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Preface

The terms *self-assembly’ and ‘networks' are very much common in the
study of supramolecular chemistry. Self-assembly of molecular unit can be
achieved by the recognition through various non-covalent interactions. Whereas,
the term network readily appeared for the simplification of the supramolecular
structural motifs and correlation between them. Solid state structures of the
transition metal complexes occupied a vast area in the supramolecular
chemistry. The assembly patterns are very sensitive to the conformation,
substitution and also to the solvent of crystallizations. This thesis is an attempt
to rationalized these problems in afew sets of copper(I1) complexes.

Copper(ll) chemistry has spread over a vast area of natural system and
also of great research interests. Chapter 1 gives an overview of the coordination
preference of copper(ll) ion in synthetic and biological system with the
importance of non-covalent interactions in various field with the reference of
copper(l1) complexes. The importance of copper(ll) coordination polymers are
also discussed in this chapter.

The conformational flexibility, the location of peripheral functional group
and substituent exert the crystal packing. Chapter 2 to 4 highlight the variation
of solid state structures of the complexes with the minute variation of the
peripheral functional position and conformation of the ligand. Whereas, chapter
5 and 6 deal with discrepancy of the structural motif with the variation of the
substituent location. Chaper 7 gives the impact of length and the conformational
flexibility of the spacers on the networks of the coordination polymers.

Hyderabad Sunirban Das
April 2006
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Chapter 1

Introduction

This chapter provides an overview of the fundamental importance of divalent copper
ion in biology and materials science with respect to coordination behavior and
structural topology. The importance of weak intermolecular interactions in the
biological and materials science with a particular reference to copper(ll) species have
been discussed briefly. The development and the applications of the covalently
bridged coordination polymers have been mentioned briefly.

1.1. Coordination chemistry of copper(ll): A brief survey

Since the starting of modern coordination chemistry with Werner, chemists are
constantly engaged with the understanding of bonding principles responsible for the
energetics and structure of the coordination compounds. The resulting supramolecular
structure with various non-covalent intermolecular interactions and their effect on the
chemical and physical properties of the coordination complexes are now becoming
contemporary field of chemical research. The over all structural patterns are mainly
depends upon the preferential coordination of the specified metal ion and the design
and conformational flexibility of the ligands. In the solid state, the nature of the
solvent of crystallization also plays an important role to hold a particular structural
motif. The coordination chemistry of copper is of particular interest for the better
understanding of various enzymatic processes in biology, organic catalytic reactions,
optical and magnetic properties, host-guest chemistry etc. There is an adequate
abundance of copper containing proteins in the biological systems to carry on the
electron transfer and oxidative catalytic reactions. With addition, the importance of
copper containing species in materials science kept interest for the understanding of
coordination as well as the supramolecular chemistry of copper.

In the following subsections, the possible coordination modes, the biological

essentiality and clinical use of the copper(Il) species have been discussed.
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1.1.1. Preferential coordination geometry

Four-coordinated copper(Il) centers are relatively abundant in the literature.'
Structural variations in these systems are usually indicated by a tetrahedral distortion
index which depends on the L-M-L angles and the dihedral angle between the two
planes, each of which contain the central copper ion and two cis ligands.3 Among the
four-coordinate species, most of the complexes are either perfectly planar or slightly
distorted planar due to the structural constraints. According to the point of electronic
stability, the square planar complexes of copper(Il) shows apical interaction with the
available coordinating site from the same type of neighboring molecules or from the
solvent molecules to get stability through 18-electron rule.* A vast number of five- or
six-coordinate copper(Il) complexes have been also isolated with long axial bonds
due to Jahn-Teller distortion of the d’ copper(II) center."” The geometries of the five-
coordinate complexes usually range from square-pyramidal (Cs) to trigonal-
bipyramidal (Ds;,), with most of the complexes falling between ideal square-
pyramidal and trigonal-bipyramidal geometries, somewhere along the classical Berry
pathway.4’6 Magnetic orbital for square-planar, square-pyramidal and elongated
octahedral species is ds2-y2 and that for trigonal-bipyramidal species is d,2. Whereas,
in most five coordinate copper(Il) complexes it varies between these two orbitals.
This is due to different structural disposition of five-coordinate copper(Il) species
between square-pyramidal and trigonal-bipyramidal. Few higher than six-coordinated

7-11 .
Seven-coordinate

copper(Il) complexes are also reported in the literature.
complexes are mostly pentagonal bipyramidal with a few hexagonal pyramidal
species.7_9 Some heterometallic halogen clusters and bi-caped complexes with borane
or carborane have been reported where higher than even seven coordination of
copper(Il) is present.m’ll In higher coordinated copper(II) complexes d,2-y2 will be
serving as the magnetic orbital, however, the energy gap between d2-y2 and d,2 will

be less compared to that in lower coordinated structures.'?

1.1.2. Copper(ll) in biology

Copper is an abundant trace metal in biological systems and is often found as a
co-factor in proteins, spanning over a wide range of functions.’ Copper is found more
in brain and heart than any where else except in liver, where it is stored as copper

thionein and released in the form of a complex with serum albumin." High metabolic
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rate of brain and heart requires relatively large amount of copper metalloenzymes
such as, tyrosinase, cytochrome c¢ oxidase, dopamine-B-hydroxylase, monamine
oxidases and Cu-Zn superoxide dismutase. Copper containing proteins can be found
in electron transfer processes and in fibrinolytic pathways (e.g., cytochrome c

) . . 2,13
oxidase, Cu/Zn superoxide dismutase).”

Copper as well as other metals in
biological systems are usually directly associated with the protein residues and using
protein engineering, much can be learned about these systems in terms of properties,
structure, function and their interplay.M_16 In most biological systems copper is
bound to protein through imidazole imine nitrogen atom of histidine moiety or amide

17,18 Copper proteins can be divided in two categories,

oxygen of the amino acid.
proteins that help catalytic processes and the electron transfer proteins. But here we
will discuss them according to their structural point of view. Copper containing
proteins according to the coordination geometry around the copper centre can be

classify into three classes as described below. '

(1) Type I (Blue copper protein)

R. His
///Cu R = Spjet (azurin, plastocyanin, laccase)
. R = Ogy, (phytocyanins)
Cvs Glu
y His R =H,O0 (ceruloplasmin)
Cu(NHis)ZSCysR

In blue copper proteins, copper center is coordinated to two histidine nitrogen
atoms and one cystine sulphur atom. The fourth coordination site is satisfied by the
sulphur atom from methionine (azurin, plastocyanin, laccase), or oxygen atom from

glutamine (phytocyanins) or the water molecule (ceruloplasmin).”'*?

(i1) Type II (Non-blue copper protein)
L

NHis/ L.' | ‘_L / Nis
II/// C u\\\\\\‘

Niis/ L Niis

L =0 or S ligands

Cu(Nyi)mln, (m=1to4;n=0to3; m+n=4or5)
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Although these proteins are monomeric and similar to the Type I, but they do

Chapter 1
not possess the beautiful blue colour.”® The copper center is coordinated to nitrogen
atom from histidine and sulphur atom from methionine and/or the oxygen atom of the

carboxylate group. The main proteins in this group are non-blue oxidases (amine,
diamine, galactose and lysyl oxidase), nitrite reductase, dioxygenase, monooxygenase
These proteins are mainly known for their

24-26

and Cu-Zn-superoxide dismutase.

catalytic activities.
(ii1) Type III (Dimeric copper protein)
His His
| 0., §
. ' “u, s
His '“"”/Cu\\\\\\ ////Cu.
His
\O |
His

His
[Cuy(1-O2)(NHhis)e]
In this type of proteins, metal centers form a dinuclear p-n*n’? peroxo copper

active site, which is generated from the reduction of molecular oxygen. These are
mainly found in haemocyanins,27 and also in tyrosinase28 and catechol oxidase.”
The most important copper protein cytochrome ¢ oxidase, has slightly different
structural feature than the above mentioned types with two kinds of copper sites.
While one of the copper centre (Cu,) resembles the Type III but bridged by cystine
sulphur instead of oxygen atom, the other copper site (Cug) is terminally bridged with
haem iron through reduced dioxygen. Haem/copper oxidases (Cug) catalyse the four
electron reduction of dioxygen to water, which is coupled to the generation of a
in which they are

proton electrochemical gradient across the membranes
embedded.**! Another important copper protein is superoxide dismutase, universally
known as CuZnSOD,” where the copper center is distorted square pyramidal (falls in

the Type II category) with four histidine nitrogen atoms and a water molecule in the
coordination sphere. One of the imidazole moiety serves as the bridging group

between the copper and zinc centers.’
It is evident that copper containing proteins are essential in the electron transfer

and catalytic oxidase processes of several biological systems. Therefore, copper
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complexes with different ligand systems or with peptides can serve as drugs for
several diseases caused due to deficiency of copper.34 Copper has an esteemed place
in medical biochemistry, although until recently it has been restricted predominantly
to organic drugs. Several research has been done in the area of chemotherapeutic use
of copper(Il) chemistry, which has led to the developments in anti cell growth,
3336 For the

rheumatoid and other degenerative diseases the commercially used drugs such as

infection control, antibacterial activity and anti-inflammatory drugs.

Dicuprene, Alcuprin, Cuprimyl, and Permalon are copper-salicylate preparation.37
Copper ascorbate has strong anti-viral properties.38 Copper peptide complexes have
been used for several skin diseases and to protect hair loss. Even simple copper salts
such as copper sulfate solution has found its use in promoting normal cardiovascular
health and blood circulation, the formation and maintenance of strong bone mass, the
inhibition of free radicals, and proper cell replication. Copper salts are also used for
the production of collagen and elastin, the proteins responsible for keeping blood
vessels, skin and connective tissues supple and elastic.”’ Even the copper arm bands
are well known to reduce arthritis. However, the overdose of copper can lead to the
toxic effects such as zinc deficiency, over-stimulation, psychosis and liver damage.

1.2. The molecular assembly

Molecular chemistry has provided a very powerful arsenal of procedures for the
construction of a wide range of sophisticated molecules and materials from atoms
linked by covalent bonds.* Beyond the regime of molecular chemistry based on
covalent bonds, there lies the field of supramolecular chemistry whose aim is to
develop highly complex chemical systems from components interacting via strong
covalent bonds or non-covalent intermolecular forces.”! By the appropriate
manipulation of these interactions, supramolecular chemistry has progressively
become the chemistry of molecular information, which involves the storage of
information at the molecular level and in the structural features, its retrieval, transfer,
and processing at the supramolecular level through molecular recognition processes
operating via specific interactional algorithms,42 This has paved the way towards
apprehending chemistry as also an information science. A step beyond
preorganization, consists of the design of systems capable of spontaneously
generating well-defined supramolecular architectures by self-assembly from their
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components.43 They have been implemented for the generation of a variety of discrete
functional architectures of either organic or inorganic nature.** Self-organization
processes also give access to advanced supramolecular materials, such as
supramolecular polymers and liquid crystals, and provide an original approach to
nanoscience and nanotechnology. The energy range of these interactions beyond the
self-organization is intermediate between van der Waals interactions and covalent
bonds, which allows self-organization by selection as well as by design at both the

molecular and supramolecular levels.

1.2.1. Non-covalent interaction in coordination complexes

During most of the 20th century, chemists have been concerned with making
and breaking of strong chemical bonds. With the growth of molecular biology,
asymmetric catalysis, supramolecular chemistry and crystal engineering, chemistry is

414546 The study of supramolecular chemistry

now focused on weak interactions.
provides an understanding of how molecular recognition and self-assembly occur in
biology and imparts characteristic properties in materials science.*” The biological
phenomena such as immune response, enzyme catalysis, drug activity and ion
channel gating all rely on molecular recognition. Supramolecular systems can also act
as nano-scale devices such as molecular switches and machines. An important
synthetic strategy employed in metallo-supramolecular chemistry utilizes ligands that
can coordinate to a metal ion through primary coordination sites, while at the same
time participating in additional bonding interactions through peripheral sites. These
supplementary sites may propagate secondary connections via strong hydrogen
bonding through the peripheral functional groups or with guest molecules. The weak
hydrogen bonding such as C-H--X (X = O, N, halogen), halogen-halogen interaction,
sulphur-sulphur interaction and stacking interaction also play important roles in the
recognition, magnetic and electronic processes.48 In the following subsections, the
importance of non-covalent interactions in the biological and materials science with a

particular reference to copper(Il) species have been discussed.

1.2.1.1. In bioinorganic chemistry

Transition metal complexes with potential biological activity are being

49,50

investigated more frequently than ever before. The ternary copper(Il) complexes
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with distorted square-planar or square-pyramidal geometry are mostly studied for
3951 1t has been found that these

complexes are far more active than their corresponding organic counter parts. Like all

their oxidase and strong cytotoxic properties.

the metalloproteins, the biological activities of the copper proteins are also controlled
by the non-covalent interactions between the organic moieties. Among the non-

52,53 . . . 54 .
and stacking interactions™ are especially

covalent interactions hydrogen bonding
common. These interactions are most useful tools for stabilizing the ternary structure
of protein, reactivity of the metalloenzymes, the recognition process and nucleic acid

. 55-57
chemistry.

Recognition through non-covalent bonding is the main aim for the
production of drug molecules in the pharmaceutical companies.

Furthermore, great deal of research has been done on proper designing of
transition metal complexes, which can selectively cleave the nucleic acid chain in
DNA or RNA.”® Since Sigman and coworkers™ " have shown the DNA binding
ability and chemotherapeutic activity of the copper complexes of 1,10-
phenanthroline, a huge number of papers have been published on the use of copper
complexes as DNA binding and cleaving agent. In this context, various kinds of
ligands have been used, however, the extended heterocyclic rings have received the

priority due to their strong binding ability through staking interactions.®’%

During
the last few years, another importance of copper(Il) complexes as DNA cleaving
agent has been identified, which has its use in photodynamic therapy (PDT).63 In this
process, the near infrared absorption due to the d-d transition of the copper(Il) ion has
been utilized for the excitation of the drug molecules. The weakly coordinated water

molecule has also been used for the hydrolytic cleavage of DNA.%

1.2.1.2. In catalysis

The control of reaction rates and equilibria is central to modern chemical
sciences. To realize this, a wide variety of sophisticated reagents, catalysts and
methodologies have been developed. However, in developing these tools and in
discussing the factors governing rates and equilibria, the enthalpic contribution has
traditionally been more or over emphasized as far as the “strong interactions” making
covalent or ionic bonds are concerned, whilst the entropic contribution has not been
explicitly or extensively considered in general to play a crucial role. In contrast,

living organisms employ a more smart strategy, controlling biological reactions and
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equilibria not only by enthalpy, but also through entropy factors. In the recent years,
chemists have demonstrated that the entropy related factors and therefore the “weak
interactions” indeed play the decisive roles particularly in catalysis and photo-

. 65,66
chemical processes.

Consolidating the knowledge, experience and research
potentials of photochemistry, thermodynamics, bioinorganic  chemistry,
supramolecular chemistry and other relevant areas of research, a novel multi-
disciplinary region of science, i.e. “Entropy Control” is being developed in recent

. 66
times.

1.2.1.3. In materials science

Non-covalent interactions such as hydrogen bonding, cation—t and n—m
interactions are well know tools to generate new metal-organic hybrid materials for
their use as magnetic, semiconducting, optical and logic device materials.
Intermolecular spin exchange interaction through hydrogen bonding and stacking
interactions has been well documented in several cases.®’” For the case of cooper(Il)
complexes, the resulting antiferro- or ferromagnetic coupling depends upon the
approach of hydrogen bonding or cation—n interactions along the equatorial or the

. .68
axial site.

Whereas the mode of spin coupling through stacking interaction
predominantly depends upon the coordination geometry of the metal ion and part of
the organic moiety involved in the n—n interaction.”” Weak interactions are found to
be responsible for the appropriate orientation of the molecule to generate non-
centrosymmetric solid useful as potential second order NLO material in several
cases.’” It has been also found that n—stacked molecular assembly plays an essential
role in semiconducting materials such as the pentacene type organic
semiconductors.’' In this regard, the neutral transition metal complexes of extended

tetrathiafulvalene (TTF) ditholate ligands are extensively studied.”?

1.2.2. Ternary copper(ll) species

The ternary square-planar complexes of copper(Il) are of considerable interest
for their structural, magnetic, electron transfer and catalytic properties and as models
for some metalloenzymes containing copper in the active sites.”””* Such copper(Il)
complexes are also effective to hydrolyze the inactive peptide bond in several

75-78

proteins and phosphoester back bone of DNA. It is known that m—m interactions
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stabilize the tertiary structure of proteins, control the reactivity of the metalloenzymes
and dictate the molecular recognition process and also play important role in nucleic

. . 53-55,79,80
acid chemistry.

Ternary complexes have been used to model the active site
structures and catalytic properties of several type-II copper proteins.gl’82 Sigel et al.
have studied the stacking interactions of the aromatic rings in ternary complexes.
Such weak interactions have profound influence on the structure and function of these
complexes.%’84 In this context it is worth to study the recognition motifs of ternary

copper(Il) complexes with ligands containing amide functionality.

1.2.3. Coordination polymeric structures

The development of rational synthetic routes to novel supramolecular
architectures, like molecular boxes, catenanes, rotaxanes, knots and helicates, as well
as new two- and three-dimensional frameworks has recently been pursued in

) . o .. 8586
inorganic and coordination chemistry.

These metal containing materials are not
only interesting for their new topologies,87 but also have many potential applications
in electrical conductivity,88 nonlinear optical properties,89 magnetism,90 host-guest
chemistry,91 ion—exch:f,lnge92 and ca‘[alysis.93 Over the past fifty years, research on
porous materials has resulted in a number of applications, which have made a direct
impact on domestic life and large scale industrial processes. The basic concepts in
coordination polymer chemistry are the use of metal centres with different selected
coordination geometries and suitable spacer ligands. Zeolite-like polymeric species
have been prepared, that are tailored or functionalized for molecular selectivity or
catalytic applications.%f97

Development in the crystal engineering of coordination polymers require
further information on:

(i) new topological types, to be related to the nature of the metal centres, the
dimensions and conformational flexibilities of the ligands, the dimensions and
donor properties of the counter-ions and the presence of guest molecules;

(i) the effect of supramolecular interactions (hydrogen bonding, m—stacking, and
others);

(iii) the effects of interdigitation (complementary molecular shapes and steric
requirements); and

(iv) the degree of interpenetration and its control.
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Polycarboxylate ligands play an important role in designing polynuclear metal
complexes with interesting properties. They usually adopt binding modes as diverse
as terminal monodentate, chelating to one metal center, bridging bidentate in a syn—
syn, syn—anti, and anti—anti configuration to two metal centers, and bridging

tridentate to two metal centers.”>’

On the other hand, the rigid rod-like spacer
molecules 4,4'-bipyridine (bpy) and pyrazine (pz) have been found useful building
blocks for the construction of various types of metal-organic coordination

100,101
frameworks.”

1.3. Motivation behind the thesis

A large number of small molecular units with various functional groups as
coordination sites have been synthesized and studied for mimicking various
biological activities and their potential use in the materials science. Still, there is a
lack of proper structural study with combined variation of ligand conformational
flexibility, position of the peripheral functional group and the nature and the position
of the substitutent on the ligands. This prompted us to undertake the study of
coordination complexes with the aim of detailed structural analysis by varying each
of the above mentioned factors. We have chosen the ternary copper(Il) complexes
with (i) tridentate Schiff bases derived from aroylhydrazine and acetylacetone or
salicyladehyde and different aza-heterocyclic bases as the ancillary ligand, (ii)
tridentate Schiff bases 2-N-(picolinylidene)phenol having methyl substitution at
different positions of the phenolate ring and halide as the ancillary ligand to
investigate various non-covalent interactions and the resulting supramolecular
structures.

The polymeric coordination compounds with mixed bridging ligands are of
particular interest for their use in various fields of science. The conformationally
flexible dicarboxylate ligands are excellent bridging groups to design various
topological solids with the use of proper metal ions and co-bridging ligands. The
remarkable coordination abilities of succinate ligands and of rigid planar bidentate
diimines have prompted us to design and synthesize new microporous polymeric
copper(Il) coordination compounds containing both these ligands.
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Chapter 2

Stacked one-dimensional assembly of a ternary square-
planar copper(ll) complex®

This chapter describes the synthesis, characterization and physical properties of a
mixed-ligand copper(ll) complex, [Cu(bhac)(dmpz)] (1), with a tridentate Schiff base,
acetylacetone benzoylhydrazone (H,bhac) and a monodentate heterocycle, 3,5-
dimethylpyrazole (dmpz). The molecular structure of the complex has been
determined by X-ray crystallography. In 1 the metal centre is in square-planar N,O,
coordination environment. The whole molecule is essentially planar, barring a small
variation in the orientation of the dmpz plane with respect to the {Cu(bhac)} plane. In
the solid state, two types of 11-1 interactions on two sides of [Cu(bhac)(dmpz)]
molecule lead to a one-dimensional arrangement of the complex molecules with
sequential short [3.5952(8) A] and long [5.5960(12) A ] Cu---Cu distances. Solid state
as well as frozen solution EPR spectral measurements reveal an
antiferromagnetically coupled dicopper(ll) system and indicate a magnetic exchange
interaction mediated by -1 interaction. Magnetic susceptibility data in the
temperature range of 10-300 K are consistent with this observation. The magnitude
of the coupling constant J, obtained by least-squares fitting of the data using the
Bleany—Bowers expression, is —6.0 (1) cm™".

2.1. Introduction

Among various non-covalent intermolecular interactions m-m interaction plays
crucial roles in determining the supramolecular structural motifs as well as the
physical properties of the resulting solid. Complex molecules containing ligands with
aromatic fragments or chelate rings having sufficient n—delocalization can participate

.. . . . 1-3
in intermolecular n—mn interactions and form various stacked structural modes.

¥ This work has been published in New J. Chem, 2003, 27, 1102-1107.
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Herein, we report the synthesis and X-ray structure of a square-planar ternary
copper(Il) complex with dianionic O,N,O-donor deprotonated acetylacetone
benzoylhydrazone (Hobhac) and the monodenate neutral N-donor 3,5-
dimethylpyrazole (dmpz) (Figure 2.1). The mononuclear complex, [Cu(bhac)(dmpz)]
(1), forms a one-dimensional chain via intermolecular ©-n interactions involving
metallated chelate rings of the tridentate ligand and the dmpz moiety with successive
long and short Cu--Cu distances. EPR and cryomagnetic studies reveal an

antiferromagnetic metal ion spin-coupling.

-0 CH,

| HsC \ /NH

(bhacz_) (dmp2)

Figure 2.1.
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2.2. Experimental section

2.2.1. Materials

The Schiff base, Hybhac, was prepared by the condensation of one mole
equivalent of acetylacetone with one mole equivalent of benzoylhydrazine in boiling
methanol. Yield obtained was 85 %. All other chemicals and solvents used in this
work were of analytical grade available commercially and were used without further
purification.

2.2.2. Physical measurements

Microanalytical (C, H, N) data were obtained with a Perkin Elmer Model 240C
elemental analyzer. The infrared spectrum was recorded by using a KBr pellet on a
Jasco-5300 FT-IR spectrophotometer. Solution electrical conductivity was measured
with a Digisun DI-909 conductivity meter. A Shimadzu 3101-PC UV/vis/NIR
spectrophotometer was used to record the electronic spectrum. A CH-Instruments
model 620A electrochemical analyzer was used for the cyclic voltammetric
experiments with a chloroform solution of the complex containing
tetrabutylammonium perchlorate (TBAP) as supporting electrolyte. The three
electrode measurements were carried out at 298 K under a dinitrogen atmosphere
with a platinum disk working electrode, a platinum wire auxiliary electrode and a
saturated calomel reference electrode (SCE). Under identical conditions the E;,, value
of Fc'/Fc (Fc, ferrocene) couple was 0.48 V. The potentials reported in this work are
uncorrected for junction contributions. The X-ray powder diffraction pattern was
collected on a Philips PW-3710 diffractometer using Cu Ka radiation (1 = 1.54184
A). The EPR spectra were recorded on a Jeol JES-FA200 spectrometer. The variable
temperature (10—300 K) magnetic susceptibility measurements were performed using
the Faraday technique with a set-up comprising a George Associates Lewis coil force
magnetometer, a CAHN microbalance and an Air Products cryostat. Hg[Co(NCS),]
was used as the standard. A diamagnetic correction (=155 x 10° emu mol™ for
[Cu(bhac)(dmpz)] (1) ) calculated from Pascal’s constants,4 was used to obtain the
molar paramagnetic susceptibilities.
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2.2.3. Synthesis

[Cu(bhac)(dmpz)] (1)

A dry ethanol solution (15 mL) of Cu(O,CCHj;).2H,0 (199 mg, 1 mmol) was
added to another dry ethanol solution (20 mL) of Hybhac (261 mg, 1.2 mmol) and
3,5-dimethylpyrazole (dmpz) (96 mg, 1 mmol). The resulting green mixture was
stirred at room temperature for 2 h. The mixture was then evaporated on a steam bath
to 1/4 of the original volume and slowly cooled to room temperature. The brown
needles deposited were collected by filtration and dried in air. Yield was 320 mg
(86%). A single crystal suitable for X-ray structure determination was selected from
this material. Anal. calcd. for C;H,yN4O,Cu: C, 54.32; H, 5.36; N, 14.90; found: C,
54.10; H, 5.34; N, 14.73. Selected IR bands (cm™'): 3310(m), 1597(s), 1568(m),
1512(s), 1489(m), 1412(s), 1346(w), 1269(s), 1209(w), 1169(m), 1140(w), 1065(w),
1036(s), 949(m), 789(s), 766(m), 687(s), 602(m), 567(w), 474(w), 438(s), 407(w).
UV/ Vis [CHCl; ; Apa/nm (g/dm® mol™" em™)]: 577 (107), 373 (17 700), 360sh (16
900), 245 (20 400).

2.2.4. X-ray crystallography

A crystal of dimension 0.48x0.28x0.24 mm® was used for data collection on an
Enraf-Nonius Mach-3 single crystal diffractometer using graphite monochromated
Mo Ka radiation (4 = 0.71073 A) by the w-scan method at 298 K. Unit cell
parameters were determined by the least-squares fit of 25 reflections having 6 values
in the range 9—11°. Intensities of 3 check reflections were measured every 1.5 h
during the data collection to monitor the crystal stability. No decay was observed in
28 h of exposure. The y-scans of 6 reflections with € in the range 5-21° and y within
80—89° were used for an empirical absorption correction.” The structure was solved
by direct methods in the P1 space group and refined on F° by full-matrix least-
squares procedures. The asymmetric unit contains a single molecule of
[Cu(bhac)(dmpz)]. All non-hydrogen atoms were refined using anisotropic thermal
parameters. Hydrogen atoms were placed geometrically by using a riding model and
included in the structure factor calculation, but not refined. Calculations were done
using the programs in WinGX® for data reduction and absorption correction, and the
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SHELX-97 programs7 for structure solution and refinement. Ortex6a® and Platon98
packages9 were used for molecular graphics.

Table 2.1. Crystallographic parameter for [Cu(bhac)(dmpz)] (1).

Chemical formula

CuC47H20N4O,

Formula weight 375.91
Crystal system Triclinic
Space group Pl

TIK 298

a(A) 7.2563(13)
b (A) 10.6168(16)
c (A) 12.0608(19)
a (%) 103.213(12)
B(°) 103.625(14)
7(°) 101.443(13)
26(°) range 3.62-49.94
v (A% 847.3(2)

V4 2

(mm™) 1.306
N-collected 2980
N-unique 2980

N [I>20())] 2554
Parameters 221

R1,2 wR2° [I = 26(/)]

R1,2 wR2" [all data]

GOF® on F?

Largest peak and hole (e A‘S)

0.0305, 0.0779
0.0398, 0.0827
1.015

0.297, -0.368

aR1 = ¥[Fo| - [F//S/Fo]. WR2 = (S[(Fe? - F)2)/S[w(E2)2]) 2.
¢ GOF = {X[w(Fo? — F?)?]/(n - p)}”> where n is the number of reflections and p is the

number of parameters refined; w = 1/[c*(Fo?) + (aP)? + bP].
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2.3. Results and discussion

2.3.1. Synthesis and characterization

In ethanolic medium, the reaction of Cu(O,CCH3;),-2H,0, H,bhac and dmpz in
a 1:1:1 mole ratio affords the green complex in good yield. Elemental analysis data
are satisfactory with the formula [Cu(bhac)(dmpz)]. The complex is electrically non-
conducting in acetonitrile solution.

The infrared spectrum of the complex does not display the amide C=O stretch
(~1675 crnfl)10 expected for the free Hybhac. Thus, in the complex the metal ion is in
a +2 oxidation state and coordinated to the enolate-O, the imine-N and the
deprotonated amide-O atoms of the completely deprotonated Schiff base (bhac®). A
strong band observed at 1597 cm™' is possibly associated with the C=N-N=C moiety
of bhac®”.!' The fourth coordination site is satisfied by the imine-N of dmpz. The X-
ray structure (vide infra) confirms such coordination of bhac®™ and dmpz and the +2
oxidation state of the metal ion. The sharp band observed at 3310 cm ™' is assigned to

the N—H group of dmpz.

1.0
[¢h]}
Q
| =
(1]
2
3 0.5
o]
<C X 200
500 600 700
0.0 T T
200 400 600

Wavelength (nm)

Figure 2.2. Electronic absorption spectrum of [Cu(bhac)(dmpz)] (1) in chloroform
solution. Inset: Magnified d—d transition in same solution.
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The electronic spectrum of the complex in chloroform solution displays a weak
band at 577 nm. Absorptions in this region observed for square-planar or square-
pyramidal copper(II) Schiff base complexes have been assigned to d-d transitions."
The intense absorptions displayed in the range of 374—245 nm are likely to be due to
ligand-to-metal charge transfer and intraligand transitions (Figure 2.2).

2.3.2. Electrochemical properties

In chloroform solution, the complex is redox active. The cyclic voltammogram
of the complex displays an irreversible oxidation at 0.63 V (vs. SCE) (Figure 2.3). On
the cathodic side of SCE (up to —1.0 V) no redox response is observed. The current
height of the oxidation response is comparable with known one-electron redox
processes under identical conditions.”” No such response is observed for either
deprotonated bhac®” or dmpz under the same conditions. The iron(III) complex of
bhac®™ displays a metal-centred one-electron oxidation response at 0.4 A Thus, the
oxidation observed for [Cu(bhac)(dmpz)] is assigned to a Cu(Ill) — Cu(III) process.
The irreversible nature suggests that the corresponding oxidized species is unstable
on the cyclic voltammetry time scale.

6

Current/uA

-12 . T .
0.8 0.6 04
E(V) vs. SCE
Figure 2.3. Cyclic voltammogram (scan rate 100 mVs™') of ~10~ M solution of
[Cu(bhac)(dmpz)] (1) in chloroform solution (0.1 M TBAP) at platinum electrode

(298 K).
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2.3.3. Description of molecular structure

The molecular structure of [Cu(bhac)(dmpz)] (1) is depicted in Figure 2.4. The
bond parameters associated with the metal ion are listed in Tables 2.2 and 2.3. The
copper(Il) centre is in a square-planar N,O, coordination environment constituted by
the enolate-O, the imine-N and the deprotonated amide-O coordinating bhac®™ and the
imine-N coordinating dmpz. The N2-C6 [1.304(3) A] and C6-02 [1.300(3) A]
distances are consistent with the deprtonated form of the amide functionality in
bhac?"."> The C2-C3 [1.363(4) A] and C2-O1 [1.300(3) A] distances indicate the
enolate form of the —-HC=C(CH3)-O  fragment of bhac>".'® The chelate bite angles
for the five-and six-membered rings formed by bhac®™ are 81.66(8) and 93.75(8)°,
respectively. The Cu(ll)-O(amide) distance [1.9168(18) A] is shorter than the
distances [1.976(2)-2.063(2) A] found in copper(Il) complexes in which the O-
coordinating amide functionality is protonated17 and comparable with the distances
[1.914(4)-1.989(5) A] observed for complexes in which the copper(Il) is coordinated
to deprotonated amide-O. The Cu(II)-N(imine) distance [1.915(2) A] is
unexceptional. The Cu-O1 distance [1.9123(18) A] is within the range reported for

Figure 2.4. Molecular structure of [Cu(bhac)(dmpz)] (1) and the atom labeling
scheme. All non-hydrogen atoms are represented by their 50% probability thermal
ellipsoids.
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copper (II) to enolate-O bonds."® The Cu-N3 distance [1.998(2) A] is similar to the
values observed for copper(ll) species containing a non-bridging neutral pyrazole
moiety.19 There is no displacement of the metal ion from the N,O; square-plane. The
maximum and minimum deviations from the CuN,O, mean plane are 0.047(1) and
0.012(1) A for O2 and Cu, respectively. The whole {Cu(bhac)} fragment is
essentially planar, barring an insignificant twisting [by 3.03(11)°] of the phenyl ring
plane (mean deviation 0.002 A) with respect to the plane containing the rest of the
atoms (Cu, O1, 02, N1, N2, C1-C6; mean deviation 0.033 A). However, the dmpz
plane (mean deviation 0.002 A) has a deferent orientation with respect to the above
mentioned plane. The dihedral angle between these two mean planes is 11.53(10)°.

Table 2.2. Selected bond lengths (A) for [Cu(bhac)(dmpz)] (1).

Cu-0(1) 1.912(2) N(3)-C(14)  1.338(3) N(3)-N(4) 1.358(3)

Cu-N(1) 1.915(2) 0(2)-C(6) 1.300(3) N(4)-C(16)  1.333(3)

Cu-0(2) 1.916(2) N(1)-C(4) 1313(3)  C(2)-C(3) 1.363(4)

Cu-N(3) 1.998(2) N(1)-N(2) 1.396(3)  C(3)-C(4) 1.422(4)
( (3) (6)-C(

O(1)-C(2)  1.300(3) N(2)-C(6) 1.304(3 C(6)-C(7) 1.485(3)

Table 2.3. Selected bond angles (°) for [Cu(bhac)(dmpz)] (1).

N(1)-Cu-N(3)  177.51(9) N(@2)-N(1-Cu  114.54(15) O(2
O(2)-Cu-N(3)  96.51(8)  C(6)-N(2)-N(1) 109.0(2) N(2

6)-N@2) 124.4(2)
C(6)-C(7) 118.2(2)

O(1)-Cu-N(1)  93.75(8)  C(2)-0(1)-Cu  125.22(16) C(14)}-N(3)-Cu  137.1(2)
O(1)-Cu-O(2)  174.20(7) C(6)-0(2)-Cu  110.39(16) N(4)-N(3)-Cu  116.8(2)
N(1)-Cu-O(2)  81.66(8)  C(4)}-N(1)-N2) 117.4(2)  O(1)-C(2)-C(3) 125.3(2)
O(1)-Cu-N(3)  88.18(8)  C(4
( (
( (

)
)-C(2)-
)-N(1)-C 127.90(17)  C(2)-C(3)-C(4) 127.4(2)
)-C(6)-
)-C(6)
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2.3.4. Self-assembly

Very often in square-planar copper(Il) complexes the metal ion is involved in
weak interactions at the apical position with another atom of a neighbouring
molecule, forming dimeric units or polymeric chains having equatorial-apical
bridges.12 The metal ion is also displaced towards the apical atom from the square
base in these complexes. In the present complex, other than the four coordinating
atoms, the nearest atom to the metal ion is the metal-coordinated pyrazole-N of
another molecule and the distance separating them is 3.275(2) A. Considering this
distance, the essentially planar CuN,O, fragment and the sp’ character of the
pyrazole-N already coordinated to another metal centre, any kind of weak interaction
and hence dimerization or polymerization via equatorial-apical bridges can be ruled
out. However, the [Cu(bhac)(dmpz)] (1) molecules form a one-dimensional assembly
through 7-7 interactions. This one-dimensional arrangement in the crystal lattice is
illustrated in Figure 2.5. Each square-planar molecule is involved in two types of n-nt
interactions with the two adjacent molecules. This results in alternating short and long
Cu---Cu distances (Figures 2.5 and 2.6) in the chain-like arrangement of the metal
ions. In the first type of interaction, the dmpz rings and the chelate rings of two
molecules are involved in m-m interactions in a reciprocal manner. The Cu--Cu
distance observed is 3.5952(8) A in this dimeric unit. The interplanar distances
between the five- and the six-membered chelate rings and the dmpz ring are 3.232
and 3.406 A, respectively. The corresponding centroid-to-centroid distances are 3.555
and 3.595 A, respectively. The pyrazole ring is not exactly parallel with either of the
five- or the six-membered chelate rings. The dihedral angles are 13.72° and 11.49°,
respectively. In the second type of interaction, the dmpz rings of each of these
dimeric units are overlapped with the dmpz rings of dimeric units on both sides and
the interdimer Cu--Cu distance observed is 5.5960(12) A (Figure 2.5). The
interplanar and the centroid-to-centroid distances between the pyrazole rings are
3.356 and 3.732 A, respectively. The dihedral angle [0.0(1)°] between these pyrazole
rings suggests that they are perfectly parallel.

There is no significant interchain interaction. Although the phenyl rings of the
bhac®™ moieties from two successive chains (Figure 2.5) are parallel [dihedral angle
0.0(1)°] and the interplanar distance is 3.396 A, a n-n interaction can be ruled out
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considering the large (7.621 A) centroid-to-centroid distance. The shortest C---C
distance between two phenyl rings is 5.486(7) A.

Figure 2.5. One-dimensional arrangement of m-stacked [Cu(bhac)(dmpz)] (1)
molecules in the crystal lattice. The arrows indicate short (s) and long (1) Cu---Cu

distances.

Figure 2.6. The ball-stick and space filling model of the one-dimensional
arrangement of n—stacked [Cu(bhac)(dmpz)] (1) molecules in the crystal lattice.

To examine whether or not any other crystalline form of the complex exists we
have collected the powder X-ray diffraction pattern of the complex and compared it
with the simulated diffraction pattern generated from the unit cell and the molecular
structure determined by single crystal X-ray crystallography.20 The experimental and
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simulated diffraction patterns are very similar with respect to the peak positions and
the relative intensities (Figure 2.7). This similarity indicates that the complex
crystallizes only in one form having a chain-like arrangement of molecules with
alternating short and long Cu---Cu distances in the crystal lattice.

Ly

Intensity
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10 20 30 40
20 (deg)

Figure 2.7. Powder X-ray diffraction pattern of [Cu(bhac)(dmpz)] (1): (a)
experimental and (b) simulated.

2.3.5. Magnetic Properties

Magnetic  susceptibility measurements on a powdered sample of
[Cu(bhac)(dmpz)] (1) were performed in the temperature range of 10-300 K at a
constant magnetic field of 5 kG. The effective magnetic moment (pg) of the complex
at 300 K is 1.94 pg. On cooling the moment gradually decreases. From 300 to 80 K
the change in pg is small. At 80 K the value of p.g is 1.87 pg. Below 80 K, the
decrease in the value of . is relatively sharp, falling to 1.35 ug at 10 K. The nature
of the curve obtained by plotting the moments against temperature (Figure 2.8)
clearly indicates the antiferromagnetic behaviour of the complex. Considering the
chain-like arrangement of the copper(Ill) centres with sequential long and short
Cu-Cu distances in the solid state, we attempted to fit the data by using the
alternating antiferromagnetic chain model.?' The best least—squarf:s22 fit gave g =
2.207(3), J = -5.4(1) cm ', and a = 0.16(4) with a fixed TIP value of 60x10°° emu
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mol ™', where J and J' are the antiferromagnetic coupling constants, o = .J%J and TIP is
the temperature independent paramagnetism. Since these vaules suggest that J' is very
small, the data were also fitted using the Bleany—Bowers expression.23 The best least-
squares fit was obtained with g = 2.217(1), J= 6.0(1) cm ™', and TIP = 60 x10™° emu
mol~'. This fit is noticeably better than that obtained by using the alternating
antiferromagnetic chain model (Figure 2.8).

XM~1 (x 102 emu mol'1)
(Bl) ¥l

1.3

0 100 200 300
Temperature (K)

Figure 2.8. Inverse molar magnetic susceptibility (O) and effective magnetic
moment (A) of [Cu(bhac)(dmpz)] (1) as a function of temperature. The solid and
the dashed lines represent the quality of the least-squares fits using the Bleany—

Bowers expression and the alternating antiferromagnetic chain model, respectively.

2.3.6. EPR spectral properties

The room temperature (298 K) X-band EPR spectral profile of the powdered
complex is characteristic for a spin-coupled dicopper(II) species. A broad and strong
asymmetric signal at g = 2.08 and a weak absorption at g = 4.26 are observed (Figure
2.9, trace a). The former is assigned to the AMs = +1 transition and the latter to the

AMs = +2 transition.”*° Lowering the temperature to 110 K sharpens the g = 2.08
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signal but decreases the intensity of the g = 4.26 signal, suggesting an
antiferromagntically coupled system.

In solution, if the spin-coupled dicopper(Il) species exists at room temperature
a seven-line pattern at g ~ 2 is expected.27 However, a CHCI;—C¢HsCHj; (1:1) solution
of the complex at 298 K gives a typical isotropic spectrum with a four-line pattern (g
= 2.09, A = 88 G) for an uncoupled mononuclear copper(Il) species.24 In dilute
conditions the nitrogen super-hyperfine lines are clearly visible on the high-field line.

{\/
1000 1500 2000
H(G) (@)
*x 50
1000 1500 2000
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N 1\} o

1000 2000 3000 4000

H (G)
Figure 2.9. EPR spectra of [Cu(bhac)(dmpz)] (1): (a) in powder phase at 298 K,
(b) in frozen (110 K) chloroform—toluene (1:1) solution (1.01 x10™" M). Insets:
Magnified AMs = £2 region for the powder phase (top) and that for the frozen
solution (bottom).

The EPR spectra of frozen (110 K) CHCI;—C¢HsCH; (1:1) solutions of the
complex having deferent concentrations have been recorded. The spectrum of the
complex at the highest concentration is depicted in Figure 2.9, trace b. The spectral
features are characteristic of two interacting copper(Il) ions. The half-field transition
is observed as a seven-line pattern with an average line spacing of 96 G at g = 4.39.
The AMs = +1 transitions are observed in the range of 2200-3750 G. Observation of
two pairs of transitions in this range due to zero-field splitting are consistent with an
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essentially axial symmetry. Seven copper hyperfine lines with an average line spacing
of 99 G are readily apparent in the range of 2200-2850 G. Three absorptions with an
average line separation of 96 G observed in the range of 3500-3800 G are assigned to
the second seven-line pattern. The other four lines are presumably obscured by the
preceding strong signal. These two seven-line patterns centered at 3458 and 2552 G
are assigned to the parallel signals. The perpendicular components appear as two
strong signals at 2984 and 3444 G. In between these two signals, two more signals are
observed at ~3268 and ~3375 G. The signal at lower field is split by several lines. As
the concentration decreases, the intensity of each of these two signals increases. On
the other hand, there is a decrease in the intensities of the signals at 2984 and 3444 G,
the seven-line patterns of the parallel components and the half-field signal. These
decreasing signals are associated with the spin-coupled dicopper(Il) species. Figure
2.10 depicts this concentration dependent change of the signals in the AMs = =+1
region. The major features in the spectrum of the complex at the lowest concentration
(Figure 2.10, trace d) are typical for an axial spectrum of a mononuclear square-
planar copper(Il) complex.24 The g and A, values are 2.19 and 212 G, respectively.

I
@ MJ!(\\/WA/\/,H__ .

® I N
| \/ _"“‘ul\ulr Ill\}./
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Figure 2.10. AMs = +1 region in the EPR spectra of [Cu(bhac)(dmpz)] (1) in
frozen (110 K) chloroform—toluene (1:1) solution: (a) 1.01 x10™" M, (b) 1.01 x1072
M, (c) 1.01 x107 M, (d) 1.01 x10* M.
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The g, signal observed at 2.06 is split by several lines with an average line separation
of 16 G. As the metal ion is coordinated to two deferent types of nitrogen atoms, nine
nitrogen superhyperfine lines are expected. Eight lines are clearly visible in the g
signal. Two weak absorptions are observed at ~2950 and ~3480 G (Figure 2.10, trace
d). Comparison of all the frozen solution spectra clearly suggests that these two weak
absorptions are the perpendicular components of the AMs = £1 transitions from a
small amount of the dicopper(Il) species. Similarly, the signals at ~3268 and ~3375 G
in the spectrum (Figure 2.10, trace a) of the complex at the highest concentration
indicate the presence of a small amount of uncoupled mononuclear copper(Il)
complex.

All the EPR spectra described above suggest that the spin-coupled dicopper(Il)
species exists not only in the solid state, but also in frozen solutions. The
concentration dependent change of the spectral profiles clearly indicates the
aggregation of [Cu(bhac)(dmpz)] molecules into a dimeric species at high
concentrations. However, a small fraction of the molecules remains uncoupled. On
the other hand, at low concentration, except for a small fraction most of the molecules
remain uncoupled. The frozen solution EPR data can be used to calculate an
approximate value for the Cu---Cu distance in the dicopper(Il) species. In the AMs =
+1 region of the EPR spectrum, the spacing between the two parallel components is
2Dy, where Dy is the zero-field splitting parameter. According to our assignments of
the signals in the frozen solution spectrum (Figure 2.10, trace a), the separation
between the parallel components is 906 G. The value of Dy (453 G = 0.041 cm ') is
the sum of the zero-field splitting parameters due to dipole-dipole (Dg4q) and pseudo-
dipolar (D,q) interactions. The magnitude of the pseudo-dipolar interaction depends
on the extent of spin-exchange and magnetic zlnisotropy.23’26 The relationship of Dpg
with the spin-coupling constant J, g, and g, is as follows: Dyq = 2J{[(g|, —2)%/4] - (g,
—2)*}/8. From this relation the value of D,q has been evaluated as —9.8 x107 ecm™
using the values of J ( 6.0 cm "), g (2.19) and g, (2.05). Thus, Dyq is obtained as
0.051 cm ' by subtraction of D,q from Dy. Using these values of Dys and g in the
equation28 R® =0.65 g”2 /Dgyq the Cu---Cu distance (R) in the dicopper(Il) species in
frozen solution is evaluated as 3.94 A.
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2.4. Conclusion

The synthesis, structure and properties of a mixed-ligand square-planar
copper(Il) complex, [Cu(bhac)(dmpz)], have been described. In the solid state, each
complex molecule is involved in reciprocal m-ovelapping of the chelate rings and
dmpz rings with one neighbour (short Cu--Cu distance) and in another m-ovelapping
of the dmpz rings only with the other neighbour (long Cu---Cu distance) (Figure 2.5)
forming a chain-like arrangement of the metal complexes. Solid state variable
temperature magnetic susceptibility measurements and the EPR spectra of the
complex in powder phase as well as in frozen solution indicate a weakly coupled
dicopper(Il) species. The X-ray structure shows that there is no deviation of the metal
centre from the square-plane formed by the four coordinating atoms. In addition, each
molecule in the one-dimensional arrangement is laterally displaced with respect to its
neighbouring molecules on both sides. Consequently, a direct Cu---Cu interaction can
be ruled out as the origin of the observed weak antiferromagnetic interaction. Thus,
the readily apparent pathway, at least in the solid state, for the observed
antiferromagnetic spin-coupling is a superexchange via the electrons involved in the
n-m interaction. The antiferromagnetic interaction between the more closely spaced
metal ions is expected to be much stronger as the chelate rings containing these metal
ions are involved in ©-m interactions with the coordinated dmpz rings. Most likely this
dimeric unit is reflected in the magnetic susceptibility and EPR data. Thus, the one-
dimensional arrangement in the solid state can be viewed as the m-stacked assembly
of this spin-coupled dimeric unit that itself is formed by n-7 interactions. Within this
chain of dimers, there is essentially no interdimer spin exchange.

Unlike in the solid state, existence of a typical dimeric Cu(Il) species formed
by mutual involvement of two molecules in equatorial-apical bridging through metal
coordinated N or O atoms cannot be ruled out in frozen solution. However, the value
of Cu--Cu distance (3.94 A) calculated from the frozen solution EPR data is very
close to the short Cu--Cu distance [3.5958(8) A] observed in the one-dimensional
arrangement of the molecules in the solid state. Thus, as observed in the solid state,
formation of dimeric aggregates of [Cu(bhac)(dmpz)] molecules by n-overlapping is a
distinct possibility in frozen solution. Similar n-stacking of organic ion radicals in

. . 2931
solution phase was reported earlier.
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Magnetic exchange interactions via non-covalent weak intermolecular
interactions such as van der Waals, hydrogen-bonding and n-stacking in
supramolecular species formed by the same non-covalent intermolecular interactions

32-36

is of considerable current interest. Very few complexes are known in which

magnetic exchange occurs solely through intermolecular n-n interactions involving
the terminal aromatic ligands. To the best of our knowledge the present complex
provides a unique example of metal ion spin-coupling in a square-planar copper(Il)
complex where m-overlapping of the chelate rings and unidentate heterocycles of two
molecules helps to form a dimeric unit and provides the superexchange pathway. The
only other example reported for copper(Il) spin-exchange in a similar way is a
dimeric aggregate of the non-planar anionic complex [Cu(mnt),]*", where mnt* is
maleonitriledithiolate.”’
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Chapter 3

Ternary copper(ll) complexes with tridentate acetylacetone
benzoylhydrazone and monodentate N-heterocycles®

This chapter deals with the synthesis, characterization and physical properties
of three ternary copper(ll) complexes of general formula [Cu(bhac)(hc)], with a
tridentate Schiff base, acetylacetone benzoylhydrazone (H;bhac) and monodentate
heterocycles (hc = pyrazole, imidazole and pyridine). The O,N,O-donor bhac®” and
the N-donor hc form an O,N, square-plane around the metal ion in each complex.
The whole molecule of none of the complexes is perfectly planar because of different
orientations of the phenyl ring plane of bhac®™ and the heterocyclic ring plane with
respect to the plane containing rest of the molecule. In the solid state, the pyrazole
and pyridine containing complexes exist as centrosymmetric dimeric species through
weak apical coordination of the metal bound enolate-O. The complex of imidazole
has no such apical coordination and exists as a monomer. In the crystal lattice, self-
assembly of the molecules of these complexes via intermolecular non-covalent
interactions lead to diverse varieties of supramolecular structures. The dimeric units
of [Cu(bhac)(pyz)]:C2H50H exist in a one-dimensional array due to intermolecular
O-H---O and N-H---O hydrogen bonding and r---n interactions between the pyrazole
rings. The roughly orthogonal C-H--\n and N-H---N hydrogen bonding interactions
assist to the formation of a two-dimensional sheet structure of the [Cu(bhac)(imd)]
molecule. A three-dimesional network of [Cu(bhac)(py)] molecules is formed due to
participation of the pyridine ring meta- and para-CH groups and the phenyl ring of
bhac®” in C-H-- interactions. Cryomagnetic and EPR spectral measurements
indicate weak antiferromagnetic spin-exchange in all the three complexes.

$ This work has been published in J. Mol. Struct., 2005, 741, 183-192.
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3.1. Introduction

In the preceding chapter, we have described the low-dimensional m-stacked
assembly of [Cu(bhac)(dmpz) (1) with its magnetic characteristics. To examine
whether the self-assembly pattern and the magnetic properties observed for 1 is
unique or general we have prepared three analogous complexes using three different
N-donor heterocycles such as pyrazole (pyz), imidazole (imd) and pyridine (py).
Interestingly, the packing pattern of none of these three complexes is akin to that of 1.
Both [Cu(bhac)(pyz)] (2) and [Cu(bhac)(py)] (4) exist as dimers due to weak apical
coordination of the metal ion by the enolate-O of the acetylacetone fragment of the
bhac®™ in a reciprocal manner. In contrast, [Cu(bhac)(imd)] (3) does not form dimers
through apical coordination. Dimeric units of 2 form a chain via intermolecular n—mn
interactions and solvent molecule (C,HsOH) assisted hydrogen bonds. On the other
hand dimeric units of 4 form a three-dimensional network due to intermolecular C—
H/m interactions. The monomeric 3 exists in a two-dimensional arrangement via
intermolecular N-H/N hydrogen bonding and C—H/r interactions. Herein, we report
the syntheses, characterization, X-ray structures, EPR spectroscopic and magnetic
properties of 2-C,HsOH, 3 and 4.

H;C o~
y -0
/N\N/
bhac?”
NH
/ ) -
NH
\ / N/ \
N
pyz imd Py

Figure 3.1.
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3.2. Experimental section

3.2.1. Materials

The Schiff base, H,bhac, was prepared from benzoylhydrazone and
acetylacetone by following the procedure as described in the previous chapter. All
other chemicals and solvents used in this work were of analytical grade available
commercially and were used without further purification.

3.2.2. Physical measurements

Microanalytical (C, H, N) data were obtained with a Thermo Finnigon Flash
EA1112 series elemental analyzer. Infrared spectra were collected by using KBr
pellets on a Jasco-5300 FT-IR spectrophotometer. A Shimadzu 3101-PC UV/vis/NIR
spectrophotometer was used to record the electronic spectra. Solution electrical
conductivities were measured with a Digisun DI-909 conductivity meter. A CH-
Instruments model 620A electrochemical analyzer was used for cyclic voltammetric
experiments with acetonitrile  solutions of the complexes containing
tetrabutylammonium perchlorate (TBAP) as supporting electrolyte. The three
electrode measurements were carried out at 298 K under a dinitrogen atmosphere
with a platinum disk working electrode, a platinum wire auxiliary electrode and an
Ag/AgCl reference electrode. Under identical conditions the E;, value of Fc'/Fc (Fc,
ferrocene) couple was 0.48 V. The potentials reported in this work are uncorrected for
junction contributions. EPR spectra were recorded on a Jeol JES-FA200
spectrometer. The variable temperature (18-300 K) magnetic susceptibility
measurements with powdered samples of 2, 3 and 4 were performed using the
Faraday technique with a set-up comprising a George Associates Lewis coil force
magnetometer, a CAHN microbalance and an Air Products cryostat. Hg[Co(NCS),]
was used as the standard. Diamagnetic corrections calculated from Pascal's constants’
were used to obtain the molar paramagnetic susceptibilities.
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3.2.3. Synthesis

[Cu(bhac)(pyz)]-C,HsOH (2-C,HsOH)

An ethanol solution (5 ml) of Cu(O,CCHj),'H,O (180 mg, 0.9 mmol) was
added to another ethanol solution (5 ml) of Hybhac (280 mg, 1.0 mmol) and the
resulting mixture was stirred at room temperature for 2 h. The green solid separated
was collected by filtration, washed with water and ethanol and transferred to 20 ml
ethanol. To this suspension of green solid, an ethanol solution (15 ml) of pyrazole (82
mg, 1.2 mmol) was added and the resulting green solution was stirred at room
temperature for 2 h. The mixture was then evaporated on a steam bath to 10 ml,
cooled to room temperature and kept for slow evaporation in air. After 2-3 days the
complex was precipitated as ethanol solvate (2:C,HsOH) in the form of deep brown
crystalline material. This was collected by filtration, washed with cold ethanol and
dried in air. Yield, 236 mg (75%). Anal. calcd. for C;H»,N4O;Cu: C, 51.83; H, 5.63;
N, 14.22; found: C, 51.58; H, 5.51; N, 14.03. Selected IR bands (cm_l): 3310(m),
3057(w), 2918(w), 1597(s), 1568(m), 1510(s), 1491(s), 1412(s), 1271(s), 1168(m),
1037(s), 788(s), 686(s), 603(m), 472(w), 437(m). UV/Vis [CHCls; Apa/nm (e /dm’
mol™' em™)]: 568 (103), 375 (15040), 360sh (13730), 247 (22050).

[Cu(bhac)(imd)] (3)

Complex 3 was synthesized in 77% yield and isolated as brown crystalline
solid by following the same procedure as described for 2 using imidazole instead of
pyrazole. Anal. calcd. for C;sH;sN4O,Cu: C, 51.79; H, 4.63; N, 16.11; found: C,
51.61; H, 4.49; N, 16.02. Selected IR bands (cm'): 3144(w), 3056(w), 2921(w),
2852(w), 1589(s), 1506(s), 1406(s), 1290(m), 1143(w), 1066(s), 952(w), 823(m),
756(s), 704(s), 652(s), 617(w), 443(m), 416(w). UV/Vis [CHCls; Ama/nm (g /dm’
mol™' ecm™)]: 565 (102), 376 (14770), 361sh (12910), 249 (16650).

[Cu(bhac)(py)] (4)

Complex 4 was synthesized in 87% yield and isolated as green needles by
following the same procedure as described for 2 using pyridine instead of pyrazole.
Anal. calcd. for C;7H7N;0,Cu: C, 56.89; H, 4.77; N, 11.71; found: C, 56.72; H, 4.70;
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N, 11.59. Selected IR bands (cm™'): 3078(w), 2916(w), 1591(s), 1531(s), 1506(s),
1487(s), 1398(s), 1282(s), 1219(s), 1066(s), 927(m), 788(m), 756(m), 702(s), 640(m),
569(w), 443(m), 416(m). UV/Vis [CHCls; Ame/nm (e /dm’® mol™! cm™)]: 565 (112),
375 (17320), 361sh (16240), 251 (20390).

3.2.4. X-ray crystallography

Single crystals of all the complexes were collected directly from the products
obtained from ethanolic reaction mixtures. Unit cell parameters and the intensity data
for 22C,HsOH and 3 were obtained on a Bruker-Nonius SMART APEX CCD single
crystal diffractometer, equipped with a graphite monochromator and a Mo K« fine-
focus sealed tube (4 = 0.71073 A) operated at 2.0 kW. The detector was placed at a
distance of 6.0 cm from the crystal. Data were collected at 298 K with a scan width of
0.3° in @ and an exposure time of 10 sec/frame. The SMART software was used for
data acquisition and the SAINT-Plus software was used for data extraction.” In each
case, an empirical absorption correction was performed with the help of SADABS
prograrn.3 Unit cell parameters for 4 were determined by the least-squares fit of 25
reflections having 260 values in the range 18-22° on an Enraf-Nonius Mach-3 single
crystal diffractometer using graphite monochromated Mo K« radiation (4 = 0.71073
A). The data were collected by @-scan method. The stability of the crystal was
monitored by measuring the intensities of three check reflections after every 1.5 h
during the data collection. No decay was observed during the 40 h exposure to X-ray.
The t,z/—scans4 of 4 reflections having € and y values within 17-24° and 80-82°,
respectively were used for an empirical absorption correction. The programs of the
WinGX package5 were used for data reduction and absorption correction. In each
case, the structure was solved by direct methods and refined on F by full-matrix
least-squares procedures. All non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms were included in the structure factor calculation
at idealized positions by using riding model, but not refined. The SHELX-97
programs6 were used for structure solution and refinement. The ORTEX6a’ and
Platon packages8 were used for molecular graphics. Significant crystallographic data
for 2-C,HsOH, 3 and 4 are summarized in Table 3.1.
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Table 3.1 Crystallographic parameter for 2-C,HsOH, 3 and 4.

Complex 2-CyHs0OH 3 4

Chemical CuC+7H22N4O3 CuC15H16N4O2 CuC47H17N302
formula

Formula weight 393.93 347.86 358.88
Crystal system Triclinic Monoclinic Monoclinic
Space group Pl P24/c P21/n

TIK 298 298 298

a(A) 7.7058(5) 14.5952(10) 13.0276(16)

b (A) 10.7348(7) 5.6793(4) 10.707(2)
c(A) 12.3684(9) 18.2721(13) 13.110(2)
a(®) 97.2330(10) 90 90

£(°) 104.0620(10) 93.1080(10) 116.975(12)
7(%) 103.8180(10) 90 90

26(°) range 4.74-56.52 4.46-52.04 3.66-54.94
V(As) 945.18(11) 1512.36(18) 1629.7(5)

4 2 4 4

u(mm™) 1.178 1.456 1.352
N-collected 10339 14906 3927
N-unique 4215 2957 3719

N[/ >20(])] 3860 2601 2989
Parameters 229 201 210

R12, wR2" 0.0388, 0.1033 0.0296, 0.0860 0.0342, 0.0814
[/=20(/)]

R1?, wr2® 0.0415, 0.1060 0.0337, 0.0899 0.0495, 0.0879
[all data]

GOF°®on F? 1.059 1.035 1.087

Largest peak 0.881, —-0.511 0.301, -0.231 0.269, —0.385

and hole (e A™%)
aR1 = 3|[Fo| - [Fel/Z|Fo|. ®wR2 = (Z[(Fo? - F)2)/X[w(Fo)?]} 2.
¢GOF = {Y[w(Fo? — F?)?]/(n - p)}/> where n is the number of reflections and p is the

number of parameters refined; w = 1/[c*(Fo?) + (aP)? + bP].
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3.3. Results and discussion

3.3.1. Synthesis and characterization

Reaction of one equivalent each of Cu(O,CCHs),'H,O and Hybhac in ethanol
initially produces an insoluble green solid which is most likely a dinuclear species
similar to those commonly obtained with tridentate dibasic ligands.9 On addition of
the heterocycles this species becomes soluble and the mononuclear ternary square-
planar complexes (2:C,HsOH, 3 and 4) are isolated in 75-87% yields. Elemental
analyses data for all the complexes are satisfactory with the Cu”":bhac” :hc ratio as
1:1:1. As expected the complexes are electrically non-conducting in acetonitrile
solutions.

The infrared spectrum of 2-C,HsOH displays a sharp band at 3310 cm'. This
band is assigned to the pyrazole N-H group. Perhaps due to the participation of
C,Hs0OH in hydrogen bonding (vide infra) no band assignable to the OH group is
observed. In the spectrum of 3, a weak band observed at 3144 cm ™' is most likely due
to the imidazole N-H group. The significant lowering of the imidazole N-H
stretching frequency in 3 compared to the pyrazole N—H stretching frequency in 2 is
consistent with the participation of the former in strong intermolecular hydrogen
bonds (vide infra). All the three complexes display several sharp but weak bands in
the range 28503078 cm '. These are attributed to the C—H stretches. None of the
complexes display the C=0 (~1675 cm') stretch of the amide functionalitym
observed for the free Hybhac. A strong band observed in the range 1589-1597 cm™' is
attributed to the conjugated C=N-N=C moiety11 of bhac””". Thus in each complex the
metal ion is in +2 oxidation state and bhac®” coordinates the metal ion via the enolate-
O, the imine-N and the deprotonated amide-O atoms. The fourth coordination site is
satisfied by the imine-N atom of pyrazole, imidazole and pyridine in 2, 3 and 4,
respectively. X-ray structures (vide infra) confirm this type of coordination of the
metal ion by the monodentate heterocycles and the tridentate ligand in these
complexes.

The electronic spectra of the complexes in chloroform solutions are very
similar and comparable to that of 1. A weak absorption observed near 565 nm is
followed by several intense absorptions in the range 396—247 nm. The weak
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absorption is assigned to d—d transition.'” The higher energy absorptions are likely to
be due to ligand—to—metal charge transfer and intraligand transitions.

3.3.2. Electrochemical properties

Redox properties of the complexes in acetonitrile solutions (0.1 M TBAP) have
been investigated with the help of cyclic voltammetry. The complexes display an
irreversible oxidation (Figure 3.2) in the potential range 0.59-0.63 V (vs. Ag/AgCl).
The peak currents are comparable with known one-electron redox processes under
identical conditions. The deprotonated bhac®™ or the heterocycles do not display any
such response under the same conditions. The iron(Ill) complex, [Fe(bhac),],
displays a metal centred oxidation at 0.40 V (vs. Ag/AgCl) in acetonitrile solution.
Considering all the above, the responses observed for [Cu(bhac)(hc)] have been
assigned to copper(Il) — copper(I1l) oxidation process.

Current / pA

08 07 06 0.5 0.4 0.3
E(V) vs Ag/AgCI

Figure 3.2. Cyclic voltammograms (scan rate 100 mVs ') of ~10~° M solution of 2
(solid line), 3 (dashed line) and 4 (dotted line) in chloroform solutions (0.1 M TBAP)
at platinum electrode (298 K).
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3.3.3. Description of molecular structures

Complexes 2, 3, and 4 crystallize in P1, P2/c and P2;/n space groups,
respectively. The asymmetric unit of 2 contains a molecule of [Cu(bhac)(pyz)] and a
ethanol molecule. On the other hand, the asymmetric units of 3 and 4 contain a single
molecule of [Cu(bhac)(hc)] (hc = imd and py). The molecular structures of 2, 3, and 4
are depicted in Figures 3.3, 3.4 and 3.5, respectively. Selected bond parameters are
summarized in Tables 3.2, 3.3 and 3.4. In each case, the tridentate bhac®™ coordinates
the metal ion via the enolate-O, the imine-N and the deprotonated amide-O atoms
forming a six- and a five-membered chelate ring. The C6—02, C6-N2, C2—-C3 and
C2-01 bond lengths are consistent with the enolate form of both amide and
acetyacetone fragments of the tridentate ligand.“’13 The imine-N of the heterocycle
occupies the fourth coordination site. The maximum and minimum deviations from
the O,N, mean plane are in the ranges 0.12—-0.07 A and 0.10-0.04 A, respectively.
Thus the ligands form a satisfactory O,N, square-plane around the metal centre in
each complex. The deviations of the metal centre from this plane are in the range
0.04-0.08 A. Thus there is no significant displacement of the metal centre from the
O;N, square-plane. However, none of the three complex molecules as a whole is
planar. This is due to the twisting of the phenyl ring plane (mean deviations are in the
range 0.005-0.008 A) of bhac®™ along the C6—C7 bond and that of the heterocycle
plane (mean deviations are in the range 0.001-0.003 A) along the Cu—N3 bond with
respect to the plane containing rest of the molecule (Figures 3.3, 3.4 and 3.5). The
dihedral angles between the phenyl ring plane and the plane constituted by O1, O2,
N1, N2, C1-C6 atoms (mean deviations are in the range 0.04—0.08 A) are 18.25(9)°,
19.53(10)° and 28.12(9)° for 2, 3 and 4, respectively. The dihedral angles between the
heterocycle plane and the plane containing O1, O2, N1, N2, C1-C6 atoms are
10.67(11)°, 19.01(11)° and 11.31(15)° for 2, 3 and 4, respectively. Interestingly in 1
the dihedral angles formed by the phenyl ring plane and 3,5-dimethylpyrazole (dmpz)
plane with the plane containing rest of the molecule are 3.03(11)° and 11.53(10)°,
respectively. Thus the bhac® is essentially planar in 1 but the same is not true for 2, 3
and 4. The Cu—Ol(enolate) and Cu—N1(imine) bond lengths in 2, 3 and 4 are similar
and comparable to that observed for 1. The Cu—O2(amide) bond lengths in 1, 3 and 4
are also similar and in the range 1.9168(18)-1.9227(16) A. However, the
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Figure 3.3. Structure of the dimeric unit of [Cu(bhac)(pyz)] (2) with the atom
labeling scheme. All non-hydrogen atoms are represented by their 30% probability
thermal ellipsoids.

Figure 3.4. Molecular structure of [Cu(bhac)(imd)] (3) with the atom labeling
scheme. All non-hydrogen atoms are represented by their 40% probability thermal
ellipsoids.
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Figure 3.5. Dimeric structure of [Cu(bhac)(py)] (4) with the atom labeling scheme.
All non-hydrogen atoms are represented by their 40% probability thermal ellipsoids.

Cu-02(amide) bond is significantly longer [1.9503(13) A] in 2 compared to that
observed in the other complexes. This is most likely due to the involvement of O2 in
hydrogen bonding with the ethanol molecule (vide infra) present in the crystal lattice
of 2. There is not much difference in the Cu—N3 bond lengths in 2 [1.9643(14) A] and
3 [1.9581(17) A]. On the other hand, the Cu-N3 bond is noticeably longer
[2.0183(18) A] in 4. These bond lengths indicate that pyrazole and imidazole are
similar and better donor than pyridine. Due to the presence of electron donating
methyl groups, dmpz is expected to be a better donor than pyz and hence the Cu—N3
bond length should be shorter in 1 than that in 2. However, Cu—N3 bond length is
1.998(2) A in 1. Possibly steric constraints imposed by the methyl substituents on
dmpz cause the lengthening of this bond in 1.
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Table 3.2. Selected bond lengths (A) and angles (°) for [Cu(bhac)(pyz)] (2).

Cu-N(1) 1.904(1) 0(2)-C(6) 1.302(2) N(3)-C(13) 1.323(3)
Cu-O(1) 1.917(1) O(3)-C(16)  1.362(5) N(3)-N(4) 1.337(2)
Cu-0(2) 1.950(1) N(1)-C(4) 1.306(2) N(4)-C(15) 1.335(3)
Cu-N(3) 1.964(1) N(1)-N(2) 1.398(2) C(2)-C(3) 1.373(3)
0(1)-C(2) 1.299(2) N(2)-C(6) 1.303(2) C(3)-C(4) 1.413(3)
N(1)-Cu-O(1) 94.15(6) C(2-0(1)-Cu  123.52(12) C(13)-N(3)-Cu  133.02(14)

N(1)-Cu-O(2) 82.15(6) C(6)-0(2)-Cu  108.74(11) N(4)}-N(3)-Cu  121.16(12)
O(1)-Cu-O(2) 175.94(5) ()N(1)N(2) 118.22(15)  O(2)-C(6)-C(7)  118.06(16)
N(1)-Cu-N(3) 172.25(6) C(4)-N(1)-Cu 127.48(13) N(2)-C(6)-C(7) 116.93(15)
O(1)-Cu-N(3) 89.68(6) N@2)-N(1-Cu  114.26(11)  O(3)-C(16)-C(17) 118.8(5)
0(2)-Cu-N(3) 94.19(6) C(6)-N(2)- N(1) 109.65(14)

Table 3.3. Selected bond lengths (A) and angles (°) for [Cu(bhac)(imd)] (3).

Cu-O(1) 1.898(1)  O(2)-C(6) 1.289(2) N(3)-C(13) 1.369(3)
Cu-N(1) 1.9122)  N(1)-C(4) 1.309(2) N(4)-C(15) 1.325(3)
Cu-0(2) 1.921(1)  N(1)-N(2) 1.410(2) N(4)-C(14) 1.363(3)
Cu-N(3) 1.958(2)  N(2)-C(6) 1.313(3) C(2)-C(3) 1.377(3)
0(1)-C(2) 1.286(3)  N(3)-C(15) 1.323(2) C(3)-C(4) 1.420(3)
O(1)-Cu-N(1) 94.89(6)  C(4)-N(1-Cu  126.85(13) C(15)}-N(3)-Cu  126.29(16)
O(1)-Cu-0(2) 176.75(6)  N(2)-N(1)-Cu  113.97(11) C(13)-N(3)-Cu  127.70(13)
N(1)-Cu-O(2) 81.98(6)  C(6)-N(2)-N(1) 109.04(14)  N(1)-C(4)-C(3) 120.99(19)
O(1)-Cu-N(3) 90.71(7)  C(2)-O(1)-Cu  124.25(13) N(1)-C(4)-C(5) 121.41(18)
N(1)-Cu-N(3) 171.95(7) C(6)-0(2)-Cu  110.64(12) O(2)-C(6)-N(2) 124.26(17)
0(2)-Cu-N(3) 92.31(6)  C(4)-N(1)-N(2) 118.92(16) O(2)-C(6)-C(7) 116.28(17)

Table 3.4. Selected bond lengths (A) and angles (°) for [Cu(bhac)(py)] (4).

Cu(1)-0(1) 1.901(2)  O(2)-C(6) 1.303(3) N(3)-C(13) 1.332(3)
Cu(1)-N(1) 1.9142)  O(1)-C(2) 1.300(3) N(1)-C(4) 1.315(3)
Cu(1)-0(2) 1.922(2)  N(2)-C(6) 1.304(3) C(2)-C(3) 1.365(3)
Cu(1)-N(3) 2.018(2)  N(2)-N(1) 1.401(2) C(3)-C(4) 1.415(3)
O(1)-Cu(1)-N(1) 94.09(7)  C(6)-0(2)-Cu(1) 110.34(14)  N(2)-N(1)-Cu(1) 114.9(1)
O(1)-Cu(1)-0(2) 175.15(7) C(2)-O(1)-Cu(1) 124.82(15)  O(1)-C(2)-C(3) 125.6(2)
N(1)-Cu(1)-0(2) 81.45(7)  C(6)-N(2)}-N(1)  108.56(17) C(2)-C(3)-C(4) 127.2(2)
O(1)-Cu(1)-N(3) 92.59(7)  C(13)-N(3)-Cu(1) 121.24(16)  N(1)-C(4)-C(3) 120.5(2)
N(1)-Cu(1)-N(3) 166.86(7) C(4)-N(1-N(2)  117.49(19)  C(3)-C(4)-C(5) 119.1(2)
0(2)-Cu(1)-N(3) 92.16(7)  C(4)-N(1)-Cu(1) 127.55(16) O(2)-C(6)-N(2) 124.6(2)
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3.3.4. Solid state packing patterns

Square-planar copper(Il) complexes are known to form dimeric or polymeric
one dimensional species containing equatorial-apical bridges due to the involvement
of the metal ion in weak interactions with another atom of a neighbouring molecule at
the apical position.14 The complexes 2 and 4 are no exception to that observation.
Both complex molecules form centrosymmetric dimeric units due to very weak apical
coordination of the enolate-O in a reciprocal fashion (Figures 3.3 and 3.5). The
Cu-O1' distances are 2.8736(16) A and 2.8877(19) A for 2 and 4, respectively. The
angles at the metal centre involving O1' at the apical site and the other coordinating
atoms forming the square-base are in the ranges 84.57(6)-97.99(5)° and 83.51(7)—
108.36(6)° for 2 and 4, respectively. Thus in each complex the metal centre is in
distorted square-pyramidal coordination environment. The Cu--Cu distance in the
Cu,0, core of 2 is 3.6021(4) A and that in the 4 is 3.6322(7) A. The Cu-O1-Cu'
bridge angle are 95.43(6) and 96.49(7)° for 2 and 4, respectively. On the other hand,
there is no such dimer formation for the molecules of 1 and 3 (Figure 3.4).

In the crystal lattice, the dimeric units of 2 exist in a one-dimensional
arrangement. The ethanol molecules present in the crystal lattice participate in two
types of hydrogen bonding interactions and act as bridges between these dimers to
form the one-dimensional assembly (Figure 3.6). The O—H group of the ethanol is
hydrogen bonded with the metal coordinated deprotonated amide-O of bhac®". The
O--0 distance and O—H--O angle are 3.012(4) A and 157.5°, respectively. The same
ethanol O-atom also acts as a hydrogen bond acceptor involving the N-H group of
the pyrazole moiety of an adjacent complex molecule. The N--O distance and
N-H--O angle are 2.909(5) A and 129.13°, respectively. Thus two molecules are
bridged by the two ethanol molecules and a dimeric unit is formed. The Cu--Cu
distance in this dimeric unit is 5.4535(5) A. Interestingly the pyrazole rings of these
two molecules are also involved in ©-n interaction (Figure 3.6). The dihedral angle
between the mean planes containing the two pyrazole rings is 0.0(2)°. The
centroid(cg)-to-centroid(cg) and the interplanar distances are 3.767(4) and 3.285(3)
A, respectively. Thus each complex molecule in this one-dimensional arrangement is
connected to the two adjacent molecules in two different ways. On one side there are
two reciprocal Cu—O--Cu equatorial-apical interactions (vide supra) and on the other
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Figure 3.6. One-dimensional ordering of [Cu(bhac)(pyz)]-C.HsOH (2-C,HsOH) in
the crystal lattice.

Figure 3.7. Two-dimensional double layered network of [Cu(bhac)(imd)] (3) in
the crystal lattice.

side there are two reciprocal N—H--O—-H--O interactions as well as n- interaction
between the metal coordinated pyrazole moieties (Figure 3.6). As a consequence
there are sequential short [3.6021(4) A] and long [5.4535(5) A] Cu--Cu distances in
the chain-like arrangement of the metal ions. There are no significant interchain short

contacts or non-covalent interactions.
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As mentioned before, the molecules of 3 do not form dimeric units via weak
apical interactions. However, each molecule takes part in two types of hydrogen
bonding interactions in the crystal lattice. The imidazole N—H group of one molecule
and the uncoordinated amide N-atom of the adjacent molecule are involved in the
first type of interaction and a one-dimensional assembly is formed (Figure 3.7). The
N--N distance and N-H-N angle are 2.881(2) A and 162.70°, respectively. The
Cu--Cu distance in this chain is 9.1600(7) A. Interestingly in each chain the C-atom
(C3) of the methine group (—CH=) of each molecule is somewhat closer to the
methine C-atoms of two symmetry related molecules belonging to the two adjacent
chains. The C--C and H--C distances and the C—H---C angle are 3.983(3), 3.072 A
and 166.92°, respectively. These parameters perhaps indicate a weak non-covalent
C-H-r interaction.">'® Thus the ~CH= group of each molecule acts as donor as well
as acceptor for the two C—H--C interactions with the two adjacent molecules. These
interactions lead to the formation of a zigzag chain of the molecules (Figure 3.7). The
Cu--Cu distance in this chain is 7.1077(5) A. The C-H--C and the N-H--N
interactions are roughly orthogonal to each other. As a result, an infinite two-
dimensional crimped sheet structure is formed. There are no significant short contacts
between the adjacent layers.

The molecule of 4 forms dimeric unit (vide supra) due to equatorial-apical
bridging (Figure 3.5). Each molecule in these dimeric units are involved in two
intermolecular C—H-1 interactions involving the pyridine ring C—H groups and the
phenyl ring of the tridentate ligand. The pyridine meta-CH of one neighbouring
molecule participate in the first interaction on one side of the phenyl ring [H--cg
distance, 2.900 A; C—H--cg angle, 143.55°]. On the other side of the same phenyl
ring, the pyridine para-CH of a second neighbouring molecule participate in the
second interaction [H--cg distance, 2.896 A; C-H--cg angle, 138.76°]. The
H(meta)---cg-H(para) angle is 162.03° (Figure 3.8). These C—H--rt interactions lead
to a three-dimensional framework of the complex molecules in the crystal lattice.
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Figure 3.8. C—H--n interactions in the crystal lattice of [Cu(bhac)(py)] (4).

In each case, how the orientation of the phenyl ring plane present in bhac®™ and
that of the heterocycle ring plane with respect to the satisfactorily planar rest of the
molecule are related with the self-assembly and the resulting supramolecular structure
of a particular dimension is readily apparent. The dihedral angles between the
heterocycle ring plane and the plane containing O1, O2, N1, N2, C1-C6 atoms are
within 10.67(11)° and 11.53(10)° for 1, 2 and 4. The same for 3 is significantly larger
[19.01(11)°]. In 3, the different orientation of the imidazole ring plane facilitates
intermolecular hydrogen bonding involving the imidazole N—H group and dictates the
self-organization motif of the molecules. The dihedral angles between the phenyl ring
plane and the plane containing O1, 02, N1, N2, C1-C6 atoms are 18.25(9)° and
19.53(10)° for 2 and 3, respectively. However, that for 4 is 28.12(9)°. The
participation of the phenyl ring as acceptor in the two intermolecular C—H-xt
interactions responsible for the formation of the three-dimensional framework of 4 is
the most likely reason for the larger twist of it along the C6—C7 bond compared to the
rest. The orientations of the heterocycle rings in 1, 2 and 4 are very similar. But the
twisting of the phenyl ring along C6—C7 in 1 is insignificant compared to that in 2
and 4. The dihedral angle between the phenyl ring plane and the plane containing O1,
02, N1, N2, C1-C6 atoms is 3.03(11)° for 1. This difference in the orientation of the
phenyl ring plane may perhaps be primarily responsible for the m-stacked one-
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dimensional arrangement of 1 and dimer formation for 2 and 4 via weak apical

interaction.

3.3.5. Magnetic Properties

Magnetic susceptibility measurements with powdered samples of all the three
complexes were performed in the temperature range 18-300 K at a constant magnetic
field of 5 kG. The effective magnetic moments (L) of the complexes at 300 K are
1.85, 1.86 and 1.82 pp for 2:C,HsOH, 3 and 4, respectively. On cooling the moments
of 2:C,HsOH and 4 gradually decreases. On the other hand, there is essentially no
change in the moment for 3. The p. values at 18 K are 1.68, 1.85 and 1.69 pg for
2:C,HsOH, 3 and 4, respectively. The curves obtained by plotting the magnetic
moments as a function of temperature are illustrated in Figure 3.9. The natures of the

1.9

0 ' 1(I)O ' 2(I)O ' 3(I)O

Temperature (K)
Figure 3.9. Effective magnetic moments of [Cu(bhac)(Hpyrz)]-C,HsOH (A),
[Cu(bhac)(Himdz)] (O) and [Cu(bhac)(py)] (D) as a function of temperature. The

solid lines represent the best least-squares fits using the parameters described in the
text.
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curves indicate the antiferromagnetic character of 2 and 4 and Curie paramagnetic
behaviour of 3. The Curie (C) and Weiss (6) constants obtained by fitting the data of
3 using Curie-Weiss law are 0.43 and —0.24 K, respectively. The data of 2-C,HsOH
and 4 were fitted using the Bleany-Bowers expression17 with a fixed temperature
independent paramagnetism value of 60 x 10® emu mol™'. The best least-squares fits
were obtained with g =2.097(1) and J = -3.8(1) cm™' for 2:C,HsOH and g = 2.059(1)

and J = —2.3(1) cm™' for 4. Weak antiferromagnetic spin-exchange in similar
dicopper(Il) species containing two equatorial-apical chloro or acetato bridges are
well known."*

3.3.6. EPR spectral properties

The room temperature (298 K) X-band EPR spectral profiles of 2 and 4 in
powdered phase are very similar. In the g ~ 2 region, a strong axial signal (g, = 2.14,
g1 = 2.05 for 2 and g = 2.15, g, = 2.05 for 4) typical of a square-planar or square-
pyramidal copper(Il) species is observed (Figure 3.10, trace a). On the other hand, a
broad and strong asymmetric signal centered at g = 2.08 is observed for 3.
Interestingly all the three complexes display a weak signal (Figure 3.10, top inset)
within g = 4.19-4.25. The higher field signal is assigned to the AMg = %1 transition.
The origin of the weak signal at the low-field region is perhaps the AMg = £2
transition expected for weakly coupled dicopper(I) species.lg*21

The EPR spectra of all the complexes in frozen (110 K) solutions have been
recorded to examine the concentration dependence of the self-organization process to
form exchange coupled species. The solubility of the complexes is such that solutions
having maximum concentration of ~10~> M can be prepared. The EPR spectrum of 2
in frozen (110 K) CHCl;—C¢HsCH; (1:1) solution (<1072 M) displays a seven line
pattern with an average line spacing of 97 G at g = 4.41 (Figure 3.10, bottom inset)
due to the half-field transition. This feature is characteristic of two interacting
copper(Il) ions. The AMg = *1 transitions are observed in the range 2200-3800 G.
Two pairs of signals observed in this region (Figure 3.10, trace b) are due to zero-
field splitting and indicate essentially an axial symmetry. Five weak copper hyperfine
lines with the average line spacing of 98 G are readily apparent in the range

2200-2850 G. The remaining two lines are not observed due to the following strong
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Figure 3.10. EPR spectra of [Cu(bhac)(Hpyrz)]-C,HsOH: (a) in powder phase at
298 K, (b) in frozen (110 K) chloroform-toluene (1:1) solution (~107 M), (c) in
frozen (110 K) chloroform-toluene (1:1) solution (~10~* M). Insets: Magnified AMs =
+2 region for the powder phase (top) and that for the frozen ~107> M solution
(bottom).

signal. Three very weak absorptions with the average line separation of 95 G
observed in the range 3500—3800 G are assigned to the second seven-line pattern. The
other four lines expected are obscured by the preceding strong signal. These two
seven-line patterns centered at ~3454 and ~2552 G are assigned to the parallel
signals. The perpendicular components appear as two moderately strong signals
(indicated by asterisks in Figure 3.10, trace b) at ~2935 and ~3460 G. In between
these two signals, two more strong signals are observed at ~3200 and ~3320 G. The
signal at lower field shows the nitrogen super-hyperfine structure. The intensities of
these two signals increase with the decrease of the complex concentration. At the
same time, as the concentration decreases the intensities of the signals at 2935 and
3460 G, the seven line patterns of the parallel components and the half-field signal
decrease. These decreasing signals are associated with the spin-coupled dicopper(II)
species. At the lowest concentration of 2 (~10™ M) the spectral features are typical

for an axial spectrum of a mononuclear square-planar copper(Il) complex (Figure
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3.10, trace c).'® The g1» Ay and g, values are 2.18, 214 G and 2.04, respectively. As
two different types of nitrogen atoms are coordinated to the metal ion, nine nitrogen
superhyperfine lines are expected. The g, signal is split and eight lines with an
average line separation of 14 G can be clearly seen.

The spectrum of 3 in frozen (110 K) CHCl;—C4HsCH; (1:1) solution is very
similar to the solid state spectrum observed at room temperature. Both the very weak
signal at g ~ 4 and the strong asymmetric signal at g ~ 2 are devoid of any fine
structure. However, in frozen (110 K) CH;OH-C,HsOH (1:1) solution (107> M) of 3,
a seven line pattern at g = 4.43 with an average line spacing of 105 G is observed.
The spectrum of 4 in frozen (110 K) CHCl;—C¢HsCH; (1:1) solution (~107> M) shows
similar seven line pattern with an average line spacing of 98 G at the half field
position (g = 4.46) as observed for 2 in the same solvent mixture. Although in frozen
solutions the concentrations are very similar (10> M) the intensity of this half-field
signal decreases in the order 2 > 4 > 3. The spectrum of 2 at ~10"> M concentration
indicates the presence of spin-coupled dicopper(Il) as well as mononuclear square-
planar copper(II) species near g ~ 2 region (vide supra). On further dilution (~10~* M)
the spectrum suggests essentially mononuclear species. In contrast, the spectra of
frozen solutions of both 3 and 4 having ~10~> M concentrations although display the
weak half-field signal but the signals corresponding to dicopper(Il) species near g ~ 2
could not be identified. In this region, the spectral profiles are very similar to that
observed for ~10™* M solution of 2 and indicate the presence of predominantly
mononuclear square-planar copper(Il) species. The g, A and g, values are 2.17, 207
G and 2.04 and 2.18, 215 G and 2.04 for 3 and 4, respectively. As observed for 2, the
nitrogen super-hyperfine lines on the g, signal are clearly visible in both cases. With
dilution the weak seven line pattern near g = 4 disappears for both 3 and 4.

The solid state EPR spectral features suggest that the spin-coupled copper(Il)
species exist for all the three complexes. The solid state structures show dimeric units
for both 2 and 4 having equatorial-apical O bridges and the cryomagnetic
measurements also indicate weak antiferromagntically coupled dicopper(Il) system.
However, there is no equatorial-apical bridging for 3. But the molecules of 3 are
connected by N-H-*N hydrogen bonds and C-H--& interactions (vide supra). Spin-
exchange in copper(Il) complexes through hydrogen bonds has been reported
earlier. It is very likely that spin-exchange is occurring in a similar fashion in 3.
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In frozen solutions, observation of the seven line pattern at g = 4.4 in each case
indicates the presence of spin-coupled species. However, the differences in the
intensities of this half-field signal and of the spectral profiles in the g = 2 region
suggest that the concentration needed for the aggregation of the complex molecules
increases in the order 2 < 4 < 3. The nature of the spin-coupled species in frozen
solution is not clear. Two possible ways for the formation of dimeric units are (a)
mutual involvement of two molecules in equatorial-apical bridging via metal
coordinated O atoms as observed in the solid state for both 2 and 4 and (b) ©=®
interactions between two molecules as observed for 1.

3.4. Conclusion

Three new ternary mononuclear square-planar complexes having the general
formula [Cu(bhac)(hc)] with a tridentate dibasic O,N,O-donor ligand (bhaczf) and
monodentate neutral sp” N donor heterocycles (hc = pyrazole, imidazole and
pyridine) have been prepared and structurally characterized. The analogous complex,
[Cu(bhac)(dmpz)] (1) (dmpz = 3,5-dimethylpyrazole), described in the previous
chapter forms a one-dimensional assembly with alternate short and long Cu--Cu
distances due to m-overlapping of the chelate rings and the heterocycle rings. One of
the prerequisites for a n-stacked assembly is the planarity of the whole molecule.”**
However, there are subtle variations in the relative orientations of both the phenyl
ring plane of bhac®™ and the heterocycle ring plane with respect to the plane
constituted by rest of the molecule and hence in the extent of non-planarity of the
whole molecule in these square-planar complexes. As a result, the nature and the
directionality of the intermolecular weak interactions and the ensuing supramolecular
structures of these apparently very similar complexes differ drastically. Among all the
four complexes only 1 is sufficiently planar to give a m-stacked one-dimensional
arrangement. Although the solvated molecules of [Cu(bhac)(pyz)] (2-C,HsOH) form a
similar one-dimensional array but in a different way. On the other hand,
[Cu(bhac)(imd)] (3) and [Cu(bhac)(py)] (4) assemble to infinite two-dimensional and
three-dimensional network, respectively. In the solid state as well as in frozen
solution, weak antiferromagnetic spin exchange is operative in each complex

presumably via the intermolecular weak interactions.
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Chapter 4

Ternary copper(ll) complexes with tridentate salicylaldehyde
benzoylhydrazone and monodentate N-heterocycles®

Synthesis, characterization and physical properties of four ternary copper(ll)
complexes having the general formula [Cu(bhs)(hc)], with a tridentate Schiff base, N-
(benzoyl)-N'-(salicylidene)hydrazine (H,bhs) and monodentate N-heterocycles (hc =
3,5-dimethylpyrazole, pyrazole, imidazole and pyridine) are described in this chapter.
The crystal structures of all the complexes have been determined by X-ray
crystallography. Cryomagnetic and EPR spectral measurements show weak
antiferromagnetic spin-exchange in all four complexes. In the solid state, the
complexes having 3,5-dimethylpyrazole, imidazole and pyridine as the heterocyclic
ligand, exist as centrosymmetric dimeric species due to weak apical coordination of
the metal bound phenolate-O. There are two independent molecules in the
asymmetric unit of the complex with pyrazole. Only one of them forms the
centrosymmetric dimeric species due to weak apical coordination of the metal bound
amide-O. In the crystal lattice, due to various non-covalent intermolecular interactions
such as n-n, C-H-n, C-H-N, O-H-*N and N-H--O interactions involving the
complex and the solvent molecules lead diverse one- and two-dimensional
supramolecular structures for all the complexes.

4.1. Introduction

In the preceding two chapters, we have seen how minor variations in the
molecular structures of very similar complex molecules, [Cu(bhac)(hc)], affect the
self-assembly patterns and the crystal packing motifs. Copper(Il) complexes of
another tridentate Schiff base N-(benzoyl)-N'-(salicylidene) (H;hbs, Figure 4.1) very
similar to H,bhac are reported to be potent inhibitors of DNA synthesis and cell

¥ This work has been published in J. Mol. Struct., 2005, 753, 68-79.
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growth.l_5 This Schiff base is reported to have mild bacteriostatic activity.6 A range
of analogous compounds has been also investigated as potential oral iron-chelation
drugs for genetic disorders such as thalassemia.”® In this chapter, we have explored
the intermolecular interactions in the solid state and the self-assembly patterns of
ternary copper(Il) complexes with Hybhs and various N-donor heterocycles such as
3,5-dimethylpyrazole (dmpz), pyrazole (pyz), imidazole (imd) and pyridine (py). In
addition we have also discussed the solution state behavior of all the complexes.

o—
[ :I e
N =
PZaN N

bhs?~
N N N
L ZN /i Nun @ ‘ NN
— — NH 7
CH;
dmpz pPyz imd 9%

Figure 4.1.
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4.2. Experimental section

4.2.1. Materials
The Schiff base, N-(benzoyl)-N'-(salicylidene)hydrazine (H,bhs) was prepared

in 80 % yield by the condensation of one mole equivalent of salicylaldehyde with one
mole equivalent of benzoylhydrazine in boiling methanol. All other chemicals and
solvents used in this work were of analytical grade available commercially and were

used without further purification.

4.2.2. Physical measurements

Microanalytical data (C, H, N) were obtained with a Thermo Finnigon Flash
EA1112 elemental analyzer. Infrared spectra were collected by using KBr pellets on a
Jasco-5300 FT-IR spectrophotometer. A Shimadzu 3101-PC UV/vis/NIR spectro-
photometer was used to record the electronic spectra. Solution -electrical
conductivities were measured with a Digisun DI-909 conductivity meter. EPR spectra
were recorded on a Jeol JES-FA200 spectrometer. The variable temperature (18-300
K) magnetic susceptibility measurements with powdered samples of the complexes
were performed using the Faraday technique with a set-up comprising a George
Associates Lewis coil force magnetometer, a CAHN microbalance and an APD
closed-cycle cryostat. Hg[Co(NCS),] was used as the standard. Diamagnetic
corrections calculated from Pascal's constants’ were used to obtain the molar
paramagnetic susceptibilities.

4.2.3. Synthesis

[Cu(bhs)(dmpz)] (5)

To a methanol solution (50 ml) of the Schiff base (H,bhs) (0.240 g, 1.0 mmol)
and 3,5-dimethylpyrazole (dmpz) (0.288 g, 3.0 mmol), a methanol solution (20 ml) of
Cu(O,CCH;),-H,0 (0.199 g, 1 mmol) was added gradually with stirring over a period
of 5 min. The resulting green solution was stirred at room temperature for an
additional period of 2 h. The volume of the reaction mixture was reduced to 25 ml on
a steam bath, cooled to room temperature and filtered. The filtrate was kept in air for

slow evaporation. The greenish brown crystalline material that separated after about
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3-4 days was collected by filtration, washed with ethanol and dried in air. Yield, 0.35
g (87%). Anal. caled. for CuCgHsN4O,: C, 57.35; H, 4.56; N, 14.08. Found: C,
57.13; H, 4.44; N, 13.92. Selected IR bands (cm™): 3272(s), 3033(w), 2926(w),
1612(s), 1597(s), 1504(s), 1442(s), 1172(s), 1024(s), 786(s), 437(m). Electronic
spectral data in CHCl3 (Apax (nm) (¢ (M~ cm™))): 571 (150), 398sh (14,500), 382
(16,400), 329 (15,200), 314(18,300), 302 (17,100), 291sh (14,800), 248 (22,500).

[Cu(bhs)(pyz)]-0.5H,0 (6:0.5H,0)

This complex was synthesized in 77% yield from H,bhs, Cu(O,CCH;),'H,O
and pyrazole (1:1:4 mole ratio) using the same procedure as described for 5. It was
isolated in the form of a greenish brown crystalline material. Anal. calcd. for
CuCy7H5N4O, 50 C, 53.91; H, 3.99; N, 14.79. Found: C, 53.74; H, 4.03; N, 14.58.
Selected IR bands (cm™): 3290(s), 3056(w), 2921(w), 1616(s), 1508(s), 1467(s),
1354(s), 1149(s), 1045(s), 754(s), 613(s), 462(w). Electronic spectral data in CHCl;
(Amax (nm) (e (M™" cm™))): 549 (140), 396sh (12,300), 382 (13,400), 329 (17,000),
314 (17,600), 298 (19,000), 288sh (18,300), 247 (26,600).

[Cu(bhs)(imd)]-CH;OH (7-CH;0H)

This complex was synthesized in 84% yield and isolated as greenish brown
crystalline material in the same manner as detailed for 5 by reacting H,bhs,
Cu(O,CCH3),'H,O and imidazole (1:1:4 mole ratio) in methanol. Anal. calcd. for
CuCsHsN4O5: C, 53.81; H, 4.52; N, 13.94. Found: C, 53.73; H, 4.31; N, 13.79.
Selected IR bands (cm™): 3130(s), 3030(w), 2934(w), 1614(s), 1506(s), 1442(s),
1197(s), 850(s), 709(s), 453(s). Electronic spectral data in CHCl3 (Apax (nm) (g (M
cm ))): 560 (160), 399sh (16,400), 388 (17,600), 330 (16,100), 315(17,200), 301
(15,100), 290sh (13,600), 263sh (18,600), 248 (21,500).

[Cu(bhs)(py)] (8)

Using Hybhs, Cu(O,CCHj3),'H,0O and pyridine (1:1:4 mole ratio), synthesis of 8
was performed by following the procedure similar to that described for 5 in 85%

yield. The complex was obtained as green crystalline solid. Anal. calcd. for
CuCioH5N;0,: C, 59.91; H, 3.97; N, 11.03. Found: C, 59.84; H, 3.88; N, 10.95.
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Selected IR bands (cm™): 3070(w), 3028(w), 1599(s), 1502(s), 1486(s), 1199(s),
758(s), 451(m). Electronic spectral data in CHCl; (Amax (nm) (8 (M~ cm™))): 562
(180), 398sh (16,900), 387 (17,900), 330(16,800), 315 (19,400), 302 (17,800), 291sh
(15,900), 252 (52,000).

3.2.4. X-ray crystallography

Single crystals of all the complexes were collected directly from the products
obtained from methanolic reaction mixtures. Unit cell parameters for 5, 7 and 8 were
determined by the least-squares fit of 25 reflections on an Enraf-Nonius Mach-3
single crystal diffractometer using graphite monochromated Mo Ke radiation (4 =
0.71073 A). The intensity data were collected by @-scan method at 298 K. The
intensities of three check reflections were measured after every 1.5 h during the data
collection and no decay was observed for any of the three crystals. In each case, the
-scans'” of selected reflections were used for an empirical absorption correction. The
programs of the WinGX package11 were used for data reduction and absorption
correction. Unit cell parameters and the intensity data for 6 were obtained on a
Bruker-Nonius SMART APEX CCD single crystal diffractometer, equipped with a
graphite monochromator and a Mo Ka fine-focus sealed tube (1 = 0.71073 A)
operated at 2.0 kW. The detector was placed at a distance of 6.0 cm from the crystal.
Data were collected at 298 K with a scan width of 0.3° in @ and an exposure time of
10 sec/frame. The SMART software was used for data acquisition and the SAINT-
Plus software was used for data extraction'?. An absorption correction was performed
with the help of SADABS program13. In each case, the structure was solved by direct
methods and refined on F” by full-matrix least-squares procedures. All non-hydrogen
atoms were refined anisotropically. The N-H protons of the heterocycles and the
protons of the solvent molecules in 5, 6 and 7 were located in the corresponding
difference maps and refined with Ujo(H) = 1.2U(N) and Ujo(H) = 1.5U.(O),
respectively. Other hydrogen atoms in all the structures were included in the structure
factor calculation at idealized positions by using a riding model. The SHELX-97
programs14 were used for structure solution and refinement. The ORTEX6a'” and
Platon packages16 were used for molecular graphics. Significant crystallographic data
for 5, 6:0.5H,0, 7-CH;0H and 8 are summarized in Table 4.1.
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Table 4.1. Crystallographic parameter for 5, 6-0.5H,0, 7-CH30H and 8.

Complex 5 6-:0.5H,0 7-CH30H 8

Chemical CUC19H18N402 CUC17H15N402,5 CUC18H18N403 CUC19H15N302
formula

Formula 397.91 378.87 401.90 380.88

weight

Crystal Monoclinic Monoclinic Monoclinic Triclinic
system

Space group  P24/c P24/n P24/c Pl

T(K) 298 298 298 298

a(A) 10.6027(11) 19.0475(13) 11.6683(19) 7.9056(18)

b (A) 7.7087(10) 7.4712(5) 11.0176(9) 10.823(3)
c(A) 21.9787(19) 24.3667(17) 13.771(3) 11.054(2)

a (%) 90 90 90 97.38(2)

£EO) 95.501(7) 112.7660(10) 91.835(18) 106.356(17)
7(°) 90 90 90 109.49(2)
26(°) 3.72-54.94 3.46-56.60 3.50-54.98 3.96-54.94
V(A3) 1788.1(3) 3197.4(4) 1769.5(5) 829.4(3)

V4 4 8 4 2

u(mm™) 1.242 1.387 1.260 1.334
N-collected 4388 30468 4275 3805
N-unique 4077 7095 4053 3805

N[/ >20(/)] 2771 2885 3279 3326
Parameters 240 454 242 226

R1%, wR2" 0.0362, 0.0795 0.0550, 0.0701 0.0324, 0.1006 0.0332, 0.0851
[/=20(/)]

R1%, wR2" 0.0738,0.0919 0.1663, 0.0891 0.0492, 0.1401 0.0403, 0.0894
[all data]

GOF°® on F? 1.032 0.752 1.153 1.057

Largest peak 0.321, -0.272 0.504, -0.463 0.434, -0.570 0.354, -0.494

and hole (e A™®)

aR1 = ||Fo| - |Fel|//[Fo|. PWR2 = {S[(Fo? — FA2)/S[w(Fo?)2]} 2.

¢GOF = {Z[w(Fo? - F?)?]/(n - p)}'2 where n is the number of reflections and p is the

number of parameters refined; w = 1/[c*(Fo?) + (aP)? + bP].
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4.3. Results and discussion

4.3.1. Synthesis and characterization

All four complexes have been synthesized in good yields by reacting one mole
equivalent each of Hpbhs and Cu(O,CCH;),'H,O and 3-4 mole equivalents of the
corresponding heterocycle in methanol. In each case, the metal ion solution was
added to the solution of a mixture of H,bhs and an excess amount of heterocycle
compared to the stoichiometric amount required to prevent the precipitation of the
insoluble dimeric species commonly obtained with similar tridentate dibasic

. 17,18
ligands. 7

The elemental analyses data are consistent with the proposed empirical
formulae given in the experimental section. The complexes are electrically non-
conducting in acetonitrile solutions.

Infrared spectra of 5, 6:0.5H,0 and 7-CH;0H display a medium to strong band
at 3272, 3290 and 3130 cm ™', respectively. This band is most likely associated with
the dmpz N—H group for 5 and the heterocycle (pyz and imd) N—H and the solvent
O-H group for 6-:0.5H,0 and 7-:CH;OH. The spectrum of 8 is devoid of any such
band in this region. A series of bands observed in the range 3030-2800 cm ™" in all the
spectra is attributed to the C—H stretches. None of the spectra displays any band
assignable to the C=0 group of the amide functionality present in the tridentate Schiff
base.'” This observation is consistent with the deprotonation and the enolate form of
the amide functionality in each complex. A strong band observed within 1616—1599
cm' is assigned to the conjugated -N=C—C=N— fragment.20

The electronic spectra of the complexes have been recorded in chloroform
solutions. Electronic spectral data for all the complexes are given in the experimental
section. The spectral profiles are very similar. A weak absorption is observed within
571-549 nm and several intense absorptions appear in the range 398-247 nm
Electronic spectrum of [Cu(bhs)(dmpz)] has depicted in Figure 4.2. The weak
absorption is assigned to the d—d transition.”' The higher energy strong absorptions

are attributed to the ligand—to—metal charge transfer and the intraligand transitions.
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Figure 4.2. Electronic absorption spectrum of [Cu(bhs)(dmpz)] (5) in chloroform

solution. Inset: Magnified d—d transition.

4.3.2. Description of molecular structures

Complexes 5, 6:0.5H,0, 7-CH;0H and 8 crystallize in the space groups P2,/c,
P2,/n, P2,/c and P1 , respectively. The asymmetric unit of each of 5 and 8 contains a
molecule of the complex and that of 7 contains a complex molecule and a methanol
molecule. On the other hand, the asymmetric unit of 6 contains two complex
molecules and a water molecule. The bond parameters of both complex molecules in
the asymmetric unit of 6 are essentially identical. The structure of 6-:0.5H,0 having
the same P2,/n space group has been reported earlier.”? Interestingly both structures
were determined at room temperature and the unit cell contents are same but there are
significant differences in the c-axis lengths and hence in the unit cell volumes. In the
previously reported structurezz, the bond lengths associated with the metal ions are
also unusually longer compared to analogous copper(Il) species.

The structures of the complexes are illustrated in Figures 4.3—4.6. The selected
bond parameters are listed in Tables 4.2-4.5. In each complex, the metal ion is
coordinated to the phenolate-O, the imine-N and the deprotonated amide-O atoms of
bhs®™ and the imine-N atom of the neutral heterocycle. The C-O and C-N bond
lengths in the amide functionality of the tridentate ligand are within
1.286(3)-1.301(4) and 1.311(5)-1.323(5) A, respectively. These values are consistent
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C13 C12

Figure 4.3. Dimeric structure of [Cu(bhs)(dmpz)] (5) with the atom-labeling
scheme. All non-hydrogen atoms are represented by their 25% probability thermal
ellipsoids.

Figure 4.4. Dimeric form of one of the two molecules of [Cu(bhs)(pyz)] (6) in the
asymmetric unit. All non-hydrogen atoms are represented by their 30% probability
thermal ellipsoids.
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Figure 4.5. Dimeric structure of [Cu(bhs)(imd)] (7) with the atom-labeling
scheme. All non-hydrogen atoms are represented by their 40% probability thermal
ellipsoids.

Figure 4.6. Structure of the dimeric form of [Cu(bhs)(py)] (8) with the atom-
labeling scheme. All non-hydrogen atoms are represented by their 35% probability
thermal ellipsoids.

with the enolate form of the amide functionality.23 The Cu—-O(phenolate)
(1.865(3)-1.9129(15) A) and Cu—N(imine) (1.888(3)-1.9250(16) A) bond lengths
(Tables 4.2—4.5) are comparable to the bond lengths observed in copper(Il)
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complexes having the same coordinating atoms.”**> The Cu—-O(amide) bond lengths
are in the range 1.9188(17)-1.950(2) A. These values are similar to the values
reported for deprotonated amide-O coordinated copper(Il) complexes23 and shorter
than the values observed in complexes having copper(Il) coordinated to O-atom of
protonated amide functionality.24 The Cu—N(heterocycle) bond lengths in all four

. 17,18
complexes are unexceptional.

In each complex, the ligands form a satisfactory
O,N, square plane (mean deviations are in the range 0.05-0.15 A) around the metal
ion. There is no significant displacement (0.01-0.09 A) of the metal centre from this
O,N, square-plane. However, none of the four complex molecules as a whole is
planar. This is due to the twisting of the phenyl ring plane (mean deviations are in the
range 0.003-0.009 A) of the benzoyl fragment in bhs®~ along the C6-C7 bond and
that of the heterocycle plane (mean deviations are in the range 0.0005-0.01 A) along
the Cu—N3 bond with respect to the plane containing rest of the molecule (Figures
4.3—4.6). The dihedral angles between the phenyl ring plane and the plane constituted
by O1, 02, N1, N2, C1-C8 atoms (mean deviations are in the range 0.05-0.14 A) are
16.25(12), 8.41(13) and 2.89(15)° for 5, 7 and 8, respectively. The values of this
angle in the two molecules present in the asymmetric unit of 6 are 28.59(11) and
23.57(14)°. Thus the bhs> is essentially planar in 8 but the same is not true for 5, 6
and 7. The dihedral angles between the heterocycle plane and the plane containing
01, 02, N1, N2, C1-C8 atoms are 11.55(12)°, 11.72(11)° and 19.72(11)° for 5, 7 and
8, respectively. The values of this dihedral angle are 23.65(16) and 21.75(17)° for the
two molecules of 6.

Square-planar copper(Il) complexes are known to form dimeric species
containing equatorial-apical bridges due to the involvement of the metal ion in weak
interactions with another atom of a neighbouring molecule at the apical position.26’27
The molecules of 5, 7 and 8 form centrosymmetric dimeric units due to weak apical
coordination of the phenolate-O in a reciprocal fashion (Figures 4.3, 4.5 and 4.6). The
Cu-O1’ distances are 2.857(2), 2.611(3) and 2.523(2) A for 5, 7 and 8, respectively.
In the Cu,O, core, the Cu—O1-Cu’' bridge angle and the Cu--Cu’ distance are
89.09(7)° and 3.4077(7) A, 94.35(10)° and 3.3488(10) A and 96.26(6)° and 3.3283(8)
A for 5, 7 and 8, respectively. Interestingly for 6, only one of the two molecules
present in the asymmetric unit forms this type of dimeric units. However, the amide-
O participates in the equatorial-apical bridging instead of the phenolate-O (Figure
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4.4). In this Cu,0O, core, the Cul—02" and the Cul--Cul’ distances are 2.812(3) and
3.3193(10) A, respectively. The Cul-O2—Cul’ bridge angle is 86.78(10)°.

Table 4.2. Selected bond lengths (A) and angles (°) for [Cu(bhs)(dmpz)] (5).

Cu-O(1) 1.903(2)  O(1)-C(1) 1.332(3)  N(2)-C(8) 1.321(3)
Cu-0(2) 1.919(2) 0O(2)-C(8) 1.286(3)  N(3)-C(15) 1.337(3)
Cu-N(1) 1.925(2)  N(1)-C(7) 1.292(3)  N(3)-N(4) 1.363(3)
Cu-N(3) 1.986(2)  N(1)-N(2) 1.402(3)  N(4)-C(17) 1.326(4)

O(1)-Cu-0(2)  171.15(9) N(1)-Cu-N(3) 175.27(9)  N(2)-N(1)-Cu  114.86(16)
O(1)-Cu-N(1)  92.57(8)  C(1)-0(1)-Cu 127.11(17)  C(8)-N(2)-N(1) ~ 107.9(2)
)  81.04(8) C(8)-0(2)-Cu 110.86(16) C(15)-N(3)-Cu  138.96(18)
>
)-

0(2)-Cu-N(1
O(1)-Cu-N(3)  89.11(8) C(7)-N(1-N(2) 117.3(2)  N@4)}-N@3)}-Cu  116.05(17)
0(2)-Cu-N(3)  97.74(8)  C(7)-N(1)-Cu 127.79(19) O(2)-C(8)-N(2) 124.6(2)

Table 4.3. Sclected bond lengths (A) and angles (°) for [Cu(bhs)(pyz)] (6).

Cu(1)-0(1) 1.865(3)  N(2)-C(8) 1.323(5)  O(3)-C(18) 1.322(5)
Cu(1)-N(1) 1.902(3)  N(3)-C(15) 1.317(5)  O(4)-C(25) 1.299(5)
Cu(1)-0(2) 1.9293)  N(3)-N(4) 1.3334)  N(5)-C(24) 1.275(5)
Cu(1)-N(3) 1.962(3)  N(4)-C(17) 1.329(5)  N(5)-N(6) 1.399(4)
O(1)-C(1) 1.318(5)  Cu(2)-0(3) 1.875(3)  N(6)-C(25) 1.311(5)
0(2)-C(8) 1.301(4)  Cu(2)-N(5) 1.888(3)  N(7)-C(32) 1.322(5)
N(1)-C(7) 1.284(5)  Cu(2)-O(4) 1.9293)  N(7)-N(8) 1.338(5)
N(1)-N(2) 1.3954)  Cu(2)-N(7) 1.963(4)  N(8)-C(34) 1.321(5)
O(1)-Cu(1)-N(1) 95.45(13)  C(7)-N(1)-Cu(1) 126.0(3)  N(5)}-Cu(2)-O(4) 81.96(13)
O(1)-Cu(1)-0(2) 176.6(1)  N(2)-N(1)-Cu(1) 115.3(3)  O(3)-Cu(2)-N(7)  90.28(14)
N(1)-Cu(1)-0(2) 81.64(13) C(8)-N(2)-N(1) 108.7(3)  N(5)-Cu(2)-N(7) 172.8(1)
O(1)-Cu(1)-N(3) 89.71(13)  C(15)-N(3)-N(4) 104.9(4)  O@4)-Cu(2)-N(7)  93.31(14)
N(1)-Cu(1)-N(3) 168.3(1)  C(15)-N(3)-Cu(1) 131.7(3)  C(18)-O(3)-Cu(2) 126.4(3)
O(2)-Cu(1)-N(3) 93.47(12) N(@4)-N(3)-Cu(1) 122.2(3)  C(25)-0(4)-Cu(2) 109.7(3)
C(1-0(1)-Cu(1) 125.6(3) O(2)-C(8)-N(2) 123.8(4)  C(24)-N(5)}-Cu(2) 126.9(3)
C(8)-0(2)-Cu(1) 110.3(3)  O(3)-Cu(2)-N(5) 94.71(13)  N(6)-N(5)-Cu(2)  115.3(3)
C(7)-N(1)-N(2)  118.7(3)  O(3)-Cu(2)-0(4) 1755(1)  N(8):-N(7)-Cu(2) 123.9(3)
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Table 4.4. Selected bond lengths (A) and angles (°) for [Cu(bhs)(imd)] (7).

Cu-O(1) 1.908(2)  O(2)-C(8) 1.289(3) N(3)-C(15) 1.325(4)
Cu-N(1) 1.915(2)  O(3)-C(18) 1.397(5) N(3)-C(17) 1.376(4)
Cu-N(3) 1.949(2)  N(1)-C(7) 1.287(3) N(4)-C(15) 1.331(4)
Cu-0(2) 1.950(2)  N(1)-N(2) 1.392(3) N(4)-C(16) 1.354(5)
O(1)-C(1) 1.323(3)  N(2)-C(8) 1.314(3)

C(8)-N(2)-N(1)  108.8(2)
O(1)-Cu-N(1)  93.25(9) N(3)-Cu-O(2)  92.84(8) C(15)-N(3)-Cu  126.6(2)
O(1)-Cu-N(3)  92.67(9) C(1)-0(1)-Cu  125.09(19) N(1)-C(7)-C(6)  124.0(3)
N(1)-Cu-N(3)  169.8(1) C(8)-0(2)-Cu  109.85(17) O(2)-C(8)-N(2)  124.6(3)
O(1)-Cu-O(2)  173.94(8) C(7)-N(1-N@2) 117.7(2) 0(2)-C(8)-C(9)  117.6(2)
N(1)-Cu-O(2)  80.94(8) C(7)-N(1)-Cu  127.3(2)

Table 4.5. Selected bond lengths (A) and angles (°) for [Cu(bhs)(py)] (8).

Cu-O(1) 1.913(2)  O(1)-C(1) 1.324(2) N(3)-C(19) 1.332(3)
Cu-N(1) 1.925(2)  O(2)-C(8) 1.290(2) N(3)-C(15) 1.335(3)
Cu-0(2) 1.940(2)  N(1)-C(7) 1.285(3) N(2)-C(8) 1.313(3)
Cu-N(3) 2.022(2)  N(1)-N(2) 1.393(2) C(6)-C(7) 1.434(3)

O(1)-Cu-N(1)  92.67(7) O(2)-Cu-N(3)  94.39(7) N2)-N(1)-Cu  115.08(12)
O(1)-Cu-0(2)  171.92(6) C(1)-0(1-Cu  126.12(12) C(19)-N(3)-Cu  121.26(14)
N(1)-Cu-O(2)  80.95(7) C(8)-0(2)-Cu  110.36(12) C(15)-N(3)-Cu  121.31(14)
O(1)-Cu-N(3)  93.00(7)  C(7)-N(1)-N(2) 117.49(16) O(2)-C(8)-N(2) 124.78(18)
N(1)-Cu-N(3)  165.12(7) C(7)-N(1)-Cu  127.04(13) O(2)-C(8)-C(9) 117.85(17)

4.3.3. Intermolecular interactions and self-assembly

[Cu(bhs)(dmpz)] (1)

In the crystal lattice, the dimeric units of 5 are involved in two types of non-
covalent intermolecular interactions such as n—n and C-H---n (Figure 4.7). Two dmpz
rings of each dimeric unit are involved in ©—n interactions with the dmpz rings of the
two adjacent neighbours. The dihedral angle (0.007(2)°) between these overlapping
dmpz ring planes indicates that they are parallel to each other. The inter-planar and
the centroid-to-centroid distances are 3.1853(13) and 3.7198(15) A, respectively. The
difference in these two distances indicates that the dmpz rings are slipped. The slip
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angle (angle between the normal to the planes and the centroid-centroid vector) is
31.1°%° The interdimer Cu-~Cu distance is 5.4324(9) A. Thus in this m-stacked

Figure 4.7. Two-dimensional network of [Cu(bhs)(dmpz)] (5) in the crystal

lattice.

chain-like arrangement of 5, there are alternate short (3.4077(7) A) and long
(5.4324(9) A) Cu--Cu distances. Both phenyl rings of each dimeric unit in this chain
are involved in C—H- interactions> with the phenyl rings of neighbouring dimers
belonging to the adjacent chains. Each phenyl ring participates in two C-H-mn
interactions as donor and also as acceptor. The H13---C10 and H13---C11 distances
are 2.904 and 2.835 A, respectively. The H13-n¢ (centre of the C10—C11 bond) and
the C—H--nc angle are 2.786 A and 155.5°, respectively. Thus the parallel chains of
dimers formed by the m—m interactions between the dmpz rings are connected by
these C—H--m interactions and an infinite two-dimensional sheet structure is formed
(Figure 4.7).

[Cu(bhs)(pyz)]-0.5H,0 (6:0.5H,0)

In case of 6, one of the two molecules present in the asymmetric unit forms
dimeric units due to equatorial-apical bridging (vide supra). Each of these dimeric
units is involved in the m—m interactions with the neighbouring dimers on both sides.
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As a result, they form a one-dimensional structure. Here the chelate rings and the
benzene ring of the salicylaldimine fragment are involved in n—r interactions (Figure
4.8). Inter-planar distances between the five- and six-membered chelate rings, the
five-membered chelate ring and the benzene ring and two six-membered chelate rings
are 3.324(1), 3.456(1) and 3.340(1) A, respectively. The corresponding centroid-to-
centroid distances are 3.7036(5), 3.7774(4) and 3.4929(5) A, respectively. The five-

Figure 4.8. Two-dimensional network of [Cu(bhs)(pyz)]-0.5H,0 (6:0.5H,0) in the
crystal lattice. For clarity the phenyl ring of the benzoyl fragment of the tridentate
ligand in each molecule is not shown.

membered chelate ring plane is not exactly parallel with either of the six-membered
chelate ring plane or the benzene ring plane. The corresponding dihedral angles are
4.72 and 9.16°, respectively. However, the dihedral angle (0.04°) between the two
overlapping six-membered chelate rings suggests that they are essentially parallel to
each other. The interdimer Cu--Cu distance is 4.3898(10) A. Thus as in 5, there are
alternating short and long Cu---Cu distances in the chain formed by the n-stacking of
the dimers of 6.

The other molecule of 6 in the asymmetric unit, that does not form dimer

through equatorial-apical bridging, is also involved in m—r interactions with the two
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adjacent molecules and a second one-dimensional assembly is formed (Figure 4.8).
The n—n interactions are operative in different ways on both sides of each molecule
and as a consequence alternating short (4.3165(15) A) and long (6.6421(13) A)
Cu---Cu distances are observed in this chain-like arrangement of these molecules. On
one side of each molecule, both the chelate rings and the benzene ring of the
salicylaldimine moiety are overlapping with the six-membered chelate ring and the
benzene ring of the salicylaldimine moiety of one neighbour. The inter-planar
distances and the dihedral angles between the five- and the six-membered chelate
rings, the five-membered chelate ring and the benzene ring and two six-membered
chelate rings are 3.337(1) A and 3.80°, 3.325(1) A and 5.88° and 3.368(1) A and 0.0°,
respectively. The corresponding centroid-to-centroid distances are 3.337(1), 3.325(1)
and 3.368(1) A, respectively. Between these two molecules the Cu--Cu distance is
4.3165(15) A. On the other side of the same molecule, the two chelate rings are
overlapping with the six-membered chelate ring and the benzene ring of the
salicylaldimine moiety of the second neighbour. The inter-planar distances, the
centroid-to-centroid distances and the dihedral angles between the five-membered
chelate ring and the benzene ring, six-membered chelate ring and the benzene ring
and two six-membered chelate rings are 3.460(1), 3.777(4) A and 5.88°; 3.408(1),
3.563(3) A and 2.37° and 3.462(1), 4.022(3) A and 0.0°, respectively. Here the
Cu--Cu distance is 6.6421(13) A.

In the crystal lattice of 6:0.5H,0O, these two n-stacked one-dimensional
structures are roughly parallel to each other. The water molecules sit in between these
alternating columns of the dimers and the monomers of 6. These columns are
connected to each other by hydrogen bonding interactions between the water
molecules, pyrazole N—H groups and the deprotonated and uncoordinated amide N-
atoms of the complex molecules. Due to these hydrogen bonds an infinite two-
dimensional layered structure is formed (Figure 4.8). The hydrogen bonding
parameters are listed in Table 4.6. Each water molecule is involved in four hydrogen
bonds and performs the role of a bridge between four molecules. It acts as donor to
the two amide N-atoms of two complex molecules belonging to the two adjacent
columns and as acceptor from the N—H groups of two pyrazole ligands from two
other complex molecules belonging to the same two columns (Figure 4.8).
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Table 4.6. Intermolecular hydrogen bond distances (A) and angles (°).

Complex Interaction d(A) D (A) 6(°

6:0.5H,0 O(5)-H(5B)-N(6) 2.23(5) 2.948(5) 170(6)
0(5)-H(5A)N(2)? 2.19(5) 3.012(5) 174(5)
N(4)-H(4P)--O(5) 2.37(4) 3.021(5) 143(4)
N(8)-H(8P)--O(5)° 2.34(4) 3.003(5) 141(4)

7-CH;0H N(4)-H(4l)--O(3) 1.90(4) 2.729(4) 170(4)
O(3)-H(3A)--N(2)° 1.90(5) 2.779(3) 175(5)

75

Symmetry transformations used to generate equivalent atoms: a=1-x,1 -y, -z

b=2-x,1-y,-zandc=x,1+y,z

[Cu(bhs)(imd)]-CH;OH (7-CH;0H)

In the crystal lattice, the self-assembly of the dimeric units of 7 and the

methanol molecules due to hydrogen bonding interactions leads to a one-dimensional

array of the solvated species. The hydrogen bonding parameters are given in Table

4.6. Each methanol molecule participates in two hydrogen bonds whereas each dimer

participates in four hydrogen bonds and the chain-like arrangement is formed (Figure

4.9). On one side the O—H group of the methanol acts as a donor to the uncoordinated

and deprotonated amide-N atom of one dimer and on the other side it acts as an

acceptor from the imidazole N—H group of another dimer. Two methanol molecules

bridge two dimers in a reciprocal fashion with respect to the donor-acceptor behavior.

There are no significant short contacts or non-covalent interactions between the

adjacent chains.

Figure 4.9. One-dimensional ordering of [Cu(bhs)(imd)]-CH;OH (7-CH;0H) in

the crystal lattice.
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[Cu(bhs)(py)] (8)

As observed for 5 and 6, the dimeric units of 8 also form a m-stacked one-
dimensional structure. On both sides of each dimer the six-membered chelate rings
and the salicyaldimine benzene rings are involved in m—m interactions with the
salicyaldimine benzene rings and the six-membered chelate rings of the adjacent
dimers (Figure 4.10). The dihedral angle between the overlapping six-membered
chelate ring and the salicyaldimine benzene ring is 3.87°. The inter-planar and the
centroid-to-centroid distances are 3.202(1) and 3.731(1) A, respectively. The shorter

Figure 4.10. Two-dimensional layered structure of [Cu(bhs)(py)] (8) in the crystal
lattice.

inter-planar distance indicates that the overlapping rings are slipped. The slip angle is
30.9°. In addition to the above, the para-CH of the metal coordinated pyridine of one
dimer is somewhat closer to the uncoordinated sp’ amide N-atom of another dimer.
The H17--N2 (2.68 A) and C17--N2 (3.599(3) A) distances and the C17-H17-N2
angle (169.4°) perhaps indicate a weak C-H-N interaction.”’ These interactions
between the two adjacent dimers are operative in a reciprocal way and are roughly
orthogonal to the m—= interactions. As a result the parallel n-stacked one-dimensional



Ternary copper(Il) complexes... 77

structures are connected by these interactions and an infinite two-dimensional layered
structure is assembled (Figure 4.10).

4.3.4. Magnetic Properties

Magnetic susceptibilities of all the complexes in powdered form have been
measured in the temperature range 20-300 K at a constant magnetic field of 5 kG.
The effective magnetic moments at 300 K are in the range 1.78-1.99 pg. These
values are consistent with the spin-only moments expected for d’ systems. On cooling
there is no significant change in the moment values. At 20 K the moments are in the
range 1.73-1.89 pp. In each case, a linear plot is obtained when the inverse molar

susceptibilities are plotted against temperature (Figure 4.11) with a small negative
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Figure 4.11. The inverse molar magnetic susceptibility of [Cu(bhs)(dmpz)]-(5)
[¢], [Cu(bhs)(pyz)]-0.5H,O (6) [A], [Cu(bhs)imd)]-CH;OH (7) [O] and
[Cu(bhs)(py)] (8) [o] as a function of temperature.

intercept on the temperature axis. The data were fit using the expression for Curie-
Weiss law. The Curie (C) and Weiss (€ in K) constants are 0.51 and 9.8, 0.45 and
-9.6, 0.48 and —3.4, and 0.40 and —4.8 for 5, 6:0.5H,0, 7-CH;0H and 8, respectively.
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The values of the Weiss constants indicate a weak antiferromagnetic interaction
between the copper(Il) centres in these complexes.

4.3.5. EPR spectral properties

X-band EPR spectral profiles of polycrystalline 5 and 7-CH;0OH at 300 K are
very similar. A strong axial signal (g, = 2.16, g, =2.04 for 1 and g, = 2.17, g, = 2.04
for 7-CH;0H) is observed near g =~ 2 (Figure 4.12, trace (a)). However, a broad and
strong asymmetric signal centred at g = 2 is observed for both 6:0.5H,0 and 8. Such
EPR spectra are typical for square-planar or square-pyramidal copper(I1l) species.mf33
Interestingly all the complexes display a weak signal within g = 4.18-4.29 (Figure
4.12, inset (i)). The origin of this weak signal is perhaps the AMg = %2 transition
expected for weakly coupled dicopper(II) species.32’33

EPR spectra of all the complexes in frozen (110 K) chloroform-toluene (1:1)
solutions were recorded. The solubility of the complexes allowed to prepare solutions
having maximum concentration of ~10> M. All the spectra display a seven-line
pattern within g = 4.44—-4.49 with an average line spacing in the range 89-98 G due
to the AMg = 12 transition (Figure 4.12, inset (ii)). This seven-line pattern is typical
of spin-coupled dicopper(Il) systems and confirms the existence of such species in

. 34-36
frozen solutions of all four complexes.

Although in frozen solutions the
concentrations are very similar (~10> M) the intensity of this half-field signal
decreases in the order 5 > 6:0.5H,0 > 8 > 7-CH30H. For all four complexes the
intensity of this signal diminishes with dilution.

For 5 the more prominent features near g ~ 2 region (Figure 4.12, trace (b))
indicate the characteristic axial spectrum (g = 2.20, A = 207 G and g, = 2.05) of a
mononuclear square-planar copper(Il) species.31_35 As two different types of N-atoms
are coordinated to the metal ion, nine nitrogen super-hyperfine lines are expected.
The g, signal is split into six lines with an average line separation of 15 G. A close
scrutiny of the 2200—-3850 G range in the spectrum of 5 reveals the presence of weak
signals assignable to the AMg = +1 transitions for a spin-coupled dicopper(II) species
(Figure 4.12, trace (b)). Two pairs of signals observed in this region are due to the
zero-field splitting and suggest an axial symrnetry.36_40 Five weak copper hyperfine
lines with the average line spacing of 89 G are readily apparent in the range

2150-2600 G (Figure 4.12, inset (iii)). The remaining two lines are not observed due
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to the following strong signal. Four more weak absorptions with the average line
separation of 86 G are observed in the range 3550-3850 G (Figure 4.12, inset (iv)).

41-43
These two seven-

These are likely to be the part of the second seven-line pattern.
line patterns centered at g = 2.66 and 1.79 are assigned to the parallel signals. The
perpendicular components appear as two weak signals (indicated by asterisks in
Figure 4.12, trace (b)) at g = 2.20 and 1.93. The intensities of these signals and the
half-field signal associated with the spin-coupled dicopper(Il) species decrease with
the decrease of the complex concentration in frozen solution.*** The spectrum of 5
at ~10™* M concentration does not indicate the presence of any dicopper(Il) species
and only the axial spectrum of a mononuclear square-planar copper(Il) species is

observed (Figure 4.12, trace (c)).
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Figure 4.12. EPR spectra of [Cu(bhs)(dmpz)] (5): (a) in powder form at 300 K,
(b) ~102 M and (c) ~10* M frozen (110 K) chloroform-toluene (1:1) solutions.
Insets: (i) and (ii) magnified AMs = +2 region for the powder and frozen ~107> M
solution, respectively. (iii) and (iv) magnified parallel components in the AMs = +1
region for the frozen ~10> M solution.
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Like 5 the frozen solution (~107> M) of 6:0.5H,O shows the axial spectrum
(g = 221, Ay = 202 G and g, = 2.06) indicating predominantly mononuclear
copper(Il) species. The signals due to the AMg = *1 transitions associated with the
dicopper(Il) species are observed but the intensities are very low compared to that
observed for 5 having the similar concentration. Here the perpendicular components
are relatively more visible than the parallel components. In contrast to 5 and
6:0.5H,0, both 7-CH30H and 8 in frozen solutions having ~107 M concentrations
although display the weak half-field signal but do not show the signals corresponding
to the dicopper(Il) species near g ~ 2. In this region, the spectral profiles are very
similar to that observed for ~10™* M solutions of 5 and 6:0.5H,0 indicating the
presence of essentially mononuclear square-planar copper(II) species. The g, A and
gy values are 2.18, 221 G and 2.04 and 2.21, 202 G and 2.05 for 7-CH;OH and 8,
respectively. However, in contrast to 5, the nitrogen super-hyperfine lines on the g,
signal are not observed for 6:0.5H,0, 7-CH3;0H and 8.

4.4. Conclusion

Four ternary square-planar complexes having the general formula [Cu(bhs)(hc)]
with the tridentate O,N,O-donor Schiff base N-(benzoyl)-N'-(salicylidene)hydrazine
(H,bhs) and monodentate neutral sp° N-donor heterocycles (hc = 3,5-
dimethylpyrazole (dmpz), pyrazole (pyz), imidazole (imd) and pyridine (py)) have
been synthesized and structurally characterized. As a whole none of the complex
molecules is planar due to different orientations of both the phenyl ring plane of bhs*
and the heterocycle ring plane with respect to the plane constituted by rest of the
molecule. There are subtle variations in the relative orientations of these planes and
hence in the extent of non-planarity of these complex molecules. The [Cu(bhs)(hc)]
molecules form dimeric units due to equatorial-apical bridging involving the
phenolate-O when hc is dmpz, imd and py. Whereas in the case of [Cu(bhs)(pyz)], the
amide-O participates in the equatorial-apical bridging to form the dimer for one of the
two complex molecules present in the asymmetric unit. In the crystal lattice, self-
assembly via intermolecular non-covalent interactions leads to two-dimensional
layered structure for the dimers of both [Cu(bhs)(dmpz)] and [Cu(bhs)(py)]. These
interactions are m—n and C-H-m for [Cu(bhs)(dmpz)] and n—rn and C-H--N for
[Cu(bhs)(py)]. The complex with pyz ([Cu(bhs)(pyz)]-0.5H,0) also forms two-
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dimensional layered structure but through intermolecular =—n interactions and H,O
assisted O—H-*N and N—H--O hydrogen bonds. In contrast, dimers of [Cu(bhs)(imd)]
are connected by only O—H-*N and N-H---O hydrogen bonds involving the CH;0OH
molecules present in the crystal lattice and a one-dimensional structure is formed.

Cryomagnetic and EPR measurements suggest weak antiferromagnetic spin-exchange

in each complex.
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Chapter 5

Non-oligomeric zipper structure from plate like ternary
copper(ll) complexes

Two copper(ll) complexes with monoanionic N,N,O-donor deprotonated Schiff base
2-N-(picolinylidene)phenol (Hpyp) and halide as an ancillary ligand having the formula
[Cu(pyp)X] (where X~ = CI and Br ) have been synthesized and characterized. The
pseudo-polymorphism that arises from cocrystallization of these complexes with
solvent molecules has been discussed. Two cases have been investigated: (i) the
quantitative preparation of dihydrated species by very slow evaporation of aqueous
methanol solution of the complexes {[Cu(pyp)CI]-2H.O (9a) and [Cu(pyp)Br-2H,O
(10a)} and (ii) the quantitative isolation of corresponding mono methanolic forms by
fast crystallization from dry methanol solution of the complexes {[Cu(pyp)Cl]-MeOH
(9b) and [Cu(pyp)Br-MeOH (10b)}. In the context of structural features, both chloro
and bromo analogues are isomorphic. In order to investigate the crystal compositions
and packing features, single crystal X-ray diffraction measurements as well as
thermogravimetry and differential scanning calorimetry have been carried out. The
water interspersed form shows closed zipper like infinite chain structure through
hydrogen bonding with the water molecules and 11 interactions. The parallel
zippers are again connected to each other through hydrogen bonding between the
water molecules to give a 2D crimped sheet. In contrast, the methanol recognized
forms demonstrate t-stacked columnar structure.

5.1. Introduction

The formation of multi-stranded complexes by self-assembly of comparatively
lower strands is very common structural motif in biological systems. Biological
zipper motif is of fundamental importance for self-replication, fiber behavior and
formation of functional multi-component complexes.l_5 In the past decade, chemists
have prepared synthetic zipper systems from oligomeric nucleic acid derivatives,
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polypeptides or amides,7’8 steroid derivatives,9 metalloporphyrins10 and coordination
polyrners.“_16 Such zippers are nevertheless architecturally conventional. More
unconventional are the elegant non-oligomeric supramolecular zipper systems of
small organic molecules or metal-organic building blocks. The self-assembly of non-
oligomeric building blocks into a double-stranded zipper-like structure is thus more
akin to the closure or the interlocking of the teeth of a man-made zipper (Figure 5.1,
trace (a)). Such supramolecular zippers will undoubtedly be harder to design than
oligomeric ones. In particular, self reorganization through hydrogen bonding poses
the lack of interpenetration among the molecular teeth (Figure 5.1, trace (b)). On the
other hand, molecular teeth possessing stacking motifs can be well interpenetrated
(Figure 5.1, trace (c)). Metal coordination complexes containing 2,2'-bipyridine, 1,10-
phenanthroline or terpyridine are well known to form zipper structures through “aryl
embrace” or multiple m-stacking interactions.'”'* The extended zipper structure of
non-oligomeric components with non-coordinating backbones are very rare in the
literature. In the following account, we will present the hydrated forms of a pair of
isomorphous complexes which form closed zipper network architecture. However,
the isomorphous complexes interspersed with methanol are diverted from the perfect
one-dimensionality to asymmetric columnar packing. In addition, due to the lesser
number of hydrogen bond donor sites in methanol compared to the water, the
methanol included complexes fail to form the zipper structure.

(d)

{b) —
ESHE

/™

ic) o
+ e X
X =Br (10)

Figure 5.1.

(a)
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5.2. Experimental section

5.2.1. Materials

The Schiff base (Hpyp) was prepared in ~80 % yield by the condensation of
one mole equivalent each of 2-pyridinecarboxaldehyde and 2-aminophenol in boiling
methanol. All other chemicals and solvents used in this work were of analytical grade
available commercially and were used without further purification.

5.2.2. Physical measurements

Microanalytical (C, H, N) data were obtained with a Thermo Finnigon Flash
EA1112 elemental analyzer. The infrared spectra were recorded by using a KBr pellet
on a Jasco-5300 FT-IR spectrophotometer. Solutions electrical conductivities were
measured with a Digisun DI-909 conductivity meter. A Shimadzu 3101-PC
UV/vis/NIR spectro-photometer was used to record the electronic spectra. DSC was
performed on a Mettler Toledo DSC 822¢ module and TGA was performed on a
Mettler Toledo TGA/SDTA 851e module. The typical sample size is 4-6 mg for DSC
and 9-12 mg for TGA. A SQUID magnetometer was used for the magnetic
susceptibilities measurements in the temperature range 2-300 K. Diamagnetic
correction calculated from Pascal’s constants,17 were used to obtain the molar
paramagnetic susceptibilities.

5.2.3. Synthesis

[Cu(pyp)Cl]-2H,0 (9a)

A methanol solution (15 ml) of CuCl,-2H,0 (17.0 mg, 0.1 mmol) was added to
a methanol solution (30 ml) of KOH (6.0 mg, 0.1 mmol) and Hpyp (20.0 mg, 0.1
mmol). The mixture was stirred in air at room temperature for 30 min. The red
solution was then refluxed for 10 min. and left at room temperature for slow
evaporation. Red-brown crystals formed after 2-3 days were collected by filtration.
Yield: 74 %. Anal. calcd. for CuC;,H3sN,O5Cl: C, 43.38; H, 3.94; N, 8.43. Found: C,
43.35; H, 3.89; N, 8.01. UV/Vis [CHCls; Amax/nm (g /dm® mol™" cm™)]: 547 (7840),
363 (8830), 306sh (9240), 285 (9960).
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[Cu(pyp)Br]-2H,0 (10a)

This complex was prepared from CuBr,, Hpyp and KOH (1:1:1 mole ratio) by
following the same procedure as described for 9a. Yield: 77 %. Anal. calcd. for
CuC,H3N,O;3Br: C, 38.26; H, 3.48; N, 7.44. Found: C, 38.24; H, 3.37; N, 7.27.
UV/Vis [CHCls; Amae/nm (& /dm® mol™' em™)]: 551 (7570), 363 (8770), 289 (13290).

[Cu(pyp)Cl]-MecOH (9b)

The compound 9a was dissolved in dry methanol and kept at 35°C for over
night. Brown colored needle shaped crystals deposited were collected by filtration.
Yield: 63 %. Anal. calcd. for CuC;3H3sN,O,Cl: C, 47.57; H, 3.99; N, 8.53. Found: C,
47.51; H, 3.87; N, 8.43. UV/Vis [CHCls; Ama/nm (¢ /dm’® mol™" em™)]: 547 (7910),
363 (8950), 306sh (9370), 285 (10060).

[Cu(pyp)Br]-MeOH (10b)

Crystals of 10b were obtained by following the same procedure as described
for 9b. Yield: 69 %. Anal. calcd. for CuC;;H3N,O,Br: C, 41.89; H, 3.52; N, 7.52.
Found: C, 41.89; H, 3.47; N, 7.39. UV/Vis [CHCls; Ama/nm (e /dm’® mol™ cm™)]:
551 (7640), 363 (8870), 289 (13410).
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5.2.4. X-ray crystallography

Unit cell parameters and the intensity data for 9a and 10a were obtained on a
Bruker-Nonius SMART APEX CCD single crystal diffractometer, equipped with a
graphite monochromator and a Mo Ke fine-focus sealed tube (4 = 0.71073 A)
operated at 2.0 kW. The detector was placed at a distance of 6.0 cm from the crystal.
Data were collected at 100 K with a scan width of 0.3° in @ and an exposure time of
10 sec/frame. The SMART software was used for data acquisition and the SAINT-
Plus software was used for data extraction.'® In each case, an absorption correction
was performed with the help of SADABS program.19 X-ray data for 9b and 10b were
collected on an Enraf-Nonius Mach-3 single crystal diffractometer using graphite
monochromated Mo Ka radiation (4 = 0.71073 A) by @-scan method at 298 K. In
each case, the (//-scans20 of selected reflections were used for an empirical absorption
correction. The programs of the WinGX*' package were used for data reduction and
absorption correction. The structures were solved by direct methods and refined on F*
by full-matrix least-squares procedures. All non-hydrogen atoms were refined
anisotropically. The protons of the solvent molecules in all the cases were located in
the corresponding difference maps and refined with Ujo(H) = 1.5U(O). Other
hydrogen atoms in all the structures were included in the structure factor calculation
at idealized positions by using a riding model. The SHELX-97* programs were used
for structure solution and refinement. The ORTEX6a>® and Platon®* packages were
used for molecular graphics. Significant crystallographic data are summarized in
Table 5.1.
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Table 5.1. Crystallographic parameters for 9a, 10a, 9b and 10b.

Complex 9a 10a 9b 10b

Chemical CUC12H13N203C| CUC12H13N203BF CUC13H13N2020| CUC13H13NQOQBF
formula

Formula 332.23 378.87 328.24 372.70

weight

Crystal Monoclinic Monoclinic Triclinic Triclinic
system

Space group P2+/m P2+/m Pl Pl

T(K) 100 100 298 298

a(A) 9.5269(7) 9.5793(8) 6.9205(17) 6.8991(17)

b (A) 6.4027(5) 6.4040(5) 9.2257(9) 9.3473(9)
c(A) 10.5813(8) 10.7646(9) 10.4996(14) 10.6527(15)
a(®) 90 90 100.529(10) 100.277(10)
£ 99.913(1) 100.5340(10) 97.798(17) 98.699(15)
7(°) 90 90 92.593(13) 91.912(13)

20 range 3.90-56.46 3.84-56.54 3.98-59.94 3.94-54.94
V(A% 635.80(8) 649.23(9) 651.29(19) 666.9(2)

z 2 2 2 2

U (mm‘1) 1.932 4.763 1.879 4.631
N-collected 7385 7574 3781 3045

N-unique 1627 1706 3781 3045

N [/ > 20(/)] 1533 1528 2975 2658
Parameters 121 121 176 176

R1?, wR2" 0.0340, 0.0824 0.0285, 0.0695 0.0308, 0.0734 0.0325, 0.0919
[/=20(/)]

R12, wR2" 0.0367,0.0840 0.0334,0.0722 0.0478, 0.0797 0.0398, 0.1036
[all data]

GOF° (FZ) 1.099 1.061 1.039 1.188

Largest peak 0.738, —-0.351 0.905, —-0.399 0.319, -0.315 0.581, —-0.859

and hole (e A™®)

*R1 = X[[Fo| = [Fc[l/Z[Fol. ®WR2 = {X[(Fo? - F2)?)/X[w(Fo?)*]}!/2.

¢GOF = {X[w(Fo? — F2)?]/(n - p)}/> where n is the number of reflections and p is the

number of parameters refined; w = 1/[c*(Fo?) + (aP)? + bP].
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5.3. Results and discussion

5.3.1. Synthesis and some properties

The complexes have been prepared in moderate yields, by reacting the
corresponding copper(Il) halide, Hpyp and KOH with 1:1:1 mole ratio in methanol.
The elemental analyses data are satisfactory for all the solvated species. None of the
complexes are electrically conducting in methanol solutions. The room temperature
magnetic moments of all the complexes are consistent with an s = %4 ground state of

the metal ions.

5.3.2. Infrared and electronic spectral features

The free Schiff base (Hpyp) displays a medium intensity band near 3360 cm'
due to the phenolic-OH. The absence of this band in the spectra of the solvated
complexes indicates deprotonation and coordination of the phenolic-O. However, the
solvated species display a broad band centered at ~3460 cm ™' possibly due to solvent
—OH group stretching.25 The C=N stretch for the complexes is observed near 1585
cm . The low energy shift (by ~39 cm™') of this band compared to that of Hpyp
indicates metal coordination by the N-atom of the -CH=N fragment of pyp .

The electronic spectra of the complexes have been recorded in chloroform
solutions. Electronic spectral profiles of the corresponding bromo and chloro
analogues are very similar. A strong absorption is observed within 547-552 nm and
several closely spaced intense absorptions appear in the range 370-280 nm.
Electronic spectrum of [Cu(pyp)Cl]-2H,O has been depicted in Figure 5.2. The lower
energy absorptions is most likely due to the ligand to metal charge transfer (LMCT),
where as the higher energy bands are due to intraligand charge transfers (LLCT).26
We have also examined the change of the band profile in terms of their relative
position and intensity, in a range of solvents having different polarity. The LMCT
band has shown a blue shift with the increase of the polarity of the solvent (Figure
5.2). It may be noted that the LLCT bands are almost unaffected. The polarity of the
complex molecule is expected to change with the change of molecular conformation
from perfectly planar to a varying degree of non-planarity. The variation of solvent
polarity may cause such conformation change of complex molecules in solution and

as a result there could be variation in the energies of the ground as well excited states
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causing a shift of the LMCT band. It is also likely that the solvent molecules can
coordinate the metal ion at the axial sites. The coordination ability is expected to vary
with the change of the solvent polarity. As a result the energies of the ground and
excited states may vary with polarity of the solvent in such a way that there is a blue

shift of the LMCT band.
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Figure 5.2. Electronic spectrum of 9a in chloroform solution (left) and the shift of
LMCT band in a range of solvents (right).

5.3.3. Description of molecular structures

The Complexes 9a and 10a crystallize in the space group P2,/m. In each case,
the asymmetric unit contains half of [Cu(pyp)X)] {X = CI (9a) and Br (10a)}
molecule and a water molecule. The complex molecule is in crystallographic mirror
plane. In contrast, the methanol interspersed isomorphous pair 9b and 10b crystallizes
in the space group P1 . The asymmetric units contain a full molecule of [Cu(pyp)X]
and a methanol molecule. The molecular structure of 9a is depicted in Figure 5.3 and
the selected bond parameters of all the complexes are summarized in Table 5.2. In
each case, the tridentate pyp coordinates the metal ion via the phenolate-O, the
imine-N and the pyridine-N atoms forming two five-membered chelate rings. The
halide ion occupies the fourth coordination site. Thus the ligands form an ON2X
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square-plane around the metal center in each complex. Complexes 9a and 10a are
perfectly square-planar, whereas 9b and 10b are slightly deviated from the square-
planar geometry. The maximum deviations from the ON,X mean plane are in the
ranges 0.032-0.031 A. The Cu—O1(phenolate), Cu—N1(imine) and Cu-N2(pyridine)
bond lengths (Table 5.2) in all the structures are very similar. The Cu—N2(pyridine)
bond lengths are little bit longer than the Cu—N1(imine). This difference may be due
to the combined effect of better n-back bonding in the Cu—N(imine) bond than in Cu—
N(pyridine) bond, rigidity of the tridentate ligand and frans effect of the phenolate-
0.”” The Cu—Cl and Cu—Br bond lengths are unexceptional. The chelate bite angles
for the five-membered rings formed by pyp are in the range of 80.29-83.39°.

Figure 5.3. Structure of [Cu(pyp)Cl] (9a) with the atom-labeling scheme. All non-
hydrogen atoms are represented by their 50% probability thermal ellipsoids.
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Table 5.2. Selected bond lengths (A) and angles (°) for 9a, 9b, 10a and 10b.

9a %b 10a 10b

Cu-O(1) 1.945(2) 1.9537(14) 1.947(2) 1.950(2)
Cu-N(1) 1.946(2) 1.9483(16) 1.958(3) 1.945(2)
Cu-N(2) 2.019(3) 2.0257(16) 2.016(3) 2.028(2)
Cu-Cl 2.1973(8) 2.1927(6)  e---- e
Cu-Br  aeeee o 2.3355(5) 2.3333(5)

O(1)-C(1) 1.337(3) 1.323(2) 1.334(4) 1.332(3)
N(1)-C(7) 1.284(4) 1.278(2) 1.280(4) 1.284(4)
N(1)-C(6) 1.399(4) 1.397(2) 1.392(4) 1.397(4)
N(2)-C(12) 1.330(4) 1.333(3) 1.328(4) 1.331(3)
N(2)-C(8) 1.353(4) 1.349(2) 1.359(4) 1.358(4)
C(7)-C(8) 1.473(4) 1.462(3) 1.462(4) 1.463(4)
O(1)-Cu-N(1) 83.23(9) 83.39(6) 83.31(10) 83.29(9)
O(1)-Cu-N(2) 164.07(10) 163.64(6) 164.39(10) 163.91(9)
N(1)-Cu-N(2) 80.84(10) 80.29(7) 81.09(11) 80.67(9)
O(1)-Cu-Cl 95.18(7) 97.24(5)  meee- e
N(1)-Cu-Cl 178.41(7) 177.88(5) ~ ----- e
N(2)-Cu-Cl 100.74(8) 99.11(5)  ee--eeeee-
O(1)-Cu-Br  —--ee oo 94.57(7) 96.66(6)
N(1-Cu-Br === ee-- 177.87(7) 178.25(6)
N@2)-Cu-Br === eee- 101.04(8) 99.41(7)
C(1)-0(1)-Cu 112.08(18) 111.69(12) 111.90(19) 111.49(17)
C(7)-N(1)-C(6) 128.9(3) 129.08(17) 130.4(3) 128.9(2)
C(7)-N(1)-C 117.4(2) 117.42(14) 116.4(2) 117.39(19)
C(6)-N(1)-Cu 113.66(19) 113.36(12) 113.2(2) 113.57(18)
C(8)-N(2)-Cu 112.5(2) 112.64(13) 112.3(2) 112.13(19)
N(1)-C(7)-C(8) 114.9(3) 115.40(17) 116.0(3) 115.3(2)
N(2)-C(8)-C(7) 114.3(3) 122.26(19) 114.2(3) 114.4(2)
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5.3.4. Architectural studies

The complexes described in this chapter have perfect or near perfect square-
planar geometry. Such complexes with sufficient m—electron are very good candidates
to form supramolecular architectures through stacking interactions.”® Since stacking
interactions results into slipped assembly of the molecules, formation of either stair-
case type or columnar type structural motifs are very common.”’ By incorporating
other functionalities on the molecule which can participate in additional non-covalent
interactions with themselves or with the incorporated solvent molecules, can lead to
interesting architectural motifs. The molecules of [Cu(pyp)X] possess hydrogen bond
acceptor sites such as phenolate-O, which can be involved in further interactions
along with the stacking if some donor groups are available in close proximity. In the
following subsections, we have discussed the molecular assemblies of
[Cu(pyp)X]-2H,O and [Cu(pyp)X]-CH3;0H with respect to their topological

recognitions.

5.3.4.1. Zipper motif

In the isomorphous complexes 9a and 10a, the molecules are on the crystallographic
mirror planes. The guest water molecules are connected to the phenolate-O of the
complex molecule and to another water molecule through strong hydrogen bonding.
The phenolate-O of each complex molecule is serving as a hydrogen bond acceptor
for two water molecule on its both sides. Consequently a water dimer is trapped in
between two complex molecules. All the hydrogen bonding parameters are given in
Table 5.3. Thus alternate water dimer and the planar complex molecule forms a single
strand zipper structure, where the distance between the parallel teeth are 6.473 A and
6.404 A for 9a and 10a, respectively. Due to the dimeric water spacer, there is
enough space between the teeth for self-recognition of a similar strand through
stacking of the planar complex molecules. As a result, an infinite closed zipper
structure has been formed along the crystallographic b-axis (Figure 5.4). The inter-
planar distances between the two inversely stacked teeth are 3.236 A and 3.202 A for
9a and 10a, respectively. The Cu--Cu distances in these linear arrangements are
6.058 A (9a) and 6.050 A (10a). Due to less electronic repulsion between the
molecules of the bromide analogue (10a) has packed more closely than the

corresponding chloride one (9a), which is reflected in their inter-planar distances. The
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shortest Cg:--Cg distance involves the phenolate benzene ring and the chelate ring
formed by the imine-N and pyridine-N. These distances are 3.327 and 3.319 A for 9a
and 10a, respectively. The parallel zippers are again connected by hydrogen bonds
involving water molecules and a 2D sheet is formed which is parallel to the
crystallographic ab-plane (Figure 5.4). As a result, a zig-zag infinite water chain has
been trapped in between the 1D stacked columns of the complexes.
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Figure 5.4. The zipper motif of 9a: (a) double strand, (b) two single strands
connected by hydrogen bonds and (c) parallel zippers as a 2D sheet.

5.3.4.2. Asymmetrical columnar packing

Fast crystallization of the complexes from dry methanol provides
thermodynamically less stable methanol interspersed species 9b and 10b. As
expected the zipper structure observed for 9a and 10a has been terminated due to
inclusion of less symmetric guest molecule in 9b and 10b. Instead of continuous
hydrogen bonded single stranded zipper (9a and 10a), the reduction of the symmetry
and the hydrogen bond donor arm of the guest molecule resulted in distinct
dimerization through O-H--O and C-H:-O hydrogen bonds for 9b and 10b. Both
hydrogen bonding interactions involve the methanol molecule. The metal coordinated
phenolate-O atom and the azomethine (—CH=N-) group act as the acceptor and donor
in these O—H-*O and C-H--O interactions, respectively. The hydrogen bonding
parameters are given in Table 5.3. The isolated dimeric units are stacked in 1D

columnar fashion with alternating short and long inter planer distances. Mainly the
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five-membered chelate rings and the phenolate benzene ring are participating in the
stacking interactions. The interplanar distances in the solvent mediated dimeric unit
are 3.338 and 3.323 A, whereas the same for the stacked shorter sides are 3.239 and
3.238 A, for the 9b and 10b, respectively. The corresponding Cu--Cu distances are
4.473 and 6.082 A for 9b and that for 10b are 4.500 and 6.069 A. The packing
diagrams of both 9a and 10b are depicted in Figure 5.5.

Figure 5.5. The columnar packing of (a) [Cu(pyp)CI]-CH;OH (9b) and (b)
[Cu(pyp)Cl]-:CH;0H (10b).

Table 5.3. The hydrogen bonding parameters.

Complex Interaction d (A) D (A) 6 (°)
9a 20-H-0 1.871 2.814 169
20-H-0 1.798 2.737 166

PO-H0 1.887 2.738 147

10a 20-H—-0 1.922 2.847 162
20-H—-0 1.809 2.747 166

PO-H0 1.912 2.737 142

9 O-H-0 2.052 2.812 172
°C-H0 2.483 3.313 155

10b O-H-0 2.105 2.825 164
4C-H--0 2.331 3.302 157

a=x,3/2-y,z; b=-x,-12+y, l-z; c=1-x, -y, -z; d=1-x, l-y, -z.
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5.3.5. Thermal analysis

The TGA measurements of all the solvate species under flowing nitrogen gas
have been performed in the temperature range 30 to 400° C. Compounds 9b and 10b
showed that, the endothermic desolvation starts at ~51° to 55° C and is completed at
96° to 99° C, whereas for 9a and 10a it starts at 54° to 57° C and is completed at 99° to
112° C. The observed weight losses of 10.69 %, 9.33 %, 9.61 % and 8.32 %
correspond well to the calculated values of 10.84 %, 9.56 %, 9.76 % and 8.60 % for
the two water and single methanol molecules per formula unit of 9a, 10a, 9b and 10b,
respectively. Upon further heating up to 180° C, the insolated residue decomposes in
two overlapping steps. The decomposition continued beyond 400° C. The differential

scanning calorimetric measurements also correspond well with the TGA data.

Figure 5.6. The thermal gravimetric plot of 9b (left) and 10a (right).

5.3.6. Magnetic and EPR spectral properties

Magnetic susceptibilities of 9a and 10a in powdered form have been measured
in the temperature range 2—-300 K at a constant magnetic field of 5 kG. The effective
magnetic moments at 300 K are 1.79 and 1.80 pg for 9a and 10a, respectively. These
values are consistent with the spin-only moments expected for d’ systems. On cooling
there is no significant change in the moment values. At 2 K the moments are ~1.76
ug. In each case, a linear plot is obtained when the inverse molar susceptibilities are
plotted against temperature with a small negative intercept on the temperature axis
(Figure 5.7). The data were fit using the expression for Curie-Weiss law. The Curie
(C) and Weiss (#in K) constants are very similar for both the species (0.41 and —0.1
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for 9a and 0.40 and —0.1 for 10a). These values of the Weiss constants clearly
indicate essentially the Curie-paramagnetic nature of both 9a and 10a.
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Figure 5.7. The inverse molar magnetic susceptibility of 9a [ A ] (left) and 10a [A]

(right) as a function of temperature.

The room temperature (298 K) X-band EPR spectral profiles of 9a and 10a in
powdered phase are very similar. In the g = 2 region, a strong axial signal (g = 2.21,
g1 =2.05for 9aand g = 2.18, g, = 2.04 for 10a) typical of a square-planar copper(II)
species is observed (Figure 5.8). Interestingly both the complexes display a very weak
signal within g = 4.20-4.22 (Figure 5.8, inset). The higher field strong signal is
assigned to the AMg = +1 transition. The origin of the weak signal at the low-field

region is perhaps the AMg = 12 transition expected for very weakly coupled

dicopper(II) species.30’31
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Figure 5.8. EPR spectra of 9a in powder form at 300 K, the insets is the magnified
AMs = £2 region for the powder.

5.4. Conclusion

In conclusion, the perfectly planar [Cu(pyp)X]-2H,O (X = Cl and Br) species
and closed to perfectly planar [Cu(pyp)X]-CH;0H (X = Cl and Br) species form one-
dimensional zw-stacked supramolecular structures. In case of the hydrated species, a
zipper like motif is formed due to the participation of the water molecules in
hydrogen bonding interactions with itself and with the square-planar complexes
molecules. It may be noted that the zipper like structure from the hydrogen bonded
water chain and m-stacked flat motifs that are hydrogen bonded to the water chain is
not common in literature. On the other hand, methanol containing species form a 1D
columnar structure. This contrast arises primarily due to the less number of hydrogen
bond sites in methanol compared to that in water.
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Chapter 6

A Family of copper(ll) complexes with the substituted
derivatives of 2-N-(picolinylidene)phenol: Self-assembly and
supramolecular architecture

Ten copper(ll) complexes of mono substituted monoanionic N,N,O-donor
deprotonated Schiff base 2-N-(picolinylidene)phenol (n-R-Hpyp) (where n = 3, 4, 5
and 6, when R = Me; n = 4 when R = CI) with halide as an ancillary ligand having the
formula [Cu(n-R-pyp)X] (where X = CI or Br ) have been synthesized and
characterized. Single crystal X-ray structural analyses, of all the complexes show
square-planar, distorted square-pyramidal and trigonal-bipyramidal coordination
geometries around the metal ions. In this family of ten complexes, we have gradually
shifted the methyl substitution position on the phenolate ring. For comparison we
have also prepared one choloro substituted ligand and its complexes. In
coordinatively unsaturated complexes such as square-planar species, metal ion can
interact with some bound electronegative atom at the apical site. We have studied the
nature of the apical interaction along with the relative position of the substituent on
the phenolate ring. Finally we have analyzed the supramolecular architectures that
have been adopted by this set of complexes by considering the various non-covalent
interactions which play important roles in holding the molecular building blocks. This
set of ten copper(ll) complexes can be described in terms of four major
supramolecular architectures based on Cu---X, O-H--O, C-H:--O, C-H---X and 111
interactions. These are stair case structure, ladder motif, brick wall and square-grid.
The analogous chloride and bromide ligated complexes show similar structural
features.

6.1. Introduction

The molecular self-assembly via non-covalent interactions, such as hydrogen
bonds, n---m and C—H--'x interactions, has emerged as an attractive approach in crystal

engineering for the design and fabrication of new compounds not only for their

103



104 Chapter 6

potential properties as functional solid materials but also for their intriguing and often
complicated solid state architectures and topologies.l_9 Discrete transition metal
complexes can also form extended network structures through supramolecular
interactions, such as hydrogen bonding involving donor or acceptor groups appended
to the ligands, m--'m stacking interactions, or combinations of interactions.'’™" The
metal bound halides having suitable geometric position and preference have the
tendency to get involve in some interactions with the coordinatively unsaturated
metal ions. We have focused on the use of weak apical interaction of metal ion with
the halide bound to metal ion to hold the overall supramolecular structural pattern
along with other intermolecular interactions. In this chapter, the crystal structures and
packing features of a family of ten copper(Il) complexes are analyzed and correlated
with the 1D and 2D net architecture. These ten complexes can be described in terms
of four major two-dimensional networks based on weak intermolecular apical
interaction of metal with bound halide and the strong and/or weak hydrogen bonding
between the functional parts of molecular units and the solvent incorporated as a
guest molecule in the crystal lattice. We have varied the position of the methyl group
on the phenolate ring of our ligand to study and compare the structural variations with
the change of position of the substituent.

XN \ )
7 R
= N\CU\
/ ]
X

R =3-Me, X=Cl (11) R=3-Me, X=Br (12)
R =4-Me, X=Cl (13) R=4-Me, X=Br (14)
R=5-Me, X=Cl (15) R=5-Me, X=Br (16)
R=6-Me, X=Cl (17) R =6-Me, X=Br (18)
R=4-Cl, X=Cl (19) R =4-Cl, X =Br (20)

Figure 6.1.
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6.2. Experimental section

6.2.1. Materials

The Schiff bases were prepared in ~80 % yield by the condensation of one
mole equivalent each of 2-pyridinecarboxaldehyde and appropriate substituted 2-
aminophenol in methanol. All other chemicals and solvents used in this work were of
analytical grade available commercially and were used without further purification.

6.2.2. Physical measurements

Microanalytical (C, H, N) data were obtained with a Thermo Finnigon Flash
EA1112 elemental analyzer. The infrared spectra were recorded by using a KBr pellet
on a Jasco-5300 FT-IR spectrophotometer. Solution electrical conductivities were
measured with a Digisun DI-909 conductivity meter. A Shimadzu 3101-PC
UV/vis/NIR spectro-photometer was used to record the electronic spectra. The
fluorescence spectra were recorded on a Spex FluoroMax-3 spectrofluorimeter. The
magnetic susceptibility of the complexes was measured using a Sherwood Scientific
balance. Diamagnetic correction calculated from Pascal’s constants,16 were used to

obtain the molar paramagnetic susceptibilities.

6.2.3. Synthesis

All the complexes are prepared by following very similar procedures. Details
are therefore given below for a representative case.

[Cu(3-Me-pyp)Cl] (11)

A methanol solution (15 ml) of CuCl,-2H,0 (17.0 mg, 0.1 mmol) was added to
a methanol solution (30 ml) of KOH (6.0 mg, 0.1 mmol) and 3-Me-Hpyp (22.0 mg,
0.1 mmol). The mixture was stirred in air at room temperature for 30 min. The red
solution was then refluxed for 10 min. and left at room temperature for slow
evaporation. Red-brown crystals formed after 2-3 days were collected by filtration.
Yield: 62%. Anal. calcd. for CuC;3H;N,OCI: C, 50.33; H, 3.57; N, 9.03. Found: C,
49.96; H, 3.41; N, 8.67. Selected IR bands (crn’l): 3047(w), 2928(w), 1560(s),
1467(s), 1282(s), 763(s), 489(w).
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[Cu(3-Me-pyp)Br] (12)

Yield: 64%. Anal. calcd. for CuC,;3H;;N,OBr: C, 44.02; H, 3.13; N, 7.90.
Found: C, 43.92; H, 3.02; N, 6.91. Selected IR bands (cm_l): 3063(w), 2932(w),
1614(w), 1564(s), 1469(s), 1282(s), 763(s), 489(w).

[Cu(4-Me-pyp)CI]-CH;OH (13-CH;0H)

Yield: 78%. Anal. caled. for CuC4;H;sN,O,Cl: C, 49.13; H, 4.42; N, 8.18.
Found: C, 47.74; H, 4.03; N, 8.16. Selected IR bands (cmﬁl): 3418(br), 3061(w),
2927(w), 1649(w), 1597(s), 1489(s), 1253(s), 1018(m), 823(s), 515(m).

[Cu(4-Me-pyp)Brl-H,0 (14-H,0)

Yield: 76%. Anal. calcd. for CuC;3H3N,O,Br: C, 41.89; H, 3.52; N, 7.52.
Found: C, 41.74; H, 3.49; N, 7.21. Selected IR bands (cmﬁl): 3462(br), 3037(w),
2967(w), 1641(w), 1599(s), 1489(s), 1251(s), 1018(m), 821(s), 516(w).

[Cu(5-Me-pyp)CI] (15)

Yield: 72%. Anal. calcd. for CuC3H{N,OCI: C, 50.33; H, 3.57; N, 9.03.
Found: C, 50.17; H, 3.46; N, 8.83. Selected IR bands (cm’l): 3042(w), 2996(w),
1605(s), 1591(s), 1454(s), 1249(s), 765(m), 518(w).

[Cu(5-Me-pyp)Br] (16)

Yield: 73%. Anal. calcd. for CuC3H;;N,OBr: C, 44.02; H, 3.13; N, 7.90.
Found: C, 43.89; H, 3.07; N, 7.61. Selected IR bands (cm™): 3039(w), 2997(w),
1606(w), 1591(s), 1454(s), 1155(s), 765(m), 518(w).

[Cu(6-Me-pyp)Cl] (17)

Yield: 68%. Anal. calcd. for CuC3H1N,OCI: C, 50.33; H, 3.57; N, 9.03.
Found: C, 50.21; H, 3.51; N, 8.61. Selected IR bands (cm‘l): 3037(w), 2995(w),
1603(s), 1592(s), 1541(s), 1201(s), 781(s), 493(m).
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[Cu(6-Me-pyp)Br] (18)

Yield: 68%. Anal. calcd. for CuC;3H;;N,OBr: C, 44.02; H, 3.13; N, 7.90.
Found: C, 43.94; H, 3.12; N, 7.53. Selected IR bands (cm_l): 3041(w), 2995(w),
1602(w), 1591(s), 1541(s), 1201(s), 740(s), 493(m).

[Cu(4-Cl-pyp)CI] (19)

Yield: 82%. Anal. caled. for CuC;HgN,OCl,: C, 43.59; H, 2.44; N, 8.47.
Found: C, 43.24; H, 2.37; N, 7.97. Selected IR bands (cmﬁl): 3062(br), 2994(w),
1606(m), 1531(m), 1477(s), 1454(s), 1165(s), 765(s), S1(m).

[Cu(4-Cl-pyp)Br] (20)

Yield: 85%. Anal. calcd. for CuC,HsN,OCIBr: C, 38.42; H, 2.15; N, 7.47.
Found: C, 38.24; H, 2.12; N, 7.12. Selected IR bands (crnfl): 3052(br), 2991(w),
1606(m), 1537(m), 1454(s), 1277(s), 1165(s), 765(s), 511(w).

6.2.4. X-ray crystallography

Unit cell parameters and the intensity data for the crystal of all the complexes
are obtained on a Bruker-Nonius SMART APEX CCD single crystal diffractometer,
equipped with a graphite monochromator and a Mo K« fine-focus sealed tube (4 =
0.71073 A) operated at 2.0 kW. The detector was placed at a distance of 6.0 cm from
the crystal. Data are collected at 298 K with a scan width of 0.3° in @ and an exposure
time of 10 sec/frame. In each case, the SMART software was used for data
17 An
absorption correction was performed with the help of SADABS prograrn.18 All the

acquisition and the SAINT-Plus software was used for data extraction.

structures were solved by direct methods and refined on F° by full-matrix least-
squares procedures. All non-hydrogen atoms were refined anisotropically. The
protons of the solvent molecules in all the cases were located in the corresponding
difference maps and refined with Uj,(H) = 1.5Uc(O), respectively. Other hydrogen
atoms were included in the structure factor calculation at idealized positions by using
a riding model. The SHELX-97" programs were used for structure solution and
refinement. The ORTEX6a” and Platon®!
graphics. Significant crystallographic data are summarized in Tables 6.1-6.3.

packages were used for molecular



108 Chapter 6

Table 6.1. Crystallographic parameters for 11, 12 and 13-CH;OH.

Complex 1 12 13-CH3;0H
Chemical CuC13H141N20CI CuC+3H14N20Br CuC14H15N20.ClI
formula

Formula 310.23 354.69 328.24

weight

Crystal Triclinic Triclinic Triclinic
system

Space P1 Pl Pl

group

T(K) 298 298 298

a(A) 8.0018(14) 8.0925(6) 6.8596(8)

b (A) 8.9751(16) 8.9871(6) 9.1017(10)
c(A) 9.8273(17) 10.0195(7) 11.4779(13)

a () 82.139(3) 84.576(1) 99.314(2)
B 74.182(3) 73.831(1) 92.079(2)

7 () 64.184(2) 64.165(1) 94.296(2)

26 range 4.30-52.42 4.24-56.44 3.60-52.16
V(A% 611.14(19) 629.62(8) 704.32(14)

z 2 2 2

u(mm™) 1.992 4.894 1.738
N-collected 6336 7114 7281

N-unique 2419 2865 2782

N[/ >20(l)] 2122 2508 2553
Parameters 164 164 186

R1?, wR2" 0.0370, 0.0831 0.0243, 0.0651 0.0329, 0.0926
[/=20(/)]

R1%, wR2 0.0441, 0.0860 0.0291, 0.0673 0.0354, 0.0946
[all data]

GOF° (F%) 1.072 1.075 1.098

Largest peak 0.533, -0.270 0.490, -0.333 0.558, -0.519

and hole (e A™%)
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Table 6.2. Crystallographic parameters for 14-H,0, 15, 16 and 17.

Complex 14-H,0 15 16 17

Chemical CuCq3H13N202Br  CuC43H11N2OCI  CuC43H11N20OBr  CuC43H11N2OCI

formula

Formula 372.70 310.23 354.69 310.23

weight

Crystal Triclinic Monoclinic Monoclinic Orthorhombic

system

Space PI P2i/c P2i/c Pbca

group

T(K) 298 298 298 298

a (A) 6.801(3) 11.1656(9) 11.1310(7) 14.7920(9)

b (A) 8.900(4) 15.1860(12) 15.4597(9) 8.8261(5)

c(A) 12.299(5) 7.0365(6) 7.1193(4) 18.8617(11)

a () 101.273(7) 90 90 90

5 98.612(7) 94.862(1) 94.482(1) 90

7() 110.387(7) 90 90 90

20 range 3.48-50.00 3.66-52.04 3.68-52.02 4.32-52.20

V(A% 664.9(5) 1188.8(2) 1221.4(1) 2462.5(3)

Z 2 4 4 8

p (mm™) 4.645 2.048 5.046 1.977

N-collected 6260 12156 12432 23919

N-unique 2336 2348 2402 2446

N[/>20()] 1545 1593 2122 2112

Parameters 179 164 164 164

R1%, wR2° 0.0613,0.1423  0.0456,0.0818  0.0254,0.0631  0.0467,0.1118

[/=20(/)]

R1?, wR2° 0.0976, 0.1611 0.0775, 0.0890 0.0305, 0.0660 0.0547,0.1166

[all data]

GOF° (FZ) 0.960 0.908 1.048 1.071

Largest peak  1.172, -0.756 0.586, -0.295 0.483, -0.273 0.578, —0.991

& hole(e A™)
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Table 6.3. Crystallographic parameters for 18, 19 and 20.

Complex

18

19

20

Chemical formula

Formula weight

CUC13H11NQOBI'
354.69

CUC12H3N20C|2
330.65

CUC12H3N200|BI‘
375.10

Crystal system Orthorhombic Monoclinic Orthorhombic
Space group Pbca P24/c Pbca

T(K) 298 298 298

a(A) 15.267(2) 6.8709(6) 7.4359(6)

b (A) 8.7840(13) 15.2190(12) 14.7997(11)
c(A) 18.868(3) 23.5710(19) 22.4087(17)
a(®) 90 90 90

£°) 90 94.2920(10) 90

7(°) 90 90 90

26 range 4.32-52.10 3.18-52.10 3.64-52.06

Vv (A% 2530.3(6) 2457.9(4) 2466.1(3)

z 8 4 8

(mm™) 4.872 2.197 5.214
N-collected 13285 24411 23729
N-unique 2495 4765 2426

N [/ = 20(1)] 1630 3775 1780
Parameters 164 325 163

R1?, wR2" 0.0447,0.1012 0.0374, 0.0873 0.0515, 0.0994
[/=20(/)]

R1?, wR2" 0.0842, 0.1214 0.0498, 0.0942 0.0767, 0.1098
[all data]

GOF*® (F%) 1.011 1.010 1.072

Largest peak 0.672,-1.103 1.263, -0.281 0.504, -0.395

and hole (e A%

AR1 = 3|[Fo| - [Fel/Z|Fo|. ®wR2 = (Z[(Fo? - F)2)/X[w(Fo)?]} 2.
¢GOF = {Y[w(Fo? — F2)?]/(n - p)}'/> where n is the number of reflections and p is the

number of parameters refined; w = 1/[c*(Fo?) + (aP)? + bP].
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6.3. Results and discussion

6.3.1. Synthesis and some properties

All the Complexes have been synthesized in moderate yield by reacting
copper(Il) halide with the appropriate Schiff base in presence of base in methanol.
The elemental analyses data are satisfactory with the formulae given. All the
complexes are electrically nonconducting in methanol solutions.

The infrared spectra of the free Schiff bases display a medium intensity band
near 3364 cm . This band is assigned to the phenolic-OH group. There is no such
band in the spectra of the unsolvated complexes. Thus in the complexes the tridentate
Schiff base is deprotonated and the phenolic-OH is coordinated to the metal ion. The
solvated complexes display a broad band centred at ~3460 cm ™', due to the stretching
of the solvent OH group. The low energy shift (by ~20 cm™') of the imine band in the
spectra of the complexes compared to that (~1626 cm') of the free Schiff bases
indicates coordination of the metal ion by the imine-N.** Thus the copper(Il) centre in
each of all the ten complexes is bound to the pyridine-N, the imine-N and the
phenolate-O of the tridentate ligand. The remaining fourth coordination site is
satisfied by the halide.

6.3.2. Absorption and emission spectral properties

The electronic absorption spectral features of the complexes in acetonitrile
solutions are very similar. One broad absorption in the range 515—545 nm and three
relatively sharp bands in the range 355—217 nm have been observed (Table 6.4). The
broad lower energy band is assigned to the ligand to metal charge transfer band
(LMCT), where as the relatively sharp higher energy bands are attributed to the
ligand to ligand charge transfer (LLCT) transitions. The LLCT band positions are
almost same for all the complexes. However, the LMCT band shows some shift with
the position of the methyl group on the ligand (Table 6.5). The LMCT absorption for
the chloride containing complexes with the methyl substitution at 3 or 5 positions has
the band position at ~516 nm. This band shifts to lower energy (~526 nm) for 6-
methyl and 4-chloro substituted complexes and the band gets further shifted to around
540 nm for the 4-methyl substituted species (Figure 6.2). The corresponding LLCT

bands remain almost unaffected with the substituent position. The analogous bromide
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containing complexes show similar trend in the absorption profiles. This LMCT band
is also sensitive to the polarity of the solvent. It shows blue shift with the increase of
the polarity of the solvent. While going from tetrahydrofuran (THF) to water the
LMCT band has shown blue shift by almost 90 nm (Table 6.5). The shift of the
LMCT band of [Cu(4-Me-pyp)Cl] (13) with the change of solvent polarity is shown

in Figure 6.2. The bromide containing complexes display the similar blue shift of the
LMCT band with the change of solvent polarity.

‘. ..... - water
031, --==-- methanol
5 acetonitrile |
I THF
A
_5 0_2-.__\‘. L,
a .‘; (" ’\"\ \
[8_ l. " : ’ .\\ AY
Kol 4 ) 4 S
< 0.1 Y £ \
r i \ ‘\
0.0 ; - —
400 500 600 700

Wavelength (nm)
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—(15)
=== (11)

0.2 s (
/N (19)
._’:)’f o o s (1?)
i 53] e (13)

0.1 ’ '
P
0.0 ; .
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Figure 6.2. The variation of LMCT band position with the change of solvent for

[Cu(4-Me-pyp)Cl] (13) (left) and the LMCT bands of all the five chloride
containing complexes in acetonitrile solutions (right).
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Table 6.4. The electronic absorption spectral data in acetonitrile solvent.

Complex

Amax (nm) (£ (M~'em™))

11
12
13
14
15
16
17
18
19
20

517(2700), 355(4600), 300sh(9000), 286(9700), 235(15100)

510(2200), 351(4000), 300sh(8700), 293(93000), 220(14000)

541(5600), 348sh(7400), 297(12000), 236(20900)
534(5200), 348(7100), 297(10300), 217(23200)

514

522(4800), 354(6500), 302sh(10800), 291(12400
525(6300), 338sh(7100), 291(12000), 238(19100
521(5000), 338sh(6400), 292(15500), 219(26800

(
(
(
(
519(4900), 355(5900), 305sh(8200), 296(8300), 235(14100)
(
(
(
(
(

),
)
)

4800), 353(6100), 304sh(8100), 298(8100), 218(25600)
527(6000), 357(7900), 301sh(10800), 292(11100), 237(21800)
219(23000)

113

Table 6.5. The wavelength (nm) of the LMCT band of all the ten complexes in

water, methanol (MeOH), acetonitrile (MeCN) and tetrahydrofuran (THF).

Solvent 11 12 13 14 15 16 17 18 19 20
Water 453 452 472 471 453 454 465 463 466 467
MeOH 490 489 508 508 488 489 511 511 499 499
MeCN 517 510 541 534 519 514 527 522 525 521
THF 536 547 565 570 535 547 551 558 550 549

The complexes also have emissive property in the solution state. The high

intensity absorption near 290 nm has been used to monitor the emission spectral

features of all the complexes. The relative intensities of all the complexes are not

equal in magnitude. The 3-methyl substituted analogue has the most intense band

among the others. The descending order of relative emission intensities is 11 > 15 >

13 > 17 > 19 for the chloride containing complexes (Figure 6.3). The bromide

containing complexes are having slightly less intensities than the corresponding

chloride containing analogous. However, the relative order is same to that of the

chloride containing complexes. Again the emission is sensitive to the polarity of the

solvent both in relative position and intensity. With the increase of solvent polarity



114 Chapter 6

the emission band sifts towards the lower energy for both chloride containing
complexes as well as the bromide containing complexes (Figure 6.3).

20 ——THF =
: B, | s MeCN
: - |----MeOH 4
154 : “oT | = Water
2 ) L e 2 31
“th w
£ 10 =
2 2
54 14
0L—s . , , — 0 L. .I.. ST eens __""3»__"___‘
350 400 450 300 350 400 450 500
Wavelength (nm) Wavelength (nm)

Figure 6.3. The solvent dependent emission spectra of [Cu(3-Me-pyp)Br] (12)
(left) and the emission profiles of the chloride containing complexes in acetonitrile
solutions (right).

Table 6.6. The wavelength (nm) of the emission band (An.x) of all the ten complexes
in water, methanol (MeOH), acetonitrile (MeCN) and tetrahydrofuran (THF).

Solvent 11 12 183 14 15 16 17 18 19 20

Water 392 394 394 396 384 38 396 391 388 384
MeOH 383 384 384 384 374 374 390 388 357 358
MeCN 363 363 374 372 362 361 362 362 364 362
THF 374 357 363 363 357 357 355 353 - -

6.3.3. Description of molecular structures

The complexes crystallize in P1, P2i/c, and Pbca space groups. The
asymmetric units of 13 and 14 contain a full complex molecule with one methanol
and one water molecule, respectively. In rest of the case, a single complex molecule
is present in the asymmetric unit except in 19, where two complex molecules are
observed in the asymmetric unit. In all the complexes the metal ion is coordinated to

the pyridine-N, the imine-N and the phenolate-O donor tridentate ligand and the
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halide. Complexes 13 and 14 are mononuclear species, while complexes 11, 12, 17,
18 and 20 exist as centrosymmetric dimeric species in the solid state. On the other
hand, complexes 15, 16 and 19 are one-dimensional polymeric species. In 13 and 14
(4-Me substituted ligand), the metal ion is in N,OX square-planar geometry. Except
in 17 and 18 (6-Me substituted ligand) in all other cases, the metal ion is in square-
pyramidal N,OX, geometry, where the apical site is occupied by a halogen atom from
a neighbouring molecule. In 17 and 18, the coordination geometry around each metal
ion can be best described as trigonal-bipyramidal. The imine-N atom and the two
bridging halogen-atoms form the trigonal equatorial plane and the pyridine-N and the
phenolate-O occupy the axial sites. All these structures are depicted in Figures 6.4
and 6.5. Selected bond lengths and angles are listed in Tables 6.7 and 6.8. The Cu—-O
(phenolate), the Cu—N (imine) and the Cu—N (pyridine) bond lengths are comparable
with the bond lengths reported for copper(Il) complexes having the same
coordination atoms.”* The equatorial Cu—X bond lengths are significantly shorter than
the apical Cu—X' distances in the square-pyramidal copper(Il) containing species (11,
12, 15, 16, 19 and 20). In general, the interaction at the apical site of the metal ion is
weak. However, for 20 it is very weak as reflected by the significantly longer Cu—CI'
distances compared to that of the others (Tables 6.7 and 6.8). It may be noted that in
20, the Cl-atom at 4-position of the phenolate ring is involved in the interaction with
the metal ion at the apical position, while the metal coordinated halogen atom is at the
apical site in rest of the square-pyramidal species. For 17 and 18, in the trigonal
equatorial plane both Cu—X and Cu—X' bond lengths are essentially identical.
However, these are longer than the equatorial Cu—X bond lengths observed in the
other species (Tables 6.7 and 6.8).
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Figure 6.4. Structure of the dimeric form of 11, 12, 15 and 16, and the monomeric
form of 13 and 14 with the atom-labeling scheme. All non-hydrogen atoms are
represented by their 50% probability thermal ellipsoids.
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Figure 6.5. Structure of the dimeric form of 17, 18, 19 and 20 with the atom-
labeling scheme. All non-hydrogen atoms are represented by their 50% probability
thermal ellipsoids.
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Table 6.7. Selected bond lengths (A) and angles (°) for 11, 13-CH;0H, 15, 17 and
19.

Complex 11 13:CH;OH 15 17 19
Cu-0O(1) 1.920(2) 1.940(2) 1.959(2) 1.935(3) 1.949(2)
Cu-N(1) 1.981(2) 1.960(2) 1.950(3) 1.955(3) 1.953(2)
Cu-N(2) 2.010(2) 2.020(2) 2.034(3) 2.022(3) 2.029(2)
Cu-Cl 2.2824(8) 2.2030(7)  2.2299(11)  2.4445(10)  2.2257(7)
O(1)-C(1) 1.309(3) 1.327(3) 1.324(4) 1.315(4) 1.319(3)
N(1)-C(7) 1.286(4) 1.271(3) 1.283(4) 1.281(4) 1.273(3)
Cu-CI® 2.6790(9) - 3.0730(12)  2.4309(10)  2.9464(8)
O(1)-Cu-N(1)  83.46(9) 83.63(7) 84.01(11) 83.31(11)  84.22(8)
N(1)-Cu-N(2)  81.38(10) 80.35(7) 80.05(13) 80.36(11)  80.02(9)
N(2)-Cu-Cl 96.10(7) 99.20(6) 95.92(9) 95.98(8) 97.16(7)
O(1)-Cu-Cl 97.10(6) 96.84(5) 101.40(8) 96.11(11) 100.06(6)
O(1)-Cu-N(2)  164.56(9) 163.71(7) 162.27(11)  163.66(11)  162.48(8)
N(1)-Cu-Cl 159.78(7) 179.33(5) 165.53(9) 136.58(8) 164.35(7)
O(1)-Cu-CP® 95.27(7) - 81.96(8) 96.87(12)  86.18(6)
N(1)-Cu-CP® 106.18(7) - 90.84(9) 132.39(8)  90.53(6)
N(2)-Cu-CP® 91.79(7) - 90.53(9) 93.89(9) 87.61(6)
Cl-Cu-CP 93.92(3) - 103.15(4) 90.91(3) 105.66(3)
Cu-Cl-Cu® 86.08(3) - 88.77(9) 89.09(3) 87.21(2)




A family of copper(1l)... 119

Table 6.8. Selected bond lengths (A) and angles (°) for 12, 14-H,0, 16, 18 and 20.

Complex 12 14-H,0 16 18 20
Cu-O(1) 1.917(2) 1.928(5) 1.952(2) 1.925(4) 1.940(3)
Cu-N(1) 1.977(2) 1.956(5) 1.954(2) 1.955(4) 1.963(4)
Cu-N(2) 2.015(2) 2.020(6) 2.043(2) 2.014(4) 2.020(4)
Cu-Br 2.4251(4)  2.3461(13) 2.3805(4)  2.5455(11)  2.3264(8)
0(1)-C(1) 1.310(3) 1.335(8) 1.314(3) 1.313(6) 1.319(6)
N(1)-C(7) 1.284(3) 1.287(8) 1.285(3) 1.283(7) 1.286(6)
Cu-Br® 2.7944(4) - 3.0548(5)  2.5947(11)  3.204(2)"
O(1)-Cu-N(1)  83.50(7) 83.4(2) 83.85(8) 83.70(18) 83.36(16)
N(1)-Cu-N(2)  81.48(7) 80.7(2) 79.81(9) 80.44(18) 84.45(17)
N(2)-Cu-Br 96.30(5) 100.67(17) 96.48(6) 96.11(13) 99.06(13)
O(1)-Cu-Br 96.83(5) 95.22(14) 100.84(5)  95.73(15) 97.13(11)
O(1)-Cu-N(2)  164.81(7)  164.1(2) 162.67(8)  164.14(17)  163.80(16)
N(1)-Cu-Br 158.24(6)  178.27(17) 162.50(6)  138.72(13)  179.16(12)
O(1)-Cu-Br® 95.11(6) - 85.18(6) 96.85(16) 94.91(13)
N(1)-Cu-Br® 104.88(6) - 95.12(6) 126.52(13)  84.52(12)*
N(2)-Cu-Br® 90.89(5) - 90.52(6) 92.68(12) 83.67(12)*
Br-Cu-Br® 96.78(1) - 102.05(1)  94.63(3) 94.75(4)*
Cu-Br-Cu? 83.22(1) - 89.37(3) 85.37(3) -

# it is Cu—Cl distance; * angles are listed associated with chloride.

6.3.4. Supramolecular architectures

In the previous chapter, we have seen that [Cu(pyp)X] has perfect or nearly
perfect square-planar geometry despite the presence of H,O or MeOH in the crystal
lattice. Depending upon the solvent of crystallization they form zipper structure or
columnar structure assisted by mainly n-stacking expected for a plate-like species. In
the present series of complexes, we have used the methyl or chloro substituted Hpyp
as the ligand. There is a drastic change in the coordination geometry of the metal ion
from square-planar to square-pyramidal to trigonal-bipyramidal due to the presence of
the substituent on the tridentate ligand. Such changes are due to moderately strong to

weak intermolecular interactions involving the coordinatively unsaturated metal ion.
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We have systematically investigated the intermolecular non-covalent interactions and
the resulting supramolecular architectures for all the complexes described in this
chapter. A wide variety of non-covalent interactions such as C-H--X (with metal
bound halide) and C-H--O (with incorporated solvent molecule) along with its
stronger counter part O—H:--O hydrogen bonding and n---mw stacking are detected in
this homologated family of simple complexes. As expected from the electronic back
ground, the azomethine-CH and the para-CH of the pyridyl ring, the most electro-
positive among the available hydrogens participate in the intermolecular C-H--O/X
interactions. In some cases we have found that solvent molecules incorporated in the
crystal lattice also support to hold the overall supramolecular structures. In the
following sections we have discussed the molecular self-assembly of the present
series of complexes in terms of their topological recognitions.

6.3.4.1. Staircase structure

The molecules of the 3-methyl substituted ligand containing complexes 11 and
12 are dimeric ‘Z’ type units due to equatorial-apical bridging by the metal bound
halide in a reciprocal manner (Figure 6.4). This ‘Z’ units form staircase-like structure
along a-axis through 7--m interaction mainly involving the chelate rings formed by
the pyridine-N and the imine-N. The staircases are interconnected through C—H---X
interactions to afford a 2D network (Figure 6.6). The para-CH of the metal
coordinated pyridine ring and the metal coordinated halide are involved in this
C—H---X interactions. Finally these 2D sheets are connected via C—H:--x interactions
to build 3D framework. This C—H---x interaction involves the 3-methyl proton and the
phenolate ring. The parameters associated with mn-n, C-H--X and C-H-=n
interactions are listed in Table 6.9.
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Figure 6.6. The staircase structure of 11 (left) and 12 (right) via apical metal-halide

and stacking interactions. The parallel stairs are again connected through C-H--X
interactions.

Table 6.9. The geometrical parameters associated with n---w, C-H--X and C-H-n
interactions.

#

Complex ooy distncahy  OfSetangle () gty
11 3.386 3.407 6 5.016
12 3.413 3.462 10 5.114

Complex Interaction d(A) D (A) 6(°
11 C-H---CI 2.719 3.590 156
12 C—H---Br 2.816 3.685 156

H-Cg C—Cg C-H-Cg

distance (A) distance (A) angle (°)
11 2.77 3.607 146
12 2.78 3.638 150

*The shortest Cg:+-Cg distances listed

6.3.4.2. Ladder structure

The solvent interspersed 4-methyl substituted ligand bearing complexes
13-CH;0H and 14-H,0 reveal solvent mediated hydrogen bonded 1D ladder structure
along the b-axis. The chloride ligated complex (13) shows double chain ladder
structure through O—H:-O (methanol-OH with phenolate-O), C-H--O (azomethine-
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CH with methanol-O) and C-H--Cl (para-CH of pyridyl ring with metal bound
chloride) interactions. Whereas in bromide ligated hydrated complex (14), the water
molecule interacts with the complex molecule through two O-H---O (water-OH with
phenolate-O) and one C—H--O (azomethine-CH with water O-atom) interactions to
assist the formation of uniform ladder structure (Figure 6.7). In both the structures,
the one-dimensional parallel ladders form 2D sheet structure through intermolecular
w7 interactions between the planar complex molecules involving the chelate ring
formed by pyridine-N and imine-N and pyridine ring. The ladder structure of 14-H,O
is more uniform because both the complex and water molecules serve as three
connector nodes. On the other hand, the complex molecule acts as four connector
node and the methanol molecule acts as two connector node in the ladder structure
formed by 13-CH;0OH. The methanol and the complex molecule forms a finite square
structures, which are again connected through C—H--Cl to form the final ladder
structure. All the hydrogen bonding and the stacking parameters are given in Table
6.10.
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Figure 6.7. The ladder structures of 13-CH;0H (left) and 14-H,O (right) through
hydrogen bonding with the incorporated solvent molecules.
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Table 6.10. The geometrical parameters associated with m--nm and H-bonding

interactions.
#
S?;farﬁcl:ina{) disctgncceg(A) Oisetengls ) dis?:ncgle)
13-CH30H 3.315 3.410 14 4.880
14-H,0 3.299 3.391 13 5.055
Interaction d(A) D (A) 6 (°)
13-CH3;0H O-H---O 2.236 2.832 158
C-H---O 2.673 3.548 157
C-H---Cl 2.841 3.727 160
14-H,0 O-H--0 1.921 2.863 167
O-H---O 1.973 2.848 151
C-H---O 2.395 3.242 151

*The shortest Cg---Cg distances listed

6.3.4.3. Square-grid structure

The 5-methyl substituted ligand containing species (15 and 16) prefer the
metal-halide apical interaction in alternate mode instead of the reciprocal mode
observed for the 3-methyl substituted ligand bearing complexes (11 and 12). Due to
this alternate metal-halide apical interaction 15 and 16 form a polymeric chain
structure. The metal bound halide also participates in intermolecular C—H:-X
interaction involving the azomethine-CH group. As a result, each complex molecule
is serving as a four connector node to assist the formation of 2D square-grid structure
(Figure 6.8). The parameters associated with the Cu---X' and C—H---X interactions are
given in Table 6.11.
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Figure 6.8. The square-grid structures of 15 (left) and 16 (right) through Cu--X and
C—H--X interactions.

Table 6.11. The geometrical parameters for Cu--X and C—H---X interactions.

e e A) Caun_él(e (g)u disci;ncce:u(A)
15 Cu---Cl 3.073 89 3.758
16 Cu---Br 3.055 89 3.852
Interaction d(A) D (A) 0 (°)
15 C—H---Cl 2.674 3.601 176
16 C—H--Br 2.796 3.720 173

6.3.4.4. Molecular brick wall

The complexes of the 6-methyl substituted ligand (17 and 18) have more
symmetric dihalo bridged dimeric structure with respect to the Cu—Cl distances in the
Cu,Cl, core. In these dimeric molecules the metal ions have trigonal bipyramidal
coordination geometry. Due to this type of dimerization whole molecule has two
planar wings suitable to undergo stacking interactions. The stacking of the molecules
is very similar to the arrangement of bricks in a wall. We have mentioned this
structural motif as ‘molecular brick wall’ (Figure 6.9). Both the five membered
chelate rings and the pyridyl rings participate in the stacking interactions. The wall
structures are parallel to the crystallographic ab-plane. The geometrical parameters

associated with the stacking interactions are given in Table 6.12.
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Figure 6.9. The n-stacking interactions assisted ‘molecular brick wall” structures of
17 (left) and 18 (right).

Table 6.12. The geometric parameters associated with the 7---w interactions.

Interplanar Cg--Cg" o Cu--Cu
Coml distance (A) distance (A) Cisiargl= ) distance (A)
17 3.372 3.525 17 6.353
18 3.378 3.542 17 6.485

*The shortest Cg--Cg distances listed

6.3.4.5. The effect of chloro substitution

We have seen that the complexes with the 4-methyl substituted ligand (13 and
14) provide solvent assisted ladder structures in the crystal lattice. It is well known
that methyl and chloro substituted molecules which are otherwise identical give
similar crystal structures due to their similar volumes.** Keeping this ‘chloro-methyl’
exchange rule in mind we have prepared complexes 19 and 20, where the ligand
contains a chloro group at the 4-position of the phenolate ring. However, 13 and 14
crystallized as 13-CH;OH and 14-H,O, while there is no solvent molecule in the
crystal lattices of 19 and 20. In all the previous cases (11 and 12; 13-CH;0OH and
14-H,0; 15 and 16; 17 and 18), the molecular as well as supramolecular structural
motifs for each pair of chloride and bromide ligated complexes are identical or very
similar. But this is not the case for the complexes 19 and 20. A 1D structure of the
chloride ligated complex (19) is formed due to equatorial-apical bridging by the metal
bound chloride. These parallel 1D structures are further connected by C—H-**Cl-Cu
interactions involving the azomethine-CH groups. As these Cu—Cl"Cu and
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C—H'*Cl—Cu interactions are roughly orthogonal a 2D square-grid net is formed
(Figure 6.10). In contrast the bromide ligated species (20) form a dimeric structure
via much weaker apical Cu'--Cl interaction in a reciprocal manner involving the
Cl-atom on the phenolate ring. These dimeric units form a 1D chain structure via n-*n
interactions (Figure 6.10) involving the five membered chelate rings and the pyridyl
ring. The parameters associated with the non-covalent interactions observed for 19

and 20 are given in Table 6.13.
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Figure 6.10. The square-grid structure of 19 (left) and the 1D chain of 20 (right).

Table 6.13. The geometrical parameters associated with non-covalent interactions in
19 and 20.

Complex Interaction d(A) D (A) 6 (°)
19 Cu---CI' 2.946 3.605 87
C-H---Cl 2.744 3.670 174

. Interplanar Cg--Cg" o

Complex Interaction distance (A) distance (A) Offset angle (°)
20 1T 3.228 3.403 17

*The shortest Cg---Cg distances listed

6.4. Conclusion

The molecular flexibility and the position of the peripheral functionality are
expected to influence the self-assembly process and the resulting supramolecular
structures. In the last chapter, we have seen how the nature of the solvent present in
the crystal lattice influences the supramolecular architecture formed by very similar
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host molecules having relatively rigid molecular frame. In this chapter, we have taken
the same rigid molecular frame of copper(Il) species and introduced and varied the
position of the methyl substituent on the ligand to monitor the variation in the crystal
packing patterns. In this process, we have realized staircase, ladder, brick-wall and
square-grid supramolecular architectures with the variation of substitutional position
on the ligand backbone. The susbstituent position not only affected the structural
patterns but also caused the change in the energetic part of the complexes, which has
been reflected in the electronic spectral feature.
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Chapter 7

Coordination polymers assembled by rigid and
conformationally flexible spacers

Three three-dimensional succinate bridged coordination polymers,
{[Cu(suc)(bpy)(H20)2](H20)2}n  (21),  {[Ni(suc)(bpy)(H20)](H20)2}n  (22)  and
[Cuy(suc)a(pz)]n (23) {where suc?” = dianionic deprotonated succinic acid; bpy = 4,4’-
bipyridine and pz = pyrazine} have been synthesized and characterized. In the cases
of 21 and 22, the chiral gauche conformation of the succinate leads to homo-chiral
cylindrical helices along the crystallographic c-axis. The left handed or M-form of
succinate produces left handed helix in the case of 21, while the right handed or P-
form of succinate produces right handed helix in the case of 22. Both the distorted
octahedral metal centers show twisting chiral 7°.9 net with the helix incorporated
within it. On the other hand 23 depicts the 2-fold interpenetrating primitive cubic
network. The thermo-gravimetric analysis (TGA) and magnetic properties of these
coordination polymers are discussed in details.

7.1. Introduction

‘Crystal engineering’, the term coined by Schmidt about three decade ago1 is
the most suitable tool for the development of rational strategies in designing new
crystalline materials, in particular those with functional properties.z’3 The specific
network topology of a coordination polymer can be controlled by a careful selection
of the metal coordination geometry and the organic bridging ligand.4‘5 In the field of
metal-organic frameworks (MOFs), a strong interaction such as metal-ligand
coordination together with intermolecular non-covalent interactions are utilized to
assemble supramolecular networks with desired topologies from their constituent
building blocks. In recent times, considerable efforts have been devoted on the
design, synthesis and characterization of novel multidimensional MOF architectures

and topologies for their potential applications in a wide range of research areas such
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10" and the

development of optical, electronic, and magnetic devices." ' The designed synthesis

. . . . . 6—
as functional solid materials, ion exchange, catalysis, gas storage,

of noncentrosymmetric solids is a challenging problem for the fabrication of materials
with ferro-, pyro- and piezoelectric, and nonlinear optical (NLO) plroperties.”’18 Due
to the lack of inversion centre helical motif is one of the strategic architecture found
in many acentric solids. However, an equally large group of materials that contain
helical chains do have inversion centers. In general, how to design or make a
noncentrosymmetric solid from inorganic helices relies on our understanding of
ligand effects and crystal packing. Here we have tried to explain the role of the length
and conformation of the bridging ligand and the helical symmetry on the formation of
the two noncentrosymmetric compounds, {[Cu(suc)(bpy)(H,0),]-(H,O),}, (21) and
{[Ni(bpy)(suc)(H,0),]-(H,0),}, (22) (where ‘suc’ and ‘bpy’ represents dianionic
succinate and 4,4'-bipyridine, respectively) and the centrosymmetric compound
[Cuy(suc)x(pz)]a (23) (where ‘pz’ represents pyrazine).

7.2. Experimental section

7.2.1. Materials

All the chemicals and solvents used in this work were of analytical grade available
commercially and were used without further purification.

7.2.2. Physical measurements

Microanalytical (C, H, N) data were obtained with a Thermo Finnigon Flash
EA1112 elemental analyzer. The infrared spectra were collected by using a KBr
pellet on a Jasco-5300 FT-IR spectrophotometer. A Shimadzu 3101-PC UV/vis/NIR
spectro-photometer was used to record the electronic spectra. DSC was performed on
a Mettler Toledo DSC 822¢ module and TGA was performed on a Mettler Toledo
TGA/SDTA 851e module. The typical sample size is 4-6 mg for DSC and 9-12 mg
for TGA. A SQUID magnetometer was used for the magnetic susceptibilities
measurements in the temperature range 20-300 K. A diamagnetic correction
calculated from Pascal’s constants,19 was used to obtain the molar paramagnetic

susceptibilities.
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7.2.3. Synthesis

[Cu(suc)(bpy)(H20):]-2H,0 (21)

A DMF solution of 4,4'-bipyridine (31 mg, 0.2 mmol) was added to an aqueous
solution of Cu(NO;),:3H,0 (48 mg, 0.2 mmol) with stirring at room temperature.
After 10 min. an aqueous solution of disodium succinate (32 mg, 0.2 mmol) was
added slowly with stirring. After %2 hr stirring the mixture was heated to 120°C for 3
days and cooled slowly to room temperature. The blue needle shaped crystals
deposited were collected by filtration, washed thoroughly with water and dried in air
(vield: 68%). Anal. calcd. for CuC 4HN,Og: C, 41.23; H, 4.94; N, 6.87. Found: C,
41.85; H, 4.39; N, 6.41. Selected IR bands (cm™): 3369(br), 2980(m), 2901(m),
1616(s), 1558(s), 1419(s), 1072(s), 821(s).

[Ni(suc)(bpy)(H20)2]-2H,0 (22)

This compound was prepared using Ni(NO;),-6H,0 instead of Cu(NO;),:3H,0
by following the same procedure as described for 21. Blocked shape bluish crystals
were obtained in about 74% yield. Anal. calcd. for NiC4H,oN,Og: C, 41.72; H, 5.00;
N, 6.95. Found: C, 41.90; H, 4.71; N, 6.49. Selected IR bands (cmfl): 3364(br),
2890(m), 1616(s), 1541(s), 1419(s), 1068(s), 819(s).

[Cuz(suc)2(pz)] (23)

A water solution of pyrazine (16 mg, 0.2 mmol) was added to an aqueous
solution of Cu(NO;),:3H,0O (97 mg, 0.4 mmol) with stirring at room temperature.
After 10 min. an aqueous solution of disodium succinate (65 mg, 0.4 mmol) was
added slowly with stirring. After % hr stirring the mixture was heated to 120°C for 3
days and cooled slowly to room temperature. The green needle shaped crystals
deposited were collected by filtration, washed thoroughly with water and dried in air
(yield: 77%). Anal. calcd. for CuC¢HgNO,: C, 32.81; H, 2.75; N, 6.38. Found: C,
32.37; H, 2.39; N, 5.85. Selected IR bands (cm™): 3107(w), 3036(w), 2961(w),
2939(w), 1591(s), 1493(m), 1406(s), 1242(s), 1049(s), 814(s), 686(s), 451(s).
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7.2.4. X-ray crystallography

Unit cell parameters and the intensity data for 21, 22 and 23 are obtained on a
Bruker-Nonius SMART APEX CCD single crystal diffractometer, equipped with a
graphite monochromator and a Mo Ka fine-focus sealed tube (4 = 0.71073 A)
operated at 2.0 kW. The detector was placed at a distance of 6.0 cm from the crystal.
Data are collected at 298 K with a scan width of 0.3° in @ and an exposure time of 10
sec/frame. In each case, the SMART software was used for data acquisition and the
SAINT-Plus software was used for data extraction.”’ An absorption correction was
performed with the help of SADABS program.21 All the structures were solved by
direct methods and refined on F° by full-matrix least-squares procedures. All non-
hydrogen atoms were refined anisotropically. The protons of the solvent molecules in
all the cases were located in the corresponding difference maps and refined with
Uisl(H) = 1.5Uc(O), respectively. Other hydrogen atoms were included in the
structure factor calculation at idealized positions by using a riding model. The
SHELX-97% programs were used for structure solution and refinement. The Platon”
packages were used for molecular graphics. Significant crystallographic data are

summarized in Table 7.1.
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Table 7.1. Crystallographic parameters for 21, 22, and 23.

Complex 21 22 23
Chemical CuC14H20N20sg NiC14H20N20g CuCgHeNO4
formula

Formula weight 407.86 403.03 219.67
Crystal system Hexagonal Hexagonal Monoclinic
Space group P6522 P6122 C2/m

T(K) 298 298 298

a(A) 11.0818(3) 11.1996(4) 9.7726(12)
b (A) 11.0818(3) 11.1996(4) 11.6654(15)
c(A) 24.9892(14) 24.2343(18) 7.4758(9)
a(®) 90 90 90

£©) 90 90 119.250(2)
7(©) 120 120 90

26 range 4.24-52.04 4.20-52.02 5.92-56.60
V(A% 2657.68(18) 2632.5(2) 743.59(16)
z 6 6 8

u(mm™) 1.276 1.149 2911
N-collected 27840 14646 4072
N-unique 1757 1731 891

N [/ = 20(1)] 1620 1566 823
Parameters 128 128 58

Flack parameter 0.01(2) 0.01(3) -

R1%, wR2"
[/=20(/)]

R1%, wR2"

[all data]

GOF® (F%)
Largest peak
and hole (e A®)

0.0327, 0.0749

0.0372, 0.0770

1.121
0.329, -0.157

0.0345, 0.0763

0.0406, 0.0790

1.055
0.366, -0.190

0.0345, 0.0832

0.0384, 0.0861

1.087
0.885, -0.438

*R1 = X|[Fo| - [Fe[/Z|Fo|. ®wR2 = {X[(Fo” - F2)*]/Z[w(Fo?)*]}"2.

¢GOF = {Z[w(Fo? - F)?]/(n - p)}'?> where n is the number of reflections and p is the

number of parameters refined; w = 1/[c*(Fo?) + (aP)? + bP].
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7.3. Results and discussion

7.3.1. Synthesis and some properties

All the compounds have been synthesized in moderate yield from dmf-water
media by solvo-thermal process. Compounds are insoluble in water and common
organic solvents.

In the infrared spectra, compounds 21 and 22 has display a medium intensity
broad band at ~3370 cm ' due to the water molecules present in them. The sharp band
at ~1616 cm' is most likely associated with the coordinated carboxylate
functionalities. The sharp band observed at 1591 cm' in the spectrum of 23 is

assigned to the v, of the bridging carboxylate moieties.”*

7.3.2. Description of the crystal structures

[Cu(suc)(bpy)(H20):]-2H,0 (21)

The compound 21 crystallizes in P6s22 space group. The asymmetric unit
contains half of Cu**, half of succinate, half of 4,4'-bipyridine, one coordinated and
one uncoordinated water molecule. As shown in Figure 7.1, the Cu®" centre is in
tetragonally elongated N,O, octahedral coordination sphere. The nitrogen atoms
belong to two bpy ligands, the oxygen atoms to two H,O molecules and two
monodentate succinate ions. The two pyridyl nitrogen atoms as well as the two
carboxylate oxygen atoms are frans to each other and form the equatorial plane. The
Cu-N bond lengths are 1.996(3) and 2.015(3) A and Cu-O (carboxylate-O) bond
length is 1.958(2) A. The aqua oxygen atoms occupy the elongated axial positions
with the Cu—O bond length 2.529(2) A. The larger axial Cu—O bond lengths are
indicative of Jahn-Teller distortion due to the d9 configuration of the metal ion. The
cis and trans bond angles about the central Cu-atom are in the ranges 86-94 and 177-
180°, respectively. Among the two crystallographically distinct water molecules, one
is hydrogen bonded to a coordinating aqua oxygen atom as well as to one non-
coordinating carboxylate oxygen atom and the second one is hydrogen bonded to the
other crystal water oxygen atom as well as to another non-coordinating carboxylate
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N2

Figure 7.1. Crystal structure of 21 with the atom-labeling scheme (left), the
polyhedral representation (middle) and the space-filling model (right) of the helical

assembly.

oxygen atom. Three rotamer are possible for the succinate ion. These are frans or
anti, cis or eclipsed and gauche forms (Figure 7.2). The gauche form is chiral. One of
the enantiomers has the right handed (P) form and the other one has the left handed
(M) form (Figure 7.2). The left handed gauche conformation of succinate ligands in
21 (torsion angle for the skeleton carbon chain of succinate anion is 69.82(6)°) leads
to a striking structural feature: alternating assembly of the left handed homo-chiral
cylindrical 6, helices along the crystallographic c-axis (Figure 7.1). The helices are
further interconnected by 4,4'-bipyridine ligands, which are aligned parallel to the
[100], [010] and [110] axis. These interconnection lead to a novel 3D framework
providing channels in the same directions in which the crystal H;O molecules are
located (Figure 7.3). The intrahelical Cu--Cu separation (7.061 A) through the
succinato group is significantly smaller than the interhelical metal-metal separation
(11.082 A) through the 4,4"-bipyridine ligand. The Cu--Cu distance of the repeating
period in the helical column is about 21.591 A. Another unusual feature of the
structure is that each helix is connected with six adjacent helices by 4,4'-bipyridine
ligands. As shown in Figure 7.1, six 4,4"-bipyridine ligands of one hexagon have six
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—00C  COO - COO ~ 00 ~ COO ~
~00C H H COO ~ H H
H
H H H H H H H H
H H H COO ~
(cis) (M-form) (P-form) (anti)

Figure 7.2. The four possible rotamers of succinate.

different orientations and each of them connects to another adjacent helix,
respectively (Figure 7.3). The stacking is inherently orientated and appears to
manifest itself in two salient characters. First, for each cylindrical column, only one
helical orientation is involved in the crystal structure, which crystallizes in the
asymmetric space group, P6522. Second, adjacent helices are staggered by one-sixth
of the column length. All the important bond distances and angles has depicted in the
Table 7.2.

Figure 7.3. Stick representation of the channels between the helices filled by guest
water molecules (left); stick representation of the connecting mode of helices (right).

The Cu atoms act as four-coordinate planar centers (the axial water ligands do
not bridge). There are two different ligands, so the network can be represented
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topologically simply by the Cu nodes and the two types of connectors (bridging 4,4'-
bipyridine and succinate ligands) between them. There are two different node-node
distances in the structure reported here, and the angles concerning the nodes are not
90°. Three adjacent nodes between two succinate ligands form an arc, which further
leads to form a single helix (Figure 7.1). Figure 7.4 reveals the unusual ‘dense’ 7°.9
network displayed by this structure. The main feature of this net is that it is a strongly
twisting ‘dense’ 7°.9 net and incorporates helix sub-structures with the same
accessibility. The maximum symmetry of the net is hexagonal. Compared to the
regular ‘dense’ 7°.9 net, there are several differences in the present one: (i) this net
contains only one type of node, but there are two types of links; (ii) the angle between
all the nodes are not 90°, so it cannot be classed as either a ‘‘regular’’ [all vertices,
edges, and angles are equivalent (related by symmetry)] or ‘‘quasi-regular’’ [all
vertices and edges (but not angles) are equivalent] net;25 (iii) due to the helix
substructure, the 3, helical disposition in the regular ‘dense’ 7°.9 net changes to the
higher 6, helical structure.

Figure 7.4. The twisting ‘dense’ 7°.9 net; single helix (red) and two seven-
membered shortest circuits (green and blue) are highlighted.

It may noted that the structure of 21 has been reported carlier.?%%’

However, the
space group assigned to them are different and hence ambiguous in these reports.
These are P6; (No. 169)26 and P65 (No. 170)27. However, during data processing and
refinement of 21, we found that this copper(ll) compound possesses a 6;s
crystallographic axis passing through the centre of C(3) and C(4), and a twofold

crystallographic axis passing through Cu, N(1), C(3), C(4) and N(2). The space group
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was unambiguously determined to be P6522 for 21. Recently the analogous Co(II)
complexes has been reported28 in the same space group in which we have solved the
structure of 21.

[Ni(suc) (bpy)(H20)21-2H,0 (22)

The nickel(Il) analogue (22) of the previous compound (21) crystallizes in
P6,22 space group and the asymmetric unit contains half of Ni*", half of succinate
anion, half of 4,4'-bipyridine, one coordinated and one uncoordinated water
molecules (Figure 7.5). The overall structural motifs of both 21 and 22 are almost
identical except few major differences. As expected, Ni*" forms stronger axial bonds
than Cu®’. The axial Ni-O bond distances are 2.134(2) A. As a result, N204
coordination geometry around the metal centre constituted by two succinate O-atoms,
two water O-atoms and two pyridyl N-atoms is very close to octahedral symmetry.
Another major difference is the handedness of the helix, which propagates along the
c-axis. Here it is right handed (Figure 7.5) rather than left handed (21) (Figure 7.1).
The selected bond lengths and angles are given in Table 7.2. This difference in

Figure 7.5 Crystal structure of 22 with the atom-labeling scheme (left), the
polyhedral representation (middle) and the space-filling model (right) of the helical
assembly.
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handedness of the helices is due to the difference in the conformations of succinate in
21 and 22. In 22, bridging succinate is in right handed gauche form. The torsion angle
for the skeleton carbon chain of succinate anion is 69.94(8)° in 22. Thus the
handedness of the bridging succinate is translated to the same handedness of the
helical superstructure observed for 21 and 22. The intrahelical Ni-Ni separation
through the succinato group is 7.296 A and that of through the 4,4'-bipyridine ligand
is 11.200 A. Whereas the Ni--Ni distance of the repeating period in the helical
column is about 21.089 A. Except the handedness of the helices all other features of
crystal packing are identical for both 21 and 22 (Figures 7.3 and 7.6).

Figure 7.6. Stick representation of the channels between the helices filled by guest
water molecules (left); stick representation of the connecting mode of helices (right).

[Cuz(suc)x(pz)] (23)

The compound 23 crystallizes in C2/m space group, where the asymmetric unit
contains half Cu®", half succinate anion and one third pyrazine molecule. Unlike in
the previous two compounds, here the succinate ion is in anti or trans conformation.
Each Cu®" ion is octahedrally coordinated to four oxygen atoms from four bridging
succinates at the equatorial sites, while the axial sites are occupied by the nitrogen
atoms of two bridging pyrazine molecules (Figure 7.7). The equatorial Cu—O bond
lengths and the axial Cu—N bond lengths indicate a Jahn-Teller elongation of the
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N,O, coordination sphere. The selected bond lengths and angles are listed in Table
7.2. The Cu--Cu distances in this {Cuy(u-O,CR),} core is 2.590(8) A. These
succinate bridged paddle-wheel binuclear Cu,*" units (Figure 7.7) form distorted two-
dimensional (2D) square-grids of {Cuy(suc)s} units parallel to the bc-plane (Figure
7.8). These 2D square-grids are further pillared by pyrazine (parallel to the a-axis) to

) 'Y
rT P ¢ }.5 »

e 0
O—=AF—0" / \t

Figure 7.7. Schematic diagram (left) and the ball-stick representation (right) of the

basic binuclear paddle-wheel unit in 23.

form a three-dimensional (3D) structure (Figure 7.8). The topology of 23 can be best
described as a primitive cubic (a-Po) net (Figure 7.8). The overall structure of 23 can
be described as a doubly interpenetrating 3D network by the mutual interpenetration
of two identical a-Po nets of {Cuy(suc)x(pz)} (Figure 7.9). The pores of 23 along the
2D square-grid of {Cu,(suc)s} units are filled by the pyrazine molecules from another
a-Po net, while the pores viewed along the rectangular grid of {Cu,(suc),(pz)} are
significantly reduced due to double interpenetration of the 3D frameworks (Figure
7.9). Overall, there exists a 1D channel along the rectangular diagonal of the paddle-
wheel clusters which can be access for the guest molecules.
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Figure 7.8. The ball-stick representation of 2D square-grid structure of {Cuy(suc),}
(left) and the 3D network of 23 resembling the o—Po framework (right).

Figure 7.9. Space-filling representation of the side view of doubly interpenetrating
frameworks indicating the pores in the 2D square grid of {Cu,(suc),} (blue) are filled
with pyrazine molecules from another a—Po net (red) (left). The pores viewed along
the rectangular grid of {Cuy(suc),(pz)} units are significantly reduced by the

framework interpenetration (right).
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Table 7.2. Selected bond lengths (A) and angles (°) for 21, 22 and 23.

Compound 21

Cu-0(1) 1.9581(17) 0(1)-Cu-0O(3) 93.76(8)
Cu-N(1) 2.015(3) 0O(1)-Cu-0(3)® 86.30(8)
Cu-N(@2)° 1.996(3) 0(1)2-Cu-0(1) 176.98(11)
Cu-0(3) 2.529(2) N(2)°-Cu-N(1) 180.0
O(1)-C(7) 1.260(3) N(1)-Cu-O(3) 91.06(6)
0(2)-C(7) 1.246(4) N(2)°-Cu-O(3) 88.94(6)
O(1)-Cu-N(1) 88.49(5) 0(3)%-Cu-0(3) 177.88(12)
O(1)-Cu-N(2)° 91.51(5) 0(2)-C(7)-0(1) 124.5(3)
Compound 22

Ni-O(1) 2.0489(19) O(1)-Ni-O(3) 92.43(9)
Ni-N(2)° 2.059(3) O(1)-Ni-O(3)° 87.58(9)
Ni-N(1) 2.071(3) N(1)-Ni-O(3) 90.24(8)
Ni-O(3) 2.134(2) N(2)°-Ni-O(3) 89.76(8)
O(1)-C(7) 1.249(3) O(1)-Ni-O(1)° 176.51(12)
0(2)-C(7) 1.258(4) N(2)%-Ni-N(1) 180.0
O(1)-Ni-N(1) 88.26(6) O(3)%-Ni-O(3) 179.51(16)
O(1)-Ni-N(2)® 91.74(6) 0(1)-C(7)-0(2) 124.5(3)
Compound 23

Cu(1)-0(1) 1.9678(19) 0(2)%-Cu(1)-0(2) 89.56(14)
Cu(1)-0(2)° 1.9612(19) 0(2)%-Cu(1)-0(1) 169.66(8)
Cu(1)-N(1) 2.2628(19) O(1)-Cu(1)-0(1)° 88.22(14)
Cu(1)-Cu(1)® 2.5901(8) 0(2)°-Cu(1)-N(1) 95.01(7)
O(1)-C(1) 1.259(3) 0(2)%-Cu(1)-Cu(1)® 84.37(6)
0(2)-C(1) 1.259(3) O(1)-Cu(1)-Cu(1)® 85.32(6)
Cu(1)-Cu(1)® 2.5901(8) N(1)-Cu(1)-Cu(1)° 179.12(5)
O(1)-Cu(1)-N(1) 95.31(7) O(1)-C(1)-0(2) 125.3(2)
0(2)-Cu(1)-0(1) 90.18(11)

Symmetry transformations used to generate equivalent atoms: a = x-y, -y, -z;
b=x-1,y, z, c=x-y+1, -y+2, -z; d=x+1,y,z;e=-X, -y, -z, £ =-X, ¥, -z, g = X, -y, Z.
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7.3.3. Magnetic properties

Temperature dependence of the magnetic susceptibilities (yv) of 21 and 22
were measured at a magnetic field of 10 kOe (Figure 7.10). The pe (per Cu”™ ion) for
21 at room temperature (300 K) is 1.57 ug, which increases to 1.79 ug upon cooling
upto 180 K. Below 180 K the increase in the moment is relatively less. At 20 K the
Uerr s 1.90 pg. Thus there are two segments in the plot of yy ' vs. T for 21. The data
within temperature ranges 300-180 K and 180-20 K were fit using the Curie Weiss
law. The ‘C’ and ‘€’ values are 0.23 and 81.1 K and 0.41 and 2.9 K for these two
temperature ranges. These values indicate the presence of ferromagnetic coupling
between Cu”” ions in 21. In contrast, the temperature dependence of y ' vs. T plot
shows typically Curie paramagnetic behavior of 22. The ‘C* and ‘@’ values obtained
for 22 are 1.02 and 1.9 K, respectively.
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Figure 7.10. Inverse molar magnetic susceptibility (A) and effective magnetic
moment (A) of 21 (left) and 22 (right) as a function of temperature.

The temperature dependence of the inverse magnetic susceptibilities (v ') and
the effective magnetic moments (L) of 23 has been depicted in the Figure 7.11. The
magnetic susceptibilities were measured at a fixed magnetic field of 10 kOe. The pg
(per Cu®" ion) value at 300 K is 1.40 pg, which decreases smoothly upon cooling to
ca. 80 K and reaches the value of 0.82 pg and then increases to value of 0.94 g at 20
K. Between 80 K to 40 K the ¢ remains almost constant (Figure 7.11). The decrease
of the g can be attributed to the strong antiferromagnetic coupling between the two
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copper(Il) centers bridged by four carboxylates. Ferromagnetic coupling between the
pyrazine bridged binuclear Cu, system is possibly responsible for the increase of
moment below 40 K. We have tried to fit the data using the Bleany-Bowers

. 2930
equation.

However, the best least-squares fit could be obtained only with a very
high (19%) S = Y2 paramagnetic impurity. The g, J and J' values obtained are 2.06,

—174(4) and +35(2) cm ™" respectively.
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Figure 7.11. Inverse molar magnetic susceptibility (A) and effective magnetic
moment (A ) of 23 as a function of temperature.

7.3.4. Thermal analysis

The TGA measurements of all the compounds under flowing nitrogen gas has
been performed in the temperature range 30 to 400° C. Compounds 21 and 22 showed
that, the endothermic desolvation starts and ends in the temperature ranges 61—-118° C
and 68—134° C, respectively. The observed weight losses of 17.22 % and 17.82 %
correspond well to the calculated values of 17.67 % and 17.88 % for the four water
molecules per formula unit for 21 and 22, respectively. Upon further heating the
insolated residue starts to decompose in two-three overlapping steps at ~172 and 197°
C for 21 and 22, respectively. The decomposition continued beyond 400° C. The
differential scanning calorimetric measurements also correspond well with the TGA
data (Figure 7.12).
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Figure 7.12. The thermo gravimetric and the differential scanning calorimetric plots
for 21 (left) and 22 (right).

7.4. Conclusion

The architecture of a metal-organic framework from a coordination polymer is
expected to depend strongly on the preference of the metal ion for particular
coordination geometry, conformational flexibility and the length of the bridging
ligands. The compounds 21, 22 and 23 are coordination polymers containing mixed
ligand bridges. The conformational flexibility of the first bridging ligand (succinate)
and the length of the second (longer 4,4'-bipyridine or shorter pyrazine) are the two
variable in these species. We have seen the conformationally flexible spacer succinate
can acquire gauche (in 21 and 22) as well as the anti or trans (in 23) conformations.
Due to the angular orientation of the carboxylates in the gauche conformation the
structure took the helical shape in 21 and 22. The partner spacer, 4,4'-bipyridine in 21
and 22 allows enough space for the formation and propagation of the homo-chiral
helical structural motifs in the crystal lattice. As a result, 21 and 22 crystallize in non-
centrosymmetric space groups. On the other hand, in 23 the anti or trans
conformation of the succinate most likely due to shorter partner spacer, pyrazine
leads to the formation of paddle-wheel type binuclear {Cu,(pu-O,CR)4} unit as
building blocks. These paddle-wheel units connected through the anti or trans
succinate ligands form 2D square-grids, which are again bridged by pyrazine leading

to the formation of primitive cubic network of 23.
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Appendix I

Tables for atomic coordinates (x 10%), equivalent isotropic displacement para-
meters (A? x 10%), U(eq) is defined as one third of the trace of the orthogonalized
Uj tensor.

Table Al.1. For [Cu(bhac)(dmpz)] (1)

Chapter 2
Atom X y z U(eq)
Cu 1339(1) 377(1) 8985(1) 35(1)
o(1) 2246(3) 2130(2) 10100(2) 43(1)
0(2) 189(3) -1333(2) 7806(2) 44(1)
N(1) 44(3) 979(2) 7709(2) 37(1)
N(2) -963(3) -39(2) 6651(2) 40(1)
N(3) 2728(3) -305(2) 10266(2) 37(1)
N(4) 3621(3) 597(2) 11357(2) 39(1)
c(1) 2882(5) 4462(3) 10898(3) 57(1)
c() 1951(4) 3220(2) 9861(2) 40(1)
C(3) 898(4) 3285(3) 8788(2) 44(1)
C(4) -89(4) 2201(3) 7738(2) 40(1)
C(5) -1295(5) 2476(3) 6676(3) 59(1)
C(6) -768(3) -1187(3) 6807(2) 37(1)
c(7) -1692(4) -2413(3) 5780(2) 39(1)
C(8) -2710(5) -2357(3) 4679(3) 58(1)
C(9) -3541(5) -3502(3) 3740(3) 69(1)
c(10) -3374(5) -4729(3) 3875(3) 65(1)
c(11) -2386(5) -4799(3) 4958(3) 71(1)
c(12) -1540(5) -3652(3) 5906(3) 57(1)
C(13) 2635(4) -2660(3) 9317(3) 50(1)
C(14) 3294(4) -1416(3) 10340(2) 39(1)
c(15) 4541(4) -1188(3) 11482(2) 44(1)
C(16) 4712(3) 97(3) 12108(2) 41(1)
c(17) 5829(4) 907(3) 13363(2) 56(1)
Table Al.2. For [Cu(bhac)(pyz)]-C,HsOH (2-C,HsOH)
Chapter 3
Atom X y z U(eq)
Cu 3323(1) 5882(1) 4549(1) 45(1)
o(1) 4433(2) 5719(1) 6070(1) 53(1)
0(2) 2362(2) 6131(1) 3004(1) 55(1)
0O(3) -1679(5) 6099(6) 2337(4) 185(2)
N(1) 5011(2) 7545(1) 4674(1) 47(1)
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Table Al.2. Continued ...

Chapter 3
Atom X y z U(eq)
N(2) 4811(2) 8019(1) 3661(1) 51(1)
N(3) 1316(2) 4286(1) 4380(1) 47(1)
N(4) 1258(2) 3646(2) 5236(2) 53(1)
c(1) 6005(4) 6409(2) 8024(2) 75(1)
C(2) 5616(3) 6684(2) 6839(2) 53(1)
C(3) 6495(3) 7871(2) 6643(2) 54(1)
C(4) 6254(3) 8280(2) 5587(2) 50(1)
C(5) 7459(3) 9592(2) 5540(2) 64(1)
C(6) 3398(2) 7220(2) 2873(2) 49(1)
C(7) 2950(3) 7591(2) 1744(2) 57(1)
C(8) 3492(4) 8892(2) 1625(2) 71(1)
C(9) 3060(6) 9210(3) 569(3) 97(1)
C(10) 2034(6) 8259(4) 377(3) 106(1)
c(11) 1503(7) 6985(4) 271(2) 110(1)
C(12) 1925(4) 6645(3) 788(2) 78(1)
c(13) -190(3) 3643(2) 3541(2) 62(1)
C(14) -1204(3) 2570(2) 3878(3) 75(1)
C(15) -247(3) 2616(2) 4950(2) 68(1)
C(16) -2494(7) 6630(6) 1476(4) 127(2)
c(17) -1960(8) 8058(6) 1590(5) 142(2)
Table AlL.3. For [Cu(bhac)(imd)] (3)
Chapter 3
Atom X y z U(eq)
Cu 2991(1) 1917(1) 1631(1) 48(1)
o(1) 3901(1) 202(3) 1153(1) 62(1)
0(2) 2065(1) 3506(2) 2154(1) 51(1)
N(1) 3068(1) 38(3) 2501(1) 45(1)
N(2) 2451(1) 717(3) 3031(1) 43(1)
N(3) 2725(1) 3798(3) 747(1) 52(1)
N(4) 2621(1) 4854(3) -401(1) 59(1)
c(1) 4896(2) -2916(5) 884(2) 79(1)
C(2) 4282(1) -1693(4) 1406(1) 58(1)
C(3) 4167(2) -2667(4) 2086(1) 57(1)
C(4) 3566(1) -1855(3) 2617(1) 48(1)
C(5) 3511(2) -3269(4) 3305(1) 58(1)
C(6) 1956(1) 2496(3) 2775(1) 43(1)
C(7) 1197(1) 3413(3) 3207(1) 43(1)
C(8) 811(1) 5598(4) 3043(1) 52(1)
C(9) 69(2) 6395(4) 3411(1) 61(1)
C(10) -289(2) 5057(5) 3952(1) 66(1)
C(11) 90(2) 2914(5) 4123(1) 67(1)
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Chapter 3
Atom X y z U(eq)
C(12) 820(2) 2061(4) 3750(1) 54(1)
C(13) 2261(2) 5891(4) 691(1) 60(1)
C(14) 2195(2) 6558(4) -18(1) 65(1)
C(15) 2927(2) 3232(4) 73(1) 55(1)

Table Al.4. For [Cu(bhac)(py)] (4)

Chapter 3
Atom X y z U(eq)
cu(1) 6021(1) 3716(1) 432(1) 35(1)
o) 6318(1) 2504(2) -549(1) 44(1)
o(1) 5812(1) 4923(2) 1384(1) 45(1)
N(2) 7976(2) 3770(2) 50(2) 38(1)
N(3) 4721(2) 2643(2) 370(2) 36(1)
N(1) 7462(2) 4398(2) 639(2) 36(1)
c(1) 6233(2) 6521(3) 2748(2) 55(1)
C(2) 6564(2) 5768(2) 1976(2) 39(1)
C(3) 7574(2) 6000(2) 1933(2) 42(1)
C(4) 8020(2) 5354(2) 1280(2) 39(1)
C(5) 9147(2) 5771(3) 1333(3) 63(1)
C(6) 7312(2) 2843(2) -515(2) 37(1)
C(7) 7716(2) 1978(2) 1138(2) 38(1)
C(8) 8881(2) 1795(3) -794(2) 52(1)
C(9) 9240(3) 917(3) 1337(3) 62(1)
C(10) 8453(3) 220(3) 2226(3) 59(1)
c(11) 7291(3) 405(3) -2591(3) 58(1)
C(12) 6926(2) 1284(2) -2051(2) 51(1)
C(13) 4401(2) 1608(2) -261(2) 51(1)
C(14) 3516(3) 859(3) -330(3) 61(1)
C(15) 2925(2) 1178(3) 279(3) 56(1)
C(16) 3239(2) 2239(3) 918(3) 56(1)
C(17) 4130(2) 2952(2) 949(2) 45(1)

Table AL5. For [Cu(bhs)(dmpz)] (5)

Chapter 4
Atom X y z U(eq)
Cu 4058(1) 1747(1) 9812(1) 33(1)
o(1) 4653(2) 1178(3) 10632(1) 41(1)
0(2) 3377(2) 1953(2) 8974(1) 38(1)
N(1) 2500(2) 492(3) 9856(1) 35(1)
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Table Al.5. Continued ...

Chapter 4

Atom X y z U(eq)
N(2) 1795(2) 212(3) 9291(1) 39(1)
N(3) 5582(2) 3221(3) 9764(1) 33(1)

N(4) 6406(2) 3292(3) 10279(1) 37(1)
c(1) 3982(3) 511(4) 11058(1) 37(1)
C(2) 4550(3) 402(4) 11658(1) 44(1)
C(3) 3929(3) -340(4) 12115(1) 52(1)
C(4) 2716(3) -984(5) 11996(1) 56(1)
C(5) 2130(3) -876(4) 11413(1) 48(1)
C(6) 2733(3) -136(4) 10933(1) 38(1)
C(7) 2065(3) -165(4) 10335(1) 40(1)
C(8) 2378(2) 1014(3) 8867(1) 34(1)
C(9) 1866(2) 776(3) 8218(1) 34(1)
C(10) 2447(2) 1638(4) 7764(1) 38(1)
c(11) 2024(3) 1422(4) 7158(1) 43(1)
c(12) 1024(3) 331(4) 6994(1) 47(1)
C(13) 436(3) -524(4) 7441(1) 52(1)
C(14) 853(3) -308(4) 8048(1) 43(1)
C(15) 6086(3) 4253(3) 9362(1) 36(1)
C(16) 7216(3) 4957(4) 9628(1) 44(1)
c(17) 7396(3) 4300(4) 10211(1) 44(1)
C(18) 5467(3) 4545(4) 8734(1) 46(1)
C(19) 8440(3) 4532(5) 10712(2) 65(1)

Table AlL.6. For [Cu(bhs)(pyz)]-0.5H,0 (6-:0.5H,0)
Chapter 4

Atom X y z U(eq)
cu(1) 5267(1) 7870(1) 95(1) 40(1)
o(1) 5637(2) 6747(3) 422(1) 43(1)
0(2) 4827(2) 9046(4) 591(1) 46(1)
N(1) 4246(2) 7068(4) 301(2) 37(1)
N(2) 3750(2) 7541(4) 28(2) 42(1)
N(3) 6315(2) 8399(4) 639(2) 36(1)
N(4) 6915(2) 7606(5) 589(2) 41(1)
c(1) 5218(3) 5979(5) -931(2) 42(1)
C(2) 5572(3) 5499(6) -1324(2) 51(1)
C(3) 5187(3) 4640(6) -1847(2) 60(1)
C(4) 4417(3) 4191(6) -2010(2) 57(1)
C(5) 4059(3) 4662(5) -1653(2) 49(1)
C(6) 4426(2) 5571(5) -1114(2) 40(1)
c(7) 3990(2) 6118(5) 777(2) 42(1)
c(8) 4116(2) 8591(5) 431(2) 39(1)
C(9) 3698(2) 9353(5) 772(2) 37(1)
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Chapter 4
Atom X y z U(eq)
C(10) 2926(2) 9766(5) 507(2) 43(1)
c(11) 2560(3) 10544(6) 837(2) 52(1)
c(12) 2942(3) 10854(6) 1435(2) 55(1)
c(13) 3703(3) 10421(6) 1701(2) 59(1)
C(14) 4074(3) 9702(6) 1369(2) 52(1)
C(15) 6591(3) 9228(5) 1156(2) 44(1)
C(16) 7374(3) 8949(6) 1435(2) 51(1)
c(17) 7554(2) 7892(6) 1060(2) 46(1)
Cu(2) 10555(1) 3641(1) 839(1) 43(1)
0@3) 10883(2) 2946(4) 238(1) 46(1)
0(4) 10170(2) 4190(4) 1445(1) 47(1)
N(5) 9526(2) 3027(4) 406(2) 37(1)
N(6) 9037(2) 3325(4) 701(2) 42(1)
N(7) 11576(2) 4564(5) 1314(2) 46(1)
N(8) 12087(2) 5021(5) 1086(2) 46(1)
c(18) 10460(2) 2202(5) 277(2) 40(1)
c(19) 10818(3) 1652(6) -650(2) 50(1)
C(20) 10426(3) 881(6) -1191(2) 57(1)
c(21) 9649(3) 598(6) -1387(2) 56(1)
C(22) 9286(3) 1099(5) -1028(2) 52(1)
C(23) 9668(2) 1899(5) -470(2) 40(1)
C(24) 9246(2) 2324(5) -111(2) 39(1)
C(25) 9440(3) 3921(5) 1238(2) 39(1)
C(26) 9032(2) 4317(5) 1629(2) 37(1)
c(27) 8355(2) 3446(5) 1558(2) 46(1)
C(28) 7985(3) 3862(6) 1932(2) 52(1)
C(29) 8274(3) 5114(7) 2361(2) 61(1)
C(30) 8950(3) 5978(6) 2441(2) 57(1)
C(31) 9324(2) 5547(6) 2080(2) 46(1)
C(32) 11851(3) 5221(6) 1860(2) 57(1)
C(33) 12538(3) 6091(7) 1976(3) 71(2)
C(34) 12664(3) 5928(6) 1469(3) 58(1)
O(5W) 7519(2) 4800(5) -7(2) 55(1)
Table Al.7. For [Cu(bhs)(imd)]-CH;OH (7-CH;0H)
Chapter 4
Atom X y z U(eq)
Cu 4670(1) 97(1) 6172(1) 34(1)
o(1) 6144(2) 15(2) 5614(2) 43(1)
0(2) 3200(2) 14(2) 6802(2) 44(1)
0(3) 2702(2) 5776(2) 6139(2) 60(1)
N(1) 4645(2) 1604(2) 6458(2) 34(1)
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Table Al.7. Continued ...

Chapter 4
Atom X y z U(eq)
N(2) 3611(2) 2033(2) 6802(2) 36(1)
N(3) 4645(2) 1865(2) 6125(2) 36(1)
N(4) 4028(3) 3736(2) 6150(2) 49(1)
c(1) 6882(2) -887(3) 5739(2) 38(1)
C(2) 8013(3) -695(3) 5447(2) 49(1)
C(3) 8828(3) 1597(4) 5536(3) 56(1)
C(4) 8559(3) 2726(4) 5909(3) 59(1)
C(5) 7469(3) 2942(3) 6187(2) 49(1)
C(6) 6604(2) 2040(3) 6114(2) 37(1)
C(7) 5485(2) 2357(2) 6419(2) 37(1)
C(8) 2942(2) 1102(2) 6972(2) 35(1)
C(9) 1825(2) 1349(3) 7419(2) 39(1)
C(10) 991(3) -447(3) 7408(2) 48(1)
c(11) -40(3) -636(4) 7849(3) 60(1)
C(12) -244(3) 1717(4) 8310(3) 61(1)
c(13) 579(3) 2625(3) 8325(3) 55(1)
C(14) 1604(3) 2452(3) 7882(2) 46(1)
C(15) 3754(3) 2577(3) 6280(2) 41(1)
C(16) 5140(3) 3778(3) 5899(3) 52(1)
c(17) 5522(3) 2630(3) 5878(2) 44(1)
C(18) 1902(3) 6081(4) 5402(3) 69(1)
Table AL.8. For [Cu(bhs)(py)] (8)
Chapter 4
Atom X y z U(eq)
Cu 4356(1) 162(1) 6302(1) 38(1)
o(1) 2857(2) -596(1) 4497(1) 42(1)
0(2) 5978(2) 1174(1) 8070(1) 44(1)
N(1) 3764(2) 1750(2) 6329(2) 37(1)
N(3) 4564(2) -1602(2) 6573(2) 39(1)
N(2) 4781(3) 2765(2) 7476(2) 42(1)
c(1) 1554(3) -211(2) 3798(2) 38(1)
C(2) 380(3) -1013(2) 2550(2) 47(1)
C(3) -1000(3) -681(3) 1767(2) 54(1)
C(4) -1293(3) 468(3) 2185(2) 55(1)
C(5) -149(3) 1280(2) 3400(2) 48(1)
C(6) 1283(3) 979(2) 4227(2) 38(1)
C(7) 2424(3) 1908(2) 5471(2) 40(1)
C(8) 5886(3) 2344(2) 8300(2) 37(1)
C(9) 7109(3) 3285(2) 9589(2) 39(1)
C(10) 8534(4) 3019(2) 10422(2) 55(1)
c(11) 9668(4) 3899(3) 11618(2) 66(1)




Table Al.8. Continued ...

Appendix 1

Chapter 4
Atom X y z U(eq)
c(12) 9376(4) 5044(3) 12002(2) 65(1)
C(13) 7953(4) 5325(2) 11185(2) 62(1)
C(14) 6845(4) 4460(2) 9983(2) 51(1)
c(15) 5654(4) 1676(2) 7706(2) 51(1)
C(16) 5863(4) 2846(2) 7912(2) 62(1)
c(17) 4933(4) 4000(2) 6921(3) 59(1)
C(18) 3831(4) 3930(2) 5751(2) 58(1)
C(19) 3674(3) 2724(2) 5613(2) 48(1)
Table AL.9. For [Cu(pyp)Cl]-2H,O (9a)
Chapter 5
Atom X y z U(eq)
Cu 4730(1) 2500 2398(1) 15(1)
cl 3440(1) 2500 3931(1) 29(1)
o(1) 3110(2) 2500 1000(2) 16(1)
N(1) 5824(3) 2500 1005(2) 12(1)
N(2) 6715(3) 2500 3442(2) 17(1)
c(1) 3515(3) 2500 -149(3) 15(1)
C(2) 2537(3) 2500 -1301(3) 17(1)
C(3) 3021(3) 2500 -2459(3) 18(1)
C(4) 4473(3) 2500 -2518(3) 17(1)
C(5) 5464(3) 2500 1392(3) 16(1)
C(6) 4980(3) 2500 -215(3) 13(1)
C(7) 7188(3) 2500 1310(3) 16(1)
C(8) 7738(3) 2500 2699(3) 16(1)
C(9) 9170(3) 2500 3202(3) 20(1)
C(10) 9572(4) 2500 4525(3) 26(1)
C(11) 8541(4) 2500 5290(3) 31(1)
c(12) 7111(4) 2500 4710(3) 25(1)
0(2) 900(2) 9637(4) 1134(3) 53(1)
Table AL.10. For [Cu(pyp)Cl]-CH;0H (9b)
Chapter 5
Atom X y z U(eq)
Cu 2038(1) 5573(1) 1892(1) 33(1)
cl 1895(1) 6974(1) 3799(1) 57(1)
o(1) 2539(2) 7162(2) 952(1) 39(1)
0(2) 5766(3) 9159(2) 2089(2) 54(1)
N(1) 2258(2) 4307(2) 223(2) 31(1)
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Table Al.10. Continued ...

Chapter 5
Atom X y z U(eq)
N(2) 1531(2) 3568(2) 2356(2) 33(1)
c(1) 2844(3) 6640(2) 258(2) 34(1)
C(2) 3331(3) 7549(2) -1117(2) 40(1)
C(3) 3633(3) 6939(3) -2365(2) 43(1)
C(4) 3497(3) 5412(3) -2809(2) 45(1)
C(5) 3021(3) 4490(2) -1987(2) 40(1)
C(6) 2692(3) 5092(2) 733(2) 32(1)
C(7) 2104(3) 2910(2) 167(2) 34(1)
C(8) 1693(3) 2442(2) 1366(2) 33(1)
C(9) 1529(3) 984(2) 1500(2) 41(1)
C(10) 1153(3) 664(3) 2686(2) 48(1)
c(11) 942(3) 1804(3) 3677(2) 49(1)
C(12) 1144(3) 3246(2) 3487(2) 41(1)
C(13) 6110(4) 9439(3) 3457(3) 61(1)
Table Al.11. For [Cu(pyp)Brl-2H,0 (10a)
Chapter 5
Atom X y z U(eq)
Cu 4740(1) 2500 7331(1) 15(1)
Br 3352(1) 2500 8903(1) 26(1)
0o(1) 3125(2) 2500 5940(2) 17(1)
N(1) 5839(3) 2500 5966(2) 13(1)
N(2) 6711(3) 2500 8384(3) 16(1)
c(1) 3532(3) 2500 4819(3) 15(1)
C(2) 2553(3) 2500 3669(3) 17(1)
C(3) 3041(3) 2500 2536(3) 18(1)
C(4) 4491(4) 2500 2498(3) 18(1)
C(5) 5474(3) 2500 3618(3) 16(1)
C(6) 4994(3) 2500 4768(3) 14(1)
C(7) 7192(3) 2500 6301(3) 15(1)
C(8) 7736(3) 2500 7661(3) 16(1)
C(9) 9162(3) 2500 8183(3) 20(1)
C(10) 9549(4) 2500 9491(3) 25(1)
c(11) 8518(4) 2500 10226(3) 28(1)
c(12) 7102(4) 2500 9632(3) 23(1)
0(2) 894(3) 9645(5) 6125(3) 68(1)




Table Al.12. For [Cu(pyp)Br]-CH;OH (10b)

Appendix 1

Chapter 5
Atom X y z U(eq)
Cu 2092(1) 550(1) 1879(1) 31(1)
Br 1981(1) 2003(1) 3886(1) 53(1)
o(1) 2561(3) 2137(2) 975(2) 37(1)
0(2) 5803(4) 4129(3) 2059(3) 55(1)
N(1) 2272(3) -663(2) 220(2) 30(1)
N(2) 1598(3) -1440(2) 2319(2) 31(1)
c(1) 2837(4) 1637(3) -232(3) 32(1)
C(2) 3297(4) 2568(3) -1063(3) 37(1)
C(3) 3572(4) 1977(4) -2301(3) 42(1)
C(4) 3432(5) 484(4) -2757(3) 43(1)
C(5) 2980(4) -448(3) -1959(3) 38(1)
C(6) 2680(4) 130(3) 714(3) 31(1)
C(7) 2123(4) -2050(3) 144(3) 34(1)
Cc(8) 1749(4) -2537(3) 1321(3) 33(1)
C(9) 1593(4) -3979(3) 1429(3) 41(1)
C(10) 1268(5) -4330(4) 2579(4) 47(1)
c(11) 1083(5) -3233(4) 3583(3) 48(1)
C(12) 1251(4) -1790(3) 3426(2) 40(1)
C(13) 6279(4) 4412(3) 3403(2) 61(1)
Table Al.13. For [Cu(3-Me-pyp)Cl] (11)
Chapter 6
Atom X y z U(eq)
Cu 2644(1) 10399(1) 5574(1) 34(1)
cl 4166(1) 11186(1) 3478(1) 37(1)
o(1) 1768(3) 12406(2) 6564(2) 42(1)
N(1) 580(3) 10069(3) 7051(2) 32(1)
N(2) 2910(3) 8285(3) 4876(3) 35(1)
c(1) 383(4) 12549(4) 7688(3) 38(1)
C(2) -438(5) 13916(4) 8576(4) 51(1)
C(3) -1916(6) 14052(5) 9718(4) 64(1)
C(4) -2635(5) 12849(5) 10051(4) 61(1)
C(5) -1900(4) 11486(4) 9228(3) 45(1)
C(6) -376(4) 11333(4) 8039(3) 36(1)
C(7) 330(4) 8786(4) 6895(3) 41(1)
C(8) 1594(4) 7751(4) 5694(3) 36(1)
C(9) 1516(5) 6326(4) 5397(4) 49(1)
C(10) 2806(5) 5415(4) 4242(4) 52(1)
c(11) 4132(5) 5941(4) 3434(4) 51(1)
c(12) 4158(4) 7383(4) 3768(3) 42(1)
C(13) -2729(5) 10223(6) 9618(4) 62(1)
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Table Al.14. For [Cu(3-Me-pyp)Br] (12)

Chapter 6
Atom X y z U(eq)
Cu 1961(1) 10446(1) 4381(1) 39(1)
Br -411(1) 11330(1) 6598(1) 40(1)
o(1) 833(2) 12413(2) 3407(2) 46(1)
N(1) 4305(2) 10140(2) 2910(2) 38(1)
N(2) 3787(2) 8357(2) 5054(2) 39(1)
c(1) 2054(3) 12564(3) 2292(2) 43(1)
C(2) 1507(4) 13908(3) 1417(3) 59(1)
C(3) 2831(5) 14057(4) 283(3) 71(1)
C(4) 4713(5) 12905(4) -43(3) 67(1)
C(5) 5351(4) 11550(4) 767(3) 51(1)
C(6) 3996(3) 11383(3) 1939(2) 40(1)
C(7) 5810(3) 8872(3) 3040(3) 45(1)
C(8) 5588(3) 7851(3) 4229(2) 42(1)
C(9) 7082(4) 6461(3) 4513(3) 54(1)
C(10) 6730(4) 5568(3) 5667(3) 59(1)
c(11) 4906(4) 6066(3) 6481(3) 57(1)
c(12) 3450(4) 7473(3) 6154(3) 48(1)
C(13) 7411(4) 10340(5) 391(3) 69(1)
Table Al.15. For [Cu(4-Me-pyp)Cl]-CH;0H (13-CH;0H)
Chapter 6
Atom X y z U(eq)
Cu 1774(1) 533(1) 6922(1) 34(1)
Cl 1281(1) 1853(1) 8656(1) 48(1)
o(1) 2466(3) 2210(2) 6126(2) 42(1)
0(2) 4198(4) 5970(3) 2825(3) 74(1)
N(1) 2183(3) -656(2) 5381(2) 31(1)
N(2) 1322(3) -1541(2) 7327(2) 35(1)
C(7) 2023(3) -2070(3) 5307(2) 36(1)
C(@3) 3719(3) 2225(3) 3076(2) 42(1)
C(6) 2695(3) 225(3) 4528(2) 33(1)
c(1) 2843(3) 1761(3) 5005(2) 36(1)
C(8) 1518(3) -2630(2) 6398(2) 34(1)
c(12) 897(4) -1936(3) 8362(2) 41(1)
C(9) 1314(4) -4121(3) 6496(2) 43(1)
C(13) 3834(4) 192(4) 1319(2) 53(1)
C(5) 3027(3) -294(3) 3352(2) 38(1)
c(11) 682(4) -3412(3) 8521(2) 50(1)
C(2) 3412(3) 2754(3) 4235(2) 41(1)
C(4) 3533(3) 697(3) 2597(2) 41(1)
C(10) 906(4) -4524(3) 7579(3) 50(1)
C(14) 4088(6) 5747(4) 1581(4) 78(1)




Table Al.16. For [Cu(4-Me-pyp)Brl-H,O (14-H,0)

Appendix 1

Chapter 6
Atom X y z U(eq)
Cu 1647(1) 10499(1) 3327(1) 37(1)
Br 1634(2) 12173(1) 2073(1) 58(1)
o(1) 3192(8) 12330(5) 4669(4) 40(1)
N(1) 1745(9) 9151(7) 4398(5) 31(1)
N(2) 93(9) 8209(7) 2233(5) 37(1)
c(1) 3600(11) 11826(9) 5600(6) 36(2)
C(2) 4752(12) 12893(9) 6663(7) 41(2)
C(3) 5077(11) 12295(9) 7590(6) 41(2)
C(4) 4263(12) 10580(10) 7517(7) 42(2)
C(5) 3165(11) 9489(8) 6459(6) 35(2)
C(6) 2816(11) 10076(8) 5512(6) 33(2)
C(7) 881(11) 7562(8) 3979(6) 34(2)
C(8) -121(11) 6986(8) 2762(6) 34(2)
C(9) -1140(13) 5326(9) 2182(7) 47(2)
c(12) 778(12) 7794(10) 1128(6) 44(2)
C(13) 4574(14) 9986(11) 8558(7) 56(2)
C(10) -2025(15) 4920(11) 1027(7) 60(2)
c(11) -1876(15) 6150(10) 493(7) 56(2)
0(2) 7315(9) 4595(7) 4609(6) 57(2)
Table AL.17. For [Cu(5-Me-pyp)Cl] (15)
Chapter 6
Atom X y z U(eq)
Cu 4420(1) 7065(1) 1886(1) 35(1)
cl 3411(1) 8248(1) 2742(2) 41(1)
o(1) 5729(2) 7609(2) 616(4) 34(1)
N(1) 5403(3) 6005(2) 1829(4) 26(1)
N(2) 3257(3) 6164(2) 2819(4) 30(1)
C(6) 6526(3) 6171(2) 1199(5) 27(1)
C(7) 4949(4) 5285(2) 2396(5) 29(1)
C(9) 3109(4) 4636(3) 3609(5) 33(1)
C(2) 7730(3) 7276(3) 173(5) 32(1)
Cc(5) 7486(3) 5579(3) 1228(5) 33(1)
c(1) 6631(4) 7048(3) 534(5) 30(1)
C(12) 2141(4) 6277(3) 3279(6) 40(1)
C(8) 3736(3) 5347(2) 2975(5) 28(1)
C(3) 8669(4) 6698(3) -146(6) 35(1)
C(10) 1947(4) 4772(3) 4075(6) 40(1)
c(13) 9841(4) 6966(3) -919(6) 51(1)
C(4) 8542(4) 5845(3) 577(6) 37(1)
c(11) 1448(4) 5592(3) 3889(6) 43(1)
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Table Al.18. For [Cu(5-Me-pyp)Br] (16)

Chapter 6
Atom X y z U(eq)
Cu 10649(1) 7024(1) 3229(1) 40(1)
Br 11738(1) 8249(1) 2258(1) 41(1)
o(1) 9328(2) 7586(1) 4404(3) 41(1)
N(1) 9603(2) 6008(1) 3207(3) 33(1)
N(2) 11777(2) 6110(1) 2270(3) 36(1)
C(8) 11252(2) 5323(2) 2064(3) 34(1)
C(7) 10016(2) 5293(2) 2601(3) 36(1)
C(4) 6436(2) 5914(2) 4450(4) 45(1)
c(1) 8409(2) 7057(2) 4480(3) 35(1)
C(6) 8477(2) 6194(2) 3827(3) 35(1)
C(9) 11850(3) 4612(2) 1421(4) 41(1)
C(3) 6347(2) 6746(2) 5190(4) 43(1)
C(2) 7316(2) 7305(2) 5210(4) 40(1)
C(12) 12909(2) 6197(2) 1836(4) 44(1)
C(5) 7499(2) 5631(2) 3798(4) 40(1)
c(11) 13567(3) 5514(2) 1206(4) 48(1)
C(10) 13029(3) 4719(2) 994(4) 47(1)
C(13) 5185(3) 7036(2) 5957(5) 59(1)
Table Al.19. For [Cu(6-Me-pyp)Cl] (17)
Chapter 6
Atom X y z U(eq)
Cu 9045(1) 810(1) 5342(1) 66(1)
o] 10113(1) 1493(1) 4406(1) 45(1)
o(1) 9590(2) 2047(4) 6073(2) 89(1)
N(1) 7918(2) 1629(3) 5725(1) 36(1)
N(2) 8149(2) -244(3) 4700(2) 41(1)
c(1) 8984(2) 2782(4) 6450(2) 50(1)
C(2) 9235(3) 3722(5) 7026(2) 54(1)
C(@3) 8560(3) 4480(4) 7378(2) 53(1)
C(4) 7644(3) 4327(4) 7208(2) 51(1)
C(5) 7390(2) 3396(4) 6668(2) 43(1)
C(6) 8058(2) 2620(4) 6291(2) 38(1)
C(7) 7179(2) 1156(4) 5449(2) 40(1)
C(8) 7280(2) 96(4) 4858(2) 36(1)
C(9) 6571(2) 514(4) 4483(2) 48(1)
C(10) 6753(3) -1486(4) 3927(2) 51(1)
c(11) 7635(2) -1829(4) 3767(2) 47(1)
c(12) 8315(2) -1190(4) 4169(2) 47(1)
C(13) 10214(3) 3864(7) 7225(3) 86(2)
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Table Al.20. For [Cu(6-Me-pyp)Br] (18)

Chapter 6
Atom X y z U(eq)
Cu 4062(1) 890(1) 4675(1) 65(1)
Br 5124(1) 1600(1) 5661(1) 51(1)
o(1) 4592(3) 2166(6) 3964(3) 81(2)
N(1) 2966(3) 1634(5) 4266(2) 41(1)
N(2) 3203(3) -220(5) 5298(2) 44(1)
C(8) 2355(3) 87(6) 5130(3) 42(1)
C(10) 1853(4) -1490(6) 6066(3) 53(2)
C(7) 2253(3) 1124(6) 4537(3) 44(1)
C(11) 2704(4) -1816(6) 6228(3) 48(1)
C(6) 3105(3) 2625(6) 3705(3) 43(1)
C(4) 2709(4) 4329(7) 2776(3) 58(2)
C(5) 2458(4) 3371(6) 3306(3) 50(1)
C(12) 3361(4) -1172(6) 5834(3) 48(1)
c(1) 4006(4) 2857(7) 3569(3) 53(2)
C(3) 3595(4) 4539(7) 2638(3) 61(2)
C(9) 1673(4) -536(6) 5504(3) 51(2)
C(13) 5212(4) 4059(10) 2847(4) 92(3)
C(2) 4251(4) 3833(7) 3010(3) 60(2)
Table Al.21. For [Cu(4-Cl-pyp)Cl] (19)
Chapter 6
Atom X y z U(eq)
Cu(1) 4417(1) 6142(1) 2190(1) 36(1)
Cu(2) 9368(1) 6932(1) 2209(1) 36(1)
CI(3) 10248(1) 5720(1) 1764(1) 42(1)
cl(1) 5374(1) 7330(1) 1736(1) 41(1)
Cl(2) 3202(1) 4220(1) 4724(1) 61(1)
Cl(4) 8812(1) 8891(1) 4767(1) 62(1)
0(2) 8138(3) 6414(1) 2855(1) 38(1)
o(1) 3214(3) 6694(1) 2822(1) 37(1)
N(1) 4331(3) 5081(1) 2654(1) 31(1)
N(3) 9398(3) 8004(1) 2668(1) 31(1)
N(2) 5267(3) 5238(1) 1624(1) 34(1)
C(13) 8149(4) 6981(2) 3279(1) 33(1)
N(4) 10335(3) 7796(1) 1641(1) 34(1)
C(7) 4853(3) 4359(2) 2431(1) 33(1)
C(18) 8829(3) 7855(2) 3214(1) 31(1)
c(1) 3130(4) 6140(2) 3249(1) 32(1)
C(6) 3713(3) 5254(2) 3192(1) 31(1)
C(5) 3734(4) 4651(2) 3642(1) 34(1)
c(19) 10020(3) 8706(2) 2437(1) 32(1)
C(16) 8489(4) 8182(2) 4182(1) 40(1)
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Table Al.21. Continued ...

Chapter 6
Atom X y z U(eq)
C(4) 3141(4) 4939(2) 4149(1) 39(1)
C(8) 5379(3) 4417(2) 1848(1) 32(1)
c(17) 9011(4) 8453(2) 3662(1) 34(1)
C(20) 10544(3) 8618(2) 1856(1) 32(1)
C(9) 5917(4) 3697(2) 1534(1) 37(1)
C(2) 2471(4) 6384(2) 3777(1) 39(1)
c(14) 7544(4) 6759(2) 3817(1) 41(1)
C(10) 6324(4) 3831(2) 975(1) 44(1)
c(21) 11180(4) 9313(2) 1539(1) 40(1)
C(3) 2485(4) 5799(2) 4218(1) 41(1)
C(22) 11627(4) 9147(2) 983(1) 49(1)
C(23) 11423(5) 8307(2) 769(1) 54(1)
c(11) 6211(4) 4664(2) 747(1) 46(1)
C(12) 5693(4) 5354(2) 1089(1) 44(1)
C(24) 10766(4) 7646(2) 1112(1) 46(1)
C(15) 7734(4) 7346(2) 4262(1) 42(1)
Table Al.22. For [Cu(4-Cl-pyp)Br] (20)
Chapter 6
Atom X y z U(eq)
Cu 850(1) 10572(1) 4037(1) 36(1)
Br -264(1) 11608(1) 3349(1) 55(1)
cl 5326(2) 9642(1) 6607(1) 53(1)
o(1) 1686(5) 11442(2) 4622(2) 44(1)
N(2) 259(6) 9418(3) 3598(2) 35(1)
N(1) 1811(5) 9690(3) 4608(2) 31(1)
C(3) 4127(7) 11103(4) 6001(2) 39(1)
c(1) 2492(7) 11051(3) 5078(2) 35(1)
c(11) -836(8) 8476(4) 2822(3) 49(2)
C(6) 2599(7) 10092(3) 5110(2) 31(1)
C(9) 684(7) 7816(3) 3648(2) 39(1)
C(7) 1741(7) 8856(3) 4449(2) 34(1)
C(5) 3431(7) 9650(3) 5581(2) 35(1)
C(2) 3313(8) 11535(3) 5539(2) 41(1)
C(8) 882(7) 8675(3) 3887(2) 34(1)
C(4) 4190(7) 10161(4) 6018(2) 38(1)
C(12) -580(7) 9311(4) 3079(2) 41(1)
C(10) -213(8) 7718(4) 3112(3) 49(2)




Table Al.23. For [Cu(suc)(bpy)(H20):]-2H,0 (21)

Appendix 1

Chapter 7
Atom X y z U(eq)
Cu 5146(1) 0 0 28(1)
o(1) 4333(2) -1718(2) 422(1) 34(1)
0(2) 5417(2) -931(2) 1198(1) 51(1)
0(3) 5883(3) 1560(3) 815(1) 49(1)
0(4) 4522(4) 3078(5) 1051(2) 85(1)
N(1) 6964(2) 0 0 27(1)
N(2) 13345(2) 0 0 30(1)
c(1) 8175(3) 1163(3) 100(1) 33(1)
C(2) 9434(3) 1203(3) 110(1) 34(1)
C(3) 9490(3) 0 0 29(1)
C(4) 10818(3) 0 0 31(1)
C(5) 10879(3) -1201(3) 83(1) 44(1)
C(6) 12131(3) -1172(3) 78(1) 42(1)
C(7) 4753(3) -1884(3) 870(1) 32(1)
C(8) 4478(3) -3338(3) 997(1) 36(1)
Table Al.24. For [Ni(suc)(bpy)(H20):]-2H,0 (22)
Chapter 7
Atom X y z U(eq)
Ni 4575(1) 10000 0 27(1)
N(2) -3587(3) 10000 0 34(1)
o(1) 3602(2) 8165(2) 418(1) 36(1)
N(1) 2726(3) 10000 0 29(1)
0(3) 5167(3) 11168(2) 746(1) 42(1)
0(2) 3388(3) 8861(2) 1250(1) 55(1)
C(3) 225(3) 10000 0 31(1)
C(4) -1094(3) 10000 0 34(1)
C(2) 1467(3) 11197(3) 79(1) 39(1)
C(7) 3064(3) 7950(3) 885(1) 36(1)
C(8) 1896(3) 6507(3) 1010(1) 45(1)
c(1) 2680(3) 11156(3) 71(1) 36(1)
C(5) -2331(3) 8815(3) 109(1) 43(1)
0(4) 2793(5) 8043(5) 2339(2) 107(2)
C(6) -3544(3) 8851(3) 103(1) 44(1)
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Table Al.25. For [Cuz(suc)2(pz)] (23)

Chapter 7

Atom X y

Cu(1) 1332(1) 0

N(1) 3639(2) 0

o(1) 1958(2) 1174(2)
0(2) -356(2) 1184(2)
c(1) 1051(3) 1491(2)
C(3) 4291(3) 977(2)
C(2) 1669(3) 2307(3)
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