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Chapter 1

Introduction’

The aim of the thesis is the synthesis of mainly manganese complexes with phenol-
pyrazole ligands. The chapter starts with the goal and outline of the thesis. To justify the use
of phenol-pyrazole ligands, this chapter concludes with an overview of the role of pyrazole-
based ligands in the formation of transition-metal clusters. The ability of the pyrazole ligand

to provide a pathway for magnetic exchange interactions is highlighted.

" Parts of this chapter will be submitted for publication: Viciano-Chumillas M., Tanase S., de Jongh
L.J., Reedijk J.



Chapter 1

1.1. Introduction

In the last decades, many efforts have been made to control matter at the molecular level,
in a length scale range of 1-100 nm. Researchers have progressively developed, characterized
and addressed new materials that can be used for technological applications, such as in
medicine, electronics, catalysis, etc.' Two main approaches are taken to miniaturize the size
of the materials, the first of which is the so-called “top-down” approach, which comes down
to the fragmentation of already known materials. This approach is based on miniaturizing
techniques, such as machining, templating or lithographic techniques.” The disadvantages are
the lack of atomic-level control and the limitations of the size. The other approach is called
the “bottom-up”, which is based on self-assembly of molecular precursor building blocks into
larger structures. The advantages are the lower costs as compared with the “top-down”
approach and the good control to scale the dimensions.>*

Materials reduced to the nanoscale can show new physical properties, associated with
quantum effects, enabling unique applications.>® One of these properties is associated with
magnetism. In this sense, a new field entitled molecular magnetism has emerged in the last
years.”>® This is an interdisciplinary field, where chemists design and synthesize new
magnetic molecules and physicists develop techniques to understand in more detail their
novel magnetic properties.” The key property of a bulk magnet is that, below a critical,
magnetic ordering temperature, T¢, it exhibits spontaneous magnetization. It means that it
remains magnetized after the removal of magnetic field. Molecule-based magnets, i.e.
magnets made from molecules, constitute a broad emerging class of new materials that extend
the properties typically associated with magnets to include some advantages such as low-
density, transparency, electrical insulation, solubility, biocompatibility and the possibility of
low-temperature fabrication.>"°

The origin of the magnetic moments in molecular magnetic materials, just as in bulk, is
the unpaired electrons of transition-metal ions, rare-earth ions or organic radicals of which the
molecules are composed. Transition-metal ions and rare-earth ions require a magnetic or
diamagnetic ligand to be stabilized in a molecular unit. Therefore, the magnetic properties of
molecular polymetallic systems derive from the intramolecular exchange interactions between
the paramagnetic metal ions through the bridging ligands. In particular, to design polymetallic
clusters, small ligands are necessary to provide efficient bridges and to determine the growth
of the cluster. Often these ligands are monoatomic ligands, such as 0%, S*, F, etc., or
ligands with a single donor atom, like OH", OR", which are known to transmit the magnetic
interactions effectively. In addition, blocking or terminal ligands are required to prevent the

growth of the cluster and to avoid the formation of polymeric structures.
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Two strategies for the synthesis of polymetallic clusters have been largely developed
depending on the choice of the polydentate ligand. One strategy is just serendipity, in which
flexible ligands are used, such as pyridonate® or carboxylate ligands,” which have been the
most studied bridging ligands. The identity of the final products is very difficult to predict,
because of the large variety of orientations and binding modes of the ligand that impose little
or no geometric effect.'” The other strategy is based on a more rational design that can be
performed by using rigid ligands, such as cyanide,'' or polytopic picolinic-hydrazone
ligands."? In the latter case, the ligand imposes the geometry of the cluster and the results are
more predictable.'>'* Synthetic strategies involve the use of preformed simple molecules, i.e.
building blocks with a tendency of self-assembly to form more complex molecules. Some
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examples of building blocks are hexacyanidometalates, trinuclear manganese complexes,’

or mononuclear manganese(III) salen complexes.'®

In the design of polymetallic clusters, parameters like the pH of the solution, the solvent
or the metal to ligand ratio, can also determine the variety of products. However, the choice of
a suitable polydentate ligand remains essential, since two requirements need to be fulfilled:
the ability to bridge more than one metal ion and to provide a suitable intramolecular pathway

for magnetic exchange interactions.

1.2. Aim of this thesis

The purpose of this thesis research is to develop new synthetic strategies to obtain
molecular-based magnetic materials, exploring the coordination chemistry of phenol-pyrazole
ligands as bridging ligands. Carboxylates and Schiff-base derivative ligands are widely
studied for the formation of polymetallic complexes.”'® However, the synthesis of
polymetallic clusters containing new ligands is still rather limited. Many pyrazole-based
ligands have the ability to bridge two metal ions and to provide an effective magnetic-
exchange pathway between them. The chemistry and the magnetic properties of dinuclear
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pyrazolate compounds are well understoo However, the research focused on polynuclear

224 especially dealing with high-nuclearity clusters is still developing.®

compounds,
Variations in the substituents on the pyrazole ring can control the distances between the metal
ions and the electronic and magnetic properties. Therefore, a phenol moiety has been
introduced as a substituent on the pyrazole ring to increase the number of possible
coordination sites. Only a few examples of polymetallic clusters have been reported until now
with phenol-pyrazole ligands and most of them have been obtained in the course of this thesis
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project. Following earlier promising results in our group, a family of phenol-pyrazole
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ligands has been synthesized with the main difference on the substituent in the fifth position

of the pyrazole group (Figure 1.1).

PPy Gy O

N=——NH

H,phpzH H,phpzMe H,phpzEt H,phpzPh
Figure 1.1. Phenol-pyrazole ligands (HyphpzR; R = H, Me, Et, Ph) employed in this thesis.

The ligand is crucial in the organization of the paramagnetic metal ion. Nevertheless, the
choice of the magnetic carrier is essential, since the origin of the magnetic moment resides in
the electrons. In this thesis project, the manganese metal ion has been chosen to explore its
coordination chemistry, because of some special advantages. Manganese displays a large
variation in oxidation states, e.g. manganese(Il) (d’), manganese(III) (d* and manganese(IV)
(d*) for the formation of complexes. Most of these types of manganese cations behave as a
hard Lewis acid. So they are well stabilized by O-donor ligands. In most of the manganese
complexes, the manganese(Il) and manganese(IIl) ions are high-spin with a large number of
unpaired electrons.”®> Besides the paramagnetic nature of the manganese ion in various
oxidation states, another crucial characteristic is the negative Ising type of anisotropy that the
manganese(IIl) ion displays due to the Jahn-Teller distortion, which can provide additional
interesting magnetic properties.””*

In the following section of the present chapter, the choice of phenol-pyrazole ligands in
this thesis as bridging ligands is justified with an overview of polynuclear metallic clusters
containing pyrazole-based ligands.

In Chapter 2, the synthesis and the magnetic and thermal properties are presented of a
family of mononuclear manganese(Ill) compounds with the general formula
[Mn(HphpzR),X] (R = H, Me, Et, Ph; X~ = CI", Br"). The influence of the type of ligand is
reflected in the crystal packing and the magnetic properties of the compounds.™®

Chapter 3 deals with the use of some of the mononuclear compounds presented in
Chapter 2 as building blocks to form trinuclear manganese(IIl) compounds with the [Mnj3(us3-
O)(phpzR);]" core. The chapter contains a study of the magneto-structural correlations of all
the oxide-centred trinuclear manganese(III) compounds reported in the literature.*® In Chapter
4, the impact of the co-ligands on the trinuclear compounds with the core [Mnj(u;s-

O)(phpzR)s]" is described.”’

10



Introduction

Chapter 5 is devoted to some high-nuclearity manganese(III) clusters. The formation and
the stability of the core and the magnetic properties depending on the type of phenol-pyrazole
ligands and the reaction conditions are discussed.

Chapter 6 describes the coordination versatility of HophpzMe ligand with transition-metal
ions other than the manganese(III) ion.™®

Chapter 7 presents the summary and conclusions of this work, as well as some future
prospects.

In Appendix A, HFEPR studies are described, dealing with two mononuclear
manganese(IIl) compounds presented in Chapter 2 to determine the sign and magnitude of the
zero-field splitting parameters. In Appendix B, crystallographic data of the compounds
presented in Chapter 5 is reported.

Parts of this thesis have been published (Chapter 2, 3, 4 and 6),35'38 or will be submitted
for publication (Chapter 1 and Chapter 5).

1.3. Coordination versatility of pyrazole-based ligands towards

high-nuclearity transition-metal clusters

1.3.1. Introduction

The choice of the bridging ligand is crucial in the formation of polynuclear cluster
compounds. In this thesis, phenol-pyrazole ligands have been chosen because as had been

224 pyrazole ligands fulfil both

established with numerous polynuclear compounds,
conditions, they can bridge more than one metal ion and they provide a suitable
intramolecular pathway for magnetic exchange interactions. In the present section, the
coordination versatility of pyrazole-based ligands towards the formation of polymetallic

compounds,” especially dealing with high-nuclearity clusters is illustrated.

1.3.2. Pyrazole

Pyrazoles are five-membered heterocyclic aromatic rings consisting of three carbon
atoms and two nitrogen atoms at the positions 1 and 2 (Figure 1.2). The N(1)-H has an acid
character due to the proton, whereas the N(2) has a basic lone pair in the sp® orbital. Therefore
a basic character is present. Tautomerism exists in the case of symmetrical substitution, or
non-substitution on the ring, unless the substituent is in position 1, because the rupture of the
N-C bond is more difficult than that of the N-H bond. Five-membered heterocycles, such as
pyrazoles, are m-excessive. As a consequence they are poorer m-acceptor and better mt-donors

39,40

than six-membered heterocycles. Hence, they can act as a hard donor site. Numerous
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synthetic routes have been used to obtain pyrazole-based ligands. However, two routes are the
most important: the condensation of a 1,3-diketone (1,3-dicarbonyl) with hydrazine

derivatives and the 1,3-dipolar cycloaddition of diazoalkane with alkynes.*'

Figure 1.2. Pyrazole (Hpz).

Pyrazoles can behave either as monodentate or as bidentate ligands, after deprotonation
of the N(1)-H group. The pyrazolato anion can act as an endo- (nz), or an exo-bidentate
(n'-n") bridging ligand in the form of the pyrazolato anion (Figure 1.3). This coordination
ability or nucleophilicity is controlled by the nature of the metal ion and the substituents on
the pyrazole ring. Substituents at the 3- and 5-positions modify the steric properties, whereas

substituents at the 4-position, can mainly change the electronic properties.

Hpz pz

AN X
L O O (Y
M M M M \M/

pn'n! n?

Figure 1.3. Common coordination modes of the pyrazole ligand and the corresponding anionic ligand.

The study of the coordination chemistry with pyrazole ligands began in 1889 with the
report of a silver pyrazole complex, [Ag(pz)]..*> Much later, Trofimenko ef al. stimulated the
research with the introduction of poly(pyrazolyl)borate chelating ligands in coordination
chemistry.*® After this discovery, numerous papers and reviews have been written
illustrating the rich coordination chemistry of pyrazole-based ligands.****"° In the literature,
three main reviews have been reported dealing with polynuclear compoundszws, The first
review was published in 1997 illustrating the catalytic activity of polynuclear heteroatom-
bridged pyrazole complexes.”* Two other reviews have appeared more recently.>** One of
them deals with di-, oligo- and polynuclear transition-metal complexes with substituted
pyrazole ligands having chelating side arms.” The other review describes metal-cluster

compounds with pyrazole-based ligands.*

12



Introduction

1.3.3. Clusters with pyrazole-based ligands
1.3.3.1. Introduction

In this section, the aim is to provide an overview of the pyrazole-based ligands used to
form transition-metal clusters. In addition, the ability of pyrazole to provide a pathway for
magnetic exchange interactions is highlighted. Only in the last decade, a significant
development has been achieved in the coordination chemistry with pyrazole ligands to form
polymetallic clusters. Three main reviews dealing with polynuclear complexes have already
appeared.”* Hence, pyrazoles substituted at N1 position, polymers and dinuclear compounds
are not discussed.

As described above, the pyrazole and the pyrazolato anion have numerous coordination
modes, providing versatile coordination chemistry. The most common modes are shown in
Figure 1.3. Deprotonated pyrazoles can link two metal ions resulting in a metal-metal distance
between 3.5-4.5 A. Changes in the substituents of the pyrazole ring can induce changes in the
intermetallic distances, hence controlling the magnetic exchange interactions. Therefore, the
compounds discussed in this text are grouped depending on the type of substituents in the

pyrazole ligand.

1.3.3.2. Pyrazole ligands with non-coordinating substituents

A significant number of cluster compounds containing pyrazole ligands has been
obtained to date.”> Most of the cluster compounds incorporate the pyrazole ligand or the
pyrazole ligand with non-coordinating substituents, such as Br, NO,, Me, Mes (2,4,6-
trimethylphenyl), etc. in the 3-, 4-, or 5-position of the pyrazole ring (HR-pz). In this section,
a summary is presented of these cluster compounds reported in the literature. Figure 1.4

shows some of the pyrazole ligands discussed in this section.

N——NH
Ligand |R3 Rs; Rs |Ligand | Rs R4 Rs Ligand | R3 Rs; Rs
HL1a H H H HL1e | H I H HL1i H ‘Bu
HL1b H Me H HL1f H NO, H HL1j H 4-F-Ph
HL1c H Cl H HL1g | H CHO H HL1k Me H Me
HL1d H Br H HL1h | H H Mes | HL1I CF; H CF;

Figure 1.4. Some of the discussed pyrazole ligands with non-coordinating substituents.
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Chapter 1

Trinuclear complexes are the most common clusters with pyrazole ligands or pyrazole
derivatives containing non-coordinating substituents, in which the compound can adopt two
different types of structure. The first type is a linear structure which can be formed when the
pyrazole is deprotonated and it bridges the metal ions as shown in Figure 1.5a, whereas other
ligands are found at the terminal positions, i.e. halogens, acetylacetonate, non-deprotonated
pyrazoles or cyclopentadienyl ligands. Some examples are reported with nickel(IT),”"
cobalt(I),”>*  palladium(Il) ions,” and palladium(Il)/cobalt(Il) mixtures.”* Weak
antiferromagnetic interactions are observed between the paramagnetic metal ions in all the
cases.

a) D)

P NP N\

Y Y ~7 L r \ i

L\ Y \ \ /

JTNSTN T N TN
LM ,M.\ M—L, N/ \N N/ ™~ o R‘./ \N
N TN N\ N T
/ \\Y / A\ ” S N——p—N_ P ” /,N“"‘--u.!\!q_---‘NA P
Lo D &l D ~ | Y ~7 | &
XX Ly Ls

Figure 1.5. Trinuclear types of pyrazole-bridged compounds.

The second possible type of structure that trinuclear compounds can adopt is the triangle,
in which the transition-metal ions are at the vertexes of a triangle (Figure 1.5b,c). Monovalent
group 11 1ons (copper(I), silver(I) and gold(I)) and mercury(Il) ions form compounds with a
general formula [M(R-pz)]s (Figure 1.5b).” 2 In some cases, the distance between the
trinuclear units is small, forming dimers of trimers.®°® Luminescence properties were studied
in some of this type of complexes.®®” Trinuclear heterobimetallic gold(I)-silver(I)
compounds have been synthesized with 3,5-diphenylpyrazole and other type of bridging
ligands.®*®* Compounds with the general formula [M3(R-pz)s] are formed with divalent metal
ions, i.e., palladium(II),” platinum(IT)’" or platinum(II/I1I) ions.”"

[M3-p3-O(R)]™ (R” = H, Me, m = 4, 5, 7) centred triangles have been reported with
several transition-metal ions, such as iron(III), cobalt(II/III) and copper(Il) ions (Figure 1.5¢).
The compound X4[Fes(p3-O)(L1)sCl3]Cly (X" = HNEt; ", BuyN", PPhy") has a structure which
resembles the basic carboxylates because of the presence of six pyrazole ligands.” Mssbauer
spectra, magnetic susceptibility and EPR studies have revealed the presence of
antiferromagnetic interactions between the iron(Ill) ions and the achievement of a ground
state of St = 1/2. In this case, the pyrazole ligands mediate stronger antiferromagnetic
interactions than the analogous carboxylates.” Another example is

[Cos(u3-OH)(L1a)4(dbm);]-2THF (Hdbm = dibenzoylmethane) that is a mixed-valence

14
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cobalt(II/IlT) compound with a ps-hydroxide bridge for which catalytic activity in the
oxidation of the hydrocarbons has been reported.” Numerous compounds have been
synthesized with copper(Il) ion. Many of them have been reported by Raptis and co-

7% who have studied the influence of non-coordinating substituents on the pyrazole

workers,
ring and of the terminal ligands, L, present in the triangle. The general formula of these
complexes is [Cus(u3-OR”)(R-pz);L3]"" (R’ = H, Me; L = CI, Br', Hpz, RCO, ", HL1g , H,0,
EtOH; R-pz =Lla,LIf,Llh andm =0, 1, 2).74'89 Most of the trinuclear centred copper(Il)
triangles are synthesized from a copper(Il) salt and the pyrazole ligand in a molar ratio 1/1 or
1/2 in the presence of base and using different counter ions.”* Other possible synthetic routes
are: the substitution of the terminal ligand, L, or the centred anion, in a preformed trinuclear
compound, or the addition of a bridging ligand such as carboxylate, an acid, a base or
NaBr.*""#8L8 The control of the pH is crucial in the formation of new triangles, since
numerous species often exist in solution. In some cases, compounds of higher nuclearity, or
even polymers are obtained, in which the trinuclear structure can be retained.”*'> Another
synthetic route to obtain trinuclear-centred copper(Il) compounds is by oxidation of
mononuclear copper(I) complexes.*® Apparently, the introduction of substituents in the 4-
position of the aromatic ring does not affect the formation of trinuclear copper(Il) complexes.
However, the use of 3,5-substituted pyrazoles precludes the formation of the triangle, because
of the steric effects of such side groups in the ligand. In these cases, mononuclear or dinuclear
copper(Il) complexes are obtained.””™ So far in only one case with substituents at the 3,5-
positions, the trinuclear structure is retained.®” Following similar procedures as those
described for the synthesis of O(R’)-centred copper(Il) triangles (R’ = H, Me), but with
different amounts of the counter ion, the formation of new compounds with the formula
[Cus(u3-X)2(R-pz);X3]*” (X~ = CI', Br and R-pz = Lla—LI1f") can be achieved (Figure
1.6).”*7"" Trinuclear copper(Il) compounds with two types of bridging ligands, such as
hydroxide and chloride ligands for [Cu3(;,Lg—OH)(;,L—Cl)Cl(Lla)3(HL1a)2],90 and oxide and
perchlorate ligands for [Cus(us-O)(L1a)s(HL1a)s(p,pa-ClO4)]*CH;0H,”" have also been

reported.

Figure 1.6. Molecular structure of the anion [Cu;(u3-Br)2(L11)3Br3]27.75
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Chapter 1

The introduction of substituents on the pyrazole ring does not induce any significant
structural differences, such as Cu---Cu distances or Cu—p3-O(R’) (R’ = H, Me) distances in the
trinuclear copper(Il) core. The main difference is the distortion of the Cu—pu-Y—Cu angle from
going to pu-0*", OH", u-X (X~ = CI', Br'). Magnetic susceptibility and EPR studies have been
performed for some of the compounds (Table 1.1). Strong antiferromagnetic interactions
between the copper(Il) ions are operative in the case of the compounds with a Cu—p3-Y—Cu
angle of ca. 120° (Y* = O¥). Apparently, a decrease in magnitude of the antiferromagnetic
exchange interaction is observed when the Cu—p3-Y—Cu angle decreases (Y = OH") and
ferromagnetic interactions become operative when the Cu—p3-Y—Cu angle is ca. 80° (Y =
CI', Br). This change of the magnetic behaviour can be explained by the principles of the
orbital complementarity and overlapping.” Small values of the magnetic susceptibility at low

$790 This phenomenon can be

temperature are common in O(R)-centred copper(Il) triangles.
described by the presence of antisymmetric exchange between the copper(Il) ions in view of
the magnetic susceptibility and EPR studies.”’

Electrochemical studies have been performed for the compounds containing the core
[Cus(us-O(R))(R-pz)sLs]™"" (R =H; R-pz =Lla, Llc, L1d, Llg, L1f; L = CI", NCS",
py, CH;CO,, CF;CO, and m =1, 2).76’88 A shift of the redox potentials has been observed
depending on the substituents at the fourth position of the pyrazole ligand and also on the

6,88
L%

terminal ligand, The catalytic activity of some trinuclear copper(Il) compounds has

been tested in the cyclopropanation of styrene® and in the peroxidation of alkanes.***’

Mononuclear and trinuclear complexes with pyrazole ligands have been used as starting
materials to achieve compounds of higher nuclearity by addition of bridging ligands, such as
carboxylate, pyridazine or nitrate ligands.”>”"*** Also, pyrazole-based ligands have been
used to bridge mononuclear compounds to form tetranuclear copper(I) compounds,’ or to
bridge two trinuclear units thus forming hexanuclear copper(Il) compounds.™

Tetranuclear copper(Il) compounds can also be synthesized from the copper(Il) salt, the
pyrazole ligand, another type of ligand and a base. As a result, the pyrazolate anion bridges
two dinuclear units.”>*® An example is the compound with the formula [Cus(L1a)4L,]ClO4
(HL = 1,3-diamino-2-propanol), in which the dinuclear unit is formed by two copper(Il) ions

1.” Another example is the

bridged by a pyrazolato ligand and by 1,3-diamino-2-propano
compound [Cusl,(L1a)s(CH30H),](ClO4), (L = 1,1—di—(2—pyridyl)—1—rnethoxyme‘[hanol).96
Magnetic susceptibility studies define both compounds as dinuclear complexes with weak
antiferromagnetic interactions between the dinuclear copper(Il) units, ascribed to the
countercomplementary behaviour of the bridging pyrazole that decreases the value of the

magnetic exchange imposed by the other bridging ligand.”>*® One more example is the
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compound [CusF,(us-F)(L1j)s(HL1j)4] that contains a ps-F bridge between the four copper(I1)
jons that interact antiferromagnetically.”” A tetranuclear zirconium(IV) compound is obtained
by conversion of a dinuclear compound in wet toluene.”® Tetranuclear heterobimetallic
compounds with palladium(II) ions have also been reported.””” Some of the tetranuclear
compounds that are reported in the literature were minor side products that were only

characterized by X-ray crystallography.'**'""

Table 1.1. Magnetic and structural data for trinuclear copper(Il) compounds.

Compound Cu-Y-Cu Cuz—p3-Y” Jem™© g ? g° Ref
(PPN),[Cu;(p3-O)(L1a);Cls] 119.59 n.r. -500 2.1 n.r. 74
119.59
120.82
(PPN),[Cu;(u3-OH)(L1a);Cls] 118.54 0.524 n.r. n.r. n.r. 74
117.26
104.38
[Cus(p3-OH)(L1a);(MeCO,),(HL1a)] 118.0 0.563 <0 nr. g =2.015 83
115.5 gyy = 2.050
102.6 8, =2.200
[Cu3(OH)Cly(L1a)s(py)2]py 102.2 n.r. —-148 2.17 n.r. 90
113.3 -23
70.93
[Cus(OH)(L1a);(HL1a),(NOs),]-H,O 112.0 0.478 <0 n.r. 2.1 86
115.0
116.4
[Cus(us-OH)(L1a)3(HL1a),(Me;CCO,),]  116.32 0.567 -117.7  2.047 nr. 89
(Me;CCOOH), 111.98 -90.3
108.40 -90.3
(BugN),[Cu;(ps-Cl),(L1a);Cls] 86.05 nr +28.6 2.07 2,=2.05 74,
g” =211 75
(BusN)[Cus(ps-Br)»(L11)sBrs3] 77.41- nr +3.1 g =246 g=201 75
[Cus(u3-OMe)CI(L1h);(HL1h),]Cl1 105.77 nr. —-100 2.19 g,=221 87
105.09 g =147
101.87
[Cus(us3-OMe)(L1h);Br(HL1h),]|Br 107.43 nr. —-103 2.20 g,=2.19 87
104.61 g =159
104.40

“Cu-Y—Cu angle (Y = O*, HO", CI', Br"); ” Distance of ps-Y from the Cu; plane; ¢ The J values describe the
magnetic exchange interactions depending on the geometrical parameters of each compound; ¢ g-values obtained
from the fitting of the magnetic susceptibility data; ° g-values obtained from EPR measurements; n.r. = not
reported; ligand  abbreviations =~ HLla—HLIf  are given in  Figure 1.4; PPN =
bis(triphenylphosphoranylidene)ammonium cation.

The reaction of CuX, (X~ = CI', Br, NO;3") with 3(5)-tert-butylpyrazole (HL1i) and
sodium methoxide in methanol affords the heptanuclear compounds [{Cuz(HL11)s(p3-X)(u3-
OH);},Cu]Xs (X = CI', Br, NO3).'""*' The use of a ligand with larger steric hindrance at

17



Chapter 1

the 3,5-positions of the pyrazole ring precludes the formation of the heptanuclear species and
affords a trinuclear compound (as described above).*” The use of other salts, like CuF, yields
other products with different nuclearity.'™ The heptanuclear copper(I) compounds are
double-cubanes in which a vertex of a copper(Il) ion is shared and it is coordinated by six
hydroxide ligands. Antiferromagnetic interactions between the copper(Il) ions were found in
all of the compounds and the magnetic exchange interaction is in the order of correlations
made on the Cu—O—Cu angle (so-called Haase correlation)'®” for [Cus(p3-OR)4]*" and [Cua(p-
OH)]*" species, leading to a ground state of St = 1/2.'%1%

[Fes(1s-0)4(L1a)1,Cly] 1s an octanuclear iron(IIl) compound which has a Fe4O4 cubane
structure, where the inner iron(IIl) ions are connected with the outer iron(IIl) ions through
pyrazole bridges and in which the chloride ligands are at terminal positions.'® This
compound is the first example of an all-iron(III) cubane. Electrochemically four reductions
are observed, where the last one is not reversible, but no oxidation process is detected.'® The
compound has an unusual stability due to the [Fes04]*" core. Replacement of the terminal
chloride ligands with other ligands and the introduction of the fourth substituent on the
pyrazole ring (HL1b and HLIc) were reported.'”” These compounds exhibit similar redox
properties, demonstrating that the [Fe404]"" core is redox active.'”” Strong antiferromagnetic
interactions between the iron(IIl) ions are present in the compound [Feg(us-O)s(L1a);2Cly].
The fit of the experimental magnetic data indicates strong antiferromagnetic coupling between
the inner and the outer iron(Ill) ions (J = —50.55 cm'), and much weaker coupling is
observed between the iron(IIl) ions within the core (J = —2.1 ecm™).'”” The stronger
antiferromagnetic interactions between the inner an the outer iron(Ill) ions are in agreement
with the larger Fe—O—Fe angles, ca. 119°, as compared with the Fe—O—Fe angles of the inner
core, ca. 98°. DFT studies were performed to confirm the parameters obtained with the fit of
the experimental magnetic susceptibility data.'” A gallium(III) analogue has also been
synthesized.'”™ Other examples of octanuclear clusters can be found involving
molybdenum(V/VI) 109 or zinc(II) ions.'"” The compound
[Ni(bma)(H,0);][Nig(OH)g¢(L1a);2]:6DMSO (bma = bis(2-benzinidazolylmethyl)amine)
consists of an anionic structure composed from an octanuclear nickel(I) unit,
[Nig(OH)s(L1a);2]” and the cation formed by a mononuclear nickel(Il) entity,
[Ni(bma)(H,0);]". In the former case, the eight nickel(I) ions form a cube and the
Ni--Ni-Ni angles are around 90°. Antiferromagnetic interactions are present between the
nickel(Il) ions in the octanuclear anion leading to S = 0, but the ground state of the molecule
is St = 1, resulting from the mononuclear counter ion. DFT calculations were performed to

estimate the magnetic exchange interactions.'"!
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A dodecanuclear copper(Il) cage with the formula, [Cuj(psa-Cl)a(ps-
Cl)2(HL1k)s(L1k)4('BuPO3)s('BuPO,OH),] is formed by combination of phosphonates and
pyrazoles as ligands, in which two hexameric units are linked to each other and are stabilized
by hydrogen bonding. This compound displays weak antiferromagnetic interactions between
the copper(Il) ions.''?

The combination of two pyrazole moieties, i.e. bispyrazole ligands, has been used to form

113

tetranuclear copper(Il) compounds and also porous coordination polymers with

palladium(II), platinum(II), silver(I) or copper(I) ions.''* !
1.3.3.3. Pyrazole ligands with substituents containing donor atoms
Substituents with donor atoms on the pyrazole ring can increase the number of possible
metal-binding sites that may lead to polynuclear type of compounds. Commonly, the
substituents are placed at the 3- and 5-positions of the aromatic ring. Variation of the side arm
chain lengths gives some control over metal-metal separation, while the number and type of

side arm donor sites allow determining electronic and coordinative properties.**!!®

Recently, a
review has been published by Meyer and co-workers, dealing with polynuclear transition
metal complexes with compartmental pyrazolate ligands.”® A main part of this review has
been dedicated to dinuclear compounds and therefore they have not been included in this
section.

Pyrazole ligands with N-donor substituents, amines

Figure 1.7 shows the ligands used for the compounds described in this section. An

119-134 who have

important part of this research has been developed by Meyer and co-workers,
studied the coordination ability of the 3,5-bisubstituted pyrazole ligands, with chelating side
arms, mainly with N-donor atoms. They mainly differ in the chain lengths of the chelating

side arms and the number of donor sites.
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Figure 1.7. Pyrazole-based ligands with N-donor substituents, amines.
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Tetranuclear nickel(Il) compounds with the general formula [NisL,]®", have been
synthesized with stoichiometric amounts of the metal salt, the pyrazole-based ligand (HL =
HL2c—HL2h, see Figure 1.7), the base and the appropriate amount of the bridging ligands, i.e.
azide and/or carboxylates. The similar central core of these structures is formed by dinuclear
nickel(II) units, [Ni;L]*", that are connected by azide and carboxylate bridges (Figure 1.8).'%
128 Also, the formation of 1-D chains is possible with the assembly of the dinuclear nickel(IT)

units, 213!

In Table 1.2 the values of the magnetic exchange interactions for the tetranuclear
nickel(II) compounds discussed are shown. In most of the tetranuclear compounds, overall
antiferromagnetic interactions are present between the nickel(Il) ions (high-spin) leading to a
ground state of St = 0, except for the first four compounds of Table 1.2, in which
ferromagnetic interactions between the nickel(I) ions are dominant.'** Ferromagnetic
exchange constants between nickel(Il) ions are found in the presence of end-on azido bridges.
In the case of end-to-end azido bridges, the Ni—-N3;—Ni torsion angle and the Ni-N-N angle
are crucial to determine the value of the exchange constant between the nickel(Il) ions, as
established by common magneto-structural correlations based on the azide bridge.'**'**
Besides exploring azide as bridging ligand, other ligands, such as urea'” and cyanide'** have
been used in combination with HL2a and HL2b ligands, respectively. With urea as a ligand, a
tetranuclear nickel(II) compound is formed, in which the presence of two low-spin nickel(II)
ions and two high-spin nickel(Il) ions that interact ferromagnetically, is confirmed by

magnetic susceptibility studies.'*

Figure 1.8. Molecular structure of the cation, [Ni4(L2f)2(p-1,1-N3)2(u4-1,1,3,3-N3)(02CMe)2]+.125

The coordination ability of the HL2a ligand towards other metal ions, such as copper(Il)
or zinc(Il) ions was also explored. The pyrazolato ligand bridges the two metal ions and in
some cases, the dinuclear structures, [M,L2a]" (M = Cu(Il) and Zn(Il)), are linked by

119,122

carbonates taken from the air, py-peroxido,'*® phosphato'' or oxazetidinylacetato.'”” An

octanuclear copper(I) compound, that can be described as a [(MesCu)4(u4-O)]27 (Mes = 2,4,6-
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trimethylphenyl) anion with two dinuclear copper(I)-pyrazole clamps containing the HL2i

ligand has also been reported.'**

Table 1.2. Magnetic data for tetranuclear nickel(Il) compounds.

Compound J/em™? g Ref.
[Nis(L2¢)s(p-1,1-N3)s(p-1,3-N3),](C104)2-2CH40-0.5H,0 +1.8; +4.2 221 124
[Nig(L2¢)a(pt-1,1-N3)o(p-1,3-N3),](C104)2-2C3HgO-CsHy +2.5:42.5 216 124
[Nis(L2¢)a(pt-1,1-N3)o(p-1,3-N3),](BPhy),-2C5HgO +3.4;-1.0 222 124
[Nis(L2d)s(p-1,1-N3)a(pi-1,3-N3),](BPhy),2C3HeO +0.9; —5.8 227 124
[Nig(L2d)>(p-1,1-N3)o(p-1,3-N3),](BPhy), +2.0; +4.7 219 124
[Nis(L2g)a(ps-1,1,3-N3)o(MeOH),(Cl04)4 —42.6;-24.0;+32.1 219 123
[Nis(L20)a(pt-1,1-N3)o(ps-1,1,3,3-N3)(0,CMe), ] C1O4 C3HgO ~110; +106; +2 215 125
[Nis(L20)(pt-1,1-N3)o(ps-1,1,3,3-N3)(0,CPh), - —111; +51; +9 215 125
C104-NaClO,42C3HgO-H,0

[Nis(L2h)s(p-1,1-N3)a(pis-1,1,3,3-N3)(0,CMe),]-Cl0,4 ~133; +129; +26 215 125
[Nis(L2h)s(p-1,1-N3)a(pa-1,1,3,3-N3)(0,CAda),]-ClO4 CsHeO ~111; +86; +5 215 125
[Nig(L2e)(us-1,1,3,3-N3)(0,CAda)s]-ClO4 —39; +98; —12 215 125
[Nis(L2g)a(ps-1,1,3,3-N3)(0,CAda)4]-ClO, ~50; +66; +7 215 125
[Nis(L2d)s(p-1,1-N3)a(pi-1,3-N3),](BPhy),-2C3HeO ~16.2; +2 201 126
[Niy(L2c)(u-1,1-N3)(u3-1,1,3-N3)(N3)],-2CH,Cl, ~19.7; +6 229 126
[Nig(L2g)>(p-1,3-N3)(ps-1,1,3-N3)o(0,CMe) |(ClOy), +57; -51; —18; +6 229 127
[Nig(L2g)a(p-1,3-N3)(p3-1,1,3-N3)2(0,CPh)(C104), +25;-61; —12; +5 238 127
[Nis(L2h)s(p-1,3-N3)(p3-1,1,3-N3)o(0,CPh)[(C104), +27; —53; —3; +6 230 127
[Nis(L2g)»(OCN,H4)2(OCN,H;),](C104), +3.4 225 129

“ The azide’s nomenclature does not follow the IUPAC’s rules. Here p-1,1-N3 and p-1,3-Nj3 is used for the
end-on and end-to-end bridge, respectively; ® The J values describe the magnetic exchange interactions
depending on the geometrical parameters of each compound. Ligand abbreviations are given in Figure 1.7.

All the compounds reported above contain thioether or amine arms in the amino
substituents of the pyrazole ring. The incorporation of other functional groups, such as
imidazole (HL2j ligand) has also been studied."*® In this case, pH potentiometric studies in
aqueous solution were performed in combination with the crystallographic characterization of
the different polynuclear species formed in the presence of copper(Il) ion.'**

Pyrazole ligands with N-donor substituents, pyridines

2-Pyridylpyrazole derivatives (Figure 1.9) have been proven to be good ligands to obtain

B3¢ or clusters.””'* Together with the

different assemblies, such as metallohelicates
employ of another bridging ligand as phosphonate, they provide a good approach to obtain a
decanuclear copper(Il) cage with the formula [Cus(u3-OH)y('BuPOs)3(L3a),(MeOH)],

-10MeOH-2H,0."*® The reaction of an iron(Il) salt with the 3-(2-pyridyl)-pyrazole ligand
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formed by the decomposition of the ligand tris[{3-(2-pyridyl)-pyrazol-1-yl}hydroborate]
(TpPy), leads to a tetranuclear compound, [Fe4(HL3a)2(L3a)6(u-0)2](PF6)2-4CH3CN.140
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Figure 1.9. Pyrazole-based ligands with N-donor substituents, pyridines.

The coordination ability of the 3-(2-pyridyl)pyrazole ligand (HL3a) and its derivatives
(HL3f, HL3g and HL3h) is also confirmed by the formation of copper(Il) tetranuclear grids
with the core [CusLe]*” or [CusLy]* (Figure 1.10) in an isolated fashion or in 1-D
chains.?* 3141819 1 guch a type of grids, strong antiferromagnetic interactions are present
between the copper(Il) ions. The magnetic behaviour has been explained based on the number

of pyrazole bridges and the distorted geometry of the pyrazole ligands.'>*!¥-141:14314> Other

grid-types of structures are formed with cobalt(I) and manganese(Il) ions.'*

However,
different typologies and nuclearities can also be found with cobalt(IT) ion and HL3f ligand'**
and copper(I) and copper(I) ions with HL3c ligand, respectively.'**
5-tert-Butyl-3-(pyrid-2-yl)-1H-pyrazole (HL3b) is a very versatile ligand, leading to
metallocycles (see section 1.3.4). However, in the case of copper(Il) salts with non-
coordination anions, a cubane-based structure 18 formed,
[Cus(u3-OH)4(L3b)s](ClO4)sxCH,ClL, (x = 1-2)."*" Small antiferromagnetic interactions
between the copper(Il) ions are present, as expected by Hatfield and Hodgson’s correlation'*®
depending on the Cu—O—Cu angle, because the angles found in this compound are within the
range where both antiferromagnetic and ferromagnetic interactions can be present. The use of

bispyrazole-pyridine ligands (H,L3i and H,L3j) affords octanuclear copper(I) compounds.'*’
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Figure 1.10. Molecular structure of the cation, [Cuy(L3 g)4(dmf)4]2+.141

Pyrazole ligands with O-donor substituents, alcohols

The ligands described in this section, H,LL4a—H,L.4d (Figure 1.11), have been used by
Winpenny and co-workers to explore the coordination chemistry of nickel(I) and
manganese(II/II) ions. [Mn4O2(OH)4(L4c)1s(HL4c)4(NO3)4(H,0)4] is a mixed-valent
compound containing two manganese(Ill) and twelve manganese(Il) ions. Strong
antiferromagnetic interactions between the metal centres lead to a ground state of St = 0.
After the synthesis of this cluster and the wheel [Ni,4(OH)g(L4a)6(O2,CMe),4(HL4a);6] that is
described below as a metallocycle,'! derivatives of pyrazolinol-type of ligands (HL4b, HL4c,
HL4d) were synthesized to study the reactivity towards nickel(Il) ions in the presence of
pivalate (piv) bridging ligands. As a result, different topologies have been obtained with
nuclearities ranging from [NisNa4], [NisNas], [NisLig], [NigM3] (M = K(I), Rb(I), Cs(I)) and
[Nig].'>* Antiferromagnetic interactions between the nickel(I) ions are present leading to a
zero spin or low-spin ground state in most of the cases, except for [NisLig] and [Nig] in which
ferromagnetic interactions are operative, yielding a ground state of St > 1 and St = 6,
respectively.'** [NisM,] and [Nis] clusters are formed by two pseudo-cubanes linked by p-O
bridges.'”* The differences in the magnetic behaviour of both types of clusters are explained
in terms of the magneto-structural correlations within the [Nig(u3-O)4] core, in which
Ni—O-Ni angles smaller than 99° favour ferromagnetic interactions, whereas larger angles
promote antiferromagnetic interactions.'>> The incorporation of alkaline metals in the final
structure of some of the compounds led to an extension of the study with alkaline-earth metal

'3 In this case, the reactions were also performed with the dinuclear complex

ions.
[Ni(HO)(piv)s(Hpiv)s] as a  starting material and with HL4c, forming
[NigMga(OH)(L4c)4(piv)1o(HL4c)s(MeOH),] and [NigM] (M = Sr(II), Ba(Il)) clusters.'> The
first compound is formed by two nickel(I) triangles bridged by magnesium(II) ions.

Ferromagnetic exchange interactions are present between the nickel(II) ions forming the
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triangle. The nonanuclear compounds, [NigSr(OH),(L4c)s(piv)io(HL4c)s(Hpiv)(CH3CN)]
and [NigBa(OH),(L4c)s(piv)i0(HL4c)s 3(Hpiv)e 7(CH3CN),] are formed by two tetranuclear
nickel(I) units bridged by strontium(II) and barium(Il) ions, respectively. Dominant
antiferromagnetic interactions are present between the nickel(Il) ions leading to two
independent ground states both with St = 2 corresponding to the two tetranuclear units. The

use of silver(I) as a second metal ion resulted in the serendipitous formation of the large

antiferromagnetic cluster [Niy; Ag(psa-OH)a(u3-OH)gs(L4d)13(piv)20(Hpiv)a(CH3CN)3 5(H20)0.5].
'>* The exploration of new carboxylic acids, i.e 7-butylbenzoic acid and benzoic acid, and the
introduction of azido ligands have demonstrated the unpredictability of the pyrazolinone
ligands  with  three new  compounds,  Na[NigNa(OH),Fg('BuPhCO,)s(HL4a)s],
[NigNay(N3)12('BuPhCO,),(L4a),(HL4a)s(EtOAC)s] and
[NigNas(N3)12(PhCO,)2(L4a)4(HL4a)s(EtOAc)s]."> Figure 1.12 shows the molecular structure
of [NigNay(N3)2(PhCO,),(L4a)s(HL4a)s(EtOAc)s], in which ferromagnetic interactions
between the nickel(Il) ions are propagated through the azide groups; micro-Squid

measurements indicate a single-molecule magnet behaviour.'>
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Figure 1.11. Pyrazole-based ligands with O-donor substituents, alcohols and phenols (H,L5a and H,L5d
are called HpphpzH and H,phpzMe, respectively, in the following chapters).

Figure 1.12. Molecular structure of [NigNay(N3);2(PhCO,),(L4a),(HL4a)s(EtOAc)]."
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Pyrazole ligands with O-donor substituents, phenols

The phenol-pyrazole based ligands used for the compounds described in this section are
shown in Figure 1.11. An octanuclear manganese(Ill) compound with the formula
[Mng(p4-O)a(L5d)s(thf)s] has been reported by Reedijk and co-workers, in which strong
antiferromagnetic interactions are operative between all the manganese(Ill) ions (Figure
1.13).*° This compound resembles other octanuclear iron(III) compounds with a cubane core,

106107 A tetranuclear nickel(Il) compound with the formula

described above.
[Nig(OH)(OMe);(HL5d)4(MeOH);]-MeOH has also been reported with the same ligand,
H,L5d (also called HophpzMe).*® Ferromagnetic interactions are present leading to a ground
state of St = 4. Trinuclear oxide-centred compounds are obtained with similar phenol-
pyrazole ligands, [Mn;3(u3-O)(L)3;(0.CMe)(MeOH),] (H,L = H,L5a, H,LL5b and x = 3, 4)
which form 1-D chains due to the acetate ligands that bridge the different trinuclear units.’’
Long-range magnetic ordering was found in one of these compounds. If the methanol is
replaced by ethanol, [Mn3(u3-O)(L5b)3(0,CMe)(EtOH)4] is formed. In this case, the chains
are more isolated and the compound behaves as single-chain magnet below 4 K.*” The
influence of the solvent on the magnetic properties has also been observed in similar
trinuclear manganese(III) units containing the ligand H,L5¢."”*"” Tao and co-workers
extended the chemistry of these types of ligands with other transition-metal ions, such as the
copper(Il) ion?® The result is the formation of large cages with the formula
(HNEt3),[Cuz1(CH3CN)2(H20)(1-N3)s(p3-N3)2(LS5a) 15]-3H20-2EtOH and
[Cu16(E‘[OH)2(H20)2(L5b)16]-9.5H20.28 Predominant antiferromagnetic interactions were
found between the copper(Il) ions in both compounds, although some ferromagnetic
interactions  are  present between some of the copper(Il) ions in
(HNEt3)2[Cuz1(CH3CN)2(H20)(1-N3)s(3-N3)2(L5a)13]-3H,0-2EtOH. Monte Carlo
simulations were performed to evaluate the magnitude of the magnetic exchange
interactions.”™® A phenol-bis(pyrazole) ligand was used to synthesize a mixed-valence
manganese(II/III)  linear trinuclear compound, [Mns(HL5¢),(0,CMe);(MeOH);].>
Antiferromagnetic interactions between the manganese(Il/III) ions are present in the

molecule, leading to a ground state of St = 3.
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Figure 1.13. Molecular structure of [Mng(p4-0)4(L5d)s(thf)s].*

Pyrazole ligands with other functional groups with N- and/or O-donor
substituents
In this section, compounds with ligands that cannot be described under the previous

classifications are presented (Figure 1.14).
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Figure 1.14. Pyrazole-based ligands with other functional groups with N- and/or O-donor substituents.

The functionalization of the pyrazole ligand with acid groups as substituents on the
pyrazole ring, i.e. 3,5-pyrazoledicarboxylic acid (H;L6a), introduces numerous coordination
sites. Coordination polymers have been obtained by hydrothermal synthesis with a variety of

158-160 and a combination of 3d and 4f metals ions, such as CuHLnHIz.161

transition metal ions
An example with the 3,5-pyrazoledicarboxylic acid as a ligand, is a trinuclear copper(Il)
compound with formula [Cus(L6a)2(H20)4],.">* Strong antiferromagnetic interactions between
the copper(Il) ions are mediated by the pyrazole ligand, and weaker ferromagnetic and
antiferromagnetic interactions between the copper(Il) ions are mediated by the carboxylate

ligands in syn-anti-equatorial-equatorial and syn-anti-axial-equatorial type of bridge,
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respectively.'”® Decomposition of an amide-pyrazole derivative ligand to L6a’ ligand during
the synthesis, resulted in the formation of trinuclear linear copper(I) compounds.'*> Magnetic
susceptibility studies revealed weak antiferromagnetic interactions, ascribed to the large

separation between the copper(Il) ions.'®

The HL6D ligand has been used in the synthesis of a
linear trinuclear copper(I) compound.'® Hydrolysis of the HL6b ligand during the synthesis
resulted in the formation of a tetranuclear copper(Il) compound containing the HL6¢ ligand.
Weak antiferromagnetic interactions between the copper(Il) ions are observed.'®*
Pyrazole-3,5-dicarboxamides are often used as intermediates in the synthesis of pyrazoles
with chelating amine side arms. Therefore the coordination ability of this type of ligands has
also been studied, because when the amide is deprotonated, the metal ion can coordinate
through the N-atoms, whereas if it remains protonated the coordination would be through the
oxygen. The ligand N,N’-bis(2-pyridylmethyl)pyrazole-3,5-dicarboxamide (H3;L6d) forms
tetranuclear [2x2] grids with the general formula [M4(HL6d)4]-8H,0 (M = Cu(I), Ni(II)).'®*
Magnetic susceptibility and EPR studies were performed only for the copper(I) compound.'®
The nickel(I) compound is diamagnetic, whilst antiferromagnetic interactions between the
copper(Il) ions are mediated by the pyrazole bridges. Other examples of tetranuclear
nickel(IT) and copper(Il) compounds have been reported with amide-pyrazole ligands, i.e.
with the HyL6e ligand.'®*'"” These compounds have different topology depending on the

167

metal ion, linear for nickel(Il) ions and helical for copper(Il) ions.”" Weak and strong

antiferromagnetic interactions have been found, respectively, between the metal ions.'®’
Heterobimetallic compounds are also reported with the same ligand.'®®

168-170
% Two hexanuclear

Diimine-pyrazole ligands are known to stabilize large clusters.
nickel(I) compounds have been reported composed of three bimetallic units, [Niy(L61)X3]
(X* = CI', Br) bridged by the halogen (Figure 1.15).'%1%" Also, hexanuclear copper(1I)
compounds are obtained with the same ligand.'” EPR and magnetic susceptibility studies
revealed strong antiferromagnetic interactions between the copper(Il) ions. A linear
tetranuclear manganese(Ill) compound has been reported with H3;L6g, in which the
salicylideneaminate moiety acts as chelating ligand and the pyrazole ligand bridges the

manganese(I11) ions.'”!

Weak antiferromagnetic interactions between the manganese(III) ions
are observed.'”

The coordination ability of ligands containing two different donor groups in the
substituents of the pyrazole ligand has also been explored.'”*'” As a result, a linear trinuclear
copper(Il) compound has been synthesized with the H;L6h ligand that contains both an oxime
and an acid substituent group. Strong antiferromagnetic interactions between the copper(Il)
ions are operative in this compound.'” Another example is a tetranuclear nickel(IT) compound

with the HL6i ligand in which the nickel(II) ions are in low-spin electronic configuration.'”* A
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linear tetranuclear copper(Il) compound was synthesized containing two different types of
pyrazolate ligands, H;L6j and H;L6k.'™ Strong antiferromagnetic interaction between the

copper(Il) ions is present, as concluded from magnetic susceptibility and EPR studies.'™

Figure 1.15. Molecular structure of [Niz(L6f)Cl3].168’169

1.3.4. Metallocycles

Metal-directed self-assembly processes often form well-defined architectures.'”'"

Cyclic metal-organic compounds with a central cavity or metallocycles are one of these
structural examples found in supramolecular chemistry.'”>"”® Some examples with pyrazole-
based ligand have been reported in the literature.”>®”!%1"182 An octanuclear copper(Il)
wheel, [Cug(L1k)s(OH)s] (HL1k = 3,5-dimethylpyrazole), was formed by oxidation of
[Cu(L1k)],, which is catalytically active in some oxidation reactions.”® The reaction of the
wheel with primary alcohols affords the octaalkoxido derivatives.”> The removal of the
chloride anion from [(Cus(us-O)(L1a);Cli]* and [(Cug(u3—Cl)2(Lla)3C13]2_ affords the rings
[{cis-Cu(u-OH)(L1a)},] (n =6, 8, 9, 12 and 14), where the distorted square-planar copper(II)
ions are connected by p-pz ligands at the outside of the ring and p-OH ligands at the inner
side of the ring."™® Two of these units encapsulate different ions (chloride, carbonate and
sulfate) that are stabilized by the numerous weak hydrogen bonds. The ring size is not
dependent of the encapsulated anion.'® Copper(I) cages of smaller nuclearity have also been
reported.””'” An example is the compound [{Cus(HL11)s(L11)2(p-F)a(ps-F)}2]F> (HL1i = 5-
tert-butylpyrazole) in which antiferromagnetic interactions are present between the copper(Il)
ions, the stronger path being the one mediated by the [Cu(u-F),]*" bridges.'” Another
example is the hexanuclear copper(Il) cage [Au(PPhs),][Cus(u-OH)s(L11)6C1] (HL11 = 3,5-
di(trifluoromethyl)-pyrazole), in which strong antiferromagnetic interactions are present

181

between the copper(Il) ions.”” The zinc(II) ion has also been found suitable for the formation
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of a neutral macrocycle,'™ in which the mercaptoethanol ligands are inside the ring and the
pyrazole ligands are at the outside; a channel with a diameter of 4.7 A is generated from this

structure.

Figure 1.16. Molecular structure of the metallocycle [{Cu(u-F)(u-(LBb)}d.183

Pyrazole ligands bearing substituents with donor atoms are also capable of forming
metallocycles.””*1%31%  The  3(5)-pyrid-2-yl)-5-(3)-(tert-butyl)pyrazole ligand (HL3b)
affords a metallocrown with the formula [{Cu(p-F)(u-(L3b)}e(H20),]-8CH,Cl, (Figure
1.17)."** The study of guest molecules, such as Na”, K, NH,", MeNH; " and four amino acids
has been carried out.'® Larger guests cannot bind inside the cavity; therefore they bind
exogenously to the two bowl-shaped cavities."™ Strong hydrogen bonds stabilize all the

183,184
structures. ™

Magnetic susceptibility studies reveal antiferromagnetic interactions that are
barely affected by the guest binding.'™ The use of less-coordinating anions of the copper(Il)
salt affords tetranuclear compounds.97 Other metal ions such as cobalt(Il) afford the mixed-
valence Co(IV/III) metallocrown, [Cog(n-OH)s(p-(L3b)s]™ (m = 2 or 3).'"® A large cage is
formed by 24 high-spin nickel(IT) ions in [Niy4(OH)s(L4a);6(O.CMe),4(HL4a)6] (HL4a = 3-

11t is described as an octamer of chemically trinuclear-based

methyl-3-pyrazolin-5-one).
building blocks. Antiferromagnetic interactions between the nickel(Il) ions are present and

even at low temperature many excited states are populated.'’

1.3.5. Metallohelicates

Another group of supramolecular architectures is formed by metallohelicates, based on
not only coordinative bonds, but also on intermolecular noncovalent interactions, such as
electrostatic interactions, hydrogen bonding and n—n stacking.'®*'® Only a few examples
have been reported so far involving pyrazole ligands."*>'*® Actually, all of them contain the
same ligand, 3,5-bis(2-pyridyl)pyrazole (HL3d). The compounds [{M(u-L3d)s}{M(u-
OH)}1(SCN);-6H,O (M = Ni(II), Zn(Il)) were synthesized using solvothermal conditions.'*
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In such compounds, the [Nis(n-OH)]*" cluster core is wrapped by two terminal [Ni(p-L3d)s]
units with SCN™ as a counter anion.'” These compounds were used in combination with
CuSCN to obtain other compounds, [Cuja(CN);(SCN)4][{M(u-L3d)s}{M(n-OH)}] (M =
Ni(II), Zn(I1)),"* in which the double-helical strands are stabilized by the hydrogen bonding.
Antiferrromagnetic interactions between the nickel(Il) ions were found in [{Ni(u-
L3d)s}2 {Ni(u-OH)}I(SCN)s6H,0  and  [Cuio(CN)1i(SCN)J[{Ni(p-L3d)s}» {Ni(u-OH)}].
Another example is the compound [{Fe(u-L3d);}.Fes;(u-O)](NCS),-10H,O (Figure 1.17),
where the core [Fe;0]*" with high-spin iron(II) ions is wrapped by two [Fe(L3d):]” units with
low-spin iron(I) ions."*® Mdssbauer spectroscopy confirmed the oxidation states of the
iron(II) ions and antiferromagnetic interactions between high-spin iron(Il) ions were found to

. 1
be present in the core.'*®

Figure 1.17. Molecular structure of [ {Fe(u-L3d)s},Fes(u-0)]J(NCS),10H,0."°

To conclude, pyrazole-based ligands are very versatile ligands, since they are able to
form different architectures, from polynuclear clusters to metallocycles or metallohelicates.
The incorporation of other coordinating groups to the pyrazole ring increases the variety of
polymetallic compounds that can be formed. In addition to the ability to bridge two or more
metal ions, pyrazole ligands also provide an effective magnetic exchange pathway between

them,
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