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INTRODUCTION

As molecnlar materials having unusval electrical, magnetic and optical
properties, metal coordination polymers with one and two-dimensional structures
have attracted considerable attention in recent years. An important factor has
been the recognition of the significance of this new generation of materials to

science and technologies for the future.

In order to obtain such polymers several strategies are possible. The development
of synthetic strategies for the design of solid-state structures from soluble
components is currently of intense interest. The building-block approach has
been utilized for the rational assembly of inorganic and organometallic
crystalline solids. The design of melecular architecture by self-assembly
processes has received much attention. Metal complexes can be useful building
units for the self-assembling process becanse they can contain a variety of

structural information to guide the self-assembly reaction,

In this work we have designed and synthesized several new and novel pyrazine-
based ligands in order to study the formation of coordination polymers with first
row transition metals. A number of coordination polymers of copper (II} with
these ligands has been prepared through a molecular self-assembly process and
the structures have been crystallographically characterized. Moreover a study of
the magnetic interactions, via a pathway through the pyrazine ring, has also been

performed.



Introduction

1.1. Supramolecular chemistry, molecular self-assembly, and coordination

polymers.

In 1964 John C. Bailar, Jr. [1] proposed an analogy between organic polymers
and a class of inorganic coordination complexes that he called "coordination
polymers”™. His seminal review described and classified the synthesis and
structures of inorganic chain compounds. Since that time, one-dimensional and
other types of coordination polyrmers of metal complexes have been intensely
investigated. The fundamental chemistry and physics behind these fascinating
structures has stimulated interest in their possible uses as materials for new

technologies.

The electrical, optical, and magnetic properties of coordination polymers are a
complex function of their chemical architecture and their electronic structure.
Bridging the gap between molecular characteristics and bulk properties is still
one of the major challenges in science today. Supramolecular chemistry, the
chemistry beyond the molecule, is the designed chemistry of the intermolecular
bond. It is a highly interdisciplinary field covering the chemical, physical, and
biological features of chemical species held together and organized by means of

intermolecular (noncovalent) interactions [2].

Design of supramolecular systems via metal-ion-directed self-assembly or
hydrogen bonding of individual components with the ultimate aim of generating
new molecular materials is an area of current interest. In the structures of
coordination polymers, the well-defined cooperative interactions between
discrete molecules provide a continunm between chemistry and material

sciences.
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Molecular self-assembly is the spontaneous association of molecules
under equilibrium conditions into stable, structurally well-defined aggregates
joined by noncovalent bonds[3]. Molecular self-assembly is nbiquitons in
biological systems and underlies the formation of a wide variety of complex
biological structures. Figure 1-1 gives three biological examples of self-

assembling nanoscale structures.

A
-
aa X ?
g (&
4
B

Fig. 1-1. Three biological examples of self-assembling nanoscale
structures. {A) A schematic representation of the process of protein folding, This

process is shown schematically in three stages: the unfolded primary amino acid

3
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sequence; with the formation of structural motifs(domains), and the folding of
these structures into the final protein conformation. (B) Self-assembly of the
tobacco mosaic virus, (C) Formation of the pyruvate dehydrogenase complex,

[ see atso Ref. 3].

Self-assembly is emerging as a new strategy in chemical synthesis, with the
potential of generating non biological structures with dimensions of 1 to 102
nanometers. Self-assembly also leads to organized molecular assemblies having
long-range three-dimensional order. Molecular crystals are self-organizing
structures, and the interaction determining the relation between molecular
structurc and crystal structure are beginning to be disentangled. Fig. 1-2

represents schematically such a process in the case of two-site complementary

RSN
|

components.

SR e R

Fig. 1-2. Formation of a polymeric supramolecular species
by association of two complementary components.
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In a vecent review, Lindsey [4] described the classification and limitation of
molecular self-assembly processes. He indicated that metal coordination
reactions are likely to be an example of the strict self-assembly which is defimed
as follows: "In this case the product forms spontaneously upen combining the
component parts under the proper conditions, 'Strict’ emphasizes that the
assembly process is reversible and the product is stable at the thermodynamic
equilibrium, The product is a direct result of the structures of the component
parts. All information for assembly is centained within the subunits or precursor
molecules, and neither additional factors nor energy input are required for
assembly to occur.” For metal chelate formation the overall equilibrium constant

(KM-chel) is the product of the stepwise formation constants (Fig. 1-3).

\M / + . o\M—/—o
N\ o// \o/

Metal cholate

Kpenet ™ BK1KzK;

0 0
\M/ 4 0 —= \M/
/ < N\
Metal-unidentate
ligand complex

Kucomp. @ PaB2BaPa

Fig. 1-3. Self-assembly of a metal chelate. The overall equilibrium constant
(KM-chel) is the product of the stepwise formation constants, where 3 represents
the intermolecular reaction (nucleation) and Kj, K2 and K3 represent the
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intramolecular ring closure reactions (growth) that complete the assembly. The
equilibrium constant for camplex formation with unidentate ligands
(KU-comp) is proportional to the product of four intermolecular reactions.

The nucleation step (B) is an intermolecular reaction while the subsequent
growth steps (K1, K2, K3) are intramolecutar; the latter are highly favorable due
to the high effective concentration of the reactive ligand and metal sites. The

metal chelates provide a rich damain for studying self-assembly processes.

1,2, Choice and design of ligands

Ligands that can serve as molecular bridges between metal centers and that also
contain a delocalized 7 system have received considerable attention in recent
years. Binuclear and multinuclear metal complexes, comprsing two or more
metal centers bridged by multidentate ligands, can exhibit metal-metal
interactions, such as energy or electron transfer, magnetic coupling, and
intervalence transfer. Pyrazine and its derivatives have long been known as such
ligands. During the period 1961-1963 Nyholm and his colleagues reported a
series of complexes of pyrazine and its mono-, bis- and tetra-methyl substituted
derivatives with first row transition metals [5-8). They described two basic
structural types based on two nickel complexes, [Ni(2,5-dmpz)Br2]n and
[Ni(2,5-dmpz)Cl2]n : (1) one dimensional extended chain shown in Fig. 1-4;

{2) two dimensional network shown in Fig. 1-5.
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~Cr =~~~

N Ni—p Wi N—Ni—N .

T

Fig. 1-4. Proposed structure shows an infinite chain for [Ni(2,5-dmpz)Br2]n

iTiTLT

diny,, ‘,.ﬂ‘“c"”hn.,_,‘_ I _,.,m\“‘chhu,.,,__ b!l o
ll\m/l\m/l\

egeel

,I"‘-, I "“‘““c '”m"fm t‘\\

f?fc ?;t Y

Fig. 1-5. Proposed structure with a 2D framework

for [Ni(2,5-dmpz)Cl2]n
7
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Just three vears later, the crystal structure of [Ni(2,5-dmp)Br2]n was proved by
Ayres et al. [9). But the second structural type they proposed was only
demonstrated in a similar compound [Cu(pyz)Br2]n in 1989 [11]. Since that
time, a number of coordination polymers with pyrazine and its alkyl derivatives
as bridges has been reported [12]. Crystal structures analyses have revealed
mainly ene-dimensional extended chain [13] and two-dimensional square Jattices
[14], shown in Fig. 1-6. In addition die polymers of Cu(l) and Cd{Il} with alkyl

substituted pyrazines have been shown to give similar crystal structures {15, 16].

Fig. 1-6. The two-dimensional square lattices found in [M(pyz)2X2]n, where:
M = Cu(ll), Fe(11), Co(II), Ni(11); X= CO4-> CH3503-NCO-, halogens, etc.

8
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In the period from 1972 to 1982, Antinelli et al. [I7] prepared a series of
complexes of 2,3- and 2,5-pyrazine-dicarboxylic acid with 3d metals and most
of them appear to be coordination polymers. The crystal structure of a cobalt
complex of the former ligand presented an infinite chain [18]. (*Connor et al.
[19,20] symthesised a copper coordination polymer using 2 3-pyrazine-
dicarboxylic acid as ligand and the polymer nature of this structure was also
proved by X-ray single crystal diffraction.

In the 19805, Marty and co-workers [21-26] nsed tetra-substituted pyrazines as
potentially bis(tridentate) chelating ligands, for example, pyrazine-2,3,5,6-
tetracarboxylic acid (H4pztc) and tetrakis(aminomethyl)-2,3,5,6-pyrazine
(TAMP) shown in Figs. 1-7, with first row transition metals to prepare a number

of linear coordination polymers as well as a two-dimensional polyrmer [27].

Another particnlarly interesting ligand is 2,5-bis{(2-pyridyl)pyrazine (BPPZ)
which has been wvsed recently in the construction of some interesting
supramolecular system with Ro [28,29]. It has also been shown to form
alternating polymer chains with copper (11} with acetates as bridges [30,31}. The
chains were cross-linked by copper acetate dimers to form an extensive two-
dimensional polymer [32]. In addition attempts have been made to nse 2,3,5,6-
tetra-(2-pynidyl)pyrazine (TPPZ) as a ligand to construct polymeric  structures
with first row transition metals [33-35]. The ligands BPPZ and TPPZ are also

shown in Fig. 1-7.
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HO OH HN NH,
N N
o] =2 o] -
o] P [o] =
N N
HO OH H3N NH;
H,prtc TAMP

BPPZ

Fig. 1-7.  Some substituted pyrazines used as ligands
In the present work the first ligand tested was 3,6-dimethyl-pyrazine-2,5-

dicarboxylic acid (H21.1) or its methy] ester (Me2L1) shown below. They aiso

present the possibility to form coordination polymer with 34 metals.

— OR

R=Me, H

10
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The ligands shown above have been chosen for their demonstrated ability to act
as bridges linking together metal centers to give a number of one and two
dimensional polymer structures. The design and synthesis of polyfunctionalized
ligands is still of importance in atiempts to meet new requirements including
infinite two- and three-dimensional coordination networks, heteropolymetallic
sysiems, and extended chains with helical structures. Some important
developments in the design of supramolecnlar systems incorporating metal
centers have resulted from a constructive use of the conformational and bonding
preferences of carefully selected organic ligands [36). Furthermore, in order to
improve the solubility of the polymers or to control the rate of the
polymerization, modification of the ligands, in particular pyrazine-based ligands,

15 necessary.

For the reasons discussed above, preparing new pyrazine derivatives with two,
three and four substitated groops to form various coordination polymers, with a
diversity of structure such as helices, suitable for a wide vaniety of applications is
of intense current interest. We now report a new strategy to synthesize
symmetrically tetra-substituted pyrazines with two different kinds of functional
groups. Five new ligand candidates shown in Fig. 1-8, werc designed and

synthesized.

11
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o N> l o N I

HO | X HO | "\ S
= N/ ot HO N/ I =
N [¢) o) N P

HoZ (19b) HoL? (22)
N |
N
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I ) I ) )
OH
o s
N NC N | =
o NoL 2
& 25

10a

Fig. 1-8. Some ligands and ligand candidates designed
and synthesized in this work

Among them, H2L2 and H2L3 can not only act as ligands to form a variety of
coordination polymers with copper (II), but are also capable of forming unique

molecular aggregates via hydrogen bonding. The two ligands combine a bis-

12
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bidentate BPPZ with two harder carboxylate sites. Compared with other pyrazine
based ligands, H2L2 and H2L3 present a wider pH range in aqueous

solotion for complexation reactions and a diversity of structure in forming of
polymer formation. As they are based on the more complicated reactivity and

diversity of structure, we will call them "second generation” ligands.

1.3. Molecular magnetism

Magnetic behavior is usually detected by a sobstance's response - either
attraction or repulsion - to a magnet. It arises from the way electron spins interact
with each other. Every electron has a small magnetic moment assaciated with its
quantum mechanical "spin”. Since each orbital may have up to two electrons-one
spin-up { T ) and ene spin-down ( 4 ) the spins cancel when both electrons are
present. If a molecule or tcn has two electrons in every orbital, it is diamagnetic
and will be repelled slightly in an applied magnetic field. If a molecule has an
odd number of electrons, there will be at least cne unpaired electron, and the
molecule will have a net spin. Such molecules or ions are sufficiently far apart so
that their spin-coupling energy is small compared to the coupling-breaking
thermal energy. Such spins do not couple; instead they form a very weak type of
magnet called a paramagnet. When the spins are closer together, the spin-
conpling energy increases and may become large enough to enable an effective
parallel coupling, called ferromagnetic { TT ), or antiparallel conpling, called

antiferromagnetic { T ). Ferrimagnetism comes frem coupling between mare
up-spins than down-spins, so that complete cancellation does not occur and the
material as a whole has a net magnetic moment. All the four magnets are shown

in Fig. 1-9.

13
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f SRS
\1({—}'{‘\: Pttt

Paramagnet Ferromagnet

RRRER AR
SERRR AR

Antiferromagnet Ferrimagnet

Fig. 1-9. The main types of magnets.

When the spins couple in a parallel manner, the material's response to an applied
magnetic field - termed its magnetization - enhances; when their coupling is
antiparallel, magnetization is suppressed. The limiting value of this response,
called the saturation magnetization, comes when all spins in the material are
aligned. Technologically useful ferromagnetic or ferrimagnetic behavior is not a
property of a molecule or ion; like superconductivity, it is a cooperative property

seen only in the solid state.

The pyrazine ring can serve as a molecular bridge between metal centers to form
magnetic coupling systems. However, all pyrazine bridged polynuclear
complexes reported to date show very weak antiferromagnetic coupling [37],

except the latest example involving the Cu(l1) complex of TPPZ [38].

The superexchange mechanism in polynuclear copper(11) complexes in which the

bridging lpand is pyrazine is a controversial subject and several poorly

14
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compatible points of view have been expressed in the past two decades. The
main point of discussion concerns the type of snperexchange pathway, whether
n or o. The two alternative mechanisms have MOs of adequate symmetry and
energy to interact with the symmetric and antisymmetric combination of the
atomic orbitals of the copper atoms that contain the unpatred electron, dzz(s) and
dzZ(a) or dxz—yz(s) and dxz-yz(a), depending on the peometry of the

coordination polyhedron of the copper atom.

In 1976 Hatfield et al. [39] proposed the n pathway based on spectroscopic
evidence. The snperexchange pathway shonld occur throngh the 7 network by
means of the overlap of the ds and da combinations of the dx? - y2 atomic
orbitals with the HOMO ps (blg) and its antisymmetric analogne pa (b3n) that
give rise to the molecnlar orbitals ds and @3. A further modification was
introdnced in 1977 by the same anthor [40]. That is, the interaction of the dxy(a)
orbitals with the pa bonding MO (b2g) of the pyrazine bridge. 1t should be noted
that in this model, the antiferromagnetic character of the compounds must be
weak: the big and b3y MOs have litlle density on the nitrogen atoms and the
overlap will be very inefficient. For the interaction between the dxy(a) and the
b2g MOs it is assumed that only some unpaired spin density lics in the dxy
orbitals by mixing with the ground state dx2-dy? orbitals.

Later Hendrickson [41] proposed that the interaction was due to overlap of the
ds a orbitals with the highest & occupied MOs of the bridge, taking as reference
the dinuclear copper(Il) complexes [42] [Cu2(ren)2(PPD)]X4q ( X = NO3,,
ClO4-, PFg~ and PPD = p--phenylenediamine). Here the superexchange 2]
parameters are in the range -70.2 to -39.6 cm~1, The related p-benzidinediamine
bridge, BZD, despite the large Cu-Cn separation, gives a small antiferromagnetic

coupling of the same order as that observed for pyrazine bridged complexes. In
15
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these complexes the interaction should be propergated by the highest MOs of the
PPD or BZD ligands. MO calculations on PPD, BZD and pyrazine shows that
these MOs are mainly a symmelric combination of nitrogen lone-pair orbitals
with minor contributions of the C-ring atoms for the pyrazine and comparable C-
ring contributions for PPD and BZD. The low antiferromagnetic coupling for
pyrazine compounds was explained by the poor 2pz contribution argument and

the fact that PPD and BZD are stronger bases than pyrazine.

More recently Oshio et al. [37]), after performing Extended Hiickel MO
calculations, suggested that even throngh the o pathway the antiferromagnetic
interaction should be low, as observed experimentally, owing to the small value
of the Jab two center Coulombic repunision integral. The Jater shonld be low dne
to the long Cu-Cu distance.

In the Hatficld model (the = pathway) the dihedral angle between the
coordination plane of the copper atoms and the plane of the pyrazine ring is
determinant. The larger the dihedral angle the greater the orbital overiap, hence,
the larger the antiferromagnetic interaction. For the o pathway the value of this

ditedral angle has no influence on the orbital overlap.

In the present work we have extensively investigated the magnetic properties of
several pyrazine bridged copper(ll) complexes with figands 2 and 3, which show
moderate antiferromagnetic coupling between copper ions and provide new proof

to support the o pathway.
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RESULTS
2.1. Synthesis of Ligands

2.1.1 Synthesis of Ligand 1
2.1.1.1 Synthesis of Ligand 1 and its Derivatives

The most general method for the synthesis of symmetricaily substituted pyrazines, 2,5-
disubstituted and 2,3,5,6-tetrasubstituted pyrazines, depends on the self-condensation of
o-(primary amino)carbonyl compounds to form dihydropyrazines, which is subsequently
oxidated to the pyrazines, as shown in scheme 1 [1]. In some of cases, however,

a-(primary amino)carbonyl compounds are not stable but they can usually exist as the

HCI salt form,

Scheme 1
Ry 0 WN_ R, . R N S Ry N R,
= Ho [ =
+ —— —_— |
H Z p
Rz NK, o R, K, N R, R; N Ry
We choose 3,6-dimethylpyrazine-2,5-dicarboxylic acid alkyl esters as precursors to
obtain ligand 1 (3,6-dimethylpyrazine-2,5-dicarboxylic acid). The synthesis of the 3,6-
dimethylpyrazine-2,5-dicarboxylic acid alkyl esters were first described in briefly by
Adkins and Reeve [2). The key step of their method was the reduction of allkyl 2-
oximinoacetoacetate to form alky! 2-aminoacetoacetate via catalytic hydrogenation,

Raney nickel was used as a catalyst to afford the product in ca. 25% yield at high

pressure {100-125 atm, for initial pressure of hydrogen). lida et al. [3] improved this

19



Results

method by using supported nobel metal catalyst, Pd/C, at 18 atm in ca. 60% yield., but
HCI ¢ontaining salvent is involved in their reaction, which limits the application of this
method. We have studied the catalytic reduction of the alky! oximinoacetoacetate in
presence of different catalysts, such as , Zn dust, Pd/C, Raney-Mi, and Rh/C in neutral
solvent at low pressure (3-4 atm.). Finally compounds 3 and 4 have been synthesized by
using 2 one-pot reaction combining catalytic reduction of alkyl 2-oximinoacetoacetate
over RWC catalyst at tow pressure {3-3.5 atm.), self-condensation, and oxidation. It is
not necessary ta isolate the active intermediate, alkyl 2-aminoacetoacetate, in this
method. We have obtained an overall yield 55 % by this simplified one-step process.
Scheme 2 presents the results of this one-pat reaction. This method will be very usefut

for the preparation of other symmetrically substituted pyrazine derivatives.

Scheme 2
NaNQWACON RhIC, 35 bar
3% EtQH RT. 0 0
——+
OR
NHp
1. R = Me, 60%
2 R=Et 74%
RT
o
N
= | OR
RO =~
N
0
3. R = Me, 55%
4.R = Et, 56%
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Scheme 3
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100 H

Scheme 3 presents the synthesis of some derivatives of Ligand 1. Some of them, such as

compounds 8 and 10, may be potential ligand candidates to form dinuclear and

polynuclear complexes with transition metal ions.

Lawesson reagent {3] is the most efficient thiation reagent known to date, and was
successfully applied in the thiation reaction of the carboxarnide (6) to afford compound
7. From compound 7 we can obtain an asymmetric substituted pyrazine derivative (8a)

via a metal-catalyzed hydrolysis reaction. The detailed mechanism of this reaction

remains unclear,
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The peptide bonds in compound 10 have been synthesized in high yield via the ester
route. This ¢compound may be a bis-tridentate ligand. In addition 3,6-dimethyl-2.5-
pyrazinedicarboxylic acid chloride (9) will certainty be an important starting material for

preparation of other symmetrically substituted pyrazines.

2.1.1.2, Characterization of Ligand 1 and its Derivatives

All of the compounds were characterized by 'H and !3C NMR spectroscopy and gave
satisfactory results. The mass spectra of some of the compounds has been observed with
EI-MS and DCI-MS methods. The structures of ligand 1 and its most important
derivatives were characterized by X-ray diffraction. Fig. 2-1 and Fig. 2-2 show the
crystal structures of dimethyl and diethyl 3,6-dimethylpyrazine-2, 5-dicarboxylate, 3 and
4. The two malecules have Ci symmetry and the centra! pyrazine rings are planar, The
bond distances and angles in the esters have values close to those expected for this type
of compound. The pyrazine ring is not coplanar with the carboxylate substituents; the
dihedral angles between the pyrazine ring and the plane of Q1-C4-02 are 12.26 (58)° for
3 and 9.15 (40)° for 4 respectively.

Fig. 2.3 presents the malecular structure of HyL1, The molecule also possesses Ci
symmetry and the central pyrazire ring is planar. The protonated carboxylate group is
inclined to the planar pyrazine ring by 37.50(21)°. There are two water molecules of
crystallisation, which link’ HzL! molecules to form an cxtensive three dimensional
hydrogen-bonding network shown in Fig. 2-4 and The bond lengths, band angles and

hydrogen bonds are shown in Table 2-1.

22



Results

02 s

Fig. 2-1. Crystal structure of dimethyl 3, 6-dimethyljpyrazine-2,5-
dicarboxylate (3), showing the atom-numbering scheme

Fig. 2-2. Crystal structure of diethyl 3, 6-dimethylpyrazine-2,5-dicarboxylate (4),
showing the atom-numbering scheme
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Fig. 2-3. Crystal structure of 3, 6-dimethylpyrazine-2,5-
dicarboxylic acid (5), showing the atom-numbering scheme

Fig. 2-4. A crystal packing diagram of compound 5,
hydrogen bonds are illustrated by dotted lines
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Table 2-1. Bond Lengths, Bond Angles and
Hydrogen-Bonding Geometry for 5

Bond Lengths (A) Bond Angles (%)
N1--C} 1.334(2) CleN(--C 2 18.9(1)
NI—C2 1.343(2) N1—C1-CH 122.5(2)
ol—C4 1.302(2) NI[--CI--C4 [15.7(1)
02--C4 1.209(2) C2-C1-C4 1218(2)
Cl---C2i 1.398(2) N1-C2-Cli L18.6(2)
Cl---C4 1.505(2) N|-C2-C3 Li7.42)
C2--C3 1.491(3) Cli-.C2-.C3 124.3(2)

02--C4--01 124.4(2)
02--C4--Cl 122.8(2)
OF--C4-Cl 112.7(2)
D—H..A D..A(A) D-—H(A) H...A(R) D—H..A{)
0f-H1..0W] 2.547 0.944 1.607 173.22
OWi-HI11..02 2.821 0.841 1.987 (71.68
OWI-HI2..NI 2.913 0.849 2079 167.09

Symmetry code: (i) -x+1. -y+2. -z

The crystal siructure of compound 8a is shown in Fig 2-5. The bond lengths and angles
in the structure are normal. In the crystal the terrmnal hydroxyl group 02-H2 connects
to O1 of an symmetry related molecule via a hydrogen bond( 02-H2...01i, 02-H2, 0.82;
H2..01, 2.13; 02..01, 2.944 A; 02-H2..01, 172 °). It is of interest to siudy the 1H
NMR. spectroscopy of compound 8a. A significant long-range H-H coupling in this
molecule has been observed with 7} = 0.7 Hz, Fig. 2-6. shows its 'H and 'H-TH COSY
NMR spectra. The coupling constants 3] and 6] for a series of 2-alkyl-3-
methoxypyrazines have been reported [4,5]. The coupling constant 7J, however, is

observed for first time in substituled pyrazines.
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0z

Fig. 2-5, A). Crystal strecture of 5-cyano-3,6-dimethylpyrazine-2-carboxylic acid (8a),
showing the atom-numbering scheme; B). Hydrogem bonded dimer in compound 8a
{hydrogen bonds are illustrated by dotted lines).
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F2.9

Py

ppm 29

Fig. 2-6. 'H NMR spectra of compound 8a,
A). TH NMR spectrum (CD30D, 200 MHz);
B). 1H-H COSY ( CD30D, 200 MHz)
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The structures of  N,N-Bis[2-(4-imidazolyl)ethyl]-3,6-dimethyipyrazine-2,5-
dicarboxamide { 10 } end its HCI salt were charactered with IR, NMR, MS, and X-ray
diffraction with atisfactory results. The crystal structure of the HCI salt (10b) and a
pecking diagram are shown in Figures 2.7 and 2-8. The molecule possesses Ci
symmetry. The nitrogen (N3) of the imidazole moiety is protonated and the central
pyrazinc ring and the imidazole tings are planar. There are two water molecules of
crystallisation in the crystal. The moiecules are linked by an extensive hydrogen bonding
network invelving the water molecule OWIi, Cli” ion, and ali the N atoms of this

malecule.

Fig. 2-7. Crystal structure of campound 10b, showing

the etom-numbering scheme
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Fig. 2-8. The crystal packing diagram of compound 10b

2.1.2. Synthesis of Ligand 2

2.1.2.1 Synthesis of Ligand 2 and Some Related Compounds

Based on the synthesis of ligand 1, 3,6-bis(2"-pyridyl)pyrazine-2,5-dicarboxylic acid
(ligand 2, 19) has been prepared by a similar method, scheme 4. Diethyl 3,6-bis(2-

pyridine)pyrazine-2,5-dicarboxylate was used as the precursor.

However, introduction of the pyridyl group raises new problems in the reduction
reaction of the oximes as well as in the following reactions. Ethyl acetate was chosen as
the solvent for the catalytic hydrogenation reaction. The intermediate, compound 16, can

be isolated and but still remains unstable, particularly in solution. In the following
29
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reaction we have found that the imermediate can not carry out self-condensation in a
solution of ethyl acetate. Finally chloroform was selected as the solvent for the
condensation and oxidation. The overall yield is 27% for six steps. There are some by-
products in the key step, condensation and oxidation reaction, which are very difficult to
control. It is of interest to study these by-products in order to determine the salvent
effect on the condensation and the formation mechanism of these by-praducts.

Scheme 4

R
(J\H/oa CH,CO0EL OWOE\ HaNOy, 5°%C
" HaH, Bcnnne
°
t°:l nr,

13 (96%) 16 (7%
Ho, KoH M
é $ rgzrﬁ.l! g $
7 (%] (Y727
MaoH [ H*

Mol N\ = l
=y I H/ e
I LM . -]
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The compound 19a, Hal2, is synthesized via a hydrolysis reaction of 17. A prominent
characteristic of compound 19 is its amphoteric property. This molecule presents a very
complicated and a great diversity of behaviour in aqueous solution. 19b and 19¢ have
been prepared in order to examine its different forms in the solid state, scheme 5. The
reaction of compound 19a with 80Cl; gave the acid chloride, compeund 20, This will

certainly be a very useful compound in the synthesis of new multidentate ligands.

Scheme 5
é‘\
= M H mso = 0
o -
’J s F
19 18a 18¢

in additien, in order to obtain the isomers of compounds 1%, ie. 3,6-bis(3-
pyridyl)pyrazine-2,5-dicarboxylic acid and 3,6-bis{4-pyridyl)pyrazine-2,5-dicarboxylic
acid, compounds 14 and 15 have been prepared from the respective f-kelo-esters.
However, further attempts to synthesize the isomers were not successful. Some crtical
factors in the reaction of catalytic hydrogenation, self-condensation, and oxidation, such
as, the stability and conformaticn of the intermediates and solvent effects, are still

unclear.
2.1.2.2. Characterization of Ligand 2 and Some Related Compounds

All of the stable compounds were characterized by 'H and 13C NMR spectroscopy, El-

MS, DCI-MS, and FAB-MS spectrometry methods giving satisfactory results.
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The X-ray crystal structures of the pyridyl oximinoacetoacetates (13, 14, and 15) are
shown in Figures 2-9, 2-10, and 2-11. Selected bond distances and angles, torsion
angles, and hydrogen bonds in the three compounds are compared in Table 2-2. To our
knowledge no crystal structure of any compound with this structure type has been found
in the Cambndge Crystal Structure Database [6]. No significant differences were found
in the bond lengths, bond angles, or the conformation of the three molecules, Although,
the carboxylate moiety of compound 14 presents a different orientation, this is probably
due to the effect of the different substituent group, methyl rather than ethyl, The two
disordered components (ester group) of compound 13 also have a slightly different

ofientation.
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Fig. 2-9. Crystal Structure of compound 13,
Showing the atom-numbering scheme.

Fig. 2-10. Crystal Structure of compound 14,
Showing the atom-numbering scheme,

Fig. 2-11. Crystal Structure of compound 185,
Showing the atom-numbering scheme
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Fig. 2-12. A crystal packing diagram of compound 13,
hydrogen bonds are illustrated by dotted lines

Fig. 2-13. A crystal packing diagram of compound 14,
hydrogen bonds are illustrated by dotted lines

Fig. 2-14. A crystal packing diagram of compound 15,
hydragen honds are illustrated by dotted lines

34



Results

Table 2-2. Selected distances (&), angles (°), torsion angles(®),

and hydrogen bond geometry in the compounds 13, 14, and 15

Compound 13 14 15
Cli--C6 1.48%(3) 1.487(3) 1.489(3)
C6—-C7? 1.513(3) 1.517(%) 1.508(3)
C7--C8 L487(3) 1.490(3) 1.490(11)
Co--01 1.203(3) 1.207(3) 1.20(7)
C7--N2 1.275(3) 1.285(3) 1.27%7)
N2--02 1.380(2) 1.36%(3) 1.388(9)
C8---03 1.203(3) 1.395(3) 1.2006)
C8--04 1.32003) 1.320(3) L3I
01-C6--C) 121.5(2) 121.9(2) 122.0(3)
C1--C6--C7 119.4(2) 119.2(2) 117.1(4)
N2--C1-C6 123.3(2) 122.3(2) 125.1(4)
C7--N2--02 111.9(2) 110.8(2) 111.2(6)
N2-C7--C8 118.3(2) 116.4(2) 120.1{5)
C7--C6--01 119.1(2) 118.9(2) 120.9(3)
C7--C8--03 122.3(2) 125.5(3) 119.6(5)
C7--C8--04 112.3(2) 110.5(2) 114.2(2)
C8--C7--L6 117.9(2) 120.7(2) 114.6(2)

C5--C1--C6-01 -7.89(33) -0,8%(37) -19.59(38)
C2--C1--C6-C7 170.22(20) -1.73(34) 161.62(30)
G2--N2--C7--C8 176.31(17) 177.56(20) 176.37¢17)
02--N1--C7-C6 4.57(29) 3.11(31) 0.41(28)
O1-C6--C7-N2 106.21(27) 103.51(28) $1.00(67)
Cl1--C6--C7-N2 ~72,62(29) +76.08(30) 90.91(64)
01--C6--C7-C -65.55(30) -70.70(32) 92.85(70)
C1-£6--C7-C8 115.32(22) 109.70027) -85.24(67)
N2-L7--C8--03 -172,07(22) -0.68(44) -172.94021)
C6—-C7--C8-03 0.11(3) 173.89(31) 3.42(29)
N2--C7--C8--04 7.30{29) 1719.66(21) 6.16(29)
C6—-C71-C3-04 179.49(20) -5.77(32) -177.47(18)
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Hydrogen bond: 02-----H22...... N1
02--NI 02—H22 H22-—-N1 02--H22--N1
13 2.739 0.93 1.81 176.6
141 2697 0.95 1.75 1758
15ii 2.674 1.03 1.67 166.9

Symmetry codes: (i) -1/2+x, 1/2-y, 2 (i), -x, 8- 12, 1/2 -2 (iif). 3/2 - x, W2 +y, 2

There is a strong intermolecular hydrogen bond, Q2---H22. N1, in ali three crystal
structures, which links the molecules to form infinite chains. The crystal packings are
shown in Figures 2-12, 2-13, and 2-14. No intramaolecular hydrogen bonds were found.
The structure of the three molecules in solution is very complicated, since there are at
least two configurations of the oximes possible, and tautomenism is probably invalved. It
would be of interest to study and assign this structural problem and find the relationship

between the reactivity and structure. However such a study is beyond the present work.

Compound 16 is a very active molecule and can be handled only for a short time in the
solid state. The molecular ion peak has been observed by EI-MS. Soame 1R bands, 3296

and 2988 cm-! corresponding to the amino group, have also been observed.

The X-ray crystal structure of the ethyl and methyl esters of ligand 2, compound 17 and
18, are shown in Figures 2-15 and 2-16. Both maolecules have Ci symmetry and similar
configurations. The distances and angles in 17 and 18 are normal. The basic molecular
units , the 2,5-5is(2-pyﬁdy])pymzine moteties, exist in the extended form with a dihedral
angle between the best plane through the pyrazine and pyridine rings of 1.5(7) and
7.6(4)°, respectively. The carboxylate ester moieties in 17 and 18 are inclined to the

central pyrazine ring by 80.7(5) and 74.8(2)°, respectively.
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showing the

’

Crystal Structure of 17
atom-numbering scheme.

Fig. 2-15

Crystal Structure of Me;L (18), showing the

Fig. 2-16

atom-numbering scheme,
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The structure of compound 19a was characterized by IR, NMR, and DCI-MS. The
crystal structures of compound 19a, 19b, and 19¢ have been determined by X-ray
diffraction, Figs. 2-17 to 2-22. Compounds 19b and 19¢ possess crystallographic Ci
symmetry, The selected bond distances and angles are compared in Table 2-3, which

indicates that there are no obvious differences.

Table 2-3. Selected distances (A) and angles (%)
in 1he compounds 192, 19b, and 19¢.

__Compound 19a 19b 19¢
01—Cl10 1.211(4) 1.208(2) 121103
02—C10 1.297(4) 1.310(2) 1.3103)
Cl--C2 1.408(4) 1.398(2)i 1.401(3)it
Cl1—C$ 1.4B7(4) 1.495(2) 1.485(3)
C1-~N1 1.333(4) 1.335(2) 1.341(3)
C2—-N2+ 1.335(4) 1.338(2) 1.335(3)
N3 *—C5 1.338(4) 1.345(2) 1.342(3)
N3**.-.CY 1.347(4) 1.338(2) 1.336(3)
C2--C10 1.515(4) 1.5112) 1.506(3)
N24.C2-C] 120.9(3) 121.202) 122.5(2)f
N2*.C2-Cl0 115.4(3) 116.6(2) 113.52)
C1-C2-C10 123.5(3) 122.08(14)i 123.7¢2)i
N1-C1-C2 120.7(3) 121.21(14)1 119.5¢2)i
NI-C1-C5 17.1(3) 116.60(14) 117.2(2)
C2-C1-C5 122.2(3) 125.19(14)1 123.3(2)
CI-N1-C4*** 118.2(3) 117.60{14) 118.02}
01-C10-02 126.4(3) 125.2(2) 125.4(2)
01-C10-C2 120.7(3) 121.72) 121.0(2)
02-C10-C2 112.8(3) 1121014 113.4(2)
N3*+.C35-C6 123.6(3) 119.4(2) 123.002)
NI#+-L5-C1 115.3(3) 117.5(2) 115.9(2)
C6-C5-Cl 121.0(3) 122.7(2) 121.1(2)
C5-NI%v.C9 116.6(3) 122.7(2) FL6.7(2)

+ This atom is named as Nla in 19b and 19c;
+ ** This atom is named as N2 in 19b and 19¢; *** This atom is named as Cla in 19b
and 1%c; Symmetry codes: (i) -x+1, -y, -z; (ji} -x+2, y-1, -2+1
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Molecule 19a in the solid siate exists as an inner sait zwitterion, like an amino acid. The
crystal structure of 19b indicates that the two pyridyl groups of the molecule are
protonated, Since compound 19¢ was obtained from a solution of DMSO, this molecule
is present as & normal organic carboxylic acid. It is very interesting to compare the
conformation of the three forms of ligand 2. Although the bond lengths and angles are
very similar, the conformations are different, notably the dihedral angles between the
pyridine rings and the carboxylic groups and the central pyrazine ring which are given in
Table 2-4. The large differences indicate that the pyridine rings and carboxylates of the
molecule are very flexible and rotate about the bonds connecting them to the central
pyrazine ring. In fact, this flexibility is one of the reasons responsible for the diversity of

this ligand. We will discuss this relationship further in the next chapter.

Fig. 2-17. Crystal structure of H,L2 (19a), shawing
the atom-numbering scheme
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Fig. 2-18. A crystal packing diagram of compound 193,
hydrogen bonds are illustrated by dotted lines

Fig. 2-19. Crystal structure of H3L2.2HCIL{H20)2 (19b),
showing the atom-numbering scheme
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Fig. 2-20. A crystal packing diagram of compound 19b

Fig. 2-21. Crystal structure of HzL2 (DMS0): (19¢),
showing the atom-numbering scheme
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Fig. 2-22. A crystal packing diagram of compound 19¢

Table 2-4. A comparison of the dihedral angles
between the pyridine rings and the carboxylate
groups and the central pyrazine riag

Compound 19a 19b 19¢
Py " Pz (%) 36.8(1) 55513 23.3(1)
APy " Pyz (%) 43.2(D)
COOH " Pyz (%) 44.3(1) 19.8(2) 69.0(1)
COO " Pyz(®) 45.902)

Molecule 19a in the solid state forms a double-stranded molecular ribbon linked by four
strong hydrogen bonds involving atom O2 of the protonated carboxylate group, atom
N4 of the protonated pyridine, and atoms O3 and 04 of the deprotonated carboxylate

group, see Fig. 2-18, The hydrogen bonding geometry is given in Table 2-5, We believe
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that it is for this reason thal compound 19a is hardly soluble in water. In the solid state
molecules 19b iare linked by an extensive hydrogen bonding network involving the Cl-
ion, the water molecule of crysiallisation, OW1, atom Q2 of the protonated carboxylate
group, and atom N2 of the protonated pyridine, Fig. 2-20, There is only one strong
hydrogen bond belween atom 02 of the protonated carboxylate group and atom Q3 of
the included DMSO molecule, Fig. 2-22,

Table 2-5. The hydrogen-bonding geometry in 19a, 19b and 19¢.

Compound H-Bond D...A | DeeH | H..A | D-H.A
A) A (A S )
19a 02-H2.041 2.534 .13 1.45 159.0
-19a N4--H4..03 2,665 0.91 1.76. 1712
19b OWI--H1..Cl] 3145 082 2.33 171.4
19b 02-H1..OW1 2.559 0.84 172 1719
19b N2--H2..Cl1 3.022 0.92 2.11 175.4
19b OWI1--H2..Cl1 3.147 031 234 173.6
19¢_ 02-H2..03 2611 | 0w 1.68 173.8

Symmetry codes: (i} x -1ty 2 (i) 1-x -0.5+y 0.5-z
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2.1.3. Syathesis of Ligand 3

2.1.3.1 Synthesis of Ligand 3 and its Derivatives

Using KMnOy as oxidising agent to react with the quinoxalines in neutral or basic media

is the commén method [1] for the synthesis of 56-disubstituted-pyrazine 2,3-

dicarboxylic acid. Some successful reactions are shown in scheme 6.

Scheme 6
N Rg a. KMnO‘ HOOC N R1
- b.HCI N
———-
- =
N R, HOQC N R;
R1 = Rz =H
Ri=Ry. Me
Ri=R;=Ph
R1 - Rg =ClI
R«| = Me, Rz =H

In grder to synthesize ligand 3 (compound 22) some precursors such as compounds 21
and 25 were considered. Scheme 7 presents the results of the synthesis of ligand 3 and
its derivatives. The oxidation reaction is carried out in water. Compound 23 can be
obtained by the reaction of 22 with thiony! chloride instead of acetic anhydride.
Compound 24 was prepared as a potential ligand to construct supramolecular systems.
Scheme 8 shows another synthetic strategy for ligand 3. However the preliminary results
were unsatisfactory. Compound 25 has been obtained as a by-product in about 30%

yield. This molecule may also be a potential tigand candidate in coordination chemistry.
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Scheme 7
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2.1.3.2. Characterization af Ligand 3 and its Derivatives

The structure of compound 22 was characterized by IR, NMR, and DCI-MS. The
crystal structure of 22 has been determined by X-ray diffraction, Fig. 2-23. This
malecule exists as an inner salt zwitterion like compound 19a. There is a very strong
intramolecular hydrogen band between the atom N3 of the protonated pyridine and the
atom N4 of the adjacent pyridine ring, which makes the central pyrazine ring and two
substituted pyridine rings almost coplanar, Table 2-7. On the other hand this hydrogen
bouding results in the ceniral pyrazine ring being slightly twisted. This type of hydrogen
bond has been reported previously in a substituted quinoxalines [7]. The selected bond
distances and angles are given in Table 2-6. As a result of the hydrogen bonding, two
unusual large exocyclic angles, C3--C4--C5 131.1{3)° and C4--C3--C10 131.1(3)°, have

been found.

Fig. 2-23. Crystal structure of HzL3 (22), shawing the

atom-numbering scheme
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Table 2-6. Selected distances( A) and Angles (%) for 22

Bond _ | Leagth (A) Bond __ Angle (®
Ni--CI £325(4) C1-N1-C4 120.2(3)
N4 1.351(3) C2-N2-C3 120,5(3)
N2.--C2 1.327(3) N1-Cl1:C2 120.7(3)
N2---C3 - 1350(4) N1--C1-C13 115.3(3)
Cl-C2 1.397(4) C2-Cl1=-Ci} 123.9(3)
CiLd 1.412(4) N2-G2ali 119.8(3)
C1-Cl13 1.511(4) N2::412:-C16 117.4(3)
Cc2—Cis 1.517(4) Ci=-C2=Cib 122,803}
C3.-Cl0 1,503(4) N2=3=Cy 119.3(3)
C4.C5 1.502(4) N2--£3.:£10 109.6(2)
O1-—-Cis 1.213(4) Cé4=C3=Cio 131.0(3)
02---C15 1,300(4) N1=-£d=C3 119.1(3)
03.C16 1,233(3) Ni—Ca-=C5 109.8(3)
C4-~Cl6 1.264(3) €3-:C4:-C5 131.1(3)

N3--C5--C4 120,1(3)
N4=Cit=-C3 120,003)
01=-C15:02 126.%3)
0i=C13=C1 121.9(3)
02=C16-C1 111.3(3)
03--C16--04 125.7(3)
04--C16--C2 117.8(3)
] 03-Cle-C2 116.5(3)

Fig. 2-24a presents the molecular packing in the crystal, Each molecule in ihe crystal is
involved in two strong hydrogen bonds o two neighbouring molecules 10 form a double-
stranded molecular ribbon with a unique hollow cavity, shown in Fig. 2-24b. The

hydrogen bonding geometry is given in Table 2-7.
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IS

Fis. 2-24a, A crystal packing diagram of compound 22,
hydrogen bonds are illustrated by dottede lines.

Fig. 2-24b. The intermolecular hydrogen-bonding of compound 22,
Hydrogen bonds 02-HO2...04"
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Table 2-7. The dihedral angles between the pyridine rings and the carboxylate groups

and the central pyrazine ring and

the hydrogen-bonding geometry for compound 22.

HPy “Pyz | Py“Pyz COOH ~Pyz | CQO-*Pyz
Dihedrai 4.38(.09 7.93{.08) 58.33(.21) 38.00(.11}
Angle ()
Hydrogen Bonding  Geometry
H-bond D..AMA) ID—HGA) | H..AQA) | D-H.AQ
02--H20. 04l 2,475 1.207 1.285 166.7
N3--H3N. N4 2.530 1,234 1313 166.9

Symmetry code (i); 0.5+x 1.5.y z.
Compound 24 was characterized and investigated by IR, 'H and 13C NMR, and FAB-
MS. The preliminary results reveal a very complicated chemistry of this molecule in

aqueous solution.

Compound 25 was completely characterized by IR, 'H and 13C NMR, EI-MS, and X-
ray crystal structure analysis, with satisfactory results. A PLATON drawing of the two
independent molecules is shown in Fig. 2-25. No obvious difference in the conformation

has been found between the two molecules.
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Fig. 2-25. Crystal structure of compound 25,

2.1.4. Synthesis of the Oxazolines

The chiral pyridine having two oxazoline rings, and their complexes, have been recently
designed and synthesized as auxiliaries for enantiotopic-differentiative reactions [8, 9]. In
order to prepare coordination polymers containing a chiral centre, bis-bidentate ligands
includes two chiral oxazoline rings introduced at the 3,6-positions of a 2,5-
dimethylpyrazine skeleton, compound 26 and 28, were rcpared. The chirality of the
oxazoline rings is derived from commercially available optically active B-amino alcohols,

.8 26 from (R)-2-amino-1-butanol and 28 from (R)-phenylglycinol. Compound 27 was
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also synthesized from a non-optically active B-amino aleohol, 2,2-dimethyl-2-amino

ethanol. The results are shown in Scheme 9.

. Scheme 9

R 2
ocl g ép N
IS ONRL__1hS s
| &2 R
2R' ' 1

28R, =H,R;=Ey 56%
27 Ry = Ry = Me, 46%
28Ry =H,R3=Ph,59%

Compounds 26-28 were characterized by IR, 'H and 13C NMR, and EI-MS (HR-MS
for 26-27) with satisfactory results. No X-ray quality crystals were abtained for these

three compounds.
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2.2. Copper(lI) Complexes with Ligands L1, L2 aud L3

2.2.1. Syrithesis and Structure of Cu({Il) Complexes of Ligand 1

The mononuclear complex [Cu( MezL1)2(Ha0)2] (29) was synthesized via a hydrolysis
reaction of Cu(ClO4)2.6H20 and MepL! in 2:1 molar ratio in water, scheme 10. In fact,
this compound was usually obtaived irrespective of the CulY/MezL) ratio used. It is of
interest to note that the coordinated ligand exists in an asymmetric form, even if there

are a number of excess Cull jons in solution.

Scheme 10 .
o) Q 0
e o
° Hy ==
N/ \N + cu —-H20'70c N/ \N—CU—N\ N
o] o o
/ 7N

The structure of this complex was characterized by X-ray diffraction, Fig. 2-26, and TR
spectroscopy. The Cu atom lies on an inversion center which imposes N1---Cul-—N1i
03---Cul---03i, and Owl---Cu---Owli (i -x, -y, -z) angles of 180°, The two MeL!
ligands bound to the Cu atom are frans with respect to each other, with Cul---N1i and
Cul---03 distances of 2.135(4) and 1.895(4) A, respectively, and angles 03--Cu--N]
80.6(2) °, 03--Cu--Owi 91.6(2) ° , N1--Cu--031 99.4(2)°, and N1--Cu--Owl 91.8(2) °.
The Cu---N and Cu---O distances and angles are almost identical to those found in the

structure of the coordination polymer {Mg(H20)s[Cu(pzte)2Ha0] 2H20} s 1101,
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Fig. 2-26. Crystal structure of [CufMeL )2(H20)2] (29),
showing the atom-numbering scheme

Fig. 2-27. A comparison of IR spectra,
A, [Cu(MeL1)2(H0)2) (29);, B. [Cu(L")(H20)2)(H20)0.5 (30)

The coordination of the copper atom is square planar with the Cu atom lying in the best-
plane through atoms N1, 03, N1i, and O3i with atoms Ow!l and Owli occupying
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position + 2.470(4) A from the square plane. The non-coordinated carboxylate groups,
involving O1 and O2, are inclined by 17.7(7)° to the best plane through the pyrazine
ring. The coordinated water molecules and non-coordinated O atoms of the carboxylate

graups are involved in relatively weak hydrogen bonds of the type Ow---H.....O.

The reaction of CuCly-2H;0 with 3.6-dimethylpyrazine-2, S-dicarboxylic acid, HjL!,
directly in water, gave a pale green precipitate. The clemental analysis and a comparisan
of its IR spectra, to that of complex 29, Fig. 2-27, showed that it may be a uniform chain
polymer, with unit formula [Cu(L!XH,0)2)-(H20) 5 (30), Scheme il, Table 2-8

presents the selected IR bands of complexes 29 and 39.

Scheme 11
T o
30 Ty o0 Ty T
>—?N:CT€~ LN/ N—ghn —C G- Ly N—gi—

V{—Q"{W | H,ofl_(\_@,o’ Dt

[CuLN)(H20)2}(H20)0.5 (30)

Table 2-8. Selected IR bands for 29 and 30

Complex | Veym (OH) em’! Vasym(CoO) cm’! Vsym(COO) em’t

29 j449 1647, 1737 1414
30 3427, 3072 1625 1415

The magnetic behaviour of the complex 30 has also been investigated. Fig. 2-28 shows

plots of the malar magnetic susceptibility xm vs T in the range 4.2 and 300 K.
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Fig. 2-28 . The molar susceptibility (xmT/T)
for [Cu(L)(H20),]-(Hz20)0.5 (30)

No coupling was observed in the magnetic measurement of complex 30 and the x,T
value at room temperature is approximately 0.32 slightly less than normal value 0.39 cm-

3Kmol! from the Curie law (1), where §; = 1/2:
XmT = (NB/3k)2gi28i(S; + 1) 1

2.2.2. Synthesis, Structures, and Magnetic Properties of Cu(IT) Complexes

of Ligand 2
The reaction of ligand 2 with first-row transition metals in water can afford a number of
complexes. Sa far five types of the complexes or polymers have been obtained, shown in
Fig. 2-29, (A). a monoruclear complex (MU = Nill and Col'y {11], (B). a dinuclear
complex , (C). coordination polyzﬁers with a uniform chain structure, (D). coordination
polymers with an alternating chain structure, and (E). a two dimensional coordination

polymer. The mononuclear copper(ll) complex (A) was not found irrespective of the
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Cul/H;L2 ratio used. Scheme 12 presents the different Cu(Il) complexes prepared with

ligand 2 in this work.

L —mM — L cul— L —Cu'

{A) (&
—L—C—L—cyl—1L—cu —

©

—L—cu"—B—c'—L—cu'—B—cCu'—

(D)

—cul—o~p —cu'—

o

—L ___cull___l_ -

IR

—cu'—L —cu'—

(E)

Fig. 2-29. The main types of the complexes of ligand 2.
Note: L could be any form of the ligand; B represents a
bridging ligand, i.e. acetate, Cl", water and squarate.
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Scheme 12
Uniform Polymer Chain Alernsting Polymer Chaing
{[Cu(HL)}{H,0))(CI0.)(H;0}} (32) {[Cuz(L*}CH,COO)J(H,0 )s}r (38)
{ICU{HL?}{H0))(NO3)}a (33) {[Cux{L*}L™)}{Hz0)](Hz0)e}s (37)
{ICu(HL')HO)(CHOA)H:O)ln (34)  {[Cu(L?)(H,0)s)(SOLKH,O)shy (38)
{[CUlL"))(H,0)ss}n (35) {[Cua(L*)Clo(H,0)(H;0)} (39)

{ICULA)C 40a)(H20)2](H20)1 5} (40)

NZ
W
+ Cy'
OH
[+]
Dinuclear Complex Two Dimensienai Polymer

[Cuz{L?)Ha0)4J(CI04){HoO)s 75 (31) {[Cuz{L*)(H0))(NOsk}, (41)

2.2.2.1. Dinuclear Complex [Cuz(L2 )(H20)4](ClO4)(H20)3,75 (31)
Complex [Cuy(L2 Y(Hz0)4)(Cl04)2(H20)3.75 (31) was obtained by the reaction of
Cu(C104)2.6H20 with H;L2 in the molar ratio 4:1. This complex was also prepared by
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the hydrolysis reaction of Etz1.? with Cu(Cl104)2.6H;0. Dark green block-like crystals

were obtained whose structure analysis showed it 10 be a dinuclear complex with the

ligand coordinated in a bis-tridentate manner, Fig. 2-30a and Fig.2-30b. It is of interest

10 note that there are two independent molecules, A and B, in the unit cell with

coordinated water molecules cis-- in A and trans-- in B. Selected bond distances and

angles for the two independent molecules are given in Table 2-9.

Table 2-5. Selected bon¢ distances (A) and angles (°) in 31

Bond Molecule | Molecule Bond Molecule | Molecule B

Distance A B Angles A

Cul---Nl 1.938(7) 1.936(8) N1--Cul-Owl 162.8(3) 160.9(4)

Cul--Owl 1.946(7) L9&HT) N1—-Cul-~0lL 81.3(3) £1.9(3)

Cul---Ot 1.980(7) 1.976() O1-Cul-Owl 97.7(3) 96.6(3)

Cul---N3 2.001(8) 1.993(8) NI1--Cul--N3 80.013) 80.0(3)

Cul—Ow2 220009 | 2.188(10) N3--Cul--N3 99.1(3) 99.7(3)

Cu2--N2 1.954(7) 1.935(8) 01--Cul--N3 161.0(3) 161 .8(3)

Cu2--03 1.978(7) 1.952¢7) | N1-Cul-Ow2 105.5(3) 108.0(4)

Cu2—-Ow3 1.987(7) 1.953(7) | Owl—Cul--Qw2 91.7(4) 91.0(4)

Cu2---N4 1.998(8) 1.993(%) O1-Cul--Ow2 92.8(3) 95.6(4)

Cu2-—-Owd 2.172(9) 2.226(9) N3-Cul--Ow2 95,6(3) 92.0(4)

N2—Cu2--03 80.5(3) BL.6(3)

N2--Cu2--0Owl 154.9(4) 162.8(3)

03-Cu2--Ow3 98.5(3) 99.3(3)

N2--Cu2--N4 80.4(7) 80.5(3)

03--Cu2-N4 160.9(3) 162.0(3)

N4--Cu2-~-Ow3 98.2(3) 98.2(3)

N2-Cuz--Qhed 119.0(%) 105.4(4)

03-CuZ--Owd 94.6(4) 94.2(3)

Ow3—CuZ--Ows 86.1(4) 91.7(d)

N4—Cu2--Qwd 95.6(4) 89.4(4)
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Tig. 2-30a. Crystal structute of the two independent molecules of
[Cua(L2)2(Ha0)4)(ClO4)2(H20)3 75 (31), showing the atom-numbering scheme.

Fig. 2-30b. A crystal packing diagram of complex 31, the anions and the water
molecules of crystallization have been omitted for clarity,
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The pyrazine rings are twisted by 8.4(4)° and 5.6(7)° (defined by the dihedral angle
between the planes made up of atoms N1, C1, C4 and N2, C2, C3) for molecute A and
B, respcctively. Pyridine rings | and 1B (Py §: N3, C7-C11; Py 1B: N3B, C7B-C11B),
coordinated to atom Cnl and CulB, are inclined to the center pyrazine ring by 11.4(2)°
and 9.6(2)°, while rings 11 and 11B (Py II: N4, C12-C16; Py 11B: N4B, C12B-C16B),
coordinated to Cu2 and Cu2B, are inclined by 16.1(2)° and 17.6(3)°. The carboxylate
groups 1 and 1B (plane 1. C5, 01, O2; plane IB: C5B, O1B, 02B), coordinated to atom
Cul and CulB, are inclined 1o the center pyrazine ring by 18.4(5)° and 15.2(5)°, while
carboxylates 11 and 1IB (plane 1: C6, O3, O4; plane IB: C6B, O3B, 04B), coordinated
to Cu2 and Cu2B, are inclined by 12.0(9)° and 17.0 (9)°. The ligands are twisted as seen
by the dihédral angles, 26.9(3) and 24.6(3)°, between opposite pyridine rings for
molecules A and B, respectively. The coordination of Cul, CulB and CulB are
described as perfectly square pyramidal with 1 values of 0.03, 0.02 and 0.01,
respectively (t = 0 for SP, 1 = 1 for TBP, according to the definition of Addison et al

[12], also represented below ).

T={B-a|/60 @)

P is the largerof the basal angles and @ is the second

larger of the basal angles of the square pyramidal geometry.

The coordination of atom Cu2 is described as slightly distorted square pyramidal with a
% value of 0.1. The average Cu-N(pyrazine) distance of 1.940(8) A is shorter than the
standard average value 2.024 A [13). The average Cu-N{pyridine) distance is 1.996{9)
A, is close 1o the average vaue reported [14, 15) for the Cu dinuclear complexes
formed with BPPZ and TPPZ. The average Cu-O (carboxytate) distance is 1.972(7) A,

which is close to the usual carboxyl oxygen to copper distance of 1.94 A, The average
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Cu-O(water) distance is 1.963 (7) for the O atoms of water in the square plane and
2.197(10) A for the axial Q atoms, respectively. The Cul to Cu2 distances are 6.508(8)
and 6.488(8) A for molecules A and B, respectively. As a result of comparing the two
molecules it appears that molecule B, with the frans conformation of the axial water

molecules, should be more stable than the ¢is- conformation of A,

2.2,2,2. Uniform Polymer Chains 32, 33, 34, and 35

We have obtained three compounds with a uniform chain structure, 32, 33 and 34 by

reacting aqueous solutions of different Cu(II) salts with ligand 2, scheme 13.

Scheme 13
R.T.
H,L? +2 Cu(C104); 6H,0 _ {[Cu(HL*){H,0)}{CI04){H:0}}.
H.0
(32)
R.T.
HaL? + 2Cu{NOs)y 3H,0 —_ {[Cu(HL}{H.0)]{NQ:)},
H,0
{33)
R.T.
HaL? + 2Cu{C10,)y 6H20 + C.H,0——{[Cu(HL?}{H0)](CHOL({H:0):}n
H.0
(34)

C.H:0Q, = squaric acid
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a) Synthesis and Stractures of Complexes 32, 33 and 34

Figure 2-31. A uniform chain representation found in

the structure of complex 33

Fig. 2-31 presents the general structural feature of this type of polymer found alse in
complex 34. The ligand is coordinated in an asymmetric manner, combining & tridentate
and a monodentate coordination with & protenated pyridine. The crystal structures of
complexes 32 to 34 are given in Figures 2-32, 2-33 and 2-34. Selected bond lengths and
angles for the three complexes are give in Table 2-10. In Table 2-11 dihedral angles
between the pyrazine ring and the pyridine rings and the carboxylate groups are

compared for complexes 32 1o 34.
The copper atoms have a slightly distorted square pyramidal coordination, but with

different T values given in Table 2-10, and a coordinated water molecule occupies the

axial position of the square pyramidal geometry in all three compounds.
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Fig. 2-32. Crystal structures and the atom numbering schemes for
A). Complex 32, B). Complex 33, C). Complex 34,

The intramoiecular hydrogen bonds involve atoms O2 and N4H in complexes 32 and 33
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sk,
i

Fig. 2-33. A conformational comparison

- A). Complex 32; B). Complex 33; C}. Complex 34
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Fig 2-34. Crystal packing diagrams: A). Complex 32; B). Complex 33; C). Complex 34.
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As seen from the figures and Table 2-11 the ligand, although coordinated in a similar
mode, presents two  different conformations in the complexes 32 to 34, An
intramolecular hydrogen bond between the N atom of the protoned pyridine and the O
atom of the adjacent carboxylate, see Table 2-12, is involved in the first conformation,
This results in the three rings and a carboxylate of the ligand being almost coplanar. The
secand carboxylate is almost perpendicular to this plane. The ligand is extremely twisted
in the second conformation, found in the complex 34, with a dihedral angle of 43.9 (2)°
between the protonated pyridine ring and the coordinated pyriding ring,

From Fig. 2-33 it can be seen that there are 1wo different chain compositions in the three
polymers. The first is composed of subunits related by a mirror {enantiomers), which
leads 10 a step-like type chain for complexes 32 and 34. The second is composed of the
same conformational (all R or all § ) subunits related by a 2-fold screw axis, which leads

1o a helical chain for complex 33.

In Table 2-10 a comparison is made of similar Cu-N and Cu-O bond distances and the
bond angles in complexes 32-34. 1t can be seen that the Cu-Npz (Pyrazine) distances,
Cul-N1, are similar in 33 and 34 and langer than found in complexe 31, 1.937 A. An
extremely short Cu-Npz distance 1.905(14) A was observed in comptex 32. The Cu to
Npy (pyridine) and O(carboxylates and water) distances ace also similar and close to the
disiances found in 31 except for the unusually short Cu-O distance, 1.892(11) A, in 32.
However, a similar distance, 1.901(1) A has been observed in complex
{Me(H20)6[Culpztc)-2H20)- 2H20}., 110]. The intramolecular Cu....Cu distances arc
7.604(19), 7.495(4) and 7.726(7) A for 32, 33 and 34, respectively. In general the bond

angles involving the Cu atoms are similar in the three polymers,
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Table 2-10. Selected bond lengths (A) and angles (°) for 32, 33 and 34

Complex 32 Complex 33 Complex 34
Cul---03 1.892(11) 1.940(3) 1.94%5)
Cui--N! 1.905(14) 1.949(3) 1.945(6)
Cul--0l 1.987(12) 1.958(3) 2.003(5)
Cul--N3 2.01(2) 2.000(4) 2.031(6)
Cut-—-Qwl 2.221(12) 2.231(8) 21847
03--Cul-Ni 170.9(5) 168.1{2) 168.9(2)
03--Cul--0 97.9(5) 94.41(14) 97.3(2)
NI1--Cul--01 81.8(5) 80.46(14) §0.7(2)
03--Cul~N3 98.7(6) 103.1(2) 100.7(3)
NI1~Cul-N3 B0.1(6) 80.2(2) 79.043)
O1-Cui-~N3 160.0(5) 159.3(2} 157.5(2)
03--Cul--Owl 92.4(5) 93.9(2) 89.2(3)
N1~-Cul-Owl 96.7(5) 97.1¢2) 101.8(3)
Ol=-Cul--Owl 95.4(5) 93.5(2) 93.9(3)
N3--Cul--Ow] 94.95) 96.1{2) 99.5(3)
1_value 0.18 0.15 0.19

Table 2-11. Dihedral angles (°} between the pyrazine ring (Pz) and
the pyridine rings HPy and Py, and carboxylates planes A and B

Angles' Complex 32 Complex 33 Compiex 34
c~c 0.1(14) 3.14) 2.7(10)
HPy ~ Pz 2.3(4) 6.21) 42.5(11)
Py~ Pz 1.6(4) 7.6(2) LI(%)
HPy ~ Py 6.1{H) 13.3(2) 43.9(2)
A"Pz 9.1{22) 5.06) 0.8(M
B~Pz 80.1(9) 86.4(2) 78,7(10)
plane C'= NI, C1, C4; plane C"=N2, (2, C3
plane A = C15, 01, O2; plane B= C16, 03, 04

The presence of the different anions and the coordinaled water molecules, as well as the

water molecules of crystailization, plays an important role in crystal cohesion. The

87



Resulis

stronger hydrogen bonds are given in Table 2-12. In 32 and 33 parallel polymer ehains
are linked by a two dimensional hydrogen bonding network involving the coordinated
water molecules and the anions, as well water molecule of crystallization for 32. The
most interesting hydrogen bonding network is found in complex 34. The chains are
linked by a three-dimenstonal hydrogen bonding network involving all four O-atoms of
the squarate anion, two water molecules of crystallization, the axial coordinated water
motecule, and N-atom of the protonated pyridine, and the two carbonyl O-atoms of the

carboxylate groups.

Table 2-12 Hydrogen bonding in complexes 32, 33 and 34

Complex [Hydropenbond {D..A{A) |[D-H(A) |[H.A(A) {D-H.A{®)
32+ Nd--Hd.. .02 257 086 1.70 162
Owl...Ow2 2.764 - PR o
Ow2..02 1.783 . — .
average ¢. s. ds. 0.018 0.02 0.02 0.6
33 Nd--H4...02 2537 0.50 1.66 1653
Owi-H1A..052 2,753 0.85 1.93 163.3
Owli--H1B... 04! 2,762 0.79 2.03 153.0
¢. 5. ds. rang 0.006 0.01 0.0 0.3
34 Owl--Hiwl...024 2,780 0.68 21 169
Owl-Hiwl. . 012 2.740 0.84 1.97 154
Ow2--Hiw2....024 2,803 0.7 1.08 157
Ow3-Hlwd...02ii 2.673 0.84 1.90 151
N4.-Hd,...Ow2ill 2.662 0.86 1.82 i68
Ow3-Hawi. 013 1784 0,93 1.85 i76
021--H21....04Y 2.591 0.62 1.97 i75
¢. 5. ds._rang 0.010-0.012 | 008013 | 0.01-0.13 8-14
Symmelry code: (i) x V2-y,z- W2 (i) 12+x1/2-y,2
(i) W2-x, 124y, U2+z (iv) I2-x 1R +v,z-1/2
vixy-l,z
* Because of limiled refleclions, H-atoms could not be localed.
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b). Magnetic Measurements

The molar xT product vs T of 33 is given in Figure 2- 35, The ¥nT value decreases
when the temperature is lowered. Below 25K yT decreases abruptly reaching a value

of 0.14 cm3 K mol-! at 4 K.
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Fig. 2-35. The molar susceptibility (xmT/T}
far {[Cu(HL2NH0)}(NO3 )y (33}

The molar susceptibility, ¥m vs T plot for complex 33 is shown in Fig, 2-36. The Xm
value increases as the temperature decreases, reaching a maximum at ca. 7 K with a ¥
value of 3.15 x 102 ¢m3mol-l. The position of the maximum indicates moderate

antiferromagnetic coupling between the copper(11) ions through the ligand bridges.
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The experimental susceptibility data for 33 was fitted to the theoretical expression as a

uniform chain in the rang 4 to 60 K. The expression used was formuta (3) [16]

_Ng'R 0.25 + 0,074975 + 0.075235 2

3)
kT 1.0+ 09931 +0.172135¢ 2+ 0.75782% °

with x = |J| /kT
The best fitting parameters obtained are J =-6.5 cm™ and g = 2.32, also see Fig. 2-36.
This is very a rare phenomenon in such a system with large Cu---Cu separation, 7.495(4)
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Fig, 2-36. Temperature dependence of Ly for complex 33,

experimental (x) and theoretical (—)
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Results

The molar ¥mT product vs T of 34 is given in Figure 2- 37. No coupting, however, has
been observed in the magnetic measurement of complex 34 and the ¥ T value at room

temperature is approximately 0.51, more than rormal vatue 0.3% crm3Kmel-!,
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Fig. 2-37.  The molar susceptibility (X T/T)

for {{Cu(HL2)(H20)(C4HO4NH20)2}n (34)

The polycrystalline ESR spectra of complexes 33 and 34 were recorded at room
temperature, see Fig. 2-38, they are almost axial with B ) =2.28; £ 1 =2.07 for 33 and
£1=2.25, 8 1 =2.07 for 34 as expected for a square-pyramidal coordination[17]. No

resolved hyperfine structure for the copper ions was observed.
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Fig. 2-38. ESR powder spectra (X-band at 208 K): A) 33; B) 34
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¢}, Complex {Cn(L2}H30)z] (H10)4.5}n (35)

Finally Complex 35 was obtained as a pale green cottonwool-like solid by reacting an
aqueous solution of Cu(Tl) safts with ligand 2 in a 1:1 molar ratio. The elemental analysis
and IR spectrum indicate that there is no anion in this complex and it may be a uniform
chain with unit molecular formula [Cu(L2)(H20)2)(Hz0)4s, The initial magnetic
measurement shows ne coupling between copper(Il) icns. The proposed structure is
given in Fig. 2-40. This complex Is a very important intermediate. It occurred frequently

in the initial stages of the formation of many of the complexes formed with ligand 2.

Fig. 2-39. A proposed structure for complex 35
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The malar %y T preduct vs T of 35 is given in Figure 2- 40. No coupling, however, has
been observed in the magnetic measurement of complex 35 and the ;T value at room

temperature is approximately 0.56, more then normal value 0.3% cm3Kmal-! .
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Fig. 2-40.  The molar susceptibility {%n1/T)
for {[Cu(L2)(H20)7] (H20)4.5}a (35)
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2.2.2.3. Alternating Polymer Chains 36, 37, 38, 39, and 40

Five copper complexes with an alternating chain structure, 36 to 40, were obtained by

reacting aqueous solutions of different Cu(IT) saits with ligand 2, scheme 14,

Scheme 14
R.T. H:O
H,L2+ 2Cu{ClO.),6H.0 —_ {ICu(L}{AcO)]{H20)s}.,
AcOH!
AcOX (36)
R.T.
H.L? + 2CuS0,5H,0 —— 12{[CulL){LT )(H0 )] (HO:)s}n
H.0
(37)
R.T.
H,L? + 2Cu$0,5H,0 — S {[Cu{L*}{H0)){S O (H0)}n
H.0
{38)
R T
H,L? + 2CuCl, 2H,0 SN {[CuU({L})CL{H,0)](H-0}},
H.0
(39)
R.T.
H,L?+ 2Cu(CI0,},6H,0 + C,H,0, —
H,O/EtOH

{[CU(L*}C20.){H201:1{C.HON(H:0)15}
(40)

C,H.0Q= squaric acid

Note: L2* represents ligand 2 coordinated in a bis-bidentate manner with two free
carboxylate groups.
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In the complexes 36-38 the ligand chelates the copper atom in a bis-tridentate manner to
form symmetrical binuclear units, [Cuz(L2)]. Furthermore, these binuclear units were
linked by the bridging ligands, such as acetate groups, chlorine jons, water molccules,
squarate anions, and even a second ligand in complex 37, to construct an alternating

polymer chain.

al. {{Cur(LA)(AcO)](H10)3}n (36)

Figures 2-41 shows the crystal siructure of complex {{Cua(L2)(Ac0)2)(Hz0)3}n (36).

Selected bond distances and angles are given in Table 2-13.

Fig. 2-41, Crystal structure of {[Cua(L2}{CH3COO0);J(H20)31n (36),
showing the atom-numbering scheme
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ol

Fig. 2-42, A crystal packing diagram of complex 36,

Table 2-13. Selected Bond distances and angles in 36

Bond Distance (A) ~ Bond Distance (A)
Cul--05 1.918(4) Cu2—-07 1.919(4)
Cul---N1 1.544(5) Cu2---N2 1.944(5)
Cul—01 1.966(4) Cuw2—03 1.952(4)
Cul-—N3 1.988(5) Cu2-—N4 1.996(5)
Cul--07i 2.396(4) Cu2—N5ii 2,378(5)

Bond Angle (%) Bond Angle ()

05--Cul-N1 179.5(2) 07-Cu2~N2 178.6(2)
05--Cul--01 91.6(2) 07-Cu-—-03 96.5(2)
N1-Cul--01 82.1(2) N2--Cu2--03 82.1(2)
05-Cul-N3 99.9(2) 07-Cu2-N4 100.8(2)
N1--Cul-N3 80.4(2) N2--CuZ--N4 80.5(2)
01--Cul--N3 162.2(2) 03--Cu2-N4 162.5(2)
05--Cul 07 80.4(2) 0O7--Cu2--05i 80.9(2)
N1--Cul-0Q7i 99.8(2) N2--Cu2--05i 99.2(2)
01-Cul-07 89.902) 03-Cuz--05" 91.8(2)
N3--Cul--07 96.4(2) N4-Cu2-05i 93.1(2)
Cul—-05—Cu2i 99.700) Cu2—-07—Culli 99.0(2)
Symmetry code: (i) x- 12,y + 12,z (i) x+1/2,y-1/2,2
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In complex 36, the binuclear units with a trans conformation, like molecule B in 31,

were finked by two acetate groups coardinating in the following mode:

In fact the O atams of the acetate groups were coordinated to two Cu atoms in an
asymmetrical manner, for example the Cul-—-035 and Cu2-—05i distances are 1.918(d)
and 2.378(5) A, respectively. The average Cu-—-Npz distance of 1.944(5) A is slightly
longer than the same distances in 31 ( for molecule B 1.936(8) A). The Cu---Npy
distances are comparable, the average distance is 1.992(5) A in 36 campared to 1.993(9)
A in 31. The Cul-.-Cu2a bridging distance is 3.297 A. The Cul—~-Cu2 cross-linking
distance is 6.490 A. In 36 the Cu atoms are pentacoordinate and the geometry of the Cu
atoths are highly distorted square-pyramidal with 1 values of 0.29 for Cul and 0.27 for
Cu2. The ligand is slightly twisted in 36 and the pyrazine-pyridine and pyrazine-
carboxylate dihedral angfes are given in Table 2-14.

Table 2-14. Dihedral angles {°) between the pyrazine ring (Pz) and the pyridine rings,
Py} and Py2, and the carboxylates planes, A and B, in 36

cag Pyl Pz | Py2~Pz | Py1"Py2 | A~Pz B~ Pz

L4(1.3) 10.5(0.9) 13.4(D.9) 6.4(0.5) 20.4{0.7) 16.1(0.7)

plane C' = N1, Ci, C4; plane C* = N2, C2, C3; ring Pyt = N3, C7 - Ct1; ring Pz = N1, N2,
C1-C4; ring Py2 = N4, C12 - Ci6; planc A= 01, 02, C5; plane B = Q3, 04, C6
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The presence of the acctaies and the water molecules of crystallization, plays an
important role in crystal cohesion. The stronger hydrogen bonds are given in Table 2-15.
In 36 parallel polymer chains are linked by a three dimensional hydrogen bonding
network invalving the coordinated acetate groups, the water molecule of crystallization

and lhe two carbonyl O-atoms of the carboxylale groups.

Table 2-15. Hydrogen bonding in 36

Hydrogen band D A¢A) {D-HA) [H. A(A) [D-H.A(
Owl--H11A..021 2.859 0.82 2.06 164
Owl--H11B.. .Ow2il 1016 0.93 2.13 160
Ow2--H22A...Q4iii 2.864 0.88 201 163
Ow2--H22B...0u3i¥ 2,745 0.69 2.10 156
Ow3-H33A. 06 2.734 1.00 1.74 169
Ow3--H33B...08 2.757 1.26 1.63 145
gverage €. s. ds. 0.009 0,10 0.10 8

symmeiry code: (i) L+x, <y, 172+ 2, (ii). V2 +x -12+y 2
i), -2+ %, 12 +y 2 (V). 5, 1ty z (W)L 5y, 12+ 2

The molar ¥mT product vs T of 36 is given in Figure 2-42. The YT value decreases
when the lemperature is lowered. Below 20 K Yun7T decreases abruptly reaching a value

of 1.16 x 10°3 cm3 K mol! at 2 K.
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Fig. 2-43. The molar susceptibility (XmT/T) for
{[Cuz(L2)(CH3CO0)21(H20)3}n (36)

The ¥ m value increases when the temperature decreases, reaghing a maximum at ca 20 K
with Xm value of 2.37 x 1072 em3mol-l, Fig. 2-43. Below this temperature the curve
decreases abruptly. Although the acetate bridging Cu---Cu distance is shorter, 3,297 A,
than the Cul---Cu2 cross-linking distance { 6.490 A), the asymmetrical coordination of
the acetate and the bridging Cu--O--Cu angle, ca 99 °, indicate a weak or neghgible
exchange pathway. Therefore the position of the maxima indicates moderate

antiferromagnetic coupling between the copper (11) ions through the pyrazine bridges.
The experimental susceptibility data for 36 were fitted 10 the theoretical expression as a

copper (I1) dinuclear complex in the range 2 to 60 K, also see Fig. 2-43, The expression

used was formuia (4) [18].
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g Ng* P
x= —— (1:p}+ P (4)
kT [3 + exp(-J/&T)]

p is the molat fraction of fivncoupled species
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Fig. 2-44. Temperature dependence of Y, for {[Cus(L2)TCH3CO0)2)(Hz0)31n (36),
experimental (+) and theorétical (—) - ' :

The best fitting parameters obtained are J = -20.3 em!, g = 2.14,
The polycrystalline ESR spectra of complex 36 was recorded at room temperature, see

Fig. 2-45, it is axially distorted with B || = 2.25; 8 1 = 2,06 as expected for a square-

pyramidal coordination. No resolved hyperfine structure for copper ions was observed.
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sl
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Fig. 2-45, ESR powder spectra (X-band at 298 K) for
{{Cua(L2YCH3CO0)3)(H20)3}n (36)

b). {{Cuz(LA)(L2"{H,0R1(H20)8}a (37)

Perhaps the most interesting alternating chain structure is found in complex 37. Here
there are two different coordinating forms of ligand 2. The first form of the ligand is
coordinated in a bis-tridentate maaner to form symmetrical [Cu3(L?)} binuclear units.
For the second form the two COO- substituents do not coordinate, and the ligand (L2*)
acts as a bis-bidentate bridging ligand to link two binuciear units, so forming an
alternating polymer chain. Figures 2-46 and 2-47 show the crystal structure and the
crystal packing of complex {[Cua(L2)(L2*)(H20)21(H20)s8}n (37). Selected bond

distances and angles are given in Table Z-16.

82



Results

Fig. 2-46. Crystat structure of {[Cu2(L2)(L2*)}(H20)2])(H20)531 (37),
showing the atom-numbering scheme.

Fig. 2-47. A crystal packing diagram of complex 37.
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Table 2-16. Seleqted Bpngl distances and angles in 37

Bond Distance (A) Bend Distance (A)
Cul—~Ot 19766) Cul—NI 1.973(6)
Cul—N2 1.97%6) Cul---Nd4 2.005(6)
Cul—-N3 2,348(6) Oul--Owl 2.574(6)

Bond _Angle (%) Bond Ange (%)

O1-Cul~NI 8L1(2) 01-Cul-N2 161.42)
NI--Cul--N2 £0.4(2) 01-Cui-N4 95.7(2)
NI--Cul--N4 175.13) N2-Cul-N4 102.6(3)
Ol--Cul--N3 50.72) N1-Cyl--N3 108.3(2)
N2--Cul--N3 96.8(2) Nd--Cul--N3 753(2)
Owl--Cul-0l 89.303) Owl--Cut-N1 82.203)
Owl--Cul--N2 8L7(3) Owl-Cut--N3 169.3(3)
Owl--Cul--N4 2410)

It is of interest 1o note that the Cu atoms are hexacoaedinate in 37 s & square-bipyramid.
The Cu---Npz distance of 1.973(6) A in the binuclear units is slightly longer than the
same distances in 31 and 36. The Cu---Npz dislance of 2.348(6) A conceming L2* is
much longer than the same distance in all of the Cu complexes with ligand 2 in this
wark, as well as other Cu(Il) complexes with pyrazine-based ligands studied so far, The
Npy---Cu distances of 1.977(6) A for L2 and 2.005(6) A for L2* are close ta the
average value of the same distances in 31 to 34 and 36, In fact the Npz atom for L2* and
the coordinated water molecule occupy axial pasitions of the pseudo-cetahedron and the
coordinated Npz, Npy, O atoms of L2, and Npy of L.2* are located in the basal plane
with the Cu atom. The Cul---Cula distance, across -L2, is 6.555 A. The Cul---Culb

distance, across-L2*, is 7.413 A.

In Table 2-17 a comparison is made of the conformation af L2 and L2* in 37. The
bridging ligand 1.2* is highly twisted caompared to L2 as the dihedral angle between
opposite pynidine rings is 40.1(0.7)° and the uncoardinated carboxylates are almost

perpendicular to the central pyrazine plane with a dihedral angle of 83.9(0.4)°.
B4
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Table 2-17. Dihedral angles (°) between the pyrazine ring (Pz) and the pyridine rings

Pyl and Py2, carboxylates planes A and B in 37

L C'~C" | Pyl *Pz Py2~Pz | Pyl "Py2 APz B~ Pz
1.2 0(1.7) 6.5(1.3) 6.5(1.3) 13.001.3) 18.1(1 4) 18.1(1.4)
L2* | o8 | 20707 20707 | 401 @7 83.9(0.4) 83.9(0.4)

{L2). plane C' = N1, C1, C2; plane C*=N1i, Cli, 21! ¢ing Pyl = N2, C4 - C8; ring Pz = N1,
€1, C2, N1, C1i, C21: ring Pyz =N2i, C41 - CB; plane A=01, 02, C3: plane B=01i, 021, C3i;
(L2%). plane C' = N3, C9, C10; plane C* = N3il_ Coil, C10#: ring Pyl = N4, C12 - C16; ring Pz =
N3. €9, C10, N3ii, Coil C10%; sing Py2 = N4ii, C12ii- C16; plane A=03, 04, CI1; plane
B=03il, o4fi C11ii,
symmetry ¢ode: () =-x+2, y+1; -z (jii)=x+2, y+1,-z+1

The stronger hydrogen bonds are given in Table 2-18. Like complex 36, the parallel
polymer chains are linked by a three dimensional hydrogen bonding network involving

the water molecules of crystallization, the coordinated water molecule and the O-atoms

of the carboxylate groups.

Table 2-18. Hydrogen bonding in 37

Hydrogenbond |D..A(A) |D-H(A) [H.A(A) |D-H.A(®)
Owl--Hi1. Owsi 2712 0.82 1.90 172
Owl-HI2..0w3 2.749 0.84 1.92 168
Ow2-H21. 03l 2775 1.30 1.56 153
Ow2--H22 Qi 2819 0.75 2.16 147
Ow3-H31...04ill 2829 0.85 1.98 176
Ow3--H32...0wd 2.684 0.91 184 153
Owd--H42..0w2iV 2.778 0.60 224 149

OwS—H52..03¥ 2.713 111 1.72 145
average €, s, ds, 0.012 0.16 0.16 14

Symmetry code: (i). -x+ 1, -v+ 1,z (ii). x+52,y-1/2, z+ 112

@it). x+3/2,y- M2, 2+ 1/2; (iv). x+2, v, -z, (¥} x-1,y2
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The molar ¥7 product vs T of 37 is given in Figure 2-48. The #,7 value decreases when
the temperature is lowered. Below 25 K 35, T decreases abrupily reaching a value of 2.39

x102em3 K moll at 4 K.
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Fig. 2-48. The molar susceptibility (¥mT/T) for
{[Cu2(L2)L2")(H200](H20)3}n (37)

The ¥m value increases when the temperature decreases, reaching a maxima at ca 15 K
with ¥m value of 1.74 x 102 cm? mol-l, Fig 2-49. Below this temperature the curve
decreases abruptly. The position of the maxima indicates moderate antiferromagnetic
coupling between the copper (11} ions through the pyrazine bridges L2, The experimental
susceptibility data for 37 were fitted to the theoretical expression for a copper (II}
dinuclear complex in the range 4 K to room temperature, also see Fig. 2-49, The
expression used was again formula (4). The best fitting parameters obtained are J = -

14.9cmr!, g=225.
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Fig. 2-49. Temperature dependence of ¥m for {[Cua(L2)(L2"YH20)2](H20)8}n (37),
experimental {°} and theoretical (—)

The polycrystalline ESR spectra of complex 37 was recorded at room temperature, see
Fig. 2-50, there is only a broad signal with an average & = 2.10 as expected for a chain

structure.

- 1 1 L

2200 2700 3200 30 (G

Fig. 2-50. ESR powder spectra (X-band at 298 K) for
{{CLa(L2)L2")}H20)2)(H20)8}n (37)
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¢). {[Cuz(LY)(H20)51(S04)(H20)3}n (38)

The crystal structure of complex 38 and the crystal packing are shown in Figs 2-51 and

2-52. Selected bond distances and angles are given in Table 2-19.

Fig. 2-51. Crystal structure of {[Cua(L2)(H20)s](SO4)(H20); }n (38),
showing the atom-numbering scheme,

Fig. 2-52. A stereo crystal packing diagram of complex 38.
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Table 2-19. Selected Bond distances and angles in 38

Bond Distance (A) Bond Distance (A)
Cul--Owl 1.922¢2) Cuz—Ow3 1.944(2)
Cul--NI 1.049(2) Cu2—N3 1.954(2)
Cul---01 1.9702) Cu2---03 1.968(2)
Cut—N2 1.9912) Cu2---N4 20112
Cul-—--Ow2i 2,325¢2) CuZ--Owd 2.352(2)
Cul---Chwdil 2.560(2) Cu2---0w7 2.643(3)
Bond Angle () Bond Angle ()
Owl--Cul--N1 178.84(9) Ow3--Cu2--N3 176.30(9)
Owl-Cal-01 97.73(9) Qwi--Cy2-03 95 95(8)
N1--Cul--01 $1.68(8) N3--Cu2-03 81.49(8)
Owl—Cul--N2 99.70(9) Ow3--Cu2--N4 102.63(9)
N1-Cul--N2 80.90(%) N3--Cul--N4 79.60(%)
O1-Cul--N2 162.57(8) 03--Cu2--N¢ 160.13(8)
Qwl--Cui Qw2 94,77(10) Ow3--Cu2--Owd 38.04(9)
NE--Cul--Ow2i 84.24(% N3—-Cu2~Owd 94 58(%)
O1--Cul--Ow2i 90.19(8) 03--Cu2—-Ows 89.44(8)
N2--Cul--Owal 88.42(8) N4—Cu2--Owd 98.08(8)
Owl--Cul-Owdii 88.77(9) Ow7-Cu2--Owd 169.38(8)
Ow2i-Cul-Owail 172.37(8) Ow3-Cu2--Ow7 87.19(10)
O1--Cul--Owall 82.62(8) 03--Cuz—~0w? 81.64(%)
N1--Cul~-Ow4il 92.14(8) N3--Cuz—Ow? 89.79¢9)
N2--Cul-Ow4il 97.66(8) N4--Cu2--Ow? 92.21(9}

Symmetry code: (). 1-%,2-y, 1.2 (i)xv,-1+z

In this po_lymer there are two forms of the binucle_ar units, & and [ coordinating with
Cul and Cu2 respectively, which are very similar in coordination geometry. The
binuclear units ¢ and P are alternately linked by a water molecule, Owd4, coordinating in
an asymmetric manner with the Cul-—Ow41 distance of 2.560(2) A and the Cu2--—-Ow4
distance of 2.352(2) A, so forming an alternating polymer chain. The copper aloms in

the forms o and [ have a pseudo-octahedral coordination with a long Cu2---Ow?
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distance of 2.643(3) A. The average Cu-—Npz distance of 1.952(2) A is slightly longer
the same distances in 31, while the Cu---Npy distances are comparable, the average
distance is 2.001(2) A in 38 compared to 1.993(9) A in 31. The Cul—Cu2 bridging
distance is 4.461(2)A. The Cul---Cula and Cu2---Cu2b cross-linking distance are
6.516 and 6.515 A, respectively.

The ligand is slightly twisted in both the a and B forms and the pyrazine-pyridine and

pyrazine-carboxylate dihedral angles are given in Table 2-20.

Table 2-20, Dihedral angles (°) between the pyrazine sing (Pz) and the pyridine rings
Pyl and Py2, carboxylates planes A and B in 38

L{C~C" | Pyl*Pz Py2 "Pz2 | Pyl ~Py2 A"Pz B~Pz
21 0(0.4) 12,6(0.1) 12.6(0.1) 25,2(0.1) £.2(0.3) £.2(0.2)
Bl oo 22.7(0.2) 22.7(0.2) 45.4(0.2) 20.1(0.5) 20.1¢0.5)

{a). plane C' = N1, C1, C2; plane C"=N1i, C1i, C23, ring Pyl = N2, C4 - C8;
ring Pz= N1, C1, C2, NH, C1i, C21, ring Py2 = N2i, €4 - C81: plane A=01, 02, C3;
planc B=Q1i, 021, C3i (). plane C' = N3, Coil, C10; plane C"= N3l C9, C10di;
ring Pyl = Nd, C12 - C16; ring Pz = N3, C9, C10, N3ii, c9ii, Ci6ii;
ring Pyl = Ndii, C1211. C16i; plane A=03, 04, C11; plane B=03%, 04ii, ¢11ii;
ity code: (= -x+ 1, -y + 2, -z (iij=x+ |, v+ 2 z+1

The stronger hydrogen bonds are given in Table 2-21. The parallel polymer chains are
linked by a three dimcnsional hydrogen bonding network involving the water molecules
of crystallization, the coordinated water molecule, the O-atoms of the sulfate anions, and

the cdrbonyl O-atoms of the carboxylate groups.
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Table 2-21. Hydrogen bonding in 38

Hydrogen bond D.AA)Y |D-HA) |H AR 1D-H.AM)
Owl--HI1..017i 2.641 0.75 1.50 172
Owl-H12...0t3il 2.562 0.88 1.72 171
Ow2--H21..01 11 2.709 0.76 1.95 178

Owl-H22..04 2.884 0.76 2.15 166
Ow3--H31.011Y 2725 0.79 1.95 167
Ow3-H32..012 2.681 0.80 1.90 i67
Owid-Hd1,.02iv 1855 0.78 209 168
Owd--H42,.OwsY 2697 0.69 2.02 17
Ows-H51..0w8 2.688 0.83 1.87 172
Ows—H52..013il 2.987 0.90 2.18 149
Ows--H52..014il 2.982 0.90 2.21 145
Ow6--H61..01V 2819 075 7.08 170
Owb--H61..014 211 0.76 102 172
Ow7--HT1..Owsil 289 0.85 2.05 176
Ow?-H72..014 2.783 0.68 211 177
Ow8--H81..0w? 2973 0.92 1.86 174
Ow8--H82. .Owb 2.882 0.89 2.02 162

average e 5. ds. 0.003 0.05 .05 4

Symmetry code: (i). x -1, y,z-1; (i) x+1, v+ 1,-2+1

(i) x-1, v, z; (iv)i x+ 1, y, 2+, (). x+ 1,y + 2,2+

{vi).x12,-y+1,-z+1

a value of 3.04 x 103 om3 K mol-} at 4 K.
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The molar Magnetism ¥z 7 product vs 7 of 38 is given in Figure 2-53. The ¥mI value

decreases when the temperature is lowered. Below 25K 3, 7" decreases abruptly reaching

The ¥ value increzses when the temperature decreases, reaching a maxima at ca 18 K
with ¥m valve of 2.78 x 102 ¢m3 mol!, Fig. 2-54. Below this temperature the curve
decreases abruptly. The position of the maxima indicates moderate antiferromagnetic
coupling between the copper (11) ions through the pyrazine bridges. The experimental

susceptibility data for 38 were fitted to the theoretical expression as a copper (11)




Results

dinuclear complex in the rang 4 to 120 K, also see Fig. 2-54. The expression used was

again formula (4). The best fitting parameters obtained are ] =-19.16 em'l, g =2.25.
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Fig, 2-53. The molar susceptibility (}mT/T)} for
{[Cuz(L2)(H20)5](SO4)(H20)3}n (38)
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Fig. 2-54. Temperature dependence of %, for {[Cuz(L2)(H20)51(S0a){H20)3 1 (38), .

experimental (+) and theoretical {—)
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The polycrystalline ESR spectra of complex 38 was recorded at room temperature, see
Fig. 2-55, 1t is axially distorted with & y = 2.24; 8 1 = 2.10. No resolved hyperfine

structure for copper lons was observed.

1 i 1 A

1360 1860 2360 2860 3360 3860 [G)

Fig. 2-55. ESR pow‘rder spectra (X-band at 298 K) for
{[Cuz(L2)(H20)5](S04)(H20)3}n (38)

d). {[Cuz(L2)CL(F0)0(H200n (39)

Complex 39 was obtained as an olive green powder by reacting an aqueous solution of
CuCl; 2H;0 with ligand 2 in Cu(ll)}L2 molar ratio of 2:1. The elemental analysis
indicates that there are two CI” ions in this complex and it may be an alternating chain
with a unit molecular formula [Cua(L2)Cl2(H20)](Hz0), The magnetic measurement
also shows an antiferroma.gnetic coupling between copper{l]) ions. A proposed structure

is given in Fig. 2-56.
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Fig. 2-56. A proposed structure for {{Cua(L2)Cl2(H; O)J(H20) 1, (39)

The molar »T product vs T of 39 is given in Figure 2-57. The %m7 value decreases when
the temperature is lowered. Below 25 K ¥m7T decreases abruptly reaching a value of

1.46 x 10°2 cm? K mol! at 4 K.

%7 ComKmol 1)

0 i t I l i
0 50 100 150 200 250 300
Fig. 2-57. The molar susceptibility {(YmI/T) for

{{Cu2L)Clath0)}(H20)} o (39)
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The %m value increases when the temperature decreases, reaching a maxima at ca 10K

-with %m vaiue of

3.78 x 102 cm® mol-, Fig. 2-58. Below this temperature the curve

decreases abruptly. The position of the maxima indicates moderate antiferromagnetic

coupling between

the copper (11) ions through the pyrazine bridges. The experimental

susceptibility data for 39 were fitted to the thearetical expression as a copper (I}

dinuclear complex in the rang 4 K to room temperature, also see Fig. 2-58. The

expression used was formula (4). The best fitting parameters obtained are J = -12.51 cm-

lg=220

I_ Data: ATCULIN X1_8
0.04 Model: CuZXimp
Chi*2 = 5,1484€-8
- n 21251 007417
- G 2388 000409
s 0o M 0,00667 000219
E
[
E onf
E
t)
0.0F
-\—M-—L-a_m_m
000 i "y L i L L L 1 L 1 i i p—y
[ 50 100 150 200 250 300
T (K)

Fig. 2-58. Temperature dependence of Y, for {[Cua(L)Cla(H20)}(H20)} 4 (39),

experimental (%) and theoretical (—)

The polycerystatline ESR spectra of complex 39 was recorded at room temperature, see

Fig. 2-59, it is axially distorted with & j =2.25; 8 1 = 2.06 as expected for a square-

pyramidal coordination. Na resolved hyperfine structure for copper ians was observed.
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1 i i
2200 2700 32b0 3700

Fig. 2-59. ESR powder spectra (X-band at 298 K) for
{{Cua(L2)Cla(FaOY(H2 0} n (39)

&) [Cuaf{l2HCs04)(H20)2](H20)1.5 (40)

Complex 40 was obtained as a very small brown crystal by reacting a solution of
Cu{Cl04)3.6H20 and squaric acid {C4H204) in water and ethanal with ligand 2 in a
molar ratio 2:1:1 (Cu(liYL2/Sqa). The elemental analysis indicates that there is a
squarate anion ion in this complex. The colour of this complex is different from complex
34, which probably means that the squarate takes part in the coordination with capper.
So it may be a aliernating chain with a unit molecular formula
[Cuz(L?)(C404)(H20)2)(H20)15. The magnetic measurement shows  an
antiferromagnetic interaction between copper(ll) ions. A proposed structure is given in

Fig. 2-60.
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R
i _CW,&WD

Fig. 2-60. A proposed structure for {[Cuz{L2)(Cs04)(H20)21(H20M 5}n (40)

The molar %7 product vs T of 40 is given in Figure 2-61. The ¥, T value decreases
when the temperature is lowered. Below 25 K ¥mT decreases abruptly reaching a value

of 2.08 x 10°2 cm3 K mol! at 4 K.

1 } f } f |
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04— : : a : ]
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T{K)
Fig. 2-61. The molar susceptibility (XmT/T) for
{[Cuz(L2)(C404)(H20921(H20)1 5}n (40)

The %m value increases when the temperature decreases, reaching a maxima at ca 25 K

with %m value of 1.96 x 102 ¢m3 mol*!, Fig. 2-62. Below this temperature the curve
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decreases sbruptly. The position of the maxima indicates moderate antiferromagnetic
coupling between the copper (1I) ions through the pyrazine bridges. The experimental
susceptibility data for 40 were fitted to the theoretical expression as a copper (I}
dinuclear complex in the range 4 K to room temperature, also see Fig. 2-62. The

expression used was formula (4). The best fitting parameters obtained are J = -20.0 e

1,g=2.24.
0.03-4 ] f E t t
0.025f
~ 0024
£ 00151
§
£ 0.014
0.005-
0 l Il | | |

t T 1 T
0 50 100 150 200 250 300
LELY]
Fig. 2-62, Temperature dependence of Y for {[Cua(LE)(C404)(Hz0))(H20)1.51n
(49), experimental {-) and theoretical (—)

2.2.2.4. Two Dimensional Uniform Polymer {[Cua(LY}(H720):)(NO3)z}n (41)

Complex {[Cua(L2)(H20)2](NO3)2}n (41) was prepared by the reaction Cu(NQO3); with
HjL? in water with a Cu{l)/H2L2 ratio 2:1 and lead 16 the formation of dark green
block-like crystals, but during the initial stages of the reaction complex 32 appears in the
solution. This complex ¢an be directly obtained by reacting an aqueous solution of

Cu(NQ3)z with HoL2 ina Cu(IT)/HzL2 ratio of 4.1, The crystal structure of complex 41
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and the crystal packing are shown in Figures 2-63 and 2-64. Selected bond distances and

-angles are given in Table 2-22.

Fig. 2-63. Crystal structure of {[Cuz(L?)(H20)2}(NO3)2}, (41},
showing the atom-numbering scheme.

Fig. 2-64. A crystal packing diagram of complex 41.
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Table 2-22. Selected Bond distances and angles in 4'1

Bond Distance (A) Bond Distance (A)
Cul-—02 1,939(3) Cuil-=-N] 1.958(3)
Cul--N2 2.021(3) Cul-=-01 20313
Cul---Owl 2.208(5)

Bond Angle (%) Bond Angle (°)
Q21-Cul-NI 166.30(12) 02~-Cul-N2 111711
NI1--Cul--N2 B0.02(12) 02-Cul--0l 89.87(10)
N1-~Cul--01 799911} N2--Cul--01 159.9411)

02-Cul—Owl 89.9(2) N1=Cul-Owl 99.1(2)
N2--Cul--Owl 91.8() O1-Cul -Owl 89.4(2)

The crystal has a symmetry center at the center of the pyrazine ring of the ligand. In 41
the ligand combines & bis-ridentate and bis-monodentate so all positions for
coordination in the ligand are occupied. The structure of complex 41 consists of the
trans-conformation binuclear units {Cua(1.2)] linked by the two carbonyl groups of the
carboxylates of the ligand 10 form a uniform two-dimensional polymer. As a matter of
fact, the carboxylates of the ligand are coordinated in the syn-anti mode. The Cu---Npz
distance of 1.958(3) A and the Cu---Npy distances of 2.021(3) A in 41 arc slightly
longer than the same distances in 31 (molecule B: 1.936(8) A and 1.993(9) A,
respectively ). In 41 the geometry of the copper atom is described as slightly distorted
square pyramidal coordination with 2 t value 0.11. A coordinated water molecule
occupies the axial position of the square pyramid. The Cul-—Culd distance, bridged by
a carboxylate, is 5.386(8)A. The Cul-—Culb distance, across-pyrazine, is 6.514 (8) A.
The ligand is twisted and the pyrazine-pyridine and pyrazine-carboxylate dihedral angles
are given in Table 2-23.
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Table 2-23. Dihedral angles (°) between the pyrazine ring (Pz) and the pyridine rings

Py1 and Py2, carboxylates planes A and B in 41

cner Pyl1*Pz | Py2~Pz | Pyl"Py2 | A~Pz B~ Pz
0{0.02) 17.4(0.2) 17.4(0.2) 34.8(0.2) 18.140.3) 18.1(0.3)
plane €' = N1, C1, C2; plane C" = NI¥, Ci, C2f; ring Pyl = N2, C4 - C8;
ring Pz = N1, C1, €2, N1, C1i, €21 ring Py2 = N2, C4 i- Cgl; plane A = 01, 02, C3;
plane B = 01}, 02i, C3i; symmetry code (i) -x, -y, -z

. There are cnly two strong hydrogen bonds invelving the coordinaled water molecule and
the nitrate anion. The later is suspended on the 2D polymer sheet bridging the axially
coordinated water molecules, Table 2-24. No strong hydrogen bond is found between

the polymer layers.

Table 2-24. Hydrogen hondiné in 41

Hydrogen bond D.AGA) [D-H(A) |[H.A(A) |D-H.A(M
Owl-HIA,, 033t 2.774 0.60 211 137
Owl-HIB...033 2.67% 0.74 ©2.03 147

average e.s.ds. 0.008 0.10 0.10 i3

symmetry code: {i). x, -y + 1/2, 2+ 1/2.

The molar ¥m T product vs T of 41 is given in Figure 2-65. The }m7 value decreases
when the terperature is lowered. Below 25 K w7 decrease abruptly reaching a value

of2.69x 102 cd3 K mol-l at 4K,
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Fig. 2-65. The molar susceptibility {¥mT/T) for
{[Cux(LA)(H00)(NO3)z}a (41)

The %m value increases when the temperature decreases, reaching a maxima at ca 10K
with %m value of 4.91 x 102 cm® moal*!, Fig. 2-66. Below this temperature the curve
decreases abruptly. Since the interaction pravided by syn-anti carboxylate bridge is
generally very weak and the equation for a plane with two J parameters is nat available,
the position of the maxima indicates moderate antiferromagnetic coupling between the
copper (I1) ious through the pyrazine bridges. The experimental susceptibility data for 41
were fitted to the theoretical expression as a copper (II) dinuclear complex in the range 4
K to room temperature, also see Fig. 2-66. The expression used was faormula (4). The

best fitting parameters obtained are J=-10.3 cm™], g =2.22,
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Fig. 2-66. Temperature dependence of Y for {[Cua(LH)(H20)JNO3)2}n (41),
experimental (°) and theoretical (—)

The polycrystalline ESR spectra of complex 41 was recorded at 77 K, see Fig. 2-67, it is
axially distorted with 8 =221; 8 t = 2.10. No resolved hyperfine structure for copper

ions was observed.

-

[

500 T L ]

Fig. 2-67. ESR powder spectra (X-band at 77 K) for
{{Cuz(L2)(H20)2](NO3)2}n (41)
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2.2.3.  Synthesis, Structure and Magnetic Properties of Cu(1l) Complexes of
Ligand 3

So far we have only obtained two coppen(IT) complexes with ligand 3 by reacting an
aqueous solution of copper salts with HzL3, Both are one dimensiona! polymer chain

structures,

2.2.3.1  Uniform Chain {[Cu{L})(H20)}(H20)s}n (42)

Complex 42 was nsually obtained by reacting an aquecus solution of the normal copper
salts (CuClz, Cu(Cl04)2, CuS04, Cu(NO3); Jwith HaL3, irrespective of a wide variation
of the Cu(I)/H7L3 ratio 1:1 1o 4:1.The crystal structure of complex 42 is given in
Figures 2-68 A and B and a stereo view of the crystal packing is shown in Figures 2-69.

Selected bond distances and angles are given in Table 2-22.

Fig. 2-68A. Crystal structure of {[Cu(L3)(H20))(HaO)s}q (42),
showing the stom-numbening scheme,
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Fig. 2-68B. A side view of complex 42

Fig. 2-69. A crystal packing diagram of complex 42.

As seen from the figures the structural feature of this polymer is very similar to complex
33 and the polymer chain is compesed of the same conformational (all R or all §)
subunits related by a 2-fold screw axis, which leads to a helical chain. The ligand is

coordinated in an asymmetric manner, combining a tridentate and a moncdentate

coordination,
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Table 2-25. Selected Bond disiances and angles in 42

Bond Distance (A) Bond Distance (A)
Cul-—03 1.923(3) Cul--NI 1.932(4)
Cul—N3 2.028(5) Cul--0I 2.012(4)

Cul—Owl 2.326(7)

Bond Angle (%) Bond Angle ()
Q03—Cul-NI 176.73) 03--Cuel--0l 99.4(1)
N1-Cul-0l 80.5(2) 03--Cul--N3 101.4(2)
Ni-~Cul-N3 79.2(2) N3--Cul--01 157.1(2)

03-Cul--Owl 85.1(2) N1--Cul-Owl 91.62)
N3—Cul-Owl 93.6(3) Ol-Cul—-Ow] 97.6(2)

The copper atom has a highly distorted square pyramidal coordination with a 1 value
0.33, A coordinated water molecule occupies the axial position of the square pyramid.
The distance Cu---Npz of 1.932(4) A is slightly shorter than 1he same disiance {1.949
(3) A)in 33 and the Cu---Npy distance of 2.028(5) A is slightly longer than the same
distance (2.000(4) A) in 33. The intramolecular Cu to Cu distance is 7.755 (5) A.

Table 2-26. Dihedral angles (°) between the pyrazine ring (Pz) and the pyridine nings
Pyl and Py2, carboxylates planes A and B in 42

ConCn

Pyl " Pz

Py2 "~ Pz

Pyl ~ Py2

A"Pz

B~ Pz

5.2(0.7)

21.4(0.3)

39.8(0.2)

54.9(0.2)

12.6(0.4)

84,6(0.4

plane C' = N1, C1, C4; plane C" = N2, C2, C¥; ring Pz = N1, N2, C1-C4: ring Pyl = N3, C7 -
C11; ring Py2 = N4, C12 - C16; plane A = Q1, 02, C5; planc B=03, 04, C6

In Table 2-26 the dihedral angles between the pyrazine ring and the pyridine rings and
the carboxylate groups are given. The ligand is extremely twisted in 42 with a dihedral
angle of 54.9(2) ° between the pyridine rings. The central pyrazine ring is also slighly
twisted wilh a dihedral angle of 5.2(7) ® between the planes C' and C". The carboxylate

in the monodentate coordination position is almosi perpendicular to the pyrazine plane.
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The presence of the water molecules of crystallization plays an important role in crystal
cohesion. The stronger hydrogen bonds are given in Table 2-27. In 42 the parallel
polymer chains are linked by a three dimensional hydrogen network involving ail of
water molecules of crystallization the coordinated water molecule, and the carbonyl O

atoms of the carboxylate groups,

Table 2-27. Hydrogen bonding in 42

Hydrogenbond  |D..A(A) |D~-H(A) |H.A(A) [D-H.AC)
Owl--Hlwl..Ows 2.767 o.n 206 176
Owl-H2w1. .Ow2li 2752 0.66 212 163
Ow2--H21. Owaill 2735 1.09 1.69 158
Ow3--H3l..0wliv 2.881 0.50 241 160

Owd--H41..02¥ 2740 1.14 175 142
Owd--H42,0w3 2.800 117 1.64 171
Owse-F51,.04¥1 2700 0.77 1.93 174
Ow5-H52..0w6 2743 0.76 212 139
Owt--H61..Owavii 2875 0.98 189 177
Owb--H62..On3Vi 2.800 1.27 1.65 147
average e, 5. ds. 3.009 0.02 0.02 2

Symmetry code: (i), 5/2 -x, 1 -y 12+ 2z (i) 2+ %, 32 -5, 1-2
(i), 3/2- X, 2=y, 12+ 2, (v} 2 =X, 12 4y, 1122 (v). =12+ x. 32 -y, | =2
(Vi) 3/2-x,1-y. 12+ 2 (vii). 2-% -V2+y, 3/2-2

The molar % T product vs T of 42 is given in Figure 2-70. No coupling, however, has
been observed in the magnetic measurement of complex 42 and the (mT value at room
temperature is approximately 0. 54 much more than the normal value of 0.39 em3 Kmol-!

for a single copper atom.
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Fig, 2-70. The molar susceptibility (%mT/T) for
{[Cu(L3)H20))(H20)s)n (42)
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Fig. 2-71. ESR powder spectra (X-band at 298 K) for
{[Cu(L}){H20))(H20)5}q (42)
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The polycrystalline ESR spectra of complex 42 were recorded at room temperature, see
Fig 2-71, which is axially distorted B y = 2.29, B 1 = 2.07 as expected for a square-

pyramidal coordination. No resolved hyperfine structure for copper tons was abserved.

2.2.3.2. Alternating Polymer Chain {[Cuz(L3)Cla(H20)})(H20)z2}n (43)

The reaction of HaL3 with a large excess CuClz.2H20 in water gave dark green block-
like crystals. The elemental analysis of this crystal indicates that the unit formula is
[Cuz(L3)Clz(H20))(H20)z. The initial crystallographic investigation shows this complex
to be an altemating polymer, Figures 2-72 and 2-73. The structure of complex 43
consists of [Cuz(L3)] binuclear units linked by a water molecule to form a one-

dimenstonal polymer chain,

Fig. 2-72. Crystal structure of {[Cuz(L3)Cl(H20)](H20)21)q (43),
showing the atom-numbering scheme.
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Fig. 2-73. A crystal packing diagram of complex 43.

The molar xm7 product vs T of 43 is given in Figure 2-74. The Y7 value decreases
when the temperature is lowered. Below 40 K YT decreases abruptly reaching a value

of B.86 % 10-3 em3 K ol at 4 K.

The ¥ m value increases when the temperature decreases, reaching a maxima at ca 25 K
with %m value of 2.17 x 102 ¢m® mall, Fig. 2-75. Below this temperature the curve
decreases abruptly. The position of the maxima indicates moderate antiferromagnetic
coupling between the copper (11} ions through the pyrazine bridges. The experimental
susceptibifity data for 43 were fitted to the theoretical expression as a copper (I}
dinuclear complex in the rang 4 K to room temperature, also see Fig. 2-75. The
expression used still was formula (4). The best fitting parameters obtained are J = -24 87

cml, g =2.26.
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Fig. 2-74. The molar susceptibility (3w T/T) for
{[Cux(L*)CI(H20))(H20)2}n (43)
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Fig. 2-75 Temperature dependence of Y for {[Cua(L3)Cly(H20)](H30) }n (43),
experimental () and theoretical (—)
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Results

The polycrystalling ESR spectra of complex 43 was recorded at raom temperature, see
Fig. 2-76. There is a high rhombic distortion with three signals: 8) = 2.19, 8; = 2.12,

and 83 = 2.05. No resolved hyperfine structure for copper ions was observed.

2200 2700 3200 3700 (G

Fig. 2-76. ESR powder spectra (X-band at 298 K} for
{[Cu(L3)Clo(H20)I(H20)2}n (43)
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DISCUSSION-CONCLUSION

3.1. The Use of a One-pot Reaction in the Synthesis of the Symmetrically

Tetra-substituted Pyrazine Derivatives

In the synthesis of the precursors of ligands ! and 2, the 3,6-disubstituted
pyrazine-2,5-dicarboxylic esters, a new siratepy was employed. The pyrazine
ring was formed directly by & one-pot reaction, combining catalytic
hydrogenation, self-condensation and oxidation, instead of carrying out
separately each 'rcaction, step by step. The advantage of this stratgy is obvious. It
not only simplifies the reaction route, but also makes possible the synthesis of

compound 17, the precursor of ligand 2.

Using a supported Rh catalyst to reduce the oximes at low pressure is an
important modification in the synthesis of ligand 1 and we have obtained a
moderate yield compared to the rﬁethod of Iida et al. [1]. An overall yield of 55-
56 % was obtained in our one-pot reaction compared to 66-69 % for the two
separate steps of lida et al. Althongh their yield is a little bit higher, HCI-
containing ethanol was involved in the catalytic reduction step with Pd/C et a

higher pressure ( ca. 18 atm ), which is less convenient.

Perhaps the most interesting feature is the solvent effect in the one-pot reaction.
In the synthesis of the precursor of ligand 1, ethanol was used as solvent for the
catalytic hydrogenation, the condensation and oxidation steps. Compared with
ligand 1, the synthesis of ligand 2, which has two 2-pyridyl groups in the 3,6-
positions, is more complicated. Two kinds of solvents were employed. At first

ethyl acetate was used as soivent in the catalytic reduction step of the precursor
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chloroform immediately after hydrogenation, otherwise the desired product can not be
‘obtained. In the case when ethyl acetate was used for the entire one-pot reaction an
attempt to isolate the final products was performed but the composition of the products

was so complicated that only one main product could be identified:

X 0
AN
N 0/
O

For this compound, & proposed mechanism is given in scheme 15.

Scheme 15

| = M — | = — | =
o o HO o

A rearrangement is probably involved in the reaction, which leads to the formation of
the unexpected product. In the presence of chloroform the results of the one-pot
reaction are completely different. Figure 3-1 shows the results of an in sity NMR study

during the formation of the desired compound 17.
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Fig. 3-1. An in sttt 'TH NMR (CDCl3, 200 MHz, room temperature) study in the formation of

compound 17, A). The TH NMR spectrum after the hydrogenation; B). the measurement on day +
2; C). the measurement on day + 4,
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,,,,,,,, Jhw ‘.—P — =
iz ’4 _L-

Fig. 3-1. (continued) D). the measurement on day + 6; E}. the measurement on day +8; F).
1H NMR spectrum of the pure compound 17 as reference.
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As seen in these spectra, after undergoing a series of intermediate, the reaction stopped
at a stable statz with the desired compound as the main product. Although the
mechanism of the reaction remains unclear, the solvent certainly plays a key role in this
one-pot reaction. An attempt to synthesize the two following compounds has alse been
tested but was unsuccessful, so far, Here again it is thought that the choice of the

solvent(s) will be extremely important for success.

— IN 0 /N
2™ R I N\ ™
OR
I x N/ OR
0 P 0
N

3.2, The Diversity of Ligand 2 and the Molecular Self-assemhly Reactions in the

Formation of Coordination Polymers

The ligand 2, 3,6-bis(2'-pyridyl)pyrazine-2,S-dicarboxylic acid, combines a bis-bidentate
2,5-bis(2-pyridyl)pyrazine (BPPZ) unit with two harder carboxylate sites. This presents

a diversity for chelate formation in the coordination chemistry with transition metals.

A prominent charactenstic of this ligand is its amphoteric character. A study of the
crystal structures of ligand 2 has shown that the molecule can exist in various forms,
depending on the solvent and the pH value of the solvent. An inner salt zwitterion like
amine acid {19a), a HCI salt (19b) and a normal organic carbexylic acid (19¢) have been
observed. 19a forms a double-strand molecular ribbon, in which every molecule partakes
in four hydrogen-bonds with symmetry related molecules. The hydrogen bonding has 2

great influence upon the solubility. We suppose there is an acid-base equilibria equation
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as shown in scheme 6. Certainly it is this equilibrium that is the important factor in

determining the coordination diversity of ligand 2.

Scheme 16
OH | ENH OH
OW' N
O ——in & = 0
== |
s l H ° N/ =
OH *HNy, OH Nas,
Ht
OH'
| SNH OH
- ] Nay o
0 >
N = |
o] Na
HQ-
OH
l =N OH , =N o
P N\ o OH’ P | N\
S el
Q N/ o | H* Q N/ / |

NvN 0 N,
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The coordination chemistry of this ligand with copper (II) in water is; extremely nch. We
have already obtained 11 coppen(ll) complexes by reacting an agueous selution of
different copper(ll) salts with ligand 2. This reaction is a molecular self-assembly
reaction. The complexes present different structural features, in which the ligand also
shows a number of different coordination modes. Many of the complexes in the present
work can be obteined by different synthetic routes or different initial Cu/HL2 ratios,
Moreover, there are some transformations between the complexes. In order to determine
the relationship between the complexes a systematic study has been performed, as

shown in Fig. 3-2.

Anien  ClOg  cfr 807 NOy  AcO CIO,/Sqa®

Cu'lma?
1:1 pemss 35 s 35 e 35 35
1:1 ? ? k1) 3 35 k)
2:1 32 a8 8 41 35 e 3 et
4:1 31 39 38 a 5 ?
|

Figure 3-2. A network of the parallel test in which different copper(II)
salts and Cu/HzL2 ratios were varied- The arrow represents a
transformation between two complexes. # is a transition state.
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The Cu/L2 ratio was varied along the v axis from 4:1 to 1:1 and in the x direction
different copper salts were set up. The results of this study are very interesting. All of
the 11 complexes in the present work were identified in this network and they were the
principal products at the relative crossing points of intersection. In addition some
unknown complexes were aiso formed, represented with a2 ?. However further
separation was difficult. Here we only show a simple system with two variables. If a
third variable, for example a second bridging ligand, was introduced, this method would
probably lead to discovery of many new complexes. Recently Schultz et al. [2] reported
a combination of thin film deposition and physical techniques which were used for
paralict synthesis of spatially addressable libraries of solid-state material. Arrays
containing different combinations, stoichiometries, and deposition sequences of BaCOs,
Bi203, Ca0, CuO, PbO, SrCO3, and Y203 were used to generate a series of binary
masks. The arrays were sintered and BiSrCaCuQ and YBaCuO superconducting films
were identified. They consider that the methodology, even in its current form, has

already shown its effectiveness as a tool for discovering new materials.

Figure 3-3 shows six types of coordination mode of ligand 2 found in the 11 copper
complexes and the two mononuclear complexes with Ni(1I) and Co(II) {3}. In the figure,
the arrows represent the coordination bonds and the numbers in parentheses indicate the

related complexes corresponding to this coordination mode.
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Fig. 3-3 The Diversity of Ligand 2 in Coordination with Capper(11)

3.3, The Relationship Between the Magnetic Properties and the Structures

of the Caardination Polymers
Tahle 3-1 gives an overall comparison of magnetic and structural data related to the
exchange coupling in the present work and some pyrazire-bridged copper(11) complexes

from the literature.
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It can be seen in Table 3-1, that an important relationship be.tween the magnetic
properties and structure exists. That is, the shorter Cu---Cu distance the stronger the
coupling. The stronger exchange, in the present work and that reported in literature,
takes place when the Cu---Cu separation is below 6.6 A, In fact, the pyrazine bridged
Cu---Cu separation depends on the Cu—Npz distance. How to make this distance
shorter is probably an important condition to generate a strong interaction, A
multidentate chelate may be profitable in the formation of short coordination bonds. For
example, the copper complexes with TPPZ have Cu---Npz distances of 1.962-1.976 A,
much shorter than the same distance found in the copper complex with BPPZ (2.012 A).
1n the present work, all of Cu---Npz distances are b;low 1.975 A and the average
distance is shorter than the same bond lengths in the unsubstituted pyrazine bridged
copper complexes reported so far. Based on Table 3-1, Figure 3-4 shows the

relationship between the J values and Cu---Npz distances.

50

1.9 1.95 2 205 21 2.15 2.2
Cu--Npz Distance {A)

Figure 3-4. The relationship between the J values and Cu--Npz distances
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In all coordination palymers with strilctural data in the piésent work, the
magnetic orbitals (dx2.y2), which lie in the basal coordinabioh plane of the
copper atoms, are almost coplanar with the pyrazine rings. Hefice, according to
Hatfield's model [15,16] the couplitg between the copper dtoms bridged by
pyrazine should be weak. However, the magnetic measuremg@iits in the present
work show a significant exchanpe itefaction (J values from =10.3 to -24.9 cm™),
which does not support the weak interaction predicted by the = pathway. In
- contrast, these results provide solid proof to support the o pathway proposed by
Hendrickson[17, 18]. In additioh, 4 very rare exchange intetdction ( J = 6.5 em-1)
was obtained in the uniform polymeér 33 with a Cu---Cui separation of 7.495(4)
A. Recently, Chaudhuri[19] has feported a dinuclear ¢diplex bridged by a
terephthalato gronp, with as a substantial antiferromagnetic ititeraction ( J = - 70
cm=1) in spite of a Cu-~Cu intramolecnlar distance of 11.252 A. Hence we

assume that the superexchange is propagated through the & pathway.
Finally, it must be pointed out that the rationial desigh of the ligand is extremely

important in order to obtain both a polymeri¢ stfuétiife and a strong magnetic

interaction.
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Summary

SUMMARY

In this work, some new and novel tetra-substituted pyrazine derivatives were designed
and synthesized with the idea of forming coordination polymers with transition metals.
Among these compounds two new ligands, ligands 2 and 3, have been extensively
investigated, in particularly HaL2. A number of copper(ll) coordination polymers were
obtained. The structures of the ligands and their related compounds and the coordination
polymers were characterized crystallographically. A study of the magnetic properties of
these polymers has also been carried out. They exhibit significant antiferromagnetic

coupling for pyrazine bridged copper systems.

The precursors of ligands 1 and 2 were synthesized by a one-pot reaction. A supported
Rh catalyst was employed in the reduction of the oximes, which can operate at more
facile conditions. The crystal structures of the ligands and some ligand candidates were
investigated by X-Ray crystal structure analysis. The ligands 2 and 3 form unique
hydrogen bonded molecular ribbons in the solid state. They have amphoteric character,

like amino acids, and can exist in different forms in the solid state.

11 copper complexes with ligand 2 were synthesized and most of them were
characterized crystallographically. They present different structural features, including:
uniform polymer chains, alternating polymer chains, a two dimensional uniform
polymer, and dinuclear complexes. The ligand also shows a number of different
coordination modes. In addition, two copper coordination polymers with ligand 3 were

obtained.
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Magnetic measurements of the alternating polymer chains and the two dimensional
polymer, both having dinuclear units, show significant antiferromagnetic coupling for
pyrezine bridged copper complexes with J values from - 24.9 to - 10.3 cm-!. Based on
these data, a relationship between the magnetic propenties and structures was
cstablished. A rare magnetic exchange interaction propagated through the pyrazine ring
with a large Cu---Cu separation was also observed. These results provide solid proof te

support the o pathway.
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EXPERIMENTAL

Materials

All chemicals were reagent grade and used as received unless stated otherwise. TLC

was carried out on silica gel {Alugram Sil G/UVas4).

Instruments

Melting points were obtained on an electrothermal digital melting point apparatus and
are uncorrected. The TH- and 13C-NMR spectra of all compounds were recorded on a
Vanan Gemini-200 (200 MHz) and a Bruker-Spectrospin AMX-400 (400 MHz)
spectrometers in CDCl3, D30, CD10D, and DMSQ-ds. Chenical shift with respect to
TMS as internal standard or DSS while D2Q was used as solvest. Infrared spectra were
recorded on a Perkin-Elmer FT-IR 1720X spectrometer with KBi pellet. The mass
spectra were obtained on a NERMAG R 30-10 MS-MS system; El at 70 eV for EI and
DCI. FAB-MS, HR(EI}-MS and CEMS were measured on a3 V(G 7070E sector mass
spectrometer and HP 5988A quadrupole mass spectrometer, Institut fiir Organische
Chemie, Universitét Freiburg. The C, H, N,and Cl microanalysis were carried out by
the "QOrganischchemisches Mikrolabor” of the Swiss Federal Institute of Technology

(ETH), Zirich and "Forschungszentrum™ of Ciba-Geigy AG, Marly.

X-ray Crystallography

All crystal data were collected on a Stoe AED2 four-circle diffractometer equipped with

graphite-monochromatized Mo Kot radiation ( A = 0.71073 A ). The data collestions
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were mostly carried at room temperature {293 +2 K), for some crystals at 193 and 211
+2 K. The structures were solved by direct methods using SHELXS-86 [1).

The SHELXIL-93 [2] was used for all further calculations. Hydrogen atoms were located
from difference maps and refined isotropically or included in calculated positions. The
non-hydrogen atoms were refined anisotropically using weighted full-matrix least-

squares. The structural diagrams were drawn using the programme PLUTON [3].

Magnetic Mcasurements

Vaniable-temperature magnetic measurements were carried out by Departament de
Quimica Inorganica, Universitat de Barcelona, Barcelona, Spain, on polycrystalline
samples using a Faraday type magnetometer (Manics DSM8) equipped an oxford helium
continuons-flow cryostat working in the 4-300 K range and a Drusch EAF 16UE
electromagnet or a2 Quantum Design SQUID susceptometer. The magnetic field was
approximately 1.5 Tesla. The diamagnetic corrections were estimated from the Pascal
tables. ESR spectra were recorded on powder sample at X-band frequencies with a

Bruker ESP-300E spectrometer in the temperature range 4-298 K,

5.1. Synthesis of Ligands

5.1.1 Syntbesis of Ligand 1

5.1.1.1. Methyl 2-oximinoacetoacetate (1)

CsHINOy FW. 14511

Following the same procedure as for 2, methyl acetoacetate (133.54 g, 1.15 mol) and

sodium nitrite (90 g, 1.28 mol) afforded compound 1 (108.47 g, 65%) as colorless

crystals, m.p. 35-36 °C (lit. 35-36 °C),
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'H NMR (CDCl;, 200 MHz) 5: 9.40(br s, 1H, N-OH), 3.91(s, 3H, OCH3), 2.42(s, 3H,
CH3) ppm,

13C NMR (CDCl, 50 MHz) §: 194.5, 162 4, 150.9, 53.0, 25.4 ppm.

EI-MS m/z, 145(M*, 3.2), 128(2.2), 113(9.8), 102(3.9), 86{10.0), 70(3.8), 43(base).

5.1.1.2. Ethyl 2-oximinoacetoacetate (2)

CgHgNO, F.W. 159.14

Ethyl 2-oximinoacetoacetate was prepared by the method of lida et al. [4]. To a
mechanically stirred solution of ethyl acetoacetate (146 g, 1.15 mol) and glacial acetic
acid (148 ml} was added 200 ml aqueous solution of sodium nitrite (90 g, 1.28 mol)
during two hours adjusting so as to maintain the temperature of the solution at 5°C.
After the solution was stirred for an additional hour, a solution of KC1 (80 g) in water
(400 ml) was added. The aqueous layer was extracted three times with isopropyl ether
(50 ml). The extracts were combined with the oil layer, and the mixture was washed,
dried over anhydride CaCly, and concentrated on a rotovapor to yield crude product.
Recrystallization of the crude product from toluene (80 ml) at -15°C afforded 135.43 g
(74 %) of 1 as colorless crystals, m.p. 55-56°C {lit. 56 °C).

IH NMR (CDCl3, 200MHz) &: 9.57(br s, IH, N-OH), 4.38(q, 2H, J=7.1 Hz, CH,),
2.41(s, 3H, CH3), 1.35(t, 3H, 1=7.1 Hz, CH3) ppm.

3C NMR (CDCl3, 50 MHz) &: 194.5, 162.2, 151.1, 62.3, 25.2, 14.0 ppm.

EI-MS m/z, 159(M*, 6.4), 131(79.2), 113(58.3), B6(18.0), 70(6.0), 54(5.9), 43(base).

£.1.1.3. Dimethyl-3,6-dimethylpyrazine-2,5-dicarboxylate (3)

CioH12N,0, F.W. 22421
Compound 2 (29.22 g, 0.2 mol} was dissolved 120 ml of absclute ethanol and RWC (i

g, 5%) was added to the solution. The reaction mixture was hydrogenated in an
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autoclave untii 2 had been consumed (TLC) at room temperature, nbnnally which took
5-8 hours. The initial pressure of hydrogen was 3.2 bar. After stopping the reaction, the
salution was filtered to remove the catalyst and then allowed 1o stand without a stopper
until the crude product crystallized( ca. a week). Recrystallization from methanol
afforded 3 (12.47 g, 55.6 %) as colorless crystals, m.p. 137-138 °C (lit. 137-138 °C).
IR, 3423(m), 3046(w), 3005(w), 2962(m), 2929(w), 2860{w), 1723(s), 1454(s),
1418(s), 1381(s), 1361(m), 1289%(m), 1263(s), 1191(s) 1127(s), 1035(m), 990(m),
844(m),790(m}, 764(m) cm,

1H NMR (CDCl3 , 200 MHz) &: 4.02(s, 6H, OCH3), 2.82(s, 6H, CH;) ppm,

13C NMR (CDCI3, 50 MHz) &: 165.3, 1513, 143.6, 53.3, 22.4 ppm,

EI-MS m/z, 224(M*, 48.5), 209(3.6), 194(32.0), 166(base), 149(2.4), 134(174).

5,1.1.4. Diethyl-3,6-dimethylpyrazine-2,5-dicarboxylate (4}

C12HgN,0, FW. 25226

Following the same procedure as for 3, Ethyl 2-oximinoacetoacetate (31.83 g, 0.2 mol)
in absolute ethanol( 120 mf) and RW/C (0.6 g, 5% ) afforded compound 4 (14.13 g,
yield: 56 %)as colorless crystals, m.p. 88-89 °C (lit. 88 °C). Selected IR bands (KBr
pellet ): 3410(w), 3006(w), 2975(m), 2935(w), 1708(s), 1463(m), 1452(m), 1418(s),
1399(s), 1385(s), 1371(m), 1362(m), 1304(m), 1259(s), 1175(s), 1127(s), 1096(s),
1042(m), 1008(m), 866(m), 789(m), 758(m) cm!;

TH NMR(CDCl;, 200 MHz) &: 4.48(q, 4H, 1=7.0 Hz, CH,), 2.79(s, 6H, CHy), 1.44(,
6H, 1=7.0 Hz, CH3) ppm,

13C NMR (CDCl3, 50 MHz) §: 165.1, 150.8, 144.1, 62.1,22.3, 14.2 ppm;

EI-MS, miz , 253 (MH*, 15.6), 223(i.5), 208(12.3), 180(base), 151(9.0), 135(7.5).
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5.1.1.5. 3,6-Dimethylpyrazine-2,5-dicarboxylic acid (5)

CgHyN,Gy F.W. 196,13

This compound was prepared by the method of lida, ef al. [4], A mixtureof 3(20g ,
8.9 mmo! } and KOH ( 3.2 g) in water ( 8 ml ) was refluxed for 4 hours, cooled and
acidificd the solution with concentrated HCl (4N)  afforded crude product.
Recrystallization from ethanol gave 5 (1.66 g, 80% ) as colorless crystals. Single
crystals were obtained from an aqueous solution. Thermal analysis and crystal structure
analysis indicate that there are two water molecules of crystallization. m.p. 201-202 °C
(lit. 201 °C) dec.,

IR (KBr pellet): 3464(s), 3329(m), 3208(w), 2981(w), 2834(w), 249%(m), 195%(m),
1699(s), 1632(m), 1469(w), 1441(m), 1418(m), 1381(m), 1368(w), 1283(s), 1158(s),
1020¢m), 832(m), 779(m), 750(m) cm-],

IH NMR (DMS0-dg, 200MHz) &: 2.67 (s, 6H, CH3) ppm.

V3CNMR (DMS0-dg, 50 MHz) & 166.4, 149.3, 144.4, 21.6 ppm,

EI-MS mvz 196(M+, 37.1), 178(70.7), 152(51.5), 150(41.9), 134(3.5), 122(5.1).

5.1.1.6. 3,6-Dimethylpyrazine-2,5-dicarboxamide (6)

CgH;gN4O; FW. 194,19

Compound 6 was prepared by a method analogous to that for pyrazine-2.3,5-
tricarboxamide [5]. Compound 4 (3.20 g, 12.6 mmol) was dissolved in 100 m! of
methanol containing sodium methylate (from 0.1 g sodium} which had been previously
saturated with anhydrous ammonia in the ¢old for 30 min., The stoppered solution was
allowed 10 stand in a refrigerator for 24 hours. The white solid which formed was
fillered off, washed with water and dried under vacuum to afford 6 (2.15 g, 88%) , m.p.
>300 °C dec;
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IR (KBr pellet): 3410(S), 3368(m), 3287(w), 325i(w), 3190(m), 1699(s), 1666(s),
1615(s), 1436(m), 1412(m), 1360(m}, 132%(m), F190(w), 1169(s), 1110(m), 1081(m),
1036(w), 982(w), 822(w), 772(w), 704(s) cm-!,

'H NMR (DMSO-dg 200 MHz), 5: 8.13(br 5, 2H, NH), 7.72(br 5, 2H, NH), 2.71(s, 6H,

CHj;) ppm,
13C NMR (DMSO-dg, 50 MHz) 8: 166.9, 148.5, 145.0, 21.7 ppm,

5.1.1.7. 2,5-Dimethylpyrazine-3,6-dithiocarboxamide (7)

CgH|gN4S, F.W.226.32

Compaound 6 (1.0 g, 5 mmol ) and Lawesson reagent [6] (2.02 g, 5 mmol) in 10 m! of
hexamethylphosphoramide (HMPA) were heated, with magnetic stirring at 80 °C until 6
had been consumed (TLC). The reaction mixture was allowed to cool to room
temperature, and then poured into water. A pale yellow precipitate was formed and
filtered off, yield 0.63 g (56 %), subliming paint: >256 °C,

Selected TR bands ( KBr pellet }: 3448(m), 3267(s), 3106(s), 1672(m}, 1646(s),
1440(m), 1407(m) 1359(m}, 1286(w), 1147(m), 991(w), 917(m), 754(w) cm-l,

H NMR (DMSO-dg, 200MHz), 8: 2.69 (s, 6H, CHj) ppm;

3¢ NMR ( DMSO-dg, 50 MHz), §: 198.9, 150.6, 144.3, 20.6 ppm;

EI-MS, m/z: 226(M*. base), 209(85.0), 192(83.8), 176(21.3), 166(16.8), 155(18.3),
148(7.8).

5.1.1.8. 5-Cyano-3,6-dimethylpyrazine-2-carboxylic acid (8}

CsH‘]N}Oz, FW. 17716
To an aqueous solution (20 ml) of cadmium nitrate tetrahydrate (155 mg, 0.5 mmol)
was added a solution of compound 7 (58 mg, 0.25 mmol} in DMF (5ml) with magnetic

stirming. The mixture was stirred for 12 hours at 70 °C and a light yellow solution was
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obtained. This solution was allowed to stand for a week without stopper at room
temperature, gave light brown needle-like crystals in yield 39 % and a small amount of
colorless crystal. The latter is 2,5-dicyano-3,6-dimethylpyrazine. m.p. 195-196 °C.
Selected IR bands (KBr pellet ). 3412(vs), 3285(m), 3182(s, br), 2238(m), 1708(vs),
1600(m), 1552(m), 1437(w), 1412(s), 1365(w), 1335(m), 1180(s), 1097(w}, 1035(w),
983(w), B16(w), 796(m), 712(m} cm-l,

IH NMR({ CD30D, 200MHz ), &: 2.84(q, 3H, ] = 0.7 Hz, CH3), 2.76{q, 3H, ] = 0.7 Hz,
CH3) ppm;

13C NMR ( CD3;0D, 50 MHz), 8: 169.08, 155.12, 153.61, 147.24, 131.60, 116.74,
2293, 21.31 ppm,

DCI-MS(NHj3, +): m/e 177(M?, base), 148, 91.

5.1.1.9. 3,6-Dimethyl-2,5-pyrazinedicarbonyl dichloride (9)

CgHgClaN202, F.W.233.04

3 6-Dimethyl-2, 5-pyrazine-dicarboxylic acid (0.93 g, 4 mmal) was treated with distilled
thionyl chloride { 10 ml )} at reflux temperature for 10 h. Excess SOCl2 was then
removed under reduced pressure to afford the acid chloride( 0.91 g, vield 98 %) as a
white solid, m.p. 109-110°C,

Selected 1R bands ( KBr pellet ), 2978(w), 1749(vs), 1681(b}, 1436{w), 1415(s),
1358(m}, 1218(m), 1175(m), 1038(m), 991(m}, 851(s), 779(s} cm-),

IH NMR (CDCl3, 200 MHz) 8: 2.88 (s, 6H, CH3) ppm,

EI-MS, m/z: 234( MH?, 3.3), 197( 88.9), 169(base), 141(32.0), 134(4.5),
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5.1.1,10, N,N'-Bis[l—(d-imidazolyl)—-ﬂhyl]-l’a,ﬁ-dimethyIpyrazine-.
2,5-dicarboxamide (103 )

CigHaoNg0,, F.W. 38242

This compound was prepared by a methed analogous to that for N-(2-(4-
imidazolyl)ethy{)pyridine-2-carboxamide(7]. 1.26 g ( 5 mmel} amount of Diethyl-3 6-
dimethylpyrazine-2,5-dicarboxylate (4) was mixed with histamine ( 1.12 g, 10 mmol )
in 20 ml of benzene, and the mixture was refluxed for 18 h. Afier removal of solvent,
the crude product was recrystallized from hot water to yield 1.30 g { 68%). m.p. 260
“C dec.

Sclected IR bands (KBr pellet): 3240(br ), 2950(m), 1666(vs), 1524(vs), 1448(s),
1417{m), 1357(m), 1290(m), 1258(s), 1227(m). 1198(s), 1160(m), 1089(s), 1030{m),
981(m), 800(m), 768(s) cm-},

IH NMR (DMSO-dg, 200 MHz) &: 11.87(br s, 2H, NH, Im), 8.90( 1, 2H, J = 5.6 Hz,
CONH), 7.57(d, 2H, J = 1.1 Hz, Im), 6.87(s, 2H, Im), 3.56{m, 4H, CH2), 2.79( 1, 4H, )
=7.3 Hz, CHp), 2.72(s, 6H, CH3) ppm,

13C NMR (DMSO-dg, 50 MHz) §: 164.4, 148.5, 144.7, 135.0, 134.8, , 116.9, 39.1,
26.8, 21.8 ppm,

EI-MS m/z: 382(M *, base), 354(17.6), 326(70.6), 301(38.2), 289(61.8), 233(36.5),
207(17.1).

N,N'-Bis([2-(4-imidazolyl}ethyl]-3,6-dimethylpyrazine- 2,5-dicarboxamide
dihydrochloride (10b)

CH23Ng0,.(HCL(H20)2
This compound was prepared for crystal structure analysis. X-ray quality crystal were

obtained from a IM HCl aqueous solution, m.p. >300 °C dec, Anal caled for
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C1gHpgClaNgO, , 491,38 : cala-€ 44.00, H 5.74, N 22.80. Found: € 43.87, H 5.69, N
2293

TR (KBr pellet): 3317{vs, br), 3113(v8), 2933(s, br), 2835(s, bi), 1754(w), 1667(vs),
1621(s), 1516(vs), 1445¢m), 1433{m), 1411(s), 1359(m), 1333(m), 1294(m), 1262(m),
1198(s), 1177(m), 1158(8), 1014(m), 980(m), 914(m), 849(s), 814{F) cm-1.

5.1.2, Synthesis of Ligand 2

51.2.1. 3-Ox0-3(2-pyridy))-propanoic acid ethyl ester (11)

CioHNO;, FW. 19320

This compound was prepared by the method of Helblifig atid Viscontini [8). To a
suspension of 5 g (0.12 moel) of NaH in 250 m) benzerig was added a 13.5 ml (0.1 mol)
of distilled ethyl picolinate with mechanical stiring at 60 °C_ then a 15 ml (0.15 mol)
of ethyl acetate was atded stowly dropwise, aftef 20 inifi. the temperature rose ta 70
°C, The mixture was stifred for 3 hous at 70 °C. Aftér stoppiii the reaction the mixture
was poured into water with stirring, The mixturé was exttactéd with ether, the aqueous
phase was added slowly 0.5 M sclution of HE] to adjust the ph vatue to 1-2. This
solution was then extracted again with ether. The éther phases were combined and dried
over anhydrous NazS0O,4. After remaoving solvent, the crude product was distilled under
vacuum (115-120 *C/0.08 Tor, lit. 108-111 °C/0.07 Torr) to afford 11 as a colarless oil
(16.61 g, 86%).

TH NMR( CDCl; 200MHz), keto-enol-mixture{ca. &:1), § : 12.39(br. s, HO-C(3)),
8.67-8.64( m, 1H, PyH3), 8.08-8.03(m, IH, PyH6"), 7.88-7.79(m, |H, PyH4"), 7.50-
7.28(m, 1H, PyHS"), 6.32(s, H-C(2) (Enclform)), 4.29-4.13(m, ca. 2H-CH, + H-C(2)
{ ketoform)), 1.34-1.18(2¢, 3H, CH3) ppm,

EI-MS, m/z 193 (M* 12.8), 165(0.6), 146(31.5), 136(1.2), 121(77.9), 106(36.2),

93(15.7), 87(4.7), T8(base).
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5.1.2.2. 3-Oxe-3-(4-pyridyl}-propanoic acid cthyl ester (12)

CioHNO3, FW. 19320

This compound was prepared by the method of Carabateas, et al [9]. A 1L, round-
bottoned flask equipped with a reflux condenser was charged with 15.2 g (0.1 mal) of
ethy! isonicotinate, ethyl acetate (17.6 g, 0.2 mol), and EtONa(95%, 11g, 0.153 mol).
The reaction mixture was refluxed at 81 °C for 10 h. After stopping the reaction the
mixture was dituted with water (200 mi), stirred to dissolve the sodium salt with acetic
acid and the resulting upper layer of orange-red oil was separated. The lower layer was
extracted twice with methylene dichloride and the extracts combined with the oil layer,
After drying (MgSO4) , the solvent was evaporated to a red oil that crystallized. The
solid was slurried with cold cyclohexane to give crude product. Recrystallization from
ethanol yielded 17.4 g (50 %) of 12 as a white solid, mp 55-56 °C (Jit. 55-57 °C};

IH NMR (200 MHz, CDCl3), keto-erol-mixture{ca, 1.25 : 1), 5: 12.41(br. 5, HO-C(3)),
B.68-884 (m, 2H, PyH), 7.63-7.75 (m, 2H, PyH), 5.77(s, ca. JH from H-C(2)
(enolform)), 4.15-4.34 (m, 2H, CHy), 3.98(s, ca 1H from H-C(2) (ketoform), 1.20-138
{2t, 3H, CH3} ppm;

ELI-MS m/z: 193(M*, 29.4), 165(3.3), 148(19,2), 105(base), 78(28.2).

5.1.2.3. 2-Hydroxyimino-3-oxo0-3-(2-pyridyl}-propanoic acid ethyl ester (13)

CioHoN,04 F.W. 22220

To a mechanically stirred solution of compound 11 (6.4 g, 0,033 mol) and glacisl acetic
acid (4.7 g) was added 6.5 m! aqueous. solution of sodium nitrite (2.5 g} during a period
of one hour, maintaining the temperature of the seolution at 5 °C. The solution was
stirred for an additional two hours until a large quantity of a white solid had been
formed. The temperature of the solution was raised to room temperature on leaving the

solution to stand in ambient temperature. The mixture was filtered, well-washed with
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water, and dried to give a white solid, yietd 7.1 g (96 %), m.p. 138-139 °C. Anal. caled
for CioHgN,Oy (222.20): C 54.05, H 4.54; N, 12.61. Found: C, 53.90; H, 4.58; N,
12.81.

Selected IR bands (KBr pellet ) 3123(br. w), 2998(br. m}, 2754(br. m), 1729(vs),
1691(s), 1631(w), 158%(m), 1471(m), 1442(w), 1374(m), 1328(s), 1299(m), 1272(w),
1140(s), 1094(m), 1024(s), 1004(m), 541(s), 839(w), 789(m) cm!;

TH NMR { CD30D, 200 MHz ) 8.69-8.65(m, 1H, PyH), 8.10-7.98(m, 2H, PyH), 7.68-
7.61(m, 1H, PyH), 4.27(q. ] = 7.1 Hz, 2H, CH3), 1.23(t, § = 7.1 Hz, CH3) ppm, 13C
NMR ( CD;0D, 50 MHz,) 192.2, 162.8, 153.0, 151.1, 150.8, 139.0, 129.6, 123.2, 62.9,
14.3 ppm;

EI-MS, m/z: 222 (M, 9.6), 205(3.0), 177(6.0), 165(3.0), 149(7.5), 133(5.4), 121(2.4),
106(39.5), 95(9.3), 78(base).

5.1.2.4, 2-Hydroxyimino-3-0x0-3-(3-pyridyl}-propanoic acid methyl ester (14)

CoHgN,0,, F.W. 208.17

To a mechanically stirred solution of methyl nicotinoylacetate (1.35 g, 7.5 mmol) and
glacial acetic acid (1.06 g) was added a 1.5 ml aqueous solution of sodium nitrite (0.58
g, 8.4 mmol) during a period of one hour, maintaining the temperature of the solution at
5 °C. The solution was stirred for an additional two hours until a large quantity of a
white solid had been formed. The temperature of the solution was raised to room
temperature on leaving the solution to stand in ambient temperature. The mixture was
filtered, well-washed with water, and dried to give crude product. Recrystallization
from ethanol afforded 14 (1,3g, 83%) a5 colorless crystals, m.p. 167-168 °C dec.; Anal.
caled for CgHgN, O, (208.17): C 51.93, H 3.87, N 13.46 %, Found: C 51.66, H 3.84,
N 13.43 %,
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Setected IR bands (KBr pellet): 3110({m), 3005(m), 2497(br s), 191-6(br m), 1727(vs),
1687(vs), 1597(vs), 1494(s), 1474(s), 1438(s), 1421(m), 1334(m), 1302(s), 1260(vs),
1194(s), 1139(m), 1030¢vs), 964(s), 917(s), 833(s), 796(s), 756(m)cm"!;

I'H NMR ( CDCly, 400 MHz) &: 15.94(br 5, 1H, NOH), 9.63-9.62(m, 1H, PyH), 8.71-
8.70(m, 1H, PyH), £.42-8.40{m, 1H, PyH), 7.65-7.58(m, 1H, PyH), 3.99(s, 3H, CH3)
ppm;

13C NMR( CDCly, 100 MHz,) 5: 185, 162.8, 1514, 151.3, 140.1, 133.2, 1256, §3.5
ppm;

EI-MS, m/z: 208 (M* , 24.6), 191(1.8), 176{2.7), 163(1.5), 149(3.6), 132(1.8),
106(base).

5.1.2.5, 2-Hydroxyimine-3-ox0-3-(4-pyridyl)-propanocic acid ethyl ester {(15)

CioHoN;04, F.W. 22220

To a mechanically stirred solution of ethyl isonicotinoylacetate (19.3 g, 0,1 mol) and
glacial acetic acid (14.1 g) was added 20 ml aqueous solution of sodium nitrite (7.7 g,
0.11 mol) during a period of one hour, maintaining the temperature of the solution at §
°C. The solution was stirred for an additional two hours until a large quantity of a white
solid had been formed, The temperature of the solution was raised to room temperature
on leaving the solution to stand in ambient terperature, The mixture was filtered, well-
washed with water, and dried to give crude product. Recrystallization from ethanol to
yield product as a white solid (17.6 g, 80 %), m.p. 171-172 °C. Anal. caled for
C1oHygN,04 (22220): C, 54.05 H, 4.54; N, 12.61. Found: C, 53.88: H, 4.52, N,
1232,

Selected 1R bands (KBr pellet): 3079(w), 2990(w), 1732(w), 1651(s), 1625(s),
1597(s), 1555(m}, 1501(w), 1475(w), 1445(w), 1425(m), 1382(m), 1339(m), 1203(vs),
1087(s), 1028(s), 995(m), 827(s), 808(s), 746{w)} cm’!;
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IH NMR ( CD;OD, 200 MHz) 8.84-8.81(m, 2H, PyH), 7.79-7.76(m, 2H, PyH),
4.30(q, } = 7.2 Hz, 2H, CHy), 1.2%(t, I = 7.2 Hz, 3H, CH3) ppm,

13C NMR ( CD;0D, 50 MHz2) 192.3, 162.3, 152.0, 149.3, 1423, 123.1, 63.4, 143
ppm; E1-MS, m/z: 222 (M™Y.

5.1.2.6. 2-Aming-3-0x6-3-(2-pyridyl)-propancic acid ethyl ester (16)

CigH aN;05, FW. 20821

Compound 13 (2.23 g, 0.01 mel) in dry ethyl acetate (130 il) was hydrogenated using
5 % RW/ALOq catalyst (0.3 g) in an autoclave for 24 hr. at room temperature. The
initial pressure of hydrogen was 3.5 bars. After stopping the feaction, the solution was
filtered to remove the catalyst, then the solution was concentrated under reduced
pressure as guickly as possible to afford compourd 16 (2.02 g, 97% ) as a white solid.
m.p. 128-131 _C dec;

Selected IR bands (KBr pellet) 3296(m), 2988(w), 1738(vs), 1676(m), 1594(m),
1572(w), 1524(m), 1465(w), 143%(m), 1370(m), 1341(w), 1312(s), 1201(m), 1165(m),
1130(m), 1057(m), 1023(m), 882(m), 810(w), 777(r)}, 755(m) cm! ; EI-MS, m/z:
208 ( M, 27.2), 162(23.8), 149(2.4), 135(33.2), 107(30), 79(base).

NOTE: This compound is not stable in solution.

5.1.2.7. Diethy!-3,6-bis(2-pyridyl)-pyrazine-2,5-dicarboxylate (17)

CopH5N404 FW. 37839

The crude product of 16 ( 4.16 g , 20 mmol } was dissolved in chloroform (200 ml).
The solution was stirred with a condenser at room temperature until the starting material
had been consumed, then the solvent was removed under reduced pressure to yield the
crude product. Recrystallization of the crude product from ethanol afforded 17 (1.40 g,

37% for the hydrogenation and condensation) as colorless crystals, m.p. 187-189°C. X-
141



Experimental

ray quality crystals were grown from a diluted solution of mixed cyclohexane and ethyl
acetate (1:1) by slow evaporation, Anal. caled for CogH; gN4O4 (378.39): C, 63.49; H,
4.79, N, 14.81. Found C, 63.24; H, 4.80; N, 14.79.

Selected IR bands (KBr pellet }, 2989(m), 1747(vs), 1587(m), 1478(m), 1447(m),
1395(s), 1296(s), 1199(s), 1163(vs), 1109(m), 1087(m), 1069(s), 1042(m), 1016{(m),
999(m), 854(m), 798(m}, 759(s), 742(m) cm!,

1H NMR { CDCl;, 200 MHz), &: 1.34{t, ] =72 Hz, 6H, CH3), 4.48(q, ) = 7.2 Hz,
4H, OCHy), 7.33-7.40(m, 2H, PyHS), 7.86(dt, ] = 7.8, 1.77 Hz, ZH, PyH4), 8.41(dt, ]
=7.8, 1.0 Hz, 2H, PyH6), 8.61-8.65(m, 2H, PyH3) ppm;,

13C (50 MHz, CDCly), & 13.92, 62.0, 123.1, 1247, 136.94, 145.3, 147.2, 148.6,
152.8, 166.6 ppm;

EI-MS: m/z, 378{M*, 15.3), 349(23.7), 334(34.1), 305(13.5), 288(59.3), 277(12.6),
260(24.0), 249(14.4), 234(35.9), 206(8.4), 130(15.0), 106(31.7), 78(base).

5.1.2.8, Dimethy)-3,6-bis(2-pyridyl)-pyrazine-2,5-dicarboxylate (18)

CisHi1aN4Og, FW. 35032
To a stirred solution of methanol (20 ml) containing concentrated H,S0, (98%, 1 ml)
Compound 17 (100 mg, 0.26 mmol) was added, then the mixture was refluxed
overnight at 75 °C. After stopping the reaction, the temperature of the solution was
aliowed to cool to room temperature and then poured into &n aqueous solution of
sodium acetate ( 6 g in 150 ml water ). A white precipitate formed. Filtrating end
drying under vacuum gave compound 18 (89 mg, 96 %) as a white solid. The crystal
suitable for X-ray was obtained from ethanol, colorless crystal, m.p. 233-235 °C, Anal.
for C18H14Ns Q4 (350.33): C61.71, H4.03, N 15.99; found C 61.62, H 3.97, N 16.08;
Selected IR bands (KBr pellet } 1752(vs), 1586(m), 1571(m), 1450(m), 1409(s),
1387(s), 1295(m), 1240(s), 1207(s), 1159(vs), 1088(w), 1070(s), 1042(w), 998{w),

963(m), 83 1{m), 798(m), 758(s), 743(m) cm;
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'H NMR ( CDCl;y , 200 MHz), & 3.99(s, 6H, OCH3), 7.33-7.40({m, 2H, PyHS5),
7.86(dt, J=7.8, 1.8 Hz, 2H, PyH4"), 8.41(dt, =7 &, 10 Hz, 2H, PyH6"), 8.62-8.66(m,
2H, PyH3") ppm :

3G, CDCL, 50 MHz), &: 529, 123.2, 124.9, 137.1, 1452, 147.3, 1488, 1526,
167.2 ppm.

EI-MS, m/z 350(M*, 10.8 ), 335(25.8), 319(19.8), 303(4.2), 291(16.2), 263(6.65),

247(9.0), 232(13.2), 149(7.2), 130(16.2), 106(15.6) 78(base).

5.1.2.9. 3,6-Bis(2-pyridyl)-pyrazine-2,5-dicarboxylic acid (19)

CigH1oN4Oy FW. 32226 (1%a)

To an agueous solution of KOH (5g, 13ml Hz0) was added compound 17 (775 mg,
2.05 mmol), The mixture was refluxed at 102 °C for three hours. Then the temperature
of the solution was allowed to coal to room temperature and the solution was acidified
with 4N HCi until a white solid was formed ( ca. pH = 2). The white solid was filtered
off , washed with water and chloroform and dried under vacuum to yield 640 mg of 19a
( 92 % ) as a white solid. m.p. 242-243 °C dec. Anal calc. for C gH{gN4O4H20
(340.29) Caled. C 5647, H 3.55, N 1647 %, found. C 56.14, H 3,05, N 16.39 %.
Selected IR bands (KBr pellet ) 3093(m), 2585(b), 1926(b), 1707(s), 1617(m),
1590(m), 1536(s), 1409(s), 1321(m), 1296{m), 1259(vs), 1204(vs), 1176(vs), 1075(s),
1046(m), 996(s), 817(vs), 759(m), 743(s), 714(m} em"l.

TH NMR ( DMSO-ds, 200 MHz), 3; 7.59-7.64(m, 2H, PyH), §.07-8.15(m, 2H, PyID),
£.26-8.30(m, 2H, PyH), 8.72-8 74(m, 2H, PyH), 12.45(s, 2H, COOH)ppm; 13C NMR (
DMSO-ds, 50 MHz ), 8: 123.2, 125.4, 138.2, 145.8, 146.4, 148.7, 152.4, 1566.9 ppm;
DCI-MS: m/z, 323 ( MH'), 312, 279, 263, 235.
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CgH;0N304 . 2HCI (19b)

Compound 19b was obtained by dissolving 19a in a IM HCI aqueous solution. Colorless
crystal, m.p. 264 °C, dec,,

selected TR bands (KBr pellet): 3387(br. 5), 3059({w), 2616(br. vs), 2040(w), 1979(w),
1918(w), 1867(w), 1712(vs), 1633{m), 1617(m), 1546(w), 1468(w), 1432(w), 1380(m),
1304{m), 1270(s), 1199(m), 1160(s), 1080(m), 1012(w), 935(br. w), B10(m), 795{m),

773(m) cm™).

€ 6H oN4O4 2DMSO (19¢)

Compound 19b was obtained by dissolving 19a in a  solution of DMSOQ. Calorless
crystal, m.p. 226-8 °C, dec., .

selected IR bands (KBr pellet); 3421{br. w), 3066(w), 2473(br. m), 1867(br. w),
1701(vs), 1587(m), 1462(s), 1402(s), 1300(s), 126T(m), 1243(m), 1204(s), 1163(s),
1094(m), 1074(m), 979(br. vs), 813(m), 806{m), 761(s) cm™1,

5.1.2.10. 3,6-Bis( 2-pyridyl)-2,5-pyrazinedicarbonyl dichloride (20)

C16HgCl2N40O2 F.W, 359.15,

3,6-Bis(2-pyridyl)pyrazine-2,5-dicarboxylic acid (645 mg, 2 mmol) was treated with
S0CI2 (8 ml) at reflux temperature {79-80 °C) for 6 hours. Excess SOCI2 was then
removed under reduced pressure to give the acid chioride (704 mg, 98%) as an orange
solid. m.p. =300 °C dec.

Selected IR bands(KBr pellet ), 3059(m), 2706(br s), 1841(m), 1718(vs), 1629(s),
1616(s), 1541(m), 1476{m), 1467(m), 1434(m), 1380(m), 1302(s), 1269(s). 1168(s),
1078(m), 1041(w), 1008(w), 948(w), 903(m), B08(m), 794(s), 725(m) em1.
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5.1.3. Synthesis of Ligand 3

5.1.3.1. 2,3-Bis(2-pyridyl)-quinoxaline (21)

CigHiaNge F.W, 28432

This compound was prepared according to the procedure indicated by Goodwin and
Lions [10]. To a solution of 2,2"-pyridil (21.2g, 0.1 mol) in ethanol (120 ml) was added a
~ solution (80 ml) of o-phenylenediamine (11 g, 0.1 mol) in ethanol at 50 °C with stirring,
then the mixture was refluxed for an hour. After stopping reaction, the mixture was
immediately filtered to remove the black impuries. On cooling, light brown crude
produgct was obtained. Recrystallization from ethanol with a slurry charcoal to yield 17 g
(60 %) of 2,3-bis(2-pyridyl)-quinoxaline as colorless crystals, m.p. 185-186 °C (lit. 180
°C). Selecied IR bands (KBr pellet }: 3057(m), 1589(s), 1567(m), 1557(m), 1480(s),
1471(m), 1455(w), 1432(m), 1394(w), 1351(s), 1328(w), 1282(m), 1261(w), 1141(m),
1130(m}, 1091{rm), 1075(s), 1030(w), 997(s), 985(m), 897(w), 823(w),808(w), 791(s),
757(s), 745(s), 707(m) ¢mL.

IH NMR( CDCl3, 200 MHz), § : 7.20-7.27 (a, 2H, Aryl-H), 7.77-7.85(m, 4H, Aryl-
H), 7.94-8.00 (m, ZH, Aryl-H), 8.18:8.28 (m, 2H, Aryl-H), 8.36-8.40 (m, 2H, Aryl-H)
ppm,

I3C NMR( CDCl3, 50 MHz) §: 123.0, 124.3, 129.4, 130.5, 136,7, 141.2, 148.6, 152.5,
137,5 ppm.

EI-MS miz; 284(M™*, 35), 283 (base), 256(9), 179(8), 153(1), 142(4), 129(1.6),
102(0.5), 78(6).
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5.1.3.2. 5,6-Bis(2-pyridyl)-pyrazine-2,3-dicarboxylic acid (22)

Cy6HioN4O4 F.W. 322.26

A 1 L, round-bottomed flask equipped with a reflux condenser was charged with 2,3-
Bis(2-pyridyl)-quinoxaline (5.7 g, 20mmol) and 450 ml of water. The reaction mixture
was mechanically stirred at 95 °C and 25 g (0.16 mol) of KMnQy4. was added in small
portion during two hours. The reaction mixture was stirred at same temperature for an
additional hour and the temperature then was decreased down 75 °C. A 10 ml of ethanol
was added to remove excess KMnQ4. The reaction mixture was filtered to give a
colorless filtrate. The filtrate was concentrated to 20 ml and acidified with 4 N HCI
unti! a lot of white precipitate forming. The crude product was dissolved in 15 mi of
water and the solution was acidified again with concentrate hydrochloric acid to yield
white solid. The product was filtered off, washed with ethanol. Recrystallization from
water and dried under vacuum afforded 22 (3.9 g, 60.5 %) as a white solid. mp 260-
261 °C dec. Anal. caled for CgH)pNgOy (322.28): C 5963, H 313, N 17.39 %;
found. C 59,51, H3.02, N 1730 %.

Selected IR bands (KBr pellet }: 3426(br. m), 3083(w), 3026(w), 2922(w), 2854(w),
1706(m), 1653(m), 1602(vs), 1488(s), 1433(m), 1337(m), 1268(s), 1148(s), 1115(s),
1083(s), 1040(m), 943(m), 865(m), B20(w), 793(vs), T43(s) cm},

'H NMR ( D70, 200 MHz) &: 8.84-8.82(m, 2H, PyH), 8.46-8.37(m, 2H, PyH), 8.08-
7.99(m, 4H, PyH) ppm;

13C-NMR (D70, 50 MHz ) & 170.2, 150.2, 148.3, 148.1, 147.8, 1474, 130.6, 130.3
ppmy;

DCI-MS m/z: 3123(MH™*, 4), 322(M™, 2},
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5.1.3.3. 5,6-Bis( 2-pyridyl)-2,3-pyrazinedicarboxylic anhydride (23)

C16HgN4O3, FW. 304.26

5,6-Bis(2-pyridinyl)pyrazine-2,3-dicarboxylic acid (640 mg, 2 mmot) was treated with
SOCly (8 ml) at reflux temperature {79-80 °C) for & hours. Excess SOCIz was then
removed under reduced pressure to give the acid anhydride as a pale yellow solid, yield:
95 %, mp 239-240 °C dec.

Selected IR bands { KBr pellet ): 3455(br. w), 3105(m), 2540(br. m), 2459(br. m),
2400(br, m), 1742(vs), 1722(w), 1606(s), 1530{m), 1463{m), 1427(m), 1377(w),
1353(s), 1281(m), 1215(vs), 1176(s), 1163(s), 109Z(m), 1043(w), 1003(m), 940{w),
806(s), 785(s), 772(s) car'};

CI-MS(CH4) m/z: 305({MH™, base), 291(1.4).

5.1.3.4. 1,1'-(Methylene-di-4,1-phenylene}-bis[N-2-carboxyl-3,6-bis(2'-

pyridyl)-pyrazine-3-carboxamide] (24}

CysH3gN 100 F.W. 806.79

This compound was synthesized by reacting compound 23 with 4,4'-methylenedianiline
in dry DMF. To a solution of 4,4methylenedianiline (0.4g, 2 mmol) in dry DMF (20
mi)was added the fresh preparation 23 ( calculating amount based on compound 22, 1.3
g, 4 mmol) with magnetic stirring. The mixture was stirred for 4 hours at 80 °C. After
stopping the reaction the reaction mixture was allowed to cool to room temperature and
poured into water. A yellow solid was formed and filtered off. The crude product was
washed with water and ethano! and dried under vacuum, yietd 0.88 g (55 %) m.p. 205-

208 °C (dec).
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Selected IR bands (KBr pellet ): 3334(s), 3057{m), 2924(w),. 1724(m), 1681{vs),
1596(vs), 1537(vs), 1414(m), 1391(m), 1316(m), 1249(s), 1163(s), 1089(s), 995(w),
957(m), 865(m), 782(s), 767(m), cm-};

TH NMR(200 MHz, CDCI3), & 10.86(s, 2H, NH), 8.46-8.40(m, 4H, PyH), 8.20-
7.97(m, 8H, PyH), 7.76(d, J = 8.5 Hz, 4H, PhH), 7.58-7.49(m, 4H, PyH), 7.29(d, J =
8.5 Hz, 4H, PhH), 3.97(s, 2H, CH;) ppm ;

13¢ NMR (50 MHz, CDCI3), 5 : 165.8, 162.0, 154.4, 153.9, 150.9, 149.5, 1479,
1474, 143.9, 1438, 138.6, 138.2, 137.4, 136.4, 129.1, 125.3, 1247, 124.6, 1204,
40.8 ppm.

FAB-MS (NBA) m/z; 807(M*, 22.6), 719(60.5), 485(14.5), 457(21.0), 366(20.2),
273(68.6), 233(base). |

5.1.3.5. 2,3-Dicyano-5,6-bis(2-pyridyl}-pyrazine (25)

CleHgNg F.W. 28428

To a solution of 2,2-pyridil {3.2g, 15 mmol) in ethanol (18 ml} was added a solution of
diaminomalecnitrile (1.67g, 15 mmol) in ethanol (45 ml) at 50 °C with stirring, then the
mixture was refluxed for two hours. After stopping reaction, the mixture was
immediately filtered to remove the brown impuries. On cooling, light brown crude
product was obtained. Recrystallization from ethanol with a slurry charcoal gave 2,3-
dicyano-5,6-bis(2-pyridyl}-pyrazine as pale yellow crystals, 1.49 g (yield 35 %), m.p.
181-182 °C. Anal. for C1gHgNg (284.28) Caled. C 67.60, H 2.84, N 29.56 %,
Found C 67.35, H 291, N 29.50%,

Selected IR bands(KBr pellet ). 3433(br. w), 3067(w), 2403(w), 2308(w), 2242(w),
1994(w), 1969(w), 1588(s), 1571(m), 1523(m), 1473(m), 1438(m), 1386(vs), 1299(w),
1283(m), 1247(m), 1234(m), 1200(m), 1353(m), 1131(m), 1097(s), 1045(m), 996(s),
975(w), 961{w), 895(w), 824(w), 793(s), TaL(s), T11{w) cm"l,
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I NMR. { CDCl3, 200 MHz) 5: 7.29-7.36 (m, 2H, PyH), 7.85-7.94 (m, 2H, PyH),
8.04-8.09 (m, 2H, PyH1), 8.30-8 33(m, 2H, PyH) ppm,

13C NMR ( CDCL3, 50 MHz) 8: 113.0, 124.7, 124.8, 1302, 137.2, 148 9, 153.9, 154.9
ppm;

EL-MS (m/e): 284(M%, 43), 283( base), 256(9), 204(3), 180(5), 152(3), 128(2),
104(10), 78(13), 51(11).

_ 5.1.4. Synthesis of the Oxazolines

General Comments

All compounds were prepared by an analogous method [11]. All reactions were carried
out under an atmosphere of nitrogen. Chloroform was dried by distillation under
nitrogen with CaCly. All optically active amino alcohols were used as received.

Triethylamine was dried with CaHj, then distilled under nitrogen,

5.1.4.1. 2,5-Bis[4"-(R )-cthyloxazolin-2'-yl]-3,6-dimethylpyrazine (26)

CieHzaN402, F W, 30238

3,6-Dimethylpyrazine-2, 5-dicarboxylic acid (700 mg 3 mmol) was treated with SOCl; (
6 ml) at reflux temperature (78-79 °c) for 1¢h. Excess SOCiy was then removed under
reduced pressure 10 give the acid chloride as a white solid. To a solution of { R )-2-
amino-butanol{ 660 mg, 6.7 mmol ) and triethylamine (1.82g, 18 mmol ) in chloroform
{12 m )}, was slowly added a solution of the acid chloride in chloroform ( 8 ml ) at 0 °C.
The mixture was stirred for 1 day at room temperature. Then SOCly (2.5 ml) was added,
and the mixture was headed at reflux temperature for 3h and was slowly poured into ice
water. The organic layer was coflected, washed with brine (10 ml) and an aqueous
solution of K2CO3 ( 0.1 M, 10 ml), and dried over anhydrous Na3SO4. After

concentration a pale yellow solid was obtained, which was recrystallized in an ethanol
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solution to give mainly the 2HCI salt of 26 (890 mg, 2,37 mmol, 79%) as a white
solid. The 2HCI salt was treated with an aqueous solution of NaOH( 5%, 5 ml in 15 mi
methanol) at room temperature for 4 days. The mixture was extracted with CH2Clz (100
ml ). The extract was washed with brine and concentrated to give the white solid in 56%
total yield (500 mg, 1.56 mmol), m. p. 97-98 °C. [o]20p = + 113.5° ( ¢ = 1.08, CHCl3).
Selected IR bands (KBr pellet), 2963(s), 2932(m), 2875(m), 1660(w), 1635(s),
1514(w), 1480(m), 1463(m), 1430(s), 1401(m), 1362(m), 1317(m), 1247(m), 1193(m),
1128(m), 1087(vs), 1063(s), 1004(m), 986(s), 947(m), 911{m) om -

IH NMR (CDCl3, 200 MHz), 8 1.04(t, J= 7.4 Hz, 6H, CH3), 1.61-1.85(m, 4H,
CHy), 2.89( s, 6H, CH3), 4.1(t, ) = 7.7 (x2) Hz, 2H, OCH), 4.37(m, 2H, N-CH), 4.55 {
dd, J=7.7(x2)Hz, 2H, O-CH ) ppm;

I3C-NMR { CDCl3, 50 MHz) &:10.2,23.3,28.7,69.1, 72.2, 114.1, 151.2, 1611 ppm;
EI-MS  m/z;  302(M+, base ), 273, 245, 173, 146. HR-MS m/%z, calc. for
[C16H22N402]* 302.1743, found 302.1743.

5.1.4.2. 2,5-Bis(4', 4'-dimethyloxazolin-2'"-y})-3,6-dimethyl-pyrazine (27)

Ci16H2aN402, F'W, 30236

This compound was prepared by the same method as for 26, 3,6-dimethylpyrazine-2,5-
dicarboxylic acid {1.02 g, 4 mmol), SOCl (6 ml), 2,2-dimethyl-amino ethanol (2.3 g, 25
mmol), triethylamine (7.5 g, 74 mmol), and SOCIz (3 mi) gave 27 as a white solid in 46
% overall yield (560 mg, 1.85 mmol); m.p. 168-169 °C,

Selected TR bands ( KBr pellet), 3286(w), 2962(s), 2933(m), 2903(m), 2868(m),
1656(s), 1465(s), 1428(s), 1383(m), 1366(m), 1348(m), 1278(m), 1248(w), 1192(m),
1174(s), 1084(vs), 1017(m), 980(s), 958(m), 934(m), 915(m}), 878(m), 821(m), 774(w),
728(w) cm!;

IH NMR (CDCl3, 200 MHz ) & 1.43(s, 12H, CHs), 2.88(s, 6H, CH3), 4.17(s, 4H,

CHy) ppm;
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13C NMR( CDCL3, 50 MHz), & 23.2,28.4,68.9,79.1, 141.3, 151.2, 159.6 ppm;
EI-MS: m/z: 302(M*, base), 287, 259, 247, 2306. HR-MS msZ, calc. for

[C16H22N402]* 302.1743, found 3021748

5.1.4.3, 25-Bis(4'-( R )-phenyloxazolin-2'-yl)-3,6-dimethylpyrazine (28)

Ca4H3;N402, FW. 39845

This Compound was also prepared by the method described above. The acid (580 mg,
2.5 mmo)), SOCIz (4 ml), (R )-phenyiglycinol (1.1 g, 8 mmol} triethylamine (2.43 g, 24
mmol), and SOCI; (1.5 ml ) gave the intermediate salt (700 mg, 1.4 mmol) in 5% %
yield. The salt (650 mg, 1.38 mmof) was treated with an agueous solution of NaOH (5
% 7 ml ) in 20 ml methano! at room temperature for six days to give 28 as a white solid
in 80 % yield (440 mg, 1.1 mmol). m.p. 136-138 °C; [a]*¥0p = + 1748° { c = 1.1,
CHCLR).

Selected IR bands (KBr pellet } 3027(w), 2927(w), 1734(m), 1641(vs), 1603(w),
1495(m), 1449(m), 1423(s), 1352(m), 1295(w), 1273(m), 1193(m), 1096(vs), 1052(w),
1024(m), 985(s). 955(m), 906(m), 754(s), 700(s), 629(m), 536{w) cmi;

TH NMR ( CDCl3, 200 MHz) 5: 2.99(s, 6H, CHa3), 4.36(t, ) = 8.7 (x2) Hz, 2H),
4.90(dd, J = 8.6, 10.4 Hz, 2H), 5.56(dd, J = 8.7, 10.4 Hz, 2H), 7.26-7.40(m 10H,
PRH);

13C NMR ( CDCly, 50 MHz) &. 23.6, 71.0, 74.7, 126.7, 1279, 1289, 141.0, 1416,
151.6, 162.4 ppm;

EI-MS, m/z: 399(M+), 308, 284, 221, 104, 91(base).
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5.2.  Synthesis of Complexes

General Commeents

Most of the complexes were prepared according to the following proceduse unless
stated otherwise. To an aqueous solution of & copper(11} salt was added the ligand in
solid form at room temperature. The reaction vessel was placed in an "ultrasonic
cleaner” until a clear solution was obtained. The solution was then allowed to stand with

or without stopper until crystals or & solid was formed.

Cantion ! Perchlorate salts with organic ligands are potentially explosive and should be

handled with the necessary precautions {12].
5.2.1. Synthesis of Complexes with Ligand 1
52.1.1. [Ca(MeLY),(H,0h| (29

Ci1gH»aNg019Cu FW. 517.94

To an aqueous solution of Cu{ClO4)2-6H20 (371 mg, 1 mmol) in 10 ml of water a
suspension of MeyL1 (3) (116 mg, 0.5 mmol) in 10 ml of water was added with
magnetic stirring at 70 °C. The green precipitates were formed over a variable period.
The precipitates were filtered off, washed with water and ethanol, and dried in air to
afford 29 as a pale green powder { 87 mg, 67% ). The single crystals for X-ray analysis
were found on the wall of glassware, m.p. >300 °C dec.;

selected IR bands (KBr pellet ): 3441(m), 3006(w), 2956(w), 1737(s), 165K(s},
1413(s), 1357(w), 1324{w), 1221(m), 1243(w), 1194(m), 1161(s), 1066(m), 1035(w),
995(w), 862(s), 825(w), 794(m), 778(m) cm).
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$.2.1.2. {{Cu(L)(H90)1(H10)p 8}y (30)

CgHjN20g,5Cu F.W. 302,73

To an aquecus sohtion of CuCla.2Hy0 or Cu(NO;3),. 3H2O {1 mol) - in 10 ml of
water a suspension of HoLd | ¢ompound 5, (116 mg, 0.5 mtiol} in 10 ml of water was
added with magnetic stirfing at 70 °C. The green pré€ipitatés were formed over a
varigble period. The precipitates were filtered off, washed with water and ethanol,-and
dried in air to afford 30 28 a pale green powder { 118 Tg, 73%), mp. >268 °C dec,
Anal,, calc. for CgH1 1 N20s5Cu (302.73), € 31.74, H 3.66, N 9.25; found C 32.06, H
3.52, N9.28;

Selected IR bands (KRe pellet) 3427(s), 3072(be m), 1625(vs), 1415(s), 140%(s),
1376&(m), 1329(m), 1177(s), 102B(w), 985(w), 3880(1h), B28(w), BOI(w), 781{w) cm-1,

§2.2. Complexes with Ligand 2
52.2.1. |Cuz(L? }(H20)4)(C104)2({H20)3.75 (})

CjeH23 sClaCuaNg019 75 F W, 785.87

Cu(CI04)2-6H20 (75 mg, 0.2 mmol) in 10 il Water was treated with HaL? (16 mg,
0.05 mmol) accortling to the general procediite, The resulting green solution was
allowed to stand for two weeks. Deep green prismatié ¢rystals were collected and dried
in air ( 23 mg, 59 %);

Selected IR bands (KBr pellet), 1671(vs), 1638{v8), 1601(m), 1477(m), 145(s),
1407(s), 1371(m), 1338(w), 1322(m), 1301(w), 1263(m), 1213(m), 1187(s), }144(vs),
1116(vs), 1083(vs), 1030(m), 1019(w), 844(s), 776(s) cm.
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5.2.2.2. {[Cu(HL)(H70)|{CiO4}Hz00n (32)

CisH13CICuNgOje F.W. 52030

Cu(C10Q4)3-6H20 (37 mg, 0.1 mmol) in 5 ml water was treated with HzL2 {16 mg, 0.05
mmol}) according 10 the general procedure. The resulting grecn solution was allowed to
stand

for two weeks and greenish blue sheet-like crystals (32) were collected and dried in air {
13 mg, 50 %),

Selected IR bands ( KBr pellet ), 3503(m), 3114{w), 1996(w), 166%(m), 1618(vs),
1601(w), 1495(my), 1430(m), 1391(s), 1338(x), 1288(m), 1254{m), 1196(m), 1163{w),
1103(vs), 969(m), 847(m), 808(w), 791(m), 768(w) cm-L.

52.23. NCu(HLY(H;0){(NO3)n (33)

CigH11CuNsQy F.W, 464.34

Cu(NO3)23H20 (24 mg, 0.1 mmol ) in water (10 ml) was treated with HaL2 (32 mg,
0.1 mmol). The resulting green salution was allowed to stand for two weeks. The blue
crysials were coilected and dried in air (31 mg, 67%;).

m.p. > 300°C dec. Anal. Caled for CigH1CuNsQg (464.84): C, 4].34; B, 2.39; N,
15.07. Found: C, 41.51; H, 2.54; N, 1529,

Selected IR bands (KBr pellet ): 3397(br. m), 1620(vs), 1601(m), 15t4(m), 1388(s),
1337(s), 1319(s), 1301(w), 126 K{m), 1214(w), 1186(s), 1091(w), 1046(w), 1022(w),
974(w), 951(w), 848(m), B20(w), BOS(w), 782(m), 760(m), 738(w) cm-).
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52.24. {[Cu(HL})(H20)](CsHO)H2012}n  (34)

CaoH)sCulNgO11 FW. 55191

To & solution of squeric acid ( 29 mg, 0.25 mmol) in water and ethanol (v/v, 1: 1, 5 ml)
was added 87 mg of Cu(ClO4)»6H0 (0.25 mmol) with a magnetic stiring. The
resulting yellow solution was treated with HaL? ( 80 mg, 0.25 mmol) according the
general procedure. The color of the solution changed to  green and the solution was
allowed to stand for 2-3 days. The green cubes suitable for X-ray analysis were
collected and dried in air. (78 mg, 57 %).

m.p. >30°C dec, Anal. for CyoH sCuNgO11 (551.91): Celed. C, 43.53; H, 292; N,
10.15. Found C, 43.72, H, 3.08; C, 10.07.

Selected IR bands { KBr pellet ), 3277(b), 3116(w), 3079(w), 2586(w), 2465(b),
1801(m), 1700(s), 1672(s), 1644(s), 1607(w), 1561{vs), 1505(w), 1457(m), 1428(3),
1404(m), 1353(m), 1281¢{m), 1261(m), 12178m), 1186(s), 1120(m), 1040(w), 1026(m),
973(mm), 870(m), 838(m), 828(m), B0B(m), 784(m), T6%(w), 746(w), 718(m) cm’!.

5225 {{Cu(LI)(H2002](H20)4.5ln (35)

CieH21CuNgOhos FW. 500,90

CuS04-5H20 (25 mg, 0.1 mmol) in 20 ml water was treated with HaL2 (32 mg, 0.1
mmol} according to the general procedure. The resulting pale green suspension was
obtained. The pate green cottonwool-like solid was filtered off and dried in air (22 mg ,
43%). m.p. > 300°C dec.; Anal. Caled. for C1gHz1N4Oj10.5Cu ( 500.90): C 3837, H
4,23, N 11.19; Fouod: C 3838 H3.65;N 11.09;

Selected IR bands (KBr pellet ), 2923(m), 2853(w), 1652(vs), 1605{m), 1490(m),
1455(m), 1414(m), 1397(s), 1366(m), 1312(s), 12B6(w), 1250{w), 1218(m), 1192(m),
1128(w), 1081(m), 1061(w), 1020(m}, 836(s}, 786(w), 756(w) cmr],
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5.22.6. [[Cua(L(CH3COO0)J(H3O)a}n (36)

CooHz0CuaN40y; FW. 619.49

Cu(Cl04)2-6H20 (185 mg, .5 mmol) in water (5 ml} and AcOH/AcOK buffer (2 M, §
ml) was treated with H3L2 (R0 mg, 0.25 mmol} according o the general procedure. The
resulting dark green solytion was allowed to stand for a week. The dark green crystals
were collected and dried in alr. ( 81 mg, 52%).

m.p. > 238°C dec. Anal Calc. for CyoHz0N4011Cuz( 619.49): C, 38.78; H, 3.25; N,
9.04, Found: C, 38,66, H, 3.46, N, 9.06,

Selected IR bands (KBr pellet ) 3131(m), 3082(w), 1674(vs), 1623(s), 1603(s),
1481(w), 1457(m), 1416(s), 1378(s), 1326(s), 1317(s), 1264(w), 122}{m}, 1196{m),
1128(m), 1083(w), 1024(m), 972(w), 835(m), 812(w), 781(m), M4(w) cm!.

5.2.2.7, J[Cu2(L?)(L*)(H20)2](H20)g}u (37)

C32H36Cu2NgOyg F.W. 94778

Above suspension of 35 was allowed to stand in the mother hiquor for a week . The
resulting deep green cubes formed, the crystals were collected and dried in air (18 mg,
38%). m.p. > 300°C dec., Anal. Caled. for C33HagCuaNgO1s  (947.78): C, 40.55; H,
3.83; N, 11.82, Found: C, 40.77, H, 4.02; N, 12.05,

Selected [R bands (KBr pellet }, 3354(br. m), 3238(br. s), 1684(vs), 1606(vs), 1574(w},
1479(m), 1463(m), 1452(m), 1429(w), 1406(s), 1397(s), 1374(m), 1338(s), 1316(s),
1262(m), 1215(s), 1181(s), 1170(s), 1123(m), 1086(m), 1055(m), 1023(m), 911(w),
339(s), 810{m), 790(en}, 778(m), 742(m) cm).
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5228, {[Cuz(LY(H20)5](S04)(H20)3}n  (38)

Ci6H24CuaN40 168 F.W. 687.54

Cu804-5H20 (25 mg, 0.1 mmol ) in water (10 mi) was treated with 16 mg HaL2 (16
mg, 0.05 mmol). The resulting green solution was allowed to stand for two weeks. The
block-like green crystals were collected and dried in air (21 mg, 61 %); m.p. > 300°C
(dec). Anal. for C16H24CuaN4016S (687.54): Caled. C, 27.95; H, 3.52; N, 8.15. Found
C,28.17,H, 3.70: N, 8.27.

Selected IR bands (KBr pellet ) 3138(w), 1670(vs), 1637(vs), 1601(m), 147%(m),
1452{m), 1404(s), 1369(m), 1338(m), 1321(m), 1262(w), 1213(m), 1188(m), 1112{vs),
1055(w), 1029(m), 844(s), 775(s), 742(W) eml,

5.2.2.9. {[Cu(LYCl2(H20)](H201}y (39)

CigH12C12CuaNgOs FW. 554.29

CuCl2.2H20 (17mg, 0.1 mmo!) in water (5 ml) was treated with HaL2 (16 g 0.05
mmol). An olive green precipitaie was immediately obtained. The solid was collected by
filtration, washed with 5 m! of ethanol, and dried in air. { 21 mg, 76 %); m.p. > 300 °C
dec. Anal, Caled. for CigH12Cl2CuaN4Og (554.29): C, 34,67, H, 2.18; N,10.11; C,
12.79. Found C. 34.78; H, 1.92; N, 10.24; Cl, 12.58. Selected IR bands (KBr pellet ):
3371(br. m), 3111(m), 3093(w), 1685(vs), 1596(m), 1475(w), 1456(w), 1444(w),
1413(s), 1372(m), 1301(m), 1291{m), 1263(w), 1220{m), 1182(s), 1120(m), 1082(w),
1050(w), 1020(m), 829(s), 789(s} cr~! .
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5.2.2.10. {[Cua(LA)(C404)}H2002)(H20)15}n  (40)

CzpH;5CuaN4014 5 (622.45)

To a solution of squaric acid ( 14.5 mg, 0.125 mmcl) in water and ethanol ( v/v }:1, 5§
ml} Cu(ClO4)26H20 (93 mg, 0.25 mmol) was added with a magnetic stiming. The
resulting yellow solution was treated with HaL2 ( 40 mg, 0.125 mmeo!) according the
general procedure. An olive green precipitate formed immediately and was filtered off
and dried in air {55 mg, 71%), m.p. > 300°C dec, Anal. Cale. for CopH|5CuaN404 5
(622.45). C, 38.59; H, 2.43, N, 9.00. Found: C, 38.41; H, 2.39; N, 8.87,

Selected TR bands (KBr pellet ):  3530(m), 3139(br. w), 1670(s), 1601(w), 1578(w),
1555(s), 1442(vs), 1410(m), 1315(m), 1213(m), 1193(m), 112]1(w)}, 1053{w), 1030(w),
836(m), 773(m) cm"l.

52211, {[Cuz(L2{H201:l(NO3)ztn  (41)

Ci16H12CusNg0 12 F.W. 607.39

Cu(NO3)23H30 (24 mg, 0.1 mmo! ) in water (10 ml) was treated with HyL2 (16 mg,
0.05 mmel)according the general procedure. The resulting green solution was allowed
to stand without a stopper for two weeks. Blue crystals appeared at first, which proved
to be complex 33 by IR, After a week green block crystals were obtained, coflected and
dried in air (17mg, 56 %), m.p. > 300°C dec. Anal. caled for CjgH|2CuaNgO12 (
60739):C, 31.64; H, 1.99; N, 13.84. Found: C, 31.28; H, 2.12; N, 13.85.

Selected IR bands (KBr pellet ): 3374( br. m), 3135(w), 1618(s), 1458(m), 1435(m),
1385(s), 1355(s), 1234(w), 1209(s), 1124(w), 1084(w), 1055(w), 1020{m), 981(m),
907(w), 849(m), 827(w), 781(s), 746(w) cm-1.
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5.2.3. Complexes with Ligand 3
5.23.1. {{Cu(L3)H20)}(H20)5} (42)

CisHzgCuN4O0 F.W. 491.10

Tao an aqueous solution (10 ml) of 50 mg (0.2 mmol) of copper sulfate peniahydrate
was slowly added a 33 mg (0,1 mmol ) amount of HzL3 with a magnetic stirming. A dark
green solution was immediately obtained. During a few hours the color of solution
became light green and the solution was allowed to stand at room temperature. The
resulting green crystals appeared within 24 h. The crystals were collected by filtration,
washed with ethanol, and dried in air: yield (80%); m.p. > 300°C dec. Anal. Caled. for
CigHa9CuNLO o (491.10): C, 39.07, H, 4.10; N, 11.39. Found C, 39.34; H, 4.23; N,
11.58.

Selected IR bands { KBr pellet ). 3372(br. vs), 1636( br. vs), 1541(w), 1478(m),
1450(m), 1429(w), 1402(m), 1365(s), 1320(s), 1279(m), 1227(w}, 1196(m), 1173Hw),
1125(m), 1095(w), 1085(w), 1049(w), 1020(w), 1006(w), 852(m), 821(s), 796(s),

759%(m) em1.
5.2.3.2. {[Cuz(L3)C|z(H20)](HzO)z}n 43

CigHi4 ClzCuzNgO7 FW. 57231

To an aquecus solution of copper chloride dihydrate { 171 mg, tmmol) in 20 ml water
was added a 33 mg (0.1 mmol) of Iigand 3 with magnetic stirring at room temperature.
A green solution was immediately obtained and this sclution was allowed 1o stand for a
week. The dark green crystals appeared, they were collected by filtration, washed with
ethanol and dried in air. ( 45 mg , 78 %). mp. > 248°C dec. Anal. Caled. for
CigH14Cl2CuaN407 (572.31): C, 33.58; H, 247, N, 9.79; Cl, 12.39. Found: C, 33.31;
H, 2.44; N, 9.74; Cl, 12.47.
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Selected IR bands( KBr pellet ) 3416(br. 5), 1693(vs), 1664(m), 1600(m), 1551(w),
1469(m), 1424(w), 1375(w), 1313(m), 1290(s), 1268(w), 1244(s), 1206(m), 1166(m),
1127(m), 1102(w), 1019(m), 852(m), 786(s) cm™!.
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