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ABSTRACT

SYNTHESIS, CHARACTERIZATION AND BIOLOGICAL
PROPERTIES OF METAL(Il) POLYPYRIDYL COMPLEXES WITH
0OQO'-, ONO'-, OR NO-CHELATING COLIGANDS

Chin Lee Fang

Exploring the combination of ligands and metal(ll) ion to form ternary metal
complexes is an attempt to gain insight into rational design of metal
complexes for specific application, such as anticancer dd0
phenanthroline (phen) has been chosen as the main ligand and as an
intercalator. This kind of ternary metal(ll) compésallows intercalation of
phen ligand between the DNA nucleobase pairs and orientation of the
cdligand(s) to interact with nucleobes in their vicinity. Maltol, dipicolinic
acid and threonindave been chosen asligands partly because their non
toxicity may results in lower toxicity of metal(ll) complexes. The coordinated
maltolate hadH-acceptor site, dipicolinate have twoeddcepor sites whereas
threonine has both 4dcceptor and Hlonor sites. This study compares the
effect of threecdigands, the number of chelatedligand and the typesfo
metal(ll) ion on the physical andiological properties of resultant ternary
metal(ll) canplexes. The complexes wearkaracteried by elemental analysis,
FTIR, UV-Vis and FL spectroscopy, -Ky diffraction, nolar conductivity,
ESKMS, TGA and CD spectroscopyBased on the elemental analysis,
molecular formulae of the synthesised metal(ljomplexes are

[CO(ClegNz)(C6H503)C|]4H20 (1), [CU(ClegNz)(CﬁH5O3)C|]1/2H20 (2),



[Zn(C12HgN2)(CsHs03)Cl]- 1¥4H,0 3),
[Co(Cy2HsN2)(CeHs03)(CeHs03)]- 5H,0 (4),
[Co(Cy2HsN2)(C7H3NO4)(H20)]-2H.0 (5),
{[Cu2(C12HgN2)3(C7HaNO4)(H20)][Cu(CrH3NO4),] - [(11H20)(CH:OH)]}  (6),
[ZNn(C12HgN2)(C7H3NO4)(H20)]-H20 (N,
[Cu(C4HgNO3)(Ci2HsN2)(H20)CI]-2H,0 (8 - 9) and
[Zn(C4HsNO3)(C12HsN2)(H20)CI]-2H,0 (10 - 11) [phen= C;,HgNy; maltolate

= CgHsOg3; e-dipicolinate = GH4NOy; dipicolinate = GH3NOy; threoninate =
C4HgNOg3]. X-ray structure analyses show tkamplexest - 5 and7 - 11 have
octahedral geometry about the central metal(ll) @omplex6 is a trinuclear
complex with a bridging dipicolinate ligand.change in the type of metal(ll)
ion, cadigand and theaumber of coordinated ligands influence the FL emission
i ntensi ti e gaxahduhbe shape tof the Ihands.aMost of the studied
compounds are 1:1 electrolyte except for compléxésand7 which are non
electrolytes in watermethanol (1:1 v/v) solutin. Based on the molar
conductance and E®IS obtained, metal(ll) complexes studied were found to
be stable within the duration of the measurement up tw@dskbxcept for the
neutral [Co(phen)(maltolatd) The lability of the metal complexes studied
appears to depend on the type of metal, nature of the coordinated ligand and
the number of the coordinated ligand. The compleXes1l are optically
active and they are grouped into two pairs of enantiomers based on their CD
spectra. However, there are narsficant differences observed for each
enantiomer pair of complexes in FTIR, CHN, W6, FL, molar conductivity,
ESEMS andTGA. Meanwhile, two groupof metal(ll) complexewiz. Co(ll)

complexes(1 and 4) and Zn(ll) complexeq7 and 10) were selected to



investigate the effect afhanging the coligandn their biological propertiest

is believed that the type of coordinated ligasdh crucial factom bestowing

the binding site specificity and selectivity of a given metal complex. Moreover,
not many ©(ll) and Zn(ll) complexes have been studied for theircanter
properties. Hence, it will be interesting find out the biological properties of
Co(Il) complexeg1 and4) and Zn(ll) complexe¢7 and10). Indeed, a change

of coligand andhe number of chelated ligands of Co(ll) and Zn(ll) complexes
seem to influence their DNA recognition, topoisomerase | inhibition and
antiproliferative properties. Both Zn(Il) complex€8 and 10) can inhibit
topoisomerase |, and have better anticancewigcthan cisplatin against
nasopharyngeal cancer cell lines, HK1 and H@N\kvith 1G5, values in low

MM range. [Zn(phen)(ihreoninate)(HO)CI]-2H,O (10) has the highest
therapeutic index for HK1 (3.9). Both Zn(ll) complex&@sand10) can induce

cell death by apoptosis. Changing tbdigand in the Zn(Il) complexe& and

10) affects the biological properties of the complexes such as the binding
affinity for some DNA sequences, nucleobase sequselestive binding, the
phase at which cell cycle progresswas arrested for treated cancer cells and

their therapeutic index.
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CHAPTER 1

INTRODUCTION

SYNTHESIS, CHARACTERIZATION AND BIOLOGICAL
PROPERTIES OF METAL(ll) POLYPYRIDYL COMPLEXES WITH

OQO'-, ONO'- OR NO-CHELATING COLIGANDS



CHAPTER 1

INTRODUCTION

1.1 GENERAL

According to Werner (1893), a metal complex iscenpound formed
from a Lewis acid (electrepair acceptor) and a Lewis base (elecipair
donor). Metal ions can act as Lewis acids, accepting electron pairs from their
ligands (Lewis base) because metal ions have one or more empty orbitals. A
ternary medl complex is formed when two different ligands are coordinated to
the metal centre. Metal complexes have many medicinal, industrial and
pharmaceutical applications (Erkilla et al., 1999; Chris, 2002; Bhattacharya,
2005; Sakurai, 2010; Warra, 2011). Theadivery of cisplatin as anticancer
agent is a milestone in the development of metal complexes as medicine
(Rosenberg et al., 1969; Kostova, 2006; Florea and Busselberg, 2011). Besides
cisplatin, carboplatin, oxaliplatin, nedaplatin and lobaplefigyre 1.1) have
been approved for clinical use in Europe, Japan, China and the United States
for cancer treatment (Kostova, 2006; Bharti and Singh, 2009). The
cytotoxicity of platinum drugs is attributed to their ability to bind DNA and
induce apoptosis (Griffithet al., 2007). However, therapy with platinum
anticancer drugs is accompanied by severe side effects, such as nephrotoxicity,
neurotoxicity, ototoxicity, and emetogenicity, which limit their widespread use

(Bharti and Singh, 2009; Eastman, 1999; Gonzateal., 2001; Piulats et al.,



2009; Rafique et al., 2010).

0
H
e
HyN \ H‘N/ \0 "””= W
) 0
0
Cisplatin Carboplatin Oxaliplatin
ﬁ'h\
mN\ 7 f [(\ N H,N\ /
Wi o
Nedaplatin Lobaplatin

Figure 1.1: Chemical structure of platinum drugs (Kostova, 2006; Bharti and
Singh, 2009).

Thus, researchers have extended their search for other anticancer
active inorganic complexes, attempt to improve their pharmacological
properties. In recent years, the research on complexes of essential metals have
received much attention based on the egxion that endogenous metals may
be less toxic than non essential metals (Becco et al., 2012). Hence, there are
more and more studies on complexes of essential metals such as cobalt, copper
and zinc. A previous theoretical study conducted by Huang andrkers
(2005), using clustering analysis and s®fjanising maps, of more than 1000
metal containing compounds with potential anticancer properties, concluded
that their cytotoxicity is determined by the identity of the metal and the

organic ligand, andhe targetspecificity can be accomplished by the right



metatligand combination (Huang et al., 2005). Among the vast variety of
possible designs, one interesting series involving simple niigadd metal
complexes with intercalating ligand may have botiNAD binding and
molecular recognition capabilities (Seng et al., 2010; Zeglis et al., 2007).
Intercalation occurs when ligands of an appropriate size and chemical nature
fit themselves in between base pairs of DNA. Most of these intercalating
ligands are plgcyclic, aromatic or planar compounds (Bencini and Lippolis,

2010).

Among all the polypyridyl ligands, 1,3ghenanthroline (phen)
(Figure 1.2) has been chosen as the main ligand and as an intercalator in this
project owing to the biological or pharmaagical properties (antiproliferative,
antifungal, antimycoplasma and antiviral) of some of its metal complexes
(Farrell, 2003; Garci®aso et al., 2003; Rao et al., 2007; Jia et al., 2010; Rao
et al., 2008). The phen is a bidentate, heterocyclic diaminehwh widely
used as a chelating agent for transition metal ions, and the resultant complexes
have played an important role in the development of coordination chemistry.
Also, it is a versatile starting material to design more luminescent organic
ligands,and metal complexes with phéased ligands have many diagnostic
and therapeutic applications (Bencini and Lippolis, 2010; Accorsi et al., 2009;

Chen et al., 2008; Balzani et al., 2008).



Figure 1.2: Structure of 1,1gphenanthroline (phen).

Phen is a rigid planar, hydrophobic, electpmor heteroaromatic
compound (Summers, 1978; Sammes and Yahioglu, 1994; Luman and
Castellano, 2004; Bencini and Lippolis, 2010). It has two nitrogen donor
atoms at 1 and 10position (Leer, 2003; Brahma et al., 2008; Bencini and
Lippolis, 2010). The lone pairs of electrons on the nitrogen atoms, combined
with the rigidity of the aromatic ring system, makes phen a good chelating
|l igand for forming me t-dohor abibynob the x e s .
heteroaromatic nitrogen atoms is compensated by the ability of phen to behave
as e X ¢ adcdpt@ra t(Andéregg, 1963; Bencini and Lippolis, 2010;
Monzon, 2010). Ternary metal(ll) complexes with phen as main ligand can
allow intercalation of phetigand between the DNA nucleobase pairs and
orientation of the subsidiary ligand(s) to interact with nucleobases in their
vicinity (Sammes and Yahioglu, 1994; Erkkila and Odom, 1999; Sigman et al.,

1996).



In the design of ternary metal complexsslection of coligand can be
a crucial factor in determining their DNA binding property and their affinity
for specific DNA binding site(s), if any. Maltol (Hma), dipicolinic acid
(H2dipico) and threonine (Hthr) have been chosen as coligands in the design
the ternary metal complexes in the present thesis. Mdtglie 1.3 is a
naturally occurring and netoxic compound. It isan approved food additive
in many countries due to its flavour and antioxidant properties (Kato, 2003;
Yanagimoto et al., 2004eBlanc and Akers, 1989; Schenck et al., 1945;
Thompson et al.,, 2004Maltol is a planar compound with hydroxypyrone
structure and it can acts as a monoanionic, bide@@digand (Marwaha et
al., 1994; Yasumoto et al., 2004; Zborowski et al., 2007gnybiologically
important metals form stable complexes with maltol due to the relative
easiness to deprotonate the hydroxyl group of maltol at'ttpoSition (Hsieh
et al., 2006; Lamboy et al., 2007; Maurya et al., 2011). The coordinated
maltolate has Kacceptor sites (three oxygen atoms in chelated maltolate).
From the literature search, various metal complexes of maltol (e.g.
bis(maltolato)oxovanadium(lV) andbis(maltolato)cobalt(ll) have been
reported to have various catalytic and biochemical properties (Li et al., 2008;
Caravan et al.,, 1995; Sun et al., 1996; Hanson et al., 1996; McNeil et al.,
1992). Thus, the study of metal complexes with maltolate has been a topic of

consideral# interest.
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Figure 1.3: Structure of maltol

Meanwhile, dipicolinic acidKigure 1.4) is also used as a coligand in
this project. Dipicolinic acid is another essential compound use by living
organism, including human &vova et al., 2004). It is a flexible and versatile
ONO-ligand and has diverse coordination modes (Erikson et al.,, 1987;
Ducommun et al., 1989; Lubes et al., 2010). It can act as a bidentate, tridentate
(Chatterjee et al., 1998; Trivedi et al., 2010)rician or bridging ligand in
various metal complexes (Andreev et al., 2010). Dipicolinic acid is a rigid and
planar molecule with hydrogen bond acceptor sites (carboxylate group).
Pyridinecarboxylate compounds are particularly interesting owing to their
photophysical properties (Qin et al., 2005; Lamture et al., 1995; Mesquita et
al.,, 2002). In addition, metal complexes with dipicolifbésed ligand
([Co(dipico)]?, [NagY(dipico)s]-12H,0, [Y2(dipico)(OH)]-3H20,
{[Ni(phen)3[Ni(dipico),]} »-:17H,O where digco = dipicolinate; phen = 1,10
phenanthroline, Y = Yttrium(lI)) were reported by a number of researchers to
exhibit various biological functionsyiz. insulin mimetic, antibacterial and

anticancer (Yang et al., 2002; Cai et al., 2019lak et al., 2010



Figure 1.4: Structure of dipicolinic acid

Stereochemistry is of utmost importance in the construction of metal
complexes as sHsgpecific recognition agents. Many transition metal
complexes are optically active. Erieomers of chiral metal complexes have
attracted considerable attention as potential structural probes of DNA
conformation. Norden and Tjerneld (1976) first reported the preference of the
& enant itris(apyridyl)irer(ll) for right-handed Bform DNA. The
Barton group of researchers subsequently developed elaborate series of chiral
metal complexes, some of which were reported to be able to recognize specific
DNA conformational features (®NA, B-DNA and ZDNA) (Barton, 1986;

Chow and Barton, 1992). lime year 1984, Barton and-emrkers found that

s -tris(4,7-diphenyt1,10-phenanthroline)ruthenium(ll) does not bindDBIA

owing to steric constraint, however it binds avidly tdRA. Later, Barton

and Raphael (1985) have -tisgldpheandd t he
1,10phenanthroline)cobalt(lll) binds to and cleaves-kefhded DNA helices

and thereby may be used as molecular probe for DNA conformation.



Extensive researches have been done
octahedral complexes but $esesearch have been done onabhd Dchiral

metal complexes. Therefore, a pair of optically active essential amino acid, L
threonine and Bhreonine Eigure 1.5 were chosen as one of the coligand to
synthesize chiral L and Dmetal(ll) complexes. The codinated L
threoninate and Bhreoninate have both-Bicceptor (carboxylate group) and

H-donor sites (amine group).
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Figure 1.5: Structures of (a) ithreonine (k:thr); (b) D-threonine (Bthr)

For the series of metal(ll) complexes, [M(phen)(L)X],
[M(phen)(L)(H:O)] and [M(phen)(L)] (L = monoanionic or dianionic ligand)
in this project, it is expected that these metal(ll) complexes can have two
important propertiesiz. DNA binding specificity (molecular recognition) and

anticancer property with less fnaful sideeffect(s). Design of the above

C



ternary compl exes i nvol ves Amodul ar
coligand with the chosen metal cation. The metal centre acts as an anchor that
can hold a rigid, thredimensional scaffold of ligands in placadacan also

bear the desired ligand(s) as DNA recognition element(s). If these complexes
use the phenanthroline to intercalate into the base pairs of DNA, the geometry
of the complexes will have profound effect on the orientation of the coligand.
The coordhated coligand(s) and the geometry of the complexes should

contribute to the desired DNA recognition of nucleobases.

1.2 OBJECTIVES

There are three main aims for this study. (i) to synthesize three
series of ternary metal(ll) polypyridyl complexes with the cho§HD-,
ONO*= andNO-coligands; (ii) to characterize metal(ll) complexes in solid and
solution state; (iii) to conduct biological studies on selected Co(ll) and Zn(ll)
complexes. Further description on each aim is elaborated in this section. The
modular system comprises of three sets of ternary metal(ll) complexes. Each
set of ternary metal(ll) complexes contain phen as the main ligand
(polypyridyl) and the three setseaconstructed by varying the coligar@@*,
ONO*- or NO-) and metal ion (Co(ll), Cu(ll) or Zn(ll)). This modular system
is systematically assembled to study the effect of varying coligand and

metal(ll) ion on its solid and solution properties.



Maltol
(OO'-coligand)

[M(phen)(ma)Cl]
M = Co, Cu, Zn
[Co(phen)(ma),]

SET1

Pipicolinic acid
(ONO'-coligand)

Threonine
(NO-coligand)

[M(phen)(dipico)(H,0)]
M = Co, Zn
{[Cu,(phen)4(dipico)(H,0)]
[Cu(dipico),]}

[M(phen)(L-thr)(H,0)CI]
[M(phen)(D-thr)(H,0)CI]

M =Cu, Zn

SET 2

SET 3

Figure 1.6: Modular system in this research study.

The series of ternary metal(ll) complexes, summarizeeigare 1.6,
are characterized by using analytical methods showfalite 1.1 There are
mainly two types of characterizatiofiz. characterizatin of solid complexes
and characterization of aqueous solution of these complexes. Different
methods were used for studies of complexes in the solid state and complexes
in the solution state as listed Wrable 1.1 The solid state studies of these
metal(ll) complexes synthesized are to find out their molecular formulae and
structural geometries. The purpose of solution state studies of these metal(ll)
complexes synthesized was to characterize the species in their respective
solutions when these complexesdtilved in watemethanol (1:1 v/v). This is
important for the last part of my studye. selecting some of these complexes

for biological studies.



Table 1.1:List of analytical methods

SET1
[M(phen)(ma)Cl]
M = Co, Cu, Zn
[Co(phen)(ma),]

Solid characterization
* FTIR spectroscopy
*CHN analysis
* Thermogravimetric analysis

* X-ray crystallography

Aqueous solutions
characterization

* Electrospray lonization Mass
spectrometry (ESI-MS)

* Molar conductivity measurement

* UV-Visible spectrophotometry

Characterization

SET2
[M(phen)(dipico)(H,0)]
M =Coor Zn
{[Cu,(phen)y(dipico)(H,0)]
[Cu(dipico),]}

Solid characterization
* FTIR spectroscopy
*CHN analysis
* X-ray crystallography

Agueous solutions
characterization

* Molar conductivity measurement

* UV-Visible spectrophotometry
* Fluorescence spectroscopy

SET3

[M(phen)(L-thr)(H,0)CI]

[M(phen)(D-thr)(H,0)CI]
M = Cu, Zn

Solid characterization
* FTIR spectroscopy
*CHN analysis
* Thermogravimetric analysis

* X-ray crystallography

Aqueous solutions
characterization

* Electrospray lonization Mass
spectrometry (ESI-MS)

* Molar conductivity measurement

* UV-Visible spectrophotometry

* Fluorescence spectroscopy * Fluorescence spectroscopy

* Circular Dichroism (CD)

Numerous clinical, anticancer drugs are topoisomerase (Topo) |
inhibitors (Kikuta et al., 2000; Chuang et al., 1996; Sunami et al., 2009;
Pommier, 2006; Beretta et al., 2008; Rothenberg, 1997). However, none of
these clinical drugs are zinc complexes. In fact, not many zinc complexes have
been studied for their anéincer properties. From literature search, only a few
cobalt(ll) and zinc(ll) complexes are known to inhibit Topo I. For this reason,
two sets of ternary metal(ll) complexes were chogenCo(ll) complexes
([Co(phen)(ma)Cl]-4H0 and [Co(phen)(ma)5H,0) and Zn(ll) complexes
([Zn(phen)(dipico)(HO)]-H,O and  [Zn(phen)(kthr)(H.0)-2H,0]), to

investigate their interaction with Topo | and DNA besides studying their

anticancer property. Two Co(ll) complexes as mentioned above were selected



to investigate the effect of number of chelated maltolate ligand on their
biological properties. Both Zn(ll) complexes were chosen to investigate the
effect of changing coligands fro@NO*dipicolinate toNO-L-threoninate on

biological properties.



CHAPTER 2

LITERATURE REVIEW

SYNTHESIS, CHARACTERIZATION AND BIOLOGICAL
PROPERTIES OF METAL(Il) POLYPYRIDYL COMPLEXES WITH

OQO'-, ONO'- OR NO-CHELATING COLIGANDS



CHAPTER 2

LITERATURE REVIEW

In the past decade, many metal(ll) complexes have been synthesized.
These metal(ll) complexes have attracted considerable attention in various
fields of researchyiz. catalysis, crystal engineering, medicine and DNA
interaction (Adachi and Salair 2004; Peng et al., 2007; Sharma et al., 2012).
In this chapter, the background of the chosen main ligand -(1,10
phenanthroline), coligands (maltolate, dipicolinatethteoninate and D
threoninate) and their related metal(ll) complexes will be reviewéis
review mainly focuses on the chemical.d. structural geometry, thermal
studies, photophysical, photochemical, catalysis etngl and biological €.g.

DNA interaction, insulinmimetic, antihyperglycemic, armicancer,
antimicrobial andetc) studies. In the last section of this chapter, a focus
review of cobalt, copper and zinc complexes on their biological activity is

included.

2.1 1,10PHENANTHROLINE COMPLEXES

From the list of polypyridyl ligands, such as ZByridine, 1,10

phenantholine, dipyrido[3,2a:2',3'c]phenanzine, 1,10phenantrolines,6-

dione, dipyrido[3,2:2',3f]quinoxaline and etc, 1,18phenanthroline has been



chosen as the main ligand to make a few series of ternary metal(ll) complexes
in this projectPhen is a versaéilstarting material due to its rigidity, planarity,
aromaticity, basicity and chelating capability (Bencini and Lippolis, 2010).
After Brandt et al (1954) reviewed the metal complexes of 1,10
phenanthroline, extensive research was carried out on the irctoyd
chemistry of phen. It played an important role in the development of
coordination chemistry (Sammes and Yohioglu, 1994; Luman and Castellano,
2004). As phen could coordinate to many metal ions in the Periodic Table,
pherrbased complexes have beeastinaely studied for their catalytic, redox,
photochemical and photophysical (luminescence) properties (Armaroli, 2001,
Scaltrito et al., 2000; Luman and Castellano, 2004; Bossert and Daniel, 2008;

Lavie-Cambot et al., 2008).

Aboul-Gheit et al. (2011prepared a platinum complex, [Pt(phen)]ClI
and used it as a photosensitizer in water to photodegrad®ebphenol under
three irradiation wavelengthsiz. 254, 364 and 400 800 nm (visible). The
rate of photodegradation by [Pt(phen)J@las found to bén the order: 400
800 nm (visible) > 364 nm > 254 nm. Besides photodegradation
(photosensitizer) properties, antibacterial and antifungal properties of phen
based complexes were reported. A series of ternary-ipssed complexes
were synthesized by Shedt al. (2010) and their antibacterial and antifungal
properties  were investigated. @ These metal complexesiz.
[Co(phen)(HL)]CI-4H,0, [Ce(NQ)(H,0)(phen)(HL)]-5H,0 and

[UO2(HsL)(phen)]-2HO (HsL= thiocarbohydrazone), showed antibacterial



activity towards Staphylocaccus aureugdGrampositive bacteria) and
Escherichia coli  bacteria (Grannegative bacteria). The
[Co(phen)(HL)]CI-4H,0O complex showed higher antifungal activity towards
Candida albicansindAspergillus flavushan Amphotricine Bvhich was used

as a control antifungal agent. Other ploemtaining complexesyviz.
[Cu(bpy)(phen)]Gd-2H,0, [Co(bpy)(phen)(NO3),:2H,O (Agwara et al.,
2010), [Mn(4MPipzcdtp(phen)], [Co(4MPipzcdt)(phen)Cl (Kalia et al.,
2009), [Cu(SAla)(phen)]-kD (Chandraleka et al., 2011), [CuL(phgQ),,
[ZnL(phen}]Cl, (Raman and Sobha, 2010), [M(L)(phen)CI] (Raman et al.,
2010) (bpy = 2,2bipyridine; 4MPipzcdt = 4methylpiperazinel-
carbodithioate; SAla = Salicylaldehyddanine; L = isatirbased schiff base;

M = Cu, Co, Ni or Zn), were also found to have antibacterial and/or antifungal

properties.

In the past decades, many researchers reported various cationic phen
based complexes having anticancer property. These include iridium complex,
[ 1 ¥cp)@ha)CI]" (Liu et al., 2011), ruthenium porphyrin complex, [{Py
3)TPRRu(phen)CIl]* (Liu et al., 2010), rutheniurselenium complex,
[Ru(phen)(phenSe)}" (Li et al., 2012), lanthanide complex, Ln[(phgB)
Fup(NO3)]* (Zhong et al ., 2.0 5 ¥
pertamethylcyclopentadienyl; (pY)TPP = 5(3-pyridyl-10,15,20
triphenylporphyrin; phenSe = 14thenanthrolineselenazole; Ln = yttrium,
lanthanum, cerium, samarium, gadolinium, dysprosium, erbiuffy 5

fluorouracil). Neutral phefased complexes such [@4(phen)(edda)] (where



M = Co, Cu, or Zn; edda = ethylenediaminediacetic acid) (Ng et al., 2007) and
[Cu(phen)(ma)] (ma = maltol) (Coyle et al., 2004) were reported to have
anticancer property. Both [Cu(phen)(edda)] and [Cu(pitera)] could induce

cell death mainlyvia apoptosis. On the other hand, Ng and coworkers (2008)
revealed that an octahedral [Zn(phen)(edda)] could induce cell cycle arrest.
Heffeter et al. (2006) showed that the [tris(3,10
phenanthroline)lanthanum(lll)] trithiocyanate exerts amibes activity via
potent induction of cell cycle arrest and/or apoptosis and has pronmsing

anticancer activity against a human colon cancer xenogratt.

The potential use of phdmsed complexes as DNA intercalating
agents has been a hot topic of study by many inorganic chemists. Apart from
the DNA intercalating property, these complexes have been studied for their
potential use as artificial nucleas€si(l)-phen is a well known DNA nuclease
that could cleave DNAia an oxygendependent reaction (Sigman et al., 1979;
Thederahn et al., 1989; Chen et al., 1993). The chemical nucleasergl)
cleaved DNA by oxidative attack on the deoxyribose moiety ygld- and
5-phosphomonoesters, free purine and pyrimidine, antethylenefuranone
as stable products (Zelenko et al., 1998). In addition, studies of Grastaet
al. (2003) showed that the Cufphenpeptide complexes with-Mal-gly and
gly-L-trp cleaved pBR322 plasmid DNA without the presence of an external
reducing agent. However, a recent research report by Rao and coworkers
(2007) revealed that [Cuf{pro)(phen)(HO)](NOs) showed chemical nuclease

activity under physiological reaction conditiona a mechanistic pathway



involving formation of hydroxyl radicals in presence of the 3

mercaptopropionic acid (reducing agent).

2.2 MALTOLATO COMPLEXES

Maltol has been known since the late 1800's but its coordination
chemistry has only developed in ti®00's. Maltol has a hydroxypyrone
structure and it deprotonates its hydroxyl group in basic media to form the
monoanionic maltolate (ma; a®O-bidentate chelator) (Yasumoto et al.,
2004). Maltol was found to induce apoptosis of HL60 cells in the presenc
iron, but maltol or iron alone did not affect the cells. Basically, apoptosis of
HL60 cells can be explained by the prooxidant properties of maltol/iron
compound (Murakami et al.,, 2006). Nonetheless, maltol enhancement of
aluminium and gallium toxicyt has been well studied (Katsetos et al., 1990;
Savory et al., 1995; Farrar et al., 1988). Farrar et al. (1988) showed that the
presence of maltol in fasted (16 hours) animals enhanced gallium uptake into
liver, kidney, spleen, heart and brain. Farrar aodorkers (1988) suggested
that the enhancement of gallium uptake indicates that gaithaitol is soluble
and carries a neutral charge thereby facilitating its movement across the

membrane of the intestinal epithelial cell.

Owing to its high affiity towards metal ion, more and more maltolato

complexes have been synthesized and screened for their biological properties.



Parajn-Costa and Baran (2011) have compared the spectra of
bis(maltolato)oxovanadium(1V), [VO(mal]) (where VYO = Oxovanadium(IV),

ma = maltolate) with uncoordinated maltol and with some related species.
Zborowski et al. (2007) have presentedIiRTand FFRaman spectra of maltol
(anion and cation form). Quantum chemical calculations were used to interpret
vibrational data of FIR amd FT-Raman spectra and described the changes
upon protonation or deprotonation (Zborowski et al., 2007). The insulin
mimetic property ofbis(maltolato)oxovanadium(lV) have been investigated
by many researchers (McNeil et al., 1992; Thompson et al., 2@@&sket al.,
2003; Thompson et al, 2004; Sakurai et al, 2003). When
bis(maltolato)oxovanadium(lV) is absorbed, it may meet many other potential
VvV O-binding molecules (such as nucleotides, inorganic and organic
phosphate, lactategtc) present in extillular or intracellular biological
fluids. Hence, a study was carried out by Kiss and colleagues (1998) to assess
the solution state of YO in organism by mixing [VO(ma) with various
bioligands (potential metal ion binders of biofluids and tissuesyas found

that [VO(ma)] underwent transformation into mixed ligand complexes by
interacting with bioligands. Meanwhile, the interaction of vanadyl sulfate and
[VO(ma),] with human serum apwansferrin were investigated by Bordbar et
al. (2009). A serig of binary maltolato complexes, [M(mpYM is Co(ll),
Cu(Il), Cr(lll) and Zn(ll); n is 2 or 3) and [Mofdma)] were prepared by
Thompson's group (2004) to compare their -Agperglycemic effect.
Amongst all the tested compound, only [Md@a)] and [Co(ma}] showed
hypoglycemic activity at ER dose for [VO(may, 0.6 mmol kg by oral

gavage in streptozotocin (STd)abetic rats within 72 hours of administration



of compound.

Other than [VO(mg], a neutral bis(maltolato)zinc(ll), [Zn(m&)
compkx was also reported to have insulmmetic property (Sakurai et al.,
2002; Yoshikawa et al., 2001; Fugono et al., 2002; Adachi and Sakurai, 2004).
In 2001, a group of Japanese researchers tested [Zh(mmaKK-A(y) mice
with Type 2 diabetes mellitust was found that the blood glucose level was
reduced to within normal range during administration of the [Zn{nh@r) two
weeks (Yoshikawa et al., 2001). In order to understand the insulinomimetic
activity of [Zn(ma}], Fugono et al. (2002) carried outreetallokinetic study
of zinc in the blood of GK rats treated with [Zn(3ja)The result was
compared with zinc chloride. These studies revealed that oral administration
of [Zn(ma)] lowered the blood glucose levels in GK rats with Type 2 diabetes

mellitus.

Besides, a comparative study of instinimetic activity of [Zn(ma)
and [VO(ma)] complexes was carried out by Adachi and Sakurai (2004). It
was reported that [VO(mg)lowered the high blood glucose levels in both
Type 1 and Type 2 diabetes meifitmice, while [Zn(ma) was found to lower
the blood glucose levels only in Type 2 diabetes mellitus mice. Enyedy and
co-workers (2006) carried out an vitro study of the interaction between
insulinrmimetic zinc(ll) complexes and selected plasma compisn@uch as

cysteine, histidine and citric acid). Their results showed that binary zinc(ll)



complexes formed various ternary zinc(ll) complexes with plasma

components, especially cysteine.

Besides the above insulmimetic property, some maltolato cpfaxes
have been reported to have anticancer property. For example,
tris(maltolato)ruthenium(lll) has been prepared by Kennedy and coworkers
(2005) and it was tested for aiptioliferative activity against the human breast
cancer cell line MDAMB-435S (a pindle shaped variant of the parental
MDA-MB-435 strain) and gave igvalue of 140 uM. Later, Kennedy and
coworkers extended their work from binary ruthenium(lll) complexes to
ternary ruthenium(lll) complexes. The ternary Ru(lll) metronidazole
maltolato omplex, trans[Ru(may(metroy]CFSO; (where ma = maltolate;
metro = metronidazole) was prepared and examined foitiantir activity
against human breast cancer cell line MDIB-435S using 34,5
dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MT)T assay in
phosphatéuffered saline (Kennedy et al., 2006). Surprisingly, the ternary
ruthenium(lll) complex had a lower igvalue than the binary ruthenium(lIl)

complex,tris(maltolato)ruthenium(lil).

Although many ruthenium complexes with anticancer property were
reported, a titanium complex was the first qmatinum complex to be tested
against solid tumor (Clarke et al., 1999; Keppler et al., 1991; Schilling et al.,

1996). Lamboy et al. (2007) detened the crystal structure of



[Tis(maltolatoy(u-O)4] and found that it was a tetranuclear complex with two
bridging oxides and two bidentate maltolate ligands per titanium in a pseudo
octahedral coordination environment. Subsequently, the anticarayeerty of

this complex was tested on colon cancer29Tcells (Hernandez et al., 2008)
and cace? (human colon adenocarcinoma) cell line (Hernandez et al., 2010).
It had greater cytotoxic activity than various titanocene complexesTiClp]

and [CpTi(aa}]Cl, where Cp = cyclopentadienyl; Ti = titanium; aa = L

cysteine, Emethionine, and Epenicillamine) that were investigated together.

More binary metamaltolato complexes had been synthesized. A
neutral mertris(maltolato)iron(lll), [Fe(may], was found to be a potential
candidate to treat iron deficiency anemia (Ahmet et al., 1988). Later, its crystal
structure was determined by usingra§ diffraction method. This complex
possessed a distorted octahedral geometry with the three maltolato ligands
bonded through the hydroxy and ketone oxygen atoms to givemtre
configuration (Ahmet et al, 1988). Another neutral complex,
tris(maltolato)aluminium(lll), [Al(may], has found applications in the
Alzheimer's disease (Finnegan et al., 1986; Nelsoh, €t%88; Yu et al., 2002;
Obulesu et al, 2009). Recentlyis(maltolato)gallium(lll), [Ga(ma), is
undergoing clinical and preclinical testing as a potential therapeutic agent for
cancer, infectious disease and inflammatory disease (Bernstein, 2QE2pCh

al., 2006; Chitambar et al., 2007; Bernstein et al., 2000).



Many researchers had synthesized and studied the antimicrobial
property of complexes of maltolate with various heavy transition metals. For
instance, tris(maltolato)gallium(lll), [Ga(maj), significantly reduced the
colonization ofStaphylococcus aureusnd Acinetobacter baumannin the
wound of thermally injured mice (DeLeon et al., 2009). It also prevented the
growth of Pseudomonas aeruginosacteria in the wound. Two other heavy
transition metal complexes containing maltolate, viz.
oxoperoxomolybdenum(VI) compound, [MoO{0Ona)(acac)]-HO, and
[MoO(Oy)(ma)(macac)].HO (ma = maltolate; acac = acetylacetonate; macac
= methylacetonate), were reported to have antimicrobial propertyrdewa

Escherichia colandVibrio cholera(Maurya et al., 2011).

Maltolato complexes not only have potential to be therapeutic agents
but they have been used as catalysts in transesterification and esterification
reactions. A series of maltolato comyis, [M(ma)(H»0);] (M = Srf*, Zré™,

PE** and HG") were found to be able to catalyse transesterification of soybean
oil with methanol. The results showed that the tin complex, [Sa(hh#))]

was a better catalyst than the traditional sodium hydroxidesalfidric acid
catalyst under the same conditions (Abreu et al., 2003). Brito et al. (2008)
prepared two other series of similar complexes with the general formuka M(n
butoxide).x(ma), where M = Ti or Zr and x =-@. Both series of complexes
were screerge for their catalytic activityy Among these complexes, the
zirconium complexes containing at least one maltolate ligand were very

efficient esterification catalysts for preparing fatty acid methyl esters.



2.3 DIPICOLINATO COMPLEXES

Pyridine2,6-dicarboxylic acid or also called dipicolinic acid
(Hodipico) is an oxygen and nitrogen donor ligand that can exhibit diverse
coordination modes such as bidentate, tridentate and bridging (Sileo et al.,
1997; Ma et al., 2003; Ranjbar et al., 2002; Deverual., 2002; Koman et
al., 2000; Mao et al., 2004). During the past few years, its diverse coordination
modes have attracted considerable attention from inorganic and bioinorganic
chemists, and numerous metal complexes containing the dipicolinate ligand
were synthesized and studied (Sileo et al., 1997; Vargova et al., 2004;
Kirillova et al., 2007). Others had reported the crystal structures of different
3d and lanthanide metal dipicolinate complexes (Teoh et al., 2008; Gonzalez
Bar et al., 2005; Yang et.a2002; Hakansson et al., 1993; Hadadzadeh et al.,

2010; Upar et al.200210;0 790 | Faekr neatn daels. ,e t2 |

Besides the above monometallic complexes, two series of
homodimetallic aqua complexes, [M{®)sM(dipico),]-2H,O and
[M(H 20)¢][M( dipico)]-2H,0, (M = Fe (Laine et al., 1995), Co (Shiu et al.,
2004; Xie et al., 2004; Qi et al., 2004; Wang et al., 2004a), Ni (Wen et al.,
2002), Cu (Wang et al., 2004b) or Zn (Hakansson et al., 1993)) were reported.
Later, several heterometallic compésxwith dipicolinate ligand were prepared
by selfassembly synthesis in aqueous solution at room temperature. These
examples of heteronuclear dipicolinate complexes witim&tals sharing the

same general formula [M@®)sM'(dipico)]-mH,O (M/M' = CUd'/Cd",



cu'/Ni", cd'’zn", zn'/cd", Ni'/Ca", m = 23; dipico = dipicolinate) were

reported by Kirillova et al. (2007). Extensivelddnded networks between the
dipicolinate ligands and coordinated and/or uncoordinated water molecules

were observed in mostf the crystal packing structures of dipicolinato
compl exes (Hakansson et al ., 1993, Si

Kirillova et al., 2007; Hadadzadeh et al., 2010).

Also, thermal studies of dipicolinato complexes were studied by
severalresar chers (Sileo et al ., 1997; Varc
Sileo and coworkers (1997) carried out a kinetic study of the isothermal
dehydration of the monoclinic and triclinic polymorphs of [Cu(dipico)}p@H
(where dipico = dipicolinate). lvas reported that both the rate law and the
morphology of dehydration were well accounted for by the packing
characteristics of the structures. This included both the pathways for water
elimination and the ease of the process (with temperatures of debiycaat
measurable rates). Later, Vargova and colleague (2004) correlated with the
thermal (TG/DTG, DTA) and spectral (infrared spectroscopy) properties of
[Zn(dipicoH),]-3H,O (where dipicoH = hydrogendipicolinate) with its
structure. fnol akas synthesizad .and (clafacefized h
{[Ni(phen)3][Ni(dipic) ]} 2:17H,O (where phen = 1,1phenanthroline; dipic =
dipicolinate) by spectroscopic and thermal analysis. The complex has also
been investigated for its biological activity and it showed high actagginst

S. aureusrom Gram positive bacteria af@l albicansfrom yeast.



Other than crystal structure and thermal studies, other researchers have
extended the work to electron paramagnetic resonance (EPR) and
electrochemical studies of dipicolinatmmplexes. For instance, the (2,2'
dipyridylamine)(pyridine2,6-dicarboxylato)copper(ll) trihnydrate complex was
synthesized and characterized by spectroscopic (IRViSIVEPR), Xray
di ffraction technique and el ect.rochem
Based on EPR and optical absorption s
the spiaHamiltonian and bonding parameters. Tlgevalues obtained
indicated the presence of the unpaired electron ind;ﬁg;*2 orbital. The
evaluated metdigand bonding paranters showed strongip | a nan di
bonding. Furthermore, the cyclic voltammogram of the {2,2'
dipyridylamine)(pyridine2,6-dicarboxylato)copper(ll) trihnydrate complex in
dimethylformamide (DMF) solution exhibited only metal centered
electroactivity in tke potential range 1.25 V versus Ag/AgCl reference

electrode (U®ar et al., 2007).

Recently, ternary complex species formed by vanadium(lll) cation
with the picolinato and dipicolinato ligands in aqueous solutions were studied
potentiometrically and byspectrophotometric measurements (Lubesalet
2010). The stability constants of these ternary complexes, viz.
[V(dipico)(pico)], [V(dipico)(pico)OH] and [V(dipico)(pico)], were
determined by potentiometric measurements. In order to obtain a qualitative
characterization of the complexes formed in aqueous solution, the

spectrophotometric studies were carried out by Lubes and coworkers (2010).



In addition, dipicolinate ligand was well known for its ability to enhance the
lanthanide luminescence by a ligaimdmetal energy transfer mechanism. For
example, it was found that the Ew@and TB" tris-dipicolinato complexes were
strong emitters in solution (Latva et al., 1997). Later, luminescence properties
of bis-dipicolinato lanthanide complexes, [Eu(Hdipicopido)] with dipico =
2,6-pyridinedicarboxylate were examined by Fernandes et al. (2001).
Fernandes and colleagues reported that tbg emission lifetime of
[Eu(Hdipico)(dipico)] was only slightly shorter than that of [Eu(dipi¢d)n
solution (Latva eal., 1997). It was later found thite ligand to metal energy

transfer was found to be much less efficient (Fernandes et al., 2001).

A short chain dureasil hybrid, designated asUg600), was doped
with a Eu(lln) complex containing dipicolinate  ghnds,
Nag[Eu(dipico)k]-xH,0. As a result, the addition of the Eu(lll) complex to d
U(600) resulted in an enhancement of the absolute emission quantum yield
value, whose maximum value (0.66; excited at 280 nm) is the highest value
reported for organinorganic hybrids modified byahthanide complexes
(Mesquita et al., 2009). Moreover, the use of terbgamsitized luminescence
for the detection ofBacillus spores, such as anthrax, has attracted much
attention in recent years due to its applications in biodefense (Hindle and Hall,
1999; Cable et al2009) and microbial diagnostics (Giltekin et 2010; Kort
et al., 2005). Accordingly, Barnes et al. (2011) have measured the effects of
terbium chelation upon the parameters associated with dipicolinate ligation

andBacillus spore detetion. The study revealed that the thermodynamic and



emission stabilities of the [Tb(chelate)(dipicolinate)] (where chelate = 2,2',2"
nitrilotriacetic acid; 2,2bis(hydroxymethyh2,2',2"nitrilotriethanol; ethylene
glycol-bis(2aminoethyl etherN,N,N'N'-tetraacetic acid; ethylenediamine

N,N,N’,N‘tetraacetic acid; 1;Bis(2-aminophenoxy)ethani,N,N',N-

tetraacetic acid; 1,4,7,4t@traazacyclododecatig7-diacetic acid;
diethylenetriamineN,N,N',N",N“pentaacetic acid; 1,4,740
tetraazacyclododecatig4, #triacetic acid, and 1,4,7,10

tetraazacyclododecaiie4,7,10tetraacetic acid) complexes were directly

related to chelate rigidity.

Two novel complexes of rare earth yttrium(lll) with 2,6
pyridinedicarboxylate, namely [Né(dipico)s]-12H,0 and
[Y o(dipico)(OH)].3H,O (dipico = 2,6pyridinedicarboxylate) have been
prepared by Cai et al. (2010). Minimum inhibitory concentration (MIC) of
these two yttrium(lll) complexes againB&acillus coli and Staphylococcus
aureus were determined. Antibacterial datedicated two yttrium(lll)
complexes showed antagonistic effect in their antibacterial activities against
coli and S. aureus In another reportjn vitro antimicrobial activity of
{[Ni(phen)3[Ni(dipico),]} 2.17H,O (dipico = pyridine2,6-dicarboxylic aai,
phen = 1,1@phenanthroline) was investigated by agar well diffusion method
(0l ak et al ., 2010) . This compl ex e»
positive bacteriataphylococcus aureushan Candida albicandrom yeast.
Another dipicolinato complethat was screened for antimicrobial activity was

a bridged binuclear Cu(ll) complex with mixed ligands,-peli2-



aminopyridinel,N")-big[(2,6-pyridinedicarboxylate)aquacopper(ll)]

tetrahydrate (Yenikaya et al., 2009).

The study of Murakami and emorkers showed that dipicolinic acid
acted as an antioxidant: dipicolinic acid inhibited lipid peroxidation
(Murakami et al.,, 1998) and protected glutathione reductase from the
inactivation by copper (Murakami and Yoshino, 1999). Later in 2003, the
same reseah group examined the protective effect of dipicolinic acid on LDL
oxidation in relation to copper reduction. Here, the dipicolinic acid showed an
antioxidant effect by forming a chelation complex with copper. The formation
of the complex has a better mxidant property due to the effect of chelation
at two carboxylate anion (2 and 6 position) (Murakami et al., 2003). Besides,
dipicolinato complexes were used as electron carriers in some model
biological system, as specific molecular tools in DNA cleavé@roves and

Kady, 1993) and as NO scavengers (Cameron et al., 2003).

A cobalt(ll)-dipicolinate complex, [Co(dipicel® was found to be
effective in reducing the hyperlipidemia of diabetes in rats with-B@rced
diabetes using oral administration d@ninking water (Yang et al., 2002). A
series of vanadium (lll, IV, \Alipicolinate complexes with different redox
properties were selected by Zhang's research group to investigate the
structureproperty relationship of insukmimetic vanadium complexesorf

membrane permeability and gastrointestinal (Gl) strelsged toxicity using



the Cace2 cell monolayer model. The -cytotoxicity of the vanadium
complexes on Caed cells was measured by the decrease of cell viability
using the MTT assay. The order ofnaalium complexes to induce reactive
oxygen and nitrogen species RONS was found to be -9ijMyo > V(llI)-
dipico > V(IV)-dipico. The order of redox potential was found to be V(V)

dipico > V(IV)-dipico > V(lll)-dipico, respectively (Zhang et al., 2006).

Recently, Willsky and friends (2011) reviewed the -@ibetic effects
of a series of vanadium dipicolinate complexes in rats with streptozetocin
induced diabetes. It was demonstrated that changes in coordination geometry
caused the greatest improvarhén the insulirenhancing properties of these
complexes. Willsky and coworkers (2011) proposed that the stability of the
complexes and the ability to interact with cellular redox substrame
important for the insulirenhancing activity exerted by vasium complexes.
Redox properties of vanadium complexes can be tuned from favouring one
electron transfer reactions to tvetectron transfer reactions, potentially
decreasing the toxicity of these complexes (Willsky et al., 2011). Dipicolinato
complexes nb only have biological properties, they also show catalytic
activity (Devereux et al.2002; Trivedi et al., 2010). All the manganese
complexes synthesized by Devereux research group exhibited catalytic activity
towards the disproportionation of hydrogeergxide in the presence of
imidazole (Devereux et al., 2002). Recentlyy, a dinuclear -p
bis(oxido)bis{oxidovanadium(V)}dipicolinato complex exhibited efficient

catalytic activity toward selective epoxidationai-cyclooctene by usintert-



butylhydroperoxide as an oxidant (Trivedi et al., 2010).

2.4 THREONINATO COMPLEXES

Amino acids are the building blocks of proteins. Threonine is a chiral
U-amino acid bearing an alcohol group. This essential amino acid is classified
as a ptar uncharged amino acid. Threonine has two chiral centers. Threonine
can exist in four possible stereoisomers with the following configurati&: (2
3R), (2R,39), (2S 39 and (R, 3R). The name khreonine is used for &
3R)-2-amina-3-hydroxybutanoic eid; D-threonine is used for R39)-2-
amina3-hydroxybutanoic acid. Such pair of chiral molecules (called
enantiomerskigure 2.1) can be differentiated by their optical rotation. Optical
rotation is the turning of the plane of linearly polarized lighbuibthe
direction of motion as the light travels through certain materials (Carey, 2000;
Wikipedia®, 2012). It occurs in solutions of chiral molecules. Each
enantiomer will rotate the light in a different direction, clockwise-{tin) or
counter clockwis (()-form). The optical rotation of dthreonine and b
threonine in water are28 and +29 (5 mg/mL), respectively (Chem Spider

6051, 2010; Chem Spider 62643, 2010).



Figure 2.1: Structure of (a) kthreonine (kthr); (b) D-threonine (Bthr) with
their chiral centres marked with asterisks.

Enantiomers of chiral metal complexes were discovered to be able to
function as structural probes of DNA (Qu et al., 2000). Hence, enansarher
chiral metal complexes, especially chiral amino acid complexes, have attracted
considerable attention from researchers (Nakabayashi et al., 2004; Chetana et
al., 2009; Zhang et al., 2009; Jin and Ranford, 2000; Rao et al., 2007). Zhang
et al. (2004) gnthesized a ternary copper(ll) complex, [Cu(phen)(L
thr)(H,0)](ClO,) and determined its crystal structure. The crystal structure of
[Cu(phen)(l=thr)(H,0)](ClO4) shows that the [Cu(phen)hr)(H,O)]" cation
has a distorted squapgramidal geometry. Thisopper(ll) complex was
reported to exhibit potent cytotoxic effects against human leukemia cell line
HL-60 and human stomach cancer cell line SI&O1 with inhibition rates of

over 90% (1.0 x 1® M) (zZhang et al., 2004). The structure of the D



enantiomeand its biological activity has not been reported.

Rizzi and colleagues (2000) reported the structure and single crystal
EPR studies of a binary copper(ll) complaxs(L-threoninato)copper(ll)
monohydrate, [Cu(ithr),]-H20. The [Cu(Lthr),]-H,O exists as an octahedral
complex. The copper ion is in an elongated octahedral coordindtians
coordination by two threonine molecules produces square planar environment.
The axial ligands are carboxylate oxygen atoms of a pair of symmetry related
molecules obtained through b translations (CtD,x distances of 2.478(8) and
2.972(3) A, respectively). The QCuOx interaction of adjacent Cugthr),
molecules in a chain provides the main path for the transmission of the super
exchange coupling betweeropper unpaired electrons. The EPR data for
[Cu(L-thr);]-H>0 indicated that this complex had carboxybt&lged copper
ion chains, which are linked through complex chemical paths involving the
amino acid side chain and hydrogen bonds (Rizzi et al., 2@08gries of
zinc(Il) complexes of Land Damino acids, [Zn(ag) and their derivatives,
[ZnL] (where aa = Lasparagine, Easparagine, {proline, Dproline, L-
threonine, Bthreonine, kvaline, Dvaline, glycine, kalanine, Dalanine, L
histidine and bBhistidine; L = N,N-ethylenebis-glycine, N,N-ethylenebis-
sarcosineN,N-ethylenebis-L-methionine,N,N-ethylenebis-b-alanine,N,N*-
trimethylenebis-glycine andN,N-trimethylenebis-L-valine) were prepared to
study their insulirmimetic activity (Yoshkawa et al., 2001). Zinc(ll)
complexes with a Zn(dD,) coordination mode were found to hawevitro

insulinrmimetic activity. Using isolated rat adipocytes treated with epinephrine,



the insulinmimetic activity of the complexes was evaluated in terms of
inhibition of free fatty acid release. Furthermore, it was reported that the
insulinrmimetic activity of zinc(ll) complexes with overall stability constants

(log b) |l ess than 10. 5, andavOSQhlit gds e r t h:
revealed that daily injectien of cis[Zn(L-thr)(H2O),] for 14 days
successfully lowered down the high blood glucose level ofAKnice with

Type 2 diabetes mellitus (Yoshikawa et al., 2001).

A series of metal(ll) complexes with threonine as ligand,
[M(Thr)2]-nHO (where M = Cobill), Copper(ll) and Zinc(ll); Thr =
threonine; n = 22), was synthesized and characterized by Marcu et al. (2008).
Their main aim was to elucidate the structure of the synthesized threonine
complexes by using several spectroscopy methods such as atmsuiption,
elemental analysis, FTIR, UVis and EPR spectroscopy. It was revealed that
the amino acids are coordinated to the metal centre with its carbonyl oxygen
and the nitrogen atom of amino group with the mbgaind in the ratio of 1:2.
Then, the PR spectra were used to confirm the pseudotetrahedral local
symmetry for copper ion and octahedral symmetry for cobalt ion respectively
(Marcu et al., 2008). Both the structure and the stability constant of these
complexes play an important role in theirb | ogi c al functions.
(2010) report, the stability constants of nickel complexes with-podar
amino acids, [Ni(ag) (where aa = proline, threonine, asparagine) was
reported. It was reported that the high stability of the complexes could be

associated to the nature of the chelation taking place in the complexes. All the



complexes form rings in their structure which resulted from coordination of
the Ni(ll) ion with bidentate amino acids, and this resulted in the complexes
being more stable. e high stability of the complexes is one of the factors

that enhance the functioning of the complexes in the relevant biological

processes taking place in the body.

Shi and coworkers (2007) carried out a mechanistic study of oxidation
of L-serine and.-threonine bybis(hydrogen periodato)argentate(lll) complex
anion, [Ag(HIQ);]>. The oxidation reaction took place in alkaline medium
and each silver complex selectively broke down tHé:?:bonds, leading to
the formation of its aldehyde (formaldehyde for serine and acetaldehyde for
threonine). This suggests that the silver complex might be useful as a reagent
for modification of peptides and proteins in alkaline medium (Shi et al., 2007).
In 2000, Jin and Ranford synthesized nine ternary platinum(ll) complexes
with phen and amino acids (where amino acids are glycine (Glyistidine
(His), L-cysteine (Cys), tisoleucine (lle), kalanine (Ala), Lproline (Pro), kL
serine (Ser), taspartic ad (Asp), L-glutamic acid (glu)) as well as two
ternary palladium(ll) complexes with phen and amino acids (where amino
acids are Laspartic acid (Asp), 4glutamic acid (Glu)). All eleven metal(ll)
complexes were tested for cytotoxicity on Md|ta humandukaemia cell line,
and it was found that [Pt(phen)(Pro)]Cl-ZHand [Pd(phen)(Asp)]CI*&H,0
showed cytotoxicity comparable to cisplatin (Jin and Ranford, 2000). No D
amino acids were used to make these complexes. DNA recognition (DNA

binding and DNA recagjtion) of palladium(ll) and platinum(ll) complexes



were not investigated by Jin and Ranford (2000).

Besides anticancer property, some amino acids complexes were
reported to exhibit nucleolytic property (Rao et al., 2007; Chetana et al., 2009;
Yodoshi et al., 2007; Ng et al., 2006). In 2007, two ternary copper(ll)
complexes, [Cu(ipro)(L)(H.0)](NOs3) (where L-pro = L-proline; L = 2,2
bipyridine or phen) were synthesized and investigated for their nucleolytic
property. Significant chemical nuclease aityiwas observed for the [Cu{L
pro)(phen)(HO)](NOs) under physiological reaction conditions and the
cleavage mechanism involved formation of hydroxyl radicals in the presence
of the 3mercaptopropionic. It was reported that the binding ability of the
compexes was important to achieve efficient DNA cleavage activity. At the
same time, [Cu(Gly)(bpy)CI] complex synthesized by Yodoshi and coworkers
(2007) showed effective DNA binding and cleavage. This complex showed a
propensity to bind to CT DNA and to cleaSC DNA in the presence ob€h
and ascorbic acid. The complex also degraded CT DNA in the presence of
H,O, and ascorbic acid. Recently, ternary copper(ll) complexes with
polypyridyl bases (2,ipyridyl (bpy), 1,10phenanthroline (phen), 1,40
phenantholine-5,6-dione (phendione), dipyrido[3,2:258quinoxaline (dpq))
and L-alanine were synthesized and tested for DNA cleavage activity (Chetana
et al., 2009). Both phen and dpq complexes showed chemical nuclease activity
in the presence of-Biercaptopronic as a reducing agent. Hydroxyl radicals

were found to be the DNA cleavage active species.



Zhang et al. (2009) investigated the enantioselective binding and.
D-phenylalanine to calf thymus DNA by circular dichroism, fluorescence
guenching, viscsity, salt effect and fluorescence experiments. Although both
L- and Dphenylalanines bound to €ONA with groove binding, only L
phenylalanine bound preferentially to ©NA. A more simple method was
proposed by Zhang et gR007) to separate Dtyrosineand DL-tryptophan.
L-enantiomers preferentially bind to OINA and remained in the dialysis
tubing, while Denantiomers easily escaped from the@NA and permeated
through dialysis tubing. GDNA could discriminate and separate- L
enantiomer from Benantomer. Thus, the chiral separation of-DINA can be
widely used for the separation of other amino acid enantiomers in industrial
production. Arjmand et al. (2010) have also done a comparative study of
enantiomeric pairs of L, D and DBityptophan of late tmsition metals,
[Co(tryp)(dab)(HO),]Cl and [M(tryp)(dab)]Cl (where M = Cu or Zn; tryp =
L-tryptophan, DBtryptophan or DLiryptophan; dab = 1;8iaminobenzene).
The in vitro DNA binding studies demonstrated that the [Co(L
tryp)(dab)(HO),]Cl and [M(L-tryp)(dab)]CI (where M = Cu or Zn;ryp =
L-tryptophan; dab = 1;Biaminobenzene) exhibited highest propensity for
binding DNA. The DNA binding mode was essentially romvalent viz.
electrostaticvia phosphate backbone of DNA double helix. The copper(ll)
conmplex, [Cu(L-tryp)(dab)]Cl bound DNA more avidly than the Co(ll) and
Zn(Il) analogues. The [Cuftryp)(dab)]Cl exhibited significant antitumor
activity against MCF/ cell line. Even though quite a number of studies were
done on amino acid complexes, there aery few studies on DNA binding

and biological properties of ternary metal(ll) complexes with an enantiomeric



pairs of amino acid.

2.5 COMPARATIVE REVIEW OF BIOLOGICAL STUDIES OF
COBALT(Il), COPPER(Il) and ZINC(Il) COMPLEXES

Cobalt is an essential trace element in humans, exhibiting many useful
biological functions. Numerous compounds, naturally occurring and- man
made, contain cobalt at two common oxidation states Co(ll) and Co(lll).
There is growing interest in investigatimgbalt and other transition metal
complexes for their interaction with DNA (Richards and Rodger, 2007; Terron
et al., 2007; Keene et al., 2009; Zeglis et al., 2007; Boerner and Zaleski, 2005).
This may be partly influenced by the results of extensive tiga®n into
two areas of researchyiz. (i) the binding specificity of small organic
molecules for their possible modulation and inhibition of DNA replication,
transcription and recombination, and (ii) anticancer, antiviral and antibacterial
drugs (Du etal., 2010). The DNA specific interactions of organic molecules
include abasic, mismatch or bulge site recognition, secondary structure
recognition and specific sequence recognition. Although there are numerous
investigations into the DNA binding and nualgic property of cobalt
complexes, there seems less attention on their ability for binding recognition
of DNA base, DNA secondary structures or base sequences (Jiao et al., 2005;
Kong and Xie, 2000; Efthimiadou et al., 2008; Chen et al., 2010; Gust et al
2004; Cheng et al., 1999). Thus far, the DNA recognition ability of metal
complexes is still not well understood. However, it is believed that the type of

coordinated ligand and the geometrical orientation of the ligands are crucial



factors in bestowinghe binding site specificity and selectivity of a given
metal complex. Recently, Ng et al. (2008) and Seng et al. (2008) have reported
the preferential binding of (ethylenediamiNgN'-diacetato)(1,10
phenanthroline)metal(ll), [M(phen)(edda)], for ds(ADver ds(CG&) and its

anticancer property.

Besides DNA binding studies, cobalt complexes have been
investigated for their anticancer properties (Nagababu et al., 2008; Klanicova
et al., 2006). Cobalt(lll) complexes have also been tested as hgmxated
anticancer prodrugs which upon reduction in the reducing environment of
cancer tissues can release toxic ligands to kill the cancer cells (Failes and
Hambley, 2006). In more recent approaches to anticancer drug development,
inhibition of proteasomera topoisomerase with metal complexes have been
studied (Chen et al., 2009; Milacic et al., 2008; Lo et al., 2009; Jayaraju et al.,
1999). Apoptosis induced by cobalt(ll) chloride seemed to involve inhibition
of proteasome (Araya et al., 2002). From therdture search, only a few
anticancer cobalt(ll) complexes are known to inhibit proteasome or
topoisomerase I. Among the [M(phen)(edda)] complexes mentioned above,
[Co(phen)(edda)] was the least antiproliferative against MCF7 breast cancer

cell line withan 1Gso value of 11.4 uM at 72 hours incubation (Ng et al., 2008).

Other than cobalt complexes, there is growing interest in investigating

copper and zinc complexes for their interaction with DNA. Copper is an



essential trace element present in ynapecies especially proteire.g.
cytochrome ¢ oxidase, copper/zinc superoxide dismutase, tyrosinase,
hemocyanin and laccase) (Fenton, 1995; Ettinger, 1984; Karlin and Zubieta,
1996). Owing to the biological role of copper(ll) and its synergetic activity
with the drug, copper(ll) complexes have been extensively studied (Kato and
Muto, 1988;Weder et al., 2002; Sorenson, 1989). A large number of copper(ll)
complexes have been reported to be able to induce DNA cleavage with or
without oxidizing and reducingagents (such as hydrogen peroxide and
ascorbic acid). Lamour and coworkers (1999) reported that copper(ll)
complexes of polyhydroxysalens(hydroxysalicylidene)ethylenediamine can act
as selactivated chemical nucleases. Earlier investigations on the chlemic
nuclease activity of thdis(1,10-phenanthroline)copper(l) complex, [@u(
phen)]”, in presence of D, indicated that this complex induced oxidative
strand scission mediated by free radicals (Sigman et al., 1993a; Sigman et al.,
1993b). According to iBani et al. (1992), the active oxgpecies formed
attacked the deoxyribose sugar proton of the nucleotide which was in the
vicinity of the metal complex in the minor groove, initiating a series of

oxidative reactions mediated by free radicals that ledaNA strand scission.

Copper complexes are able to promote the generation of reactive
oxygen species (ROS) in the presence of mild reducing agents, which has been
exploited to oxidatively break the DNA strands and to further inhibit the
proliferation of tumour cells (Zhang et al., 2004; Maheswari et al., 2008;

Loganathan et al., 2012). A variety of copper complexes have been designed



for these reasons (Silva et al.,, 2011; O'Connor et al., 2012). For example,
ternary copper(ll) complex of 1,fhenantholine with L-threonine,
[Cu(phen)(L:thr)(H20)](CIOy4) can inhibit HL-60 and SG&7901 tumour cell

lines (Zhang et al., 2004}t was found that the copper(ll) complex cleaved
pBR322 DNA via intercalation of the DNA. The DNA cleavage occurred in
the presencef ascorbate involved the hydroxyl radical spectéther than

that, several copper(Herpyridine complexes such as [Cu(Itg{1O0,)-,
[Cu(ttpy)CI]ICI, [Cu(itpy)CIICI and [Cu(ltpy)(phen)(CIQ](ClO4)-(H20) (Itpy

= imidazole terpyridine; ttpy = tolylterpigine) have shown considerable
nuclease property and antitumor activity in physiologically relevant conditions

(Uma et al., 2005; Uma et al., 2007; Manikandamathavan et al., 2011).

Besides DNA binding studies, copper complexes have been
investigated dr their catalytic oxidation properties. Copper is incorporated in
metalloenzymes that are involved mainly in oxygen transport, electron transfer,
and catalytic oxidation processes (Karlin and Tyeklar, 1993; Reinhammer,
1984; Solomon et al., 1996; Magnusaé, 1994; Linder, 1991; Adman, 1991).

For example, blue copper electron transfer proteins use copper as a one
electron relay, shuttling between the cuprous and cupric oxidation states
(Solomon and Hadt, 2011). The tuning"@u' redox couple play important

role in electron transfer in blue copper proteins and also in catalysis (Roy et al.,
2009; Yang and Du, 2011). Synthetic coordination complexes employing

copper(ll) have proven effective functional models for several classes of

metalloenzymes including oxidases (catechol oxidase) (Zhang et al., 2007;



Sreedaran et al., 2008), oxygenases (Tolman, 1997), nucleases (Zelder et al.,
2003; Hegg and Burstyn, 1996; Hegg et al., 1977; Hegg and Burstyn, 1998;
An et al.,, 2006; Belousoff eal., 2008a; Belousoff et al., 2008b), and
phosphatases (Sreedaran et al., 2008; Golicnik, 2010; Oliveira et al., 2009;

Liang et al., 2007; Belousoff et al., 2006; Fry et al., 2005; Gahan et al., 2009).

Zinc is an outstanding micronutrient with divergeldgical, clinical,
and public health importance (Hambidge et al., 2010; Sigel et al., 2006;
Burdette and Lippard, 2001). There are over 300 natural metalloenzymes
(Stehbens, 2003; Lin et al., 2005). Artificial zinc finger proteins and zinc
complexes withsimple organic ligands have been shown to have sequence
specific DNA binding recognition (Papworth et al., 2000; Nagaoka and
Sugiura, 2000; Seng et al., 2010). Some zinc complexes are now beginning to
be reported being able to inhibit topoisomerase | indhich are nuclear
enzymes needed for modification of topological state of DNA (Seng et al.,
2010; Kikuta et al., 2000; Chuang et al., 1996). An important property of
topoisomerase | (Topo [) inhibitors is their anticancer property; in fact,
numerous chical, anticancer drugs are topo | inhibitors (Kukuta et al., 2000;
Chuang et al., 1996; Sunami et al., 2009; Pommier, 2006; Beretta et al., 2008;
Rothenberg, 1997). However, none of these clinical drugs are zinc complexes.
In fact, not many zinc complegehave been studied for their anticancer

property (Liguori et al., 2010; Wen et al., 2011).



The above review of cobalt, copper and zinc complexes on their
biological activity showed that copper(ll) complexes have been extensively
studied. These researstudies includes DNA interaction, anticancer activity
and catalytic oxidation properties as mentioned earlier in this section. Also,
similar copper complexes described in the current study, [Cu(phen)(L
thr)(H2O)] has been synthesized by Zhang et al. (2604l was found to have
anticancer activity towards HB0 and SGE7901 tumour cell lines. Although
[Zn(phen)(dipico)(HO)]-H,O has been previously synthesized and
characterized by Harrison et al. (2006) but the work only covered 4tasy X
crystallographicdata. Unlike copper(ll) complexes, not many cobalt(ll) and
zinc(Il) complexes have been studied for their anticancer activity. Motivated
by this, selected cobalt(ll) and zinc(ll) complexes are tested for their DNA

recognition, DNA specificity and anticarrgeroperties.

2.6  Summary

A list of metal(ll}phen complexes with vario30-, ONO*- andNO-
type coligands are listed ifable 2.1 Although there are varioB0-, ONO*-
andNO- type coligands reported in the literature, to our knowletigge are
limited studies on the synthesis and biological activities of ternary metal(ll)
complexes containing 1,4thenanthroline as main ligand a@®d-maltolate,
ONO-=dipicolinate andNO-threoninate coligands. In the review of phen,
maltolate, dipicoliate, threoninate and metal(ll) ions (Co(ll), Cu(ll) and

Zn(ll)) in the earlier sections, it was shown that combination of mentioned



metal and ligand is an interesting topic of research. In the present research,
various sets of ternary complexes, descriipesection 1.2 are systematically
assembled to study the effect of varying coligands and metal(ll) ions on its

solid and solution properties.

In short, this review sketches the background for the title of this
research and the rationale for choosing the type of metal(ll) ions, the type of
pol ypyridyl as main 44 i @&addNCxaolighnds.he s el
It is a continuation of the rolef morganic chemists to improve understanding
of how the physical and chemical properties of the metal(ll) complexes affect
their biological activities. Interest in the biological activity of transition metal
complexes has attracted the interest of mamgnsists due to the potential use
of metal complexes as therapeutic agents for certain diseases. However, the
relationship of the physichemical properties and the biological activities of
the transition metal complexes are not fully understood. Thigldmeildue to
diverse structural features of these complexes, resulting from various
coordination modes of the ligands and varied coordination geometries of the

metal centres.



Table 2.1 List of ternary metal(ll) complexes with 1/ phenanthroline as main ligand and varioudigand

Type of co-ligand, L
M(phen)(L)X
O O-bype O N Ofype NO-type Others
[Co(phen)(edda)];
: [Co(phen)(HsL)]CI-4H0;
[Co(phen)(acac);]; ) . _
[Co(phen)(ida)(H20)]-H20; - [Co(bpy)(phen)2])(NO3),-2H,0;
Coh [G02(11- OOCCH)(O0CCHs) [Co(phen)(pteridine)(H,0)] 3H,0 | [COPico)(phen)] [Co(d-MPipzcdt)(phen)sICl:
(phen)z(u-OHz)] [Co(L)(phen)Cl]
. .| [Cu(phen)(ida)(H,0)]-4H0;
e hem e oo MBI | fcu(phen)a-ida) [Cu(phen)(L-pro)(H:O)J(NO5) Cu(eheny(eddall:
{[Cu(acac)z(phen)QCo(NCS)’L;] Cu(phen)](CIO4)-CH3OH; [Cu(phen)(gly)(HZO)](NO3); [Cu(bpy)(phen)]C'Iz-ZHZO'
Cu(lly S[Cu(acac)(phen)(NCS)]) [Cus(p-nta)(phen)s](Cl0,)-2H:0; [Cu(phen)(L-Val-gly)]; [CUSAphen] .0r
[Cu(phen)s(mal)]2H,0; %{Ccru((pgngz%a{g)rz](&aﬁI:))?(nta)z}] [[CCUU(E’hhee”rz)(?L'{’t'#r')t(rg)](?))]_CIO [CuL (phen),]Cl,: [Cu(L)(phen)Cl]
[Cu(phen)(SahIClO [Cu(phen)(SAa)[H,0 P ’ )
-tart)]- - Zn(phen)(dipico)(Hz0)]-H-0; _
Zn(l) %[Zznrzg;enr;z&ﬁ;?]]g:;g}" {Z:EEh::igidlzl)ia)z(O)z]-l)] i H,0: [Zn4(phen)4(plco)4]-11F’T H20; [Zn(pherrl])(edd;a)]; [Zn(L)(phen),]-Cl2;
[Zn(phen)(acac),] [Zna(phen)s(nta)]NO3-6H,0 [Zn(phen)(3-me-pic),]-5H20 [Zn(L)(phen)Cl]
[Pt(phen)(aly)l;  [Pt(phen)(L-His)]; N
[Ce(phen)(acac)s; ' o [Pt(phen)(L-Cys)]; [Pt(phen)(L-lle)]; | [ | *cp)@hen)Cl]’; [Pt(phen)]Cly;
Other metals [Mn(phen)(acac)]" {[NI(phen)a]'[NI(deICO)z]}-17HzOZ [Pt(phen)(L-ala)]; [Pt(phen)(L-pro)]; | [Ce(NOs)(H.0)(phen)(HsL)]-5H20;
[Y(phen)(acac)]’ [Ni(phen)(dipico)(H.0)]-H.0 [Pt(phen)(L-Sen)]; [Pt(phen)(L-Asp)]; | [UO(phen)(HsL)]-2H:0;
8 [Pt(phen)(L-glu)]; [Pd(phen)(L-Asp)]; | [Mn(4-MPipzcdt)(phen);]CIl"
[Pd(phen)(L-glu)]

Note: KL = thiocarbohydrazone;-HPipzcdt = 4methylpiperazinel-carbodithioate; bpy = 2;/Bipyridine; SAla = Salicyladehydalanine; L =

isatinbased schiff base; ida = iminodiacetic adietart = L-tartrato; pime = pimelate; acac = acetylacetonate; pico = picolinae:@c =

methprlcoImate mal = malonates; ma = maltolate; dipico = dipicolinate; ptendmeam(ﬁo? methyl-4-OX|dopter|d|ne6-carboxylate
3°0*N°0%): Sal = Salicylidehyde
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CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OF METAL(lI)
1,10PHENANTHROLINE COMPLEXES WITH O,0O-MALTOL,

[M(phen)(ma)Cl]- xH,0O (M(Il) = Co, Cu, Zn) and [Co(phen)(ma)]-5H,0*



CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OF METAL(II)
1,10PHENANTHROLINE COMPLEXES WITH O,0O-MALTOL,

[M(phen)(ma)Cl]- xH.0 (M(ll) = Co, Cu, Zn) and [Co(phen)(ma)]-5H,0*

3.1 INTRODUCTION

This section describes the attempt to synthesis and characterize two
related sets of metal(H)hernmaltol aomplexes namely
[M(phen)(ma)Cl]xH,O and [Co(phen)(ma]}5H,0 (where M = Co, Cu or Zn;
phen = 1,1@henanthroline; ma = maltolate). Metal{fihenmaltol
complexes were characterized by FTIR, CHNra¥, molar conductivity, UV
Vis, fluorescence (FL), electrospray ionization mass spectroscopy, and thermal
gravimetrt studiesLike the phen ligand, the maltolate is planar. The choice
of maltol (3hydroxy-2-methyt4-pyrone) was partly influenced by the
reported insulirmimetic property obis(maltolato)cobalt(ll), and the reported
solubility and thermodynamic stabilitf neutral metal complexes with maltol
(Thompson et al., 2004). Maltol was also reported to be able to inhibit
apoptosis of human neuroblastoma cells induced by hydrogen peroxide (Yang
et al., 2006)The study was carried out to gain an understandingp@meffect
of the type of metal ion and number of coordinated maltolate ligand on their
structure, solution property and thermal stability of the metal complexes

formed.



3.2 EXPERIMENTAL

3.2.1 Materials and reagents

1,10phenanthroline  monohydrate (99%)3-hydroxy-2-methyt4-
pyrone (maltol), Copper(ll) chloride dihydrate were purchased from Acros
Organic.Zinc(Il) chloride puriss, cobalt(ll) chloride hexahydrate and sodium
hydroxide were purchased from Riedid Haen, R&M Chemicals, and
Systerm AR respively. All other reagents, such as methanol and ammonia,

were of analytical grade and were used as purchased.

3.2.2 Preparation of [M(phen)(ma)Cl]-xH,O (M(ll) = Co, Cu, Zn) 1 - 3
and [Co(phen)(ma}]-5H,0 4

The [Cu(phen)(ma)Cl}2H,0 was prepared according to a previously
published procedure (Tan et al., 2008). The Co(ll) and Zn(ll) analogues were
similarly prepared. To prepare [Co(phen)(ma)Gi,® complex, CoGl.6H,O
(0.24 g, 1 mmole) was dissolved in 5 mL of distilled water andé¢baltant
solution was added slowly to a solution of maltol, which was previously
prepared by dissolving maltol (0.13 g, 1 mmole) in 20 mL of 0.01 M sodium
hydroxide solution. The solution mixture was stirred for 5 minutes (mins). A
methanolic solution ophen was prepared separately by dissolving phen (0.20
g, 1 mmole) in 5 mL methanol. The phen solution was then added to the
solution mixture of the cobalt chloride and maltol with constant heating (~50
°C) and stirring was continued until an orange priatip was observed. The

final volume of the solution after heating and stirringas5 mL. The solution



was cooled to room temperature, and the resultant solid was collected by
suction filtration using a sintered funnel and washed with cold methanol (2
mL), and then dried in vacud.he yield of orange precipitate (0.40 g, 0.70
mmole, 70%).The pure complex [Cu(phen)(ma)ChBH,O was obtained as
dark green precipitate (0.37 g, 0.74 mmole, 74 %)whereas
[Zn(phen)(ma)Clj1¥2H,0 was obtained as yellowish orangeecipitate(0.36

g, 0.77 mmole, 77%)

[Co(phen)(may)-5H,O complex was prepared by dissolving
CoCh-6H,0 (0.24 g, 1 mmole) in 10 mL of distilled water and the solution
was added slowly to a solution of maltol. The maltol solution was prepared by
dissolving maltol (0.26 g, 2 mmole) in 20 mL sodium hydroxide (0.10 M).
The solution mixture was continuouslyireed with a magnetic bar at room
temperature for 5 minutes. A methanolic solution of phen was prepared by
dissolving phen (0.20 g, 1 mmole) in methanol (10 mL). The resultant mixture
was heated overnight in water bath at°60 Upon slow evaporation abom
temperature, suitable red crystals (0.59 g, 0.84 mmole, 84 %) were obtained
for X-ray crystal structure analysis. The attempt to synthesis the other

[M(phen)(ma)] (where M = Cu or Zn) complexes were unsuccessful.



3.2.3 Characterization of solidscomplexes

Elemental analyses (C, H, and N) were carried out on a Perkin Elmer
2400 CHN analyser. CHN elemental analyses were performed in Universiti
Kebangsaan Malaysia (UKM). The FTIR spectra of the complex were
recorded as KBr disc in the range of@0)0 400 cnm* on a Perkin Elmer FTIR
spectrometer.Thermal analyses were performed using a Mettler Toledo
TGA/DTG 85T instrumentunder nitrogen atmospher&he samples were
heated in the temperature range of-2800 °C and the heating rate was 10

°C/min. The flow rate of nitrogen gas,Nvas 20 mL/min.

3.2.4 Determination of crystal structure of complex 4

The crystal structure of complek was solved by Prof. Teoh Siang
Guan from Universiti Sains Malaysia (USM). The intensity data for a red
crystal,0.45 x 0.30 x 0.09 mm, were collected at 293 K on a Bruker SMART
APEX aread et ect or using Mo KU radiation,
1.8° < d <° APEX21seftware was used for data collection and
refinement (Bruker, 2007). Absorption correctiansre made using SADABS
(Sheldrick, 1996). The structure was solved by dimethods and refined by
a full-matrix leastsquares procedure orf Rvith anisotropic displacement
parameters for nehydrogen atoms, C and-bbund hydrogen atoms in their
calculatel positions and a weighting scheme of the form calculated w =

1[A(F?)] w =1/[§*(Fo?) + (0.104®)% + 0.0000P] where P = (F,? + 2FA)/3



(Sheldrick, 2008 The complex was found to crystallise with six water
molecules of solvation; two of these were disordered and were refined with a
50% occupancy factor each. Data collection and experimental details for the

complex are summarised Tiable 3.1

Table 3.1:Crystal data and structure refinement for [Co(phen){pta).0 4

Empirical formula CoCp4H2sN2011

Formula weight 579.41

Temperature (°C) 20

Crystal system Monoclinic

Space group P2i/c

Unit cell dimensions (&) a = 10.4432(2); b = 16.3806(3); ¢ = 16.6834(3)
Volume (A% 2645.04

Zz 4

Density (calculated)(Mg/m?) 1.455

Absorption coeffient (mm™) 0.711

F(000) (mm) 1204

Crystal size (mm) 0.45 x 0.30 x 0.09

d range for @&ata coll 1817 30.15

Index ranges 12 hO 122 kO 23B:1® 22
Reflections collected 34,313

Independent reflections 7793
Data/restraints/parameters 7793/0/355
Goodness-of-fit on F 0.969

Final Rindices [I> 2I] () R =0.0632; wR = 0.1686
R indices (all data) R =0.1653; wR = 0.2161
Largest dif. Peak and hole (e A% 0.340, - 0.407

3.2.5 Characterization of aqueous solutions of complexes

A CON 700 bench top conductivity meter from EUTECH Instruments
was used to measure the conductivity of the solvent and metater (1:1
v/v) solutions of the metal(ll) complexes. The conductivity meter was
calibrated using KCI as a calibrafor condutivity measurements, deionised

water and the HPLC grade methanol were used for preparing solutions of the



metal(ll) complexes. A 1:1(volume : volume) wateethanol mixture was

used as solvent to dissolve the complexes and metal(ll) chloride salts to give
1.0 x 10* M solutions. The conductivity meter was checked with a calibration

of KCI standard solution (1413 €S) or
conductivity electrode was dipped in each solution and the reading was

recorded after it stabilised.

UV-visible spectroscopic measurements of the aqueous sample
solutions were carried out on a Perkin EImer Lamda 35 spectrophotameter
the range of 200 900 nm The solutions of samples, free ligands and metal(Il)
chloride were prepared by using 1wlv) watermethanol mixture to give 1.0
x 10° M stock solutions. All the sample solutions were further diluted to 1.0 x
10° to 5.0 x 10° M for UV dilution experiments. For visible spectroscopic
measurements, the solutions of samples and metal(ll)iddlarere prepared
by using 1:1 (v/v) watemethanol mixture to give 1.0 x TOM. Water
methanol was filled into the reference cell while the sample cell was filled

with sample solutions.

The fluorescence study was carried out with a Perkin Elmer LS55
Fluorescence spectrometer at room temperature. The stock solutions of
samples, free ligands and metal(ll) chloride solutions were prepared in the
same way as the stock solutions used for\U¥ spectroscopic study. All the

sample solutions were furtheruatiéd to 1.0 x 18 M for fluorescence study.



The measurements of Electrospray ionisation mass spectra (ESI) of the
metal(ll) complexes were done at Centre for Chemical, Molecular and
Materials Analysis Centre (CMMAC), National University of Singapore
(NUS). The ESI spectra were recorded in positive and negative modes using a
Thermo Finningan LCQ spectrometer. In B$ analysis, solution samples
of all the complexes were fixed at 50 pMol/uL. The samples were introduced
into the mass spectrometer eitherotigh a LC pump or injection using a

syringe pump. The capillary temperature was set af@50

3.3 RESULT AND DISCUSSION

3.3.1 Characterization of solids complexes

According to Tan and ceworkers, [Cu(phen)(ma)ClzH,O has a
square pyramidal geometrgoth coordinated phen and maltolate ligands in
the Cu(ll) complexes occupy the basal plane with the chloride occupying the
apical position. The Co(ll), Cu(ll) and Zn(ll) products of
[M(phen)(ma)Cl]xH,O were orange, dark green and yellowish orange in
colour. Red crystals of [Co(phen)(rapbH.O were obtained. Samples
collected were used to carry out the characterization studies. Results for
[Co(phen)(ma)Cl]-4KHO and [Co(phen)(ma)}5H,O in this chapter were
published during the course of this researchif{G al., 2011)Attempt in
synthesis of [Cu(phen)(md) resulted in the isolation of
[Cu(phen)(ma)CIE2H,0. This may due to the Jatireller effect is profound
in Cu(ll) centre (Kang et al., 2005; Zhang et al., 2000). On the other hand, a

brownish gel wasbtained in the attempt to prepare the analogous Zn(ll)



complex, [Zn(phen)(ma). Several types of solvent such as acetone, ether,
acetonitrile, dichloromethane and hexane were used to isolate the product
from brownish gel substance. The gel substanceohlisd in the mentioned
solvents to form a clear brownish solution. Slow evaporation of solution form
back gel substance. Unfortunately, this method was unable to isolate any
characterisable product from the gel. Hence, formation of
[Cu(phen)(ma)Clp2H,O and [Zn(phen)(ma)ClLY2H,O are much more
favourable compared to [Cu(phen)(rjagnd [Zn(phen)(ma) complexes.
Based on microanalysis results, the complexes can be formulated as
[Co(phen)(ma)Cl]-4HO 1, [Cu(phen)(ma)Cll2H,0 2,

[Zn(phen)(ma)Cl]1¥H,0 3 and [Co(phen)(ma)-5H,0 4 as listed inTable

3.2

Table 3.2 Physical and chemical data of metal(ll) complextess

Complex 1 2 3 4
| | [CU(CleaNz) [Zn(C12H8N2)
Molecular Co(Cy2HsN Co(Ci2HsN
[Co(CraHaN2) (CeHs03)Cl] (CsHs03)Cl] [Co(CrzHaN2)
formulae (CeHs03)CIJ-4H,0 o i O 10 ] O (C6Hs03)2]-5H20
Molecular

) 471.75 413.32 433.18 579.39
weight (g/mol)

% yield ~70% ~73% ~78% ~85%

Yellowish orange
Colour Orange ppt. Dark green ppt. . Red crystals
ppt.

CHN c 45.83 52.31 49.91 49.75
elemental (45.51) (52.48) (49.65) (49.83)
analysis, H 4.49 341 3.72 4.87

% (4.25) (3.20) (4.07) (4.33)
Calculated N 5.94 6.78 6.47 4.83
(Found) (5.88) (6.53) (7.07) (4.88)

FTIR spectra of complexe$ - 4 are shown inAppendix 3.1 and

assignments of the characteristic peaks are tabulatéabie 3.3 The broad




bands at 34053422, 3401 and 3407 ¢hin the FTIR spectravere attributed

to the OH stretching of the lattice water molecule(s) in metal compléxes,
respectively(Dutt et al., 1975; Nakamoto, 1977; Hsieh et al., 2006; Maurya et

al ., 2011) . The peaks correspond to t
and 3(C=N)) of phe-fa518cealrard 14241432 anfeed at 1
complexesl-4 respectively. By comparghthe FTIR spectrum of free phen

ligand Appendix 3.2) with metal complexesl - 4, it was found that both
3(C=C) and 3(C=N) peaks of the phen ob
frequencies upon coordinated to the metal centre (Schilt and Tayld; 195
GarciaRaso et al., 2003; Tang et al., 2007). Two strong absorption peaks at ~

848 cm' and ~727 cil were observed. These were ascribed teofytlane

3 (- modes suggesting the coordination of the phen (G&aso et al.,

2003; Zhang et al., 2004in et al., 2000).

Three typical peaks of coordinated maltolate ligand were found in the
region of 1400 1602 cni* (Lamboy et al., 2007; Fernandes et al., 2008). The
peak at 1655¢cih  whi ch corresponds to 3(C=0)
is blue ifted to 1602 crit in complexl, to 1591 crit in complex2, to 1598
cm™* in complex3 and to 1596 cfin complex4 (Greaves et al., 1988; Brito
et al., 2008). The shift mentioned here, suggests the coordination of the C=0
of maltolate ligand (Brito et al, 2008) . Both 3(C=0) and
pyrone ring were observed at 1618 tand 1561 cm were blue shifted to
1575 cm' and 1509 cnt in complex1, and to 1560 ci and 1508 cit in

complex 2. Similarly, the bands fdathe 3( C=0



maltolate ligand are found to shift to a lower wavenumber in the infrared
spectra of complexeésand4. These peaks were also observed in FTIR spectra
of complexes3 and4 with the value of 1571 cthand 1508 cil (Thompson

et al., 2004; Marwaha et., 1994).

IR band at the wavelength, ~1461 tmhas been assigned to the
stretching of the C=C double bond located at the opposite side of;Gie H
C=C-O ( P a ri1aJodianand Baran, 2011) in the maltolate ligand. The bands
at 1266 crit in complex1, 1271 cm' in complex2, 1281 cn in complex3
and 1278 cnlin complex4 have been assigned to theJEC stretching mode
of the pyrone r{COgL.) Tamdd) ofsthenCdosdindted r 3
maltolate ligand were observed at 1103'camd 1043 cnl in the infrared
spectrum of compleXxl whereas corresponding bands for compkxvere
observed at 1107 chmand 1039 cil. These bands were again observed at
1103 cn and 1042 crifor complex3, and at 1101 cthand 1042 cni for
complex4. The medium barsdat 923 crit (complex1), 915 cnit (complex?),

918 cm' (complexes3 and4) have been assigned to the maltolate symmetric
C-OC stretching firCestpwnednBaran, 20 aDut et faln

1975; Marwaha et al., 1994; Maurya et al., 2011).

FTIR spectra of complexe$ and 4 did not show any significant
difference although the monodentate chloride ligand in complexeen

replaced by a bidentate maltolate ligand in comglelt was proposed in the



earlier discussion that the planar phen comts to the metal ions through

t

h e

nor mal |y

are in the 180 290 cm" region (Nakamoto, 1977). The peak of coordinated

chl ori de

2807 290 cni' region (Nakamoto, 1977; Reddy et al., 2007; Li et al., 2007).
T h e s eCl)pdaks are beyond the detection of the FTIR spectrophotometer
used here (Nakamoto, 19Reddy et al., 2007; Li et al., 2007). In conclusion,

analysis of FTIR data supports the postulated formulae of the synthesized

complexedl - 4.

Table 3.3 Characteristic Infrared band assignments of metal(ll)
complexes] - 4

nitrogen

at oms of

found i

1Cli), was pravjously ¢bbkrved in the infrared spectrum at

n

t he

ar cNmaandscarer i ngs

-N)qpeak df thesemeals c y

Bond 1 2 3 4 Remarks

3 (-9 3402(b) 3422 (b) 3401 (b) 3393 (b) Water
3 (-9 3042 (w) 3056 (w) 3063 (w)
3(C=N) 1424 (m) 1432 (m) 1426 (s) 1421 (m)
3(C=C) 1509 (m) 1518 (m) 1517 (m) 1508 (m)

Phen
3 (-9 728 (s), 723 (s), 727 (s), 727 (s),
Out-of-plane 848 (s) 847(s) 849 (s) 847 (s)
3(C=0) 1602 (s) 1591 (m) 1598 (s) 1596 (s)
[ 3(C=0] 1575(s) 1560 (s) 1571 (s) 1571 (s)
3(C=C)] 1509 (m) 1508 (w) 1508 (m) 1508 (m)
[ ) s(c=C 1461 (m) 1471 (s) 1459 (m) 1460 (m)

3 (-Q)  &(CHig)] Maltol
(C-H)rock 1340 (w) 1345 (w) 1342 (w) 1340 (w)
3 (-G-C)aromatic 1266 (m) 1271 (s) 1281 (s) 1278 (w)
5s(C-0C) g 1103 (w) 1107 (w) 1103 (m) 1101 (w)
1043 (w) 1039 (w) 1042 (w) 1042 (w)
34(C-0-C) 923 (m) 915 (m) 918 (m) 918 (m)

r

€



The thermograms of four complexefCo(phen)(ma)Cl]-4H0 1,
[Cu(phen)(ma)Cl]- ¥2H,O 2, [Zn(phen)(ma)Cl]-¥2H,O 3 and
[Co(phen)(ma)-5H,0 4 were recorded in the temperature range of 00
°C at heating rate of 1&/min. Thermal data of complexés 4 are presented
in Table 3.4 The thermogram (TGA and DTG curves) of compléx
[Co(phen)(ma)Cl]-4HO shows four steps of decomposition in the range of 25
i 800°C (Appendix 3.3. Thederivative thermogravimetric analysSiBTG)
curves forl show that all four the decomposition step® endothermic
processes. A peak corresponds to the loss of four water molecules (Calc.:
15.3 %, Found: 15.2 %) in the temperature range &f 28 °C was observed.
The loss of water molecules at 98 indicates that they are lattice water
molecules andot coordinated water molecules. A second weight loss of 5.4 %
(Calc.: 7.5 %) was observed at 35 for the removal of the chloride ligand
from complexl. The high temperature required to remove the ligand suggests
that chloride was coordinated to the Tp(This analysis of thermal data is
consistent with the earlier postulated formula from CHN analytical data

(Table 3.2 and with the infrared spectroscopic analyses.

TGA curve of complex, [Cu(phen)(ma)CI]P CHZO (Appendix 3.4)

shows four decompositin steps in the range of 25800 °C. The DTG curve

for 2 shows that all four decomposition steps are endothermic processes. First
step of decomposition occurred at decomposition temperature in the range of
40- 77 °C. The loss of half molecule of watg€alc.: 2.2 %, Found: 2.2 %) at

50°C indicates that it is lattice water molecule. The existence of half water



molecule is in agreement with the elemental analysi2. Appendix 3.5
shows thermogram of compleX [Zn(phen)(ma)Cl]-P c H.O. In the range

of 25 - 800 °C, there were three steps of decomposition. A weight loss of
12.5 % (Calc.: 14.4 %) was observed afGlcould be due to dehydration and

loss of the chloride ligand.

The DTG curve of compleXd, [Co(phen)(ma)-5H.O (Appendix 3.6)
shows decomposition pattern with three steps in the rangeio826°C. The
first step occurred at 6% was due to the loss of five water molecules (Calc.:
15.5 %, Found: 14.3 %). This suggests the presence of five lattice molecules
in this complex. Tie second step of decomposition took place at Z92
which was likely due to the loss of one maltol ligand (Calc.: 21.6 %, Found:
21.6 %). The final step of decomposition, which occurred a658ould be
assigned to the removal of all the ligand miete. one maltol molecule and
one phen molecule (Calc.: 52.7 %, Found : 56.4 %) from the complex (Dutt et
al., 1975; Marwaha et al., 1994; Reddy et al., 2007; Maurya et al., 2008; Shebl
et al., 2010; Maurya et al., 2011). The organic moieties in altoratd
compounds underwent decomposition above ®deading to the formation
of metal oxide (Tuncel et al., 2006). The metal complekes4 showed
similar decomposition sequences. The decomposition began with the
dehydration process. The dehydrationswthen followed by the loss of
chloride, maltol and phen ligand. The TGA data appear to suggest that the

decomposition of the maltol ligand occurred prior to the phen ligand, which



seems to imply that the phen ligand was bonded to the metal center more

strongly.
Table 3.4 TGA datd of metal(ll) complexes] - 4
Molecular formulae Decomposition Wt. % loss Assignment
range (°C) Calc. (Removal)
(Found)
[Co(C12HgN2)(CeHs03)Cl]-4H,0 26 - 130 15.3 4 mole of
) (98)° (15.2) lattice water
130 - 315 7.5 1 mole of
(306)° (5.4) chloride
[Cu(C12HsN,)(CeHs05)Cl]- P ¢ HO 40-77 2.2 P C mole of
2) (50)° (2.2) lattice water
[Zn(C12HeN2)(CeHsO5)CII-1 P H.0 27-177 14.4 1 P . mole of
3) (5l)b (12.5) lattice water +
1 mole of
chloride
[Co(C12HsN2)(CsH503),]-5H,0 26 - 177 155 5 mole of
4) (65)° (14.3) lattice water
162 - 519 21.6 1 mole of
(292)° (21.6) maltol
533 -799 52.7 1 mole of
(653)° (56.4) maltol + 1 mole
of phen

@ Only the decomposition steps of water molecules and chloride was tabulated
in the table due to its importance to determine the properties of water
molecules and chloride atom.

Pvalue in the brackets refers to the inflection points of each decomposition
step.

3.3.2 Analysis of crystal structure of complex 4

The ORTEP structure of the compldxis shown inFigure 3.1 and
selected bond lengths and bond angles are tabulaledi®3.5. There are six

lattice water molecules but the OW5A and OW5B water molecules are



disordered with half (50:50) occupancy. The structure shows the coordination
of two maltolate ligands and phen in a distorted octahedral environment
around the Co(ll) atom.he planar heterocyclic phen coordinated to the Co(ll)
via two nitrogen atoms (N(1) and N(2)) while each of the two maltolate

ligands coordinatgia two oxygen atoms (O(1), O(2); O(3), O(4)).

Figure 3.1: ORTEP structure of [Co(phen)(mppbH.O 4 with ellipsoids at
50%.

The bite angles (79 80°) observed for the coordinated maltolate

ligands are relatively smaller than those reported elsewhere, which ranges



from 81.50° to 85.57 ° (Fernandes et al., 2008; Ahmed et al., 2000; Archer et.
al., 1991;Tan et al., 2008; Carland et al., 2005). TheNCbond distances
(2.145 and 2.161 A) and the bite angle (78.@6 the coordinated phen were
similar to other cobalt(ll) complexes with variable number3)1 of
coordinated phen (Papadopoulos et al., 200d;et al., 2009; Kumar et al.,
2009; Harding et al., 2008). The small bite anglesi(B8°) observed for all

the three coordinated bidentate ligands are the consequence of their structural
rigidity. In contrast, the bite angles of the maltolate and plgamds in the
square pyramidal [Cu(phen)(ma)C#H,0 are wider (82 85°) with shorter

Cu-N (phen) bond distances (2.001 and 2.010 A) (Tan et al., 2008).

Table 3.5:Selected bond lengths (A) and ang@®ddr complex4

Bond lengths (A)

Co(1)i O(1) 2.024 (3) Co(1)i O(4) 2.144 (3) 0(1)i C(13) 1.302 (5)
Co(1)i O@3) 2.038 (2) Co(1) i N(1) 2.145 (3) 0@Q)i C(14) 1.261 (5)
Co(1)i O(2) 2.129 (2) Co(1) i N(2) 2.161 (3) 0@3)i C(18) 1.310 (4)

0(4)i C(19) 1.255 (4)

Bond angles (°)

O(1)7 Co(1)1 O(3 . O(2)1 Co(1)1 O(4 166. O(1) 7 Co(1) T N(2 .
()i (1) 7 O(3) (1) ()i (1) 7 O(4) (10) D) (1) 7 N2 (1)
. i 80.24 . i 1 159.68 . PN 167.60
O(1) T Co(1) T O(2) (1) O(1) T Co(1) T N(1) (12) O@3) T Co(1)T N(2) (1)
O@3) 1 Co(1)1 O(2 . O@3) 71 Co(1) T N(1 . O(2)1 Co(1) T N(2 .
(©N (1)1 O(2) (10) Q)T (1) T N(1) (12) @1 (1) T N(2) (10)
O(1)7 Co(1)1 O(4 . O(2)1 Co(1) T N(1 1 O(4)71 Co(1) T N(2 .
(1) (1)1 O(4) (1) (AN (1) T N(1) (1) @i (1) T N(2) (10)
O@3)1 Co(1)1 O(4 . O(4)1 Co(1) T N(1 . N(1) T Co(1) T N(2 .
(©N (1)1 O(4) (10) (@)1 (1) T N(1) (1) )7 (1) T N(2) (12)




The centroiecentroid distance between bathen rings (3.181 A) of
adjacent [Co(phen)(mgd)5H,O molecule in molecular packing are near to the
reported values (3.33.8 A) (He et al., 2012; Chen et al.,2012; Castifieiras et
al.,2002; Lin et al.,,2009; Janiak, 2000). This indicates the presence of
int er mol-ecatacking interaction between
adjacent moleculesF{gure 3.2) which is a common phenomenon if planar
heterocyclic phen ligand is present in the metal complex (Zhang et al., 2004,
Yodoshi et al., 2007; Jia et a010; Bodoki et al., 2009; Paulovicova et al.,
2001). Besides, each maltolate ligand acts asagdeptor site and the lattice
water molecules act as -#tbnor sites. Hydrogen bonding links each
[Co(phen)(ma)-5H,0O molecule with adjacent molecules in th#ite into an
inte-l i nking network. The overalilntceornapclteix
of planar phen rings and-bbnd network. Supplementary data for this crystal
structure (CCDC No. 774861) <can be found online at

doi:10.1016/j.jinorghio.2010.1018

Figure 3.2: Packing diagram of complekviewing along a* axis (light blue
dotted lines are Hbonds).



3.3.3 Characterization of agueous solutions of complexes

The ternary metal(ll) complexes ¢ 4) synthesized in this work were
analyzed using Electrospray lonisation Mass Spectrometry {HES) at
positive ion modeTable 3.6. The base peak was observed atdnvalue of
364.2 (calc.: 364.2, relative abundance: 100 %) in the mass spectrum of
[Co(phen)(ma)Cl]-4HO 1. The peak could be agsied to[Co(phen)(ma)].

The base peaks observednaz 368.8 in the ESMS of complex2 matched
well with the calculated mass foP*Cu(phen)(ma)] (calc.: 368.0, relative
abundance: 100 %) and the isotopic peaksfanj(phen)(ma)]was observed
atm/z370.0 (calc.: 370.0, relative abundance: 48 %). In the case of coBjplex
the base peak observedraiz 369.2 is assigned td“Zn(phen)(ma)] (calc.:
369.2, relative abundance: 100 %). The isotopic peaks observe@ 371.2
(calc.: 371.2, relative abuadce: 55 %), 372.2 (calc.: 373.2, relative
abundance: 38 %), 374.3 (calc.: 373.2, relative abundance: 8 %) and 375.1
(calc.: 375.2, relative abundance: 2 %) are due to Zn isotBfes {'zn, ®*zn

and °Zn). Complex4 is a neutral molecule. The base pediserved am/z
364.2 can be assigned to [Co(phen)(th#&hlc.: 364.2, relative abundance:
100 %), a ion fragment that can be generated from comdpl&ke formation

of [Co(phen)(ma)] might have caused by the dissociation of one maltolate
ligand from complex4. In order to verify the hypothesispmplex 4 was
further investigated using ESWIS where the mass spectrum was recorded in a
negative mode. The base peak was observedzdi25.2 in the negative mode
ESI mass spectrum of compldxwhich could be assigned to [maJhe result

provided indirect evidence to the formation of compkexas the related



fragments were identified in the mass spectra. Comgplegems to be not

stable undr the ESIMS conditions (capillary temperature, 15Q) used.

Molar conductivity experiment was carried out to further study the stability

and chemical nature of compléxn solution.

Table 3.6:ESFMS data for metal(ll) complexes,- 4

Complex Fragment m/z (calculated) m/z Relative
(Found) abundance, %

[Co(phen)(ma)]” 364.2 364.2 100

[®*Cu(phen)(ma)]* 368.0 368.8 100
[®*Cu(phen)(ma)]* 370.0 370.0 48

3 [*Zn(phen)(ma)]* 369.2 369.2 100
[®Zn(phen)(ma)]* 371.2 371.2 55
[¥Zn(phen)(ma)]* 372.2 373.2 38
[®Zn(phen)(ma)]* 373.2 3743 8
[°Zn(phen)(ma)]* 375.2 375.1 2

4 [Co(phen)(ma)]* 364.2 364.2 100

[ma] 125.2 125.2 100

Conductivity measurement of 1 mM of individual solutions of GpCl
CuCb, ZnCk, phen, maltol, complexek- 4 in watermethanol (1:1 v/v) was

carried out at 25C. The results are summarised in the form of a bar chart

shown inFigure 3.3 The solution of [Co(phen)(ma)Cl]-4B complexl and

CoCk gave molar conductivity values of abd

59

ah ch’ mol'8

respectively. On the other hand, the solution of [Cu(phen)(ma(?ca}—lzo

complex 2 and [Zn(phen)(ma)CI]-lF’c H,O complex 3 gave molar

conductivity

v ‘Admtineok". Tleefsolugiom of the cofplexeg

1 - 3 gave lower mlar conductivity than the Cug{ 1 1 9 cmgmol™?) and

ZnCl, ( 1 1 2 cmf mol™) solution. Same molar conductivity values were

obtained when the solutions were measured after 24 hours. Complexdes

q



gave slightly lower molar conductivity values thdroge previous known
cationic metal (Co(ll), Ni(ll), Cu(ll)) complexes with uncoordinatedadion

(66 - 7 3 "t o mol™) (Shebl et al., 2010; Geary, 1971; Coury, 1999). The
molar conductivity measurement of the solutions of complekeg 3
suggested thathe complexes exist as 1:1 electrolyte in solution, and they

consist of [M(phen)(majland Clions.
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Figure3.3 Mol ar ¢ o’reafunolt) fonmietal§l) cdmplexesl - 4.

The molar conductivity of [Co(phen)(m&bH,O complex 4 was
similarly measured as for complexé&s3. Measurement of the solution of
complex4 gave a molar conductivity value of 21 4 ™ ¢gn* mol™ and the
value remains constant for the first 2 hours. The low conductivity indicates the

nonelectrolytic nature bcomplex4. The results obtained is consistent with



those values found for the previously reported neutral Co(ll) and other
metal(ll) complexes (10 2 4 * gm? mol*) (Chandra and Kumar, 2005;
Tuncel and Serin, 2006; Maurya et al., 2008; Shebl et@L0Q;2Reddy et al.,
2007, Maur ya e tRasalet al., 2003).1HbwevelG isrnwlara
conductivity T e ma'aas 24shouts,osug@eSting cpartial
ligand dissociation. This data is consistent with the-ESlresult. Although
Co(Il) comgexes are said to be usually labile, coordinated phen and maltolate
ligands in complexe& and4 seem to be relatively stable, within the duration

of the measurement.

UV-Visible spectroscopy is a useful technique in the characterisation
of inorganic species. In UVisible region of the electromagnetic spectrum,
molecules undergo electronic transitions. As a molecule absorbs energy, an
electron is promoted from an occagi orbital to an unoccupied orbital of
greater potential energy (0 Y a*, n Y
most probable transition takes place from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMOW{&&t
al., 2001). Electronic spectra of four compleftes4 were recorded in water
methanol (1:1 v/v) solutions (UV: 1.0 to 5.0 xLBI; Visible: 0.01 M). The
assignments of electronic spectral peaks observed in each of the complexes

along with the molaextinction coefficients are tabulatedTable 3.7. In the
visible region, [Cu(phen)(ma)CIP CHZO (0.01 Miatx®G4binmae(
= b55) whereas no visible absorptions for [Co(phen)(ma)CH3iH

[Zn(phen)(ma)CI]-lpc H,O and [Co(phen)(ma)5H.O were dserved



(Appendix 3.7). This 645 nm bandAppendix 3.8) of the Cu(ll) complex

with low molar absorptivity was assigned ta dransition. In the case of Co(ll)

complexes, dl transitions are forbidden by the Laporte rule.

Table 3.7 Absorption spectral da for metal(ll) complexed, - 4

Complex Amax (NM), Assighnment
O ( fdofcm™)

[Co(phen)(ma)Cl]-4H,0 (1) 225 (U= 38 750) "Y' * (p
269 (U= 34 730) Y r (p
[Cu(phen)(ma)Cl]- P H0 (2) 225 (U= 44 260) Y x (p

271 (0= 36 320) " Y tphen)

645 (U= 55) d-d

[Zn(phen)(ma)Cl]-1 P cHZO 3) 225 (U= 40 670) "Y' * (p
270 (0= 35 250) Y r (p
[Co(phen)(ma),]-5H,0 (4) 227 (U= 43 720) "Y' * (p
269 (U= 34 610) Y (p

In UV spectra, aqueous solutions of complekeg! have two bands at

max0f 225 nm @uwithin therangenoé 269281 nm respectively.

Phenantroline complexes have been extensively studied previously and many

of these work have reported the two intense peaks observed in the UV region

atabou2 26 nm and 269 nm

whi ch

aroused

coordinated phenanthroline ligand (Zhang et al., 2004). Comparing the UV

spectra of complexe% - 4 with those of MC} (no UV absorption), 1,10

phenant hak 22D hmmand 26%nm) and ma onhe 2 3 &m and 273

nm), the presence of coordinated phen and maltolate ligands in the solution of

complexesl -4 ar e

nferred

(Radanovil et

2007; Ni et al., 2005). Intraligand transitions of respective ligands toelp

identify the coordinated ligand in metal complexes. The results obtained from

f

a l

r



the UV-Vis study matched well with the FTIR data. A plot of absorbance
versus concentration for the two maximum absorption peaks in the UV region
for four ternary complexes - 4 are shown imAppendix 3.9 - 3.12 (inset). A
regression line for each plot has been drawn by using thesigaates method
generated by using Microsoft Office Excel 2007 software. The correlation
coefficient (R) values for all the plotted graphs are very close to 1.0000
showing that the data obtained fit in the regression line and obeyed the Beer
Lamberts Law. The average molar absorptivity values were obtained for all
four ternary complexes based on the Blemmbert Law and the general linear

equations.

TheN , plgen ligand was used in the current study as the main ligand
andO,0O-maltol was used as the coligand to synthesise metal comfdlexes
Many researchers have reported that phen is a fluorescefgcuie
According to Peter and Chen (2002), fluorescence is a photonic process
involving transition between electronic and vibration states of fluorophores. It
would be interesting to obtain the fluorescence spectra of metal comfpléxes
4 in order to stdy the effect of the type of metal ions on the emission
properties. The fluorescence (FL) spectra of maltolate complexdsmaltol

and phen ligands are shownHigure 3.4.

[Co(phen)(ma)Cl]-4K0 1, [Cu(phen)(ma)Cl]- pC H.O 2,

[Zn(phen)(ma)Cl]- P cHZO 3 and [Co(phen)(ma)-5H,0 4 in watermethanol



still retain the FL emission property of the free phen ligand in the same solvent
mixture. There is no change in the shape of the FL emission bands but there is
sl i ght rugdheslhemisgion in the el complexes arisésom the
coordinated phen ligand. The FL emission intensities of complex2and4

are lower than the free phen ligand. This lower FL intensity is due to
guenching of phen FL by the Co(ll) and Cu(ll) ion. The quenching mechanism
has previously been ascribed to static quenching (Seng et al., 2008). Maltol
has no FL emission. [Co(phen)(rplddH.O has a lower FL emission intensity
than [Co(phen)(ma)Cl]-440. The results appear to suggest that the change in
geometry and the number ofardinated maltolate ligands influence the FL
emi ssi on i nt e ngexiandyshapeuof thenFh temigsibnebands
(Figure 3.10; spectra Ill and 1V). Seng and coworkers has reported the
amount of quenching of the coordinated phen is influenced by theotythe

transition metal(ll) ion in the octahedral [M(phen)(edda)] complexes.
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Figure 3.4 Fluorescence spectra®fl), phen (11),1 (lll), 4 (IV), 2 (V),
maltol (V1) and wateimethanol mixture (1:1 v/v) (VII) at 1 pM.



[Zn(phen)(ma)Cl]-1P cHZO in watermethanol shows an enhancement

in FL spectrawhich is different from the Co(ll) and Cu(ll) analogues. The
enhancement of FL emission spectra of the Zn(ll) complex cannot be
explained by static quenching mechanism (Seng et al., 2008). Higher FL
emission observed for the Zn(ll) complex (compared toQb@l) and Cu(ll)
complexes) has been attributed to the fifl electron configuration of the

Zn(Il) ion (Hu et al., 2010). In a previous study on the fluorescence of solid
samples of a series Zaghen) complexes (X = Cl, Br, I), the type of halides
wasfound to affect the FL emission intensity and the order was found to be
ZnCly(phen) < phen < ZnBfphen) < Znj(phen) (lkeda et al., 1996). The FL
emission enhancement was explained by the dependence of intersystem
crossing rate on the halide, and the hagtism involved a Heitlekondon type

mi xXi ng between the phen Il ocally excit
ligandto-ligand chargéransfer (LLCT) electronic configurations and 1,3(n,

d*) energy | evel change due tesint he co

terms of increasing FL intensity 2< 4 < 1 < phen <3.

3.4 CONCLUSION

Four metal complexes containing phen and maltolate ligands namely

[Co(phen)(ma)CI]-4KHO 1, [Cu(phen)(ma)Cl]- pC H,O 2,

[Zn(phen)(ma)Cl]-1P cHZO 3 and [Co(phen)(ma)-5H,0 4 were prepared.
Fourier Transform Infrared Spectroscopy (FTIR), elemental analysis and ESI

MS study confirmed their formation. Generally, all four metal complexes are



thermally stable at room temperature. The decomposhiegan with the
dehydration process. The dehydration was then followed by the loss of
chloride, maltol and phen ligand. It can be concluded from the discussion in
the previoussection 3.3.3 complexesl - 3 exist as [Co(phen)(md)]
[Cu(phen)(ma)] and [Zr(phen)(ma)] or its hydrated species and Gh
solution while complex4 exists as the neutral [Co(phen)(a}a3pecies in
agueous solution. Based on the molar conductivity obtained, comgdlexgs

are categorized as 1:1 electrolyte while complex nonelectrolyte in water
methanol (1:1 v/v) solution. The dissociation of phen and maltolate ligands in
complexesl and4 were not observed within the duration of the conductivity
experiments, which appear to suggest that the ligands are bound stmngly
the metal centres. FL emission intensities are increasing in the or2ierdp&

1 < phen <3. Different quenching of phen FL by the type of metal ion and
number of coordinated ligands resulted in the differential FL emission of this
set of complexe<Zn(ll) enhances the FL of the coordinated phen while Co(ll)
and Cu(ll) partially quenches the FL of the coordinated phen. The UV
absorption bands observed the \W\$ spectra of the metal complexes aroused
from the ~ Y * transi t ihwlneligand. Howeverc oor di

no visible absorption spectra were obtained for [Co(phen)(ma)GID4H
[Zn(phen)(ma)Cl]-1P cHZO and [Co(phen)(ma]}5H,0. In the case of Co(ll)

complexes, @ transitions are forbidden by the Laporte rule.
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CHAPTER 4
SYNTHESIS AND CHARACTERIZATION OF METAL(lI)
1,106PHENANTHROLINE COMPLEXES WITH

O,N,O-DIPICOLINIC ACID

41 INTRODUCTION

In the previous chapter, two series of metajflerrmaltolate
complexes were synthesized and characterized to study the effect of the type
of metal ion and the number of coordinated ligands on the solution properties
and thermal stability of the metal(itomplexes. In this chapter, the subsidiary
ligand has been replaced by dipicolinate ligand to synthesize
[M(phen)(dipico)(HO)]-xH,O (where M = Co or Znx = 1 or 2) and
[Cux(phen}(dipico)(HO)][Cu(dipico)]-[(11H,0)(CH;OH)] complexes.
These dipicolina complexes were characterized by Fourier Transform
Infrared spectroscopy (FTIR), CHN elemental analysisaycrystallography,
molar conductivity, UWisible spectroscopy (UWis) and fluorescence
spectroscopy (FL). Dipicolinate ligand has been chosenohgand partly
because its netoxicity may results in lower toxicity of metal(ll) complexes.

In addition, dipicolinatebased complexewere reported to exhibit various
biological functionsyiz.insulin mimetic, antibacterial and anticancer (Yang et
al., 2002;Cai et al., 2010Martin et al., 1997; Pocker et al., 198@chikubo

et al., 1974Murakami et al., 2003). This chapter also investigabedeffect

of the type of metal ion on the solution properties of the set of megah@ii

dipicolinate comfexes.



4.2 EXPERIMENTAL

4.2.1 Materials and reagents

1,10phenanthroline monohydrate (99%), pyridid@-dicarboxylic
acid (dipico), zinc(ll) chloride puriss were purchased from RiddeHaen.
Cobalt(ll) chloride hexahydrate was purchased from R&M Jbais
Copper(ll) chloride dihydrate and sodium hydroxide were bought from Acros
Organic and Systerm AR respectively. All reagents and solvents (Analytical

grade or HPLC grade methanol) were used as purchased.

4.2.2 Preparation of [M(phen)(dipico)(H20)]-xH>0
M = Co or Zn; x =1, 2) (5 and 7) and
[Cu(phen)(dipico)(H20)][Cu(dipico) 2]-[(11H,0)(CH3;0OH)] 6

To prepare [Co(phen)(dipico)g@)]-2H,O 5, cobalt(ll) chloride
(0.24 g, 1 mmole) in deionised water (10 mL) and dipicolinic acid (0.17 g,
1 mmole) h 0.1 M NaOH (20 mL) were mixed and stirred for 30 minutes.
This was followed by addition of a methanolic solution (5 mL) of phen
(0.18 g, 1 mmole) to the solution mixture. The solution was heated to
reduce the volume of the solution toa. 5 mL. The solution was then
allowed to stand overnight. The product was collected on the following day
by suction filtration and washed with cold deionised watken driedin

vacua The yield of brownish orange crystal3.40 g, 69 %



The above proedure was used to prepare the Cu(ll) and Zn(ll)
analogues. The attempt to synthesis the other [Cu(phen)(dipig0®)(H
complex was  unsuccessful. The  recovered product was
[Cuz(phen)(dipico)(H.O)][Cu(dipico)]-[(11H,0)(CHsOH)] 6. The pure
complex 6 was obgained as blue crystal§0.35 g, 75 %) whereas
[Zn(phen)(dipicojH,0)]-H,O 7 was obtained as white crystals (0.32 g,

72%).

4.2.3 Characterization of solids complexes

Elemental analyses (C, H, and N) and FTIR spectra were similarly

performed as ascribed in Chapter 3 section 3.2.3.

4.2.4 Determination of crystal structures

The Xray diffraction data was obtained with a Bruker AXS CCD

di ffractometentiwohh(Mo=KO.7adv3 ;).
5.631) & SAINT (Version 6.63) (Bruker, 2000) softwares were used for data
collection. The integration of intensity of reflections and scaling were done by
SMART (Version 5.631) & SAINT (Version 6.63) (Bruker, 200QADABS
(Sheldrick, 2001) was used for empirical absorption correction. SHELXTL
(Bruker, 2000) was used for space group determination, structure refinement,
graphics and structure reporting. The structures were solved by mhietitbds

and refined by a flrmatrix leastsquares procedure of Rvith anisotropic

T



displacement parameters for Aoydrogen atoms, C and-bbund hydrogen
atoms in their calculated positions and using a weighting scheme of the form
calculatedw = 1/[s%(F,9)+(0.0996P) + 0.0491P] whee P=(R? + 2R?)/3 5;
calculatedw = 1/[(F.?) +(0.1603P)+ 10.9481P] where P={ + 2R?)/3 6;
calculatedw =1/[s*(F%,) + (0.0384P) + 0.9832P] where P =F(*+ 2F /3 7
(Sheldrick, 2008 Hydrogen atoms in their calculated positions were refined
using a riding model.Data collection and experimental details for the

complexes arsummarized ifable 4.1

Table 4.1 Crystal data and structure refinement for metal(ll) compl&xes

5 6 7
Empirical formula CoCy9H17N307 CuzCsgHs9NgO24 5 ZNnC1gH15N306
Formula weight 458.29 1464.78 446.73
Temperature (K) 223 223 223
Crystal system Triclinic Triclinic Monoclinic
Space group P-1 P-1 P2(1)/c
a=7.7873(13); a = 14.481(5); a = 7.4836(3);
Unit cell dimensions (A) b = 9.2814(16); b = 15.569(5); b =20.7987(9);
c =14.034(2) c = 15.863(5) ¢ = 11.5801(5)
Volume (A% 953.7(3) 3137.4(18) 177.90(13)
z 2 2 4
Density (calculated) (mg/m®) | 1.596 1.523 1.674
Absorption coefficient (mm™) | 0.949 1.096 1.431
F(000) (mm) 470 1454 912
Crystal size (mm) 0.30x0.12 x0.10 0.56 x 0.36 x 0.16 0.28x0.12x0.10
d range for @al 23112750 2.31-21.15 1.961 27.50
Index ranges -10 O h O 14-127 O h O 119 O h O 9
11 0 k O 1-18 O k O ] -25 O k O
-18 01 O 1418 O I O 3-12 O I O
Reflections collected 10238 32739 12418
Independent reflections 4340 11022 4060
Data/restraints/parameters 4340/6/289 11022/18/874 4060/4/278
Goodness-of-fit on F? 1.067 1.077 1.060
Final R indices [1> 2 (I ) R = 0.0665; R =0.1141; R = 0.0364;
WR =0.1632 WR =0.2994 WR = 0.0849
R indices (all data) R =0.0833; R =0.1720; R =0.0428;
WR =0.1729 WR =0.3279 wR =0.0878
Largest dif. Peak and hole | 1.435, -0.857 1.558, -0.862 0.428, -0.277
(€A%




4.2.5 Characterization of aqueous solutions of complexes

A CON 700 bench top conductivity meter from EUTECH Instruments
was used to measure the conductivity of the solvent mixturd asel
methanolwater (1:1 v/v) solutions of the ternary metal(ll) complexes, using
KCI as calibrantThe preparation of the waterethanolic (1:1 v/v) solutions
of metal(ll) complexes § - 7) and procedures for the conductivity
measurement were the samara€hapter 3 section 3.2.6. Wisible spectra
of aqueous solutions of these complexes were obtained with a Perkin Elmer
Lamda 35 spectrophotometer the range of 200 900 nm These solutions
were prepared by using 1:1 (v/v) wateethanol mixture to ge 1.0 x 10 M
stock solutions. The solutions of the free ligands and the metal(ll) chloride
were similarly prepared. The reference cell was filled with watethanol
(2:1 viv) while the sample cell was filled with the sample solution. The
fluorescence tady was carried out with a Perkin Elmer LS55 Fluorescence
spectrometer at 272 nm (excitation wavelength). The stock solutions of the
metal(Il) complexes and the stock solutions of the free ligands and metal(ll)
chlorides for fluorescence study were pregaras described for sample
solutions for U\WVis spectra measurements. The sample solutions were

further diluted to 1.0 x M for the fluorescence study.



4.3 RESULT AND DISCUSSION

4.3.1 Characterization of solids complexes

All three dipicolinate complexe$,- 7 were synthesized by modifying
the method published elsewhere (Kirillova et al., 2007; Ma et al., 2002;
Hadadzadeh et al., 2009). The complexes, were characterized by Fourier
Transform Infrared Spectroscopy, elemental analysis andrayX
crystallography. The modified preparations gave yield of up to ~ 69 % for
complex 5, ~ 75% for complex6 and ~ 72 % for complex. Based on
microanalysis  results, the complexes can be formulated as
[Co(phen)(dipico)(HO)]-2H,0 5,
[Cux(phen)(dipico)(H.0)][Cu(dipico)]-[(11H,0)(CH;OH)] 6 and

[Zn(phen)(dipico)(HO)]-H20 7 as listed inTable 4.2

Table 4.2 Physical and chemical data of metal(ll) compleX¥es/

Complex 5 6 7
Cuy(C12HgN2)3(C7HsNO
Molecular [CO(ClesNz)(C7H3NO4) [ 2( 2 2)3( e 4) [Zn(C12H3N2)(C7H3NO4)
(HzO)][CU(C7H3NO4)z]
formulae (H20)]-2H,0 (H20)]-H:0
[(11H,0)(CH30H)]
Molecular
. 458.28 1464.78 446.73
weight (g/mol)
% yield ~ 69 % ~75% ~72%
Colour Brown crystals Blue crystals White crystals
CHN C 49.80 (49.60) 47.56 (46.79) 51.08 (51.04)
elemental |, 3.74 (3.59) 4.06 (3.78) 3.38 (3.18)
analysis, %
Calculated | 9.17 (9.28) 8.61 (9.57) 9.41 (9.44)
(Found)

FTIR spectra of complexeS - 7 are shown inAppedix 4.1 and
assignments of the characteristic bands are listd@lahe 4.3 In the higher

wa Vv enumb@® wibrationg bdnds (3518 3254 cm') suggests presence



of coordinated water or lattice water molecule(s) for compléxe8 and 7
(Nakamoto, 197; Hadadzadeh et al., 2010; Yenikaya et al., 2009; Kirillova et
al., 2007; Vargova et al., 2004). This strong, broad and intense band is
indicative of OH stretching (Kirillova et al., 2007; Nakamoto, 1977). The
relatively wlabandsain te rarge of 809& J0%2 cni for
complexes and7 suggest the presence of phen ligand (Yenikaya et al., 2009;

Kirillova et al., 2007; GonzaleBar h et al ., 2005; Bul ut

A weak absorption of 3( C=N) and s
3 ( C =y@igal of coordinated phen are observedJer7 in the range of 1516
i 1520 cnt and 14261 1428 cni respectively (Schilt and Taylor, 1958;
GarciaRaso et al., 2003; Tang et al., 2007). Several ring stretching modes of
the phen are found in the rangel®B31i 1106 cni (Shani et al., 1977). Two
me d i u AH) au( of plane vibration bands at ~ 723 trand ~855 cni
suggest the coordination of phen (GaiRiaso et al., 2003; Zhang et al., 2004;
Jin et al ., 2 00 0) =N) vibtateon andenshe racge of o f t h
180 - 290 cm' observed for M(I3phen complexes could not be verified for
complexes5 - 7 as they were out of range for the FTIR spectrophotometer
used (Schilt and Taylor, 1958; Papadopoulos et al., 2007; Shebl et al., 2010;

G a r -Ras@eal., 2003; Yenikaya et al., 2009).

The 3 ( C=0)0) vbratibns 2f-CODOH group of the free

dipicolinic acid occurred at 1701 ¢hand 1290 ci respectively Appendix



3.2). These two peaks were found to have shifted to a lower frequency in
complexes - 7 and this shift is due to coordination of the dipicolinate ligand

to the Co(I'Il), Cu(l1l){Caad aZg@pDD)s ) cen
absorption bands were observed3or7 in the range of 16181629 cn* and

1368- 1379 cni* respectively (Hadadzadeh et al., 2010; Dutta et al., 1981;

Allan et al., 1989; Dutta et al., 1980; Sukanya et al., 2006; Yenikaya et al.,

2009; Kirillova et al., 2007; Bulut et al., 2009; Zhouakt 2009; Cai et al.,

2010) . Coordinated di picolinate exhi |
vibrations at 1585 crh(Dutta et al., 1980; Vargova et al., 2004; Shani et al.,

1977; Rana et al., 1979). These were similarly observed for com@ex&s

(15831 1589 cnt).

The -N)( Can-H) vibratiGns of the pyridine moiety of the
dipicolinate in complexes - 7 were observed in the range of 1077283 cm
L and 911 914 cm'respectively (Cai et al., 2010; Bulut et al., 2009). The ring
wagging vibratio of the pyridine moiety was also observed at 7882 cm'
(Yeni kaya et al ., 20009; Bul ut ©} al ,
and -®)vibration bands were observed at 422'qi®) and 429 cnt (6)
(Liu et al., 2005; Zhang et al., 2008; Yeayla et al., 2009). However, the
3 ( DOhvibration band in complekwas not obseQ)vibgation The 3
band (< 300 cm) of complex 7 is beyond the detection of the FTIR
spectrophotometer u s e vibratibh bamds cantbé on o
used toshow coordination of the oxygen atom of the carboxylate group to the

Co(ll), Cu(ll) and Zn(ll) centres (Allan et al., 1989; Yenikaya et al; 2009; Cai



et al ., 2010; T u 1R@se ¢t al.e 2003)a The FTIRZiebrél ;
of complexes - 7 (Appendix 4.1) suggested that both phen and dipicolinate
ligands were coordinated to the metal (Co(ll), Cu(ll) and Zn(ll)) centres

respectively.

Table 4.3 Characteristic Infrared band assignments of
metal(ll) complexe$ - 7

Bond 5 6 7 Remarks
3494 (m) 3518 (s)
3 (-B) 3436 (w) 3401 (b) 3447 (m) Water
3369 (b) 3254 (b)
3071 (w) 3098
3 (-B)aromatic 3052 (w)
(w)
3(C=N) 1516 (m) 1520 (m) 1519 (m)
3(C=C) 1426 (s) 1428 (s) 1427 (s)
1098 (w) 1106 (m) 1104 (m) Phen
3ting 1077 (m) 1084 (m) 1079 (m)
1032 (w) 1036 (W) 1031 (m)
3 (-8) 727(m), 723 (m) 727 (s),
Out-of-plane 855(m) 854 (m) 848 (m)
3 (-M) 529 (w) - 438 (m)
3,5(CO0) 1618 (s) 1629 (s)
35(CO0O) 1379 (s) 1370 (s) 1368 (s)
3pyrigne= [ 3 ( C= 1586 (b) 1589 (b) 1583 (b)
3(C=C)]
1283 (s) 1276 (s) 1283 (s) o
3 (-K) Dipicolinate
1077 (m) 1084 (m) 1079 (m)
[3(C=C)-0¥ 1459 (w) 1459 (w) 1460 (w)
3 (-8) 914 (m) 912 (m) 911 (m)
(pyridine)wagging 767 (M) 772 (m) 766 (M)
3 (-®) 422 (m) 429 (m)
4.3.2 Analysis of crystal structures
Figures 4.1 - 4.3 showed the crystal structures of
[Co(phen)(dipico)(HO)]-2H,0 5,

[Cux(phen)(dipico)(H0)][Cu(dipico)]-[(11H,0)(CHsOH)] 6 and



[Zn(phen)(dipico)(HO)]-H,O 7. Both complexes5 and7 are isostructural to

their manganese(ll) (Ma et al., 2002), zinc(ll) (Harrison et al., 2006) and
nickel(ll) analogues (Hadadzadeh et al., 2010) which are all octahedral. The
dipicolinate ligand served as a tridentate ligand, the ligand bounds to the metal
centres through th® N, @anor atoms. On the other hand, the phen ligand
coordinates to the metal centres through its two nitrogen donor atoms and acts
as a bidentate chelating ligand. The sixth coordination site is filled by a
monodentate aqua ligand. These ligating atomg\;Oforms a distorted
octahedral coordination sphere around each metal(ll) center of the complexes
5 and 7. Complex7 is highly distorted owing to the planarity, rigidity and
denticity of phen and dipico ligands. Besides, the limited span width of the
terminal O(1) and O(3) ligating atoms of dipico caused phen and dipico cannot
chelate to Zn(ll) in the same plane (Harnset al., 2006; Hadadzadeh et al.,

2010).

The Co(1)- N(3) (2.047 A) and Co(1) O5W (2.099 A) bondof
complex5 are significantly shorter than the other four octahedral bonds (2.104
- 2.154 A) in5. Similarly, the Zn(1)- N(3) (2.0547 A) and Zn(1) O1W
(2.0478 A) bonds of compleX are significantly shorter than the other four
octahedral bonds (2.11422.2617 A) in7. The Mi Nghen bond lengths of
complexess and 7 are similar to those reported for other-gleen and Zn
phen complexes (Papadopoulésak, 2007; Harrison et al., 2006; Xiao et al.,
2005; RubirPreminger et al., 2008; Hanauer et al., 2008; He et al., 2007;

Song et al., 2011; Wang et al., 2000). Cda(Xp5W and Zn(1) O1W bond



lengths are shorter than €yipico and Zni Ogipico Obseved for other similar
metal(ll)}-dipico complexes (Harrison et al., 2006; Hakansson et al., 1993; Ma
et al., 2002; Hadadzadeh et al., 2010; Bulut et al., 2009). ThéMico bond
is shorter than the two NI Npnen bond lengths, indicating thatgpleo is a
stronger donor, since the two carboxylate groups in ortho positions enhance
the electron density (basicity) on thisaNt om ( Udar et al .,

2002; Bulut et al., 2009).

The N(1), O(1), O(3) and N(3) ligating atoms are equatorial ligating
atoms in compleX. These equatorial atoms are not coplanar as the N(1) atom
is slightly displaced from the OF)(3)-N(3) plane. The bite angles for the
dipico ligand in complex (N(3)-Co(1)}O(1) = 75.97 and N(3)Co(1)}O(3) =
75.92) and complex7 (N(3)-Zn(1)}O(3) = 73.86 and N(3)Zn(1)}0(3) =

76.37) are similar to those reported for dipicolinabetal complexes

(GonzalezBar h et al ., 2005; Sukanya et al

Oy a, 2000; Hakansson et al .torial N(3)9 3 ;
atom (phen) is almost directly opposite the equatorial N(3) atom (dipico) as
the N(1}Co(1)}N(3) bond angle is 1?1 The bite angle of the phen ligand in
complex5 (78.50) and7 (77.03) are smaller than those observed for the phen
ligands inthe less distorted octahedral complexes (Ng et al., 2009; Jhong et al.,
2007; Li et al., 2007; Hadadzadeh et al., 2010; Wang et al., 2000). The
chelated phen ligand can be considered to be rotated about i#igd({ihg

atom such that its other nitrogéigating atom (N(2)) latches onto the Zn(1)

atom of the Zn(Xpipico moiety from above, and the phen plane is

Ud



perpendicular to the O()(3)-N(3) plane of the dipico ligand. Interestingly,
the coordinated water (O5W or O1W) are opposite to N(2), but thg O(5
Co(1)}N(2) and N(2)Zn(1)}O1w bond deviates greatly from linearity (267

and 16%) in complexes$ and7 respectively.

Figure 4.1 An ORTEP structure of [Gphen)(dipico)(HO)].2H;0O, 5 with
ellipsoid at 50%.

Figure 4.2 An ORTEP structureof [Zn(phen)(dipico)(HO)].H.O, 7 with
ellipsoids at 50%.



The crystal structure of
[Cux(phen(dipico)(H.0)][Cu(dipico)]-[ (11H.O)(CHsOH)] 6 is shown in
Figure 4.3 The crystal quality is not good but it managed to provide some
important information about thehemical structure and the coordination
geometry of the complex. The crystal structure suggested that the isolated
copper complex can be formulated as
[Cux(phen)(dipico)(H.0)][Cu(dipico)] -[(11H,O)(CHsOH)] and that it is a
trinuclear ionic compound, consisting of [phenX(dipico)(H.0)]** cation
and [Cu(dipicoy]® anion. In the dicopper(ll) cation
[Cux(phen)(dipico)(H,0)]?*, the dipicolinate ligand is coordinated to the
Cu(l) centervia O and N atoms ral the other carboxylate oxygen atom
bridges the Cu(1) and Cu(2) atoms. A phen ligand along with an aqua ligand
are coordinated to the Cu(l1), resulting in the formation of a distorted square
pyramidal environment about Cu(1). Similarly, the Cu(2) centapisda
distorted square pyramidal. The Cu(2) ion of the dinuclear cation is bridged by
one of the carboxylate oxygen atoms of dipicolinate ligand to Cu(1) and it has
two phen ligands attached through nitrogen donors. The copper center of the
counter anion[Cu(dipico)]?, has a distorted octahedral environment resulting

from the coordination of two dipicolinate ligands.

The Cui Nphenbond lengths (1.9952.193 A) in complex are similar
to those reported for other Gunen complexes (GareRaso et al 2003; Zhou
et al., 2011). Cu(1} O1W bond length (2.009 A) is shorter than those

observed for complexes [Co(1)i O5W (2.099 A)] and7 [Zn(1) i O1W



(2.0478 A)]. Both Cu(3) Naipico bond lengths of [Cu(dipicel’ are shorter

than Cu(1) Naipico Of [Clz(pheny(dipico)(H0)]?*, Co(1)- Neipico @and Zn(1)-

Ndipico- The Cu(2)- O(1) bond lengths (2.007 A) of bridged carboxylate O
atom of dipicolinate is shorter than all MOgipico (M = Co, Cu and Zn) bond
lengths (2.007 2.2617 A). All Mi Ogipico bond lengths except for Cu(2)

O(1) bond length are similar to those reported metadfdjco complexes
(Harrison et al., 2006; Hakansson et al., 1993; Ma et al., 2002; Hadadzadeh et
al., 2010; Bulut et al., 2009). Like those MNgipico and M T Npnen bond
lengths for Co(ll) and Zn(Il) complexes, CWygipico bONd are shorter than Cu

I Npnen bond lengths, indicates thatipto is a stronger donor, since the two

carboxylate groups in ortho positions enhance the electron density (basicity)

NS

onthisNatom( Udar et al ., 2007; Ma et al .,

The bite angles for the dipico ligands in compbeN(7)-Cu(1)}0(3) =
77.6; N(8)-Cu(3)0O(5) = 78.4; N(8)-Cu(3)O(7) = 77.2; N(9)-Cu(3)0O(9) =
77.7 % N(9-Cu(3)0(11) = 78.6) are similar to hose reported for
dipicolinatemetal complexes (Gonzak&ar f et al ., 2005; S
2006; Xie et al ., 2004; Okabe and Oya,
al., 2007). The N(6) atom (phen) is almost directly opposite N(4) atom (phen)
as N(6)Cu(2)-N(4) bond angle is 175Also, the N(8) atom (dipico) and N(9)
atom (dipico) is almost directly opposite to each other as-Q(83)N(9)
bond angle is 17 The bite angle of the phen ligand in comp&x79.4 -
82.0) are slightly bigger than thosebserved for the phen ligands in

complexes5 and 7, but is consistent to those reported distorted octahedral



complexes (Ng et al., 2009; Jhong et al., 2007; Li et al., 2007; Hadadzadeh et
al., 2010; Wang et al., 2000). Interestingly, the bridging carbtexfaatom is
opposite to N(5) atom of phen, but the N(&)(2)O(1) bond deviate greatly

from linearity (158) in complex6.

The centroiecentroid distance of the two phen ligands that coordinated

to Cu(1) and Cu(2) in the cation [gphen}(dipico)(H.0)]*" is 3.799 A. Also,
the centroiecentroid distance between both phen ligands of adjacent
[Cux(phen)(dipico)(H0)]?* cations is 3.480 A. Besides, the centro@htroid
distance between the phen ligand of {(hen}(dipico)(H,0)]** cation and
dipicolinate ligand of the [Cu(dipicglf anion is 3.635 A. All the mentioned
centroidcentroid distance are consistent to reported values BS8BA) (He et
al., 2012; Chen et al.,2012; Castifieiras et al.,2002; Lin et al.,,2009; Janiak,
2000). Thesecentrold ent r oi d di stances suggest pr

stacking interaction between the ar.
dipicolinate Figure 4.4). (Zhang et al., 2004; Yodoshi et al., 2007; Jia et al.,
2010; Bodoki et al., @9; Paulovicova et al., 2001). The hydrogen bonding is
not indicated due to the H atoms of the water and methanol molecules are not
located. Overall, the crystal structure of compléxis stabilized by
el ectrostatic 4 ntéaaadondgeivecenthe drontatice

rings of phen ligands and pyridine rings of dipicolinate ligands.
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Figure 4.3 ORTEP structure of [G@phen)(dipico)(H:O)][Cu(dipicoy]-[(11H.O)(CH:OH)] 6, with ellipsoid at 50 %



Figure 4.4: Packing diagram of complekviewing alongb axis

Table 4.4 Selected bond lengths (A) for metal(ll) compleses?

Bond
lengths 5 6 7
A
Co(1) i O(1) 2.140(3) Cu(1) - O(3) 2.238 (8) Zn(1) 7 O(1) 2.2617(15)
M-dipico Co(1) i O(3) 2.154(3) Cu(l) - N(7) 2.013 (8) Zn(1) 7 O(3) 2.1943(16)
Co(1) T N(3) 2.047(3) Cu(2) - 0(1) 2.007 (7) Zn(1) 1 N(3) 2.0547(17)
Cu(3) - O(5) 2.178 (7)

Cu(3) - N(8) 1.929 (8)
cu(@d) - O(7) 2.202 (7)
Ccu(@3) - 0(9) 2.225 (8)
Cu(3) - N(9) 1.914 (9)

Cu@3)-0(1)  2.167(9)

M-H,O  Co(1)i O5W  2.099(3)  Cu(l)- O1W 2.009 (7) Zn(1)i OIW  2.0478(18)

M-phen  Co(1)7 N(1)  2.104(3)  Cu(l)- N(1) 2.004 (8) Zn(Q)7 N(1)  2.1142(18)
Co(1)i N2  2.130(3)  Cu(1)-N(2) 2.027 (9) Zn(1)7 N(2)  2.2028(18)

Cu(2) - N@3) 2.193 (9)

Cu@)-N@)  1.999 (10)

Cu(2) - N(5) 2.027 (9)

Cu(2) - N(6) 1.995 (9)




Table 4.5 Selected bond angle for metal(ll) complexe$ - 7

N(3)-Co(1)-O(5)
N(3)-Co(1)-N(1)
0(5)-Co(1)-N(1)
N(3)-Co(1)-N(2)
0(5)-Co(1)-N(2)
N(1)-Co(1)-N(2)
N(3)-Co(1)-O(1)
0(5)-Co(1)-0(1)
N(1)-Co(1)-O(1)
N(2)-Co(1)-O(1)
N(3)-Co(1)-0(3)
0(5)-Co(1)-0(3)
N(1)-Co(1)-0(3)
N(2)-Co(1)-0(3)

91.20(11)
171.20(11)
90.67(11)
100.47(11)
167.46(11)
78.50(11)
75.97(11)
98.59(12)
95.25(11)
88.77(11)
75.92(10)
88.96(11)
112.72(10)
89.43(11)

N(1)-Cu(1)-01W
N(1)-Cu(1)-N(7)
O1W-Cu(1)-N(7)
N(1)-Cu(1)-N(2)
O1W-Cu(1)-N(2)
N(7)-Cu(1)-N(2)
N(1)-Cu(1)-0(3)
O1W-Cu(1)-0(3)
N(7)-Cu(1)-O(3)
N(2)-Cu(1)-0(3)
N(1)-Cu(1)-O(1)
O1W-Cu(1)-O(1)
N(7)-Cu(1)-O(1)
N(2)-Cu(1)-O(1)
0(3)-Cu(1)-0(1)
N(6)-Cu(2)-N(4)
N(6)-Cu(2)-O(1)
N(4)-Cu(2)-O(1)
N(6)-Cu(2)-N(5)
N(4)-Cu(2)-N(5)
0(1)-Cu(2)-N(5)
N(6)-Cu(2)-N(3)
N(4)-Cu(2)-N(3)
0(1)-Cu(2)-N(3)
N(5)-Cu(2)-N(3)
N(9)-Cu(3)-N(8)
N(9)-Cu(3)-O(11)
N(8)-Cu(3)-O(11)
N(9)-Cu(3)-O(5)
N(8)-Cu(3)-O(5)
0(11)-Cu(3)-0(5)
N(9)-Cu(3)-0(7)
N(8)-Cu(3)-0(7)
0(11)-Cu(3)-0(7)
0(5)-Cu(3)-0(7)
N(9)-Cu(3)-0(9)
N(8)-Cu(3)-0(9)
0(11)-Cu(3)-0(9)
0(5)-Cu(3)-0(9)
0(7)-Cu(3)-0(9)

93.5(3)
173.0(3)
90.0(3)
81.6(3)
172.6(3)
95.4(3)
96.1(3)
94.2(3)
77.6(3)
91.8(3)
112.7(3)
87.5(3)
73.4(3)
89.3(3)
151.0(3)
175.4(4)
92.7(3)
91.0(3)
82.0(4)
95.5(4)
158.0(3)
97.3(4)
79.4(4)
97.8(3)
104.0(3)
175.0(3)
78.6(4)
101.5(3)
96.7(3)
78.4(3)
89.7(3)
107.9(3)
77.1(3)
95.5(3)
155.4(3)
77.7(3)
102.2(3)
156.2(3)
93.0(3)
91.7(3)

O(1W)-Zn(1)-N(3)
O(1W)-Zn(1)-N(1)
N(3)-Zn(1)-N(1)
O(1W)-Zn(1)-0(3)
N(3)-Zn(1)-0(3)
N(1)-Zn(1)-0(3)
O(1W)-Zn(1)-N(2)
N(3)-Zn(1)-N(2)
N(1)-Zn(1)-N(2)
0(3)-Zn(1)-N(2)
O(1W)-Zn(1)-0(1)
N(3)-Zn(1)-0(1)
N(1)-Zn(1)-O(1)

100.12(7)
92.24(8)
157.61(7)
88.76(8)
76.37(6)
122.86(6)
161.04(7)
95.32(7)
77.03(7)
84.22(6)
94.00(7)
73.98(6)
86.68(6)




4.3.3 Characterization of aqueous solutions of complexes

The aqueous solutions of compleXes7 were characterized by molar
conductivity, UMvisible and fluorescence studies. To investigate the species in
solution, the molar conductivities of metal(ll) chloride, ligands, compl&xes
7 were determined for time points of up to 24 houfEgyre 4.5).
Conductivity measurement is useful for studying the stability of the metal
complexes in solution and analysing the species in solution. The metal
complexess - 7, metal(ll) chlorides and ligands were dissolved in a 1:1 (v/v)
watermethanol mixture and theconductivities were measured at Z5 The
molar conductivity of CoG| CuChand ZnC}wer e about 118, 119
! em? mol™, respectively. These values remained unchanged up to 24 hours.
Molar conductivity of the metal(ll) chloride, Co{ICuCh and ZnCl are
similar to the known 1:2 electrolytes, [Zn(L)(phg®). and [ZnL(bpy}]Cl,

(Nakabayashi et al., 2006; Snow and Sheardy, 2001; Gallori et al., 2000).

Recently, Sharma and -weorkers (2011) reported that the range of the
molar conductivity @lue fornore | ect r ol yt e i‘enPmdlinhi n 8
watermethanol (1:1 v/v). The low molar conductivity values of freshly
prepared sol vemtmai) xt dfree( @.hedhecmd i gand
mol?),5( 9. 4sn? ol’) and7 ( 1 3 . Be&? npl™) indicate the non
electrolyte nature of the solvent, phen and the complexeand 7
(Papadopoulos et al., 2007). This suggests compkeresl 7 exist as neutral

complex species in aqueous solution and dissolving them did not lead to any



dissocation of coordinated ligand. The molar conductivity of com@e}4

aqt cm® mol?) is near to those 1:1 electrolyte (374 3 * gnm’ mol™)
compounds reported by Arjmand et al. (2010). The molar conductivity of
complex6 is much lower than theoretical vais of 1:1 electrolyte (759 5 * q
cm’ mol™) (Geary, 1971). This might be due to low mobility of bulky cations,
[Cux(phen)(dipico)(H0)]** and anions [Cu(dipice)® of an ionic metal
complex in the solution (Golchoubian and Fazilati, 2012; Apelbl&dt]l 20he
insignificant increase in the conductivity value of every sample over the time
might be due to the changes in the ion mobility. This phenomenon might have
caused by the evaporation of the volatile methanol in the mixture solutions
with time, as rported by Bald and eworkers in 2007. Over 24 hours, the
molar conductivity of complexe&s- 7 did not change significantly, suggesting

no dissociation of the neutral species of complegesind 7, and no
dissociation of the ionic species of compléxHence, it is concluded that
dipicolinate complexe$ - 7 are stable in solution. Dipicolinate complexes

and 7, in agueous solutions, could have existed as [Co(phen)(dipi€a)(H
and [Zn(phen)(dipico)(kD)] species respectively. Comple& could have
exigs as individual cation [G{phen)(dipico)(H,0)]** and anion

[Cu(dipico)]?.
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Figure 4.5 Molar conductivity of 1 mM of metal(ll) complexés- 7,

metal(ll) chloride, phen and dipicolinate ligand in deionised watethanol

The UV-visible spectra of the complexes and the pure ligands were

recorded in deionised watemethanol (1:1 v/v) solutions. The peak

(1:1 viv) at 25°C.

assignments of these spectra of compleses 7 along with the molar

extingd i on

4.4are the UV spectra of the complexes?7. A d-d band was observed at 729
nm for complex6 (Appendix 4.5. The coordination of phen and dipicolinate
ligands to Cu(ll) ion causestdue shift of the el band position with respect

to that in the CuGlsolution (831 nm) (Ng et al., 2006). No visible absorption

coefficients

Table 416 d\ppendiy 4.2a r e

spectra were observed for comple¥eand?. In this case, d transitions are

forbidden

by

the

Laporte

rule.

t

ab



The spectrum gpure phen ligand gave two dominant bands at 229 nm
and 265 nm. Two intense bands at 228
43660) were observed in the UV spectrum of complekwo intense bands at
222 nm (U = 12530) and 272 nm (U = 10
spectrum of complex. Similarly, two peaks were observed in the UV
spectrum of complex a t 227 nm (U = 48500) and 2
comparing with the spé&@ of the corresponding dipicolinic acid and phen
ligands @Appendix 4.6) for t he pmsand intensity af the t he
absorbance, it can be concluded that both intense peaks at ~ 227 nm and ~ 272
nm can be ascribed to the coordinated phen ligandgtg et al. (2007) and
Bencini et al. (2010) have reported the two intense peaks observed in the UV
region of the electronic spectra for phen containing complexes aroused from
intra ligand Y * transition. The obs

for the phenanthroline complexes in Chapter 3, section 3.3.3.

Regression lines and correlation coefficienf)(Ralues for each plot
are drawn as described in Chapter 3, section 3.3.3. The correlation coefficient
(R values for all the plotted graphstaimed for complexe$ - 7 are very
close to 1.0000, showing that the data obtained fit in the regression line and
obeyed the Bedrambert Law. The average molar absorptivity values of
complexes5 i 7 were obtained by using the Bdeambert Law and the

gereral linear equation.



Table 4.6 Absorption spectral data of metal(ll) complexes,7

Complex @max (nM), Assignment
P 0 (tdmfcm™) g
5 228 (U = 53 Y *(phen)
271 (0 = 43 Y *(phen)
6 222 (0O = 12¢9 Y *(phen)
272 (0 = 10¢ Y *(phen)
729 d-d
7 227 (0O = 48 Y *(phen)
272 (0O = 39 Y *(phen)
phen 229 20
265 A
The FL emission spectra for complexes
[Co(phen)(dipico)(HO)]-2H,0 5,

[Cux(phen(dipico)(HO)][Cu(dipico)]-[(11H,0)(CHsOH)] 6 and
[Zn(phen)(dipico)(HO)]-H.0 7 are shown irFigure 4.6. All three complexes

5 - 7 can emit fluorescence ideionised watemethanol(1:1 v/v) solution.
Complexes-7gave t wo b adeswmihe iange di 264866

nm and at 377 nm. By comparing with FL spectra of free phen and dipico
ligands in the same solvent mixture, it is concluded that both peaks arise from
coordinated phen as dipicolinate ligand has no FL emission. The Fkiemis
spectrum of comple® (Figure 4.6; spectra Ill) showed that Co(ll) partially
guenched the highly emissive free phen ligand. Similarly, Cu(ll) quenched the
highly emissive free phen ligand too as shown in spectrum of conplex
(Figure 4.6; spectra IV). Seng and cavorkers (2008) have described this

guenching mechanism as static quenching.
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Figure 4.6 Fluorescence spectradfl), phen (I1),5 (Ill), 6 (IV), dipico (V)
and solvent mixture (VI) at 0.1 pM.

Seng et al.,, (2008) found that the amount of quenching of the
coordinated phen is influenced by ttye of transition metal(ll) ion in the
octahedral [M(phen)(edda)] complexes. Diamagnetic Zn(ll) enhances the FL
of the coordinated phen while paramagnetic Co(ll) and Cu(ll) partially
guenches the highly emissive free phen ligand. Higher FL emission eliserv
for Zn(Il) complex (compared to the Co(ll) and Cu(ll) complexes) has been
attributed to the full ¥ electron configuration of the Zn(ll) ion (Het al,

2010). In a previous study on the fluorescence of solid samples of a series
ZnX,(phen) complexes (% ClI, Br, 1), the type of halide was found to affect
the FL emission intensity and the order was found to befnit&n) < phen <

ZnBr,(phen) < Znj(phen) (lkeda et al., 1996). The FL emission enhancement



was explained by the dependence of intersystem crossing rate on the halide,
and the mechanism involved a Heitlesndon type mixing between the phen

|l ocally excited and t he -tgligagdhchdrge ge n)
transfer (LLCT) electronic configart i ons and 1, 3( n, a*)
due to the coordination. Analysis of the dat&igure 4.6 shows that a change

of the type of metal(ll) ion influences the FL emission intensity but not the
amax and shape of the FL emission bands. The order roptexes in terms of

increasing FL intensity i6 <5 < phen <7.

4.4  CONCLUSION

Reactions between phen, dipicolinate and metal(ll) chloride (metal(ll)
= Co(Il), Cu(ln or Zn(ll)) yielded metal complexes
[Co(phen)(dipico)(HO)]-2H,0 5,
[Cux(phen(dipico)(HO)][Cu(dipico)]-[(11H,0)(CHsOH)] 6 and
[Zn(phen)(dipico)(HO)]-H,O 7. The chemical structures and chemical
formulae have been established by Fourier Transform infrared spectroscopy
(FTIR), CHN elemental analysis and-rdy crystallography.lt can be
concluded from the above discussion that compléxaad 6 exist as non
electrolyte in aqueous solution. The neutral complexesnd 6 exists as
[Co(phen)(dipico)(HO)] and [Zn(phen)(dipico)(ED)] species in aqueous
solution. The molar conductivity measurements suggest that complexes
7 seem to be stable within the duration of conductivity measurement. Complex

6is a 1:1 electrolyte. The lower molar conductivity of comexight be due



to low mobility of bulky cation and anion of the complexes in the solution.

UV absorption peaks observed in the electronic spectra of the complexes
could arise from the “~Y * transition o
However, no visible absorptiopeaks was found in the electronic spectra
obtained for complexeS and 7. Zn(ll) enhances the FL of the coordinated

phen while Co(ll) and Cu(ll) partially quenches the FL of the coordinated

phen. The order of compounds in terms of increasing FL interss@yi5 <

phen <7.
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SYNTHESIS AND CHARACTERIZATION OF METAL(II)
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[M(phen)(AA)(H 20)CI]-2H 0 (M(Il) = Cu, Zn; AA = L -thr, D-thr)



CHAPTER 5
SYNTHESIS AND CHARACTERIZATION OF METAL(lI)
1,10PHENANTHROLINE COMPLEXES WITH N,O- THREONINE,

[M(phen)(AA)(H ,0)CI]-2H,0 (M(Il) = Cu, Zn; AA = L -thr, D-thr)

5.1 INTRODUCTION

Previous chapters investigated ternary metal(ll) polypyridyl complexes
with OO'-maltolate (chapter 3) @®NO-*-dipicolinate (chapter 4) as coligand in
the solid (FTIR, elemental CHN and-rdy crystallography) state and in the
aqueous solution form (UMisible, molar conductivity and fluorescence). In
this chapter, another set similar metal(ll) complexes was constructed by
retaining the main ligand 1,3ghenanthroline, by choosing two types of
metal(ll), and changing the coligand to threonine. Her#reonine (l-thr)
and Dthreonine (Bthr) were used. Thus, two pairs of enanteric ternary
metal(ll) complexes were prepared and their general formula is
[M(phen)(AA)(HO)CI]-2H,O (M(Il) = Cu, Zn; AA = L-thr, D-thr). Both
coordinated Ethreoninate and fhreoninate have {donor and Hacceptor
sites and are optically activeMany qotically-active transition metal
complexes have been synthesized and studied (Bryan and Dabrowiak, 1975;
Douglas and Saito, 1980; Brunner et al., 2000). Enantiomers of chiral metal
complexes have attracted considerable attention as potential structined pro
of DNA conformation (Nakabayashi et al., 2004; Chetana et al., 2009; Zhang

et al., 2009; Jin and Ranford, 2000; Rao et al., 2007). Chiral octahedral metal



compl exes i nvol ving del t a ( p) and
extensively investigated (Svesmh et al., 2011; Hall et al., 201t owever,

less research on the land B chiral metal complexes has been carried out
(Arjmand et al., 2010). As was done for the previous two series of metal(ll)
complexes, this chapter also investigated the effecthahging the type of
metal(ll) ion and chiral coligand ¢M(phen)(AA)(H.O)CI]-2H,O complexes
(M(ll) = Cu, Zn; AA = L-thr, D-thr) on their structures, thermal stability and

solution propertiesl{V-Visible, molar conductivity and fluorescence

5.2 EXPERIMENTAL

5.2.1 Materials and Reagents

1,10phenanthroline monohydrate (99%);threonine (98 %), b
threonine (98 %), Copper(ll) chloride dihydrate were purchased from Acros

Organic. Zinc(ll) chloride puriss was purchased from RieldelHaen.

Methanol ancammonia were of analytical grade and were used as purchased.

Deionised water was used as solvent.

5.2.2 Preparation of [M(phen)(AA)(H ;O)CI].2H,0 (M(Il) = Cu, Zn;

AA = L-thr, D-thr) 8- 11

In the preparation of [Cu(phen}tr)(H.O)CI]-2H,O 8, copper(ll)
chloride (0.17 g, 1 mmol) in deionised water (10 mL) aritifeonine (0.12 g,

1 mmol) in 1.0 M NH solution (20 mL) were mixed and stirred continuously

a)



at room temperature for 10 minutes. This was followed by addition of a
methanolic solution (BnL) of phenanthroline (0.18 g, 1 mmol) to the above
mixture. The resultant mixture was heated until the volume of the solution
reached approximately 5 mL. The solution was then allowed to stand
overnight. The solid product formed was collected on theviaolig day by
suction filtration and washed with cold deionised water. The comf|exas
obtained as blue crystals (0.40 g, 85 %). The [Cu(pheti)(pH.O)CI]-2H,0O

9, was similarly prepared. In the preparation of com@exhe L-threonine
solution was eplaced by Ethreonine solution. The fhreonine solution was
prepared by dissolving dhreonine (0.12 g, 1 mmol) in 1.0 M NHolution

(20 mL). On standing, blue crystals formed in the reaction mixture. The
crystals were filtered and washed with cold deed water (0.38 g, 82 %).
The zinc(ll) analogues,viz. [Zn(phen)(L-thr)(HO)CI]-2H,O 10 and
[Zn(phen)(Dthr)(H20)CI]-2H,O 11, were similarly prepared. The copper(ll)
chloride solutions were replaced by zinc(ll) chloride solutions. The colourless
crystalsof 10 and11 formed in their respective reaction mixtures on standing
overnight. These crystals were filtered and washed with cold deionised water

(Complex10: 0.35 g, 80 %; complexl: 0.36 g, 82 %).

5.2.3 Characterization of solids complexes

Elemental analyses (C, H, and N) and FTIR spectral of the complexes

were similarly carried out as described in chapter 3.2.3. In this chapter,

thermogravimetric analyses of the complexes were performed with a Mettler



Toledo TGA/DTG 851 instrument as desbed in Chapter 3 (Section 3.2.3)
with a slight change in program setting. The samples were heated in the range
of 25- 800°C and the heating rate was A&/min. The nitrogen gas gNflow

rate was set at 20 mL/min.

5.2.4 Determination of crystal gructure

Crystal structures of complex8s10 and 11 were solved by Prof. Ng
Seik Weng from University of Malaya (UM), Malaysia. Crystal data of
complexes8, 10and 11 were collected on a Bruker SMART APHKCCD
aread et ect or using=M0. RUOT7 aadapmoden e (g ¥
SMART and SAINT softwares (2000) were used for data acquisition, cell
refinement and data reduction. SADABS (Sheldrick 2001) was used for
empirical absorption correction. The structures were solved by direct methods
and refined by fullmatrix, leastsquares method using the SHEL-R%

program (Sheldrick 1997).

Crystal structure of compleXwas solved by Assoc. Prof. Leong Weng
Kee from Nanyang Technological Universilty (NTU), Singapore. Crystal data
of complex9 wascollected at 103 K on a Bruker APHKCCD areadetector
using Mo KU radiation (& %< o0d 7<C.0¥&8. 49
Bruker APEX2 and SAINT softwares (2007) were used for data collection,

refinement and reduction. Absorption corrections waesele using SADABS



(Sheldrick 1997). Bruker SHELXTL (2000) was used for space group
determination, structure refinement, graphics and structure reporting. Crystal
parameters, data collection details and results of the refinements are

summarized imable 51.

5.2.5 Characterization of aqueous solution®f complexes

The preparation of the waterethanolic (1:1 v/v) solutions of metal(ll)
complexes§ - 11) and procedures for the conductivity measurementNES|
UV-visible and fluorescence study were the same as those in Chapter 3
Section 3.2.5.Circular dichroism (CD) study of the chirality of metal
complexes was carried out with a 1.0 mm quartz cellgusinJasco-310
spectropolarimeterSolutions of copper complex (2.5 x 10M) and zinc

complex (1.0 mM) were prepared by using deionised water.



Table 5.1 Crystal data and structure refinement for metal(ll) compleke&0

8 9 10 11
Empirical formula CUC15H22N3OGC| CUC15H22N305C| ZnC15H22N305C| ZnC15H22N305C|
Formula weight 451.36 451.36 453.19 453.19
Temperature (°C) 25 - 170 20 20
Crystal system and Space group Monoclinic, P2(1) Monoclinic, P2(1) Monoclinic, P2(1) Monoclinic, P2(1)
Unit cell a =7.0809(13) a=6.9777(2); a=6.9963(7) a =7.0809(13)

dimensions (A)

b = 10.3455(18)

b = 10.2734(4);

b = 10.3330(10)

b = 10.3455(18)

c =12.564(2) c =12.5168(4) c =12.7290(12) c =12.564(2)

Volume (A%) 915.2 893.47 914.9(15) 937.3(3)

Z 2 2 2 2

Density (calculated) (Mg/m®) 1.638 1.678 1.645 1.606

Absorption coefficient (mm™) 1.379 1412 1.528 1.491

F(000) (mm) 466 466 468 468

Crystal size (mm) 0.49 x 0.16 x 0.09 0.40 x 0.36 x 0.32 0.35x 0.25 x 0.15 0.25 x 0.10 x 0.05

d range for ®ata collecti| 1607 2550 2.5771 36.48 1617 27.49 1.607 25.00

Index ranges 7 O h O 8 -11 hO 11; 90 h O 9 8 O h O 8
-12 O k O 12 -17 kO 17; -13 O k O 13 12 O k O 12
-15 01 0O 15 0 10 20 -15 O 1 O 16 -15 0Ol 0O 15

Reflections collected 5526 19941 8550 7316

Independent reflections 3238 8146 4058 3250

Data/restraints/parameters 3238/10/280 8146/1/263 4058/10/272 3250/10/264

Goodness-of-fit on F 1.030 1.049 1.075 1.007

Final R indices[I > 211 4)

R =0.031; wR =0.071

R =0.0274; wR = 0.0640

R =0.0523; wR =0.1491

R =0.0579; wR =0.1348

R indices (all data)

R =0.033; wR =0.072

R = 0.0309; wR = 0.0640

R = 0.0585; wR = 0.1530

R =0.0811; wR = 0.1476

Largest dif. Peak and hole (e A%

0.29, -0.27

0.387, - 0.787

1.535,-0.741

0.994, -0.694




5.3 RESULT AND DISCUSSION

5.3.1 Characterization of solids complexes

A series of threoninate complexes weneepared with heterocyclic
phen ligand and two chosen late transition metal ?{Cand Zrf").
[M(phen)(AA)(H,0O)CI].2H,O complexes were prepared by modifying
previously published methods (Abdeahman et al., 1996; Zhang et al.,
2004; Rizzi et al., 2000; Yabhi et al., 2007). AA represents amino acid
used, lthreonine or Bthreonine. Blue crystals were obtained for both
Cu(ll) complexes, [Cu(phen)¢thr)(H,O)CI]-2H,O 8 (yield, ~85 %) and
[Cu(phen)(Dthr)(H.O)CI]-:2H,O 9 (yield, ~82 %). For [Zn(phen)dL
thr)(H.0)CI]-2H,0 10 (yield, ~80 %) and [Zn(phen)&hr)(H.O)CI]-2H,0
11 (yield, ~82 %), white crystals were obtained. Based on microanalysis
results, the complexes can be formulated as [Cu(phen)(L
thr)(H.O)CI].2H,O 8, [Cu(phen)(Bthr)(H.O)CI].2H,O 9, [Zn(phen)(L-
thr)(H.0O)CI].2H,0 10 and [Zn(phen)(Bthr)(H.O)CI].2H,O 11. These and

other physicochemical data are listedlable 5.2

Table 5.2:Physical and chemical data of metal(ll) complees]1

Complex 8 9 10 11

Molecular [Cu(C4HsNO3) [Cu(C4HsNO3) [Zn(C4HgNO3) [Zn(C4HgNO3)

formulae (C12HeN2)(H0)Cl] - | (C12HaN2)(H20)CH] | (C12HaN2)(H20)CH] | (Ca2HaN2)(H20)CH]
-2H,0 -2H,0 -2H,0 -2H,0

Molecular

weight (g/mol) 451.36 451.36 453.19 453.19

% vyield ~85% ~82% ~80 % ~82%

Colour Blue crystals Blue crystals White crystals White crystals

CHN c| 4258 42.58 42.40 42.40

elemental (42.26) (42.21) (42.50) (42.70)

analysis, H 4,91 491 4.89 4.89

% (4.61) (4.38) (4.71) (4.70)

Calculated N| 931 9.31 9.27 9.27

(Found) (9.31) (9.18) (9.64) (9.73)




The vibration peaks observed at 3421 (compl@xe8) and 3391 cn
(complexeslO - 11) suggested the presence of coordinated water or lattice
water molecule(s) (AbddRahman et al., 1996). All the four complexes exhibit
two bands, one in the range of 5611623 cni and another at about 1395 cm
L which are GdfGCOOR c agACOG)tofithe CODgroups
present i n amino acigCOOJis ebsefvedead a mi r
frequency 1630 crh (Appendix 5.) whi |l e t he c.9€0®spond.i
stretching vibrations of the four complexes were shifted to lower frequencies
suggesting the terminal coordination mode of carboxylate group of threonine
to the copper/ zinc ion (Yangs(@€iO) al . , y
andyy(@O) stretch ng frequencies (@&@3) value w
nature of binding of carboxyl ate to
complexes are more than 200 tmvhich clearly indicate unidentate binding
of carboxylate group to metal ion (AbdRbhhman et al.1996; Jin and
Ranford, 2000; Zhang et al., 2004; Jia et al., 2010; Arjmand et al., 2010). The
free ami fPstretchingds aBappximately 1184 ¢mnd this band
shifted to lower frequency at 1165 ¢nfor its complex, suggesting
coordination & the amino nitrogen atom. In other words, FTIR analyses
suggest the bidentate coordination of amino acid ligand to metal thiough
COOQO andiNH; groups (Nakamoto et al., 1978; Abdghhman et al., 1996;

Versiane et al., 2006).

Al so, t he 3 ( ¢ stitthingafreguendeé Gf=fr€ée phen

ligand are observed at 1505 and 1422 dppendix 3.2). In the infrared



spectra of complexe8 - 11, the 3(C=N) stretching ba
frequencies at 1524 ¢h(complexes8 and9) and 1520 ci (complexeslO

andll)) . The 3(C=C) stretching peaks are
compared to those of free phen ligand, at 1434 and 1590ircimoth Cu(ll)
complexes3 and 9. In Zn(ll) complexes 10 and 11) , the 3(C=C) st
peaks are aierved at 1432 and 1583 ¢ém Bot h 3( C=N) and
stretching shifted to a higher frequency upon complexation (Jin and Ranford
2000; Zhang et al ., 2004, Q)TWe-qQl)ist(awr a't
stretching frequencies are found below 400'cithese peaks are beyond the
detection of the FTIR spectrophotometer used (Nakamoto 1977; Reddy et al.,
2006). In conclusion, FTIR spectral analysis of compleékedl (Appendix

5.2) shows that both phen and threoninate ligands are coordinated to the metal

(Cu(ll) and Zn(ll)) centres respectively.

Table 5.3:Characteristic Infrared band assignments of
metal(ll) complexes8 - 11

Bond 8 9 10 11 Remarks
3 (-B) 3421() | 3421(b) | 3391(b) | 3391(b) |  water
3 (-8 3048(w) 3048(w) 3054(w) 3054(w)
c 1590(sh) | 1590(sh) | 1583(sh) | 1583(sh)
3 (0 1434(m) | 1434(m) | 1432(m) | 1433(m)
3( C=N) 1524(m) 1524(m) 1520(m) 1520(m)
725(s), 725(s), 729(s). 729(s), Phen

3 (-8) 738w, | T38| g7w), | 788(w)
Out-of-plane 851((st))’ 851((st))’ 851(s), 851(s),
5000] o000m) 8o8(m) | 898(m)
3 ( CO0 1623() | 1623(s) | 1616(s) | 1615(s)
s (COP 1395(s) | 1395(s) | 1395(s) | 1395(s)
3 (M) 3313() | 3313(b) | 3329(b) | 3329(b)
3 () 2973w) | 2973w) 223883)) gggg%)
(C-H)bend 1458(m) | 1458(m) | 1452(m) | 1453(m)
(C-H)rock 1347(m) | 1347(m) | 1351(m) | 1351(m)

3 (-) 1165(m) 1165(m) 1154(m) 1154(m) | Threonine
3(-C) +-0)3(C | 872w 872(w) 866(W) | 867(w)
1308(W), | 307w | 1312w) | 1311w)
$ (QH + p (NH %3;%(("\,% 971(w) 966(w) | 966(w)
, (C=0) 648(w) 648(w) 643(w) | 643(w)
U ( Nkt gl)C 1052(m) | 1052(m) | 1047(m) | 1047(m)
0 ( Ny 807(m) 807(m) 802(w) | 802(w)




Elemental analysis of complex8sand9 allows their formulation as
[Cu(phen)(L:thr)(H20)CI]-2H,O and [Cu(phen)(Bhr)(H,O)CI]-2H,O. The
TG-DTG curves(Appendices 5.3- 5.4) of the pair of enantiomeric Cu(ll)
complexes8 and 9 have five decomposition peak$able 5.4. In the DTG
curves for complexe8 and9, it canbe seen that all five decomposition steps
are endothermic process@&he loss of two water molecules (Calc.: 8.0 %;
Found: 7.9 % §); 7.8 % Q)) for both Cu(ll) complexes occurred in the first
step of decomposition at around 1W suggesting that they are lattice water
molecules. In the second decomposition step, losother water molecule
(Calc.: 4.0 %; Found: 3.9 98) 3.3 % Q)) for both Cu(ll) complexes at above
100°C suggests coordinated water molecule. This means that both complexes
8 and9 have two lattice water molecules and one coordinated water molecule
(i.e.aqua ligand)A weight loss of 7.8 % (comple®) and 7.3 % (compleQ)
(Calc.: 7.9 %) were observed at around 168 These can be assigned to the
removal of one chloro ligand from each of the complexes. The high
decomposition temperature suggests thatchloro ligand is coordinated into
the Cu(ll) center as reported elsewhere (Fouad et al., 2010; Mishra et al.,
2012). The above analyses of thermal data are consistent with the earlier CHN
analytical dataTfable 5.2, infrared spectroscopic analysdalfle 5.3 and x
ray data (able 5.5 which show the presence of coordinated chloride, one
coordinated water molecule and two lattice water molecules. The last two

decomposition steps could not be interpreted.



The TGA curves of Zn(Il) complexef) and11 also showed five steps
of decomposition in the range of 2800°C. In the first decomposition step,
a peak (Calc.: 7.9 %, Found: 7.6 49); 6.7 % (1)) was observed at around
60 °C, which corresponds to the loss of two water molecules. The expulsion of
water molecules at low temperature seems to suggest that they are lattice water
molecules and not coordinated water molecules. The second weight loss was
observed ata. 90 °C. Thisinvolved a weight loss of 4.0 % and 3.8 % (Calc.:
4.0 %) which can be ascribed to loss of one water molecule for comgléxes
and 11 respectively. Because of the higher decomposition temperature, this
water molecule could be the aqua ligangs. coordinaed water. Both
dehydration process,e. first and second decomposition steps, in Zn(ll)
complexes, are endothermic reactions as shown in DTG cApgefdices
5.5- 5.6). The third decomposition step at ~Z@tfor both Zn(Il) complexes
can be interpreteds removal of chloro ligand as the weight loss of 6.A.8) (
and 4.1 % 11) approximately matched the theoretical loss of a chloride (Calc.:
7.8 %). This thermal data matched well with the CHN analytical datayX
data and infrared result. In the findécomposition stage, a broad curve and
large weight loss was observed for both Zn(ll) complexes. This decomposition
step could have involved more than one chemical processes. As a result, it is
difficult to correlate these steps accurately with proper migosition
products. All four TGA curves for Cu(ll) and Zn(Il) complexes show that they
underwent similar dissociation processes at the first three stages. Firstly,
dehydration of two lattice water molecules followed by removal of one aqua
molecule from thanetal(ll) complexes. Decomposition process continue with

the removal of chloro ligand from both Cu(ll) and Zn(Il) complexes.



Table 5.4: TGA datd for metal(ll) complexes8 - 11.

Wt.
Decomposition % loss .
Molecular formulae range (°C) calc. Assignment (Removal)
(Found)
2(84;3)%8 8.0 (7.9) 2 mole of lattice water
[CU(CQHBNZ)(C4H?go3)(HZO)C|]'ZHZO 105 - 144 4.0 1 mole of coordinated
(134)° (3.9) water molecule
164 - 178 7.9 .
(169)° (7.8) 1 mole of CI
29 -115 8.0 .
44y (7.8) 2 mole of lattice water
[Cu(C12HsN2)(C4HsNOs)(H.0)CI]-2H,0
©) 115 - 147 4.0 1 mole of coordinated
(129)° (3.3) water molecule
147 - 180 7.9 .
(167)° (7.3) 1 mole of CI
39-79 7.9 .
(60)° (7.6) 2 mole of lattice water
[ZNn(C12HgN2)(C4HsNO3)(HL0)CI]-2H,0 79 -132 4.0 1 mole of coordinated
(10) (91)° (4.0) water molecule
132 - 232 7.8 .
(204)° (6.0) 1 mole of CI
26-72 7.9 .
(60)° (6.7) 2 mole of lattice water
1 mole of coordinated
[Zn(cleSNZ)(@HaNl;Js)(HZO)CI]-2Hzo 7(38;3)%9 (;‘-g) water molecule
99 - 225 7.8 .
(204)° (4.1) 1 mole of CI

@ Only the first three decomposition steps was tabulated in the table due to its
importance todetermine the properties of water molecules and chloride atom.
Pyalue in the brackets refers to the inflectipaints of each decomposition
stage.

5.3.2 Analysis of crystal structures

The crystal structures of Cu(ll) complexe8 @&nd 9) and Zn(ll)
complexes 10 and 11) are shown in Figure 5.1 and
Figure 5.2 and these structures are similar. Each of tisésetures depicts a
neutral compound which can be formulated as [M(phen)(A&XiEl] and
two lattice water molecules. Thus, all of them can be formulated as

[M(phen)(AA)(HO)CI]-2H,O (M is Cu(ll) or Zn(ll); AA is L-thr or D-thr).



The central M(Il) ion issix-coordinated and has a distorted octahedral
geometry. The phen ligand behaves aN,-bidentate ligand. Phen ligand
coordinated to the metal centv& its two nitrogen atoms. The threoninate
ligand behave asM,O-bidentate ligand. The threoninatedigl is coordinated

via its amino nitrogen atom and carboxylate oxygen atom. Both threoninate
and phen ligands coordinated to the metal centre at the equatorial positions.
The fifth and sixth vacant coordination sites at the axial positions are filled by
one aqua ligand and one coordinated chloride ion, CI(1). Selected bond

lengths and angles are listedTiable 5.5

Figure 5.1: Crystal structure of (a) [Cu(phen)}hbr)(H.O)CI]-2H,0 8;
(b) [Cu(phen)(Bthr)(H,0)CI]-2H,0 9

(a) va (b) (m
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rE K

Figure 5.2: Crystal structure of (a) [Zn(phen)}ibr)(H.O)CI]-2H,O 10; (b)
[Zn(phen)(Dthr)(H.0)CI]-2H,0 11




The equatorial Cu(3p(2) and Cu(1N(3) bond lengths are 1.969(2) A,
1.990(3) A in complex8 and the Cu(HD(1) and Cu(:N(1) bond lengthk are
1.9742(10)A, 1.9959(12)A in complex9. The bond lengths of threoninate to
the metal centre are similar to those found in other cepm@no acid
complexes such as [Cu(phemiir)(H,0)](CIOs), [Cu(OH)(phen)(L:
phe)ING;-H,0, [Cu(L-thr)]-H20, [Cu(phen)(Gly)Cl}-7H,0O, [Cu(bpy)(L-
pro)(H0)]-NO;z (L-thr = L-threoninate and 4phe = L-phenylalanine; Gly =
glycine; bpy = 2,2bipyridine) (AbdetRahman et al., 1996; Rizzi et al., 2000;
Zhang et al., 2004; Rao et al., 2007; Yodoshi et al., 2007). Tk Ibagths of
Zn-Ogy and ZnNy, are 2.057(4) A, 2.083(5) A in compld0 and 2.118(5) A
and 2.161(6) A in complexl, respectively. The bite anglesn3 M(1) i N
for chelated amino acids to the metal centres in compl@xesl are in the

range of - 84°.

Bond lengths of the coordinated phen nitrogen atoms to the Cu(ll) and
Zn(Il) centres are close to the corresponding literature values of @a@n
and Zn(ll}yphen complexes. The bite anglgsNi M(1) T NphenOf both Cu(ll)
and Zn(ll) complers are in the range of 7882°, which are close to the
corresponding values reported for some phenanthroline complexes {Abdel
Rahman et al., 1996; Paulovicova et al., 2001; Zhang et al., 2004; Yodoshi et
al., 2007; Jia et al., 2010). On the other hahd, M(1)}CI(1) distance and
M(1)-Oaquadistance are longer than the corresponding values reported for the
known Cu(ll) and Zn(ll) complexes with aqua and chloro ligands (Su et al.,

1993; AbdelRahman et al., 1996; Ng et al., 2003; Zhang et al., 2004; dia et



2010). Thus, the chloro and aqua ligands are probably weakly bounded to the

M(Il) atom and they may dissociate when dissolved in water.

Basically, each of the threoninate ligand has botackkptor and H
donor sites and the lattice water molecudes as Hdonor sites. Hydrogen
bonding links each [M(phen)(AA)@D)CI]-2H,O (M = Cu or Zn) molecule
with adjacent molecules in the lattice into 3D supramolecular frameworks.
Interestingly, both pairs of Cu(ll) and Zn(ll) enantiomers show a mirror image
in the direction ob-axis Figures 5.3i 5.4). This suggests that the chirality of
complexes3 - 11 are controlled by the chirality of ligands like those Cu(ll)

and Cd(Il) complexes reported by Li andworkers (2013).

Figure 5.3: The molecular packing with hydrogéonding of comple8 (left)
and its enantiomer, compl@&right) in the direction oé-axis. The mirror is
drawn as a dash line.



Figure 5.4: The molecular structure with hydrogéonding of complexX0
(left) and is enantiomer, complekl (right) in the direction o&-axis. The
mirror is drawn as a dash line.



Table 5.5:Selected bond lengths, (A) and bond andlp¢ complexes - 11.

Bond lengths, (A)

10 11
Cu(l) - N(1) 2.015(3) Cu(l) - N(2) 2.0121(12) Zn(1) 1 N(1) 2.073(5) Zn(1) 1 N(1) 2.078(6)
Cu(d) - N(2) 2.031(3) Cu(l) - N@3) 2.0296(12) Zn(L) 1 N2) 2.136(5) Zn(1) 7 N(2) 2.131(7)
Cu(l) - N@3) 1.990(3) Cu(l) - N(1) 1.9959(12) Zn(1)7 O(1) 2.057(4) Zn()7 0Q1) 2.083(5)
Cu(l) -0 1.969(2) Cu(l) - 00 1.9742(10) Zn(1) 7 N@3) 2.118(5) Zn() 7 N@3) 2.161(6)
Cu(l) - O(@) 2.404(3) Cu(l) - 0(@) 2.3465(10) Zn(1) 7 O1W 2.201(4) Zn(1) 7 O1W 2.222(5)
Cu(l) - Ci(D) 2.780(3) Cu(l) - Ci(D) 2.772(3) Zn(1) 1 CI(1) 2.5729(13) Zn(L) 1 CI(1) 2.5929(19)
Bond angles, (°)
10 11
0(@)7 Cu(l) T N@) 84.45(11) o) 7 Cu(l) T N(I) 84.43(5) o)1 Zn(1) T N(1) 81.96(18) o)1 Zn() T N 81.8(2)
0(2)1 Cu()i N@@) 96.35(9) O(1) T Cu@)i N(2) 96.61(12) O(1)7 zn(@)i N@3) 100.26(16) O(1) 1 zn(1) i N(3) 172.0(2)
0@)1 Cu(l)T N2 172.04(10) o)1 Cu(l) T N@3) 172.77(4) o)1 zn(1) T N) 171.49(17) o)1 Zn() T N(2) 100.3(2)
0@)7 Cu(l)T 0@ 86.01(11) o)1 Cu(l)T 0@ 86.80(4) o) 7 Zn(1) T OIW 85.59(19) O() 7 Zn(1) T OIW 86.1(3)
N@3) 1 Cu(l)i N() 178.54(12) N(L) i Cu@)i N(2) 177.71(5) N(L) T Zn(1) i N(@3) 177.8(2) N(L) T zn(1)i N(3) 99.7(2)
N@3) T Ccu(l)i N2) 97.29(10) N(1) 7 Cu(l)i N@) 97.16(5) N(1) T zn(1) 7 N@2) 99.56(17) N(1) i zn(1)i N2) 177.9(3)
N@3)T Cu(l)i O@) 88.18(11) N(2)7 Cu(l)i N@) 82.06(5) N@3) T zZn(1) 1 NQ2) 78.3(2) N@3) i zn(1) i N2) 78.4(3)
N(L) i Cu(l)i O(4) 93.09(10) N(L) i Cu(l)i O(4) 88.24(4) N(L) i Zn(1)7 O1W 89.33(18) N(L) T zn(1)i OIW 89.7(3)
N(2)7 Cu(l)i O(@) 86.28(11) N(2)7 Cu(l)i O@) 93.85(4) N@3)7 zn(1) 1 OIW 91.07(18) N@3)i zn(1)i OIW 86.0(3)
N(1) T Cu(l)i N@2) 82.09(12) N@3) 7 Cu(l)i O@) 86.20(4) N@2)7 zn(1) T O1IW 86.06(19) N(2)7 zn(1)i OIW 90.9(2)




5.3.3 Characterization of agueous solutions of complexes

To study the species of metal¢{phenrthreoninate complexe8 - 11
respectively in solution, complexes were dissolved in watthanol (1:1 v/v)
mixture and each solution was analysed by using Elgmtay lonisation Mass
Spectrometry (ESMS). All the metal(ll) complexes were studied by B\%$
in positive ion mode. The mass spectrum of comglakows a base peak at
an m/z value of 360.8 (calc. 361.8, relative abundance: 100 %) could be
assigned to°fCu(phen)(L:thr)]*. The isotopic peak am/zvalue of 362.8 (calc.
362.9, relative abundance: 42 %) could be assigneff@u(phen)(L:thr)]".

The mass spectrum of compl8shows a base peak at mmizvalue of 360.9

(calc. 361.8, relative abundance: 10D &d an isotopic peak at/zvalue of

362.9 (calc. 362.8, relative abundance: 46 %). These peaks could be assigned
to [**Cu(phen)(Bthr)]* and P‘Cu(phen)(Bthr)]*, respectively. The high
intensity peak am/z 274 is due to the presence of low amountgdurity in

the sample. The same peah/d 274) is observed in the ESI mass spectrum of

phen ligand.

The base peak observedratz 361.7 in the ESI mass spectrum of
complex 10 matched well with the calculated mass f0Zp(phen)(L-thr)]*
(calc.: 363.7 relative abundance: 100 %)he isotopic peaks am/zvalues of
359.7 (calc. 360.9, relative abundance: 9 %), 360.8 (calc. 362.9, relative
abundance: 15 %), 363.7 (calc. 364.9, relative abundance: 53 %) and 365.7

(calc. 366.9, relative abundance: 31 %bthe ESI mass spectrum of complex



10 are assigned to [Zn(phen)(hreo)] species with different zinc isotopes
(®*zn, °®zn, %8zn and°zn). In the case of complekl, peak atm/z 361.8
matched well with the calculated mass [6Zn(phen)(Dthr)]* (calc.: 360.9,
relative abundance: 45 %). There are two explanations for the lower relative
abundance in®Zn(phen)(Dthr)]*. This phenomenon might be due to the
lower concentration used or the high temperature applied to the capillary
system. The temperature used (269 to obtain ESI mass spectrum might be
too high temperature and lead to degradation or break down of thees@sipl
The isotopic peaks ah/z values of 363.7 (calc. 362.9, relative abundance:
21 %), 364.7 (calc. 363.9, relative abundance: 8 %), 365.7 (calc. 364.9,
relative abundance: 16 %) and 366.7 (calc. 366.9, relative abundance: 2 %) in
the ESI mass spectruni complex11 are similarly assigned to [Zn(phen)(L

threo)] species with different zinc isotope&2n, °“zn, ®*Zn and’°zn).

The messy mass spectra of complek@sand 11 might be due to the
presence of impurity in the sample. By caripg ESI mass spectra of
complexeslO and 11 with those of phen and threonine ligands, the impurity
could be assigned to unreacted phen and threonine. Two spedis ain/z
212 and 302 in ESI mass spectra of compled@and 11 were observed at
ESI mas spectrum of phen ligand. Other peaks&t 289, 482 and 541 were
observed at ESI mass spectrum ethteonine ligand too. All the cationic
complex species detected in the ESI mass spectra were feiadigsociation
of the aqua and the anionic chloritgands from their respectiveomplexes8

- 11 (Ng et al., 2006; Arjmand et al, 2010).



Table 5.6:ESFMS data for metal(ll) complexe8,- 11

Complex Fragment m/z (calculated) m/z (Found)
8 [ *Cu(phen)(L-thr)]" 361.8 360.8
[**Cu(phen)(L-thr)]" 362.8 362.9
9 [®*Cu(phen)(D-thn)]* 361.8 360.9
[**Cu(phen)(D-thn)]* 362.8 362.9
10 [®*Zn(phen)(L-thr)] 360.9 359.7
[*®*Zn(phen)(L-thr)]" 362.9 360.8
[¥Zn(phen)(L-thr)]* 363.9 361.7
[®Zn(phen)(L-thr)]" 364.9 363.7
[°Zn(phen)(L-thr)]" 366.9 365.7
11 [*Zn(phen)(D-thn)]* 360.9 361.8
[®*Zn(phen)(D-thn)]* 362.9 363.7
[¥Zn(phen)(D-thn)]* 363.9 364.7
[®*zn(phen)(D-thn)]* 364.9 365.7
["°Zn(phen)(D-thr)]* 366.9 366.7

Conductivity measurement is a useful technique to study the type of
species in solution. The molar conductivities of copper(ll) chloride, zinc(ll)
chloride, phen, kthreonine, Bthreonine, Cu(ll) and Zn(ll) complexes were
determined for time points of up to 24 houFsg(re 5.5. Complexes - 11,
copper(ll) chloride, zin@l) chloride, phen, kthreonine and Bhreonine were
dissolved in dl:1 (v/v) watermethanol mixture and their conductivities were
measured at 28C. The molar conductivity of Cu(ll) (525 3 ™ ¢m® mol™)
and Zn(Il) (62i 6 5 * gu? mol™) complex soluibns remains unchanged from
0 to 24 hours. The Cugand ZnC} solutions have molar conductivity values
of about 1%@ neofl despdctively, tgpical of 2:1 electrolytes.
These values remain unchanged up to 24 hours. Metal(ll) salts y(@on@l
ZnCl) in aqueous solutions exist as?Mand Cl ions. Low molar
conduct i vTam mos’) of respebtivecsolutions of the free ligands
(phen, Lthr and Dthr) indicate their nowlectrolyte in nature. Molar
conductivities ocomplexes3 - 11 are lover than those reported cationic metal
complexes with uncoordinated "Chnion (66 i 7 3 ™ ccnm? mol™)
([(H2L)Co(phen)]CI-4HO, [(HaL)Cu(ox)]CI-3H,0, [(HoL)Zn(0x)]Cl-4H,0

where HL = thiocarbohydrazone; ox = oxalate) (Shebl et al., 2010). From the



results dtained, all metal(ll) complexe8 - 11 are classified as 1:1
electrolytes and probably exist as [M(phen)(AAJF [M(phen)(AA)(HO)]"
(where M = Cu or Zn; AA = kthr or Dthr) and Clions (Jin and Ranford
2000; Ng et al., 2006; Arjmand et al.,, 2010; Shebl et al, 2010). The
conductivity measurements results obtained are consistent with thelESI

data obtained earlier.
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Figure 5.5: Molar conductivity of 1 mM oB - 11 and otheccompounds in
deionised watemethanol (1:1 v/v) at 2%C.

Both Cu(ll) complexes8 and9 in aqueous medium (deionised water:
methanol 1:1 v/v) show a broaeddtiransition band centred at 611 nm in their
respective visible spectra (Paulovicova et al., 2001; Rao et al., 2007; Chetana

et al., 2009). The shift of the-dl band position with respet¢o that in the



CuCl, solution Appendix 5.11) is a consequence of the coordination of phen
and threonine ligands to Cu(ll) ion. As these values are far from that of
agueous CuGlat 831 nm (Ng et al., 2006), it is reasonable to assume that
most of the complexes8 and 9 species are not dissociated in an aqueous
medium. The electronic spectra of the comple&esd 9 matched well with

the previously reported square pyramidal Cu(ll) complexes, [Cu(phen)(L
ala)(HO)]NOsz,  [Cu(phen)(L:thr)(H,O)]NOs-CIO; and  [Cuphen)(L:
pro)(HO)]NO;s (L-ala = L-alanine; Lthr = L-threonine; Lpro = L-proline)
(Paulovicova et al., 2001; Rao et al., 2007; Chetana et al., 2009). By
cC omp ar imggtvigible speatra (611 nm) with the literature values 611
615 nm), it suggestthat Cu(ll) complexes8 and 9 could adopt a square
pyramidal geometry in the solution (Paulovicova et al., 2001; Rao et al., 2007;
Chetana et al., 2009). In contrast, thea¥ data show that the metal centre of
both copper(ll) complexes adopted an octlk coordination geometry in
solid state. The weakly bonded chloro ligand dissociated in aqueous solutions

of complexes and9, and is likely to be replaced by solvent water molecule.

Table 5.7:Electronic absorption and emission data for
metal(ll) conplexes,8 - 11

Complex dem (NM) Buws ( NM) , el (M Assignment
225 (0 = 33840); 273 (U Y *(phe
8 1, 377
361,3 611 dad
225 (0 = 36490); 273 (U "Y' *(phe
9 361, 377 611 d-d
10 366, 380 227=(85560); 271 (U = 32 Y *(phe
11 366, 380 227 (0O = 42530); 271 (U Y *(phe

The UV spectra of complexés- 11 show intense bands at ~ 225 nm,

~273 nm and ~294 nnT&ble 5.7 which may be attributed to the second and



hi gher order tirmtnesrintalons of the coordi

The observations matched well with the results for the known phenanthroline
complexes, [Cu(phen)(acac)(NPH,0, [Cu(phen)(l-thr)(H2O)]NOs:-ClOy,
[Cu(phen)(l=pro)(H0)INOs, [Cuz(pheny(PDI-AIa)(H20)](Cl04)2-2P H:O,
[Cus(pheny(D,L-PDIAla)(H20)2](ClO4)e-3H0 and [Cu(phen)(D,L-
PDIAla)(H20)](ClOg)2-P CHZO (acac = acetylacetonatesthr = L-threonine;

L-pro = L-proline; PDI-Ala = N,N-(p-xylylene)dialanine; D,l-PDIAla =
N,N'-(p-xylylene)diD,L-alanine) (Paulovicova et al., 2001; Zhang et al., 2004;
Rao et al., 2007; Chetana et al., 2009; Jia et al., 2010). The plots of absorbance
versus concentration for the three maxmm absorption peaks in the UV
region for complexe8 - 11 are shown imAppendices5.7 - 5.10 Regression

lines for each plot are drawn as described in previous chapter. The correlation
coefficient (R) values for all the plotted graphs are close to 1.G@wing

that the data obtained fit in the regression line and obeyed theBedrert

Law. The average molar absorptivity values were obtained for all four ternary
complexes based on the Béexmbert Law and the general linear equation.
Thus, absorbance kees of unknown solutions of these complexes at these

wavelengths can be used to determine their concentrations.

Both Cu(ll) and Zn(ll) pairs of enantiomeric complexes in water
methanol (1:1 v/v) still retain the FL emission property of the free ghgand
in the same solvent mixture. Threonine has no FL emission. Due to conjugated
structure, the free phen gives rise to a greater FL emission intensity in water

methanol (1:1 v/v) compared to Cu(ll) pairs of enantiomeric complexes. When

I



coordinated to th Cu(ll) ion center, the highly emissive phen is partially
guenched by Cu(ll). The quenching mechanism has previously been ascribed
to static quenching by Seng and coworkers in 2008. The Zn(ll) complexes
show an enhancement (>2X) in FL emission intenkligher FL emission by
Zn(Il) complex (compared to Cu(ll) complexes) has been attributed to the full
d'® electron configuration of the Zn(ll) ion (Hu et al., 2010). The enhancement
mechanism may be similar to Zpgdhen) complexes (X = Cl, Br, 1) (Ikeda et

al., 1996). The chirality of the threoninato ligand of complexes does not seems
to have an influence on the fluorescence emission intensities, as the same
intensities were observed in the spectra of the enantiorpairs for both
Cu(ll) and Zn(ll) complexes. However, the fluorescence seems to be affected
by the type of metal ions, as shownFigure 5.6 The order of compounds in

terms of increasing FL emission intensity8id 9 < phen <104 11
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Figure 5.6: Fluorescence spectra ®{l), 10 (Il), phen (ll1), 7 (IV), 8 (V),
L-thr (VI) and Dthr (VII) at 0.5 pM.



The circular dichroism (CD) studies are useful in determining the
enantiomeric pair of metal(lifomplexes. A pair of enantiomers should give
rise to a mirror image in CD spectra |
(1981). The CD spectra of the two Cu(ll) complex8sad 9) are mirror
image of each other, showing that these two species are @f paiantiomers.
Similarly, the CD spectra of the pair of Zn(Il) complex&® é&nd 11) shows
that they are also a pair of enantiomdfgyre 5.7). Based on the mirror
image spectra obtained, it was proven that the enantiomeric pairs for both

Cu(Il) and A (11) complexes were successfully prepared.

250 300 wavelength (am)

Wavelength (nm)

Figure 5.7: CD spectra of (a) Cu(ll) complexed; 9 and (b) zZn(ll)
complexes]l0- 11



5.4 CONCLUSION

Fourier Transform Infrared Spectroscopy (FTIR), elemental analysis
and ESIMS show that [Cu(phen)¢thr)(H.O)CI]-2H,O 8, [Cu(phen)(D
thr)(H2O)CI]-2H,0 9, [Zn(phen)(L:thr)(H,O)CI]-2H,O 10 and [Zn(phen)(D
thr)(H.O)CI]-2H,O 11 were successfully synthesized. All threoninate
complexes, 8 - 11, have a similar distortedoctahedral coordination
environment around the metal(ll) (Cu(ll) or Zn(Il)) atom in the solid state. A
ClI" atom and an aqua molecule occupy the axial positions. A phen and a
threonine ligand occupy the equatorial positiddsth enantiomeric pairs of
Cu(lIl) and zn(Il) complexes have similar thermal degradation steps. Generally,
all four metal(ll) complexes undergo dehydration at early stages of
decomposition and followed by the removal of chloro ligaihd. fact,
conductivity measurement data shows that dhemplexes are 1:1
electrolytes. These complexess - 11, probably exist as cationic
[M(phen)(AA)(H,0)]" and anionic Cl species in aqueous solution. The
coordinated phen and threoninate ligands in compl&esll seem tobe
stable within the duration ahe conductivity measurement. Dissociation of
the threoninate ligand would increase the molar conductivity as cationic

species with two positive charges would be produced.

UV absorption aroused from the
phenanthrolindigand. Visible absorption peaks found in the electronic spectra
obtained for both Cu(ll) complexes spectra are assigneddagrahsition.

Differential FL emission intensities are dependent on the type of metal ion.



The chirality of the threoninate ligdrof complexes does not seem to have an
influence on the fluorescence emission intensities. There are no significant
differences observed for each enantiomer pair of complexes. A change in the
type of metal(ll) ion influences the FL emission intensitymw t 4 bnd &
shape of the FL emission bands. The order of complexes in terms of increasing
FL emission intensity i8 & 9 < phen <10 & 11. Circular dichroism (CD)
spectroscopy were used to differentiate and confirm the enantiomeric pairs of
the metalll) (Cu(ll) and Zn(Il)) complexes in solution. The CD spectra of

each pair of enantiomeric complexes are mimagige of each other.
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CHAPTER 6
BIOLOGICAL STUDIES OF COBALT(ll) 1,10 -PHENANTHROLINE
COMPLEXES WITH O,0-MALTOL,

[Co(phen)(ma)Cl]-4H,0 and [Co(phen)(ma}]-5H,0*

6.1 INTRODUCTION

DNA or deoxyribonucleic acid is the genetic material in humans and
almost all other organisms. This heredity material is stored as a code made up
of adenine (A), guanine (G), cytosine (C) and thymine (T). DNA bases pair up
with each otheri.e. A with T ard C with G, to form units called base pairs.
There are two types of nucleobases: the purines, A and G, which are fused
five- and sixmembered heterocyclic compounds, and the pyrimidines, C and
T, which are sixmembered rings heterocyclic compounds (Bergl.et2002).

DNA is a long polymer made from repeating units called nucleotides.
Nucleotide consists of a base, sugar and phosphate molecule (Saenger, 1983;
Alberts et al., 2002). DNARigure 6.1) is a double helix formed by base pairs
attached to sugghosphate backbone as described by Watson and Crick
(1954). The DNA double helix structure is stabilized by the base pairing
between complementary strands and stacking between adjacent bases

(Yakovchuk, et al., 2006).



Base pairs [ e

Adenine Thymine
r— )
Guanine Cytosine

Sugar phosphate
backbone

Figure 6.1: DNA double helix structureited from U.S. National Library of
Medicine
Metal complexes are known to interact with DMA covalent bonding,
hydrogen bonding, intercalation, van der Waals forces and electrostatic
interaction Figure 6.2). Basically, metal complexes can bind to DikWeach
of three different nomovalent modes which are: (a) groove binding (b)

intercalation and (c) insertion.

(a) (b) (©)

Figure 6.2: The three binding modes of metal complexes with DNA:
(a) groove binding, (b) intercalation, and ift3ertion. (Taken from Zeglis et
al., 2007)



Small organic molecules ha®een extensively investigated for their
use as anticancer, antiviral and antibacterial drugs in addition to their binding
specificity for possible modulation and inhibition of DNA plieation,
transcription and recombination (Du et al., 2010). The DNA specific
interactions include abasic, mismatch or bulge site recognition, specific
sequence recognition and secondary structure recognition. Similarly, there is
also growing research mtthe DNA recognition by metal complexes or
metallomolecules (Boerner and Zaleski, 2005; Richards et al., 2007n®drr
al., 2007; Zeglis et al., 2007; Keene et al.,, 2009). However, such DNA
recognition ability of metal complexes is not well understobde type of
coordinated ligand is crucial factor in bestowing the binding site specificity
and selectivity of a given metal complex. Unlike the inert and more stable
Co(lll) complexes, Co(ll) complexes are less investigated for their interaction
with DNA. Recently, preferential binding of
(ethylenediamineN,N6é-diacetato)(1,16phenanthroline)metal(ll)
[M(phen)(edda)], for ds(Ak)over ds(CGy and its anticancer property were
reported (Ng et al., 2008; Seng et al., 2008). Among these complexes,
[Co(phen)(eddd was the least antiproliferative against breast cancer cell line

MCF7 with the 1G, value of 11.4 pM.

This chapter is an extension of Chapter 3. In this chapter, two cobalt(ll)
ternary complexeg,Co(phen)(ma)Cl]-4K0 1 and [Co(phen)(ma)-5H.0 4
synthesized in Chapter 3 were tested for their biological properties. Both Co(ll)

complexes,1 and4 were selected to gain an understanding the effect of the



number of coordinated maltolate ligand on the DNA recognition, DNA
binding specificity and anticecer properties. The type of biological studies
done on these two complexes included DNA binding studies, restriction

enzyme inhibition, topoisomerase | inhibition and cell viability assay.

6.2 EXPERIMENTAL

6.2.1 Materials and reagents

Most of the eagents were of analytical grade and were used as
supplied. The pBR322, gene ruler 1 kb DNA ladder, 6x loading buffer, and
oligonucleotides were bought from BioSyn Tech (Fermentas). Analytical grade
agarose powder and -[8,5-dimethylthiazol2-yl]-5-(3-
carloxymethoxyphenytp-(4-sulfophenyl}2H-tetrazolium inner salt (MTS)
were purchased from Promega (USA). @aymus DNA, sodium chloride
(NaCl), human DNA topoisomerase I, thiazole orange and ethidium bromide
were purchased from Sigma Chemical Co. (USA). gdlutions for DNA
experiments were prepared with upare water from a Elga PURELAB
ULTRA Bioscience water purification system with UV light accessory. The
Tris-NaCl (TN) buffer was prepared from the combination of Tris base and
NaCl dissolved in aques solution in which the pH was adjusted with
hydrochloric acid (HCI) solution till pH 7.5. The T+idaCl buffer pH 7.5
contains Tris at 5 mM and NaCl at 50 mM. TNaCl buffer were freshly

preparedefore use.



6.2.2 DNA binding studies

Stock solutionsof calf thymus DNA (CIDNA) was prepared by
dissolving the DNA in buffer solution at€, and the resultant homogeneous
solutions were used within two days. The purity of the DNA was checked by
monitoring the absorbance at 260 and 280 nm. PAGE gradseléf
complimentary lzner oligonucleotides (C@) (AT)s, CGCGAATTCGCG,
CGCGATATCGCG, HPLC grade 2tder ol i gonu-cl eot
AGGGTTAGGGTTAGGGTTAGGG3 6 ( f or -guadruplex) anchly G
me r compl ement ary ocCCAGTAOQATAATRACECA3de pai
a n d-GGTGAAGCATCATTGGG506) wer e anneal ed, t o
duplexes and @uadruplex, as specified by the suppliefs BASE and
Eurogentec Ait. Fluorescence (FL) emission spectra in the study of ethidium
bromide quenching assay for the duplexes of theiowar synthetic
oligonucleotides were recorded in the wavelength rangé 6580 nm by
exciting the respectively solutions with light at 545 nm. In the FL emission
spectra (thiazole orange quenching assay) for thequdlruplex and
corresponding duplex, theex t at i on & B \6@I nennwpile the o
emi ssi on wAaAsvS27 nennExditdtion and emission slits were set at
10 nm. Solutions of DNA, and the cobalt complexes were prepared in TN
buffer (5 mM Tris, 50 mM NaCl) at pH 7.5 unless specifically estatCD
study of the interaction of Co(ll) complexes with -DNA was carried out

with a 1.0 mm quartz cell using a Jase®ld spectropolarimeter.



6.2.3 Restriction enzyme inhibition assay and human topoisomerase |

inhibition assay

These assays wemrried out as described previously (Seng et al.,
2010). The apparent binding constants of the [Co(phen)(ma)G{(]p4Hand
[Co(phen)(ma)-5H,O 4 complexes for the various DNA duplexes and G

guadruplex are tabulated Table 6.1

6.2.4 Anticancer study

F12 medi um, Dul beccods Modified
bovine serum, MEM no®ssential amino acids, horse serum arglutamine
were purchased from GIBCO®. Hydrocortisone and insulin were purchased
from SigmaAldrich. Epidermal growth factor was mlnased from Invitrogen.
MDA-MB-231, MCF7 and MCF10A cells were obtained from American Type

Culture Collection. Human breast cancer MidMB-231 and MCF7 cells were

cultured in Dulbeccods modified Eagl e

serum, 100 units/mlof penicillin and 100 pg/mL of streptomycin. Human
breast tissuglerived MCF 10A (immortalized but neénmorigenic) cells were
cultured in 1:1 F12/DMEM media supplemented with 5 % (v/v) horse serum,
1X non essential amino acid, 1X glutamine, insulin, epnd growth factor,
hydrocortisone, 100 units/ml penicillin and 100 pg/ml streptomycin. All cell
l' ines were maintained at 37eC in a

5% CQ.



Cells were seeded in a 9&ll plate and were grown to 780 %
confluerce, followed by addition of each compound at the indicated
concentrations. After 24 hours of incubation at 37°C, 5%,080°S working
solution was added for a further 4 hours. Optical density was read using
enzymelinked immunosorbent assay (ELIZA) platader at a wavelength of
490 nm with background subtraction at 630 nm. The percentage of cell
viability was calculated with the formula: Averag&g, value for live
cell(treated)/averag®go value for live cell (untreated) x 100. Thesp@alues

were obtained from the graphs drawn.

6.3 RESULTS AND DISCUSSION

6.3.1 DNA binding studies

Circular Dichroism (CD) spectroscopy is a useful technique in
studying the changes in DNA morphology during dRJA interactions, as
the band due todse stacking (275 nm) and that due to riggmtded helicity
(248 nm) are quite sensitive to the mode of DNA interactions with small
molecules (Ilvanov et al., 1973). The spectra ofBINA incubated with and
without complexesl and 4 have a negative band a250 nm due to right
handed DNA helicity and a positive band at ~280 nm due to base stacking,
suggesting retention of the-fBrm DNA upon binding of complexek and4
(Figure 6.3. Both complexesl and 4 induced significant intensity
enhancement of the ptse spectral band at ~280 nm, and this indicated

intercalation mode of binding (Li et al., 2006; Sun et al., 2002).



250 275 325
wavelength, nm

Figure 6.3: CD spectra of CDNA alone (a) and in the presence of the
complexedl (b) and4 (c).

Ethidium bromide (EB) and thiazole orange quenching assays have
been successfully used to determine the DNA binding affinity and sequence
selectivity of small organic molecules and metal complexes (LePecq and
Paoletti, 1967; Boger and Tse, 2001; Rajendich Mair, 2006; Li et al., 2007;
Monchaud et al., 2008; Seng et al., 2010). A complex with a higher binding
constant for a given DNA determined by either assay is said to have a higher
binding affinity. Likewise, a complex with a higher binding constantéor
certain DNA than for another DNA is said to bind more selectively towards
the former. It has been concluded in Chapter 3, comglegxists as
[Co(phen)(ma)] or its hydrated species and ®hile complex4 exists as the
neutral [Co(phen)(ma) species m aqueous solution. As both Co(ll)
complexes,1 and 4, have higher binding constants for ds(AThan for
ds(CG}) (Table 6.7), hence complexek and4 have more selectivity towards
AT-sequences than CGsequences. Although the AT:CG binding constant

ratio for complex4 (1.4) is higher than that for compléx1.2), the difference



is not that great. The binding constants for both compléxasd 4 suggest
their greater binding selectivity for ds(CGCGATATCGGGYver the
ds(CGCGAATTCGCG) and this indicated geter binding preference or
selectivity for alternate A‘Bequence over AAT-Bequence. Both complexgs
and 4 again exhibit greater selectivity for-G@uadruplex (&4) over duplex
DNA as they have :duplex binding ratios of 1.4 and 1.5 respectively.
Interegingly, the binding constants of complek for CT-DNA, G-4 and
duplex are significantly greater than those of comde¥or example, the
binding constant of comple# towards G4 is nine times more than that of

complex1.

Since chloride in [Co(phen)(n@l]-4H,0 1 is a weak field ligand, it
should dissociate easily in aqueous solution to form [Co(phen)(roa)s
hydrated species. By using the EB quenching assay, it was found that the
apparent binding constant decreases f6o@6 + 0.08 x 1HM™ gradually to
1.74 + 0.10 x 16M* when the NaCl concentration increased from 0 to 40 mM
(data not shown). This showed that the interaction of complexth the
anionic DNA is electrostatic and that the complex is cationic in aqueous
solution. The malt@lte ligand has hydrogdsonding acceptors while the phen
moiety can intercalate into adjacent DNA base pairs and thusgaovatent
interactions are envisaged. The binding affinity of cationic complex,
[Co(phen)(ma)] towards all the different types of DN#udied aboveTable
6.1) is not higher than that of neutral complex, [Co(phen){rtayards the

corresponding DNAThis may be explained by assuming that the chelated



phen ligand helps to anchor both Co(ll) complexes between the adjacent base
pairs, andby doing so fixes the orientation of the other ligands bonded to the
cobalt. Looking at it in this way, one may then ascribed the increasing DNA
binding strength of comple4 to the orientation of the maltolate liganadsz(

one above and one below theephnthroline plane) diagonally towards the
upper and lower riboseucleobases. This then results in stronger attractive
interaction of the maltolates with the riboses and nucleobases. The pyrone
oxygen atom in the maltolate can act afdthd acceptor whilehe methyl
group can have van der Waals interaction. Additionally, stacking interaction
can also occur between the pyrone ring with the DNA nucleobase. On the
other hand, the maltolate in compléxis in the plane of the anchoring
intercalated phen and isot positioned nearer to either base pair above or

below the plane of intercalation.

Table 6.1:Binding constant of Co(ll) complexes for various DNA

DNA [Co(phen)((T)a)CI] -4H,0 [Co(phen)((;;\a)z]-SHzO Ratio 4/1
CT-DNA 1.162 x 10* 3.559 x 107 3.1
ds(AT)s 2.176 x 10* 2.563 x 10* 1.2
ds(CG)s 1.823 x 10* 1.791 x 10* 1.0
ds(CGCGAATTCGCG), 1.217 x 10* 1.474 x 10* 1.2
ds(CGCGATATCGCG), 1.776 x 10* 1.782 x 10* 1.0
G-quadruplex 7.34x10° 6.72 x 10* 9.2
G-duplex 5.11 x 10° 4.32 x 10" 8.5

6.3.2 Restriction enzyme inhibition

To further investigate the binding specificity of compleXeand 4,

twelve restriction enzymes (REs)z.Bs t 1 1@TAZITAG3006 ) Ndel

C AZTATG-36), EcZBARTC306(0)506 MLAAATTGRBBH6 ), Ssp

(



( SAAZTATT-36 ) NS AAAT-3 0 b O SAGHE/ACT-3056 Pvu |
( 5SGAGZCTG-3 0 ) , P£TIGC IAZG-3 &6 P, S-&ITCGAC-3(05 o
TsSp50FAAT(-36) and -GXGC3I6I)I, (Wedr e used. TI
sequence recognized by each RE is listed in parenthékistsvcutting site.

RE has been used to investigate the binding specificity or selectivity of metal
complexes (Gallori et al., 2000; Snow and Sheardy, 2001; Karidi et al., 2005).

The choice of these REs is because of the greater preferences of coriplexes

and4 for AT-sequence or Afich duplexes. As comparison, it was observed

that EB and thiazole orange (TO) could inhibit all the REs used, suggesting

the nondiscriminating binding of these intercalator dyes at all the sites,
including those at the recoigion sites of the twelve REs (data not shown). In

contrast, 50 uM of complekc an only t ot aldAIAYTATT-88&) pbi t ¢
Ndel-CAZAEG-360) and BSGTAZTAG-B & Appefidix .1 -

6.2). This suggests the binding specificity of complexunlike that of EB or

TO. As shown inAppendix 6.3 1 6.4, 50 puM of complex4 can partially
inhibit DNA cl eaATG20by HSEGCED®)L (&b
Pvu HFIAGZACT®®6) but not the ot hiethis REs.
selective inhibition of only some REs suggests that comgleoan bind

selectively to DNA. Surprisingly, complek cannot inhibit DNA cleavage by

Ssp |, Nde | and Bst 11071 while complexan {Table 6.2. Complex1 has

one coordinated phen and or@ordinated maltolate while compléhas one
coordinated phen and two coordinated maltolateseiéms reasonable to

ascribe the different binding specificity and recognition of DNA of complexes

1 and4 to the number of coordinated maltolate ligand.



Table 6.2:Restriction enzyme inhibition for Co(ll) complexdsand4

RE Sequence [Co(phen)(ma)Cl] (1) [Co(phen)(ma);] (4)
Tsp 509! 562 A M3 1 a
38T T AS5A
Hae IlI 586G C Z3x8 &C a
3®C G JaC5 &G
Sal | 566G ZT Co86GB6o
3®CAGCTYy G506
Pst | 58C T G ©3A
3®Gy A CdG66
Pvu Il 56C A G BGB0o a
3®G T C 5@
Scal 58A G T &30
3T C A $5D
Ase | 5&A T ZTd A6
38T A A d59§
Ssp | 5&A A ZTd A6 a
38T T A d5§
Mun | 5&CZ A Ad36
3G T T A5a
EcoR | 56GZ A Ad36
3®C T T A54
Ndel 5&C AZ Td 36 a
3®8G T A 356§
Bst 11071 586G T A BH3D a
3®C A T P58

6.3.3 Human topoisomerase | inhibition

Topoisomerase | (Topo [) is one of the enzymes that control the
topology of the DNA by a singlstrand cut, passing the other strand through
the cutting site and religating the cut strand (Feng et al., 2009). These
topoisomerases are important in DNA regtion and transcription. Topo |
inhibitors have been reported to be among the most widely used clinical drugs
for treatment of cancer (Rothenberg, 1997; Beretta et al., 2008; Teicher, 2008;
Pommier, 2008; Sunami et al., 2009). However, there are not matgl
complexes that have been reported to inhibit topoisomerases (Chuang et al.,
1996). Gel electrophoresis can be used to view the topoisomers which result

from relaxation of supercoiled pBR322 by Topo | (Webb and Ebeler, 2008).



More relaxed topoisomensill migrate slower than less relaxed topoisomers

while the supercoiled DNA will migrate fastest.

In Figure 6.4 1 unit of Topo | could fully convert the supercoiled
pBR322 DNA to fully relaxed topoisomer&gne 4). Incubating the DNA
with 1 (57 40 pM) and Topo | resulted in appearance of slower moving bands
of more relaxed DNALl@ane 6 - 9). The initial inhibitory effect of complet
started from 5 pMl(ane 6). The inhibitory effect of the Topo | is enhanced
by increasing complex concentiati (57 40 pM). At 40 uM, complext is

still not enough to fully inhibit the function of the Topo I.
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Figure 6.4: Human topoisomerase | inhibition assay by gel electrophoresis.

Elecr ophoresis results of i ncubating hu
with pBR322 (0.25 €g) i40 tehM oaafblseomnel a
Lane 1 & 5, gene ruler 1 Kb DNA ladder; Lane 2, DNA alone; Lane 3, DNA +

40 pM complexl (control); Lane 4, DNA + 1 unit Human Topoisomerase |
(control). Lanes ®, DNA + 1 unit Human Topoisomerase | + varying
concentration of compled: Lane 6, 5 pM complex; Lane 7, 10 uM

complexl; Lane 8, 20 uM compleg; Lane 9, 40 uM complek.

Figure 6.5 showed the inhibition assay results for the corresponding

[Co(phen)(ma)-5H,0, 4. As the banding pattern for DNA incubated with



complex4 (200 uM) is the same as that of the DNA alone, it is concluded that
complex4 by itself could not relax orleave the DNA at this concentration
(Figure 6.5, lane 3. Done at a different time, one unit of Topo | converted the
supercoiled DNA into mostly fully relaxed topoisomers and few bands of very
slow moving topoisomers on top of the gel. Compleshowed pretically no
inhibition on the activity of the Topo | in the concentration rangé 50 puM

as substantial amount of supercoiled DNA was converted to fully relaxed
topoisomers Kigure 6.5, Lanes 7- 9). At 100 puM, the Co(ll) complex
started to inhibit th&opo | as can be seen by the appearance of distinct bands
of faster moving topoisomersFiure 6.5, lane 10. On increasing the
concentration of comple4to 200 uM, faster moving, new bands (less relaxed
topoisomers) appeared, indicating greater intghitof the Topo | by complex

4 (Figure 6.5, lane 1)
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Figure 6.5: Human topoisomerase | inhibition assay by gel electrophoresis.

El ectrophoresis results of i ncubating
with pBR322 (0.25 ¢€g) i 200he Malnd e ctoenp
4: Lanes 1 & 12, gene ruler 1 Kb DNA laddégne 2, DNA alone; Lane 3,

DNA + 200 uM complex4 (control); Lane 4, empty; Lane 5, DNA + 1 unit

Human Topoisomerase(¢ontrol); Lane 6, empty. Lanesld, DNA + 1 unit

Human Topoisomerase | + varying concentration of comglekane 7, 10

MM complex4; Lane 8, 20 uM comple®; Lane 9, 50 uM; Lane 10, 100 puM

complex4: Lane 11, 200 uM complexk



The above results showed that the Co(ll) complekesnd 4 are
inhibitors and not topoisomerase poisons. Topoisomerase poisons give rise to
permanent DNA cleavag (Palumbo et al., 2002). Topoisomerase poisons
block the religation step, thereby enhancing the formation of persistent DNA
breaks responsible for cell death. Permanent sstgéend (nicked band) or
doublestrand (linear band) cleavage can be easily robde by gel

electrophoresis.

6.3.4 Anticancer study

3-[4,5-dimethylthiazoi2-yl] -5-(3-carboxymethoxyphenyi2-(4- sulfop
henyl}2H-tetrazolium MTS) assay was used to examine the antiproliferating
effect of the Co(ll) complexed, and 4, against twdbreast cancer cell lines
MCF7 and MDAMB-231, and one corresponding normal breast cell line
MCF10A. Estrogen receptor (ER) positive MCF7 and ER negative NMBA
231 breast cancer cells have been found to exhibit differential sensitivity to
both organic or mtatbased anticancer drugs (Shanmugam et al., 2001,
Mazzei et al., 2001; Nikitin et al., 2010). Surprisingly, the MBDWs-231
cancer cells are more resistant than the normal cells towards the two Co(ll)
complexes as their kg values are more than 450 pMagble 6.3. The IGp
values for both Co(ll) complexes on the MCF10A normal cells are the same,
at 160 pM. Nevertheless, complexeand4 are more antiproliferative against
the cancer cell line MCF7, with kgvalues of 75 and 55 puM respectively.

Thus, theantiproliferative activity and the accompanying growth inhibitory



mechanism of these two Co(ll) complexes are-typle dependent. Such cell
type dependent antiproliferative and
inhibition) were observed for extracts fromedicinal plants against MCF7,
MDA-MB-231 andHEK293T embryonal kidney cell lines (Kaileh et al.,

2007).

Table 6.3:1C5p values of complexesand4 for the MDA-MB-231, MCF7
and MCF10A cell lines

1Cs0 (UM)
Co(lf) complex  —HA"VMB231 MCF7 MCFE10A
1 >600 75 160
4 495 55 160

6.4 CONCLUSION

The two Co(ll) complexes are found to exhibit different binding affinity
and selectivity towards different types of duplex DNA. For thguadruplex,
the binding constant of compleéxis considerably higher than that of complex
1. The number of maltolate ligand seems to be important parameter in DNA
recognition. This is further exemplified by the RE inhibition experiment
results which show that the binding specificity of completeard 4 are
totally different. Although both Co(ll) complexes can inhibit Topo I, their
inhibitory behavior is again different. The antiproliferative property of both
complexes is cellype dependent, and their potential use as anticancer drug
towards MCF7 isndicated. The cytotoxicity of these tested Co(ll) complexes
may be either due to the binding to DNA to prevent the binding of Topo | or

their binding to Topo | to inactivate it. Another mechanism may involve DNA



damage by the cobalt complexes. However, MMB-231 cancer cells are
insensitive towards both Co(ll) complexes although both have distinctly

differential 1G values.



CHAPTER 7
BIOLOGICAL STUDIES OF ZINC(Il) 1,10 -PHENANTHROLINE
COMPLEXES WITH O,N,O-DIPICOLINIC ACID
OR N,O-L-THREONINE

[Zn(phen)(dipico)(H20)]-H 0 and [Zn(phen)(L-thr)(H 2O)CI]-2H ,O*



CHAPTER 7
BIOLOGICAL STUDIES OF ZINC(Il) 1,10 -PHENANTHROLINE
COMPL EXES WITH O,N,O-DIPICOLINIC ACID
OR N,O-L-THREONINE

[Zn(phen)(dipico)(H20)]-H 0 and [Zn(phen)(L-thr)(H ,O)CI]-2H ,O*

7.1 INTRODUCTION

Zinc is an outstanding micronutrient with diverse biologicéhical,
and public health importance (Burdette amgpard, 2001; Chang and Lippard,
2006; Hambidge et al., 2010)here are over 300 natural zinc metalloenzymes
(Stehbens, 2003; Lin et al., 2005). Artificial zinc finger proteins and zinc
complexes with simple organic ligands have been shown to have sequen
specific DNA binding recognition (Nagaoka and Sugiura, 2000; Papworth et
al., 2006). Some zinc complexes are now beginning to be reported be able to
inhibit topoisomerase | and IlI, which are nuclear enzymes needed for
modification of topological statef ®NA (Chuang et al., 1996; Kikuta et al.,
2000; Seng et al., 2010). An important property of topoisomerase | (Topo )
inhibitors is their anticancer property (Chuang et al., 1996; Rothenberg, 1997;
Kikuta et al., 2000; Pommier, 2008; Beretta et al., 2@81ami et al., 2009).
In fact, numerous clinical, anticancer drugs are Topo | inhibitors. However,
none of these clinical drugs are zinc complexes. Actually, not many zinc
complexes have been studied for their anticancer property (Liguori et al.,

2010; Wa et al.,, 2011).Simple mixedligand metal complexes with



intercalating ligand may have both DNA binding and molecular recognition
capabilities (Seng et al., 2010)Jnlike cisplatin, such mononuclear
metallointercalators can use the intercalating ligandanchor the metal
complex between adjacent DNA bases and consequently orientate the

subsidiary ligand(s) to interact with nucleobases in their vicinity.

Among all the 2Zn(ll) complexes ([Zn(phen)(ma)Cl]-1%H 3,
[Zn(phen)(dipico)(HO)]-H.O 7, [Zn(phen)(L-thr)(H,O)CI]-2H,O 10 and
[Zn(phen)(Dthr)(H20)CI]-2H,0 11) synthesized in my study, only two Zn(ll)
complexes7 and 10 were chosen. One reason for choosing compléxasd
10 was their similarities and differences. The dipicolinate arttireonnate
ligands contain carboxylate group(s). The coordinated dipicolinate ligasd
two H-acceptor sites whereas threoninate has boe#tdéptor and Hionor
sites.Complexes/, 10 and 11 have a similar octahedral geometry about their
Zn atom whereas comple8 has a square pyramidal geometry. Compléx
was chosen becauseamino acids have been reported to play an important
role in biological process compared teainino acids (Shahjee et al., 2002;
Conti et al.,, 2011). In this chapter, the choices of twdgllZrcomplexes
([Zn(phen)(dipico)(HO)]-H,O 7 and [Zn(phen)(kthr)(H,O)CI]-2H,O 10)
allows investigation into the effect of two different and yet related subsidiary
ligands (dipicolinate and -threoninate) on biological propertiasz. DNA
binding studiesyestriction enzyme inhibition, topoisomerase inhibition and

anticancer studies.



7.2 EXPERIMENTAL

7.2.1 Materials and reagents

Both complexes7 and 10 were synthesized and characterized in
Chapter 4 and Chapter 5, respectively. Most of the reagents were analytical
grade and used as supplied. The pBR322, gene ruler 1 kb DNA ladder, 6x
loading buffer, and oligonucleotides were bought from BioSyn Tech
(Fermentas). Analytical grade agarose powder a#jd,3-dimethylthiazol2-
yl]-2,5-diphenyltetrazolium bromide (MTT) were purchased from Promega
(USA). Sodium chloride (NaCl), human DNA topoisomerase |, thiazole
orange and ethidium bromide were purchased frogm&i Chemical Co.
(USA). All solutions for DNA experiments were prepared with uftuse
water from an Elga PURELAB ULTRA Bioscience water purification system
with UV light accessory. The TrNaCl (TN) buffer was prepared from the
combination of Tris basand NaCl dissolved in aqueous solution in which the
pH was adjusted with hydrochloric acid (HCI) solution till pH 7.5.The-Tris
NaCl buffer pH 7.5 contains Tris at 5 mM and NaCl at 50 mM. All stock

solutions in TrisNaCl buffer were freshly prepared daily.

7.2.2 DNA binding studies

The studies were carried out as described in Chapter 6, section 6.2.2.

The apparent binding constants of complexesd 10 for the various DNA

duplexes and uadruplex are tabulated Tiable 7.1



7.2.3 Restriction Enzyme inhibition assay and human topoisomerase |

inhibition assay

The restriction enzyme and human topoisomerase | inhibitory assays
were carried out for complexésand 10 as described in Chapter 6, section

6.2.3.

7.2.4 Anticancer studies

NPC cell linesgrowing at logphase were used. HONEcell line was
a kind gift from Prof. Sam CK (University of Malaydhe cell line was
established from a biopsy from a-g8ar old Chinese man diagnosed with a
poorly differentiated NPC with lymph node metastasis (Satraj., 2005) The
absence of EBV in HONE was rechecked by PCR analysis of genomic DNA.
NP69, an immortalized human nasopharyngeal epithelial cell line, and HK1
cell line were obtained from the University of Hong Kong Culture Collection.
HONE-1 cells wee maintained as a monolayer culture in RPMI medium
supplemented with 10 % (v/¥@tal bovine serunFBS) and kept in incubator
with humidified atmosphere containing 5 % £& 37 °C.HK1 cell line was
grown in MEM medium (Invitrogen Corp.) supplemented with 10% FBS.
NP69 was maintained in keratinocyte seringe medium supplemented with
0.1 ng/mL of epidermal growth factor, 50 pg/mL of bovine pituitary extract,

and a final C& concetration of 0.3 mmol/L.



For MTT assayapproximately 3.0 5.0 x 1§ HONE-1, HK1, NP69,
MDCK, or NRK-52E cells were seeded into each of a series of wells in
separate 96vell culture plates and allowed to adhere overnight (24 hours).
Different conentrations of the complexes tested-(B00 uM; several trials
were done to get a suitable range to obtain the concentration causing 50 %
inhibition of cell proliferationi.e. ICso for each compound) were added to the
wells, except for control cells, to wdh only the culture medium was added.
The set of cultures without and with increasing concentration of the added
compound was done in triplicate. At the end of the incubation period (72
hours), 20 pL of 5.0 mg/mL MTT in phosphéateffered saline (PBS) was
added and incubated @5 % CQ humidified incubator for 3 hours. Medium
and excess MTT were aspirated and formazan formed was solubilized with
100 pl of dimethyl sulfoxide. Optical density of the resultant formazan
solutions, which corresponded to themmber of viable cells, was determined
by Spectramax plate reader at 570 m@, values of tested complexes were
estimated from plots of percentage cell viability versus increasing

concentration of test complexes (UM).

For apoptosis study, HONE cells were treated with I6
concentration of each compound for 72 hours. Culture media were
collected and cells were washed with cold PBS. Cells were treated with
accutase at 37C for 5 minutes to completely detached them and the
collected cells wereentrifuged at 1000 rpm. The cells were resuspended in

1x binding buffer to give a final concentration of 1.0 ¥ t@lls/ml. 100 pL



of FITC Annexin V and 5 pL Pl were added. The cells were mixed gently
and incubated for 15 minutes at room temperaturéendark. 400 pL of 1x
binding buffer was added to each tube and analyzed immediately with a

BectonDickinson FACSCalibur flow cytometer.

For cell cycle analysis, different sets of HONEcells (0.45 x 1)
were incubated with or without Kg concentréion of each zinc(ll)
complexes Tand10) in 60 mm dishes for 24 hours. Washing, trypsination,
centrifugation and resuspension in PBS were carried out as in apoptosis
study. Cell count was performed with Countess® Automated Cell Counter.
Cell concentratn was adjusted to 0-5.0 x 10 cells/mL, and then
centrifuged at 1000 rpm for 5 minutes. The supernatant was discarded and
mixed well with 300 pL of hypotonic DNA staining buffer (0.25 g sodium
citrate, 0.75 mL TritorX 100, 0.025 g propidium iodide, MB g
ribonuclease A and 250 mL distilled water). Filtered samples, with
minimum of 20,000 cells per sample, were kept 8C4in the dark for at
least 10 minutes before analysis with Beckidickinson FACSCalibur
Fluorescence Activated Cell Sorter withCell Quest Pro software. The
percentages of cells in cell cycle phase&3s (resting), S (DNA synthesis)
and G/M (mitotic cells) obtained and recorded using ModFit 'V'T

software (Verity Software House, Inc. ME).



7.3 RESULTS AND DISCUSSION

7.3.1 DNA binding studies

As in Chapter 6, ethidium bromide and thiazotange quenching
assays were used to find the DNA binding affinity and sequence selectivity of
[Zn(phen)(dipico)(HO)]-H,O 7 and [Zn(phen)(kthr)(H.O)CI]-2H,O 10.

Using these assays, the apparent binding constants of complard4.0 for
different duplex oligonucleotides and-geiadruplex (&4) were determined

and calculatedTable 7.1). A higher value for the binding constant indicates
the metal complexes havegaeater binding affinity and preference for the
given duplex. Only complex’ has distinctly higher binding constant for
ds(AT) than for ds(C&) (1.7x), indicating greater affinity for ds(Ad than
ds(CG}) (Table 7.1). Other metal complexes which bind medntially to AT
sequence are also known (Eriksson et al., 1994; Franklin et al., 1996; Wheate
and Collins, 2000; Kikuta et al., 1999; Patra et al., 2007; Rajendiran et al.,
2008). There does not seem to be any easily recognisable common feature(s)
among hese metal complexes, as can be seen from examples such as [Cu(L
argy]NOs, [Cu(L-arg)(phen)CI|CI, [Pt(en)**, [Ru(phen)]®* and [Zn(cyclen
derivatives)}*. As mentioned earlier in section 7.1, dipicolinate ligand has two
H-acceptor sites whereasthreorinate has both tcceptor and Hlonor sites.
Hence, both complexeésand10 are expected to have different DNA binding
ability. However, there seems to be very minor effect of changing the
subsidiary ligand on the DNA binding affinity of the ternary Ziheflhen

complexes as both complex@&sand 10 have similar binding constants for



ds(AT), ds(CG), ds(CGCGAATTCGCG) ds(CGCGATATCGCG) G-4

and the corresponding duplex of4G

Table 7.1:Binding constants for various duplexes andl @vith standarc
devidions <+0.1)

7 10
(10* M) (10* M™)

ds(AT)s 3.0 2.2
ds(CG)s 1.8 1.8
ds(CGCGAATTCGCG), 1.6 1.2
ds(CGCGATATCGCG), 2.0 1.8
G-4 2.5 2.1
( SABGGTTAGGGTTAGGGTTAGGG-3 6 )
duplex mimic of G-4 2.0 1.7

( SCZAGTTCGTAGTAACCC-3 6 )
( -GAICAAGCATCATTGGG-5 06 )

7.3.2 Restriction Enzyme (RE) inhibition

In the previous chapter, restriction enzyme (RE) inhibition assay was
used to investigate the effect of number of chelated maltolate in Co(ll)
complexes] and4, on their binding specificity. Restriction enzyme inhibition
results showed that the binding specificity of complekemd4 are totally
different. As in chapter 6, restriction enzyme inhibition was used to investigate
the binding specificity difference between complexeand 10. Restriction
enzyme inhibition assay has been successfully used to show sequence
selective binding bPt(Il) and Ru(ll) complexes by other researchers (Gallori
et al., 2000; Nakabayashi et al., 2001; Snow and Sheardy, 2001; Rahman et al.,
2007). The same twelve restriction enzymes as listed in chapter 6, section
6.3.2 were used. Zngand phen could nanhibit any of the REsAppendices
7.1-7.2). However, all the REs can be inhibited by thiazole orange, an

intercalator fluorescent dye and a random site bindgpéndix 7.3,



suggesting the nediscriminating binding of these intercalator dyes at all the

sites.

Unlike intercalator dye, complex could only inhibit Ssp | and Nde |
(Appendix 7.4). In contrast, comple%0 could inhibit only Ase |, Ssp I, Nde |
and Bst 11071, suggesting binding of at least one molecule of complex
the six base pair regnition sequence of each of these REs, and its binding
selectivity for the sequences recognised by these four(REsendix 7.5
(Gallori et al., 2000; Snow and Sheardy, 2001; Nakabayashl.,e2006;
Rahman et al., 2007). By changing the subsidiaryntigaom L-threoninate to
dipicolinate, the binding selectivity of the ternary zptten complex {able
7.2) is greatly enhanced. Both complexesnd10 could inhibit Ssp | and Nde
[, hence, it is reasonable to ascribe this ability to the coordinatedliphed
which confers recognition of nucleotide binding sequences of these REs to
complexes?7 and 10. Interestingly, complexlO is able to discriminate the
pal i ndr omi cCARAEGIUGR n(cNedse -GTAJAC8B8rod (B&t 1107
which are dissimilar in termof their orientation. In order to find out whether
binding of Zn(Il) complexes to the RE could result in enzymatic inhibition,
two tests were carried out. The circular dichroism spectrum of the RE
remained unchanged when incubated with Zn(ll) compleseggesting no
binding of complex or no effect on conformation of RE. In addition, changing
the sequence of mixing to RE with Zn(ll) complexes first before adding the
DNA produced the same inhibition result. Gallori et al. (2000) had also

previously demonsated that Ru(ll) complex bound to DNA, not free Ru(ll)



complex, was responsible for RE inhibition.

Table 7.2:Restriction enzyme inhibition for Zn(Il) complexes

RE Sequence 7 10
Tsp 500I 5&Z A A 3D 1
3®T T A5A
Hae IlI 5&G C Z&:B 6C
3®CG § C3 560
Sal | 566G ZT Co0GO
3®C A G 659D
Pst | 56C T G 63A
3®GYy A CdG6H]
Pvu Il 58C A G BGBb
3®8G T C P56
Scal 5&A G T &2a6
38T C A $5%

Ase | 5&A T ZT03M a a
3T A A 85§

Ssp | 5&A A ZTd3A0 a
3dT T A a58
Mun | 5&CZ A Ad T
3®G T T A5@
EcoR | 5&dGZ A A3 T
3®C T T A5@

Ndel 5&C AZ Td 26 a a
3dG T A ds§

Bst 11071 586G T A B39® a
3dC A T $5A

7.3.3 Human topoisomerase | inhibition

Topoisomerase | (Topo |) and Topoisomerase Il (Topo IlI) inhibitors
have been reported to be among the most widely used clinical drugs for
treatment of cancer and their inhibition can lead to apoptosis (Rothenberg,
1997;Beretta et al., 2008; Teicher, 2008; Pommier, 2008; Sunami et al., 2009;
Arjmand et al., 2010; Chashoo et al., 2011). These topoisomerases play an
important role in biological processes, such as DNA replication during mitosis,
by respectively introducingirggle or double transient breaks in the DNA

strands (Wang et al., 1998). Topo | unwinds duplex DNA by repeated-single



strand cut, passing the other strand through the cutting site and finally
religating the cut strand. In the Topo | inhibition assay, 1 afnfhuman Topo |

can convert all the plasmid pBR322 into fully relaxed DNA topoisomers
which appear as the usual slowest moving nicked DNA bapgédndix 7.6:

A and B, lane 5 (Seng et al, 2010). At 8(aM, both complexes¥ and 10
partially inhibited Topd as a smear of faster moving, overlapping bands of
less relaxed topoisomers can be sel&ppéndix 7.6, lane §. When the
concentration of complexes was increased206 pM, both complexes could
almost totally inhibit the Topo | as the DNA pattern now appears as mainly
closed circular, supercoiled DNA band and a thin nicked open circular DNA
band, as is observed for the untreated DNppendix 7.6, A and B lane 9.

This inhibition of Topo | and the preceding discovery of possible sequence
selective binding of complexeg and 10 to DNA is akin to the recent
realisation that topoisomerase inhibitor of organic origin also has segquence
selective activity as evidenced byalsilization of topoisomeraseNA
cleavage complexes at specific sites (Capranico et al., 1997; Arimondo et al.,

2006; Rao et al., 2007).

7.3.4 Anticancer studies

According to American Cancer Society, nasopharyngeal cancer (NPC)
is a cancer that starts the nasopharynx. Nasopharyrixigure 7.1 is the
upper part of the throat behind the nose and near the base of the skull. It is a

common cancer in southern China, Malaysia and other Southeast Asian



countries (Sung et al., 2005AImost all cases of NPGwvorldwide are
associated with EpstefBarr virus (EBV) American Cancer Society, 2012

The link between EBV infection and NPC is complicated and not yet
completely understoodPC has high invasiveummetastatic tendency and
intense inflammatory tumour ioroenvironment (Wong et al.,, 2010).
Recurrence and distant metastasis are still the main causes of NPC deaths
despite aggressive treatment involving concurrent chewiotherapy (Wong

et al., 2010)Two NPC cell lines were screenedz. HK1 which is hidnly
differentiated squamous cell carcinoma from a Chinese male patient, and
HONE-1 which is poorly differentiated squamous cell carcinoma (Glaser et al.,
1989; Wong et al., 2010). HONE cell line was previously used to confirm
relationship of NPC metasiasand antiapoptotic B cell lymphonr2a(bcl2)

protein expression, which is a biomarker of poor prognosis with current
therapy and whose over expression in NPC confers chemoresistance (Gulley et
al., 1998; Dolcetti and Menezes, 2003).-Balvas also previgsly found to be
highly over expressed in HK1 cells (Gulley et al.,, 1998). Both HK1 and
HONE-1 are EBWnegative cell linegGlaser et al., 1989; Wong et al., 2010)
Interestingly, there exists a strong link between infection with EBV and
undifferentiated asopharyngeal carcinoma (Schobert et al., 2011). Cancers
from Hong Kong tended to be less differentiated and more frequently

associated with EBV (To et al., 2009).
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Figure 7.1: Anatomy of the pharyngaken from National Cancer Institute)

Both Zn(ll) complexes and 10, and cisplatin were tested against the
above two cancer cell lines and one 1wamcer cell line, NP69 by using MTT
antiproliferative assay. From the results obtained, both complexesl 10
were more efficient than cisplatirby a factor of ~24, in inhibiting the
proliferation of HONE1 and HK1 cancer cells. Interestingly, both complexes
7 and 10 were more antiproliferative towards HK1 cells than HONEells
(by 2x or 4x). To quantitatively compare the selectivity of tresaplexes for
cancer cells over normal cells and to show practical clinical applicability, their
therapeutic indices (TI) [Tl = I§(NP69)/IGy(HK1 or HONE1)] were
calculated and these are partially shown for HKITable 7.3 (Wang et al.,

2006).



A teded drug with Tl value greater than 1 shows selectivity. Higher Tl
valueshows higheselectivity and better safety. Tl values of complexesd
10 against HONEL are less than 1 (values not shown), showing their non
selectivity. Cisplatina clinical anicancer drug with some harmful side effects,
is cytotoxic and not selective against both cancer cell lines over corresponding
normal cell line.In fact, cisplatin has been previously reported to be highly
cytotoxic to normal nasopharyngeal cell lines (SUNENE2, C666L, NP69)
than cancer nasopharyngeal cell lines (CCD19Lu, PBMC) (Cao et al., 2010;
Ghosh et al., 2011). However, complexeand 10 are selective against HK1
over NP69. As HK1 cells and most human epithelial carcinomas have very
high expressio of epithelial growth factor receptor (EGFR) and there is
correlation between high EGFR level with more aggressive phenotype,
resistance to treatment and poor prognosis, these two Zn(ll) complexes are
good candidates for further development into NPC anter drugs (Sung et

al., 2005).

When MTT assay was performed for treatment of NPC HANE
cells with complexes (ICsp, 4.5 uM), 10 (ICsp, 5.6 uM), and cisplatin
(ICs0, 12 uM) for 72 h, phen and [Zn(phen}Were included in the study.

A similar ICso value (8.10 uM) for cisplatin was previously obtained
(Heffeter et al., 2006). The kKgvalues of phen and [Zn(phen)}Chre 10.3
and 4.0 pM. Chelating the phen to Zn(ll) in the three Zn(ll) complexes
clearly enhanced its antiproliferative property. Batbmplexes7 and 10

are more antiproliferative towards HONEthan cisplatin.



Table 7.3:1Cso values of incubating cancer and non cancer nasopharyi
cells with compounds for 72 hours

HONE-1 HK1 NP69 NP69/HK1
7 4.5 2.3 4.5 1.9
10 5.6 1.3 51 3.9
cisplatin 12 4.9 4.9 1

Recently, Liguori et al. (2010) synthesised a series of ternary Zn(ll)
complexes withN,Nc hel at i ng -dinongl2 n-8igyrifide) 4so
main ligand and different diketonate (tropoloid) as subsidiary ligand, and
found thatthey were antiproliferative against various human prostrate
cancer cell lineswithlgg( 3 t o >100 €M) values whic
the subsidiary ligand. Here, apoptosis and cell cycle arrrest were not
investigated. However, a recently synthesised n¢bmplex of N(2-
hydroxyacetophenone)glycinate was found to have poor antiproliferative
property against various-lymphoblastic leukemia cell lines (k> 500
e M, 72 hours incubat i o®bhvioughs theahace k ov i ¢
of ligand(s) is cucial for the efficacy of Zn(ll) complexes as anticancer

agents.

In cytotoxic drug treatment, most of the cell death is due to apoptosis
(Stanojkovic et al., 2010). Hence, flow cytometry was used to find out the
cause(s) of decrease in HONEcell viablity by complexes7 and 10, phen,

[Zn(phen)C}] and cisplatin at 16y concentrations for 72 hours incubation.



Percentage of necrotic cells found for cancer cells treated with all these
compounds is less than 4% which is comparable to that foundtreated

cells Figures 7.2 and 7.3 The % apoptotic cells induced by compleXe$0,

phen, [Zn(phen)G] and cisplatin are 31, 55, 38, 54 and 69 respectively. Thus,
these compounds kill the cancer cells by inducing apoptosis. Based on %
apoptotic cellanduced, compleX 0 and [Zn(phen)C] are equally cytotoxic,

and they are both more cytotoxic than compiex
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Figure 7.2: Apoptosis analysis of HONE cells untreated (A) or treated
for 72 hours with 1G, concentration of cisplatin (B), phen (C),
[Zn(phen)C}] (D), 7 (E) and10 (F).
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Since inhibition of cancer cell proliferation could result from
induction of apoptosis and/or cell cycharest, cell cycle analysis was
carried out for HONEL cells treated with 1§ concentration of complexes

7 and10. Compared to untreated cells, cells treated with compléor 24

hours resulted in an increase in S phase population from 46.9% to 65.6%

while the G/M phase population decreased significantly. In the presence of
complex10, Go/G; population increased from 37.7% to 72.8% while the S
phase population decreased significantly. Therefore, compléxasd 10
could induce cell cycle arrest in HONE cells at S and §G; phases

respectively Eigure 7.4).

 G0/G1=27.64% ¢ G0/G1=72.71%
5=27.23%
G2M=0%

GO/G1=37.7%
S=4692%
G2M=1538% ¥

1] I 190 [1] n 1} 4 0 n i

4 L1} ] )] L]
Aord] Charels (FL2-AFLD: Arei) Channels (FL2:AcFL2: Aewa)

Untreated 7 10

Figure 7.4:Cell cycle analysis of HONHE cells untreated and treated with
and10for 24 hours.

Von and colleagues (2012) have treated -BB cancer cells
(cervix) with 5 e M Tris(1,10-phenanthroline)lanthanum(lil)]
trithiocyanate for 8 hours, it underwent a massive block ¥GGphase

whil e correspondi ng c ephdnanthrolineefar 24 d



hours undewent a modest arrest in S phase. Cell cycle arresplasg
implies inhibition of DNA synthesis by complékwhereas cell cycle arrest
at G/G; is often the result of respective cell cycle checkpoint activation
due to DNA damage (Von et al., 2012). In contrast to the present Zn(ll)
complexes/ and 10, two previously reported Zn(ll) complexes containing
the same 2-acetyl pyridine 1(4-fluorophenyl)piperazinyl thiosemi
carbazone induced cell cycle arrest at S phas&$%®&2, HeLa and MDA
MB-453 cancer cell lines while they caused MIMB-361 cancer cells to
arresg at G/G; (Von et al., 2012)However, the change in subsidiary ligand
in ternary Zn(ll}phen complexesi.e. complexes7 and 10) is responsible

for alteration in cell cycle arrest in the same cancer cell line.

7.4 CONCLUSION

By changing the subsidiary ligand from dipicolinate téhteoninate
ligand, binding affinity of both Zn(ll) complexes fois(AT) and ds(CG&)is
moderated. Apparently, compleX bind preferentially to Adsequence.
However, both Zn(ll) complexes have insificant effect for other DNA
duplexes and @uadruplex tested. Although both complexes show DNA
binding selectivity by inhibiting some REs, complébind more selectively
than complex 10. The degree of antiproliferation, percentage induced

apoptosis andhe phase at which cell cycle arrest occurs in HEN&ncer

cells are also affected by the nature of the subsidiary ligand. However, no

distinct difference in topoisomerase | inhibition is observed.



CHAPTER 8

GENERAL CONCLUSION

SYNTHESIS, CHARACTERISATION AND BIOLOGICAL
PROPERTIES OF METAL(Il) POLYPYRIDYL COMPLEXES WITH

OQO'-, ONO'- OR NO-CHELATING COLIGANDS



CHAPTER 8

GENERAL CONCLUSION

This project has two partsjz. the synthesis and characterization of
three series of ternary metal(ll) complexes and the biological study of some of
these metal(ll) complexes. The complexes are (i) maltolato complexes
(IM(phen)(ma)Cl]xH,O (M = Co, Cu or Zn) and [Co(phen)(mpbH-0), (ii)
dipicolinato complexes ([M(phen)(dipico)¢B)]-xH,O (Co or Zn) and
{[Cuz(phen}(dipico)(HO)][Cu(dipico)]-[(11H,0)(CH;OH)]}) and  (iii)
threoninato complexes ([M(phen)(AA)(B)CI]-xH,O (M = Cu or Zn; AA =
L-thr or D-thr). There are two parts in tiobaracterization studie3gble 1.1),
viz. the characterization of the solids of complexes (solid state) and the
characterization chqueous solutions of complexes. Analysis of the data (FT
IR, CHN elemental analysis and-rdy (if any)) of the solid compkes
suggests that the three series of ternary metal(ll) complexes were successfully
prepared.Based on the elemental analyses, molecular formulae of the
synthesised metal(ll) complexes are [Co(phen)(ma)CHtH (1),
[Cu(phen)(ma)Cl]-2K0 (2), [Zn(phen)(mgCl]-1¥2H,0 (3),
[Co(phen)(may-5H,0 (4), [Co(phen)(dipico)(HO)]-2H,0 (5),
{[Cux(pheny(dipico)(H:0)][Cu(dipico)]-[(11H,0)(CH:OH)]} (6),
[Zn(phen)(dipico)(HO)]-H20 (7), [Cu(phen)(AA)(HO)CI]-2H,0 (8 - 9) and
[Zn(phen)(AA)(HO)CI]-2H,O (10 - 11) (where AA = L:ithr or Dthr).
Analysis of FTIR spectra also helped to established the presence of chelated

1,10phenanthroline and coligands (maltolate, dipicolinat¢hreoninate and



D-threoninate).

This study has gathered some importarformation regarding the
effect of number of chelated maltolato ligands, changing coligand and
changing metal(ll) ion of the ternary metal(ll) complexes on the solid and
solution properties. As discussed in Chapter 3, the number of chelated
maltolato ligands influence the geometrical structure of the metal(ll)
complexes. With one coordinated maltolato ligand, [Co(phen)(m&}&D 1
has a square pyramidal geometry. However, [Co(phemr8B)hO 4, with
two coordinated maltolato ligandeas an octahedralegmetry. Apparently,
the number of chelated maltolato ligands not only affected the structural
geometry but also the electrolytic nature of complefd:1 electrolyte) and
complex4 (non-electrolyte). The intensities of FL emission of compléxs
slightly higher than comple®i. Thus, the structural geometry and number of
coordinated maltolato ligands affected the FL emission intensity. In addition,
changing the type of metal(ll) ion also influence the FL emission intensity but
not theamax and shape of thFL emission bands. It was found that Co(ll) and
Cu(ll) have quenching ability while Zn(ll) ion enhanced the FL emission
intensity of the coordinated phen. Hence, FL emission studies of comglexes
- 4 revealed that FL emission intensity is affected byctiral geometry,

number of coordinated maltolato ligands and type of metal(ll) ion.



The effect of changing the type of metal(ll) i@an the solution
properties othe set of metal(lfphendipicolinate complexewas discussed in
Chapter 4. Both  [Co(phen)(dipico)(HO)]-2H,0 5 and
[Zn(phen)(dipico)(HO)]-H,O 7 are mononuclear complexes. Aqua, phen and
dipico ligands are coordinated to the metal(ll) center (Co(ll) or Zn(ll)),
forming distorted octahedral complexes. The structure of both phen acd dip
(planarity, rigidity and denticity) and limited span width of both carboxylate
ligating atoms (O(1) and O(3)) of dipico causes completo be highly
distorted. [Cux(phen}(dipico)(HO)][Cu(dipico)]-[(11H,0)(CHsOH)] 6 is a
trinuclear ionic compound consisting of@ux(phen}(dipico)(H,0)]** cation
and a [Cu(dipica)® anion. The dicopper(ll) cation
[Cux(phen)(dipico)(H0)]** has a distorted square pyramidal geometry about
each copper, and the counter anion [Cu(dip]éo has a distorted octahedral
geometry about the copper atom. Both complexesd 7 exist as neutral
complex species in aqueous solution and comflexa 1:1 electrolyte. The
low molar conductivity (37- 4 3 * gm? mol™) of complex6 compared to
theoretical values (759 5 * ¢n” mol™) is due to the low mobility of bulky
cations and anions of an ionic compound in the solution. Similar to other phen
based complexes in this chapter, t he
transition of the coordinatgghenanthroline ligand. FL emission intensities of
the coordinated phen increases in the following or@ex 5 < phen <7.
Zn(ll) enhances the FL of the coordinated phen while Co(ll) and Cu(ll)
partially quenches the FL of the coordinated phen. Oncen,agahows that
the type of metal(ll) ion influences the FL emission intensities of ternary

metal(ll) complexes of phen.



However,in changing the coligand in [M(phen)(AA)¢B)CI]-2H,O
(M = Cu or Zn)8 - 11 from L-threonine to BRhreonine, there are no
significant differences observed for each enantiomer pair of complexes in their
FTIR spectra, CHN data, UVisible absorption, FL emission, molar
conductivity, ESIMS and TGA except for 3D supramolecular framek and
circular dichroism spectrum. In the solid state, compl@&e$1 have a similar
distorted octahedral geometifjhe crystal packing of neahiral molecules are
superimposable at the same axis. Interestingly, the crystal packing of both
pairs of Cill) and Zn(ll) enantiomers show a mirror image in the direction of
a-axis. This suggests that the chirality of each of complekes 11 is
controlled by the chirality of the coligand hreoninato and Bhreoninato).
The CD spectra of each pair of Cu(Bpd Zn(ll) enantiomers are mirror
image of each other and this proves that the enantiomeric pairs for both Cu(ll)
and Zn(Il) complexes were successfully prepared. It is important to highlight
that a change in the type of metal(ll) ion (Co(ll), Cu(ll) or(l)) influence
the FL emissi on aandée shape gf thdhands. Amoong t h e
all three types of metal ion mentioned earlier, it is found that Zn(ll) ion
enhanced the FL emission intensity of phen whereas Co(ll) and Cu(ll) ions
have differat quenching of the FL intensity of phen. The chirality of the
threoninate coligand of [M(phen)(AA)@®)CI]-2H,O (M = Cu or Zn)8 - 11
does not seem to have an influence on the FL emission intensities. Each
enantiomer pair of Cu(ll) and Zn(ll) complexes fsund to undergo

dehydration at an early stage of its thermal degradation.



Two sets of metal(ll) complexesiz. Co(ll) ([Co(phen)(ma)CHH,0
1 and[Co(phen)(ma)-5H.,0 4), and Zn(ll) ([Zn(phen)(dipico)(tD)]-H.O 7
and [Zn(phen)(kthr)(H,O)CI]-2H,O 10), have been studied for their
biological properties. The results have been presented and discussed in
Chapters Six and Seven. As both Co(ll) compleXdesnd 4 have higher
binding affinity for ds(AT} (1: 2.176 x 10 M™% 4: 2.563 x 16 M) than for
ds(CG) (1: 1.823 x 10 M™; 4: 1.791 x 16 M), they are said to have more
binding selectivity towards A$equences than C&equences. The greater
binding constants for both complexesl and 4 towards
ds(CGCGATATCGCG) (1: 1.776 x 10 M™% 4: 1.782 x 10 M) over the
ds(CGCGAATTCGCG) (1: 1.217 x 16 M™% 4: 1.474 x 18 M), suggest
greater binding preference or selectivity for ATédquence over AATT
sequence. Interestingly, the binding constant of complexvards G4 is nine
times greater than complel. It is important to highlight that both Co(ll)
complexes,1 and 4 are found to exhibit different binding affinity and
selectivity towards different types of duplex DNA. Restriction enzyme
inhibition and topoisomerase | inhibitory behavior of both caxe$l and4
are also found to be different. The different binding specificity and recognition
of DNA of complexesl and4 can be ascribed to the number of coordinated
maltolate ligand. Both Co(ll) complexeg, and 4 shows antiproliferative
activity towards cancer cell line MCF7, with d¢values of 75 and 55 pM
respectively. The antiproliferative property of both complexes istyead
dependent. The number of chelated maltolate ligands of Co(ll) complexes

seems to influence their binding specificitgcognition and antiproliferative

property.



Changing the type of coligand from dipicolinato (tweakkeptor sites)
to L-threoninato (Hacceptor and Hlonor sites) in the Zn(ll) complexess.
[Zn(phen)(dipico)(HO)]-H.O 7 and [Zn(phen)(kthr)(H,O)CI]-2H,0 10, are
expected to have different binding affinity. However, the results disprove the
proposed hypotheses as no significant difference is found in their binding
affinity towards ds(ATy, ds(CG3, ds(CGCGAATTCGCG)
ds(CGCGATATCGCG), G4 and the corsponding duplex of .
Surprisingly, both complexeg and 10 shows DNA binding selectivity by
inhibiting some REs. Complex is found to bind more selectively than
complex10as complexLO can inhibit Ase I, Ssp |, Nde | and Bst 11071 while
complex7 canonly inhibit Ssp | and Nde I. A change of coligand from L

threoninato to dipicolinato, seemsdnhance their binding specificity.

Both zinc(ll) complexes,/ and 10 are found to be able to inhibit
topoisomerase |. However, there is no significant obfiee in their

topoisomerase | inhibition.

For both Zn(ll) complexes; and 10, it is found that both have better
anticancer activity than cisplatin against HKZ: 4.5 pM; 10: 5.6 pM;
cisplatin: 12 pM) and HONH cancer cell lines7( 2.3 pM; 10: 1.3 pV;
cisplatin: 4.9 uM). Both complexe¥ and 10 were 2x or 4x more
antiproliferative towards HK1 cells than HONEcells. The % apoptotic cells

induced by complexes and10 are 31 and 55 respectively. These two Zn(ll)



complexes killed the cancer cells lgucing apoptosis. The % apoptotic cells
indicate that comple%0is more cytotoxic than compléek Cell cycle analysis
suggested that compléxcould induce cell cycle arrest in HONEcells at S
phase. However, the other Zn(ll) compled) induced cell cycle arrest in
HONE-1 cells at G/G; phase. A change of coligand in ternary Zn(ll)
complexes seems to alter the cell cycle arrest in the same cancer cell line. In
conclusion, a change of type of coligand of Zn(Il) complexes is found to be a

factor in influencing their DNA recognition and antiproliferative properties.

Overall analysis of all the metal(ll) complexes in this study shows
retention of some properties of the phen although the type of coligx@d (
maltolate, ONO-*-dipicolinate, NO-L-threoninate or NO-D-threoninate)
changed. The UV peaks (~ 226 nm and ~ 269 nm) of all the metal(ll)
complexes,1 - 11, ar os e from AN transition
phenanthroline ligand. Besides, a change of the type of coligand did not affect
t h gax ad the shape of the FL peaks of completes 11. However,
changing the type of metal(ll) ion was found to change the FL emission
intensity. This study revealed that Co(ll) and Cu(ll) quenched the FL emission
intensity of phen but Zn(ll) ion enhanced The quenching mechanism is
ascribed to static quenching and the enhancement is attributed to th¥ full d
electron configuration of the Zn(ll) ion. In general, FL emission intensities of
metal(ll) complexes in terms of increasing order as follow: Ca@hplexes
< Co(ll) complexes < phen < Zn(ll) complexes. Additionally, a change of

coligand was found to influence the DNA binding, molecular recognition



capability and antiprphdncblergéandec pmplpe

as mentioned in Chaptesand 7.

In conclusion, the type of metal(ll) ion, coligand and the number of
coordinated ligands were found to affect only some of the physical properties
of the synthesized metal complexes. Similar effects are also found in the
biological propertiesof the studied metal(ll) complexes. This work has
provided some information on the structure activity relationship (SAR) of
transition metal complexes from a biological/biomedical science perspective.
These results will be useful in the future exploratafrthe potential use of

transition metal complexes in life science.

For future study, otherOO-, ONO- and NO-coligands can be
assembled to study their solid and solution properties. In the present work,
enantiomeric pair of metal(ll) complexes weranthesized and characterized
in their solid and solution states but it does not cover their biological studies.
The biological studies of enantiomeric pair of metal(ll) complexes are limited,
hence, future work should include it. The interaction of mejat{dmplex
with proteins is an interesting research topic as its mechanisms is not clearly
understood. Recently, molecular docking plays an important role in rational
design of drugs. Molecular docking is a computational simulation to monitor
the molecularrecognition process. There are several molecular docking

programs such as GOLD suite, DOCK, FlexX, GLIDE, ICM, PhDOCK, and



Surflex which are available in the market. It is useful to determine the
interaction of metal(ll) complexes with proteins and to futettheir strength of
binding affinity and the detailed interactions between metal complexes and
proteins. Besides, nuclear magnetic resonance spectroscopy (NMR) can also
be used to study the interaction between metal(ll) complex and proteins.
Hence, in fture studies, molecular docking and NMR spectroscopy methods
can be use to find out the interaction between metal(ll) complexes and
proteins. Complexeg and 10 under this study are recommended for further
investigation for treatment of cancers with higipeession of topoisomerase |,
antiapoptotic BeR protein and those diagnosed with high EGFR level. This
will be a potential direction for future work since Zn(ll) complexes that have

anticancer properties are rare.
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Appendix 5.9 UV dilution for complex10 at different concentration
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Appendix 5.1Q UV dilution for complexl1 at different concentration
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Appendix 5.11 Visible spectra of [Cu(phen){thr)(H.O)CI]-2H,0 8 (1),
[Cu(phen)(Dthr)(H.0)CI]-2H,0 9 (Il) and CuC4 (111).
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Appendix 6.1:El ectrophoresis results of 1incu
5 unit of restriction enzyme inlthe p

for 2 hours at 37U0UC. Lane 1, 1kb DNA |
Lane 3, & DNA +1;, 50 L@WMecdmplaexDNA + 5

(control); Lane 5, & DNA + 1,5 Luamiet 6Ts ps«
DNA + 5 wunit Hae |ONA+ % enit Hae dllotI50 pM L an e
complex, Lane 8, & DNA + 5 wunit Sal Il (co

| + 50 uM complexi,; Lane 10, > DNA + 5 unit Ps
DNA + 5 unit Pst | + 50 uM complex; Lane 12, & DNA + 5
(contrd ) ; Lane 13, & DNA + 5 luniLané&vad)l
DNA + 5 unit Sca | (control); Lane 1°
complexl; Lane 16, 1kb DNA ladder
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Appendix 6.2.El ectrophoresis results of 1incu
5 wunit of restriction enzyme inl the p

for 2 hours at 37UC. Lane 1, 1kb DNA |
Lane 3, & DNA % 5W0an®eM 4c,omp | BXA + 5 uni
Lane 5, & DNA + 5 wunit Ssapnel 6+ 50 DONWA
Ase | (contr ol )unitAsalr&0 puMcompledDPNAame 58, =
DNA + 5 unit Mun | (control); Lane 9,
complexi, Lane 10, & DNA + 5 wunit EcoR |
5

unit EcoR | + 50 uM compleX; Lane 12, & DNA + 5 un
LaneB, & DNA + 5 unit INdeéane 50, O DNAPp
Bst 11071 (control); Lane 15, &l DNA +
Lane 16, 1kb DNA ladder
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Appendix 6.3:El ectrophoresis results of 1incu
5 unit of restriction enzyme ind4d the p

for 2 hours at 37°C. Lane 1, DNA Ladder; Lane 2, DNA Alone; Lane 3, DNA
+ 50 &M 4clamap, DélA+ TSP5091; Lane 5, DNA + compkéx
TSP5091; Lane 6, DNA + Hae lll; Lane 7, DNA + comptex Hae Ill; Lane

8, DNA + Sal I; Lane 9, DNA + comple4 + Sal I; Lane 10, DNA + Pst [;
Lane 11, DNA + compleXd + Pst |; Lane 12, DNA + Pvu Il; Lane 13, DNA +
complex4 + Pvu Il; Lane 14, DNA + Sca |; Lane 15, DNA + compléx+

Sca I; Lane 16, DNA Ladder
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Appendix 6.4:El ectrophoresi s
restriction
for 2 hours at 37°C. Lane 1, DNA Ladder; Lane 2, DNA Alone; Lane 3, DNA
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Mun I; Lane 9, DNA + comple® + Mun I; Lane 10, DNA + EcoR I; Lane 11,

DNA + complex4 + EcoR I; Lane 12, DNA + Nde I; Lane 13, DNA +

complex4 + Nde |; Lane 14, DNA + Bst11071; Lane 15, DNA + complek
Bst11071; Lane 16, DNA Ladder
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alone. Restriction enzymes, Lanes 45: 4, Tsp 5091; 5, Hae lll; 6, Sal I; 7,
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Appendix 7.2:El ectrophoresis results of incu
5 unit of restriction enzyme in the absenge ( or presence (+) o0
for 2 hours at 37UC. Lane 1, 1 kb & D
alone. Restriction enzymes, Lanes 45:4, Tsp 509I; 5, Hae llI; 6, Sal I; 7,

Pstl; 8, Pvu ll; 9, Sca I; 10, Ssp I; 11, Ase |; 12, Mun |; 13, EcoR I; 14, Ndel;

15, Bst 11071.
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Appendix 7.3:El ectrophoresis results of incu
5 unit of restriction enzyme in the a&me ¢ or presence (+)
thiazole orange for 2 hours at 37UC. L

DNA + thiozole orange alone. Restriction enzymes, Lanésl8: 4, Tsp
509I; 5, Hae lll; 6, Sal I; 7, Pst I; 8, Pvu ll; 9, Sca |; 10, Ssf J;Ase |; 12,
Mun I; 13, EcoR I; 14, Ndel; 15, Bst 11071.
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Appendix 74:El ectrophoresis results of incu

5 unit of restriction enzyme in the absenep ( or presence (+)
[Zn(phen)(dipico)(HO)]-H.O 7f or 2 hours at 37UC. Lance
DNA al one; 7algne.aRedDitiidn emrzymes, Lanes 45: 4, Tsp

509I; 5, Hae lll; 6, Sal I; 7, Pst I; 8, Pvu Il; 9, Sca I; 10, Ssp I; 11, Ase |; 12,

Mun [; 13, EcoR [; 14, Ndel; 15, Bst 11071.
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Appendix 7.5:El ectrophoresis results of 1incu

5 unit of restriction enzyme in the absenee ( o r presence (+)
[Zn(phen)(L-Thr)(HO)CI]-2H,O 10f or 2 hours at 37U0C.
DNA,; 2, & DNA al0alane ;Res8iction@nzypniEsi Lanes 4

15: 4, Tsp 509I; 5, Hae Ill; 6, Sal I; 7, Pst I; 8, Pvu Il; 9, Sca I; 10, Ssp I; 11,

Ase |; 12, Mun I; 13, EcoR I; 14, Ndel; 15, Bst 11071.
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Appendix 7.6: Human topo | inhibition assay by gel electrophoresis.

El ectrophoresis results of i ncubating
with pBR322 (0.25 ¢g) i n thezZnBbsence
complexes/ (A) and10 (B): Lane 1 & 4, gene ruler 1 Kb DNladder; Lane 2,

DNA alone; Lane 3, DNA + 40 pM complex (control); Lane 5, DNA + lunit

Topo I(control); Lane 6, DNA + 10 uM complex + 1unit Topo |; Lane 7, DNA

+ 20 pM complex + lunit Topo I; Lane 8, DNA + 80 puM complex + 1unit

Topo I; Lane 9, DNA + 120 pMomplex + 1unit Topo I.
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