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PREFACE

Over the past few decades, researches in inorganic chemistry are widely centred on
Schiff’s base metal complexes. This thesis is the beginning of our endeavour to evalu-
ate the coordination behaviour of some interesting compounds. A great deal of atten-
tion has been focused on the complexes of Schiff’s bases from the thiourea family due
to their versatile physicochemical properties. The main objective of this study is the
synthesis and characterisation of the novel ligands and complexes with ONS or NNS
donor atoms. In addition to this, computational approach for the screening of ligands
for their non-linear optical property and anticancer activity became another objective
of the study.

The entire thesis is divided into ten Chapters. Chapter I gives a brief outline on his-
tory, importance, applications of nitrogen, sulphur, and oxygen Schift’s base ligands fol-
lowed by a description of their recent developments in various fields. The objective and
scope of this investigation is also included in this chapter. Chapter II portrays the proce-
dure adopted for the synthesis of precursor of ligands, principle, procedure and instru-
mentation of the physico-chemical techniques employed for the structure elucidation
of the ligands and the complexes. In addition to this, the procedures adopted for DFT,
molecular docking studies and evaluation of biological activities of the compounds are
described briefly. Chapters III-VII deal with the synthesis and characterisation of the
novel ligands, derived from N(4)-methyl-N(4)-phenylthiosemicarbazide and 1-phenyl-
3-methyl-4-benzoyl-5-pyrazolone (PMBP-MPTSC), benzophenone (B-MPTSC and
BP-MPTSC), 3-formylchromone (FC-MPTSC), 3-methoxy-4-hydroxy-benzaldehyde
(vanillin) (V-MPTSC), 3,4- dimethoxybenzaldehyde (MV-MPTSC) and their transi-
tion metal complexes. We could isolate single crystals of some compounds and their
structures have been established by single-crystal X-ray diffraction studies. Chapters
VIII-X deal with the in-silico screening of all ligands for their non-linear optical prop-
erty using DFT studies, in-silico screening for their anticancer activity using molecular
docking studies and in vitro antimicrobial screening of selected ligands and complexes,
respectively.

The references cited in the thesis are arranged in serial order at the end of each chapter.

The research work presented in this thesis has partly been published/is under publica-
tion as indicated below and are attached at the end of the thesis.

+ K. G. Sangeetha, K. K. Aravindakshan, Synthesis, structural and spectroscopic stud-
ies of 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone N(4)-methyl-N(4)-phenyl thiosemi-
carbazone and its cadmium(II) complex, Inorganica Chimica Acta 469 (2018) 25-31.

« K. G. Sangeetha, K. K. Aravindakshan, K. P. Saftna Hussan, Insight into the theoretical
and experimental studies of 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone N(4)-methyl-
N(4)-phenylthiosemicarbazone - A potential NLO material, Journal of Molecular
Structure 1150 (2017) 135-145.
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mal and antimicrobial studies of 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone N (4)-
methyl- N(4)-phenylthiosemicarbazone and its transition metal ions, World journal of
pharmaceutical and medical research 3(9) (2017) 238-245.
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CHAPTER |

A BRIEF OUTLINE ON NITROGEN,
SULPHUR, OXYGEN DONOR LIGANDS
AND THEIR METAL COMPLEXES

1. Introduction

Schiff’s bases, also termed as anils, imines or azomethines, comprise an important class
of nitrogen donor ligands since their discovery by Hugo Schiff in 1864.! They are the reac-
tion products of primary amines and carbonyl compounds. A Schiff’s base or azomethine
has a functional group that contains a carbon—nitrogen double bond with the nitrogen
atom connected to an aryl- or alkyl group, but not to hydrogen. It can be represented as
R R,C=N-R,, where R, R, and R, are aryl or alkyl groups.

The first azomethine complex was prepared in 1840 by Ettling? by the reaction of
cupric acetate, salicylaldehyde and aqueous ammonia. After an era of relative inactivity,
systematic studies of azomethine complexes were initiated by Pfeiffer ez al.® in 1931. They
studied diverse aspects such as synthesis, ligand replacement, stereochemistry and esteri-
fication of Schiff’s base metal complexes. After that, a variety of methods for the synthe-
sis of imines have been described. The classical method involves azeotropic distillation
of any primary amine with an aldehyde or a ketone under specific conditions. An in situ
method for water elimination was developed in the 1990s using dehydrating solvents such
as tetramethyl orthosilicate.

NH_-NH, is the simplest compound that contains N-N bond. In 1863, Hoffman effec-
tively converted azobenzene to hydrazobenzene* which was the first of hydrazine deriv-
ative. After that, in 1877 Emil Fischer synthesized phenylhydrazine.* N, N disubstituted
ethylenediamine, RH,CHNCH-CHNHCH_R', in which R and R' groups containing at
least one additional donor atom like N, O or S became the most common chelating nitro-
gen donor ligands.

Semicarbazones and thiosemicarbazones constitute N, O and N, S donor ligands,
respectively. They are principally Schiff’s bases obtained by the condensation of an alde-
hyde or a ketone with semicarbazide and thiosemicarbazide, respectively.

Reaction of semicarbazide with aldehydes:

H o H N~ YNHZ
H2N/N\H/N|-|2 * T - )l\ o)

o)



Reaction of semicarbazide with ketones:

H
N NH
H 0 R N~ 2
_N NH, . Y | \H/
HoN
w o T
Reaction of thiosemicarbazide with aldehydes:

s o s
I [ I

HaN C + C —> R N C
N - \R Y \I‘I/ \NHz
H

NH, H
H

Reaction of thiosemicarbazide with ketones:

Thiosemicarbazones are broadly classified as mono-thiosemicarbazones and bis-
thiosemicarbazones. Mono-thiosemicarbazones are the compounds in which one (C=0)
group from an aldehyde/ketone and one NH, group from thiosemicarbazide condense
forming a (C=N) linkage with the elimination of a water molecule. Bis-thiosemicarbazones
are the compounds in which two (C=0) groups from two aldehyde/ketone molecules and
two NH, groups from two thiosemicarbazide molecules condense forming two (C=N)
linkages by the elimination of two water molecules.

Akbar Ali and Livingstone in 1974 first reviewed the chemistry of thiosemicarbazones
along with other N, S donor ligands,’ followed by a review by Campbell in 1975.¢ The sub-
sequent developments in metal-thiosemicarbazone chemistry were reviewed by Padhye
and Kauffman in 1985,” West et al.®’ in 1991-1993, Casas et al.'>!" in 1999-2000 and then
by Lobana et al.'* In some cases, thiosemicarbazones act as bidentate and in a few cases
they behave as a mono-dentate neutral S donor ligands."*'* These reviews describe several
aspects of thiosemicarbazones such as synthesis of metal complexes, spectroscopic prop-
erties, crystal structures and biological applications.

The researches on thiosemicarbazone complexes diverge mainly into three paths:

1. Structure and bonding of the complexes
2. Biological applications of the complexes
3. Analytical applications such as ion sensors, metal ion extractants, and so on

1.1. Structure and bonding of the complexes

During the 1970s, studies on structural details of thiosemicarbazone complexes were one
of the main subjects in the literature. In 1969, the crystal structure determination of thio-
semicarbazones was reported in literature. A mesmerizing feature of thiosemicarbazones



1
N
)J\ —_— e 2)&4
Y 2 NH, Y \N 3 NH,

R2 R2

is that in the solid state they generally exist in the thio-keto form, whereas in solution state
they display a thio-keto—thio-enol tautomerism. In thio-keto form, they act as a neutral
bidentate ligands and the thio-enol form, they undergo deprotonation and act as mono-
anionic bidentate ligands in metal complexes.

A number of bonding modes have been observed for the thiosemicarbazones in their
neutral or anionic forms. Thus, they are handy ligands in both neutral and anionic forms.
Aromatic substituents on the thiosemicarbazone skeleton can further boost the delocali-
zation of electron charge density. The delocalization is further enhanced on complexation
through the metal chelate rings. Normally, in thione form they cannot cause any spin pair-
ing in metal complexes' but in thiol forms they can lead to low-spin complexes of Co(II)
and Ni(II).'* However, in Fe(IIl) complexes, they are not capable of causing spin pairing.
When an extra coordination functionality is present near the donating centres, they coor-
dinate in a tridentate manner.

Thiosemicarbazones can exist in E-form (trans-) and Z-form (cis-)."” In trans- form,
they act as mono-dentate ligands by coordinating through sulphur alone." If sulphur cen-
tre is substituted, the bonding may occur through the hydrazine nitrogen and the amide
nitrogen."” During complexation, the compound exists in Z-form because of the extra sta-
bility allied with the electron delocalization in the chelated complexes.

HS Y NH; \‘/
N N
E(Trans - form) Z(Cis - form)

Current reports on transition metal complexes of heterocyclic thiosemicarbazones
imply that stereochemistries adopted by these complexes often depend upon the
anion of the metal salt used and the nature of the substituent at N(4).2?! Studies on
N(4)-substituted thiosemicarbazones have indicated that an additional potential bonding
site together with the presence of bulky groups at the N(4) position enhance their bio-
logical activity.?>*

Stereochemistry of metal complexes of thiosemicarbazones depends very much on the
oxidation state of the metal which in turn is related to its softness.>* The degree of softness
and hardness plays an important part in determining the stability of a thiosemicarba-
zone metal complex. Stereochemistry of thiosemicarbazones is decided by steric effect
of substituents on the thiosemicarbazone moiety.”> The stability of thiosemicarbazones is
enhanced by intramolecular hydrogen bonding in E (trans-) conformation. This mode of



hydrogen bonding and conformation is reported for 2-formylpyridine thiosemicarbazone*®
and for many heterocyclic mono-substituted thiosemicarbazones.?’

Benzaldehyde thiosemicarbazone is normally found to act as a neutral bidentate
ligand depending upon the pH of the medium, yielding complexes of the type [ML,X]
(where M = Co(II), Ni(IT), Cu(IT) or Fe(Il); L = the ligand in the thione form; and X = a
mono-anionic ligand). However, salicylaldehyde thiosemicarbazone is found to act
as a tridentate uninegative ligand, yielding complexes of the type, ML, which may be
spin-free or spin-paired.?® In addition, it is also possible to synthesize complexes containing
two non-equivalent ligands — one protonated and the other deprotonated within the same
coordination sphere.

Aravindakshan and Nair® have isolated complexes of vanillin thiosemicarbazone
(3-methoxy-4-hydroxy-benzaldehydethiosemicarbazone) (VTSCH) with several divalent
metal ions. Structures have been assigned to these complexes based on electrical conduc-
tivity and magnetic susceptibility measurements and by spectral studies. Lobana et al.*°
have reported the bonding patterns, geometry and fluorescence properties of some Ni(II)
complexes of salicylaldehyde-based thiosemicarbazones by invoking the effects of substit-
uents at the C-2 and N-1 atoms of the thio ligand and by using bipyridines/phenanthrolines
as auxiliary ligand.

Klayman and Lin®' described the preparation of a variety of N(4)-mono- and
N(4)-disubstituted thiosemicarbazones. Three NNS donor ligands such as pyri-
dine-2-carbaldehyde N(4)-p-methoxyphenylthiosemicarbazone, pyridine-2-carbaldehyde
N(4)-(methyl)-N(4)-(phenyl)thiosemicarbazone and pyridine-2-carbaldehyde N(4)-
2-phenethylthiosemicarbazone were synthesized and characterised by Rapheal et al.’* Ten
copper complexes of these ligands were prepared and the crystal structure of a binuclear
copper complex of pyridine-2-carbaldehyde N(4)-methyl-N(4)-phenylthiosemicarbazone
was determined by single crystal X-ray diffraction studies.®

Peng et al* reported photochromic thiosemicarbazones derived from 4-acylpyra-
zolone.*** They found that their photochromic properties are due to intermolecular pro-
ton transfer. They also found out that the absorption and emission characteristics of such
chromophoric species may be tuned by adjusting the pH value.

The crystal structures of salicylaldehyde N(4)-phenylthiosemicarbazone and its Zn(II)
complex were studied by Seena ef al** The monomeric complex belongs to orthorhom-
bic system with a space group, P2Icn. The Zn(Il) complex is five coordinate and have an
approximately trigonal bi-pyramidal geometry. The crystal structure of a Co(IIl) complex of
N-[phenyl(pyridin-2-yl)methylene]aniline with azide as co-ligand was reported by Sasi et al.’’

Sithambaresan®® studied transition metal complexes of some N(4)-phenylsemicarbazones
of 2-benzoylpyridine, 3-ethoxysalicylaldehyde and 2-formylpyridine. Single-crystal XRD
studies of 3-ethoxysalicylaldehyde N(4)-phenylsemicarbazone and Ni(II), Zn(II), Cu(II)
and Cd(IT) complexes of 2-benzoylpyridine N(4)-phenylsemicarbazone were also reported.

Philip** synthesized di-2-pyridylketone N(4)-methyl-N(4)-phenylthiosemicarbazone
and di-2-pyridylketone 3-tetramethyleneiminylthiosemicarbazone. Structural and spectral
investigations of transition metal complexes of these thiosemicarbazones were done. Crystal
structures of copper bromide and copperazide complexes of di-2-pyridylketone N(4)-methyl-
N(4)-phenylthiosemicarbazone were reported. With Cu(II) sulphate, di-2-pyridylketone



3-tetramethyleneiminylthiosemicarbazone yielded a complex with an empirical formula,
[Cu,L,(SO,)] but with di-2-pyridylketone N(4)-methyl-N(4)-phenylthiosemicarbazone, a
complex having an empirical formula, [CuL(SH)-H,O] was yielded. The crystal structures
of these complexes were also reported.

Sivakumar* studied structural, spectral, biological and electrochemical behaviours
of some N(4)-substituted thiosemicarbazones and their transition metal complexes.
Single-crystal X-ray diffraction study of vanadium complex of 2-acetylpyridine N(4)-
morpholinethiosemicarbazone, [ VO, (L4M)] was reported by them.*® Single-crystal X-ray
diffraction study Ni(II) complex of 2-acetylpyridine N(4)—hexahydroazepinethiosemicar-
bazone, [Ni(HL,A),](CIO,), H,O was also reported.*®

Kurup and Joseph* reported the transition metal complexes of furan-2-aldehyde thio-
semicarbazone. The infrared (IR) spectra suggested the coordination of thiosemicarbazone
to metal through azomethine nitrogen and thiolate sulphur atoms. The Co(I1) complexes of
1-salicylaldehyde thiosemicarbazone having trigonal bipyramidal geometry were reported
by El-Shazly er al** Crystal structure of N'-[(E)-3,5-dichloro-2-hydroxybenzylidene]-
4-nitro-benzohydrazide dimethylformamide mono-solvate was reported by Joseph et al.
in 2015.* The hydrazone molecule adopted an £ conformation with respect to azomethine
bond. The dihedral angle between the two aromatic rings [8.96 (11)] showed that they were
almost coplanar and stabilized by the intramolecular O—H---N hydrogen bond.

1.2. Biological applications of the complexes

Thiosemicarbazones are considered as one of the most vital scaffolds and are embedded
in many biologically active compounds. Nowadays, the areas in which thiosemicarba-
zones are receiving more attention are antitumour, antiprotozoal, antibacterial and antivi-
ral studies. In all these cases, their action has been shown to involve interaction with metal
ions.*** They stand as milestones in this promising era for the specific treatment of viral
diseases. These compounds are the first one to be effective in humans and to be found in
clinical medicine for viral diseases. Thiosemicarbazones are the only compound which is
able to block the genetic expression of a wide variety of viruses.

Durham et al.*® reported that the anti-smallpox activity of the metal complexes of thi-
osemicarbazones depends on the group at N(4) position. The first report on the medical
application of thiosemicarbazones appeared in the 1950s as drugs against tuberculosis®’
and leprosy.*® In the 1960s, their antiviral properties were discovered and a huge amount of
research was carried out which led to the commercialization of methisazone, Marboran®,
to treat smallpox.* Isatin-B-thiosemicarbazone and methylisatin-B-thiosemicarbazone
(methisazone) prevent the multiplication of smallpox virus and the latter has also been
used in the treatment of smallpox.*® Thiosemicarbazones were also found effective against
human immunodeficiency virus (HIV).!

Antimalarial activity of thiosemicarbazones was first reported by Klayman et al.

N-(salicylidene)-2-hydroxyaniline showed activity against Mycobacterium tuberculo-
sis HRv.> In the 1960s, one of the first reports on antitumour activity was published.**
Brockman et al.>® reported that 2-formylpyridine thiosemicarbazone possesses antileu-
kemic activity in mice. In recent times, Triapine® (3-aminopyridine-2-carboxaldehyde



thiosemicarbazone) has been developed as an anticancer drug and has reached the clinical
phase II on several cancer types.>*’

Research was conducted on the outcomes of Pt(II) and Pd(II) complexes of
2-acetylpyridine thiosemicarbazone (AcTsc) on sister chromatid exchange (SCE) rates,
kinetics of human lymphocyte proliferation and leukemia P388. The compounds,
[Pt(AcTsc),H O] and [Pd(AcTsc] were found to be most efficient in producing antitumour
and cytogenetic effects.”®

Schiff’s base complexes derived from 4-hydroxysalicylaldehyde and amines have
strong anticancer activity against Ehrlich ascites carcinoma (EAC).” Thomas and
Parameswaran® reported the antitumour activities of Mn?*, Co?", Ni*" and Cu?** complexes
of anthracene-9-carboxaldehyde thiosemicarbazone. They have also reported the cyto-
toxic activity of phenylglyoxal bis(thiosemicarbazone) against EAC cells.

Synthesis, characterisation and antitumour studies of metal chelates of thiosemi-
carbazones of B-diketoesters were reported by Aravindakshan and Jayasree.®! Activity
of quinoline-2-carboxaldehyde thiosemicarbazone and its Cu(II) complex as proteas-
ome inhibitors in human prostate cancer cell lines, PC-3 and LNCaP was reported by
Adsule et al®* Presently, the main known effects related to their anticancer activity are
in the order of discovery, ribonucleotide reductase (RR) inhibition®, reactive oxygen
species (ROS) production,* topoisomerase-I1 inhibition,*> mitochondria disruption,
and more recently, multi-drug resistance protein (MDRI) inhibition.5”¢8

The antitumour activities of Zn(II) complexes of thiosemicarbazones against MCF-7
and T24 human cancer cell lines were studied by Demertzi.® In the past few decades, Ni(1I)
thiosemicarbazone complexes had gained great importance in chemotherapy because
of the versatility of coordination geometry (square—planar, octahedral, tetrahedral), the
formation of monomeric and dimeric complexes and their ability to imitate Pt(II) com-
plexes to some extent.”” Ni(II) complexes of salicylaldehyde thiosemicarbazone exhibit
cytotoxicity under identical conditions on human lung cancer cells (A549) and liver
cancer cells (HepG2) as compared to cis-diamminedichloridoplatinum(II).”" Cytotoxic
and antitumour studies of acetoacetanilide N(4)-methyl-N(4)-phenylthiosemicarbazone
and its copper complex on Dalton’s lymphoma ascites (DLA) cell lines were reported by
Priya et al.?

The effect of the pyrazolone thiosemicarbazone ligand and its metal complexes on
the proliferation of HL-60 cells was tested by Pahontu” and Brafia et al™ Pyrazolone
complexes were scrutinized for their property as cytotoxic agents by brine shrimp
lethality bioassay by Ahasan and Islam.”” Manganese complexes of N-(1-phenyl-3-methyl-
4-benzoyl-5-pyrazolone)-2-thiophenecarboxylic acid hydrazide and N-(I-phenyl-3-
methyl-4-propenylidene-5-pyrazolone)-2-thiophenecarboxylic acid hydrazide have been
synthesized, characterised and studied the biological activities by Li ef a/.”® The inhibitory
effects of the complexes on the cell population growth of the human oesophageal cancer
Eca-109 cells and the cervical cancer HeLa cells were determined by MTT assay. They
significantly inhibited the growth of Eca-109 and HeLa cells. The inhibitory activity of
former complex was found to be stronger than that of latter.

In mammalian cells, heterocyclic thiosemicarbazones inhibit ribonucleotide reductase,
a key enzyme in the synthesis of DNA precursors.”” The Cu(Il) complex (1:1) of 2-
formylpyridine thiosemicarbazone has been shown to inhibit the RNA-dependent DNA
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polymerases.”® The copper complex has significant inhibitory activity than the free ligand and
has lower IC,  value against tumour cells than the other reported topoisomerase-II inhibitors.”

Novel Ni(II) thiosemicarbazone complexes were characterised by various spectral and ana-
lytical techniques and their efficacy to interact with calf thymus (CT)-DNA/bovine serum
albumin (BSA) was explored by Kalaivani ef al.** From the binding studies, it was inferred
that one of the complexes [Ni(Msal-ptsc)(PPh,)] was more active than the other complexes
and the complexes bind with CT-DNA in an intercalation mode. The complexes were also
tested for their in vitro cytotoxicity against human lung adenocarcinoma (A549) cell line.

Synthesis and characterisation of Cu(Il) complexes of thiosemicarbazone derivative
of anthracene, their DNA and protein-binding ability and DNA-cleavage properties were
reported by Kate et al.®' Their cellular uptake was monitored by fluorescence microscopy.
Their anticancer efficacy on cervical cancer cells (HeLa cells) was correlated with their
redox potentials.

Synthesis and chemical characterisation of a series of vanadium(IV) complexes of
thiosemicarbazones were reported by Lewis et al.®* Potentiality of these compounds as
chemotherapeutic candidates was evaluated by studies on colorectal cancer cell lines. The
coordination chemistry of vanadium attracts increasing interest because of the use of many
vanadium complexes as models for the biological functions, such as haloperoxidation,
phosphorylation, insulin mimicking,*** nitrogen fixation,* tumour growth inhibition and
prophylaxis against carcinogenesis.*® The insulin-mimetic potential of vanadyl dithiocar-
bamates®” has increased the interest on sulphur coordinated vanadium complexes.

Preparation and structural characterisation of some oxovanadium(IV) and the cis-di-
oxidovanadium(V) complexes with 2-acetylpyridine thiosemicarbazone (Haptsc),
2-acetylpyridine N(4)-methylthiosemicarbazone (Hapmtsc) and 2-acetylpyridine N(4)-
phenylthiosemicarbazone (Happtsc), both in solution and in the solid state were reported
by Thompson et al.®* The activities of these complexes, free ligands and common vana-
dium salts against M. tuberculosis H37Rv (ATCC 27294) were evaluated. The vanadium
compounds showed comparable or higher anti-M. tuberculosis activities than the free
thiosemicarbazone ligands, with the MIC values in the range of 62.5-1.56 (ug/mL).%®

Zn(Il) complexes, [Zn(AcPipPheF)] and [Zn(OAc)(AcPipPheF)], of 2-acetyl-pyri-
dine 1-(4-fluorophenyl)-piperazinylthiosemicarbazone (HAcPipPheF) were synthesized
and characterised by Stanojkovic et al.** These compounds were tested for their in vitro
antiproliferative activity against four human cancer cell lines: HelLa (cervix adenocarci-
noma cell line), K562 (chronic myelogenous leukaemia), MDA-MB-361 and MDA-MB-453
(breast cancer cell lines). Zinc complexes of 2-formyl- and 2-acetyl thiosemicarbazones
have been evaluated for their in vitro antiproliferative activity against, MCF-7 (human
breast cancer cell line), 724 (human bladder cancer cell line) and L-929 (mouse fibroblast).
The results showed that the zinc complexes displayed IC, values in the uM range better
than the usual reference, cis-platin.”® Later, the acetyl derivative was modified by substi-
tuting an ethyl group on the terminal nitrogen and its Pt and Pd complexes with empirical
formulae, [PtL,] and [PdL,] were synthesized. These complexes were tested on human
tumour cell lines of different origins (breast, colon and ovary cancers).”!

The literature reports many studies on the antifungal activity of thiosemicarbazones
and their metal complexes. In the early 1960s, 40 thiosemicarbazones derived from ali-
phatic and aromatic aldehydes and ketones together with many of their metal complexes
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were examined for toxicity against Chaetomium globosum. Antifungal, antibacterial
and antifertility activities of heterocyclic thiosemicarbazones and their coordination
compounds with the dimethylsilicon moiety have been explained.”

Metal complexes of p-anisaldehyde thiosemicarbazones have been screened for antifun-
gal activity on Allernarai sp., Paecilomyces sp. and Pestalotia sp. In some cases, the com-
plexes were more active than the free ligands.”® The thiosemicarbazones and their complexes
showed growth inhibitory activity against the human pathogenic bacteria, Salmonella typhi,
Shigella dysenteriae, Staphylococcus, Photobacterium sp. and Staphylococcus aureus and
the complexes against plant pathogenic fungi. An increase in the coordination number from
4 to 5 of the complexes led to higher activity, probably due to the increase in lipophilicity.”*

Sheikhy et al.> have reported the antibacterial activities of 1-(2,4-dimethylthiazole-
5-carboxyl)-N(4)-ethylthiosemicarbazide, 1-(4-fluorobenzoyl)-N(4)-ethylthiosemicarbazide,
2-pyridinealdehyde N(4)-methylthiosemicarbazone, and 2-acetylpyridine N(4)-N(4)-
dimethylthiosemicarbazone. It was observed that all the four compounds were exhibiting
inhibitory effect against Escherichia coli at 0.4—0.5 uM concentration.

Umadevi et al’® reported the antibacterial activities of 2-(4-chlorophenyl) (2-
hydroxyphenyl) methylthiosemicarbazide and 2-(2-hydroxyphenyl)(4-hydroxyphenyl)
methylthiosemicarbazide against Gram-positive Bacillus subtilis and S. aureus and
Gram-negative S. typhi and S. dysenteriae. Synthesis and antimicrobial activity of a series
of Schiff’s bases derived from the condensation of 5-chloro-salicylaldehyde and pri-
mary amines were reported.”” Schiff’s base derived from 4-aminoantipyrine (4-amino-1,
5-dimethyl-2-phenylpyrazole-3-one) and benzaldehyde derivative was tested for its anti-
inflammatory effect. The results showed promising activity which could be beneficial for
the treatment of inflammatory diseases.”®

1.3. Analytical and anticorrosion applications

Thiosemicarbazones have been widely used as analytical reagents in the spectropho-
tometric determination of metals.” Diaz et al' established the analytical use of
thiosemicarbazone for the determination of iron in olive oil. The determination was
made by spectrophotometry based on the formation of a 5,5-dimethylcyclohexane
1,2,3-trione-1,2-dioxine-3-thiosemicarbazone (DCDT)-Fe(II) complex in a strongly
acidic medium. The solution of the complex was violet in colour. For the spectrophoto-
metric determination of Cu(Il), use of pyridoxal-4-phenyl-3-thiosemicarbazone (PPT)
was reported by Sarma et al.'®' Pavon et al.'* reported the use of 4-phenyl-3-thiosemi-
carbazone of biacetylmonoxime for the selective spectrophotometric determination of
manganese by means of extraction in amyl alcohol at pH 10, where the interference of
Fe(IIT) was eliminated by masking with tartrate. Fluorescent complexes of 2-hydroxy-5-
methoxybenzaldehyde thiosemicarbazone and 2-hydroxy-5-chlorobenzaldehyde thio-
semicarbazone with gallium were synthesized by Morisige and are suggested as selec-
tive reagents for gallium.'®®

Corrosion inhibition properties of thiosemicarbazones have reported by Ebenso et al.'™
The inhibition of corrosion of aluminium in HCI solution by some derivatives of thio-
semicarbazones has been studied using weight loss and hydrogen evolution techniques.
The inhibition efficiency of thiosemicarbazone derivatives such as 2-acetylpyridine
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4-phenylthiosemicarbazone, 2-acetylpyridine4-phenylisomethylthiosemicarbazone and
2-acetylpyridine 4-phenylisoethyl thiosemicarbazone were studied. It was established that
the inhibition efficiency depended on concentration of the compound.’’

Complexes of N(4)-methyl-N(4)-phenylthiosemicarbazones of anisoin, benzoin
and furoin with various divalent transition metal ions were reported by Jeevana.!®®
Interaction of these thiosemicarbazones with mild steel in HCI solution were stud-
ied by using weight loss method, electrochemical analysis, adsorption studies and
SEM analysis. Furoin thiosemicarbazone was found to be better corrosion inhibitor
compared to the other two. Complexes of N(4)-methyl-N(4)-phenylthiosemicarbazones
of acetylacetone, benzoylacetone, acetoacetanilide, w-bromoacetoacetanilide and
N-ethylacetoacetanilide with divalent transition metal ions were synthesized and char-
acterised using various physicochemical methods. The corrosion inhibition efficiency of
acetylacetone N(4)-methyl-N(4)-phenylthiosemicarbazone was evaluated using weight
loss, electrochemical impedance spectroscopic and potentiodynamic polarization
methods, absorption studies and SEM analysis. The adsorption of inhibitor was found to
obey Langmuir adsorption isotherm model. It was found to be a mixed-type inhibitor,
that is, it affects both anodic and cathodic processes.!

1.4. Catalytic applications

Schiff’s base complexes have been found to catalyze hydrolysis, carboxylation, decar-
boxylation, elimination, aldol condensation and redox reactions.'”!%® Datta et al'®
have reported the synthesis, characterisation and catalytic activity of nickel
complexes of thiosemicarbazones of salicylaldehyde, 2-hydroxyacetophenone and 2-
hydroxynaphthaldehyde. The complexes were found to show efficient catalytic activity
for Suzuki cross-coupling reactions. Several Cu(Il) complexes of Schiff’s bases are found
to act as catalysts for the oxidative coupling of phenols, oxidation of phenols to quinines,
and so on. These complexes usually form adducts with oxygen molecules. A lot of such
complexes which can bind reversibly with dioxygen are presented in the review by Basolo
et al."’ Parrey and Hashmi'" studied the catalytic oxidation of alcohols using polystyrene
EDTA Cu(II) complex and the catalytic oxidation of phenols using I-histidine Cu(II) com-
plex. Various alkenes can be converted efficiently and selectively to their corresponding
epoxides in the presence of catalytic amount of vanadyl Schiff’s base complexes.'”

The catalytic property of polystyrene supported transition metal complexes of thiosemicar-
bazones has been reported by Cherriar and Sreekumar.® The physical and spectral properties
of Co(II), Ni(IT) and Cu(II) complexes of 1-methyl-isatin N(4)-methyl-thiosemicarbazone and
N(4)-dimethylthiosemicarbazone were reported by West et al"* Several nickel complexes
of thiosemicarbazones were reported to function as efficient homogeneous catalysts for the
alcoholysis of silanes'”® and for the reduction of imines to primary and secondary amines.®

1.5. Miscellaneous

Thiosemicarbazone derivatives were also reported to show second-harmonic generation
(SHG) abilities. Zinc halide complexes of 4-methoxybenzaldehyde thiosemicarbazone
were found to possess non-linear optical (NLO) properties.'”” Likewise, theoretical and
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experimental second-order optical non-linearity studies on cadmium halide complexes of
bis-2-chlorobenzaldehyde thiosemicarbazone were also reported.'

In 2017, Zeyrek et al.'” reported spectroscopic, quantum mechanical and molecular
docking studies of a benzoxazole derivative with oxidoreductase enzyme which catalyzes
the transfer of electrons from one molecule to another. Experimental, theoretical and
docking studies of compounds derived from 2-amino-4-chlorobenzenethiol were reported
by Kusmariya in 2015."*° Dimeric complexes of Zn(II), Cu(II) and Ni(II) with 2-hydroxy-
5-methyl benzaldehyde 2-aminothiophenol were synthesized and studied by Shafaatian in
2016."*! Feng et al.'** reported the crystal structure, density functional theory (DFT) calcu-
lation and photophysical studies of a Schiff’s base. Synthesis, crystal structures, spectral
and DFT studies of Cu(II) and Ni(IT) complexes with N-(pyridin-2-ylmethylene) acetohy-
drazide have been carried out by Patel.'?*

2. Objectives and scope of the investigation

The motivation behind this research is the relevance of O, N, S donor ligands in pharma-
cology, analytical chemistry and NLO applications. In modern technology, crystals are the
unappreciated pillars in electronic, photonic, computer industries and fiber-optic communi-
cations. Growth of single crystals and their characterisation toward device fabrication have
assumed great thrust due to their importance for both academic as well as applied research.
Obviously, it is more difficult to prepare single crystals rather than polycrystalline materials.
The additional attempt for isolating single crystals is justified by their outstanding advan-
tages.”* Many physical properties of solids are obscured or complicated by the effect of grain
boundaries, and, therefore growing of single crystals is very significant. The chief benefits of
single crystals are the anisotropy, uniformity of composition and the absence of boundaries
between individual grains. The production of single crystals first in the laboratory and then
extending it to commercial production, characterisation and utilization of these crystals in
devices are the major stages involved in recent research in material science.

NLO crystals are very important for laser frequency conversion.'” In recent years, there
has been considerable progress in the development of coherent ultraviolet sources based on
NLO processes. To enable a material to be potentially useful for NLO applications, it should
be available in the form of a bulk single crystal.'”® The exploration for new materials has
identified novel semi-organic systems of considerable potential and high performance. The
scope of semi-organic single crystals in the abovementioned fields lead us to prepare good
quality single crystals as one of the objectives of the study. Keeping all these in mind, using
DFT method, we have computed the first-order hyper-polarizability, linear polarizability and
the dipole moment, which determine the NLO properties of compounds.

Cancer remains a threat to human health as it causes mortality and morbidity. Inhibition
of histone deacetylase-, ribonucleotide reductase- and DNA methyl transferase enzymes
are emerging as an innovative and significant approach for the treatment of cancer.
Currently, the use of computers to predict the binding of small molecules to known target
structures is a vital factor in the drug discovery process. Hence it is interesting to conduct
molecular docking to investigate the biological behaviour through the determination of
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the probable binding mode by inserting the compounds into the active sites of the protein
targets. These investigations can further be validated in wet lab studies.
The major objectives of our study include

I. To synthesize and characterise the novel ligands derived from N(4)-methyl-N(4)-
phenylthiosemicarbazide and 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone (PMBP-
MPTSC), benzophenone (B-MPTSC and BP-MPTSC), 3-formylchromone
(FC-MPTSC), 3-methoxy-4-hydroxy-benzaldehyde (vanillin) (V-MPTSC), 3.4
dimethoxybenzaldehyde (MV-MPTSC) and their transition metal complexes.
However, we have noticed that during the synthesis of the ligands, BP-MPTSC,
V-MPTSC and MV-MPTSC in the presence of glacial acetic acid and chilling of
the resultant refluxed solution, thiosemicarbazide moiety has undergone dimeriza-
tion by deamination followed by condensation forming versatile new ligands.

II. To accomplish single-crystal X-ray diffraction studies of some of the ligands and
complexes.

II1. To carry out in-silico screening, using DFT studies, of all the ligands for ascertain-
ing their NLO property.

IV. To perform in-silico screening, using molecular docking studies, of all the ligands
for evaluating their anticancer activity.

V. To perform in vitro antimicrobial screening of the selected ligands and complexes.
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CHAPTER 1l
MATERIALS AND METHODS

This chapter portrays the procedure adopted for the synthesis of precursor of ligands, prin-
ciple, procedure and instrumentation of the physico-chemical techniques employed for the
structure elucidation of the ligands and the complexes. In addition to this, the procedures
adopted for computational (density functional theory [DFT]) and molecular docking stud-
ies and evaluation of biological activities of the compounds are described briefly.

1. Reagents

Carbondisulphide (Merck), N-methylaniline (SRL), hydrazine hydrate 98% (Glaxo fine
Chemicals), sodium chloroacetate, ethylacetoacetate (Merck), phenylhydrazine, benzoyl
chloride (Merck) and so on, were used as received. The metal salts used for the synthesis of
the complexes were vanadyl sulphate, chromium chloride, chromium nitrate, manganese ace-
tate, ferric nitrate, cobalt acetate, cobalt chloride, cobalt nitrate, nickel acetate, nickel chloride,
nickel nitrate, copper acetate, copper chloride, copper nitrate, copper sulphate, zinc acetate,
zinc nitrate, zinc sulphate and cadmium acetate. All of them were of Analar grade. The com-
mercial grade solvents, methanol and ethanol were purified and dried by using standard pro-
cedures. DMSO, DMF, CHCI, and C,H,Cl, used for re-crystallization were used as received.

2. Ligands

The names of the ligand synthesized and used in this investigation are given in Chapter I. Of
the five carbonyl compounds used for the synthesis of ligands, four, that is, benzophenone,
3-formylchromone, 4-hydroxy-3-methoxybenzaldehyde, 3,4-dimethoxybenzaldehyde, were
purchased and used. However, the other two ligand precursors, 1-phenyl-3-methyl-4-benzoyl-
S5-pyrazolone and N(4)-methyl-N(4)-phenylthiosemicarbazide, were synthesized in our
laboratory. The details of the synthesis of the ligands will be given in the respective chapters.

2.1. Synthesis of ligand precursors

(A) Synthesis of 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone
1-Phenyl-3-methyl-4-benzoyl-5-pyrazolone (PMBP) was prepared by using Jenson’s
method."? It involves two steps.

(a) Synthesis of 1-phenyl-3-methyl-5-pyrazolone

Ethylacetoacetate (49 mL, 0.384 mol) and phenylhydrazine (36.5 mL, 0.37 mol) were mixed
together in a large china dish. The mixture was heated on a boiling water bath in a fume
cupboard for about 2 hours and stirred from time to time with a glass rod. The heavy reddish
syrup was allowed to cool, about 100 mL of ether added and the mixture stirred vigorously.
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The syrup which was insoluble in ether, solidified within 15 minutes. The solid was filtered
with a pump and washed thoroughly with ether to remove the coloured impurities. On
re-crystallization from hot water, obtained colourless crystals of pyrazolone (m.p. 132°C).

(b) Synthesis of PMBP

1-phenyl-3-methyl-5-pyrazolone, 15 g (0.082 mol), was placed in a flask equipped with a
reflux condenser and a magnetic stirrer and dissolved in 60—80 mL of freshly distilled
ethanol by heating. Ca(OH),, 12 g, was added followed by 9.9 mL of benzoyl chloride drops
within one minute. The reaction mixture got converted to a thick paste and the temperature
was raised during the first few minutes. The mixture was refluxed for 30 minutes. The cal-
cium complex in the flask was decomposed by pouring the mixture to 2N HCI (200 mL).
The cream-coloured crystals separated were collected on a Buchner funnel. The product
was re-crystallized from ethanol-water mixture which was slightly acidified to destroy
any undecomposed calcium complex (m.p. 98°C).

(B) Synthesis of N(4)-methyl-N(4)-phenylthiosemicarbazide

N(4)-methyl-N(4)-phenylthiosemicarbazide was prepared by using a modified procedure
reported by Scovill et al.® It involves two steps

(a) Synthesis of carboxymethyl-(N-methyl-N-phenyl)dithiocarbamate

A mixture consisting of 12 mL CS, (15.2 g, 0.2 mol) and 21.6 mL (21.2 g, 0.2 mol) of
N-methylaniline was stirred with a solution of 8.4 g (0.21 mol) of NaOH in 250 mL water
for 4 hours. After the disappearance of the organic layer, the straw-coloured solution was
treated with 23.2 g of sodium chloroacetate and allowed to stand overnight (17 hours).
The solution was acidified with conc. HCI (25 mL) and the solid that separated was
filtered, washed with water and dried. This afforded 39.7 g (82%) of the pale buff-coloured
carboxymethyl-(N-methyl-N-phenyl) dithiocarbamate (m.p. 197°C-198°C).

| S
CHs Ha
SH  CICH,COONa g~ CH2COONa
,/£> HCI /Lg\
N s -
| N S
CHs l

CHz " NH,NH,

S
CH,COONa [:::l\
S/
N

T

/L§% ., | NHNH,
| NHNH, CHy
CH3 MPTSC

Scheme 1. Reaction pathway of the formation of N(4)-methyl-N(4)-phenylthio-
semicarbazide.
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(b) Synthesis of N(4)-methyl-N(4)-phenylthiosemicarbazide (MPTSC)

A mixture of 17.8 g of carboxymethyl-(N-methyl-N-phenyl) dithiocarbamate, 20 mL
of hydrazine hydrate and 10 mL of water was heated on the rings of a water bath for
25 minutes. The compound separated was filtered, washed with water, dried and re-
crystallized from 2:1 alcohol. The yield was 78% and m.p. 124°C—125°C. The reaction
pathway of the formation of the precursor is shown in Scheme 1.

3. Experimental techniques

3.1. Elemental analyses

Elemental (CHNS) analyses of the ligands and the complexes were performed on a
Vario EL III CHNS elemental analyzer at the SAIF, Cochin University of Science and
Technology, Kochi 22, India and on Euro Vector CHNS analyser Model No: EA 3000
KFRI Peechi, Thrissur. The percentages of metals present in the complexes were deter-
mined by reported methods*.

3.2. Magnetic measurements

Magnetic susceptibility values for the complexes at room temperature were measured
using Sherwood Scientific Magnetic Susceptibility Balance. HgCo(SCN), was used as the
calibrant.

The mass magnetic susceptibility (Xg in cm’g™") and the molar magnetic susceptibility
(x,, in cm’® mol ™) are defined as follows:

Xow =M%,

If y is positive, then (1 + y) > 1 and the material is called paramagnetic. In this case, the
magnetic field is strengthened by the presence of the material. Alternatively, if y is neg-
ative, then (I + y) <1, and the material is diamagnetic. In this case, the magnetic field is
weakened in the presence of the material.

The susceptibility value calculated from magnetic measurements is the sum of par-
amagnetic and diamagnetic susceptibilities. The value of diamagnetic susceptibility is
subtracted from the calculated susceptibility to find the exact paramagnetic susceptibility.’
Diamagnetic corrections were made using Pascal’s constants for all atoms and bonds,
when structural formula of the complexes is correctly known.

Anseorrected — Yoy — D1amagnetic corrections
The magnetic moment is calculated using the relation,
’ucff - 2'828\/XMcorrcctch

where y, is the molar susceptibility.
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3.3. Electronic spectra

The electronic spectra in solid state were recorded on a JascoV-550 model UV-VIS
spectrometer.

3.4. Infrared (IR) spectra

Infrared (IR) spectra were recorded on a Jasco-FT-IR-4100 model spectrometer using KBr
pellets with a scanning range of 400—-4000 cm™.

3.5. Raman spectra

Raman spectra of the ligands were recorded on MultiRAM spectrometer, range 3600 to
50 cm™ with a laser excitation wavelength 1064 nm.

3.6. NMR spectra

"H NMR spectra of the ligands and the zinc complexes were recorded on a model 400
MHz Bruker Avance III FT NMR at SAIF, Cochin and IIT Chennai.

3.7. Electron spin resonance spectra

The ESR spectra were recorded on a FA200 model ESR instrument at SATF, IIT, Chennai.

3.8. X-ray crystallography

Single crystal X-ray crystallographic data were collected on a Bruker Model Kappa Apex
II diffractometer at SAIF, Cochin, School of Pure and Applied Physics, M G University,
Kottayam, SAIF, IIT Chennai, with graphite monochromatic M Ko (A = 0.71073 A) radi-
ation. Direct methods were used to solve the structure and refined by least-square on F?
using SHELXL-97/SHELXL-2014/7". All non-hydrogen atoms were refined anisotrop-
ically. All hydrogen atoms, except those attached to nitrogen, were geometrically fixed
at calculated positions. Those on nitrogen atoms were refined from Fourier maps. The
crystallographic tools, PLATON?, ORTEP?, DIAMOND!" and MERCURY!" were used for
structure analysis and presentation of the results.

3.9. Thermogravimetry

For thermogravimetric studies, TG/DTG were recorded on TGA Q50 V20.13 Build 39
model thermogravimetric analyzer fitted with a thermal analysis controller in nitrogen
atmosphere with a heating rate of 10°C/min at NIT, Calicut.
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4, DFT studies

DFT studies of ligands were performed at the Department of Physics and Department of
Chemistry, University of Calicut. For computational studies, the molecules are optimized
by using DFT (B3LYP) method with the 6-31+G (d,p) basis sets, using the Gaussian 09"
program. Details of the studies are discussed in Chapter VIII.

5. Molecular docking studies

Molecular docking studies of ligands were performed at the Department of Biotechnology,
School of life sciences, Thalassery campus, Kannur University. Molecular docking studies
were performed using the Glide program integrated in Schrodinger molecular modelling
software. The Maestro (version 10.4) was used as graphical user interface. The ligands
under study were docked into the binding site of the selected proteins. Details of the stud-
ies are discussed in Chapter [X.

6. Biological studies

Antifungal studies were performed at the Department of Botany, The Zamorin’s
Guruvayurappan College, Calicut. Antibacterial studies were performed at the Department
of Biotechnology, School of life sciences, Thalassery campus, Kannur University.

The antifungal activities of the ligand and complexes were tested for their effect on
the growth of microbial cultures and studied their interaction with Alternaria alternata,
Aspergillus niger, Colletotrichum gloeosporioides, Sclerotium rolfsii using potato dextrose
agar medium.” The diametrical growth of the fungus was recorded in each petri plate and
average growth of the fungal colony was calculated after 72 hours. The percentage inhibi-
tion was calculated by the equation,

Percentage inhibition = C — 7/C x 100

where C and T are the diameters of the fungal colony in the control and the test plates,
respectively.

The synthesized compounds were tested in vitro for their antibacterial activity against
Gram-positive and Gram-negative organisms by Kirby—Bauer agar diffusion method."
Mueller—Hinton agar medium was used in this method. The bacterial strains used
were Staphylococcus aureus, Enterococcus faecalis, Bacillus subtili, Escherichia colli,
Pseudomonas aeruginosa and Klebsiella pneumoniae. Details of the studies are dis-
cussed in Chapter X.
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CHAPTER III

NOVEL LIGAND, 1-PHENYL-3-METHYL-4-

BENZOYL-5-PYRAZOLONE N(4)-METHYL-

N(4)-PHENYLTHIOSEMICARBAZONE AND
ITS TRANSITION METAL COMPLEXES

1. Introduction

In 1883, Knorr'? carried out the reaction of ethylacetoacetate with phenylhydrazine
which yielded 1-phenyl-3-methyl-5-pyrazolone. The original synthesis of an acylpyra-
zolone appeared at the end of the 19th century. However, it was only in 1959 Jensen
reported a convenient method of preparation of I-phenyl-3-methyl-4-acyl-pyrazol-5-
ones® (Fig. 1).

\

CHs

Fig. 1. 1-Phenyl-3-methyl-4-benzoyl-pyrazol-5-one.

Acyl-5-pyrazolones are an interesting class of -diketones containing a pyrazolone ring
fused to a chelating wing. They find applications as laser materials,* as 'H NMR shift
reagents,’ in chromatographic study and in the petrochemical industry. The nature of the
substituent at the fourth position of the pyrazolone ring causes significant variations in the
electronic, steric and chemical parameters as a ligand, thereby affecting complexation and
extraction of metal ions.

This chapter portrays the synthesis and characterisation of 1-phenyl-3-methyl-4-benzo-
yl-5-pyrazolone N(4)-methyl-N(4)-phenylthiosemicarbazone (PMBP-MPTSC), (H,L) and
its several transition metal complexes. The structure of the ligand was drawn using Chem
Draw ultra (Fig. 2).
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Q&Q

Fig. 2. 1-Phenyl-3-methyl-4-benzoyl-5-pyrazolone N(4)-methyl-N(4)-phenylthiosemi-
carbazone (PMBP-MPTSC), (H,L).

CHs

*TUPAC name of the compound.
*N-methyl-2-((3-methyl-5-oxo0-1-phenyl-4,5-dihydro-1H-pyrazol-4-yl)(phenyl)
methylene)-N-phenylhydrazinecarbothioamide.

2. Experimental

2.1. Materials and methods

Carbon disulphide (Merck), N-methylaniline (SRL), hydrazine hydrate 98% (Glaxo fine
Chemicals), ethylacetoacetate (Merck), phenylhydrazine, benzoyl chloride and so on were
used as received. Commercially available metal salts were used without further purifica-
tion. The solvents were purified and dried by standard procedure. The ligand was char-
acterised by using partial elemental analyses, FT-IR, FT-Raman, electronic and '"H NMR
spectra, TG, DSC and single-crystal X-ray diffraction. The complexes were characterised
by partial elemental analyses, FT-IR and electronic spectra. The zinc(Il) complexes were
characterised by '"H NMR spectra. EPR spectrum of the copper(Il) complex was also
recorded. Thermal stabilities of the complexes were also ascertained. The melting points
of the ligand and the complexes were determined in one side open capillary on a melting
point apparatus. The details regarding these techniques are given in Chapter II.

2.2, Synthesis

2.2.1. 1-Phenyl-3-methyl-4-benzoyl-5-pyrazolone N(4)-methyl-N(4)-
phenylthiosemicarbazone (HL)

It involves five steps of which two each for the synthesis of the precursors 1-phenyl-3-
methyl-4-benzoyl-5-pyrazolone (PMBP) and N(4)-methyl-N(4)-phenylthiosemicarbazide
(MPTSC) and one for the synthesis of ligand, 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone
N(4)-methyl-N(4)-phenylthiosemicarbazone (H,L). The details regarding the syntheses of
the precursors are explained in Chapter I1.

The ligand was prepared by stirring the hot methanolic solution of PMBP (750 mg, 2.76
mmol) and MPTSC (500 mg, 2.76 mmol) on a magnetic stirrer. The solution was then refluxed
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at 60°C—80°C for 30 minutes. The compound obtained was filtered, washed with methanol and
dried over anhydrous CaCl.. Its melting point and solubility in different solvents were noted.

2.2.2. Metal complexes

Ligand (H,L) (1 mmol) was dissolved in two or three drops of chloroform and excess of
hot methanol. To this solution, metal salt (1 mmol) dissolved in hot water/hot methanol
was added dropwise and refluxed for 3—4 hours. The precipitate obtained was cooled and
filtered. It was then washed with water, methanol and finally with ether. The product was
dried over CaCl, in a desiccator.

3. Results and discussion

3.1. Characterisation of the ligand

One of the starting compounds PMBP used for the preparation of the ligand can undergo keto—
enol tautomerism in solution (I and II). During the synthesis of the ligand, it may be the enolic
form of PMBP (II) that reacts with N(4)-methyl-N(4)-phenylthiosemicarbazide (MPTSC)
(ITI) forming the product. As a result, the ligand formed can be a mixture of keto—imine/
enol-imine tautomer (IV and V) in solution. On crystallization, as a result of delocalization
of electrons due to extended conjugation, the compound undergoes rearrangement and tends
to exist as the stable conformer (VI). However, during complexation, in the presence of metal
ions in solution, the ligand can exist in enol-imine tautomer (IV) and coordinates through
enolic oxygen after deprotonation. The possibility of thione—thiol tautomerism and coordi-
nation of the ligand through S~ is ruled out because of the presence of NH—C=S bond in the
crystal structure of the Cd(II) complex discussed elsewhere in this chapter.

The reaction pathway in the formation of the ligand 1-phenyl-3-methyl-4-benzoyl-5-
pyrazolone N(4)-methyl-N(4)-phenylthiosemicarbazone (H,L) can be represented as follows
(Scheme 1):

3.1.1. Microanalytical data

The suggested formula for the ligand is C,.H,,N,OS. CHNS percentages are in agreement
with the suggested molecular formula (Table 1). The compound is yellow in colour and
melted at 163°C. It is non-hygroscopic and stable at normal atmospheric conditions. It is
soluble in CHCI, but partially soluble in DMF, DMSO, ethanol and methanol.

3.1.2. Single-crystal XRD studies of ligand (H,L)

Single crystals of H,L suitable for X-ray analysis were obtained from its solution in 1:1
(v/v) mixture of methanol and DMSO. A crystal with dimensions 0.35 x 0.30 x 0.30 mm’
was selected for collecting the data. H,L crystallizes with one molecule per asymmetric
unit into a triclinic crystal system with a space group of P—I. The title compound has
C, point group symmetry.

X-ray crystallographic data were collected at 296(2) K on a Bruker Model Kappa
Apex II diffractometer with graphite monochromated Mo Ka (4 = 0.71073 A) radiation.
Direct methods were used to solve the structure and refined by least square on F'? using
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N-phenylhydrazine-1-carbothioamide

Scheme 1. The reaction pathway of 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone N(4)-
methyl-N(4)-phenylthiosemicarbazone (H,L).

Table 1. Analytical data of the ligand

SI. | Compound Molecular | Melting | Colour | Yield | Elemental Analysis Found

no Weight Point (Calculated)
C H N S

1 | C,H, N.OS (H,L) | 441.54 163 Yellow | 80 68.2 5.0 15.9 7.2
(68.0) 5.2 (15.9) (7.2)
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SHELXL-97.¢ All non-hydrogen atoms were refined anisotropically. All hydrogen atoms
except those attached to nitrogen were geometrically fixed at calculated positions. The
crystallographic tools PLATON,” ORTEP,* DIAMOND3.2d° and MERCURY3.5.1"° for
windows were used for structure analysis and presentation of the results. The structure
was finally refined to the conventional R-value of 0.0540.

Crystal data and structure refinement parametres are given in Table 2. PLATON diagram
of H,L with the atom numbering scheme is shown in Fig. 3. Selected bond lengths and bond
angles are listed in Table 3. Table 4 shows hydrogen bonding interaction parameters of H, L.

Table 2. Crystal data and structure refinement for H L

Identification code | H,L

Empirical formula | C,H,, N, O S | p (calculated) (mg/m?) 1.306

Formula weight 441.54 Absorption coefficient (mm™) 0.172

Temperature (K) 296(2) F(000) 464

Wavelength (A) 0.71073 Crystal size (mm?) 0.350 x 0.300 x 0.300

Crystal system Triclinic Theta range for data collection | 1.60°-28.31°

Space group P-1 Index ranges “10<h<10,-14<k=<14,
-11</<17

Unit cell dimensions Reflections collected 8957

a(A) 7.8930(4) Independent reflections 5465 [R(int) = 0.0174]

b(A) 11.2019(5) Completeness to theta 28.31° 97.6%

cA) 13.0211(7) Refinement method Full-matrix least squares on F*

a(®) 96.175(3) Data/restraints/parameters 5465/0/299

S 100.922(3) Goodness-of-fit on F* 0.981

7(°) 91.005(3) Final R indices [/ > 2sigma(])] R, =0.0540, wR, = 0.1461

Volume (A?) 1123.02(10) R indices (all data) R, =0.0828, wR, = 0.1790

VA 2 Largest diff. peak and hole (e.A™) | 0.381 and —0.365

Fig. 3. The molecular structure of the compound H,L with atom numbering scheme.
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Table 4. Hydrogen bonding interaction parameters of H L in [A and °]

D-H-A d(D-H) d(H-A) |d(D-—A) <(DHA)
NQ@)-HEN)--.S(1) 0.89(2) 2.29(2) 2.8517(18) 121.20(19)
NQ)-H2N)--0(1) 0.98(2) 1.61(2) 2.558(2) 162(2)
C(7)-H(7)-O(1y* 0.93 2.42 3.324(3) 163
C(21)-H(21)N(5) 0.93 242 2.767(3) 102
C(25)-H(25)~-0(1) 0.93 2.24 2.873(3) 125

*Symmetry transformations used to generate equivalent atoms: 1—x, 1—y, —z.

k=

A%\

i

}

Fig. 5. Supramolecular chain mediated by C—H--O interaction along b-axis.

It is found that the molecules in a unit cell are arranged in inverted face-to-face manner,
which are the repeating units of the packing in the crystal lattice. An interesting attribute of
the crystal packing is the formation of a supramolecular chain mediated by intermolecular
C-H:-O and H'-C interactions. Fig. 4 shows intermolecular bond interaction of H,L along
c*-axis. Fig. 5 shows supramolecular chain mediated by C—H--O interaction along b-axis.

The bond distances C(9)-N(3), C(8)-N(1), C(8)-N(2) and N(2)-N(3) are 1.327(2) A,
1.349(3) A, 1.368(2) A and 1.384(2) A, respectively. They are found to be at the midway
between the analogous single [C—N, 1.47 A; N-N, 1.45 A] and double bonds [C=N, 1.28 A;
N=N, 1.25 A].""2 The C(8)—S(1) bond length, 1.671(2) A, is closer to C=S bond length [1.61 A]
than to C—S bond length [1.81 A]."* Therefore, the ligand exists in the thione form.
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The bond length of C(18)-0O(1) is 1.258(2) A, which is in accordance with the double
bond (C=0), indicating that the ligand is in the keto-form in the crystalline state. All
the bond lengths possess bond equalization due to partial double bond and single bond
characteristics. This indicates that there is significant electron delocalization around the
pyrazolone ring and the thiosemicarbazide moiety.'

A torsion angle value of —5.1(4) corresponding to S(1)—C(8)—N(2)-N(3) moiety con-
firms the syn-periplanar configuration of the S(1) atom with respect to azomethine nitro-
gen atom, N(3). The terminal nitrogen atoms N(1) and N(3) of the thiosemicarbazide
fragment are in an anti-periplanar conformation with respect to the C(8)—N(2) with a
torsion angle of —179.16(18)°. Similarly, the nitrogen atoms N(1) and N(3) of the thiosemi-
carbazide fragment are in an anti-periplanar conformation with respect to C(8)—N(2), with
a torsion angle —179.16(18). The bond angles of C(16)—C(9)-N(3), C(8)-N(3)-N(2) and
C(9)-N(3)-N(2) are 124.68(16)°, 115.50(16)° and 124.21(16)°, respectively. It is an evidence
for the deviation of the co-planarity of thiosemicarbazide and pyrazolone moieties.

3.1.3. Spectroscopic analysis
(a) Electronic spectrum

The electronic absorption spectra of the ligand in solid state and in chloroform were
recorded in the range 200—900 nm. The compound registered three C—T bands at 259, 321
and 425 brnm in solid state. In chloroform, these bands observed at 256, 318 and 362—415 nm
with a shoulder at 379 nm (Fig. 6). Since the keto form is more polar than the enol form,
the later form must be dominant in non-polar solvents." In the present scenario, enol—imine
tautomeric form is present in solution, whereas keto—imine form is present in the solid
state. The first two bands can be attributed, respectively, to the 7—z* and n—z* transitions
of the azomethine chromophore and the benzene ring. A broad band between 400 and 440
nm may be due to the strong intramolecular hydrogen bonding in the compound.

4.0+
3.5-
3.0-
2.5-
2.0;

Absorbance

1.5
1.0

0.5+

0.0+

'05 ¥ T ¥ T T T ¥ T ¥ T ¥ T Y 1
200 300 400 500 600 700 800 900
Wavelength (nm)

Fig. 6. Electronic spectrum of H,L in chloroform.
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(b) Vibrational spectra

The FT-IR and FT-Raman spectra of the ligand are shown in Figs. 7 and 8, respectively.
The vibrations due to N—H stretching usually absorb in the region 3450—3250 cm™.!% In the
FT-IR and FT-Raman spectra, weak broad bands were observed at 3426 cm™."" It indicates
the presence of hydrogen bonded tautomeric keto—imine or imine—ol form (=O--H-N or
the O—H:N) of the compound in the solid state. Based on the information obtained from
single-crystal XRD studies, the presence of hydrogen bonded imine—ol form (O—H:--N) of
the compound is ruled out.

The band for 1(C=0) of pyrazol-5-one moiety was seen at 1626 and 1629 cm™!, respec-
tively, in FT-IR and FT-Raman spectra. This is at a lower wave number than that usually
found for carbonyls and indicates its involvement in hydrogen bonding with N—H of the
thiosemicarbazide moiety. The ligand does not show any band between 2000 and 2500 cm™
suggesting that in the solid state it is in the thione form. Moreover, we observed the
C=S stretching mode at 1362, 1250 and 766 cm'in FT-IR and at 1247 and 1367 cm™ in
FT-Raman spectra.

The C-N stretching vibration is moderately to strongly active in the range 1220—
1330 cm™. The sharp peaks at 1316 and 1313 cm™ in FT-IR and FT-Raman, respectively,
are assigned to C—N stretching vibration. In the present case, the bands observed at 1024
and 1106 cm™ in FT-IR and at 1167 and 1147 cm™! in FT-Raman spectrum are assigned to
N-N stretching vibrations.

The aromatic and aliphatic C—H vibrations generally absorb in the region 2850-3100
cm ' 3”]n the present investigation, the aromatic and aliphatic C—H stretching bands appear
at 2924-3150 cm™ in FT-IR and at 29263057 cm™! in FT-Raman spectra as weak bands.

In aromatic compounds, the C—H in-plane and out-of-plane bending vibrations appear
in the range of 1000-1300 cm™ and 750—1000 cm™, respectively.?’ In this study, several
bands in the range 6951283 cm™ in FT-IR and FT-Raman spectra are assigned to C—H
in-plane and out-of-plane bending vibrations.

120
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Fig. 7. FT-IR spectrum of H,L.
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Normally, the ring carbon—carbon stretching vibrations occur in the range of 16501347
cm 2! The identification of vibrations in this range is very difficult because of its mixing
with C=N band which is usually observed in this range. In this work, the very strong bands
observed at 1478 and 1534 cm™ in the FT-IR and 1482 and 1532 cm™ in FT-Raman are
assigned to the C—C stretching vibrations.

(c) '"H NMR spectrum

The "H NMR spectrum of the ligand was recorded in CDCI, (Fig. 9). A sharp singlet,
which integrates as one hydrogen at 14.479 ppm in the ligand spectrum may be due to
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Fig. 8. FT-Raman spectrum of H,L.
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Fig. 9. NMR spectrum of H, L.
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the NH proton. In the spectrum of H,L, a sharp singlet at 11.176 ppm corresponds to OH
proton. The downfield shift of NH and OH proton signals is assigned to intramolecular
hydrogen bonding interactions. As a result of decrease in the electron density around the
proton, the OH and NH protons absorb at downfield. Absence of a singlet corresponding
to —CH proton substantiates the existence of imine—ol tautomer of the ligand in solution.
However, in the solid state, the compound is in its keto—imine form. Aromatic protons
give peaks in the region 7.159-7.662 ppm. The peak observed at 3.179 ppm may be due
to N—CH, protons. Methyl protons of the substituted pyrazolone show a singlet at 1.5 ppm.

3.2. Characterisation of the complexes

3.2.1. Formulae and general properties of the complexes

All the complexes were found to be stable at room temperature. The colours of all the
complexes indicate the presence of sulphur-to-metal charge-transfer bands, which domi-
nate their visible spectra and also substantiate that the colour is not due to the gegenions
present but due to thiosemicarbazones.? Partial elemental analytical data complexes are
in agreement with the suggested molecular formulae. In the complexes, the ligand was
found to be coordinated to metal ions either in mono-anionic (HL")™ or in neutral (H,L)
form. Molecular formulae, colours, partial elemental analyses and magnetic moments of
the complexes are given in Table 5.

3.2.2. Electronic spectra and magnetic moments

The electronic spectra of complexes were recorded in solid state and their probable
assignments are given in Table 6.

Cr(III) ion has a d* configuration (t2g3). Three spin-allowed transitions are observed for
a high-spin chromium(IIl) complex. They are 4A2g(F) - 4ng(F) ), 4A2g(F) - 4T1g(F)
(v,) and 4A2g(F) - 4T]g(P) (v,). The highest energy band observed at 314 nm is assigned to
the “Azg —>4ng transition. Two broad bands with maxima at 369 and 445 nm are assigned
to 4A2g(F) - 4Tlg(F) and 4A2g(F ) - 4T1g(P) transitions. The positions of the bands in the
electronic spectrum of [Cr(HL),]NO, point out a 6-coordinate octahedral geometry.” Its
magnetic moment 3.8 BM is consistent with an octahedral geometry.**

The Mn(II) complex belongs to the d° system. In the high-spin, octahedrally coordinated
Mn(II) complex, the lowest configuration (tzg)3 (eg)2 gives rise to a ground state, 6Alg. In
such complexes, electronic transitions are both spin forbidden and Laporte-forbidden®2¢
and therefore, their intensities are very low. However, some forbidden transitions can occur
to the quartet excited states and they are 6Alg — 4Alg(G), 6AIg — 4Eg(G), 6Alg — 4Eg(D),
6A1g — 4A1g(G), 6Alg - 4Tlg(G) and 6Alg — 4ng(G).

In this study, the electronic spectrum of Mn(II) complex exhibited four very low
intense bands. They are one broad band at 390 nm due to 6Alg - 4A1g(G) and 6Alg - 4Eg
(G), another one at 577 nm due to 6A1g - 4A1g(G), third one at 700 nm due to 6Alg - 4Tlg(G)
and fourth one at 860 nm are 6Alg - 4ng(G) transitions. These are in accordance with the
octahedral environment around Mn(II) ion.
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Table 5. Molecular formulae, colours, partial elemental analyses and magnetic moments
of the complexes

Com-| Compound Mole- | Melt- | Colour Yield | Elemental Analysis Found (Calculated)| # in
plex cular |ing C H N S M BM
No Weight | Point
C,,H,,N.OS 442 163 Yellow 80 68.2 |50 15.9 7.2 _ _
(H,L) 68.0) | (5.2) | (15.9) (7.2)
1 [Cr(HL),INO, 996 174 Brown 75 61.0 47 14.6 6.5 5.6 3.8

60.2) | @4) |41 |64 |52
2 [Mn(HL),2H,0 | 974 213 | Brownish |70 [62.0 |52 |14.8 69 |569 |49
black 61.6) | @9) |143) |65 |(5.6)
3 [Fe(HL),JNO, 1001 | 130 |Black |80 |604 |48 |143 68 |55 |43
(59.9) | @.4) |14.0 6.4) |(5.5)
4 [Co(HL),JCH,COO | 1032|260 |Coffec |80 [589 [47 [138 65 |66 |D

brown 68.) |@6) |35 |62 |67

5 [Co(HL),ICI 977 230 |Brown |80 610 |45 |14.3 67 |57 |D
6l4) | @5 |143) |@©.6) |6.0)

6 [Co(HL),INO, 1005  |>280 |Greenish [80 |573 |42 |[14.0 73 |58 |D
brown (59.7) | @4) | (139 |64 |59

7 [Ni(HL)CH,COO] | 559 225 |[Brown |70 535 [40 |125 60 [103 |D
(63.6) |42 |25 |67 |@0.5)
8 [Ni(HL),JH,0 960 204 | Light 70 |624 |48 |148 70 |58 |27

green (62.5) | (4.6) | (14.6) ©.7) | (5.8

9 [Ni(H,L),] (NO,), | 1106 200 | Yellowish| 70 55 4.0 13 6.0 5.5 3.1
2H,0 green (54.3) | 4.5 | (12.7) (5.8) |(5.3)

10 [Ni(H,L), ]SO, 1039 221 Leaf 70 58.1 42 13.6 9.4 5.8 29
green (57.8) | 44) | (134 0.2 |57

11 | [Cu(HL),JH,0 965 203 |Green |80 [622 |46 |145 68 |68 |21
62.2) | @.8) | (145 |(6.6) |(6.6)

12 | [Cu(HL)CI] 541 230 | Dark 80 [557 |37 |128 58 119 |17
green (655 | @0) | 129 |59 |@1L7)
13 [ [Cu(HL)NO,] 568 215 |Green |80 [528 [37 |120 58 109 |17
62.8) | 39) |(123) |G6) |(LD
14 |[(CuHL),OH)] [1135 [195 |[Green |70 [53.0 |47 |[121 58 109 |D
5H,0 627) | @9 |23 [G.6) |l
15 | [Zn(HL)] 948 190 |Yellow |80 |633 |46 |14.6 70 |69 |D

634) | 4.6) | (14.8) |(@©6.8) |69
16 | [@ZnHL)(NO), |[1174 [130 |Yellow |80 [510 [40 |[140 53 (112 |D

2H,0 GL) |@0) |143) | G4 LD
17 |[(ZnHL)(OH)] | 1138 |178 |Yellow |70 [527 |46 |[122 57 |14 |D
2H,0 (27) | @9 |123) |(5.6) |(115)

18 | [Cd(HL),] 996 230 | Golden |70 [60.3 |45 |[142 65 |116 |D

60.3) | 4.42) | (14.06) | (6.43) | (11.2)

Normally, magnetic moment values of Schiff’s base complexes of Mn(II) are found to
be significantly lower than the expected spin only value and it ranges from 4.70 to 5.50 BM
at room temperature.”’*® In the current investigation, the observed value was 4.90 BM.
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Table 6. Electronic spectral band and their assignments

Complex | Compound Bands in nm Bands in cm™ Assignments
No:
C,,H,,N.OS (H,L) 259 38610 w— ot
321, 425br 31152, 23529 n—m*
1 [Cr(HL),INO, 255 39216 w— ot
323 30960 4A2g(F) - 4T2g (F)
409 24450 4A2g(F) - 4T1g(F)
424 23585 4A2g(F) - 4T1g(P)
2 [Mn(HL),]2H,0 250 40000 w— ot
311, 338 32154, 29585 n—m*
390 25602 6Alg - 4Alg(G)
577 17331 6Alg - 4Alg(G)
700 14285 6Alg - 4Tlg(G)
860 11627 6Alg - 4ng(G)
3 [Fe(HL),INO, 246 40650 w— ¥
409 24450 6Alg - 4Alg(G)
424 23585 6Alg - 4Eg(G),
588 17007 6Alg - 4ng(G)
695 14388 6Alg - 4T1g(G)
4 [Co(HL),]CH,COO 254 39370 7 — ¥
323,358 30959, 27932 n—ru*
594-630 br,606sh 16835-15873 1Alg - szg,
1Alg - 1Tlg
5 [Co(HL),]CI 266 37593 7= ¥
321 31152 n—m*
367-530br,442sh 27247-18867 ‘A, — T,
1Alg - 1Tlg
6 [Co(HL),INO, 263 38023 7 — ¥
366 27322 n—n*
646br 15479 ‘A, = 'T,,
1Alg—> 1TIg
7 [Ni(HL)CH,COO] 254 39370 7w —*
338 29586 n—m*
509 19646 1Alg — 1Blg
8 [Ni(HL),]JH,0 283 35336 w— ¥
340 29412 3A2g(F) - 3Tlg(P)
590 16949 3A2g(F) - 3Tlg(F)
873 11455 3A2g(F) - 3ng(F)
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Complex | Compound Bands in nm Bands in cm™ Assignments
No:
9 [Ni(H,L), (NO,),]12H,0 254 39370 T — ¥
366 27322 n—n*
406 24631 °A,(F) = °T (P)
596 16779 °A,(F) = °T (F)
873 11455 °A,(F) = °T, (F)
10 [Ni(H,L),]SO, 252 39683 - ¥
323 30960 n—n*
409 24450 C-T
418 23923 3A2g(F) - 3Tlg(P)
604 16556 3A2g(F) - 3Tlg(F)
887 11273 3A2g(F) - 3TZg(F)
11 [Cu(HL),]H,O 260 38462 - ¥
343 29411 n—ru*
386 25906 C-T
532 18796 2Eg —>2T2g
12 [Cu(HL)CI] 259, 302 38610, 32894 w— ¥
334,353 30211, 28329 n—n*
489 20450 C-T and 2Blg - 2Eg
646 15480 2Blg - 2Alg
13 [Cu(HL)NO,] 260 38462 - ¥
328 30488 n—ru*
419 23866 C-T
600 16667 2Blg - 2Eg
889 11249 2B1g - 2Alg
14 [(CuHL), (OH),]5H,O 252 39682 w— ¥
305, 327 32786, 30581 n— *
431 23201 C-T
598 16722 B, = ’A,
15 [Zn(HL),] 259 38610 T — ¥
352 28409 n— *
409 24450 C-T
16 [(ZnHL), (NO,),]2H,0 263 38023 T — ¥
354 28248 n— *
463 21598 C-T
17 [(ZnHL),(OH),]2H,0 263 38023 Tt
409 24449 n— o*
18 [Cd(HL),] 252 39682 - ¥
399 25062 n— *
703 14224 C-T
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Fe(IIT) complexes having d° configuration gives Russell Saunders term °S in an octa-
hedral geometry in their ground state leading to the notation 6Alg. As there is no excited
state with spin multiplicity 6, all electronic transitions are spin forbidden. Since the system
is octahedral, the transitions are also Laporte-forbidden. Subsequently, the intensities of
transitions of octahedral high-spin Fe(III) complexes have extremely low molar extinction
coefficient values and therefore, it is very difficult to locate the bands. However, some
forbidden transitions can occur to the quartet excited states. They are 6AIg - 4Alg(G),
6Alg - 4Eg(G), 6A]g - 4A1g(G), 6A]g - 4T]g(G) and 6Alg - 4ng(G).

The electronic spectrum of the Fe(Ill) complex exhibited four very low intense bands.
The band at 409 nm may be due to <’Alg - 4A1g(G) transition. The band at 424 nm may be
due to 6Alg - 4Eg(G) and another at 588 nm due to 6A1g - 4ng(G) transitions. The weak
band observed at 695 nm may be due to 6A1g - 4T1g(G) transition.”

Fe(III) is isoelectronic with Mn(II) and has five 3d electrons. Fe(III) is known to exist
in three spectroscopic states with §' = 5/2 ‘A, u = 5.92 BM), 3/2 (*A,, u = 4.00 BM)
and 1/2 T, u = 2.6 BM). The dithiocarbamate complexes of Fe(IlI) are widely known
to exhibit all the three states while varying the temperature.’® In the current case, the
observed magnetic moment value was 4.3 BM and is an evidence for high spin centre in
the complex.* The lower magnetic moment value than the expected one may be due to the
effective quenching of orbital angular momentum.

Co(IIT) has a d° configuration, giving the electronic arrangement (tzg)6 (eg)0 and the
ground state is lAlg. This arrangement has very large crystal field stabilization energy and is
found to be diamagnetic. Excitation of an electron to the e, orbital yields the configuration
(‘czg)5 (eg)1 which spans the states 3Tngr 3ngJr 1Tngr 1T2g with the triplet states lying lower in
energy than the singlet states. It exhibits two spin-allowed transitions at relatively low energy
lAlg - 1Tlg and 1Alg - lT2g. Two spin forbidden bands corresponding to 1Alg - 3Tlg and
lAlg - 3Tzg are observed at higher energies than the spin-allowed transitions.*? These are
usually difficult to interpret by the overlap of intra-ligand and charge-transfer transitions.

In the present scenario, all Co(III) complexes exhibited one broad band due to d—d
transition. In [Co(HL),]CH,COO, a broad band in the region 594—630 nm with a shoul-
der at 606 nm was observed. In [Co(HL),|Cl, a broad band in the region 367-530 nm
with a shoulder at 442 nm was observed. In [Co(HL),]NO,, a broad band at 646 nm was
observed. All these Co(IIl) complexes are diamagnetic indicating their low-spin octahe-
dral geometry.*

[Ni(HL)CH,COQ] showed a single broad band at 509 nm which can be assigned to
IA]g - 1Blg transition. The complex was found to be diamagnetic. These observations are
consistent with low-spin square-planar geometry.** Since, thiols can cause spin pairing
than thioethers, coordination occurs through the thiolato sulphur atom.*

Octahedral Ni(II) ion with d® configuration has 3Azg ground state. The three spin-
allowed transitions are 3A2g(F) — 3T2g(F), 3A2g(F) — 3Tlg(F) and 3A2g(F) - 3T1g(P) in the
range 1250-909, 666526 and 400—345 nm, respectively.*

In this study, broad bands at 340, 590 and 873 nm may be assigned to 3A2g(F) - 3Tlg(P),
3A2g(F) - 3T1g(F) and 3A2g(F) - 3ng(F), transitions for [Ni(HL),]JH,O. In [Ni(H,L),]
(NO,),2H,0,bands at406, 596,873 nm correspond to 3A2g(F) - 3T1g(P),3A2g(F) - 3T1g(F) and
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3A2g(F) - 3ng(F) transitions, respectively. In [Ni(H,L),]SO,, bands at 418, 604 and 887 nm
correspond to 3A2g(F) - 3T1g(P), 3A2g(F) — 3T1g(F) and 3A2g(F) - 3ng(F) transitions,
respectively. These observations support an octahedral structure for the complexes.’” All

the three Ni(II) complexes registered magnetic moments in the range 2.72-3.10 BM con-
firming their octahedral geometries.*®

The spectroscopic ground state term of copper(Il) is 2D. It gets split up in an octahedral
field into two levels szg and 2Eg. When the symmetry of copper(IT) complex lowers to D,, or
C,. the energy levels again split and give more transitions.”” As a result, electronic spectrum
of a Cu(II) complex becomes a bit more complicated. For the square planar complexes with
D,, point group, three vibronically induced transitions, such as 2Blg - ZAlg, 2Blg - 2B2g and
2Blg - 2Eg, are predicted. A single absorption band is usually found, since the four lower

orbitals are so close in energy that individual transitions will not be prominent.

The broad band observed at 532 nm in the electronic spectrum of [Cu(HL),]H,O may
be assigned to 2Eg - Zng transition. This is in agreement with an octahedral geometry of
the complex. A magnetic moment value 2.1 BM supports its distorted octahedral structure.

In this study, the coordinated gegenions, X—Cu(Il) charge-transfer was observed at 400—
500 nm. For [Cu(HL)CI], the CI-Cu(Il) charge-transfer band was found at 489 nm and in
[Cu(HL)NO,], the O—Cu(II) charge-transfer band was observed at 419 nm. These complexes
also showed a broad d—d combination band in the range 588—666 nm and appear as a shoul-
der on the intra-ligand and charge transfer bands. Such an attribute is expected for a square
planar complex in accordance with previous information. The magnetic moment values of
these complexes were found to be 1.7 BM, which support their square planar structures.

Five coordinated Cu(II) complex of polyfunctional pyridyl phthalazines having a mag-
netic moment of 0.70 BM was reported by Bullock ef al.*® Jeevana et al.*' reported five
coordinated Cu(Il) complex of benzoin N(4)-methyl(phenyl)thiosemicarbazone having a
magnetic moment of 0.81 BM. The solid-state electronic spectrum of this compound showed
band at 15313 cm™ (653 nm).** However, in the present case, [(CuHL) (OH),]5SH O is
diamagnetic and showed a band at 16722 cm™ (598 nm), indicating a 5-coordinate trigonal
bi-pyramidal geometry for it. This strongly supports its existence as a dimer in the solid
state with spins of electrons ordered antiparallel with strong antiferromagnetic interaction
of copper(Il) centres.*

As expected, zinc(Il) and cadmium(II) complexes showed bands almost similar to the
ligand and were found to be diamagnetic. A weak band observed at 703 nm in cadmium(II)
complex could be due to the ligand to metal charge-transfer transition. Representative
spectra of the complexes (6), (7), (8) and (11) are presented in Fig. 10.

3.2.3. Vibrational spectra

The IR spectral assignments of the compounds are depicted in Table 7.

The band due to v(C=0) at 1626 cm™ in the ligand spectrum shifts to higher wave number
on coordination with metal ions. In the spectra of complexes (1), (3), (7) and (11), this band is
observed at 1722 cm™. This band is absent in the spectra of the other complexes, suggesting
the enolization of the —C=0 of the pyrazolone group. The stretching band corresponding to
—C=N group is observed in the spectra of complexes in the range 1535-1572 cm™.
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Fig. 10. Electronic spectra of the compounds (a) [Co(HL),NO,] (6), (b) [Ni(HL)CH,COOQ]
(7), (¢) [Ni(HL),]2H,O (8) and (d) [Cu(HL),JH,O (11).

The shift in the wave number of C=S stretching frequencies to lower wave number in
the spectra of certain complexes indicates the involvement of thione sulphur in coordi-
nation. The ¥(N—N) band at 1106 cm™ in the spectrum of the ligand undergoes a shift to
higher wave number in the spectra of the complexes substantiating the coordination of
azomethine nitrogen.* This blue shift is due to the decrease in the repulsion between the
lone pairs on the two nitrogen atoms. The v(M—N) bands are observed around 440—485
cm ! in the spectra of complexes. The shift of the centres of the broad band at 3428 cm™,
due to NH---O stretching present in the ligand, to higher wave number in the spectra of the
complexes may be due to the removal of intramolecular hydrogen bonding. It may also be
due to the involvement of azomethine nitrogen in the complex formation. All these con-
firm the participation of azomethine nitrogen in coordination.

The broad absorption bands centred at 3400 cm™ in the IR spectra of the certain metal
complexes may be assigned to lattice water molecules.**’

The spectrum of the complex [Co(HL),JCH,COO displays relatively strong bands at
1567 and 1406 cm™ due to v_(COO) and v (COO), indicating the ionic nature of the acetate
group in this compound.* The spectrum of the complex [Co(HL),]NO, shows two medium
bands at 1406 and 1381 cm™ corresponding to v, and v, of the nitrato group. The absence
of a combination band at 1740 cm™ assignable to v, + v, indicates the ionic nature of
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Table 7. IR spectral assignments

Complex | Compound v(N-H)/ | C=0 | C=N C=N|C-O |C=S|N-N|M-0O | M—N
No: v(O-H) (cyclic)
C,H,,N.OS 3428 1626 | 1597 - - 766 | 1106 | — -
(H,L)
1 [Cr(HL),INO, 3438 1722 | 1595 1551 |- 689 | 1156 | 658 | 473
2 [Mn(HL),]2H,0 3438 - 1595 1535 | 1438 [ 760 | 1127 | 658 | 459
3 [Fe(HL),INO, 3438 1722 | 1593 1548 | — 695 | 1121 | 658 | 477
4 [Co(HL),JCH,COO | 3438 - 1590 1571 | 1361 | 755 | 1125|638 |448
5 [Co(HL),]C1 3414 - 1602 1560 | 1362 | 756 | 1129 | 639 | 443
6 [Co(HL),INO, 3438 - 1620 1569 | 1354 | 758 | 1126 | 636 |448
7 [Ni(HL)CH,COOQ] | 3426 1722 | 1596 1569 | — 694 | 1117 | 643 | 433
8 [Ni(HL),]H,0O 3401 - 1603 1571 | 1437 | 760 | 1107 | 660 | 472
9 [Ni(H,L),(NO,),] | 3438 1603 1569 | 1434 | 758 | 1109 | 661 435
2H,0
10 [Ni(H,L),]SO, 3437 1603 1572 | 1434 | 754 | 1111 | 659 |482
11 [Cu(HL),]H,0 3435 1722 | 1599 1559 |- 693 | 1128 | 661 | 462
12 [Cu(HL)CI] 3438 - 1592 1558 | 1416 | 760 | 1129 | 663 | 441
13 [Cu(HL)NO,] 3438 - 1592 1419 | 756 | 1129 | 662 |448
14 [(CuL),(OH), 3450 1603 1565 | — 689 | 1128 | 661 | 453
(H,0)]5H,0
15 [Zn(HL),] 3438 1602 1552 | 1434 | 761 | 1126 | 659 |433
16 (ZnHL),(NO,), 3438 - 1599 1569 | 1437 | 760 |1129 |- 445
2H,0
17 [(ZnHL),(OH),] 3425 - 1602 1568 | 1437 | 754 | 1108 | 659 | 444
2H,0
18 [Cd(HL),] 3439 - 1597 1543 | 1437 | 762 | 1126 | 659 | 465

the group.” In all the cobalt complexes, the ligand acts as mono-anionic tridentate one
and coordinates through ketonic oxygen, azomethine nitrogen and thiol sulphur after
deprotonation.

The spectrum of the complex [Ni(HL)CH,COO] shows bands at 1596 and 1430 cm™
which may be due to v _(COO) and v (COO) of the coordinated acetate group. Since the
separation is greater than 144 cm™', the acetate group may be acting as unidentate ligand.
Since only thiols can cause spin pairing, coordination might have occurred through the
thiolato sulphur atom by deprotonation. For this complex, the ligand acts as mono-anionic
tridentate one and coordinated through ketonic oxygen, azomethine nitrogen and depro-
tonated thiol sulphur.

The spectrum of the complex [Ni(H,L),(NO,),]2H,O shows two medium bands at 1437
and 1384 cm™ corresponding to v, and v, of the nitrato group. The absence of a combina-
tion band at 1740 cm™, assignable to v + v ,. indicates the ionic nature of the group. In this
complex, the ligand acts as neutral tridentate one and coordinates through ketonic oxygen,
azomethine nitrogen and thione sulphur.
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The spectrum of [Cu(HL)NO,] has strong bands at 1440, 1350 and 1022 cm™" due to
v (NO,), v(NO,) and 1(NO), respectively, indicating the unidentate coordination of the
nitrate ion. The separation of the two highest frequency bands was 90 cm™. However, the
combination band was not observed in the spectrum of complex.

The spectrum of [(ZnHL),(NO,),]2H,O has strong bands at 1437, 1308 and 1001 ¢cm™
indicating the unidentate coordination of the nitrate ion. The separation of the two high-
est bands was found to be 127 cm™. In addition to this, a weak combination band was
observed at 1725 cm™.

IR spectra of the complexes (6), (8), (11) and (18) are presented in Fig. 11.
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Fig. 11. IR spectra of the compounds (a) [Co(HL),NO,] (6), (b) [Ni(HL),H,O] (8), (c)
[Cu(HL),H,0] (11) and (d) [Cd(HL),] (18).
3.2.4. 'HNMR spectra

The 'H NMR spectra of the Zn(II) complexes were recorded in CDCIL,.

(@) [Zn(HL),] (16)

The prominent feature of this spectrum compared to that of the ligand is the absence of
a singlet at 14.476 ppm (°NH proton) and the presence of a new singlet at 6.675 ppm. The
absence of a peak at 11.176 ppm (OH proton) in the complex spectrum is an indication of
the deprotonation of O—H during complexation. Aromatic protons exhibit multiplet signals
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in the range 6.760-8.130 ppm. N-CH, protons in the complex show peaks at 3.409-3.646
ppm. Singlets at 1.230—1.292 ppm in the complex correspond to the methyl protons of the
substituted pyrazolone. Both CHNS and '"H NMR data are in agreement with the formula
Zn(HL), for zinc complex (15) (Fig. 12).

(b) [(ZnHL) (NO,),] 2H,0 (16)

Aromatic protons exhibit multiplet signals in the range 6.787—8.128 ppm. Singlets at 6.710
and 6.768 ppm could be attributed to NH protons. N-CH, protons in the complex show
peaks at 3.487-3.720 ppm. Singlet peaks at 1.244—1.34 ppm in the complex correspond to
the methyl protons of the substituted pyrazolone. Broad peak at 1.655 ppm may be attrib-
uted to water molecules. Both CHNS and 'HNMR data are in agreement with the formula
[(ZnHL),(NO,),] 2H,O for zinc complex (16) (Fig. 13).

() [(ZnHL),(OH) | 2H,0 (17)

Aromatic protons exhibit multiplet signals in the range 6.765-7.975 ppm. NH protons show
signals at 6.676 and 6.696 ppm. N—CH, protons in the complex show peaks at 3.487-3.719
ppm. Singlet peaks at 3.441 may be due to coordinated water molecules. Singlet peaks at
2.04 and 2.06 ppm may be due to OH protons. Singlet peaks at 1.23—1.30 ppm in the com-
plex correspond to the methyl protons in the substituted pyrazolone.

In addition, the spectrum of the complex shows a broad peak centred at 1.577 ppm due
to water molecules. Fig. 14 shows the spectrum of [(ZnHL),(OH),] 2H,O (17).

3.2.5. ESR spectrum

The ESR spectrum of the copper(I1) complex was recorded in frozen DMF solution at 77 K
in the X-band with 100 kHz field modulation (Fig. 15). The Cu(Il) ion has an effective spin
of § = 3/2 and is associated with a spin angular momentum, m_= +1/2, leading to a doubly
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Fig. 12. 'H NMR spectrum of Zn(HL),.
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Fig. 14. 'H NMR spectrum of [(ZnHL),(OH),] 2H,0 (17).

degenerate spin state in the absence of magnetic field. In a magnetic field, the degeneracy is
lifted between these states and the energy difference between them is given by E=hv=gfB,
where / is the Planck’s constant, v is the frequency, g is the Lande’s splitting factor, equals
to 2.0023 (for a free electron), f is the Bohr magneton and B is the magnetic field. The
solution spectrum of the complex (11) at 77 K in DMF is axial and shows four hyperfine
lines characteristic of a monomeric Cu(Il) complex. They corresponds to —3/2, —1/2, 1/2
and 3/2 which arise from the coupling of the odd electron with copper nuclei (I = 3/2).
The spectrum also gives three superhyperfine lines in the perpendicular region which
arise from the coupling of the electron spin with nuclear spin of nitrogen atom which is
co-planar. This indicates that in this complex, azomethine nitrogen atom has coordinated
to the metal centre. The absence of half-field signal in the spectrum confirms the mono-
meric nature of the complex (11).
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Fig. 15. ESR spectrum of [Cu(HL),H,O] (11).

3.2.6. Thermal studies

Thermo gravimetric analysis of the ligand and complexes were used to acquire ideas about
the thermal stability and to fix the nature of the water molecules (if present), is inside or
outside the coordination sphere, that is, coordinated or not. For the ligand, H,L, two stages
of decomposition were observed and are evident from DTG peaks at 163°C and 273°C.
The first stage of decomposition of the ligand occurred at 140°C—170°C and second stage
occurred at 170°C-750°C due to its complete decomposition (Fig. 16). The differential
scanning calorimetry (DSC) plot supports the thermogravimetric-derivative thermogravi-
metric (TG-DTG) analysis giving temperature maxima at 163°C and 273°C (Fig. 17).
A sharp endothermic peak in DSC plot of the ligand indicates its melting point. Comparing
the TG and DSC curves, it is evident that the mass loss process starts after the melting,
that is, in its liquid state. The TG/DTG/DSC studies reveal the purity of the compound.

The complex, [Co(HL),]CH,COO, showed two stages of decomposition between 268°C
and 359°C. It is clear from the DTG peaks at 272°C and 283°C. Here, the decomposition
starts at 272°C after the melting point. The residual mass left behind at 745°C was 24%
which may be due to the formation of Co,0, (calc. 23.4%).

The complex, [Co(HL),]Cl, showed three stages of decomposition as is evident from the
DTG peaks at 225°C, 262°C and 295°C. The complex, registered the first stage of decom-
position between 213°C and 231°C with a weight loss of 1.2% which may be due to mois-
ture. The second stage of decomposition is in between 240°C and 571°C. The residual mass
left behind at 745°C was 26% which may be due to the formation of Co,0, (calc. 25%).

The complex [Co(HL),]NO, showed three stages of decomposition between 246°C and
615°C and demonstrates a weight loss of 61.3%. It is evident from the DTG peaks at
227°C, 274°C and 281°C. The residual mass left behind at 745°C was 20.9% which may be
due to the formation of two molecules of CoS (calc. 20.3%).

In [Ni(HL)CH,COO], four decomposition stages are observed. It is evident from the DTG
peaks with temperature maxima at 225°C, 302°C, 310°C and 321°C. Here, the decomposition
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Fig. 16. TG-DTG plot of (a) ligand and (b) [Ni(HL),] H,O.

starts after the melting of the compound at 225°C. The residual mass left behind at 745°C was
55.35% which may be due to the formation of a mixture of nickel oxide and nickel sulphide.

For [Ni(HL),] H,O, four decomposition stages are observed. It is evident from the
DTG peaks at 71°C, 204°C, 231°C and 309°C. Initial mass loss corresponds to loss of
one lattice water molecule. Here also the decomposition starts after the melting of the
compound at 204°C. The first stage is at 184°C-210°C and demonstrates a mass loss of
3.3%. The second stage occurs at 254°C—649°C with a mass loss of 70.5%. A residual
mass of 17.7% was left which may be due to the formation of a mixture of nickel oxide
and nickel sulphide.

For [Ni(H,L)](NO,),, four decomposition stages are observed. It is evident from the
DTG peaks at 47°C, 116°C, 199°C and 313°C. A residual mass of 8.5% was left which may
be due to the formation of nickel sulphide (calc. 8.2%).

Three decomposition stages are observed for [Ni(H,L),]SO,. It is evident from the
DTG peaks at 302°C, 310°C and 321°C. The absence of any thermal change before 302°C
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Fig. 17. DSC plot of ligand.

demonstrates its high thermal stability. A residual mass of 16.55% was left which may be
due to the formation of a mixture of nickel oxide and nickel sulphide (calc. 16%).

For [Cu(HL),]H,O, initial mass loss of 2% corresponds to loss of one water molecule
in temperature range 150°C—170°C. The next step of decomposition occurs in the temper-
ature range 180°C-250°C and 230°C-350°C. It is evident from the DTG peaks at 161°C,
203°C and 307°C. A residual mass of 25% was left which may be due to the formation of
a mixture of copper oxide and copper sulphide (calc. 24.7%).

For [Cu(HL)CI] complex, two stages of decomposition are observed and is evident from
the DTG peaks at 231°C and 300°C. The first stage is at 220°C—-240°C and the second
stage occurs at 245°C—500°C with a mass loss of 56.9%. The residual mass left behind at
745°C was 28.6%. This may be due to the formation of Cu,S (29.4%).

For [Cu(HL)NOQ,], two stages of decomposition occurred and is evident from the DTG
peaks at 214°C and 297°C. The first stage was at 190°C—223°C and the second stage at
240°C-550°C. The residual mass of 27.5% was observed at 750°C which may be due to
the formation of copper sulphide (calc. 28%).

For [(CuHL),(OH),]SH,O, DTG peaks are observed at 196°C and 302°C indicating
a two-step decomposition. The first stage is at 183°C-216°C and the second stage was
observed at 240°C—467°C. The residual mass of 34.81% was observed at 750°C which
may be due to the formation of 2Cu,S and CuO (calc. 34.9%).

DTG analysis showed seven peaks at 46°C, 83°C, 158°C, 250°C, 296°C, 380°C and
448°C for Zn(HL),. The residual mass of 9.1% was observed at 750°C which may be
due to the formation of ZnO (calc. 8.6%). DTG analysis showed four peaks at 39°C,
143°C, 288°C and 487°C for zinc(Il) nitrate complex. The residual mass of 15.1% was
observed at 750°C which may be due to the formation of the mixture of ZnO and ZnS
(calc. 15.2%).

For the cadmium(II) complex, DTG peaks are observed at 144°C, 220°C and 298°C.
The slight weight loss (<2%) observed at around 144°C could be attributed to the pres-
ence of entrapped water or solvent molecule. The absence of any thermal change before
this temperature demonstrates their high thermal stability. The horizontal thermal curve
observed above 745°C corresponds to metal oxysulphate residue. This probably has formed
due to the oxidation of the sulphide.
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3.2.7. Single-crystal XRD studies of [Cd(HL),]

Single crystals of cadmium(II) complex were grown from its chloroform solution. A crys-
tal with approximate dimensions 0.300 x 0.250 x 0.200 mm?® was selected for collecting
the data. The compound crystallized with one molecule per asymmetric unit into mono-
clinic crystal system with space group P2 /c.

X-ray crystallographic data for the Cd(IT) complex were collected at 293(2) K on a Bruker
Model Kappa Apex I1 diffractometer. Direct methods were performed to solve the structures
and refined by least square on F* using SHELXL.-2014/7.>° All non-hydrogen atoms were
refined anisotropically. All hydrogen atoms, except those attached to nitrogen were geomet-
rically fixed at calculated positions. The crystallographic tools PLATON for Windows,
DIAMOND 3.2d and MERCURY 3.5.1 were used for structure analysis and presentation of
the results. The structure was finally refined to the conventional R-value, R, = 0.0308.

The molecular structure of the cadmium complex with atom numbering scheme is
depicted in Fig. 18. Crystal data and structure refinement parameters of the complex are
given in Table 8. Selected bond lengths and bond angles are summarized in Table 9.

An interesting attribute of the crystal packing of the complex is the formation of a
supramolecular chain mediated by intermolecular C—H...O hydrogen bond. The crystal
structure is further stabilized by intermolecular C—H...S interactions. In the unit cell,
molecules are arranged in a face-to-face manner, which are the repeating units of the
packing in the crystal lattice. Fig. 19 represents the packing diagram showing hydrogen
bond interaction along b-axis. The important hydrogen bonding interaction parameters
are listed in Table 10.

On complex formation, significant changes occur in the geometrical parameters of the
ligand. It is clear from Table 9 that the bond length, C(9)-N(3) in the complex is com-
pressed to 1.306(3) A from 1.327(2) A. Coordination lengthens the C(9)—C(16) bond from
1.399(2) to 1.429(3) A in the complex. It is also found that the C(8)-N(2) bond in the
complex is compressed to 1.333(3) from 1.368(2) A. This supports the extensive 7 delocal-
ization along the thiosemicarbazone chain and the involvement of azomethine nitrogen in
coordination. It is also confirmed by the existence of S(1) and N(3) in Z configuration with
respect to C(8)-N(2) bond with a torsion angle of —5.1(4) A.

Coordination lengthens the C(8)—S(1) bond from 1.671(2) A to 1.692(3) A. It is interme-
diate between double bond (C=S) [1.60 A] and single bond (C—S) bond length [1.81 A]. The
bond lengths Cd—S(1) 2.6029(8) A and Cd—S(2) 2.573(9) A corroborate the coordination of
the thione sulphur (C=S).

From the above observations, we confirmed that the ligand is coordinated through the
azomethine nitrogen [Cd—N(3) = 2.369(2) A], [Cd—N(8) = 2.384(2) A], thione sulphur [Cd—
S(1) = 2.6029(8) A], [Cd-S(2) = 2.573(9) A] and pyrazolone oxygen [Cd—O(1) = 2.297(2)
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Fig. 18. ORTEP diagram of Cd(HL), with 40% probability.

A], [Cd—0O(2) = 2.368(2) A]. These bond lengths are comparable to those reported for sim-
ilar cadmium(II) complexes.*!

The coordination results in the formation of two five-membered [Cd—N(3)-N(2)—
S(1-C(8)], [Cd—N(7)-N(8)—C(33)-S(2)] and two six-membered [Cd—O(1)-C(18)-C(16)—
C(9)-N(@3)], [Cd—O(2)-C(36)-C(35)-C(34)-N(8)] metallocycles in the complex. Ring
puckering analyses and least-square plane calculations showed that the five-membered
ring comprising of Cd(1), N(3), N(2), C(8) and S(1) atoms adopts an envelope conforma-
tion on Cd(l). The mean plane deviation calculations gave evidence for planarity of the
five-membered Cd—N(3)-N(2)—C(8)—S(1) metallocycle with a maximum mean plane devi-
ation of 0.0007 A at SI and 0.0003 A at Cd.

The least square planes comprising of [Cd, N(3), N(2), S(1), C(8)] (plane 1) and [Cd,
N(7), N(8), S(2), C(33)] (plane 2) with a dihedral angle of 38.206(64)° show a Z confor-
mation between these planes. The least square planes involving [Cd, O(1), C(18), C(16),
C(9), N(3)] (plane 3), [Cd, O(2), C(36), C(35), C(34), N(8)] (plane 4) with a dihedral
angle 81.185 (43)° show a puckered arrangement. The dihedral angles formed by the
least square (plane 1) and (plane 4), (plane 2) and (plane 4), (plane 2) and (plane 3) and
(plane 1) and (plane 3) are 64.830(44)°, 36.820(81)°, 72.323(54)° and 39.130(4)°, respec-
tively. These evidences suggested a distorted octahedral coordination geometry for the
complex, with the Cd atom lying in an approximate plane with the O(1)-O(2)-N(1)-
N(8)—-S(1)-S(2) atoms.
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Fig. 19. Hydrogen bond interaction of Cd(HL), along b-axis.

Table 8. Crystal data and structure refinement parameters of Cd(HL),

Identification code Cd(HL),
Empirical formula C,H,,CdN, O,S, Theta range for data 2.055-24.999°
collection
Formula weight 993.47 Index ranges “11<h<11,26<5k
=<26,-25<1<25
Temperature 293(2) K Reflections collected 66073
Wavelength 0.71073 A Independent reflections 8034[R(int) = 0.0346]
Crystal system Monoclinic Completeness to theta 24.99° 100%
Space group P2/ Refinement method Full-matrix least-
squares on F?
Unit cell dimensions | a(A) = 9.6939(5) a(°)= 90 | Data/restraints/ 8034/10/604
parameters
b(A)=22.5183(11) Goodness-of-fit on F* 1.084
S(°)=99.680(4).
c(A) = 21.2054(10) Final R indices [[>2 R, =0.0308,
7(°)=90° sigma (I)] wR, = 0.0748
Volume (A?) 4559.2(4) R indices (all data) R, =0.0411,
wR, = 0.0829
Z 4 Largest diff. peak and 0.445 and —0.390
hole
p (calculated) (mg/m?) | 1.447
Absorption coefficient | 0.624
(mm™)
F(000) 2040

Crystal size (mm?®)

0.300 x 0.250 % 0.200
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Table 9. Selected bond length (A), bond angle (°) and torsion angles (°) of Cd(HL),

Bond Length Bond Angle (°) Torsion Angle (°)

A)

C(8)-N(1) 1.349(3) N(1)-C(8)-S(1) 121.5(2) S(H)—C(8)-N(2)—-N(3) =5.14)

C(8)-N(2) 1.333(3) N(©2)-C(8)-S(1) 123.6(2) | C(8)-N(2)-N(3)—C(9) |-172.5(3)

C(33)-N(7) 1.340(4) N(3)—C(9)-C(16) 119.2(2) | N(2)-N@B)-C©9)-C(16) | —177.4(2)

C(8)-S(1) 1.692(3) C(8)-N(2)-N(3) 122.12) | C(35)-C(36)-0O(2)— 37.4(4)
Cd(1)

C(33)-S(2) 1.70(1) C(9)-N@B)-N(2) 115.3(2) C(16)-C(18)-0O(1)— 33.0(4)
Cd(1)

C(9)-N@3) 1.306(3) O()-C(18)—C(16) | 132.1(2) | N#@)-C(18)-O(1)-Cd(1) | —-147.3(2)

C(34)-N(8) 1.300(3) O(1)-C(18)-N(4) 123.5(2) | N(9)-C(36)-0(2)— —142.9(2)
Cd(1)

C(9)-C(16) 14293) | C(10)-C(9)-N@3) | 120.3(2) | N(1)-C(8)-S(1)-Cd(1) |166.5(2)

C(34)-C35) | 1434@) |01)-Cd(1)-02) |130.69(6) | N(©6)-C(33)-S(2)-Cd(1) | 161.7(2)

C(9)-C(10) 14943) | O(1)-Cd(1)-S(2) | 94.13) | N(7)-C(33)-S(2)-Cd(1) | ~16.4(9)

C(17)-N(5) 13083) | O(1)-Cd(1)-N@3) | 76.90(7) | N@2)-C(8)-S(1)-Cd(1) |-16.2(3)

C(17)-C(19) | 1.4924) | 0Q)-Cd(1)-N@3) | 79.92(7)

C(18)-0(1) 1.254(3) | O(1)-Cd(1)-N@®) | 79.11(7)

C(36)-0(2) 12613) | O@2)-Cd(1)-N@®) | 72.55(7)

C(18)-N() 1.3783) | C(18)-O(1)-Cd(1) | 119.73(16)

C(20)-N@) 14113) | C(36)-0(Q2)-Cd(1) | 119.73(16)

N(@2)-N@3) 1.385(3)
N(7)-N@) 1.384(3)
N@)-N@G) 1.391(3)

N@G3)-Cd(1) 2.369(2)

NQ)-H2N) | 0.88(2)

N(7)-H(7) 0.88(2)

N(®)-Cd(1) 2.384(2)

NQG)-Cd(1) 2.369(2)

0(1)-Cd(1) 2.297(2)

0(2)-Cd(1) 2.368(2)

S(1)-Cd(1) 2.6029(8)
Cd(1)-S(2) 2.573(9)
C(7)-N(1) 1.456(4)

N(9)-N(10) 1.395(3)

Table 10. Hydrogen bonding interaction parameters in Cd(HL),

D-H-A d(D-H) d(H-A) d(D-A) <(DHA)
C(21)-H(21)-0(1) 0.93 247 2.982(3) 115.2
C(26)-H(26)-0()'a 0.93 2.52 3.354(4) 150
C(32)-H(32B)-S('y’b 0.96 2.92 3.648(4) 133.4
C(40)-H(40)-0(2) 0.93 2.32 2.902(3) 120

*Symmetry transformations used to generate equivalent atoms: —x + 1, —y, —z + 2.

"Symmetry transformations used to generate equivalent atoms: —x, —y, —z + 2.
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4. Conclusions

In the present investigation, we were able to obtain single crystals of 1-phenyl-3-me-
thyl-4-benzoyl-5-pyrazolone-N(4)-methyl-N(4)-phenylthiosemicarbazone and its Cd(II)
complex. From the study, coordination capabilities of thiosemicarbazone are found to
be unpredictable and are very interesting. We observed that with different salts of same
metal, this ligand has coordinated in different modes and can act as tridentate ligand with
N, S, O donor atoms. In complexes, the ligand was in mono-anionic (HL") or neutral (H,L)
form. Based on elemental analyses, spectral, magnetic, structural and thermal studies, the
following geometries are assigned to the complexes (Figs. 20-23).

7
CH3 /N/ M\N CH3 nX

|
NN C<CH3
Ph C\\/
: WA
N
r\i/
Ph

Fig. 20. Proposed structure of complexes [M(HL),] nX, where M = Cr(I1I), Mn(II), Fe(II),
Co(I1I), Ni(II), Cu(II), Zn(II), Cd(II); X = H,0, NO,~, CH,COO~, Cl"; n =0, 1, 2, 3...(1),
2), 3), 4), 5), (6), (8), (9), (10), (11), (15), (18).
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Fig. 21. Proposed structure of complexes [(MHL),X,] nH,O, where M = Cu(II), Zn(II);
X =OH", NO,7; (14), (16) and (17).
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Fig. 22. Proposed structure of complexes [M(HL)X], where M = Cu(Il); X = CI', NO,”

(12) and (13).
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X

Fig. 23. Proposed structure of complex [M(HL)X], where M = Ni(Il); X =CH,COO" (7).
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CHAPTER IV

NOVEL LIGANDS, BENZOPHENONE
N(4)-METHYL-N(4)-
PHENYLTHIOSEMICARBAZONE,
2-[2-(DIPHENYLMETHYLIDENE)
HYDRAZINE]-N-METHYL-
N-PHENYLHYDRAZINE-1-
CARBOTHIOAMIDE AND TRANSITION
METAL COMPLEXES OF THE LATTER

1. Introduction

Benzophenone derivatives are very important due to their versatile properties such as electro-
chemical, spectroscopic, metal complexation, adsorptive and crystallographic properties.'
They have the ability to absorb a broad range of UV radiation (200-350 nm). The benzo-
phenone derivatives like, 2-hydroxy-4-methoxybenzophenone are used as raw materials in
the manufacture of sunscreen cream or lotions.> These creams are useful in various medical
treatments to shun photosensitization, phototoxicity or allergic reactions of patients.*

Topical studies have shown that benzophenone thiosemicarbazone exhibits inhibitory
effects on parasites including Trypanosoma brucei and Plasmodium falciparum.’
Schiff’s bases derived from benzophenone have been extensively studied for their
cytotoxic activities against human oral squamous carcinoma cells (HSC-2) and normal
human gingival fibroblasts (HGF). Antibiotic activities of these compounds against
methicillin-resistant Staphylococcus aureus, vancomycin-resistant Enterococcus
faecium and protein kinase C inhibitor have been studied.® Benzophenone thiosemi-
carbazone containing a z#-electron conjugation system can act as one of the potential
semi-organic optical materials.

This chapter portrays the synthesis and characterisation of two ligands derived from
benzophenone and N(4)-methyl-N(4)-phenylthiosemicarbazide. One is benzophenone
N(4)-methyl-N(4)-phenylthiosemicarbazone (BMPTSC) (HL) (Fig. 1) and the other is
2-[2-(diphenylmethylidene)hydrazine]-N-methyl-N-phenylhydrazine-1-carbothioamide
(BP-MPTSC), (H,L') (Fig. 2) Several transition metal complexes of the latter ligand
(H,L") were synthesized and characterised. The structures of the ligands were drawn using
ChemDraw Ultra.
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Fig. 1. Benzophenone N(4)-methyl-N(4)-phenylthiosemicarbazone (BMPTSC),(HL)
*2-(diphenylmethylene)-N-methyl-N-phenylhydrazinecarbothioamide.
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Fig. 2. 2-[2-(diphenylmethylidene)hydrazine]-N-methyl-N-phenylhydrazine-1-carbothio-
amide (BP-MPTSC), (H,L").
*TUPAC name of the compound

2. Experimental
2.1. Materials and methods

All the chemicals used in this study are of AR grade. Benzophenone, glacial acetic acid
and sodium acetate trihydrate were used as received. Commercially available metal salts
were used without further purification. The solvents were purified and dried by using
standard procedure. The melting points of the ligands and complexes were recorded on a
melting point apparatus. The ligand and complexes were characterised by partial elemen-
tal analyses, magnetic susceptibility measurements, Fourier-transform infrared spectros-
copy (FT-IR) and electronic spectra. The ligand HL was characterised by single-crystal
X-ray diffraction (XRD) studies and H,L' by powder XRD studies. FT-Raman spectra of
the ligands were recorded. The ligands and Zn(II) complexes were also characterised by
"H nuclear magnetic resonance (NMR) spectra. EPR spectrum of Mn(II) complex was
also recorded. Thermal stabilities of complexes were also ascertained. Details regarding
these techniques are explained in Chapter II.
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2.2, Synthesis

Synthesis of the precursor, N(4)-methyl-N(4)-phenylthiosemicarbazide (MPTSC) is dis-
cussed in Chapter I1.

2.2.1. 2-(Diphenylmethylene)-N-methyl-N-phenylhydrazinecarbothioamide (HL)

HL was prepared by dropwise addition of a hot methanolic solution of benzophenone (0.345
g, | mmol) to a boiling methanolic solution of N(4)-methyl-N(4)-phenylthiosemicarbazide
(MPTSC) (0.182 g, 1 mmol) taken in a round bottom flask. The reaction mixture was
refluxed for 2 hours. The volume of the solution was reduced and kept overnight. The
ligand obtained was filtered, washed with methanol and water and dried. Cream-coloured
crystals were formed on slow evaporation of the washings. They were filtered and dried
at room temperature. The formation of the ligand, HL, is demonstrated in Scheme 1

shown below.
©\ )J\ Benzophenone : " )J\N/ \C’ :

NHNH,

MPTSC BMPTSC
Scheme 1. The formation of ligand BMPTSC (HL).

2.2.2. 2-[2-(diphenylmethylidene)hydrazine]-N-methyl-N-phenylhydra-
zine-1-carbothioamide (H,L)

H,L" was prepared by dropwise addition of a hot methanolic solution of benzophenone
(0.345 g,1 mmol) to a boiling methanolic solution of MPTSC (0.364 g, 2 mmol) taken in
a round bottom flask. Two drops of glacial acetic acid was added to the reaction mixture
and refluxed at 60°C—80°C for 30 minutes. The solution was chilled and kept overnight.
The cream-coloured precipitate obtained was filtered, washed with methanol and dried.
The melting point and solubility of the compound in different solvents were noted. The
formation of ligand, H,L" is demonstrated in Scheme 2.

2.2.2.1 Metal complexes of H,L/

A hot methanolic solution of H L' was added dropwise to hot methanolic/water solution
of metal acetate/sulphate/chloride/nitrate in a 1:1 molar ratio. The resulting mixture con-
taining the ligand and the metal salt was then refluxed for 3 hours and then cooled to room
temperature. The precipitate formed was filtered, washed with water followed by metha-
nol and dried. Yields and melting points of the complexes were noted.
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Scheme 2. The formation of ligand BP-MPTSC (H,L).

3. Results and discussion

In this investigation, we were able to obtain single crystals of benzophenone N(4)-methyl-
N(4)-phenylthiosemicarbazone [[UPAC name: (2-(diphenylmethylene)-N-methyl-N-
phenylhydrazinecarbothioamide)] (HL) by refluxing equimolar quantities of benzophenone
and N(4)-methyl-N(4)-phenyl thiosemicarbazide. However, the yield of the product was
low. Therefore, for increasing the yield and also to enhance the speed of the reaction,
we decided to modify the procedure. In the modified procedure, we added two drops of
glacial acetic acid to the reaction mixture and chilled the resultant solution. Moreover,
we used 2 mmol of N(4)-methyl-N(4)-phenyl thiosemicarbazide and 1 mmol of benzo-
phenone. We were able to obtain a faster reaction rate and a better yield. Anticipating that
the ligand thus obtained was benzophenone N(4)-methyl-N(4)-phenylthiosemicarbazone
(HL), we prepared its complexes. However, the elemental analytical and 'H NMR spec-
tral data of the ligand (H,L') and its complexes were not in agreement with the crystal
data of the expected ligand (HL). We were able to synthesize and study the single crystals
of Mn(II) and Ni(IT)complexes of the ligand (H,L'). This prompted us to investigate more
about the unexpected structure of H L'. Further, data obtained from elemental analysis
and 'H NMR spectrum helped us to confirm the ligand structure. The formation of H,L'
might have taken place through the above hidden steps (Scheme 2). As N-methyl aniline
is a better leaving group, its substitution with other group has been already reported.”
To the best of our knowledge, the structure of the ligand (H,L") obtained has not been
reported so far.
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3.1. Characterisation of the ligands (HL and H,L)
3.1.1. Microanalytical data

The suggested formula for the compound, (HL) is C, H ,N,S. CHNS percentages of ligands
were in agreement with the suggested molecular formula (Table 1). It is cream in colour
and melts at 153°C. The suggested formula for the ligand (H,L") is C,,H, N.S.. It is cream

in colour and melts at 160°C. The ligands are soluble in organic solvents like DMF, DMSO,
CHCI,, methanol, ethanol, and so on.

Table 1. Analytical data of the ligands (HL and H,L")

Compound | Molecular | Colour | Yield | Melting | Elemental Analysis Found(calculated)
Weight Point C H N S
C,HNS |345 Shining | 60 153 73.5 53 12.1 9.2
cream (73.0) 4.5) (12.2) 9.3)
crystals
C,H, NS, [419 Cream 85 160 62.8 5.2 16.5 15.0
(63.0) (5.0 (16.7) (15.2)

3.1.2. Single-crystal XRD studies of HL (C, H, N.S)

Single crystals of HL fit for X-ray analysis were obtained by the slow evaporation of its
solution (1:1 methanol and water). A crystal with dimensions, 0.35 x 0.30 x 0.20 mm?® was
selected for collecting the data. HL crystallizes with two molecules per asymmetric unit
into a triclinic crystal system with a space group of P—1.

X-ray crystallographic data were collected at 296(2) K. Direct methods were per-
formed to solve the structure and it was refined by least-square on F* using SHELXL-97.8
All non-hydrogen atoms were refined anisotropically. All hydrogen atoms, except those
attached to nitrogen were geometrically fixed at calculated positions. The crystallographic
tools, PLATON for Windows’, DIAMOND 3.2d"° and MERCURY 3.5.1"" were used for
structure analysis and presentation of the results. The structure was finally refined to the
conventional R-value, 0.0611.

The molecular structure of the compound with the atom numbering scheme is given in
Fig. 3. Crystal data and structure refinement for HL are given in Table 2. Selected bond
lengths and bond angles are listed in Table 3. Hydrogen bonding interaction parameters
are shown in Table 4. Packing diagram, showing intermolecular interactions along b-axis
is shown in Fig. 4. Packing diagram along a-axis is shown in Fig. 5.

The bond lengths, C(9)-N(3), C(8)-N(1), C(8)-N(2) and N(3)-N(2) are 1.285(3) A,
1.339(4), 1.388(4) and 1.371(3), respectively. They are found to be midway between the anal-
ogous single [C-N, 1.47 A; N-N, 1.45 A] and double bonds [C N, 1.28 A; N=N, 1.25 A].1213
The C(9)-N(3) bond length, 1.285(3) A is close to C=N bond length. This confirms the pres-
ence of azomethine bond in the ligand which is evident from the IR data.”?C(8)—S(1) bond
length is found to be 1.655(2) A, which is close to C=S bond length of 1.61 A than C—S single
bond of 1.81 A.* This substantiates the existence of HL in thione form in solid state.
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Fig. 3. The molecular structure of HL with the atom numbering scheme.

Table 2. Crystal data and structure refinement for HL

Parameters
Thet fi t
Empirical formula C, H.N.S ctarange fordata 1, 0 9537
A collection (°)
—“13<h<13,-8<k<
Formula weight 345.45 Limiting indices 13, __2 5 ; / S’ 2 -
Reflections collected/ 15549/9040 [R(int) =
T t K 296(2
emperature (K) 262) unique 0.0252]
C let to thet
Wavelength (A) 0.71073 ompreteness 1o et 967 04
=28.37
S . . Semi-empirical from
Crystal system Triclinic Absorption correction .
equivalents
Space group P-1

Unit cell dimensions

a (A) = 10.0166(6)
a (°) = 103.794(3)

Max. and min.
transmission

0.9648 and 0.9395

b (&) = 10.0685(5)
B (°) = 90.656(2)

Refinement method

Full-matrix least-
squares on F?

¢ (A) = 19.2274(11)
7 (°) = 96.566(3)

hole (e.A™)

Data/restraints/
Volume (A 1869.34(18) ata/Testratits 9040/0/453
parameters
Z 4 Goodness-of-fit on F? 1.022
Final R indices [/ > R =0.0611
‘ 3 1.22 , ! .
Peeues (MEM’) 7 2sigma(/)] wR, = 0.1543
Absorption coefficient e R =0.1360
0.181 R indices (all dat ! .
(mm ) indices (all data) wR, = 0.1954
Largest diff. peak and
F(000) 728 argest AL peak a1 0,388 and —0.389

Crystal size (mm?®)

0.35 x 0.30 x 0.20
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Table 3. Selected bond lengths (A), bond angles and torsion angles (°) of HL

Bond length (&) Bond angles (°) Torsion angles(®)
CE-N() |1339@) | N()-C®)-S(I) 124503) | CO-NG)-NQ2)-C®) | 177.03)
C®)-N2) |13884) | N@2)-C@®)-S(1) 123303) | N()-C8)-N2)-NG3) | 17713)
CO-S() |1655@) |N(I)-CE)-NQ) 112203) | S()-C®)-NQ)-NG3) | 376)
CO)-NG) |12853) |C(O)-NG)-NQ) 116.802) | N(2)-C(8)-N(1)-C(6) | 0.5(5)
NG)-NQ) |13713) | CONG)-HGN) | 121.60 S()-C®)-N()-C©6) | 17973)
NG)-HGN) |0.86 NQ)-NG)-HGN) | 121.60 NQ)-CR)N()-C(7) | 17924
S()-C®)-N()-C(7) | 0.005)

Table 4. Hydrogen bonding interactions of HL [A and °]

D-H-A d(D-H) d(H-A) d(D---A) <(DHA)
NQG)-HEN)+S(1) 0.86 2.66 3.004(2) 105
C(39)-H(39)-S(2)" 0.93 2.87 3.644(3) 141
C(25)-H(25)-S(1)° 0.93 2.83 3.569(3) 138
C(34)-H(34)-S(2)¢ 0.93 273 3.657(3) 172
C(42)-H@2A)-S(2) 0.96 2.54 3.051 114

*Symmetry transformations used to generate equivalent atoms: —1 + x, y, z.
"Symmetry transformations used to generate equivalent atoms: 1 + x, y, z.
‘Symmetry transformations used to generate equivalent atoms: 1 —x, 1 —y, 2 —z

A torsion angle of 3.7(5)° corresponding to S(1)—C(8)—N(2)—N(3) moiety confirms the syn
or Z configuration of the S(1) atom with respect to azomethine nitrogen atom, N(3). Atom
N(1) lies trans to N(3) in the unit, N(1)—C(8)-N(2)—N(3) with a torsion angle of —177.0(3)°.
Atom, C(9) lies trans to C(8) in C(9)-N(3)-N(2)—C(8) with a torsion angle of 177.0(2)°.

The mean plane of the phenyl rings [C(1), C(2), C(3), C4), C(5), C(6)] and [C(10), C(11),
C(12), C(13), C(14), C(15)] forms a dihedral angle of 17.60(115)°. This indicates a Z confor-
mation between these planes. The mean plane of these phenyl rings [C(10), C(11), C(12),

Fig. 4. Packing diagram of HL along the b-axis showing intermolecular interaction.
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Fig. 5. Packing diagram along the a-axis of HL.

C(13), C(14), C(15)] and [C(16), C(17), C(18), C(19), C(20), C(21)] of benzophenone moiety
assumes a dihedral angle, 76.177(138)°. It indicates that these phenyl rings of benzophenone
moiety are substantially out of plane with each other. The mean plane deviation calcula-
tion shows that the central thiosemicarbazone bridge C(9)-N(3)-N(2)—C(8)—S(1) itself is
nearly planar with a maximum mean plane deviation of 0.0045 A for S(1) and C(9)-N(3)—
N(2)—-C(8)—(N1) shows a maximum deviation of 0.0158 A for N(1). In the crystal lattice,
two-dimensional packing of the molecules is stabilized by non-conventional intermolecular
hydrogen bonding interactions.

For the second asymmetric unit, the bond lengths, C(28)-N(4), C(35)-N(5), C(35)-N(6)
and N(4)-N(5) are 1.294(3), 1.367(3), 1.348(3) and 1.361(3), respectively. C(35)—S(2) bond
length is found to be 1.664(3)A, which is close to C=S bond length of 1.61 A than C—S single
bond of 1.81 A.”® The torsion angles for, S(2)—C(35)-N(5)-N(4), N(6)-C(35)-N(5)-N(4),
C(28)—N#)—-N(5)—C(35) and N(5)—C(35)-N(6)—C(36) are 5.2(3)°,—176.83(19)°, —174.0(2)°
and 1.3(3)°, respectively. Considering the above data, the two molecules in an asymmetric
unit are found to exist in the £ isomeric form with respect to C=N bond.

3.1.3. Spectroscopic analysis of HL
(a) Electronic spectrum

The electronic absorption spectrum of the ligand, HL in CHCI, was recorded in the range,
200-900 nm and is presented in Fig. 6. It registered bands at 257, 319, 352 and 419 nm,
which are attributed to 7—7* and n—z* transitions. The absorption bands observed below
360 nm are attributed to 7—z* and n—z* transitions of the azomethine chromophore and
benzene rings. The weak band at 414 nm may be due to the presence of the thiol form of
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Fig. 6. Electronic spectrum of HL.

the compound in the nonpolar solvent. P. N. Prasad reported that the essential requirement
for a material to be useful for photonic and optoelectronic applications is that it should be
transparent in the region 450—1200 nm."” From the UV-Vis spectrum, it is clear that the
crystal is transparent in the region between 420 and 900 nm.

(b) Vibrational spectra

The FT-IR spectrum of the compound was recorded in the region 4000-400 cm™ and is
presented in Fig. 7. It showed split bands at 3255-3169 cm™ due to N—H stretching vibra-
tion. The Davydov splitting of the band observed between 3255 and 3169 cm ™ may be due
to the interacting molecules in the unit cell. A split band at 1561-1594 cm™ in the ligand is
assigned to v(C=N) stretching. v(S—H) band at 2560 cm™ is absent, indicating the existence

100

% Transmittance

50

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

Fig. 7. FT-IR spectrum of HL.
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of thione tautomer in the solid state.'® The bands at 1332 and 770 cm™' may be assigned to
V(NH-C=S) and v(C=S), respectively. The bands observed at 1063 and 1111 cm ™! in the spec-
trum are assigned to N—N stretching vibrations. The ring carbon—carbon stretching vibra-
tions are observed at 1480 cm™!. The bands in the range 770878 cm™! and 11501222 cm™!
are assigned to C—H in-plane and out-of-plane bending vibrations, respectively.
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Fig. 8. FT-Raman spectrum of HL.
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Fig. 9. NMR spectrum of HL.
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The FT-Raman spectrum of the compound, HL, was recorded in the region 4000—
400 cm™! and is presented in Fig. 8. The sharp band at 3064 cm™' may be assigned
to NH stretching vibration. The C=N stretching vibration band is observed at
1583 cm™!. The bands observed at 1559 and 1492 cm™! may be due to the ring C—C
stretching vibrations. The bands due to C=S stretching vibrations are observed at 1334
and 1143 cm™.

(c) '"H NMR spectrum

The 'H NMR spectrum of HL was recorded in CDCI, and is presented in Fig. 9
The multiplet at 7.036—7.48 ppm is assigned to aromatic protons. Peaks observed at
3.71-3.79 ppm correspond to N-—CH, protons. A singlet observed at 7.02 ppm may be
due to NH proton.

3.1.4. Powder XRD of ligand H,L'

Since we couldn’t obtain the single crystals of H L' we recorded its powder XRD pattern.
It revealed the crystallinity of the compound. Matching the peaks using MATCH soft-
ware, it is found that the crystal belongs to monoclinic system (Fig. 10).

3.1.5. Spectroscopic analysis of H L'
(a) Electronic spectrum

The solid state electronic spectrum of the ligand, H,L' was recorded in the range,
200-900 nm and is presented in Fig. 11. It registered bands at 254 and 344, which are
attributed to 7—z* and n—z* transitions.

1.0e+004

intensity

5.0e+003

A
0.0e+000
20 2-theta(deg)40 60
Fig. 10. Powder XRD pattern of H L',
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Fig. 11. Electronic spectrum of H L',

(b) Vibrational spectra

The FT-IR spectrum of H,L' is presented in Fig. 12 and FT-Raman spectruminFig. 13. The
ligand, H,L' showed adeep broad band at 32503153 cm ™" due to N-H stretching. The band
at 1583 cm'intheligandisassignedtov(C=N)stretching. Nobandisobservedat2560cm™
which indicates the presence of thione tautomer in the solid state.!”'® The bands near 1323
and 771 cm™ in the ligand may be assigned to v(NH—-C=S) and v(C=S), respectively.

A sharp band is observed at 3071 cm™ in the FT-Raman spectrum and may be due to
N-H stretching vibration. The sharp peak at 1589 cm™ may be assinged to v(C=N) stretch-
ing vibration. The C=S stretching vibrations are observed at 1296 and 1111 cm™.
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Fig. 12. FT-IR spectrum of H,L".
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Fig. 13. FT-Raman spectrum of H,L'.
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Fig. 14. NMR spectrum of H,L".

(c) '"H NMR spectrum

The 'H NMR spectrum of the ligand H,L’ was recorded in CDCI, (Fig. 14). A sharp singlet
observed at 3.718 ppm corresponds to N—CH, protons. The multiplet at 7.615-7.252 ppm
is assigned to aromatic protons. A singlet at 8.44 ppm may be due to the NH proton
adjacent to azomethine group. The NH proton adjacent to NH group gives doublet at
8.82—8.84 ppm. The doublet at 10.96—11.02 ppm has been assigned to NH proton.
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3.2. Characterisation of the metal complexes of H L'

3.2.1. Formulae and general properties of the complexes

On the basis of elemental analyses and spectral studies, the complexes were assigned
empirical formulae as presented in the Table 5. In the complexes (1), (6), (8), (9), (10), (11)
and (13), the ligand acted as mono-anionic tridentate (HL") whereas in complexes (2), (3),
@), (5), (7) and (12), it acted as neutral bidendate (H,L").

3.2.2. Electronic spectra and magnetic moments

The electronic spectra of the complexes were recorded in solid state and their probable
assignments are given in Table 6.

Mn(II) belongs to d° system. The ground state of high-spin octahedral Mn(II) complex is
6Alg' In such cases, electronic transitions are both Laporte and spin forbidden.'** However,
some forbidden transitions occur and consequently, they have extremely low molar extinc-
tion coefficient values. In this case, a broad band at 435 nm may be due to 6Alg - 4T2g(G)
transition. The magnetic moment observed for the complex (1) is 5.5 BM.

Thegroundstateintetrahedral Co(Il)is*A,,. Thepossibletransitionsare*A, —*T, *A, —*T|
(F) and *A,— *T, (P). The first transition, A, — *T, is not usually observed since it occurs
in the region, 3000-5000 cm™. *A_ — *T, (P) transition appears as an intense broad band
in the visible region. Co(Il) ions in a tetrahedral geometry show an intense *A, — *T, (P)
absorption band at 666 nm with fine splitting due to spin-orbit coupling.?' This band is
useful in differentiating tetrahedral and octahedral geometries of Co(II) ions.

In this study, Co(II) complexes (2), (3) and (4) show bands in the region 635—-687 nm
due to *A,— *T, (P) transition. However, the other bands are not observed as they may be
out of the range of the spectrophotometer used.

Tetrahedral Co(II) complexes show magnetic moments around 3.9 BM corresponding
to the spin only value for three unpaired electrons. In this investigation, the observed mag-
netic moment of the Co(II) complexes (2), (3) and (4) are between 3.7 and 4.1 BM which
indicate their tetrahedral geometry.

The ground state for regular tetrahedral Ni(II) ion is °T (F). Tetrahedral Ni(II) com-
plexes show two broad bands in the visible region. One at 666 nm due to *T (F) — *T (P)
transition and another one at 1250 nm due to °T (F) — *A_(F) transition. In this study,
the complex (5) showed a band at 751 nm and the complex (7) showed a band at 678 nm
due to *T (F) — °T (P) transition. However, the other transition is not observed as it is
out of the range of the used spectrophotometer. Tetrahedral complexes are expected to
have orbital contribution to the magnetic moment. The spin-orbit coupling also allows the
°T,(F) term to mix with the ground state. Normally, they show magnetic moments in the
range 3.6—4.10 BM In certain cases, effective magnetic moment is found to be as low as
3.20 BM. This may be due to the distortions and inequalities in the field of coordinated
ligands which give only small orbital contribution. In this case, the complex (§) showed a
magnetic moment 2.07 BM whereas the magnetic moment of complex (7) was 3.20 BM.

Octahedral Ni(IT) ion with d® configuration has 3A2g ground state. The three, spin-allowed
transitions are, 3A2g (F)— 3Tzg (F), 3A2g (F)—> 3Tlg (F)and 3A2g F)— 3Tlg (P) which absorb in
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Table 6. Electronic spectral band and their assignments

Compound No. | Compound Anm Aem™! Assignments
HZL’ C,H, NS, 254 39370 T—o>*
344 29070 n— *
1 [Mn(HL"), H,O 247 40486 n— *
321 31153 n—m*
435br 22989 A —*T, (G)
2 [Co(H,L')(CH,COO ),] 2H,0 | 423br 23641 C-T
634br 15773 ‘A, *T (P)
3 [Co(H,L"),] Cl1, 240 41667 T
311 32154 n—m*
471 21231 C-T
685 14598 ‘A, — ‘T (P)
4 [Co(H,L),] (NO,), 249 40161 ToT*
321 31153 n—w*
497 20121 C-T
687 14556 ‘A, =T (P)
5 [Ni(H,L")(CH,COO),] 316 31647 To*
356 28090 n—m*
399 25063 ‘A, (F) =>°T (P)
751br 13316 A, (F)=>°T, (F)
6 [Ni(HL"),] 1.5H,0 416 24038 A, (F)=>°T (P)
687br 14556 *A, (F)=°T, (F)
7 [Ni(H,L"),] SO, 308 32468 n—m*
678 14749 T (F) = °T(P)
8 [Cu(HL)], 252 39683 T—>T*
311 32154 T
349 28653 n—m*
428 23364 C-T
9 [Cu(HL')CI], 4H,0 261 38315 TT*
328 30488 n—m*
402 24875 C-T
10 [Cu(HL)NO,], 2H,0 306 32680 To>*
449 222721 C-T
11 [(Cu(HL)H,0),S0,] 256 39063 Tt
313 31949 n—n*
425 23529 ‘B, —’E,
878 11389 B, %A
12 [Zn(H,L")(CH,CO0),] H,0 249 40161 Tt
302 33153 n—m*
382 26178 C-T
13 [Zn(HL'),] 250 40000 T *
308 32467 n—m*
Broad = br
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the range 8000—-11000, 15000—19000 and 25000-29000 cm™!, respectively. The broad bands
observed at 687 and 416 nm in the spectrum of the complex (6) are due to 3A2g F)—> 3Tlg
(F)and 3A2g(F) — 3T1g(P) transitions, respectively. The magnetic moments of octahedral
Ni(II) complexes fall in the range 2.90-3.30 BM. which is due to spin-orbit coupling or
higher states mixing with the ground states®”. In this investigation, the observed magnetic
moment of the Ni(IT) complex (6) is 3.0 BM which indicates octahedral geometry.

The tetrahedral and pseudo-tetrahedral Cu(Il) complexes usually show transitions in
the range 1400—1000 nm and the energy of these bands are very low compared to square
planar or distorted octahedral complexes. Square planar or distorted octahedral complexes
normally show absorptions in the region 1000-500 nm. If this region is blank, we can
infer a tetrahedral geometry to such Cu(II) complexes. In this investigation, no bands are
observed in the region mentioned above for the Cu(Il) complexes (8), (9) and (10) which
confirms their tetrahedral geometry. The complex, (11) showed a band at 8§78 nm, which
indicates its octahedral or square planar geometry.

The compound (8) shows a magnetic moment 1.5 BM. The compounds (9), (10) and
(11) are diamagnetic. The low magnetic moment values as well as diamagnetic nature of
the Cu(Il) complexes may be due to anti-ferromagnetic interactions between neighbouring
copper ions.” These observations pinpoint the dimeric nature of the Cu(Il) complexes.**

As expected, no characteristic absorption bands are observed in the visible region of
the Zn(II) complexes and are diamagnetic in nature. Representative spectra of the com-
plexes (3), (6) and (8) are presented in Fig. 15.

3.2.3. Vibrational spectra

The IR spectral assignments are depicted in the Table 7. In the spectra of the com-
plexes, N-H bands show a slight shift to lower frequencies. The band at 1583 cm™
in the spectrum of the free ligand is assigned to v(C=N). However, in the spectra of
the complexes this band is shifted to higher (2-27 cm™) or lower (5 cm™) wave num-
bers indicating the participation of azomethine nitrogen in coordination.”> The new
bands in the spectra of the complexes in the region 440—478 cm™ are assigned to
(M-N) stretching vibration.??’ The bands appearing in the regions, 1490—1440, 1100—
1064 and 805-740 cm™ are usual modes of phenyl ring vibrations.?® The ligand can
exhibit thione—thiol tautomerism since it contains two thioamido -NH-C=S func-
tional groups. v(S—H) band (at 2560 cm™) is absent in the IR spectrum of ligand,”
but v(N-H) band is present at 3260-3057 cm™', indicating that in solid state, the
ligand remains as the thione tautomer.’?! The appearance of broad bands around
3400 cm™ in the spectra of the complexes may be due to v(OH) of the water mole-
cules.’>** The bands near 1340 and 771 cm™ in the spectrum of the free ligand may
be assigned to vV(NH—C=S) and v(C=S). These bands are seen to be shifted to lower
or higher wave numbers in the spectra of the complexes, indicating the involvement
of sulphur in coordination. We can thus conclude that the ligand can act as bidentate/
tridentate/tetradentate one coordinating through azomethine nitrogens and two thione/
thiolato sulphur. According to Stefov et al**, coordinated water should exhibit bands at
825, 575 and 500 cm™'.
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Fig. 15. Electronic spectra of the complexes (a) [Co(H,L"),]Cl, (3), (b) [Ni(HL"),] 1.5H,0
(6) and (c) [Cu(HL")], (8).

3.2.3.1. Coordination of anions

The v, (COO") and v (COO") of the free acetate ions are observed at 1560 and 1416 cm™,
respectively.”® For the coordinated acetate ion, v, (COO") occurs in the range 1650—
1500 cm™ and v (COO") is seen above 1400 cm™. In unidendate complexes, the energy of
separation between these two bands is generally greater than 144 cm™.** The v_(COO")
and v (COO") are at 1632 and 1440 cm™ for the complex (2) and at 1551 and 1441 cm™" for
the complex (5).” For the complex (12) v, (COO") and v (COO") are at 1655 and 1441 cm™.
These bands indicate unidentate coordination of acetate group in complexes. IR spectra of
the complexes (3), (6) and (8) are presented in Fig. 16.
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Fig. 16. IR spectra of the complexes (a) [Co(H,L"),] Cl, (3), (b) [Ni(HL"),] H,O (6),
(©) [Cu(HL),] (8).

3.2.4.'H NMR spectra
The 'H NMR spectra of Zn(II) complexes were recorded in DMSO.
(@) NMR Spectrum of [Zn(H,L")(CH,COQ),]2H,0 (12)

Doublets at 10.11 and 9.9 ppm correspond to NH protons. A singlet at 9.73 ppm is attributed
to N—H proton adjacent to azomethine group. Aromatic protons show multiplet signals in
the range 6.92-7.76 ppm. Sharp singlets observed at 2.75-3.11 ppm correspond to N-CH,
protons. Singlet observed at 2.2-2.42 ppm may be due to CH, protons of acetate group.
Singlet at 2.5 ppm is attributed to DMSO protons. Slight difference in the peak position of
protons in comparison with the ligand may be due to the difference in the solvent used for
recording the '"H NMR spectrum of the complex. Fig. 17 presents the "H NMR spectrum
of [Zn(H,L")(CH,COO0),]2H,0 (12).
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Fig. 17. '"H NMR Spectrum of Zn(H,L")(CH,COO0),2H,0 (12).

(b) '"H NMR Spectrum of [Zn(HL"),] (13)

A singlet at 9.567 ppm is attributed to N—H proton. Singlet peak at 8.597 ppm may be
assigned to N—H proton adjacent to azomethine group. Aromatic protons show multi-
plets in the range 7.04—7.61 ppm. Singlet peak in the range 3.34-3.55 ppm is attributed to
N-CH, protons. Singlet peak at 2.499 ppm is attributed DMSO protons. Fig. 18 represents
the 'H NMR spectrum of [Zn(HL"),] (13).

—2.499

14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

Fig. 18. 'H NMR Spectrum of [Zn(HL"),] (13).
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3.2.5. ESR spectrum

The X band ESR spectrum was recorded in dimethylformamide at 77K (Fig. 19). Mn?* (d°)
being an odd electron system, the zero-field splitting produces three doubly degenerate
spin states, Ms =5/2, 3/2, 1/2 (Kramers’ degeneracy). Each of them splits into two singlets
by the applied field, producing six levels. Therefore, the spectrum of the complex exhibits
a six line hyperfine pattern centred at g = 2.001 which is expected for an odd unpaired
electron system (S = £5/2), Ms =+5/2, £3/2,£1/2 and [ = 5/2, MI =+5/2,+£3/2, £1/2, with g
and 4 tensors isotropic, resulting from allowed transitions. The spectrum also gives three
super-hyperfine lines which arise from the coupling of the electron spin with nuclear spin
of nitrogen atom which is coplanar. This indicates that in this complex azomethine nitro-
gen atom has coordinated to the Mn**.

3.3. Thermal studies

For [Mn(HL'),]JH,O, the decomposition occurred in four stages and is evident from the
derivative thermogravimetry (TG-DTG) peaks at 194, 205, 256 and 281°C. TG-DTG
curve of Mn(HL"),H,O is shown in Fig. 20. The first stage is at 97.5°C-100°C and demon-
strates a mass loss of 2.2%, corresponding to the loss of H,O (calc. 2%). The second
stage occurred at 237°C—-198°C, with a mass loss of 21.1%. The next stage decomposition
occurred at 237°C—490°C, with a mass loss of 69.9%. The residual mass of 7.8 % was
observed at 540°C and may be due to the formation of manganese oxide (calc. 7.76%).
For [Ni(HL"),]1.5H,0, two stages of decomposition occurred and are evident from the
DTG peaks at 200°C and 290°C. The first stage is at 150°C-230°C and demonstrates a

g3
g
14

2088
226752 [mT) §26.752 [T 426752 [
FREQ= 9161701 [ML]  FIELD CENTER=326.752mT), WIDTIi+/m 00000(mT] MDD FREQ=100.00(kIL), WIDTIi 03500(T]  TIMECONSTANT Cll=0.03, CID=003(s]  PHASECHI=0.00, CID0.00 [deg]
POWER=O.99500 [mW]  SWEEP TIME= 20(min]  ACCUME | AMPLITUDE CHI=100.0, CH20 RECEIVER MODE Clil=lst, Ci2e2nd Masi

Fig. 19. The X band ESR spectrum of [Mn(HL') H,O] in DMF at 77K.

76



100 12
80 10
60
40 8

< 20 65
5 0 43
(0] g
= -20 2%

-40 - 0 -
-60 ‘Y\”f
-80 -2

-100 -4
100 200 300 400 500

Temperature (°C)

Fig. 20. TG-DTG curve of [Mn(HL'),H O] (1).

mass loss of 2%, corresponding to the loss of H,O (calc. 1.96%). The second stage occurred
at 250°C—-600°C, with a mass loss of 81%. The residual mass of 11.8% was observed at
750°C and may be due to the formation of nickel sulphide (calc. 11.6%).

For [(CuHL'),], two-stage decomposition occurs in the temperature range 260°C-590°C
which may be due to the partial decomposition of the ligand moiety. The residual mass of
15% was observed at 750°C which may be due to the formation of Cu,S (calc. 14.8%). For
[Zn(HL"),], three stages of decomposition occurred in the temperature range 240°C—-610°C
which may be due to the decomposition of the ligand moiety. The residual mass of 9.3%
was observed at 750°C which may be due to the formation of ZnO (calc. 9.0%).

3.4. X-ray crystal structure studies

X-ray crystallographic data were collected at 273(2) K for [Mn(HL),]H,O and Ni(HL"),
1.5H,0 on a Bruker Model Kappa Apex II diffractometer with graphite monochromatic
Mo Ka (7. = 0.71073 A) radiation. Direct methods were performed to solve the structure
and refined by least-square on F* using SHELXL-2014/7.3 All non-hydrogen atoms were
refined anisotropically. All hydrogen atoms, except those attached to nitrogen were geomet-
rically fixed at calculated positions. The crystallographic tools, PLATON for Windows,’
DIAMOND 3.2d,'"and MERCURY 3.5.1"" were used for structure analysis and presenta-
tion of the results. The structures were finally refined to the conventional R-value 0.1676
for Mn(II) and 0.0641 for Ni(II) complex.

3.4.1. Single-crystal XRD studies of Mn(ll) complex

Single crystals of Mn(HL'),H,O suitable for X-ray analysis were obtained from its
solution in 1:1 (v/v) mixture of methanol and DMF. A crystal with dimension, 0.600 x
0.510 x 0.420 mm* was selected for collecting the data. Mn(HL"),H,O crystallizes with
two molecules per asymmetric unit into triclinic crystal system with a space group of P—1.
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The molecular structure of the Mn(II) complex with atom numbering scheme is
depicted in Fig. 21. Crystal data and structure refinement parameters of the complex
are given in Table 8. Selected bond lengths and bond angles are summarized in Table 9.
The important hydrogen bonding interaction parameters are listed in Table 10. Fig. 22
shows the packing diagram of Mn(HL"),H,O along the b-axis showing intermolecular
interactions. Fig. 23 shows supramolecular chain interlinked with water molecule
along c-axis.

The X-ray structural analysis of the compound reveals that the Mn(II) ion isoctahe-
drally bonded to N(3), N(1), S(2), N(6), N(8) and S(4) atoms belonging to the two units of
the deprotonated ligand. One half of the molecule of the complex is related to the other half
by a two-fold axis passing through Mn atom. It is coordinated through the azomethine N,
hydrazine N and the thione S atom of the two deprotonated ligands in a meridonal fash-
ion. The metal center is shared by four fused five-membered chelate rings. An interesting
attribute of the crystal packing is the formation of a supramolecular chain interlinked by
water molecule. In the crystal, the molecules are interconnected by N-H---S, N-H--O and
C—H-S interactions, forming a three-dimensional network. It is clear from the Table 10
that coordination shortens the C(7)-N(1) to 1.292(16) and C(14)-N(3) 1.305(18) A when
compared to C—N bonds which is not involved in coordination. Relatively larger bond
lengths Mn(1)-N(8) 2.090(11); Mn(1)-N(3) 2.101(10); Mn(1)-N(1) 2.422(12); Mn(1)-N(6)
2.465(12); Mn(1)-S(4) 2.571(5) and Mn(1)-S(2), 2.587(5) A indicates weak coordination
of the ligand with Mn(II). The bond angles, N(6)-Mn(1)-S(4) 148.2(3); N(8)-Mn(1)-S(2)
106.6(3); N(3)-Mn(1)-S(2) 77.7(3); N(6)—-Mn(1)—S(2) 85.4(3); S@4)—-Mn(1)—S(2) 102.44(17);

H4 ,
28 3 ;
QG H2E Wi

Fig. 21. The molecular structure of the [Mn(HL"),]JH,O with atom numbering scheme.
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Table 8. Crystal data and structure refinement for [Mn(HL'),]H,O

Identification code

[Mn(HL'),]H,0

Empirical formula

C44 H38 Mn N10 0 S4

Index ranges

—13<h<13,-16<k<16,
~18</<18

Transmission

Formula weight 906.02 Reflections collected 76164
Temperature (K) 273(2) Independent reflections 8040 [R(int) = 0.1674]
Wavelength (A) 0.71073 Completeness to theta 97.40%
=25.242°
Crystal system Triclinic Absorption correction Semi-empirical from
equivalents
Space group P-1 Max. and min. 0.80 and 0.71

Unit cell dimensions

a (&) = 11.4002(9)

a(®) = 75.840(4)

Refinement method

Full-matrix least-squares
on F?

b (A)=13.5853(12) Data/restraints/ 8040/4/490
b(°) =173.614(4). parameters
c (A) =15.8787(15) Goodness-of-fit on F? 1.108
2(°) = 82.6094)
Volume (A’) 2282.9(4) Final R indices [/ > 2 R1=0.1676,
sigma(/)] wR2 = 0.4279
Z 2 R indices (all data) R1=0.2185,
wR2 = 0.4550
p (calculated) mg/m? | 1.318 Extinction coefficient 0.009(2)
Absorption coefficient | 0.517 Largest diff. peak and 2.028 and —0.774
(mm™) hole (e.A™)
F(000) 938

Crystal size (mm?)

0.600 x 0.510 x 0.420

Theta range for data

collection

1.830°-25.000°.

Table 9. Selected bond lengths (A) and bond angles and torsion angles (°)

Bond lengths (&) Continuation of Bond angles (°) | Continuation of Torsion angles (°)
C(7)-N(1) 1.292(16) | C(7)-N(1)-Mn(1) 129.3(10) | S(3)-C(36)-N(8)-N(9) 02)
C(14)-NQ3) 1.305(18) | N(2)-N(1)-Mn(1) 106.7(8) N(10)-C(37)-N(9)-N(8) 178(1)
C(14)-N(2) 1.363(17) | N(1)-N(2)—-C(14) 121.2(12) | N(9)-C(37)-S@)-Mn(1) -8(1)
C(14)-S(1) 1.693(14) | N(1)-N(2)-H(2A) 119.4 N(10)-C(37)-S(4)-Mn(1) 173(1)
C(15)-N(5) 1.340(16) | C(14)-N(2)-H(2A) 1194 N@)-Mn(1)-N(1)-C(7) 166(1)
C(15)-N(@) 1.344(17) | C(14)-N(3)-N@) 113.510) | N(3)-Mn(1)-N(1)-N(2) 14.4(9)
C(15)-S(2) 1.694(13) | C(14)-N(3)-Mn(1) 125.2(9) N(6)-Mn(1)-N(1)-C(7) -89(1)
C(16)-N(5) 1.45(2) N(4)-N3)-Mn(1) 121.3(8) N(6)-Mn(1)-N(1)-N(2) 119.5(9)
C(17)-N@) 1.440(19) | C(15)-N@#)-NQ3) 122.2(11) | N(®)-Mn(1)-N(1)-C(7) ~16(1)
C(29)-N(6) 1.316(17) | C(15)-N(5)-C(17) 120.3(12) | N(8)-Mn(1)-N(1)-N(2) ~167.909)
C(36)-N(8) 1.298(17) | C(15)-N(5)-C(16) 120.2(13) | S(2)-Mn(1)-N(1)-C(7) 168(1)
C(36)-N(7) 1.370(18) | C(17)-N(5)-C(16) 118.8(12) | N(8)-Mn(1)-S(2)-C(15) ~170.8(6)
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C(36)-S(3) 1.702(13) | C(29)-N(6)-N(7) 116.7(12) S@)-Mn(1)-S(2)-C(15) 107.9(5)
C(37)-N(9) 1.325(18) | C(29)-N(6)-Mn(1) 131.8(9) N(1)-Mn(1)-S(#)—C(37) -97.8(6)
C(37)-N(10) 1.357(17) | N(7)-N(6)~Mn(1) 105.5(8) N@3)-Mn(1)-S@#)-C(37) ~166.1(6)
C(37)-S(4) 1.708(14) | N(6)-N(7)—C(36) 120.6(12) | N(6)-Mn(1)-S(#)—C(37) 12.3(8)
C(38)-N(10) 1.44(2) C(36)-N(8)-N(9) 114.1(10) N(8)-Mn(1)-S(4)-C(37) 9.1(6)
C(39)-N(10) 1.424(18) | C(36)-N(8)-Mn(1) 125.3(9) S(2)-Mn(1)-S@#)—C(37) 113.8(5)
Mn(1)-N(8) 2.090(11) | N(9)-N(8)-Mn(1) 120.6(8) C(7)-N(1)-N(2)-C(14) ~176(1)
Mn(1)-N(3) 2.101(10) | C(37)-N(9)-N(8) 121.6(11) Mn(1)-N(1)-N(2)-C(14) —20(2)
Mn(1)-N(1) 2.422(12) | C(37)-N(10)-C(39) 121.5(12) C(14)-N(1)-N3)-N@)-C(15) | -172(1)
Mn(1)-N(6) 2.465(12) | C(37)-N(10)—C(38) 121.9(13) Mn(1)-N(3)-N@#)—C(15) 9(2)
Mn(1)-S(4) 2.571(5) C(39)-N(10)-C(38) 116.4(12) Mn(1)-N(6)-N(7)-C(36) -20(2)
Mn(1)-S(2) 2.587(5) C(15)-S(2)-Mn(1) 97.0(5) Mn(1)-N(8)-N(9)—C(37) 12(2)
N(1)-N(Q) 1.356(16) | C(37)-S(4)~Mn(1) 96.0(5) N(1)-Mn(1)-N(8)-N(9) 71(1)
N(2)-H(2A) 0.86 Torsion angles (°) N(3)-Mn(1)-N(8)-C(36) —85(6)
N(3)-N(4) 1.379(14) | N(8)-Mn(1)-N(6)-N(7) | 15.6(9) N(3)-Mn(1)-N(8)-N(9) 97(6)
N(@4)-H(4) 0.86 S(2)-Mn(1)-N(6)-C(29) | 57(1) N(6)-Mn(1)-N(8)—C(36) —12(1)
N(6)-N(7) 1.368(16) | S(2)-Mn(1)-N(6)-N(7) | —94.0(9) N(6)-Mn(1)-N(8)-N(9) 170(1)
N(7)-H(7) 0.86 S@#)-Mn(1)-N(6)-C(29) | 163(1) S(2)-Mn(1-N(8)-C(36) 66(1)
N(8)-N(9) 1.391(15) | S@)-Mn(1)-N(6)-N(7) 12(1) S(2)-Mn(1)-N(8)-C(36) ~111.8(9)
N(9)-H(9A) 0.86 N(1)-Mn(1)-N(8)—C(36) | —111(1) S(4)-Mn(1)-N(8)-C(36) 166(1)
Bond angles (°) N(1)-Mn(1)-N(6)-N(7) 117.7(9) S(4)-Mn(1)-N(8)-N(9) —12.2(9)
N(D)-C(7)-C(8) | 123.9(13) | N(3)-Mn(1)-N(6)-C(29) | —19(1) N(1)-Mn(1)-S(2)-C(15) 5.0(8)
N()-C(7)-C@) | 117.5(13) | N3)-Mn(1)-N(6)-N(7) | —169.3(9) N3)-Mn(1)-S(2—-C(15) 6.8(6)
NQB)-C(14)-N@2) | 113.6(12) | SB)-C(36)-N(8)-Mn(l) | —178.1(8) N(6)-Mn(1)-S(2)-C(15) —103.4(6)
NG3)-C(14)-S(1) | 126.3(10) | C(@)—C(7)-N(1)-N(2) —170(1) S(2)—C(15)-N(4)-N(5) 0(2)
N(Q2)—-C(14)-S(1) | 120.2(11) | C®)-C(7)-N(1)-Mn(1) | —138(1) N(#)—C(15)-N(5)-C(16) —161(1)
N(5)-C(15)-N@) | 117.0(12) | C(8)~C(7)-N(1)-N(2) 11(2) N@)-C(15)-N(5)-C(17) 8(2)
N(5)-C(15)-S(2) | 122.0(11) | S(1)~C(14)-N(2)-N(1) -167(1) S(2)—C(15)-N(5)-C(16) 21(2)
N@#)-C(15)-S(2) | 121.009) N(@2)-C(14)-N(3)-Mn(1) | 2(2) S(2)—C(15)-N(5)-C(17) —169(1)
N(8)-Mn(1)-N(3) | 175.1(5) N(2)-C(14)-N(3)-N(4) —178(1) N(@#)—C(15)-S(2)-Mn(1) —6(1)
N(®)-Mn(1)-N(1) | 105.8(4) S()-C(14)-N@3)-Mn(l) | -176.2(8) | N(5)-C(15)-S(2)-Mn(1) 172(1)
N@B)-Mn(1)-N(1) | 69.9(4) S(1)-C(14)-N(3)-N(4) 4(2) C(26)-C(29)-N(6)-Mn(1) | 41(2)
N(8)-Mn(1)-N(6) | 69.9(4) N(5)-C(15)-N(4)-N(3) ~178(1) C(26)—C(29)-N(6)-N(7) —171(1)
N@3)-Mn(1)-N(6) | 108.6(4) N(8)-Mn(1)-N(3)-N(4) 143(5) C(30)-C(29)-N(6)-Mn(1) | —138(1)
N(1)-Mn(1)-N(6) | 103.7(4) S(2)-Mn(1)-N(3)-C(14) | 171(1) C(30)-C(29)-N(6)-N(7) 10(2)
N(8)-Mn(1)-S@) | 78.3(3) S(2)-Mn(1)-N(3)-N(4) —-8.909) N(8)-C(36)-N(7)-N(6) 13(2)
N@B)-Mn(1)-S@) | 103.3(3) N(6)-Mn(1)-N(3)-N@) | 72(1) S(3)—C(36)-N(7)-N(6) —164(1)
N(1)-Mn(1)-S4) | 86.2(3) N(8)-Mn(1)-N(3)-C(14) | -37(6) N(7)—C(36)-N(8)-Mn(1) 6(2)
N(6)-Mn(1)-S@4) | 148.2(3) N(1)-Mn(1)-N(3)-C(14) | —10(1) N(7)-C(36)-N(8)-N(9) -176(1)
N(8)-Mn(1)-S(2) | 106.6(3) N(1)-Mn(1)-N(3)-N(4) 170(1) S@)-Mn(1)-N(3)-C(14) 71(1)
N@)-Mn(1)-S(2) | 77.7(3) N(6)-Mn(1)-N(3)-C(14) | —108(1) S(#)-Mn(1)-N(3)-N(4) —109(1)
N()-Mn(1)-S(2) | 147.5(3) N(1)-Mn(1)-N(6)-C(29) | -92(1)
N(6)-Mn(1)-S(2) | 85.4(3) S(2)-Mn(1)-N(1)-N(2) 16(1)
S@)-Mn(1)-S(2) | 102.44(17) | S(4)—Mn(1)-N(1)-C(7) 60(1)
C(7)-N()-N@2) | 118.012) | S@)-Mn(1)-N(1)-N(2) -91.2(9)

80




Table 10. Hydrogen bonding interaction parameters [A and °]

D-H-A d(D-H) d(H--A) d(D---A) <(DHA)
N@)-H@A) -S(1) 0.84(4) 2.47(4) 2.9(5) 113(3)
N(7)-H(7A) ~-O(1) 0.85(3) 2.47(3) 3.32(7) 150(3)
N(9)-H(9A) --S(3) 0.85(4) 2.39(4) 2.896(4) 1193)
C(38)-H(38a) ~S@) | 0.96 2.68 3.05 (6) 103
C(@43)-H@43) -S(2) 0.93 2.82 3.49(7) 130

N@B)-Mn(1)-N(1) 69.9(4) and N(8)-Mn(1)-N(6) 69.9(4)° indicate a distorted octahedral

geometry.

Fig. 22. Packing diagram of [Mn(HL'),]H,O along the b-axis showing intermolecular

interaction.

Fig. 23. Supramolecular chain interlinked with water molecule along c-axis (omitting

H atoms).
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3.4.2. Single-crystal XRD studies of Ni(ll) complex

Single crystals of Ni(HL"),1.5H,O suitable for X-ray analysis were obtained from its solu-
tion in 1:1 (v/v) mixture of methanol and DMF. A crystal with dimension, 0.630 x 0.560 x
0.510 mm’ was selected for collecting the data. It crystallized with two molecules per
asymmetric unit into triclinic crystal system with a space group of P—1.

The molecular structure with atom numbering scheme is depicted in Fig. 24. Crystal
data and structure refinement parameters of the complex are given in Table 11. Selected
bond lengths and bond angles are summarized in Table.12. The important hydrogen bond-
ing interaction parameters are listed in Table 13.

The single-crystal X- ray diffraction studies disclose the occurrence of six coordinated
Ni complex with distorted octahedral geometry. One half of the molecule of the complex
is related to the other half by a two-fold axis passing through Ni(II) ion. It is coordinated
through the azomethine N—, hydrazine N— and the thione S atoms of the two deprotonated
ligands in a meridonal fashion. The metal center is shared by four fused five-membered
chelate rings.

The adjacent molecules are arranged in an offset manner within the unit cell when
viewed along the c-axis. An interesting attribute of the crystal packing is the formation
of a supramolecular chain linked by water molecule. Fig. 25 shows the packing diagram
of Ni(HL"),1.5H,O along the a-axis showing intermolecular interactions. Fig. 26 shows
supramolecular chain interlinked with water molecule along the c-axis. In the crystal,

Fig. 24. The molecular structure of the Ni(Il) complex with atom numbering scheme.

82



Table 11. Crystal data and structure refinement parameters for Ni(HL"),1.5 H,O

Parameters

Parameters

“13<h<13,-14<k

Empirical formula | C,,H,,C N, /NiOS, [Index ranges <15.-19</< 19
Formula weight 907.78 Reflections collected 13992
Temperature (K) 273(2) Independent reflections 7315 [R(int) = 0.0582]
Completeness to theta =

Wavelength (A 0.71073 95.50%

avelength () 24.999° ’

S . . Semi-empirical from
Crystal system Triclinic Absorption correction )
equivalents

Space group P-1 Max. and min. Transmission 0.71 and 0.62

Unit cell dimensions

a A =11.0784(9)
a°=75.823(2)

b A =13.3220(7)
B°=74.2340(10)

¢ A =16.3160(9)
1° = 84.270(2)

Refinement method

Full-matrix least-
squares on F?

Volume (A?) 2245.4(3) Data/restraints/parameters 7315/0/544
VA 2 Goodness-of-fit on F? 0.963

R =0.0641
p(calculated) mg/m® | 1.343 Final R indices [/ > 2sigma(I)] W1R2 — 015 1’1
Absorption coeffi- . R1=0.1192,

664 R 11

cient (mm™) 066 indices (all data) wR2 =0.1794
F(000) 940 Extinction coefficient 0.0036(7)

Crystal size (mm?®)

0.630 x 0.560 x 0.510

Largest diff. peak and hole
(e.A?)

1.296 and —0.270

Theta range for data
collection

1.818°-24.999°

Fig. 25. Packing diagram of Ni(HL"),1.5H,O along the a-axis showing intermolecular

Interactions.
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the molecule are interconnected by N—H:--S and N—H---O interactions, forming a three-
dimensional network.

The bond lengths, C(14)-N(3) and C(29)-N(6) (1.312(7) and 1.297(7) A) are shorter,
when compared to C—N bonds which is not involved in coordination. Comparatively
shorter bond lengths, N(3)—Ni(1) 1.959; N(6)—Ni(1) 2.394; N(8)—Ni(1) 1.948; Ni(1)-S4)
2.4194 and N(8)-Ni(1) 1.948 A indicate strong coordination of the ligand with Ni(II) ion.

Table 12. Selected bond lengths (A), bond angles and torsion angles (°)

Bond lengths (&) Torsion angles (°)
C(14)-N(3) 1.312(7) NQ3)-C(14)-N(2)-N(1) | 12.6(6) Ni(1-N(8—-N(9-H(9A ~173(3)
C(14)-N(2) 1.371(7) S(1)-C(14)-NQ2)-N(1) | -166.8(3) | C(36)-N(8)-Ni(1)-N(1) |-110.4(3)
C(14)-S(1) 1.696(5) NQ2)-C(14)-N3)-Ni(1) | 6.1(6) C(36-N(®8)-Ni(1)-N(3) | -63(2)
C(15)-N@) 1.339(7) S(1)-C(14)-N(3)-N@4) | 2.4(6) C(36)-N@®)-Ni(1)-N(6) | -13.2(3)
C(15)-N(5) 1.343(7) S(1)-C(14)-N(3)-Ni(l) | -174.6(2) | C(36)-N(8)-Ni(1)-S(2) | 66.5(3)
C(15)-S(2) 1.704(5) S(2)-C(15)-N@#)-N@3) | 0.9(6) C(36)-N(®)-Ni(1)-S@) | 166.1(3)
C(36)-N(8) 1.302(6) S(2)-C(15)-N@)-H(4A) | -174(3) N(9)-N@®)-Ni()-N(1) | 73.1(3)
C(36)-N(7) 1.393(7) N(#)-C(15)-S(2)-Ni(l) | -6.0(4) N(9)-N@®)-Ni(1)-N(3) | 1202)
C(36)-S(3) 1.694(5) N(5)-C(15)-S(2)-Ni(1) | 174.2(4) N(9)-N(8)-Ni(1)-N(®6) | 170.2(3)
C(37)-N(9) 1.335(6) Ni(1)-N(1)-N(2)-C(14) | -20.5(5) N(9)-N@8)-Ni(1)-S2) | -110.0(3)
C(37)-N(10) 1.352(6) C(7)-N()-Ni(1)-N@3) | 167.3(4) N(©)-N(8)-Ni(1)-S@) | -10.5(3)
C(37)-S) 1.707(5) C(7)-N(1)-Ni()-N(@6) | -91.04) C(15)-SQ@)-Ni(1)-N(1) | 2.5(3)
N(1)-NQ2 1.394(6) C(7)-N(1)-Ni(1)-N(8) | -16.0(4) C(15)-S(2)-Ni(1)-N@3) | 6.7(2)
N(1)-Ni(1) 2.328(5) C(7)-N()-Ni(1)-SQ2) | 171.6(3) C(15)-S(2)-Ni(1)-N(@6) | —98.5(2)
NQ3)-N4) 1.375(6) C(7)-N(1)-Ni(1)-S@) | 65.4(4) C(15)-S(2)-Ni(1)-N(8) | —170.0(2)
N(3)-Ni(1) 1.959(4) NQ)-N()-Ni(1)-N3) | 16.53) C(15)-S(2)-Ni(1)-S@) | 105.5(2)
N(6)-N(7) 1.378(6) NQ)-N(1)-Ni(1)-N(@©) | 118.3(3) C(37)-S@)-Ni(1)-N(1) | -96.02)
N(6)-Ni(1) 2.394(4) NQ@)-N()-Ni(D)-N@®) | -166.7(3) | C(37)-S#)-Ni(1)-N@3) | -169.1(2)
N(®)-N(9) 1.390(6) N@)-N(1)-Ni(1)-S(2) | 20.8(4) C(37)-S(@)-Ni(1)-N@®6) | 9.3(3)
N(8)-Ni(1) 1.948(4) NQ@)-N(1)-Ni(1)-S@) | -85.3(3) C(37)-S(@)-Ni(1)-N@®) | 7.7(2)
Ni(1)-S(4) 2.4194(17) | Ni(1)-N(3)-N@#)-C(15) | 7.1(6) C(37)-S@)-Ni(1)-S2) | 107.3(2)
Ni(1)-S(2) 2.4318(17) | C(14)-N3)-Ni()-N(1) | -13.2(3)
C(29)-N(6) 1.297(7) C(14)-N(3)-Ni(1)-N(6) | -110.3(4)

Bond lengths (°) C(14)-NR3)-Ni(1)-N(@®) | -61(2)
N(1)-Ni(1)-N(6) | 100.44(16) | C(14)-N(3)-Ni(1)-S(2) | 168.5(4)
N(8)-Ni(1)-S@) |82.67(13) | C(14)-N3)-Ni(1)-S@4) | 69.14)
NQG)-Ni(1)-S@) | 100.08(15) | N(14)-N@3)-Ni(1)-N(1) | 169.94)
N(D)-Ni(1)-S@) | 85.54(12) | C(29)-N(6)-Ni(1)-S(2) | 61.7(4)
N(@6)-Ni(1)-S@) | 155.83(11) | C(29)-N(6)-Ni(1)-S@) | 163.4(3)
N@®)-Ni(1)-S(2) | 100.75(14) | N(7)-N(6)-Ni()-N(1) | 117.73)
NQB)-Ni(1)-S(2) | 81.84(14) | N(7)-N(6)-Ni(1)-N@3) | -166.2(3)
N(D)-Ni(1)-S(2) | 155.92(12) | N(7)-N(6)-Ni(1)-N@®) | 17.23)
N(@6)-Ni(1)-S(2) |83.45(12) | N(7)-N(6)-Ni()-S(2) | -86.2(3)
S@)-Ni(1)-S(2) | 100.67(6) | N(7)-N(6)-Ni(1)-S(2) | 15.4(4)
C(15)-S(2)-Ni(1) | 95.52) N(I)-N(®)-Ni(9)-C37) | 10.3(5)
C(37)-S@)-Ni(1) | 95.27(19)
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Table 13. Hydrogen bonding interaction parameters [A and °]

D-H-A d(D-H) |d(H~A) |d(DA) | <(DHA)
N@)-H@A) -S(1) 0.84(4) 2.47(4) 2.9(5) 113(3)
N(7)-H(7A) ~-O(1) 0.85(3) 2.4703) 3.32(7) 150(3)
N(9)-H(9A) --S(3) 0.85(4) 2.39(4) 2.896(4) 1193)
C(38)-H(38a) ~S@) | 0.96 2.68 3.05 (6) 103
C@3)-H@3) -SQ)*  |0.93 2.82 3.49(7) 130

*Symmetry transformations used to generate equivalent atoms: 1 —x, 1 —y, 1 —z

The bite angles, N(6)—Ni(1)—S4) (155.83°), N(1)-Ni(1)—S(2) (155.92°), N(8)—Ni(1)-S(4)
(82.67°), N(6)—Ni(1)-S(2) 83.45(12), N(8)—-Ni(1)-S(2) (100.75°), S4)—-Ni(1)-S(2) (100.67°)
and N(3)—-Ni(1)-S(2) (81.84°) are somewhat far from a perfect octahedron indicating
significant distortion in the geometry.

4, Conclusions

In this investigation, we synthesized two ligands derived from benzophenone and N(4)-
methyl-N(4)-phenyl thiosemicarbazide (HL and H,L'). We were able to obtain single
crystals of benzophenone N(4)-methyl-N(4)-phenyl thiosemicarbazone (HL) by refluxing
equimolar quantities of benzophenone and N(4)-methyl-N(4)-phenyl thiosemicarbazide.
We were also able to synthesize single crystals of Ni(II) and Mn(II) complexes of the
ligand, H,L'. To the best of our knowledge, the structures of the ligands and the complexes
of H,L" are not been reported so far. Based on the elemental analyses, spectral, magnetic

and thermal investigations, following tentative structures were assigned for the complexes
(Figs. 27-32).

Fig. 26. Supramolecular chain of Ni(HL"),1.5H,0 interlinked with water molecule (omit-
ting H atoms).
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nH,O

Fig. 27. Proposed structure of complexes [M(HL'),] nH,O, where M = Ni(II), Mn(II),

Zn(I); n =0, 1, 2... (1), (6) and (13).

nH,0

Fig. 28. Proposed structure of complexes [MH,L'X ] nH,O, where M = Co(II), Ni(II),

Zn(Il); X = CH,CO0; n=0, 1 ,2..(2), (5) and (12).

X2

Fig. 29. Proposed structure of complexes [M(H,L'),]1X, where M = Co(II); X = CI', NO,”

(3) and ().
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/ \\ nH,O

Fig. 31. Proposed structure of complex [MHL'X],nH,O, where M = Cu(Il); X = CI', NO,;

n=1,2,3..0),(10).

N—CHs

HN*C

SN/\/ //@

L L\
@ n

5

Fig. 32. Proposed structure of complex [MHL'X]Y, where M = Cu(Il); X = H,O;
=S50, (11).
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CHAPTER V

NOVEL LIGAND, 3-FORMYL
CHROMONE N(4)-METHYL-N(4)-
PHENYLTHIOSEMICARBAZONE AND ITS
TRANSITION METAL COMPLEXES

1. Introduction

The chromone ring system, 1-benzopyran-4-one, is the nucleus in several flavonoids, such
as flavones, flavonols and isoflavones.! Chromonenes are compounds which contain vy-
pyrone nucleus fused to benzene ring. Molecules which contain chromone ring in their
structure are being paid more attention in the recent past because of their interesting bio-
logical properties.

3-Formylchromone (Fig. 1) has emerged as a valuable synthon for the incorporation
of chromone moiety into a number of molecular frameworks. Schiff’s bases of 3-formyl-
chromone and its complexes have antimycobacterial, antifungal, anticonvulsant and
mushroom tyrosinase inhibition activities and have extensive applications in biological,
clinical and pharmacological areas.>® It acts as a potent topoisomerase inhibitor which
is an anticancer agent. These compounds also serve as intermediates in the synthesis of
many pharmaceuticals, agrochemicals and dye-stuffs. Chromone hydrazones and their
metal complexes often possess diverse biological and pharmaceutical activities, such as
antimicrobial, tuberculostatic, anticancer and antioxidant properties.*

O

Fig. 1. 3-Formylchromone.
Khan et al.> conducted that in vitro and in vivo studies of butanohydrazide derivative

of 3-formylchromone and reported their anti-inflammatory activities. Li et al.® synthe-
sized and characterised 3-carbaldehyde chromone semicarbazone and its transition metal
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complexes. They conducted in vitro antioxidant screening of Ni(Il), Cu(Il) and Zn(II)
complexes of 3-carbaldehydechromone semicarbazone. These complexes possessed sig-
nificant antioxidant activity against superoxide and hydroxyl radicals. The scavenging
effects of Cu(Il) complex are stronger than Zn(II), Ni(IT) complexes and some standard
antioxidants, such as mannitol and Vitamin C. They also synthesized and studied the crys-
tal structures, biological activities and fluorescence properties of transition metal com-
plexes of 3-carbaldehydechromone thiosemicarbazone.’

DNA-binding property of the La(IIl) and Eu(IIl) complexes with 6-hydroxy chromone-
3-carbaldehyde-(2'-hydroxy) benzoylhydrazone was reported by Wang et al.® The exper-
imental results showed that La(Ill) and Eu(Ill) complexes are effective inhibitors of
superoxide and hydroxyl radicals than mannitol.

Cu(1II), Fe(I1I), Co(II) and Co(III), Ni(II), Cr(III), Pd(II), Pt(IV) and Zn(II) com-
plexes of 2-methyl-7-hydroxy-5-methoxy-6-formylchromone thiosemicarbazone and
2-methyl-5, 7-dimethoxy-6-formylchromone thiosemicarbazone were synthesized
and characterised by Nabil Youssef ef al.’ Al-Saeedi et al.' reported the synthesis,
spectroscopic characterisation and electrochemical studies of Girard’s T chromone
complexes. Pd(II) complexes of chromone-based Schiff’s bases were synthesized,
characterised and their biological activities were studied by Kavitha and Laxma
Reddy."

This chapter portrays the synthesis and characterisation of a novel ligand, 3-formyl
chromone N(4)-methyl-N(4)-phenylthiosemicarbazone (HL) (Fig. 2) and its complexes.
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e
NEEE NS N

| H
CHs H

Fig. 2. 3-Formylchromone N(4)-methyl-N(4)-phenylthiosemicarbazone (HL).

2. Experimental

2.1. Materials and methods

3-Formylchromone (Sigma Aldrich) and commercially available metal salts were used
without further purification. The solvents were purified and dried by standard procedure.
The melting points of the ligand and complexes were recorded on a melting point apparatus.
The ligand and complexes were further characterised by using partial elemental analyses,
FT-IR, FT-Raman, electronic and '"H NMR spectra. The Zn(I) and Ni(II) complexes were
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characterised by '"H NMR spectra. EPR spectrum of Cu(II) complex was also recorded.
Magnetic susceptibilities of the complexes at room temperature were measured. Thermal
stabilities of complexes were also ascertained. Details regarding the techniques used for
the characterisation of the ligand and the complexes are explained in Chapter II.

2.2, Synthesis

Synthesis of the precursor, N(4)-methyl-N(4)-phenylthiosemicarbazide (MPTSC) is dis-
cussed in Chapter II.

2.2.1. 3-Formylchromone N(4)-methyl-N(4)-phenylthiosemicarbazone (HL)

HL was synthesized by the dropwise addition of hot methanolic solution of 3-formyl
chromone (0.174 g, 1 mmol) with constant stirring to a boiling methanolic solution of
N(4)-methyl-N(4)-phenylthiosemicarbazide (0.182 g, 1 mmol). The mixture was stirred
on a magnetic stirrer at room temperature for 30 minutes. The compound obtained as
yellow solid was filtered, washed with methanol, dried and kept in a desiccator.

2.2.2. Metal complexes

To the hot methanolic solution of HL (0.34 g, 1 mmol), a hot methanolic solution of the
metal salt (1 mmol) was added dropwise. The reaction mixture was stirred and refluxed
for 60 minutes. The complex separated out was filtered, washed several times with water
and methanol. It was then dried and kept in a desiccator.

3. Results and discussion
3.1. Characterisation of the ligand (HL)
3.1.1. Microanalytical data

The suggested formula for the ligand is C ;H N,O,S. CHNS percentages of ligand were
in agreement with the suggested molecular formulae (Table 1). It is yellow in colour and
melted at 170°C. It is non-hygroscopic and stable at normal atmospheric conditions. It is
soluble in common solvents like methanol, ethanol, DMF, DMSO and so on.

Table 1. Analytical data of the ligand

Compound | Molecular | Melting | Colour | Yield | Elemental Analysis Found (Calculated)
Weight Point C H N S

CHN,O,S | 337 170 Yellow |70 64.2 4.3 12.4 9.6

(HL) powder (64.1) 4.4 (12.5) ©.5)
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The reaction pathway of the ligand can be represented by the following Scheme I:

o)
O//

S

A ° i
N NHNH, 3-formyl chromone O\ )J\ N
I o N NT X
CH3 | H

CHs
MPTSC FMPTSC

Scheme 1. Formation of 3-formylchromone N(4)-methyl-N(4)-phenylthiosemicarbazone
(FMPTSC) (HL).

3.1.2. Powder XRD studies

Since we could not obtain the single crystals of H,L, we recorded its powder XRD pattern.
It revealed the crystallinity of the compound. Matching the peaks using MATCH soft-
ware, it is found that the crystal belongs to triclinic system (Fig. 3).
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Fig. 3. Powder XRD of HL.

3.1.3. Spectroscopic analysis

(a) Electronic spectrum

The electronic absorption spectrum of the ligand in solid state was recorded in the range
200-900 nm (Fig. 4). The compound registered bands at 259, 321 and 385 nm. The two
former bands may be attributed to the z—z* transitions of the azomethine chromophore
and the benzene ring (intra-ligand charge transfer) and the latter one may be due to the
n—r* transition.
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Fig. 4. Electronic spectrum of the ligand.

(b) Vibrational spectrum

The FT-IR spectrum of the compound was recorded in the region 4000-400 cm™ and is
presented in Fig. 5. A broad band observed at 3447 cm™ can be assigned as N—H stretching
vibration. The absence of any bands at 2500—-2580 cm™ due to v(SH) shows that the ligand
exists in thione form'? in the solid state. The band observed at 1642 cm™ may be due to
v(C=0). The band observed at 1572 cm ' may be due to v(C=N). The band observed at
794 cm™! can be assigned to v(C=S).
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Fig. 5. FT-IR spectrum of the ligand.
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(c) '"H NMR spectrum

The '"H NMR spectrum of the ligand was recorded in DMSO and is presented in Fig. 6.
The peak observed at 11.423 ppm is assigned to SH/NH proton. A singlet observed at
8.054 ppm can be assigned to azomethine proton. Aromatic protons show a multiplet
peak in the region 7.209-8.043 ppm. N-CH, protons absorb at 3.612 ppm in the 'H NMR
spectrum.
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Fig. 6. NMR spectrum of HL.

3.2. Characterisation of the metal complexes
3.2.1. Formulae and general properties of the complexes

All the complexes were found to be stable at room temperature. Partial elemental ana-
lytical data of the complexes were in agreement with the suggested molecular formulae.
In the complexes, the ligand was coordinated either as mono-anionic (L) or as neutral
(HL). Based on partial elemental analyses, spectral, magnetic and thermal data, we have
assigned the formulae for the complexes and are presented in Table 2.
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3.2.3. Electronic spectra and magnetic moments

The electronic spectra of the complexes were recorded in solid state and their probable
assignments are given in Tables 3. In the spectra of all these complexes, the bands observed
below 350 nm can be assigned to 7 — 7* and n — 7* transitions.

The Mn(IT) complex belongs to d° system. For high-spin octahedral complexes, elec-
tronic transitions are both Laporte and spin forbidden."*'* However, some forbidden transi-
tions occur to the quartet excited states and they are 6Alg - 4A1g(G), 6A1g - 4Eg(G), 6A1g -
4Eg(D), 6Alg - 4A1g(G), 6Alg - 4T1g(G) and 6Alg - 4ng(G). In this case, the Mn(II) complex
exhibited two very low intense bands. One broad band at 406 nm due to 6A]g - 4A1g(G)
and 6Alg - 4Eg (G) transitions and another at 687 nm due to 6Alg - 4Tlg(G) transition. This
is in accordance with an octahedral geometry.

The Mn(II) complexes may be high-spin (S = 5/2) or low-spin (S = 1/2). High-spin
Mn(IT) complexes in octahedral and tetrahedral geometries have a spin-only value of 5.92
BM at room temperature. But low-spin complexes show magnetic moment values close
to 2.5 BM. Normally, magnetic moment values of Schiff’s base complexes of high-spin
Mn(II) are found to be significantly lower than the expected spin-only value and they
ranges from 4.7 to 5.5 BM at room temperature.'>'¢ In this investigation, the magnetic
moment of the complex (1) was 4.8 BM.

Usually, Co(II) complexes exist in octahedral, tetrahedral and square-planar geome-
tries. If the ligands have several donor atoms, five coordinate geometry is also possible for
Co(II) complexes. The electronic spectrum of a square-planar complex of Co(II) is similar
to that of low-spin five coordinated complexes. It gives rise to two absorption bands due
to *’A, — °E at higher energy and A — ’B, at lower energy region. In the case of Co(1II)
complexes, the dark colour together with some weak and broad bands in their spectra in
the region 1000—1200 nm are characteristic of square-planar geometry."”

In this study, the Co(II) complex (2) showed a broad band at 404 nm. This can be
assigned to A — °E transition and is characteristic of square-planar geometry. However,
the bands due to the other transitions are not observed as they may be out of the range of
the spectrophotometer used.

The magnetic moment values for Co(II) complexes generally pinpoint the coordination
geometries. Octahedral Co(II) complexes usually show magnetic moments in the range
4.8-5.6 BM. Tetrahedral and high-spin octahedral Co(II) complexes possess three unpaired
electrons and may be distinguished by the magnitude of the deviation of effective magnetic
moments from the spin-only value. Since the tetrahedral high-spin Co(Il) complex with
ground term (*A)) has no orbital contribution, the expected magnetic moment is 3.88 BM.
However, the magnetic moments of Co(II) complexes get increased above the spin-only value
via contribution from higher orbitally degenerate terms and occur in the range 4.2—-4.7 BM."®
Square-planar Co(II) complexes are of low-spin type and they show magnetic moments in the
range 2.20-2.90."°2° The magnetic moment of the complex (2) reported here is 2.58 BM. This
shows that it is in low-spin square-planar configuration with one unpaired electron.

Co(III) has a d° configuration with an electronic arrangement of (t,)° (¢,)° and the
ground state is 1A1g' This arrangement has very large crystal field stabilization energy

97



and is found to be diamagnetic. It exhibits two spin-allowed transitions at relatively low
energy, 1Alg - 1Tlg and 1Alg - 1T2g and two spin-forbidden bands corresponding to 1Alg
— °T,, and 'A| — °T, at higher energies.” These are usually difficult to interpret due to
the overlap of intra-ligand and charge-transfer transitions. A broad band at 488 nm in the
spectrum of the complex (3) may be due to 1Alg - 'ng and lAlg - ‘Tlg transitions. Here,
cobalt is in +III oxidation state showing a diamagnetic behaviour. These observations are
characteristic of octahedral geometry.

The ground state for regular tetrahedral Ni(II) ion is °T (F). Tetrahedral Ni(II) com-
plexes show two broad bands in the visible region, one at 666 nm due to *T (F) — *T (P)
transition and another one at 1250 nm due to *T (F) — *A_(F) transition. In this study, the
complex (4) showed a band at 593 nm due to °T,(F) — °T (P) transition. However, the other
transition is not observed as it may be out of the range of the spectrophotometer used.

Ni(II) ions exhibit magnetic moments higher than the spin-only value expected for two
unpaired electrons in octahedral (2.8-3.2 BM) and tetrahedral (3.4—4.2 BM) geometries.
This increase in the magnetic moment values from the spin-only value may be due to
some ‘mixing in’ of upper states via spin-orbit coupling. Here, the magnetic moment of
the complex (4) is 3.02 BM, consistent with a tetrahedral geometry. In the complex (5), a
band at 617 nm may be assigned to 1Alg - 1Blg transition which is consistent with low-spin
square-planar geometry.? Since thiols can cause spin-pairing than thioethers, coordina-
tion might have occurred through the thiolato sulphur atom after deprotonation.”® This
Ni(IT) complex was found to diamagnetic confirming its square-planar geometry.

The spectroscopic ground state term of Cu(Il) is *D. It gets split up by an octahedral
field into two levels, *T, and 2Eg When the symmetry of the Cu(Il) complex lowers to
D, or C,, the energy levels again split and give more transitions.** For square-planar
copper complexes withad? ? ground state, three spin-allowed transitions are expected.?
B, — *A, (d2 *—d)?), 2B —>2B (d2 2—>d )andzB —>2E (d2 ?—d_ )] Itis quite
dlfﬁgcult to resolve these ban(ls as they are very close in energy o

Tetrahedral and pseudotetrahedral Cu(Il) complexes usually show transitions in the
range 7000—10000 cm™.** Square-planar or distorted octahedral complexes normally
absorb in the region 1000020000 cm™.%¢ In the spectrum of the complex (6), this region
is blank and therefore, it may have tetrahedral geometry. The complex (7) showed two
bands, one at 596 nm and another at 704 nm. These can be assigned to 2Blg — 2Eg, 2Blg —
2Alg transitions. Therefore, we propose a square-planar geometry for the complex.

The magnetic moment values of Cu(Il) complexes usually do not provide any indica-
tion to their stereochemistries. The room temperature magnetic moments of the mononu-
clear Cu(II) complexes are in the range 1.79—1.81 BM which are very close to the spin-only
value of 1.73 BM for d° Cu(II) system. The magnetic moment of complex (6) was found to
be 1.74 BM. The complex (7) showed a magnetic moment of 1.23 BM. The low magnetic
moment of the latter complex (7) may be ascribed to the strong antiferromagnetic interac-
tion between the neighbouring Cu(II) ion centres.??

Cadmium and zinc complexes showed charge-transfer transitions in the range
399-420 nm. As expected, these complexes are diamagnetic. Electronic spectra of the
complexes (3), (5), (7) and (8) are presented in Fig. 7.
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Table 3. Electronic spectral bands and their assignments

Compound Band (nm) (cm™) Assignments
1 [Mn(L),] 254 39370 T — o*
292 34306 n— *
337 29673 °A, e ‘A, L(G),
406 24630 6Alg - 4Eg G)
687 14556 6A1g - 4T1g(G)
2 [Co(L)OH]4H,0 252 39682 T — *
299, 325 33444,30769 n— x*
404 24752 A, —E
3 [Co(L),]CI 295 33898 T — ¥
488 20492 1Alg - 1T2g,
lAlg - lTlg
4 [NiLCH,COO]2H,0 253 39525 T — 1t
441 22676 Cc-T
593 16863 ’T(F) = °T,(P)
5 [NiLClL)] 262 38168 T — 7*
319 31347 n— *
412 24272 Cc-T
617 16207 1Alg - 1Blg
6 [Cu(L),] 262 38178 T — ¥
400 25000 Cc-T
7 [CuLCIH,O 271 36900 T — ¥
312 32051 n— x*
362 27624 n— ¥
426 23474 Cc-T
596 16778 ’B, s 2Eg
704 142045 2Blg - 2Alg
8 [Zn(L)CH,COO]2H,0 323 30959 n— o*
399 25062 Cc-T
9 [Zn(L) (NO,)]2H,0 258 38759 n— *
319 31347 n— *
418 23923 C-T
10 [CA(L)CT] 254 39370 T — ¥
312 32051 n— ¥
404 24752 Cc-T

929




0.40 0.30
0.35 1 0.25
0.30 0.20
8025 8 015
[ = (=
8 3010
‘g 0.20 T
(2]
o o
<015 < 005
0.10 1 690
-0.05
0.05 -
-0.10
0'00 T T T T T T 1
200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)
@) (b)
0.301 0.4+
0.25 1 0.3
8020 % 0.2
2 g
§ 0.15 20.1-
< <<
0.10 1
0.0
0.05
-0.14
0.00 . . : . . . . T T T T T T )
200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)
© (d)

Fig.7. Electronic spectra of complexes (a) [Co(L),]C1 (3), (b) [Ni(L)C1 ] (5), (c) [CuLCIH,O]
(7) and (d) [Zn(L)CH,COQ]2H,0 (8).

3.2.2. Vibrational spectra

The IR spectral asssignments of the compounds are depicted in Table 4. The spectra of all
of the complexes under this study showed broad bands in the range 34263487 cm™'. They
may be assigned to v(N—H) and v(OH) of water molecules.?*° The v(C=0) band observed
at 1642 cm™ in the ligand spectrum is shifted to lower wavenumbers on coordination with
the metal ions.**> The shift of C=N stretching frequencies to lower wavenumber in the
spectra of the complexes indicates the involvement of azomethine nitrogen in coordina-
tion. The peak at 794 cm™', due to C=S stretching vibration, is not observed in the spectra
of the complexes. This indicates the involvement of thiol sulphur in coordination with the
metal ions. The spectra of the complexes show new bands around 430 cm™" and 520-568
cm™! and are assigned to the v"WM—N and vM-O, respectively.* IR spectra of the complexes
(1), (2), (5) and (8) are presented in Fig. 8.
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Table 4 IR spectral assignments
Compound | Compound NH/OH |C=0 C=N N-N C=S |C-S
No:
HzL CH,N,O,S 3434 1642 1572 1161 794 -
1 [Mn(L),] 3438 1615 1544 1161 - 760
2 [Co(L)OH]4H,0 3434 1621 1544 1152 - 759
3 [Co(L),ICI 3426 1618 1544 1181 - 759
4 [NiLCH,COO]2H,0 3422 1615 1595 1184 - 760
5 [Ni(HL)CL] 3414 1621 1538 1153 - -
6 [Cu(L),] 3438 1615 1553 1179 - 763
7 [Cu()CIH,O 3471 1612 1535 1133 - 759
8 [Zn(L)CH,COOJ2H,0 | 3440 1621 1520 1152 - 759
9 [Zn(L)(NO,)]2H,0 3450 1615 1553 1179 — 759
10 [Cd(L)CT] 3450 1613 1553 1171 - 760
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Fig. 8. IR spectra of the complexes(a) [Mn(L),] (1), (b) [Co(L)YOH] 4H,0 (2), (c) [Ni(L)CL] (5)
and (d) [Zn(L)CH,COO] 2H,0 (8).

101



3.2.4. 'H NMR spectrum

The '"H NMR spectrum of the Ni(IT) complex (5) was recorded in acetone at room tem-
perature (Fig. 9). A peak observed at 11.423 ppm in the ligand spectrum due to NH proton
was shifted to 11.834 ppm in the complex. This slight shift in the peak position may be
due to the difference in the solvent used. A singlet observed at 8.763 ppm can be assigned
to azomethine proton. N—CH, protons absorb in the region 3.888 ppm. Aromatic protons
show a multiplet peak in the region 6.977-7.827 ppm. The peak observed in the region
1.980-2.089 ppm may be due to the solvent (acetone).
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Fig. 9. '"H NMR spectrum of the Ni(II)complex.
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3.2.5. ESR spectrum

The ESR spectrum of Cu(Il) complex (6) at 77 K in DMF was recorded in the X-band
with 100 kHz field modulation (Fig. 10). The Cu(Il) ion has an effective spin of S = 3/2
and is associated with a spin angular momentum, m_=+1/2, leading to a doubly degenerate
spin state in the absence of magnetic field. In a magnetic field, the degeneracy between
these states is lifted and the energy difference between them is given by E = hv = gfB,
where / is the Planck’s constant, v is the frequency, g is the Lande’s splitting factor equals
to 2.0023 (for a free electron), f is the Bohr magneton and B is the magnetic field strength.
The solution spectrum of the Cu(Il) complex at 77 K in DMF shows four hyperfine lines.
It is characteristic of monomeric Cu(Il) complex corresponding to —3/2, —1/2, 1/2 and 3/2
which arise from the coupling of the odd electron with the copper nuclei (/ = 3/2). The spec-
trum also gives three superhyperfine lines in the perpendicular region which arise from
the coupling of the electron spin with nuclear spin of nitrogen atom which is co-planar.
It indicates that in this complex azomethine nitrogen atom has coordinated to the metal
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centre. Since there is no half-field signal in the ESR spectrum, we can confirm the mono-
meric nature of the complex.

Filename: XC
DATE: 2018/1723 1436 . JES-X3 SERIES

o

164741 [mT) S1x 41 [mT) 468741 [m1)
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Fig. 10. ESR spectrum of Cu(Il) complex (6) at 77 K in DMF.

3.2.6. Thermal studies

Thermo gravimetric analysis of the Schiff’s base complexes are used to acquire ideas
about their thermal stabilities, to fix whether the water molecules (if present) are coordi-
nated or not to the central metal ion. It can propose a general scheme for thermal decom-
position of metal complexes.

The [Ni(HL)CL,] complex showed two stages of decomposition and is evident from the
DTG peaks at 150°C and 260°C. A residual mass of 20% was left which may be due to the
formation of NiS (calc. 19.4%)).

The complex, [Cu(L),], registered the first stage of decomposition between 95.5°C and
97.5°C with a weight loss of 1.2% which may be due to moisture. The next step of decom-
position occurred in the temperature range 180°C—-550°C with a mass loss 76%. This may
be due to the complete decomposition of the ligand moiety. It is evident from the DTG
peaks with temperature maxima at 163°C and 266°C. A residual mass of 22.3% was left
which may be due to the formation of CuS (calc. 22.8%).

The complex, [Cu(L)CIJH,O, registered a first stage of decomposition between 100°C
and 250°C with a weight loss of 4% which may be due to the elimination of one water
molecule in the lattice. The next step of decomposition occurred in the temperature range
180°C—450°C with a mass loss 75% due to the decomposition of the ligand moiety. It is
evident from the DTG peaks with temperature maxima at 145°C and 283°C. A residual
mass of 20.6% was left which may be due to the formation of CuS (calc. 20.1%).

The Cd(IT) complex (10) showed two stages of decomposition. DTG analysis showed
two peaks at 153°C and 298°C due to the decomposition of the ligand moiety. TG-DTG
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Fig. 11. TG-DTG curve of [Cd(L)CI](10).

curve of [Cd(L)Cl] (10) is shown in Fig.11. A residual mass of 25% was left which may be
due to the formation of CdO (calc. 24.6%).

4. Conclusions

Since the attempts to grow the single crystals of 3-formylchromone N(4)-methyl-N(4)-
phenylthiosemicarbazone and its metal complexes were failed, the structures of the
compounds were proposed based on elemental analyses, spectral and thermal studies.
Following tentative structures are assigned for the complexes (Figs 12—16).

Fig. 12. Proposed structure of complex [Mn(L),] (1).
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nH20

Fig. 13. Proposed structure of complexes [MLX]nH,O, where M = Co(I1I), Ni(II),Cu(II),
Zn(II), Cd(II); X = OH, CI', CH,COO" (2, 4,7, 8, 9, 10).

CI-

Fig. 14. Proposed structure of complex [CoL,|Cl (3).
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Fig. 15. Proposed structure of complex [NiLX| ](5), where X = CI..

0
H
/
N
N—CHj

Fig. 16. Proposed structure of complex [ML ], where M = Cu(II) (6).
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CHAPTER VI

NOVEL LIGAND DERIVED FROM
4-HYDROXY 3-METHOXYBENZALDEHYDE
AND N(4)-METHYL-N(4)-
PHENYLTHIOSEMICARBAZIDE AND ITS
TRANSITION METAL COMPLEXES

1. Introduction

Vanillin (Fig. 1) is familiar as the main flavour and fragrance compound in vanilla. It is used
in perfumes, to mask unpleasant odours or tastes in medicines, livestock fodder and cleaning
products. It is also used in the flavour industry, especially creamy profiles such as cream soda.

CHs
o

HO

Fig. 1. Vanillin.

This chapter portrays the synthesis and characterisation of a novel ligand derived from
4-hydroxy-3-methoxybenzaldehyde and N(4)-methyl-N(4)-phenylthiosemicarbazide and
its complexes. The structure of the ligand, 2-{2-[(4-hydroxy-3-methoxyphenyl)methylidene]
hydrazinecarbonothioyl}-N-methyl-N-phenylhydrazine-1-carbothioamide, (H,L) is shown
as Fig. 2.

H,C
~o H <‘:H3
HO - H\N/N\C/NO
HC N C !
AN ﬁ/ \H/ \S

Fig. 2. 2-{2-[(4-hydroxy-3-methoxyphenyl)methylidene]hydrazinecarbonothioyl}-N-
methyl-N-phenylhydrazine-1-carbothioamide. (IUPAC name of the compound.)
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2. Experimental

2.1. Materials and methods

Vanillin (Merck), glacial acetic acid and commercially available metal salts were used
without further purification. The solvents were purified and dried by standard proce-
dure. The melting points of the ligand and complexes were recorded on a melting point
apparatus. The ligand was characterised by partial elemental analyses, powder X-ray
diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), FT-Raman, elec-
tronic and 'H nuclear magnetic resonance (NMR) spectra. The complexes were char-
acterised by partial elemental analyses, magnetic susceptibility measurements, FTIR,
electronic and '"H NMR spectra. The details regarding these techniques are given in
Chapter I1.

2.2. Synthesis

Synthesis of the precursor N(4)-methyl-N(4)-phenylthiosemicarbazide (MPTSC) is dis-
cussed in Chapter II.

2.2.1. 2-{2-[(4-hydroxy-3-methoxyphenyl)methylidene]hydrazinecarbonothioyl}-
N-methyl-N-phenylhydrazine-1-carbothioamide (H,L)

H,L was prepared by dropwise addition of a hot 70% ethanolic solution of vanillin
(0.152 g, 1 mmol) to a boiling 70% ethanolic solution of MPTSC (0.364 g, 2 mmol)
taken in a flat-bottomed flask, added two drops of glacial acetic acid, refluxed, stirred
at 60°C—80°C for 1 hour and chilled. A light yellow coloured precipitate obtained was
filtered and washed with water, followed by ethanol and dried. The melting point of the
compound and its solubility in different solvents were noted. The reaction pathway of the
ligand can be represented as Scheme 1:

H H
/ \ 7 N N
N N N~ N
| /@ | /@ glamal acetic acid HN - ‘|:| l /
C\ C c
S
/© 54 \N
CH,
MPTSC MPTSC 1-(aminoN-methyl-N-

(N methyl aniline) phenylmethanethio)thiocarbonohydrazide

+

H,C—O

E)-1-(4-hydroxy-3- methoxybenzylldene) 5-(aminoN-methyl-N- »
phenylmethanethio)thiocarbonohydrazide vanillin

I~

Scheme 1. Formation of H,L.
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2.2.2. Metal complexes

A hot ethanolic solution of H,L was added dropwise to a hot ethanolic solution of metal
acetate/chloride/nitrate in 1:1 molar ratio and refluxed for 3 hours. Then it was cooled
to room temperature and the solid separated was collected. It was washed with water,
followed by ethanol and dried.

3. Results and discussion

3.1. Characterisation of the ligand

3.1.1. Microanalytical data

The ligand H,L was light yellow in colour having a melting point of 180°C. The suggested
formula for the ligand is C_H N.O,S, (Table 1). The partial elemental analysis of the
ligand was in agreement with the suggested molecular formula. The ligand was soluble in

polar solvents like methanol and ethanol.

Table 1. Analytical data of the ligand

Compound Molecular | Melting | Colour | Yield | Elemental Analysis Found(calculated)
Weight Point C H N S

C,HN.O,S, 189 240 Light 20 52.2 4.7 17.9 16.8

(H,L) yellow (52.4) 4.9 (17.9) (16.4)

3.1.2. Powder XRD of the ligand, H_L

Since we couldn’t obtain a single crystal of H,L, we recorded its powder XRD pattern. It
revealed the crystallinity of the compound. Using MATCH software, it was found that the
compound belongs to monoclinic crystal system. (Fig. 3).
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Fig. 3. Powder XRD of the ligand.
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3.1.3. Spectroscopic analysis of H L

(a) Electronic spectrum

The electronic absorption spectrum of the ligand was recorded in solid state in the range
of 200-900 nm (Fig. 4). The compound registered charge-transfer bands at 260, 318 and
410 nm. The absorption band observed at 260 nm may be attributed to the z—z* transition
of the azomethine chromophore and the benzene ring (intra-ligand charge-transfer transi-
tion). The band at 318 nm may be due to the n—z* transition. The weak band observed at
410 nm could be due to the charge-transfer transition.
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Fig. 4. Electronic spectrum of the ligand.

(b) Vibrational spectra

The FT-IR spectrum of the compound was recorded in the region 4000-400 cm™ and is
presented as Fig. 5. The ligand H,L showed a broad band at 3455-3255 cm™ due to OH
stretching vibration. Sharp bands at 3157 and 3010 cm™ may be due to NH stretching
vibrations. A sharp band at 1603 cm™! in the ligand spectrum was assigned to v(C=N). The
v(S—H) band at 2560 cm™ was absent in the IR spectrum, indicating the existence of the
thione tautomer in the solid state. The bands at 1125 and 763 cm™ in the ligand spectrum
may be assigned to v(NH—C=S) and v(C=S), respectively.
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Fig. 5. FT-IR spectrum of the ligand.
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The FT-Raman spectrum of the compound was recorded in the region 4000—400 cm™
and is presented as Fig. 6. In the Raman spectrum, the ligand H,L showed a doublet at
3076 cm™ due to N-H stretching vibration. The band observed at 1593 cm™ is assigned
to v(C=N). The bands at 1277 and 797 cm™" in the ligand may be assigned to v(NH-C=S)
and v(C=S), respectively.
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Fig. 6. Raman spectrum of the ligand.

(c) '"H NMR spectrum

The 'H NMR spectrum of the ligand was recorded in CDCl, and is presented as Fig. 7. The
two doublets at 10.874—-10.894 and 8.851-8.871 ppm are assigned to NH protons. A sin-
glet at 8.629 ppm may be assigned to N—H proton adjacent to azomethine group. A singlet
at 7.626 ppm can be assigned to O—H proton. Aromatic protons registered multiplet peaks

in the region 6.777-7.580 ppm. Singlet at 3.983 ppm is assigned to methoxy protons.
“N—CH, protons absorb at 3.702 ppm.

2 7.1 7.0 6.9 6.8
|
" "‘ ,
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Fig. 7. NMR spectrum of the ligand.
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3.2. Characterisation of the metal complexes

3.2.1. Formulae and general properties of the complexes

From the elemental analysis and spectral studies, the compounds were assigned the empir-
ical formula as presented in the Table 2. The ligand, H,L acted as mono-anionic tridentate
(HL") in all the complexes.

Table 2. Molecular formula, colour, partial elemental analyses and magnetic moments of
the complexes

Complex|Compound Molecular{Melting|Colour |Yield [Elemental Analysis Found 1 in
No. Weight |Point (calculated) BM
C H |N S M
C,H/N.O,S, 389 240 Light (80 [52.2 |47 [179 |16.8 |- —
(H,L) yellow (52.4) [(4.9) |(17.9) |(16.4)
1 [Mn(HL),] 833 260 Green (80 493 (3.9 |16.0 |15.0 |72 |6.0
(49.0) |(4.3) |(16.8) |(15.3) |(6.6)
2 [Co(HL)CH,COO]  |507 >300 |Green |70 |45.4 |37 (143 [13.0 |11.9 4.1
(45.0) |(4.1) |(13.8) |(12.6) |(11.6)
3 [Ni(HL)CH,COOQ], |1013 255 Greenish (70 [45.3 3.8 |13.5 |13.2 [11.5 |l.6
yellow (45.0) |(4.1) |(13.8) |(12.6) |(11.6)
4 [Ni(HL),] 837 280 Brown (80 490 4.0 |169 |15.5 6.8 |3.6
(48.8) [(4.3) |(16.7) |(15.2) |(7.0)
5 [Cu, (HL) (CH,CO0),]|693 270 Black (70 [40.0 (3.3 |10.5 [9.5 [18.6 |1.2
(39.8) (3.9) [(10.1) |(9.2) |(18.3)
6 [Cu,(HL)CL] 623 260 Black (75 |32.3 2.5 |11.6 |10.6 [20.2 |D
(32.7) [(2.9) |(11.2) |(10.3) |(20.3)
7 [Zn(HL)CH,COO]  |513 220 Yellow (80 |39.6 (3.8 (134 |124 |122 D
(39.8) |(4.1) [(13.6) |(12.4) |(12.7)
8 [CA(HD)CH,COO] {560 250 Yellow (80 (370 (3.6 |12.7 |11.7 [20.1 |D
(36.4) (3.8) [(12.5) |(11.4) |(20.0)

3.2.2. Electronic spectra and magnetic moments

The electronic spectra of complexes were recorded in solid state and their probable assign-
ments are given in Table 3.

Table 3. Electronic spectral bands and their assignments

Complex Compound Band in nm Band in cm™ Assignments
No.
C,H, NS0, (H,L) 260 38461 Tt
318 31446 n—m*
410 24390 C-T
1 [Mn(HL),] 254 39370 r—>*
306 32679 n—ru*
368 27173 °A,—*A (G)
g Ig
730 13698 °A,,— ‘T (G)
g lg
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2 [Co(HL)CH,COO] 268 37313 ¥
306 32679 n—ru*
420 23809 C-T
699 14306 *A, =T (P)
3 [(Ni(HL)CH,COO),] 277 36101 ¥
335 298507 n—m*
408 24509 C-T
880 11363 3A2g (F)— 3ng (F)
4 [Ni(HL),] 263 38022 T
330 30303 n—m*
380 26315 3A2g(F) - 3Tlg(P)
590 16949 3A2g (F)—> 3Tlg (F)
873 11454 3A2g (Fy—> 3Tzg (F)
5 [Cu,(HL)(CH,COO),] 259 290 38610, 34487 T
311 361 32154, 27700 n—ru*
402 24875 Cc-T
444 22522 Cc-T
699 14306 2B]g—> 2Eg
844 11848 2B]g—>2Alg
6 [Cu,(HL)CL] 273 36630 r—o*
304 32894 n—m*
341 29325 C-T
377 26525 c-T
583 17152 2Blg—> 2Eg
7 [Zn(HL)CH,COO] 338 29585 n—m*
400 25000 C-T
705 14184 Cc-T
8 [Cd(HL)CH,COCQ] 267 37453 T
313 319 n—m*
405 24691 Cc-T
711 14064 C-T

In the electronic spectra of all the complexes, the # — z*and the n — z* bands were
observed around 250 and 320 nm, respectively. The band around 340—440 nm is assigna-
ble to S — M charge-transfer transition.

In this study, the electronic spectrum of Mn(Il) complex exhibited two broad bands
of very low intensities, one at 368 and another at 730 nm. They may be assigned to
6Alg - 4A1g(G) and 6Alg - 4T1g(G) transitions, respectively. The magnetic moment value of
the Mn(II) complex was found to be 6.0 BM which is in accordance with an octahedral

geometry.
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The ground state in a tetrahedral Co*"ion is *A,. The possible transitions are *A —
‘T, *A,— T, (F) and *A, - “T, (P). The first transition, ‘A, — *T, is not usually observed
in the spectrum, since it occurs in the region 3000-5000 cm™. *A_ — *T (P) transition
appears as intense broad band in the visible region. In this study, Co(II) complex showed
band in the region 699 nm due to *A, — *T, (P) transition. However, the other transitions
were not observed as they absorb out of the range of the spectrophotometer used in
this study.

The observed values of magnetic moment for Co(II) complexes are generally diag-
nostic of the coordination geometry about the metal ion.! Tetrahedral and octahedral
Co(IT) complexes can be distinguished by the extent of deviation of the effective mag-
netic moment value () from the spin-only value even though they have same num-
ber of unpaired electrons. The tetrahedral Co(Il) complexes have magnetic moments
in the range 3.8—4.7 BM, while octahedral complexes have in the range 4.8-5.6 BM.
This is due to large contribution from its 4Tlg ground term.? The low-spin square-planar
Co(II) complexes have magnetic moments in the range 2.1-2.9 BM at room temperature.
The observed magnetic moment value was 4.1 BM which excludes the possibility of
octahedral and square-planar geometry to the complex. The green colour and the mag-
netic moment value (4.1 BM) of the Co(II) complex reported here indicate its tetrahedral
geometry.

Octahedral Ni(II) complexes with d* configuration have a ground state *A, The three
spin-allowed transitions are °A, (F)— T, . (F), A, (F)— °T, . (F) and A, (F) - T, (P)
They are observed in the range 8000— 11000 15000 19000 and 25000 —29000 cm
respectively. However, in the case of the complex (3), only a broad band in the region
880 nm was observed which is assigned to 3Azg (F) - 3T2g (F) transition. For octahedral
Ni(II) complexes, magnetic moments are found to be in the range 2.94-3.04 BM. The
magnetic moment of the complex (3) was 1.6 BM, which is very low for an octahedral
complex. This may be because of the distortion and inequalities in the field of coordi-
nated ligands or due to the antiferromagnetic interactions between two metal centres.
The greenish-yellow colour of the complex and its electronic spectrum indicate an octa-
hedral geometry.

In the electronic spectrum of the Ni(II) complex (4), three transitions were observed.
They are at 380, 590 and 873 nm due to 3A2g(F) - 3T]g(P), 3Azg (F) -» 3TIg (F) and
3Azg (F) » 3TZg (F) transitions, respectively. Its magnetic moment was 3.6 BM, which is
higher than that found for octahedral complexes.

The Cu(Il) complex (5) showed bands at 699 and 844 nm which may be due to
2B1g - 2Eg and 2Blg - 2A1g transitions, respectively. This is in accordance with a square-planar
geometry. It registered a very low magnetic moment value of 1.20 BM and may be due to
antiferromagnetic interactions between two Cu(Il) ions.’ The compound (6) was diamagnetic
and strongly supported its existence as a dimer in the solid state.* No characteristic d—d transi-
tions were observed for Zn(II) and Cd(II) complexes. However, they showed charge-transfer
bands in the visible range. Representative spectra of the complexes (2), (3) and (6) are
presented in Fig. 8.
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Fig. 8. Electronic spectra of the compounds (a) [Co(HL)CH,COO] (2), (b) [Ni(HL)CH,COO],
() and (¢) [Cu,(HL)CL] (6).

3.2.3. Vibrational spectra

The IR spectra of the ligand and the metal complexes were compared to assign the mode
of coordination. The IR spectral assignments are depicted in the Table 4. The broad band
present in the region 3450 cm™ is assigned to the v(OH). The bands at 3255, 3157 and
3010 cm™ are assigned to n(NH). A sharp band at 1603 cm™ for the ligand is found to be
shifted to lower wavenumbers in the spectra of the complexes. The IR spectra of all the
complexes showed new bands at 400—480 and 520—620 cm™, assigned to ¥(M-N) and
V(M-0), respectively. The M—O band may be either due to coordinated acetate™, nitrate™
or hydroxyl anion or coordinated water molecule.

3.2.3.1. Coordination of anions

The v, (COO") and v (COO") of the free acetate ions are observed at 1560 and 1416 cm™,
respectively.” For the coordinate acetate ion, v, (COO") occurs in the range 1650—1500 cm™
and for v (COO") is seen above 1400 cm™. In unidendate complexes, the energy of separa-
tion between these two is generally greater than 144 cm™.°

For the complex [Co(HL)CH,COOQ], the v (COO") and v (COO") of acetate ion are
observed at 1599 and 1384 cm™', respectively. In [(Ni(HL)CH,COO),], the v_(COO") and
v(COO") of acetate ion are observed at 1593 and 1353 cm™, respectively. In the case of
[Cu,(HL)(CH,COO),], two types of acetate coordination was observed. One is bridging
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Table 4. IR spectral assignments

Complex No. | Compound V(OH)/ V(NH) | V(C=N) |V(N-N) |W(C=S) |V(M-N)
H,L 3455 1603 1125 763 -
1 [Mn(HL),] 3414 1591 1123 759 407
2 [Co(HL)CH,COO] | 3414 1563 1120 751 416
3 [(N(HLCH,COO),] | 3426 1571 1126 757 408
4 [Ni(HL).] 3450 1595 1128 755 422
5 [Cu,L(CH,COO0),] |3355 1591 1123 763 418
6 [Cu, (HL)CL] 3426 1592 1127 763 410
7 [Zn(HL)CH,COO] | 3424 1590 1130 763 418
8 [CA(HL)CH,COO] | 3438 1592 1111 753 419

bidentate and other is unidentate. The v _(COO") and v (COO") of bridging acetate ion are
observed at 1669 and 1513 cm™, respectively. The v (COO~) and v (COO") of unidentate ace-
tate ion are observed at 1591 and 1426 cm™, respectively. In [Zn(HL)CH,COO], the v, (COO")
and v (COO") of acetate ion are observed at 1591 and 1389 cm™, respectively. In [Cd(HL)
CH,COQ], the v_(COO") and v (COO") of acetate ion are observed at 1595 and 1369 cm™,
respectively. Representative spectra of the complexes (2), (4) and (6) are presented in Fig. 9.
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Fig. 9. IR spectra of the compounds (a) [CoOHLCH,COOQO] (2), (b) [Ni(HL),] (4) and
(¢) [Cu, (HL)CL] (6).
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3.2.4. 'H NMR spectrum

The '"H NMR spectrum of the Zn(II) complex was recorded in DMSO at room temperature
(Fig. 10) A singlet at 11.710 ppm can be assigned to N—H proton. A singlet at 9.384 ppm can
be assigned to N—H proton adjacent to azomethine group. A singlet at 7.872 ppm can be
assigned to OH proton. Aromatic protons gave amultipletpeak inthe region 6.763—7.461 ppm.
*N—CH, protons absorbed at 3.793 ppm. Singlet at 3.838 ppm may be assigned to methoxy
protons. In addition to this, CH, protons of acetyl group absorbed at 3.793 ppm.
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Fig. 10. '"H NMR spectrum of the Zn(IT) complex.
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3.2.5. Thermal studies

For [ZnHLCH,COQ], two stages of decomposition occurred in the temperature range
260°C-390°C which may be due to the partial decomposition of the ligand moiety. The
residual mass of 15.4% was observed at 750°C and may be due to the formation of zinc
sulfide (calc. 15.9%). TG-DTG curve of [Zn(HL)CH,COO] (7) is shown in Fig.11.
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Fig. 11. TG-DTG curve of [Zn(HL)CH,COO] (7).
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4, Conclusions

The synthesis and characterisation of Mn(II), Co(II), Ni(II), Cu(II), Zn(II) and Cd(II)
complexes of 2-{2-[(4-hydroxy-3-methoxyphenyl)methylidene]hydrazinecarbonothioyl}-
N-methyl-N-phenylhydrazine-1-carbothioamide (H,L) have been discussed. Based on
the magnetic moments and spectral data, the Co(Il), Zn(Il) and Cd(II) complexes are
assigned a tetrahedral geometry. Cu(Il) complexes are assigned square-planar geometry.
The Mn(II) and Ni(IT) complexes are assigned octahedral geometry. According to IR and
'H NMR spectral data, H,L was found to function as monobasic tridentate ligand (HL")
(Figs. 12-15).
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Fig. 12. Proposed structure of the complexes [ML,], where M = Mn(II), Ni(II) (1) and (4).

s N
HaC \c// AN
3V P NH
O HN ¥ (|3|-|3
HO \ N
HC\ C//H S
X

Fig. 13. Proposed structure of the complexes [MLX], where M = Co(II), Zn(II) and
Cd(II); X = CH,COO, (2), (7) and (8).
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Fig. 14. Proposed structure of the complex [MLX ], where M = Ni(II); X = CH,COO™ (3).
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Fig. 15. Proposed structure [Cu,LX ]; where X = CH,COO", CI" (5) and (6).
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CHAPTER VII

NOVEL LIGAND DERIVED FROM
3,4-DIMETHOXYBENZALDEHYDE
AND N(4)-METHYL-N(4)-
PHENYLTHIOSEMICARBAZIDE AND ITS
TRANSITION METAL COMPLEXES

1. Introduction

The compound 3, 4 dimethoxybenzaldehyde (Fig. 1) is commonly used as a flavourant and
odorant. It is used as an intermediate in the production of some pharmaceutical drugs like
Prazosin, Tiapamil, Verazide and so on.

/CH3

O

HsCO

Fig. 1. 3,4 Dimethoxybenzaldehyde.

A Schiff’s base from 3,4-dimethoxybenzaldehyde and p-aminobenzoic acid was
synthesized by novel supersonic speed gas impacting method by Cai et al.' Synthesis,
characterisation, antibacterial and antifungal activities of a Schiff’s base, 1-(3,4-dihydrox-
ybenzalidene)-thiosemicarbazide and its Ni(Il) and Fe(II) complexes have been reported.?
Synthesis and characterisation of three Zn(II) complexes, [Zn(3,4-MBTSC),CL ], [Zn(3,4-
MBTSC) Br,] and [Zn(3,4-MBTSC),L,] of 3,4-dimethoxybenzaldehyde thiosemicarba-
zone (3,4-MBTSC) were reported by Khalaji et al’ This chapter portrays the synthesis
and characterisation of a novel ligand derived from 3,4 dimethoxybenzaldehyde and N(4)-
methyl-N(4)-phenylthiosemicarbazide and its complexes. The structure of the ligand,
2-{2-[(3,4-dimethoxyphenyl)methylidene]hydrazinecarbonothioyl}-N-methyl-N-phenyl-
hydrazine-1-carbothioamide, (H,L) is shown as Fig. 2.
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Fig. 2. 2-{2-[(3,4-dimethoxyphenyl)methylidene]hydrazinecarbonothioyl}-N-methyl-N-
phenylhydrazine-1-carbothioamide (3,4 VMPTSC)(H,L) (IUPAC name of the compound).

2. Experimental
2.1. Materials and method

3,4 Dimethoxybenzaldehyde (Merck), glacial acetic acid and commercially available metal
salts were used without further purification. The solvents were purified and dried by using
standard procedure. The melting points of the ligand and the complexes were recorded
on a melting point apparatus. The ligand was further characterised by partial elemental
analyses, Fourier-transform infrared (FT-IR), FT-Raman, electronic, '"H NMR spectra and
single-crystal X-ray diffraction (XRD) studies. The complexes were characterised using
partial elemental analyses, FT-IR and electronic spectra. 'H NMR spectrum of Zn(II)
complex was recorded. Magnetic susceptibilities of the complexes at room temperature
were measured. The details regarding the techniques are given in Chapter II.

2.2. Synthesis

Synthesis of the precursor, N(4)-methyl-N(4)-phenylthiosemicarbazide (MPTSC) is dis-
cussed in Chapter II.

2.2.1. 2-{2-[(3,4-dimethoxyphenyl)methylidene]hydrazinecarbonothioyl}-N-methyl-
N-phenylhydrazine-1-carbothioamide (H,L)

H,L was prepared by dropwise addition of the 70% hot ethanolic solution of 3,4 dimeth-
oxybenzaldehyde (0.164 g, 1 mmol) into the boiling 70% ethanolic solution of N(4)-methyl-
N(4)-phenylthiosemicarbazide (MPTSC) (0.364 g, 2 mmol) taken in a flat-bottomed flask.
A few drops of glacial acetic acid were added, stirred and refluxed at 60°C—80°C for 1
hour. A yellow-coloured precipitate obtained was filtered and washed with water, followed
by ethanol and dried. The melting point and solubility of the compound in different solvents
were noted. The reaction pathway in the synthesis of the ligand H,L is shown in Scheme 1.

2.2.2. Metal complexes

A hot ethanolic solution of metal acetate/chloride/nitrate (1 mmol) was added dropwise to a
hot ethanolic H,L solution (1 mmol). After the complete addition, a pinch of sodium acetate
trihydrate was added. It was then refluxed for 3 hours, and then cooled to room temperature.
The solid formed was collected, washed with water followed by ethanol and dried.
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Scheme 1. The reaction pathway of the ligand H, L.

3. Results and discussion

3.1. Characterisation of the ligand
3.1.1. Microanalytical data

The ligand H,L is light yellow in colour and melted at 185°C. The suggested formula for
the ligand is C H, N.O,S,. CHNS percentages of the ligand are in agreement with the
suggested molecular formulae (Table 1). The ligand is soluble in common solvents like
methanol, ethanol, and so on.

Table 1. Analytical data of the ligand (H,L)

Compound Molecular | Melting | Colour |Yield | Elemental Analysis Found(calculated)
Weight Point C H N S
C,H,N.0S, 403 185 Yellow | 80 537 5.0 17.6 8.0
(53.6) (5.2) (17.4) (7.9)

3.1.2. Single-crystal XRD studies of ligand (H,L)

Single crystals of H,L suitable for X-ray analysis were obtained by the slow evaporation
of its solution in 1:1:1 (v/v) mixture of methanol: DMF: dichloromethane. A crystal with
dimension, 0.420 x 0.350 x 0.250 mm?® was selected for collecting the data. H L crystal-
lizes with four molecules per asymmetric unit into monoclinic crystal system with a space
group of P 21/c (Fig. 3).

X-ray crystallographic data for H,L were collected at 293(2) K on a Bruker AXS Kappa
Apex2 CMOS diffractometer. Direct methods were performed to solve the structures and
refined by least-square on F* using SHELXL-2014/7.* All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms, except those attached to nitrogen were geometri-
cally fixed at calculated positions. The crystallographic tools, PLATON® for Windows,
DIAMOND 3.2d°, and MERCURY 3.5.17 were used for structure analysis and presentation
of the results. The structure was finally refined to the conventional R-value, R, = 0.0476.
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Fig. 3. Packing diagram of compound H_,L in the unit cell.

Crystal data and structure refinement parameters are given in Table 2. Ortep diagram of
H,L with the atom numbering scheme are shown in Fig. 4. Selected bond lengths and bond
angles are listed in Table 3. It was found that the molecules in the unit cell are arranged
in face-to-face manner, which are the repeating units of the packing in the crystal lattice.
Molecules packed into molecular columns along b direction are shown in Fig. 5. Table 4

shows hydrogen bonding interaction parameters of H,L.

Table 2. Crystal data and structure refinement for H,L

Identification code H,L

Empirical formula C,H, N,O,S, | Absorption coefficient 0.28

Formula weight 403.52 F(000) 848

Temperature (K) 273(2) Crystal size(mm?) 0.420 x 0.350 x 0.250

Wavelength (A) 0.71073 Theta range for data collection 2.628°-24.989°.

. —“16<h<6,-10<k<7,

Crystal system Monoclinic Index ranges 6<i<17

Space group P2k Reflections collected 2786

Unit cell dimensions Independent reflections 1964 [R(int) = 0.0328]

a (A) 15.683(4) Completeness to theta = 25.242° | 95.10%

a (°)590 it:if:)in Semi-empirical from equivalents

b (A) 9.2382(15) Max. and min. Transmission 0.91 and 0.84

b ©) 101.979(8 Refinement method Full-matrix least-squares
on F?

c(A) 14.564(3) Data/restraints/parameters 1964/0/248

g () 90 Goodness-of-fit on F? 1.422

Volume (A?) 2064.0(8) Final R indices [/ > 2sigma(/)] R, =0.0476, wR, = 0.0371

VA 4 R indices (all data) R, =0.0983, wR, = 0.0417

Density (caleulated) ), g5 Extinction coefficient 0.0050(2)

mg/m?

i)b:f‘;ri:z:’ 0.28 (Le{ff;t diff. peak and hole 0.122 and —0.121
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The bond lengths, C(8)-S(1) and C(9)-S(2) are found to be 1.679(7) and 1.663(7) A, respec-
tively, which is in agreement with C=S bond length (1.71 A). This shows that the compound
is in thione form in the solid state. The bond lengths, N(5)—C(7), N#4)-C(8), N(3)—C(8),
NQ2)—C(9), N(1)-C(9), N(3)-N(2) and N(5)-N@4) are 1.245(8), 1.315(7), 1.333(4), 1.368(5),
1.357(9), 1.365(4) and 1.410(8) A, respectively. They are found to be at midway between the
analogous single [C—N, 1.47; N-N, 1.45 A] and double bonds [C=N, 1.28 A; N=N, 1.25 A ].3*
The bond lengths, C(3)-O(1) and C(18)-O(1) of the ligand are 1.382(10) and 1.394(8) A,
respectively.

— T ¢z
Sty

Fig. 4. Ortep diagram of the molecule with atom numbering scheme (omitting H atoms).

Table 3. Selected bond lengths [A] and bond angles [°] of HL

Bond Length [A] Bond Length [A] Bond Angle [°]

S(2)-C(9) 1.663(7) C(12)-H(12) 0.93 C(6)-C(1)-C(2) 122.2(5)
S(1)-C(8) 1.679(7) C(15)-C(14) 1.379(7) C(6)-C(1)-H(1) 118.9
0(2)-C() 1.369(4) C(15)-H(15) 0.93 C(2)-C(1)-H(1) 118.9
0(2)-C(17) 1.426(5) C(10)—H(10A) 0.96 N(5)-C(7)-C(6) 121.1(5)
N(5)-C(7) 1.245(8) C(10)-H(10B) 0.96 N(5)-C(7)-H(7) 119.4
N(5)-N@) 1.410(8) C(10)-H(10C) 0.96 C(6)-C(7)-H(7) 119.4
N#)-C(8) 1.315(7) C(14)-C(13) 1.396(7) C(4)-C(3)-0(1) 116.1(5)
N#)-H#4) 0.86 C(13)-H(13) 0.93 C4)-C(3)-C(2) 121.6(7)
0(1)-C(3) 1.382(10) C(17)-H(17A) 0.96 C(15)-C(16)-C(11) 119.3(7)
O(1)-C(18) 1.394(8) C(17)-H(17B) 0.96 C(15)-C(16)-H(16) | 120.4
NQ3)-C(8) 1.333(4) C(17)-H(17C) 0.96 C(11)-C(16)-H(16) 120.4
NG3)-N(2) 1.365(4) C(18)-H(18A) 0.96 N@)-C(8)-N(3) 114.3(6)
NQ3)-H(3) 0.86 C(18)-H(18B) 0.96 N@)-C(8)-S(1) 122.4(4)
N(2)-C(9) 1.368(5) C(18)-H(18C) 0.96 NB)-C(®)-S(1) 123.4(4)
N(2)-H(2) 0.86 Bond angles (°) N(1)-C(9)-N(Q2) 113.6(6)
N(D)-C(9) 1.357(9) N(2)-N(3)-H(3) 119.8 O(1)-C(3)-C(2) 122.3(8)
N(1)-C(11) 1.427(11) N(3)-N(@2)-C(9) 121.3(5) N(1)-C(9)-S(2) 126.8(4)
N(1)-C(10) 1.481(4) N(3)-N(2)-H(2) 119.4 N@2)-C(9)-S(2) 119.6(5)
C@4)-C(5) 1.363(10) C(9)-N(2)-H(2) 119.4 C(1)-C(2)-C(3) 117.2(7)
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C@4)-C(3) 1.377(9) CO)-N()-C(11) | 122.34) C(1)-C(2)-H(2A) 121.4
C(6)-C(1) 1.352(8) C(9)-N(1)-C(10) | 119.8(6) C(3)-C(2)-H(2A) 121.4
C6)-C(5) 1.431(5) C(11)-N(1)-C(10) | 117.8(6) C(13)-C(12)-C(11) | 120.7(6)
C(6)-C(7) 1.477(10) C(5)-C@)-CQ3) 120.3(5) C(13)-C(12)-H(12) | 119.6
C(5)-H(5) 0.93 0(2)-C(4)-C(3) 114.8(6) C(1)-C(12)-H(12) | 119.6
C(11)-C(12) 1.368(9) C(1)-C(6)-C(5) 119.5(6) C(16)-C(15)-C(14) | 121.6(5)
C(11)-C(16) 1.390(6) C(1)-C(6)-C(7) 122.3(5) C(16)-C(15)-H(15) | 119.2
C(1)-C(2) 1.394(11) | C(5)-C(6)-C(7) | 118.2(6) C(14)-C(15)-H(15) | 119.2
C(1)-H(1) 0.93 C(@4)-C(5)-C(6) 119.2(6) N()-C(10)-H(10A) | 109.5
C(7)-H(7) 0.93 C@4)-C(5)-H(5) 120.4 N(1)-C(10)-H(10B) | 109.5
C(3)-C(2) 1.402(5) C(6)-C(5)-H(5) 120.4 H(10A)-C(10)-H(10B) | 109.5
C(16)-C(15) 1367(12) | C(12)-C(11)-C(16) | 119.8(7) N(1)-C(10)-H(10C) | 109.5
C(16)-H(16) 0.93 C(12)-C(ID)-N(1) | 119.9¢5) H(10A)-C(10)-H(10C) | 109.5
C(2)-H(Q2A) 0.93 C(16)-C(1D)-N(1) | 120.3(6) H(10B)-C(10)-H(10C) | 109.5
C(12)-C(13) 1.365(14) C(15)-C(14)-C(13) | 118.3(7)

Fig. 5. Molecules packed into molecular columns along b-axis.

Table 4. Hydrogen bonding interaction parameters of H,L

D-H-A d(D-H) d(H-A) d(D-A) <(DHA)
N@)-H(@)-.S(2) * 0.86 2.60 3.431(3) 161
C(16)-H(16)-O(1)° 0.93 2.53 3.415(4) 160

aSymmetry transformations used to generate equivalent atoms: x, 1/2 —y, —1/2 + z
"Symmetry transformations used to generate equivalent atoms:1 —x, 1 —y, 1 —z

The bond angles, N(4)—C(8)-N(3), N4)—C(8)-S(1), N(3)—C(8)-S(1), N(1)—C(9)-N(2),
N(1)—-C(9)-S(2) and N(2)—C(9)-S(2) are 114.3(6), 122.4(4), 123.4(4), 113.6(6), 126.8(4) and
119.6(5)°, respectively, which show deviation of the molecule from planarity.

The torsion angle of 175.9(4)° for N(2)-N(3)—C(8)-N(4) represents an E-conformation
with respect to C(8)-N(3) bond and is in Z-conformation with respect to N(2)-N(3-)—
C(8)-S(1) with an angle —3.7(6)°. The N(3)-N(2)—-C(9)-S(2) is in Z conformation with
respect to N(2)—C(9) with torsion angle of —1.8(6)°.
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Theleast square planes comprising, C(7)—N(5)—-N(4)—C(8)—S(1) (1) and N(1)-C(9)—-S(2)—
N(2)-N(3) (2) form a dihedral angle 10.115(94)°. The planes C(6)—C(7)—C(9)-N(2)-N(3) (3)
and C(11)-N(1)—C(9)-N(2)-N(3) (4) form a dihedral angle of 13.796(188)°. The mean plane
(111) forms an angle 9.63(97)° with plane (1) and with plane (3) 10.504(103)°. The planes
(2) and (4) deviated from mean plane with dihedral angles, 19.714(53)° and 24.297(170)°,
respectively. The phenyl rings of the ligand C(1)-C(2)-C(3)-C#)—C(5)-C(6) and C(11)—
C(12)-C(13)-C(14)—C(15)—C(16) are twisted from the molecular plane with an angle of
80.533(128)°.

3.1.3. Spectroscopic analysis

(a) Electronic spectrum

The solid-state electronic absorption spectrum of the ligand was recorded in the range
200-900 nm (Fig. 6). The compound registered charge-transfer bands at 263, 322, 393 and
622 nm. The former two bands may be attributed to the 7—z* transitions of the azomethine
chromophore and the benzene ring (intra-ligand charge transfer). The latter bands may be
due to the n—z* transition.
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Fig. 6. Electronic spectrum of the ligand.

(b) Vibrational spectra

The FT-IR spectrum of the compound was recorded in the region 4000—400 cm™ and
is presented in Fig.7. The ligand, H,L showed a doublet at 3293-3143 cm™ due to N-H
stretching vibration. This splitting may be due to the interacting molecules in the unit
cell. A sharp band at 1602 cm™ in the ligand is assigned to v(C=N). The v(S—H) band is
absent at 2560 cm™ in the IR spectrum, indicating the existence of thione tautomer of the
ligand in the solid state.!” The bands at 1269 and 767 cm™! in the ligand may be assigned to
V(NH—-C=S) and v(C=S), respectively.

The FT-Raman spectrum of the compound was recorded in the region 4000—-400
cm ' and is presented in Fig. 8. In Raman spectrum, the ligand H,L showed a doublet at
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Fig. 7. FT-IR spectrum of the ligand.
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Fig. 8. FT-Raman spectrum of the ligand.

3058 cm™! due to N—H stretching vibration. The bands observed at 1613 and 1582 ¢m'™
are assigned to v(C=N). The bands at 1266 and 770 cm™' in the ligand may be assigned to
V(NH-C=S) and v(C=S), respectively.

(c) '"H NMR spectrum

The 'H NMR spectrum of the ligand is recorded in CDCI, (Fig. 9). In the 'H NMR spec-
trum of the ligand, two doublets at 10.883—10.900 and 8.868—8.838 ppm are assigned for
adjacent N—H protons. A singlet at 8.80 ppm could be assigned to N—H proton adjacent to
azomethine group. Aromatic protons show a multiplet peak in the region 6.74—7.66 ppm.
Singlets at 3.924 and 3.968 ppm are assigned to methoxy protons. N—CH, protons absorb
at 3.700 ppm.
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Fig. 9. '"HNMR spectrum of the ligand.

3.2. Characterisation of metal complexes
3.2.1. Formulae and general properties of the complexes

All the complexes were found to be stable at room temperature. The analytical data of the
complexes are presented in Table 5 and are consistent with the proposed empirical formulae.

Table 5. Molecular formulae, colour, partial elemental analyses and magnetic moments
of the complexes

Elemental Analysis

Molecular| Melting uin
Col Yield | Found(calculated

Weight | Point | oo | M€ ¢ ) BM

C H |N S M

537 |50 |[176 |80
C H N.O.S 403 185 Yellow | 80 _ B
1850215 222 (653.6) | 52 | (174) | (7.9

488 |45 |145 |66 |55
1 | [Mn(H,L),(CH,C0O0),]| 979 205 Brown |70 3.1
49.0)| 4.9) | 14.3)| (6.5) | (5.6)

489 |46 |143 |66 |62
2 | [Co(H,L),(CH,CO0) ] | 983 220 Brown |70 3.1
48.8)| 4.9) | (14.2)| (6.5) | (6.0)

394 |36 |129 |11.8 |[10.8

No.| Compound

3 | [Co(HL)CLH,0] 551 250 Green |80 D
(39.2)| 3.8) | (12.7)| (11.6) | (10.7)
A Yellowish 498 |44 161 [72 |65
4 | [Ni(HL)] 865 215 80 27
green. 49.9)| 4.6)| 16.2)| (7.4) | (6.7)
436645 (99 |84 |18.0
5 | [Cu,(HL)(CH,CO0),] | 707 200 Black |80 1.2

@07 @D | 99 |©.1) |(17.9)
319 |24 |106 |90 |188
6 | [Cu,(HL)CL] 637 220 Green |80 D
(33.9)| 3.1) | (10.9)| (10.0) | 19.9
300 |25 |165 |84 |158
7 | [Cu,(HL)(NO,),] 716 210 Green |80 D
(30.1)| (2.8) | (15.6)| (8.9) | (17.7)
411 |45 [127 [11.3 | 119
8 | [(Cu(HL)OHH,0),] 1041 240 Green |80 D
(41.5)] @.8) | 13.4)| (12.2)] (12.2)
455 (34 [117 |73 | 117
455 |44 [134 |12 |124
400 (3.9 [13.0 |[115 |38

40.6)| (3.9) | 13.1) | (12.0)| L)

9 | [Zn(HL)CH,COO] 586 270 Yellow |70

10 | [Cd(HL)OH] 532 >270 Yellow |75
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3.2.2. Electronic spectra and magnetic moments

The electronic spectra of complexes were recorded in solid state and their probable assign-
ments are given in Table 6.

Table 6. Electronic spectral bands and their assignments

;Zinplex Compound Band nm cm™! Assignments
CisH21N50:2S2 263 38022 T
322 30959 n—r*
393 25445 n—m*
626 15974 C-T
1 [Mn(H,L),(CH,COO),] 309 32362 n—omn*
430 23255 C-T
723 13831 ng —>Eg
2 [Co(H,L),(CH,CO0),] 280 35714 T—T*
413 24213 Cc-T
604760, 6525h 16556-13157, T (F) = T, (F),
14662sh ‘T, (F) > ‘A, (F)
3 [Co(HL)CL, H,0] 316 31645 n—m*
387 25839 Cc-T
725 13793 Ay oy A
Tlg
4 [Ni(HL),] 264 37878 o
423 23640 ‘A, (F) = °T (P)
687 14556 ‘A, (F)=>°T,_(F)
895 11173 A, (F) = °T, (F)
5 [Cu,L(CH,COO0),] 275 36363 T—1*
306 32679 n—mu*
349 26385 Cc-T
411 24330 B, A,
685-751 1458913315 B —’E,
885 11,249 B, A
6 [Cu,LCL] 261, 287 38341, 34843 T—*
330, 352 30303, 22213 n—m*
402 24875 Cc-T
700 14285 ‘B, — A,
854 11709 B, —E,
885 11299 B, A
7 [Cu,L(NO,),] 287 34843 T—7*
352 28409 n—m*
690 14492 B A,
850 11764 "B, —E,
8 [Cu(HL)OH H,0),]
311 32514 n—m*
387 25839 Cc-T
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725 13793 T, —E,

9 [Zn(HL)CH,COO] 260 38341 T *
328 30487 n—m*
630 15873 C-T

10 [Cd(HL)OH] 267 37457 T
313 31494 n—n*
405 24691 C-T
635 15748 C-T

In the high-spin, octa hedrally coordinated Mn(Il) complex, the lowest configuration
(tzg)3(eg)2 gives rise to the ground state, 6A1g. But for the low-spin octahedral complexes,
the ground state is 2ng. High-spin Mn(II) ions in octahedral and tetrahedral geometries
have a spin-only value of 5.92 BM at room temperature. But the low-spin octahedral com-
plexes with 2T2g ground term can have orbital contribution and the experimental magnetic
moment values are found close to 2.50 BM. The observed magnetic moment value of
Mn(II) complex is found to be 3.1 BM corresponding to low-spin octahedral geometry.

Usually, Co(II) complexes exist in octahedral, tetrahedral and square-planar geome-
tries. If the ligand has several donor atoms, five coordinate geometry is possible for Co(II)
complexes. Co?*(d’ system) gives rise to the ground state, °F and the excited states °P, 'G, 'D
and 'S. The transitions from the ground state to the three singlet states (G, 'D, 'S) are spin
forbidden. The two remaining states, °F and P can have spin permitted transitions. The
F state splits into A AT AT, and P state is transformed into a T,, state. Hence, three peaks
should appear in the spectrum corresponding to 4Tlg(F) — 4ng(F), 4T1g(F) —>4A2g(F), and
4T1g(F) —>4Tlg(P) transitions. In this case, a broad d—d spectral band is formed in the region
604-760 nm with a shoulder at 682 nm, indicating its octahedral geometry. Octahedral,
tetrahedral and square-planar Co(II) complexes show magnetic moments of 4.7-5.2, 4.3—
4.8 and 2.2-2.9 BM, respectively."" The magnetic moment value of the Co(II) complex
herein is 3.1 BM."? Such low magnetic moment values for Co(II) complexes with S and
N chelating agents were reported previously.”® The anomalous value of magnetic moment
may be due to the anti-ferromagnetic spin—spin interaction between Co—Co metal centres
or due to high-spin—low-spin equilibrium."

Co(III) ion has a d° configuration, giving an electronic arrangement (‘[Zg)6(eg)0 and the
ground state is lAlg. In this study, a broad band at 723 nm is observed for complex (3) and
may be due to ‘Alg — szg and 1Alg—> 1Tlg transitions. In [Co(HL)CL, H,O], cobalt is in +III
oxidation state and is in low spin octahedral configuration showing a diamagnetic behaviour.

Octahedral complexes of Ni(Il) ion with d® configuration have a ground state 3A2g. The
three spin-allowed transitions are, 3A2g (F)— 3Tzg (F), 3A2g (F)— 3T]g (F) and 3A2g (F)— 3Tlg
(P) in the range 800011000, 15000-19000 and 25000-29000 cm™!, respectively. In this case, the
peaks at 423, 687 and 895 nm are due to 3A2g(F) — T 1«(P), 3AZg (F) — 3’Tlg (F) and 3AZg (F) —
3T2g (F) transitions, respectively. The magnetic moment of nickel complex herein is 2.7 BM
proposing octahedral geometry.
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For square-planar copper complexes with a dx? ? ground state, three spin-allowed tran-
sitions are expected.” [*B,, — ?A, (dy2—y2— dz2),’B,,— °B, (dx22—dyy) and °B,,—
’E, (dy2—)2—dyzy7)]- The complex [Cu,L(CH,COO0),] (5) showed three bands 411, 740 and
885 nm. This may be due to 2Blg — 2A2g’ 2Blg—> 2Eg and 2Blg—>2Alg transitions, respectively.

The complex Cu,LCl, (6) showed three bands at 700, 854 and 885 nm due to 2Blg —
2A2g, 2Blg—> zEg, and 2B1g_’2A1g transitions, respectively. The broad band observed at 725
nm in the electronic spectrum of the Cu(Il) complex (8) is assigned to 2Eg — 2TZg transi-
tion. This is in agreement with the distorted octahedral geometry of the complex.

All Cu(IT) complexes, except complex (5) were diamagnetic. Magnetic moments of binuclear
Cu(II) complexes were found in the range of 1.15—1.40 BM. In this case, the observed magnetic
moment is 1.21 BM. This low magnetic moment may be attributed to the presence of a strong
anti-ferromagnetic spin—spin interaction between metal centres.'® Low magnetic moment or
diamagnetism of complexes strongly supports their existence as dimers in the solid state.”

Cd(II) and Zn(II) complexes showed bands at 630 nm due to charge-transfer transition.
As expected zinc and cadmium complexes were diamagnetic. Representative electronic
spectra of the complexes (1), (2), (4) and (5) are presented in Fig. 10.
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Fig. 10. Electronic spectra of the complexes (a) [Mn(H,L)(CH,COO),] (1), (b)
[Co(H,L),(CH,COO0),] (2), (c) [Ni(HL),] 4) and (d) [Cu (L)(CH,COO),] (5).
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3.2.3. Vibrational spectra

The IR spectral assignments of the ligand and the complexes are depicted in Table 7.
The band observed at 1602 cm™ in the ligand spectrum due to v(C=N) is shifted to lower
wavenumbers in the spectra of the complexes. However, the band observed at 1126 cm™,
due to N—N stretching mode is shifted to higher wavenumbers in the spectra of metal com-
plexes. Moreover, the IR spectra of all the complexes revealed new bands in the region,
400—-470 nm assigned to v(M—N). These observations indicate the involvement of azome-
thine nitrogen in coordination.

Broad bands in the region 3500-3100 cm™ in the complexes (3) and (8) suggest that
water is coordinated to central metal ions in these complexes. The inclusion of water
molecules in the coordination spheres of these metal complexes are also supported by
the strong bands at ~850—940nm. In addition to this, v(M—0O) bands were observed at
520—620 cm™ in certain complexes. The v(M—0) band may be either due to coordinated
acetate, nitrate or hydroxyl anions or coordinated water molecules.

The complex (1) showed bands at 1720 and 1655 cm™ possibly due to the v, (COO)
of the two unidentate acetate groups.'” The v (COO) was observed at 1511 cm™". The
complex (2) showed bands at 1677 and 1504 cm™" due to v, (COO) and v (COO) of uni-
dentate acetate group. Here the separation between v, (COO) and v (COO) is greater
than 144 cm™, which confirmed the coordination of acetate group.” In the case of
[Cu,(HL)(CH,COO),] (5), the bands at 1677 and 1345 cm™ may be due to the bridged

Table 7. IR spectral assignments

v(O-H)/ v(N-H)/

( ) ( ) v(C- | v(NH- v(M-
No: | Compound Coordinated v(C=N) v(IN-N) | v(C=S) v(M-0)

0) |C=S N)
H,0
3444
C,H,N.0,S, 1602|1415 [1266 | 1126 |770 |- -

3247

3412
1 | [Mn(H,L)(CH,C00),] 3979 1596 1345 | 1265 [1137 | 764 440 | 545
2 |[Co(H,L),(CH,CO0),] | 3438 1592|1345 [ 1265 | 1132|760 (417 |549
3 [Co(HL)CI, H,0] 3438 1602 1344 | 1259 1137 756 439 -
4 [Ni(HL),] 3435 1596 1344 | 1271 1135 765 437 539
5 |[Cu,(L)(CH,CO0),] |3435 1592 1345 | 1267 [1132 | 758 463 |-
6 [Cu,(H,L)CL] 3435 1595 1342 | 1268 1132 758 420 -
7 [Cu,(HL)(NO,),] 3435 1597 1342 | 1270 1139 760 419 613
8 [CuHLOH H,0),] 3438 1594 1343 | 1263 1133 765 433 620
9 [Zn(HL)CH,COO] 3439 1592 1341 | 1267 1136 758 440 620

1363

10 |[Cd(HL)OH] 3447 1602 1336 1267 1106 760 447 556
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acetate groups. Additional bands at 1511 and 1456 cm™ may be due to the presence
of unidentate acetate group. Representative IR spectra of the complexes (3), (4) and
(5) are presented in Fig. 11.
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Fig. 11. IR spectra of the complexes (a) [Co(HL)CL,H,O] (3), (b) [Ni(HL),] (4) and
(© [Cu, (D)(CH,COO),] (5).

3.2.4.'H NMR spectrum

The '"H NMR spectrum of the Zn(II) complex was recorded in DMSO at room tempera-
ture (Fig. 12). Singlets at 3.100-3.478 and 3.499-3.761 ppm are assigned to methoxy pro-
tons and “N—CH, protons, respectively. Singlets at 6.712 and 6.996 ppm are assigned to
azomethine protons. The spectrum also showed several signals in the range 7.817-7.084
ppm, assigned to the different types of aromatic protons in the molecule. Peaks observed
in the range, 1.252-1.575 ppm can be assigned to CH, protons of acetate group. Singlet
observed at 2.841 ppm may be due to DMSO protons.
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Fig. 12. '"H NMR spectrum of the Zn(II) complex.

4, Conclusions

In the present investigation, we were able to obtain single crystals of the ligand,
2-{2-[(3,4-dimethoxyphenyl)methylidene]hydrazinecarbonothioyl}-N-methyl-N-phenyl-
hydrazine-1-carbothioamide. Based on elemental analyses, spectral and magnetic studies,
the following geometries are assigned to the complexes (Figs. 13—19).
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Fig. 13. Proposed structure of complexes, [M(HL),X,], where M = Mn(II) or Co(Il);
X =CH,COO" (1) and (2).
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Fig. 14. Proposed structure of complex [Co(HL)CL, H,O] (3).
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Fig. 15. Proposed structure of [Ni(HL),] (4).

Fig. 16. Proposed structure of [Cu (HL)X,], where X = CH,COO" (§).

137



! |
! y
H3C N/ \C/
o} S\C/ \\
H3CO - / S
! ‘ HN\
SN Cu—o:c4
;;;N//////a' \;\\\\\X
X

Fig. 17. Proposed structure of [Cu,LX,], where X = Cl or NO, (6), (7).
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Fig. 18. Proposed structure of [CuHLOH H,0)], (8).

Fig. 19. Proposed structure of [MLX], where M = Zn(Il) or Cd(Il); X = CH,COO~
or OH~(9) and (10).
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CHAPTER VIII

IN-SILICO SCREENING FOR THE
NON-LINEAR OPTICAL PROPERTY OF
LIGANDS

1. Introduction

The foremost endeavour of quantum chemistry is to apply the quantum mechanics in
physical models and experiments of chemical systems. Quantum chemists usually use
mathematical methods accomplished by computer programs to find out the energies and
structures of molecules. Computational chemistry simulates chemical structures and reac-
tions numerically based on fundamental laws of physics. For chemists, it opens a new
frame to study chemical phenomena by running calculations on computers rather than by
studying the reactions and compounds experimentally. Schrodinger equation is the basis
of all quantum chemical models.

The main idea of density functional theory (DFT) is to explain an interacting system of
fermions through its density and not through its many body wave function.! The convergence
of traditional quantum chemical methodology and DFT were recognized by the announce-
ment of Nobel Prize in chemistry in 1998 to John Pople and Walter Kohn. Nowadays, DFT
has been considered as a cost-effective approach for the computation of molecular structure,
vibration frequencies and energies of chemical reactions. Literature survey revealed that
the DFT has a great accuracy in reproducing the experimental values in terms of geometry,
dipole moment, vibrational frequencies, thermodynamic properties, and so on. Several stud-
ies have shown that the molecular structures and vibration frequencies calculated by DFT
methods are more reliable than those obtained by other quantum chemical methods.

2. Applications of DFT method

2.1. Geometry optimization

It is the name for the process to find the configuration of minimum energy of a molecule.
A minimum energy structure will have no imaginary frequencies. A sensible starting
point for geometry optimization is to use experimental data, that is, the X-ray diffraction
data of the molecules, whenever possible. The gas phase structures of the compounds were
optimized by using DFT method proposed by Hohenberg and Kohn.?
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2.2. GAUSSVIEW-GUI for GAUSSIAN 09 program

It is an affordable, full-featured graphical user interface for GAUSSIAN 09 program.*
With the help of Gaussview,” one can prepare input for submission to Gaussian and to
examine graphically the output that Gaussian produces. Gaussview can graphically display
the results of a variety of Gaussian calculations, such as molecular orbitals, atomic charges,
surfaces from the electron density, electrostatic potential, NMR shielding density and other
properties. Surfaces may be displayed in solid, translucent and wire mesh modes. Surfaces
can be coloured by a separate property. Animation of the normal modes of vibrational fre-
quencies, animation of the steps in geometry optimizations, potential energy surface scans,
intrinsic reaction coordinate (IRC) paths can also be generated using Gaussview.

2.3. HOMO-LUMO

To elucidate several types of reactions and for understanding the most reactive position in
conjugated systems, molecular orbitals and their properties like energy are utilized.® Red
and green colours in the picture represent the positive and negative values for the wave
function. The charge exchange inside the molecule can be identified by evaluating the
HOMO-LUMO energy gap which is a sign of its biological activity.” The HOMO-LUMO
energy gap is also an identification factor of stability index.® The small energy gaps nor-
mally indicate a high chemical reactivity and low kinetic stability. Such molecules are
termed as delicate ones.’

2.4. Global descriptors

According to the Koopmans’ theorem, the HOMO and LUMO orbital energies are related
to gas-phase vertical ionization energies (/) and vertical electron affinities (A4) of the isomers
through the equations, 4 = —E, ;yi0, I = —Eyomo-’ Electron affinity indicates the potential of
a ligand to accept precisely one electron from a donor. By using HOMO and LUMO energy
values, global descriptors such as chemical hardness, [ = (I — A)/2], chemical softness,
[£ = 1/2n], chemical potential, [ = (£, ymo T Enomo)/2] and the global electrophilicity index,
[w = p?/2n], were also calculated." Physically, chemical potential u describes the escaping
tendency of electrons from an equilibrium system.!? Electrophilicity index measures the prop-
erty or capacity of a species to accept electrons.” It is a measure of the stabilization in energy
after a system accepts additional amount of electronic charge from the environment.!*!3

2.5. Molecular electrostatic potential

Molecular electrostatic potential (MEP) at a point in the space around a molecule gives
an indication of the net electrostatic effect produced at that point by a total charge dis-
tribution of the atom or molecule. The electrophilic and nucleophilic sites in a molecule
can easily be identified with the help of MEP map which in turn determines the chemical
reactivity of a compound and is responsible for non-covalent interactions.!® The distinct
values of the electrostatic potential at the surface are represented by different colours: red
represents the regions of most negative electrostatic potential, blue represents the regions
of most positive electrostatic potential and green represents the regions of zero potential.
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The ascending order of potential is red < orange < yellow < green < blue. It is also very
useful to correlate the molecular structure with physico-chemical property.

2.6. Natural bond orbital analysis

It gives a profound insight into the intra- and intermolecular orbital interactions in the
molecules between filled donor and empty acceptor natural bond orbitals (NBOs), which
also provides a convenient basis for investigating charge-transfer or conjugative interac-
tion in molecular systems."* Second-order perturbation energy gives clear information
regarding the origin of stabilization of a molecule by analyzing the interactions between
occupied Lewis NBO (bond pair or lone pair) as donor and an unoccupied non-Lewis
NBO (anti-bonding or Rydberg) as acceptor.” NBO analysis allows us to understand which
orbital interactions are primarily involved in the stability of the observed conformer. Since
the occupancies of filled NBOs are highly condensed, the delocalizing interactions can be
further treated by the second-order perturbation energies (E®):
EQ2)=—q,F/e—¢

i i

where ¢, is the population of donor orbital or donor orbital occupancy; €, €, are orbital
energies of donor and acceptor NBOs, respectively, and F); is the off-diagonal Fock or
Kohn—Sham matrix element between i and j NBOs.'8

2.7. Calculation of polarizability and hyperpolarizability to screen
non-linear optical property

Non-linear optics deals with the interaction of applied electromagnetic fields in various
materials to generate new electromagnetic fields, altered in wave number, phase or other
physical properties. Non-linear optical (NLO) materials have diverse applications in tele-
communication, signal processing, optical interconnection, optical computing, sensor pro-
tection, optical switching and various other photonic technologies. Organic crystals are
mainly employed for optical applications owing to their high conversion efficiency, trans-
parency in the UV—Vis region, large optical susceptibilities and inherent ultrafast response
time. Currently, organic NLO materials are an important substitute to inorganic materials
due to their low cost and flexible molecular structures. Intramolecular charge-transfer (ICT)
from the donor to acceptor group through a single-double bond conjugated path can induce
large variations in both molecular dipole moment and polarizability. The NLO property
of a molecule originates from the non-centrosymmetric alignment of NLO chromophore.
When a beam of light is imposed on a material, the oscillation of charges on each atom
of that material takes place. The amount of charge displaced in a linear material is pro-
portional to the magnitude of the electric field with same frequency as the incident light.
For small fields, the displacement of charge from the equilibrium, mean polarization (P),
will be directly proportional to the applied field, £

P=aFE
where a is the linear polarizability.
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In an NLO material, the displacement of charges from its equilibrium position will be
a non-linear function of the electric field. If the electric field is of high intensity, the polar-
izability of all materials will deviate from linear regime.?
For non-linear polarization,

P =P+ y'E+ B+ pPE+. ..

The total dipole moment of a chemical system that arises while applying electric field can
be calculated by considering four components and is given in the equation:

u=p,+aF+%pE+1/6 y+..

where y,, is the permanent dipole moment, « is polarizability, /3 is the first-order polariza-
bility and y is the second-order polarizability. The first-order hyperpolarizability is a third
rank tensor that can be described by a 3 X 3 X 3 matrix. However, according to Kleinman
symmetry, the 27 components of the 3D matrix can be reduced to 10 components for a
molecule with no symmetry.?! It can be given in the lower tetrahedral format. It is obvi-
ous that the lower part of the 3 X 3 X 3 matrices is tetrahedral. The components of  are
defined as the coefficients in the Taylor series expansion of the energy in the external
electric field.?** For the calculation of the terms, u, @, Aa and /3, are defined as follows:

atota1= 1/3 (axx + ayy + azz)
Aa = 1/21/2[(axx_ (ny)2 + (ayy_ a,, 2+ (azz_ axx)2+ 6a2xz+ 6a2xy + 6a2yz]1/2

Bioa = (B Brsat Pryy P+ Byyy Byt B+ (Bt Pt By 1"

Hiotal = (Aux2 + :uy2 + luzZ)l/2

Since the values of the polarizabilities (o) and first-order hyperpolarizability (f) of
GAUSSIAN-09W output are reported in atomic units (a.u.), the calculated values have been
converted into electrostatic units (esu) (1 a.u. = 0.1482 x 107 esu for a; 1 a.u. = 8.6393
X 107 ecm¥/esu for f).>* Urea is one of the prototypical molecules used in the study of the
NLO properties of molecular systems. Therefore, it is used frequently as a threshold value
for comparative purposes. The u, @ and S, of urea are 1.3732 Debye, 3.8312 A’ and
0.37289 x 107*° cm®/esu obtained by B3LY P/6-31+G(d,p) method.>?¢

3. Computational details

All theoretical computations were done by using GAUSSIAN 09 software package and
GAUSS-VIEW 5.0.9 visualization program. In this study, the compounds were optimized by
using DFT with Beck’s three parameter?’ for exchange interaction and Lee—Yang—Parr**to con-
sider correlation functional (B3LY P) with the 6-31+G(d,p) basis sets. The starting geometries
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of molecules were taken from the X-ray refinement data or by drawing structures using
Gauss view program. In order to know more about the compounds, HOMO-LUMO energy
gap, global reactivity descriptors, the MEP map and NBO analysis were computed using
the same method. In order to explore NLO properties, the total static dipole moment (u),
the linear polarizability (a), the anisotropy of polarizability (Aa) and the mean first-order
hyperpolarizability (f,,,) were calculated using the abovementioned method.

4, Results and discussion
The following novel ligands synthesized by us were selected for computational studies:

1. N-Methyl-2-((3-methyl-5-oxo-1-phenyl-4,5-dihydro-1H-pyrazol-4-yl)(phenyl)
methylene)-N-phenylhydrazinecarbothioamide (H,L1)

2. 2-[2-(Diphenylmethylidene)hydrazine]-N-methyl-N-phenylhydrazine-1-
carbothioamide (H,L2)

3. 3-Formylchromone N(4)-methyl-N(4)-phenylthiosemicarbazone (HL3)

4. 2-{2-[(4-Hydroxy-3-methoxyphenyl)methylidene]hydrazinecarbonothioyl}-N-
methyl-N-phenylhydrazine-1-carbothioamide (H,L4)

5. 2-{2-[(3,4-Dimethoxyphenyl)methylidene]hydrazinecarbonothioyl}-N-
methyl-N-phenylhydrazine-1-carbothioamide (H,L5)

4.1. N-Methyl-2-((3-methyl-5-oxo-1-phenyl-4,5-dihydro-1H-pyrazol-4-yl)
(phenyl)methylene)-N-phenylhydrazinecarbothioamide (H,L1)

4.1.1. Optimized structure, MEP and HOMO-LUMO analysis of H,L1

Starting geometry of the molecule was taken from X-ray refinement data. The optimized
molecular structure, HOMO-, LUMO- and MEP plots of H,L1 have been generated at
B3LYP/6-31+G(d,p) using the GAUSS-VIEW 5.0.9 program and are shown in Fig. 1. The
optimized geometry shows an energy —1713.7165 a.u. On the basis of frontier molecu-
lar orbital approach, the HOMO, HOMO-1, LUMO and LUMO-+I orbitals are mainly
responsible for electronic transitions. Here, transitions originating from the highest occu-
pied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) is
n — * type. The transitions from HOMO-1-LUMO is characterised as #7 — z* type.
Theoretically, HOMO-LUMO energy gap is found to be 3.865 eV, and experimentally
it was 3.87 eV. By using HOMO and LUMO energy values, global descriptors such as
chemical hardness, chemical softness, chemical potential and the global electrophilic-
ity index were also calculated and is presented in Table 1. It is also observed that the
chemical potential of the compound is negative and shows the stability of the compound.
They do not decompose spontaneously into the elements from which they are made up
of.?? In the MEP map of our molecule, the most negative region is positioned on the O, N
and S atoms linked with carbon through double bonds, which can be considered as poten-
tial sites for electrophilic attack. However, the maximum positive region is located on the
H atom attached to nitrogen. This also shows a possible site for nucleophilic attack. MEP
map of the molecule elucidates ICT in the molecule.
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Optimized molecule

HOMO-LUMO orbitals, corresponding energy gap

MEP surface

Fig. 1. The optimized molecular structure, HOMO-, LUMO- and MEP plots of H,L1.

Table 1. Calculation of global descriptors

Global Descriptive Parameters
Homo =571 Softness ¢ 0.259
Lumo -1.84 Chemical potential u -3.78
Vertical ionization energy / 5.71 Electronegativity 3.78
Vertical electron affinity 4 1.84 Global electrophilic index @ 3.69
Hardness 7 1.93
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4.1.2. NBO analysis

Several donor—acceptor interactions have been observed among the strongly occupied
NBOs of the compound (Table 2). The most important delocalization sites are seen in the 7
system and in the lone pairs of the oxygen, sulphur and nitrogen atoms. The larger the £®
value, the more intense is the interaction between electron donors and electron acceptors,
that is, more the donating tendency from electron donors to electron acceptors, greater the
extent of conjugation of the whole system.

The most important interaction energy, related to the resonance in the molecule, is elec-
tron donation from LP(1) C(35) to the anti-bonding acceptor z*C(34)—N(48) with enormous
stabilization energy of 412.75 kcal mol . Further, LP(1) C(35) conjugates with z*C(37)—C(39)
leading to a stabilization energy of 63.82 kcal mol™. LP(1) N(45) and LP(1) N(46) stabilize
the thiosemicarbazide moiety via conjugation with 6*C(16)—S(54) leading to the stabiliza-
tion energies of 79.89 and 49.01 kcal mol™!, respectively. Intramolecular O---H-N hydrogen
bond interactions are shown in the NBO analysis by the interaction between the O lone
pair and N—H anti-bonding orbital [LP(1) O(33) — o* N(@46)—-H(55) and LP(2) O(33) — o*
N@6)-H(55)] leading to interaction energies of 10.83 and 19.4 kcal mol™, respectively.
LP(2) O(33) NBO further conjugates with 6*C(32)-N(48) resulting an energy of 24.74 kcal mol .

From Table 2, several ICT interactions are observed which are formed by the orbital
overlap between bonding (z) and anti-bonding (7*) orbitals. They result in the stabilization
of the system. The movement of z-electron cloud from donor to acceptor makes the mol-
ecule more polarized and it must be responsible for the NLO properties of the molecule.
NBO analysis together with HOMO—-LUMO energy gap and MEP map of the molecule
elucidate ICT in the molecule.

4.1.3. Polarizability and hyperpolarizability

The calculated dipole moment (u), polarizability (@) and the mean first-order hyperpolariza-
bility (,,,,) for the compound, H,L1 are 3.2829 D, 28.0639 A* and 0.783748 x 10~ cm’/esu,
respectively, are also summarized in Table 3. Theoretically, the linear polarizability (@) of the
compound is nine times higher than that of urea. It is also found that the compound shows
twofold higher value of first-order hyperpolarizability (£) and the dipole moment (u) than urea.

4.2, 2-[2-(Diphenylmethylidene)hydrazine]-N-methyl-N-phenylhydrazine-1-
carbothioamide (H,L2)

4.2.1. Optimized structure, MEP and HOMO-LUMO analysis of H,L2

Starting geometry of the molecule was drawn using GAUSS-VIEW 5.0.9 program. The
optimized geometry shows energy —1921.1254 a.u. The optimized molecular structure,
HOMO-, LUMO- and MEP plots of H,L2 have been generated at B3LYP/6-31+G(d,p)
using the GAUSS-VIEW 5.0.9 program and are shown in Fig. 2. Theoretically, HOMO-
LUMO energy gap was found to be 4.24 eV. By using HOMO and LUMO energy values,
global descriptors such as chemical hardness, chemical softness, chemical potential and
the global electrophilicity index were also calculated and is presented in Table 4. It is also
observed that the chemical potential of the compound is negative which shows the stabil-
ity of the compound. In MEP, red regions mainly extend over the sulphur atoms linked to

146



10 600 v0'€8 (€RO—(11)Ds¥ (87IN—(¥€) D 2900 €€°0 vyl (6PIN—(1€)Dx2 (8)N—(¥£)D¥
650°0 200 I'p€l (€9)0—(T€) =¥ (87IN—(¥€) D 101°0 1S°0 €5°CT (€9)0—(T)Dx2 (09H—(60)D2
€0°0 00 6LH1 (6VIN—(1€)Dx2 (8PIN—(#€) s 9800 €5°0 vSLI (6PN—(1€)Dx2 (09 H—(60)D2
2800 100 90°0S¢T (61)0—(81)Dx2 (LDO~(§DDxx L80°0 ¥$°0 SLI (LYIN—(LDOs2 (09)H—(60)D2
€€0°0 ¥0°0 €0'I1 (610810 (LPIN=(LD D=2 690°0 620 €70 (€00—(1DDx2 (LDO—(sD)D¥
180°0 790 €8°Cl (9VN—(91)Dx2 (#9)S (@Dd1 690°0 €0 S10T (61)0—(81)Dx2 (LDD—(s0)D¥
8L00 $9°0 LTI (SPIN—(91)Ds2 (#9)S (Od1 LO0 870 L1 (LDO—(SD D2 (€00—(10)0%
vIT'0 780 61 (SOH-(99)Nx2 (€90 (Dd1 690°0 620 1£°0C (61081 (€00—(100%
o €L0 vLYT (87)N—(2€)D+2 (€90 (0d1 690°0 870 L8°0T (LDO—(SDDx2 (61)0—-(81D¥
8800 vL0 6971 (2©)2—(60)0x2 (€90 (0d1 890°0 620 8561 (€010 (6D0O-(81DD¥
¥01°0 €Tl €8°01 (SOH-(99)Nx2 (€90 (Dd'1 690°0 620 9€°0T (0DDO—(8)D2 FDO—-(CDOx
LO0 620 101C (69)0—(LE)Dxx2 (er)—-() ¥ TLO0 620 €T (9)0—(9)Dx2 FDO—(CNox
6800 61°0 LTLE (8PIN—(rE€) D (er)0—(1)Dx LO0O 620 86°0C (FDO— (T2 (0DND—(8)0%
TLO0 620 8€'TC (€nO—(11)Ds¥ (6£)0—(Le)D¥ L0°0 620 LTTT (9)0—(9)Dx2 (0Do-(8)0¥
600 v1'0 98'9% §eD (D1 (6£)2—(LE)D¥ L00 €0 10T (FDO— (T2 (9)0—(9)ox
901°0 1€°0 9L'TH (€)0—(TE)Dx¥ (8N (#€)Dx LO0 €0 1€°02 (0DD—(8)Dx (9)0—(9)ox
‘n'e ‘n'e [ow/[edy ‘n'e ‘n'e [owr/[edy
14 q-07 od | () 09N 103dadoy (1) 09N JouoQq hg| -l od | (1) 04N 103320y () 04N 10uoq

(Jow/[eoy]) sa1319u9 uoneqIn}Iad 19pI0-puosds 119y} pue punodwos y) Jo suonoerdul 103dadoe—iouop ol 7 dIqelL

147



Table 3. Calculated electric dipole moment, polarizability and first-order hyperpolariza-
bility of the compound

Polarizability Hyperpolarizability
ayy=—176.1604 Pyyy=—6.8175
ayy = 157388 vy = 17.8458
ayy=—201.6986 Przz = 274541
ay, = 0.0255 Pyyy = —14.5805
a,, =-191.0043 Py = —55.7806
ay,,=-5.9678 Pyz, = 52974
A = 28.0639A° B =-3.9677
Aa = 49.70691A3 Pz = —26.8267
1 =3.2829 Debye Pyy,=—19.3684
Prow = 0.783748 X 107 cm’/esu

Optimized molecule HOMO-LUMO orbitals, corresponding energy gap

MEP surface

Fig. 2. The optimized molecular structure, HOMO-, LUMO- and MEP plots of H,L2.
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Table 4. Calculation of global descriptors

Global Descriptive Parameters

Homo —5.7880 Softness £ 0.5248
Lumo —1.6349 Chemical potential u -3.6680
Vertical ionization energy / 5.7880 Electronegativity —3.6680

Vertical electron affinity 4 —-1.6349
Hardness 7 1.9055

Global electrophilic index @ 3.1733

carbon through double bonds, predicting that they are susceptible sites for electrophilic
attack. The blue regions of the molecule are found to be spread over the hydrogen atoms.
This indicates that these sites may involve in nucleophilic processes.

4.2.2. NBO analysis

Several donor—acceptor interactions have been observed among the strongly occu-
pied NBOs of the compound (Table 5). The most important delocalization sites are
seen in the 7 system and in the lone pairs () of the oxygen, sulphur and nitrogen atoms.
The electron donation from LP(1) N(25) to the anti-bonding z* N(26)-C(28) stabilizes
the molecule with an energy of 30.82 kcal mol. Further, LP(2) S(18) conjugates with
0*N(12)—C(17) leading to a stabilization energy of 10.87 kcal mol. The interactions
7C(29)-C(34) — #*C(30)-C(31)/z*C(32)—C(33) and 7zC(30)—-C(31) — #*C(32)-C(33) are
responsible for the extended conjugation of benzene ring and stabilize the molecule with

Table 5. Major donor—acceptor interactions of the compound and their second-order per-
turbation energies (kcal/mol)

Donor NBO (i) Acceptor NBO () E® Kkeal/mol E(j)-E(@) a.u. | F@i,j) a.u.
zC(1)-C(6) 7*C(2)-C(3) 20.49 0.28 0.068
zC(1)—C(6) 7*C@)-C(5) 21.83 0.27 0.069
zC(2)-C(3) 7*C(1)-C(6) 19.81 0.28 0.067
7C(2)-C(3) 7*C@)-C(5) 21.04 0.27 0.068
zC4)-C(5) 7*C(1)-C(6) 18.76 0.29 0.066
7C@)-C(5) 7*C(2)-C(3) 19.81 0.29 0.068
7C(29)-C(34) 7*C(30)-C(31) 19.43 0.29 0.067
7C(29)-C(34) 7*C(32)-C(33) 19.41 0.29 0.067
7C(30)-C(31) 7*C(32)-C(33) 19.89 0.28 0.067
LP(2) S(18) o*N(12)-C(17) 10.87 0.65 0.076
LP(2) S(18) o*N(12)-C(17) 10.87 0.65 0.076
LP(2) S(18) 6*N(20)-H(22) 6.84 0.62 0.06
LP(2) S(24) o*N(19)-H(21) 5.74 0.62 0.055
LP(2) S(24) 6*N(20)-C(23) 9.64 0.67 0.074
LP(2) S(24) 6*C(23)-N(25) 10.24 0.63 0.073
LP(2) S(24) 0*C(23)-N(25) 10.24 10.24 0.073
LP(1) N(26) o*N(25)-H(27) 9.45 0.82 0.08
LP(1) N(26) c*C(28)-C(34) 10.83 0.83 0.085
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a maximum energy ~19.89 kcal/mol. LP(2) S(18) conjugates with ¢*N(12)—C(17) and
0*N(20)-H(22) with stabilization energies 10.87 and 6.84 kcal/mol, respectively. In this
case, we have observed several ICT interactions resulted from the orbital overlap between
bonding () and anti-bonding (z*) orbitals. These movements of z-electron cloud from donor to
acceptor make the molecule more polarized and it must be responsible for its NLO properties.

4.2.3. Polarizability and hyperpolarizability

The calculated dipole moment (u), polarizability (a) and the mean first hyperpolariza-
bility (S, for the compound, H,L2 are 2.6576 Debye, 24.8058 A3 and 0.363 cm%/esu,
respectively, are also summarized in Table 6. Theoretically, the linear polarizability (a) of
the compound is nine times higher than that of urea. It is also found that the compound
shows comparable value of first-order hyperpolarizability (f,,,,) to that of urea. The dipole
moment of the molecule is twice that of urea.

Table 6. Calculated electric dipole moment, polarizability and first-order hyperpolariza-
bility of the compound

Polarizability Hyperpolarizability
ay, = 148.3006 Provy=—23.0405
ayy =—-2.0194 Pryy = 51.0368
ayy = 173.8425 Pz =—11.6842
a,, =—2.9088 Pryy = 28.9689
a,, = 179.999 Py =12.8631
ay, = 75779 Pz, =—2.0286
A = 24.8058 A3 P, = 16134
Aa = 32.51816 A’ Prxz = —16.485
1 =2.6576 Debye Pyy,=—13.0981
Proar = 0.363 X 107°° cm’/esu

4.3. Formylchromone N(4)-methyl-N(4)-phenylthio-semicarbazone(HL3)
4.3.1. Optimized structure, MEP and HOMO-LUMO analysis of HL3

Starting geometry of the molecule was drawn using GAUSS-VIEW 5.0.9 program.
The optimized geometry showsanenergy —1407.8536 a.u. The optimized molecular structure
HOMO-, LUMO- and MEP plots of HL3 have been generated at B3LY P/6-31+G(d,p) using
the GAUSS-VIEW 5.0.9 program and are shown in Fig. 3. Theoretically, HOMO-LUMO
energy gap is found to be 3.29 eV. By using HOMO and LUMO energy values, global
descriptors such as chemical hardness, chemical softness, chemical potential and the global
electrophilicity index were also calculated and is presented in Table 7. It is also observed
that the chemical potential of the compound is negative, showing its stability. In MEP, red
regions mainly extend over the oxygen and sulphur atoms predicting them as susceptible
sites for electrophilic attack. The blue regions of the molecule mainly spread over the
hydrogen atoms. This indicates that these sites may be involved in nucleophilic processes.
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HOMO-LUMO orbitals, corresponding energy gap

Optimized molecule

MEP surface

Fig. 3. The optimized molecular structure, HOMO-, LUMO- and MEP plots of HL3.

Table 7. Calculation of global descriptors

Global Descriptive Parameters
Homo -5.4089 Softness ¢ 0.6078
Lumo -2.1187 Chemical potential u -3.7638
Vertical ionization energy / 5.4089 Electronegativity 3.7638
Vertical electron affinity 4 2.1187 Global electrophilic index o 4.3056
Hardness 1.6451

4.3.2. NBO analysis

Several donor—acceptor interactions have been observed among the strongly occupied
NBOs of the compound (Table 8). The interactions #C(29)-C(34) — = *C(30)-C(31l)/n
* C(32)-C(33) and = C(32)—-C(33) —» #*C(30)—C(31) are responsible for the extended
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conjugation of benzene ring and stabilize the molecule with a maximum energy,
~21.07 kcal/mol. zC(1)—C(5) and #C(3)—C(4) conjugate with z*C(2)—O(16) with a max-
imum energy, 23.62 kcal/mol. LP(2) O(14) conjugates with z*C(1)-C(5) leading to a
stabilization energy of 33.48 kcal mol™!. LP(2) O(16) NBO conjugates with 6*C(1)—C(2)
and ¢*C(2)—C(3) and the resulting energies are 19.54 and 20.08 kcal mol™, respec-
tively. LP(1) N(19) stabilizes via conjugation with 6*C(22)—S(23) leading a stabilization
energy of 58.01 kcal mol™. The interactions #C(2)—O(16)—z*C(1)-C(5) and #C(17)—
N(18)—z*C(1)—C(5) stabilize the system with energies 5.28 and 8.71 kcal mol ™', respec-
tively. LP(1) N(18) conjugates with o*C(17)-H(20), 6*N(19)-H(21) #*C(17)-N(18),
0*N(19)-C(22) and 0*C(22)-N(24) with stabilization energies 10.61, 8.36, 27.9, 13.49
and 11.88 kcal mol ™, respectively. The movement of z-electron cloud from donor to
acceptor makes the molecule more polarized and it must be responsible for its NLO
properties.

Table 8. Major donor—acceptor interactions of the compound and their second-order per-
turbation energies (kcal/mol)

Donor NBO (i) Acceptor NBO (j) | E® keal/mol E(j)-E() a.u. F(i,j) a.u.
zC(1)-C(5) 7*C(2)-0(16) 23.62 0.3 0.077
7C(3)-C(4) 7*C(2)-0(16) 21.78 0.29 0.072
xC(7)-C(10) 7*C(8)—C(9) 21.24 0.28 0.069
zC(®)—C(9) 7*C(3)-C(4) 21.76 0.28 0.071
7C(29)-C(34) 7*C(30)-C(31) 20.64 0.28 0.068
7C(29)-C(34) 7*C(32)-C(33) 19.89 0.28 0.067
7C(32)-C(33) 7*C(30)-C(31) 21.07 0.28 0.068
LP(2) O(14) 7+C(1)-C(5) 33.48 0.37 0.101
LP(2) O(16) c*C(1)-C(2) 19.54 0.71 0.107
LP(2) O(16) 6*C(2)-C(3) 20.08 0.71 0.108
LP(1) N(19) 6*C(22)-S(23) 58.01 0.23 0.107
7C(2)-0(16) z*C(1)-C(5) 5.28 0.38 0.042
7C(2)—0(16) 7*C(3)-C(4) 478 0.37 0.042
7C(3)-C(4) z*C(7)-C(10) 18.2 0.3 0.068
7C(3)-C(4) 7*C(8)—C(9) 16.02 0.29 0.062
zC(7)-C(10) 7*C(3)-C(4) 17.95 0.27 0.064
zC(8)-C(9) 7*C(7)-C(10) 16.1 0.29 0.062
7C(17)-N(18) z*C(1)-C(5) 8.71 0.35 0.051
LP(1) N(18) 6*C(17)-H(20) 10.61 0.82 0.084
LP(1) N(18) o*N(19)-H(21) 8.36 0.77 0.072
LP(1) N(19) x*C(17)-N(18) 279 0.29 0.083
LP(2) S(23) 6*N(19)-C(22) 13.49 0.59 0.081
LP(2) S(23) 6*C(22)-N(24) 11.88 0.61 0.077
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4.3.3. Polarizability and hyperpolarizability

The calculated dipole moment (u), polarizability (@) and the mean first hyperpolarizability
(B0 for the compound HL3 are 4.6184 Debye, 20.5995 A3, and 2.027 cm¥/esu, respectively,
are summarized in Table 9. Theoretically, the linear polarizability (@) of the compound
is seven times higher than that of urea. It is also found that the compound shows 5.44
times higher value of first-order hyperpolarizability and four times higher dipole moment
than urea.

Table 9. Calculated electric dipole moment, polarizability and first-order hyperpolariza-
bility of the compound

Polarizability Hyperpolarizability
ayy=123.3269 Pryy=—242.201
ayy = —15.8475 PByyy = 16.5671
ay, = 1447186 Przs = 269125
ay, =-52107 yyy = 17.1051
a,, = 148.9494 Pryy = 60.5281
ay, = 70254 Py, =—5.638
QAo = 20.5995 P, =—0.3415
Aa = 3935684 A® Pz =—84.708
u = 4.6184 Debye Pyy, = —16.709
Prow = 2.027 X 107 cm’/esu

4.4, 2-{2-[(4-Hydroxy-3-methoxyphenyl)methylidene]
hydrazinecarbonothioyl}-N-methyl-N-phenylhydrazine-
1-carbothioamide (H,L4)

4.4.1. Optimized structure, MEP and HOMO-LUMO analysis of H,L4

Starting geometry of the molecule was drawn using GAUSS-VIEW 5.0.9 program.
The optimized molecular structure HOMO-, LUMO- and MEP plots of H,L4 have
been generated at B3LY P/6-31+G(d,p) using the GAUSS-VIEW 5.0.9 program and are
shown in Fig. 4. The optimized geometry shows an energy —1879.803 a.u. Theoretically,
HOMO-LUMO energy gap is found to be 4.08 eV. Global descriptors such as chem-
ical hardness, chemical softness, chemical potential and the global electrophilicity
index were also calculated using HOMO and LUMO energy values and are presented
in Table 10. It is also observed that the chemical potential of the compound is negative,
showing the stability of the compound. In MEP, red regions mainly extend over the
oxygen and sulfur atoms linked to carbon through double bond, predicting them to
be susceptible site for electrophilic attack. The blue regions of the molecule mainly
spread over the hydrogen atoms. This indicates that these sites can be involved in
nucleophilic processes.
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Fig. 4. The optimized molecular structure, HOMO-, LUMO- and MEP plots of H,L4.

Table 10. Calculation of global descriptors

Global Descriptive Parameters
Homo —5.5453 Softness ¢ 0.4899
Lumo -1.4629 Chemical potential u -3.5041
Vertical ionization energy / 5.5453 Electronegativity 3.5041
Vertical electron affinity A 1.4629 Global electrophilic index @ 3.0077
Hardness 7 2.0411
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4.4.2. NBO analysis

Several donor—acceptor interactions have been observed among the strongly occupied
NBOs of the compound (Table 11). The interactions among zC(1)-C(6) — z*C(2)—C(3)/
7*C(4)—C(5), nC(2)-C(3) — #*C(1)—C(6)/n*C4)—C(5) and zC#)-C(5) — #*C(2)-C(3)
are responsible for the extended conjugation of benzene ring and stabilize the molecule
with a maximum energy of ~21.07 kcal/mol. The other interactions such as 7C(28)—C(29)
— 1*N(26)-C(37)/n*C(30)—C(31)/z*C(32)—C(33), nC(30)—C(31) — n*C(28)—C(29) and
7C(32)-C(33) — #*C(28)—-C(29)/n*C(30)—C(31) are responsible for the extended conju-
gation of 3-hydroxy-4-methoxybenzene ring and stabilize the molecule with a maximum
energy ~21.85 kcal/mol. Further, LP(2) O(44) conjugates with anti-bonding, 7*C(30)—-C(31)
with a stabilization energy of 29.14 kcal/mol. The movement of z-electron cloud from
donor to acceptor makes the molecule more polarized and it must be responsible for its
NLO properties.

Table 11. Major donor—acceptor interactions of the compound and their second-order
perturbation energies (kcal/mol)

Donor NBO (i) Acceptor NBO (j) E® kcal/mol E(j)—-E(@) a.u. | F(i,j) a.u.
zC(1)—C(6) 7*C(2)-C(3) 20.42 0.28 0.068
zC(1)-C(6) z*C4)-C(5) 22.06 0.27 0.069
7C(2)-C(3) z*C(1)-C(6) 19.98 0.28 0.068
7C(2)-C(3) 7*C(4)-C(5) 21.07 0.27 0.068
zC4)-C(5) 7*+C(2)-C(3) 20.04 0.29 0.068
7C4)-C(5) z*C(1)-C(6) 18.7 0.29 0.066
7C(28)-C(29) 7*N26—C(37) 21.85 0.26 0.069
7C(28)-C(29) 7*C(30)-C(31) 18.52 0.27 0.064
7C(28)-C(29) 7*C(32)-C(33) 19.67 0.29 0.068
7C(30)-C(31) 7*C(28)-C(29) 20.89 0.3 0.072
7C(32)—C(33) 7*C(28)-C(29) 17.62 0.29 0.065
7C(32)-C(33) 7*+C(30)-C(31) 21.19 0.28 0.07
LP(2) O44) 7*C(30)-C(31) 29.14 0.35 0.096

4.4.3. Polarizability and hyperpolarizability

The calculated dipole moment (u), polarizability (@) and the mean first-order hyperpo-
larizability (f,,,) for the compound, H2L4 are 2.8586 D, 21.4993A% and 2.866 cm’/esu,
respectively, and are summarized in Table 12. Theoretically, the linear polarizability of
the compound is seven times higher than that of urea. It is also found that the compound
shows 7.7 times higher value of first-order hyperpolarizability and two times the dipole
moment than urea. The largest S . value indicates charge delocalization along the bond
axis and the involvement of ¢ orbitals in ICT process.

155



Table 12. Calculated electric dipole moment, polarizability and first-order hyperpolariz-
ability of the compound

Polarizability Hyperpolarizability
oy, = 110.6858 Proy=310.0444
ayy = 8.4827 vy = 17.9493
ayy = 163.6227 Pz = —12.6565
ay,= 2.5520 Pyyy = —52.8289
a,, = 160.9015 Py = —1.4362
ay, =—10.5813 By, =—1.5303
Ayoral = 21.4993A3 P, =—4.6331
Aa = 56.89435 Py, = —55.5444
u = 2.856 Debye Py, = —17.3907
Dot = 2.866 x 107 cm¥/esu

4.5. 2-{2-[(3,4-Dimethoxyphenyl)methylidene]lhydrazinecarbonothioyl}-
N-methyl-N-phenylhydrazine-1-carbothioamide (H,L5)

4.5.1. Optimized structure, MEP and HOMO-LUMO analysis of H,L5

The geometry of H,L5 has been optimized using X-ray diffraction data as initial point
at B3LYP level of theory with 6-31+G(d,p) basis sets. The optimized geometry shows an
energy —1919.1088 a.u. The optimized molecular structure, HOMO-, LUMO- and MEP
plots of H,L5 have been generated at B3LY P/6-31+G(d,p) using the GAUSS-VIEW 5.0.9
program and are shown in Fig. 5. Theoretically, HOMO-LUMO energy gap is found to be
3.90 eV. By using HOMO and LUMO energy values, global descriptors such as chemical
hardness, chemical softness, chemical potential and the global electrophilicity index were
also calculated and are presented in Table 13. It is also observed that the chemical potential
of the compound is negative showing the stability of the compound. In MEP, red regions
mainly extend over the oxygen and sulphur atoms predicting them as susceptible sites for
electrophilic attack. The blue regions of the molecule mainly spread over the hydrogen
atoms. This indicates that these sites can involve in nucleophilic processes.

4.5.2. NBO analysis

Several donor—acceptor interactions have been observed among the strongly occupied
NBOs of the compound (Table 14). The interactions zC(13)—C(15) — z*C(14)—C(18) and
7C(13)-C(15) — n*C(22)—C(27) are responsible for the extended conjugation of benzene
ring and stabilize the molecule with a maximum energy ~18.13 kcal/mol. LP(1) N(5) con-
jugates with 7*N(4)—C(20) leading to a stabilization energy of 28.01 kcal/mol. The elec-
tron donation from LP(2) O(7) to anti-bonding 7*C(22)—C(27) stabilizes the molecule
with an energy of 31.87 kcal/mol. LP(2) S(1) conjugates with 6*N(8)—H(9), 6*N(10)—C(26),
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Fig. 5. The optimized molecular structure, HOMO-, LUMO- and MEP plots of H,LS5.

Table 13. Calculation of global descriptors

Global Descriptive Parameters
Homo —5.6263 Softness ¢ 0.5125
Lumo -1.7236 Chemical potential u -3.6749
Vertical ionization energy / ~5.6263 Electronegativity 3.6749
Vertical electron affinity 4 17236 Global electrophilic index @ 3.4605
Hardness 7 1.9513

0*N(12)-C(26) and 6*C(33)-H(35) with stabilization energies 7.5, 9.14, 11.32 and 1.01
kcal/mol, respectively. The movement of z-electron cloud from donor to acceptor makes
the molecule more polarized and it must be responsible for the NLO properties of the
molecule.
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Table 14. Major donor—acceptor interactions of the compound and their second-order

perturbation energies (kcal/mol)

Donor NBO (i) Acceptor NBO (j) | E® kcal/mol E()-E() a.u. F(i,j) a.u.
7C(13)—C(15) 7*C(14)—-C(18) 18.13 0.29 0.067
zC(13)-C(15) 7*C(22)-C(27) 17.41 0.28 0.064
7C(14)—C(18) 7*C(13)—C(15) 17.5 0.28 0.063
7C(14)—C(18) 7*C(22)-C(27) 17.96 0.27 0.063
zC(14)—C(18) 7¥*N4)—-C(20) 22.28 0.25 0.069
zC(17)-C (23) 7*C(29)-C(39) 19.85 0.29 0.068
zC(17)-C(23) 7*C(31)-C(37) 18.33 0.29 0.065
7C(22)-C(27) 7*C(13)—C(15) 16.03 0.29 0.062
7C(22)-C(27) 7*C(14)—C(18) 19.37 0.3 0.069
LP(1) N(5) 7*N(4)—-C(20) 28.01 0.28 0.081
LP(2) O(7) 7*C(22)-C(27) 31.87 0.34 0.097
LP(2) S(1) 7H(1)-N(8)-H(9) 7.5 0.6 0.061
LP(2) S(1) 7*(1)-N(10)—-C(26) 9.14 0.65 0.07
LP(2) S(1) 7#(1)-N(12)-C(26) 11.32 0.64 0.078
LP(2) S(1) 7*(1)-C(33)-H(35) 1.01 0.64 0.024

4.5.3. Polarizability and hyperpolarizability

The calculated dipole moment (), polarizability (o) and the mean first hyperpolarizability
(Bo) for the compound H,L5 are 3.2934 Debye, 23.0806 A, 1.489 cm®/esu, respectively,
and are also summarized in Table 15. Theoretically, the linear polarizability of the com-
pound is eight times higher than that of urea. It is also found that the compound shows
four times higher value of first-order hyperpolarizability (f). The largest f,,, value indi-
cates charge delocalization along the bond axis and the involvement of ¢ orbitals in ICT
process.’! Higher the dipole moment, stronger is the intermolecular interaction. The small

Table 15. Calculated electric dipole moment, polarizability and first-order hyperpolariz-
ability of the compound

Polarizability Hyperpolarizability
Ay = 1209182 e = 130.4061
ayy = 25.0038 Pyyy = 53.5658
ay, = 173.577 Pyzy = 11.5237
ay, = 0.8259 Pyyy = —38.8044
a,,=172.7232 Pryy = 32.8514
ay,=2.5559 Py, =—13.1573
Ao = 23.0806 B, =—8.8381
Aa = 68.01421 A® Py, = 434677
1 =3.2934 Debye Pyy, =5.942
Brow = 1.489 X 107 cm¥/esu
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frontier orbital energy gap and high dipole moment of the compound may increase its
NLO activity.

5. Conclusions

Geometries of all the compounds were optimized using DFT employing 6-31+G(d,p)
basis set. Global reactivity descriptor parameters were calculated and analyzed through
HOMO-LUMO analysis. The MEP map shows that the negative potential sites are on the
electronegative atoms as well as the positive potential sites are around the hydrogen atoms.
NBO analysis together with HOMO—-LUMO energy gap and MEP map of the molecule
elucidates ICT in the molecules. It is responsible for the non-linearity and hence the stabil-
ity of the molecules. The compounds showed higher value of linear polarizability and the
dipole moment than urea. The theoretical calculation of hyperpolarizability () component
is very useful as it clearly indicates the direction of charge delocalization. The first-order
hyperpolarizabilities (f,,,,) of all the compounds are higher than urea. Based on the total
static dipole moment (u), the linear polarizability (@), the anisotropy of polarizability
(Aa) and the mean first-order hyperpolarizability (f,,,), 2-{2-[(4-hydroxy-3-methoxyphenyl)
methylidene]hydrazinecarbonothioyl}-N-methyl-N-phenylhydrazine-1-carbothioamide
(H,L4) is most suitable for further studies as NLO material.
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CHAPTER IX

IN-SILICO SCREENING OF LIGANDS FOR
THEIR ANTICANCER ACTIVITY USING
MOLECULAR DOCKING STUDIES

1. Introduction

Cancer therapies target cell cycle-based mechanism which imitates the body’s natural
process in order to prevent the growth of cancer cells. This approach can limit damages
to normal cells and the associated side effects caused by usual chemotherapeutic agents.
It has been unambiguously proved that the genome contains information in two forms:
genetic and epigenetic. The genetic information provides the scheme of assembling of
all the proteins necessary to create a living organism, while the epigenetic information
directs when, where, and how the genetic information must be used. Epigenetics has just
moved to the forefront of studies describing various processes such as transcriptional reg-
ulation, chromatin structure, genome integrity and tumorigenesis.'

1.1 Role of histone deacetylases in human cancer

Inhibition of histone deacetylases (HDAC) enzymes is emerging as an innovative and
important approach for the treatment of cancer. HDAC inhibitor interacts with chromo-
somes in the cancer cell and stops their growth.

Acetylation levels are the outcome of the activities of histone acetyltransferase (HAT)
and HDAC. They have a critical role in the regulation of gene expression. HATs induce
histone acetylation. It is coupled with gene transcription. HDAC induces histone hypo-
acetylation. It is associated with gene silencing. Altered appearance and mutations of
genes that encode HDACs have been correlated to tumour growth. These changes induce
the abnormal transcription of genes which regulates the important cellular functions such
as cell proliferation, cell-cycle regulation and apoptosis.? HDACs are expressed in colon,
breast,’ lung cancers, hepato-cellular carcinoma, gastric cancer,* pancreatic tumour tis-
sue, metastatic melanoma, acute myeloid leukemia (AML), acute lymphocytic leukemia
(ALL) as well as in childhood tumors of the nervous system, such as neuroblastoma.’*
As a result, HDACs have become one of the most potential therapeutic targets for cancer
treatment.

Four families of human HDACs have been described and categorized into four classes.
Class I includes HDAC 1-3 and 8; class II includes HDAC 4-7, 9 and 10; class III
includes sirtuins 1-7; and class IV includes HDAC 11. The HDACs belonging to classes
I, II and IV have Zn*' as a cofactor and class III enzymes are characterised for being
NADP-dependent !
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1.2. Role of histone deacetylase 8 in oncogenesis

Histone deacetylase 8 (HDACS) is a class | HDAC. It is concerned as a therapeutic target in
various diseases, including cancer, X-linked intellectual disability and parasitic infections.'1?
This enzyme also deacetylates non-histone proteins. This enzyme is a major ‘epigenetic
player’ and it is linked to uncontrolled expression or interaction with transcription factors
important for tumourigenesis. In the parasite Schistosoma mansoni and in viral infections,
HDACS is a novel target to suppress infection. The current challenge is to develop potent
selective inhibitors that would solely target HDACS with less adverse effects.

1.3. Role of DNA methyltransferases in human cancer

Contemporary works have revealed how DNA methylation and chromatin structure are
correlated at the molecular level and how methylation plays a direct role in tumourigenesis
and genetic disease. A great deal of information is available concerning the cellular
methylation mechanism.

DNA methyltransferases are the main components of larger complexes which are
actively involved in transcriptional control and chromatin structure modulation. These
findings enhance our perceptive about the roles of DNA methylation in novel therapies to
prevent or repair these defects. Variation in DNA methylation process can cause changes
in gene transcription patterns and can also promote mutational events."*'* Abnormal DNA
methylation patterns also play an essential role in the development of cancer. Cancer cells
show an overall decrease in the level of genomic cytosine methylation, mainly in centro-
meric satellite and other repeated sequences.” This genome hypomethylation is believed to
be linked to genome instability resulting in a variety of chromosomal defects and tumori-
genesis.'® In addition to the loss of methylation at satellite sequences, cancer cells acquire
methylation in normally un-methylated promoter regions. In many cancer types, one can
see tumour suppressor genes epigenetically silenced by hypermethylation."”

Azacytidine (Vidaza; Celgene) and Decitabine (5 aza 2’ deoxycytidine) (Dacogen; SuperGen)
are the two DNMT inhibitors (azanucleosides) currently approved by the US Food and
Drug Administration (FDA)."® These two types of drugs are the first molecules that have
been characterised as the archetypal DNMT inhibitors and the only epidrugs that have been
approved for the treatment of patients with AML and myelodysplastic syndrome (MDS).?
Azacytidine has also been approved by the FDA and the European Medicines Agency (EMA)
for the use against chronic myelomonocytic leukemia (CMML).” Even though several new
inhibitors of DNMT have been identified, none of them can substitute azacytidine and decitabine.

1.4. Role of ribonucleotide reductase subunit, R2 in human cancer

Ribonucleotide reductase (RR), a distinct enzyme which is responsible for reducing rib-
onucleotides to deoxyribonucleotides, the building blocks required for DNA replication
and repair. Dysregulated RR activity is allied with genomic instability, malignant trans-
formation and cancer development. The use of RR inhibitors, either as a single agent or
combined with other therapies, has proven to be a promising approach for treating solid
tumors and hematological malignancies.
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RR subunit, R2 regulates catalytic action of the enzyme to provide DNA synthesis via
reduction. It has been constantly investigated as anticancer drug target for design and dis-
covery of its inhibitors. RR plays an important role in determining cell fate and increased
expression. Activity of human RR has been associated with many types of cancer. Failure
to control the levels and balance of dNTPs can lead to mutagenesis, carcinogenesis and
even cell death. After the occurrence of transformation, cancer cells require increased RR
activity to meet the demand for dNTPs that are needed to support their rapid proliferation.
However, accumulating evidences also indicate that RR subunits play biological roles in
promoting cancer development that are distinct from their role in forming the active RR
holoenzyme to supply dNTPs.

RRM?2 has been proposed as an oncoprotein. It not only can cooperate with a
variety of oncogenes to promote cellular transformation but also can enhance the
invasive potential of cancer cells. Discovering novel RR inhibitors is a challenge for
improving cancer therapies in the future. Investigation of RR expression and action
in clinical samples will provide a logical platform for modified cancer therapy using
RR inhibitors.

1.5. Molecular docking studies

Molecular docking is a well-known computational technique which predicts the interac-
tion energy between two molecules. Docking is frequently used to predict the binding
affinity and to identify the bound conformation of ligands with the protein targets. It can
provide information regarding the intermolecular interactions between the ligands and
the targets.”’ This in turn can be used for the development of novel drugs.?! Considerable
efforts have been made to improve the methods used to predict docking, due to their sig-
nificance in the biological and pharmaceutical fields.

This chapter portrays the molecular docking studies of the ligands synthesized by us
with different enzyme targets.

2. Materials and methods

Molecular docking studies were performed using the Glide program. Glide means
Grid-Based Ligand Docking With Energetics. The Maestro (version 10.4) was used as
graphical user interface. It was used to set up and execute the docking protocol and
also for analysis of the docking results. The three-dimensional structures of all the pro-
teins were retrieved from the Protein Data Bank (PDB). The ligands under study were
docked into the binding sites of the proteins. PyMOL was used for the three-dimensional
visualization of proteins to superimpose the structures and for the characterisation
of ligand—protein interactions. PyMOL supports different macromolecular structural
representations such as ribbon structure, wired structure, ball and sick model, surface
model, cartoon model and so on. The selection of the best pose was done based on the
interaction energy between the ligand and the protein. The results were analyzed by
a statistical scoring function which converts interacting energy into numerical values
called as the glide score.
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Docking methodology consists of four basic steps:

1. Preparation of protein

2. Ligand preparation

3. Receptor grid generation
4. Ligand docking

2.1. Preparation of protein

Protein preparation was done by protein preparation wizard. The PDB structure file con-
sists of different metal ions, hetero atoms, cofactors, water molecules, co-crystallized
ligands and so on. Therefore, the PDB structure files as such are not suitable for molecu-
lar modelling calculations. Schrodinger contains all the tools to prepare appropriate pro-
tein for its calculations. The appropriate protein structure is refined through optimization
and minimization?’ during protein preparation. Minimization process is coordinated by
a defined RMSD of 0.30 A and force fields OPLS 2005.% Protein preparation wizard pre-
pares accurate protein structure for docking. The different procedures used for protein
preparation include pre-processing, review, modification, refinement and minimization.

2.2. Ligand preparation

The ligand preparation was done by ligand preparation wizard, which is also known as
LigPrep. The ligands were prepared using LigPrep with parameter force field, OPLS 2005
in Schrodinger. This is used for the conversion of 2D molecules to 3D structures. The
steps involved in the process are convert to the structure format (sd format), select the
structures, add hydrogen atoms, remove unwanted molecules, neutralize charged groups,
generate ionization states, generate tautomers, filter the structures, generate alternative
chiralities, generate low-energy ring conformations, remove problematic structures, opti-
mize the geometries and finally convert the output file. Many of these steps are optional
and are controlled by selecting options in the LigPrep panel or by specifying command-line
options. Prepared ligands are saved with maegz extension or in maestro format and all the
ligands are available in the project table. Now, the ligands are ready for the docking pro-
cess. We can export the project table as csv format and keep the details of ligands.

2.3. Receptor grid generation

The prepared protein was loaded into maestro environment and the active site was defined
using Glide grid generation wizard. For grid generation, we want to specify the active site
residue. Certain proteins may have metal ions or may possess one or more ligands. These
already existing ligands or metal ions can be selected as active site residues. If no ligand or
metal ion is present, then active site amino acids are used for grid generation. Grid centre
was defined for the active site and box sizes were set to 15 A.

Receptor grid should be generated by using Receptor Grid Generation feature of maes-
tro. The van der Waals radius scaling involves a scaling factor as 1.0 and partial charge
cut off as 0.25. The shapes and properties of receptor molecule were represented on a grid.
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The prepared protein structure was used for receptor grid generation. It determines the posi-
tion and size of the active site. Receptor grid generation was selected from the application
menu and it includes three fields such as receptor, site and constraints. Receptor section
defines the respective target molecule and picks the ligand molecule. Several constraints
can be applied in grid generation, which are positional constraint, H-bond constraint, metal
constraint and hydrophobic constraint. The generated grid was used for docking.

2.4. Ligand docking

This was carried out using Glide dock. Ligands were kept flexible, while the protein was
rigid and docking started with extra precision mode (XP mode). The docking calculation
generated a few poses for each ligand. The selection of the best pose was done based on
the interaction energy between the ligand and the protein. The least negative XP g-score
(negative value) indicates the best binding score for the ligand with protein.

3. Results and discussion

Crystal structures of HDACS8 (PDB ID: 1T69), DNA methyltransferase (PDB ID: 2QRV)
and RR M2 subunit (PDB ID: 2UW?2) (Fig. 1) were downloaded from PDB.

The following novel ligands synthesized by us were selected for performing molecular
docking studies:

1. N-Methyl-2-((3-methyl-5-ox0-1-phenyl-4,5-dihydro-1H-pyrazol-4-yl)(phenyl)
methylene)-N-phenylhydrazinecarbothioamide (H,L1)

2. 2-[2-(Diphenylmethylidene)hydrazine]-N-methyl-N-phenylhydrazine-1-carboth-
ioamide (H,L2)

3. 3-Formylchromone N(4)-methyl-N(4)-phenylthiosemicarbazone (HL3)

4. 2-{2-[(4-Hydroxy-3-methoxyphenyl)methylidene]hydrazinecarbon-
othioyl}-N-methyl-N-phenylhydrazine-1-carbothioamide (H,L4)

5. 2-{2-[(3,4-Dimethoxyphenyl)methylidene]hydrazinecarbonothioyl}-N-
methyl-N-phenylhydrazine-1-carbothioamide (H,LS5)

The compounds were characterised by spectroscopic analysis (electronic, FT-IR,
FT-Raman and '"H NMR). The compounds 1 and 5 were further characterised by single-
crystal XRD and others by powder XRD. The details of identification of selected compounds
are presented in the earlier chapters of the thesis (Chapters III-VII). For interpreting the dock-
ing results, mainly four parameters were considered: Glide score, Glide energy, H-bonds and
non-bonded interactions (van der Waals and electrostatic). Based on these, the binding affinity
of the ligand towards the receptor has been discussed. The result demonstrates that all the
compounds could effectively be docked into the same binding site of each protein. Details of
binding affinity of each ligand towards different receptors are discussed in detail below.

1. N-Methyl-2-((3-methyl-5-0x0-1-phenyl-4,5-dihydro-1H-pyrazol-4-yl)(phenyl)
methylene)-N-phenylhydrazinecarbothioamide (H,L1)
The amino acid residues in the active site of RR M2 subunit are Glu 232, Gly 233,
Le 234, Phe 236, Ser 237, Val 327, Arg 330, Leu 331, Glu 334, Asp 271, Glu 260,
Cys 270, Leu 268, Gly 267, Glu 266, Arg 264, Phe 244, Met 350 and Ser 263.
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(a) (b)

©

Fig. 1. Crystal structures of (a) HDACS8 (PDB ID: 1T69) with SAHA, (b) DNA methyl-
transferase (PDB ID: 2QRV) and (c) RR R2 subunit (PDB ID: 2UW2).

The compound was docked deeply into the active site region making interactions
with the residues Asp 271 and Ser 263. The compound formed three hydrogen
bonded contacts through Ser 263 and Asp 271 with the NH functionality and Ser
263 with the SH group. Certain very prominent interactions between the compound
and the active site residues Gly 703, Ar 887, Glu 660 and Phe 636 of DNA meth-
yltransferases were observed. The other residues that were found in the locality of
this docked ligand were Leu 635, Phe 636, Asp 637, Gly 638, Le 639, Ala 640, Thr
641, Gly 642, Glu 752, Trp 889, Ser 888, Arg 887, Ser 665, Cys 662, Gly 660, Ser
659, Gly 703, Ser 704, Pro 705, Cys 706, Cys 662, Val 661, Glu 660, Asp 682, Val
683, Arg 684 and Leu 726. The amino acid residues in the active site of HDACS
were Arg 37, Le 34, Lys 33, Tyr 306, Gly 305, Gly 304, Gly 303, Asp 178, He 180,
Gly 151, Phe 152, Cys 153, Asp 101, Asp 267, Phe 206, Phe 208, His 143, Gly 206,
Met 274 and Trp 141. H,L1 binds in the pockets defined by Asp 101 and Gly 206
of HDACS. It is found that H L1 is able to bind all the selected targets (Fig. 1). The
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docking results for the inhibitory compound, H,L1 are reported in Table 1. Fig. 2
shows the docked pose of the inhibitor, H,L1 inside the binding pockets of the
proteins (a) PDB ID: 2UW2, (b) PDB ID: 2QRV and (c) PDB ID: 1T69.
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©
Fig. 2. Docked pose of the inhibitor, H,L1 inside the binding pockets of proteins. (a) PDB
ID: 2UW?2, (b) PDB ID: 2QRYV and (c) PDB ID: 1T69.

Table 1. Glide score and Glide energy of H,L1

Protein Glide Score Glide Energy
Ribonucleoside diphosphate reductase M2 subunit (PDB ID: 2UW2) | —7.047803 —47.1708
DNA methyltransferase (PDB ID: 2QRV) —4.32107 —18.399939
Histone deacetylase 8 (PDB ID: 1T69 —5.034831 —31.793303
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2. 2-[2-(Diphenylmethylidene)hydrazine]-N-methyl-N-phenylhydrazine-1-car-

bothioamide (H,L2)

The compound, H,L2 binds in the pocket defined by Asp 271 and Ser 263 of RR
M2 subunit. It binds in the pocket defined by Val 661 and Glu 663 of DNA meth-
yltransferase. It binds in the pocket defined by Asp 271 of HDACS. The docking
results for H L2 are reported in Table 2. Fig. 3 shows the docked pose of the inhib-
itor, H,L2 inside the binding pockets of the proteins (a) PDB ID: 2QRV and (b)
PDB ID: 1T69.

MET
350

PHE J\
349 NH_*

(a) (b)

Fig. 3. Docked pose of the inhibitor, H L2 inside the binding pockets of proteins. (a) PDB

ID: 2QRYV and (b) PDB ID: 1T69.

Table 2. Glide score and Glide energy of H,L2

Protein Glide Score | Glide Energy
Ribonucleoside diphosphate reductase M2 subunit (PDB ID: 2UW2) —5.13638 —479122
DNA methyltransferase (PDB ID: 2QRV) —3.11166 —44.3094
Histone deacetylase 8 (PDB ID: 1T69 —3.03165 —35.7943

3. 3-Formylchromone N(4)-methyl-N(4)-phenylthiosemicarbazone(HL3)

The compound docked deeply into the active site region of ribonucleoside diphosphate
reductase M2 subunit, making three hydrogen bonding interactions with the residues
Arg 330, Glu 334, Asp 271 and Ser 263. The compound docked deeply into the active
site region of DNA methyltransferase, making interactions with the residues Glu 660,
Phe 636, Gly 703, Trp 889 and Ser 263. It docked deeply into the active site region of
HDACS, making hydrogen bonded interactions with the residues His 143, He 180, Asp
178, Asp 101, Gly 151 and Ser 263. The docking results for HL3 are reported in Table 3.
Fig. 4 shows the docked pose of the inhibitor HL3 inside the binding pockets of the
proteins (a) PDB ID: 2UW?2, (b) PDB ID: 2QRV and (c) PDB ID: 1T69.
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Table 3. Glide score and Glide energy of HL3

Protein Glide Score | Glide Energy
Ribonucleoside diphosphate reductase M2 subunit (PDB ID: 2UW2) —6.438 —43.039
DNA methyltransferase (PDB ID: 2QRV) —6.222 —45.642
Histone deacetylase 8 (PDB ID: 1T69) —8.148 —34.238
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Fig. 4. Docked pose of the inhibitor, HL3 inside the binding pockets of proteins. (a) PDB
ID: 2UW2, (b) PDB ID: 2QRV and (c) PDB ID: 1T69.
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4. 2-{2-[(4-Hydroxy-3-methoxyphenyl)methylidene]hydrazinecarbon-
othioyl}-N-methyl- N-phenylhydrazine-1-carbothioamide (H,L4)
The compound H,L4 bound in the pocket defined by Asp 271, Ser 237 and Tyr 323
of RR. H,L4 stabilized within the active site of DNA methyltransferase through
hydrogen bonding interactions with Arg 887, Val 661 and Glu 663 residues. It
bound in the pocket defined by Asp 101, Phe 208, Gly 206 of HDACS. The dock-
ing results for the inhibitory compound H,L4 are reported in Table 4. Fig. 5 shows
the docked pose of the inhibitor H,L4 inside the binding pocket of protein (PDB
ID: 2UW2).
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Fig. 5. Docked pose of the inhibitor, H,L4 inside the binding pocket of protein (PDB ID:
2UW2).

Table 4. Glide score and Glide energy of H,L4

Protein Glide Score | Glide Energy
Ribonucleoside diphosphate reductase M2 subunit (PDB ID: 2UW2) —8.13072 —56.5909
DNA methyltransferase (PDB ID: 2QRV) —3.99925 —45.9494
Histone deacetylase 8 (PDB ID: 1T69) —4.18525 —38.1185
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5. 2-{2-[(3,4-Dimethoxyphenyl)methylidene]hydrazinecarbonothioyl}-N-
methyl-N-phenylhydrazine-1-carbothioamide (H,LS)
The compound stabilized within the active site of RR through four prominent hydro-
gen bonding interactions: first between the oxygen atom of methoxy group and
Arg330 residue, second and third interactions between NH group and Asp 271, while
fourth interactions between NH group and Ser 263 residue. The compound H,L5 sta-
bilized within the active site of DNA methyltransferase through two prominent hydro-
gen bonding interactions. The first between the NH group and Asn 707 residue while
the second between SH and Asn 707 residue. H,L5 bound in the pocket defined by
Asp 708, Asn 707 of DNA methyltransferase. It bound in the pocket defined by Asp
101, Phe 208 of HDACS. The docking results for the inhibitory compound H,L5 are
reported in Table 5. Fig. 6 shows the docked poses of the inhibitor, H L5 inside the
binding pockets of the proteins (a) PDB ID: 2UW?2 and (b) PDB ID: 1T69.
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Fig. 6. Docked pose of the inhibitor, H L5 inside the binding pockets of proteins. (a) PDB
ID: 2UW2 and (b) PDB ID: 1T69.

Table 5. Glide score and glide energy of H L5

Protein Glide Score | Glide Energy
Ribonucleoside diphosphate reductase M2 subunit (PDB ID: 2UW?2) —6.46082 —43.6959
DNA methyltransferase (PDB ID: 2QRV) —3.99925 —3.11166
Histone deacetylase 8 (PDB ID: 1T69 —3.60968 —36.5944
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4, Conclusions

The results of this study can be helpful for the design and development of new compounds
having enhanced inhibitory activity against several types of cancer. These compounds
will be hopeful candidates for anticancer studies. The molecular docking studies revealed
that all these compounds have affinity towards the active site of RR M2 subunit with
Glide score ranging from —5.13638 to —8.13072. They can further be explored as selective
RR inhibitors. It is also found that the compound 3-formylchromone N(4)-methyl-N(4)-
phenylthiosemicarbazone (HL3) has affinity towards all the selected target with good
binding score and is a good candidate for anticancer studies. This can further be validated
in wet lab studies.

173



References

10.
11.

12.

13.
14.

15.
16.
17.
18.
19.

20.
21.
22.
23.

D. Keith Robertson, Oncogene, 20 (2001) 3139.
S. Minucci, P. G. Pelicci, Nat. Rev. Cancer, 6 (2006) 38.

Z. Zhang, H. Yamashita, T. Toyama, H. Sugiura, Y. Ando, K. Mita, M. Hamaguchi, Y. Hara,
S. Kobayashi, H. Iwase, Breast Cancer Res. Treat., 94 (2005) 11.

J. H. Choi, H. J. Kwon, B. I. Yoon, J. H. Kim, S. U. Han, H. J. Joo, D. Y. Kim, Jpn. J. Cancer Res., 92
(2001) 1300.

M. Nakagawa, Y. Oda, T. Eguchi, S. Aishima, T. Yao, F. Hosoi, Y. Basaki, M. Ono, M. Kuwano,
M. Tanaka, M. Tsuneyoshi, Oncol. Rep., 18(4) (2007) 769.

J. Wu, C. Du, Z. Lv, C. Ding, J. Cheng, H. Xie, L. Zhou, Z. S. Dig. Dis. Sci., 58(12) (2013) 3545.
S. Song, Y. Wang, P. Xu, G. Zhang, Int. J. Oncol., 47(5) (2015) 1819.

J. S. Wilmott, A. J. Colebatch, H. Kakavand, P. Shang, M. S. Carlino, J. F. Thompson, G. V. Long, R.
A. Scolyer, P. Hersey, Mod. Pathol., 28(7) (2015) 884.

S. Minucci, P. G. Pelicci, Nat. Rev. Cancer, 6 (2006) 38.
I. V. Gregoretti, Y. M. Lee, H. V. Goodson, J. Mol. Biol., 338 (2004) 17.

S. Balasubramanian, J. Ramos, W. Luo, M. Sirisawad, E. Verner, J. J. Buggy, Leukemia, 22(5) (2008)
1026.

M. Marek, S. Kannan, A. -T. Hauser, M. Moraes Mourdo, S. Caby, V. Cura, D. A. Stolfa,
K. Schmidtkunz, PLoS Pathog., 9(9) (2013) e1003645. doi:10.1371/journal.ppat.1003645

A. Bird, Genes Dev., 16 (2002) 6.

P. A. Jones, S. B. Baylin, Nat. Rev. Genet., 3 (2002) 415; K. D. Robertson, Nat. Rev. Genet., 6 (2005)
597.

M. Ehrlich, Oncogene, 21 (2002) 5400.

A. Eden, F. Gaudet, A. Waghmare, R. Jaenisch, Science, 300 (2003) 455.
S. Baylin, T. H. Bestor, Cancer Cell, 1 (2002) 299.

A. Gnyszka, Z. Jastrzgbski, S. Flis, Anticancer Res., 33 (2013) 2989.

C. Gros, J. Fahy, L. Halby, I. Dufau, A. Erdmann, J. M. Gregoire, F. Ausseil, S. Vispé, P. B.
Arimondo, Biochimie, 94 (2012) 2280.

K. C. Chou, Curr. Med. Chem., 11 (2004) 2105.

Q. S. Du, R. B. Huang, S. Q. Wang, K. C. Chou, 5 (2010) 9388.

J. J. Blessy, D. J. S. Sharmila, J. Biomol. Struct. Dyn., 33(5) (2015) 1126.

G. A. Kaminski, R. A. Friesner, J. Tirado-Rives, W. L. Jorgensen, J. Phys. Chem. B, 105 (2001) 6474.

174



CHAPTER X
ANTIMICROBIAL STUDIES

1. Introduction

Nowadays, there is an increasing interest in research to develop new antimicrobial agents
from different sources to combat microbial resistance. The foundation of modern chemo-
therapy has mainly been due to the efforts of Dr. Paul Ehrlich (1910) who found Salvarsan,
an arsenic derivative effective against syphilis. Paul Ehrlich used the term chemotherapy
for curing infectious diseases without causing any injury to the host tissue, using known
chemotherapeutic agents such as antibacterial, antiprotozoal, antiviral, antineoplastic,
antitubercular and antifungal agents. Later in 1935, Domagk was credited with the discov-
ery of sulfonamidochrysoidine—the first commercially available antibiotic.'

Antimicrobial drugs may either kill microorganisms completely or simply prevent their
growth. There are various ways in which these agents may exhibit their antimicrobial
activity. They may inhibit cell-wall synthesis, protein synthesis, nucleic acid synthesis,
enzymatic activity, folate metabolism, or may damage cytoplasmic membrane.?

In order to evaluate or screen in vitro antimicrobial activity of a compound, various lab-
oratory methods can be used. The methods used for evaluation are the following: turbido-
metric method, agar-streak dilution method, serial dilution method, agar diffusion method.
The techniques used in agar diffusion methods are agar cup method, agar ditch method and
paper disc method.’ We have used the agar paper disc diffusion method to evaluate the anti-
bacterial activity.* This method yields a zone of inhibition in millimeters (mm).* It indicates
the amount of antimicrobial agents that is needed to inhibit the growth of specific microor-
ganisms. It is carried out in petri plates. The agar disc diffusion method is not appropriate to
determine the minimum inhibitory concentration (MIC), as it is impossible to quantify the
amount of the antimicrobial agent which has diffused into the agar medium.

The most important conditions to be satisfied for screening the antimicrobial activity
of a compound are listed below:

The test organisms and substance to be evaluated should be in intimate contact.
Necessary conditions should be provided for the growth of the microorganisms.
Conditions should be same throughout the study.

B

Aseptic/sterile environment should be maintained.

Nowadays, it is found that most of the microbes are resistant towards the available antibiot-
ics. So, there is a crucial need for the development of new and useful antimicrobial agents.
Therefore, designing antimicrobial agents which are distinct from those of the classical
antibiotics becomes one of the main objectives of our current study. Our literature survey
revealed that Schiff’s bases exhibit immense biological activities.>® This chapter portrays
the antimicrobial screening of five ligands and their selected metal complexes synthesized
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by us. For the sake of convenience, the antimicrobial studies are discussed in two subsec-
tions, A and B and the ligands synthesized by us were named as follows:

1. N-Methyl-2-((3-methyl-5-oxo0-1-phenyl-4,5-dihydro-1H-pyrazol-4-yl)(phenyl)
methylene)-N-phenylhydrazinecarbothioamide (H,L1).

2. 2-[2-(Diphenylmethylidene)hydrazine]-N-methyl-N-phenylhydrazine-1-carboth-
ioamide (H,L2).

3. 3-Formylchromone N(4)-methyl-N(4)-phenylthiosemicarbazone (HL3).

4. 2-{2-[(4-Hydroxy-3-methoxyphenyl)methylidene]hydrazinecarbon-
othioyl}-N-methyl-N-phenylhydrazine-1-carbothioamide (H,L4).

5. 2-{2-[(3,4-Dimethoxyphenyl)methylidene]hydrazinecarbonothioyl}-N-me-
thyl-N-phenylhydrazine-1-carbothioamide (H,LS).

SECTION A

A. Antibacterial studies of ligands and selected metal complexes

The synthesized compounds were tested in vitro for their antibacterial activity against
Gram-positive and Gram-negative organisms by Kirby—Bauer agar disc diffusion method.’

2. Materials and methods

2.1. Bacterial strains

The bacterial strains used were Staphylococcus aureus, Enterococcus faecalis, Bacillus
subtili, Escherichia coli, Pseudomonas aeruginosa and Klebsiella pneumonia. These
strains were obtained from Medical college, Kannur. Mueller—Hinton agar medium was
used in this method.

2.2. Preparation of Mueller-Hinton agar

1. Beef infusion: 300 g

2. Acid hydrolysate of casein: 17.5 g
3. Starch: 1.5¢g

4. Agar:17g

5.

Distilled water: 1 L

2.3. Kirby-Bauer agar disc diffusion method

Stock solutions with 2 mg/mL concentration of the test compounds were prepared in 1%
DMSO. The stock solution was suitably diluted with sterilized distilled water to get solu-
tions of concentrations of 200, 20 and 2 ppm. Nutrient agar medium, 25 mL was poured
in each petriplate. After solidification, 0.1 mL of test bacteria was spread over the medium
using a spreader. Filter paper discs, approximately 6 mm in diameter were soaked with
10 pl of the test solution. It was allowed to dry and placed in the previously prepared agar
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plates. Each disc was pressed down to ensure complete contact with the agar surface. They
were distributed evenly so that they are not closer than 24 mm (centre-to-centre) from
each other. These petriplates were kept in the refrigerator for 24 hours for pre-diffusion.
The agar plates were then incubated at 37°C. After 16—18 hours of incubation, each plate
was examined. The activity results were calculated as a mean of triplicates. The zone of
inhibition was carefully measured in millimeters. A paper disc treated with DMSO served
as negative control. Kanamycin and methicillin are used as standard drugs.

3. Results and discussion

The preliminary antibacterial screening results revealed that the metal complexes showed
significant activities compared to the ligands. All of the selected compounds showed good
activities against S. aureus and K. pneumonia. However, most of them showed no activity
against B. subtili even at higher concentrations. Another observation was that all copper com-
plexes exhibited higher inhibition towards most of the bacterial strains. The results of antibac-
terial studies by agar disc diffusion method are tabulated in Table 1 and shown in Figs. 1-3.

Table 1. Preliminary in vitro antibacterial screening studies of the ligands and their
selected complexes

SI | Compound Diameter of Zone of Inhibition(mm)

No. Staphylo- | Entero- | Bacillus | Escheri- | Pseudo- Klebsiella
coccus coccus | subtili | chia coli | monas pheumonia
aureus faecalis aeruginosa

1 H,LI 7 - - 8 8 10

2 [Cu(HL1),]JH,O 10 10 - 7 10 15

3 [Cu(HLDCI] 7 8 - 7 7 18

4 [Cu(HLI)NO,] 8 7 - 7 10 18

5 [CuHL1),(OH),]5H,O 14 8 - - - 8

6 [Zn(HL1),] 7 10 - 8 8 11

7 [Zn(HLI1),(NO,), ]4H,0 10 10 - 7 7 10

8 H,L2 10 - - 9 7 15

9 [Mn(HL2),]H,O 13 8 - 10 7 18

10 | [Co(H,L2),]CI, 11 7 - 11 8 19

11 | [Co(H,L2),](NO,), 10 7 - 10 7 15

12| Ni(H,L2)(CH,COO), 10 8 7 10 10 13

13 | [Cu(HL2)NO,], 2H,0 18 8 7 11 8 22

14 | [(Cu(HL2)(H,0),)SO,] 18 8 7 10 10 20

15 | [Zn(H,L2)(CH,CO0),] 2H,O | 18 7 8 11 8 21

16 | HL3 5 10 5 12 15 8

17 | [Cu(L3),] 8 14 8 18 17 20

18 | [CuL3CI] H,0 8 10 8 18 15 9

19 | [Zn(L3)CH,COO]2H,0 8 13 7 13 17 10

20 | [Co(L3)OH]4H,0 10 10 6 10 18 9

21 |H,L4 4 - - 14

22 | [Cu,L4(CH,COO0),] 9 5 - - 20
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SI | Compound Diameter of Zone of Inhibition(mm)

No. Staphylo- | Entero- | Bacillus | Escheri- | Pseudo- Klebsiella
coccus coccus | subtili | chia coli | monas pneumonia
aureus faecalis aeruginosa

23 | [Cu, (HL4)CL] 9 9 - - 12

24 | [Zn(HL4)CH,COO] 10 9 - 8 12

25 |H,L5 4 4 - - - 10

26 | [Cu,(L5)(CH,CO0),] 6 8 - - - 12

27 | [Cu,(H,L5)CL ] 6 8 - - - 12

28 | [Zn(HLS5)CH,COQ] 8 6 6 - 6 10

Kanamycin 12 9 12 12 10 20
Methicillin 10 8 10 15 12 25
DMSO - - - - -

Fig. 2. Zone of inhibition for Pseudomonas aeruginosa (18).
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Fig. 3. Zone of inhibition for Klebsiella pneumonia (17).

SECTIONB

B. Antifungal studies of ligands and selected complexes

The antifungal activities of the ligands and complexes were tested for their effect on the
growth of microbial cultures.

2. Materials and methods

The fungal strains used were Aspergillus niger, Alternaria alternata, Colletotrichum
gloeosporioides and Sclerotium rolfsii. These strains were obtained from Department of
Botany, the Zamorin’s Guruvayurappan College, Calicut. Potato-Dextrose agar medium
was used in this method.?

2.1. Preparation of Potato dextrose agar medium

Potato: 200 g

Dextrose: 20g
Agar-agar: 20g

Distilled water: 1000 mL

2.2. Procedure

Potato dextrose agar medium was prepared by using potato, dextrose, agar-agar and dis-
tilled water. Appropriate quantities of the compounds in DMSO were added to potato dex-
trose agar medium in order to get concentrations of 20, 40 and 60 ppm of compound in the
medium. The medium was poured into a set of three petriplates under aseptic conditions
in a laminar flow hood. When the medium in the plates solidified, mycelial discs of 5 mm
in diameter cut from the periphery of the 48 hours old culture were aseptically inoculated
upside down in the centre of the petriplates. These treated petriplates were incubated at
room temperature until fungal growth in the control petriplates was almost complete. The
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mycelial growth of fungi (mm) in each petriplates was measured diametrically and growth
inhibition (/) was calculated by using the formula:

Percentage inhibition = C — 7/C x 100

where C and T are the diameters of the fungal colony in the control and the test plates,
respectively.

3. Results and discussion

The results of antifungal activities are tabulated in Tables 2 -6 and shown in Figs. 4 -7. The
studies revealed that metal complexes inhibit the growth of all the four fungal strains more
than the ligands even at very low concentration. The higher activity of metal chelates may
be attributed to their increased lipophilic nature due to chelation. Out of the four fungal
strains, ligands and complexes show very high activity against S. rolfsii. 3-Formylchromone
N(4)-methyl-N(4)-phenylthiosemicarbazone (HL3) and its complexes showed greater activ-
ity towards all the fungal strains and may be due to the existence of chromone ring in
these compounds. It was also observed that the activity of 2-{2-[(3,4- Dimethoxyphenyl)
methylidene]hydrazinecarbonothioyl}-N-methyl-N-phenylhydrazine-1-carbothioamide
(H2L5) and its complexes was less than that 2-{2-[(4-Hydroxy-3-methoxyphenyl)methylidene]
hydrazinecarbonothioyl}-N-methyl-N-phenylhydrazine-1-carbothioamide (H2L4) and its
complexes. This may be due to the presence of additional methoxy group in H2LS.

Table 2. Preliminary in vitro antifungal screening studies of H,L1 and its complexes

Fungi Percentage of Inhibition

H,L1 |[Cu(HLI1),] | [Cu(HL1)CI] | [Cu(HLI)NO,]| [(CuHL1), |[Zn(HL1),]

2

(OH),|5H,0
Conc. (ppm) 20/40/60| 20|40 |60 | 20| 40 | 60 | 20 | 40 | 60 | 20 | 40 | 60 | 20| 40 | 60
A. niger 38(49(48|58 | 62 80| 44 | 63 [ 85| 46 | 58 | 80 |38 |55| 75 |64|60]|72
A. alternata 30(38(42|40 |56 |77 |49 | 71 | 78 | 47 | 65 | 80 | 60 | 74 | 85 | 64|62 |65

C. gloeosporioides |36 |37 3862 |60 60| 70 | 85 | 85 | 64 | 75 | 80 |37 |48 |73 |40| 62|83

S. rolfsii 35(55(40| 68 |88 95| 76 | 85 | 95| 70 | 85 | 95 | 72|87 |95 | 75|88 |92

Table 3. Preliminary in vitro antifungal screening studies of H L2 and its complexes

Fungi Percentage of Inhibition

H,L2 Mn(HL2), | [Cu(HL2) | [(Cu(HL2) | Zn(H,L2)(CH,COO),

2

H,0 | NO,2H,0 | H,0),S0,] 2H,0
Conc. (ppm) 2040|6020 (40| 60 |20 (40|60 |20 |40 60 | 20 | 40 | 60
A. niger 40 45|47 |60 62| 64 | 75|75 /85|73 |75 (85| 70 | 73 | 76
A. alternata 40 |43 43 [42|55| 62 |60 |68 | 70|56 |66 76| 60 | 62 | 72

C. gloeosporioides | 20 | 25|27 |34 35| 45 | 26|27 |38 |26 | 27 | 29 50 52 54

S. rolfsii 55165|70167|75| 82 [ 80|85 (90| 81 | 88 | 90 | 67 77 80
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Table 4. Preliminary in vitro antifungal screening studies of HL3 and its complexes

Fungi Percentage of Inhibition

HL3 | [Cu(L3),] |[CuL3CIH,0 | [Zn(L3)CH,COO]2H,0 | [Co(L3)OH]4H,0
Conc. (ppm) 20(40({60(20(|40(60| 20 | 40 | 60 | 20 40 60 20 | 40 | 60
A. niger 53165|70|65[75|84| 68 | 70 | 82 65 72 78 65 | 65 | 71
A. alternata 4855|7058 70|84 | 56 | 69 | 85 62 74 86 50 | 64 | 74
C. gloeosporioides | 4568701606480 55 | 75 | 82 | 60 78 86 48 | 68 | 74
S. rolfsii 67|70|74|70|85(96| 68 | 87 | 96 | 67 84 95 65 | 68 | 78

Table 5. Preliminary in vitro antifungal screening studies of H,L4 and its complexes

Fungi Percentage of Inhibition

H,L4 [Cu, (HL)(CH,COO0),] [Cu,(HL)CL,] [Zn(HL)CH ,COO]
Conc. (ppm) 20 | 40 | 60 20 40 60 20 40 60 20 40 60
A. niger 50 | 67 | 65 65 79 85 68 70 82 55 62 90
A. alternata 38 | 45 | 50 58 70 70 56 69 75 62 74 84
C. gloeosporioides | 35 | 50 | 58 60 64 70 55 75 82 60 73 89
S. rolfsii 57 | 76 | 80 68 74 85 65 80 86 69 78 86

Table 6. Preliminary in vitro antifungal screening studies of H,LS and its complexes

Fungi Percentage of Inhibition

H,L5 [Cu, (HL5)(CH,COO0),] | [Cu,(HLS)CL,] |[Zn(HLS)CH,COO]
Conc. (ppm) 20 | 40 | 60 20 40 60 20 | 40 | 60 | 20 40 60
A. niger 45 | 58 | 60 60 65 75 55167 | 77 | 50 59 79
A. alternata 35 | 38 | 45 50 60 70 5315 | 69| 50 64 80
C. gloeosporioides| 25 | 50 | 59 50 53 68 48 | 63 | 75 58 65 80
S. rolfsii 50 | 68 | 70 56 65 69 60 | 75 | 82 | 6l 76 80
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Fig. 4. In vitro antifungal activity of compounds against Aspergillus niger. (a) ligand,
(b) and (c) complexes.

Fig. 5. In vitro antifungal activity of compounds against Alternaria alternata. (a) ligand,
(b) and (c) complexes.
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Fig. 6. In vitro antifungal activity of compounds against Colletotrichum gloeosporioides.
(@) ligand, (b) and (c) complexes.

Fig. 7. In vitro antifungal activity of compounds against Sclerotium rolfsii. (a) ligand,
(b) and (c) complexes.
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4, Conclusions

The observations in this study revealed selective activities of the compounds against
microbes. At this phase, it is hard to find a simple explanation for antimicrobial activities
of these compounds and further studies will be needed to clarify these observations.
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The synthesis, geometrical parameters, spectroscopic studies, optimised molecular structure, vibrational
analysis, Mullikan population analysis, MEP, NBO, frontier molecular orbitals and NLO effects of 1-
phenyl-3-methyl-4-benzoyl-5-pyrazolone N-(4)-methyl-N-(4)-phenylthiosemicarbazone, Cp5H23N50S
(Ly) have been communicated in this paper. A combined experimental and theoretical approach was used
to explore the structure and properties of the compound. For computational studies, Gaussian 09 pro-
gram was used. Starting geometry of molecule was taken from X-ray refinement data and has been
optimized by using DFT (B3LYP) method with the 6-31+G (d, p) basis sets. NBO analysis gave insight into
the strongly delocalized structure, responsible for the nonlinearity and hence the stability of the
molecule. Frontier molecular orbitals have been defined to forecast the global reactivity descriptors of L;.
The computed first-order hyperpolarizability (B) of the compound is 2 times higher than that of urea and
this account for its nonlinear optical property. Simultaneously, a molecular docking study of the com-
pound was performed using GLIDE Program. For this, three biological enzymes, histone deacetylase,

ribonucleotide reductase and DNA methyl transferase, were selected as receptor molecules.

© 2017 Published by Elsevier B.V.

1. Introduction

Thiosemicarbazide and thiosemicarbazones reveal manifold
pharmacological properties such as antiviral [1,2], antibacterial
[3,4], antiparasitic [5,6], antitumor [7,8] and anticonvulsant [9,10].
They are agents that obstruct the development of microbes and
parasites. The presence of sulphur atom plays a key role in the
biological activities of thiosemicarbazones and generally provides a
higher activity compared to semicarbazones. Moreover, these
properties are enhanced when these molecules are N(4)-
substituted [11]. Pyrazolones exhibit promising antiproliferative
activity against human myelogenous leukaemia HL-60 cells [12].

Literature survey revealed that the DFT has a great accuracy in
reproducing the experimental values in terms of geometry, dipole
moment, vibrational frequencies, thermodynamic properties, etc.
[13,14]. The compound was optimized by using DFT (B3LYP)

* Corresponding author.
E-mail addresses: sangtkg@gmail.com (K.G. Sangeetha), aravindkuttamath@
yahoo.com (K.K. Aravindakshan), safnahussain2@gmail.com (K.P. Safna Hussan).

http://dx.doi.org/10.1016/j.molstruc.2017.08.078
0022-2860/© 2017 Published by Elsevier B.V.

method with 6-31+G (d, p) basis sets, using Gaussian 09 [15]
program. In order to explore non-linear optical properties, the to-
tal static dipole moment , the linear polarizability o, the anisot-
ropy of polarizability Ao and the mean first order
hyperpolarizability B, were calculated by using the above
mentioned method [16,17].

Currently, the use of computers to predict the binding of small
molecules to known target structures is a vital factor in the drug
discovery process [18]. Docking is often used to predict the binding
modes of small molecules to their targeted proteins. Inhibition of
histone deacetylase-, ribonucleotide reductase- and DNA methyl
transferase enzymes are emerging as an innovative and significant
approach for the treatment of cancer [19—21]. Therefore, molecular
docking was conducted to investigate the biological behaviour
through the determination of the probable binding mode by
inserting the compound into the active sites of three protein
targets-histone deacetylase8, ribonucleotide reductase and DNA
methyl transferase.

In this paper, we report the experimental and theoretical studies
of 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone N (4)-methyl-N (4)-
phenylthiosemicarbazone.
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2. Experimental details

Carbon disulphide (Merck), N-methyl aniline (SRL), hydrazine
hydrate (98%) (Glaxo fine Chemicals), ethylacetoacetate (Merck),
phenylhydrazine, benzoyl chloride and calcium hydroxide were
used as received. The solvents were purified and dried by using
standard procedures. N(4)-methyl-N(4)-phenylthiosemicarbazide
was prepared by taking up and modifying a procedure reported by
Scovill [22]. 1- Phenyl- 3-methyl- 4-benzoyl- 5- pyrazolone was
prepared by using Jenson's method [23].

The compound (L;) was prepared by stirring a hot methanolic
mixture of 1- phenyl-3-methyl- 4-benzoyl-5-pyrazolone (PMBP)
(750 mg, 276 mmol) and N(4)-methyl-N(4)-phenyl-
thiosemicarbazide (4MPTSC) (500 mg, 2.76 mmol) on a magnetic
stirrer. The solution was then refluxed at 60—80 °C for 30 min. The
compound obtained was filtered, washed with methanol and dried.

The compound was characterized by using partial elemental
analyses, vibrational spectrum, electronic spectrum, 'H NMR
spectrum and single crystal X-ray diffraction. Elemental analyses
(C, H, N and S) were performed on Vario EL Il elemental analyzer.
Infrared (IR) spectrum was recorded on a Jasco-FT-IR-4100 model
spectrometer using KBr pellets. Raman spectrum was recorded on
MultiRAM spectrometer, range 3600 to 50 cm™! with a laser exci-
tation wavelength of 1064 nm. The electronic spectrum was
recorded on a model JascoV-550 UV—Vis spectrometer. NMR
spectrum was recorded on a 400 MHz BrukerAvance11l FT NMR
spectrometer. X-ray crystallographic data were collected at 296 (2)
K on a Bruker Model Kappa Apex II diffractometer with graphite
monochromatic Mo Ko, (A = 0.71073 A) radiation.

2.1. X-ray crystallography

Yellow crystals suitable for X-ray analysis were grown from a
solution 1:1 (v/v) mixture of methanol and DMSO. A crystal with an
approximate dimension of 0.35 x 0.30 x 0.30 mm® was selected for
collecting the data. L; crystallizes with a molecule per asymmetric
unit into triclinic crystal system with a space group of P-1. Direct
methods were used to solve the structure and refined by least-
square on F2 using SHELXL-97 [24]. All non-hydrogen atoms were
refined anisotropically. All hydrogen atoms, except those attached
to nitrogen were geometrically fixed at calculated positions. Those
on the nitrogen atoms were refined from Fourier maps. The crys-
tallographic tools, PLATON [25], ORTEP [26] and MERCURY [27]
were used for structure analysis and presentation of the results.
The structures were finally refined to the conventional R-value,
0.0561.

3. Computational details

In order to ascertain more about the structure-activity rela-
tionship of the molecule, we have performed density functional
theory (DFT) studies [28]. The geometric structure of the compound
were wholly optimized at the Becke's three-parameter hybrid ex-
change functional and the Lee-Yang-Parr non-local correlation
functional (B3LYP) [29,30] level in the ground state. Visualization of
HOMO and LUMO calculations has been done by GaussView 5.0.9
program [31]. Vibrational frequencies of the molecule were
computed by applying the above mentioned method. 'H NMR
chemical shifts were calculated using the GIAO approach in vacuum
and in chloroform. The chemical shift values are expressed in ppm
relative to TMS as an internal standard. A comparison of the
experimental and theoretical spectra was very helpful in making
suitable assignments and understanding of vibrational behaviour of
the molecule. In addition, the molecular electrostatic potential
map, NBO analysis and NLO properties of the compound were

calculated using 631+G (d,p) basis set and (B3LYP) method. Starting
geometry of the molecule was taken from X-ray refinement data
and compared the data with theoretical results.

3.1. Molecular docking methodology

Molecular docking of the compound into the 3D crystal struc-
ture of histone deacetylase8 (PDB ID: 1T69), DNA methyl trans-
ferase (PDB ID: 2QRV) and ribonucleotide reductase M-2 subunit
(PDB ID: 2UW?2) have been performed using GLIDE Dock Program.
Protein structure was refined using protein preparation wizard
which employs under restrained minimization and heavy atoms
were restrained using Impref minimization [32], which can done by
OPLS 2005 force field [33]. The ligands were subjected to ligand
preparation using the ligand preparation wizard (Lprep) of Schro-
dinger software in the Maestro interface (9.0). Grid center is
defined for the active site and box sizes are set to 15 A. Glide score
and glide energy were analyzed using XP visualize. The selection of
the best pose was done based on the interaction energy between
the ligand and the protein. The results were analyzed by a statistical
scoring function which converts interacting energy into numerical
values called as the glide score.

4. Results and discussion

The compound L; is yellow in colour having a melting point
163 °C. The suggested formula for the compound is C5H23N50S.
CHNS percentages are in agreement with the suggested molecular
formulae. Elemental Analysis found (Calcd.) (%): C: 68.04 (68.18) H:
5.00 (5.15) N: 159 (15.88) S: 6.27 (6.21). The compound is
completely soluble in CHCl3 but partially soluble in DMSO, DMF,
ethanol and methanol.

Crystal data and structure refinement parameters are given in
Table 1. Fig. 1 is the ORTEP diagram of L; with the atom numbering
scheme, Fig. 2 is the optimised geometry of molecule along with
the atom numbering scheme and Fig. 3 is the supramolecular chain
stabilised by van der Waals interaction along the axis b.

It is found that the molecules in a unit cell were arranged in
inverted manner, which are the repeating units of the packing in
the crystal lattice. An interesting attribute of the crystal packing is
the formation of a supramolecular chain mediated by intermolec-
ular C—H---0 and H---C interactions.

Comparison of optimized geometrical parameters such as bond
length, bond angles, torsion angles with the experimental data are
listed in Table 2. The experimental bond distances, C (9)—N (3), C(8)
—N (1), C (8)-N (2) and N (2)—N (3) are 1.328 (3) A, 1.352 (3) A,
1368 (3) A, 1.391 (2)A, respectively. The corresponding computa-
tional values are, 1.2899, 1.3721, 1.3837 and 1.3787 A. They are
found to be at the midway between the analogous single [C—N,
1.47 A N—N, 1.45 A] and double bond lengths [C=N, 1.28 A N=N,
1.25 A] [34]. The experimental C (8)—S (1) bond length is 1.669 (2)
and theoretical value is 1.6737 A. They are closer to C=S bond
length [1.61 A] than to C—S bond length [1.81 A] [35]. It supports
the existence of sulphur in the thione form. The bond length C (18)
—0 (1) is 1.256 (2) A and the DFT calculations give a value of
1.2216 A. They are corresponding to C=0 double bond, indicating
that the compound in the keto-form in the crystalline state. The
calculated C—C, C—H and N—H bond length values calculated agree
well with the experimental ones. All the other bond lengths posses
bond equalization due to partial double bond and single bond
characteristics. This indicates that there is a significant electron
delocalization around the pyrazolone ring and the thio-
semicarbazide moiety [36].

A torsion angle value of 2.1 corresponding to S (1)—C (8)—N (2)—
N (3) moiety confirms the syn-periplanar configuration of the S1
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Crystal data and structure refinement for L;.

Parameters

L1

Parameters L1

Empirical formula

Formula weight
Temperature (K)
Wavelength

Crystal system, space group
Unit cell dimensions

Volume (A%)

Z, Calculated density (mg/m?)
Absorption coefficient (mm~1)
F (000)

Crystal size (mm?)

Theta range for data collection
Limiting indices

Reflections collected/unique

CsHx NsOS

441.54

296 (2)

0.71073

Triclinic, P-1

a(A) =7.8930 (4) a(°) = 96.175 (3)

b (A) = 11.2019 (5) B(°) = 100.922 (3)

¢ (A) = 13.0211 (7) y(°) = 91.005 (3)

1123.02 (10)
2,1.303

0.172

462

0.35 x 0.30 x 0.30
1.60 to 28.31

—10 < h<=10, -14 < k<=14, -11 < I<=17

8957/5465 [R (int) = 0.0174]

28.3197.6%

0.9503 and 0.9424
Semi-empirical from Equivalents
Refinement method Full-matrix least-squares on F?
Data/restraints/parameters 5465/0/295

Goodness-of-fit on F? 0.956

Completeness to theta
Max. and min. Transmission
Absorption correction

Final R indices [I > 2sigma(I)] R1 = 0.0561,
WR2 = 0.1647

R indices (all data) R1 = 0.0848,
WR2 = 0.2003

Largest diff. peak and hole (e.A™3) 0.442 and —0.362

Fig. 1. ORTEP diagram of molecule, with ellipsoids drawn at the 60% probability level.

atom with respect to azomethine nitrogen atom N3. The terminal
nitrogen atoms, N (1) and N (3) of the thiosemicarbazide fragment
are in an antiperiplanar conformation with respect to the C (8)—N
(2) with a torsion angle of —179.1 (2). Similarly, the nitrogen atoms,
N (1) and N (2) of the thiosemicarbazide fragment are in an anti-
periplanar conformation with respect to the C (8)—N (3) with a
torsion angle of —179.1 (3). In addition, the thiosemicarbazide
moiety is not exactly coplanar to pyrazolone ring, since C (16)—C
(9)-N (3) and C(8)—N (3)—N(2) and C (9)—N (3)—N (2) angles are
124.95, 115 and 123, respectively. According to the B3LYP calcula-
tions these values are 124.45, 119 and 117, respectively. The root
mean square deviation of the theoretical and observed geometrical
parameters were calculated and are found to be 0.0555 A for bond
lengths and 4.182° for bond angles. These variations may be due to
the difference in the molecular states of compound in the experi-
mental and computational method [37]. The theoretical data are
calculated in gas phase without considering molecular interactions,
but the experimental data are collected in the solid state where the

interactions such as van der Waals, hydrogen bonds and crystal
packing forces make slight changes in the structure. In the crys-
talline structure, we can see intramolecular hydrogen bonding
existing between pyrazolone oxygen and N—H of thio-
semicarbazide moiety.

5. Vibrational analysis

The experimental and generated IR spectra are shown in Fig. 4.

Each molecule of the compound under investigation possesses
55 atoms and 159 normal modes of vibrations. It has C; point group
symmetry. All the vibrations are active in both Raman and infrared
absorptions. The FT-IR spectrum of the compound shows distin-
guishable stretching vibrational bands due to N—H, N—N, (=0, C=
N, C=S, aromatic ring and methyl groups.

The vibrations due to N—H stretching usually absorb in the re-
gion 3450—3250 cm™! [38]. The DFT computation predicts N—H
stretching vibrational mode at 3524 cm™. In FT-IR and FT-Raman
spectra, a broad band is observed at 3411 cm™! [39]. It indicates
the presence of hydrogen bonded tautomeric keto-imine or imine-
ol form (O...H—N form or the O—H...N form) of the compound in
the solid state [40]. Based on the information obtained from single
crystal XRD studies, the presence of O—H...N form in the compound
is ruled out.

DFT calculation predicts C=O0 stretching vibrational mode at
1768 cm~! which is in accordance with the literature values.
However, in FT-IR and FT-Raman spectra, the band for (C=0) of
pyrazol-5-one moiety is at 1597 and 1594 cm™', respectively. This is
at a lower wavenumbers than that is usually found for carbonyls
and indicates its involvement in hydrogen bonding with N—H of the
thiosemicarbazone moiety. The compound does not show any band
between 2000 and 2500 cm ™! suggesting that in the solid state it is
not in the thiol form [41].

The aromatic and aliphatic C—H vibrations generally absorb in
the region 2850—3100 cm™! [42]. In the present investigation, the
experimental aromatic and aliphatic C—H stretching bands appear
at2924-3150 cm™! in FT-IR and at 2926-3057 cm ™! in FT-Raman as
weak bands while the theoretical C—H vibrations are assigned in
the region 3257—3037 cm™! (B3LYP). These are in accordance with
the literature values and experimental data.

In aromatic compounds, the C—H in-plane bending vibrations
appear in the range of 1000—1300 cm™". Out-of-plane vibrations
appear in the range 750—1000 cm~' [43]. In the present study,
these bands are observed in the range 695—1283 cm™" in the FT-IR
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Fig. 2. Optimized geometry of the molecule.

Fig. 3. Supramolecular chain stabilized by van der Waals forces along the axis b.

and FT-Raman spectra. The harmonic vibrations in the range
675—1366 cm~'(B3LYP) are assigned to C—H in-plane and out-of-
plane bending vibrations. Most of these bending vibrations are
not pure but contain a significant contribution from other
stretching modes, having weak to medium intensities.

The C—C ring stretching vibrations appear in the range
1200—1650 cm~! [44]. The identification of vibrations in this range
is very difficult because of the mixing of C=N band which is usually
observed in this range. In the present work, the very strong bands

observed at 1478,1534 cm™ ! in the FT-IR and 1482, 1532 cm™ ! in FI-
Raman are assigned to the C—C stretching vibrations. The theo-
retically calculated values, 1479, 1482, 1531, 1534, 1628 cm~! show
excellent agreement with the experimental data.

The C=N stretching modes of thiosemicarbazone appear in the
region 1600—1630 cm™' [45]. The harmonic vibrations in the range
1619—1662 cm~" (B3LYP) are assigned to C=N stretching. In FT-IR
and FT-Raman, this band is observed at 1626, 1629 cm™ !, respec-
tively. The C—N stretching vibration is moderately to strongly active
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Table 2
Geometrical parameters of L; - Bond lengths (A), Bond angles (°) and Dihedral angles (°).
Bond length (A) XRD DFT Bond angle (°) XRD DFT Dihedral angle (°) XRD Dihedral angle (°) DFT
(N1-C45) 1466 (3)  1.468 A (45,16,54) 124.81(17) 12436 D (47,17,18,19) —-56.2(3) D (47,17,18,27) 152.643
(C1-H2) 0.96 1.091 A (46,16,54) 122,06 (16)  121.42 D (47,17,18,27) 126.1 (2) D (47,17,29,32) —76.461
(C5—C6) 1374(4) 1401 A(17,18,19) 12029 (18)  119.84 D (47,17,29,32) -219(3) D (46,16,45,5) 25.07
(C5—C14) 1373(3) 1402 A(18,19.21) 1200 (2) 12034 D (46,16,45,5) -3.0(3) D (54,16,45,5) —-159.13
(N5-C45) 1431(3) 1441 A(33,32,48) 125.15(18)  127.922 D (54,16,45,5) 175.74 (18) D (46,16,45,1) —~169.57
(C6—C8) 1371(4) 1399 A(29,32,33) 12998 (19)  127.24 D (46,16,45,1) 1785 (3) D (54,16,45,1) 6.2293
(C6-H7) 093 1.086 A (5,45,16) 12223 (18)  121.94 D (54,16,45,1) —2.7(4) D (14,5,45,1) -103.07
(€C8—C10) 1369 (5)  1.398 A (1,45,16) 1213 (2) 119.71 D (14,5,45,1) 104.6 (3) D (6,545,1) 75.0547
(C12—C14) 1376 (5)  1.396 A(1,45,5) 1165 (2) 1168 D (6,545,1) 102.1 (3) D (45,16,46,47) -153.8
(C9—C11) 1369 (4)  1.398 A (16,46,47) 11503 (17) 11947 D (45,16,46,47) —~179.08 (19) D (54,16,46,47) 30.2853
(C16-N45) 1352(3) 1371 A (17,47,46) 12352 (17)  117.31 D (54,16,46,47) 21(3) D (29,17,47,46) 7.3866
(N16-C46) 1368(3) 1384 D (29,17,47,46) ~13.0(3) D (18,17,47,46) -176.33
(C16-554) 1.669(2) 1674 D (18,17,47,46) 166.62 (18) D (16,46,47,17) -157.04
(C17,N47) 1328 (3)  1.2899 D (16,46,47,17) —~168.74(19)  D(33,32,4849) 178.662
(C17-C29) 1403 (3) 15252 D (33,32,48,49) -1783(2) D (33,32,48,34) —2.7395
(€C17-C18) 1485(3) 14849 D (33,32,48,34) -18(4)
(€C18-C19) 1379(3) 14078
(€18-C27) 1388(3) 14048
(€19-C21) 1386(3) 13926
(€21-C23) 1376(4) 14
(€23-C25) 1373(4) 139
(€25—C27) 1378 (3) 13971
(€29-C31) 1438 (3) 15143
(€29-C32) 1436 (3)  1.536
(€31-C49) 1303(3)  1.288
(€31-C50) 1487 (3) 149
(€32-033) 1256 (2)  1.222
(C32-N48) 1368 (3)  1.388
(N34—C48) 1423 (3) 1421
(N46—N47) 1391(2) 1379
(N46—H55) 099 (3) 1.016
(N48—N49) 1397 (2) 1407
(C50-H51) 0.96 1.092
831 cm~! in FT-IR and at 1247,1367 cm™! in FT-Raman spectra. The
] \\/v_\’ theoretically computed C=S stretching vibrations occurred at 1376,
1248 and 840 cm™!
°
o
= -
=]
p=f .
E —— Experimental IRI 6. Nuclear magnetic resonance spectra
@ T T T T T
§ The "H NMR spectra of the compound was recorded in CDCl3
= Fig. 5.). 'H chemical shifts are calculated with the GIAO approach in
[
° chloroform.
B3 A sharp singlet, which integrates as one hydrogen, at
] d = 14.479 ppm in the spectrum may be due to the presence of NH
1 — Theoretical IR proton. A sharp singlet at 11.176 ppm corresponds to OH proton.
. T v = T The downfield shift of NH and OH proton signals is assigned to its

500 1000 1500 2000 2500 3000 3500

Wavenumber (em-1)

Fig. 4. Experimental and Theoretical IR spectra.

in the range 1220—1330 cm'. In DFT (B3LYP) calculations, the
harmonic vibrations in the range 1237—1350 cm~! are assigned to
C—N stretching. Experimentally, the sharp band at 1316 and
1313 cm™! in FT-IR and FT-Raman, respectively, are assigned to C—N
stretching vibration.

Crane et al. [46] reported N—N stretching mode at 1115 cm™. In
the present case, the bands observed at 1024 and 1106 cm™! in FT-
IR spectrum and 1167 and 1147 cm™~! in FT-Raman are assigned to
N—N stretching vibrations. This also shows good agreement with
predicted DFT calculation in the range 1029—1181 cm™". In this
study, we observed the C=S stretching mode at 1362,1250 and

intramolecular hydrogen bonding interactions leading to a
decrease in the electron density around the proton. Absence of a
singlet peak corresponding to —CH proton substantiates the exis-
tence of imine-ol tautomer of the compound in solution. However,
in the solid state, the compound is in its keto-imine form. The peak
corresponding to OH is absent in DFT model, as the keto form ob-
tained from single crystal XRD is used for this calculation. In DFT,
the NH peak is observed at 7.4359 ppm. In DFT, the CH proton
shows a singlet at 5.148 ppm. Aromatic protons give multiplet
peaks in the region, 7.159—7.662 ppm. The peak observed at
3179 ppm may be due to “N—CHs; Methyl protons in the
substituted pyrazolone show peaks at 1.5 ppm. The DFT computa-
tion predicts “N—CH; peak in the range 3.1—4.2 ppm and methyl
protons of the substituted pyrazolone show peak in the range
2.1-2.5 ppm. The slight discrepancies observed in the experimental
and theoretical spectra may be due to the existence of imine-ol
tautomer and intra-molecular hydrogen bonding in the compound.
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Fig. 5. Experimental 'H NMR spectra of the compound.

7. Electronic spectrum

The maximum absorption wavelength (Amax), oscillator strength
(f), excitation energy (Ecx) and combination of electronic transitions
of the molecule were calculated in chloroform by TD-DFT method
at B3LYP/6-31+G level and compared the values with electronic
absorption spectrum of the compound in chloroform in the range of
200—-900 nm. Experimental UV—Vis absorptions were at 256, 318,
357 and 415 nm. The absorption bands observed below 350 nm
may be attributed to the m-7* transitions of the azomethine chro-
mophore and the benzene ring (intra-ligand charge - transfer).
Those found above 350 nm may be due to n-7t* transitions. It is very
interesting to note that a single broad absorption in the theoretical
spectrum ranging from 275 to 410 nm is observed as three singlets
at 32246 (f = 0.0374), 33435 (f = 0.3483), and 386.12 nm
(f = 0.0038) in the Gaussian output file. Thus, the observed single
absorption may be a superimposed Gaussian peak of the revealed
three singlets. Fig. 6 depicts theoretical and experimental spectra of

— Experimental UV spectrmm
- >
= i {
z
i
z

250 300 350 400 450 500 550 600 650 700
WAVELENGTH

Fig. 6. Theoretical and Experimental electronic spectra in chloroform.

the compound in chloroform.

8. Frontier orbital approach

On the basis of frontier molecular orbital approach, the HOMO,
HOMO-1, LUMO, LUMO+1 orbitals are mainly responsible for
electronic transitions. Here, transitions originating from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) is n— w* type. The transitions from
HOMO-1—LUMO is characterized as T— 7* type. Fig. 7 shows the
isosurfaces of the frontier molecular orbital on which charge den-
sity is localized. Theoretically, HOMO-LUMO energy gap is found to
be 3.865ev, and experimentally it was 3.87ev. By evaluating the
HOMO-LUMO energy gap, we can firmly state that intra-molecular
charge exchange (ICT) is taking place between donor and acceptor
moieties of the molecule, which is a good sign of its biological ac-
tivity [47]. The HOMO-LUMO energy gap is also an identification
factor of stability index [48]. The small energy gap shows high
chemical reactivity and low kinetic stability of the compound [49].

9. Computation of global reactivity descriptors

According to the Koopmans' theorem [50], through equations
A = — Erumo, I = — Eqomo, the HOMO and LUMO orbital energies are
related to gas phase vertical ionization energies (I) and vertical
electron affinities (A) of the isomers. Electron affinity indicates the
potential of a compound to accept precisely one electron from a
donor. By using HOMO and LUMO energy values, global descriptors
such as chemical hardness 7 = (I — A)/2, chemical softness { = 1/27,
chemical potential i = (Erumo + Enomo)/2 and the global electro-
philicity index w = p?/2 7 can also be calculated. Calculated global
descriptors are shown in the Table 3. Physically, chemical potential
w describes the escaping tendency of electrons from an equilibrium
system [51]. Electrophilicity index is a measure of the stabilization
in energy after a system accepts additional amount of electronic
charge from the environment. When two molecules react, which
one will act as an electrophile (nucleophile) will depend upon
higher (lower) value of electrophilicity index [52].
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Fig. 7. showing the isosurfaces of the frontier molecular orbitals.

Table 3
Calculation of Global descriptors.

Global Descriptive Parameters

Homo -5.71 Softness ¢ 0.259
Lumo -1.84 Chemical potential p -3.78
Vertical lonisation energy | 5.71 Electronegativity 3.78
Vertical Electron affinity A 1.84 Globalelectrophilic index v 3.69
Hardness n 1.93

10. Mulliken population analysis

Mulliken atomic charges for the compound were calculated at
the B3LYP/6-31+G (d,p) level in gas-phase and are presented in
Table S1(supporting information). Mulliken population analysis is
basis set dependent and is used to determine the electron density
of each atom [53]. Mulliken atomic charges show that all the
hydrogen atoms in the molecule have positive charge density and
negative charge density for the oxygen, nitrogen and sulphur
atoms. It has also been observed that some carbon atoms are pos-
itive, while some others show negative charge density. The nega-
tive charge density of oxygen appears as —0.3618 esu, which is
significantly larger than those of the other atoms bearing negative
charges. This shows that oxygen can acts as donor site for tradi-
tional hydrogen bonding [54]. From single crystal XRD data, it is
clear that the crystal packing is stabilized by intramolecular
(N—H—-0) hydrogen bonding. This type of charge allocation
generates a total dipole moment of 3.2829 Debye.

11. Molecular electrostatic potential map (MEP)

The electrophilic and nucleophilic sites in a molecule can easily
be identified with the help of molecular electrostatic potential map
(MEP) which in turn determines the chemical reactivity of a com-
pound which is responsible for non-covalent interactions [55]. For
this reason, the MEP has been calculated for the compound at the
B3LYP/6-31+G (d,p) level (Fig. 8). The ascending order of potential
at the surface is represented by different colours,
red < orange < yellow < green < blue. Red represents regions of
most negative electrostatic potential, blue represents regions of
most positive electrostatic potential and green represents regions
of zero potential. In the MEP map of our molecule, the most
negative region is positioned on the O, N and S atoms which can be
considered as potential site for electrophilic attack. However, the
maximum positive region is located on the H atom attached to
nitrogen. This also shows a possible site for nucleophilic attack.
Based on the MEP map, intra- and intermolecular interactions
observed in the solid state can be accounted.

12. Natural bond orbital analysis (NBO)

It gives a profound insight into the intra and intermolecular
orbital interactions in the molecules between filled donor and
empty acceptor NBOs. It also provides a convenient basis for
investigating charge transfer or conjugative interactions in molec-
ular systems [56]. Second order perturbation energy will give clear
information regarding the origin of stabilization of the molecule by
analyzing the interactions between an occupied Lewis NBO (bond
pair or lone pair) as donor and an unoccupied non-Lewis NBO (anti-
bonding or Rydberg) as acceptor [57]. In order to elucidate the
intramolecular, rehybridization and delocalization of electron
density within the molecule, NBO analysis has been performed on
the molecule at the DFT/B3LYP/6-31G (d,p) level. From the NBO
analysis, it is found that the w-bond is characterized by p-orbital
only i.e. contribution from s-orbital is zero. All the other bonds
present are sigma bonds and have an occupancy value close to 1.9.
NBO analysis allowed us to understand which orbital interactions
are primarily involved in the stability of the observed conformer.
Since the occupancies of filled NBOs are highly condensed, the
delocalizing interactions can be further treated by the second-
perturbation energies E@:

Fig. 8. Molecular electrostatic potential map.
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E® = — qi Fy Jei — ¢

where q; is the population of donor orbital or donor orbital occu-
pancy; g;, g are orbital energies of donor and acceptor NBO orbitals,
respectively and Fj is the off-diagonal Fock or Kohn—Sham matrix
element between i and j NBO orbitals [58].

Several donor—acceptor interactions have been observed
among the strongly occupied NBOs of the compound (Table 4). The
most important delocalization sites are seen in the 7 system and in
the lone pairs (n) of the oxygen, sulphur and nitrogen atoms. The
larger the E?) value, the more intense is the interaction between
electron donors and electron acceptors, i.e. more the donating
tendency from electron donors to electron acceptors, greater the
extent of conjugation of the whole system.

The most important interaction energy, related to the resonance
in the molecule, is electron donation from LP (1) C (35) to the an-
tibonding acceptor ©* C (34)—N (48) with enormous stabilization
energy of 412.75 kcal mol . Further, LP (1) C (35) conjugate with 7t
*C (37)—C (39) leading to a stabilization energy of 63.82 kcal mol~.
LP (1) N (45) and LP (1) N (46) stabilize thiosemicarbazide moeity
via conjugation with ¢*C (16)—S (54) leading to the stabilization
energies of 79.89 and 49.01 kcal mol~!, respectively. Intra-
molecular O..H—N hydrogen bond interactions are shown in the
NBO analysis by the interaction between the O lone pair and N—H
antibonding orbital [LP (1) O (33) — ¢ * N (46)—H(55),LP (2) 0(33)
— ¢ *N (46)—H (55)] leading to an interaction energy of 10.83 and
19.4 kcalmol ™. LP (2) O (33) NBO further conjugates with ¢ *C (32)-
N (48) resulting to an energy of 24.74 kcal mol~".

From the Table 4, several ICT interactions are observed which
are formed by the orbital overlap between bonding () and anti-
bonding (7*) orbitals. They result in the stabilization of the system.
The movement of p-electron cloud from donor to acceptor makes
the molecule more polarized and it must be responsible for the NLO
properties of the molecule. NBO analysis together with HOMO-
LUMO energy gap and molecular electrostatic potential map of
the molecule elucidates intra-molecular charge-transfer in the
molecule.

13. Non linear optical property (NLO)

Organic molecules containing conjugated = electrons are char-
acterized by large values of molecular first-order hyper-
polarizability as analyzed by means of vibrational spectroscopy
[59]. They can manipulate photonic signals as is important for
nonlinear optics.

In order to explore NLO properties of the title compound, the
total static dipole moment p, the linear polarizability «, the
anisotropy of polarizability Ao and the mean first order hyper-
polarizability B, are calculated by using the B3LYP method with 6-
31+G (d,p) level in the gas phase of the compound based on the
finite-field approach. The first-order hyperpolarizability is a third
rank tensor that can be described by a 3 x 3 x 3 matrix. The 27
components of the 3D matrix can be reduced to 10 components due
to Kleinman symmetry [60]. It can be given in the lower tetrahedral
format. It is obvious that the lower part of the 3 x 3 x 3 matrices is
tetrahedral. The components of § are the coefficients in the Taylor
series expansion of the energy in the external electric field. For the
calculation of p, o, Aa and B, are defined as follows [61]. The
calculated data are given in Table 5.

Ototal = 1/3(axx+¢yy+azz)

Ao = ]/21/2[(qxx-uyy 2 f (oyy-oizz) 24 (0zz-0xx)
216024, 46025y +602y,] %

Bo = [(Bxxx+ Bxzz+ Bxyy)2+(Byyy +ByxerByzz)Z*’(ﬁzzz*’ﬁzxx*’ﬁ%yy)]llz

Htotal = (H}ZH’U-%*IJ% )1/2

Since the polarizability and hyperpolarizability are reported in
atomic units (a.u.), the calculated values have been converted by
using 1a.uis 0.1482 A> for a.and 1a.u is 8.6393 x 10~ for B. Urea is
one of the reference materials, used for comparative purpose to
study the NLO properties of organic compounds. The calculated
dipole moment (p), polarizability («) and the mean first hyper-
polarizability (B) for the compound are 3.2829 D, 28.0639 A> and

Table 5
Calculated electric dipole moment, polarizability and first hyperpolarizability of
the compound.

Polarisability Hyperpolarisability
oxx = —176.1604 Bxxx = —6.8175
axy = 15.7388 Bxyy = 17.8458
ayy = —201.6986 Bxzz = 27.4541

axz = 0.0255 Byyy = —14.5805
0zz = —191.0043 Pxxy = —55.7806
dyz = —5.9678 Byzz

Ototal ~28.0639 A> Bzzz

Ao = 49.70691 A®
1 = 3.2829Debye

Bxxz
Byyz = —19.3684
Brotal—7.83748 x 10 3'cm’e.s.u

Table 4
Major donor—acceptor interactions of title compound and their second-order perturbation energies (kcal/mol).
Donor NBO (i) Acceptor NBO (j) E@ kcal/mol Ej — Eiau. Fja.u. Donor NBO (i) Acceptor NBO (j) E® kcal/mol Ej — Eiau. Fjau.
mwC5-C6 T*C8-C10 2031 0.3 0.07 mwC34-N48 m*C32-033 42.76 0.31 0.106
nC5-C6 mC12-C14 2044 0.3 0.07 ©C37-C39 LP(1)C35 46.86 0.14 0.09
nC8-C10 m*C5-C6 2127 0.29 0.07 nC37-C39 m*C41-C43 2238 0.29 0.072
mC8-C10 mC12-C14 20.58 0.29 0.07 mC41-C43 m*C34-N48 37.27 0.19 0.089
nC12-C14 ©*C5-C6 2243 0.29 0.072 nC41-C43 w*C37-C39 21.01 0.29 0.07
wC12-C14 T C8-C10 20.36 0.29 0.069 LP(1)033 RY*(1) C32 11.62 1.62 0.123
mC18-C19 m*C21-C23 19.58 0.29 0.068 LP(1)033 6*N 46 - H55 10.83 1.23 0.104
©C18-C19 T C25-C27 20.87 0.28 0.069 LP(2)033 ¢*C29-C32 12.69 0.74 0.088
mC21-C23 7 C18-C19 2031 0.29 0.069 LP(2)033 6*C32-N48 2474 0.73 0.122
©C21-C23 T C25-C27 2171 0.28 0.07 LP(2)033 0*N 46 - H 55 194 0.82 0.114
mC25-C27 m*C18-C19 20.15 0.3 0.069 LP (2)S 54 6*C16-N45 11.27 0.65 0.078
m©C25-C27 T C21-C23 2043 0.29 0.069 LP (2)S 54 ¢*C16- N 46 1283 0.62 0.081
6C29-H30 7*C 17 - N 47 175 0.54 0.087 w* C17 - N 47 m*C18-C19 11.03 0.04 0.033
cC29-H30 7 C31-N49 17.54 0.53 0.086 m*C25-C27 T C18-C19 250.06 0.01 0.082
6C29-H30 m*C32-033 2253 0.51 0.101 m* C34-N48 w*'C31-N49 14.79 0.04 0.03
m©C34-N48 7*C 31 - N49 14.24 0.33 0.062 T C34-N48 m*C32-033 134.1 0.02 0.059
m*C34-N48 m*C41-C43 83.04 0.09 0.1
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0.783748 x 10~3°cm’e.s.u., respectively, as compared with those of
urea, 1.3732 D, 3.8312 A3 and 0.37289 x 1030 cm.%e.s.u., respec-
tively, for B3LYP/631+G (d,p). Theoretically, the first-order hyper-
polarizability (B) of our compound is 2 times higher than that of
urea. It is also found that the compound shows two-fold higher
value of linear polarizability (o) and the dipole moment than urea.
These results indicate that the present compound possess good
non-linear optical properties and can be used in future studies in
this area.

14. Molecular docking

Cancer therapies target cell cycle-based mechanism which im-
itates the body's natural process to prevent the growth of cancer
cells. This approach can limit the damage to normal cells and the
associated side effects caused by usual chemotherapeutic agents.
The motivation behind the selection of histone deacetylase8
(HDACS), ribonucleotide reductase (RR2) and DNA methyl trans-
ferase (DMT), as anticancer targets in the present investigation is
due to their involvement in different cell growth and metabolism
such as biosynthesis of DNA, gene silencing, transcriptional control
and chromatin structure modulation.

The ligand under study was docked into the binding sites of the
proteins. The docking calculation generated few poses for the
ligand. The selection of the best pose was done based on the
interaction energy between the ligand and the protein. The least
negative XP g-score (negative value) indicates the best binding
score for the ligand with protein. Docking simulation of the com-
pound within the active site of the receptors has been analyzed
(Fig. 9). The anticancer activity of the compound was measured
based on the glide score, glide energy and protein-ligand binding
characteristics. The glide score and glide energy are shown in
Table 6.

The amino acid residues in the active site of ribonucleotide
reductase are Glu 232, Gly 233, Le 234, Phe 236, Ser 237, Val 327,
Arg 330, Leu 331, Glu 334, Asp 231, Cys 270, Leu 268, Gly 267, Glu
266, Arg 264 and Ser 263. The compound was docked deeply into
the active site region making interactions with the residues Asp 271
and Ser 263. Some very prominent interactions between the
compound and the active site residues Val 661 and Glu 663 of DNA
methyl transferases were observed. The other residues that were
found in the locality of this docked ligand were Leu 635, Phe 636,
Asp 637, Gly 638, Le 639, Ala 640, Thr 641, Gly 642, Glu 752, Trp 889,
Ser 888, Arg 887, Ser 665, Cys 662, Gly 660, Ser 659, Gly 703, Ser
704, Pro 705, Cys 706, Cys 662, Val 661, Glu 660 Asp 682, Val 683,
Arg 684 and Leu 726. The amino acid residues in the active site of
Histone deacetylase8 are Arg-37, Le-34, Lys-33, Tyr-306, Gly-305,
Gly-304, Gly-303, Asp-178, He-180, Gly-151, Phe-152, Cys-153,
Asp-101, Asp-267, Phe-208, His-143 and Trp-141. The compound L;
binds in the pockets defined by Tyr-306, Lys-33 of histone deace-
tylase8. It is found that the compound is able to bind all the selected
targets. Hence, the compound is a promising candidate for anti-
cancer studies. It can be validated in wet lab studies for its proper
function.

15. Conclusions

The single «crystal of 1-phenyl-3-methyl-4-benzoyl-5-
pyrazolone N (4)-methyl-N (4)-phenylthiosemicarbazone was
grown by slow evaporation of a 1:1 DMSO-methanol solution at
room temperature. The red shift of the C=0 stretching band in the
infrared spectrum from the computed one indicates the weakening
of the C=0 bond. It may be due to the presence of hydrogen bond
vibrations in the crystal leading to strong perturbation of the
infrared band. The experimental and theoretical UV—Vis spectral

Fig. 9. Docked pose of the inhibitor inside the binding pockets of proteins (a) (PDB ID:
2UW?2) (b) (PDB ID: 2QRV) (c) (PDB ID: 1T69) depicted in ribbon style, black letters
shows the amino acids involved in the bonding and compounds are shown in capped
stick model.

analysis provide information about the excitation energy, oscillator
strength and predict mainly the n— w* © — 7* type electronic
transitions which are intra-molecular charge-transfer type. Slight
differences between the theoretical and experimental electronic
spectral data may due to the participation of the carbonyl group in
intra-molecular hydrogen bonding and the tautomerism existing in
the molecule. Further, small HOMO—LUMO energy gap accounts for
the possibility of charge-transfer in the compound. NBO analysis
also gives insight to the strongly delocalized structure, responsible
for the nonlinearity and hence the stability of the molecule.
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Table 6

Glide score and Glide energy of compound L;.
Protein Glide score Glide energy
Ribonucleoside diphosphate reductase M2subunit (RR2) (PDB ID: 2UW2) —4.386865 —48.885156
DNA Methyl transferase (DMT) (PDB ID: 2QRV) —2.35165 —37.04767
Histone deacetylase 8 (HDACS8) (PDB ID: 1T69) —3.108071 —31.370547

Theoretically, the linear polarizability («) of the compound is 9
times higher than that of urea. It is also found that the compound
shows two-fold higher value of first order hyperpolarizability(p)
and the dipole moment than urea. These results indicate that the
compound is suitable for further studies as non-linear optical ma-
terial. The docking score and -energy draw us to the conclusion that
the investigated compound might exhibit anticancer activity.
However, in vitro and in vivo analyses need to be done to validate
the computational predictions.
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Synthesis, spectral and single crystal XRD studies of a novel ligand 1-phenyl-3-methyl-4-benzoyl-5-pyra-
zolone N(4)-methyl-N(4)-phenylthiosemicarbazone and its cadmium(II) complex have been communi-
cated in this work. The ligand crystallizes in triclinic system with space group P-1, a(A) = 7.8930(4), b
(A)=11.2019(5), c(A)=13.0211(7); o(°)=96.175(3), f(°)=100.922(3)°, y(°)=91.005(3)°, V(A%)
=1123.02(10), r(mg/m3)=1.306 and Z=2. Cadmium(Il) complex crystallizes in the monoclinic crystal
system with space group P2;/c, unit cell dimensions a(A)=9.6939(5), b(A)=22.5183(11), c(A)

'S‘ier{‘”l’:’cds’ml =21.2054(10); o(°) = 90, B(°) = 99.960(2), y (°) = 90, V(A3) = 4559.2(4) and Z = 4. The packing of the mole-
Pyrizoloryne cules in the crystal lattice is stabilized by intermolecular hydrogen bonds. Spectroscopic data along with

crystal structure, confirmed the involvement of azomethine nitrogen, thione sulphur and enolic oxygen of

Cadmium(Il) complex o o 2 .
pyrazolone moiety in coordination with the metal ion.

Electronic spectra
Thiosemicarbazones
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1. Introduction

Thiosemicarbazones and their metal complexes have gained
considerable attention in many research areas because of their
unique chemical and biological properties [1,2]. The flexibility of
their structures in terms of coordination and their ability to behave
as neutral as well as anionic ligands increased our interest in this
area [3,4]. They can exist in E form (trans-) and Z form (cis-) [5].
Generally, they coordinate to the metal ions in Z-form which is
attributed to the chelate effect on complexation. When an extra
coordination functionality is present near to the donor centres of
thiosemicarbazones, they act as tridentate ligands.

Nowadays, coordination chemistry of cadmium(Il) has been
studied substantially because of the fatal environmental impact
of cadmium. The mobilization and immobilization of cadmium in
the surroundings, in organisms, and in some practical processes
have been shown to depend significantly on the complexation of
the metal center by chelating nitrogen donor ligands. Furthermore,
chelating sulphur donors are under investigation as antidotes in
cadmium(Il) poisoning [6,7]. Now, many research groups are
focusing on the fabrication of novel luminescent cadmium com-
plexes as emitters and electron transporters in OLED [8-11].

* Corresponding author.
E-mail addresses: sangtkg@gmail.com (K.G. Sangeetha), aravindkuttamath@
yahoo.com (K.K. Aravindakshan).

http://dx.doi.org/10.1016/j.ica.2017.08.046
0020-1693/© 2017 Elsevier B.V. All rights reserved.

In addition, cadmium complexes appear to be more fascinating
from a structural point of view because of the ability of the cation
to vary both coordination numbers and geometries. It is found that
Cd(Il) forms 4-coordinate and tetrahedral complexes with mon-
odentate ligands, while with bidentate chelating ligands it forms
6-coordinate and octahedral complexes [12,13]. Crystal structures
of cadmium halide complexes of 2-pyridineformamide N(4)-
thiosemicarbazone are reported by Alfonso Castineiras et al. [14].
Here cadmium(ll) is pentacoordinated with tridentate thiosemi-
carbazone and two halide ions as ligands.

Growth of single crystals and their characterisation for device
fabrication have assumed immense thrust due to their importance
in both academic- as well as applied research fields. Here, we
report the synthesis and characterization of a novel ligand, 1-phe-
nyl-3-methyl-4-benzoyl-5-pyrazolone N(4)-methyl-N(4)-
phenylthiosemicarbazone and its Cd(II) complex using infrared-,
electronic- and 'H NMR spectral- and single crystal X-ray diffrac-
tion analyses.

2. Experimental

2.1. Materials and methods

Elemental analyses (C, H, N and S) were performed on Vario EL
Il elemental analyzer. Infrared (IR) spectra were recorded on a
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Jasco-FT-IR-4100 model spectrometer using KBr pellets. The elec-
tronic spectra were recorded on JascoV-550 UV-Vis model spec-
trometer. NMR was recorded on 400 MHz Bruker Avance IIl FT
NMR spectrometer. Carbon disulphide (Merck), N-methyl aniline
(SRL), hydrazine hydrate 98% (Glaxo fine chemicals), ethylacetoac-
etate (Merck), phenyl hydrazine, benzoyl chloride, cadmium acet-
ate (Merck), etc were used as received. The solvents were purified
and dried by using standard procedures.

2.2. Synthesis of ligand [H»L] (1)

N(4)-Methyl-N(4)-phenylthiosemicarbazide was prepared by
taking up and modifying the procedure reported by Scovill [15].
1-Phenyl-3-methyl-4-benzoyl-5-pyrazolone was prepared by
using Jenson’s method [16,17]. The ligand was prepared by stirring
the hot methanolic solution of 1-phenyl-3-methyl-4-benzoyl-5-
pyrazolone (PMBP) (750 mg, 2.76 mmol) and N(4)-methyl-N(4)-
phenylthiosemicarbazide (MPTSC) (500mg, 2.76 mmol) on a
magnetic stirrer, followed by refluxing at 60-80°C for 30 min.
The ligand formed was filtered and washed with methanol and
dried over anhydrous CaCl,.

Yield: 80%, m.p (163 °C), IR(KBr) Vmax/cm™': 3411(NH), 1626
(C=0), 1024, 1106(N-N), 1362, 766(C=S), UV(solid) Amax/ nm:
256, 318, 362-415, 379 sh, 'H NMR (CDCls) § 14.479(s, 1H, >NH),
5 11.176(s, 1H, OH), & 7.159-7.662(m, 15H, Ar), 8 3.179(s, 3H, 'N-
CHs), 6 1.5(s, 3H, C-CH3). Anal Calc. for C;sH,3Ns0S, Found: C:
68.18; H: 5.15; N: 15.88; S: 7.21, calculated: C: 68.04; H: 5.00;
N: 15.90; S: 7.27%.

2.3. Synthesis of cadmium complex [Cd(HL),] (2)

H,L (0.441 g, 1 mmol) was dissolved in few drops of chloroform
and excess of methanol. To this solution, a hot methanolic solution
of Cd(OAc),-2H,0 (0.266 g, 1 mmol) was added dropwise. The solu-
tion mixture was refluxed for 2-3 h at 60 °C. The product formed
was filtered, washed with methanol and finally with ether and
dried over anhydrous CaCl,.

Yield: 70%, m.p (230 °C), IR (KBr) viax/cm™": 3439(N—H), 1597
(C=0), 1571(C=N), 1126 (N-N), 1348, 762(C=S), 659 (M—N),
(M—0) 465. UV(solid) Amax/nm 256, 321, 703. "H NMR (CDCl5) &
7.126-8.13 (m, 30H, Ar), § 6.675 (s, 2H, NH) ¢ 1.2-1.29 (s, 6H,
CH3) 6 3.4-3.64 (s, 6H, “N-CHs). Anal Calc. for CsoH44N100,S,Cd
Found C: 60.30; H: 4.42; N: 14.06; S: 6.43; Cd: 11.2 calculated:
C: 60.80; H: 4.49; N: 14.56; S: 6.83; Cd: 11.6%.

2.4. X-ray diffraction studies

X-ray crystallographic data of ligand were collected at 296(2)K
on a Bruker Model Kappa Apex II diffractometer at SAIF, STIC,
Cochin with graphite monochromatic Mo Kot (2 = 0.71073 A) radia-
tion. X-ray crystallographic data of Cd(II) complex were collected
at 293(2) K on a Bruker Model Kappa Apex Il diffractometer at SAIF
IIT, Madras. Direct methods were performed to solve the structures
and refined by least-square on F? using SHELXL-97 [ 18] for H,L and
SHELXL-2014/7 [19] for Cd(II) complex. All non-hydrogen atoms
were refined anisotropically. All hydrogen atoms, except those
attached to nitrogen were geometrically fixed at calculated posi-
tions. The crystallographic tools, PLATON for Windows [20], DIA-
MOND 3.2d [21] and MERCURY 3.5.1 [22] were used for
structure analysis and presentation of the results. Crystallographic
restraints (SADI and SIMU) were used in the initial refinement of
disordered S(2) in the structure of cadmium(II) complex. The struc-
ture of H,L was finally refined to the conventional R-value
R1=0.0540 and structure of Cd(II) complex was refined to the
R-value R1=0.0308.

3. Results and discussion

The ligand crystallised as dark yellow solid with a melting point
of 163 °C, while the complex was golden yellow with a melting
point of 230 °C. They were found to be stable at room temperature.
CHNS percentages were in agreement with the suggested molecu-
lar formulae and were in accordance with their crystal structure.
The ligand and the complex are partially soluble in most of the
common polar solvents and are completely soluble in CHCls.

One of the starting compounds, 1-phenyl-3-methyl-4-benzoyl-
5-pyrazolone (PMBP) used for the preparation of ligand can
undergo keto-enol tautomerism in solution (I & II). During the syn-
thesis of the ligand, it may be the enolic form of PMBP (II) that
reacts with N(4)-methyl-N(4)-phenylthiosemicarbazide (MPTSC)
(1I1) forming the product. As a result, the ligand formed can be a
mixture of keto-imine/enol-imine tautomer (IV & V) in solution.
On crystallisation, as a result of delocalisation of electrons due to
extended conjugation, the compound undergoes rearrangement
and tends to exist in a stable conformer (VI). However, during com-
plexation, in the presence of metal ions in solution, the ligand can
exist in enol-imine tautomer (IV) and coordinates through enolic
oxygen after deprotonation. The possibility of thione- thiol tau-
tomerism and coordination of the ligand through S is ruled out
because of the presence of NH—C=S bond in the crystal structure
of the Cd(II) complex.

The ligand (H,L) can act as dianionic, monoanionic or neutral
tridentate/bidentate/monodentate one. But in the present case, it
is monoanionic and coordinates through azomethine nitrogen,
thione sulphur and enolic oxygen of pyrazolone moiety after
deprotonation. The reaction pathway in the formation of the
ligand, 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone N(4)-methyl-
N(4)-phenylthiosemicarbazone (H,L) can be represented as fol-
lows: Scheme 1.

3.1. Comparison of crystal structure of HoL (1) and its complex [Cd
(HL)2] (2)

Single crystals of H,L of X-ray diffraction quality were grown
from its 1:1 methanol-DMSO solution by slow evaporation at room
temperature in air. A crystal with dimensions of
0.350 x 0.300 x 0.300 mm? was selected for collecting the data of
the ligand. H,L crystallizes with one molecule per asymmetric unit
into triclinic crystal system with a space group of P-1. The molec-
ular structure of the compound 1 with atom numbering scheme is
depicted in Fig. 1. Fig. 2, demonstrates the hydrogen bond interac-
tion of 1 along cx axis.

It is found that the molecules in the unit cell are arranged in
inverted face to face manner, which is the repeating unit of the
packing in the crystal lattice. The bond distances, C(9)—N(3), C
(8)—N(1), C(8)—N(2) and N(2)—N(3) are 1.327(2) A°, 1.349(3) A°,
1.368(2) A°, 1.384(2)A°, respectively. The ligand exists in the
thione form with a C(8)—S(1) bond length of 1.671 (2) A. The bond
length C(18)—0(1) is 1.258(2) A which is in accordance with the
C=0 bond. All the bond lengths posses bond equalization due to
partial double bond and single bond characteristics. The terminal
nitrogen atoms N(1) and N(3) of the thiosemicarbazide fragment
are in an antiperiplanar conformation with respect to the C(8)—N
(2), with a torsion angle of —179.16(18)°. The bond angles of C
(16)—C(9)—N(3), C(8)—N(3)—N(2) and C(9)—-N(3)—N(2) are
124.68(16), 115.50(16) and 124.21(16)> respectively, which is an
evidence for the deviation from coplanarity of thiosemicarbazide
and pyrazolone moieties.

Single crystals of cadmium (II) complex were grown from its
chloroform solution.
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Scheme 1. The reaction pathway of 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone N(4)-methyl-N(4)-phenylthiosemicarbazone (H,L).

A crystal with dimensions 0.300 x 0.250 x 0.200 mm® was
selected for collecting the data of the cadmium(Il) complex. The
compound crystallized with one molecule per asymmetric unit
into monoclinic crystal system with a space group of P2,/c. The
molecular structure of the compound 2 with atom numbering
scheme is presented in Fig. 3. Crystal data and structure refinement
parameters of 1 and 2 are given in Table 1. The important hydrogen
bonding interaction parameters of 1 and 2 are listed in Table 2.

Selected bond lengths, bond angles and torsion angles are summa-
rized in Table 3.

An interesting attribute of the crystal packing in the case of
ligand and complex was the formation of a supramolecular chain
mediated by intermolecular C—H---O hydrogen bond [23]. The crys-
tal structure 2 is further stabilized by intermolecular C—H.......S
interactions. In the unit cell of 2, molecules are arranged in a face
to face manner, which are the repeating units of the packing in the
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st

Fig. 1. The molecular structure of the compound 1 with atom numbering scheme.

Fig. 2. Hydrogen bond interactions of 1 along c* axis.

crystal lattice. Fig. 4. shows the packing diagram along with hydro-
gen bonding interaction of 2 along b axis.

On complex formation, significant changes occur in the geomet-
rical parameters of the ligand 1. It is clear from the Table 2 that the
bond length C(9)—N(3) in the complex is compressed to 1.306(3) A
from 1.326(2) A. Coordination lengthens the C(9)—C(16) bond from
1.401(3) to 1.429(3) A in the complex. It is also found that the C
(8)—N(2) bond in the complex is compressed to 1.333(3) from
1.368(2) A. This supports the extensive 1 delocalization along the
thiosemicarbazone chain and the involvement of azomethine
nitrogen in coordination. It is also confirmed by the existence of
S(1) and N(3) in Z configuration with respect to C(8)—N(2) bond
with a torsion angle of —5.10(4) A.

Coordination lengthens the C(8)—S(1) bond from 1.671(2) A to
1.692(3) A but is intermediate between C=S bond length [1.60 A]
and C—S bond length [1.81 A] [24]. The bond lengths, Cd—S(1)
2.6029(8) A and Cd—-S(2) 2.573(9) A corroborates the coordina-
tion through the thione form.

From the above observations, we confirm that the ligand is
coordinated through the azomethine nitrogen [Cd—N(3)=2.369
(2)A], [Cd—N(8)=2.384(2)A], thione sulphur [Cd—S(1)=2.6029
(8)A], [Cd—S(2)=2.573(9)A] and pyrazolone oxygen [Cd—O(1)
=2.297(2) A], [Cd—0(2)=2.368(2) A] of the ligand. These bond
lengths are comparable to those reported for similar cadmium(II)
complexes [25].

The coordination results in the formation of two 5 membered
[Cd—N(3)—N(2)—S(1)—C(8)], [Cd—N(7)—N(8)—C(33)—S(2)] and
two 6 membered [Cd—O(1)—C(18)—C(16)—C(9)—N(3)], [Cd—O
(2)—C(36)—C(35)—C(34)—N(8)] metallocycles in the complex. Ring
puckering analyses and least-square plane calculations showed
that the 5 membered ring comprising of atoms Cd(1), N(3), N(2),
C(8) and S(1) adopts an envelope conformation on Cd(l).

The least square planes comprising of [Cd, N(3), N(2), S(1), C(8)]
(plane 1) and [Cd, N(7), N(8), S(2), C(33)] (plane 2) with a dihedral
angle of 38.206(64)° show a Z conformation existing between
these planes. The least square planes involving [Cd, O(1), C(18), C
(16), C(9), N(3)] (plane 3), [Cd, O(2), C(36), C(35), C(34), N(8)]
(plane 4) with a dihedral angle 81.185 (43)° show a puckered
arrangement. The dihedral angles formed by the least square,
(plane 1) and (plane 4), (plane 2) and (plane 4), (plane 2) and
(plane 3), (plane 1) and (plane 3) are 64.830(44)°, 36.820(81)°,
72.323(54)°, 39.130(4)°, respectively. These evidences suggested
a distorted octahedral coordination geometry for the complex,

Fig. 3. The molecular structure of the compound 2 with atom numbering scheme.
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Table 1

Crystal data and structure refinement parameters of Cd(HL),.
Identification code H,L Cd(HL),
Empirical formula CysHs N5 OS Cso Hyga Cd Ny 0, S,
Formula weight 441.54 993.47
Temperature (K) 296(2) 293(2)
Wavelength (A) 0.71073 0.71073
Crystal system Triclinic Monoclinic
Space group P-1 P 2:/c
Unit cell dimensions
a(A) 7.8930(4) 9.6939(5)
b (A) 11.2019(5) 22.5183(11)
c(A) 13.0211(7) 21.2054(10)
o(°) 96.175(3) 90
B°) 100.922(3) 99.960(2)
Q) 91.005(3) 90
Volume (A%) 1123.02(10) 4559.2(4)
zZ 2 4
p(calculated)(mg/m?) 1.306 1.447
Absorption coefficient 0.172 0.624

(mm™)
F(000) 464 2040
Crystal size(mm?) 0.350 x 0.300 x 0.300  0.300 x 0.250 x 0.200
Theta range for data 1.60-28.31° 2.055-24.999°.
collection
Index ranges —10<h<10, —11<h<11,
—14<k<14, —26<k<26,
-11<I<17 —25<1<25

Reflections collected 8957 66073
Independent reflections 5465 [R(int) = 0.0174]  8034[R(int) = 0.0346]
Completeness to theta 28.31° 97.6% 24.99° 100%

Refinement method

Full-matrix least-
squares on F?

Full-matrix least-
squares on F?

Data/ 5465/0/299 8034/10/604
restraints/parameters
Goodness-of-fit on F? 0.981 1.084
Final R indices R1=0.0540, R1=0.0308,
[1> 2sigma(1)] WR2 =0.1461 WR2 =0.0748
R indices (all data) R1=0.0828, R1=0.0411,
WR2 =0.1790 WR2 =0.0829

Largest diff. peak and
hole (e.A™%)

0.381 and -0.365

0.445 and -0.390

with the Cd atom lying in an approximate plane with the O(1)—0
(2)—-N(1)—N(8)—S(1)—S(2) atoms. It is also found that the two
ligands coordinated in a fac-configuration and the orientation of
the two monoanionic ligands are cis to each other.

3.2. Spectroscopic analysis

The band observed at 1626 cm™! in the spectrum ligand may be
due to v(C=0) of pyrazolone moiety. This is at a lower wave

number than that usually found for carbonyls and indicates its
involvement in hydrogen bonding with N—H of the thiosemicar-
bazide moiety. This band is absent in the spectrum of the cad-
mium(Il) complex, suggesting the enolization and deprotonation
of the —C—0—H group and coordination through the enolic oxy-
gen. The ¥(M—O) observed at 659 cm~! corroborates the coordina-
tion of oxygen of pyrazolone moiety.

Several bands are observed in the ligand in the region 1560-
700 cm™" may be due to vibrations involving interactions between
C=S and C—N stretchings [26]. Presence of band at 1571 cm™"' in
the complex indicates the azomethine stretching vibration. The
shift of the centre of the broad band due to the NH stretching from
3411 cm™" in the ligand to 3437 cm ™" in the complex substantiates
the involvement of azomethine nitrogen in the complex formation
[27]. The v(N-N) band at 1106 cm~! has undergone a shift to higher
wavenumber in the spectrum of the complex indicating the coordi-
nation of azomethine nitrogen. This blue shift is due to the
decrease in the repulsion between the lone pairs on the two nitro-
gen atoms. The v(M-N) stretching frequency observed at 465 cm’!
corroborates the coordination of azomethine nitrogen. Absence of
a band in the region 2500-2800 cm ™! substantiates that the ligand
is in the thione form even after coordination with cadmium. The
thioamide bands which are partly due to v(C=S) found at lower
frequencies (1348, 762 cm™!) in the spectrum of the complex also
supports the above assignments.

The electronic spectra of the ligand and the cadmium(II) com-
plex in chloroform were recorded. The electronic spectrum of
ligand registered three charge-transfer bands at 256, 318 and
362-415 nm with a shoulder at 379 nm. The first two bands can
be attributed, respectively, to the -7+ and n- 7 transitions of
the azomethine chromophore and the benzene ring. These bands
are found unshifted in the spectrum of the complex. A broad band
observed between 360 and 415 nm can be attributed to the strong
intramolecular hydrogen bonding in the ligand. It may be due to
the promotion of lone pair electrons on the nitrogen to an anti-
bonding m-orbital of imine group. In the complex, this band has
undergone a slight blue shift and appears as a narrow band at
395 nm and the splitting of band was not observed. It may be
due to the involvement of azomethine chromophore in coordina-
tion and due to the absence of hydrogen bonding in the complex.
A weak band observed at 703 nm can be due to the ligand to metal
charge- transfer transition.

The 'H NMR spectra of the ligand and the complex were
recorded in CDCls. In the solution state, the ligand is in imine-ol
form and is evident from the NMR spectrum. Intramolecular
hydrogen bonding de-shielded the N—H proton to
6=14.479 ppm and O—H proton to 11.176 ppm in the ligand.

Table 2

Hydrogen bonding interaction parameters of 1 and 2.
D—H...A d(D—H) d(H...A) d(D...A) <(DHA)
H,L (1)
N(3)—H(3N)........5(1) 0.89(2) 2.29(2) 2.8517(18) 121.20(19)
N(2)—H(2N).......0(1) 0.98(2) 1.61(2) 2.558(2) 162(2)
C(7)=H(7).......0(1) #1 093 242 3.324(3) 163
C(21)=H(21)...... N(5) 0.93 242 2.767(3) 102
C(25)—H(25).......0(1) 093 224 2.873(3) 125
Symmetry transformations used to generate equivalent atoms:
#11-x1-y,-2z
Cd(HL), (2)
C(21)—=H(21)...0(1) 0.93 247 2.982(3) 1152
C(26)—H(26)...0(2)#1 093 2.52 3.354(4) 150
C(32)—H(32B)...S(1)#2 0.96 292 3.648(4) 133.4
C(40)—H(40)...0(2) 0.93 2.32 2.902(3) 120

Symmetry transformations used to generate equivalent atoms:
#1—x+1,-y,—z+2#2 —X, -y, —z+2
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Table 3

Selected bond lengths (A), bond angles and torsion angles (°) of H,L (1) and Cd(HL), (2).
bond length (A) H,L Cd(HL), bond angle H,L Cd(HL), torsion angle Cd(HL),

) @)
C(1)-N(1) 1.469(4) N(2)—C(8)—N(1) 113.40(2) S(1)—C(8)—N(2)—N(3) —5.10(4)
C(8)—N(1) 1.350(3) 1.349(3) N(1)—C(8)—S(1) 124.60(2) 121.50(2) C(8)—N(2)—N(3)— C(9) —172.50(3)
C(8)—N(2) 1.368(3) 1.333(3) N(2)—C(8)—S(1) 121.90(1) 123.60(2) N(2)—N(3)—C(9)—C(16) 177.40(2)
C(33)—-N(7) 1.340(4) N(3)—C(9)—C(16) 124.7(2) 119.20(2) C(35)—C(36)—0(2)—Cd(1) 37.40(4)
C(8)—s(1) 1.671(2) 1.692(3) C(8)—N(2)—N(3) 115.5(2) 122.10(2) C(16)—C(18)—0(1)—Cd(1) 33.00(4)
C(33)-S(2) 1.698(8) C(9)—N(3)—N(2) 124.2(2) 115.30(2) N(4)—C(18)—0(1)—Cd(1) —147.30(2)
C(33—S(2) 1.695(5) C(8)—N(1)—C(2) 122.0(2)
C(9)-N(3 1.327(3) 1.306(3) C(8)—N(1)—C(1) 121.20(2) N(9)—C(36)—0(2)—Cd(1) —142.90(2)
C(34)—N(8) 1.300(3) C(2)—N(1)—C(1) 116.80(2) N(1)—C(8)—S(1)—Cd(1) 166.50(2)
C(9)—C(16) 1.401(3) 1.429(3) 0(1)—C(18)—C(16) 129.8(2) 132.10(2) N(6)—C(33)—S(2)—Cd(1) 161.70(2)
C(34)—C(35) 1.434(4) N(7)—C(33)—S(2)—Cd(1) —16.40(9)
C(9)—C(10) 1.483(3) 1.494(3) 0(1)—C(18)—N(4) 125.1(2) 123.50(2) N(2)—C(8)—S(1)—Cd(1) —16.20(3)
C(17)—N(5) 1.304(2) 1.308(3) N(3)—Cd(1)—S(2") 165.90(2)
C(17)—C(19) 1.491(3) 1.492(4) C(10)—C(11)—C(12) 120.0 N(3)—Cd(1)—S(2) 164.30(4)
C(18)—0(1) 1.257(3) 1.254(3) C(11)—C(10)—C(9) 120.4(2) N(8)—Cd(1)—S(2 74.80(2)
C(36)—0(2) 1.261(3) C(10)—C(9)—N(3) 120.30(2) N(8)—Cd(1)—S(2") 74.09(15)
C(18)—N(4) 1.367(3) 1.378(3) 0(1)—Cd(1)-0(2) 130.69(6) 0(2)—Cd(1)—s(2") 113.70(2)
C(20)—N(4) 1.420(2) 1.411(3) 0(1)—Cd(1)-S(2) 94.10(3)
0(1)—Cd(1)-S(2") 95.50(2)

N(2)—N(3) 1.384(2) 1.385(3) 0(1)—Cd(1)—N(3) 76.90(7)
N(7)—N(8) 1.384(3) 0(2)—Cd(1)—N(3) 79.92(7)
N(4)—N(5) 1.399(2) 1.391(3) 0(1)—Cd(1)—N(8) 79.11(7)
N(3)—Cd(1) 2.369(2) 0(2)—Cd(1)—N(8) 72.55(7)
N(2)—H(2 N) 0.97(2) 0.88(2) C(18)—0(1)—Cd(1) 119.73(16)
N(7)—H(7) 0.88(2) C(36)—0(2)—Cd(1) 119.73(16)
N(8)—Cd(1) 2.384(2) C(33)—S(2)—Cd(1) 97.90(3)
N(3)—Cd(1) 2.369(2) Q(33)—S(2")—Cd(1) 97.33(18)
0(1)—Cd(1) 2297(2) S(2)— Cd(l)—S(l) 101.88(18)
0(2)—Cd(1) 2.368(2) S(2/)—Cd(1)—=S(1) 101.77(10)
S(1)—Ccd(1) 2.6029(8) N(6 —c(33)—s(2) 121.10(3)
Cd(1)-S(2) 2.573(9) N(6)—C(33)—S(2') 121.30(3)
Cd(1)—S(2") 2.593(4)
C(7)-N(1) 1.456(4) N(7)—C(33)—S(2') 123.3(2)
N(9)—N(10) 1.395(3) N(7)—C(33)—S(2) 123.5(3)

the ligand spectrum can be attributed to the distortion in the
chemical environment during complex formation.

4. Conclusion

In summary, the focus of the present work was on the synthesis,
spectral and single crystal XRD studies of 1-phenyl-3-methyl-4-
benzoyl-pyrazolone N(4)-methyl-N(4)-phenyl thiosemicarbazone
and its cadmium(Il) complex. It has been found that cadmium
metal ion gets coordinated through oxygen, azomethine nitrogen
and thione sulphur. Crystal data and the spectral analyses ratify
the above observation. In this study, it is also observed that the
crystal packing in the ligand and complex was stabilised by the for-
mation of a supramolecular chain mediated by intermolecular
C—H--0 hydrogen bond.

Fig. 4. Hydrogen bond interactions of Cd(HL), along b axis.

Absence of peak at 11.176 ppm, corresponding to the O—H, proton
in the complex indicates that the ligand has undergone deprotona-
tion during complex formation. The appearance of a new signal at
6.675 ppm, corresponding to NH protons, in the complex corrobo-
rates the involvement of sulphur in coordination in the thione
form. Aromatic protons show multiplet signals in the range
7.159-7.662 ppm in the ligand spectrum and at 7.126-8.13 ppm
in the complex spectrum. N—CHj; protons in the ligand and com-
plex show peaks at 3.179 and 3.4-3.64 ppm, respectively. A singlet
at 1.5 ppm in the ligand and the peaks at 1.2-1.3 ppm in the com-
plex correspond to the methyl protons of the substituted pyra-
zolone. A slight shift of these signals in the complex compared to
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1. Introduction

Benzophenone derivatives are very important due to their ver-
satile physicochemical properties such as electrochemical, spectro-
scopic, metal complexation, adsorptive and crystallographic
properties [1,2]. They have the ability to absorb a broad range of
UV radiation (200-350 nm). The benzophenone derivatives like
2-hydroxy-4-methoxybenzophenone are used as raw material in
the manufacturing of sunscreen creams [3]. These creams are use-
ful in various medical treatments to shun photosensitization, pho-
totoxicity or allergic reactions of patients [4].

Topical studies have shown that benzophenone thiosemicar-
bazone exhibit inhibitory effects on parasites including Try-
panosoma brucei and Plasmodium falciparum [5]. Schiff bases
derived from benzophenone have been extensively studied for
their cytotoxic activities against human oral squarnous carcinoma
cells HSC-2 and normal human gingival fibroblasts (HGF). Antibi-
otic activities of these compounds against methicillin-resistant
staphylococcus aureus and vancomycin-resistant Enterococcus
faecium and protein kinase C inhibitor have been studied [6].

The main group- as well as transition metal complexes of
thiosemicarbazones are of current importance by virtue of their

* Corresponding author.
E-mail addresses: sangtkg@gmail.com (K.G. Sangeetha), aravindkuttamath@
yahoo.com (K.K. Aravindakshan).

https://doi.org/10.1016/j.ica.2017.09.057
0020-1693/© 2017 Elsevier B.V. All rights reserved.

interesting structural characteristics and diverse biological
applications [7,8]. Benzophenone thiosemicarbazone containing
m-electron conjugation system could act as one of the potential
semi-organic optical materials. The flexible applications of
benzophenone in different areas encouraged us to synthesize its
N(4)-disubstituted thiosemicarbazone containing NS donor atoms.
The metal ions used in this investigation are Co(II), Ni(II), Cu(II)
and Zn(1I), a few typical transition metal ions, the coordination com-
pounds of which have immense structural, biological and industrial
importance [9,10]. In this communication, we report the synthesis
and characterisation of two compounds (HL) and (H,L') derived from
benzophenone and N(4)-methyl-N(4)-phenylthiosemicarbazide. In
addition to this, crystal structure of (HL), synthesis and characterisa-
tion of transition metal complexes of (H,L') and crystal structure of
nickel complex are reported here.

2. Experimental details

All the chemicals used in the present study are of A.R grade.
Metal salts were purchased from E. Merck and used as received.

2.1. Physical measurements

Elemental analyses (C, H, N and S) were performed on Vario EL
Il elemental analyzer. Infrared (IR) spectra were recorded on a
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Jasco-FT-IR-4100 model spectrometer using KBr pellets. The elec-
tronic spectra were recorded on JascoV-550 UV-Vis spectrometer.
TH NMR spectra were recorded on 400 MHz Bruker NMR spectrom-
eter. Magnetic susceptibility values of the complexes at room tem-
perature were measured using Sherwood Scientific Magnetic
Susceptibility Balance. TG/DTG was recorded on TGA Q50 V20.13
Build 39 model thermo gravimetric analyzer fitted with a thermal
analysis controller in nitrogen atmosphere with a heating rate of
10 °C/min.

2.2. X-ray crystal determination

X-ray crystallographic data were collected at 296(2) K for HL
and at 273(2) K for Ni(HL'),-1.5H,0 on a Bruker Model Kappa Apex
II diffractometer with graphite monochromatic Mo Ko
(2 =0.71073 A) radiation. Direct methods were performed to solve
the structure and refined by least-square on F? using SHELXL-97
for HL and SHELXL-2014/7 for nickel(Il) complex. All non-hydrogen
atoms were refined anisotropically. All hydrogen atoms, except
those attached to nitrogen were geometrically fixed at calculated
positions. The crystallographic tools, PLATON for Windows [11],
DIAMOND 3.2d, and MERCURY 3.5.1 [12] were used for structure
analysis and presentation of the results. The structure was finally
refined to the conventional R-value 0.0611 for HL and 0.0641 for
Ni(II) complex.

5 QCQ

(0]
Benzophenone

N NHNH,

CHjy

MPTSC

—_— >

2.3. Synthesis of ligands

(a) Synthesis of Benzophenone N(4)-methyl-N(4)-phenylth-
iosemicarbazone (HL)
N(4)-Methyl-N(4)-phenylthiosemicarbazide (MPTSC) was
prepared by modifying the procedure reported by Scovill
[13]. The compound was prepared by dropwise addition of
a hot methanolic solution of benzophenone (.345 g, 1 mmol)
into the boiling methanolic solution of N(4)-methyl-N(4)-
phenylthiosemicarbazide (.182 g, 1 mmol) (MPTSC) taken
in a round bottom flask. The reaction mixture was refluxed
for 2 h. The volume of the solution was reduced and kept
for overnight. The Schiff base compound obtained was fil-
tered, washed with methanol, water and dried over anhy-
drous CaCl, (Fig. 1).

(b) Synthesis of 1-(aminophenylmethanethio)(diphenyl-
methylene)thiocarbonohydrazide (BP-MPTSC) (H,L')
1-(AminoN-methyl-N-phenylmethanethio)(diphenylmethylene)
thiocarbonohydrazide (H,L') is prepared by dropwise addition
of a hot methanolic solution of benzophenone (0.345 g,
1 mmol) to a boiling methanolic solution of MPTSC (0.364 g,
2 mmol) taken in a round bottom flask, 2 drops of glacial
acetic acid was added to the reaction mixture and refluxed
at 60-80 °C for 30 min. The solution was chilled and kept
overnight. The cream coloured Schiff base ligand obtained
was filtered and washed with methanol and dried (Fig. 2).

BMPTSC

Fig. 1. The formation of Benzophenone N(4)-methyl-N(4)-phenyl thiosemicarbazone (BMPTSC) (HL).

Q.C

O
Benzophenone
jj\
T NHNH, —_—
CHj3
glacial acetic acid
MPTSC

BP-MPTSC

Fig. 2. The formation of 1-(AminoN-methyl-N-phenylmethanethio) (diphenylmethylene)thiocarbonohydrazide (BP-MPTSC) (HL').
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2.4. Synthesis of metal complexes of ligand H,L'

A hot methanolic solution of H,L’ is added dropwise to hot
methanolic/hot water solution of metal acetate/sulphate/chlo-
ride/nitrate solution in 1:1 molar ratio. After complete addition, a
pinch of sodium acetate was added, refluxed for 3h and then
cooled to room temperature. The precipitate formed was filtered,
washed with water followed by methanol.

3. Results and discussion

In the present investigation, we were able to obtain single crys-
tals of benzophenone N(4)-methyl-N(4)-phenylthiosemicarbazone
by refluxing equimolar quantities of benzophenone and N(4)-
methyl-N(4)-phenyl thiosemicarbazide. However, the yield of the
product was low. Therefore, we decided to modify the procedure
for increasing the yield and also to enhance the speed of the reac-
tion. In the modified procedure, we added two drops of glacial
acetic acid to the reaction mixture and chilled the resultant solu-
tion. We were able to obtain a faster reaction rate and a better
yield. Anticipating that the ligand thus obtained was benzophe-
none N(4)-methyl-N(4)-phenylthiosemicarbazone (HL), we pre-
pared its complexes. However, the elemental analytical- and
NMR spectral data of the ligand (H,L') and complexes were not
in agreement with the crystal data of expected ligand. We were
able to synthesise and study the single crystals of nickel(I) com-
plex (2) of the ligand. This prompted us to investigate more about
the unexpected structure of H,L'. Further, data obtained from ele-
mental analysis and NMR spectrum helped us to confirm the ligand
structure. The formation of H,L' might have taken place through
the following hidden steps (Scheme 1). As N-methyl aniline is a
better leaving group, its substitution with other group has been

389

already reported [14]. To the best of our knowledge the structure
of the ligand obtained (H,L') has not been reported so far.

3.1. Characterisation of the ligands (HL and H,L')

The ligands are characterized on the basis of elemental analysis,
electronic, IR, Raman and 'H NMR spectra.

Benzophenone  N(4)-methyl-N(4)-phenylthiosemicarbazone,
Yield 65%, mp 153 °C. Found C, 73.5; H, 5.3; N, 12.1; S, 9.2
C,1H19N3S calculated: C, 73.0; H, 5.5; N, 12.2; S, 9.3% .UV (solid),
Amax/nm: 257, 319, 352 and 419 nm. IR (KBr) vmax/cm™': v(NH)
3255-3169, v(C=N)+v(C=C) 1561-1594, v(NH—C=S) 1332,
y(N—N) 1111, 1063, v(C=S) 770. FT-Raman (vmax/cm~'): v(NH)

Fig. 3. The molecular structure of HL with the atom numbering scheme.

T H
PN r|\1 H
H N H/ \N/
| |
. /C\T + . /C\N
CHs le
MPTSC ' MPTSC
H
C\ H l|\l H
\N/ \ﬁ/ \T/
S (o]
s/ \N
L
BP-MPTSC (H,L'")

T
N N H
glacial acetic acid H N/ \C/ \N/
— I
S C
/
- S/ \T
H
Y CHs
CHj 1-(aminoN-methyl-N-
(N-methy] anilinc) phenylmethanethio)thiocarbonohydrazide
A,
i
O
Benzophenone

Scheme 1. The formation of 1-(amino-N-methyl-N-phenylmetha

nethio) (diphenylmethylene)thiocarbonohydrazide (BP-MPTSC) (H2L').
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Crystal data and structure refinement for HL and [Ni(HL');]-1.5H,0.

Identification code HL Ni(HL )-1.5H,0
Empirical formula C,1H9N3S C44H36C10N1oNiS401 5
Formula weight 34545 907.78
Temperature (K) 296(2) 273(2)
Wavelength (A) 0.71073 0.71073

Crystal system Triclinic Triclinic

Space group P-1 P-1

Unit cell dimensions

a(A) 10.0166(6) 11.0784(9)

b (A) 10.0685(5) 13.3220(7)
c(A) 19.2274(11) 16.3160(9)

o (°) 103.794(3) 75.823(2)

B(°) 90.656(2) 74.2340(10)

7 (©) 96.566(3) 84.270(2)
Volume (A%) 1869.34(18) 2245.4(3)

z 4 2

Pealculated (Mg/M®) 1227 1.343
Absorption coefficient (mm~") 0.181 0.664

F(000) 728 940

Crystal size (mm3) 0.35 x 0.30 x 0.20 0.630 x 0.560 x 0.510
Theta range for data collection (°) 1.09-28.37 1.818-24.999

Limiting indices

Reflections collected/unique
Completeness to theta = 28.37
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [I > 2sigma(1)]
R indices (all data)

Largest diff. peak and hole (e A=)

—13<h<13-8<k<13-25<1<23
15,549/9040 [R(int) = 0.0252]
96.70%

Semi-empirical from equivalents
0.9648 and 0.9395

Full-matrix least-squares on F?
9040/0/453

1.022

R1=0.0611 wR2 =0.1543
R1=0.1360, wR2 = 0.1954

0.388 and —0.389

-13<h<13,-14<k<15,-19<1<19
13,992/7315 [R(int) = 0.0582]
95.50%

Semi-empirical from equivalents
0.71 and 0.62

Full-matrix least-squares on F?
7315/0/544

0.963

R1=0.0641, wR2 =0.1511
R1=0.1192, wR2 = 0.1794

1.296 and —0.270

3064, v(C=N) 1583, v (C=S), 1334, 1143. "H NMR: (CDCl3) 6 7.036-
7.48 (15H, m), 8 7.02 (1H, s), 3.79 (3H, s).
1-(AminoN-methyl-N-phenylmethanethio)(diphenyl-

methylene)thiocarbonohydrazide, Yield 85%, mp 160 °C. Found C,
62.8; H, 5.2; N, 16.5; S, 15.0. Cp3H,1NsS, calculated: C, 63.0; H,
5.0; N, 16.7; S, 15.2%. UV (solid), Amax/nm: 256, 344, 574 nm. IR
(KBr) vmax/cm™': w(NH) 3250-3153, v(C=N)+vw(C=C) 1583,
VW(NH—C=S) 1323, w(N—N) 1060, ¥(C=S) 771. FT-Raman
(Vmax/em™'): v(NH) 3071, w(C=N) 1589, v (C=S) 1296 and
1111. "H NMR: (CDCl3) § 11.02-10.96 (1H, d), 8.84-8.82 (1H, d),
6 8.44 (1H, s), 6 7.6-7.252 (15H, m), 3.718 (3H, s)

The bond lengths, C(9)—N(3), C(8)—N(1), C(8)—N(2), N(3)—
N(2) are 1.285(3)A, 1.339(4), 1.388(4), 1.371(3), respectively.
They are found to be midway between the analogous single
[C—N; 1.47 A, N—N; 1.45A] and double bonds [C=N; 1.28 A,
N=N; 1.25A] [15-17]. The C(9)—N(3) bond length 1.285(3) A
is close to C=N bond length. This confirms the presence of
azomethine bond in the compound which is evidenced from
the IR data [15]. C(8)—S(1) bond length is found to be 1.655
(2)A which is close to C=S bond length of 1.61 A than to
C—S single bond length of 1.81 A [18]. This substantiates the
existence of HL in thione form in solid state.

Table 3
3.1.1. Crystal struc_ture Of.C21H1?N35 (HL) Selected bond lengths, bond angles and torsion angles of HL [A and °].

A crystal w1tt.1 dimensions, 0.35 x 9.30 X 9.20 mm was &N 1.33904) CONGIHGN) 121.60
selected for collecting the data. HL crystallizes with two mole- A(8)—N(2) 1.388(4) N(2)-NG)-H(3 N) 121.60
cules per asymmetric unit into triclinic crystal system with a C(8)-s(1) 1.655(4) C(9)—N(3)—N(2)—C(8) 177.03)
space group of P-1. The molecular structure of HL with the atom C(9)-N(3) 1.285(3) N(1)—C(8)—N(2)—N(3) 177.1(3)
numbering scheme is given in Fig. 3. Crystal data and structure ﬁgi—gg)m (1)-3(7;1(3) fq((]z))_c—c(fs))_b#é))_—ﬁ((?) 3;5;
reﬁnement for HL are given in Table 1., Hydrogen bonding inter- N(1)—C(8)—S(1) 1'24.50(3) S(1)—C(8)—N(1)—C(6) 1'79‘7(3)
action parameters of HL are shown in Table 2. Selected bond N(2)—C(8)—S(1) 123.30(3) N(2)—C(8)—N(1)—C(7) 179.2(4)
lengths and bond angles are listed in Table 3. Packing diagram, N(1)—C(8)—N(2) 112.20(3) S(1)—C(8)—N(1)—C(7) 0.0(5)
showing intermolecular interactions of HL along b axis is shown C(9)-N(3)—N(2) 116.80(2)
as Fig. 4.

Table 2
Hydrogen bonding interaction parameters of HL [A and °].

D—H.. A d(D—H) d(H...A) d(D...A) Z(DHA)

N(3)—H(3N)...S(1) 0.86 2.66 3.004(2) 105

C(39)—H(39)...5(2) #1 0.93 2.87 3.644(3) 141

C(25)—H(25)...5(1) #2 0.93 2.83 3.569(3) 138

C(34)—H(34).. 5(2) #3 0.93 2.73 3.657(3) 172

C(42)—H(42A).. .S(2) 0.96 2.54 3.051 114

Symmetry transformations used to generate equivalent atoms:
#1 -1+X,y,2,#21+X,y,2,#31-x,1-y,2-2
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A torsion angle of 3.7(5)° corresponding to S(1)—C(8)—N(2)—N
(3) moiety confirms the syn or Z configuration of S(1) atom with
respect to azomethine nitrogen atom N(3). N(1) lies trans to
N(3) corresponding to N(1)—C(8)—N(2)—N(3) with a torsion
angle of —177.0(3)°. Atom C(9) lies trans to C(8) corresponding
to C(9)—N(3)—N(2)—C(8) with a torsion angle of 177.0(2)°.

The mean plane of the phenyl rings [C(1), C(2), C(3), C(4), C(5),
C(6)] and [C(10), C(11), C(12), C(13), C(14), C(15)] forms a dihedral
angle of 17.60(115)°. This indicates a Z conformation between
these planes. The mean plane of the phenyl rings [C(10), C(11),
C(12), C(13), C(14), C(15)] and [C(16), C(17), C(18), C(19), C(20),
C(21)] of benzophenone moiety forms a dihedral angle
76.177(138)°. It indicates that the phenyl rings of benzophenone
moiety are substantially out of plane with each other. The mean
plane deviation calculation shows that the central thiosemicar-
bazone bridge C(9)—N(3)—N(2)—C(8)—S(1) itself is nearly planar
with a maximum mean plane deviation of 0.0045 A for S(1) and
C(9)—N(3)—N(2)—C(8)—(N1) with a maximum deviation of
0.0158 A for N(1). In the crystal lattice, two dimensional packing
of the molecules is stabilized by non-conventional intermolecular
hydrogen bonding interactions.

3.2. Characterisation of metal complexes

3.2.1. Microanalytical data
On the basis of elemental analyses and spectral studies, the
compounds were assigned empirical formulae as represented in
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Table 4. In the complexes 1 and 3 H,L' acts as neutral bidendate
ligand whereas in the complexes 2, 4, 5 and 6, it acts as a monoan-
ionic tridentate one (HL').

3.2.2. Electronic spectra and magnetic moments

The electronic spectra of complexes of Co(II), Ni(Il), Cu(Il) and
Zn(II) were recorded in solid state and their probable assignments
are given in Table 5.

The ground state in tetrahedral Co(ll) ion is #A,. The possible
transitions are A, — T,, A, - *T; (F), *A; —» *T; (P). The first
transition, “A; — T is not usually observed since it occurs in the
region 3000-5000cm~'. “A, - *T; (P) transition appears as
intense broad band in the visible region. In the present case, a band
in the region 15,748-14,598 cm™! (635-687 nm) may due to
4A, — *T; (P) absorption [19]. However, the other transitions were
not observed as it is out of the range of the wused
spectrophotometer.

Tetrahedral Co(Il) complexes show magnetic moment corre-
sponding to the spin only value (3.88 B.M.) for three unpaired elec-
trons. In the present investigation, the observed magnetic moment
of the cobalt complex is 3.73 B.M which indicates its tetrahedral
geometry.

Octahedral nickel(1I) ion with d® configuration has 3A2g ground
state The three, spin-allowed transitions are Ay, (F) - Taq (F),
3Azg (F) - >Tig (F) and 3Azg (F) - 3Tig (P) which absorbs in the
range 8000-11,000, 15,000-19,000 and 25,000-29,000 cm~,
respectively. The broad bands observed at 14,556 (687 nm) and

Fig. 4. Packing diagram showing intermolecular interactions of HL along b axis.

Table 4
Molecular formula, colour, partial elemental analyses and magnetic moments of the complexes.
Compound No. Compound Molecular weight  Colour Yield Melting point  Found (Calculated) pinBM
C H N S M
C22H21NsS; (HzL') 419 Cream 85 155 62.8 5.2 16.5 15.0 - D
(63.0) (5.0) (167) (152)
1 [Co(H,L')(CH5C00),]-2H,0  631.9 Green 80 225 49.3 4.6 11.2 10.2 9.1 3.7
(49.4) (47) (11.1) (101) (9.3)
2 [Ni(HL');]-1.5H,0 921 Brown crystals 65 220 56.6 4.4 15.1 13.6 6.4 3.0
(56.8) (4.6) (152) (13.8) (6.4)
3 [Ni(HL');]SO4 993 Brown 65 200 535 4.1 14.1 15.9 6.1 3.2
(53.5) (42) (141) (16.1) (5.9)
4 [CuHL], 965 Black 80 220 54.7 3.8 14.6 134 13 1.48
(547) (3.9) (145) (13.3) (13.1)
5 [Cu(HL')Cl]-4H,0 1180 Green 80 160 44.9 39 12.1 10.7 10.5 D
(44.7) (41) (11.8) (10.8) (10.7)
6 [Zn(HL )] 903 Light yellow 70 199 58.8 46 156 14.2 74 D
(58.5) (4.7) (155) (142) (7.2)
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Table 5
Electronic spectral band assignments in nm and cm™".

Compound No. Compound A nm 2 cm™! Assignments
C2H21NsS; (HaL) 254 39370.07 o7
344 29069.76 nom
1 [Co(H,L')(CH3C00),]-2H,0 423br 23640.6 C-T
634br 15772.8 4A, - 4Ty (P)
687 14,556 Ay 5Ty (P)
2 [Ni(HL' )]-1.5H,0 416 24038.4 3Az o(F) — 3T1 (P)
687br 14,556 3A, o(F) — 3Tz 4(F)
3 [Ni(HaL')2]-S04 308 32467.5 nom
678 14749.2 3Ty(F) - 3Ty(P)
4 [Cu(HL)]> 252 39682.53 non
311 321543 non
349 28,653 nom
428 23,364 C-T
5 [Cu(HL')Cl],-4H,0 261 38314.7 non
328 30487.8 nom
402 24,875 C-T
6 [Zn(HL),] 250 40,000 o
308 32,467 now
Table 6
IR spectral assignments.
Compound v(N—H)/OH v(C—H) v(C=N) Phenyl/CN—NH v(NH—CS) v(C=S) v(N—N) vC=S v(M—N)
C25H21NsS, 3444 3165 1583 1468 1332 1269 1060 771 -
3249 2920
[Co(H,L’)CH3C00),]-2H,0 3414 3046 1599 1492 1405 1231 1045 696 478
2924
[Ni(HL )]-1.5H,0 3363 3057 1555 1488 1361 1223 1065 696 469
3133 2920
[Ni(H,L'),]SO, 3438 3059 1586 1492 1352 1230 1060 696 468
3138 2920
[Cu(HL)], 3430 3057 1596 1492 1386 1277 1051 696 473
2923
[Cu(HL')C1]-4H,0 3439 3057 1552 1489 1381 1277 1071 696 440
3260 2924
[Zn(HL );] 3413 3057 1586 1489 1368 1218 1058 696 445
3317 2924 1545 1422

24038.4 cm™! (416 nm) in complex is due to *Ayg (F) - *T14 (F) and
3Asg (F) - 3Ty, (P) transitions.

The magnetic moments of octahedral Ni(Il) complexes fall in
the range 2.90-3.30 B.M. which is due to spin orbit coupling or
higher states, mixing with the ground states [20]. In the present
investigation the observed magnetic moment of the nickel com-
plex (2) is 3.0 B.M which indicates octahedral coordination.

For tetrahedral nickel(Il) complexes, two broad bands are
observed in the visible region. One at 15,000cm~! due to
3Ty(F) - 3Ty(P) transition and another at 8000cm™' due to
3Ty(F) - 3Ax(F) transitions. The ground state for regular tetrahedral
Ni(Il) is 3T;(F). In the present study, complex (3) shows a band at
678 nm (14,749 cm™!) is due to 3T;(F) - >T;(P) transition. How-
ever, the other transition is not observed as it is out of the range
of the used spectrophotometer.

Tetrahedral Ni(II) complexes are expected to have orbital con-
tributions to the magnetic moment due to the orbital degeneracy.
The spin-orbit coupling also allows the 3T,(F) term to mix with the
ground state. Normally, they show magnetic moment in the range
3.6-4.10 B.M. In certain cases effective magnetic moment is found
to be as low as 3.20 B.M [21]. This may be due to the distortions
and inequalities in the field of coordinated ligands which give only
small orbital contribution. In the present case, the observed mag-
netic moment of complex (3) is 3.2 B.M.

The tetrahedral and pseudo-tetrahedral copper(Il) complexes
usually show transitions in the range 7000-10,000 cm~! and the
energy of these bands are very low compared to square planar or
distorted octahedral complexes. Square planar or distorted octahe-

dral complexes normally show absorptions in the region 10,000-
20,000 cm™". If this region is blank we can infer a tetrahedral
geometry for such Cu(Il) complexes. In the present investigation,
no bands are observed in the region above mentioned. This con-
firms the tetrahedral geometry for the copper complexes (4) and
(5). The compound (4) shows a magnetic moment 1.48 B.M. The

Fig. 5. NMR spectrum of [Zn(HL')] (6).
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Fig. 6. ORTEP diagram for compound [Ni(HL'),]-1.5H,0 with atom numbering scheme.

compound 5 is diamagnetic, which strongly supports its existence
as a dimer in the solid state [22]. The low magnetic moment value
of copper complex (4) is in accordance with that of dimers having
antiferro or ferromagnetic interactions [23]. No absorptions are
observed in the visible region for Zn(II) complex as they are in
d'° configuration and diamagnetic in nature.

3.2.3. Vibrational spectra

The IR spectral assignments are depicted in the Table 6. In the
complexes, N—H region shows a slight shift in the centres of the
bands to a lower frequency. The band at 1583 cm™! in the free
ligand is assigned to v(C=N) stretching. However, in the complexes
this band is shifted to higher (2-27 cm™") or lower (5 cm™') wave

Table 7
Selected bond lengths (A), bond angles and torsion angles (°).

C(14)-N(3) 1312(7) N(3)—C(14)—N(2)—N(1) 12.6(6) C(15)—S(2)—Ni(1) 95.5(2)
C(14)-N(2) 1.371(7) S(1)—C(14)—N(2)—N(1) ~166.8(3) N(1)—Ni(1)—S(2) 155.92(12)
C(14)-S(1) 1.696(5) N(2)—C(14)—N(3)—Ni(1) 6.1(6) N(6)—Ni(1)—S(2) 83.45(12)
C(15)—N(4) 1.339(7) S(1)—C(14)—N(3)—N(4) 2.4(6) S(4)—Ni(1)=S(2) 100.67(6)
C(15)—N(5) 1.343(7) S(1)—C(14)—N(3)—Ni(1) ~174.6(2) N(7)—N(6)—Ni(1)—N(3) ~1662(3)
C(15)—S(2) 1.704(5) S(2)—C(15)—N(4)—N(3) 0.9(6) N(7)—N(6)—Ni(1)—N(8) 17.2(3)
C(36)—N(8) 1.302(6) S(2)—C(15)—N(4)—H(4 A) ~174(3) N(7)—N(6)—Ni(1)—S(2) -86.2(3)
C(36)—N(7) 1.393(7) N(4)—C(15)—S(2)—Ni(1) —6.0(4) N(7)—N(6)—Ni(1)—S(4) 15.4(4)
C(36)—S(3) 1.694(5) N(5)—C(15)—S(2)—Ni(1) 174.2(4) Ni(1)—N(8)—N(9)—C(37) 10.3(5)
C(37)—N(9) 1.335(6) Ni(1)—=N(1)—N(2)—C(14) —20.5(5) N(1)—Ni(1)—=S(2) 155.92(12)
C(37)—N(10) 1.352(6) C(7)—N(1)—Ni(1)—N(3) 167.3(4) C(36)—N(8)—Ni(1)—N(1) ~1104(3)
C(37)—S(4) 1.707(5) C(7)~N(1)—Ni(1)—N(6 ) —91.0(4) C(36)—N(8)—Ni(1)—N(3) -63(2)
N(1)—-N(2) 1.394(6) C(7)—N(1)—Ni(1)~N(8 ~16.0(4) C(36)—N(8)—Ni(1)—N(6) ~132(3)
N(1)—Ni(1) 2.328(5) C(7)—=N(1)—Ni(1)—S(2) 171.6(3) C(36)—N(8)—Ni(1)—S(2) 66.5(3)
N(3)—N(4) 1.375(6) C(7)—N(1)—Ni(1)—S(4) 65.4(4) C(36)—N(8)—Ni(1)—S(40 166.1(3)
N(3)—Ni(1) 1.959(4) N(2)—N(1)—Ni(1)=N(3) 16.5(3) N(9)—N(8)—Ni(1)—N(1) 73.1(3)
N(6)—N(7) 1.378(6) ( = ( )—Ni(1)—N(6) 118.3(3) N(9)—N(8)—Ni(1)—N(3) 120(2)
N(6)—Ni(1) 2.394(4) (2)—N(1)—Ni(1)—N(8) ~166.7(3) N(9)—N(8)—Ni(1)—N(6) 170.2(3)
N(8)—N(9) 1.390(6) N(Z)—N(l)—Nl(l) S(2) 20.8(4) N(9)—N(8)—Ni(1)—S(2) -110.0(3)
N(8)—Ni(1) 1.948(4) (2)-N(1)—Ni(1)—S(4) -85.3(3) N(9)—N(8)—Ni(1)—S(4) ~105(3)
Ni(1)—S(4) 2.4194(17) N1( -N(3)—N(4)—C(15) 7.1(6) C(15)—S(2)—Ni(1)—N(1) 2.5(3)
Ni(1)—S(2) 2.4318(17) C(14)—N(3)—Ni(1)—N(1) ~13.2(3) C(15)—S(2)—Ni(1)—N(3) 6.7(2)
C(29)—N(6) 1.297(7) C(14)—N(3)—N1(1) (6) ~110.3(4) C(15)—S(2)—Ni(1)—N(6) —98.5(2)
N(1)—Ni(1)~N(6) 100.44(16) C(14)—N(3)—Ni(1)—N(8) ~61(2) C(15)—S(2)—Ni(1)—N(8) ~170.0(2)
N(8)—Ni(1)—S(4) 82.67(13) C(14)—N(3)—Ni(1)—S(2) 168.5(4) C(15)—S(2)—Ni(1)—S(4) 105.5(2)
N(3)—Ni(1)—5(4) 100.08(15) C(14)—N(3)-Ni(1)—S(4) 69.1(4) C(37)—S(4)—Ni(1)—N(1) -96.0(2)
N(1)—Ni(1)—S(4) 85.54(12) N(4)—N(3)—Ni(1)—N(1) 169.9(4) C(37)—S(4)—Ni(1)—N(3) —169.1(2)
N(6)—Ni(1)—S(4) 155.83(11) C(29)—N(6)—Ni(1)—S(2) 61.7(4) C(37)—S(4)—Ni(1)—N(6) 9.3(3)
N(8)—Ni(1)-S(2) 100.75(14) C(29)—N(6)—Ni(1)—S(4) 163.4(3) C(37)—S(4)—Ni(1)—N(8) 7.7(2)
N(3)—Ni(1)-S(2) 81.84(14) N(7)—N(6)—Ni(1)—N(1) 117.7(3) C(37)—S(4)—Ni(1)—S(2) 107.3(2)
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Table 8

Hydrogen bonding interaction parameters [A and °]
D—H...A d(D—H) d(H...A) d(D.. A) Z(DHA)
N(4)—H(4A)...S(1) 0.84(4) 2.47(4) 2.9(5) 113(3)
N(7)=H(7A)...0(1) 0.85(3) 2.47(3) 332(7) 150(3)
N(9)—H(9A)...5(3) 0.85(4) 2.39(4) 2.896(4) 119(3)
C(38)—H(38a)...5(4) 0.96 2.68 3.05 (6) 103
C(43)—H(43)...S(2)#1 0.93 2.82 3.49(7) 130

Symmetry transformations used to generate equivalent atoms:
#1-x1-y,1-2z

numbers indicating the participation of azomethine nitrogen in absent in the IR spectrum of ligand, but v(N—H) band is present
coordination [24]. Since there are more than one N—H, C=N, C=S at 3260-3057 cm™', indicating that in solid state, the ligand
groups, we couldn’t clearly explain the shifts of these bands in all remains as the thione tautomer [29,20,30]. The appearance of

the complexes. Appearance of new bands in the spectra of com- broad bands around 3400cm~' in the spectra of complexes
plexes in the region 440-478 cm~! is assigned to (M—N) stretching may be due to v(OH) of the water molecules [31-33]. The bands
vibration [25-27]. The bands appearing in the regions 1490- near 1340 and 771 cm™" in the free ligand may be assigned to

1440 cm~!, 1100-1064 cm~! and 805-740 cm~! are due to usual
modes of phenyl ring vibration [28]. The ligand can exhibit
thione-thiol tautomerism since it contains two thioamido
—NH—C=S functional group. The v(S—H) band (2560 cm™') is

ﬁ
N T u
©/ < 7
c
& Ny
M
/\ CH3
X X

Fig. 9. Proposed structure of complex, [M(H,L')Xz], where M = Co(II), X = CH3COO
(1).

Fig. 7. Packing diagram of Ni(HL'),-1.5H,0 along the a axis showing intermolecular
interactions. Q
C

Fig. 8. Supramolecular chain of [Ni(HL"),]-1.5H,0 interlinked with water molecule
(omitting H atoms). Fig. 10. Proposed structure of complex, [M(HL');], where M = Ni(II) (3).
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V(NH—C=S) and v(C=S) vibrations. These bands are seen to be
shifted to lower or higher wave numbers in the spectra of the com-
plexes indicating the involvement of sulphur in coordination. We
can thus conclude that ligand can act as bidentate/tridentate one
coordinating through azomethine nitrogen, hydrazine nitrogen
and thione/thiolato sulfur.

3.2.3.1. Coordination of anions. The v,(COO—) and vs(COO—)
stretching frequencies of the free acetate ions are observed at
1560 and 1416 cm™!, respectively [34]. In the present study for
the complex (1), v,(COO—) and v{(COO—) are found at 1632 and

QQ

N\N_C s——"M /
:/\\ INE

\C\ /

N N

HyC—N

ke

Fig. 11. Proposed structure of complex, [M(HL")]2, where M = Cu(II) (4).

\\s

1405 cm™! [35]. As expected, the energy of separation between
these two are greater than 144 cm~' [36]. This is in favour of
unidentate coordination of acetate group in complex (1).

3.2.4. NMR spectrum of [Zn(HL'),]

The NMR spectrum of [Zn(HL'),] in DMSO is presented in Fig. 5.
A singlet at 9.567 ppm is attributed to N—H proton. Singlet peak at
8.59 ppm may be assigned to N—H proton adjacent to azomethine
group. Aromatic protons show multiplets in the range 7.04-
7.61 ppm. Singlet peak in the range 3.34-3.55 ppm is attributed
to N—CHjs protons.

3.2.5. Thermal studies

The thermal decomposition of [Ni(HL');]-1.5H,0 occurs in two
stages. It is evident from DTG peaks at 200 and 290 °C. The first
stage is at 150-230 °C and demonstrates a mass-loss of 2%, corre-
sponding to the loss of a water molecule (calc. 1.96%). The second
stage occurs at 250-400 °C, with a mass loss of 61%. The residual
mass of 11.8% is observed at 750 °C and may be due to the forma-
tion of nickel sulphide (calc. 11.6%).

For [Cu(HL'),] two stage decomposition occurs in the tempera-
ture range 260-390 °C which may be due to the partial decompo-
sition of ligand moiety. A residual mass of 15% was observed at
750 °C which may be due to the formation of Cu,S (calc. 14.8%).

For [Zn(HL'),] the decomposition occurs in three stages in the
temperature range 240-410 °C which may be due to the decompo-
sition of the ligand moiety. The residual mass of 9.3% is observed at
750 °C which may be due to the formation of ZnO (calc. 9.0%).

3.2.6. Crystal structure of nickel complex

Single crystals of Ni(HL'),-1.5H,0 (2) suitable for X-ray
analysis were obtained from its solution in 1:1 (v/v) mixture
of methanol and DMF. A crystal with dimensions of
0.630 x 0.560 x 0.510 mm> was selected for collecting the data.

Fig. 12. Proposed structure of complex [M(HL')X],, where M = Cu(1I) (5).
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[Ni(HL');]-1.5H,0 crystallized with one molecule per asymmetric
unit into triclinic crystal system with a space group of P-1. ORTEP
diagram for compound [Ni(HL'),]-1.5H,0 with atom numbering
scheme is depicted in Fig. 6. Crystal data and structure refinement
parameters of complex are given in Table 1. Selected bond lengths
and bond angles are summarized in Table 7. The important hydro-
gen bonding interaction parameters are listed in Table 8.

The single crystal X-ray diffraction studies disclose the occur-
rence of 6-coordinate nickel(II) complex with a distorted octahe-
dral geometry. One half of the molecule of the complex is related
to the other half by a two-fold axis passing through Ni(Il) atom.
It is coordinated through the azomethine N, hydrazine N and the
thione S atoms of two deprotonated ligands in a meridonal fashion.
The metal center is shared by four fused five membered chelate
rings. The adjacent molecules are arranged in an offset manner
within the unit cell when viewed along the ¢ axis.

An interesting attribute of the crystal packing is the formation
of a supramolecular chain linked by water molecule. Fig. 7. shows
packing diagram of Ni(HL'),-1.5H,0 along the a axis showing inter-
molecular interactions. Fig. 8. shows supramolecular chain inter-
linked with water molecule along ¢ axis(omitting H atoms). In
the crystal, the molecules are interconnected by N—H...S and
N—H. . .0 interactions, forming a three dimensional network.

The bond lengths, C(14)—N(3), C(29)—N(6) bonds to 1.312(7)
and 1.297(7) A respectively, are shorter, when compared to C—N
bonds which are not involved in coordination. Comparatively
shorter bond lengths, N(3)—Ni(1) 1.959; N(6)—Ni(1) 2.394;
N(8)—Ni(1) 1.948; Ni(1)—S(4) 2.4194; N(8)—Ni(1) 1.948 A indicate
strong coordination of the ligand with Ni(II).

The bite angles, N(6)—Ni(1)—S(4) (155.83°), N(1)—Ni(1)—S(2)
(155.92°), N(8)—Ni(1)—S(4) (82.67°), N(6)—Ni(1)—S(2) 83.45(12),
N(8)—Ni(1)—S(2) (100.75°), S(4)—Ni(1)—S(2) (100.67°) and N(3)—
Ni(1)—S(2) (81.84°) are somewhat far from a perfect octahedron
indicating significant distortion in the geometry.

4. Conclusions

The two dimensional packing of Benzophenone N(4)-methyl-
N(4)-phenylthiosemicarbazone (HL) is stabilized by non-conven-
tional intermolecular hydrogen bonding interactions. From crystal
data and IR data, it is clear that in the solid state, the compound is
in thione form. From the UV-Vis spectrum, it is clear that the crys-
tal is transparent in the region between 420 and 900 nm. Hence,
this compound can be used for photonic and optoelectronic appli-
cations in future studies. The ligand, 1-(aminoN-methyl-N-phenyl-
methanethio)(diphenylmethylene)thiocarbonohydrazide (HaL)
acts as monoanionic tridentate one in 2, 4, 5 and 6, and as neutral
bidentate one in 1 and 3 complexes. The complexes 1, 3, 4 and 5
have a tetrahedral geometry and 2 and 6 have an octahedral geom-
etry. The single crystal X-ray diffraction studies of complex 2
revealed the occurrence of 6-coordinate distorted octahedral
geometry and are also proposed for complex 6. Based on the ele-
mental analyses, spectral, magnetic and thermal investigations,
following tentative structures were assigned for the complexes
(Figs. 9-12).
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ABSTRACT

Transition metal complexes of an ONS donor ligand, 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone, N(4)-methyl-
N(4)-phenylthiosemicarbazone (H,L) were synthesised. The metal complexes were characterized by elemental
analyses, magnetic susceptibility measurements, electronic, vibrational and "H-NMR spectra. ESR spectrum of the
copper(Il) complex was recorded. Thermal stabilities of the complexes were also ascertained. The preliminary in
vitro antimicrobial screening of the ligand, copper and zinc complexes were also performed. For this studies, four
fungal strains, three Gram (-ve) and three Gram (+ve) bacteria were used. Complexes showed better microbial

inhibition activity than the ligand.

KEYWORDS:
complexes, magnetic susceptibility.

INTRODUCTION

Thiosemicarbazones arc considered as one of the most
vital scaffolds and are embedded in many biologically
active compounds. They belong to the family of thiourea
derivatives. Parent aldchyde or ketone moicty in the
compound has a substantial role towards its biological
property. Metal complexes of thiosemicarbazones show
more activity than the free ligands.“] A mesmerizing
feature of thiosemicarbazones is that, they generally exist
in the thioketo form in the solid state, while in solution
state, they display a thioketo- thioenol tautomerism. In
thioketo form they act as a neutral bidentate ligands and
the enol form they deprotonate and act as monoanionic
bidentate ligand towards metal ions. They can exist in £
form (trans-) and Z form (cis-).”! In E form they will act
as monodentate ligands by coordinating through the
sulphur atom alone. If the sulfur centre is substituted, the
bonding may occur through the hydrazine nitrogen and
the amide nitrogen atoms. Generally, the compound is in
the Z-form while coordinating to the metal ions and is
attributed to the chelate effect on complexation. When an
extra coordination site is present near to the donating
centres, they will coordinate in a tridentate manner.

Studies showed that the substitutions at the terminal
positions of thiosemicarbazones have much improved
their anticancer activity.m Biological  properties are
enhanced when these molecules are substituted at the 4™
nitrogen. The presence of phenyl group at N(4) position

N(4)-Methyl-N(4)-phenylthiosemicarbazide,

1-phenyl-3-methyl-4-benzoyl-5-  pyrazolone,

of isatin-f thiosemicarbazones derivatives exposed
increased cytotoxicity against the parental KB-3-1 cell
line[s zlmd the P-glycoprotein-expressing cell line KB-
Vi

Pyrazolone derivatives are used as starting materials for
the synthesis of biologically active compounds and for
the construction of condensed heterocyclic systems.[é]
They are found to exhibit keto-enol tautomerism. Yuting
Zhong et al”! reported  the crystal structure and
photoisomerism of 1-phenyl-3-methyl-4-(4-fluorobenzal
)-5-pyrazolone 4-methylthiosemicarbazone in the solid
state. However, pyrazolone-based thiosemicarbazone
chemistry is less extensive.

For a last few decades, we have been in constant hunt of
the synthesis and structural characterization of a variety
of Schiff bases with the aim to correlate their structure
with chelating ability and biological activity.®™® It is
found that most of the microbes are resistant towards the
available antibiotics. So there is a crucial need for the
development of new and useful antimicrobial agents.
Therefore, designing antimicrobial agents which are
distinct from those of the classical antibiotics becomes
one of the main aims of our current study.

So we focused on the synthesis of thiosemicarbazones
with disubstitution at N(4) position (methyl and phenyl
groups). The current study describes the syntheses of 1-
phenyl-3-methyl-4-benzoyl-5-pyrazolone  N(4)-methyl-
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N(4)-phenylthiosemicarbazone  (H,L), their nine
transition metal complexes and their spectral, thermal
and in vitro antimicrobial properties.

EXPERIMENTAL

Materials

N(4)-Methyl-N(4)-phenylthiosemicarbazide was
prepared according to the reported procedure.[lo] 1-

Pheny1-3-methy1-4-benzoy1-5-?yrazolone was prepared
by using Jenson’s method."". Commercially available
metal salts were used without further purification. The
solvents were purified and dried according to the
standard procedures.

Preparation

Preparation of  1-phenyl-3-methyl-4-benzoyl-5-
pyrazolone N (4)-methyl-N (4)-
Phenylthiosemicarbazone

The ligand was prepared by stirring the hot methanolic
solution of 1- phenyl-3-methyl-4-benzoyl-5-pyrazolone
(PMBP) (750mg, 2.76mmol) and N (4)-methyl-N (4)-

Phenylthiosemicarbazide (MPTSC) (500mg, 2.76mmol)
on a magnetic stirrer, followed by refluxing at 60-80°C
for 30 minutes. The ligand formed was filtered and
washed with methanol and dried over anhydrous CaCl,.
The suggested empirical  formula for the ligand is
C,5H,3N50S.

General procedure for the preparation of metal
complexes

Ligand (H,L) (1mmol) was dissolved in two or three
drops of chloroform and excess of hot methanol. To
this solution, metal salt (Immol) dissolved in hot
water/ hot methanol was added dropwise and refluxed
for 3-4 h. The precipitate formed was filtered. It was
then washed with water followed by methanol and
dried over CaCl, in a desiccator.

Physicochemical techniques

Elemental analyses were performed on EURO VECTOR
CHNS analyser Model No: EA 3000. Electronic spectra
were recorded on JascoV-550 UV-Vis spectrometer.
Infrared (IR) spectra were recorded on a Jasco-FT-IR-
4100 model spectrometer using KBr pellets. NMR was
recorded on 400MHz BrukerAvancelll FT NMR
spectrometer. The magnetic susceptibilities of the
complexes at room temperature were measured using
Sherwood Scientific Magnetic Susceptibility Balance.
Diamagnetic corrections were made using Pascal’s
constants for all atoms and bonds. TG was recorded on
TGA Q50 V20.13 Build 39 model thermo gravimetric
analyzer fitted with a thermal analysis controller. DSC of
the ligand was recorded on a Perkin Elmer DSC
apparatus 4000 series. The ESR spectrum of copper
complex was recorded on FA200 ESR instrument
calibrated with Mn*" marker. The melting points of the
ligand and complexes were determined using a melting
point apparatus.

Procedure for antimicrobial studies

Antibacterial studies

The synthetized compounds were tested in vifro for their
antibacterial activity against Gram positive and Gram-
negative organisms by Kirby—Bauer agar diffusion
method." Mueller-Hinton agar medium was used in
this method. The bacterial strains used were
Staphylococcus aureus (MTCC 3160), Enterococcus
Jaecalis, Bacillus subtili (MTCC-619), E.coli (MTCC
4296), pseudomonas aeruginosa (MTCC 2488) and
Klebsiella Pneumonia. Muller Hinton Agar plates were
prepared and the test microorganisms were inoculated by
the spread plate method. Filter paper discs,
approximately 6 mm in diameter, were soaked with 10pl
of the test substance. It is allowed to dry and placed in
the previously prepared agar plates. Each disc was
pressed down to ensure complete contact with the agar
surface and distributed evenly so that they are no closer
than 24 mm (center to center) from each other. The agar
plates were then incubated at 37°C. After 16 to 18 hours
of incubation, each plate was examined. The activity was
measured by calculating the diameter of the inhibition
zone (in mm). Standard antibiotics, Kanamycin and
Ampicillin (10 pg/disc), were used as the positive
control. DMSO was used as a negative control under the
same conditions for each organism and no activity was
found. The activity results were calculated as a mean of
triplicates. Dilution susceptibility testing methods were
used to determine the minimal concentration of
antimicrobial needed to inhibit or kill the microorganism.
The test compounds were diluted to get a series of
concentrations from 2000 ppm to 0.315 ppm in seven
test tubes. The microorganism suspension of 500ul was
added to the broth dilutions. In control 1, added culture
and broth and in control 2 added the compound and
broth. These were incubated for 18 hours at 37°C. MIC
of each sample was taken as the lowest concentration
that did not give any visible bacterial growth.

Antifungal studies

The antifungal activities of the ligand and complexes
were tested against Alternaria alternata MTCC 2724,
Aspergillus  niger ~ (MTCC282),  Colletotrichum
gloeosporioides (MTCC 3439), Candida Albicans
(MTCC 227) using Potato-Dextrose agar
medium(PDA)." This is having the composition, potato
200g, dextrose 20 g, agar—agar 20 g and distilled water
1000 ml. To the molten PDA medium, requisite amount
of the ligand was added after being dissolved in DMSO
to get certain concentrations (20 to 60 ppm). The
amended medium then was poured into sterile Petri
plates and allowed to solidify. After solidification, Smm
diameter mycelia discs were taken from the actively
growing 48hrs old culture by using a sterile cork borer
and placed on the medium with the help of inoculum’s
needle. For the control, the discs were inoculated on
PDA medium without the ligand. These Petri plates were
placed in an incubator at room temperature. Triplicates
were used in each case. The diametrical growth of the
fungus was recorded in each Petri plate and average
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growth of the fungal colony after 72 h and the percentage
inhibition was calculated by the equation: Percentage
inhibition = C-T x 100/C, where C and 7T are the
diameters of the fungal colony in the control and the test
plates, respectively.

RESULTS AND DISCUSSION

Formulae and general properties of the ligand

The empirical formula, melting point, colour, partial
elemental analyses and magnetic moments of the ligand
and its metal complexes are depicted in Table 1.

The ligand and all the complexes were found to be stable
at room temperature. The colour of all the complexes
indicate the presence of sulfur-to-metal charge-transfer
transitions." In complexes, the ligand coordinates in
dianionic(L*), monoanionic (HL) or neutral (HL,)
form. Elemental analyses values were in good harmony
with the proposed empirical formula.

Table 1: The empirical formula, melting point, colour, partial elemental analyses, and magnetic moments of the

ligand and its metal complexes.

Complex ] Elemental Analysis win
No: Compound M.W | M.P | Colour | Yield Found(calculated) BM
C[H| N |[Ss| M

C,H, N.OS 442 | 163 | Yellow | 80 (22:(2)) g:g) (g:g) (Zé) o

1 [NiHLCH,COO] | 559 | 225 | brown | 70 (gg:z) (j:g) (312) (2:2) (igﬁi) D
2 [NI(HL), .0 ] 960 | 204 ;il; 70 £§I§> (1:2) (iﬁ) (22(7)) (g:g) 27
3 [Cu(HL),JLO | 965 203 | green | 80 (ggé) (j:g) (iizg) (gg) (2:2) 2.1
| oo s [ 35w | Sh b o bl n]
5 [CuHL)NOs] | 568 | 215 | green | 80 (gg:g) (;:;) (g:g) (2:2) (}?:?) 17
6 [(Cu}gfi)zz(()omﬂ 11351195 | green | 70 (2322) (j:;) (3:;) (gig) (}(1):?) D
7 [Zn(HL)| 948 | 190 | yellow | 80 (gg:i) (3:2) &j:g) (g:g) (gjg) D
BT i [ on | w0 [0 [ o[8[ R[] 0
9 |[(ZnHL),(OH),]2H,0| 1138 | 178 | yellow | 70 (25;) (j:g) (}iji) é:g) (H:‘S‘) D

Electronic spectra and magnetic moment

The electronic spectrum of ligand registered bands at
259, 321 and 425 nm in the solid state. The complexes
have bands in the range 250-260 and 320-360 nm, which
are due to 1 — n* and n — w* transitions. Additonal
bands were observed in the range 350-390 nm in the
spectra of complexes. These may be due to sulphur to
metal charge-transfer transitions.

Ni (II) complex (1) showed a single broad band at 509
nm could be assigned to 'A;,—'B, transition. This is
consistent with square planar geometry.[”] For the
complex (2), broad bands at 873 nm, due to 3A2g -
*Tyo(F) and 590 nm, due to *A,, — T «(F) transitions
were observed. The broad band between 330-410 nm
may be assigned for charge-transfer as well as to the 3Azg

F) > 3T1g (P) transitions and is consistent with the
octahedral geometry.

The broad band observed at 532 nm in the complex (3) is
assigned to “E, —°T,, transition. This is in agreement
with the octahedral geometry of this complex.

The coordinated anions, X-Cu (II) charge-transfer was
observed at 400-500 nm. For the complex 4, the C1-Cu
(II) charge-transfer band was found at 488 nm. In the
complex (5), the O-Cu (II) charge-transfer band was
observed at 419 nm. Complexes (4), (5) and (6) have
broad d-d combination bands in the range 666-588 cm™
and appear as a shoulder on the intraligand and charge
transfer bands. In accordance with previous observation,
such an attribute is expected for a square planar Cu (II)
complex.
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As expected zinc complexes shows band almost similar
to the ligand. The electronic spectral data of the ligand
and the complexes are shown in Table 2.

[NiHLCH;COO] (1) is diamagnetic with square planar
geometry. The magnetic moment of complex (2) is 2.7
B.M. and supports its octahedral geometry. The complex
(3) shows magnetic moment value 2.1 B.M. supporting

its distorted octahedral structure. The magnetic moment
values of the complexes (4) and (5) are found to be 1.70
B.M., respectively, and support their square planar
structure. The copper (II) complex, (6) is found to be
diamagnetic which is in accordance with the dimeric
nature. This may be due to the strong antiferromagnetic
interaction between the adjacent copper(Il) ions. The
zinc(II) complexes are found to be diamagnetic.

Table 2: Electronic spectral data of the ligand and complexes (nm).

Complex No: Compound Intraligand and CT bands(nm) | d-d bands (nm)
H,L 256,321,425 -
1 [Ni(HL)CH,COOQ] 338 509
2 [Ni(HL),] H,O 254,283, 340 330-410, 590, 873
3 [Cu(HL),.H,0 260, 343, 386 533
4 [Cu(HL)CI] 259,302,334, 353, 489 646
5 [Cu(HL)NO; | 260, 328, 419 600, 889
6 [(CuHL),(OH),] 5H,0 252,305,327, 431 598
7 [Zn(HL),] 259, 409 -
8 [(ZnHL),(NO3), | 2H,0 354, 416 -
9 [(ZnHL),(OH), | 2H,0 263, 350, 414

FT-IR Spectra

The IR spectral data of the ligand and the complexes are
shown in Table 3. The vibrations belonging to N-H
stretching usually occur in the region 3450-3250 cm™.1"¢!
The ligand shows a broad band at 3411 cm™ due to
v(NH). The increase in the wavenumber of the centre of
this broad band may be due to the involvement of
azomethine nitrogen during the complex formation. The
band due to v(C=0) at 1626 cm™ shifts to higher
wavenumber on coordination with metals. The v(N-N)
band at 1106 cm™ undergoes a shift to higher
wavenumber in the spectra of the complexes compared
to that of the ligand substantiate the involvement of
azomethine nitrogen in coordination ) This blue shift
may be due to the decrease in the repulsion between the
lone pairs on the two nitrogen atoms. The v(M-N)
vibration are observed around 440-485 cm™. All these
findings confirm the participation of azomethine nitrogen
in coordination.

Table 3: IR spectral assignments.

In the present case, Ni(HL)CH;COO (1) shows band
at 1519 cm™ and 1430 cm™ which may be due to the
unidentate coordinated acetate group. Since thiols can
cause spin pairing more effectively than thioethers,
coordination occurs through the thiolato sulphur atom
after deprotonation in this Ni(II) complex. The
spectrum of nitrate complex of copper has strong
bands at 1440, 1350, 1022 cm™ due to v,(NO,),
v{(NO,) and v(NO), respectively, indicating the
unidentate coordination of the nitrate ion to the Cu(II)
ion. The separation of the two highest frequency
bands is 90 cm™. The broad absorption band centred
at 3400 cm” in the IR spectra of certain metal
complexes has also been assigned to lattice water
molecule.

No: COMPOUND N-HOH | C=0O [CN-NH| C-O C=S | N-N | M-O | MN
HL C25H2N50S 3411 | 1626 | 1478 - 1362, 831 | 1106 | - -
1 [NiHLCH,COO] 3437 1486 1349,850 | 1117 | - | 433
2 [Ni(HL), | ,O 3440 | 1603 | 1489 1437 | 1348,850 | 1107 | 660 | 472
3 [Cu(HL),].H,0 3435 | 1599 | 1485 1439 | 1354,842 | 1128 | 661 | 462
4 [Cu(HL)CI | 3445 | 1591 | 1486 1416 1351 | 1129 | 663 | 441
5 [Cu(HL)NOs] 3442 | 1592 | 1485 | 1441 1419 | 1372, 854 | 1129 | 662 | 448
6 [(CuHL),(OH),]5H,0 3443 | 1598 | 1486 1366, 838 | 1128 | 661 | 453
7 [Zn(HL),] 3438 | 1602 | 1482 1434 | 1346, 851 | 1126 | 659 | 433
8 [(ZnHL),(NO5),] 2H,0 3438 | 1599 | 1486 1437 | 1348,848 [ 1129 - | 450
9 [(ZnHL),(OH),| 2H,0 3425 | 1602 | 1485 1436 | 1346, 849 | 1108 | 659 | 444
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'H-NMR Spectrum

The 'H NMR spectrum of the zinc complexes are
recorded in CDCI; (figure.1). Two singlets observed in
the ligand spectrum at 14.476 ppm due to NH proton and
11.176 ppm due to OH proton were absent in zinc(I)
complex. The absence of peak at 11.176 ppm is due to
the deprotonation of O-H proton during complexation.
Aromatic protons exhibit multiplet signals in the range
7.13-8.13 ppm. A new peak at 6.675 ppm due to N-H
proton is observed. It is an evidence for the participation
of thione sulphur in complexation. N-CH; protons in the
complex show peaks at 3.4-3.64 ppm. Singlet peaks at
1.2-1.3 ppm in the complex correspond to the methyl
protons in the substituted pyrazolone. Both CHNS data
and NMR data are in agreement with the formulae
M(HL), for zinc(II) complex (7).

. |
\

AT f f
JV'J«\’ U’\ l,"\‘_JJu x__l
15 " 13 12 " 10 9 L] 7 6 5 4 3 2 1 ppm
e v — \
::i;’x\ms:‘;}ﬁe: Bl O
b o Clial ol lale

Fig. 1: "TH-NMR spectrum of Zn (HL), 7.

ESR spectrum

The ESR spectrum of copper(Il) complex (3) were
recorded in frozen DMF solution at 77 K in the X-band
with 100 kHz field modulation and g factors were
assigned in comparison with the standard marker Mn?*,
The Cu(l) ion has an effective spin of S$=3/2. It is
associated with a spin angular momentum ms= +1/2,
leading to a doubly degenerate spin state in the absence
of magnetic field. The degeneracy is lifted between these
states in a magnetic field. The energy difference between
them is given by £ = hv = gBB, where 4 is the Planck’s
constant, v is the frequency, g is the Lande's splitting
factor equals to 2.0023 (for a free electron), B is the Bohr
magneton and B is the magnetic field. The solution
spectrum of the complex (3) at 77 K in DMF was axial
and showed four hyperfine lines characteristic of a
monomeric Cu(Il) complexes corresponding to -3/2, -
1/2, 1/2 and 3/2 which arise from the coupling of the odd
electron with copper nuclei(I=3/2). The spectrum also
gave three superhyperfine lines in the perpendicular
region which arose from the coupling of the electron spin
with nuclear spin of nitrogen atom which is coplanar. It

indicates that in this complex azomethine nitrogen atom
has coordinated to the metal centre. Since there is no half
field signal, we can confirm the monomeric nature of
complex (3).

~Fig. 2: ESR spectrum of Cu (HL) . 1,0 (3).

Thermal studies

The thermal studies of the ligand and metal complexes
were carried out using the thermogravimetric technique
(TG-DTG) in order to provide more insight into their
structure of the complexes.

For the ligand H,L, two stages of decomposition were
observed and is evident from DTG peaks at 163°C and
273°C. The first stage of decomposition of the ligand
occured at 140-170°C, and second stage due to complete
decomposition of ligand at 170-750 °C. The absence of
any thermal change before this temperature demonstrates
their high thermal stability. DSC plot supports the TG-
DTG analysis giving temperature maxima at 163°C and
at 273°C. The TG/DTG/DSC study reveals the purity of
the compound and no decomposition is observed up to
the melting point.

Ni(HL)CH;COO (1) showed four decomposition stages.
It is evident from DTG peaks at 225, 302, 310 and
321°C. Here the decomposition starts after the melting
point of the compound at 225°C.  The first stage is at
202-274°C and demonstrates a mass loss of 5 %,
corresponding to the loss of CO (calc.5 %). The second
stage occurs at 274-507 °C, with a mass loss of 39.8 %.
The residual mass left behind at 745°C was 55.35 %.

Ni(HL),. H,O (2) has four decomposition stages are
observed. It is evident from DTG peaks at 71, 204, 231
and 309°C. Initial mass loss corresponds to the loss of
one lattice held water molecule. Here also the
decomposition starts after the melting point of the
compound at 204°C. The first stage is at 184-210°C and
demonstrates a mass loss of 3.3 %. The second stage
occurs at 254-649°C, with a mass loss of 70.5%. A
residual mass of 17.7 % was left which may be due to the
formation of a mixture of oxide and sulphide of nickel.

For Cu(HL),.H,O (3), an initial mass loss of 2%
corresponds to loss of one water molecule in temperature
range 150-170°C. The next steps of decomposition occur
in the temperature range 180-250°C and 230-350°C.
These steps are shown by DTG peaks at 161°C, 203°C
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and 307°C. A residual mass of 23% was left which may
be due to the formation of a mixture of copper oxide and
copper sulphide (calc. 24.7 %).

For Cu(HL)CI (4), a two staged decomposition occurred
and is evident from DTG peaks at 231 and 300°C. The
first stage is at 220-240°C, and demonstrates a mass loss
of 6.5 %, corresponding to the loss of HCI (calc. 6.7%).
The second stage occurs at 245-500 °C, with a mass loss
of 56.9%. The residual mass left behind at 745°C was
28.6%. This may be due to the formation of Cu,S
(29.4%).

For [Cu(HL)NOs] (5), two  stages of decomposition
occur and is evident from DTG peaks at 214°C and 297
°C. The first stage is at 190-223°C, and demonstrates a
mass loss of 6%, corresponding to the loss of NO
(calc.5.3 %). The second stage occurs at  240-550°C,
with a mass loss of 61%. The residual mass of 27.5 %
was observed at 750°C which may be due to the
formation of copper sulphide (calc.28 %).

For [(CuHL) ,(OH) ,].5H,O (6), DTG peaks are
observed at 196 and 302°C indicating its two step
decomposition. The first stage is at 183-216°C, and
demonstrates a mass loss of 6 %. The second stage
occurs at 240-467°C, with a mass loss of 47.2%. The
residual mass of 34.81% was observed at 750°C which
may be due to the formation of Cu,S (calc. 34.2 %).
Antimicrobial studies

The preliminary in vifro antibacterial screening studies of
H,L and its complexes are given in Table 4. However,
the correct biochemical mechanism of such compound is
not yet completely understood. The mode of action of

antimicrobials may involve various targets in the
microorganisms.

1. By interefering during the synthesis of cellular walls,
causes damage which leads to altered cell permeability
characteristics or disordered lipoprotein arrangements,
eventually resulting in cell death.

2. By the deactivation of a variety of cellular enzymes
that play a crucial role in the metabolic pathways of
these microorganisms.

3. Denaturation of cellular proteins, causing the normal
cellular processes to be impaired.

4. A hydrogen bond formation through the azomethine
group with the active centres of various cellular
constituents, resulting in interference with normal
cellular processes.

Cu (HL) ,.H,O (3) exhibited high activity towards
Staphylococcus aureus in comparison with the standard
drugs. It is observed that most of the compounds are
particularly  effective on  Enferococcus faecalis,
pseudomonas aeruginosa and Klebsiella pneumonia.
They exhibited no activity against Bacillus subtili even at
higher concentration. These observations can be assumed
as selective activity. MIC value of all the complexes was
found to be 0.315pug/ml.

The data in Table 5 show that the copper chloride and
copper nitrate complexes are active against the fungi,
Aspergillus niger and Colletrotrichum gleosporides. The
percentage of inhibition is found to be 85% at 60ppm. Cu
(HL) ,.H,O shows 70% inhibition towards Candida
Albicans at 40 ppm. Zinc (II) complex (7) shows
promising antifungal activity towards all the fungi under
study whereas [(CuHL),(OH),].5H,O shows less activity
against all fungi.

Table 4: Preliminary in vitro antibacterial screening studies of H,L and its complexes.

Diametre of Zone of Inhibition(mm)
Compound Staphylococcus | Enterococcus | Bacillus E.coli pseudomonas | Klebsiella
aureus faecalis subtili . aeruginosa | pneumonia

H,L 7 - - 8 8 10
Cu(HL), H,O 10 10 - 7 10 15
Cu(HL)C1 7 8 - 7 7 18
Cu(HL)NOs 8 7 - 7 10 18
[(CuHL),(OH),].5H,0 14 8 - - - 8
Zn(HL), 7 10 - 8 8 11
[(ZnHL),(NO5),] 2H,0 - 10 - 7 7 -
Kanomycin 12 9 12 12 10 20
Methicillin 10 8 10 15 12 25
DMSO - - - - - -

WWW.Wjpmr.com

243

219




Sangeetha ef al.

World Journal of Pharmaceutical and Medical Research

Table 5: Preliminary in vitro antifungal screening studies of H,L and its complexes.

Fungi Percentage of inhibition
[(CuHL),(O

H,L Cu(HL), Cu(HL)C1 Cu(HL)NO; H),].5H,0 Zn(HL),
Conc:ppm 20 140 | 60| 20|40 |60 |20 |40 | 60 | 20|40 | 60 [ 20| 40 | 60 | 20 | 40 | 60
Aspergillus niger 38 | 49|48 | 58 | 60 | 58 | 44 | 63 | 85| 46 | 48 | 50 | 33| 35 | 35| 64 | 60 | 62
Alternaria alternata | 30 | 38 | 41 | 40 | 56 | 57 | 49 | 51 | 48 | 47 | 56 | 50 |30 | 37 [ 32| 64 | 62 | 65
Candida Albicans 30 (36 {42 (56 (70|71 |59 |59|58|32|35|45|28|30]|30|63|70]| 70
Colletrotrichum 56 | 57|58]|62]60|60|70|85|85 |77 |85 |80 (25|28 |33|84]82]83
gleosporides
CONCLUSION !
From the study, coordination capabilities of /N
thiosemicarbazones are found to be unpredictable N
and are very interesting. We observed that with \

different salts of same metal, same ligand has
coordinated in different modes. Nickel acetate
yielded  diamagnetic square planar complex with
formula M(HL)CH;COO whereas nickel chloride
gave paramagnetic octahedral complex, M(HL),.H,0.
Out of the four copper(Il) complexes of H,L, two
have the general formula [MHLX] where X=CI, NO;.
By using copper(Il) acetate and zinc(II) acetate, H,L
yielded the complexes with general formula [M(HL),]
where M=Cu(ll), Zn(I). This Cu(lI) complex is
diamagnetic and strongly supports its existence as a
dimer in the solid state. The preliminary
antimicrobial screening results revealed that the
complexes showed a significant activity compared to
the ligand, H,L. The observations in our study
understood a selective activity of the compounds
towards microbes. At this phase, it is hard to find a
simple explanation for the antimicrobial activity of
the compounds and further studies will be needed to
clarify these observations. The proposed structures of
the complexes are given in FIGs 3, 4, 5.

As a continuation of our work on the synthesis of
biologically active compounds, docking studies and
in vivo biological activities are conducted on various
transition metal complexes.

Ph

S

~~—
CHs /

>~
" \C< /M\

Fig. 4: Proposed structure of complex M (HL)
CH;COO.
Where M=Ni, X=CH;COO"

Z\

S

HaC Ph

\C
CHs N//
C N
Ph/N\C<N'/M \

Fig. 5: Proposed structure of complex M(HL)X (4, 5).
Where M = Cu (II), X=CI', NO;".

— \" - - o
N/ / i Ph
\ X b o x
I /"/L’»M‘>\N o " C':C NAM/M\ )ls\ nF,O
p,,/N\ /NH C\Pn & Ph/N\’I)/( // T/Ph ’
VoL RN =
/ I\,
N N/
L \ i !
Fig. 3: Proposed structure of complex M (HL),

nH,0 (2, 3, 7).
where M = Ni(Il), Cu(Il), Zn(II)

Fi_g 6: Proposed structure of complex (ML), X_2(6, 8
and 9).
Where M = Zn (1), Cu(Il).
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