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ABSTRACT

Five novel complexes were synthesised in a stoichiometric reaction ratio 1:2:2 of the metal(ll)
salt, 1,10-phenanthroline and co-ligand (dicyanamide, azide and nitrate) respectively, in a
methanol/H,O milieu at 85 °C under reflux in air. The obtained complexes; [Mn(phen)2(NO3)2]
(1), [Mn(phen)2(N3)2] (2), [Mn(phen)z(dca)2] (3), [Cu(phen)(BMCA)](NO3) (4); BMCA =
bis(methoxycarbimido)aminato ligand and [Co(phen)2(NOz3)](dcg )-(H20) (5); dcg =
dicyanoguanidinate anion have been fully characterised using elemental analysis, infrared and
UV-Vis spectroscopy, room temperature magnetic susceptibility measurements and thermal
analytical techniques. Crystal structures for the complexes have been obtained and were
determined by single crystal X-ray diffraction. Complexes 1 and 2 crystallize in an
orthorhombic crystal system with space group Pbcn while complex 3 crystallizes in the
monoclinic crystal system with space group P2:/c. Complexes 4 and 5 crystallise in the
monoclinic crystal system and the structures are stabilised by extended hydrogen bonding
networks as well as aromatic n—n stacking interactions. Dicyanamide anion was transformed in
4 and 5 to bis(methoxycarbimido)aminato (BMCA) ligand and dicyanoguanidinate (dcg)
anions, respectively. These metal-promoted or mediated transformations proceed through a
nucleophilic attack of the nitrile groups of dicyanamide on methanol (case of BMCA), or on
another dicyanamide (case of dcg). The magnetic moments of 1-3 are consistent with d° high
spin octahedral geometry. The magnetic moment of 4, is 1.75 B.M corresponding to one
unpaired electron which is slightly greater than the spin only value of 1.73 B.M for d*. That of
5, is 3.92 B.M which is in agreement with d” high spin Co(ll) ion octahedral geometry. The
thermal properties of the complexes have also been evaluated. The TGA thermograms of all the
complexes show that they are stable up to 200 °C. The composition of the residue of 4 after
thermal decomposition was characterised by powder X-ray diffraction (PXRD). The PXRD plot
clearly shows (111), (200) and (220) peaks for Cu phase. Theoretical calculation were
performed on the Cu(ll) and Co(ll) complexes which experienced dca transformation using
DFT-B3LYP/6-31G(d,p) level theory. The complexes were screened for in vitro antibacterial
and antifungal activities by the disc diffusion method. Complexes which show high activity
against the microorganisms tested, their minimum inhibitory concentration values were
determined using microdilution method with two-folded serial dilutions. The MIC values
indicate that the complexes showed greater activity against the fungi strains and some bacteria
strains tested compared to that of the reference antifungal-fluconazole and antibacterial-

cloxacillin.
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RESUME

Cing nouveaux complexes ont été synthétisés et caractérisés par les techniques d’analyse
élémentaire (C, H et N), de spectroscopie (UV-visible et infrarouge), de test de solubilité, de
mesures de conductivité, d'analyse thermogravimétrique et de mesure de la susceptibilité
magnétique a température ambiante. La structure cristallographique sur monocristal des
complexes [Mn(phen)2(NOs)2] (1), [Mn(phen)2(N3)2] (2), [Mn(phen)z(dca)2] (3),
[Cu(phen)(BMCA)](NOs) (4); BMCA = anion bis(methoxycarbimido)aminato et
[Co(phen)2(NO3)](dcg™)-(H20) (5); dcg = anion dicyanoguanidinate ont été obtenue. Les
complexes 1 et 2 cristallisent dans le systéme orthorhombique avec le groupe d'espace Pbcn
tandis que le complexe 3 cristallise dans un systeme monoclinique avec le groupe d'espace
P2i/c. Les complexes 4 et 5 cristallisent dans un systéeme monoclinique et les structures sont
stabilisées par des liaisons hydrogeéne et I’interaction aromatique n—m du noyau aromatique.
L'anion dicyanamide a été transformé en 4 et 5 aux ligand bis(methoxycarbimido)aminato
(BMCA) et anion dicyanoguanidinate (dcg) respectivement. Cette transformation métal-promu
procede par une attaque nucléophile du groupement nitrile de dicyanamide sur le méthanol (cas
de BMCA) ou sur un autre anion de dicyanamide (cas de dcg). Le moment magnétique des
complexes 1-3 sont compatibles avec les spins élevés d® avec une géométrie octaédrique. Le
moment magnétique de 4 est de 1.75 B.M correspondant a un électron impair qui est légérement
plus grand que le spin a la valeur de 1.73 B.M pour d*. Celui du 5 est de 3.92 B.M qui est en
accord avec le spin élevé d’ de I'ion Co(ll) avec pour géométrie octaédrique. Les propriétés
thermiques des complexes ont également été évaluées. Les thermogrammes de l'analyse
thermogravimétrique de tous les complexes montrent qu'ils sont stables a 200 °C. La
composition du résidu du complexe de cuivre a été caractérisée par la diffraction des rayons-X
sur poudre et sa courbe a montré clairement la phase du cuivre aux pics (111), (200) et (220).
La méthode de calcul théorique par DFT-B3LYP/6-31G(d,p) a été utilisée pour I’analyse des
complexes Cu(ll) et Co(ll). Les résultats montrent qu’il y a adéquation entre les géométries
théorique et expérimentale. Les gaps d’énergie entre les orbitales HOMO et LUMO pour les
complexes Cu(ll) et Co(ll) indiquent que le complexe Co(ll) est plus stable que le complexe
Cu(ll). Les complexes ont été soumis aux tests antibactériens et antifongiques suivant la
méthode de diffusion de disque. La concentration minimale inhibitrice indique que les
complexes montrent des activités supérieures a celle des levures et certain bactérie comparable

a la de référence antifongique-fluconazole et antibiotique-cloxacillin.
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GENERAL
INTRODUCTION




Scientific interest in the synthesis and characterisation of new coordination compounds with
desired physicochemical and biological properties has increased recently [1-9]. The intriguing
structural diversities of these compound has made them find applications in optical devices [7,
10], magnetic devices [10-14], gas storage [5, 9, 13-15], ion exchange [4, 7, 9], antimicrobial
agents [1, 5], luminescence devices [14-16], bio-sensing [1, 17], nanomaterials [1, 18],
molecular separation [4, 5, 9, 13] and catalysis [9, 11-13, 17]. The concepts of crystal
engineering and supramolecular chemistry aimed at controlling the way molecules assemble in
the solid state have been used to synthesised structures with oriented properties [7, 16, 19].
These structures with tailored biological properties are obtained through judicious choice of the
ligands, the metal ions, the counter ion, the solvent, and the reaction conditions [1, 2, 9, 20-22].

The construction of supramolecular systems is principally based on the non-covalent
interactions such as hydrogen bonding [2, 13, 15, 23-28], n-x stacking [1, 4, 12, 15, 22, 23, 27-
29], dipole-dipole interaction [4, 30], hydrophobic interactions, Van der Waals interactions [25,
31-35], cation-n and anion-7 interactions [19, 36] and ion-ion interactions [37]. These non-
covalent interactions have been used as effective and versatile tools for the construction of
structures having well defined characteristic properties [37-39]. The non-covalent interactions
also play an important role in the overall arrangement of the structure and influence the
properties [1, 40, 41]. These interactions are also essential in some biochemical processes like
replication of DNA, the folding of proteins, the specific recognition of substrates by enzymes
and the detection of molecular signals [38, 42, 43].

Interest in the biological and medicinal properties of coordination compounds is due to the fact
that some metal-based drugs are biologically more active than the organic drug molecules [44-
46]. The metal-based drugs enhance the solubility and bioavailability, reduce systemic toxicity
and increase the potency with multiple mode of actions of the drug [47]. The mode of action of
these metal-based drugs prevents drug resistance by increasing cellular efflux, avoid drug
modification or inactivation and avert target modification [46, 47].

The use of antibiotics and chemotherapeutics to control infectious diseases caused by different
pathogenic microorganisms has been complicated by emerging infectious diseases and the
growing number of multi-drug resistant microbial pathogens [48, 49]. The increasing resistance
of microbes to antibacterial and antifungal drugs has necessitated the search for new compounds
to target pathogenic microbes [50, 51]. The strategies that have been employed to tackle this
resistance problem include the structural modification of existing antimicrobial drugs and the
development of entirely new classes of antimicrobial agents [52-54]. In this thesis, focus is on



the application of Mn(11), Co(Il) and Cu(ll) complexes of 1,10-phenanthroline and co-ligands
as antimicrobial agents against resistant pathogens. Mn(l1), Co(ll) and Cu(ll) ions have
attracted our attention because they can adopt variable coordination numbers (from 4 to 6) and
geometries. These metal ions in some complexes possess magnetic and biological properties
[14, 55-61].

N-donor ligands are of interest to this work due to their applications in biology [62, 63],
pharmacology [55, 62, 64], and magnetism [62, 65-67]. Nitrogen-containing heterocycles such
as 1,10-phenanthroline have been found to possess diverse pharmacological activities since the
ligands play a significant role in many biological systems, and is a component of several
vitamins and drugs [1, 58]. 1,10-phenanthroline (phen) and its derivatives differ in their
chelating ability mainly as a result of the difference in geometry and conformation of the free
molecules [68]. In addition to its versatile and classical chelating nature [58, 69-71] in phen is
a biologically important ligand, and some of its metal complexes have been shown to be
effective against various strains of microorganisms [48, 72-77]. This chelating bidentate N,N’-
donor ligand is a versatile starting material for metal-organic framework, and some of its

complexes exhibit luminescence, antimicrobial and magnetic properties [64, 78-80].

In this thesis, the complexes of Mn(ll), Co(ll) and Cu(ll) with phen and co-ligands
(dicyanamide, azide and nitrate ions) have been synthesised and characterised by elemental
analyses, spectroscopic methods (FTIR, UV-visible), room temperature magnetic susceptibility
and thermal analytical techniques. The single crystal X-ray structures have also been
determined. The antimicrobial activities of these complexes on some resistant bacterial and
fungal strains have been evaluated.

This thesis is divided into five sections starting with a general introduction. Chapter one focuses
on a literature review of the metal complexes of phen. It also presents the motivation, aim and
objectives of the work. Chapter two details the experimental methods used, while the results
and discussion are presented in chapter three. This is closely followed by a general conclusion
and perspectives for further work.



CHAPTER 1
LITERATURE REVIEW




1.1-  Supramolecular Chemistry and Crystal Engineering

Supramolecular chemistry is one of the most important innovations in inorganic, organic and
biochemistry in the last decades and offers high control over the process of molecular self-
assembly (reversibility, directionality, specificity and cooperativity due to its unique nature)
[81-83]. Supramolecular chemistry has expanded rapidly both in terms of potential applications
and in its relevance to analogous biological systems [84, 85]. The concept of supramolecular
chemistry was introduced by Jean-Marie Lehn as the “chemistry of molecular assemblies and
of the intermolecular bond” in 1979, or as the “chemistry beyond the molecule”. Other
definitions of supramolecular chemistry include “the chemistry of non- covalent bond” and
“non-molecular chemistry”. Originally, supramolecular chemistry was defined in terms of the
non-covalent interactions between a “host” and a “guest” molecule. However, the rapid
expansion in supramolecular chemistry has resulted in evolution of “host-guest” principle.
Supramolecular chemistry now encompasses not only “host-guest” systems but also molecular
recognition, so-called “self-processes” such as self-assembly and self-organization to molecular
devices and machines [81, 86-88]. The formation of “supermolecules” relies on the ability of
molecular entities to identify each other and self-assemble by means of non-covalent
interactions (e.g. dipole-dipole, hydrogen bonding) [89, 90]. Since intermolecular interactions,
such as metal ion coordination, electrostatic forces, hydrogen bonding, van der Waals
interactions, donor-acceptor interactions, etc. are in general weaker than covalent bonds, the
supramolecular entities are dynamic materials by nature allowing error-checking and resulting
in defect-free products. The construction of supramolecular architectures is performed by
breaking or making intermolecular bonds under thermodynamic control which has provided an
alternative and complementary synthetic strategy to covalent chemistry [87, 91].

Supramolecular chemistry and crystal engineering practised at the A and nm scale are the
meeting point of ‘top down’ chiselling and ‘bottom up’ construction of nanostructures for
materials science and technology. Understanding structure—property correlation and finding the
optimal material for a particular application is the goal in these studies [85]. When applied to
crystalline solids, the paradigm shift leads directly from supramolecular chemistry to crystal
engineering which is the understanding of intermolecular interactions in the context of crystal
packing and in the utilisation of such understanding in the design of new solids with desired or
tailored physical and chemical properties [87, 92].

Crystal engineering is described as the design and construction of crystalline solids, both

organic and metal-organic, with the goal of expressing a specific function or property within
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the solid [89]. Crystal engineering was born in the field of solid-state organic chemistry in the
context of studying the solid-state photo-dimerization of cinnamic acid [23]. Coordination
polymers and metal-organic frameworks are among the most prolific research areas of inorganic
chemistry and crystal engineering which constitute an interdisciplinary field with their origins
from inorganic and coordination chemistry [65, 93-95]. Studies in this area of research have
expanded rapidly in the last three decades, and are now also attracting the interest of the
chemical industry. The term "Crystal Engineering" was first introduced by Pepinsky in 1955 and
was then elaborated by Schmidt (1950-1970). Schmidt addressed the issue of crystal packing in
the context of organic solid-state photochemical reactions of cinnamic acids and amides [96-98].
According to Desiraju, crystal engineering is the understanding of intermolecular interactions in
the context of crystal packing and the utilization of such understanding in the design of new solids
with desired physical and chemical properties [96, 99]. Crystal engineering has grown and
developed over the past 50 years as a natural outcome of the interplay between crystallography
and chemistry [98].

Crystal engineering overlap considerable with supramolecular chemistry and yet it is a distinct
discipline. In a broader sense, the concepts of crystal engineering are applicable to any kind of
intermolecular assembly, for example, protein-ligand recognition. The subject today includes three
distinct activities, which form a continuous sequence. Firstly, it involves the study of
intermolecular interactions; followed by the study of packing modes, in the context of these
interactions and with the aim of defining a design strategy; and lastly, the study of the crystal
properties and their fine-tuning with deliberate variations in the packing [96, 97].

The rational design of functional solid materials from metal ions and multifunctional ligands as
building blocks with intermolecular interactions for the self-assembly has attracted considerable
attention in crystal engineering due to their potential applications in catalysis, separations,
optoelectronics, conductivity, porosity, chirality, luminescence, magnetism, spin-transition, non-
linear optics and antimicrobials [64, 96, 100, 101]. The rich structural diversity present in such
compounds in-turn facilitates systematic evaluation of structure-property relationships [102]. In
the design and preparation of new crystalline structures, the expansion of crystal engineering as a
research field has gone parallel with a significant interest in the origin and nature of intermolecular
interactions [97]. The reality of the idea in 1955 saw little interest until the 1970s by which the
improvement of X-ray methodologies enabled more precise determination of the spatial
arrangement of molecules within a crystal, allowing photochemists to more thoroughly explore
the effects of light on molecules in the solid state [89].



The realm of crystal engineering has consequently achieved great success in the self-assembly of
molecules by increasing the number of components, polar bridging groups with variable spacer
and counter-ions which decide whether one-dimensional (1D) molecular chains can interlock to
form two-dimensional (2D) networks which in turn could be cross-linked into three-dimensional
(3D) networks [30]. Coordination polymers (CPs), coordination networks (CNs), metal-organic
frameworks (MOFs), organic-inorganic hybrid solids are some of the terminologies extensively
encountered in this discipline where dimensionality, nature of interactions, permanent porosity

draw a line of demarcation among them [99].
1.2- Non-covalent Interactions

An understanding and quantification of intermolecular interactions is of importance both for
the rational planning of new supramolecular systems, including intelligent materials, as well as
for developing new biologically active agents [84, 103]. The strongest bonds that are present in
organic molecules are covalent bonds. A typical carbon-carbon (C-C) covalent bond has a bond
length of 1.54 A (bond energy: 85 kcal-mol™?), meaning considerable energy must be expended
to break the bonds [104]. Due to their strength and directionality, covalent bonds are not
classified as one driving force for the formation of self-assembled systems [105]. Although the
covalent bonds determine the skeleton or the disposition of atoms inside a molecule (its primary
structure), the non-covalent interactions can control or organise the conformation, aggregation,
the tertiary and quaternary structure of the molecule, its stabilisation and particular properties
[36].

Non-covalent interactions between molecules are weak intermolecular contacts that govern the
physicochemical properties of molecular systems in the condensed phase and play a pivotal role
in the design of a new material with specific properties [39, 106, 107]. Johannes Diderik van
der Waals in 1873 was the first to postulate the existence of intermolecular forces. In the early
twentieth century, non-covalent bonds were understood in greater detail with the hydrogen bond
being described firstly by Latimer and Rodebush in 1920 and later by Linus Pauling in an
extended treatment [108]. These non-covalent intermolecular bonds are known to govern self-
assembly of molecules through a balance of attractive and repulsive interactions leading to the
formation of larger and ordered supramolecules [109]. These supramolecular interactions
(hydrogen bonding, n—n stacking, host-guest interaction, ionic interaction, etc.), have long been
used as effective and versatile tools for the construction of supramolecular polymers having
intriguing responsive properties due to their non-covalent and dynamic nature [4, 37]. The weak



intermolecular interactions between molecular building units enforce a self-assembling process
to generate molecular networks of different dimensionality with specific architectural and

functional behaviours [30].

From crystal engineering point of view, the strong directional intermolecular interactions are
more helpful to design target crystal structures and control the molecular organisation in the
solid state. This approach is based on the premise that if these interactions dominate the crystal
field, then the solid-state structure should follow from the directional preferences associated
with the interactions [110]. The action of non-covalent interactions is greatly affected in
different ways by the local environment of the atoms involved but the geometrical effects are
important for the structure and function of the molecules. In fact, non-covalent interactions are
the main tool in chemical and biochemical processes controlling the central parts of living
systems [36, 111]. Although the different types of non-covalent interactions individually have
their own place in synthetic transformations, their cooperation is particularly more attractive
and advantageous (for example, to facilitate a complexation reaction and enhance the catalytic,
photoluminescence, biological properties of the isolated coordination compounds) [36].

1.2.1- Hydrogen bonds

Among the various non-covalent interactions, hydrogen bonds appeared to be the most widely
studied in the combinations of multiple interactions [36, 37, 96]. According to IUPAC
recommendation 2011 [106], a hydrogen bond is defined as an attractive interaction between a
bonded hydrogen atom from a molecule or a molecular fragment; X—H:--A in which X is more
electronegative than H, where Ais O, N, or S [96, 106, 112]. This definition readily permits the
inclusion of interactions C—H---O, C—H:---N, and C—H- -« as hydrogen bonds [113-115]. The
X to A distance was found to be less than the sum of the van der Waals radii of X and A, and
this shortening of the distance was taken as an infallible indicator of hydrogen bonding [98].
Hydrogen bonds are therefore formed when a hydrogen atom covalently bonded to an
electronegative atom (hydrogen donor or electron acceptor) interacts with the lone pair of
electrons from another electronegative atom (hydrogen acceptor or electron donor), from an
adjacent molecule or within different parts of the same molecule.

The strength of the hydrogen bond is dependent on both the donor-acceptor distance and the
electronegativity with typical bond energy varying between 1 to 40 kcal-mol 2. Hydrogen bonds
are classified into three categories based on their donor-acceptor distances and bond strength;
strong (donor-acceptor distance 2.2-2.5 A and bond energy 40-15 kcal/mol), moderate (donor-



acceptor distance 2.5-3.2 A and bond energy 15-5 kcal/mol) and weak (donor-acceptor distance
3.2-4.0 A and bond energy 4-1 kcal/mol) hydrogen bonds [85, 116, 117]. The strong hydrogen
bonds which are mostly covalent (e.g. O-H:--O, O-H--*N, N-H:--N, N-H---O, etc.) are
important elements in crystal engineering. However, in the absence of these directional forces,
the moderate or weak interactions involving C-H---X (X = O, N, Cl, F, =, etc.) are mainly
responsible for crystal packing which has been investigated to determine their influence on the
molecular self-assembly. It is known that the -CH group is able to form hydrogen bonds and it
has been shown that C-H---O, C—H--*N, C-H---Cl and C-H"--F interactions, among others,
may have a key role in the crystal packing. Furthermore, there are even weaker interactions
than the ones described above, for example, the X—H---n (X = O, N, C) interactions, but still,

they are important for the packing of organic crystals [118].

M. C. Etter in 1990 identified the hydrogen bond as being both directional and strong, thus
important as a determinant of crystal structures [98]. The directionality of hydrogen bonds
includes them among the most important instruments for selective molecular recognition [96].
Among the non-covalent interactions, hydrogen bonds are the most common type of non-
covalent interactions used by organic tectons to control the secondary coordination sphere of
metal ions [36]. For example, the monocomponent structure which contain infinite
O—H--O—H---O—H:- cooperative synthons (Fig. 4) is linked with molecular connectors such
as phenyl and biphenyl, and supramolecular connectors such as the acid dimer in 4-
hydroxybenzoic acid. The cocrystal design was based on the anticipation that dicarboxylic acids
would form supramolecular connectors with 4-hydroxybenzamide mediated by acid---amide
synthons, leaving the O—H--- O—H---O—H: - infinite synthons free to form [98].
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Figure 1: Synthon |nsulat|on in cocrystals of 4- hydroxybenzamlde and dicarboxylic acids [98].

In this regard, the strong hydrogen bonds, e.g., O/N-H---O/N with their highly directional
characteristics (Fig. 5) are found to be very effective in the supramolecular assembly of
molecules. The stronger hydrogen bonds possess increasing covalent character and show a

tendency of having more cooperative effects through mutual polarisation of the groups [84,



117]. The stabilisation energy of a hydrogen bond lies approximately in the range of 40-5
kcal/mol (the higher range corresponds to ionic hydrogen bonds). Hence, the strongest
hydrogen bond can provide energetic stabilisation similar in magnitude to a covalent bond,
while the weakest one can be close to that of van der Waals interactions [106]. Stronger than
van der Waals forces, the hydrogen bonding is a special type of dipole-dipole interaction. The
evidence of the existence of weak hydrogen bonds like C-H---O, C-H---N, C-H-- xn(C), O/N—
H---n(C) are now well established in modern supramolecular chemistry (Fig. 1.5) and are being

utilized in the systematic design of materials [38].
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Figure 2: The molecular entity of [Co(C12HsN2)3]2(NO3)aC12H12N206-8H20 [38]

Though hydrogen bonds are weaker interactions than covalent bonds, they are crucial for the
determination of structure of biological macromolecules such as DNA and proteins, since they
are directly in charge of the secondary structure of these molecules and affect their interactions
with other molecules like water [104].

The relative stability of most supramolecular compounds is due to the formation of hydrogen
bonds. For example, in the complexes [LnCI(H20)sL(phen)]-nCH3CN {(n = 0 for 2, n = 2 for
3,n=15for4,n=0for5 n=15for6, n=215for7) (Ln= Dy, Ho, Er, Tm, Yb, Lu for 2-7,
respectively) and (L=tetrakis(O-isopropyl)methylenediphosphonate, phen=1,10-
phenanthroline)}, the formation of hydrogen bonds (C-H---Cl and O-H---Cl) is simplified as
having a two-dimensional mesh 4.82 topology as depicted in Figure 6 [4].



Figure 3: Schematic representation of the two-dimensional mesh 4.8% topology formed by
hydrogen bonds (C—H---Cl and O-H---Cl) [4].

1.2.2- Aromatic or na—x stacking interactions
The fundamental understanding of the nature of the non-covalent bond is of utmost importance
in the identification of molecules capable of self-assembling in solution and of self-organising
in the solid state [109]. The self-assembly which relies on several molecular recognition in
solution is driven mainly by n—r interactions that occur between a n-electron-deficient unit and
a m-electron-rich unit and, to a marginally lesser extent, by weak hydrogen bonding and edge-
to-face T-type interactions [119]. The term n—n interaction or m stacking refers to the non-
covalent interactions involving a m-electron-rich unit with a cation, an anion, or another n-
system containing a n-bond with the energy of interactions estimated at 2-10 kcal mol™ [85,
120]. This energy of interactions between m—systems largely depends on the chemical nature of
units [105]. The n—r interaction or @ stacking can also be defined as an attractive interaction
between two stacked aromatic rings. Hunter and Sanders in 1990 described the ©—n interactions
simply as electrostatic interactions. Electrons in @ bonds of aromatic rings form a quadrupole
moment (i.e., two dipoles aligned so that no net dipole can be distinguished) due to the stronger

electronegativity of sp? carbons compared to hydrogen atoms [105]. The m-m stacking



interactions between n—donors, such as hydroquinone, resorcinol or dioxynaphthalene residues,
and m—accepting ring systems, such as bipyridinium or n—extended viologen units, can govern
the self-assembly of a variety of complexes and interlocked molecular compounds in both the
solid and solution states [106, 119, 121].

Since many stacking complexes are based on Coulomb forces and are characteristically a
combination of electron-poor and electron-rich units [84], the use of ligands with an aromatic
moiety in complexation can provide m—r stacking, mT—cation or m—anion types of non-covalent
interactions. The strength of these interactions falls in a varied range and in some particular
instances can be even slightly stronger than a weak covalent bond. Metal-= interactions (with

electrostatic origin) can constitute non-covalent interactions [36].
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Figure 4: (a) Electrostatic potential surface of a benzene molecule (b) and (c) schematic
representations of interaction geometries of a benzene dimer [109].

Nitrogen-containing heterocycles such as bipyridine and phenanthroline are metal-
coordinating, electron-deficient aromatic systems and predestined for m—mn stacking as n—

acceptors can lead to remarkable properties [122].
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Figure 5: The perspective view of the n -7 intermolecular interactions along the b axis in
triaqua(1,10-phenanthroline-2,9-dicarboxylato)manganese(l1) dihydrate complex [122].

The relative stability of most supramolecular compounds does not only result from the
formation of hydrogen bonds but can also be reinforced by m—n stacking interactions. For
example, the dinuclear compound [(CeCl.Lphen)2(I-Cl)2]-CH3CN, (L = tetrakis(O-
isopropyl)methylenediphosphonate, phen = 1,10-phenanthroline) displays a two-dimensional

mesh 6° topology by forming by n—r interactions as illustrated in Figure 1.9 [4].
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Figure 6: Schematic representation of the two-dimensional mesh 6 topology formed by n—n
interactions [4].

1.2.3- Metal-aromatic interactions

Many transition metal cations can accept n—electrons from unsaturated organic molecules and,
thus, form very stable organometallic molecules. The metal cation is known to form
comparatively weak interactions with aromatic molecules; hence, measurements of association
constants of the metal with simple aromatic hydrocarbons lead to a conclusion that the broader
a conjugated electronic system the stronger the metal-n interaction. The energy of metal-
aromatic interactions is not known with precision but estimated around 2-10 kcal mol*[85, 90,
120].
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1.3-  Metals in Biological Systems

Many metal ions are known to play very important roles in biological processes in the human
body [74, 123]. The interaction of metal ions with nucleic acids and nucleic acid constituents
are important for biological action [124, 125]. These metal ions play essential roles in about
one-third of enzymes by modifying electron-flow in a substrate or enzyme, thus effectively
controlling an enzyme-catalysed reaction. They can also serve to bind and orient substrate with
respect to functional groups in the active site and can provide a site for redox activity if the
metal has several valence states [58, 74, 126]. A biochemical reaction catalysed by a particular
metalloenzyme would proceed very slowly without the appropriate metal ion [127]. Apart from
the huge success of platinum-based drugs, some other metal compounds such as manganese
[76, 128, 129], cobalt [75, 130, 131], and copper [75, 129, 132, 133] complexes have shown
some potential for chemotherapy by accelerating drug action [125]. Many drugs administered
in the form of metallic complexes possess modified pharmacological and toxicological
properties [48].

Metal ions are generally positively charged and act as electrophiles, seeking the possibility of
sharing electron pairs with other atoms so that a bond or charge-charge interaction can be
formed. The transition metal complexes of multi-dentate nitrogen-donor ligands have received
much attention recently due to the enhanced thermodynamic and Kinetic stability of the
resulting complexes and their application in various activities such as anticancer, antitubercular
and antimicrobial agents [44]. One aspect of the behaviour “in vivo™ of metals, which cannot
be over-emphasized, is their chemistry, which is essentially that of the formation of the complex
ion. The properties such as the effective size and solubility of a metal ion in vivo are a function
of ligand and solvent present as well as the metal ions themselves. Most importantly, the correct
metal ion balance in various in vivo compartments is very essential for the proper functioning
of the specific metal-containing-sites in many enzymes and proteins. For example, if the
concentrations of some metal ions are raised considerably above the normal, blocking of
transport sites can occur and symptoms more normally attributed to depletion of certain metal
ions can appear [134].

1.3.1- Manganese

Interest in the coordination chemistry of Mn(ll) compounds has increased due to their
significant role as redox sites in biological systems such as pyruvate carboxylase, oxaloacetate

decarboxylase, superoxide dismutases and diamine oxidases [135]. Manganese activates
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enzymes that help in using some vital nutrients in the human body as a constituent in some

metalloenzymes:

- Arginase (present in the liver that creates urea which breaks down proteins and amino
acids and is also responsible for expelling extra nitrogen from the body through the
urine),

- Glutamine synthetase (plays an important role in synthesizing glutamine, an amino acid
that helps in improving mental function, controlling blood sugar, and maintaining
muscle mass),

- Phosphoenolpyruvate decarboxylase (involved in the metabolism of blood sugar), and

- Manganese-dependent superoxide dismutase (present only in the body's mitochondria
which performs an antioxidant function by protecting the tissues from the damaging
effects of free radicals) [126, 136].

Although manganese has an important biological role in the human body, only 15-20 milligrams
of this trace mineral is present mostly in the bones and some amount is found in the kidneys,
liver, pancreas, pituitary glands, and adrenal glands [137]. Manganese acts as a catalyst in the
synthesis of fatty acids and cholesterol and in the metabolism of protein and carbohydrate. It
may also play a role in the production of sex hormones and in maintaining the reproductive
health of an individual. Another important function of manganese may be in the production of
the thyroid hormone called thyroxine, which is responsible for controlling the rate of
metabolism, regulating the rate of oxygen use by cells, and generating body heat. Manganese
also plays a role in maintaining healthy nerve tissues [136, 137].

Since manganese plays an important role in the human body, its deficiency can have an impact
on the major physiological processes. Poor dietary intake of this nutrient is the most common
cause of manganese deficiency. Excessive sweating and chronic liver or gallbladder disorders
are also some causes of manganese deficiency. The deficiency of this nutrient can cause nausea,
vomiting, high blood sugar levels, bone loss, low cholesterol levels, difficulties of the
reproductive system, dizziness, and hearing loss in adults. In infants, it has been found to cause
paralysis, blindness, convulsions, and deafness. However, manganese deficiency occurs very
rarely in humans [138]. The important biological role of manganese in humans emphasizes the
fact that it should be a part of one's daily diet. The recommended daily intake of manganese for
adults is between 1.8 to 11 milligrams [136]. You can get the required amount of manganese
by consuming mustard greens, kale, raspberries, spinach, molasses, garlic, grapes, summer

squash, green beans, brown rice, turmeric, strawberries, and maple syrup.
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1.3.2- Cobalt
Cobalt is an essential trace element found in the liver, kidney and bones. The presence of cobalt
in the active centre of vitamin B12, which participates indirectly in the regulation of the DNA
synthesis, is its most important role in vivo which is indispensable in the metabolism of folic
acid and fatty acids [139]. The adult human body contains 2-5 milligrams of vitamin B2 and its
derivatives [138]. Besides, cobalt is involved in the production of red blood cell (erythrocytes),
and it is useful in the prevention of anaemia. It is also important for the proper functioning of
the nervous system as it can help in creating a myelin sheath [2, 58]. In addition to its role in
cobalamin, cobalt is a part of some metalloproteinases that in their structure does not contain
Corinne (characteristic for the cobalamin -which binds cobalt) such as methionine

aminopeptidase-I1 and nitrile hydratase.

In contrast to nickel, iron, and manganese, one of the interesting structural aspects of working
with cobalt is the range of geometries that are stable; octahedral, tetrahedral, square-pyramidal,
trigonal-bipyramid and square-planar [140]. The biological relevance of cobalt compounds was
initially reported sixty years ago; thereafter, a significant number of biological interesting cobalt
complexes exhibiting noteworthy in vitro antibacterial, antifungal, antioxidant, antiproliferative
and antiviral activity has been reported [58, 76, 139, 141-144].

Cobalt deficiency in humans or animals can lead to anaemia since its ion participates in the
formation of red-blood-cell and may also lead to disturbances in protein metabolism and
calcium and phosphorus absorption [58].

1.3.3- Copper
Copper is the third most abundant transition metal in humans found either at the active sites or
as structural components of a good number of enzymes [74]. Copper is a vital dietary nutrient,
although only small amounts (75-100 milligrams) of the metal are needed for the well-being of
the body [145] and is present in every tissue of the body but is stored primarily in the liver, with
fewer amounts found in the brain, heart, kidney, and muscles [146, 147].

Copper plays an important role in our metabolism, largely because it allows many critical
enzymes to function properly [148] and is essential for maintaining the strength of the skin,
blood vessels, epithelial and connective tissue throughout the body. Copper also plays a role in
the production of haemoglobin, myelin, melanin and it also keeps thyroid gland functioning
normally [147]. Copper can act as both an antioxidant and a pro-oxidant. Free radicals occur

naturally in the body and can damage cell walls, interact with genetic material, and contribute
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to the development of a number of health problems and diseases. As an antioxidant, Copper
scavenges or neutralize free radicals and may reduce or help prevent some of the damage they
cause [149-151]. When copper acts as a pro-oxidant at times, it promotes free radical damage
and may contribute to the development of Alzheimer’s disease [152]. Maintaining the proper
dietary balance of Copper, along with other minerals such as zinc and manganese, is important
[145].

Copper is involved in many functions of the body; therefore, its deficiency can produce an
extensive range of symptoms. The deficiencies of copper can result in hernias, aneurysms,
blood vessel breakage manifesting as bruising or nosebleeds, iron deficiency anaemia,
osteoporosis and joint problems, brain disturbances, abnormalities in glucose and cholesterol
metabolism, increased susceptibility to infections due to poor immune function [neutropenia],
loss of pigment, weakness, fatigue, skin sores, poor thyroid function, irregular heartbeat and
low body temperature [145, 149]. If copper is important in cellular membrane structure, then a

copper deficiency could seriously alter the movement of nutrients through cell walls [145].

Excessive copper intake can cause nausea, vomiting, abdominal pain and cramps, headache,
dizziness, weakness, diarrhoea, and a metallic taste in the mouth (associated with water
containing copper concentrations greater than 6 mg/L) [145]. Chronic copper toxicity does not
normally occur in humans because of transport systems that regulate absorption and excretion
[153].

Metal ions, especially their radii and coordination geometry, determine the direction and
coordination modes of the organic ligands, which is important for the structure of the complexes
[154]. Several copper complexes with the best-studied example; [Cu(phen)2]?* (phen =1,10-
phenanthroline) has been described as cleaving DNA. The [Cu(phen)2]** is reduced in situ to
[Cu(phen)2]*, which subsequently binds to the minor groove of DNA, combines with molecular
oxygen, generates a non-diffusible oxidant, and finally induces strand scission by oxidation of
the ribose backbone [155].

1.4-  Ligands used in this work

Nitrogen-containing heterocyclic compounds play an important role, not only in life science
industries but also in many other industrial fields related to special and fine chemistry [44].
Most of the N-donor heterocyclic compounds do play important roles in regulating biological
activities [1, 156]. Transition metal complexes of N-donor ligands are of our interest due to
their applications in biology [73, 139, 154, 157], pharmacology [158, 159], and magnetism [62,
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120, 160]. In this work, 1,10-phenanthroline is used as the main ligand and the anions;
dicyanamide, azide and nitrate are used as co-ligands.

1.4.1- 1,10-phenanthroline

The polypyridyl ligand; 1,10-phenanthroline (phen) and its derivatives are very important
ligands in coordination and organometallic chemistry because they have a rigid framework and
possess an excellent ability to chelate many metal ions via the two nitrogen donor atoms [122,
161, 162]. Their complexes provide the potential for various technological applications due to
their high charge transfer mobility, bright light emission and good electro and photoactive
properties [163, 164]. Phen has extended planar « systems and can be used in model compounds
to mimic the non-covalent interactions in biological processes [165]. Phen and its derivatives
(2,9-dimethylphenanthroline, 5,6-dimethylphenanthroline; 3,4,7,8-tetramethylphenantroline;
4,7-diphenylphenanthroline; 2,9-dimethyl-4,7-diphenylphenanthroline; and 5NOz-phen--5-
nitrophenanthroline [72] ) also play important roles in supramolecular assemblies, metallo-
dendrimers, and formation of stable complexes exhibiting numerous biological activities such
as antitumor, anticandida, antimycobacterial and antimicrobial activities [55, 76, 166]. Phen is
also a biologically important ligand which, together with some of its metal complexes, has been
shown to be effective against various strains of microorganisms [77, 167-169]. In the biological
investigations aimed at discovering and developing new type of antiproliferative agents, one of
the most important aspects is the interactive studies between drugs and DNA since DNA is one
of the main molecular targets in the design of anticancer compounds [64]. The interaction of
these complexes with DNA has gained much attention due to their possible applications as new
therapeutic agents [61, 170].

1.4.1.1- Synthesis of 1,10-phenanthroline

In the late 1800's, Blau et al [180] first reported the synthesis of phen in the late 1800’s. It was
obtained using the Skraup synthetic method by heating o-phenylenediamine with glycerol,
nitrobenzene and concentrated sulphuric acid (Scheme 1).
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Scheme 1: Synthetic route to 1,10-phenanthroline [171, 172]

Moreover, Chelucci et al [173] also reported a protocol for the synthesis of substituted phen.

The first two steps involve the synthesis of phen from pyridine molecules (Scheme 2).
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Scheme 2: Two-step synthesis of 1,10-phenanthroline [181]

1.4.1.2- Structure and bonding of 1,10-phenanthroline in complexes

Phen and its derivatives are an important class of chelating agents which has a high affinity for
metal ions and possess m-acceptor capability that significantly contributes to the stabilisation of
their low valent metal complexes [71, 154, 174]. It has a rigid planar framework and a well-
defined structure (Fig. 10) [69]. Moreover, this heterocyclic bidentate chelating ligand bonds
to metal atoms (ions) using its lone pairs of electrons on the two nitrogen atoms resulting in a
five-membered ring structure. In this ligand, the o-donation is complemented by the w-acceptor

ability giving the complexes formed greater stability [58]. Complexes of this ligand have
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potential technological applications due to their ability to absorb strongly in the ultraviolet

spectral region, emit bright light alongside their good electro- and photoactive properties [175].

Figure 7: Structure of 1,10-Phenanthroline

1.4.1.3- Properties of 1,10-phenanthroline

Phen can exist as either a monohydrate compound, melting point (m.p.) 94 °C or as an

anhydrous compound, m.p. 117 °C. It is slightly soluble in water and readily soluble in ethanol,

methanol, acetone, ether, and benzene. In the structure of phen, the shortest bond lengths are
the N-C bond at 1.36 A, whilst the longest bond is C-C bond that join the pyridyl rings at 1.40

A. Generally, phen has a strong ligand field depending on the constituent of the coordination

sphere causing spin pairing. Due to its stability, most phen complexes ( for example,

[Fe(phen)s]?*) can be used for the colorimetric determination of iron [176]. Phen belongs to the

phenanthrene family and is best considered as an a-diimine ligand [177].

1,10-phenanthroline is chosen for this work because:

It has a rigid, planar framework and is a versatile polypyridine nitrogen donor ligand
which has been widely studied for its coordination ability and stability in biochemical
processes [61],

It controls the supramolecular assemblies formed through the non-covalent interactions
[61, 68],

Its compounds can exhibit far better luminescence and biological properties than the
free ligand [78],

It can be used as redox indicators for oxidation-reduction titrations in the quantitative
analysis [178],

Its metal complexes can be extensively used for mapping protein and drug binding sites
on DNA as well as for studying DNA structure [48, 64, 179, 180], and

1,10-Phen and some of its complexes have been shown to be biologically active [48, 72,
179, 181, 182].
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Although there are many important factors to be considered in the development of novel
materials (with interesting magnetic and biological properties), the selection of suitable centers,
linking bridges, and coordinating ligands always plays a key role. Mixed ligand complexes with
phen are also interesting due to their potential role as models for biological systems such as
binding of small molecules to DNA [162]. The co-ligands nitrato, azido and dicyanamido have
been chosen for this work, not only due to their versatile coordination modes, but also due to
their remarkable ability to transmit ferro- or antiferromagnetic interactions [11, 62, 183]. These
anions are not only necessary for the charge balance to the metal cations, but typically function
as nodes in the scaffolds [184]. The charge number, size, and shape of balancing ions are
important factors which affect the crystal growth and molecular structure [183].

1.4.2- Dicyanamido (dca) co-ligand

Dicyanamide (dca) anion also known as the bent pseudohalide [160, 185, 186] is an interesting
versatile ligand which can act as a terminal monodentate, bidentate, or as a tridentate ligand
[187-189]. The versatility of the anion arises from its variable coordination modes [21, 185,
186, 188, 190, 191]. Since dca has three nitrogen donor atoms, it can exhibit several possible
coordination modes (Scheme 1.3) of which four modes have been substantiated by X-ray
crystallography [21, 185, 188, 190, 191]. The most common coordination mode is the bridging
mode with the terminal N-atoms (p-15), which has been found in many transition metal
compounds and some main group metal compounds [186, 188-191]. The versatile coordination
ability of dca has led to the design and synthesis of several metal-dca complexes with varied
topologies and magnetic properties [192-194]. Dicyanamide has the unique ability to coordinate
to metal ions through terminal monodentate, p?, p3 as well as unusual u* coordination modes
[160] (Scheme 1.3) where one nitrile nitrogen binds to two metal atom [185, 187]. The
variability in coordination mode is a particular feature of dca, however, in most cases
monodentate or bidentate coordination via the nitrile N atom occurs [83, 195-198]. The first
report on its coordination compounds was published by Madelung and Kern in 1922 and its
coordinating ability towards 3d transition metal ions was explored by Kohler and co-workers
in the 1960s and 1980s [108, 199]. The different coordination modes of dca are presented in
Scheme 3.
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Scheme 3: Coordination modes of dicyanamide (dca) [21, 185, 188, 190, 191]

The design and synthesis of polynuclear coordination complexes, aimed at understanding the
structural and chemical factors that govern the exchange coupling between paramagnetic
centres using dca are of great interest in biology, chemistry, and physics [195]. A considerable
number of metal complexes from zero- to three-dimensional (OD to 3D) metal-dca polymeric
compounds with different structural motifs have been designed and synthesised.

Tonzing et al., 2006 [188] reported the isomorphous structures of M(dca)2(phen)(H20)-MeOH,
(M=Mn, Fe, Co, Ni, Zn and Cd, dca=dicyanamide, phen=4,7-phenanthroline) containing 1D
coordination polymer chains in which each metal atom is connected to two others by two pairs

of y, 5 bridging dca anions coordinating in the equatorial position.
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Figure 8: The 1D chain structure of M(dca)2(phen)(H20)-MeOH [188]

The axial position of the metal occupied by the monodentate water and phen ligands were
further linked into an overall 3D network by hydrogen bonding interactions between the water
ligands, the uncoordinated nitrogen atoms of the phen ligands, and the intercalated methanol

molecules.

Manson et al., 2013 [193] reported a quasi-2D antiferromagnetic Mn(dca)2(o-phen) complex
featuring both single- and bi-bridged Mn-dca-Mn linkages {dca=dicyanamide; o-phen=1,10-
phenanthroline} with a long-range magnetic order in a low-dimensional Mn-dca polymer
consisting of octahedral MnNs sites that are connected via four i, 5-bridging dca ligands. The

interdigitation of the 2D layers is readily apparent.

A 1D polynuclear copper(ll) complex [Cu(L1){p;s-dca}]n {LIH=CeHsC(O)-
NHN=C(CHz)CsHsN} showing weak antiferromagnetic interactions with J values = 0.10 on
variable temperature magnetic susceptibility has also been reported [200]. A 2D layer structure
of a dca complex [Mn(y, s-dca)z(phen)]n has also been reported (Fig. 12) showing weak

antiferromagnetic interaction [201].
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Figure 9: The atom-numbering scheme and 2D layer structure of [Mn(u, s-dca)z(phen)]n
complex [201].

Several metal-dca complexes have been proposed as potential anticancer substances and
cancer-inhibiting agents, as they demonstrate remarkable anticancer activity by strongly
binding and cleaving DNA and regulating apoptosis [182]. Generally, complexes with the dca
ligand possess diverse properties such as magnetic [194, 201, 202] and biological [21, 203]
properties. As a long-range bridging ligand, dca does not only participate in the formation of
interesting topological structures but it is also an effective medium for super-exchange coupling
between two metal ions [186, 204, 205]. Depending on the synthetic condition and solvent
system used, dca has been shown to undergo some transformations. These transformations are
metal-mediated through a nucleophilic attack of the nitrile groups of dca on the solvent system
used [206-209].

1.4.3- Azido (Nz°) co-ligand
The azido ligand is a linear and symmetric tertiary amine which possesses equal N-N distances
of average 1.154 A [210-215]. The main source of the azide moiety is sodium azide (NaNs); a
colourless crystalline solid of density 1.85 g/cm®, soluble in water and has a molecular weight
of 65.01 g/mol with melting point 295 °C and boiling point 300 "C. This monodentate weak
field ligand is a deadly chemical that exists as an odourless white solid [37].

The flexidentate azide ion has been demonstrated to be an extremely versatile ligand as well as
an excellent magnetic coupler which provides complexes of great structural diversity with
important physical properties [216-218]. The azido ligand has been intensively studied because

of its ability to coordinate to transition metals with different coordination modes generating a
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wide variety of fascinating structures with applications in functional materials [58]. It forms
complexes with compounds having diverse structures spanning from discrete molecules (0D)
to 3D arrays [219, 220]. The azide anion is one of the most commonly employed inorganic
bridging ligands in the design of polynuclear 3d-metal complexes [214, 221, 222]. The
magnetic properties of these complexes depend on the different bridging modes of the azido
ligand [222-224].

Generally, the azido ligand has two bridging modes: end-on (EO) and end-to-end (EE) which
mediate ferro- and anti-ferromagnetic exchange interactions, respectively [12, 26, 203, 222,
225-228]. The end-on azides have been shown to transmit antiferromagnetic exchange and end-
to-end azides ferromagnetic exchange interactions [223]. Besides the most frequently
encountered end-to-end (U, 3-Ns, EE) and end-on (u; ;-N3, EO) double coordination modes
(Scheme 4), the single; p; ; and iy 3, triple; py 5 1 and py 4 3, and quadruple; Py ;41 and Hyq33

connection modes have also been met [213, 222].

The coordination modes range from monodentate to bridging bi-, tri- and tetra-dentate , with
the p-1,1 (end-on, EO), pu-1,3 (end-to-end, EE) and p-1,1,3 being the most common (Scheme
2).
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Scheme 4: Bonding modes of azide

The ability of the azido ligand to coordinate up to six metal ions leads to structural varieties of
azide-complexes that range from molecular clusters to multidimensional materials (1D, 2D, and
3D) [228, 229]. The coordination pattern of azide could be either symmetric, with all equivalent
metal-azide bond lengths, or may deviate from such a perfect picture as illustrated in Scheme
S.
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Scheme 5: Symmetric EE (a) and EO (b) and asymmetric EE (c) and EO (d) double coordination
modes usually encountered for the azide ligand [213, 222].

The azido group can be introduced into transition metal complexes by metathesis reaction of
NaNsz with halogeno complexes of the transition metals [230]. The azide ion is an excellent
ligand to build various polynuclear complexes with transition metals [226]. For example, Safin
et al, 2017 [231] reported the reaction of one or two equivalents of 5-phenyl-2,2'-bipyridine (L)
with a mixture of one equivalent of CoCl> and two equivalents of NaNs which led to the
formation of mononuclear heteroleptic cobalt(l11) complexes [CoL2(N3)2](N3)os5Clo.4sEtOH
and [CoL2(Ns)2]Ns-2.5EtOH, respectively. Both structures revealed that cobalt(l11) atom were
linked to the six nitrogen atoms of two L and two Nz anions and are stabilized by intermolecular

C-H---N and & - -7 stacking interactions.

I/
O‘Q‘@ Q‘Q‘@ L
N“"'c'}“‘—-hl H_,_._-Cu-_._,_N N“"' "“—'-H
£ h W W / A W
..',!" ¥ W [ -",I--'J N H\ h!.\ i —‘P‘ \] [\
¥ I “\\. r’_.-H -._\ N\ i i B I
L—N N—¢gp—N N——¢p—N H"‘—'—Cu-'—"_
J'r \ Hj kY }"f }\I
o A o N
= = = = = = dn
[CoL(N3)a],

Figure 10: An azide-rich complex of Cobalt(l11) with the rare 5-phenyl-2,2’-bipyridine ligand
[231].

Several metal complexes have been reported with the azide acting as a bridging ligand [218,
232]. For example, the two polynuclear azido-bridged Co(ll) compounds (Fig. 14) with
formulas catena-[Co(H; 3-N3)(N3)(py)2(H20)]n and [Co(u; 3-N3)2(4-acpy)z]n (py); pyridine, (4-
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acpy); 4-acetylpyridine has been reported [12] with both complexes showing antiferromagnetic
interactions.
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Figure 11: 1D chain system of the catena-[Co(u1,3-N3)(N3)(py)2(H20)]n [12].

1.4.4- Nitrato (NOgz") co-ligand
Nitrates are good oxidizing agents and decompose exothermically at elevated temperatures
[233]. The nitrato ligand can function as a monodentate ligand, bidentate ligand, bridging
group, or ionic species in various inorganic systems. The functional characteristics probably

depend on the nature and number of molecules of other ligands present [58, 61].
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Figure 12: Metal nitrate complexes [Co(H20)4(H20-HMTA)2](NO3z)2-4H20 [233]
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The [Cu(phen)2Ns](NO3)(H20) complex (Fig. 16) are connected by n—r interactions among the
phen aromatic ring giving rise to a 1D chain [234].

O
H/ \H
Figure 13: ORTEP view of [Cu(phen)2N3](NOs)(H20) complex [234]

1.5- Metal Complexes of 1,10-phenanthroline

The 1D, 2D, and 3D polymeric networks constructed from polydentate ligands and transition
metals comprise an area that has experienced a tremendous increase in interest and is
overwhelmingly dominated by the use of N-containing bridging ligands [235, 236]. The
majority of compounds of phen are linked by strong directional forces such as coordination
bonds and hydrogen bonds emerging as powerful tools to create new materials [183, 237]. The
n—r stacking interactions between the different aromatic ring systems and C—H:--& as well as
O-H:---O and N-H---O hydrogen bonding are observed in most cases and are consolidated by
an extensive three-dimensional supramolecular network [38, 215]. The modification of the
physical and chemical properties of these metal complexes can be possible through the use of
mixed ligands with different donor atoms. These nitrogen-containing heterocycles are metal-
coordinating, electron-deficient aromatic systems which can undergo n- stacking interactions
as m-acceptors [238]. Though hydrogen bonding still remains the most reliable and widely used
means of enforcing molecular recognition, an interplay of weak intermolecular interactions
(offset m stacking and C-H---m interactions) also determines the self-assembly of these
molecules into 3D networks [239]. Due to the chelating nature of phen and substituted phen
ligands in metal complexes, they control the supramolecular assemblies formed through
chelation of the metal centre [175].
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Scheme 6: Some complexes of Mn-Phen found in the literature [201, 240]

The survey of the metal complexes of phen alone around the central metal and its coordination

compounds with co-ligands are presented as follow:

1.5.1- Simple Complexes of 1,10-phenanthroline
In 2006, Yesilel et al [241] reported the synthesis of tris(1,10-phenanthroline)cobalt(11)
squarate octahydrate complex; [Co(phen)s]sq 8H2O with a slightly distorted octahedral
coordination geometry, involving six N-atoms from bidentate chelating phen ligands in which
the Co-N bond distances ranging from 2.108 to 2.127 A (Fig. 17).
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o)
Figure 14: The molecular structure of [Co(phen)s]sq 8H20 compound [241]

In the crystal packing (Fig. 18), the squarate dianions are linked to the eight solvent water
molecules by means of C—H:--O hydrogen-bonding interactions between the complex cation,

thus extending the crystal structure in a three-dimensional network [241].

Figure 15: The crystal packing of tris(1,10-phenanthroline)cobalt(ll) squarate octahydrate,
[Co(phen)z]sq 8H20 [241]
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A similar phen compound [Co(phen)s]2(NOz)4-C12H12N206-8H20, was reported by Pook et al.,
2015 [38] containing Co(l1) atom with a distorted octahedral coordination environment defined
by six N atoms from three bidentate phen ligands. The two [Co(phen)s]?* cations connected
through the C—H:---O hydrogen bonding and through lone-pair-- 7 interactions involved the
non-coordinating N,N'-(1,4-phenylenedicarbonyl)diglycine and phen molecules. Moreover, the
different aromatic ring systems which are involved in the m—m stacking and C-H--'®
interactions, with centroid-to-centroid distances in the range 3.7094 (8)-3.9973 (9) A stabilised
the structure. The crystal structure (Fig. 19) is further stabilized by the anion:- & interactions
and C—H---O contacts, as well as O-H---O and N-H---O hydrogen bonds between the water
molecules, the non-coordinating nitrate anions, N,N'-(1,4-phenylenedicarbonyl)diglycine and
phenanthroline molecules giving rise to a three-dimensional supramolecular network. Selected

n—7 stacking and C—H:- ‘& interactions are shown as dashed lines [241]

Figure 16: The crystal packing of the [Co(phen)s]2(NOs)s-C12H12N206-8H20; bis[tris(l,lo-
phenanthroline-k®N,N"cobalt(I1)]  tetranitrate  N,N'-(1,4-phenyl-enedicarbonyl)diglycine
solvate octahydrate, structure in a view along the a-axis [38]
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1.5.2- Mixed-Ligand Complexes of 1,10-phenanthroline
Mixed-ligand complexes of phen and co-ligands are also interesting due to their potential role
as models for biological systems such as binding of small molecules to DNA [241]. Several
complexes of phen and co-ligands have been reported in the literature.

Yesilel et al., 2006 [162] reported the synthesis of cis-diaquabis(1,10-phenanthroline)zinc(ll)
diorotate hydrate [Zn(H20)2(phen)2](CsH3sN204)2-(H20)2.125, with the zinc ion located on a
twofold axis coordinated by two aqua ligands together with a pair of bidentate phen molecules
which exhibited a distorted octahedral coordination geometry. The orotate anions acted as a
counter ion for charge balance (Fig. 20) and one of the water molecules acted as a co-ligand.

Figure 17: A view of the zinc coordination, in the title compound
[Zn(H20)2(phen)2](CsH3N204)2: (H20)2.125 [162]

In the crystal packing, both the coordinated and uncoordinated water molecules link the orotate
ions to the metal complex through O-H---O hydrogen bonds. Thus, the extensive network of
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hydrogen bonds together with n—n, and n—ring interactions stabilized the crystal structure and

formed an infinitive three-dimensional structure.

Hu et al.,, 2016 [242] reported a mixed-ligand complex with an asymmetric unit of
[Mn(C7H4BrO,)(phen)2(H20)](C7H4BrO2)-2H.0, consisting of a monovalent
[Mn(C7H4BrO,)(phen)2(H20)]" complex cation, a 4-bromobenzoate anion and two lattice water
molecules (Fig. 21). In the complex cation, the Mn(Il) ion is coordinated by four N atoms from
two bidentate chelating phen ligands and two O atoms of the co-ligands; one from a 4-
bromobenzoate anion and the other from the coordinating water molecule forming MnNsO:

distorted octahedral geometry.

Br
Figure 18: The molecular structure of the [Mn(C7H4BrO2)(phen)2(H20)](C7H4BrO2)-2H.0
compound [242]

In the crystal packing, the complex cations are connected to each other via O-H---O, O-H:--Br
and C-H:--O hydrogen bonds [closest separation = 3.492(4) A] and n—r stacking interactions
[closest separation = 3.771(4) A]. The n—r contacts are also linked to both the coordinated and
non-coordinating 4-bromobenzoate anions resulted in an overall three-dimensional network

structure.

Dong et al., 2010 [240] presented a 3D supramolecular complex di(thiocyanato-kN)bis(1,10-
phenanthroline-5,6-dione-k2N,N"Ymanganese(1I) with molecular formula
[(C12HsN202)2Mn(NCS).]2, formed by the reaction of 1,10-phenanthroline-5,6-dione with
Mn(NCS)2. Here, the metal ion is in a six-coordinated environment with a distorted octahedral
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geometry. The asymmetric unit (Fig. 22) consisted of one manganese cation, two 1,10-
phenanthroline-5,6-dione ligands and two thiocyanate anions co-ligands with the Mn-N bond
lengths ranging from 2.117(3) A to 2.364(2) A.

Figure 19: Molecular structure of the [(C12HsN202)2Mn(NCS).]> complex [240]

In the crystal packing, the independent mononuclear units are linked to each other by C-H---O
intermolecular hydrogen bonds formed between adjacent molecules resulting in a 3D

supramolecular framework.

Hazari et al, 2015 [243] reported a trinuclear manganese(ll) entity,
[Mns(phen)2(phdac)s]-2H20, (phen=1,10-phenanthroline and Hophdac=1,4-phenylenediacetic
acid) Mn(phen) moieties that sandwich another manganese atom by means of six bridging

carboxylate groups in a centro-symmetric fashion (Fig. 23).

33



Figure 20: The centrosymmetric trinuclear unit of [Mnz(phen)2(phdac)s]-2H20 [243]

The independent Mn; and Mn; centres have octahedral geometries with N2O4 and Oe donor
sets, respectively. The crystal packing is a 2D coordination polymer of (4,4) topology, where
the trinuclear units and the facing phen rings interact through n—n interactions (centroid-to-
centroid distance of 3.7438(1) A). In addition, the lattice water molecules bridged the
carboxylate oxygen atoms of the different layers by means of weak Hydrogen bonds resulting
to the formation of a 3D architecture.

Sado et al., 2017, synthesised an azido-bis(1,10-phenanthroline-i>N,N")copper(Il) nitrate
complex; [Cu(phen)2Ns]-NOs [61] with the molecular structure containing three monomeric
cations, [Cu(phen)2(Ns)]*, three nitrate ions and one water molecule in one asymmetric unit
(Fig. 24).
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Figure 21: Crystal structure of [Cu(phen)2N3z]-NOs3 view along a-axis [61]

The three molecular complexes and the anions in the asymmetric unit are linked alternatively
through C-H---O hydrogen bonds which generates an infinite one-dimensional chain.

The presence of nitrate O and azide N atoms in the molecular structure act as acceptor centres
for the formation of C-H---O, C—H---N and water associated O—H:--O hydrogen bonds. These
adjacent chains, arranged in parallel are interlinked through C-H---O hydrogen bonds to
generate an infinite two-dimensional supramolecular sheet, which exchange n—n interactions
experienced between the phen moiety, forming an extended three-dimensional network in the
solid [61].

Manson et al, 2013 [193] synthesised a quasi-2D antiferromagnetic Mn(dca)2(o-phen) complex
{dca = dicyanamide; o-phen = 1,10-phenanthroline} with a long-range magnetic order in a low-
dimensional Mn-dca polymer which showed both single- and bi-bridged Mn-dca-Mn linkages
(Fig. 25). Note the bibridged dimer-like [Mn,(dca)2(0-phen)2]?* units in the structure. Only the
nitrogen atoms of the chelated o-phen molecule are shown for clarity
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Figure 22: Two-dimensional polymeric structure of Mn(dca)2(0-phen) [193]

Sado et al., 2016 [58] reported [Co(phen)2(N3)2]JNO3 complex with an asymmetric unit (Fig.
1.26) consisting of one molecule of phen, one azide anion, one nitrate anion and one Co(lll)
ion. The Co—N bond lengths in CoNs (Fig. 26) core ranges from 1.9356(17)-1.955(2) A for the
Co—Nphen and 1.933(3) A for the Co—Nasige. The adjacent two-dimensional supramolecular
sheets exchange m—r interactions are experienced between the phen moiety forming an extended
three-dimensional network in the solid. The cobalt atoms between the stacked sheets running

along the c-direction had an interlayer Co—Co distance of 7.369 A.
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Figure 23: ORTEP view of [Co(phen)2(N3)2 JNOs crystal structure [58]

Cechova et al., 2014, reported the crystal structure of [Mn(phen).Clz] complex determined at
150 K where, the manganese atoms are coordinated by four pyridine nitrogen atoms from two
phen ligands and two chloride anions, resulting in a distorted cis-MnN4Cl, octahedral geometry.
The crystal packing connected through the C-H---Cl hydrogen bonds and m-m stacking
interactions is consolidated by an extensive three-dimensional supramolecular framework
[244].

Saphu et al., 2012 [245] reported the crystal structure (Fig. 27) of the title compound
[Mn(NO3)2(phen)2] in which the Mn(ll) atom lies on a twofold rotation axis and is six-
coordinated in a distorted trans-N4O> octahedral environment by four N atoms from two phen
ligands and two O atoms from two nitrate anions. In the crystal packing, the molecules are
linked by weak C—H---O hydrogen bonds and n—r stacking interactions consolidating into a

three-dimensional supramolecular network.
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Figure 24: Asymmetric unit of the metal centers of [Mn(NO3)2(C12HsN2)2] [245]

1.6- Potential Applications of Complexes of 1,10-phenanthroline

The functionalization of phen moiety enables the formation of complexes which change the
spectroscopic and electronic properties of the products and therefore broadening the potential
application for biological studies and molecular magnetism [58, 246]. This biologically
important ligand and some of its metal complexes have been shown to be effective against
various strains of microorganisms [61]. Notwithstanding, metal complexes of substituted phen
ligands have demonstrated higher antimicrobial activity than that of their uncoordinated or non-
substituted ligands [48, 180].

1.6.1- Molecular magnetism
Magnetic properties of coordination polymers are studied because they enable the design of
lightweight molecular-based  magnets.  Anti-ferromagnetism,  ferrimagnetism  and
ferromagnetism are cooperative phenomena of the magnetic spins within a solid. They require
interaction or coupling between the spins of the paramagnetic centres [247].

Magnetic coordination networks should have a residual permanent magnetisation at zero-field
for as high as possible critical temperature (T¢). Its structure should allow parallel coupling of
the spins (1111, ferromagnetism) or the anti-parallel coupling of unequal spins(1]1],
ferrimagnetism) of neighbouring paramagnetic spin carriers so that an on-zero spin of the bulk
material results. Anti-parallel coupling of spins (11, anti-ferromagnetism) also occurs as the
state of low-spin multiplicity is often more stable than the state of high-spin multiplicity.
Efficient coupling in materials can occur through open shell organic ligands. In order to achieve
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strong coupling between the metal centres and their unpaired electrons, short oxo, cyano or
azido bridges are needed [120, 247].

The magnetic behaviour at variable temperatures on the coordination networks for Cu(ll) [182,
194, 248], Co(ll) [182, 249] and Mn(ll) [250] complexes of phen have been reported in the
literature. Studies on the ability of phen to transmit magnetic coupling have revealed the
transmission of a very weak antiferromagnetic coupling [13, 193]. Other bridging ligands (e.g.
dca, azide, SCN) in these compounds, which exhibit strong couplings, mediate their magnetic

interactions.

The magnetic susceptibility measurements at room temperature of [Cu(L)(phen)2]Cl. complex
(1.85 BM) and that of [Co(L)(phen).]Cl> complex (4.84 BM) indicates consistency with the
octahedral environment (L is the schiff base ligand prepared by reactiong N-(4-

aminophenyl)acetamide into a solution of 4-hydroxybenzaldehyde in ethanol) [182].

The neutron diffraction measurements down to 0.5 K revealed a conventional Néel order of the
Mn?* magnetic moments within the ac-plane and Tn = 1.85 K for the quasi-2D antiferromagnet

Mn(dca)2(0-phen) complex featuring both single- and bi-bridged Mn-dca-Mn linkages [193].

The magnetic properties of [Cuz(dmphen)2(dca)s] complex (dmphen=2,9-dimethyl-1,10-
phenanthroline, dca=dicyanamide) was as expected for two magnetically isolated spin doublets.
Upon cooling, the Curie law behaviour was observed until ca. 50 K, and then, y,T decreases
sharply to reach a value of 0.24 cm® mol® K at 1.9 K and a maximum was observed in the
susceptibility curve at 3.0 K depicting a weak intramolecular antiferromagnetic interaction
leading to a low lying singlet spin state [194].

1.6.2- Antimicrobial Activity
Metal-based drugs are a class of antimicrobial agents that have potential applications in the
fight against microbial infections. Antibacterial agents are small molecules of low molecular
weight and they may be natural products (such as cephalosporins, aminoglycosides or —
lactams including penicillin) or synthetic compounds (sulfonamides, nitroimidazoles,
oxazolidinones, and quinolones are characteristic members). These compounds should be
thermally stable before being used for the production of medicine. Thermal stability of the
complexes is one of the necessary conditions associated with the production process of drugs
since most of the pharmacologically active compounds used in medicine are solids and are

prepared at temperatures greater than ambient temperature [78].
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Phen has been used as a model ligand for many bioactive molecules due to the presence of de-
shielded nitrogen atoms [78, 179]. Their metal complexes have exhibited good DNA binding
affinity (as DNA cleaving agents) and non-radioactive nucleic acid probes [48, 64, 179, 180].
Phen metal complexes have been shown to possess bacteriostatic and bacteriocidal properties
toward many Gram-positive bacteria [48]. Chandraleka et al., 2014 presented the
[Cu(SAla)Phen]-H.O complex (SAla = alanine salicylaldehyde) suitable for the treatment of
bacterial and fungal infections [48]. Coyle et al., 2003 reported three (3) 1,10-phenanthroline
complexes; [Cu(phen)z(mal)]-2H-0, [Mn(phen)2(mal)]-2H.0 and
[Agz(phen)s(mal)]-2H20(malH2 = malonic acid) showing very good fungicidal activity with
minimum inhibitory concentrations (MIC’s) values in the range 1.25-5.0 pg/cm® at a
concentration of 10 pg/cm?® [76]. Lobana et al., 2014 presented four copper complexes of
salicylaldehyde-N-substituted thiosemicarbazones and phen with significant growth inhibitory
activity (antimicrobial activity) against Staphylococcus aureus (MTCC740), methicillin
resistant Staphylococcus aureus (MRSA), Klebsiella pneumoniae 1 (MTCC109), Shigella
flexneri (MTCC1457), Pseudomonas aeruginosa (MTCC741) and Candida albicans
(MTCC227) [60].

1.7-  Microorganisms

Microbial infection is one of the main causes of morbidity and mortality because treatment of
these infections is often complicated by increasing antimicrobial resistance, drug cytotoxicity
and limited drug spectrum. These challenges have prompted the search for and development of
new antimicrobial agents. Antibiotic and antiseptic resistance have partly emerged due to the
prevalence of bacteria in the form of biofilms [251].

Antimicrobials or antimicrobial agents are natural or synthetic compounds that inhibit the
growth of or kill microorganisms (bacteria, fungi and viruses), completely in low concentrations
in both human and animals. The inappropriate use of antibiotics has resulted to substantially
increased resistance in the recent years and is posing an ever-increasing therapeutic problem
[54]. This resistance to antibiotics can be explained in biochemical terms as the inability of a
given antibiotic to reach its microbial target at an adequate concentration in order to inhibit the
target's activity or kill the target. Within this scope, there are two main ways of acquiring
resistance: decreasing the affinity of the target for the antibiotic (mutations in genes encoding
the antimicrobial targets) and/or diminishing the active concentration of the antibiotic inside
the cell [252]. For the latter, the mechanisms of resistance can be broadly classified into three

categories:
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- Production of hydrolytic or modifying enzymes
Bacteria or fungi may acquire several genes for a metabolic pathway which ultimately produces
altered bacterial cell walls that no longer contain the binding site of the antibacterial agent, or
they may acquire mutations that limit access of antimicrobial agents to the intracellular target
site [253].

- Mutations in antimicrobial transporters
The organism may acquire gene-encoding enzymes, such as 3-Lactamases, that destroy the
antibacterial agent resulting in mutations in antimicrobial transporters that may impede their

entrance into the target before they can have an effect [254].

- Use of efflux pumps to extrude antimicrobials
Mutations in antibiotics transporters may impede their entrance; and as such bacteria may
acquire energy-dependent efflux pumps that extrude the antimicrobial agents from the cell
before it can reach its target site and exert its effect. Efflux pumps were first described as a
mechanism of resistance to tetracycline in Escherichia coli [255]. However, nowadays it is well
known that efflux pumps constitute the most ubiquitous type of resistance element, present in
all organisms from bacteria to mammals, among those that have been described [256].

1.7.1- Bacteria species
Bacteria species are generally classified as Gram-positive and Gram-negative. Gram-positive
bacteria are those that stained dark blue or violet by Gram staining. They retain the crystal violet
stain because of the high amount of peptidoglycan in the cell wall that lacks the outer
membrane. Gram-negative bacteria contrary do not retain the crystal violet dye in the Gram
staining protocol. The Gram-negative bacteria instead take up the counterstain and appear red
or pink. The different species of bacteria used in this study are Salmonella enterica, Shigella
flexineri, Escherichia coli, Staphylococcus aureus streptococcus pneumonae, Pseudomonas
aeruginosa, Klessiella pneumonae, Hemophyllus influenza, Enterococcus fecalis and

Mycobacterium smegmatis.

1.7.1.1- Escherichia coli
Escherichia coli is a Gram-negative bacillus in the family Enterobacteriaceae. Most E. coli are
found in the intestinal tract of mammals. Pathogenic strains of this organism are distinguished
from normal flora by their possession of virulence factors such as exotoxins [257]. However,
there also exist many pathogenic strains of E. coli that can cause a variety of diarrheal,

hemorrhagic colitis diseases in humans and animals. Haemorrhagic colitis occasionally
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progresses to hemolytic uremic syndrome (HUS), an important cause of acute renal failure in
children and morbidity and mortality in adults. In addition, E. coli is generally responsible for
urinary tract infections, septicaemia, neonatal meningitis and gastrointestinal tract infections. It
is sensitive to different antibiotic groups notably; B-lactams, aminoglycosides, first-generation

quinolones, cloroquinolones and cotrimoxazole [76].

1.7.1.2- Staphylococcus aureus

Staphylococcus aureus is a Gram-positive spherical bacterium approximately 1 pm in diameter.
Its cells form grape-like clusters since cell division takes place in more than one plane. Among
the Staphylococcal species, S. aureus is by far the most virulent and pathogenic for humans. It
has been estimated that approx. 20-30% of the general population are S. aureus carriers [258,
259]. Hospital-acquired infections with Staphylococcus aureus, especially methicillin-resistant
S. aureus (MRSA) infections, are a major cause of illness and death and impose serious
economic costs on patients and hospitals [260, 261].

It can be isolated from the respiratory tract of patients with cystic fibrosis. It causes diseases
such as superficial infections like boils and abscesses, deep infections like septicaemia and
pneumonia, toxic shock and skin exfoliation. S. aureus is commonly found in the nose, skin,
throat and gut and many healthy people are carriers of this bacterium. It can be spread by contact
and airborne routes. These strains usually do not cause pathological conditions but serious
infections occur when the resistance of the host is low. This could be due to hormonal changes,
debilitating illness, wounds on the skin surface, treatment with steroids or other anti-
inflammatory drugs. S. aureus readily appears in multiple resistant forms, especially in
hospitals because of the extensive use of antibiotics, thus making treatment more difficult.
Treatment of choice for S. aureus infections are beta-lactamase stable penicillins, while
vancomycin is indicated for the methicillin resistant strain [262].

1.7.1.3- Salmonella enterica
Salmonella enterica is a Gram-negative, rod-shaped, flagellated bacterium that is of interest
due to its ability to cause infectious diseases in humans and animals. Salmonellosis is food
poisoning caused by consumption of food contaminated with bacteria of the genus Salmonella.
Salmonellosis is a major global cause of diarrheal, extra-intestinal diseases as well as other
foodborne illnesses in both humans and animals [263]. Also, typhoid fever, caused by
Salmonella enteritis is endemic to the developing world [264]. According to the WHO
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estimates, the global typhoid fever disease burden at 11-20 million cases annually, resulting in
about 128,000-161,000 deaths per year [265].

Furthermore, multidrug-resistant S. enterica which is resistant to the extended-spectrum third-
generation cephalosporins aminoglycosides, tetracyclines, sulfonamides and chloramphenicol,

have now been isolated in several countries from food, animals and humans [263].

1.7.1.4- Shigella flexneri

Shigella is Gram-negative, rod-shaped, immobile anaerobic and facultative enterobacteria with
a weak metabolic strength. They are the class of bacteria that are found in human beings but
are not part of the normal intestinal flora. Despite this, they are the cause of infected colitis in
adults and severe gastrointestinal problems associated with diarrhoea and dysentery in children.
Diarrhoeal diseases account for approximately 25 % of all deaths in children of age less than 5
years in developing countries [266, 267]. Moreover, Infections caused by Shigella species are
an important cause of diarrhoeal diseases in both developing and developed countries.

1.7.1.5- Pseudomonas aeruginosa

It is a Gram-negative bacillus and is an obligate aerobe. It is an opportunistic pathogen,
especially in hospitals, which can infect almost any body part given the right predisposition. It
causes skin infections, burns and pneumonia.it is a major lung pathogen in cystic fibrosis
patients. It can also cause urinary tract infections, septicaemia, osteomyelitis and endocarditis.
A small percentage of normal healthy people are carriers as part of the normal flora of the gut.
P. aeruginosa is resistant to most antibacterial agents and is only susceptible to
aminoglycosides and newer beta-lactams [268, 269]. There are however strains within the
species that may also acquire resistance to these agents.

1.7.1.6- Klebsiella pneumonia

It is a Gram-negative bacillus and is a facultative anaerobe. Klebsiella infections generally tend
to occur in people with weakened immune systems, most commonly in the urinary tracts. It
causes pneumonia in patients with predisposing medical conditions such as diabetes, as well as
septicaemia and wound infections [270]. K. pneumonia is normally found in the gut of man and
animals and in moist environments such as soil and water. Infection may be endogenous or
spread by contact as this bacterium has a remarkable capacity for survival on hands. Multiple
antibiotic resistance is common and treatment is difficult. Most often, two or more powerful
antibiotics are used to eliminate the infection. These include cephalosporins, beta-lactamase
stable penicillins and aminoglycosides [261].
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1.7.2- Fungi Species

The Fungi; Candida albicans, Candida krusei, Cryptococcus neoformans and Candida
parapsilosis are different fungi species used in this work. They are the main cause of
candidemia, which has become one of the main agents of most bloodstream infections over the
last two decades [271]. They are also the causative agents of Candida pneumonia,
vulvovaginitis gastrointestinal fungi infections, Septicemia, and meningitis. Despite the high
morbidity and mortality associated with candidosis, no decrease in the incidence of this
infection has yet been achieved [272]. The increasing prevalence of fungal infections, especially
hospital-acquired infections and infections in immune-compromised patients has heightened
the need for new anti-fungal treatments. Drug-resistant fungal isolates have been reported for
all known cases of antifungal drugs [273]. Thus, there is an urgent need to develop new and
more effective antifungal therapies [56, 274].

1.7.2.1- Candida albicans
Candida albicans is a yeast and it exists as a commensal of warm-blooded animals including
humans. It is a diploid (a form of yeast) and causal agent of opportunistic oral and genital
infections in humans. It colonizes the mucosal surfaces of the oral and vaginal cavities and the

digestive tract and is able to cause a variety of infections [76, 275].
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1.7.2.2- Candida krusei
Candida krusei is budding yeast involved in chocolate production in the fermentation of the
cocoa bean to remove the bitter taste. C. krusei is an emerging fungal nosocomial pathogen
primarily found in people with hematological malignancies. C. krusei causes vaginitis and has
a natural resistance to fluconazole [276, 277].

1.7.2.3- Candida Parapsilosis
Candida Parapsilosis is the yeast that causes candidemia. It affects mostly critically ill neonates
and surgical intensive care unit patients [276]. It is been reported that C. parapsilosis causes
knee joint infection [278].

1.7.2.4- Cryptococcus neoformans
Cryptococcus neoformans or Cryptococcus gattii is yeast found mostly in tropical and sub-
tropical climates. It is a fungus that causes cryptococcosis, a global invasive mycosis associated
with significant morbidity and mortality. It is the causative agent in Meningitis. It has been
reported that global warming may have been a factor in the emergence of Cryptococcus
neoformans in British Columbia [272].

Treatment is usually by drug association therapy of flucytosine, fluconazole and amphotericin
B [272, 279].
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Table I: Some Microorganisms, diseases caused and treatment used

Microorganism Type Disease caused  Treatment Resistance  Reference
Cystic
fibrosis
(Urinary Nitrofuran
_ Gram tract Penicillin Medium
CE:Z??e“Ch'a negative infections) Amoxilline None %%S]) 156,
bacillus Diarrhea Citrofloxacin None
Nausea Cotrimoxazole
Abdominal
pains
Boils,
Abscesses,
Staphylococcus Gra.”! septicaemia, Beta—lactar_ngsc_e Low
Positive . Stable penicillins [281]
aureus - pneumonia . Low
cocci . Erythromicin
toxic shock
Impetigo
Gram . Chloramphinicol  High
tsamhio”e"a positive géﬁmgl Ampicillin High [281]
yp bacillus Ciproloxacin High
Shicella Gram Amoxicilline,
gete negative Diarrhea Ampicillin High [156, 281]
flexneri . .
bacillus Clotrimoxazole
Suppositories or
creams
. o containing .
Candida . Vaginitis . High
albicans Fungi Candidiasis mlcor_lazole, High [30, 156]
Clotrimazole,
Nystatin,
imidazole
. . . Vaginitis, Nystatin High
Candida krusei Fungi Candidiasis Amphotericin B Low [139]
. Flucytosine
C.neoformans Fungi F'\>/Teu_mo_n_|a Fluconazole Moderate [282, 283]
eningitis .. Low
Amphotericin B
Pneumonia,
— . Knee joint Amphotericin B Low
C. Parapsilosis Fungi infections, Fluconazole, Moderate [100]
Candinemia

1.8- Theoretical Calculations

Nowadays, density functional theory (DFT) calculations provide a numerical “virtual

coordination chemistry lab” able to compute even properties difficult or impossible to measure

experimentally [284]. DFT calculations can predict the behaviour of a broad range of chemical,

physical, and biological phenomena of importance in chemical reactivity, catalytic activity,

bioactivity, photo-physics, electronic and nuclear magnetic resonance spectroscopy, linear and
nonlinear optics [284, 285].
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1.9- Statement of the Problem

The emergence of antifungal and antibiotic-resistant pathogens and the continuing emphasis on
health care costs has provoked a renewed interest in the design and development of novel and
cost-effective antimicrobial agents with increased biological activity against the resistant strains
[274, 286]. The strategies currently being explored to tackle this problem include the structural
modification of existing antimicrobial drugs to which resistance has developed and the
development of entirely new classes of antimicrobial agents that work on different target sites
[287].

Combining the chelating ability of 1,10-phenanthroline, its biological activities and the versatile
bonding modes of dca™, N5 and NO3 with that of biologically relevant metals, might improve

the biological properties of the complexes thereof.

1.10- Motivation

The metal complexes of 1,10-phenanthroline have shown very interesting biological and
medicinal properties [48, 56, 58, 61, 179, 246, 282]. The possibility of it using its extended -
system to form non-covalent zt-interactions, which mimic various biological processes, is also
of interest [238, 288]. For example, the [Cu(phen)2]?* complex ion has shown antitumor activity
where it inhibited DNA or RNA polymerase activities [154, 177, 289]. The
[Mn(phen)2NOs]NO3:2H,0 and [Mn(phen).]Cl.-C2HsOH complexes have also shown potent
in vitro antifungal activity superior to the state-of-the-art drug Amphotericin B [176]. Likewise,
the complexes; [Cu(en)(phen):].phen-2Br-8H.O and [Cu(en)(phen):].-ClIOs (en =
ethylenediamine) have exhibited antimicrobial activities compared to the known standard drugs
used for Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, Streptoccocus
pyogeneous, Candida albicans, and Aspergillus niger [132]. The most active drug tested in
aqueous media is the [Ag(phendio)]CIOs (phendio=1,10-phenanthroline-5,6-dione) complex
which have greatly inhibited the growth of the human fungal pathogen Candida albicans [290].
The metal complexes of 1,10-phenanthroline have been proven to be bacteriostatic and
bacteriocidal toward many Gram-positive bacteria but are relatively ineffective against Gram-

negative organisms.

1,10-Phenanthroline is one of the most popular bidentate N,N"-chelating agent, so far used in
the development of coordination chemistry of heterocyclic nitrogen donor ligands [45, 55, 69,
74, 174]. Its rigidity makes it an entropically better chelating molecule than 2,2 -bipyridine and
has been exploited to make a variety of simple geometrically diverse complexes [48, 234]. In
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addition to this versatile ligand, dicyanamide (dca), azide and nitrate anions have continued to
receive much research attention because of their stability and coordination versatility in the
assembly of multi-dimensional coordination polymers [188, 193, 194, 201]. Dicyanamide
ligand can act as the uni-, bi-, or tridentate manner and both of its homo- and heteroleptic
complexes have rich topologies and magnetic properties [201, 205]. On the other hand, the
azide anion can coordinate to transition metals with different coordination modes ranging from
monodentate to bridging bi-, tri- and tetradentate generating a wide variety of fascinating
structures (discrete molecules to 3D arrays) and their promising applications in functional
materials [58]. The nitrate anion can function as a bidentate, bridging, or monodentate ligand
or as an ionic species in different complexes. The bonding type is probably a function of the

nature and number of other ligands present [61].

The pharmacological efficiencies of metal complexes depend on the nature of the metal ions
and the ligands because the metal ions present in the complexes accelerate the drug action and
efficacy of organic therapeutic agents [129]. The interaction of metal ions with drugs
administrated for therapeutic purposes is a subject of considerable interest [291]. The medicinal
application of metal complexes is of great interest due to the increased antimicrobial resistance
with the rapid increase in multidrug-resistant microbes [48, 180, 182]. Research work [55, 58,
61], in our laboratory has focused on the antibacterial and antifungal properties of mixed-ligand
complexes containing 1,10-phenanthroline and co-ligands (2,2 -bipyridine, azide and nitrate
anions). The high antimicrobial activity of 1,10-phenanthroline and the upsurge of infectious
diseases in our country, Cameroon, caused by some bacterial and fungal strains has motivated
this research work on the antimicrobial activities of Mn(l1), Co(Il) and Cu(ll) complexes of

1,10-phenanthroline using dca, azide and nitrate as co-ligands.

1.11- Aim and Objectives

Our interest in the area of therapeutic agents, especially on metal-based drugs, is fuelled by the
search for new and effective antimicrobial agents. The aim of this work, therefore, is to
synthesise and characterise Mn(l1), Co(ll) and Cu(ll) complexes of 1,10-phenanthroline and
co-ligands (dicyanamide, azide, and nitrate) as potent antimicrobial agents against the resistant
microbial pathogens.

The specific objectives of this work are:

- To synthesise Mn(Il), Co(ll) and Cu(ll) complexes of 1,10-phenanthroline and co-

ligands (dicyanamide, azide and nitrate anions).
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To elucidate structures of the metal complexes using physicochemical analytical
methods: elemental analyses (C, H, and N), Fourier transform infrared
spectroscopy (FTIR), Ultraviolet-visible spectroscopy (UV-vis), Solubility test,
Conductivity measurements, Magnetic susceptibility measurement and Single
crystal X-ray crystallography.

To study the thermal properties (TGA and DTA) of the metal complexes

To evaluate Powered XRD on the products of thermal decomposition.

To investigate the antibacterial and antifungal properties of the complexes on a
broad range of resistant strains of microorganisms isolated from patients.
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CHAPTER 2
EXPERIMENTAL




In this chapter, we describe the methods used for the synthesis of the complexes, the different
analytical techniques for their characterisations and the biological applications of the complexes

as potential functional materials.
2.1- Chemicals

All the chemicals were of reagent grade and were used as such without further purification.
2.1.1- Ligands
The ligands used for this thesis are 1,10-phenanthroline monohydrate C12HsN2-H20 (> 99 %),

sodium dicyanamide NaCzNs (> 97 %), and sodium azide NaNsz (> 99.5 %) obtained from
Sigma-Aldrich.

2.1.2- Metal salts

The metal salts used for this thesis are Mn(NOz)2.4H20 (99 %), Co(NOs)..6H20 (98 %), and
Cu(NO3)2.3H20 (98 %) obtained from Sigma-Aldrich and Fisher Scientific.

2.1.3- Solvents

All the used solvents were dried and distilled according to standard methods. The following
solvents were used for this thesis: Methanol (99.8 %) and Ethanol (99.8 %) obtained from
ProLabo while DMSO (> 99.5 %) and Acetone (> 99.8 %). They were obtained from Sigma-
Aldrich and distilled water was obtained from the laboratory.

2.2- Synthesis

Generally, the complexes were synthesised following the procedure reported by Sado et al,
2016 [61] with slight modifications. The simple metal(l1)/1,10-phen complex was prepared
using 1:2 molar reactant ratio while the mixed metal(11)/1,10-phen/co-ligand complexes were
prepared using 1:2:2 molar reactant ratios.
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Condenser

Methanolic solution of

Thermometer metal(Il) ions

Methanolic/water solution of co-ligand
——

(Added after one hour)

Methanolic solution of
1,10-phenanthroline

magnetic stirrer
(Reflux at 85 °C)

Figure 26: Experimental set-up for the synthesis of the complexes
2.2.1- Synthesis of [Mn(Phen)2(NO3)2] (1)

At room temperature, a solution of Mn(NOz3),-4H>0 (0.251 g, 1.0 mmol) in methanol (25 mL)
was added dropwise to a solution of 1,10-phenanthroline (0.396 g, 2 mmol) in methanol (25
mL) with constant stirring and the reaction mixture was refluxed at 85 °C for 4 hours. The light
yellow precipitate formed was filtered, washed with ethanol and dried over silica gel in a
desicator. The volume of the filtrate was reduced to ca. 15 mL. At 25°C yellow crystals were
obtained after two days (0.352 mg, 75 %).

2.2.2- Synthesis of [Mn(Phen)2(N3)2] (2)

At room temperature, a solution of Mn(NOs)2-4H>0 (0.251 g, 1.0 mmol) in methanol (25 mL)
was added dropwise to a solution of 1,10-phenanthroline (0.396 g, 2 mmol) in methanol (25
mL) with constant stirring and the reaction mixture was refluxed at 85 °C for an hour. A solution
of sodium azide (0.13 g, 2 mmol) in 10 mL water/methanol (1:4 v/v) was added dropwise to
the reaction mixture and it was further refluxed for 3 h. The intense yellow precipitate formed
was filtered, washed with ethanol and dried over silica gel in a desicator. The volume of the
filtrate was reduced to ca. 15 mL. At 25°C yellow crystals were obtained after one day (0.525
mg, 80 %).
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2.2.3- Synthesis of [Mn(Phen)z(dca),] (3)

At room temperature, a solution of Mn(NOs)2-4H>0 (0.251 g, 1.0 mmol) in methanol (25 mL)
was added dropwise to a solution of 1,10-phenanthroline (0.396 g, 2 mmol) in methanol (25
mL) with constant stirring and the reaction mixture was refluxed at 85 °C for an hour. A solution
of sodium dicyanamide (0.18 g, 2 mmol) in 10 mL water/methanol (1:4 v/v) was added
dropwise to the reaction mixture and it was further refluxed for 3 h. The yellow precipitate
formed was filtered, washed with ethanol and dried over silica gel in a desicator. The volume
of the filtrate was reduced to ca. 15 mL. At 25°C light yellow crystals were obtained after one
day (0.675 mg, 85 %).

2.2.4- Synthesis of [Cu(phen)(BMCA)](NO3); BMCA =
bis(methoxycarbimido)aminato anion (4)

At room temperature, a solution of Cu(NOs)2:3H20 (0.241 g, 1 mmol) in methanol (25 mL)
was added dropwise to a solution of 1,10-phenanthroline (0.396 g, 2 mmol) in methanol (25
mL) with constant stirring and the reaction mixture was refluxed at 85°C for an hour. A solution
of sodium dicyanamide (0.18 g, 2 mmol) in 10 mL water/methanol (1:4 v/v) was added
dropwise to the reaction mixture and it was further refluxed for 3 h. The dark green precipitate
formed was filtered, washed with methanol and dried over silica gel in a desiccator. The volume
of the filtrate was reduced to ca. 10 mL. Violet-pink crystals (327 mg, 75 %) were obtained
from this filtrate at 25°C after two weeks.

2.2.5- Synthesis of [Co(phen)2(NOs)](dcg™)-(H20); dcg = dicyanoguanidinate
anion (5)

At room temperature, a solution of Co(NOz)2:-6H20 (0.29 g, 1.0 mmol) in methanol (25 mL)
was added dropwise to a solution of 1,10-phenanthroline (0.396 g, 2 mmol) in methanol (25
mL) with constant stirring and the reaction mixture was refluxed at 85°C for an hour. A solution
of sodium dicyanamide (0.18 g, 2 mmol) in 10 mL water/methanol (1:4 v/v) was added
dropwise to the reaction mixture and it was further refluxed for 3 h. The dark orange precipitate
formed was filtered, washed with methanol and dried over silica gel in a desiccator. The volume
of the filtrate was reduced to ca. 10 mL. At 25°C dark-orange crystals were obtained (533 mg,
80 %) after two weeks.
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2.3- Characterisation

Elemental analysis (C, H, N) of the complexes were carried out on a FLASH 2000 Organic
Elemental Analyzer in the Department of Chemistry of the University of Zululand, South
Africa. The melting point temperatures of the complexes were obtained using the STUART
Scientific Melting Point SMP1 Device with maximum temperature calibrated at 360 °C carried
out in the Laboratory. The Fourier Transformed Infrared (FT-IR) spectra of the complexes and
ligands were recorded from 4000-400 cm™ on a PerkinElmer Spectrum Two universal
attenuated total reflectance Fourier transform infrared (UATR-FT-IR) spectrometer calibration
Department of Chemistry of the University of Zululand, South Africa. Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) curves were obtained from the
Laboratory of Applied Inorganic Chemistry, University of Yaounde I. Thermogravimetric
analysis (TGA) and differential Thernmal Analysis (DTA) curves were obtained using a
NETZSCH STA449F1 thermoanalyzer in a dynamic argon atmosphere (heating rate 10 °C-min’
! flow rate 25 mL/min, aluminium oxide crucible, mass 20 mg, and a temperature range from
room temperature up to 900 °C) at the Institute of Inorganic Chemistry, Faculty of Chemistry
and Mineralogy, Universitat Leipzig, Germany. Room temperature magnetic susceptibility
measurements of the complexes were determined using the GOUY method with mercury
tetrathiocyanocobalt(l1) as calibrant on a Stanton Instruments Limited (Model A49). Powder
XRD measurements were performed with a Stoe-StadiP powder diffractometer with a CuKa
(1.540598 A) X-ray source (0.5 °/step and 30 s/step (2 repetitions); tube power: 40 KV/40 mA;
scan mode: Debye-Scherrer using a borosilicate glass capillary as sample holder during the

measurement.

2.3.1- Melting Point Determination

The melting point of a material is the temperature at which it changes from a solid to a liquid
state. Determining the melting point of a compound is a simple and fast method used specially
to determine the purity of substances. The melting point temperatures of the complexes were
obtained using the STUART Scientific Melting Point SMP1 Device with maximum
temperature calibrated at 360 °C carried out in the Laboratory of Coordination Chemistry,
University of Yaounde I. The samples were placed each in a capillary tube, and the capillary
tube was then inserted into the melting point apparatus and heated to higher temperatures while
observing through a magnifying lens for the temperature at which the compound will
completely melt or decompose. Prior to use, the apparatus was calibrated with the aid of
standards (Solophen: 191 °C; Saccharine: 228 °C; Dicyandiamide: 210 °C).
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2.3.2- Microanalysis

The microanalysis for CHN helps us to ascertain the empirical percentage composition of each
element in the complexes. Elemental analysis (C, H, N) of the complexes was carried out on a
FLASH 2000 Organic Elemental Analyzer in the Department of Chemistry of the Faculty of
Science and Agriculture, University of Zululand, South Africa. The samples were placed each
in a tin container and dropped into a furnace at 1000 °C. The samples decomposed releasing
carbon monoxide, water vapour and nitrogen dioxide with the release of oxygen gas from the
furnace. The amount of each element in the sample was determined by gas chromatography.
The metal content in each sample was estimated by complexometric titration using EDTA
solution [292].

- Estimation of the Metal Contents of the Complexes

The metal content of the complexes was estimated by complexometric titrations using EDTA

solution.
- Preparation of the samples

The solutions of the complexes and metal oxide for metal content analyses were prepared by
dissolving 0.1 g of each sample in a mixture of 2 mL of concentrated sulphuric acid and 3 mL
water. The solution obtained was heated until the characteristic colour of the metal ion in the
aqueous medium is obtained. The solution was then cooled at room temperature, transferred
completely into a 50 mL standard volumetric flask and the volume made up to the mark with
distilled water.

- Preparation of EDTA solution (0.01M)

The hydrated sodium salt of ethylenediaminetetraacetic acid (Na;EDTA.H20) was dried for
one hour in an oven at 110 °C and cooled in a desiccator under vacuum. A mass of 3.724 g of
the salt was dissolved in a small beaker and transferred completely into a 1000 mL standard
volumetric (Erlenmeyer) flask, and the volume made up to the mark with distilled water. The
EDTA solution was standardised using the primary standard of 0.01M zinc sulphate solution as

shown in equation (2.1).
H,Y?> +Zn>* ——» ZnY* +2H' 2.1)

For each complex, 10 mL solution of the complex was pipetted and introduced into an
Erlenmeyer flask. 3 drops of murexide were added as an indicator. The resulting solution was
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then titrated against EDTA. The endpoint was indicated with a colour change, for example, the

cobalt complex changes from violet to blue colouration.
2.3.3- Solubility Tests

The solubility of the complexes was evaluated qualitatively in nine different solvents. The
solubility of the compounds was determined in three non-polar solvents, (Toluene, Hexane and
Chloroform); three polar aprotic solvents (Acetone, DMF and DMSQO) and three polar protic
solvents (MeOH, EtOH, and Water). To determine solubility in g/100 mL, 0.01 g of the
complex was dissolved in 3 mL of solvent and then stirred magnetically for 5 minutes at room

temperature.
2.3.4- Conductance Measurements

The conductance measurements were carried out in order to determine, with the help of

literature if the complexes are molecular (non-electrolyte) or ionic (electrolyte).

Conductivity measurements for the complexes were carried out in dimethylsulfoxide (DMSO)
using the Tacussel conductometer, model CD810 at room temperature. Solutions of the
complexes were prepared by dissolving 0.001 g of each sample in 30 mL of DMSO and the
solution left to equilibrate at room temperature for 15 minutes before measuring their

conductivities.
2.3.5- Infrared (IR) Spectroscopy

Infrared spectroscopy is an extremely powerful technique for both qualitative and quantitative
analysis and the spectrum of any substance is interpreted by the use of known group
frequencies [134]. The Fourier Transformed Infrared (FT-IR) spectra of the complexes and
ligands were recorded from 4000-400 cm™ on a PerkinElmer Spectrum Two universal
attenuated total reflectance Fourier transform infrared (UATR-FT-IR) spectrometer calibration
Department of Chemistry of the University of Zululand, South Africa.

2.3.6- Electronic Absorption Spectra

The spectra of transition metal complexes depend on the transition of unpaired electrons from
the ground state to an excited state. The electronic spectra were recorded on a Perkin—Elmer
Lambda-25 UV-Visible spectrometer of the Laboratory of Applied Inorganic Chemistry,
University of Yaounde I.

The samples were each dissolved in dimethylsulfoxide (DMSO) and placed in a quartz cuvette

(1 cm) optical on two sides. The cuvette was placed in the sample holder of the spectrometer
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and spectrum recorded on the monitor.
2.3.7- Thermal Analysis

Thermogravimetric Analysis (TGA) provides a quantitative measurement of weight change
versus temperature. Typically, TGA is used to investigate the thermal stability and
compositional analysis of materials. TGA can record directly the weight change as a function
of temperature or time for transitions that involve dehydration or decomposition.
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) curves were
obtained from the Laboratory of Applied Inorganic Chemistry, University of Yaounde I.
Thermogravimetric analysis (TGA) and differential Thermal Analysis (DTA) curves were
obtained using a NETZSCH STA449F1 thermoanalyzer in a dynamic argon atmosphere
(heating rate 10 °C-min’, flow rate 25 mL/min, aluminium oxide crucible, mass 20 mg, and a
temperature range from room temperature up to 900 °C) from the Institute of Inorganic
Chemistry, Faculty of Chemistry and Mineralogy, Universitat Leipzig, Germany.

The sample was placed each in a crucible and put in the furnace on a quartz beam which is
attached to the automatic recording balance. Any change in the weight of the sample causes
the deflection of the beam which is sensed by photodiodes. When the beam is restored to the
original position, the balance detects the current which is sent from the photodiodes. The
current is proportional to the change of weight of the sample.

2.3.8- Magnetic Susceptibility Measurements

The measurement of the magnetic moment is one of the useful methods available to the
coordination chemists for studying the electronic structure of a transition metal complex.
Room temperature magnetic susceptibility measurements of the complexes were determined
using the GOUY method with mercury tetrathiocyanocobalt(ll) as calibrant on a Stanton
Instruments Limited (Model A49) in the Department of Chemistry of the Faculty of Science
and Agriculture, University of Zululand, South Africa. The magnetic measurements were
performed at a temperature range of 5-300 K using a Sherwood Scientific magnetic
susceptibility balance. The magnetic data of the samples were obtained by taking the difference
in mass between an empty sample tube and the sample tube filled with a sample which is in
the form of a reasonable fine and uniform powder. The diamagnetic corrections for the samples
were estimated using Pascal's constant and the magnetic data were corrected for diamagnetic
contributions using a sample holder.
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The mass susceptibility; x,, is calculated using equation (2.3).

_ Csal(R—R,)

Xg 10°m (23)
where: | = sample length (cm)
m = sample mass (g)
R = reading for tube plus sample
Ro = empty tube reading
Coar = balance calibration constant
Xg = mass susceptibility

2.3.9- Test for Nitrate ions

A common nitrate test, known as the brown ring test was performed by adding iron(lI1) sulphate
to the solution, then slowly adding concentrated sulphuric acid and watching for a brown ring
on the test tube, which will indicate the presence of the nitrate ion. For the preparation of the
solution, 0.01 g each of the sample was dissolved in 30ml of water in a 100 mL beaker. Note
that the presence of nitrite ions will interfere with this test.

2.3.10- Crystal Structure Determination

This is a versatile, non-destructive method which reveals detailed information about the
chemical composition, crystallographic and microstructure of materials. The X-ray
crystallography is the most powerful and unambiguous method for the determination of the
structure of crystalline materials [293]. The single crystal X-ray Measurements were carried
out at the Institute of Technology, Madras, Chennai, India; Department of Chemistry and
Biochemistry Baylor University, USA; and Institute of Inorganic Chemistry, Faculty of
Chemistry and Mineralogy, Universitat Leipzig, Germany. Suitable single crystals of the
complexes [Mn(Phen)2(NOs)2] (yellow crystal, 0.300 x 0.250 x 0.250 mm?3), [Mn(Phen)2(Ns)2]
(dark yellow crystal, 0.25 x 0.25 x 0.20 mm®), [Mn(Phen)2(dca)] (light yellow crystal, 0.170 x
0.157 x 0.129 mm?), [Cu(Phen)dca-(OMez)]-NOs (pink crystal, 0.20 x 0.10 x 0.01 mm3) and
[Co(Phen)2(NO3)]-(H20)(dcg) (dark-orange crystal, 0.35 x 0.30 x 0.20 mm3), coated with dry
perfluoropolyether were mounted, each at a time, on glass fibres and fixed to the goniometer
head in cold nitrogen stream (T = 173(2) K). Data collection was performed on a Bruker-Nonius
X8APEX-CCD diffractometer using monochromatic radiation A(Mo-Kal) = 0.71073 A, by
means of ® and ¢ scans of width 0.30 and exposure time of 10 s per frame in the range 6.0 <26
< 60.96 with a detector distance of 37.5 mm.
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For the complex [Mn(Phen)2(NOs).], out of the 12,206 measured reflections, the final cell
parameters were obtained by full-matrix least-squares techniques [294] on 2,957 observed
unique reflections (Rint = 0.0264), and 168 refined parameters with final R1 = 0.0580 for
reflections with I > 2a (I) and ®R2 = 0.1867 for all data. For the complex [Mn(Phen)2(N3)2],
out of the 22,275 measured reflections, the final cell parameters were obtained by full matrix
least-squares techniques on 2,029 observed unique reflections (Rint = 0.041) and 159 refined
parameters with final R1 = 0.077 and for reflections with [ > 2a (I) and ®R2 = 0.179 for the
compound. In the case of the complex [Mn(Phen);(dca)2], out of the 54,213 measured
reflections, the final cell parameters were obtained by full matrix least-squares techniques on
6160 observed unique reflections (Rint = 0.0564) and 352 refined parameters with final R1 =
0.0364 for reflections with I > 2a (I) and ®R2 = 0.0850 for the compound. For the complex
[Cu(Phen)dca-(OMe)2]-NOg, out of the 8594 measured reflections, the final cell parameters
were obtained by full matrix least-squares techniques on 2366 observed unique reflections (Rint
= 0.051) and 178 refined parameters with final R1 = 0.712 and for reflections with I > 2a (I)
and ®R2 = 0.087 for the compound. For the complex [Co(Phen)2(NOz3)]-(H20)(dcg), out of the
14,308 measured reflections, the final cell parameters were obtained by full matrix least-squares
techniques on 6,751 observed unique reflections (Rint = 0.0253) and 400 refined parameters
with final R1 = 0.0392 and for reflections with I > 2a (I) and ®R2 = 0.0941 for the compound.

X-ray data were collected with a GEMINI CCD diffractometer (Rigaku Inc.), A(Mo-K,) =
0.71073 A, T=130(2) K, empirical absorption corrections with SCALE3 ABSPACK [295]. All
structures were solved by dual space methods with SIR-92 [296]. Structure refinement was
done with SHELXL-2016 [297, 298] by using full-matrix least-square routines against F2. All
hydrogen atoms were calculated on idealised positions. The pictures were generated with the
program Mercury [299].

2.3.11- Powder X-Ray Diffraction (XRD) Spectroscopy

The powder X-ray diffraction was performed to obtain the degree of crystallinity, crystalline
lattice spacing and magnetite phase purity of the decomposed products after thermal analysis.
The XRD diffractograms were recorded on a Bruker D8 Advance X-ray diffractometer using
a Cu Ka radiation source (A = 0.15406 nm, 40 kV and 40 mA) at the Institute of Inorganic
Chemistry, Faculty of Chemistry and Mineralogy, Universitat Leipzig, Germany. Scans were
taken over the 26 range from 10° to 100° in steps of 0.01° at room temperature in open quartz
sample holders. The phases were identified with the help of the Bruker DIFFRAC plus
evaluation software in combination with the ICDD powder diffraction database (International
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Centre for Diffraction Data).
2.3.12- Theoretical Calculations

Calculations were performed on the complexes to gain further insights into the molecular
interactions in the synthesized compounds and to predict some of their electronic properties.
The calculations were performed using the DFT method and the exchange-correlation
functional [300] were approximated by the Becke three parameter exchange functionals [301,
302] and the Lee-Yan-Parr correlation functional [303]. The molecular orbitals of the studied
molecules were described by a Pople double split valence orbitals basis set 6-31G [304] as
implemented in the Gaussian 03, Revision Al package [305]. This basis set has been polarized
for all atoms to improve the flexibility of molecular orbitals [306]. The geometries obtained
from the crystal structures were used as the starting point for the optimization. The optimized
geometries were subjected to frequency calculations to verify that they represent energy
minima. The non-covalent interactions (NCI) such as hydrogen bond and van der Waals
interactions were described by two theories based on the electron distribution in the molecular
system: the Bader and collaborators approach known as quantum theory of atom in molecules
(QTAIM) [307] and the Contreras-Garcia and collaborators approach referred to as non-
covalent interactions index [308, 309]. The multiwfn software [310] was used for this purpose.

2.3.13- Antimicrobial Studies

The antimicrobial tests were carried out in the Applied Microbiology and Molecular
Pharmacology Laboratory (LMP) of the University of Yaoundé I, Cameroon. The tests were
done on twenty four pathogenic micro-organisms; twenty bacterial strains: B1 = Streptococcus
pneumonae ATCC49619; B2 = Staphylococcus aureus BAA917; B3 = Staphylococcus aureus
ATCC43300; B4 = Staphylococcus aureus NR45003; B5 = Staphylococcus aureus NR46003;
B6 = Staphylococcus aureus CP7625; B7 = Shigella flexneri NR518; B8 = Salmonella enterica
NR4294; B9 = Salmonella enterica NR4311; B10 = Salmonella enterica NR13555; B11 =
Pseudomonas aeruginosa NMC592; B12 = Klessiella pneumonae ATCC13883; B13 =
Klessiella pneumonae ATCC70603; B14 = Klessiella pneumonae NR41916; B15 = Escherishia
coli ATCC25922; B16 = Escherishia coli ATCC35218; B17 = Enterococcus fecalis
ATCC51219; B18 = Staphylococcus aureus NR46374; B19 = Hemophyllus influenza
ATCC49247; B20 = Mycobacterium smegmatis and four yeasts: Candida krusei, Candida
parasilosis, Candida albicans, Cryptococcus neoformans obtained from Centre Pasteur
Yaoundé, Cameroon.. The selected microorganisms represent the causative agents for diseases

that are prevalent in our environment.
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The microbial isolates were maintained on agar slant at 4 °C in the laboratory. The strains were
sub-cultured on a fresh appropriate agar plate in incubators 18 hours prior to any antimicrobial

test.
2.3.13.1- Sensitivity Test

The ligands, metal salts and the complexes were diluted in sterilized distilled water at 100
mg/mL and 1 mg of each test compound was placed on a sterilized filter paper disc and allowed
to dry. The reference antibiotics (RB) amoxicillin, ciprofloxacin and cloxacillin and the
reference antifungal (RF) drug fluconazole were also prepared in the same manner and 10 pg

placed on a sterilized filter paper disc and dried, prior to testing.
2.3.13.2- Diffusion Tests

In vitro antimicrobial activity of the ligand, metal salts and complexes were evaluated using the
disc-diffusion method. Mueller-Hinton (MH) agar was employed as the microbial growth
medium. The antimicrobial tests were carried out as described by Berghe and Vlietinck [311]
using a cell suspension of about 1.5 x 10 CFU/mL obtained from the McFarland Turbidity
standard No. 0.5. MH agar was poured (to a height of 8 mm) into sterile 9 cm diameter Petri
dishes and allowed to solidify. The solid MH agar was inoculated with bacteria strains using a
platinum wire loop which had been previously sterilized by heating it red hot in a flame, cooled
and then used for the application. The dishes were allowed to dry for ten minutes at 37 °C in an
incubator. Sterilised forceps were used for the application of the paper discs containing the test
compounds on previously inoculated MH agar dishes, with that of the RB or RF placed at the
centre. The plates were kept for 30 minutes at ambient temperature to allow for pre-diffusion,
and then incubated at 37 °C for 24 hours. A plate containing only the agar was also kept in the
incubator to determine whether contaminants were present. Antimicrobial activity was
evaluated by measuring the diameter of the growth inhibition zone (1Z) in mm around the discs.
Three replicas were performed for each sample and mean values of the growth inhibition zone
were calculated. Compounds with a zone of inhibition I1Z < 7 mm were considered to be

inactive, those in the range 7 < 1Z < 20 mm as active and those with 1Z > 20 mm, very active.
2.3.13.3- The Minimum Inhibitory Concentration (MIC) of the Complexes

The Minimum Inhibitory Concentration (MIC) was determined according to National
Committee for Clinical Laboratory Standards (NCCLS) M38 [312, 313], a microdilution
method using (12 x 8 wells) microtitre plates. This method was applied to compounds that

demonstrated high activity against microorganisms using the disc diffusion method. In the well
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of the first line (line 1), 100 puL of culture medium Mueller Hinton Broth (Mast Group Ltd) was
introduced and 100 pL in the remaining wells of the plates. This was followed by 100 puL of
the stock solution of the compounds at 2 mg/mL to the first well. The medium and sample in
the first well were mixed thoroughly before transferring 100 pL of the resultant mixture to the
well of the second line. Then two-fold serial dilutions of the test samples were made from line
1 until line 11 and 20 pL of inoculum standardized at 0.5 McFarland standards were introduced
in the entire well containing the test substances except for the columns of blank (Column C and
F) which constitute the sterility control. The concentration range was 0.00488 to 5 mg/mL for
compounds. In each microtiter plate, a column with broad-spectrum with the reference
antibiotic (RB); amoxicillin, ciprofloxacin, and cloxacillin while the reference antifungals (RF);
fluconazole and cloxacillin with the concentration range from 0.00195 mg/mL to 2 mg/mL were
used as positive control. After incubating at 37 °C for 24 hours for bacteria and 48 hours for
yeasts, turbidity was observed; an indication of growth. Thus, the lowest concentration
inhibiting the growth of microorganisms was considered as the Minimum Inhibitory
Concentration (MIC).
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3.1- Synthesis of the Complexes

The complexes were obtained in stoichiometric reaction ratio 1:2:2 of the metal(Il) salt, 1,10-
phenanthroline and co-ligand respectively, in a methanol/H>O mixture at 85 °C. The obtained
complexes; [Mn(Phen)2(NOs)2] (1), [Mn(Phen)2(Ns)2] (2), [Mn(Phen)z(dca)z] (3),
[Cu(phen)(BMCA)](NOs) (4); BMCA = bis(methoxycarbimido)aminato anion and
[Co(phen)2(NO3)](dcg™)-(H20) (5); dcg = dicyanoguanidinate anion have been fully
characterised. A transformation of the dicyanamide anion in 4 and 5 to
bis(methoxycarbimido)aminate anion (BMCA) or dicyanoguanidinate anion (dcg) respectively
was observed during the reaction (Scheme 7).

N2 H
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N N

deg Hdca dca BMCA

Scheme 7: Transformation of dca to BMCA and dcg

3.2- Physical Properties of the Complexes

Table 11: Physical properties of the complexes

Molar )
% Melting
Complex Nature Colour ) mass )
Yield point /°C
(9/mol)

[Mn(phen)2(NOz)2] (1) Crystals Yellow 75 539.37 356 + 2
[Mn(phen)2(Ns)-] (2) Crystals Intense yellow 80 499.41 /
[Mn(phen)2(dca)2] (3) Crystals Light yellow 85 547.45 290 £ 2
[Cu(phen)(BMCA)](NOs3) (4) Crystals Pink 70 435.89 202 £ 2
[Co(phen)2(NO3)](dcg )-(H20) (5) Crystals Dark orange 82 607.46 296 + 2

The complexes 1-5 were precipitated from solution relatively quickly without solvent
evaporation. All the complexes are crystalline, coloured, air-stable, non-hydroscopic as
compared to the starting materials and they can be reproducibly prepared in high yields (>70
%). Their physical properties are summarised in Table 11. The melting points of the complexes
range from 202-360 °C. Complex 1 melted at (356 + 2 °C) while the melting point of complex
2 could not be determined due to the explosive nature of the azido ligand. Complex 3 changed
in colour upon heating from yellow to dark orange and then melted at (290 £ 2°C). Complex 4
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had a sharp melting point (202 + 2 °C) while complex 5 also changed in colour upon heating
from dark-orange to brown and then melted at (296 + 2 °C). The sharp melting points of the
complexes indicate their degree of purity. The change in colour of the complexes 3 and 5 with
the increase in temperature could be attributed to a change in crystal structurally geometry from
octahedral to tetrahedral as the complexes decompose [314, 315].

3.3- Elemental Analysis

Table I11: The elemental analytical data of the complexes
Elemental analysis: Found (Calc.)

Complex % Carbon % Hydrogen % Nitrogen % Metal
1 51.88 2.50 15.57 10.19
(53.45) (2.99) (15.58) (10.25)
9 56.65 3.03 29.01 11.51
(57.72) (3.23) (28.05) (11.00)
3 62.29 2.33 25.92 9.46
(61.43) (2.95) (25.59) (10.04)
4 44.39 3.85 19.59 14.58
(44.09) (3.70) (19.28) (14.58)
5 52.60 3.92 22.67 9.81
(53.39) (3.32) (23.06) (9.70)

The elemental analytical data of the complexes presented in Table Il shows that the
experimental values are generally in agreement with the theoretical values and to a larger
extend, demonstrate the degree of purity of the complexes.

The metal content for each of the complexes were obtained by complexometric titration
using EDTA [292].

3.4- Solubility Studies

Table IV: Solubility Tests of the Complexes in Different Solvents

Complex Water Methanol  Ethanol DMSO DCM THF Chloroform  Hexane
e=783 €=327 €=243 e=470 =91 =76 €=438 e=1.9
1 + - - + + + - -
2 + - - + + + - -
3 + - - + + + - -
4 - - - + + + - -
5 - - - + + + - -
(+) Soluble (-) Insoluble (%) Sparingly soluble

Solubility, which is often said to be one of the "characteristic properties of a substance,"” [316]
was studied qualitatively in eight different solvents; three polar protic solvents; water (¢ =78.3),

methanol (g = 32.7), and ethanol (¢ = 24.3); three polar aprotic solvents; dimethyl sulphoxide
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(e = 47.0), dichloromethane (¢ = 9.1), tetrahydrofuran (¢ = 7.6); and two nonpolar solvents;
chloroform (¢ = 4.8) hexane (¢ = 1.9).. The results are presented in Table IV reveals that the
manganese(ll) complexes (1-3) are found to be soluble in water, dimethyl sulfoxide (DMSO),
tetrahydrofuran (THF) and dichloromethane (DCM) while the copper(ll) and cobalt(ll)
complexes are soluble only in DMSO. The solubility of the metal compounds in DMSO was of
great toxicological importance because it is one of the major factors influencing the availability
and absorption of the metals [317].

3.5- Molar Conductance Measurement

Table V: Molar Conductance Data of the Complexes

Mass of Molar
Molar mass Conc. No. of
Complex sample Conductance )
(gmol?) (molL?) ions
(mg) (Qlecm? mol?)
1 16 539.37 1x10° 11.18 0
2 15 499.41 1x10°3 8.86 0
3 16 547.45 1x10° 6.54 0
4 13 435.89 1x10°3 83.25 2
5 18 607.46 1x10°3 82.50 2

The molar conductivity of the complexes measured at room temperature in DMSO at 102 M
concentration are summarised in Table V. The molar conductivity value of each of the
complexes was calculated using equation (2.2) as illustrated in section 2.3.4. The values were
compared with literature to determine the type of electrolyte and the number of ions present in
solution for each of the complexes. Complexes with molar conductance values, in DMSO at
room temperature in the range (80-115) Qcm? mol* are 1:1 electrolytes; (160-220) Qlcm?
mol? are 2:1 electrolytes and (290-350) are 3:1 electrolytes [318]. The molar conductance
values of complexes 1-3 are in the range (6.54-11.18) Q*cm? mol™ indicating a non-ionic nature
and are therefore considered as molecular complexes [318]. For complexes 4 and 5, the molar
conductance values are 83.25 Qcm? mol* and 82.50 Qcm? mol?, respectively, indicating that
they are both 1:1 electrolytes (two ions present) [318]. This is in agreement with the structures

obtained by single crystal X-ray crystallography.

3.6- Infrared Spectroscopy

The most relevant absorption bands in the IR spectra of the ligands and the complexes (Figures

30-34) are summarised in Table VI. In the spectrum of the phen ligand, the absorption bands at
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1586 and 1501 cm ! assigned to v(c=n) and v(c=c) stretching vibrations respectively, are shifted
in the complexes to 1580 and 1521 cm™ for 1, 1580 and 1514 cm™ for 2, 1580 and 1514 cm !
for 3, 1600 and 1520 cm™ for 4, and 1666 and 1514 cm™ for 5. These shifts indicate the
participation of the C=N of phen in bonding [58, 61]. The weak band observed at 1751 cm™ in
1 (Fig. 30) shows the coordination of a monodentate nitrate ion, Mn-NOs3[319]. The vibrational
bands at 3050-3075 cm™ that occurred in all the complexes can be assigned to Csp?-H

stretching vibrations of the phen ligand [144].
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100. ﬂrrv 4 Ny
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mm}w’
o
500 4000 3500 30( 1000 500

4000 3500 3000 2500 2000 1500 1000
-1
Wavenumber (cm™)

wavenumber (cm)'l)

Figure 27: IR spectra of 1 and phen ligand Figure 28: IR spectra of 2, azido (Ns) and phen
ligands

The strong absorption band at 2105 cm™? in the spectrum of the azido ligand (Fig. 31), assigned
to the asymmetric stretching vibration v,4(Ns) is shifted to 2040 cm™ in 2, indicating terminal

coordination of the azido ligand to the metal ion [58, 61].

The characteristic stretching vibration bands of dca (Fig. 32) are observed in the range of 2300-
2100 cm, which corresponds to the v + vg(c=n) 2285 cm?, v qc=n) 2229 cm™ and vgc-n)
2179 cm™[14, 191, 192, 320, 321]. In 3, the characteristic absorption bands of dca are shifted
to higher wavelengths; v + vs(c=n) 2279 cm™, v s c=n) 2209 cm™ and vgc=n) 2154 cm™. The
shift towards higher wavelengths of these peaks, when compared with those of the free dca in
its sodium salt, is consistent with terminal coordination of the ligand [320, 321].
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Figure 29: IR spectra of 3, dicyanamido (dca) and Figure 30: IR spectra of 4, dicyanamido (dca) and

phen ligands phen ligands

In 4, the very strong bands (Fig. 33) with maxima at 1600 cm™ and at 1362 cm™ are assigned
to the v(c=n) and v(c_n) vibrations respectively. The appearance of the viv-m) at 3275 cm™ is an
indication of the transformation of dca ligand [208]. The appearance of the v(Csp3—H)
stretching and v(c_o) alkoxy vibrations at 2958 cm™ and 1085 cm, respectively, indicates the
addition of methanol to dca [208]. Characteristic nitrile bands (C=N) due to dca expected at
2173 and 2229 cm™ were not observed in the spectrum. On the contrary, the characteristic C-
O-CHeg stretch at about 1200 cm™ and a C-H symmetrical deformation vibration at about 1400
cm? were observed [206]. This observation is consistent with the crystal structure of the
complex showing a transformation of the dca anion to bis(methoxycarbimido)aminate anion
(BMCA).

4 5
200

{ dca

100 -
o 4

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm™)

Traranittarce @u)

Figure 31: IR spectra of 5, dicyanamido (dca) and phen ligands

In 5 (Fig. 34), the band at 2147 cm™ and the small shoulder at 2178 cm™ are the characteristic
bands of dicyanoguanidinate (dcg) anion assigned to v(C=N) vibrations which are observed in
the spectrum of dcg anion at 2138 and 2160 cm™ [209]. The twin bands at 3440 and 3492 cm'*
assigned to the v(NH,) and the band at 3196 cm™ assigned to the vn-ny both from the amino
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group of dcg anion indicates that the lone pairs on these N-atoms are not involved in bonding.
This suggests that the N,N'-dicyanoguanidinate ((H2N)C(NCN)2) anion is present as a counter
ion [209]. The new band at 1758 cm™ is assigned to the v(N-O) vibration for the nitrato ligand
[209, 319]. The broad and diffuse band at about 3500 cm™ is assigned to v(O-H) vibration of a

lattice water molecule.

The new bands at 512-557 cm ! in all the complexes can be attributed to v(M-N) stretching
while the new bands observed in the low frequency region at 472 for 1 and 445 cm™ for 5, may
be attributed to v(M-0) [322]. These bands are possibly due to the bond between the metal ion
and the nitrogen of phen and dca, and oxygen of nitrate ion.
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Table VI: Relevant IR absorption bands (cm™) of the ligands and their metal complexes

Y(C-H) ¥(C-H) Y(C-H)
Compound V(C=N) V(C=C) V(C=N) V(C-N) V(0-H) V(N-H) V(N-H2) V(N-O)  V(C-0) sp2 sp2 sp3 V(N=N=N) V(M-N)  V(M-0)
bend stretch stretch
N3 2105vs
2285vs
dca 2229s 1336vs
2173vs
Phen 1586s  1501vs 1250s  3373s 854S 0576
738vs
1 1580s 1521s 1751 84bvs 3075 550m 472m
728vs
2 1580s 1514vs / 848vs 3057s 2105vs  551m
722vs
2279vs 848Vs
3 1580s 1514vs 2209s 1336vs 3050s 551m
722vs
2173vs
1046vs 848s 3064s
4 1600vs 1520s 2140s 1362 3275vs 1751 1085vs  722vs  3017s 2958s 512m
2147vs 3492vs 848vs 3196m
5 1666vs  1514vs 2178s 3334s 3196m 3440vs 1758 799vs 30645 551s 445s

br=broad, s=strong, vs=very strong, m=medium, w=weak.
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3.7- Electronic Absorption Spectra

The significant electronic absorption bands in the spectra of the complexes shown in Figures

35-39 are summarised in Table VII.

Table VII: Significant absorption bands in the spectra of the complexes

Absorption Maxima

Complex Wavelength Wavenumber

nm cm?

1 340 29411

2 325 30769
347 28818

3 300 33333
325 30769

4 380 26385
437 22883

5 360 27700
501 19960

Band
Assignment

n—7n* and n-t*
n—o*

n-m*

n—o*

n-mc*

n—7* and n—n*
2B,y —2Big
n—7n* and n—n

4T]_g—)4T29

*

The Mn(I1) high spin complexes are weakly coloured due to spin forbidden d-d transition

(laporte forbidden). As a result of the spin forbidden d-d transition, the bands at the visible

regions are not defined but rather submerged at the ultraviolet region depicting the strong intra-

ligand transitions or charge transfer bands. The UV absorption spectra of 1-3 reveal bands in
the region 300-350 nm (34000-29000 cm™) attributed to the ligand field (=—n* and n—m*
transitions) and charge transfer (d-n* transitions) due to the migration of electrons from the

ligand orbitals to metal orbitals [323]. This is consistent with d® high spin Mn(l1) configuration

with an ®S ground term for octahedral geometry [55, 324].
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Figure 34: UV spectrum of 3

The UV-Visible spectrum of the copper(ll) complex (Fig. 38) displays a broad peak in the UV
region at A = 280 nm (26385 cm™) due to the ligand field (=—n* and n—n*) and charge transfer
(d-w*) transitions [325]. The d-d transitions appear in the visible region at A = 437 nm (22883
cm™) attributed to the transition 2B,g —2Ba1g. These transitions, as well as the measured value

of the magnetic moment (u. s = 1.75 up) suggest a square-planar stereochemistry around Cu?*

ions [326, 327].
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Figure 36: UV-Visible spectrum of complex 5

The UV-Vis spectrum of 5 (Fig. 39) shows a broad peak at A = 375 nm (26385 cm-1) which

were attributed to intra-ligand (m—n* and n—n*) transitions of the coordinated phen groups

due to the ligand field and charge transfer (d-n*) transitions [328]. The visible region contains

peaks at L = 501 nm (19960 cm-1) due to the d-d transition *T14—*T2g, Suggests a distorted

octahedral ligand field with moderate Jahn-Teller effect geometry around the Co(ll) ion [323,

328].

The complexes 4 and 5 exhibit absorption bands at 380 nm and 360 nm respectively, in the UV

region, are attributed to an intra-ligand n—n* transition of the coordinated phen groups, while

the absorption spectrum in the visible region was characterised by a d-d transition at a maximum

wavelength of 437 nm for 4 and 501 nm for 5 [325].

3.8- Magnetic Susceptibility Measurement

The mass susceptibility data for the complexes are presented in Table VIII.

Table VIII: Mass susceptibility data for the complexes

Complex Temp. (°C) mi(g) m2(g) m(g) Ro R I (cm)
1 30 1488 1544 0.056 -757 330 2.0
2 30 1.667 1.722 0.055 -759 -379 2.6
3 30 1665 1.698 0.033 -760 -451 1.8
4 30 1.487 1.524 0.037 -756 -759 2.4
5 30 1665 1.730 0.065 -760 -592 2.5

The magnetic data of the samples were obtained by taking the difference in mass between an

empty tube (m,) and the tube filled with sample (m,) which is in the form of a reasonable fine

and uniform powder.
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The mass susceptibility; x,, was calculated using equation (2.3).

o = CBalll(olin: R,) 23)
where: | = sample length (cm)

m = sample mass (g)

R = reading for tube plus sample

Ro = empty tube reading

Coar = balance calibration constant (1.53)

Xg = mass susceptibility

The diamagnetic corrections for the samples were estimated using Pascal’s constant and the
magnetic data were corrected for diamagnetic contributions using sample holder.

For example: the mass susceptibility, x, for 1, was calculated as follows:

_ 153x20(-330+757)

— 6
10° x 0.0565 2333x10

Xg
The susceptibility of ligands, y, for 1, was calculated as follows:
XL = Z(Xphen) +2(xno3)
x. = 2(—128 x 10°) + 2(—18.7 x 10°)
¥, = —293.8 x 10°
The molar susceptibility, y,, for 1, was calculated as follows:
Xm = Xg X molar mass
xm = 23.33 x10° x 539.73
xm = 13868.8 x 10°
The magnetic susceptibility, y, for 1, was then calculated as follows:
Xa= Xm — XL
xa = (13868.8 +293.8) x 10°

Xa = 141626 x 10°
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The magnetic moments, peff for 1, was calculated from the magnetic susceptibility and the

temperature using equation (3.4) as follows:
peff = 2.83(x4T)VY? B.M
peff = 2.83(14162.6 x 303)/2B. M
peff =5.86 B.M
where: B.M is Bohr Magneton

The room temperature magnetic moments summarised in Table IX were then calculated from
the magnetic susceptibility (x,) by the treatments of the gram magnetic susceptibility (y,) into
the molar magnetic susceptibility (x,,) then multiply by Paschal constant for the elements and

the metals.

Table IX: Magnetic moments of the complexes

Mass Molar Susceptibility ~ Magnetic Magnetic
Compound  susceptibility  susceptibility  of ligand susceptibility — moment
(%) X10° (*m) X10® (%) x10® (xa) X10°® (pett) B.M.
1 23.33 13868.00 -293.80 14162.60 5.86
2 27.48 13725.90 -282.02 14007.80 5.83
3 25.79 14117.30 -310.20 14427.50 5.92
4 2.38 1038.2 -220.25 1258.5 1.75
5 9.89 6005.44 -327.12 6332.56 3.92

The room temperature magnetic moments of the Mn(Il) complexes (1-3) are 5.86, 5.83 and
5.92 B.M., respectively. These values are consistent with high spin (d°) octahedral geometry
and are indicative of five unpaired electrons in a Mn(ll) ion. The high-spin d° configuration
gives an essentially spin-only temperature independent magnetic moment value of ~5.9 B.M
with the octahedral ®A1q ground term for the high-spin system [324]. The magnetic moment of
the Cu(ll) complex (4), is 1.75 B.M corresponding to one unpaired electron which is slightly
greater than the spin only value of 1.73 B.M offers possibility of square planar or tetrahedral
geometry [316, 323]. The magnetic moment values of high spin octahedral Co(ll) complexes
have been reported to be in the range of 3.87-4.2 B.M [322]. In this study, the observed
magnetic moment value for 5 is 3.92 B.M. This is in good agreement with high spin (d)
octahedral geometry [322].
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3.9- Description of Crystal Structures of the Complexes
3.9.1- Crystal Structure of [Mn(phen)2(NOs)2] (1)

Complex 1 crystallizes in the orthorhombic crystal system with space group Pbcn with four
molecules in the unit cell. The ORTEP representation of the crystal structure of 1; [dinitrato-
bis(1,10-phenanthroline-x®N,N")manganese(l1)] is shown in Figure 40 and the packing diagram
in Figure 41. The crystallographic data and structure refinement parameters of 1, is presented
in Table X. Selected bond lengths and angles are presented in Table XI while the H-bond
parameters are given in Table XII.
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Table X: Crystal data and structure refinement parameters for 1

Complex 1

Chemical formula C24H16MnNsOs

My 539.37

Crystal system, space group Orthorhombic, Pbcn
Temperature (K) 296

a, b, c(A)

)

V (A%)

Z

Radiation type

p (mm™)

Crystal size (mm)
Diffractometer

Absorption correction

Trmin, Tmax

No. of measured, independent and
observed [I > 26(l)] reflections
Rint

(sin 0/A)max (A ™)

R[F? > 26(F3)], WR(F?), S

No. of reflections

No. of parameters

No. of restraints

H-atom treatment

Apmax, Apmin (€ A%)

12.5477 (14), 10.1607 (10), 17.695 (2)

2256.0 (4)

4

Mo Ka

0.64

0.30 x 0.25 x 0.25

Bruker kappa apex2 CCD Diffractometer
Multi-scan SADABS (Bruker, 2012)
0.831, 0.856

12206, 2957, 1774

0.026

0.703

0.058, 0.187, 1.02

2957

168

0

H-atom parameters constrained
0.67, —0.55

The asymmetric unit of 1 consists of one phen molecule, one nitrate ion and one Mn(ll) ion
and the other half of the asymmetric unit is generated by inversion symmetry. The Mn(ll) ion
is coordinated by four N atoms from two chelating phen ligands and two O atoms from two
nitrate ions giving a MnN4O> coordination sphere with a distorted octahedral geometry. Three
phen N atoms [N(1)-Mn(1) 2.319(3) A, N(2)-Mn(1) 2.289(3) A, Mn(1)-N(2)#1 2.289(3) A]
and one nitrate O atom [O(1)-Mn(1) 2.422(6) A] form the equatorial plane, whereas symmetry
related fourth phen N atom [Mn(1)-N(1)#1 2.319(3)] and the second nitrate ion [Mn(1)-O(1)#1
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2.422(7)] are in apical positions. The 5-membered chelating rings of Mn(ll) and N atoms of
phen exhibit a near perfect plane; the N2—C11-C12-N1 torsion angle is 0.84(4)° for 1. The
Mn—N bond lengths are in the range 2.289(3)-2.319(3) A, which are similar to values reported
in the literature [314, 315]. The N(2)-Mn(1)-N(1)#1 bond angle of 88.70(10)° indicates that the
N(2)-Mn(1) and Mn(1)-N(1)#1 bonds are in different planes, almost perpendicular to each
other. The N(2)-Mn(1)-N(1) chelating angle is 72.14(10)°. The bond lengths in the
phenanthroline ring range from 1.328(6)-1.438(4) A in C—C and from 1.323(4)-1.352(4) Ain

C—N and this is similar to literature reported values for phenanthroline complexes [314, 315].

03 _

Figure 37: ORTEP view of the crystal structure of [dinitrato-bis(1,10-phenanthroline-
°N,N")manganese(ll) (1)

The packing in the unit cell is based on intermolecular hydrogen bonding and n—m stacking
interactions. Cooperation between extensive series of C—H---O hydrogen bonds [244, 329]
(Table XI1) and face-to-face m—t [C9—-C4 3.369(6) A; symmetry code -1/2+x,-1/2+y,3/2-7]
stacking interactions [330], between adjacent phen ligands, stabilize the structure and assemble
complex 1 into an interesting 3D supramolecular structure. It is noteworthy to mention that a
polymorph of 1 is known [245]. The comparative crystal data of the complexes are presented
in Table XIII.
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Figure 38: Packing diagram of 1 seen along the crystallographic c-axis

Table XI: Selected bond lengths and bond angles for complex 1

:

Bond Length (A) Bond Angle (°)
N(L)-Mn(1) 2.319(3) N(2)#1-Mn(1)-N(2) 153.72(15)
N(2)-Mn(1) 2.289(3) N(2)#1-Mn(1)-N(1)#1 72.14(10)
0(1)-Mn(1) 2.422(6) N(2)-Mn(L)-N(1)#1 88.70(10)
0(2)-Mn(1) 2.495(6) N(2)#1-Mn(1)-N(1) 88.70(10)
Mn(1)-N(2)#1 2.289(3) N(2)-Mn(1)-N(1) 72.14(10)
Mn(L)-N(1)#1 2.319(3) N(L)#1-Mn(1)-N(1) 87.09(14)
Mn(1)-O(1)#1 2.422(7) N(2)#1-Mn(1)-O(1)#1 122.84(14)
N(2)-Mn(1)-O(1)#1 78.61(15)
N(L)#1-Mn(1)-O(1)#1 104.40(18)
N(L)-Mn(1)-O(1)#1 148.31(14)
N(2)#1-Mn(1)-O(1) 78.61(15)
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Table XII: Hydrogen-bond geometry (A, ©) for 1

D-H---A D-H H---A D---A D-H---A
C10-H10---O1' 0.93 2.34 2.935 (8) 122
C3-H3---02" 0.93 2.65 3.460(6) 144.1
C6-H6---03' 0.931 2.719 3.394(7) 130.1
C6-H6---03V 0.931 2.579 3.381(5) 144.5

Symmetry code: (i) —x, y, —z+3/2; (ii) -x,-y,1-z ; (iii) -1/2+x,1/2-y,1-z ;
(iv) -1/2+x,-1/2+y,3/2-z

Table XI11: Comparative crystal data of 1 with that of a known polymorph

Complex 1 (this work) [Mn(NO3)2(C12HsN>2)2] [308]
Chemical formula C24H16MnNsO¢ C24H16MnNsOs
My 539.37 539.37

Crystal system, space group Orthorhombic, Pbcn Monoclinic, C2/c
Temperature (K) 296 298

a 12.5477 (14) 11.6191 (6)

b 10.1607 (10) 15.1164 (8)

c (A 17.695 (2) 13.4526 (7)

B () 90 105.387 (1)

V (A% 2256.0 (4) 2278.1 (2)

Z 4 4

3.9.2- Crystal Structure of [Mn(phen)2(N3)2)] (2)

Complex 2 crystallizes in the orthorhombic crystal system with space group Pbcn with four
molecules in the unit cell. The ORTEP representation of the crystal structure of complex 2
[diazido-bis(1,10-phen-k®N,N"Ymanganese(l1)] is shown in Figure 42 and the packing diagram in
Figure 43. The crystallographic data and structure refinement parameters of 2, is presented in
Table XIV. Selected bond lengths and angles are presented in Table XV while the H-bond

parameters are given in Table XVI.
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Table X1V: Crystal data and structure refinement parameters for 2

Complex 2

Chemical formula Ca4H16MnN1o

M, 499.41

Crystal system, space group Orthorhombic, Pbcn
Temperature (K) 296

a, b, ¢ (A)

)

V (A%)

Z

Radiation type

p (mm™)

Crystal size (mm)
Diffractometer

Absorption correction

Trmin, Tmax

No. of measured, independent and
observed [I > 26(l)] reflections
Rint

(sin 0/A)max (A ™)

R[F? > 26(F3)], WR(F?), S

No. of reflections

No. of parameters

No. of restraints

H-atom treatment

Apmax, Apmin (€ A%)

13.395 (2), 9.6457 (14), 16.979 (3)

2193.8 (6)

4

Mo Ka

0.64

0.25x 0.25 x 0.20

Bruker kappa apex2 CCD Diffractometer
Multi-scan SADABS (Bruker, 2012)
0.861, 0.941

22275, 2029, 1349

0.041

0.606

0.077,0.179, 1.17

2029

159

0

H-atom parameters constrained
0.71, -0.52

The asymmetric unit consists of one molecule of phen, one azide anion, one Mn(ll) ion and the

other half of the asymmetric unit is generated by inversion symmetry. Chemically, each Mn atom
is six-coordinate with four N atoms of two phen molecules [Mn1-N1 2.320(4) A, Mn1-N1i
2.320(4) A, Mn1-N2 2.268(4) A, Mn1-N2i 2.268(4) A] and two terminal N atoms from two

azide anions [Mn1-N3 2.130(6) A, Mn1-N3i 2.130(6) A] giving a distorted octahedral
geometry around the Mn atom with MnNg chromophore. The azido ligands have a cis

configuration in the structure. This observation is similar to literature reports of the same
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structure obtained by different synthetic methods but with slightly different crystal parameters
[215, 331].

Figure 39: ORTEP view of crystal structure of [diazido-bis(1,10-phenanthroline-
°N,N")manganese(ll) (2)

The axial positions are occupied by the N3' from one azide and N1' from a phen molecule
[N3'-Mn1-N1'167.17(19)°] while the equatorial plane is formed by the coordinating atoms
N1, N2 from one phen molecule, N2' from the second phen molecule and N3 from an
azide ion. The bond angles in the equatorial plane deviate noticeably from the ideal
value of 90°, with two larger, 101.1(2)° for N3-Mn1-N2!, 95.7(2)° for N3-Mn1-N2 and
two smaller angles of 89.03(15)° for N2-Mn1-N1 and 72.16(16)° for N2-MnI1-N1. This
deviation in bond angles coupled with the observation that the Mn—Nazidey bonds are slightly
shorter than the Mn-Nhen) bonds indicate a highly distorted square-planar arrangement in the
equatorial plane. There are two long Mn-Npnen) bonds [Mn1-N1 2.320(4) A] and two short ones
[Mn1-N2 2.268(4) A]. The two phen ligands which form five-membered chelate rings with Mn
exhibit near perfect planes [torsion angle N2—-C11-C12-N1 is —0.8(7)°] and are oriented in
two different molecular planes [215, 244, 332]. The N5-N4-N3 bond angle of 178.8(9)°
indicates that the azide anion is almost linear. The C8-HS8---N3 H-bonds between the nitrogen
atom of an azide ion and one phen ligand coupled with n—r stacking interactions between the
phen ring systems are observed and consolidate an extensive three-dimensional supramolecular

network.
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Table XV: Selected bond lengths and angles for 2

Bond Length (A) Bond Angle (°)
Mn1-N3 2.130 (6) N3-Mn1-N3' 97.9 (4)
Mn1-N3' 2.130 (6) N3-Mn1-N2' 101.1 (2)
Mn1-N2' 2.268 (4) N3i-Mn1-N2' 95.7 (2)
Mn1-N2 2.268 (4) N3-Mn1-N2 95.7 (2)
Mn1-N1' 2.320 (4) N3i-Mn1-N2 101.1 (2)
Mn1-N1 2.320 (4) N2i-Mn1-N2 154.3 (2)
N3-Mn1-N1' 88.8 (2)
N3i-Mn1-N1' 167.17 (19)
N2i-Mn1-N1! 72.16 (16)
N2-Mn1-N1' 89.03 (15)
N3-Mn1-N1 167.17 (19)
N3i-Mn1-N1 88.8 (2)
N2i-Mn1-N1 89.03 (15)
N2-Mn1-N1 72.16 (16)
N1i-Mn1-N1 86.8 (2)
Table XVI: Hydrogen-bond geometry for 2 (A, ©)
D-H---A D-H D---A D-H---A
C8-H8---N3 0.931 3.342(8) 143
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Figure 40: Packing diagram of 2 seen along the crystallographic b-axis
3.9.3- Crystal structure of [Mn(Phen):(dca)2)] (3)

Complex 3, bis(dicyanamido)bis(1,10-phenanthroline)manganese(ll), crystallizes in the
monoclinic crystal system with space group P21/c with four molecules in the unit cell. The ORTEP
view of the crystal structure of 3 together with the atom numbering scheme used in the
corresponding tables are shown in Figure 44 and the crystal packing diagram seen along the
crystallographic b-axes is shown in Figure 45. The crystallographic data and structure
refinement parameters of 3, is presented in Table XVII. Selected bond lengths and angles are
presented in Table XVI1I while the H-bond parameters are given in Table XIX.
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Table XVII: Crystal data and structure refinement parameters for 3

Complex 3

Chemical formula CasH16MnN1o

M, 547.45

Crystal system, space group Monoclinic, P2:/c
Temperature (K) 150

a, b, ¢ (A)

)

V (A%)

Z

Radiation type

p (mm™)

Crystal size (mm)
Diffractometer

Absorption correction

Trmin, Tmax

No. of measured, independent and
observed [I > 26(l)] reflections
Rint

(sin 0/A)max (A1)

R[F? > 26(F3)], wR(F?), S

No. of reflections

No. of parameters

No. of restraints

H-atom treatment

Apmax, Apmin (€ A%)

9.8716 (8), 14.6636 (8), 17.6165 (11)
104.364 (3)

2470.3 (3)

4

Mo Ka

0.57

0.17 x 0.16 x 0.13

Bruker APEX-II CCD diffractometer
Multi-scan SADABS

0.847,0.867

54213, 6160, 4835

0.056

0.668

0.036, 0.085, 1.06

6160

352

0

H-atom parameters constrained
0.37,-0.39

The asymmetric unit consists of two 1,10-phenanthroline molecules, two monodentate non-

bridging dca anions, and one Mn(l1) ion. A similar structure with slightly different parameters,

obtained by a 1:1:1 reaction of Mn(OAc).-4H.0O, Na(dca), and phen in an ethanol/water

mixture, has been reported [333].

83



Figure 41: ORTEP view of crystal structure of 3

Chemically, each manganese atom is six-coordinate; bonded to four N-atoms of two phen
molecules [Mn1-N1 2.2593(14) A, Mn1-N2 2.2897(13) A, Mn1-N3 2.2549(14) A, Mn1-N4
2.3214(14) A] and two terminal N-atoms from two dca anions [Mn1-N5 2.1505(16) A, Mn1-
N8 2.1552(15) A] giving a distorted octahedral geometry around the Mn atom with MnN6
chromophore. The axial positions are occupied by the N2 atom of one phen ring and the N8
atom of one azide ion [N(8)-Mn(1)-N(2) 165.68(5)°] while the equatorial plane is formed by
the coordinating atoms N1, N3, N4 from two different phen molecules and N5 from the another
dca anion. The Mn-N(phen) [2.2549(14)-2.3214(14) A] and the Mn-N(dca) [2.1505(16)-
2.1552(15) A] are in agreement with values reported in the literature [193, 333]. The longer
Mn-N(phen) bonds [Mn(1)-N(2) 2.2897(13), Mn(1)-N(4) 2.3214(14)] are trans to each other
[N(2) —Mn(1)-N(4) 85.19(5)°]. The N(5)-Mn(1)-N(8) bond angle of 98.21(6)2(6)° indicates
that the Mn1-N5 and N8-Mnl bonds are in two different molecular planes almost
perpendicular to each other. The dca anions do not coordinate linearly [N8—C27-N9 173.4(2)°,
N5—C25—N6 171.7(2)°] to the metal centre as observed in other Mn-dca complexes [193,
333]. The two phen ligands which form five-membered chelate rings with Mn are oriented in

two different molecular planes.
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Table XVI1I: Selected Bond lengths (A) and angles (°) for 3

Bond Length (A) Bond Angle (°)
Mn(1)-N(5) 2.1505(16) N(5) —Mn(1) -N(8) 98.21(6)
Mn(1) -N(8) 2.1552(15) N(5) -Mn(1) -N(3) 93.37(6)
Mn(1) -N(3) 2.2549(14) N(8) -Mn(1) -N(3) 98.65(5)
Mn(L) -N(1) 2.2593(14) N(5) ~Mn(1) —N(1) 104.32(6)
Mn(1) -N(2) 2.2897(13) N(8) —Mn(1) -N(1) 93.31(5)
Mn(L) -N(4) 2.3214(14) N(3) ~Mn(1) —N(1) 157.00(5)
N(5) -Mn(1) =N(2) 89.05(6)
N(8) -Mn(1) -N(2) 165.68(5)
N(3) -Mn(1) -N(2) 93.19(5)
N(1) -Mn(1) -N(2) 72.87(5)
N(5) -Mn(L) -N(4) 164.65(6)
N(8) -Mn(L) —N(4) 90.62(6)
N(3) -Mn(L) -N(4) 72.81(5)
N(L) ~Mn(1) —N(4) 87.57(5)
N(2) -Mn(1) -N(4) 85.19(5)
C(1) =N(1) =Mn(1) 125.75(11)
C(5) —=N(1) —Mn(1) 115.56(11)
C(27) =N(8) —Mn(1) 163.57(15)
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Figure 42: Packing diagram of 3 seen along the crystallographic a-axis

The packing in the unit cell is based on intermolecular hydrogen bonding and n—n stacking
interactions. Cooperation between n—r stacking interactions of phen rings of adjacent molecules
and an extensive series of weak C—H---Nca hydrogen bonds (Table 3.18) between
neighbouring molecules further stabilize the structure and form an extended three-dimensional
network [193].

Table XIX: Hydrogen-bond geometry for 3 (A, ©)

D-H---A D-H H---A D---A D-H---A
C1-H1---N7' 0.95 2.516 3.372 150
C3-H3---N6' 0.951 2.567 3.473 159.6
C20-H20---N7" 0.95 2.708 3.292 120.4
C21-H21---N7V 0.95 2.567 3.224 126.5
C10-H10---N9V 0.95 2.657 3.439 140
C8-H8:--N10" 0.951 2.406 3.336 165.8
C12-H12---N5Vi 0.949 2.662 3.546 155.1

1)1-x,1-y,1-z; ii) 2-X,1-y,1-z; iii) -1+X,1.5-y,-1/2+Z; iv) -1+X,1.5-y,-1/2+Z; V) X,1.5-y,-1/2+7;
vi) -1+x,1.5-y,1/2+z ; vii) -1+x,y,z
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3.9.4- Crystal Structure of [Cu(phen)(BMCA)]-NOs (4)
Complex 4 crystallizes in the monoclinic crystal system with space group C2/c with four
molecules in the unit cell. The molecular structure and atom-labelling scheme used in the
corresponding tables of the crystal structure [{bis(methoxycarbimido)aminato-®N,N'}(1,10-
phenanthroline-k®N,N")copper(I1)] nitrate; [Cu(phen)(BMCA)]-NOs is shown in Figure 46 and
the packing diagram in Figure 47. The crystallographic data and structure refinement
parameters of 4 are presented in Table XX. The selected bond lengths and bond angles are
presented in Table XXI while the H-bond parameters are given in Table XXI]I.
Table XX: Crystal data and structure refinement parameters for 4

Complex 4

Chemical formula C16H16CUNsO2"-NO3~

My 435.89

Crystal system, space group Monoclinic, C2/c

Temperature (K) 130(2)

a, b, c(A) 17.0517 (12), 14.5051 (5), 7.0537 (3)
B (%) 102.252(4)

V (A% 1705.17 (12)

Z 4

Radiation type Mo Ka

p (mm?) 1.33

Crystal size (mm) 0.20 x 0.10 x 0.01

Diffractometer Bruker kappa apex2 CCD Diffractometer
Absorption correction Multi-scan SADABS (Bruker, 2012)
Tmin, Tmax 0993, 1.000

No. of measured, independent and observed [I

i 4,2 1861
> 206(1)] reflections 8594, 2366, 186

Rint 0.051

(sin 0/A)max (A ™) 0.712

R[F? > 26(F?)], wR(F?), S 0.047, 0.087, 1.04

No. of reflections 2366

No. of parameters 178

No. of restraints 7

H-atom treatment All H-atom parameters refined
Apmax, Apmin (e Aﬁs) 0.35, -0.43

The asymmetric unit consists of one Cu(ll) cation, one bis(methoxycarbimido)aminato
(BMCA) anion, one phen molecule, and one nitrate counter anion. BMCA and the phen ligand
are coordinating at Cu in a planar fashion, but both planes are not coplanar. Least squares planes
for these two units are shifted by an angle of 36.55(3)°. The Cu—Npnen bond distances are
1.998(2) A which are comparable to those reported in the literature [209, 334-337]. The Cu—
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Nemca bond lengths fall in the range 1.892(2) — 1.998(2) A but are quite shorter compared to
those of related complexes (1.928(3)-1.932(3) A) [209, 334-336]. Cu(1), BCMA and phen are
located on a twofold axis. It forms two metallocycles; a six-membered ring with the BMCA
anion and a five-membered ring with the phen molecule. The two CHsO groups of the BMCA
ligand are in syn-syn conformation in the complex. Parallel n-stacking interactions, between
adjacent phen ligands, stabilize the structure and assemble complex 4 into an interesting 3D
structure [338].

03

02 N4

Figure 43: Molecular structure and atom-labelling scheme for
[{bis(methoxycarbimido)aminato-k®N,N'}(1,10-phenanthroline-k>N,N")copper(I1)] nitrate; 4,
with ellipsoids drawn at 50% probability level. H atoms are omitted for clarity

The packing in the unit cell is based on intermolecular hydrogen bonding and n—m stacking
interactions. Cooperation between extensive series of N-H---O hydrogen bonds [38, 215]
(Table XXI1) and face-to-face m— [N(3)-O(3) 3.195(4) A; symmetry code 1 x+1,-y+3/2,z+1/2]
stacking interactions, between adjacent phen ligands, stabilize the structure and assemble
complex 4 into an interesting 3D supramolecular structure. It is noteworthy to mention that a

polymorph of 4 is known [245].
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Figure 44: Packing diagram of 4 seen along the crystallographic a-axis

Table XXI: The selected bond lengths (A) and bond angles (°) for 4

Bond length (A) Bond angle (°)

Cu(1)-N(4) 1.891(3) N(4)-Cu(1)-N(3) 91.52(11)
Cu(1)-N(3) 1.893(3) N(4)-Cu(1)-N(2) 154.32(13)
Cu(1)-N(2) 1.994(3) N(3)-Cu(1)-N(2) 98.62(11)
Cu(1)-N(1) 2.003(3) N(4)-Cu(1)-N(1) 98.48(11)
O(1)-C(14) 1.351(3) N(3)-Cu(1)-N(1) 154.57(12)
0(1)-C(13) 1.443(4) N(2)-Cu(1)-N(1) 82.28(10)
0(2)-C(15) 1.354(3)

0(2)-C(16) 1.439(4)

N(5)-C(15) 1.329(4)

N(5)-C(14) 1.332(4)

Table XXI1: Hydrogen bonds for 4 [A and °]

D-H---A d(D-H) d(H---A) d(D---A) <(DHA)
N(3)-H(IN3)---O(3)#1  0.72(3) 2.47(3) 3.195(4) 176(4)
N(4)-H(1N4)---O(4) 0.78(3) 2.31(3) 3.028(4) 154(4)

Symmetry transformations used to generate equivalent atoms:
#1 x+1,-y+3/2,z+1/2
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3.7.5- Crystal Structure of [Co(phen)2(NO3)](dcg)-(H20) (5)

Complex 5 crystallizes in the monoclinic crystal system with space group Cc with four
molecules in the unit cell. The molecular structure and atom-labelling scheme used in the
corresponding tables of the crystal structure [(nitrato-k®0,0")(1,10-phenanthroline-
?N,N")cobalt(I1)] dicyanoguanidinate; [Co(Phen)2(NOs)](dcg)-H20 is shown in Figure 48 and
the packing diagram in Figure 49. The crystallographic data and structure refinement
parameters of the complex are presented in Table XXIII. The selected bond lengths and bond
angles are presented in Table XXIV while the H-bond parameters are given in Table XXV.
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Table XXIII: Crystal data and structure refinement parameters for 5

Complex 5

Chemical formula C27H20C0N1004
M, 607.46

Crystal system, space group Monoclinic, Cc
Temperature (K) 130(2)

a, b, ¢ (A)

B

V (A%)

Z

Radiation type

p (mm™)

Crystal size (mm)
Diffractometer

Absorption correction

Tmin, Tmax

No. of measured, independent and
observed [I > 2o(1)] reflections
Rint

(sin 0/A)max (A ™)

R[F? > 26(F?)], WR(F?), S

No. of reflections

No. of parameters

No. of restraints

H-atom treatment

Apmax, Apmin (€ A%)

13.2779 (3), 14.9105 (3), 12.6468 (3)
99.501(2)

2469.47(10)

4

Mo Ka

0.755

0.35x 0.30 x 0.20

Bruker kappa apex2 CCD Diffractometer
Multi-scan

SADABS (Bruker, 2012)

0.97588, 1.00000

14308, 6751, 1244

0.0253

0.0392

0.0470, 0.0941, 1.029

6751

400

6

H-atom parameters constrained
0.475, —0.755

The asymmetric unit consists of one Co(ll) cation, one nitrate anion, two phen molecules, one
lattice water molecule and one dicyanoguanidinate counter anion. As illustrated in Figure 48,
the Co atom is chelated by two oxygen atoms from one nitrate anion and also coordinated to
four N atoms from two phen ligands to complete a distorted octahedral environment with a
Co02N4 chromophore. The Co-O bond lengths vary from 1.888(4) A to 1.890(4) A, while the
Co-N bond distances fall in the range of 1.927(4)-1.957(4) A. The deviation of the bond angles

91



0O(1)-Co(1)-0(2) - O(2)-Co(1)-N(3)(69.67(8)—99.26(17)°) and O(2)-Co(1)-N(1) - N(4)-Co(1)-
N(2) (167.32(17)-175.65(9)") (Table XXIV) from the ideal values (90°, 180°) for a regular
octahedron, indicates that the coordination polyhedron of Co(ll) ions is highly distorted
octahedron. These angles, as well as Co—N and Co-O bond lengths, are quite similar to those
of related complexes [13, 58, 209]. The distortion is also thought to result from the high-spin
3d’ ion of cobalt(ll) which gives a *Fo2 ground term in octahedral ligand fields [13]. This
distortion is also a consequence of the rigidity of the ligands. All ligands are coordinating in a
chelate fashion.

N7

N10

Figure 45: Molecular structure and atom-labelling scheme for [(nitrato-x?0,0')(1,10-
phenanthroline-x®N,N')cobalt(I1)] dicyanoguanidinate; 5 with ellipsoids drawn at 50%
probability level. H atoms are omitted for clarity

For the certainty of the charge of N,N'-dicyanoguanidine (dcg), the molar conductance Am =
82.5 ohm™*cm?mol ™ of the complex 5 measured at room temperature in DMSO solvent with
10 M concentration confirmed a 1:1 electrolyte [162] as reported early in this work. Therefore,

N,N'-dicyanoguanidine ((H2N)C(NCN)2) is present as a counter anion, which originated from
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the reaction of two dca anions. However, the subsequent elimination of the cyano group leading
to dcg anion was not observed before and its mechanism is unclear. Notwithstanding,
dicyanoguanidine (both in its neutral and anionic form) has been characterized in the literature
[209].

Figure 46: Packing diagram of 5 seen along the crystallographic a-axis

In addition, C-N---Cg (n—ring) contacts between planar dcg anions and planar rings of
phen ligands contribute to the stabilization of the dimeric cationic units. Due to these types of
interactions, the chains parallel to the a-axis are formed (Fig. 49). The parallel n stacking
interactions between phen ligands and numerous N-H---N, C-H---N and C-H---O hydrogen

bonds extend the structure into a three-dimensional network.
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Table XXIV: The selected bond lengths (A) and bond angles (°) for 5

Bond length (A)

Bond angle (°)

Co(1)-0(1) 1.883(4) 0(1)-Co(1)-0(2) 69.67(3)
Co(1)-0(2) 1.890(4) O(1)-Co(1)-N(4) 91.74(16)
Co(1)-N(4) 1.927(4) 0(2)-Co(1)-N(4) 90.78(15)
Co(1)-N(2) 1.937(4) 0(1)-Co(1)-N(2) 91.76(16)
Co(1)-N(1) 1.956(5) 0(2)-Co(1)-N(2) 92.87(17)
Co(1)-N(3) 1.957(4) N(4)-Co(1)-N(2) 175.65(9)
Co(1)-N(5) 2.320(3) O(1)-Co(1)-N(1) 98.15(17)
0(2)-Co(1)-N(1) 167.32(17)
N(4)-Co(1)-N(1) 93.18(17)
N(2)-Co(L)-N(1) 83.75(18)
0(1)-Co(1)-N(3) 168.13(17)
0(2)-Co(1)-N(3) 99.26(17)
N(4)-Co(1)-N(3) 83.93(17)
Table XXV: Hydrogen bonds for 5 [A and °].
D-H---A d(D-H) d(H---A) d(D---A) <(DHA)
O(4)-H(304)---N(6) 0.95(4) 1.96(6) 2.895(6) 165(13)
O(4)-H(204)---N(9)#1 0.95(4) 2.04(5) 2.905(6) 151(7)
N(10)-H(IN)---N(9)#2 0.81(6) 2.35(6) 3.116(6) 158(6)
N(10)-H(IN)---C(27)#2 0.81(6) 2.89(6) 3.651(8) 158(5)
N(10)-H(2N)---C(11)#2 0.83(5) 2.77(5) 3.564(7) 161(4)
N(10)-H(2N)---C(12)#2 0.83(5) 2.75(5) 3.471(6) 147(4)

Symmetry transformations used to generate equivalent atoms:

#1 x+1/2,y-112,z  #2 X,-y+1,z-1/2

The adjacent [Co(phen)2(NQOs)]" cations are joined to each other by face to face n—n stacking
interactions between phen ligands, and isolated dimeric units are formed. Adjacent dimeric
units are fused together by a N=0---Cg interaction between the non-coordinated oxygen atom
of the nitrato ligand and appropriate heterocyclic part of phen ligand of neighbouring dimeric
unit. In addition, C-N---Cg (n—ring) contacts between planar dcg anions and planar rings of
phen ligands contribute to the stabilization of the dimeric cationic units. Due to these types of
interactions, the chains parallel to the b axis are formed. The isolated chains are further bound
to a three-dimensional network by numerous N-H---N, C-H---N and C-H---O hydrogen bonds
[209].
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3.10- Metal-mediated dca transformations

These metal-promoted transformations proceed through a nucleophilic attack of the nitrile
groups of dca on methanol (case of BMCA), or on another dca (case of dcg), as previously
reported [206-209]. The BMCA ligand is isoelectronic with acetyl-acetonate [339].

These metal-promoted transformation reactions are a function of the reaction temperature, the
transition metal ion used, and the molar ratio of dca/nucleophile on the product [207].

3.10.1-Copper-Mediated dca Transformation

The overall reaction for the addition of methanol to dca anion in the Cu(ll) complex is presented
in equation 3.6.

Nog I
Z + 3CH;0H —» /C\N /C\OCH+ CH;0Na (3.6)

C C% N SSOC H3CO 3

Z
NZ

The proposed mechanism for the transformation of dca (dca) to bis(methoxycarbimido)aminate
anion (BMCA) is divided into two parts; i) the formation of the nucleophile and ii) the attack
of the nucleophile to methanol.

- Formation of the nucleophile

o, o
= ey = N=c SN (3.7)

\r
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- Attack of the nucleophile to methanol

/\ Cu
N\ /N = \C

AN - e N
C\N /C + H uOCH3 HN/ xN
CH;0
R I = i
\C C k\c C
XN NN
N OCH; AN OCH,
o
A
H_OCH3
Q H.CO 1(3 OCH
H.CO N /\ OCH; N N
” NH NH NH
NH

Scheme 8: Proposed mechanism of nucleophilic addition of methanol to dca anion in the Cu(ll)
complex [206, 208]

3.10.2- Cobalt-mediated dca transformation

The overall reaction for the formation of N,N'-dicyanoguanidinate anion from two dca anion in

the Co(ll) complex is presented in equation 3.8.

N
\c\@
®Na N
N | _N
40/ \c\ + H0 —> _Cx /Cé +05Na(CN);  (38)
INT NN HIII N
H

The proposed mechanism for the transformation of two dca anions to N,N'-dicyanoguanidinate
anion is divided into two parts; i) the protonation of dca anions and ii) nucleophilic addition of

Hdca molecules
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- Protonation of dicyanamide anions

/_\H H

0" O Do i
PN <~ +  NaOH
C Cn > _C Cn a (3.9)
NZ Ny NZ N
- Nucleophilic addition of dca molecules
H. H
N=c— "“~c=n N=c— ~~C=N
S 2N NS N
gH \-'I —_— |
N=—C._ _C= H—BT\=C _C=N
N
H Kl
N N N l N
X c? e c?
N4 N
-~
H o H o
H—N—Cx  ~C= H—N—Cx. _-C=N
N
N l N e
~NTs | N
HeN cl: C=N =t /C/%+ 05 (CN)
H

Scheme 9: Proposed Mechanism for the formation of N,N'-Dicyanoguanidinate anion from two
dicyanamide anions [209, 320]
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N,N'-dicyanoguanidine (dcg) is present in 5 as a counter anion. The molar conductance (Am
= 82.5 ohmtcm?mol™?) of 5, measured at room temperature in DMSO, indicates that it isa 1:1
electrolyte [162]. N,N'-dicyanoguanidinate anion results from the nucleophilic reaction of two
dca anions, with the subsequent elimination of the cyano group (Scheme 9). However, the
mechanism is of the elimination of the cyano group leading to the dcg anion is unclear.
Dicyanoguanidine (both in its neutral and anionic form) has been characterized in the literature
[209].

3.11- Thermal Studies of the complexes

The thermal properties of the complexes were determined in both air and inert atmosphere at a
heating rate of 10°C/ min from 30 °C to 900 °C. Under air atmosphere, thermal gravimetric
analysis (TGA) and differential scanning calorimetry (DSC) were carried out on the complexes
primarily to determine the composition of materials, know their thermal stability and also to
determine extent of weight loss or gain due to decomposition, oxidation or dehydration [132].
The thermal behaviours of the complexes in air are presented in Figures 50-53 and summarised
in Table XXVI.
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Table XXVI: Thermo-analytical data (TGA, DSC) in oxygen atmosphere of the complexes

Complex Step TGA DTA
Temperature
% Found (% Calc.). Probable products Peak temp./°C  Nature
range (°C)
1 I 340-450 89.68 (89.81) 2phen and 2NO3 380 Endothermic
450- 10.32 (13.15) MnO
I 256-400 84.56 2phen and 2 dca 296 )
Endothermic
3 ] 400-650 (89.96) 520 )
Endothermic
650- 15.44 (12.96) MnO
I 160-280 55.35 (55.56) 1phen and 1NO3 241 Endothermic
4 I 280-555 16.29 (15.61) BMCA 470 Endothermic
555- 28.36 (21.91) CuO;
I 279-325 13.11 (13.17) H>0 and 1NO3 309 Endothermic
5 I 325-542 75.89 (77.12) 2phen and dcg 436 Endothermic
542- 11 (12.33) CoO
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The TGA curve of 1 (Fig. 50) shows that it is stable up to 300 °C and decomposes in a single
step, from 340 to 450 °C, with a mass loss of 89.68 % (Calc. 89.81 %) attributed to the
decomposition of two phen molecules and two nitrates into some solid and a mixture of gaseous
products. This step corresponds to a sharp endothermic DSC peak at 380°C. The composition
of the residue (13.15 %) was calculated to be MnO> (Found 10.32 %) [241].
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Figure 47: TGA-DSC Curves of 1 Figure 48: TGA-DSC Curves of 3

The TGA curve of 3 (Fig. 51), shows that it is stable up to 180 °C. An oxidation process took
place at 250 °C with an exothermic DSC peak at 210 °C. The thermogram displays two
continuous steps decomposition from 250 °C to 650 °C, with a mass loss of 84.56 % (Calc.
89.96) assigned to the decomposition of two phen molecules and two dca ions into some solid
and a mixture of gaseous products. This decomposition steps correspond to endothermic DSC
peaks at 296 °C and 520 °C. The composition of the residue (12.96 %) was calculated to be
MnO; (Found 10.32 %) [241].

The TGA curve of 4 (Fig. 52) displays that it is stable up to 241 °C and decomposes in the first
step, from 160 °C to 280 °C with a mass loss of 55.35 % (calc. 55.56%) attributed to the
decomposition of one molecule of phen and the nitrate ion into some solid and a mixture of
gaseous products. In the last step, there is an endothermic mass loss of 16.29% (280-555 °C,
calc. 15.61 %) attributed to the complete decomposition of organic residue at 470 °C. The
composition of the residue (21.91 %) was calculated to be CuO> (Found 28.36 %) [132, 241].
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Figure 49: TG-DSC Curves of 4 Figure 50: TG-DSC Curves of 5

The TGA curve of 5 (Fig. 53) displays that it is stable up to 307 °C and decomposes in the first
step, from 279°C to 325 °C with a mass loss of 13.11 % (calc. 13.17 %) attributed to the
decomposition of one water molecule of crystallisation and nitrate ion. This step corresponds
to a sharp and exothermic DSC peak at 436 °C. In the last step, there is an endothermic mass
loss of 75.89 % (325-542 °C, calc. 77.12 %) attributed to the decomposition of the two
molecules of the phen molecule and the dicyanoguanidinate (dcg) ion into a mixture of gaseous
products. The composition of the residue (12.33 %) was calculated to be CoO (Found 11 %).

The thermal behaviour of the complexes under inert atmosphere was also investigated by TG-
DTA.

The TG curve of 1 (Fig. 54) shows that it is stable up to 300 °C then decomposes in several
steps. The first and major decomposition step is from 300 °C to 370 °C with a mass loss of
48.61 % is attributed to the decomposition of one phen ring and one nitrate into some solid and
a mixture of gaseous products. This step corresponds to a sharp exothermic DTA peak at 370
°C. The second and third stages from 380—720 °C and 730-900 °C are weak mass loss processes
considered to be further decomposition of the second nitrate with mass loss of 10.38 %
(calculated 11.49 %). These two stages correspond to two exothermic peaks, one broad and one
shallow in the DTA curve with peak temperatures 480 °C and 880 °C, respectively. The residual

mass (41 %) is probably composed of Mn and nitrogen in a carbon residue.
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Figure 51: TG-DTA Curves of 1 Figure 52: TG-DTA Curves of 3

The TG curve of 3 (Fig. 55) shows that it stables up to 320 °C. The first decomposition step is
endothermic, as shown on the DTA curve, followed by a series of decomposition steps from
330 to 600 °C with a cumulative mass loss of 17.10 %. This is attributed to partial
decomposition of the solid. This corresponds to a broad exothermic peak in the DTA centred at
450 °C. The last decomposition step from 600 to 900 °C is another weak mass loss step 8.56
%, considered to be further decomposition of the product. The residual mass is 74.34 %
indicating a high carbon content.

In 4 (Fig. 56), the TG curve displays the first endothermic oxidation at DTA = 252 °C with a
mass loss of 43.25 % (190-340 °C, calc. 44.0 %) attributed to the release of the BMCA,;
{bis(methoxycarbimido)aminato} and the nitrate ions in the form of gases. The last stage (340-
700 °C) is due to the complete endothermic decomposition of the remaining components
Cu(phen)?* complex ion. The residue was analysed by PXRD indexed to a Cu phase, with Cu,O
impurity (Fig. 58) [132, 340, 341].
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Figure 53: TG-DTA Curves of 4
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The TG curve of 5 (Fig. 57) displays the first exothermic DTA peak at 218 °C with weight loss:
12.28% (120-235 °C, calc. 13.17%) attributed to the release of the lattice water molecule and
the nitrato ligand. The last step from 235-700°C, with an endothermic DTA peak at 470 °C, is
due to the complete decomposition of [Co(phen)2(dcg)]" complex ion. A black powder remains
as final decomposition product. This indicates a high carbon content in the residue. Complexes
4 and 5 are very stable up to 200°C.

3.12- Powdered X-ray Diffraction of the decomposition product of 4

The composition of the TG residue from 4 was characterised by X-ray diffraction. Figure 58
shows the XRD plot. The PXRD pattern of the residue indicates that the residue is crystalline
and a mixture of two phases. The residue has a well-defined diffraction pattern and matched
well with the powder diffraction patterns of [04-0836] Cu phase and [05-0667] Cu.O impurity
[341]. The XRD plot clearly shows (111), (200) and (220) peaks for Cu phase [341-343].
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Figure 55: PXRD pattern of the residue of 4
The high carbon content in the residue reduces the initially formed Cu(ll) oxide through Cu(l)

oxide to Cu metal as illustrated in equation (3.10).

C

© Co
CllO(s) —>C1120(S) —_— Cll(s) (310)
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3.13- Theoretical Calculations

The optimized geometries of 4 and 5 (Fig. 59) were obtained from DFT-B3LYP/6-31G(d,p)
level of theory. The calculated and experimental bond lengths for 4 and 5 are presented in Table
XXVII. The results show that, the deviation of calculated M-N (M = Co(Il), Cu(ll)), N-O and
C-X (X=C, N and O) bond lengths are in the range 0.004-0.028 A, except for O2-N5 where it
is 0.079 A. In the case of C-H bond lengths, the deviation is in the range 0.075-0.14 A. The
most important deviation 0.494 A was obtained for the Co-O2 bond of 5. The linear correlation
between experimental and calculated bond lengths gave a regression coefficient of 0.979 and a
standard deviation of 0.05 for 4 and 0.977 with 0.06 standard deviation for 5. These results
show that there is a good agreement between experimental and calculated geometries and
thereby indicate that the used level of theory used is adequate to describe the properties of the
concerned molecules.

Table XXVII: Experimental and calculated bond lengths (A) of molecules 4 and 5

5 4
Bond Cal Exp Bond Cal Exp
Co-01 1,920 1,889 Cu-N1 1,978 2,003
Co-02 2,384 1,890 Cu-N2 2,025 1,995
Co-N1 2,154 1,956 Cu-N3 1,890 1,894
Co-N2 1,939 1,938 Cu-N4 1,875 1,891
Co-N3 1,933 1,957 C1-C2 1,427 1,431
Co-N4 1,945 1,926 C1-C9 1,400 1,389
C1-C2 1,432 1,406 C2-C6 1,407 1,396
C1-C9 1,407 1,389 C3-C4 1,402 1,395
C2-C6 1,405 1,416 C4-C5 1,378 1,356
C3-C4 1,401 1,410 C5-C6 1,408 1,413
C4-C5 1,375 1,373 C6-C7 1,430 1,424
C5-C6 1,408 1,392 C7-C8 1,362 1,348
C6-C7 1,431 1,430 C8-C9 1,430 1,436
C7-C8 1,358 1,340 C9-C10 1,414 1,421
C8-C9 1,430 1,441 Cl0-C11 1,371 1,361
C9-C10 1,406 1,411 C11-C12 1,411 1,391
C13-C14 1,420 1,427 N3-H 1,015 0,720
C13-C21 1,401 1,404 N4-H 1,038 0,78
C14-C18 1,404 1,385 C4-H 1,085 0,95
C10-C11 1,376 1,359 C5-H 1,088 0,87
Cl1-C12 1,403 1,394 C7-H 1,088 0,95
Cl6-C17 1,378 1,362 C8-H 1,088 0,87
C17-C18 1,407 1,420 C10-H 1,088 0,95
C18-C19 1,431 1,432 C11-H 1,086 0,85
C19-C20 1,361 1,365 C12-H 1,092 0,97
C20-C21 1,432 1,432 C13-H 1,095 0,97
C21-C22 1,410 1,397 C13-H 1,094 0,98
C22-C23 1,373 1,377 C13-H 1,092 0,96
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C23-C24 1,405 1,406 Cl6-H 1,001 0,97

C15-C16 1,402 1,407 Cl6-H 1,095 1,02
C3-H3 1,087 0,950 Cl6-H 1,095 0,91
C4-H4 1,085 0,950 0O3-N6 1,273 1,246
C5-H5 1,088 0,950 0O4-N6 1,252 1,232
C7-H7 1,088 0,950 0O5-N6 1,232 1,225
C8-H8 1,087 0,950 N1-C1 1,354 1,362
C10-H10 1,088 0,950 N1-C12 1,324 1,325
Cl1-H11 1,086 0,950 N2-C2 1,355 1,358
Cl12-H12 1,090 0,950 N2-C3 1,323 1,331
C15-H15 1,088 0,950 N3-C14 1,323 1,301
Cl6-H16 1,085 0,951 N4-C15 1,304 1,305
Cl17-H17 1,088 0,950 N5-C14 1,317 1,332
C24-H24 1,088 0,950 N5-C15 1,342 1,328
C20-H20 1,088 0,950 01-C13 1,420 1,443
C19-H19 1,088 0,950 01-C14 1,347 1,352
C22-H22 1,088 0,950 02-C15 1,335 1,354
C23-H23 1,087 0,949 02-C16 1,417 1,440
Ow-H2 0,960 0,94

Ow-H3 0,978 1,00

N10-H1 1,008 0,81

N10-H2 1,010 0,81

O1-N5 1,304 1,325

02-N5 1,247 1,326

03-N5 1,209 1,216

Non-covalent interactions have been described using NCI index plot since it is able to reveal
very weak interactions and to distinguish between attractive and repulsive interactions as well
as strong and weak NCI [308, 309]. This plot (Fig. 60) represents the distribution of the electron
density in the region of weak density (less than 0.05). The inspection of the NCI isosurface of
molecule 4 indicates the presence of a moderate hydrogen bond between 03---H-N4 (1.872 A
/161.1°) and a weak hydrogen bond between O4---H11-C11 (2.035 A/140.2°). Also, it reveals
the presence of an attractive weak interaction (green surface) between O2 and C11. The QTAIM
analysis of the molecular graph of this molecule (Fig. 61) shows the existence of bond critical
point (BCP) for these three interactions and some of the parameters of these BCPs are presented
in Table XXVIII. The values of the energy of these two interactions, their electron density, p
(between 0.002-0.04 a.u.) and Laplacian of electron density, V?p (between 0.024-0.139 a.u.)
[344, 345] confirm their hydrogen bond character and that O3---H-N4 is stronger than O4---
H11-C11.
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Figure 57: Plot of NCI isosurface for molecules of 4 (left) and 5 (right)

The blue region of these plots represents the strong attractive interactions (hydrogen bond), the
green region indicates weak attractive interactions (van der Waals interactions and dispersing
hydrogen bond) and the red region the strong repulsion interactions (steric effects).

Table XXVIII: Electron Density p(r) (a.u.), Laplacian of electron density V2p(r) (a.u.), potential
energy density V® (a.u.) and bond energy Enxg (kJ/mol) at the BCP of hydrogen bonds in the
molecules

p(r) V2 p(r) V® Eng

4 0O3-HN4 0.03204  0.08784 -0,02388 -31
04-HC12 0.02468  0.07328 -0,01944 -26

5 CH----N 0.01660  0.04691 -0,01083 -14
HOH---N 0.02846  0.08199 -0,01936 -25
O2NO-Co  0.03548  0.13473 -0,04393 -58
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The NCI plot of 5 (Fig. 60) indicates the presence of two hydrogen bonds N6---H-OH,
(1.916/165.1°) and N8---H24-C24 (2,282 A /142,6°) but the latter is very weak compared to
the former. This plot also exhibits a very large green surface indicating the existence of many
van der Waals interactions in this complex. These vans der Waals interactions are mostly found
between the counter ion dca, the water molecule and the ligands. The QTAIM analysis of 4
reveals the presence of a BCP between N6---H-OH, and N8---H24-C24 and many others

between the counter ion and the ligand.

Table XX1X: Most Relevant Vibrational Bands in the complexes and ligands

Compound Dca Phen 4 Scaled 5 Scaled
V(C=N) 1586s 1600vs 1606.188 1666vs 1607.165
1614.981 1604.234
v(C=C) 1501vs 1520s 1536 1514vs 1533
v(C=N) 2285vs 2140s 2147vs 2231.468
2229s 2178s 2250.031
2173vs
v(N-H) 3275vs 3188.928 3196m
3499.614
V(NH2) 3492vs 3514.269
3440vs 3654.957
v(N-0) 1751 1570.039 1758 1668.716
v(C-0) 1046vs 1087.401
1085vs 1102.056
¥(C-H) sp2 stretch 3057s 3064s 3106.86 3196m 3083.412
3017s 3142.032 3064s 3151.802
v(C-H) sp3 stretch 2958s 2968.126
2974.965
v(M-N) 512m 638.958 551s 635.05
644.82

The values of the most relevant vibrational bands found in complexes 4 and 5 calculated at
DFT-B3LYP/6-31G(d,p) level of theory are also presented in Table XXIX. The Gauss View
5.0.8 molecular visualization program was used to assign the calculated harmonic vibrational
frequency bands. The theoretical values of the frequencies were scaled by a factor of 0.977 to
reduce the basis set and method limitations to reproduce experimental vibrational frequencies.
The theoretical spectrum of molecule 4 shows two absorption bands in the high frequency
region (above 3000 cm™) assigned to the vibration of the two N-H bonds of dca. The lowest
value 3189 cm™ corresponds to the vibration of the N-H which is involved in N-H---O3
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hydrogen bond. This value is lower than the experimental value probably because of the
overestimation of the energy of N-H---O3 hydrogen bond by the level of theory as observed
during geometry analysis. For the same reason, the calculated vibration frequency of N-O bond
is also lower than the experimental value. The two bands observed in the region above 3000
cm? in the spectrum of molecule 5 corresponds to the symmetric (3514 cm™) and asymmetric
(3655 cm™) N-H stretch. The harmonic frequency vibrations of C=N and N-O bonds obtained
for molecule 5 are lower than the experimental values while the value of C---N is significantly
higher. However, for most vibration frequencies of molecule 4, there is a good agreement with
experimental values. The shapes (drawn with Gauss View graphical interface software) and the
distribution of the HOMO and LUMO of the complexes are shown in Figure 62.

Figure 58: Mocular graph of molecules 4 and 5 plotted using VMD 1.9.2. The orange lines
and spheres are bond paths and bond critical points respectively.

The HOMO of'the two complexes are localized on the counter ions with mainly -type orbitals.
From the orbital composition analysis by Hirshfeld method, the oxygen of nitrate anion of 4
contributes up to 78% of the HOMO and in the case of 5, the HOMO is composed of 78% of
the atoms N6, N7, N8 and N9 and 16% C25, C26 and C27. The LUMO of 4 is localized on
phen and copper atom and the Hirshfeld orbital composition analysis reveals that this orbital is
composed of 12% of n*-type orbitals of the N5, 15% of d* orbital of Cu, and 60% of n*-type
of carbon atoms of phen. However, the main contributors are C1 to C5. The *-type orbital of
N4 contributes only for 4% to the LUMO of 4. The LUMO of 5 is also delocalized on the
surface of phen and the m*-type orbital of carbon of phen involved, contribute for about 75%
ofthis LUMO. The n*-type orbitals of N3 and N4 contribute for 4 and 14%, respectively which
is practically the same in 4. The contribution of d*-type orbitals of Co(ll) ion to the LUMO of
5 is insignificant (3%). The distribution obtained by the isosurface is in agreement with the
Hirshfeld orbital analysis composition.
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Figure 59: HOMO and LUMO of the complexes 4 (left) and 5 (right)

The energies of the HOMO and LUMO and the gap between the two orbitals for 4 and 5 are
presented in Table XXX. The results indicate that 5 is more stable than 4. This can be explained
by the volume of the van der Waals interaction in molecule 5. Since these are attractive

interactions, they stabilize the concerned molecule.

Table XXX: Values of frontier molecular orbital energies (eV)

Complex HOMO LUMO AE(Lumo-Homo)
1 -5.03 -2.70 2.33
2 -5.79 -2.28 3.51

3.14- Antimicrobial Studies

The potency of the starting materials and the complexes together with the reference antibacterial
drugs (amoxicillin, ciprofloxacin, and cloxacillin) and antifungal drug (fluconazole) were
evaluated against twenty-three microorganisms comprised of twenty bacteria and three fungi
strains. The susceptibility of the bacterial and fungal strains towards these compounds was
judged by measuring the size of the growth inhibition diameter (1Z). Compounds, which
showed significant activities (1Z > 6 mm), were used for the minimum inhibitory concentration
(MIC) test. The MIC values are presented in Table XXXI and summarized in histograms (Fig.
59); (MIC>500 pg/mL poor activity; 250<MIC>125 pg/mL moderate activity;
62.5<MIC>31.25 pug/mL good activity; MIC<31.25 pg/mL very good activity). While the
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simple metal salts and the co-ligand dca, were not able to effectively reduce the bacterial and
fungal cell proliferation, phen exhibited good inhibitory capability which is in agreement with
results obtained from other studies [61, 346].

Complex 1 possesses very good activity against most of the bacteria species with MIC values
15.625 and 31.25 pg/mL, while complexes 2 and 3 are very active against the fungi species
with MIC values in the range 7.8-15.6 pg/mL. However, all of these complexes 1-3 displayed
comparable as well as average antibacterial activities compared to the standard antibacterial
(amoxicillin, ciprofloxacin and cloxacillin) but higher antifungal activities as compared to the
reference antifungal (fluconazole). Complexes 4 and 5 displayed poor antifungal activities as
compared to the reference antifungal (fluconazole) but higher antibacterial activities as
compared to the antibiotic (cloxacillin). These activities are comparable to literature reports
[76, 347].
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Table XXXI: Minimum Inhibitory Concentration (ug/mL) values of the ligands and complexes

c
g 5 5 ~ - < o % g = é
S = g -~ < = 8 =
= £ 2 S S

< yar &) o
Bl >500 31.25 31.25 125 250 125 62.5 >32 8 64 /
B2 >500 7.8125 15.625 125 250 125 125 0.25 8 4 /
B3 >500 31.25 31.25 125 125 62.5 62.5 >32 2 64 /
B4 >500 31.25 62.5 125 250 62.5 6.25 0.25 1 1 /
B5 >500 62.5 62.5 125 250 > 500 500 >32 32 64 /
B6 >500 31.25 31.25 125 125 62.5 62.5 >32 4 >64 /
B7 >500 31.25 31.25 125 250 250 125 8 16 16 /
B8 >500 31.25 31.25 125 250 500 500 >32 8 32 /
B9 >500 31.25 15.625 125 250 > 500 250 >32 4 16 /
B10 >500 31.25 31.25 125 250 > 500 250 >32 10 64 /
B1ll >500 31.25 31.25 125 250 500 500 >32 4 64 /
B12 >500 62.5 31.25 125 250 250 125 16 4 4 /
B13 >500 62.5 31.25 250 250 250 125 >32 4 >64 /
B14 >500 62.5 31.25 125 250 > 500 250 >32 4 4 /
B15 >500 31.25 62.5 125 250 125 125 0.25 4 8 /
B16 >500 31.25 62.5 125 500 125 125 >32 32 >64 /
B17 >500 15.625 15.625 125 500 500 125 >32 4 4 /
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B18 >500 15.63 315 125 250 250 125 0.5 4 8 /
B19 >500 31.25 62.5 250 500 250 62.5 >32 4 16 /
B20 >500 15.625 15.625 250 250 250 250 8 8 8 /
CA >500 7.8125 62.5 7.8125 15.625 > 500 > 500 / >500 32
CK >500 15.625 62.5 7.8125 15.625 > 500 > 500 / >500 32
CP >500 15.625 125 7.8125 15.625 > 500 > 500 / >500 32

Note: B1 = Streptococcus pneumonae ATCC49619;

B2 = Staphylococcus aureus BAA917;

B3 = Staphylococcus aureus ATCC43300;
B4 = Staphylococcus aureus NR45003;

B5 = Staphylococcus aureus NR46003;

B6 = Staphylococcus aureus CP7625;

B7 = Shigella flexineri NR518;

B8 = Salmonella enterica NR4294;

B9 = Salmonella enterica NR4311;

B10 = Salmonella enterica NR13555;

B11 = Pseudomonas aeruginosa NMC592;
B12 = Klessiella pneumonae ATCC13883;

B13 = Klessiella pneumonae ATCC70603;
B14 = Klessiella pneumonae NR41916;

B15 = Escherishia coli ATCC25922;

B16 = Escherishia coli ATCC35218;

B17 = Enterococcus fecalis ATCC51219;

B18 = Staphylococcus aureus NR46374;

B19 = Hemophyllus influenza ATCC49247;
B20 = Mycobacterium smegmatis;

CK = Candida krusei;
CP = Candida parasilosis;
CA = Candida albicans

Fungi strains

112



Streptococcus pneumonae ATCC49619 Staphylococcus aureus strains

600 600
500 500
200 400
300
- | m I‘l“
200 100
100 I °
o =m o I l | O
= 6“%« > v > ™ “ 6§‘. N i
vé\ s mB2 mB3 mB4 mB5 mB6 mB18
Salmonella enterica strains Shigella flexineri NR518
600 600
500 500
“00 400
300
200 300
= I“ m [l “‘ ‘“ = I
o EE Eem 100
&_‘b 5\\.‘@, ~ z > ™ “ S & o - - l I o — —
i & 5\"’(‘- ~ 0% > ™ ) é}e\s Q‘;‘b‘;& &*\\@
mB8 m39 mB10 ¥« °é° <&
Pneudomonas aeruginosa NMC592 Klessiella pneumonae strains
600 600
500
400
300
200
100
o -
& é\e“'
AR < =812 m313 mB14
Escherishia ccli strains Enterococcus fecalis ATCC51219
600 600
500 500
400
300 o0
200 300
|| | Il i - I I
° == HEE —m - | 100
& 6‘\0(-4 ~ v > i ° §§o . R _ _ I I -
¥ ¥ & > > > " ° & S
mB15 mB16 ¥ o‘?‘&‘p o
Hemaophyllus influenza ATCC49247 Mycobacterium smagmatis
600 600
500 500
400 400
300 300
200 200
100 100 I I I
] o - - —_ S —
e & é“‘? ~ N 3 S < *\b\\c ,‘."& d}\\e
« &

Fungi strains

600

500

400

300

200

100 I

o e —— . . P —— ——— meEar
s é_é\- ~ " ~ > “ &
o5
o

mCA mCK mCP

Figure 60: Histogram of MIC against tested microorganism
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Complex 1 was the most active and it showed very good activity (MIC 15.625 ug/mL) against the
bacteria species Staphylococcus aureus BAA917, Salmonella enterica NR4311, Enterococcus fecalis
ATCC51219 and Mycobacterium smegmatis. Complex 1 showed good activity (62.5<MIC>31.25
ug/mL) against the bacteria species Streptococcus pneumonae ATCC49619, Staphylococcus aureus
ATCC43300, Staphylococcus aureus NR46003, Salmonella enterica NR13555, Pseudomonas
aeruginosa NMC592, Klessiella pneumonae ATCC70603, Klessiella pneumonae NR41916,
Escherishia coli ATCC35218 and Enterococcus fecalis ATCC51219 as compared to the reference
antibacterial (amoxicillin and cloxacillin). The complexes 2 and 3 exhibited very good activity against
the fungi species Candida krusei, Candida parasilosis and Candida albicans, as compared to the
reference antifungal and but showed poor antibacterial activity comparable to the reference antibiotic.
Complexes 4 and 5 possess good activity against (62.5<MIC>31.25 ug/mL) Staphylococcus aureus
ATCC43300 and B6 = Staphylococcus aureus CP7625 as compared to the antibiotic cloxacillin.
Complex 5 possesses good activity against Streptococcus pneumonae ATCC49619 with MIC value
62.5 pg/mL.

The increased activity of the metal complexes can be explained based on the chelation theory and
overtones concept. This indicates that reaction of metal ions with the ligands plays an important role
in enhancing its antimicrobial activity. This enhancement of the metal complex activity can also be
explained on the basis of chelation theory [48]. Chelation reduces the polarity of the metal atom mainly
because of partial sharing of its positive charge with the donor groups and possible m-electron
delocalization within the whole chelate ring. Such a chelation also enhances the lipophilic character of
the central metal atom, which subsequently favours its permeation through the lipid layers of the cell
membrane and the blocking of the metal binding sites on enzymes of microorganism [347]. The overall
positive results of the antimicrobial screening against the twenty-three pathogens suggest that the
complexes have a broad spectrum of activity and may represent a good candidate as an antimicrobial

agent.
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CONCLUSION

Five new complexes [Mn(Phen)2(NQOs)2] (1), [Mn(Phen)2(Ns3)2)] (2), [Mn(Phen)2(dca)2)] (3),
[Cu(Phen)(BMCA)]-NOz (4); {BMCA = bis(methoxycarbimido)aminato anion and phen=1,10-
phenanthroline} and [Co(phen)2(NO3)](dcg)]-(H20) (5); (dcg=dicyanoguanidinate anion) were
synthesised, characterized and their biological properties were studied. The magnetic moments at room
temperature for the Mn(ll) complexes were found to be consistent with high spin (d°) octahedral
geometry. The magnetic moment of the [Cu(Phen)(BMCA)]-NOs complex was found to be 1.75 B.M.
which corresponds to one unpaired electron. It was slightly greater than the spin only value of 1.73
B.M for copper(ll) that is expected for one unpaired electron. The magnetic moment of
[Co(phen)2(NO3)](dcg-)]-(H20) complex was 3.92 B.M. which is in good agreement with high spin
(d") octahedral geometry for Co(ll). Thermal analyses of the complexes in air indicate that they are
stable up to 200 °C. The [Mn(Phen)2(NOs).] complex; [dinitrato-bis(1,10-phenanthroline-
°N,N')manganese(11)] crystallizes in the orthorhombic crystal system with space group Pbcn with four
molecules in the wunit cell. The [Mn(Phen)2(N3)2)] complex; [diazido-bis(1,10-phen-
®°N,N")manganese(II)] crystallizes in the orthorhombic crystal system with space group Pbcn with four
molecules in the wunit cell. The [Mn(Phen)2(dca)z)] complex; bis(dicyanamido)bis(1,10-
phenanthroline)manganese(ll), crystallizes in the monoclinic crystal system with space group P2:/c with
four molecules in the unit cell. Distorted octahedral geometries were confirmed for all the Mn(ll)
complexes through single-crystal X-ray crystallographic techniques. Cooperation between C-H---O
or C-H---N hydrogen bonds between adjacent phen ligands, and n—= stacking interactions stabilize the
structures and assemble them into interesting 3D supramolecular structures. The
[Cu(Phen)(BMCA)]-NOs complex; [{bis(methoxycarbimido)aminato-x2N,N'}(1,10-phenanthroline-
°N,N")copper(Il)] crystallizes in the monoclinic crystal system with space group P21/c with
completely distorted square planar CuNs chromophores. The [Co(phen)2(NOz)](dcg-)]-(H20)
complex; [(nitrato-x?0,0")(1,10-phenanthroline->N,N")cobalt(I1)] dicyanoguanidinate crystallizes in
the monoclinic crystal system with elongated octahedral CoO2N4 chromophores. The distorted
octahedral of Co(ll) ions in the title complex can be explained by Jahn-Teller effect for the d’
configuration as confirmed by the high spin magnetic moment. Metal-mediated transformations of the
dca ligand were observed. The Cu-mediated transformation of dca led to BMCA while that of Co led
to dcg. Both reactions are nucleophilic. The packing in the unit cell of both complexes were based on
intermolecular hydrogen bonding and n—n stacking interactions extending them to interesting 3D
supramolecular structures. The Mn(ll) complexes (1-3) displayed comparable as well as average
antibacterial activities compared to the standard antibacterials (amoxicillin, ciprofloxacin and

cloxacillin) but higher antifungal activities as compared to the antifungals (fluconazole). The Cu(ll)
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and Co(ll) complexes (4 and 5 respectively) displayed poor antifungal activities as compared to the
standard antifungals (fluconazole) but higher antibacterial activities as compared to the antibiotic
(cloxacillin). The [Mn(Phen)2(NOz)2] complex was the most active and it showed very good activity
(MIC 15.625 pg/mL) against the bacteria species Staphylococcus aureus BAA917, Salmonella
enterica NR4311, Enterococcus fecalis ATCC51219 and Mycobacterium smegmatis. The
[Mn(Phen)2(NO3).] complex also showed good activity (62.5<MIC>31.25 ng/mL) against the bacteria
species Streptococcus pneumonae ATCC49619, Staphylococcus aureus ATCC43300, Staphylococcus
aureus NR46003, Salmonella enterica NR13555, Pseudomonas aeruginosa NMC592, Klessiella
pneumonae ATCC70603, Klessiella pneumonae NR41916, Escherishia coli ATCC35218 and
Enterococcus fecalis ATCC51219 as compared to the reference antifungal (amoxicillin or cloxacillin).
The [Mn(Phen)2(Ns)2)] and [Mn(Phen)z(dca)2)] complexes exhibited very good activity against the
fungi species Candida krusei, Candida parasilosis and Candida albicans, as compared to the reference
antifungal but showed poor antibacterial activity compared to the reference antibiotic. The
Cu(Phen)(BMCA)]-NO3z and [Co(phen)2(NOz)](dcg)]-(H20) complexes possess good activity against
(62.5<MIC>31.25 ug/mL) Staphylococcus aureus ATCC43300 and B6 = Staphylococcus aureus
CP7625 as compared to the antibiotic cloxacillin. The [Co(phen)2(NOz3)](dcg-)]-(H20) complex
possesses good activity against Streptococcus pneumonae ATCC49619 with MIC value 62.5 pug/mL.
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PERSPECTIVES

Though the immediate objectives of this work have been met, we recognise that it is not exhaustive as
we envisage to:

» Carry out temperature dependence magnetic susceptibility measurement on the complexes at
lower temperature range of 2-300 K.

» Use molecular docking to elucidate the mode of action/inhibition of the complexes in view of

understanding the molecular mechanism for their action.
» Determine the toxicity of complexes that are found to be more active than the reference drugs.

This will not only improve the quality of this work but will also serve as directions for further research.
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APPENDIX I: SUPPLEMENTARY INFORMATION ON THE CRYSTAL STRUCTURES

1: Supplementary Information for [Mn(Phen)2(NOs)2] Comples

Table XXXII: Atomic coordinates ( x 10"4) and equivalent isotropic displacement parameters (A"2

x 10°3). U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

C(1)

C(2)

C(3)

C(4)

C(5)

C(6)

C(7)

C(8)

C(9)

C(10)
C(11)
C(12)
N(1)

N(2)

N(3)

0(1)

0(2)

0(@3)
Mn(1)

X y z U(eq)
-1182(3) -473(4) 6459(2) 62(1)
-1277(3) -1430(4) 5896(2) 73(1)
-411(4) -1761(4) 5485(2) 73(1)

566(3) -1145(4) 5627(2) 58(1)
1506(4) -1443(4) 5213(3) 77(2)
2423(3) -855(4) 5376(3) 75(1)
2513(3) 55(4) 5979(2) 62(1)
3470(3) 646(4) 6189(3) 78(1)
3501(3) 1475(5) 6776(3) 89(2)
2555(3) 1792(4) 7160(3) 77(2)
1598(2) 394(3) 6399(2) 49(1)
599(2) -217(3) 6213(2) 46(1)
-272(2) 123(3) 6618(2) 49(1)
1616(2) 1265(3) 6977(2) 58(1)
-732(3) 3828(4) 6442(2) 74(2)
-1092(4) 3585(8) 7057(3) 194(3)
-47(4) 3051(4) 6295(3) 141(2)
-1025(3) 4628(4) 6028(3) 153(2)
0 1777(1) 7500 51(1)
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Table XXXIII: Bond lengths [A] and angles [deg]

Bond lengths [A] angles [deg]
C(1)-N(2) 1.323(4) N(1)-C(1)-C(2) 122.9(3)
C(1)-C(2) 1.397(5) N(1)-C(1)-H(1) 118.6
C(1)-H(1) 0.9300 C(2)-C(1)-H(1) 118.6
C(2)-C(3) 1.350(6) C(3)-C(2)-C(2) 119.3(3)
C(2)-H(2) 0.9300 C(3)-C(2)-H(2) 120.4
C(3)-C(4) 1.399(5) C(1)-C(2)-H(2) 120.4
C(3)-H(3) 0.9300 C(2)-C(3)-C(4) 119.8(4)
C(4)-C(12) 1.402(5) C(2)-C(3)-H(3) 120.1
C(4)-C(5) 1.421(5) C(4)-C(3)-H(3) 120.1
C(5)-C(6) 1.328(6) C(3)-C(4)-C(12) 117.4(3)
C(5)-H(5) 0.9300 C(3)-C(4)-C(5) 122.6(4)
C(6)-C(7) 1.417(6) C(12)-C(4)-C(5) 120.0(3)
C(6)-H(6) 0.9300 C(6)-C(5)-C(4) 120.7(4)
C(7)-C(8) 1.394(6) C(6)-C(5)-H(5) 119.6
C(7)-C(11) 1.410(5) C(4)-C(5)-H(5) 119.6
C(8)-C(9) 1.337(7) C(5)-C(6)-C(7) 121.7(4)
C(8)-H(8) 0.9300 C(5)-C(6)-H(6) 119.1
C(9)-C(10) 1.405(7) C(7)-C(6)-H(6) 119.1
C(9)-H(9) 0.9300 C(8)-C(7)-C(11) 117.1(4)
C(10)-N(2) 1.335(5) C(8)-C(7)-C(6) 123.4(4)
C(10)-H(10) 0.9300 C(11)-C(7)-C(6) 119.4(3)
C(11)-N(2) 1.352(4) C(9)-C(8)-C(7) 120.2(4)
C(11)-C(12) 1.438(4) C(9)-C(8)-H(8) 119.9
C(12)-N(1) 1.351(4) C(7)-C(8)-H(8) 119.9
N(1)-Mn(1) 2.319(3) C(8)-C(9)-C(10) 119.8(4)
N(2)-Mn(1) 2.289(3) C(8)-C(9)-H(9) 120.1
N(3)-O(3) 1.155(4) C(10)-C(9)-H(9) 120.1
N(3)-0(2) 1.195(5) N(2)-C(10)-C(9) 122.4(4)
N(3)-0(1) 1.203(5) N(2)-C(10)-H(10) 118.8
O(1)-Mn(1) 2.422(6) C(9)-C(10)-H(10) 118.8
0O(2)-Mn(1) 2.495(6) N(2)-C(11)-C(7) 123.0(3)
Mn(1)-N(2)#1 2.289(3) N(2)-C(11)-C(12) 118.0(3)
Mn(1)-N(1)#1 2.319(3) C(7)-C(11)-C(12) 118.9(3)
Mn(1)-O(1)#1 2.422(7) N(1)-C(12)-C(4) 122.7(3)
Mn(1)-0(2)#1 2.495(6) N(1)-C(12)-C(11) 118.3(3)
C(4)-C(12)-C(11) 119.0(3)
C(1)-N(1)-C(12) 118.0(3)
C(1)-N(1)-Mn(1) 127.0(2)
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C(12)-N(1)-Mn(2) 115.0(2)
C(10)-N(2)-C(11) 117.5(3)
C(10)-N(2)-Mn(1) 126.3(3)
C(11)-N(2)-Mn(2) 116.1(2)
0O(3)-N(3)-0(2) 123.8(5)
O(3)-N(3)-0(1) 126.7(6)
0(2)-N(3)-0(1) 109.3(5)
N(3)-O(1)-Mn(1) 103.6(4)
N(3)-0(2)-Mn(1) 100.0(4)
N(2)#1-Mn(1)-N(2) 153.72(15)
N(2)#1-Mn(1)-N(1)#1 72.14(10)
N(2)-Mn(1)-N(1)#1 88.70(10)
N(2)#1-Mn(1)-N(1) 88.70(10)
N(2)-Mn(1)-N(1) 72.14(10)
N(1)#1-Mn(1)-N(1) 87.09(14)
N(2)#1-Mn(1)-O(1)#1 122.84(14)
N(2)-Mn(1)-O(1)#1 78.61(15)
N(1)#1-Mn(1)-O(1)#1 104.40(18)
N(1)-Mn(1)-O(1)#1 148.31(14)
N(2)#1-Mn(1)-O(1) 78.61(15)
N(2)-Mn(1)-0(1) 122.84(14)
N(1)#1-Mn(1)-O(1) 148.31(14)
N(1)-Mn(1)-O(1) 104.40(18)
O(1)#1-Mn(1)-0O(1) 81.3(3)
N(2)#1-Mn(1)-0(2) 116.27(14)
N(2)-Mn(1)-0(2) 78.08(14)
N(1)#1-Mn(1)-0(2) 162.70(12)
N(1)-Mn(1)-0(2) 78.33(11)
O(1)#1-Mn(1)-0O(2) 84.05(19)
0O(1)-Mn(1)-0(2) 46.86(16)
N(2)#1-Mn(1)-O(2)#1 78.08(14)
N(2)-Mn(1)-O(2)#1 116.27(14)
N(1)#1-Mn(1)-O(2)#1 78.33(11)
N(1)-Mn(1)-O(2)#1 162.70(12)
O(1)#1-Mn(1)-O(2)#1 46.86(16)
0O(1)-Mn(1)-0O(2)#1 84.05(19)
0(2)-Mn(1)-0(2)#1 117.46(19)
Symmetry transformations used to generate equivalent atoms: #1 -x,y,-z+3/2
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Table XXXIV: Anisotropic displacement parameters (A2 x 1073). The anisotropic displacement
factor exponent takes the form: -2 pi"2 [ "2 a*"2 U11 + ... + 2 h ka* b* U12 ]

U1l u22 U33 u23 U13 u12
c(1) 50(2) 69(2) 66(2) “11(2) 3(2) “11(2)
C(2) 63(2) 78(3) 78(3) -23(2) -4(2) -17(2)
c(3) 79(2) 69(2) 71(3) -22(2) -3(2) -10(2)
C(4) 63(2) 54(2) 56(2) -2(2) 3(2) 6(2)
C(5) 79(3) 69(2) 82(3) -13(2) 18(2) 7(2)
C(6) 73(3) 64(2) 89(3) 3(2) 27(2) 17(2)
c(7) 45(2) 60(2) 80(2) 26(2) 702) 6(2)
C(8) 51(2) 75(3) 109(4) 30(3) 4(2) 3(2)
C(9) 45(2) 109(4) 112(4) 39(3) -18(2) -24(2)
C(10) 63(2) 92(3) 77(3) 702) -17(2) -26(2)
C(11) 47(2) 47(2) 51(2) 14(1) 0(1) -1(1)
C(12) 45(2) 47(2) 45(2) 6(1) -1(1) 0(1)
N(L) 49(1) 52(2) 46(1) -1(1) 1(1) -5(1)
N(2) 51(2) 63(2) 59(2) 9(2) -9(1) -14(1)
N(3) 61(2) 89(3) 73(2) 23(2) -15(2) -18(2)
0(1) 128(4) 333(9) 120(4) 70(5) 26(3) 15(5)
0(2) 175(5) 105(3) 142(4) -43(3) -52(3) 45(3)
0(3) 94(3) 151(4) 213(5) 122(4) -57(3) -19(2)
Mn(1) 60(1) 48(1) 44(1) 0 -2(1) 0

Table XXXV: Hydrogen coordinates ( x 10"4) and isotropic displacement parameters (A”2 x 10"3).

X y z U(eq)
H(1) -1786 -245 6735 74
H(2) -1929 -1834 5805 87
H(3) -463 -2397 5109 88
H(5) 1478 -2056 4823 92
H(6) 3022 -1046 5086 91
H(8) 4090 464 5920 94
H(9) 4145 1840 6929 106
H(10) 2585 2390 7558 93
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Table XXXVI: Torsion angles [deg].

N(1)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(12)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(12)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(7)
C(5)-C(6)-C(7)-C(8)
C(5)-C(6)-C(7)-C(11)
C(11)-C(7)-C(8)-C(9)
C(6)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-N(2)
C(8)-C(7)-C(11)-N(2)
C(6)-C(7)-C(11)-N(2)
C(8)-C(7)-C(11)-C(12)
C(6)-C(7)-C(11)-C(12)
C(3)-C(4)-C(12)-N(1)
C(5)-C(4)-C(12)-N(1)
C(3)-C(4)-C(12)-C(11)
C(5)-C(4)-C(12)-C(11)
N(2)-C(11)-C(12)-N(1)
C(7)-C(11)-C(12)-N(1)
N(2)-C(11)-C(12)-C(4)
C(7)-C(11)-C(12)-C(4)
C(2)-C(1)-N(1)-C(12)
C(2)-C(1)-N(1)-Mn(1)
C(4)-C(12)-N(1)-C(1)
C(11)-C(12)-N(1)-C(1)
C(4)-C(12)-N(1)-Mn(1)
C(11)-C(12)-N(1)-Mn(1)
C(9)-C(10)-N(2)-C(11)
C(9)-C(10)-N(2)-Mn(1)
C(7)-C(11)-N(2)-C(10)
C(12)-C(11)-N(2)-C(10)
C(7)-C(11)-N(2)-Mn(1)
C(12)-C(11)-N(2)-Mn(1)
0(3)-N(3)-0(1)-Mn(1)
0(2)-N(3)-0(1)-Mn(1)
0(3)-N(3)-0(2)-Mn(1)
0(1)-N(3)-0(2)-Mn(1)

-0.8(7)
-0.1(7)
1.4(6)
-179.6(4)
-178.6(4)
0.3(6)
2.0(7)
177.0(4)
-2.8(6)
1.3(6)
-178.5(4)
-2.7(7)
2.0(7)
0.9(5)
-179.2(3)
-178.6(3)
1.3(5)
-2.2(5)
178.9(3)
177.2(3)
-1.8(5)
0.8(4)
-179.7(3)
-178.6(3)
0.9(5)
0.1(5)
177.5(3)
1.4(5)
-177.9(3)
-176.3(2)
4.3(3)
0.3(6)
-176.0(3)
-1.7(5)
177.8(3)
174.9(2)
-5.6(4)
179.6(4)
3.8(5)
-179.6(4)
-3.6(5)

Symmetry transformations used to generate equivalent atoms:

#1 -x,y,-z+3/2
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2: Supplementary Information for [Mn(Phen)2(N3)2] Complex

Table XXXVII: Fractional atomic coordinates and isotropic or equivalent isotropic displacement

parameters (A2)

X y 7 Uiso*/Ueq

Mn1 0.5000 0.19559 (11) 0.7500 0.0462 (4)
N1 0.4944 (3 0.0209 (4 0.6562 (2 0.0494 (10
N2 0.6594 (3 0.1433 (5 0.7160 (3 0.0510 (11
N3 0.5386 (4 0.3406 (7 0.8396 (4 0.099 (2)
C11 0.6708 (4 0.0438 (5 0.6599 (3 0.0499 (13
N4 0.5953 (4 0.4041 (6 0.8712 (3 0.0688 (14
Ci12 0.5836 (4 —0.0203 (5) 0.6279 (3 0.0474 (12
C7 0.7654 (4 0.0028 (6 0.6335 (4 0.0644 (16
C10 0.7405 (4 0.1985 (6 0.7477 (4 0.0616 (14
H10 0.7329 0.2657 0.7865 0.074*
C1 0.4128 (4) —0.0373 (7) 0.6274 (3) 0.0656 (16)
H1l 0.3508 —0.0079 0.6456 0.079*
C4 0.5932 553 —0.1225 (7) 0.5701 533 0.0668 (17)
C6 0.7715 (6 ~0.1000 (8) 0.5739 (4 0.088 (2)
H6 0.8340 —0.1274 0.5558 0.106*
Cc8 0.8483 (4) 0.0642 (7) 0.6691 (5) 0.081 (2)
H8 0.9123 0.0383 0.6536 0.098*
C2 0.4168 (6) ~0.1415 (8) 0.5704 (4) 0.088 (2)
H2 0.3583 —0.1821 0.5521 0.106*
Cc5 0.6905 (6) ~0.1584 (8) 0.5432 (4) 0.086 (2)
H5 0.6975 —0.2240 0.5034 0.104*
C9 0.8363 (4) 0.1605 (7) 0.7256 (5) 0.080 (2)
H9 0.8915 0.2011 0.7495 0.096*
C3 0.5059 (6) —0.1831 (7) 0.5420 (4) 0.088 (2)
H3 0.5091 —0.2521 0.5038 0.106*
N5 0.6523 (8) 0.4665 (12) 0.9015 (5) 0.184 (5)
Table XXXVI1I: Atomic displacement parameters (A2)

yll u22 u33 ul2 ul3 u23
Mnl 0.0383 (6) 0.0451 (7) 0.0553 (7) 0.000 0.0008 (5) 0.000
N1 0.054 (2 0.055 (3 0.040 (2 —0.008 (2) 0.001 (2 —0.0005 (19)
N2 0.042 (2 0.052 (3 0.058 (3 —0.002 (2) 0.003 (2 0.006 (2)
N3 0.074 (4 0.092 (5 0.132 (6 0.001 53 —0.011 (4) —0.054 (4)
Ci11 0.050 (3 0.045 (3 0.054 (3 0.006 (2 0.011 (2 0.015 (3
N4 0.070 (3 0.071 (4 0.066 (3 —0.009 (3) —0.014(3)  —0.002 (3)
Ci12 0.057 (3 0.047 (3 0.038 (3 0.004 52 0.011 (2 0.006 (2
C7 0.061 (4 0.055 (4 0.077 (4 0.016 (3 0.023 (3 0.015 (3
C10 0.043 (3 0.067 (4 0.075 (3 —0.004 (3) —0.002 (3) 0.000 (3
Cl 0.064 (4 0.080 (5 0.053 (3 ~0.014 (3)  0.000 (3 20.014 (3)
C4 0.084 (4 0.062 (4 0.055 (4 0.002 (3 0.012 (3 —0.005 (3)
C6 0.090 (5 0.077 (5 0.098 (5 0.022 (4 0.045 (4 0.002 (4
C8 0.046 (3 0.074 (5 0.124 (6 0.019 (3 0.020 (4 0.023 (5
C2 0.092 (5 0.101 (6 0.071 (5 ~0.026 (5)  —0.006 (4)  —0.026 (4)
C5 0.107 (6 0.077 (5 0.075 (5 0.012 (4 0.034 (4 —0.013 (4)
C9 0.042 (3 0.080 (5 0.118 (6 0.003 (3 —0.002 (3) 0.010 (4
C3 0.116 (6 0.084 (5 0.064 (4)  —0.008 (5)  0.005 (4 20.031 (4)
N5 0214 (10) 0209 (11) 0.129(7)  —0.097(9) —0.045(7)  —0.026 (7)
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Table XXXIX: Bond lengths [A]

Mn1—N3 2.130 (6) C7—C6 1.419 (9)
Mn1—N3i 2.130 (6) C10—C9 1.386 (8)
Mn1—N2i 2.268 (4) C10—H10 0.93
Mn1—N2 2.268 (4) ci1—C2 1.397 (9)
Mn1—N1i 2.320 (4) Cl—H1 0.93
Mn1—N1 2.320 (4) C4—C3 1.391 (9)
N1—C1 1.323 (6) C4—C5 1.425 (9)
N1—C12 1.347 (6) C6—C5 1.329 (10)
N2—C10 1.325 (7) C6—H6 0.93
N2—C11 1.360 (7) C8—C9 1.345 (10)
N3—N4 1.114 (7) C8—H8 0.93
Cl11—C7 1.401 (7) C2—C3 1.348 (10)
Cl1—C12 1.430 (7) C2—H2 0.93
N4—N5 1.100 (9) C5—H5 0.93
Cl2—C4 1.397 (8) C9—H9 0.93
Table XL: Bond angles [deg]
N3—Mn1—Na3i 97.9 (4) C8—C7—C6 124.0 (6)
N3—Mn1—N2i 101.1 (2) C11—C7—C6 118.5 (6)
N3i—Mn1—N2i 95.7 (2) N2—C10—C9 122.9 (6)
N3—Mn1—N2 95.7 (2) N2—C10—H10 118.5
N3i—Mn1—N2 101.1 (2) C9—C10—H10 1185
N2i—Mn1—N2 154.3 (2) N1—C1—C2 122.0 (6)
N3—Mn1—N1i 88.8 (2) N1—C1—H1 119
N3i—Mnl1—N1i 167.17 (19) C2—Cl1—H1 119
N2i—Mnl1—N1i 72.16 (16) C3—C4—C12 117.4 (6)
N2—Mn1—NL1i 89.03 (15) C3—C4—C5 123.8 (6)
N3—Mn1—N1 167.17 (19) C12—C4—C5 118.8 (6)
N3i—Mnl1—N1 88.8 (2) C5—C6—C7 122.0 (6)
N2i—Mnl1—N1 89.03 (15) C5—C6—H6 119
N2—Mnl1—N1 72.16 (16) C7—C6—H6 119
N1i—Mnl—N1 86.8 (2) C9—C8—C7 120.4 (6)
Cl1—N1—C12 118.4 (5) C9—C8—H8 119.8
C1—N1—Mn1 126.0 (4) C7—C8—H8 119.8
C12—N1—Mnl 115.5 (3) C3—C2—C1 119.8 (6)
C10—N2—C11 118.4 (5) C3—C2—H2 120.1
C10—N2—Mn1 125.4 (4) C1—C2—H?2 120.1
Cl1—N2—Mnl 116.2 (3) C6—C5—C4 121.2 (6)
N4—N3—Mnl 150.6 (6) C6—C5—H5 1194
N2—C11—C7 121.7 (5) C4—C5—H5 119.4
N2—C11—C12 118.6 (4) C8—C9—C10 119.1 (6)
Cr—C11—C12 119.7 (5) C8—C9—H9 120.4
N5—N4—N3 178.8 (9) C10—C9—H9 120.4
N1—C12—C4 122.7 (5) C2—C3—C4 119.7 (6)
N1—C12—C11 117.5 (5) C2—C3—H3 120.1
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C4—C12—C11 119.8 (5) C4—C3—H3 120.1
C8—C7—C11 117.5 (6)

Table XLI: Torsion angles [deg].
C10—N2—C11—C7 —2.2(7) Mn1—N1—C1—C2 179.5 (5)
Mn1—N2—C11—C7 179.6 (4) N1—C12—C4—C3 -0.4 (9)
C10—N2—C11—C12 177.4 (5) C11—C12—C4—C3 178.9 (6)
Mn1—N2—C11—C12  —0.8 (6) N1—C12—C4—C5 179.4 (5)
C1—N1—C12—C4 —0.7 (8) C11—C12—C4—C5 -1.3(8)
Mn1—N1—C12—C4 ~178.8 (4) C8—C7—C6—C5 178.1 (7)
Cl1—N1—C12—C11 —180.0 (5) C11—C7—C6—C5 -0.4 (10)
Mn1—N1—C12—C11  1.9(6) C11—C7—C8—C9 ~1.1(9)
N2—C11—C12—N1 —0.8 (7) C6—C7—C8—C9 ~179.6 (6)
C7—C11—C12—N1 178.8 (5) N1—C1—C2—C3 ~1.5(11)
N2—C11—C12—C4 179.9 (5) C7—C6—C5—C4 ~1.5(12)
C7—C11—C12—C4 —0.5 (8) C3—C4—C5—C6 ~177.9 (7)
N2—C11—C7—C8 2.4 (8) C12—C4—C5—C6 2.3 (11)
C12—C11—C7—C8 ~177.2 (5) C7—C8—C9—C10  —0.3(10)
N2—C11—C7—C6 ~179.0 (5) N2—C10—C9—C8 0.5 (10)
C12—C11—C7—C6 1.4 (8) C1—C2—C3—C4 0.4 (12)
C11—N2—C10—C9 0.8 (8) C12—C4—C3—C2 0.5 (10)
Mn1—N2—C10—C9 178.7 (5) C5—C4—C3—C2 ~179.3 (7)
C12—N1—C1—C2 1.6 (9)

Table XLII: Hydrogen-bond geometry (A, ©)
D—H---A D—H H-..A D---A D—H---A
C10—H10---N4 0.93 2.69 3.481 (8) 143
C10—H10---N4 0.93 2.69 3.481 (8) 143

Symmetry code: (i) —x+1, y, —z+3/2
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3: Supplementary Information for [Mn(Phen)(dca).] Complex

Table XLIII: Atomic coordinates ( x 10%4) and equivalent isotropic displacement parameters
(A2x 103) for ke07. U(eq) is defined as one third of the trace of the orthogonalized UY tensor.

X y z U(eq)
Mn(1) 7115(1) 7184(1) 4885(1) 19(1)
N(1) 8941(1) 6283(1) 5453(1) 20(1)
N(2) 8584(1) 7148(1) 4063(1) 22(1)
N(3) 6020(1) 8457(1) 4330(1) 22(1)
N(4) 8452(1) 8418(1) 5464(1) 21(1)
N(5) 5708(2) 6293(1) 4093(1) 32(1)
N(6) 5000(2) 5088(2) 3128(1) 54(1)
N(7) 2647(2) 4532(1) 2481(1) 35(1)
N(8) 6182(2) 7084(1) 5866(1) 30(1)
N(9) 5228(2) 7481(1) 6977(1) 39(1)
N(10) 2761(2) 7499(2) 7040(1) 47(1)
C(1) 9102(2) 5845(1) 6129(1) 24(1)
C(2) 10360(2) 5436(1) 6521(1) 31(1)
C(@3) 11492(2) 5486(1) 6205(1) 33(1)
C4) 11362(2) 5926(1) 5482(1) 26(1)
C(5) 10056(2) 6313(1) 5123(1) 20(1)
C(6) 9857(2) 6764(1) 4379(1) 20(1)
C(7) 10959(2) 6789(1) 4002(1) 27(1)
C(8) 10689(2) 7200(1) 3255(1) 36(1)
C(9) 9396(2) 7565(1) 2938(1) 38(1)
C(10) 8370(2) 7533(1) 3363(1) 30(1)
C(11) 12484(2) 6002(1) 5097(1) 35(1)
C(12) 12291(2) 6407(1) 4393(1) 36(1)
C(13) 4835(2) 8472(1) 3772(1) 28(1)
C(14) 4178(2) 9283(2) 3457(1) 34(1)
C(15) 4765(2) 10098(1) 3728(1) 33(1)
C(16) 6024(2) 10113(1) 4318(1) 28(1)
C(17) 6618(2) 9268(1) 4603(1) 22(1)
C(18) 7910(2) 9248(1) 5207(1) 22(1)
C(19) 8552(2) 10074(1) 5503(1) 27(1)
C(20) 9813(2) 10023(1) 6093(1) 31(1)
C(21) 10355(2) 9186(1) 6348(1) 30(1)
C(22) 9647(2) 8403(1) 6017(1) 25(1)
C(23) 6709(2) 10938(1) 4634(1) 35(1)
C(24) 7917(2) 10920(1) 5198(1) 34(1)
C(25) 5286(2) 5740(1) 3630(1) 28(1)
C(26) 3719(2) 4831(1) 2804(1) 27(1)
C(27) 5666(2) 7253(1) 6370(1) 24(1)
C(28) 3891(2) 7472(1) 6973(1) 30(1)
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Table XLIV: Bond lengths [A] and angles [°].

Bond lengths [A]

Bond angles [°]

Mn(1)-N(5)
Mn(1)-N(8)
Mn(1)-N(3)
Mn(1)-N(1)
Mn(1)-N(2)
Mn(1)-N(4)
N(1)-C(1)
N(1)-C(5)
N(2)-C(10)
N(2)-C(6)
N(3)-C(13)
N(3)-C(17)
N(4)-C(22)
N(4)-C(18)
N(5)-C(25)
N(6)-C(25)
N(6)-C(26)
N(7)-C(26)
N(8)-C(27)
N(9)-C(27)
N(9)-C(28)
N(10)-C(28)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(4)-C(11)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(7)-C(12)
C(8)-C(9)
C(9)-C(10)
C(11)-C(12)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(16)-C(23)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(19)-C(24)
C(20)-C(21)

2.1505(16)
2.1552(15)
2.2549(14)
2.2593(14)
2.2897(13)
2.3214(14)
1.328(2)
1.366(2)
1.324(2)
1.364(2)
1.328(2)
1.361(2)
1.331(2)
1.360(2)
1.152(2)
1.286(3)
1.307(3)
1.156(2)
1.155(2)
1.294(2)
1.318(2)
1.151(2)
1.397(3)
1.368(3)
1.405(3)
1.406(2)
1.440(3)
1.438(2)
1.409(2)
1.411(3)
1.438(3)
1.369(3)
1.402(3)
1.344(3)
1.402(3)
1.362(3)
1.409(3)
1.408(2)
1.430(3)
1.444(2)
1.407(2)
1.412(3)
1.432(3)
1.369(3)

N(5)-Mn(1)-N(8)
N(5)-Mn(1)-N(3)
N(8)-Mn(1)-N(3)
N(5)-Mn(1)-N(1)
N(8)-Mn(1)-N(1)
N(3)-Mn(1)-N(1)
N(5)-Mn(1)-N(2)
N(8)-Mn(1)-N(2)
N(3)-Mn(1)-N(2)
N(L)-Mn(1)-N(2)
N(5)-Mn(1)-N(4)
N(8)-Mn(1)-N(4)
N(3)-Mn(1)-N(4)
N(L)-Mn(1)-N(4)
N(2)-Mn(1)-N(4)
C(1)-N(1)-C(5)
C(1)-N(1)-Mn(1)
C(5)-N(1)-Mn(1)
C(10)-N(2)-C(6)
C(10)-N(2)-Mn(1)
C(6)-N(2)-Mn(1)
C(13)-N(3)-C(17)
C(13)-N(3)-Mn(1)
C(17)-N(3)-Mn(1)
C(22)-N(4)-C(18)
C(22)-N(4)-Mn(1)
C(18)-N(4)-Mn(1)
C(25)-N(5)-Mn(1)
C(25)-N(6)-C(26)
C(27)-N(8)-Mn(1)
C(27)-N(9)-C(28)
N(1)-C(1)-C(2)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
C(3)-C(4)-C(5)
C(3)-C(4)-C(11)
C(5)-C(4)-C(11)
N(1)-C(5)-C(4)
N(1)-C(5)-C(6)
C(4)-C(5)-C(6)
N(2)-C(6)-C(7)
N(2)-C(6)-C(5)
C(7)-C(6)-C(5)
C(6)-C(7)-C(8)

98.21(6)
93.37(6)
98.65(5)
104.32(6)
93.31(5)
157.00(5)
89.05(6)
165.68(5)
93.19(5)
72.87(5)
164.65(6)
90.62(6)
72.81(5)
87.57(5)
85.19(5)
117.89(15)
125.75(11)
115.56(11)
118.27(15)
126.81(12)
114.56(10)
118.20(15)
124.99(13)
116.80(11)
117.58(15)
127.78(12)
114.62(11)
161.68(14)
122.57(18)
163.57(15)
122.18(17)
122.92(17)
119.46(17)
119.55(17)
117.37(16)
123.70(17)
118.93(17)
122.77(16)
117.38(14)
119.85(15)
122.56(16)
117.75(14)
119.69(16)
117.47(17)
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C(21)-C(22)
C(23)-C(24)

1.394(2)
1.350(3)

C(6)-C(7)-C(12)
C(8)-C(7)-C(12)
C(9)-C(8)-C(7)
C(8)-C(9)-C(10)
N(2)-C(10)-C(9)
C(12)-C(11)-C(4)
C(11)-C(12)-C(7)
N(3)-C(13)-C(14)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
C(17)-C(16)-C(15)
C(17)-C(16)-C(23)
C(15)-C(16)-C(23)
N(3)-C(17)-C(16)
N(3)-C(17)-C(18)
C(16)-C(17)-C(18)
N(4)-C(18)-C(19)
N(4)-C(18)-C(17)
C(19)-C(18)-C(17)
C(18)-C(19)-C(20)
C(18)-C(19)-C(24)
C(20)-C(19)-C(24)
C(21)-C(20)-C(19)
C(20)-C(21)-C(22)
N(4)-C(22)-C(21)
C(24)-C(23)-C(16)
C(23)-C(24)-C(19)
N(5)-C(25)-N(6)
N(7)-C(26)-N(6)
N(8)-C(27)-N(9)
N(10)-C(28)-N(9)

118.96(17)
123.56(17)
119.24(17)
119.57(18)
122.84(19)
121.26(18)
121.21(17)
122.84(18)
119.43(17)
119.52(17)
117.53(17)
119.39(17)
123.08(17)
122.48(16)
117.91(15)
119.61(16)
122.87(16)
117.82(15)
119.31(15)
117.46(16)
119.44(17)
123.10(17)
119.36(17)
119.13(17)
123.60(17)
121.06(17)
121.19(18)
171.7(2)

172.9(2)

173.4(2)

173.4(2)

Symmetry transformations used to generate equivalent atoms:
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Table XLV: Anisotropic displacement parameters (Azx 103). The anisotropic displacement

factor exponent takes the form: -2x2[ h2 a*2Ull + . +2hka* b* U12]

ull u22 u33 u23 ul3 ul2
Mn(1) 16(1) 23(1) 20(2) -1(1) 6(1) 2(1)
N(1) 19(1) 19(1) 22(1) -2(1) 7(1) 0(1)
N(2) 23(1) 24(1) 20(2) 0(1) 9(1) -1(1)
N(3) 20(2) 28(1) 20(2) 1(1) 6(1) 4(1)
N(4) 22(1) 22(1) 20(2) 0(1) 6(1) 2(1)
N(5) 21(2) 37(2) 38(1) -11(1) 6(1) -3(1)
N(6) 24(1) 70(2) 64(1) -42(1) 5(1) 2(1)
N(7) 32(1) 36(1) 33(2) 2(1) 1(1) -5(1)
N(8) 25(1) 40(1) 29(1) 4(1) 13(1) 5(1)
N(9) 30(2) 64(1) 24(1) -4(1) 10(2) 9(1)
N(10) 41(1) 68(1) 39(2) 9(1) 24(1) 16(1)
C(2) 28(1) 24(1) 23(1) -2(1) 8(1) 0(1)
C(2) 36(1) 28(1) 26(1) 3(1) 3(1) 6(1)
C(3) 26(1) 31(2) 36(1) -2(1) -2(1) 9(1)
C(4) 20(2) 23(1) 34(1) -7(1) 4(1) 1(1)
C(5) 18(1) 17(2) 25(1) -5(1) 7(1) -1(1)
C(6) 20(2) 18(1) 24(1) -6(1) 10(2) -3(1)
C(7) 28(1) 23(1) 38(1) -8(1) 21(2) -5(1)
C(8) 46(1) 32(1) 40(1) -5(1) 31(2) -7(1)
C(9) 55(1) 38(1) 28(1) 4(1) 24(1) -1(1)
C(10) 36(1) 34(1) 22(1) 2(1) 10(2) 1(1)
C(11) 19(1) 34(1) 54(1) -4(1) 12(1) 4(1)
C(12) 26(1) 32(1) 58(1) -7(1) 27(1) -2(1)
C(13) 24(1) 37(2) 23(1) 1(1) 5(1) 4(1)
C(14) 28(1) 46(1) 25(1) 8(1) 4(1) 11(2)
C(15) 38(1) 35(1) 27(1) 10(2) 11(2) 16(1)
C(16) 35(1) 29(1) 22(1) 5(1) 15(1) 10(2)
C(17) 25(1) 25(1) 19(1) 2(1) 11(2) 4(1)
C(18) 26(1) 23(1) 19(1) 0(1) 10(2) 3(1)
C(19) 34(1) 23(1) 26(1) -2(1) 14(1) -1(1)
C(20) 35(1) 28(1) 31(2) -9(1) 10(2) -8(1)
C(21) 28(1) 33(2) 26(1) -6(1) 2(1) -3(1)
C(22) 24(1) 27(1) 24(1) -2(1) 4(1) 1(1)
C(23) 53(1) 24(1) 32(1) 6(1) 19(1) 11(2)
C(24) 49(1) 21(2) 34(1) -2(1) 15(1) -1(1)
C(25) 16(1) 37(2) 30(2) -4(1) 5(1) 3(1)
C(26) 27(1) 30(2) 24(1) 1(1) 6(1) 6(1)
C(27) 19(1) 30(2) 24(1) 5(1) 5(1) 5(1)
C(28) 36(1) 37(2) 21(2) 6(1) 14(1) 11(2)
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4: Supplementary Information for [Cu(phen)(BMCA)](NOs) Complex

Table XLVI: Atomic coordinates (x 104 and equivalent isotropic displacement parameters (pm2x 10%). U(eq)

is defined as one third of the trace of the orthogonalized Ui tensor.

X y z U(eq)
Cu(1) 7456(1) 7585(1) 5064(1) 20(1)
O(1) 9220(3) 9926(2) 6311(1) 22(1)
0(2) 5745(3) 9887(2) 3748(1) 21(1)
0(3) 856(4) 7079(2) 2550(2) 40(1)
O(4) 3855(4) 7382(2) 2975(2) 42(1)
O(5) 2424(6) 7762(2) 1780(2) 53(1)
O(3F) 2260(60) 7220(30) 3150(20) 58(13)
O(4F) 4200(40) 7890(20) 2577(17) 29(9)
O(5F) 1180(50) 7680(20) 1952(18) 30(9)
N(1) 7580(4) 6531(2) 4316(1) 19(1)
N(2) 7311(4) 6563(2) 5835(1) 19(1)
N(3) 8526(4) 8507(2) 5811(2) 21(1)
N(4) 6395(4) 8483(2) 4294(2) 21(1)
N(5) 7498(4) 9836(2) 5028(1) 18(1)
N(6) 2399(5) 7420(3) 2436(2) 21(1)
N(6F) 2530(40) 7610(20) 2535(18) 21(1)
C(1) 7558(4) 5696(2) 4681(2) 19(1)
C(2) 7379(4) 5715(2) 5504(2) 18(1)
C(@3) 7065(5) 6608(3) 6589(2) 25(1)
C(4) 6921(5) 5820(3) 7044(2) 26(1)
C(5) 7065(5) 4975(3) 6719(2) 26(1)
C(6) 7293(5) 4889(2) 5916(2) 21(1)
C(7) 7437(5) 4038(2) 5515(2) 25(1)
C(8) 7623(5) 4023(2) 4742(2) 24(1)
C(9) 7701(4) 4860(2) 4299(2) 21(1)
C(10) 7904(5) 4901(2) 3486(2) 24(1)
C(11) 7974(5) 5740(3) 3135(2) 25(1)
C(12) 7801(5) 6544(2) 3560(2) 22(1)
C(13) 8966(6) 10911(3) 6227(2) 25(1)
C(14) 8373(5) 9392(2) 5688(2) 19(1)
C(15) 6587(5) 9373(2) 4388(2) 18(1)
C(16) 6060(6) 10868(2) 3793(2) 23(1)
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Table XLVII: Bond lengths [pm] and angles [°]

Bond lengths [pm]

Bond angles [°]

Cu(1)-N(4)
Cu(1)-N(@3)
Cu(1)-N(2)
Cu(1)-N(1)
O(1)-C(14)
0(1)-C(13)
0(2)-C(15)
0(2)-C(16)
O(3)-N(6)
O(4)-N(6)
O(5)-N(6)
O(3F)-N(6F)
O(4F)-N(6F)
O(5F)-N(6F)
N(1)-C(12)
N(1)-C(1)
N(2)-C(3)
N(2)-C(2)
N(3)-C(14)
N(3)-H(IN3)
N(4)-C(15)
N(4)-H(1IN4)
N(5)-C(15)
N(5)-C(14)
C(1)-C(9)
C(1)-C(2)
C(2)-C(6)
C(3)-C(4)
C(3)-H(3)
C(4)-C(5)
C(4)-H4)
C(5)-C(6)
C(5)-H()
C(6)-C(7)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-H(12)

189.1(3)
189.3(3)
199.4(3)
200.3(3)
135.1(3)
144.3(4)
135.4(3)
143.9(4)
124.6(4)
123.2(4)
122.5(4)
123(2)
123(2)
123(2)
132.5(4)
136.2(4)
133.1(4)
135.8(4)
130.3(4)
72(3)
130.5(4)
78(3)
132.9(4)
133.2(4)
138.9(4)
143.1(4)
139.5(4)
139.5(5)
96(3)
135.6(5)
95(3)
141.2(5)
87(3)
142.5(5)
134.8(5)
95(4)
143.6(5)
87(3)
142.1(5)
136.1(5)
95(3)
139.0(5)
85(3)
96(3)

N(4)-Cu(1)-N(3)
N(4)-Cu(1)-N(2)
N(3)-Cu(1)-N(2)
N(4)-Cu(1)-N(1)
N(3)-Cu(1)-N(1)
N(2)-Cu(1)-N(1)
C(14)-O(1)-C(13)
C(15)-0(2)-C(16)
C(12)-N(1)-C(1)
C(12)-N(1)-Cu(1)
C(1)-N(1)-Cu(1)
C(3)-N(2)-C(2)
C(3)-N(2)-Cu(1)
C(2)-N(2)-Cu(1)
C(14)-N(3)-Cu(1)
C(14)-N(3)-H(IN3)
Cu(1)-N(3)-H(IN3)
C(15)-N(4)-Cu(1)
C(15)-N(4)-H(1N4)
Cu(1)-N(4)-H(1N4)
C(15)-N(5)-C(14)
O(5)-N(6)-O(4)
O(5)-N(6)-0(3)
O(4)-N(6)-O(3)
O(3F)-N(6F)-O(5F)
O(3F)-N(6F)-O(4F)
O(5F)-N(6F)-O(4F)
N(1)-C(1)-C(9)
N(1)-C(1)-C(2)
C(9)-C(1)-C(2)
N(2)-C(2)-C(6)
N(2)-C(2)-C(1)
C(6)-C(2)-C(1)
N(2)-C(3)-C(4)
N(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(2)-C(6)-C(5)
C(2)-C(6)-C(7)

91.52(11)
154.32(13)
98.62(11)
98.48(11)
154.57(12)
82.28(10)
117.6(3)
117.6(2)
118.0(3)
129.4(2)
112.4(2)
117.8(3)
129.2(2)
112.9(2)
125.4(2)
112(3)
123(3)
125.4(2)
113(3)
121(3)
120.8(3)
122.2(4)
118.5(4)
119.3(4)
119(3)
114(3)
126(3)
123.6(3)
116.2(3)
120.2(3)
124.1(3)
116.1(3)
119.8(3)
122.2(3)
119(2)
118(2)
119.6(3)
121(2)
120(2)
120.4(3)
120(2)
120(2)
115.8(3)
119.3(3)
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C(13)-H(13A)
C(13)-H(13B)
C(13)-H(13C)
C(16)-H(16A)
C(16)-H(16B)
C(16)-H(16C)

97(3)
96(4)
100(3)
97(3)
102(3)
91(3)

C(5)-C(6)-C(7)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(1)-C(9)-C(10)
C(1)-C(9)-C(8)
C(10)-C(9)-C(8)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
N(1)-C(12)-C(11)
N(1)-C(12)-H(12)
C(11)-C(12)-H(12)
0(1)-C(13)-H(13A)
0(1)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
0(1)-C(13)-H(13C)
H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)
N(3)-C(14)-N(5)
N(3)-C(14)-O(1)
N(5)-C(14)-O(1)
N(4)-C(15)-N(5)
N(4)-C(15)-0(2)
N(5)-C(15)-0(2)
0(2)-C(16)-H(16A)
0(2)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
0(2)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)

124.9(3)
120.8(3)
124(2)
115(2)
121.3(3)
124(2)
115(2)
116.8(3)
118.6(3)
124.6(3)
118.9(3)
123(2)
118(2)
120.4(3)
124(2)
116(2)
122.2(3)
117.7(18)
120.1(18)
111(2)
112(2)
117(3)
105.7(19)
105(3)
106(3)
128.4(3)
115.5(3)
116.1(3)
128.4(3)
115.3(3)
116.2(3)
105.0(16)
112.6(19)
109(2)
110(2)
110(3)
110(3)

Symmetry transformations used to generate equivalent atoms:
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Table XLVIII: Anisotropic displacement parameters (pm2x 10-1). The anisotropic

displacement factor exponent takes the form: -2n2[ h2a*2U11l + . + 2 h k a* b* U12]

ull u22 u33 u23 ul3 ul2
Cu(1) 22(1) 20(2) 17(2) 1(1) 3(1) 1(1)
0(1) 23(1) 23(1) 18(1) -2(1) -1(1) 0(1)
0(2) 26(1) 18(1) 18(1) 2(1) 1(1) 3(1)
0@3) 29(2) 43(2) 50(2) -3(1) 11(2) -7(1)
04) 33(2) 36(2) 46(2) -7(2) -16(1) 2(2)
0(5) 99(3) 33(2) 31(2) 14(1) 21(2) -1(2)
N(1) 17(2) 22(2) 18(1) 5(1) 3(1) 4(1)
N(2) 20(2) 19(2) 18(1) -1(1) 2(1) -4(1)
N(3) 18(2) 24(2) 18(1) 1(1) -3(1) -1(1)
N(4) 22(2) 23(2) 15(1) -3(1) 0(1) 1(1)
N(5) 16(1) 19(1) 19(1) -1(1) 3(1) 1(1)
N(6) 31(2) 13(2) 21(2) -1(1) 6(1) 0(1)
N(6F) 31(2) 13(2) 21(2) -1(1) 6(1) 0(1)
C(2) 13(2) 22(2) 20(2) -1(1) 0(1) 2(1)
C(2) 11(2) 22(2) 20(2) 0(1) 0(1) 1(1)
C(3) 28(2) 29(2) 19(2) -3(1) 3(1) -4(2)
C(4) 28(2) 33(2) 16(2) 1(1) 5(1) -5(2)
C(5) 21(2) 31(2) 26(2) 10(2) 3(1) -2(2)
C(6) 15(2) 21(2) 27(2) 3(1) 2(1) -1(1)
C(7) 20(2) 19(2) 36(2) 7(2) 4(2) 0(2)
C(8) 18(2) 18(2) 35(2) -3(1) 6(2) 1(2)
C(9) 12(2) 26(2) 25(2) -1(1) 2(1) -1(1)
C(10) 19(2) 24(2) 28(2) -7(2) 2(1) 1(2)
C(11) 22(2) 34(2) 19(2) 1(2) 6(1) -1(2)
C(12) 23(2) 24(2) 21(2) 2(1) 5(1) 3(2)
C(13) 26(2) 21(2) 28(2) -5(1) 5(2) 0(2)
C(14) 13(2) 25(2) 18(2) -4(1) 4(1) 0(1)
C(15) 15(2) 22(2) 18(2) 1(1) 5(1) 2(1)
C(16) 22(2) 19(2) 26(2) 5(1) 2(2) 3(2)
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Table XLIX: Hydrogen coordinates ( x 104) and isotropic displacement parameters (pmzx 10-1).

X y z U(eq)
H(1N3) 9050(50) 8400(20) 6212(19) 26(11)
H(1N4) 5830(50) 8340(20) 3871(19) 30(11)
H(3) 6970(50) 7200(20) 6831(19) 28(10)
H(4) 6700(50) 5880(20) 7575(19) 26(9)
H(5) 7000(50) 4480(20) 7006(18) 18(9)
H(7) 7370(50) 3500(30) 5830(20) 41(11)
H(8) 7780(50) 3520(20) 4482(19) 28(10)
H(10) 7960(50) 4340(20) 3206(19) 29(10)
H(11) 8060(50) 5810(20) 2650(18) 20(9)
H(12) 7840(40) 7140(20) 3309(16) 12(8)
H(13A) 9610(50) 11150(20) 5812(19) 25(9)
H(13B) 7640(50) 11090(20) 6190(20) 34(11)
H(13C) 9700(50) 11180(20) 6740(20) 31(10)
H(16A) 5310(40) 11108(19) 3295(16) 7(7)
H(16B) 5580(50) 11160(20) 4260(18) 27(9)
H(16C) 7330(50) 11000(20) 3824(17) 12(8)

Table L: Hydrogen bonds [pm and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(3)-H(IN3)..0(3)#1 72(3) 247(3) 319.5(4) 176(4)
N(4)-H(1IN4)..0(4)  78(3) 231(3) 302.8(4) 154(4)

Symmetry transformations used to generate equivalent atoms: #1 x+1,-y+3/2,2+1/2
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5: Supplementary Information for [Co(phen)2(NO3)](dcg™)-(H20) Complex

Table LI: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (pm2x
10-1). U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y Z U(eq)
Co(1) 2874(1) 2153(1) 4407(1) 15(1)
0(1) 2050(3) 1118(2) 4379(3) 18(1)
0(2) 3683(3) 1108(2) 4427(3) 20(1)
0(3) 2859(4) -218(1) 4427(4) 29(1)
0(4) 5809(4) 1504(3) 3204(4) 67(1)
N(L) 1788(3) 3052(3) 4280(3) 17(1)
N(2) 2647(4) 2221(3) 2856(3) 18(1)
N(3) 3956(3) 3058(3) 4563(3) 16(1)
N(4) 3098(3) 2183(2) 5951(3) 15(1)
N(5) 2863(5) 597(2) 4411(4) 29(1)
N(6) 5376(3) 2911(3) 1618(3) 37(1)
N(7) 4197(3) 3743(2) 259(2) 24(1)
N(8) 3509(3) 4429(3) 1639(3) 21(1)
N(9) 2362(4) 5495(3) 2344(3) 28(1)
N(10) 2874(3) 4715(3) -174(4) 28(1)
c(1) 1443(4) 3278(3) 3225(4) 18(1)
C(2) 1906(4) 2813(3) 2465(4) 17(1)
C(3) 3115(4) 1761(3) 2177(4) 21(1)
C(4) 2847(5) 1874(4) 1059(4) 26(1)
C(5) 2092(4) 2471(4) 659(4) 26(1)
C(6) 1600(4) 2968(4) 1354(4) 22(1)
c(7) 798(4) 3603(4) 1049(4) 25(1)
C(8) 360(4) 4037(3) 1783(4) 26(1)
C(9) 675(4) 3903(3) 2918(4) 22(1)
C(10) 228(4) 4311(4) 3734(4) 26(1)
C(11) 558(5) 4063(3) 4767(4) 26(1)
C(12) 1334(4) 3433(3) 5032(4) 20(1)
C(13) 4292(4) 3267(3) 5602(3) 15(1)
C(14) 3816(4) 2794(3) 6368(4) 17(1)
C(15) 2649(4) 1702(3) 6620(4) 21(1)
C(16) 2896(4) 1815(4) 7737(4) 22(1)
C(17) 3612(4) 2427(4) 8159(4) 22(1)
C(18) 4114(4) 2940(3) 7456(4) 17(1)
C(19) 4905(4) 3579(3) 7803(4) 21(1)
C(20) 5360(4) 4036(3) 7074(4) 22(1)
c(21) 5072(4) 3888(3) 5946(4) 18(1)
C(22) 5509(4) 4308(3) 5144(4) 21(1)
C(23) 5183(4) 4088(3) 4085(4) 23(1)
C(24) 4392(4) 3459(3) 3825(4) 21(1)
C(25) 4812(3) 3315(3) 1030(3) 28(1)
C(26) 3523(3) 4295(2) 593(3) 20(1)
C(27) 2887(5) 4990(4) 1962(5) 20(1)
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Table LII: Bond lengths [pm] and angles [°].

Bond lengths [pm] | Bond angles [°]
Co(1)-0(1) 188.8(4) 0(1)-Co(1)-0(2) __ 69.67(8)
Co(1)-0(2) 189.0(4) O(1)-Co(1-N(4)  91.74(16)
Co(1)-N(4) 192.7(4) 0(2)-Co(1-N(4)  90.78(15)
Co(1)-N(2) 193.7(4) O(1)-Co(1-N(2)  91.76(16)
Co(1)-N(1) 195.6(5) 0(2)-Co(1-N(2)  92.87(17)
Co(1)-N(3) 195.7(4) N(4)-Co(1)-N(2)  175.65(9)
Co(1)-N(5) 232.0(3) O(1)-Co(1}-N(1)  98.15(17)
O(1)-N(5) 132.4(6) 0(2)-Co(1)-N(1)  167.32(17)
0(2)-N(5) 132.6(6) N(4)-Co(1)-N(1)  93.18(17)
0(3)-N(5) 121.6(3) N(2)-Co(1)-N(1)  83.75(18)
0(4)-H(104) 96(4) O(1)-Co(1)-N(3)  168.13(17)
0(4)-H(204) 95(4) 0(2)-Co(1-N(3)  99.26(17)
0(4)-H(304) 95(4) N(4)-Co(1-N(3)  83.93(17)
N(1)-C(12) 133.5(6) N(2)-Co()-N@3)  93.13(17)
N(1)-C(1) 137.9(6) N(1)-Co(1)-N(3)  93.13(8)
N(2)-C(3) 133.1(6) O(1)-Co(1)}-N(5)  34.81(18)
N(2)-C(2) 135.3(7) 0(2)-Co(1-N(5)  34.87(18)
N(3)-C(24) 132.0(6) N(4)-Co(1)-N(5)  91.24(17)
N(3)-C(13) 135.3(6) N(2)-Co(1)-N(5)  93.12(18)
N(4)-C(15) 132.3(6) N(1)-Co(1)-N(B)  132.9(2)
N(4)-C(14) 136.0(6) N(3)-Co(1)-N(G)  134.0(2)
N(6)-C(25) 113.7(6) N(5)-O(1)-Co(l)  90.7(2)
N(7)-C(25) 132.7(5) N(5)-0(2)-Co(1)  90.6(3)
N(7)-C(26) 133.5(5) H(104)-O(4)-H(204) 93(6)
N(8)-C(27) 128.9(8) H(104)-O(4)-H(304) 84(8)
N(8)-C(26) 134.1(5) H(204)-0(4)-H(304) 112(10)
N(9)-C(27) 118.2(8) C(12)-N()-C())  117.9(5)
N(10)-C(26) 134.2(5) C(12)-N(1)-Co(l)  130.3(3)
N(10)-H(IN) 81(6) C()-N(L)-Co(l)  111.7(3)
N(10)-H(2N) 83(5) C(3)-NQ2)-C(2) 119.3(5)
C(1)-C(9) 138.8(7) CB)-N@)-Co(l)  128.0(4)
C(1)-C(2) 140.7(7) C2)-N@)-Co(l)  112.7(4)
C(2)-C(6) 141.6(7) C(24)-N()-C(13)  118.1(4)
C(3)-C(4) 141.0(7) C(24)-N(3)-Co(1)  129.9(3)
C3)-H(@3) 95.00 C(13)-N(3)-Co(l)  112.0(3)
C(4)-C(5) 137.3(8) C(15)-N(4)-C(14)  118.4(5)
C(4)-H(4) 95.00 C(15)-N(4)-Co(l)  128.7(4)
C(5)-C(6) 139.1(8) C(14)-N(4)-Co(l)  112.9(4)
C(5)-H(5) 95.00 0(3)-N(5)-0(1) 125.5(6)
C(6)-C(7) 143.0(8) 0(3)-N(5)-0(2) 125.4(6)
C(7)-C(8) 134.1(8) 0(1)-N(5)-0(2) 109.0(2)
C(7)-H(7) 95.00 0(3)-N(5)-Co(l)  179.2(5)
C(8)-C(9) 144.1(8) O(1)-N(5)-Co(1)  54.48(18)
C(8)-H(8) 95.00 0(2)-N(5)-Co(1)  54.54(18)
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C(9)-C(10)

C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-H(12)
C(13)-C(21)
C(13)-C(14)
C(14)-C(18)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17)
C(18)-C(19)
C(19)-C(20)
C(19)-H(19)
C(20)-C(21)
C(20)-H(20)
C(21)-C(22)
C(22)-C(23)
C(22)-H(22)
C(23)-C(24)
C(23)-H(23)
C(24)-H(24)

141.0(7)
135.8(8)
95.00
139.4(7)
95.00
95.00
140.4(7)
142.7(7)
138.5(7)
140.7(7)
95.00
136.1(8)
95.00
142.1(7)
95.00
143.2(7)
136.5(7)
95.00
143.2(7)
95.00
139.6(7)
137.7(7)
95.00
140.6(7)
95.00
95.00

C(25)-N(7)-C(26)
C(27)-N(8)-C(26)
C(26)-N(10)-H(1N)
C(26)-N(10)-H(2N)
H(1N)-N(10)-H(2N)
N(1)-C(1)-C(9)
N(1)-C(1)-C(2)
C(9)-C(1)-C(2)
N(2)-C(2)-C(1)
N(2)-C(2)-C(6)
C(1)-C(2)-C(6)
N(2)-C(3)-C(4)
N(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(5)-C(6)-C(2)
C(5)-C(6)-C(7)
C(2)-C(6)-C(7)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(1)-C(9)-C(10)
C(1)-C(9)-C(8)
C(10)-C(9)-C(8)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
N(1)-C(12)-C(11)
N(1)-C(12)-H(12)
C(11)-C(12)-H(12)
N(3)-C(13)-C(21)
N(3)-C(13)-C(14)
C(21)-C(13)-C(14)
N(4)-C(14)-C(18)
N(4)-C(14)-C(13)

115.3(3)
121.6(4)
119(4)
120(3)
119(6)
123.2(5)
115.3(5)
121.5(4)
116.4(4)
122.8(5)
120.8(5)
121.2(5)
119.4
119.4
119.6(5)
120.2
120.2
120.2(5)
119.9
119.9
116.9(5)
126.1(5)
117.0(5)
121.5(5)
119.3
119.3
122.3(5)
118.8
118.8
117.5(5)
116.8(5)
125.5(5)
118.6(5)
120.7
120.7
121.5(5)
119.2
119.2
121.2(5)
119.4
119.4
124.1(4)
115.7(4)
120.2(4)
123.9(5)
115.4(5)
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C(18)-C(14)-C(13)  120.7(5)
N(4)-C(15)-C(16)  121.5(5)
N(4)-C(15)-H(15)  119.3
C(16)-C(15)-H(15)  119.3
C(17)-C(16)-C(15)  120.4(5)
C(17)-C(16)-H(16)  119.8
C(15)-C(16)-H(16)  119.8
C(16)-C(17)-C(18)  119.0(4)
C(16)-C(17)-H(17)  120.5
C(18)-C(17)-H(17)  120.5
C(14)-C(18)-C(17)  116.8(5)
C(14)-C(18)-C(19)  119.0(5)
C(17)-C(18)-C(19)  124.2(5)
C(20)-C(19)-C(18)  120.6(4)
C(20)-C(19)-H(19)  119.7
C(18)-C(19)-H(19)  119.7
C(19)-C(20)-C(21)  121.4(5)
C(19)-C(20)-H(20)  119.3
C(21)-C(20)-H(20)  119.3
C(22)-C(21)-C(13)  116.4(4)
C(22)-C(21)-C(20)  125.4(5)
C(13)-C(21)-C(20)  118.2(4)
C(23)-C(22)-C(21)  119.8(5)
C(23)-C(22)-H(22)  120.1
C(21)-C(22)-H(22)  120.1
C(22)-C(23)-C(24)  119.3(5)
C(22)-C(23)-H(23)  120.3
C(24)-C(23)-H(23)  120.3
N(3)-C(24)-C(23)  122.3(5)
N(3)-C(24)-H(24)  118.9
C(23)-C(24)-H(24)  118.9
N(6)-C(25)-N(7) 173.8(4)
N(7)-C(26)-N(8) 121.5(3)
N(7)-C(26)-N(10)  116.3(3)
N(8)-C(26)-N(10)  122.1(4)
N(9)-C(27)-N(8) 174.4(7)

Symmetry transformations used to generate equivalent atoms:
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Table LIII:  Anisotropic displacement parameters (pmzx 10-1). The anisotropic displacement
factor exponent takes the form: -2n2[ h2a*2U11 + . + 2 hk a* b* U12]

Co(1)
O(1)
0(2)
O(3)
O(4)
N(1)
N(2)
N(3)
N(4)
N(5)
N(6)
N(7)
N(8)
N(9)
N(10)
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)

U1l u22 U33 U23 U13 U12
16(1) 16(1) 13(1) 0(1) 2(1) 0(1)
15(2) 20(2) 21(2) -1(1) 4(1) -4(1)
21(2) 18(2) 19(2) 0(1) 1(1) -1(1)
37(1) 16(1) 35(1) -4(2) 10(1) 4(2)
68(3) 73(3) 70(3) 28(2) 39(3) 34(2)
18(2) 16(2) 17(2) 0(2) 2(2) -1(2)
22(2) 21(2) 11(2) -1(1) 4(2) 0(2)
19(2) 16(2) 13(2) 0(1) 4(2) 0(2)
11(2) 14(2) 20(2) -1(1) 0(2) 1(1)
33(1) 32(1) 24(1) -9(2) 5(1) -16(3)
32(2) 47(2) 33(2) 5(2) 11(2) 14(2)
27(2) 27(1) 18(1) 0(1) 6(1) 1(1)
27(2) 22(2) 15(1) -3(1) 4(1) -4(1)
28(2) 34(2) 24(2) -2(2) 6(2) -2(2)
33(2) 34(2) 15(1) 0(1) 2(1) 5(1)
18(3) 16(2) 20(2) 2(2) 2(2) -5(2)
16(2) 16(2) 16(2) 2(2) -4(2) -4(2)
22(3) 19(2) 22(2) -4(2) 3(2) 2(2)
35(3) 27(3) 19(2) 7(2) 8(2) -9(2)
28(3) 31(3) 16(2) 6(2) -3(2) -12(2)
18(3) 28(3) 17(2) 3(2) -1(2) -10(2)
21(3) 26(3) 24(2) 10(2) -6(2) -6(2)
16(3) 23(3) 37(3) 9(2) 2(2) -5(2)
16(3) 18(2) 30(3) 6(2) -1(2) -4(2)
19(2) 20(2) 40(3) -4(2) 72) 2(2)
27(3) 24(3) 28(3) -2(2) 9(2) 2(2)
21(3) 19(2) 21(2) -5(2) 6(2) -4(2)
15(2) 15(2) 16(2) -1(2) 1(2) 1(2)
17(2) 16(2) 19(2) 2(2) 7(2) 3(2)
25(3) 24(2) 17(2) 1(2) 7(2) 1(2)
26(3) 23(2) 18(2) 3(2) 7(2) -1(2)
28(3) 25(2) 14(2) 7(2) 6(2) 5(2)
20(2) 15(2) 16(2) -1(2) 0(2) 3(2)
22(3) 22(2) 18(2) -3(2) 1(2) 5(2)
23(3) 21(2) 18(2) -8(2) -3(2) -1(2)
18(3) 15(2) 21(2) -1(2) 4(2) 0(2)
19(2) 18(2) 27(2) -5(2) 2(2) -1(2)
20(3) 21(3) 29(3) 4(2) 8(2) 0(2)
24(3) 22(2) 18(2) 0(2) 4(2) -1(2)
31(2) 30(2) 25(2) -2(2) 14(2) 0(2)
23(2) 21(1) 18(1) -1(1) 4(1) -4(1)
22(1) 23(1) 14(1) 1(1) 1(1) -6(1)
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Table LIV: Hydrogen coordinates ( x 104) and isotropic displacement parameters (pm2x 10-1).

X y z U(eq)
H(3) 3639 1348 2450 25
H(4) 3187 1539 585 32
H(5) 1905 2546 -94 31
H(7) 570 3720 310 29
H(8) -178 4448 1547 31
H(10) -292 4750 3565 31
H(11) 252 4326 5321 31
H(12) 1544 3273 5762 24
H(15) 2149 1271 6339 26
H(16) 2562 1461 8200 26
H(17) 3772 2510 8913 26
H(19) 5115 3685 8548 25
H(20) 5879 4461 7321 26
H(22) 6029 4745 5329 26
H(23) 5489 4358 3537 27
H(24) 4163 3319 3092 25
H(1N) 2910(50) 4620(30) -800(50) 30(16)
H(2N) 2360(40) 4970(30) -20(40) 37(13)
H(104) 5470(30) 1190(30) 2590(30) 30
H(204) 6460(40) 1290(50) 3120(70) 30
H(304) 5620(110) 2030(60) 2780(100) 30
Table LV: Hydrogen bonds [pm and °].
D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
O(4)-H(304)...N(6) 95(4) 196(6) 289.5(6) 165(13)
O(4)-H(204)...N(9)#1 95(4) 204(5) 290.5(6) 151(7)
N(10)-H(1N)...N(9)#2 81(6) 235(6) 311.6(6) 158(6)
N(10)-H(1N)...C(27)#2 81(6) 289(6) 365.1(8) 158(5)
N(10)-H(2N)...C(11)#2 83(5) 277(5) 356.4(7) 161(4)
N(10)-H(2N)...C(12)#2 83(5) 275(5) 347.1(6) 147(4)

Symmetry transformations used to generate equivalent atoms: #1 x+1/2,y-1/2,z #2 x,-y+1,z-1/2
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Abstract

The reaction of 1,10-phenanthroline and dicyanamide ligands with Cu(II) and Co(II) nitrates afforded the complexes
[Cu(phen)(BMCA)](NO3)] (1) and [Co(phen),(NO5)](dcg-)-(H,0) (2). The dicyanamide anion was transformed in 1 and 2 to
bis(methoxycarbimido)aminato (BMCA) and dicyanoguanidinate (dcg) anions, respectively. The complexes were character-
ized by elemental analysis, infrared spectroscopy and ultraviolet—visible spectroscopy, magnetic susceptibility measurement
and X-ray crystallography. Both complexes crystallize in the monoclinic crystal system, and the structures are stabilized by
extended hydrogen bonding networks as well as aromatic n—x stacking interactions. The thermal and antimicrobial proper-
ties of the complexes have also been evaluated. Density functional theory calculations were also performed in order to gain
insights into the molecular interactions in the synthesized compounds and to predict some of their electronic properties.

Keywords Antimicrobial properties - Dicyanamide - Metal(II) - 1,10-Phenanthroline - X-ray crystal structures

Introduction

Scientific interest in the fundamental chemistry of
1,10-phenanthroline (phen) and its metal complexes is
sustained due to their interesting catalytic, redox, photo-
chemical, chemosensing (Alreja and Kaur 2016) and bio-
logical properties (Creaven et al. 2007; Bencini and Lip-
polis 2010; Chandraleka et al. 2014; Ganeshpandian et al.
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article (https://doi.org/10.1007/s11696-020-01109-1) contains
supplementary material, which is available to authorized users.
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2014; Gaélle et al. 2016; Ng et al. 2016; Yanick Gaelle et al.
2016; Momeni et al. 2017). Diimine ligands, such as phen
and 2,2'-bipyridine, have been employed in the design and
synthesis of metal complexes, for the development of new
functional materials with intriguing structures and potential
applications (Amani et al. 2007). Phen is an efficient chelat-
ing N-donor ligand which forms stable complexes in solution
with transition metal ions. This chelating, bidentate, rigid
and planar ligand has been used in reactions with transition
metal ions, resulting in complexes which display diverse
structures and properties (Bencini and Lippolis 2010; Nord
1985; Sammes and Yahioglu 1994). The 5-donation, com-
plemented by the m-acceptor ability in 1,10-phen, gives the
formed complexes greater stability (Janiak 2000; Pook et al.
2015). Amongst these complexes, those of Co(II) and Cu(IT)
are of particular interest for their chemosensing, therapeutic
and biological properties (Gaélle et al. 2016; Abu Ali et al.
2017; McCarron et al. 2018; Sahin et al. 2016; Dagl1 et al.
2019). For example, the [Cu(phen),]** complex ion showed
antitumor activity in the inhibition of DNA or RNA poly-
merase (Deegan et al. 2006, 2007; Mahmoud et al. 2014).
Likewise, the complexes [Cu(en)(phen),]-2Br,(phen)-8H,0O
and [Cu(en)(phen),](C10,), have exhibited antimicrobial
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activities comparable to that of the standard drug used for
Staphylococcus aureus, Escherichia coli, Pseudomonas aer-
uginosa, Streptoccocus pyogeneous, Candida albicans and
Aspergillus niger (Onawumi et al. 2013). While cobalt is
a component of vitamin B12 complex that is useful in the
prevention of anaemia and the production of erythrocytes,
its complexes are of interest due to their therapeutic and bio-
logical applications (Mishra et al. 2008). Furthermore, Cu®",
the third most abundant metal in the human body, plays an
important role in various biological processes (Fraidsto da
Silva and Williams 1991).

Although the synthesis and structural characterization of
many metal complexes of phen have been reported to date,
the design and synthesis of new phen metal complexes using
different synthetic methods or by varying the reactants and
synthetic conditions are currently under investigation. In this
context, the N-donor co-ligand dicyanamide (dca), which
shows a variety of coordination modes and is versatile in
the formation of multi-dimensional coordination polymers,
has been explored (Bencini and Lippolis 2010; Dong et al.
2003; Carranza et al. 2004; Tonzing et al. 2006; Manson
et al. 2013).

There are literature reports of metal-mediated nucleo-
philic additions of different nucleophiles to dicyanamide
in complexes (Zheng et al. 2008). Zn>* and Cu?* ions are
known to catalyse, in situ, the addition of 2 mol of metha-
nol to dicyanamide to form bis(methoxycarbimido)-amine,
HN=C(OCH;)NH-(OCH;)C=NH (BMCA) (Zheng et al.
2008; Ray et al. 1989; Kozisek et al. 1990). In the pres-
ence of Co>*, the dcg counter ion is thought to result from
the reaction of two dicyanamide anions. Vahovska et al.
(2016) obtained the complex [Co(bpy),CO;](dcg) when
[Co(bpy),(dca),] was the recrystallized from methanol.
Recently, we have embarked on the study of phen metal
complexes in the presence of N-donor pseudo-halide co-
ligands (Gaélle et al. 2016; Yanick Gaelle et al. 2016; Ndo-
siri et al. 2013). Considering the diverse applications of
cobalt and copper mixed-ligand complexes, exploring the
good biological properties of these metals and phen as well
as the structure-directing properties and transformation reac-
tions of dca, we report herein the synthesis and structure
elucidation of the complexes [Cu(phen)(BMCA)](NO;)] (1)
and [Co(phen),(NO3)](dcg™)-(H,0) (2).

Experimental
Materials
All the chemicals were of reagent grade and were used as

such without further purification. All the used solvents were
dried and distilled according to standard methods.

@ Springer

Synthesis of the complexes

Synthesis of [Cu(Phen)(BMCA)]‘NO; (1) At room tempera-
ture, a solution of Cu(NO;),-3H,0 (0.241 g, 1 mmol) in
methanol (25 mL) was added dropwise to a solution of
1,10-phenanthroline (0.396 g, 2 mmol) in methanol (25 mL)
with constant stirring and the reaction mixture was refluxed
at 85 °C for an hour. A solution of sodium dicyanamide
(0.36 g, 4 mmol) in 10 mL. water/methanol (1:4 v/v) was
added dropwise to the reaction mixture, and it was further
refluxed for 3 h. The dark green precipitate formed was
filtered, washed with methanol and dried over silica gel
in a desiccator. The volume of the filtrate was reduced to
ca. 10 mL. Violet-pink crystals of 1 (327 mg, 75%) were
obtained from this filtrate at 25 °C.

Synthesis of [Co(phen),(NO;)l(dcg™)-(H,0) (2) At room tem-
perature, a solution of Co(NO;),-6H,0 (0.29 g, 1.0 mmol)
in methanol (25 mL) was added dropwise to a solution of
1,10-phenanthroline (0.396 g, 2 mmol) in methanol (25 mL)
with constant stirring and the reaction mixture was refluxed
at 85 °C for an hour. A solution of sodium dicyanamide
(0.36 g, 4 mmol) in 10 mL. water/methanol (1:4 v/v) was
added dropwise to the reaction mixture, and it was further
refluxed for 3 h. The dark orange precipitate formed was
filtered, washed with methanol and dried over silica gel in
a desiccator. The volume of the filtrate was reduced to ca.
10 mL. At 25 °C, 2 was obtained as dark orange crystals
(533 mg, 80%).

Characterization

Elemental analyses for C, H and N were performed on a
FLASH 2000 Organic Elemental Analyser. The melting
point/decomposition temperatures of the complexes were
obtained using the STUART Scientific Melting Point SMP1
Device with maximum temperature at 360 °C. IR spectra/
KBr pellets were prepared in a nitrogen-filled glovebox, and
the spectra were recorded on a PerkinElmer System 2000
FTIR spectrometer in the range 3504000 cm™!. Thermo-
gravimetric (TG) and differential thermal analyses (DTA)
data were obtained using a NETZSCH STA449F1 ther-
moanalyser in a dynamic argon atmosphere (heating rate
10 °C-min~!, flow rate 25 mL/min, aluminium oxide cruci-
ble, mass 25 mg and temperature range from room tempera-
ture up to 900 °C). Room-temperature magnetic susceptibil-
ity measurements of the complexes were determined using
the Gouy method with mercury tetrathiocyanocobalt(Il) as
calibrant on a Stanton Instruments Limited (Model A49).
Powder XRD measurements were performed with a Stoe-
StadiP powder diffractometer with a CuKa (1.540598 A)
X-ray source (0.5°/step and 30 s/step (2 repetitions)); tube
power: 40 kV/40 mA; scan mode: Debye—Scherrer using
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a borosilicate glass capillary as sample holder during the
measurement.

Data collection and structural refinement

X-ray data were collected with a GEMINI CCD diffractom-
eter (Rigaku Inc.), A(Mo-Ka)=0.71073 A, T=130(2) K,
®-scan rotation. Data reduction was performed with
CrysAlis Pro including the program SCALE3 ABSPACK
for empirical absorption correction (CrysAlisPro 2013).
All structures were solved by dual-space methods with
SHELXT-20xy (Sheldrick 2015). Structure refinement was
done with SHELXL-2018 (Sheldrick 2015) by using full-
matrix least-square routines against F2. Hydrogen atoms
for (1) and NH and OH for (2) were located on difference
Fourier maps calculated at the final stage of the structure
refinement. The remaining hydrogen atoms of (2) were cal-
culated on idealized positions using the riding model. The
pictures were generated with the program Mercury (Mac-
rae et al. 2006). CCDC 1958341 (1) and CCDC 1958342
(2) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.
ccdc.cam.ac.uk/data_request/cif (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.
cam.uk).

Theoretical studies

Calculations were performed on the complexes to gain fur-
ther insights into the molecular interactions in the synthe-
sized compounds and to predict some of their electronic
properties. The calculations were performed using the DFT
method, and the exchange—correlation functional (Engel
and Dreizler 2011) was approximated by the Becke three-
parameter exchange functionals (Becke 1988, 1993) and the
Lee—Yang—Parr correlation functional (Lee et al. 1988). The
molecular orbitals of the studied molecules were described
by a Pople double-split valence orbitals basis set 6-31G
(Ditchfield et al. 1971) as implemented in the Gaussian 03,
Revision Al package (Montgomery J 2003). This basis set
has been polarized for all atoms to improve the flexibility of
molecular orbitals (Cramer 2004). The geometries obtained
from the crystal structures were used as the starting point
for the optimization. The optimized geometries were sub-
jected to frequency calculations to verify whether they rep-
resent energy minima. The non-covalent interactions (NCIs)
such as hydrogen bond and van der Waals interactions were
described by two theories based on the electron distribu-
tion in the molecular system: the Bader and collaborators
approach known as quantum theory of atom in molecules
(QTAIM) (Bader 1990) and the Contreras-Garcia and

collaborators approach referred to as non-covalent interac-
tions index (Contreras-Garcia et al. 2011; Tan et al. 2019).
The Multiwfn software (Lu and Chen 2012) was used for
this purpose.

Antimicrobial tests

The antimicrobial tests were carried out in the Applied
Microbiology and Molecular Pharmacology Laboratory
(LMP) of the University of Yaoundé I, Cameroon. The
tests were done on twenty-three pathogenic microorgan-
isms; twenty bacterial strains: B1 = Streptococcus pneumo-
niae ATCC49619, B2 = Staphylococcus aureus BAA917,
B3 =Staphylococcus aureus ATCC43300, B4 = Staphy-
lococcus aureus NR45003, BS = Staphylococcus aureus
NR46003, B6 = Staphylococcus aureus CP7625, B7 = Shi-
gella flexineri NR518, B8 = Salmonella enterica NR4294,
B9 =Salmonella enterica NR4311, B10=Salmonella enter-
ica NR13555, B11 = Pseudomonas aeruginosa NMC592,
B12 =Klebsiella pneumoniae ATCC13883, B13 = Kleb-
siella pneumoniae ATCC70603, B14 =Klebsiella pneu-
moniae NR41916, B15 = Escherichia coli ATCC25922,
B16 = Escherichia coli ATCC35218, B17 = Enterococ-
cus faecalis ATCC51219, B18 = Staphylococcus aureus
NR46374, B19 = Hemophyllus influenza ATCC49247,
B20=Mycobacterium smegmatis and three yeasts: Candida
krusei, Candida parasilosis and Candida albicans, obtained
from Centre Pasteur Yaoundé, Cameroon. The selected
microorganisms represent the causative agents for diseases
that are prevalent in our environment. The microbial isolates
were maintained on agar slant at 4 °C in the laboratory. The
strains were subcultured on the fresh appropriate agar plate
in incubators 18 h prior to any antimicrobial test.

Sensitivity test

The ligands, metal salts and the complexes were diluted in
sterilized distilled water at 100 mg/mL, and 1 mg of each test
compound was placed on a sterilized filter paper disc and
allowed to dry. The reference antibiotics (RB) amoxicillin,
ciprofloxacin and cloxacillin and the reference antifungal
(RF) drug fluconazole were also prepared in the same man-
ner, and 10 pg was placed on a sterilized filter paper disc and
dried, prior to testing.

Diffusion tests

In vitro antimicrobial activity of the ligand, metal salts and
complexes were evaluated using the disc-diffusion method
as previously reported (Gaélle et al. 2016). Three replicas
were performed for each sample, and mean values of the
growth inhibition zone were calculated. Compounds with a
zone of inhibition IZ <7 mm were considered to be inactive,
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those in the range 7 <I1Z <20 mm as active and those with
1Z > 20 mm, very active.

The minimum inhibitory concentration
of the complexes

The minimum inhibitory concentration (MIC) was deter-
mined according to National Committee for Clinical Labo-
ratory Standards (NCCLS) M38, a microdilution method
using (12X 8 wells) microtitre plates, as previously reported
(Gaélle et al. 2016). The lowest concentration inhibiting the
growth of microorganisms was considered as the minimum
inhibitory concentration (MIC).

Results and discussion
Synthesis of the complexes

The complexes [Cu(phen)(BMCA)](NO;) (1) and
[Co(phen),(NO3)](dcg™)-(H,0) (2) obtained were crystal-
line, air-stable and non-hygroscopic as compared to the
starting materials. They could also be reproducibly pre-
pared in high yields (> 70%) (Table S1, ESI). Complex 1
had a sharp melting point (202 +2 °C) while 2 changed in
colour upon heating from dark orange to brown and then
melted at 296 +2 °C. The change in colour of 2 with an
increase in temperature could be attributed to the change
in crystal structure geometry from octahedral to tetrahe-
dral as the nitrate ion and water of crystallization are lost
(Ma et al. 2001; Kani et al. 2016). The molar conductivity
(Q~" cm? mol™") values of the complexes in DMSO, at room
temperature, indicate that both complexes are 1:1 electro-
lytes (Mohamed et al. 2010).

The complexes [Cu(phen)(BMCA)](NO;) (1),
BMCA = bis(methoxycarbimido)aminato anion and
[Co(phen),(NO3)](dcg™)-(H,0) (2) were obtained in stoi-
chiometric reactions (1:2:2) of the metal(Il) salt, 1,10-phen-
anthroline and dicyanamide, in a methanol/H,O mixture
at 85 °C. A transformation of the dicyanamide anion to
bis(methoxycarbimido)aminate anion (BMCA) or dicyano-
guanidinate anion (dcg) was observed during the reaction

NH2
N oo NS
e N/// S
VY [HN(CN),]

(Hdca) (dca)
dcg

Scheme 1 Transformation of dca to BMCA and dcg
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N

(Scheme 1). These metal-promoted transformations proceed
through a nucleophilic attack of the nitrile groups of dca on
methanol (case of BMCA), or on another dicyanamide (case
of dcg), as previously reported (Zheng et al. 2008; Ray et al.
1989; Kozisek et al. 1990). The BMCA ligand is isoelec-
tronic with acetyl acetonate (Turner et al. 2011).

These transformation reactions are a function of the reac-
tion temperature, the transition metal ion used, and the molar
ratio of dca™/nucleophile on the product (Zheng et al. 2008).

Crystal structure of [Cu(phen)(BMCA)I-NO; (1)

Complex 1 crystallizes in the monoclinic crystal sys-
tem with space group C2/c with four molecules in the
unit cell. The molecular structure and atom-labelling
scheme used in the corresponding tables of the crys-
tal structure [{bis(methoxycarbimido)aminato-KzN,N'}
(l,10-phenanthroline-KzN,N’)copper(II)] nitrate and
[Cu(phen)(BMCA)]-NO; is shown in Fig. 1. The selected
bond lengths and bond angles are presented in Table 1.
The asymmetric unit consists of one Cu(Il) cation, one

03
04
02 N4
N4 02 H2
04
03 c1 H3

H8C

HsA 3

HsB

Fig. 1 Molecular structure and atom-labelling scheme for 1 with
ellipsoids drawn at 50% probability level

Cu2+ @
> /O N O\
MeOH Me™ 1 Me
NH NH
BMCA
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Table 1 The selected bond lengths (A) and bond angles (°) of 1

Bond length A) Bond angle (°)

Cu(1)-N(2) 189.2(2) N(2)-Cu(1)-N(2)#1 91.66(13)
Cu(1)-N(2)#1 189.2(2) N(2)-Cu(1)-N(1) 154.36(9)
Cu(1)-N(1) 199.8(2) N@2)#1-Cu(1)-N(1) 98.50(9)
Cu(1)-N(D)#1 199.8(2) N(2)-Cu(1)-N(1)#1 98.50(9)
o()-C(7) 135.3(3) N@2)#1-Cu(1)-N(1)#1 154.36(9)
O(1)-C(8) 144.1(3) N(D-Cu(1)-N(1)#1 82.30(13)
0(2)-N@4) 123.7(2)

O(3)-N4) 123.7(2)

N(2)-C(7) 130.5(3)

N@3)-C(7) 132.9(3)

bis(methoxycarbimido)aminato (BMCA) anion, one phen
molecule, and one nitrate counter anion. BMCA and the
phen ligand are coordinating at Cu in a planar fashion, but
both planes are not coplanar. Least squares planes for these
two units are shifted by an angle of 36.55(3)°. The Cu-N,;,,
bond distances are 1.998(2) A which are comparable to
those reported in the literature (Yanick Gaelle et al. 2016;
Zheng et al. 2008; Kozisek et al. 1990; Vahovska et al. 2016;
Tong et al. 2003). The Cu—Ngpca bond lengths fall in the
range 1.892(2)-1.998(2) A but are quite shorter compared
to those of related complexes (1.928(3)—1.932(3) A) (Zheng
et al. 2008; Kozisek et al. 1990; Vahovska et al. 2016; Tong
et al. 2003). Cu(1), BMCA and phen are located on a twofold
axis. It forms two metallocycles: a six-membered ring with
the BMCA anion and a five-membered ring with the phen
molecule. The two CH;0 groups of the BMCA ligand are
in syn—syn conformation in the complex. Parallel n-stacking
interactions, between adjacent phen ligands, stabilize the
structure and assemble complex 1 into an interesting 3D
structure (Sahin et al. 2016; Dagh et al. 2019) (CCDC
1958341 at www.ccdc.cam.ac.uk/data_request/cif).

Crystal structures of [{Co(phen),(NO;)}(dcg™)]-(H,0)
(2)

Complex 2 crystallizes in the monoclinic crystal system,
space group Cc, with four molecules in the unit cell. The
molecular structure and atom-labelling scheme used in
the corresponding tables of the crystal structure [(nitrato-
k20,0")(1,1 O—phenanthroline—KzN,N’)cobalt(H)] dicyano-
guanidinate; [{Co(Phen),(NO3)}(dcg)]-H,O is shown in
Fig. 2. The crystallographic data and structure refinement
parameters of the complex are presented in Table 2. The
selected bond lengths and bond angles are presented in
Table 3, while the H-bond parameters are given in Table S2
(ESI).

The asymmetric unit consists of one Co(Il) cation,
one nitrate anion, two phen molecules, one lattice water

N7

N10

Fig.2 Molecular structure and atom-labelling scheme for 2 with
ellipsoids drawn at 50% probability level. H atoms are omitted for
clarity

molecule and one dicyanoguanidinate counter anion. As
illustrated in Fig. 6, the Co atom is chelated by two oxy-
gen atoms from one nitrate anion and also coordinated to
four N atoms from two phen ligands to complete a dis-
torted octahedral environment with a CoO,N, chromo-
phore. The Co—O bond lengths vary from 1.888(4) A
to 1.890(4) A, while the Co-N bond distances fall in
the range of 1.927(4)-1.957(4) A. The deviation of
the bond angles O(1)-Co(1)-0(2)-0O(2)—Co(1)-N(3)
(69.67(8)-99.26(17)°) and O(2)—Co(1)-N(1)-N(4)-Co(1)-N(2)
(167.32(17)-175.65(9)°) (Table 4) from the ideal values
(90°, 180°) for a regular octahedron indicates that the
coordination polyhedron of Co(Il) ions is highly distorted
octahedron. These angles, as well as Co—N and Co-O
bond lengths, are quite similar to those of related com-
plexes (Gaélle et al. 2016; Sahin et al. 2016; Dagh et al.
2019; Vahovska et al. 2016; Han et al. 2010). The distor-
tion is also thought to result from the high-spin 3d’ ion of
cobalt(IT) which gives a *Fy,, ground term in octahedral
ligand fields (Han et al. 2010). This distortion is also a
consequence of the rigidity of the ligands. All ligands are
coordinating in a chelate fashion.

Parallel & stacking interactions between phen ligands
and numerous N-H:--N, C-H---N and C-H---O hydrogen
bonds extend the structure into a three-dimensional net-
work (CCDC 1958342 (2) at www.ccdc.cam.ac.uk/data_
request/cif).
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Table 2 Crystallographic data for the complexes 1 and 2

Complex

1

2

Chemical formula

Mr

Crystal system, space group

Temperature (K)

a, b, c (A)

Q)

V(A%

z

p (mm™)

Crystal size (mm)

Tmin’ Tmax

No. of measured, independent and observed
[I>20(1)] reflections

Rin

(Sin O/2) ey (A1
R[F?>26(F))], wR(F?), S
No. of reflections

No. of parameters

No. of restraints

H-atom treatment

C¢H;cCuN;0,"NO;~
435.89

Monoclinic, C2/c
130(2)

17.0517(12), 14.5051(5), 7.0537(3)
102.252(4)
1705.17(12)

4

1.33

0.20%x0.10x0.01
0.993, 1.000

8594, 2366, 1861

Cy7Hy,CoN, 40,
607.46
Monoclinic, Cc
130(2)

13.2779(3), 14.9105(3), 12.6468(3)
99.501(2)
2469.47(10)

4

0.755
0.35%0.30%x0.20
0.9759, 1.0000
14,308, 6751, 1244

Apmax, Apmin (e A™%)

0.051 0.0253

0.712 0.0392

0.047, 0.087, 1.04 0.0470, 0.0941, 1.029

2366 6751

178 400

7 6

All H-atom parameters refined H-atom parameters constrained
0.35,-0.43 0.475, —0.755

Table 3 Selected bond lengths (A) and bond angles (°) of 2

Bond length A) Bond angle (°)

Co(1)-0(1) 1.888(4) 0O(1)-Co(1)-0(2) 69.67(8)
Co(1)-0(2) 1.890(4) O(1)-Co(1)-N(4) 91.74(16)
Co(1)-N(4) 1.927(4) 0(2)-Co(1)-N(4) 90.78(15)
Co(1)-N(2) 1.937(4) O(1)-Co(1)-N(2) 91.76(16)
Co(1)-N(1) 1.956(5) 0(2)-Co(1)-N(2) 92.87(17)
Co(1)-N(3) 1.957(4) N(4)-Co(1)-N(2) 175.65(9)
Co(1)-N(5) 2.320(3) O(1)-Co(1)-N(1) 98.15(17)
O(1)-N(5) 1.324(6) 0O(2)-Co(1)-N(1) 167.32(17)
0O(2)-N(5) 1.326(6) N(4)-Co(1)-N(1) 93.18(17)
0O(@3)-N(5) 1.216(3) N(2)-Co(1)-N(1) 83.75(18)
0(4)-H(104) 0.96(4) O(1)-Co(1)-N(@3) 168.13(17)
0(4)-H(204) 0.95(4) 0(2)-Co(1)-N(3) 99.26(17)
0(4)-H(304) 0.95(4) N(4)—-Co(1)-N(3) 83.93(17)

N,N’-dicyanoguanidine (dcg) is present in
2 as a counter anion. The molar conductance
(Ay=282.5 O0~'ecm? mol'l) of 2, measured at room tem-
perature in DMSO, indicates that it is a 1:1 electrolyte
(Yesilel et al. 2006). N,N’'-dicyanoguanidinate anion
results from the nucleophilic reaction of two dicyana-
mide anions, with the subsequent elimination of the cyano
group (Scheme 2, ESI). However, the mechanism of the
elimination of the cyano group leading to the dcg anion is

@ Springer

Table 4 Selected IR absorption bands (cm™') of the ligands and their
metal complexes

Bond dca Phen 1 2
v(C=N) 1586 s 1600 vs 1666 vs
v(C=C) 1501 vs 1520's 1514 vs
V(C=N) 2285 vs 2140 s 2147 vs
2229 s 2178 s
2173 vs
v(N-H) 3275 vs 3196 m
v(NH,) 3492 vs
3440 vs
v(N-0) 1751 1758
v(C-0) 1046 vs
1085vs
y(C=H) sp? stretch 3057 s 3064 s 3196 m
3017 s 3064 s
y(C-H) sp3 stretch 2958 s

v(M-N) 512m 551's

br Broad, s strong, vs very strong, m medium, w weak

unclear. Dicyanoguanidine (both in its neutral and anionic
form) has been characterized in the literature (Vahovska
et al. 2016).
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Infrared spectroscopy

The most relevant absorption bands in the IR spectra of
the ligands and the complexes (Figure S2, ESI) are sum-
marized in Table 4. The absorption bands at 1586 and
1501 ecm™! assigned to v(C=N) and v(C=C) stretching
vibrations, respectively, of 1,10-phen are shifted in the
complexes to 1600 and 1520 cm™! for 1 and 1666 and
1514 cm™! for 2, respectively. These shifts indicate the par-
ticipation of the C=N of 1,10-phen in bonding (Gaélle et al.
2016; Yanick Gaelle et al. 2016). The vibrational bands at
3050-3075 cm™! are assigned to Cgp—H stretching vibra-
tions of phen (Parada et al. 2014). The appearance of the
y(N—H) at 3275 cm™" in 1 is an indication of the transfor-
mation of dca ligand (Kozisek et al. 1990). The appearance
of the v(Cfp—H) stretching and v(C-0O) alkoxy vibrations at
2958 cm™! and 1085 cm™!, respectively, indicates the addi-
tion of methanol to dca (Kozisek et al. 1990). Characteristic
nitrile bands (C=N) due to dicyanamide expected at 2173
and 2229 cm™! were not observed in the spectrum; instead,
characteristic C~O—CHj stretch at about 1200 cm™' and a
C-H symmetrical deformation vibration at about 1400 cm™!
were observed (Ray et al. 1989).

In 2, the band at 2147 cm™" and the shoulder at 2178 cm™!
are the characteristic bands of dicyanoguanidinate (dcg)
anion assigned to v(C=N) vibrations which are observed in
the spectrum of dcg anion at 2138 and 2160 cm™! (Vihovska
et al. 2016). The twin bands at 3440 and 3492 cm™' assigned
to the »(NH,) and the band at 3196 cm™! assigned to the
v(N-H) both from the amino group of dcg anion indicate
that the lone pairs on these N atoms are not involved in bond-
ing. This suggests that the N,N'-dicyanoguanidine ((H,N)
C(NCN),) anion is present as a counter ion in 2 (Vdhovsk4
et al. 2016). The new band at 1758 cm™! is assigned to the
v(N-O) vibration for the nitrato ligand (Vahovska et al.
2016; Ndifon et al. 2009). The broad and diffuse band at
3500 cm™! is assigned to »(O-H) vibration of a lattice water
molecule. The new bands at 512 cm™! for 1 and 551 cm™"
for 2 can be attributed to v(M-N) stretching while the new
band observed in the low-frequency region at 445 cm™" for
2 may be attributed to v(M-0O) vibration (Abdel-Kader and
Mohamed 2013).

Electronic absorption spectra

The significant electronic absorption bands in the spectra
of the complexes (Figs. S3 and S4, ESI) are summarized
in Table 5.

The UV-visible spectrum of 1 (Fig. S3) displays
a broad peak in the UV region at 1=270-379 nm
(37,037-26,385 cm™') due to the ligand field (n — n*
and n— 1*) and charge transfer (d — n*) transitions. The
d—d transitions appear in the visible region at =437 nm

Table 5 Significant absorption bands in the spectra of the complexes

Complex Wavelength Wavenumber Band assignment
(nm) (cm™h)
1 297 33,670 ¥
314 31,847 n— ¥
326 30,675 n— ¥
437 22,883 ’T,—’E
2 271 36,900 n— ¥
297 33,670 n— ¥
314 31,847 n— ¥
325 30,769 n— ¥
346 28,901 n— ¥
361 27,700 n— ¥
379 26,385 n—m
501 19,960 Ty Ty

(22,883 cm™Y) attributed to the transition 2T2—>2E, corre-
sponding to a tetrahedral geometry around the copper ion
(Dawood et al. 2012).

The UV-Vis spectrum of the 2 (Fig. S4) shows broad
peaks at A=270-361 nm (37,037-27,700 cm‘l) which
were attributed to intra-ligand (x— nt* and n — x*) transi-
tions of the coordinated phen groups due to the ligand field
and charge transfer (d — n*) transitions (Abdelhak et al.
2014). The visible region contains peaks at A=501 nm
(19,960 cm™") due to the d—d transition *T},— *T,,, sug-
gesting a distorted octahedral geometry around the cobalt(IT)
(Dawood et al. 2012; Abdelhak et al. 2014).

Magnetic susceptibility measurement

The magnetic moments are summarized in Table S3. The
room-temperature magnetic moments of 1 and 2 are 1.75
B.M and 3.92 B.M,, respectively. These values correspond
to one unpaired electron for 1 (Krishna and Reddy 2013;
Saravanan and Mudaliar 2014) and a high-spin (d") octa-
hedral geometry for 2 (Abdel-Kader and Mohamed 2013).

Thermal analysis

The thermal properties of complexes 1 and 2 were studied
by simultaneous TG/DTA/MS analyses in the temperature
range 30-800 °C under an argon atmosphere. In 1 (Fig. 3),
the TG curve displays the first endothermic oxidation at
DTA =252 °C with weight loss: 43.25% (190-340 °C,
calc. 44.07%) attributed to the release of the BMCA,
{bis(methoxycarbimido)aminato}, and the nitrate ions in
the form of gases. The last stage (340-700 °C) is due to the
complete endothermic decomposition of the remaining com-
ponents, Cu(phen)** complex ion. The residue was analysed
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Fig.3 TG-DTA curves of

[Cu(Phen)(BMCA)]-NO; (1) TG /%

100 1

90 1

80 1

704

miz 18
60 1

50 1

401

lon Current *10-10 /A

DTA /(uV/mg)
T exo
25 35
20
3.0
ora [ 19
25
1.0
6 05 20
0.0

100 200

by PXRD (Onawumi et al. 2013; Yesilel et al. 2006; Lan
et al. 2017).

The TG curve of 2 (Fig. 4) displays the first exothermic
DTA peak at 218 °C with weight loss: 12.76% (120-235 °C,
calc. 13.17%) attributed to the release of the lattice water
molecule and the nitrato ligand. The last step from 235 to
700 °C, with an endothermic DTA peak at 470 °C, is due to
the complete decomposition of [Co(phen),(dcg™)]* complex
ion. A black powder remains as final decomposition product.

The PXRD pattern of the residue of 1 (Fig. 5) indicates
that the residue is crystalline and a mixture of two phases.
The residue has a well-defined diffraction pattern and
matched well with the powder diffraction patterns of [04-
0836] Cu and Cu,0 [05-0667] (Lan et al. 2017).

Calculations

The optimized geometries of 1 and 2 (Fig. S5) were obtained
at the DFT-B3LYP/6-31G(d,p) level of theory. The calcu-
lated and experimental bond lengths for 1 and 2 are pre-
sented in Table S4. The results show that the deviation of
calculated M-N (M=Co(II), Cu(Il)), N-O and C-X (X=C,
N and O) bond lengths is in the range 0.004-0.028 A, except
for 02-N5 where it is 0.079 A. In the case of C—H bond
lengths, the deviation is in the range 0.075-0.14 A. The most
important deviation 0.494 A was obtained for the Co—02

@ Springer
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bond of 2. The linear correlation between experimental and
calculated bond lengths gave a regression coefficient of
0.979 and a standard deviation of 0.05 for 1 and 0.977 with
0.06 standard deviation for 2. These results show that there
is a good agreement between experimental and calculated
geometries and thereby indicate that the used level of the-
ory is adequate to describe the properties of the concerned
molecules.

Non-covalent interactions have been described using NCI
index plot since it is able to reveal very weak interactions
and to distinguish between attractive and repulsive interac-
tions as well as strong and weak NCI (Contreras-Garcia et al.
2011; Tan et al. 2019). This plot (Fig. 6) represents the dis-
tribution of the electron density in the region of weak density
(Iess than 0.05 a.u.). The inspection of the NCI isosurface of
molecule 1 indicates the presence of a moderate hydrogen
bond between O3 and H-N4 (1.872 A/161.1°) and a weak
hydrogen bond between 04 and H11-C11 (2.035 A/140.2°).
Also, it reveals the presence of an attractive weak interaction
(green surface) between O2 and C11. The QTAIM analysis
of the molecular graph of this molecule (Fig. S6) shows
the existence of bond critical point (BCP) for these three
interactions, and some of the parameters of these BCPs are
presented in Table 6. The values of the energy of these two
interactions, their electron density, p (between 0.002 and
0.04 a.u.), and Laplacian of electron density, V?p (between
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Fig.6 Plot of NCI isosurface
for molecules of 1 (left) and

2 (right). The blue region of
these plots represents the strong
attractive interactions (hydrogen
bond), the green region indi-
cates weak attractive interac-
tions (van der Waals interac-
tions and dispersing hydrogen
bond), and the red region
indicates the strong repulsion
interactions (steric effects)

0.024 and 0.139 a.u.) (Grabowski 2004; Biswal et al. 2009),
confirm their hydrogen bond character and that O3—H-N4
is stronger than O4—H11-Cl11.

The NCI plot of 2 (Fig. 6) indicates the presence of two
hydrogen bonds N6—H-OH, (1.916/165.1°) and N§8—H24-
C24 (2282 A/142,6°), but the latter is very weak compared
to the former. This plot also exhibits a very large green sur-
face indicating the existence of many van der Waals interac-
tions in this complex. These van der Waals interactions are
mostly found between the counter ion dca, the water mol-
ecule and the ligands. The QTAIM analysis of 2 reveals the
presence of a BCP between N6—H-OH, and N§—H?24-C24
and many others between the counter ion and the ligand.

The values of the most relevant vibrational bands found
in complexes 1 and 2 calculated at DFT-B3LYP/6-31G(d,p)
level of theory are also presented in Table S5. The Gauss
View 5.0.8 molecular visualization program (Montgomery J
2003) was used to assign the calculated harmonic vibrational
frequency bands. The theoretical values of the frequencies
were scaled by a factor of 0.977 to reduce the basis set and
method limitations to reproduce experimental vibrational
frequencies. The theoretical spectrum of molecule 1 shows
two absorption bands in the high-frequency region (above
3000 cm™") assigned to the vibration of the two N-H bonds
of dca. The lowest value 3189 cm™' corresponds to the
vibration of the N—H which is involved in N-H—O3 hydro-
gen bond. This value is lower than the experimental value

Table 6 Electron density p(r) (a.u.), Laplacian of electron density
V2p(r) (a.u.), potential energy density V® (a.u.) and bond energy Eyp
(kJ/mol) at the BCP of hydrogen bonds in the molecules

p(r) v? p(r) Ve Eyg

1 03-H-N4 0.03204 0.08784 —0.02388 -31
04-H-C12 0.02468 0.07328 —0.01944 —26

2 CH-N 0.01660 0.04691 —0.01083 —-14
HOH-N 0.02846 0.08199 —0.01936 -25
02-NO-Co 0.03548 0.13473 —0.04393 -58
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probably because of the overestimation of the energy of
N-H—O3 hydrogen bond by the level of theory as observed
during geometry analysis. For the same reason, the calcu-
lated vibration frequency of N—O bond is also lower than the
experimental value. The two bands observed in the region
above 3000 cm™! in the spectrum of molecule 2 correspond
to the symmetric (3514 cm™!) and asymmetric (3655 cm™)
N-H stretch. The harmonic frequency vibrations of C=N
and N-O bonds obtained for molecule 2 are lower than the
experimental values while the value of C—N is significantly
higher. However, for most vibration frequencies of molecule
1, there is a good agreement with experimental values. The
shapes (drawn with Gauss View graphical interface soft-
ware) and the distribution of the HOMO and LUMO of the
complexes are shown in Fig. 7.

The HOMO of the two complexes is localized on the
counter ions with mainly n-type orbitals. From the orbital
composition analysis by Hirshfeld method, the oxygen of
nitrate anion of 1 contributes up to 78% of the HOMO, and
in the case of 2, the HOMO is composed of 78% of the
atoms N6, N7, N8 and N9 and 16% C25, C26 and C27.
The LUMO of 1 is localized on phen and copper atom, and
the Hirshfeld orbital composition analysis reveals that this
orbital is composed of 12% of n*-type orbitals of the N5,
15% of d* orbital of Cu and 60% of n*-type of carbon atoms
of phen. However, the main contributors are C1 to C5. The
w*-type orbital of N4 contributes only 4% to the LUMO
of 1. The LUMO of 2 is also delocalized on the surface of
phen and the n*-type orbital of carbon of phen involved,
contributing about 75% of this LUMO. The n*-type orbitals
of N3 and N4 contribute 4 and 14%, respectively, which is
practically the same in 1. The contribution of d*-type orbit-
als of Co(II) ion to the LUMO of 2 is insignificant (3%). The
distribution obtained by the isosurface is in agreement with
the Hirshfeld orbital analysis composition.

The energies of the HOMO and LUMO and the gap
between the two orbitals for 1 and 2 are presented in Table 7.
The results indicate that 2 is more stable than 1. This can
be explained by the volume of the van der Waals interaction
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Fig.7 HOMO and LUMO of
the complexes 1 (left) and 2
(right)

Table 7 Values of frontier molecular orbital energies (eV)

Complex HOMO LUMO AE [ ymo-noMo)
1 -5.03 -2.70 2.33
-5.79 -2.28 3.51

in molecule 2. Since these are attractive interactions, they
stabilize the concerned molecule.

Antimicrobial studies

The potency of the starting materials and the complexes
together with the reference antibacterial drugs (amoxicillin,
ciprofloxacin and cloxacillin) and antifungal drug (flucona-
zole and cloxacillin) were evaluated against twenty-three
microorganisms comprised of twenty bacteria and three
fungi strains. The susceptibility of the bacterial and fungal
strains towards these compounds was judged by measuring
the size of the growth inhibition diameter (IZ). Compounds,
which showed significant activities (IZ> 6 mm), were used
for the minimum inhibitory concentration (MIC) test. The
MIC values (Table S6) are summarized in histograms (Fig.
S7). While the simple metal salts and the co-ligand dca
were not able to effectively reduce the bacterial and fungal
cell proliferation, phen exhibited good inhibitory capability
which is in agreement with results obtained from other stud-
ies (Yanick Gaelle et al. 2016; Gandra et al. 2017).

Complexes 1 and 2 possess good activity against
B3 =Staphylococcus aureus ATCC43300; B4 = Staphylo-
coccus aureus NR45003; and B6 = Staphylococcus aureus
CP7625 with MIC value 62.5 pg/mL as compared to the
antibiotic cloxacillin. Complex 2 possesses good activity
against B1 = Streptococcus pneumoniae ATCC49619 and
B19=Hemophyllus influenza ATCC49247 with MIC value
62.5 pg/mL. However, the complexes displayed poor anti-
fungal activities as compared to the standard antifungals
(fluconazole, cloxacillin) but higher antibacterial activities
as compared to the antibiotic (cloxacillin). These activities
are comparable to literature reports (Gandra et al. 2017;
Coyle et al. 2003).

Conclusions

Two complexes [Cu(Phen)(BMCA)]-NO; (1);
{BMCA =bis(methoxycarbimido)aminato anion and
phen=1,10-phenanthroline} and [{Co(phen),(NO3)}
(dcg™)]-(H,0) (2); (dcg =dicyanoguanidinate anion) have
been synthesized. The room-temperature magnetic moments
of the complexes are 1.75 B.M. and 3.92 B.M., respectively,
for 1 and 2, which corresponds to one unpaired electron and
possibly tetrahedral geometry for 1 and high-spin (d7) octa-
hedral geometry for 2. The dicyanamide was transformed
through a nucleophilic attack by methanol. The distorted
octahedral geometry of Co(II) ions in complex 2 can be
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explained by Jahn—Teller effect for the d’ configuration as
confirmed by the high-spin magnetic moment. The N,N’-
dicyanoguanidinate (dcg) present as a counter anion origi-
nated from the reaction of two dicyanamide anions with a
subsequent elimination of the cyano group. The packing in
the unit cell of both complexes was based on intermolecular
hydrogen bonding and n—= stacking interactions extend-
ing them to interesting 3D structures. Complexes 1 and 2
showed good activity against B3 =S. aureus ATCC43300;
B4=S. aureus NR45003; and B6=S. aureus CP7625
with MIC value 62.5 pg/mL as compared to the antibiotic
cloxacillin. Complex 2 demonstrated good activity against
B1=S. pneumoniae ATCC49619 and B19 =H. influenza
ATCC49247 with MIC value 62.5 pg/mL. However, the
complexes displayed poor antifungal activities as compared
to the standard antifungals (fluconazole, cloxacillin) but
higher antibacterial activities as compared to the antibiotic
(cloxacillin).
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Abstract

The complexes of Manganese(ll) with 1,10-phenanthroline using the nitrate, azide and dicyanamide as co-ligands have
been synthesized and characterized by elemental analysis, infrared spectroscopy, thermal analysis and room temperature
magnetic susceptibility measurements. The magnetic moments of the complexes are consistent with high spin (d°)
octahedral geometry. Single-crystal X-ray analysis confirmed the complexes to be [Mn(Phen),(NOs);] (1),
[Mn(Phen)»(Ns),)] (2), and [Mn(Phen),(dca),)] (3). Complexes 1 and 2 crystallize in an orthorhombic crystal system
with space group Pbcn while complex 3 crystallizes in the monoclinic crystal system with space group P2;/c. The
complexes have been screened for in vitro antibacterial and antifungal activities by the disc diffusion method. The
minimum inhibitory concentration values indicate that the complexes showed greater activity against the fungi strains
tested compared to that of the reference antifungal.

Keywords: antimicrobial properties, azide; dicyanamide, manganese(ll), 1,10-phenanthroline, X-ray crystal structure
1. Introduction

Recently, there has been sustained interest in the coordination chemistry of 1,10-phenanthroline (Bencini and Lippolis
2010). Its unique physical and chemical properties coupled with its coordination ability, makes it suitable for various
applications. For example, these complexes have potential technological applications due to their ability to absorb
strongly in the the ultraviolet spectral region, emit bright light alongside their good electro- and photoactive properties
(Bencini and Lippolis 2010). 1,10-Phenanthroline (phen) is also a biologically important ligand which, together with
some of its metal complexes, has been shown to be effective against various strains of microorganisms (McCann,
Geraghty et al. 2000, Agwara, Ndifon et al. 2010, Aljahdali and EI-Sherif 2013, Colak, Oztopcu-Vatan et al. 2013).)
This rigid, planar framework and versatile polypyridine nitrogen donor ligand 1,10-Phenanthroline (phen), has been
extensively studied for its coordination ability (scheme 1) and stability in biochemical processes. Due to the chelating
nature of phenanthroline and substituted phenanthroline ligands in metal complexes, they control the supramolecular
assemblies formed through chelation of the metal center (Bencini and Lippolis 2010).

155



http://ijc.ccsenet.org International Journal of Chemistry \ol. 10, No. 4; 2018

s %
N\N / _ ,<0\ .
0=N Mn (NO3)
N—Mn—N Mn Ny T .\ '
N_ =N N=
< C ) <\ /3 § />
0 7
omo2 NN N
Nani ’N>Mn\él\l’ X
O MENT N
N Mn N 02N0 N/ N =
£ 8
J o}
+
O L KR BN
XN N ococcl. 0COPh
/ NS un
N—A—NT N—WMn—~N /‘ on (C10;).C3HNO
| { I 2
N \ & N c! =N N=
N N N
\(\\:\ H‘F‘ P \ 7 /
s
=N N= =N N= =N N=
=c-n-C=N
< g | RS e
= N S ).
N h‘“ N:c—N\CEN ‘N/'L o~ SO /’ OH, ke
\_/ / \_/ Y, \_7/ /

Scheme 1. Some complexes of Mn-Phen found in the literature

The potential of mixed ligand complexes with 1,10-phen as models for biological systems, such as binding of small
molecules to DNA, has attracted scientific interest (Jennifer and Muthiah 2014). Interest is also focused on the the
ability of 1,10-phen to use its extended n-system to form non-covalent w-interactions, which mimic various biological
processes (Jennifer and Muthiah 2014, Pook, Hentrich et al. 2015). The use of mixed ligands having different donor
atoms to synthesise complexes, can lead to changes in their physical and chemical properties. Metal complexes of these
heterocyclic aromatic ring systems are electron-deficient and can undergo m-m stacking interactions as m-acceptors
(Pook, Hentrich et al. 2015). Though hydrogen bonding still remains the most reliable and widely used means of
enforcing molecular recognition, an interplay of weak intermolecular interactions (offset @ stacking and C-H--'w
interactions) also determines the self-assembly of these molecules into 3D networks (Sun, Tong et al. 2010).

Manganese is an essential trace element and plays an important role in several physiological processes as a constituent
or activator of some enzymes. Mn(l1) ion has a 3d° outer electronic configuration, with no crystal-field stabilisation
energy in its high-spin complexes. No electronic restraints are expected in these high-spin structures. The most common
structures of Mn(ll) are therefore those that minimise steric repulsion (octahedral and tetrahedral), some other
coordinate (five-coordinate and seven-coordinate) complexes are known in biological systems. Interest in the
coordination chemistry of Mn(ll) compounds has increased due to their significant role as redox sites in biological
systems such as pyruvate carboxylase, oxaloacetate decarboxylase, superoxide dismutases and diamine oxidases
(Wieghardt 1989).

The azide anion exhibits different coordination modes with transition metal ions, leading to a wide variety of fascinating
structures (discrete molecules to 3-D arrays) (Chen, Jiang et al. 2009, Lazari, Stamatatos et al. 2009). The coordination
modes (Scheme 2a) range from monodentate to bridging bi-, tri- and tetra-dentate (Batten and Murray 2003, Lazari,
Stamatatos et al. 2009, Adhikary and Koner 2010).
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Scheme 2. Bonding modes of (a) azide and (b) dicyanamide

The dicyanamide anion shows a variety of different coordination modes (scheme 2b) which include the terminal and the
bridging (Batten and Murray 2003, Mohamadou, van Albada et al. 2003, Sun, Tong et al. 2010).

The nitrate anion in complexes can be a bidentate, bridging, or monodentate ligand or it is as an ionic species. The
bonding type is probably a function of the nature and number of other ligands present (Yanick Gaelle, Ondoh Agwara et
al. 2017).

One of our research interests is the systematic study of transition metal complexes containing heterocyclic N-donor
ligands and other co-ligands (Agwara, Ndifon et al. 2010, Amah, Ondoh et al. 2015, Gaéle, Yufanyi et al. 2016, Tabong,
Yufanyi et al. 2016). The emergence of drug-resistant bacterial and fungal strains has become a public health concern
(WHO 2014). This increasing resistance of microbes to antibacterial and antifungal drugs has necessitated the search for
new compounds to target these pathogenic microbes (Spellberg, Guidos et al. 2008). Strategies to develop antimicrobial
agents to fight against these resistant pathogens include the research and development of new antimicrobial agents
(Weinstein and Fridkin 2003, Spellberg, Guidos et al. 2008, Beyth, Houri-Haddad et al. 2015). The modification of
biologically active ligands through coordination to metal ions is a possible route for the development of new active
agents.

In view of the varied applications of manganese mixed ligand complexes and exploring the good biological and
chelating ability of phenanthroline as well as the versatile bonding modes of dca’, N5” and NOs’, we report herein the
synthesis and structure elucidation of three manganese(ll) complexes of 1,10-phen and co-ligands. Strong hydrogen
bonds and 7w interactions play important roles in the formation of the 3D structures. The effects of the co-ligands on
the biological activities of the complexes towards some resistant pathogens, evaluated using in vitro assays, are also
presented.

2. Method

All the chemicals were of reagent grade and were used as such without further purification. All solvents used were dried
and distilled according to standard methods.

2.1 Synthesis of the Complexes
2.1.1 Synthesis of [Mn(Phen),(NO3),] (1)

A 25 mL methanol solution of Mn(NO3),-4H,0 (0.251 g, 1 mmol) was added drop wise to a 25 mL methanol solution of
1,10-phenanthroline (0.396 g, 2 mmaol) with constant stirring and refluxed at 85 <C for 4 h. The light yellow precipitate
obtained was washed with ethanol and the filtrate preserved for crystal growth. Yellow crystals, suitable for single
crystal X-ray diffraction, were obtained from the filtrate after two days. The crystals were washed with acetone and then
dried in vacuo. Yield: 75%; anal. Calc.(Found) for C,4H;sNsOsMn; C:53.45(51.88); H:2.99(2.50); N:15.58(15.57).

2.1.2 Synthesis of [Mn(Phen),(Ns),] (2)

A 25 mL methanol solution of Mn(NO3),-4H,0 (0.251 g, 1 mmol) was added, drop wise to a 25 mL methanol solution
of 1,10-phenanthroline (0.396 g, 2 mmol) with constant stirring and refluxed at 85 <C for 1 h. After an hour, a 10 mL
water/methanol (1:4 v/v) solution of sodium azide (0.13 g, 2 mmol) was added drop wise to the mixture and it was
further refluxed for 3 h. The intense yellow precipitate obtained was washed with ethanol. Yellow crystals, suitable for
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single crystal X-ray diffraction, were obtained from the filtrate after one day. The crystals were washed with acetone
and then dried in vacuo. Yield: 80%; anal. Calc.(Found) for C,HigMnNy; C:57.72(56.65); H:3.23(3.03);
N:28.05(29.01).

2.1.3 Synthesis of [Mn(Phen),(dca),] (3)

To a 25 mL methanol solution of Mn(NO3),-4H,0 (0.251 g, 1 mmol) was added, drop wise a 25 mL methanol solution
of 1,10-phenanthroline (0.396 g, 2 mmol) with constant stirring and refluxed at 85 <C for 1 h. After an hour, a 10 mL
water/methanol (1:4 v/v) solution of sodium dicyanamide (0.18 g, 2 mmol) was added drop wise to the mixture and it
was further refluxed for 3 h. The yellow precipitate obtained was washed with ethanol. Light yellow crystals, suitable
for single crystal X-ray diffraction, were obtained from the filtrate after one day. The crystals were washed with acetone
and then dried in vacuo. Yield: 85%; anal. Calc.(Found) for CyHigMnNyy; C:61.43(62.29); H:2.95(2.33);
N:25.59(25.92).

2.2 Characterisation

Elemental analyses (C, H, N) of the complexes was carried out on a FLASH 2000 Organic Elemental Analyzer. The
melting point/decomposition temperatures of the complexes were obtained using the STUART Scientific Melting Point
SMP1 Device with maximum temperature at 360 °C. The FT-IR spectra of the complexes and ligands were recorded
from 4000-400 cm™ on a PerkinElmer Spectrum Two universal attenuated total reflectance Fourier transform infrared
(UATR-FT-IR) spectrometer. Thermogravimetric (TG) and differential thermal analysis (DTA) curves were obtained
using a NETZSCH STA449F1 thermoanalyzer in a dynamic argon atmosphere (heating rate 10 <C min™, flow rate 25
mL/min, aluminium oxide crucible, mass 20 mg, and temperature range from room temperature up to 900<C). Room
temperature magnetic susceptibility measurements of the complexes were determined using the Gouy method with
mercury tetrathiocyanocobalt(ll) as calibrant on a Stanton Instruments Limited (Model A49).

2.3 Magnetic Susceptibility Measurement

Magnetic susceptibility measurements are widely used in studying the magnetic properties of transition metal
complexes. The magnetic properties are due to the presence of unpaired electrons in the partially filled d-orbital in the
outer shell of these elements. These magnetic measurements give information on the electronic state of the metal ion in
the complexes. The magnetic measurements were performed at a temperature range of 5-300 K using a Sherwood
Scientific magnetic susceptibility balance. The magnetic data of the samples were obtained by taking the difference in
mass between an empty sample tube and the sample tube filled with sample which is in the form of a reasonable fine
and uniform powder. The diamagnetic corrections for the samples were estimated using Pascal’s constant and the
magnetic data were corrected for diamagnetic contributions using sample holder.

The mass susceptibility, xg, is calculated using the equation:

_ CBall(R—Ro)

9 10°m 1)

Where | = sample length (cm); m = sample mass (g), R = reading for tube plus sample, R, = empty tube reading, Cgy =
balance calibration constant.

2.4 Single crystal X-ray Data Collection and Structural Refinement

All intensity data were collected on Bruker AXS Kappa APEX Il single crystal CCD Diffractometer, equipped with
graphite-monochromated MoKa radiation (A = 0.71073 A). Data reduction and absorption corrections were performed
by APEX2, SAINT-plus and SADABS program (Bruker 2004). The structure was solved by direct methods and the
refinement of all non-hydrogen atoms was performed with SHELX97 (Sheldrick 1997). H-atoms were mainly
calculated on idealised positions. Structure figures were generated with ORTEP (Farrugia 1997). CCDC 1485344 (1),
CCDC 1417782 (2) and CCDC 1485343 (3) contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).

2.5 Antimicrobial Tests

The antimicrobial tests were carried out in the Applied Microbiology and Molecular Pharmacology Laboratory (LMP)
of the University of Yaoundél, Cameroon. The tests were done on twenty four pathogenic micro-organisms; twenty
bacterial strains: B1=Streptococcus pneumonae ATCC49619, B2=Staphylococcus aureus BAA917, B3=Staphylococcus
aureus ATCC43300, B4=Staphylococcus aureus NR45003, B5=Staphylococcus aureus NR46003, B6=Staphylococcus
aureus CP7625, B7=Shigella flexineri NR518, B8=Salmonella enterica NR4294, B9=Salmonella enterica NR4311,
B10=Salmonella enterica NR13555, Bll=Pseudomonas aeruginosa NMC592, B12=Klessiella pneumonae
ATCC13883, B13=Klessiella pneumonae ATCC70603, Bl4=Klessiella pneumonae NR41916, B15=Escherishia coli
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ATCC25922, B16=Escherishia coli ATCC35218, B17=Enterococcus fecalis ATCC51219, B18=Staphylococcus aureus
NR46374, B19=Hemophyllus influenza ATCC49247, B20 = Mycobacterium smegmatis and four yeasts: Candida krusei,
Candida parasilosis, Candida albicans, Cryptococcus neoformans obtained from Centre Pasteur Yaound€& Cameroon.
The selected microorganisms represent the causative agents for diseases that are prevalent in our environment. The
microbial isolates were maintained on agar slant at 4<C in the laboratory. The strains were sub-cultured on fresh
appropriate agar plate in incubators 18 hours prior to any antimicrobial test. Amoxicillin, ciprofloxacin and cloxacillin
were used as reference antibiotics (RB) while fluconazole was the reference antifungal (RF).

2.5.1 Diffusion Tests

In vitro antimicrobial activity of the ligand, metal salts and complexes were evaluated using the disc-diffusion method
as previously described (Gaéle, Yufanyi et al. 2016, Yanick Gaelle, Ondoh Agwara et al. 2017). The antimicrobial tests
were carried out as described by Berghe and Vlietinck (Berghe and Vlietinck 1991). Three replicas were performed for
each sample and mean values of the growth inhibition zone were calculated. Compounds with a zone of inhibition 1Z <7
mm were considered to be inactive, those in the range 7 < IZ < 20 mm as active and those with 1Z > 20 mm, very
active.

2.5.2 Minimum Inhibitory Concentration of the Complexes

The Minimum Inhibitory Concentration (MIC) was determined according to National Committee for Clinical
Laboratory Standards (NCCLS) M38, a microdilution method using (12 x 8 wells) microtitre plates, as previously
described (Sidjui, Toghueo et al. 2016).

3. Results and Discussion

Complexes 1-3 were obtained relatively quickly without solvent evaporation. All the complexes are crystalline,
coloured and air-stable can be reproducibly prepared in high yields (>70 %). Their physicochemical properties are
summarized in Table 1.

Table 1. Physical data of the complexes

Complex Nature Colour Yield Melting point Molar conductivity
(%) (°C) (Q 'em?mol ™)
[Mn(Phen),(NOz)2] (1) Crystals Yellow 75 356 41.36
[Mn(Phen),(Ns)2)] (2)  Crystals Intense yellow 80 / 23.04
[Mn(Phen),(dca);)] (3) Crystals Yellow 85 290 15.7

Complex 1 melted at (356 =2 <C) while the melting point of the [Mn(Phen),(N3),)] complex could not be determined
due to the explosive nature of the azide. Complex 3 changed in colour upon heating from yellow to dark orange and
then melted at (290 2 <C). This change in colour is attributed to change in crystal structural geometry from octahedral
to tetrahedral as the dca molecules are lost (Allan, Brown et al. 1970, Nagase, Yokobayashi et al. 1976, McCann,
Geraghty et al. 2000, Colak, Oztopcu-Vatan et al. 2013). The low molar conductivity values of 41.36 Qcm 2 mol ?,
23.04 Qcm ? mol™ and 15.7 Qem ™ mol tin water, for 1, 2 and 3, respectively, indicates the molecular nature of the
complexes.
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3.1 X-ray Crystal Structure
The crystallographic data and structure refinement parameters of complexes 1-3 are presented in Table 2.

Table 2. Crystal data and structure refinement parameters for complexes 1-3

Complex

1

2

3

Chemical formula

Crystal system, space
group

Temperature (K)

a, b, c(A)

B

v (A%

z

Radiation type
p(mm™)

Crystal size (mm)
Tminy Tmax

No. of measured,
independent and
observed [I > 2o(1)]
reflections

Rint

(sin 0/W)max (A7)

RIF° > 20(F9)]
WR(F?), S

No. of reflections
No. of parameters
No. of restraints

H-atom treatment

Apmax, Apmin (€ A_g)

C24H16MnNgOs
Orthorhombic, Pbcn

296

12.5477 (14), 10.1607
(10), 17.695 (2)

2256.0 (4)

4

Mo Ka

0.64

0.30 %0.25 x0.25
0.831, 0.856
12206, 2957, 1774

0.026
0.703
0.058, 0.187, 1.02

2957
168
0

H-atom parameters
constrained

0.67, -0.55

C24H16MNnN1g
Orthorhombic, Pbcn

296

13395 (2),
(14), 16.979 (3)

9.6457

2193.8 (6)

4

Mo Ka

0.64

0.25 %0.25 x0.20
0.861, 0.941
22275, 2029, 1349

0.041
0.606
0.077,0.179,1.17

2029
159
0

H-atom parameters
constrained

0.71,-0.52

CogH1sMNN1g
Monoclinic, P2;/c

150

9.8716 (8), 14.6636
(8), 17.6165 (11)

104.364 (3)
2470.3 (3)

4

Mo Ka

0.57

0.17 x0.16 <0.13
0.847,0.867
54213, 6160, 4835

0.056
0.668
0.036, 0.085, 1.06

6160
352
0

H-atom parameters
constrained

0.37,-0.39

3.1.1 Crystal Structure of [Mn(Phen),(NOs),] (1)

Complex 1 crystallizes in the orthorhombic crystal system with space group Pbcn with four molecules in the unit cell.
The ORTEP representation of the crystal structure is shown in Figure 1 and the packing diagram in Figure 2. Selected
bond lengths and angles are presented in Table 3 while the H-bond parameters are given in Table 4. The asymmetric
unit of complex 1 consists of one phenanthroline molecule, one nitrate ion and one Mn(I1) ion and the other half of the
asymmetric unit is generated by inversion symmetry. The Mn(ll) ion is coordinated by four N atoms from two chelating
phen ligands and two O atoms from two nitrate ions giving a MnN4O, coordination sphere with a distorted octahedral
geometry. Three phen N atoms [N(1)-Mn(1) 2.319(3) A, N(2)-Mn(1) 2.289(3) A, Mn(1)-N(2)#1 2.289(3) A] and one
nitrate O atom [O(1)-Mn(1) 2.422(6) A] form the equatorial plane, whereas symmetry related fourth phen N atom
[Mn(1)-N(1)#1 2.319(3)] and the second nitrate ion [Mn(1)-O(1)#1 2.422(7)] are in apical positions. The
N(2)-Mn(1)-N(1)#1 bond angle of 88.70(10)° indicates that the N(2)-Mn(1) and Mn(1)-N(1)#1 bonds are in different
planes, almost perpendicular to each other. The 5-membered chelating rings of Mn(ll) and N atoms of phen exhibit a
near perfect plane; the N2-C11-C12-N1 torsion angle is 0.84(4)<for complex 1. The Mn—N bond lengths are in the
range 2.289(3)-2.319(3) A, which are similar to values reported in the literature (Ma, Wang et al. 2001, Kani, Atlier et
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al. 2016). The N(2)-Mn(1)-N(1) chelating angle is 72.14(10)< The bond lengths in the phenanthroline ring range from
1.328(6)-1.438(4) A in C—C and from 1.323(4)-1.352(4) A in C—N and this is similar to literature reported values for
phenanthroline complexes (Ma, Wang et al. 2001, Kani, Atlier et al. 2016).

03

Figure 1. ORTEP view of the crystal structure of [dinitrato-bis(1,10-phenanthroline-k®N,N")manganese(11) (1)

The packing in the unit cell is based on intermolecular hydrogen bonding and n— stacking interactions. Cooperation
between extensive series of C—H --O hydrogen bonds (Cechova, Martiskova et al. 2014, Hu and Zhang 2016) (Table 4)
and face-to-face m—m [C9-C4 3.369(6) A; symmetry code -1/2+x,-1/2+y,3/2-z] stacking interactions (Janiak 2000),
between adjacent phen ligands, stabilize the structure and assemble complex 1 into an interesting 3D supramolecular
structure. It is noteworthy to mention that a polymorph of 1 is known (Saphu, Chanthee et al. 2012). The comparative
crystal data of the complexes are presented in Table 5.
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Figure 2. Packing diagram of 1 seen along the crystallographic c-axis
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Table 3. Selected bond lengths and bond angles for complex 1

Bond Length (A) Bond Angle (9
N(1)-Mn(1)  2.31933)  O(3)-N(3)-0(2) 123.8(5)
N(2)-Mn(1)  2.289(3)  O(3)-N(3)-O(1) 126.7(6)
N(3)-0(3) 1.155(4)  O(2)-N(3)-0(1) 109.3(5)
N(3)-0(2) 1.195(5)  N(3)-O(1)-Mn(1) 103.6(4)
N(3)-0(1) 1.203(5)  N(3)-0(2)-Mn(1) 100.0(4)
O(1)-Mn(1)  2.422(6)  N(2#1-Mn(1)-N(2)  153.72(15)
O(2-Mn(l)  2.495(6)  N(2)#1-Mn(1)-N(1)#1 72.14(10)
Mn(1)-N@)#1 2.289(3)  N(2)-Mn(1)-N(1)#1  88.70(10)
Mn(1)-N(1)#1 2.319(3)  N(2)#1-Mn(1)-N(1)  88.70(10)
Mn(1)-O(1)#1 2.422(7)  N(2)-Mn(1)-N(1) 72.14(10)
Mn(1)-O()#1 2.495(6)  N(1)#1-Mn(1)-N(1)  87.09(14)
C(10)-H(10)  0.9300 N(2)#1-Mn(1)-O(1)#1 122.84(14)
C(11)-N(2) 1.352(4)  N(2)-Mn(1)-O(1)#1  78.61(15)
C(11)-C(12)  1.438(4)  N(L)#1-Mn(1)-O(1)#1 104.40(18)
C(12)-N(1) 1.351(4)  N(1)-Mn(1)-O(1)#1  148.31(14)
C(5)-C(6) 1.328(6)  N(2#1-Mn(1)-0(1)  78.61(15)
Table 4. Hydrogen-bond geometry (A, 9 for (1)
D-H--A DH H-A D--A D-H--A
C10-H10---01' 0.93 234 2935(8) 122
C3-H3---02" 093 265 3.460(6) 144.1
C6-H6---03"  0.931 2719 3.394(7) 130.1
C6-H6---03" 0931 2579 3.381(5) 1445

Symmetry code: (i) —x, y, —z+3/2; (ii) -X,-y,1-z ; (iii) -1/2+x,1/2-y,1-7 ;

Table 5. Comparative crystal data of 1 with that of a known polymorph

(iv) -1/2+x,-1/2+y,3/2-z

[Mn(NO3)2(C12HgN,),] (Saphu, Chanthee et al. 2012)

Complex 1 (this work)
Chemical formula CosH16MnNgOg
M, 539.37

Crystal system, space group  Orthorhombic, Pbcn
Temperature (K) 296

a 12.5477 (14)

b 10.1607 (10)

c A 17.695 (2)

P 90

v (A% 2256.0 (4)

YA 4

C24H16MnNgOs

539.37
Monoclinic
298
11.6191 (6)
15.1164 (8)
13.4526 (7)
105.387 (1)
2278.1 (2)
4

, C2lc

3.1.2 Crystal Structure of [Mn(Phen),(N3),)] (2)

Complex 2 crystallizes in the orthorhombic crystal system with space group Pbcn with four molecules in the unit cell.
The ORTEP representation of the crystal structure is shown in Figure 3 and the packing diagram in Figure 4. Selected
bond lengths and angles are presented in Table 6 while the H-bond parameters are given in Table 7. The asymmetric
unit consists of one molecule of phen, one azide anion, one Mn(ll) ion and the other half of the asymmetric unit is
generated by inversion symmetry. Chemically, each Mn atom is six-coordinate with four N atoms of two phen
molecules [Mn1-N1 2.320(4) A, Mn1-N1i 2.320(4) A, Mn1-N2 2.268(4) A, Mn1-N2i 2.268(4) A] and two terminal N
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atoms from two azide anions [Mnl1-N3 2.130(6) A, Mn1-N3i 2.130(6) A] giving a distorted octahedral geometry
around the Mn atom with MnN6 chromophore. The azido ligands have a cis configuration in the structure. This
observation is similar to literature reports of the same structure obtained by different synthetic methods but with slightly
different crystal parameters (Shen, Zuo et al. 1999, Masaovaand Moncol 2016).

Figure 3. ORTEP view of crystal structure of [diazido-bis(1,10-phenanthroline-x*N,N")manganese(l1) (2)

Table 6. Selected bond lengths and angles for 2
Bond Length (&) Bond Angle (9
Mnl-N3 2130 (6) N3-Mnl-N3' 97.9 (4)
Mnl-N3' 2.130(6) N3-Mnl-N2' 101.1(2)
Mnl-N2' 2.268(4)  N3i-Mnl-N2' 95.7(2)
Mnl-N2 2.268(4) N3-Mnl-N2 957 (2)
Mnl-N1' 2.320(4) N3i-Mnl-N2 101.1 (2)
Mnl-N1 2.320(4) N2i-Mnl-N2 154.3(2)
NI-C1  1.323(6) N3-Mnl-N1' 88.8(2)
C4-C5  1.425(9) N3i-Mnl-N1' 167.17 (19)
N1-C12 1.347(6) N2i-MnI-N1' 72.16 (16)
C6-C5  1.329 (10) N2-Mnl-N1' 89.03 (15)
N2-C10 1.325(7)  N3-Mnl-N1  167.17 (19)
N1i-Mnl-N1  86.8 (2)
N5-N4-N3 178.8 (9)

The axial positions are occupied by the N3' from one azide and N1' from a phen molecule  [N3-Mn1-N1'167.17(19)9
while the equatorial plane is formed by the coordinating atoms N1, N2 from one phen molecule, N2'from the second
phen molecule and N3 from an azide ion. The bond angles in the equatorial plane deviate noticeably from the ideal
value of 90< with two larger, 101.1(2) for N3-Mn1-N2', 95.7(2)° for N3-Mnl-N2 and two smaller angles of
89.03(15)° for N2'-Mn1-N1 and 72.16(16)° for N2-Mn1-N1. This deviation in bond angles coupled with the
observation that the Mn—Ngigey bonds are slightly shorter than the Mn-Ngheny bonds indicate a highly distorted
square-planar arrangement in the equatorial plane. There are two long Mn-Npnen) bonds [Mn1-N1 2.320(4) A] and two
short ones [Mn1-N2 2.268(4) A]. Each of the phen ligands forms a five-membered chelate ring with Mn. They are
almost planar [torsion angle N2—-C11-C12-N1 is —0.8(7)°] and are oriented in two different molecular planes (Shen,
Zuo et al. 1999, Zhang, Chen et al. 2002, Cechové, Martigkova et al. 2014). The N5-N4-N3 bond angle of 178.8 (9)°
indicates that the azide anion is almost linear. The C8-HS8---N3 H-bonds between the nitrogen atom of an azide ion and
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one phenanthroline ligand coupled with m—m stacking interactions between the phen ring systems are observed and
consolidate an extensive three-dimensional supramolecular network.

Figure 4. Packing diagram of 2 seen along the crystallographic b-axis showing
Table 7. Hydrogen-bond geometry for 2 (A, 9
D-H---A D-H H--A D--A D-H---A
C8-H8--*N3 0.931 2552 3.342(8) 143

3.1.3 Crystal Structure Of [Mn(Phen),(dca),)] (3)

Complex 3, bis(dicyanamido)bis(1,10-phenanthroline)manganese(ll), crystallizes in the monoclinic crystal system with
space group P2,/c with four molecules in the unit cell. The ORTEP view of the crystal structure together with the atom
numbering scheme used in the corresponding tables are shown in Figure 5 and the crystal packing diagram seen along
the crystallographic b-axes is shown in Figure 6. Selected bond lengths and angles are presented in Table 8 while the
H-bond parameters are given in Table 9.

Figure 5. ORTEP view of crystal structure of 3

The asymmetric unit consists of two 1,10-phenanthroline molecules, two monodentate non-bridging dicyanamido
anions, and one Mn(Il) ion. A similar structure with slightly different parameters, obtained by a 1:1:1 reaction of
Mn(OAc),-4H,0, Na(dca), and o-phen in an ethanol/water mixture, has been reported (Wang, Luo et al. 2000).
Chemically, each manganese atom is six-coordinate; bonded to four N-atoms of two phen molecules [Mnl-N1
2.2593(14) A, Mn1-N2 2.2897(13) A, Mn1-N3 2.2549(14) A, Mn1-N4 2.3214(14) A] and two terminal N-atoms from
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two dicyanamide anions [Mnl1-N5 2.1505(16) A, Mn1-N8 2.1552(15) A] giving a distorted octahedral geometry
around the Mn atom with MnNg chromophore. The axial positions are occupied by the N2 atom of one phen ring and
the N8 atom of one azide ion [N(8)-Mn(1)-N(2)  165.68(5)9 while the equatorial plane is formed by the
coordinating atoms N1, N3, N4 from two different phen molecules and N5 from the another dicyanamide anion. The
Mn-N(phen) [2.2549(14)-2.3214(14) A] and the Mn—N(dca) [2.1505(16)-2.1552(15) A] are in agreement with values
reported in the literature (Wang, Luo et al. 2000, Manson, Brown et al. 2013). The longer Mn-N(phen) bonds [Mn(1) —
N(2) 2.2897(13), Mn(1)-N(4) 2.3214(14)] are trans to each other [N(2)-Mn(1)-N(4) 85.19(5)°]. The N(5)-Mn(1)-N(8)
bond angle of 98.21(6)2(6) < indicates that the Mnl1-N5 and N8-Mnl bonds are in two different molecular planes
almost perpendicular to each other. The dicyanamido anions do not coordinate linearly [N§—C27-N9 173.4(2)°, N5—
C25-N6 171.7(2)°] to the metal centre as observed in other Mn-dca complexes (Wang, Luo et al. 2000, Manson, Brown
et al. 2013). The two phen ligands which form five-membered chelate rings with Mn are oriented in two different
molecular planes.

Table 8. Selected Bond lengths (A) and angles (9 for 3

Bond Length (A) Bond Angle (9
Mn(1)-N(5)  2.1505(16) N(5)-Mn(1)-N(8) 98.21(6)
Mn(1) -N(8) 2.1552(15) N(5)-Mn(1)-N(3) 93.37(6)
Mn(1) -N(3) 2.2549(14) N(8)-Mn(1)-N(3) 98.65(5)
Mn(1) -N(1) 2.2593(14) N(5)-Mn(1)-N(1) 104.32(6)
Mn(1) -N(2) 2.2897(13) N(8)-Mn(1)-N(1) 93.31(5)
Mn(1)-N(4) 2.3214(14) N(3)-Mn(1)-N(1) 157.00(5)
N(@3)-C(13) 1.328(2) N(5) -Mn(1) -N(2)  89.05(6)
N@3)-C(17) 1.361(2) N(8) -Mn(1) -N(2)  165.68(5)
N@4)-C(22) 1.331(2) N@3)-Mn(1) -N(2)  93.19(5)
N(4)-C(18) 1.360(2) N(1) -Mn(1) -N(2) 72.87(5)
N(5)-C(25) 1.152(2) N(5) -Mn(1) -N(4)  164.65(6)
N(6) —C(25) 1.286(3) N(8) -Mn(1) -N(4)  90.62(6)
N(6) -C(26)  1.307(3) N(3) -Mn(1) -N(4) 72.81(5)
N(7)-C(26) 1.156(2) N(1) -Mn(1) -N(4) 87.57(5)
N@®)-C(27) 1.155(2) N(2) -Mn(1) -N(4)  85.19(5)
N(9)-C(27) 1.294(2) C(1)-N(1) -Mn(1)  125.75(11)
N(9)-C(28) 1.318(2) C(5) -N(1) -Mn(1)  115.56(11)
N(10) -C(28) 1.151(2) C(27) -N(8) —-Mn(1) 163.57(15)

The packing in the unit cell is based on intermolecular hydrogen bonding and n—r stacking interactions. Cooperation
between n—m stacking interactions of phen rings of adjacent molecules and an extensive series of weak C—H --N(qcq)
hydrogen bonds (Table 9) between neighbouring molecules further stabilize the structure and form an extended
three-dimensional network (Manson, Brown et al. 2013).
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Table 9. Hydrogen-bond geometry for 3 (A, 9

D-H---A DH H--A D--A DH-A
C1-HI---N7' 095 2516 3.372 150
C3-H3:--N6" 0.951 2.567 3.473 159.6
C20-H20---N7" 0.95 2.708 3.292 120.4
C21-H21---N7V 095 2567 3.224 1265
C10-H10---N9¥ 0.95 2.657 3.439 140
C8-H8---N10""  0.951 2.406 3.336 165.8
CI2-H12---N5" 0.949 2.662 3.546 155.1

i)1-x,1-y,1-z; ii) 2-x,1-y,1-z; iii) -1+x,1.5-y,-1/2+z; iv) -1+x,1.5-y,-1/2+z; V) X,1.5-y,-1/2+z;

Vi) -1+x,1.5-y,1/2+z ; vii) -1+x,y,z

Figure 6. Packing diagram of 3 seen along the crystallographic a-axis

3.2 Magnetic Susceptibility

The magnetic moments of the Mn(Il) complexes (Table 10) 1, 2 and 3 are 5.86, 5.83 and 5.92 B.M., respectively. These

values are consistent with high spin (d°) octahedral geometry.
Table 10. Magnetic moments of the complexes

Compound Mass Molar Susceptibility of LN Magnetic
susceptibility susceptibility ligand moment
() x10°® (%) x10°® (%) x10°® (i) B.M.
[Mn(Phen),(NOs),] 23.33 13868.00 -293.80 14162.60 5.86
1
[Mn(Phen),(Ns),] (2) 27.48 13725.90 -282.02 14007.80 5.83
[Mn(Phen),(dca),] (3) 25.79 14117.30 -310.20 14427.50 5.92

3.3 IR Spectroscopy

The relevant absorption bands in the IR spectra of the ligands and the complexes are summarized in Table 11. In the
spectrum of the phen ligand, the absorption bands at 1586 and 1501 cm * assigned to Vc=n) and v(c=cy stretching vibrations,
respectively, are shifted in the complexes to 1580 cm™ and 1521cm™ for 1, 1513 cm *and 1413 cm™ for 2, 1580 cm *and
1515 cm* for 3, respectively. These shifts indicate the participation of the C=N of phen in bonding (Yanick Gaelle, Ondoh
Agwara et al. 2017). The strong absorption band at 2229 cm™ in the spectrum of dca ligand, assigned to the V(c=n IS shifted
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to 2209 cm™ in 3. The strong absorption band at 2105 cm ™ in the spectrum of the azide ligand, assigned to the asymmetric
stretching vibration v(ys) of the azide is shifted to 2040 cm *in 2, indicating terminal coordination of the azide to the metal
ion (Yanick Gaelle, Ondoh Agwara et al. 2017). The new bands at 550, 551 and 557 cm™* in the complexes indicate the
presence of Mn-N bonding between the metal and the nitrogen atoms of phen, dca and the azide.

Table 11. Selected IR absorption bands (cm™) of the ligands and their metal complexes

Compound Ve=N)  VEeN) V=)  V(e=N)  V(N=N=N) V(M-N) V(N-0) V(Mn-0)
N3 2105vs

dca 1338s 2229s

Phen 1587s 1501vs

[Mn(Phen),(dca),] 1580s 1515vs 2209s 557m
[Mn(Phen),(Ns)] 1513s 1514s 2040vs  551m
[Mn(Phen),(NO3),] 1580 1521 550 1305 1750

Br=broad, s=strong, vs=very strong, m=medium, w=weak.

3.4 Thermal Analysis

The thermal decomposition behaviour of compounds 1 and 3 have been investigated by DTA-TG under an inert
atmosphere at a heating rate of 10 < min* from 30 <C to 900 <C. The TG curve of complex 1 (Fig. 7) shows that it is
stable up to 300 <C. The first and major decomposition step is from 300 to 370 <T with a mass loss of 48.61% is
attributed to the decomposition of one phenanthroline ring and one nitrate into some solid and a mixture of gaseous
products. This step corresponds to a sharp and exothermic DTA peak at 370 °C. The second and third stages from 380—
720 °C and 730-900 °C are weak mass loss processes considered to be further decomposition of the second nitrate with
mass loss of 10.38% (calculated 11.49%). These two stages correspond to two exothermic peaks, one broad and one
shallow in the DTA curve with peak temperatures 480 <C and 880 <C, respectively. The residual mass (41%) is probably
composed of Mn and nitrogen in a carbon residue.
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Figure 7. TG-DTA Curves of (a) 1 and (b)3

The TG curve of complex 3 (Figure 7) shows that it stable up to 320<C. The first decomposition step is endothermic, as
shown on the DTA curve, followed by a series of decomposition steps from 330 to 600 <C with a cumulative mass loss
of 17.10%. This is attributed to partial decomposition of the solid. This corresponds to a broad exothermic peak in the
DTA centred at 450<C. The last decomposition step from 600 to 900<CT is another weak mass loss step 8.56%,
considered to be further decomposition of the product. The residual mass is 74.34% indicating high carbon content.

3.5 Antimicrobial Studies

The starting materials, the complexes, the reference antibiotic (amoxicillin, ciprofloxacin) and antifungal agents
(fluconazole, Cloxacillin) were evaluated against some selected microbial pathogens (twenty bacteria and four fungi
strains). The susceptibility of the bacteria and fungi strains towards these compounds was judged by measuring the growth
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inhibition diameter. The diameter of the zone of inhibition (1Z, mm) was used to compare the antimicrobial activity of the
test compound with that of the reference antibiotic and antifungal. Compounds which showed significant activities (I1Z > 6
mm) were used for the minimum inhibitory concentration (MIC) test. The MIC values are presented in histograms (Fig. 9
and 10); (MIC>500 pg/mL poor activity; 250<MIC>125 pg/mL moderate activity; 62.5<MIC>31.25 pg/mL good activity;
MIC<31.25 pg/mL very good activity). While the simple metal salt Mn(NO3), and the co-ligands N3™ and dca, were not
able to effectively reduce the bacterial and fungal cell proliferation, 1,10-phen exhibited good inhibitory capability which is
in agreement with results obtained from other studies (Gandra, Mc Carron et al. 2017, Yanick Gaelle, Ondoh Agwara et al.
2017). Complex 1 possesses very good activity against most of the bacteria species with MIC values 15.625 and 31.25
pg/mL, while complexes 2 and 3 are very active against the fungi species with MIC values in the range 7.8—15.6 pg/mL.
However, all of these complexes displayed comparable as well as poor antibacterial activities compared to the standard
antibacterials (amoxicillin, ciprofloxacin) but higher antifungal activities as compared to the antifungals (fluconazole,
Cloxacillin). These activities are comparable to literature reports (Coyle, Kavanagh et al. 2003, Gandra, Mc Carron et al.
2017). Complex 1 was the most active and it showed very good activity (MIC 15.625 pg/mL) against the bacteria species
Staphylococcus aureus BAA917, Salmonella enterica NR4311, Enterococcus fecalis ATCC51219 and Mycobacterium
smegmatis. The complexes exhibited very good activity against the fungi species Candida krusei, Candida parasilosis and
Candida albicans, as compared to the reference antifungal and also showed good antibacterial activity comparable to the
reference antibiotic. For example, the [Mn(Phen),(NOs),)] complex (1) showed greater activity against streptococcus
pneumonae compared to the ligands, the metal salt and the reference antibiotic demonstrating that the chelates are much
superior antimicrobial agents. The most active compound (1) showed very good activity (MIC 15.625 pg/mL) against the
bacteria species Staphylococcus aureus BAA917, Salmonella enterica NR4311, Enterococcus fecalis ATCC51219 and
Mycobacterium smegmatis.
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Figure 8. Histogram of MIC against yeast species
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Figure 9. Histogram of MIC against bacteria species

The increased activity of the metal complexes can be explained based on the chelation theory and overtones concept.
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This indicates that reaction of metal ions with the ligands plays an important role in enhancing its antimicrobial activity.
This enhancement of the metal complex activity can also be explained on the basis of chelation theory. Chelation
reduces the polarity of the metal atom mainly because of partial sharing of its positive charge with the donor groups and
possible n-electron delocalization within the whole chelate ring. Such a chelation also enhances the lipophilic character
of the central metal atom, which subsequently favours its permeation through the lipid layers of the cell membrane and
the blocking of the metal binding sites on enzymes of microorganism (Chohan, Munawar et al. 2001). The overall
positive results of the antimicrobial screening against the twenty-three pathogens suggest that the complexes have a
broad spectrum of activity and may represent a good candidate as an antimicrobial agent.

4. Conclusion

Manganese(ll) complexes [Mn(Phen),(NOz),] (1), [Mn(Phen),(N3),)] (2), and [Mn(Phen),(dca),)] (3) have been
synthesized. Distorted octahedral geometries were confirmed through single-crystal X-ray crystallographic techniques.
Cooperation between C-H --O or C-H --N hydrogen bonds between adjacent phen ligands, and n—= stacking interactions
stabilize the structures and assemble them into interesting 3D supramolecular structures. The magnetic moments of the
Mn(l1) complexes were found to be consistent with high spin (d°) octahedral geometry. Thermal analyses of the
complexes 1 and 3 under inert conditions indicate that they are stable up to 300<C. A high residual (> 40%) indicates
high carbon content in the residue. The complexes exhibited poor antibacterial activities as compared to standard
antibacterials (amoxicillin, ciprofloxacin) but very good activity against the fungi species Candida krusei, Candida
parasilosis and Candida albicans, as compared to the reference antifungals (fluconazole, Cloxacillin). This high
antifungal activity indicates the potential of the complexes as alternative antifungal agents to fluconazole. However,
additional and profound in vitro antimicrobial studies mainly in relation to the elucidation of the mechanism of growth of
inhibition and toxicity of the complex is on-going.
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ABSTRACT

Four Co(ll) complexes of hexamethylenetetramine (HMTA), [Co(HMTA),(NOs),(H,0),],
[Co(HMTA)(SCN),(H0)3], [Co,(HMTA)(N3)3(H,0)s] and [Co(HMTA)(DCA),(H,0)]. H,O have been
synthesized and were characterized by physico-chemical and spectroscopic methods. The results suggest that
these complexes are octahedral, stable in air and non-hygroscopic as opposed to the starting metal salt. The
ligands, metal salt and the complexes were also evaluated for their antimicrobial activities in vitro against seven
pathogens.

Keywords: Cobalt (11); Hexamethylenetetramine; thiocyanate; azide; dicyanamide; Antimicrobial

INTRODUCTION

Transition metal complexes of N-donor ligands are of interest due to their applications in biology,
pharmacology, magnetism, etc. Among these ligands is hexamethylenetetramine (HMTA), a potential
tetradentate ligand or hydrogen bond acceptor suitable in self-assembly systems. HMTA is a commercially
available organic molecule which possesses three fused rings in the chair conformation similar to the cage-like
structure of adamantine [1]. It is a cheap, eco-friendly and readily available for reactions with many hydrated
salts. It forms molecular complexes, with varied coordination patterns ranging from monodentate [2], bridging
[3, 4], non-chelating to hydrogen-bonded frameworks [5-7], inducing the formation of one-, two- and three-
dimensional framework structures. Biologically, HMTA has found applications as a cosmetic biocide in eye
make-up preparation, preservative in lotions and creams and antiseptic agent for the treatment of urinary tract
infections [8, 9]. Recently, interest in HMTA has increased due to the enhanced thermodynamic and kinetic
stability of its metal complexes, and their application in various activities such as anticancer, antitubercular,
antibiotic, antimicrobial and antifungal agent [10, 11].

Cobalt is an essential metal element widely distributed in the biological systems. It is a component of vitamin
B, complex that is useful in the prevention of anaemia and the production of erythrocytes. Interest in cobalt
complexes has also increased due to their therapeutic and biological applications [12].

Among the inorganic anions serving as co-ligands, thiocyanate SCN™ (an ambidentate ligand) is very important
due to its great tendency to combine with a variety of metal ions, forming either thiocyanato (M-SCN) or
isothiocyanato (M-NCS) complexes and also bridges metal ions. The nature of these complexes depends on the
inter-play between the metal ion, the counter ion and HMTA [13].

The nitrate anion can function as a bidentate, bridging or monodentate ligand or as an ionic species in different
complexes. The bonding type is probably a function of the nature and number of other ligands present.[14, 15]
The azide anion, N3, is a versatile ligand which can bind to metal ions in several coordination modes: terminal
mode via one nitrogen donor, as a bridge (My1) via one nitrogen donor, and in the p; 3 way via both of the
peripheral nitrogen donor atoms.[16] The azide anion coordinated to transition metals has been intensively
studied for diverse applications.[17, 18]
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In order to fight against antimicrobial resistance, our research team has recently focused on the synthesis and
antimicrobial screening of some transition metal complexes of the ligands hexamethylenetetramine [19],
pyridine [20], pyridine-2-carboxylic acid [21], 2-aminopyridine [22] and 1,10-phenanthroline.[23, 24] The
upsurge of resistant pathogens impedes the effective prevention and treatment of an ever-increasing variety of
infections caused by bacteria, parasites, viruses and fungi [25]. This increasing resistance of microbes to
antibacterial and antifungal drugs has necessitated the search for new compounds to target pathogenic microbes
[25, 26]. Several efforts have been made to develop antimicrobial agents to fight against these resistant
pathogens amongst which are the protection of the efficacy and appropriate use of existing drugs as well as
research and development of new antimicrobial agents that are not affected by the currently known, predicted,
or unknown mechanisms of resistance [27-29]. The incorporation of metals into antibacterial molecules is
expected to enhance the bactericidal or fungicidal properties of these drugs.

In view of the varied applications of cobalt complexes and exploring the good biological properties of cobalt
and HMTA as well as the structure-directing properties of SCN", NO3;™ and N3', we report herein the synthesis
and structure elucidation of cobalt(Il) complexes of HMTA, SCN", N;" and NOj3". The effects of the co-ligands
on the biological activities of the complexes towards some resistant pathogens, evaluated using in vitro assays,
are also presented.

EXPERIMENTAL

Materials

Co(NO3),-6H,0, hexamethylenetetramine, ammonium thiocyanate and sodium azide were obtained from Sigma
Aldrich. The chemicals were of analytical grade and were used without further purification. Methanol was
obtained from Reidel-De Haen (Germany). All solvents used were distilled according to standard methods.

Methods
Generally, the complexes were prepared by the reaction of the metal salt, Co(NO3),.6H,0 with the ligands at
room temperature.

Synthesis of [CO(HMTA),(NO3),(H,0),]

Co(NO3),-6H,0 (0.528 g; 1 mmol) in 20 mL methanol was added drop wise into a solution of HMTA (0.28 g; 2
mmol) in 20 mL methanol while stirring. The mixture was then stirred for 4 hours and the pink precipitate
formed was filtered, washed with diethylether and dried in vacuum over silica gel. Light pink crystals were
obtained from the filtrate, at room temperature, after three weeks.

Synthesis of [Co(HMTA)(SCN)»(H,0)4]

Co(NO3),-6H,0 (0.291 g; 1 mmol) in 15 mL methanol was added drop wise into a solution of HMTA (0.560 g;
2 mmol) in 15 mL methanol while stirring. The solution was stirred for 1 hour at room temperature. Ammonium
thiocyanate (0.156 g; 2 mmol) in 10 ml methanol was added into the solution and the mixture was further stirred
for 3 hours. The precipitate formed was filtered, washed with diethylether and dried in vacuum over silica. Light
pink crystals were obtained from the filtrate, at room temperature, after two weeks.

Synthesis of [Co(HMTA)(DCA),(H,0)-H,0]

Co(NOs),-6H,0 (0.291 g; 1 mmol) in 15 mL methanol was added drop wise into a solution of HMTA (0.560 g;
2 mmol) in 15 mL methanol while stirring. The solution was stirred for 1 hour at room temperature. Sodium
dicyanamide (0.36 g; 2 mmol) in 10 ml methanol was added into the solution and the mixture was further stirred
for 3 hours. The precipitate formed was filtered, washed with diethylether and dried in vacuum over silica.
Purple crystals were obtained from the filtrate, at room temperature, three weeks.

Synthesis of [Co,(HMTA)(N3)3(H,0)s]

Co(NO3),-6H,0 (0.291 g; 1 mmol) in 15 mL methanol was added into a solution of HMTA (0.560 g; 2 mmol)
in 15 mL methanol while stirring and the solution was stirred for 1 hour at room temperature. Sodium azide
(0.260 g; 2 mmol) in 10 ml H,O/methanol (1:5 v/v) was added into the solution. The mixture was further stirred
for 3 hours and the precipitate formed was filtered, washed with diethylether and dried in vacuum over silica
gel. Light pink crystals were obtained from the filtrate, at room temperature, after two weeks.

Characterization

Microanalyses for carbon, hydrogen and nitrogen in the compounds were carried out on a Flash 2000 Thermo
Scientific analyser. The infrared spectra was recorded on a Bruker ALPHA-P spectrophotometer directly on a
small sample of the complex in the range of 400 - 4000 cm™, while the UV-visible spectrum of an aqueous
solution of the complex was recorded using a Bruker HACH DR3900 UV-Visible spectrophotometer at room

145



Tabong CD et al J. Chem. Pharm. Res., 2016, 8(12):144-151

temperature. Melting point/decomposition temperatures of the complexes were obtained using a STUART
Scientific Melting Point SMP1 device with maximum temperature at 360°C. Conductivity of the complexes was
measured in distilled water using the HACH HQ14d Instrument at room temperature.

Antimicrobial Tests

The in vitro antimicrobial tests were carried out in the Laboratory of Phytobiochemical and Medicinal Plant
Study, University of Yaoundé I, Cameroon. Four strains of bacteria (Salmonella enterica, Shigella flexineri,
Escherichia coli and Staphylococcus aureus) and three strains of fungi (Candida albicans, Candida parapsilosis
and Candida krusei) were used for this study. All the species were derived from stock cultures obtained from the
Medical Bacteriology Laboratory of Centre Pasteur Yaoundé, Cameroon. Reference antibacterial drug
chloramphenicol and reference antifungal drug fluconazole were evaluated for their antibacterial and antifungal
activities and their results were compared to those of the free ligands and the complex. The disc diffusion
method, using Muller Hinton Agar, from the protocol described by the National Committee for Clinical
Laboratory Standard (NCCLS, 2004) was used for preliminary screening.

Mueller-Hinton agar was prepared from a commercially available dehydrated base according to the
manufacturer's instructions. Several colonies of each microorganism was collected and suspended in saline
(0.9% NaCl). Then, the turbidity of the test suspension was standardized to match that of a 0.5 McFarland
standard (corresponds to approximately 1.5 x 10 CFU/mL for bacteria or 1 x 10° to 5 x 10° cells/mL for yeast).
Each compound or reference was accurately weighed and dissolved in the appropriate diluents (DMSO at 10%,
Methanol at 10% or distilled water) to yield the required concentration (2 mg/mL for compound or 1 mg/mL for
reference drug), using sterile glassware. Whatman filter paper No. 1 was used to prepare discs approximately 6
mm in diameter, which were packed up with aluminum paper and sterilized by autoclaving. Then, 25 pL of
stock solutions of compound or positive control were delivered to each disc, leading to 50 g of compound or
25 pg of reference drug.

The dried surface of a Mueller-Hinton agar plate was inoculated by flooding over the entire sterile agar surface
with 500 pL of inoculum suspensions. The lid was left ajar for 3 to 5 minutes to allow for any excess surface
moisture to be absorbed before applying the drug impregnated discs. Discs containing the compounds or
antimicrobial agents were applied within 15 minutes of inoculating the MHA plate. Six discs per petri dish were
plated. The plates were inverted and placed in an incubator set to 35°C. After 24 hours (for bacteria) and 48
hours (for yeasts) of incubation, each plate was examined. The disc diameter and the diameter of the zones of
complete inhibition (as judged by the unaided eye) were measured. Zones were measured to the nearest whole
millimetre, using sliding callipers, which was held on the back of the inverted petri plate. Three replicas were
performed for each sample and mean values of the growth inhibition zone (1Z) were calculated. Compounds
were considered active when the 1Z was greater than 6 mm.

Minimum Inhibitory Concentration

The microbroth dilution method was used to determine the minimum inhibitory concentration (MIC) of the
compounds and the reference antibiotic on a given microorganism. A polystyrene tray containing 80 wells is
filled with small volumes of serial two-fold dilutions of the complex and reference antibiotics. The inoculum
suspension and standardization is done according to McFarland standard. The bacterial inoculum is then
inoculated into the wells and incubated at 37°C overnight while the fungi is incubated for 48 hours. The lowest
concentration of antibiotic that completely inhibits visual growth of bacteria (no turbidity) is recorded as MIC.
The MBC and MFC were determined by transferring 25 pL aliquots of the clear wells into 100 pL of freshly
prepared Muller Hinton Broth medium and incubating at 35 °C for 24 hour. MBC is the lowest concentration of
test sample which did not produce turbidity as above, indicating no microbial growth. All tests were performed
in triplicates.

RESULTS AND DISCUSSION

Synthesis of the complexes

The reaction of Co(NOs),.6H,0 and HMTA with thiocyanate, nitrate, azide or dicyanamide in methanol yielded
four complexes whose physicochemical properties are summarised in Table 1. The complexes which are
coloured and air stable were obtained in good yields (>65 %). Complexes 1 and 2 had sharp melting points
(148°C and 174°C, respectively) indicating their purity while the complex 3 decomposes at 210°C. Complexes 1
and 2 underwent colour changes at 85°C to brown and 95°C to purple, respectively. Complex 3 changed color
from purple to brown at 224 C but remained stable up to 360°C (maximum limit of device). Complex 4 also
changed color from light pink to brown at 195°C and decomposed at 224°C. The molar conductivity values of
the complexes in water were in the range 16 to 41 Qcm™ mol™ indicating that the complexes are non-electrolytes
and are molecular.
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Table 1: Physical and Analytical Data of the Complexes

Complexes Colour Melting Point/oC (%(ir:l?_%%i(\;li_t{) %oyield Eofgental OA/:: lyses f;/;);ound (OA; AS(:;!C')
CRTRIORER | aw | w | ws | n [AElsElasous
RGOS | o | | e | w [Zelalan| e
[CoZ(HMTA()g\IS)S(HZO)S] Purple 210 (decompose) 41.5 81 15513 th% ?3882 2211222

[CO(HMTA)(D(CL@)Z(HZO)]'HZO Light pink >360 16.6 9% 33?26;21 i2319 33881& 1156%55

Infrared Spectroscopy
The relevant vibrational frequencies of hexamethylenetetramine and the complexes are presented in Table 2.The
broad hypsochromic bands at 3435-3390 cm™ observed in all the complexes has been assigned to the vs(O-H)
vibration. In the complexes, the signals of v,(O-H) are blue shifted to 3500-3700 cm™, become sharper and can
be differentiated due to the effect of oxygen donation to the Co?* which weakens the O-H bonds. The v, and Vs
vibrations of the methylene groups of HMTA appear between 3003 and 2887 cm™. These symmetric and
asymmetric stretching bands overlap with the v(O-H) in complex 2. In the IR spectra of complexes 2, 3 and 4
very strong, characteristic peaks originating from the azide N=N [24, 30], thiocyanate [31] and dicyanamide
C=N bond [32] stretching vibrations were observed at 2107 cm™, 2130 cm™ and 2207 cm™, respectively. Also,
in complex 2, weak symmetric vibrations were observed at 787 cm™ corresponding to C-S stretching vibrations
of thiocyanate.
The coordination of water molecules to the cobalt ion results in the appearance of a vibrational band at 697-702
cm™ and assigned to o[(M-H,0)] [20, 33]. A single band for the complex 1, 2 and 3 at 1675 cm™, 1664 cm™ and
1625 cm™, respectively indicates that all the water molecules are crystallographically equivalent [34, 35]. The
spectrum of complex 4 showed two bands at 1673 and 1606 cm™ assigned to vH,O. This is an indication that
there are two types of crystallographically non-equivalent water molecules (coordinated and non-coordinated
water molecules) [35-38].

Table 2: Relevant IR (cm™) bands of HMTA and the metal complexes

HMTA 1 2 3 4 Assignment
- 3501br 3390vbr 3414br 3435br v(OH) (coordinated water)
- 3248 v(OH) (lattice water)
3002s 3003m 2971s
2955 2971s 2966w, 2887w v(CHy)
- , 2073vs, - - CN (of SCN)
- 2130vs - CN of DCA
- - - 2207vs N=N=N stretching
- 1780 1738w Co-NO;
- 1675 1664 1625w 1673 HOH bend (vM-H,0)
1606 HOH bend (lattice water)
1457 1475 1465 1458 1462 v(CH,) scissor (HMTA)
1370 1349 1382 1362 1366 v(CH,) wag (HMTA)
1301 vN-O (nitro)
1236 1240 1252 1238 1240
1227 1201 1224 V(CH) rock (HMTA)
1000 1002 1031vs 1014 1027 V(CN) stretch (HMTA)
812 819 827 802 808
787 774 778 v(CN) stretch (HMTA)
755 C-S of SCN
6,70,690 682 697 700s ,705s H,O
6,73,655 660 678 N-C-N bend (HMTA)
624 N=N=N
504 515 516s 526 M-O stretch
478, 495w, 458 475w M-N stretch*
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The band at 1236cm™, assigned to the v(CH,) rocking vibration of the free HMTA ligand is observed at 1238-
1252cm™ in all the complexes. This band is observed at 1240 cm™ in complex 4 and split into 1240 and 1227
cm™; 1252 and 1201 cm™ ; and 1238 and 1224 cm™ in complexes 1, 2 and 3, respectively, suggesting that
HMTA is coordinated to the cobalt ion [34, 39]. The C-N stretching vibration of HMTA which normally
appears at 1000 cm™ in the free ligand are red shifted to 1002-1031 cm™ in all the complexes while the C-N
peak at 812 cm™ is blue shifted to 802 and 808 cm™ in 3 and 4 while it is red shifted to 819 and 827 cm™ in 1
and 2, respectively.

100

9% Transmittance

T T T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Figure 1: IR Spectra complexes 1 (orange), 2 (red), 3 (blue) and 4 (pink)

UV-Vis Spectroscopy

The electronic spectral data of the complexes in water are presented in Table 3. The electronic absorption
spectra reveal two bands each for the complexes (1 — 4). These bands have been assigned to 4Tlg(F) — 4Tlg(P)
and “Ty4(F) — “A,, transitions respectively. Similar bands have been reported in literature suggesting an
octahedral geometry around the cobalt(l1) ion [38].

Table 3: Electronic Spectral data of the complexes

Complex Vimax (€M) Band Assighement
20,790 Tig(F) — *Tiy(P)
1
19,608 Tig(F) — Ay
20,833 Tig(F) = “Trg(P)
2
19,646 Tig(F) — Ay
19,231 "T1g(F) = “Tig(P)
3
19,157 Tig(F) — Ay
21,322 *Tig(F) — *T1g(P)
4
19,685 “Tig(F) — *Agg

Antimicrobial Tests

The metal salt, ligands, metal complexes and the reference antibiotic and reference antifungal drugs were tested
for antimicrobial activity in vitro against four bacteria and three fungi strains. The susceptibility of the bacteria
and fungi strains towards the compounds was judged by measuring the diameter of the growth inhibition zone.
The results are summarized in Table 4 and presented in Figure 2.
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Table 4: Inhibition Zone (diameter in mm) of compounds against bacteria and fungi

Compounds Bacteria Fungi
A A, Az Ay B: B, B;
NH,SCN 6+0.0 6+0.0 0 6+0.0 0 6+0.0 0
NaN; 0 7+0.0 1714 9.5+0.7 0 6+0.0 0
DCA 6 6 6 9 7.5 8 6
HMTA 0 0 0 9+1.4 0 8.5+0.7 30+0.0
Co(NO3),.6H,0 9.5+0.7 0 6+0.0 6.5+0.7 0 6+0.0 0
1 8+0.0 7+0.0 6+0.0 10+0.0 0 6+0.0 0
2 8.5+0.7 9+0.0 7.5+0.7 11.5+0.7 10.5+0.7 7.5+0.7 6.5+0.7
3 10+0.0 12.5+0.7 6+0.0 15.5+0.7 0 6+0.0 0
4 9+14 10+1.4 18+0.0 10+0.0 12+1.4 8.5+0.7 11.5+0.7
RA 22+0.0 20+0.0 19+1.4 20+0.0 / / /
RB / / / / 30+0.0 32+0.0 22+0.0

A= Staphylococcus aureus, A, = Salmonella enterica, A; = Shigella flexineri, A, = Escherichia coli, B; =
RA=Reference

Candida

albicans,

B,=Candida

parapsilosis,

Bs;=Candida

krusei,

(Chloramphenicol), RB = Reference Antifungal (Fluconazole), / = not tested

The active compounds 1, 2, 3 and 4 were further evaluated in order to confirm their activity by measuring their

35 +
30
mAl
5 -4
c mA2
Sy
e}
:_§ 2 mA3
€9 A4
10 A "~ mB1
5 4 - mB2
0 - B3
FLFE S NN R
SN R Compounds

Figure 2: Inhibition zone of ligands, metal salt and complexes against microorganisms

Minimal Inhibitory Concentrations (MIC). The results are presented in Table 5.

Table 5: Minimal Inhibitory Concentrations (mg/ml) of the complexes 1, 2, 3 and 4

Bacteria Fungi
Complexes

A A, Aq Ay B B, Bs
1 0.62+0.00 | 1.25+0.00 | 0.62+0.00 1.25+0.00 0.62+0.00 | 0.62+0.00 | 1.25+0.00
2 1.25+0.00 | 1.25+0.00 | 1.25+0.00 1.25+0.00 0.62+0.00 | 0.625+0.00 | 0.31+0.00
3 0.62+0.00 | 0.62+0.00 | 0.62+0.00 1.25+0.00 0.31+0.00 | 0.31+0.00 | 0.31+0.00
4 0.62+0.00 | 0.62+0.00 | 0.62+0.00 1.25+0.00 0.31+0.00 | 0.62+0.00 | 0.62+0.00

RA 0.078+0.00 | 0.019+0.00 | 0.008+0.00 | 0.014+0.007 / / /
RB / / / / 0.016+0.00 | 0.032+0.00 | 0.032+0.00

Antibacterial

The ligand (HMTA) was found to be active only on one (Escherichia coli) of the bacteria strains. Dicyanoamide
(DCA) showed mild activity against all the bacteria. The ligands NH,SCN and NaNs, each showed low activity
against three of the bacteria strains and no activity against Shigella flexineri and Staphylococcus aureus,
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respectively. All the metal complexes tested, showed some activity against bacteria. This increase in activity on
coordination could be explained on the basis of Overton’s concept and chelation theory [40-42]. According to
Overton’s concept of cell permeability, the lipid membranes that surround the cell favors the passage of only
lipid-soluble material and lipid-solubility is an important factor that controls antimicrobial activity. On
coordination, the polarity of the metal ion is reduced due to overlap of the ligand orbital and partial sharing of
the positive charge of the metal ion with the ligand’s donor atoms so that, there is electron delocalization within
the whole chelate ring. This may increase the lipophilic character of the metal complex, enabling it to permeate
the lipid membrane of the bacteria and thus killing them more effectively. Also, factors such as solubility,
different dipole moments and cell permeability mechanisms may be influenced by the presence of the different
anions and this affects the mechanism of permeation through the lipid layer of the organisms killing more of
them effectively [35, 43].

All the test compounds were active against the fungus Candida parapsilosis. The fungi Candida albicans and
Candida krusei were inhibited by complexes 1, 3 and all the ligands except DCA. Complexes 2 and 4 showed
good activity against all the fungi strains. This shows an increase in antifungal activity upon introduction of the
thiocyanate and dicyanamide ions into the coordination sphere. The most active complexes are 2 and 4. The
tested compounds are arranged in increasing order of activity as follows: 4 >2 >3 > 1 > DCA> Co(NO3),.6H,0
> NaN3 > NH,SCN.

CONCLUSION

Four mixed ligand Co(ll) complexes with HMTA and nitrate, thiocyanate, azide or dicyanamide co-ligands have
been reported. The complexes are octahedral. The results of the preliminary antimicrobial screening against four
pathogenic bacteria and three fungi species indicates that complexes 2 and 4 are very active and could be further
screened in vitro against a wide range of pathogens. The complexes have activities higher than that of the metal
salt and ligands towards the microorganisms. The most sensitive strains are the bacteria species Escherichia coli
and Shigella flexineri. Complexes 2 and 4 showed broad range activity against all the bacteria and fungi strains.
Both complexes (2 and 4) may represent good candidates as antimicrobial agents. However, additional and
profound in vitro antimicrobial studies mainly in relation to elucidation of the mechanism of growth inhibition
and toxicity of the complexes are necessary.
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copper(II) coordination polymer
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Abstract: A Cu(II) 1D polymer with mixed ligands (SCN- and pyridine) has been
synthesized and characterized by elemental analyses, IR, UV-visible and TG-DTA
analytical techniques. The crystal structure was determined by single-crystal X-ray
diffraction analyses. The complex crystallizes in the triclinic crystal system with
space group P1 with one formula unit. Each Cu(II) atom is six coordinate with two

N atoms of two pyridine molecules, two N atoms and two S-atoms from bridging
SCN anions giving a distorted octahedral geometry with a CuS,N, chromophore. The
spectroscopic, photoluminescent and the antimicrobial activities of the synthesized
complex were investigated.

Subjects: Applied & Industrial Chemistry; Inorganic Chemistry; Materials Chemistry

Keywords: crystal structure; copper(II); photoluminescence; antimicrobial properties;
thiocyanate

1. Introduction

Research interest in coordination polymers has increased recently not only as a result of their fasci-
nating topologies and intriguing frameworks but also due to their potential applications in gas stor-
age, separation, biosensing, luminescence, magnetism, conductivity, nanoparticles, antimicrobial
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activity and catalysis (Batten, Harris, Murray, & Smith, 2002; Eddaoudi et al., 2001; Etaiw &
El-bendary, 2013; Henninger, Jeremias, Kummer, & Janiak, 2012; Janiak, 2003; Rowsell & Yaghi,
2004; Zaworotko, 2001). The topology and dimensionality of these frameworks is dependent on the
rational choice of the metal ion and the ligands. Weak intermolecular interactions such as hydrogen
bonding and m-1t stacking interactions may also play an important role on the overall arrangement
and influence the properties (Baca et al., 2008; Batten et al., 2002; Prins, Reinhoudt, & Timmerman,
2001; Whitesides & Boncheva, 2002). Furthermore, synthesis conditions (synthetic methods, reac-
tion temperature, metal/ligand ratio, pH value and the types of solvents) can also greatly influence
the crystal structure and its dimensionality (Etaiw & El-bendary, 2013).

The design and synthesis of one-dimensional coordination polymers is important since they can
be used as examples for developing theoretical models of the exchange interaction in extended lat-
tices (Demir, Yilmaz, Sariboga, Buyukgungor, & Mrozinski, 2010). Choice of organic ligands and metal
ions is of great importance in the construction of these polymeric structures. Transition metals show
rich diversity of oxidation states, coordination numbers and geometries, and their complexes and
solid-state compounds possess an array of interesting redox, magnetic, optical, electrical and cata-
lytic properties (Chattopadhyay et al., 2012; Chattopadhyay, Drew, Diaz, & Ghosh, 2007; Demir et al.,
2010; Hong, 2008; Hu, Li, Wang, Du, & Guo, 2009).

Among several ligands employed, SCN-is a highly versatile ambidentate ligand with two different
donor atoms, which can coordinate through terminal modes or bridging modes: end-to-end (p-1,3-
NCS) and end-on (p-1,1-NCS, p-1,1-SCN) fashions via the nitrogen and sulphur atoms to generate
coordination networks as well as interlink the one- or two-dimensional molecules into frameworks
via non-covalent interactions (Li, Liang, & Tian, 2011; Shen & Feng, 2002). The rational design and
construction of thiocyanato-brigded coordination polymers has been explored due to their fascinat-
ing topologies and remarkable properties (Bai, Shang, Dang, Sun, & Gao, 2009; Banerjee, Drew, &
Ghosh, 2003; Chattopadhyay et al., 2007, 2012; Das et al., 2012; Hong, 2008; Liet al., 2011; Shi et al.,
2005; You & Zhu, 2005; Yue et al., 2008). The thiocyanate group plays a key role in stabilizing a vari-
ety of transition metal centres and determining the structure of polymeric transition-metal com-
plexes (Das et al., 2012). Recently, a large number of thiocyanato-bridged coordination polymers
with intriguing topologies and fascinating properties have been reported (Bai et al., 2009; Banerjee
et al.,, 2003; Chattopadhyay et al.,, 2007, 2012; Das et al,, 2012; Li et al.,, 2011; Neumann, Jess, &
Ndther, 2014; Shen & Feng, 2002; Shi et al., 2005; You & Zhu, 2005; Yue et al., 2008). Among these
are the thiocyanato-bridged copper(Il) coordination polymers with N-donor auxiliary ligands (Das
et al,, 2012; Hong, 2008; Shen & Feng, 2002; Shi et al., 2005).

However, controlled synthesis of coordination polymers with preferred structures is still a chal-
lenge. Self-assembly of these coordination polymers through a mixed ligand strategy has progres-
sively become an effective approach, which is expected to generate frameworks with more diverse
structural motifs (Du, Li, Liu, & Fang, 2013; Shirdel, Marandi, Jalilzadeh, Huber, & Pfitzner, 2015; Yang
& Sun, 2013). Auxiliary ligands such as N-donor heterocyclic ligands play a significant role in many
biological systems, being a component of several vitamins and drugs (Dhaveethu &
Ramachandramoothy, 2013). Nitrogen-containing heterocycles have been found to possess diverse
pharmacological activities (Forood, Flatt, Chassaing, & Katritzky, 2002). Among this group of hetero-
cycles are pyridine and its derivatives. Taking advantage of the coordination ability and properties of
copper, pyridine and SCN, herein we report the synthesis, crystal structure and the luminescent
properties of a thiocyanate-bridged copper(Il) coordination polymer with pyridine. In addition, the
in vitro antimicrobial activity of the complex against selected micro-organisms is reported.
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2. Experimental
All chemicals and solvents were obtained from commercial sources and were used as received.

2.1. Synthesis of the complex

A 40 mL dry methanolic solution of CuCl,-2H,0 (5.1144 g; 30 mmol) was poured into a three-neck
round bottom flask under nitrogen atmosphere. To this solution was added drop wise, while stirring,
a dry methanolic solution of a mixture of NH,SCN (4.5672 g; 60 mmol) and pyridine (9.617 mL; 120
mmol). Upon addition of the mixed ligand solution into the dark green solution in the round bottom
flask, a light green precipitate was formed. The mixture was refluxed for 3 h under nitrogen atmos-
phere at 30°C. The light green precipitate was filtered, washed with dry methanol, air dried and
weighed. The powder was recrystallized by the diffusion method. It was dissolved in DMSO in a small
vial and placed in a bigger vial containing DMF (in which it is insoluble). Shiny blue crystals, in good
yield (92%), were afforded within 48 h.

2.2. Characterization techniques

The melting point was recorded using a Stuart SMP10 system. Conductivity measurement was car-
ried out in distilled water using a HANNA multimeter H19811-5; pH/°C/EC/TDS meter at room tem-
perature. Elemental analysis (C, H, N, S, Cu) was carried out on a Perkin-Elmer automated model
2400 series II CHNS/M analyser. The infrared spectrum was recorded using a Thermo Scientific
Nicolet iS5 instrument directly on a small sample of the complex in the range of 400-4,000 cm™. The
UV-vis spectrum of a DMSO solution of the complex was recorded using a Varian, Cary 50 UV-vis
spectrophotometer at room temperature. Photoluminescence studies were carried out using a
Perkin-Elmer, LS55 Luminescence Spectrometer, while thermal studies were carried out using the
TGA/DSC 1 (STAR System) instrument. The TGA analyses were conducted between 30 and 600°C
under nitrogen atmosphere at a flow rate of 10 mL min™ and a temperature ramp of 10°C min™.

2.3. Single-crystal X-ray structure determination

Intensity data for the compound were collected using a Bruker AXS Kappa APEX II single crystal CCD
diffractometer, equipped with graphite-monochromated CuKa radiation (2 =1.5418 A) at room tem-
perature. The selected crystal for the diffraction experiment had a dimension of 0.21 X 0.12 X 0.06 mm?®.
The structure was solved by direct methods and refined by full-matrix least squares (Sheldrick, 1957) on
F2. The non-hydrogen atoms were refined anisotropically. H atoms were included in calculated positions
with C-H lengths of 0.95(CH), 0.99(CH,) and 0.98(CH,) A U, (H) values were fixed at 1.2Ueq(C) except for

CH, where it was 1.5U, (C). They were assigned isotopic thermal parameters and allowed to ride on their
parent carbon atoms. All calculations were carried out using the SHELXTL package (Bruker, 2001).

2.4. Antimicrobial tests

The antimicrobial tests were carried out in the laboratory of Phytobiochemical and Medicinal Plant
Study, University of Yaounde I. The tests were done on eight pathogenic micro-organisms, 4 yeasts,
Candida albicans ATCC P37039, C. albicans 194B, Candida glabrata 44B and Cryptococcus neoformans
and 4 bacterial strains, Gram-positive Staphylococcus aureus CIP 7625 and Gram-negatives,
Pseudomonas aeruginosa CIP 76110, Salmonella typhi and Escherichia coli ATCC25922 obtained from
Centre Pasteur, Yaounde, Cameroon. Reference antibacterial drug chloramphenicol and antifungal
drug nystatin were evaluated for their antibacterial and antifungal activities and their results were
compared with those of the free ligands and the complex. The disc diffusion method, using Muller
Hinton Agar, from the protocol described by the National Committee for Clinical Laboratory Standard
was used for preliminary screening. Mueller-Hinton agar was prepared from a commercially availa-
ble dehydrated base according to the manufacturer’s instructions. Several colonies of each micro-
organism were collected and suspended in saline (0.9% NaCl). Then, the turbidity of the test
suspension was standardized to match that of a 0.5 McFarland standard (corresponds to approxi-
mately 1.5 X 108 CFU/mL for bacteria or 1 X 10° to 5 x 106 cells/mL for yeast). Each compound or
reference was accurately weighed and dissolved in the appropriate diluents (DMSO at 10%, metha-
nol at 10%, or distilled water) to yield the required concentration (2 mg mL™ for compound or 1
mg mL for reference drug), using sterile glassware.
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Whatman filter paper number 1 was used to prepare discs approximately 6 mm in diameter,
which were packed up with aluminium paper and sterilized by autoclaving. Then, 25 pL of stock
solutions of compound or positive control was delivered to each disc, leading to 50 pg of compound
or 25 pg of reference drug. The dried surface of a Muller-Hinton agar plate was inoculated by flood-
ing over the entire sterile agar surface with 500 pL of inoculum suspensions. The lid was left ajar for
3 to 5 min to allow for any excess surface moisture to be absorbed before applying the drug-impreg-
nated discs. Discs containing the compounds or antimicrobial agents were applied within 15 min of
inoculating the MHA plate. Six discs per Petri dish were plated. The plates were inverted and placed
in an incubator set to 35°C. After 18 h (for bacteria) and 24 h (for yeasts) of incubation, each plate
was examined. The diameters of the zones of complete inhibition (as judged by the unaided eye)
were measured, including the diameter of the disc. Zones were measured to the nearest whole mil-
limetre, using sliding callipers, which were held on the back of the inverted Petri plate. All experi-
ments were carried out in duplicate. The compound was considered active against a microbe if the
inhibition zone was 6 mm and above.

3. Results and discussion

3.1. Synthesis of the complex

The title complex was green in colour and air stable, with a sharp melting point (186°C) indicating its
purity. The molar conductivity value of 60 Qcm™ mol™ for the complex in water indicates that it is a
nonelectrolyte. The complex was obtained in good yield (92%). The physicochemical properties of
the title complex are summarized in Table 1.

3.2. X-ray crystal structure
The ORTEP representation of the asymmetric unit of [Cu(py),(SCN),]  is shown in Figure 1, the unit cell
structure in Figure 2, while the 1-D polymeric chain structure together with the atomic numbering

Table 1. Physical data of the complexes

Complex Nature | Colour | Yield (%) Melting Molar conductivity Elemental analyses: %found (%calc.)
point (°C) (Q*cm? mol™?) %C %H %N %Cu
[Cu(py),(SCN),]1 Crystals 92 186 60 40.88 3.36 16.27 19.18
(42.65) (2.98) (16.58) (18.81)

Figure 1. Asymmetric unit of

the complex.
v
u2
-
S~

Page 5 of 14



Tsague Chimaine et al., Cogent Chemistry (2016), 2: 1253905 :K;' Cogent o~ h em | S‘try
http://dx.doi.org/10.1080/23312009.2016.1253905

Figure 2. Unit cell diagram of
the complex.

Figure 3. 1D polymeric
structure of the complex with
atom numbering scheme.

Figure 4. Packing diagram of
complex showing 1-D chains
parallel to the bc plane.

scheme of the complex is shown in Figure 3. The crystal packing diagram of [Cu(py),(SCN),]  is shown
in Figure 4. The crystal data and structure refinement are presented in Table 2, while the selected
bond lengths and bond angles are shown in Table 3.
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Table 2. Crystal data and structure refinement for [Cu(Py),(SCN),]

Crystal data

Chemical formula CieH30CUsN LS,
M, 1,013.70
Crystal system, space group Triclinic, P1
Temperature (K) 100 (2)

a, b, c(A) 8.5381 (6), 8.6690 (8), 15.5456 (9)
o B,y () 93.367 (6), 96.385 (5), 114.746 (8)
Vv (A3) 1,031.40 (13)

z 1

Radiation type Cu Ko

g (mm™) 5.00

Crystal size (mm) 0.21x0.12x0.06

Crystal colour Block blue

Data collection

Diffractometer

Bruker APEX-II CCD diffractometer

Absorption correction Multi-scan
T oo 0.781, 1.000
No. of measured, independent and observed [I > 26(I)] reflections 7,998, 3,899, 2,981
R.. 0.038
(sin6/A),, (A7) 0.626
Refinement

RIF?> 26(F?)1, wR(F?), S

0.048,0.154, 1.07

No. of reflections 3,899

No. of parameters 259

No. of restraints 0

H-atom treatment H-atom parameters constrained
bp,..0p,., (A3 1.07,-0.98

Notes: Computer programs: CrysAlis PRO, Agilent Technologies, Version 1.171.36.20 (release 27-06-2012 CrysAlis171 .NET).

The title compound is a one-dimensional thiocyanato-bridged polymeric structure. The complex

crystallizes in the triclinic crystal system with space group P1 and its asymmetric unit (Figure 1)
consists of two crystallographically independent copper(II) atoms, of which one (Cul) is located on
a general position whereas the second (Cu2) is located on a crystallographic inversion centre. The
structure is polymorphic to [Cu(Py),(SCN),]. (Chen, Bai, & Qu, 2005) and iso-structural with
[Ni(NCS),(pyridine),]. (Neumann et al., 2014) found in the literature. There is one molecule in the
triclinic unit cell as opposed to three in the previous report (Chen et al., 2005).

The crystal structure shows that Cu(II) is coordinated by four thiocyanate anions (p-1,3) and two
pyridine ligands adopting a slightly distorted octahedral coordination environment (CuS,N,). The Cu-
N(pyridine) axial bonds are of length (Cu(1)-N(1) 2.045(3) A, Cu(1)-N(2) 2.051(3) A, Cu(2)-N(6)#1
1.943(3) A, Cu(2)-N(5)#1 2.038(3) A), while the equatorial Cu-N(thiocyanate) bonds (Cu(1)-N(3)
1.944(3) A, Cu(1)-N(4) 1.951(3) A). These bond lengths are similar to those found in the literature
(Chen et al., 2005; Wohlert, Wriedt, Jess, & Nather, 2011). The Cu-S bonds (Cu1-S3 2.984(1) A, Cu1-S1
2.923(1) A, Cu2-S2 3.009 A) are also close to reported values (Chen et al., 2005). Adjacent Cu centres
are bridged by two SCN~ ions resulting in a 1D polymeric chain structure extending along the crystal-
lographic c-axis (Figure 4). The Cu1-Cul and Cu2-Cu2 distances within the chains are 8.669 A while
that of Cu1-Cu2 is 5.616 A. In the equatorial plane, the SCN- ion is almost linear as evidenced by the
bond angles N(3)-C(11)-S(1) 179.0(3)° and N(4)-C(12)-S(2) 179.4(4)°. The pyridine molecules are
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Figure 5. Part of the

crystal structure showing
the formation, through

S...S contacts, of the two
dimensional supramolecular

sheet extending in the bc plane.

Table 3. Selected bond lengths (A) and angles (°) for [Cu(Py),(SCN),1,

Cu(1)-N(3) 1.944(3) N(3)-Cu(1)-N(4) 179.74(11)
Cu(1)-N(4) 1.951(3) N(3)-Cu(1)-N(1) 88.72(12)

Cu(1)-N(1) 2.045(3) N(4)-Cu(1)-N(1) 91.16(12)

Cu(1)-N(2) 2.051(3) N(3)-Cu(1)-N(2) 89.66(12)
N(1)-C(5) 1.327(5) N(4)-Cu(1)-N(2) 90.45(11)
N(1)-C(1) 1.347(4) N(1)-Cu(1)-N(2) 178.06(11)
N(2)-C(10) 1.337(5) N(3)-C(11)-S(1) 179.0(3)
N(2)-C(6) 1.344(4) N(4)-C(12)-5(2) 179.4(4)
N(3)-C(11) 1.164(5) N(6)-Cu(2)-N(6)#1 179.999(1)
N(4)-C(12) 1.164(5) N(6)-Cu(2)-N(5)#1 89.64(11)
Cu(2)-N(6) 1.943(3) N(6)#1-Cu(2)-N(5)#1 90.36(11)
Cu(2)-N(6)#1 1.943(3) N(6)-Cu(2)-N(5) 90.36(11)
Cu(2)-N(5)#1 2.038(3) N(6)#1-Cu(2)-N(5) 89.64(11)
Cu(2)-N(5) 2.038(3) N(5)#1-Cu(2)-N(5) 180.0
N(5)-C(17) 1.337(4) C(17)-N(5)-C(13) 118.3(3)
N(5)-C(13) 1.346(4) C(17)-N(5)-Cu(2) 121.7(2)
N(6)-C(18) 1.167(5)

almost linearly arranged on the axial plane as confirmed by the bond angle N(1)-Cu(1)-N(2) (178.06°).
These results are similar to those reported in literature (Matecki, Machura, Switlicka, Gron, & Batanda,
2011). The SCN™ and pyridine ligands are in different planes at right angles to each other as evi-
denced by the bond angles N(3)-Cu(1)-N(2) 89.66(12) and N(6)-Cu(2)-N(5) (90.36°). Selected crystal
data of a polymorph of the complex are compared with crystal data of the title complex in Table 3.
The title complex differs structurally from that in the literature (Chen et al., 2005) in terms of mo-
lecular weight, unit cell parameters and the number of atoms in a unit cell. The methods of synthe-
ses of these complexes also differ.

Adjacent 1-D chains are further connected to form a 2-D supramolecular layer parallel to the bc
plane by alternating S1...53, S2...52 (3.567(1) A) and S3...51 (3.541(1) A) interactions as shown in
Figure 5. This is similar to literature reports (Lu, Liu, Zhang, Wang, & Niu, 2010). The two-dimensional
layers are further connected by off-set -1t stacking of pyridine rings, C-H...S and C-H...C interactions
(Table 4) to form a three-dimensional supramolecular structure as shown in Figure 6 (Gerlach et al.,
2015; Laachir, Bentiss, Guesmi, Saadi, & El Ammari, 2016; Trivedi, Pandey, & Rath, 2009). These
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Y
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Figure 6. View of the 3D

supramolecular layers of the
complex down the a-axis via
nt-1t and C-H...S interactions.

Table 4. Comparative crystal data of the complexes

Parameter [Cu,(py),(SCN),], [this work] [Cu(py),(SCN),] [33]
Empirical formula CoeHyoCu NS, C,H,,CuN,s,
Formula weight 1,013.70 337.90
Colour Block blue Block blue
Crystal system Triclinic Triclinic
Space group P1 P1

Unit cell dimensions

a 8.5381(6) A 8.528(2) A
b 8.6690(8) A 9.128(1) A
c 15.5456(9) A 15.371(1) A
a 93.367(6)° 91.737(1)°
p 96.385(5)° 97.043(1)°
y 114.746(8)° 115.639(1)°
Unit cell volume, V 1,031.40(13) A 1,065.9(3) A3
Calc. density 1.632mgm™ 1.579 mgm™
z 1 3

interactions, though weak compared to the metal-nitrogen and metal-sulphur coordination bonds,
are crucial in the self-assembly of the 3D supramolecular structure.

3.3. IR spectroscopy

In the spectrum of the pyridine ligand as well as that of the complex, the absorption bands at 1,442
cm™ are assigned to the aryl C-H stretching vibrations. The v stretching modes of the pyridine ring
shifted from 1,595 to 1,604 cm™ in the spectrum of the complex, indicating its participation in bond-
ing. The v_, asymmetric stretching vibrations of the thiocyanate have shifted from 2,063 to 2,087
cm in the spectrum of the complex, indicating it has taken part in bonding (Kabesova & Gazo,
1980). The v vibration frequency of the isothiocyanato ligand appears at 746 cm™ on the SCN™ spec-
trum and shifts to 753 cm™ on the spectrum of the complex, indicating NCS-M coordination in the
complex (Kabesova & Gazo, 1980). These bands indicate the coordination of SCN~in a bridging mode
(Shen & Feng, 2002), which is confirmed by the crystal structure of the complex. The strong, well-
resolved and sharp absorption bands found in the region of 1,495-1,000 cm™ in the spectrum of the
complex are assigned to the coordinated pyridine ring (Das et al., 2012). The v, stretching mode
is present at about 549 cm™.

Cu-NPy
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Figure 7. TG/DTA plots of the
complex.
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3.4. UV-Vis spectroscopy

The electronic absorption spectrum of the complex shows a single broad band centred at 15,625
cm™? (640 nm). This d-d transition band in the Cu(II) ion has been assigned to 2Eg - 2TZg transition
(Kurdziel, Gtowiak, Materazzi, & Jezierska, 2003; Rapheal, Manoj, & Kurup, 2007; Reddy, Nethdji, &
Chakravarty, 2002). The observed band is consistent with an octahedral geometry for Cu(II) com-
plexes as confirmed by the single X-ray crystal structure. This value is smaller than that of
Cu(en),(SCN), (19,047 cm™; 525 nm) and Cu(en),[Cd(SCN).], (18,248 cm™; 548 nm) (Shen & Feng,
2002) with analogous CuN,S, chromophores. This shift in band position indicates some distortion
from the perfect octahedral symmetry of Cu(II) (Bai et al., 2008).

3.5. Thermal analysis

In order to establish the thermal stability of the title complex, TG/DTA analyses were carried out in
the temperature range of 30-600°C. The thermal decomposition thermogram (Figure 7) shows that
the complex decomposes in several steps resulting in different phases of [Cu,(Py),(SCN),] as tem-
perature was increased. The first weight loss of 5.62% from 80 to 120°C is probably due to the loss
of adsorbed water molecules from the atmosphere. The second degradation step in the range of
130-220°C with mass loss of 43.92% is attributed to the loss of six pyridine molecules (calculated
46.76%). The sharp exothermic DTA peak at 170°C indicates that this is the major decomposition
temperature. The third degradation step in the range of 260-460°C with weight loss of 14.92% is due
to the loss of three SCN™ anions (calculated 17.16%). In the last decomposition step from 510 to
590°C with mass loss of 8.48% is attributed to the loss of one SCN- and CN- (calculated 8.29%). A
stable mass is reached at 600°C. The residual mass 27.96% (calculated 28.56%) is probably due to
CuS. The measured mass loss for each stage is in good agreement with the calculated values.

3.6. Photoluminescence studies

The fluorescence emission spectra of the ligand and the complex are shown in Figure 8. The results
show that the ligand pyridine and the complex exhibit only one emission peak each at 23,923 cm™
(418 nm) and 24,509 cm™ (408 nm), respectively, when excited at 33,333 cm™ (300 nm). For the li-
gand, the peak at 23,923 cm™ is attributed to n—1t* transition. The red shift of 10 nmin the spectrum
of the complex indicates charge transfer from ligand to the metal (PyN—Cu) (Etaiw & Abdou, 2016;
Rapheal et al., 2007).
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Figure 8. Photoluminescent
emission spectra of (a) pyridine
and (b) CuPySCN complex.
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Table 5. Diameters of inhibition zones of compounds against microorganisms

Compounds A B C D E F G H

CuCl,.2H,0 0.0 7.0 6.0 7.0 6.0 9.0 10.0 9.0
SCN- 6.0 8.0 6.0 11.5 9.0 6.0 6.0 6.0
Pyridine 6.0 7.5 3.0 3.0 6.5 6.0 6.0 6.0
[Cu,(py),(SCN) ], 6.0 9.0 9.0 7.5 6.0 105 10.5 9.0
Chloramphenicol 7.5 14.5 6.0 10.5 12.0 11.5 10.0 14.0
Nystatin 6.0 7.0 6.0 9.5 6.0 6.0 6.0 10.5

Notes: A = C. albicans ATCC P37039; B = C. albicans 194B; C = C. glabrata 44B; D = C. neoformans; E = E. coli; F = P. aeruginosa;
G =S. typhi; H=S. aureus.

3.7. Antimicrobial studies

The effects of the starting materials, the resulting complex, the reference antibiotic (chloramphenicol)
and antifungal (nystatin) were evaluated against some selected microbial pathogens (four bacteria
and four fungi strains). The susceptibility of the bacteria and fungi strains towards these compounds
was judged by measuring the size of the growth inhibition diameter. The diameter of the zone of inhi-
bition (mm) was used to compare the antimicrobial activity of the test compound with that of the
reference antibiotic and antifungal. Results of the preliminary screening are presented in Table 5.

The results indicate that SCN- exhibits a high activity against the pathogens, especially the fungi
species. The metal complex shows higher activity compared to that of the free ligand as well as SCN.
It was found to be active against all the pathogens with high inhibition zones. The complex is most
active against the fungi C. albicans 194B, C. glabrata 44B and the bacteria species P. aeruginosa and
S. typhi. The complex is also more active than the reference drug nystatin towards the fungi species.
The most sensitive bacteria species was S. typhi. This indicates that reaction of metal ions with the
ligand plays an important role in enhancing its antimicrobial activity. This increase in activity could
be due to the reduction of the polarity of the metal ion by partial sharing of the positive charge with
the ligand’s donor atoms so that there is electron delocalization within the metal complex. This may
increase the hydrophobic and lipophilic character of the metal complex, enabling it to permeate the
lipid layer of the organism killing them more effectively (Tabong et al., 2016; Yuoh et al., 2015).

4. Conclusion

A Cu(II) complex with SCN™ and pyridine [Cu,(py),(SCN).], has been synthesized and characterized.
The structure is polymorphic to [Cu(Py),(SCN),], (Chen et al, 2005) and iso-structural with
[Ni(NCS),(pyridine),]. (Neumann et al.,, 2014). The crystal structure consists of two crystallographi-
cally independent copper(II) atoms, of which one (Cul) is located on a general position whereas the
second (Cu2) is located on a crystallographic inversion centre. Each Cu (II) atom adopts a slightly
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distorted octahedral coordination environment (CuS,N,) in which it is covalently bonded to two pyri-
dine N-atoms in the axial position, two S-atoms of SCN™ and two N-atoms of SCN™ in the equatorial
position. Adjacent Cu centres are bridged by two SCN~ (u-1,3) ions resulting in a 1D polymeric chain
structure. Adjacent 1-D chains are further connected to form a 2-D supramolecular layer parallel to
the bc plane by alternating S1...53, 52...52 (3.567(1) A) and S3...51 (3.541(1) A), interactions. The two-
dimensional layers are further connected by off-set -1t stacking of pyridine rings, C-H...S and C-H...C
interactions to form a three-dimensional supramolecular structure. The complex exhibited photolu-
minescent properties in the solid state at room temperature because of charge transfer from ligand
to the metal. The results of the preliminary antimicrobial screening against four pathogenic bacteria
and four fungi species indicate that the complex is most active against S. typhi.
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