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An erster Stelle möchte ich mich bei Prof. Dr. Winfried Plass für die Möglichkeit bedan-
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1 Introduction

Magnetic materials are important in our daily routines. The evolution is closely asso-

ciated with the scientific as well as social progress of the society. Magnets are used in

various different areas, starting with acoustic components such as loud speakers and

microphones, in electronic data processing as data storages right up to medical diagnos-

tic as magnet resonance tomography. Moreover these are essential for modern analytic

methodologies, like NMR and ESR, not only for chemists. [1]

Today predominantly conventional magnetic materials are utilized consisting of inor-

ganic solids such as metals, metal oxides or alloys. These classical magnets are two- or

three-dimensional arrays of transition metal or lanthanide ions as well as a combination

between both in the modern alloys. The synthesis is very energy-intensive which results

in high costs and the properties of the materials can be modified only in a narrow range.

Consequently the development of new magnetic materials has become of growing inter-

est.

The aim of this new interdisciplinary field of research is the synthesis of molecular

based magnets including the combination of interesting material properties with mag-

netic properties. Herein the spin carriers are organic radicals or transition metal ions

as well as lanthanide ions. Examples for the former one are nitronyl-nitroxide [2–6] and

dithiadiazolyl radicals [7,8], which have been extensively studied. The nitroxide deriva-

tives are a group of molecules containing a NO-functionality with an unpaired electron in

the π∗ orbital, which is stabilized in presence of sterically demanding (bulky) groups pre-

venting the dimerization reaction. Furthermore various phenylene derivatives have been

synthesized and magnetically investigated. These behave as weak bulk ferromagnets at

very low temperatures close to zero. [9,10] The sulfur based dithiadiazolyl radicals show

weak ferromagnetism at higher Curie temperatures, TC, up to 36 K. [9,11,12] An extremely

interesting feature of the organic radicals arises from the reaction with hexafluoroacety-

lacetonate salts of anisotropic transition metal as well as lanthanide ions, for example
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1 Introduction

cobalt(II) and dysprosium(III), affording single-chain magnets (SCMs). [13–19] SCMs ex-

hibit bulk ferromagnetic interaction in one-dimensional coordination polymers.

Another class of molecular magnetic materials is based on the syntheses of charge-

transfer-complexes. The most famous examples are the [Fe(C5Me5)2]·+[TCNE]·−

(TCNE= tetracyanoethylene) [20] with a spontaneous long-range ferromagnetic ordering

below a TC of 4.8 K and the vanadium complex [V(TCNE)x]·yCH2Cl2 with a very high

TC value above room temperature approximated of about 400 K. [21–23]

A milestone in the field of molecule-based magnets was the observation that the com-

plex [Mn12O12(O2CCH3)16(OH2)4] (Mn12Ac) exhibits a hysteresis in the magnetization,

which arises from pure molecular origin termed as single-molecule magnet (SMM). [24–26]

The molecular structure contains oxo-bridged manganese(III) and manganese(IV) cen-

ters coordinated by additional acetate ligands. Beside a high-spin ground state a large

magnetic anisotropy is necessary for SMM behavior. Since the SMMs are bistable in the

sense that they can be magnetized in two directions, applications in data storage devices

was proposed for Mn12Ac. [27] This would drastically increase the storage capacity of

computer hard disks as one example. Various other SMMs have been reported up to

now, utilizing predominantly manganese [28–39] and more recently dysprosium [40–42] due

to the high anisotropy of both metal ions. Furthermore other polynuclear homometallic

complexes containing for example iron, cobalt or nickel ions as well as heterometallic

complexes have been published. [43–56] The polynuclear complexes exhibit ferri- or

ferromagnetic exchange interactions between the metal centers mediated through the

bridging ligands resulting in a high-spin ground state. More recently also mononuclear

lanthanide-based so-called double-decker complexes have been reported to show SMM

behavior. [57–60]

The polynuclear SMMs are commonly synthesized through self assembly process of

metal ions and small organic ligands. Similarly most polynuclear metal complexes as

well as coordination polymers are prepared following this synthesis approach. Unfortu-

nately the topology of the metal centers within the final complex molecules or polymer

architectures can not be controlled directly. An important issue related to the rational

design of molecular-based magnetic materials is to utilize synthesis strategies in order to

generate new systems exhibiting desired physical and chemical properties. In this con-

text especially complexes of small organic ligands as well as linear symmetric bridging

2



ligands are extensively studied. In contrast the use of C3 symmetric bridging ligands has

been less exploited.

From the magnetochemistry point of view tritopic C3 symmetric ligands can provide

several promising features. The probably most employed concept in this context is spin

polarization, which for tritopic aromatic ligands with a bridging benzene core unit should

give rise to ferromagnetic exchange between the transition metal ions, allowing the gen-

eration of high-spin molecules. [61,62] The bridging coordination of the metal ions is re-

alized by additional meta-positioned functional groups at the aromatic ring. [61–63] The

concept is well established for purely organic systems, leading to ferromagnetic interac-

tions in the case of meta-phenylene-bridged organic spin carriers and antiferromagentic

interactions in ortho- and para-phenylene-bridged analogues as shown in figure 1.1. [64–66]

In contrast to the purely organic systems, the transition metal complexes do not strictly

exhibit ferromagnetic interactions, instead depending on the relative orientation of the

metal moieties also antiferromagnetic interactions are observed. This can be attributed to

the fact, that both spin polarization and superexchange effects contribute to the overall

coupling behavior in these systems. [67–70] More complexes with new ligands have to be

synthesized to get further insights into the exchange interactions through the bridging π-

system. This might provide an access to the directed synthesis of metal complexes with

predictable magnetic properties.

The alternative approach aims at the contrary, i.e. the specific generation of antiferro-

magnetically coupled systems. Transition metal ions with half-integer spin are of par-

ticular interest, as they afford trinuclear metal complexes with a resulting non-zero spin

ground state. In an equilateral triangular arrangement, it is impossible to obtain an an-

tiparallel alignment of all three spins. This has been termed as spin frustration meaning

that two spins are antiferromagnetically coupled and the third spin cannot be simultane-

ously antiferromagnetic coupled with both of the spins. [71] In this context predominantly

copper complexes are reported which have been synthesized through serendipitous self-

assembly of three monomer complex units. [72–82] Besides the fundamental interest in the

properties of spin-frustrated system, [83] such a situation is proposed to enable new per-

spectives in fields like quantum computing with magnetic molecules exhibiting relevant

electronic properties. [84–86]
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OO
M M

O

M

antiferromagnetic couplingferromagnetic coupling

NN
M M

N

M

Figure 1.1: Schematic representation of the spin polarization concept. The arrows represent the un-

paired electrons. Top: Exchange interactions in organic radicals. Bottom: Extension of

this concept to trinuclear transition metal complexes leading to ferromagnetic exchange

interactions, wherein M represent the 3d-transition metal ions.

Only a scarce number of ligands bridging three metal ions in a highly symmetric mat-

ter and transmitting magnetic exchange interactions between them have been pub-

lished, e.g. derivatives of trihydroxybenzene, [87–89] triaminobenzene, [90] triaminoguani-

dine [91,92], hexaazatriphenylene [93] and benzenetricarboxylic acid [94]. Among these, the

two latter did not predominantly afford trinuclear complexes. These ligand systems are

very flexible towards the number of coordinated metal centers leading to various com-

plex topologies, predominantly to coordination polymers. [95–97] [98–110] Furthermore only

very weak exchange interactions are mediated through the bridging π-system of hex-

aazatriphenylene. [93] The coupling through the benzenetricarboxylic acid depends on

the relative position of the carboxylate groups in relation to the benzene ring, which

is determined by serendipity in the complexes. Nevertheless the mediated exchange in-

teractions are also rather weak. [61,94,103] Therefore only ligands based on the other three

bridging units have been synthesized and utilized for the coordination of transition metal

ions within this thesis. The trihydroxybenzene and triaminobenzene-bridged complexes

are generated as new high-spin compounds utilizing the concept of spin polarization,

whereas the triaminoguanidine one aims toward the generation of antiferromagnetically

coupled complexes related to the spin frustration phenomenon.
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Phloroglucinol-bridged Complexes

Phloroglucinol-bridged trinuclear 3d-transition metal complexes can not be prepared by

simple reaction of phloroglucinol with three equivalents of a metal salt together with ap-

propriate co-ligands. [111] Only the isolation of a trinuclear Molybdenum(V) complex was

successful using chromatographic separation of the mono-, di-, and trinuclear phloroglu-

cinol complexes. [112] Additional chelating side chains in the 2,4,6-position of the phloroglu-

cinol are necessary, enhancing the stability of the complexes by the use of the chelate

effect. The resulting binding pockets prevent the polymerization during complexation

reaction and control the connectivity leading to discrete trinuclear complexes.

A C3 symmetric Schiff-base ligand of 1,3,5-trisacetyl-2,4,6-phloroglucinol in combi-

nation with appropriate co-ligands has been used for the syntheses of trinuclear cop-

per(II) complexes as shown in figure 1.2. [89] The three copper centers are bridged in a

meta-phenylene arrangement by a phloroglucinol backbone exhibiting ferromagnetic ex-

change interactions, due to the spin polarization mechanism. Depending on the utilized

co-ligand significant differences are observed in the magnitude of the coupling. The use

of 2,2’-bipyridine (bipy) results in J = +4.0 cm−1, whereas salicylic aldehyde (Hsal)

affords a stronger exchange interaction with J = +6.6 cm−1. (All coupling constants

J in this thesis are related to the Heisenberg-Dirac-van Vleck-Hamiltonian in the form

of Ĥ = −JŜiŜj.) In a series of phloroglucinol-bridged salen-like coordinated trinuclear

copper(II) complexes these interactions are clearly weaker, [62,113] whereas in the corre-

sponding trinuclear manganese(III) complex the exchange interaction is even antiferro-

O O

O

N

N

N

N

N

N

Cu

Cu

CuX

X

X

XXX

X X =
N N

O- O

n+

bipy

sal

Figure 1.2: Schematic representation of the trinuclear phloroglucinol-bridged copper(II) complexes. [89]
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1 Introduction

magnetic. [114] Competing superexchange and spin polarization mechanisms caused by

the orientation of the magnetic orbitals relative to the bridging ligand plane have been ac-

counted for these differences in the exchange interactions. In the vanadium(IV) complex

very weak ferromagnetic exchange interactions were observed with J = +0.88 cm−1. [115]

In addition to them the corresponding trinuclear nickel(II) complexes have been synthe-

sized, wherein the nickel(II) ions exhibit a square planar coordination environment and

hence a non-magnetic S = 0 ground state. [87,88]

The rational linkage of two trinuclear manganese complexes utilizing [M(CN)6]n−

(M=FeIII, CrIII) was also reported which leads to heptanuclear heterometallic complexes

with interesting magnetic properties. [116,117] In the case of chromium the complex exhibit

single-molecule magnet behavior. [117]

Until now only these two ligand systems have been investigated. Hence complexes

with new ligands have to be synthesized to get further insights into the exchange inter-

actions. Complexes with other transition metal ions promise interesting magnetic prop-

erties, for example high-spin nickel(II) and cobalt(II) complexes.

Triaminobenzene-bridged Complexes

Another class of bridging ligands mediating magnetic exchange interactions between the

metal ions are substituted meta-aminobenzenes. [118] Additional donors have been intro-

duced by Schiff-base condensation [119,120] or amide formation reactions [121] of the amino

groups. Predominantly metallamacrocyclic dinuclear transition metal complexes com-

posed of two ligand molecules together with two metal ions have been published.

The magnetic exchange interactions within the copper complexes range between fer-

romagnetic [121–123] and weak antiferromagnetic [119,120,124,125], again ascribed to the above

mentioned competing superexchange and spin polarization mechanism. The strongest

ferromagnetic exchange interaction is observed in a dinuclear copper complex with an

amide ligand shown in figure 1.3. [121] The coupling of J = +16.8 cm−1 is significantly

stronger compared to the previously discussed hydroxybenzene-bridged complexes. This

results from a more efficient exchange interaction through spin polarization over the

central meta-phenylene bridges. The corresponding dinuclear nickel(II) and cobalt(II)

complexes possess antiferromagnetic exchange interactions. [125] Furthermore the only re-

ported dinuclear iron(III) complex shows ferromagnetic interactions. [126]
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Figure 1.3: Left: Schematic representation of the C2 symmetric aminobenzene-based ligand and the

corresponding dinuclear metallamacrocyclic copper(II) complex. [121] Right: The analogous

C3 symmetric ligand and the trinuclear metallamacrocyclic copper(II) complex with a 1,3,5-

metallacyclophane core structure. [63]

Although different dinuclear complexes bridged in a meta-phenylene arrangement

have been studied, the trinuclear analogues are still rare. There is only one trinuclear

transition metal complex reported in literature. [63,90] The tritopic ligand, depicted in fig-

ure 1.3, provide meta-positioned oxamate side chains on a central benzene ring. Three

copper ions are chelated and bridged by two ligand molecules under formation of a C3

symmetric metallacyclophane structure. The complex shows rather strong ferromagnetic

exchange interactions ascribed to the spin polarization mechanism with J = +11.6 cm−1.

Furthermore a theoretical approach towards the exchange interactions in dinuclear meta-

phenylenediamine copper(II) complexes predict extremely strong ferromagnetic cou-

plings with J up to +325 cm−1 depending on the ligand side chain. [123] Therefore new

ligands have to be designed aiming at stronger magnetic couplings in the resulting tran-

sition metal complexes.
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1 Introduction

Triaminoguanidine-bridged Complexes

Guanidin derivatives can act as a ligand for different metal ions, for instance transi-

tion, main group as well as lanthanide metal ions. [127–131] However the complexation

of three metal ions in a threefold symmetry has not been reported. A potential way to

prepare trinuclear complexes is the utilization of the stabilizing chelate effect as in the

case of the triaminoguanidinium cation. C3 symmetric ligands have been synthesized

by Müller et al. through Schiff-base reaction of triaminoguanidine and salicylaldehyde

derivatives which are illustrated in figure 1.4. [91,92] These ligands possess a planar struc-

ture with three equivalent cavities capable of chelating transition metal ions leading to

rather short metal–metal distances. The preferred coordination geometry of the metal

ions determines the number and possible coordination sites for co-ligands. Beside a few

trinuclear transition metal complexes, [91,92,132] several discrete cage molecules with inter-

esting topologies have been synthesized utilizing predominantly diamagnetic metal ions,

as zinc(II), cadmium(II), palladium(II) and platinum(II). [92,132–137]

This concept was extended towards paramagnetic transition metal ions by our

group. [138] A series of C3 symmetric trinuclear copper(II) and nickel(II) complexes have

been synthesized by the addition of capping co-ligands, like 2,2’-bipyridine (bipy) as

well as 2,4,6-tris(2-pyridyl)-1,3,5-triazine (tptz). [139–141] If copper(II) ions are coordinated
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Figure 1.4: Schematic representation of the C3 symmetric Schiff-base ligands based on triaminoguani-

dine and the bridging coordination of transition metal ions. [91,92]
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in the absence of potentially capping co-ligands, inorganic coordination polymers are

obtained through aggregation via µ-phenoxy bridges formed between metal centers. [142]

Moreover substituents at the salicylidene side chains results in the formation of a porous

chiral 3D networks. [143]

Temperature dependent magnetic susceptibility measurements reveal efficient antifer-

romagnetic exchange couplings in all complexes. The interaction is caused by superex-

change between the metal ions through the N-N diazine bridges of the ligand. Due to the

close proximity of the three metal ions the coupling is much stronger, compared to the

rather weak exchange in phloroglucinol as well as triaminobenzene-bridged complexes

mediated by spin polarization through the central benzene bridges.

Although the exchange interactions are antiferromagnetic the trinuclear complexes are

very interesting. The triangular antiferromagnetically ordered magnetic spins play a key-

role in molecular magnetism owing to their potential to show magnetic frustration. [71,83]

In this context a promising candidate for quantum bits (qubits) are systems with an odd

number of antiferromagnetically coupled odd spins. The simplest molecule exhibiting

this characteristic is an equilateral triangle of three S = 1/2. The resulting doubly degen-

erated doublet ground state is said to be a good candidate for quantum bit storing due

to suppression of pathways of decoherence. [144] The stronger the coupling, the greater

is the distance to the excited quartet state, leading to a better thermal isolation of the

computational active doublet states. [145] Hence especially the trinuclear copper(II) and

iron(III) complexes are potentially interesting in the interdisciplinary field of molecular

spintronics. [84,146,147]

Based on these researches, the objective of this thesis is the directed synthesis of C3 sym-

metric trinuclear transition metal complexes with tritopic ligands mediating magnetic

exchange interactions between the three metal centers. Novel ligands need to be syn-

thesized to enlarge the scarce number of published examples, as the prediction of the

magnetic properties is not straight forward. The coordination chemistry of various tran-

sition metal ions as well as the magnetic properties will be studied. Moreover the linkage

of the trinuclear units utilizing step-by-step synthetic approaches into higher aggregates

and coordination polymers will be investigated.
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1 Introduction
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Figure 1.5: Schematic representation of the C3 symmetric bridging units in trinuclear transition metal

complexes. The dotted lines represent the modification of the binding pockets of the

ligands with additional donor atoms D.

Three different bridging units as shown in figure 1.5 will be used. Additional chelating

side arms in combination with capping co-ligands allow for the directed synthesis of trin-

uclear metal complexes. Utilizing bridging co-ligands provides access to the assembly of

higher aggregates.
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2 Phloroglucinol-Bridged Complexes

2.1 Ligand and Complex Design

The four different ligands based on phloroglucinol as shown in figure 2.1 were synthe-

sized. Schiff-base ligands were utilized due to their easy accessibility. Furthermore the

binding pockets together with the potential donor atoms within the ligand side chains

can be varied very easily.

Each ligand provides three equal binding pockets, allowing the bridging coordina-

tion of three metal ions in a meta-phenylene arrangement. The coordination of the metal

ions will be realized through the heteroatoms under formation of thermodynamically fa-

vorable five- and six-membered chelate rings. Except the ligand H3L1unspenp with five

donor atoms within each binding pocket, all other ligands provide tris-chelating binding

pockets. The ligands can not coordinate to a single metal center including two or three

side chains, due to the rigid planar phloroglucinol core. Hence additional co-ligands or

solvent molecules are inevitable for the formation of stable trinuclear complexes. De-

pending on the preferred coordination geometry of the metal ion monodentate as well as

chelating co-ligands are utilized shown in figure 2.2. Moreover the co-ligands are differ-

ent concerning their ionic nature, whereas imidazole (Him) and bis(pyridin-2-ylethyl)-

amine (Hbpea) act as neutral co-ligands, bis(pyridin-2-ylcarbonyl)-amine (Hbpca) coor-

dinates in its monoanionic form. The focus lies on the syntheses of magnetically rele-

vant trinuclear nickel complexes with an octahedral coordination geometry, which has

not been described in literature. Only trinuclear phloroglucinol-bridged nickel(II) com-

plexes with triplesalen ligands are known wherein the nickel(II) ions are coordinated in

a square planar coordination environment resulting in diamagnetic complexes. [87,88] In

addition the coordination of copper(II) and cobalt(II) ions is studied. The determination

of the exact complex structure is essential for the interpretation of the temperature de-

pendent magnetic susceptibility measurements. Thus only complex syntheses affording

single crystals suitable for X-ray crystallography measurements are presented within this

chapter.

13



2 Phloroglucinol-Bridged Complexes
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2.2 Synthesis and Characterization

2.2 Synthesis and Characterization

The phloroglucinol-based ligands, shown in figure 2.1, were prepared by Schiff-base con-

densation of 2,4,6-triformylphloroglucinol with three equivalents of the corresponding

amine. 2,4,6-Triformylphloroglucinol is accessible in a one step synthesis through Duff

formylation of phloroglucinol. [148] Although the yield is not very high with about 14 %,

the reaction is simple, takes only two hours, and afforded an analytically pure product.

The subsequent reaction with different primary amines in alcohol at ambient temperature

enabled high yields of ligands ranging from 58 % up to 100 %.

The ligands can be divided into two groups, on the one hand the imine-based ligands

H3L1ampy and H3L1unspenp and one the other hand the hydrazide-based ligands H6L1bhy

and H6L1
tBubhy. The latter exhibit the expected threefold symmetry (C3) in solution with

five and six resonances in the 1H NMR spectra for H6L1bhy and H6L1
tBubhy, respectively.

Both hydrazide-based ligands are present in the commonly encountered enol-imine(OH)

form, confirmed by a singlet of the imine proton at 8.9 ppm and the phenol proton at

13.9 ppm. The large downfield shift of the latter signal indicate strong intramolecular

hydrogen bonding interaction within the molecules. This is due to interactions with the

imine nitrogen atoms, as also observed in N-salicylidenehydrazide ligands. [149–153]

The 1H NMR spectra of both imine-based ligands were surprisingly complicated.

Whereas singlets were expected for the imine and phenol protons, the spectra showed

multiple peaks between 8.2 – 8.3 and 11.1 – 11.6 ppm for H3L1ampy as well as 8.1 –

8.2 and 10.9 – 11.4 ppm for H3L1unspenp. The 1H{1H} COSY spectra revealed coupling

between the signals in these two regions. Both 1H NMR spectra show that exclusively

the all-keto-enamine(NH) form of the ligands is present in a mixture of two geometric

isomers shown in figure 2.3. [154–160] Moreover the 13C NMR spectra corroborate this

showing the carbonyl resonances of the central ring in the region between 182 and

188 ppm, characteristic of the keto isomer. [161]

The ligand H3L1ampy provides three tridentate [N2O] binding pockets with the carbonyl

oxygen atom, the amine nitrogen atom and the pyridine nitrogen atom as potential donors

acting as a trianionic ligand after deprotonation. The reaction with three equivalents of

copper(II) perchlorate hexahydrate in methanol in the presence of three equivalents of

aqueous ammonia causes the precipitation of a green solid, which immediately redis-
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2 Phloroglucinol-Bridged Complexes
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Figure 2.3: The two isomers of the imine-based ligands H3L1ampy and H3L1unspenp.

solve after complete addition. The subsequent addition of acetonitrile followed by slow

evaporation of the dark green solution afforded green prism of the trinuclear copper(II)

complex [Cu3(L1ampy)(MeCN)(H2O)2](ClO4)3 (Cu3L1ampy) (1).

The analogous reaction with three equivalents of nickel(II) perchlorate hexahydrate fol-

lowed by the addition of three equivalents of Hbpea leads to the formation of red-brown

prism of the trinuclear nickel(II) complex [Ni3(L1ampy)(Hbpea)3](ClO4)3 (Ni3L1ampy) (2).

The ligand H3L1unspenp provides three pentadentate [N4O] binding pockets with the car-

bonyl oxygen atoms, two amine nitrogen atoms and two pyridine nitrogen atoms as po-

tential donors. Due to the large donor set within the binding pockets no co-ligand have

to be added. Again, the ligand coordinates in its trianionic form to three metal ions. The

reaction with three equivalents of nickel(II) perchlorate hexahydrate in methanol in the

presence of three equivalents of aqueous ammonia afforded rose needles. These were re-

dissolved in acetonitrile resulting in dark red block prism of [Ni3(L1unspenp)(H2O)3](ClO4)3

(Ni3L1unspenp) (3).

The hydrazide ligands H6L1bhy and H6L1
tBubhy possess three tridentate [N2O] binding

pockets with the phenolate oxygen atom, the imine nitrogen atom and the carbonyl oxy-

gen atom as potential donors. Both ligands can adopt a variable protonation state de-

pending on the pH-value of the solution in contrast to the imine-based ligands. Beside

the three phenol groups, the amide groups within the ligand side chains can also be

deprotonated. This has been reported in copper(II) [162] as well as vanadium(V) com-

plexes [163–165] with different N-salicylidenehydrazide ligands. After coordination of the
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2.2 Synthesis and Characterization

transition metal ion at the carbonyl oxygen atom, the amide proton is removed by com-

parable moderate bases like aqueous ammonia. Hence the ligand can act as a tri- or

hexaanionic ligand.

Both ligands are only sparingly soluble in most common solvents, like methanol, ace-

tonitrile and chloroform. Therefore the complexation of the 3d-transition metal ions was

performed with suspensions of the ligands in methanol. After addition of the corre-

sponding metal salt the ligands dissolved, accompanied by a color change of the reaction

mixture.

The reaction of H6L1bhy with three equivalents of copper(II) perchlorate hexahydrate

in methanol in the presence of aqueous ammonia afforded a dark green solution. The

subsequent addition of three equivalents of imidazole results in the formation of the trin-

uclear copper(II) complex [Cu3(H2L1bhy)(Him)3](ClO4)2 (Cu3L1bhy) (4). Upon drying in

air, the crystals loose the co-crystallized solvent molecules. The ligand coordinates in his

tetraanionic form. Beside the three phenolate groups, one amide group is deprotonated,

whereas both other remain protonated which results in a rather unexpected coordination

mode of the ligand within this complex.

The reaction with three equivalents of nickel(II) perchlorate hexahydrate in methanol

in the presence of aqueous ammonia results in a yellow solution. Subsequent addition

of three equivalents of Hbpea leads to the formation of red needles. Vapor diffusion of

diethylether into a saturated solution in a mixture of acetonitrile and methanol yielded

the trinuclear nickel(II) complex [Ni3(H3L1bhy)(Hbpea)3](ClO4)3 (Ni3L1bhy) (5).

The reaction of the tert-butyl substituted hydrazide ligand H6L1
tBubhy with cobalt(II)

chloride hexahydrate leads to a red colored solution. This solution turned immedi-

ately deep brown when aqueous ammonia was added ascribed to the aerial oxidation

of the cobalt(II) ions. After addition of three equivalents of Hbpca the neutral trinuclear

cobalt(III) complex [Co3(L1
tBubhy)(bpca)3] (Co3L1

tBubhy) (6). Herein the ligand is fully de-

protonated coordinating in its hexaanionic form. Moreover the three co-ligands are de-

protonated counterbalancing the positive charge of the cobalt centers.

All complexes were characterized by X-ray structural analysis, elemental analysis, mass

spectrometry and IR spectroscopy. The crystals of the trinuclear copper complex

Cu3L1ampy (1) stay intact and is in agreement with the elemental analysis data. All the

other complexes mainly looses the co-crystallized solvent molecules upon drying in air.
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2 Phloroglucinol-Bridged Complexes

The IR spectra of the copper complexes Cu3L1ampy (1) and Cu3L1bhy (4) as well as the

nickel complexes Ni3L1ampy (2), Ni3L1unspenp (3), and Ni3L1bhy (5) exhibit a character-

istic strong broad band centered at around 1100 cm−1 which can be attributed to the

stretching vibrations of the perchlorate counterions. [166] The ν̃C=N and ν̃C=C bands partly

overlap resulting in a broad band centered at about 1600 cm−1 in complexes Cu3L1ampy

(1), Ni3L1ampy (2), and Ni3L1unspenp (3). Furthermore for the copper complex Cu3L1bhy

(4) and the nickel complex Ni3L1bhy (5) additional bands are observed in this region due

to stretching vibrations within the amide moieties of the hydrazide ligand side chains.

Therefore the bands can not be unambiguously assigned to an individual stretching

vibration. The nickel complexes Ni3L1ampy (2) and Ni3L1bhy (5) as well as the copper

complex Cu3L1bhy (4) exhibit a characteristic band at about 3250 cm−1, which can be at-

tributed to the NH stretching vibration of the amine of the Hbpea co-ligands together

with the amide groups of the hydrazide ligand side chains. In the IR spectrum of the

cobalt complex Co3L1
tBubhy (6) this band is absent in accordance to the complete de-

protonation of the ligand amide groups. Moreover the IR spectrum is dominated by

characteristic bands of the coordinated anionic bpca co-ligands with the carbonyl oxygen

stretching vibration observed at 1719 cm−1.

2.3 Crystal Structures

2.3.1 Copper Complexes

[Cu3(L1ampy)(MeCN)(H2O)2](ClO4)3 (Cu3L1ampy) (1)

The trinuclear copper complex Cu3L1ampy (1) crystallizes in the triclinic space group P1̄.

Three copper centers are chelated by the triple deprotonated ligand (L1ampy)3− and con-

nected in a meta-phenylene arrangement through a central phloroglucinol bridge. The

molecular structure and the heteroatom labeling scheme of the trinuclear complex cation

[Cu3(L1ampy)(MeCN)(H2O)2]3+ of Cu3L1ampy (1) is depicted in figure 2.4. Selected bond

lengths and angles are listed in table 2.1.

All copper ions are placed in a tetragonal coordination plane assembled by the the

phenolate oxygen atom, the imine nitrogen atom and the pyridine nitrogen atom of the

bridging ligand and an additional coordinated solvent molecule. The copper center Cu1

is coordinated by an acetonitrile molecule, whereas Cu2 and Cu3 are bound to water
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2.3 Crystal Structures

Figure 2.4: Molecular structure of the complex cation [Cu3(L1ampy)(MeCN)(H2O)2]3+ of Cu3L1ampy

(1). Thermal ellipsoids are drawn at the 50% probability level. The hydrogen atoms are

omitted for clarity.

molecules. Although the coordinated solvent molecules are different, all donor-copper

distances are rather similar for each copper center ranging between 190 and 199 pm. The

distances can be divided into two groups situated at the lower and upper end of this

range. The short distance group consists of the phenolate oxygen atoms and the imine

nitrogen atoms, whereas longer bonds are formed to the pyridine nitrogen atoms as well

as the solvent molecules. Furthermore the angles differ only slightly for each copper ion,

mainly caused by crystal packing effects. The trans angles range between 163◦ and 177◦

indicating a slight distortion of the square planar geometry.

The ligand is nearly planar with a mean deviation of only 9 pm from the best least

square plane including the ligand atoms. Therefore the copper centers are almost per-

fectly aligned within the plane of the central phloroglucinol bridge deviating from ap-

proximately 3 pm for Cu3 and 8 pm for Cu1 and Cu2. The distortion of the tetrago-

nal planes at each copper center is mainly caused by the coordinated solvent molecules

slightly displaced from the ligand plane. Due to the planarity, the complex cations as-

semble coplanar with a rather short distance of about 316 pm.
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2 Phloroglucinol-Bridged Complexes

Table 2.1: Selected bond lengths [pm] and angles [◦] for complex Cu3L1ampy (1).

Cu1–O1 189.8(3) Cu2–O2 190.0(3) Cu3–O3 189.2(3)

Cu1–N1 191.3(4) Cu2–N3 191.1(4) Cu3–N5 191.7(4)

Cu1–N2 198.1(4) Cu2–N4 199.5(4) Cu3–N6 198.8(4)

Cu1–N7 198.8(4) Cu2–O1W 196.8(4) Cu3–O2W 198.0(4)

O1–Cu1–N1 93.05(14) O2–Cu2–O1W 86.72(15) O3–Cu3–O2W 84.61(15)

O1–Cu1–N2 176.78(14) O2–Cu2–N3 92.92(14) O3–Cu3–N5 93.18(14)

O1–Cu1–N7 88.32(15) O2–Cu2–N4 176.16(14) O3–Cu3–N6 177.16(14)

N1–Cu1–N2 83.81(15) N3–Cu2–O1W 163.34(18) N5–Cu3–O2W 168.42(18)

N1–Cu1–N7 165.90(19) N3–Cu2–N4 83.43(15) N5–Cu3–N6 83.99(15)

N2–Cu1–N7 94.90(16) N4–Cu2–O1W 96.44(16) N6–Cu3–O2W 98.22(17)

The complex cation crystallizes together with three perchlorate ions and water solvent

molecules. In the crystal structure, two perchlorate ions function as weakly bound apical

ligands in distances of 245 up to 262 pm. As compared to the bond lengths of the relevant

equatorial donor atoms, these distances are significantly elongated due to the typical

Jahn-Teller distortion of the copper(II) ions. Two coplanar assembled trinuclear complex

cations are linked through coordination of the perchlorate ion Cl1 in the apical positions

of copper Cu2 and Cu3 in distances of 245 pm (Cu2–O11) and 262 pm (Cu3–O12). This

leads to the cationic dimer structure shown in figure 2.5. Moreover the perchlorate ion

Cl2 coordinate to the Cu1 in a distance of 256 pm (Cu1–O21) at the opposite site of the

above defined ligand plane. Therefore the coordination geometry of the three copper

ions can be best described as distorted (4+1) square pyramidal.

The cationic dimers further assemble to 1D chains through hydrogen bonding inter-

actions between the perchlorate ion Cl2 and the coordinated water molecule O2W along

the b-axis of the unit cell (see figure 2.6). Additional weak apical interactions are formed

between the copper center Cu1 and the imine nitrogen atom N1A within these chains in a

rather large distance of 347 pm. The same interaction has been observed in a similar din-

uclear resorcinol-bridged copper complex. [167] Furthermore these chains are cross-linked

through hydrogen bonding interactions between the perchlorate ion Cl2 and the coor-

dinated water molecule O2W of a parallel aligned chain. In addition the co-crystallized

water molecules and the perchlorate ion Cl3 are involved in this hydrogen bonding in-
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2.3 Crystal Structures

Figure 2.5: Representation of the cationic dimers of complex Cu3L1ampy (1). Hydrogen atoms are

omitted for clarity. Symmetry equivalent atoms are labeled with the suffix A. Dashed lines

indicate weak apical coordinations of the copper centers in distances (pm) of Cu1· · ·O21

256.3, Cu2· · ·O11A 245.1, and Cu3· · ·O12 261.8.
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2 Phloroglucinol-Bridged Complexes

Figure 2.6: Representation of the 1D supramolecular chains of complex Cu3L1ampy (1). Hydrogen

atoms are omitted for clarity. The non-coordinating perchlorate ion Cl3 and the co-

crystallized water molecules are also not shown. Symmetry equivalent atoms are labeled

with the suffix A and B. Dashed lines indicate either weak apical contacts at the copper

centers or hydrogen bonding interactions. Pertinent distances (pm): Cu1· · ·N1A 347.2

and O2W· · ·O23B 288.1.

teractions leading to the formation of a compact 3D network. It should be noted that

all perchlorate counterions within this complex do not show any disorder, presumably

due to the bridging connectivity within the 3D network. The compact supramolecular

network results in short separations between the copper centers of adjacent trinuclear

complex molecules at distances of 423 pm for Cu1· · ·Cu1A, 451 pm for Cu1· · ·Cu1B and

689 pm for Cu2· · ·Cu3C, compared to the large interatomic Cu· · ·Cu separation of about

730 pm within the trinuclear complex cations.

[Cu3(H2L1bhy)(Him)3](ClO4)2 (Cu3L1bhy) (4)

The copper complex [Cu3(H2L1bhy)(Him)3](ClO4)2 crystallizes in the monoclinic space

group P1̄ as two independent trinuclear complex molecules within the asymmetric unit.

It crystallizes together with methanol molecules which are partially disordered over dif-

ferent crystallographic positions. Both cationic complex molecules are very similar. Three

copper centers are coordinated by the tetra-anionic ligand (H2L1bhy)4− and linked through

a central phloroglucinol bridge. The molecular structures of one independent complex

cation of Cu3L1bhy (4) is depicted in figure 2.7.

22



2.3 Crystal Structures

Figure 2.7: Molecular structure of one independent complex cation [Cu3(H2L1bhy)(Him)3]2+ of

Cu3L1bhy (4). Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms

are omitted for clarity.

Each copper ion is coordinated in a square planar coordination environment by an

N2O2 donor set. Three coordination sites at the copper center are occupied by the pheno-

late oxygen atom, the imine nitrogen atom and the carbonyl oxygen atom of the deproto-

nated ligand forming one six- and one five-membered chelate ring. The fourth equatorial

position is occupied by the nitrogen atom of an imidazole molecule. As a result of the

rigid and planar coordination mode of the ligand, the structural parameters of the tetrag-

onal coordination planes within both molecules are very similar for all copper centers.

The bond lengths, summarized in table 2.2, range from 190 to 199 (j = 1) as well as from

188 to 199 pm (j = 2) (j = 1, 2; running number assigned to the independent ligand moi-

eties). The trans angles vary from 171 to 174◦ (j = 1) and 167 to 172◦ (j = 2) indicating

only slight distortions of the corresponding square planes.

The ligand molecules are nearly planar with a mean deviation of 9 pm (j = 1) and

5 pm (j = 2) from the corresponding best least square plane including all ligand atoms,

except the three phenylene rings of the side chains. These are slightly twisted due to

the crystal packing. The two independent complex molecules assemble nearly coplanar

in close proximity with a interplanar distance of approximately 330 pm and an angle

of about 2◦ between their normal vectors. This is caused by weak interactions of the
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2 Phloroglucinol-Bridged Complexes

Table 2.2: Selected bond lengths [pm] and angles [◦] for both independent complex molecules of

Cu3L1bhy (4)

Cu11–O11 188.3(4) Cu21–O21 190.8(4)

Cu11–O14 196.9(4) Cu21–O24 195.6(4)

Cu11–N11 190.2(4) Cu21–N21 190.8(5)

Cu11–N17 191.9(5) Cu21–N27 193.8(5)

Cu12–O12 193.7(3) Cu22–O22 192.0(4)

Cu12–O15 195.4(3) Cu22–O25 196.6(4)

Cu12–N13 190.3(5) Cu22–N23 189.8(4)

Cu12–N19 194.7(5) Cu22–N29 194.3(4)

Cu13–O13 193.1(4) Cu23–O23 191.9(4)

Cu13–O16 199.4(4) Cu23–O26 199.3(4)

Cu13–N15 190.9(4) Cu23–N25 189.9(5)

Cu13–N111 193.7(5) Cu23–N211 194.7(5)

O11–Cu11–O14 170.36(16) O21–Cu21–O24 172.38(17)

O11–Cu11–N11 92.02(16) O21–Cu21–N21 91.44(17)

O11–Cu11–N17 92.38(17) O21–Cu21–N27 95.14(18)

O14–Cu11–N11 81.99(16) O24–Cu21–N21 81.52(17)

O14–Cu11–N17 95.13(17) O24–Cu21–N27 92.14(19)

N11–Cu11–N17 166.74(19) N21–Cu21–N27 171.68(19)

O12–Cu12–O15 173.25(16) O22–Cu22–O25 173.50(14)

O12–Cu12–N13 92.15(16) O22–Cu22–N23 92.30(17)

O12–Cu12–N19 94.44(17) O22–Cu22–N29 94.13(19)

O15–Cu12–N13 81.23(16) O25–Cu22–N23 81.25(17)

O15–Cu12–N19 92.28(17) O25–Cu22–N29 92.38(19)

N13–Cu12–N19 171.50(18) N23–Cu22–N29 170.70(20)

O13–Cu13–O16 172.11(14) O23–Cu23–O26 171.27(16)

O13–Cu13–N15 90.66(17) O23–Cu23–N25 91.17(17)

O13–Cu13–N111 95.69(19) O23–Cu23–N211 94.45(18)

O16–Cu13–N15 81.52(17) O26–Cu23–N25 81.06(18)

O16–Cu13–N111 92.19(19) O26–Cu23–N211 92.84(18)

N15–Cu13–N111 171.43(21) N25–Cu23–N211 171.43(22)
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2.3 Crystal Structures

copper centers with the imine and imidazole nitrogen as well as the phenolate and car-

bonyl oxygen atoms of the other independent trinuclear complex molecule in distances

ranging from 276 pm up to 332 pm. The resulting supramolecular arrangement is de-

picted in figure 2.8. Moreover a perchlorate and a methanol molecule function as weakly

bound axial co-ligands at the copper centers Cuj3 in distances of 250 pm (Cu13–O61)

and 279 pm (Cu23–O2M). These dimers further assemble to 1D chains along the b-axis of

the unit cell through additional axial interactions between the copper centers Cuj2 and

the phenolate oxygen atoms Oj2 of adjacent complex molecules in distances of 339 pm

(j = 1) and 299 pm (j = 2). Therefore the short non-covalent distances between the cop-

per centers within the coordination chains are found between 346 and 419 pm, whereas

the distances within each trinuclear complex cation across the phloroglucinol bridge are

clearly longer with about 733 pm. The parallel chains are further cross-linked into a 3D

network through hydrogen bonding interactions involving the perchlorate counterions

and co-crystallized methanol molecules.

In the complex, each trinuclear cation crystallizes together with two perchlorate ions. To

counterbalance the positive charge of three copper centers, the ligand has to be four times

deprotonated. Consequently, beside the three phenolic oxygen atoms, one amide nitro-

gen atom of each ligand has to be deprotonated caused by the coordination of the copper

centers in combination with basic reaction conditions. This is confirmed by a comparison

of the bond lengths within the amide moieties in both independent complex molecules.

The relevant distances are summarized in table 2.3. Obviously the carbonyl Cj16–Oj5

distance of 130 pm is significantly longer while the Cj16–Nj4 bond length of 131 pm is

shorter compared to the corresponding averaged distances of the other amide moieties

of 126 pm and 133 pm. These are nearly equal within both complex molecules. Hence the

Oj5–Cj16–Nj4 angle of 124◦ is enlarged compared to 119◦ and in addition significantly

different even within the 3σ range. This is caused by the deprotonation of the amide

nitrogen atoms Nj4. The negative charge is localized at the amide oxygen atom Oj5 re-

sulting in a stronger polarization and an elongation of the Cj16–Oj5 bond. This is in ex-

cellent agreement with the amide bond lengths found in neutral vanadium(V) complexes

of N-salicylidenehydrazide ligands compared to the corresponding mono-anionic vana-

dium(V) complexes, confirming the tetra-anionic nature of the ligand molecule within

this complex. [163–165,168]
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2 Phloroglucinol-Bridged Complexes

Figure 2.8: Supramolecular arrangement of both independent complex cations of Cu3L1bhy (4). Axial

copper donor contacts are drawn as dashed lines. Hydrogen atoms are omitted for clarity.

Top: Repeating unit of the two independent complex cations. Pertinent axial copper donor

distances (pm): Cu11· · ·N29 310.4, Cu12· · ·O23 276.1, Cu13· · ·N21 338.4, Cu13· · ·O61

250.0, Cu21· · ·N111 331.9, Cu22· · ·N11 331.5, Cu23· · ·O15 267.4, Cu23· · ·O2M 279.1.

Bottom: Arrangement of the repeating units into 1D supramolecular chains along the

[010] direction. Pertinent axial copper donor distances (pm): Cu12· · ·O12A 338.8 and

Cu22· · ·O22B 299.1.
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2.3 Crystal Structures

Table 2.3: Selected bond lengths [pm] and angles [◦] for both independent complex molecules (j = 1, 2)

of Cu3L1bhy (4).

j = 1 j = 2

Cj8–Oj4 125.7(7) 126.8(7)

Cj8–Nj2 133.1(7) 134.3(6)

Cj16–Oj5 130.1(6) 129.5(7)

Cj16–Nj4 130.5(7) 130.6(7)

Cj24–Oj6 127.5(7) 125.7(6)

Cj24–Nj6 131.1(7) 134.1(7)

Oj4–Cj8–Nj2 119.6(5) 119.6(5)

Oj5–Cj16–Nj4 123.6(5) 124.2(4)

Oj6–Cj24–Nj6 118.0(5) 118.9(5)

2.3.2 Nickel Complexes

[Ni3(L1ampy)(Hbpea)3](ClO4)3 (Ni3L1ampy) (2)

The trinuclear complex Ni3L1ampy (2) is obtained as crystals together with co-crystallized

acetonitrile, methanol and water molecules, which are predominantly located at partially

occupied positions. The complex crystallizes as a two independent complex molecules

in the monoclinic space group P21/n. The molecular structure and labeling scheme of

one complex cation of Ni3L1ampy (2) is depicted in figure 2.9. Three nickel centers are

connected in a meta-phenylene arrangement through a central phloroglucinol bridge. The

coordination geometries of all nickel centers within both independent complex molecules

are almost equal. Furthermore the bond lengths and angles are very similar summarized

in table 2.4.

Each nickel ion is coordinated in a slightly distorted octahedral geometry with a N5O

donor set as indicated by the trans angles varying from 167◦ to 174◦. One tridentate

binding pocket of the meta-phenylene bridging ligand and the co-ligand Hbpea are co-

ordinated in a meridional fashion forming one five- and three six-membered chelate

rings at each nickel center. The coordinative bond lengths including all nickel(II) ions

range between 198 to 218 pm. Comparatively short distances are present within the six-

membered chelate ring formed with the phenolate oxygen atom and the imine nitrogen
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2 Phloroglucinol-Bridged Complexes

Table 2.4: Selected bond lengths [pm] and angles [◦] for both independent complex molecules of

complex Ni3L1ampy (2).

Ni11–O11 202.1(3) Ni21–O21 201.7(3)

Ni11–N11 198.5(4) Ni21–N21 198.9(4)

Ni11–N12 210.9(4) Ni21–N22 207.9(4)

Ni11–N17 217.8(4) Ni21–N27 214.6(4)

Ni11–N18 210.3(4) Ni21–N28 212.5(4)

Ni11–N19 214.8(4) Ni21–N29 213.4(4)

Ni12–O12 202.3(3) Ni22–O22 202.9(3)

Ni12–N13 200.0(3) Ni22–N23 198.5(4)

Ni12–N14 211.6(4) Ni22–N24 212.6(4)

Ni12–N110 215.7(4) Ni22–N210 214.3(5)

Ni12–N111 212.8(4) Ni22–N211 210.5(4)

Ni12–N112 212.8(4) Ni22–N212 217.1(5)

Ni13–O13 202.5(3) Ni23–O23 202.7(3)

Ni13–N15 197.9(4) Ni23–N25 199.1(4)

Ni13–N16 210.3(4) Ni23–N26 211.3(4)

Ni13–N113 216.4(4) Ni23–N213 218.1(4)

Ni13–N114 211.4(4) Ni23–N214 212.5(4)

Ni13–N115 213.4(4) Ni23–N215 214.4(4)

O11–Ni11–N12 167.06(13) O21–Ni21–N22 168.83(13)

N11–Ni11–N18 172.77(16) N21–Ni21–N28 173.36(15)

N17–Ni11–N19 173.06(15) N27–Ni21–N29 174.25(14)

O12–Ni12–N14 166.03(13) O22–Ni22–N24 166.78(14)

N13–Ni12–N111 171.81(15) N23–Ni22–N211 172.92(18)

N110–Ni12–N112 173.89(14) N210–Ni22–N212 173.80(17)

O13–Ni13–N16 168.91(13) O23–Ni23–N26 166.06(14)

N15–Ni13–N114 172.86(15) N25–Ni23–N214 172.49(17)

N113–Ni13–N115 173.05(13) N213–Ni23–N215 172.96(16)

28



2.3 Crystal Structures

Figure 2.9: Molecular structure of one of the two independent complex cations of Ni3L1ampy (2).

Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted

for clarity.

atom, whereas the bond lengths to the amine nitrogen atom and all three pyridine nitro-

gen atoms are elongated situated at the upper end of range.

In contrast to the trinuclear copper complex Cu3L1ampy (1) the overall geometry of the

ligand molecule is not planar but bowl-shaped. Therefore the nickel ions are displaced

out of the plane defined by the central bridging phloroglucinol with about 47 pm for

Ni11, 42 pm for Ni12, and 49 pm for Ni13. Although the complex exhibits no crystallo-

graphically imposed symmetry, it possess nearly C3 symmetry confirmed by the nickel

centers all located at the same site towards the phloroglucinol moiety. Furthermore the

Hbpea co-ligand molecules are also assembled corresponding to the symmetry, without

any disorder of the pyridin-2-ylethyl groups. The second independent complex cation

shows an overall higher distortion concerning the C3 symmetry as an effect of the crystal

packing. The nickel ions show a displacement from the phloroglucinol plane of about 61

pm for Ni21, 44 pm for Ni22 and 37 pm for Ni23.

The trinuclear cations are arranged coplanar concerning the planes defined by the

phloroglucinol bridge perpendicular to the [001] direction of the unit cell. The positive

charge is counterbalanced by three perchlorate ions situated, analogous to the observed

symmetry, each nearby the protonated amine atom of the corresponding Hbpea co-ligand

under formation of hydrogen bonding interactions. These establish further CH· · ·O in-

29



2 Phloroglucinol-Bridged Complexes

teractions with the pyridine rings of the Hbpea co-ligands and the ligand side chains

of adjacent complex molecules leading to an extended 3D network. The co-crystallized

methanol and water molecules contribute also to this 3D network.

[Ni3(L1unspenp)(H2O)3](ClO4)3 (Ni3L1unspenp) (3)

In complex Ni3L1unspenp (3) three nickel ions are chelated and linked in a meta-phenylene

arrangement by the triple deprotonated ligand. The positive charge of the trinuclear

complex molecules is counterbalanced by three perchlorate ions in the crystal lattice. The

molecular structure and heteroatom labeling scheme of the complex cation of Ni3L1unspenp

(3) is depicted in figure 2.10. Selected bond lengths and angles are summarized in table

2.5.

The complex crystallizes in the rhombohedral space group R3̄ and therefore possess

a crystallographic C3 symmetry perpendicular to the phloroglucinol plane. Three crys-

tallographically equivalent nickel ions are connected in a meta-phenylene arrangement

through a central phloroglucinol bridge. The asymmetric unit contains only one nickel

ion coordinated in an almost ideal octahedral environment. The coordination sites at the

nickel ion are occupied by the N4O donor set of the deprotonated ligand with distances

ranging from 198 to 212 pm. The octahedral geometry is completed by a water molecule

which binds in a distance of 215 pm. The distances to the phenolate oxygen atom O1 and

the imine nitrogen atom N1 are with 198 pm and 199 pm rather short compared to the

amine nitrogen atom N2 as well as both pyridine nitrogen atoms N3 and N4 all situated

on the upper end of the respective range.

The trans angles are 174◦ (O1–Ni–N2), 176◦ (N1–Ni–O1W) and 160◦ (N3–Ni–N4) indi-

cating only slight distortions from the octahedral geometry. Mainly this is caused by the

ligand strain forming one six-membered and three five-membered chelate rings with the

coordinated nickel ion. Both pyridine nitrogen atoms N3 and N4 and the amine nitrogen

atom N2 are coordinated in a meridional fashion to the nickel center under formation of

two five-membered chelate rings. This leads to a rather small N3–Ni–N4 trans angle of

160◦ compared to the trinuclear complex Ni3L1ampy (2). Herein the meridional coordi-

nated Hbpea co-ligand forms two six-membered chelate rings with the nickel ion result-

ing in a larger averaged trans angle of about 173◦. Within the plane of the phloroglucinol

bridge, the nickel center is coordinated by the phenolate oxygen atom O1, the imine
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2.3 Crystal Structures

Figure 2.10: Molecular structure of the trinuclear complex cation of Ni3L1unspenp (3). Thermal el-

lipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted for clarity.

Symmetry equivalent atoms are labeled with the suffixes A and B.

nitrogen atom N1, the amine nitrogen atom N3 and the water molecule O1W. The cor-

responding idealized tetragonal plane is nearly coplanar with a dihedral angle of about

12◦. Therefore the nickel ion is situated quite nicely within the phloroglucinol plane with

a displacement of only 24 pm. This leads to an interatomic Ni· · ·Ni separation of 740 pm.

In the crystal packing the cationic molecules assemble coplanar concerning the phloro-

glucinol bridge under formation of pillared arrangement along the c-axis of the unit cell

including the co-crystallized water molecules shown in figure 2.11. Herein the water

molecules are located on the crystallographic C3 axis each encapsulated by two stag-

gered trinuclear complex molecules in a distance of about 406 pm from the phlorogluci-

nol planes. The perchlorate counterions are located between these pillars and establish

hydrogen bonding interactions with the coordinated water O1W in a distance of 289 pm

(O1W· · ·O14). In addition the perchlorate ions do not show any disorder, due to addi-

tional CH· · ·O interactions formed with carbon bound hydrogen atoms of parallel pil-

lars.
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2 Phloroglucinol-Bridged Complexes

Table 2.5: Selected bond lengths [pm] and angles [◦] for complex Ni3L1unspenp (3).

Ni–O1 197.6(2) Ni–N1 199.2(2)

Ni–N2 211.5(2) Ni–N3 206.5(2)

Ni–N4 207.3(2) Ni–O1W 215.3(2)

O1–Ni–O1W 90.69(9) O1–Ni–N1 89.89(8)

O1–Ni–N2 173.68(8) O1–Ni–N3 98.67(9)

O1–Ni–N4 100.13(8) N1–Ni–O1W 176.04(11)

N1–Ni–N2 83.85(9) N1–Ni–N3 89.31(9)

N1–Ni–N4 97.70(9) N2–Ni–O1W 95.61(9)

N2–Ni–N3 82.14(10) N2–Ni–N4 79.95(9)

N3–Ni–O1W 86.74(11) N3–Ni–N4 159.92(10)

N4–Ni–O1W 86.05(11)

Figure 2.11: Supramolecular pillared arrangement of the trinuclear complex cations of Ni3L1unspenp

(3). Hydrogen atoms are omitted for clarity. Symmetry equivalent atoms are labeled with

the suffix A. Left: Sideview parallel to the c-axis, Right: Topview along the c-axis of the

unit cell.
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[Ni3(H3L1bhy)(Hbpea)3](ClO4)3 (Ni3L1bhy) (5)

The trinuclear complex Ni3L1bhy (5) is obtained as crystals together with co-crystallized

acetonitrile and methanol molecules. The ligand coordinate three nickel ions in its three-

anionic form after deprotonation of the phenolic oxygen atoms. The molecular structure

of the complex cation of Ni3L1bhy together with the labeling scheme is depicted in figure

2.12. Selected bond lengths and angles are listed in table 2.6.

Analogous to the nickel complex Ni3L1unspenp (3), this complex has a crystallographi-

cally imposed C3 symmetry crystallizing in the rhombohedral space group R3̄ with a C3

axis perpendicular to the phloroglucinol plane. The asymmetric unit contains only one

nickel ion with a slightly distorted octahedral coordination environment which is similar

to them in the nickel complex Ni3L1ampy (2).

Three coordination sites at the nickel center are occupied by the NO2 donor set of the

central phloroglucinol ligand coordinating in a meridional fashion with bite angles of

about 87◦ and 78◦ for O1–Ni–N1 and O2–Ni–N1. The octahedral geometry is completed

by the tris-chelating Hbpea co-ligand with bite angles of about 92◦ and 84◦ for N3–Ni–N4

and N4–Ni–N5. The coordinative bond lengths at the nickel(II) ion range between 200 to

214 pm. The distances to the phenolate oxygen atom O1 and the imine nitrogen atom

N1 are with approximately 201 pm rather short compared to the carbonyl oxygen atom

Figure 2.12: Molecular structure of the trinuclear complex cation of complex Ni3L1bhy (5). Thermal

ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted for clarity.
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Table 2.6: Selected bond lengths [pm] and angles [◦] for complex Ni3L1bhy (5).

Ni–O1 201.2(2) Ni–O2 214.0(2)

Ni–N1 199.8(2) Ni–N3 213.2(3)

Ni–N4 209.5(3) Ni–N5 212.4(3)

O1–Ni–O2 164.09(8) O1–Ni–N1 86.72(8)

O1–Ni–N3 92.14(9) O1–Ni–N4 88.94(10)

O1–Ni–N5 88.94(9) O2–Ni–N1 77.59(8)

O2–Ni–N3 90.78(9) O2–Ni–N4 106.59(10)

O2–Ni–N5 89.19(9) N1–Ni–N3 91.09(10)

N1–Ni–N4 174.75(11) N1–Ni–N5 92.70(10)

N3–Ni–N4 92.14(9) N3–Ni–N5 176.11(10)

N4–Ni–N5 84.26(11)

O2, the amine nitrogen atom N4 as well as both pyridine nitrogen atoms N4 and N5, all

situated on the upper end of the respective range.

A tetragonal plane can be defined for the three donor atoms of the tridentate ligand

(O1, O2 and, N1) and the amine nitrogen atom N4 of the Hbpea co-ligand whereas the

nickel ion is situated nearly perfect within having a minimal displacement of 6 pm. The

apical positions are occupied by the pyridine nitrogen atoms N3 and N5 of the co-ligand.

The three trans angles range between 164◦ and 174◦ indicating only a slight distortion

from the octahedral geometry. The dihedral angle between the defined tetragonal plane

and the mean plane of the central phloroglucinol bridge, defined by the six carbon and

three oxygen atoms, is about 20◦ due to the bowl-shaped ligand molecule within the trin-

uclear complex. Therefore the nickel centers are displaced by 61 pm out of the phloroglu-

cinol plane. This leads to an interatomic Ni· · ·Ni separation of 738 pm.

The complex cation of Ni3L1bhy (5) crystallizes together with three perchlorate counte-

rions. Each perchlorate ion forms intramolecular hydrogen bonding interactions with the

protonated nitrogen atoms N2 of the ligand and N4b of the Hbpea co-ligand in distances

of 316 pm (N2· · ·O13), 304 pm (N2· · ·O14) and 322 pm (N4B· · ·O12). Further strong

CH· · · anion hydrogen bonding is formed with the pyridine ring of the Hbpea co-ligands

of adjacent molecules in a distance of 335 pm (C14· · ·O11), situated at the lower end of

the usually observed range. [169] This leads to a 2D hydrogen bonding network oriented
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Figure 2.13: Representation of the 2D hydrogen bonding network in the crystal structure of Ni3L1bhy

(5), view along the [001] direction of the unit cell. Dashed lines indicate hydrogen bond-

ing interactions. Symmetry-related atoms are labeled with the suffix A to C. Pertinent

distances (pm): O11· · ·C14C 334.9, O12· · ·N4B 321.8, O13· · ·N2 316.0, O14· · ·N2

304.0.

perpendicular to the crystallographic c-axis of the unit cell which is shown in figure 2.13.

Therefore the perchlorate counterions do not show any disorder. These layers further

assemble into a 3D network through π-π interactions between the pyridine rings of the

Hbpea co-ligands with a interplanar distance of about 350 pm.
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2.3.3 Cobalt Complex

[Co3(L1
tBubhy)(bpca)3] (Co3L1

tBubhy) (6)

The molecular structure as well as the labeling scheme of the trinuclear cobalt(III) com-

plex Co3L1
tBubhy (6) is depicted in figure 2.14. The complex crystallizes in the triclinic

space group P1̄ with three cobalt centers within the asymmetric unit. Each cobalt is co-

ordinated within one binding pocket of the ligand linked through the phloroglucinol

bridge. In contrast to previously discussed transition metal complexes Cu3L1bhy (4) and

Ni3L1bhy (5) of the unsubstituted ligand, the ligand is fully deprotonated coordinating

in the hexaanionic form to three cobalt ions. The single deprotonated bpca co-ligand

completes the coordination sphere of each cobalt(III) center resulting in a neutral trinu-

clear cobalt complex. Analogous to Cu3L1bhy (4), the cobalt complex exhibits a pseudo C3

symmetry with only slight variations within the bond lengths and angles summarized in

table 2.7.

Each cobalt ion is embedded in a slightly distorted octahedral coordination environ-

ment with an N4O2 donor set as indicated by the trans angles varying from 166◦ to 180◦.

Figure 2.14: Molecular structure of the trinuclear complex Co3L1
tBubhy (6). Thermal ellipsoids are

drawn at the 50% probability level. Solvent molecules and hydrogen atoms are omitted

for clarity.
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Table 2.7: Selected bond lengths [pm] and angles [◦] for complex Co3L1
tBubhy (6).

Co1–O1 188.6(4) Co2–O3 187.8(4) Co3–O5 190.7(4)

Co1–O2 190.0(4) Co2–O4 189.3(4) Co3–O6 189.1(4)

Co1–N1 186.9(5) Co2–N3 186.7(5) Co3–N5 186.0(5)

Co1–N7 193.8(6) Co2–N10 193.1(5) Co3–N13 193.0(5)

Co1–N8 190.7(5) Co2–N11 189.7(5) Co3–N14 189.3(5)

Co1–N9 193.1(5) Co2–N12 193.4(5) Co3–N15 193.3(5)

O1–Co1–O2 176.97(17) O3–Co2–O4 177.65(17) O5–Co3–O6 177.31(17)

N1–Co1–N8 179.6(2) N3–Co2–N11 179.1(2) N5–Co3–N14 177.0(2)

N7–Co1–N9 166.1(2) N10–Co2–N12 167.1(2) N13–Co3–N15 166.3(2)

A tetragonal plane can be defined by the phenolate oxygen atom, the imine nitrogen atom

and the carbonyl oxygen atom of the ligand binding pocket together with the amide nitro-

gen atom of the bpca co-ligand with only small variations of the averaged bond lengths

ranging from 187 to 190 pm. Both apical positions are occupied by the pyridine nitrogen

atoms of the bpca co-ligand in slightly larger distances of about 193 pm. All bond lengths

are shorter compared to them in the nickel complex Ni3L1bhy (5) due to the closed-shell

electronic structure of the diamagnetic cobalt(III) ion. Moreover all distances are in the

observed range typical for octahedral low-spin cobalt(III) complexes. [170–173] In addition

the low-spin character is confirmed by magnetic measurements affording a diamagnetic

signal at 300 K.

The averaged trans angles within the tetragonal planes are with about 177◦ for O–Co–O

and 179◦ for N–Co–N very close to 180◦ of an ideal octahedron. Hence the cobalt centers

are located exactly within the corresponding plane. Furthermore all planes are coplanar

with the phloroglucinol bridge having a maximal dihedral angle of about 3◦ confirming

the planarity of the ligand molecule. Only the phenylene rings with the essentially not

planar tert-butyl substituents are slightly twisted, due to packing effects. This leads to an

interatomic Co· · ·Co separation of about 725 pm.

In the crystal packing the trinuclear complex molecules assemble coplanar concerning

the phloroglucinol plane analogous to all other described phloroglucinol-bridged com-

plexes. The trinuclear complex molecules assemble into 1D chains through π-π interac-

tions with an interplanar separation of 344 pm between adjacent pyridine rings of the
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2 Phloroglucinol-Bridged Complexes

Figure 2.15: Representation of the π-π stacking of the trinuclear complex molecules of Co3L1
tBubhy

(6). Hydrogen atoms as well co-crystallized solvent molecules are omitted for clarity.

bpca co-ligand coordinated at the Co2 center. This is shown in figure 2.15. The 1D chains

are aligned parallel and cross-linked through hydrogen bonding interactions with the

co-crystallized methanol and water molecules resulting in a 3D network.

2.4 Magnetic Properties

The magnetization of polycrystalline samples of both copper(II) complexes Cu3L1ampy (1)

and Cu3L1bhy (4) as well as the three nickel(II) compounds Ni3L1ampy (2), Ni3L1unspenp (3),

and Ni3L1bhy (5) are measured in a temperature range between 2 and 300 K. The magnetic

susceptibility data of the trinuclear cobalt(III) complex Co3L1
tBubhy (6) at 300 K reveals a

diamagnetic S = 0 ground state, which is in agreement with the crystallographic data

indicating all cobalt centers to be in the low-spin state.

Trinuclear Copper Complexes

Variable temperature (2–300 K) magnetic susceptibility data for the trinuclear copper

complexes Cu3L1ampy (1) and Cu3L1bhy (4) are depicted in figure 2.16 as χM = f (T)

and χMT = f (T) plots. The experimental χMT value of both complexes at 300 K is

1.34 cm3 K mol−1, which is close to the theoretical spin-only value expected for three in-
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Figure 2.16: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles,

•) for the complexes Cu3L1ampy (1) (left) and Cu3L1bhy (4) (right) measured with an

applied magnetic field of 2000 Oe. The corresponding fit functions according to equation

2.2 are drawn as solid lines (for parameters see text).

dependent copper(II) ions. For both complexes a different temperature dependency of

the magnetic susceptibility is observed. Upon lowering the temperature the χMT value

slightly decreases down to 1.17 cm3 K mol−1 at 50 K and then rapidly decreases down to

0.68 cm3 K mol−1 at 2 K for complex Cu3L1ampy (1). This behavior indicates an antiferro-

magnetic coupling between the three copper ions mediated through the phloroglucinol

bridge. In complex Cu3L1bhy (4) the χMT value slightly decreases upon lowering the

temperature reaching a minimum value of 1.21 cm3 K mol−1 at 25 K. Further lowering

the temperature leads to a rapid increase of the χMT value. This behavior is character-

istic for ferromagnetic exchange interactions between the three copper ions. The slight

decrease of the χMT values of both complexes in the high temperature region can be as-

cribed to a temperature independent paramagnetism.

The three copper ions in both complexes are coordinated by the ligands in an almost C3

symmetric triangular arrangement. Hence for symmetry reasons the three copper centers

can be treated as an equilateral triangle with three equal pairwise magnetic interactions.

The corresponding isotropic spin Hamiltonian is given as:

Ĥ = −J(Ŝ1Ŝ2 + Ŝ1Ŝ3 + Ŝ2Ŝ3) (2.1)
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For S1 = S2 = S3 = 1/2 this leads to the expression given in equation 2.2 with the

abbreviation A = −3J/2kT.

χM =
NAβ2g2

4kT
5 + expA
1 + expA

+ χTIP (2.2)

Herein χTIP represents the contribution due to the temperature independent para-

magnetism. The best fit of the experimental data according to equation 2.2 results

in J = −1.636(2) cm−1, g = 2.143(1), and χTIP = 1.8(2) · 10−4 cm3 mol−1 for

complex Cu3L1ampy (1) with r2 = 0.99994. For complex Cu3L1bhy (4) this leads

to J = +0.330(11) cm−1, g = 2.055(1), and χTIP = 4.7(1) · 10−4 cm3 mol−1 with

r2 = 0.98499.

For both complexes Cu3L1ampy (1) and Cu3L1bhy (4) very weak exchange interactions are

obtained. Within the trinuclear complex Cu3L1bhy (4) the interaction is ferromagnetic

as expected from the spin polarization mechanism. The ferromagnetic coupling is sig-

nificantly weaker compared to published trinuclear phloroglucinol-bridged copper(II)

complexes with J ranging from +2.04 up to +6.61 cm−1. [62,89,113] Within the trinuclear

complex Cu3L1ampy (1) the interaction is even antiferromagnetic.

Although the simple picture of a spin polarization mechanism would predict a ferro-

magnetic ground state for a meta-phenylene-bridged system, it has been shown by Bencini

et al. that both spin polarization and superexchange effects contribute to the overall cou-

pling behavior in such systems. [70] Within both complexes the copper centers are coor-

dinated in a square planar arrangement with negligible semi-coordinated axial contacts.

Hence the magnetic orbital at each copper ion has basically dx2−y2 character, which is

almost orthogonal to the π-system of the phloroglucinol bridge. Therefore only an indi-

rect spin polarization is possible, which is less effective. This is corroborated by a series

of phloroglucinol-bridged square planar copper complexes differing in the ligand fold-

ing. Herein flat geometries weaken the ferromagnetic coupling, while ligand folding

strengthens the ferromagnetic coupling. [113] Density functional calculations indicate that

this effect cannot be ascribed only to spin polarization but spin-delocalization is also ef-

fective. This is also in agreement with results of DFT calculations on similar dinuclear

meta-phenylene-bridged copper(II) complexes. [174] In complex Cu3L1bhy (4) the ligand

exhibits an overall stronger distortion compared to the nearly planar copper complex
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Cu3L1ampy (1), which is in agreement with the stronger ferromagnetic exchange interac-

tion through spin polarization mechanism. Consequently, the more effective superex-

change pathway through the meta-phenylene-bridging unit dominates in the complex

Cu3L1ampy (1) and leads to the overall antiferromagnetic exchange coupling between the

copper centers.

Trinuclear Nickel Complexes

Variable temperature (2–300 K) magnetic susceptibility data for the trinuclear nickel com-

plexes Ni3L1ampy (2), Ni3L1unnspenp (3), and Ni3L1bhy (5) are depicted in figures 2.17,

2.18, and 2.19 as χM = f (T) and χMT = f (T) plots. The experimental χMT values at

300 K of 3.61 cm3 K mol−1 for Ni3L1ampy (2), 3.86 cm3 K mol−1 for Ni3L1unspenp (3), and

3.67 cm3 K mol−1 for Ni3L1bhy (5) are very similar and furthermore characteristic for the

spin-only value of three independent nickel(II) centers with S = 1. The magnetic be-

havior of the three complexes is nearly identical. Upon lowering the temperature the

χMT value slightly decreases up to a temperature of about 50 K and then drops to a

value of 2.17 cm3 K mol−1 for Ni3L1ampy (2), 2.47 cm3 K mol−1 for Ni3L1unspenp (3), and

1.89 cm3 K mol−1 for Ni3L1bhy (3). This indicate either antiferromagnetic exchange in-

Figure 2.17: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles,

•) for complex Ni3L1ampy (2) measured with an applied magnetic field of 2000 Oe. The

solid lines represent the theoretical curves derived from equation 2.4 assuming exclusively

isotropic exchange interactions. The dashed lines represent the best fit according to

equation 2.5 taken additional ZFS into account (for parameters see text).
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2 Phloroglucinol-Bridged Complexes

Figure 2.18: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles, •)
for complex Ni3L1unspenp (3) measured with an applied magnetic field of 2000 Oe. The

solid lines represent the theoretical curves derived from equation 2.4 assuming exclusively

isotropic exchange interactions. The dashed lines represent the best fit according to

equation 2.5 taken additional ZFS into account (for parameters see text).

Figure 2.19: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles,

•) for complex Ni3L1bhy (5) measured with an applied magnetic field of 2000 Oe. The

solid lines represent the theoretical curves derived from equation 2.4 assuming exclusively

isotropic exchange interactions. The dashed lines represent the best fit according to

equation 2.5 taken additional ZFS into account (for parameters see text).
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teractions or zero-field splittings (ZFS) in the trinuclear nickel(II) complexes with local

spins of S = 1. However, a combination between these two effects might also be pos-

sible. Therefore the experimental data has been analyzed first taking into account the

isotropic exchange interactions between the three nickel centers regardless to the ZFS.

Analogous to the copper complexes the Ni3 core units within the three nickel complexes

can be treated as an equilateral triangle with three equal pairwise magnetic interactions.

The corresponding isotropic spin Hamiltonian is given as:

Ĥ = −J(Ŝ1Ŝ2 + Ŝ1Ŝ3 + Ŝ2Ŝ3) (2.3)

For S1 = S2 = S3 = 1 the van Vleck equation leads to the expression given in the equation

2.2 with the following abbreviations: A = J/kT, B = 3J/kT, and C = 6J/kT.

χM =
2NAβ2g2

kT
3expA + 10expB + 14expC

1 + 9expA + 10expB + 7expC
+ χTIP (2.4)

The temperature independent paramagnetism (χTIP) was also taken into account, as a re-

sult of the course of the experimental magnetic data in the temperature region above 50 K.

The best fit according to equation 2.4 is obtained with the parameters J = −0.462(7) cm−1,

g = 2.203(2), and χTIP = 4.8(4) · 10−4 cm3 mol−1 for Ni3L1ampy (2) with r2 = 0.99602.

Similar values could be obtained for complex Ni3L1unspenp (3) with J = −0.420(3) cm−1,

g = 2.225(1), and χTIP = 4.7(2) · 10−4 cm3 mol−1 as well as for complex Ni3L1bhy (5) with

J = −0.58(1) cm−1, g = 2.171(3), and χTIP = 2.5(7) · 10−4 cm3 mol−1 with r2 = 0.99838

and r2 = 0.99122, respectively.

The negative coupling constants of all complexes confirm the presence of weak antiferro-

magnetic interactions between the three nickel centers through the phloroglucinol bridge.

Moreover the exchange couplings in the nickel complexes are nearly equal, in line with

what is expected considering the highly related structural arrangements.The isotropic

exchange interactions are rather strong compared to the antiferromagnetically coupled

copper complex Cu3L1ampy (1) with J = −1.63 cm−1. Moreover especially in the cases of

weak exchange interactions, as in the current nickel complexes, the ZFS should be taken

into account in order to reliably determine the exchange parameter J. [175,176] Hence the

43



2 Phloroglucinol-Bridged Complexes

decrease of χMT = f (T) at lower temperatures might be attributed to additional ZFS,

typical for hexa-coordinated nickel(II) complexes. Therefore the experimental data is an-

alyzed with the program package DAVE using the appropriate spin hamiltonian given in

equation 2.5. [177] These include the isotropic exchange Hamiltonian, the single-ion zero-

field splitting, and the single-ion Zeeman interaction. Due to C3 symmetry of the com-

plexes and to avoid overparametrization only one axial ZFS parameter D equal for the

three nickel centers is assumed.

Ĥ = −J(Ŝ1Ŝ2 + Ŝ1Ŝ3 + Ŝ2Ŝ3) +
3

∑
i=1

Di[Ŝ2
z,i −

1
3
(Si(Si + 1)] +

3

∑
i=1

giβŜi
−→
H (2.5)

Considering χTIP, the best fit for complex Ni3L1ampy (2) is obtained with parameters

J = −0.14 cm−1, D = −5.5 cm−1, g = 2.18, and χTIP = 7.2 · 10−4 cm3 mol−1. A similarly

good agreement with the experimental data could be obtained for complex Ni3L1unspenp

(3) with the best fit parameters J = −0.37 cm−1, D = −1.8 cm−1, g = 2.23, and χTIP =

5.4 · 10−4 cm3 mol−1. For complex Ni3L1bhy (5) the best fit results in J = −0.28 cm−1,

D = −5.3 cm−1, g = 2.16, and χTIP = 4.1 · 10−4 cm3 mol−1. It should be noted here,

that it is difficult to unambiguously determine the sign of D from magnetic susceptibility

data derived from powder measurements, because the variations of χMT are in general

not very sensitive to the sign of D. [178] The fits carried out with reversal sign for the D

parameter led to only marginal worse fittings of the experimental magnetic data. Never-

theless the large D values of the complexes Ni3L1ampy (2) and Ni3L1bhy (5) are consistent

with the observed distorted octahedral coordination geometry of the nickel(II) ions. The

D value of complex Ni3L1unspenp (3) is smaller, which is in excellent agreement with the al-

most ideal octahedral coordination geometry of the nickel centers in comparison to both

other complexes. The magnetic anisotropy of the three nickel complexes is consistent

with the fact, that no signal could be detected in the X-band EPR spectra. Moreover the D

values are within the generally observed broad range from −22 to +12 cm−1. [179–182] All

complexes exhibit very weak antiferromagnetic exchange interactions between the three

nickel ions. In complex Ni3L1unspenp (3) the coupling is somewhat stronger, attributed to

minor displacements of about 20 pm of the nickel ions relating to the bridging phloroglu-

cinol plane compared to averaged 47 pm for complex Ni3L1ampy (2) as well as 61 pm for

complex Ni3L1bhy (5). This is consistent with results obtained for the trinuclear copper

complexes in the last section.
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3.1 Ligand and Complex Design

In the previous chapter C3 symmetric ligands based on phloroglucinol and the trinuclear

transition metal complexes have been synthesized and characterized. In this chapter the

tritopic arrangement of three metal ions with meta-phenylene linkage is based on 1,3,5-

triaminobenzene. This approach has been only scarcely utilized in literature. [63] In con-

trast the meta-phenylene linkage of two metal ions based on 1,3-diaminobenzene ligands

has been more intensively studied. [90,118–126,183–186] Some Schiff-base ligands as well as

one amide ligand have been synthesized. Besides a few iron(III), cobalt(II) and nickel(II)

complexes predominantly copper(II) complexes have been structurally characterized.

The reaction with copper(II) ions leads to the formation of metallamacrocyclic dinuclear

complexes, wherein two copper centers are coordinated by two ligand molecules. Two

different complex structures have been reported and schematically shown in figure 3.1.

In the anti-orientation the meta-phenylene rings are parallel to each other but mutually

shifted, [119,120,122–124] whereas in the syn-orientation these rings are stacked. [121] A closer

analysis of the complex structures reveals, that the anti-arrangement is obtained with

binding pockets forming six-membered chelate rings with the metal ion, whereas five-

membered chelate rings favor the syn-arrangement.

N

N

N

N

Cu

Cu

N

N

Cu

Cu
N

N

synanti

Figure 3.1: The central core structures in dinuclear 1,3-diaminobenzene-bridged copper(II) complexes.
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Figure 3.2: The new tritopic ligands based on 1,3,5-triaminobenzene.

Up to now only a single C3 symmetric ligand based on 1,3,5-triaminobenzene has

been reported. [90] The reaction with copper(II) ions forms a trinuclear complex wherein

three copper ions are coordinated by two ligand molecules under formation of 1,3,5-

metallacyclophane shown in figure 1.3. The copper ions are coordinated by the ligand

under formation of five-membered chelate rings leading to the syn-orientation of the

benzene rings. This is in agreement with the results obtained from the analogue din-

uclear complex. [121] Hence C3 symmetric ligands forming six-membered chelate rings

with the coordinated copper(II) ion should lead to metallamacrocyclic complexes with

anti-oriented phenylene rings. Therefore the directed synthesis of novel metallamacro-

cyclic complexes through molecular-programmed self-assembly of the ligands should be

possible depending on the design of the ligand binding pockets. In this context the two

ligands depicted in figure 3.2 were synthesized. Beside a new amide ligand H3L2pic,

a novel Schiff-base ligand H3L2
tBusal was synthesized. Upon coordination the ligand

H3L2pic forms five-membered chelate rings with the coordinated metal ions, whereas the

latter forms six-membered rings. This results in two different types of metallamacrocyclic

complex structures, which will be discussed separately in the following sections.
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3.2 Metallamacrocyclic Complexes with the Amide-Based Ligand H3L2pic

3.2 Metallamacrocyclic Complexes with the Amide-Based

Ligand H3L2pic

3.2.1 Synthesis and Characterization

The new ligand H3L2pic was synthesized starting from 1,3,5-triaminobenzene. This was

prepared in a two step synthesis starting from 1,3,5-trihydroxybenzene shown in fig-

ure 3.3. The reaction with hydroxylamine followed by the hydrogenolysis using Raney-

nickel yielded 1,3,5-triaminobenzene as colorless crystals in high quantity. [187,188] The

subsequent reaction with 2-pyridinecarboxylic acid in dry pyridine under addition of

triphenyl phosphite yielded the amide ligand H3L2pic in excellent yield of 91 %. This

synthetic route is well known from literature. [189,190]
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N

N

N N

O

O

O
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NH2

H2N NH2 N
O

OH

P(OPh)3

HO

OH

OH
H
N

HN

H
N

OH

OHHONH2OH Raney-Ni

H2

NH2

H2N NH2

Figure 3.3: Synthesis of the ligand H3L2pic starting from 1,3,5-trihydroxybenzene.

The ligand H3L2pic provides three equal bidentate [N2] binding pockets, with the pyri-

dine nitrogen and the amide nitrogen atoms, accessible after deprotonation, as potential

donors. The ligand coordinates to three metal ions in its trianionic form. Moreover the

coordination of transition metal ions results in six-membered chelate rings formed with

the metal centers. This favors the syn-arrangement of the phenylene bridges leading

to trinuclear complexes. The ligand is only slightly soluble in dimethylformamide and
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3 Triaminobenzene-Bridged Complexes

dimethylsulfoxide, because of the planar structure and formation of hydrogen bonding

as well as π-π stacking interactions, limiting the reaction conditions for complexation.

The reaction with copper(II) perchlorate hexahydrate in dimethylsulfoxide in the molar

ratio of 2 : 3 under addition of triethylamine results in the formation of a trinuclear

copper complex Cu3L2pic
2 . Two ligand molecules coordinate three copper ions resulting

in the neutral metallamacrocycle [Cu3(L2pic)2(DMSO)3] (7). This complex is one of only

three examples of a structural characterized 1,3,5-metallacylophane. [63,191]

The reaction of the ligand H3L2pic with copper(II) perchlorate hexahydrate in the mo-

lar ratio of 1 : 3 under addition of triethylamine and sodium azide leads to the formation

of the tetranuclear copper complex [Cu4(L2pic)2(µ1,3-N3)(µ-OH)(H2O)(DMF)] (Cu4L2pic
2 )

(8). This complex exhibits a novel structural core motif. The complexation affords a neu-

tral metallamacrocycle composed of two trisbidentate ligands, four copper(II) ions and

one bridging hydroxide as well as azide ion. Three copper ions are chelated by each lig-

and. Two of them are coordinated by both ligand molecules, whereas the other copper

centers are bound in both remaining binding pockets and further linked through a di-µ-

hydroxo-µ1,3-azido bridge. This complex cannot be prepared by stoichiometric reaction

of the ligand and copper(II) perchlorate in the molar ratio of 1 : 2 as present in the com-

pound. In this case the trinuclear metallacyclophane complex Cu3L2pic
2 (7) crystallizes

from the reaction solution within a few hours.

Both complexes were characterized by X-ray structural analysis, elemental analysis, ther-

mogravimetric analysis (TGA) measurements and IR spectroscopy. The trinuclear com-

plex Cu3L2pic
2 (7) crystallizes together with dimethylsulfoxide and water molecules. Dur-

ing washing process the crystals crumble into powder. All dimethylsulfoxide molecules

including both coordinated and co-crystallized ones are eliminated resulting in the com-

plex constitution of [Cu3(L2pic)2]·7H2O obtained after drying in air. This is confirmed by

elemental analysis, and TGA measurements. The latter reveals a weight loss of 10.5 %

in a temperature range up to 100 ◦C, which can be assigned to the loss of seven water

molecules. This indicates seven water molecules per trinuclear complex molecule, which

is in excellent agreement with the elemental analysis data.

The tetranuclear complex Cu4L2pic
2 (8) crystallizes together with dimethylformamide

and water solvent molecules. Upon drying in air the crystals loose the dimethyl-

formamide molecules and crumble into powder. Elemental analysis reveals a higher
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water content leading to the final complex composition of [Cu4(L2pic)2(µ1,3-N3)(µ-

OH)(H2O)(DMF)] · 14H2O. This is also confirmed by TGA measurements. Heating up

to 250◦C reveals a weight loss of 25.1%, meanwhile the complex starts to decompose.

This weight loss can be attributed to the removal of 15 water, one dimethylformamide

and one azide molecule, which is in excellent agreement to the elemental analysis data.

In the IR spectra of both complexes the ν̃N−H stretching vibration of the ligand at

3335 cm−1 is absent due to the deprotonation of the amide protons. Furthermore the

amide ν̃O=C−N vibration at 1686 cm−1 is shifted to frequencies lower than 1620 cm−1, as a

result of the coordination of the amide nitrogen atoms to the copper ions. In the tetranu-

clear complex Cu4L2pic
2 (8) an additional characteristic band is observed at 2037 cm−1,

which can be attributed to the ν̃N≡N stretching vibration of the azide bridge.

3.2.2 Crystal Structures

[Cu3(L2pic)2(DMSO)3] (Cu3L2
pic
2 ) (7)

The trinuclear copper complex Cu3L2pic
2 (7) co-crystallizes with dimethylsulfoxide and

water molecules in crystals of [Cu3(L2pic)2(DMSO)3] · 3DMSO · 6H2O. Three copper ions

are chelated and bridged by two triply deprotonated meta-phenylene ligands under

formation of a neutral 1,3,5-metallacyclophane. The complex crystallizes in the cen-

trosymmetric cubic space group Pa3̄ as a racemic mixture of two independent trinuclear

molecules within the unit cell (j = 1, 2 running number assigned to the two independent

chiral complex molecules). The chirality is caused by a helical twist within the individual

complex molecules.

The molecular structure and labeling scheme of one of the two independent molecules

of Cu3L2pic
2 is depicted in figure 3.4. Selected bond lengths and angles are summarized

in table 3.1. Both neutral trinuclear complex molecules are highly symmetric with a C3

axis perpendicular through the planes of the stacked meta-phenylene bridges. Thus, the

three copper centers within each molecule are crystallographically identical.

The copper ions Cuj1 are tetra-coordinated with a N4 donor set through the deproto-

nated amide nitrogen atoms Nj1 and Nj3 and the pyridine nitrogen atoms Nj2 and Nj4

of both ligand molecules with averaged bite angles of 82◦. The bond lengths range from

195 to 203 pm (j = 1) and from 196 to 206 pm (j = 2). Furthermore dimethylsulfox-

ide molecules are weakly bound through the oxygen atoms O1Dj at larger distances of
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Figure 3.4: Molecular structure of the complex molecule of Cu3L2
pic
2 (7) (one of two crystallographi-

cally independent molecules is shown). Thermal ellipsoids are drawn at the 50% probability

level. Solvent molecules and hydrogen atoms are omitted for clarity. Symmetry equivalent

atoms are labeled with the suffix A and B. Left: Side view of the molecular structure.

Right: Top view of the molecular structure. Herein the coordinated dimethylsulfoxide

molecule at each copper center is omitted for clarity.

264 pm (j = 1) and 228 pm (j = 2). This leads to a (4+1) coordination geometry for

each copper center. The Nj2–Cuj1–Nj3 angles of 146◦ (j = 1) and 137◦ (j = 2) are rather

small compared to the Nj1–Cuj1–Nj4 angles of 165◦ (j = 1) and 173◦ (j = 2) within the

tetragonal coordination indicating a strong distortion. The differences between both in-

dependent molecules are due to the weakly bound dimethylsulfoxide molecules. The

distortion of the tetragonal coordination can be best described by the dihedral angle be-

tween both planes formed by the copper center and the corresponding nitrogen donor

atoms of the five-membered chelate rings. Herein 0◦ is equal to an ideal square pla-

nar and 90◦ is equal to an ideal tetrahedral environment. [192] The dihedral angles within

both complex molecules are half in between with 40◦ (j = 1) and 45◦ (j = 2). Such

an intermediate geometry has been previously observed in dinuclear metallamacrocyclic

complexes, [120,122,193,194] caused by the geometric ligand strain. [195] The distortion within

this complex may be ascribed to steric effects between the pyridine rings. The ortho-

positioned hydrogen atoms on the pyridine rings prevent the square planar coordination

geometry at the copper centers. The additional coordination of the dimethylsulfoxide

molecules leads to a rather unusual highly distorted (4+1) penta-coordination of the cop-

per ions.
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Table 3.1: Selected bond lengths [pm] and angles [◦] for both independent complex molecules (j = 1, 2)

in complex Cu3L2
pic
2 (7).

j = 1 j = 2

Cuj1–Nj1 194.5(3) 196.1(3)

Cuj1–Nj2 203.0(3) 205.6(3)

Cuj1–Nj3 198.8(3) 200.3(3)

Cuj1–Nj4 199.4(3) 200.1(3)

Cuj1–O1Dj 263.8(4) 228.1(3)

Nj1–Cuj1–Nj2 82.57(12) 81.36(12)

Nj1–Cuj1–Nj3 104.66(13) 104.19(12)

Nj1–Cuj1–Nj4 164.60(14) 173.12(14)

Nj2–Cuj1–Nj3 146.12(13) 137.27(13)

Nj2–Cuj1–Nj4 99.71(14) 98.22(13)

Nj3–Cuj1–Nj4 82.02(14) 80.83(13)

O1Dj–Cuj1–Nj1 87.15(12) 89.65(12)

O1Dj–Cuj1–Nj2 89.87(13) 98.90(12)

O1Dj–Cuj1–Nj3 123.11(13) 123.15(12)

O1Dj–Cuj1–Nj4 77.66(14) 83.65(12)

The interatomic Cu· · ·Cu separation in both independent molecules of the trinuclear

complex is 670 pm. The bridging phenylene rings of the ligand molecules are twisted to

accommodate a staggered arrangement with distances of about 312 pm between the av-

eraged planes. These are equal to a reported trinuclear platinum(II) cyclophane complex

with 1,3,5-tris(diphenylphosphino)benzene. [191] However, in an enneanuclear copper(II)

complex containing a 1,3,5-metallacyclophane core unit the distance is larger with 323 pm

due to the square planar coordination geometry of the copper ions with an almost per-

pendicular arrangement concerning the double meta-phenylene bridge. [90]

In the crystal packing no significant intermolecular contacts occur between the

trinuclear complex molecules due to the co-crystallized dimethylsulfoxide and water

molecules. Consequently the complex molecules are well separated with the shortest

intermolecular Cu· · ·Cu separation of 1080 pm.
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[Cu4(L2pic)2(µ1,3-N3)(µ-OH)(H2O)(DMF)] (Cu4L2
pic
2 ) (8)

The tetranuclear complex Cu4L2pic
2 (8) co-crystallizes with dimethylformamide and wa-

ter solvent molecules in crystals of [Cu4L2(µ1,3-N3)(µ-OH)(H2O)(DMF)] · 2DMF · 3H2O in

the monoclinic space group P21/n. The coordination results in a novel neutral metalla-

macrocycle composed of two tris-bidentate ligands, four copper(II) ions, one bridging

hydroxide and azide ion. Herein two of the copper ions are coordinated by two lig-

and molecules whereas the other two copper ions are coordinated by one ligand binding

pocket and further linked through a di-µ-hydroxide-µ1,3-azide bridge. The molecular

structure of the tetranuclear complex is shown in figure 3.5. Selected bond lengths and

angles are listed in table 3.2.

The coordination environments of the copper centers Cu1 and Cu3 are nearly identical

and similar to the tetragonal coordination in the symmetric trinuclear complex Cu3L2pic
2

(7). Each copper ion is coordinated by a N4 donor set of two ligand molecules through the

deprotonated amide and the pyridine nitrogen atoms with similar averaged bite angles

Figure 3.5: Molecular structure of the tetranuclear complex molecule Cu4L2
pic
2 (8). Thermal ellipsoids

are drawn at the 50% probability level. Solvent molecules and hydrogen atoms are omitted

for clarity.
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Table 3.2: Selected bond lengths, interatomic distances [pm] and angles [◦] for complex Cu4L2
pic
2 (8).

Cu1–N1 196.8(3) Cu3–N5 194.7(3)

Cu1–N2 198.6(3) Cu3–N6 199.7(3)

Cu1–N11 194.5(3) Cu3–N7 195.9(3)

Cu1–N12 201.9(3) Cu3–N8 199.8(3)

Cu2–O7 194.5(3) Cu4–O7 192.1(3)

Cu2–N3 195.8(3) Cu4–N9 195.9(3)

Cu2–N4 200.2(3) Cu4–N10 200.4(3)

Cu2–N13 205.3(3) Cu4–N15 200.4(3)

Cu2–O1W 230.3(3) Cu4–O1D 248.5(3)

Cu1· · ·Cu2 754.91(7) Cu2· · ·Cu3 687.35(7)

Cu1· · ·Cu3 662.19(6) Cu2· · ·Cu4 364.18(6)

Cu1· · ·Cu4 691.00(7) Cu3· · ·Cu4 748.13(6)

N1–Cu1–N2 83.18(13) N5–Cu3–N6 82.50(13)

N1–Cu1–N11 105.84(13) N5–Cu3–N7 104.50(12)

N1–Cu1–N12 152.10(14) N5–Cu3–N8 148.54(13)

N2–Cu1–N11 157.77(14) N6–Cu3–N7 158.33(13)

N2–Cu1–N12 99.83(13) N6–Cu3–N8 100.78(13)

N11–Cu1–N12 81.78(13) N7–Cu3–N8 84.01(12)

O7–Cu2–N3 98.71(12) O7–Cu4–N9 99.77(12)

O7–Cu2–N4 170.19(12) O7–Cu4–N10 177.56(13)

O7–Cu2–N13 88.92(12) O7–Cu4–N15 88.82(12)

O7–Cu2–O1W 88.56(11) O7–Cu4–O1D 87.07(12)

N3–Cu2–N4 82.60(13) N9–Cu4–N10 82.23(13)

N3–Cu2–N13 167.37(13) N9–Cu4–N15 166.76(13)

N3–Cu2–O1W 100.66(12) N9–Cu4–O1D 95.37(12)

N4–Cu2–N13 88.21(13) N10–Cu4–N15 89.46(13)

N4–Cu2–O1W 100.79(12) N10–Cu4–O1D 91.36(12)

N13–Cu2–O1W 89.52(12) N15–Cu4–O1D 95.12(13)
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of about 83◦. The other angles within both coordination polyhedra range from 100◦ to

158◦ indicating a strong distortion of the tetragonal planes. The coordination geometry

is between square planar and tetrahedral with dihedral angles of 38◦ for Cu1 and 41◦ for

Cu3 between both N–Cu–N planes of the five-membered chelate rings.

The copper centers Cu2 and Cu4 are coordinated by one ligand in a bidentate manner

through the amide and pyridine nitrogen atoms, respectively. The bridging hydroxide

and end-to-end azide ion complete the square planar coordination with trans angles rang-

ing between 167◦ and 178◦. Additionally the Cu2 is coordinated by the water molecule

O1W and the Cu4 by the oxygen atom O1D of a dimethylformamide molecule in the api-

cal position. Both distances are rather large with about 230 pm (Cu2–O1W) and 249 pm

(Cu4–O1D) compared to the equatorial bond lengths of the two copper centers ranging

from 195 to 205 pm. Therefore the coordination geometries of both copper centers can

be best described as (4+1) square-pyramidal as a result of Jahn-Teller distortion typical

for copper(II) complexes. The Cu2 is displaced by 16 pm and the Cu4 by 7 pm out of

the corresponding tetragonal plane towards the apical position. These planes are nearly

coplanar with a dihedral angle of about 13◦. The copper ions are in close proximity with

a separation of 364 pm and a rather large hydroxide bridging angle of 141◦. In contrast

all other Cu· · ·Cu separations within the tetranuclear metallamacrocycle are rather large

with distances ranging from 662 to 755 pm (see table 3.2).

The µ-hydroxide-µ-azide-bridged dinuclear copper unit supports the formation of a

intramolecular hydrogen bonding interaction between the apical coordinated dimethyl-

formamide and the water molecule with a distance of 291 pm (O1D· · ·O1W). Further

hydrogen bonding is established involving the co-crystallized water molecules and the

carbonyl oxygen atoms of the complex molecule leading to the formation of 1D chains

along the [101] direction of the unit cell shown in figure 3.6. The co-crystallized dimethyl-

formamide molecules are located between these chains without any hydrogen bonding

interactions.
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3.2 Metallamacrocyclic Complexes with the Amide-Based Ligand H3L2pic

Figure 3.6: Representation of the supramolecular structure of complex Cu4L2
pic
2 (8). The 1D chain run

along the [101] direction of the unit cell. Dashed lines indicate hydrogen bonding interac-

tions. Symmetry equivalent atoms are labeled with the suffixes A and B. Pertinent distances

(pm): O1W· · ·O1D 291.4, O1W· · ·O2W 282.3, O2W· · ·O1 277.0, O2W· · ·O3W 281.1,

O3W· · ·O5A 279.7, O3W· · ·O6A 303.9, O4W· · ·O2 279.1, O4W· · ·O3 304.4.
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3.2.3 Magnetic Properties

Trinuclear Metallamacrocyclic Complex

Variable temperature (2-300 K) magnetic susceptibility data for complex Cu3L2pic
2 (7) is

depicted in figure 3.7 as χM = f (T) and χMT = f (T). The experimental χMT value

at 300 K is 1.42 cm3 K mol−1, which is slightly higher than the theoretical spin-only

value expected for three independent copper(II) ions. Upon lowering the temperature

χMT slightly decreases to 1.41 cm3 K mol−1 at 240 K and then continuously increases

up to 2.03 cm3 K mol−1 at 10 K. Below 10 K, χMT decreases again reaching a value of

1.91 cm3 K mol−1 at 2 K.

The gradual increase of the χMT values observed upon cooling in the temperature

range between 240 and 10 K indicate a ferromagnetic coupling between the three copper

centers mediated through the meta-phenylene bridges. Moreover magnetization mea-

surements at 2 K confirm the S = 3/2 triplet ground state which are shown in figure

3.8. The high temperature course can be attributed to a temperature-independent para-

magnetism present in this complex. Furthermore this is consistent with the higher ex-

perimental room temperature value. The decrease below 10 K is due to additional weak

intermolecular antiferromagnetic exchange interactions.

Figure 3.7: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles, •)
for complex Cu3L2

pic
2 (7) measured with an applied magnetic field of 2000 Oe. The cor-

responding fit functions according to equation 3.2 are drawn as solid lines (for parameters

see text).
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3.2 Metallamacrocyclic Complexes with the Amide-Based Ligand H3L2pic

Figure 3.8: Field dependence of the magnetization for complex Cu3L2
pic
2 (7) at 2 K (•). The Brillouin

function for S = 1.5 and g = 2.10 is plotted as solid line.

Due to the C3 symmetry the triangular Cu3 unit was treated as an equilateral triangle with

three equal pairwise magnetic interactions. The experimental χMT data was analyzed

using the corresponding isotropic spin hamiltonian given as:

Ĥ = −J(Ŝ1Ŝ2 + Ŝ1Ŝ3 + Ŝ2Ŝ3) (3.1)

For S1 = S2 = S3 = 1/2 this leads to the expression for the molar susceptibility given in

equation 3.2 with the abbreviation A = −3J/2kT. [178]

χM =
NAβ2g2

4k(T − θ)
5 + expA
1 + expA

+ χTIP (3.2)

In equation 3.2 χTIP represents the contribution of the temperature independent para-

magnetism and θ reflects the intermolecular exchange interaction. The best fit of the

experimental data set for the theoretical expression given in equation 3.2 results in J =

+24.8(4) cm−1, g = 2.099(3), θ = −0.18(1) K, and χTIP = 3.4(1) · 10−4cm3 mol−1 with

r2 = 0.9994.

The ferromagnetic coupling J is exceptionally strong compared to the large separation of

the copper ions in the complex of about 670 pm. This is due to interactions through spin
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polarization of the double meta-phenylenetriamine linkage. [196] The coupling is stronger

compared to a series of trinuclear copper containing 1,3,5-metallacyclophane with J rang-

ing from +7.3 to +16.5 cm−1. [63,90] This might be attributed to a variation in the coor-

dination geometry of the copper centers. Compared to the intermediate coordination

geometry between square planar and tetrahedral in complex Cu3L2pic
2 (7), these copper

ions exhibit a square planar coordination environment. The three reported hexaanionic

trinuclear complexes differ only in the countercations together with a somewhat different

content of co-crystallized water. Unfortunately only one complex is structurally charac-

terized wherein the basal planes of the copper centers are nearly perpendicular to the

bridging benzene rings. Nevertheless slight variations within the crystal packing have a

large influence one the coupling constant. [63]

In addition, the exchange interaction is much stronger compared to phloroglucinol-

bridged trinuclear copper complexes with J < +6.6 cm−1 wherein the basal planes of

the square pyramidal copper centers are nearly coplanar with the bridging benzene. [89]

In the phloroglucinol-bridged copper complexes with square planar coordination

geometries the coupling is weaker with J in the range of +2.0 up to +3.1 cm−1. [62,113]

Moreover the coupling within both trinuclear copper complexes, discussed in the last

chapter, is also weaker with J = +0.3 cm−1 in Cu3L1ampy (1) and even antiferromagnetic

with J = −1.6 cm−1 in Cu3L1bhy (4). Up to now, J = +24.8 cm−1 is the strongest

ferromagnetic coupling which was reported for metal complexes resulting from the spin

polarization.

Tetranuclear Metallamacrocyclic Complex

The magnetic data of the tetranuclear complex Cu4L2pic
2 (8) is depicted in figure 3.9

as χM = f (T) and χMT = f (T). The experimental χMT value at room temperature

is 0.95 cm3 K mol−1, which is far from the theoretical spin-only value expected for

four independent copper(II) ions. Upon lowering the temperature χMT decreases to a

minimum of 0.88 cm3 K mol−1 at 100 K and then rapidly increases to 1.01 cm3 K mol−1 at

15 K. Below 15 K the χMT value decreases again. The overall course of the χMT values

indicates different magnetic exchange interactions within the tetranuclear complex

molecule. The decrease of the χMT value observed upon cooling indicates a strong

antiferromagnetic exchange coupling, which is in agreement with the rather low room
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3.2 Metallamacrocyclic Complexes with the Amide-Based Ligand H3L2pic

Figure 3.9: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles, •)
for complex Cu4L2

pic
2 (8) measured with an applied magnetic field of 2000 Oe. The cor-

responding fit functions according to equation 3.4 are drawn as solid lines (for parameters

see text).

temperature value. The subsequent increase indicates an additional ferromagnetic

exchange interaction. The minimum χMT value of 0.88 cm3 K mol−1 at 100 K is very

close to the spin-only value of two independent copper(II) ions indicating a rather

strong antiferromagnetic coupling between two copper centers within the tetranuclear

complex. Thus the subsequent increase with decreasing temperature is the result

of a ferromagnetic exchange interaction between the two remaining copper centers.

Moreover the decrease of the χMT value below 15 K can be attributed to an additional

weak intermolecular antiferromagnetic exchange interaction.

Beside the linkage through both ligand molecules, the copper centers Cu2 and Cu4 are

µ-hydroxide-µ-azide-bridged within the tetranuclear complex. This results in a close

proximity with a separation of 364 pm compared to all other rather large Cu· · ·Cu dis-

tances ranging from 662 to 755 pm. A lot of effort has been spent on the interpreta-

tion of the magneto-structural correlations in symmetrical di-µ-hydroxo, [197–199] di-µ-

alkoxo, [200] and di-µ-phenoxo-bridged copper(II) complexes, [201,202] whereas for other

cases with single oxygen atom bridges or mixed-bridged complexes such correlations are

still lacking. In general, the dependency between the Cu–O–Cu bridging angle α and the

magnetic coupling constant is found to be linear. In case of the di-µ-hydroxo complexes,

the relationship J = 7270− 74.53α was derived. Applied to the dinuclear moiety within
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Figure 3.10: The spin topology of the employed two-J model for the tetranuclear copper complex

Cu4L2
pic
2 (8).

the tetranuclear complex Cu4L2pic
2 (8) with a large Cu–O–Cu bridging angle of 141◦ be-

tween Cu2 and Cu4 this correlation predicts a very strong antiferromagnetic interaction.

Mono-µ-hydroxo-bridged copper(II) dimers exhibiting similarly large Cu–O–Cu angles

(132–144◦) show very strong antiferromagnetic superexchange interactions with a sin-

glet state stabilized by more than 500 cm−1 with respect to the triplet state. [203,204] More-

over an additional azide bridge in an end-to-end fashion enforces the antiferromagnetic

interaction. [178] A reported similar µ-OR−µ1,3-N3 dinuclear copper complex is still dia-

magnetic even at room temperature. [205] This is in excellent agreement with the general

course of the experimental data in the high temperature region.

Because of the very strong antiferromagnetic interaction between these two copper

ions even at room temperature and to avoid overparametrization the tetranuclear com-

plex was simplified and treated as two non-interacting copper dimers. The spin topology

is depicted in figure 3.10. Herein JA accounts for the exchange interaction within the meta-

phenylene-bridged Cu1Cu3 pair and JB within the µ-OH−µ1,3-N3-bridged Cu2Cu4 pair.

The corresponding spin hamiltonian is given as:

Ĥ = −JAŜ1Ŝ3 − JBŜ2Ŝ4 (3.3)

For S1 = S2 = S3 = S4 = 1/2 this leads to the expression for the molar magnetic suscep-

tibility given in equation 3.4 under consideration of the temperature independent para-

magnetism (χTIP) as well as an additional intermolecular exchange interaction (θ). [178]

Herein the abbreviations are equivalent to A = −JA/kT and B = −JB/kT.

χM =
2NAβ2g2

k(T − θ)
1

3 + expA
+

2NAβ2g2

kT
1

3 + expB
+ χTIP (3.4)
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The best fit of the experimental data is obtained through the analytical expression given

in equation 3.4 and results in JA = +17.8(7) cm−1, JB = −1045(30) cm−1, g = 2.066(5),

χTIP = 3.9(2) · 10−4 cm3 mol−1 and θ = −0.36(2) K with r2 = 0.9975.

The large calculated coupling constant JB within the µ-OH−µ1,3-N3 copper dimer is

in excellent agreement to the above mentioned literature values as a result of the su-

perexchange interaction. Compared to the trinuclear complex Cu3L2pic
2 (7) the ferromag-

netic exchange interaction JA through the meta-phenylenetriamine linkage is somewhat

smaller. This can be attributed to distortions within the structure resulting in a less ef-

ficient interaction through the spin polarization mechanism. Moreover, reported din-

uclear meta-phenylenediamine-bridged copper complexes exhibit exchange interactions

ranging from weak antiferromagnetic [120,124] up to strong ferromagnetic. [121–123,206] The

calculated JA is close to the strongest reported coupling with J = +16.8 cm−1 within a

dinuclear metallacylophane. [121]

3.3 Metallamacrocyclic Complexes with the Schiff-Base Ligand

H3L2
tBusal

3.3.1 Synthesis and Characterization

The novel ligand H3L2
tBusal , shown in figure 3.2, is accessible through Schiff-base con-

densation of 3,5-di-tert-butylsalicylaldehyde with 1,3,5-triaminobenzene. The reaction in

methanol afforded an excellent ligand yield of 90 %.

The ligand provides three equal bidentate [NO] binding pockets, with the imine nitrogen

and the phenolate oxygen atom, accessible after deprotonation. In contrast to the amide

ligand H3L2pic forming five-membered chelate rings upon complexation, six-membered

chelate rings are formed with the metal centers in the complexes. Therefore the anti-

arrangement of the phenylene bridges will be favored leading to novel complex assem-

blies.
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Figure 3.11: Schematic representation of the dinuclear copper complex Cu2L2
tBusal
2 (9).

The reaction of the ligands with one equivalent of copper(II) perchlorate hexahydrate

in a chloroform-methanol-mixture under addition of triethylamine afforded a neutral

dinuclear complex illustrated in figure 3.11. As expected the phenylene bridges are anti-

oriented. Two binding pockets of each ligand are occupied by two copper ions under for-

mation of the metallamacrocyclic complex [Cu2(HL2
tBusal)2] (Cu2L2

tBusal
2 ) (9). The third

binding pocket of each ligand is not occupied.

The complex was characterized by X-ray structural analysis, IR spectroscopy, mass

spectrometry and elemental analysis. The crystals of complex Cu2L2
tBusal
2 (9) crum-

ble into powder upon drying in air due to the loss of the co-crystallized chloroform

molecules. This is confirmed by elemental analysis. The ESI mass spectrum shows

predominantly one signal at m/z = 1689 which can be attributed to the complex cation

[Cu2(HL2
tBusal)2+Na]+ confirming the high stability of the dinuclear complex in solution.

The IR spectrum of the ligand exhibits two characteristic bands at 1619 and 1571 cm−1,

which can be attributed to the stretching vibrations of the imine moieties (ν̃C=N) and

the phenylene rings (ν̃C=C). Upon coordination of the copper(II) ions these bands are

slightly shifted to 1617 and 1576 cm−1 in complex (9). An additional band is observed

at 1526 cm−1, which can be attributed to another stretching vibration of the phenylene

rings (ν̃C=C).

The analogous dinuclear cobalt(II) complex is also accessible through reaction of the lig-

and H3L2
tBusal with cobalt(II) acetate dihydrate in the molar ratio of 1 : 1. The reaction

yielded red prism of complex [Co2(HL2
tBusal)2] (Co2L2

tBusal
2 ) (10) suitable for X-ray crys-

tallography. As in complex Cu2L2
tBusal
2 (9) the two cobalt centers are coordinated by two

ligand molecules, arranged in anti-orientation, under formation of a metallamacrocycle.

The third binding pocket of each ligand molecule is unoccupied.
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The complex was also characterized by IR spectroscopy, mass spectrometry and ele-

mental analysis. All data confirms the structure derived from the X-ray structural analy-

sis. The ESI mass spectrum shows the signal of the complex cation [Co2(HL2
tBusal)2]+ at

m/z = 1657 and an additional intense signal at m/z = 772 due to the free ligand. More-

over the IR spectrum is almost identical to the one observed for the dinuclear copper(II)

complex Cu2L2
tBusal
2 (9), which is in agreement with the similar structure. Only slight

shifting of the relevant bands are observed.

Both dinuclear complexes Cu2L2
tBusal
2 (9) and Co2L2

tBusal
2 (10) provide two free binding

pockets, which should be accessible for coordination of transition metal ions. This might

lead to homometallic as well as heterometallic tetranuclear complexes under addition

of co-ligands. 1,1,1,5,5,5-Hexafluoroacetylacetone (Hhfac) was utilized as it is known to

form stable complexes with various transition metal ions. All trials starting from the din-

uclear cobalt complex Co2L2
tBusal
2 (10) were unfortunately not successful. The addition of

copper(II) salts results in the formation of the dinuclear copper(II) complex Cu2L2
tBusal
2

(9), which was confirmed by IR spectroscopy in combination with ESI mass spectrom-

etry. In contrast the reaction of the dinuclear complex Cu2L2
tBusal
2 (9) with copper(II)

chloride dihydrate and Hhfac under addition of triethylamine yielded the novel tetranu-

clear copper complex, wherein two copper centers occupy the free binding pockets of the

dinuclear precursor complex. Only small quantities of the complex could be prepared

by this synthetic route. Nevertheless the tetranuclear complex can also be directly pre-

pared starting from the ligand H3L2
tBusal . A solution of the deprotonated ligand in chlo-

roform was reacted with two equivalents of copper(II) chloride dihydrate dissolved in

methanol. The subsequent addition of one equivalent of Hhfac dissolved in chloroform

afforded brown crystals of [Cu4(L2
tBusal)2(hfac)2(MeOH)2] (Cu4L2

tBusal
2 ) (11) suitable for

X-ray crystallography. This tetranuclear complex exhibits a novel structural core mo-

tif. Two triangular meta-phenylene-bridged Cu3 subunits are connected by two common

copper centers accommodated in two bidentate binding pockets of both ligands. The syn-

thesis is very sensitive towards the solvent mixture, which means lowering the methanol

content afforded the dinuclear complex Cu2L2
tBusal (9).

The tetranuclear complex Cu4L2
tBusal
2 was further characterized by IR spectroscopy,

mass spectrometry and elemental analysis. The complex looses all solvent molecules

including both the co-crystallized chloroform and methanol molecules as well as the
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coordinated methanol molecules. This is confirmed by elemental analysis and fur-

thermore by thermogravimetric measurements, which revealed no weight loss up to

250 ◦C. In the ESI mass spectrum a fragmentation of the complex is observed leading to

fragments of different nuclearity as well as a small signal of the tetranuclear complex

cation [Cu4(L2
tBusal)2(hfac)2+Na]+ at m/z = 2228. The most intense signal was detected

at m/z = 1690 unambiguously assigned to the dinuclear complex Cu2L2
tBusal (9). The IR

spectrum shows all relevant bands of the dinuclear complex Cu2L2
tBusal (9). Moreover

an additional band is observed at 1645 cm−1 characteristic for the carbonyl stretching

vibration of the hfac co-ligands (ν̃C=O).

3.3.2 Crystal Structures

[Cu2(HL2
tBusal)2] (Cu2L2

tBusal
2 ) (9)

The molecular structure as well as the heteroatom labeling scheme of the dinuclear com-

plex Cu2L2
tBusal
2 is depicted in figure 3.12. Selected bond lengths and angles are listed

in table 3.3. Two copper ions are chelated and bridged by two deprotonated ligands in

a neutral centrosymmetric complex molecule. The third binding pocket of each ligand

molecule remains unoccupied. The structure can be viewed as a metallamacrocycle of

two phenylene rings connected by two N–Cu–N fragments.

The copper ions are tetra-coordinated by a N2O2 donor set of both ligand molecules.

The coordination sites are occupied by two phenolate oxygen atoms and two imine ni-

trogen atoms in distances of 189 pm and 198 pm, respectively. The dihedral angle be-

tween the planes formed by the copper center and both donor atoms of the six-membered

chelate rings is 36◦. This leads to coordination polyhedra, which are highly distorted

Table 3.3: Selected bond lengths [pm] and angles [◦] for complex Cu2L2
tBusal
2 (9).

Cu–O1 188.8(3) Cu–O2A 189.3(3)

Cu–N1 197.5(4) Cu–N2A 197.6(4)

O1–Cu–O2A 87.90(15) O1–Cu–N1 92.07(16)

O1–Cu–N2A 154.18(18) O2A–Cu–N2A 92.51(15)

N1–Cu–O2A 152.60(18) N1–Cu–N2A 99.11(16)
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Figure 3.12: Molecular structure of the centrosymmetric dinuclear complex Cu2L2
tBusal
2 (9). Thermal

ellipsoids are drawn at the 50% probability level. Solvent molecules and hydrogen atoms

are omitted for clarity. Symmetry equivalent atoms are labeled with the suffix A.

nearly half in between square-planar and tetrahedral. Furthermore the O1–Cu–N2A

and N1–Cu–O2A angles are rather small with 154◦ and 153◦ confirming the high dis-

tortion of the tetragonal plane. The intramolecular Cu· · ·Cu separation is 748 pm. The

phenylene rings of the ligand side chains are twisted towards the same site of the cen-

tral benzene ring with dihedral angles of about 47◦ for both coordinating and 54◦ for

the non-coordinating side chains. The bridging meta-phenylene rings of the ligands are

parallel to each other but mutually shifted with a interplanar distance of 304 pm. This

anti-orientation leads to an offset π-π interaction with a centroid–centroid distance of

346 pm shown in figure 3.13. Each ligand molecule possesses a free binding pocket stabi-

lized by a intramolecular hydrogen bonding interaction between the imine nitrogen atom

and the phenolic hydrogen atom.

In the crystal packing no significant intermolecular contacts occur between the dinu-

clear complex molecules due to the bulky tert-butyl substituents in the ligand side chains.

Consequently the complex molecules are well separated with the shortest intermolecular
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Figure 3.13: Perspective view of the molecular structure of complex Cu2L2
tBusal
2 (9) showing the anti-

orientation of the meta-phenylene bridges. The tert-butyl substituents in the ligand side

chains as well as the third binding pocket of each ligand molecule are omitted for clarity.

Solvent molecules and hydrogen atoms are also not shown. Symmetry equivalent atoms

are labeled with the suffix A.

Cu· · ·Cu separation of 1004 pm. These are packed under formation of pillars parallel to

the c-axis of the unit cell. Co-crystalized chloroform molecules are situated in between

and partially high disordered. This is typical for non-interacting chloroform molecules

and is responsible for the high ωR2 value. Nevertheless this does not have a significant

influence on the bond lengths and angles within the dinuclear complex molecule.

[Co2(HL2
tBusal)2] (Co2L2

tBusal
2 )(10)

The molecular structure of the cobalt complex Co2L2
tBusal
2 is very similar to the dinuclear

copper complex Cu2L2
tBusal
2 (9). Again two cobalt(II) ions are chelated by two binding

pockets of two doubly deprotonated ligands in a centrosymmetric complex molecule de-

picted in figure 3.14. The complex crystallizes in the orthorhombic space group Pbca.

Selected bond lengths and angles are listed in table 3.4.

The cobalt ions are tetra-coordinated by a N2O2 donor set of both ligand molecules.

The coordination sites are occupied by two phenolate oxygen and two imine nitrogen

atoms of both ligands. Therein Co–O bond lengths are nearly equal with 190 pm. The Co–

N distances are slightly longer with 198 pm. All distances are in the generally observed

range typical for tetra-coordinated cobalt(II) complexes. [170,207,208]
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Figure 3.14: Molecular structure of the centrosymmetric dinuclear complex Co2L2
tBusal
2 (10). Thermal

ellipsoids are drawn at the 50% probability level. Solvent molecules as well as hydrogen

atoms are omitted for clarity. Symmetry equivalent atoms are labeled with the suffix A.

Table 3.4: Selected bond lengths [pm] and angles [◦] for complex Co2L2
tBusal
2 (10).

Co–O1 189.5(5) Co–O2A 189.4(5)

Co–N1 197.7(6) Co–N2A 198.5(6)

O1–Co–O2A 115.5(2) O1–Co–N1 94.7(2)

O1–Co–N2A 129.2(2) O2A–Co–N2A 95.0(2)

N1–Co–O2A 120.7(2) N1–Co–N2A 103.8(2)
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Figure 3.15: Perspective view of the molecular structure of complex Co2L2
tBusal
2 (10) showing the

anti-orientation of the meta-phenylene bridges. The tert-butyl substituents in the ligand

side chains as well as the third binding pocket of each ligand molecule are omitted for

clarity. Solvent molecules and hydrogen atoms are also not shown. Symmetry equivalent

atoms are labeled with the suffix A.

The dihedral angle between the planes formed by the cobalt center together with both

donor atoms of the six-membered chelate rings is 77◦, significantly larger compared to

the homologous dinuclear copper complex Cu2L2
tBusal
2 (9). Thus the coordination poly-

hedra can be best described as distorted tetrahedral. This is in agreement with the an-

gles in the coordination polyhedra all ranging from 95◦ to 129◦. The salicylidene lig-

and side chains are twisted with respect to the central meta-phenylene bridge with di-

hedral angles of about 58◦ for both coordinating and 47◦ for the non-coordinating side

chains. The non-coordinating binding pocket is aligned at opposite sites of the bridging

plane. The meta-phenylene rings of the ligands are parallel to each other at a distance of

325 pm and shifted. Again this anti-orientation leads to an offset π-π interaction with a

centroid–centroid distance of 408 pm shown in figure 3.15. Compared to the copper com-

plex Cu2L2
tBusal
2 (9) both intramolecular distances are larger due to the distorted tetra-

hedral coordination geometry of the cobalt centers. In analogy to the copper complex

Cu2L2
tBusal
2 (9) the complex molecules are well isolated in the crystal packing with a large

intermolecular Co· · ·Co separation of 1000 pm, compared to the intramolecular separa-

tion of 732 pm.
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[Cu4(L2
tBusal)2(hfac)2(MeOH)2] (Cu4L2

tBusal
2 ) (11)

The tetranuclear complex Cu4L2
tBusal
2 was obtained as crystals containing a high amount

of co-crystallized chloroform and methanol molecules with the resulting composition of

[Cu4(L2
tBusal)2(hfac)2(MeOH)2] · 5CHCl3 · 3MeOH. Four copper centers are chelated and

bridged by two ligand molecules in a meta-phenylene arrangement. The molecular struc-

ture of the complex molecule as well as the atom labeling scheme is depicted in figure

3.16. Selected bond lengths and angles are listed in table 3.5. The complex crystallizes

in the triclinic space group P1̄ again as a centrosymmetric complex. The asymmetric

unit contains only half of the tetranuclear complex molecule. Analogous to the dinu-

clear complex Cu2L2
tBusal
2 (9) two crystallographically identical copper centers Cu1 and

Cu1A are coordinated by two ligand molecules under formation of a metallamacrocycle.

The third binding pocket of each ligand molecule binds one copper ion together with the

deprotonated hfac co-ligand.

Again the copper center Cu1 adopts a distorted tetragonal coordination environment

with very similar bond lengths and angles. Hence the dihedral angle between the planes

formed by the copper center and the donor atoms of the six-membered chelate rings of

Table 3.5: Selected bond lengths [pm] and angles [◦] for complex Cu4L2
tBusal
2 (11).

Cu1–O1 188.8(3) Cu1–O2A 190.1(3)

Cu1–N1 196.8(4) Cu1–N2A 195.9(4)

Cu2–O3 186.8(3) Cu2–O4 195.1(4)

Cu2–O5 200.6(4) Cu2–O6 229.7(4)

Cu2–N3 196.8(4)

O1–Cu1–O2A 92.39(14) O1–Cu1–N1 93.42(14)

O1–Cu1–N2A 146.17(16) N1–Cu1–O2A 148.81(16)

N1–Cu1–N2A 99.71(15) O2A–Cu1–N2A 92.19(14)

O3–Cu2–O4 170.01(17) O3–Cu2–O5 88.63(16)

O3–Cu2–O6 95.71(16) O3–Cu2–N3 92.08(15)

O4–Cu2–O5 88.17(17) O4–Cu2–O6 93.66(16)

O4–Cu2–N3 89.70(15) O5–Cu2–O6 88.65(18)

O5–Cu2–N3 171.43(18) O6–Cu2–N3 99.77(17)
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Figure 3.16: Molecular structure of the complex Cu4L2
tBusal
2 (11). Thermal ellipsoids are drawn at

the 50% probability level. Solvent molecules as well as hydrogen atoms are omitted for

clarity. Symmetry equivalent atoms are labeled with the suffix A.

each ligand molecule is only slightly different with 45◦. The copper ions Cu2 possess an

almost ideal square-pyramidal coordination environment. The basal plane is formed by

the phenolate oxygen atom and the imine nitrogen atom of the ligand together with both

carbonyl oxygen atoms of the deprotonated hfac co-ligand with bond lengths ranging

between 187 and 201 pm. The copper ion is displaced out of the basal plane by 15 pm

towards the apical position occupied by a methanol oxygen atom at a larger distance

of 230 pm. The trans angles are very similar with 170◦ for O3–Cu2–O4 and 171◦ for

O5–Cu2–N3 indicating only a slight distortion of the basal plane. The distortion of the

square-pyramidal coordination environment can be quantified by the Addison distortion

index τ of 0.02 confirming the almost perfect square pyramidal coordination geometry

of the copper centers (τ = 0 for an ideal tetragonal pyramid, τ = 1 for an ideal trigonal

bipyramid [209]).
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The phenylene rings of the salicylidene ligand side chains, which are coordinated to

the bridging copper ions Cu1 and Cu1A, are twisted with respect to the central meta-

phenylene bridging unit with dihedral angles of about 58◦ and 42◦. This leads to a

Cu· · ·Cu separation of 742 pm. The third salicylidene side chain is twisted towards the

opposite site of the bridge with a smaller dihedral angle of 34◦. This leads to shorter

interatomic separations of 611 pm for Cu1· · ·Cu2 and longer distances of 714 pm for

Cu1· · ·Cu2A. The central meta-phenylene rings are parallel but anti-oriented at a dis-

tance of 303 pm with an offset π-π interaction between them. The centroid–centroid dis-

tance between both bridging phenylene rings is 343 pm very similar as in the dinuclear

complex Cu2L2
tBusal
2 (9).

In the crystal packing the neutral tetranuclear molecules assemble parallel without

significant interactions between them, illustrated in figure 3.17. This results in an large

separation of the complex molecules with the shortest intermolecular Cu· · ·Cu distance

of 853 pm. Due to the missing intermolecular interactions, the co-crystallized chloroform

molecules are all highly disordered over several positions which unfortunately could not

be fully resolved. Due to this fact the ωR2 value is rather high. Nevertheless this does

not have an influence on the bond lengths and angles within the tetranuclear complex

molecule.

Figure 3.17: Crystal packing of complex Cu4L2
tBusal
2 (11). Solvent molecules as well as hydrogen

atoms are omitted for clarity. Viewing along the [010] direction of the unit cell.
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3.3.3 Magnetic Properties

Dinuclear Copper(II) Complex

The magnetic data of complex Cu2L2
tBusal
2 (9) is depicted in figure 3.18 as χM = f (T) and

χMT = f (T) plots. The experimental χMT value at room temperature is 0.94 cm3 K mol−1,

which is slightly above the theoretical spin-only value expected for two independent cop-

per(II) ions. Upon lowering the temperature χMT decreases reaching a minimum value

of 0.86 cm3 K mol−1 at 40 K and then rapidly increases to 0.98 cm3 K mol−1 at 2 K. The

minimum χMT value at 40 K is close to the spin-only value of two independent cop-

per(II) ions and the subsequent increase below 30 K indicates ferromagnetic exchange

interactions between both copper centers. Therefore the decrease of χMT in the high tem-

perature region can be assigned to a temperature independent paramagnetism consistent

with the higher room temperature χMT value.

In order to interpret the magnetic properties the experimental χMT data was analyzed

using the Bleaney-Bowers equation for isolated dinuclear copper(II) complexes (Ĥ =

−JŜ1Ŝ2 with S1 = S2 = 1/2). [210] Due to the course of the magnetic data the contribution

of the temperature independent paramagnetism (χTIP) was also taken into account in

equation 3.5 for χM = f (T).

Figure 3.18: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles, •)
for complex Cu2L2

tBusal
2 (9) measured with an applied magnetic field of 2000 Oe. The

corresponding fit functions according to the Bleaney-Bowers equation 3.5 are drawn as

solid lines (for parameters see text).
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χM =
2NAβ2g2

kT
1

3 + exp(−J/kT)
+ χTIP (3.5)

The best fit obtained for the dinuclear complex Cu2L2
tBusal
2 (9) results in J = +1.5(1) cm−1,

g = 2.105(6), and χTIP = 4.5(1) · 10−4 cm3 mol−1 with r2 = 0.99228.

For the dinuclear complex a positive coupling constant is obtained which reveals ferro-

magnetic interactions between both copper centers leading to an S = 1 triplet ground

state. The exchange interaction is ascribed to spin polarization effects through the aro-

matic meta-phenylene linkage. [196] The observed intradimer coupling is weakly ferro-

magnetic in contrast to reported dinuclear complexes with double Schiff-base ligands

of 1,3-phenylenediamine and salicylic aldehydes all exhibiting very weak antiferromag-

netic exchange interactions with very similar J of about −1.0 cm−1. [119,120,124] This can

be ascribed to different distortions of the copper coordination geometries within each

complex, which affect the orientation of the magnetic orbitals of both copper centers in

relation to the bridging benzene rings. Moreover, DFT calculations on a similar dinuclear

copper(II) complex result in weak ferromagnetic interactions with J = +1.7 cm−1, which

is in excellent agreement with the obtained coupling constant of J = +1.5 cm−1. [123]

Furthermore the ferromagnetic exchange interaction falls well within the broad range

of −1 < J < +17 cm−1 reported for dinuclear meta-phenylene-bridged copper(II) com-

plexes. [119–124,206]

Dinuclear Cobalt(II) Complex

Variable temperature (2-300 K) magnetic susceptibility data collected on a polycrystalline

sample of the dinuclear cobalt complex Co2L2
tBusal
2 (10) is depicted in figure 3.19 as

χM = f (T) and χMT = f (T). The experimental χMT value at 300 K is 5.25 cm3 K mol−1,

which is in good agreement with the theoretical spin-only value expected for two in-

dependent cobalt(II) ions with S = 3/2 and confirms the high-spin character of both

cobalt(II) centers in the complex. On decreasing temperature the χMT value slightly de-

crease to 4.64 cm3 K mol−1 at 50 K and then rapidly decreases to 2.04 cm3 K mol−1 at 2 K.

The slight decrease upon cooling in the high temperature region can be ascribed to a

temperature independent paramagnetism, as also observed in the dinuclear copper(II)
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Figure 3.19: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles,

•) for complex Co2L2
tBusal
2 (10) measured with an applied magnetic field of 2000 Oe.

The data were fitted with the program package DAVE using the spin Hamiltonian given

in equation 3.6 (fit functions drawn as solid lines; for parameters see text).

complex Cu2L2
tBusal
2 (9). Moreover the rapid decrease at lower temperatures might be

either attributed to antiferromagnetic exchange interactions between the cobalt centers

or to large local zero-field splitting (ZFS) characteristic for cobalt(II) ions. A mixture of

both is also possible.

In order to explain this magnetic behavior for cobalt(II) complexes the ZFS of the cobalt(II)

ions has to be considered especially in the cases of weak exchange interactions. Due to

the large separation between both cobalt(II) ions of about 732 pm only a weak interaction

is expected, as in the dinuclear copper complex Cu2L2
tBusal
2 (9). The experimental mag-

netic data has been successfully simulated using the anisotropic spin Hamiltonian given

in equation 3.6 in a full matrix diagonalization approach including the ZFS and Zeeman

effects. To avoid overparametrization only an axial ZFS was initially assumed with one

D equal for both cobalt centers, due to the centrosymmetry of the complex molecule.

Ĥ = −JŜ1Ŝ2 +
2

∑
i=1

Di[Ŝ2
z,i −

1
3
(Si(Si + 1)] +

2

∑
i=1

giβŜi
−→
H (3.6)

Fitting the parameters to the experimental data using the full matrix diagonalization rou-

tine DAVE [177] whilst the temperature independent paramagnetism (χTIP) is taking into
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account gives the following results: J = −0.2 cm−1, g = 2.27, D = −20.4 cm−1, and

χTIP = 1.5 · 10−3 cm3 mol−1. The later inclusion of a rhombic ZFS with the spin Hamilto-

nian ĤZFS = D[S2
z − 1

3 S(S + 1) + E/D(Ŝ2
x − Ŝ2

y)] which accounts for the distorted tetra-

hedral geometry, leads to the parameters D = −20.4 cm−1 and E/D = 3 · 10−5. This

confirms the predominate presence of an axial ZFS within the dinuclear complex. As

the variations of the χMT are in general not very sensitive to the sign of D, it can not

be unambiguously determined. [178] Therefore the reversal sign for the D parameter was

tested which lead to an only marginal worse fit of the experimental data with very simi-

lar values for all other parameters. Nevertheless the large D value is consistent with the

observed distorted tetrahedral coordination geometry of the cobalt(II) ions and further

with reported distorted tetrahedral cobalt(II) complexes. [211,212]

The isotropic exchange between the cobalt centers is very weak compared to the ZFS.

An alternative fit assuming exclusively ZFS under consideration of the temperature inde-

pendent paramagnetism did not reproduce the course of the experimental χMT data. This

confirms further the presence of a weak antiferromagnetic coupling between both cobalt

centers mediated through the bridging ligand. The rather large χTIP can be attributed

to spin orbit coupling characteristic for cobalt(II) complexes. The exchange interaction

between both cobalt centers is very weak antiferromagnetic compared to the correspond-

ing copper complex with ferromagnetic exchange interactions. Moreover the coupling is

slightly weaker compared to reported dinuclear meta-phenylenediimine-bridged metal-

lamacrocyclic cobalt(II) complexes with coupling constants of about J = −1.3 cm−1. [125]

This might be attributed to the almost ideal tetrahedral coordination environments of

the cobalt centers within these complexes compared to the stronger distorted geometry

within complex Co2L2
tBusal
2 (10).

Tetranuclear Copper(II) Complex

The magnetic data of complex Cu4L2
tBusal
2 (11) is depicted in figure 3.20 as χM = f (T) and

χMT = f (T) plots. The χMT value appears to be roughly invariant at 1.8 cm3 K mol−1

between 300 and 50 K, which is in good agreement with the spin-only value expected

for four independent copper(II) ions with S = 1/2. Below 50 K the χMT value rapidly

increases up to 3.15 cm3 K mol−1 at 2 K, indicating a ferromagnetic exchange interaction

between the copper centers mediated through the meta-phenylenetriimine bridges. The

value is close to that expected for a S = 2 ground state indicating a ferromagnetic cou-

pling between all four copper centers.
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Figure 3.20: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles, •)
for complex Cu4L2

tBusal
2 (11) measured with an applied magnetic field of 2000 Oe. The

data were fitted with the program package DAVE using the isotropic spin Hamiltonian

given in equation 3.7 (fit functions drawn as solid lines; for parameters see text).

Besides, an unusual temperature dependent magnetic behavior is observed for the

tetranuclear complex Cu4L2
tBusal
2 shown in figure 3.21. Complex cooling for five days

at 4 K and subsequent warming leads to a different course of χMT value between 50

and 160 K. From 50 K the χMT value increases to a maximum followed by a steadily de-

crease to the final value measured during the cooling process at 160 K. The increase is

dependent on the cooling time and the applied cooling temperature but independent on

the strength of the magnetic field. Furthermore the magnitude is influenced by details

within the preparation of the complex, which are not completely understood yet. In all

cases the process is completely reversible, which means that warming above 160 K and

the subsequent cooling results in a normal course of the magnetic data as shown in figure

3.20. A similar magnetic behavior is also observed for the dinuclear complex Cu2L2
tBusal
2

(9). Such a magnetic behavior was not yet reported, which makes the complex very

interesting for further studies. The anomaly is ascribed to structural changes within the

coordination geometry of the copper centers. [213] In cooperations with other work groups

further studies using differential scanning calorimetry (DSC) and X-ray powder diffrac-

tometry at low temperatures are still under investigation. Nevertheless cooling of the

complex from 300 to 2 K within the time scale of the magnetization measurement results

in the normal course of the χMT value enabling an interpretation of the magnetic data

(see figure 3.20).
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Figure 3.21: Left: Plot of the thermal dependence of χMT for complex Cu4L2
tBusal
2 (11) measured

with an applied magnetic field of 5000 Oe. Temperature dependence upon cooling from

300 to 2 K (black filled circles, •) and cooling for five days at 4 K followed by warming

up to 300 K (empty circles, ◦). Right: Magnetic anomaly as a function of the cooling

time as well as cooling temperature.
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Figure 3.22: The spin topology of the employed two-J model for the tetranuclear copper complex

Cu4L2
tBusal
2 (11).

In the tetranuclear complex two equivalent triangular meta-phenylene-bridged Cu3 sub-

units are connected in an edge sharing manner. Hence a two-J model is employed in

order to interpret the magnetic data which is shown in figure 3.22. The experimental

data was analyzed using the full matrix diagonalization routine DAVE [177] with the cor-

responding isotropic spin Hamiltonian given in equation 3.7 under consideration of ad-

ditional Zeeman interactions.

Ĥ = −J1Ŝ1Ŝ2 − J2(Ŝ1Ŝ3 + Ŝ2Ŝ4 + Ŝ2Ŝ3 + Ŝ1Ŝ4) +
4

∑
i=1

giβŜi
−→
H (3.7)
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Figure 3.23: Field dependence of the magnetization for complex Cu4L2
tBusal
2 (11) at 2 K (•). The

Brillouin function for S = 2 and g = 2.12 is plotted as solid line.

Due to slight decrease of the χMT value upon cooling in the high temperature region

an additional temperature independent paramagnetism (χTIP) is also considered. The

best fit of the experimental data of complex Cu4L2
tBusal
2 (11) results in the parameters

J1 = +12.0 cm−1, J2 = +2.7 cm−1, g = 2.12, and χTIP = 4.0 · 10−4 cm3 mol−1.

The overall observed ferromagnetic coupling within the Cu4 core is consistent with mag-

netization measurements at 2 K, depicted in figure 3.23, confirming the S = 2 ground

state. Ferromagnetic interaction is ascribed to spin polarization through both meta-

phenylenetriimine bridges. The ferromagnetic coupling J1 between the central copper

centers Cu1 and Cu2 is stronger compared to the coupling J2 with the peripheral copper

centers Cu3 and Cu4. Both copper centers are aligned at the same site relating to the ben-

zene bridge, whereas the peripheral ones are arranged at the opposite site. This coupling

is significantly stronger compared to the dinuclear copper complex Cu2L2
tBusal
2 (9) with

J = +1.5 cm−1, which might be ascribed to an overall stronger tetrahedral distortion

of the coordination geometry of the copper centers leading to a better exchange interac-

tion through the spin polarization mechanism. Compared to the rather large Cu· · ·Cu

separations between 611 and 742 pm in the tetranuclear complex, all ferromagnetic cou-

plings are rather strong. This ligand mediates efficient exchange interactions between the

copper centers through spin polarization mechanism.

78



4 Triaminoguanidine-Bridged Complexes

4.1 Ligand and Complex Design

Another bridging unit capable of a tritopic coordination of transition metal ions is the

triaminoguanidine. Three ligands differing in the ligand side chains were synthesized,

shown in figure 4.1. Triple Schiff-base ligands of triaminoguanidine are capable to co-

ordinate three transition metal ions in close proximity. Müller et al. have published the

synthesis of the ligands H5L3Brsal and H5L3Hsal easily accessible through Schiff-base con-

densation of salicylic aldehyde derivatives with triaminoguanidine. [91,92] The ligands are

isolated in form of their hydrochloride salts H5L3Hsal ·HCl and H5L3Brsal ·HCl. In fact

every salicylic aldehyde derivative can be reacted with triaminoguanidine affording sim-

ilar ligands with different substituents in the side chains. [132,137,139,214] The ligands pos-

sess three equivalent binding pockets each with a N2O donor set. After deprotonation the

ligands can coordinate three metal ions in their pentaanionic forms. The reaction with di-

valent transition metal ions needs neutral co-ligands while trivalent metal ions demand

ionic co-ligands as all isolated complexes are exclusively monocationic or neutral. Trin-

uclear complexes with divalent cations are well known, while the trivalent analogues

are still rare. Therefore the coordination of iron(III) ions was investigated. The ligand

H2L3py was also synthesized through Schiff-base condensation reaction of pyridine-2-

carbalydehyde and triaminoguanidine. Again the ligand was isolated as the hydrochlo-

ride salt H2L3py ·HCl. The coordination behavior towards different transition metal ions

was studied and trinuclear transition metal complexes were synthesized. Moreover the

defined linkage of these complexes into higher aggregates will be demonstrated.

The triaminoguanidine-based ligands geared towards the generation of strong antifer-

romagnetic coupled triangular complexes, in contrast to the previously discussed meta-

phenylene-bridged complexes aiming for ferromagnetic exchange interactions through

spin polarization. It is interesting to mention, that all complexes were prepared apply-
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Figure 4.1: Schematic representation of the tritopic ligands based on triaminoguanidine.

ing a directed synthetic route and not by serendipity. Due to the different synthetic ap-

proaches, the results are discussed in separate groups in the following sections.

4.2 Iron(III) Complexes with the Ligand H5L3Brsal

4.2.1 Synthesis and Characterization

Various trinuclear copper(II) and nickel(II) complexes with different tris-salicylidene-

amino-guanidine ligands were prepared by our group in a directed synthesis approach

using additional capping co-ligands, like 2,2’-bipyridine and 2,4,6-tris(2-pyridyl)-1,3,5-

triazine. [139–141] In contrast to this just two structurally characterized iron(III) complexes

are obtained through serendipitous assembly. [139] The reproducibility of both complex

syntheses is difficult due to extreme long crystallization times of four and eleven months

in combination with the self-assembly process.

The synthesis of the iron(III) complexes is much more difficult compared to the cop-

per(II) and nickel(II) complexes. This is caused by the higher acidity of the iron(III)

ion in combination with the imine functionalities in the ligands sensitive for hydroly-

sis. Moreover a cyclization reaction of the ligand has been observed in the presence

of iron(III) ions. [139] Due to the fact, that additional base is needed for the deprotona-

tion of the ligand, predominantly insoluble iron(III) oxo-hydroxo species precipitated
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from the reaction solutions performing the synthesis in protic polar solvents like alco-

hols or water. Furthermore the resulting iron(III) complexes are only sparingly soluble

in most common organic solvents and even less soluble in dimethylsulfoxide as well as

dimethylformamide making the structural characterization more difficult. These are only

a few facts that complicate the synthesis and crystallization of trinuclear iron(III) com-

plexes. Therefore an alternative synthetic access to triaminoguanidine-bridged iron(III)

complexes needs to be established.

A versatile access to trinuclear iron(III) complexes was found utilizing a rather unusual

synthetic approach. Herein pyridine was used acting as solvent, base and co-ligand for

the coordinative saturation of the iron centers within the trinuclear complex. As iron(III)

source the metal chloride was dissolved in pyridine leading to the formation of a sol-

uble iron(III)-chloro-pyridinium complex. The chloride anions further act as co-ligands

and counterbalance the resulting highly charged trinuclear cation after complex forma-

tion through coordination to the iron centers. Moreover the extreme excess of pyridine

prevents the uncontrolled polymerization of the trinuclear complexes in solution.

For the complex synthesis iron(III) chloride hexahydrate was dissolved in pyridine re-

sulting in a red colored solution. Subsequently a solution of the ligand H5L3Brsal ·HCl

in pyridine was added dropwise, accompanied by an immediate color change to

deep green. This indicates a coordination of the iron ions by the ligand. Then

sodium perchlorate monohydrate was added to improve the crystallization by the use

of a low-coordinating counteranion. Finally the diffusion of methanol into the re-

action solution resulted in green hexagonal prism of the trinuclear iron(III) complex

[Fe3(L3Brsal)(py)6Cl3]ClO4 (Fe3L3Brsal) (12) in high yield of 64 % based on crystalline ma-

terial. As expected the pyridine molecules and chloride ions act as co-ligands. The com-

plex is nearly insoluble in most common organic solvents including dimethylformamide

as well as dimethylsulfoxide, but soluble in pyridine.

Due to the lability of both co-ligands, which is evident from the complex forma-

tion reaction, they can be easily exchanged by chelating co-ligands. A first attempt

was carried out with 8-hydroxyquinoline (Hq). The addition into a solution of the

iron complex Fe3L3Brsal (12) led to the formation of the neutral trinuclear complex

[Fe3(L3Brsal)(q)3(py)2Cl] (Fe3L3Brsalq3) (13). One chloride ion together with one pyridine

molecule were each replaced by the deprotonated 8-hydroxyquinoline co-ligand. More-
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over a coordinated chloride ion counterbalances the positive charge of the trinuclear unit

resulting in a neutral complex molecule. Hence the trinuclear complex Fe3L3Brsal (12)

provides an easy access to the targeted synthesis of trinuclear iron(III) complexes with

various bis- as well as tris-chelating co-ligands.

In addition a hexanuclear iron(III) complex was obtained performing the synthesis

analogous to the trinuclear iron complex Fe3L3Brsal (12) but without sodium perchlorate

monohydrate. The reaction of FeCl3 · 6H2O with the ligand H5L3Brsal ·HCl in pyridine

followed by addition of methanol into the reaction mixture afforded green prism of

complex [Fe6(L3Brsal)2(µ-OMe)2(py)8Cl6] (Fe6L3Brsal
2 ) (14). Herein two trinuclear iron(III)

complex molecules are connected through two methanolate bridges.

The three complexes were characterized by X-ray structural analysis, elemental analysis,

and IR spectroscopy. Due to the above mentioned poor solubility of the trinuclear iron

complex Fe3L3Brsal (12), no signals were detected in the ESI mass spectra measured in

different solvents and even mixtures of them. This was the same for the other complexes

as well. Furthermore FAB mass spectra did not show any signals of the complexes. The

crystals of complexes Fe3L3Brsal (12) and Fe6L3Brsal
2 (14) stay intact after isolation from the

reaction solution, whereas complex Fe3L3Brsalq3 (13) looses the co-crystallized solvent

molecules which is in agreement with the elemental analyses data.

In the IR spectrum of the ligand the ν̃C=N stretching vibration is observed at 1665 cm−1.

Upon coordination to iron(III) ions this band is shifted to frequencies lower than

1600 cm−1. In addition, characteristic bands assigned to stretching vibrations of the tri-

aminoguanidine core ligand are also slightly shifted. These bands are mixed with the

vibration bands of the pyridine co-ligands preventing an unambiguously assignment to

an individual vibration mode. The IR spectra of the trinuclear complex Fe3L3Brsal (12)

and the hexanuclear complex Fe6L3Brsal
2 (14) are very similar and are dominated by the

pyridine co-ligands. Additionally in complex Fe3L3Brsal (12) a strong band is observed at

1096 cm−1, characteristic for the stretching vibration of unbound perchlorate counterions

in the crystal lattice. In the IR spectrum of the trinuclear complex Fe3L3Brsalq3 (13) an

additional strong band is observed at 1107 cm−1 due to the ν̃C−O stretching vibration.

The perchlorate stretching vibration is absent.
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4.2.2 Crystal Structures

[Fe3(L3Brsal)(py)6Cl3]ClO4 (Fe3L3Brsal) (12)

In the complex Fe3L3Brsal (12) three iron(III) ions are coordinated by the penta-

deprotonated triaminoguanidine ligand, each within one tridentate binding pocket. The

molecular structure and labeling scheme of the complex cation [Fe3(L3Brsal)(py)6Cl3]+ is

depicted in figure 4.2. Selected bond lengths and angles are listed in table 4.1. The com-

plex crystallizes in the hexagonal space group P3̄ with an C3 axis through the central

carbon atom C1. Consequently the three iron(III) centers are crystallographically equiv-

alent.

The iron centers possess a distorted octahedral coordination geometry with a N4OCl

donor set. Three coordination sites at the iron(III) ion are coordinated by the N2O donor

set of the triaminoguanidine ligand with bite angles of 85◦ for O1–Fe1–N2 and 73◦ for

N2–Fe1–N1A. The fourth position within the tetragonal plane is occupied by a chlo-

ride ion at a distance of 229 pm. The octahedral geometry is completed by two pyri-

dine molecules, which bind at distances of 220 pm (N3) and 218 pm (N4) in the axial

positions. The bond lengths to the ligand donor atoms are shorter ranging from 190 to

214 pm. All distances are in the usually observed range for octahedral iron(III) complexes

Figure 4.2: Molecular structure of the complex cation of Fe3L3Brsal (12). Thermal ellipsoids are

drawn at the 50% probability level. The hydrogen atoms are omitted for clarity. Symmetry

equivalent atoms are labeled with the suffixes A and B.

83



4 Triaminoguanidine-Bridged Complexes

Table 4.1: Selected bond lengths [pm] and angles [◦] for complex Fe3L3Brsal (12).

Fe1–O1 190.0(3) Fe1–N1A 209.0(3)

Fe1–N2 214.0(4) Fe1–N3 220.0(4)

Fe1–N4 217.6(4) Fe1–Cl1 228.98(12)

O1–Fe1–N1A 158.21(13) O1–Fe1–N2 85.28(13)

O1–Fe1–N3 88.11(14) O1–Fe1–N4 89.92(14)

O1–Fe1–Cl1 100.42(10) N2–Fe1–N1A 73.32(13)

N2–Fe1–N3 93.01(14) N2–Fe1–N4 87.15(14)

N2–Fe1–Cl1 173.78(10) N3–Fe1–N1A 88.94(14)

N3–Fe1–N4 178.01(14) N3–Fe1–Cl1 89.69(10)

N4–Fe1–N1A 93.01(14) N4–Fe1–Cl1 90.35(11)

Cl1–Fe1–N1A 101.15(10)

indicating the iron center to be in the high-spin state. [215–220] The iron center is perfectly

situated within the tetragonal plane. The three trans angles are 158◦ (O1–Fe1–N1A), 174◦

(N2–Fe1–Cl1), and 178◦ (N3–Fe1–N4) indicating a distortion of the octahedral geometry

mainly caused by the rigid ligand binding pocket.

The triaminoguanidine ligand is bowl-shaped, due to the coordination of the iron cen-

ters. The bromo substituent is displaced out of the least square plane of the central CN6

core by 246 pm, resulting in a dihedral angle of 27◦ between the central CN6 core and

the salicylidene rings. The dihedral angle between the tetragonal planes of the iron cen-

ters is 22◦, which leads to an interatomic Fe· · · Fe separation of 509 pm and Fe–N–N–

Fe torsion angles of 161◦. The axial pyridine molecules are twisted against each other

with a dihedral angle of 75◦. The positive charge of the complex cation is counterbal-

anced by a perchlorate ion also situated on a C3 axis. In the crystal packing the com-

plex molecules assemble through slipped face-to-face π-π interactions between the axial

pyridine molecules with distances of 338 and 348 pm. This leads to the formation of

a 3D network illustrated in figure 4.3. Furthermore the perchlorate ion establishes hy-

drogen bonding interactions with the pyridine hydrogen atoms in distances of 322 pm

(Cpy · · ·O). Therefore the perchlorate ion do not show a disorder. Within this network the

trinuclear complex core units are well separated with the shortest intermolecular Fe· · · Fe

contacts of 796 pm.
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Figure 4.3: Supramolecular structure representing the π-π interactions of the complex cations of

Fe3L3Brsal (12). The hydrogen atoms are omitted for clarity.

[Fe3(L3Brsal)(q)3(py)2Cl] (Fe3L3Brsalq3) (13)

The molecular structure as well as the labeling scheme of complex Fe3L3Brsalq3 (13) is

depicted in figure 4.4. Selected bond lengths and angles are listed in table 4.2. Three

iron(III) ions are coordinated by the deprotonated triaminoguanidine ligand and linked

through N–N diazine bridges into a triangular arrangement. Each iron center is coor-

dinated in a distorted octahedral geometry. Three coordination sites at the iron centers

are occupied by the N2O donor set of the triaminoguanidine ligand, as previously de-

scribed for complex Fe3L3Brsal (12), with averaged bite angles of 87◦ and 75◦ for O–Fe–N

and N–Fe–N, respectively. The fourth positions within the ligand planes are occupied by

the phenolate oxygen atom of the deprotonated 8-hydroxyquinoline co-ligands, whereas

the pyridine nitrogen atom coordinates in the axial positions with bite angles of about

79◦. The second axial position at the iron centers Fe2 and Fe3 is occupied by pyridine

molecules in distances of 216 pm (Fe2–N10) and 219 pm (Fe3–N11). The iron center Fe1

is coordinated by a chloride ion at a distance of 233 pm counterbalancing the positive

charge of the trinuclear complex. The donor-iron distances within the tetragonal planes

are very similar for each iron center. The bond lengths range between 191 and 213 pm,

with shorter Fe–O distances situated on the lower and longer Fe–N distances situated

on the upper end of this range. The distances to the axial pyridine nitrogen atoms of

the co-ligands are clearly longer ranging between 219 to 225 pm. This is caused by the

rigidity of the 8-hydroxyquinoline co-ligand forming a five-membered chelate ring with

the metal center in combination with a short Fe–O distance. As expected the distances
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Figure 4.4: Molecular structure of the complex Fe3L3Brsalq3 (13). Thermal ellipsoids are drawn at

the 50% probability level. The co-crystallized solvent molecules as well as the hydrogen

atoms are omitted for clarity.

Table 4.2: Selected bond lengths [pm] and angles [◦] for complex Fe3L3Brsalq3 (13).

Fe1–O1 192.1(3) Fe2–O2 191.0(3) Fe3–O3 190.5(3)

Fe1–O4 193.9(3) Fe2–O5 193.8(3) Fe3–O6 193.0(3)

Fe1–N2 212.6(3) Fe2–N4 211.2(3) Fe3–N1 204.6(3)

Fe1–N3 212.0(3) Fe2–N5 211.4(3) Fe3–N6 212.9(3)

Fe1–N7 225.0(4) Fe2–N8 219.2(4) Fe3–N9 221.5(4)

Fe1–Cl1 233.09(14) Fe2–N10 215.6(3) Fe3–N11 219.1(4)

O1–Fe1–N3 160.60(12) O2–Fe2–N5 160.43(12) O3–Fe3–N1 159.44(13)

O4–Fe1–N2 160.43(13) O5–Fe2–N4 168.19(12) O6–Fe3–N6 162.78(12)

N7–Fe1–Cl1 169.43(10) N8–Fe2–N10 165.21(12) N9–Fe3–N11 170.56(14)
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to the ligand donor atoms as well as the pyridine co-ligands are very similar to those in

the symmetric trinuclear iron complex Fe3L3Brsalq3 (12). Moreover all are in the expected

range for high-spin iron(III) complexes. [215–220] The tetragonal plane of each iron center

exhibits a slight tetrahedral distortion with dihedral angles of 20◦ (Fe1), 13◦ (Fe2), and 18◦

(Fe3). The iron ions Fe2 and Fe3 are displaced out of the least square tetragonal plane by

6 pm and 9 pm towards the axial positions occupied by the pyridine molecules. The iron

ion Fe1 shows a larger displacement of 22 pm towards the coordinated chloride ion. The

trans angles range from 159◦ to 171◦ indicating a distortion from the octahedral geometry.

The ligand molecule is rather flat compared to the bowl shape within the trinuclear iron

complex Fe3L3Brsal (12). A slight propeller-like distortion exists with averaged dihedral

angles of 10◦ between the phenylene rings and the central CN6 core. The iron centers

are arranged in an almost isosceles triangle linked though N–N diazine bridges with

two equivalent interatomic FeFe distances of 511 pm (Fe1· · · Fe2, Fe2· · · Fe3) and one

elongated basal edge with 506 pm (Fe1· · · Fe3). Consequently two different Fe–N–N–Fe

torsion angles of 180◦ (Fe1–N3–N4–Fe2, Fe2–N5–N6–Fe3) and 171◦ (Fe1–N2–N1–Fe3) are

present within the complex.

In the crystal packing the trinuclear complex molecules assemble to chains through π-

π interactions between the quinoline co-ligands bound at the iron centers Fe1 and Fe2.

These chains run along the [110] direction of the unit cell with perfect face-to-face π-π

interactions in a distance of 334 pm (figure 4.5). Therefore the trinuclear complex core

units are well separated with the shortest intermolecular Fe· · · Fe distance of 851 pm

within and 837 pm between these parallel aligned chains.

Figure 4.5: Supramolecular arrangement of the trinuclear complex molecules of Fe3L3Brsalq3 (13).

The co-crystallized solvent molecules as well as the hydrogen atoms are omitted for clarity.
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[Fe6(L3Brsal)2(µ-OMe)2(py)8Cl6] (Fe6L3Brsal
2 ) (14)

The molecular structure and the heteroatom labeling scheme of the hexanuclear complex

Fe6L3Brsal
2 (14) is depicted in figure 4.6. The complex crystallizes in the orthorhombic

space group Pbca as a dimer of two crystallographically equivalent trinuclear complex

moieties linked though two methanolate bridges.

Each iron center possesses a distorted octahedral geometry. The iron(III) ions are co-

ordinated by the ON2 donor set of the penta-deprotonated triaminoguanidine ligand as

previously described. The coordination polyhedra of Fe2 and Fe3 are nearly identical to

those of the symmetric trinuclear complex Fe3L3Brsal (12) with similar bond lengths and

angles listed in table 4.3. Again the fourth position within the ligand plane is occupied by

a chloride ion in a larger distance of about 231 pm compared to all other ranging between

191 to 214 pm. The iron centers are displaced out of the corresponding tetragonal plane

by 1 pm (Fe2) and 3 pm (Fe3). Both axial positions are occupied by pyridine molecules

in distances of about 220 pm completing the distorted octahedral geometry. Again these

are twisted with dihedral angles of 45◦ (Fe2) and 52◦ (Fe3).

Figure 4.6: Molecular structure of complex Fe6L3Brsal
2 (14). Thermal ellipsoids are drawn at the 30%

probability level. The co-crystallized solvent molecules as well as the hydrogen atoms are

omitted for clarity. Symmetry equivalent atoms are labeled with the suffix A.
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Table 4.3: Selected bond lengths [pm] and angles [◦] for complex Fe6L3Brsal
2 (14).

Fe1–O1 191.5(4) Fe2–O2 190.0(4) Fe3–O3 191.1(4)

Fe1–O4 198.6(3) Fe2–N4 213.5(4) Fe3–N1 209.1(4)

Fe1–O4A 205.0(3) Fe2–N5 210.8(4) Fe3–N6 213.8(4)

Fe1–N2 215.6(4) Fe2–N7 220.8(4) Fe3–N9 220.2(5)

Fe1–N3 212.3(4) Fe2–N8 218.0(4) Fe3–N10 219.6(5)

Fe1–Cl1 236.90(15) Fe2–Cl2 232.08(14) Fe3–Cl3 230.91(15)

O1–Fe1–N3 157.40(16) O2–Fe2–N5 159.35(16) O3–Fe3–N1 160.11(15)

O4–Fe1–N2 167.12(14) N4–Fe2–Cl2 176.87(12) N6–Fe3–Cl3 176.56(12)

O4A–Fe1–Cl1 167.90(11) N7–Fe2–N8 176.69(17) N9–Fe3–N10 177.25(19)

The octahedral coordination geometry at the iron ion Fe1 is completed by two

methanolate molecules and one chloride ion. Both methanolate molecules bridge two

trinuclear complex moieties through coordination in the fourth positions within the lig-

and plane together with the axial coordination to the symmetry equivalent iron center

resulting in a methanolate-bridged hexanuclear complex. The axial bond length to the

methanolate oxygen atom is slightly elongated with 205 pm compared to the equatorial

distance with 199 pm leading to a Fe1–O4–Fe1A bridging angle of 105◦. Moreover the

distance to the chloride ion is slightly elongated with 237 pm compared to those of the

iron centers Fe2 and Fe3. The equatorial plane shows a slight tetrahedral distortion with

a dihedral angle of about 13◦. The iron is displaced out of the idealized plane by 11 pm

towards the axial positioned chloride ion. Thus the octahedral coordination environment

of the iron ion Fe1 shows a higher distortion compared to the iron centers Fe2 and Fe3,

both nearly equal. This is further confirmed by the trans angles ranging from 157◦ to 168◦

for the iron center Fe1, whereas for both other Fe2 and Fe3 these are much larger ranging

from 166◦ to 177◦.

Again the ligand molecule shows a distortion from planarity resulting in a bowl-

shaped arrangement, but less pronounced as in the symmetric trinuclear complex

Fe3L3Brsal (12). The dimerisation through the methanolate bridges causes an irregular

distortion of the ligand molecules indicated by the different dihedral angles between the

idealized tetragonal planes of the iron centers within each trinuclear complex unit of

6◦(Fe1Fe2), 16◦ (Fe2Fe3) and 20◦ (Fe1Fe3). Moreover this leads to interatomic Fe· · · Fe
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4 Triaminoguanidine-Bridged Complexes

separations of 513 pm (Fe1· · · Fe2), 508 pm (Fe1· · · Fe3), and 514 pm (Fe2· · · Fe3) as well

as Fe–N–N–Fe torsion angles of 174◦ (Fe1–N3–N4–Fe2), 152◦ (Fe1–N2–N1–Fe3), and 170◦

(Fe2–N5–N6–Fe3). In contrast, the distance between the methanolate-bridged iron cen-

ters is clearly shorter with 319 pm.

4.2.3 Magnetic Properties

Trinuclear Iron(III) Complexes

The magnetic properties of both trinuclear iron containing complexes Fe3L3Brsal (12)

and Fe3L3Brsalq3 (13) were determined by magnetic measurements in a temperature

range from 2 to 300 K. The temperature dependencies for both complexes of the molar

susceptibility χM and its product χMT are shown in figure 4.7. The magnetic behavior of

the complexes is very similar, in line with what is expected considering the highly related

structural arrangements of the iron centers. At 300 K the χMT value is 9.21 cm3 K mol−1

for complex Fe3L3Brsal (12) and 9.60 cm3 K mol−1 for Fe3L3Brsalq3 (13). Upon lowering

the temperature χMT decreases continuously reaching a value of 0.31 cm3 K mol−1

at 2 K in both complexes. The high temperature values are much larger compared

to the spin-only value of three independent low-spin iron(III) centers with S = 1/2

(χMT = 1.13 cm3 K mol−1 assuming that g = 2). This is consistent with the crystal

structure data indicating all iron centers to be in the high-spin state. However these

values are smaller than the calculated value for three uncoupled high-spin iron(III)

Figure 4.7: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles,

•) for complex Fe3L3Brsal (12) (left) and complex Fe3L3Brsalq3 (13) (right) measured

with an applied magnetic field of 2000 Oe. The solid lines represents the best fit to the

experimental data (for parameters see text).
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Figure 4.8: Field dependence of the magnetization for complex Fe3L3Brsal (12) (left) and complex

Fe3L3Brsalq3 (13) (right) at 2 K. The Brillouin functions for S = 1/2 and the appropriate

g values are plotted as solid line (see text).

centers with S = 5/2 (χMT = 13.13 cm3 K mol−1 assuming that g = 2) indicating

antiferromagnetic exchange interactions between the three iron centers, which is in

agreement with the gradual decrease of the χMT values observed upon cooling. The

antiferromagnetic exchange coupling between the three iron(III) ions is mediated by the

diazine N–N bridges. Moreover the low temperature values are close to the spin-only

value of S = 1/2, which is consistent with magnetization measurements at 2 K depicted

in figure 4.8. These confirm the S = 1/2 ground state of both complexes.

Based on the crystallographic data the three iron centers in complex Fe3L3Brsal

(12) are equivalent. Therefore the triangular unit Fe3 within the complex cation

[Fe3(L3Brsal)(py)6Cl3]+ can be treated as an equilateral triangle with three equal pairwise

magnetic interactions. In order to obtain the exchange coupling constant J the tempera-

ture dependence of χMT was simulated with the corresponding spin Hamiltonian by a

full-matrix diagonalization approach including isotropic exchange and Zeeman interac-

tions with the programm package DAVE. [177]

Ĥ = −J(Ŝ1Ŝ2 + Ŝ1Ŝ3 + Ŝ2Ŝ3) +
3

∑
i=1

giβŜi
−→
H (4.1)

The best fit is obtained with parameters J = −12.7 cm−1 and g = 1.99, which excellently

reproduces the course of the experimental magnetic data in the whole temperature range.
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Figure 4.9: The spin topology of the employed two-J model for complex Fe3L3Brsalq3 (13).

In complex Fe3L3Brsalq3 (13) the three iron centers are crystallographically independent.

The iron centers are arranged as almost perfect isosceles triangle linked through N–N di-

azine bridges with two different interatomic Fe· · · Fe separations of 511 pm (Fe1· · · Fe2,

Fe2· · · Fe3) and 506 pm (Fe1· · · Fe3) as well as Fe–N–N–Fe torsion angles of 180◦ (Fe1–

N3–N4–Fe2, Fe2–N5–N6–Fe3) and 171◦ (Fe1–N2–N1–Fe3) are observed (see section 4.2.2).

Therefore a two-J model is employed as spin topology, representing an isosceles triangle

which is illustrated in figure 4.9. In this model the different octahedral coordination en-

vironments of the iron centers with a N3O2Cl donor set for Fe1 and a N4O2 donor set

for both Fe2 and Fe3 was neglected, since the exchange interactions are dominated by

the bridging triaminoguanidine core unit. The corresponding spin Hamiltonian with

JA = J12 = J23 and JB = J13 is given in equation 4.2.

Ĥ = −JA(Ŝ1Ŝ2 + Ŝ2Ŝ3)− JB(Ŝ1Ŝ3) +
3

∑
i=1

giβŜi
−→
H (4.2)

Using the program package DAVE the best fit is obtained with parameters

JA = −9.8 cm−1, JB = −11.1 cm−1, and g = 1.98. Although the spin topology

leads to an excellent agreement with the experimental magnetic data, the two coupling

constants can not unambiguously be assigned to JA and JB based on the structural

features.

For both complexes Fe3L3Brsal (12) and Fe3L3Brsalq3 (13) a negative coupling constant is

obtained which reveals antiferromagnetic interactions between the iron(III) centers re-

sulting in S = 1/2 ground states. Within the C3 symmetric complex Fe3L3Brsal (12) the

spin is delocalized though all three iron centers leading to spin frustration. [71] Due to
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the spin ground state of S = 1/2 in combination with the equilateral triangular spin

topology this complex might be an interesting target as a qubit in the field of quantum

computation. [84,85,144,145,147]

In the symmetric trinuclear complex Fe3L3Brsal (12) the coupling J = −12.6 cm−1 is

slightly stronger compared to complex Fe3L3Brsalq3 (13). This is assigned to differences

in the Fe–N–N–Fe torsion angles and hence the interatomic Fe· · · Fe separations. The

smaller the torsion angle the smaller is the distance between the iron centers. The torsion

angles in complex Fe3L3Brsal (12) are 161◦, which are significantly smaller compared to

180◦ and 171◦ in complex Fe3L3Brsalq3 (13).

To summarize, the smaller the Fe–N–N–Fe torsion angle in the trinuclear triamino-

guanidine-based iron(III) complexes the stronger is the antiferromagnetic exchange

interaction. The same trend has also been observed in N–N diazine-bridged iron(III)

azacrown complexes where the exchange interactions are generally slightly weaker in

the range 7.7 < −J < 9.3 cm−1. [140,221,222]

Hexanuclear Iron(III) Complex

Variable temperature (2-300 K) magnetic susceptibility data collected on a polycrystalline

sample of the hexanuclear complex Fe6L3Brsal
2 (14) is depicted in figure 4.10.The experi-

Figure 4.10: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles,

•) for complex Fe6L3Brsal
2 (14) measured with an applied magnetic field of 2000 Oe.
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Figure 4.11: The spin topology of the employed three-J model for the hexanuclear iron(III) complex

Fe6L3Brsal
2 (14).

mental value χMT at 300 K is 16.65 cm3 K mol−1. Upon lowering the temperature, χMT

reaches a minimum value of 0.50 cm3 K mol−1 at 2 K. The high temperature value is

lower than the spin-only value for six uncoupled high-spin iron(III) ions with S = 5/2

(26.26 cm3 K mol−1 assuming that g = 2), but much higher than the spin-only value

for six uncoupled low-spin iron(III) ions with S = 1/2 (2.25 cm3 K mol−1 assuming that

g = 2). The gradual decrease indicates an antiferromagnetic exchange interaction within

the trinuclear subunits mediated by the N–N diazine bridges, which is in agreement with

the lower high temperature value for six independent high-spin iron(III) centers. The

centrosymmetry of the complex molecule leads to an antiparallel alignment of the spins

S = 1/2 of each triangular subunit resulting in an S = 0 ground state. This is further

confirmed by the low temperature value.

Due to the structure of the complex a three-J model is necessary for the interpretation

of the magnetic data, which is shown in figure 4.11. Beside the couplings within the

trinuclear subunits J1 and J2 mediated through the N–N diazine bridges of the ligand

molecules an additional coupling J3 between the doubly methanolate-bridged iron cen-

ters has to be considered. This can be simplified into a two-J model assuming an av-

eraged coupling within the trinuclear subunits with J1 = J2. Unfortunately no analytic

expressions are known for hexanuclear high-spin iron(III) complexes due to the high

dimension of the resulting matrix. Therefore only an estimation of the exchange inter-

actions could be given. For both trinuclear complexes Fe3L3Brsal (12) and Fe3L3Brsalq3

(13) coupling constants of −12.6 cm−1 and -10.2 cm−1 (averaged) are obtained, which

predominantly depend on the Fe–N–N–Fe torsion angles. Within the trinuclear subunits
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of the hexanuclear complex the averaged torsion angle with about 165◦ is very similar to

complex Fe3L3Brsal (12) with 161◦, which should lead to a similar averaged coupling con-

stant. This is supported by the temperature dependence of the magnetic data compared

to the trinuclear complexes.

The exchange coupling J3 represents the superexchange pathway through the

methanolate bridges, which predominantly depend on the iron–oxygen distance and the

iron–oxygen–iron angle. Most attempts to establish magnetostructural correlations have

focused on dinuclear oxo-, hydoxo- and alkoxo-bridged iron(III) complexes. In all cases,

empirical and semiempirical relationships have been established between exchange cou-

pling constant J and the iron–oxygen–iron angle (α) or the iron–oxygen distance (r) in the

bridges. [223–227]

For oxo-bridged dinuclear iron(III) complexes an empirical correlation has been pub-

lished between the coupling constant J and the averaged iron–oxygen distance (r). [225]

An exponential dependence was established, wherein the magnitude of the antiferro-

magnetic coupling increases with decreasing r. The Fe–O–Fe angle α was found to have

only second-order effects on J. Angular variation is important only when r is large as it

is the case in the hexanuclear complex.

A systematic study has been performed with a series of binuclear alkoxo-bridged com-

plexes with similar r, and α varying between 102◦ and 106◦, while J varies between −15

and −21 cm−1. The simplest correlation was found to be of the type given in equation

4.3. [226]

− J = 1.48α− 135 (4.3)

In the hexanuclear complex Fe6L3Brsal
2 (14) the bridging angle α is 105◦, which results in

a coupling constant of J = −20.4 cm−1 between the methanolate-bridged iron centers.

Weihe and Güdel used a formulation based on the angular overlap model to derive an

expression for J including both parameters r as well as α represented in equation 4.4. [228]

− J = A(B + Ccosα + cos2α)exp(Dr) (4.4)

In effect, the correlation was established for iron dimers whose iron centers are also in-

volved in additional bridging interactions with other iron centers. It indicates that the an-

tiferromagnetic interaction is stronger as α increases and r decreases. Moreover this cor-

relation was applied to hexanuclear mixed oxo-hydroxo-bridged iron(III) complexes. [229]

The regression of the semiempirical calculated coupling constants for the spin Hamilto-
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nian Ĥ = −J(Ŝ1Ŝ2) resulted in the parameters A = 4 · 107 cm−1, B = 0.2, C = −1 and

D = −7 Å−1. For the hexanuclear complex Fe6L3Brsal
2 (14) with r = 2.02 Å and α = 105◦

this leads to the coupling constant of J = −15.2 cm−1 between the methanolate-bridged

iron centers.

Both independent correlations predict similar magnitudes of the antiferromagnetic ex-

change interaction through the methanolate bridges. Moreover the coupling constant is

in the same range as expected for the intratrimer coupling mediated through the N–N di-

azine bridges. In the hexanuclear complex Fe6L3Brsal
2 the resulting S = 1/2 spins within

each trinuclear subunit are aligned antiparallel in agreement with the symmetry of the

hexanuclear complex. This leads to a S = 0 ground state.

4.3 Pentanuclear Heterometallic Complexes with the Ligands

H5L3Brsal and H5L3Hsal

4.3.1 Synthesis and Characterization

The C3 symmetric triaminoguanidine-based Schiff-base ligands H5L3Brsal ·HCl and

H5L3Hsal ·HCl possess three equivalent binding pockets. After total deprotonation the

ligands coordinate to three transition metal ions in their penta-anionic form. Since the

ligands have been used as hydrochloride salt, at least six equivalents of base are needed

for both deprotonation of the amine groups of the guanidine moiety and the phenolic

hydroxy groups in order to favor the coordination of the metal ions. Two different

complex structures as shown in figure 4.12 have been obtained with nickel(II) ions. The

trinuclear nickel(II) complexes have been isolated by the addition of three equivalents of

capping co-ligands like 2,2’-bipyridine and 2,4,6-tris(2-pyridyl)-1,3,5-triazine (tptz). [141]

Moreover pentanuclear nickel(II) complexes are accessible, wherein two trinuclear

subunits are cross-linked through a common nickel(II) ion. [140]

Utilizing a directed successive synthesis route an extension to heterometallic complexes

is possible due to the different nature of the three amine protons of the triaminoguandine

moiety. The hydrochloride can be easily removed by the addition of one equivalent of

triethylamine as base, while both other amine nitrogen atoms remain protonated. From
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Figure 4.12: Schematic representation of the two different complex structures obtained with nickel(II)

ions, the trinuclear cationic complex (left) and the neutral pentanuclear complex (right).

methanolic solutions the hydrochloride free ligands crystallized within a few minutes,

which was proven by NMR spectroscopy. The control of the acidity of the reaction solu-

tion by successive stoichiometric addition of triethylamine as base provides the stepwise

accessibility of the binding pockets by deprotonation. In addition, phenolic groups are

known to be strongly acidic and they were easily deprotonated during complexation re-

action even without additional base.

These characteristics were utilized for stepwise coordination of different transition

metal ions. Three heterometallic pentanuclear complexes with the same structural mo-

tif of the general formula [MIIINiII
4 (L3)2(tptz)4](ClO4)x(Cl)1−x with M = Fe, Mn, Co were

synthesized following the directed step-by-step synthesis shown in figure 4.13. Herein

two nickel complex subunits are linked by the central trivalent metal ion. Starting from

the triaminoguanidine ligands the hydrochloride was removed by one equivalent of tri-

ethylamine leading to the unsymmetrical free ligands H5L3Hsal and H5L3Brsal with only

one binding pocket accessible in a tridentate fashion. Both amine nitrogen groups re-

main protonated and therefore both of the other binding pockets are not accessible for

the coordination of a metal ion in a tridentate fashion. Consequently, the reaction with

half an equivalent of iron(II)-, manganese(II)- or cobalt(II) perchlorate in the presence

of one equivalent of triethylamine resulted in the formation of mononuclear complexes

wherein the metal ions are coordinated by two ligand molecules in an octahedral envi-

ronment. Only one binding pocket of each ligand is occupied due to the above men-
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Figure 4.13: Schematic step-by-step synthesis of the heterometallic pentanuclear complexes

FeNi4L3Brsal
2 (15), MnNi4L3Hsal

2 (16) and CoNi4L3Hsal
2 (17) in dimethylformamide-

methanol-mixture. Abbreviations herein: NEt3 = triethylamine and tptz = 2,4,6-tris(2-

pyridyl)-1,3,5-triazine.
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tioned protonation of both amine nitrogen atoms of each ligand. The following reac-

tion with two equivalents nickel(II) perchlorate and additional four equivalents triethy-

lamine for deprotonation of the remaining hydroxy and amine protons yielded discrete

pentanuclear complexes. During the complexation reaction the central metal ions were

oxidized. This oxidation process led to a higher stability of the central metal ion against

metal exchange reaction with the nickel ions. To prevent higher aggregation 2,4,6-tris(2-

pyridyl)-1,3,5-triazine (tptz) was utilized as co-ligand. [141] Moreover tptz is well known

for its ability to support crystallization by an appropriate crystal packing via π-π interac-

tions. [180,230–232] Tptz possesses free donor sites after coordinative saturation of the pen-

tanuclear core unit which could be utilized for further complexation reaction and defined

aggregation. [233–235]

The complex [FeNi4(L3Brsal)2(tptz)4](ClO4)0.5Cl0.5 (FeNi4L3Brsal
2 ) (15) was isolated

using iron(II) perchlorate and H5L3Brsal ·HCl as ligand. The reaction of the ligand

H5L3Hsal ·HCl with manganese(II) and cobalt(II) perchlorate resulted in the com-

plexes [MnNi4(L3Hsal)2(tptz)4]ClO4 (MnNi4L3Hsal
2 ) (16) and [CoNi4(L3Hsal)2(tptz)4]ClO4

(CoNi4L3Hsal
2 ) (17) after drying in air.

All complexes were obtained as pure crystalline solids. Crystals suitable for X-ray crys-

tallography were only obtained for FeNi4L3Brsal
2 (15). The complexes MnNi4L3Hsal

2 (16)

and CoNi4L3Hsal
2 (17) were recrystallized from chloroform-methanol-mixture resulting in

large well defined crystals. Unfortunately these were also not suitable for X-ray crystal-

lography.

The formation of all complexes is also confirmed by ESI mass spectrometry, IR spec-

troscopy and elemental analysis. Each mass spectra shows predominantly one signal

which is equal to the corresponding complex cation. The isotope patterns are in excellent

agreement with the calculated ones and are unambiguously assigned to the correspond-

ing heterometallic pentanuclear complex cations [MNi4(L3)2(tptz)4]+ (see figures 4.14,

4.15 and 4.16). All spectra confirm the exclusive formation of the heterometallic com-

plexes and their stability in solution.

The IR spectrum of FeNi4L3Brsal
2 (15) is similar to them of MnNi4L3Hsal

2 (16) and

CoNi4L3Hsal
2 (17), which are nearly identical. The ν̃(C=N) stretching vibration is shifted

from 1665 cm−1 in the ligand to frequencies lower than 1600 cm−1 in the complex due

to the coordination of the imine nitrogen atoms to the metal centers. In addition, char-
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Figure 4.14: Measured (top) and calculated (bottom) isotope pattern of the pentanuclear complex

cation [FeNi4(L3Brsal)2(tptz)4]+ of FeNi4L3Brsal
2 (15) in ESI mass spectrum. The calcu-

lation is based on C116H72FeN36O6Ni4Br6.
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Figure 4.15: Measured (top) and calculated (bottom) isotope pattern of the pentanuclear complex

cation [MnNi4(L3Hsal)2(tptz)4]+ of MnNi4L3Hsal
2 (16) in ESI mass spectrum. The cal-

culation is based on C116H78MnN36O6Ni4.
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Figure 4.16: Measured (top) and calculated (bottom) isotope pattern of the pentanuclear complex

cation [CoNi4(L3Hsal)2(tptz)4]+ of CoNi4L3Hsal
2 (17) in ESI mass spectrum. The calcu-

lation is based on C116H78CoN36O6Ni4.
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acteristic bands assigned to stretching vibrations of the triaminoguanidine core ligand

are also slightly shifted upon coordination. Furthermore vibrations characteristic for the

tptz co-ligand appear in the same region. Therefore the bands could not be unambigu-

ously determined. The IR spectrum exhibits a broad band observed at around 3435 cm−1

characteristic for the crystallized water molecules present in the complex structure. An

additional strong band is observed at 1669 cm−1 assigned to the ν̃(C=O) stretching vibra-

tion of the crystallized dimethylformamide molecules. In addition a characteristic band

at around 1100 cm−1 is observed which can be attributed to the ν̃(Cl−O) stretching vibra-

tion of the perchlorate counterion. The IR spectra of the complexes MnNi4L3Hsal
2 (16) and

CoNi4L3Hsal
2 (17) exhibit all bands present in complex FeNi4L3Brsal

2 (15) except the ν̃(C=O)

stretching vibration of the dimethylformamide molecules at 1669 cm−1 confirming the

structural similarity. They only differ slightly in the strength of the bands.

The elemental analysis also confirms the X-ray crystallography structural data for

FeNi4L3Brsal
2 (15). In this context, the final complex compositions concerning the water

content and the counteranion of MnNi4L3Hsal
2 (16) and CoNi4L3Hsal

2 (17) are postulated

from the elemental analyses. According to the presence of perchlorate and chloride coun-

teranions in complex structure of FeNi4L3Brsal
2 (15), the exact nature of the counteranion

can not be unambiguously determined from this data. It might also be possible, that the

charge is partially counterbalanced by chloride ions in connection with a slightly higher

water content in both complexes. Nevertheless the effect on the molar mass of the two

complexes is negligible. Only the molar mass in combination with the structure of the

central core unit is essential for the interpretation of the magnetic data.

4.3.2 Crystal Structure

[FeNi4(L3Brsal)2(tptz)4](ClO4)0.5Cl0.5 (FeNi4L3Brsal
2 ) (15)

Molecular structure and heteroatom labeling scheme of the pentanuclear complex cation

[FeNi4(L3Brsal)2(tptz)4]+ of FeNi4L3Brsal
2 (15) is depicted in figure 4.17, the central pen-

tanuclear core unit is enlarged and simplified shown in figure 4.18. Selected bond lengths

and angles are listed in table 4.4. Complex FeNi4L3Brsal
2 (15) crystallizes in the triclinic

space group P1̄. Two triangular [FeNi2(L3Brsal)2(tptz)2]-subunits are interconnected by a

common iron(III) ion accommodated in two tridentate pockets of both triaminoguanidine-

based ligand moieties in a N4O2 environment.
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Figure 4.17: Molecular structure of the complex cation of FeNi4L3Brsal
2 (15). The tptz co-ligands are

illustrated as sticks except the coordinating nitrogen atoms. Furthermore all hydrogen

atoms are omitted for clarity.

Figure 4.18: Representation of the pentanuclear core of FeNi4L3Brsal
2 (15) together with the coordi-

nation environments of the peripheral nickel ions.
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Table 4.4: Selected bond lengths [pm] and angles [◦] for complex FeNi4L3Brsal
2 (15).

Fe–O1 189.4(5) Ni1–O2 200.1(5) Ni2–O3 201.3(5)

Fe–O4 190.6(5) Ni1–N1 207.2(6) Ni2–N3 207.9(6)

Fe–N2 199.6(6) Ni1–N4 200.8(6) Ni2–N6 201.7(5)

Fe–N5 200.5(5) Ni1–N13 223.5(6) Ni2–N19 219.6(7)

Fe–N8 199.0(6) Ni1–N14 201.3(6) Ni2–N20 199.9(6)

Fe–N11 197.8(6) Ni1–N15 216.4(7) Ni2–N21 216.7(7)

Ni3–O5 202.0(6) Ni4–O6 200.0(5)

Ni3–N7 206.6(6) Ni4–N9 207.1(6)

Ni3–N10 201.2(6) Ni4–N12 199.5(7)

Ni3–N25 218.8(6) Ni4–N31 215.7(6)

Ni3–N26 200.5(6) Ni4–N32 199.1(7)

Ni3–N27 215.4(6) Ni4–N33 218.3(7)

O1–Fe–N5 168.8(3) O2–Ni1–N1 166.9(2) O3–Ni2–N3 167.6(2)

O4–Fe–N11 168.4(2) N4–Ni1–N14 173.4(2) N6–Ni2–N20 176.7(3)

N2–Fe–N8 173.0(3) N13–Ni1–N15 151.6(2) N19–Ni2–N21 152.1(2)

O5–Ni3–N7 164.6(2) O6–Ni4–N9 168.0(2)

N10–Ni3–N26 175.9(2) N12–Ni4–N32 176.5(2)

N25–Ni3–N27 152.2(2) N31–Ni4–N33 152.6(3)

The central iron(III) ion is coordinated in an slightly distorted octahedral environment

as indicated by the observed cis angles ranging from 78◦ to 108◦ and trans angles varying

from 168◦ to 173◦. The ligands are coordinated in a meridional fashion forming two five-

and two six-membered chelate rings at the iron(III) center with bite angles of 78◦ (N2–

Fe–N5, N8–Fe–N11), 90◦ (O1–Fe–N2) and 92◦ (O4–Fe–N8), respectively. The distances to

both phenolate oxygen atoms are very similar with about 190 pm. Furthermore, the bond

lengths of the nitrogen donor atoms are longer ranging from 198 to 200 pm. All are in

very good agreement to literature values indicating the iron(III) ion to be in the low-spin

state. [236]

The peripheral nickel(II) ions are surrounded by a N5O donor atom set arranged in

an distorted octahedral coordination environment with similar trans angles ranging from

152◦ to 177◦. Three coordination sites at each nickel are occupied by the N2O donor set of
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the triaminoguanidine ligand including the phenolate oxygen atom, the imine nitrogen

atom and the amine nitrogen atom. The octahedral geometry is completed by three ni-

trogen atoms of the tptz co-ligand coordinating in a terpyridine-like chelating meridional

fashion. The equatorial positions are occupied by the corresponding ligand donor atoms

and the triazine nitrogen atom of the tptz co-ligands with bond lengths between 200 and

208 pm. The distances to the amine nitrogen atoms are longer than the other, all located

on the lower end of the range. Both axial positions are occupied by the pyridine nitrogen

atoms of the co-ligands with longer distances ranging from 215 to 224 pm and trans an-

gles of about 152◦. The nickel ions are displaced out of the corresponding N3O tetragonal

plane, defined by the four equatorial donor atoms, by 15 pm (Ni1), 14 pm (Ni2), 24 pm

(Ni3) and 29 pm (Ni4), respectively.

The dihedral angle between the idealized planes formed by each ligand including the

CN6 triaminoguanidine moiety is about 89◦, very close to perpendicular orientation of

the two interlocked trinuclear [FeNi2(L3Brsal)(tptz)2]-subunits. Within both subunits the

tetragonal planes of the nickel centers are nearly coplanar with dihedral angles of 15◦

between Ni1 and Ni2 as well as 19◦ between Ni3 and Ni4, which is consistent with the

expected planarity of the corresponding trinuclear core subunits. In addition, the tetrag-

onal planes of the nickel ions and the central iron ion, formed by the corresponding phe-

nolate oxygen, imine nitrogen and amine nitrogen ligand donor atom together with the

coplanar amine nitrogen atom of the second ligand, are also slightly twisted with dihe-

dral angles of 27◦ for Ni1, 21◦ for Ni2, 25◦ for Ni3 and 18◦ for Ni4. The nickel centers Ni1

and Ni3 are arranged in line with the central iron ion. In addition, the Ni2 and Ni4 are

situated within the idealized plane of the iron center including both phenolate oxygen

atoms O1/O4 and both amine nitrogen atoms N5/N11 with a minimal deviation of 1 pm

each.

The interatomic M· · ·M separations and the M–N–N–M torsion angles between neigh-

boring metal centers are listed in table 4.5. Within both trinuclear subunits the metal ions

are arranged as nearly isosceles triangles with two almost equivalent Fe· · ·Ni distances

and a longer Ni· · ·Ni distance due to shorter bond lengths of the iron center compared

to them of the nickel centers. The nickel distances are with about 497 pm nearly equal

to a reported trinuclear nickel complex with this ligand [141]. The Ni–N–N–Ni torsion an-

gles of 164◦ and 171◦ are also in the expected range. In addition the Fe–N5–N6–Ni2 and

Fe–N11–N12–Ni4 torsion angles are nearly identical to them, while the Fe–N2–N1–Ni1
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Table 4.5: Interatomic M· · ·M separations [pm] and the torsion angles M–N–N–M [◦] in complex

FeNi4L3Brsal
2 (15).

Fe· · ·Ni1 491.6 Fe–N2–N1–Ni1 154.6

Fe· · ·Ni2 489.5 Fe–N5–N6–Ni2 170.7

Fe· · ·Ni3 490.1 Fe–N8–N7–Ni3 154.6

Fe· · ·Ni4 486.7 Fe–N11–N12–Ni4 169.2

Ni1· · ·Ni2 497.5 Ni1–N4–N3–Ni2 169.5

Ni3· · ·Ni4 496.2 Ni3–N10–N9–Ni4 163.5

and Fe-N8-N7-Ni3 ones are with 155◦ distinctly smaller but still in the trans orientation

related to the N–N diazine bridge. Due to the bulky tptz, the pentanuclear core units are

well separated with the shortest intermolecular Ni· · ·Ni distance of 928 pm.

The pentanuclear complex cation [FeNi4(L3Brsal)2(tptz)4]+ crystallizes together with

one counteranion as a statistical distribution of perchlorate as well as chloride ions. The

ratio of the counterions was refined as one-to-one. The complex cations assemble through

π-π interactions as a result of face-to-face orientation of the tptz moieties of two paral-

lel layers. Moreover a point-to-face arrangement of the pyridine rings of tptz co-ligands

to the phenylene rings of the tris-N-(5-bromo-salicylidene)-amino-guanidine ligands is

formed. [237] The co-crystallized dimethylformamide, water and methanol molecules are

situated in between and are predominantly disordered over several crystallographic po-

sitions.

4.3.3 Magnetic Properties

Variable temperature (2–300 K) magnetic susceptibility data was collected on powder

samples for the three complexes FeNi4L3Brsal
2 (15), MnNi4L3Hsal

2 (16), and CoNi4L3Hsal
2

(17). The magnetic data is shown in figure 4.19, 4.20 and 4.21 as χM = f (T) and

χMT = f (T) plots. All complexes show a monotonous decline upon lowering the

temperature. This indicates antiferromagnetic interactions through the N–N diazine

bridges of the triaminoguanidine ligand scaffold as found in other compounds. Due

to the heterometallic nature of the complexes in connection with various exchange

pathways between the metal centers the analysis and interpretation of the magnetic data

is not straightforward. A comparative study of the magnetic data of the three complexes
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Figure 4.19: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles,

•) for complex FeNi4L3Brsal
2 (15) measured with an applied magnetic field of 2000 Oe.

The corresponding fit functions are drawn as solid lines (for parameters see text).

was done by Eike T. Spielberg. [213] Therefore the results are only presented in conclusion.

For further details and discussions please refer to his thesis.

In the cobalt containing complex CoNi4L3Hsal
2 (17) the cobalt(III) ion is in the low-spin

state with S = 0. The experimental data was analyzed with the help of a full matrix least

square routine which also accounts for the paramagnetic impurity α. [238] The measured

values can be reproduced quite nicely using the parameters JNiNi = −35.8 cm−1 and

gNi = 2.111 with α = 7.3%.

In the heterometallic manganese complex MnNi4L3Hsal
2 (16) the manganese(III) ion is in

the high-spin state with S = 2. Fitting the parameters to the data using the full matrix

diagonalization routine DAVE and considering also temperature independent paramag-

netism (χTIP) and intermolecular interactions via the mean field approach (λ) gives the

following results: gMn = 1.997, gNi = 2.114, JNiNi = −34.0 cm−1, JMnNi = +1.3 cm−1,

χTIP = 3.1 · 10−3 cm3 mol−1, and λ = −0.03 K. [177]

In the iron containing heteronuclear complex FeNi4L3Brsal
2 (15) the iron(III) center is in

the low-spin state with S = 1/2. Fitting of the magnetic data utilizing a full matrix

diagonalization routine DAVE leads to the following parameters JNiNi = −33.2 cm−1,

JFeNi = −39.9 cm−1, g = 2.298, and χTIP = 6.9 · 10−3 cm3 K mol−1. [177]
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Figure 4.20: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles,

•) for complex MnNi4L3Hsal
2 (16) measured with an applied magnetic field of 2000 Oe.

The corresponding fit functions are drawn as solid lines (for parameters see text).

Figure 4.21: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles,

•) for complex CoNi4L3Hsal
2 (17) measured with an applied magnetic field of 2000 Oe.

The corresponding fit functions are drawn as solid lines (for parameters see text).
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As expected the coupling constant JNiNi between the nickel ions is nearly equal for each

complex due to the structural similarities. This data clearly shows that the magnitude of

the nickel nickel interactions resembles very well the one found for the reported trinu-

clear compounds. [140,141] Within the manganese complex MnNi4L3Hsal
2 (16) only a very

weak antiferromagnetic exchange interaction between the manganese ion and the nickel

centers is observed leading to a cancelation of the nickel contribution. This results in

a manganese-type ground state. Moreover the coupling between the iron ion and the

nickel centers in complex FeNi4L3Brsal
2 (15) is stronger than the nickel nickel interactions

resulting in a strong admixture of nickel wave functions into the ground state. This leads

to a delocalized, degenerated S = 1/2 spin ground state, which makes the iron com-

pound an interesting target as a quBit in the field of quantum computation. [84,85,144,145,147]

4.4 Trinuclear Transition Metal Complexes with the Ligand

H2L3py

4.4.1 Synthesis and Characterization

The ligand H2L3py, previously shown in figure 4.1, was synthesized through Schiff-

base condensation of triaminoguanidine with pyridine-2-carbaldehyde isolated as the

hydrochloride salt H2L3py ·HCl. The synthesis was performed at 45◦C in a methanol-

water-mixture leading to a yellow solid after evaporation of the solvent. The water

was removed by addition of ethanol and subsequent evaporation of the solvent in

vacuum. This was repeated two times leaving the microcrystalline ligand co-crystallized

with ethanol. Due to the pyridine side chains the ligand acts as base. The addition

of hydrochloric acid into a methanolic solution led to the crystallization of the tetra-

hydrochloride salt H2L3py · 4HCl. The ligand is excellent soluble in most polar organic

solvents, like methanol, ethanol, water, dimethylformamide and dimethylsulfoxide.

In contrast to the known tris-N-salicylidene-aminoguanidine ligands with various

substituents in the side chains, this ligand possess an N3 donor set within each binding

pocket forming two five-membered chelate rings with the coordinated metal ions.

Therefore the binding pocket is larger, which is favorable for the complexation of larger

metal ions, e.g. cobalt(II) as well as manganese(II). Especially cobalt(II) complexes
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are very interesting for magnetochemistry due to the high anisotropy of the cobalt(II)

ion. The deprotonated ligand coordinates to three metal ions in the di-anionic form.

Due to the lower overall charge of the ligand molecule within the complex, reaction

with divalent transition metal ions leads to the formation of a tetra-cationic trinuclear

precursor complex. Therefore additional anionic co-ligands can be easily introduced into

trinuclear complexes.

Trinuclear complexes of different divalent transition metal ions were synthesized with

this ligand. Utilizing the synthetic strategy similar to what is described for the trinu-

clear iron(III) complex Fe3L3Brsal (12) in section 4.2 trinuclear complexes of copper(II),

nickel(II), cobalt(II), and manganese(II) were obtained.

For the syntheses of the copper and nickel complexes three equivalents of the metal(II)

chloride salt were dissolved in pyridine. Subsequently a solution of the ligand was added

accompanied by a color change. Slow evaporation of the solvent afforded the trinuclear

copper complex [Cu3(L3py)(py)2Cl4] (Cu3L3py) (18) and the corresponding nickel com-

plex [Ni3(L3py)(py)6Cl3]Cl (Ni3L3py) (19). Again pyridine and chloride function as co-

ligands.

For the synthesis of the copper complex Cu3L3py the ligand was dissolved in pyridine.

The resulting complex crystallizes from the reaction solution within a few hours. The

nickel complex Ni3L3py could be obtained in an analogous synthesis. Due to the excel-

lent solubility of this complex in pyridine, the complex crystallizes after evaporation of

the pyridine solution to nearly dryness. Moreover the pyridine hydrochloride byproduct

also crystallized from the reaction mixture. Therefore the synthesis was performed in

a methanol-pyridine-mixture leading to large single crystals of the complex. Both com-

plexes were obtained in excellent yields of about 75 % related to pure crystalline material.

Further crops, increasing the yield up to nearly 90 %, were obtained by evaporation of the

reaction mixtures to dryness and subsequent washing with methanol. In the copper com-

plex all four chloride ions are bound to the copper centers leading to a neutral trinuclear

complex, whereas in the nickel complex one chloride ion is unbounded counterbalancing

the positive charge of the complex cation.

The corresponding cobalt(II) and manganese(II) complexes were synthesized in pyri-

dine under argon atmosphere using standard Schlenk techniques to avoid an oxidation of

the metal ions. Utilizing the metal(II) chlorides only microcrystalline precipitates could
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be isolated. Due to the preferred octahedral coordination environments of cobalt(II) and

manganese(II) ions, the complex should be structurally very similar to them of the nickel

containing compound Ni3L3py (19). Therefore additional perchlorate was added to im-

prove the crystallization through exchange of the chloride counteranion. This could be

realized by addition of sodium perchlorate or ammonium perchlorate to the reaction so-

lution. Unfortunately they are only poorly soluble in pyridine. To keep the complexation

reaction as simple as possible, 1 : 2 mixtures of the metal(II) perchlorate and metal(II)

chloride salts were utilized for the synthesis of the complexes. This led to the formation

of the trinuclear cobalt(II) complex [Co3(L3py)(py)6Cl3]ClO4 (Co3L3py) (22) as well as the

trinuclear manganese(II) complex [Mn3(L3py)(py)6Cl3]ClO4 (Mn3L3py) (23). The positive

charge of each complex cation is counterbalanced by one perchlorate ion. Both complexes

were isolated in excellent yields of about 75 % related to crystalline material.

All complexes were characterized by elemental analysis, IR spectroscopy, mass spectrom-

etry and X-ray crystallography. The crystals of the nickel complex Ni3L3py (19) stay intact

without the loss of co-crystallized solvents, which is confirmed by the elemental analy-

sis data. All other complexes loose the co-crystallized solvent molecules consistent with

the elemental analysis data. Furthermore, upon drying in air for some days, the copper

complex Cu3L3py looses the coordinated pyridine molecules resulting in the final com-

plex composition of [Cu3(L3py)Cl4] (18a). The IR spectra of the copper complex Cu3L3py

(18) and the nickel complex Ni3L3py (19) are very similar. The ν̃(C=N) stretching vibration

band situated at 1643 cm−1 in the ligand is weakened and shifted to about 1600 cm−1 in

complexes, due to the coordination of the imine nitrogen atoms to the metal centers. In

addition, both spectra are dominated by the stretching vibrations within the pyridine co-

ligands as well as ligand side chains. Hence the spectra contain rather less bands. Bands

are observed at about 1480, 1440, 1400, and 1340 cm−1 which can be attributed to the

stretching vibrations within the pyridine moieties. The IR spectra of the cobalt complex

Co3L3py and the manganese complex Mn3L3py are also nearly equal and furthermore

very similar to them of the nickel complex Ni3L3py due to the structural similarities.

An additional band is observed at about 1100 cm−1 unambiguously assigned to the per-

chlorate stretching vibration of the countercation. In the ESI mass spectra of the copper

complex Cu3L3py (18) a signal was detected at m/z = 665 which can be assigned to the

complex cation [Cu3(L3py)Cl3]+. The spectrum of the nickel complex Ni3L3py (19) shows
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4.4 Trinuclear Transition Metal Complexes with the Ligand H2L3py

a signal at m/z = 649 assigned to the trinuclear complex cation [Ni3(L3py)Cl3]+ again

without the pyridine molecules. In the ESI mass spectra of both other complexes no sig-

nal of the complex cation could be detected. This might be ascribed to the oxidation of

the metal centers in combination with the decomposition of the complexes in solution.

Based on the mass spectrometry data in combination with the properties of the struc-

turally similar trinuclear iron(III) complex [Fe3(L3Brsal)(py)6Cl3]ClO4 (12), previously dis-

cussed in section 4.2, the pyridine molecules and chloride ions of these complexes can

be easily replaced by other ligands. Thus they provide a clever access to the targeted

synthesis of various trinuclear complexes as well as higher aggregates with adjustable

connectivities using either capping or bridging co-ligands.

N
N

N

O O

M

Figure 4.22: The terpyridine-like

coordination mode

of bpca.

Due to the nearly equal structures of the nickel(II),

cobalt(II) and manganese(II) complex the ligand ex-

change was exemplarily tested at the trinuclear nickel

complex Ni3L3py (19). Two different co-ligands were

utilized. The azide ion was used as an exam-

ple of an anionic monodentate co-ligand and the

bis(pyridin-2-ylcarbonyl)-amide (Hbpca) able to coordi-

nate in a terpyridine-like tris-chelating fashion (see fig-

ure 4.22). [239] Although both co-ligands are known for

the bridging coordination of various transition metal ions, [240,241] the reaction conditions

were optimized towards the synthesis of the trinuclear complexes. The bridging coordi-

nation of the Hbpca co-ligand is introduced in the next section.

The reaction of the in situ prepared nickel complex Ni3L3py (19) with three equivalents

of sodium azide under addition of sodium perchlorate led to the formation of extremely

large red cubic prism. Single X-ray structural analysis reveals the exchange of the co-

ordinated chloride ions against end-on bound azide ions resulting in the final complex

composition of [Ni3(L3py)(py)6(N3)3]ClO4 (Ni3L3py(N3)3) (20). The positive charge of the

complex cation is counterbalanced by a perchlorate ion. In the IR spectrum a strong

characteristic band is observed at 2053 cm−1 which is assigned to the azide stretching

vibration (ν̃(N≡N)). Furthermore the ν̃(Cl−O) stretching vibration of the perchlorate coun-

terion is observed at 1093 cm−1. The rest of the spectrum is nearly identical to them of

the trinuclear nickel complex Ni3L3py (19). The ESI mass spectrum in methanol shows
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4 Triaminoguanidine-Bridged Complexes

only one intense signal at m/z = 674 assigned to the complex cation [Ni3(L3py)(N3)3]+

without the coordinated pyridine molecules.

The reaction of the trinuclear nickel complex Ni3L3py (19) with three equivalents of

Hbpca under addition of ammonium hexafluorophosphate led to the formation of red

prism of [Ni3(L3py)(bpca)3]PF6 (Ni3L3py(bpca)3) (21) after slow evaporation of the reac-

tion solution. The positive charge of the trinuclear complex cation is counterbalanced

by a hexafluorophosphate anion. The IR spectrum is dominated by the vibrations of the

coordinated bpca co-ligands. A strong band is observed at 1695 cm−1, which can be

attributed to the ν̃(C=O). The stretching vibrations assigned to the pyridine moieties of

the ligands and the co-ligands are only slightly shifted compared to the trinuclear nickel

complex Ni3L3py (19). An additional characteristic band is observed at 846 cm−1 due to

the stretching vibration ν̃(P−F) in the hexafluorophosphate counteranion.

4.4.2 Crystal Structures

[Cu3(L3py)(py)2Cl4] (Cu3L3py) (18)

The trinuclear complex Cu3L3py (18) crystallizes in the triclinic space group P1̄ with three

crystallographically independent copper ions. Three copper ions are coordinated by the

double deprotonated triaminoguanidine-based ligand connected through N–N diazine

bridges into an equilateral triangle. The positive charge is counterbalanced by chloride

ions coordinated to the copper centers resulting in a neutral complex. The molecular

structure as well as the labeling scheme of the complex molecule is depicted in figure

4.23. Selected bond lengths and angles are listed in table 4.6.

Table 4.6: Selected bond lengths [pm] and angles [◦] for complex Cu3L3py (18).

Cu1–N2 199.0(2) Cu2–N5 198.3(2) Cu3–N1 202.0(2)

Cu1–N3 204.7(2) Cu2–N6 203.7(2) Cu3–N8 197.8(2)

Cu1–N4 203.4(2) Cu2–N7 200.7(2) Cu3–N9 203.6(2)

Cu1–Cl1 223.76(8) Cu2–N11 228.0(2) Cu3–N11 224.3(2)

Cu1–Cl4 252.65(8) Cu2–Cl2 224.15(8) Cu3–Cl3 224.64(8)

N3–Cu1–N4 151.77(9) N6–Cu2–N7 151.92(9) N1–Cu3–N9 154.40(9)

N2–Cu1–Cl1 166.20(7) N5–Cu2–Cl2 173.48(7) N8–Cu3–Cl3 168.88(7)
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4.4 Trinuclear Transition Metal Complexes with the Ligand H2L3py

Figure 4.23: Molecular structure of the complex molecule Cu3L3py (18). Thermal ellipsoids are drawn

at the 50% probability level. Hydrogen atoms and solvent molecules are omitted for clarity.

All copper centers are placed in a distorted square pyramidal coordination environ-

ment. Within the basal plane three coordination sites at each copper ion are occupied

by the nitrogen atoms of the tridentate binding pocket of the ligand with bond lengths

ranging from 198 to 204 pm. The fourth position is occupied by a chloride ion in a larger

distance of about 224 pm. The apical positions are occupied by a chloride ion in a distance

of 253 pm at the copper center Cu1 and pyridine molecules in distances of 228 pm and

224 pm at the copper centers Cu2 and Cu3, respectively. These bond lengths are elon-

gated indicating a strong Jahn-Teller effect at all copper centers, typical for copper(II)

complexes.

The ligand molecule is nearly planar with a mean deviation of about 8 pm from the

least square plane including all ligand atoms. Moreover all apical donors are arranged

at the same site of the ligand plane. The trans angles vary between 152◦ and 174◦ indi-

cating a distortion of the basal planes. Thus the copper centers are displaced from their

corresponding best least square planes by 28 pm (Cu1), 20 pm (Cu2), and 22 pm (Cu3)

towards the apical positions. The coordination polyhedra of each copper center can be

best described as distorted square pyramidal further indicated by similar τ values of

τCu1 = 0.24, τCu2 = 0.36, and τCu3 = 0.24. This leads to similar torsion angles of 158◦

(Cu1–N4–N5–Cu2), 162◦ (Cu1–N2–N1–Cu3), and 161◦ (Cu2–N7–N8–Cu3) as well as in-
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4 Triaminoguanidine-Bridged Complexes

Figure 4.24: Supramolecular arrangement of two complex molecules [Cu3(L3py)(py)2Cl4] of Cu3L3py

(18). Hydrogen atoms are omitted for clarity. Symmetry equivalent atoms are labeled

with the suffix A.

teratomic Cu· · ·Cu distances of 489 pm (Cu1· · ·Cu2), 490 pm (Cu1· · ·Cu3), and 487 pm

(Cu2· · ·Cu3) within the copper triangle.

In the crystal packing the complex molecules assemble coplanar in relation to the above

defined ligand planes. Two molecules are arranged in close proximity with a inter-

planar distance of about 300 pm illustrated in figure 4.24 leading to short intermolec-

ular Cu· · ·Cu separations of 446 pm (Cu1· · ·Cu3A) and 472 pm (Cu1· · ·Cu2A). These

dimeric units further assemble to 1D chains through weak π-π interactions of the api-

cal coordinated pyridine molecules in a distance of about 385 pm between the planes of

pairwise interacting pyridine co-ligands (see figure 4.25).

Figure 4.25: Representation of the π-π interactions between the pyridine co-ligands of

[Cu3(L3py)(py)2Cl4] in the crystal structure of Cu3L3py (18). Hydrogen atoms are omit-

ted for clarity.
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[Ni3(L3py)(py)6Cl3]Cl (Ni3L3py) (19)

The molecular structure of the complex cation [Ni3(L3py)(py)6Cl3]+ of complex Ni3L3py

(19) is depicted in figure 4.26. Selected bond lengths and angles are listed in table 4.7.

The complex crystallizes in the monoclinic space group P21/c. Three nickel centers

are coordinated and linked through N–N diazine bridges of the double deprotonated

triaminoguanidine-based ligand into a triangle. Although the complex possess no crys-

tallographically C3 symmetry, the three nickel centers within the asymmetric unit are

nearly equal.

Each nickel possess a distorted octahedral geometry with a N5Cl donor set. Three coor-

dination sites are occupied by the N3 donor set of the ligand within one binding pocket.

The distance to the imine nitrogen atom with about 202 pm is rather short compared to

the bond lengths to the pyridine and the guanidine nitrogen atoms with about 210 pm.

This is mainly caused by the large binding pocket forming two five-membered chelate

rings with each nickel center. The octahedral coordination geometry is completed by a

chloride ion, which is bound in a distance of about 238 pm and two pyridine molecules

with averaged bond lengths of 216 pm. The chloride ion occupies the fourth position

within the plane of the three nitrogen donor atoms of the central ligand molecule and

Figure 4.26: Molecular structure of the complex cation [Ni3(L3py)(py)6Cl3]+ of Ni3L3py (19). Ther-

mal ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted for

clarity.
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Table 4.7: Selected bond lengths [pm] and angles [◦] for complex Ni3L3py (19).

Ni1–N2 202.0(3) Ni2–N5 202.7(3) Ni3–N1 208.6(3)

Ni1–N3 210.1(3) Ni2–N6 212.3(3) Ni3–N8 201.8(3)

Ni1–N4 209.7(3) Ni2–N7 209.8(3) Ni3–N9 209.6(3)

Ni1–N10 215.9(3) Ni2–N12 214.8(4) Ni3–N14 216.3(3)

Ni1–N11 214.8(3) Ni2–N13 216.3(4) Ni3–N15 216.0(3)

Ni1–Cl1 237.88(11) Ni2–Cl3 238.07(11) Ni3–Cl2 237.29(10)

N2–Ni1–Cl1 176.83(9) N5–Ni2–Cl3 175.07(9) N1–Ni3–N9 154.51(12)

N3–Ni1–N4 154.28(13) N6–Ni2–N7 153.15(12) N14–Ni3–N15 179.71(13)

N10–Ni1–N11 178.80(12) N12–Ni2–N13 175.20(13) N8–Ni3–Cl2 175.15(9)

the nickel center Ni3 perfectly situated within this plane. Furthermore the nickel centers

Ni1 and Ni2 are only slightly displaced out of their corresponding averaged planes by

1 pm and 2 pm towards their apical positions occupied by the pyridine nitrogen atoms

N11 and N12, respectively. Compared to the trinuclear copper complex Cu3L3py (18) all

bond lengths within the equatorial plane are significantly longer, whereas the axial bond

lengths are shorter.

The trans angles are between 153◦ and 180◦ indicating a distortion of the octahedral

environment. The distortion is due to the rigid binding pocket of the triaminoguan-

dine ligand forming two five-membered chelate rings with the nickel ion, while all other

trans angles are situated at the upper end of this range. The ligand molecule is nearly

planar leading to torsion angles of 169◦ (Ni1–N4–N5–Ni2), 175◦ (Ni1–N2–N1–Ni3) and

180◦ (Ni2–N7–N8—Ni3). This results in nearly equal interatomic Ni· · ·Ni separations

of about 504 pm within the nickel triangle. Due to the octahedral coordination envi-

ronments of the nickel centers compared to the square pyramidal geometry within the

trinuclear copper complex (18), the torsion angles and hence the interatomic distances

are significantly larger. The axial pyridine molecules at each nickel center are twisted

with an dihedral angle of 87◦ (Ni1), 78◦ (Ni2) and 70◦ (Ni3). Due to this the complex

does not exhibit C3 symmetry, although the coordination geometries including all bond

lengths and angles are very similar for each nickel center within the trinuclear cationic

molecule. The positive charge of the complex cation is counterbalanced by one chloride

ion, disordered over three crystallographic positions.
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[Ni3(L3py)(py)6(N3)3]ClO4 (Ni3L3py(N3)3) (20)

The molecular structure of the trinuclear complex cation [Ni3(L3py)(py)6(N3)3]+ of com-

pound Ni3L3py(N3)3 (20) is depicted in figure 4.27. Selected bond lengths and angles are

listed in table 4.8. The structure is similar to the trinuclear nickel complex Ni3L3py (19),

wherein the coordinated chloride ion at each nickel center is replaced by an azide ion.

The complex crystallizes in the cubic space group Pa3̄ with a C3 axis through the central

carbon atom C1 of the guanidine moiety with three crystallographically equivalent nickel

centers.

The nickel center within the asymmetric unit is coordinated in a distorted octahedral

geometry. The bond lengths to the nitrogen donors of the ligand as well as the pyridine

molecules are nearly the same compared to complex Ni3L3py (19). The azide ion is bound

in a distance of 210 pm within the plane defined by the nitrogen donor atoms of the lig-

and binding pocket, leading to an N6 donor set at the nickel center. As expected also

the angles are very similar. Again the N3–Ni1–N1A trans angle within the rigid ligand

binding pocket is with 155◦ rather small compared to the N2–Ni1–N6 and N4–Ni1–N5

angles with about 177◦. The nickel ion is nearly perfect arranged within the tetragonal

plane, defined by the nitrogen atoms of the tridentate binding pocket together with the

azide nitrogen atom, with a displacement of only 1 pm towards the apical position occu-

pied by the pyridine nitrogen atom N4 in a distance of 214 pm. Hence the distance to the

Figure 4.27: Molecular structure of the complex cation [Ni3(L3py)(py)6(N3)3]+ of Ni3L3py(N3)3 (20).

Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted

for clarity.
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Table 4.8: Selected bond lengths [pm] and angles [◦] for complex Ni3L3py(N3)3 (20).

Ni1–N1A 208.5(3) Ni1–N2 201.6(3)

Ni1–N3 209.3(3) Ni1–N4 213.8(3)

Ni1–N5 217.6(3) Ni1–N6 209.4(4)

N2–Ni1–N1A 75.90(11) N2–Ni1–N3 78.65(11)

N2–Ni1–N4 93.42(12) N2–Ni1–N5 89.36(11)

N2–Ni1–N6 176.80(13) N3–Ni1–N1A 154.44(11)

N3–Ni1–N4 87.39(11) N3–Ni1–N5 91.47(11)

N3–Ni1–N6 99.17(12) N4–Ni1–N1A 91.75(11)

N4–Ni1–N5 176.73(12) N4–Ni1–N6 88.80(15)

N5–Ni1–N1A 90.59(11) N5–Ni1–N6 88.35(14)

N6–Ni1–N1A 106.36(12)

second axial pyridine nitrogen atom N15 is slightly longer with about 218 pm. The apical

pyridine molecules retains the twisted arrangement with an dihedral angle of 82◦. The

Ni–N–N–Ni torsion angle with 174◦ is in agreement with the planarity of the complex

molecule, which leads to an interatomic Ni· · ·Ni separation of 503 pm.

The complex cation crystallizes with one perchlorate counterion situated at a C3 axis.

Within the crystal packing the complex molecules are well separated with additional

hydrogen bonding interaction between the oxygen atom O1M of the co-crystallized

methanol molecule and the azide ion in a distance of 287 pm (O1M· · ·N8) stabilizing the

angled coordination at the nickel center.

[Ni3(L3py)(bpca)3]PF6 (Ni3L3py(bpca)3) (21)

The molecular structure of the trinuclear complex cation [Ni3(L3py)(bpca)3]+ of com-

pound Ni3L3py(bpca)3 (21) is depicted in figure 4.28. Selected bond lengths and angles

are listed in table 4.9. Although the three nickel ions are crystallographically independent

the complex molecule possess a pseudo C3 symmetry with nearly equal nickel centers.

The nickel ions are embedded in a distorted octahedral environment with a N6 donor

set. Three coordination sites at each nickel center are occupied by the nitrogen atoms
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of the tridentate binding pocket of the ligand molecule. The deprotonated bis(pyridin-

2-ylcarbonyl)-amide co-ligand completes the octahedral environment through coordi-

nation in a terpyridine-like chelating fashion. The bond lengths are between 201 and

216 pm. The distances to the imine nitrogen atoms of the ligand as well as the amide

nitrogen atoms of the co-ligand are all situated at the lower end of the respective range

whereas the distances to the pyridine nitrogen atoms of the ligand are elongated with

values at the upper end of the range. All other distances are very similar with aver-

aged 208 pm. As expected the bond lengths and angles with the donor atoms of the

triaminoguanidine ligand are nearly equal to both other complexes Ni3L3py (19) and

Ni3L3py(N3)3 (20). The trans angles range from 154◦ to 179◦, wherein the angles within

the binding pockets of the triaminoguanidine ligand as well as the angles within the bpca

co-ligands are situated at the lower end.

Analogous to complex Ni3L3py (19) the nickel ion Ni3 is perfectly situated within the

tetragonal plane defined by the nitrogen atoms of the tridentate binding pocket and the

amide nitrogen atom of the co-ligand. The Ni1 and Ni2 are displaced out by 2 pm to-

wards their apical positions occupied by the pyridine nitrogen atoms N12 and N13,

which is consistent with the expected planarity of the ligand molecule. Hence the tor-

Figure 4.28: Molecular structure of the complex cation [Ni3(L3py)(bpca)3]+ of Ni3L3py(bpca)3 (21).

Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted

for clarity.
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Table 4.9: Selected bond lengths [pm] and angles [◦] for complex Ni3L3py(bpca)3 (21).

Ni1–N2 201.3(2) Ni2–N5 201.9(2) Ni3–N1 210.3(2)

Ni1–N3 215.8(2) Ni2–N6 214.3(2) Ni3–N8 201.2(2)

Ni1–N4 208.8(2) Ni2–N7 209.0(2) Ni3–N9 209.3(2)

Ni1–N10 208.2(2) Ni2–N13 207.4(2) Ni3–N16 208.5(2)

Ni1–N11 200.7(2) Ni2–N14 201.4(2) Ni3–N17 201.4(2)

Ni1–N12 208.2(2) Ni2–N15 207.5(2) Ni3–N18 208.1(2)

N2–Ni1–N11 170.57(9) N5–Ni2–N14 170.81(9) N1–Ni3–N9 154.71(9)

N3–Ni1–N4 154.04(9) N6–Ni2–N7 153.70(9) N8–Ni3–N17 178.78(9)

N10–Ni1–N12 159.40(9) N13–Ni2–N15 159.24(9) N16–Ni3–N18 159.95(10)

sion angles differ only slightly with 178◦ (Ni1–N4–N5–Ni2), 173◦ (Ni1–N2–N1–Ni3) and

177◦ (Ni2–N7–N8—Ni3) leading to an interatomic Ni· · ·Ni separation of 502 pm. The

positive charge is counterbalanced by a hexafluorophosphate anion situated above the

central carbon atom C1 of the ligand. Together with the co-crystallized water molecules

these are involved in hydrogen bonding interactions resulting in a 3D network. Due to

this the hexafluorophosphate anion is fixed within the crystallographic position and does

not show any disorder.

[Co3(L3py)(py)6Cl3]ClO4 (Co3L3py) (22)

The trinuclear complex Co3L3py (22) crystallizes in the chiral monoclinic space group C2

consistent with the presence of solely one enantiomeric form. The molecular structure

as well as the labeling scheme of the complex cation [Co3(L3py)(py)6Cl3]+ is depicted in

figure 4.29. Selected bond lengths and angles are listed in table 4.10.

Three cobalt(II) ions are coordinated by one triaminoguanidine ligand linked through

N–N diazine bridges. Each cobalt ion is coordinated in a distorted octahedral environ-

ment with a N5Cl donor set equal to the nickel centers in complex Ni3L3py (19). Three

coordination sites are occupied by the tridentate binding pocket of the ligand as pre-

viously described with bond lengths ranging from 210 to 216 pm. The fourth position

within this plane is occupied by a chloride ion in a distance of about 235 pm. The dis-
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Figure 4.29: Molecular structure of the complex cation [Co3(L3py)(py)6Cl3]+ of Co3L3py (22). Ther-

mal ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted for

clarity.

Table 4.10: Selected bond lengths [pm] and angles [◦] for complex Co3L3py (22).

Co1–N2 210.2(3) Co2–N5 211.7(3) Co3–N1 210.3(3)

Co1–N3 215.6(3) Co2–N6 214.7(4) Co3–N8 210.6(3)

Co1–N4 214.6(3) Co2–N7 212.7(3) Co3–N9 213.8(3)

Co1–N10 220.5(4) Co2–N12 219.2(4) Co3–N14 222.5(4)

Co1–N11 222.2(4) Co2–N13 221.6(4) Co3–N15 227.9(4)

Co1–Cl1 235.24(12) Co2–Cl2 236.08(10) Co3–Cl3 233.92(11)

N4–Co1–N3 149.01(13) N5–Co2–Cl2 171.74(10) N1–Co3–N9 148.54(12)

N2–Co1–Cl1 175.66(9) N7–Co2–N6 147.83(12) N8–Co3–Cl3 172.34(9)

N10–Co1–N11 177.65(12) N12–Co2–N13 174.01(14) N14–Co3–N15 174.79(14)
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tances to axial pyridine nitrogen atoms vary between 220 and 228 pm. All donor-cobalt

distances are longer compared to the trinuclear nickel complex Ni3L3py (19), except the

distances to the chloride ions which are nearly identical. Hence the trans angles within

the tridentate binding pockets are with about 148◦ rather small due to the rigidity of the

ligand molecule. Moreover the other trans angles are between 172◦ and 178◦. All cobalt

ions are arranged nearly perfect in the corresponding tetragonal planes with maximal

displacements of 4 pm. The torsion angles are very similar with 179◦ (Co1–N4–N5–Co2)

and 178◦ (Co1–N2–N1–Co3, Co2–N7–N8–Co3). This leads to interatomic Co· · ·Co sep-

arations of 517 pm (Co1· · ·Co2) and 513 pm (Co1· · ·Co3, Co2· · ·Co3), respectively. The

axial pyridine molecules at each cobalt ion are twisted with dihedral angles between 28◦

and 81◦.

Although the complex molecule includes a lot of pyridine and co-crystallizes with pyri-

dine molecules, no π-π interactions are observed within the crystal packing. The trinu-

clear complex molecules assemble through hydrogen bonding interaction between the

coordinated chloride ions and the pyridine hydrogen atoms in distances ranging from

357 to 363 pm (Cpy · · ·Cl). The perchlorate oxygen atoms are further involved with

smaller distances from 319 to 345 pm (Cpy · · ·O). Both distances are within the expected

range of C–H· · · anion hydrogen bonding interaction. [169,242] It should be noted that the

perchlorate counterion does not show any disorder, presumably due to the bridging con-

nectivity within the hydrogen bonding network.

[Mn3(L3py)(py)6Cl3]ClO4 (Mn3L3py) (23)

The complex Mn3L3py (23) crystallizes in the chiral monoclinic space group P21 con-

sistent with the presence of solely one enantiomeric form. The molecular structure of

the complex cation [Mn3(L3py)(py)6Cl3]+ as well as the heteroatom labeling scheme of

Mn3L3py (23) is depicted in figure 4.30. Selected bond lengths and angles are listed in

table 4.11.

The complex structure is very similar to those of the cobalt complex Co3L3py (22) and

nickel complex Ni3L3py (19). Each manganese(II) ion is coordinated in a distorted octa-

hedral coordination environment. The fourth positions within the tetragonal planes are

occupied by the nitrogen donor atoms of the ligand binding pocket with Mn–N distances

ranging from 222 to 230 pm and a chloride ion in a distance of about 240 pm. The man-
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Figure 4.30: Molecular structure of the complex cation [Mn3(L3py)(py)6Cl3]+ of Mn3L3py (23). Ther-

mal ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted for

clarity.

Table 4.11: Selected bond lengths [pm] and angles [◦] for complex Mn3L3py (23).

Mn1–N2 226.0(2) Mn2–N5 225.8(2) Mn3–N1 222.7(2)

Mn1–N3 229.1(2) Mn2–N6 225.7(2) Mn3–N8 224.0(2)

Mn1–N4 224.4(2) Mn2–N7 222.0(2) Mn3–N9 230.2(3)

Mn1–N10 231.4(2) Mn2–N12 233.9(2) Mn3–N14 233.4(2)

Mn1–N11 232.6(2) Mn2–N13 234.2(2) Mn3–N15 233.3(2)

Mn1–Cl1 240.75(8) Mn2–Cl2 240.94(8) Mn3–Cl3 239.62(8)

N2–Mn1–Cl1 172.72(6) N6–Mn2–N7 140.62(8) N1–Mn3–N9 141.08(8)

N3–Mn1–N4 140.15(8) N5–Mn2–Cl2 173.54(6) N8–Mn3–Cl3 172.63(6)

N10–Mn1–N11 175.88(9) N12–Mn2–N13 176.33(8) N14–Mn3–N15 178.98(9)

125



4 Triaminoguanidine-Bridged Complexes

ganese centers are arranged nearly perfect within the corresponding plane with minimal

displacements of 4 pm (Mn1), 1 pm (Mn2), and 2 pm (Mn3). The axial positions are occu-

pied by pyridine nitrogen atoms with similar bond lengths of about 233 pm. Again these

pyridine molecules are twisted with dihedral angles between 25◦ and 63◦. All donor-

manganese distances are longer compared to the cobalt complex Co3L3py (22). There-

fore the trans angle within the ligand binding pocket is somewhat smaller with about

141◦ indicating a strong distortion of the octahedral geometry. All other trans angles

vary between 173◦ and 179◦. The above defined tetragonal planes are nearly coplanar

with dihedral angles from 5◦ to 14◦, which is consistent with the expected planarity of

the trinuclear core fragment. This leads to similar interatomic Mn· · ·Mn separations of

541 pm (Mn1· · ·Mn2), 538 pm (Mn1· · ·Mn3), and 536 pm (Mn2· · ·Mn3) as well as Mn–

N–N–Mn torsion angles of 174◦ (Mn1–N4–N5–Mn2), 176◦ (Mn1–N2–N1–Mn3), and 172◦

(Mn2–N7–N8–Mn3). The positive charge of the complex cation is counterbalanced by a

perchlorate ion.

Analogous to the cobalt complex Co3L3py (22) no π-π interactions are present in the

crystal packing. The complex molecules assemble through C–H· · · anion hydrogen bond-

ing interactions involving the coordinated chloride as well as the perchlorate counterion

in distances of 343 pm (Cpy · · ·Cl) as well as 322 to 342 pm (Cpy · · ·O). Due to this the

perchlorate ion is fixed within its position in the crystal packing and does not show any

disorder. The distances are within the expected range of C–H· · · anion hydrogen bonding

interaction. [169,242]

4.4.3 Magnetic Properties

Trinuclear Copper(II) Complex

Temperature dependent magnetic susceptibility data for the copper complex Cu3L3py

(18) is shown as χM = f (T) and χMT = f (T) plots in figure 4.31. The measurements

were performed on a freshly prepared powdered sample immobilized in paraffin, to

prevent the loss of the coordinated pyridine molecules in vacuum. The χMT value at

300 K is 0.72 cm3 K mol−1, which is significantly lower than the spin-only value for three

independent copper(II) ions with S = 1/2. Upon lowering the temperature the χMT

value steadily decreases reaching 0.45 cm3 K mol−1 at 40 K and than rapidly decreases

to 0.25 cm3 K mol−1 at 2 K. The gradual decrease to 40 K indicate strong antiferromag-
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4.4 Trinuclear Transition Metal Complexes with the Ligand H2L3py

Figure 4.31: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles,

•) for complex Cu3L3py (18) measured with an applied magnetic field of 2000 Oe.

The corresponding fit functions according to equation 4.6 taken only a single exchange

coupling J = JA = JB into account are drawn as solid lines (for parameters see text).

netic exchange interactions between the three copper(II) centers mediated by the N–N

diazine bridges. Moreover this is in agreement with the lower room temperature value

of χMT. The value at 40 K is close to the spin-only value of one independent copper(II) ion

with S = 1/2. It is assumed that the rapid decrease at lower temperature is caused by

intermolecular antiferromagnetic exchange interactions between the resulting S = 1/2

ground spin states.

In complex Cu3L3py (18) the apical positions of the penta-coordinated copper ions Cu2

and Cu3 are occupied by pyridine molecules, whereas a chloride ion coordinates to the

copper ion Cu1. Therefore a two-J model is employed as spin topology depicted in figure

4.32. The corresponding isotropic spin Hamiltonian is given in equation 4.5 with JA =

J12 = J13 and JB = J23.

Ĥ = −JA(Ŝ1Ŝ2 + Ŝ1Ŝ3)− JB(Ŝ2Ŝ3) (4.5)

This leads to the expression for S1 = S2 = S3 = 1/2 given in equation 4.6 under con-

sideration of temperature independent paramagnetism (χTIP), intermolecular exchange

interaction (θ) and paramagnetic impurity (ρ) with the abbreviations: A = (JA − JB)/kT

and B = 3JA/2kT.
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Cu3Cu2

Cu1

JB

JA JA

Figure 4.32: The spin topology of the employed two-J model for the trinuclear copper complex Cu3L3py

(18).

χM =
NAβ2g2

4k(T − θ)
1 + expA + 10expB
1 + expA + 2expB

(1− ρ) +
3NAβ2g2

4kT
ρ + χTIP (4.6)

The fit of the experimental data according to equation 4.6 reveals a strong correlation

between both exchange coupling constants JA and JB. Therefore an equilateral triangle

with three equal pairwise magnetic exchange interactions is assumed. Moreover this is in

agreement with the structural data exhibiting three nearly identical interatomic Cu· · ·Cu

distances of 489 pm (Cu1· · ·Cu2), 490 pm (Cu1· · ·Cu3), and 487 pm (Cu2· · ·Cu3) as well

as torsion angles of 158◦ (Cu1–N4–N5–Cu2), 162◦ (Cu1–N2–N1–Cu3), and 161◦ (Cu2–

N7–N8–Cu3). The apical co-ligands are only weakly bound with minor influence on the

tetragonal coordination of each copper center. The best fit according to equation 4.6 as-

suming only a single exchange coupling J = JA = JB results in J = −299(9) cm−1,

g = 2.13(3), θ = −2.0(2) K, ρ = 0.02(1) and χTIP = 3.1(6) · 10−4 cm3 mol−1 with

r2 = 0.99902.

Very strong antiferromagnetic exchange interactions are obtained between the three cop-

per centers leading to an S = 1/2 ground state. Therefore this complex might be an inter-

esting target as a qubit in the field of quantum computation. [84,85,144,145,147] The strength

of the coupling is comparable to them in the trinuclear copper complexes based on

tris-N-salicylidene-aminoguanidine together with 2,2’-bipyridine co-ligands in the range

309 < −J < 335 cm−1. [139] This is due to nearly equal structural arrangements within

the triaminoguanidine-bridged triangular copper core unit. The coupling is only slightly

influenced by the ligand side chain as well as the applied co-ligands.
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Trinuclear Nickel(II) Complexes

The magnetization of polycrystalline samples of the trinuclear nickel complexes Ni3L3py

(19), Ni3L3py(N3)3 (20), and Ni3L3py(bpca)3 (21) was measured in a temperature range

between 2 and 300 K. For complex Ni3L3py (19) the temperature dependence of the

paramagnetic molar susceptibility χM and its product with temperature χMT are de-

picted in figure 4.33. A very similar magnetic behavior is observed for the compounds

Ni3L3py(N3)3 (20) and Ni3L3py(bpca)3 (21) shown in figure 4.34. The experimental χMT

values at 300 K are 2.91 cm3 K mol−1 for Ni3L3py (19), 3.00 cm3 K mol−1 for Ni3L3py(N3)3

(20), and 2.96 cm3 K mol−1 for Ni3L3py(bpca)3 (21) close to the spin-only value of three

uncoupled nickel(II)ions with S = 1. Upon lowering the temperature, χMT continuously

decreases approaching values close to zero. This behavior is characteristic for an

antiferromagnetic exchange interaction between the three nickel(II) centers with a S = 0

ground state.

The complex Ni3L3py(N3)3 (20) has a crystallographic C3 symmetry. Although both other

complexes Ni3L3py (19) and Ni3L3py(bpca)3 (21) possess no crystallographically imposed

symmetry, the three nickel centers within each complex are nearly identical with equal

interatomic Ni· · ·Ni separations. Therefore the Ni3 triangular unit of each complex can

be treated as an equilateral triangle with three equal pairwise magnetic interactions. The

Figure 4.33: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles,

•) for complex Ni3L3py (19) measured with an applied magnetic field of 2000 Oe. The

solid lines represents the best fit to the experimental data according to equation 4.8 (for

parameters see text and table 4.12).
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4 Triaminoguanidine-Bridged Complexes

Figure 4.34: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles, •)
for the complexes Ni3L3py(N3)3 (20) (left) and Ni3L3py(pbca)3 (21) (right) measured

with an applied magnetic field of 2000 Oe. The solid lines represents the best fit to the

experimental data according to equation 4.8 (for parameters see text and table 4.12).

corresponding isotropic spin Hamiltonian has the following expression:

Ĥ = −J(Ŝ1Ŝ2 + Ŝ1Ŝ3 + Ŝ2Ŝ3) (4.7)

For S1 = S2 = S3 = 1 this leads to the expression given in equation 4.8 under consider-

ation of paramagnetic impurities ρ and temperature independent paramagnetism χTIP.

Herein the abbreviations stand for A = J/kT, B = 3J/kT, and C = 6J/kT.

χMT =
2NAβ2g2

k
3expA + 10expB + 14expC

1 + 9expA + 10expB + 7expC
(1− ρ) +

8NAβ2

k
ρ + χTIPT (4.8)

In each case the obtained fit function shows an excellent agreement with the experimental

values with coefficients of determination r2 ≥ 0.99999. The resulting fit parameters for

the three complexes are summarized in table 4.12.

The exchange coupling constants J are the same for both trinuclear complexes Ni3L3py

(19) and Ni3L3py(N3)3 (20) with J = −42 cm−1. In complex Ni3L3py(bpca)3 (21) the

coupling is slightly weaker with J = −36 cm−1. This might be ascribed to a weak in-

fluence of the chelating co-ligand, due to the fact that no significant structural difference

exist between the three N–N diazine-bridged nickel triangles. Moreover all couplings are

stronger compared to trinuclear nickel(II) complexes based on bromo-substituted tris-N-

salicylidene-aminoguanidine ligands ranging from −27 to −34 cm−1. [141,243].
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Table 4.12: Fit parameters of the magnetic data for the trinuclear nickel complexes Ni3L3py (19),

Ni3L3py(N3)3 (20), and Ni3L3py(bpca)3 (21) according to equation 4.8.

(19) (20) (21)

J [cm−1] −41.7(2) −41.7(1) −36.0(1)

g 2.173(5) 2.220(3) 2.126(4)

ρ 0.0039(4) 0.0008(3) 0.0029(4)

χTIP [cm3 mol−1] 7.4(3) · 10−4 6.1(2) · 10−4 9.2(3) · 10−4

r2 0.99999 1 0.99999

Trinuclear Cobalt(II) Complex

The magnetic data for complex Co3L3py (22) is depicted in figure 4.35 as temperature de-

pendent plots of χM and χMT. The room temperature value of χMT is 7.73 cm3 K mol−1.

Upon lowering the temperature, the χMT value continuously decreases reaching a

minimum of about 1.05 cm3 K mol−1 at 2 K. The room temperature value is close to

the spin-only value for three independent high-spin cobalt(II) centers with S = 3/2

(7.44 cm3 K mol−1 assuming that g = 2.3). This is in agreement with the crystallographic

data confirming the high-spin character of all three cobalt(II) ions. The course of the χMT

value is indicative for antiferromagnetic exchange interactions between the three cobalt

centers mediated through the N–N diazine bridges.

According to the rather similar interatomic Co· · ·Co distances of 517 pm (Co1· · ·Co2)

and 513 pm (Co1· · ·Co3, Co2· · ·Co3) as well as Co–N–N–Co torsion angles of 179◦ (Co1–

N4–N5–Co2) and 178◦ (Co1–N2–N1–Co3, Co2–N7–N8–Co3) within the complex cation,

an equilateral triangular spin topology with three equal cobalt(II) ions is assumed. The

experimental data was analyzed by a full-matrix diagonalization approach using the pro-

gram package DAVE. [177] The corresponding isotropic spin Hamiltonian, including Zee-

man interactions, is given in equation 4.9 with S1 = S2 = S3 = 3/2.

Ĥ = −J(Ŝ1Ŝ2 + Ŝ1Ŝ3 + Ŝ2Ŝ3) +
3

∑
i=1

giβŜi
−→
H (4.9)
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Figure 4.35: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles,

•) for complex Co3L3py (22) measured with an applied magnetic field of 2000 Oe. The

data were fitted with the program package DAVE. The dashed lines represents the best

fit using the isotropic spin Hamiltonian given in equation 4.9. Moreover the solid lines

represents the best fit to the experimental data taken the antisymmetric exchange into

account according to equation 4.12 (for parameters see text).

The analysis of the experimental data set of χMT resulted in parameters J = −16.9 cm−1

and g = 2.59. The calculated values agree well with the experimental data of χMT in

the temperature range between 30 and 300 K. Below 30 K the fit function drops down

to 0.63 cm3 K mol−1 at 2 K equal to a ground spin state of S = 1/2 (see dashed lines

in figure 4.35). Alternative analysis using an isosceles triangular spin topology derived

from equation 4.10 to take into account the slight variations in Co· · ·Co distances as

well as Co–N–N–Co torsion angles results in an improved fit due to higher number of

refined parameters but reproduced worse the experimental χMT data over the whole

temperature range.

Ĥ = −J1(Ŝ1Ŝ3 + Ŝ2Ŝ3)− J2(Ŝ1Ŝ2) +
3

∑
i=1

giβŜi
−→
H (4.10)

The almost two times higher experimental value of χMT at 2 K can be ascribed to

a strong zero-field splitting (ZFS) which is characteristic for cobalt(II) ions. Further-

more in triangular antiferromagnetically coupled complexes with half-integer spins in-

tramolecular antisymmetric exchange interactions (AE) between the metal centers has
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been observed, [244,245] These were predominantly reported for trinuclear copper(II) com-

plexes, [75,79,81–83,246] beside a few iron(III) and cobalt(II)complexes. [194,247,248] Moreover in

antiferromagnetically coupled D3 symmetric triangular copper(II) complexes symmetry

lowering was observed at low temperature. [75,77] The possibility of magnetic Jahn-Teller

effect has been proposed suggesting that a minimal distortion of about 1 pm should occur

in the ground sate of any antiferromagnetically coupled trinuclear complexes to remove

the three-fold symmetry. [249] The cobalt complex exhibits only a pseudo C3 symmetry.

Therefore the magnetic data was analyzed taken both effects into account and assuming

an isosceles triangular spin topology according to equation 4.10. The appropriate spin

hamiltonian that accounts for ZFS and AE interactions is given in equation 4.11.

Ĥ = ĤHDVV + ĤZFS + ĤAE + ĤZeeman (4.11)

Due to the triangular spin topology of the complex cation the ZFS and AE are assumed to

be predominantly axial. To avoid overparametrization the local anisotropy of the g value

was neglected assuming only an averaged g for all three cobalt centers. This results in

the expression for the spin Hamiltonian given in equation 4.12. The AE follows a set

of symmetry rules. [244] The effective antisymmetric exchange constant G of the trimer is

proportional to the sum of the components of two center interactions Gij leading to the

expression G([S1 × S2] + [S2 × S3] + [S3 × S1]). [246,247]

Ĥ = −J1(Ŝ1Ŝ3 + Ŝ2Ŝ3)− J2(Ŝ1Ŝ2) +
3

∑
i=1

Di[S2
z,i −

1
3

Si(Si + 1)]

+ ∑
ij

Gij[Si × Sj] +
3

∑
i=1

giβŜi
−→
H (4.12)

The best fit of the experimental data is obtained with the parameters J1 = −17.9 cm−1,

J2 = −11.9 cm−1, g = 2.58, D = 26.8 cm−1, and G = ±0.2 cm−1. The antisymmet-

ric exchange is extremely weak compared to the anisotropic zero-field splitting. Hence

G could be neglected, which leads to a marginally worse fit with similar parameters of

J1 = −17.9 cm−1, J2 = −12.0 cm−1, g = 2.58, and D = 26.5 cm−1. Moreover an alterna-

tive fit assuming exclusively antisymmetric exchange interaction did not reproduce the
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Figure 4.36: Field dependence of the magnetization for complex Co3L3py (22) at 2 K (•). The

solid line represents the simulated data with the parameters J1 = −17.9 cm−1, J2 =
−12.0 cm−1, g = 2.58, and D = 26.5 cm−1 using the program package julX. [238]

course of the experimental χMT data in the low temperature region. This confirms fur-

ther that the low temperature magnetic behavior of the trinuclear complex is dominated

by the ZFS of the cobalt(II) ions. The observed antiferromagnetic couplings in combina-

tion with the large ZFS is consistent with magnetization measurements at 2 K shown in

figure 4.36. The data, analyzed with the program package julX, shows a good agreement

between the experimental and simulated data. [238]

The negative coupling constants J reveals antiferromagnetic exchange interactions be-

tween the three cobalt centers. These isotropic exchange interactions through the N–N

diazine bridges of the ligand are very strong compared to the only magnetically char-

acterized triangular complexes with a tetrahedral coordination geometry with J values

of −2.8 and −0.7 cm−1. [194,248] The experimental χMT values could be almost perfectly

reproduced over the whole temperature range taken only additional ZFS into account, as

the AE is rather weak. Moreover the magnitude of the D parameter is larger compared

to the isotropic exchange interactions J.

The D value of about 30 cm−1 is consistent with the observed distorted octahedral co-

ordination environment of the cobalt(II) ions and a reported triangular arrangement of

octahedral coordinated cobalt(II) centers with D = 39 cm−1. [93] Moreover the D value is

in the reported wide range for cobalt(II) complexes of −36 < D < 83 cm−1. [211,250–253]

The trinuclear cobalt(II) complex is the first structurally as well as magnetochemically
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characterized example of a triangular antiferromagnetically coupled complex with octa-

hedral coordinated cobalt centers.

Trinuclear Manganese(II) Complex

The magnetic data for complex Mn3L3py (23) is depicted as temperature dependent

plots of χM and χMT in figure 4.37. The χMT curve appears to be roughly invariant

at 12.8 cm3 K mol−1 from 300 K down to about 75 K, which is in good agreement with

the spin-only value of three independent manganese ions with S = 5/2. Moreover

this corroborates the high-spin character of the manganese centers assumed from the

crystallographic data. Below 75 K the χMT value rapidly drops to 1.80 cm3 K mol−1

at 2 K, indicating a weak antiferromagnetic interaction between the three manganese

centers.

In the complex the three manganese centers are nearly equal leading to an equilateral tri-

angular spin topology. The experimental data was analyzed by a full-matrix diagonaliza-

tion approach using the programm package DAVE. [177] The corresponding isotropic spin

Hamiltonian, including Zeeman interactions, with S1 = S2 = S3 = 5/2 is given in equa-

tion 4.9. The best fit of the susceptibility data results in the parameters J = −1.1cm−1,

Figure 4.37: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles,

•) for complex Mn3L3py (23) measured with an applied magnetic field of 2000 Oe. The

solid lines represents the best fit to the experimental data (for parameters see text).
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Figure 4.38: Field dependence of the magnetization for complex Mn3L3py (23) at 2 K (•). The

lines represents the calculated data with the program package julX. [238] The dashed line

represents the course taken only the isotropic exchange interaction into account and the

solid line considering additional ZFS with D = 0.6 cm−1 (for further parameters see

text).

g = 1.99, and χTIP = 8.0 · 10−4 cm3 mol−1. The antiferromagnetic coupling through

the N–N diazine bridges is very weak compared to all other trinuclear transition metal

complexes based on triaminoguanidine. Due to these weak exchange interactions the

ZFS has to be taken into account in order to reliably determine the exchange parame-

ter. [175,176] Inclusion of additional axial ZFS with ĤZFS = ∑3
i=1 Di[Ŝ2

z,i −
1
3 (Si(Si + 1)] due

to the pseudo C3 symmetry of the complex results in the parameters J = −1.1cm−1,

g = 1.99, D = 0.6 cm−1 and χTIP = 7.1 · 10−4 cm3 mol−1. As expected, the inclusion of

ZFS effects leads to a fit improvement. The coupling constant J and the g value are un-

changed. Nevertheless, the non-zero value of D confirms the assumption of a significant

ZFS contribution in this complex. It should be noted, that the sign of D can not be deter-

mined from the magnetic susceptibility data. In accordance to the very weak exchange

interactions the magnetization at 2 K shows no saturation within the measured range

(see figure 4.38). The isotropic splitting of the energy levels is weaker than the Zeeman

splitting caused by the magnetic field. Consequently no linear dependence of the mag-

netization from the magnetic field is observed. The data was analyzed with the program

package julX, which further confirms the presence of a weak axial ZFS. The inclusion of

D = 0.6 cm−1 into the calculation results in an excellent agreement with the course of the

experimental magnetization values (see figure 4.38). [238]
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4.5 Coordination Polymers Based on Trinuclear Complex Units

with the Ligand H2L3py

4.5.1 Synthesis and Characterization

In the previous section the syntheses of various novel trinuclear complexes with the lig-

and H2L3py are presented which exhibit labile pyridine and chloride co-ligands accessi-

ble for ligand exchange. The isolated trinuclear complexes are fully characterized. Within

this section the connection of these molecules into coordination polymers is investigated.

The trinuclear complexes are exclusively cationic due to the dianionic charge of the de-

protonated ligand molecule. Therefore anionic bridging co-ligands are utilized for the

linkage of the triangular complex units into coordination polymers.

The oxalate dianion has been intensely studied as bridging ligand. [254–271] A large number

of bridging binding modes have been observed. [272] Selected ones are illustrated in figure

4.39. Herein the symmetric µ-ox bidentate coordination of two metal centers (mode A) is

by far the most frequently observed one. Especially in copper(II) complexes additional

terminal di- or tridentate ligands with nitrogen donor atoms favors this bridging mode
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Figure 4.39: Different coordination modes of the oxalate ligand.
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due to the preferred square planar or square pyramidal coordination geometry of the

copper ions. [273–275] The trinuclear copper complex [Cu3(L3py)Cl4] (18a) possesses weakly

bound chloride ions in combination with free apical coordination sites at two copper cen-

ters, which are accessible for the coordination of bis-chelating co-ligands. Therefore the

oxalate dianion should be suitable to cross-link the trinuclear copper complex units into

a coordination polymer.

The reaction of the copper complex 18a with sodium oxalate in water-ethanol-mixture

results in the formation of green crystals suitable for X-ray crystallography. These are

obtained through addition of the complex into a refluxing solution of sodium oxalate.

Slowly cooling of the reaction mixture yielded the polymer complex {[Cu3(L3py)(µ-

ox)(ox)(H2O)2]}n ({Cu3L3py}n) (24). Herein the chloride ions are replaced by oxalate

dianions coordinated in a bridging mode (mode A) to two copper centers. Moreover

within the trinuclear subunits one oxalate is coordinated to one copper center as termi-

nal capping ligand counterbalancing the positive charge. This leads to the formation of a

neutral oxalato-bridged 1D chain built up of trinuclear complex molecules.

The complex was also characterized by IR spectroscopy and elemental analysis. The

crystals stay intact after isolation from the reaction mixture without loosing the co-

crystallized solvents. This is confirmed by the elemental analysis data. The IR spectrum

shows two strong broad bands at 1646 cm−1 and 1419 cm−1 which can be attributed to

the asymmetric and symmetric stretching vibration of the oxalate anion (ν̃COO−). The

ν̃C=N stretching vibration is observed at 1608 cm−1 only slightly shifted compared to the

trinuclear copper complex 18a at 1606 cm−1. All other characteristic bands are also only

slightly shifted.

The second bridging co-ligand is the bis(pyridin-2-ylcarbonyl)-amine (Hbpca) which pro-

vides two different binding pockets, an oxygen rich double-chelating acetylacetone-like

and a nitrogen rich tris-chelating terpyridine-like binding pocket accessible after depro-

tonation (see figure 4.40). The reaction with various different transition metal ions results

in the formation of mononuclear complexes of the general formula [M(bpca)2]. [239,276–278]

Exciting reports show that this simple complex can be successfully used as ligand for the

coordination of further metal ions, due to the free acetylacetone-like chelating binding
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Figure 4.40: The terminal tris-chelating terpyridine-like coordination and the bridging coordination

modes of the anionic bpca ligand.

pockets leading to extended structural assemblies in a controlled manner. [239,241,279,280]

Moreover coordination polymers are also accessible. [281–283] In all previous mentioned

compounds the bpca ligand mediates rather efficient magnetic exchange interactions be-

tween the bridged coordinated metal ions. Indeed some of these complexes are highly

attractive showing single-molecule magnet (SMM) or single-chain magnet (SCM) behav-

ior. [284–286]

The trinuclear nickel complex [Ni3(L3py)(bpca)3]PF6 (21) providing three free

acetylacetone-like chelating binding pockets was studied towards the coordination of

metal ions. This should lead either to hexanuclear complexes under addition of capping

co-ligands or coordination polymers.

As a potential access to hexanuclear complexes, 1,1,1,5,5,5-hexafluoroacetylacetone

(Hhfac) was used as capping co-ligand. The reaction with cobalt(II) or manganese(II) ions

leads to the formation of a neutral mononuclear complex with the general constitution

[M(hfac)2(H2O)2] with two cis-positioned water molecules at the metal centers. [287,288]

These can be easily replaced by stronger mono- and bidentate ligands. Thus, the sub-

sequent reaction with the trinuclear nickel complex 21 should result in a hexanuclear

complex. Unfortunately this was not the case. No reaction was observed. Other ap-

proaches utilizing the corresponding lanthanide complexes of the general constitution

[M(hfac)3(H2O)2] were also not successful. [289] Only the trinuclear nickel precursor com-

plex was isolated. This can be attributed to steric effects between the hfac co-ligands and

the pyridine side chains of the central triaminoguanidine-based ligand. Therefore the di-

rect linkage of the trinuclear nickel complex molecules with 3d-transition metal(II) ions

was carried out. Again no coordination of a metal ion was observed. Only the trinuclear

nickel complex was isolated after reaction.
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4 Triaminoguanidine-Bridged Complexes

Most transition metal ions are not very flexible concerning their coordination geometry.

Predominantly an octahedral or tetrahedral geometry is preferred. Moreover the charge

of the resulting coordination polymer might be to high, due to the cationic nature of the

trinuclear nickel(II) precursor. Therefore sodium ions with their monoanionic nature to-

gether with a high flexible coordination geometry were tested as linkers. Especially in the

case of vacant carbonyl groups intriguing supramolecular assemblies have been reported

wherein sodium ions cross-link metal complexes of different nuclearity into 1D chains,

2D layers and 3D networks. [63,290–292]

The reaction of the in situ prepared trinuclear nickel complex [Ni3(L3py)(bpca)3]Cl with

two equivalents of sodium perchlorate monohydrate led to the formation of red crystals

of {[Ni3(L3py)(bpca)3]Na(ClO4)2(H2O)2}n ({Ni3L3py}n) (25). The sodium ions cross-link

the trinuclear nickel complexes through coordination at the carbonyl groups resulting in

a 3D network.

The complex was characterized by X-ray structural analysis, elemental analysis and IR

spectroscopy. The crystals remained intact after isolation and subsequent drying in air

without loosing the coordinated as well as co-crystallized water molecules. This is also

confirmed by the elemental analysis data. The co-crystallized water molecules are highly

disordered over several positions, which have not been fully resolved during structural

analysis. Consequently the slightly higher water content found in the elemental analysis

can be ascribed to this, which is in agreement with the thermogravimetric analysis data.

The IR spectrum shows all bands of the trinuclear nickel complex Ni3L3py(bpca)3 (21),

except the PF6 stretching vibration. Moreover these are situated at nearly the same wave

number, except the carbonyl band of the co-ligands. This band is slightly shifted from

1695 cm−1 in complex 21 to 1690 cm−1 caused by the coordination of the sodium ions. An

additional broad band centered at about 1093 cm−1 is observed, which can be assigned

to the stretching vibration of the perchlorate counterions.

4.5.2 Crystal Structures

{[Cu3(L3py)(µ-ox)(ox)(H2O)2]}n ({Cu3L3py}n) (24)

The complex {Cu3L3py}n (24) crystallizes in the triclinic space group P1̄ forming an

one-dimensional coordination polymer built up by the trinuclear complex entities
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4.5 Coordination Polymers Based on Trinuclear Complex Units with the Ligand H2L3py

Figure 4.41: Structure of the asymmetric unit of the coordination polymer {Cu3L3py}n (24). Thermal

ellipsoids are drawn at the 30% probability level. The co-crystallized solvent molecules

and hydrogen atoms are omitted for clarity. Symmetry-related atoms are labeled with the

suffix A and C.

[Cu3(L3py)(µ-ox)(ox)(H2O)2]. These are linked by a bridging oxalate. The molecular

structure of the asymmetric unit as well as the atom numbering scheme of the het-

eroatoms is illustrated in figure 4.41.

The repeating unit contains six crystallographically independent copper atoms embed-

ded in two ligands. The three binding sites of each triaminoguanidine-based ligand are

occupied by the copper ions Cuj1, Cuj2, and Cuj3 (j = 1, 2; running number assigned

to the independent ligand moieties). The copper ions Cu12, Cu13, and Cu23 are placed

in a distorted octahedral coordination geometry, whereas the copper ions Cu11, Cu21,

and Cu22 possess a distorted square pyramidal coordination geometry. Three equatorial

positions at each copper center are occupied by the nitrogen donor atoms of the ligand

molecule coordinating in the classical tris-chelating manner. The fourth equatorial and

one axial position of the copper centers Cu12, Cu13, Cu22, and Cu23 are occupied by the

oxygen atoms of the bridging oxalate which leads to the formation of 1D chains. Further-

more the second axial position of Cu12, Cu13, and Cu23 are occupied by a water molecule
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4 Triaminoguanidine-Bridged Complexes

resulting in a distorted octahedral geometry. The copper centers Cu11 and Cu21 are each

coordinated by a capping oxalate. The distorted square-pyramidal coordination geome-

try of Cu11 is completed by the oxygen atoms of the oxalate molecule, whereas Cu21 is

coordinated only in the equatorial position. The apical position is occupied by a water

molecule.

Selected bond lengths and angles for complex {Cu3L3py}n are summarized in table

4.13. Due to the rigid and planar coordination mode of the triaminoguanidine ligand

the structural parameters of the equatorial coordination planes of all six copper centers

are very similar. Significant variations are only found for the axial donors. The donor-

copper distances within the tetragonal planes are similar for both complex entities and

each copper ion ranging from 195 to 203 pm. Herein the distances to the nitrogen donor

atoms of the ligand binding pockets are nearly the same to complex Cu3L3py (18). The

axial bond lengths vary from 217 to 250 pm and are significantly longer caused by the

weaker coordination of the water molecules and the typical Jahn-Teller distortion of the

copper(II) ion. The distance to the oxygen atom of the capping oxalate molecule is rather

short with 217 pm (Cu11–O11) compared to both bridging oxalate ranging from 226 to

250 pm. Furthermore the bond lengths to the water molecules differ only slightly ranging

from 232 to 239 pm.

The copper centers Cu11 and Cu21, coordinated by a capping oxalate molecule, are dis-

placed out of the equatorial plane by 18 pm. The other copper centers are well arranged

within their corresponding planes with a minimal displacement of less than 7 pm. Hence

the Cu–N–N–Cu torsion angles are very similar varying between 172◦ and 180◦ which

is consistent with the expected planarity of the ligand (see table 4.14). The trans angles

within the tetragonal planes of each copper ion range from 156◦ up to 178◦ indicating a

slight tetrahedral distortion. Furthermore the axial trans angles in the octahedra of Cu12,

Cu13, and Cu23 vary between 155◦ and 161◦ indicating an additional axial distortion.

Within the 1D polymer the trinuclear complex entities are nearly coplanar with a dihe-

dral angle of 4◦ concerning the best least square plane defined by all ligand atoms. The

chains run along the [110] direction of the unit cell. These are linked to double-chains

through weak axial contacts between the copper center Cu2 and the oxalate oxygen atom

O16 of an adjacent chain with a distance of 276 pm (see figure 4.42). This leads to short

intermolecular Cu22· · ·Cu22A separations of 359 pm compared to the nearly equal sep-

arations within the trinuclear complex moieties of about 490 pm. The non-covalent dis-
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4.5 Coordination Polymers Based on Trinuclear Complex Units with the Ligand H2L3py

Table 4.13: Selected bond lengths [pm] and angles [◦] for complex {Cu3L3py}n (24).

Cu11–O11 216.8(5) Cu21–O23 192.9(4)

Cu11–O13 195.2(4) Cu21–O4W 233.8(4)

Cu11–N12 196.0(5) Cu21–N22 195.2(5)

Cu11–N13 203.4(5) Cu21–N23 203.0(5)

Cu11–N17 200.3(4) Cu21–N24 199.9(4)

Cu12–O17 196.2(4) Cu22–O16A 196.7(3)

Cu12–O15 250.1(6) Cu22–O18A 225.9(4)

Cu12–O1W 239.3(5) Cu22–N25 195.3(4)

Cu12–N11 199.6(5) Cu22–N26 202.7(5)

Cu12–N15 196.2(4) Cu22–N27 199.6(5)

Cu12–N16 202.0(5) Cu23–O25 239.3(4)

Cu13–O26 195.5(4) Cu23–O27 196.6(4)

Cu13–O28 240.2(4) Cu23–O3W 235.7(5)

Cu13–O2W 232.4(5) Cu23–N21 199.4(5)

Cu13–N14 201.6(4) Cu23–N28 197.5(4)

Cu13–N18 197.1(5) Cu23–N29 202.1(5)

Cu13–N19 203.0(5)

O13–Cu11–N12 170.63(19) O23–Cu21–N22 167.31(19)

N13–Cu11–N17 155.74(20) N23–Cu21–N24 158.71(22)

O15–Cu12–O1W 154.74(15) O16A–Cu22–N25 170.90(18)

O17–Cu12–N15 177.97(19) N26–Cu22–N27 159.88(18)

N11–Cu12–N16 158.68(18) O25–Cu23–O3W 161.46(15)

O26–Cu13–N18 177.76(18) O27–Cu23–N28 177.67(19)

O28–Cu13–O2W 159.86(16) N21–Cu23–N29 158.56(19)

N14–Cu13–N19 157.52(19)
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4 Triaminoguanidine-Bridged Complexes

Table 4.14: Selected interatomic distances [pm] and trosion angles [◦] for both independent complex

molecules in polymer complex {Cu3L3py}n (24).

Cu11· · ·Cu12 486.3 Cu21· · ·Cu22 484.0

Cu11· · ·Cu13 488.4 Cu21· · ·Cu23 487.9

Cu12· · ·Cu13 488.2 Cu22· · ·Cu23 487.9

Cu13· · ·Cu23 562.3 Cu22· · ·Cu12 561.9

Cu11–N12–N11–Cu12 179.9 Cu21–N24–N25–Cu22 171.5

Cu11–N17–N18–Cu13 179.1 Cu21–N22–N21–Cu23 171.9

Cu12–N15–N14–Cu13 171.8 Cu22–N27–N28–Cu23 179.7

tances through the oxalate bridges are clearly longer with about 562 pm. The 1D chains

are further linked through strong hydrogen bonding interactions established between the

oxalate oxygen atom O22 and the coordinated water molecule O3W of adjacent chains in

a distance of 268 pm. This is shown in figure 4.43. Moreover additional interchain hydro-

gen bonding interactions are established including the co-crystallized water and ethanol

molecules. This leads to the formation of an extended 3D hydrogen bonding network.

Figure 4.42: Supramolecular double-chains of the 1D coordination polymer {Cu3L3py}n (24). Solvent

molecules and hydrogen atoms are omitted for clarity. Dashed lines indicate weak inter-

chain interactions between the copper center Cu22 and the oxalate oxygen atom O16

with a distance of 275.9 pm.
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4.5 Coordination Polymers Based on Trinuclear Complex Units with the Ligand H2L3py

Figure 4.43: Supramolecular structure of the 1D coordination polymer {Cu3L3py}n (24). Solvent

molecules and hydrogen atoms are omitted for clarity. Dashed lines indicate hydrogen

bonding interactions. Pertinent distance: O3W· · ·O22A 268.4 pm.

{[Ni3(L3py)(bpca)3]Na(ClO4)2(H2O)2}n ({Ni3L3py}n) (25)

The complex {Ni3L3py}n (25) crystallizes in the monoclinic space group P21/c. The

cationic trinuclear nickel complex units [Ni3(L3py)(bpca)3]+ are cross-linked through

sodium ions coordinated to the carbonyl oxygen atoms of the bpca co-ligands form-

ing a 3D network. The molecular structure of the asymmetric unit containing six crys-

tallographically independent nickel atoms embedded in two ligands together with two

sodium ions, four perchlorate and four water molecules is shown in figure 4.44.

As expected the trinuclear complex cations are almost identical to complex

Ni3L3py(bpca)3 (21) with very similar bond lengths and angles. Again three nickel ions

are coordinated by the triaminoguanidine ligand linked through N–N diazine bridges

under formation of a equilateral triangle. The octahedral coordination environment of

each nickel ion is completed by a bpca co-ligand. These trinuclear cationic molecules are

cross-linked through coordination of the sodium ions to the carbonyl oxygen atoms of

the bpca co-ligands. Three cationic trinuclear complex molecules are assembled around

each sodium ion, two in the bidentate and one in a monodentate binding mode, resulting

in a 3D network depicted in figure 4.45.

The contacts of the sodium ions are summarized in table 4.15. Each of the two indepen-

dent sodium atoms is surrounded by six oxygen donor atoms, five carbonyl as well as

an additional water molecule O1W at the sodium atom Na1 and a perchlorate ion O21P

at the sodium atom Na2. The distances to the carbonyl oxygen donor atoms range from
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4 Triaminoguanidine-Bridged Complexes

Figure 4.44: Structure of the asymmetric unit of complex {Ni3L3py}n (25). The non-coordinating

perchlorate ions as well as water molecules are omitted for clarity. The hydrogen atoms

are also not shown. Symmetry-related atoms are labeled with the index A to C. O21P

denotes the oxygen atom of the coordinated perchlorate ion and O1W the coordinated

water molecule.

233 to 253 pm for Na1 and are somewhat longer compared to them of the Na2 ranging

from 226 to 243 pm. Moreover the water molecule is coordinated at a distance of 242 pm,

whereas the perchlorate oxygen atom, disordered over two positions, exhibits larger dis-

tances of 255 and 259 pm, respectively. The network is very compact and the remaining

perchlorate counterions as well as water molecules occupy the small void.

Table 4.15: Sodium donor distances [pm] in complex {Ni3L3py}n (25). Symmetry equivalent atoms

are labeled with suffix A to C. O21P denotes the perchlorate oxygen atom disordered over

two close together lying positions.

Na1–O13A 253.3(3) Na2–O11 227.2(3)

Na1–O15B 233.4(3) Na2–O12 236.9(3)

Na1–O16B 238.4(3) Na2–O22 225.5(4)

Na1–O25 235.4(4) Na2–O23C 243.2(4)

Na1–O26 236.3(3) Na2–O24C 238.4(4)

Na1–O1W 241.8(5) Na2–O21P 258.7(19)/254.1(26)
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Figure 4.45: Polymer structure of complex {Ni3L3py}n (25). The non-coordinating perchlorate ions as

well as water molecules are omitted for clarity. The hydrogen atoms are also not shown.

4.5.3 Magnetic Properties

For the coordination polymer {Cu3L3py}n (24) the temperature dependence of the para-

magnetic molar susceptibility χM, which is based on the constituting trinuclear building

block, and its product with temperature χMT are depicted in figure 4.46. At 300 K the

χMT value is 0.69 cm3 K mol−1, which is far from the expected spin-only value for three

independent copper(II) centers with S = 1/2. Upon cooling the χMT value rapidly de-

creases to 0.43 cm3 K mol−1 at 75 K and than slightly decreases to 0.40 cm3 K mol−1 at

25 K. The lower room temperature value together with the gradual decrease is indica-

tive for strong antiferromagnetic exchange interactions. The value of the plateau is in

good agreement with the spin-only value of one single spin S = 1/2, confirming the an-

tiferromagnetic exchange. Below 25 K the experimental χMT value also decrease rapidly,

indicating an additional antiferromagnetic exchange interaction.

This overall course of the experimental data is very similar to the trinuclear copper com-

plex Cu3L3py (18). Moreover from the observed plateau in the χMT = f (T) plot it is
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4 Triaminoguanidine-Bridged Complexes

Figure 4.46: Plot of the thermal dependence of χM (empty circles, ◦) and χMT (black filled circles,

•) for complex {Cu3L3py}n (24) measured with an applied magnetic field of 2000 Oe.

The corresponding fit functions according to equation 4.13 are drawn as solid lines (for

parameters see text).

evident, that the magnetic interactions within the trinuclear copper units dominate the

system and that the coupling through the oxalate bridges must be considerably lower

in magnitude. The oxalato-bridged copper centers possess a Jahn-Teller distorted (4+2)

octahedral coordination geometry. Due to the nearly perpendicular arrangement of the

oxalate bridges with respect to the cheating ligand plane, these are not capable to trans-

mit an efficient overlap between the relevant magnetic orbitals of the two copper(II) cen-

ters. [255] Hence the magnetic interaction is negligible weak. Therefore the coordination

polymer can be treated as an isolated trinuclear copper complex. Within the trinuclear

units the copper centers are arranged in an almost equilateral triangle linked through

the N–N diazine bridges of the triaminoguanidine-based ligand. The corresponding spin

Hamiltonian Ĥ = −J(Ŝ1Ŝ2 + Ŝ1Ŝ3 + Ŝ2Ŝ3) with S1 = S2 = S3 = 1/2 leads to the ana-

lytical expression given in equation 4.13 under consideration of additional temperature

independent paramagnetism (χTIP) and intermolecular exchange interactions (θ).

χM =
NAβ2g2

4k(T − θ)
5 + exp(−3J/2kT)
1 + exp(−3J/2kT)

+ χTIP (4.13)

The best fit of the experimental data set for the theoretical expression given in equa-

tion 4.13 results in parameters J = −282(9) cm−1, g = 2.13(1), θ = −0.34(4) K, and

χTIP = 3.0(6) · 10−4 cm3 mol−1 with r2 = 0.99712.
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Figure 4.47: Field dependence of the magnetization for complex {Cu3L3py}n (24) at 2 K (•). The

Brillouin function for S = 1/2 and g = 2.13 is plotted as solid line.

Due to the very good agreement of the calculated curve with the experimental data, the

interaction through the oxalate bridges is negligible, as assumed. Analogous to the trin-

uclear copper complex Cu3L3py (18) very strong antiferromagnetic exchange interactions

are present between the three copper centers leading to an S = 1/2 within each trin-

uclear unit. This is confirmed by magnetization measurements at 2 K shown in figure

4.47. Furthermore the other parameters are very similar. The θ is smaller due to the

larger separation between the trinuclear units in the polymer chains. In addition to this

the θ might be also ascribed to very weak interchain interactions between the trinuclear

complex moieties mediated through the oxalate bridges.

The strong antiferromagnetic interaction within the trinuclear complex moieties leads

to spin frustration of the resulting S = 1/2 spin. Hence this complex might also be

another interesting target as a qubit in the field of quantum computation. [84,85,144,145,147]
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5 Conclusion

This thesis comprises the targeted synthesis and characterization of trinuclear transition

metal complexes of C3 symmetric ligands. In certain cases the defined linkage of these

complexes was successful utilizing different step-by-step synthetic strategies. The com-

plexes were characterized with respect to their magnetic properties. Three different types

of bridging ligands based on phloroglucinol, triaminobenzene and triaminoguanidine

were utilized. According to the bridging units this thesis can be divided into three parts.

Phloroglucinol-bridged complexes: Chapter 2 describes the synthesis and characteriza-

tion of a series of trinuclear phloroglucinol-bridged copper(II) and nickel(II) complexes.

Various Schiff-base ligands were synthesized differing in the donor atoms in the ligand

side chains as shown in figure 5.1. Planar trinuclear copper(II) complexes were obtained

and assemble into 1D networks through weak coordination of adjacent trinuclear com-

plex molecules in the axial positions of the copper centers. The synthesis of trinuclear oc-

tahedral nickel(II) complexes was successful by the addition of tris-chelating co-ligands.
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Figure 5.1: Synthesized phloroglucinol-based ligands. Circled: Schematic representation of the trinu-

clear core unit in the transition metal complexes.
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Moreover the use of the ligand H3L1unspenp offers direct access to the trinuclear complex

without the addition of a co-ligand. The structural analysis of all complexes reveal that

the core is based on a meta-phenylene arrangement of three metal ions linked through a

central phloroglucinol backbone.

The hydrazide based ligands H3L1bhy and H3L1
tBubhy are further suitable for the coor-

dination of trivalent metal ions due to additional acidic amide protons within the ligand

side chains. Based on this the first phloroglucinol-bridged trinuclear cobalt(III) complex

was synthesized and structurally characterized.

Temperature dependent magnetic measurements of the complexes show predomi-

nately weak antiferromagnetic exchange interactions between the three metal centers,

which is contrary to the expectations from spin polarization between meta-phenylene-

bridged metal ions. Due to the almost orthogonal orientation of the magnetic orbitals in

relation to the bridging π-system, only an indirect spin polarization exchange is present

which is less effective. The competing superexchange interaction predominately led

to antiferromagnetic interactions. Moreover in the nickel complexes strong zero-field

splitting is observed due to the distorted octahedral coordination geometry, significantly

stronger than the isotropic exchange interactions. Nevertheless only a slight deviation

from the planarity within one trinuclear copper(II) complex strengthens the exchange

through spin polarization and led to overall weak ferromagnetic exchange interactions.

Triaminobenzene-bridged complexes: As a continuation of the approach utilized in the

previous chapter with meta-phenylene-bridging arrangement of three metal centers, tri-

aminobenzene was applied in chapter 3. Two different types of ligands were synthesized

with one additional donor atom within each side chain; the Schiff-base ligand H3L2
tBusal

and the amide ligand H3L2pic shown in figure 5.2. The reaction with copper(II) ions pro-

vided a directed access to two different complex topologies. A C3 symmetric trinuclear

and a centrosymmetric dinuclear metallamacrocyclic complex was obtained depending

on the dimension of the formed chelate rings upon coordination of the copper(II) ions.

The five-membered chelate rings led to a syn-orientation of the aromatic bridging units

whereas six-membered ones favored the anti-arrangement (see figure 5.2).

The ligand H3L2pic formed a C3 symmetric trinuclear metallamacrocyclic complex,

wherein three copper centers are chelated and bridged by two ligand molecules. The
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Figure 5.2: Schematic representation of the triaminobenzene-based ligands, shown on top of the fig-

ure, and the resulting two different copper complex structures. Left: Trinuclear 1,3,5-

metallacyclophane structure with syn-oriented bridging benzene rings. Right: Dinuclear

metallamacrocyclic complex with anti-oriented bridging benzene rings.

stoichiometric reaction led to the programmed syn-arrangement of two ligands resulting

in a rare example of a 1,3,5-metallacyclophane. Due to the rigid nature of the ligand in

connection with steric effects of the side chains, the copper centers exhibit a distorted

tetragonal coordination geometry almost half way between square pyramidal and tetra-

hedral. Dimethylsulfoxide molecules are additionally weakly bound leading to a rather

unusual highly distorted (4+1) coordination geometry of each copper center.

Besides, a novel tetranuclear metallamacrocycle complex of the amide ligand H3L2pic

is obtained through self-assembly process. Two copper centers are coordinated by two

ligands in a highly distorted coordination geometry analogous to them in the trinuclear

complex. Moreover the two other copper centers are coordinated by the ligands, each

within one binding pocket, and further linked through an asymmetrical di-µ-OH−µ1,3-

N3-bridge. These possess a square pyramidal coordination geometry.
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Temperature-dependent magnetic measurements revealed ferromagnetic exchange in-

teractions in both complexes resulting from the spin polarization. Compared to the

phloroglucinol-bridged complexes the couplings are clearly stronger. Within the 1,3,5-

metallacyclophane the coupling is quite strong with J = +25 cm−1. Up to now this is by

far the strongest coupling which has been reported for a complex resulting from the spin

polarization. Within the tetranuclear complex the asymmetrical double-bridge causes a

very strong antiferromagnetic exchange interaction between the two copper ions with

J < −1000 cm−1. Again both other copper ions are strongly ferromagnetic coupled with

J = +18 cm−1.

In contrast the Schiff-base ligand H3L2
tBusal forms a dinuclear metallamacrocyclic cop-

per complex wherein the bridging phenylene rings are anti-oriented. Similarly both cop-

per centers exhibit a highly distorted tetragonal coordination geometry nearly half be-

tween square pyramidal and tetrahedral. Moreover the third binding pocket of each

ligand remains unoccupied without hydrolysis.

This complex provides an easy access to tetranuclear complexes due to the two free

binding pockets. The reaction with copper(II) ions under addition of the co-ligand

1,1,1,5,5,5-hexafluoroacetylacetone (Hhfac) resulted in the formation of a tetranuclear

complex.

A metallamacrocyclic dinuclear cobalt(II) complex was also synthesized similar to the

dinuclear copper(II) complex. Herein both cobalt centers are coordinated by two ligand

molecules in a distorted tetrahedral geometry.

Again temperature-dependent magnetic measurements in both copper complexes

revealed ferromagnetic exchange interactions as a result of the spin polarization. The

exchange interactions are weaker with J values ranging from +1.5 up to +12.0 cm−1

compared to those in the copper(II) complexes with the amide ligand. In contrast to this

very weak antiferromagnetic couplings with J close to zero are observed in the cobalt(II)

complex. Additionally a large zero-field splitting with |D| = 20 cm−1 is observed within

the complex, resulting from the distorted tetrahedral coordination geometry of the cobalt

centers.

Triaminoguanidine-bridged complexes: Chapter 4 describes the synthesis of trinuclear

transition metal complexes based on triaminoguanidine and the defined linkage of these
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Figure 5.3: Triaminoguanidine-based ligands used in this work. Circled: Schematic representation of

the trinuclear core unit in transition metal complexes.

trinuclear subunits into oligonuclear complexes as well as coordination polymers. Be-

side the known triple Schiff-base ligands H5L3Hsal and H5L3Brsal with salicylidene side

chains, the ligand H2L3py with pyridine side chains was synthesized all depicted in figure

5.3. The subsequent reaction with various transition metal ions under the addition of co-

ligands provides an access to trinuclear complexes, wherein the metal ions are bridged in

close proximity. Depending on the reaction conditions the directed synthesis of various

complex topologies A to F was presented (see figure 5.4). Both bridging units utilized

in the previous chapters take advantage of the spin polarization as a potential access to

ferromagnetic coupled complexes. In contrast these ligands mediate exclusively anti-

ferromagnetic exchange interactions through superexchange interactions over the N–N

diazine bridges leading to a directed generation of magnetic molecules that show spin

frustration within the S = 1/2 ground state.

A C3 symmetric trinuclear iron(III) complex was prepared with the ligand H5L3Brsal

and labile pyridine and chloride co-ligands utilizing a non-conventional synthesis ap-

proach. This starts from a solution of the iron(III) chloride in pyridine. Herein pyridine

simultaneously acts as solvent, base and co-ligand. In addition the chloride ions act as

additional co-ligands counterbalancing the positive charged complex cation. Both co-

ligands of the complex can be easily replaced providing an access to various complexes.

The reaction of 8-hydroxyquinoline results in the formation of the corresponding trinu-

clear iron(III) complex. Moreover under addition of methanol two trinuclear iron com-

plexes were cross-linked leading to a hexanuclear complex (schematic B in figure 5.4).

Herein the subunits are connected through two methanolate bridges.
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A
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Figure 5.4: Schematic representation of the different complex topologies.

Temperature-dependent magnetic measurements reveal efficient antiferromagnetic ex-

change interactions within the three complexes with an S = 1/2 ground state for both

trinuclear complexes and S = 0 ground state for the hexanuclear iron complex. The crys-

tallographically C3 symmetric iron complex possesses a spin frustrated S = 1/2 ground

state and might provide therefore interesting electronic properties for potential applica-

tions as qubit in the research field of quantum computation.

Utilizing this ligand provides a clever access to heterometallic pentanuclear complexes.

As an important result of this thesis a new facile synthetic approach towards these com-

plexes was developed based on the stepwise deprotonation of the ligand and subsequent

addition of different 3d-transition metal ions. The key step is the in situ formation of a

mononuclear complex, wherein the metal ion is octahedrally coordinated by two ligand

molecules. During complexation the metal center was oxidized leading to a higher stabil-

ity of the complex against metal exchange reactions. The subsequent addition of nickel(II)

ions followed by a chelating co-ligand 2,4,6-tris(2-pyridyl)-1,3,5-triazine (tptz) resulted in

the pentanuclear complexes of the general formula [MIIINiII
4 (L3)2(tptz)4](ClO4)x(Cl)1−x

with M = Fe, Mn, Co. Two triangular subunits are interconnected by a common trivalent

metal ion (schematic C in figure 5.4).
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The ligand H2L3py is accessible through Schiff-base condensation. In contrast to the

known ligands providing phenolate oxygen atoms as donors within the salicylidene side

chains, this ligand offers exclusively nitrogen donor atoms and therefore coordinate three

metal centers in its dianionic form. A series of trinuclear 3d-transition metal complexes

were synthesized utilizing the synthesis approach analogous to the trinuclear iron(III)

complex. Complexes of copper(II), nickel(II), cobalt(II) and manganese(II) were isolated

and structurally characterized. Again the metal centers are coordinatively saturated by

labile chloride and pyridine co-ligands. These can be replaced by other ligands thus of-

fering an access to various complexes. Besides other trinuclear complexes, the linkage

into coordination polymers was realized.

The substitution of these labile co-ligands was verified on the nickel complex. The

reaction with azide ions resulted in substitution of the coordinated chloride ions. More-

over the use of the co-ligand bis(pyridin-2-ylcarbonyl)-amine (Hbpca) yielded the trinu-

clear complex, wherein all pyridine and chloride ions were replaced by the co-ligands.

This complex possess three free acetylacetone-like binding pockets derived from the co-

ordinated co-ligand (schematic D in figure 5.4). The complex was cross-linked through

sodium ions leading to a 3D network (schematic F in figure 5.4). Furthermore a 1D co-

ordination polymer resulting from the bridging coordination of oxalate to the trinuclear

copper complex units was obtained (schematic E in figure 5.4).

As expected the temperature-dependent magnetization measurements reveal exclu-

sively antiferromagnetic exchange interactions in all complexes. The magnitude of the

coupling constant J becomes smaller with the increasing spin of the transition metal ions,

due to the higher number of superexchange pathways. In the copper complex the cou-

pling is very strong with J = −299 cm−1 leading to a S = 1/2 spin ground state. The cou-

pling within the nickel complexes with −42 ≤ J ≤ −36 cm−1 is dominated by the bridg-

ing ligand and does not reflect the change of the co-ligands. The cobalt complex shows

a large zero-field splitting with D = 27 cm−1, significantly stronger compared to the

isotropic exchange interactions of J1 = −18 cm−1 and J2 = −12 cm−1 within the isosceles

triangle. In the manganese complex a very weak coupling is observed with J = −1 cm−1

together with a small zero-field splitting of |D| = 0.6 cm−1. Due to the very weak in-

teractions the Zeeman splitting dominates the field-dependent magnetization resulting

in a non linear increase without reaching the saturation. Both latter compounds are the

first structurally and magnetically characterized triaminoguanidine-bridged cobalt and

manganese complexes.
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5 Conclusion

From a magnetochemical point of view, the 1D polymer copper complex behaves as a

trinuclear complex due to the fact, that the oxalate bridges are perpendicular to the lig-

and plane. The strong coupling with J = −282 cm−1 within the trinuclear units leads to

a S = 1/2 ground state of isolated copper(II) triangles. This complex therefore warrants

further investigations into the spin frustration phenomenon with specific attention to the

current research field of quantum computation.

In summary, new C3 symmetric ligands mediating magnetic exchange interactions were

introduced. Based on these various trinuclear transition metal complexes were prepared

utilizing directed synthesis approaches. Furthermore the defined linkage of the trinu-

clear subunits into higher aggregates as well as coordination polymers was presented.

Hence this thesis makes a considerable contribution to the directed synthesis of homo-

as well as heterometallic complexes based on triangular building blocks. In addition

a directed access to strongly ferromagnetic coupled high-spin compounds utilizing the

spin polarization effect as well as antiferromagnetic coupled triangular compounds with

a resulting S = 1/2 ground state was pointed out. Some of these compounds possess

intriguing magnetic properties for later applications.
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6 Zusammenfassung

Diese Dissertation umfasst die gezielte Synthese und Charakterisierung von dreikerni-

gen Übergangsmetallkomplexen mit C3-symmetrischen Liganden. In einigen Fällen war

die gezielte Verknüpfung der dreikernigen Einheiten unter Anwendung von verschie-

denen step-by-step Synthesestrategien erfolgreich. Darüber hinaus wurden die Komplexe

hinsichtlich ihren magnetischen Eigenschaften untersucht. Drei verschiedene Typen von

verbrückenden Liganden basierend auf Phloroglucin, Triaminobenzen und Triaminogua-

nidin wurden verwendet. Bezüglich dieser verbrückenden Einheiten lässt sich die Disse-

ration in drei Bereiche unterteilten.

Phloroglucin-verbrückte Komplexe: Kapitel 2 beschreibt die Synthese und Charak-

terisierung einer Serie von dreikernigen phloroglucin-verbrückten Kupfer(II)- und

Nickel(II)komplexen. Verschiedene Schiff-Base Liganden mit unterschiedlichen Donor-

atomen in den Seitenketten wurden synthetisiert, welche in Abbildung 6.1 darge-

stellt sind. Planare trinukleare Kupfer(II)komplexe wurden charakterisiert, welche durch
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Abbildung 6.1: Synthetisierte phloroglucin-basierte Liganden. Eingekreist: Schematische Darstellung

der trinuklearen Kerneinheit in den Übergangsmetallkomplexen.
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6 Zusammenfassung

schwache Koordination von benachbarten Molekülen in den axialen Positionen der

Kupferionen 1D Netzwerke ausbilden. Die Darstellung dreikerniger Nickel(II)komplexe

war durch Zugabe von chelatisierenden Koliganden erfolgreich. Darüber hinaus bietet

der Ligand H3L1unspenp einen gezielten Zugang zum entsprechenden dreikernigen Ni-

ckel(II)komplex ohne die Zugabe eines Koliganden.

Die Hydrazid-basierten Liganden H6L1bhy und H6L1
tBubhy sind darüber hinaus auf-

grund zusätzlicher azider Amidprotonen in den Ligandseitenketten geeignet, dreiwerti-

ge Metallzentren zu koordinieren. Davon ausgehend wurde der erste strukturell charak-

terisierte, phloroglucin-verbrückte trinukleare Kobalt(III)komplex dargestellt.

Temperaturabhängige Messungen der Magnetisierung an diesen Komplexen haben

hauptsächlich antiferromagnetische Wechselwirkungen zwischen den drei Metallzentren

ergeben, welche gegensätzlich zu den Erwartungen aus der Spinpolaristion zwischen

meta-phenylen-verbrückten Metallionen sind. Aufgrund der annähernd orthogonalen

Orientierung der magnetischen Orbitale bezüglich des verbrückenden π-Systems findet

einzig eine indirekte Wechselwirkung über Spinpolarisation statt, die sehr schwach

ist. Die konkurrierende Wechselwirkung über Superaustausch resultiert vorrangig in

einer antiferromagentischen Wechselwirkung. Daneben wird in den Nickelkomple-

xen eine große Nullfeldaufspaltung beobachtet, die in der verzerrten oktaedrischen

Koordinationsgeometrie der Nickelzentren begründet ist. Diese ist deutlich stärker

als die isotropen Wechselwirkungen über den Brückenliganden. Dennoch begünstigt

innerhalb der Kupfer(II)komplexe schon eine minimale Abweichung von der Planarität

die Wechselwirkungen über Spinpolarisation und führt zu schwach ferromagnetischen

Kopplungen in einem Komplex.

Triaminobenzen-verbrückte Komplexe: Als eine Erweiterung der meta-phenylen-Ver-

brückung von drei Metallzentren wurde in Kapitel 3 Triaminobenzen untersucht. Da-

zu wurden zwei verschiedene Typen von Liganden mit einem zusätzlichen Donora-

tom in jeder Seitenkette synthetisiert; der Schiff-Baseligand H3L2
tBusal und der Amid-

ligand H3L2pic, dargestellt in Abbildung 6.2. Die Reaktion mit Kupfer(II)ionen bietet

einen gezielten Zugang zu zwei unterschiedlichen Komplextopologien. Es wurde ein

C3-symmetrischer trinuklearer und ein zentrosymmetrischer dinuklearer metallamakro-

cyclischer Komplex erhalten, abhängig von der Größe des mit dem Kupfer(II)ion aus-
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Abbildung 6.2: Schematische Darstellung der triaminobenzen-basierten Liganden, gezeigt im oberen

Bereich der Abbildung, und die daraus resultierenden Kupferkomplexe. Links: Struk-

tur des dreikernigen 1,3,5-Metallacyclophan mit syn-orientierten verbrückenden Ben-

zenringen. Rechts: Zweikerniger metallamakrocyclischer Komplex mit anti-orientierten

verbrückenden Benzenringen.

gebildeten Chelatringes. Fünfgliedrige Chelatringe führen zu einer syn-Anordnung der

verbrückenden Benzenringe, währenddessen sechsgliedrige Ringe die anti-Anordnung

begünstigen (vgl. Abbildung 6.2).

Der Ligand H3L2pic bildet einen C3-symmetrischen trinuklearen metallamakrocycli-

schen Komplex, indem drei Kupferionen durch zwei Liganden verbrückend koordiniert

werden. Der stöchiometrische Umsatz ergibt durch die syn-Anordnung der verbrücken-

den Benzenringe beider Liganden ein äußerst seltenenes 1,3,5-Metallacyclophan. Die

Kupferzentren sind in einer verzerrten tetragonalen Koordinationsgeometrie zwischen

quadratisch planar und tetraedrisch komplexiert. Diese wird durch die Rigidität des Li-

ganden in Verbindung mit sterischen Effekten der Seitenketten verursacht. Darüber hi-

naus ist noch Dimethylsulfoxid schwach an die Kupferzentren koordiniert, dass eine un-
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6 Zusammenfassung

gewöhnliche stark verzerrte (4+1) Koordinationsgeometrie an jedem Kupferion zur Folge

hat.

Daneben wurde ein neuartiger vierkerniger metallamakrocyclischer Komplex mit dem

Amidliganden H3L2pic durch Selbstorganisation erhalten. Zwei Kupferzentren werden

von jeweils zwei Ligandmolekülen in einer stark verzerrten tetragonalen Koordinations-

geometrie komplexiert, ähnlich der im dreikernigen Komplex. Die beiden anderen Kup-

ferzentren werden von den Liganden jeweils in einer Bindungstasche komplexiert und

sind darüber hinaus durch eine unsymmetrische µ-OH-µ1,3-N3-Brückeneinheit verbun-

den. Diese besitzen eine (4+1) quadratisch-pyramidale Koordinationsgeometrie durch

zusätzliche Koordination eines Wasser- und Dimethylformamidmoleküls in den apica-

len Positionen der Kupferzentren.

Temperaturabhängige Messungen der Magnetisierung haben in allen Komplexen fer-

romagnetische Wechselwirkungen ergeben, hervorgerufen durch die Spinpolarisation.

Die Kopplungen sind deutlich stärker verglichen mit den phloroglucin-verbrückten Kom-

plexen. Im 1,3,5-Metallacyclophan sind die Kopplungen verglichen mit den großen Kup-

fer–Kupfer–Abständen von 670 pm mit J = +25 cm−1 sehr stark. Diese ist bis jetzt die

mit Abstand stärkste Kopplung, welche für einen Komplex resultierend aus der Spinpo-

larisation berichtet worden ist. Im tetranuklearen Komplex verursacht die unsymmetri-

sche Doppelbrücke eine sehr starke antiferromagnetische Wechselwirkung zwischen den

zwei Kupferzentren mit J < −1000 cm−1. Die beiden anderen Kupferionen sind wieder-

um stark ferrmagnetisch mit J = +18 cm−1 gekoppelt.

Im Gegensatz dazu bildet der Schiff-Baseligand H3L2
tBusal einen dinukleareren me-

tallamakrocyclischen Komplex, worin die verbrückenden Benzenringe anti-positioniert

sind. Wiederum besitzen beide Kupferzentren eine verzerrte tetragonale Koordinations-

geometrie zwischen quadratisch planar und tetraedrisch. Die dritte Bindungstasche der

Liganden ist unbesetzt und hydrolisiert nicht. Dieser Komplex bietet einen eleganten Zu-

gang zu tetranuklearen Komplexen, aufgrund der zwei freien Bindungstaschen. Tatsäch-

lich ergibt die Umsetzung mit Kupfer(II)ionen unter Zugabe des Koliganden 1,1,1,5,5,5-

Hexafluoracetylaceton (Hhfac) einen vierkernigen Komplex.

Darüber hinaus wurde ein dinuklearer Kobalt(II)komplex mit dem Schiff-Baseliganden

H3L2
tBusal synthetisiert. Die Struktur ist sehr ähnlich zu der des Kupfer(II)komplexes.

Beide Kobaltzentren werden von zwei Liganden in einer verzerrten tetraedrischen Koor-

dinatinsgeometrie komplexiert.
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Wiederum haben temperaturabhängige Messungen der Magnetisierung in beiden

Kupferkomplexen eine ferromagnetische Wechselwirkung aufgrund der Spinpolarisa-

tion ergeben. Im Vergleich zu den Kupfer(II)komplexen mit dem Amidliganden sind

die Austauschwechselwirkungen mit J zwischen +1.5 und +12.0 cm−1 schwächer. Im

Gegensatz dazu wird im Kobalt(II)komplex eine sehr schwache antiferromagnetische

Wechselwirkung mit J nahe Null beobachtet. Hervorgerufen durch die verzerrte tetra-

edrische Koordinationsgeometrie der Kobalt(II)ionen, besitzt der Komplex eine große

Anisotropie mit |D| = 20 cm−1.

Triaminoguanidin-verbrückte Komplexe: Kapitel 4 beschreibt die Synthese und Charak-

terisierung von dreikernigen Übergangsmetallkomplexen basierend auf Triaminoguani-

din und deren gezielte Verknüpfung in oligonukleare Komplexe und Koordinationsp-

olymere. Neben den bereits bekannten Schiff-Baseliganden H5L3Hsal und H5L3Brsal mit

Salicylidenseitenketten wurde der Ligand H2L3py mit Pyridinseitenketten synthetisiert

(Abbildung 6.3). Die nachfolgende Reaktion mit verschiedensten Übergangsmetallionen

unter Zugabe von Koliganden bietet einen Zugang zu trinuklearen Komplexen in denen

drei Metallionen nah beieinander verbrückend koordiniert werden. Abhängig von den

Reaktionsbedingungen ist die gezielte Darstellung von verschiedensten Komplextopolo-

gien A bis F vorgestellt worden (Abbildung 6.4). Beide in den vorangegangenen Kapiteln

verwendeten verbrückenden Einheiten nutzen die Spinpolaristaion als einen potentiellen

Zugang zu ferromagnetisch gekoppelten Komplexen aus. Im Gegensatz dazu vermitteln

diese Liganden ausschließlich antiferromagnetische Wechselwirkungen durch Superaus-

tausch über die N–N Diazinbrücken. Dies ermöglicht die gezielte Darstellung von ma-

gnetischen Molekülen die Spinfrustration innerhalb des S = 1/2 Grundzustandes zei-

gen.

Unter Anwendung eines speziellen Syntheseansatzes ist ein C3-symmetrischer trinuklea-

rer Eisen(III)komplex mit dem Liganden H5L3Brsal und labilen Chlorid- und Pyridinko-

liganden hergestellt worden. Dieser geht von einer Lösung des Eisen(III)chlorids in Py-

ridin aus. Pyridin fungiert gleichzeitig als Lösungsmittel, Base und Koligand. Daneben

fungieren die Chloridionen als zusätzliche Koliganden zum Ausgleich der positiven La-

dung des Komplexkations. Beide Koliganden im Komplex können leicht ersetzt werden
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Abbildung 6.3: Triaminoguanidin-basierte Liganden. Eingekreist: Schematische Darstellung der trinu-

klearen Kerneinheit in den Übergangsmetallkomplexen.
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Abbildung 6.4: Schematische Darstellung der verschiedenen Komplextopologien.
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und bieten einen eleganten Zugang zu verschiedenen weiteren Komplexen. Die Reak-

tion mit 8-Hydroxychinolin ergibt den entsprechenden dreikernigen Eisen(III)komplex.

Darüber hinaus werden zwei trinukleare Eisenkomplexe durch Zugabe von Methanol

unter Erhalt eines sechskernigen Komplexes verbunden. Die Komplex-Untereinheiten

sind über zwei Methanolatbrücken verbunden (Vgl. B in Abbildung 6.4).

Die temperaturabhängige Messung der Magnetisierung ergibt in allen drei Kom-

plexen antiferromagnetische Wechselwirkungen mit einem S = 1/2 Grundzustand in

beiden trinuklearen Komplexen und einem S = 0 Grundzustand in dem hexanuklearen

Komplex. Speziell der C3-symmetrische Komplex besitzt einen spinfrustrierten S = 1/2

Grundzustand und bietet deshalb interessante elektronische Eigenschaften für potenti-

elle Anwendungen als Qubit für den Bereich der Quantencomputer.

Die Verwendung des Liganden bietet einen Zugang zu heterometallischen fünfkernigen

Komplexen. Als ein bedeutendes Ergebnis dieser Disseration wurde ein neuer einfacher

synthetischer Zugang zu diesen Komplexen entwickelt, basierend auf der schrittweisen

Deprotonierung des Liganden und daran anschließende Zugabe von verschiedenen

Übergangsmetallionen. Der Schlüsselschritt ist die in-situ Bildung eines einkernigen

Komplexes, worin das Metallion oktaedrisch von zwei Liganden koordiniert wird. Im

Verlauf der Komplexierung wird das Metallzentrum oxidiert, das zu einer erhöhten Sta-

bilität gegenüber Metallaustausch führt. Die nachfolgende Zugabe von Nickel(II)ionen

gefolgt von dem chelatisierenden Koliganden 2,4,6-Tris(2-pyridyl)-1,3,5-triazin (tptz)

führt zu den Komplexen [MIIINiII
4 (L3)2(tptz)4](ClO4)x(Cl)1−x mit M = Fe, Mn, Co. Die

zwei dreiseitigen Untereinheiten sind über ein gemeinsames dreiwertiges Metallion

verbunden (Vgl. C in Abbildung 6.4).

Der Ligand H2L3py ist durch Schiff-Basekondensation zugänglich. Im Gegensatz zu den

bekannten Liganden mit Phenolatsauerstoffatomen als Donoren innerhalb der Salicyli-

denseitenketten bietet dieser Ligand ausschließlich Stickstoffdonoren und koordiniert

deshalb als Dianion. Unter Verwendung des Syntheseansatzes analog zum trinuklea-

ren Eisen(III)komplex ist eine Serie von trinuklearen Komplexen mit zweiwertigen Über-

gangsmetallionen synthetisiert worden. Komplexe von Kupfer(II), Nickel(II), Kobalt(II)

und Mangan(II) sind isoliert und strukturell charakterisiert worden. Wiederum sind die

Metallzentren koordinativ von labilen Chlorid- und Pyridinkoliganden abgesättigt. Diese
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6 Zusammenfassung

können gegen andere Liganden ausgetauscht werden und bieten deshalb einen Zugang

zu verschiedensten Komplexen.

Die Substitution der labilen Koliganden ist am Nickelkomplex bewiesen worden. Die

Reaktion mit Azidionen führt zum selektiven Austausch der Chloridionen. Daneben

wird unter Verwendung von Bis(pyridin-2-ylcarbonyl)-amin (Hbpca) ein trinuklearer

Komplex erhalten indem alle Pyridine und Chloridionen durch den Koliganden ersetzt

sind. Dieser Komplex besitzt drei freie acetylacetonartige Bindungstaschen (Vgl. D in

Abbildung 6.4). Durch Zugabe von Natriumionen können diese Komplexmoleküle unter

Erhalt eines 3D Netzwerkes quervernetzt werden (F in Abbildung 6.4). Weiterhin wurde

ein 1D Koordinationspolymer durch die verbrückende Koordination von Oxalat an die

trinuklearen Kupferkomplexeinheiten erhalten (Vgl. E in Abbildung 6.4).

Wie erwartet zeigen die temperaturabhängigen Messungen der Magnetisierungen

ausschließlich antiferromagnetische Wechselwirkungen innerhalb der Komplexe. Die

Größe der Kopplungskonstante sinkt mit steigendem Spin der Metallionen aufgrund der

größeren Anzahl von Superaustauschpfaden. Im Kupferkomplex ist die Kopplung mit

J = −299 cm−1 sehr stark resultierend in einem S = 1/2 Grundzustand. Die Kopplungen

innerhalb der Nickelkomplexe mit −42 ≤ J ≤ −36 cm−1 werden vom Liganden domi-

niert und spiegeln nicht den Austausch der Koliganden wieder. Im Kobaltkomplex wird

eine große Nullfeldaufspaltung mit D = 27 cm−1 beobachtet, welche deutlich stärker ist

als die isotropen Wechselwirkungen mit J1 = −18 cm−1 und J2 = −12 cm−1 innerhalb

des gleichseitigen Dreiecks. Im Mangankomplex wird eine sehr schwache Kopplung mit

J = −1 cm−1 zusammen mit einer kleinen Nullfeldaufspaltung von |D| = 0.6 cm−1 beob-

achtet. Aufgrund der beiden sehr schwachen Wechselwirkungen wird die feldabhängige

Magnetisierung von der Zeemanaufspaltung dominiert. Die beiden letzteren Verbin-

dungen sind die ersten strukturell und magnetisch charakterisierten triaminoguanidin-

verbrückten Kobalt- und Mangankomplexe.

Ausgehend vom magnetochemischen Standpunkt verhält sich das 1D Kupferkoordi-

nationspolymer wie ein dreikerniger Komplex, da die Oxalatbrücken senkrecht zur Li-

gandebene stehen. Die starke Kopplung von J = −282 cm−1 innerhalb der trinuklearen

Einheiten resultiert in einem S = 1/2 Grundzustand von isolierten Kupfer–Dreiecken.

Folglich ist auch dieser Komplex interessant um das Phänomen der Spinfrustration im

Hinblick auf das aktuelle Forschungsfeld der Quantencomputer zu untersuchen.
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Abschließend lässt sich festhalten, dass neue C3-symmetrische Liganden vorgestellt wur-

den, die magnetische Wechselwirkungen zwischen den koordinierten Metallzentren ver-

mitteln. Basierend auf diesen wurden gezielt verschiedenste trinukleare Übergangsme-

tallkomplexe hergestellt. Des Weiteren wurde die definierte Verknüpfung der trinuklea-

ren Einheiten sowohl in höhere Aggregate als auch Koorodinationspolymere dargestellt.

Folglich beinhaltet diese Dissertation einen beachtlichen Beitrag zur gezielten Darstel-

lung homo- und heterometallischer Komplexe basierend auf dreikernigen Bausteinen.

Daneben wurde ein Zugang sowohl zu stark ferromagnetisch gekoppelten Verbindun-

gen unter Ausnutzung der Spinpolarisation als auch antiferromagentisch gekoppelten

triangularen Verbindungen mit einem resultierenden S = 1/2 Grundzustand aufgezeigt.

Einige dieser Verbindungen besitzen höchst interessante magnetische Eigenschaften für

spätere Anwendungen.
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7 Future Perspective

In this research, various trinuclear transition metal complexes were synthesized utilizing

directed synthetic approaches. Moreover the linkage into higher aggregates was demon-

strated providing many points of contacts for the directed syntheses of various complex

topologies through the variation of co-ligands and metal centers.

Based on the synthesized copper(II) complexes, described in chapter 2, the use of bridg-

ing bis-chelating co-ligands like oxalate or oxamide might lead to trinuclear precursors,

which can be cross-linked through addition of transition metal or lanthanide ions. For

the nickel(II) complexes the tris-chelating tptz co-ligand holds a lot of promise due to

its known bridging coordination of two metal centers and mediation of magnetic in-

teractions (see figure 7.1). [233–235,293,294] An extension provides the ligand 2,4,6-tris(2-

pyrimidyl)-l,3,5-triazine (tpymt), potential to coordinate three metal ions in terpyridine-

like binding pockets. [295,296] The synthesized trinuclear cobalt complex is already one step

ahead. Each coordinated bpca co-ligands possess a free acetylacetone-like chelating bind-

ing pocket, which might provide an access to hexanuclear homo as well as heterometallic

complexes under addition of capping co-ligands. Although all cobalt(III) centers are in

the low-spin state, the complex promises interesting magnetic properties as a result of

the reduction into cobalt(II). Moreover the coordination of iron(II) ions might result in an

interesting heterometallic electron-transfer system.
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Figure 7.1: Schematic representation of the bridging coordination of the tptz and tpymt co-ligands.
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7 Future Perspective

The trinuclear metallacyclophane copper(II) complex, characterized in chapter 3, ex-

hibits a very strong ferromagnetic coupling resulting from the spin polarization. Hence

the analogous cobalt(II) and manganese(III) complexes are potential high-spin molecules

providing an access to a new class of SMMs.
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O
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HN N

N
H
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Ligands with other side chains are also promising

for the synthesis of strongly coupled high-spin com-

plexes. The analogous ligand with imidazole side

chains provides additional [NO] binding pockets be-

side the three known bidentate [N2] binding pockets,

all accessible after deprotonation. The stepwise depro-

tonation might lead to 1,3,5-metallacyclophane com-

plexes which can be utilized as precursors for the di-

rected synthesis of enneanuclear homo as well as het-

erometallic transition metal complexes. [90]

The dinuclear metallamacrocyclic copper(II) and cobalt(II) complexes possess two free

binding pockets. Under appropriate conditions these seem to be likely candidates for

the directed synthesis of heterometallic tetranuclear complexes. In addition the analo-

gous dinuclear copper(II) complexes with other substituents within the salicylidene lig-

and side chains are very interesting in the light of further investigation of the magnetic

anomaly phenomenon.

In the chapter 4 trinuclear triaminoguanidine-bridged complexes with labile pyridine

and chloride co-ligands were presented. An exchange against appropriate capping

co-ligands might result in complexes with intriguing magnetic properties, e.g. trinu-

clear spin-crossover or radical complexes. [297,298] Especially for the iron(III) complex, uti-

lization of the ligands N-(8-quinolyl)salicylaldimine and N-(pyridin-2-ylmethyl)salicyl-

aldimine that show spin-crossover behavior with hysteresis loops in the corresponding

mononuclear complexes hold a lot of promise. [299–301] [302–304]

The trinuclear cobalt(II) and manganese(II) complexes combine chirality and magnetic

properties because the crystallization occurred in chiral space groups with the exclusive

presence of one enantiomeric form. Therefore both might be interesting for the current

research field of magnetochirality.

With regard to the potential application of the triangular complexes as qubits, quantum

coherence is essential as one criteria formulated by David P. DiVincenzo. [305,306] In this
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Figure 7.2: Schematic representation of the cyclization of ligand H2L3py.

context lanthanide complexes are promising candidates due to their proposed long deco-

herence times. [307,308]. Trials to utilize the synthetic route with pyridine as solvent were

unfortunately not successful. In the presence of gadolinium chloride the ligand under-

went an oxidative cyclization illustrated in figure 7.2. This has been also reported for the

tris-N-(salicylidene)-amino-guanidine ligand under various reaction conditions. [92,136,139]

Nevertheless under appropriate conditions the ligand seem to be suitable for the synthe-

sis of trinuclear complexes due to the large binding pockets forming exclusively five-

membered chelate rings with the metal centers.
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8 General

Abbreviations used throughout the text:

unspenp = N,N-bis(pyridin-2-ylmethyl)-ethylenediamine,

Hbpea = bis(pyridin-2-ylethyl)-amine,

Hbpca = bis(pyridin-2-ylcarbonyl)-amine,

Hhfac = 1,1,1,5,5,5-hexafluoroacetylacetone,

Hq = 8-hydroxyquinoline,

tptz = 2,4,6-tris(2-pyridyl)-1,3,5-triazine,

H3L1ampy = 2,4,6-tris(pyridin-2-ylmethyliminomethyl)-phloroglucinol,

H3L1unspenp = 2,4,6-tris{2-[bis(pyridine-2-ylmethyl)amino]ethyliminomethyl}-phloroglucinol,

H3L1bhy = 2,4,6-tris(benzhydrazidiminomethyl)-phloroglucinol,

H3L1
tBubhy = 2,4,6-tris(4-tert-butylbenzhydrazidiminomethyl)-phloroglucinol,

H3L2pic = N,N’,N”-tris(2-pyridinecarboxamide)-1,3,5-benzene,

H3L2
tBusal = N,N’,N”-tris(3,5-di-tert-butylsalicylidene)-amino-1,3,5-benzene,

H5L3Hsal = tris-N-(salicylidene)-amino-guanidine,

H5L3Brsal = tris-N-(5-bromo-salicylidene)-amino-guanidine,

H2L3py = tris-N-(pyridin-2-ylmethylidene)-amino-guanidine.
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9 Physical Measurements

Melting points were determined via a VEB Analytik Dresden HMK 72/41555 and are

given uncorrected.

Thermogravimetric analyses (TGA) for powdered samples were performed on a Netzsch

STA409PC Luxx apparatus under constant flow of nitrogen.

IR spectra were measured on a Bruker IFS55/Equinox spectrometer with a Raman unit

FRA 106/S on samples prepared as KBr pellets.

1H, 13C, 1H{1H} COSY, and 1H {13C} HSQC NMR experiments were carried out on

a Bruker AVANCE 200 and 400 spectrometer. The chemical shifts were referenced to

tetramethylsilane.

Mass spectra were measured on a Bruker MAT SSQ 710 spectrometer for FAB measure-

ments and on a MAT95XL Finnigan instrument for electron spray ionization.

Elemental analyses (C, H, N) were acquired by use of a Leco CHNS-932 and a Vario EL

III elemental analyzer.

Magnetic susceptibilities were obtained from powdered samples in gelatin capsules us-

ing a Quantum-Design MPMSR-5S SQUID magnetometer equipped with a 5 Tesla mag-

net in the range from 300 to 2 K. The measured data was corrected for diamagnetism of

the capsules and the intrinsic diamagnetism of the sample, estimated by measurements

on a similar ligand system.
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9 Physical Measurements

The molar susceptibility data of the complexes is based on the molecular weights calcu-

lated from the elemental analyses data. All coupling constants J in this thesis are related

to the Heisenberg-Dirac-van Vleck-Hamiltonian in the form of

Ĥ = −JŜiŜj.
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10 Crystal Structure Determinations

Single crystals were selected while covered with mother liquor under a polarizing mi-

croscope and fixed on fine glass fibers. The crystallographic data was collected on a No-

nius KappaCCD diffractometer using graphite-monochromated Mo-Kα radiation (λ =

71.073 pm). A summary of crystallographic and structure refinement data is given in

appendix A.3. Data was corrected for Lorentz and polarization effects, but not for ab-

sorption effects. [309–311] The structures were solved by direct methods with SHELXS-97

and refined by full-matrix least-squares techniques against F 2
o using SHELXL-97. [312] The

program XP (SIEMENS Analytical X-ray Instruments, Inc.) was used for structure repre-

sentations.

Anisotropic thermal parameters were used for all non-hydrogen atoms except for the

solvent molecules on partially occupied positions. These were refined isotropically. Hy-

drogen atoms were calculated and treated as riding atoms with fixed thermal parameters

except the hydrogen atoms of water molecules in complexes Cu3L1ampy (1), Ni3L1unspenp

(3) and Cu4L2pic
2 (8), including both coordinated as well as co-crystallized ones. These

were found during structure solution and refined isotropically.
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11 Syntheses

11.1 Materials

2,4,6-Triformylphloroglucinol [148], Hbpea [313], Hbpca [239], and unspenp [314] were pre-

pared according to published procedures. 1,3,5-Triaminobenzene was synthesized in a

two step synthesis via 1,3,5-cyclohexanetrione trioxime [187,188]. Triaminoguanidine [315]

and the corresponding Schiff-base ligands H5L3Hsal ·HCl [92] and H5L3Brsal ·HCl [91] were

also synthesized according to literature procedures. Commercial available pyridine-2-

carbaldehyde and pyridine were distilled prior to use. All other chemicals and solvents

are commercially available and were used as received without further purification, unless

stated differently.

11.2 Syntheses of the Ligands

11.2.1 Phloroglucinol-Based Ligands

H3L1ampy

2,4,6-Triformylphloroglucinol (0.50 g, 2.4 mmol) suspended in ethanol (50 mL) was mixed

with a solution of 2-aminomethylpyridine (0.76 g, 7.0 mmol) in ethanol (5 mL) accompa-

nied by a color change from colorless to yellow. The resulting mixture was stirred for

24 h resulting in a dissolution of the 2,4,6-triformylphloroglucinol. The volatile compo-

nents were removed in vacuum leaving the ligand as yellow oil in quantitative yield. The

ligand solidified upon storage in the freezer at −25 ◦C.

Yield: 1.10 g. IR (KBr, cm−1): ν̃ = 3420 m br, 3230 w br (NH), 3052 w (CH arom.), 3010

w (CH arom.), 2925 w (CH2), 1675 w (C=O), 1608 vs (C=C), 1545 m, 1457 w, 1437 m, 1350

m, 1320 m, 1199 m, 835 w, 753 w. 1H NMR (400 MHz, DMSO-d6): 4.76 (m, 6H, CH2),

7.30–7.49 (m, 12H, C3,5Hpy ), 7.81 and 7.87 (m, 3H, C4Hpy), 8.22 (m, 3H, CH-NH), 8.56 and

8.62 (m, 3H, C6Hpy), 11.18 and 11.62 (m, 3H, NH) ppm. 13C NMR (100 MHz, DMSO-d6):
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11 Syntheses

53.8 and 54.0 (CH2), 104.8 and 104.9 (C2
ph), 122.3, 122.4, 123.0, 123.3, 123.3 and 123.8 (all

C3,5Hpy), 137.6 and 137.7 (C4Hpy), 149.4 and 149.9 (C6Hpy), 154.0, 157.2, 157.2, 157.7, 157.8

and 158.2 (all C2Hpy and CH-NH), 181.5, 184.5 and 187.5 (all C=O) ppm.

H3L1unspenp

To a suspension of 2,4,6-triformylphloroglucinol (0.33 g, 1.5 mmol) in ethanol (100 mL)

a solution of unspenp (1.15 g, 4.5 mmol) in ethanol (20 mL) was added accompanied

by a color change from colorless to yellow. The resulting mixture was stirred for 24 h

leading to a dissolution of the 2,4,6-triformylphloroglucinol. The volatile components

were removed in vacuum leaving the ligand as yellow oil in quantitative yield.

Yield: 1.30 g. IR (KBr, cm−1): ν̃ = 3420 m br, 3230 w br (NH), 3056 w (CH arom.), 3011

w (CH arom.), 2929 m (CH2), 2826 m (CH2), 1685 w (C=O), 1608 vs (C=C), 1546 m, 1473

w, 1436 m, 1351 m, 1320 m, 1203 m, 1149 m, 1127 m, 835 w, 764 m. 1H NMR (400 MHz,

DMSO-d6): 2.70 (m, 6H, CH2-NH), 3.64 (m, 6H, CH2-N), 3.81 and 3.82 (s, 12H, CH2-py),

7.13 and 7.25 (m, 6H, C5Hpy), 7.45–7.76 (m, 12 H, C3,4Hpy), 8.20 (m, 3H, CH-NH), 8.43

and 8.50 (m, 6H, C6Hpy), 11.00 and 11.39 (m, 3H, NH) ppm. 13C NMR (100 MHz, DMSO-

d6): 47.2 (CH2-NH), 54.6 (CH2-N), 59.7 and 60.0 (CH2-py), 104.5, 104.5 and 104.6 (all C2
ph),

122.3, 122.5, 122.7, 123.1, 123.1 and 123.4 (all C3,5Hpy), 136.8, 136.9 and 137.0 (all C4Hpy),

148.9, 149.1 and 149.2 (all C6Hpy), 159.3, 159.3, 159.4 and 159.4 (all C2Hpy and CH-NH),

181.5, 184.6 and 187.5 (all C=O) ppm.

H6L1bhy

2,4,6-Triformylphloroglucinol (0.34 g, 1.6 mmol) was suspended in ethanol (75 mL) and a

solution of benzhydrazide (1.14 g, 8.3 mmol) in ethanol (80 mL) was added accompanied

by a color change from colorless to yellow. The resulting mixture was stirred for 24 h

in which the 2,4,6-triformylphloroglucinol dissolved and the ligand precipitated. The

yellow solid was filtered off, intensely washed with ethanol, and finally dried in vacuum.

Yield: 0.53 g (58 %). M.p. > 250 ◦C. IR (KBr, cm−1): ν̃ = 3435 m br (OH), 3232 w br (NH),

3062 w (CH arom.), 3029 vw (CH arom.), 1653 vs (Amid I, C=N), 1647 vs (Amid I, C=N),

1635 s (C=C), 1603 m (C=C), 1540 m (Amid II), 1332 m, 1283 s, 1188 m, 688 w, 680 w. 1H

NMR (200 MHz, DMSO-d6): 7.55 (m, 9H, CHph), 7.92 (m, 6H, CHph), 8.91 (s, 3H, CH=N),

12.22 (s, 3H, NH) 13.88 (s, 3H, OH) ppm. 13C NMR (50 MHz, DMSO-d6): 98.9, 127.5,
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11.2 Syntheses of the Ligands

128.5, 131.9, 132.4, 145.0, 161.5, 162.3 ppm. Elemental analysis calcd (%) for C30H24N6O6

(564.55 g/mol): C 63.82, H 4.28, N 14.89; found: C 63.31, H 4.42, N 14.76.

H6L1
tBubhy

2,4,6-Triformylphloroglucinol (0.50 g, 2.4 mmol) suspended in methanol (100 mL) was re-

acted with 4-tert-butyl-benzhydrazide (1.37 g, 7.1 mmol) accompanied by a color change

from colorless to yellow. The resulting mixture was stirred for 24 h in which the 2,4,6-

triformylphloroglucinol dissolved and the ligand precipitated. The yellow solid was fil-

tered off, intensely washed with ethanol, and finally dried in vacuum.

Yield: 1.20 g (69 %). M.p. > 250 ◦C. IR (KBr, cm−1): ν̃ = 3435 m br (OH), 3219 m br

(NH), 3059 vw (CH arom.), 3033 vw (CH arom.), 2964 vs (CH3), 2905 w (CH3), 2869

w (CH3), 1653 vs (Amid I, C=N), 1649 vs (Amid I, C=N), 1610 s (C=C), 1539 m (Amid

II), 1507 m, 1458 w, 1364 vw, 1328 m, 1301 m, 1273 s, 1188 m, 888 w, 848 w. 1H NMR

(200 MHz, DMSO-d6): 1.29 (s, 27H, CH3), 7.52 (m, 6H, 3 JAB = 8.5 Hz, CHph), 7.86 (m, 6H,
3 JAB = 8.5 Hz, CHph), 8.89 (s, 3H, CH=N), 12.14 (s, 3H, NH) 13.88 (s, 3H, OH) ppm. 13C

NMR (50 MHz, DMSO-d6): 30.8 (CH3), 34.6 (CtBu), 98.9, 125.2, 127.4, 129.6, 144.8, 154.8,

161.4, 162.2 ppm. Elemental analysis calcd (%) for H6L1
tBubhy · 0.5H2O, C42H49N6O6.5

(741.88 g/mol): C 68.00, H 6.66, N 11.33; found: C 67.88, H 6.68, N 11.17.

11.2.2 Triaminobenzene-Based Ligands

H3L2pic

The synthesis was carried out under argon atmosphere. 1,3,5-Triaminobenzene (0.96 g,

7.8 mmol) dissolved in dry pyridine (10 mL) was mixed with a solution of 2-pyridine-

carboxylic acid (2.88 g, 23.4 mmol) in dry pyridine (10 mL). Triphenyl phosphite (7.25 g,

23.4 mmol) was added and the reaction mixture was heated to 100 ◦C and kept at this

temperature for 4 h while a colorless solid precipitated. After stirring over night at ambi-

ent temperature the solid was filtered off, washed with pyridine followed by methanol,

and finally dried in vacuum.

Yield: 3.12 g (91 %). M.p. > 200 ◦C. IR (KBr, cm−1): ν̃ = 3435 w br (OH, H2O), 3335 s

(NH), 3090 vw (CH arom.), 3064 w (CH arom.), 1686 vs (AMID I), 1613 s (C=C), 1591 m

(C=C), 1570 m (C=C), 1542 vs (AMID II), 1446 s, 1425 vs, 1283 w, 1234 w, 1189 w, 1042 w,

879 w, 844 w, 785 m, 688 m, 621 m, 580 m. 1H NMR (400 MHz, DMSO-d6): δ = 7.71 (t,
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11 Syntheses

3H, 3 J = 8.0 Hz, C5Hpy), 8.10 (t, 3H, 3 J = 8.0 Hz C4Hpy), 8.17 (s, 3H, CHph), 8.18 (d, 3H,
3 J = 8.0 Hz, C3Hpy), 8.77 (d, 3H, 3 Jt = 4.0 Hz, C6Hpy), 10.59 (s, 3H, NH) ppm. Elemental

analysis calcd (%) for H3L2pic·0.33H2O, C24H18.66N6O3.33 (444.44 g/mol): C 64.86, H 4.23,

N 18.91; found: C 64.86, H 4.10, N 18.86.

H3L2
tBusal

Under inert atmosphere, a solution of 1,3,5-triaminobenzene (0.62 mg, 5.0 mmol) in

methanol (30 mL) was mixed with a solution of 3,5-di-tert-butylsalicylaldehyde (3.54 g,

15.1 mmol) in methanol (20 mL), accompanied by a color change to intense yellow. The

reaction mixture was stirred for 24 h at ambient temperatures. During this time the lig-

and crystallized as yellow needles. The ligand was filtered off, washed two times with

methanol, and finally dried in vacuum.

Yield: 3.47 g (90 %). M.p. > 200 ◦C. IR (KBr, cm−1): ν̃ = 3425 w br, 2959 vs (CH3), 2907 m

(CH3), 2871 m (CH3), 1619 s, 1571 vs (all C=N, C=C), 1467 m (C=C), 1439 m, 1362 m, 1231

m, 1175 m, 1139 m. 1H NMR (400 MHz, CDCl3): 1.34 (s, 27H, CH3), 1.47 (s, 27H, CH3),

7.16 (s, 3H, CHph), 7.26 (m, 3H, CHsal), 7.48 (m, 3H, CHsal), 7.16 (s, 3H, CHsal), 8.76 (s,

3H, CH=N), 13.53 (s, 3H, OH) ppm. 13C NMR (100 MHz, CDCl3): 29.4 (CH3), 31.4 (CH3),

34.2 (CtBu), 35.1 (CtBu), 112.1 (CHph), 118.1 , 127.1 (CHsal), 128.5 (CHsal), 137.1, 140.7, 150.6,

158.4 (C-OH), 164.6 (CH=N) ppm. MS (FAB in nba): m/z = 772 [H3L2
tBusal+H]+. Ele-

mental analysis calcd (%) for C51H69N3O3 (772.11 g/mol): C 79.33, H 9.01, N 5.44; found:

C 79.40, H 9.09, N 5.48.

11.2.3 Triaminoguanidine-Based Ligands

H2L3py ·HCl

A solution of triaminoguanidine hydrochloride (3.01 g, 21 mmol) in water (30 mL) was

added dropwise to a stirred solution of pyridine-2-carbaldehyde (6.90 g, 64 mmol) in

methanol (150 mL). The color changed immediately to yellow. The solution was heated

at 45 ◦C for 2 h. After removing the volatile components in vacuum at ambient temper-

ature, the crude product was obtained as yellow powder. This was redissolved twice

in ethanol (100 mL) and evaporated to dryness finally yielding a microcrystalline solid.

After drying in vacuum, the ligand was obtained in quantitative yield together with co-

crystallized ethanol in the resulting constitution of H2L3py ·HCl · 1.5EtOH.
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11.3 Syntheses of the Complexes

Yield: 10.20 g. TGA: Weight loss up to 150 ◦C: 14.3 % (calcd for 1.5 EtOH 14.5 %), de-

composition > 204 ◦C. IR (KBr, cm−1): ν̃ = 3421 vs br (O-H, EtOH), 3051 m (CH arom.),

1643 vs (C=N), 1619 s (C=C), 1588 s (C=C), 1566 w, 1475 w, 1437 w, 1119 w, 1090 w,

773 w. 1H NMR (400 MHz, DMSO-d6): 7.53 (m, 3H, C5Hpy), 8.01 (m, 3H, C4Hpy), 8.53

(m, 3H, C3Hpy), 8.69 (m, 3H, C6Hpy), 8.91 (s, 3H, CH=N) ppm. 13C NMR (100 MHz,

DMSO-d6): 122.3 (C3Hpy), 125.7 (C5Hpy), 137.7 (C4Hpy), 149.8 (C6Hpy), 150.5 (Ctag), 151.4

(CH=N), 152.4 (C2Hpy) ppm. MS (DEI): m/z = 372 ([H2L3py+H]+). Elemental analysis

calcd (%) for H2L3py ·HCl · 1.5EtOH, C22H27ClN9O3 (476.97 g/mol): C 55.40, H 5.71, N

26.43; found: C 54.78, H 5.97, N 25.79.

The ligand was crystallized by dissolution in methanol and subsequent addition of HClaq.

Yellow needles were formed which were collected by filtration, washed with methanol,

and dried in vacuum. The ligand was obtained as tetra hydrochloride salt in the consti-

tution of H2L3py · 4HCl ·H2O. TGA: Decomposition > 237 ◦C. IR (KBr, cm−1): ν̃ = 3436

s br (O-H, H2O), 3100–2500 vs (NH+), 1646 s, 1622 vs, 1606 s, 1592 vs (all C=N, C=C),

1523 m, 1458 s, 1370 w, 1319 s, 1295 s, 1256 w, 1126 s, 1087 w, 958 vw, 780 s, 717 vw, 666

vw, 449 vw. 1H NMR (400 MHz, D2O): 7.71 (m, 3H, 3 J = 8.0 Hz, CHpy), 7.93 (m, 3H,
3 J = 8.0 Hz, CHpy), 8.29 (m, 3H, 3 J = 8.0 Hz, CHpy), 8.37 (s, 3H, CH=N), 8.45 (m, 3H,
3 J = 4.0 Hz, CHpy) ppm. 13C NMR (100 MHz, D2O): 127.7, 140.7, 142.8, 144.1, 147.1,

151.7 ppm (CH=N). Elemental analysis calcd (%) for H2L3py · 4HCl ·H2O, C19H23Cl4N9O

(535.26 g/mol): C 42.63, H 4.33, N 23.55; found: C 42.94, H 4.15, N 23.61.

11.3 Syntheses of the Complexes

11.3.1 Phloroglucinol-Bridged Complexes

[Cu3(L1ampy)(MeCN)(H2O)2](ClO4)3 (Cu3L1ampy) (1)

A solution of the ligand H3L1ampy (69 mg, 144 µmol) in methanol (5 mL) was added

dropwise to a vigorously stirred solution of Cu(ClO4)2 · 6H2O (159 mg, 3 equiv) in ace-

tonitrile (5 mL). The addition of aqueous ammonia (25 µL, 3 equiv) caused the precip-

itation of a green solid which immediately redissolved after complete addition. The

green solution was stirred for further 5 min. Slow evaporation afforded green crystals

of [Cu3(L1ampy)(MeCN)(H2O)2(ClO4)2](ClO4) · 2.25H2O within three days suitable for X-

ray crystallography. The crystals were isolated, washed with water, and dried in air.
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Yield: 50 mg (34 %). IR (KBr, cm−1): ν̃ = 3425 s br (OH, H2O), 2905 vw (CH2), 2322

vw (C≡N), 2295 vw (C≡N) 1601 vs (C=N, C=C), 1569 m (C=C), 1503 vs, 1446 w, 1424 w,

1372 s, 1343 vw, 1247 w, 1121 vs, 1108 vs (Cl-O ClO4), 1091 vs (ClO4), 626 m. MS (micro-

ESI in MeOH): m/z = 784 (100 %, [Cu3(L1ampy)(MeCN)(OH)2+Na]+). Elemental analy-

sis calcd (%) for [Cu3(L1ampy)(MeCN)(H2O)2](ClO4)3 · 2.25H2O, C29H32.50Cl3Cu3N7O19.25

(1084.09 g/mol): C 32.13, H 3.02, N 9.04; found: C 32.16, H 2.75, N 8.91.

[Ni3(L1ampy)(Hbpea)3](ClO4)3 (Ni3L1ampy) (2)

To a stirred solution of the ligand H3L1ampy (55 mg, 115 µmol) aqueous ammonia (23 µL,

3 equiv) was added followed by a solution of Ni(ClO4)2 · 6H2O (130 mg, 3 equiv) in

methanol (5 mL). This caused the formation of a rose precipitate which completely re-

dissolved during stirring for 10 min at ambient temperature. Hbpea (78 mg, 3 equiv)

dissolved in methanol (3 mL) was added leading to the formation of a precipitate which

completely redissolved upon addition of acetonitrile (2 mL). Over night red-brown prism

suitable for X-ray crystallography were obtained which were collected by filtration,

washed with methanol, and dried in air.

Yield: 62 mg (35 %). IR (KBr, cm−1): ν̃ = 3429 s br (O-H, H2O), 3252 m br (NH), 3073

w (CH arom.), 2939 m (CH2), 2872 m (CH2), 1605 vs (C=N, C=C), 1567 s (C=C), 1546

m, 1492 vs (C=C), 1444 s, 1369 s, 1293 m, 1086 vs br (Cl-O ClO4), 764 m, 624 m. Ele-

mental analysis calcd (%) for [Ni3(L1ampy)(Hbpea)3](ClO4)3 · 6H2O, C69H84Cl3Ni3N15O21

(1741.93 g/mol): C 47.58, H 4.86, N 12.06; found: C 47.49, H 4.11, N 12.04.

[Ni3(L1unspenp)(H2O)3](ClO4)3 (Ni3L1unspenp) (3)

To a stirred solution of the ligand H3L1unspenp (92 mg, 104 µmol) aqueous ammonia

(27 µL, 3 equiv) was added followed by a solution of Ni(ClO4)2 · 6H2O (123 mg, 3 equiv)

in methanol (5 mL). The solution was stirred for further 1 min and stood undisturbed in

a closed vessel. Within one week rose needles were formed, which were filtered, washed

with methanol, and dried in air. These were redissolved in acetonitrile. Slow evaporation

afforded red block prism suitable for X-ray crystallography.

Yield: 108 mg (73 %). IR (KBr, cm−1): ν̃ = 3436 vs br (O-H, H2O), 2910 m

(CH2), 2860 m (CH2), 1606 vs (C=N, C=C), 1495 vs (C=C), 1446 s, 1364 s, 1331

m, 1253 m, 1090 vs br (Cl-O ClO4), 768 m, 625 s. MS (micro-ESI in MeOH):

m/z = 1253 (50 %, [Ni3(L1unspenp)(ClO4)2]+). Elemental analysis calcd (%) for
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[Ni3(L1unspenp)(H2O)3](ClO4)3 ·H2O, C51H59Cl3Ni3N12O19 (1426.52 g/mol): C 42.94, H

4.17, N 11.78; Found: C 42.79, H 3.85, N 11.46.

[Cu3(H2L1bhy)(Him)3](ClO4)2 (Cu3L1bhy) (4)

The ligand H6L1bhy (83 mg, 147 µmol) was suspended in methanol (5 mL) followed by

the addition of solid Cu(ClO4)2 · 6H2O (163 mg, 3 equiv) and aqueous ammonia (51 µL,

4 equiv). The mixture was stirred for 5 min in which the ligand dissolved leading to a

green colored solution. Subsequently, imidazole (30 mg, 3 equiv) and acetonitrile (3 mL)

was added and the solution was stirred for further 5 min. Slow evaporation of the reac-

tion solution afforded green crystals within one week suitable for X-ray crystallography.

The crystals were isolated, washed with methanol, and dried in air affording the solvent

free complex.

Yield: 62 mg (32 %). IR (KBr, cm−1): ν̃ = 3400 s br, 3257 m br (N-H), 3070 w (CH

arom.), 2970 w, 2853 w (both imidazole), 1605 m, 1588 m, 1558 vs, 1496 vs, 1482 vs

(all Amid I, C=N, C=C), 1352 vs, 1245 m, 1121 s, 1108 s (Cl-O ClO4), 1092 s (ClO4),

1066 s (ClO4), 625 m, 423 m. MS (micro-ESI in DMF/MeOH): m/z = 969 (10 %,

[Cu3(HL1benzhy)(DMF)3]+), 964 (8 %, [Cu3(HL1benzhy)(Him)(DMF)2]+). Elemental analy-

sis calcd (%) for [Cu3(H2L1benzhy)(Him)3](ClO4)2, C39H50Cl2Cu3N12O23 (1154.29 g/mol):

C 40.58, H 2.79, N 14.56; found: C 40.59, H 3.25, N 14.56.

[Ni3(H3L1bhy)(Hbpea)3](ClO4)3 (Ni3L1bhy) (5)

To a suspension of the ligand H6L1bhy (59 mg, 105 µmol) in methanol (10 mL)

Ni(ClO4)2 · 6H2O (116 mg, 3 equiv) dissolved in methanol (5 mL) was added followed

by aqueous ammonia (25 µL, 3 equiv). The mixture was stirred for 10 min at ambient

temperature which leads to a dissolution of the ligand resulting in a yellow solution.

Hbpea (72 mg, 3 equiv) dissolved in methanol (5 mL) was added dropwise followed by

further aqueous ammonia (25 µL, 3 equiv). The solution was stirred for 10 min. Within

three days, slow evaporation afforded red needles which were isolated, washed with

methanol, and dried in air. Single crystals were obtained through vapor diffusion of di-

ethylether into a methanol-acetonitrile solution of the complex.

Yield: 138 mg (75 %). IR (KBr, cm−1): ν̃ = 3437 s br, 3254 m br (N-

H), 3066 w (CH arom.), 2944 w (CH2), 2875 w (CH2), 1608 s, 1583 s, 1549

vs, 1495 vs, 1482 vs (all Amid I, C=N, C=C), 1445 m, 1346 vs, 1243 m, 1108
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vs br (Cl-O ClO4), 624 m. MS (micro-ESI in MeOH): m/z = 1616 (5 %,

[[Ni3(H3L1bhy)(Hbpea)3](ClO4)2]+), 1517 (20 %, [[Ni3(H2L1bhy)(Hbpea)3](ClO4)]+), 1416

(35 %, [Ni3(HL1bhy)(Hbpea)3]+), 1189 (55 %, [Ni3(HL1bhy)(Hbpea)2]+). Elemental

analysis calcd (%) for [Ni3(H3L1benzhy)(Hbpea)3](ClO4)3 · 3H2O, C72H78Cl3N15Ni3O21

(1771.92 g/mol): C 48.80, H 4.44, N 11.86; found: C 48.67, H 4.41, N 11.73.

[Co3(L1
tBubhy)(bpca)3] (Co3L1

tBubhy) (6)

To a vigorously stirred suspension of the ligand H6L1
tBubhy (57 mg, 77 µmol) in methanol

(5 mL) a solution of CoCl2 · 6H2O (56 mg, 3 equiv) in methanol (5 mL) was added. Sub-

sequently, aqueous ammonia (50 µL, 6 equiv) was added leading to a clear deep brown

solution. Hbpca (52 mg, 3 equiv) dissolved in acetonitrile (10 mL) was added dropwise

and the reaction mixture was stirred for further 5 min. Slow evaporation afforded brown

crystals within one week suitable for X-ray crystallography. The crystals were isolated,

washed with methanol, and dried in air.

Yield: 52 mg (41 %). IR (KBr, cm−1): ν̃ = 3438 s br, 3078 vw (CH arom.),

2962 m (CH3), 1719 vs (C=O), 1635 m (C=N), 1607 m (C=C), 1507 vs (C=C

bpca), 1487 vs (C=C bpca), 1348 vs, 1225 w. MS (micro-ESI in MeOH/CHCl3):

m/z = 1605 (100 %, [Co3(L1
tBubhy)(bpca)3+Na]+). Elemental analysis calcd (%) for

[Co3(L1
tBubhy)(bpca)3] · 0.5CHCl3, C78.5H66.5Cl1.5Co3N15O12 (1641.94 g/mol): C 57.42, H

4.08, N 12.80; found: C 57.46, H 4.47, N 12.77.

11.3.2 Triaminobenzene-Bridged Complexes

[Cu3(L2pic)2(DMSO)3] (Cu3L2
pic
2 ) (7)

To a suspension of the ligand H3L2pic (41 mg, 92 µmol) in dimethylsulfoxide (5 mL) a

solution of Cu(ClO4)2 · 6H2O (52 mg, 1.5 equiv) in dimethylsulfoxide (3 mL) was added.

Subsequent addition of triethylamine (39 µL, 3 equiv) afforded a clear red-brown solu-

tion which was stirred for further 15 min. After one week at ambient temperature dark

red-brown prisms of [Cu3(L2pic)2(DMSO)3] · 3DMSO · 6H2O suitable for X-ray diffraction

were obtained. The crystals were isolated and washed with dimethylformamide fol-

lowed by washing with methanol in which the crystals crumble into powder. This is

caused by the loss of all dimethylsulfoxide molecules including both coordinated and

crystallized ones affording the complex compound [Cu3(L2pic)2] · 7H2O after drying in
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air. The same complex was obtained performing the synthesis in dimethylformamide

instead of dimethylsulfoxide. Crystallization occurred within one day in nearly quanti-

tative yield.

Yield: 42 mg (77 %). TGA: Weight loss up to 100 ◦C: 10.5 % (calcd for 7H2O 10.6 %). M.p.

> 200 ◦C. IR (KBr, cm−1): ν̃ = 3420 vs br (H2O), 3069 w (CH arom.), 1617 s, 1588 vs, 1565

vs (all C=N, C=C), 1437 s, 1363 vs, 1295 m, 758 m, 693 m. MS (micro-ESI in DMF/MeOH):

m/z = 1084 (100 %, [Cu3(L2pic)2+Na]+), 1062 (20 %, [Cu3(L2pic)2+H]+). Elemental analy-

sis calcd (%) for [Cu3(L2pic)2] · 7H2O, C48H44N12O13Cu3 (1187.57 g/mol): C 48.55, H 3.73,

N 14.15; found: C 48.58, H 3.93, N 14.32.

[Cu4(L2pic)2(µ1,3-N3)(µ-OH)(H2O)(DMF)] (Cu4L2
pic
2 ) (8)

To a suspension of the ligand H3L2pic (61 mg, 137 µmol) in dimethylformamide (10 mL) a

solution of Cu(ClO4)2 · 6 H2O (154 mg, 3 equiv) in dimethylformamide (7 mL) was added.

The subsequent addition of triethylamine (58 µL, 1 equiv) afforded a deep red-brown

clear solution which was stirred for further 30 min at ambient temperature. Sodium azide

(27 mg, 3 equiv) dissolved in water (1 mL) was added. After slow evaporation dark red-

brown prism of the complex were obtained within one week. The crystals were isolated,

washed with dimethylformamide followed by methanol, and finally dried in air. During

the washing and drying process the crystals crumble into powder. This afforded the final

complex compound [Cu4(L2pic)2(µ1,3-N3)(µ-OH)(H2O)(DMF)] · 14H2O.

Yield: 45 mg (43 %). TGA: Weight loss up to 100 ◦C: 10.5 % (calcd for 9H2O 10.6 %),

weight loss from 100 ◦C up to 250 ◦C: 14.6 % (calcd for 6H2O + DMF + N3 14.6 %), de-

composition > 150 ◦C. IR (KBr, cm−1): ν̃ = 3421 vs br (OH−, H2O), 3076 w (CH arom.),

2037 s (N≡N, N3), 1660 w (C=O, DMF), 1618 s, 1587 vs, 1566 vs (all C=N, C=C), 1437

s, 1370 s, 1294 m, 760 m, 690 m. MS (micro-ESI in DMSO/MeOH): m/z = 1084

(100 %, [Cu3(L2pic)2]+Na+). Elemental analysis calcd (%) for [Cu4(L2pic)2(µ1,3-N3)(µ-

OH)(H2O)(DMF)] · 14H2O, C51H68N16O23Cu4 (1527.36 g/mol): C 40.10, H 4.49, N 14.67;

found: C 39.95, H 4.64, N 14.59.

[Cu2(HL2
tBusal)2] (Cu2L2

tBusal
2 ) (9)

To a stirred solution of the ligand H3L2
tBusal (163 mg, 211 µmol) in chloroform (10 mL)

a solution of Cu(ClO4)2 · 6H2O (78 mg, 1 equiv) in methanol (10 mL) was added. Next,
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triethylamine (59 µL, 2 equiv) was added leading immediately to a brown colored solu-

tion. Slow evaporation of the reaction mixture afforded brown needles within five days

suitable for X-ray crystallography. The crystals were isolated, washed with methanol,

and dried in air.

Yield: 163 mg (93 %). IR (KBr, cm−1): ν̃ = 3446 w br, 2957 s (CH3), 2906 m (CH3),

2870 m (CH3), 1617 s, 1576 vs, 1526 vs (all C=N, C=C), 1426 s, 1386 m, 1362 m, 1271

s, 1174 s, 1130 m, 532 m. MS (micro-ESI in MeOH/CHCl3): m/z = 1689 (100 %,

[Cu2(HL2
tBusal)2+Na]+), 1667 (20 %, [Cu2(HL2

tBusal)2+H]+). Elemental analysis calcd (%)

for [Cu2(HL2
tBusal)2] · 0.5CHCl3, C102.5H134.5Cl1.5Cu2N6O6 (1726.98 g/mol): C 71.29, H

7.85, N 4.87; found: C 70.88, H 7.92, N 4.71.

[Co2(HL2
tBusal)2] (Co2L2

tBusal
2 ) (10)

A solution of the ligand H3L2
tBusal (77 mg, 100 µmol) in chloroform (10 mL) was added

dropwise to a stirred solution of Co(CH3COO)2 · 4H2O (25 mg, 1 equiv) in dimethylfor-

mamide (15 mL). The resulting orange solution was heated at 100 ◦C for 30 min accompa-

nied by a color change to deep red. A red microcrystalline solid precipitated within three

days, which was filtered, washed with methanol, and dried in vacuum yielding the wa-

ter containing complex [Co2(HL2
tBusal)2] ·H2O. Crystals of [Co2(HL2

tBusal)2] · 4DMF suit-

able for X-ray crystallography were obtained by recrystallization from a hot dimethylfor-

mamide solution.

Yield: 75 mg (90 %). IR (KBr, cm−1): ν̃ = 3447 vw br, 2958 s (CH3), 2906 m (CH3), 2870 m

(CH3), 1617 m, 1574 vs, 1526 vs (all C=N, C=C), 1418 s, 1385 m, 1362 m, 1253 m, 1170 m,

1130 w. MS (micro-ESI in Aceton/MeOH): m/z = 1680 (10 %, [Co2(HL2
tBusal)2+Na]+),

1657 (40 %, [Co2(HL2
tBusal)2]+), 772 (100 %, [H3L2

tBusal]+). Elemental analysis calcd (%)

for [Co2(HL2
tBusal)2] ·H2O, C102H136Co2N6O7 (1676.07 g/mol): C 73.09, H 8.18, N 5.01;

found: C 73.12, H 8.26, N 4.77.

[Cu4(L2
tBusal)2(hfac)2(MeOH)2] (Cu4L2

tBusal
2 ) (11)

A solution of the ligand H3L2
tBusal (77 mg, 100 µmol) in chloroform (5 mL) was mixed

with triethylamine (42 µL, 3 equiv). This solution was added dropwise to a stirred solu-

tion of CuCl2 · 2H2O (39 mg, 2 equiv) in methanol (15 mL) leading to a deep green-brown

color. After 5 min stirring at ambient temperatures a solution of Hhfac (14 mg, 1 equiv)

and triethylamine (14 µL, 1 equiv) in chloroform (5 mL) was added very slowly and
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the reaction mixture was stirred for further 5 min. Within one week, slow evaporation

afforded crystals of [Cu4(L2
tBusal)2(hfac)2(MeOH)2] · 5CHCl3 · 3MeOH suitable for X-ray

crystallography. The crystals were isolated, washed with a small amount of chloroform

followed by methanol, and finally dried in air. During isolation and drying process of

the crystals, the co-crystallized solvent molecules as well as both coordinated methanol

molecules were lost affording the solvent free complex compound [Cu4(L2
tBusal)2(hfac)2].

Yield: 82 mg (74 %). IR (KBr, cm−1): ν̃ = 3446 w br, 2959 s (CH3), 2907 m (CH3),

2870 m (CH3), 1645 m (C=O), 1619 s, 1577 vs, 1526 vs (all C=N, C=C), 1462 s, 1424 s,

1386 m, 1361 m, 1255 vs, 1174 s, 1158 s, 532 vw. MS (micro-ESI in CHCl3/MeOH):

m/z = 2228 (10 %, [Cu4(L2
tBusal)2(hfac)2 + Na]+), 1960 (20 %, [Cu3(L2

tBusal)2(hfac) +

Na]+), 1752 (40 %, [Cu3(L2
tBusal)2 + Na]+), 1729 (60 %, [Cu3(L2

tBusal)2 + H]+), 1690 (70 %,

[Cu2(HL2
tBusal)2 + Na]+), 1668 (38 %, [Cu2(HL2

tBusal)2]+). Elemental analysis calcd (%)

for [Cu4(L2
tBusal)2(hfac)2], C112H134Cu4F12N6O10 (2206.46 g/mol): C 60.97, H 6.12, N 3.81;

found: C 61.64, H 6.23, N 3.68.

11.3.3 Triaminoguanidine-Bridged Complexes

[Fe3(L3Brsal)(py)6Cl3]ClO4 (Fe3L3Brsal) (12)

A solution of the ligand H5L3Brsal ·HCl (179 mg, 260 µmol) in pyridine (10 mL) was

added dropwise to a stirred solution of FeCl3 · 6H2O (210 mg, 3 equiv) in pyridine (10 mL).

The resulting green colored solution was stirred for 10 min at ambient temperature. Then

a solution of NaClO4 ·H2O (37 mg, 1 equiv) in methanol (5 mL) was added dropwise and

stirring continued for further 5 min. Within one week, slow diffusion of methanol into

the reaction mixture afforded dark green hexagonal prisms suitable for X-ray crystallog-

raphy. The crystals were isolated, washed with pyridine and methanol, and finally dried

in air.

Yield: 260 mg (64 %). IR (KBr, cm−1): ν̃ = 3436 m br, 3075 w (CH arom.), 1602 s , 1591

s, 1559 s (all C=N, C=C), 1458 vs, 1445 vs, 1393 m, 1363 s, 1294 m, 1187 m, 1096 s (Cl-

O ClO4), 1011 m, 834 m, 756 m, 698 m, 672 s, 550 m. Elemental analysis calcd (%) for

[Fe3(L3Brsal)(py)6Cl3]ClO4 · 1.5py (1614.68 g/mol), C59.5H49.5Br3Cl4Fe3N13.5O7: C 44.26,

H 3.09, N 11.71; found: C 44.18, H 3.09, N 11.78.
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[Fe3(L3Brsal)(q)3(py)2Cl] (Fe3L3Brsalq3) (13)

A solution of the ligand H5L3Brsal ·HCl (133 mg, 193 µmol) in pyridine (5 mL) was added

dropwise to a stirred solution of FeCl3 · 6H2O (156 mg, 3 equiv) in pyridine (5 mL). The

resulting green colored solution was stirred for 10 min at ambient temperature. Sub-

sequently, a solution of 8-hydroxyquinoline (Hq) (84 mg, 3 equiv) in pyridine (3 mL)

was added dropwise and stirred for further 5 min. Dark green prism suitable for X-ray

crystallography were obtained through slow diffusion of methanol into the reaction mix-

ture within three days. The crystals were isolated, washed with pyridine followed by

methanol, and finally dried in air.

Yield: 150 mg (54 %). IR (KBr, cm−1): ν̃ = 3435 m br, 3049 w (CH arom.), 1592 m, 1573 m,

1527 m (all C=N, C=C), 1496 s, 1459 vs, 1445 s, 1375 s, 1322 s, 1107 s (C-O), 823 m, 740 m,

673 m. Elemental analysis calcd (%) for [Fe3(L3Brsal)(q)3(py)2Cl], C59H40Br3ClFe3N11O6

(1441.72 g/mol): C 49.15, H 2.80, N 10.69; found: C 49.16, H 3.06, N 10.73.

[Fe6(L3Brsal)2(µ-OMe)2(py)8Cl6] (Fe6L3Brsal
2 ) (14)

A solution of the ligand H5L3Brsal ·HCl (220 mg, 319 µmol) in pyridine (7 mL) was added

dropwise to a stirred solution of FeCl3 · 6H2O (187 mg, 3 equiv) in pyridine (9 mL). The

resulting green colored solution was stirred for 5 min at ambient temperature. Methanol

(15 mL) was added and the reaction mixture was led undisturbed. Green prism suitable

for X-ray crystallography were obtained within three days. These were isolated, washed

with pyridine followed by methanol, and finally dried in air.

Yield: 330 mg (79 %). IR (KBr, cm−1): ν̃ = 3435 w br, 3071 w (CH arom.), 1593 s, 1528

s (all C=N, C=C), 1461 vs, 1444 vs, 1396 m, 1368 s, 1294 w, 1187 m, 820 w, 755 w, 697

m, 673 s, 549 w. Elemental analysis calcd (%) for [Fe6(L3Brsal)2(µ-OMe)2(py)8Cl6] ·py,

C91H75Br6Cl6Fe6N21O8 (2617.92 g/mol): C 41.75, H 2.89, N 11.24; found: C 41.95, H 3.04,

N 11.23.

[FeNi4(L3Brsal)2(tptz)4](ClO4)0.5Cl0.5 (FeNi4L3Brsal
2 ) (15)

To a DMF solution (10 mL) of the ligand H5L3Brsal ·HCl (138 mg, 200 µmol) triethy-

lamine (28 µL, 1 equiv) was added dropwise followed by a solution of Fe(ClO4)2 · 6H2O

(37 mg, 0.5 equiv) in methanol (5 mL). To the deep green solution further triethylamine

(28 µL, 1 equiv) was added and the reaction mixture was stirred for 10 min at ambient
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temperature. Afterwards this was added dropwise to a vigorously stirred solution of

Ni(ClO4)2 · 6H2O (146 mg, 2 equiv) in methanol (10 mL). Triethylamine (111 µL, 4 equiv)

was added dropwise followed by 2,4,6-tris(2-pyridyl)-1,3,5-triazine (125 mg, 2 equiv) dis-

solved in methanol (10 mL). The resulting brown solution was stirred for further 10 min.

Slow evaporation over a period of one month afforded brown block prism suitable for

X-ray crystallography. The crystals were isolated, washed with methanol, and dried in

air.

Yield: 224 mg (69 %). IR (KBr, cm−1): ν̃ = 3435 s br (H2O), 3062 w (CH arom.), 1669

m (C=O, DMF), 1575 m, 1557 vs, 1531 vs (all C=N and C=C), 1469 vs, 1431 s, 1392

m, 1375 s, 1176 m (C-O), 1108 s (Cl-O ClO4), 769 s, 666 m, 635 w. Elemental analysis

calcd (%) for MS (micro-ESI in MeOH): m/z = 2836 (100 %, [FeNi4(L3Brsal)2(tptz)4]+),

335 (25 %, [tptz + Na]+). [FeNi4(L3Brsal)2(tptz)4](ClO4)0.5Cl0.5 · 2.5DMF · 9H2O, C123.5-

H107.5Br6ClFeN38.5Ni4O19.5 (3248.42 g/mol): C 45.66, H 3.34, N 16.60; found: C 45.88,

H 3.26, N 16.92.

[MnNi4(L3Hsal)2(tptz)4]ClO4 (MnNi4L3Hsal
2 ) (16)

The synthesis is similar to the one of complex FeNi4L3Brsal
2 (15). As ligand H5L3Hsal ·HCl

was used instead of H5L3Brsal ·HCl as ligand and as metal salt Mn(ClO4)2 · 6H2O in-

stead of Fe(ClO4)2 · 6H2O. After the addition of Mn(ClO4)2 · 6H2O and triethylamine the

mononuclear precursor complex precipitated from the reaction solution as fine yellow-

brown needles. After 15 min stirring under ambient temperatures the resulting suspen-

sion was added to the solution of Ni(ClO4)2 · 6H2O in methanol leading to a dissolu-

tion of the precipitate. Slow evaporation of the reaction solution afforded brown needles

within two months, which were filtered off, washed with methanol, and dried in air.

These were redissolved in chloroform-methanol-mixture (1 : 1, 20 mL). Subsequent slow

evaporation at room temperature afforded brown needles which were unfortunately not

suitable for X-ray crystallography. The crystals were isolated and dried in air affording

[MnNi4(L3Hsal)2(tptz)4]ClO4 · 8H2O.

Yield: 151 mg (58 %). IR (KBr, cm−1): ν̃ = 3435 vs br (H2O), 3061 w (CH arom.), 1596

m, 1575 m, 1557 vs, 1531 vs (all C=N and C=C), 1472 vs, 1448 vs, 1392 w, 1375 s, 1193 m

(C-O), 1099 s (Cl-O ClO4), 769 s, 665 w, 634 w. MS (micro-ESI in MeOH): m/z = 2360

(100 %, [MnNi4(L3Hsal)2(tptz)4]+), 335 (40 %, [tptz + Na]+). Elemental analysis calcd

(%) for [MnNi4(L3Hsal)2(tptz)4]ClO4 · 8H2O, C116H94ClMnN36Ni4O18 (2605.38 g/mol): C

53.48, H 3.64, N 19.35; found: C 53.20, H 3.52, N 18.93.
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[CoNi4(L3Hsal)2(tptz)4]ClO4 (CoNi4L3Hsal
2 ) (17)

The synthesis is analogous to the one of complex MnNi4L3Hsal
2 (16) using

Co(ClO4)2 · 6H2O instead of Mn(ClO4)2 · 6H2O. Slow evaporation of the reaction solution

afforded brown needles within two months, which were filtered, washed with methanol

and dried in air. These were redissolved in chloroform-methanol-mixture (1 : 1, 20 mL).

Subsequent slow evaporation at room temperature afforded brown block crystals which

were unfortunately not suitable for X-ray crystallography. The crystals were isolated and

dried in air affording [CoNi4(L3Hsal)2(tptz)4]ClO4 · 8H2O.

Yield: 185 mg (71 %). IR (KBr, cm−1): ν̃ = 3402 vs br (H2O), 3061 w (CH arom.), 1594

m, 1575 m, 1557 vs, 1532 vs (all C=N and C=C), 1476 vs, 1457 vs, 1392 w, 1375 s, 1194 m

(C-O), 1108 s (Cl-O ClO4), 769 s, 665 w, 634 w. MS (micro-ESI in MeOH): m/z = 2365

(100 %, [CoNi4(L3Hsal)2(tptz)4]+), 335 (55 %, [tptz + Na]+). Elemental analysis calcd (%)

for [CoNi4(L3Hsal)2(tptz)4]ClO4 · 8H2O, C116H94ClCoN36Ni4O18 (2609.38 g/mol): C 53.39,

H 3.63, N 19.32; found: C 53.08, H 4.01, N 19.21.

[Cu3(L3py)(py)2Cl4] (Cu3L3py) (18)

A solution of the ligand H2L3py ·HCl (36 mg, 75 µmol) in pyridine (15 mL) was added

to a stirred solution of CuCl2 · 2H2O (43 mg, 3 equiv) in pyridine (5 mL), accompanied

by a color change from blue to brown. The reaction mixture was stirred for 5 min at

ambient temperature and then stood in a closed vessel. Within one week brown prism of

[Cu3(L3py)(py)2Cl4] (18) were obtained. The crystals were isolated, washed with pyridine

and dried in air. This led to the loss of both coordinated as well as co-crystallized pyridine

molecules resulting in the final complex constitution [Cu3(L3py)Cl4] (18a).

Yield: 41 mg (78 %).

A second crystalline fraction was obtained after evaporation of the reaction mixture to

dryness and subsequent washing with methanol.

Overall yield: 48 mg (90 %). IR (KBr, cm−1): ν̃ = 3435 w br, 3065 vw (CH arom.), 3016 w

(CH arom.), 1606 m (C=N and C=C), 1481 s, 1417 vs, 1347 s, 1214 w, 1150 s, 783 vw. MS

(micro-ESI in DMF/MeOH): m/z = 665 ([Cu3(L3py)Cl3]+). Elemental analysis calcd (%)

for [Cu3(L3py)Cl4], C19H15Cl4Cu3N9 (701.83 g/mol): C 32.52, H 2.15, N 17.96; found: C

32.90, H 2.32, N 17.80.
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[Ni3(L3py)(py)6Cl3]Cl (Ni3L3py) (19)

A solution of the ligand H2L3py ·HCl (0.62 g, 1.31 mmol) in methanol (10 mL) was added

dropwise to a stirred solution of NiCl2 · 6H2O (0.93 g, 3 equiv) in pyridine-methanol-

mixture (1 : 1, 40 mL) accompanied by a color change from yellow to red. Triethylamine

(0.55 mL, 3 equiv) was added and stirred for further 5 min at ambient temperature. After

two weeks of slow evaporation, red crystals suitable for crystal structure determination

were obtained. The crystals were isolated, washed with a small amount of methanol, and

dried in air.

Yield: 1.16 g (72 %).

A second crystalline fraction was obtained after evaporation of the reaction mixture to

dryness and subsequent washing with ice cold methanol.

Overall yield: 1.42 g (88 %). IR (KBr, cm−1): ν̃ = 3402 s br (O-H, H2O), 3063 m

(CHpy), 1602 s (C=N and C=C), 1476 m, 1442 s, 1400 vs, 1344 vs, 1165 vs, 1146 vs.

MS (micro-ESI in MeOH): m/z = 649 ([Ni3(L3py)Cl3]+). Elemental analysis calcd (%)

for [Ni3(L3py)(py)3Cl3]Cl · 0.5MeOH · 3.5H2O, C49.5H53.5Cl4N15Ni3O4 (1240.95 g/mol): C

47.91, H 4.39, N 16.93; found: C 47.81, H 4.46, N 17.12.

[Ni3(L3py)(py)6(N3)3]ClO4 (Ni3L3py(N3)3) (20)

A solution of the ligand H2L3py ·HCl (73 mg, 153 µmol) in methanol (10 mL) was added

dropwise to a stirred solution of NiCl2 · 6H2O (109 mg, 3 equiv) in pyridine-methanol-

mixture (1 : 1, 10 mL). Triethylamine (45 µL, 3 equiv) was added and the red solution

was stirred for 5 min at ambient temperature. Afterwards a solution of NaClO4 ·H2O

(22 mg, 1 equiv) in methanol (2 mL) followed by NaN3 (30 mg, 3 equiv) in water (5 mL)

was added. Slow evaporation of the reaction mixture afforded red cubic prism suitable

for X-ray crystallography. The crystals were isolated, washed with methanol, and finally

dried in air.

Yield: 155 mg (75 %). IR (KBr): ν̃ = 3436 m br, 3071 w (CHpy), 2053 vs (N≡N, N3),

1600 s (C=N and C=C), 1477 m, 1443 s, 1398 vs, 1335 s, 1162 m, 1147 s, 1093 s (Cl-O

ClO4), 697 w cm−1. MS (micro-ESI in MeOH): m/z = 674 (100 %, [Ni3(L3py)(N3)3]+).

Elemental analysis calcd (%) for [Ni3(L3py)(py)3(N3)3]ClO4 · 3MeOH, C52H57ClN24Ni3O7

(1341.70 g/mol): C 46.55, H 4.28, N 25.05; found: C 46.38, H 3.83, N 24.93.
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11 Syntheses

[Ni3(L3py)(bpca)3]PF6 (Ni3L3py(bpca)3) (21)

To a solution of the nickel complex Ni3L3py (19) (99 mg, 80 µmol) in methanol (5 mL)

Hbpca (55 mg, 3 equiv) in chloroform (3 mL) was added. Then triethylamine (33 µL,

3 equiv) was added followed by a solution of NH4PF6 (13 mg, 1 equiv) in water (2 mL).

The resulting red solution was stirred for 5 min at ambient temperature. Slow evapora-

tion of the reaction mixture afforded red prism suitable for X-ray crystallography. The

crystals were isolated, washed with a small amount of methanol, and finally dried in air.

Yield: 100 mg (88 %). IR (KBr, cm−1): ν̃ = 3469 m br, 3064 w (CH arom.), 3018 w

(CH arom.), 1695 vs (C=O), 1600 s (C=N and C=C), 1568 w, 1472 w, 1444 w, 1395 vs,

1359 vs, 1336 vs, 1295 m, 1259 w, 1228 w, 1147 s, 1093 vw, 1021 vw, 846 s (P-F PF6),

759 m, 712 w, 632 m, 558 m. MS (micro-ESI in MeOH/DMF): m/z = 1223 (100 %

[Ni3(L3py)(bpca)3]+). Elemental analysis calcd (%) for [Ni3(L3py)(bpca)3]PF6 · 2H2O,

C55H43F6N18Ni3O8P (1405.09 g/mol): C 47.01, H 3.08, N 17.94; found: C 47.15, H 2.90, N

17.91.

[Co3(L3py)(py)6Cl3]ClO4 (Co3L3py) (22)

The synthesis was carried out under argon atmosphere using standard schlenk tech-

niques. Pyridine was destilled from calcium hydride and degassed in three freeze/pump-

/thaw cycles prior to use.

A mixture of Co(ClO4)2 · 6H2O (49 mg, 134 µmol) and CoCl2 · 6H2O (64 mg, 2 equiv) was

dissolved in pyridine (7 mL). The ligand H2L3py ·HCl (70 mg, 1 equiv) was added in

portions accompanied by a color change from colorless to red. The reaction mixture have

been stirred for further 10 min. Single crystals suitable for X-ray crystallography were

obtained within one week at ambient temperature. The crystals were filtered off, washed

with pyridine, and dried in a stream of argon.

Yield: 120 mg (73 %). IR (KBr, cm−1): ν̃ = 3435 w br, 3067 w (CH arom.), 1602 s (C=N and

C=C), 1480 m, 1442 s, 1404 vs, 1342 s, 1297 w, 1144 s, 1099 s (Cl-O ClO4), 700 m, 635 vw,

623 m. Elemental analysis calcd (%) for [Co3(L3py)(py)6Cl3]ClO4, C49H45Cl4Co3N15O4

(1226.59 g/mol): C 47.98, H 3.70, N 17.13; found: C 47.87, H 3.50, N 17.02.
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11.3 Syntheses of the Complexes

[Mn3(L3py)(py)6Cl3]ClO4 (Mn3L3py) (23)

The synthesis was performed analogous to the one of the corresponding cobalt complex

Co3L3py (22) using a mixture of Mn(ClO4)2 · 6H2O (53 mg, 146 µmol) and MnCl2 · 4H2O

(58 mg, 2 equiv). Crystals suitable for X-ray crystallography were also obtained within

one week at ambient temperature. These were filtered off, washed with pyridine, and

dried in a stream of argon.

Yield: 135 mg (76 %). IR (KBr, cm−1): ν̃ = 3435 w br, 3066 w (CH arom.), 1599 s (C=N and

C=C), 1479 m, 1442 s, 1398 vs, 1342 vs, 1298 m, 1136 vs, 1098 s (Cl-O ClO4), 701 m, 635 w,

623 m. Elemental analysis calcd (%) for [Mn3(L3py)(py)6Cl3]ClO4, C49H45Cl4Mn3N15O4

(1214.61 g/mol): C 48.45, H 3.73, N 17.30; found: C 48.78, H 3.44, N 17.00.

{[Cu3(L3py)(µ-ox)(ox)(H2O)2]}n ({Cu3L3py}n) (24)

A solution of the ligand H2L3py ·HCl (74 mg, 155 µmol) in methanol (8 mL) and triethy-

lamine (66 µL, 3 equiv) was added dropwise to a solution of CuClO4 · 6H2O (175 mg, 3

equiv) in acetonitrile (10 mL) accompanied by a color change from yellow to green. The

reaction mixture was stirred for 20 min at ambient temperature while a green solid pre-

cipitated. The resulting suspension was added dropwise into a stirred solution of Na2ox

(127 mg, 6 equiv) in water (17 mL) leading to the dissolution of the precipitate accompa-

nied by the formation of a colorless precipitate identified as excess Na2ox. Subsequently

ethanol (3 mL) was added, the mixture was filtered and allowed to stand undisturbed.

Over night a deep green microcrystalline solid precipitated which was filtered, washed

with water, and finally dried in air.

Crystals suitable for X-ray crystallography were obtained starting from the trinu-

clear copper complex [Cu3(L3py)Cl4] (18) (10 µmol). This was added to a reflux-

ing solution of Na2ox (6 equiv) in ethanol-water-mixture (1 : 1, 10 mL). Within

30 min the complex dissolved leading to a green colored solution. Slowly cool-

ing of the mixture afforded over night green block single crystals of {[Cu3(L3py)(µ-

ox)(ox)(H2O)2]}n · 0.25nEtOH · 3.5nH2O.

Yield: 84 mg (66 %). IR (KBr, cm−1): ν̃ = 3430 s br (O-H, H2O), 1646 vs br (COO−), 1608 s

(C=N and C=C), 1483 s, 1448 m, 1419 vs (COO−), 1346 s, 1155 s, 781 w. Elemental analy-

sis calcd (%) for [Cu3(L3py)(µ-ox)(ox)(H2O)2] · 0.25EtOH · 3.5H2O, C23.5H27.5Cu3N9O13.75

(1693.32 g/mol): C 33.34, H 3.27, N 14.89; found: C 33.52, H 2.59, N 14.61.
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11 Syntheses

{[Ni3(L3py)(bpca)3]Na(ClO4)2(H2O)2}n ({Ni3L3py}n) (25)

Hbpca (55 mg, 3 equiv) dissolved in chloroform (3 mL) was added to a stirred solution

of the nickel complex Ni3L3py (19) (99 mg, 78 µmol) in methanol (5 mL). Afterwards tri-

ethylamine (33 µL, 1 equiv) was added followed by a solution of NaClO4 ·H2O (25 mg,

2 equiv) in methanol (2 mL) and the red solution was stirred for 5 min at ambient temper-

ature. Slow evaporation of the reaction mixture led to the formation of red prism suitable

for X-ray crystallography. The crystals were isolated, washed with a small amount of

methanol, and finally dried in air.

Yield: 80 mg (68 %). TGA: Weight loss up to 150 ◦C: 3.6 % (calcd for 3H2O 3.6 %). IR (KBr,

cm−1): ν̃ = 3435 s br (O-H, H2O), 3066 m (CH arom.), 1690 vs (C=O), 1600 m (C=N and

C=C), 1396 vs, 1366 vs, 1335 s, 1296 m, 1147 s, 1093 m br (Cl-O ClO4), 633 m. MS (micro-

ESI in MeOH): m/z = 1223 (100 %, [Ni3(L3py)(bpca)3]+). Elemental analysis calcd (%)

for [Ni3(L3py)(bpca)3]Na(ClO4)2(H2O)2 ·H2O, C55H45Cl2N18NaNi3O17 (1500.03 g/mol):

C 44.04, H 3.02, N 16.81; found: C 43.69, H 2.63, N 16.36.
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A.1 Ligand-Overview

A.1 Ligand-Overview

Phloroglucinol-Based Ligands
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Triaminobenzene-Based Ligands
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A.2 Complex-Overview

A.2 Complex-Overview

Phloroglucinol-Bridged Complexes

1 [Cu3(L1ampy)(MeCN)(H2O)2](ClO4)3 (Cu3L1ampy)

2 [Ni3(L1ampy)(Hbpea)3](ClO4)3 (Ni3L1ampy)

3 [Ni3(L1unspenp)(H2O)3](ClO4)3 (Ni3L1unspenp)

4 [Cu3(H2L1bhy)(Him)3](ClO4)2 (Cu3L1bhy)

5 [Ni3(H3L1bhy)(Hbpea)3](ClO4)3 (Ni3L1bhy)

6 [Co3(L1
tBubhy)(bpca)3] (Co3L1

tBubhy)

Triaminobenzene-Bridged Complexes

7 [Cu3(L2pic)2(DMSO)3] (Cu3L2pic
2 )

8 [Cu4(L2pic)2(µ1,3-N3)(µ-OH)(H2O)(DMF)] (Cu4L2pic
2 )

9 [Cu2(HL2
tBusal)2] (Cu2L2

tBusal
2 )

10 [Co2(HL2
tBusal)2] (Co2L2

tBusal
2 )

11 [Cu4(L2
tBusal)2(hfac)2(MeOH)2] (Cu4L2

tBusal
2 )

Triaminoguanidine-Bridged Complexes

12 [Fe3(L3Brsal)(py)6Cl3]ClO4 (Fe3L3Brsal)

13 [Fe3(L3Brsal)(q)3(py)2Cl] (Fe3L3Brsalq3)

14 [Fe6(L3Brsal)2(µ-OMe)2(py)8Cl6] (Fe6L3Brsal
2 )

15 [FeNi4(L3Brsal)2(tptz)4](ClO4)0.5Cl0.5 (FeNi4L3Brsal
2 )

16 [MnNi4(L3Hsal)2(tptz)4]ClO4 (MnNi4L3Hsal
2 )

17 [CoNi4(L3Hsal)2(tptz)4]ClO4 (CoNi4L3Hsal
2 )

18 [Cu3(L3py)(py)2Cl4] (Cu3L3py)

19 [Ni3(L3py)(py)6Cl3]Cl (Ni3L3py)

20 [Ni3(L3py)(py)6(N3)3]ClO4 (Ni3L3py(N3)3)

21 [Ni3(L3py)(bpca)3]PF6 (Ni3L3py(bpca)3)

22 [Co3(L3py)(py)6Cl3]ClO4 (Co3L3py)

23 [Mn3(L3py)(py)6Cl3]ClO4 (Mn3L3py)

24 {[Cu3(L3py)(µ-ox)(ox)(H2O)2]}n ({Cu3L3py}n)

25 {[Ni3(L3py)(bpca)3]Na(ClO4)2(H2O)2}n ({Ni3L3py}n)
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A.3 Crystallographic Details

Table A.1: Crystallographic data and structure-refinement parameters for complex

[Cu3(L1ampy)(MeCN)(H2O)2](ClO4)3 · 2.25H2O (1).

empirical formula C29H32.50Cl3Cu3N7O19.25

formula weight (g mol−1) 1084.09

crystal system triclinic

space group P1̄

a (pm) 1269.67(11)

b (pm) 1284.32(11)

c (pm) 1433.29(15)

α (◦) 91.786(6)

β (◦) 112.988(5)

γ (◦) 112.759(5)

V (nm3) 1.9378(3)

Z 2

crystal size (mm) 0.6 x 0.6 x 0.4

Dcalcd (Mg m−3) 1.858

µ (mm−1) 1.929

θ range of data collection (◦) 2.22, 27.44

measured reflections 12610

unique reflections/Rint 8418/0.0363

goodness-of-fit on F2 1.006

R indices (all data) R1 = 0.0997, wR2 = 0.1413

final R indices (F > 2σ(F)) R1 = 0.0535, wR2 = 0.1183

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)

1
2
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A.3 Crystallographic Details

Table A.2: Crystallographic data and structure-refinement parameters for complex

[Ni3(L1ampy)(Hbpea)3](ClO4)3 · 1.75MeCN · 1.75MeOH · 0.375H2O (2).

empirical formula C74.50H86Cl3N16.75Ni3O17.38

formula weight (g mol−1) 1776.58

crystal system monoclinic

space group P21/n

a (pm) 3284.28(3)

b (pm) 1809.45(2)

c (pm) 3295.34(3)

α (◦) 90.00

β (◦) 117.910(1)

γ (◦) 90.00

V (nm3) 17.3055(3)

Z 8

crystal size (mm) 0.4 x 0.4 x 0.3

Dcalcd (Mg m−3) 1.364

µ (mm−1) 0.811

θ range of data collection (◦) 1.65, 27.48

measured reflections 103393

unique reflections/Rint 39388/0.0635

goodness-of-fit on F2 0.995

R indices (all data) R1 = 0.1280, wR2 = 0.2287

final R indices (F > 2σ(F)) R1 = 0.0717, wR2 = 0.1956

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)

1
2
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Table A.3: Crystallographic data and structure-refinement parameters for complex

[Ni3(L1unspenp)(H2O)3](ClO4)3 · 3MeCN · 0.5H2O (3).

empirical formula C57H67Cl3N15Ni3O18.5

formula weight (g mol−1) 1540.74

crystal system rhombohedral

space group R3̄

a (pm) 2720.42(6)

b (pm) 2720.42(6)

c (pm) 1579.65(5)

α (◦) 90.00

β (◦) 90.00

γ (◦) 120.00

V (nm3) 10.1243(4)

Z 6

crystal size (mm) 0.6 x 0.6 x 0.5

Dcalcd (Mg m−3) 1.516

µ (mm−1) 1.027

θ range of data collection (◦) 2.63, 27.53

measured reflections 17854

unique reflections/Rint 5131/0.0426

goodness-of-fit on F2 0.949

R indices (all data) R1 = 0.0563, wR2 = 0.1236

final R indices (F > 2σ(F)) R1 = 0.0399, wR2 = 0.1118

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)

1
2
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A.3 Crystallographic Details

Table A.4: Crystallographic data and structure-refinement parameters for complex

[Cu3(H2L1bhy)(Him)3](ClO4)2 · 2MeOH (4).

empirical formula C41H40Cl2Cu3N12O16

formula weight (g mol−1) 1218.37

crystal system triclinic

space group P1̄

a (pm) 1509.76(4)

b (pm) 1838.75(5)

c (pm) 2129.84(6)

α (◦) 69.0210(10)

β (◦) 72.336(2)

γ (◦) 83.756(2)

V (nm3) 5.2604(2)

Z 4

crystal size (mm) 0.6 x 0.6 x 0.5

Dcalcd (Mg m−3) 1.538

µ (mm−1) 1.380

θ range of data collection (◦) 1.85, 27.49

measured reflections 35740

unique reflections/Rint 23343/0.0332

goodness-of-fit on F2 1.005

R indices (all data) R1 = 0.1128, wR2 = 0.2301

final R indices (F > 2σ(F)) R1 = 0.0692, wR2 = 0.1946

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)

1
2
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Table A.5: Crystallographic data and structure-refinement parameters for complex

[Ni3(H3L1bhy)(Hbpea)3](ClO4)3 · 3MeCN · 3.5MeOH (5).

empirical formula C81.50H95Cl3N18Ni3O21.50

formula weight (g mol−1) 1953.23

crystal system rhombohedral

space group R3̄

a (pm) 2111.87(2)

b (pm) 2111.87(2)

c (pm) 3716.81(4)

α (◦) 90.00

β (◦) 90.00

γ (◦) 120.00

V (nm3) 14.3561(2)

Z 6

crystal size (mm) 0.3 x 0.3 x 0.3

Dcalcd (Mg m−3) 1.356

µ (mm−1) 0.744

θ range of data collection (◦) 2.29, 27.87

measured reflections 21692

unique reflections/Rint 7544/0.0601

goodness-of-fit on F2 1.022

R indices (all data) R1 = 0.0868, wR2 = 0.1559

final R indices (F > 2σ(F)) R1 = 0.0534, wR2 = 0.1376

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)

1
2
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A.3 Crystallographic Details

Table A.6: Crystallographic data and structure-refinement parameters for complex

[Co3(L1tBubhy)(bpca)3] · 2.5CHCl3 · 4MeOH · 3.25H2O (6).

empirical formula C84.50H91Cl7.50Co3N15O19.25

formula weight (g mol−1) 2067.39

crystal system triclinic

space group P1̄

a (pm) 1615.36(4)

b (pm) 1696.84(5)

c (pm) 2076.29(6)

α (◦) 106.147(1)

β (◦) 102.471(1)

γ (◦) 101.166(1)

V (nm3) 5.1386(2)

Z 2

crystal size (mm) 0.5 x 0.5 x 0.4

Dcalcd (Mg m−3) 1.336

µ (mm−1) 0.742

θ range of data collection (◦) 3.98, 27.44

measured reflections 33515

unique reflections/Rint 22179/0.0382

goodness-of-fit on F2 1.095

R indices (all data) R1 = 0.1261, wR2 = 0.3021

final R indices (F > 2σ(F)) R1 = 0.1001, wR2 = 0.2801

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)

1
2
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Table A.7: Crystallographic data and structure-refinement parameters for complex

[Cu3(L2pic)2(DMSO)3] · 3DMSO · 6H2O (7).

empirical formula C60H78Cu3N12O18S6

formula weight (g mol−1) 1590.93

crystal system cubic

space group Pa3̄

a (pm) 3145.28(2)

b (pm) 3145.28(2)

c (pm) 3145.28(2)

α (◦) 90

β (◦) 90

γ (◦) 90

V (nm3) 31.1156(3)

Z 16

crystal size (mm) 0.8 x 0.8 x 0.6

Dcalcd (Mg m−3) 1.399

µ (mm−1) 1.043

θ range of data collection (◦) 1.94 , 27.47

measured reflections 155394

unique reflections/Rint 11843/0.0768

goodness-of-fit on F2 1.056

R indices (all data) R1 = 0.0932, wR2 = 0.1743

final R indices (F > 2σ(F)) R1 = 0.0612, wR2 = 0.1553

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)

1
2
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A.3 Crystallographic Details

Table A.8: Crystallographic data and structure-refinement parameters for complex [Cu4(L2pic)2(µ1,3-

N3)(µ-OH)(H2O)(DMF)] · 2DMF · 3H2O (8).

empirical formula C57H60Cu4N18O14

formula weight (g mol−1) 1475.39

crystal system monoclinic

space group P21/n

a (pm) 1888.98(4)

b (pm) 1546.20(3)

c (pm) 2248.69(5)

α (◦) 90

β (◦) 114.1560(10)

γ (◦) 90

V (nm3) 5.9927(2)

Z 4

crystal size (mm) 0.8 x 0.8 x 0.4

Dcalcd (Mg m−3) 1.635

µ (mm−1) 1.483

θ range of data collection (◦) 2.38, 27.50

measured reflections 39996

unique reflections/Rint 13718/0.0787

goodness-of-fit on F2 1.016

R indices (all data) R1 = 0.1038, wR2 = 0.1312

final R indices (F > 2σ(F)) R1 = 0.0512, wR2 = 0.1116

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)

1
2
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Table A.9: Crystallographic data and structure-refinement parameters for complex

[Cu2(HL2
tBusal)2] · 10CHCl3 (9).

empirical formula C122H144Cl31Cu4N6O6

formula weight (g mol−1) 2896.36

crystal system monoclinic

space group P21/c

a (pm) 1886.20(6)

b (pm) 3704.72(11)

c (pm) 1004.23(3)

α (◦) 90.00

β (◦) 100.918(2)

γ (◦) 90.00

V (nm3) 6.8904(4)

Z 2

crystal size (mm) 0.5 x 0.5 x 0.3

Dcalcd (Mg m−3) 1.396

µ (mm−1) 0.960

θ range of data collection (◦) 1.98, 27.50

measured reflections 23897

unique reflections/Rint 14274/0.0423

goodness-of-fit on F2 1.008

R indices (all data) R1 = 0.1543, wR2 = 0.2570

final R indices (F > 2σ(F)) R1 = 0.0921, wR2 = 0.2187

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)
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A.3 Crystallographic Details

Table A.10: Crystallographic data and structure-refinement parameters for complex

[Co2(HL2
tBusal)2] · 4DMF (10).

empirical formula C114H162Co2N10O10

formula weight (g mol−1) 1950.40

crystal system orthorhombic

space group Pbca

a (pm) 1176.72(3)

b (pm) 2799.72(7)

c (pm) 3499.34(9)

α (◦) 90.00

β (◦) 90.00

γ (◦) 90.00

V (nm3) 11.5285(5)

Z 4

crystal size (mm) 0.4 x 0.4 x 0.4

Dcalcd (Mg m−3) 1.124

µ (mm−1) 0.345

θ range of data collection (◦) 2.54, 20.83

measured reflections 37748

unique reflections/Rint 6020/0.1138

goodness-of-fit on F2 1.056

R indices (all data) R1 = 0.1307, wR2 = 0.2596

final R indices (F > 2σ(F)) R1 = 0.0888, wR2 = 0.2297

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)
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Table A.11: Crystallographic data and structure-refinement parameters for complex

[Cu4(L2
tBusal)2(hfac)2(MeOH)2] · 5CHCl3 · 3MeOH (11).

empirical formula C122H157Cl15Cu4F12N6O15

formula weight (g mol−1) 2961.45

crystal system triclinic

space group P1̄

a (pm) 1365.65(4)

b (pm) 1599.10(4)

c (pm) 1902.10(6)

α (◦) 111.467(1)

β (◦) 98.007(1)

γ (◦) 101.384(1)

V (nm3) 3.68634(18)

Z 1

crystal size (mm) 0.5 x 0.5 x 0.4

Dcalcd (Mg m−3) 1.334

µ (mm−1) 0.912

θ range of data collection (◦) 2.77, 27.48

measured reflections 25535

unique reflections/Rint 16698/0.0318

goodness-of-fit on F2 1.011

R indices (all data) R1 = 0.1246, wR2 = 0.2549

final R indices (F > 2σ(F)) R1 = 0.0828, wR2 = 0.2201

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)
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A.3 Crystallographic Details

Table A.12: Crystallographic data and structure-refinement parameters for complex

[Fe3(L3Brsal)(py)6Cl3]ClO4 · 3H2O (12).

empirical formula C52H48Br3Cl4Fe3N12O10

formula weight (g mol−1) 1550.10

crystal system hexagonal

space group P3̄

a (pm) 1533.80(4)

b (pm) 1533.80(4)

c (pm) 1635.24(6)

α (◦) 90.00

β (◦) 90.00

γ (◦) 120.00

V (nm3) 3.33157(17)

Z 2

crystal size (mm) 0.7 x 0.7 x 0.7

Dcalcd (Mg m−3) 1.545

µ (mm−1) 2.664

θ range of data collection (◦) 2.66, 27.48

measured reflections 22613

unique reflections/Rint 5084/0.0750

goodness-of-fit on F2 1.028

R indices (all data) R1 = 0.0910, wR2 = 0.1630

final R indices (F > 2σ(F)) R1 = 0.0618, wR2 = 0.1471

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)
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Table A.13: Crystallographic data and structure-refinement parameters for complex

[Fe3(L3Brsal)(q)3(py)2Cl] · 2py ·MeOH (13).

empirical formula C70H54Br3ClFe3N13O7

formula weight (g mol−1) 1631.99

crystal system monoclinic

space group C2/c

a (pm) 2393.79(5)

b (pm) 1854.05(3)

c (pm) 3283.09(6)

α (◦) 90.00

β (◦) 110.7280(10)

γ (◦) 90.00

V (nm3) 13.6279(4)

Z 8

crystal size (mm) 0.6 x 0.6 x 0.5

Dcalcd (Mg m−3) 1.591

µ (mm−1) 2.493

θ range of data collection (◦) 2.33, 27.48

measured reflections 46998

unique reflections/Rint 15430/0.0657

goodness-of-fit on F2 1.011

R indices (all data) R1 = 0.0998, wR2 = 0.1326

final R indices (F > 2σ(F)) R1 = 0.0533, wR2 = 0.1156

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)

1
2

216



A.3 Crystallographic Details

Table A.14: Crystallographic data and structure-refinement parameters for complex [Fe6(L3Brsal)2(µ-

OMe)2(py)8Cl6] ·MeOH ·H2O (14).

empirical formula C87H76Br6Cl6Fe6N20O10

formula weight (g mol−1) 2588.94

crystal system orthorhombic

space group Pbca

a (pm) 1770.15(3)

b (pm) 2153.78(4)

c (pm) 2822.99(6)

α (◦) 90.00

β (◦) 90.00

γ (◦) 90.00

V (nm3) 10.7627(4)

Z 4

crystal size (mm) 0.4 x 0.4 x 0.4

Dcalcd (Mg m−3) 1.598

µ (mm−1) 3.225

θ range of data collection (◦) 2.33, 27.48

measured reflections 51549

unique reflections/Rint 12281/0.0570

goodness-of-fit on F2 1.020

R indices (all data) R1 = 0.1018, wR2 = 0.1849

final R indices (F > 2σ(F)) R1 = 0.0594, wR2 = 0.1577

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)
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Table A.15: Crystallographic data and structure-refinement parameters for complex

[FeNi4(L3Brsal)2(tptz)4](ClO4)0.5Cl0.5 · 2.5DMF ·MeOH · 9H2O (15).

empirical formula C124.5H111.5Br6ClFeN38.5Ni4O20.50

formula weight (g mol−1) 3280.62

crystal system triclinic

space group P1̄

a (pm) 1633.06(4)

b (pm) 2162.13(8)

c (pm) 2170.90(7)

α (◦) 97.291(2)

β (◦) 96.961(2)

γ (◦) 94.706(2)

V (nm3) 7.5101(4)

Z 2

crystal size (mm) 0.05 x 0.05 x 0.05

Dcalcd (Mg m−3) 1.451

µ (mm−1) 2.273

θ range of data collection (◦) 1.91, 27.50

measured reflections 33337

unique reflections/Rint 15750/0.0531

goodness-of-fit on F2 1.008

R indices (all data) R1 = 0.0847, wR2 = 0.2088

Final R indices (F > 2σ(F)) R1 = 0.1896, wR2 = 0.2678

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)

1
2
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A.3 Crystallographic Details

Table A.16: Crystallographic data and structure-refinement parameters for complex

[Cu3(L3py)(py)2Cl4] · 0.5py (18).

empirical formula C31.50H28Cl4Cu3N11.50

formula weight (g mol−1) 900.07

crystal system triclinic

space group P1̄

a (pm) 1181.02(5)

b (pm) 1259.73(5)

c (pm) 1342.84(5)

α (◦) 70.187(2)

β (◦) 75.531(3)

γ (◦) 66.894(2)

V (nm3) 1.71296(12)

Z 2

crystal size (mm) 0.4 x 0.4 x 0.4

Dcalcd (Mg m−3) 1.745

µ (mm−1) 2.202

θ range of data collection (◦) 2.66, 27.46

measured reflections 12177

unique reflections/Rint 7813/0.0286

goodness-of-fit on F2 1.005

R indices (all data) R1 = 0.0561, wR2 = 0.0800

final R indices (F > 2σ(F)) R1 = 0.0364, wR2 = 0.0720

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)
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Table A.17: Crystallographic data and structure-refinement parameters for complex

[Ni3(L3py)(py)6Cl3]Cl · py · 0.5MeOH · 3.5H2O (19) .

empirical formula C54.50H59Cl4N16Ni3O4

formula weight (g mol−1) 1320.11

crystal system monoclinic

space group P21/c

a (pm) 2310.13(4)

b (pm) 1205.74(2)

c (pm) 2215.94(4)

α (◦) 90.00

β (◦) 91.8840(10)

γ (◦) 90.00

V (nm3) 6.16898(19)

Z 4

crystal size (mm) 0.5 x 0.4 x 0.4

Dcalcd (Mg m−3) 1.421

µ (mm−1) 1.137

θ range of data collection (◦) 2.07, 27.47

measured reflections 43254

unique reflections/Rint 14107/0.0615

goodness-of-fit on F2 1.007

R indices (all data) R1 = 0.0933, wR2 = 0.1746

final R indices (F > 2σ(F)) R1 = 0.0560, wR2 = 0.1530

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)
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A.3 Crystallographic Details

Table A.18: Crystallographic data and structure-refinement parameters for complex

[Ni3(L3py)(py)6(N3)3]ClO4 ·MeOH (20).

empirical formula C50H49ClN24Ni3O5

formula weight (g mol−1) 1277.71

crystal system cubic

space group Pa3̄

a (pm) 2295.95(2)

b (pm) 2295.95(2)

c (pm) 2295.95(2)

α (◦) 90.00

β (◦) 90.00

γ (◦) 90.00

V (nm3) 12.10284(18)

Z 8

crystal size (mm) 0.6 x 0.6 x 0.5

Dcalcd (Mg m−3) 1.402

µ (mm−1) 1.033

θ range of data collection (◦) 1.77, 27.48

measured reflections 85704

unique reflections/Rint 4633/0.0546

goodness-of-fit on F2 1.052

R indices (all data) R1 = 0.0809, wR2 = 0.2063

final R indices (F > 2σ(F)) R1 = 0.0613, wR2 = 0.1764

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)
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Table A.19: Crystallographic data and structure-refinement parameters for complex

[Ni3(L3py)(bpca)3]PF6 · 2.5MeOH (21).

empirical formula C57.50H49F6N18Ni3O8.50P

formula weight (g mol−1) 1449.25

crystal system triclinic

space group P1̄

a (pm) 1264.69(2)

b (pm) 1291.83(3)

c (pm) 2008.78(4)

α (◦) 80.062(1)

β (◦) 75.892(1)

γ (◦) 82.854(1)

V (nm3) 3.1235(1)

Z 2

crystal size (mm) 0.6 x 0.6 x 0.4

Dcalcd (Mg m−3) 1.541

µ (mm−1) 1.008

θ range of data collection (◦) 2.17, 27.45

measured reflections 22512

unique reflections/Rint 14154/0.0266

goodness-of-fit on F2 1.023

R indices (all data) R1 = 0.0623, wR2 = 0.1247

final R indices (F > 2σ(F)) R1 = 0.0432, wR2 = 0.1150

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)

1
2

222



A.3 Crystallographic Details

Table A.20: Crystallographic data and structure-refinement parameters for complex

[Co3(L3py)(py)6Cl3]ClO4 · 3.5py (22).

empirical formula C66.50H62.50Cl4Co3N18.50O4

formula weight (g mol−1) 1503.44

crystal system monoclinic

space group C2

a (pm) 2403.90(5)

b (pm) 2338.24(8)

c (pm) 1541.55(6)

α (◦) 90.00

β (◦) 128.260(2)

γ (◦) 90.00

V (nm3) 6.8037(4)

Z 4

crystal size (mm) 0.8 x 0.8 x 0.5

Dcalcd (Mg m−3) 1.468

µ (mm−1) 0.943

θ range of data collection (◦) 2.42 , 27.48

measured reflections 24124

unique reflections/Rint 13871/0.0451

goodness-of-fit on F2 1.000

R indices (all data) R1 = 0.0736, wR2 = 0.1028

final R indices (F > 2σ(F)) R1 = 0.0466, wR2 = 0.0928

flack parameter -0.025(11)

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)
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Table A.21: Crystallographic data and structure-refinement parameters for complex

[Mn3(L3py)(py)6Cl3]ClO4 · 3py (23).

empirical formula C64H60Cl4Mn3N18O4

formula weight (g mol−1) 1451.92

crystal system monoclinic

space group P21

a (pm) 1243.42(2)

b (pm) 1735.70(4)

c (pm) 1627.31(3)

α (◦) 90.00

β (◦) 105.123(1)

γ (◦) 90.00

V (nm3) 3.39044(11)

Z 2

crystal size (mm) 0.5 x 0.5 x 0.5

Dcalcd (Mg m−3) 1.422

µ (mm−1) 0.769

θ range of data collection (◦) 2.06, 27.47

measured reflections 24228

unique reflections/Rint 14863/0.0285

goodness-of-fit on F2 1.004

R indices (all data) R1 = 0.0483, wR2 = 0.0838

final R indices (F > 2σ(F)) R1 = 0.0371, wR2 = 0.0783

flack parameter -0.003(10)

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)
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A.3 Crystallographic Details

Table A.22: Crystallographic data and structure-refinement parameters for complex [Cu3(L3py)(µ-

ox)2(H2O)2]}n · 0.25nEtOH · 3.5nH2O (24).

empirical formula C47H55Cu6N18O27.50

formula weight (g mol−1) 1693.33

crystal system triclinic

space group P1̄

a (pm) 1420.19(6)

b (pm) 1466.51(5)

c (pm) 1782.93(9)

α (◦) 93.821(3)

β (◦) 112.736(2)

γ (◦) 111.342(2)

V (nm3) 3.0957(2)

Z 2

crystal size (mm) 0.4 x 0.4 x 0.4

Dcalcd (Mg m−3) 1.817

µ (mm−1) 2.126

θ range of data collection (◦) 1.74, 27.46

measured reflections 21573

unique reflections/Rint 14037/0.0478

goodness-of-fit on F2 1.008

R indices (all data) R1 = 0.1124, wR2 = 0.1665

final R indices (F > 2σ(F)) R1 = 0.0621, wR2 = 0.1402

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)
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Table A.23: Crystallographic data and structure-refinement parameters for complex

{[Ni3(L3py)(bpca)3]Na(ClO4)2(H2O)2}n (25).

empirical formula C55H43Cl2N18NaNi3O16

formula weight (g mol−1) 1482.09

crystal system monoclinic

space group P21/c

a (pm) 2521.50(2)

b (pm) 2485.61(2)

c (pm) 2185.70(2)

α (◦) 90.00

β (◦) 113.486(1)

γ (◦) 90.00

V (nm3) 12.56395(18)

Z 8

crystal size (mm) 0.6 x 0.6 x 0.5

Dcalcd (Mg m−3) 1.567

µ (mm−1) 1.064

θ range of data collection (◦) 1.33, 27.46

measured reflections 84535

unique reflections/Rint 28514/0.0398

goodness-of-fit on F2 1.043

R indices (all data) R1 = 0.0993, wR2 = 0.2081

final R indices (F > 2σ(F)) R1 = 0.0649, wR2 = 0.1779

R1 = ∑(||Fo| − |Fc||)/ ∑ |Fo|, wR2 = (∑ w(Fo
2 − Fc

2)2/ ∑ w(Fo
2)2)

1
2
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[94] J. Mroziński, A. Bieńko, P. Kopel, V. Langer, Inorg. Chim. Acta 2008, 361, 3723–3729.

[95] S. Kitagawa, S. Masaoka, Coord. Chem. Rev. 2003, 246, 73–88.

[96] H. Grove, J. Sletten, M. Julve, F. Lloret, L. Lezama, J. Carranza, S. Parsons, P. Rillema, J. Mol. Struct.

2002, 606, 253–265.

[97] H. Grove, J. Sletten, M. Julve, F. Lloret, J. Chem. Soc., Dalton Trans. 2001, 1029–1034.

231



Bibliography

[98] G.-X. Liu, K. Zhu, H. Chen, R.-Y. Huang, H. Xu, X.-M. Ren, Inorg. Chim. Acta 2009, 362, 1605–1610.

[99] Y. Qi, Y.-X. Che, J.-M. Zheng, Cryst. Growth Des. 2008, 8, 3602–3608.

[100] L. Xu, E.-Y. Choi, Y.-U. Kwon, J. Solid State Chem. 2008, 181, 3185–3188.

[101] S. Zhu, H. Zhang, Y. Zhao, M. Shao, Z. Wang, M. Li, J. Mol. Struct. 2008, 892, 420–426.

[102] W. Li, M.-X. Li, M. Shao, Z.-X. Wang, H.-J. Liu, Inorg. Chem. Commun. 2008, 11, 954–957.

[103] W. Zhang, S. Bruda, C. P. Landee, J. L. Parent, M. M. Turnbull, Inorg. Chim. Acta 2003, 342, 193–201.

[104] O. M. Yaghi, M. O’Keeffe, N. W. Ockwig, H. K. Chae, M. Eddaoudi, J. Kim, Nature 2003, 423, 705–714.

[105] J. W. Ko, K. S. Min, M. P. Suh, Inorg. Chem. 2002, 41, 2151–2157.

[106] M. Eddaoudi, D. B. Moler, H. Li, B. Chen, T. M. Reineke, M. O’Keeffe, O. M. Yaghi, Acc. Chem. Res.

2001, 34, 319–330.

[107] O. M. Yaghi, H. Li, C. Davis, D. Richardson, T. L. Groy, Acc. Chem. Res. 1998, 31, 474–484.

[108] O. M. Yaghi, C. E. Davis, G. Li, H. Li, J. Am. Chem. Soc. 1997, 119, 2861–2868.

[109] M. J. Plater, M. R. S. J. Foreman, R. A. Howie, J. M. S. Skakle, E. Coronado, C. J. Gmez-Garca, T. Gel-

brich, M. B. Hursthouse, Inorg. Chim. Acta 2001, 319, 159–175.

[110] M. J. Plater, M. R. S. J. Foreman, E. Coronado, C. J. Gómez-Garcı́a, A. M. Z. Slawin, J. Chem. Soc., Dalton
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10/2000 - 09/2002 Anniversary scholarship of the ”Stiftung Stipendien-Fonds des

Verbandes der Chemischen Industrie (FCI)”

Basic Military Service

11/1999 - 08/2000 Panzergrenadierbataillon Mellrichstadt 4./352

Jena, November 7, 2009 Daniel Plaul

245


	Danksagung
	List of Publications
	1 Introduction
	RESULTS
	2 Phloroglucinol-Bridged Complexes
	2.1 Ligand and Complex Design
	2.2 Synthesis and Characterization
	2.3 Crystal Structures
	2.4 Magnetic Properties

	3 Triaminobenzene-Bridged Complexes
	3.1 Ligand and Complex Design
	3.2 Metallamacrocyclic Complexes with the Amide-Based Ligand H3L2pic
	3.2.1 Synthesis and Characterization
	3.2.2 Crystal Structures
	3.2.3 Magnetic Properties

	3.3 Metallamacrocyclic Complexes with the Schiff-Base Ligand H3L2tBusal
	3.3.1 Synthesis and Characterization
	3.3.2 Crystal Structures
	3.3.3 Magnetic Properties


	4 Triaminoguanidine-Bridged Complexes
	4.1 Ligand and Complex Design
	4.2 Iron(III) Complexes with the Ligand H5L3Brsal
	4.2.1 Synthesis and Characterization
	4.2.2 Crystal Structures
	4.2.3 Magnetic Properties

	4.3 Pentanuclear Heterometallic Complexes with the Ligands H5L3Brsal and H5L3Hsal
	4.3.1 Synthesis and Characterization
	4.3.2 Crystal Structure
	4.3.3 Magnetic Properties

	4.4 Trinuclear Transition Metal Complexes with the Ligand H2L3py
	4.4.1 Synthesis and Characterization
	4.4.2 Crystal Structures
	4.4.3 Magnetic Properties

	4.5 Coordination Polymers Based on Trinuclear Complex Units with the Ligand H2L3py
	4.5.1 Synthesis and Characterization
	4.5.2 Crystal Structures
	4.5.3 Magnetic Properties


	5 Conclusion
	6 Zusammenfassung
	7 Future Perspective

	EXPERIMENTAL
	8 General
	9 Physical Measurements
	10 Crystal Structure Determinations
	11 Syntheses
	11.1 Materials
	11.2 Syntheses of the Ligands
	11.2.1 Phloroglucinol-Based Ligands
	11.2.2 Triaminobenzene-Based Ligands
	11.2.3 Triaminoguanidine-Based Ligands

	11.3 Syntheses of the Complexes
	11.3.1 Phloroglucinol-Bridged Complexes
	11.3.2 Triaminobenzene-Bridged Complexes
	11.3.3 Triaminoguanidine-Bridged Complexes



	APPENDIX
	A.1 Ligand-Overview
	A.2 Complex-Overview
	A.3 Crystallographic Details

	Bibliography
	Declaration of Originality
	Curriculum Vitae


