7.37 (m, 3H, 6-H, 7-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
presen e of diastereomeri

13 C

NMR (125 MHz, a

etone-d6 ):

pairs of enantiomers.)

δ/ppm= 56.7 (CH3 ), 56.8 (C1'), 59.9 (C1), 80.8
(CH2 ), 84.9 (C3), 85.5 (C3'), 88.7 (C2'), 90.8
(C2), 105.3 (C4), 123.3 (C4'), 123.8 (C4), 129.3
(C6, C8), 129.4 (C7), 129.4 (C7'), 129.7 (C6',
C8'), 132.3 (C5, C9), 132.4 (C5', C9'), 144.7
(C5), 153.1 (C3).
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372 (20) [M℄+ , 343 (15) [M-CHO℄+ , 341 (15)
[M-OCH3 ℄+ , 340 (15), 339 (15), 327 (36) [MMOM℄+ , 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)
[PhCCCO℄+ , 115 (39) [PhCCCH2 ℄+ , 102 (28)
[PhCCH℄+ , 77 (22) [C6 H5 ℄+ , 45 (48) [MOM℄+ .
ve ( m−1 ) = 3354 (s), 2935 (m), 2233 (w),
1600 (w), 1571 (w), 1549 (w), 1490 (s), 1464 (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).

MS (EI): m/z =

IR (KBr):

H

9.2.3 1-(Methoxymethyl)-3,5-bis(1- hloro-3-phenylprop-2-yn-2-yl)-1 pyrazole
(21)
7''

7'

8'

8''

6'

6''

Ph

Ph

5''

(COCl)2, excess DMF
HO

N N

OH

9'

9''

THF, RT, 2 h

2''
1''

Cl

O

5'

4'

4''
3''

3'
3

4

5

N N

2'
1'

Cl

O

Oxalyl hloride (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 a etonitrile (83 mL) at −20 ◦ C under inert
onditions and stirred for 20 min at this temperature. Subsequently 1-(methoxymethyl)3,5-bis(1-hydroxy-3-phenylprop-2-yn-2-yl)-1H -pyrazole (20) (1.66 g, 4.45 mmol, 1.0 eq.)
in MeCN (80 mL) was added dropwise and the rea tion mixture was stirred for 20 min
at −20 ◦ C and 2.5 h at ambient temperature. The solvent was removed under redu ed pressure and the raw produ t was puried by olumn hromatography (sili a,
n -hexane/EtOA 2:1, Rf = 0.61). The produ t was obtained as a yellow solid (1.24 g,
68 %).

Empiri al Formula:
Mole ular Weight (g/mol):

84

C23 H18 N2 Cl2 O
409.31

9

1H

NMR (500 MHz, a

EXPERIMENTAL SECTION

δ/ppm= 3.38 (s, 3H, CH3 ), 5.62 (d, 1H,
3 J (H,H) = 10 Hz, CH2 ), 5.70 (d, 1H,
3 J (H,H) = 10 Hz, CH2 ), 6.24 (s, 1H, 1-H), 6.51
pz
(s, 1H, 1'-H), 7.05 (s, 1H, H ), 7.38-7.48 (m, 6H,

6

etone-d ):

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 presen e of
diastereomeri

13 C

NMR (125 MHz, a

6

pairs of enantiomers.)

δ/ppm= 40.9 (C1'), 44.6 (C1), 57.0 (CH3 ), 81.3

etone-d ):

2

(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 (C7'/C7),
129.7 (C7'/C7), 132.5 (C5, C9), 132.7 (C5',
C9'), 142.3 (C5), 150.4 (C3).

MS (EI): m/z =

+

+

409 (5) [M℄ , 373 (100) [M-HCl℄ , 338 (13) [M-

+

+

HCl-Cl℄ , 328 (24) [M-HCl-MOM℄ , 308 (24)

+ , 265 (56), 259 (17), 139
+
(37), 115 (18) [PhCCCH2 ℄ , 73 (38), 45 (98)
+
+
[MOM℄ , 36 (95) [HCl℄ .
ve ( m−1 ) = 3134 (w), 3079 (w), 3057 (w),
[M-HCl-Cl-MOM+OH℄

IR (KBr):

3029

2849
1885

(w),

3021

(w),
(w),

(w),

2248
1808

2997

(w),
(w),

(w),

2195
1730

2935

(m),

1946

(w),

(w),
(m),

1644

(vs),

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).

H

9.2.4 3,5-Bis(1-hydroxy-3-phenylprop-2-yn-2-yl)-1 -pyrazole (18)
7''

7'

8'

8''

6'

6''
9'

9''
5''

O
H

O
N NH

Ph

H

2) NH4Cl, RT

H

16)

3'

2''
1''

1) nBuLi, -78 °C

HO

5'

4'

4''
3''

3

4

5

N NH

2'
1'

OH

1H -pyrazole-3,5-di arbaldehyde (

(508 mg, 4,09 mmol, 1.0 eq.)

THF (300 mL) in an ultrasoni

onne ted to water

n BuLi

(2.5

bath

was suspended in

ooling over night.

m, 6.55 mL, 16.4 mmol, 4.0 eq.) was added to a solution of Phenyla etylene

(1.79 mL, 1.67 g, 16.4 mmol, 4.0 eq.)

in dry THF (75 mL) at

onditions and the mixture was stirred for 1 h.

−78

◦ C under inert

Subsequently the mixture was added
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dropwise to the suspension of 1H -pyrazole-3,5-di arbaldehyde (16) (1.61 g, 9.95 mmol,
1.0 eq.) in THF. The mixture was treated in the ultrasoni bath for additional 5 h. After
addition of 300 mL of a saturaed aqueous solution of NH4 Cl the mixture was extra ted
with THF (3 x 50 mL), washed with brine (100 mL) and dried over sodium sulfate. The
solvent was removed under redu ed pressure and the raw produ t was puried by olumn
hromatography (sili a, n -hexane/EtOA 1:3, Rf = 0.43). The produ t was obtained as
a yellow solid (343 mg, 26 %).

Empiri al Formula:
Mole ular Weight (g/mol):
1 H NMR (400 MHz, a etone-d ):
6

13 C

NMR (100 MHz, a etone-d6 ):

IR (KBr):

C21 H16 N2 O2
328.36
δ/ppm= 5.77 (s, 2H, 1'-H), 6.57 (d,
3 J (H,H) = 2.5 Hz, 1H, Hpz ), 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).
δ/ppm= 58.9 (C1'), 85.0 (C3'), 90.2 (C2'), 102.0
(C4), 123.7 (C4'), 129.3 (C6', C8'), 129.8 (C7'),
132.4 (C5', C9'), 149.6 (C3, C5).
ve ( m−1 ) = 3140 (w), 3079 (w), 3059 (w),
3029 (w), 3021 (w), 2997 (w), 2961 (w),
2925 (w), 2873 (m), 2361 (w), 2338 (w),
2231 (m), 2196 (s), 1958 (w), 1884 (w), 1808 (w),
1692 (s), 1636 (s), 1597 (m), 1570 (m), 1490 (vs),
1443 (s), 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).

H

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

7''

7'

8'

8''

6'

6''

Ph

Ph

5''

(COCl)2, excess DMF
HO

N NH

OH

9'

9''

THF, RT, 2 h

2''
1''

Cl

5'

4'

4''
3''

3'
3

4

5

N NH

2'
1'

Cl

Oxalyl hloride (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 a etonitrile (20 mL) at −20 ◦ C under inert
onditions and stirred for 20 min at this temperature. Subsequently 3,5-bis(1-hydroxy-3phenylprop-2-yn-2-yl)-1H -pyrazole (18) (260 mg, 0.792 mmol, 1.0 eq.) in MeCN (20 mL)
was added dropwise and the rea tion mixture was stirred for 30 min at −20 ◦ C and 3.5 h
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at ambient temperature. The solvent was removed under redu ed pressure and the raw
produ t was obtained as a yellow brownish solid (100 mg, 35 %).

Empiri al Formula:
Mole ular Weight (g/mol):
1 H NMR (400 MHz, a etone-d ):
6

13 C

NMR (100 MHz, a etone-d6 ):

C21 H14 N2 Cl2
365.26
δ/ppm= 6.11 (s, 2H, 1'-H), 6.92 (s, 1H, Hpz ),
7.35-7.38 (m, 6H, 6'-H, 7'-H, 8'-H), 7.48-7.54 (m,
4H, 5'-H, 9'-H).
δ/ppm= 57.6 (C1'), 86.4 (C3'), 87.4 (C2'), 104.2
(C4), 122.8 (C4'), 129.4 (C6', C8'), 129.8 (C7'),
132.6 (C5', C9'), 150.3 (C3, C5).

9.3 Synthesis of Siamese-Twin Porphyrins X LH4
9.3.1 General Pro edure for the Synthesis of a Siamese-Twin
Porphyrinogen X LH6
Ph
Ph

Ph

Ph

R-CHO, TFA

Ph

N NH

NH

Ph

HN

R
NH

HN N

HN

CH2Cl2, 2 h

R
NH

HN N

Ph

Ph

HN

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 di hloromethane (18.6 mL)
and prote ted from light. TFA (180 µL, 1 m in DCM, 20.5 mg, 0.180 mmol, 1.0 eq.) was
added and the solution was stirred for 2 h. The solvent was redu ed to less than 5 % and
the solution was ltered over a plug of basi aluminum oxide. The only fra tion passing
was the produ t. The Siamese-twin porphyrinogen X LH6 was obtained as a yellow solid
and dire tly used for the oxidation to the orresponding Siamese-twin porphyrin X LH4 .
pMe

LH6

Empiri al Formula:
Mole ular Weight (g/mol):
Yield:
pF

C94 H96 N8
1337.86
66.0 mg, 27.4 %

LH6

Empiri al Formula:
Mole ular Weight (g/mol):

C92 H90 N8 F2
1345.78
87
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Yield:
MeO

64.8 mg, 26.7 %

LH6

Empiri al Formula:
Mole ular Weight (g/mol):
Yield:
pMeO

C98 H104 N8 O6
1489.96
46.5 mg, 17.3 %

LH6

Empiri al Formula:
Mole ular Weight (g/mol):
Yield:

C94 H96 N8 O2
1369.82
44.5 mg, 18.0 %

9.3.2 General Pro edure for the Synthesis of Siamese-Twin Porphyrins
X LH
4
Ph

Ph

N NH

NH

Ph

Ph

HN

R
NH

HN N

Ph

Ph

HN

NH

DDQ
R

Ph

Ph

N NH

N

R
80 °C, 8 min

Ph

R
N

HN N

Ph

Ph

HN

Ph

The Siamese-twin porphyrinogen X LH6 (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 on e and the solution was stirred for 8 min at 80 ◦ C. The solvent was immediately removed under redu ed pressure and the residue was dissolved in a mixture of methyl tert-butyl
ether/di hloromethane/EtOA (10:3:1) and ltered over a plug of basi aluminum oxide.
The only fra tion passing was the raw produ t whi h was further puried by olumn
hromatography (sili a, MeOH). The Siamese-twin porphyrin X LH4 was obtained as a
green blueish solid.
p Me

LH4

Crystals suitable for X-Ray rystallography were obtained by ooling down a nearly saturated solution of p MeLH4 in di hloromethane to −35 ◦ C.

Empiri al Formula:
Mole ular Weight (g/mol):
Yield:
Rf (sili a, MeOH):
88

C94 H88 N8
1329.79
98.5 mg, 23.9 %
0.30

9
HRMS (ESI+ , MeOH):

m/z =

IR (KBr):

EXPERIMENTAL SECTION

1329.7217 ( al d. 1329.7205) [M+H℄+ , 665.3634

( al d. 665.3639) [M+2H℄2+ .

ve

( m−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 (m),

1360 (vs),

1313 (m),

1297 (w),

1251 (m),

1208 (m), 1180 (s), 1136 (s), 1117 (m), 1107 (w),
1052 (m), 1011 (m), 950 (w), 922 (w), 905 (w),
875 (w), 814 (w), 755 (w), 697 (s), 668 (m),

m

UV-vis/nm (ǫ/

−

1

1

m− ):

547 (w), 515 (w), 397 (w).
278 (30600), 307 (32700), 390 (89000), 640
(37800), 734 (13500).

1 H NMR (500 MHz, CD Cl , 238 K): δ /ppm= 0.41 (t, 3 J (H-H) = 7.3 Hz, 3H,
2 2
CH3 ), 0.45 (t, 3 J (H-H) = 7.3 Hz, 3H, CH3 ),

0.55 (t, 3 J (H-H) = 7.3 Hz, 6H, CH3 ), 0.89

(q, 3 J (H-H) = 7.3 Hz, 1H, CH2 ), 1.20 (q,

2

3 J (H-H) = 7.3 Hz, 1H, CH ), 1.43 (q, 3 J (H-

H)

=

7.3

Hz,

2H,

H)

=

7.3

Hz,

2H,

H)

=

7.3

Hz,

2H,

CH2 ),
CH2 ),
CH2 ),

1.55

(q,

3 J (H-

1.86

(q,

3 J (H-

1.98

(q,

3 J (H-

H) = 7.3 Hz, 2H, CH2 ), 2.32 (s, 3H, CH3 ),
6.17 (d, 3 J (H-H) = 7.7 Hz, 1H, Ph), 6.29 (td,

4 J (H-H) = 1.3 Hz, 3 J (H-H) = 7.5 Hz, 1H, Ph),

6.55 (td, 4 J (H-H) = 1.3 Hz, 3 J (H-H) = 7.5 Hz,
1H, Ph), 6.74 (td, 4 J (H-H) = 1.5 Hz, 3 J (HH)

=

7.5

Hz,

1H,

Ph),

6.79

(td,

4 J (H-

H) = 1.5 Hz, 3 J (H-H) = 7.5 Hz, 1H, Ph),
6.84 (d, 3 J (H-H) = 7.7 Hz, 1H, Ph), 6.92 (d,
3 J (H-H) = 7.7 Hz, 1H, Ph), 6.97 (td, 4 J (H-

H) = 1.3 Hz, 3 J (H-H) = 7.5 Hz, 1H, Ph), 7.237.34 (m, 5H, Ph), 7.54 (m, 2H, Ph), 11.32 (s,
1H, NHpyr ), 13.36 (s, 1H, NHpz ).
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13 C NMR

pF

(125 MHz, CD2Cl2 , 238 K):δ/ppm= 14.7 (CH3 ), 15.6 (CH3), 15.9 (CH3 ),
16.3 (CH3), 18.0 (CH2 ), 18.1 (CH2 ), 18.5 (CH2 ),
18.9 (CH2 ), 21.4 (CH3 ), 106.0 (Ph), 113.8 (Ph),
123.9 (Ph), 124.2 (Ph), 124.4 (Ph), 126.1 (Ph),
126.5 (Ph), 126.5 (Ph), 127.0 (Ph), 127.2 (Ph),
127.2 (Ph), 127.6 (Ph), 127.7 (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), 132.9 (Ph),
133.1 (Ph), 133.9 (Ph), 134.8 (Ph), 135.3 (Ph),
137.4 (Ph), 139.1 (Ph), 139.4 (Ph), 140.7 (Ph),
141.3 (Ph), 141.4 (Ph), 145.3 (Ph), 147.5 (Ph),
148.2 (Ph), 151.2 (Ph), 151.4 (Ph), 167.7 (Ph).

LH4

Crystals suitable for X-Ray rystallography were obtained by ooling down a nearly
saturated solution of p FLH4 in di hloromethane to −35 ◦ C.
Empiri al Formula:
C92 H82 N8F2
Mole ular Weight (g/mol):
1337.72
Yield:
37.2 mg, 9.0 %
Rf (sili a, MeOH):
0.50
+
HRMS (ESI , MeOH): m/z =
1337.6704 ( al d. 1337.6703) [M+H℄+ , 669.3384
( al d. 669.3388) [M+2H℄2+ .
IR (KBr):
ve ( m−1 ) = 3074 (w), 3055 (w), 3022 (w),
2968 (s), 2928 (s), 2896 (w), 2870 (m), 1640 (m),
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).
−
1
−
1
UV-vis/nm (ǫ/m
m ):
306 (30900), 389 (83200), 637 (36900), 734
(12700).
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H NMR (500 MHz, CD2Cl2 , 238 K): δ/ppm= 0.42 (t, 3 J (H-H) = 7.3 Hz, 3H,
CH3), 0.45 (t, 3J (H-H) = 7.3 Hz, 3H, CH3 ),
0.56 (t, 3 J (H-H) = 7.3 Hz, 6H, CH3), 0.90
(q, 3J (H-H) = 7.3 Hz, 1H, CH2), 1.20 (q,
3 J (H-H) = 7.3 Hz, 1H, CH ), 1.45 (q, 3 J (H2
H) = 7.3 Hz, 2H, CH2 ), 1.57 (q, 3J (HH) = 7.3 Hz, 2H, CH2 ), 1.86 (q, 3J (HH) = 7.3 Hz, 1H, CH2 ), 1.98 (q, 3J (HH) = 7.3 Hz, 1H, CH2), 6.17 (dd, 4J (HH) = 2.0 Hz, 3 J (H-H) = 7.5 Hz, 1H, Ph), 6.29
(td, 4J (H-H) = 1.3 Hz, 3J (H-H) = 7.5 Hz,
1H, Ph), 6.56 (td, 4J (H-H) = 1.3 Hz, 3J (HH) = 7.5 Hz, 1H, Ph), 6.75 (td, 4J (HH) = 1.5 Hz, 3 J (H-H) = 7.5 Hz, 1H, Ph), 6.79
(td, 4J (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,
NHpyr), 13.34 (s, 1H, NHpz).
13 C NMR (125 MHz, CD Cl , 238 K): δ /ppm= 14.8 (CH ), 15.5 (CH ), 15.9 (CH ),
2 2
3
3
3
16.2 (CH3 ), 18.1 (CH2 ), 18.2 (CH2), 18.5
(CH2), 18.9 (CH2 ), 104.6 (Ph), 114.1 (d, 2 J (CF) = 21.0 Hz, Ph), 114.4 (Ph), 114.6 (d, 2 J (CF) = 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
(Ph), 131.6 (Ph), 131.6 (d, 1 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).
19 F NMR (470 MHz, CD Cl , 238 K): δ /ppm= −115.3 (m).
2 2
1

MeO

LH4

Empiri al Formula:
Mole ular Weight (g/mol):
Yield:

C98 H96N8O6
1481.90
66.7 mg, 14.5 %
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Synthesis of Siamese-Twin Porphyrins X LH4

Rf (sili a, MeOH):

HRMS (ESI+ , MeOH): m/z =

IR (KBr):

0.56

1481.7526 ( al d. 1481.7526) [M+H℄+ , 741.3794

( al d. 741.3799) [M+2H℄2+ .

ve

( m−1 ) = 3074 (w), 3055 (w), 3022 (w),

2955

(s),

1693 (m),

2925

(vs),

1646 (m),

2868

(m),

1583 (m),

2853

(s),

1554 (w),

1531 (w), 1519 (m), 1501 (s), 1464 (s), 1409 (m),
1389 (m), 1330 (s), 1235 (s), 1181 (m), 1125 (w),
1053 (m), 1009 (m), 920 (w), 829 (w), 766 (w),

m

UV-vis/nm (ǫ/

−

1

1

m− ):

697 (s), 509 (w), 375 (w).
278 (37200), 306 (38700), 390 (86800), 640
(33500), 734 (15000).

1 H NMR (500 MHz, CD Cl , 238 K): δ /ppm= 0.44 (t, 3 J (H-H) = 7.3 Hz, 3H,
2 2
CH3 ), 0.52 (t, 3 J (H-H) = 7.3 Hz, 3H, CH3 ),
0.56 (t, 3 J (H-H) = 7.3 Hz, 3H, CH3 ), 0.65

(t, 3 J (H-H) = 7.3 Hz, 3H, CH3 ), 1.10 (q,

2

3 J (H-H) = 7.3 Hz, 1H, CH ), 1.30 (q, 3 J (H-

H) = 7.3 Hz, 1H, CH2 ), 1.38-1.45 (q, 2H, CH2 ),

1.56 (q, 3 J (H-H) = 7.3 Hz, 1H, CH2 ), 1.63
(q, 3 J (H-H) = 7.3 Hz, 1H, CH2 ), 1.90 (q,

2

3 J (H-H) = 7.3 Hz, 1H, CH ), 2.01 (q, 3 J (H-

H) = 7.3 Hz, 1H, CH2 ), 3.68 (s, 3H, OCH3 ), 3.71
(s, 3H, OCH3 ), 3.79 (s, 3H, OCH3 ), 6.13 (dd,

4 J (H-H) = 2.0 Hz, 3 J (H-H) = 7.5 Hz, 1H, Ph),

6.21 (d, 4 J (H-H) = 1.5 Hz, 1H, Ph), 6.31 (td,
4 J (H-H) = 1.3 Hz, 3 J (H-H) = 7.5 Hz, 1H, Ph),

6.43 (d, 4 J (H-H) = 1.5 Hz, 1H, Ph), 6.54 (td,
5 J (H-H) = 1.3 Hz, 3 J (H-H) = 7.5 Hz, 1H, Ph),

6.72 (td, 4 J (H-H) = 1.5 Hz, 3 J (H-H) = 7.5 Hz,
1H, Ph), 6.78 (td, 4 J (H-H) = 1.5 Hz, 3 J (HH) = 7.5

Hz,

1H, Ph),

6.83

(dd,

4 J (H-

H) = 1.5 Hz, 3 J (H-H) = 7.5 Hz, 1H, Ph), 6.96
(td, 4 J (H-H) = 1.5 Hz, 4 J (H-H) = 7.5 Hz,
1H, Ph), 7.00 (dd, 4 J (H-H) = 1.5 Hz, 3 J (HH) = 7.5 Hz, 1H, Ph), 7.21-7.35 (m, 5H, Ph),

7.48-7.54 (m, 2H, Ph), 11.49 (s, 1H, NHpyr ),

13.20 (s, 1H, NHpz ).
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13 C NMR

p MeO

(125 MHz, CD2 Cl2 , 238 K): δ/ppm= 14.7 (CH3), 15.9 (CH3), 16.0 (CH3 ),
16.7 (CH3 ), 18.1 (2C, CH2), 18.5 (CH2 ),
18.9 (CH2 ), 55.7 (OCH3 ), 55.9 (OCH3), 60.9
(OCH3 ), 105.9 (Ph), 108.8 (Ph), 109.6 (Ph),
114.8 (Ph), 123.9 (Ph), 126.1 (Ph), 126.4 (Ph),
126.6 (Ph), 127.0 (Ph), 127.2 (Ph), 127.3 (Ph),
127.7 (Ph), 127.7 (Ph), 127.8 (Ph), 127.9 (Ph),
130.8 (Ph), 131.7 (Ph), 132.5 (Ph), 132.6 (Ph),
133.2 (Ph), 133.7 (Ph), 134.1 (Ph), 135.3 (Ph),
137.1 (Ph), 139.1 (Ph), 139.5 (Ph), 140.7 (Ph),
141.2 (Ph), 141.7 (Ph), 145.3 (Ph), 147.8 (Ph),
148.4 (Ph), 151.1 (Ph), 151.4 (Ph), 151.7 (Ph),
152.3 (Ph), 167.1 (Ph).

LH4
:
ular Weight (g/mol):

Empiri al Formula
Mole

:
Rf (sili a, MeOH):
HRMS (ESI+ , MeOH): m/z =
Yield

IR

(KBr):

UV-vis/nm

(ǫ/m−1 m−1 ):

C94 H88N8O2
1361.79
113.1 mg, 26.8 %
0.32
1361.7104 ( al d. 1361.7103) [M+H℄+, 681.3582
( al d. 681.3588) [M+2H℄2+.
ve ( m−1 ) = 3074 (w), 3055 (w), 3022 (w),
2960 (s), 2925 (vs), 2853 (s), 1744 (m),
1636 (vs), 1611 (vs), 1520 (m), 1462 (m),
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).
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9.3.

1

Synthesis of Siamese-Twin Porphyrins X

LH4

H NMR (500 MHz, CD2 Cl2 , 238 K): δ/ppm= 0.43 (t, 3 J (H-H) = 7.3 Hz, 3H, CH3),
0.45 (t, 3 J (H-H) = 7.3 Hz, 3H, CH3 ), 0.56

(t, 3 J (H-H) = 7.3 Hz, 6H, CH3 ), 0.94 (q,
3 J (H-H) = 7.3 Hz, 1H, CH ), 1.24 (q, 3 J (H2

H) = 7.3 Hz, 1H, CH2 ), 1.44 (q, 2H, CH2 ),
1.56 (q, 3 J (H-H) = 7.3 Hz, 2H, CH2 ), 1.87 (q,
3 J (H-H) = 7.3 Hz, 2H, CH ), 1.98 (q, 3 J (H2

H) = 7.3 Hz, 1H, CH2 ), 3.76 (s, 3H, OCH3 ),
6.17 (dd, 4 J (H-H) = 2.0 Hz, 3 J (H-H) = 7.5 Hz,
1H, Ph), 6.29 (td, 4 J (H-H) = 1.3 Hz, 3 J (HH)

=

7.5

Hz,

1H,

Ph),

6.55

(td,

4 J (H-

H) = 1.3 Hz, 3 J (H-H) = 7.5 Hz, 1H, Ph), 6.696.76 (m, 3H, Ph), 6.79 (td, 4 J (H-H) = 1.5 Hz,
3 J (H-H) = 7.5 Hz, 1H, Ph), 6.84 (dd, 4 J (H-

H) = 1.5 Hz, 3 J (H-H) = 7.5 Hz, 1H, Ph), 6.93
(dd, 4 J (H-H) = 2.0 Hz, 3 J (H-H) = 7.5 Hz,
1H, Ph), 6.97 (td, 4 J (H-H) = 1.5 Hz, 4 J (HH) = 7.5

Hz,

1H, Ph),

7.02

(dd,

4 J (H-

H) = 1.5 Hz, 3 J (H-H) = 7.5 Hz, 1H, Ph), 7.06
(dd, 4 J (H-H) = 1.5 Hz, 3 J (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, NHpyr ), 13.37 (s, 1H, NHpz ).

13

C NMR (125 MHz, CD2Cl2 , 238 K):δ/ppm= 14.8 (CH3 ), 15.6 (CH3 ), 16.0 (CH3),
16.3 (CH3 ), 18.1 (2C,CH2 ), 18.2 (CH2 ), 18.5
(CH2 ), 18.9 (CH2 ), 55.3 (OCH3 ), 105.5 (Ph),
112.4 (Ph), 112.5 (Ph), 113.9 (Ph), 123.9 (Ph),
124.2 (Ph), 124.4 (Ph), 126.1 (Ph), 126.5 (Ph),
126.5 (Ph), 127.0 (Ph), 127.2 (Ph), 127.2 (Ph),
127.7 (Ph), 127.7 (Ph), 127.9 (Ph), 130.1 (Ph),
130.7 (Ph), 131.6 (Ph), 132.4 (Ph), 132.4 (Ph),
133.1 (Ph), 133.5 (Ph), 133.9 (Ph), 134.1 (Ph),
135.3 (Ph), 139.1 (Ph), 139.4 (Ph), 140.7 (Ph),
141.3 (Ph), 141.4 (Ph), 145.3 (Ph), 147.5 (Ph),
148.4 (Ph), 151.2 (Ph), 151.4 (Ph), 159.0 (Ph),
167.8 (Ph).
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9.4 Complex Synthesis

9.4.1 General Pro edure for the Synthesis of Copper Complexes

Ph

Ph

Ph

N NH

NH

Ph

N

R
N

HN N

Ph

HN

Ph

N

Cu(OAc)2
R

R
CH2Cl2, MeOH

Ph

Ph

Ph

N N
Cu

N

N
R

Cu
N N

Ph

Ph

X LCu
2

N

Ph

Copper a etate (62.7 mg, 345.6 µmol, 9.0 eq.) was added to a solution of the SiameseTwin Porphyrin X LH4 (38.4 µmol, 1.0 eq.) in di hloromethane (10.0 mL) and methanol
(20 mL) and stirred for 30 min at ambient temperature. The solvent was removed under
redu ed pressure and the residue was dissolved in di hloromethane and ltered over a
plug of basi aluminum oxide. The only fra tion passing was the produ t. The opper
omplex of the Siamese-twin porphyrin X LCu2 was obtained as a blue solid.
p Me

LCu2

Empiri al Formula:
Mole ular Weight

(g/mol):

Yield:

(sili a, n -hexane/EtOA 2:1):
HRMS (ESI+ , MeOH): m/z =

Rf

IR

(KBr):

UV-vis/nm

(ǫ/m−1 m−1 ):

C94 H84 N8 Cu2
1452.85
33.6 mg, 60.3 %
0.82
1450.5394 ( al d. 1450.5405) [M℄+ , 1473.5296
( al d. 1473.5303) [M+Na℄+ .
ve ( m−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
(w), 1228 (w), 1190 (s), 1154 (m), 1112 (s), 1056
(w), 1018 (m), 960 (w), 928 (w), 890 (w), 860
(w), 814 (m), 769 (m), 722 (m), 695 (s), 617
(w), 562 (w), 546 (w), 512 (w), 462 (w), 390
(w).
284 (31700), 391 (55900), 578 (13400), 636
(24000), 682 (18200).

LCu2

pF

Empiri al Formula:
Mole ular Weight
Yield:

(g/mol):

C92 H78 N8 F2 Cu2
1460.78
10.3 mg, 18.3 %
95

9.4. Complex Synthesis
(sili a, n -hexane/EtOA 2:1):
HRMS (ESI+ , MeOH): m/z =
IR (KBr):
Rf

UV-vis/nm

MeO

(ǫ/m−1 m−1 ):

LCu2
:
ular Weight (g/mol):

Empiri al Formula
Mole

:
Rf (sili a, n -hexane/EtOA 2:1):
HRMS (ESI+ , MeOH): m/z =
Yield

IR

0.83
1458.4890 ( al d. 1458.4904) [M℄+ .
ve ( m−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).

(KBr):

UV-vis/nm

(ǫ/m−1 m−1 ):

C98 H92 N8O6 Cu2
1604.96
41.1 mg, 66.7 %
0.58
1602.5720 ( al d. 1602.5726) [M℄+, 1625.5618
( al d. 1625.5624) [M+Na℄+.
ve ( m−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),
954 (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).

LCu2

p MeO

:
ular Weight (g/mol):

Empiri al Formula
Mole

:
Rf (sili a, n -hexane/EtOA 2:1):
HRMS (ESI+ , MeOH): m/z =
Yield
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C94 H84 N8O2 Cu2
1484.85
29.4 mg, 51.6 %
0.73
1482.5295 ( al d. 1482.5304) [M℄+ .
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IR

ve ( m−1 ) = 3056 (w), 3024 (w), 2966 (s), 2929

(KBr):

UV-vis/nm

(s), 2871 (m), 1655 (s), 1605 (m), 1567 (w),1542
(w), 1512 (vs), 1489 (m), 1437 (vs), 1402 (m),
1376 (m), 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).

(ǫ/m−1 m−1 ):

9.4.2 Iron(III) Ni kel(II) Complex LNiFeCl
Ph

N
Ph

Ph

Ph

Ph

N NH

N

N

N N

Ph

Ph

N

FeCl2, NaOAc
Ph

Ph

Ni
HN

Ph

CH2Cl2, MeOH

Ni
N

Ph

Ph

Ph

N N Cl N
Fe
N N
N

Ph

Ph

Ph

FeCl2 (84.0 mg, 660 µmol, 6.0 eq.) and NaOA (81.0 mg, 990 µmol, 9.0 eq.) were
added to a solution of LH2 Ni (150 mg, 110 µmol, 1.0 eq.) in di hloromethane (15 mL)
and MeOH (15 mL). The mixture was stirred for 15 minutes at ambient temperature.
After removing of the solvent under redu ed pressure, CH2 Cl2 (20 mL) was added and
the suspension was ltered. The ltrate was ltered over basi aluminum oxide, where
the produ t was the only fra tion passing, and the solvent was removed under redu ed
pressure. The raw produ t was re rystallized from a mixture of CH2 Cl2 and n -hexane
(1:1) to yield 110 mg (69 %) LNiFeCl. Crystals suitable for X-Ray rystallography
were obtained by slow evaporation of a saturated solution of LNiFeCl in a etone into
dimethylformamide.
Empiri al Formula:
Mole ular Weight

(g/mol):

HRMS (ESI+ , MeOH): m/z =
IR

(KBr):

C92 H80 N8 NiFeCl
1447.67
1410.5207 ( al d. 1410.5207) [M℄+ .
ve ( m−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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(ǫ/m−1 m−1 ):
Elemental Analysis (%):

380 (67400), 535 (22700), 700 (16600).
Found ( al d.) for C92 H80N8 NiFeCl · 2 n hexane · 0.75 CH2 Cl2: C 74.74 (74.72), H 6.56
(6.55), N 6.65 (6.65).

UV-vis/nm

9.4.3 Iron(II) Ni kel(II) Complex LNiFe
Ph

N
Ph

Ni
N

Ph

Ph

N N Cl N
Fe
N N
N

Ph

Ph

Ph

N

CoCp2
Ph

Ph
THF

Ph

Ph

Ph

N N

N

N
FeII

Ni
N N

Ph

Ph

Ph
N

Ph

A solution of CoCp2 in dry THF (100 µL, 14.7 mm, 1.0 eq.) was added to a solution of
LNiFeCl (2 mg, 1.47 µmol, 1.0 eq.) in dry THF under inert onditions at −40 ◦ C. The
solution was stirred for 5 minutes and dire tly used for further rea tions and analysis.
Empiri al Formula:
C92 H80 N8NiFe
Mole ular Weight (g/mol):
1412.21
−
1
−
1
UV-vis/nm (ǫ/m
m ):
380 (60300), 665 (18100).
9.4.4 57 Iron(III) Ni kel(II) Complex LNi57 FeCl

The isotopi ally labeled LNi57FeCl was synthesized like the orresponding non labeled
ni kel iron omplex LNiFeCl by the use of 57 FeCl2 . 57 FeCl2 was synthesized from 57 Fe
by the addition of on entrated HCl and stirring until no metal gloss was observable
anymore. The remaining liquid was removed and the obtained 57 FeCl2 was dire tly used
for the omplexation rea tion.
9.4.5 57 Iron(II) Ni kel(II) Complex LNi57 Fe

was synthesized like the orresponding non labeled redu ed ni kel iron omplex
LNiFe by using the labeled LNi57 FeCl. The obtained solution in THF was dire tly used
for further rea tions and hara terization.
LNi57 Fe
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9.4.6 Monoiron Complex of the Siamese-Twin Porphyrin LH2 Fe
Ph

NH

Ph

Ph

N NH

Ph

N

Ph

FeX2 , ∆
Ph

N

HN N

Ph

Ph

HN

Ph
pyridine

Ph

Ph

N Cl N NH
Fe
N
N N

Ph

Ph

Ph

N
Ph
HN

Ph

The free base porphyrin LH4 (50.0 mg, 38.4 µmol, 1.0 eq.) was dissolved in pyridine
(25 mL) and FeCl2 (73.0 mg, 576.0 µmol, 15.0 eq.) was added. The rea tion mixture
was stirred at 60 ◦ C for 15 minutes and the solvent was removed under redu ed pressure.
Toluene (10 mL) was added and removed two times. The residue was suspended in
toluene and ltered and the solvent was removed under redu ed pressure. The obtained
rude mixture of LH4 , L{FeCl}2 and LH2 FeCl was dire tly used for analysis and
further rea tions.

Empiri al Formula:
Mole ular Weight (g/mol):
HRMS (ESI+ , MeOH): m/z =

C92 H82 N8 FeCl
1390.99
1390.5778 ( al d. 1390.5777) [M+Cl+H℄+ ,
1354.6002 ( al d. 1354.6010) [M℄+ .

9.4.7 Iron(III) Copper(II) Complex LCuFeCl
Ph

Ph

Ph

N Cl N NH
Fe
N
N N

Ph

Ph

Ph

Ph

N

Cu(OAc)2
Ph

HN

Ph
CH2Cl2, MeOH

Ph

Ph

Ph

N Cl N N
N
Cu
Fe
N
N N
N

Ph

Ph

Ph

Ph

The residue of the synthesis of LH2 Fe was dissolved in toluene (10 mL) and added to
a solution of opper a etate (104.6 mg, 576.0 µmol, 15.0 eq.) in MeOH (25 mL). The
rea tion mixture was stirred for 30 min at ambient temperature and the solvent was
removed under redu ed pressure. The residue was redissolved in CH2 Cl2 and ltered
over a plug of basi aluminum oxide to remove LCu2 . The remaining LCuFe was eluted
with MeOH and the solvent was removed under redu ed pressure. The rude produ t
was puried by olumn hromatography (sili a, n -hexane/EtOA 4:1) and re rystallized
from a mixture of CH2 Cl2 and n -hexane (1:1) to yield LCuFeCl (25 mg, 17.2 µmol,
45 %).

Empiri al Formula:
Mole ular Weight (g/mol):

C92 H80 N8 CuFeCl
1452.52
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Yield:

(sili a, n -hexane/EtOA 4:1):
HRMS (ESI+ , MeOH): m/z =
IR (KBr):
Rf

UV-vis/nm

(ǫ/m−1 m−1 ):

25 mg, 45 % (over two steps)
0.47
1415.5149 ( al d. 1415.5150) [M℄+ .
ve ( m−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).
388 (72500), 560 (21100), 692 (17300).

9.4.8 Iron(III) Iron(III) Complex L{FeCl}2
Ph

NH

Ph

Ph

Ph

N NH

N

Ph
N

HN N

Ph

Ph

HN

Ph

Ph

CH2Cl2, MeOH

Ph

N N Cl N
Fe
Fe
N Cl N N
N
N

FeCl2, NaOAc
Ph

Ph

Ph

Ph

Ph

Ph

FeCl2 (117.0 mg, 923 µmol, 6.0 eq.) and NaOA (113.5 mg, 1384 µmol, 9.0 eq.) were
added to a solution of the free base Siamese-twin porphyrin LH4 (200 mg, 154 µmol,
1.0 eq.) in di hloromethane (20 mL) and MeOH (40 mL). The mixture was stirred for 30
minutes at ambient temperature. After removing of the solvent under redu ed pressure,
Et2 O (20 mL) was added and the suspension was ltered. The solvent was removed
under redu ed pressure and the residue was redissolved in di hloromethane (20 mL),
washed with brine and dried over sodium sulfate. The raw produ t was leaned by size
TM
ex lusion hromatography (Sephadex , CH2 Cl2 ) and re rystallized by slow evaporation of n -heptane into a solution of the raw produ t in hlorobenzene to yield 70 mg
(31 %) L{FeCl}2 . Crystals suitable for X-Ray rystallography were obtained by slow
evaporation of a saturated solution of L{FeCl}2 in benzene into toluene.
Empiri al Formula:
Mole ular Weight

(g/mol):

HRMS (ESI+ , MeOH): m/z =

100

C92 H80 N8 Fe2 Cl2
1480.27
1439.5375 ( al d. 1439.5386) [M+CH3 O℄+ ,
704.2602 ( al d. 704.2601) [M℄2+ .
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IR

ve ( m−1 ) = 3055 (w), 3025 (w), 2971 (m), 2929

(KBr):

UV-vis/nm

(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 (m),
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).
382 (67400), 535 (20400), 667 (11300).

(ǫ/m−1 m−1 ):

9.4.9 Ni kel(II) Cobalt(III) Complex LNiCo+
Ph

N
Ph

Ph

Ph

Ph

N NH

N

N

N N

Ph

Ph

N

Co(BF4)2 • 6 H2O, NaOAc
Ph

Ph

Ni
HN

Ph

CH2Cl2, MeOH, 30 min

Ph

Ph

N N

N

N

N N

Ph

Ph

Co

Ni

Ph

N

Ph

Co(BF4 )2 · 6 H2 O (45.2 mg, 132.7 µmol, 9.0 eq.) and NaOA (10.9 mg, 132.7 µmol,
9.0 eq.) were added to a solution of the mononi kel omplex LH2 Ni (20 mg, 14.7 µmol,
1.0 eq.) in CH2 Cl2 (2 mL) and MeOH (4 mL) under inert onditions. The rea tion
mixture was stirred at ambient temperature for 30 minutes. The solvent was removed
under redu ed pressure and the residue was ltered over a plug of basi aluminum oxide.
The solvent was removed under redu ed pressure, yielding LNiCo as a red solid (8 mg,
39 %)
Empiri al Formula:
Mole ular Weight

(g/mol):

HRMS (ESI+ , MeOH): m/z =

C92 H80 N8 NiCo
1415.30
1413.5186 ( al d. 1413.5171) [M℄+ .

101

9.4. Complex Synthesis
9.4.10 Cobalt(III) Cobalt(III) Complex LCo2 2+
Ph

NH

Ph

Ph

N NH

Ph

N

Ph
N

HN N

Ph

Ph

N

Co(BF4)2 , NaOAc
Ph

HN

Ph

Ph
CH2Cl2, MeOH, 30 min

Ph

Ph

N N

N

N

N N

Ph

Ph

Co

Co

Ph

N

Ph

Co(BF4 )2 · 6 H2 O (47.1 mg, 138.4 µmol, 9.0 eq.) and NaOA (11.4 mg, 138.4 µmol,
9.0 eq.) were added to a solution of the free base Siamese-twin porphyrin LH4 (20 mg,
15.4 µmol, 1.0 eq.) in CH2 Cl2 (2 mL) and MeOH (4 mL) under inert onditions. The
rea tion mixture was stirred at ambient temperature for 30 minutes. The solvent was
removed under redu ed pressure and the residue was ltered over a plug of basi aluminum oxide. The solvent was removed under redu ed pressure, yielding LCo2 as a red
solid that immediately started to de ompose.

Empiri al Formula:
Mole ular Weight (g/mol):
HRMS (ESI+, MeOH): m/z =

102

C92 H80 N8 Co2
1415.54
1414.5164 ( al d. 1414.5164) [M℄+ .

Appendix
Crystallographi Data
LH

One CH2 Cl2 in p Me 4 was found to be disordered about two positions (o upan y
fa tors: 0.70(1) / 0.30(1)). SAME and RIGU restraints were applied to model the
disorder. The unit ells of p Me 4 and p F 4 ontain highly disordered CH2 Cl2
mole ules (probably four in ase of p Me 4 and ve in ase of p F 4 ) for whi h
no satisfa tory model for a disorder ould be found. The solvent ontribution to the
stru ture fa tors was al ulated with PLATON SQUEEZE [191℄ and the resulting .fab
le was pro essed with SHELXL [188℄ using the ABIN instru tion. The empiri al formula and derived values are in a ordan e with the al ulated ell ontent. For Fa eindexed absorption orre tions for p Me 4 were performed numeri ally with the program X-RED (X-RED; STOE & CIE GmbH: Darmstadt, Germany, 2002.). CCDC1484865 and -1484866 ontain the supplementary rystallographi data. These data
an be obtained free of harge from The Cambridge Crystallographi Data Centre via
http://www. d . am.a .uk/data_request/ if.

LH

LH

LH

LH

LH

Figure A1:

Plot of the mole ular stru ture of p MeLH4 (50% probability thermal ellipsoids;
most hydrogen atoms and solvent mole ules omitted for larity). Sele ted bond
lengths [Å℄ 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),
N8-H8· · · N7 129(2).
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Crystallographi Data

Figure A2:

Plot of the mole ular stru ture of p FLH4 (50% probability thermal ellipsoids;
most hydrogen atoms omitted for larity). Sele ted bond lengths [Å℄ and angles
[◦ ℄: N1· · · N3 2.607(3), N4· · · N3 2.08(4), N6· · · N7 2.694(3), N8· · · N7 2.630(3); N1H1· · · N3 132(3), N4-H4· · · N3 126(3), N6-H6· · · N7 129(3), N8-H8· · · N7 132(3).

ompound
empiri al formula
formula weight
T [K℄
rystal size [mm3 ℄
rystal system
spa e group
a [Å℄
b [Å℄
[Å℄
α [◦ ℄
β [◦ ℄
γ [◦ ℄
V [Å3 ℄

Z

ρ [g/ m3 ℄

F (000)

µ [mm−1 ℄

T min / T max
θ -range [◦ ℄

hkl -range

measured re.
unique re. [R int℄
observed re. (I > 2σ (I ))
data / restraints / param.
goodness-of-t (F 2 )
R 1, wR 2 (I > 2σ(I ))
R 1, wR 2 (all data)
resid. el. dens. [e/Å3 ℄

104

p Me

LH4

C96 H92 Cl4 N8
1499.57
133(2)
0.50 × 0.32 × 0.29
mono lini
P21 /n
13.5344(3)
29.1838(5)
24.3828(6)
90
102.500(2)
90
9402.6(4)
4
1.059
3168
0.171
0.6111 / 0.9378
1.395 - 25.673
±16, −32-35, ±29
99795
17719 [0.0593℄
14017
17719 / 27 / 1027
1.029
0.0547, 0.1236
0.0717, 0.1313
−0.504 / 0.463

LH4

pF

C93 H84 Cl2 F2 N8
1422.58
133(2)
0.50 × 0.49 × 0.34
mono lini
P21 /n
13.0633(3)
28.9457(7)
24.9657(5)
90
104.034(2)
90
9158.4(4)
4
1.032
3000
0.120
1.407 - 25.636
±15, ±35, ±30
106084
17249 [0.0574℄
14282
17249 / 0 / 970
1.094
0.0632, 0.1497
0.0746, 0.1547
−0.388 / 0.233

10 APPENDIX
In LNiFeCl the FeCl moiety and the ni kel atom are disordered about the two oordination sites of the ligand in a 1:1 ratio (1/2 o upan y) along with a DMF mole ule
(d(ODMF -Fe) = 3.13 Å; d(ODMF -Ni) = 2.64 Å) and a etone and water (Ow and Oa etone
not in a oordinating range). DMF and a etone were rened at 1/2, water at 1/4 o upan y. SIMU, DELU, ISOR, DFIX, SADI, FLAT restraints and EADP onstraints
were applied to model the disordered parts. Fa e-indexed absorption orre tions were
performed numeri ally with the program X-RED (X-RED; STOE & CIE GmbH: Darmstadt, Germany, 2002.).

Figure A3:

Plot of the mole ular stru ture of om49 (30% probability thermal ellipsoids; hydrogen atoms, most disordered parts and solvent mole ules omitted for larity) emphasizing the disorder of the ni kel atom and the FeCl moiety. Sele ted bond lengths [Å℄
and angles [◦ ℄: Fe1· · · N2 1.881(5), Fe1· · · N3 1.971(5), Fe1· · · N4 1.995(5), Fe1· · · N1
2.017(5), Fe1· · · Cl1 2.446(4), Ni1· · · N3 1.873(5), Ni1· · · N4 1.910(5), Ni1· · · N1
1.942(5), Ni1· · · N2 2.024(4); N2-Fe1· · · N3 170.9(2), N2-Fe1· · · N4 91.2(2), N3Fe1· · · N4 87.06(19), N2-Fe1· · · N1 89.2(2), N3-Fe1· · · N1 87.42(19), N4-Fe1· · · N1
147.0(2), N2-Fe1· · · Cl1 93.53(15), N3-Fe1· · · Cl1 95.5(2), N4-Fe1· · · Cl1 101.8(2),
N1-Fe1· · · Cl1 111.1(2), N3-Ni1· · · N4 92.4(2), N3-Ni1· · · N1 92.5(2), N4-Ni1· · · N1
173.6(3), N3-Ni1· · · N2 160.2(2), N4-Ni1· · · N2 89.49(18), N1-Ni1· · · N2 87.27(18).
Symmetry transformation used to generate equivalent atoms: (') 1-x, y, 1/2-z.

105

Crystallographi Data
In L{FeCl}2 one phenyl group (C9A/B - C14A/B; o upan y fa tors =
0.467(12)/0.533(12)) and one ethyl group (C19A/B & C20A/B; o upan y fa tors = 0.453(12)/0.547(12)) of the STP were found to be disordered as well as one of
the solvent benzene mole ules. The latter one was found to be disordered about a enter
of inversion and was rened at half o upan y. AFIX 66 (for the phenyl rings), SADI,
SIMU, DELU, ISOR, DFIX restraints and EADP onstraints were applied to model
the disorder. Fa e-indexed absorption orre tions were performed numeri ally with the
program X-RED (X-RED; STOE & CIE GmbH: Darmstadt, Germany, 2002.).

Figure A4:

106

Plot of the mole ular stru ture of L{FeCl}2 (30% probability thermal ellipsoids; hydrogen atoms, disorder and solvent mole ules omitted for larity). Sele ted bond lengths [Å℄ and angles [◦ ℄: Fe1· · · N3 1.997(5), Fe1· · · N1 2.002(5),
Fe1· · · N2 2.036(5), Fe1· · · N4 2.061(4), Fe1· · · Cl1 2.2732(18); N3-Fe1· · · N1
164.48(18), N3-Fe1· · · N2 88.3(2), N1-Fe1· · · N2 86.86(19), N3-Fe1· · · N4 87.96(18),
N1-Fe1· · · N4 87.14(18), N2-Fe1· · · N4 143.46(19), N3-Fe1· · · Cl1 97.34(14), N1Fe1· · · Cl1 98.18(13), N2-Fe1· · · Cl1 109.55(14), N4-Fe1· · · Cl1 106.98(14). Symmetry transformation used to generate equivalent atoms: (') 1-x, y, 3/2-z.
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LNiFeCl

ompound
empiri al formula
formula weight
T [K℄
rystal size [mm3 ℄
rystal system
spa e group
a [Å℄
b [Å℄
[Å℄
α [◦ ℄
β [◦ ℄
γ [◦ ℄
V [Å ℄

Z

ρ [g/ m3 ℄

F (000)

µ [mm−1 ℄

T

/T
θ -range [◦ ℄
hkl -range
measured re.
unique re. [R int℄
observed re. (I > 2σ (I ))
data / restraints / param.
goodness-of-t (F )
R 1, wR 2 (I > 2σ(I ))
R 1, wR 2 (all data)
resid. el. dens. [e/Å ℄
min

C H N NiFeClO
1586.82
133(2)
0.38 × 0.24 × 0.18
mono lini
C2/
35.0406(11)
11.9424(2)
25.6270(8)
90
127.579(2)
90
8499.0(4)
4
1.240
3340
0.479
0.8468 / 0.9368
1.467 - 25.667
±42, ±14, −31-28
52231
8018 [0.0610℄
6064
8018 / 128 / 566
1.068
0.0742, 0.1957
0.0993, 0.2116
−0.666 / 1.064
98

3

max

2

3

L{FeCl}2

93

9

2.5

C H N Fe Cl
1714.56
133(2)
0.26 × 0.19 × 0.13
mono lini
C2/
19.2994(14)
22.3959(18)
22.4844(16)
90
109.565(5)
90
9157.3(12)
4
1.244
3600
0.429
0.7590 / 0.9321
1.442 - 25.780
±23, ±27, −26-27
49488
8729 [0.1606℄
3994
8729 / 86 / 573
0.970
0.0859, 0.1672
0.1926, 0.2074
−0.248 / 1.188
110

98

8

2

2
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Additional Spe tros opi Data of X

LH4

Additional Spe tros opi Data of XLH4

Figure A5:

HRMS ESI+ spe trum of

p MeLH (m/z = 1329.7217 ( al d. 1329.7205) [M+H℄+ ,
4

665.3634 ( al d. 665.3639) [M+2H℄2+ ) in MeOH. Inset: Comparison of the measured (bla k) and al ulated isotopi

Figure A6:

HRMS ESI+ spe trum of

pF

LH4

(m/z = 1337.6704 ( al d. 1337.6703) [M+H℄+ ,

669.3384 ( al d. 669.3388) [M+2H℄2+ ) in MeOH. Inset: Comparison of the measured (bla k) and al ulated isotopi

108

pattern (grey bars).

pattern (grey bars).

10

Figure A7:

HRMS ESI+ spe trum of
681.3582 ( al d.

p MeO

LH4 (m/z = 1361.7104 (

681.3588) [M+2H℄2+ )

sured (bla k) and al ulated isotopi

Figure A8:

HRMS ESI+ spe trum of

APPENDIX

al d. 1361.7103) [M+H℄+ ,

in MeOH. Inset: Comparison of the mea-

pattern (grey bars).

MeOLH (m/z = 1481.7526 ( al d. 1481.7526) [M+H℄+ ,
4

741.3794 ( al d. 741.3799) [M+2H℄+ ) in MeOH. Inset: Comparison of the measured
(bla k) and al ulated isotopi

pattern (grey bars).
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Additional Spe tros opi Data of X

Figure A9:

HRMS ESI+ spe trum of

LH4

t ri  FLH

+
4 (m/z = 1409.6327 ( al d. 1409.6326) [M+H℄ ,

705.3198 ( al d. 705.3200) [M+2H℄2+ ) in MeOH. Inset: Comparison of the measured (bla k) and al ulated isotopi

Figure A10:

HRMS ESI+ spe trum of

pattern (grey bars).

p ent a  FLH

4 (m/z = 1481.5955 ( al d.

the measured (bla k) and al ulated isotopi

110

1481.5950)

[M+H℄+ , 741.3005 ( al d. 741.3011) [M+2H℄2+ ) in MeOH. Inset: Comparison of
pattern (grey bars).

10

APPENDIX

Figure A11:

1 H NMR spe trum (500 MHz, CD Cl , 238 K) of p MeLH .
2 2
4

Figure A12:

13 C NMR spe trum (125 MHz, CD Cl , 238 K) of p MeLH .
2 2
4

111

Additional Spe tros opi Data of X

112

LH4

Figure A13:

1 H NMR spe trum (500 MHz, CD Cl , 238 K) of p FLH .
2 2
4

Figure A14:

13 C NMR spe trum (125 MHz, CD Cl , 238 K) of p FLH .
2 2
4

10

APPENDIX

Figure A15:

1 H NMR spe trum (500 MHz, CD Cl , 238 K) of p MeOLH .
2 2
4

Figure A16:

13 C NMR spe trum (125 MHz, CD Cl , 238 K) of p MeOLH .
2 2
4
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Additional Spe tros opi Data of X

114

LH4

Figure A17:

1 H NMR spe trum (500 MHz, CD Cl , 238 K) of MeOLH .
2 2
4

Figure A18:

13 C NMR spe trum (125 MHz, CD Cl , 238 K) of MeOLH .
2 2
4

10

Figure A19:

Figure A20:

Infrared spe trum of

Infrared spe trum of

APPENDIX

p MeLH (KBr pellet).
4

p FLH (KBr pellet).
4
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Additional Spe tros opi Data of X

Figure A21:

Figure A22:

116

LH4

Infrared spe trum of

Infrared spe trum of

p MeOLH (KBr pellet).
4

MeOLH (KBr pellet).
4

10

APPENDIX

Additional Spe tros opi Data of XLCu2

Figure A23:

HRMS ESI+ spe trum of

p MeLCu (m/z = 1450.5394 ( al d. 1450.5405) [M℄+ )
2

in MeOH. Inset: Comparison of the measured (bla k) and

al ulated isotopi

pattern (grey bars).

Figure A24:

HRMS ESI+ spe trum of

p FLCu (m/z = 1458.4890 ( al d. 1458.4904) [M℄+ ) in
2

MeOH. Inset: Comparison of the measured (bla k) and al ulated isotopi pattern
(grey bars).
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Additional Spe tros opi Data of X

Figure A25:

LCu2

HRMS ESI+ spe trum of

p MeOLCu (m/z = 1482.5295 ( al d. 1482.5304) [M℄+ )
2

in MeOH. Inset: Comparison of the measured (bla k) and

al ulated isotopi

pattern (grey bars).

Figure A26:

HRMS ESI+ spe trum of

MeOLCu (m/z = 1602.5720 ( al d. 1602.5726) [M℄+ )
2

in MeOH. Inset: Comparison of the measured (bla k) and
pattern (grey bars).

118

al ulated isotopi

10

Figure A27:

Figure A28:

Infrared spe trum of

Infrared spe trum of

APPENDIX

p MeLCu (KBr pellet).
2

p FLCu (KBr pellet).
2
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Additional Spe tros opi Data of X

Figure A29:

Figure A30:

120

LCu2

Infrared spe trum of

Infrared spe trum of

p MeOLCu (KBr pellet).
2

MeOLCu (KBr pellet).
2

10
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Additional Spe tros opi Data of LNiFeCl
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Figure A31:

3000

EPR spe trum of

2500

LNiFeCl in solid state at 10 K.

2000

1500
/ cm

Figure A32:

1000

500

-1

Infrared spe trum of

LNiFeCl (KBr pellet).
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Additional Spe tros opi Data of

LNiFeCl

1.2

abs. absorption

1.0

0.8

0.6

0.4

0.2

0.0
300

400

500

600

700

800

/ nm

Figure A33: UV-vis spe tra of LNiFe after ele tro hemi al redu tion of LNiFeCl in CH2 Cl2
(bla k) and redu tion of LNiFeCl with CoCp2 in THF (red). The intensity and
wavelength dieren es result from measurements in two dierent solvents and the
high noise to signal ratio of the ele tro hemi al redu tion.
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Additional Spe tros opi Data of LCuFeCl and L{FeCl}2

3000

2500

2000

1500
/ cm

Figure A34:

3000

2500

Infrared spe trum of

2000

Figure A35:

500

LCuFeCl (KBr pellet).

1500
/ cm

1000

-1

1000

500

-1

Infrared spe trum of

L{FeCl}2

(KBr pellet).
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Abbreviations
Amb-15

Amberlyst-15

Ar

aryl

Cp

y lopentadiene

Cp*

1,2,3,4,5-pentamethyl y lopentadiene

CV

Cy li Voltammetry

Cys

ysteine

Cyt

yto hrome

DDQ

2,3-Di hloro-5,6-di yano-1,4-p -benzoquinone

EP

expanded porphyrin

EPR

Ele tron Paramagneti Resonan e

ESI

Ele trospray Ionization

Et

ethyl

EtOA

ethyla etate

F /F

ferro ene/ferro enium

+

Fig.

gure

Glu

glutamate

HRMS

High Resolution Mass Spe trometry

hs

high spin

IR

infrared

is

intermediate spin

ls

low spin

m -CPBA

meta - hloroperoxybenzoi a id

Me

methyl

MeCN

a etonitrile

MMO

methane monooxygenase

MS

mass spe trometry

MTBE

methyl tert-butyl ether

NADH

ni otinamide adenine dinu leotide

NMR

Nu lear Magneti Resonan e

125

OA

a etate

Ph

phenyl

ppm

parts per million

py

pyridine

pyr

pyrrole

pz

pyrazole

R

residue

sMMO

soluble methane monooxygenase

SQUID

Super ondu ting Quantum Interferen e Devi e

STP

Siamese-twin porphyrin

SWV

Square Wave Voltammetry

TFA

triuoroa eti a id

THF

tetrahydrofuran

Ts

tosyl

TLC

Thin Layer Chromatography

UV-vis

ultraviolet-visible
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