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Abstract

This project describes the synthesis and biomimetic/biological properties of sixty nine
copper(ll) and silver(l) complexes. The complexes were derived from reactions of four
copper(Il} carboxylate compounds along with copper(il) and silver(l) salts with various
nitrogen donor ligands. Approximately sixty of the complexes are novel. X-ray crystal

structures for five of the novel copper(ll) complexes are reported.

[Cu(salH):(H20)] (1), [Cux(aspla(H20):1.H0  (2), [Cu(dipsH)(H.0)) (3) and
{Cu(msal)(H20)}, (4) were generated when copper(1l) hydroxide was reacted with the
relevant carboxylic acid. Complexes (1) - (4) reacted with simple benzimidazoles to yield
twelve complexes with three of them being structurally characterised. When (1) - {(4) were
reacted with the potential chelating ligands thiabendazole, 2-(2-pyridyl)benzimidazole,
1,10-phenanthroline and 2,2’-bipryidine twelve complexes resulted with one of them being

structurally characterised.

Copper(11) acetate and the simple copper(Il) salts, copper sulfate and copper chloride were
each reacted with both the chelating and the simple benzimidazole ligands to yield twenty

complexes with one being structurally elucidated by X-ray analysis.



Silver(1) salicylate ([Agx(salH)2]) was generated as described in the literature. All attempts
to generate benzimidazole derivatives of [Agx(salH).] were unsuccesstul. The silver(I)
salts, silver nitrate, silver sulfate and silver acetate were reacted with both the chelating and

the simple benzimidazole ligands to yield nineteen complexes.

None of the fifty copper(il) complexes generated during this study exhibited significant
catalase activity but all did show SOD mimetic properties and selected complexes also
exhibited anticancer activity against three human derived cancer cell lines. The antifungal
activities of all of the complexes were also examined against the pathogen Candida
albicans. At higher concentrations the majority of the copper(1l) complexes exhibit very
good activity but as the concentration is decreased their efficacy diminishes significantly.
All of the silver(l) derivatives were extremely photo-stable and exhibited anti-mycotic

activity far greater than the prescription drug Ketoconazole.
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Symbols and Abbreviations

¢ Degrees
s 2 -

A molar conductivity (S em” mol™)
A . -10

Angstrom (107" m)
v wavenumber (cm'])
Fomas max wavelength of maximum absorbance in nm

. . . 3 - .

£ molar extinction coefficient (dm™ mol Pem™)

Herr(B.M.)

effective magnetic moment (Bohr magneton)

Uso spin-only paramagnetism

°C degree Celsius

K Kelvin

salH- salicylic acid

dipsH, 3,5-diisopropylsalicylic acid
msalH; 3-methoxysalicylic acid

BZDH benzimidazole

5-BZDHCOOH 5-benzimidazolecarboxylic acid
2-AmBZDH 2-aminobenzimidazole
2-CIBZDH 2-chloromethylbenzimidazole

2,5-Me-BZDH 2,5-dimethylbenzimidazole

5,6-Me,BZDH 5,6-dimethylbenzimidazole



6-NO-BZDH
2-PhBZDH
2-PyBZDH
TBZH

2-MeOHBZDH

phen

bipy

EDTA

DMSO
EtOH
OAc
MeOH
Ph

PPI];{

DNA
HIV
MIC

1C

6-nitrobenzimidazole
2-phenylbenzimidazole
2-(2-pyridyl)-benzimidazole
thiabendazole

1H-benzimidazole-2-Methanol

1,10-phenanthroline

2,2’-bipyridyl

ethylenediaminetetraacetic acid

dimethylsulphoxide
ethanol

acetate

methanol

phenyl
triphenylphosphine

alkyl, aryl, aromatic substituent

deoxyribonucieic acid
Human Immunodeficiency Virus
mimimum inhibitory concentration

inhibitory concentration



PBS phosphate buffered saline

SDA sabouraud dextrose agar
SOD superoxide dismutase
CAT catalase

ca. circa

h, min, s hours, minutes, seconds
IR intra-red

sV, asym symmetric and asyminetric, respectively
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INTRODUCTION



1.1 CHEMISTRY OF THE GROUP 11 METALS COPPER AND SILVER

I.1.1 General chemistry of the group 11 elements'

The group 11 metals copper (Cu), silver (Ag) and gold (Au) have been known since ancient
times and were almost certainly the first three metals known to man. They are widely
distributed in nature as the native metal and in numerous sulfide ores. Silver also occurs as
horn silver (AgCl). The metals in the group have the highest electrical and thermal
conductivities known. Like the group 1 metals they have one electron in their outer orbital
but differ in that the penultimate shell contains ten d electrons.  The poor screening by the
d electrons makes the atoms of the group much smaller in size, and their ionisation energies
are consequently higher. Since the electrons of the d shell are also involved in metallic
bonding, the heat of sublimation and the melting points of the group I1 elements are also
much higher than those of the alkalis. These factors are responsible for the more noble
character of the group, and the effect is to make their compounds more covalent and give
them higher lattice energies. In spite of the similarity in electronic structures and ionisation
potentials there is only moderate similarity in the chemistry of copper and the heavier
elements silver and gold. The elements in the group show variable valancies with the most

common oxidation states being Cu(Il), Ag(I) and Au(lll).

1.1.2 Copper(l) chemistry
Copper(l) complexes are diamagnetic and usually colourless except where colour results

from either the anion or from charge-transfer bands. The diamagnetism is due to the fully



spin-paired outer electronic configuration of [Ar] 3d"° 4s°. Because of the existence of the
following Cu™ disproportionation:

200" === Ccu + Cu*
equilibrium can readily be displaced in either direction, thus Cu’” can react with anions that
do not give covalent bonds or bridging groups (e.g. ClOy, SO47) to produce Cu
compounds and Cu” can react with complexing agents that have greater affinity for +2 state
and produce Cu”~ (as below where en = ethylenediamine).

cucl  +  2en  —  [Culen),)*" + 200 o+ C°

The occurrence of the Cu™ ion in aqueous solution is rare, and most copper(l) compounds
(e.g. CuCl, CuCN) are insoluble in water or are stable only in the form of complexes. This
instability towards water is partly duc to the greater lattice and solvation energies and
higher formation constants for Cu(ll) complexes, leaving Cu(l) complexes unstable.
Copper(l) complexes are usually quite air- and moisture-sensitive, and are thus easily
oxidised to copper(1l). The stability of copper(l) relative to copper(1l) 1s greatly enhanced
in solvents which have a w-acceptor/donor character (e.g. acetonitrile). This is due to the
effective solvation of the Cu~ jon by the n-donor character of CH:CN groups.! Copper (1)
halide and other complexes are usually obtained by:

(a) Direct interaction of ligands with copper(l) halide

(b) Reduction of the corresponding copper(Il) compounds

(¢) Reduction of Cu”™ in the presence of, or by the ligand.
The stoichiometries of Cu(l) compounds do not give an indication to the coordination

environment, which can be very complicated, being mononuclear, binuclear with halide



bridges, polynuclear and the copper atom, two-, three-, or four-coordinate, or of infinite

chains.

1.1.3 Copper(Il) chemistry

The copper(ll) oxidation state is by far the most common for copper as most Cu(l)
compounds are readily oxidised to Cu(1l) and further oxidation to Cu(lll) is more difficult.
Copper(ll) complexes have an outer electronic configuration of [Ar] 3d” 4s”, are
paramagnetic, and are mostly blue or green in colour due to the presence of an absorption
band in the 600-900 nm region of the spectrum. Exceptions can occur due to the presence
of charge transfer bands, causing the Cu(1l) compounds to appear brown or red in colour.
The coordination numbers for copper(ll) complexes are usually four, five, and six, with
tetrahedral, square planar, trigonal bipyramidal and octahedral structures commonly found.
The shapes of the complexes are nearly always distorted due to the Jahn-Teller bond angle
compression or the unequal occupation of the eg orbitals when the d’-ion is subjected to an
octahedral field. This gives the familiar coordination geometry of ‘244’ distorted

octahedral.!

Electronic spectra of simple copper(11) complexes contain broad absorption bands in the
region 625-900 nm. Because of the distortion of the octahedral geometry the crystal field is

split, and thus the electronic bands are very difficult to assign unambiguously.'

The theoretical spin-only value for copper(1]) is ps = 1.73 B.M.. With ligand contributions

and mixing of the excited state T term into the ground state term E [per = pso(1-22/10Dq)]



and the high A value (850 cm™y, Wer's of between 1.75 - 220 B.M. are obtained

experimentally.

I.1.4 General metabolic functions of copper

Copper was first shown to be an essential biological element in the 1920s when anemia was
found to result from Cu deficient diets in animals and addition of Cu salts comrected this
affliction.” It is now recognised as an essential trace element for many biological functions.
Copper functions primarily as a cofactor and is required for structural and catalytic
properties of a variety of important enzymes, including cytochrome ¢ oxidase, tyrosinase,
p-hydroxyphenyl pyruvate hydrolase, dopamine beta hydroxylase, lysyl oxidase, and Cu-Zn
superoxide dismutase (Cu/Zn SOD). These enzymes are involved in an array of biological
processes required for growth, development and maintenance. Copper intake varies greatly
depending on food choices and diet customs, while absorption of copper in the human body
depends on a variety of factors including chemical form and presence of other dietary
components. About 30-50 % of ingested copper, mostly Cu™, is absorbed in the small
intestine, and very small amounts are absorbed in the stomach.” The amount of copper
ingested in food and water is relatively low, and most humans and animals are able to
control excess amounts of Cu in the body by either decreased absorption or increased
excretion. Acute and chronic copper toxicity are therefore rare in occurrence. Chronic
copper toxicity primarily affects the liver, because it is the first site of deposition after it

enters the blood. Toxicity is typically manifested by the development of liver cirrhosis



with episodes of hemolysis and damage to renal tubules, the brain, and other organs.
Symptoms can progress to coma, hepatic necrosis, vascular collapse, and death.” Chronic
copper toxicity has been documented in dialysis patients receiving dialysis via copper
tubing’, in workers using pesticides containing copper’, and in infants maintained for long

periods on intravenous total parental nutrition.’

1.1.5 Silver(l) chemistry

Ag(l) is by far the best known oxidation state of silver, with the electron configuration [Kr]
4d'®. Many simple ionic compounds are known containing Ag(l). The salts are generally
insoluble in water, the exceptions being AgNO,, AgF and AgClO4, The most common
coordination number of Ag(l) is two, but complexes of coordination number three, four and
six are also found, with linear, trigonal planar, square planar and octahedral structures
commonly found. Ag(l) has a relatively low affinity for oxygen donors, although
compounds and complexes containing carboxylate ions, DMSO, DMF and crown cthers are
known.” Unlike Cu(l) and Au(l), Ag(l) does not disproportionate in water and is stable in

both solid and solution.'

[.1.6 Silver(1l) chemistry7

The Ag(11) ion has the electron configuration [Kr] 4d@°. Numerous complexes of Ag(ll) are
known, and are usually prepared by oxidising a solution of Ag(l) containing the
complexing ligand with potassium persulfate. These complexes are usually square planar
and paramagnetic. With neutral ligands cationic species such as [Ag(pyridine)s)™,

[Ag(bipyridine)g]z_ and [Ag(ortho- phenanthroline)g]z_ form crystalline salts. The magnetic



moments of Ag(ll) complexes range from pey =1.75 to 2.2 B.M,, consistent with a d’
configuration. Ag(ll) is so strongly oxidising that it reduces water, thus it only appears

when stabilised in complexes or as insoluble compounds.

[.1.7 Biological applications of silver

Elemental silver and silver salts have been used for decades as antimicrobial agents in
curative and preventative healthcare. Fungi and bacteria have been exposed to sub-
inhibitory levels of Ag(l) for four billion years and no widespread resistance has developed
to date. Silver and its simple salts have found important applications in the treatment of
chronic ulcers, extensive burns and difficult to heal wounds. Ag(l) is the active ingredient
in these simple systems and is well known as an excellent antimicrobial with high efficacy
against gram positive and gram negative bacteria as well as a wide array of fungal

microbes, but low toxicity against non target organisms.

Silver salts and compounds that release silver ions have also found applications in materials
used in medical devices such as intravascular catheters where they prevent the growth of
pathogens that cause catheter-related bloodstream infections which account for a significant
proportion of nosocomial infections in intensive care units. More recently wound dressings
containing fabrics impregnated with silver (FIS’s - a new silver technology), which have
antimicrobial efficacy, have been developed with the potential to provide a protective
barrier against infection in severe burmn wounds. Such FIS’s owe their efficacy to the
inclusion of discrete silver complexes which have the ability to release silver ions in a slow

controlled manner.



1.2 ANTIFUNGAL AGENTS

I1.2.1 Introduction to fungal infections

Fungal infections have recently emerged as a growing threat to human health especially in
. . . . 8 . .
patients with weakened or compromised immune systems.” Infections are often associated
with complex disease entities, for example candidiasis in AIDS patients, aspergillosis in

bone marrow or organ transplant patients.

Fungal diseases are classified by the fungal pathogen responsible for the infection and those

most commonly found are listed in Table 1.

Table 1: Human fungal infections

Fungal Disease

Fungal Strain

Initia! Infectious Area(s)

Candidiasis Candida albicans Mucosal

Esophageal
Vulvo-vaginal

Dermal

Cryptoccosis Cryptococcus negformans Meningeal
Aspergillosis Aspergillus Open wounds and cavities

Blastomycosis Blastomyces dermatitidis Respiratory
Coccidioidomycosis Coccidioides immitis Respiratory
Histoplasmosis Histoplasma capsulatum Respiratory




1.2.2 Candidiasis

Candida associated infections can range from superficial infections involving the oral
cavity, vagina or skin to severe life-threatening infections involving many organs.” %!
Infections involving AIDS patients are almost exclusively mucosal as systemic invasion is

a rare and late event. Before the era of antiretroviral therapy, oropharyngeal candidiasis

was reported to occur in 50 % to 75 % of patients infected with HIV #

The bulk of disease, especially initial episodes, is associated with the infection of Candida
albicans. Recurrent disease is caused by the same strain of Candida in approximately 50 %
of the cases; other cases are caused by different strains of C. albicans or new species.
Candida strains, notably glabrata and parapsilosis, tend to cause infection in patients of
advanced disease who have had extensive exposure to antifungal agents, especially the

azoles.®

Most patients with oropharyngeal candidiasis are symptomatic and complain of some oral
discomfort.'” The classic presentation is of creamy-white plaques on an erythematous base,
the pseudomembranous form or thrush. Patients with esophageal candidiasis develop
ulcers and erosions on the esophagus and experience odynophagia or dysphagia. The

combination of oral and esophageal candidiasis is symptomatic of patients with AIDS.



1.2.3 Clinical needs for novel antifungal agents

Classically, antifungal agents fall into one of two categories; those that effect membrane
function by binding to ergosterol, and those that prevent synthesis of lanosterol, the
precursor to ergosterol. The two most common examples from these groups are
amphotericin B, which is a member of the polyene class, and ketoconazole, which 1s a

member of the azole class.

Polyene antifungal agents have an atypical mode of action against fungal pathogens,
instead of inhibiting an enzyme they bind to ergosterol, the principal sterol in the fungal
membrane, thereby perturbing membrane function to the point of inducing leakage of
cellular contents.” For many years amphotericin B has been the only antifungal polyene
that could be administered systemically to treat visceral infections. Its broad spectrum of
activity against fungal species coupled with its unique mode of action should suggest that it
is an ideal antifungal agent. This, however, is not the case as amphotericin B’s mode of
action exhibits poor selective conformational differences between ergosterol and
cholesterol, the major sterol in mammalian cells, which indicate that it has potential toxicity
to mammalian cells. This explanation would account for the nephrotoxicity that results

when this particular agent is exposed to mammalian cells.

The azoles represent the largest class of antifungal agents in clinical use. They mainly
inhibit the formation of lanosterol, which is a precursor to ergosterol, the major fungal
sterol.'”>  With ergosterol depleted and replaced with unusual sterols, the normal

permeability and fluidity of the fungal membrane is altered causing secondary

10



consequences for membrane-bound enzymes involved in cell wall synthesis. The principle
molecular target of the azoles is a cytochrome P450-Ergllp which catalyses the oxidative
removal of the 14a-methyl group of lanosterol.  The protein contains an iron
protoporphyrin moiety located at the active site, and the antifungal azoles bind to the iron
atom vig a nitrogen atom in the imidazole ring. The remainder of the azole molecule binds
to the apoprotein in a manner dependant on the individual azole structure. The exact
conformation of the active site differs between fungal species and mammalian cytochrome

P450, affording selectivity to the azole antifungal drugs.

Resistance to azoles can occur by mutations that modify the target molecule or by
overexpression of membrane efflux pumps that export antifungals from the cell.'
Combinations of both resistance mechanisms have even been detected in some Candida
albicans isolates. Table 2 depicts the antifungal agents that are currently i clinical use or
are about to be released onto the market. Clinical needs for novel antifungal agents have
altered in recent times with the rise and fall of AIDS-related mycoses." The advent of
highly active antiretroviral therapy (HAART) has enormously diminished the incidence of
disseminated Candida infection. However, this decreasing trend in Candida infections is

becoming overshadowed by the worrying increase in aspergillosis caused by the fungal

pathogen Aspergilius fumigatus.

Due to this variety in fungal infection types it is necessary that antifungal agents meet two

main criteria; (i) they must exhibit broad-spectrum activity and, (ii) they must exploit

sufficient differences between mammalian and fungal cells, thereby displaying high

11



selectivity. It is evident that the majority of antifungal agents exploit selective differences

in cell wall synthesis and composition between mammalian and fungal cell walls (Table 2).

The need for novel antifungals and in particular those that can display broad spectruim
activity and alternative modes of action compared with those documented (Table 2) are
required to meet the growing trend of diverse fungal infections and resistance. This need is
highlighted from the reality that the antifungal discovery process based on screening
compounds against molecular targets, which dates back before the genomics era, has so far
not resulted in a single new agent emerging into the clinic or development process. Metal
complexes may represent a novel class of antifungal agent in both their ability to act as

fungi-toxic species and in their selective targeting of fungal cetlular organelles.

12
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1.2.4 METAL COMPLEXES AS ANTIFUNGAL AGENTS

1.2.4.1 Silver and zinc complexes of the sulfadrugs'®

Silver sulfadiazine (Figure 1) is known to possess significant antibacterial and antifungal
properties. Due to these useful properties it is used alone or in combination with mafenide
(Figure 2), cerium nitrate or chlorohexidine as a topical treatment for open wounds and
burns. Complexes containing stlver and zinc sulfonamides have been used over the past
twenty years to successfully treat serious infections of this nature and offer a real
alternative to the resistance problems suffered by the state-of-the-art antifungal agents. It is
believed (but not yet fully understood) that the metal ions interfere with cell growth by (i)
inhibition of transport functions in the cell wall (respiration), (ii) inhibition of cell division
(interaction with DNA) and (iii) interruption of cell metabolism (changing enzyme
structures).'®  This multimodal efficacy, which occurs at very low concentrations, is unique

to silver ion antimicrobials and reduces the possibility of developing resistant organisms.

NH,

j N o\‘,s\\ o
N
=N Ag

Figure 1: Structure of silver sulfadiazine

HoN
@SOzNHZ

Figure 2: Structure of mafenide
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Recently Mastrolorenzo ef al.¥’ have synthesised an array of complexes incorporating
arylsulfonylureido derivatives (Figure 3). These Ag(l) and Zn(1l) complexes were tested as
antifungals using the fungal strains Aspergillus flavus, Aspergillus niger and Candida
albicans. MIC gy values were reported in the region of 1.5 — 5 pg/ml for the tested

compounds, values which compare favorably to those of ketoconazole.

Mode of action studies carried out on these complexes revealed that fungal cell death was
achieved by the inhibition of phosphomannose isomerase, a key enzyme in the synthesis of
fungal cell walls. Significantly no reduction in ergosterol levels were detected indicating

that these complexes possess a unique mode of action over the state-of-the-art drugs.

NTONTTR
0=S=0
© X = H, Cl, Me
NH R = H, Me

Y

HN:S/,O
O/
O

Figure 3: General structure of the arylsulfonylureido ligand

1.2.4.2 Imidazole and benzimidazole antifungals

The compound 2-(4-thiazolyl)benzimidazole (thiabendazole, TBZH) (Figure 72), was first
reported as an antihelmintic agent'’ and only later were its antifungal properties and
potential for controlling fungal diseases recognised.”® Its fungistatic mode of action is

generally attributed to the inhibition of oxygen consumption as it was found that TBZH
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completely inhibits certain systems within fungal mitochondria function.'”” Metal
coordination complexes of thiabendazole were first synthesised as a means to improve its
poor solubility. Kowala et al., however, showed that TBZH complexes containing anions

of halide, acetate and sulfate were also poorly soluble in water.™”

Copper derivatives of TBZH were shown by Devereux ef al’, to possess significant
antifungal activity against C. afbicans. Significantly, the most active of these complexes
[Cu(TBZH)(0:C-CH2CH»-CO»)] and [Cu(TBZH):CI[.CLH.O.EtOH (Figure 66} were
found to have MICgq values at a concentration of 10 pg/ml whereas the free ligand TBZH

was inactive at this concentration.

In 2003 this group synthesised and observed the antimicrobial activity of (Z)-3-(1H-
imidazol-1-y1)-2-phenylpropenenitrile (imppn) and its complexes with Zn(II) and Ag(l)22
(Figure 4 and Figure 5).  Although the imppn ligand confains an imidazole moiety
identical to that found in the prescription drug ketoconazole, it did not display any
significant antimycotic behaviour. This was also found to be the case for the metal

complexes of imppn, where the presence of the metal ions did not enhance the biological

activity in any way.
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Figure 4: X-ray crystal structure for [Zn{imppn),(CH1CO>),] .2H»O

UW\ ‘ ," ) (114

)_.__l _Qc figh ) /

Uur« AT Lo
1 311!\

~

Figure 5: X-ray crystal structure for [Aga(imppn)4(ClO4);]

The anti-Candida activity of metal complexes containing bis-imidazole type ligands

(Figure 6) were studied by this laboratory and reported in 2004, B4

These bis-imidazole

ligands were reacted at room temperature with metal perchlorates to yield complexes of

general formula [M(L):]C104 (Figure 7 and Figure 8), where M = Cu(II), Mn(II), Zn(I1) and

Ag(D); L = 2-BIM or its derivatives. Of the complexes synthesised many displayed
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considerable in vitro anti-Candida activity when tested as DMSO/water solutions. Overall
the compounds exhibited 1Cgp values between 5 — 10 pg/ml while the free ligands

displayed no significant activity under identical conditions.

T
A

R\ H 2-BIM: R=H,R'=H
N 2-BIM(Me): R=Me,R'=H

N
\ / 2-BIM(Bz)OH: R = PhCH,, R' = OH
NN g 2-BIM(CN): R = NC(CH,),, R' = H
2-BIM(CIB2): R = CL,PhCH,, R' = H

Figure 6: Bis-imidazole ligand symbols and structures
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Figure 7: The X-ray crystal structure of [Ag)(2-B1M)>](C104),
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Figure 8: X-ray crystal structure of [Zn(2-BIM),](C104),

1.2.4.3 Metal carboxylate antifungals

In 1999 this research group reported the fugitoxic activity for a range of Co(Il), Mn(11) and
Cu(Il) species containing the carboxylate ligands; octanedioic acid (oda), nonanedioic acid
(nda), salicylic acid (salH,) and cis-5-norborene-endo-2,3-dicarboxylic acid (norb) along
with 1,10 phenanthroline (phen)® (Figure 9 - Figure 11). Of the complexes tested against
C. albicans the cobalt(Il) complexes (Figure 9 and Figure 10) displayed 1Cg values at 20
pg/ml, the Mn(ll) complexes incorporating phen and either norb or salH, carboxylates

displayed significant antimycotic activity with 90 % cell death at 20 pg/ml.
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Figure 9: X-ray crystal structure for [Co(phen):).oda.14H-0
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Figure 10: X-ray crystal structure for [Co(phen)sj.nda.11.5H.0O
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Figure 11: X-ray crystal structure for [Cu(phen):(norb)].6.5H>0

Fungitoxicity investigations of Mn(II) fumarate complexes incorporating phen and bipy
were reported by this group in 2000%, (Figure 12 and Figure 13). Of the complexes tested
two [Mn(fum)(phen)] and [Mn(phen):(H>0),](fum).4H.O (Figure 13) showed significant

activity with 70 % of cells killed at 10 pg/ml.

023

Figure 12: The X-ray crystal structure of {Mn(fum)(bipy)}(H.O}}.,
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Figure 13: Structure of [Mn(phen)>(H.0):](fum).4H>O with hydrogen bonding indicated

Investigations into the anticancer and antifungal properties of Ag(I) complexes containing
ammonia and salicylic acid, were recently carried out in this laboratory.®” The antifungal
activities of the complexes [Aga(salH)»] and [Aga(salH)(NH3):] (Figure 54) were far
greater than those of the free silver salt and salHa. Significantly [Ag.(salH)>(NHz)»] was
sixty times more potent than AgNQOs;, a well known silver based clinically applied

antimicrobial agent.
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1.2.4.4 Metal phenanthroline antifungals

The chelating ligand 1,]10-phenanthroline (phen) (Figure 14) and certain types of its
derivatives such as the compound 1,10-phenanthroline-5,6-dione (phendione) (Figure 14)
represent a novel class of antifungal agents. Metal free phen has shown antifungal activity
at concentrations of between 2 — 5 pg/m1*® and this activity has been further improved by

293 : .
73 Metal complexes incorporating both phen and

varying its structure (e.g. phendione).
carboxylic acids were discussed earlier (I1.2.4.3) and in general, complexes which contain

phen, exhibit significant antifungal activity and in some cases improved activity over the

free phen ligand itself.

Due to these important observations this group carried out mode of action studies and
showed that phen and its metal complexes induced apoptosis when exposed to fungal and
mammalian  cells.” Exposure of Candida albicans to [Mn(phen);(mal)].2H-O or
[Aga(phen)s(mal)].2H20 resulted in DNA degradation whereas exposure to phen or
[Cu(phen)x(mal)].2H-0 did not.”™® All drugs were found to induce extensive changes to the
internal structure of yeast cells including retraction of the cytoplasm, nuclear fragimentation

and disruption of the mitochondria,

Figure 14: The structure of (a) 1,10 phenanthroline (phen) and (b) phendione
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1.3 SUPEROXIDE DISMUTASE MIMICS (SODm)

1.3.1 Superoxide and its role in biological toxicity

The superoxide anion, {O:7) generated in biological systems by the one electron
reduction of O, has been implicated as the cause of many inflammatory processes,
reperfusion injury and degenerative processes.”’ For example McCord has implicated it

in the promotion of arthritis due to its ability to degrade hyaluronic acid. ™

Superoxide reacts /n vive to produce toxic reactive oxygen and nitrogen species
(RONS). Examples of these reactive species include nitric oxide (NO”), peroxynitrite
(ONOO) and the perhydroxyl radical (HO>). At low concentrations RONS can play a
beneficial biological role in the defense of infectious agents, in the function of cellular
stgnaling pathways, and in the induction of a mitogenic response. At higher
concentrations, however, RONS can cause oxidative damage to DNA, proteins and
lipids. Normally a “redox balance” is established in vivo by enzymes capable of
dismutating superoxide such as superoxide dismutase (SOD), discovered by McCord
and Fridovich in 1969, which converts superoxide into hydrogen peroxide (H,0,) and
oxygen (Q,). However, overproduction of O, combined with low concentrations of
SOD can lead to RONS mediated oxidative stress. Superoxide can also irelease “free
iron” from iron-containing proteins such as aconitase.™ Released Fe?" can participate in
the Fenton reaction, generating highly reactive hydroxyl radicals. The majority of in

. . . . . 3
vivo production of hydroxy! radicals occurs, according to Fenton chemistry.™

Fe*' + H,0, — Fe'' + 'OH + OH™
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The superoxide radical also participates in the metal catalysed Haber-Weiss reaction
where the transition metal (Cu or Fe) is reduced and subsequently re-oxidised by H,0,,
yielding such deleterious entities as "OH or FeH,O,, Fe(IV) and FeOz+, or the equivalent

Cu compounds (CuH>0,", Cu(Ill) or CuO*").*®

Fe* + 0, — Fe*' + O,

Fe’’ + H,0, — Fe’ + "'OH + OH"

Net: 0"~ + H»O» — Oy + 'OH + OH~

Hydrogen peroxide is formed wherever O," ~ is generated by the rapid spontanecous
conversion of O, ~ to H,O, by SOD. The mechanism of the catalysis of superoxide
dismutation by SOD is suggested to proceed by the alternation of oxidation sates of the
metal centre. For example Cu(Il) may oscillate between Cu(Il)} and Cu(l) or between

Cu(Il) and Cu(llI). These oscillations allow the following reactions to occur:

Cu’” + O = Cu' + 0,
Cu' + 0" + 2H" — Cu*' + H,0,
or
Cu” + 0" + 2H' — Cu’" + H,0;
O TR N 6 T g LA T O
With the overall process being:

0"+ 0, + 2H' — H,0, + O

Unlike its precursor O2 7, hydrogen peroxide can cross cell membranes and is thought

to produce more potent oxidants, such as ‘OH via the Haber-Weiss (or Fenton) reaction.
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The biological existence of ‘OH is of major significance as it can lead to DNA oxidative

damage, and thus cancer.

The hydrogen peroxide formed by superoxide dismutase is scavenged by catalase, a
heme protein that catalyses the dismutation of H»O, into water and molecular oxygen

thus minimising the damaging effects of H,O..

1.3.2 Metal Complexes as SODm

The use of SOD as a pharmaceutical has been proposed for the treatment of a number of
diseases including, hyperoxia, reperfusion injury, AIDS, ulcerative colitis as well as
inflammation and inflammation-associated diseases, such as rheumatoid arthritis and
osteoarthritis.>” Recently there has been considerable interest in the development and
screening of metal complexes as potential SOD mimics. Some of the advantages of

using metal complexes as SOD nimics compared with the 1solation of the SOD enzyme

itself for therapeutic purposes are:

i.  Molecular weight: metal complexes typically have a lower molecular weight
than the SOD enzyme by a factor of at least 50, thus permitting the complexes to
gain access to certain intracellular spaces, whereas the cells are generally
impermeable to the enzyme.

ii.  Reactivity: SOD mimics can only catalyse the dismutation of superoxide and
should not react with hydrogen peroxide or peroxynitrite. The Cu/Zn SOD

enzyme reacts with both hydrogen peroxide and with peroxynitrite, inactivating
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the enzyme.

ii. Structure: The SOD enzyme structure is peptide-based and is thus readily
degraded by proteases; therefore, it is not orally bioavailable. Metal complex
SOD mimics could have an advantage over the enzyme here as it may be
possible to develop an orally effect mimic.

iv.  Source: Metal SOD mimics can be prepared by total synthesis, whereas the
enzymes are isolated from natural sources or prepared by recombinant DNA
techniques. Consequently, the cost of manufacturing for the metallo-enzyme 1s

far greater than for the transition metal mimics.

1.3.2.1 Metal complexes exhibiting SOD-like activity

Unsurprisingly, as the catalytic role of SOD is based on the cyclic Cu(lI)-Cu(I) redox
reactions, it has been shown that many metal complexes also exhibit SOD activity with
copper®? and manganese™'"*** being of most interest. For instance CuSQy exhibits

3344

SOD activity with 1Csp values reported between 2 and 30 pM. These values

compare to an [Csy value of 0.04 nM for SOD.* The basic premise toward catalytic
dismutation is that the metal must have the ability to oscillate between oxidation states
thus affording the acceptance and donation of electrons in the formation of O and H>O»

respectively.
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In 1993 Baudry ef al. reported the SOD-like activity of salen manganese(l1l} complexes
using the NBT xanthine-xanthine oxidase assay.” Of the complexes tested two, termed
C7 (Figure 15) and C12 (Figure 106), exhibited significant SOD activity. It was
suggested that these salen-Mn(IlI} complexes mimic the four coordinated active site of
Mn-SOD (found in human mitochondria), and this together with the lipophilic nature of
the complexes enhances the SOD activity as well as exhibiting catalytic stability.

Ph, ,Ph

=N_ N=
Mn/\
o' | "o
Cl
SOD activity : 0.818 pM / U

Figure 15; The structure and SOD activity for the manganese(111) salen complex C7

O,

—N N—
Mn/
MeO o’ | o OMe
Cl
t-Bu t-Bu

SOD activity : 0.32 mM /U

Figure 16: The structure and SOD activity for the manganese(l11) salen complex C12

In 2001 Liao er al. synthesised a benzimidazole substituted ethanediame compound
EDTB (Figure 17) which upon reaction with manganese acetate produced the complex
[Mn(EDTB){OACc)].OAc.EtOH (Figure 18) where manganese is in the +3 state.*! The

complex produced SOD activity with ke = 1.01 x 107 M! s,

This value compares
favorably to a typical bovine SOD value of between (2-3) x 10° M s, indicating that

the complex is quite efficient in the dismutation of O, ™.
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Figure 17: Structural formula for N, NN’ N -tetrakis(2’-benzimidazolyl methyl)-1,2-
ethanediamine (EDTB)
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Figure 18: The X-ray crystal structure of the [Mn(EDTB)(OAc)]" cation in the complex
[Mn(EDTB)(OACc)].0Ac.EtOH

Fe(1ll), Cu(Il), and Mn(ll) complexes of ethlyenediaminetetraacetic acid (EDTA)
(Figure 19) were shown by Naughton e af. to possess SOD activity (Table 3).* The
SOD activity was reported for these complexes in comparison to the free metals and
complexes of diethylenetriaminepentaacetic acid (DTPA) (Figure 19) (Table 3). A
calibration plot, showing % Inhibition versus Units of SOD, was used to determine the

percentage inhibition {68%) of | unit of SOD.
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Figure 19: The structure of (a) EDTA and (b) DTPA

Table 3: The O, ~ destroying activities for metal ions and their EDTA and DTPA

complexes®
Aquated ion EDTA complex DTPA complex
Fe(IlD) 5.1 2.34 NA®
Cu(IT) 0.29" 3.55 NA
Mn(II) 0.77 1.38 NA

? Results are given as concentrations [x 10°M] with activities equivalent to 1U of
bovine erythrocyte SOD (68% inhibition),® Concentration is equivalent to 2U of SOD
activity,

“NA = no activity

Interestingly this study showed that DTPA should be used in preference to EDTA to

remove or deactivate free catalytic metal 1ons as EDTA-metal complexes can exhibit

and even enhance SOD destroying capabilities compared with the free metal ions.

Gdaniec er al."® have recently reported the SOD-like properties of a series of Cu(ll)
complexes of the 2-substituted benzimidazoles, 2-oxazolylbenzimidazole (2-OxBZDH),
2-pyrazinylbenzimidazole (2-PyzBZDH) and 2-(2-imidazol-2-yl)benzimidazole (2-
ImBZDH). The complexes [Cu(2-OxBZDH)Cl;]  (Figure  20), {Cu(2-
PyzBZDH)YDMF)Cl;] (Figure 21) and [Cu(2-ImBZDH)Cl,] were shown to possess

significant SOD-like properties in the NBT xanthine-xanthine oxidase assay (Table 4).
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Table 4: The SOD activity of 2-substituted benzimidazole chloride complexes of

copper(1l)
Compound UM of complex producing a 50%
inhibition in NBT reduction
[Cu(2-OxBZDH)Cl,] 0.21
[Cu(2-PyzBZDH)DMF)Cl;] 0.34
[Cu(2-ImBZDH)Cl;] 0.09

Figure 20; The structure of [Cu(2-OxBZDH)Cl,]

Figure 21: The structure of [Cu(2-PyzBZDH)}DMF)CI;]
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This group has recently reported the SOD like properties of Cu(ll) complexes of
benzoic acid (BZAH) incorporating the chelating ligands 2-{4-thiazolyl)benzimidazole,
2-(2-pyridyl)benzimidazole  and phen'’”  The complexes [Cu(BZA),)(EtOH),
[CW(TBZH)xBZA)|(BZA)0.5TBZH . H,0 (Figure 22), [Cu(2-PyBZDH)(2-
PyBZD)(BZA)]1.66EtOH (Figure 23) and [Cu(BZA):(phen)(H>O)] (Figure 24) were
found to exhibit significant superoxide scavenging abilities in the NBT reduction assay
with ICsy values ranging from 0.83 uM to 2.83 pM. These compare to a value of 1.31
UM found for that of [Cua(indo)y(H,0),] which is considered to be an excellent SOD

mimic. (Table 5)

Table 5: The SOD activity of copper(Il) benzoate complexes

Complex Concentration
(uM) Equivalent to
IU SOD
[Cu(BZA):|(EtOH) 0.90
[Cu(TBZH)(BZA)Y|(BZA)0.5TBZH.H,0 0.83
[Cu(2-PyBZDH)(2-PyBZD)(BZA)] 0.95
[Cu(BZA)(phen)(H,O)] 2.83
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Figure 22: The structure of [Cu(BZA)(TBZH),],.2BZA. TBZDH.2.H,0O

Figure 23: The arrangement of the neutral 2-PyBDZH, the anionic 2-PyBZD" and the
BZA  ligands around one of the neutral Copper centres in [Cu(2-
PyBZDH)(2-PyBZD)(BZA)]1.66EtOH
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Figure 24: The structure of [Cu(BZA),(phen)(H20)]

1.3.2.2 SOD activity of metal complexes of NSAIDs
A number of studies have been published on the SOD mimetic activity of metal NSAID

complexes. They have been found to exhibit significant activity.

An EPR spectroscopic study carried out by Young and Lippard on the reactions of O, ~
with [Cu(salH),]"® (where salH, = salicylic acid) observed that as the O,"~ concentration
increased there was a reduction in the Cu(ll) signal due to the production of Cu(l). It
was also noted that there was a significant difference in the reactions of anhydrous
[Cu(salH);] and [Cu(salH)(H.0),] in dry DMSO. The reaction of O, ~ with
[Cu(salH);] produced only 15% Cu(ll) salicylate. The analogous reaction of

[Cu(salH),(H;0);] resulted in an increase of Cu(ll) to 65%, which was atiributed to the
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reoxidation of Cu(l) to Cu(ll). The difference was attributed to the presence of the water

ligand in [Cu(salH)>(H20):] which is necessary for the cycling of Cu(l) to Cu(II).

In a study by Weser er a/.* the SOD activities of the Cu(ll) salicylate complexes
[Cu(salH)2], [Cu(aspH).], [Cu(asalH);] and [Cu(dipsH)>] were found to decrease in the
order of [Cu(salH),] > [Cu(aspH);] > [Cu(asalH);] > [Cu(dipsH);]. (aspH =
acetylsalicylic acid, asalH = p-aminosalicylic acid and dipsH = 3,5-diisopropylsalicylic
acid, Figure 25). All four complexes exhibited SOD activity with 1Cs values ranging
from | to 73 pM (Table 6). The study was carried out using a variety of assays
including the NBT reduction assay using KO, as a source of O>" ~ and the inhibition of
cytochrome ¢ reduction using xanthine - xanthine oxidase as the source of O, =, Whilst
all of the complexes exhibited SOD activity, the order of activity was not preserved

across the different assays.
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Figure 25: The structures of (a) salicylic acid, (b) acetylsalicylic acid, (¢) p-
aminosalicylic acid and (d) 3,5-diisopropylsalicylic acid
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Table 6: The SOD activity of Cu-NSAID complexes as determined by Weser er a/”

Compound pM of complex producing a 50%
inhibition in NBT reduction

SOD 0.04

SOD 0.06
[Cu(salH);] 16

[Cu(salH):] 1.3
[Cu(aspH);] 23

[Cu(aspH).] 2.15
[Cu(asalH);] 28
[Cu{asalH):] 3

[Cu(dipsH);] 73
[Cu(dipsH):] 2.85

Abuhijleh and Woods™ have reported that the complex [Cu(meimHg)](salH), (where
meimH = N-methylimidazole) (Figure 42) is a potent SOD mimic. An ICsy value of
0.17 uM was determimed using the indirect xanthine - xanthine oxidase system. The
high SOD like activity of the complex was attributed to the coordination of four
imidazole nitrogen atoms to the Cu(Il) atom in the equatorial plane similar to the

coordination site of Cu(lIl) in the native Cu/Zn SOD (Figure 100).

The SOD activity of the copper complex of the well known NSAID indomethacin
{(indoH) (Figure 27), [Cu,(indo)4(DMSO)-] was first reported by Weser ef af using pulse
radiolysis (its DMF coordinated analogue is shown in Figure 26) . Second order rate
constants of 6 x 10 and 1.1 x 10° M s were obtained in aqueous and aqueous/aprotic
solutions respectively. These values compared with 1.8 x 10° M s for spontaneous
superoxide dismutation, 2.6 x 10° M s for indoH and 2.6 x 10° M s for SOD,
indicating [Cua(indo}(DMSO),] is a potent SOD mimic. Weser later determined ICs

values for [Cus(indo)s(DMSO),] which were found to range from 25 uM in acetonitrile
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to 2 uM in DMSO.™ Dillon and co-workers determined an ICsy value of 0.23 uM for

. . . . . 57
the complex using the NBT assay with xanthine - xanthine oxidase.™

Figure 26: The X-ray crystal structure of [Cux(Indo)sDMF;].2DMF

Cl

Figure 27: The structure of indomethacin (IndoH)
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Demertzi et al.” have recently reported the structure and SOD like activity of a
copper(ll) complex of tolfenomic acid. The complex [Cua(tolf)y(DMF),] (Figure 28) is
isostructural with [Cua(indo)y(DMSO),]. Using the NBT reduction assay it was found
to be a potent SOD mimic with an [Csp value of 1.97 uM reported. They also reported
the activity of the copper complex [Cu(dicl)>(H>O)] (where dicl = diclofenac, Figure 29)

which was found to have an [Cs value of 2.17 pM,
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Figure 28: X - ray crystal structure of [Cux(tolf)s(DMF),]

Cl
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Figure 29: The structure of diclofenac
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SOD activity has also been observed for other Cu-NSAIDs although ICso values were
not determined. Bury ef a/.** studied the SOD activity of a number of monomeric metal
tenoxicam (Figure 30) complexes and showed that the Cu(il) complex exhibited the
greatest activity followed by Mn(II), Co(lI), Ni(1I), Fe(lll) and finally the free ligand.
The salicylate iron complex was shown by Jay ef al. to have O, ~ scavenging
properties.” The complex was shown to inhibit the reduction of NBT in a xanthine-

xanthine oxidase systen.

OH
N H i g
= N.
- //S\\

Figure 30: The structure of tenoxicam
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I.4 METAL COMPLEXES AS ANTICANCER AGENTS

I.4.1 Introduction

The importance of metal-based anticancer agents is undisputed as can be judged by the
discovery and subsequent success of the platinumn(Il) complex, cisplatin,  Since its
discovery several synthesised derivatives have exhibited similar and, in some cases,
improved activity in the treatment of a variety of solid tumors, especially testicular
cancer. When combined with other drugs it has successfully been used to treat brain,
ovarian, bladder and breast cancer.”® Many other transition metal complexes have since
been tested and have shown varying degrees of success against a variety of cancer cell

lines.”’

One of the great biological ironies of metals is their ability to both treat and induce
cancer.™ Almost all metals are able to generate reactive oxygen species (ROS), this
property explains a great part of both their carcinogenicity and their aptitude to treat

cancer.

Often, in cancerous cells SOD activity is low while cellular metabolism is high. This
situation can lead to raised levels of superoxide and therefore increased chances of
tumor formation. SOD-like metallo-compounds can be used in the treatment of

cancerous cells by converting O;"~ into H,0,, which itself is a regulator of cell death.*”

41



1.4.2 Meta] carboxylate anticancer compounds

Recently this group has reported that Ag(l) carboxylate complexes of salicylic acid
(salHy) and Ag(l) complexes of coumarin-3-carboxylic acids (C-3-COOH)® (Figure
31), have exhibited significant anticancer activity against human carcinoma cell lines

(Table 7) compared with their free ligands and in some cases cisplatin.

R, 0.0
Ry o)
6-hydroxycoumarin-3-carboxylic acid (6-OH-C-3-COOH): R = OH, R,,R; = H
7-hydroxycoumarin-3-carboxylic acid (7-OH-C-3-COOH): R, = OH, R;,R; = H
8-hydroxycoumarin-3-carboxylic acid (8-OH-C-3-COOH): Ry = OH, R|,R, = H
coumarin-3-carboxylic acid (C-3-COOH): R,R;,R; = H
Figure 31: The general structural formulae for coumarin-3-carboxylic acid (C-3-
COOH) and its derivatives.
The 6, 7 and 8-hydroxycoumarin-3-carboxylate containing complexes displayed
significant anticancer activity against both cell lines with 6-OH-C-3-COO-Ag
displaying the greatest (ICso = 2.7 pM) against the human liver derived carcinoma (Hep-
G2) and 8-OH-C-3-COO-Ag being particularly potent (ICsp = 17.0 pM) against the
human kidney derived carcinoma (A-498). Significantly the non-hydroxylated Ag(l)
coumarin complex exhibited the weakest activity with ICsy values being in excess of
100 pM for both cell lines. 1t is interesting that these Ag(I) coumarin complexes did not
intercalate DNA nor were they found to be mutagenic. These complexes did, however,

cause a dose-dependant decrease in cellular DNA synthesis through an alternative mode

of action, yet to be elucidated.
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Table 7: The chemotherapeutic potential for a range of Ag(l) carboxylate containing
complexes along with cisplatin and Ag(I) perchlorate.

Complex Hep-G» ICsg A-498 [Csp
{uM) £ SEM (UM) 4= SEM
Cisplatin 150£2.6 14.0+2.3
AgClQy 7.6+0.7 444423
Cowmarin-3-Carboxylates
C-3-COOH =250 >250
6-OH-C-3-COOH >250 >250
7-OH-C-3-COOH >250 >250
8-OH-C-3-COOH >250 >250
C-3-CO0O-Ag 170+ 3.5 110.0+ 1.6
6-OH-C-3-CO0O-Ag 2.7+238 300+ 24
7-OH-C-3-COO-Ag 7.5+05 355+1.9
8-OH-C-3-COO-Ag 5.5+20 17.0+£2.2
Salicylic acids
salH, >250 >250
[Aga(salH)s| 20+ 1 18+ 2
[Aga(NH3)x(salH),] 9x0 32+7

Both [Ag(salH)>] and [Agx(NHj)(salH):] complexes showed no enhanced
chemotherapeutic activity against Hep-G, compared with the simple Ag(l) perchlorate
salt. However, both complexes did show an improvement compared with the metal salt
agamst the A-498 carcinoma with dimeric [Aga(salH);] offering some bias toward
inhibition. Although mode of action studies were not carried out on these complexes it
was found previously that Ag(l) complexes interfere with mitochondrial function in

fungal cells.®’
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I.4.3 Metal phenanthroline anticancer agents

The chemotherapeutic potential for 1,10-phenanthroline (phen) and a series of its
coordinated analogues, where malonic acid acts as a coordinated counter ion®, is shown
below in Table 8. Also shown in the same table are the chemotherapeutic potentials of
Cu(ll) and Ag(l) perchlorate complexes of phendione.*® These results are shown in
conjunction with the activity of cisplatin and simple metal salts.

Table 8: The chemotherapeutic potential for phen, phendione and their metal
complexes along with the metal salts

Complex Hep-G; ICs0 A-498 ICsg
(pM) &= SEM (uM) + SEM
Cisplatin 150+26 14.0:+23
Cu(Cl0y4),.6H-0 >1000 > 1000
Mn(CIO04).4H20 626.7+27.29 880.0 +20.0
AgClOy 7.6+0.7 444+23
Phen 4.1+0.54 5.8+ 0.31
phendione 42+0.36 1.441.34
phen malonate complexes
[Cu(phen)z(mal)].2H,0 0.8 +=0.02 3.8+ 0.41
[Mn(phen),(mal)].2H>O 0.8 £ 0.07 4.2+ 0.57
[Ag(phen).(mal)).2H-0 4.7+£0.26 4.0+0.32
phendione complexes
[Cu{phendione);[{Cl10y4).4H-0 0.88 £ 0.06 0.78 % 0.09
[Ag(phendione), |(ClO,) 1.4+0.47 0.86 + 0.87

Phen, found to be active itself against Hep-G, (ICsp = 4.1 M) and A-498 (ICsp = 5.8
M) cell lines, once coordinated together with malonic acid displayed enhanced
chemotherapeutic potential with 1Csy’s ranging between 0.8 — 4.7 uM for the liver
derived carcinoma cell line (Hep-G,) and between 3.8 — 4.0 uM for the kidney derived

cells (A-498).

Further studies were carried out on the phen-malonate complexes in order to elucidate
the reduction in cancer cell viability. The effect these compounds had on DNA

synthesis was also examined. Phen along with all its coordinated malonate analogues
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were found to prevent DNA synthesis but were not found to intercalate. Additionally a
standard Ames test proved that each of the complexes were non-mutagenic.
Importantly this group of complexes showed {Csy cytotoxicity values of between 3 and
18 times greater than those obtained for cisplatin. It was therefore concluded that phen
and these malonate metal complexes offer a possible alternative to cisplatin in the

successful treatment and management of cancer.

Phendione was also found to be active itself with a similar cytotoxicity ICsp value to
phen against Hep-G; (4.2 + 0.36) carcinoma and a significantly improved value
compared with phen against A-498 (1.4 £ 1.34) carcinoma. Coordination of phendione
to Cu(ll) and Ag(I) yields an improvement in cytotoxicity against both cell lines with
Cu(lIl) being slightly more potent than its Ag(l) analogue (Hep-G2 1Cs¢ = 0.88 + 0.00,
A-498 1Cs = 0.78 + 0.09). Although the Cu(ll) and Mn(II) phen malonates exhibit
almost identical 1Csp values against Hep-G» as the [Cu(phendione);](C10,4).4H,0
complex, there 1s improvement in activity in both of the phendione Ag(l) and Cu(Il)
complexes compared to the phen malonate complexes against the A-498 kidney derived
cell line, with the phendione complexes being approximately 5 times more active. The
mechanism of action for these exciting and novel anticancer agents has yet to be
determmed but it has been demonstrated that, unlike doxorubicin, they do not

intercalate DNA.
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I.4.4 Chemotherapeutic potential of Cu(ll) benzimidazole derivatives
Thiabendazole is a well known anthelmintic which is non-toxic to humans® and it has

6 Recently this group has published the

applications as a fungicide in agriculture.
anticancer activity for copper(ll) complexes of TBZH. The chemotherapeutic potential
for TBZH along with its copper containing complexes [Cu(TBZH),Ci]JC1.H-0.EtOH
and [Cu(TBZH),(NO3),] is displayed in Table 9. The growth of the two human derived
cancer cell lines CAL-27 (tongue) and SK-MEL-31 (skin) was inhibited by the
coordinated metal complexes with ICsq values ranging between 55.0 pM — 46.7 uM

while thiabendazole itself was only found to exhibit mild cytotoxicity toward the cancer

cells.

Table 9: The chemotherapeutic potential for TBZH and its copper complexes

Complex CAL-271Cs SK-MEL-31ICsg
(UM) = SEM (LM) = SEM
TBZH 676.7+12.0 453.3+66.0
[Cu(TBZH),CI]CL.H,O.EtOH 55.0+£0.0 495+ 7.7
{Cu(TBZH),(NO;)5] 540+25 46.7 5.0

Subsequent screening of the previously mentioned complexes [Cu(2-OxBZDH)Cls]
(Figure 20), [Cu(2-PyzBZDH)DMF)CL] (Figure 21) and [Cu(2-ImBZDH)CI,]*
which were found to be excellent SOD mimetics against bladder (5637), esophageal
(KYSE-520) and cervical (SISO) human tumor cell lines revealed only modest

cytotoxicity toward the cell lines compared with cisplatin.
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1.5 METAL CARBOXYLATE CHEMISTRY

I.5.1 Coordination modes of metal carboxylates

Carboxylates serve as an important class of ligand in inorganic and bioinorganic chemistry.
The versatility of the RCO,’ ligand is attributed to the wide range of coordination modes
that it can adopt. The coordination chemistry of monocarboxylic acids is well established,
and a large number of carboxylate complexes have been structurally characterised.®® In
metal carboxylates the positively charged metal centres (M™) are found in combination
with negatively charged carboxylate groups (RCO5), and the bonding between the metals
and the carboxylate group ranges from ionic to polar covalent. For a given type of
compound (i.e. a given metal, oxidation state and structural type) a wide variety of physical

and chemical properties can be conferred by varying the nature of the R group.

The carboxylate functional group has four lone pairs of electrons available for metal
binding. These lone pairs subtend to an angle of 120° and are referred to as the syn- and
anti-lone pairs (Figure 32). On the basis of stereoelectronic arguments it has been
suggested that the syn-lone pairs are more basic than those in the anti position.®’

anti
0:
7 W
R—C
e

Q :
anti

syn

Figure 32: The carboxylate functional group
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The various coordination modes of the RCO," ligand are listed below:

(1) Ionic: The carboxylate salts of Na, K, Rb, and Cs have been shown to be ionic, with

only coulombic interactions between the metal and the carboxylate ions (Figure 33(a)).

(ii) Monodentate: In lithium acetate the metal is coordinated to one of the carboxylate

oxygens (Figure 33(b)).

(ii1) Bidentate Chelating: Carboxylates may chelate either in a symmetrical mode (Figure
33(c)), with both metal-oxygen bonds being of equal length, or in the asymmetrical mode
(Figure 33(d)) where one metal-oxygen bond is shorter than the other. In zinc(H) acetate
dihydrate the bonding mode of the acetate 1s symmetrical bidentate chelating, while in the
mixed-ligand complex [Zn(pllexl)g(OgCCHy.)][CIO4]6S it is asymmetrical bidentate
chelating. It has been found that the “bite angle” (i.e. the O-M-O angle) for a chelating
carboxylate is ca. 60° which, being fairly small, distorts the octahedral geometry of many

metal complexes.

(iv) Bridging: The planar carboxylate ion is ideally suited to the formation of complexes in
which the carboxylate bridges two metal atoins (Figure 33(e-g)). The syvr-syn mode is of
particular interest since it is the type of bridging observed in the “lantern shaped”
(paddlewheel) bimetallic carboxylates such as copper(Il) acetate dihydrate. The syn-syn

coordination mode is the only one which allows the ligand to bridge the short metal-metal
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bonds found in these binuclear complexes. Several binuclear ruthenium complexes have

carboxylate bridges in which the anti-anti mode of binding is found.*”

(v) Monodentate Terminal Bridging: This is one of the rarer binding modes (Figure 33(h))
and it has been suggested to be important biologically, and it is thought to act as an
intermediate between other carboxylate bridging modes.”” This coordination mode has
been reported for the structurally characterised, H,O. disproportionation catalyst

[Mng(salH).;(HgO)4]?0 (Figure 39).
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Figure 33: Coordination modes of monocarboxylic acids
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[.5.2 Infrared spectra of carboxylate complexes’"’?

Upon complexation to a metal centre the Vc=0 absorption band of the -CO,H group in the
free acid disappears, and two new bands relating to the antisymmetric (Masym(COO)) and
symmetric (v (COO)) stretch appear around 1630-1585 and 1355-1330 cm’! respectively,
The magnitude of separation between these two bands (Aoco cm™) has been used as a

diagnostic aid in the determination of the nature of the carboxylate coordination.

A0co = (Vasym{COO) - 144y(COO)) em’

Deacon and Phillips” compiled guidelines for diagnosing the type of carboxylate
coordination based on a metal complex’s infra-red spectrum. Their findings were based on
spectral data obtained for eighty four complexed acetates and halogenoacetates, and are

summarised below:

(1) lonic acetates, such as those of the alkali metals, have Agcq values of ca. 165 cm™. For

ioni¢ trifluoroacetates the Agco value was ca. 235 em™.
(1Y) Aoco values < 105 em™ indicated symmetric chelating carboxylate coordination.

Complexes in which the carboxylates bridge short metal-metal bonds may also show such

low values,
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(iii) Aoco values substantially less than the ionic values (ie. < 150 em’' for acetates)
indicate the presence of chelating or bridging carboxylate. Unidentate carboxylates which

are strongly hydrogen-bonded (“pseudo-bridging™) may also fall into this category.

(iv) For complexes with Agco values similar to those for ionic carboxylates the assignments
were counted as untrustworthy. The authors found many examples of each type of

coordination mode (except for symmetric chelating) in this category.

(v) Unidentate coordination was suggested for complexes where the Agco value was
substantially greater than those for the ionic carboxylates (i.e. > 200 em’' for acetates). An
explanation for this difference in energy may be that the bonding of one oxygen to a metal,

with the other oxygen free, increases the energy of the antisymmetric stretching mode.

The above observations are summarised in Table 10.

For a variety of reasons there can be many contradictions in the vpco proposed band
assignments. For example anion exchange from the alkali halide infra-red discs can occur,

and there can also be uncertainties in locating exactly the 14,,(COO) stretching band.

With alkoxy- and aryloxy-acetato ligands that contain both carboxylic acid and ether
(RCOCR) moieties (e.g. {(-)-menthoxyacetic acid, phenoxyacetic acid, and benzene-1,2-

dioxyacetic acid) the ethereal oxygens are also potential donor atoms to metal centres.

Coordination of the ethereal oxygens to a metal centre should lead to a shift of the vcoc
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infra-red stretching frequencies similar to that found for the carboxylate group.
Surprisingly, the stretching frequencies of the ethereal 14;ym(COO) and 14, (COO)
stretching bands of the alkoxy- and aryloxy-acetato ligands are somewhat insensitive with
respect to coordination or non-coordination of the ether oxygen. Guinan ef al. ™ reported
that the ethereal bands appeared at similar positions to those in the free acids in the
complex [Cu(menth),(H0),] (menthH = (-)-menthoxyacetic acid). However, Brzyska and
co-workers™ noted a slight shift to lower frequencies of the voco in the infra-red spectra of

rare earth complexes of benzene-1,2-dioxyacetic acid.

Table 10: Infra-red spectral data (voco) for coordinated acetate ligands.

Aoco(CH3COy) (cm") Coordination mode

< 105 symmetric chelating or short bridging
<150 chelating or bridging

ca. 165 untrustworthy assignments

> 200 Unidentate
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1.5.3 THE CHEMISTRY OF SALICYLIC ACID

1.5.3.1 Introduction to salicylic acid

Salicylic acid (2-hydroxybenzoic acid, Figure 34) was first purified from salicin (Figure 34)
in 1838 and chemically synthesised in 1860. It is found ubiquitously in plants, where it
plays a role in disease resistance.” Salicylic acid is readily soluble in hot water and most
other common solvents but only slightly soluble in cold water. Salicylic actd sublimes at

211°C and has a pKa of 2.98.

HO HQ

HO
HO™
0

(a) (b)

Figure 34: The structures of (a) salicylic acid and (b) salicin

1.5.3.2 Medicinal applications of salicylic acid

Salicylic acid and salicylates, obtained from natural sources, have long been used as
medicaments. (Extracts of willow, a source of salicin, were used for the relief of pain and
fever by the physician Hippocrates ~460BC). It has been used as an antiseptic, an
antipyretic, and an antitheumatic. Aspirin (Figure 35) was introduced into medicine by
Frederick Bayer & Company in 1889 as a more palatable form of salicylate. Soon after,
other drugs having similar actions to aspirin were discovered and the group was termed the

nonsteroidal anti-inflammatory drugs (NSAIDs).
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OH

Figure 35: The structure of acetylsalicylic acid (aspirin)

Salicylic acid has applications in the treatment of dermatological complaints due to its
keratolytic properties. It is applied extemally, usually as a 1 to 5 % dusting-powder,
lotion, or ointment for the treatment of chronic ulcers, dandruff, eczema, psoriasis,
hyperhydrosis and parasitic skin diseases. It is also used in conjunction with many other
agents, such as benzoic acid. Externally it produces slow and painless destruction of the
epithelium and it is applied in the form of a paint in a collodion (10 to 17 %) or as a plaster

(20 to 50 %) to destroy warts or corns.

Salicylate has been shown to have chemoproventative activity against colorectal and
7 . . .
esophagal cancers. 6 It has also been shown that salicylate induces apoptosis in a number

. . 7
of leukemia cell lines.’

Salicylic acid and its substituted derivatives have recently been shown to inhibit mycelial
growth of Eurypa lata in solid as well as liquid culture medium in a concentration-dependant
manner.”® They found that salicylic acid causes considerable disturbances in many
compartments of the fungal cell, particularly the mitochondria. Salicylic acid was found to
directly affect cell respiration, redirecting electron flow from the cytochrome pathway into

the cyanide-resistant alternative pathway. As a consequence, the cytochrome pathway is

55



not fully utilised. Salicylic acid also binds to a catalase protein which reduces the activity

of the enzyme, promoting an accumulation of H>O;, which is toxic for many cell functions.

1.5.3.3 Coordination modes of salicylic acid

In many cases the biological activity of salicylate is connected with the ability of the acid to
bind to metal ions. The acid has three potential donor oxygens; the two carboxylate
oxygens and the single phenolate oxygen. Some of the possible coordination modes of

salicylic acid are shown in Figure 36.

M-O HO
M-Q 0
M\
M-O o
M-O M-O
M-Q o C
6 ¢
M

Figure 36: Some of the possible coordination modes of salicylic acid

It is well known that copper(ll) complexes of inactive ligands and anti-inflammatory
organic drugs are generally more active than the free ligands or organic drugs themselves.”
It has been suggested that the biological activity of acetyisalicylic acid is due to its ability
to form metal complexes™, and that the active form of the drug is, in fact, a copper

complex, formed in vivo.®! The laboratory synthesised copper(ll) complex of aspirin

[Cux(0,CCeH4OCOCH;),] (Figure 70) has been found to be more effective than aspirin
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itself as an anti-inflasmnatory agent. In addition, the copper complex also has antiulcer

. . . . . . . L . . . . 2
activity, which further distinguishes it from aspirin which itself is ulcerogenic.>

Over seventy copper complexes have been studied as anti-inflammatory agents, and some
of these are carboxylate complexes. Molecules such as anthranilic acid (2-aminobenzoic
acid} and 3,5-diisopropylsalicylic acid were found to be inactive. However, the copper

. I ]
complexes of these acids were found to be potent anti-inflammmatory agents.?)
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1.5.3.4 Coordination complexes of salicylic acid

In 1959, Hanic and Michalov® determined the crystal structure of the square planar
copper(ll) complex [Cu(salH)(H>0).].2H.0 (Figure 37). The two trans salicylate ligands
coordinate to the metal in a unidentate fashion via their carboxylate groups with the

remaining two coordination sites taken by two water molecules.

Figure 37: X-ray crystal structure of [Cu(salH)»(H»0),].2H,0

In his investigations on the complex [Cu(salH),].4H,0, Ploquin® found a subnormal value
for the magnetic moment, which points to considerable interaction between the Cu(ll)
atoms. However, Hanic and Michalov’s description of the crystal stiucture did not indicate
such an interaction between the Cu(ll) atoms. Inoue er a/™ explained the apparent
disagreement in these experimental findings through their preparation of two modifications
of [Cu(salH);).4H,0. The one that separated as turquoise blue needles had a magnetic

moment of 1.92 B.M. and showed good agreement with the solved crystal structure. The
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second form, which crystallised as blue-green plates, exhibited the anomalously low

magnetic moment of 1.45 B.M., in accordance with Ploquin’s result,

Yoneda ef al.% structurally characterised the dinuclear complex [Cuy(salH)4(EtOH)(H,0)]
and its structure is shown in Figure 38. The complex adopts the classical “paddle — wheel”
structure with two copper atoms bridged by four salicylate anions [Cu — Cu: 2.621A]. An
interesting feature of the complex is the presence of two different ligands (a water and an

EtOH molecule) at the apical positions.

Figure 38: The X-ray crystal stiucture of [Cux(salH)s(EtOH)(H.O)]

The manganese(ll) salicylate complex [Mna(salH)4(H20)4] (Figure 39) has also been
structurally characterised.” The complex is comprised of two associated and pseudo
seven-coordinate manganese(II) centres (Mn-Mn = 3.719A). Each manganese atom is

asymmetrically chelated by two salicylate ligands, and perpendicular to the central plane
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there are two coordinated water molecules. Association of the two metals occurs via the
carboxylate oxygen atoms from a second pair of chelating salicylate ligands, effectively
creating two asymmetric bridges between the manganese atoms. The stability of the
complex is further enhanced by intra-molecular hydrogen bonding between the hydroxyl

groups of the salicylate and one carboxylate oxygen of the same ligand.

Figure 39: X-ray crystal structure of [Mna{salH)4(H,0);]

The complexes [Cuy(dipsH)4(DMF),] (Figure 40) and [Cuy(dipsH)4(Et;0),] have been
synthesised and characterised by Morgant er al.®’ The crystal structures of the two
complexes are essentially the same except for the DMF or Et;0O acconunodation. Both
complexes are binuclear with the two copper atoms bridged by four 3,5-diisopropylsalicylic
acid ligands {Cu-Cu: 2.613A], giving the familiar “paddle-wheel” structure. The square
pyramidal geometry about each Cu atom is completed by coordination to the DMF (or
Et,O) oxygen atom. As is typical of this type of dimer the two apical Cu-O bonds are

significantly longer than the four Cu-carboxylate bonds. The axial Cu-O bond is also
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longer in [Cux(dipsH)s(Etz0)2] (2.230 A) than [Cux(dipsH)(DMF);] (2.129 A), which

might be explained due to diethylether steric hindrance.

c1d

Figure 40: X-ray crystal structure of [Cua(dipsH)4(DMF),]

In 2004 Valigura er al®® prepared and structurally characterised the trimeric complex
[Cus(dns)a(dnsH)a(H:0)4].4H20 (where dnsH, = 3,5-dinitrosalicylic acid). An interesting
feature of the complex is the presence of both monoanionic and dianionic salicylate, the
first example of this in a substituted salicylate complex. The complex is centrosymmetrical
with the Cu(l) atom being in the centre of symmetry. The two salicylate ligands are
bonded to Cu(l) via one oxygen atom of the carboxylate group and the oxygen of the
phenalato group, forming a six membered ring with square planar geometry. The second
oxygen of the carboxylate group is bonded to the terminal Cu(2) atom forming the bridging

syn-anti bonding mode. Each of the terminal Cu atoms exhibits square pyramidal geometry
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formed by the carboxylate oxygen of the bridging salicylate and by two oxygens of the

terminal chelating salicylate monoanion and by two oxygens of water molecules.

£

o : ; L
R A L
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Figure 41: X-ray crystal structure [Cus(dns)x(dnsH)»(H>0),4].4H.0

Abuhijieh and Woods™ have prepared and characterised the complex [Cu{meimH)g](salH)»
(Figure 42) from the reaction of copper(ll) aspirinate with N-methylimidazole. The
complex consists of a hexakis (N-methylimidazole) copper (II) cation with two non-
coordinated salicylate anions. The two apical N-methylimidazole ligands lie at a slightly

larger distance (2.697 A) from the copper centre than the equatorial ones (2.004 A).
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Figure 42: X-ray crystal structure [Cu{meimH)q].2salH

They have also structurally characterised a series of mononuclear complexes of the type
[Cu(imH),(salH),] where n = 2,5 or 6.% (imH = imidazole) The complexes crystallise as a
mixture from the reaction of copper(ll) aspirinate with imidazole. [Cu(imH)2(salH)))
(Figure 43) was shown to have a trans geometry in which the imidazole and salicylate
ligands are both coordinated to the copper ion. The salicylate anions coordinate unidentaly
through a single carboxylate oxygen. The complexes [Cu(imH)s]).2salH (Figure 44) and
[Cu(imH)s].2salH  (Figure 45) exhibit square pyramidal and octahedral geometry
respectively. In [Cu(imH)s].2salH the five imidazole ligands are directly coordinated to the
Copper centre. The two salicylate groups are strictly counter-ions but are extensively
hydrogen-bonded to the imidazole ligands. [Cu(imH)s).2salH is structurally similar to the
previously mentioned [Cu(meimH)g).2salH, however the Cu-N distances are shorter by

0.25 A. Itis not clear whether this is due to electronic or steric differences.
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Figure 44: X-ray crystal structure of [Cu({imH)s).2salH,
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Figure 45: X-ray crystal structure of [Cu(imH)g].2salHa

The structure  of  the copper(ll)  salicylate  complex incorporating  bipy,
[Cu(sal)(bipy)].EtOH.H,0 was reported by this group in 1999.°' Its structure s shown in
Figure 46. The copper(11) ion is coordinated to the two nitrogen donors of the bipy ligand
and chelated by the salicylate dianion via one carboxylate oxygen atom and the phenolate
oxygen atom, giving the copper atom an approximate square planar geometry. The
coordination sphere of the copper is completed by a long axial bond to the phenolate
oxygen (Cu-0: 2.445 A) of a second [Cu(sal)(bipy)] unit. This axial interaction links the

individual [Cu(sal)(bipy)] units into {[Cu(sal)(bipy)].EtOH.HgO}g dimers.
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Figure 46: X-ray structure of a [Culsal)(bipy)].EtOH.H-O unit

Polanisami and co-workers™ have recently characterised the dimeric complex
[Cuz(sa]H)(sal)(bipy)z].ClO4 (Figure 47). 1t consists of a discrete [Cug(salH)(sal)(bipy)g]_
cation and an uncoordinated perchlorate anion. Interestingly the carboxylate proton of one
of the salicylate ligands remains intact on the carboxylate group. Each copper ion is
coordinated by two nitrogen atoins from the chelating bipy ligand, one carboxylate oxygen
atom and one phenolate oxygen atom from the salicylate anion. The Cu-Cu distance of

3.265 A rules out any magnetic interaction between the two metal cenires.
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Figure 47: X-ray crystal structure of [Cua(sal

.
Devereux ef al.”

[Mn(salH)a(bipy)].

from a bipy ligand and to one carboxylate oxygen atom from each of the four salicylate

ligands.
manganese atoms in an asyminetric syn-aiti

spiral chains.
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H)(sal)(bipy)2].CI1O4

have structurally characterised the polymeric manganese complex

H>O (Figure 48). The Mn(11} ion is coordinated to both nitrogen atoms

Each salicylate carboxylate group coordinates to a pair of neighbouring

bridging mode, leading to the formation of




Figure 48: The structure of [Mn(salH).(bipy)].H.O

In 2002 Lemoine ef al.™* reported the synthesis and crystal structures of two ternary Cu(ll)
complexes of salicylic acid and 1,10-phenanthroline.  The monomeric complex
[Cu(salH)(phen),).salH.H-O (Figure 49) comprises a [Cu(salH)(phen);]” cation with
another singly deprotonated salicylate acting as a counter-ion and a solvate water molecule.
The Cu(ll) ion exhibits a distorted octahedral geometry. The singly deprotonated salicylate
group binds in an asymmetric chelating mode, with one tightly bound carboxylate oxygen
(Cu-O = 2.011 A) and a second more weakly bonded (Cu-O = 2.719 A). The two phen

ligands are bidentaly coordinated through their nitrogen atoms to the copper centre,
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Figure 49: The structure of [Cu(salH)(phen):].salH.H-O

The second complex [Cua(phen)i(sal).].2H,0 is structurally similar

to the previously

discussed complex [Cu(sal)(bipy)].EtOH.H>O (Figure 46). The X-ray crystal structure of

[Cusx(phen),(sal);].2H,0 (Figure 50) showed it to consist of two [Cu(phen)(sal)].H.O units.

Association of the two units occurs via a bond between the phenolate oxygen atom of one

unit and the copper centre of the other. The metal centres are chelated by a phen ligand and

a doubly deprotonated salicylate anion. One carboxylate oxygen from the doubly

deprotonated salicylate ligand is directly bonded to the copper atom the other is involved in

hydrogen bonding of a water molecule.
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Figure 50: The structure of [Cux(phen)(sal),].2H,O
Also in 2002 Zhu and Cai® reported an unusual coordination mode of salicylic acid in the
polymeric complex [Cux(phen)(sal)(salH).], (Figures 51 and 52). Each copper atom

possesses a distorted octahedral geometry. All three oxygen atoms from the carboxylate

and hydroxyl groups are bidently coordinated to copper ions.

Figure 51: The coordination mode of salicylic acid in [Cua(phen)(sal)(salt);],

70



Figure 52: The X-ray crystal structure of [Cux(phen)(sal)(salH):]

In 1993 Ranford and co-workers’® synthesised copper(ll), iron(lll), cobalt(il), nickel(Il),
titanium(IV) and zinc(Il) complexes of 3,5-diisopropylsalicylic acid  and 1,10-
phenanthroline.  They structurally characterised the diisopropylsalicylatocopper(ll)
complex [Cu(dipsH)(phen)] (Figure 53). The structure consists of monomeric units with
an N->O, donor set. Each salicylate ligand coordinates to the Cu(ll) centre in an
asymmetrical bidentate fashion with one short [1.951A] and one long {2.557A] Cu - O
bond. The irregular octahedral geometry about the copper centre is completed by a

chelating phen ligand.
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Figure 53: The structure of [Cu(dipsH)(phen)]

Recently the silver(l) complex [Ag»(NH;:)a(salH),] (Figure 54) has been characterised. o7
The two [Ag(NH;:)(salH)] units in the complex are linked by an Ag-Ag bonding interaction,
supported by hydrogen-hydrogen bonding between the coordinated O atom of one unit and
an ammonia hydrogen atom of the other. The salicylates coordinate in a monodentate

fashion via their carboxylate groups.
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Figure 54: The structure of [Ag>(NH;)»(salH)s]

The Ag(l) imidazole/salicylate complex [Ag.(imH)s](salH), (Figure 55) has also recently
been characterised by this group.” Two neutral imidazole ligands are bonded to the metal
via their imine nitrogen atoms. There is a very weak Ag-Ag interaction (Ag-Ag = 3.178
A). The binuclear complex is held together by hydrogen bonds involving the carboxylate
oxygens of the salicylate groups and the hydrogen atom on the imidazole amine nitrogen

atom.
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Figure 55: The X-ray crystal structure of [Ag>(imH),](salH)2
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1.6 BENZIMIDAZOLES AND THEIR METAL COMPLEXES

1.6.1 Benzimidazole and their uses

Benzimidazole (BZDH) (Figure 56), a heterocyclic aromatic compound, contains fused
benzene and imidazole rings. The imidazole nucleus and its derivatives are known to
play crucial roles in the structures and functioning of a number of biologically important
molecules, generally through the coordination to metal ions. 5,6-dimethylbenzimidazole
supplies one of the five nitrogen atoms coordinated with vitamin B,,, and there is strong
evidence that in proteins containing haem as a prosthetic group, c.g. haemoglobin,
myoglobin, cytochrome C, imidazole nitrogen atoms in histidine residues of proteins are

99.100

coordinated to the Fe metal centre. Thus the incorporation of benzimidazole into

coordination complexes can yield useful compounds which can possess biomimetic

101,102,163.104

behaviour.
3
5
72
1w
7 1

Figure 56: The structure of benzimidazole with numbering system

Benzimidazole and its derivatives are also well known for their parasitic and antiviral
activities, and particularly well recognised is the compound albendazole (Figure 57),
marketed as Albenza, Eskazole or Zentel, which is a drug indicated for the treatment of

% Other well known antihelmintic agents are,

a variety of worm infestations.’
thiabendazole, fenbendazole (sold under the brand name Pancur) (Figure 58), and

mebendazole (Figure 59). Quite often these benzimidazoles are used in conjunction

with the antiparasitic compound praziquantel (Figure 60) in the dual treatment of cystic
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. . &3 . - . - . .
echinococcosis'™, an infection caused by tapeworm larvae which is potentially lethal to

: 106
many animals and humans.

Figure 57: The structure of albendazole

H ©
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S

Figure 58: The structure of fenbendazole

Figure 59: The structure of mebendazole

Figure 60: The structure of praziquantel.
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97 s due to the

The antiparasitic action of benzimidazole, studied by Sheth in 1975
inhibition of glucose uptake by the parasite without affecting blood glucose
concentration levels. Benzimidazole compounds were also found to distupt the
microtubules by inhibition of the polymerisation of tubulin, with B-tubulin determined
to be the drug target molecule. Microtubules serve as structural components within
cells and are involved in many cellular processes including mitosis, particularly in
cytokinesis, However, efficacy, low cost and oral administration have resulted in large

scale use of benzimidazole-type chemotherapeutics in the treatment of intestinal

nematode infections.

Due to these factors antihelmintic resistance toward BZDH and its derivatives has

108.109.110
d

occurre and is thought to have been achieved where isolates reduce their

binding affinity toward BZDH,'*!""

Another interesting benzimidazole-derived compound 2,5-dimethylbenzimidazole (2,5-
Me>BZDH) (Figure 72) was shown to possess the ability to inhibit influenza virus
multiplication.'” The compound was shown to be effective at a concentration of 2.5
mM in preventing the influenza B (Lee) virus and influenza A strain from multiplying
over a period of 65 hours of incubation. The compound also demonstrated the ability to
prevent significant multiplication even after a period of 1 h. Mode of action studies
revealed that 2,5-Me>BZDH acts as a virostatic agent rather than a virocidal and a direct

mode of action could not be established.

77



1.6.2 Coordination complexes of Benzimidazole

Benzimidazole-type coordination compounds exhibit an array of biological activity with

antifungal, anticancer, and SOD mimetic activity, having been mentioned throughout

sections 1.2 - 1.4 already.

Benzimidazole can act as either a neutral or anionic ligand as the N1 position can

deprotonate under certain conditions (Scheme 1). It has also been reported in the

literature that certam benzimidazole derivatives, namely 2-(4-pyridylhbenzimidazole

(2,4-PyBZDH), can behave as cations (Figure 61) when combined in a salt.'"?

N -HY N

O O
N +H N
H

©

Scheme 1: The deprotonation of benzimidazole

NiB)

D ot a N4
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Figure 61: A benzimidazole phthalate (2:1) salt containing a 2,4-PyBZDH," cation

combined with a neutral 4-PyBZDH and a terphH anion
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This flexibility, where benzimidazole-type ligands can act as neutral or charged species,
has a direct influence on the types and coordination environments of their metal
complexes. Figure 62 shows the X-ray structure of [Zn(BZDH);Br:]  where
benzimidazole is neutral'', Figure 63 shows the {Cu(BZD):}, polymer proposed by
Goodgame ef al. where both coordinated benzimidazoles act as an anionic species' '
and Figure 64 depicts the interesting X-ray crystal structure of the 2-(2’-
pyridyl)benzimidazole (2-PyBZDH) containing lanthanide complex, synthesised by
Miiller-Buschaum and  Quitman in 2003''®, [Yb(2-PyBZD)](2-PyBZDH,). The
yiterbium{I1[} atom in this complex is coordinated to four chelating anionic 2-PyBZD’

anions while a cationic 2-PyBZDH3* balances the overall charge.

Figure 62: The X-ray crystal structure of [Zn(BZDH);Br]
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Figure 63: The proposed polymeric structure for {Cu(BZD)>},

Figure 64: The X-ray crystal structure of [Yb(2-PyBZD)4](2-PyBZDH;)
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Grevy ef al.''” have synthesised and characterised Li(I), Na(l), K(I), Pb(l), Co(II),
Ni(ID, Zn{II), Cd(II) and Hg(Il) complexes of thiabendazole. The thiabendazole ligand
was found to chelate through the imidazole and thiazole nitrogen atoms regardless of
the nature of the metal ion. The crystal structure of the copper(ll) complex
[Cu(TBZH);NO;]).NO1.H,0 is shown in Figure 65. The copper centre is chelated by
two thiabendazole ligands, one of the nitrate anions is coordinated in a bidentate mode
to the metal ion completing the slightly distorted octahedral geometry. Another nitrate

anion acts as an uncoordinated counter-ion.

Figure 65: The X-ray crystal structure of [Cu(TBZH):NO;].NO;.H,O

The complex [Cu(TBZH),Cl].CL.LH.O.EtOH characterised by Devereux ef al"" exists
where both uncoordinated and coordinated chloride anions act as counter charges to the
cationic metal centre. This combined with the chelating nature of thiabendazole leaves

an approximate tetrahedral arrangement about the copper ion.
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Figure 66: The structure of the cation in [Cu(TBZH),C1jC1.H-0.EtOH

Recently the structures of a number of Ag(I) complexes incorporating benzimidazole

and substituted benzimidazoles have been reported.

The trinuclear complex [Agy(bzd)s;(PPhs)s] shown in Figure 67, characterised by Wu er
al." is another example of a complex with an anionic benzimidazole ligand. Three
Ag(l) cations are arranged in a triangular fashion, bridged by three anionic
benzimidazole ligands. Two of the Ag(l) atoms are four coordinate with two PPh;

groups coordinated and the third one is coordinated to one PPh; group.
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Figure 67: X-ray crystal structure of [Ag;(bzd);(PPh;)s]

Su et al'” have structurally characterised the dimeric Ag(l) complex [Ag»(3-
PyBZDH);(C1O4); (Figure 68) (3-PyBZDH = 3-pyridylbenzimidazole). The Ag(l)
cations are bridged by two 3-pyridylbenzimidazole ligands via the nitrogen atom from
the pyridyl of one ligand and the imidazole nitrogen atom of the other. The perchlorate

anions are weakly attached to the silver atoms (Ag-O =2.747 A).

&

Figure 68: X-ray crystal structure of [Ag;(3-PyBZDH);].(C10,),
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Also structurally characterised by Xia e al.'*' are two polymeric Ag(I) complexes of
the type [Ag(4-PyBZDH)(H,0)]X where X = NO; or ClO; and 4-PyBZDH = 2-(4-
pyridyl)benzimidazole (Figure 69). The Ag(l) in each complex is three coordinate with
the third position taken up by a water molecule. In all three complexes the Ag(I) atoms
are bridged by the benzimidazole ligands via the pyridine and benzimidazolyl nitrogen
atoms leading to the formation of chains. The anions in the complexes act as

uncoordinated counter-ions.

Figure 69: The X-ray crystal structure of [Ag(4-PyBZDH)(H,0)].C10,
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PROJECT RATIONALE

The present project aimed to mvestigate the biommetic and biological properties of
copper(Il) and silver(l) complexes incorporating salicylate and benzimidaozle ligands.
The project extends the work being carried out by this group and its collaborators in the

arca of novel metal based anticancer and antimicrobial agents.
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D.1 SYNTHESIS OF COPPER(II) SALICYLATE COMPLEXES

Synthetic routes to the salicylate complexes [Cu(salH),(H>O).] (1), [Cu(dipsH)(H,0)]
(3) and {Cu{msal)(H,O)}, (4) and the aspirinate complex [Cus(asp)s(H20),].H>O (2) are
shown in Scheme 2. The four complexes were generated by the reaction of Cu(OH),

with the relevant carboxylic acid.

[Cu{salH}).(H,0):] (1)

2 salH, | EtOH

2 msalH, > aspl
{Cu(msal)(H,0)}, (4) <—————  Cu(OH), a3 [Cus(asply(H-0),]).H,0 (2)
EtOH EtOH

2 dipsH, | EtOH

[Cuf{dipsH)2(H-OD] (3}

Scheme 2: Formation of copper(Ii) carboxylate complexes

Complexes (1) and (4) were obtained as brown powders, complex (2) as a blue powder

and complex (3) as a green powder. They were formulated as shown below:

(1)  [Cu(sali)(H,0),]
% Cale: C, 44.98; H, 3.78

% Found: C, 44.09; H, 3.39

(2) [Cll;(asp)4(H;O)2].H20
% Cale: C, 48.16; H, 3.82

% Found: C, 48.88; H 3.33
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3) [Cu(dipsH):(H,0)]
% Cale: C, 59.58: H, 6.92

% Found: C, 59.27; H 6.83

4) {Cu(msal)(H,0)},
% Cale: C,38.79; H, 3.26

% Found: C,39.75; H 2.85

The physico-chemical properties of (1) are the same as for the previously discussed
complex [Cu(salH)>(H;0)-] (Figure 37). The complex was shown to adopt a square
planar geometry with the two salicylate ligands coordinated in a monodentate fashion
via their carboxylate groups. The remaining coordination sites are taken up by two
water molecules. The IR spectrum of (1} contains typical vuym (OCO) {1603 cm'l} and
Vsem (OCO) {141()cm"} bands. The calculated Agco value of 193 cm™ is within the
range expected for monodentate carboxylate ligands (>200 em’) but the relative
reduction in the Agco values are typical where such carboxylate groups are mvolved in
hydrogen bonding. The room temperature magnetic moment of 1.81 B.M. is consistent
with a structure lacking Cu-Cu interactions. It is probable that (1) is identical to the
compound that was published in 1959 for which a crystal structure was determined

(Figure 37).

Complex (2) is likely a hydrated form of the structurally characterised dimeric complex

122

[Cua(asp)y]. Its DMF coordinated analogue is shown m Figure 70.
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Figure 70: The X-ray crystal structure of [Cux(asp)4(DMF);]

In the complex two copper centres are bridged by four carboxylate ligands giving the
tamiliar paddle-wheel dimer structure. The copper centres are separated by a distance
of 2.62 A. The close inter-atomic distance in this type of dimer gives rise to subnormal
magnetic moments in the region of 1.4 B.M.. The IR spectrum of (2) contains bands
characteristic of acetylsalicylate anions. Bands present at 1726 cm’' indicate the
presence of the acetoxy carbonyl group. A band present at 816 cm™ absent in the
spectrum of acetylsalicylic acid is indicative of coordinated water.'?® A A, value of
135 ¢cm’ is within the accepted range for the bridging bidentate carboxylate mode. The
low magnetic moment value of 1.46 B.M. for (2) is in line with the proposed paddle-

wheel type structure,

Complex (3) has a subnormal room temperature magnetic moment of 1.38 B.M.. In the
IR spectrum the carboxylate bands are split {Vum(OCO): 1628 em' and 1592 cm’,
Vem(OCO): 1468 em! and 1390 cm"} indicative of the presence of two different

modes of coordination for the salicylate carboxylate groups. A manganese(ll)
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salicylate complex reported by Devereux er aol.’® which formulated as
[ Mns(salH)4(H,0),] (salH, = salicylic acid) and whose structure is shown in Figure 39
exhibits similar physico-chemical properties to that of (3). It too has its asymmetric and
symmetric OCO bands split in the IR spectrum. Furthermore the IR spectra of complex
(3) and [Mny(salH)4(H>0),] both exhibit bands in the region 840 - 820 cm’’, which are
not found in the spectrum of the respective carboxylic acids and which are characteristic

of coordinated water molecules.

Complex (4) 1s peculiar in so far as it formulates as having just one 3-methoxysalicylate
ligand per copper. The presence of the methoxy group is confirmed by the C-O-C band
at 1061 ecm™. This band has shifted from 1055 cm™ in the spectrum of the fiee ligand
and has lost significant intensity and therefore it is possible that the ethereal oxygen is
involved n coordination to the copper centre. The complex also formulates as having
one coordinated water supported by the typical band at 835 cm™ in the IR spectrum.
Significantly, the carboxylate bands in the IR spectrum are again split {Vugm(OCO):
1633 e and 1606 cm ', Vsym(OCQO): 1472 em™' and 1450 cm’'} again suggesting that
the complex contains two different modes of coordination for the 3-methoxysalicylate
carboxylate groups. The room temperature magnetic moment for (4) is normal (1.65
B.M.) suggesting that no electronic interaction exists between the copper centres in the
complex. The relative insolubility of (4) could suggest that it is polymeric in nature and

a structure that fits its physico-chemical data ts shown in Figure 71.
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Figure 71: A possible structure for {Cu{msal}(H,0)},

Complexes (1), (2) and (4} were found to be insoluble in common solvents but were
soluble in DMSO. Complex (3} was soluble in ethanol and DMSO. Their molar
conductivities recorded in DMSO show that complex (1) is essentially a non-glectrolyte
and therefore does not dissociate in this solvent. The molar conductivities of (2), (3)
and (4) mndicate that they dissociate slightly in DMSQ. The UV spectra of (1) and (4)
taken in DMSO solution as well as in the solid state as Nujol mulls show approximately
similar shapes and positions of the absorption bands, indicating no appreciable change
in the geometry of the complexes in solution. Complexes (2) and (3) exhibit shifts of
the d-d transition bands in their DMSO solution spectra as compared to the solid state

and therefore some change in the complexes is taking place in solution.
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D.2 SYNTHESIS AND CHARACTERISATION OF COPPER(II) SALICYLATES

INCORPORATING BENZIMIDAZOLE LIGANDS

D.2.1 The reactions of |[Cu(salH);(H,0);] and [Cwy(asp)y;(H,0);).H,0 with the

simple benzimidazole ligands

[Cu(salH);(H20),] (1) and [Cuy(asp)s(H20):].H,0 (2} were each reacted with a range of
potential benzimidazole ligands (see Figure 72) to yield the novel copper complexes (5)
- (10) in accordance with the reactions shown in Schemes 3 and 4. The reactions of (2)

demonstrate the relative facile hydrolysis of the coordinated acetylsalicylic acid ligand.
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Figure 72: Structure of benzimidazole and its derivatives
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[Cu(salH},(BZDH);] {5)

2BZDH
[Cu{salR},{2-AmBZDH){H,0),] (10} [Cu(salH),(5,6-Me,BZDH),] {6}
2 (2-AmBZDOH)
2 (5,6-Me,BZDH)
2 (2-PhBZDH) 2 (2-MeOHBZDH)
No product [Cu(salH),{H-0).] No product
n

2 (5-BZDHCOOH) 2 (2,5-Me,BZDH)

2 (6-NO,BZDH)

[Cu(sal)(5-BZDHCOOH)(H,0) {9) [Cu(sal)(2,5-Me,BZOH)H,0)1 {7)

1
[Cu(sal)[8-NO,BZDH)(HL0)) (8)

Scheme 3: Synthetic routes to complexes (5) - (10) starting with [Cu{salH).(H,0):] (1)

95



[Cu(salH)a(BZDH}),) (5)

[Cu{salH)y{2-AMBZDH)(H,03,] {10) 2 BZDH [Cu(salH)y(5,6-Me,BZDH),] {6)

2 (2-AmBZDH)
2 (5,6-Me,BZDH)

2 (2-PhBZDH) 2-MeOHBZDH
No product - [Cuz{asp)s(H20),].H,0 No product

(2)

2 (2,5-Me,BZDH)
2 (5-BZDHCOOH)

2 (6-NO,BZDH)
[Cu(sal)(2.5-Me,BZDH)(H,0)] {7)
[Cu(sal)(5-BZDHCOOH)(H,0)] (9)

¥
[Cu(sal)(6-NO,BZOH)(H,0)) (8)

Scheme 4: Synthetic routes to complexes (5) - (10) starting with [Cua(asp)s(H20),].H,0
(2)

Complex (5) was obtained as blue crystals, complex (6) as a lilac powder and (7) - (10)

were all isolated as green powders and the compounds were formulated as follows:

(5)  [Cu(salH),(BZDH),|
% Calc: C, 58.58; H, 3.86; N, 9.76

% Found: C, 58.87; H, 3.77; N, 9.76
(® [Cu(salH);(5,6-Me;BZDH);,|
% Calc: C, 60.99; H, 4.79; N, 8.89

% Found: C, 59.38; H, 4.72; N, 8.78
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(7 [Cu(sal)(2,5-Me;BZDH)(H,0)]
% Cale: C, 52.67; H, 4.43: N, 7.68

% Found: C, 5527, H, 4.02; N, 7.92

(8) [Cu(sal)(6-NO;BZDH){H,0)]
%Cale: C,44.16; H,2.92; N, 11.03

% Found: C,43.51; H,2.71; N, 11.23

(9 [Cu(sal)(5-BZDHCOOH)(H,0)]
% Calc: C,47.43; H, 3.18; N, 7.38

% Found: C, 46.77; H, 2.90; N, 7.48

(10)  |Cu(salH);(2-AmBZDH)(H,0),|
% Cale: C, 49.75; H, 4.18; N, 8.29

% Found: C, 50.50; H, 3.75; N, 8.60

The IR specira of the complexes (5) — (10) (see Appendix) were compared to those of
the free ligands.  The characteristic bands for the free ligands and some of the
important IR spectral bands that provide evidence for the structure of the complexes are

listed in Tables 11 and 14.
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Blue crystals of [Cu(salH)2(BZDH)-] (5) suitable for X-ray analysis were obtained from
the reaction solution upon standing for several days. The X-ray crystal structure of (5)
is shown in Figure 73 and Figure 74. Selected bond lengths and angles are listed in
Table 12. [Cu(salH),(BZDH),] has a square planar Cu centre which contains two trans
benzimidazole ligands and two salicylate ligands. The hydrogen bonding motif in the
complex (see Figure 74 and Table 13) differs between the two carboxylate groups and
so the Cu atom is not situated on an inversion centre. The ortho hydroxyl group makes
hydrogen bonds to one carboxylate O atom, keeping the carboxylate co-planar with the
phenyl ring in the case of the carboxylate containing O1, O2. However, for the other
salicylate ligand the carboxylate is twisted by 18.33(6)° with respect to the plane made
by the phenyl ring and 06. In this case, the hydroxyl O makes intermolecular hydrogen
bonds to a carboxyl O and a longer NH...O link. In contrast O3 makes just an
intermolecular hydrogen bond to O2. The complex forms chains parallel to the shortest
axis. These chains mterdigitate such that the benzimmdazoles form a stack and the

distance between the imidazole centroids in these stacks alternates between 3.6622(7)

and 3.8424(7) A, albeit rather too long for significant n-n stacking interactions.
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Figure 73: The X-ray crystal structure of [Cu(salH)(BZDH),] (5)
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Figure 74: Packing diagram for [Cu(salH)(BZDH)] (5)
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Table 12: Selected bond lengths [A] and angles [°] around the copper centres in
[Cu(salH)(BZDH);] (5)

Complex (5)

Bond lengths A

Cu-0(1) 1.9601(9)
Cu-0(4) 2.0115(9)
Cu-N@3) 1.9827(10)
Cu-N(1) 1.9951(10)

Bond angles °

N(1)-Cu(1)-N(3)
O(1)-Cu(1)-0(4)
O(1)-Cu(1)-N(1)
O(1)-Cu(1)-N(3)
O(4)-Cu(1)-N(1)
O(4)-Cu(1)-N(3)

179.47(4)
69.42(3)
89.86(4)
90.52(4)
87.90(4)
91.65(4)

Table 13: Hydrogen bonds for [Cu(salH),(BZDH),] (5) [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
O(3)-H(30)...0(2) 0.82 1.85 2.5681(15) 146.3
0(6)-H(60)...0(5) 0.82 1.88 2.5974(13) 145.2
0(6)-H(60)...0(2)#1 0.82 2.28 2.8682(13) 129.5
N(2)-H(2)...0(2)#2 0.86 2.04 2.8220(14) 150.9
N(4)-H(4A)...0(5)#3 0.86 2.11 2.9627(13) 168.7
N(4)-H(4A)...O(6)#3 0.86 2.85 3.4523(14) 128.8

Symmetry transformations used to generate equivalent atoms:
#1 x-1,y,z #2 -x+3/2,y+1/2,-z+1/2  #3 -x+1/2,y-1/2,-2+1/2
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Complex (6) formulates as having the same metal : benzimidazole : salicylate ratio of 1
: 212 as (5) and their IR spectra are very similar, The N-H stretching and bending
bands in the spectra of the BZDH and 5,6-Me;BZDH free ligands also appear (although
shifted slightly) in the spectra of the two complexes indicative of the fact that the
ligands are present in their neutral state. Furthermore, the band associated with the
imidazolic ve=y in the free ligands has shifted in the spectra of (5) and (6) indicating that
the benzimidazoles are bound to the metals through the nitrogen atom. For both
complexes the v5,(OCO) and viym(OCO) bands are not split. The Aoco value of 225
em” for (5) is in agreement with the crystal structure where the salicylate ligands are
coordinated in a monodentate fashion. A Aoco value of 165 e’ for (6) is below the
value expected for a monodentate coordination mode but such reductions are typical
where carboxylate groups are involved in hydrogen bonding. The room temperature
magnetic moments of (5) and (6) are 1.83 B.M. and 2.05 B.M., respectively, which are

consistent with structures lacking Cu-Cu interactions.

The molar conductivities of 13.2 S em” mol” (5) and 11.6 S cm’ mol™ (6) indicate that
the complexes dissociate slightly in DMSO. Both complexes exhibit significant shifts
of the d-d transition bands {579 nm — 738 nm (5) and 550 nm — 722 nm (6)} in their
DMSO solution spectra as compared to the solid state and therefore some change in the
complexes is taking place in solution. Complex (6) is likely to have the same square

planar structure as (5).

The complexes (7), (8) and (9) formulate as having the same metal : benzimidazole :
salicylate ratio of 1 : 1 : 1. The N-H stretching and bending bands in the spectra of the

free ligands also appear in the spectra of the complexes indicating that the ligands are
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present in their neutral state. The IR spectra of the complexes contain typical vy
OCO) and vy, (OCO) bands which are in similar positions and are not split. The
y P p

calculated Agco values of 199, 215 and 211 cm’! for (7), (8) and (9) respectively support
the proposal that the carboxylate groups of the salicylate ligands are coordinated to the
copper centres in a monodentate mode. New bands that do not appear in the spectra of
the free ligands at 839 (7), 816 (8) and 830 cm”’ (9) have been attributed to the presence
of coordinated water. Bands in the region below 500 cm ' have been assigned to metal

— nitrogen bonds,

The room temperature magnetic moments of 2.09 B.M. (7), 1.86 (8) and 1.63 B.M. (9)
are consistent with structures lacking any significant Cu-Cu interactions. All three of
the complexes are effectively insoluble in common solvents at room temperature, but
they were found to be soluble in DMSO. The UV spectra of the complexes recorded in
DMSO solution as well as in the solid state as Nujol mulls show approximately similar
shapes and positioning of the absorption bands, indicating no appreciable change in
their geometry in solution. The molar conductivities of (7) — (9) were found to be n the
range 1.55t03.958 cm’mol” indicating that the complexes do not dissociate in DMSO.
A possible structure of (7) — (9) which fits their physico — chemical data is shown in

Figure 75.

OH,

/ (7) X = CHa; Y = CHg: Z =H
NH ()X =H;Y=H;Z=NO,
(9) X =H;Y =H;Z=COOH

Figure 75: Possible structural motif for complexes (7) — (9)
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Complex (10) formulates as having a metal : benzimidazole : salicylate ratio of 1 : 1 : 2.
As well as the bands associated with a neutral 2-AmBZDH ligand the spectrum of (10)
(see Appendix) contains bands that are characteristic of the salicylate anions with

typical vugu(OCO) and vy, (OCO) values (Table 14).

Table 14: Characteristic IR bands (cm™, KBr discs) of the complex (10)

2-AmBZDH (10)
Imidazole bands
N-H (stretch) 3054 *
N-H (bending} 1157 1158
N-H (bending) 623 652
Ve=N 1596 *
Amine hbands
N-H (stretch) 3381 3340
NH3; (assym deformation) 1632 1655
NH; {sym deformation) 1269 1279
NH; (rocking mode) 742, 728 755, 740
Carboxylate bands
Vasym(OCO) - 1616
Vsym(OCO) - 1384
Aoco - 232
Metal-Ligand
M-N - 427
M-OH, - 817

* Bands preclided by others in the infrared spectrum

The vasym(OCOY} peak for (10) is split and so two modes of interaction with the copper
centre are likely for the two carboxylate groups. The bands characteristic of the amine
group in 2-AmBZDH are also found in the spectrum of complex (10) (although shifted
shghtly) indicating that the amine nitrogen is unlikely to be involved in coordination to

the metal. However the NH, group may be involved in some form of hydrogen
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bonding. The spectrum of (10) also exhibits a band at 427 cm™' which may be assigned
to metal-nitrogen interactions. It is significant that this peak is not split (reflecting the
fact that there is only one N-donor ligand present in the complex). Furthermore a peak
at 817 e’ is characteristic of the presence of coordinated water molecules. The room
temperature magnetic moment of complex (10) (1.86 B.M.) is in the expected range for
simple copper(ll) species (i.e. those lacking Cu-Cu interactions). A structure that fits

for the physico-chemical data for (10) is shown in Figure 76.

HO
O
OH
OH 2
O try, \\\‘\O
""""" Cu""lm NH;
O/ \ /*
N7 “NH
OH,

Figure 76: Possible structural motif for complex (10)

Complex (10) was found to be insoluble in all common solvents. On addition of (10) to

DMSO an immediate purple precipitate was observed.
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D.2.2 Reaction of [Cu(salH),(H;0),] (1) and [Cuz(asp)s(H;0);].HO (2) with the
chelating benzimidazoles thiabendazole (TBZH) and 2-(Pyridyl)Benzimidazole (2-

PyBZDH)

[Cu(salH)2(H,0);] (1) and [Cua(asp)s(H20),]).H>0 (2) both reacted with TBZH yielding
the same product (11) (Scheme 5) but 2-PyBZDH only reacted with the copper

asprinate (2) to yield the complex (12) (Scheme 6).

[Cu{sal)(TBZH)].H,0 (11)
i

[CU(SaIH)z(HQO)zl (1) EtOH

2 TBZH

[Cua(asp)a(H20)l. H20 (2) | EioH

|
[Cu(sal TBZH)].H,0 (11)

Scheme 5: Synthetic routes to complex (11)

[Cux(asp)s(H20)2).H,0 (2)
2 (2-PyBZDH) »  [Cu(sal)(2-PyBZDH))(H.0) (12)

Scheme 6: Synthetic route to complex (12)
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Complexes (11) and (12) were formed as green powders and formulated as shown

below:

(1) [Cu(sal)(TBZH)].H,0O
% Cale: C,48.74; 1, 3.13: N, 10.03

% Found: C, 48.50; H, 2.49; N, 10.00

(12) [Cu(sal)(2-PYyBZDH)|.H;0
% Calc: C,55.41; H, 3.43;: N, 10.20

% Found: C, 55.74: H, 3.15; N, 9.94

The IR spectra of the complexes (11) and (12) (see Appendix) were compared to those
of the free ligands. The characteristic bands for the free TBZH and 2-PyBZDH ligands
and the important IR spectral bands that provide evidence for the structure of the

complexes are listed in Table 15,
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Table 15: Characteristic IR bands (cm™, KBr discs) of the complexes (11) and (12) and
their free ligands

TBZH (11) 2-PyBZDH (12)
Imidazole bands
N-H (stretch) 3096 3063 3057 3061
N-H (bending) 1096 1119 1094 1098
N-H (bending) 635 650 625 631
V=N 1579 1594 1568 1556
Thiazole bands
V=N 1481 1484 - -
C-8 (stretch) 1231 1233 - -
Pyridine bands
Ve=N - - 1594 *
Pyridine ring ' - 1315 1328
stretching vibration
Carboxylate
bands
Vasym(OCO) - 1599 - 1600
Veym(OCO) - 1452 - 1449
Aoco - 147 - 151
Metal-Ligand
M-N - 436 - 435
M-OH, - - - -

* Bands precluded by others in the infrared spectrum

The midazolic ve—n and the thiazolic ve=y bands (1579 cem”! and 1481 cm",
respectively) for the free ligand are shifted to 1594 cm™' and 1484 e¢m™' for (11)
indicating that the ligand is chelating through the imidazolic and the thiazolic nitrogens.
The C-S stretching band (at 1231 em’ for the free ligand) remains essentially

unchanged supporting an uncoordinated mode for the sulfur atom of the thiazole ring.

The spectium of (12) also has a strong imidazolic ve-ny band at 1556 em' which has
shifted from that of the free 2-PyBZDH ligand (1568 cm') indicating that the ligand is
coordinated through one of the imidazolic nitrogens. Furthermore, a strong band at

1315 em”' (pyridine ring stretching vibration) in the spectrum of 2-PyBZDH is shifted

109



towards higher energy (1328 ecm™) in the spectrum of (12) supporting the proposed

coordinated nature of the pyridine nitrogen.

As well as the bands that have been assigned to the chelating benzimidazole ligands, the
spectra of (11) and (12} also contain bands that are characteristic of salicylate anions.
The calculated Aoco values of both complexes are very close suggesting that the
carboxylate groups in the two complexes have similar coordination modes. The
absence of M-OH, bands suggest that the water molecules are unlikely to be directly
coordinated to the metal centre. The fact that the complexes exhibit normal room
temperature magnetic moments [2.18 B.M. (11), and 2.11 B.M. (12)] indicates that the

copper centres are not associated electronically.

Both complexes are effectively insoluble in common solvents but were found to be
soluble in DMSO. The molar conductivities of 5.2 S em? mol™ (11) and 445 S cm’
mol ™ (12) of the complexes indicate that they are essentially non-electrolytes and thus
do not dissociate in DMSO. The UV spectra of the complexes taken in DMSO solution
as well as in the solid state as Nujol mull show approximately similar shapes and
positions of the absorption bands, indicating no appreciable change in the geometry of
the complexes in solution. It appears that the salicylate ligand in (11) and (12) is doubly
deprotonated and a structure that fits their physico-chemical data is shown in Figure 77.
Such a structure is well established for phenanthroline and bipyridine analogues of these

complexes.”'
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N

j =TBZH or 2-PyBZDH

O\CU/N]
\N
N

o

Figure 77: Possible structural motif for complexes (11) and (12)

D.2.3 The reactions of [Cu(dipsH);(H;0)] (3) with the simple benzimidazole

ligands

[Cu{dipsH)2(H20)] (3) was reacted with a range of benzimidazole ligands (see Figure
72) to yield the novel copper complexes (13) - (16) in accordance with the reactions

shown in Scheme 7.

[Cu(dipsH)z(BZDH)] {13)

2 BZBH
No product [Cu(dipsH)a(2-MeOHBZOH);) EtOH (14)
2 (2-AmBZDH)
2 (2-MeOHBZOH)
2 (2-PhBZDH) 2 (2,5-Me,BZDH)
No product - [Cu(dipsH)a(H,0) No product
{3)
2 {5,6-Me,BZDH) 2 (6-NO,BZDH)
-B7D
2 (5-BZDHCOCH) (Cu(dips)(2.5-Me,BZDH)(H,0)) (15)
No product
Y

[Cu(5-BZDCO0)(H,0),].ELOH (186)

Scheme 7: Synthetic routes to complexes (13) — (16)
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Complex (13) was obtained as purple crystals, (14) as blue crystals and (15) and (16) as

green powders. They were formulated as shown below:

(13)  [Cu(dipsH),(BZDH),]
% Calc: C,064.72; H, 6.25; N, 7.55

% Found: C, 64.36; H, 6.23; N, 7.33

(14)  |Cu(dipsH);(2-MeOHBZDH),].EtOH
% Cale: C, 62.14; H, 6.87; N, 6.59

% Found: C, 59.38; H, 5.96; N, 6.30

(15)  [Cu(dips)(2,5-Me;BZDH)(H,0)]
% Calc: C, 58.98; H, 6.30; N, 6.25

% Found: C, 61.09; H, 6.16; N, 6.25

(16)  [Cu(5-BZDCOO)(H;0),].EtOH
% Cale: C, 44.34; H, 3.39: N, 9.41

% Found: C, 44.44; H, 3.57: N, 8.18

The unsuccesstul reactions from Scheimme 7 were also attempted as one-pot reactions
involving copper(ll) acetate with 3,5-diisopropylsalicylic acid and the respective
benzimidazole in accordance with Scheme 8. This only led to the synthesis of complex

(17).
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[Cu(dips)(2-AmBZDH)(H,0)] (17) No Product

2 {2-AmBZDH) 2 (9,6-Me,BZDH)
2 dipsH; 2 dipsH,

[Cuz(OAC)(H0),)

7 2 dipsH;,
2 (2-PhBZDH) 2dipsH;

2 (5,6-Me,BZDH)
No Product No Product

Scheme 8: Synthetic route to complex (17)

Complex (17) was obtained as a green powder and was formulated as shown below:

(a7 [Cu(dips)}2-AmBZDH)(H,0)]
% Calc: C, 55.22; H, 5.79; N, 9.66

% Found: C, 55.47; H, 5.89; N, 9.56

The IR spectra of the complexes (13) — (17) (see Appendix) were compared to those of
the free ligands. The characteristic bands for the free ligands and some of the important
IR spectral bands that provide evidence for the structure of the complexes are listed in

Table 16.
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Crystals of [Cu(dipsH)(BZDH),] (13) (Figure 78) and [Cu(dipsH)(2-
MeOHBZDH)).EtOH (14) (Figure 80) suitable for X-ray structural analysis, were
obtained from their respective mother liquors by slow evaporation and their structures
were subsequently elucidated. The structures of the two complexes are depicted in

Figures 78 — 81 and selected bond lengths and angles for them are listed in Table 7.

Figure 78: The X-Ray crystal structure of [Cu(dipsH):(BZDH),] (13)
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Figure 80: The X-Ray crystal structure of [Cu(dipsH)»(2-MeOHBZDH),].EtOH (14)
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The two structures are very similar to that of [Cu(salH)»(BZDH),] (5) (Figure 73). The
structures  of each of [Cu(dipsH).(BZDH):] (13) and [Cu(dipsH),(2-
MeOHBZDH):|.EtOH (14) comprise a copper centre with two coordinated oxygen
atoms (one from each of the carboxylate groups of the two salicylate ligands) and two
coordinated nitrogen atoms from the two benzimidazole ligands. The geometry of this
CuQ:N; core 1s exactly square planar. For each structure there is significant intra- and

intermolecular hydrogen bonding (Figures 79 and 81; Tables 18 and 19).

Table 17: Selected bond lengths [A] and angles [°] around the copper centres in
[Cu(dipsH)>,(BZDH),] (13) and [Cu{dipsH)>(2-MeOHBZDH),].EtOH (14)

Complex (13) Complex (14)

Bond lengths A

Cu-0(1) 1.9278(10) Cu(1)-0(2) 1.9795(11)
Cu-O(D#1  1.9278(10) Cu(1)-O(2)A 1.9795(11)
Cu-N(1) 1.9953(12) Cu(1)-N(1) 1.9558(13)
Cu-N(D#I  1.9953(12) Cu(1)-N(1)#1 1.9558(13)

Bond angles °©

N(D#1-Cu(1)-N(1)  180.00 N(#1-Cu(1)-N(1)  180.00(8)
O(1)-Cu(1)-O(#1  180.00(6) 0(2)-Cu(1)-0(2)#2 180.00

O(1)-Cu(1)-N(1) 91.54(5) O(1)-Cu(1)-N(1) 89.39(5)
O(1)-Cu(1)-N(1)#1 88.46(5) 0(2)-Cu(1)-N(1)#1 90.61(5)
O(1#1-Cu(1)-N(1) 88.46(5) O(2)#2-Cu(H)-N(1) 89.39(5)
O(L#1-Cu(1)-N(1)#1  91.54(5) O)#2-Cu()-N(D#1  89.39(5)
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Table 18: Hydrogen bonds for [Cu(dipsH)»(bzdH)] (13) [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(2)-H(2N)...O(2)#2 0.75(2) 2.03(2) 2.7361(16) 159(2)
0O(3)-H(3A)...0(2) 0.84 1.83 2.5767(16) 146.7

Symmetry transformations used to generate equivalent aloms:
#l -x,-y+2,-z  #2 x4l -y+2,-2

Table 19: Hydrogen bonds for [Cu(dipsH)»(2-MeOHBZDH);].EtOH (14) [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(2)-H(2N)...0(2)#2 0.850(14) 1.937(15) 2.7359(15) 156.0(17)
0(3)-H(3A)...0(2) 0.84 1.83 2.5735(14) 146.9

Symnietry transformations used 1o generale equivalent atons:
#1 -x,-y+2.-z  #2 -x+1-y+2.-z

The IR spectra of complexes (13) and (14) (see Appendix) contain the typical bands
indicative of benzimidazole ligands which have retained their imidazolic N-H
functionality. As well as the bands that have been assigned to the benzimidazole
ligands the spectra of (13) and (14) also contain bands that are characteristic of
salicylate anions. The Agco value of 256 cm™ for (13) is in agreement with the crystal
structure of a monodentate coordination mode for the salicylate carboxylate groups.
The Agco value of 164 em™ for (14) i1s lower than expected for monodentate
coordination mode however, such relative reduction in the Apco values are typical
where carboxylate groups are involved in extensive intra — or intermolecular hydrogen
bonding as is observed in the structure. Bands below 500 cm™ have been assigned to

metal — nitrogen interactions.

The magnetic moments of 1.69 B.M. (13) and 1.79 B.M. (14) are consistent with

structures lacking any significant interaction between the metal centres. The molar
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conductivity of (13) (18.65 S em” mol ™) indicates that some dissociation is taking place
in DMSO. The molar conductivity value of 5.15 S em” mo! for complex (14) indicates
that it is essentially a non-electrolyte. Both complexes exhibit significant shifts of the
d-d transition bands {563 nm — 733 nm (13) and 575 nm — 740 nm (14)} in their
DMSO solution spectra as compared to the solid state and therefore some change in the
complexes is taking place in solution. This phenomenon was also observed for the

isostructural complexes [Cu(salH)»(BZDH).] (5) and [Cu{salH)(5,6-Me.BZDH),] (6).

The complexes (15) and (17) formulate as having the same metal : benzimidazole :
salicylate ratio of 1 : 1 : 1. In the respective IR spectra the majority of the ligand
absorption bands, some of them with changed intensity, appear again in the compounds.
The N-H stretching band for all of the compounds bas shifted slightly and all of the N-H
bending characteristic bands have remained intact in the spectra of the complexes. The
bands characteristic of the amine group in 2-AmBZDH are also found in the spectrum
of complex (17) (although shifted slightly) (Table 20) indicating that the amine nitrogen
is unlikely to be involved in coordination to the metal. However, the NH, group may
be involved in some form of hydrogen bonding. Thus it appears that the
benzimidazoles are present in complexes (15) and (17) as neutral ligands. Furthermore,
the band associated with the imidazolic ve-n also remains in the spectra of both
complexes. The calculated Apco values for both complexes are within the region

indicative of a monodentate coordination mede for the salicylate carboxylate groups.
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Table 20: Characteristic amine bands (cm™, KBr discs) for complex (17) and its free 2-
AmBZDH ligand

2-AmBZDH (17)
Amine Bands
N-H (stretch) 3381 *
NH: (asym deformation) 1632 1620
NH: (sym deformation) 1269 1276
NHo (rocking modes) 742,728 755,742

* Bands precluded by others in the infrared spectrum

The room temperature magnetic moments of complexes (15) and (17) (2.31 and 2.06
B.M.) are in the expected region for simple copper(Il) species (i.e. those lacking Cu-Cu
interactions). The UV spectra of (15) taken in DMSO solution as well as in the solid
state as a Nujol mull show approximately similar shapes and positions of the absorption
bands, indicating no appreciable change in the geometry of the complex in solution.
These complexes have very similar physico-chemical data to complexes (7) — (9) and it

is believed they may be isostructural (see Figure 75).

Complex (16) is unique as it appears to have lost the dipsHa ligands altogether. The
C=0 band for the free 5-BZDHCOOH ligand, due to the carboxylic acid function, has
disappeared in the IR spectrum for this complex and has been replaced by vygm(OCO)
and vy, (OCO) bands which are not split (1607 ey’ and 1399 em™, respectively). The
Aoco value of 208 cm’ for (16) indicates that the carboxylate ligands may be
coordinated in a monodentate or monoatomic bridging fashion. The N-H stretching
band in the spectrum of the 5-BZDHCOOH free ligand (a very strong band at 3207 cm’
" has disappeared in the spectrum of (16) (Table 16) indicative of the fact that the
benzimidazole moiety of the ligand is present in the anionic state. The copper :
benzimidazole ratio appears to be 1 : 1, supporting the -2 charge of the benzimidazole

ligand, and it is therefore unlikely that complex (16) is the same as {Cu(5-
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Y The low

BZDHCOO),(H,0)},, which was previously generated in this laboratory.'2
magnetic moment (1.34 B.M.) for the complex indicates that electronic interactions
exist between Cu centres in the structure and therefore it is likely that the anionic
benzimidazole moiety of the ligand is bridging metal ions as is the case for BZD" in
{Cu(BZD),}, (Figure 63). The molar conductivity of (16) (5.68 S em® mol™) indicates
that it is essentially a non-electrolyte in DMSO. The complex exhibits very little shifts
of the d-d transition bands in its DMSO solution spectrum as compared to the solid state

and therefore no real change in the complex is taking place in solution. A structure that

fits for the physico-chemical data of (16) is shown in Figure 82.

\N %N/
| Nes0 1
!

N\
C::O
\
/O\

Figure 82: Possible structural motif for complex (16)
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D.2.4 Reaction of [Cu(dipsH),(H,0)] (3) with the chelating benzimidazoles

thiabendazole (TBZH) and 2-(Pyridyl)Benzimidazole (2-PyBZDH)

TBZH and 2-PyBZDH successfully reacted with [Cu(dipsH);(H-O)] (3) yielding

complexes (18) and (19) in accordance with Scheme 9.

[Cu{dips){TBZH)] (18)
I'y

2TBZH EtOH

[Cu(dipsH),(H,0)] (3)

2 (2-PyBZDH) | EtOH

Y
[Cu(2-PyBZD},{H,0O)] (19)

Scheme 9: Synthetic routes to complexes (18) and (19)

The complexes were formed as green powders and formulated as shown below:

(18) [Cu(dips)(TBZH)|

% Cale: C, 56.95; H, 4.78; N, 8.66

% Found: C, 56.81; H, 4.73; N, 8.43
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(19) [Cu(2-PyBZD),(H,0)}
% Cale: C,61.33; H, 3.86; N, 17.88

% Found: C, 62.10; H, 3.74; N, 17.51

The IR spectra of the complexes (18) and (19) (see Appendix) were compared to those
of the free ligands. The characteristic bands for the free TBZH and 2-PyBZDH ligands
and the important [R spectral bands that provide evidence for the structure of the

complexes are listed in Table 21.

Table 21: Characteristic IR bands (em™, KBr discs) of the complexes (18) and (19) and
their free ligands

TBZH (18) 2-PyBZDH (19)
Imidazole bands
N-H (stretch) 3096 3091 3057 -
N-H (bending} 1096 1113 1094 -
N-H {bending) 635 637 625 -
VE=N 1579 1593 1568 1566
Thiazole bands
VN 1481 1432 - -
C-S (stretch) 1231 1236 - -
Pyridine bands
V=N - - 1594 1604
Pyridine ring
stretching vibration ) i 1315 1329
Carboxylate
bands
Vasym(OCO) - 1609 - -
Vgym(OCO) - 1443 - -
Aoco - 166 - -
Metal-Ligand
M-N - 573 - 574
M-OH; - - - 819
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In the IR spectra the imidazolic veoy and the thiazolic veoy bands (1579 em’ and 1481
em’', respectively) for the free ligand are shifted to 1593 cm™ and 1482 cm™' for (18)
indicating that the ligand is chelating through the imidazolic and the thiazolic nitrogens.
The C-S stretching band (at 1231 cm’ for the free ligand) remains essentially
unchanged supporting an uncoordinated mode for the sulfur atom of the thiazole ring.
Carboxylate bands due to the presence of salicylate anions are also present in the IR
spectrum with typical vu,,(OCO) {1609 em™} and voym(OCO) {1442 cm’'} stretches. It
is believed that (18) has a structure similar to analogous salicylate complexes (11) and

(12) shown in Figure 77 above.

The IR spectrum of {Cu(2-PyBZD),(H>0)}, (19) contains no bands indicative of the
presence of salicylate ligands. However, the N-H stretching and bending peaks of 2-
PyBZDH have essentially disappeared, suggesting the ligand is anionic in nature. The
spectrum also has a strong imidazolic ve-y band at 1566 cm™ which is shifted from that
of the free ligand (1568 em') indicating that the ligands are also coordinated through
one of their imidazolic nitrogens. The pyridyl ve-y bands at 1594 em ' and 1315 cm™
are shifted to 1604 em™” and 1329 cm’, respectively, for the complex indicative of
bonding through the pyridine nitrogen also. A new band at 819 cm™ absent in the
spectrum of 2-PyBZDH is indicative of coordinated water. The relative insolubility of
(19) 1s indicative of a possible polymeric structure. The proposed structure for (19)

which fits its physico-chemical data, is shown in Figure 83.
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Figure 83: Possible structural motif for (19)

The reom temperature magnetic moments of 1.98 B.M. (18), 1.92 B.M. (19) are
consistent with the proposed structures which show no interaction between the metal
centres. The UV spectrum of (18) recorded in DMSQO solution as well as in the solid
state as a Nujol mull shows approximately similar shapes and positions of the
absorption bands, indicating no appreciable change in its geometry in solution. The
molar conductivity value of 3.6 S em’ mol ' for (18) indicates that the complex is non —
electrolytic. Complex (19) is totally insoluble in all solvents supporting the proposed

polymeric structure,
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D.2.5 Reaction of {Cu(msal)(H,()}, (4} with the simple benzimidazole ligands

As can be seen from Scheme 10 the reactions of {Cu(msal)}(H,0)}, (4) with the

benzimidazole ligands (Figure 72) were not very successtul. BZDH was the only non-

chelating benzimidazole to react with it yielding complex (20} which was obtained as a

green powder. The complex was formulated as shown below:

(20) [Cu(msal)(BZDH)(H,0)].2H,0

% Cale: C, 44.83; H, 4.51;

N, 6.97

% Found: C, 44.04; H, 3.25; N, 5.30

[Cu{msal)(BZDH)(H,0)].2H,0 (20}

No praduct

2-AmBZDH

2-PhBZDH

No product

2-MeOHBZOH

No product

BZDH
No product
5,6-Me,BZDH
2,5-Me,BZDH
{Cu(msal)(H;0)), (4} No product
B6-NQ,BZDH
5-BZDHCOOH
No product
1
Mo preduct

Scheme 10: Synthetic route to complex (20)
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The above reactions (Scheme 10) were also attempted as one-pot reactions involving
copper(ll}) acetate with 3-methoxysalicylic acid and the relevant benzimidazole.

However, these reactions proved unsuccessful.

The IR spectrum of complex (20) (see Appendix) was compared to that of its free
ligands. The characteristic bands for the free ligand and some of the important IR
spectral bands that provide evidence for the structure of the complexes are listed in

Table 22.

Table 22: Characteristic IR bands (cm™, KBr discs) for complex (20) and its free
BZDH ligand

BZDH (20)
Imidazole bands
N-H (stretch) 313 3t16
N-H (bending) 1135 1129
N-H (bending) 627 620
Ve=N 1587 1561
Carboxylate bands
Vaeem( OCO) - 1602
Vym(OCQ) - 1399
Aoco - 203
petal-Ligand
M-N - 440
M-OH, - 836
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The N-H stretching and bending bands in the spectrum of the BZDH free ligand also
appear (although shifted slightly} in the spectrum of the complex indicating that the
ligand is present in its neutral state. The spectrum also contains typical vi,m(OCO)
{1602 cm™'} and Veem(OCO) {1399 cm’'} bands indicating the presence of carboxylate
groups. The Agco value of 203 em’! is indicative of a monodentate coordination mode
for the salicylate ligands. A new band absent in the spectrum of BZDH at 836 cm™ has
been assigned to a coordinated water molecule. The room temperature magnetic
moment of 2.08 B.M. is consistent with a structure lacking any Cu-Cu interaction, A
molar conductivity value of 1.45 § em” mol” for complex (20) suggests that no
dissociation of the complex is taking place in DMSO solution. [t is believed that (20)
has a similar structure to complexes (7) — (9) (Figure 75) for which its physico-chemical

data fit.
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D.2.6 Reaction of {Cu(msal)(H,0)}, (4) with the chelating benzimidazoles

thiabendazole (TBZH) and 2-(Pyridyl)Benzimidazole (2-PyBZDH)

TBZH and 2-PyBZDH both reacted with {Cu(msal)(H>O)}, (4) yielding the products

(21) and (22) in accordance with Scheme 11.

[Cu(msal)(TBZH)]).H,O (21)

2TBZH | E{OH

{Cu(msal)(H,0)}s (4)

2 (2-PyBZDH) | EIOH

[Cu{msal)(2-PyBZDH)}.H,0 (22)

Scheme 11: Synthetic routes to complexes (21) and (22)

The complexes were formed as green powders and were formulated as shown below:

(21)  [Cu(msal)(TBZH)].H,0
% Calc: C,48.16; H,3.37; N, 9.36

% Found: C, 47.21; H, 2.89; N, 10.35

22) [Cu(msa)(2-PyBZDH)].H,O

% Cale: C, 54.24; H, 3.87; N, 9.49

% Found: C, 54.24; H, 3.94; N, 9.45

131



The IR spectra of the complexes (21) and (22) (see Appendix) were compared to those
of the free ligands. The characteristic bands for the free ligands and the some of the
important IR spectral bands that provide evidence for the structure of the complexes are

listed in Table 23.

Table 23: Characteristic IR bands (cm™, KBr discs) of the complexes (21) and (22) and
their free ligands

TBZH (21) 2-PyBZDH (22)
Imidazole bands
N-H (stretch) 3096 3095 3057 3004
N-H (bending) 1096 1087 1094 1085
N-H (bending) 635 630 625 632
VC=N 1579 1567 1568 1564
Thiazole bands
V(=N 1481 1477 - -
C-S (stretch) 1231 1233 - -
Pyridine bands
Ve=N - - 1594 1600
Pyridine ring - - 1315 1327
stretching vibration
Carboxylate
bands
Vasym{ OCQO) - 1599 - 1529
Voym{OCO) - 1442 - 1369
Aoco - 157 - 160
Metal-Ligand
M-N - 437 - 438
M-OH, - - - -

The imidazolic ve—n and the thiazolic ve=n bands (1579 cm’' and 1481 cm‘],
respectively) for the free ligand are shifted to 1567 cm™ and 1477 em™ for 21)
indicating that the ligand is chelating through the imidazolic and the thiazolic nitrogens.
The C-S stretching band (at 1231 cm™ for the free ligand) remains essentially
unchanged supporting an uncoordinated mode for the sulfur atom of the thiazole ring.
The spectrum of (22) also has a strong imidazolic ve—y band at 1564 em™' which has

shifted from that of the free ligand (1568 em™) indicating that the ligand is coordinated
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through one of the imidazolic nitrogens. Also the pyridyl ve-y band at 1594 ¢cm™' shifts
to 1600 cm™ indicative of bonding through the pyridine nitrogen.  Furthermore, a
strong band at 1315 cm™ (pyridine ring stretching vibration) in the spectrum of 2-
PyBZDH is shifted towards higher energy (1327 em™) also supporting the proposed
coordinated nature of the pyridine nitrogen. The similar Agco values {157 cm™ (21)
and 160 cm™ (22)} suggest that the salicylate ligands in both complexes are coordinated
in the same fashion. The presence of the methoxy group in (21) and (22) is confirmed
by the C-O-C bands at 1060 cm'(21) and 1067 cm™' (22) in their spectra. These bands
have shifted from 1055 em™ in the spectrum of the frec ligand suggesting that the
methoxy ethereal oxygen may be either involved in coordination or hydrogen bonding
in the complexes, although it is believed that the latter is the case. [t is most probable
that these two complexes are isostructural to their salicylic acid analogues (11) and (12)

(Figure 77).

The room temperature magnetic moments for the two complexes are normal (1.85 and
1.97 B.M., respectively) supporting structures where the copper centres are not
associated electronically. The UV spectra of (21) and (22) taken in DMSO solutions as
well as in the solid state as Nujol mulls show approximately similar shapes and
positions of the absorption bands, indicating no appreciable change in the geometry of
the complexes in solution. The low molar conductivity values of both complexes (6.05
S c¢m® mol” and 8.15 S cm’ mol !, respectively) indicate that no dissociation of the

complexes is taking place in solution.
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D.3 SYNTHESIS AND CHARACTERISATION OF COPPER(II) SALICYLATES
INCORPORATING THE N,N-DONOR LIGANDS 1,10-PHENANTHROLINE
AND 2,2°-BIPYRIDINE

[Cu(salH)2(H20)] (1) was reacted with the chelating ligands 1,10-phenanthroline
{phen) and 2,2°-bipyridine (bipy) in accordance with Scheme 12 to yield complexes
(23) and (24). [Cu(dipsH);(H-O}] (3) and {Cu(msal)(H-O)}, (4) were reacted with

phen and bipy simnlarly to produce complexes (25) — (28).

[Cu(sal)(phen)] (23}

phen | E1OH

[Cu(salH);(H20)2] (1)

bipy | EtOH

1
[Cu(sal)(bipy)].EtOH.H,0 (24)

Scheme 12: Synthetic routes to complexes (23) — (28)

While complexes (23) - (26) and (28) were obtained as green powders, (27) was isolated
as green crystals which were suitable for X-ray analysis. The six compounds were

formulated as shown below:

(23) [Cu(sal)(phen)|
% Calc: C,60.12; H, 3.23; N, 7.41

% Found: C, 58.97; H, 3.34; N, 7.08
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(24)

(25)

(26)

27)

(28)

Crystals of (27) suitable for X-ray structural analysis were obtained when the reaction
was carried out in DMSO and the mother liquor left to stand for several weeks. The
structure of (27) is shown in Figures 84 and 85 and selected bond lengths and angles are
listed in Table 24. (27) is essentially isostructural to the [Cu(sal)(bipy)] complex in

[Cu(sal)(bipy)].EtOH.H>O which was previously published by this group (Figure 46).

{Cu(sal)bipy)].EtOH.H,O
% Cale: C,5491: H,4.22, N, 6.99

% Found: C, 54.36; H, 4.80; N, 6.67

[Cu(dips)(phen)].H,0O
% Cale; C,62.03; H, 5.83; N, 5.79

% Found: C, 62.48; H, 5.86; N, 5.87

[Cu(dips)(bipy)]
% Cale: C, 62.78; H, 5.50; N, 6.37

% Found: C, 62.26; H, 5.76; N, 6.33

[Cu(msal){phen)].H,O
% Calc: C, 56.14; H, 3.77; N, 6.83

% Found: C, 56.09; H, 3.41; N, 6.14

[Cu(msal)(bipy)].H,O

% Calce: C, 53.53; H, 3.99; N, 6.94

% Found: C, 53.30; H, 3.52; N, 6.97
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Figure 84: The X-Ray crystal structure of [Cu(msal)(phen)].H,O (27)
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Packing diagram for [Cu(msal)(phen)].H-O (27)

Figure 85
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Table 24: Selected bond lengths [A] and angles [°] around the copper centres in
[Cu(imsal){phen)].H,O (27)

Complex (27)

Bond lengths A

Cu(1)-0(1) 1.893(2)
Cu(1)-0(3) 1.900(2)
Cu(1)-N(1) 2.017(3)
Cu(1)-N(2) 2.009(12)

Bond angles °

N(Q2)-Cu(1)-N(1)  81.43(12)

O(1)-Cu(1)-0(3)  93.94(i0)
O(1)-Cu(1)-N(1)  89.51(12)
O(1)-Cu(1)-N(2)  169.08(11)
O(3)-Cu(1)-N(1)  170.82(10)
0(3)-Cu(1)-N(2) 94.15(10)

Table 25: Hydrogen bonds for [Cu(msal)(phen].H>0 (27) [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
O(1W)-H(1 1W)...0(2) 0.891(19) 1.97(2) 2.856(6) 171(4)
O(1W)-H(11W)...0(1) 0.891(19) 2.69(4) 3.347(4) 131(4)
O(1W)-H(12W)...0(2)#1 0.89(2) 2.04(3) 2.891(4) 160(5)

In (27) the copper(Il) ion is coordinated to the two nitrogen donors of the phen ligand
and chelated by the salicylate dianion via one carboxylate oxygen atom and the
phenolate oxygen atom, giving the copper atom an approximate square planar
geometry. The two hydrogen atoms of the lattice water molecule are hydrogen bonded
to the uncoordinated carboxylate oxygen of one molecule of (27) and the coordinated

oxygen of another (Figures 84 - 85). These interactions are repeated throughout the
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crystal lattice yielding a hydrogen bonded polymeric supra-molecular structure (Figure

85).

The IR spectra of (23), (25) and (27) (see Appendix} are very similar reflecting their
structural similarity. The spectra contain absorption bands which are characteristic of
the presence of chelating phen [846 cm™ and 721 ¢ '(23), 845 cm™ and 724 cm’'(25)
and 847 cm™ and 722 em™ (27)].'* As well as the bands that have been assigned to the
chelating phen ligand the spectra of the three complexes also contain bands that are
characteristic of salicylate anions with v, (OCO) {1599 cm’! (23), 1612 cm’! (25) and
1572 cm™ (27)} and vy (OCO) {1384 cm’' (23), 1454 cm' (25) and 1445 em™! (27))
bands. The normal room temperature magnetic moments of 2.11 B.M. (23), 2.05 B.M.
(25) and 1.85 B.M. (27) are consistent with a structure lacking Cu-Cu interactions. The
similarity 1n their UV spectra suggest that (23) and (25) adopt the same square planar

geometry as [Cu(msal){(phen)].H.O (27).

The IR spectra of (24) and (26) and (28) (see Appendix) are very similar reflecting their
structural similarity and they are all similar to that of (27} and to the known complex
[Cu(sal)(bipy)]. EtOH.H20. The spectra contain absorption bands which are
characteristic of the presence of chelating bipy [762 ecm ™' and 731 cm’'(24), 769 cm™
and 733 cm'(26) and 760 cm' and 733 cm’! (28)].7 Again, the spectra of the three
complexes contain bands that are characteristic of salicylate anions with Vasym( OCO})
{1601 cm™ (24), 1614 cm™ (26) and 1606 cm™ (28)} and vyn(OCO) {1451 cm™ (24),
1456 cm™ (26) and 1443 cm! (28)} and these bands appear in similar positions to those
of (27) and [Cu(sal)(bipy)).EtOH.H,O. The room temperature magnetic moments for

the three complexes are normal (1.95, 1.90 and 2.29 B.M., respectively) supporting
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structures where the copper centres are not associated electronically. The similarity in
their UV spectra {which have similar A,y values to that of [Cu(sal)(bipy)].EtOH.H,O}
suggest that (24), (26) and (28) adopt the same square planar geometry as the
structurally characterised complex (27) and the previously characterised complex

[Cu(sal)(bipy)].EtOH.H,0 (Figure 46).
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D.4 SYNTHESIS AND CHARACTERISATION OF COPPER(II) ACETATE

AND SIMPLE COPPER(II) SALTS INCORPORATING BENZIMIDAZOLE

LIGANDS

D.4.1 Reaction of [Cuz(OAc)4(H,0);] with the simple benzimidazole ligands

Copper(Il) acetate was reacted with a range of simple benzimidazole ligands (Figure

72) in accordance with Scheme 13 to produce complexes (29) — (33).

{Cu(BZD),

4 (2-PhBZDH)
[CUlOAC),(Z-PhBZDH),] (33)

[CUOAC)(2-AmBZDH),) (29)

4 (2-AmBZDH)

4 BZDH

No Product

4 (2-CIBZDH)

4 (2,5-Me,BZDH}
No Product

[Cuz(0Ac)s(H,0)]

4 (6-NQO,BZDH)

[Cu({OAC)z(6-NO,BZDH),] (32)

4 (5-BZDHCOOH)

[CU(OAC),(5-BZDHCOOH),] (31)

Scheme 13: Synthetic routes to complexes (29) — (33)

4 (5,6-Me,BZDH)

[CU{OAG),(5,6-Me,BZDH),) {30)

The reaction of [Cuy(OAc)4(H20):] with BZDH produced the known red polymeric

complex {Cu(BZD)}, (Figure 63)."*! Blue crystals of (30) suitable for X-ray analysis

were obtained from the reaction solution upon standing for several days. (29), (31) and
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(32) were obtained as green powders and (33) as a purple powder. The complexes were

formulated as below:

(29) [Cu{OAc);(2-AmBZDH);]
%Cale: C, 48.26; H, 4.50; N, 18.76

% Found: C, 48.25; H,4.27; N, 18.86

(30)  [Cu(OAc)(5,6-Me;BZDH),]
% Cale: C, 55.74; H, 5.52; N, 11.82

% Found: C, 55.66; H, 5.52; N, 11.78

31 [Cu(OAc)»(5-BZDHCOOH),]
% Calc: C,47.48; H, 3.59; N, [1.07

% Found: C, 46.23: H, 3.20; N, 11.07

(32) [Cu(OAC)(6-NO;BZDH)s]
% Cale: C,42.57; H, 3.18; N, 16.55

% Found: C,4295; H,3.37; N, 16.23

(33) [Cu(OAc),(2-PhBZDH); ]

% Cale: C, 63.20; H, 4.60; N, 9.33

% Found: C, 63.94; H, 4.67; N, 9.80
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The structure of (30) is shown in Figures 86 and 87 and selected bond lengths and
angles are listed in Table 26. Complex (30) has a square planar copper centre (Figure
86) which contains two trans benzimidazole and two acetate ligands. The copper atom
is situated on an inversion centre. Neighbouring molecules are linked by significant z-n
stacking interactions involving the benzimidazole ligands (Figwe 87). There is
significant hydrogen bonding mvolving the hydrogen of the NH of the benzimidazole
rings and the uncoordinated oxygen of the carboxylate groups (Figure 87 and Table 27).

Essentially complex (30) has a very similar structure to that of salicylate complex

[Cu(salH)x(BZDH)] (5) (Figure 73).

Figure 86: The X-Ray crystal structure of [Cu(OAc)(5,6-Me,BZDH),] (30)
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Figure 87: Packing diagram for [Cu(OAc)(5,6-Me;BZDH).] (30)
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Table 26: Selected bond lengths [A] and angles [°] around the copper centre in

[Cu(OAC)»(5,6-Me;BZDH),] (30)

Complex (30)

Bond lengths A
Cu(1)-O(1) 1.9477(8)
Cu(1)-O(la) 1.9477(8)
Cu(1)-N(1A) 1.9805(10)
Cu(1)-N(2) 2.009(12)

Bond angles °
O()-Cu(1)-O(1A) 180.00(3)
O(1)-Cu(1)-N(1}) 90.82(4)
O(1A)-Cu(1)-N(1} 89.18(4)
O(1)-Cu(1)-N(1A) 90.82(4)
O(1)-Cu(1)-O(1A) 180.00(3)

Table 27: Hydrogen bonds for [Cu(OAc)(5,6-Me:BZDH),] (30) [A and ).

D-H.. A d(D-H)

d(H...A) d(D...A)

N(2)-H{2})...0(2A) 0.81(2)

1.92(2) 2.7169(14)

The suffix A denotes the symmetry operation: A: -x+1,-y+1,-z applied to generate

equivalent atoms

The IR spectra of the complexes (29) - (33) (see Appendix) were compared to those of
the free ligands. The characteristic bands for the free ligands and the some of the

important IR spectral bands that provide evidence for the structure of the complexes are

listed in Table 28.
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In the IR spectrum of [Cu(OAc)(5,6-Me:BZDH),] (30) the N-H stretching and bending
bands in the spectrum of the 5,6-Me;BZDH free ligand also appear (although shifted
slightly) in the spectrum of the complex indicative of the fact that the ligand is present
in its neutral state. Furthermore, the band associated with the imidazolic ve=y in the free
ligand has shifted in the spectrum of (30) indicating that the benzimidazole ligand is
bound to the metal through its nitrogen atom. The Agco value of 151 em™ is lower than
expected for monodentate coordination mode however, such refative reduction in the
Aoco values are typical where carboxylate groups are involved in intra- or

intermolecular hydrogen bonding as is the case here.

The complexes (29) and (31) — (33) formulate as having the same metal : benzimidazole
: acetate ratio of 1 : 2 : 2 as (30) and their IR spectra are similar and it is likely they are
all isostructural to (30). The N-H stretching and bending bands in the spectra of the free
benzimidazole ligands also appear (although shifted slightly) in the spectra of the
complexes indicative of the fact that the ligands are present in their neutral state. The
bands characteristic of the amine group in 2-AmBZDH are also found in the spectrum
of complex (29) (although shifted slightly} indicating that the amine nitrogen is unlikely
to be involved in coordination to the metal. However the NH, group may be involved

in some form of hydrogen bonding,

The IR spectra of the complexes contain typical Vasym (OCO) and vy, (OCO) bands
which are in similar positions and are not split. The calculated Agco value of the
complexes (Table 28) are lower than expected for monodentate coordination mode

however as seen in the spectrum of (30) such relative reduction in the Agco values are
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typical where carboxylate groups are involved in intra- or intermolecular hydrogen

bonding.

The molar conductivities of (30) — (33) were found to be in the range 0.9 to 10.38 S ¢in’
mol indicating that they are essentially non-electrolytic in DMSO. Complex (30)
exhibits significant shifts of its ¢-d transition bands {531 nm — 726 nm} in its DMSO
solution spectrum as compared to the solid state and therefore some change in the
complex 1s taking place in solution. The UV spectra of the complexes (29) and (31) -
(33) recorded in DMSO solution as well as in the solid state as Nujol mulls show
approximately similar shapes and positioning of the absorption bands, indicating no
appreciable change in their geometry in solution. The room temperature magnetic
moments of (29) - (33) (ranging from approximately 1.60 to 2.20 B.M.) are in the

region consistent with a structure lacking Cu-Cu interactions.
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D.4.2 Reaction of [Cuy(OAc)4(H,0),| with the chelating benzimidazole ligands

TBZH and 2-PyBZDH readily reacted with copper(ll) acetate to yield complexes (34)

and (35) (Scheme 14) as green powders.

HCu(TBZ),(H,0)}.EtOH], ] (34)
3

4 TBZH | EtOH

[Cux(OAC)4(H20);)

4 (2-PyBzDH) | EtOH

L
[Cu(OAC),(2-PyBZDH)] (35)

Scheme 14: Synthetic routes to complexes (34) and (35)

The complexes were formulated as shown below:

(34)  {|ICu(TBZ),(H,0)].EtOH},

% Calce: C, 50.03, H, 3.82, N, 15.91

% Found: C, 49.77; H,2.97; N, 14.96

(35)  [Cu(OAc),(2-PyBZDH))

% Cale: C,50.99; H, 4.01; N, [1.15

% Found: C, 48.78; H, 3.69; N, 11.91

149



The IR spectra of the complexes (34) and (35) (see Appendix) were compared to those
of the free ligands. The characteristic bands for the free ligands and the some of the
important IR spectral bands that provide evidence for the structure of the complexes are

listed in Table 29.

Table 29: Characteristic IR bands (cm™, KBr discs) of the complexes (34) and (35) and
their free ligands

TBZH (34) 2-PyBZDH (35)

Imidazole bands

N-H (stretch) 3096 - 3057 3074
N-H (bending) 1096 - 1094 1108
N-H (bending) 635 - 625 667
Ve=n 1579 1594 1568 1579
Thiazole bands

V=N 1481 1474 - -
C-S (stretch) 1231 1230 - -
Pyridine bands

V=N - - 1594 1560
Pyridine ring i - 1315 1378

stretching vibration
Carboxylate

bands

\'nsym(oco) - - - 1 606
Vsym(oco) - - - 1458
Aoco - - - 148
Metal-Ligand

M-N - 437 - 438
M-OH, - 829 - -
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The anionic nature of the TBZ in {{Cu(TBZ),(H.0)].EtOH)}, (34) is evident when its
IR spectrum is compared to that of TBZH (Table 29). It can be seen that the N-H
vibration band observed at 3096 ecm™' for the free ligand is absent from the spectrum of
the complex. Also the bands associated with imidazolic N-H bending modes (of the
free ligand) at 1096 cm™ and 635 cm”’ are also absent in the spectrum of (34). The
imidazolic ve—y and the thiazolic ve=x bands (1579 cm' and 1481 ¢m™, respectively)
for the free ligand are shifted to 1594 cm™ and 1474 cm’’ for (34) indicating that the
ligand is chelating through the imidazolic and the thiazolic nitrogens. A small band at
approximately 2970 cm”' (aliphatic C-H stretching) in the spectrum of (34) supports the
inclusion of an ethanol molecule in the formulation although it is thought that it is not
coordinated to the metal centre but present as a molecule of crystallisation. Also, the C-
S stretching band (at 1231 ecm™ for the free ligand) remains essentially unchanged
supporting an uncoordinated mode for the sulfur atom of the thiazole ring. A new band
in the spectrum of (34) at approximately 829 cm™ is attributed to a water molecule

bound to the metal centre.

The IR spectrum of complex (35) exhibits spectral features attributable to a neutral
chelating 2-PyBZDH ligand. The pyridyl vc_y band at 1594 em™ shifts to 1560 em”' for
the complex indicative of bonding through the pyridine nitrogen. Furthermore, a strong
band at 1315 cm™ (pyridine ring stretching vibration) in the spectrum of 2-PyBZDH is
shifted towards higher energy (1378 cm’™') also supporting the coordmated nature of the
pyridine nitrogen. As well as the bands associated with the 2-PyBZDH ligand the
spectrum of (35) also contains bands that are characteristic of acetate anions with
typical vaem(OCO) (1606 em™) and veym(OCO) (1458 em’) values. The calculated

Aoco value of 148 ecm™ is lower than the value expected for monodentate carboxylate
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ligands (>200 cm') but again this may be a result of hydrogen bonding involving the

carboxylate groups.

The two complexes are effectively insoluble in common solvents but were found to be
soluble in DMSO. The room temperature magnetic moments of complexes (34) and
(35) (1.99 and 2.17 B.M. respectively) are in the expected region for simple copper(1l)
species {i.e. those lacking Cu-Cu interactions). The molar conductivity values indicate
the complexes are non-electrolytic in DMSO. The UV spectra of the complexes
recorded in DMSO solution as well as in the solid state as Nujol mulls show
approximately similar shapes and positioning of the absorption bands, indicating no
appreciable change in their geometry in solution. Possible structures that fit the physico

— chemical data for (34) and (35) are shown in Figures 88 and 89.

Y ) B! 5T
ﬁ N\ O T \C /OH, EN\*
u
*| / &
‘NN / \ \N/ N

Figure 88: Possible structural motif for (34)
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Figure 89: Possible structural motif for (35)

The known compound [Cu(OAc)(phen)] (36) was generated using a previously

published method,'*!
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D.4.3 Reaction of CuCl,.2H;0 with the simple benzimidazole ligands

Copper(ll) chloride was reacted with the benzimidazoles shown in Figure 72 resulting

in the production of the six complexes (37) — (42) (Scheme 15).

No producl

[Cu(5-BZOHCOOH),{H,O)CHCI (38)
[Cu(BZDH)5(H,OMCIICI (37)

2 (2-AmBZDH)

2 BZDH
2 (5-BZDHCOGH)

2 (5,6-Me,BZDH) 2 (2-CIBZDH)
[Cu(5.6-Me,BZDH)(H,0)Cl5] {42) CuCl,.2H,0 No Product

2 (2.5-Me;BZDH)
2 (2-PhBZDH)

2 (6-NO,BZDH)

(Cu(2-PhBZOH)H,0)CNCI (41) [Cu(2,5-Me;BZDH),(H,0MGIG! {39)

[Cu(6-NOBZDH),{H,0ICIICI (40)
Scheme 15: Synthetic routes to complexes (37) — (42).

Whilst complexes (37) — (40) were formed as green powders (41) and (42) were

obtained as brown powders. The complexes were formulated as below:

(37)  [Cu(BZDH),(H,0)Cl|Cl

% Cale: C,43.26; H,3.63; N, 14.41

% Found: C, 45.94; H, 3.39; N, 15.37
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(38)  [Cu(5-BZDHCOOH),(H,0)CI|Cl
% Calc: C,40.31; H, 2.96; N, 11.75

% Found: C, 42.57; H, 2.73; N, 11.96

(39) [Cu(2,5-Me;BZDH),(H,0)CICl
% Cale: C, 48.60; H, 4.98: N, 12.59

% Found: C, 50.57; H, 4.70; N, 12.99

(40) [Cu(6-NO;BZDH),(H,0)C1|CI
% Cale: C, 35.12; H, 2.53; N, 17.55

% Found: C, 36.38; H, 2.18; N, 17.91

(41)  [Cu(2-PhBZDH)y(H,0)CI|CI
% Cale: C,57.73;, H,4.10; N, 10.36

% Found: C, 58.30; H, 4.42; N, 9.69

(42) [Cu(5,6-Me;BZDH)(H,0)Cl,)
% Calc: C, 36.19; H, 4.05: N, 9.38

% Found: C, 39.24; H, 3.67; N, 9.68

The IR spectra of the complexes (37) - (42) (see Appendix) were compared to those of
the free ligands. The characteristic bands for the free ligands and the some of the
important IR spectral bands that provide evidence for the structure of the complexes are

listed in Table 30.
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The complexes (37) — (41) formulate as having the same metal : benzimidazole :
chloride ratio of 1 : 2 : 2. In the respective IR spectra the majority of the ligand
absorption bands, some of them with changed intensity appear again in the compounds.
The N-H stretching band for all of the compounds has shifted slightly and all of the N-H
bending (Table 30) characteristic bands have remained intact in the complexes
indicative of the fact that the ligands are present in their neutral state. Furthermore, the
band associated with the imidazolic ve_y in the free ligands has shifted in the spectra of
the complexes indicating that the benzimidazoles are bound to the metals through the
nitrogen atom. In the spectrum of complex (38) a strong carbonyl band at 1704 em™ is
indicative of the non dissociated nature of the carboxylic acid function of the
benzimidazole ligand. The presence of a new (weak) band in the range of 545 — 570
cm’' in the spectra of all the complexes, which s not present in the spectra of the free
ligands, indicates that one of the chloride anions is bound to the central metal.”” Bands
in the region below 440 cm have been tentatively assigned to metal — nitrogen
interactions.  All of the complexes have bands in the region of 800 — 850 c¢m™
indicating that they have bound waters in their structures. A possible structure for (37)

— (41) 15 shown i Figure 90.

+ =

OH, Cl

ey X (36)X=H;Y=H:Z=H
CI““/ ™ ,/J\ (37) X=H; Y = COOH: Z=H
L« N™ NH  (38)X=CHy Y=CHy Z=H
N (39) X = H; Y = H; Z = NO,
& NH (40)X=Ph;Y=H;Z=H
Z Y
Y

Figure 90: Possible structural motif for complexes (37) — (41)
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Complex (42) formulates as having a metal ; benzimidazole ; chloride ratioof 1 : 1 : 2
with the main difference in its IR spectrum being the relative intensity of the bound
chloride band at 570 em. This difference suggests that the structure of (42) may

involve two bound chloride ligands as shown in Figure 91.

OH,

‘“.Cu\

cm

/ N=N
Cl NH

H3C
CHa

Figure 91: Possible structural motif for complex (42)

The room temperature magnetic moments of complexes (37) — (42) (ranging from 1.72
to 2.04 B.M.) are consistent with structures lacking significant Cu-Cu interactions. The
molar conductivities of complexes (37) and (39) — (42) {ranging from 10.80 to 24.00 S
em” mol™'} indicate that some dissociation of these complexes is taking place in DMSO.
Complex (38) dissociates significantly in this solvent {conductivity = 48.17 S ecm® mol’
'Y, The UV spectra of the complexes (38) and (40) recorded in DMSO solution as well
as in the solid state as Nujol mulls show changes in shape and structure indicating that
the geometry of the complexes are changing in DMSO solution. The spectra remain

unchanged for (37), (39), (41) and (42).
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D.4.4 Reaction of CuCl,.2H,0O with the chelating benzimidazole ligands

TBZH and 2-PyBZDH were reacted with copper(ll) chloride to yield complexes (43)

and (44) as shown in Scheme 16.

[CU(TBZH),CIIC1.2H,0 (43)

2TBZH | EtOH

CuCl,.2H,0

2 (2-PyBZDH) | EtOH

|

[Cu(2-PyBZDH)CI|CI (44)

Scheme 16: Synthetic routes to complexes (43) and (44)

The complexes formed as green powders and were formulated as shown below:

(43) [Cw(TBZH);Cl]CL.2H,0
% Calc: C,41.92 H, 3.16; N, 14.66

% Found: C, 41.64; H, 3.03; N, 14.35

(44) [Cu(2-PYBZDH),CI|C]

Y Cale: C, 54.92; H, 3.46; N, 16.01

% Found: C, 54.80; H, 3.55; N, 15.83
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The IR spectra of the complexes (43) and (44) (see Appendix) were compared to those
of the free ligands. The characteristic bands for the fiee ligands and some of the
important [R spectral bands that provide evidence for the structure of the complexes are

listed in Table 31.

Table 31: Characteristic IR bands (cm', KBr discs) of the complexes (43) and (44) and
their free ligands

TBZH (43) 2-PyBZDH (44)

Imidazole bands

N-H (stretch) 3096 3090 3057 3023
N-H (bending) 1096 1117 1094 1094
N-H (bending) 635 635 625 633
V=N 1579 1596 1568 1571
Thiazole bands

Ve=N 1481 1480 - -
C-S (stretch) 1231 1232 - -
Pyridine bands

V=N - - 1594 1611
Pyridine ring - - 1315 1311

stretching vibration
Metal-Ligand

M-N ; 437 ; 409
M-CI ; 572 ; 577
M-OH, ; - .

Complex (43) has an almost identical IR spectrum to a complex previously published
by this group {formutated as [Cu(TBZH);CIJCL.HO.EtOH based on its crystal
structure} and its structure is shown in Figure 66. Complex (43) is believed therefore to
be the same but does not contain the ethanol molecule of crystallisation. It is likely that

(44) is isostructural to (43).

160



The room temperature magnetic moments for the two complexes are normal (1.78 and
1.86 B.M., respectively) supporting structures where the copper centres are not
associated electronically. The UV spectra of (43) and {44) taken in DMSO solutions as
well as in the solid state as Nujol mulls show approximately similar shapes and
positions of the absorption bands, indicating no appreciable change in the geometry of
the complexes in solution. The molar conductivity values of both complexes (20.01 S
cm” mol™ and 25.93 S cm’ mol™, respectively) indicate that some dissociation of the

complexes is taking place in solution.
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D.4.5 Reaction of CuSQO4.5H,0 with the simple benzimidazole ligands

Copper(Il) sulfate reacted with just five of the simple benzimidazole ligands yielding

complexes (45) — (49) as shown in Scheme 17.

[Cu(5-BZDHCOOH)H,0,](S04).2H,0 (46)

[CUBZDH)(H,0)(SO0.) (45) [Cu(2,5-Me;BZDH)(H,0),)(S0y) (47)

2 (5-BZDHCOOH)

2 BZDH
2 (2,5-Me,BZDH)

2 (2-PhBZDH) 2 (2-CIBZDH)
No Product CuSQ, 5H,0 No Product

2 (6-NO,BZDH) 2 (5,6-Me,BZDH)

No Product

Cu(B-NO,BZDH);(H,0),](50s) (49
[Cu(6-NO;BZDH),(Hz0),(SO5) (49) 2 (2-AMBZDH)

[Cu{2-AMBZDH),(H0)5)(S04).2H,0 (48)

Scheme 17: Synthetic routes to complexes (45) — (49)

Complex (45) was obtained as a purple powder, complex (49) as a blue powder and
complexes (46) — (48) as green powders. The complexes were formulated as shown

below:
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(45) [Cu(BZDH)(H:0)[(SOy)
%Calc: C,30.27; H, 2.17; N, 10.09

% Found: C, 30.00; H,2.12; N, 9.23

(46) [Cu(5-BZDHCOOH)(H,0),)(S04).2H,0
%Cale: C,24.46; H, 3.34; N, 7.13

% Found: C, 23.79; H, 3.38; N, 6.82

@7)  [Cu(2,5-Me;BZDH)YH,0),](SOy)
%Cale: C, 31.62; H, 4.13; N, 8.20

% Found: C, 29.78; H, 3.87; N, 8.13

(48)  [Cu(2-AmBZDH),(H;0),)(S0,).2H;0
% Calc: C, 33.77; H,4.45,; N, 16.88

% Found: C, 34.35; H, 3.95; N, 15.81

(49) [Cu(6-NO;BZDH),(H,0);](SO.)
%Calc: C,32.22; H,2.70; N, 16.10

% Found: C,32.41; H, 2.80; N, 15.78

The IR spectra of the complexes (45) — (49) (see Appendix) were compared to those of
the free ligands. The characteristic bands for the free ligands and some of the important
IR spectral bands that provide evidence for the structure of the complexes are listed in

Table 32.
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In the respective IR spectra (Table 32) the majority of the ligand absorption bands,
some of them with changed intensity appear agam in the compounds. The N-H
stretching band for ail of the compounds has shifted slightly and all of the N-H bending
characteristic bands have remained intact in the complexes indicative of the fact that the
ligands are present in their neutral state. Furthermore, the band associated with the
imidazolic ve-y in the free ligands has shifted in the spectra of the complexes indicating
that the benzimidazoles are bound to the metals through the nitrogen atom. Bands in
the region below 430 em’' have been tentatively assigned to metal-nitrogen interactions.
The presence of the sulfate anion is characterised by the presence of a strong/broad
band at 1068 — 1133 em™ in the spectra of the complexes. Further evidence of the
sulfate anion is provided by the appearance of a new characteristic band at

approximately 620 cm™ in the spectra of all the complexes.”

The bands characteristic of the amine group in 2-AmBZDH are also found in the
spectrum of complex (48) (although shifted slightly) (Table 33) indicating that the
amine nitrogen is unlikely to be involved in coordination to the metal. However the

NH; group may be involved in some form of hydrogen bonding.

Table 33: Characteristic amine bands (cm™, KBr discs) for complex (48} and the
containing free 2-AmBZDH ligand

2-AmBZDH (48)
Amine Bands
N-H (stretch) 3381 *
NH; (asym deformation) 1632 1650
NH; (sym deformation) 1269 1275
NH; {rocking modes) 742, 728 755,739

* Bands precluded by others in the infrared spectrum
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The fact that the complexes exhibit normal room temperature magnetic moments
indicates that the copper centres are not associated electronically. Complexes (45) —
(47} formulate as having a copper : benzimidazole ratio of 1 : 1. Whereas the %, value
for (45) is 570 nm (46) and (47) exhibit bands at much higher values (673 and 701 nm,
respectively) and therefore it is unlikely that they share the same geometry. C omplex
(45) exhibits a significant shift of its d-d transition bands {570 nm — 78I nm} i its
DMSO solution spectra as compared to the solid state and therefore sonie change in the
complex is taking place in solution. This phenomenon is not observed for (46) and
(47). All three complexes exhibit bands in their IR spectra in the region 800 to 850 cm !
indicative of the presence of bound water molecules (see Table 32). Some dissociation
of complex (47) is taking place in DMSO solution [Ay(DMSO): 23.05 S cm’ mol™'].

The other complexes are essentially non-electrolytic.

Complexes (48) and (49) formulate as having a copper : benzimidazole ratio of 1 : 2.
Thay have very similar Ay, values (694 and 681 nm, respectively) and therefore it is
likely that they share the same geometry. Also bands at 842 cm’'(48) and 838 cm’’
(49) in the respective IR spectra support the presence of bound water molecules in their
formulations. Both complexes exhibit no significant shift of their ¢-d transition bands
in their DMSO solution spectra as compared to the solid state and therefore no changes
in the complexes are taking place in solution. No dissociation of complexes (48) and
(49) is taking place in DMSO solution as indicated by their low conductivity values in

that solvent [3.83 S cm? mol! (48) and 12.85 S cm® mol”! (49)].
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D.4.6 Reaction of CuSO,.5H,0 with the chelating benzimidazole ligands

Copper(Il) sulfate also reacted with the chelating benzimidazole ligand TBZH to give
the known complex (50) but attempts to react it with 2-PyBZDH were unsuccessful

{Scheme 18).

[Cu(TBZH),SO,].EtOH (50)

2 TBZH | EtOH

CUSO4_5H20

2 (2-PyBZDH) | EtOH

No Product

Scheme 18: The synthetic route to complex (50)

Complex (50) was obtained as a green powder and was formulated as shown below:

(50) [Cu(TBZH)(S0,)].EtOH
% Cale: C,43.45; H,3.31; N, 13.80

% Found: C, 43.19; H, 3.21; N, 13.40

The IR spectrum of complex (50) (see Appendix) was identical to that of the compound

previously reported by this group.'**
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D.5 SYNTHESIS OF SILVER SALTS CONTAINING BENZIMIDAZOLE
LIGANDS

D.5.1 Attempted synthesis of silver salicylates with benzimidazole ligands

Silver salicylate [Aga(salH),] was generated using a method previously published.”’
[Aga(salH)>] had been shown previously (in this laboratory) to react with selected
imidazole ligands to generate a series of novel Ag(I)-containing imidazole complexes.
In the present study all attempts to react [Aga(salH);] with either the simple
benzimidazole or the chelating analogues were unsuccessful with the starting materials
being recovered in all cases. The lack of reaction was a surprise as the benzimidazole
ligands were found to react readily with silver salts (nitrates, sulfates and acetates — see
below).  Furthermore, silver complexes of aromatic carboxylates incorporating
benzimidazole ligands are known but their synthesis involves the use of high pressure
and temperature conditions.'”' The structure of part of the the polymeric complex

{Ag,(4-PyBZDH)y(Isoph)}, {IsophH; = isophthalic acid}is shown in Figure 92."

;@ hglital
e I

“im M4

Figure 92: The structure of part of the the polymeric complex {Ag,(2-
PhBZDH),(Isoph)}, {IsophH» = isophthalic acid}
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D.5.2 Reaction of AgNO; with the simple and chelating benzimidazole ligands

Silver nitrate was reacted with the simple benzimidazole ligands shown in Figure 72

resulting in the formation of the six new complexes (51) — (56) (Scheme 19). Also

sitver nitrate reacted easily with one equivalent of the chelating TBZH vyielding the

novel species (57) but it was unreactive towards 2-PyBZDH (Scheme 20).

[Ag{BZDHJ,]I(NO3) (51)

No Product

2-AmBZDH

2-CIBZDH

[Ag{2-CIBZDH}(NO3} (56)

6-NO;BZDH

[AG(6-NC,BZDH)(NO5) (55)

[Ag(5-BZDHCOOR),|(NO-) (52)
BZDH
5-BZDHCOOH
2-PhBZDH
Ag(NO;) [Ag(2-PhBZDH),](NO3) {53)

5,6-Me,BZDH

2,5-Me,BZ0H

[Ag{5.6-Me;BZDH),](NO;) (54)

No Product

Scheme 19: Synthetic routs to complexes (51) — (56)
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[Ag(TBZHNO,) (57)

T8ZH | EtOH

AgNO5

2-PyBZDH | EtOH

No Product

Scheme 20: Synthetic route to complex (57)

Complexes (51), (53), (54) and (57) were formed as colourless powders, complexes
(55) and (56) as yellow powders and complex (52) as a grey solid. The complexes were

formulated as shown below:

(1) [Ag(BZDH);|(NO3)
% Cale: C, 41.40; H, 2.98; N, 17.24

% Found: C, 40.98; H, 2.90; N, 17.20

(52) [Ag(5-BZDHCOOH);](NO3)
% Cale: C,37.52; H, 2.76; N, 13.67

% Found: C, 36.97; H, 2.58: N, 13.62

(53)  [Ag(2-PhBZDH),](NO;)
% Cale: C, 55.93; H,3.61; N, 12.54

% Found: C, 55.29; H,3.70: N, 12.74
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(54) [Ag(5,6-Me; BZDH); [(NO3)
% Cale: C,46.77; H,4.36; N, 15.15

% Found: C, 46.80; H, 4.26; N, 14.83

(55)  [Ag(6-NO,BZDH))(NO;)
% Cale: C,25.25; H, 1.51; N, 16.82

% Found: C, 25.51; H, 1.62; N, 16.72

(56) [Ag(2-CIBZDH}]|(NO3)
% Cale: C, 28.56; H, 2.09: N, 12.49

% Found: C, 28.58; H, 2.01; N, 12.63

(57) [Ag(TBZH}|(NO;)
% Calc: C, 32.36; H, 1.90; N, 15.10

% Found: C,32.71: H, 2.02; N, 15.43

The IR spectra of the complexes (51) - (57) (see Appendix) were compared to those of
the free ligands. The characteristic bands for the free ligands and some of the important
IR spectral bands that provide evidence for the structure of the complexes are listed in

Table 34,
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Complexes (51) — (54) formulate as having the same metal : benzimidazole : nitrate
ratio of 1 : 2 : 1 and their IR spectra are similar reflecting their structural similarity.
The N-H stretching and bending bands in the spectra of the free benzimidazole ligands
also appear (although shifted slightly) in the spectra of the complexes indicative of the
fact that the ligands are present in their neutral state. A new band common to all the
spectra at 1384 cm’™ indicates the presence of an uncoordinated nitrate anion.”” A
structure that fits for the physico — chemical properties of complexes (51) — (53) is
shown in Figure 93. This linear arrangement is well known for silver salts containing

two nitrogen donor ligands.’

X % |' TNO,

1 (B1)X=H;Y=H;Z=H
HN™ SN——Ag N "NH (52} X =H; Y = COOH; Z=H
(83)X=Ph;Y=H;Z=H
(54) X = H; Y = CH3; Z = CHy
Y Z Y

Figure 93: Possible structural motif for complexes (51) — (54)

The complexes (55) — (57) formulate as having the same metal ;: benzimidazole : nitrate
ratio of 1 : 1 : 1. In the respective IR spectra (Table 34) the majority of the ligand
absorption bands, some of them with changed intensity appear again in the compounds.
The N-H stretching band for all of the compounds has shifted slightly and all of the N-H
bending characteristic bands have remained intact in the complexes indicative of the
fact that the ligands are present in their neutral state. Furthermore, the band associated
with the imidazolic ve_y in the free ligands has shifted in the spectra of the complexes

indicating that the benzimidazoles are bound to the metals through the nitrogen atom.
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A new band absent in the spectra of the free ligands at 1384 ¢cm™ is indicative of the
presence of a nitrate anion. A probable structure for the cations of compounds (55) —
(57) is shown in Figure 94 and is similar to that of the known [Ag(Py)]” complex.” The

TBZH ligand in complex (57) is most likely present as a chelating group.

-
N™ NH (54) X = H; Y = NO,
(55) X = CH,Cl Y = H

Figure 94: Possible structural motif for complexes (54) — (57)
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D.5.3 Reaction of Ag,SO, with the simple and chelating benzimidazole ligands

Silver sulfate reacted with the benzimidazole ligands yielding the six new salts (58) —
(63) in accordance with the reactions shown in Scheme 21. Furthermore, whereas it

reacted with the chelating hgand TBZH to give (64} it failed to react with 2-PyBZDH

(Scheme 22).
[Agz(2-AmBZDH)(S0,) (59)
[Agx(BZDH)(SO,) (58) {Ag»{5-BZDHCOOH)|(SO,) (60)
2-AMBZDH
BZDH 5-BZDHCOOH
2-Ph82DH 2-ClBZDH
{Ag;(2-PhBZDH(SO,) (63) Ag,S0y No Product

6-NO;BZDH 5.6-Me,BZDH

2.5-Me,BZDH
[Ag,(5,6-Me,BZDH)(SO,) (61)
[Ag2(B-NO,BZOH))(SO,) (62)

No Product

Scheme 21: Synthetic routes to complexes (58) — (63)
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[Ag2(TBZH))(SO, )(64)

TBZH | EtCH

AgySO4

2-PyBZDH | E{OH

No Product

Scheme 22: Synthetic route to complex (64)

Complexes (58) — (64) were formed as colourless powders and were formulated as

shown below:

(58) [Ag2(BZDH)|(SO.)
% Cale: C, 19.56; H, 1.41; N, 6.52

% Found: C, 20.16; H, 1.47;: N, 6.45

(59)  [Ag:(2-AmBZDH)|(SO.)
% Cale: C, 18.89; H, 1.59; N, 9.44

% Found: C, 19.42; H, 1.50; N, 9.53

(60) [Ag2(5-BZDHCOOH)S0,)
% Calc: C,20.27; H, 1.28; N, 5.91

% Found: C, 20.42; H, 1.48; N, 6.12
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(61)  [Agy(5,6-Me;BZDH)|(SO,)
% Calc: C, 23.60; H, 2.20; N, 6.12

% Found: C, 22.89; H, 2.09; N, 5.80

(62)  |Agx(6-NO:BZDH)|(SO.)
% Cale: C, 17.70; H, 1.06; N, 8.94

% Found: C, 18.78; H, 1.06: N, 8.85

(63)  |Ag:(2-PhBZDH)|(SOy)
% Cale: C, 30.86; H, 1.99; N, 5.54

% Found: C, 31.17; H, 2.07; N, 5.68

(64) |Ag2(TBZH)|(SOy)
% Cale: C, 2341, H, 1.38; N, 8.19

% Found: C, 24.04; H, 1.40; N, 8.09

The IR spectra of the complexes (58) - (64) (see Appendix) were compared to those of
the free ligands. The characteristic bands for the free ligands and some of the important
IR spectral bands that provide evidence for the structure of the complexes are listed in

Table 35.
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Complexes (58) — (64) formulate as having the same metal : benzimidazole : sulfate
ratio of 2 : 1 : 1. The IR spectra of complexes (58) — (64) contain the typical bands
indicative of benzimidazole ligands which have retained their imidazolic N-H
functionality.  As well as the bands that have been assigned to the neutral
benzimidazole ligands the spectra of (58) — (63) also contain bands that are
characteristic of sulfate anions (a strong/broad band at 1071 — 1123 ecm' in the spectra
of the complexes). Further evidence of the sulfate anion is provided by the appearance
of a new characteristic band at approximately 620 cm™ in the spectra of all the
complexes. Atlthough bands in the IR spectra of all six complexes can be assigned to
metal-nitrogen interactions it is obvious that at least one of the silver ions must not bind
to the benzimidazole ligands. It is not possible to predict a structure for this new class

of complex based on the physico-chemical data available.
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D.5.4 Reaction of Ag(OAc) with the simple and chelating benzimidazole ligands

Silver(I) acetate was reacted with the benzimidazoles shown in Figure 72 resulting in

the production of the five complexes complexes (65) — {69) (Schemes 23 and 24).

[Ag(2-AMBZDH),(OAC)] (66)

{Ag{BZD)}, (65) No Product
2-AmBZDH
BZDH
2-CIBZDH
2-PhBZOH 2,5-Me,BZOH
No Product Ag(OAc) Ne Product

5.6-Me,BZDH 6-NO,BZ0H

5-BZDHCOOH
[AG(5.6-Me,BZDH)(OAC)] (68) No Produc

[Ag(5-BZDHCOOH)OAC)] (67}

Scheme 23: The synthetic routes to complexes (65) — (68)

{Ag(TBZ)), (69)

TBZH | EtOH

Ag{OAC)

2-PyBZDH | EtOH

No Product

Scheme 24: The synthetic route to complex (69}
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Complexes (65) — (68) were formed as colourtess powders and complex (69) as a grey

powder. They were formulated as shown below:

(65)  {Ag(BZD);,
% Cale: C,37.37; H, 2.24; N, 12.45

% Found: C,37.89; H, 2.36; N, 12.63

(66)  [Ag(5,6-Me;BZDH)(OAC)]|
% Calc: C,42.20; H, 4.18; N, 8.95

% Found: C,42.89; H,4.03; N, 8.48

(67)  [Ag(5-BZDHCOOH)(OAC)]
% Calc: C,36.50; H, 2.76; N, 8.51

% Found: C, 36.53; H, 2.53; N, 8.00

(68) [Ag(2-AmBZDH);(OAc)}
% Cale: C, 4436, H, 3.96; N, 19.40

% Found: C,42.32; H,3.22; N, 21.95

(69)  {Ag(TBZ)},

% Calc: C,3898; H, 1.96; N, 13.64

% Found: C, 38.28; H, 1.94; N, 13.06
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The IR spectra of the complexes (65) - (69) (see Appendix) were compared to those of
the free ligands. The characteristic bands for the free ligands and some of the important

IR spectral bands that provide evidence for the structure of the complexes are listed in

Table 36.
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The anionic nature of the BZD" in {[Ag(BZD)]}, (65) is evident when its [R spectrum is
compared to that of BZDH. It can be seen that the N-H vibration band observed at 3113
cm’' for the free ligand is absent from the spectrum of the complex. Also the bands
associated with imidazolic N-H bending modes (of the free ligand) at 1135 em™ and
627 cm’ are also absent in the spectrum of (65). The imidazolic ve=y band at 1587 cm’”’
for the free ligand has shifted to 1609 cm™ for (65) indicating that the ligand is
coordinating through the imidazolic nitrogen. A structure that fits for the physico —

chemical properties of (65) is shown in Figure 95.

Figure 95: Possible structural motif for complex (65)

The anionic nature of the TBZ™ in {Ag(TBZ)}, (69) is evident when its IR spectrum is
compared to that of TBZH (Table 36). 1t can be seen that the N-H vibration band
observed at 3096 cm™ for the free ligand is absent from the spectrum of the complex.
Also the bands associated with imidazolic N-H bending modes (of the free ligand) at
1068 cm ' and 629 em! are also absent in the spectrum of (69). The thiazole ve_y bands
in the spectrum of the complex appear shifted when compared to those of the free
ligand (Table 36) and so it is likely that the thiazole nitrogen is also involved in
coordination to the silver centre. A structure that fits for the physico — chemical data

for (69) is shown in Figure 96.
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Figure 96: Possible structural motif for complex (69)

Complexes (66) and (67) formulate as having the same metal : benzimidazole : acetate
ratio of 1 : 1 : 1. The IR spectrum of complexes (66) and (67) (see Appendix) contain
the typical bands indicative of benzimidazole ligands which have retained their
imidazolic N-H functionality (Table 36). As well as the bands that have been assigned
to the benzimidazole ligands the spectra of (66) and (67) also contain bands that are
characteristic of carboxylate anions. The similar Aoco values of 149 ¢cm™ for (66) and
144 ecm’ for (67) suggest a similar coordination mode for the carboxylate groups
(possibly chelating). The presence of the undissociated carboxylic functional group in
the 5-BZDHCOOH ligand of (67) is supported by the presence of a strong C=0
stretching band at 1664 cm™ in its IR spectrum (found at 1667 em™ for the free ligand).
A structure that fits for the physico — chemical properties of (66) and (67) is shown in

Figure 97.

AN
N "NH (66) X = CHg; Y =CH;

o)
V2
O (67) X = COOH: Y = H

X Y

Figure 97: Possible structural motif for complexes (66) and (67)
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Table 37: Characteristic amine bands (cm™, KBr discs) for complex (68) and its
containing free 2-AmBZDH

2-AmBZDH (68)
Amine Bands
N-H (stretch) 3381 3371
NH: (asym deformation) 1632 *
NH; (sym deformation) 1269 1281
NHo (rocking modes) 742, 728 762, 738

* Bands precluded by others in the infrared spectrum

Complex (68) formulates as having a metal : benzimidazole : acetate ratio of 1 : 2 : 1.
The bands characteristic of the amine group in 2-AmBZDH are also found in the
spectrum of complex (68) (although shifted slightly) (Table 37) indicating that the
amine nitrogen is unlikely to be involved in coordination to the metal. However the
NH: group may be involved in some form of hydrogen bonding. The spectrum also
contains bands characteristic of acetate anions with typical vum(OCO) (1606 cm") and
Veym{OCO) (1458 cm") values. The calculated Agco value of 148 cm™ is lower than
expected for monodentate coordination mode and some form of chelation may be taking
place. A structure that fits for the physico — chemical data for (68) is shown in Figure

98.

H

N
{10

N

Ag.....,..
Q\ e g
i OA
N~ NH,

Figure 98: Possible structural motif for complex (68)
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D.6 THE BIOMIMETIC ACTIVITY OF THE COPPER COMPLEXES (1) - (50)

D.6.1 Introduction

In normal mammalian cells reactive oxygen species (ROS) are produced through
metabolic reactions resulting from aerobic respiration. Low levels of ROS are essential
for proper cell function and a fine balance exists between the level of ROS produced
during normal cellular metabolism and the amount of endogenous antioxidants (such as
ROS scavengers and enzymes) present in the cells which protect tissues from oxidative
damage. If this balance is disrupted a condition referred to as oxidative stress develops
which is implicated in numerous patho-physiological processes such as rheumatoid
arthritis, aging, inflammation and carcinogenesis.'*® Recently, it has been found that
ROS such as the superoxide radical (O27) or hydrogen peroxide (H,Q3) are important
regulators of cell death.'”’ Particularly, H>O; is implicated as a mediator of apoptosis in

"% The cellular damage caused by H,O; is likely produced in part through OH’

cells.

. . . b b |2 .
radical production formed when H,0, reacts with Fe®* or Cu*'.'"? Enzymatic
antioxidants regulate the superoxide concentration by dismutation of O," to hydrogen

peroxide {Superoxide dismutase (SOD) activity} which is then converted to water

(peroxidase activity) or dismutated to water and dioxygen (catalase activity).

Many tumour cells have increased rates of metabolism compared with normal cells,
which would typically lead to increased numbers of ROS.”® Manganese SOD

(MnSOD) is found in the matrix of mitochondria and has been shown to be depleted in

. 3 .. .
most cancers when compared to normal tissue.””' The activity of cytoplasmic SOD

' This suggests that a large

- 1
(Cu/ZnSOD) has also been shown to vary in cancer cells.”
amount of intracellular O, is found in such cancerous cells and that in the absence of

significant SOD activity this O, can further metabolise to peroxynitrite (OONQ) and
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32 It has been

the perhydroxyl radical (HO,") which play a role in the tumor formation.'
demonstrated that returning MnSOD and Cu/ZnSOD enzyme activity to levels close to
those found in non-malignant cells has resulted in conversion of the excess 0> to H>O»
which leads to decreased tumour cell growth in a number of model systems. '**'*+1%3

The use of SOD enzymes as pharmaceutical agents is limited by cost and because of
instability and low membrane permeability resulting from their high molecular weight.
Low molecular weight copper SOD mimetic complexes can dismutate excess
intracellular O-"~ to H.0, and O, suggesting that they may increase the concentration of
H>O: i cancer cells thus inducing cell death by apoptosis. Furthermore, compared to
manganese systems copper complexes are less likely to act as catalase mimics and
catalytically disproportionate the H,O» to water and molecular oxygen but rather react
with it to form the desirable cytotoxic hydroxyl radical (Fenton chemistry). However a
small number of mononuclear and dinuclear copper carboxylate complexes have
recently been reported in the literature that show significant catalase mimetic

functionality (Figure 99). *'%7

188



(a) (b)

Figure 99: The X-ray crystal structures of (a) [Cua{phga)s(bipy):] (phgal =
phenylglyoxylic acid)*® and (b) [Cu(N-baa)(phen)] (N-bbaH = M-
benzoylanthranilic acid)"’ : efficient copper carboxylate catalase mimetics.

Recently n this laboratory other workers have been studying the anticancer activities of

a range of simple copper complexes incorporating different types of nitrogen donor

ligands.****%> 3513 1t hag been found that the bis- or tris-chelate copper complexes

incorporating 1,10-phenanthroline and 1,10-phenanthroline-5,6-dione (which possess

N4 or Ng ligation) are potent anticancer agents in-vitro and that they appear to have a

mechanism of action significantly different to that of the clinically used drug

62,63

cisplatin. Furthermore, a number of these copper complexes are excellent SOD

3 . . .
139140 and have been shown to induce apoptosis in cultured mammalian cells.'"!

mimics
A significant part of the rationale for the present study involves an effort to throw some
light on the structure-activity-relationship of this class of simple copper complex.
Therefore we have studied systems in which only one or two nitrogen atoms (either as
monodentate or chelating ligands) are bound to the copper centre. At the active site of
the native Cu/ZnSOD the copper is known to bind to four imidazole nitrogens from four

histidine moieties {Figure 100). In this section we detail the catalase and SOD mimetic
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activities of complexes (1) — (50} and discuss the anticancer activity of some selected

complexes.

S0
Q
His I\\I N,

N N ‘gn"ﬁ‘N/Hib [ﬁ
‘\N‘{:.' . L.'N.-__ . N S
/;s\ E %Ha j ~

PN
V- N—
/His\ His

Figure 100: Schematic drawing of the active site of bovine Cu/ZnSQOD
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D.6.2 Catalase (CAT) mimetic activity of complexes (1) - (50)

The catalytic activity of complexes (1) — (50) towards the disproportionation of
hydrogen peroxide was investigated by measuring the volume of evolved oxygen during
the course of the reaction. In a typical experiment ca. 10 mg of the complex was mixed
with 50 mg of imidazole and reacted with 35 % w/w H,0, at 25 °C. The oxygen
produced in the reaction was measured volumetrically over time. None of the fifty
complexes exhibited catalytic activity on their own. Workers in this laboratory have
previously shown that the catalase mimetic activity of manganese complexes is

142,143,144
14314 5 phenomenon

significantly improved in the presence of the base imidazole
also observed by others.'*® C onsequently we examined the catalase mimetic properties
of complexes (1) — (50} in the presence of this base. The results from these reactions
are summarised in Tables 38 - 45. The catalytic activity of the complexes is relatively
poor when compared to the double salt {[Mna(oda)(phen)s(H20)2][Mnz(oda)s(phen)s]}
(odaH; = octanedioic acid) which had been shown to be the best manganese catalase
mimic previously produced in this laboratory. '**'** Tables 38 - 40 show the rate of
evolution of oxygen from the respective reactions for the complexes over the first 30
minutes. Examination of Tables 41 - 45 shows that over the first minute of reaction
complex (23) (Table 41) appears to be the most efficient catalyst with 1012 molecules
of peroxide disproportionated by one molecule of the complex. (44) (Table 45) appears
to be the least efficient catalyst over the first minute with one molecule of the

compound knocking down just 70 molecules of the peroxide. It should be noted that

imidazole itself causes only a very slight disproportionation of the peroxide (Table 38).
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Table 41: Molecules of H,O; disproportionated by copper(Il) salicylate complexes and
{[Mnz(oda)(phen),(H>O0),][Mny(oda)s(phen)s]} (odaH: = octanedioic acid)
(in the presence of added imidazole) at S.T.P, conditions.

Complex Total No. of molecules of H;O.  No.  of molecules of H-0O5
disproportionated by  one disproportionated during first min by
molecule of complex one molecule of the complex

(1) 409 364

(2) 636 600

(5) 640 216

(6) 738 426

(7 304 158

(8) 376 292

9) 300 540

(10) 350 200

(11 716 159

(12) 1084 117

(23) 1308 1012

(24) 1084 192

{[Mn(oda)(phen)4(H,0),] 24570 19500

[Mn(oda)s(phen)s]}

Table 42: Molecules of H>O; disproportionated by the copper(Il) diisopropylsalicylate
complexes (in the presence of added imidazole) at S.T.P. conditions.

Complex Total No. of molecules of H,0» No. of molecules of H,0;
disproportionated by one molecule of  disproportionated during first min by
complex one molecule of the complex

3) 422 268

13) 626 554

(14) 364 252

(15) 410 74

(16) 372 72

(17 382 94

(18) 620 76

(19) 942 178

(25) 952 46

(26) 730 82
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Table 43: Molecules of H.0; disproportionated by the copper(Ii) 3-methoxysalicylate
complexes (in the presence of added imidazole) at S.T.P. conditions.

Complex Total No. of molecules of H,O0» No. of molecules of H-O,
disproportionated by one molecule of  disproportionated during first min by
complex one molecule of the complex

(4) 400 228

(20) 762 516

(21) 900 248

(22) 882 74

Q27 1250 498

(28) 1000 286

Table 44: Molecules of H,0, disproportionated by the copper(l1l) acetate complexes in
the presence of added imidazole) at S.T_P. conditions.

Complex Total No. of molecules of H-0- No. of molecules of H,0,
disproportionated by one molecule of  dispropoitionated during first min by
complex one molecule of the complex

[Cus(OAC)4(H20)1] 480 440

4] 370 200

(30) 468 420

(31) 354 234

(32) 616 590

33) 397 94

(35) 702 418

(36) 1017 278

Table 45: Molecules of H>O, disproportionated by the copper(1l) chloride and sulfate
complexes in the presence of added imidazole) at S.T.P. conditions.

Complex Total No. of molecules of H,0, No. of molecules of H,0»
disproportionated by one molecule of  disproportionated during first min by
complex one molecule of the complex

37) 444 167

(38) 340 145

(39) 536 264

(40) 426 304

(41) 536 179

(42) 612 534

43) 924 190

(44) 1264 70

(45) 390 354

(46) 368 276

(47) 554 248

(48) 448 210

(49) 456 306

(50) 520 462
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D.6.3 The Superoxide Dismutase (SOD) activity of copper(IT) salicylate and

benzimidazole complexes

The SOD mimetic activities of almost all of the complexes (1) — (50) {with the
exception of (10), (17) and (19) which were either insoluble in DMSO or reacted with
the solvent} were examined with an indirect method in which the xanthine/xanthine-
oxidase system served as the source for superoxide radicals."®’ The activities of the
complexes were compared to that of [Cua(indo)4(H;0),] {indoH = indomethacin [1-(4-
chlorobenzoyl)-5-methoxy-2-methyl- | H-indole-3-acetic acid)} (Figure 26) which is

8

considered to be an excellent SOD mimetic'™ and which is used therapeutically as an

149150

oral anti-inflammatory drug in veterinary medicine. The results are given in

Tables 46 - 50 as concentrations equivalent to one unit of SOD activity (ICsy values).

Whereas free Cu’ ions {using CuSOy (Table 50)} exhibit relatively low SOD activity
significant activities were seen for all of the other compounds tested with one unit of
SOD activity arising from the range of 0.56 to 2.77 pM aqueous solutions. Interestingly
the complexes all have activities comparable with that (1.31 pM in this study) of
[Cuz(indo)4L;] (L = DMSO or DMF) for which the 1Csq values vary significantly in the

literature and appear to be solvent dependent (the reported value in DMSO is 2 pM).'*

The complexes all have activity significantly less than native Cu/ZnSOD (0.04 pM)"*

however they are potent SOD mimics considering the very low molecular weight of the

complexes when compared to that of the enzyme (MW = 31200 amu).

The monomeric copper(II) salicylates (Table 46) exhibit SOD mimetic behaviour where
the activity increases upon inclusion of the nitrogen bases in the inner sphere of the

complexes and where the bis-benzimidazole compiexes [Cu(salH),(BZDH);] (5) and
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[Cu(salH)(5,6-MeaBZDH)-| (6) are the most active. For the 3.5-diisopropylsalicylate
complexes (Table 47) the mono-benzimidazole complexes [Cu{dips)(2,5-
Me.BZDH)(H-0)] (15) and [Cu(dips}TBZH)] (19) are the most active and it is
mteresting to note that in these two complexes the salicylate ligands are doubly
deprotonated and believed to chelate to the metal centres. The activity of the 3-
methoxysalicylates (Table 48) appears to be significantly lower with the most active
compound being the mono-benzimidazole complex [Cu(msal)(TBZH)].H,O (21) in
which the salicylate is again believed to chelate to the copper centre. The activities of
all of the salicylate complexes fall in the lower end of the range (0.17 — 29 pM)
previously reported for copper(ll) salicylate derivatives, a number of which are used

therapeutically as anti-inflammatory agents in human and veterinary medicine.®'*?

It is interesting that the SOD activity of the copper(Il) acetate complexes {Table 49)
decreases for the benzimidazole and phenanthroline derivatives where it appears that
the inclusion of the nitrogen donor ligands reduce the SOD activity. Whereas (29) —
(33), (35) and (36) are all monomeric complexes [Cua(OAc)s(H,0):] is dimeric and has
a similar “paddle wheel” structure to that of [Cus(indo)y(DMF)] ."*'  The copper(1l)
complexes [Cux(valp)s(H;O)] and  [Cufvalp),(phen)] [valpH = valproic acid
{(CH;CH2CH2)CHCOOH}]| were recently reported and are iso-structural to
[Cux(0OAC)(H20),] and (36), respectively.'™ Their SOD mimetic activities were much
lower relative to [CuxOAc){(H:0)] and (36) (10.4 and 4.5 puM) with the phen
derivative being the superior catalyst. Clearly there is no correlation between solid state
nuclearity (monomeric versus dimeric structures) and SOD mimetic activity but the

type of carboxylate present appears to be important.
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When the salicylate and acetate ligands are replaced by either chloride or sulfate anions
the SOD activity of the benzimidazole complexes essentially increases (Table 50).
Overall the sulfate complexes are superior to their chloride analogues. This may be
related to the fact that the chloride complexes {(37) — (44)} all appear to have
coordinated chloride in their inner spheres and it may be that the uncoordinated sulfate
ions dissociate more easily to provide access to sites on the Cu(Il) for O, bonding

during catalysis.

Table 46: SOD activities of copper(ll) salicylate complexes

Compound Complex Concentration (uM)
Equivalent to 1U SOD
(ICs0)

(1) [Cu(salH)(H>0):] 1.23

(2) [Cus(asp)s(H20)2].H,0 0.84

(5) [Cu(salH);(BZDH):] 0.74

(6) [Cu(salH)»(5,6-Me>BZDH); | 0.66

(7) [Cu(sal}(2,5-Me2BZDH)(H,0)] 2.77

(8) [Cu(sal)(6-NO,BZDH){H.0)] .14

(9) [Cu(sal)(5-BZDHCOOH)(H,0)) 0.89

(11) [Cu(sal)(TBZH)].H.O 1.08

(12) [Cu(sal)(2-PyBZDH)].H,O 0.94

(23) [Cu(sal)(phen)) 1.01

(26) [Cu{sal){bipy)].EtOH.H->0 1.42
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Table 47: SOD activity of copper(I1) 3,5-diisopropylsalicylate complexes

Compound Complex Concentration (pM)
Equivalent to 1U SOD
(ICs)

3) [Cu(dipsH)2(H>0)] 1.16

(13) [Cu(dipsH)2(BZDH);] 0.94

(14) [Cu(dipsH)»(2-MeOHBZDH);].EtOH 1.29

(15) [Cu(dips)(2,5-Me2BZDH)(H,0))] 0.72

(16) [Cu(5-BZDCOO)(H,0):].EtOH 1.24

(18) [Cu(dips)(TBZH}] 0.77

24) [Cu(dips){(phen)].H>0O 1.23

(27) [Cu{dips)(bipy)] 1.09

Table 48;: SOD activity of copper(Il) 3-methoxysalicylate complexes

Compound Complex Concentration (n)
Equivalent to 1U SOD
(ICs)

4 {Cu(msal)}(H.0)}, 1.42

(20) [Cu(msal)(BZDH)(H.0)].2H,0 1.46

(21) [Cu(msal)(TBZH)].H.O 1.10

(22) [Cu(msal)(2-PyBZDH)].H.O 1.35

(25) [Cu{msal)}(phen)].H,0O 2,72

(28) [Cu{msal)(bipy)].H-O 1.89

Table 49: SOD activities of [Cux(OAc)4(H0),] and copper(I]) acetate complexes (29)

~(36)

Compound Complex Concentration
(uM) Equivalent to
1U SOD (1Csp)

[Cua(OAC)(H20)z] 0.63

29 [Cu(OACc)(2-AmBZDH);] 1.25

(30} [Cu(OAC),(5,6-Me:BZDH); | 0.91

(31) [Cu(OACc)(5-BZDHCOOH),) 1.01

(32) [Cu(OACc)»(6-NO,BZDH);] 1.07

(33) [Cu(OAc):(2-PhBZDH);] 1.37

(35) [Cu(OAc)(2-PYyBZDH)| 1.04

(36) [Cu(OAc)(phen)] 1.18
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Table 50: SOD activities of copper(II) sulfate and the copper(il) chloride and sulfate
complexes (37) — (50)

Compound Complex Concentration
(nM) Equivalent to
1U SOD (1C50)

(37) [Cw(BZDH),(H,0)C1)CI 0.81
(38) [Cu(5-BZDHCOOH)»(H,0)C1]Cl 0.98
(39) [Cu(2,5-Me>BZDH),(H,0)CIICI 0.89
(40) [Cu(6-NO>,BZDH),(H,0)CI]CI 1.24
(41) [Cu(2-PhBZDH),(H,0)C1]CI 0.65
(42) [Cu(5,6-Me:BZDH)(H,0)CI]CI 0.78
(43) [Cu(TBZH),CI|CI 0.99
(44) [Cu(2-PyBZDH),CI|C] 0.94
(45) [Cu(BZDH)(H,0)](SO.) 0.57
(46) [Cu(5-BZDHCOOH)(H,0);)(S04).2H,0 0.56
(47) [Cu(2,5-Me;BZDH)(H,0),}(SO.) 0.62
(48) [Cu(2-AmBZDH)»(H,0):1(SO4).2H-0 0.63
(49) [Cu(6-NO,BZDH)>(H;0)2](SO.) 0.60
(50) [Cu(TBZH)»(SO,4)].EtOH 0.71
CuS0,.5H,0' 30.00

201



D.7 PRELIMINARY ANTICANCER ASSAYS OF SELECTED COMPLEXES

Recently several reports have appeared in the literature describing the anti-cancer
activity of copper(Il) derivatives of several classes of nitrogen donors including
purinem, thiosemicarbazone]55, imidazole'*®, benzohydroxamic acid™’ and amino
acid'®® ligands. Some mixed chelate copper-based drugs have exhibited greater
antineoplastic potency than cisplatin in in vitro and in vive studies.”””'® We have
recently demonstrated the chemotherapeutic potential of 1,10-phenanthroline®® and
their copper chelates against renal and hepatic cancer derived cell lines and
demonstrated that they may have a mechanism of action which appears to be different
to that of cisplatin. The complex [Cu(mal)(phen),] was shown to induce apoptosis in

] . . . . . .
' and is known to mediate significant celtular oxidative

cultured mammalian cells
stress, promote membrane lipid peroxidation and interfere with mitochondria
respiratory activity in fungal cells.'® Similar copper chelates of phen were studied by
other workers and also showed high antineoplastic activity by inhibiting respiration and
ATP synthesis.'®  Furthermore, [Cu(phen)]*" type complexes are known to bind to
DNA both intercalatively and non-intercalatively and are known as potent oxidative

nucleases but the exact structure of [Cu(phen)]*” when bound to DNA has not been fully

characterised.'®

To evaluate their cancer chemotherapeutic potential the ability of BZDH, 5,6-
Me;BZDH, CuSO, and the DMSO soluble copper complexes [Cu(salH)»(H;0),) (1),
[Cu(salH)(BZDH),] (5), [Cu(sal)(phen)] (23} [Cuz(OAc)(H0),], [Cu(OAc)(5,6-
Me>BZDH):] (30} and [Cu{OAc)x(phen)] (36) to kill human derived cancer cells was

investigated using the hepatocellular carcinoma (Hep-G,), kidney adenocarcinoma (A-
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498) and lung cancer (A-549) cell lines and was determined by calculation of ICsq ( the
drug concentration causing a 50 % reduction i cellular viability). These experiments
were catried out by Dr. Denise Egan (IT Tallaght) and Dr. Fiona Lyng (DIT). Cells
were continuously exposed to test agent for 96 hr, and their effects on cellular viability
was evaluated. It was intended that the results from these studies would allow the
identification of those derivatives with cancer chemotherapeutic potential. Therefore,
profiles of cell viability against complex concentration were established and used to
calculate the ICsy values for each derivative (Table 51). Comparison of ICsy values,
allowed the relative potency of each of the test compounds to be determined and

ranked.

Table 51: The anti-cancer activity of the fiee ligands, selected complexes, cisplatin
andCuSQ, against human hepatic (Hep-(G>), renal (4-498) and lung (A-549)
cancer cell lines expressed as [Csp (uM)

Toxicities (ICsy uM)

Test Compound Hep-G; A-498 A-549

Mean + 8.D. Mean + S.D. Mean + S.D.
salH, >500 >500 >500
phen 4.1 0.5 58+03 2.94+0.1
Phendione 2.8+1.34 4.2 £0.36 Not tested
BZDH =500 >500 >500
5,6-Me,BZDH >500 >500 >500
CuSQO, =500 >500 >500
[Cux(OAcC)(H20)] 320+ 2.5 134 £2.2 >500
[Cu(salH)(H0),] (1) 350+ 2.8 142+ 1.8 59.81 £ 13.7
[Cu(OAc)(phen)] (36) 1.8403 1.0+£0.2 1.L19+0.2
[Cu(salH)(BZDH),} (5) 138 +2.5 65+ 1.4 58.15+
[Cu(sal){(phen)] (23) 251205 1.6+0.3 1.42 £ 0.3
{Cu(OAC),(5,6-Me,BZDH);] (30) 105+ 2.6 58+ 1.9 23.44+49
[Cu(phen)z(mal)].2H,0O 0.8+ 0.02 3.8+041 Noft tested
[Cu(phendione);{C10,4)]).4H,0 0.4 +0.09 0.6+ 0.06 Not tested
Cisplatin 15+2.7 14+ | 11.0+4.7

"1Csp (uM), indicates the compound concentration that inhibits the proliferation rate of
tumour cells by 50% as compared to the control untreated cells. The values are means
+ S.D. of 9 independent experiments. The cytotoxic activity of Phen,
[Cu{phen)z(mal)].2H;0 (malH; = malic acid)®, Phendione and
[Cu(phendione);(C104)]).4H,0% are also included.
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To allow comparison of the activity of the complexes with that of the most active
copper phen and copper phendione complexes synthesised previously in this laboratory
the anticancer activities (against the liver and kidney cell lines only) of
[Cu(phen);(mal)].2H;0 and [Cu(phendione);(C10,4)].4H,0 and the metal-free phen and

phendione ligands are also mcluded in Table 51.

With the exception of phen all of the free ligands are essentially inactive. A number of
the compounds screened displayed a concentration-dependent cytotoxic profile across
the three cell lines studied here. The most sensitive cell line was the A-549 lung cancer
with five of the compounds showing significant improvements in activity when
compared to the uncoordinated free ligands. The overall order of the observed
cytotoxicity was seen as [Cu(OAc).(phen)] (36) > [Cu(sal)(phen)] (23) >
[Cu(OAC)(5,6-Me:BZDH)>] (30) > [Cu(salH)x(BZDH);] (5) > [Cu(salH),(H:0),] (1)
> [Cux(OAc){H,0),]. The results presented in Table 51 also illustrate that the CuSQ,
(free Cu™™) was incapable of eliciting a cytotoxic response. The inclusion of the N,N-
donor ligand 1,10-phenanthroline (phen) in the simple Cu(Il) complexes of the acetic
and salicylic acids significantly increased the potency of the system. However, it is also
noteworthy that the metal free phenanthroline is itself significantly cytotoxic and that
the best copper complex containing it [Cu(OAc)»(phen)] (36) is approximately 2, 5 and
3 times more potent for the respective cell lines. The complexes [Cu(OQAc)(phen)] (36)
and [Cu(sal)(phen)] (23) were capable of killing all three cancer derived cell lines at
very low concentrations (ICso values: 1.8, 1.0 and .55 uM and 2.5, 1.6 and 1.42 uM
for the liver, kidney and lung cell lines, respectively). The activities of
[Cu(OAc)(phen)] (36) and [Cu(sal)(phen)] (23) fall well within the accepted activity

parameters adopted for in-vitro screening of potential chemotherapeutic drugs.'®
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Furthermore, the 1Csy values for them are superior to those of the clinically used drug

. o
cisplatin.'®

Significantly, no correlation was found between the potencies of SOD mimic
capabilities and cell growth inhibitory activity for the six complexes (indeed all six
exhibit excellent SOD mimetic activity). However all of the complexes do show
significant activity against the renal and lung cell lines. 1t is of course possible that the
complexes act on the cancer cells through mechanisms other than (or in conjunction
with} SOD activity. Indeed the bis-1,10-phenanthroline copper(ll) complex cation
[Cu(phen)-]*" is known as a potent nuclease agent which causes oxidative cleavage of

DNA in the presence of reducing agents.'®’

Significantly, (36) and (23) are relatively soluble compared to the other four complexes
and they have cytotoxicity comparable with the copper(ll) bis-phenanthroline
complexes previously studied in this laboratory® but are one quarter as active as the
copper(ll) tris-phenanthroline-diones.®' The lack of correlation between the SOD and
cytotoxicy ICso values supports the notion that mechanisms other than SOD mimicking
may also be responsible for the anticancer properties of this type of copper complex.
Indeed complexes (36) and (23) are structurally related to the novel anticancer agent
casiopeina I {[Cu(l,4-dimethyl-1,10-phenanthroline)(glycine)]NOs} which has been

"5 1t should be noted that compounds

shown to have a very complex in vivo cytoxicity.
that have good SOD activity and do not display cytotoxicity might have potential use as

a therapeutic agent for treatment of other disorders where SOD activity is pathologically

reduced. Indeed [Cu(salH),(H20):] (1) is one such example and is available
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commercially as a DMSO solution (Dermacusal®) for the topical treatment of arthritic

Jjoint pain in horses and dogs.
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D.8 ANTIFUNGAL ACTIVITY OF COMPLEXES (1)-(69) AGAINST

CANDIDA ALBICANS

Benzimidazoles are relatively poor anti-Candida agents, Previously this group has
shown that upon coordination to a copper centre the biological activity of
benzimidazoles was significantly improved when tested against the pathogen in RPMI
medium. The benzimidazole complexes previously examined generally incorporated
carboxylates as counterions which did not exhibit any antifungal activity in their own
right (as free acids) and also did not improve the activity of their complexes. Part of the
current study was seeking to establish if the inclusion of salicylate in the benzimidazole
complexes would improve the anti Candida potential of this class of compound.
However as the salicylate complexes were found to have very poor solubility we also
examined the substituted salicylates 3 5-diisopropylsalicylic  acid and  3-
methoxysalicylic acid. Therefore all of the free ligands and copper complexes
generated during this study were examined for their antifungal activity towards Candida
albicans (Tables 52 - 54). Each copper(Il) complex was screened for its ability to
inhibit the growth of an isolate of Candida albicans at concentrations of 100 ug/cm3 , 50
pg/em’, 20 pgfem’, 10 pg/em’ and 5 pg/em’ of minimal medium. Furthermore, the
antifungal activity of these complexes was compared to the activity of their starting
materials and the prescription drug Ketoconazole. At a concentration of 100 pg/em?” all
of the salicylate complexes exhibit excellent activity towards the pathogen. As the
concentration of the drug is decreased their efficacy diminishes until finally at 10 wem’

most of them are either essentially inactive or very poor antimycotics.
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The substituted salicylate complexes were found to be less active, with the activity
decreasing in the order of salH; > dipsH; > msalH; (Table 53). The vast majority of the
free ligands are essentially inactive with salicylic acid being the only one (other than
phen) that shows significant activity at 50 pug/cm’ (Table 52). The potent activity of
phen has been documented by this group earlier but one surprise is the relative
inactivity of the phen derivatives (23), (24) and (25) (Table 53). The copper(I)
benzimidazole complexes all display excellent activity at 100 pg/emy’. Again their
efficacy decreases as the concentration is lowered until at 10 pg/cm? all are inactive

with the exception of the two sulfate complexes (44) and (49) (Table 54).

Table 52: Anti-Candida activity (as % cell growth) of Ketoconazole and the free
aromatic acid and benzimidazole ligands

Test Compound % Cell Growth
(at concentrations of 100 - 5
pglem?)
100 50 20 10 5
Ketoconazole 5 14 20 25 26
salH» 10 14 71 - -
dipsH; 20 69 91 - -
msalH; 27 73 - - -
BZDH 59 82 - - -
2-CIBZDH 19 34 76 - -
5,6-Me;BZDH 89 - - - -
2-PhBZDH - - - - -
6-NO,BZDH 921 - - - -
2,5-Me,BZDH - - - - -
5-BZDHCOOH 75 92 - - -
2-AmBZDH 58 84 91 - -
2-MeOHBZDH - - - - -
TBZH - - - - -
2-PyBZDH - - - - -
phen 4 3 11 22 14
bipy 47 74 91 - -

Note: - indicates no activity or 100% cell growth
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Table 53: Anti-Candida activity for copper(1l) salicylate containing complexes

Test Compound % Cell Growth

{at concentrations of 100 - 5

pg/em?)

100 50 20 10
[Cu(salH)2(H,0),] (1) 8 8 51 -
[Cu(salH),(BZDH);] (5) 8 9 69 -
[Cu(salH);(5,6-Me,BZDH),] (6) 9 10 30 -
[Cu(sal)(2,5-Me,BZDH)(H,0)] (7) 9 9 67 -
[Cu(sal){6-NO,BZDH)(H,0}] (8) 8 9 63 -
[Cu(sal)}(5-BZDHCOOH)(H,0)] (9) 8 11 48 -
[Cu(salH):(2-AmBZDH)(H,0),] (10) 7 9 39 -
|Cu(sal)(TBZH)).H,O (11) 8 10 83 -
[Cu(sal)(2-PYBZDH)].H,O (12) 9 12 76 -
[Cu(sal)(phen)] (23) 33 57 71 81
[Cu(sal){(bipy)].EtOH.H,0 (26) 229 8 -
[Cu(dipsH)(H,0)] (3) 53 90 - -
[Cu(dipsH),(BZDH);] (13) 50 73 - -
[Cu(dipsH):(2-MeOHBZDH);].EtOH (14) 49 82 - -
[Cu(dips)(2,5-Me;BZDH)(H,0)] (15) 68 84 - -
[Cu(5-BZDCOO)(H,0),].EtOH (16) 62 87 - -
[Cu(dips)(2-AmBZDH)(H,0)] (17) 49 71 - -
[{Cu(dips)(TBZH)] (18) 75 86 - -
[Cu(dips)(phen)].H,O (24) 8 56 80 -
|Cu(dips)(bipy)].H.0 (27) 11 52 - -
{C“(msal)(HZO)}n (4) 6d - - -
[Cu{msal)(BZDH)(H,0)].2H,0 (20) 62 - - -
|Cu(msal)(TBZH)].H,0 (21) 68 - - -
[Cu(msal)(2-PYBZDH)|.H,0 (22) 70 - - -
[Cu(msal)(phen)].H,O (25) 45 69 - -
[Cu(msal){bipy)].H,O (28) 63 - - -

Note: - indicates no activity or 100% cell growth
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Table 54: Anti-Candlida activity for copper(1l) benzimidazole containing complexes

Test Compound ‘ % Cell Growth
(at concentrations of 100 - 5

nglem?)

100 50 20 10 5

CuCl;.2H,0O 88 - - - -
CuS0,.5H,0 81 - - - -

[Cu(OAc):(2-AmBZDH);] (29) 9 20 62 - -
[Cu{OAc):(5,6-Me,BZDH);] (30) 8 24 78 - -
[Cu(OAc)(5-BZDHCOOH);] (31) 9 31 59 - “
[Cu(OACc);(6-NO,BZDH),] (32) 9 34 75 - -
[Cu(OAc),(2-PhBZ.DH);] (33) 9 37 71 - -
[Cu(OAc)(2-PyBZDH)] (35) 9 18 69 - -
[Cu(BZDH),(H:O)CI1|Cl (37) 14 71 - -
[Cu(5-BZDHCOOH),(H,0)C}|CI1 (38) 22 54 - -
[Cu(2,5-Me;BZDH);(H,0)CI|C] (39) 20 86 - -
[Cu(6-NO;BZDH),(H,0)CI1|Cl (40) 11 71 - -
[Cu(2-PhBZDH),(H,0)CI|CI (41) 18 48 - -
[Cu(5,6-Me;BZDH)(H,0)C1,] (42) 17 50 - -

= R B N RSN WO o o D
b
o

[Cu(TBZH),Cl|CI(H,0); (43) 62 - -
[Cu(2-PyBZDH),CI|C] (44) 10 58 - -
[Cu(BZDH)(H:0)](SOy) (45) 10 34 54 -
(Cu(5-BZDHCOOH)(H,0),](S04).2H,0 (46) 4 69 - -
[Cu(2,5-Me,BZDH)(H,0),](SO.) (47) 14 35 - .
[Cu(2-AmBZDH);(H,0),](SO.).2H,0 (48) 32 76 - -
[Cu(6-NO,BZDH),(H,0);](SOy) (49) 22 58 - -
[Cu(TBZH),(SO,)].EtOH (50) 21 64 70 -

Note: - indicates no activity or 100% cell growth
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In an effort to explore the use of benzimidazoles as suitable ligands for silver based
antimicrobials it was decided to try to make silver salicylate and react it with all of the
simple benzimidazoles. [Agx(salH),] was easily generated using a published method
but it failed to react with any of the benzimidazole ligands. However silver nitrate,
silver sulfate and silver acetate all reacted smoothly with most of the benzimidazole

ligands to yield the novel complexes (51) — (69).

These Ag(l) benzimidazole complexes were found to be excellent antimycotic agents
(Table 55) with complexes (52) and (58) — (69) showing complete growth inhibition of
the Candida cells at a concentration of 0.5 pg/em’. The prescription drug Ketoconazole
requires a concentration of 100 pg/em’® to achieve a similar inhibition (Table 52). These
complexes are totally insoluble and were found to be very light stable remaining
colourless indefinitely when left exposed to ambient light. If these complexes are not

toxic then they may offer significant potential as silver-based antimicrobial agents.
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Table 55: Anti-Candida activity for silver(l) benzimidazole containing complexes

Test Compound

% Cell Growth

(at concentrations of 2 —

0.1 L1g/cm3)

2 1 0.5 0.2 0.1
AgNO; 0 0 0 90 -
Ag:SOy 0 0 0 85 -
Ag(OAc) 0 0 81 -
[Ag(BZDH);]|(NO3) (51) 0 0 46 90 -
[Ag(5-CarBZDH),;[(NO;) (52) 0 0 0 65 -
[Ag(2-PhBZDH),](NO3) (53) 28 59 - - -
[Ag(5,6-Me;BZDH)|(NO;) (54) 0 0 83 54 -
{Ag(6-NO;BZDH)|(NO3) (55) 0 58 - - -
[Ag(2-CIBZDH)|(NO3) (56) 0 0 36 50 -
[Ag(TBZH)|(NO3) (57) 0 47 92 94 -
[Ag2(BZDH)|(SOy) (58) 0 0 0 46 82
[Ag2(2-AmBZDI)[(SO4) (59) 0 0 0 34 91
[Ag2(5-BZDHCOOH)|(SO,) (60) 0 0 0 43 81
[Aga(5,6-Me;BZDH)|(SO4) (61) 0 0 0 71 90
[Ag2(6-NO,BZDH)](S04) (62) 0 0 0 39 96
[Ag2(2-PhBZDH)](SOy) (63) 0 0 0 31 83
[Ag2(TBZH)|(SO.) (64) 0 0 0 53 94
{Ag(BZD)}, (65) 0 0 0 57 -
[Ag(5,6-Me;BZDH)(OAc)] (66) 0 0 0 42 95
[Ag(5-BZDHCOOH)(0Ac¢)| (67) 0 0 0 38 96
[Ag(2-AmBZDH),(OAc)] (68) 0 0 0 29 96

0 0 0 4 91

1Ag(TBZ)}, (69)

Note: - indicates no activity or 100% cell growth
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EXPERIMENTAL
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E.1 INSTRUMENTATION

Infrared (IR) spectra were recorded in the region 4000 - 400 em™ on a Nicolet FT-IR 5SDXB

infrared spectrometer. Solid samples were prepared in a KBr matrix.

Electronic spectra measurements and the SOD mimetic activity of complexes using the
NBT assay were carried out using UV grade disposable cuvettes on a thermostatically

controlled Analytikjenna Specord 200 spectrophotometer.

Measurement of drug minimum inhibitory concentrations (MIC} against Candida albicans

was carried out using an Anthos bt 3 plate reader.

Cytotoxicity studies were carried out by Dr. Denise Egan, ITT Dublin and Dr. Fiona Lyng,

DIT using the MTT assay.

Room temperature magnetic susceptibly measurements were carried out using a Johnson
Matthey Magnetic Susceptibility Balance. Hg[(Co(SCN);] was used as a reference

standard.

Conductivity measurements were made at 25°C using an Orion 150 Aplus conductivity

meter. Measurements were made at concentrations of 4.0 mmol.

The apparatus shown in Figure 101 was used in the catalytic experiments to measure the

volume of oxygen evolved.
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Figure 101: Apparatus designed to measure the volume of oxygen disproportionated in the
catalytic reactions.

This apparatus was modified from a similar design by the late Prof. Michael T. Casey. It
comprises a two necked round bottom flask, a magnetic stirrer, an indented distilling

column and a 500 em® burette. A weighed amount of catalyst is placed in the round
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bottomed flask, which is then connected to the distilling column viz a vacuum takeoff
adaptor. The distilling column, which is connected to an elevated 500 cm® burette, is filled
to a level equal to the zero point on the burette. Aqueous hydrogen peroxide is then
infroduced to the round bottom flash via the hypodermic syringe and the oxygen evolved

between the catalyst and hydrogen peroxide is measured by the change in burette volume,

Elemental analyses were carried out by the Microanalytical Laboratory, University College

Dublin, [reland and the Microanalytical Laboratory, University College Cork, Ireland.

The X-ray crystallographic work was carried out by Dr. Georgina Rosatr, Heriot Watt

University, Edinburgh, UK.

E.2 CHEMICALS

All chemicals were purchased from commercial sources and generally were used without

further purification.
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E.3 SYNTHESIS OF COPPER(M) SALICYLATE COMPLEXES
In a typical synthesis the relevant carboxylic acid (19.98 mmol) was added to a suspension
of Cu(OH): (0.97g, 9.94 mmol) in EtOH (100 cm3) and the resulting suspension refluxed

for 3 h. The product was filtered off, washed with water and ethanol, then air-dried.

E.3.1 [Cu(salH),(H,0),;] (1)

Yield: 1.4173 g (40 %). % Cale: C, 44.98; H, 3.78. % Found: C, 44.09; H, 3.39. IR
(KBr): 3438, 1603, 1568, 1529, 1485, 1455, 1410, 1303, 1232, 1149, 1099, 1037, 891,
838, 808, 775, 763, 711, 673, 621, 595, 512, 451, 428, 415, 406 cm™'. Selubility: DMSO.

Herer 1.81 B.M. Apax(Nujol): 2gg = 742 nm Apux(DMSO): 2gq = 754 nm, € = 169.54 dm”

mol™ em™. Ay(DMSO): 4.2'S em?® mol™.

E.3.2 [Cuy(asp)s(H:0),].H;0 (2)

Yield: 1.6316 g (36 %). % Cale: C, 48.16; H, 3.82. % Found: C, 48.88; H, 3.33. IR
(KBr): 3433, 3083, 2984, 2938, 1759, 1726, 1618, 1572, 1514, 1483, 1417, 1450, 1417,
1404, 1372, 1242, 1219, 1198, 1163, 1146, 1096, 1035, 961, 934, 919, 879, 852, 816, 799,
757, 724, 708, 681, 657, 620, 602, 589, 552, 501, 433 ¢ Solubility: DMSO. per: 1.46

B.M. Anax(Nujol): Aga= 659 nm A DMSO): 244 =755 nm, £ = 148.18 dm®* mol”! em™!

Am(DMSO0): 10.85 S cm?® mol™.
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E.3.3 |[Cu(dipsH),(H,0}] (3)
Yield: 2.8559 g (54 %). % Cale: C, 59.58; H, 6.92. % Found: C, 59.27; H, 6.83. IR
(KBr): 3432, 2961, 2930, 2870, 1807, 1628, 1592, 1560, 1468, 1390, 1363, 1319, 1296,

1241, 1175, 1151, 1123, 1107, 1084, 1046, 944, 895, 877, 844, 808, 780, 741, 702, 639,
573, 536,470 cm', Solubility: DMSO, EtOH. p.p 1.38 B.M. Ama{Nujol): Agqq = 703 nm

Amax(DMSO): J4.4= 766 nm, £ = 113.26 din”® mol™' em™. Am(DMSO0): 93 S em?” mol™,

E.3.4 {Cu(msal)(H,0)}, (4)

Yield: 2.0283 g (81 %). % Cale: C, 38.79; H, 3.26. % Found: C, 39.75: H, 2.85. IR
(KBr): 3431, 2940, 2840, 1633, 1606, 1588, 1533, 1473, 1450, 1402, 1247, 1207, 1163,
1088, 1061, 934, 856, 835, 812, 779, 753, 696, 644, 465 cm’'. Solubility: DMSO. e

.65 B.M. Anax(Nujol): 2g.q = 764 nm Apax(DMSO): by g = 766 nm, & = 122.61 dm® mol”

cm™ Ay (DMSO): 8.3 S em® mol ™.
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E.4 SYNTHESIS OF COPPER(II) SALICYLATE COMPLEXES

INCORPORATING BENZIMIDAZOLE LIGANDS

E.4.1 Synthesis of copper(Il) salicylate complexes incorporating the simple

benzimidazoles

Method (a): In a typical synthesis the relevant benzimidazole (2.68 mmol) was added to a
suspension of [CufsalH),(H20):] (1) (0.5 g, 1.34 mmol) in EtOH (75 cm?) and the resulting
mixture refluxed for 3 h. The product was filtered off, washed with water and ethanol, then
air-dried.

Method (b): In a typical synthesis the relevant benzimidazole (1.12 mmol) was added to a
suspension of [Cus(asp)s(H>0):].H-O (2) (0.5 g, 0.56 mmol) in EtOH (75 cm®) and the
resulting mixture refluxed for 3 h. The product was filtered off, washed with water and

ethanol, then air-dried.

E.4.1.1 [Cu(salH),(BZDH);] (5)
Yield (a): 0.5079 g (66 %). % Cale: C, 58.58; H, 3.86; N, 9.76. % Found: C, 58.87: H,
3.77; N, 9.76. IR (KBr): 3238, 3145, 3112, 3064, 2990, 2916, 2839, 1760, 1741, 1619,
1595, 1582, 1568, 1509, 1497, 1479, 1454, 1395, 1355, 1323, 1305, 1272, 1224, 1195,
1141, 1113, 1086, 1031, 1010, 977, 971, 925, 864, 849, 832, 817, 777, 756, 733, 716, 705,
669, 634, 606, 560, 548, 536, 443, 420 c'.  Selubility: DMSO pe: 1.83 B.M.

Amax(Nujol): 2gq = 579 nm Ama(DMSO): hgg = 738 nm, £=84.15dm’ mol’ em’

Aa(DMSO): 13.2 S cm® mol™.
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E.4.1.2 [Cu(salH),(5,6-Me,BZDH),]| (6)

Yield (a): 0.5147 g (61 %); Yield (b): 0.4453 g (63 %). % Cale: C, 60.99; H, 4.79; N,
8.89 % Found: C, 59.38; H, 4.72; N, 8.78. IR (KBr): 3427, 2971, 2943, 2359, 1624,
1595, 1580, 1563, 1504, 1478, 1454, 1398, 1385, 1331, 1309, 1270, 1253, 1209, 1143,
1086, 1030, 971, 948, 867, 851, 816, 752, 707, 689, 669, 641, 604, 537, 486, 450, 428 cm™".
Solubility: DMSO. per: 2.05 B M Apa(Nujol): hgg= 550 nm. Amax(DMSO): 2gq= 722

nm, £ = 129.58 dm’® mol™ cm”’ Ay{PMSO): 11.6 S cm’ mol™.

E.4.1.3 [Cu(sal)(2,5-Me;BZDH)(H,0)] (7)
Yield (a): 0.5003 g (75 %); Yield (b): 0.3418 g (88 %). % Cale: C, 55.41; H, 4.08; N,
8.1. % Found: C, 55.27; H, 4.02; N, 7.92. IR (KBr): 3427, 3124, 3057, 2921, 2797,
1603, 1559, 1504, 1462, 1404, 1323, 1254, 1232, 1143, 1099, 1054, 1034, 940, 896, 859,
839, 803, 759, 712, 676, 662, 639, 598, 586, 537,452, 430 cm™. Solubility: DMSO.

Herer 2.09 B.M. Apa(Nujol): 244 = 725nm. Apa(DMSO): dgg = 740 nm, £=81.78 dm’

mol™” ecm. Ay (DMSO): 1.55 S em® mol ™.

E.4.1.4 [Cu(sal)(6-NO;BZDH)(H;0)] (8)
Yield (a): 0.4175 g (82 %); Yield (b): 0.1187 g (70 %). %Cale: C, 43.36; H, 2.92; N,
7.21. % Found: C, 43.51; H, 2.71; N, 7.23. IR (KBr): 3432, 1759, 1726, 1617, 1571,
1514, 1484, 1451, 1402, 1344, 1304, 1242, 1197, 1163, 1146, 1096, 1070, 1035, 918, 885,
gl6, 798, 757, 739, 708, 680, 657, 589, 551, 505, 421 em’.
Solubility: DMSO. per: 1.86 B.M. Apaxd(Nujel): Agg= 629 nm. Apad DMSO): hyg= 719

nm, £ = 107.33 dm’ mol”' em™. A{DMSQO): 1.75 S cm’ mol™,
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E.4.1.5 [Cu(sal)(5-BZDHCOOH)(H,0)] (9)
Yield (2): 0.3592 g (71 %); Yield (b): 0.1681 g (48 %). % Cale: C, 47.43; H, 3.18: N,
7.38. % Found: C, 46.77; H, 2.99; N, 7.48. IR (KBr): 3366, 3213, 2928, 1749, 1635,
1610, 1575, 1488, 1450, 1399, 1292, 1240, 1199, 1160, 1125, 1095, 1013, 964, 920, 890,
830, 816, 792, 779, 756, 706, 681, 653, 597, 536, 474, 429 cm™.  Solubility: DMSO. peg:
1.62 B.M. Amax(Nujol): 2g.q= 726 nn1. Apan(DMSO): Ag.q= 729 nm, £ = 130.95 dm® mol”’

cm”. Aa(DMSO): 3.95 S cm® mol ™,

E.4.1.6 [Cu(salH),(2-AmBZDH)(H;0),| (10)
Yield (a): 0.5419 g (63 %); Yield (b): 0.4025 g (74 %). % Cale: C, 49.75; H, 4.18: N,
8.29. % Found: C, 50.5; H, 3.75; N, 8.60. IR (KBr): 3422, 3334, 2360, 2342, 1748,
1727, 1655, 1616, 1561, 1472, 1449, 1384, 1279, 1231, 1198, 1158, 1147, 1094, 1039,
1010, 948, 919, 876, 857, 817, 800, 755, 740, 719, 682, 652, 599, 545, 504, 463, 427 cm’.

Solubility: insoluble. peg: 1.86 B.M. Aa(Nujol): 24.4= 680 nm.
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E.4.2 Synthesis of copper (Il) salicylate complexes incorporating the chelating
benzimidazoles

E.4.2,1 {Cu(sal){TBZH)].H;O (11)

Yield (a): 0.6027 g (78 %); Yield (b): 0.3235 g (72 %). % Cale: C, 48.74; H, 3.13; N,
10.03. % Found: C, 48.59; H, 2.49; N, 10.00. IR (KBr): 3442, 3063, 29693, 2920, 2852,
2758, 2685, 2648, 2361, 1599, 1594, 1559, 1561, 1533, 1484, 1465, 1452, 1413, 1376,
1329, 1300, 1286, 1257, 1233, 1199, 1137, 1119, 1016, 999, 936, 832, 804, 749, 741, 704,
670, 650, 623, 585, 541, 484, 436, 417, 401cm™'. Solubility: DMSO. Hefer 2.18 B.M.

Amax(Nujol): gy = 606 nm. A DMSO): 1y = 686 nm, &=290.05dm’ mol' cm™.

Aa(DMSO0): 5.2 S em® mol ™,

E.4.2.2 [Cu(sal)(2-PyBZDH)].H,0 (12)

Yield (b): 0.1026 g (38 %). % Cale: C, 55.27; H, 3.63; N, 10.18. % Found: C, 55.74: H,
3.15; N, 9.94. IR (KBr): 3443, 3061, 2752, 2615, 1600, 1556, 1505, 1485, 1464, 1450,
1390, 1371, 1328, 1307, 1289, 1252, 1155, 1138, 1098, 1051,1024, 1004, 980, 883, 856
833, 822, 808, 787 , 748, 707, 695, 667, 651, 631, 583, 536, 504, 435, 415 cm’

Selubility;: DMSO. pest 2.11 B.M. Apaxd(Nujol): hgq = 703 nm. Ana(DMSO): hyq= 674

nm, € = 101 dim® mol” em™. Ay(DMSO): 4.45 S cm” mol™.
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E.4.3 Synthesis of copper(ll) 3,5-diisopropylsalicylate complexes incorporating the
simple benzimidazoles

In a typical synthesis the relevant benzimidazole (1.8 mmol) was added to a solution of
[Cu(dipsH):(H-0)] (3) (0.5 g, 0.9 mmol} in EtOH (75 cm3) and the resulting suspension
refluxed for 3 h. The product was filtered off, washed with water and ethanol, then air-

dried.

E.4.3.1 [Cu(dipsH),(BZDH);] (13)
Yield: 0.3627 g (55 %). % Cale: C, 64.72; H, 6.25; N, 7.55. % Found: C, 64.36; H,
6.23; N, 7.33. IR (KBr): 3427, 3139, 3031, 2959, 2926, 2867, 1807, 1618, 1590, 1550,
1500, 1466, 1458, 1487, 1405, 1362, 1315, 1303, 1267, 1245, 1176, 1154, 1141, 1126,
1112, 1085, 1070.1009, 965.943, 896, 8884, 845, 814, 774, 753, 746, 660, 640, 634, 620,
577, 549, 527, 503, 460, 449, 423 cm™. Solubitity: DMSO. pert 1.69 BM. Apax(Nujol):
hgd = 563 nm. Apa(DMSO): hgq = 733 nm, £ =81.95dm’ mol”’ cm”. Ay(DMSO):

18.65 S ¢m” mol™.

E.4.3.2 [Cu(dipsH):(2-MeOHBZDH),|.EtOH (14)
Yield: 0.3047 g (47 %). % Cale: C, 62.14; H, 6.87; N, 6.59. % Found: C, 59.38: H,
5.96; N, 6.30. IR (KBr): 3425, 3115, 3067, 2961, 2927, 2869, 1620, 1553, 1469, 1457,
1388, 1362, 1329, 1292, 1242, 1175, 1151, 1122, 1106, 1079, 1043, 1005, 920, 894, 812,
776, 744, 640, 575, 540, 492, 429 cm’'.  Solubility: DMSO. pe: 1.79 B.M.

Amax(Nujol): Agq = 575 nm. Apax(DMSO): Xgq = 740 nm, £ =44.18 dm® mol”’ em™.

Ay(DMSO): 5.15 S em? mol™.
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E.4.3.3 |Cu(dips)(2,5-Me;BZDH)(H,0)] (15)

Yield: 0.2336 g (68 %). % Cale: C, 61.31; H, 6.31; N, 6.50. % Found: C, 61.09; H,
6.16; N, 0.25. IR (KBr): 3347, 2959, 2869, 2340, 1804, 1633, 1614, 1594, 1544, 1531,
1469, 1460, 1447, 1389, 1361, 1341, 1315, 1299, 1250, 1231, 1175, 1149, 1124, 1105,
1082, 1040, 942, 922, 893, 873, 845, 807, 781, 751, 635, 574, 487, 437, 422 cm’.
Solubility: DMSO. per: 2.31 B.M. Apax(Nujol): 2g.4= 752 nm, Apu(DMSO): Agq= 754

nm, € = 56.5 dm® mol” em™. Ay(DMSO): 7.03 S em® mol™.

E.4.3.4 [Cu(5-BZDCOO)(H,0),].EOH (16)

Yield: 01975 g (82 %). % Calc: C, 44.34; H, 3.39; N, 9.41. % Found: C, 44.44; H, 3.57,
N, 8.18. IR (KBr): 3208, 2961, 1633, 1609, 1492, 1399, 1296, 1242, 1198, 1127, 1047,
965, 939, 923, 833, 792, 778, 753, 685, 628, 598, 475, 440 cm’.
Solubility: DMSO. pet 1.34 B.M. Apas(Nujol): 2.9 = 720 nm. Apax(DMSO): g4 = 699

nm, £ =74.1 dm® mol™ e, AM(DMSO): 5688 cm” mol™,

E.4.3.5 [Cu(dips)(2-AmBZDH)(H,0)] (17)

To a solution [Cua(OAc)(H20)2] (0.5 g, 1.25 mmol) in EtOH (75 e¢m’) was added 2-
aminobenzimidazole (0.3325 g, 2.5 mmol) and 3,5-diisopropylsalicylic acid (0.55 g, 2.5
mmol}) and the resulting green suspension refluxed for 3 h. On cooling to room temperature

the green produet was filtered off, washed with two portions of water and ethanol, and then

air-driecl.
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Yield: 0.1572 g (33 %). % Cale: C, 55.10; H, 6.01; N, 9.64. % Found: C, 55.47; H,
5.89;: N, 9.56. IR (KBr): 3624, 3416, 2956, 2867, 2360, 2341, 1645, 1620, 1596, 1574,
1557, 1519, 1471, 1444, 1385, 1361, 1312, 1290, 1276, 1241, 1221, 1176, 1149, 1125,
1011, 944, 921, 896, 878, 853, 812, 799, 769, 742, 668, 636, 541, 504, 451, 436, 419 em™.
Solubility: DMSO. pegt 2.06 B.M. Apax(Nujol): 2gq= 614 nm. Apa DMSO): 2gq= 711

nm, & = 88.4 dm®* mol”’ cm™. Ay(DMSO): 4.5 S em” mol ™.

E.4.4 Synthesis of copper(ll) 3,5-diisopropylsalicylate complexes incorporating the
chelating benzimidazoles

E.4.4.1 [Cu(dips)}(TBZH)] (18)

Yield: 0.3138 g (86 %). % Cale: C, 56.95; H, 4.78; N, 8.66. % Found: C, 56.81; H,
4.73; N, 8.43. IR (KBr): 3433, 3091, 3057, 2956, 2922, 2864, 2747, 1627, 1609, 1593,
1524, 1482, 1460, 1443, 1383, 1360, 1330, 1305, 1280, 1236, 1201, 1173, 1149, 1113,
1051, 1016, 995, 936, 622, 906, 896, 873, 860, 832, 815, 799, 761, 747, 683, 653, 637, 573,

533, 488, 455, 422 cm’. Solubility: DMSO. per: 1.98 B.M. Apax(Nujol): 2g4= 611 nm.

Amax(DMSO): hgq= 692 nm, £ = 83.73 dm® mol”' cm™. Aa(DMSO0): 3.6 S em” mol™.
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E.4.4.2 [Cu(2-PyBZD)(H,0)) (19)
Yield: 0.3541 g (84 %). % Cale: C, 52.26; H, 3.65: N, 15.24. % Found: C, 52.10; H,
3.40; N, 14.51. IR (KBr): 3432, 3053, 1604, 1566, 1513, 1475, 1456, 1445, 1428, 1384,
1329, 1303, 1275, 1232, 1145, 1120, 1092, 1047, 1006, 987, 918, 819, 794, 749, 739, 705,

645, 630, 619, 575, 513, 432, 416, 407cm’’.  Solubility: insoluble. Heres 1.92 B.M.

Amax(Nujol): 24.4= 681 nm.
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E.4.5 Synthesis of copper(Il) 3-methoxysalicylate complexes incorporating the simple
benzimidazoles

In a typical synthesis the relevant benzimidazole (2.6 mmol) was added to a suspension of
1Cu(msal)(H20)}, (4) (0.5 g, 2 mmol) in EtOH (75 cm“) and the resulting mixture refluxed

for 3 h. The product was filtered off, washed with water and ethanol, then air-dried.

E.4.5.1 [Cu{msal)(BZDH)(H,0)].2H,0 (20)

Yield: 0.5567 g (56 %). % Cale: C, 44.83; H, 4.51; N, 6.97. % Found: C, 44.04: H, 3.25;
N, 5.36. IR (KBr): 3431, 3116, 2990, 2838, 2362, 2343, 1602, 1561, 1502, 1474, 1445,
1399, 1365, 1306, 1248, 1202, 1160, 1113, 1085, 1061, 1009, 974, 927, 887, 855, 836, 807,
777, 748, 648, 620, 441 cm™' . Solubility: DMSO. Herr: 2.08 B.M. Apax(Nujol): Agq= 725

. Apa(DMSO): Xy g= 640 nm, ¢ = 237.8 dm* mol” em™. As(DMSO): 1.45 S cm” mol’

1

E.4.6 Synthesis of capper(II) 3-methoxysalicylate complexes incorporating the
chelating benzimidazoles

E.4.6.1 [Cu(msal)(TBZH)].H,0 (21)

Yield: 0.6722 g (75 %). % Cale: C, 48.05; H, 3.58; N, 9.34. % Found: C, 47.21; H, 2.89;
N, 10.35. IR (KBr): 3442, 3095, 2833, 1686, 1653, 1628, 1599, 1567, 1526, 1477, 1442,
1403, 1328, 1301, 1283, 1233, 1204, 1151, 1119, 1087, 1060, 1013, 997, 939, 925, 875,
851, 835, 803, 748, 673, 651, 630, 575, 554, 486, 437, 422 cm™. Selubility: DMSO. Merrs

1.85 B.M. Amax(Nujol): hg.g = 647 nm. ApaDMSO): dgg= 676 nm, € = 159.93 din® mol™’

em™. Ay(DMSO): 6.05 S cm?® mol ™,
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E.4.6.2 [Cu(msal}(2-PyBZDH)].H,0 (22)

Yield: 0.5589 g (63 %). % Calc: C, 54.11; H, 4.09; N, 9.47. % Found: C, 54.24; H,
3.94; N, 9.45. IR (KBr): 3433, 3064, 2980, 2928, 2831, 2747, 2705, 2623, 2361, 1600,
1564, 1529, 1476, 1460, 1445, 1369, 1341, 1328, 1311, 1292, 1230, 1198, 1158, 1118,
1085, 1068, 1051, 1023, 1007, 983, 906, 858, 820, 796, 749, 694, 678, 650, 632, 580, 562,
505, 438, 414 e, Solubility: DMSO. Peeit 1.97 B.M. Ajax(Nujol): 2gq = 578 nim.

Amax(DMSO): Ag4= 665 nm, £ = 165.38 dm’ mol” cin”'. Ay(DMSO): 8.15 S em? mol ™.
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E.5 Synthesis of copper (II) salicylate complexes incorporating the N,N-donor ligands

1,10-phenanthroline and 2,2-bipyridine

The relevant chelating ligand (phen or bipy) (2.68 mmol) was added to a suspension of
[Cu(salH)»(H,0)-] (1) (0.5 g, 1.34 mmol) in EtOH (50 em®) and the resulting suspension
refluxed for 3 h. The product was filtered off, washed with water and ethanol, then air-

dried.

E.5.1 [Cu(sal)(phen)] (23)

Yield: 0.73 g (72 %). % Calc: C, 60.1; H, 3.2; N, 7.4 % Found: C, 58.9; H, 3.3; N, 7.0.
IR (KBr): 3416, 3089, 3059, 2360, 2342, 1629, 1599, 1574, 1543, 1519, 1492, 1461, 1450,
1429, 1360, 1342, 1320, 1243, 1223, 1136, 1107, 1032, 911, 884, 874, 847, 809, 772, 741,
721, 710, 667, 651.628, 585, 543, 432 cn™’. Solubility: EtOH, MeOH and DMSO. Ketrt

2.11 B.M. Apx(Nujol): 244 = 586 nin. Apa( DMSO): 2g.q = 635 nm, € = 134.3 din® mol™

em . Ay(DMSO): 1.8 S em?’ mol™.

E.5.2 [Cu(sal)(bipy)]. EtOH.H,0 (24)
Yield: 0.336 g (67 %). % Cale: C, 54.91; H, 4.22; N, 6.99. % Found: C, 54.36; H, 4.8
N, 6.67 IR (KBr): 3424, 3110, 3059, 1601, 1563, 1533, 1511, 1464, 1451, 1397, 1363,
1321, 1253, 1140, 1104, 1057, 1033, 1021, 884, 864, 836, 810, 762, 731, 709, 667, 642,

587, 539, 436, 418 cm™. Solubility: DMSO. pegt 1.95 B.M. Apax(Nujol): 2g.q= 627 nm.

Amax(DMSO): Agq = 624 nm, £=75.19dm’ mol”’ em”. An(DMSO): 0.9 S cm” mol ™,
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The relevant chelating ligand (phen or bipy) (1.52 mmol) was added to a solution of
[Cu(dipsH)x(H20)] (3) (0.4 g, 0.76 mmol) in EtOH (50 cm®) and the resulting suspension
refluxed for 3 h. The product was filtered off, washed with water and ethanol, then air-

dried.

E.5.3 [Cu(dips)(phen)].H,0 (25)

Yield: 0.3148 g (86 %). % Cale: C, 62.03; H, 5.83; N, 5.80. % Found: C, 62.48; H,
5.86; N, 5.87. IR (KBr): 3431, 3075, 3055, 2952, 2864, 1807, 1628, 1612, 1575, 1548,
1516, 1491, 1467, 1454, 1427, 1369, 1344, 1312, 1284, 1241, 1223, 1174, 1148, 1107,
1047, 972, 944, 921, 893, 873, 845, 815, 802, 751, 737, 724, 685, 646, 634, 578, 542, 432,
421em™, Solubility: DMSO. pegr : 2.05 B.M. Apa{Nujol): 2q.g= 631 nm. Amax(DMSO):

Aaa =644 nm, g = 6731 dm® mol” e An(DMSO0): 0.78 S cm’” mol™,

E.5.4 [Cu(dips)(bipy)] (26)
Yield: 0.3241 g (82 %). % Cale: C, 62.78; H, 5.50; N, 6.37. % Found: C, 62.26; H,
576, N, 6.33. IR (KBr): 3444, 3074, 3029, 2954, 2862, 2360, 2341, 1614, 1579, 1563,
1549, 1469, 1456, 1447, 1369, 1349, 1310, 1280, 1254, 1244, 1229, 1215, 1177, 1158,
1146, 1122, 1102, 1054, 0140, 1031, 1019, 944, 892, 878, 853, 814, 799, 770, 733, 685,
668, 658, 636, 569, 538, 442, 418cm.  Solubility: DMSO. pes 190 B.M.

Amax(Nujol): Agg = 632 nm. Amax(DMSO): dgg = 629 nm, £ =58.23 dm’ mol” em’’

An(DMSO): 0.94 S em’ mol™.
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The relevant chelating ligand (phen or bipy) (2.6 mmol) was added to a suspension of
{Cu(msal)(H-0)}, (4) (0.5 g, 2 mmol) in EtOH (50 cm3) and the resulting suspension
refluxed for 3 h. The product was filtered off, washed with water and ethanol, then air-

dried.

E.5.5 [Cu(msal)(phen)|.H,0 (27)

Yield: 0.5507 g (64 %). % Cale: C, 56.14; H, 3.77: N, 6.55 % Found: C, 56.09; H, 3.41;
N, 6.14. IR (KBr): 3432, 3059, 2835, 1630, 1568, 1572, 1554, 1519, 1472, 1445, 1429,
1369, 1340, 1234, 1199, 1147, 1108, 1063, 923, 874, 847, 821, 800, 751, 736, 722, 674,
627, 566, 453, 432 cm’". Solubility: DMSO. peg: 1.85 B.M. Amax(Nujol: dgg= 602 nm.

Amax(DMSO): %4.0= 640 nm, & = 273.8 dm’ mol' em”’. Ay(DMSO): 1.45 S em? mol™'.

E.5.6 [Cu(msal)(bipy)].H,O (28)

Yield: 0.3577 g (47 %). % Cak: C, 53.53; H, 3.99; N, 6.94. % Found: C, 53.30; H,
3527 N, 6.97. IR (KBr): 3440, 3109, 3052, 3032, 2992, 2829, 2361, 1606, 1598, 1588,
1555, 1496, 1472, 1443, 1332, 1322, 1249, 1231, [194, 1171, 1160, 1122, 1076, 1058,
1031, 1019, 911, 853, 819, 794, 774, 760, 754, 733, 666, 639, 624, 584, 558, 478, 445, 427

cm. Solubility: DMSO. Herrs 2.29 B.IM. Adpax(Nujol): Jgg= 627 nim. Amax(DMSO): g4

=627 nm, £=217.43 dm’ mol™ e Anm(DMSO): 1.35 S cm?® mol™.
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E.6 SYNTHESIS OF COPPER(II) ACETATE AND SIMPLE COPPER(II) SALTS

INCORPORATING BENZIMIDAZOLE LIGANDS

E.6.1 Synthesis of copper(il) acetate salts of the simple benzimidazoles

In a typical synthesis the relevant benzimidazole (5 mmol) was added to a solution of
[Cux(OAC),(H20)2] (0.5 g, 1.25 mmol) in EtOH (50 01113) and the resulting suspension
refluxed for 3 h. The product was filtered off, washed with water and ethanol, then air-

dried.

E.6.1.1 [Cu(OAc)(2-AmBZDH);| (29)
Yield: 0.4128 g (73 %). %Calc: C, 48.26; H, 4.50; N, 18.76. % Found: C, 48.25; H,
4.27; N, 18.86. IR (KBr): 3451, 3366, 3064, 2953, 2912, 2870, 1648, 1609, 1585, 1559,

1501, 1471, 1483, 1378, 1345, 1275, 1222, 1152, 1089, 1038, 1013, 916, 879, 745, 687,

649, 622, 551, 507 cm™, Solubility: insoluble. pegz 1.95 B.M. Apax(Nujol): hg.q= 687 nm.

E.6.1.2 [Cu(OA¢)y(5,6-Me; BZDH),| (30)

Yield: 0.2470 g (42 %). % Cale: C, 55.74; H, 5.52; N, 11.82. % Found: C, 55.66: H,
5.52; N, 11.78. IR (KBr): 3432, 3102, 3062, 2966, 2934, 2879, 2815, 2656, 1772, 1706,
1559, 1500, 1474, 1448, 1408, 1337, 1307, 1271, 1251, 1212, 1191, 1159, 1087, 1047,
1006, 968, 931, 882, 856, 841, 823, 784, 732, 675, 647, 618, 575, 486, 452, 435 cm',
Solubility: DMSO. perr: 1.65 BM. Amax(Nujol): 2ga= 531 nm.  Amae(DMSO): 2ga = 726

nm, £ = 123.4 dm’ mol™ em™, Aum(DMSO): 0.9 S em® mol™.
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E.6.1.3 [Cu(OAc):(5-BZDHCOOH),| (31)

Yield: 0.4527g (71 %). % Cale: C, 47.48; H, 3.59; N, 11.07. % Found: C, 46.23; H,
3.20; N, 11.07. IR (KBr): 3423, 3049, 1911, 1775, 1644, 1591, 1488, 1467, 1409, 1394,
1317, 1300, 1195, 1141, 1084, 1030, 100, 941, 861, 814, 744, 698, 672, 569, 531, 460 cm™.
Solubility: DMSO. perz 1.59 B.M. Agax(Nujol): 2g.q= 651 nm.  Apax(DMSO): 24.4=711

nm, € = 159.57 dm’ mol” ecm™.  Ay(DMSO): 10.38 S cm” mol ™,

E.6.1.4 [Cu(OAc)(6-NO,BZDH),| (32)

Yield: 0.5194 g (80 %). % Cale: C, 42.57; H, 3.18; N, 16.55. % Found: C, 42.95; H,
337, N, 16.23. IR (KBr): 3425, 3116, 2363, 1611, 1586, 1561, 1508, 1460, 1412, 1384,
1341, 1298, 1253, 1231, 1196, 1184, 1130, 1070, 1009, 949, 892, 824, 797, 763, 739, 710,
644, 618, 597, 547, 429 cm™. Solubility: DMSO. pert 2.20 B.M. Apa(Nujol): Ag.q = 614
M. Amad(DMSO): 2gq = 678 nm, & = 140.55 dm® mol' em’™. Am(DMSO0): 1.08 S cm?

-
mol .

E.6.1.5 [Cu{OAc),(2-PhBZDH);| (33)

Yield: 0.2537 g (35 %) % Cale: C, 63.20; H, 4.60; N, 9.83 % Found: C, 63.94; H, 4.67;
N, 9.80 IR (KBr): 3432, 3130, 3067, 2980, 2915, 2867, 2804, 2763, 1570, 1497, 1482,
1463, 1424, 1399, 1335, 1325, 1288, 1133, 1013, 989, 923, 810, 763, 740, 698, 675, 634,
614, 571, 506, 488, 436 cm™ Solubility: DMSO. per: 1.74 B.M. Amax(Nujol): hgq= 618
nm.  Amax(DMSO): gy = 678 nm, £ = 127.53 dm’ mol”' em™. Aa(DMSO): 2.81 S cm”

-1
mol™.
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E.6.2 Synthesis of copper(lI) acetate salts of the chelating benzimidazoles

E.6.2.1 {|[Cu(TBZ),(H20)).EtOH}, (34)

Yield: 0.6528 g (69 %). % Cale: C, 50.03; H, 3.82; N, 15.91. % Found: C,49.77, H, 2.97;
N, 14.96. IR (KBr): 3378, 2974, 1919m 1594, 1551, 1474, 1406, 1378, 1325, 1295, 1273,
1230, 1197, 1146, 1112, 1067, 1015, 999, 923, 912, 874, 829, 743, 706, 686, 640, 562, 485,
437 ecm’ Solubility: DMSO. peg: 1.99 B.M. Apax(Nujol): Ag.q = 683 nm. Amax(DMSO):

Yg.4=697 nm, € = 67.59 dm’ mol™ em™. Ay(DMSO): 1.81 em® mol™.

E.6.2.2 [Cu(OAc):(2-PYBZDH)] (35)

Yield: 0.6528 g (69 %). % Cale: C, 50.99; H, 4.01; N, 11.15. % Found: C, 48.78: H, 3.69;
N, [1L.91. IR (KBr): 3456, 3372, 3074, 3016, 2361, 2343, 1606, 1579, 1560, 1495, 1458,
1378, 1280, 1256, 1223, 1147, 1108, 1002, 913, 861, 809, 738, 717, 701, 667, 535, 506,

438 cm™', Solubility: DMSO. peg: 2.17 B.M. Amax(Nujol): 2g.4= 621 nm. Anax(DMSO):

ha.a=687 nm, £ = 76.53 dm’ mol” em’'. An(DMSO0): 0.93 cm® mol™.
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E.6.3 Synthesis of copper(Il) chloride salts of the simple benzimidazoles
In a typical synthesis the relevant benzimidazole (7.4 mmol) was added to a solution of
CuCl>.2H20(0.5 g, 3.7 mmol) in EtOH (50 ¢em) and the resulting suspension refluxed for 3

h. The product was filtered off, washed with water and ethanol, then air-dried.

E.6.3.1 [Cu(BZDH);(H,0)Cl|CI (37)
Yield: 0.8719 g (62 %). % Calc: C, 43.26; H, 3.63; N, 14.51. % Found: C, 45.94: H,
3.39; N, 15.37. IR (KBr): 3432, 3198, 3144, 3112, 2980, 2909, 2836, 2559, 2361, 1776,
1623, 1596, 1491, 1463, 1421, 1364, 1303, 1272, 1248, 1198, 1138, 1110, 1009, 974, 929,
895, 884, 849, 777, 749, 634, 618, 549, 437, 425 cm’'. Solubility: DMSO. peg: 1.89 B.M.

Amax(Nujol): 2g4 = 709 nm.  Apad(DMSO): hgq = 874 nm, £=111.58 dm®* mol™' cm™.

Ayi(DMSO): 17.358 cm” mol”,

E.6.3.2 [Cu(5-BZDHCOOH),(H,0)CI1]CI (38)

Yield: 0.8529 g (48 %). % Calc: C, 40.31; H, 2.96; N, 11.75. % Found: C, 42.57; H,
2.73; N, 11.96. IR(KBr): 3433, 3207, 2706, 2653, 2598, 2547, 1924, 1770, 1704, 1627,
1596, 1504, 1466, 1425, 1414, 1364, 1312, 1245, 1130, 1195, 973, 955, 932, 896, 880, 823,
814, 777, 767, 750, 715, 684, 617, 591, 554, 448, 422 cm™.  Solubility: DMSO. Hefr: 2.04

B.-M. Amax(Nujol): 2aa= 676 nm. Apax(DMSO): hga= 879 nm, £ = 137.52 dm® mol™ ecm™,

An(DMSO): 48.17 S cm?® mol ™.
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E.6.3.3 [Cu(2,5-Me,BZDH);(H,0)CI|CI (39)
Yield: 0.7695 g (49 %). % Cale: C, 48.60; H, 4.98; N, 12.59. % Found: C, 50.57; H,
4.70: N, 12.99. IR (KBr): 3440, 3268, 3037, 2918, 2861, 2498, 1850, 1633, 1602, 1543,

1471, 1409, 1309, 1290, 1251, 1229, 1147, 1057, 947, 873, 853, 754, 787, 670, 622, 552,
502, 446, 420, 411 cm’ Solubility: DMSO. peet 1.72 BM. Apas(Nujol): 4.9 = 726 nim.

Amax(DMSO): hg.q=907 nm, £ = 114.65 dm® mol cm™. An(DMSO): 17.98 cm® mol™.

E.6.3.4 [Cu(6-NO;BZDH),(H,0)CI|Cl (40)
Yield: 1.2616 g (74 %). % Cale: C, 35.12; H, 2.53; N, 17.55. % Found: C, 36.38; H,
2.18: N, 17.91. IR (KBr): 3398, 3153, 3118, 1798, 1628, 1597, 1538, 1496, 1472, 1452,
1406, 1380, 1337, 1303, 1256, 1189, 1135, 1117, 1070, 973, 894, 841, 819, 799, 755, 736,
699, 657, 600, 563, 542, 411, 422 cm’'.  Solubility: DMSO. et 2.03 B.M,

Amax(Nujol): Aga = 689 nm. Ana(DMSO): 2y = 908 nm, £=147.18 dm® mol” cm™.

Ay(DMSO): 240 S em® mol ™.

E.6.3.5 [Cu(2-PhBZDH),(H,0)CI|CI (41)
Yield: 1.0883 g (85 %). % Cale: C, 57.73; H, 4.10; N, 10.36. % Found: C, 58.30; H,
442, N, 9.69. IR (KBr): 3442, 3150, 3062, 2973, 1625, 1600, 1541, 1483, 1464, 1451,
1417, 1321, 1286, 1229, 1150, 1129, 1075, 1043, 990, 921, 882, 818, 773, 760, 735, 695,
634, 556, 567, 756, 488, 429 em’ Solubility: DMSO. pere 1.76 B.M. Apa{Nujol): 244 =
909 nm. Ama(DMSO): Ag.q= 908 nm, € = 26.25 dm® mol” em™. Ay(DMSO): 22.1 S cm’

mol™.
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E.6.3.6 [Cu(5,6-Me;BZDH)(H,0)Cly] (42)

Yield: 0.2343 g (22 %). % Calc: C, 36.19; H, 4.05; N, 9.38 %. Found: C, 39.24; H, 3.67;
N, 0.68. IR (KBr): 3383, 3133, 2971, 2941, 2861, 1622, 1592, 1505, 1474, 1440, 1392,
1334, 1310, 1267, 1251, 1204, 1166, 1146, 1085, 1006, 974, 857, 841, 681, 643, 571, 484,

447, 430 em™. Solubility: DMSO. pe: 1.85 B.M. Amax(Nujol): 2gq = 876 nm.

A DMSO): g.g= 847 nm, & = 122,98 dm’ mol' ecm™. Ay(DMSO): 10.8 S em” mol ™.

E.6.4 Synthesis of copper(II) chloride salts of the chelating benzimidazoles

E.6.4.1 [Cu(TBZH);Cl)C1.2H;0 (43)

Yield: 1.2801g (60 %). % Cale: C, 41.92 H, 3.16; N, 14.66. % Found: C, 41.64; H,
3.03; N, 14.35. IR (KBr): 3470, 3188, 3090, 3074, 3043, 2830, 2755, 2687, 1626, 1596,
1480, 1464, 1429, 1286, 1232, 1207, 1182, 1146, 1117, 1014, 997, 936, 877, 701, 748, 730,
649, 635, 572, 486, 437 em™. Solubility: DMSO per: 1.78 BM. Ana(Nujol): 2ga= 716
M. Aman(DMSO): hgg = 787 nm, &= 131.2dm" mol” em™.  Au(DMSO): 20.01 S cm’

mol .
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E.6.4.2 [Cu(2-PYBZDH),Cl|Cl (44)

Yield: 1.2404 g (64 %). % Cale: C, 54.92; H, 3.46; N, 16.01. % Found: C, 54 .80; H,
3.55; N, 15.83. IR (KBr): 3426, 3089, 3023, 2975, 2910, 2857, 2797, 2748, 2695, 2635,
2515, 1611, 1571, 1541, 1483, 1461, 1447, 1425, 1395, 1322, 1311, 1291, 1267, 1231,
1146, 1121, 1094, 1065, 1053, 1019, 987, 910, 851, 821, 796, 790, 771, 757, 742, 696, 635,
640, 633, 577, 561, 499, 429, 409 cm’'.  Solubility: DMSO.  per: 1.86 B.M.

Amax(Nujol): Agq = 683 nm. Anax(DMSO): Agq = 773 nm, & =160.73 dm’ mol™ em™.

An(DMSO0): 25.93 S em” mol ™.

E.6.5 Synthesis of copper(ll) sulfate salts of the simple benzimidazoles

In a typical synthesis the relevant benzimidazole (4 mmol) was added to a solution of
CuS0,4.5H,0 (0.5 g, 2 mmol) in EtOH (50 cm3) and the resulting suspension refluxed for 3

h. The product was filtered off, washed with water and ethanol, then air-dried.

E.6.5.1 [Cu(BZDH)(H,0)}[(SO,) (45)

Yield: 0.3295 g (53 %). %¢Cale: C, 30.27; H, 2.17; N, 10.09. % Found: C, 30.00; H,
2.12: N, 9.23. IR (KBr): 3386, 3161, 3111, 2984, 2913, 2885, 2845, 1624, 1597, 1498,
1467, 1435, 1365, 1306, 1277, 1254, 1115, 1035, 1009, 973, 920, 884, 841, 824, 777, 744,
619, 438, 426 cm™. Solubility: DMSO. per: 1.81 B.M. Apax(Nujol): Agq = 570 nm.

Amaxd(DMSO): heg= 781 nm, £ = 143.53 dm® mol™” em™. Ay(DMSO): 4.53 S cm” mol™.
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E.6.5.2 [Cu(5-BZDHCQOOH)(H,0);](S04).2H;0 (46)

Yield: 0.5873 g (74 %). %Calc: C, 24.46; H, 3.34; N, 7.13, % Found: C, 23.79; H, 3.38;
N, 6.82. IR (KBr): 3207, 2456, 1910, 1776, 1667, 1624, 1588, 1487, 1456, 1412, 1385,
1363, 1308, 1290, 1241, 1133, 1104, 1019, 983, 954, 929, 890, 828, 809, 775, 754, 677,
621, 534,479,423, 407 cim’'. Selubility: DMSO.  pe 2.00 B.M. Apax(Nujol): 24.4= 673
nm. Amad(DMSO): gg=788 nim, e = 131.73 dm’ mol' cm™ . An(DMSO): 23.05 8 cm’

mol ™.

E.6.5.3 [Cu(2,5-Me;BZDH)(H,0),](S0.) (47)

Yield: 0.4923 g (72 %). %Cale: C, 31.62; H, 4.13; N, 8.20. % Found: C, 29.78; H, 3.87,
N, 8.13 IR (KBr): 3568, 3424, 3059, 1630, 1577, 1549, 1461, 1421, 1309, 1299, 1198,
1137, 1097, 1068, 992, 938, 878, 820, 804, 765, 677, 653, 635, 620, 481, 430 em™.
Solubitity: DMSO. per: 1.88 B.M. Apad{Nujol): 2a.qa= 701 nm. Apax( DMSO): Aya= 792

nm, € = 155.1 dm* mol" em™”. Ay(DMSO): 3.23 S em? mol ™.

E.6.5.4 [Cu(2-AmBZDH)»(H,0),](504).2H,0 (48)
Yield: 0.8775 g (88 %). % Cale: C, 33.77; H, 4.45; N, 16.88. % Found: C, 34.35; H,
3.95; N, 15.81. IR (KBr): 3326, 3183, 2887, 2785, 1685, 1650, 1597, 1579, 1493, 1471,

1388, 1275, 1215, 1116 1011, 975, 912, 879, 842, 755, 739, 690, 619, 505, 428 em’.
Solubility: DMSO. e 2.06 B.M. Adpax(Nujol): Ag.q = 624 nm. Apa(DMSO): Ada=T718

nm, ¢ = 127.98 dm® mol™ em™. Ay(DMSO0): 3.83 S cm” mol™.
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E.6.5.5 [Cu(6-NO,;BZDH)(H;0):](SO4) (49)

Yield: 0.8950 g (86 %). %Calc: C, 32.22; H, 2.70; N, 16.10. % Found: C, 3241; H,
2.80; N, 15.78. IR (KBr): 3399, 3151, 3118, 2978, 2887, 1629, 1598, 1529, 1491, 1418,
1379, 1346, 1300, 1278, 1243, 1135, 1122, 1071, 1043, 980, 937, 895, 838, 797, 761, 737,
699, 620, 593, 539, 426 cm™ . Solubility: DMSO. peg 1.81 BM. Apax(Nujol): Agq= 681
M. A DMSO): 2gg = 778 nm, € = 91.68 dm® mol™” em™. Ay, (DMSO0): 12.85 S en’

mol™.

E.6.6 Synthesis of copper(Il) sulfate salts of the chelating benzimidazoles

E.6.6.1 [Cu(TBZH);](S0,).E(OH (50)

Yield: 0.9842g (82 %). % Cale: C, 43.45; H, 3.31; N, 13.80. % Found: C, 43.19; H,
3.21; N, 13.40. IR (KBr): 3425, 3097, 3071, 2987, 2809, 2652, 2360, 2342, 1623, 1592,
1579, 1517, 1482, 1455, 1442, 1405, 1358, 1329, 1306, 1278, 1231, 1165, 1124, 1082,
1034, 1007, 991, 959, 935, 903, 874, 836, 770, 741, 669, 620, 600, 573, 537, 489, 434 em’!
Solubility: DMSO. peret 1.97 BM..  Apax(Nujol): Aga= 652 nm.  Ana(DMSO): Agq=

726 nm, £ = 144,29 dm® mol! em™. An(DMSO): 10.84 S em” mol™.
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E.7 SYNTHESIS OF SILVER(I) SALTS INCORPORATING BENZIMIDAZOLE

LIGANDS

E.7.1 Synthesis of silver(I) nitrate salts of the simple and chelating benzimidazoles

In a typical synthesis a solution of AgNO; (0.45g, 2.5 mmol}) in water (15 em’) was added
to a suspension of the relevant benzimidazole (2.5 mmol) in EtOH (15 cm’) and the
resulting colourless suspension stirred for 3 h. The colourless product was filtered off,

washed with water and ethanol, then air-dried.

E.7.1.1 [Ag(BZDH);](NO3) (51)

Yield: 0.4823 g (48 %). % Cale: C, 41.40; H, 2.98; N, 17.24. % Found: C, 40.98; H,
2.9: N, 17.20. IR (KBr): 3441, 3148, 3114, 3096, 3061, 2969, 2864, 2801, 1898, 1772
1623, 1599, 1588, 1494, 1478, 1459, 1438, 1410, 1384, 1365, 1303, 1274, 1247, 1203,

1135, 1107, 1005, 970, 959, 933, 887, 834, 825, 769, 752, 746, 728, 627, 608, 419 em’.

Solubility: insoluble.

E.7.1.2 [Ag(5-BZDHCOOH);](NO3) (52)
Yield: 0.5736 g (47 %). % Cale: C, 37.52; H, 2.76; N, 13.67. % Found: C, 36.97; H,
2.58: N, 13.62. IR (KBr): 3433, 3147, 3054, 2360, 2342, 1676, 1628, 1589, 1416, 1384,
1313, 1269, 1231, 1117, 1081, 1041, 966, 932, 884, 818, 773, 743, 718, 681, 668, 608, 591,

558,417 cm™. Solubility: insoluble.
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E.7.1.3 [Ag(2-PhBZDH);](NO3) (53)

Yield: 0.5573 g (40 %). % Cale: C, 55.93; H, 3.61; N, 12.54. % Found: C, 55.29; H,
3.70; N, 12.74. IR (KBr): 3529, 3050, 2859, 2794, 1623, 1597, 1545, 1496, 1477, 1462,
1446, 1412, 1384, 1335, 1317, 1277, 1226, 1147, 1120, 1075, 1029, 1003, 982, 971, 925,

847, 827, 816, 776, 761, 745, 696, 633, 568, 477, 432 em’. Solubility: insoluble.

E.7.1.4 [Ag(5,6-Me;BZDH), | (NO3) (54)

Yield: 0.4602 g (58 %). % Calc: C, 46.77; H, 4.36; N, 15.15. % Found: C, 46.80; H,
426: N, 14.83. IR (KBr): 3446, 3146, 3027, 2963, 2925, 2858, 2762, 2645, 1635, 1591,
1477, 1447, 1384, 1306, 1265, 1237, 1159, 1130, 1082, 1024, 1000, 955, 864, 845, 781,

717,641,615, 568,477,442, 427 em'. Solubility: insoluble.

E.7.1.5 [Ag(6-NO,BZDH)|(NO3) (55)

Yield: 0.6198 g. (74 %) % Cale: C, 25.25: H, 1.51; N, 16.82. % Found: C, 25.51; H,
1.62: N, 16.72 IR (KBr): 3441, 3101, 2360, 1768, 1624, 1607, 1586, 1502, 1455, 1384,
1345, 1298, 1226, 1194, 1124, 1067, 946, 894, 882, 812, 795, 759, 735, 706, 634, 590, 546,

420 ¢, Solubility: insoluble.

E.7.1.6 [Ag(2-CIBZDH)|(NO3) (56)

Yield: 0.5063 g (60 %). % Cale: C, 28.56; H, 2.09; N, 12.49. % Found: C, 28.58; H,
2.01; N, 12.63. IR (KBr): 3435, 3099, 3028, 2894, 2765, 1767, 1623, 1596, 1538, 1464,
1449, 1403, 1384, 1334, 1280, 1223, 1147, 1049, 1001, 920, 850, 746, 705, 642, 628, 477,

438 ¢m’'. Solubility: insoluble.
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E.7.1.7 [Ag(TBZH)|(NO3) (57)

Yield: 0.6726 g (35 %). % Cale: C, 32.36; H, 1.90; N, 15.10. % Found: C, 32.71; H,
2.02: N, 15.43. IR (KBr): 3444, 3095, 3047, 2934, 2795, 2655, 1622, 1578, 1481, 1455,
1406, 1384, 1323, 1306, 1277, 1230, 1195, 1156, 1095, 1012, 987, 926, 903, 876, 824, 767,

739, 652, 635, 617, 570, 536, 489, 433 cm’’. Solubility: insoluble.
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E.7.2 Synthesis of silver(l) sulfate salts of the simple and chelating benzimidazoles
In a typical synthesis Ag>SOys (0.2953g, 2.5 mmol) was added to a suspension of the
relevant benzimidazole (2.5 mmol) in EtOH (20 cm3) and the resulting suspension stirred

for 3 h. The product was filtered off, washed with water and cthanol, then air-dried.

E.7.2.1 [Ag:(BZDH)|(SO.) (58)

Yield: 0.8521 g (85 %). % Cale: C, 19.56; H, 1.41; N, 6.52. % Found: C, 20.16; H,
1.47: N, 6.45. IR (KBr): 3422, 3137, 3048, 2980, 2907, 2820, 1623, 1598, 1484, 1461,
1450, 1436, 1364, 1303, 1251, 1231, 1114, 1006, 974, 955, 884, 860, 776, 742, 727, 617,

426,417 cm™. Solubility: insoluble.

E.7.2.2 [Ag:(2-AmBZDH)[(SOy) (59)
Yield: 0.9967 g (90 %). % Cale: C, 18.89; H, 1.59; N, 9.44. % Found: C, 19.42; H,
1.50: N, 9.53. IR (KBr): 3384, 3194, 1647, 1591, 1561, 1489, 1468, 1385, 1323, 1276,

1215, 1119, 1072, 908, 734, 690, 618, 592, 503 cm’'. Selubility: insoluble.

E.7.2.3 [Ag2(5-BZDHCOOH)|(SO,) (60)

Yield: 0.3818 g (27 %). % Cale: C, 37.52; H, 2.76; N, 13.67. % Found: C, 37.42; H,
2.48; N, 13.62. IR (KBr): 3422, 3205, 3104, 3048, 2825, 1919, 1676, 1628, 1589, 1560,
1509, 1489, 1413, 1365, 1314, 1292, 1272, 1233, 1123, 1060, 966, 930, 890, 829, 772, 744,

682,617,591, 561, 534,417 cm'. Solubility: insoluble.
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E.7.2.4 [Ag)(5,6-Me;BZDH)[(SOy) (61)

Yield: 1.0679 g (94 %) % Calc: C, 23.60; H, 2.20; N, 6.12 % Found: C, 22.89; H, 2.09;
N, 5.80 IR (KBr): 3424, 3115, 3023, 2964, 2935, 2859, 1636, 1593, 1489, 1474, 1446,
1410, 1386, 1339, 1311, 1269, 1239, 1119, 1066, 1001, 964, 842, 786, 616, 479, 444, 424

cm™' Solubility: insoluble.

E.7.2.5 [Agx(6-NO,BZDH)|(SO4) (62)

Yield: 1.0419 g (88 %). % Cale: C, 17.70; H, 1.06; N, 8.94. % Found: C, 18.78; H,
1.06; N, 8.85. IR (KBr): 3385, 3111, 2968, 2820, 1626, 1600, 1522, 1474, 1420, 1404,
1380, 1347, 1299, 1273, 1235, 1116, 1066, 961, 884, 836, 824, 798, 760, 737, 693, 617,

590, 540, 427 o’ Selubility: insoluble.

E.7.2.6 [Ag:(2-PhBZDH)](SOy) (63)

Yield: 0.9502 g (75 %). % Cale: C, 30.86; H, 1.99; N, 5.54. % Found: C, 32.17; H, 2.07;
N, 5.68. IR (KBr): 3433, 3056, 3017, 2974, 2928, 2889, 2853, 2802, 2758, 2635, 2362,
1623, 1595, 1542, 1494, 1462, 1447, 1414, 1379, 1320, 1282, 1226, 1113, 1071, 1002, 969,
922, 902, 814, 773, 764, 742, 704, 691, 607, 561, 551, 483, 431 ecm”.  Solubility:

insoluble.
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E.7.2.7 [Ag:(TBZH))(SOy) (64)

Yield: 1.1611g (91 %). % Cale: C, 23.41; H, 1.38; N, 8.19. % Found: C, 24.04; H, 1.40;
N, 8.09. IR (KBr): 3432, 3086, 2955, 28806, 2811, 2758, 2677, 2346, 1654, 1624, 1578,
1561, 1542, 1499, 1453, 1425, 1327, 1297, 1280, 1232, 1120, 1008, 992, 918, 903, 835,

832, 762, 742, 616, 550, 489, 435 em’'. Solubility: insoluble.
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E.7.3 Synthesis of silver(l) acetate salts of the simple and chelating benzimidazoles
In a typical synthesis Ag(OAc) (0.4173g, 2.5 mmol) was added to a suspension of the
relevant benzimidazole (2.5 mmol) in EtOH (20 e’ } and the resulting suspension stirred

for 3 h. The product was filtered off, washed with water and ethanol, then air-dried.

E.7.3.1 {Ag(BZD)}, (65)

Yield: 0.9891 g (90 %). % Cale: C, 37.37, H, 2.24; N, 12.45. % Found: C, 37.89; H,
2.33; N, 12.78. IR (KBr): 3457, 3072, 1751, 1636, 1609, 1463, 1453, 1384, 1364, 1300,
1239, 1204, 1145, 1113, 998, 910, 777, 742, 7345, 633, 554, 470, 426 cm”’. Solubility:

insoluble.

E.7.3.2 |Ag(5,6-Me;BZDH)(OAC)] (66)
Yield: 0.4229 g (55 %). % Cale: C, 42.20; H, 4.18; N, 8.95. % Found: C, 42.89; H, 4.03;
N, 8.48. IR (KBr): 3436, 3001, 1638, 1561, 1473, 1459, 1412, 1338, 1309, 1250, 1236,

1204, 1164, 1096, 991, 926, 849, 637, 488, 471, 431 cm'. Solubility: insoluble.

E.7.3.3 [Ag(5-BZDHCOOH)(OAc)| (67)

Yield: 0.6838 g (79 %). % Cale: C, 36.50; H, 2.76; N, 8.51. % Found: C, 36.53; H, 2.53;
N, 8.00. IR (KBr): 3422, 3207, 2470, 1911, 1775, 1664, 1624, 1555, 1485, 1458, 1411,
1364, 1309, 1291, 1241, 1151, 1134, 1082, 1018, 955, 929, 890, 828, 776, 754, 738, 651,

622, 589, 534, 424, 409 em, Solubility: insoluble.
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E.7.3.4 [Ag(2-AmBZDH),(0OAc)] (68)

Yield: 0.3263 g (33 %). % Calc: C, 44.36; H, 3.96; N, 19.40. % Found: C, 42.32; H,
322: N, 21.95. IR (KBr): 3457, 3371, 3073, 3015, 2361, 2343, 1891, 1735, 1606, 1578,
1494, 1458, 1281, 1222, 1193, 1147, 1107, 1096, 1002, 912, 831, 738, 669, 584, 505, 438

em’'. Solubility: insoluble,

E.7.3.5 {Ag(TBZ)}. (69)

Yield: 0.6726 ¢ (45 %). % Cale: C, 38.98; H, 1.96; N, 13.64. % Found: C, 38.28; H,
1.94; N, 13.06. IR (KBr): 3444, 3095, 2934, 2795, 1622, 1606, 1578, 1481, 1472, 1455,
1406, 1384, 1306, 1277, 1230, 1195, 1095, 1012, 987, 903, 876, 824, 767, 739, 631, 617,

536, 489, 433 cin”’ . Solubility: insoluble.
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E.8 HYDROGEN PEROXIDE DISPROPORTIONATION STUDIES

E.8.1 Hydrogen peroxide disproportionation by copper(Il) complexes in the
presence of added imidazole

Reactions were carried out at 25°C using the apparatus described in Figure 101. A weighed
sample of the copper(Il) complex (10 mg) and solid imidazole (50 mg) were added to the

flask, aqueous H20: (35 % w/w, 10 cm’, 114 mmol) was then injected using a hypodernic

syringe. The resulting mixture was stitred, and the Oz evolved was measured as a function

of time.

E.9 SUPEROXIDE DISMUTASE MIMETIC STUDIES

E.9.1 The modified nbt xanthine — xanthine oxidase assay
The O, dismutase activities of the metal complexes were assessed using a modified NBT

assay with xanthine - xanthine oxidase used as the source of 0,

Nitro-blue-tetrazolium (NBT) was used as the detector molecule, and the reduction of
NBT? to blue formazan (MF") by O;~ was followed spectrophtotometrically at 550 nm.
Xanthine was used as the source of superoxide as it oxidizes acerobically in the presence of

xanthine oxidase to form Q2 and urate.

The assay procedure was typically carried out as follows using double distilled water for all

solutions:
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Reaction mixtures contained 50 pM xanthine, 100 uM NBT, and 50 mM phosphate
buffered saline (PBS) at pH 7.8 and at 25°C in a volume of 3 em®. An amount of xanthine
oxidase (in 20 pL) was added to give a change in absorbance at 550 nm of 0.025 / min, this
corresponds to a flux of 1 pM 0>~ / min. The concentration of the tested compound did
not exceed 1 uM, therefore, a 0.1 mM concentration of tested solution was setup as shown
in Table 56. Xanthine oxidase was added to start the O, flux and NBT reduction was
measured in a thermostatically controlled UV-visible spectrophotometer (25°C) at 550 nm
for 3 min. The tested compounds were checked to see if they reacted with NBT or caused
an hibition of xanthine oxidase. This was done by following the change of absorbance at
550 nm in the presence of 100 mM NBT and tested compound, and then by examining the
conversion of xanthine to urate (in the absence of NBT) at 295 nm in the presence of tested

compound.

Table 56: Assay volumes used in the determination of O, "dismutase activity

Tested compound NBT reaction Water (pl) Xanthine Oxidase
(ul) mixture (cm3) (ul)
0 3 30 20
10 3 20 20
20 3 10 20
30 3 0 20
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E.10 ANTIMICROBIAL SUSCEPTIBILITY TESTING

E.10.1 Biological preparations

Fungal Isolates: Isolates of C. albicans were obtained from Oxiod (ATCC 10231).
Isolates were stored on Sabouraud dextrose agar (SDA) plates at 4°C and were subcultured

monthly from the initial received.

Sterilisation was achieved by autoclaving at 121°C and 100 kPa for 15 min.

Cell density was measured using M Farland standards.

Sabouraud dextrose agar (SDA) was obtained from Difco (0109-17-1) and made up

according to the manufacturers instructions.

Minimal Media: 2% glucose, 0.17% yeast nitrogen base without amino acids and 0.5%
ammonium sulfate were dissolved in a Duran bottle with distilled water. The resulting

solution was autoclaved and stored at 4°C.

E.10.2 Preparation of complex solutions for antimicrobial susceptibility testing

Tested complexes (0.1g) were ground to a fine powder and dissolved/suspended in 10 cm’
of pure DMSO. This solution was then added to 90 cm® of water to yield a stock solution

at a concentration of 1000 pg/em®. Dilutions of the stock solution were prepared; 100

ug/cm3, 50 pgf’cm}, 20 ug/cm3, 10 pg/cm3 and 5 pg/cm3.
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E.10.3 Antimicrobial susceptibility testing method

Prior to testing yeast cells were grown for 24 h on SDA at 37°C. Cell suspensions were
prepared in sterile PBS (5 em’) to a density of 0.5 MFarland standard, yielding a final
inoculum concentration of 3.5x10" - 5.0x10° cells em™. The prepared cell suspension (90
ul) was dispensed into microtitre plates and to this was added the test complex solution (10
ul) to yield working test complexes at concentrations of 100 pg:’cm“, 50 pg/cm3 , 20
ug/cm}’ , 10 pg/cm“, 5 pg/enn” and 2.5 pg/feny’. Plates were then incubated for 24 hat 37°C
with continuous shaking. Each complex was assessed in triplicate and three independent

experiments were performed.
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CONCLUSION
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Copper(11) hydroxide reacted with salicylic acid (salHy), acetylsalicylic acid (aspH),
3,5-diisopropylsalicylic acid (dipsH,) and 3-methoxysalicylic acid (msalHz) to yield
[Cu(salH)»(H20),] (1), [Cuxfasp)a(H20):])- H.0 (2), [Cu(dipsH)2(H-0)] (3) and the

novel polymeric complex {Cu(msal)(H>O)}, (4) respectively.

When (1) and (2} were reacted with a series of simple benzimidazoles five new
complexes were generated. The complex [Cu(salH):(BZDH),] (5) was characterised
by X-ray crystallography which showed it to have a square planar geometry. The
reactions of (1) and (2} with the chelating ligand thiabendazole resulted the
generation of (11). Complex (1) failed to react with 2-(2-pyridyl)benzimidazole

however, (2) reacted with this ligand to produce complex (12).

Complex (3) reacted with the simple benzimidazoles to give four new species (13),
(14), (15) and (16). Complexes (13) and (14) were characterised by X-ray
crystallography and were shown to be isostructural to (5). The complex [Cu(5-
BZDCOO)(H,0),].EtOH (16) contained no salicylate anion however, it did contain
the dianionic benzimidazole moiety 5-BZDCOO*. Complex (17) was generated by a
one pot reaction of 3,5-diisopropylsalicylic, copper(Il) acetate and 2-

aminobenzimidazole.

The reactions of {Cu(msal)(H,0)}, (4) with the benzimidazole ligands were not very
successful a fact that may be related to the doubly deprotonated nature of the
salicylate ligand. BZDH was the only non-chelating benzimidazole to react with it
yielding complex (20). Attempts to carry out one pot reactions of 3-methoxysalicylic

acid, with copper(11) acetate and the simple benzimidazole ligands were unsuccessful.
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(4) reacted with the two chelating benzimidazoles TBZH and 2-PyBZDH to give two

new complexes [Cu(msal)(TBZH)] (21) and [Cu(msal)(2-PyBZDH)] (22).

Complexes (1), (3) and (4) reacted with the chelating ligands t,10-phenanthroline and
2,2’-bipyridine to generate the six complexes (23) — (28). Complex (27) was
structurally characterised. Again the complex was found to adopt a square planar

geometry.

Copper(1) acetate and the simple copper(11} salts, copper sulfate and copper chloride
reacted with the benzimidazole ligands to yield the twenty one complexes (29) — (35)
and (38) — (50). Complex (30) was characterised by X-ray crystallography and again

was found to be isostructural to (5).

Attempts to react [Agx(salH),] with the benzimidazole ligands were unsuccessful.
However, the benzimidazoles reacted readily with the silver(l) salts, silver nitrate,
silver sulfate and silver acetate to yield 19 complexes. In the polymeric complexes

(64) and (69) the benzimidazoles are present as anionic ligands.

All of the copper complexes generated during this study were examined for catalase
mimetic activity. In the absence of added imidazole all of the complexes showed no

activity and when the base was added the activity was very moderate.
All of the soluble copper(Il) complexes were assessed for their ability to dismutate
superoxide using the NBT assay. The complexes all showed excellent SOD mimetic

activity with one unit of SOD activity arising from the range of 0.56 to 2.77 uM
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aqueous solutions. Of the complexes tested the copper(ll) sulfate complexes {(44) —

(49)} were the most active.

Complexes (5), (23) and (30} exhibited anticancer activity comparable with that of
cisplatin against three human derived cancer cell lines. These results suggest that it

would be worthwhile screening all of the other SOD active complexes also.

The antifungal activity of complexes (1) — (69) was also examined against the
pathogen Candida albicans. The copper(ll) complexes were tested over a
concentration range of 100 pg/cm3 to 10 pgf’cm3 . At the higher concentration the
majority of the complexes exhibit very good activity towards the pathogen. As the
concentration of the drug molecules is decreased their efficacy diminishes until finally
at 10 pg/em’ most of them are either essentially inactive or exhibit moderate to poor
anti-Candida properties. The photo-stable silver(I) benzimidazole complexes (S1) -
(69) were tested over a concentration range of 2 pg/en’ to 0.1 pg/em’ and found to be
excellent antimycotic agents. These compounds will be screened for cytoxicity and

may have potential for application as topical anti-fungal agents.
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