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Chapter 1

THIOSEMICARBAZONES AND THEIR TRANSITION
METAL COMPLEXES - A BRIEF INTRODUCTION

1.1. Intreduction

Coordination compounds are now widely used as potential drugs. in the
field of catalysis [l, 2] and in biological fields. The development of
instrumental techniques provides methods of investigating thermal, spectral and
magnetic properties of metal complexes. Recent reports from journals

regarding researches in inorganic chemistry are widely centered on complexes.

Thiosemicarbazones are a group of highly reactive compounds that forms
chelate complexes with metal ions. Livingstone [3] has reviewed complexes
with chelates of sulphur and nitrogen as donor atoms. Another review
published in 1974 [4] gives detailed account of thiosemicarbazides and
thiosemicarbazones. There are reports regarding therapeutic use of metal
complexes of thiosemicarbazones and are now widely used as potential

antimalarial [5], antitumour [6] and antibacterial [7] and antifungal agents [8].

Thiosemicarbazones are obtained by condensation of thiosemicarbazide
or a substituted thiosemicarbazide at the N(4) position with a suitable aldehyde

or ketone. Thiosemicarbazones are represented by the general formula 1, where

S S
R NH R NH
/ 3 / 3 3
N 4 NH, ——N 4/N—R
1 1
2R 2R 4R
1 2

R'is generally an alkyl group or aryl group and R is alkyl, aryl or hydrogen
atom. When N(4) is substituted it can be represented by the general formula 2.

In the formula 2, R and R* can be alkyl or aryl groups or a part of a cyclic
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Chapter 1

system. In solution thiosemicarbazones exist as an equilibrium mixture of

thione (1a) and thiol (1b) forms

_{ /SH
1
/ . R N—
>— I %N/ N—r
2 /
R H

(1a) (1b)

Recent researches in coordination chemistry are centered on
thiosemicarbazones of heterocyclic ketones as they have considerable biological
activity.  Thiosemicarbazones of a-N heterocyclic carbaldehydes act as
tridentate ligands. The biological activity of thiosemicarbazone depends on the
parent aldehyde and ketone [9, 10]. Among thousands of screened compounds.
2-acetylpyridine thiosemicarbazones were the first compounds reported as
potent antimalarial agents [5]. Acetylaminobenzaldehyde thiosemicarbazone,

called contiban is found to be effective against tuberculosis.
1.2. Stereochemistry and oxidation states

Stereochemistry of metal complexes of thiosemicarbazone depends on
(i) charge on the ligand and (ii) additional coordination site on the ligand
moiety. The charge on the ligand depends on thione « thiol equilibrium.
Thiosemicarbazone may generally exist in the £ form (trans) and in such a
situation thiosemicarbazones act as a unidentate ligand by bonding through

sulfur [11]. (Figure 1.1)

Hs\(w2 HS\‘/NHZ
N N
NI/ \lN
1 R)\Rz 1 R)\R2
Z (cis) E (trans)
Figure 1.1
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Thiosemicarbazones can act as neutral bidentate ligands, as in
benzaldehyde thiosemicarbazone yielding complexes of the type [ML.X;]
where ligand is in the thione form and X is the monoanionic ligand and metal M
= Co(II), Ni(II), Cu(Il), or Fe(II). In such metal complexes, coordination takes
place through azomethine nitrogen and thione/thiol sulfur [12, 13]. If an
additional coordinating functionality is present, tridentate coordination will be
preferred. For example, cobalt(ll) complexes of diacetylmonoxime
thiosemicarbazone [14] are reported to be octahedral. Coordination occurs via
azomethine nitrogen, thione sulfur and oxime nitrogen, where oxime nitrogen is

an additional coordinating functionality.

Thiosemicarbazones can also act as multidentate ligands, if donor atoms
are present in parent aldehyde or ketone moiety. Heterocyclic
thiosemicarbazones can coordinate to the metal ion through more than two
coordination sites where one of the sites is a hetero atom such as nitrogen or
oxygen. ~ For example, nickel(Il) complex of 2-acetylpyridine
thiosemicarbazone [15] have one of the coordinating sites occupied by pyridyl
nitrogen. In addition ‘nickel(Il) complex of di-2-pyridyl ketone N(4), N (4)-
dimethyl thiosemicarbazone [16] is found to be square planar and one of its

coordinating site is pyridyl nitrogen as shown below. (Figure 1.2)

cl

Figure 1.2

Thiosemicarbazones can also coordinate to metal centers as tetra dentate
ligands. Ligands having SNON [17] and NNSS [18] donor sites have been

reported. In copper(ll) complexes of di-2-pyridyl ketone thiosemicarbazone,

July 2004
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each copper atom is found to be five coordinate with nitrogen atoms of the each
pyridyl rings coordinate to two copper centers [19]. Pentadentate ligands of
thiosemicarbazones are also reported. For example. 2.6—diacetylpyridine
bis(thiosemicarbazone) [20] is pentadentate, coordinate to the metal as SNNNS

donors as shown in Figure 1.3.

Figure 1.3

Stereochemistry of metal complexes of thiosemicarbazones depends
very much on the oxidation state of the metal [2]. The oxidation state of the
metal determines the degree of “softness’” character. This effect is found to be
stronger in transition metals. Thus degree of softness and hardness plays an
important part in determining the stability of a thiosemicarbazone metal
complex. Thus low spin & and d'° metal ions such as Pd(1l), Pt(II) and Hg(1l)
may form stable complexes with thiosemicarbazone ligands. The increased
stability 1s due to the formation of strong o bonds as well as dr-dn bonds by

donation of a pair of electrons to ligands.

Stereochemistries of thiosemicarbazones are decided by steric effect of
substituents attached to thiosemicarbazone moiety [21]. This phenomenon is
known as ‘chelate’ effect where the increased stability is due to electron

delocalisation with the chelated ring system (Figure 1.4).

M

|

1
R N /k
\’/ SN NH,
R2

Figure 1.4 Chelate effect
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Intramolecular hydrogen bonding is another factor that further that
enhances the stability of thiosemicarbazones and the confirmation is £ (trans).
This mode of hydrogen bonding and confirmation is the same as reported for 2-
formylpyridine thiosemicarbazones [22] and found for many heterocyclic

mono-substituted thiosemicarbazones [23].

Metal complexes of thiosemicarbazones are usually octahedral and
square planar in geometry. Octahedral stereochemistry is common to
thiosemicarbazones and are generally seen in complexes of Fe(III), Mn(II).
Co(III) having the general formula [ML,]"™ where M is the metal ion[24-26].
Tetrahedral complexes of di-2-pyridyl ketone N(4), N(4)-dimethyl
thiosemicarbazone are also reported [16]. Copper(Il) co‘mplexes are usually
square planar in geometry. Five coordinate mononuclear copper(Il) complexes
2-hydroxyacetophenone 3-hexamethyleneiminylthiosemicarbazone of square
pyramidal geometry are also reported [27]. X-ray crystal studies of copper(l])
complexes of 2-benzoylpyridine Schiffs bases of S-benzyldithiocarbazate
revealed that stereochemistry around copper atom in the c;)mplex 1S
intermediate between square-pyramidal and trigonal-bipyramidal geometries
[28]. Co_mplexes of the type [Fe(NNS),X], (where NNS is the monoanion of 2-
acetylpyridine thiosemicarbazone and X = Cl, Br, NO;, SCN etc) have been
described [29]. This complex is believed to have a pentagonal bipyramidal
configuration around Fe atom with rhombic distortion. Stereochemistry of iron
atom in Fe(III) complexes of 2-acetylpyridine 4-phenyl 3-thiosemicarbazone of
general formula [FeLX,] where X= Cl, Br, NO;, SCN etc is square pyramidal

with 4,4 ground state {30].

First row of transition metals are unique in their ability to form
complexes in which octahedral. tetrahedral, square-coplanar and other
stereochemistries predominate. The copper(ll) ion is a typical transition metal
ion which forms coordination complexes of different stereochemistries, but it is
reluctant to take up regular octahedral or tetrahedral stereochemistries. The 3¢

outer electronic configuration of copper(Il) ion lacks cubic symmetry and hence
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it yields other distorted forms of the basic stereochemistries. The copper(Il) ion
forms coordination complexes in which coordination numbers four, five or six
predominates. Due to large distortion in bond lengths, the splitting of electronic
energy levels in copper(ll) ions tends to be larger than other first row transition
metals. .Thus the electronic properties of copper(Il) complexes are relatively
sensitive to stereochemistry. There are many factors that affect
stereochemistries of copper(Il) ion in coordination complexes. Jahn- Teller
theorem removes the degeneracy of the ground state (the single unpaired
electron is in dy’," or d.’) which is degenerate in a regular octahedral ligand
field. This type of distortion can be shown to be any of the non-totally
symmetric normal vibrations and the extrema of these vibrations are the static
distortions found in six coordinate octahedral complexe‘s. Elongated structures
such as elongated tetragonally distorted octahedron, rhombically distorted
octahedron are more energetically favorable than compressed structures. In
these stereochemistries, the odd ele;ctron 1s in the d,°,7 orbital, which minimizes
the columbic repulsion between the copper electrons and the negatively charged
ligands in the xy-plane than along the z-axis. Four coordinate square planar
stereochemistries are not common in o-bonded complexes, but it does occur
with 7 bonding ligands like pyridyl thiosemicarbazones. Distorted tetragonal
octahedron stereochemistry is preferable for o-bonded complexes where
bonding effects of ligands in the axial positions are not ignored. This situation
can be described by the concept of semicoordination. which suggests that the
axial fifth and sixth ligands are bonded at a definite distance, the copper ion is
considered as ellipsoidal, not spherical. The in-plane covalent radius of the
copper(Il) ion is estimated to be ca.1.30 A and out-of-plane radius would be
ca.1.90 A In copper(ll) complexes tetragonal distortion (7) may be measured
by the ratio R /R, where R and R, are short and long copper ligand bond
lengths. The value is unity for an octahedral complex and 0.56-0.66 for a

square coplanar structure. Decrease in 7 is a decrease of the short copper-ligand
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bond distances, suggesting that lowest values of R, occur for a square planar

geometry [31].
1.3. Structural characterization techniques

Many new methods are recently available for elucidating the structure of
coordination compounds. Elemental, magnetic, IR, UV-Vis, and NMR spectral
techniques were used for structural analysis. X-ray crystallographic analysis is
the most reliable and accurate physical method recently used for structural
analysis. Some of the common physico chemical methods adopted during the

present investigation are discussed below.
1.3.1. Analytical estimations
(i) Analysis of carbon, hydrogen and nitrogen

Elemental analyses were carried out on a Heraeus elemental analyzer or
on a Perkin Elmer model elemental analyzer. Instrumentation for C H N
analyzer is baseq upon two general procedures. One involves the separation of
carbon dioxide, nitrogen and water by a gas chromatographic column. The
other involves separation by means of specific absorbents for water and carbon
dioxide with the resulting change in composition of the gas mixture being
measured. Thermal conductivity is the detection method in both techniques.

Results are calculated by analyzing standard and occasional blank.
(ii) Estimation of metals

The complexes have been decomposed with conc. nitric acid and the
solution was made up to a known volume. Atomic Absorption Spectroscopy is

used to determine metal content of the solution.
1.3.2. Magnetic measurements

The complex metal ion may contain unpaired electrons.  Such
complexes are found to be paramagnetic. Paramagnetic compounds will be
attracted in a magnetic field, while diamagnetic compounds are repelled. The

magnetic moment value corresponds to the spin only value and it varies with
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spin orbit coupling and nature of coordination and delocalisation. The magnetic
susceptibility may increase or decrease from the spin only value for a complex
having more than one metal center. This is because the magnetic fields may
align in the opposite direction. For example the paramagnetic susceptibility for
a copper(Il) complex is found to be 1.73 B.M. and the value may increase or
decrease for a complex in the dimeric state. Thus measurement of magnetic
moment gives some insight into the stereochemistry and oxidation state of the

metal.
The magnetic moment is calculated using the relation

pep= 2.828NyuT B.M

where v is the molar susceptibility

The susceptibility value calculated from magnetic measurements is the
sum of paramagnetic and diamagnetic susceptibilities. To calculate the exact
paramagnetic susceptibility (ues), the value of diamagnetic susceptibility is
subtracted from the susceptibility calculated from observed results. When the
structural formula of the complexes is correctly known, diamagnetic correction

can be calculated from Pascal’s constants.

Paramagnetic susceptibilities varies inversely with temperature (Curie’s

law), follow the equation
- xm=C/T,

where T is the temperature on Kelvin scale and ‘C’ is a constant. A plot of yu

versus 1/T vields a straight line passing through the origin and ‘C’ is the slope.

For many svstems, this behavior is not obtained experimentally. Modifying the

Curie’s law as
xm=C/T-6,

represents such systems where 6 is the temperature at which the line cuts the T-

axis.
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This equation is known as Curie-Weiss law and 0 is known as Wiess constant.
Then the magnetic moment is given by

thegr=2.828m(T - 6) BM.
In most of the complexes the values are very close to the spin only formula

Hs = legr = gNS (S+1) BM.
But the value may vary due to (i) orbital angular momentum contribution (ii)
spin orbit coupling (ii1) intermolecular effects (iv) high spin-low spin equlibria.

For transition metal ions possessing orbital angular momentum pief is
given by

pser = [4S (S+1) + L (L+1]* B.M.

But in many complexes the magnetic moment values are greater than
but less than ug.,. This is because electric field of other atoms, ion and
molecules surrounding the metal ion in the complex restrict the orbital motion
of electrons where the orbital moments are wholly or partly quenched. Orbital
contribution is strongly quenched by the crystal field. Many complexes with

Az and Eg ground state, magnetic moments differ from the spin only value due

to

(i) mixing of the excited state that has some contributions from spin orbit

coupling.
(ii) temperature Independent Para magnetism (TIP)
Uegr (Asg) = s (1-44/10Dgq)+TIP,

where 44/10Dq term arises from the mixing of excited state via spin orbit

coupling. For the E, state mixing in an excited state is given by

pe (Eg)= s (1-22/10Dg) + TIP
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Thus the mixing of ground state and excited state depends on 10Dg. Thus
magnetic moments of complexes of transition metal ions are characteristic of

electronic ground state and its structure [32].

Magnetic moment measurements are carried out in the polycrystalline
state on a Vibrating Sample Magnetometer (VSM) at 5000 Gauss field strength.
The system is calibrated using 8/32" and 3/32" cylindrical sample of high purity
nickel supplied with the system. The sample has a saturation moment of 55

emu/g with a saturation flux of about 8000 Gauss.
1.3.3. Electronic spectroscopy

Electronic spectroscopy is a very important tool for the structural
identification of thiosemicarbazones and its complexes. It is usually measured
in the range 250 -900 nm. Organic ligands absorb in the region 250-350 nm and
the bands are mainly due to 7*«x and z*«n transitions. On complexation
these bands may suffer a blue or red shift. Charge transfer bands may appear on
complexation are of two types: M«L or L«M [33]. Electronic spectra also
involve d«—d transitions, and are of two types (i) high intensity spin allowed and
(i) low intensity spin forbidden transitions, which appear as shoulders on spin
allowed transitions. This information gives us some insight into the structure

and geometry of transition metal complexes. Electronic spectral studies with

EPR spectra have been used to find out bonding parameters o By [31].
1.3.4. Infrared spectroscopy

Infrared spectroscopy is a widely used technique for the characterization
of metal complexes. The basic theory is that the stretching modes of ligands
changes upon complexation resulting in the subsequent change in position of
the bands appearing in the IR spectrum. The shift may be to higher or lower
wavelengths. Nakamoto discusses at length the characterization of metal
complexes with the help of IR spectroscopy. The bands due to metal-ligand

vibrations are observed mainly in the far IR region i.e., 50 - 500 cm™ [34]
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1.3.5. Electron paramagnetic resonance spectroscopy

EPR spectroscopy is another important tool for the characterization of
paramagfletic metal complexes. The g| and gt values are calculated from the
EPR spectra give some information regarding the stereochemistry of metal
complexes. Hathaway and coworkers studied single crystal EPR spectra of
different copper(Il) complexes and correlated the observations with crystal
structure and also combined electronic d-d transitions and magnetic
measurements with EPR. These studies gave much insight into the structural

characterization [31].
1.3.6. X-ray crystallography

Atoms in a single crystal of compounds diffract X-rays and this
technique is used in the elucidation of structure and geometry of metal

complexes.
1.4. Biological significance

Thiosemicarbazones possess a wide range of biological applications.
Dogmak had reported the antitubercular activities of thiosemicarbazone in 1946
[35]. The applications of thiosemicarbazones include antitumour, antiviral [36],
antibacterial [7], antimalarial and antifungal activities [37]. A
thiosemicarbazone possessing antitumour activity against leukemia in mice was
first reported by Brockman et al [38]. Blanz and French studied formyl
thiosemicarbazone of different heterocyclic systems and showed that
thiosemicarbazone side chain adjacent to the heterocyclic nitrogen and a
conjugated NNS tridentate ligand system is necessary for anticancer activity
[39]. Metal complexes of thiosemicarbazones are found to possess antifungal
activity, which is effected by a substituent group at N(1) and N(4) positions of
thiosemicarbazone moiety [10]. Because of promising the biological activity. 2-
formyl, 2-benzoylpyridine and 2-acetylpyridine N(4)-
substitutedthiosemicarbazones have been extensively studied [40-43].

Heterocyclic thiosemicarbazones exercise therapeutic properties in cells by
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inhibiting ribonucleotide reductase, a key enzyme in the synthesis of DNA [39].
Thiosemicarbazones inactivate the non-heme subunit and this inhibitory action
is due to the coordination of iron via their tridentate ligating system. either by a
preformed iron complex binding to the enzyme [44]. Studies have shown that
iron and copper complexes are more active in cell destruction as well as in the
inhibition DNA synthesis than the uncomplexed thiosemicarbazone [45]. 5-
Hydroxy 2-formyl thiosemicarbazone has shown to cause lesions in DNA [46].
Therefore there may be a second site of action in addition to inhibition of
ribonucleotide reductase. These observations provide an impetus to the

synthesis of a large number of 2-heterocyclic thiosemicarbazones.

Copper(ll) complexes of heterocyclic thiosemicarbazones have shown
more fungal growth inhibition property. For example, copper(Il) complexes of
2-acetylpyridine N(4)-substitutedthiosemicarbazones are found to be more
active in the growth inhibition of the fungus Paecilomyces variolii at higher
concentrations than nickel(Il) complexes [47]. . But increased activity is
reported in nickel(I) complexes against Aspergillius ninger with an increase in
size of the substituent at the N(4) position [48]. Against Aspergillius ninger,
nickel(II) complexes of 2-acetylpyridine N(4)-sub§titutedthiosemicarbazones,
the bulkiest the ligands, show modest activity of the thiosemicarbazone, while
smaller complexes are inactive [49]. It is also observed that nickel(II) complex
of 2-acetylpyridine N(4)-dimethylthiosemicarbazone where ligand is in the
monoanionic form, showed an inhibitory zone of 27.7 mm at a concentration of
200 pg ml" and 20.2 mm at 20 ug ml” and was more active than nickel(Il)
complex of 2-acetylpyridine N(4)—dipropylthiosemicarbazone where ligand is in
the monoanionic form. It is reported that the activity of nickel(Il) complex of
the large-r pyrazine thiosemicarbazone is greater {49]. The considerably lower
activity of the complex may be due to its lack of planarity based on magnetic
moment. A non-planar complex may have greater difficulty in passing through

the cell wall of the fungus or positioning itself once in the fungal cell.
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Sarayan et al. [50] reported the antitumour activities of a-N heterocyclic
thiosemicarbazones. Brockman et al showed that 2-formylpyridine
thiosemicarbazone is active against leukemic activity in mice [51]. It is also
reported that 2-formyl 3-hydroxypyridine thiosemicarbazone [52], 2-formyl 5-
hydroxypyridine thiosemicarbazone [53] are good anticancer agents. A
thiosemicarbazone side chain and a conjugated NNS tridentate ligand system is
essential for anticancer activity [39]. Further studies are done by modifying the
sites such as aldehydic or ketonic carbon, thione group and the N(4) position
along with the position of attachment to the pyridine/isoqunoline moiety in a-N
heterocyclic thiosemicarbazones. The structure activity relations of antitumour
compounds were studied in detail, and can be found in reviews by Satorelli [54]

and Petering [55].

Hamre er al [56, 57] in 1950 studied the antiviral properties of
thiosemicarbazones such as p-aminobenzaldehyde 3-thiosemicarbazone. They
reported that the compound is found to be very effective against vaccina virus in
mice. Bauer and co-workers studied activity against virus and structure—activity
relations of a series of compounds {58, 59]. It was found that by substitution of
thiosemicarbazone moiety with aromatic ring lowered the activity against virus.
The most active against vaccina virus were found to be 2-acetylpyridine N(4)-
methyl and N(4)-ethyl thiosemicarbazones. The compound, 2-acetylpyridine
N(4)-methylthiosemicarbazone, known as ‘methisazone’ is used against
smallpox [60, 61, 62]..Thiosemicarbazones have also been tested against a
series of other viral infections including herpes, virus, adenovirus, rhinovirus,
and RNA tumor virus with mixed results [63]. Heterocyclic
thiosemicarbazones inhibit the replication of the virus to a greater extent than

they inhibit cellular DNA or protein synthesis [64]

Thiosemicarbazones are good antimalarial chemotherapeutic agents {4].
The features essential for antimalarial activity were found to be due to 2-pyridyl
ethylidene moiety, thione sulfur, and bulky substituents at the N(4) nitrogen

atom of thiosemicarbazones. For example, 2-acetylpyridine MN(4)-dialkyl
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thiosemicarbazones was found to be most active against Neisseria gonorrhoeae
[65]. It has been shown that 2-formylpyridine thiosemicarbazone inhibited
adenosine uptake in rodent erythrocytes and reticulocytes parasitized with

Plasmodium Berghei [66].
1.5. Objective and scope of the present work

Thiosemicarbazones are a group of highly reactive compounds that form
chelate complexes with metal ions. These compounds are important for their
significant biological activity. They also show interesting structural properties
on complexation with metal ions. Generally metal complexes of
thiosemicarbazones are good therapeutic agents and complexation with metal
ions enhances its biological activity. The biological activity can be varied by
(ii) varying the nature and size of carbonyl moiety (iil) changing the N(4)-
substituent and modifying the sulfur center by alkylation (iv) replacing the
sulfur of the thiocarbonyl group by oxygen, selenium, imine or oxime and, (v)
shifting the point of coordination of the thiosemicarbazone moiety by

heterocyclic ring.

In the light of above observations, we have decided to prepare some
chelate metal complexes of the quadridentate NNNS donor ligand. di-2-pyridyl
ketone A(4), N(4)-disubstituted thiosemicarbazones. We have chosen this
ligand for study because (i) the ligands are prepared and characterized for the
first time and (i1) since there are two pyridyl nitrogens, dimers and polymers of

complexés result leading to interesting structural aspects

In the present work, we have prepared two ligands (i) di-2-pyridyl
ketone 3-tetramethyleneiminylthiosemicarbazone (HLY and (ii) di-2-pyridyl
ketone N(4)-methyl, N(4)-phenylthiosemicarbazone. Their copper(Il),
manganese(II), nickel(Il), zinc(1l), cadmium(Il) and vanadate(V) complexes are
prepared. These complexes were characterized by spectral techniques.

Structures of some of them are determined by single crystal X-ray diffraction.
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‘SYNTHESIS, SPECTRAL AND STRUCTURAL
CHARACTERIZATION OF THIOSEMICARBAZONES

2.1. Introduction

Thiosemicarbazones are a group of organic derivatives whose biological
activities are a function of parent aldehyde or ketone. Recent researches on
thiosemicarbazones and its metal complexes are mainly centered on its
therapeutic properties. In order to facilitate these investigations. an improved
method of synthesizing thiosemicarbazones is desirable. Klayman er al.
described the preparation of a variety of N(4)-mono and Ar4). N(4)-

disubstituted thiosemicarbazones [67].

In this chapter we describe the synthesis of the following A(4), N(4)-

disubstituted thiosemicarbazones by a general procedure adopted by Scovill [68]
(i) di-2-pyridyl ketone 3-tetramethyleneiminylthiosemicarbazone (HL')
(i) di-2-pyridyl ketone N(4) methyl, N(4)-phenylthiosemicarbazone (HL?)

2.2. Experimental

2.2.1. Materials and methods

Carbon disulfide (Glaxo), N-methylaniline (Aldrich). sodium
chloroacetate (Merck), hydrazine hydrate 98% (Glaxo). di-2-pyridyl ketone
(Aldrich), pyrrolidine (Aldrich) are used without prior purification.
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Solvents used

(i) Ethanol: Commercially supplied ethanol, distilled and dried using standard
methods and procedures.

(i1) Methanol: Analar quality sample was used (Merck).

(ii1) Acetonitrile: Analar quality sample (Merck) was used without any

purification.

2.2.2. Synthesis of thiosemicarbazones

(i) Preparation of carboxy N-methyl, N-phenyl dithiocarbamate

A mixture consisting of 12 ml (5.2 g, 0.2 mol) of carbon disulfide and
21.6 ml (21.2 g, 0.2 mol) of N-methylaniline was treated with a solution of
sodium hydroxide (8.4 g, 0.21 mol) in 250 ml water. After stirring at room
temperature for 4 hours, the organic layer had completely disappeared. At this
point the straw colored solution was treated with 23.2 g (0.20 mol) of sodium
choloroacetate and allowed to stand overnight (17 hours). The solution was
acidified with 25 ml conc.HC! and the solid which separated was collected and
dried. This afforded 39.7 g (82%) of pale buff colored carboxy N-methyl N-
phenyl dithiocarbamate. (m.p.197-198 °C).

/CH3 S a o HE / o 2
O e =0
N ONa />—S ONa
S
CH, 0
= O-{ A
) S>_—S OH

Carboxy N-methyl, N-phenyl dithiocarbamate
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(if) Preparation of N(4)-methyl. N(4)-phenyl 3-thiosemicarbazide (1a)

A solution of 17.7 g (0.0733 mol) of carboxy .N-methyl N-phenyl
dithiocarbamate in 20 ml 98% hydrazine hydrate and 10 ml water was heated in
the rings of a steam bath at 85 °C. After 3 minutes crystals began to separate.
Heating was continued for additional 22 minutes. The crystals were collected
by filtration, washed well with water and dried. The crude product was
recrystallised from a mixture of 50 ml ethanol and 25 ml water. This gave 10.8
g (81%) of stout crystals of 4-methyl, 4-phenyl 3-thiosemicarbazide. (m.p 124
°C). -

[
s
N “SCH, + HN—NH, —=
. /o
s OH ?Hs NH—NH;  h,c <
N%I-/l l OoH
SH
s

N(4)-methyl, N(4)-pheny! 3-thiosemicarbazide (1a)
(iif) Preparation of tetramethyleneimine 1-thiosemicarbazide

A solution of 1 g of 1a (5.52 mmol) in 5 ml acetonitrile was treated with
392 mg (5.52 mmol) of pyrrolidine and the resulting solution was heated under
reflux for 15 minutes. The solution was chilled and the crystals, which
separated were collected, washed well with acetonitrile. This afforded 574 mg

(72%) of colorless needles of tetramethyleneimine I-thiosemicarbazide. (m.p.

172-174 °C).

CH; S

l | refiux
N—cC”

NH—NH, + HN _ -

HoN——NH CHy
O O
[ _/
H

Tetramethyleneimine 1-thiosemicarbazide
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(iv) Synthesis of di-2-pyridyl ketone 3-tetramethyleneiminylthiosemicarbazone
(HL))

The ligand was synthesized by adoptation of an earlier reported method
[68]. A solution of 10 mmol (1.84 g) of di-2-pyridyl ketone in 5 ml 99.5%
ethanol was treated with 1.45 g (10 mmol) of tetramethyleneimine 1-
thiosemicarbazide in 25 ml 99.5% ethanol and refluxed. Five drops of glacial
acetic acid was added to the refluxing mixture and further refluxed for 2 hours.
Yellow needle shaped crystals of di-2- pyridyl ketone 3-tetramethyleneiminyl
thiosemicarbazone [69] were separated out on slow evaporation in air at room
temperature. These crystals were collected, washed with little ethanol and dried
over P40y in vacuo. The compound was recrystallised from 99% methanol
(m.p. 176 °C). Yield 1.2 g (50%). Crystals suitable for single crystal X-ray
studies were obtained by a very slow evaporation of a very dilute solution of the

compound in methanol.

Di-2-pyridyl ketone 3-tetramethyleneiminylthiosemicarbazone (HL')

(v) Synthesis of di-2-pyridvl ketone N(4)-methyl, N(4)-phenyithiosemicarbazone
(HL)

A solution of 10 mmol (1.84 g) of di-2-pyridyl ketone in 5 ml 99.5%
methanol was treated with 1.81 g (10 mmol) of N(4)-methyl. N(4)-phenyl-
thiosemicarbazide in 25 ml 99.5% methanol and refluxed. Five drops of glacial

acetic acid was added to the mixture and further refluxed for 2 hours. On slow
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evaporation at room temperature bright yellow plate shaped crystals of di-2-
pyridyl ketone N(4)-methyl. N(4)-phenylthiosemicarbazone separated out.
These crystals were collected. washed with little methanol and dried over P40,y
in vacuo. m. p. 186 °C. Yield 1g (35%). Crystals suitable for single crystal X-
ray studies were obtained by very slow evaporation of a very dilute solution of

the compound in methanol.

_ S
s CHs  reflux SN ” /CHs
o+mn, I/ —mo— | N N
/N \ NH™ = / SN
__ N

| !

=

Di-2-pyridyl ketone N(4)-methyl, N(4)-phenyl thiosemicarbazone (HL?)
2.2.3. X-_ray crystallography of HL'

Dark orange crystals of the ligand were grown by siow evaporation of
the compound in 99% methanol. Triclinic crystals of PI space group symmetry
were obtained on crystallization. A crystal of size 0.50 x 0.40 x 0.30 mm was
mounted on a glass fiber with epoxy cement for X-ray crystallographic study.
The pertinent crystallographic data are summarized in Table 2.2. X-ray crystal
data were collected using a Siemens SMART CCD area detector diffractometer
equipped with graphite-monochromatic Mo Ka (A = 0.71073 A). A total of
9492 reflections were collected. Out of these, 7124 were used in structural
analysis. The data collection covered over a hemisphere of reciprocal space by
a combination of three sets of exposures; each set had a different ¢ angle (0, 88
and 180°) for the crystal and each exposure of 10 s covered 0.3° in w. The
crystal-to-detector distance was 5 cm and the detector swing angle was -35°.
Crystal scattering was monitored by repeating fifty initial frames at the end of

data collection and analyzing the intensity of duplicate reflections, and was
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found to be negligible. The intensity data were collected by w-scan mode
within 2.53° < 8 < 28.26° for hkl (-11 < h <I1,-14 <k <14, -21</<16)ina
triclinic system. The data collected were computed using SMART programme
[70]. The collected data were reduced using SAINT program and the empirical
absorption were carried out using the SADABS program [71]. The trial
structures were obtained by direct methods using SHELXTL [72] and refined
by full-matrix least squares on F [73] and the graphic tool was PLATON for
windows [74]. Empirical absorption corrections were made on the intensity
data [75]. Missing atoms were found by difference Fourier synthesis and all
non-hydrogen atoms were refined with anisotropic thermal parameters. All the
hydrogens were geometrically fixed and treated as riding on their parent carbon
and nitrogen atoms. Scattering factors for the compound was taken from
the.international tables for X-ray crystallography (1974, Vol. IV). Absorption
coefficients were employed using y-scan [Tney (0.9385) and 7., (0.9004).

2.2.4. X- ray crystallography of HL’

Suitable crystals of the ligand were grown by slow evaporation of the
compound in 99% methanol. Yellow triclinic crystals of Pl space group
symmetry were obtained on crystallization. The crystals of size 0.275 x 0.225 x
0.225 mm were mounted on a glass fiber with epoxy cement for X-ray
crystallographic study. The crystallographic data and structure refinement
parameters obtained at 293 K are given in Table 2.2. X-ray crystal data were
collected using an Enraf-Nonius CAD-4 diffractometer equipped with graphite-
monochromatic Mo Ka (A=0.71073 A) radiation. A total of 3316 reflections
were collected. Out of these, 3311 were used in structural analysis. The
intensity data were collected by w-scan mode within 1.96° < 6< 24.97° for hkl
(-11€h<10.0<k <11, -12 <7< 12) 1n a triclinic system. The data collected
were computed using Argus (Nonius, MACH3 software). The collected data
were reduced using Maxus (Nonius software) program. The trial structures

were obtained by direct methods using SHELXS-97 [72] and refined by full-
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matrix least squares F [73] and the graphic tool was PLATON for windows
[74]. Ex—npiricaI absorption corrections were made on the intensity data [75].
Missing atoms were found by difference Fourier synthesis and all non-hydrogen
atoms were refined with anisotropic thermal parameters. All the hydrogens
were geometrically fixed and treated as riding on their parent carbon and
nitrogen atoms. Scattering factors for the compound was taken from the

international tables for X-ray crystallography (1974, Vol.IV).
2.3. Results and discussion

The colors, elemental analytical data and melting points of both ligands
are presented in Table 2.1. Both compounds are bright yellow with very sharp

melting points.
2.3.1. Molecular and crystal structure of HL'

Figure 2.1 shows the ORTEP plot with atomic numbering' scheme.
Bond lengths and bond angles are listed in Table 2.3. There are two
crystallographically independent molecules A and B, in the asymmetric unit
with bond lengths and bond angles agree with each other and are within normal
ranges [76]. Molecules A and B are related by a pseudo-two fold rotation.
Both molecules show an E configuration about C(6)—N(3) and C(12)—N(4)
bonds relative to N(3)—N(4) bond [19]. The S and hydrazine N(3) atoms in
both molecules are in the Z configuration with respect to the C(12)—N(4) bond.
A similar configuration was observed in di-2-pyridyl ketone thiosemicarbazone

[19], where the N(4) position is unsubstituted.

The C(12)-S(1) bond distances in both molecules are typical of a C=S
double bond and indicate the existence of thione isomer in the solid state. The
parent aldehyde or ketone has a strong influence on C-S bond distance. The
electron withdrawing influence of the pyridyl rings decreases the C=S double

bond distance from the standard value. Comparison of the N(3)-N(4) bond
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Table 2.2 Crystal data and structure refinements parameters for HL' and HL?

Parameters HL' HL’
Empirical Formula Cio HisNsS Cio Hi-Ns S
Formula weight, M 311.41 34744
Temperature, T (K) 293(2) 293(2)
Wavelength, Mo Ka (A) 0.71073 0.71073
Crystal system Triclinic Triclinic
Space group Pl PI
Lattice constants a (A) 8.9191(2) 9.306
b(A) 11.2057(3) 9.497
c(A) 15.8582(4) 10.569
a(®) 103.480(1) 92.54
B 90.131(1) 99.26
y(°) 90.758(1) 104.92
Volume V (A%) 1541.12(7) 887.2
z 4 2
Calculated density, p (Mg 1.351 1.301
m”)

Absorption coefficient, g 0.214 0.194
(mm™)
F(000) 664 364

Crystal size (mm)
@ Range for data collection
Limiting indices

Reflections collected
Unique Reflections
Completeness to 6
Absorption correction
Maximum and minimum
transmission

Refinement method

Data/restraints/parameters
Goodness-of:fit on F*
Final R indices [1 > 20 (1}]
R indices (all data)
Extinction coefficient

Largest difference peak and
hole (e A )

0.50 x 0.40 x 0.30 mm
2.531028.26
-11<h<1l,-14 <k <14,
21<1<16

9492

7124 [R(int) = 0.0826]
28.26  93.7%

Empirical

0.9385 and 0.9004

Full-matrix least-squares
on F’

7124/ 0/ 398

0.974

R/=0.0958,wR,= 0.2401
R, =0.1253, wR, = 0.2566
0.002(2)

0.967 and —1.272

0.275x0.225x0.225 mm
1.96 10 24.97.
-11<h<10,0<k <11,
-12<1<12

3316

3311 [Rfint) = 0.0111]
2497 99.9%

None

0.7242 and 0.3596

Full-matrix
on F*
3111707295
1.030
R;=0.0372,wR,= 0.0899
R;=0.0712, wR-=0.1012
0.012(2)

0.235 and -0.160

least-squares
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distance 1.371(4) A in molecule A and 1.360 (4) A in molecule B with the
corresponding distance in di-2-pyridyl ketone thiosemicarbazone (1.371 A) [19]
indicates that it is a single bond and weighted average of N(3)-N(4) bond

distance in molecules A and B suggests the existence of thione form for HL'.

Figure 2.1. PLATON diagram of the compound HL'

The N(3)-N(4) bond length in HL' is shorter than N(1)-N(2) bond distance
1.404 A reported in acetone thiosemicarbazone [77]. The explanation for the
shortened N(3)-N(4) bond distance can be attributed to the interaction of a
group on the C(6) atom. Thus aryl thiosemicarbazones can be treated as
extensively delocalised systems. The C(6A)-N(3A) and C(6B)-N(3B) bond
distances are found to be 1.299(4).and 1.308(4) A respectively are greater than
for a typical C-N double bond. The difference in bond length can be explained
by the inclusion of resonance forms involving C(6)-N(3)-N(4) which lengthens
C(6)-N(3) bond and shortens N(3)-N(4) bonds.
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Figure 2.2. Unit cell packing diagram of HL' viewed down the b-axis.

In molecule B, this ring shows disorder, so that in the major and minor
configurations, atoms C(14A) and C(14B) deviate in opposite directions by
0.382(2) and 0.543(2) A respectively, from the N(5)/C(13)/C(15)/C(16) plane.

In both molecules of A and B, the relative confirmations of two pyridyl
rings with respect to the planar thiosemicarbazone (S(1)/N(3)/N(4)/C(6)/C(12)
are conditioned by the sp® hybridized C(6) atom (the average bond angle
subtended at C(6) is 120.0° in molecule A and 119.8° in molecule B). The
dihedral angles between the thiosemicarbazone and the two pyridyl rings are
relatively small, 35.8 (1)° and 22.7 (2)° in molecule A, and 21.7 (2)° and 22.7
(2)° in molecule B), due to a resonance effect between the # systems. An
intramolecular N(4)- H(4)----N(2) hydrogen bond forms a six membered
N(2)—C(7)—C(6)—N(3)—N(4)—H(4) ring in both molecules. In the packing,
the molecules are stacked into molecular columns parallel to the b direction.

(Figure 2.2, Table 2.4)
2.3.2. Molecular and crystal structure of HL?

Figure 2.3 shows the PLATON plot of HL* with atomic numbering
scheme. Bond lengths and bond angles are listed in Table 2.3. The molecule is

non-planar as a whole, consisting of three fragments, two planar pyridine rings
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and the thiosemicarbazone moiety [19]. The structure adopts a E confirmation
about C(6)—N(3) and C(12)—N(4) bonds relative to N(3)—N(4) bond as found
in 2-acetylpyridine N(4)-methylthiosemicarbazone. The comparison of N(3)-
N(4) bond distance of 1.362(2) A with corresponding N-N bond distance of
1.44 A for unsubstituted thiosemicarbazones [77], canonical form C might exist.
The resonance form involving pyndine ring 1 would account for the shortening
of N-N distance through extensive electron delocalisation. This is supported by
shortening of bond distance C(6)-C(5) (1.487 A) in pyridine ring | as compared
to C(6)-C(7) (1.498 A) in ring 2. The C(6)-N(3) bond distance of 1.295(2) A
might also be the indication of some single bond character in accordance with
resonance form C in Scheme 1. The net result would be a'small negative charge
residing on pyridine nitrogen N(1) which is reported to be important in terms of

biological activity [77-79].

The C(12)-S(1) bond distance 1.6686(12) A is intermediate between
1.82 A for a C-S single bond and 1.56 A for a C=S double bond, respectively
[80]. The corresponding C(12)-N(4) and C(12)-N(5) are found to be 1.377(2) A
and 1.349(2) A are indicative of some double bond character is in agreement

with resonance forms of A and B in Scheme 1 as shown below [81, 82].

The compound adopts a configuration in which the atom N(3) is cis to
S(1). Rotation of the fragment by 180° about the C(12)- N(4) bond places the
sulfur at;)m, imino nitrogen and the pyridine nitrogen N(2) on the same side,
thus enabling the compound to function as a planar N,S tridentate anionic
ligand as in most thiosemicarbazones such as 2-acetylpyridine [78] and 2-

formylpyridine thiosemicarbazones [83].
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Scheme 1

Unit cell packing diagram of the ligand HL? viewed along the b-axis is
shown in the Figure 2.4. The molecules in the unit cell are arranged with in
such a way that the molecular units are geometrically opposite to each other
giving centrossymmetry to the whole crystal. The assemblage of molecules are
resulted by the diverse n-n stacking, CH-n and hydrogen bonding interactions
are depicted in Table 2.5. The pyridyl ring Cg(1) 1s involved in n-n interactions
with the pyridyl ring (Cg(2) of the neighboring unit at a distance of 4.5843 A.
The crystal structure is further stabilized by four CH-mn interactions. The
intramolecular hydrogen bonding interaction such as N(4)-H(104)---N(2),
C(8)—H(8)---N(1) and C(19)—H(19A)---S(1) at distances of 1.95, 2.52 and 2.63

A respectively in the unit cell also adds to the stability of unit cell packing.
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Table 2.3

Comparison of selected bond lengths (./i) and bond angles (*) of HL' and HL

2

Bond length HL' HL?
S(1A)-(12A) 1.671(4)

S(1B)-C(12B) 1.676(4)

N(3A)-N(4A) 1.371(4)

N(3B)-N(4B) 1.360(4)

N(3A)-C(6A) 1.308(4)

N(3B)-C(6B) 1.299(4)

N(4A)-C(12A) 1.386(4)

N(4B)-C(12B) 1.393(4)

N(5A)-C(12A) 1.349(3)

N(5B)-C(12B) 1.340(3)

S(1)-C(12) 1.6686(12)
N(3)-N(4) 1.362(2)
N(4)-C(12) 1.377(2)
N(3)-C(6) 1.295(2)
N(5)-C(12) 1.349(2)
C(6A)-N(3A)-N(4A) 118.6(3)

NG A)-N(4A)-C(12A) 118.7(3)

N(5A)-C(12A)-N(4A) 112.3(3)

N(5A)-C(12A)-S(1A) 123.2(3)

N(4A)-C(12A)-S(1A) 124.6(3)

C(6B)-N(3B)-N(4B) 118.9(3)

N(3B)-N(4B)-C(12B) 119.8(3)

N(5B)-C(12B)-N(4B) 112.4(3)

N(5B)-C(12B)-S(1B) 124.1(3)

N(4B)-C(12B)-S(1B) 123.5(3)

C(6)-N(3)-N(4) 120.94(16)
NG)-N(4)-C(12) 118.67(16)
N(5)-C(12)-N(4) 113.73(16)
N(5)-C(12)-S(1) 123.48(14)
N(4)-C(12)-S(1) 122.79(14)




Table 2.4

H-bonding, =-n and CH-n interaction parameters of the compound HL"

H-bonding

Donor---H....acceptor D-H (A) H---A (A) D---A (1) D-H---A ()
N(4A)-H(4AA)---N(2A) 0.86 1.99 2.6458 132
N(4B)-H(4BA)--N(2B) 0.86 1.94 2.6141 134
C10B-H(1B)---S(1B) 0.93 2.83 2.7057 158
C(2B)-H(2BB)---N(3A) 0.93 251 3.3561 151

n-7 interactions

Cg(1)-Res(1)----Cg(J) Ce-Cg(A) a’ p

Cg(4) [2] -> Cg(6)’ 4.3400 37.87 55.12
Cg(6)[2] -> Cg(4)* 4.3400 37.87 17.58

Eqivalent position codes
a=1-x,-y.l-z

CH-n interactions
X-H(l)----Cg(J)

N(1A)-H(1AA)[1]-> Cg(5)*
C(1A)-H(1AB)[1]->Cg(4)°
N(1B)-H(1BA)[2]->Cg(6)*
C(13B)-H(13C)[2]->Cg(6)°
C(14A)-H(14B)[1]->Cg(5)"
C(16A)-H(16A[1]->Cg(3)
C(16B)-H(16C)[2]->Cg(4)*

Cg(4)=N(1B). C(1B). C(2B). C(3B),C(4B).C(5B)
Cg(6)= N(2B), C(7B). C(8B).C(9B).C(10B).C(11B)

H--Cg (A)
2.7279
3.2198
2.8358
3.3501
3.2027
3.1103
3.0975

Eqgivalent position codes b = 1+x, y, z

c=-x,1-y, I-z
d=1-x,-y,-z
€e=2-X,-y, -2

141.18
156.58
117.32
125.56
1531.63
163.92
158.96

X-H-Cg (")

X--Cg (A)
3.4404
4.0899
3.3197
3.9929
3.9148
4.0512
4.0180

Cg(3)=N(1A),C(1A).C(2A),C(3A),C(4A),C(5A)
Cg(4)=N(1B),C(1B).C(2B),C(3B),C(4B),C(5B)
Ce(5)=N(2A),C(7A).C(8A),C(9A).C(10A),C(11A)
Cg(6)= N(2B),C(7B).C(8B),C(9B),C(10B),C(11B)

{D=Donor. A=acceptor. Cg=Centroid. a=dihedral angles between planes I and J. B=angle Cg(1)-Cg(})



Table 2.5

H-bonding, n- and CH-n interaction parameters of the compound HL?

H-bonding
Donor-H....acceptor D-H (A) H---A (A) D---A (A) D-H---A
!
N(4)y—H(104)>—N(2) 0.89 1.95 2.6424 134
C(8)—H(8)---N(1) 0.91 2.52 2.9503 109
C(19y—H(19A)---S(1) 0.94 2.63 3.0358 107
7-1 interactions
Cg(D)-Res(l)—-Cg(J) Cg-Cg(A) o B’
Cg(1)-[1]---Cg(2)* 4.5843 46.02 58.82
Cg(2)-(1)----Cg(1)° 4.5843 46.02 13.49
Equivalent position codes Cg(1)=N(1), C(1), C(2). C(3),C(4),C(5)
c=1-x1-y,-z Cg(2)=N(2)C(7),C(8),C(9).C(10).C(1 1)
CH-n interactions
X-H(I)----Cg(J) H..Cg(A) X-H--Cg (") X---Cg(")
C(4)-H([11->Cg(2)* 2.8565 127.77 3.4861
C(ID-H(1 D[11->Cg3)’ 3.3606 117.35 3.8694
C(19)-H(19)[1]->Cg3)° 3.1251 117.3 3.6058
C(l9)—H(]98)[l]->Cg,(3)b 3.1657 112.83 3.6058
Egivalent position codes a =X, y, z Cg(2)=N(2)C(7),C(8),C(9).C(10),C(11)
b=-x,1-y,1-z Cg(3)=C(14), C(15), C(16).C(17),C(18)

c=1-x,l-y,-z

(D=Donor, A=acceptor. Cg=Centroid. a=dihedral angles between planes [ & J, f=angle Cg(1)-Cg(J)))
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Figure 2.3. PLATON diagram of HL’
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Figure 2.4. Unit cell packing diagram of HL? viewed along the b-axis
2.3.3. Infrared spectra

Table 2.6 lists the tentative assignments of selected IR bands of HL' and
HL? in the 4000-400 cm™ region and their IR spectra are shown in the Figures
2.5 and 2.6 respectively. The infrared spectra of thiosemicarbazones HL' and
HL? are similar, the v(NH) region of their spectra feature broad shapeless bands,
making meaningful assignments difficult. The highest frequency band at 3428
cm” of HL' and HL? can be assigned to overlapping of v,(N-H) vibrations of
imino group N(4)H with v(O-H) vibrations of water impurity in the ligand.
A weak band at 3049 cm also is indicative of v(NH) streching vibration. The
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Figure 2.6. IR spectrum of HL?
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downward shift of v,(N-H) bands confirms the strong hydrogen bonding with

one of the pyridyl nitrogens. Strong bands at ~1580 cm’

of both ligands
suggest v(C(6)-N(3)) stretching vibration in the thiosemicarbazone moiety. A
band at 2565 cm’ due to v(S-H) is absent indicating that both ligands exist
predominantly in thione form in the solid state. This observation was further
supported by the presence of a very broad band due to v(N-H) at ca. 3428 cm’

[81].

A number of bands have contributions from v(C =S), but the many ring
vibrations of these thiosemicarbazones contribute to the complexity of the
spectra making thioamide bands difficult to assign. Higher bands appearing in
the range 1330-1360 cm™ and lower bands ca. 800 cm™ have significant
contributions from C=S stretching and C=S bending vibrations. Out of plane
pyridy! ring vibration in thiosemicarbazone of both ligands are indicated by a

medium band due to p(py) found near 640 cm™.
2.3.4. "H NMR spectra

The 'H NMR spectra of ligands HL' and HL? are shown in Figures 2.7
and 2.8 respectively and their chemical shift values are listed in Table 2.7. The
assignments of chemical shift are based on reported studies of N(4)-substituted
thiosemicarbazones derived from 2-formyl ([83], 2-acetyl [10], 2-
benzoylpyridine [42] and 2-pyridineformamide [84]. The N(4)H resonance
signals appear at a downfield value of 14.89 in HL' and 14.68 in HL’
respectively indicates hydrogen bonding with one of the pyridyl nitrogens as
shown by their crystal structure. Both ligands are found to be bright yellow
indicating that a substantial amount of bifurcated amount of £ isomer 1s present
as in 2-acetylpyridine N(4)-dialkyl thiosemicarbazones [22]. The presence of
this type of isomer has recently been found for di-2-pyridyl ketone N(4), N(4)-
dimethylthiosemicarbazones [16]. This form of thiosemicarbazone has the
hydrogen-bonding proton farthest downfield. The C(1)H resonance of the 2-

acetyl. 2-formyl and 2-benzoyl pyridine N(4)- substitutedthiosemicarbazone is
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affected by hyvdrogen bonding to pyridyl nitrogen [42, 85-89]. Therefore in di-
2-pyridyl ketonethiosemicarbazones, the pynidyl ring hydrogens would be

expected to be different and C(1)H hydrogen differs to a great extent.

L .

4 ¥ Y

Figure 2.7 "H NMR spectrum of HL' in CDCl;
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Figure 2.8. "H NMR spectrum of HL? in CDCl;
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Chapter 2
2.3.5. Electronic spectra

Solid-state electronic spectra of the compounds are listed in Table 2.8.
The ligands HL' and HL” show absorption maxima at 36232 and 37543 cm’
respectively.can be attributed to intraligand n*«— = transitions of the pyridyl
ring and imine function of the thiosemicarbazone moiety. The n*«—n transitions
are seen at. 29155 and 26882 cm™ for HL' and HL? respectively. A shoulder at
22000 cm™ and 23810 cm™ of HL' and HL? respectively indicates m*«—n
transition of thioamide function. These n*« n bands shift to higher energy on

complexation. (Figures 2.9 and 2.10).

!
>
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T T Y T T 3 T Y N T T
300 400 500 600 700 8d0 900 ico 400 500 6C¢C i00

wavelength(nm) wavelength{am)

Figure 2.9. Electronic spectrum of HL' Figure 2.10. Electronic spectrum of HL?

2.4. Concluding remarks

We have synthesized two N(4), N(4)-disubstituted ligands of di-2-
pyridyl ketone thiosemicarbazone abbreviated as HL' and HL?>. Elemental
analysis data is consistent with the empirical formula of ligands. The
compounds are further characterized by IR, '"H NMR and electronic spectral
studies. The compounds were crystallized and further characterized by X-ray
crystallographic analysis. The ligand HL' was stabilized by both inter and
intraligand hydrogen bonding whereas HL? by intramolecular hydrogen bonding
only. The results obtained from X-ray crystallographic analysis are found to be

consistent with spectral studies.
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SYNTHESIS, STRUCTURAL AND SPECTRAL
CHARACTERIZATION OF COPPER(II) COMPLEXES
DERIVED FROM LIGANDS, DI-2-PYRIDYL KETONE 3-
TETRAMETHYLENEIMINYLTHIOSEMICARBAZONE
AND DI-2-PYRIDYL KETONE N(4)-METHYL, N(4)-
PHENYLTHIOSEMICARBAZONE

3.1. Introduction

Thiosemicarbazones belong to a group of thiourea derivatives, the
biological activities of which are a function of the parent aldehyde or ketone [9.
41, 89]. Their metal complexes, especially those containing copper(ll) and
iron(Ill) are more active than uncoordinated thiosemicarbazone [90] and this
enhanced biological activity of metal thiosemicarbazones has been under
investigation for some time [50]. They are more active in cell destruction, as
well as in the inhibition of DNA synthesis [91-93]. The solution chemistry and
crystal structure of pyridine 2-carbaldehyde thiosemicarbazone [94] and its
precursor complex [CuL'(0.CMe)] [95, 96] as well as many other a-
heterocyclic carbaldehyde thiosemicarbazones [97-101] and their metal
complexes [102-105] have been studied. Biologically active copper(Il)
complexes of 2-acetylpyridine N(4)-substituted thiosemicarbazones were widely
studied [21]. Copper catalyses redox reactions in biological systems primarily

in the reduction of oxygen to water [106].

Dept. of Applied Chemistry July 2004



Chapter 3

Copper and its complexes are widely used in catalytic, oxygenation
[107] and organic reactions. Copper exists in two oxidation states, copper(l)
and copper(Il). The role of copper in organic reactions is related to its oxidation
states. In this chapter we report spectral and structural studies of copper(Il)
complexes of a potentially NNNS donor ligand, di-2-pyridyl ketone

thiosemicarbazones. The ligands chosen for the study are

(i) di-2-pyridyl ketone 3-tetramethyleneiminylthiosemicarbazone (HL"
(i1) di-2-pyridyl ketone N(4)-methyl, N(4)-phenyithiosemicarbazone (HLY).

In this chapter we describe the preparation of thirteen copper(Il)
complexes of HL' and HL? and their characterization by various methods such
as partial elemental analyses, molar conductivity, magnetic susceptibility at
room temperature and IR, EPR and electronic spectra.. Four copper(ll)
complexes were analyzed meticulously by single crystal X-ray diffraction

methods.
3.2. Experimental
3.2.1. Materials and methods

Ligands HL' and HL? were synthesized by methods as described in

Chapter 2. Following materials and solvents were used

Copper(Il) acetate monohydrate (Merck), copper(ll) sulfate
pentahydrate (Merck), copper(ll) nitrate hemipentahydrate (Merck), copper(II)
chloride dihydrate (Merck), potassium thiocyanate (Merck). sodium azide

(Merck), copper(Il) bromide (Merck) were used as received.

Solvents used: Ethanol (99%), and methanol (99%) were purified before use by

reported methods.
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3.2.2. Physical measurements

Elemental analyses (C. H. N) were carried out using a Heraeus
Elemental Analyzer at RSIC. CDRI, Lucknow, India. Molar conductance
measurements of the complexes were carried out in DMF solvent at 28 2 °C on
a Centuary CC-601 digital conductivity meter with dip type cell and platinum
electrode. Approximately 10 solutions were used. The magnetic susceptibility
measurements were made using a Vibrating Sample Magnetometer (VSM) at
IIT, Roorkee. IR spectra were recorded on a Shimadzu DR 8001 series FTIR
instrument as KBr pellets for spectra run from 4000 to 400 cm'l, and far IR
spectra of sample in polyethylene disc for the range 500-100 cm™ in a Nicolet
Magna 550 FTIR instrument. Electronic spectra in the solid state were recorded
on Ocean Optics SD 2000 Fibre Optic Spectrometer at our center. Single
crystal XRD were done using a Bruker SMART APEX CCD diffractometer at
[ISc, Banglore.

3.2.3. Syntheses of complexes

The general method of syntheses of copper complexes (1-8) of HL' is as

described below.

Copper(Il) complexes were prepared by refluxing an equimolar solution
of the ligand HL' in 20 ml of hot ethanol and the appropriate copper(Il) salt in
the same solvent for two hours. The complex [Cu,L'Cls] was prepared by
refluxing ethanolic solutions of ligand HL' (1 mmol) and CuCl>-2H,0 (2 mmol)
for two hours. Azido and thiocyanato complexes were prepared by refluxing an
equimolar mixture of ligand and copper(Il) acetate in hot methanol and to the
refluxing solution, sodium azide or potassium thiocyanate was added in portions
in the same molar ratio. On slow evaporation at room temperature, dark blue
crystals of complexes separated out, which were collected. washed with water,

followed by ether and dried over P,Oyq in vacuo.

Dept. of Applied Chemistry 34 July 2004



Chapter 3

Copper(Il) complexes of HL? were prepared by similar methods as

described above.

Out of eight copper(Il) complexes of HL', five of them have the
empirical formula [CuLIX] where X= CI(1),Br (2), NOs (3). N3 (4), SCN (5).
With copper perchlorate and HL' yielded the complex [Cu,L'5(OH)]CIO; (6).
With copper(Il) chloride another complex was also yielded with empirical
formula [CuleC13] (7). With copper(Il) sulfate HL' yielded the complex of the
empirical formula [CusL'5(S04)] (8).

Five copper(Il) complexes were prepared using HL? and they have the
composition [CuLzX] where X= Cl (9), Br (10), NO; (11), N3 (12). With
copper(Il) sulfate HL? yielded the complex having the empirical formula
[CuL'(SH)]-H,0 (13)

3.2.4. X-ray crystallography

Single crystal. of compound 8 for X-ray analysis was grown by slow
evaporation of the complexes in 1:1 mixture of methanol and chloroform. Dark
blue triclinic crystals of the complex [CusL,'(SO4)]2-6H,0 having dimensions
0.40 x 0.35 x 0.30 mm with PI symmétry were sealed in a glass capillary for X-
ray crystallographic study. The intensity data was measured at room
temperature on a SMART APEX CCD diffractometer equipped with graphite-
monochromated Mo Ka (A= 0.71073 A) radiation. Selected crystal data and
data collection parameters are given in Table 3.2. The intensity data were
collected by Q - ¢ mode within 1.60° < 8<27.46° for hkl (-13 <h < 13,-16<k <
17, -18 <1< 18) in a triclinic system. Out of 19156 reflections collected, 7528
unique reflections were used for structural analysis. The collected data were
reduced using SAINT program [70] and the empirical absorption was carried
out using the SADABS program [71]. The trial structure was obtained by direct
methods using SHELXTL [72], which revealed the position of all non-hydrogen
atoms and refined by full-matrix least squares on F? (SHELXL-97) [73] and
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graphic tool was PLATON for windows [74]. The non-hydrogen atoms were
refined with anisotropic thermal parameters. All the hydrogen atoms were
geometrically fixed and allowed to refine using a riding model. Absorption

corrections were employed using ¢-scan (7,,,,= 0.6818 and 7,,,,=0.6078).

Crystal structure of the compound 10 was analyzed by the same method
as described above. Single crystals of the compound 10 suitable for X-ray
analysis were grown by slow evaporation of the complex in 1:1 mixture of
methanol and chloroform. Dark blue rectangular monoclinic crystal of
[CuL’Br], having dimensions 0.41 x 0.13 x 0.11 mm with P2,/c symmetry was
sealed in a glass capillary for X-ray crystallographic study. Selected crystal
data and data collection parameters are given in Table 3.2. The intensity data
are collected by € - @ mode within 2.36° <8 <27.98° for hkl (-11 <h <11, -22
< k <22,-17 <1 < 16) in a monoclinic system. Out of 17855 reflections
collected, 4877 unique reflections were used for structural analysis. Absorption

corrections were employed using @-scan (7,,,,= 0.3596 and 7,,,,= 0.7242).

Crystal structure of the compound 12 was analyzed by the same
procedure as described above. Single crystals of the compound suitable for X-
ray analysis were grown by slow evaporation of the complex in 1:1:1 mixture of
methanol, chloroform and acetone. Dark blue rectangular monoclinic crystal of
[CuLZ(N3)]2 having dimensions 0.30 x 0.12 x 0.09 mm with P2,/c symmetry
was sealed in a glass capillary for X-ray crystallographic study. Selected crystal
data and data collection parameters are given in Table 3.2. The intensity data
were collected by Q2 - ¢ mode within 1.66° <6 <28° for hkl (-16 <h <16,-16 <
k<16, -16<1 < 16) in a monoclinic system. Out of 17083 reflections collected
4682 unique reflections were used for structural analysis.  Absorption

corrections were employed using ¢-scan (7= 0.8978 and 7,,,,= 0.7102).

Crystal structure of the compound 13 was analyzed by the same method

as described above. Single crystals of the compounds for X-ray analysis were
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grown by slow evaporation of the complexes in 1:1:1 mixture of methanol and
chloroform and acetone. Dark blue rectangular monoclinic crystal of
[CuLZ(SH)]2~HzO having dimensions 0.36 x 0.32 x 0.29 mm with P2,/c
symmetry were sealed in a glass capillary for X-ray crystallographic study.
Selected crystal data and data collection parameters are given in Table 3.2. The
intensity data were collected by Q - ¢ mode within 1.95° < 8§ < 27.32° for hkl (-
11 <h <11, -21 £k €21, 16 <1 < 16) in a monoclinic system. Out of 15767
reflections collected, 4223 unique reflections were used for structural analysis.
Absorption corrections were emploved using ¢-scan (7= 0.7084 and T,,;,=

0.6558).

3.3. Results and discussion

-~

Analytical data are summarized in Table 3.1. Thirteen copper(I])
complexes are prepared and partial elemental analyses values agree good with
the proposed empirical formulas [Cu(L")X] and [Cu(L*)X] where X = Cl, NOs,
Br N;. and SCN, [Cuz(Ll)2X] where X= SO,. However HL? yielded a
compound of formula [Cu(Lz)SH] with copper(I) sulphate [26]. With HL' and
CuCl; in 1:2 molar ratio, a complex of the composition [CuzLICl3] was also
isolated. With copper perchlorate and HL' in 1:1 molar ratio yielded the
complex [Cu;L',(OH)]ClO,. All complexes are blue in color except perchlorate
complex, which is greenish yellow. Color is common to the complexes
involving thiosemicarbazone coordination, resulting from the sulfur to metal
charge transfer bands [108, 109]. Conductivity measurements in DMF solution
(10° M at 298 K) indicate that all complexes are essentially non-electrolytes
suggesting that the ligand behaves as a uninegative ion, coordinates to
copper(ll) and the absence of gegenion outside the coordination sphere.
Magnetic moment values calculated are found to be not in accordance with that

for monomers.
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Chapter 3
3.3.1. Molecular and crystal structure of [Cu;L 2'(504)/,7'6H_70 8)

Figure 3.1 illustrates the structural features of the complex for which
selected bond lengths and bond angles are listed in Tables 3.3 and 3.4. The
structure contains four units comprising of two identical units of Cu(1)L' (1 and
4) and two identical Cu(2)L' (2 and 3) respectively. Each copper atom in (1 and
4) 1s coordinated to pyridyl nitrogen, azomethine nitrogen and thiolate sulfur of
the thiosemicarbazone moiety and oxygen of the bridging sulfato group. Each
copper atom in sub units 1 and 4 is tetracoordinate. The bond distances are
Cu(1)-S(1) (2.2771(12) A), Cu(1)-0(12) (1.9322(15) A), Cu(l)-N(1)
(2.0274(18) A), Cu(1)-N(3) (1.9493(17) A). The Cu-Npyriayi bonds are 0.0781 A
greater than Cu-Njnine bonds that determines the strength of azomethine nitrogen
coordination. The bond length and bond angle values suggest a square planar
geometry about Cu(l) with some amount of distortion. The pyridine nitrogen
N(1), immo nitrogen N(3) and the thiolate sulfur S(1) together with O(12) of the
sulfato group constitute the square plane around Cu(l). The configuration of
the thiosemicarbazone chain about C(6)-N(3) bond is Z which*facilitate the
coordination of thiolate sulphur to copper(Il) in 1 and 4 sub units. The C(6)-
N(3) bond length is 1.297(2) A is slightly shorter than C(6)-N(3) bond distance
of 1.308(4) A of the free ligand. This indicates that there is no clear decrease in
the double bond character of the C-N azomethine bond on chelation to the
copper(Il) ion. This can be attributed to the stabilization of the C-N azomethine
bond in the copper(Il) complexes due to the presence of an important metal-to-
ligand m-back donation. The delocalisation of electron density in the
thiosemicarbazone moiety gives rise to a reduction in the N(3)-N(4) bond length
in the co_mplex compared to the uncomplexed thiosemicarbazone. The loss of
proton bound to N(4) in HL' produces a negative charge, which is delocalised
on the N(3)-N(4)-C(12) system. This is indicated by the lengthening of the
bond S(1)-C(12) (1.7451(2) A) compared to the bond length 1.671(4) A in the
free ligand. The decrease in the bond length of C(12)-N(4) to 1.329(2) from

1.386(4) A of the free ligand also supports thiolate formation. The bond angles
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S(1)-Cu(1)-0(12) (97.72(5)°), S(1)-Cu(1)-N(1) (164.20(4)%), S(1)-Cu(1)-N(3)
(84.61(5)°), O(12)-Cu(1)-N(1) (96.22(6)°), O(12)-Cu(1)-N(3) (172.04(6)°),
N(1)-Cu(1)-N(3) (80.60(6)°) are quite far from square planar geometry
revealing the distortion of the square plane éomprising of Cu(1l), O(12). S(1).
N(3) and N(1) atoms. The copper centers in | and 2 subunits are at a larger
distance (3.578 A), indicating a weak or no copper-copper interaction. The
dihedral angle between the planes Cu(1)/S(1)/C(12)/N(4)/N(3) and
Cu(1)/N(2)/C(5)/C(6)/N(1) is 5.71° suggesting coplanarity of the metal chelate

rings.

Each copper atom in units 2 and 3 is pentacoordinate with the bond
distances Cu(2)-S(3) (2.2871(12)A), Cu(2)-0(11) (1.9386(13) A), Cu(2)-N(1A)
(2.0255(17) A), Cu(2)-N(3A) (1.9534(15) A), Cu(2)-NQ2A) (2.5958 A)
adopting a square pyramidal geometry with N(2A) at the apical site. The bond
angles S(3)-Cu(2)-N(2A) (99.06°). O(11)-Cu(2)-N(2A) (90.49°). N(1A)-Cu(2)-
N(2A) (82.47°), N(2A)-Cu(2)-N(3A) (110.48°%), N(1A)-Cu(2)-S(3) (164.61(4)°)
indicates a distorted square pyramidal geometry around copper(ll) with pyridyl
nitrogen N(2A) is positioned at the apical site having the bond length Cu(2)-
N(2A) (2.5958 A). The pyridyl nitrogen N(1A), the imino nitrogen N(3A), and
the thiolate sulfur S(3) atom together with O(11) of the sulfato group constitute
the basal plane. The dihedral angle between the planes
Cu(1)/O(12)/S(2)/0(11)/Cu(2) and S(3)/C(12A)/N(4A)N3A/Cu(2) is 51.06°
and that of the planes S(3)/C(12A)/N(4A)/N(3A)/Cu(2) and
N(TA)/C(SA)/C(6A)YN(3A)Cu(2) is 3.10° suggesting that both newly formed
metal chelate rings are coplanar. The bond lengths in basal plane agree with
those found in copper(Il) complexes containing thiosemicarbazones which act
as uninegative tridentate ligands [110]. The electron withdrawing ability of the
basal sulfato ligand weakens the axial N(2A)-Cu(2) bond leading to a less
distorted square pyramidal geometry around copper(ll). This is supported by
observed bond angles for copper atom as given in Table 3.4. [If we use the 1

parameter where t = (a-£)/60, (where T = 0 for a square pyramidal geometry and
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t =1 for a trigonal bipyramidal geometry) defined by Addison et al. to quantify
geometry [111]. Cu(1)-N(2A) is selected as the axial site from the square plane
and N(1A)-N(3A)-S(3)-O(11) constitutes the basal square plane around Cu(2).
So a = S@3)-Cu(2)-N(1A) (164.61(4)°) and B = O(11)-Cu(2)-N(3A)
(156.94(6)°), = 0.12. This means that coordination geometry around Cu(2) is
very close to a square pyramidal arrangement. The distance between copper
centers of 2 and 3 subunits is at 5.563 A, which exceeds the minimum required

distance for Cu-Cu interaction suggesting no metal-metal interaction.

Figure 3.1. PLATON diagram of [Cu,L'»(S04)],-6H,0 (10)
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Table 3.3
Selected bond lengths (A) of HL' and [CuL.'(SO,)]»-6H,0

Bond length HL' [Cu,L'(S04))+-6H-0
Cu(1)-S(1) 2.2771(12)
Cu(1)-0(12) 1.9322(15)
Cu(1)-N(1) 2.0274(18)
Cu(1)-N@3) 1.9493(17)
Cu(2)-S(3) 2.2871(12)
Cu(2)-0(11) 1.9386(13)
Cu(2)-N(1A) 2.0225(17)
Cu(2)-N(2A) 2.5958
Cu(2)-N(3A) 1.9534(15)
S(1)-C(12) 1.671(4) 1.745(2)
S$(2)-0(11) 1.4967(13)
$(2)-0(12) 1.4886(14)
S(2)-0(13) 1.4449(15)
S(3)-C(12A) 1.7423(18)
N(3)-C(6) 1.308(4) 1.297(2)
N(GA)-C(6A) 1.308(4) 1.304(2)
N(3)-N(4) 1.371(4) 1.349(2)
N(3A)-N(4A) 1.371(4) 1.349(2)
N(4)-C(12) 1.386(4) 1.329(2)
N(4A)-C(12A) 1.386(4) 1.330(2)
N(5)-C(12) 1.349(5) 1.336(2)
N(5A)-C(12A) 1.349(5) 1.337(2)




Table 3.4
Selected bond angles (°) of HL' and [Cu,L,'(SO,)],6H,0

HL' [Cu,L'5(SO4)]56H,0
S(1)-Cu(1)-0(12) 97.72(5)
S(1)-Cu(1)-N(1) 164.20(4)
S(1)-Cu(1)-N(3) 84.61(5)
O(12)-Cu(1)-N(1) 96.22(6)
O(12)-Cu(1)-N(3) 172.04(6)
N(1)-Cu(1)-N(3) 80.60(6)
S(3)-Cu(2)-0(11) 101.66(4)
S(3)-Cu(2)-N(1A) 164.61(4)
S(3)-Cu(2)-N(2A) 99.06
S(3)-Cu(2)-N(3A) 84.89(5)
O(11)-Cu(2)-N(1A) 93.63(5)
O(11)-Cu(2)-NQ2A) 90.49
O(11)-Cu(2)-N(3A) 156.94(6)
N(1A)-Cu(2)-N(2A) 82.47
N(1A)-Cu(2)-N(3A) 80.27(6)
N(2A)-Cu(2)-N(3A) 110.48
NGA)-Cu(2)-S(3) 84.89(5)
N(1A)-Cu(2)-S(3) 164.61(4)
N()-N(3)-C(6) 118.6(3)  119.13(14)
N(4A)-N(3A)-C(6A) 118.6(3)  119.09(14)
N(3)-N(4)-C(12) 118.7(3)  112.23(14)
N(GA)-N(4A)-C(12A) 118.7(3)  112.50(13)
N(5)-C(12)-N(4) 112.3(3)  114.88(16)
N(5A)-C(12A)-N(4A) 112.3(3)  114.19(14)
N(3)-C(12)-S(1) 123.2(3)  119.75(14)

N(5A)-C(12A)-S(3) 123.2(3)  119.91(13)
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Figure 3.2 shows the unit cell-packing diagram of the tetrameric complex
is viewed down the a-axis. There are two 2 molecules in the unit cell arranged
in a parallel fashion. The assemblage of molecules in the respective manner in
the unit cell is resulted by the diverse m - = stacking, CH-n and ring-metal
interactions as shown in Tables 3.5 and 3.6. The metal chelate rings Cg(4) and
Cg(7) of 2 and 3 units are involved in n-m interactions with the pyridyl ring of
the neighboring unit at average distances of 3.7415 and 3.6512 A. In addition
to the n-w stacking, the CH-x interactions between the pyridyl hydrogen and the
metal chelate rings contribute to the stability of the unit cell packing. Short
ring-metal interaction of the chelate ring Cg(3) with Cu(l) and Cu(2) of the
neighboring unit is observed at distances of 3.666 and 3.844 A respectively
from the copper center. The interaction of chelate rings Cg(4) and Cg(5) of the
unit 2 with Cu(l) of 1 and 4 units at a distance of 3.346 and 3.752 A
respectively adds to the stability of the unit cell..

Figure 3.2. Unit cell packing diagram of [CusL'5(S04)],-6H,0 (10) viewed down

the a- axis.
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Table 3. §
H-bonding and n-—- interaction parameters for [Cu,L,'(SO,)|.:6H,0

H-bonding ,
Donor---H...A D-H(A) H--A(A) D--A(A) D-H---A (°)
O(1)---H(11)---0(13) 0.87 1.94 2.8073 175
O(1)---H(101)---O(3) 0.69 2.19 2.8715 171
0O(2)---H(200)---0O(14) 0.73 2.10 2.8048 163
0O(2)---H(201)---0O(14) 0.75 2.24 2.9570 161
0O(3)---H(300)---0O(2) 0.75 2.09 2.8287 168
0O(3)---H(301)---O(1) 0.64 2.17 2.7979 170
C(1A)---H(1A)---O(2) 0.95 2.56 3.4637 160
C(2)---H(2)---0(3) 0.93 2.45 3.3389 159
C(4)---H(4)---N(2) 0.95 2.49 3.113 123
C(8A)---H(8A)---N(5) 0.94 2.62 3.5360 164
C(1TA)---H(11A)---O(11) 0.95 2.59 3.1619 118
C(11A)---H(11A)---O(13) 0.95 2.59 3.5120 164
7----7 interactions .
Cg(I)-Res(1)---—-Cg(J) Cg-CgA)  a() BC)
Cg(3)-[1]----Cg(4)® 3.3457 14.65 16.19
Ce(3)-[1]----Cg(7)° 3.3703 15.37 13.24
Cg(4)-[1]----Cg(3)° 3.3457 14.65 1.54
Cg(4)-[1]----Cg(5)° 3.3637 14.37 5.31
Cg(4)—[1]----Cg(l«’-’:)b 3.7415 5.18 26.63
Cg(5)-[1]----Cg(4) 3.3637 14.37 16.16
Cg(5)-[1]----Cg(7)* 3.4142 15.00 15.45
Cg(7)-[1}----Cg(3)* 3.3703 15.37 05.64
Cg(7)-[1}----Cg(5)* 34142 15.00 10.82
Cg(N)-[1 ]----Cg(l4)b 3.6512 04.10 24.76
Cg(8)-[1]---Cg(8) 3.5172 0.00 19.10
Cg(]4)—[l]---Cg(4)b 3.7415 05.18 29.40
Cg(]4)—[]]-—--Cg(7)b 3.6512 04.10 26.32
Egivalent position codes: Cg(3)=Cu(l), S(1). C(12), N4)
a=x)y,z Cg(4)=Cu(2), S(3). C(12A), N(4A)

=X, -y, -Z Cg(5)= Cu(1), S(1). C(12), N(4),N(3)

Ce(7)=Cu(2),S(3),C(12A).N(4A),N(3A)
Cg(8)=Cu(2),N(1A).C(5A).C(6A).N(3A)
Ce(14)=N(1A).C(1A).C(2A),C(3A),C(4A).C(5A)

(D=Donor. A=acceptor. Cg=Centroid. . u=dihedral angles between planes | & I. B=anglc Cg(1}-Cg(l)



Table 3. 6
CH—m, and ring-metal interaction parameters of [Cu;LJ'(SO4)2]-6HZO

CH-—mn interactions

X-H(I)----Cg(]) H..Cg(A) X-H..Cg (") X-H..Cg (")
C(4A)-H(4A)----Cg(4)b 3.3153 80.05 3.2957
C(4A)-H(4A)----- Cg(7)b 3.3660 76.58 3.2826
C(8A)-H(8A)----- Cg(9)b 2.8918 140.20 3.6612
C(10A)-H(10A)----Cg(15)°  3.0467 151.69 3.8815
C(15A)-H(15B)-----Cg(1 6)d 3.3162 159.61 4.1800
C(16A)-H(16A)----- Cg(6)" 3.1225 136.23 3.8890
Equivalent position codes Cg(4)=Cu(2), S(3), C(12A), N(4A)
a<x,y,z Cg(6)=Cu(1), N(1), C(5), C(6),N(3)
b=-x-y,-z Cg(7)= Cu(2), S(3), C(12A), N(4A),N(3A)
c=x,-1+y, z Cg(9)=N(5), C(13), C(14),C(15),C(16)
d=1-x,-y, -z Cg(15)=N(2), C(7), C(8),C(9),C(10),C(11)

Cg(16)=N(2A),C(7A),C(8A),C(9A),C(10A),C(11A)
Ring- metal interaction '

Cg(l) Res(l) Me(J) Cg(1)-Me(]) (A) Beta (°)
Cg(3) [ 1]->Cu(1) 3.666 18.84
Cg(3) [ 1]-> Cu(2) 3.884 38.81
Cg(4) [ 11> Cu(1)3* 3.346 30.69
Cg(5) [ 1]->Cu(l) 3.752 21.75
Cg(5) [ 11> Cu2) 3.975 41.57
Cg(7) [ 17> Cu(1) 3.498 35.14
Eqivalent position codes Cg(3)=Cu(1), S(1), C(12), N(4)
a=x,y,z Cg(4)=Cu(2), S(3), C(12A), N(4A)
e=-x,-y, l-z Cg(5)= Cu(1), S(1), C(12), N(4).N(3)

Cg(7)=Cu(2), S(3). C(12A), N(4A),N(3A)

(D=Donor, A=acceptor. Cg=Centroid, , a=dihedral angles between planes | & J. f=angle Cg(1)-Cg(J)
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The crystal structure is further stabilized by six C—H-n interactions. The
intra and intermolecular hydrogen bonding forces are strong within the unit cell.
The hydrogen bonding interactions such as C(11A)-H(11A)--O(11) and
C(11A)---H(11A)---O(13) are intramolecular whereas the other hydrogen
bonding interactions are intermolecular. Thus n-n, C-H-n, ring-metal and
hydrogen bonding interactions stabilize the unit cell and point out the possibility
for metalloaromaticity — a classic concept recently reviewed by Masui [112].
The intra and intermolecular hydrogen bonding interactions coexist with other

interactions in the unit cell.
3.3.2. Molecular and crystal structure of [C uL’Br/,

The labeled asymmetric. PLATON plot of the compound [CuL’Br], (10)
is shown in Figure 3.3. Selected bond lengths and bond angles for the
compound are presented in Table 3.7. Crystal structure by X-ray diffraction
reveals that the compound consists of .a three-dimensional copper—
thiosemicarbazone network. The structure consists of two units of [Cul?].
Thus the three dimensional arrangement consists of two copper-
thiosemicarbazone units where the apical position of copper(Il) atom of each
unit 1s occupied by the pyridine N(2) nitrogen of the second sub unit.. The
structure contain two copper centers where each center is pentacoordinate with
pyridyl nitrogen, azomethine nitrogen, thiolate sulfur, bromide ion and pyridy!
nitrogen N(2) of second thiosemicarbazone moiety. If we use the T parameter
where t = (a-f)/60, (where 7 =0 for a square pyramidal geometry and t =1 for a
trigonal bipyramidal geometry) defined by Addison et al. to quantify geometry
[111]. Cu (1)-N(2) 1s selected as the axial site from the square plane and N(1)-
N(3)-S(1)-Br(1) constitutes the basal square plane around Cu(l). So a = S(1)-
Cu(1)-N(1) (163.28° and f = Br(1)-Cu(1)-N(3) (148.14°),then 7 = 0.25 . This
means that coordination geometry is very close to a distorted square pyramid.
Copper atom in each of the sub unit is coordinated by bond distances Cu(1)-S(1)

(2.2565(12)A), Cu(1)-Br(1) (2.4135(12) A). Cu(1)-N(1) (2.019(3) A). Cu(1)-
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N@3) (1.9793(2) A), Cu(1)-N(2) (2.352(4) A). The loss of a N(4)-H in HL?
produces a negative charge, which is delocalised on the N(3)-N(4)-C(12)
system. This is indicated by the lengthening of the bond S(1)-C(12) to 1.721(3)
A compared to that of 1.6686(12) A in the free ligand. The decrease in the bond
length of C(12)-N(4) to 1.343(3) from 1.377(2) A of the uncomplexed
thiosemicarbazone also supports thiolate formation. The bond angles are quite
far from perfect square pyramidal geometry with distortion of the basal square
planes comprising of Br(1), S(1), N(3) and N(1) atoms. The Cu-Np,ra,i bonds
are 0.04 A larger than Cu-Njpipe bonds shows the strength of azomethine
nitrogen coordination. The configuration of the thiosemicarbazone chain about
C(6)-N(3) bond is Z which facilitate the coordination of thiolate sulphur to
copper(Il) in the complex. The C(6)-N(3) bond distances in the complex is
1.295(3) A in comparison to that of C(6)-N(3), 1.298(3) A in the free ligand..
This indicates that there is no clear decrease in the double bond character of the
C-N azomethine bond on chelation to the copper(Il) ion. This can be attributed
to the stabilization of the C-Ngomemine bond in the copper(Il) complexes due to
the presence of an important metal-to-ligand n-back donation.  The
delocalisation of electron density in the thiosemicarbazone moiety gives rise to
a reduction in the N(3)-N(4) bond length compared to the uncomplexed
thiosemicarbazone. The bond angles Br(1)-Cu(1)-S(1) (95.22(3)°), Br(1)-
Cu(1)-N(1) (96.81(8)°), Br(1)-Cu(1)-N(2) (97.60(7)°), Br(1)-Cu(1)-N(3)
(148.14(7)°), S(1)-Cu(1)-N(1) (163.28(8)°), S(1)-Cu(1)-N(2) (100.88(7)°). S(1)-
Cu(1)-N(3) (83.60(7)°), N(1)-Cu(1)-N(2) (89.00(10)°), N(1)-Cu(1)-N(3)
(80.05(10)°), N(2)-Cu(1)- N(3) (113.93(10)°) are quite far from square
pyramidal geometry with distortion of the basal square planes comprising of
Cu(l), Br(1), S(1), N(3) and N(1) atoms. The dihedral angle constituted by the
planes N(1)/C(1)/C(2)/C(3)/C(4)/C(5) and N(1)/C(5)/C(6)/N(3)/Cu(l) is 2.98°
suggests that the pyridyl ring and the newly formed metal chelate ring are
coplanar. Copper atom shows the maximum deviation of 0.0076° in the plane

N(1)/C(5)/C(6)/N(3)/Cu(1l). The dihedral angle between the planes
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Cu(1)/N(1)/C(5)/C(6)/N3 and Cu(1)/N(3)/N(4)/C(12)/S(1) is 3.10° also suggests

that the newly formed metal chelate rings are coplanar.

Figure 3.3. PLATON diagram of [CuL’Br]> (10)

Figure 3.4 shows the unit cell-packing diagram of the compound viewed
down the a-axis. The molecules are arranged in such a manner that four
molecules in the unit cell are placed at the four edges and one at the center of
the unit cell giving centrosymmetry to the whole crystal. The molecule in the
center is linked perfectly through hydrogen bonding interaction with four

molecules placed at the edges of the unit cell. The molecules are also packed in
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the unit volume cell through n-¢ interaction between the metal containing
chelate rings and aromatic hydrogen atoms. The assemblage of molecules in
the respective manner in the unit cell are resulted by the diverse n-w stacking,
CH-=n and ring-metal and hydrogen bonding interactions are depicted in Table
3.8. The metal chelate rings Cg(1) is involved in m-m interactions with the
pyridyl ring Cg(3) of the neighboring unit at a distance of 3.6581 A. The metal
chelate rings Cg(1) and Cg(2) are also involved in n—mn interaction with metal

chelate rings of the neighboring molecule at a distance of 4.0193 A.

Figure 3.4. Unit cell packing diagram of [CuL'Br], viewed down the a-axis

These interactions are more related to a =n deficient - =

deficient interaction leading to a stable structure. The crystal structure is further
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Table 3.7

Comparison of selected bond lengths (A) and bond angles (*) of HL” and

[CuL’Br},
HL? [CuL’Br],
Br(1)-Cu(1) 2.4135(12)
Cu(1)-S(1) 2.2565(12)
Cu(1)-N(1) 2.019(3)
Cu(1)-N(3) 1.9793(2)
Cu(1)-N(2) 2.352(4)
S(1)-C(12 1.6686(12) 1.721(3)
N(3)-N(4) 1.362(2) 1.354(3)
N(4)-C(12) 1.377(2) 1.343(3)
N(5)-C(12) 1.3489(2) 1.344(4)
N(3)-C(6) 1.295(2) 1.298(3)
Br(1)-Cu(1)-S(1) 95.22(3)
Br(1)-Cu(1)-N(1) 96.81(8)
Br(1)-Cu(1)-N(2) 97.60(7)
Br(1)-Cu(1)-N(3) 148.14(7)
S(1)-Cu(1)-N(1) 163.28(8)
S(1)-Cu(1)-N(2) 100.88(7)
S(1)-Cu(1)-N(3) 83.60(7)
N(1)-Cu(1)-N(2) 89.00(10)
N(1)-Cu(1)-N(3) 80.05(10)
N(2)-Cu(1)-N(3) 113.93(10)
C(6)-N(3)-N(4) 120.94(16)
N(3)-N(4)-C(12) 118.67(16) 111.1(2)
N(5)-C(12)-N(4) 113.73(16) 115.6(3)
N(5)-C(12)-S(1) 123.48(14) 118.9(2)
N(4)-C(12)-S(1) 122.79(14) 125.4(2)




Table 3.8

H- bonding, n----m and CH----r interaction parameters of [CuszzBrzl

H-bonding

Donor---H...acceptor
C(2)----H(2)---S(1)

C(11)---H(11)---Br(1)
n--—7 interactions
Cg(I)-Res(D)----Cg(J)
Ceg()-(D---Cg(2)*
Cg()-(D---Cg(3)*
Cg(2)-(D)----Cg(2)*
Cg(3)-(1)----Cg(1)*

Equivalent position codes
a=l-x, [-v. l-z

CH----mt interactions
X-H(D)----Cg(J)
C8-H(8)(1)----Cg(1)
C(10)-H(10)~(1)----Cg(5)"

Equivalent position codes
=-l+x.yv. 2
d=-1+x J'2-y,-Y2 4z

D-H (A)
0.99
0.85

Cg-Cg(A)

4.0193
3.6581

H-—A(A) D--A(A) D-H--A(%)

2.75 3.6581 153

2.92 3.4753 124
a(’) BC)
3.10 38.78
6.07 25.01
0.00 18.44
6.07 25.51

Cg(1)=Cu(l), S(1). C(12). N(4).N(3)
Cg(2)=Cu(1), N(1), C(5), C(6).N(3)
Cg(3)= N(1), C(1), C(2), C(3).C(4).C(5)

H.CgA) X-H.Cg () X-H.Cg()

3.0810
2.6491

146 3.8674
166.19 3.5908
Cg(5)=C(13), C(14),
C(15),C(16),C(17),C(18)
Cg(1)=Cu(1), S(1), C(12), N(4).N(3)

{D=Donor. A=acceptor. Cg=Centroid. a=dihedral angles between planes [ & J. B=angle Cg(1)-Cg(}))
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stabilized by two CH-m interactions. The intermolecular hydrogen bonding
interactions such as C(2)-H(2)---S(1) and C(11)-H(11)---Br(1) are at distances
of 2.80 and 2.92 A respectively adds to the stability of in the unit cell. Thus n-
n stacking, the CH-m interactions contribute to its stability. These interactions

lead to possibility for metalloaromaticity [112].
3.3.3. Molecular and crystal structure of [C uL’N, 3/

The asymmetric unit of compound [CuL2N3]3 (12) 1s shown in Figure
3.5 consists of two molecules characterized by a two fold axis perpendicular to
the Cu(1)\N(6)\Cu(2)\N(6a) plane resulting in a centrosymmetric closely
associated crystallographically equivalent molecules bridged via N(6) atoms of
the azido group. Selected bond lengths and bond angles are presented in Table
3.9. Each copper atom in the dimeric unit is pentacoordinate with pyridyl
nitrogen N(1), azomethine nitrogen N(3), thiolate sulfur S(1) and N(6) of the
azido group [N(6)-N(7)-N(8)] and nitrogen atoms of the bridging azido group
[N(6a)-N(7a)-N(8a)] .adopting a distorted square pyramidal geometry with
N(6a) at the apical position. The copper center of the second subunit has a
similar type of coordination with another thiosemicarbazone unit. azido ligand
N(6a)-N(7a)-N(8a) and bridges with N(6) nitrogen of the other azido ligand
[N(6)-N(7)-N(8)] giving rise to a distorted square pyramidal geometry. Each
copper atom is pentacoordinate with bond distances Cu(1)-S(1) (2.2603(11) A),
Cu(1)-N(6) (1.956(2) A), Cu(1)-N(1) (2.0269 A), Cu(1)-N(3) (1.964(2) A).
Cu(1)-N(6a) (2.5628 A). The azido group acts as a bridging ligand that bridges
the two copper centers. The Cu-Npyrigy bond length is 0.0629 A greater than
Cu-Nimine bond that suggesting the strength of azomethine nitrogen
coordination. The coordination geometry about Cu(l) is square pyramidal with
N(6a) at the apex of the square pyramid with some amount of distortion where
pyridine nitrogen N(1), imine nitrogen N(3), thiolate sulfur S(1) and N(6) of
bridging azido group together forms the basal square plane around Cu(1). The

configuration of the thiosemicarbazone chain about C(6)-N(3) bond is Z which
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facilitate the coordination of thiolate sulphur to copper(Il) in the complex.. The
C(6)-N(3) bond distances in the complex is observed at 1.299(3) A in
comparison to the C(6)-N(3) bond distance of 1.295(2) A in the free ligand.
This indicates that there is no clear decrease in the double bond character of the
C-N azomethine bond on chelation to the copper(Il) ion. This can be attributed
to the stabilization of the C-Nyzomemine bond in the copper(Il) complexes due to
the presence of an important metal-to-ligand n-back donation.  The
delocalisation of electron density in the thiosemicarbazone moiety gives rise to
a reduction in the N(3)-N(4) (1.370(2) A) compared to the uncomplexed
thiosemicarbazone. The loss of N(4)-H proton in HL? produces a negative
charge. which is delocalised on the N(3)-N(4)-C(12) system. This is indicated
by the lengthening of the bond S(1)-C(12) (1.744(2) A) compared to the value
of 1.6686(12) A in the free ligand. The decrease in the bond length of C(12)-
N(4) (1.326(3) A) in the complex from that of the free ligand also supports
thiolate forrnation. The Cu(1)-N(6a) bond length is greater than Cu(1)-N(6)
bond length by 0.6068 A suggesting that N(6a) is at the apical position of the
square pyramidal structure. Thus Cu(l), N(6), Cu(la), N(6a) constitutes a
rectangular arrangement. The bond angles S(1)-Cu(1)-N(6) (100.81(6)°), S(1)-
Cu(1)-N(3) (84.95(6)°), N(1)-Cu(1)-N(6) (94.28(7)°), N(1)-Cu(1)-N(3)
(80.56(7)%), S(1)-Cu(1)-N(1) (160.88(5)°), N(3)-Cu(1)-N(6) (173.80(7)°) further
suggests that pyridyl nitrogen N(1), thiolate sulfur S(1). azomethine nitrogen
N(3) and N(6) of monoligated azido group constitutes the basal plane. The
bond angles S(1)-Cu(1)-N(6a) (104.53°), N(1)-Cu(1)-N(6a) (87.77°), N(3)-
Cu(1)-N(6a) (89.29°), N(6)-Cu(1)-N(6a) (87.06°) also suggest that N(6a) is
positioned geometrically at the apex of the square pyramidal structure. The
comparison of bond distances Cu(1)-N(6) (1.956(2) A) and Cu(1)-N(6a)
(2.5628 A) confirms the possibility of a bridging binuclear structure with a
moderate Cu-Cu distance 3.303 A The t parameter (a-B)/60 where a = N(3)-
Cu(1)-N(6) (173.80(7)°) and g = S(1)-Cu(1)-N(1) = 160.88(5)°, then = = 0.2159

[111]. This means that coordination geometry around each copper(ll) ion is
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very close to a distorted square pyramidal structure. In the complex, azide ion
acts as a bridging bidentate ligand, whereas N(6) coordinates to Cu(l) and
bridges Cu(la) as indicated by the bond angle Cu(1)-N(6)-Cu(la) (92.94°) and
bond length Cu(1)-N(6a) (2.5628 A). The dihedral angle constituted by the
planes N(1)/C(1)/C(2)/C(3)/C(4)/C(5) and N(1)/C(5)/C(6)/N(3)/Cu(l) is 6.97°
shows that the pyridyl ring and the newly formed metal chelate ring are
coplanar. The dihedral angle between the planes N(1)/C(1)/Cu(1)/Cu(la) and
Cu(1)/N(6)/Cu(1a)/N(6A) is 70.77° shows that the bridging plane is almost
perpendicular to the plane containing pyridyl nitrogen N(1) coordinated to

Cu(1) confirming that N(6a) is at the apex of the square pyramid.

Figure 3.5. PLATON diagram of the compound [CuL*(N3)], (12).

Figure 3.6 shows the unit cell-packing diagram of the compound viewed
along down the b-axis. In the unit cell, molecules are arranged in a parallel
fashion through interaction with neighboring molecules due to n-c interaction
between the metal containing chelate rings and aromatic hydrogen atoms. The

unit cell contains four molecules in which two molecules are stacked by H-
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bonding interaction. Each unit containing two molecules are stacked with
another unit through, CH-= interactions Thus assemblage of molecules in the
respective manner in the unit cell is resulted by the diverse n-xn stacking, CH-n,
ring-metal and hydrogen bonding interactions are depicted in Table 3.10. The

pyridyl rings Cg(1) and Cg(2) are involved in #n-w interactions

.'*-'m. !Q.v

Figure 3.6 Unit cell packing diagram of [CuL}(N3)], viewed down b- axis

with the pyridyl ring of the neighboring unit at a distance of 4.3282 A indicating
weak interaction. The CH—= interactions are comparatively stronger than
n-n interactions. The CH-m interactions between the pyridyl hydrogen and
the phenyl rings such as C(10)-H(7)(1)-----Cg(3) and C(15)-H(5)(1)----Cg(2)
of the neighboring molecules at a distances of 2.9888 and 2.9357 A contribute
to the stability of the unit cell packing. An intermolecular hydrogen bonding

interaction between pyridyl and N (2), N (4) and N (6) nitrogens of the
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Table 3.9

Selected bond lengths (1&) and bond angles (°) of HL? and [Cul}(N3)],

HL® [CuL’(N3)),
Cu(1)-S(1) 2.2603(11)
Cu(1)-N(1) 2.027(2)
Cu(1)-N(3) 1.964(2)
Cu(1)-N(6) 1.956(2)
Cu(1)-N(6)a 2.5628
S(1)-C(12) 1.6686(12)  1.744(2)
N(3)-N(4) 1.362(2) 1.370(2)
N(3)-C(6) 1.295(2) 1.299(3)
N(4)-C(12) 1.377(2) 1.326(3)
N(5)-C(12) 1.3489(2)  1.354(3)
S(1)-Cu(1)-N(1) 160.88(5)
S(1)-Cu(1)-N(3) 84.95(6)
S(1)-Cu(1)-N(6) 100.81(6)
S(1)-Cu(1)-N(6)a 104.53
N(1)-Cu(1)-N(3) 80.56(7)
N(1)-Cu(1)-N(6) 94.28(7)
N(1)-Cu(1)-N(6)a 87.77
N(3)-Cu(1)-N(6) 173.80(7)
N(3)-Cu(1)-N(6)a 89.29
N(6)-Cu(1)-N(6)a 87.06
Cu(1)-N(6)-Cu(l)a 92.94
N3)-N(4)-C(12) 118.67(16)
C(6)-N(3)-N(4) 120.94(16)  120.37
N(3)-N(4)-C(12) 118.67(16) 111.68
N(5)-C(12)-N(4) 113.73(16)  115.02
N(5)-C(12)-S(1) 123.48(14)  119.09
N(4)-C(12)-S(1) 122.79(14)  125.89




Table 3.10
H-bonding, n----n , CH---7 and ring-metal interaction parameters of, Cuszz(N3)z|

H-bonding ,

Donor---H--A D-H(A) H--A(A) D-—-A(A) D-H--A(®
C(1)----H(1)---N(6) 0.93 2.59 3.1209 117
C(4)----H(4)---N(2) 0.88 2.57 3.0226 113
C(8)----H(8)---N(4) 0.84 2.61 2.9410 105
C(18)----H(18)---N(8) 0.84 2.61 3.3416 146
n----x interactions )

Cg(D-Res(I)----Cg(J) Cg-Cg(A) a(’) BC*)
Cg(D-()----Cg(2)* 4.3282 10.81 38.80
Cg(2)-(I)—---Cg(l)b 43282 10.81 38.28
Equivalent position codes Cg(1)=N(1), C(1), C(2). C(3).C4).C)
a= x, Y-y, -%a+z Cg(2)=N(2). C(7), C(8).C(9).C(10).C(11)

b= x, -y, Y4tz

CH----rt interactions

X-H()----Cg(J) H..Cg(A) X-H..Cg () X-H..Cg (*)
C(10)-H(7)(1)----Cg(3)" 2.9888 144.71 3.7696
C(15)-H(15)-(1)---Cg(2)* 2.9357 152.35 3.7774
Equivalent position codes Cg(2)=N(2). C(7), C(8),C(9),C(10),C(11)

=-1-X,-y, -z Cg(3)=C(13), C(14), C(15), C(16),C17),C(18)

d=1-x,-Y2+y, 2z
Ring-metal interactions

Cg(l) Res(I) Me(J) Cg(D)-Me(J) (A)
Cg(2) [ 1]-> Cu(1)° 3.774

Equivalent position codes Cg(2)=N(2). C(7).(8).C(9).C10).C(I 1}
b= x, Y-y, Y2tz

(D=Donor. A=acceptor, Cg=Centroid. . a=dihedral angles between planes | & J. f=angle Cg(1)-Cg(])
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neighboring molecule exists in the unit cell. Also another intermolecular
hydrogen bonding interaction between phenyl hydrogens and N(8) of nitrogen
of the azide group is also present in the syvstem. Thus n-n. CH--x. ring-metal
and hydrogen bonding interactions stabilize the unit cell packing and point out

the possibility for metalloaromaticity [112].
3.3.4. Molecular and crystal structure of [C uLZ(SH)] 2»2H 0

The asymmetric PLATON plot of the complex [Cul’ (SH)]»H>0 is
shown 1n Figure 3.7 illustrate the structural features of the compound for which
selected bond lengths and bond angles are presented in Table 3.11. Crystal
structure by X-ray diffraction reveals that the compound consists of a three-
dimensional copper—thiosemicarbazone network. The structure consists of two
units of [CuLz]. Thus the three dimensional arrangement consists of two
copper-thiosemicarbazone units, each with a distorted square pyramidal
geometr}_f where the apical position of the square pyramid is occupied by the
pyridine N(2) nitrogen of the other sub unit. The structure contains two copper
centers where each center is pentacoordinate with pyridyl nitrogen. azomethine
nitrogen, thiolate sulfur of the thiosemicarbazone moiety, SH group and pyridyl
nitrogen N(2) of second thiosemicarbazone moiety. Bond lengths of copper and
other atoms are Cu(1)-S(1) (2.2624A), Cu(1)-S(2) (2.2866 A), Cu(1)-N(1)
(2.0267 A), Cu(1)-N(3)(1.9768 A), Cu(1)-N(2a) (2.3505 A). The loss of a
proton bound to N(4) in HL? produces a negative charge, which is delocalised
the N(3)-N(4)-C(12) system. This is indicated by the lengthening of the bond
S(1)-C(12) (1.7279 A) compared to that of the free ligand. The decrease in the
bond length of C(12)-N(4) (1.3383 A) from 1.3772) A of the
thiosemicarbazone also supports thiolate formation. The bond angles are quite
far from square pyramidal geometry with distortion of the basal square planes
comprising of S(2), S(1), N(3) and N(1) atoms. The dihedral angle between the
planes N(1)/C(5)/C(6)/N(3)/Cu(1) and S(1)/C(12)/N(4)/N(3)/Cu(1) is 3.04° also

suggests that the newly formed metal chelate rings are coplanar. The dihedral
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angle between the planes C(6)/N(3)/N(4)/C(12)/N(5) and
N(1)YC(1)Y/C(2)/C(3)/C(4)/C(5)) is 5.90° suggests the co-planarity of
thiosemicarbazone moiety and the pyridyl ring. The Cu-Npy.g,1 bond length is
0.0999 A higher than Cu-Npin. bond length shows the strength of azomethine
nitrogen coordination. The configuration of the thiosemicarbazone chain about
C(6)-N(3) bond is Z which facilitate the coordination of thiolate sulphur to
copper(1]) in the complex. The C(6)-N(3) bond distance of 1.295(2) A in the
free ligand remain unaltered on complexation confirming the strength of
azomethine nitrogen coordination to Cu(1). This indicates that there is no clear
decrease in the double bond character of the C-N azomethine bond on chelation
to the copper(Il) ion. This can be attributed to the stabilization of the C-N
azomethine bond in the copper(Il) complexes due to the presence of an
important metal-to-ligand m-back donation. The delocalisation of electron
density in the thiosemicarbazone moiety gives rise to a reduction in the N(3)-
N(4) (1.3547 A) compared to the uncomplexed thiosemicarbazone in the

complex.

The bond angles S(2)-Cu(1)-S(1) (95.30°), S(2)-Cu(1)-N(1) (96.57°),
S(2)-Cu(1)-N(2) (97.40°), S(2)-Cu(1)-N(3) (143.74°), S(1)-Cu(1)-N(1)
(163.62°), S(1)-Cu(1)-N(2) (100.55°), S(1)-Cu(1)-N(3) (83.70°), N(1)-Cu(l)-
N(2) (89.09°), N(1)-Cu(1)-N(3) (80.23°), N(2)-Cu(1)-N(3) (114.54°), are quite
far from square pyramidal geometry with distortion of the basal square plane
comprising of Cu(1), S(2), S(1). N(3) and N(1) atoms. . If we use the t
parameter where 7 = (a-f)/60, (where T = 0 for a square pyramidal geometry and
1 =1 for a trigonal bipyramidal geometry) defined by Addison er al. to quantify
geometry [111]. Cu(1)-N(2) is selected as the axial position and N(1)-N(3)-
S(1)-S(2) constitutes the base of the square pyramid. So a = S(1)-Cu(1)-N(1) =
163.62° and B = S(2)-Cu(1)-N(3) (143.74°), then t = 0.33. This means that
coordination geometry of each copper(Il) ion is distorted square pyramidal. The
dihedral angle constituted by the planes N(1)/C(1)/C(2)/C(3)/C(4)/C(3) and
N(1)/C(5)/C(6)/N(3)/Cu(l) is 2.76° shows that the pyridyl ring and newly
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formed metal chelate rings are coplanar. Similarly the dihedral angle between
the planes N(1)/C(5)/C(6)/N(3)/Cu(1) and S(1)/C(12)/N(4)/N(3)/Cu(1) is 3.04°
also suggests the coplanarity of both metal chelate rings. The dihedral angle
between the planes constituted by the thiosemicarbazone moiety
C(6)/N(3)/N(4)/C(12)/N(5) and pyridyl ring N(1)/C(1)/C(2)/C(3)/C(4)/C(5) is

5.90° confirms that both metal chelate rings are almost coplanar.

oL

Figure 3.7. PLATON diagram of the compound [CuLz(SH)]2-2HzO 13

with all hydrogen atoms excluded

Dept. of Applied Chemistry 52 July 2004



Table 3.11
Selected bond lengths (A) and bond angles (*) of HL’ and [Cu,L}(SH)},.2H,0

HL? [CusLs” SH)]-H-0
S(1)-Cu(1) 2.2624
Cu(1)-S(2) 2.2866
Cu(1)-N(1) 2.0267
Cu(1)-N(3) 1.9768
Cu(1)-N(2)a 2.3505
S(1)-C(12 1.6686(12) 1.7279
N(3)-N(4) 1.362(2) 1.3547
N(4)-C(12) 1.377(2) 1.3383
N(5)-C(12) 1.349(2) 1.3466
N(3)-C(6) 1.295(2) 1.3023
S(1)-Cu(1)-S(2) 95.30
S(1)-Cu(1)-N(1) 163.62
S(1)-Cu(1)-N(3) 83.70
S(1)-Cu(1)-N(2)a 100.55
S(2)-Cu(1)-N(1) 96.57
S$(2)-Cu(1)-N(3) 143.74
S(2)-Cu(1)-N(2)a 97.40
N(1)-Cu(1)-N(3) 80.23
N(1)-Cu(1)-N(2)a 89.09
N(3)-Cu(1)-N(2)a 114.54
N(3)-N(4)-C(12) 118.67(16) 111.57
N(5)-C(12)-N(4) 113.73(16) 115.75
N(5)-C(12)-S(1) 123.48(14) 119.05

N(4)-C(12)-S(1) 122.79(14) 125.20
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Fig 3.8 shows the unit cell-packing diagram of the viewed down the ¢-
axis. There are 4 molecules in the unit cell. The molecules are arranged in such
a manner two adjacent molecular units are geometrically opposite to each other.
An interesting feature of the arrangement is that the unit cell as a whole is
centrosymmetric. The assemblage of molecules in the unit cell is resulted by
the diverse =n-m stacking, CH-n and ring-metal and hydrogen bonding
interactions are depicted in Tables 3.12. The metal chelate rings Cg(1) and
Cg(2) are involved in m - m interactions with the pyridyl ring Cg(3) of the
neighboring unit at distances of 3.6595 A and 4.2894 A respectively. The metal
chelate ring Cg(1) is also involved in n—n interaction with metal chelate ring of
Cg(2) of the neighboring molecule at a distance of 4.0305 A. These interactions
are more related to a n deficient-n deficient interaction that leads to a stable
strﬁcture. The unit cell 1s further stabilized by two C-H--n interactions. The
intramolecular hydrogen bonding interaction, C(11)-H(11)---S(2) and
intermolecular hydrogen bonding interactions, C(9)-H(9)---S(2), and C(3)-H(3)-
--O(1) (where O(l‘) is the oxygen of water), in the unit cell also enhances its
stability. Thus n-m stacking, the CH-m interactions between the pyridyl
hydrogen and metal chelate rings in both compounds contribute to its stability.
These interactions lead to the possibility for metalloaromaticity [112]. It is also
observed that hydrogen bonding interactions co-exist with other interactions in

the molecule.
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Table 3.12

H-bonding, n----n and CH----7 interaction parameters of the compound
[CuL}(SH)},-2H,0

H-bonding

Donor---H....A D-H (A) H---A (A) D---A(A) D-H--A (9
C(3)----H(3)---O(1) 0.89 2.60 3.4578 161
C(9)---H(9)---S(2) 0.98 2.86 3.7787 156
C(11)---H(11)---S(2) 1.02 2.67 3.4016 129
n----7t interactions '

Cg(D-Res(I)----Cg(J) Cg-Cg(A) a (") B(")
Cg(D-(D)----Cg(2)* 4.0305 3.04 38.40
Cg(H)~(D----Cg(3)* 3.6595 5.79 24.28
Cg(2)-(D)----Cg(1)* 4.0305 3.04 35.79
Cg(2)-()----Cg(2)* 3.3700 0.00 17.96
Cg(2)-(D)----Cg(3)* 42894 2.76 40.48
Cg(3)-()----Cg(1)® 3.6595 5.79 25.36
Cg(3)-(D)----Cg(2)* 42894 2.76 42.99
Equivalent position codes Cg(1)=Cu(1), S(1), C(12),N{4),N(3).
a =2-x, l-y, 1-z Cg(2)= Cu(1), N(1), C(5),N(6),N(3).

Cg(3)=N(1), C(1), C(2). C(3),C(4).C(D
CH----mt interactions

X-H(D)----Cg(J) H.Cg(A) X-H.Cg (O X-H..Cg ()
C(8)-H(8)(1)----Cg(1)®  3.0670 142.94 3.8310
C(10)-H(10)-(1)---- 2.7520 153.41 3.6330
Cg(5)*

Equivalent position codes Cg(5)=C(13), C(14), C(15). (16).,CIT.C(18)
b=1-x,1-y,1-z

c=1-x, Yaty, Yo-z
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Figure 3.8. Unit cell packing diagram of the compound [CuLz(SH)]2-2H20

viewed down the c-axis.
3.3.5. Magnetic susceptibility

Additional information on structure of complexes can be obtained from
magnetic moment measurements. Because metals have a partially filled d or f
orbitals, range of magnetic properties can be expected, depending on the
oxidation state, electronic configuration and coordination number of the central

metal. Magnetic moment of copper(Il) complexes are measured at room
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temperature and it was found that these complexes usually differ appreciably
from spin only value (1.73 B.M). The reason for the departure from the spin
only value lies partly in the existence of the second order Zeeman effect
between the ground and higher ligand field terms. It lies mainly in the fact that,
in the presence of spin orbit coupling, the quenching effect of the ligand cannot
be complete. The spin- orbit coupling may be supposed to "mix’ in terms of
different orbital degeneracy. It is also necessary to consider the effective
reduction of orbital angular momentum of a metal ion consequent upon the
delocalisation of electrons out of the r;,0rbital of the ion on to the ligand atoms.
Such delocalisation takes place when the wave functions of the metal ion mix
with those of ligand to form the molecular orbital of the complex. The effect of
ty¢ electron delocalisation is usually to bring the magnetic moment closer to the
spin-only value, since it corresponds to an additional quenching of angular

momentum [28].

Ray and Sen correlated color with magnetic moment and
stereochemistry of the complex. They cérrelated red and yellow color with
complexes of magnetic moments 1.7-1.9 B.M. and 1.9-2.2 B.M. to green and
blue color of complexes. Octahedral copper(Il) complexes show magnetic

moments in the range 1.7-1.9 B.M.

The ground spectroscopic term of copper(1l) ion @) splits into e, and
te with energy of separation of 10,000 em™ to 20,000 cm™.  Electronic

transitions between the levels give rise to blue and green colors to complexes.

Orbital angular momentum about an axis is associated with the ability to
rotate an orbital about an axis to give an identical degenerate orbital. Inspection
shows that no rotation can turn the d-" orbital into dy’-;7 orbital as they differ in
shape. There is no orbital angular momentum associated with the e, set in cubic
symmetry. Tetragonal distortion and complete removal of trans ligands from
octahedral case leads to lower symmetries such as trigonal bipyramidal. square

pyramidal, square planar etc. Orbital contribution to magnetic moment in
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square planar complexes is very small. as orbital angular momentum amongst
the 4 orbitals i1s quenched by the low symmetry. Some orbital angular
momentum remains with the e orbital pair. In Dy, symmetry, rotation of dy,
orbital about the Z-axis by n/2 yields the d,. orbital. One difficulty in the
interpretation of the magnetic behavior of square planar complexes is the lack of
magnetic dilution. The absence of ligand groups above and below the plane of
the complex may allow magnetic exchange between adjacent molecules.
Magnetic moments measured at room temperature are also given in Table 3.1.
The spin only magnetic moment for a multinuclear system is given by the
expression, ,Ujeﬂ = n (n+2) where n is the number of unpaired electrons in the
cluster. Hence for copper(Il). » = 1 per copper atom. thus for a two copper
system p@ep=2 (2+2) = 8, ,u"eff per copper atom 1s equal to 4 and hence magnetic
moment was expected to be 2. In view of this, the magnetic moment of
complexés 1, 2, 3, 4, 5, 6 and 13, are less than 1.74 B.M. indicating strong
antiferromagnetic interaction of copper(Il) ion with the neighboring copper
center strongly supports the dimeric nature of the complexes. The magnetic
moment of complexes 7, 10 and 11 are greater than the spin only value for a
dimeric system as suggested by the equation y’.y = n (n+2) where n (= 2) is the
number of unpaired electrons in the cluster. The magnetic moment values also
indicates more than one copper center per molecule suggesting with spins of
electrons are ordered parallel resulting in a high magnetic moment. Compounds
8 and 12 show magnetic moment values close to the spin only value per copper
for a dimer suggesting that the distance between the copper centers is greater
than the moderate distance needed for interaction. The compound 9 is
diamagnetic strongly supports its existence as a dimer in the solid state [113].
Thus the magnetic moment values are agreeing with that of dimers having
antiferro or ferromagnetic interactions and thus we have assigned tentatively

dimeric structures to all the complexes.
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3.3.6. Infrared spectra

Tables 3.13 and 3.14 lists the tentative assignments of main IR bands of
copper(Il) complexes for the ligands HL' and HL? and polyatomic anions in
4000-50 cm”' regions. The spectra of free ligands exhibit a medium band at ca
3050 cm™, which is assigned to v(NH) vibration.. The absence of v(NH) band in
the spectra of complexes provide a strong evidence for the ligand coordination
around cbpper(H) ion in its deprotonated form [114]. The spectra of complexes
exhibit a systematic shift in the position of the bands in the region 1600-1350
cm’ due to w(C=C) and v(C=N) vibrational modes, and their mixing patterns are
different from those present in the ligand spectrum. As a result of coordination,
the band corresponding to azomethine nitrogen, v(C=N) shifts to higher
wavenumbers [106, 115-116] which may be due to the combination of v(C=N)
with newly formed N=C bond formed as a result of enolization followed by
deprotonation. The coordination through azomethine nitrogen is also supported
by new band at ~ 415 cm™. The enolisation is also supported by the positive
s:hift in the v(N-N) band by 10-50 cm™'. The downward shift of the bands at
1330 and 808 cm™ in HL', and 1360 and 793 cm™ in HL? corresponding to v(C-
S) and 5(C-S) respectively to lower wavenumbers on complexation suggesting
the change of bond order and strong electron delocalisation upon chelation
[117]. The pyridine ring out-of-plane bending vibrations at 638 and 644 cm™ in
HL' and HL? respectively shift to higher frequencies on complexation

confirming the coordination of ligand to metal via. pyridine nitrogen [118-120].

The sulfato complex (4) shows four fundamental vibrations. Of these
four fundamentals, only v; and v, are infrared active. If the symmetry of the ion
is lowered by complex formation. the degenerate vibration split and Raman-
active modes appear in the infrared spectrum. The symmetry of sulfate ion is
approximately 7;. On complexation the symmetry is lowered to C»,. Thus v,
and v appear with medium intensity, and v; and v, each split into three bands.

Bands at 970 cm™ due to v, medium band around 459 cm™ due to v, another
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medium and weak split bands at 1240, and 1181 and 1112 cm corresponding
to v3 and v4 does not appear 1n the spectra. Thus sulfato group in the complex is

concluded to be a chelating bidentate ligand [34].

It is rather very difficult to differentiate the coordination modes of
nitrato anion by IR spectroscopy. It was found that both nitrato complexes (3
and 11) exhibit three medium bands at ~1385, ~1283 and ~1013 cm’
corresponding to v4 v; and v2 of unidentate nitrato groups with a separation of
102 cm™ for v4 and v, indicate the presence of terminally bonded monodentate
nitrato groups [121]. A combination band v,.v4 diagnostic for monocoordinate
nitrato groups [122] around 1742 cm™ was found to be absent in the complex.
The bands due to v3 vs and v could not be assigned due to the richness of the
spectra of the complexes. It was reported that for nitrato solids [34], unidentate
and bidentate complexes exhibit two MO stretching bands in the region 350-250

cm”’ and another medium band at 315 em™ is identified for this mode.

Perchlorate anion (6) (Figure 3.9) coordinates to metal ions only when
its complexes are prepared in non-aqueous solvents. The perchlorato complex
(6) shows a broad unsplit band at 1090 cm’” [123] corresponding to v3(ClOy)
and an unsplit strong band at 620 cm’' assignable to v4(ClO4). This along with
the absence of a band corresponding to v; at ~920 cm’ indicates the presence of

an ionic perchlorate group [124].

The observed frequencies of azido complexes (4 and 12) in the spectra at
2042 (broad) and 1369 cm’(strong) respectively can be attributed to v, and v, of
the coordinated azido group. A medium band at ~650 cm™ corresponds to §(N-
N-N) vibrations and another weak band at ~ 450 cm™ is assignable to v(Cu-N)
of coordinating azide. This suggests that Cu-N-N-N bond is not linear. The
bands due to v(Cu-N,,q4,) appear weak which may be due to the bridging nature
of azide to the copper centers. But it is not possible to determine the structures

of these bridges from infrared spectra [34].
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Figure 3.9. Infrared spectra of compounds 5 and 6

Thiocyanato complex (5) (Figure 3.9) exhibits a strong and sharp band
at 2081 cm™ [125], a weak band at 787 cm™ and another weak band at 480 cm
which can be attributed to v(CN), v(CS) and O(NCS) respectively. The CN

stretching frequency indicates that the complex is N-bonded rather than S-
bonded.
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Chapter 3

It was further supported by the v(CS) frequency at 787 cm” and S(NCS)
at 480 cm™'. These values are typical for N-bonded thiocyanate complexes [34].
A medium band at 325 cm” corresponds t0 V(Cu-N)iocyanato Vibrations which is

in agreement with the reported values. [34].

Compounds 1, 8 and 11 exhibits a sharp band at ~325 cm'indicating
terminally bonded rather than bridging chlorine. Compounds 2 and 10 show
sharp bands around ~248 cm’'corresponding to v(Cu-Br) vibrations suggestive
for terminally bonded bromine [34]. The ratio of v(Cu-Br)/v(Cu-Cl) is 0.77 is

consistent with the usual values obtained for transition metals.

3.3.7. Electronic spectra

The unique feature of first row of transition metals is their ability to
form transition metal complexes in which octahedral, tetrahedral, square-
coplanar and other stereochemistries pre@ominate. The copper(ll) ion is a
typical transition metal ion which forms coordination complexes of different
stereochemistries, but it is reluctant to take up regular octahedral or tetrahedral
stereochemistries. The 34 outer electronic configuration of copper(Il) ion lacks
cubic symmetry and hence it yields other distorted forms of the basic
stereochemistries. The copper(ll) ion form coordination complexes of the type
in which coordination numbers four, five or six predominate. Due to large
distortion in bond lengths, the splitting of electronic energy levels in copper(1I)
ions tencis to be larger than other first row transition metals. Thus the electronic
properties of copper(Il) complexes are relatively sensitive to stereochemistry.
Because of the general ease with which copper complexes can be made, there is

an extraordinary amount of spectroscopic information available in the literature.

The magnetic and EPR properties are mainly determined by electronic
configuration of copper(ll) ion in the ground state. The electronic spectra are
concerned with energy difference between ground and excited states. A precise

knowledge of ground state and excited state 1s necessary to understand
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electronic spectra. The measurement of EPR spectra gives most precise
information on the electronic ground state. Hathaway and coworkers studied
single crystal spectra of many copper(Il) complexes of tetragonal symmetry and
assigned numerous d-d bands and concluded that the energy order of the d-
orbital for elongated octahedron and tetragonal pyramid is di’" > d-" > dy, > dg,
d,- [120].

The copper(II) complexes are characterized generally by intense blue or
green colors. These colors probably arise from copper-ligand anion charge
transfer bands. Solid-state electronic spectra of éompounds 1 to 13 were
determined in the region 200-900 nm. The electronic spectra of complexes 1, 6
and 10 are shown in the Figure 3.10. The electronic spectral data are given in
Table 3.15. The ligands (HL' and HLZ) have absorption maxima at 36240 and
35100 cm™ respectively due to n*«— 7 transition between the pyridy! ring and
the imine function of thiosemicarbazone moiety. In the spectra of complexes,
n*—n absorption maxima are observed at approximately same energy. The
shift of the n*«— m bands to the longer wavelength region in complexes is the
result of the C=S bond being weakened and conjugation system being enhanced
after the formation of the complex [31]. The bands at 29000 and 30864 cm™ for
HL' and 26881 and 30000 cm™ for HL? corresponds to m*« n transition of the
pyridyl nitrogen and these shift to higher energy on complexation. The
intensity of 7*«n band is diminished considerably in complexes compared to

ligand suggesting coordination via pyridyl nitrogen.

Two metal-ligand charge transfer bands are found in complexes around
26315 and 23000 cm™ of both ligands. The bands in these ranges are in
accordance with the previous studies of copper(Il) complexes of similar type of
ligands [126, 127]. The higher energy bands are assignable to Cu(Il)«S
transition is tailing to the visible region. The intense band in the lower energy
region is due to a combination of Cu(Il)«-S and Cu(ID«Npyrigy LMCT

transitions. The steric effect due to N(4) substituent of the thiosemicarbazone
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moiety may cause absorption of this band to occur at lower wavelengths [128].
The charge transfer transition may occur from the p orbital of coordinated

ketonic sulfur or nitrogen to the vacant d orbitals of copper(1l).

In many recent books. the stereochemistry of the copper(ll) ion is
described as being dominated by the four coordinate square planar geometry
involving four short in-plane bonds (Rs) of ca.2.0 A. The presence of further
ligands along the axial directions, at appreciably longer bond lengths, R, (where
R.-Rs) = 0.6 A) is recognized as elongated tetragonal octahedral (4+2
coordination) or square pyramidal (4+1 coordination). Square planar complexes
of copper(Il) are extensively studied by electronic spectra. ~ For square planar
complexes with d,”.,7 ground state [27], three transitions are possible d."— d’,”,
Ay, —dy’ 2, Ay, d-—dy’y’ and (CA,;—’B,g, 'Bs;—’B,,, 'B;g «—’B,g). Since the four
d orbitals lie very close together, each transition cannot be distinguished by
their energy and hence it is very difficult to resolve the three bands into their
components. The simplest way to resolve the band into components is by
Gaussian analysis. The accuracy of this conventional method is convincing,

except for the cases where distinct shoulders are obtained [33].

The d-d spectral transitions of tetragonal octahedral complexes show
some evidence of an intense band at 16000 cm™. The energy levels of square
co-planar copper(Il) complex would be expected to occur at higher energy than
those of tetragonal octahedral complex. In D, symmetry, transitions at 19200
and 17400 cm™ corresponding to dy. d-«— d,’,’ and at 18400 and 17400 cm’
corresponding to dz’«d,’,’ appears on the low frequency side. The diffuse
reflectance spectrum of square based pyramidal complexes shows a relatively
intense maximum at 14000 cm™. appreciably lower in energy than bands of
tetragonal octahedral complexes. The maximum at 14000 cm’ has been
assigned to d, d,.«~ d,’,’ transitions. In short, square planar and square
pyramidal copper(II) complexes show d;,, d,.«— d.’.,’ transition appear at energy

greater or less than that for tetragonal octahedral complexes [129]
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Compound 1 [CuL'Cl] Compound 6 [Cu,L';,(OH)|CIO+H,0
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Figure 3.10. Electronic spectrum of compounds 1, 6 and 10

Electronic spectral data of complexes are presented in Table 3.15. The
complexes 5, 6 and 8 show d-d bands that appear as weak shoulders at 16000
cm’” corresponding to a square planar geometry [130]. Compounds 1,2, 3,4, 7,

9,10,11, 12, 13 show shoulders at ~14300 cm’! corresponding to dy., dy-«— d.’.,’
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Chapter 3

transition suggesting a square pyramidal geometry. A broad band at 14534 cm’™
can also be assigned for chloro and bromo complexes that corresponds to charge
transfer spectra due to chloro and bromo ligand to copper(Il) [131]. A shoulder
at 16950 cm™ was found for nitrato complex which corresponds to charge

transfer of nitrato group to Cu(ll) [118]. (Figure 3.10).

From these observations we can come to the conclusion that (i)
compounds 1,2, 3,4, 7,9, 10, 11, 12, 13 contain more than one copper center
suggesting a S-coordinate geometry for each copper(Il) ion and (ii) compounds
5. 6 and 8 contain copper centers having square-planar geometry with tetragonal

distortion. [131].
3.3.8. EPR spectral investigations

EPR spectral studies on paramagnetic complexes are an effective tool
for determining the stereochemistry of the ligand around the metal ion.
Copper(Il) complexes are extensively studied using EPR spectroscopy. The
spectra of complexes in the powder state at 298 K, in DMF solution at 77 and
298 K were recorded in X- band spectra with 100-kHz field modulation. The g
factors were quoted relative to the standard marker (g =2.00277). Since much
information cannot be derived from the spectra recorded, this section is only an
effort to study the stereochemistry of copper(Il) in complexes in the dimeric or
polymeric state. The EPR spectral parameters of complexes in the powder state
at 298 K and in DMF solution at 77 K were presented in Table 3.16. The spin

Hamiltonian parameters are presented in Table 3.17.

EPR spectral studies are used for predicting the geometrical arrangement
of ligand around copper(ll) ion. The relation between geometry of copper(1l)
ion in a complex and EPR spectra were extensively studied by Hathaway and

co-workers [31].
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The copper(Il) ion with a @ configuration, has an effective spin of S=
3/2 and is associated with a spin angular momentum m¢= +!;, leading to a
doubly degenerate spin state in the absence of a magnetic field. In a magnetic
field this degeneracy is lifted and the energy difference between these states is
given by E = hv = gfH where h is the plank’s constant, v is the frequency, g is
the Lande’s splitting factor (equal to 2.0023 for a free electron), 3 is the Bohr
magneton and A is the magnetic field. Fora 3d’ copper(1l) ion the appropriate

Spin Hamiltonian assuming a By, ground state is given by [118]
H = B[g| H:S:+gL(HSc+ HyS,) ]+ A LS+ AL[LSc+1,S,)
Polycrystalline spectra

Compounds 7, 11 and 13 give only one broad signal indicating only one
g value ranging from 2.06 to 2.18. The isotopic spectrum is most common for a

copper(Il) complex containing grossly misaligned tetragonal axes and enhanced

Compound 7 [Cu,L'Cly) Compound 11 [CuLZ(NO3)]°HzO

i
/

Fig 3.11. EPR spectra of compounds 7 and 12 in the polycrystalline state
at 298 K

spin relaxation. This type of spectra gives no information on the electronic

ground state of copper(Il)ion [132]. (Figure 3.11)
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Compound 4 [CuL'N;}-:H,0 Compound 8 [Cu,L,'SO,];"6H;0
100 G
W06
/

G

Compound 9 [CuL*Cl}-1.5 H,0

T
gl! 4
2990G 3235G
e
oL
3160G

Figure 3.12. EPR spectra of compounds 4, 8 and 9 in the polycrystalline state at
298 K

The EPR spectra of the compounds 4, 6, 5, 8, 9, 10 and 12 in the
polycrystalline state at 298 K show typical axial behavior with well-defined g||
and gt features (Figure 3.12). The variations in the g values indicate that the
geometry of the compound which is affected by the nature of the coordinating
gegenions. The geometric parameter G that is calculated by the relation G =

(g]-2)/(g1-2) is a measure of the exchange interaction between copper centers in

Dept. of Applied Chemistry 66 July 2004



Chapter 3

the polycrystalline compound. If G > 4, the exchange interaction is negligible
and if it is less than 4 exchange interaction is indicated in the complex. All
complexes have values g|| >g+ > 2 and G values falling within this range 3 to 5
are consistent with a d,’.,’ ground state corresponding to square planar or square

pyramidal geometry.

The spectra of compounds 1, 2 and 3 in the polycrystalline state at 298
K show rhombic features with three g values g;, g, and g; which indicate
rhombic distortions in their geometry. The g; and g; values are very close to
each other for compounds 1 and 3 indicating a very small rhombic distortion.
Such small distortions can be attributed to large spin lattice relaxation time and

small value of spin orbit coupling (Figure 3.13).

230G

+
H
.
H
i
H
i
1
i
t
]
i

,_,..-_.-.._..

Figure 3.13. EPR spectrum of compound 1 in the polycrystalline state at 298 K

The geometric parameter G for rhombic systems is calculated by the
relation G = (g;-2)/(g1-2) and gL= (g, +g2)/2. The G values are found to fall in
the range between 3 and 5. For compounds 1 and 3 the lowest g value (g;) is
~2.04 and > 2.0448 respectively indicating a rhombic, square coplanar or
distorted square based pyramidal geometries. For the compound 2, the lowest g

value (g/) is < 2.04 indicating a compressed rhombic symmetry with all axes
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aligned parallel and is consistent with distorted trigonal bipyramidal
stereochemistry or a compressed axial symmetry or rhombic symmetry with
slight misalignment of the axes [31]. In the spectra with g, < g> < g; rhombic
spectral parameter R = (g>-g1/(gs-g:) may be significant. If R> 1, a
predominant d.” ground state is present and if R< 1, a predominant d,\-‘ﬁ._‘: ground
state is present and when R =1, then the ground state is an approximately equal
mixture _of d;2 and dx‘?_yz, the structure which is intermediate between square
planar and trigonal bipyramidal. For th compounds 1, 2 and 3, R is less than 1
indicating a square planar or distorted square pyramidal georﬂetry with d,”,’
ground state. Absence of half field signals for the compounds reinforced the

assumption of very weak super exchange interactions.
Solution spectra at 298 K

The solution spectra of all complexes in DMF at 298 K were recorded.
All spectra are tsotropic in nature with well-resolved hyperfine lines. It is due
to the tumbling motion of the molecules in DMF. Spectra of compounds 3. 4. 6.
7, 8,9, 12, and 13 showed clearly four hyperfine lines with well-resolved peaks
(®Cu, I =3/2). This is due to the interaction of electron spin with copper
nuclear spin. There are indications of nitrogen hyperfine splittings in the high
field component in some spectra [133]. The A and g value shows variation in
their values indicating dissimilarity in bonding in the above-mentioned

complexes. (Figure 3.14)
Solution spectra at 77K

The solution spectra of some of the complexes in DMF at 77 K were
presented in the Figure 3.16. However we are unable to get clearly resolved
pectra in many cases due to poor glass formation. Some spectra show three
well-resolved peaks in the low intensity region and unresolved peaks are

obtained in the high field region.
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Compound 4 [CuL'N;}-4H,0  Compound 9 [CuL’Cl}-1.5 H,0

2
100,G 2006,

M/‘“\v

23390 G
3390 G

Compound 3 [CuL'(NO;)]

300G

3380G

Figure 3.14. EPR spectra of3, 4 and 9 in in DMF at 298 K

The g||, g+, A|, AL values are calculated from the spectra and confirmed

by the following equation:

gL+=(3go- g||)/2 and AL = (34¢- 4|)/2
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In DMF solution the g values are altered indicating that partial
substitution for the gegenions does occur. or that the solvent expands the
coordination sphere as often happens with copper(Il) complexes [15]. In the
parallel region, three of the four hyperfine lines are moderately resolved while
perpendicular features overlap with the fourth one. From the analysis of the
parallel part of the spectra, the line width of the M, =-3/2, component is small
compared with the nitrogen coupling constants, leading to the appearance of
nitrogen superhyperfine splitting pattern. The splitting in the perpendicular
region of the spectra can be attributed to interaction of an unpaired electron spin
with the copper nuclear spin and two '*N (/ =1) donor nuclei. The smaller g|
values for the complexes indicate delocalisation of the unpaired electron density
away from the copper nucleus and may be interpreted in terms of increased

covalency of the M-L bond.

EPR spectra of the complex 6, and 8.,and 13 (Figure 3.15) show some
axial behavior with four well-resolved hyperfine lines in the g| features (M, =
-3/2 or M; =1/2). The g| > g1 value suggests a distorted square pyramidal or
tetragonal geometry (Figure 3.15). The superhyperfine lines are not clearly
resolved. The similarity of gy values indicates that the bonding is dominated by
the thiosemicarbazone moiety rather than the nature of the gegenion. Kivelson
and Neiman [134] have reported that g| values less than 2.3 indicate
considerable covalent character to M-L bonds and greater than 2.3 indicate ionic
character. The g values of the complexes are found to be less than 2.3, which
indicate considerable covalent character to the M-L bonds. The relation
calculates the geometric parameter G that is a measure of the exchange
interaction between copper centers in the polycrystalline compound is G = (g|-
2.0032)/(g1-2.0032). The G values are falling in the range 3 to 5 indicating a

square planar or square pyramidal geometry.

The complexes 1, 2, 3, 4, 7, 9, 11, and 12 in DMF at 77 K, show

rhombic feature with three g values g, g» and g; where gs>g,>g, (Figure 3.15).
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Compound 8 [Cu,L,'S04],:6H20 Compound 13 [CuL}(SH)},-2H,0

— - /!

Compound 3 [CuL'(NO3)] Compound 9 [CuL*Cl}-1.5 H,O

Figure 3.15. EPR spectra of compound 4, 8, 9 and 13 in DMF at 77

[t is observed that the g values for complexes in the solid state at 298 K and in
DMF at 77 K are not varying much from each other, hence the geometry around
the copper(ll) ion is unaffected on cooling the solution to liquid nitrogen
temperature. For the compounds 2, 3, 4, 9, 11 and 12, the lowest g value (g;) is
<2.04 indicating a compressed rhombic symmetry with all axes aligned parallel
and is consistent with distorted trigonal bipyramidal stereochemistry or a
compressed axial symmetry or rhombic symmetry with slight misalignment of
the axes. In the spectra with g; < g, < g; rhombic spectral values R= (g>- g//
(g;- g2y may be significant. If R >1, a predominant 4.’ ground state is present. If
R <1, a predominant d,’,’ ground state is present and when R= 1. then the

ground state is an approximately equal mixture of 4" and d,’,-, the structure is
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intermediate between square planar and trigonal bipyramidal geometries. For
the complexes having values R <1 suggests a distorted square base pyramidal
geometry with a d.°,’ ground state. These observations are consistent with g
values of the corresponding complexes in the polycrystalline state at 298 K
further supports a distorted square pyramidal geometry for copper(Il) ion in

these complexes.

The EPR spectral parameters were obtained by computer simulation of
the spectrum. As the experimental spectrum is not responding to EPR
sensitively, we have made an effort to evaluate other magnetic parameters by
computer simulation of the spectrum Spectra of complexes were simulated to
get accurate values of the magnetic parameters Figures (3.16-3.17). The EPR
parameters g||, gL, &av, 4]|(Cu), 41(Cu) and energies of d-d transitions were used
to evaluate the bonding parameters a, /32 and y° which may be regarded as a
measure of covalency of the in-plane ¢ bonds, in-plane © bonds and out-of-
plane m bonds respectively. The value of in-plane ¢ bonding parameter can be

estimated from the expression [134, 135].
a’=-(4 170.036) + (g-2.0023)+ 3/7(g+-2.0023) +0 04

If a’ = 1 the M-L in-plane ¢ bond is completely ionic and 0.5, it is
completely covalent. For the complexes, 6, 7, 8, and 13 the a 2 values are less
than 1 suggesting significant M-L covalent bond character. The in-plane =
bonding parameter Bz, values ranges between 0.79 to 0.9 or close to unity and
out of plane m bonding parameter y?, values ranges between 0.0.83 to 0.93,

showing appreciable out-of-plane ® bonding.

The orbital reduction factors K= a ,B" and KL = a"yz were calculated

using the following expressions [32, 133]
Ky’=(g]-2.0023).A Eq.¢/84

K1’=(g1-2.0023).A Eq.4/20
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where 4 is the spin orbit coupling and is the value —-828 cm' for a copper(1]) d°

system.

According to Hathaway [136] for pure ¢ bonding K= K1=0.77, for in-
plane bonding K< K, while for out-of-plane bonding K|j> K. It is seen that
for complexes 3, 9, and 11, K> K1 indicating stronger out-of plane n bonding.
For compounds 1, 2, 4, 6, 7, 8 and 13, K< K1 suggesting a stronger in-plane &

bonding

The tendency of A to decrease with an increase of g|| is an index of
tetragonal distortion of coordination sphere of copper.[137]. The trend for A5
is the same as that of 4. Moving from planar to a more distorted complex, a
decrease of Aj, is apparent. The empirical factor /= g/ A|(cm) is an index of
tetragonal distortion. The value may vary from 105 to 135 for square planar
complexes. In presence of tetragonally distorted structures the values can be
much higher. It is seen that for compounds 1, 2, 3, 4, 7, and 9 the f values are
much higher which indicate distortion from planarity. Medium distortion is

observed in complexes 6, 8, 11, 13 where the f value is at ca 123.

The Fermi contact interaction term which is a measure of contribution of
the s electrons to the hyperfine interaction, can be estimated from the following

expression:
Ko = Ais/PB+ (gav— 2.0023)/ f°

This is a dimensionless quantity and generally found to have a value

0.3.The values calculated are in the range 0.3 for all complexes (Table 3.16).
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Compound 1 [CuL'Cl]

Figure 3.16. Experimental (green) and simulated( red) best fit pairs of the
EPR spectrum of the compound 1 and 7 in DMF at 77 K.
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Compound 6 [Cu;L';,(OH)]CIO+H,0

Compound 9 [CuLCl] -1.5 H,0

Figure 3.17. Experimental (green) and simulated (red) best fit pairs of the
EPR spectrum of the compound 6 and 9in DMF at 77 K.

The EPR spectra of compounds 5, 10 and 12 are not fully resolved due
to poor glass formation and hence we were not able to simulate spectra of the

respective compounds. Also bonding parameters of compounds 1, 2, 3, 4, 7 and
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are not agreeing with usual values for square planar compounds indicating

rhombic distortion.
3.4. Concluding remarks

The chapter deals with the syntheses and spectral characterization of
copper(Il) complexes of ligands HL' and HL?. All complexes were found to
sparingly soluble in solvents like DMF. DMSO, chloroform. and acetone. The
solubility relatively increases relatively in mixture of solvents. This indicates
that complexes are not monomers. We isolated single crystals of complexes
[CupLy'(SO9Ir6H0  (8), [Cul’Brl  (10). [Cul’(Ny)lz (12) and
[CuL*(SH)],-2H,0 (13). X-ray analyses of the compounds 10 and 12 and 13
reveal that they are dimers with square pyramidal geometry around copper(Il)
ion. The compound 8 is tetrameric with square planar and square pyramidal
geometries around the copper centers.. Magnetic susceptibility measurements
show that complexes are paramagnetic except [CuL2C1] which is diamagnetic
reveals its dimeric nature. Electronic spectral studies also give some insight
regarding the stereochemistry of complexes. Since the EPR spectra of
complexes are not well resolved, we cannot explain fully the structure according

to the reported studies of Hathaway and co-workers.
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SYNTHESES, STRUCTURAL AND SPECTRAL
CHARACTERIZATION OF NICKEL(1I) COMPLEXES OF
DI-2-PYRIDYL KETONE 3-TETRAMETHYLENEIMINYL

THIOSEMICARBAZONE

4.1. Introduction

Nickel i1s a moderately abundant element and is produced in large
quantities. It is predominantly divalent and exists as nickel(Il) in most of its
complexes. Nickel(Il) complexes are usually square planar in geometry.
Complexes with octahedral geometry are also reported [138, 139]. Complexes
of nickel(Il) are generally diamagnetic and some paramagnetic compounds are
also reported. [140]. The investigation of metal complexes with sulfur
containing Schiff bases is a subject of current interest and it has been shown that
many of them present anticancer activity [5]. Metal complexes with first row of
transition metals containing thiosemicarbazone moieties as ligands have shown
a wide range of biological properties [5-7]. It has been shown that NNS
tridentate system is present in most of the thiosemicarbazones with carcinostatic

potency [6].

This chapter deals with the syntheses, spectral and structural studies of
nickel(Il) complexes of a potential tetradentate ligand, di-2-pyridyl ketone 3-
tetramethyleneiminyl thiosemicarbazone (HL"). An interesting aspect is that the
ligand HL', though contains four potential donor atoms, it behaves in a
tridentate manner in all of its nickel(II) complexes under study. since only one

of the pyridyl nitrogens is coordinated to the metal.
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4.2. Experimental
4.2.1. Materials and methods

Ligand HL' was synthesized by the methods as described in Chapter 2.
Following materials and solvents were used. Nickel(Il) chloride hexahydrate
(Merck), nickel(Il) acetate tetrahydrate (Merck), sodium azide, and potassium
thiocyanate are used without any prior purification. The complexes were
prepared- in ethanol solvent. Solvent: Ethanol (99%) purified before use by

reported methods.
4.2.2. Physical measurements

Details regarding physical measurements are presented in Chapter 3. 'H
NMR spectra of complexes were recorded in an AMX 400 MHz FT-NMR
Spectrometer using CDCl; as solvent and TMS as the internal standard at

Sophisticated Instruments Facility, Indian Institute of Science, Bangalore. India.
4.2.3. Syntheses of complexes
4.2.3.1. Synthesis of [NiL'Cl]-¥% H,0

A solution of the ligand HL' (0311 g, 1 mmol) in 20 ml of hot ethanol
was treated with an ethanolic solution of NiCl,-6H,0 (0.237 g, 1 mmol). The
solution was heated under reflux for 2 hours. The resulting solution was
allowed to stand at room temperature and after slow evaporation, dark brown
crystals of compound separated out [141], which were collected, washed with

water, followed by ether and dried over P,O,¢ in vacuo.
4.2.3.2. Synthesis of [NiL'N3]-% H-O

A solution of the ligand HL' (0.311 g, 1 mmol) in 20 m! of hot ethanol
was treated with an ethanolic solution of Ni(OAc),'4H,O (0.248 g. 1 mmol).

The solution was heated under reflux and sodium azide (0.065 g, | mmol) was
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added in portions to the solution and further refluxed for two hours. The
resulting solution was allowed to stand at room temperature for few days and
upon slow evaporation gave dark brown crystals of the compound [141]. The
crystals separated out were collected, washed with water, followed by ether and

dried over P4O\¢ in vacuo.
4.2.3.3. Synthesis of [NiL'(SCN)]

A solution of the ligand HL' (0.311 g. 1 mmol) in 20 m! of hot ethanol
was treated with an ethanolic solution of Ni(OAc),»-4H,O (0.248 g, 1 mmol).
The solution was heated under reflux and an ethanolic solution of potassium
thiocyanate (0.097 g, 1 mmol) was added to the mixture and further refluxed for
2 hours. The resulting solution was allowed to stand at room temperature. On
slow evaporation at room temperature, dark brown crystals of the compound
[141] separated out, which were collected, washed with water, followed by

ether and dried over P40 in vacuo.

Three nickel(Il) complexes were prepared using HL' and elemental
analyses agrees with the proposed empirical formula [NiL'X] where X= Ci(14).
N3 (15), SCN (16)

4.2.4. X-ray crystallography

Single crystals of compound [NiL'Cl] (14) for X-ray analysis were
grown by slow evaporation of the complex in methanol. Dark brown triclinic
crystal of the compound having approximate dimensions 0.30 X 0.25 X 0.20
mm’® was mounted on a glass fiber using epoxy cement. The X-ray diffraction
data were measured in frames with increasing w (width of 0.3%frame) at room
temperature (293 K) using a Bruker SMART APEX CCD diffractometer,
equipped with a fine focus sealed tube X-ray source. Selected crystal data and
data collection parameters are given in Table 4.2. The intensity data were

collected within the range of 1.49° < § <27.88° for hkl (-6 < h <6.-14< k < 14,
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-18 </ < 17) in a triclinic system. About 3551 unique reflections were
collected. The SMART software was used for data acquisition and the SAINT
software for data extraction [70]. Empirical absorption corrections were made
on the intensity data. The structure was solved by the heavy atom method and
refined by full-matrix least squares using the SHELX system of programs [73]
and the graphics tool was PLATON for windows [74]. All non-hydrogen atoms
of the complex were refined anisotropicallly. Few hydrogen atoms were located
from the difference Fourier map, and the rest were generated, assigned isotropic
thermal parameters, and refined using a riding model. The hydrogen atoms
were used for structure factor calculation only. The structure refinement gave
goodness-of-fit (GOF) value of 1.114 with the maximum shift/esd value of
0.001. A dark brown crystal of the compound [NiL'N3] (15) was analvzed in a
similar manner and the crystallographic data along with structural refinements

are also given in Table 4.2.
4.3. Results and discussion
4.3.1. Analytical data

Colors, partial elemental analyses and stoichiometries of ligand HL' and
its nickel(II) complexes are presented in Table 4.1. Partial elemental data (C,H,
N) for all the complexes are consistent with the 1:1:1 molar ratio of the metal:
thiosemicarbazone: gegenion. All complexes are brown, which is common to
the complexes involving thiosemicarbazone coordination, resulting from the
sulfur to metal charge transfer bands [108, 109]. Conductivity measurements in
10" DMF solution indicate that all complexes are non-electrolytes in this
solution [129]. The non-electrolytic nature of complexes indicates that the
ligand, which behaves as a uninegative ion, coordinates to nickel(1I) along with
the chloro, azido and thiocyanato ions giving the formula [NiLX] (where X =

CL N;and NCS).
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Table 4.2
Crystal data and structure refinement for [NiL'Cl] and [NiL'N;]

Parameters [NiLCl] [NiLN;]

Empirical Formula C¢H1cCINsNiS C6H¢NgNiS

Formuia weight (M) 404.56 411.14

Temperature (T) K 293(2) 293(2)

Wavelength (Mo Ka) (A) 0.71073 0.71073

Crystal system Triclinic Orthorhombic

Space group P1 Pbca

Lattice constants a (A) 5.3295(12) 14.483(3)

b(A) 11.390(3) 11.962(2)

c(A) 13.930(3) 20.344(4)

a(®) 99.721(4) 90

B 91.871(4) 90

7(®) 98.720(4) 90

Volume V (A%) 822.3(3) 3524.5(12)

4 2 8

Calculated density (p) (Mg m™) 1.634 1.550

Absorption coefficient (u) (mm™) 1.477 1.238

F(000) 416 1696

Crystal size (mm) 0.30x0.25x0.20 0.30x0.25x0.20

8 Range for data collection 1.49-27.88 2.00 -26.04

Limiting Indices 6<h<6,-14<k<14, 17<hZ 1T - l4<k< 14,
-18</< 17 25<1<325

Reflections collected 9069 2598

Unique Reflections 3551 [R = 0.0266] 3470 [R ,,, = 0.0227]

Completeness to 8 27.88 (51.1 %) 26.04 (99.9 %)

Absorption correction None None

Max. and min. transmission 0.7566 and 0.6657 0.7899 and 0.7078

Refinement method Fl)Jll-matrix least-squares on Fgll-matrix least-squares on
F F

Data / restraints / parameters 3551/0/281 3470/0/299

Goodness-of-fit on F* 1.114 1.079

Final R indices {1 > 26 (I})] R;=0.0413, wR,=0.0949 R, =0.0238. wR, = 0.0657

R indices (all data) R; =0.0488, wR, = 0.0983 R, =0.0310. wR,=10.0688

Largest difference peak and hole 0.455and -0.189 0.276 and -0.166

€A
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4.3.2. Molecular and crystal structures of [NiLI Cl] and [NiL'N;J

The structures of [NiL'Cl] (14) and [NiL'N;] (15) along with the atomic
labeling are shown in Figures 4.1 and 4.2 respectively and selected bond lengths
and bond angles are summarized in Table 4.3. The ligand is an NNS tridentate
ligating system. coordinating via its pyridine nitrogen. azomethine nitrogen and
the thiolate sulphur atom giving a distorted square planar geometry around
nickel atom. The configuration of the thiosemicarbazone chain about C(6)-N(3)
bond is Z which facilitate the coordination of thiolate sulphur to Ni(Il) in both
the complexes. The Ni(II) coordination is almost square planar in compound 14
with a maximum value for mean deviation for pyridine N(1), imino N(3), and
thiolate S(1) and chloride CI(1) atoms from their own plane of 0.0447 A.
Compared to this greater square planar deviation is observed in 15 as evident
from the maximum mean deviation of 0.2042 A for the plane constituted by
N(1), N(3). S(1) and N(6). The bond angles, S(1)-Ni(1)-N(3) (87.32°) and
CI(1)-Ni(1)-N(1) (96.99°) of [NiLCl] (14) and N(3)-Ni(1)-N(2) (83.54°) and
S(1)-Ni(1)-N(6) (95.40° of [NiL(N3)] (15) reveal the distortion of the square
planes comprising of Ni(1), CI(1), N(1), N(3) and S(1) atoms in corhpound 14
and Ni(1), N(2), N(3), N(6) and S(1) in compound 15 respectively. The bond
angles Ni(1)-N(3)-C(6) (116.68°) and Ni(1)-N(1)-C(5) (112.16°) in compound
14 and Ni(1)-N(3)-C(6) (117.11°) and Ni(1)-N(2)-C(7) (112.97°) in compound
15 are almost identical. Similarly, the bond angles N(1)-Ni(1)-Cl(1) (96.99°);
N(3)-Ni(1)-S(1) (87.00°) in compound 14 and N(2)-Ni(1)-N(6) (93.84°); N(3)-
Ni(1)-S(1) (87.32°) in compound 15 are also analogous, as expected on the basis
of the similar square planar nature for both complexes. The dihedral angles
formed by the least square planes Cg(l) and Cg(2) are 2.29° and 42.14°
respectively for 14 and 15. This strongly supports distorted square planar
confirmation of both molecules where greater distortion is observed for
compound 15. The C(6)-N(3) bond distance in the complexes are observed to be
1.293(3) and 1.308(2) A in compounds 14 and 15 respectively and compared to
the corresponding C(6)-N(3) (1.308(4) A) bond in free ligand, and this bond
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length is much shorter in 14. This indicates that there is no clear decrease in the
double bond character of the C-N azomethine bond on chelation to the Ni(Il)
ion. This can be attributed to the stabilization of the C-N azomethine bond in
the nickel(II) complexes due to the presence of an important metal-to-ligand =-
back donation.. The delocalisation of electron density in the thiosemicarbazone
moiety gives rise to a reduction in the N(3)-N(4) bond length compared to
uncomplexed thiosemicarbazone in both complexes. The loss of N(4)-H proton
in HL' produces a negative charge, which is delocalised on the N(3)-N(4)-C(12)
system, suggestive of the lengthening of the bond S(1)-C(12) in compounds 14
and 15 from the value of 1.671(4) A in the free ligand. The decrease in the
bond length of C(12)-N(4) to 1.331(3) A in compound 14 and ‘1.329(2) A in
compound 15 from the value of 1.386(4) A of the thiosemicarbazone also
supports thiolate formation. Ring puckering analysis and least square plane
calculations show that Cg(3) ring comprising of N(5), C(13), C(14), C(15) and
C(16) adopts an envelope conformation on C(15) in both complexes 14 and 15.
These observations are consistent with the work on nickel(II) complexes of di 2-

pyridyl ketone N(4)substituted thiosemicarbazones [141-142].

Figure 4.1. ORTEP diagram for compound [NiLCl}(14). Displacement
ellipsoids are drawn at 50% probability level and hydrogen atoms are shown
as small spheres of arbitrary radii.
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Figure 4.2. ORTEP diagram for compound [NiL'N3] (15). Displacement
ellipsoids are drawn at 50% probability level and hydrogen atoms are shown
as small spheres of arbitrary radii.

The arrangements of the molecules of [NiL'Cl] in a face-to-face manner
within a unit cell are shown in Figure 4.3. However, the molecules of
[NiL](N3)] (15) adopt a ‘zig-zag’ arrangement as is evident from the Figure 4.4.
The unit cell is viewed down the a- axis and 2 and 8 molecules of compound 14
and 15 respectively are arranged in their unit cell. The assemblage of molecules
in the respective manner in the unit cell is resulted by the diverse n-n stacking;
CH--m, and ring-metal interactions depicted in Tables 4.4 and 4.5 respectively.
The metal chelate rings Cg(1) and Cg(2) are involved in n-m interaction between
pyridyl rings of the neighboring unit at average distance of 3.787 and 3.773 A in
compounds 14 and 15 respectively. In addition to m-m stacking, the CH-m
interaction between pyridyl hydrogen and metal chelate rings contribute to the
stability of unit cell packing. Short ring—metal interactions at a distance of
3.586 A from Ni center in compound 14 while they are perceived at 3.788 A for
Cg(5) from the metal in the packed molecule of compound 15. The crystal

structure of 14 is further stabilized by two CH-n interactions viz C(3)-H(3)---
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Table 4.3

Comparison of selected bond lengths (A) and bond angles (°) of HL', [NiL'Cl] and

[NiL'N3)

HL' INIiL'Cl] [NiL'N3]
Ni(1)-N(3) 1.853(2) 1.8557(13)
Ni(1)-N(1) 1.922(2) 1.9145(14)
Ni(1)-S(1) 2.1374(8) 2.1419(5)
S(1)-C(12) 1.671(4)  1.741(3) 1.7422(16)
N(3)-C(6) 1.308(4)  1.293(3) 1.308(2)
N(3)-N(4) 1.3714)  1.373(3) 1.3669(19)
N(4)-C(12) 1.386(4)  1.331(3) 1.329(2)
N(5)-C(12) 1.349(5)  1.334(3) 1.328(2)
Ni(1)-CI(1) 2.1592(8)
Ni(1)-N(6) 1.8723(15)
N(6)-N(7) 1.196(2)
N(7)-N(8) 1.146(2)
N(3)-Ni(1)-S(1) 87.07(7) 87.32(5)
N(3)-Ni(1)-N(1) 84.00(9) 83.54(6)
N(1)-Ni(1)-S(1) 170.96(6) 169.90(5)
C(12)-S(1)-Ni(1) 95.43(9) 94.93(6)
C(1)-N(1)-Ni(1) 129.50(19) 127.71(13)
C(5)-N(1)-Ni(1) 112.16(16) 112.97(11)
C(6)-N(3)-Ni(1) 116.68(17) 117.11(12)
N(4)-N(3)-Ni(1) 124.42(15) 123.62(10)
C(6)-N(3)-N(4) 118.6(3) 118.8(2) 119.25(14)
N(1)-Ni(1)-Cl(1) 96.99(6)
N(1)-Ni(1)-N(6) 93.84(7)
N(3)-Ni(1)-CI(1) 176.82(7)
N(3)-Ni(1)-N(6) 176.95(6)
S(1)-Ni(1)-Cl(1) 92.01(3)
N(6)-Ni(1)-S(1) 95.41(5)
N(7)-N(6)-Ni(1) 124.25(14)
N(8)-N(7)-N(6) 175.9(2)




Chapter 4

Cg(5) and C(13)-H(132)---Cg(1) while stability is enhanced by C(2)-H(2)---
Cg(1) and C(16)-H(162)---Cg(2) interactions in compound 15. The n-n, CH---n
and ring-metal interactions point out the possibility for metalloaromaticity — a

classic concept recently reviewed by Masui [112].

Figure 4.3. Unit cell packing diagram of [NiL'Cl] viewed down a- axis
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Table 4.4

H-bonding, n— interaction parameters of the compound [NiL'Cl]

H bonding

D-H--A D-H(A) H-A(A)  D-—A(A) D- H--—-A(%)
C(D)-H()-CI(I)(1) 0.93 2.66 2.2373 121
n--—7 interactions
Ce(D)-Res(1)---Cg(J) Ce- a° Be

Cg(A)

Cg(1) [ 1]->Cg@4y 3.6176 2.29 24.97
Cg(2) [1]->Cg@)* 39617 4.11 28.56
Cg(4) [1]->Cg2)° 3.9617 4.11 32.55

Equivalent position codes:
a=1+x,y.z
b=-1+x,y,z

CH----n interactions
XH(I)---Cg(J)

C(3)-HB)[ 1] -> Cg(5Y°

C(13)-H(132) [ 1] >Cg(1)'

Equivalent position code;
e=-1-x,1-y,-z,
f=1+x,y,z

H..Cg(A)

2.9502
2.8596

Cg(1)=N(1),8(1),C(12).N(4).N(3)
Cg(2)=Ni(1),N(1),C(5).C(6),N(3)
Ce(4)=N(1),C(1),C(2).C(3),C(4).C(5)
Cg(5)=N(2),C(7),C(8).C(9).C(10).C(11)

X-H.Cg () X..Cg(A)

134.61 3.6194
151.14 3.7287

(D=Donor. A=acceptor. Cg=Centroid, a=dihedral angles between planes I & J. B= angle Cg(1)-Cg(})
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Figure 4. 4. Unit cell packing diagram of complex [NiL'N3] viewed down a-
axis

4.3.3. Infrared spectra

Selected IR bands of the nickel(II) complexes and that of the polyatomic
anions are listed in Tables 4.6 and 4.7 respectively. Infrared spectra of
compounds 15 and 16 are shown in the Figure 4.5. The assignments of IR
bands are observed to be in good agreement with the X-ray structural data. The
spectrum of HL' exhibits a medium band at 3049 cm™, which is assigned to
v(NH) vibration. The absence of v(NH) in the spectrum provides strong

evidence for the ligand coordination around Ni(Il) ion in its deprotonated form.
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Table 4.5
H-bonding, m——m interaction parameters of the compound [NiL'N;]

H bonding

D-H---A D-H(A) H--A(A) D---A(A) D- H---A(®)
C(8)-H(8)---N(1) 0.92 2.55 3.0813 117
C(1D-H(11)- 0.93 2.43 2.9710 118

N(6)

n-—1 interactions

Cg(I)-Res(1)----Cg(J) Cg-Cg(A) a® Be
Cg(D-[ 1]----Cg(5)* 3.6650 7.99 18.30

Cg(2)-[ 1}----Cg(2)* 3.8815 0.02 31.20

Cg(5)-[ 1}----Cg(1)* 3.6650 7.99 26.21
Equivalent position codes: Cg(1)=Ni(1), S(1), C(12), N(4), N(3)
A=-x,-y, -2 Cg(2)=Ni(1), N(1). C(5). C(6), N(3)

Cg(5)=N(1), C(1), C(2), C(3), C(4), C(3)

CH-—-n interactions

X-H(I)----Cg(J) H..Cg(A) X-H.Cg ) X.CgA)
C(2)-H(2)----Cg(1)° 2.8692 153.22 3.7304
C(16)-H(162)----Cg(2)"  3.0502 152.71 3.9291

Equivalent position code;
e=-1/2+x, 1/2-y, -z
f=1/2-x, -1/12+y, z

{D=Donor. A=acceptor. Cg=Centroid, a=dihedral angles between planes [ & J, B= angle Cg(1)-Cg(J)
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The spectra of the complexes exhibit a systematic shift in the position of the
bands in the region 1600-1350 cm” due to v(C=C) and v(C=N) vibrational

modes, and their mixing patterns are different from those present in the ligand

spectrum.
Compound 15 [NiL'N;]
‘.ﬂ"-.'
: ¢ M I
S W wm e me 1 wome -
Compound 16 [NiL'(SCN)]

L.

A% e
'\\\/\/ UV\I\M[ WV

+ - - T -
.00+ v o 2 oo 1500 16%0 w8

Figure 4.5. IR spectra of compounds 15 and 16
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Chapter 4

As a result of coordination, the band corresponding to azomethine
nitrogen, v(C=N) shifts to higher wavenumbers by ca 5-10 cm’ in the
complexes [106,110,115-116] which is due to the combination of v(C=N) with
newly formed N(4)=C(12) bond formed as a result of enolisation followed by
deprotonation. The band at 8§10 cm'l, assigned to v(C=S) in free ligand, shift to
lower wavenumbers on complexation suggesting the change of bond order and
strong electron-delocalisation upon chelation. A medium band around 470 cm’
corresponds  t0  V(Ni-Naometnine) further supports azomethine nitrogen
coordination. The far IR spectra of complexes exhibit bands at 355

corresponding to . The chloro complex has a band at 304 cm’’ corresponding to

y(Ni-Cl).

Azido complex (15) exhibits a strong band at 2037 cm™ corresponding
to the v,(NNN) stretching vibration [34] of the coordinating azido group. The
broad bands at 575 and 454 cm™, assigned to SONNN) and v(Ni-N) respectively
[126] are not prominent. suggesting that Ni-N-N-N is not linear. Compound 3
shows a sharp band at 2101 cm’, which is assigned to v(C-N) of thiocyanato
group, indicating the coordination through the thiocyanate sulfur [143]. A weak
band at 700 cm™ and several bands near 420 cm™ further supports sulfur

coordination of the thiocyanato anion with the nickel center [144-147].
4.3.4. Electronic spectra

Solid-state electronic spectra of compounds 14, 15 and 16 were
determined in the region 200-900 nm. Electronic spectra of compounds are
shown in Figures 4.6 and the spectral data are listed in Table 4.8. The ligand
HL' has an absorption maximum at 36240 and 35100 cm™ due to 7*— of the
pyridyl ring and the imine function of thiosemicarbazone moiety respectively.
There are two bands at 30880 and 29150 cm” corresponding to 7*«n transition
of the ;;yridyl nitrogen and thioamide function respectively. These bands
suffermarginal shift on complexation. The broad band at 31,150 cm™ in

[NiL]Cl] is assigned for both m*«—n transitions and Ni(Il)«C]l charge transfer
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transitions [148] . The shift of the 7*«-x bands to the longer wavelength region
is the result of the C=S bond being weakened and conjugation system being
enhanced after the formation of the complex [149]. The absence of bands
below 10,000 cm™ confirms the planar nature of complexes. The d-d spectral
transitions can be assigned to 'Eg ') 'Aoge—'4;; and 'Bjg"4,, in the order
of decreasing energy [150]. The d-d bands appearing as weak shoulders
centered around 20000 cm™ region are typical of square planar monoligated
Ni(II) complexes [114]. The presence of intense 7*«— 7 and 7*« n transitions
cause the lower energy d-d bands and LMCT bands to appear as weak

shoulders, bringing about difficulty in the assignment of bands.

Compound 14 [NiL'CI) Compound 15 [NiL'N;]
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Figure 4.6. Electronic spectra of compounds 14, 15 and 16

Dept. of Applied Chemistry 88 July 2004



Chapter 4

4.3.5. '"H NMR spectra

'H NMR spectral measurements are assigned as previously reported for
di-2-pyridyl ketone N(4)-methyl and N(4)-dimethyl thiosemicarbazone and its
metal complexes [16]. Table 4.9 shows that the N(4)H resonance is at § = 15.0
ppm in HL'. The large downfield shift of this proton indicates its involvement
in hydrogen bonding with the pyridyl nitrogen. This disappears in the spectra of
complexes, which supports the enolization and coordination of sulfur to Ni(II)
in the thiolate form after deprotonation. The signals corresponding to aromatic
protons are shifted slightly upfield suggesting extensive delocalisation of
electrons on complexation. This is due to the due to the presence of an
important metal-to-ligand n-back donation. The protons corresponding to the
pyridyl rings of di-2-pyridyl ketone appear as separate signals in complexes,
indicating its loss of equivalence due to imposition of a rigid geometry around
the metal ion after complexation. This observation is consistent with the
resonance of HL' protons with C(1)H and C(11)H at §=8.71 and 8.57 ppm (2H.
doublet), C(2)H and C(10)H at 6 = 7.34 and 7.28 ppm (2H. triplet), C(4)H and
C(8)H at & =8.07 and 7.67 ppm (2H, doublet) ; C(3)H and C(9)H at 6 = 7.78
ppm (2H, triplet), which on complexation resonate at different fields.(Figure
4.7).

4.4. Concluding Remarks

The work presented in this chapter deals with the synthesis structural
and spectral characterization of Ni(Il) complexes. All complexes are brown and
diamagnetic. These complexes are characterized by elemental analyses and
spectral techniques such as IR, '"H NMR, and electronic spectra. We have
isolated single crystals of two complexes [NiL1C1] and [NiL'(N3)]. But we
failed to isolate the single crystal of [NiL'(NCS)]. The analytical and spectral
studies reveal that coordination geometry around Ni(II) is square planar These

observations are further supported by X-ray crystallographic studies
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Compound 15 [NiL' N;]*4H,0 Compound 16 [NiL' SCN]-%:H,0
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Figure. 4.7. '"H NMR spectra of compounds 14, 15, and 16
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Chapter 5

SYNTHESIS, STRUCTURAL AND SPECTRAL
CHARACTERIZATION OF MANGANESE((II) COMPLEXES
OF DI-2-PYRIDYL KETONE 3-
TETRAMETHYLENEIMINYLTHIOSEMICARBAZONE
AND DI-2-PYRIDYL KETONE N(4)-METHYL, N(4)-
PHENYLTHIOSEMICARBAZONE

5.1. Introduction

The Mn®* is one of the stable derivatives of manganese atom. In the
ground state all the five 3d orbitals are occupied by one electron. The system
has a spherical symmetry. In an octahedral field simple ligand field splitting
occurs depressing the levels of f5 orbitals and raising the level of the two e,
orbitals. For the same ligand, the energy separation is smaller for the Mn”" ions.
which supports the stability connected with & population of %S ground state.
Mn”* forms many complexes which are octahedral and tetrahedral. The
octahedral complexes are colored pink and the tetrahedral greenish yellow and
the different effects of the octahedral and tetrahedral fields on the energy
separation of the d orbital determine the difference. It is reported that +2 is
most common among different oxidation states. Due to the absence of LFSE of
& configuration the formation constants of manganese complexes are small and

hence exist fewer number of manganese enzymes that contain manganese [151].

Mn®* is important in both animal and plant enzymes. In mammals, the
enzyme arginase is produced in the liver. Manganese is an element essential
for plants growth. It is also an essential element in a group of enzymes called
phosphotransferases [152]. Also Mn®* can replace ng in a large number of

biological systems [153]. Few transition metal complexes of di-2-pyridyvl
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ketone thiosemicarbazones have yet been reported [19]. In this chapter we
report the spectral and structural studies of manganese(Il) complexes of NNNS

quadridentate ligands HL' and HL" discussed in Chapter 2
5.2. Experimental
5.2.1. Materials and methods

Ligands HL' and HL? were synthesized by methods as described in
Chapter 2. Following materials and solvents were used. Manganese acetate
tetrahydrate (Merck) was used without any prior purification. The complexes
were prepared in ethanol. Solvent: ethanol (99%) was purified before use by

earlier reported methods.
5.2.2. Physical measurements

Details regarding physical measurements are discussed in Chapter 3.
5.2.3. Synthesis of complexes

Manganese(II) complexes of both ligands were prepared by the

following general method of preparation.

A solution of the ligand (10 mmol) in 20 ml of hot ethanol was treated
with an ethanolic solution of Mn(OAc);"4H,0 (5 mmol 0.12 g) in 2:1 molar
ratio. The mixture was stirred for 5 hours using a magnetic stirrer. The
resulting solution was allowed to stand at room temperature. On slow
evaporation at room temperature, pink crystals of complexes separated out,
which were collected by filtration, washed with water, followed by ether and

dried over P40y in vacuo.

Two manganese(ll) complexes [Mle] (17) and [MLzz] (18) are
prepared and their elemental analyses values agree good with the proposed

empirical formula [ML,].
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5.2.4. X-ray crystallography

Single crystals of the compound [MnL';] (17) for X-ray analysis were
grown by slow evaporation of the complex in 1:1:1 mixture of methanol,
chloroform and acetone. Light pink crystal of approximate dimensions 0.40 x
0.19 x 0.16 mm’® was mounted on a glass fiber using epoxy cement. The X-ray
diffraction data were measured in frames with increasing w (width of
0.3°frame) at room temperature using a Bruker SMART APEX CCD
diffractometer, equipped a fine focus sealed tube X-ray source. Selected crystal
data and refinement parameters are given in Table 5.2. The intensity data were
collected within the range of 1.72° < 8 < 26.04° for hkl (13< h < 13,-25<k<
25, -17 £1<17) in a monoclinic system. About 6257 unique reflections were
collected. The SMART software was used for data acquisition and the SAINT
software for data extraction [70]. Empirical absorption corrections were made
on the intensity data. The structure was solved by the heavy atom method and
refined by full-matrix least squares using the SHELXS system of programs [73]
and the graphics tool was PLATON for windows [74]. All non-hydrogen atoms
were refined anisotropicallly. Few hydrogen atoms were located from the
difference Fourier map. and the rest were generated, assigned isotropic thermal
paramete_rs, and refined using a riding model. The hydrogen atoms were used
for structure factor calculation only. The structure refinement gave goodness-

of-fit (GOF) value of 1.094 with the maximum shift/esd value of 0.007.
5.3. Results and discussion

Colors. partial elemental analyses (C, H, N) and stoichiometries of
ligands (HL' and HL%) and their manganese(Il) complexes are presented in
Table 5.1. Manganese(Il) complexes are light pink. Partial elemental data of
complexes are consistent with the 1:2 molar ratio of the metal

thiosemicarbazone. Conductivity measurements in 10~ DMF solution indicate
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Table 5.2

Crystal data and structure refinement for [MnL',]

Empirical Formula

C3H3;MnN S,

Formula weight (M)
Temperature (T) K
Wavelength (Mo Ka) (A)
Crystal system

Space group

Lattice constants a (A)
b(A)

c(A)

a (%)

B

y(®) )

Volume V (A”)

Z

Calculated density (p) (Mg m™)
Absorption coefficient (u) (mm™)
F(000)

Crystal size (mm)

6 Range for data collection
Limiting Indices
Reflections collected
Unique Reflections
Completeness to 8
Absorption correction

Maximum and minimum
transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on

Final R indices [1 > 20 (I)]
R indices (all data)

Largest difference peak and hole (e
A°

675.74

293(2)

0.71073
Monclinic

P2//c

10.6814(14)
20.446(3)
14.5688(19)

90(4)

93.331(2)

90

3176(3)

4

1.413

0.588

1404
040x0.19x0.16
1.72-26.04
S13<h<13,-25<k<25,-17<1<17
24869

6257 [Rin = 0.0227]
26.04 (99.8 %)
None

0.9118 and 0.7989

Full-matrix least-squares on F*
6257/0/534 ‘
1.094

R, =10.0383. wR,=0.0966
R;=0.0446, wR,=10.1007
0.333 and -0.183
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that all complexes are essentially non-electrolytes [125] and this indicates that
the ligand, which behaves as a uninegative ion, coordinates to manganese(II)
giving the formula [MnL';] and [MnL?%]. The octahedral geometry around
manganese(Il) in the complexes is evident from the electronic spectra, magnetic

moment studies and X-ray crystal structure.
5.3.1. Magnetic susceptibility

Bivalent complexes of manganese are known in which manganese will
be in the high spin (5/2) or low spin states (1/2). Manganese generally forms
high spin complexes because of the additional stability of half filled orbital,
which has an orbitally degenerate ‘S ground state. For the “4,, ground term
there is no temperature independent paramagnetic effect and no reduction of
moment below the spin only value by spin orbit coupling with higher ligand
field terms. The magnetic moments are found to 5.48 B.M and 5.34 for
compounds 17 and 18 respectively [32]. These values are very close to the spin
only value of 5.91 for manganese(Il) indicating the presence of five unpaired

electrons. Magnetic moments of complexes are presented in Table 5.1.
5.3.2. Molecular and crystal structure of [MnLI 2/

The PLATON plot of [MnL',] along with atomic labeling is shown in the
Figure 5.1. Selected bond lengths and bond angles are summarized in Table
5.3. The structural analysis of the compound reveals that the Mn(Il) ion is
octahedrally bonded to N(1A), N(3A), S(1A) and N(1B), N(3B), S(1B) atoms
belonging to the two units of the ligand HL'. The configuration of the
thiosemicarbazone chain about C(6)-N(3) bond is Z which facilitate the
coordination of thiolate sulphur to Mn(Il) in the complex. The second pyridyl
nitrogens N(2A) and N(2B)of the two ligand units are not coordinating with the
metal. The octahedron of Mn(ll) is formed by N(1A) and N(1B) of pyridyl
nitrogens, S(1A) and S(1B) of thiolate sulfur, N(3A) and N(3B) nitrogens of the
azomethine of both ligands units. The bond angles N(3A)-Mn(1)-N(3B)
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(155.73(6)°), N(1A)-Mn(1)-N(1B) (92.38°), N(3A)-Mn(1)-S(1A) (76.68(4)°),
S(1A)-Mn(1)-S(1B) (98.32(2)°), N(1B)-Mn(1)-S(1B) (147.79(4)°), N(1A)-
Mn(1)-S(1B) (91.55(5)°), N(3A)-Mn(1)-N(1A) (71.68(6)°) and N(1A)-Mn(1)-
N(IB) (92.38(6)°) are indicating significant distortion from octahedral
geometry. There is no significant change in the C(6A)-N(3A) and C(6B)-N(3B)
bond distances in the complex with that of uncomplexed thiosemicarbazone.
There is no clear decrease in the double bond character of the C-N(azomethine)
bond on chelation to the manganese(Il) ion. This can be attributed to the
stabilization of the (C-Nazomethine) bond in the manganese(Il) complex due to the
presence of an important metal-to-ligand © back donation. Also, this implies
that the double bond character for the bonds, C(6A)-N(3A) and C(6B)-N(3B)
are not changed significantly on complexation [154, 155]. The delocalisation of
electron density in the thiosemicarbazone moiety gives rise to a reduction in the
N(3)-N(4) bond length compared to the uncomplexed thiosemicarbazone in the
complex. The loss of N(4)-H proton in the ligand HL' produces a negative
charge, which is delocalised on the N(3)-N(4)-C(12) system. The enolisation
and deprotonation on complexation is also confirmed by the lengthening of
bonds S(lA)-C(l’lA) and S(1B)-C(12B) from the value of 1.671(4) A in the
uncomplexed thiosemicarbazone. The decrease in the bond length of C(12A)-
N(4A) and C(12B)-N(4B) from the value of 1.386(4) A of the free ligand also
supports thiolate formation. These observations are consistent with the work on
manganese(Il) complexes of N(4) substituted thiosemicarbazones prepared in
our laboratory.[155]. The dihedral angle between the planes Cg(7)and Cg(3) is
3.84° suggesting that the pyridyl ring and newly formed metal chelate rings are

coplanar.

A vpartial view of the unit cell of the compound shows the in-pairs
packing of monomeric units, and the interaction between two monomers. As a
result, the two molecular units arranged in a geometrically opposite manner

within the unit cell as depicted in the Figure. 5.2. The unit cell is viewed along
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Figure 5.1. PLATON diagram of [Mnle].

the a-axis. There are 4 molecules in the unit cell and the assemblage of
molecules in the respective manner in the unit cell is resulted by the diverse n-n
stacking, CH-n. and ring-metal interactions depicted in Table 5.4. The metal
chelate rings Cg(1) and Cg(3) are involved in 7-n interaction with metal chelate
ring Cg(4) of the neighboring unit at distances of 3.4418 and 3.2145 A in the
compound. The pyridyl ring Cg(7) is also involved in n-m interaction with
Cg(7) of the neighboring unit at a distance of 3.6981 A. The n-n interaction
between pyridyl rings and metal chelate rings adds to the stability of unit cell
packing. In addition to m-m stacking, the CH-n interaction between pyridyl
hydrogen and metal chelate rings contribute to the stability of unit cell.
Intermolecular hydrogen bonding interactions between C(4A)-H(4A) and
N(2A) of the second pyridyl ring also contribute to the stability of the unit cell.
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Table 5.3
Comparison of selected bond lengths (/i) and bond angles () of HL' and
[MnL';]

HL' MnL',
Mn(1)-N(3)B 2.2378 (15)
Mn(1)-N(3A) 2.2499(16)
Mn(1)-N(1A) 2.2557(16)
Mn(1)-N(1B) 2.3114(17)
Mn(1)-S(1A) 2.4958(6)
Mn(1)-S(1B) 2.5397(7)
S(1A)-C(12A 1.671(4) 1.730(2)
N(3A)-C(6A) 1.308(4) 1.303(2)
N(3A)-N(4A) 1.361(4) 1.357(2)
N(4A)-C(12A) 1.386(4) 1.3423
N(5A)-C(12A) 1.349(5) 1.340(2)
N(3B)-N(4B) 1.361(4) 1.360(2)
N(3B)-C(6B) 1.308(4) 1.297(2)
S(1B)-C(12B) 1.671(4) 1.7265(19)
N(4B)-C(12B) 1.386(4) 1.334(3)
N(5B)-C(12B) 1.349(5) 1.342(3)
N(3B)-Mn(1)-N(3A) 155.73(6)
N(3B)-Mn(1)-N(1A) 96.46(6)
N(3A)-Mn(1)-N(1A) 71.68(6)
N(3B)-Mn(1)-N(1B) 71.79(6)
N(3A)-Mn(1)-N(1B) 87.27(6)
N(1A)-Mn(1)-N(1B) 92.38(6)
N(3B)-Mn(1)-S(1A) 116.56(4)
N(3A)-Mn(1)-S(1A) 76.68(4)
N(1A)-Mn(1)-S(1A) 146.90(5)
N(1B)-Mn(1)-S(1A) 95.64(4)
N(3B)-Mn(1)-S(1B) 75.99(4)
N(3A)-Mn(1)-S(1B) 124.17(4)
N(1A)-Mn(1)-S(1B) 91.55(5)
N(1B)-Mn(1)-S(1B) 147.79(4)

S(1A)-Mn(1)-S(1B) 98.32(2)
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The n-n, C-H-n and ring-metal interactions point out the possibility for

metalloaromaticity [112].

Figure 5.2. Unit cell packing of [Mn(Ll)z] viewed down the a-axis
5.3.3. Infrared spectra

Infrared spectral assignments of significant bands of compounds 17 and
18 are presented in Table 5.5. Infrared spectrum of compound 18 is shown in
the Figure 5.3. Two units of ligands coordinate to Mn(Il) ion via pyridine
nitrogen, azomethine nitrogen and thiolate sulfur. Infrared spectral studies give
evidences for octahedral coordination geometry around manganese(Il) ion
which is consistent with X-ray crystallographic studies. The spectra of ligands
exhibit a medium band at ca 3050 cm™', which is assigned to v(NH) vibration
which is absent in complexes provide a strong evidence for the ligand
coordination around Mn(Il) ion in its deprotonated form. As a result of
coordination, the band corresponding to azomethine nitrogen, v(C(6)-N(3))

shifts to higher wavenumbers by ~ 7 cm™ [106, 115-116], which is due to the
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Table 5.4
H-bonding,, n-nr and CH—--n interaction parameters of the compound [MnL',]

H-bonding

Donor---H---A D-H (A) H---A (A) D---A (A) D-H---A (®)
C(4A)-H(4A)---N(2A) 0.93 2.44 2.9767 117
n-7 interactions '

Cg(I)-Res(1)----Cg(J) Cg-Cg(A) a® p°

Cg(1) [1]->Cg(4) 3.4418 83.88 59.71

Cg(3) [ 11> Cg(4)* 3.2145 88.84 58.81

Cg( [11-> Cg(7)b 3.6981 0.00 22.24

Equivalent position codes Cg(1)=Mn(1),S(1A),C(12A),N(4A),N(3A)
a=x,y,z Cg(3)=Mn(1),N(1A),C(5A),C(6A),N(3A)
b=-x,1-y,-z Cg(4)= Mn(1),N(1B),C(5B).C(6B),N(3B)

Cg(Ty=N(1A).C(1A),C(2A),C(3A),C(4A).C(5A)
CH----7t interactions

X-H(I)----Cg(J) H.Cg(A)  XH--.Cg () X..Cg ()
C(1A)-H(1A){1] -> Cg(2)® 2.7519 122.76 3.3517
C(1B)-H(TB) [1] -> Cg(1)* 2.7207 116.40 3.2420
C(2B)-H(2B) [1] -> Cg(2)" 2.5932 140.01 3.3419
C(3A)-HGBA)[1] > Cg(g)b 2.7085 172.35 3.6282
C(4B)-H(4B) [1] -> Cg(9)d 3.2290 118.36 3.7634
C(10B)-H(10B) [1] > Cg(?))d 3.0542 106.28 3.4073
C(11B)-H(11B) [1]]1 -> 3.0983 113.66 3.5487

Cg(1)’

Equivalent position codes a=x .y, z Cg(2)=Mn(1),S(1B),C(12B),N(4B),N(3B)
b=-x,1-y,-z Cg(8)=N(1B),C(1B),C(2B),C(3B),C(4B),C(5B)
c=x, 12+y,-112+z Cg(9)=N(2A),C(7A),C(8A),C(9A).C(10A).C(11A)
d=1+x,y,2z

(D=Donor. A=acceptor. Cg=Centroid. a=dihedral angles between planes | & J. B=angle Cg(1)-Cg(J))
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combination of v(C=N) with newly formed N(4)=C(12) bond formed as a result
of enolization followed by deprotonation. The enolization is further supported
by the increase in the v(N—N) by 25-50 cm™. A medium band at 465 cm™ for
both complexes corresponding to v(Mn—N) further supports azomethine
nitrogen coordination to Mn(II) ion. Coordination via thiolate sulfur is
indicated by two bands, ~ 1300 and ~800 cm’ are assignable to v(C=S) and
O(C=S) vibrations. These bands appear at lower values than that of the
corresponding frequencies of free ligands. The downfield shift of these can be
attributed to change of bond order and strong electron-delocalisation upon
chelation [117]. The out-of-plane bending vibrations of the pyridine ring at 600
cm” in uncomplexed ligand shifts to higher frequencies on complexation
confirms the coordination of metal to ligand via pyridine nitrogen [119, 120,
138]. The low energy bands observed at ~407 and ~ 305 cm’ in both

complexes are assigned to v(Mn-S), and v(Mn-N) for pyridyl nitrogen.

n:;onw

| f

4000 3'00 I;IO a'un 2000 1500 1008 cwt 500

Figure 5.3. IR spectrum of [MnL';] (17)
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5.3.4. Electronic Spectra

Electronic (Diffuse reflectance) spectra of complexes are shown in the
Figure 5.4 and electronic spectral data are presented in Table 5.6. Magnetic
studies have shown that ground term of manganous ion is a sextet. The only
sextet term in the ground state of the & configuration in octahedral geometry is
4,,. There can be no spin allowed transitions. These transitions are doubly
forbidden and hence the transition intensities of octahedral manganese(Il)
complexes are very low [156-157]. The transitions are assigned from the °4,,
ground state to. quartet-excited terms. The electronic spectra of manganese(Il)
complexes have high intensity charge transfer bands. The observed d-d

transitions of compound 17 and their energies in terms of Racah parameters are:

°4,,—*T,, (G) (10B+5C) E=18382cm’

4, Ts, (10B+5C) E=22936cm’

‘4, —*Eg‘4,,(‘G)  (10B+4C) | E =24272,25252 cm’
°4,,—'E, (‘D) (17B+5C)

°4,,—*T, (‘P) (7B+5C)  E =3 0864 cm™

The broad band at 22936 cm™ is typical of octahedral manganese(Il)
complexes arises due to charge transfer transitions. The unusual intense peaks
in the visible region is attributed to the intensity stealing influence of sulfur
containing ligands, where by the ligands steal the intensity of charge transfer
bands into the visible region. The low energies of d-d transitions ‘E,«4,, ('D)
and 'E,—°4,, 'A,, ('G) are independent of Dg, but depend only on the value of
Racah parameters [33]. From the ratio of transition energies and Tanabe-
Sugano diagram for a & system B, C and Dg are evaluated [158]. B is reduced

to about 80% of the free ion value of Mn®**. Transitions to the *Eg(G) and 4,
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are almost degenerate and are separated by about 980 cm™. Vibronic coupling
or spin orbit coupling does not broaden bands corresponding to these transitions

since it does not raise the degeneracy of the terms concerned.

Compound 17 [MnL';] Compound 18 [MnL?]
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Figure 5.4. Electronic spectra of compounds 17 and 18
5.3.5 Electron spin resonance spectra

Electron spin resonance spectra of coordination compounds of
manganese(Il) have been studied extensively, the majority of these were on
diluted single crystal in which the metal ion geometry is slightly distorted from
cubic geometry [159-161]. The high spin manganese(Il) has an °S,, ground
state in the first order case. The combined action of electric field gradient and
spin-spin interaction produces splitting of energy levels due to second order
spin orbit coupling between °4, ground state and lowest level of the manifold
‘A, state [162]. The axial field splitting parameter D in the case of an axially
distorted octahedral field expects the magnitude of zero field splitting. The
interpretation of ESR spectra for Mn(I[) may be described by the spin
Hamiltonian [163].

H=gBHs+ D[S/ — S(S+1)] + E(S*,— %)
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where H is the magnetic field vector, g is the spectroscopic splitting factor, 4 is
the manganese hyperfine splitting constant, D is the axial zero field splitting
term, S is the electron spin vector, / is the nuclear spin vector S =5/2 and S. is
the diagonal spin operator. If S =5/2 and selection rule Am, =%1, five e.sr
transitions would arise when field separations are dependent on 6, the angle

between the applied field and symmetry axis. The five transitions are
Amy£5/23/2 H = Hox 2D(3cos*6-1)
Amg—£3/21/2 H = Hyt D(3cos’6-1)
Amg—£1/2-1/2 H=H,

where Ho= hv/gB. When the complex is octahedral only central Amg--Y2>+%
transition will be observed since it has only a second order dependence on D.
The fine central line split into a sextet due to electron spin-nuclear spin
hyperfine splitting. However if D is very large only transition between |+1/2]
—1{-1/2] will be observed. Finally if D or £ is very large, the doublets has an
effective g value g =2, g+ = 6 for D#0 and £ = 0 but for D = 0 and E#0.

middle Kramers doublet has an isotropic g value of 4.29.
Polycrystalline state

In the polycrystalline state, the signals of the spectrum are broadened
due to dipolar interactions and random orientation of the Mn™" ions. The solid
state EPR spectrum at 298 K of MnL'; was characterized by two g values
g:=2.7 and g3 = 6.3 whereas the spectrum of MnL*, shows three g values g,=

1.88,g,=3.11 and g3 = 6.3 (Figure 5.5, Table 5.7).
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Compound 17 [MnL';] Compound 18 [MnL',]

A
A s
B \"\../"\)ﬁ"‘
e /
«..»/” \ ™ -\\,-/

Figure 5.5. EPR spectra of compounds 17 and 18 in the polycrystalline
state at 298 K

Solution spectra at 298 K

Only few manganese compounds give solution spectra at room
temperature. The hyperfine splitting is controlled by axial zero field splitting
parameters D and £. In manganese complexes with distorted cubic symmetry,
this is significant. Magnitude of zero field splitting in such complexes depend

on the relative orientation of molecular axis and magnetic field direction.

|
o 3—’*{39?% n

i

Figure 5.6. EPR spectrum of MnL,” in DMF at 298 K
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Molecular tumbling motion will modulate this interaction and hence line
broadening is so large so that EPR signals often go undetected. [164]. Of the
compounds, compound 17 does not give any spectrum in DMF where as the
compound 18 (Figure 5.6) give an isotropic spectrum with six hyperfine

splitting.
Solution spectra at 77 K

For both complexes, a hyperfine sextet is observed with g values
centered on 2.0089 and Ap at 96 G. The hyperfine spectrum comprising of six
lines is due to electron spin nuclear spin coupling. The six hyperfine lines

corresponds to m;=+5/2,+ 3/2, + 1/2 --------- 172 (Amg= £1, Am;=0).

2320G

\A‘\ 3240G
‘ 0
‘g‘ /
3247G

—
96G

Figure 5.7. EPR spectrum of [MnL,'] (18) in DMF at 77 K.

The observed g values are very close to free electron spin value suggestive
of the absence of spin orbit coupling in the ground state. The A, values are
consistent with octahedral coordination; since A4;,, in tetrahedral sites is 20-25%
lower than octahedral sites. The 4,5, values are somewhat lower than pure ionic

compounds thus reflect the covalent nature of metal ligand
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bond in complexes. In addition to this axial field spectrum a pair of low
intensity forbidden lines lying between each of the two main hyperfine lines
with an average spacing of 24 G is observed in the solution spectra of
complexes in DMF. These forbidden lines corresponds to Am;= +1, due to the

mixing of hyperfine lines by zero-field splitting Hamiltonian (Figure 5.7) .
5.4 Concluding remarks

We have prepared two manganese complexes of ligands, di-2-pyridyl
ketone 3-tetramethyleneiminylthiosemicarbazone (HL') and di-2-pyridy! ketone
N(4)-methyl N(4)-phenylthiosemicarbazone (HL%). These complexes are
characterized by different physico-chemical methods. The stated quantities of
manganese(l]) acetate with ligand HL' in ethanol and HL? in methanol gave
products with empirical formula [MnL,]. Molar conductivity measurements in
10° M DMF suggest that both complexes are essentially non-electrolytes. The
complexes are paramagnetic at room temperature, confirming that manganese is
in the +2 oxidation state and hence corresponds to a & ion in a strong field.
Infrared spectral data suggest that the ligands coordinate to the manganese(II)
ion through pyridyl nitrogen, azomethine nitrogen and thiolate sulfur.
Electronic spectra of manganese(Il) complexes exhibit five low intensity d-d
bands corresponding to the transitions. These observations are consistent with
an octahedral geometry around manganese(Il) ion in complexes. Single crystal
X-ray diffraction studies of compound 17 reveal that the complex has a
distorted octahedral geometry around manganese(ll). For compound 18. IR.
electronic, and magnetic susceptibility measurements are similar to that of
compound 17. Compound 18 is assigned octahedral geometry on the basis of

physico-chemical studies.
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SYNTHESIS, STRUCTURAL AND IR SPECTRAL
CHARACTERIZATION OF VANADATE(V) COMPLEX OF
DI-2-PYRIDYL KETONE 3-
TETRAMETHYLENEIMINYLTHIOSEMICARBAZONE

6.1. Introduction

The coordination chemistry of vanadium has been of great interest due
to the presence of vanadium in enzymatic systems and ability of vanadium
complexes to elicit the effects of insulin in diabetic mammals [165, 166]. Much
of the biochemistry of vanadium is centered on the ability of vanadate to adopt a
four coordinate, tetrahedral geometry and trigonal bipyramidal geometry. The
coordination chemistry of vanadium received considerable attention since the
discovery of vanadium in enzymes like bromoperoxidases and
azobactervinelandii [167]. Recent investigation on biological properties
revealed that vanadium is involved in biological system in more than one way
[168]. Some vanadium dependent bromoperoxidases enzymes were isolated
from marine algae [169] and terrestrial lichen [170]. Vanadium
bromoperoxidase catalyses peroxide dependent halogenations of organic
compounds in the presence of halide ions. Thus vanadium catalyses both
oxidative and reductive processes in biological systems. A few vanadium
compounds seem to have therapeutic effects [171]. Some vanadium compounds
appear to posses insulin-mimetic properties [172]. Recently reported vanadium
compounds are some of the best-known insulin mimetics. They also display
anticancer effects. These compounds are competitive inhibitors of protein
tyrosine phosphates [173]. Vanadium is commercially important and often used

as a catalyst. The maximum oxidation state of vanadium is (+V). For example.
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vanadium (+II) and (+III) states are reducing. (+IV) state is stable, and (+V)
state is the most stable. Most of vanadium compounds contain VO** unit. This
unit is known as vanadyl group. Vanady! systems usually form square planar
complexes with axial oxo ligands [174]. Vanadate(V) is diamagnetic and EPR
silent due to its ¢’ electronic configuration whereas vanadium(IV) ion is
paramagnetic and EPR active (d’ configuration). In this chapter, we report the
synthesis and structural aspects of vanadate(V) complex of di-2-pyridyl ketone

3-tetramethyleneiminylthiosemicarbazone (HL').
6.2. Experimental
6.2.1. Materials and methods

Vanadium acetylacetonate (Merck) was used as received. The complex
was prepared in ethanol solvent. The solvents were purified by standard

procedures. The preparation of ligand HL' was described in Chapter 2.
6.2.2. Physical measurements

Elemental analyses were carried out using a Heraeus Elemental
Analyzer at Regional Sophisticated Instrumentation Center, Central Drug
Research Institute, Lucknow, India. Molar conductance measurements of the
complex was carried out in DMF solvent at 28 +2 °C on a Centuary CC-601
digital conductivity meter with dip type cell and platinum electrode. An
approximately 10-3 M solution was used. Infrared spectra were recorded on a
Shimadzu DR 8001 series FTIR instrument as KBr pellets for spectra run from
4000 to 400 cm’'. Crystal data was measured at room temperature (293 K)

using a Bruker SMART APEX CCD diffractometer at [ISc Banglore.
6.2.3. Synthesis of the complex [VO,L']

A solution of the ligand (HL') (5 mmol) dissolved in 20 ml

dichloromcthane was mixed with an equimolar amount of vanadyl(IV)
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acetylacetonate (5 mmol) in 10 ml dissolved in the same solvent.. The mixture
was stirred for 24 hours using a magnetic stirrer. The solution turned wine red
in color. The resulting solution was allowed to stand at room temperature and
after slow evaporation, orange red crystals of the complex separated out, which
were collected by filtration, washed with ether and dried over POy in vacuo.
Elemental data: Found (%); C¢HsNsO,SV: carbon. 48.9: hydrogen, 4.16.
nitrogen 17.77: Calcd (%): carbon, 48.7, hydrogen, 4.31, nitrogen, 17.76.

One vanadium(V) complex was prepared using HL'and its partial

elemental analysis (C,H, N) agrees with the empirical formula [VL'0,] (19)
6.2.4. X-ray crystallography

Single crystals of compound [VO,L'] (19) for X-ray analysis were
grown by slow evaporation of the complex dissolved in a 1:1 mixture of
methanol and dichloromethane. Orange red rectangular crystal of approximate
dimensions 0.40 x 0.25 x 0.22 mm’ was mounted on a glass fiber using epoxy
cement. The X-ray diffraction data were measured in frames with increasing w
(width of 0.3%frame) at room temperature (293 K) using a Bruker SMART
APEX CCD diffractometer, equipped a fine focus sealed tube X-ray source.
Selected crystal data and structure refinement parameters are given in Table 6.1.
The intensity data were collected within the range of 2.40° < < 28.06° for Akl (-
15<h<14,-14 <k <14, -17 </ < 18) in a monoclinic system. About 4134
unique reflections were collected. The SMART software was used for data
acquisition and the SAINT software for data extraction [70]. Empirical
absorption corrections were made on the intensity data. The structure was
solved by the heavy atom method and refined by full-matrix least squares using
the SHELXS-97 system of programs [73] and the graphics tool was PLATON
for windows [74]. All non-hydrogen atoms of the complex cations were refined
anisotropicallly. Few hydrogen atoms were located from the difference Fourier
map. and the rest were generated. assigned isotropic thermal parameters, and

refined using a riding model. The hydrogen atoms were used for structure
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Table 6.1

Crystal data, and structure refinement data for [VOZL']

Parameters [VO, I_,_] ]
Empirical Formula Cis HieNs O, SV
Formula weight (M) 393.34
Temperature (T) K 293(2)
Wavelength (Mo Ka) (A) 0.71073
Crystal system Monoclinic
Space group P2i/c
Lattice constants: a (A ) 11.718(5)

b (A) 10.794(5)
c(A) 13.868(6)

a (°) 90

B(®) 99.727(8)

7 () 90

Volume V (&%) 1728.9(14)
Z. Calculated density (p) (Mg m™) 4.1.511
Absorption coefficient (4) (mm™) 0.715

F(000) 808

Crystal size (mm) 0.40x0.25x0.22
6 Range for data collection 2.40 to 28.46

Limiting Indices

Reflections collected

Unique Reflections

Completeness to 6

Absorption correction

Maximum. and minimum transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [1 > 2o (I)]

R indices (all data)

-15<h<14,-14 <k <14,
-17<1< 18

15040

4134 [R ;s =0.0211}
28.06 (98.7 %)

None

0.8586 and 0.7631
Full-matrix least-squares on F~
4134/0/290

1.024

R;=0.0387, wR,=0.1003
R;=0.0535, wR>=0.1089

Largest difference peak and hole (e A ) 0.354 and -0.203
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factor calculation only. The structure refinement gave goodness-of-fit (GOF)

value of 1.024 with the maximum shift/esd value of 0.001.
6.3 Results and discussion

Dioxovanadium(V) complex isolated is of the general formula VO,L".
The complex is orange red in color characteristic of vanadate(V) complexes
with thiosemicarbazone coordination resulting from the sulfur to metal charge
transfer bands [108, 109]. The complex is highly soluble in dichloromethane,
chloroform, DMF and DMSO. Partial elemental (C,H,N) analysis data for the
complex is consistent with the empirical formula [VO,L']. Conductivity
measurements (10° DMF solution) indicate that the complex behave as a non-
electrolyte. The non-electrolytic nature of the complex confirms that the ligand.
which behaves as a uninegative ion, coordinates to vanadium(V) giving the
empirical formula VO,L' where L' is the uninegative ion of ligand HL' and

confirms the absence of gegenion outside the coordination sphere.
6.3.1. Molecular and crystal structure

Figure 6.1 illustrates the structural features of the complex [VO,L'] for
which selected bond lengths and bond angles are listed in Table 6.2. The
structure contains a vanadium(V) center pentacoordinate to pyridyl nitrogen
N(1), azomethine nitrogen N(3), thiol sulfur S(1) of the thiosemicarbazone
moiety and two oxygen atoms O(1) and O(2). The bond length and bond angle
values suggest a distorted square pyramidal geometry. Each vanadium atom is
coordinated by five bond distances V(1)-O(1) (1.6072 A), V(1)-O(2)
(1.6177(16) A), V(1)-N(1) (2.0788 A), V(1)-N(3) (2.1768 A). V(1)-S(1)
(2.3612 A). The V(1)-O(2) bond is 0.0105 A greater than V(1)-O(1) bonds
suggesting a distorted square pyramidal geometry. The V(1)-N(1) bond length
is 0.08 A larger than V(1)-N(3) bond length that determines the strength of
azomethine nitrogen coordination. The pyridine nitrogen N(1). the imino

nitrogen N(3) and the thiol sulfur S(1) together with O(2) of the dioxovanadium
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constitutes the basal plane around vanadium(V). The configuration of the
thiosemicarbazone chain about C(6)-N(3) bond changes to Z to facilitate the
coordination of thiolate sulphur to vanadium in the complex. The C(6)-N(3)
bond lengths do not show any significant shift from that of the ligand on
complexation due to electron delocalisation on to the central metal ion [174].
The delocalization of electron density from the coordinating nitrogens on to the
central metal ion gives rise to a reduction in the N(3)-N(4) bond length
compared to the uncomplexed thiosemicarbazone in the complex. This is
indicated by the lengthening of the bond S(1)-C(12) (1.7333A) compared to the
value of 1.671 A in the free ligand indicates that the bond order is decreased.
The decrease in the bond length of C(12)-N(4) (1.329 A ) from the value of
1.386 A of the thiosemicarbazone also supports thiolate formation. Thus the
basal positions are occupied by S(1), N(1) and N(3) of the thiosemicarbazone
moiety and one of the oxygen atoms O(2). The axial site is occupied by the
second oxygen atom O(1). The V(1)-O(1) bond distance is shorter than V(1)-
O(2) indicating that O(1) in the compressed state. The trans angles O(2)-V(1)-
N(3) (133.72(8)°) and N(1)-V(1)-S(1) (150.45(5)°) indicate a compressed
geometry. Two oxygen atoms are cis to each other with the vanadium center as
indicated by the bond angle O(1)-V(1)-0O(2) (109.09(9)*). One of the oxygen
atom O(1) is involved in hydrogen bonding [175]. The d:. :dral angles formed
by the least square planes Cg(1) and Cg(2) is 6.48° strongly supports that both
newly formed metal chelate rings are coplanar. The dihedral angle between the
planes constituted by Cg(1) with S(1)/V(1)/O(2) and O1/V1/N1 are 44.44° and
64.51° respectively also confirms a distorted geometry. The dihedral angle
between the planes S(1)/V(1)/O(2) and O(1)/ V(1)/ N(1) is 74.62° shows that

both newly formed metal chelate rings are not coplanar.
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Figure 6.1. PLATON diagram of the compound [VO,L'] (19)

Figure 6.2 shows the unit cell-packing diagram of the compound 19
viewed along the b- axis. The unit cell contains 4 molecules arranged in layers
where two molecular units in one layer are placed geometrically opposite. The
moleculear layers are linked through hydrogen bonding. Thus assemblage of
molecules in the respective manner in the unit cell is resulted by the diverse n-n
stacking, CH-n, and ring-metal and hydrogen bonding interactions as depicted
in Table 6.3 respectively. The metal chelate rings Cg(1) and Cg(2) are involved
in ©-m interactions with the pyridyl ring of the neighboring unit. The crystal
structure is further stabilized by five CH---n interactions. The weak n-n
interaction between pyridyl rings and metal chelate rings makes the unit cell
packing more stable. CH---m interactions between the pyridyl hydrogen and the
metal chelate rings also adds to the stability of the unit cell packing. Weak
hydrogen bonding interactions are also found to exist. The n-n, C-H---n
interactions point out the possibility for metalloaromaticity [112]. . Weak

hydrogen bonding interactions between are also found to exist adds to the
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Table 6. 2

Comparison of selected bond lengths (‘&) and bond angles (°) of HL'and [VO,L']

HL' [VO,L"
V(1)-0(1) 1.6072(17)
V(1)-0(2) 1.6177(16)
V(1)-N(1) 2.0788(17)
V(1)-N(3) 2.1768(16)
V(1)-S(1) 2.3612(9)
S(1)-C(12) 1.671(4)  1.7333(19)
N(3)-C(6) 1.308(4) 1.311(2)
N(3)-N(4) 1.371(4)  1.359(2)
N(4)-C(12) 1.386(4) 1.329(2)
0O(1)-V(1)-0(2) 109.09(9)
O(1)-V(1)-N(1) 97.36(8)
O(2)-V(1)-N(1) 95.80(8)
O(1)-V(1)-N(3) 116.85(8)
O(2)-V(1)-N(3) 133.72(8)
N(1)-V(1)-N(3) 73.72(6)
O(1)-V(1)-S(1) 103.43(7)
O(2)-V(1)-S(1) 96.97(7)
N(1)-V(1)-S(1) 150.45(5)
N(@3)-V(1)-S(1) 78.20(5)
C(12)-S(1)-V(1) 99.22(7)
C(1)-N(1)-v(1) 120.89(13)
C(6)-N(3)-N(4) 118.6(3) 118.27(14)
C(6)-N(3)-V(1) 117.18(12)
N(4)-N(3)-V(1) 123.73(11)
C(12)-N(4)-N(3) 119.8 112.62(14)




Chapter 6

stability of unit cell packing. The = -z, and C-H---n interactions coexist with

the hydrogen-bonding network.

Figure 6.2. Unit cell packing of [VOle] (19) viewed down the b axis
6.3.2. Infrared Spectra.

Selected IR bands are listed in Table 6.4 and the spectrum is shown in
the Figure 6.3. The assignments of infrared bands are found to be in good
agreement with the X-ray structural data. A medium band at 3049 cm™, which
is assigned to v(NH) vibration in the free ligand is absent in the spectrum of

complex is consistent with ligand coordination around vanadium(V) ion in its
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Table 6.3

H-bonding, 7-7 interaction parameters of the compound [VO,L'|

H-bonding

Donor---H....acceptor D-H (A) H--A(A) D-—A(A) D-H-A()
C(4)-H(4)--N(2) 0.91 2.49 2.9497 112
C(8)-H(8)---N(4) 0.87 2.47 2.8574 108
C(13)-H(132)---0(1) 0.92 2.58 3.4138 150
n-m interactions

Cg()-Res(I)----Cg(J) Cg-Cg(A) a() B(C)
Cg(1) [1] -> Cg(4y* 3.7065 9.43 19.85
Cg(2) [1] -> Cg(2)* 3.8568 0.00 21.59
Cg(2) [1] > Cg(4)* 3.6672 3.23 17.28
Cg(4) [1] > Cg(1)? 3.7065 9.43 26.36
Cg(4) [1] -> Cg(2)? 3.6672 3.23 14.05

Equivalent position codes:a= -x.1-y.1-z

CH--m interaction

X-H(I)----Cg(J) H--Cg(A)
CB3)-H3)[ 11> Cg(1)? 3.2903
C(9)-H(9) [ 1] >Cg(2) 3.2490
C(9)-H(9) [ 1] ->Cg(4)* 3.2574
C(13)-H(131) [ 1] >Cg(5)° 3.3891
C(14)-H(141) [ 1] >Cg(2)° 2.9279
C(16-H(161) [ 1] ->Cg(2)° 3.0339

Equivalent position codes:
a=-x,1-y,1-z

b=1-x,l-y, -z

c= X, Y-y, -tz

Ceg(1)=V(1).S(1).C(12),N(4).N(3)
Cg(2)=V(1),N(1).C(5),C(6).N(3)
Cg(4)=N(1).C(1).C(2).C(3). C(4).C(5)

X-H--Cg () X--Cg (A)
84.42 3.3256
150.92 4.0472
110.97 3.6695
149.47 4.3005
168.30 4.0102
139.34 3.8377

Cg(1)= V(1),5(1),C(12),N(4),N(3)
Cg(2)= V(1).N(1),C(5),C(6),N(3)
Cg(4)=N(1),C(1),C(2),C(3), C(4).C(5)
Ce(5)=N(2).C(7).C(8).C(9).C(10).C(11)

{D=Donor. A=acceptor. Cg=Centroid. u=dihedral angles between planes | & J. f=angle Cg(1)-Cg(J})
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deprotonated form. The spectrum of the complex exhibits a systematic shift in
the position of the bands in the region 1600-1350 cm™ due to wW(C=C) and
v(C=N) vibrational modes, and their mixing patterns are different from those
present in the ligand spectrum. As a result of coordination, the band
corresponding to azomethine nitrogen, v(C=N) shifts to higher wavenumbers
from that of free ligand by 8 cm™ in the complex [106, 115-1 16]. A medium
band at 465 cm’™ further supports azomethine nitrogen coordination. The band
due to azomethine nitrogen on complexation shift to higher wavenumbers can
also be attributed to the combination of v(C=N)azemethine and the newly formed
(C12=N(4)) bond, hence implies that the sulfur is in thiolate form.. The
enolization is further supported by the increase in the v(N—N) from that of free

ligand by 50 cm™.

Coordination via thiolate sulfur is indicated by shift in the two bands,
1298 cm™ and.791 cm’ assignable to v(C=S) and J(C=S) vibrations. These
bands appear at lower values than the corresponding frequencies of free ligand.
The downfield shift of bands in complexes corresponding to v(C=S) and o(C=S)
in free ligands can be attributed to change of bond order and strong electron-
delocalisation upon chelation [117]. The pyridine ring out of plane bending
vibrations of the free ligand at 638 cm™ shifts to higher frequencies on
complexation further confirms the coordination of ligand to metal via. pyridine

nitrogen.[119, 120].

A strong band at 939 cm™ corresponds to v(V=0) stretching vibration
indicates the occupation of coordination sites of vanadium ion by oxygen and

the two V=0 groups are found to be indistinguishable [176].

Dept. of Applied Chemistry 112 July 2004



woul pauodal aie sanjea ||y
‘Yeam =m ‘LuNIpawt =W ‘uoss= s

SLOE  S90V w9y S6L6 W99  wgeL  s86Tl MOS0l s0651 - (61) [}, 10A]

...... SgE9  Wgpg  SOELEl w00l 4 6v0€ H

Ad(IN-A (S-A) (NCA (O=A)e (doj (s=D)¢  (S=Dk  (N—NM O=N}t  (H—NM punodwo)
+{N=))

/TH puesi] pim xapduwiod ajepeuea jo (| u) syuduruisse [81)23ds Y|
b9 91qEL



Chapter 6

100.00-
xT

. // /W\{\NN
Y J\N\f f

Y t T T
4000 dﬂ ﬂ'l) 00 2080 1500 1000 swt S0

Figure. 6.3. Infrared spectrum of the compound [VO,L']
6.4. Concluding Remarks

Under .normal refluxing conditions vanadium is susceptible to oxidation.
It usually oxidizes to the +5 state. The complex is wine red characteristic of
dioxovanadium complexes of NNS donors. The compound is characterized by
elemental and IR spectral studies. Slow evaporation of the stirred solution
yielded monoclinic single crystals of the complex. X-ray crystallographic
studies revealed a distorted square pyramidal geometry around V** ion with one
of the oxygen atom at the apical position of the square pyramid. The unit cell
packing is stabilized by hydrogen bonding, n-n, C-H---m and ring-metal
interactions between molecules. X-ray diffraction study further confirms the

structural characterization by IR spectral data.
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Chapter 7

SYNTHESIS, STRUCTURAL AND SPECTRAL
CHARACTERIZATION OF COBALT(11I) COMPLEXES OF
DI-2-PYRIDYL KETONE 3-
TETRAMETHYLENEIMINYLTHIOSEMICARBAZONE

7.1. Introduction

Thiosemicarbazones and their complexes are extensively studied during
recent years owing to their pharmaceutical properties [115]. The most common
oxidation state of cobalt is +3 and its complexes are produced easily. Many
complexes of cobalt in +2 and +3 oxidation states have been prepared and
investigated, with emphasis on the reactivity of the metal ions in the
transmethylation reaction and reversible absorption of molecular oxygen [177,
178]. Cobalt(Ill) generally forms cationic, anionic and neutral complexes. All
complexes of cobalt(Ill) are generally octahedral. The metal has a d°
configuration and most of the ligands are strong enough to cause spin pairing
giving the electronic arrangement (tgg)6 (eg)o. This arrangement has very large
crystal field stabilization energy. Such complexes are diamagnetic. Complexes
with nitrogen donor ligands are most common. Cobalt(Ill) complexes are
usually prepared by oxidation of a solution containing cobalt(ll) in air.
Recently some interesting reports of cobalt(Ill) complexes of
thiosemicarbazones have appeared [97, 126]. In addition, studies on mixed

ligand complexes of cobalt(IIl) have also been reported [179].

Cobalt(IlI) complexes derived from Schiff bases are reported to be
biologically active. Vitamin B); is an important cobalt(IIl) complex. Vitamin

B> was isolated from liver. Injection of vitamin B)» is an effective treatment of
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pernicious anemia. Vitamin Bj; is a coenzyme, and serves as a prosthetic
group, which 1s tightly bound to several enzymes in the body. Cobalt is
biologically important in some enzymes. Glutamic mutase is involved in the
metabolism of amino acids and ribonucleotide reductase in the biosynthesis of
DNA. Traces of cobalt are essential in the diet of animals. Some sheep raized
in Australia, New Zeland suffered from a deficiency disease, which was traced
to them, grazing on cobalt deficient soil. This can be remedied either by

treating the soil periodically or by forcing the animals to swallow pellets of

cobalt [152].

This chapter describes the synthesis, and spectral characterization of
cobalt(Ill)  complexes of the ligand  di-2-pyridyl ketone  3-

tetramethyleneiminylthiosemicarbazone (HLY).
7.2. Experimental
7.2.1. Materials and methods

Thiosemicarbazone ligand (HL') is prepared as described in Chapter 3.
Cobalt(I) chloride, cobalt(Il) nitrate of A.R grade (Merck) were used without
any prior purification. The complexes were prepared in ethanol solvent. The

solvents were purified by standard procedures.
7.2.2. Physical measurements

Details regarding physical measurements are described in Chapter 3. 'H
NMR spectra of the complexes were recorded in an AMX 400 MHz FT-NMR
Spectrometer using CDCl; as a solvent and TMS as an internal standard at

Sophisticated Instruments Facility, Indian Institute of Science, Bangalore, India.
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7.2.3. Synthesis of the complexes
7.2.3.1. Synthesis of [CoL';]CI-22H,0

A solution of the thiosemicarbazone (HL') (10 mmol) dissolved in 20 ml
methanol was mixed with a solution of cobalt(Il) chloride (5 mmol ) in 10 ml
dissolved in the same solvent and refluxed for 2 hours. The resulting solution
was allowed to stand at room temperature. On slow evaporation, brown crystals
of the complex separated out, which were collected by filtration, washed with

ether and dried over P4O,¢ in vacuo.
7.2.3.2. Preparation of [CoL' 2JNO32V.H>0

A solution of the thiosemicarbazone (HL') (10 mmol) dissolved in 20 ml
methanol was mixed with a solution of cobalt(Il) nitrate (5 mmol) dissolved in
10 ml of the same solvent and refluxed for 2 hours. The resulting solution was
allowed to stand at room temperature. On slow evaporation brown crystals of
complex separated out, which were collected by filtration, washed with ether

and dried over P40y in vacuo.

Two cobalt(Ill) complexes were prepared using HL' and elemental
analyses data agrees with the proposed empirical formula [CoL';5]X where X=

Cl1(20) and NO3 (21)
7.3. Results and discussion

Cobalt(Il) ion undergoes oxidation in the presence of methanol and
chloroform. Cobalt(III) complexes are of the general formula [CoL',]X where
X= Cl or NO3. The refluxed mixture on slow evaporation in air at room
temperature yielded microcrystals of complexes. Colors, partial elemental
analyses and stoichiometries of ligands (HL") and cobalt(IIl) complexes are
presented in Table 7.1 is consistent with a 1:2:1 metal: thiosemicarbazone:

gegenion. All complexes are stable in air, highly soluble in dichloromethane,
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chloroform, DMF and DMSO. The stated quantities of cobalt(Il) chloride,
cobalt(Il) nitrate with ligand HL' in methanol gave products of composition
[CoL';]C1-2%4H,0 and [CoL';JNO32H,0. Both complexes are reported to be
diamagnetic at room temperature, confirming that cobalt is in the +3 oxidation
state and hence corresponds to a d® ion in a strong field. Molar conductivity
measurer—nents in 10° DMF solution reveal that gegenions are outside the

coordination sphere.
7.3.1. Infrared spectra

Selected IR bands are listed in Table 7.2. The characteristic IR bands
(50-4000 cm’™) for the free ligand (HL') from those of its complexes 20 and 21
provide significant indications regarding the bonding sites of the ligand. A
medium band at 3049 cm’ in the free ligand is due to v(NH) vibration
disappears in the spectra of complexes providing a strong evidence for the
ligand coordination around cobalt(Ill) ion in its deprotonated form. Bands
ranging from 1600-1350 cm™ suffers a significant shift in the spectra of
complexes can be attributed to v(C=C) and v(C=N) vibrational modes, and their
mixing patterns are different from those present in the ligand spectrum. The
positive shift of band corresponding to v(C=N) at 1582 cm’ in free ligand in
complexes is consistent with of azomethine nitrogen coordination to the central
cobalt(I1I) ion [106.115, 116]. A medium band at ca. 430 cm™' corresponding to
v(Co-N) further supports azomethine nitrogen coordination [34, 180]. The
enolisation of the ligand is supported by the increase in the v(N—N) by 25 cm’.
The bands at 1330 and 808 cm™ due to v(C=S) and o(C=S) in the free ligand has
been found to shift to at lower values by 30 and 20 cm’ indicative of
coordination of thiolate sulfur to cobalt(Ill) ion. The downfield shift of bands in
complexes corresponding to v(C=S) and 4(C=S) in free ligands can be attributed
to change of bond order and strong electron-delocalisation upon chelation [117].
Another medium band at ¢a.360 cm’ is assignable to W(Co-S). A positive shift

corresponding to out-of-plane bending vibrations of pyridine ring in the free
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ligand (638 cm™) to higher frequencies in complexes is confirmative of pyridine
nitrogen coordination to cobalt(III) ion [118-120]. A weak band at ca. 270 cm”
corresponding to v(Co-Npyrigyi) 1S pointing to the coordination of pyridyl
nitrogen to the cobalt(Ill) ion [15]. The bands at 1500, 1300, 992, 230 cm’
corresponds to different NO stretching frequencies of the nitrate group (Figure

7.1).

.00 v —— u - Y
a0 ﬁ 008 a8 2000 1500 1108 cmrd 0

Figure. 7.1. Infrared spectrum of[Cong]NOg-Z’/zHgO 21
7.3.2. Electronic spectra

Electronic spectral data of complexes 20 and 21 are presented in Table
7.3. The spectra of spin paired trivalent cobalt complexes are much more
certainly interpreted. Complexes of approximate O, symmetry have the
following assignments of d«d bands:v,:'T\,—'A,,; v2:' Ty —'4,, v3: 'T)e—'4,,
vy ’Th, «—'4,, [126]. The bands are assigned values: v, ~ 22000 em’, vy ~
25400 cm™. The band due to v; ~ 6700 cm™ is neglected. There are two broad
bands, near 21978 and 25575 cm™' corresponding to charge transfer transitions.
The bands assigned are spin allowed transitions. Bands at ~22000 and ~ 25400
cm” corresponding to IT1g<—lA1g and 'nge—'Alg transitions are masked by

intraligand and charge transfer bands. The broad band at ~25400 cm™ can he
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assigned as tail of charge transfer band, mask the higher energy band due r0
'Tyg'41s. A very weak band at ~18000 cm™ corresponds to spin forbidden
’ ng*—-lA ig transition.. The band at ~6750 cm’lcorresponding to 3T,g<—/A Ig 1S
weak and difficult to assign because it is spin forbidden. Assignment of the two
higher energy bands is complicated by overlap with the more intense intraligand
and charge transfer bands. From the spectra it can be concluded that two well
separated high energy bands corresponding to spin allowed singlet—singlet
transitions have been observed with occasional presence of low energy spin
forbidden bands. Many peaks and shoulders in the spectra are indicative of
more than one type of cobalt center. The B value is reduced to 66% of the free
ion value and Dg =2336 cm™ indicates that the ligand HL' provides a strong

ligand field and bonds are more covalent [32] (Figure 7.2).
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Figure 7.2. Electronic spectrum of [COle_]Cl'Z’/: H>0 (20)
7.3.3'H NMR spectra

Table 7.4 gives selected 'H NMR assignments for the ligand and cobalt(IIl)

complexes in order to compare the coordinated, anionic ligand species in the
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complex with free ligand molecule. 'H NMR spectral measurements are
assigned as previously reported for di-2-pyridyl ketone N(4)-methyl and N(4).
N(4)-dimethylthiosemicarbazone and its metal complexes [15]. The '"H NMR
spectra of complexes when compared to that of free ligand point out that (i)
N(4)H resonance is obtained at 15.00 ppm in free ligand disappears in the
spectra of complexes suggesting deprotonation on complexation which supports
the enolization and coordination through thiolate sulfur (ii) the deshielding of
aromatic protons signals by 0.2 to 0.4 ppm on complexation. This is due to the
electron withdrawal from the aromatic ring during the coordination of pyridyl
nitrogen with the metal. The maximum downfield shift occurs with C(1)H from
O~ 8.71 ppm in free ligand to 6 ~ 8.82 ppm in complexes due to the
coordination of pyridyl nitrogen to the cobalt(IIl) ion. (iii) The protons
corresponding to the pyridyl rings of di-2-pyridyl ketone appear as separate
signals in complexes, indicating its loss of equivalence due to imposition of a
rigid geometry around the metal ion after complexation. This observation is
consistent with the resonance of HL' protons with C(1)H and C(l DH at 8=8.71
and 8.57 ppm (2H, doublet), C(2)H and C(10)H at 6 = 7.34 and 7.28 ppm (2H.
triplet), C(4)H and C(8)H at 6 =8.07 and 7.67 ppm (2H, doublet) ; C(3)H and
C(9H at 6 = 7.78 ppm (2H, triplet), which on complexation resonate at
different fields.. Due to the hydrogen bonding and CH---m interactions, the
resonance absorptions of protons of the pyridyl ring are shifted further

downfield. (Figure 7.3)
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| [

ey WOH

Figure 7.3. 'H NMR spectrum of the compound [CoL,]CI- 2% H>0 (20)

The numbering scheme and tentative structure assigned to [CoL',Cl]-2%4H,0

(20) 1s shown in the Figure. 7.4

Cl

Figure 7.4. Structure of [CoL',]C1-2%5H,0
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Chapter 7
7.4. Concluding remarks

Cobalt(IlI) complexes of the ligand di-2-pyridyl ketone 3-
tetramethyleneiminyl thiosemicarbazone (HL") have been prepared with
chloride and nitrate as counter ions. These complexes were analyzed by
different physico-chemical methods. The stated quantities of cobalt(Il) chloride,
cobalt(Il) nitrate with ligand HL' in methanol gave products of composition
[CoL,]C1-22H,0 and [CoL,]NO;-22H,0. Molar conductivity measurements in
10°M DMF solution suggest that the gegenions are outside the coordination
sphere. Both complexes are found to be diamagnetic at room temperature,
confirming that cobalt is in the +3 oxidation state and hence corresponds to a d°
ion in a strong field. IR spectral data suggest that the ligand coordinates to the
cobalt(III) ion through pyridyl nitrogen, azomethine nitrogen and thiolate sulfur.
'H NMR spectral data also supports the enolization of the ligand on
complexation. Diffuse reflectance spectra of cobalt(III) complexes exhibit four
d-d bands are consistent with an octahedral geometry. Hence it may be
concluded that the potentially quadridentate ligand HL' behaves as a tridentate
one coordinating to cobalt(Ill) ion through pyridyl nitrogen, azomethine
nitrogen and thiolate sulfur and the tentative structure proposed for complexes

is octahedral.
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Chapter 8

SYNTHESIS AND SPECTRAL CHARACTERIZATION OF
ZINC(1I) AND CADMIUM(1I) COMPLEXES OF DI-2-
PYRIDYL KETONE.3-
TETRAMETHYLENEIMINYLTHIOSEMICARBAZONE

8.1. Introduction

The elements, zinc and cadmium have a d'’s” electronic arrangement and
typically form Zn?* and Cd** ions. Because these ions have a complete d shell,
they do not behave as transition elements. Both metal ions form complexes
with O donor ligands and also with N and S donor ligands and with halide ions.
Zn®* and Cd* occur largely in four coordination spheres as tetrahedral
complexes. Zinc and cadmium also form several octahedral complexes. The
octahedral complexes of zinc are not very stable. But cadmium forms
octahedral complexes readily and they are more stable than zinc complexes
because of its larger size [181]. There are reports of zinc(Il) and cadmium(Il)
complexes of 2-formylpyrrole thiosemicarbazone where metal atoms are
tetracoordinated, ligands are neutral and sulfur monodentate [182]. Non-linear
optical properties of zinc(II) complexes are also reported [183]. Non-linear
optical materials exhibiting efficient second harmonic generation (SHG) at short
wavelength are needed in the fields of high optical density recording, laser

printing and optical measurement systems.

Heterocyclic  thiosemicarbazones and salicylaldehyde and 2-
hydroxyacetophenone thiosemicarbazone have been extensively studied because
of their strong ability to form metal complexes [184] as tridentate ligands and

their wide spectrum of biological applications [9]. Heterocyclic

Dept of Applied Chemistry July 2004



Chapter 8

thiosemicarbazones are important because of their greater versatility as ligands,
with several donor atoms, their flexibility and ability to coordinate in either
neutral or deprotonated forms. It was suggested that zinc fingers may be a very
common feature in many protein- (DNA-RNA) interactions. Further researches
in this field revealed that efficient modeling of metal sites in enzymes requires
designing of polydentate ligands having nitrogen and sulfur donors are the
donor units for the protein environment. This is specifically so for zinc
enzymes [185-187]. The NNS donor ligand uses all these monodentate
functions and encapsulates the zinc ion. In this Chapter we report the syntheses,
and spectral characterization of zinc(Il) and cadmium(Il) complexes of the

ligand, di-2-pyridyl ketone 3- tetramethyleneiminylthiosemicarbazone (HL").

8.2. Experimental
8.2.1. Materials and methods

Thiosemicarbazone (HL') i1s prepared as described in Chapter 2.
Zinc(Il) chloride, zinc(Il) nitrate, zinc(Il) acetate, sodium azide, potassium
thiocyanate of A.R grade (Merck) were used without any prior purification.
Zinc complexes are prepared in methanol and cadmium complex in ethanol

medium. The solvents were purified by standard procedures.
8.2.2. Physical measurements

Details regarding physical measurements are presented in Chapter 3. 'H
NMR spectra were recorded in an AMX 400 MHz FT-NMR Spectrometer using
CDCl; as a solvent and TMS as an internal standard at Sophisticated

Instruments Facility, Indian Institute of Science, Bangalore, India.
8.2.3. Synthesis of complexes
8.2.3. Synthesis of zinc(Il) complexes

Zinc(11) complexes were prepared by refluxing an equimolar solution of

the ligand (HLYY (0.5 mmol. 0.174 @) in 20 ml of hot methano! and the
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corresponding zinc(Il) salt (0.5 mmol) in methanol for two hours. Azido and
thiocyanato complexes were prepared by refluxing an equimolar mixture of
ligand and zinc(II) acetate in hot methanol and to the refluxing solution. sodium
azide or potassium thiocyanate was added in portions in the same molar ratio.
On slow evaporation at room temperature, yellow crystals of complexes were
separated out, which were collected. washed with water, followed by ether and

dried over P40, in vacuo.
8.2.3.2. Synthesis of cadmium(ll) complex

A solution of the thiosemicarbazone HL' (10 mmol) dissolved in 20 ml
methanol was mixed with a solution of cadmium(Il) acetate (Smmol) dissolved
in the same solvent. The solution was heated under reflux for 2 hours. The
resulting solution was allowed to stand at room temperature. On slow
evaporation pink crystals of complex separated out, which were collected by

filtration, washed with water followed by ether and dried over P4O,, in vacuo.

We have synthesized five zinc complexes, with empirical formula
[ML'X] where X= CI (22), NO; (23), OAc (24), N3 (25), SCN (26) and one
cadmium(II) complex [Cd(HL')(L')] OAc (27)

8.3. Results and discussion

All zinc(Il) complexes are yellow and the cadmium complex is pink,
soluble in solvents like dichloromethane, chloroform, DMF and DMSO. Partial
elemental analyses data of zinc(II) complexes are consistent with the 1:1:1 ratio
of the metal:thiosemicarbazone:gegenion and that of cadmium(Il) complex
agrees good with the 1:2 molar ratio of metal: thiosemicarbazone (Table 8.1).
The analyses values indicate that all zinc complexes are four coordinate and the
cadmium complex is six coordinate in geometry. In zinc(II) complexes the
fourth coordination site is occupied by mono or polyatomic anion. Molar
conductivity measurements in 10~ (M) DMF solution reveal that gengions are in

the coordination sphere
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Chapter 8

8.3.1. Infrared spectra.

Selected IR bands are listed in Table 8.2 and 8.3. The spectra of
compounds 23, 25, 26, and 27 are shown in Figures 8.1 and 8.2. The broad
band at 3428 cm’, probably arise from the O-H stretching mode of
uncoordinated water molecules. A medium band at 3049 cm"', which 1is
assigned to v(N-H) vibration in the ligand is found absent in zinc(Il) complexes,
which 1s consistent with the deprotonation of the ligand on complexation. In the
cadmium complex, a shoulder at 3049 cm’'due to w(N-H) suggests that the
ligand exists in the thione form. Bands ranging from 1600-1350 cm™ suffers a
significant shift in the spectra of complexes can be attributed to v(C=C) and
v(C=N) vibrational modes, and their mixing patterns are different from those
present in the ligand spectrum. The band corresponding to azomethine

nitrogen, v(C=N) in the free ligand at 1582 cm’

shifts to higher wavenumbers
by ~10-20 cm” on complexation is indicative of azomethine nitrogen
coordination [106, 115, 116]. The positive shift in v(C=N) can be attributed to
the combination of v(C=N) and newly formed N=C frequencies suggesting that
sulfur is in the thiolate form. The enolization is further supported by an

increase in the v(N—N)) frequency by 10-12 cm’.

Weak bands at 1290 and 785 cm™ are due to v(C=S) and o(C=S)
vibrations in the complexes. These bands are found at lower values than that of
the corresponding frequencies of free ligand. The downfield shift of bands in
complexes corresponding to v(C=S) and 6(C=S) in free ligands can be attributed
to change of bond order and strong electron-delocalization upon chelation
[117]. A medium band ~390 cm™ corresponds to v(Zn-N) stretching vibration
in all compounds indicates the coordination of azomethine nitrogen to the metal
ion [34]. A weak band at ~340 cm” is indicative of V(Zn-Npyn¢,1) vibration in

all complexes.

The metal-chlorine frequency in the chloro complex (22) appears at 320

cm’. For the compound 23, bands at 1500, 1300, 992, and230 cm’ corresponds
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[ZnL'N;]-¥2H0 (25)

y
=0 20w 1500 1080 cwt 50O

§
1
$

[ZnL'NO;] (23)

?Wﬂ/\ /\W\/

T + —
4080 i) 000 =00 2000 1’" llﬂ cet SOB

Figure 8.1. Infrared spectrum of compounds 23 and 25
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Figure. 8.2. IR spectrum of [CA(HL'Y(L')] OAc 27

to different NO stretching frequencies of the coordinated nitrato group. Azido
complex (25) exhibits a strong band at 2054 cm’ corresponding to the v,(NNN)
stretching vibration [34] of the coordinating azido group. The broad bands at
636 and 353 cm’, assigned to O(NNN) and vw(Zn-N) respectively [34],
suggesting that Zn-N-N-N is not linear. The thiocyanato complex (26) shows a
sharp band at 2067 cm™, which is assigned to v(C-N) of the thiocyanato group,
indicating coordination through the nitrogen of the thiocyanato group [125]. A
single sharp band near 480 cm™' corresponding to 8(NCS) of the thiocyanato
group further supports nitrogen coordination of the thiocyanato anion with the
zinc center [34]. For the compound 24, the band at 1600 and 1439 cm’
correspond to symmetric and asymmetric stretching vibrations of the acetato
group are consistent with the presence of a monodentate acetato group [106].

The band at 1600 cm™ is very intense, is a combination of w(C=N) and
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Chapter 8

v(CH3COO) stretching vibrations. These observations are consistent with the
work on zinc(1l) complexes of di-2-pyridiyl ketone thiosemicarbazone prepared

ion our laboratory [175].
8.3.2. Electronic spectra

Solid-state electronic spectra of compounds were determined in the
region 200-900 nm. The data are listed in Table 8.4. The ligand (HL') has
absorption maximum at 36232 and 35088 cm’ due to m*—m of the pyridyl ring
and the imine function of thiosemicarbazone moiety respectively. There are
two bands at 29155 and 30864 cm™ corresponding to 7*— n transition of the
pyridyl nitrogen and thioamide function respectively. These bands suffer
marginal shifts on complexation. The shift of the 7*«n bands to the longer
wavelength region is the result of the C=S bond being weakened and

conjugation system being enhanced after the formation of the complex
8.3.3. '"H NMR spectra

'H NMR spectral measurements are assigned as previously reported on
di-2-pyridyl ketone N(4)-methyl and N(4)-dimethyl thiosemicarbazone and its
metal complexes [141]. The signal due to N(4)H resonance is obtained down
field at 15.0 ppm in the free ligand as depicted in Table 8.5. The large
downfield shift of this proton indicates its involvement in hydrogen bonding
with the pyridyl nitrogen. The non-appearance of N(4)H signal in the spectra of
zinc(Il) complexes shows that the ligand is deprotonated on complexation
which supports the enolization and coordination of sulfur to zinc(II). The non
appearance of the N(4)H signal in cadmium complex shows that the ligand
deprotonated in CDClj solution. The signals corresponding to aromatic protons
are shifted downfield by 0.2 to 0.4 ppm on complexation. This is due to the
electron withdrawal from the aromatic ring during the coordination of pyridyl
nitrogen with the metal. The protons corresponding to the pyridyl rings of di-2-
pyridyl ketone appear as separate signals in complexes, indicating its loss of

equivalence due to imposition of a rigid geometry around the metal ion after
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complexation. This observation is consistent with the resonance of HL' protons
with C(1)H and C(11)H at 6= 8.71 and 8.57 ppm (2H, doublet). C(2)H and
C(10)H at & = 7.34 and 7.28 ppm (2H. triplet), C(4)H and C(8)H at & =8.07 and
7.67 ppm (2H, doublet) ; C(3)H and C(9)H at & = 7.78 ppm (2H, triplet), which
on complexation resonate at different fields. There is significant downfield shift
of the proton alpha to pyridyl nitrogen. It is also observed that some protons in
the pyridyl ring of both zinc and cadmium complexes suffer an upfield shift
from that of free ligand, which is due to the electron transfer from filled metal
3d-orbitals to the vacant 7* antibonding orbital of the ligand.or due the loss of
hydrogen bonding. "H NMR spectrum of compound 23 is shown in Figure 8.3.

and the tentative structures of the compounds 22 and 27 are given in Figure 8. 4.

X i[l‘

= ' il ik wi__l_
W W e

Figure 8.3. 'H NMR spectrum of [ZnL'Cl] (22)
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Compound 22 [ZnL'Cl] Compound 27 Cd(HL")(L")]|OAc

Figure. 8.4. Tentative structures of 22 and 27

8.4. Concluding remarks

The physico-chemical measurements suggest that the ligand is tridentate
in nature.  Conductivity measurements show that complexes are non-
electrolytes in DMF except 27 (which is a 1:1 electrolyte) indicating that the
gegenions are in the coordination sphere. Infra red spectral data further
supports the tridentating nature of the ligand, coordinating to the metal ion
through pyridyl nitrogen, azomethine nitrogen and thiolate sulfur. As per the
elemental data, conductivity measurements, electronic and 'H NMR spectra, a
square planar structure is suggested for zinc(I) and an octahedral structure for
cadmium(Il) complexes. The tentative structures of the zinc(II) complex (22)

and the cadmium(II) complex (27) (Figure 8.4) are shown below.
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