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Preface

This work presented in this thesis entitled “Synthesis , characterization and exploration of

properties of some transition metal complexes with N,O —donor ligands” has been carried

out in the Department of Chemistry, Jadavpur University, from the period 2015 to 2022.

Different analytical and spectroscopic techniques have been used during the course of the
research like 'H, >C NMR, UV-Vis, PXRD, FTIR, and single crystal XRD. In some cases

computational studies inviiolving DFT calculations have been utilized.
The thesis contains six chapters with the following contents:

Chapter 1: This chapter is a broad introduction regarding coordination chemistry of transition
metals, mainly copper and nickel. Moreover, it contains an elaborate literature survey behind the
research work that has been conducted and it also contains a brief overview of the objective of

the thesis.

Chapter 2: This chapter deals with the synthesis and characterization of a few Schiff base
copper(Il) complexes and their extensive use as catalysts in alcohol oxidation, yielding the

desired products. The products have been identified and quantified by gas chromatography.

Chapter 3: This chapter elucidates the synthesis, detailed characterization and study of two
heterogeneous catalysts which have been prepared by grafting Ni(II) and Cu(Il) on
functioonalised mesoporous silica. These catalysts have been employed in olefin oxidation

reactions thereafier.

Chapter 4: This chapter contains the description of Cu(Il) and Ni(Il) complexes, of which the
Cu(IT) complex resembles a natural enzyme, methane monooxygenase. These have been used to
activate C-H bond in alkanes, and of the two, the copper complex was seen to carry this out

successfully.




Chapter 5: This chapter is an overview of a mononuclear Cu(ll) Schiff base complex, which has
been effective in interacting with DNA and protein. Hence, this complex has relevant biological

applications, including cell apoptosis.

Chapter 6: This chapter is a description of a novel Schiff base copper(1l) complex which has
been electropolymerized on a simple glassy carbon electrode. The comparison between the two
electrodes show how the modified electrode carries much higher current in a voltammetric set

up. It has also been used for catalyzing the oxidation of ascorbic acid.

Asadhita Battacharie

Date : %/ 9 [ 2022 Aradhita Bhattacharjee
Department of Chemistry
Jadavpur University

Kolkata 700032




Chapter 1

Introduction




1.1 General introduction

Transition metals are atoms which have a partially filled d sub-shell and can produce
cations with an incomplete d sub-shell. They can be described as an element in the d-block of
the periodic table, which include groups 3 to 12. The f-block lanthanide and actinide series are
are called "inner transition metals”. The properties of the d-block elements are very unique
different from those of s and p block elements in which either sor p-orbitals of the valence shell
gets filled. They are mostly coloured compounds and the colour is generally due to electronic
transitions of two principal types. An electron may jump from a predominantly ligand based
orbital to a predominantly metal based orbital, giving rise to a ligand-to-metal charge-transfer
(LMCT) band. A metal-to-ligand charge transfer (MLCT) transition will be most likely just the
reverse when the metal is in a low oxidation state and the ligand is easily reduced. The intense
colourations of these compounds are caused by the above two transitions while the third rype of
transition, d-d transitions, are the ones causing weaker intensity colour when an electron jumps
from one d level to another. These transitions are forbidden by selection rules and thus creates a
weak colour. Transition metal compounds are paramagnetic in nature when they have one or
more unpaired d electrons. Ferromagnetism occurs when individual atoms are paramagnetic and
the spin vectors therein are aligned parallel to each other. Anti-ferromagnetism is another
example of a magnetic property arising from a particular alignment of individual spins in the
solid state in a way such that the magnetism in one direction gets cancelled off in the other.

All transition metals are metalsand hence conductors of electricity. They possess
high density and high melting and boiling points. These properties are attributed to metallic
bonding by delocalized d electrons, causing cohesion which increases with the number of
electrons shared. The transition metal complexes are also known for their homogeneous and
heterogeneous catalytic property which can be ascribed to their ability to adopt multiple
oxidation states.

Among the transition metal complexes, complexes of copper and nickel are of great interest as
they offer several significant applications in various fields such as magnetism, sensing, catalysis,
biology, separation scienceltletc. Moreover, these are cheap as they are easily available on the

earth’s crust.



https://en.wikipedia.org/wiki/Electron_shell
https://en.wikipedia.org/wiki/Cation
https://en.wikipedia.org/wiki/D-block
https://en.wikipedia.org/wiki/Periodic_table
https://en.wikipedia.org/wiki/F-block
https://en.wikipedia.org/wiki/Lanthanide
https://en.wikipedia.org/wiki/Actinide
https://en.wikipedia.org/wiki/Ligand
https://en.wikipedia.org/wiki/Atomic_orbital
https://en.wikipedia.org/wiki/Paramagnetic
https://en.wikipedia.org/wiki/Antiferromagnetic_interaction
https://en.wikipedia.org/wiki/Metal
https://en.wikipedia.org/wiki/Density
https://en.wikipedia.org/wiki/Boiling_point
https://en.wikipedia.org/wiki/Metallic_bond
https://en.wikipedia.org/wiki/Metallic_bond
https://en.wikipedia.org/wiki/Cohesion_(chemistry)
https://en.wikipedia.org/wiki/Catalytic

1.2 Cu Chemisty:

Copper is one of the most abundant metals in the earth’s crust (68 ppm). It is an essential

element for living organisms. Copper is involved in different reactions like enzymatic reactions,
oxygen transportation, etc. within biological systems!?! which are all vital for life. It is also
important for human civilization. For thousands of years, copper has been utilized to generate
objects ranging from copper bells to microelectronics. Metallic copper is used in developing
electrical conductor. It is also used extensive use in the preparation of coinage alloys. Several
alloys consist of copper; for example bronze (Cu plus 7-10% Sn), brass (Cu-Zn), and special
alloys such as Monel (Ni-Cu). Copper plays physiological roles in bio organisms as well, it is
useful in designing the way of treatment for so memetabolic disorders. A large number of
copper-containing antibacterial, antiviral and antitumoragents are also commont!.

Copper, as commonly known, exhibits a variety of compounds, mostly coloured. The two main
oxidation states of copper are +1 and +2 although some +3 complexes are also known in
literature. Copper(l) compounds are diamagnetic and are generally colourless, except when
colour results from charge transfer or due to the anion. In solids, copper(l) is the more stable
state at normal temperatures. According to the HSAB rule, Cu(l) ion is soft acid®l. Due to this, it
is found to complex with soft donors such as unsaturated heterocyclic compounds, carbon
monoxide, sulfur containing ligands,® etc. The copper(ll) ion is more stable in aqueous
solutions. Compounds of the +2 state, often called cupric compounds, are usually coloured. They
are affected by Jahn Teller distortions and exist as a wide range of stereoisomers with four, five,
and six coordination numbers. Although researchers have been involved in evaluating the
chemistry of copper complexes since a long and a number of research articles regarding this
have already been published, studies on coordination complexes of Cu(ll) and Cu(l) still reveals
amazing coordination geometries and structural variations. Coordination number of copper in its
complexesvaries from two up to six and therefore these complexes exhibit different kind of
geometries e.g linear (coordination number two), trigonal planar or T-shaped (coordination
numberthree), tetrahedral and distorted square planar (with coordination number four), tetragonal

pyramidal (coordination number five) and distorted octahedral (coordination number six).



http://wwwchem.uwimona.edu.jm/courses/JahnTeller.html

1.2.1 Complexes of Cu(l)

It is found that Cu(l) with d'° configuration does not fit in any definite coordination geometry.
Here the amount of steric constraints coupled with electronic effects caused by the ligands
interplay in determining the stereochemistry of the complexes. The 3d shell of Cu(l) ion is fully
filled and therefore, it is isoelectronic with zinc(ll). As a result of this, Cu(l) exhibits no ligand
field transition and it is EPR silent as well. Cu(l) is generally diamagnetic unless it is coordinated
to highly polarized ligands. Contrary to Cu(ll), the complexes of Cu(l) are found to be colorless
as there is no electron that can be promoted to a higher energy level when the 3d sub-shell is
split as and when the central metal ion interacts with the ligands. Copper(l) system isextremely
unstable in aqueous phase and it tends to disproportionate and generate copper(ll) along with
metallic copper (2Cu(l) = Cu(Il) + Cu(s)). Hence it spontaneously undergoes a redox change and
an electrode potential value predicts this instability and therefore the observations are completely
justified. The reason behind this kind of facile disproportionation may be the higher value of the
heat of hydration of the corresponding divalent ion that is being formed. The system exhibits
high K (= [Cu(1D][Cu()]?) value and it has been found to be 5.38 ( 0.37) x 10° mol* at 25 °C.
The calculated standard reduction potentials are Eo(Cu*/Cu) = + 0.5072 V and Eo(Cu®*/Cu*) = +
0.1682 V. That is,

(i) Cu*+e > Cu (E?cuticy =+0.52V)

(ii)Cu?* + e~ > Cut (EZ?c/®icu = +0.16V)

Equation (i) represents the reduction half—cell reaction and equation (ii) with the less positive
potential, will represent the oxidation change. However, stabilization of Cu(l)can be achieved
through formation of complexes having extremely low solubility or by generating complexes
with ligand systems that show n-accepting nature. Cu(l) ion is quite stable in its acetonitrile
solution. Oxidation of metal ion following electrochemical method in acetonitrile offers a
suitable preparative procedure. The common geometry of Cu(l) complexes in tetracoordinated
complexes is tetrahedral as demonstrated by N.K. Szymczak et al'”! |, e.g. [Cu(py)]*, [Cu(CN)4]*
and [Cu(L-L)2]*(e.g. L-L = phen, bipy)(Figl1.1)




Fig 1.1 : A perspective view of Common Cu(l) complexes. H atoms are excluded for clarity!”

Apart from this, Cu(l) may form complexes with much lesser coordination number , as well,
such as two. In linear [CuCl,]" copper(l) exhibits coordination number two. It is formed by
dissolving CuCl in HCI. Coordination number three can be found in K[Cu(CN)2]. In solid state it
has been found to consist of almost planar, trigonal Cu(CN)3 units which are connected in a
polymeric string (Fig.1.2). Whereas the distinct planar anion [Cu(CN)3]* can be obtained in the
case of Naz[Cu(CN)s].3H20. There are few examples where copper can exist with two different
oxidation states. One of such complexes is 2[Cu(CzsH2sN2S2)CI]*[Cu2Cls]?>. Here Cu(ll) is
coordinated to an N2Sitypemacrocyclic moiety along with chloride. This ultimately ends up in
the formation of a reasonably bulky cation which eventually stabilizes the anion containing Cu(l)
in a strange and non-planar geometry'®l. A large variation of polymers are found to contain Cu(l)
center. Since Cu(l) is a d® system, it is extremely unlikely for it to get involved in metal metal
bonding. Complexes of Cu(l) also consist of an extensive variety of structures, which are often
characterized by their electronic spectra containing unique charge-transfer bands!®. The general
stoichiometries of CuXLn(where n = 0.5, 1, 1.5 and 2) may show various types of geometries
such as “cubane” , “ladder” and “chair” . The ultimate geometry depends on the type of
ligand (L) and halide (X) used%,
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Fig 1.2 : Trigonal Cu(CN)s units fussed together!*!

1,2.2 Complexes of Cu(ll)

Cu(l) has a d° electronic configuration. It shows unique spectral and magnetic properties. In
most cases, complexes of Cu(ll) exhibit characteristic EPR signal. Due to its d° electronic
configuration it is prone to Jahn-Teller distortion. Therefore, a general trend of learning the
chemistry of Cu(ll) complexes by studying their spectroscopic properties. The electronic spectra
of coordination complexes of copper(Il)consist of broad bands which provide information about
the coordination geometry around the metal center. Usually the bands are due to ligand to metal
charge transfer (LMCT), and are found in the ultra-violet to visible region. The electron
paramagnetic resonance (EPR) spectra of copper(ll) gives information about the electronic state
aswell as the coordination geometry. In solid state, due to interaction among the neighboring
copper centers within the lattice, EPR vyields broad signals. But when the samples are
magnetically dilute, the EPR spectra clearly exhibits the characteristic hyperfine splitting (Icu=
3/2) and super hyperfine splitting (In= 1).In several Cu(ll) complexes where two Cu(ll) ions are
in proximity or connected by a suitable bridging ligand, the electron spin interaction takes place
if the magnetic orientations as well as the orientations of the ligand orbitals allow the overlap.
These types of Cu(ll) dimers are found often with a variety of bridging ligands such as
hydroxide, fluoride, chloride, azide, imidazolate, thiocyanate, etc. Further information about this
type of interactions between copper(ll) centers can be obtained by studying the results of

magnetic susceptibility measurements. The redox properties of the Cu(ll) ion are highly




dependent on the type of atoms coordinated to it. Soft donor type ligands tend to increase the
Cu(I)/Cu(l) redox potential as they are able to stabilize the corresponding lower oxidation state.

Usually Cu(ll) exhibits coordination numbers 4, 5 and 6 in its complexes. But the regular
geometries corresponding to these coordination numbers are particularly rare. Therefore it
becomes difficult often to make a difference between square-planar geometry and tetragonally
distorted octahedral geometry. The cause behind this observation is attributed to the Jahn-Teller
effect. Here, Jahn-Teller distortion takes place due to the uneven occupation of the eg orbitals
(dz%and dx2-y?) since the d® Cu(ll) ion is in an overall octahedral geometry. Generally an
elongation of the octahedron occurs due to the Jahn-Teller effect which may be seen as “4 + 27
coordination (4 short and 2 long bonds). This result is due to the filled dz?orbital and half-filled
dx?-yorbital. In most extreme case of the “4 + 2 coordination the axial ligands may completely
vanish and consequently a square-planar complex is generated. However, a compression of the
octahedron takes place in peculiar cases, e.g. coordination geometry in solid KAICuFs. This type
of Jahn-Teller distortion can be ascribed as “2 + 4” coordination (2short and 4 long bonds). “4 +
2” type coordination is in turn supported by the configurational mixing between higher-lying s
orbitaland ligand field d-orbital basis set!*?. Veidis et al. reported a copper(ll) complex
[Cu(bpy)(hfa)2] (bpy = bipyridine, hfa =hexafluoroacetylacetonate) in which Jahn-Teller
distortion was very apparent. Due to tetragonal distortion, its geometry deviated from ideal

octahedral symmetry (Oh) to yield Dsh symmetry!3l (Fig 1.3)




Fig 1.3 : Effects of Jahn Teller distortion™
Stable complexes of copper(ll) are reported with various O donor ligands for example
acetylacetonate, acetate, ethyl acetoacetate, etc. Cu(ll) also complexes with mixed N,O-donor
ligands like Schiff base ligands to produce stable adducts. This type of complexes exhibit
interesting stereochemistries. Examples consist square-planar coordination as well as square
pyramidal geometry around the metal centre (Fig 1.4)* whose energy level diagram has been
illustrated in Fig 1.5. Mostly, dimerization occurs in the solid state when the metal exhibits a

square pyramidal coordination.
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Fig 1.4 : A perspective view of square-planar and square pyramidal Cu complex. H atoms
excluded™
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Fig 1.5 : Energy level diagram of square planar and square pyramidal geometry!*!

1.2.3 Electronic spectra and magnetic properties of copper(ll) complexes

Usually complexes in which the metal ion has d® electronic configuration, exhibit simpler spectra
since the d° configuration may be treated as an inverse to d* electronic configurationl. Cu(lI)
exhibits a d° electronic configuration. Therefore complexes containing Cu(ll) are generally blue
or green in color due to the existence a single broad band in the absorption spectra within the
region of 11000-16000 cm™. However, as discussed earlier, the d° ion is susceptible to large
Jahn-Teller distortion. As a result of this distortion, its geometry deviates from ideal octahedral
symmetry and therefore, the absorption band becomes unsymmetrical. Due to this reason the
electronic spectra of d° systems consist of a number of bands whose exact assignment is
extremely difficult. The ground term for a d® system is 2D. The splitting of a 2D free ion ground
term is like a 5D ground term that arises from d*electronic configuration and as a result similar
electronic spectra is expected for both. The T ground term that arises due to the tetrahedral
coordination of d° ion which has an orbital contribution towards the magnetic moment of the
system. As a result, the magnitude of the magnetic moment is found to be greater than the
corresponding spin-only value (uspin-only = 1.73BM). The E ground term of a d® system with
octahedral coordination can also generate a magnetic moment [ue = uspin-ony (1-2 A /10 Dq)]
which is higher than 1.73BM. This happens due to the mixing of the excited T terms with the
ground term. The sufficiently higher magnitude of A (-850 cm™) supports this result. The

magnetic moments of magnetically dilute Cu(ll) complexes vary from 1.9 B.M to 2.2 BM. The




overall picture becomes clear in Fig 1.6. We see that the copper(ll) complexes with geometries
close to octahedral, show magnetic moments of lower value within the over said range and the
complexes with coordination geometries close to tetrahedral exhibit magnetic moments of higher
value. But this result is not very consistent and nothing can be concluded about the exact

geometry without proper other practical evidences.
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Fig 1.6 : Energy level separations of Cu(l1) complexes”

1.2.4 Complexes of Cu(lll)

Usually the complexes containing copper(l11) are rare since Cu(lll) (Fig 1.7) is reduced to Cu(ll)
easily, though a few have been reported!*. Cu(lll) ion can successfully participate in electron
transfer occurring in biological systems and therefore, a range of Cu(lll) containing peptides
have been potentially synthesized. The pale-green colored complex KzCuFs can be achieved by
treating a mixture of potassium chloride and copper(l) chloride (3KCl+ CuCl) with F,. This
compound exhibits paramagnetism owing to the presence of two unpaired electrons and it can be
reduced very easily. KsCuFs, a high-spin paramagnetic Cu(l11) complex, is one of its kind. Apart
from this one, all the other Cu(lll) complexes are low-spin and hence diamagnetic. Generally,
geometries of these complexes are square planar and they are very much similar in nature to

Ni(I1) systems. [CuBr2(S.CNBu'z)] and MCuO; (M = alkali metal) are examples of diamagnetic




Cu(I11) complexes. Violet colored [CuBr2(S:CNBuUY)] can be effectively synthesized by the
reaction between [Cu(S2CNBu'%)] and Brz in CS, medium, whilst blue colored MCuO; can be
prepared by heating cupric oxide and MO in the presence of oxygen. W.F. Bie et al. synthesized

the following Cu(l11) complex[*6!

Fig 1.7 : A perspective view of Cu(l11) complex. H atoms excluded™®

1.3 Nickel chemistry

Nickel is the twenty-second most abundant element in the earth’s crust (99 ppm) and among the
transition metals, its position stands in the seventh most abundant[*. A considerable amount of
nickel is used in making of alloys. In 1889, a report published by J. Riley of Glasgow on the
effect of addition of nickel to stainless steel, probed the US Navy to use nickel steels in amour
plating. Amount of Ni in Stainless steels can be found up to 8%. The alloy “Alnico” is famous
for its use as a permanent magnet. The non-ferrous alloy, nickel silver (or German silver)
contains 55-65% Cu, 10-30% Ni and Zn, as its constituents. When this alloy is electroplated with
silver, it generates the common EPNS tableware. Monel (containing 32% Cu, 68% Ni and traces
of Mn and Fe) is employed in the making of apparatus for handling corrosive materials.
Nichrorme (60% Ni, 40% Cr), which is known for its extremely small temperature coefficient of

electrical resistance, it is used in electric heaters. Another Ni alloy Invar finds its application for
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its very small coefficient of expansion. Electroplated nickel can act as a perfect undercoat for
electroplated chromium. Nickel plays a role in the catalytic hydrogenation of unsaturated
vegetable oils and unsaturated fats. Huge quantity of nickel is also used in storage batteries.
Nickel is ferromagnetic, but the extent of ferromagnetism is less than that of iron and cobalt. Its
Curie point is around 375°C, which is also lower than both iron or cobalt. At normal temperature
conditions, nickel is moderately resistant to atmospheric corrosion. However, when heated in air,
nickel gets tarnished. Finely divided nickel is actually also pyrophoric. When heated, nickel
reacts with B, Si, P, S and the halogens as well. On heating it reacts with F.although much more
slowly than most metals otherwise do. It gets oxidized at red heat in presence of steam. Nickel
metal gets dissolved in dilute mineral acids slowly but quite rapidly in dil HNOs. On the other
hand concentrated HNOs renders it passive. Nickel is known for its resistance aqueous alkalis

and therefore it finds suitability in manufacture of apparatus for producing NaOH.

1.3.1 Complexes of Ni(ll)

Undoubtedly +2 is the most common and widely existing oxidation state of Ni. Due to the
absence of any other oxidation state with such good stability, compounds of Ni(ll) generally do
not take part in regular redox reactions. Ni(ll) generates salts with several existing anions and in
aqueous medium,[Ni(H20)]?" ion is formed in the absence of any strongly complexing ligands.
The coordination number of nickel(Il) hardly exceeds six. Nickel complexes are octahedral and
square planar in general, though few examples of trigonal bipyramidal, tetrahedral and square
pyramidal geometries have also been found to exist. Octahedral complexes of nickel(Il) can be
obtained from an aqueous solution by gradually replacing coordinated water with neutral N-
donor ligands (i.e. NHas, en, bipy, phenetc.) anionic ligands (i.e. NCS-, NO; - etc.) and O-donor

ligands such as dmso, dmf etc. Some common complexes are given in Fig 1.8,
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Fig 1.8 : Some nickel complexes and their geometries™*.

The green trimeric complex, [Ni(acac)z], can be prepared from the octahedral monomeric trans-
dihydrate, [Ni(acac).(H20)2] bydehydrating the same. The trimer shows some really interesting
magnetic properties. (Fig 1.9)(*4

CH,
CH,

Fig 1.9 : Trimeric [Ni(acac)s] complext*!]

At low temperature of about 80 K, it behaves like a normal paramagnet but at a temperature
further lower, magnetic moment is higher. At 4.3 K, magnetic moment per nickel atom increases
from 3.3 to 4.1 BM. This indicates ferromagnetic coupling between the six unpaired electrons in

this trimer. Trimer formation can be prevented by replacement of the methyl groups of




acetylacetone with the bulkier groups like tert-butyl. This eventually paves the way for the
formation of a red colored square planar monomer (Fig 1.10)1.

Fig 1.10 : Square planar nickel complex!

Among the four coordinated Ni(ll) complexes, square planar geometries are encountered the
most. [Ni(CN)4]%*, (N-methylsalicylaldiminato)nickel(ll) and bis(dimethylglyoximato)nickel(II)
are well-known square planar Ni(ll) complexes. Its bonding and hybridization has been shown in
Fig 1.110% The latter is highly useful to inorganic chemists as is obtained as a bright rose red
precipitate during gravimetric analysis of nickel. In fact, solid bis(dimethylglyoximato)nickel(l1)
consists of planar molecular structures stacked on each other. Therefore Ni-Ni interactions
eventually lead to a seemingly octahedrally coordinated complex. However, it dissociates into
the corresponding square-planar monomer in presence of non-coordinating solvent molecules.

Thus, it should be considered as square planar even in solid state.
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Fig 1.11 : Bonding and hybridization bis(dimethylglyoximato)nickel(11)™**
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Fig 1.12 : Tetrahedral Ni complex™"

Tetrahedral complexes of Ni(ll) with coordination number four also occur (Fig 1.12)14,
although rarely. The more common geometry is square planar. The simplest among these
tetrahedral Ni(ll) complexes is the blue colored complex [NiX4]* (X = C1, Br, 1) ions, which is
obtained as a precipitate from ethanolic solutions by large cations like [NR4]*, [PR4]" and
[AsR4]*['").Others include [NiL2X2] (L = PR3, AsRs, OPRs, OAsR3) type of complexes which
were the earliest legitimate examples of tetrahedral Ni(11)[*8. The justification behind the ease of
formation and the relative abundances of the above mentioned stereo chemical variations among
Ni(Il)complexes is that the CFSEs of the d® configuration support an octahedral geometry and
actually go against a tetrahedral stereo chemistry. The square-planar geometry on the other hand
accommodates of all 8d electrons in 4lower orbitals, rendering the uppermost (dx?-y?) orbital
unoccupied. This kind of situation is not possible in either the octahedral or tetrahedral stereo
chemical environments. When the ligand field is strong, splitting of the d orbitals occurs and the
energy required for pairing-up two electrons, which is mandatory for square-planar geometry
being energetically more favorable than to form tetrahedral and six coordinated octahedral
geometries. Thus, nickel prefers to form square-planar [Ni(CN)4]? with more strong field ligands
like cyanide (CN") rather than the tetrahedral isomer or the octahedral [Ni(CN)®]*. Also, there
are many complexes of the type [NiL2Xz], which are planar, where low-symmetry crystal fields
are undoubtedly possible. It includes examples of tetrahedral complexes as well. Obviously
several factors inter play to finally determine the exact stereochemistry of a specific complex.

Proper balancing of electronic and steric factors is required. It can be demonstrated appropriately
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by a series of nickel complexes [Ni(PR3)2Xz] (X = C1, Br, I). The planar diamagnetic type of
complexes occur when R = alkyl, X = I, whereas tetrahedral paramagnetic type of complexes are
formed when by R = aryl, X = C1. On the contrary, when mixed alkyl aryl phosphines are used
during synthesis ,conformational isomerism may take place. As an example of this, the geometry
and magnetic property of [NiBr2(PEtPhy)2] can be illustrated here. [NiBr2(PEtPhz)2] can be
obtained as a green colored complex with = 3.20 BM magnetic moment and a tetrahedral
geometry as well in a brown colored form with planar geometry which on the other hand is
brown coloured. These complexes with variable stereochemical configuration can be
characterized by their differing magnetic moment values and spectroscopic properties. But, the
conventional guidelines of color and magnetism which holds that square planar complexes are
red to yellow in color and diamagnetic in nature whereas the complexes with tetrahedral
orientation in space, are green to blue colored and paramagnetic, cannot be treated as the
universal truth. According to the traditional guidelines, paramagnetic octahedral [Ni(NO2)s]*
should exist in green to blue color whilst diamagnetic square planar [Nil2(quinoline).] should be
red or yellow colored. But contrary to this belief, they are brownish red and greenish in color
respectively. Moreover, complexes, [Bu2P(u-O, u-NR)Ni(u-O, u-NR)PBuU%] (R = Pri,
cyclohexyl) can exist in both tetrahedral and square planar geometries and both are found to be
paramagnetic™® though paramagnetic square planar complex is not seen in usual. Most probably
the very suitably small separation between the energy levels of dxzy2and dyy orbitals permits both
of these to be singly occupied with the electrons. All the electronic arrangements hace been

illustrated in the following figure.(Fig 1.13)
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Fig 1.13 : Energy level splitting of Ni(I1) complexes™
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The facile interconversion between two stereochemistries occurs satisfactorily. There is no
evidence behind the existence of the hexacyano complex of Ni(ll), rather a square pyramidal
pentacyano complex is known to exist along with the well known square-planar tetracyano
complex [Ni(CN)4]?.

; CN . CN-
Ni— 23 [Ni(CN);aq] ————3= [NI(CN),J* ———3 [Ni(CN)5]*
redissolves excess
green ppt yellow red

The unique crystalline complex [Cr(en)s][Ni(CN)s].1%2H0O is found to comprise of both the
trigonal bipyramidal and square pyramidal anions. Both are deviated from proper Dsnor Cay
symmetry .( Fig 1.14)1

Fig 1.14 : Two geometries of [Cr(en)s][Ni(CN)s].1%2H,0 ion!*!

1.3.2 Electronic spectra and magnetic properties of nickel(ll) complexes

Nickel(I1) complexes have d®configuration. Its magnetic and spectroscopic properties are very
predictable. Three spin-allowed transitions are predicted to occur as a cubic field is produced as
the result of splitting of free-ion, a ground term (3F) and a higher 3P term occurs. The splitting

pattern is similar to that of the d® ion in an identical octahedral field. The energy level diagram
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helps us understand the spectra better. The electronic spectra of Ni(l1) in octahedral field majorly

gives three transitions which has been pictorially shown in the following fig.(Fig 1.15)*

Fig 1.15 : Predicted transitions of Ni(l1) system in Oy, field™"!

The magnitude of 10Dqcan be derived from v1.Spin-forbidden transitions of weaker intensity are
observed quite frequently these cases. For instance, the absorption spectra of complexes like
[Ni(H20)6]** and [Ni(dmso)s]** show thatvzbands ,on the other hand, has a strong shoulder along
with the main absorption peak. The presence of such a shoulder is caused by the transition to the
spin singlet 'Eg, which is in close proximity to thelEg and 3Ti4(F) terms. The splitting of the
ground term for d® system in tetrahedral field is exactly the reverse of the splitting observed in an
octahedral field. Here 3T1(F) is lowest energy term. Here, three comparatively intense bands can
be expected. These bands owe their origin to the following transitions:

V; = 3Ty(F)=——3T(F); V, = 3Ax(F)=——3Ty(F); V; = 3T4(P)=~——23T;(F)
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The T ground term borne out of the presence of a metal ion in tetrahedral geometry generally
contributes to the magnetic moment (temperature-dependent orbital contribution). No such
contribution towards the magnetic moment is found from A ground term in an octahedral ligand
field. But due to the mixing of the excited 3T2g(F) with 3Ax4(F),the overall magnetic moment
may be higher.

He= Hspin-only (1-40/10DQ)
Here sspin-ony = 2.83 BM and A =-315 cm. It is found in most cases that the magnetic moments
of tetrahedral complexes of nickel(l11) generally lie between 3.2-4.1 BM. Usually the
magnetic moment in tetrahedral geometry depends on temperature, and often it is reduced to its
Uspin-only Value by delocalization of electron within the ligands or by distortions of the perfect
tetrahedral geometry. Generally the magnetic moment the Ni(Il) complexes with octahedral
geometry are in the range of 2.9-3.3 BM.
The moderately strong band in the yellow to blue region (i.e. 600-450 nm) is quite helpful for the
complete characterization of the spectra of square-planar d® complexes. This band causes the red
color of the complex. Due to the prevalence of n-bonding and charge transfer transition, a simple
and direct application of CFT becomes inappropriate and therefore absolutely accurate

assignments may be difficult.

1.4 Copper in alcohol oxidation: A perspective of Schiff base copper complex

Oxidation of primary and secondary alcohols to the corresponding carbonyl compounds is of
great importance due to its widespread utility as precursors in industrial organic chemistry
majorly in drug, vitamin and fragrance industries. Old techniques used stoichiometrically
measured amounts of inorganic oxidants, such as manganese dioxide, chromium(V1) etc, which
are pretty toxic and produce a number of by-products. Such catalytic systems involved
enormously high cost and it involved constant use of hazardous materials, harsh reaction
conditions, difficulties in operation. Production of undesirable wastes along with the actual
product was an issue that could not be handled well. The process has become much simpler now
owing to newer methods. Many catalysts are strategically used nowadays to oxidize alcohols.
Peroxide or dioxygen are nowadays used as superior oxidants and these in conjunction with
transition metal based catalytic systems provide good results’??l. The reaction involved is shown

in the following figure.(Fig 1.16)
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Fig 1.16 : The catalytic rection of alcohol oxidation®”!

Peroxidative oxidations of alcohols typically involve early transition elements in high-oxidation
states and the active oxidantive species is the peroxo metal intermediate. The reactions
involving aerobic oxidations, on the other hand, involve an oxidative dehydrogenation and is
typically catalyzed by late-transition elements. There is a high demand for producing economical
and less hazardous catalysts, oxidants and solvents which can react under mild conditions. Cu-
containing compounds have a high potential in this respect. In fact, copper is cheap and easily
acquirable. It is present in the active sites of a large array of metalloproteins, particularly in
enzymes found in nature (e.g., particulate methane monooxygenase, galactose oxidase,
hemocyanin, cytochrome c, catechol oxidase, laccases or superoxide dismutase). Copper
complexes, in combination with 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO), is very
effective in the oxidation reactions without forming a lot of undesirable side products. These
catalytic systems are mostly considered the biomimitic functional model of the galactose oxidase
enzyme (which we discussed a bit earlier)?!l. Extensive research to mimic the active sites of this
enzyme has been carried out, leading to a variety of CU/TEMPO catalytic systems being
repeatedly reported over the last few years. Galactose oxidase (GO) has an active site that
includes a tyrosyl radical coordinated to a copper(ll) and the metal center and the radical is
believed to work in beautiful synergy to carry out the oxidation processes. The metal-radical unit
in these systems is much more than just an association, and the advantage of such an
arrangement is that hydrogen abstraction from a C—H bond by radicals is thermodynamically
favored process over a hydrogen atom transfer to an inorganic metal-based oxidant (the

thermodynamic affinity of a tyrosyl radical for a hydrogen atom is high). The tyrosyl radical
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abstracts the hydrogen atom while the metal ion takes part in electron transfer. GO is a highly
structured enzyme :its active site is unusually featured ; comprising of post-translationally
modified amino acids and n-stacked residue. Its structure is particularly challenging for
scientists. Chemists adopt a biomimitic approach to elucidate the morphology, which includes
designing of molecules similar in structure to the active site of the enzyme and hence can mimic
the functions of the enzymel??, Trials for the development of mimics of GO began in 1996, and
since then significant progress has been made in this respect. The structure, spectral properties,
and even reactivity has been studied extensively, at least efforts have been made. Two reviews
reporting the first-generation models of the active Cull-phenoxyl as well as the inactive Cull-
phenolate forms of the GO active site®®! initially appeared in the literature in 200041, Several
complexes involving phenoxyl moieties coordinated to divalent metal ions other than copper,
and in fact trivalent metalions, have also been synthesized successfully. Many of these have been
described by Wieghardt et al., and were reviewed in 2001.These studies provided insights into
the properties of coordinated phenoxyl radicals®®l. The most important aspects of GO chemistry
have being recently exploredl. Galactose oxidase is an extracellular type Il mononuclear
copper protein (68 kDa) originating from fungus. GO catalyses the two-electron oxidation of
primary alcohols majorly to their corresponding aldehydes with the subsequent reduction of
molecular oxygen to hydrogen peroxide. The two-electron oxidation performed by a single
copper ion is suitably aided by the involvement of another active redoxc enter, i.e the tyrosyl
radical from the protein, during the catalytic cycle. The physiological role of GO is not evident,
probably it is involved in producing HO.forfurther use as an co-oxidant for lignin- and
cellulose-degrading peroxidases and could probably also provide an antibiotic defense within the
rhizosphere.

X-ray crystal structure of GO was reported about ten years ago?’l. Its active site is constituted of
a copper atom in a distorted square pyramidal geometry with Tyr495 positioned at the axial
position. His581, His496, Tyr272, and an exogenous ligand (H.O or acetate, replacing the
substrate) coordinate the copper effectively in the equatorial positions during the ongoing
catalytic process. The most interesting feature of this complex is the cross-linking of Tyr272 to
Cys228through a thio ether bond , ortho of the OH group, which is believed to lower the
tyrosyl/tyrosine redox potential. The indole ring of Trp290 is m-stacked withTyr272 and is

believed to control the general access to the active site and is also capable of shielding the Cys-
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Tyr cofactor from exposure to the solvent. The enzyme structure has been elucidated in the

following diagram.?®l(Fig 1.17)
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Fig 1.17 : Galactose oxidase structure!®

The enzyme can exist in three well-defined oxidation levels: the oxidized one, intermediate and

reduced form(Fig 1.18)1°. Only the former and latter forms actively take part in catalysis. The
Cull/Cul redox couple is expected to be at -0.24 V vs. Fc*/Fc at pH 7, while the
tyrosyl/tyrosinateone at 0.01 V vs. Fc+/Fc. The Cull tyrosyl radical and the copper(l) form

undergo a rapid comproportionation that renders the Cull-tyrosinate form inactive®°l,
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Fig 1.18 : Various forms of the GO enzyme[®*”!
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Spectroscopic properties of the copper tyrosinate form are typical of a mononuclear copper(ll)
complexes, on the other hand,the reduced form is EPR-silent and colorless. Spectroscopic
studies on the oxidized form have shown that the radical is mainly held in place by the
equatorially bound Tyr272 residue. Strong antiferromagnetic coupling occurs between the
tyrosyl radical and the paramagneticcopper(ll) ion resulting in a diamagnetic ground state with a
splitting greater than200 cm™. GO exhibits an exceptionally intense absorption spectrum with
bands at 445 and 800 nm which can be designated to m—n* transitions of the tyrosyl radical. The
enzyme is more or less stable in this form, with a half life (ti2) of 7.2 days. Catalysis by GO
follows a ping-pong turnover manner. In the first step, the alcohol substrate binds to the oxidized
Cull-radical active site and reduces both the redox centers namely tyrosyl radical and copper(Il)
ion, and the aldehyde product is released. This aldehyde product having a low affinity for the
complex, is consequently released into the medium. In the successive step, the Cul-tyrosine site
binds O and reduces it to H20>, and the initial Cull-tyrosyl radical is invariably regenerated. A
proposed catalytic mechanism is shownll.(Fig 1.19)
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Fig 1.19 : Catalytic cyclic involved in the use of GO type enzyme!®!

The catalysis is initiated by a weak association with the substrate. The structure of GO comprises
of a a shallow channel through which the substrate remains in a bound state byPhe194, Phe464,
Arg330, and Trp290to finally reach the catalytic site. Reaction over a wide concentration rangeb
shows that the enzyme gets saturated at a point, a dissociation constant of 71 mM is observed for
the initial complex with D-galactose. This denotes a fairly low affinity, which presumably results
from a pretty unselective active site. In contrast, the enzyme is such that it locks the orientation
of the active site in such a manner, thereby rendering a stereospecific abstraction of the pro-S
hydrogen by the nearby tyrosyl radical. Modeling studies on galactose coordinated to the
copper(ll) ion of the native enzyme shows that the pro-a-S-hydrogen is located at a hydrogen-
bonding distance from Tyr272 (ca. 2.5 A), while the pro-R hydrogen is farther away. After
binding of the substrate to the copper equatorial position, the first step is a proton transfer®2,
Deprotonation of the alcohol is facilitated by copper coordination and a short H-OTyr495 bond is

established®3. This process occurs with a very low barrier, that is almost spontaneously, due to
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the favourable condition of forming a hydrogen bonded structure due to the very close values of
tyrosine pKa and pKa of the coordinated alcohol. The first step paves the path of two processes:
the Cull-substrate bond gains strength and the C—H bond energy of the deprotonated substrate is
lowered. The second step is a hydrogen-atom transfer from the alkoxides ubstrate to the
equatorial Tyr272 radical. The second step is the major rate-limiting step (at high oxygen
concentrations)as indicated by the high value of kinetic isotope effect (KIE) of 7.7 for D-
galactose .GO gets fully oxidized during the process. The unusually large KIE of 22 as well as
the temperature dependence of the KIE point to the fact that the tunneling of a hydrogen atom in
the rate-limiting step. The activation energy for hydrogen abstraction step has been calculated to
be around 13.6 kcalmol. Optimization of the transition state structure can be done with B3LYP
calculations. It has a five membered cyclic structure in which the O—H bond length is 1.24 A
while the C—H bond length is about 1.36 A. The hydrogen atom is then efficiently transferred to
the phenol ring plane, rendering an overall © character to the radical. Ashort-lived ketyl radical
anion results from the H abstraction step which in turn reduces the metal center by donating a
single electron and is subsequently released to allow O2 binding. Kinetic studies with the steady-
state rate data for the oxidation of benzyl alcohol derivatives have shown that the three
consecutive steps, namely proton transfer, single electron transfer, and hydrogen-atom
abstraction, are asynchronous components of the entire catalytic cycle rather than being distinct
kinetic intermediates. The nitro derivatives which are classically difficult to oxidize, as well as
pyranosides and even physiological substrates exhibit a large KIE. C-H bond cleavage
(hydrogen-atom abstraction) is essentially the rate limiting step in the case of all these
substratest®l. On the other hand, the easier-to-oxidize methoxybenzyl alcohols exhibit a smaller
KIE, thus lowering the contribution of the proton transfer step to the formation of the transition
state and rather enhancing the role of the single electron transfer for the substrate oxidation. The
re oxidation step of GO (step 4) is an example of two-electron redox process catalyzed by
dioxygen. Kinetic data have shown that the re-oxygenation step occurs with a rate constant of
around 8x10°M* s! at 277 K. The unstable nature of the oxygenated complex makes its
formation unstable, in spite of its pivotal role. GO is a secretory protein, hence to attain maturity
many steps are required : cleavage of a signal sequence that directs translocation, metal binding,
and cofactor processing. The structure of a metal-free pre-form of the protein has been obtained

recently. Cys-Tyr cross-link is missing in the active site, andCys228 is oxidized into sulfenic
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acid. The conversion of this pre-form into the catalytically active form occurs in a self processed
manner utilising only copper and O>. Both the +1 and +2 oxidation states of copper induce cross-
linking and radical cofactor formation, but with very different time scales for the two oxidation
states. The Cul-dependent path resembles the physiological conditions more. Initially copper(l)
is believed to bind to the pre-form to roughly form a trigonal copper(l) complex that reacts with
0., has been proposed recently. The species that is finally formed is a reactive Cull-Oz—
compound that abstracts hydrogen atom from Cys228 and releases a reasonable amount H>Oo.
The thiyl radical then attacks the ¢-C ring carbon of Tyr272, and then again rearomatization
occurs by proton and electron transfer to the metal center. Finally, the fully reduced form of GO
is achieved which spontaneously undergoes oxidation by O-to give the catalytically potent Cull-
tyrosyl radical form of the enzyme and H>0O- alongside.

1.4.1 Model Compounds for the GO Active Site

Chemists have tried to mimic the Cull-phenoxyl radical of the active site to give GO like
properties. This is strategically done by blocking the ortho and para positions of the phenol to
increase steric protection as well as resonance, to make the whole system stay longer in solution.
The phenoxyl radicals are richly colored giving absorption bands around 400 and 450 nm and
above 600 nm that has been assigned to m—n* transitions®®l. Such modified phenol ligands are
being synthesized by coordination chemists, which can possibly behave structurally and
functionally as GO. A wide number of copper(Il) salen compounds have been described which
serves the purpose.

Nobumasa Kitajima and coworkers developed a few copper(ll) salen complexest®®! (Fig 1.20)

which were employed in the catalysis of EtOH.
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X
1) R = CH,CH(OH)CH, =H
2) R= CH2CH2 =H
3) R = CH,CH, X=OMe
4) R = CH,CH,CH,CH,CH,CH, =H

3
S S =H
-3

7) R = CH;CH,CH,NHCH,CH,CH, =H

Fig 1.20 : Copper salen complexest®

In the presence of additive KOH, complex 1 showed considerable catalytic activity under 1 atm
O, for 10 h at 40°C. Acetaldehyde was formed as the major product. Propionaldehyde and
pyruvic aldehyde were formed with propanol and hydroxyl acetone, respectively. Complex (1) in
DMF gives an electronic spectrum with two absorption bands at 370 and 611 nm which is in
close agreement with the behavior of galactose oxidase , yielding bands at 445, 630 and 775 nm.
Even the ESR spectrum of both are in close similarity. The structure of the active complex is a
copper complex in a distorted square planar geometry. The structure is given in the following
figure. (Fig 1.21)
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Fig 1.21 : Perspective view of complex 1%

T.D.P Stack and coworkers presented galactose oxidase model complexes having most of the
unique properties of GOP! (Fig 1.22). The species were EPR silent produced via one electron
oxidation of Cu(ll) and the complexes yielded aldehyde with primary alcohols which is a

characteristic property of GO.

oM 0 2";:;’,‘{;';."0’“"”‘""" OH © ;NH, nzj b ol
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——————— Cu(OAc
R, et o). 4 Moo, " R
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SP H
81 B
H H
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Fig 1.22 : GO mimicking Cu(I1) complexes.?"!

They found the crystal structure as well. The crystal structure of Cu(ll) complex is a monomeric,

four-coordinate, distorted square planar structure(Fig 1.23).
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Fig 1.23 : A perspective view of Cu(11) monomeric complex®”]

The binaphthyl backbone renders a tetragonal distortion. This distortion is not because of the
steric strain between the SPr' groups, as the unsubstituted complex also gives similar distortion.
The latter complex is shown in Fig 1.24.

Fig 1.24 : A perspective view of unsubstituted Cu(l1) complex!®’]
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The EPR spectra of the complexes are similar to that of GO. The EPR data has been summarized
below (Table 1.1):

EPR  signal
COMPLEX Oparallel Operpendicular Aparaliel(G) Aperpendicular(G) | quenched by
oxd.
1 2.191 1.994 183.7 17.2 yes
2 2.145 1.959 192.8 12.8 yes
3 2.241 2.012 167.1 12.4 no
4 2.163 1.975 193.6 12.8 no
5 2.215 2.047 173 14 yes
7 2.354 2.042 193.0 32.1 yes

Table 1.1 : EPR data of the copper complexes®”]

Addition of the oxidant tris(4-bromophenyl)aminium hexachloroantimonate, (TPA™) at -40 °C
gave varied results. EPR signals of the complexes with 3,5-disubstituted salicylates are fully
quenched, while for the other complexes, the signals are greatly altered. The ability to
oxidatively quench the Cu(ll) EPR signals at par with the oxidase activity towards benzyl

alcohol. The cyclic voltamometry data are given in Table 1.2.

COMPLEX1 | COMPLEX2 | COMPLEX3 | COMPLEX4 | COMPLEX5 | COMPLEX®6

1.00 0.92 1.08 1.00 1.08 1.10

Table 1.2 : Cyclic voltamometry data of Cu(I1)!*"

Variation of structural features of the complexes reveals that certain fixed properties of the
ligand are required for the GO like activity like a nonsquare planar arrangement and 3,5-
substitution of the salicylate ring. These generate of a stable EPR silent species by one-electron
oxidation of the Cu(ll) complexes. The experiments indicate that the oxidized forms must accept
two electrons to successfully oxidize an alcohol to an aldehyde which is similar to that of GOase.

Thomas and coworkers described salen copper complexes (1 and 2)F8 (Fig 1.25-1.26)
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Fig 1.26 : A perspective view of Cu(l1) 2 salen complex*®!

The geometry around the copper atom in the first complex (complex 1) is a distorted square
planar, the metal ion is coordinated to two imine nitrogens (N1, N2) and two phenolate oxygens
(01, 02), quite similar to the case of galactose oxidase. The bond lengths Cu—O1 and Cu-O2 are
shorter than the Cu—N1 and Cu-N2 . The angles O1-Cu-02, O1-Cu-N1, O2-Cu-N2 and N1-
Cu-N2 differ only slightly from 90°, while the O1-Cul-N2 and O2-Cul-N1 angles are
175.6(7)° and 176.9(6)°(pretty close to 180).
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In the second complex, the two halves of the complex (complex 2) [Cull(L3)] have a twofold
axis of symmetry running through the middle. The coordination polyhedron N202Cu is a
distorted square planar again, with a dihedral angle between the two O—Cu—N planes of similar
magnitude as the first complex.

The absorbance spectrum of the complexes are similar, exhibiting intense absorption peak at
around 400 to 450 nm owing to CT transitions and weaker d—d transitions at around 550 nm.
The EPR spectra of the copper(ll) complexes in CH2Cl> (+ 0.1 M TBAP) at 100 K show axial
symmetry, with copper hyperfine structure . A superhyper fine (shf) structure occurs in the
perpendicular region of the spectra, which is a consequence of the interaction of the electronic
spin with two equivalent nitrogen nuclear spins. EPR spectra of the first complex also shows
interaction with the distant hydrogen nuclear spins. The values suggest a nearly square planar
arrangement which is in agreement with the XRD data. The EPR data has been illustrated in the
following table(Table 1.3)

COMPLEX 1 2
01=02 2.043 2.044
03 2.194 2.200
A=Az 3.1 3.1
As 20.220.2
g3/As 9595
AN 1.41.4
An 0.7 -

Table 1.3 : EPR data of Cu complexes 1 and 2%

The CV curve of the first complex in CH2Cl, (0.1 M TBAP) at 298 K, propduces two well
separated one-electron oxidation waves at 0.646 V and 0.830 V . CV curves of both the
complexes can be attributed to the successive formation of copper(ll) phenoxyl and copper(ll)
bis(phenoxyl) radical species.

The complete characterization of the two complexes gives clear picture of their behavior and

hence how they can be biologically viable like galactose oxidase.
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TDP Stack and group did another work similar to the earlier one already discussed. They have
reported Cu-Schiff base systems which catalyse aerobic oxidation of primary alcohols®%. They
have described two compounds, whose reactions with benzyl alcohol are quite relevant to the

oxidizing reactions characteristic of GOase. The complexes are shown in Fig 1.27.

'Bu 'Bu 0 (o) 'Bu

b— —r S —

Fig 1.27 : Cu(l1)-Schiff base systemst

Cyclic voltammetry of the complexes show two reversible oxidations which can be attributed to
the oxidation of the phenolic moieties. Treatment of the first complex with AgSbFs in CH.Cl;
gives a purple solution of SbFe. Oxidation of the second complex produces a deep blue solution.
Such oxidation leads attenuation of EPR signals which denotes the formation of
antiferromagnetic Cull-phenoxyl complexes as found in the oxidized form of GOase.
Near-infrared (NIR) spectra of both compounds were studied. The transitions are consistent with
the oxidized form of GO. The stability of the complexes arestrongly dependent on solvent

and counterion: addition of most organic solvent leads to the decay of the first complex which is
otherwise stable. The addition of anions like nitrate or chloride, reverts the complexes to their
natural precursors. This group had studied that in earlier works the reactivity with benzyl alcohol
used to be low under basic conditions, so they proceeded with neutral conditions.

Addition of benzyl alcohol to the complexes in CH>Cl, medium induces a first-order decay
process as monitored by UV-vis spectroscopy which correlates to the formation of benzaldehyde.

The following reaction stoichiometry is expected:
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2[Cu"L']* + PhCH,0H — 2[Cu""LH]* + PhCHO

The first-order rate constant for the first complex does not depend on the concentration of the

complex, but varies linearly with the concentration of the alcohol. But, the reaction rate depends

on substrate concentration and saturates at a point as seen in the figure (Fig 1.28)

0.0 0.2 04 0.6 0.8 1.0
conc of alcohol

Fig 1.28 : Rate constant versus concentration plot'**

The second complex reacts at a much faster rate though the first one is a stronger oxidant which

is probably due to the mechanistic pathway which makes the second complex more selective.

The complexes were correlated well with GOase.

Thomas and group did another work which is pretty similar to the earlier work, though a bit

different®. They have succeeded in obtaining the radical complex [Cu(SalOMe)]* as single

crystals (Fig 1.29)
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Fig 1.29 : A perspective view of [Cu(SalOMe)]" radical complex!*”!

Prior to preparing the radical species, the bis(phenolate)precursor [Cu(SalOMe)] was structurally
characterized; the copper ion has an almost square-planar geometry. Its cyclic voltammogram
curve displays two which can be assigned to the formation of mono- and bis(phenoxyl) radical
species. Electrochemically generated [Cu(SalOMe)]* gives absorption bands about 450 nm, as
well as a broad band over 1100 nm which can probably correspond to n—n* and charge-transfer
transitions of phenoxyl radicals!®l. It is X-band EPR-silent, as a consequence of magnetic
coupling between the radical and metal spins. Single crystals of [Cu(SalOMe)]*which studied by
XRD, were obtained by oxidation of the neutral precursor with a silver salt. An interesting
feature of the structure is the nonequivalence in the two Cu-O bond lengths. The C-C and C-O
bond lengths within the ring which contains O1 are analogous to the phenolate moieties of
[Cu(SalOMe)]. In contrast, the bond lengths in the ring containing O2 show totally different
properties. The C-C bond lengths also show variable properties throughout. These features are
consistent with a quinoid structure for the ring containing the O2 atom, and hence an overall
radical character of the moiety is understandable. From the structural data, the magnetic nature of
the complex was speculated. DFT studies show that the ground spin state of the radical complex
[Cu(SalOMe)]" is presumed to be paramagnetic(S=1). The broken symmetry DFT calculations
suggest a strong ferromagnetic interaction between the metal and the radical. The reactivity of

the complex was studied under single-turnover conditions with the benzyl alcohol as substrate.
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[Cu(SalOMe)]* is generally stable at 300 K in CH2Cl; but it quickly decomposes in the presence
of benzyl alcohol. Reduction of the phenoxyl moiety by benzyl alcohol is proven by the
disappearance of the radical band in the UV-Vis spectrum and the enhancement in the rate
constant of the reaction as the alcohol concentration increases. The plot of the rate constant as a
function of the benzyl alcohol concentration rendered a straight line from which the second-order
rate constant was derived. No saturation is achieved at high benzyl alcohol concentrations, which
indirectly shows that the affinity of the substrate for [Cu(SalOMe)]" is low, as similarly observed
in the case of GO. Analysis of the product by gas chromatography showed that benzaldehyde
was formed as the major product.
2[Cu(Sal°M®)]*+ PhCH,OH —2[Cu(HSal°™®)]* + PhCHO

There are several types of other complexes of particularly Cu, which catalyse the reaction of
alcohols to corresponding aldehyde under homogeneous conditions. Thus, copper has drawn a lot
of attention among researchers. But a lot of challenges are yet to be overcome in the field of
copper-catalyzed aerobic or peroxidative alcohol oxidations with high turnover and selectivity. A
lot of changes from the conventional methods can be made. This includes mild reaction
conditions, low pressures of O, , or low amounts of peroxide, lesser catalyst amount and low
temperatures (more greener conditions), and the avoidance of cumbersome additives.
Peroxidative oxidations i.e by the use of hydrogen peroxide or tert-butyl hydroperoxide oxidants,
and simple methods are appreciated more. As peroxides are commercially obtained in aqueous
solutions mostly, people are trying to improvise the oxidation methods in such a way that the
reactions can be carried out in aqueous solvents leading to greener reaction pathaways. Hydrogen
peroxide is the oxidant of choice as it is easily decomposed under chemical conditions into
environment friendly water and oxygen. Despite this, its decomposition renders its useless at
high temperatures. Thus, tert-butyl hydroperoxide (TBHP) is used more widely. Molercular O is
also used as the oxidant as the end products ( water and hydrogen peroxide) are environment
friendly. Again, Cu centered metal complexes are favoured due to their close resemblance with a
lot of natural enzymes. The low cost and the wide availability of these complexes aid the
selection process. Kani and Unver etc reported homogeneous oxidation of primary and
secondary alcohols with copper complexes. Shul’pin and coworkers carried out similar oxidation
with monoclear copper complex with oxidant as tert butyl hydroperoxide?. Martins et al.[*3 |

Frija et al.*4 did the same conversions with Cu complex in microwave assisted manner with
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TBHP. Pombeiro and coworkers did aerobic TEMPO-mediated oxidation of benzyl alcohol and
its derivatives®l. Liu et al. did utilize a Cu(1)/TEMPO system!*®!, so did Repo and coworkers!*"],

Swarts et al.[*8],

1.5 Polymer-supported Schiff base copper and nickel complexes in oxidation
reactions:

Polymer-supported Schiff base ligands are made with ease and loaded with different metal ions
to use them conveniently. These are very useful as catalysts. A wide array of complexes could be
used as homogeneous catalysts, which showed great selectivity and good turn over as well. Yet
there has been a constant need for heterogeneous catalysts because of its added advantages.
Difficulty in separation from the final reacted mixture has always been a difficulty which gives
heterogeneous catalyst an edge because they are easily separable. To overcome these difficulties,
heterogeneous catalysts are developed, either by dispersing metal ions on porous solid supports
(SLPC), or by chemically binding the metal ions on functionalized polymer supports (PBC)™ 9,
The second method is favoured as in that case the final catalysts can easily be separated by
filtration without any hassle. Polymer supports are cross-linked resins which have a good surface
areal® which further swelling reaction media to enhance the action of the immobilized catalysts
by increasing the contact surface with the reactants®!. The functionalized polymer beads find
application as reagents®?, chelating agents and also as adsorbent materials®®l. Phase transfer
catalysis also uses them effectively®®, However, there is one major issue with these polymer
supported metal catalysts. The metal ion tends to leach out of the polymer beads while the
catalytic reaction is going on i.e dissociation occurs. Therefore, the leaching of metal ions from
supported catalyst is a major issue and had to be addressed. This leaching could be minimalized
by increasing the amount of immobilized ligand on the polymer beads or by not using
coordinated solvents. Chelating ligands also reduced the dissociation process. Polystyrene is
widely used to the many advantages associated with it and its cheap rate. Polymer supported
catalysts are always better than silica or alumina, as the polymer chain provides a lot of
flexibility for immobilization purpose. Jacobsen and co-workers had used Co(salen)®! (Fig
1.30) complexes on functionalized polystyrene for a range of chemical reactions, which proved
effective in hydrolytic kinetics, resolution of racemic epoxides, and enantioselective parallel

synthesist®®,
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Fig 1.30 : Co salen complex™

Transition metal catalysts offer miraculous results in numerous organic transformations.
However, only separation remains a challenge in the case of homogeneous catalysts. The current
developments in catalysis are mainly focused on immobilizing of metal complexes on
functionalized solid supports as these catalysts can overcome the problems associated with
homogeneous catalysts. Early transition metal compounds like Mo, Ti etc in conjunction with
hydrogen peroxide or alkyl hydroperoxide prove to be very efficient in the epoxidation of
alkenes. Carreiro et al. utilized boronic acid type resins as a support for Mo(VI) catalyst for

epoxidation recations®’l. G. Grivani and group also worked on polymer-supported Mo(lV)

catalysts®® (Fig 1.31)
/ co \

\N\ | _NH;
AN
oc” L, 7co

Fig 1.31 : Mo(1V) complex®®
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Polymer-supported vanadium have also been reported. In spite of the roaring amount of research
and development in this field of heterogeneous catalysts, leaching out of the metal ions from the
support material still poses a trouble. Use of chelating ligand on the polymer support helps this
problem. Polymer-supported ruthenium Schiff base complexes® (Fig 1.32) showed high
catalytic activities in a range of hydrogenation and oxidation reactions!®l,

Fig 1.32 : Ru Schiff base complex[>
There has been reports of polymer supported vanadium chiral Schiff bases complexes which
catalyze the enantioselective oxidation of sulfides to sulfoxides®*l. The immobilization process is
either through true chemical bonds or physical interactions. The polymer supported catalysts are
used in various forms: (a)metal complexes anchored on polymer surfaces that coordinate with
reactants during the reaction process,(b) colloidal metal ion catalysts dispersed in a polymer
network which is swollen up first by imbibing the solvent, and (c) enzymes structures supported
on the polymers. Environment friendly routes are always preferred. The reactivity of these
supported catalysts is limited as compared to the unsupported versions, but this is increased by
increasing accessibility by various means. The co-polymerization of metal containing monomers
with styrene and divinyl benzene are being increasingly used. Soluble supports for the anchoring
purpose have received considerable attention lately as these ensure phase homogeneity to
catalyst and reactants. The recycleability of the catalyst is very important, which is being
achieved by varying various reaction paramerters. Oxidation is in itself an important industrial
process. The transition metal catalyzed oxidation is viable in industry as well as biological

systems. Polymer supported Schiff base complexes are being explored by researchers.
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Epoxides, are raw materials in the synthetic pathway of chemicals such as, glycols, glycol ethers
and alkanolamines and a wide range of polymers. The first commercial preparation was done by
vapor-phase oxidation of ethylene with air or oxygen with the aid of an alkali metal promoted
supported silver catalyst. The chlorohydrin process replaced this traditional method and was used
routinely in the production of propene oxide®? .(Scheme 1.1)

OH
Cl Ca(OH), 0
N> —>
2 Cl  NaOH

Scheme 1.1 : Production of propene oxidel®?

But the above process remains environmentally harmful. Therefore, epoxidation of olefins was
preferred using hydrogen peroxide alone or with osmium tetraoxide, manganese dioxide and
tungsten and molybdenum oxides, but these process are not very viable on a large scale.
Hawkins (1937) compiled the first report of metal-catalyzed epoxidation of cyclohexene using
cumene hydroperoxide in conjunction with V20s, which subsequently yielded 30% of the
corresponding oxide. Brill and group(1963) first reported the use of tert-butyl hydroperoxide
(TBHP) for epoxidation. The Shell and ARCO/Halcon process is by far the most efficient in

industrial scale. They utilized molybdenum catalysts for this purpose®? (Scheme 1.2)

+ ROOH Mo O + ROH
2N .

catalyst

Scheme 1.2 : Mo catalyst in the production of propene oxide®

The most common epoxidation reagent is meta-chloroperoxybenzoic acid(m-CPBA)®3. As
environment specialists prefer hydrogen peroxide, scientists are specially trying to utilize
hydrogen peroxide on a large scale industrially though it has got its own disadvantages. Enichem
gave the ideas of a synthetic pathway in which hydrogen peroxide is produced from water and
methanol by utilising anthraquinone and then further epoxidation is done in the presence of
titanium-substituted silicate (TS-1) as catalyst®l. Degussa also developed an industrial process

using TS-1 catalyst and H>O> as oxidant. Chirally modified lithium and magnesium tert-butyl
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peroxide are employed in the epoxidation of electron deficient olefins, like chalcones, giving

fantastic yields!®!. Jacobsen’s catalyst(Fig 1.33) is pretty enantioselective as well.

'Bu

'‘Bu ‘Bu

Fig 1.33 : Jacobsen catalyst®

Hence we can say that in current times, polymer-supported Schiff base complexes are promising
catalysts in the oxidation of alkenes.

Immense effort was given in the field of science for the oxidation of cyclohexene. Conversion of
cyclohexene into adipic acid with H>O> as oxidant in addition with polymer-supported
Na;WO;  2H,0 was made by Sato et all®®!, But most of the literature gives evidence of use of
harsh condition ultimately yielding poor quantity product and the selectivity also was not
appreciable.

These days molecular oxygen is becoming the oxiadant of choice owing to its environmental
benefits. Biopolymers are being paid some attention these days. Chitosan, which is a natural
amino polysaccharide is largely found in crustaceans shells and is a by-product of the fishing
industry. It readily forms films or fibres. The property makes it an excellent choice as a
heterogeneous catalyst. The conversion of cyclohexene into its oxidation products was efficiently

carried out by chitosan base Mn catalysts. The reaction and the products have been shown in

Scheme 1.3[671,
OH 0 OCH

Scheme 1.3 : Conversion of cyclohexene into its oxidation productst®’!
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The literature reports say that the oxidation of cyclohexene with the aid of molecular oxygen
firstly forms 2-cyclohexene-1-hydroperoxide which is not stable and gradually gets converted to
2-cyclohexene-1-ol and 1,2-cyclohexenediol.But in the presence of catalyst this conversion is
hastened. The mechanism is shown below!®®l(Scheme 1.4).

0

* CATALYST

~ 02 -0
CATALYST I_» (I

0 +H20

Scheme 1.4 : The mechanistic pathway of cyclohexene oxidation!®

CH

Sol - gel technique is effectively used to heterogenize homogeneous catalysts. This can be

either done by physical doping or functional modifications. The manganese-anchored catalyst[®®!
shown here has been prepared by functionalisation(Fig 1.34).

l l

CH: CH;
HNOCCH HNOC-CH

L owo
—n | /
o™ 1 o

Fig 1.34 : Manganese-anchored catalyst!®”

41




The amount of catalyst is proportional to the rate. Beyond a limit, even selectivity was seen to
increase. Hence it could be assumed that Schiff base complexes could catalyze the aerobic
oxidation of olefins to propenol derivatives. Moreover, epoxidation of cyclohexene catalyzed by
salen complexes bearing electronegative substituents went through a radical-chain sequence

mechanism as shown below. This process was studied by A.Bottcher et all”®. The metal aided in

decomposing the hydroperoxide finally yielding the products(Scheme 1.5)
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Scheme 1.5 : Detailed mechanistic pathway of cyclohexene oxidation

[68]

Hydrazine Schiff base supported catalyst was effective in epoxidation of cyclohexene in the
presence of hydrogen peroxidel’l. The data given below shows that the supported catalysts

always gave better yield than the unsupported ones.[”?(Table 1.4)
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Complex

Yieldunsupported

Yieldsupported

HPHZ-Fe 92% 96.5%
HPHZ-Co 88% 94.2%
HPHZ-Ni 92% 95.9%
HPHZ-Cu 89% 88.8%
HPHZ-Zn 82% 86.1%
HPpn-Fe 93% 98.3%
HPpn-Cu 91.8% 93.0%

Table 1.4 : Comparison between yields of supported and unsupported catalysts!’?

The epoxidation of cyclo-octene has also been widely explored. Various solvent mixtures have

been tried for this epoxidation to act in a two phase system, but the 2:1 mixture of acetonitrile/

Water proved to be excellent. Ag. acetonitrile provided the best polarity required and also helped

in proper swelling of the polymer support. Manganese Schiff base complexes on polystyrene-

bound imidazole Schiff base ligand were quite effectivel’®l. The epoxidation of cis cyclooctene in

with Ru catalystst”#! (Fig 1.35) gave good results at room as well as elevated temperatures.

7|

Ru—SOLVENT
N

Fig 1.35 : Polymer supported Ru catalyst™!

Mn(I1) supported complexes catalysed epoxidation of electron rich olefins such as norbornene

and cis cyclooctenel” . The following table(Table 1.5) gives the details of epoxidation of this

category showing that slightly elevated temperatures helped the process.

Catalyst Solvent Temp( deg C) Epoxide
Mn cat Chloroform 25 10.1
Chloroform 40 13.9
Acetonitrile 25 3.2
Acetonitrile 50 4.6

Fig 1.5 : Epoxidation rates at temperature variation with Mn(11) catalysts.”™
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The iron(111) supported on functionalized polystyrene Schiff base ligands was used as well in
conjunction with tert-butylhydroperoxide at normal and 50- Here also elevated temperature
played the same role as the above onel™®. The polymer-supported molybdenum carbonyl Schiff

base catalyst (Fig 1.36) exhibited high conversion of cyclo octene into corresponding oxide in
carbon tetrachloride8,

Fig 1.36 : Polymer-supported molybdenum carbonyl Schiff base catalyst!*®

This catalyst showed excellent selectivity and reproducibility. Styrene generally is resistant to
epoxidation without a catalyst. Along with styrene oxide, benzaldehyde which is a seconadary
product, was also formed in substantial amount. Methanol solvent gave better results than

acetonitrile. The following oxo based mechanism is widely interpreted(®® (Scheme 1.6).

o)
ROOH

1]
. { - IRIUIN ’ .—Ln—» Ru%*
*23
e]
0

11
+ .—Ln—>Ru3‘

CHO

Scheme 1.6 : Oxo based mechanism of epoxidation[®®!
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Vanadium and iron supported catalysts are well known in epoxiadtion of styrene as welll7®,
Sometimes the activity is increased by adding nitrogen co catalyst. Polystyrene-bound imidazole
complexes of manganese are useful in catalyzing stilbenel’®. Epoxidation of trans-stilbene has
occurs stereo specifically but cis stilboene epoxidation progresses with some loss in
stereochemistry.

Bhaumik and co workers reported a synthesis and characterization of two complexes, one copper
and the other nickel, which were eventually turned into heterogenized catalystst’’l, Cu-AMM and
Ni-AMM (Fig 1.37).

CHa
—-SIi—OH

0 | 3 |
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Fig 1.37 : Cu-AMM and Ni-AMML"!

Mesoporous silica was functionalized with 3-aminopropyltriethoxysilane (3-APTES) and
gradually made to react with4-methyl-2,6-diformylphenol (DFP). Then, Cu(ll) and Ni(ll) salts
was made to react with the resulting complex, to produce heterogeneous Cu-AMM and Ni-AMM
respectively. The resultant was successfully used as catalysts in the epoxidation of alkenes. The
catalysts were synthesized by immobilizing the metal ions over the silica bed and this happened
by coordination with the electron donor sites Atomic absorption spectroscopy was used
toconfirm the amount of metal ions embedded in the complex. The results show that Cu-AMM
and Ni-AMM contained 0.34% copper and 0.42% nickel respectively. This data was

furthersupported by the elemental analyses findings. Absorption spectroscopy showed bands
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dueto p—p* and LMCT transitions. d - bands of lower intensities were also observed at higher
wavelengths. The powder X-ray diffraction patterns showed strong diffractions for (100), (110)
and (200) planes and a weaker onefor the (210) plane of 2D-hexagonal mesophase, pointing
towards the formation of a highly ordered mesophase. Upon complexation with the metal ions,
there occurs a gradual decrease in d-spacing which happened due to the contraction of unit cells
upon surface functionalization. TEM images confirmed the hexagonal ordering of the
mesopores. N2 adsorption - desorption isotherms showed the volume of and the position of the
pores and these are in agreement with the TEM data. 13C CP MAS NMR study confirmed the
presence of organic moiety and its immediate chemical surroundings.

Epoxidation of cyclohexene, trans-stilbene, styrene,a-methyl styrene, cyclooctene and
norbornene was done heterogeneously with Cu-AMM and Ni-AMM as catalysts and tert-butyl
hydroperoxide as the oxidant at 333 K. The corresponding epoxide turned out to be the major
product in all the cases. The results are shown in the Table 1.6.
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Alkene Conversion  Selectivty TOF Conversion  Selectivity TOF

(Cu cat) (Cu cat) (Cu cat) (Ni cat) (Ni cat) (Ni cat)

O 93.4 90.0 88.0 84.2 89.5 60.0

W,

5\ 89.5 91.0 38.4 75.2 88.0 24.1

O

/

86.3 95.0 64.2 78.2 90.0 44.1

? 84.0 92.1 55.0 80.1 86.4 39.2

o 92.2 Sl 65.4 83.8 92.0 44.8

& 90.3 94.0 74.1 82.5 93.1 51.7

Table 1.6 : Epoxidation of few alkenes and their corresponding yields!"!

The efficiency of the catalysts after consecutive cycles was checked to understand its
recyclability. After each cycle, the catalysts were filtered out, washed thoroughly and then the
catalysts were reused like the earlier one. Upto five consecutive cycles, the efficiency remained
unaltered. Hot filtration was carried out to make the reaction mixture catalyst free, to check

whether any leached out metal ion from the surface is aiding the reaction. But nothing of that sort
was observed. The reaction probably proceeded via formation of a copper - peroxo species
together with the formation of tert butanol. In the case of Ni-complexes, the Ni - hydroperoxo

species remained the active intermediate
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P Banerjee et al. synthesized two new tetranuclear polymeric Ni complexest, namely
[NisLal(p-tp-x4-0)-(H20)2(p-tp-x2-0)]-2C2HsOH-CH30OH-3H20 (Fig 1.38) and[NisLs2(p-tp-xa-
0)(H20)2(u-tp-k2-0)]-3H20 where L1 = N-(3-aminopropyl)-5-bromosalicylaldimine and L2 =
N-(3-aminopropyl) salicylaldimine]. The complexes were bridged by phenolate moieties. Two
such bridged binuclear unit are connected by a terephthalate moiety to ultimately end up in a
tetranuclearnickel(1l) complex (Fig 1.39). They synthesized and elucidated the crystal structure
of the first complex and it has been elaborately discussed down below. They could not

effectively crystalize the second complex but they did other characterization study with it.

Fig 1.38 : Perspective view of [NisL41(p-tp-ks-O)-(H20)2(p-tp-k2-0)]-2C,HsOH-CH;OH-3H.0.

H atoms omitted for clarity!’®
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Fig 1.39 : Perspective view of tetranuclearnickel(I1) complex!®

The above structure shows how the terephthalate moieties ultimately connect the units to form
the final structure. Like terephthalate, cyanometalate anions play a similar role in supramolecular
coordination polymers. This group has to examined the ability of the linear dicyano argentate ion
[Ag(CN)2] ™ to form supramolecular frameworks (Fig 1.40-1.41). The syntheses and structures of
two such complexes have been largely described by them (complexes 1&2). This group then
went onto the study of epoxidation of alkenes such as styrene, a-methylstyrene and cyclohexene

in the presence of tert-butyl hydroperoxide heterogeneously.

Fig 1.40 : Perspective view of dicyano argentite linked Ni(11) complex(1)!"®
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Fig 1.41 : Perspective view of dicyano argentite linked Ni(I1) complex(2)'"®

The heterogeneous oxidation reactions with 1.0 g of substrate and 0.200 g of catalyst in
acetonitrile at 333 K using tert-Butyl hydroperoxide. The end roducts were analyzed by

gaschromatography. The predicted mechenism is shown in Scheme 1.7.

\'/ (CHy};C—0—0H \I/ + (CHy)C'
Ni .s—> Ni
/l\s /I\O—OH

S= Solvent

7 !
>:‘i+)°:f/~|\ AN
g S .
>I< " :£><

Scheme 1.7 : Proposed mechanism of epoxidationl™
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The alkene conversion ratios as shown in the bar graphs (Fig 1.42-1.44)
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Fig 1.42 : Yield percentage of styrene oxidation with the catalysts™
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Fig 1.44 : Yield percentage of cyclohexene oxidation with the catalysts!"®
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P Banerjeee and coworkers reported the synthesis of a copper(Il) complex [CuzL-(1,1-N3)(M1,3-
N3)( M 111-N3)] where HL = 4-methyl-2,6-bis(phenylmethyliminomethyl)phenoll™. X-ray
crystallography data shows the azide bindings clearly (Fig 1.45)

Fig 1.45 : Perspective view of [CuaL-(1.1-N3)(H1.3-N3)( i 1.1.1-N3)]™
The catalyst for the oxidation of olefin was complex 1, immobilized on mesoporous silica and it

was used for the epoxidation of alkenes like the previous case. Conversion versus time plot for

the epoxidation of olefin is shown in Fig 1.46.

30

o Methyl styrene —#* — Trans stilbene

—#— Styrene *— Cyclohexene

Fig 1.46 : Conversion versus time plot for the epoxidation of olefin[™®!
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1.6 C-H activation by Schiff base complexes:

The oxidation of saturated hydrocarbons is very challenging as C—H bond is extremely inert and
at the same time this is of utmost importance in industries. Cyclohexane oxidation is of special
interest, because cyclohexanol and cyclohexanone which are used for the production of adipic
acid and caprolactam, are obtained as major products. Cyclohexanol and cyclohexanone are
together known as KA 0il®. Conventionally, on a large scale, the oxidation of cyclohexane is
executed by a homogeneous cobalt catalyst at a temperature of around 150°C®Y.Then it is
further oxidised to adipic acid which along with the main reaction, gives undesirable
decarboxylated by products also. So, the conversion is carried out in such a way that the
percentage conversion is compromised so as to keep the selectivity high. The main challenge
remains as to how to increase the percent of products by not reducing the selectivity as well as
keeping it as environment friendly as possible. In present times, several catalysts (homogeneous
and heterogeneous) such as metal nanoparticles, Gd(60)-AIPO-5, zeolite Y, N-
hydroxyphthalimide (NHPI), and metalloporphyrins®? are being continually developed!®.
Metal-organic frameworks are of special interest because of their structural diversity as well as
catalytic capabilities. Great progress is being made in the usage of metal complexes for the
oxidation of cyclohexane, including Schiff-base complexes. Schiff-base ligands are very
versatile and can bond a lot of metals and hence are very diverse. They can effectively catalyse
the oxidation of cyclohexane!®,

Tawfik A. Saleh et al prepared a Schiff base SMdiAP complex!®! in the following manner that is

elucidated in Scheme 1.8.

~ ~N
I |
y -~
= | L * I == il
I e © HN S —— i M AN—pp—N
\n/ ~ N N
N
. ¢ ’ SNy SJ\“/ ~ /'I\ / \ /l’\
S S S S

Scheme 1.8 : Schiff base SMdiAP complex™®!
These were characterized by different analytical techniques. They prepared Co(ll), Cu(ll), Fe(ll),
Mn(11), Ni(Il) and Zn(11)complexes of the Schiff base.
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These were employed for cyclohexane oxidation to give cyclohexanone and cyclohexanol. The

reaction did not proceed well without the catalyst. The conversion rates and the selectivities are

clearly mentioned in the table below (Table 1.7).

CATALYST %CONV. 9% CON CcYCLOHEXANONE % CON CcYCLOHEXANOL TOT. %SELECTIVITY CYCLOHEXANONE %SELECTIVITYCcYCLOHEXANOL TOTAL
YIELD
Fe(SMdiAP) 16.72 13.89 2.58 16.47 83 6 99
Cu(SMdiAP) 28.29 22.96 472 27.68 81 18 98
Ni(SMdiAP) 8.34 5.18 2.12 7.30 62 25 87
Co(SMdiAP) 10.57 8.21 1.15 9.36 78 11 89
Mn(SMdiAP) 9.71 7.72 1.78 9.50 80 18 98
Zn(SMdiAP) 4.23 2.95 0.98 3.93 70 23 93

Table 1.7 : % conversion and the concentrations of the oxidation products and their respective

selectivities!®

The reaction proceeds in the following fashion (Scheme 1.9):

H,0;,

CATALYST

CH;CN, 70°C

OH

Scheme 1.9 : Oxidation of cyclohexane!®

The reaction yield was directly proportional to the time and temperature. The reaction yield was

also seen to increase with increased catalyst amount as well as peroxide concentration.
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M. Manassero et al®! synthesized the following Schiff base Cu complex (Fig 1.47).

Fig 1.47 : Perspective view of Cu(ll) Schiff base complex®]

Basically they synthesized three complex but could elucidate the crystal structure of only one.

To an acetonitrile solution of 4-methyl2,6-diformyl, measured amounts of 2-fluoroethylamine
hydrochloride, 2-chloroethylamine hydrochloride and 2-bromoethylamine hydrobromide were
added for the first, second and third complex respectively. Triethylamine and copper acetate
monohydrate were also added. Single crystals of the second complex was found. These were
employed for peroxidative oxidation of cyclohexane and toluene by hydrogen peroxide oxidant.
The products of cyclohexane oxidation are cyclohexanol and cyclohexanone, whilst for toluene it
is benzyl alcohol and benzaldehyde. The reaction proceeded well in acidic medium, i.e nitric
acid. The reaction could be fine tuned by altering the amounts of nitric acid or the oxidant or the
reaction time. Nitric acid has a definitive rolel®”], i.e increasing the unsaturation at the metal
center by suitably protonating the ligand of the catalyst and thereby increasing the oxidative
properties of the catalyst as well as to increase the stability of the peroxo intermediate. The exact
structure of the complex in solution is unfathomable. ESI mass spectra of the complexes in nitric
acid medium showed that one acetato group was lost from the complex every time. Ratio of
n(HNOs)/n(catalyst)= 10 has been optimized and maintained. It has also been verified that

normal inorganic salts are not effective in catalyzing the reaction. The results for cyclohexane
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oxidation have been indicated in Table 1.8 and for toluene oxidation in Table 1.9 and the

proposed scheme has been shown in Fig 1.48.

Catalysts n(H20,)/n(catalyst) | Time/h | Yield (%) | Selectivity of | TON
Cyclohexanol | Cyclohexane | Total E@YelelereTalel
in (%)
1 125 6 13.2 9.1 22.3 59.2 11.2
48 15.0 13.4 28.4 52.8 14.2
250 6 15.6 11.8 27.4 56.9 13.7
48 19.4 14.7 34.1 56.9 17.1
500 6 15.5 9.7 25.2 61.5 12.6
48 21.1 14.3 35.4 59.6 17.7
2 125 6 15.0 12.2 27.2 55.1 13.6
48 19.3 15.4 34.7 55.6 17.4
250 6 17.3 11.0 28.3 61.1 14.2
48 22.0 15.0 37.0 59.5 18.5
500 6 14.9 10.3 25.2 59.1 12.6
48 17.9 13.6 315 56.8 15.8
3 35.7 6 14.4 10.3 24.8 58.0 12.4
48 17.3 12.8 30.1 57.5 15.1
250 6 18.9 11.5 30.4 62.2 15.2
48 19.4 15.0 34.4 56.4 17.2
500 6 21.3 14.4 35.7 59.7 17.9
48 24.0 14.2 38.2 62.8 19.1

Table 1.8 : Oxidation products of cyclohexane, their yield % and their selectivities ©°!

Catalyst n(H202)/n(catalys Time/ Yield (%) Selectivity of
S t) Cyclohexano | Cyclohexan | Tota [&YdllNERL
| e
1 125 6 9.2 17.3 26.5 65.3 13.3
48 11.0 23.5 34.5 68.1 17.3
250 6 12.4 23.6 36.0 65.6 18.0
48 15.6 24.0 39.6 60.6 19.8
500 6 14.0 19.2 33.2 57.8 16.6
48 17.5 20.4 37.9 53.8 19.0
2 125 6 8.2 17.1 25.3 67.6 12.7
48 10.6 23.5 34.1 68.9 17.1
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250 6 12.4 25.4 35.8 70.9 17.9
48 16.6 26.4 41.3 63.9 20.7
500 6 14.2 18.0 32.2 55.9 16.1
48 16.5 21.2 37.7 56.2 18.9
125 6 10.2 18.5 28.7 64.5 14.4
48 11.8 24.3 36.1 67.3 18.1
250 6 12.8 25.1 35.9 69.9 18.0
48 16.0 26.4 42.4 62.3 21.2
500 6 15.1 19.1 34.2 55.9 17.1
48 14.0 23.7 37.7 62.9 18.9

Table 1.9 : Oxidation products of toluene , their yield % and their selectivities *®

(.‘ll“l, + "202 + L(TUIIOO"

R’

ROOH + LCu!

0-0 cleavage O-H cleavage

RO ROO"

RH decomposition

ROH ROH :>>==o

Fig 1.48 : Proposed scheme of catalysis®
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A.J.L Pombeiro and co workers synthesized an Fe(l11) Schiff base complex 1 (Fig 1.49) and then
employed it for mild oxidation of cyclohexane!®,

C13
Q

Fig 1.49 : Perspective view of an Fe(111) Schiff base complex 1%

The complex 1 was treated as a catalyst for the oxidation of cyclohexane to cyclohexanol and
cyclohexanone by hydrogen peroxide as the oxidant. The product yield % of the products after

5h of reaction has been depicted in the graph(Fig 1.50)
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Fig 1.50 : Yield % of products after 5h of reaction®
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The highest total yield was 37% at catalyst concentration of 4.1 x 10~* M whilst highest TON of
0.9 x 10® was achieved at concentration 1.6 x 10° M. The selectivity towards cyclohexanol and
cyclohexanone products is high. A number of by products like diols, hydroxycyclohexanones,
ring cleavage products, 6-hydroxyhexanoic and adipic acids, and others. Increasing the initial
concentration of cyclohexane, could improve the TON significantly. This has been clearly shown
in the graph below(Fig 1.51). In this work also, nitric acid promoter has a major role.
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Fig 1.51 : Yield % of products on increasing the initial concentration of cyclohexane®

W. Grunert and group synthesized®! the following cobalt complex(Fig 1.52).

Fig 1.52 : Perspective view of Co(l11) complex®”!
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They further studies the structure by various means like IR spectroscopy, X Ray photoelectron
spectroscopy ( to throw light on the oxidation state of the central metal atom). They did cyclic
voltammetry as well. The complex was tried as a catalyst in the oxidation of cyclohexane in the
presence of air to result in a mixture of cyclohexanol and the ketone as well. The hydroperoxide
was also formed as a result of the radical chain mechanism. The process is initiated by reaction
of Co*" with alkane yielding free radicals and Co?*. This gradually leads to the accumulation of a
large amount of cyclohexyl hydroperoxide, which gives the corresponding alcohol and ketone on
decomposition. In the absence of catalyst, a large amount unreacted hydroperoxide was left
behind but with the aid of the catalyst, it was seen to undergo decomposition. The conversion %
with and without the catalyst has been depicted in Fig 1.53.The product selectivities with freshly
prepared catalyst has been shown in Fig 1.54. Even the re used catalyst was almost as good as

the original one, though the major products differed a bit.

ROOH + Co¥" __gg ROO" + Co** + H'

ROOH + Co* —3- RO™ + Co*' + OW

Fig 1..53 : Conversion % vs time plot fr the oxiadation reaction (i)red- with catalyst (ii)blue —

without catalyst™®
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Fig 1.54 : Product selectivies for oxiadation of cyclohexane with the catalyst (i)purple:
cyclohexyl hydroperoxide (ii)green- adipic acid (iii)red- cyclohexanone(iv)blue-
cyclohexanol®

Pombeiro et al synthesized the following Cu(I1) and Mn(I11) complexes®? (Complexes 1-5)(Fig
1.55-1.58).

o8

Fig 1.55 : Perspective view of Cu(ll) complex(Complex 1)1

61




“1

0l1

Fig 1.57 : Perspective view of Mn(I11) complex (Complex 3)!"
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Fig 1.58 : Perspective view of Mn(I11) complex (Complex 4)1°"

Complexes 1-4 were employed as catalysts in the oxidation of cyclohexane with oxidant H20- in
acetonitrile medium, with the aid of several co-catalysts (promoters). The products, cyclohexanol
and cyclohexanone could be quantified well. Promoting agents also contribute well. Strong
protic acids help creating an unsaturated coordination environment around the metal center and
also stoops the undesired decomposition of hydrogen peroxide. Carboxylic acids help as
stabilizers. Basic promoters like triethylamine, pyridine interact with the catalysts converting
them into active species. Catslysts 1 and 2 , i.e the copper complexes, show enhanced activity in
cyclohexane oxidation in the presence of protic acid promoters whilst the manganese
compounds, i.e 3 and 4 ,is aided in the presence of carboxylic acids. This group studied the effect
of acid promoters, as well as of a basic one, pyridine, for proper comparison of their effect on the

catalytic process. The yields of products have been shown in Table 1.10.
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Promoter Yield of products (%)
1 2 3 4
HNO3 4.6 14.8 0.1 0.1
HCI 12.4 11.2 <0.1 <0.1
H2Ox <0.1 <0.1 <0.1 <0.1
Py 21.6 15.3 0.3 0.2

Table 1.10: Yield of oxidation products™

The copper complexes are good enough as catalysts in all cases, except of oxalic acid. Despite
similar structure, their catalytic exhibitions are different , in the presence of same promoter.
The manganese complexes 3 and 4 were pretty inactive. Pyridine was the best promoting agent,
though even in that case the yield was as low as 0.3%.

Reduction of H202 by a [M"] goes about in the following way:

[M"] + H202 — [M™1] + HO™ + HO'

HO" + R-H — R+ H20

The alkyl radical alongwith dioxygen to form alkyl peroxide radical which transforms into alkyl

hydroperoxide,

R+ 02 —» ROO’

ROO" + [M"] — [M™] + ROO"
ROO™ + H* — ROOH

[M™1] + H,0; — [M"] + H* + HOO'

ROO" + HOO" — ROOH + O
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The main product is alkyl hydroperoxide (ROOH). Cyclohexyl hydroperoxide decomposes into
its products. As the hydroperoxide may decompose into other unwanted products in the hot GC
column, direct GC analysis could not be done.

The reaction mixture was quenched with reducing agent (PhsP) before GC analysis, the
following reaction takes place:

ROOH + PhsP — ROH + PhsP=0

In this study, pyridine probably i)coordinates the metal centre, (ii) facilitates proton-transfer (iii)
favors the oxidation of Cu(l) to Cu(ll). For hydrochloric acid promoter, both copper
complexes 1 and 2 showed similar activity. The complete absence of any activity in the presence
of oxalic acid is probably due to its irreversible coordination to metal centre leaving no vacant
position for substrate attachment.

Complexes 1-4 were also tested as catalysts for the oxidation of 1-phenylethanol to
acetophenone using tert-butylhydroperoxide (TBHP) as oxidizing agent under solvent free

conditions. It has been summarized in the table below(Table 1.11)

Entry Catalyst  Catalyst amount Temperature ~ Additive Yield TON

(mol% vs (°C)
substrate)

1 0.05 80 - 12.3 246
2 0.05 80 TEMPO 144 288
3 0.05 80 K.COs 26.1 522
4 1 0.05 80 HNOs; Trace 0

5 0.05 80 NHPI  17.4 348
6 0.1 80 K.COs  46.0 460
7 0.1 50 K.COs 182 182
8 0.1 100 K.COs 620 620

|
9 0.05 80 - 23.4 468
10 0.05 80 TEMPO 22.0 440
11 0.05 80 K.COs 30.0 600
12 2 0.05 80 HNOs 122 244
13 0.05 80 NHPI 242 484
14 0.1 80 K.COs 305 305
15 0.1 50 K.COs 135 135
16 0.1 100 K.COs 530 530
|

17 0.05 80 - 105 210
18 0.05 80 TEMPO 17.9 358
19 0.05 80 K.CO3 18.0 360
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20 3 0.05 80 HNOs;  Trace 0
21 0.05 80 NHPI 13.7 274
22 0.1 80 K.CO3; 18.0 180
23 0.1 50 KoCOs; 10.8 108
24 | 0.1 100 KoCOs 134 134
25 4 0.05 80 - 18.4 368
26 0.05 80 TEMPO 17.7 354
27 0.05 80 KoCOs 19.7 394
28 0.05 80 HNOs;  Trace 0
29 0.05 80 NHPI 16.4 328
30 0.1 80 KoCOs  20.0 200
31 0.1 50 KoCOs 146 146
32 0.1 100 KoCO; 164 164
33 - - 80 - 5.0 -
34 - - 80 TEMPO 7.0 -
35 - - 80 K2CO3 8.0 -

Table 1.11 : Oxidation products yield of 1-phenylethanol™”

In all experiments, a high selectivity towards the formation of the ketone was found since no

traces of by-products were detected by GC and GC-MS analyses of the final reaction mixtures

(only the unreacted alcohol and the ketone product were found).

G.B. Shul’pin et al synthesized the following complex®!(Fig 1.59)

012

Fig 1.59 : Perspective view of heterometallic Fe(11) & Co (I11)F
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It is a very unique heterometallic compound whose structure has been revalidated by a lot of
physical measurements like magnetic studies, Mdssbauer Spectroscopy, (HF-EPR) Spectroscopy
etc. They have shown the “Direct Synthesis” method and also using a polydentate Schiff base
ligand, such as salicylidene-2-ethanolamine.An extensive literature survey revealed that this type
of coordination is very a rare example of the Mg(u-X)9 MST, where two trinuclear Ma(p-X)a
species are linked by a M(u-X)M bonding together into the hexanuclear assembly.
Antiferromagnetic coupling was also indicated between the Fe(III)—Fe(III) centers in magnetic
studies. The HF-EPR spectra reveled uncommon parameters for an iron dimer. These methods,
along with the Mossbauer spectroscopy and charge balance equations, support the finding of
Co(11) and Fe(l11) together in the complex.

This group investigated the use of the compound in alkane oxidation. Acetonitrile is the media of
choice and nitric acid promoter is used as in earlier case. Again the alkyl hydroperoxide path was
followed. Pretty high turnover numbers were achieved. Reported yield was also high and along
with the high TON, its an excellent combination offered by the catalyst. Both linear and
branched alkane systems have been utilized in the reactions to understand the proper efficacy of
the catalytic system. The ESI-MS studies reveled two entities, [Co(HSae)?]* and [CozFe(Sae)*]*
in solution. It was thus concluded that trinuclear species CozFe results for the intensive growth of
the initial reaction rate. The advantages of this system lie in the great TOF values, which is as
high as 1.12x 10* h™! (3.1 s™!). It has been believed that the [Co.Fe(Sae)*]* particles actively
generate hydroxyl radicals. The proposed catalytic path is a unique example of heterometallic
coordination compound in homogeneous catalysis . The enhanced activity of the [CozFe(Sae)*]*
was probably due to the specific coordination environment of a tetracoordinated iron center and

also the hydrogen-bonded assistance along with Co—Fe Ox-Red interactions.

1.7 Schiff base metal complex in DNA/protein interaction:

Antibiotic-resistance is a major issue these days. It’s important to develop new therapies which is
away from this. Schiff bases metal complexes are effective as anti-inflammatory, antifungal,
antibacterial, antiproliferative, antimalarial, antipyretic, antiviral agents. They are useful
pharmacophore for developing bioactive compounds[®. The biological activities are explained

in a crux in Fig 1.60.
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Fig 1.60 : Biological activities of metal complexes.*?

Abid et al. reported ZrO?*, VO?*, Pd?*, V¥, Cd?*, and Rh3* Schiff base complexes® with the

following ligand (Fig 1.61) that showed biological activity. Azomethine metal complexes act as

antimicrobials for Gram-positive and Gram negative bacteria.
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Fig 1.61 : Schiff base ligand™®!
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Abdulghani et al. designed complexes of Co?*, Cd?*, Pd*, Pt?>*, Ni**, and Cu®" [with

azomethines of cefotaxime antibiotic (Fig 1.62) and was thoroughly studied.

S‘);N 0 / Z O\n/

— 0
HN N\\M<—O 0O

Fig 1.62 : Azomethine metal complex®¥

Most of these showed octahedral geometry. It displayed antibacterial property towards E. coli,
P. aeruginosa, S. aureus, and S. pneumonia etc. Some divalent metals have been prepared the

above ligand.
Koz et al. studied divalent transition metals like cobalt, nickel, and copper along with

azomethinel®! . The ligands are shown in the following figure(Fig 1.63).

ISAII

N OH |

HNT R N OH
P T L
6) N 0 o)\ 0

H N

Fig 1.63 : Ligands that complex transition metal ions!®®
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The synthesized complexes were trialed against pathogenic bacteria and fungal species. Cu?*,
Co?*, and Ni** complexes of Schiff bases having —SIOCH3®®! groups were obtained.(Fig 1.64).
The complexes were tested as a growth inhibiting agent towards fungus.

HO —N N
Sy
SI|—O
HO / i

Fig 1.64 : Schiff bases having ~SiOCH3 groupst™

Gaballa et al. synthesized Pt>* Schiff base complexes®l. They showed antibacterial activity
towards P. aeruginosa, S. aureus, E. coli, and B. subtilis.

El-Sherif et al. synthesized metal complexes of Cu?*, Zn?*, and Ni?*(Fig 1.65). They were good
antibacterial agents!®®l.

Br O\M/N_

=N o Br

Fig 1.65 : Schiff base metal complexes to act as antibacterials®

Abdel-Rahman et al. made Schiff base Fe?* complexes® (Fig 1.66) all of which displayed

antibacterial activity.
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Fig 1.66 : Schiff base Fe?* complexes!*”
Shaker et al. synthesized octahedral iron complexes with ligands from sodium 3-formyl-4-
hydroxybenzenesulfonate and amino acid (Fig 1.67) which again showed antibacterial action
towards various kinds of pathogenic bacterial strains!°,

H20 0H2 OH,

Fig 1.67 : Octahedral iron complexes™™!

Abu-Dief et al. designed amino acid azomethine Cu?* complexes showing antibacterial activity
towards P. aeruginosa, and B. cereus('%,

Neelakantan et al. got azomethine from amino acids and o-phthalaldehyde, which was
eventually used to prepare Ni?*, Co?* Mn?*, VO?*, and Cu?* complexes. These were antifungal in
naturel102],

Rajasekar et al. reported Ni** and Cu?* complexes with azomethine(Fig 1.68). These were
antibacterial in nature. As compared to the free ligand, complexes were better in antimicrobial

propertiest*%l,
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Fig 1.68 : Schiff base ligands with azomethine*!

Abdel-Rahman et al. synthesized nano-sized Cu?* and Fe?* complexes of the following ligands
(Fig 1.69). They were antimicrobial towards M. luteus, E. coli, B. subtilis, A. niger, S.
cerevisiae, and C. glabratal'%4l,

o)
NS
OH 0
-
© No” ; N~
OH

HN
SN \

H H 7
b ® “@V
O o T
2 N . HO” N0
OH

Fig 1.69 : Schiff base ligans designed to bind Cu®** and Fe?" in nano complexes!*®¥

Miloud et al. synthesized and characterized metal complexes of the following (Fig 1.70) and

they showed excellent antifungal activity[*%%,
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Fig 1.70 : Ligands to bind metal complexes™®

El-zweay et al. synthesized the following with mixed ligand (catechol being primary and
salicylaldehyde co ligand)*%](Fig 1.71). By magnetic moment measurements and electronic
spectra, it was seen that the Mn?*, Fe**, Co?* complexes exhibited octahedral geometry, Zn?*
remained tetrahedral and Cu?* and Ni?* in square planner geometry. These were proven to be
antifungal towards strains responsible for eye infections (BCEI), such as K. pneumoniae, E. coli,
and S. aureus. The catechol moiety is more effective than salicylaldehyde.

H
OH,

°\“|n/°
o” | Do
OH,

Fig 1.71 : Schiff base mixed ligand!*%®!
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El-Sonbati et al. synthesized the following*’l(Fig 1.72).

H;CO
HO
OCH
b \ HO ? | on2
» —

VN ) “\* OAc
0 Olt\OAc

N H2

H N

Fig 1.72 : Octahedral metal Schiff base complex!®”)

These were fully characterized and the result showed that octahedral configuration of metal
complexes and the Schiff base togetrher behaves as a neutral bidentate forming a six-membered
chelate ring to the metal ion through azomethine ketonic oxygen atoms and nitrogen. Further
these compounds were antimicrobial towards C. albicans, E. coli, and S. aureus.

Several azomethine thiohydantoin derivatives™®! and their homonuclear Th**, ZrO?*, and UO;
4 complexes have been studied by Dash et al(Fig 1.73).Spectroscopy was used to characteristize

them and were screened for antifungal property.

0 N=N

SO,NH,

Fig 1.73 : Azomethine thiohydantoin derivatives™®®
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Vadde et al.[r%! describe tetradentate N-O, donor ligands or azomethine and their mononuclear
Pd?*, Ni** Co?*, and Cu?* complexes. These were characterized by NMR, IR, mass, ESR,
thermal and elemental analysis and conductivity measurements, finally revealing an octahedral
geometry of Ni and Co complexes and square planner geometry of Pd and Cu complexes. They
displayed in vitro antibacterial activity against K. pneumonia, S. aureus, B. subtilis, and E. coli
and were found to be more active than the standard drugs ampicillin and streptomycin.

Body cells suffer damage by biomolecular oxidation. Free radicals cause oxidative chain
reactions. To decelerate the process, antioxidants come handy by scavenging the free radicals
stopping the detrimental effects to the cell walls. Recently metal-based antioxidants are wisely
chosen for their effectiveness against oxidative stress. Research has been carried out on Schiff
base metal complexes for their proven free radical scavenging propertoes. A study was
performed i.e. DPPH free radical scavenging study, to assess the antioxidant characteristics of
synthetically prepared compounds on the principles of their radical scavenging capacities. DPPH
attains an odd electron that is being used in favor of scavenging activity.

Reddy et al. reported antioxidant activity of bi-metallic Zn?*, Co?*, Cu?*, Ni?*, and U*" as
illustrated in Fig 1.74..These were characterized and examined through NO DPPH, reducing

power, and hydroxyl radical scavenging!*°l.

Hy
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Fig 1.74 : Bi-metallic Zn**, Co™*, Cu®*, Ni**,u*t
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Akila et al.!*Y synthesized VO?*, Cu?*, and Ni?* complexes along with azomethine(Fig 1.75).

They were evaluated for DPPH activity which yielded good results. They are all neutral and with
a square pyramidal geometry for [VO.L] and square planar geometry for [Ni2L] and[Cu.L]
complexes. DNA cleavage study shows that Cu?*complex cleaves the DNA molecule

completely. They were highly effective in arresting the formation of the DPPH radicals and

lowering IC50 values as displayed in antioxidant assays.

O~

7
O \o

Fig 1.75 : VO*, Cu®*, and Ni** complexes of azomethine™!

Prathima et al™? made Ni?* and Cu?" complexes of benzyloxybenzaldehyde-4-phenyl3-

thiosemicarbazone ligand(Fig 1.76).

,U\ NS

N N
H H

Fig 1.76 : Ni** and Cu®* complexes of benzyloxybenzaldehyde-4-phenyI3-thiosemicarbazone

ligand!**?
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These have shown reasonable activity in ferric ion-induced lipid peroxidation (60%) in DPPH
scavenging as compared to standard antioxidant a-tocopherol.

Tadavi et al.'™®1 synthesized the metal complexes with the following ligand(Fig 1.77). These
were characterized by SEM—-EDX, cyclic voltammetry, and single-crystal XRD etc. The nickel
complex was in dimeric form with asymmetrical square planar geometry around each nickel

centre. They were treated as an antioxidant against ascorbic acid.

=

Fig 1.77 : Schiff base ligand for complexation!***]

The analysis of the DNA binding effects of metal complexes is useful to understand whether
they can be utilized as chemotherapeutic agents. This can inhibit the growth and reproduction of
cancer cells over transcription inhibition.

Ni%*, Co?*, Zn?*, and Cu?* complexes of diaminothane and 5-nitro-o-vanillin (Fig 1.78) were

studied by Raman et all**4],

@5\ A e

O

Fig 1.78 : Ni**, Co**, Zn?*, and Cu®* complexes of diaminothane and 5-nitro-o-vanillint***!
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They displayed DNA binding properties. DNA-binding showed intrinsic binding constant of
complexes from 1.58 x 10* to 2.71 x 10* (mol L~ ') ~ ! which is similar to those of some DNA
intercalative complexes. They bind DNA by classical intercalation. It is oxidative cleavage.
Raman et al.'*® studied Schiff base complexes. Supercoiled pBR322 DNA interactions were
evident in gel electrophoresis. Cu?* complexes showed highest nuclease activity.

Co?" , Ni?*, Cu?", Cd?*, and Zn*complexes of the following were studied by Begum et all**6l,
Structural features were elucidated by spectral and analytical techniques like 1H NMR, IR, UV-
vis, molar electric conductibility, elemental analysis, magnetic susceptibility and thermal studies.
These complexes were soluble in DMSO and DMF. Binding with calf thymus DNA was
analysed. They showed tight binding with DNA as they successfully slide between two piled
base pairs and exhibit their fluorescent properties.

Reddy et al.l''"] synthesized ternary Cu?* complexes with 1,10-phenanthroline/2,20-bipyridine
and salicylidene tyrosine. The complex was square planner. The complexes showed binding with
CT DNA (Kb =3.47 x 10* M~ ! and 3.01 x 10* M™ ! respectively).

Kalaivani et al.**8l made Pd-complexes with the following(Fig 1.79).

OCH;

Fig 1.79 : Pd complexes!**#!
They were characterized with various spectroscopic techniques (mass, 1H NMR, absorption, IR).
They were all studied by single crystal X-ray diffraction. The two ligands are coordinated as
ONS donor ligands, making six and five member rings. These were studied for CT DNA binding
properties using emission titration and absorption techniques. Protein binding was also observed
by quenching tryptophan and tyrosine residues.
Schiff base metal complexes were found to have anticancer properties as well. Schiff base Cu

complexes of the following were studied by Amer et all**®l. These complexes display antitumor
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activity in vitro studies against the colon carcinoma (HCT116), HepG2 cell lines and MCF-7,

cell lines.

/=N N—N
/)IN\ R \ /

N

Fig 1.80 : Anticancer Schiff base Cu complexes™!

The Cu complexes of the following ligand(Fig 1.81) was reported by Creaven et all*?%l, They
were screened for their anticancer action by using MTT process by the human Hep-G2, hepatic

carcinoma cell line, andthey showed better efficacy than cis platin.

H

. HO OH

O~ 'N N=C H
H H

Fig 1.81 : Schiff base ligand for Cu complex!*?%

Patterson et al.l’?l prepared 12 salicylaldiminato Pt** complexes. They were checked for
cytotoxicity towards three human glioma cell lines Hs683, LN405, and LN18. The correlation
was drawn between aromatic rings in the complexes and the aliphatic group length with

cytotoxicity.
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T. Maity et al*?? designed the following complexes(Fig 1.82-1.83).

: ;ﬂnau‘ N5
oy’

N3
{

Fig 1.82 : Perspective view of Zn** Schiff base complex!*??

Fig 1.83 : Perspective view of Cu?* Schiff base complex!*??

Interaction of these complexes with DNA was checked. Non-covalent interaction with DNA
involves intercalative or minor groove binding. Absorption spectroscopy was employed to study
the association constant. The binding affinity of the complexes was assessed by gradually adding
CT-DNA. The absorption maxima for both the complexes was seen to decrease upon addition of

CT-DNA along with a little blue shift. The binding constant was found to be 1.04x10° and
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1.903x10° for the complexes which indicates strong binding. Ethidium bromide, which is a
strong intercalator, displacement studies was also carried out. When DNA-EtBr adduct is
exposed to the complexes , the emission intensity of the adduct is observed to diminish. This is
due to the displacement of EtBr from the DNA-EtBr adduct. CD spectroscopic studies was also
done. The CD spectrum of CT DNA shows a canonical B-conformation with a large positive
band around 270-280 nm and a negative band around 248 nm. Molar ellipticity of the positive
bands decreased upon addition of the complexes. The relative viscosity of DNA increases
gradually upon incubation with the sample. Hence, it could be said that the complexes interact
with DNA in a strong intercalative mode.

To understand the binding of the complexes with HSA, UV-absorption titration was carried out.
A decrease in the absorbance was seen for complexes 1 and 2 at 325 nm and 268 nm
respectively. The association constant was calculated to be 5.3x10° M and 3.95x10° M for
respectively. Fluorescence quenching studies show an intrinsic due to the presence of two
chromophores, tryptophan (Trp) and tyrosine (Tyr). If tyrosine gets ionized, the emission
intensity of HSA diminishes. A distinct decrease in the emission maxima of HAS at 340 nm was
observed upon gradual addition of complex. The quenching constants for complexes 1 and 2
were found to be 1.58x10° M and 8.8x10* M? from the Stern volmer equation which
demonstrates effective binding. Molecular docking reveals that the complexes interact with the
nearest adenine residue of the CT-DNA helix via a suitable p—p stacking interaction involving
the phenyl ring of the ligand backbone. Calculations prove that the distance between the phenyl
ring and the aromatic core of the adenine residue is 2.97 A and 1.92 A, for the two complexes
paving the path for efficient interaction. The docking of the complexes with HSA also proves
good interaction. MTT assay showed the cytotoxicity of both the complexes towards cell lines.

Complexes 1 and 2 also showed apoptosis of cell lines.

81




A H. Kianfer et al.[!?®l synthesized the following(Fig 1.84):

Fig 1.84 : Perspective view of Cu®* Schiff base complex*?*]

The addition of increasing amounts of DNA to the complex solution significantly changes the
electronic spectra. Hypochromism and bathochromism of was observed for both the complexes
which indicates interaction of some sort. Kb, the binding constant was calculated by monitoring
the decay of the absorbance at kmax With increased DNA concentration. These values were found
to be similar to classical intercalators such as ethylene blue and ethidium bromide. Further,
competitive binding between methylene blue and complexes for CT-DNA was studied. The
complexes generally showed no emission. Methylene Blue is an intercalator for DNA. Increasing
concentrations of the complexes were added to the CT-DNA which had been previously treated
with MB. The addition of CT-DNA quenched the MB emission intensity. Again, the emission
spectra of MB-DNA solutions increased significantly on addition of the complex. This suggests
intercalative binding. Addition of complexes also alters the CD spectra. Protein binding was also
analysed. Absorption intensity of BSA around 220-240 nm decreases on the addition of

complexes because of alteration in the secondary structure of the protein. The fluorescence
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spectra is altered as well. Quenching studies point towards static quenching. Overall, it can be
said that the complex has considerable interaction with BSA as well.
Z. Li et al M4synthesized the following(Fig 1.85-1.89):

Fig 1.85 :Perspective view of Ni?* Schiff base complex!*?!

Fig 1.86 : Perspective view of Cu?* complex!*?4
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Fig 1.87 : Perspective view of Zn*" complex**!

Fig 1.88 : Perspective view of Mn?* complex!*?4
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Fig 1.89 : Perspective view of Cu?* complex*?¥

The absorption spectra of the complexes exhibited two bands in the range of 300 to 430 nm.
With the addition of CT-DNA, the absorption spectra of the complexes show hypochromicity
and a strong bathochromic shift is also seen proving intercalative DNA binding. The binding
constant was the ratio of the slope to the intercept, from the plot of — [DNA] / (ea—ef) versus
[DNA]. The binding constant of the complexes were in the range 10% and 10* M™.The zinc(lI)
complex interacted more powerfully with CT-DNA and the magnitude order is (Zn?*) > (Cu?*)
>(Ni?*) > (Mn®"). Planarity was an important criterion. Copper complex with a more planar
naphthanyl ring shows higher Ky value than the other copper complex. Competitive binding
between EB and complexes for CT DNA was studied. The fluorescence spectra of EB-DNA
complex revealed that these complexes can quench the fluorescence of EB-DNA system through
an intercalative mode. In the presence of every complex, both the positive (278 nm) and negative
(246 nm) peaks of CD spectra increased in intensity which clearly signifies binding between the
complexes and DNA. Interaction with BSA was alsop confirmed by absorbance and

fluiorescence studies.
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M. Niu et al synthesized the following™?%)(Fig 1.90-1.92),

Fig 1.90 : Perspective view of Ni** complex™*!

Fig 1.91 : Perspective view of Ni** complex!'?!

86




012 (Jus

75

\
\-

<

)<Y

010

%;9014

Fig 1.92 : : Perspective view of Ni?* complex*?*]

The interactions of complexes with DNA were studied by the EB-DNA complex. The
fluorescence spectra of EB-DNA system was quenched by the first complex and with increasing
concentrations of the complexes 1-3, the intensity of the fluorescence band at 590 nm of the EB-
DNA system decreased visibly. It could hence be concluded that the complexes showed
intercalative binding with DNA. From the electronic spectra data, gradual addition of DNA to
the solutions of the complexes, hypochromism and bathochromic shifts were clearly seen.

The CD-spectra also indicated binding of the complexes to CT-DNA. Addition of the complexes
to BSA solution resulted in the quenching of fluorescence emission intensity. The complexes

suppressed cell growth and promoted apoptosis
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J.Y. Xult?8l synthesized the following copper complexes(Fig 1.93-1.96):

Fig 1.93 : Perspective view of Cu®* complex12®

Fig 1.94 : Perspective view of Cu** complex2'®!
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Fig 1.95 : Perspective view of Cu®* complex3?!

Fig 1.96 : Perspective view of Cu** complex4™®!

In this study, four novel mononuclear Cu(ll) complexes were synthesized and characterized. The
complexes display efficient DNA binding activity by the intercalative mode, and are capable of
causing double strand breaks in pUC19 plasmid DNA in the presence of H2O; through an
oxidative pathway. They also showed a high quenching ability of HSA fluorescence. All four
complexes demonstrated high cytotoxic activity against two human cancer cell lines. Cotreating
the complexes with salicylic acid disrupts the anticancer activity, indicating that mixed-ligand

structures are crucial for the cytotoxicity. Especially, introducing the nonsteroidal
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antiinflammatory drug salicylic acid to the Schiff base copper complex moeity induces additional
antiproliferative effects. Adding acetic auxiliary ligands could manipulate the biological effects
of Schiff base copper complexes, signifactly increasing the cytotoxicity. Thus, it can be said that
mixed-ligand copper(Il) Schiff base complexes could function as great alternatives to platinum-
based treatment in cancer chemotherapy.

1.8 Ascorbic acid oxidation by Schiff base complex modified electrode:

Ascorbic acid exists in biological bodies. Measuring amount of a chemical marker helps
assessing food quality etc; ascorbic acid such an indicator. Various techniques have been
utilised, such as spectrometry™?”l | titrimetryl*?8] HPLCI'?%1 and electrochemical methods!*3? as
well. Recently, a growing interest is being observed in measuring ascorbic acid by chemically
modified electrodes (CME-s) on the basis of their electrocatalytic effect. The electrode modified
appropriately by an electro-active species, generally possesses one or more redox peaks. While
scanning the potential in a supporting electrolyte solution, the cporresponding redox peak
current increases or decreases with the amount of ascorbic acid. The difference of currents is
proportional to the concentration of ascorbic acid. Oxidation occurs at potentials above +500mV
(vs SCE) at bare platinum or glassy carbon electrodes, while for modified electrode, it is much
lower . Wring and Kang[**!l investigated the catalytic oxidation of ascorbic acid on an
phthalocyanine derivative modified electrode estimated that the oxidation potential was lowered
by 100-200mV. Janda et al.[**? ytilised a potentiometric method to detect ascorbic acid by a
carbon fiber microelectrode coated with cobalt tetramethylpyridophyrazine where potential
changed greatly. Kulys et al.’®3 used electrochemical sensor modified by 7,7,8,8,-
tetrathianoquinodinethane (TCNQ) to detect ascorbic acid.

R.Q. Yu 34 reported the electro-catalysis of ascorbic acid on a modified electrode of

polymerized cobalt complex of N, N'-bis (salicylidene)- ethane -1,2 —diamine.
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Fig 1.97 : Co?" complex**!
The over-potential of ascorbic acid is reduced greatly in this work. In the past, preparation of
electrodes modified by salen complexes of Ni and Cu was carried out in MeCN medium and
added TBAP. The electrochemical nature is differs in different media. In the experiments done
by this group, several supporting electrolytes, including dimethylformamide (DMF)/TBAP,
ethanol/TBAP, acetonitrile/TBAP, acetonitrile/NaOH and ethanol/NaOH couples were applied.
It was found that with the complex modified electrode, the anodic peak does not appear in the
case of the salen ligand, whilst the redox peak currents decrease a bit , the peak potential remains
unshifted and the peak potential separation increased. This indicates that the Co-salen film has an
electrocatalytic effect on ascorbic acid. The effect of scan rate was in the range of 20-300mV/s.
The oxidation peak current is seen to be proportional to the square root of scan rate below
200mV/s. The whole oxidation process of ascorbic acid on an unmodified electrode consisted of
two steps: 1. ascorbic acid loses one electron 2. hydrolysis of the oxidized species. In this work,
the anodic reaction couple [Co (I1)/Co (11)] occurred at +0.3V, which is pretty close to the
oxidation potential of ascorbic acid on an unmodified electrode. On the other hand, the oxidation
potential of ascorbic acid on a modified electrode is reduced to +0.15V. It could thus be
concluded that Co (111)/Co (II) pair has an electro-catalytic effect on the oxidation process. For
different metal-salen complex modified electrode, the oxidation current shows the following
trend : Co-salen> Ni -salen> Cu -salen > salen, whilst the oxidation potential has the reverse
order: salen > Cu-salen>Nisalen>Co-salen. The metals have variable number of unpaired
electrons with the order Co > Ni > Cu. Hence, Co complex provides the highest anodic current

and the most negative potential.
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X. Li et all*®] synthesized the following copper complex(Fig 1.98)

Fig 1.98 : Perpective view of Cu** Schiff base complex™*!

Cyclic voltammetry for electropolymerization of the complex in DMSO at the potential of -0.3 to
1.4 V was done. Three anodic peaks were observed at 0.22 , 0.53 and 0.91 V. Peaks | and Il are
due to oxidation of Cu(l) to Cu(ll) and Cu(ll) to Cu(lll), respectively. The third peak is due to
the electron transfer from ligand-centered orbitals. The redox peaks increase with every
subsequent scan for 40 cycles, indicating the deposition of copper complex on the electrode. A
scan rate dependent study was also conducted alongside. The results again indicate a strongly
adsorbed electroactive material. Electrochemistry impedance spectrum (EIS) was also used to
elucidate the properties of the surface modified electrodes. The electrocatalytic property of the
modified electrode towards the oxidation of ascorbic acid in pH 6.8 PBS buffer is remarkable. At
bare GC electrode, an irreversible oxidation peak occurs at 0.28 V while with the modified one,
the oxidation peak shifted to 0.16 V and the subsequent current also increased. This clearly
indicates the atalytic effect. The oxidation of ascorbic acid is considered to undergo two one-
electron transfers involving the involvement of a radical anion intermediate. This species then
undergoes hydration reaction. Amperometric determination of ascorbic acid was carried out
using the modified GC in PBS (pH 6.8) with KCI as supporting electrolyte. The oxidation peak
currents were measured at 0.2 V and plotted against concentration of the acid. The modified
electrode has high sensitivity and specificity for ascorbic acid whilst it exhibits no response to

citric acid.
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1.9 Objective of the Thesis

Study of transition metal complexes attracts immense interest of the scientists because of not
only for their structural diversity but also for their application in many fields. Their structure and
nuclearity can be controlled by the use of suitable metal center, Schiff base ligands, bridging
ligands and reaction conditions. Appropriate tuning of mononuclear complexes can lead to the
formation of multinuclear complexes. Accordingly, properties of the complexes change to a
significant level when multinuclear complexes are under consideration. Interaction of metal
centers in a multinuclear complex plays a crucial role in exhibition of their important properties
and applications. Characterization of the complexes are possible by elemental analysis, different
spectroscopic techniques including FT-IR, UV-visible, mass, fluorescence etc. The structure of
metal complexes can be confirmed by single crystal X-ray diffraction studies when single
crystals are obtained. Transition metal complexes can be used in many areas of science e.g
magnetism, biology, catalysis, sensor, etc. Transition metal complexes of Cu(ll), Ni(ll), Co(ll),
etc. are being efficiently use as catalyst in different reactions e.g. epoxidation, alkane oxidation,
alcohol oxidation, sulfoxidation, catechol oxidation. Despite of the fact that the research has
advanced in this field, catalysis with high efficiency and selectivity are still being sought after.
Our focus was to prepare some transition metal complexes of Cu(ll), Ni(ll), Co(ll), etc. with the
N,O — donor ligands and to design multinuclear complexes we used bridging ligands like
pseudohalides, carboxylates, etc. The complexes will be characterized and employed as catalyst.

Other properties were also explored like magnetic, electrical, biological, etc.
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Chapter 2

Mono-, tri- and polynuclear
copper(1lI) complexes of
Schiff-base ligands:
Synthesis, characterization
and catalytic activity
towards alcohol oxidation




2.1 Introduction

Development and applications of transition metal complexes with N,O-donor ligands draw
appreciable interest of the researchers over the last few decades. Preparation of N,O donor
ligands by Schiff-base condensation is popular among scientists as this type of ligands can be
synthesized by one step condensation between a keto/aldehyde group and a primary amine group
with very high yield.!!! The appropriate selection of the aldehyde/ketones and primary amine
with extra hetero atoms could produce ligands with desired number of donor atoms. Softness or
hardness of the donor group could be incorporated by judicial choice of the reactants and
requirement for coordination of the metal center. Moreover, Schiff-base ligands can stabilize
various oxidation states of the metal center. Transition metal complexes with Schiff-base ligands
have utilized in a number of important fields of application e.g. magnetism,?! catalysis,!
biological sciences,™ optoelectronics,®! sensing,® etc.”! Copper(11) complexes have been used
as catalyst in different organic reactions such as oxidation of alkane, epoxidation of alkene,
catechol oxidation, benzylic oxidation, aromatic C—H oxidation, Glaser—Hay acetylenic coupling
reactions, alcohol oxidation, Baeyer—Villiger oxidation, sulfoxidation, etc.®™3 Till date research
is being conducted on the catalytic aspects of newly synthesized metal complexes to find better
catalyst with remarkable yield and selectivity over the desired product(s).

The oxidation of alcohols is one of the most important functional transformations in
synthetic organic chemistry. This can be done by following several methods and using different
reagents.’®l However, these reactions are often done with the stoichiometric amounts of the
reactants. The generation of inorganic salt(s) mixed with the target molecules demands time and
labor for the work-up procedure. To avoid these problems, suitable catalysts may be used.
Copper(I1)-phenoxyl radical complexes as the model of the reaction of Galactose Oxidase can
oxidize primary alcohols into aldehydes.®! Galactose oxidase is a fungal enzyme with one copper
atom at the active site, it is square pyramidal geometry and it catalyzes the oxidation of a number
of primary alcohols to aldehydes.[*%

A number of Schiff-base complexes of copper(ll) ion have been developed where
different aldehydes, e.g. salicylaldehyde or its derivative, were used for the formation of Schiff-
bases.['1 Copper(1l) complexes have been synthesized with these ligands where 1, 2, 3 or more
copper atom(s) are present in the asymmetric unit. These complexes find applications in many

fields, in particular N,N donor and N,O donor ligands have been used for the preparation copper
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complexes with different nuclearity as catalyst for oxidation of alcohols.™?! However, in spite of
the excellent results obtained, there is still scope for the improvement of the activity of the
catalyst with respect to yield and time.

In this context, synthesis, characterization and catalytic properties of mono-, tri- and
polynuclear copper(ll) complexes, [Cu(L})Cly] (1), [Cus(L?).Cls] (2) and [Cu(L®*)Ns]n (3)
respectively, where L! = 2-morpholino-N-(pyridin-2-ylmethylene)ethanamine, HL? = 4-bromo-2-
((2-morpholinoethylimino)methyl)phenol and HL3 = 4-chloro-2-((2-
(dimethylamino)ethylimino)methyl)phenol are being reported. These complexes have been
synthesized and characterized by standard methods including single crystal X-ray diffraction
analysis. These complexes have been used as catalyst for the oxidation benzyl alcohols with
tert.-butylhydroperoxide (TBHP) as the oxidant under ambient conditions. These ligands have
been chosen to create coordination environment nearly similar to galactose oxidase and make
variation in nuclearity of the complexes to compare catalytic results obtained under identical

conditions.

2.2 Experimental Section

2.2.1 Materials and physical methods

Pyrydine-2-carboxaldehyde, 5-chloro-2-hydroxybenzaldehyde, N-methyl-1,3-
diaminopropane, 5-bromo-2-hydroxybenzaldehyde, 4-(2-aminoethyl)morpholine, copper(ll)
perchlorate hexahydrate, copper(ll) chloride dihydrate and sodium azide were purchased from
Sigma Aldrich and used without further purification. Other reagents were obtained from
commercial sources and used as received. Solvents were purchased from commercial sources
and were used for synthesis without further purification while purified and dried solvents®® were
used for spectroscopic measurements. Elemental analyses (carbon, hydrogen and nitrogen) were
performed using a Perkin—Elmer 2400C elemental analyzer. FT-IR spectra were obtained on a
Perkin Elmer spectrometer (Spectrum Two) with the samples by using the attenuated total
reflectance (ATR) technique. The UV-visible spectral measurements were done in Agilent 8453
diode array spectrophotometer. Analysis of reaction mixture of catalytic reactions was performed
with a Shimadzu made next generation high speed gas chromatography system (model: GC-2025
AF) equipped with a fused silica capillary column and a FID detector. Cyclic voltammetric

measurements were performed on a CHI Electrochemical workstation. A platinum wire working

105




electrode, a platinum wire auxiliary electrode and Ag/AgCl reference electrode were employed
in a standard three-electrode configuration. BusNPFs was used as the supporting electrolyte in
CH3CN and the scan rate was 50 mV s under nitrogen atmosphere. All experiments were

carried out at room temperature in air unless reported otherwise.

2.2.2 Synthesis of [Cu(LY)Cl] (1)

4-(2-Aminoethyl)morpholine (0.5 mmol, 0.065 mL) was added to a methanolic solution
(10mL) of 2-pyridinecarboxaldehyde (0.5 mmol, 0.053 mL) under stirring condition. The
mixture was stirred for 30 min. Then the resulting solution was refluxed for 5 h. The color of the
mixture turned orange. The mixture was then cooled and it was used as ‘ligand (L')’ without any
characterization and further purification. The solution of L* in methanol was allowed to cool to
room temperature. Then, a methanolic solution (10 mL) of copper(ll) chloride dihydrate (0.5
mmol, 0.067 g) was added to the ligand solution. The mixture was stirred till it turned greenish.
It was then refluxed for 1 h. Color of the solution became dark green. The mixture was finally
cooled to room temperature and filtered to remove any precipitate or suspended materials. The
filtrate was kept at ambient temperature. Green crystals suitable for X-ray diffraction study were
produced after few days.

Data for 1: yield (65%); C, H, N analysis: anal. calc. for C12H17Cl,CuN3sO: C, 40.74; H,
4.84; N, 11.88; found: C, 40.54; H, 4.57; N, 11.98%.

2.2.3 Synthesis of [Cus(L?).Cl4] (2)

4-(2-Aminoethyl)morpholine (0.5 mmol, 0.065 mL) was added to a methanolic solution
(10 mL) of 5-bromo-2-hydroxybenzaldehyde (0.5 mmol, 0.100 g) and stirred. The mixture was
refluxed for 2 h forming an orange solution of Schiff base ligand. The mixture was then cooled
and it was used as ‘ligand (HL?)’ without any characterization and purification. A methanolic
solution of copper(Il) chloride dihydrate (0.5 mmol, 0.067g) was added to the solution of HL?
and the mixture was stirred for 30 min when it turned as greenish. It was then refluxed for 1 h.
Color of the solution turned dark green. The mixture was cooled and filtered to remove any
undissolved or precipitate materials. The filtrate was kept at ambient temperature. Black single

crystals suitable for X-ray diffraction analysis were obtained within few days.
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Data for 2: yield (58%); C, H, N analysis: anal. calc. for CosH32Br2ClaCusN4Oa4: C, 32.64;
H, 3.37; N, 5.86; found: C, 32.54; H, 3.22; N, 5.68%.

2.2.4 Synthesis of [Cu(L®)N3]» (3)

N-methyl-1,3-diaminopropane (0.6 mmol, 0.0528 g) was added to a methanolic solution
(10 mL) of 5-chloro-2-hydroxybenzaldehyde (0.6 mmol, 0.093 g) under stirring condition. The
mixture was stirred for 30 min and then it was refluxed for 2 h. The resulting solution was
orange in color. The mixture was then cooled and it was used as ‘ligand (HL®)’ without any
characterization and purification. A methanolic solution (10 mL) of copper(ll) perchlorate
hexahydrate (0.6 mmol, 0.222 g) was added slowly to the ligand solution of HL® under stirring
condition. The stirring continued for 30 min. The mixture turned greenish. Sodium azide (0.6
mmol, 0.039 g) in methanol/water mixed solvent (methanol:water (v/v) ratio 1:2) (2 mL) of was
added dropwise with constant stirring. The color of solution became dark. The resultant mixture
was refluxed for 1 h when the mixture became dark green. The mixture was then cooled to room
temperature and filtered to remove any undissolved or suspended materials. The filtrate was
kept at ambient temperature. Green single crystals suitable for X-ray diffraction analysis were
produced within few days.

Data for 3: yield (55%); C, H, N analysis: anal. calc. for C11H14CICuNsO: C, 39.88; H,
4.26; N, 21.14; found: C, 39.79; H, 4.22; N, 20.97%.

2.2.5 X-ray data collection and structure determination

Details of the data collection and refinement parameters for complexes 1, 2 and 3 are

summarized in Table 1. The diffraction experiments were carried out on a Bruker SMART 1000
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Complex 1 2 3

Formula C12H17CI,CuN3O  [C26H32Br2ClsCusNsOs  [C11H14CICUNsO
Formula weight 353.72 956.79 331.26

T (K) 294(2) 294(2) 294(2)
Crystal color dark green black green
Crystal system orthorhombic orthorhombic monoclinic
Space group Pca2; Pbca Cc

a (A) 24.123(6) 9.1230(9) 13.5037(6)
b (A) 6.7026(16) 16.1575(15) 16.8086(6)
c(A) 17.890(4) 21.934(2) 6.7657(3)

a (°) 90.00 90.00 90.00

B () 90.00 90.00 119.501(4)
7 (°) 90.00 90.00 90.00

V (A3 2892.6(12) 3233.2(5) 1336.56(11)
Z 8 4 4

Crystal dimensions

0.10 x 0.16 x 0.23

0.11 x 0.23 x 0.32

0.06 x 0.09 x 0.16

(mm)

F000) 1448 1892 676

De (g cm 3) 1.625 1.966 1.646

) (Mo Ka) (A) 0.71073 0.71073 0.71073
6 Range (°) 1.7- 25.2 1.9- 25.2 2.1- 25,5

Reflection collected/

unique/observed

29647, 5223, 4611

30022, 2926, 2501

0687, 2448, 2252

Absorption correction multi-scan multi-scan multi-scan
Rint 0.067 0.045 0.034
Final Ry index 0.053 0.026 0.029

[1 > 20(1)]
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Complex 1 2 3

Final wR2 index (all 0.134 0.071 0.063

reflections)

Goodness-of-fit 1.05 1.04 1.04

Table 2.1: Crystal data of complexes 1, 2 and 3

CCD diffractometer for 1 and on a Bruker APEX-II CCD diffractometer for 2 and 3 using
graphite monochromated Mo Ka radiation at 294(2) K. Data were processed using the Bruker
APEX2 and SAINT packages.[**! Absorption corrections based on multi-scans using the SADABS
software[14] \were applied to the intensity data. The structures were solved by direct methods using
SHELXTIIS] and refined with full-matrix least-squares on F? on all unique reflections using
SHELXL-2014/7.1181 All the non-hydrogen atoms of the complexes were refined anisotropically.
The crystal selected for the X-ray diffraction experiment of 1 and 3 was refined as a merohedral
twin with a fractional contribution of the minor component of 0.18(3) and 0.03(2), respectively.
In 1, the poor quality of the crystal and the presence of twinning may account for the limited
overall precision of the structure, the presence of high residual peaks and the relatively high R
and wR2 values.

CCDC 1535655, 1535654, 1535653 contain the supplementary crystallographic data for
1, 2 and 3 respectively.

2.2.6 Alcohol oxidation

Primary alcohol oxidation was achieved by using tert.-butyl hydroperoxide as oxidant in
the presence of copper(ll) complexes as catalyst. Typically, 0.5 mmol of the substrate (alcohol)
in 5.0 ml of acetonitrile was taken in a two necked round-bottomed flask connected with a
condenser, followed by the addition of 0.025 mmol of copper(ll) complex. The temperature of
the mixture was maintained by a thermostat. 0.5 mmol of tert-butyl hydroperoxide was added to
the mixture to initiate the catalytic reaction under stirring condition. Aliquots from the mixture

were collected at regular time interval. The reaction mixture was analyzed by gas
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chromatography. The substrate and product(s) were identified by the comparison with known
standards.
Blank experiments, namely oxidation of the alcohols, were performed in absence of any

catalyst under the same experimental conditions.

2.3 Results and discussion

2.3.1 Synthesis and characterization

!, HL? and HL3 have been synthesized by one step Schiff-base condensation between
aldehyde and respective amine in 1:1 molar ratio in methanol. The ligands were not
characterized and used for complex formation without further purification. Complex 1 was
obtained by the reaction between L! and CuCl, in 1:1 molar ratio. Reaction between HL? and
CuCl, led to the formation of 2. However, reaction of copper(ll) perchlorate, HL® and sodium
azide in 1:1:1 molar ratio produced 3. Both, HL? and HL® underwent deprotonation in the
reaction medium without any external deprotonating base.

FT-IR spectra of all of the complexes were obtained with powder sample by ATR
technique (Fig. 2.1-2.3). Peaks at 1651, 1633 and 1628 cm™ in the spectra of complexes 1, 2 and
3, respectively indicates the presence of azomethine bond in the complexes. A strong peak at

2047 cmt in 3 confirms the presence of azido moiety.
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Fig. 2.1: FT-IR of complex 1
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Fig. 2.2 : FT-IR of complex 2
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Fig. 2.3 : FT-IR of complex 3

ESI-mass spectrometry measurements were performed with methanolic solutions of the
complexes (Fig. 2.4-2.6). Mass spectrum of 1 shows an m/z peak at 316.96. This peak may be
attributed to the [Cu(LY)CI]* fragment. ESI-mass spectrum of 2 exhibits an m/z peak at 507.27
which is due to the presence of [Cuz(L?)Cl]* fragment. Complex 3 shows an m/z peak at 347.97
and this peak may arise due to the presence of [Cu(L>)(N3)CH3zO]" fragment.
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Fig. 2.4: ESI-mass spectrum of complex 1 in methanol

FREG-T4 Ipp— 1. TOF NS B3
#0013 (0 18 G (7 i -
o
wam
v
201 yeek
ook
aon srn
1. .
256 W0 . o
= ne | wasew
nest JoTuey |
held Amh e JL e e
2 1 WO M0 W0 Xe N0 em @ W0 Mo 0w M W M M e m

Fig. 2.5: ESI-mass spectrum of complex 2 in methanol
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Fig. 2.6: ESI-mass spectrum of complex 3 in methanol

Room temperature magnetic susceptibilities of all of the complexes were measured with
powder samples using the Guoy balance method. Complexes 1, 2 and 3 are expected to exhibit
different magnetic moment values as the number of unpaired electron(s) and geometry of the
complexes are different. The magnetic moments of complexes 1, 2 and 3 have been determined
to be 1.64, 2.90 and 1.53 BM, respectively. The asymmetric units of complexes 1 and 3 contain
only one copper(ll) center. Complex 3 shows slightly lower magnetic moment value than the
calculated values indicating the presence of weak antiferromagnetic interaction in the complex at
room temperature. The calculated magnetic moment of complex 2 at room temperature is 3.87
BM as there are three copper(ll) centers.’”l However, measured magnetic moment of the
complex signifies the presence of moderately strong antiferromagnetic interaction between the

metal centers.

2.3.2 UV-vis spectral studies

The electronic spectra of complexes 1, 2 and 3 were recorded in methanol at room

temperature (Fig. 2.7-2.9).
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Fig. 2.7: UV-vis spectrum of complex 1 in methanol at room temperature
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Fig. 2.8: UV-vis spectrum of complex 2 in methanol at room temperature
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Fig. 2.9: UV-vis spectrum of complex 3 in methanol at room temperature

UV-vis spectra of complexes 2 and 3 were obtained in solid state at room temperature (Fig. 2.10

and 2.11).
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Fig. 2.10: UV-vis spectrum of complex 2 in solid state at room temperature
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Fig. 2.11: UV-vis spectrum of complex 3 in solid state at room temperature

For complex 2, high intensity bands appear at 374 and 295 nm (molar extinction coefficient:
9,000 Mist and 13,000 M1s!, respectively) which may be attributed to the ligand to metal
charge transfer (PhO~ — Cu(ll), N(amino) — Cu(ll)) and intraligand charge transfer. UV-vis
spectrum of complex 3 exhibits high intensity bands at 382 nm and 321 nm with molar extinction
coefficient of 44,000 M?s? and 7,000 Ms? respectively. These bands are probably due
to PhO™ — Cu(ll), N(amino) — Cu(ll) LMCT. Another band at 291 nm with molar extinction
coefficient of 11,000 M s is probably due to intraligand charge transfer transition.

Complexes 1, 2 and 3 show broad bands centered at 700, 640 and 680 nm respectively
with low intensity in methanol. These spectral characteristics are in consistence with copper(1l)
complexes of distorted square pyramidal (SP) geometry. The observed bands originate dy;,dy; —
dx2y2 transitions 8 and they may or may not be accompanied by a low-energy shoulder (> 800
nm). A low energy single d—d band at > 800 nm (dxy, dx2-y2 — d2) with a high energy shoulder
(spin forbidden, dx;, dy. — d;2) is typically observed in trigonal bipyramidal (TBP) geometry.
Thus, copper atoms in complexes 2 and 3 are in distorted SP environment which is further
evident from their solid state electronic spectra. Solid state spectra (Fig. 2.10 and 2.11) show
bands with maxima at 680 and 683 nm for 2 and 3 respectively along with other peaks indicating

the presence of distorted SP geometry in the solid state.
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2.3.3 Crystal Structures of complexes 1, 2 and 3

ORTEP of the asymmetric unit of complex 1 is provided in Fig. 2.12. Selected bond
lengths and angles for complexes 1, 2 and 3 are given in Table 2.2.

Fig 2.12 : A perspective view of the asymmetric unit of complex 1 with displacement ellipsoids

drawn at the 50% probability level

Complex 1

Cul-N1 2.058(6) Cu2-N4 2.052(6)
Cul-N2 1.985(7) Cu2-N5 1.975(7)
Cul-N3 2.082(6) Cu2-N6 2.099(6)
Cul-ClI 2.258(2) Cu2-CI3 2.256(2)
Cul-CI2 2.480(3) Cu2-Ci4 2.475(3)
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N2-Cul-N1
N2—Cul-N3
N1-Cul-N3
N2—Cul-Cl1
N1-Cul-Cl1
N3—-Cul-Cl1
N2—Cul-ClI2
N1-Cul-Cl2
N3-Cul-Cl2
Cl1-Cul-CI12

Complex 2
Cul-0O1

Cul-Cl1
Cul-CI12
Cul...Cu2
Cu2-N1

01-Cul-01!
01-Cul-CI2
O1-Cul-CI2!
0O1-Cul-Cl1
O1-Cul-Cl1!
Cl1-Cul-Cl1
Cl1-Cul-CI2
Cl1-Cul-CI2
Cl2-Cu1-CI2
N1-Cu2-0O1

Complex 3
Cul-O1

79.4(3)
81.5(3)
158.5(2)
156.8(2)
96.1(2)
97.79(19)
97.1(2)
94.0(2)
97.85(19)
105.88(9)

1.9546(19)
2.8787(8)
2.3327(8)
2.9512(4)
1.944(2)

180
85.39(6)
94.61(6)
74.03(6)
105.97(7)
180
87.24(6)
92.76(6)
180
90.35(9)

1.916(4)
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N5—Cu2-N4
N5—-Cu2-N6
N4—Cu2-N6
N5-Cu2—-CI3
N4—-Cu2-CI3
N6-Cu2—-CI3
N5-Cu2-Cl4
N4-Cu2-Cl4
N6-Cu2-Cl4
CI3-Cu2-CH4

Cu2-N2
Cu2-01

Cu2-Cl1
Cu2-CI12

N1-Cu2-N2
01-Cu2-N2
N1-Cu2-Cl1
O1-Cu2-Cl1
N2-Cu2-Cl1
N1-Cu2-CI2'
01-Cu2-CI2!
N2-Cu2-CI2'
Cl1-Cu2-CI2!

Cul-N1

79.5(3)
81.7(3)
158.7(3)
157.1(2)
96.2(2)
97.25(19)
97.2(2)
94.7(2)
97.5(2)
105.64(9)

2.048(2)
1.980(2)
2.2713(9)
2.6982(9)

85.53(10)
171.69(9)
157.08(8)
89.55(6)
97.05(7)
109.15(8)
75.51(7)
99.01(7)
93.00(3)

1.987(5)




Cul-N2 2.045(5) Cul-N3 2.028(5)
Cul-N3' 2.427(5)

O1-Cul-N1 90.65(19) 01-Cul-N3 88.11(19)
N1-Cul-N3 155.11(19) 01-Cul-N2 173.4(2)
N1-Cul-N2 95.70(17) N3-Cul-N2 86.8(2)
01-Cul-N3" 85.35(17) N1-Cul-N" 96.77(18)
N3-Cul-N3" 107.9(2) N2-Cul-N3" 92.24(19)

Symmetry codes: (i) -X, 1-y, 1-z; (i) x, 1-y, -1/2+z.

Table 2.2 : Selected bond lengths (A) and bond angles (°) of complexes 1, 2 and 3

The mononuclear complex 1 crystallizes from methanol in the orthogonal system, space group
Pca2;, with two complex molecules of similar geometry in the asymmetric unit. In each
molecule the copper atom is coordinated by the N donor atoms of the neutral ligand L* and by
two chloride anions in a distorted square pyramidal geometry as indicated by the value of the
trigonal index t. The trigonal index is calculated as the difference between the two largest
donor-metal-donor angles divided by 60. Its value is 1 for the ideal trigonal bipyramid and 0 for
the square pyramid.l*®! The values of T are 0.028 and 0.027 for atoms Cul and Cu2, respectively,
indicating that the coordination environments are nearly ideal square pyramidal. The Cul and
Cu2 metals are displaced by 0.3380(9) and 0.3383(9) A with respect to the corresponding basal
plane formed by atoms N1/N2/N3/CI1 and N4/N5/N6/CI3, respectively. In the crystal, C-H...O
hydrogen bonds (Table 2.3) between aromatic H atoms and the oxygen atoms of the morpholino
moieties lead to the formation molecular chains parallel to the a axis. In addition, adjacent chains
are connected into a two-dimensional double layers parallel to the ab plane by C-H...Cl
hydrogen bonds (Fig. 2.13).
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Fig. 2.13 : Partial crystal packing of complex 1 approximately viewed down the b axis, showing the
formation molecular double layers parallel to the ab plane by C—H...O and C—H...Cl hydrogen

bonds (dashed lines). H atoms not involved in intermolecular hydrogen bonds are omitted for

clarity
D-H---A DH H-A D---A Z D-H--A
C24-H24A...CI3 0.97 2.77  3.430(9) 126.1
C2-H2..01! 0.93 2.55  3.257(12) 132.8
C7-H7A..CI1" 0.97 2.79  3.490(12) 130.0
C11-H11A..Cl4" 0.97 2.83  3.763(10) 163.8
C14-H14...02V 0.93 2.54  3.263(11) 135.3

Symmetry codes: (i) 1/2+x, 1-y, z; (ii) x, -1+y,z; (iii) 1/2-x, 1+y, -1/2+z; (iv) -0.5+X, -y, z.

Table 2.3 : . Hydrogen bonding geometry (A, °) for complex 1.
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Fig. 2.14 : The molecular structure of complex 2 with displacement ellipsoids drawn at the

50% probability level. Symmetry code: (i) -x, 1-y, 1-z.

ORTEP plot of the asymmetric unit of complex 2 is shown in Fig. 2.14. The discrete molecule of
complex 2 consists of three copper atoms, two 2-((2-morpholinoethylimino)methyl)-4-
bromophenol Schiff-base ligands deprotonated at the O atoms (L?), and four u—bridging chlorine
atoms. The trinuclear complex has crystallographically imposed inversion symmetry, the Cul
metal lying on the Wyckoff special position 4a of the space group Pbca. Cul is coordinated to
four po—Cl atoms and two p2—phenoxido oxygen atoms in a remarkably distorted octahedral
geometry elongated along the Cul-CI1 bonds. Atom Cu2 coordinates to the O1 bridging
phenoxido oxygen, the N1 and N2 atoms from the HL? ligand, and two p2—Cl atoms in distorted
square pyramidal geometry as indicated by the t value of 0.243. Atoms O1, N1, N2 and ClI
constitute the basal plane whereas CI2 occupies the apical position. Cu2 is out of the mean basal
plane towards CI2 by 0.1751(4) A. In the crystal, there exists both C-H...Cl and C—H...Br

hydrogen bonds (Table 2.4) linking molecules into a three-dimensional network (Fig. 2.15).
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Fig. 2.15 : Packing diagram of 2 showing the H...Cl and H...Br hydrogen bonds (dashed lines).

Hydrogen atoms not involved in hydrogen bonding are omitted

D-H---A D-H H---A D---A Z D-H---A
C2-H2...CI2! 0.93 2.69 3.396(3) 133.0
C7-H7...CI2" 0.93 2.72 3.574(3) 152.9
C9-H9A...Br1' 0.93 2.92 3.696(3) 138.2
C10-H10B...CI1"V 0.97 2.80 3.724(3) 158.5

Symmetry codes: (i) -x, 1-y, 1-z; (ii) 1/2+x, 0.5-y, 1-z; (iii) x, 1/2-y, 1/2+z; (iv) 1-X, 1-y, 1-Z.

Table 2.4 : Hydrogen bonding geometry (A, °) for complex 2.

Asymmetric unit of complex 3 is given in Fig. 2.16. The asymmetric unit of complex 3 consists
of one CuL® moiety including one 2-((3-(methylamino)propylimino)methyl)-4-chlorophenol

ligand deprotonated at the O atoms (L2), and one azido anion.
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Fig. 2.16 : The molecular structure of complex 3 with displacement ellipsoids drawn at the 40%

probability level. Symmetry codes: (i) x, 1-y, -1/2+z; (ii) X, y, -1+z; (iii) x, 1-y, 1/2+z.

The Cu metal exhibits a distorted square pyramidal coordination geometry provided by the O-
and N-donor atoms of the Schiff base, and by the N atoms of two p—azido anions, with atoms
01, N1, N2 and N3 at the basal plane and atom N3" occupying the apical position (ii = X, 1-y, -
1/2+z). The Cu metal protrudes by 0.1500(8) A from the mean basal plane, which shows a
remarkable tetrahedral distortion (r.m.s. = 0.2501 A; maximum displacement 0.340(7) A for
atom N3). The amplitude of the distortion from the ideal square pyramidal geometry may be
inferred also from the value of 0.306 of the trigonal index 1. The azido anion acts as an end-on
bridging group (p-11) linking the CuL® moieties into polymeric chains running parallel to the ¢
axis (Fig. 2.17). Within the chains N-H...N hydrogen bonds involving the terminal N5 azido
nitrogen atoms are observed (Table 2.5). In the crystal, adjacent chains interact through C-H...N

hydrogen bonds to form a three-dimensional network.
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Fig. 2.17 : Crystal packing of complex 3 displaying the formation of one-dimensional chains parallel
to the c axis linked into layers parallel to (110) by C—H...N hydrogen bonds (dashed lines).

Hydrogen atoms not involved in hydrogen bonding are omitted for clarity.

D-H- A DH H-A D-A ZD-H-A
N2-H1...N52! 0.79(7) 2.47(6) 3.117(9) 139(5)
C3-H3...N5" 093 253  3.331(7) 145.0

Symmetry codes: (i) X, 1-y, 1/2+z; (ii) -1/2+x, 3/2-y, -1/2+z.

Table 2.5: Hydrogen bonding geometry (A°) for complex 3.
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2.3.4 Electrochemical studies

Electrochemical studies of all of the copper(ll) complexes were carried out in acetonitrile

using TBAP as supporting electrolyte. A typical cyclic voltammogram (CV) was obtained by

using a Pt working electrode and an Ag/AgCI reference electrode.
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Fig. 2.18 : Cyclic Voltammogram showing reduction at Cu center of complex 1.

The CV of 1 (Fig. 2.18) shows a quasi-reversible reduction in the negative potential region

indicating conversion of Cu(ll) species to Cu(l). The plot in this region shows a peak at a

potential of —0.05 V with a corresponding ipc value of —1.21 x 10 A. Cu(l) is getting oxidized

back to Cu(Il) as indicated by a peak at —0.31 V with the corresponding ipa Of 2.54 x 10° A. Ey

was determined as —0.18 V. The copper center’s interaction with the ligand system may be the

probable cause of quasi-reversibility.

Coming to any probability of any further oxidation of the Cu(ll) center, a scan was done

in the positive potential region (Fig. 2.19). The plot shows a possible oxidation of Cu(Il) —

Cu(I) with a peak at potential of 0.22 V and Iy of 5.31 x 10° A which completes a quasi-
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reversible cycle as it get reduced back to Cu(ll), yielding a peak at 0.36 V and I, of -7.48 x 10°®
A. Ey was determined as 0.29 V.
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Fig. 2.19 : Cyclic Voltammogram showing oxidation at Cu center of complex 1

The CV of the trinuclear copper complex, 2, shows a quasi-reversible reduction of Cu(ll) to
Cu(l) (Fig. 2.20a). The reduction from Cu(Il) to Cu(l) occurs in the forward sweep as shown in
the peak value of — 0.88 V with an Ipc of — 0.3.17 x 107 A. The trinuclear complex, as shown in
the crystal structure, has two Cu atoms in identical positions while the other one, which links
both the other Cu atoms, has a different electronic environment. It is possible that when the
potential is applied in the forward sweep, the three Cu atoms end up experiencing an overall
similar electronic environment due to some electronic delocalization. This might have caused the
three Cu centers to behave identically and give one reduction peak while getting reduced to Cu(l)
species. In the reverse sweep, while getting oxidized it shows two major peaks i.e. at —0.77 V
with an lpa 0£9.94 pA and another at —0.50 V with corresponding Ipa 0f 9.41 pA. The presence of
two peaks here can be explained by the fact that probably after getting reduced to Cu(l) species,

the electronic environment changes in such a manner that the two Cu atoms start behaving
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differently due to the probable lack of the electronic delocalization which had earlier caused

them to behave similarly. Hence we get two peaks for oxidation of two Cu centers from Cu(l) to

cu(l).

A scan in the positive potential region of the trimeric complex shows an oxidation of
Cu(Il) species to Cu(lll) species (Fig. 2.20b). The forward sweep is an oxidation forming Cu(ll)
with a peak potential of 0.308 V and corresponding lp,a 0of 1.96 pA. This tripositive species gets
reduced back in the backward sweep with a potential of 0.418 V and l,c of —1.52 pA.
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Fig. 2.20 : Cyclic voltammogram showing reduction at Cu center of complex 2 (a) and 3 (c); CV

showing oxidation at Cu center of complex 2 (b) and 3 (d).




The CV of the polynuclear complex, 3, (Fig. 2.20c) shows an almost reversible reduction at Cu
center as Cu(ll) gets reduced to Cu(I) at =0.92 V with Ipc of =7.10 x 107 A which again gets
oxidized back to Cu(Il) at —0.70 V with Ips of 7.90 HA. The positive potential region shows a
quasi-reversible oxidation process wherein the Cu(ll) is oxidized to Cu(lll). In the forward
sweep, the Cu(ll) gets oxidized to Cu(lll) with potential of 0.79 V and I,a of 1.96 pA and gets
reduced back to Cu (I1) with potential of 0.80 V and I,c of —=5.31 pA. One irreversible peak is
observed at 1.15 V which may be attributed to the irreversible reduction of the ligand.

2.3.5 Alcohol oxidation studies

The ability of complexes 1, 2 and 3 to catalyze organic transformation reaction was
checked. These complexes showed galactose oxidase mimicking activity i.e. they act as catalyst
for the oxidation of benzyl alcohol, 4-methyl benzyl alcohol, 4-methoxy benzyl alcohol, 4-nitro
benzyl alcohol and 4-bromo benzyl alcohol in the presence of tert-butylhydroperoxide (TBHP)
as the oxidant. The corresponding aldehyde has been obtained as the sole product (Fig 2.21). The

results of the oxidation reactions are given in Table 2.6.

OH
CHO

Catalyst, TBHP N

>
Z

Fig 2.21 : Alcohol oxidation
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Entry - Yield % for Yield % for Yield % for | Yield % for 4-
Yield® % for .
4-methyl 4- methoxy 4-bromo nitro benzyl
Catalyst | benzyl alcohol
(TONY) benzyl alcohol | benzyl alcohol | benzyl alcohol alcohol
(TON") (TONO) (TON®) (TON®)
1 1 90 (18) 90 (18) 92 (18.4) 78 (15.6) 74 (14.8)
2 2 70 (14) 72 (14.4) 74 (14.8) 65 (13) 63 (12.6)
3 3 50 (10) 51 (10.2) 53 (10.6) 48 (9.6) 44 (8.8)
4 Blank® 9 10 9 7 10

Table 2.6 : Oxidation® of primary alcohol with complexes 1, 2 and 3

2 Oxidant: TBHP; temperature: 298 K; solvent: acetonitrile;

® Yield calculated after 14 h

¢ TON: turnover number = number of moles of product/number of moles of catalyst
d Catalytic reaction without any catalyst under identical conditions

It may be inferred from the table that complex 1 performs better in comparison to the other two
complexes as catalyst for the alcohol oxidation for all the substrates. Conversion of benzyl
alcohol is 90% with 1 whereas with complexes 2 and 3; the yields are 70 and 50%, respectively,
indicating a much lower activity of the latter two catalysts. When varying the substrates by
introducing an electron pushing and electron withdrawing group in the aromatic ring of benzyl
alcohol the trends of conversion are the same, i.e. the highest conversion is achieved with 1, then
with 2 and least with complex 3. In the case of 4- methoxy benzyl alcohol, the yield is increased
slightly with each of the catalysts. However, the presence of a bromo or nitro group in the
aromatic ring decreases the yield to 78 and 74% respectively in the presence complex 1. Only
44% of yield is achieved for 4-nitro benzyl alcohol with complex 3 as catalyst. Aliquots from the
reactions mixture were collected at regular time intervals and analyzed to check the progress of
the reaction. Plots of time vs. yield for complexes 1, 2 and 3 are given in Fig. 2.22, 2.23 and
2.24 respectively. It is evident that yield of the reaction increases with passage of time for all the

catalyst, the maximum being observed after 14 h of reaction.
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Fig. 2.23 : Plot of yield vs reaction time for complex 2
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Fig. 2.24 : Plot of yield vs reaction time for complex 3.

Blank reactions with all the substrates were carried out under same experimental conditions but
without any catalyst. It is to be noted that in case of blank reaction, the reaction proceeds very
slowly and very poor conversion (Table 2.6 , entry 4). It takes much longer time for the
conversion of the alcohol into the aldehyde. In other words, when we compare yield of a
particular reaction in the same duration of time, e.g. 2 h, with and without catalyst, there is
almost no conversion of alcohol to corresponding aldehyde in the initial time frame while the
presence of copper complex as catalyst increases the yield of aldehyde manifold. These facts
signify the importance of the copper(Il) complexes as catalysts.

The effect of elevated temperature on the reaction rate and yield was also examined. At
higher temperature, the reaction proceeds slowly and produces lower yield. Moreover, the
solution turned a little brownish after being subjected to the reaction condition of 338 K. This
probably indicates that the structure of the catalyst got altered, hence rendering it ineffective in
catalytic reactions at temperatures higher than 298K.

In order to investigate the role of the solvent and define whether the catalyst could
actively participate in the oxidation process under homogeneous condition, the oxidation of

benzyl alcohol was performed in different solvents and the yields obtained are listed in Table

2.7.
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Catalyst Yield (%) in hexane Yield (%) in DCM Yield (%) in acetonitrile

Complex 1 21 77 90
Complex 2 13 47 60
Complex 3 10 33 40

Table 2.7 : Oxidation of benzyl alcohol in various solvent

Solubility of complex 1 increases in the following order: acetonitrile>dichloromethane>hexane.
Reaction in hexane showed almost no conversions probably because of the low solubility of the
catalysts in this solvent, hence the conversion yields were comparable to that obtained in the
blank reactions. When dichloromethane was used, the reactions produced lower yields in
comparison to acetonitrile, later was therefore selected as solvent of choice. Another possible
explanation for the better yield achieved with acetonitrile may be found in the propensity of this
solvent to stabilize Cu(l) species through coordination.

Catalytic reactions of benzyl alcohol as representative substrate with complexes 1, 2 and
3 were also performed in the presence of TBHP under anaerobic condition in order to check the
role of oxygen, if any, in the oxidation. The results of catalytic reactions under anaerobic
condition are given in Table 2.8, showing the yield of benzaldehyde with each catalyst decreases
to some extent. This fact indicates that oxidation of alcohol is mainly due to the oxidant, TBHP,

not the oxygen of air which, at most, may influence the catalysis slightly.

Catalyst Yield (%)
Complex 1 75
Complex 2 50
Complex 3 35

Table 2.8 : Oxidation of benzyl alcohol with complexes 1, 2 and 3 under anaerobic condition

Catalytic reactions were also carried out with varied amount of catalyst. The results, however,
indicated that the effects in term of reaction yield were not significant, thus for all complexes a

1:20 catalyst/substrate ratio was used. Finally, unsuccessful attempts to recover and reuse the
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complexes after reaction were carried out in anticipation of recycling the catalyst. In fact, the IR
spectra of the compounds collected and dried after the catalytic reactions suggested a substantial
decomposition of the complexes, thus preventing their reuse as catalysts.

A possible mechanistic pathway for the oxidation of benzyl alcohol may be proposed
based on the present work and results that were obtained from earlier studies. It is known that
reactions between TBHP and Cu(ll) may lead to the formation of tBuO" radical and Cu(l)
species.?l This radical is known as hydrogen atom abstractors from the alcohol.?* Thus,
mechanism for this type of oxidation may be occurred via radical generation as proposed by
Pombeiro and others.[??

It is clear from the electrochemical studies that reduction of Cu(Il) to Cu(l) in complex 1
occurs at the potential of —0.05 V; for complexes 2 and 3, values, at which reduction of Cu(ll) to
Cu(I) occurs, are —0.88 and —0.92 V respectively. These values indicate that reduction of metal
center is most easy for 1 then in 2 and most difficult in 3. Formation of Cu(l) is necessary in the
catalytic reaction as discussed in possible mechanism. The system, where formation of Cu(l) is
most feasible, should be most active in the oxidation reaction. Thus, results obtained in
electrochemical and catalytic studies corroborate perfectly establishing complexes 1 is most

active catalyst among all.

2.4 Conclusions

In the present paper, the synthesis and characterization by elemental analysis, spectral
analysis and single crystal X-ray diffraction of three novel mono-, tri- and polynuclear
copper(I1) complexes is reported.

These complexes show galactose oxidase mimicking activity making then able to
catalyze the oxidation of primary alcohols to the corresponding aldehydes. Among the three
complexes, the mononuclear complex showed a far superior catalytic activity compared to the

tri- and polynuclear complexes.
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Chapter 3

Cu- and Ni-Grafted
Functionalized Mesoporous
Silica as active Catalyst for
Olefin Oxidation




3.1 Introduction

Transition metal catalyzed organic transformations are of great importance because they can not
only help to achieve valuable products but also new functional groups are introduced in
comparatively inert starting materials. Oxidation of olefins and alkanes is important because a
large quantity of these materials is available in nature in the form of fuel and gas. Desired
products/fine chemicals are obtained from these materials. Transition metal compounds play a
pivotal role in their transformation. Transition metal compounds with copper(Il) and nickel(Il)
are widely used as catalyst in different reactions e. g. oxidation of alkane!*! CS coupling,®!
epoxidation of olefins,["8 sulfoxidation,®% alcohol oxidation**! CC bond formation[*?134l
hydrogenolysis,*>161 etc.[*28 Cu(ll) or Ni(Il) compounds are used because they are relatively
cheap and effective as catalyst. Oxidation of alkane in the presence of copper(ll) catalysts often
produces corresponding alcohol and aldehyde while alkene oxidation is generally done with
hydrogen peroxide, tert-butyl hydroperoxide, iodosyl benzene, molecular oxygen, etc. as
terminal oxidant in the presence of a suitable catalyst to get corresponding epoxide as the major
product.*®! Conversion of olefins into the corresponding epoxide is studied because epoxides are
important building blocks for the synthesis of several organic fine chemicals and molecules with
biological importance. Epoxidation of olefins is also vital as it may induce two chiral carbon
centers.2021 However, oxidation of alkenes may lead to the formation of several other products.
Catalytic reactions are performed either in homogeneous medium or in heterogeneous medium.
Catalysis in heterogeneous medium has some advantages over that in homogeneous medium.
Main problem associated with homogeneous catalysis is separation of product(s) from the
catalyst because the substrate, oxidant, product and catalyst all remain in a single phase. Simple
filtration in heterogeneous catalysis is employed to separate product and catalyst as catalyst in
heterogeneous medium is generally insoluble in liquid phase. Heterogeneous catalyst can be
reused for several times in same organic transformation without deteriorating its efficiency and
character. A drawback in heterogeneous catalysis is leaching of metal ion in solution which is
not at all desirable. Under catalytic condition, a small amount of metal ion that can leak in
solution will disturb the heterogeneous nature of the reaction. Thus, heterogenized catalyst
should be prepared in a manner so that leaching does not occur. Strong binding of metal ion in

the solid matrix can prevent metal leaching.

138




For heterogenized catalyst, there should be a solid support to which metal atoms are bonded
strongly. There are different types of solid support e. g. polymer,?223 zeolite,?l alumina,?®!
silica®281  graphene,®  mesoporous  carbon,®®  carbon nanotube,  metal-organic
framework,®233] metal oxide nanoparticles,®¥ etc.52¢1 Use of mesoporous silica as solid support
adds few advantages. Mesoporous silica has large surface area®! which allows greater
interaction between the metal center and the substrate thus increasing the efficiency of the
catalyst. In addition to that, the pore size of the silica support can be tuned according to
requirement. Suitable selection of template, in the presence of which the mesoporous silica is
synthesized, can allow achieving the desired pore size. Silica framework is thermally and
chemically stable. Functionalization of silica matrix can be done to introduce appropriate
number/nature of heteroatom (e. g. O, N or S) in the framework which can act as strong binding
sites for metal center. Covalent bonds are formed when interaction between the functionalized
material and the metal ion takes place. Heteroatoms in the silica framework are selected on the
basis of possible hard-soft interactions. Mo, Ru,[%4% pd 411 Fe [421 M 1431 Cy, B#41 N, 45T et [46]
incorporated materials have been used as catalysts in CH activation of alkenes. We have
effectively used copper(ll) complexes of Schiff-base ligands as catalyst in the epoxidation of
olefins in homogeneous medium.®"48 Impregnated copper(ll) or nickel(I) complexes with
Schiff-base ligands on mesoporous silica can turn homogeneous catalysts into heterogeneous
ones and these heterogenized catalysts have been effective in olefin epoxidation in liquid
phase.[**-51 In these cases, transition metal complexes have been synthesized and characterized
by standard techniques. These complexes were then immobilized on to mesoporous silica to be
used as the catalyst. However, immobilized Cu-catalyst showed metal leaching in catalytic
solution. In this respect, covalently grafted metal incorporated silica can be effective to stop
metal leaching in solution under catalytic conditions. 4-Methyl-2,6-diformylphenol
functionalized mesoporous silica supported copper(l1) and nickel(11) catalysts have been found to
be active in liquid phase oxidation of olefins.°?1 But there is scope to improve catalytic efficiency
in terms of conversion, reaction time, product selectivity, recyclability, etc. So, thrust is to
develop new and better catalyst for important transformations. Here syntheses, characterization
and heterogeneous catalytic properties of copper(ll) (Cu-Cat) and nickel(ll) (Ni-Cat)

incorporated mesoporous silica materials,(Scheme 3.1) has been reported.
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Scheme 3.1 : Syntheses of Cu—Cat and Ni-Cat.

2-Hydroxy-naphthyl functionalized mesoporous silical®®! has been used to anchor copper and
nickel ions strongly by covalent bond formation. Cu-Cat and Ni-Cat have been used as catalyst
in oxidation of styrene, a-methyl styrene, cyclohexene, trans stiloene and cyclooctene in the

presence of tert.-butyl hydroperoxide (TBHP) as the terminal oxidant under mild conditions.

3.2 Experimental Section

3.2.1 Materials and physical measurements

The reagents used in the syntheses are all procured from commercial sources and used without
further purification. The Powder X-ray diffraction patterns of the samples are recorded on a
Bruker D-8 Advance instrument using Ni-filtered Cu-Ka radiation (A = 1.5406 A) operated at 40
kV and 40 mA. Nitrogen adsorption-desorption isotherms of the samples are measured at 77 K
using a NOVA 2200e, Quantachrome Instruments, Surface Area and Pore Size Analyzer. The
transmission electron microscopic (TEM) images are recorded in a JEOL JEM-1400
transmission electron microscope. FT-IR spectra of the samples are recorded on a Perkin Elmer
spectrometer (Spectrum Two) using attenuated total reflectance (ATR) technique. UV-visible
diffuse reflectance spectra of the solid samples are measured using BaSO. as the background
standard in a Shimadzu UV-2450 spectrophotometer. Solid state MAS NMR analyses are carried
out in a CHEMAGNETICS 300 MHz CMX 300 spectrometer. Thermal analyses of the samples
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are carried out under nitrogen atmosphere (flow rate: 50 cc/min) from ambient to 1200°C
(heating rate of 2°C/min) using a Mettler Toledo TGA 850 instrument. Copper and nickel
contents of the samples are estimated by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) using a Shimadzu ICPS-7510 Sequential Plasma Spectrometer. The
solutions for analyses are prepared by digesting 30 mg of the catalysts in 1 mL of hydrofluoric
acid and then by adding 1 mL of nitric acid to dissolve the samples completely. The volumes are
then made up to 25 mL using Milli-Q water, the solutions are membrane filtered and fed into the
auto-sampler of the spectrometer.The products formed in the catalytic reactions are analyzed by
using a next generation high speed gas chromatography system, Shimadzu GC-2025 AF,
equipped with a fused silica capillary column and a FID detector. Substrate and products have
been identified by PerkinElmer Clarus 680/600 T Gas Chromatography/Mass Spectrometer (GC-
MS).

3.2.2 Synthesis of functionalized mesoporous silica

Mesoporous silica used as the solid support has been synthesized following a published
procedure. M In a general protocol, 4.0 g of cetyltrimethylammonium bromide and 2.0 g of Brij-
35 (C12H25(0OC2H4)230H), are dissolved in 90 mL of water containing 1.0 g of tartaric acid. To it
4.8 g of tetraethylorthosilane is added slowly under continuous stirring and the pH of the gel is
adjusted to 11 by adding NaOH solution. The reaction mixture is stirred overnight, transferred
into a polypropylene bottle and kept under hydrothermal treatment at 75 °C for 3 days. The white
precipitate is filtered off, washed thoroughly with distilled water and dried under vacuum. The
product is calcined in air at 450 °C for 8 h to remove the organic surfactants and obtain the
mesoporous silica (Scheme 3.1). 1.0 g of this calcined silica is then stirred with 1.0 g of 3-
aminopropyl triethoxy silane (3-APTES) in chloroform under inert 2 atmosphere for 12 h. The
resultant material is collected through filtration, washed with chloroform followed by
dichloromethane and dried. Finally, 1.0 g of the 3-APTES grafted silica is refluxed with 0.75 g
of 2-hydroxy-1-naphthaldehyde in methanol for 4 h to obtain the functionalized mesoporous
silica with well-positioned N and O-donor sites capable of metal-binding.[? The product is
filtered, washed with hot methanol to remove the unreacted aldehyde and dried prior to use for
metal loading. Synthesis of the catalysts: Cu-Cat and Ni-Cat For the synthesis of Cu-Cat, 0.08 g
of cupric chloride dihydrate (CuCl>.2H20) is dissolved in 20 mL of methanol, to it 1.0 g of 2-
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hydroxy-1-naphthaldehyde functionalized silica is added and the mixture is stirred at 333 K for 2
h. The suspension is filtered to recover the metal bound catalyst, washed with methanol to
remove any unreacted salt and dried under vacuum. Ni-Cat is also prepared using an identical
technique where 0.11 g of nickel chloride hexahydrate (NiCl..6H20) is used in place of the
copper salt and the rest of the process remains the same.

3.2.3 Olefin oxidation

The oxidation reactions of styrene, a-methyl styrene, cyclohexene, trans-stilbene and
cyclooctene have been carried out heterogeneously using Cu-Cat and Ni-Cat. Similar procedure
has been followed for all the substrates in presence of both of the catalysts. Typically, Cu-Cat or
Ni-Cat (0.020 g) and 0.5 g of substrate (styrene: 4.80 mmol; a-methyl styrene: 4.23 mmol,
cyclohexene: 6.09 mmol; trans-stilbene: 2.77 mmol and cyclooctene: 4.54 mmol) are taken in 10
mL of acetonitrile in a two-necked round bottom flask fitted with a reflux condenser. The
mixture is preheated to 65 °C. To the mixture, tert-butylhydroperoxide (equimolar with respect to
substrate) is added to initiate the catalytic reactions. Aliquots from the catalytic reaction mixtures
are collected at regular intervals of time and analyzed by gas chromatography. Product(s) and
substrate, if any, are identified either by GC-MS or comparison with known standards. One
blank reaction is also carried out without any catalyst keeping other reaction conditions
unaltered. To reuse the catalyst, the materials are recovered by filtration, washed thoroughly with
acetonitrile and then treated with 0.1 M HCI solution in ethanol for 8 h at 70 °C and finally dried
at 100 °C for 2 h. The catalytic reactions with the recovered catalysts are performed following

the same experimental procedure.

3.3 Results and discussion

3.3.1 Characterization of the framework, microstructure and porosity

Powder X-ray diffraction study of all the samples from the starting mesoporous silica to the
catalysts has been carried to elucidate their microstructure. The patterns for calcined mesoporous

silica catalysts, Cu—Cat and Ni-Cat are shown in Figure 3.1
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Fig 3.1 : Powder X-ray diffraction patterns of (a) Cu—Cat and (b) Ni-Ca

All the samples exhibit ordered 2D-hexagonal mesophase, evident from the three distinct
diffraction peaks that can be assigned to the 100, 110 and 200 planes and a weak one for 210
plane.54-561 Nevertheless, the mesopore ordering in the samples decreases to some extent in each
step of modification as reflected from the decrease in intensity of the peaks in the diffraction
patterns.

The nitrogen adsorption/desorption isotherms of the calcined mesoporous silica and the catalysts
are given in Figure 3.2.The BET (Brunauer-Emmett-Teller) surface area and pore volume of the
calcined mesoporous silica (Figure 3.2a) which is taken as the starting material are 992 m2 /g
and 1.207 cc/g, respectively. On gradual functionalization the surface area decreases as well as
the pore volume. For 3-APTES functionalized and 2-hydroxy naphthaldehyde loaded silica the
surface areas are 462 and 305 m2 /g, respectively whereas the corresponding pore volumes are
0.72 and 0.53 cc/g. The materials show a typical type 1V isotherm with steep rise due to capillary
condensation at higher pressure indicating that the samples are mesoporous."% The desorption
hysteresis in the P/PO range of 0.6-1.0 that is observed for the samples originate due to
intercrystallite adsorption.™ The pore volume of the Schiff base functionalized sample (0.53 cc/
g) containing N and O-donor sites suggests that there is reasonable space to accommodate the

metal ions inside its pores. The nitrogen adsorption-desorption isotherms for the catalysts, Cu—
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Cat and Ni-Cat (Figure 3.2b and c) also show similar type IV isotherms suggesting their
mesoporous structure (Y-axis values are offset by 100 cc/g for plot b). The specific surface area
and pore volume of Cu—Cat and Ni-Cat are 209 and 213 m2 g1, and 0.428 and 0.436 cc/g,
respectively. The pore diameter of the starting mesoporous silica as obtained from the NL-DFT
(Non-local density functional theory) model is around ca. 4.0 nm and on functionalization and

metal loading the size of the pores decreases to ca. 2.5 nm (Inset of Figure 1.2).
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Fig 3.2 : Nitrogen adsorption desorption isotherms of (a) calcined mesoporous silica, (b) Cu—Cat
and (c) Ni-Cat (For clarity, the Y-axis values are offset by 100 cc/g for plot b); Inset: Pore size
distribution using NL-DFT model for the respective samples (For clarity, the Y-axis values are

multiplied by 20 and 10 for plots b and c, respectively).

The pore volume and pore size of the heterogeneous solid catalysts are well-suited to carry out
organic transformations inside them. The TEM images of the catalysts have been illustrated in

Figure 3.3.
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Figure 3.3 : TEM images of (a) Cu—Cat and (b) Ni-Cat.

TEM images of calcined mesoporous silica, 3-APTES functionalized and 2- hydroxy
naphthaldehyde loaded silica are taken. In all the materials, hexagonal arrangement of the pores
with a different contrast than the pore walls can be seen. With gradual functionalization the
ordering of the pores are affected, which is not unusual. The pore sizes of the samples estimated
from the TEM images are in close agreement with the pore sizeobtained from nitrogen
adsorption isotherms. Thus, the results of small angle powder XRD patterns, gas adsorption and
TEM studies confirmed the existence of mesoporosity in the samples.

The FT-IR spectra of the samples have been studied by ATR technique. The 3-APTES
functionalized mesoporous silica shows a broad band in the region of 3625-2924 cm™ that can
be ascribed to the presence of amino and methylene groups. For the Schiff-base modified sample
an additional band centered around 1635 cm™ originates due to the presence of azomethine
group. After the Schiff base interacts with the copper and nickel salts, these bands shift to
somewhat lower wavenumber region in case of the catalysts which indicates the retention of the
azomethine group as well as confirms complex formation.

Mesoporous silica, functionalized mesoporous silica and metal incorporated mesoporous silica
have been further characterized by solid state MASNMR spectroscopy.’*C CP MASNMR

spectra of all but the mesoporous silica are given in Figure 3.4.
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Fig 34 : Solid state *C CP-MASNMR spectra of (a) APTES-loaded mesopo- rous silica, (b) 2-hydroxy
naphthaldehyde loaded silica, (c) Cu—Cat and (d) Ni- Cat.

Signals for the presence of aliphatic carbons in 3- APTES functionalized material appear at 8.3,
19.7 and 40.6 ppm (Figure 3.4a). After Schiff-base condensation with 2-hydroxy-1-
naphthaldehyde, the material shows retention of these aliphatic peaks along with the appearance
of signals for aromatic carbons at (Figure 3.4b) 7.8, 19.3, 40.2, 51.8, 71.7, 104.3,124.2, 133.0,
137.0, 156.2, 176.8, 184.8, 210.8 and 229.5 ppm confirming the Schiff-base condensation
between amine functionalized silica and 2-hydroxynaphthaldehyde. 3C CP MASNMR spectra of
Cu—Cat and Ni-Cat are shown in Figure 3.4c and 3.4d. It is clear from the figures that organic
moieties in these materials retain their framework and slight shifting of peak positions in Cu—Cat
and Ni-Cat indicate formation of bonds between metal center and donor atoms of the
functionalized silica.

29Si MASNMR studies give idea about the chemical environment around Si atom in all the

mesoporous silica materials. The results of the analyses are shown in Figure 3.5.
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Fig 3.5 : Solid state 29Si MASNMR spectra of (a) calcined mesoporous silica,(b) APTES-
loaded mesoporous silica, (¢) 2-hydroxy naphthaldehyde loadedsilica, (d) Cu—Cat and (e)
Ni-Cat.

Before any functionalization, mesoporous silica gives peak at 111.4 and 103.5 ppm
(Figure3.5a). These peaks may be assigned to the presence of Q4 and Q3 silica species of the
Si(OSi)n(OH)4_n units. In 3-APTES functionalized material, peak positions slightly shift and
new signals appear at 67.8 and 57.7 ppm (Figure 3.5b) confirming the incorporation of 3-
APTES in mesoporous silica. Inagaki et al. previously showed that peaks at around 67 and 58
ppm appear for similar organic-inorganic mesoporous silica material. These peaks can be
attributed to the presence of T3 ((SiO)3Si-R_Si(0OSi)3) and T2 ((HO)2(0Si)Si-R_Si(OSi)2(0OH))
species, respectively ¢ However, materials with further functionalization with 2-hydroxy-1-
naphthaldehyde followed by Cu or Ni grafting show similar peaks for silicon with different
environment. These facts confirm Schiff-base condensation leading to the imine bond formation
and retention of similar frameworks in Cu—Cat and Ni-Cat after complexation of the metal ions.
Thermogravimetric analyses (TGA) on various silica materials have been performed to examine
thermal stability of the frameworks and also to find out the amount of organic functionalization
on the mesoporous silica. TGA analyses have been carried out in the range of 30 to 1200°C . The

amount of Schiff-base functionalized moiety on silica framework has been determined from the
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figure and it has been found to be around 6.42% i. e. ~0.30 mmol of Schiff-base functionality per
gram of silica framework. Presence of Cu or Ni metal in Cu—Cat and Ni-Cat has been confirmed
by ICP-AES measurements. The amounts of the metal content in Cu—Cat and Ni-Cat have been
determined to be 17.4 mg/g (0.274 mmol/g) and 7.8 mg/g (0.133 mmol/g), respectively. Cu(ll)
and Ni(ll) centers in the catalysts may have tetracoordinate environment.[®? Here O,N donor
atoms come from heterogenized Schiff-base ligand; one chloride species and another solvent
molecule may provide all the coordinations. Some square planar Ni(ll) complexes are known to
display yellow color.®®? Color of Cu—Cat and Ni-Cat are yellowish green. UV-vis diffuse
reflectance spectra of Cu—Cat and Ni-Cat are done. Peaks at ~ 230 nm and 310 nm are present
for both the compounds. These peaks may be attributed to the intraligand charge transfer. The
most important peaks appear are at 398 nm and in the range of 400-420 nm for Cu—Cat and Ni-
Cat, respectively. These peaks are due to the presence of ligand to metal charge transfer
(LMCT).

3.3.2 Catalytic studies

Cu—Cat and Ni-Cat has been used as catalyst in oxidation of some olefins e. g. styrene, a-methyl
styrene, cyclohexene, trans stilbene and cyclooctene in the presence of tert.-butyl hydroperoxide
as the terminal oxidant in acetonitrile medium under mild conditions. The results of the catalytic
reactions are given in Table 3.1. It is clearly evident from the results that both the catalysts are
quite effective in the oxidation of different substrates. Oxidation of styrene is of special attention
to the researchers. Cu—Cat and Ni-Cat are active as catalyst in styrene oxidation as the yield of
reaction is 90 and 70%, respectively. Benzaldehyde has been identified as the major product in
both cases with 91 and 98% selectivity, respectively. In case of Cu catalyzed oxidation, minor
amount of phenylacetaldehyde and benzoic acid are produced while in case of Ni-catalyzed
reaction only benzoic acid has been obtained as the minor product. There is no production of

phenylacetaldehyde with the nickel catalyst.
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Substrat | Cataly Products Tota Major TO
e st (% Yield) I productand | N
Yiel | Selectivity
d (%)
(%)
7 Benzaldehy Benzoic | Phenylacetaldehy Benzaldehy
de acid de de
Cu- 82 3 5 90 91
Cat
Ni-Cat 68 2 -- 70 98
Blank 5
a-Methyl styrene Acetophenone a-Methyl
oxide styrene
oxide
Cu- 51 41 92 55
Cat
Ni-Cat 51 25 76 67
Blank 7
2- 2- Cyclohexene 2-
Cyclohexen- | Cyclohexen oxide Cyclohexen-
1-one -1-ol 1-one
Cu- 65 5 2 72 90
Cat
Ni-Cat 60 10 3 73 82
Blank 4
Trans stilbene | Benzil Benzaldehyde Trans
oxide stilbene
oxide
X Cu- 65 9 10 84 77
Cat
O Ni-Cat 41 10 35 86 48
Blank 7
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Cyclooctene oxide Cyclooctene
oxide
Cu- 81 81 100
Cat
Ni-Cat 71 71 100
Blank 6

Table 3.1 : A Solvent: acetonitrile; temperature: 658C; catalyst: Cu—Cat and Ni-Cat (0.020 g each);
amount of substrate: 0.5 g and oxidant: TBHP (equimolar with respect to substrate) bYields are
measured after 12 h of the reaction, ¢ TOF: turnover frequency = moles of substrate converted per

mole of metal center per hour.

Oxidation of a-methyl styrene gives a-methyl styrene oxide and acetophenone as the products in
the presence of both the catalysts. Yield is high but selectivity is poor for both the catalysts.
Yields of 92 and 76% have been obtained with Cu—Cat and Ni-Cat, respectively, with methyl
styrene oxide as the major product. Selectivity for methyl styrene oxide is only 55 and 67% in
the presence Cu—Cat and Ni-Cat, respectively. Oxidation of cyclohexene gives 72 and 73% yield
for the Cu- and Ni-catalyst, respectively, and three products, namely 2- cyclohexen-1-one, 2-
cyclohexen-1-ol and cyclohexene oxide are formed in the presence of both the catalysts. 2-
Cyclohexen-1- one has been identified as the major product with excellent selectivity for both
the catalysts. Oxidation of trans stilbene has been achieved with high conversion value. Similar
activity has been recorded for Cu—Cat and Ni-Cat with 84 and 86% yield, respectively. Trans
stilbene oxide has been identified as the major product with high selectivity (77%) for the copper
catalyst. But selectivity for nickel catalyst is poor. Benzil and benzaldehyde are produced as
minor product in case of the copper compound. However, selectivity for benzaldehyde with Ni-
Cat is quite comparable with that of the trans stilbene oxide. For nickel catalyst, stilbene oxide
and benzaldehyde are produced with 41 and 35% vyield, respectively.Both the catalysts show
excellent catalytic activity towards oxidation of cyclooctene. Although yields are obtained as
8land 71% for Cu—Cat and Ni-Cat, respectively, in both the cases cyclooctene oxide has been
identified as the sole product which implies 100% selectivity. Both the catalysts have been found
to be very active in these oxidation reactions as evident from their high TOF values. However,
Ni-Cat shows higher TOF value than that of Cu—Cat in each reaction. Ni-Cat has highest TOF
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value of 105 for styrene oxidation and lowest TOF of 35 has been marked for Cu-Cat in trans-
stilbene oxidation reaction. A blank reaction has been carried out with all the substrates without
any catalyst under similar reaction conditions. Very small amount of conversion has been
observed in each case. Low conversion in blank reactions signifies the pivotal role played by
these catalysts. Aliquots from catalytic reaction mixtures have been collected at regular time
intervals and analyzed by gas chromatography to monitor progress of the reactions. The results

are given in Figure 3.6-3.10.
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Fig 3.6 : Oxidation of different substrates in the presence of (A) Cu-Cat and(B) Ni-Cat.

Yield of major product from oxidation reaction has been plotted against time.
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Fig 3.8 : Oxidation of a-methyl styrene in the presence of Cu-Cat (A) and Ni-Cat (B)
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Fig 3.9 : Oxidation of cyclohexene in the presence of Cu-Cat (A) and Ni-Cat (B)

154




(A)

70
60
50
40
30
20
10
-0

% Yield

®m Trans stilbene oxide

mBenazil

» Benzaldehyde

(B)
50
40
30
20

% Yield

10
-0

® Trans stilbene oxide

7
; 9 h
12 Time ( \ mBenzaldehyde

Fig 3.10 : Oxidation of trans stilbene in the presence of Cu-Cat (A) and Ni-Cat (B)

155




It has been found that after 12 h of the reaction, yields do not increase noticeably for all the
products. In case of styrene oxidation, benzaldehyde has been identified as the major product.
With the gradual increase in reaction time, yield of benzaldehyde has also increased. After 1 h,
yields of benzaldehyde are 40 and 33% (Figure 3.7) which increased to 82 and 68% after 12 h in
the presence of Cu—Cat and Ni-Cat, respectively. Formation of minor products after 1 h does
increase significantly for both the catalysts. In case of a-methyl styrene oxidation, corresponding
oxide and acetophenone are obtained as the products. 25 and 30%

of methyl styrene oxide is formed for Cu—Cat and Ni-Cat, respectively, after the first 1 h of
reaction (Figure 3.8). However, yields reach to 51% for both the catalysts at the end of 12 h.
Acetophenone is identified as another product with 15 and 12% yield after 1 h for Cu—Cat and
Ni-Cat, respectively. It reaches up to 41 and 25% after 12 h. 2-Cyclohexen-1-one is the major
product in cyclohexene oxidation with the formation of 34 and 28% after 1 h, and 65 and 60%
after 12 h in the presence of Cu—Cat and Ni-Cat, respectively (Figure 3.9). The increase in the
amount of minor products, namely, 2-cyclohexen-1-ol and cyclohexene oxide, is not visible on
going from the first hour to twelfth hour of the reaction i. e. most of the amount of minor
products are formedwithin 1 h in case of cyclohexene oxidation. Yield of trans stilbene oxide
increases from 40 to 65% in the presence of Cu—Cat within 1 h to 12 h in case of trans stilbene
oxidation reaction (Figure 3.10). The increase for the corresponding Ni-Cat is 25 to 41% during
the same time period of the reaction. The other product that is formed in the nickel catalyzed
reaction is benzaldehyde. Its yield increases from 21 to 35% within the same time interval. In
case of the copper catalyst benzaldehyde is formed in much less amount and the yield is 10%
after 12 h. Finally, in the case of cyclooctene oxidation, there is gradual increase in yield of
cyclooctene oxide as the sole product with time and it is the sole product of the oxidation
reaction for both the catalysts. The yield increases from 31 to 81% for the copper catalyst while
that for the nickel catalyst it goes from 34 to 71% within 1 h to 12 h of the reaction (Figure 1.6).
Hot filtration test and tests for recycling ability of the catalysts have been performed to further
investigate the efficiency of the catalysts. It is known that if unbound metal is present in solution
in any catalytic reaction mixture, it can catalyze the olefin oxidation reaction. Thus, it becomes
extremely important to detect metal leaching or metal containing any species in solution in order
to comment on the heterogeneous nature of a catalyst. For this purpose, hot filtration tests have

been performed on styrene oxidation reaction in the presence of Cu—Cat and Ni-Cat. The
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catalysts have been separated from the reaction mixtures by filtration under hot condition after
completion of initial 1 h. Formation of benzaldehyde is 40 and 33% (Figure 3.11) for Cu—Cat
and Ni-Cat, respectively, at this time. After separation, the reaction is continued in absence of
catalysts and it is observed that yield of benzaldehyde increases only marginally. For the
uninterrupted reactions in the presence of catalysts, catalytic process proceeds in normal course
with further formation of benzaldehyde. In absence of Cu—Cat and Ni-Cat, slight increase in
yield of benzaldehyde may be because of the presence of the oxidant, tert-butyl hydroperoxide.
Blank reactions show that tert-butyl hydroperoxide can oxidize styrene in little yield. To further
ensure about metal leaching in to the reaction mixtures ICP-AES measurement have been
performed with the filtrates after catalyst separation to determine the amount of metal ion,

if any. However, there is no detectable amount of copper or nickel ion in reaction mixture which
confirms that no metal leaching takes place. Recycling ability of the catalysts has been studied to
check whether these catalysts can be used for several catalytic cycles without significant loss in
their efficiency. For this, styrene has been chosen as the substrate. After completion of each
catalytic reaction, the catalyst has been recovered and regenerated, and then used for next cycle
of the same reaction. All the catalytic reactions are carried out following the original protocol.
Results of styrene oxidation in three cycles in the presence of Cu—Cat and Ni-Cat are given in
Figure 3.12 and it is evident from it that catalytic efficiency of the samples reduces slightly in
consecutive runs. However, it is observed that selectivity for benzaldehyde always remains high.

This indicates significant reusability of both the catalysts.
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Fig 3.12 : Oxidation of styrene in the presence of Cu-Cat and Ni-Cat in subsequent cycles.
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To study solvent dependence and select suitable medium for the catalysis with TBHP as the
oxidant, styrene oxidation reaction has been carried out in different solvents, e. g.
water,methanol, dichloromethane, toluene and acetonitrile. The results of the study are given in
Table 3.2.

Reaction medium Yield (%)

Cu-Cat Ni-Cat
Water 20 25
Methanol 32 3V
pichioromethane 35 13
I oluene 53 40
Acetonitriie u (VU

Table 3.2 : Oxidation of styrene inthe presence of Cu—Cat and Ni-Cat in
different solvents under similar conditions

It is clear from the table that highest yield is obtained in acetonitrile and that is the reason for
using it as a solvent in all other catalytic reactions. In addition to that, acetonitrile is known to
stabilize Cu(l) species, which is produced during catalysis, in solution by coordinating with the
metal center.31 This can be a possible reason for higher activity of Cu—Cat in this medium.
Experiments have also been carried out to check for the efficiency of different oxidizing agents
in the catalysis. Firstly, H202 has been employed for carrying out the reaction (with styrene as a
representative case), which results in poor yield. The Cu-catalyst still shows about 35%
conversion but the Nicatalyst responded very poorly (only about 15% conversion). Hence, TBHP
is chosen to carry out all the oxidation reactions which is found to be very efficient. Based on
previous results on catalytic oxidation of olefins by Cu(ll) compounds, a plausible mechanism
has been proposed to explain the formation of the products. It is well understood that tBuOO*
and tBuO* radicals could be formed from the reaction between TBHP and Cu(ll) with the
subsequent reduction of the metal center to Cu(l).5¢"1 Oxidation of styrene under similar
conditions has been reported to follow radical mechanism.%8% Different possible steps for

styrene and cyclohexene oxidation are depicted in Scheme 3.2.
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Scheme 3.2 : Possible mechanistic route for oxidation of olefins.

Other olefins also follow similar steps. One of the reasons behind various product formation in
such reactions is the competition between oxidation of C=C bond and the allylic position.
Styrene may first give corresponding epoxide on oxidation of double bond as there is no allylic
hydrogen present in it. Benzaldehyde is then obtained from the ring opening of the styrene
epoxide. In case of cyclohexene, allylic oxidation may occur resulting in the formation of 2-
cyclohexen-1-one as the major product. However, cyclooctene undergoes epoxidation to give
cyclooctene oxide as the sole product. Cyclohexene has half chair conformation and its double
bond and allylic hydrogen remains in the same planel’* whereas double bond of cyclooctene lies
in a different plane from other carbon atoms of its chair conformation.? Therefore, oxidation of
allylic hydrogen is more observed in cyclohexene than in cyclooctene. Other substrates where
corresponding oxide is obtained as major product either follow similar route as depicted for
styrene or their catalysis proceeds through cyclohexene route. Oxidation of olefins catalyzed by
Ni-Cat may proceed via formation of nickel-peroxo species® similar to the titanium silicates
where corresponding peroxo species are generated.[’®! Examples of Cu or Ni anchored
functionalized mesoporous silica materials are known; some of these materials have been used as
catalysts in different organic transformations.[’47% Few of them have been used for epoxidation
of olefins. Schiff-base condensation of salicyldehyde with amine functionalized MCM-41
affords bidentate binding sites for Cu(ll) to give a heterogenized catalyst for epoxidation of
styrene and results show high conversion (97%) as well as high epoxide selectivity (89%).81 Use
of unsubstituted and tert-butyl substituted salicylaldimine Cu(ll) compounds supported on

mesoporous and amorphous silica as catalysts for the oxidation cyclohexene exhibits
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comparatively inferior conversion and selectivity of the products.’”! SBA-15 material bound
with salicylaldehyde has been used to prepare Cu containing heterogeneous catalyst which has
been found to be highly active catalyst for the epoxidation of cyclooctene, cyclohexene and
styrene (conversion over 95%) with high selectivity towards corresponding epoxide.["81 Cu(ll)-
diamine complex has been incorporated into 3-APTES functionalized MCM-41 where amine N
forms bond with the metal center and this material has been used as catalyst for the epoxidation
of styrene (conversion 94%).["1  4-Methyl-2,6-diformylphenol functionalized modified
mesoporous silica has been used to prepare two heterogeneous catalysts with Cu and Ni metals.
These compounds show their catalytic ability for the epoxidation of cyclohexene, trans stilbene,
styrene, a-methyl styreneand cyclooctene. Results are more or less comparable with the present
studies although TOF values in the present study are significantly higher.©21 Nickel(I1) Schiff-
base complex onto salicylaldehyde functionalized mesoporous silica is active catalyst for the
epoxidation of several olefins with high conversion and TOF values, but time taken for the
catalytic reaction is quite long (24 h).[) MCM-41-Ni, which has been synthesized by anchoring
the metal centeron 2-pyridinecarboxaldehyde functionalized MCM-41, shows excellent
conversion of styrene (~95%) but selectivity towards epoxide is reasonably low (~67%).[%
Cu(I1)-Schiff complex immobilized onto three dimensional mesoporous silica KIT-6 is active on
styrene epoxidation with high conversion and high selectivity towards epoxide (both ~97%). (82
Modified SBA-15 supported Ni(ll)-oxime—imine catalysts are comparable with the present study
in conversion of styrene or cyclohexene, but only 26% conversion is achieved with
cyclooctene.®3l There are several factors which control conversion and selectivity of the
products. Thus, in comparison to other reported heterogenized silica catalyst, our catalysts are

better in few aspects whereas Cu—Cat and/or Ni-Cat are lacking in some features.

3.4 : Conclusions

In summary, Cu(ll) and Ni(ll) anchored functionalized mesoporous materials have been
synthesized and characterized. These metal grafted silica materials have been found to be
effective as catalysts for the oxidation of various olefins. Epoxidation and oxidation at allylic site
occurs to give different products within a reasonable reaction period and at relatively low
temperature. The catalysts have been recycled for a few times without seriously compromising

their activities. Although the catalytic reactions show good conversion, yet similar product
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selectivity could not be observed i. e. the corresponding oxides are not obtained for each
substrate as the major product. Thus, despite their excellent conversion and recycling ability,
there is scope for improvement of product selectivity. The results obtained for cyclooctene

epoxidation is significant as it yields cyclooctene oxide as the sole product.
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Chapter 4

Particulate methane
monooxygenase mimicking
activity of dinuclear
transition metal complexes




4.1 Introduction

Activation of Cspz-H bond is one of the most difficult tasks in chemistry. Natural gas and fuel are
mainly saturated hydrocarbons. As Csp3-H bond is very strong and inert, oxidation of alkanes
requires high temperature and pressure and/or acidic reaction media in addition to the presence
of metal as catalyst.[*! Transformation of these compounds may give different valuable organic
fine chemicals which are of great industrial importance. For example, methane can be converted
to methanol proving one functional group which could be converted to other compounds
easily.[?l Modeling of metalloenzymes with particular catalytic activity is of great interest for the
design and development of bio-inspired catalysts. In connection with Csps-H bond oxidation, we
could recall the enzyme, methane monooxogenase.B! It exists in two forms; (a) particulate
methane monooxogenase (PMMO) and (b) soluble methane monooxogenase (sSMMO). Both of
these forms are able to convert methane to methanol. SMMO contains two iron(l11) centers in
active site. Active site of pMMO is not identified unambiguously by structural characterization
of the enzyme. However, existence of two Cu(ll) centers in the active site of pPMMO is of most
acceptable belief.] Therefore, there are several copper(ll) including dinuclear copper(ll)
compounds have been prepared and used as catalyst for activation of Css-H bond.! Substrates
used are methane, cyclohexane and others. Oxidation of cyclohexane is useful because its
oxidized products, mainly cyclohexanol and cyclohexanone, are of great industrial importance.
Cyclohexanol is mainly used as the raw material for the manufacture of adipic acid. Adipic acid
is used for the preparation of nylon-6,6', soaps and detergents, pesticides, etc. Cyclohexanone is
mainly utilized as a solvent in industries and activator in oxidation reactions. Pombeiro et al.
have been working for long time on the development of different copper(Il) complexes as active
catalyst for such oxidation reactions.[®! Few other groups also reported C-H activation by Cu(ll)
complexes.lV But, conversion of substrate to product is of comparatively low percentage because
high C-H bond energy. Although there is significant importance of copper(ll) complexes as
catalysts in various catalytic transformations,[" field of alkane oxidation by copper complexes
is less explored. It is to be noted that in addition to the original metal present in the
metalloenzyme, some functional models with other transition metals have been designed and
reported. For example, phenaxozinone synthase mimicking activity has been reported by
complexes with Mn(11), Co(l11), etc.l®l So other transition metal complexes can be designed for

pPMMO activity to enable Csp3-H bond activation. Thus, search for active catalyst for high
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conversion and better selectivity of a particular product continues. Effort should be given to
design the catalyst which can mimic activity of naturally abundant enzymes.

In this respect, synthesis, characterization and catalytic properties of dinuclear Cu(ll) and Ni(ll)
complexes, [Cuz(LY)2(u2-CI)CI]-2.5H20 (1) and [Niz(LY)2(u2-Ns)2 (CH3OH);]-CH3sOH (2) where
HL? is 1-((2-hydroxyethylimino)methyl)naphthalen-2-ol. (Scheme 4.1) has been reported. Cu(ll)
complex has been prepared by reaction between copper(ll) chloride and HL! under mild
conditions. It has been used as catalyst for oxidation of cyclohexane, toluene and cyclopentane
using hydrogen peroxide as terminal oxidant. It has been checked if replacement of copper by
other metal, say nickel, in similar environment has any effect on catalytic activity. In other
words, we use Ni for pMMO mimicking activity. Although Ni(Il) complexes have been used as
catalyst for different reactions including olefin epoxidation, C-C bond formation, etc.,’®! attempt
to use of nickel compounds in alkane oxidation is rare. Dinuclear Ni(ll) complex has been
synthesized with same ligand to provide similar chemical environment around the metal center.
Some theoretical calculations have been performed to investigate spectral transitions of these

complexes.

o o

on

£Mon

Complox 1 Complex 2

Scheme 4.1: Synthesis of complexes 1 and 2
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4.2 Experimental Section

4.2.1 Materials and physical methods

2-Hydroxyl-naphthaldehyde, 2-aminoethanol, copper(ll) chloride dihydrate, nickel(ll) nitrate
hexahydrate, sodium azide and tetrabutylammonium perchlorate (TBAP) were purchased from
Sigma Aldrich and used without further purification. Other reagents and solvents were obtained
from commercial sources and used as received. Elemental analyses (carbon, hydrogen and
nitrogen) were performed using a Perkin—Elmer 2400C elemental analyzer. FT-IR spectra were
recorded on a Perkin Elmer spectrometer (Spectrum Two) with the samples by the use of
attenuated total reflectance (ATR) technique. The UV-visible spectral measurements were
recorded in Agilent 8453 diode array spectrophotometer. Analysis of reaction mixture of
catalytic reactions was performed with a Shimadzu next generation high speed gas
chromatography system (model: GC-2025 AF) equipped with a fused silica capillary column and
FID detector. Cyclic voltammetric measurements were performed on Metrohm Autolab
potentiostat galvanostat AOT72915. A platinum wire working electrode, a platinum wire
auxiliary electrode and Ag/AgCl reference electrode were employed in a standard three-electrode
configuration. TBAP was used as supporting electrolyte in MeCN and the scan rate was 50 mV
st under nitrogen atmosphere. TG-DTA analysis was carried out on Perkin-Elmer Pyris
Diamond TG/DTA unit. All experiments were carried out at room temperature in air unless

reported otherwise.
4.2.2 Synthesis of 1-((2-hydroxyethylimino)methyl)naphthalen-2-ol (HL?)

2-Aminoethanol (0.5 mmol, 0.030 mL) was added to a methanolic solution (5 mL) of 2-
hydroxyl-napthaldehyde (0.5 mmol, 0.086 g) under stirring condition. The mixture was stirred
for 30 min. Then the resulting solution was refluxed for 2 h. The color of the mixture turned
yellow. It was then cooled to room temperature and it was used as ‘ligand (HL')’ without any

characterization and further purification.
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4.2.3 Synthesis of [Cuz(L)2(n2-CI)CI]-2.5H20 (1)

A methanolic solution (10 mL) of copper(ll) chloride dihydrate (0.5 mmol, 0.067 g) was added
to the ligand solution. The mixture was stirred till it turned greenish. It was then refluxed for 1 h.
Color of the solution became dark green. The mixture was finally cooled to room temperature
and filtered to remove any precipitate or suspended materials. The filtrate was kept at ambient
temperature. Green crystals suitable for X-ray diffraction study were produced within few days.
Yield 65%, 0.218 g; C, H, N analysis: anal. calc. for C2sH29Cl2CuzN20e5: C, 46.50; H, 4.35; N,
4.17; found: C, 46.44; H, 4.23; N, 4.32%.

4.2.4 Synthesis of [Ni2(L1)2(N3)2 (CH30H)2]-CH3OH (2)

The ‘ligand (HL')’ was prepared in the same procedure as described above. A methanolic
solution (10 mL) of nickel(Il) nitrate hexahydrate (0.5mmol, 0.091 g) was added to it while
constantly stirring the mixture. It was stirred for 30 min. Then, sodium azide (0.5mmol, 0.034 g)
in 2 mL of methanol/water was added dropwise to the resulting green solution. After addition of
azide, the solution turned dark green. The solution was stirred for another 30 min before it was
refluxed for 1 h. The mixture was finally cooled to room temperature and filtered to remove any
precipitate or suspended materials. The filtrate was kept at ambient temperature. Green crystals
suitable for X-ray diffraction study were produced within few days. Yield 70%, 0.253 ¢g; C, H, N
analysis: anal. calc. for C29HssNgNi2O7: C, 47.97; H, 5.00; N, 15.43; found: C, 47.84; H, 4.92; N,
15.36%.

4.2.5 X-ray data collection and structure determination

Details of the data collection and refinement parameters for complexes 1 and 2 are summarized
in Table 4.1. The diffraction experiments were carried out on a Bruker APEX-II CCD
diffractometer using graphite monochromated Mo Ka radiation at 298 K for both the complexes
1 and 2. Data were processed using the Bruker APEX2 and SAINT packages.!*?) Absorption
corrections based on multi-scans using the SADABS software*® were applied to the intensity

data. The structures were solved by direct methods using SHELXT! and refined with full-
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matrix least-squares on F2 on all unique reflections using SHELXL-2014/7-M2IAll the non-
hydrogen atoms of the complexes were refined anisotropically. A few hydrogen atoms, which
are highly acidic, are disordered due to thermal disturbances. These have been assigned to their
best possible positions by chemical speculation.

CCDC 1848336 and1848337 contain the supplementary crystallographic data for 1 and 2

respectively.

Complex 1 2
Formula Cs2Hs52ClsCusN4O13  [C29H3sNsNi2O7
Formula weight 1336.93 726.08

T (K) 298 K 298 K

Crystal color Dark green Green

Crystal system orthorhombic Monoclinic
Space group P212121 P 21/n

a(A) 13.5722(7) 16.7002(5)

b (A) 11.8931(6) 7.4796(2)

c (A) 17.3627(8) 05.7434(7)

a (°) 90.00 90.00

B () 90.000(3) 100.802(2)

v (°) 90.00 90.00

V (A3 2802.6(2) 3158.65(15)

VA 2 4

Crystal dimensions (mm) 0.5x 0.2x 0.15 04x 02x 0.1
F(000) 1360 1512

D¢ (g cm™d) 1.584 1.527
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4 (Mo Ka) (A)

0.71073

0.71073

6 Range (°)

1.90- 27.5

1.601 — 27.220

Reflection collected/
unique/observed

39364, 6438 , 4699

51406, 7017, 5070

Absorption correction multi-scan multi-scan
Rint 0.079 0.0342
Final Ry index [I > 24(1)] 0.0488 0.0513
Final wR> index (all reflections) 0.1328 0.1450
Goodness-of-fit 1.09 1.033

Table 4.1 : Crystal data of complex 1 and 2

4.2.6 Computational details

The singlet ground state (So) geometry of ligand, HL! and its copper and nickel complexes i.e.
complexes 1 and 2 have been fully optimized by DFT method with B3LYP (Becke’s three-
parameter hybrid functional and Lee—Yang-Parr’s gradient corrected correlation functional)
exchange correlation functional approach using the Gaussian 09 program.[®! The B3LYP
functional has been adopted along with the 6-31G basis set for H, C, N, O atoms whereas the 6-
311G (d,p) basis set was utilized for Cl atoms and LANL2DZ was adopted as the basis set for Cu
and Ni atoms.[** The nature of all the stationary points was confirmed by carrying out a normal
mode analysis, where all vibrational frequencies were found to be positive. On the basis of the
optimized ground state (So) geometrical structures, the UV—-vis absorption transition properties of
the corresponding ligand and complexes 1 and 2 in methanol were computed by a time-
dependent density functional theory (TDDFT)[*®! approach associated with the conductor-like
polarizable continuum model (CPCM)[®! using the same B3LYP level and the previous basis

sets. Frontier Molecular Orbital (FMO) analysis has been done with gauss view software. [*"]
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4.2.7 Catalytic studies

Oxidation of cyclohexane, toluene and cyclopentane has been performed in similar procedure in
the presence of both the metal complexes as catalysts. Typically, 3-10 mmol of hydrogen
peroxide (30% in H>0O) was added to the metal complex (0.03 mmol) in 5 mL of acetonitrile
taken in a two-neck round bottom flask which was fitted with a condenser. To this, varying
amount of HNOs was added. Catalytic reaction started as soon as 1.5 mmol of substrate was
mixed. The mixture was continuously stirred for 48 h at ambient temperature under atmospheric
pressure. Aliquots were collected after regular time intervals. The substrate and products from
the reaction mixture were extracted with 2 mL diethyl ether and then treated with
triphenylphosphine (PPhs). Mixture was analyzed in gas chromatograph. The identification was

done by the comparison with known standards.

4.3 Results and discussion

4.3.1 Synthesis

Synthesis of complexes 1 and 2 has been performed following route given in Scheme 4.1. First,
HL! has been synthesized by one step Schiff-base condensation between 2-hydroxy-1-
napthaldehyde and 2-aminoethanol in 1:1 molar ratio in methanol. The ligand has not been
characterized and it has been used directly for complex formation without further purification.
Reaction between HL! and copper(ll) chloride dihydrate gives 1. Complex 2 has been
synthesized by the reaction between the as-synthesized ligand, nickel (II) nitrate hexahydrate and
sodium azide where azide acts as a bridging ligand. HL® undergoes deprotonation in the reaction

medium without any external deprotonating base.

4.3.2 Crystal structures of 1 and 2

The dinuclear copper complex i.e. complex 1 crystallizes from methanol in orthorhombic system
with P212121 space group. A perspective view of the complex is given in Fig. 4.1. Selected
bond lengths and bond angles are given in Table 4.2. In the molecule, coordination environment

around a copper center is different from that of other copper center. Cul is tetracoordinated
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whereas Cu2 is in pentacoordination geometry. The two chloride ions from the copper(ll) salt
used for the complex formation, bind the Cu atoms differently as confirmed by the crystal
structure. One chlorido is briging while the other is terminal. Cul is in a distorted square planar
environment bonded to O1, O2, N1 and CI1. Two oxygen atoms and one nitrogen atom come
from the ligand where O1 is from the deprotonated phenoxide ion, O2 is from the protonated
alcohol and N1 is the imine nitrogen of the Schiff base ligand. CI1 is the bridging chlorine atom
which links Cul and Cu2. There is deviation of donor-metal-donor bond angle from 90°. The
02-Cul-N1 bond angle is 83°, O1-Cul-N1 angle is 92°, CI1-Cul-02 angle is 93° and CI1-Cul-
O1 angle is around 94°. The Cul-CI1 bond is slightly out of plane. This confirms the
approximate square planar geometry around the Cul center. Cu2, on the other hand, is bonded to
03, 04, N2, CI1, CI2. Oxygen and nitrogen atoms are from the ligand and CI2 is the terminal
chlorine atom bonded to Cu2 center. It is in distorted square pyramidal geometry as indicated by
the value of the trigonal index, t. The trigonal index is calculated as the difference between the
two largest donor—-metal-donor angles divided by 60.181 Its value is 1 for the ideal trigonal
bipyramid and O for the square pyramid. Here the T value is calculated to be 0.25 which indicates
its significantly distorted square pyramidal environment. O3, O4, N2 and CI2 atoms form the
basal plane of the square pyramid and C11 occupies the apical position. However, Cu center is
out of the mean plane by 0.150 A towards CI1. There are 2.5 water molecules in the crystal
structure. The solvent water molecules are disordered due to molecular vibrations. The H atoms
in the alcoholic moiety and the water molecule have been assigned their best possible positions
in spite of being disordered. The crystal has been refined as a merohedral twin. In packing
structure, there are n-n and CH-7 interactions . The metal-metal distance is 3.485 A. Metal-
chlorine bond distances are long compared to other metal-donor distances as expected. However,

all of these bond distances are in agreement with the reported values. 8¢
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Fig. 4.1 : A perspective view of complex 1 with partial atom numbering scheme. Hydrogen
atoms are omitted for the clarity.

Complex 2 crystallizes from methanol into a monoclinic system with P 21/n space group. A
perspective view of the complex is given in Fig. 4.2. Selected bond lengths and bond angles are
given in Table 4.2. The molecule consists of two nickel atoms, two deprotonated ligands, 1-((2-
hydroxyethylimino)methyl)naphthalen-2-ol (HL'), two azido ligands and two coordinated
methanol molecules. One methanol is present as solvent of crystallization. Two Ni atoms are
bridged by two azido moieties to form a dinuclear complex. Each Ni atom is in similar
coordination geometry i.e. in octahedron geometry. Nil is bonded with O4, N8 and O6 from the
ligand, N1 and N4 from two different azido moieties and O5 from a methanol molecule. Bond
angles and bond lengths involving Nil indicate distorted octahedron geometry around this metal
center. On the other hand, Ni2 is coordinated to O2, N7 and O3 atoms from the ligand, Ni and
N4 from two different azido species and O1 from a methanol molecule. It is also in distorted
octahedral geometry. Two intramolecular hydrogen bonds are present in this molecule involving
non-coordinated methanol . Coordinated O3 atom is present in H-bonding with H-O moiety of
methanol molecule and second hydrogen bond is found involving O atom of the methanol
molecule and H-O6 moiety of alcoholic group. All of the donor-Ni bond distances are in

agreement with the reported values.?%
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Fig. 4.2 : A perspective view of complex 2 with partial atom numbering scheme. Hydrogen
atoms are omitted for the clarity.

Complex 1
Cul-02 1.906(4) Cu2-03 1.888(4)
Cul-N1 1.908(5) Cu2-N2 1.918(5)
Cul-0Ol1 2.005(4) Cu2-04 2.028(4)
Cul-Cll 2.2503(17) Cu2-CI12 2.2797(18)
Cu2-Cll 2.7209(18)
02-Cul-NI1 91.91(19) N2-Cu2-04 82.66(18)
02-Cul-0Ol1 170.39(19) 03-Cu2-CI2 96.56(13)
NI-Cul-O1 83.38(19) N2-Cu2-CI2 157.02(15)
02-Cul-Cll 94.42(13) 04-Cu2-CI2 89.73(13)
NI-Cul-Cll 163.09(16) 03-Cu2-Cll 89.67(14)
O1-Cul-Cll 92.42(14) N2-Cu2-Cll1 106.92(14)
03-Cu2-N2 92.97(18) 04-Cu2-Cll 85.81(12)
03-Cu2-N2 172.50(18) CR2-Cu2-Cl1 94.04(6)
Complex 2
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Nil- N7
Nil- O1
Nil- N1
Nil- N4
Nil- O2
Nil- O5

N7- Nil- O1
N7- Nil- N1
O1- Nil- N1
N7- Nil-N4
O1- Nil- N4
N1- Nil-N4
N7- Nil- 02
O1- Nil- 02
N1- Nil- 02
N4- Nil- 02
N7- Nil- O5
O1- Nil- O5
N1- Nil- O5
N4- Nil- O5
0O2- Nil- 05

1.970(3)
1.975(3)
2.049(4)
2.134(4)
2.160(3)
2.173(3)

91.21(13)
170.05(15)
97.73(14)
95.78(14)
92.55(14)
79.55(16)
82.19(12)
173.40(11)
88.81(13)
87.76(13)
91.11(13)
92.78(13)
92.79(14)
171.20(13)
87.75(13)

Ni2- N8 1.962(4)

Ni2- 03 1.995(3)
Ni2- N4 2.032(4)
Ni2- N1 2.147(4)
Ni2- 06 2.165(4)
Ni2- 04 2.166(3)
N8- Ni2- 03 89.33(13)
N8- Ni2- N4 171.06(16)
03- Ni2- N4 94.42(14)
NS8- Ni2- N1 92.20(15)
03- Ni2- N1 91.47(14)
N4- Ni2-N1 79.61(15)
N8- Ni2- 06 96.22(15)
03- Ni2- 06 93.79(14)
N4- Ni2- 06 91.64(15)
N1- Ni2- 06 170.12(14)
N8- Ni2- 04 81.98(14)
03- Ni2- 04 171.17(12)
N4- Ni2- 04 94.41(14)
N1- Ni2- 04 90.46(15)
06- Ni2- 04 85.61(15)

Table 4.2 : Selected bond lengths (A) and bond angles (°) of complexes 1 and 2
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4.3.3 IR spectral studies

FT-IR spectra of all of the complexes have been obtained with powder samples by ATR
technique. Peaks at 1622 and 1617 cm™ in the IR spectra of Cu and Ni complex respectively,
confirm the presence of azomethine bond in both the complexes (Fig. 4.3). A sharp peak at 2054
cmtindicates the presence of azido moiety in complex 2. Both the complexes show broad band
in the range of 3500-3400 cm™. Broad peak of complex 1 is the result of water molecule which
is present as solvent of crystallization in Cu complex and that for complex 2 is may be due to the

presence of methanol present in Ni complex as solvent of crystallization.
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Fig 4.3 : FT-IR spectra of complexes 1 and 2.

4.3.4. UV-vis spectral studies

The electronic spectra of complexes 1 and 2 have been recorded in methanol at room
temperature(Fig 4.4). For complex 1, high intensity bands appear at 383 and 316 nm (molar
extinction coefficient of 12100 and 13500 Lmolcm™ respectively) which may occur due to
ligand to metal charge transfer (PhO™ — Cu(ll) and N(imino) — Cu(ll)) and intraligand charge
transfer respectively. The Cu complex shows broad bands at 646, 673 and 720 nm with low
intensity. These spectral characteristics are in consistence with copper(ll) complexes of distorted
square pyramidal (SP) geometry. The observed bands originate from dy,dy, — dx2-y2

transitions.[?!] They are accompanied by a low energy shoulder at around 844 nm due to dyy,
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dx2y2 — d,2 transitions. As the structure moves more towards TBP structure the low energy
band along with high energy spin forbidden band becomes more pronounced. The characteristic
bands observed here are results of distorted square pyramidal geometry.

UV spectrum of complex 2 shows high intensity bands at 312 and 395 nm with molar
extinction coefficient 9335 and 8261 Lmol*cm™ respectively. These bands are probably due to
the intraligand charge transfer, and LMCT (PhO~ — Ni(ll) and N(imino) — Ni(ll)), respectively.
Complex 2 also shows d-d transitions. The broad bands are obtained at 750 and 860 nm which

probably indicate dx;,dy; — d,2 and dxy, dx2-y2 — d,2 transitions.[?!]

0.4

T T T
250 300 350 400 450 500
Wavelength (nm)

Fig 4.4 : Absorption spectra of ligand (black), complexes 1 (blue) and 2 (green) in methanol

at room temperature

4.3.5. Geometry optimization and computational studies

Molecular structures of HL! and its Cu, Ni complex have been optimized at their electronic
ground state (So) by means of DFT at B3LYP/(6-31G) level. For better understanding of the
electronic transitions involved in absorption process, TD-DFT calculations have been carried out

by the BALYP/CPCM method in methanol by utilizing the ground state optimized geometries.
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The lowest 40 singlet—singlet transitions have been evaluated and results of the TD calculations
are qualitatively very similar with the experimental results. The computed absorption energies
along with their oscillator strengths, the main configurations, are summarized in Table 4.3.
Fig.4.5 displays the energy levels of different Frontier Molecular Orbital’s of the ligand and
complexes 1 and 2 associated with their HOMO-LUMO energy gap. Due to the presence of
electronic correlation in the TD-DFT (B3LYP) method, it can yield more accurate electronic
excitation energies. The UV spectra computed by TD-DFT calculations in methanol show the

important peaks in the range 200-500 nm.
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Fig. 4.5 : Frontier MOs along with their HOMO-LUMO energy gap of HL', complexes 1 and 2.

HL! shows lowest lying distinguishable singlet — singlet absorption band at 418.14 nm
(experimentally 415 nm)which is due to the contribution of HOMO-1-LUMO+I,
HOMO—-LUMO, HOMO—LUMO+I transitions, also a moderately intense peak at 400.12 nm
(experimentally 400 nm) that corresponds to HOMO-1-LUMO, HOMO—LUMO,
HOMO—LUMO + 1 transitions along with a shoulder at 311.24 nm (experimentally 306 nm)
corresponding to HOMO-3—LUMO+1, HOMO—LUMO+1, HOMO-1-LUMO+2 and
HOMO-1—LUMO transitions.
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Complex 1 shows an intense absorption peak at 384.21 nm (experimentally 383 nm)
corresponding to HOMO-1—-LUMO+1, HOMO-3—LUMO, HOMO—LUMO transitions along
with moderately intense absorption band at 317.88 nm (experimentally 316 nm) corresponding to
HOMO-2—-LUMO+4, HOMO—LUMO+6 transitions (Fig. 4.6A). Besides the nickel dimer
shows absorption peaks at 396.12 nm (experimentally 395 nm) due to the contribution of
HOMO-3—LUMO, HOMO-2—LUMO, HOMO-1—-LUMO-+1 transitions and peak at 314.40
nm (experimentally 312 nm) corresponding to HOMO-1—-LUMO+4, and HOMO—LUMO-+1
transitions (Fig. 4.6B).
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Fig. 4.6 : Frontier molecular orbitals involved in the UV-vis absorption of complexes 1 (A)

and 2 (B).
Compound | Excitation | Electronic | excitation | Osc. Cl Key transitions
(eV) transition (nm) strength

State f

2.904 So-S1 418.14 0.0423 | 0.1965 | (08%)HOMO-1

—LUMO+1
0.6204 | (77%)HOMO—LUMO
0.1274 | (03%)HOMO
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HL!

—LUMO+1

2.991

So-S2

400.12 0.0252

0.5570

(629%)HOMO-1—LUMO

0.1192

(02%)HOMO-
1»>LUMO+1

0.2872

(16%)HOMO—LUMO+1

3.983

So0-Ss

311.24 0.6564

0.1188

(03%)HOMO-
3—LUMO+1

0.4700

(44%)HOMO-1—LUMO

0.1195

(43%)HOMO-
1 —LUMO+2

0.4220

(35%)HOMO—LUMO+1

Complex 1

3.070

S0-S1

390.05 0.0642

0.6714

(89%)HOMO—LUMO

0.2031

(08%)HOMO-2—LUMO

0.1180

(02%)HOMO—LUMO+1

3.227

So-S

384.21 0.1501

0.6418

(829%)HOMO-
1->LUMO+1

0.1114

(02%)HOMO-3—LUMO

0.1834

(06%)HOMO—LUMO

3.254

So-S4

380.93 0.0402

0.2215

(10%)HOMO-2—LUMO

0.1046

(029%)HOMO-9—LUMO

0.5468

(60%)HOMO—LUMO+1

3.900

So-Sg

317.88 0.2581

0.1483

(04%)HOMO-
2—LUMO+3

0.6705

(90%)HOMO—LUMO+1
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3.956 So-So 313.40 0.0304 | 0.6101 | (74%)HOMO-
4—LUMO+3

0.2635 | (14%)HOMO-
4—LUMO+5

0.1190 | (03%)HOMO-
4—LUMO+8

3.083 S0-St 400.01 | 0.0104 |0.2156 | (10%)HOMO-2—LUMO

0.1169 | (02%)HOMO-
2LUMO+1

0.6153 | (74%)HOMO—LUMO

3.120 So-S2 396.12 0.1033 |0.1788 | (06%)HOMO-2—LUMO

0.3422 | (23%)HOMO-3—LUMO

0.4418 | (39%)HOMO-
1—>LUMO+1

3.961 So-Ss 314.40 0.0309 | 0.2967 | (17%)HOMO-
1-LUMO+4

Complex 2 0.5512 | (61%)HOMO—LUMO+1

3.986 So-Se 311.21 0.0571 | 0.2806 | (15%)HOMO-
3—-LUMO+2

0.1165 | (02%)HOMO-
3—LUMO+1

Table 4.3 : Main calculated UV-Vis transition for HL*, complexes 1 and 2 with vertical excitation
energies (Eca), oscillator strengths (fca) of the lowest few excited singlets obtained from
TDDFT/B3LYP/CPCM method in methanol.
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4.3.6 Thermal analysis

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) have been
performed on powdered samples of complexes 1 and 2 from 35 to 800 °C (for complex 1) and 35
to 750 °C (for complex 2) to examine thermal stability of the complexes and fate of solvent of
crystallization molecules.

In the TGA DTA plot of complex 1(Fig 4.7), an initial loss of 2.6% is seen at temperature
50 °C which corresponds to an endothermic DTA peak depicts the loss of surface water probably
. The next visible loss at 190 °C is a weight loss of around 6% which probably indicates the loss
of the 2.5 water molecules of crystallization (calculated loss 6.7%) also depicted by an
endothermic peak. A loss of almost 32% occurs at around 280 °C which probably shows loss of
one ligand moiety (calculated loss 32.2%). The next decomposition around 370 °C probably
indicates loss of two Cl (observed ~10% vs calculated 10.6%).The final loss of 33% is attributed
to the loss of another ligand moiety after which a stable residue of CuO is obtained. All of the

last three losses accompany a corresponding exothermic peak in the DTA curve.
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Fig. 4.7 : Thermal analysis of complex 1.

In the TGA DTA plot of complex 2, the initial loss of 13% at 86 °C can be attributed to the loss
of 3 methanol molecules (bound and unbound (calculated loss 13.2%)) as confirmed by
endothermic DT peak (Fig.4.8). There are next two consecutive losses, each of 4% which can be

the loss of N2 twice from the azide bridges. This loss occurs between 132 and 180 °C of
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temperature. The next loss of another 4% is the final decomposition of the nitrogens of the azide
bridge and its evolution as another molecule of N> at and the process completes at 270 °C. The
next loss of around 40% probably confirms the loss of one part of the dinuclear complex which
continues upto 400 °C. The residue is the stable NiO left behind. All show exothermic DT peaks
other than the loss of solvent molecules at the starting temperatures.
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Fig. 4.8 : Thermal analysis of complex 2.

4.3.7. Cyclic voltametric studies

Electrochemical studies of complexes 1 and 2 have been carried out in acetonitrile using
TBAP as supporting electrolyte. A typical cyclic voltammogram (CV) has been obtained by
using a Pt working electrode and an Ag/AgCl reference electrode. The scan rate has been

maintained at 50 mV s?. CV plots of the complexes are shown in Fig. 4.9.
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Fig. 4.9 : Cyclic voltammograms of complexes 1 (A) and 2 (B).

The CV plot of the dinuclear complex, 1 has been obtained in the range of —1.0 V to +1.0 V. In
the range, +1.0 to 0.0, oxidation processes in copper center are observed. In the range 0.0 to -1.0
V, reduction processes involving metal and ligand are monitored.??l Cyclic voltammogram
between 1.0 and 0.0 V gives two anodic peaks at around Epa 0.10 V with I, 9.9 x 10° A and
around Epa 0.62 V with I, 1.2 x 10° A. As HL! is electrochemically inert in the said potential
range, this oxidation may be attributed to be metal centered. This process is involved one

electron in each step.?®I The electrochemical responses of the complex may be assigned as:
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Cu”; cu' e o Cu”'; cu'

Cu'”; cu' e o Cu”'; cu
Since the two copper atoms are not in the same coordination environment, their oxidation
potentials are seen to be different as observed. In the reverse scan, the cathodic peak at Epc 0.40
V with Ipc 4.5 x 10° A corresponds to the two above oxidations forming a quasireversible couple
Cu®*/Cu?*. The two different copper centers with different coordination geometry give rise to
two such distinguished redox couples.

In the scan of range 0.0 to -1.0 V, the other anodic peak at Epa -0.88 V with Ipa 1.84 x 10
°> A is associated with a small cathodic peak at Epc -0.80 V with I around 10 x 10° A which
signifies the quasireversible redox system Cu?*/Cul*. Another quasireversble redox couple for
Cu?*/Cu®* process is indicated by the peaks with values Epa -0.40 V and Ipa 7.15 x 10°A and Epc -
0.23V and Iy around 7.0 x 10° A .The varied environment around Cu center causes these two
redox couples.

For the Ni complex, no significant redox peaks have been obtained in the said range of
voltage in the cyclic voltammogram. Only in the reverse sweep, a peak at around -0.86 V is

observed which may be attributed to an irreversible reduction of ligand. 24

4.3.8 Catalysis studies

The catalytic activity of both the complexes for oxidation of cyclohexane, toluene and
cyclopentane have been analyzed. The oxidation of the substrates has been performed by H>O>
as the oxidant in a slightly acidic medium under ambient conditions. To set optimum conditions,
variation in the amount of hydrogen peroxide (30% in H20) and HNO3, has been made, keeping
fixed amount of the metal complex (0.03 mmol) in 5 mL of acetonitrile. The ratio
n(HNOs)/n(catalyst) has been varied from 5-25. The n(H202)/n(catalyst) has been varied from
100-500 with the best yield obtained at 500.

Results of oxidation are summarized in Table 4.4. The products of the oxidation of
cyclohexane are cyclohexanol and cyclohexanone as major product; toluene is oxidized mainly
to benzyl alcohol and benzaldehyde, whereas cyclopentane gives cyclopentanol and
cyclopentanone as the major products. Cyclohexane oxidation also gives a small amount of

adipic acid (around 9%) when the ratio n(H202)/n(catalyst) is around 250-300. At lesser ratio

189




n(H202)/n(catalyst), say around 100, no adipic acid has been detected and at still higher ratio of
around 500 (which is the most optimized condition) the amount of adipic acid formed remains
the same i.e. 9%. Benzoic acid has been obtained as a minor product from oxidation of toluene.
Benzoic acid is generally obtained by aerial oxidation of benzaldehyde, hence this benzoic acid
could have come from the benzaldehyde formed during the oxidation of toluene. Oxidation of
cyclopentane gives some high boiling combustion products along with the major cyclopentanol
and cyclopentanone.

The yield has been optimized by varying the relative proportions of nitric acid and
hydrogen peroxide with respect to the catalysts, temperature and varying the reaction time. It has
been obvious from previous studies(®"?! that the presence of nitric acid has positive role in these
catalytic reactions. Nitric acid has, mainly, two important roles: (i) it could increase the vacant
coordination site at the metal center by the protonation of the ligand of these complexes and
hence enhances oxidative properties of the catalyst; and (ii) decomposition of peroxide is
retarded in the presence of nitric acid, the stability of peroxo intermediate is increased. However,
it is difficult to determine the exact structure of the complex in solution. Copper center in
dinuclear complex is in both tetra and penta-coordination. Thus, these metal centers would need
nitric acid to increase the unsaturation at the metal center. The highest conversion has been
ascertained at n(HNOs)/n(catalyst) ratio 20, while the yield decreases on further increasing the
ratio. Hence, this ratio is maintained throughout for all the reaction sets. The reaction mixture has
been stirred for 48 h at room temperature (35 °C) under atmospheric pressure. Different
temperatures conditions have been applied to optimize the highest yield. Reaction has been
carried out at 40, 50, 60 and 70 °C. The best yield was obtained at 40 °C. Up to 50 °C, the
reaction proceeds showing slight decrease in yield at around 50 °C which gradually declines up
to 60 °C. After 60 °C, there is a drastic decrease in the yield of products as it has been confirmed
by gas chromatographic analysis.

The catalysis has also been done at high pressure conditions which fail to yield the
products. This indicates that normal pressure conditions are most desired condition for the
reaction. The reaction has also been performed with TBHP as the oxidant but it shows lower
yield, around 5% in total. This can, probably, be due to its bulky structure which destabilizes the
intermediate. Then, the same catalytic reaction eas carried out under inert (argon) atmosphere to

examine effect of presence of oxygen. However, it has been found that this reaction shows
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almost equal yield when same catalytic reaction is carried out under normal experimental

conditions. There is only a small decrease in amount of products formed which indicates only

little participation of atmospheric oxygen in the oxidation process. Instead of nitric acid, organic

acid such as acetic acid has been employed in the reaction. The yield of product remains the

same showing that organic acid is as effective in the role played by nitric acid. In order to find

out the probable mechanisms, the catalytic reaction of cyclohexane with the complex have been

carried out maintaining n(HNOz)/n(catalyst) ratio of 20 and n(H20.)/n(catalyst) ratio of 500 in

the presence of TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl). The yield of the reaction is

greatly suppressed in its presence. TEMPO is well known as a radical trap. This indirectly

indicates that oxidation reactions occur mainly by mechanisms involving the formation radicals

as elucidated in the catalytic scheme (Scheme 4.2).

Cyclohexane

n(H202)/n(catalys  Time Yield (%) Total  Selectivity of TON
t) (h) Cyclohexanone Cyclohexanol cyclohexanol
(%)
100 8 3.2 5.8 9 64.4 4.5
48 6.4 9.1 15.5 58.7 7.75
250 8 7.6 14.1 21.7 65 10.8
48 9.3 21.4 30.7 69.7 15.3
500 8 11.1 19.3 30.4 63.4 15.2
48 18.4 29.8 48.2 62 24.1
Toluene
n(H202)/n(catalyst ~ Time Yield (%) Tota  Selectivityof TON
) (h) Benzyl Benzaldehyde I benzyl alcohol
alcohol (%)
100 8 7.4 4.8 12.2 60.6 6
48 11.1 7.2 18.3 60.6 9
250 8 11.8 9.3 21.1 56 10.55
48 19.4 14.4 33.8 57.4 16.9
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500 8 19.1 13.8 32.9 58 16.45

48 23.8 15.9 39.7 60 19.8
Cyclopentane
Time (h) Yield (%) Total  Selectivityof TON
n(H202)/n(catalyst Cyclopentano  Cyclopentan Cyclopentanol
) ne ol (%)
100 8 5.2 5.8 11 52.7 5.5
48 9.2 114 20.6 55.3 10.3
250 8 8.5 10.9 19.4 56.1 9.8
48 13.6 14.9 28.5 52.2 14.25
500 8 14.5 17.2 31.7 54.2 15.85
48 16.7 19.1 35.8 53.3 17.9

Table 4.4 : Yields and selectivities of the catalysis reactions

Copper salts like Cu(NOz3)2, under the same reaction conditions exhibit at much lower activity
towards oxidation of all substrates under same experimental condition. It showed only about 2%
conversion. So it is evident that the presence of N and O donor ligands is quite relevant.

The reaction is believed to proceed through alkyl hydroperoxide (ROOH) (cyclohexyl
peroxide or benzyl peroxide) formation. The carbonyl compounds i.e. cyclohexanone,
benzaldehyde or cyclopentanone are formed probably through decomposition of the radical. The
formation of alkyl hydroperoxide has been confirmed by following the method introduced by G.
B. Shul’pin.[?®IThe reaction mixture has been analyzed by GC before and after treating with
excess PPhs. Treatment of the reaction mixture (alkyl hydroperoxide) by PPhs leads to the
formation alcohol with subsequent formation of phosphane oxide (OPPhs). After the reduction,
the alcohol peak in the GC rises markedly while the intensity of the >C=0 compound’s peak
reduces.

The hydroxyl radical HO® could be formed as a result of metal-assisted decomposition of
hydrogen peroxide. The hydroxyl radical abstracts H from the substrate (RH) to form R".12%8 The
formation of ROOH may be occurred by the reaction between a metal-peroxo intermediate, e.g.

bearing a Cu(l1)-OOH type moiety and the organoradical R', to form ROOH.?"I The formation
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of Cu—peroxo species has been determined by UV-vis spectra. The metal-assisted homolytic
cleavage of alkyl hydroperoxide generates alkoxyl (RO<, upon O-O bond rupture) and
alkylperoxyl (ROO, upon O—H bond breakage) radicals which can form an alcohol (ROH) upon
H-abstraction from the alkane (RH) by RO or both ROH and the >C=0 upon decomposition of
ROO-.[8]

UV-vis spectra for the complexes have been recorded in methanol at room temperature as
discussed earlier. To further observe the effect of hydrogen peroxide, the UV-vis spectra of the
complexes in the presence of hydrogen peroxide, have been recorded . It has been observed that
an intense peak at around 400 nm, with a shoulder in the range of 410-420 nm, appears for
complex 1. This may be attributed to the existence of Cu— hydroperoxo or Cu—peroxo species.?’l
However, there is no observable change in the UV-vis spectrum of complex 2 when it is
recorded in the presence of hydrogen peroxide.

cu"(L) + H,0, — Cu'!(L) + HO'+ HO"

Cu"(L)OH + H,0, — Cu(L) + HOO + H'

HO'+RH — 3 R'+H,0

Cu'(L)-O0H +R® —— ROOH + Cu'(L)

ROOH ><

RH ROH +R’

Decomposition _  pOH +>CO

ROO’

Scheme 4.2 : Probable mechanism of catalytic reactions.

Complex 2 has also been checked for its catalytic property in oxidizing the substrates.
But the Ni catalyst shows very poor conversion i.e. about 7% total yield for cyclohexane, 5% for
toluene and 4 % for cyclopentane. This could be attributed to the coordinatively saturated nature
of the each Ni center in complex 2 with coordination number 6. The UV vis data of the complex
in the presence of H20> could not confirm the presence of Ni-hydroperoxo or peroxo species like
Cu- hydroperoxo or Cu-peroxo in case of complex 1. Also electrochemical studies of the

complex indicate no formation of higher oxidation state species in the said voltage range whereas
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Cu(lll) species has been detected in the said voltage range indicating more vulnerability
character of complex 1.

4.4. Conclusions

We have been able to synthesize and characterize two dinuclear transition metal
complexes with a Schiff-base ligand. One of them is copper containing complex, complex 1 and
another with nickel, complex 2. Complex 1 has been found to be active catalyst for the oxidation
of cyclohexane, toluene and cyclopentane in the presence of hydrogen peroxide as the terminal
oxidant. Corresponding alcohol and aldehyde have been produced as major products. Conversion
of the substrates is high. However, complex 2 is not able to convert these substrates under similar
conditions. UV-vis spectral analysis shows that complex 1 could generate Cu-peroxo or Cu-
hydroperoxo species in the presence of hydrogen peroxide whereas formation of such type of
species with nickel complex is not evident from the UV-vis spectral studies. CV of complex 1
shows that two Cu(ll) centers could be converted to Cu(lll) center with transfer of one electron
in each of two steps. Formation of higher oxidation state species of Ni is not indicated from its
electrochemical studies. These analyses support that formation of Cu-peroxo as active species for
the catalytic conversions. Possible mechanism indicates the involvement of Cu(lll) species.
Probably other metals also need higher oxidation states for this catalysis. As generation of
Cu(l) center is feasible, not the Ni(lll) center evident from electrochemical studies under
normal condition, the dinuclear copper complex can mimic activity of particulate methane

monooxygenase while dinuclear nickel complex cannot.
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Chapter 5

A mononuclear
copper(II)-Schiff-base
complex: DNA cleavage
activity, protein binding
affinity and cellular
imaging




5.1 Introduction

After first report of antitumor activity of some platinum compounds such as cisplatin by
Rosenber et al.Ml, a significant amount of attention has been paid to develop and
understand metal-based anticancer drugs. Cisplatin and analogous platinum-based drugs
suffer from severe associated toxic effects such as emetogenesis, neurotoxicity,
myelotoxicity and nephrotoxicity.[?l Thus, there is a need for new compounds having
antiproliferative properties and therapeutic solutions. Non-platinum complexes have then
been emerged as potential anticancer agents as their alternatives.®! Different metal
complexes may become potential candidate as therapeutic agents in medicinal research as
these compounds are able to interact with proteins and DNA under physiological
conditions very efficiently. During last few decades, tremendous effort has been provided
to grow a number of different transition metal complexes including that of copper(ll) as
possible anticancer drugs.[“l A number of copper(ll) complexes have been used as tools
for mediation of strand scission of duplex DNA B! and as probes of DNA structure in
solution phase.[! Chelates of 3,4,7,8-tetramethyl-1,10-phenanthroline with divalent
copper and ruthenium showed inhibition to the growth of Landschiitz ascites tumour
cells.” ISigman et al. have shown that copper complexes of 1,10-phenanthroline act as
effective chemical nuclease for double-stranded DNA, with the aid of molecular oxygen
and a reducing agent.l®JA number of metal complexes are shown to hydrolyze phosphate
ester [°1 as well as RNA with varying efficiencies.*”) Burstyn and co-workers have
reviewed metal-promoted phosphodiester hydrolysis by copper complexes and synthetic
nucleases and peptidases.™ Cu(ll/I) complexes of synthetic and naturally occurring
ligands act as nuclease mimics and a few copper(ll) complexes are shown to be capable
of mediating non-random double-strand cleavage of plasmid DNA.I'?1 Schiff base
complexes with transition metal ions are one such important class of compounds in
medicinal and pharmaceutical field. They show biological applications including
antibacterial,[*3* antifungal™ and antitumor activity.[*® Diamino tetradentate Schiff-
bases and their complexes have been used as models for understanding the structures of
biomolecules and biological processes.l*®! The interaction of metal complexes containing
N20; Schiff-base ligands has been studied amply.l' DNA binding is the critical step for

DNA activity. To design effective chemotherapeutic agents and better anticancer drugs, it
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is needed to explore the interactions of metal complexes with DNA. Recently, there has
been growing interest in studies related to the interaction of transition metal ions with
nucleic acid as mentioned earlier because of their relevance in the development of tools
for biotechnology and medicine.[*®! These studies are important to understand the toxicity
of drugs containing metal ions.*® Moreover, molecular design of synthetic
metalloproteases that cleave protein at a specific site and act as multifunctional
biochemical agents is suitable for understanding the structure—activity correlations of
proteins.?” Protein degradation plays an important role in many cellular functions such as
(1) removal of misfolded and damaged proteins from the cells to avoid toxicity and, (ii) to
maintain the cellular concentration of regulatory proteins at optimal levels.[?!

’o
OH /5
Acetomtrlle Cu(ll) acetatc
= NH, Reflux, 2" Reflux, 2h L j
Ccl

Complex 1

Scheme 5.1 : Synthesis of complex 1

Synthetic proteases are also vital in the emerging chemistry of anti-metastasis agents to
control tumor malignancy.[??! The specific delivery of a drug to target cells may be done
by the use of targeting groups or by tuning the chemical and physical characteristics of
the drug or drug carrier such as hydrophobicity and molecular size.!?! Different types of
macromolecules such as liposomes, dendrimers, poly(ethylene glycol)-polymers,
nanoparticles, and protein biomolecules are used as carrier molecules.? HSA is the most
versatile carrier protein, which is known to accumulate in tumors and has been considered
as the carrier conjugate of various organic anticancer drugs.?® The main role of HSA is
to maintain the osmotic blood pressure and to scavenge free radicals as an antioxidant. It
is a macromolecular carrier, the lack of toxicity and immunogenicity make it ideal for
drug delivery. HSA is the most multifunctional transport protein and plays role in the
transport and deposition of a variety of endogenous and exogenous substances in

blood.?®! The interactions of drugs with protein result in the formation of a stable drug—
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protein complex, which can exert an important effect on the distribution, free
concentration and metabolism of the drug in the blood stream. Drug distribution is
controlled by HSA, because most drugs circulate in plasma and reaches the target tissues
by binding to HSA.?1 Therefore, drug binding to proteins such as HSA has become an
important determinant of pharmacokinetics.

These complexes often show distinct antibacterial properties probably by binding to
bacterial DNA and killing them in the process. Apoptosis, or programmed cell death, is a
crucial process, closely related to a variety of diseases, and apoptosis induced by copper
complexes has been studied extensively. Often, due to their redox property, reactive
oxygen species (ROS) is formed, which might cause oxidative modification of the
cellular components or hamper redox processes of the cell. All these along with ROS
related other intracellular cascade reactions can cause apoptosis. A clear understanding of
this can help in the designing of copper based antitumor drugs. %8

In this respect, the synthesis of a Schiff-base Cu(ll) complex in N2O binding
environment, has been reported. The complex [CuL2] (1) has been synthesized under mild
conditions by reaction between HL and copper(ll) acetate in acetonitrile (Scheme 1.1)
(where HL = 4-chloro-2-((cyclohexylmethylimino)methyl)phenol). Although some
antimicrobial properties of HL and related compounds have been reported ?°1 but a very
few number of metal complexes have been prepared.% It has been characterized by
different standard methods including single crystal X-ray diffraction analysis. Complex 1
has been successfully applied in cleaving DNA as well as binding to HSA. It is predicted
that the complex first binds to HSA and then gradually released to DNA for binding with
it. This is probably the same path which is followed inside living cells as HSA is an
excellent carrier molecule which helps the complex to reach the target cells with the
diseased DNA. The DNA binding has been ascertained through various biophysical
experiments like UV-Vis spectroscopy, fluorescence, cyclic voltametry and circular
dichroism studies. The cleavage of DNA has been confirmed on agarose gel
electrophoresis. Similarly, protein binding has been confirmed by various spectroscopic

methods.
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5.2 Experimental

5.2.1 Materials and methods

5-Chloro-2-hydroxybenzaldehyde, 1-cyclohexylmethanamine and copper(ll) acetate
monohydrate were purchased from Sigma Aldrich and used without further purification.
Other chemicals were purchased from commercial sources and used as received. Solvents
were purchased from commercial sources and for synthesis purpose they were used
without further purification while a purified and dried version was used for spectroscopic
measurements. Elemental analysis was carried out on a 2400 Series-11 CHN analyzer,
Perkin Elmer, USA. FT-IR spectra were recorded on a Perkin Elmer spectrometer
(Spectrum Two) with the samples using the attenuated total reflectance (ATR) technique.
The UV-vis spectral analysis was done in Agilent 8453 diode array spectrophotometer.
The ESI-MS spectra were recorded on Qtof Micro YA263 mass spectrometer. Single
crystal X ray diffraction was done on a Bruker: D8 VENTURE. Emission spectra were
recorded using a Horiba Fluoromax-4C spectrofluorometer. The cyclic voltametry
instrument used was METROHM AUTOLAB PGSTAT101.A glassy carbon working
electrode and a platinum wire auxiliary electrode and saturated Ag/AgCl reference
electrode were employed in a standard three-electrode configuration. KCI was used as
supporting electrolyte in the DMSO/buffer system as the system was mostly aqueous in
the form of Tris/NaCl buffer and the scan rate was 50 mV s™ under argon atmosphere.
CD spectra were recorded by using a quartz cuvette of 10 mm pathlength in a JASCO
J-815 CD spectropolarimeter. The DNA cleavage studies were done by resolving the
DNA on 1% agarose gel electrophoresis in Tris Acetyl EDTA buffer at 80V. The HSA
protein was run on 10 % SDS polyacrymalyde page gel. Cell lines used for the
experiment were HeLa (human cervical cancer cell line). Cells were grown in 10% fetal
bovine serum (FBS; Gibco, Grand Island, NY, USA)/Dulbecco’s modified Eagle’s
medium (DMEM; Himedia, Mumbai, India) media at 37°C and 5% CO2. 4-chloro-2-
((cyclohexylmethylimino)methyl)phenol (HL) was synthesized following a published

procedure.?°!
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5.2.2 Synthesis of [CuL] (complex 1)

A solution of copper(Il) acetate monohydrate (0.5 mmol, 0.100 g) in acetonitrile (5 mL)
was added dropwise to an acetonitrile solution (5 mL) of HL (1.0 mmol, 0.252 g) under
stirring condition. The mixture turned to yellowish green in color. The mixture was
stirred for another 30 min. The color of the solution changed to greenish. The resulting
solution was then refluxed for 2 h and the solution became green. The mixture was finally
cooled to room temperature and filtered to remove any undissolved or suspended
materials. The filtrate was kept at ambient temperature. Green single crystals suitable for
X-ray diffraction study were produced within few days.(Scheme 5.1)

Data for 1: yield (78%); C, H, N analysis: anal. calc. for C2sH34Cl.CuN2O>: C, 59.52; H,
6.07; N, 4.96; found: C, 59.54; H, 5.92; N, 4.78%.

5.2.3 X-ray data collection and structure determination

Details of the data collection and refinement parameters for complex 1 are summarized
in Table 5.1. Single crystal data collections were performed with an automated Bruker
D8 VENTURE diffractometer using graphite monochromatized Mo Ka radiation. The
spots were measured using 10 s counting time. Unit cell parameters were determined
from least-squares refinement of setting angles with 6 in the range 2.79 <6 < 27.39°. Data
were processed using the Bruker SAINT package.l®? Absorption corrections based on
multi scans using the SADABS software were applied to all intensity data. The structures
were solved and refined by full-matrix least-squares techniques on F2 using the
SHELXS-2016/6 program.®334 The absorption corrections were done by the multi-scan
technique. All data were corrected for Lorentz and polarization effects, and the non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were generated using
SHELXL-2016/6 and their positions calculated based on the riding mode with thermal
parameters equal to 1.2 times that of the associated C atoms, and participated in the

calculation of the final R-indices.
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Compound

Formula

Formula weight

T (K)

Color

Crystal system

Space group

a (A)

b (A)

c(A)

a (°)

B ()

7 (°)

V (A%

YA

Crystal dimensions (mm)
Minimum and maximum
transmission factors
F(000)

Dc (g cm™)

2 (Mo Ka) (A)

6 Range (°)

Reflection collected/unique/
observed

Absorption correction
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Complex 1
C28H34Cl.CuN20:
565.01

293

clear light brown
triclinic

P-1

6.3371(2)
10.0817(4)
10.9103(4)
85.6440(10)
79.9620(10)
78.1860(10)
671.25(4)

1
0.3x0.21x0.11

0.769 - 0.892

295

1.398

1.040

2.79 - 27.39

12185, 2945, 2775

multi-scan




Rint 0.0538
Final Ry index [1 > 24(1)] 0.0578
Final wR2 index (all reflections) 0.1188

Goodness-of-fit 1.261

Table 5.1 : Crystal data, data collection and structure refinement of complexes

5.2.4 DNA binding and cleavage activities

Calf thymus (CT)-DNA was purchased from Sigma Aldrich and the supercoiled
FAM134BGFP plasmid DNA was obtained from a biotechnology lab. The stock solution
of CT-DNA was prepared in 5 mM Tris—HCI/50 mM NaCl buffer at pH 7.2, which gave a
ratio of UV absorbance at 260 nm and 280 nm (A260/A280) of ca. 1.8-1.9, indicating
that the DNA was sufficiently free of proteint®® and the concentration was determined by
UV absorbance at 260 nm (g = 6600 M 1cm™) and the plasmid DNA was used as it is in

the wet lab cleavage studies.

5.2.5 HSA binding studies

Human serum albumin (HSA) was purchased from Sigma Aldrich. Human serum
albumin of 1.0 x 10* M was prepared by dissolving protein in Tris—HCI buffer solution at
pH 7.2.B%The protein concentration was determined spectrophotometrically using an

extinction coefficient of 35,219 Mt cm™ at 280 nm.

5.2.6 Antibacterial study

Overnight grown cultures of E. coli and S. aureus were incubated in Luria Bertani broth.
Approximately, 1 X 108 cells of each bacterial strain were incubated in test tubes
containing 2.0 mL of LB media and to it different concentrations of the complex was
added. The tubes were incubated at 37 °C for 16-18 h. The growth observed were cells
which was plated on LB media following which the plates were incubated at 37 °C again

for 16-18 h and the next day colonies were counted.
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5.2.7 Cell biological study

Cell lines used for the experiment were HeLa (human cervical cancer cell line). Cells
were grown in 10% fetal bovine serum (FBS; Gibco, Grand Island, NY,
USA)/Dulbecco’s modified Eagle’s medium (DMEM; Himedia, Mumbai, India) media at
37°C and 5% CO..The HelLa cells were seeded in 35 mm plates. The cells were treated
with different concentrations of the complex and incubated for different time intervals.
The cells were fixed with 4% formalin in PBS buffer. They were then blocked with 0.1%
Triton X in PBS. Then, they were stained with DAPI and mounted on the slides.

5.3 Results and discussion

5.3.1 Synthesis of complex 1 and its characterization

Complex 1 has been synthesized following route given in Scheme 1. First, HL has been
prepared by the condensation between cyclohexylmethylamine and 5-chlorosalicaldehyde
1:1 molar ratio in acetonitrile. This has not been isolated. The reaction between HL and
copper(Il) acetate monohydrate yields the complex, [CuL.]. HL deprotonates to bind to
the Cu(ll) center without any external agent. Probably anion of copper salt helps in
deprotonation process.

ESI-MS spectrum of complex 1 confirms the formation of the complex (Fig. 5.1). The
m/z peak at 565.05 may be attributed to the presence of [ML2] species. Another peak at
313.96 may assigned to [ML]* species which could be fragmented from the original
molecule by losing a ligand. FT-IR spectrum of complex 1 has been recorded with
samples by ATR technique (Fig. 5.2). The strong peaks at 2848 cm™ confirms the
presence of methylene moieties. The sharp peak at 1633 cm™ shows the presence of C=N
bond which justifies formation of the Schiff base ligand and retention of it in the
complex.®l A band at 1170 cm™ indicates the presence of C-O bond i.e. carbon being
attached to hydroxyl group. Almost strong band at 718 cm™ signifies C-Cl bond in the
ligand. Medium intensity at 560-570 cm™ indicates that the ligand is coordinated to the

metal center.
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Fig 5.1 : ESI-mass spectrum of complex 1 in methanol.

100

90
80

70

/ | |
aldehydic C-H /

o c-cl

C=N -
)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Transmittance(%)

Wavenumber(cm™)

Fig 5.2 : FT-IR spectrum of complex 1.

5.3.2 Crystal structure of complex 1

The complex 1 crystallizes in the P-1 space group from acetonitrile. A perspective view
of the complex is given in Fig. 5.3. Selected bond angles and bond lengths are listed
in Table 5.2. The complex 1 consists of two deprotonated ligands (4-chloro-2-

((cyclohexylmethylimino)methyl)phenoxide) and one copper atom. Copper atom is in a
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tetracoordinated environment. Cul is coordinated to two phenolic oxygen atom (O1), two
nitrogen atoms (N1) from each of the ligand. It is almost a perfect square planar
molecule. Both the trans angles O1-Cul-O1 and N1-Cu-NI1 are 180° and the
O1-Cul-NI1 angle is 88° which is very close to the ideal 90°. The Cu—O and Cu—N bond
lengths are in good agreement with the literature values. !

Cul - Ol 1.890(2)
Cul - N1 2.011(2)
Cul - Ol a 1.890(2)
Cul - N1 a 2.011(2)
Ol - Cul — NI 91.67(9)

Ol—- Cul- Ol a  180.00
Ol— Cul— N1 a  88.33(9)
Ol a— Cul - NI  88.33(9)
Nl1- Cul- Nl a  180.00

Ol a— Cul — NI a 91.67(9)

Table 5.2 : Selected bond lengths (A) and bond angles (°) of complex 1
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Fig. 5.3 : A perspective view of complex 1 with partial atom numbering scheme.

5.3.3 UV-vis spectral studies

The electronic spectrum of complex 1 has been recorded in acetonitrile at room
temperature. UV-vis spectrum of complex 1 is given in Fig. 5.4. It could be seen from the
figure that it exhibits a broad band at 615 nm (molar extinction coefficient: 3010 Lmol
Iem?), which may be assigned to d—d transition. Two strong peaks are observed at 372
and 300 nm, with molar extinction coefficients of 9800 Lmol*cm™ and 9500 Lmol*cm
! respectively. These peaks may be attributed to PhO— — Cu(ll), N(amino) — Cu(ll)
(LMCT) transfer.[®l

00

Wavelength{nm)

Fig 5.4 : UV-vis spectrum of complex 1 in acetonitrile
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5.3.4 Magnetic moment studies

Magnetic properties of complex 1 have been analyzed with powdered samples at 297 K.
The expected value of magnetic moment for Cu(ll) system is 1.73 BM. The experimental
value of ym has been determined to be 1.58 BM. This value is almost close to the

theoretical value of 1.73 BM indicating the presence of one copper atom in the complex.

5.3.5 Electrochemical studies

The electrochemical behavior of the complex has been investigated using voltammetry.
Electrochemical studies were carried out in DMF solution by cyclic voltammetry at room
temperature with TBAB (tetrabutylammonium bromide) as supporting electrolyte under
argon atmosphere.The negative scan shows that the Cu(ll) center gets reduced to a Cu(l)
species (Fig. 5.5).% The graph shows a lcathodic peak indicating a reduction of Cu(Il) —
Cu(I) which is getting oxidized back Cu(I) « Cu(II) as indicated by Ianodic Value.. Thus,
lanodic/lcathodicratio is nearly 1 which signifies a quasireversible reduction at a mononuclear
copper center. AEp is approximately 0.07 V indicating a one electron change i.e. Cu(ll)
— Cu(I) .*9 The scan in the positive potential region shows an irreversible oxidation of
the ligand at high potentials (~1.2 V) showing that the ligand is oxidatively robust (Fig.
5.5).144
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Fig. 5.5 : Cyclic voltametric plot of complex 1

5.3.6 DNA binding studies

5.3.6.1 UV-visible spectral studies

The study of the interaction of small molecules with DNA has been the subject of
intensive investigation for decades. It provides insight into the screening design of new
and more efficient multifarious drugs targeting to DNA for the development of anticancer
drugs. However, most drugs bind to DNA through non-covalent interaction such as
groove binding, intercalation and non-specific electrostatic surface binding.[%4?1 Hence,
absorption titration can be used to observe the nature of interaction of molecules with
DNA. The absorption spectra of complex 1 in absence and in the presence of CT-DNA (at
constant concentration of the complex) are given in Fig. 5.6. The absorption spectra of
the complex in DMSO — buffer mixture (4 x 10° M) displays an intense interligand = —
n" absorption that is characteristic for this complex at 380 nm and the higher energy band

at 305 nm may be due to some other charge transfer band. In the presence of fixed metal
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complex concentration and increasing concentrations of CT-DNA, (3.3-22.5) x 107, ratio
[DNA]}/[Complex 1] = (0.0, 0.80, 1.6, 2.4, 3.2, 4.0, 4.8), a marked hyperchromism is
observed with a strong red shift of 18 nm,*31 suggesting covalent binding. Presence of red
shift indicates coordination of complex with DNA through N7 position of guanine.
Hyperchromism results from breakage of secondary structure of DNA due to the fact that
phosphate group can provide the suitable anchors for coordination with the complex.

The intrinsic binding constant, Ky, of the complex to CT DNA has been determined from
Wolfe-Shimer Equation, through a plot of DNAJ/ea— &f vs. [DNA], where [DNA]
represents the concentration of DNA, and &a, & and e the apparent extinction coefficient
(Aobs/[M]), the extinction coefficient for free metal complex (M), and the extinction
coefficient for the metal complex (M) in the fully bound form, respectively. In plots of
[DNA]/ea — & vs. [DNA], Ky is given by the ratio of slope to intercept™. K, has been
found to be 1.68 x 10° M which suggests a modest DNA intercalative binding affinity

for the complex.
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Fig. 5.6 : Absorption spectra of complex 1 in absence (- —-) and in the presence (—) of
increasing concentration of CT-DNA. [Complex 1] = 4 x 10" M. The upside arrow shows the
absorbance changes upon increasing the DNA concentration. Inset: linear plot for the the
calculation of the intrinsic DNA binding constant (Kp).
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5.3.6.2 Competitive binding assay

To further verify an intercalative binding of the Cu(ll) complex to DNA, competitive
binding experiment involving the addition of the complex to DNA pretreated with
ethidium bromide (EB), a typical indicator of inter-calation, and subsequent measurement
of the absorption intensity has been performed by UV-vis spectroscopy (Fig. 5.7).
Initially, the absorbance of free ethidium bromide is measured and then DNA is added to
it. The concentration of ethidium bromide and DNA both have been kept at 13.3 x 10°°
M. As seen in the figure, the maximum absorption peak of EB at 479 nm decreases and
shifts to 484 nm after addition of DNA, which is characteristic of intercalation of EB into
the DNA base pairs. Upon addition of the complex at increasing concentration (0 -10 x
1075) to the EB-DNA system, a continuous increase in the maximum absorption and blue
shift toward its original position have been observed, indicating that there exists a
competitive intercalation between the complex and EB with DNA, thus releasing some
free EB from the DNA-EB system.[*]

0.70
//\ Free EB
‘ fi \ ES+ONA
/ : % EB+ONA+Complex 1
-
/
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o] o (i
32 Pt/ '\\
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ll ‘ / \\ !
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350 400 450 500 550 600 650
Wavelength (nm)

Fig. 5.7 : Absorption spectra of free EB and EB bound to CT-DNA in the absence and
presence of increasing amount of the complex 1. [EB] = [DNA] = 13.3 x 10~ M, [Complex
1] = 0 -10 x 10°® M. The upside arrow shows the absorbance changes upon increasing the
complex concentration
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5.3.6.3 Fluorescence quenching spectroscopy

EB is a classical intercalator that gives significant fluorescence emission intensity when it
intercalates into the base pairs of DNA. When it is replaced or excluded from the internal
hydrophobic circumstance of the DNA double helix by other small molecules, its
fluorescence emission is effectively quenched by external polar solvent molecules like
H»0.81 The fluorescence quenching curves of EB bound to DNA in absence and in the
presence of the complex are shown in Fig. 5.8. A remarkable reduction in emission
intensity has been observed as the complex is added to the EB-DNA system, indicating
that some EB molecules have been replaced by the complex and released into solution
from EB-DNA adduct, characteristic for the intercalative binding of the complex to DNA.
Initially, the fluorescence intensity of free EB is remarkably increased on the addition of
DNA. Concentrations of both EB and DNA have been kept equal at 6.7 x 10° M and
titrated with gradually varying concentrations of complex 1 in [complex 1]/[DNA] ratio
of 0.28 to 2.26. The fluorescence intensities have been measured with the excitation
wavelength set at 525 nm (Amaxfor EB) and the fluorescence emission at 592 nm has been
recorded. The fluorescence quenching results are in good agreement with the obtained
results by UV spectroscopic studies. The quenching efficiency for each complex has been
evaluated by the Stern—Volmer constant Ksq, which varies with the experimental

conditions.[4"]

IO/|:l+qur

where lo and | are the fluorescence intensities in absence and in the presence of complex
1, respectively, and r is the ratio of total concentration of complex to that of DNA. K is
a linear Stern—Volmer quenching constant. The quenching plots illustrate that the
fluorescence quenching of the EB-DNA system by the complex is in good agreement
with the linear Stern—Volmer equation, with the Ksq value obtained as the ratio of the

slope to intercept 0.135.
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Fig. 5.8 : Emission spectra of EB bound to CT-DNA in absence (——-) and in the presence
(—) of complex 1. [Complex 1]/[DNA] =0, 0.28, 0.56, 0.84, 1.09, 1.34, 1.58, 1.82, 2.04, 2.26;
hex= 525 nm. Inset: Stern—\Volmer quenching curve

5.3.6.4 Cyclic voltametry

Electrochemical techniques are complementary to other related biophysical techniques
that are applied to study the interaction between the redox active molecules and
biomolecules. The cyclic voltammogram of the complex has been recorded in absence
and in the presence of CT-DNA in aqueous solution (buffer 50 mM NaCl/5 mM Tris—
HCI pH 7.2) (Fig. 5.9). The supporting electrolyte has been chosen to be KCI. A
significant reduction in their respective peak potentials, cathodic and anodic peak currents
can be attributed to slow diffusion of the equilibrium mixtures of these complexes (free
and DNA bound) at the electrode surface. The negative shift in the Epc or Epa value
reveals the involvement of electrostatic interactions in the binding process of DNA and

complex.k€l

217




B4
6.0x107 ¢ T
; DNA+Complex 1
4.0x10 ]
2.0x107 4 5
Q. //
5 oo . :
— g )
Y / .
£-2.0x10" 4 >
=S b 3
© 40x10” R g
UX 1
~~— il _/
S -
6.0x10" 4 e
2.0 A5 4.0 0.5 0.0
Potential (V)

Fig. 5.9 : Cyclic voltammogram of DNA in absence and in the presence of complex 1
5.3.6.5 Circular Dichroism spectral studies on DNA binding

CD spectroscopy is a useful technique in diagnosing changes in DNA morphology during
drug-DNA interactions. The CD spectrum of CT-DNA exhibits a positive band at 274 nm
due to base stacking and a negative band at 242 nm due to the right-handed helicity of the
B-DNA form,¥l which are quite sensitive to the modes of inter-action between small
molecules and DNA. Simple electrostatic or groove binding interaction of complexes
with DNA shows less or no perturbation of the base stacking and helicity bands,® while
an inter-calative interaction enhances the intensities of both bands. The interaction of
complex 1 with DNA induces a change in the CD spectrum of B-DNA as shown in Fig.
5.10. The intensities of both the negative and positive bands decreased significantly
(shifting to zero levels) with the increasing concentration of the complex, accompanied
with a small red shift (242 — 244 nm and 274 — 284 nm for negative and positive bands,
respectively), suggesting that the complex intercalates to the DNA double helix and
disturbs the base stacking involving a stacking interaction between the aromatic
heterocyclic plane of the Cu(ll) complex and the adjacent base pairs of DNA. This
binding interaction induces certain conformational changes within DNA, such as the
conversion from a more B-like to a more C-like structure.® Furthermore, the formation
of the hydrogen bonds between the Cu(ll) complex and DNA bases may also make some

differences.
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Fig. 5.10 : CD spectra of DNA (1.2 x10-4 M) in absence (—) and in the presence (- — -) of
complex 1 in the [Complex 1]/[DNA]=0.6, 0.12, 0.18 and 0.24.

5.3.6.6 DNA cleavage studies

The DNA cleavage activities of complex 1 have been studied by supercoiled
FAM134BGFP plasmid DNA as a substrate in a medium of 100 mM Tris—
HCI/NaCl buffer (pH = 7.5) under physiological conditions. The DNA is seen to be
chopped when treated with the complex and the intact DNA is seen as a smear in
the agarose gel electrophoresis. We have performed a concentration dependant
study. The concentration of the metal complex has been increased from 20 to 40
uM gradually in 100 mM Tris—HCI/NaCl buffer (pH = 7.2) and 0.5 pg/uL (6.53
nM) DNA is added to the mixture in the presence H2O2 (2 uM) and incubated for
30 min at 36 °C. Te results are shown in Fig. 5.11. The chopping off of DNA is
clearly seen. We have initially standardized the time of 30 min by trying
various time intervals starting from 2 min. The nuclease activity of the complex is
really very high as no further breakage into other forms of the DNA has been seen
but vigorous chopping off is evident from the very start. The results clearly show
that as the concentration of metal complex is increased gradually, the cleavage is
more pronounced and at 40 uM concentration the DNA is completely chopped off.
This shows the complex is actually binding to DNA and chopping it off. The
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control tests have been done with all reagents except the complex. It shows no
cleavage as shown in Fig. 8. The role of H202 is very crucial in this process
because without the presence of H2O: the cleavage is not very effective as seen
from experimental results. It can be claimed that cleavage of this type of complex
most likely occurs through an oxidative mechanism. In the presence of the
reducing agent H20,, the Cu(ll) complexes could be reduced to the Cul
complexes.5? The Cul complex then reacted with endogenous oxygen to produce
hydrogen peroxide, which could again react with another equivalent of Cul
complex to generate copper-oxido species with DNA damaging properties. The
efficient DNA cleavage activity of these complexes in the presence of external
H20: is probably due to the generation of a higher concentration of Cul ions. Most
cancer cells have an elevated intracellular concentration of H202, which may
facilitate the intracellular generation of highly active copper-oxido species and
ROS, causing oxidative DNA damage in cells.[®¥ So, H,O, enhances the cleavage
process started by the metal complex.

DN A cleavage on addition of varying concentrations of complex 1 and in contrel condition Le
absence of medal

Control Uncleaved DNA under
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Fig. 5.11 : DNA cleavage by adding varying amounts of complex 1.
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In order to obtain a good knowledge of the active chemical species that is responsible for
the DNA damage activities for the complex, we have further investigated the influence of
different potentially inhibiting agents including hydroxyl radical scavenger (DMSO,
EtOH, tert.-butyl alcohol), reducing agent (GSH), singlet oxygen quenchers (NaN3),
hydrogen peroxide scavenger (KI), redox reagent (DTT), chelating agent (EDTA) and
DNA minor groove binding agent (DAPI) (Fig. 5.12). The DNA has been taken at 500 ng
and the various additives at 0.4 mM concentration. The rest of the reagents like
Tris/NaCl, H20> and the metal complex have been taken at the concentrations optimized
in the previous set of experiment. Addition of DMSO shows no inhibition in cleavage
process as we can see from lane 2 that the plasmid has been entirely chopped. But EtOH
shows a marked decrease in the cleavage as seen in lane 3 of the gel electrophoresis data,
and so does tert.-butyl alcohol as seen in lane 6, which demonstrates that the hydroxyl
radical participates in the oxidative DNA cleavage, with an inhibitory activity observed
from the addition of EtOH and tert.-butyl alcohol. The addition of reducing agent GSH
significantly reduces the cleavage action of the complex as seen in lane 4. Sodium azide
does not have any significant effect on the DNA cleavage (lane 5). This fact rules out the
involvement of *O; or singlet oxygen-like entities. When hydrogen peroxide scavenger
potassium iodide (lane 7) is added to the reaction mixture, the DNA cleavage mediated by
the complex has been inhibited to some extent, confirming that freely diffusible hydroxyl
radical is one of the intermediates involved in the DNA scission process. Reducing agent
like DTT also reduces the cleavage action of the complex (lane 8). The chelating agent
EDTA totally inhibited DNA cleavage (lane 9), indicating Cu(ll) complex plays the key
role in the DNA breakage. The cleavage is unaffected by the addition of minor groove
binder (DAPI) which shows the non-affinity of the complex towards DNA groove (lane
10).138521 From these results we can conclude that complex 1 is capable of promoting
DNA cleavage through an oxidative DNA damage pathway, and hydroxyl radical and

hydrogen peroxide are the active species involved in the cleavage reaction.
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Fig.5.12 : DNA cleavage studies in the presence of various additives.

5.3.7 HSA binding studies

5.3.7.1 Absorption spectra studies

UV-vis absorption spectra have been used to monitor the changes in the secondary
structure of protein (HSA) induced by complex 1 (Fig. 1.13). The strong absorption peak
at 208 nm originates from the n — w* transition for the peptide bond of a helix in HSA;
the comparatively weaker absorption peak at 280 nm arises from the phenyl rings in
aromatic acid residues (Trp, Tyr and Phe).’* Upon incremental addition of the complex
(0.76-5.8 x 10 M) to HSA of constant concentration (4.0 x 10 M), a dramatic decrease
in the 208 nm absorbance peak has been observed which can be put down to the induced
perturbation of a-helix of HSA by a specific interaction with the complex. Besides, an
obvious red shift (from 208 to 226 nm) in the position of the absorbance peak indicates
that the microenvironment of Trp-214 residue in HSA is altered and the tertiary structure
of the HSA has been destroyed. Simultaneously, the intensity of the absorption peak at
280 nm is increased by addition of the complex, suggesting that aromatic acid residues
originally buried in a hydrophobic cavity in HSA are exposed to an aqueous milieu to a
certain degree. Moreover, the n-7 stacking interaction between aromatic rings of complex
1 and phenyl rings of aromatic acid residues also makes some differences.

In order to evaluate the binding propensity quantitatively with HSA, the intrinsic binding

constant (K) of complex 1 with HSA has been determined. By assuming that there is only
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one type of interaction between complex 1 and HSA in aqueous solution,®*
[HSA] + [Complex 1] SHSA:Complexl

K = [HSA : Complex 1]/[HSA][Complex 1]

where K is the binding constant for complex, assuming [HSA: Complex] = Cg

K= Cg / [Chsa — Cg] [Ccomplex1 — Cg]

where Chsa and Ceomplex 1 are analytical concentration of HSA and complex in the
solution, respectively. According to the Beer—Lambert law

Chsa=Ao/ gHsa . 1

Ce=A-A/e .1

where Ap and A are the absorbance of HSA at 280 nm, in absence and in the presence of
complex 1, respectively.® eysa and g are the molar extinction coefficient of HSA and
the bound complex, respectively, and 1 is the light path of the cuvette (1 cm).

By substituting ensa and eg in Equations.

Ao/ A—Ag = ensa / €8 + ensa. 1 / eeKCcomplext. 1

Thus, the double reciprocal plot of 1/A — Ao vs. 1/Complex is linear and the binding
constant can be estimated from the ratio of the intercept to the slope. The Kg has been
found to be 1.91 x 10* M1,
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Fig. 5.13 : UV absorption spectra of the complex 1 in presence of HSA obtained in 5 mM
Tris—=HCI buffer, pH 7.2, at room temperature: [HSA]= 4x10°® M; [complex 1] = 0, 0.76,
1.51, 2.25, 2.98, 3.71, 4.41, 5.12, 5.80 x 10 M, respectively. Arrow shows the intensity
changes upon increasing concentration of complex 1. Inset: Plot of 1/A-A vs. 1/[Complex].

5.3.7.2 Fluorescence quenching studies

Fluorescence spectroscopy is an effective method used to explore the interaction between
small molecules and bio macromolecules. The fluorescence emission spectra of Human
serum albumin (HSA) have been recorded in the range of 300-500 nm by exciting the
HSA at 280 nm in the presence of various concentration of the Cu(ll) complex (Fig.
5.14). HSA is the most abundant plasma protein and displays extraordinary drug binding
capacity, providing a depot and carrier for many endogenous and exogenous behaviors
towards the complex. The intrinsic fluorescence of HSA mainly comes from tryptophan
residue when excited at 295 nm. Phenylalanine has a very low quantum yield and the
fluorescence of tyrosine is almost totally quenched if it is ionized or present near to an
amino group, a carboxyl group or a tryptophan since tyrosine and phenylalanine does not
absorb in this region The HSA shows a strong fluorescence emission with a peak at 344
nm, while complex 1 has no intrinsic fluorescence under the present experiment
conditions. The fluorescence intensity of the HSA (fixed concentration, 4 x 10° M)

decreases continually with increasing concentration of the complex (0.76 x 10~ to 5.81 x
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10° M) indicating that the binding of the complex to HSA changes the local micro
environment around the Trp-214 residue in HSA, and concomitantly the tertiary structure
of the HSA.

Commonly, fluorescence quenching can be described by the Stern—\Volmer equation: "]
Fol F=1+ Kq10 [Q] =1 + Ky [Q]

where Fo and F are the fluorescence intensities in absence and in the presence of
quencher, respectively, Kq, Ks, to and [Q] are the quenching rate constant of the
biomolecules, the Stern—\Volmer quenching constant, the average life time of the
molecule without quencher (1o =10% s) and the concentration of the quencher,
respectively. The Stern—Volmer plots of Fo/F versus [Q] for the quenching of HSA
fluorescence by complex is depicted and the calculated Ksv and Kq values have been
found to be 4 x 10° M! and 4 x 10" M s2, respectively. The observed Kq value is
larger than the limiting diffusion constant Kir of the biomolecules (Kgir = 2.0 x 10 M
s 1), indicating that the fluorescence quenching is happened due to the specific interaction
of complex 1 with HSA, consistent with the static quenching mechanism.>%¢1 For static
quenching, the Scatchard equation is employed to calculate the binding constant and
number of binding sites,®llog [Fo—F / F] = log K + n log [Q] where, Fo and F are the
fluorescence intensities of HSA in absence and in the presence of quencher, K and n are
the binding constant and the number of binding sites, respectively. Thus, a plot of log[(Fo
— F)/F] versus log[Q)] is used to determine K (binding constant) from the intercept on Y -
axis and n (binding sites) from the slope of the inset graph. From the corresponding
Scatchard plot, the K and n values are found to be and 1 x 10" M and 1.54, respectively,

which is comparable to those observed for previously reported binding constant.
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Fig. 5.14 : The fluorescence quenching spectra of HSA by different concentrations of
complex 1 with the excitation wavelength at 295 nm in 5 mM Tris—HCI buffer, pH 7.2, at
room temperature: [HSA], 4.0 x 10° M; the concentration of complex 1 =0, 0.76, 1.51,
2.25,2.98, 3.70, 4.41, 5.12, 5.81 x 10~ M, respectively. Arrow shows the intensity changes
upon increasing concentration of the quencher.

5.3.7.3 Energy transfer and binding distance between the complex 1 and
HSA

Fluorescence energy transfer occurs via overlapping of the spectrum of a
fluorophore (donor) with the absorption spectrum of a molecule (acceptor). The
overlap of the absorption spectrum of complex 1 with the fluorescence emission
spectrum of HSA is observed (Fig. 5.15). Here the donor and acceptor are HSA
and the complex, respectively.

A Forster resonance energy transfer (FRET) mechanism is involved in the
qguenching of Trp fluorescence by complexes, the efficiency of energy transfer (E)
can be given by!®8

E=1-F/Fo=Ro Re®+1r°

where F and Fo are the fluorescence intensities of HSA in the presence and in
absence of quencher, respectively, r is the distance between acceptor and donor,

and Ro is the critical distance when the transfer efficiency is 50%. The value of Ro
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can be calculated using the equation:[!

Ro® = 8.78 x 107 ®K?n“pJ

where K2 is the spatial orientation factor between the emission dipole of the donor
and the absorption dipole of the acceptor, n is the refractive index of the medium, ¢
Is the fluorescence quantum yield of the donor, and J is the overlap integral of the
fluorescence emission spectrum of the donor and the absorption spectrum of the

acceptor and can be given by:[5l

J =" F()e()a*dn
Jy F(D)da

where F()) is the corrected fluorescence intensity of the donor at wavelength A, and
€(A\) is the molar absorption coefficient of the acceptor at wavelength A. Under the
experimental conditions, for a solution with random orientation as in this case, K?=
2/3, n = 1.36, ¢ = 0.15, J was calculated to be 6.54x 10*(from the graph), Ro
found to be 3.44 nm, E= 0.3 and r = 3.96 nm. The distance between HSA and
complex 1 is less than 7 nm, indicating that a static quenching interaction has

occurred.
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Fig. 5.15 : Overlap of the fluorescence spectra of HSA and the absorbance spectra of the
Cu(11) complex, [HSA] = [Cu(l1) complex] = 4.0 x 10~°M.
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5.3.7.4 IR spectral studies

IR spectrum of proteins is typically used to determine conformational changes in the
structure of proteins. Infrared spectra of proteins show a number of amide bands that
represent different vibrations of peptide moiety (Fig. 5.16). The spectrum has been
obtained by subtracting the absorption of Tris buffer from the spectrum of HSA solution.
The protein amide bands have a relationship with the secondary structure of protein, and
amide | band is more sensitive to the change of protein secondary structure than amide 11
and amide I11. The evident peak shift of amide | band from 1649.4 to 1657 cm™, amide II
band from 1547.03 to 1553.65 cm™ reveals the interaction between complex 1 and
HSA.52 These changes in these peak positions demonstrate that the secondary structure
of HSA has been changed upon the interaction resulting in the perturbation of amide

vibrational frequencies.[5%
100

/\ f\
[:/'" — \- i
S S, w—-——-%ﬂ".' \ﬂﬁ — 4

Complex 1
——— HSA
HSA + Complex 1
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Fig. 5.16 : FTIR spectra of complex 1, HSA and complex 1 + HSA.

5.3.7.5 3D fluorescence spectral studies

The 3D fluorescence of HSA has been studied initially and after binding with complex 1.
The first peak, Peak A is a Rayleigh scattering peak (Aex= Aem), Peak B (Aex= 280 nm,
Xem= 350 nm), mainly reflects the spectral behavior of the Trp residue, and the maximum
emission wavelength and fluorescence intensity of the residue associated with its micro

environment’s polarity (Fig. 5.17). Peak C is the second-ordered scattering peak (Aem ~ 2
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hex).2 It could be seen that after interaction with complex, intensity of peak A
significantly increases while that of peak B decreases remarkably. Peak C shows huge
increase in the intensity.®? All of these facts prove that the interaction of the complex
with HSA induces some conformational and micro environmental changes in HSA,
corroborated well our spectroscopic results obtained from UV-vis, fluorescence and CD

measurements.

Fig. 5.17 : 3D fluorescence spectrumof HSA (A), and Cu(ll) complex—HSA conjugate system
(B). [HSA] = [Cu(ll) complex] = 1.0 x 10°M pH 7.2, at room temperature.

5.3.7.6 Circular Dichroism

CD measurement has been performed in the presence of the Cu(ll) complex at different
concentrations to ascertain the possible influence of the complex binding on the
secondary structure of HSA. As the figure (Fig. 5.18) shows, the CD spectra of HSA (line
a) exhibit two negative bands in the ultraviolet region at 206 and 220 nm assignable to ©
— n * and n — © * transfers for the peptide bond, respectively, which are characteristic
of a-helix structure of the protein. With the addition of complex 1, the CD signal of HSA
increases, indicating that the binding of the complex induces a significant conformational

change in HSA. Moreover, the CD spectra of HSA change a lot in shape also after
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addition of the complex which proves that a lot of a-helical part has been destroyed on
binding.l"!

20
s (2§
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Fig. 5.18 : CD spectra of HSA in the absence and presence of the complex 1 : (a) 1.5 x 10°M
HSA;(b) 1.5 x 10°M HSA + 3.0 x 10°°M complex 1.

5.3.7.7 Oxidative damage of HSA by complex 1

After being incubated with complex 1, for 30 min, at 37 °C, in the presence of hydrogen
peroxide, HSA exhibits remarkable degradation as indicated by a continuum of protein
fragments at SDS-PAGE in 12% acrylamide gel while for the control condition, which
does not include the complex, there is no degradation at all. We see the clear and thick
protein band at the expected molecular weight range. Different concentrations of the
protein and the metal complex have been incubated with H,0..1%1 Blank sets have been

also kept for comparison. The results have been indicated in Fig. 5.19
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Fig. 5.19 : SDS-PAGE electrophoresis in 12% polyacrylamide gel of HSA fragmentation, in
the presence of complex 1, treated with H,O,, for 30 min at 37 °C, in Tris buffer 100 mM,
pH 7.2, MW: Molecular weight marker, Lane 1:75 uM HSA , 75 uM complex and 750 uM
H,0, , Lane 2: 25 uM HSA, 50 uM complex and 750 uM H-O; , Lane 3: 50 uM HAS, 100
UM complex and 750 uM H;0O., Lane 4: Blank (75 uM HSA and 750 uM H,0,), Lane 5:
Blank (75 uM HSA), Lane 6: 75 uM HSA , 200 uM complex and 750 pM H:0:.

5.3.8 Antibacterial study by complex 1

Different concentrations (400 pg/mL, 350 pg/mL, 250 pg/mL, 100 pg/mL, 25 pg/mL, 10
pg/mL) of complex 1 have been added to the bacterial cells in 2.0 mL LB broth and
followed by incubation in a 37 °C incubator. The next day, growth has been observed in
the test tubes (Fig. 5.20). From the tubes, fixed amount of cell mixture has been plated on
LB media again followed by incubation at 37 °C. After overnight incubation, the cell
colonies have been counted on the LB plates. A stark decrease in the number of colonies
were observed for both gram positive S. aureus and gram negative E. coli with increasing
concentration of complex 1 which clearly indicates a strong antibacterial property of the
complex.
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Fig. 5.20 : S. aureus and E. coli colonies with gradually increasing concentrations of
complex 1, 1: control (without complex 1), 2: 25 pg/ml complex 1, 3: 50 pug/ml complex 1, 4:
100 pg/ml complex 1, 5: 250 pg/ml complex 1, 6: 350 pg/ml complex 1, 7: 400 pg/ml complex

1.

5.3.9 Apoptosis evaluation by DAPI staining

To visualize nuclear changes, HelLa cells have been treated with complex 1 at different
concentrations (5 pM, 10 uM, 20 uM) for three time intervals (12 h, 24 h, 48 h). After
treatment, the cells have been fixed and stained with DAPI and visualized on a
fluorescence microscope. The cells have been observed to undergo a stark change with
increasing concentration and time of treatment (Fig. 5.21). It is clear from the figure that
as time of treatment and the concentration of complex 1 have been increased, the more
number of nucleuses show structure deterioration. The white arrows indicate more
number of bilobed nuclei. Such bilobed structure and nuclear shrinkage can be seen with
increasing complex concentration and time of treatment. Moreover, as seen from the
bright field images, that the HelLa cells show clear rounding and shrinkage which is a

clear indication of apoptosis.
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Fig. 5.21 : Confocal microscopy images of Hela cells treated with different concentrations of
complex 1 and different durations.

5.4 Conclusion

In summary, a mononuclear copper(ll) complex (Complex 1) with an N,O-donor ligand
has been prepared. This has been prepared under mild conditions and characterized by
different techniques including single crystal X-ray diffraction analysis. From different
studies, it has been observed that complex 1 shows the intercalative binding with DNA.
Moreover, it exhibits protein (here HSA) binding properties with appreciable changes in
protein structure. This indicates that the complex could be transported by human serum
albumin into the blood. Antibacterial activity of the complex has been observed for both
gram positive S. aureus and gram negative E. coli. When HeLa cells have been treated
with complex 1, a clear indication of apoptosis has been noticed. All of these facts

indicate the complex could be a potential candidate for chemotherapeutic applications.
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Chapter 6

A novel Schiff-base
copper(1lI) complex
modified electrode for
ascorbic acid catalytic
oxidation and
determination




6.1 Introduction

Ascorbic acid(H2A) i.e vitamin C, is an essential nutrient mainly in fruits and vegetables and is
an important antioxidant. The body requires it. Whilst it is necessary for vital body functions,
excess of it causes kidney stones. H>A has is a neuromodulator for dopamine and glutamate in
the human body. It is a water soluble small-molecular-weight compound. It is used in food
industry as antioxidant and free-radical scavenger. Hence, fast and accurate estimation of H2A
becomes important. Various methods are utilized for the same starting from titration to HPLC!!
and spectrophotometry!. Electroanalytical techniques are also used for HA determination!.
But accuration could not be achieved. This is because it adsorbs on the electrode surface and
causes electrode fouling™!. Therefore transition-metal complex modified electrodes, are utilized
as electron mediators for ascorbic acid catalytic oxidation and subsequent determination®™. The
modification lowers the overpotential and gives a better response current to yield better
sensitivity.

The electrocatalytic oxidation of ascorbic acid by the modified metal complexes in aqueous
solution is believed to occur by an electron-transfer mechanism. The reactive species is the
ascorbate ion, HA-, which gets oxidized by electron transfer, followed by deprotonation to yield
ascorbyl radical. This rapidly converts to dehydroascorbic acid®. Transition-metal
salicylaldehyde Schiff-base complexes are broadly studied by scientists, and they are
incorporated in various fields, including biology, catalysis, and also as catalyst for H.A
oxidation. This class of compounds show markedly good electropolymerization properties on
electrode surfaces to form a conductive film, Thus they are potential candidates to modify
electrodes for electrocatalytic oxidation and detection of H2A.

In this work, a mononuclear copper(ll)-Schiff-base complex has been synthesized and
characterized by different standard method (Scheme 6.1). Its electropolymerization on a glassy
carbon electrode (GC) and the consequent electrocatalytic activity of the modified GC to the
oxidation of H2A has been extensively studied. The determination of H2A with modified GC by

amperometric method has also been done. Analysis of vitamin C tablets has been performed.
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6.2 Experimental Section

6.2.1 Materials and physical methods

1,2-Diaminopropane,  5-bromo-2-hydroxybenzaldehyde, copper(ll) nitrate  were
purchased from Sigma Aldrich and used without further purification. Other reagents were
obtained from commercial sources and used as received. Solvents were purchased from
commercial sources and were used for synthesis without further purification while purified and
dried solvents'® were used for spectroscopic measurements. Elemental analyses (carbon,
hydrogen and nitrogen) were performed using a Perkin—Elmer 2400C elemental analyzer. FT-IR
spectra were obtained on a Perkin Elmer spectrometer (Spectrum Two) with the samples by
using the attenuated total reflectance (ATR) technique. The UV-visible spectral measurements
were done in Agilent 8453 diode array spectrophotometer. Cyclic voltammetric measurements
were performed on a CHI Electrochemical workstation. A glassy carbon working electrode, a
platinum wire auxiliary electrode and Ag/AgCl reference electrode were employed in a standard
three-electrode configuration. KCI was used as the supporting electrolyte in buffer systems under
nitrogen atmosphere. All experiments were carried out at room temperature in air unless reported

otherwise.

6.2.2 Synthesis of Synthesis of [Cu(L)H20]

Ethanolic solution of 1,2- diamopropane (0.25 mmol, 0.018 g) was added dropwise to an
ethanolic solution (10 mL) of 5-bromo-2-hydroxybenzaldehyde (0.5 mmol, 0.100 g) and stirred.
The mixture was refluxed for 2 h forming an orange solution of Schiff base ligand. The mixture
was then cooled and it was used as ‘ligand (HL?!)” without any characterization and purification.
An ethanolic solution of copper(Il) nitrate (0.25 mmol, 0.047 g) was added to the solution of HL!
and the mixture was stirred for 30 min when it turned as greenish. It was then refluxed for 1 h.
Color of the solution turned dark green. The mixture was cooled and filtered to remove any
undissolved or precipitate materials. The filtrate was kept at ambient temperature. Brownish

green single crystals suitable for X-ray diffraction analysis were obtained within few days.
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6.2.3 X-ray data collection and structure determination

Details of the data collection and refinement parameters for complex 1 are summarized in Table
6.1. The diffraction experiments were carried out on a Bruker APEX-II CCD diffractometer
using graphite monochromated Mo Ka radiation at 298 K. Data was processed by the use of
Bruker APEX2 and SAINT packages(®l. Absorption corrections based on multi-scans using the
SADABS software were applied to the intensity data. The structures were solved by direct
methods using SHELXTE! and refined with full-matrix least-squares on F? on all unique
reflections using SHELXL-2014/71%, All the non-hydrogen atoms of the complexes were

refined anisotropically.

Complex 1

Formula 2(C17H14Br, CuN2 Oy), C, O
Formula weight 1043.32

T (K) 298 K
Crystal color Dark green
Crystal system Monoclinic
Space group C2/c

a(A) 26.4369(12)
b (A) 7.2231(3)

c (A) 20.9363(10)
a (%) 90.00

B(©) 113.410(2)
y (°) 90.00

V (A% 3668.8(3)

Z 4
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Crystal dimensions (mm) 0.5x 0.2x 0.15

F(000) 2040

D¢ (g cm™3) 1.889

A (Mo Ka) (A) 0.71073

0 Range (°) 2.3-27.1
Reflection collected/ 59280, 4065 , 2416

unique/observed

Absorption correction multi-scan
Rint 0.094
Final Ry index [l > 20(1)] 0.0541

Final wR; index (all reflections) | 0.1356

Goodness-of-fit 1.07

Table 6.1 : Crystallographic data for complex 1

6.2.4 Electrochemical measurements

Electropolymerization was done in DMSO solution under N, atmosphere containing 5x10%* M
copper complex and 0.1 M NaNOs as supporting electrolyte. The modified electrode was then
utilized to perform the scan-rate dependent study under same conditions. Electrocatalytic
oxidation of ascorbic acid and its amperometric determination were carried out in pH 6.8 PBS
with 0.1 M KCI. Amperometric studies were performed at 0.2 V vs. SCE and different
concentrations of HoA were injected into the electrolytic setup whilst stirring. Ground vitamin
tablets of vitamin C were dissolved in double distilled water. A known amount was injected to

the five times and then equivalent amount of H2A solution was also added.
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6.3 Results and discussion

6.3.1 Synthesis

Synthesis of the complex has been performed following route given in Scheme 6.1. First, the
ligand has been synthesized by one step Schiff-base condensation between 5-bromo-2-
hydroxybenzaldehyde and 1,2-diaminopropane in 1:1 molar ratio in ethanol. The ligand has not
been characterized and it has been used directly for complex formation without further

purification. Reaction between HL! and copper(ll) nitrate gives 1.

Br CHO
2 \C[ + >_\
OH HzN NH_

lEtOH, Reflux (2hrs)

—N N=
Br—dOH HOber
CU(NO3)2
BrQO\ A Br
ma N
NN

)_/

Scheme 6.1 : Synthesis scheme
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6.3.2 Crystal structure of 1

The copper complex crystallizes from ethanol in a monoclinic system with C2/c space group. A
perspective view of the complex in is given in Fig 6.1. The selected bond lengths and angles are
given in Table 6.2. The copper is tetra coordinated with two two nitrogen and two oxygen
atoms. There appears to be two formula units of the complex in one unit cell. One solvent
molecule (ethanol) is crystallized along with the main crystalline unit. The solvent molecule is
highly disordered as the crystal data have been collected at room temperature and not low
temperature. The solvent molecule has been omitted from the pictorial representation for clarity.

Fig 6.1 : A perspective view of complex 1 with partial atom numbering scheme.

Cul-02 1.897(6) 02-Cul-03 88.5(3)
Cul-03 1.894(6) 02-Cul-N1  176.6(3)
Cul-N1 1.940(8) 02-Cul-N2 93.4(3)
Cul-N2 1.943(6) 03-Cul-N1 94.2(3)
N1-Cul-N2  84.0(3) 03-Cul-N2  175.3(3)

Table 6.2: Selected bond lengths (A) and bond angles (°) of complex 1

246




Fig 6.2 : Packing diagram along b axis

The packing diagram (Fig 6.2) gives a clear idea of the arrangement of the assymeyric units in
space along the b axis. No significant C-H-n or n—= interaction has been observed within the
rings. The packing diagram clearly shows the highly disordered ethanol molecule in the cryatal

structure.

6.3.3 IR spectral data

FT-IR spectrum of the complex has been recorded by ATR technique (Fig. 6.3). The strong
peaks at 2848 cm™ confirms the presence of methylene moieties. The sharp peak at around 1630
cm? shows the presence of C=N bond which absolutely justifies formation of the Schiff base
complex. A band at 1170 cm™ indicates the presence of C-O bond i.e. carbon being attached to
hydroxyl group. Medium intensity bands around 560-570 cm™ indicates that the ligand is

coordinated to the metal center.
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Fig 6.3 : IR spectral data of complex 1

6.3.4 UV- Vis spectral data

The electronic spectrum of complex 1 has been recorded in DMF at room temperature. UV-vis
spectrum of complex 1 is given in Fig. 6.4. It could be seen from the figure that it exhibits a
broad band at 575 nm (molar extinction coefficient: 5780 Lmol*cm™), which may be assigned
to d—d transition. Another strong peak is observed at 372 nm, with molar extinction coefficient
value of 164400 Lmoltcm*H, These peaks may be attributed to N(amino) — Cu(ll) (LMCT)
transfer.
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Fig 6.4 : Absorption spectra of complex 1
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6.3.5 Electrochemical polymerization

Cyclic voltammetry (CV) curves for electropolymerization of complex 1 in DMSO at a potential
range of -0.5 to 1.4 V are illustrated in Fig 6.5. The cyclic voltammogram exhibits two anodic
peaks at 0.25V and 0.48V which can be assigned to oxidation of Cu(l) to Cu(ll) and Cu(ll) to
Cu(l1) respectively, of the salen complex on the surface of the glassy carbon electrode. The
Cull/Cul reductive peak has been observed at about -0.18 V(I”). The magnitude of redox peaks
in the voltammogram increases with subsequent scans for over 40 cycles, demonstrating that the
copper salen films are continually being deposited on the electrode surface. The
electropolymerization did not occur at low scan potentials as indicated in the graph (Fig 6.6).
This clearly portrays that the electropolymerization of the oversaid Cu salen complex on the
electrode surface requires a higher potential range. Plots of the selected peak I’ vs. the cycle
number are shown in the inset of graph 1. The growth rate of peak I’ decreases with increasing
number of scans indicating that the conductivity of the solution of the copper salen complex

decreases with successive deposition*2,

3.0x10°

2.5x10° -

2.0x10°4

WpA)

1.5x10°4 & o

3 M » o % 4 =

1.0X1°A5‘ o 'Cyclounmhu

I(HA)

5.0x10" -

0.04 7’—

-5.0x10° - r

T
0.5 0.0 0.5 1.0 1.5

E(V)

Fig 6.5 : Cyclic voltammetry for electropolymerization of 1 mM of complex 1 in DMSO, 0.1
M NaNOs (supporting electrolyte) on GC, 50 mV s (Electropolymerization cycles from 1,
5,..,40at-0.3t01.4V)
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Fig 6.6 : Electropolymerization at different potential ranges: (a) -0.3t0 0.5V, (b) -0.3t0 0.8
V, (c) -0.3t0 1.1V, (d) -0.3 to 1.4 V; dashed line is the first cycle, solid line is the 40th cycle.

A scan rate dependent study has been conducted on poly(L)Cull

in a monomer-free DMSO

solution containing 0.1 M NaNOs and is shown in Fig. 6.7. As shown in the inset of Fig. 3, the

peak currents increases linearly with sweep rate up to 200 mV/s, which is commonly seen in the

case of voltammetric response for a surface confined film. The change in the anodic and cathodic

peak currents has been shown in the inset graph. The result shows a strongly adsorbed

electroactive material that is not limited by the ionic flux of counter ions and also implies

conductivity of the polymer filmX*31,
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Fig 6.7 : Scan-rate dependent study. Inset: plot of linear current increase vs. scan rate

6.3.6 Electrocatalytic oxidation of ascorbic acid

The electrocatalytic property of the modified electrode towards the oxidation of ascorbic acid is
pretty remarkable. It has been demonstrated in pH 6.8 PBS (0.1 M KCI) (Fig 6.8). With bare GC,
an irreversible oxidation peak has been observed at 0.3 V with a corresponding current of 1.8
mA (Fig. 6.8 red line). At the modified GC, the oxidation peak shifted to 0.61 V and the current
increases to 4.4 mA (Fig. 6.8 green line). The remarkable enhancement in the peak current
clearly shows the catalytic effect of P(L)Cull toward HoAM,

251




5,000.00
——bare GC without HA
——bare GC with HA
——modified GC without HA
3,000.00
— —modified GC with HA
=
S
1,000.00
-1,000.00 T T T T
-1.1 -0.6 -0.1 0.4 0.9

Fig 6.8 : CVs of bare (black, red) and modified GC (blue, green) electrodes in pH6.8 PBS
(0.1 M KCI) solution: H2A =0 mM (black, red), 3 mM (blue, green); scan rate 100 mV s

The electrochemical oxidation of H>A is believed to undergo two consecutive one-electron
transfer processes involving the participation of a radical anion intermediate to form
dehydroascorbic acid(dA)®!. This species hydration is characteristic of carbonyl groups to form
an electro inactive product. The electrocatalytic oxidation of ascorbic acid at the modified

electrode can be described by the following equations and Scheme 6.2.

H,A<—~HA + H*
HA +(L)Cu" < A~ +H" + (L)CU'
A~ + (L)Cu'" < dA + (L)Cu!
(L)Cu' - & < (L)Cu"
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Scheme 6.2 : Reaction mechanism of ascorbic acid at the modified electrode
pKa1 for ascorbic acid is about 4.5%1 so the predominant reactive species is the ascorbate ion
HA" which is initially oxidized by (L)Cull to produce the ascorbate radical anion (A% ) and
(L)Cul , which is again oxidized by (L)Cull to produce dehydroascorbic acid (dA) and (L)Cul .
(L)Cul is electrochemically oxidized to give a strong anodic peak shown in Fig. 6.7 (green),

which indicates that the Cu(l) center in the complex undergoes oxidation at 0.61 V.

6.3.7 Amperometric determination of H.A

Amperometric experiments of H2A have been carried out using P(L)Cull modified GC in PBS
(pH 6.8) solution with 0.1 M KCI as supporting electrolyte. The oxidation peak currents have
been measured at 0.2 V and plotted against the bulk concentration of H,A. The modified GC
electrode is highly sensitive to ascorbic acid. It has been seen that injected citric acid, glucose
and H20- exhibit no response on the system, but injected ascorbic acid shows a major jump in
current. The plot of I vs t, shows the amperometric response of H2A (over the range 2-500 uM
concentration), addition of measured amounts of H>A occurring with increasing times. A similar
increase in current has also been observed as seen from Fig 6.9. The only drop of current at times
500s on addition of 100 uM of the acid, may be attributed to a voltage drop artifact of the
amperometric set up. The standard addition plot (Fig 6.10), shows a more or less good fit
indicating that the P(L)Cull modified electrode has a good response to addition of ascorbic acid

with substantial reproducibility.
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Fig 6.9 : Typical amperometric curve obtained with a modified GC in pH 6.8 PBS (0.1 M
KCI) at an applied potential of 0.2 V vs. SCE showing response with successive injection of

H2A in the range 2-500 uM
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Fig 6.10 : Standard addition plot
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The method has also been applied to analyze vitamin C tablets(Limcee brand purchased from
market). The recovery has been studied by the corresponding addition of ground tablets with a
certain fixed value of standard solution of H2A. The determination results are shown in Table
6.3. The RSD and recovery are in the acceptable range!®!, showing that the proposed method can

be used for sample determination and presented a good stable model.

specified (mg) | Detected (mg) (n=5) | Added (mM)

Limcee 46.25 98.25

Table 6.3 : Detection of H2A in vitamin C tablets

6.4 Conclusions

The new copper Schiff-base complex can be electropolymerized on a glassy carbon electrode
when the high scan potential of around +1.4 V is reached, but at low scan potential no
polymerization occurred. The complex modified electrode shows good electrocatalytic oxidation
properties towards ascorbic acid. This modified electrode can show amperometric determination

of H2A with a good sensitivity
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Three new copper(i) complexes with different Schiff-base ligands, namely, [Cu(LYClo] (1), [Cus(LD-Clal (2)
and [Cu(L®N3l, (3) where L' = 2-morpholino-N-(pyridin-2-ylmethylene)ethanamine, HL? = 4-bromo-2-
((2-morpholinoethylimino)methylphenol and HL® = 4-chloro-2-((2-(dimethylamino)ethylimino)methylphenal,
have been synthesized and characterized by elemental analysis, standard spectroscopic methods, cyclic
voltammometry and single crystal X-ray diffraction analysis. The X-ray diffraction analysis confirms the
formation of mononuclear (1), trinuclear (2) and polynuclear (3) complexes. These complexes have been
applied as catalysts for alcohol oxidation reactions using tert-butyl hydroperoxide (TBHP) as the terminal
oxidant under mild conditions. The catalytic reaction mixture has been analyzed by gas chromatography
and it shows that the mononuclear complex has the highest conversion while the other two complexes
exhibit moderate catalytic activities. The corresponding aldehyde has been obtained as the sole product.
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Introduction

The development and application of transition metal complexes
with N,0O-donor ligands have drawn appreciable interest from
researchers over the last few decades. Preparation of N,O donor
ligands by Schiff-base condensation is popular among scientists as
these types of ligands can be synthesized by one step condensation
between a keto/aldehyde group and a primary amine group with a
very high yield." The appropriate selection of the aldehyde/ketones
and primary amine with extra hetero atoms could produce ligands
with a desired number of donor atoms. Softness or hardness of the
donor group could be incorporated by judicial choice of the
reactants and the requirement for the coordination of the metal
center. Moreover, the Schiff-base ligands can stabilize various
oxidation states of the metal center. Transition metal complexes
with Schiff-base ligands have been used in a number of impor-
tant fields of application e.g. magnetism,> catalysis,® biological
sciences,” optoelectronics,” sensing,’® etc.” Copper(i) complexes
have been used as catalysts in different organic reactions such as
oxidation of alkanes, epoxidation of alkenes, catechol oxidation,
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For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/¢7nj00846¢
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The obtained catalysis results have been corroborated with electrochemical studies.

benzylic oxidation, aromatic C-H oxidation, Glaser-Hay acetylenic
coupling reactions, alcohol oxidation, Baeyer-Villiger oxidation,
sulfoxidation, ezc. ¥ Till date, research has been conducted on the
catalytic aspects of the newly synthesized metal complexes to find
a better catalyst with remarkable yield and selectivity over the
desired product(s).

The oxidation of alcohols is one of the most important
functional transformations in synthetic organic chemistry. This
can be done by following several methods and using different
reagents.® However, these reactions are often done with stoichio-
metric amounts of the reactants. The generation of inorganic
salt(s) mixed with the target molecules demands time and labor
for the work-up procedure. To avoid these problems, suitable
catalysts may be used. Copper(u)-phenoxyl radical complexes as
the model of the reaction of galactose oxidase can oxidize
primary alcohols into aldehydes.’ Galactose oxidase is a fungal
enzyme with one copper atom at the active site; it has a square
pyramidal geometry and it catalyzes the oxidation of a number of
primary alcohols to aldehydes.®

A number of Schiff-base complexes of copper(u) ions have
been developed where different aldehydes, e.g. salicylaldehyde
or its derivatives, were used for the formation of Schiff-bases."*
Copper (i) complexes have been synthesized with these ligands
where 1, 2, 3 or more copper atom(s) are present in the asymmetric
unit. These complexes find applications in many fields; in
particular N,N donor and N,O donor ligands have been used
for the preparation of copper complexes with different nuclearities

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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as a catalyst for the oxidation of alcohols."> However, in spite of the
excellent results obtained, there is still scope for the improvement
of the activity of the catalysts with respect to yield and time.

In this context, we report here the synthesis, characterization
and catalytic properties of mono-, tri- and polynuclear copper (i)
complexes, [Cu(L")Cl,] (1), [Cus(L*),Cly] (2) and [Cu(L?)N;], (3)
respectively, where L' = 2-morpholino-N-(pyridin-2-yl-
methylene)ethanamine, HL®> = 4-bromo-2-((2-morpholino-
ethylimino)methyl)phenol and HL? = 4-chloro-2-((2-(dimethyl-
amino)ethylimino)methyl)phenol. These complexes have been
synthesized and characterized by standard methods including
single crystal X-ray diffraction analysis. These complexes have
been used as catalysts for the oxidation of benzyl alcohols with
tert-butylhydroperoxide (TBHP) as the oxidant under ambient
conditions. We have chosen these ligands to create a coordination
environment similar to that in galactose oxidase and create
variation in the nuclearity of the complexes to compare the
catalytic results obtained under identical conditions.

Experimental section
Materials and physical methods

Pyrydine-2-carboxaldehyde, 5-chloro-2-hydroxybenzaldehyde,
N-methyl-1,3-diaminopropane, 5-bromo-2-hydroxybenzaldehyde,
4-(2-aminoethyl)morpholine, copper(u) perchlorate hexahydrate,
copper(u) chloride dihydrate and sodium azide were purchased
from Sigma Aldrich and used without further purification. Other
reagents were obtained from commercial sources and used as
received. Solvents were purchased from commercial sources and
were used for synthesis without further purification, while purified
and dried solvents'® were used for spectroscopic measurements.
Elemental analyses (carbon, hydrogen and nitrogen) were per-
formed using a Perkin-Elmer 2400C elemental analyzer. The
FT-IR spectra of the samples were obtained on a Perkin Elmer
spectrometer (Spectrum Two) by using the attenuated total
reflectance (ATR) technique. The UV-visible spectral measure-
ments were done in an Agilent 8453 diode array spectrophoto-
meter. The analysis of the reaction mixture of catalytic reactions
was performed with a Shimadzu made next generation high speed
gas chromatography system (model: GC-2025 AF) equipped with a
fused silica capillary column and a FID detector. The cyclic
voltammetric measurements were performed on a CHI Electro-
chemical workstation. A platinum wire working electrode, a
platinum wire auxiliary electrode and a Ag/AgCl reference
electrode were employed in a standard three-electrode configu-
ration. BuyNPF, was used as the supporting electrolyte in CH;CN
and the scan rate was 50 mV s~ under nitrogen atmosphere.
All the experiments were carried out at room temperature in air
unless reported otherwise.

Synthesis of [Cu(L")Cl,] (1)
4-(2-Aminoethyl)morpholine (0.5 mmol, 0.065 mL) was added
to a methanolic solution (10 mL) of 2-pyridinecarboxaldehyde

(0.5 mmol, 0.053 mL) under stirring condition. The mixture was
stirred for 30 min. Then the resulting solution was refluxed for 5 h.
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The color of the mixture turned orange. The mixture was then
cooled and it was used as ‘ligand (L")’ without any characteri-
zation and further purification. The solution of L' in methanol
was allowed to cool to room temperature. Then, a methanolic
solution (10 mL) of copper(u) chloride dihydrate (0.5 mmol,
0.067 g) was added to the ligand solution. The mixture was
stirred until it turned greenish. It was then refluxed for 1 h. The
color of the solution became dark green. The mixture was
finally cooled to room temperature and filtered to remove any
precipitate or suspended materials. The filtrate was kept at
ambient temperature. Green crystals suitable for X-ray diffraction
studies were produced after a few days.

Data for 1: yield (65%); C, H, N analysis: anal. calc. for
C1,H;,ClL,CuN;0: C, 40.74; H, 4.84; N, 11.88; found: C, 40.54; H,
4.57; N, 11.98%.

Synthesis of [Cus(L?),Cl,] (2)

4-(2-Aminoethyl)morpholine (0.5 mmol, 0.065 mL) was added
to a methanolic solution (10 mL) of 5-bromo-2-hydroxybenzaldehyde
(0.5 mmol, 0.100 g) and stirred. The mixture was refluxed for 2 h
forming an orange solution of Schiff base ligand. The mixture was
then cooled and it was used as ‘ligand (HL?)’ without any character-
ization and purification. A methanolic solution of copper(n) chloride
dihydrate (0.5 mmol, 0.067g) was added to the solution of HL* and
the mixture was stirred for 30 min when it turned greenish. It was
then refluxed for 1 h. The color of the solution turned dark green.
The mixture was cooled and filtered to remove any undissolved or
precipitate materials. The filtrate was kept at ambient temperature.
Black single crystals suitable for X-ray diffraction analysis were
obtained within a few days.

Data for 2: yield (28%); C, H, N analysis: anal. calc. for
C,6H3,Br,CL,Cu;N,04: C, 32.64; H, 3.37; N, 5.86; found: C,
32.54; H, 3.22; N, 5.68%.

Synthesis of [Cu(L*)N;], (3)

N-Methyl-1,3-diaminopropane (0.6 mmol, 0.0528 g) was added to
a methanolic solution (10 mL) of 5-chloro-2-hydroxybenzaldehyde
(0.6 mmol, 0.093 g) under stirring condition. The mixture was
stirred for 30 min and then it was refluxed for 2 h. The resulting
solution was orange in color. The mixture was then cooled and it
was used as ‘ligand (HL’) without any characterization and
purification. A methanolic solution (10 mL) of copper(u) perchlorate
hexahydrate (0.6 mmol, 0.222 g) was added slowly to the ligand
solution of HL? under stirring condition. The stirring continued for
30 min. The mixture turned greenish. Sodium azide (0.6 mmol,
0.039 g) in methanol/water mixed solvent (methanol:water (v/v)
ratio 1:2) (2 mL) was added dropwise with constant stirring.
The color of the solution became dark. The resultant mixture
was refluxed for 1 h when the mixture became dark green. The
mixture was then cooled to room temperature and filtered to
remove any undissolved or suspended materials. The filtrate
was kept at ambient temperature. Green single crystals suitable
for X-ray diffraction analysis were produced within a few days.

Data for 3: yield (55%); C, H, N analysis: anal. calc. for
C,,H,,CICuN;O: C, 39.88; H, 4.26; N, 21.14; found: C, 39.79; H,
4.22; N, 20.97%.
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X-ray data collection and structure determination

Details of the data collection and refinement parameters for
complexes 1, 2 and 3 are summarized in Table 1. The diffraction
experiments were carried out on a Bruker SMART 1000 CCD
diffractometer for 1 and on a Bruker APEX-II CCD diffractometer
for 2 and 3 using graphite monochromated Mo Ko radiation at
294(2) K. Data were processed using the Bruker APEX2 and SAINT
packages."* Absorption corrections based on multi-scans using
the SADABS software'* were applied to the intensity data. The
structures were solved by direct methods using SHELXT" and
refined with full-matrix least-squares on F* on all unique reflec-
tions using SHELXL-2014/7."° All the non-hydrogen atoms of the
complexes were refined anisotropically. The crystal selected for
the X-ray diffraction experiment of 1 and 3 was refined as a
merohedral twin with a fractional contribution of the minor
component of 0.18(3) and 0.03(2), respectively. In 1, the poor
quality of the crystal and the presence of twinning may account
for the limited overall precision of the structure, the presence of
high residual peaks and the relatively high R and wR, values.

CCDC 1535655, 1535654, 1535653 contain the supplemen-
tary crystallographic data for 1, 2 and 3 respectively.

Alcohol oxidation

Primary alcohol oxidation was achieved by using tert-butyl hydro-
peroxide as an oxidant in the presence of copper(u) complexes as a
catalyst. Typically, 0.5 mmol of the substrate (alcohol) in 5.0 mL
of acetonitrile was taken in a two-necked round-bottomed
flask connected with a condenser, followed by the addition of
0.025 mmol of the copper(u) complex. The temperature of the
mixture was maintained by a thermostat. 0.5 mmol of tert-butyl
hydroperoxide was added to the mixture to initiate the catalytic
reaction under stirring condition. Aliquots from the mixture

Table 1 Crystal data of complexes 1, 2 and 3

View Article Online

Paper

were collected at regular time intervals. The reaction mixture was
analyzed by gas chromatography. The substrate and product(s)
were identified by comparison with known standards.

Blank experiments, namely oxidation of the alcohols, were
performed in the absence of any catalyst under the same
experimental conditions.

Results and discussion

Synthesis and characterization

L', HL? and HL® have been synthesized by one-step Schiff-base
condensation between an aldehyde and the respective amine in
1:1 molar ratio in methanol. The ligands were not characterized
and used for complex formation without further purification.
Complex 1 was obtained by the reaction between L' and CuCl, in
1:1 molar ratio. The reaction between HL? and CuCl, led to the
formation of 2. However, the reaction of copper(u) perchlorate,
HL? and sodium azide in 1:1:1 molar ratio produced 3. Both,
HL? and HL® underwent deprotonation in the reaction medium
without any external deprotonating base.

The FT-IR spectra of all of the complexes were obtained with
powder sample by the ATR technique (Fig. S1-S3, ESIt). The
peaks at 1651, 1633 and 1628 cm ™' in the spectra of complexes
1, 2 and 3, respectively indicate the presence of an azomethine
bond in the complexes. A strong peak at 2047 cm™ " in 3 confirms
the presence of an azido moiety.

The ESI-mass spectrometry measurements were performed
with methanolic solutions of the complexes (Fig. S4-S6, ESIt).
The mass spectrum of 1 shows an m/z peak at 316.96. This peak
may be attributed to the [Cu(L")CI]" fragment. The ESI-mass
spectrum of 2 exhibits an m/z peak at 507.27 which is due to the
presence of the [Cu,(L*)Cl,]" fragment. Complex 3 shows an m/z

Complex 1 2 3

Formula C1,H,5Cl,CuN;0O C,H3,Br,Cl,CuzN,O, C11H14CICuN;O
Formula weight 353.72 956.79 331.26

T (K) 294(2) 294(2) 294(2)
Crystal color Dark green Black Green
Crystal system Orthorhombic Orthorhombic Monoclinic
Space group Pca2, Phca Cc

a (A) 24.123(6) 9.1230(9) 13.5037(6)
b(A 6.7026(16) 16.1575(15) 16.8086(6)
c(A) 17.890(4) 21.934(2) 6.7657(3)

« () 90.00 90.00 90.00

B 90.00 90.00 119.501(4)
7 () 90.00 90.00 90.00

Vv (A% 2892.6(12) 3233.2(5) 1336.56(11)
V4 8 4 4

Crystal dimensions (mm)

0.10 x 0.16 x 0.23

F(000) 1448

D, (g em™) 1.625

J (Mo Ku) (A) 0.71073

0 range (°) 1.7-25.2
Reflection collected/unique/observed 29647, 5223, 4611
Absorption correction Multi-scan

Rine 0.067

Final R, index [I > 20(1)] 0.053

Final wR, index (all reflections) 0.134
Goodness-of-fit 1.05
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0.11 x 0.23 x 0.32
1892

0.06 x 0.09 x 0.16
676

1.966 1.646

0.71073 0.71073

1.9-25.2 2.1-25.5

30022, 2926, 2501 9687, 2448, 2252
Multi-scan Multi-scan

0.045 0.034

0.026 0.029

0.071 0.063

1.04 1.04
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peak at 347.97 and this peak may arise due to the presence of
the [Cu(L*)(N;)CH;0]" fragment.

The room temperature magnetic susceptibilities of all of the
complexes were measured with powder samples using the Guoy
balance method. Complexes 1, 2 and 3 are expected to exhibit
different magnetic moment values as the number of unpaired
electron(s) and the geometry of the complexes are different. The
magnetic moments of complexes 1, 2 and 3 have been determined
to be 1.64, 2.90 and 1.53 BM, respectively. The asymmetric units of
complexes 1 and 3 contain only one copper(u) center. Complex 3
shows a slightly lower magnetic moment value than the calculated
values indicating the presence of weak antiferromagnetic inter-
action in the complex at room temperature. The calculated
magnetic moment of complex 2 at room temperature is 3.87 BM
as there are three copper(u) centers.'”” However, the measured
magnetic moment of the complex signifies the presence of a
moderately strong antiferromagnetic interaction between the
metal centers.

UV-vis spectral studies

The electronic spectra of complexes 1, 2 and 3 were recorded in
methanol at room temperature (Fig. S7-S9, ESIt). UV-vis spectra
of complexes 2 and 3 were also obtained in the solid state at
room temperature (Fig. S10 and S11, ESIY}).

For complex 2, high intensity bands appear at 374 and 295 nm
(molar extinction coefficient: 9000 M~ " s~ ' and 13000 M " s/,
respectively) which may be attributed to the ligand to metal
charge transfer (PhO~ — Cu(n), N(amino) — Cu(u)) and intra-
ligand charge transfer. The UV-vis spectrum of complex 3
exhibits high intensity bands at 382 nm and 321 nm with molar
extinction coefficients of 44000 M~" s~ and 7000 M~" s~"
respectively. These bands are probably due to PhO™ — Cu(n),
N(amino) — Cu(u) LMCT. Another band at 291 nm with a molar
extinction coefficient of 11000 M~ s is probably due to the
intraligand charge transfer transition.

Complexes 1, 2 and 3 show broad bands centered at
700, 640 and 680 nm respectively with low intensity in methanol.
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These spectral characteristics are consistent with copper(u)
complexes of distorted square pyramidal (SP) geometry. The
observed bands originate from d, d,, — de_, transitions'®
and they may or may not be accompanied by a low-energy shoulder
(>800 nm). A low energy single d-d band at >800 nm
(dyy, dye_y2 — dj2) with a high energy shoulder (spin forbidden,
dyz, dy; — d;2) is typically observed in the trigonal bipyramidal
(TBP) geometry. Thus, the copper atoms in complexes 2 and 3
are in a distorted SP environment which is further evident from
their solid state electronic spectra. Solid state spectra (Fig. S10
and S11, ESIt) show bands with maxima at 680 and 683 nm for
2 and 3 respectively along with other peaks indicating the
presence of a distorted SP geometry in the solid state.

Crystal structures of complexes 1, 2 and 3

The ORTEP plot of the asymmetric unit of complex 1 is provided
in Fig. 1. Selected bond lengths and angles for complexes 1, 2
and 3 are given in Table 2.

The mononuclear complex 1 crystallizes from methanol in
the orthogonal system, space group Pca2;, with two complex
molecules of similar geometry in the asymmetric unit. In each
molecule the copper atom is coordinated by the N donor atoms
of the neutral ligand L' and by two chloride anions in a
distorted square pyramidal geometry as indicated by the value
of the trigonal index t. The trigonal index is calculated as the
difference between the two largest donor-metal-donor angles
divided by 60. Its value is 1 for an ideal trigonal bipyramid and
0 for a square pyramid.'® The values of 7 are 0.028 and 0.027 for
atoms Cul and Cu2, respectively, indicating that the coordina-
tion environments are nearly ideal square pyramidal. The Cul
and Cu2 metals are displaced by 0.3380(9) and 0.3383(9) A with
respect to the corresponding basal plane formed by atoms
N1/N2/N3/Cl1 and N4/N5/N6/Cl3, respectively. In the crystal,
the C-H- - -O hydrogen bonds (Table S1, ESIT) between aromatic
H atoms and the oxygen atoms of the morpholino moieties lead to
the formation of molecular chains parallel to the a axis. In addition,
the adjacent chains are connected into a two-dimensional double

Fig. 1 A perspective view of the asymmetric unit of complex 1 with displacement ellipsoids drawn at the 50% probability level.
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Table 2 Selected bond lengths (A) and bond angles (°) of complexes
1, 2and3

Complex 1

Cul-N1 2.058(6) Cu2-N4 2.052(6)
Cul-N2 1.985(7) Cu2-N5 1.975(7)
Cul-N3 2.082(6) Cu2-N6 2.099(6)
Cu1-Cl1 2.258(2) Cu2-Cl3 2.256(2)
Cul-Cl2 2.480(3) Cu2-Cl4 2.475(3)
N2-Cul-N1 79.4(3) N5-Cu2-N4 79.5(3)
N2-Cu1-N3 81.5(3) N5-Cu2-N6 81.7(3)
N1-Cul-N3 158.5(2) N4-Cu2-N6 158.7(3)
N2-Cul-Cl1 156.8(2) N5-Cu2-Cl3 157.1(2)
N1-Cul-Cl1 96.1(2) N4-Cu2-Cl3 96.2(2)
N3-Cul-Cl1 97.79(19) N6-Cu2-Cl3 97.25(19)
N2-Cul-Cl2 97.1(2) N5-Cu2-Cl4 97.2(2)
N1-Cul-Cl2 94.0(2) N4-Cu2-Cl4 94.7(2)
N3-Cul-CI2 97.85(19) N6-Cu2-Cl4 97.5(2)
Cl1-Cu1-CI2 105.88(9) Cl3-Cu2-Cl4 105.64(9)
Complex 2

Cu1-01 1.9546(19) Cu2-N2 2.048(2)
Cul-Cl1 2.8787(8) Cu2-01 1.980(2)
Cul-Cl2 2.3327(8) Cu2-Cl1 2.2713(9)
Cul- - -Cu2 2.9512(4) Cu2-CI2 2.6982(9)
Cu2-N1 1.944(2)

01-Cu1-01' 180 N1-Cu2-N2 85.53(10)
01-Cul-CI2. 85.39(6) 01-Cu2-N2 171.69(9)
01-Cu1-Cl2' 94.61(6) N1-Cu2-Cl1 157.08(8)
01-Cul-Cl1 74.03(6) 01-Cu2-Cl1 89.55(6)
01-Cul-Cl1" 105.97(7) N2-Cu2-Cl1. 97.05(7)
Cl1-Cu1-Cl1' 180 N1-Cu2-Cl2! 109.15(8)
Cl1-Cu1-Cl2. 87.24(6) 01-Cu2-Cl2! 75.51(7)
Cl1-Cu1-CI2! 92.76(6) N2-Cu2-Cl2" 99.01(7)
Cl2-Cu1-Cl2! 180 Cl1-Cu2-CI2! 93.00(3)
N1-Cu2-01 90.35(9)

Complex 3

Cul-01 1.916(4) Cul-N1 1.987(5)
Cul-N2_ 2.045(5) Cul-N3 2.028(5)
Cul-N3" 2.427(5)

01-Cul-N1 90.65(19) 01-Cu1-N3 88.11(19)
N1-Cul-N3 155.11(19) 01-Cul-N2 173.4(2)
N1-Cul-N2_ 95.70(17) N3-Cu1-N2 86.8(2)
01-Cu1-N3" 85.35(17) N1-Cul-N" 96.77(18)
N3-Cu1-N3" 107.9(2) N2-Cu1-N3" 92.24(19)

Symmetry codes: (i) —x, 1 —y,1 — z; (ii) x, 1 — y, —1/2 + z.

layer parallel to the ab plane by the C-H-:--Cl hydrogen bonds
(Fig. 2).

The ORTEP plot of the asymmetric unit of complex 2 is
shown in Fig. 3. The discrete molecule of complex 2 consists of
three copper atoms, two 2-((2-morpholinoethylimino)methyl)-4-
bromophenol Schiff-base ligands deprotonated at the O atoms
(L), and four p-bridging chlorine atoms. The trinuclear complex
has crystallographically imposed inversion symmetry, with the
Cul metal lying on the Wyckoff special position 4a of the space
group Pbca. Cul is coordinated to four p,-Cl atoms and two
W-phenoxido oxygen atoms in a remarkably distorted octahedral
geometry elongated along the Cul-Cl1 bonds. Atom Cu2
coordinates to the O1 bridging phenoxido oxygen, the N1 and
N2 atoms from the HL” ligand, and two p1,-Cl atoms in a distorted
square pyramidal geometry as indicated by the 7 value of 0.243.
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Atoms O1, N1, N2 and Cl1 constitute the basal plane whereas Cl2
occupies the apical position. Cu2 is out of the mean basal plane
towards Cl2 by 0.1751(4) A. In the crystal, there exist both
C-H- - -Cl and C-H- - -Br hydrogen bonds (Table S2, ESIt) linking
molecules into a three-dimensional network (Fig. 4).

The asymmetric unit of complex 3 is given in Fig. 5. The
asymmetric unit of complex 3 consists of one CuL® moiety includ-
ing one 2-((3-(methylamino)propylimino)methyl)-4-chlorophenol
ligand deprotonated at the O atoms (L?), and one azido anion.
The Cu metal exhibits a distorted square pyramidal coordination
geometry provided by the O- and N-donor atoms of the Schiff
base, and by the N atoms of two p-azido anions, with atoms O1,
N1, N2 and N3 at the basal plane and atom N3" occupying the
apical position (ii =x, 1 — y, —1/2 + z). The Cu metal protrudes by
0.1500(8) A from the mean basal plane, which shows a remark-
able tetrahedral distortion (r.m.s. = 0.2501 A; maximum displa-
cement 0.340(7) A for atom N3). The amplitude of the distortion
from the ideal square pyramidal geometry may be inferred also
from the value of 0.306 of the trigonal index 7. The azido anion
acts as an end-on bridging group (u, ,) linking the CuL’® moieties
into polymeric chains running parallel to the ¢ axis (Fig. 6).
Within the chains N-H-: - -N hydrogen bonds involving the terminal
N5 azido nitrogen atoms are observed (Table S3, ESIt). In the
crystal, the adjacent chains interact through the C-H:-N
hydrogen bonds to form a three-dimensional network.

Electrochemical studies

Electrochemical studies of all of the copper(u) complexes were
carried out in acetonitrile using TBAP as a supporting electrolyte.
A typical cyclic voltammogram (CV) was obtained by using a Pt
working electrode and an Ag/AgCl reference electrode. The CV of
1 (Fig. 7) shows a quasi-reversible reduction in the negative
potential region indicating conversion of Cu(u) species to Cu(i).
The plot in this region shows a peak at a potential of —0.05 V
with a corresponding i, value of —1.21 x 107 A. Cu(1) is
oxidized back to Cu(u) as indicated by a peak at —0.31 V with
the corresponding i,, of 2.54 x 10~> A. E, ), was determined as
—0.18 V. The copper center’s interaction with the ligand system
may be the probable cause of the quasi-reversibility.

Coming to any probability of any further oxidation of the
Cu(u) center, a scan was done in the positive potential region
(Fig. 8). The plot shows a possible oxidation of Cu(u) — Cu(m)
with a peak at a potential of 0.22 V and I, of 5.31 x 10 ° A
which completes a quasi-reversible cycle as it gets reduced back
to Cu(u), yielding a peak at 0.36 V and I,. of —7.48 x 10 ° A.
E, ), was determined to be 0.29 V.

The CV of the trinuclear copper complex, 2, shows a quasi-
reversible reduction of Cu(u) to Cu(i) (Fig. 9a). The reduction
from Cu(u) to Cu(i) occurs in the forward sweep as shown in
the peak value of —0.88 V with an I, of —3.17 x 10~ A. The
trinuclear complex, as shown in the crystal structure, has two Cu
atoms in identical positions while the other one, which links both
the other Cu atoms, has a different electronic environment. It is
possible that when the potential is applied in the forward sweep,
the three Cu atoms end up experiencing an overall similar
electronic environment due to some electronic delocalization.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017


https://doi.org/10.1039/c7nj00846e

Published on 25 May 2017. Downloaded by Jadavpur University on 9/5/2022 8:21:50 PM.

Paper

View Article Online

NJC

c

Fig. 2 Partial crystal packing of complex 1 approximately viewed down the b axis, showing the formation of molecular double layers parallel to the ab
plane by the C-H---O and C-H---Cl hydrogen bonds (dashed lines). H atoms not involved in intermolecular hydrogen bonds are omitted for clarity.

Fig. 3 The molecular structure of complex 2 with displacement ellipsoids
drawn at the 50% probability level. Symmetry code: (i) —x, 1 —y, 1 — z.

This might have caused the three Cu centers to behave identi-
cally and give one reduction peak while getting reduced to Cu()
species. In the reverse sweep, while getting oxidized it shows
two major peaks ie. at —0.77 V with an I, of 9.94 pA and
another at —0.50 V with a corresponding I, of 9.41 pA.
The presence of two peaks here can be explained by the fact
that probably after getting reduced to Cu() species, the electronic
environment changes in such a manner that the two Cu atoms
start behaving differently due to the probable lack of the electronic
delocalization which had earlier caused them to behave similarly.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017

Hence, we get two peaks for the oxidation of two Cu centers from
Cu(1) to Cu(u).

A scan in the positive potential region of the trimeric
complex shows oxidation of Cu(u) species to Cu(u) species
(Fig. 9b). The forward sweep is an oxidation forming Cu(um)
with a peak potential of 0.308 V and a corresponding I,,, of 1.96 pA.
This tripositive species gets reduced back in the backward sweep
with a potential of 0.418 V and I,. of —1.52 pA.

The CV of the polynuclear complex, 3 (Fig. 9¢), shows an
almost reversible reduction at the Cu center as Cu(u) gets
reduced to Cu(1) at —0.92 V with an I,. of —=7.10 x 107 A
which again gets oxidized back to Cu(u) at —0.70 V with an I,, of
7.90 pA. The positive potential region shows a quasi-reversible
oxidation process wherein the Cu(u) is oxidized to Cu(i). In the
forward sweep, the Cu(u) gets oxidized to Cu(m) with a potential
of 0.79 V and I, of 1.96 pA and gets reduced back to Cu(u) with
a potential of 0.80 V and I,c of —5.31 pA. One irreversible peak
is observed at 1.15 V, which may be attributed to the irreversible
reduction of the ligand.

Alcohol oxidation studies

The ability of complexes 1, 2 and 3 to catalyze organic trans-
formation reactions was checked. These complexes shows
galactose oxidase mimicking activity, i.e. they act as catalyst
for the oxidation of benzyl alcohol, 4-methyl benzyl alcohol,
4-methoxy benzyl alcohol, 4-nitro benzyl alcohol and 4-bromo
benzyl alcohol in the presence of tert-butylhydroperoxide
(TBHP) as the oxidant. The corresponding aldehyde has been
obtained as the sole product. The results of the oxidation
reactions are given in Table 3.

It may be inferred from the table that complex 1 performs
better in comparison to the other two complexes as a catalyst
for the alcohol oxidation for all the substrates. Conversion of
benzyl alcohol is 90% with 1 whereas with complexes 2 and 3,
the yields are 70 and 50%, respectively, indicating a much
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Fig. 4 Packing diagram of 2 showing the H---Cl and H---Br hydrogen bonds (dashed lines). Hydrogen atoms not involved in hydrogen bonding are

omitted.

Fig. 5 The molecular structure of complex 3 with displacement ellipsoids
drawn at the 40% probability level. Symmetry codes: (i) x, 1 — y, —1/2 + z;
(i) x,y, =1+2z(i)x 1 -y 1/2 + z.

lower activity of the latter two catalysts. When varying
the substrates by introducing an electron pushing and
electron withdrawing group in the aromatic ring of benzyl
alcohol the trends of conversion are the same, i.e. the highest
conversion is achieved with 1, then with 2 and least with
complex 3. In the case of 4-methoxy benzyl alcohol, the yield is
increased slightly with each of the catalysts. However, the
presence of a bromo or nitro group in the aromatic ring
decreases the yield to 78 and 74% respectively in the presence

5702 | New J. Chem., 2017, 41, 5696-5706

of complex 1. Only 44% yield is achieved for 4-nitro benzyl
alcohol with complex 3 as a catalyst. Aliquots from the
reactions mixture were collected at regular time intervals
and analyzed to check the progress of the reaction. The plots
of time vs. yield for complexes 1, 2 and 3 are given in Fig. 10
and Fig. S12 and S13 (ESIY) respectively. It is evident that the
yield of the reaction increases with passage of time for all
of the catalysts, the maximum being observed after 14 h of
reaction.

Blank reactions with all the substrates were carried out
under the same experimental conditions but without any
catalyst. It is to be noted that in the case of a blank reaction,
the reaction proceeds very slowly and shows very poor conver-
sion (Table 3, entry 4). It takes much longer time for the
conversion of the alcohol into the aldehyde. In other words,
when we compare the yield of a particular reaction in the same
duration of time, e.g. 2 h, with and without a catalyst, there is
almost no conversion of alcohol to the corresponding aldehyde
in the initial time frame while the presence of a copper complex
as a catalyst increases the yield of aldehyde manifold. These
facts signify the importance of the copper(u) complexes as
catalysts.

The effect of elevated temperature on the reaction rate and
yield was also examined. At higher temperature, the reaction
proceeds slowly and produces lower yield. Moreover, the
solution turned a little brownish after being subjected to the
reaction condition of 338 K. This probably indicates that
the structure of the catalyst got altered, hence rendering
it ineffective in catalytic reactions at temperatures higher
than 298 K.

In order to investigate the role of the solvent and define
whether the catalyst could actively participate in the oxidation

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fig. 6 Crystal packing of complex 3 displaying the formation of one-dimensional chains parallel to the c axis linked into layers parallel to (110) by
C—-H---N hydrogen bonds (dashed lines). Hydrogen atoms not involved in hydrogen bonding are omitted for clarity.
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Fig. 7 Cyclic voltammogram showing reduction at the Cu center of
complex 1.

process under homogeneous conditions, the oxidation of benzyl
alcohol was performed in different solvents and the yields
obtained are listed in Table 4.

The solubility of complex 1 increases in the following order:
acetonitrile > dichloromethane > hexane. The reaction in
hexane showed almost no conversion probably because of the
low solubility of the catalysts in this solvent; hence the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fig. 8 Cyclic voltammogram showing oxidation at the Cu center of
complex 1.

conversion yields were comparable to those obtained in the
blank reactions. When dichloromethane was used, the reac-
tions produced lower yields in comparison to acetonitrile; the
latter was therefore selected as the solvent of choice. Another
possible explanation for the better yield achieved with acetoni-
trile may be found in the propensity of this solvent to stabilize
Cu(1) species through coordination.
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Fig. 9 Cyclic voltammogram showing reduction at the Cu center of complex 2 (a) and 3 (c); CV showing oxidation at the Cu center of complex

2 (b) and 3 (d).
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Fig. 10 Plot of yield vs. reaction time for complex 1.

The catalytic reactions of benzyl alcohol as a representative
substrate with complexes 1, 2 and 3 were also performed in the
presence of TBHP under anaerobic conditions in order to
investigate the role of oxygen, if any, in the oxidation. The
results of the catalytic reactions under anaerobic conditions
are given in Table 5, showing that the yield of benzaldehyde
with each catalyst decreases to some extent. This fact indicates

5704 | New J. Chem., 2017, 41, 5696-5706

that oxidation of alcohol is mainly due to the oxidant, TBHP,
not the oxygen of air which, at most, may influence the catalysis
slightly.

The catalytic reactions were also carried out with varied
amounts of catalyst. The results, however, indicated that the
effects in terms of reaction yield were not significant, thus for
all complexes a 1:20 catalyst/substrate ratio was used. Finally,
unsuccessful attempts to recover and reuse the complexes after
the reaction were carried out in anticipation of recycling the
catalyst. In fact, the IR spectra of the compounds collected
and dried after the catalytic reactions suggested a substantial
decomposition of the complexes, thus preventing their reuse as
catalysts.

A possible mechanistic pathway for the oxidation of benzyl
alcohol may be proposed based on the present work and results
that were obtained from earlier studies. It is known that the
reactions between TBHP and Cu(i1) may lead to the formation of
tBuO* radicals and Cu(1) species.”® This radical is known to be a
hydrogen atom abstractor from alcohols.>" Thus, the mechanism
for this type of oxidation may occur via radical generation as
proposed by Pombeiro and others.>*

It is clear from the electrochemical studies that reduction of
Cu(n) to Cu(i) in complex 1 occurs at the potential of —0.05 V;
for complexes 2 and 3, the values at which reduction of Cu(u) to
Cu(i) occurs are —0.88 and —0.92 V, respectively. These values

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Table 3 Oxidation? of primary alcohols with complexes 1, 2 and 3

View Article Online

NJC

OH

CHO

Catalyst, TBHP

X

Y

X

Yield” % for benzyl ~ Yield % for 4-methyl

Yield % for 4-methoxy

Yield % for 4-bromo Yield % for 4-nitro

Entry  Catalyst  alcohol (TONY) benzyl alcohol (TON)  benzyl alcohol (TONF) benzyl alcohol (TON)  benzyl alcohol (TON?)
1 1 90 (18) 90 (18) 92 (18.4) 78 (15.6) 74 (14.8)

2 2 70 (14) 72 (14.4) 74 (14.8) 65 (13) 63 (12.6)

3 3 50 (10) 51 (10.2) 53 (10.6) 48 (9.6) 44 (8.8)

4 Blank? 9 10 9 7 10

“ Oxidant: TBHP; temperature: 298 K; solvent: acetonitrile. ? Yield calculated after 14 h.  TON: turnover number = number of moles of product/
number of moles of catalyst. ¢ Catalytic reaction without any catalyst under identical conditions.

Table 4 Oxidation of benzyl alcohol in various solvents

Yield (%) Yield (%) Yield (%)
Catalyst in hexane in DCM in acetonitrile
Complex 1 21 77 90
Complex 2 13 47 60
Complex 3 10 33 40

Table 5 Oxidation of benzyl alcohol with complexes 1, 2 and 3 under
anaerobic conditions

Catalyst Yield (%)
Complex 1 75
Complex 2 50
Complex 3 35

indicate that reduction of the metal center is most easy for 1,
then 2 and most difficult for 3. Formation of Cu(1) is necessary in
the catalytic reaction as discussed in the possible mechanism. The
system where the formation of Cu(r) is most feasible should be
most active in the oxidation reaction. Thus, the results obtained in
the electrochemical and catalytic studies corroborate perfectly
establishing complex 1 as the most active catalyst among them all.

Conclusions

In the present paper, the synthesis and characterization by
elemental analysis, spectral analysis and single crystal X-ray
diffraction of three novel mono-, tri- and polynuclear copper(u)
complexes have been reported.

These complexes show galactose oxidase mimicking activity
making them able to catalyze the oxidation of primary alcohols
to the corresponding aldehydes. Among the three complexes,
the mononuclear complex shows a far superior catalytic activity
compared to the tri- and polynuclear complexes.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Cu- and Ni-Grafted Functionalized Mesoporous Silica as
Active Catalyst for Olefin Oxidation

Aradhita Bhattacharjee*,” Trisha Das*,"” Hiroshi Uyama,' Partha Roy,* and

Mahasweta Nandi*™

Mesoporous silica has been functionalized with 3-aminopropyl
triethoxy silane (3-APTES), followed by Schiff-base condensation
with 2-hydroxy-1-naphthaldehyde. Incorporation of copper and
nickel by covalent grafting onto the Schiff-base loaded
materials gives two heterogenized catalysts namely, Cu-Cat
and Ni-Cat, respectively. The materials have been characterized
by PXRD analyses, nitrogen sorption studies, TEM, TGA, FT-IR,
UV-visible and solid state MAS-NMR spectroscopy. The metal-
contents in the samples are estimated using ICP-AES studies.
Cu-Cat and Ni-Cat have been used as active catalyst in the

Introduction

Transition metal catalyzed organic transformations are of great
importance because they can not only help to achieve valuable
products but also new functional groups are introduced in
comparatively inert starting materials. Oxidation of olefins and
alkanes is important because a large quantity of these materials
is available in nature in the form of fuel and gas. Desired
products/fine chemicals are obtained from these materials.
Transition metal compounds play a pivotal role in their trans-
formation.

Transition metal compounds with copper(ll) and nickel(ll)
are widely used as catalyst in different reactions e.g. oxidation
of alkane,"™ C—S coupling,”” epoxidation of olefins,”® sulfox-
idation,”'? alcohol oxidation,"" C—C bond formation,">'*'4
hydrogenolysis,”"*'® etc."”'® Cu(ll) or Ni(ll) compounds are used
because they are relatively cheap and effective as catalyst.
Oxidation of alkane in the presence of copper(ll) catalysts often
produces corresponding alcohol and aldehyde while alkene
oxidation is generally done with hydrogen peroxide, tert-butyl
hydroperoxide, iodosyl benzene, molecular oxygen, etc. as
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oxidation of various olefins e.g. styrene, a-methyl styrene,
cyclohexene, trans stilbene and cyclooctene in the presence of
tert-butyl hydroperoxide as the oxidant in acetonitrile under
mild conditions. Different products have been analyzed by gas
chromatography and gas chromatography-mass spectrometry.
The results show high conversion of the substrates, moderate
to good product selectivity and high TOFs of the reactions. The
catalysts are recycled without deteriorating their activities and
heterogeneous nature.

terminal oxidant in the presence of a suitable catalyst to get
corresponding epoxide as the major product."® Conversion of
olefins into the corresponding epoxide is studied because
epoxides are important building blocks for the synthesis of
several organic fine chemicals and molecules with biological
importance. Epoxidation of olefins is also vital as it may induce
two chiral carbon centers.??" However, oxidation of alkenes
may lead to the formation of several other products.

Catalytic reactions are performed either in homogeneous
medium or in heterogeneous medium. Catalysis in heteroge-
neous medium has some advantages over that in homoge-
neous medium. Main problem associated with homogeneous
catalysis is separation of product(s) from the catalyst because
the substrate, oxidant, product and catalyst all remain in a
single phase. Simple filtration in heterogeneous catalysis is
employed to separate product and catalyst as catalyst in
heterogeneous medium is generally insoluble in liquid phase.
Heterogeneous catalyst can be reused for several times in same
organic transformation without deteriorating its efficiency and
character. A drawback in heterogeneous catalysis is leaching of
metal ion in solution which is not at all desirable. Under
catalytic condition, a small amount of metal ion that can leak in
solution will disturb the heterogeneous nature of the reaction.
Thus, heterogenized catalyst should be prepared in a manner
so that leaching does not occur. Strong binding of metal ion in
the solid matrix can prevent metal leaching.

For heterogenized catalyst, there should be a solid support
to which metal atoms are bonded strongly. There are different
types of solid support e.g. polymer,®? zeolite,* alumina,’*
silica,*?® graphene,” mesoporous carbon,*® carbon nano-
tube,”” metal-organic framework,?** metal oxide nanopar-
ticles,®¥ etc.?>*¥ Use of mesoporous silica as solid support adds
few advantages. Mesoporous silica has large surface area®”
which allows greater interaction between the metal center and

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the substrate thus increasing the efficiency of the catalyst. In
addition to that, the pore size of the silica support can be
tuned according to requirement. Suitable selection of template,
in the presence of which the mesoporous silica is synthesized,
can allow achieving the desired pore size. Silica framework is
thermally and chemically stable. Functionalization of silica
matrix can be done to introduce appropriate number/nature of
heteroatom (e.g. O, N or S) in the framework which can act as
strong binding sites for metal center. Covalent bonds are
formed when interaction between the functionalized material
and the metal ion takes place. Heteroatoms in the silica
framework are selected on the basis of possible hard-soft
interactions.

MO,BB] Ru,[”"“’] Pd,[“” Fe,[‘m Mn,[43] Cu,[“‘” Ni,[45] etc. 48 incorpo-
rated materials have been used as catalysts in C—H activation of
alkenes. We have effectively used copper(ll) complexes of
Schiff-base ligands as catalyst in the epoxidation of olefins in
homogeneous medium.”*’*¥ Impregnated copper(ll) or nickel(ll)
complexes with Schiff-base ligands on mesoporous silica can
turn homogeneous catalysts into heterogeneous ones and
these heterogenized catalysts have been effective in olefin
epoxidation in liquid phase.”*>" In these cases, transition metal
complexes have been synthesized and characterized by
standard techniques. These complexes were then immobilized
on to mesoporous silica to be used as the catalyst. However,
immobilized Cu-catalyst showed metal leaching in catalytic
solution. In this respect, covalently grafted metal incorporated
silica can be effective to stop metal leaching in solution under
catalytic conditions. 4-Methyl-2,6-diformylphenol functionalized
mesoporous silica supported copper(ll) and nickel(ll) catalysts
have been found to be active in liquid phase oxidation of
olefins.®? But there is scope to improve catalytic efficiency in
terms of conversion, reaction time, product selectivity, recycla-
bility, etc. So, thrust is to develop new and better catalyst for
important transformations.

We report here syntheses, characterization and heteroge-
neous catalytic properties of copper(ll) (Cu-Cat) and nickel(ll)
(Ni-Cat) incorporated mesoporous silica materials (Scheme 1).

0 NP e
0/\/\/\ O

o, HO
. NiCl.6H,0 N\ CuCl,.2H,0
Ni-Cat ¢—— o;su\/\/u\ O ——) Cu-Cat
o

Scheme 1. Syntheses of Cu-Cat and Ni-Cat.

[0 ——Si(CH;)sNH, —

Mesoporous
Silica

@ = (CH,)NH,

2-Hydroxy-naphthyl functionalized mesoporous silica® has

been used to anchor copper and nickel ions strongly by
covalent bond formation. Cu-Cat and Ni-Cat have been used as
catalyst in oxidation of styrene, a-methyl styrene, cyclohexene,

ChemistrySelect 2017, 2, 10157-10166 Wiley Online Library

10158

Chemistry
SELECT
Full Papers

trans stilbene and cyclooctene in the presence of tert.-butyl
hydroperoxide (TBHP) as the terminal oxidant under mild
conditions.

Results and discussion

Characterization of the framework, microstructure and
porosity

Powder X-ray diffraction study of all the samples from the
starting mesoporous silica to the catalysts has been carried to
elucidate their microstructure. The patterns for calcined meso-
porous silica, 3-APTES functionalized and 2-hydroxy-1-naphthal-
dehyde loaded silica are given in supporting information
(Figure s1) and those for the catalysts, Cu-Cat and Ni-Cat in
Figure 1. All the samples exhibit ordered 2D-hexagonal meso-

Intensity (arb. unit)

2 4 6 8
20 in Degrees

Figure 1. Powder X-ray diffraction patterns of (a) Cu-Cat and (b) Ni-Cat.

phase, evident from the three distinct diffraction peaks that can
be assigned to the 100, 110 and 200 planes and a weak one for
210 plane.’**® Nevertheless, the mesopore ordering in the
samples decreases to some extent in each step of modification
as reflected from the decrease in intensity of the peaks in the
diffraction patterns.

The nitrogen adsorption/desorption isotherms of the
calcined mesoporous silica and the catalysts are given in
Figure 2. The BET (Brunauer-Emmett-Teller) surface area and
pore volume of the calcined mesoporous silica (Figure 2a)
which is taken as the starting material are 992 m%g and 1.207
cc/g, respectively. On gradual functionalization the surface area
decreases as well as the pore volume. For 3-APTES functional-
ized and 2-hydroxy naphthaldehyde loaded silica (supporting
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Figure 2. Nitrogen adsorption desorption isotherms of (a) calcined mesopo-
rous silica, (b) Cu-Cat and (c) Ni-Cat (For clarity, the Y-axis values are offset
by 100 cc/g for plot b); Inset: Pore size distribution using NL-DFT model for
the respective samples (For clarity, the Y-axis values are multiplied by 20 and
10 for plots b and ¢, respectively).

information, Figure s2) the surface areas are 462 and 305 m%/g,
respectively whereas the corresponding pore volumes are 0.72
and 0.53 cc/g. The materials show a typical type IV isotherm
with steep rise due to capillary condensation at higher pressure
indicating that the samples are mesoporous.”*® The desorp-
tion hysteresis in the P/P, range of 0.6-1.0 that is observed for
the samples originate due to intercrystallite adsorption.®” The
pore volume of the Schiff base functionalized sample (0.53 cc/
g) containing N and O-donor sites suggests that there is
reasonable space to accommodate the metal ions inside its
pores. The nitrogen adsorption-desorption isotherms for the
catalysts, Cu-Cat and Ni-Cat (Figure 2b and c) also show similar
type IV isotherms suggesting their mesoporous structure (Y-axis
values are offset by 100 cc/g for plot b). The specific surface
area and pore volume of Cu-Cat and Ni-Cat are 209 and
213 m’g~", and 0.428 and 0.436 cc/g, respectively. The pore
diameter of the starting mesoporous silica as obtained from
the NL-DFT (Non-local density functional theory) model is
around ca. 4.0 nm and on functionalization and metal loading
the size of the pores decreases to ca. 2.5 nm (Inset of Figure 2).
The pore volume and pore size of the heterogeneous solid
catalysts are well-suited to carry out organic transformations
inside them.

The TEM images of the catalysts have been illustrated in
Figure 3. In supporting information, Figure s3, the TEM images
of calcined mesoporous silica, 3-APTES functionalized and 2-
hydroxy naphthaldehyde loaded silica are shown. In all the
materials, hexagonal arrangement of the pores with a different
contrast than the pore walls can be seen. With gradual
functionalization the ordering of the pores are affected, which
is not unusual. The pore sizes of the samples estimated from
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Figure 3. TEM images of (a) Cu-Cat and (b) Ni-Cat.

the TEM images are in close agreement with the pore size
obtained from nitrogen adsorption isotherms. Thus, the results
of small angle powder XRD patterns, gas adsorption and TEM
studies confirmed the existence of mesoporosity in the
samples.

The FT-IR spectra of the samples studied by ATR technique
are given in Figure s4. The 3-APTES functionalized mesoporous
silica shows a broad band in the region of 3625-2924 cm™ that
can be ascribed to the presence of amino and methylene
groups. For the Schiff-base modified sample an additional band
centered around 1635 cm™' originates due to the presence of
azomethine group. After the Schiff base interacts with the
copper and nickel salts, these bands shift to somewhat lower
wavenumber region in case of the catalysts which indicates the
retention of the azomethine group as well as confirms complex
formation.

Mesoporous silica, functionalized mesoporous silica and
metal incorporated mesoporous silica have been further
characterized by solid state MASNMR spectroscopy.”C CP
MASNMR spectra of all but the mesoporous silica are given in
Figure 4. Signals for the presence of aliphatic carbons in 3-
APTES functionalized material appear at 8.3, 19.7 and 40.6 ppm
(Figure 4a). After Schiff-base condensation with 2-hydroxy-1-
naphthaldehyde, the material shows retention of these
aliphatic peaks along with the appearance of signals for
aromatic carbons at (Figure 4b) 7.8, 19.3, 40.2, 51.8, 71.7, 104.3,
124.2, 133.0, 137.0, 156.2, 176.8, 184.8, 210.8 and 229.5 ppm
confirming the Schiff-base condensation between amine
functionalized silica and 2-hydroxynaphthaldehyde. C CP
MASNMR spectra of Cu-Cat and Ni-Cat are shown in Figure 4c
and 4d. It is clear from the figures that organic moieties in
these materials retain their framework and slight shifting of
peak positions in Cu-Cat and Ni-Cat indicate formation of
bonds between metal center and donor atoms of the
functionalized silica.

2Si MASNMR studies give idea about the chemical environ-
ment around Si atom in all the mesoporous silica materials. The
results of the analyses are shown in Figure 5. Before any
functionalization, mesoporous silica gives peak at —111.4 and
—103.5 ppm (Figure 5a). These peaks may be assigned to the
presence of Q* and Q’ silica species of the Si(OSi),(OH),_, units.
In 3-APTES functionalized material, peak positions slightly shift
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Figure 4. Solid state '*C CP-MASNMR spectra of (a) APTES-loaded mesopo-
rous silica, (b) 2-hydroxy naphthaldehyde loaded silica, (c) Cu-Cat and (d) Ni-
Cat.
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Figure 5. Solid state °Si MASNMR spectra of (a) calcined mesoporous silica,
(b) APTES-loaded mesoporous silica, (c) 2-hydroxy naphthaldehyde loaded
silica, (d) Cu-Cat and (e) Ni-Cat.
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and new signals appear at —67.8 and —57.7 ppm (Figure 5b)
confirming the incorporation of 3-APTES in mesoporous silica.
Inagaki et al. previously showed that peaks at around —67 and
—58 ppm appear for similar organic-inorganic mesoporous
silica material. These peaks can be attributed to the presence of
T? ((Si0),Si-R—Si(0Si);) and T? ((HO),(OSi)Si-R—Si(0Si),(OH)) spe-
cies, respectively.“**" However, materials with further function-
alization with 2-hydroxy-1-naphthaldehyde followed by Cu or
Ni grafting show similar peaks for silicon with different environ-
ment. These facts confirm Schiff-base condensation leading to
the imine bond formation and retention of similar frameworks
in Cu-Cat and Ni-Cat after complexation of the metal ions.

Thermogravimetric analyses (TGA) on various silica materi-
als have been performed to examine thermal stability of the
frameworks and also to find out the amount of organic
functionalization on the mesoporous silica. TGA analyses have
been carried out in the range of 30 to 1200°C (Figure s5). The
amount of Schiff-base functionalized moiety on silica frame-
work has been determined from the figure and it has been
found to be around 6.42% i.e. ~0.30 mmol of Schiff-base
functionality per gram of silica framework. Presence of Cu or Ni
metal in Cu-Cat and Ni-Cat has been confirmed by ICP-AES
measurements. The amounts of the metal content in Cu-Cat
and Ni-Cat have been determined to be 17.4mg/g
(0.274 mmol/g) and 7.8 mg/g (0.133 mmol/g), respectively.
Cu(ll) and Ni(ll) centers in the catalysts may have tetra-
coordinate environment.®? Here O,N donor atoms come from
heterogenized Schiff-base ligand; one chloride species and
another solvent molecule may provide all the coordinations.
Some square planar Ni(ll) complexes are known to display
yellow color.*? Color of Cu-Cat and Ni-Cat are yellowish green.
UV-vis diffuse reflectance spectra of Cu-Cat and Ni-Cat are
given in Figure s6. Peaks at ~ 230 nm and 310 nm are present
for both the compounds. These peaks may be attributed to the
intraligand charge transfer. The most important peaks appear
are at 398 nm and in the range of 400-420 nm for Cu-Cat and
Ni-Cat, respectively. These peaks are due to the presence of
ligand to metal charge transfer (LMCT).

Catalytic studies

We have tried to use Cu-Cat and Ni-Cat as catalyst in oxidation
of some olefins e.g. styrene, a-methyl styrene, cyclohexene,
trans stilbene and cyclooctene in the presence of tert.-butyl
hydroperoxide as the terminal oxidant in acetonitrile medium
under mild conditions. The results of the catalytic reactions are
given in Table 1. It is clearly evident from the results that both
the catalysts are quite effective in the oxidation of different
substrates. Oxidation of styrene is of special attention to the
researchers. Cu-Cat and Ni-Cat are active as catalyst in styrene
oxidation as the yield of reaction is 90 and 70%, respectively.
Benzaldehyde has been identified as the major product in both
cases with 91 and 98% selectivity, respectively. In case of Cu-
catalyzed oxidation, minor amount of phenylacetaldehyde and
benzoic acid are produced while in case of Ni-catalyzed
reaction only benzoic acid has been obtained as the minor
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Table 1. Oxidation® of different olefins in the presence of Cu-Cat and Ni-Cat as catalyst
Substrate Catalyst Products® Total Yield Major Product and Selectivity (%) TOF¢
(% Yield) (%)
/ Benzaldehyde Benzoic acid Phenylacetaldehyde Benzaldehyde
Cu-Cat 82 3 5 90 91 66
Ni-Cat 68 2 - 70 98 105
Blank 5
a-Methyl styrene oxide Acetophenone o-Methyl styrene oxide
Cu-Cat 51 41 92 55 59
Ni-Cat 51 25 76 67 100
Blank 7
Cyclohexene
2-Cyclohexen-1-one 2-Cyclohexen-1-ol oxide 2-Cyclohexen-1-one
Cu-Cat 65 5 2 72 90 67
Ni-Cat 60 10 3 73 82 139
Blank 4
Trans stilbene oxide Benzil Benzaldehyde Trans stilbene oxide
Cu-Cat 65 9 10 84 77 35
Ni-Cat 41 10 35 86 48 74
Blank 7
X
Cyclooctene oxide Cyclooctene oxide
Cu-Cat 81 81 100 56
Ni-Cat 71 71 100 101
Blank 6

substrate)
®Yields are measured after 12 h of the reaction,

?Solvent: acetonitrile; temperature: 65°C; catalyst: Cu-Cat and Ni-Cat (0.020 g each); amount of substrate: 0.5 g and oxidant: TBHP (equimolar with respect to

€ TOF: turnover frequency =moles of substrate converted per mole of metal center per hour.

product. There is no production of phenylacetaldehyde with
the nickel catalyst.

Oxidation of a-methyl styrene gives a-methyl styrene oxide
and acetophenone as the products in the presence of both the
catalysts. Yield is high but selectivity is poor for both the
catalysts. Yields of 92 and 76% have been obtained with Cu-
Cat and Ni-Cat, respectively, with methyl styrene oxide as the
major product. Selectivity for methyl styrene oxide is only 55
and 67% in the presence Cu-Cat and Ni-Cat, respectively.

Oxidation of cyclohexene gives 72 and 73% vyield for the
Cu- and Ni-catalyst, respectively, and three products, namely 2-
cyclohexen-1-one, 2-cyclohexen-1-ol and cyclohexene oxide are
formed in the presence of both the catalysts. 2-Cyclohexen-1-
one has been identified as the major product with excellent
selectivity for both the catalysts.

Oxidation of trans stilbene has been achieved with high
conversion value. Similar activity has been recorded for Cu-Cat
and Ni-Cat with 84 and 86% vyield, respectively. Trans stilbene
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oxide has been identified as the major product with high
selectivity (77%) for the copper catalyst. But selectivity for
nickel catalyst is poor. Benzil and benzaldehyde are produced
as minor product in case of the copper compound. However,
selectivity for benzaldehyde with Ni-Cat is quite comparable
with that of the trans stilbene oxide. For nickel catalyst, stilbene
oxide and benzaldehyde are produced with 41 and 35% vyield,
respectively.

Both the catalysts show excellent catalytic activity towards
oxidation of cyclooctene. Although yields are obtained as 81
and 71% for Cu-Cat and Ni-Cat, respectively, in both the cases
cyclooctene oxide has been identified as the sole product
which implies 100% selectivity.

Both the catalysts have been found to be very active in
these oxidation reactions as evident from their high TOF values.
However, Ni-Cat shows higher TOF value than that of Cu-Cat
in each reaction. Ni-Cat has highest TOF value of 105 for
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styrene oxidation and lowest TOF of 35 has been marked for
Cu-Cat in trans-stilbene oxidation reaction.

A blank reaction has been carried out with all the substrates
without any catalyst under similar reaction conditions. Very
small amount of conversion has been observed in each case.
Low conversion in blank reactions signifies the pivotal role
played by these catalysts.

Aliquots from catalytic reaction mixtures have been
collected at regular time intervals and analyzed by gas
chromatography to monitor progress of the reactions. The
results are given in Figure 6 and s7-s10. It has been found that
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Figure 6. Oxidation of different substrates in the presence of (A) Cu-Cat and
(B) Ni-Cat. Yield of major product from oxidation reaction has been plotted
against time.

after 12 h of the reaction, yields do not increase noticeably for
all the products. In case of styrene oxidation, benzaldehyde has
been identified as the major product. With the gradual increase
in reaction time, yield of benzaldehyde has also increased. After
1 h, yields of benzaldehyde are 40 and 33% (Figure s7) which
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increased to 82 and 68% after 12 h in the presence of Cu-Cat
and Ni-Cat, respectively. Formation of minor products after 1 h
does increase significantly for both the catalysts.

In case of a-methyl styrene oxidation, corresponding oxide
and acetophenone are obtained as the products. 25 and 30%
of methyl styrene oxide is formed for Cu-Cat and Ni-Cat,
respectively, after the first 1 h of reaction (Figure s8). However,
yields reach to 51% for both the catalysts at the end of 12 h.
Acetophenone is identified as another product with 15 and
12% vyield after 1h for Cu-Cat and Ni-Cat, respectively. It
reaches up to 41 and 25% after 12 h.

2-Cyclohexen-1-one is the major product in cyclohexene
oxidation with the formation of 34 and 28% after 1 h, and 65
and 60% after 12 h in the presence of Cu-Cat and Ni-Cat,
respectively (Figure s9). The increase in the amount of minor
products, namely, 2-cyclohexen-1-ol and cyclohexene oxide, is
not visible on going from the first hour to twelfth hour of the
reaction i. e. most of the amount of minor products are formed
within 1 h in case of cyclohexene oxidation.

Yield of trans stilbene oxide increases from 40 to 65% in the
presence of Cu-Cat within 1 h to 12 h in case of trans stilbene
oxidation reaction (Figure s10). The increase for the corre-
sponding Ni-Cat is 25 to 41% during the same time period of
the reaction. The other product that is formed in the nickel
catalyzed reaction is benzaldehyde. Its yield increases from 21
to 35% within the same time interval. In case of the copper
catalyst benzaldehyde is formed in much less amount and the
yield is 10% after 12 h.

Finally, in the case of cyclooctene oxidation, there is gradual
increase in yield of cyclooctene oxide as the sole product with
time and it is the sole product of the oxidation reaction for
both the catalysts. The yield increases from 31 to 81% for the
copper catalyst while that for the nickel catalyst it goes from 34
to 71% within 1 h to 12 h of the reaction (Figure 6).

Hot filtration test and tests for recycling ability of the
catalysts have been performed to further investigate the
efficiency of the catalysts. It is known that if unbound metal is
present in solution in any catalytic reaction mixture, it can
catalyze the olefin oxidation reaction. Thus, it becomes
extremely important to detect metal leaching or metal
containing any species in solution in order to comment on the
heterogeneous nature of a catalyst. For this purpose, hot
filtration tests have been performed on styrene oxidation
reaction in the presence of Cu-Cat and Ni-Cat. The catalysts
have been separated from the reaction mixtures by filtration
under hot condition after completion of initial 1 h. Formation
of benzaldehyde is 40 and 33% (Figure 7) for Cu-Cat and Ni-
Cat, respectively, at this time. After separation, the reaction is
continued in absence of catalysts and it is observed that yield
of benzaldehyde increases only marginally. For the uninter-
rupted reactions in the presence of catalysts, catalytic process
proceeds in normal course with further formation of benzalde-
hyde. In absence of Cu-Cat and Ni-Cat, slight increase in yield
of benzaldehyde may be because of the presence of the
oxidant, tert-butyl hydroperoxide. Blank reactions show that
tert-butyl hydroperoxide can oxidize styrene in little yield. To
further ensure about metal leaching in to the reaction mixtures,
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Figure 8. Oxidation of styrene in the presence of Cu-Cat and Ni-Cat in
subsequent cycles.

slightly in consecutive runs. However, it is observed that
selectivity for benzaldehyde always remains high. This indicates
significant reusability of both the catalysts.

To study solvent dependence and select suitable medium
for the catalysis with TBHP as the oxidant, styrene oxidation
reaction has been carried out in different solvents, e.g. water,
methanol, dichloromethane, toluene and acetonitrile. The
results of the study are given in Table 2. It is clear from the

Table 2. Oxidation of styrene in the presence of Cu-Cat and Ni-Cat in
different solvents under similar conditions
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Figure 7. Hot filtration test for oxidation of styrene in the presence of (A)

Reaction medium Yield (%)
Cu-Cat Ni-Cat
Water 20 25
Methanol 32 30
Dichloromethane 35 13
Toluene 53 40
Acetonitrile 20 70

Cu-Cat and (B) Ni-Cat. Red line with circle indicates normal route of
benzaldehyde formation whereas blue line with square box shows growth of
benzaldehyde after removal of Cu-Cat and Ni-Cat after 1 h of the reaction.

ICP-AES measurement have been performed with the filtrates
after catalyst separation to determine the amount of metal ion,
if any. However, there is no detectable amount of copper or
nickel ion in reaction mixture which confirms that no metal
leaching takes place.

Recycling ability of the catalysts has been studied to check
whether these catalysts can be used for several catalytic cycles
without significant loss in their efficiency. For this, styrene has
been chosen as the substrate. After completion of each
catalytic reaction, the catalyst has been recovered and regen-
erated, and then used for next cycle of the same reaction. All
the catalytic reactions are carried out following the original
protocol. Results of styrene oxidation in three cycles in the
presence of Cu-Cat and Ni-Cat are given in Figure 8 and it is
evident from it that catalytic efficiency of the samples reduces
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table that highest yield is obtained in acetonitrile and that is
the reason for using it as a solvent in all other catalytic
reactions. In addition to that, acetonitrile is known to stabilize
Cu(l) species, which is produced during catalysis, in solution by
coordinating with the metal center®® This can be a possible
reason for higher activity of Cu-Cat in this medium.

Experiments have also been carried out to check for the
efficiency of different oxidizing agents in the catalysis. Firstly,
H,0, has been employed for carrying out the reaction (with
styrene as a representative case), which results in poor yield.
The Cu-catalyst still shows about 35% conversion but the Ni-
catalyst responded very poorly (only about 15% conversion).
Hence, TBHP is chosen to carry out all the oxidation reactions
which is found to be very efficient.

Based on previous results on catalytic oxidation of olefins
by Cu(ll) compounds, a plausible mechanism has been
proposed to explain the formation of the products. It is well
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understood that tBuOO® and tBuO® radicals could be formed
from the reaction between TBHP and Cu(ll) with the subse-
quent reduction of the metal center to Cu(l).***" Oxidation of
styrene under similar conditions has been reported to follow
radical mechanism.*®”% Different possible steps for styrene and
cyclohexene oxidation are depicted in Scheme 2. Other olefins

\ I-BUO\O cHo
(A) Ej tBu00 ©/v Sou-t ©)iuooH ©/‘V - ©
- =)

Scheme 2. Possible mechanistic route for oxidation of olefins.

also follow similar steps. One of the reasons behind various
product formation in such reactions is the competition
between oxidation of C=C bond and the allylic position.
Styrene may first give corresponding epoxide on oxidation of
double bond as there is no allylic hydrogen present in it.
Benzaldehyde is then obtained from the ring opening of the
styrene epoxide. In case of cyclohexene, allylic oxidation may
occur resulting in the formation of 2-cyclohexen-1-one as the
major product. However, cyclooctene undergoes epoxidation
to give cyclooctene oxide as the sole product. Cyclohexene has
half chair conformation and its double bond and allylic hydro-
gen remains in the same plane”” whereas double bond of
cyclooctene lies in a different plane from other carbon atoms
of its chair conformation.”” Therefore, oxidation of allylic
hydrogen is more observed in cyclohexene than in cyclooctene.
Other substrates where corresponding oxide is obtained as
major product either follow similar route as depicted for
styrene or their catalysis proceeds through cyclohexene route.
Oxidation of olefins catalyzed by Ni-Cat may proceed via
formation of nickel-peroxo species®” similar to the titanium
silicates where corresponding peroxo species are generated.”

Examples of Cu or Ni anchored functionalized mesoporous
silica materials are known; some of these materials have been
used as catalysts in different organic transformations.”*”® Few
of them have been used for epoxidation of olefins. Schiff-base
condensation of salicyldehyde with amine functionalized MCM-
41 affords bidentate binding sites for Cu(ll) to give a
heterogenized catalyst for epoxidation of styrene and results
show high conversion (97%) as well as high epoxide selectivity
(89%).7" Use of unsubstituted and tert-butyl substituted
salicylaldimine Cu(ll) compounds supported on mesoporous
and amorphous silica as catalysts for the oxidation cyclohexene
exhibits comparatively inferior conversion and selectivity of the
products.”” SBA-15 material bound with salicylaldehyde has
been used to prepare Cu containing heterogeneous catalyst
which has been found to be highly active catalyst for the
epoxidation of cyclooctene, cyclohexene and styrene (conver-
sion over 95%) with high selectivity towards corresponding
epoxide.” Cu(ll)-diamine complex has been incorporated into
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3-APTES functionalized MCM-41 where amine N forms bond
with the metal center and this material has been used as
catalyst for the epoxidation of styrene (conversion 94%).7 4-
Methyl-2,6-diformylphenol functionalized modified mesopo-
rous silica has been used to prepare two heterogeneous
catalysts with Cu and Ni metals. These compounds show their
catalytic ability for the epoxidation of cyclohexene, trans
stilbene, styrene, a-methyl styreneand cyclooctene. Results are
more or less comparable with the present studies although
TOF values in the present study are significantly higher.>?
Nickel(ll) Schiff-base complex onto salicylaldehyde functional-
ized mesoporous silica is active catalyst for the epoxidation of
several olefins with high conversion and TOF values, but time
taken for the catalytic reaction is quite long (24 h).®” MCM-41-
Ni, which has been synthesized by anchoring the metal center
on 2-pyridinecarboxaldehyde functionalized MCM-41, shows
excellent conversion of styrene (~95%) but selectivity towards
epoxide is reasonably low (~67%).®" Cu(ll)-Schiff complex
immobilized onto three dimensional mesoporous silica KIT-6 is
active on styrene epoxidation with high conversion and high
selectivity towards epoxide (both ~97%).5? Modified SBA-15
supported Ni(ll)-oxime-imine catalysts are comparable with
the present study in conversion of styrene or cyclohexene, but
only 26% conversion is achieved with cyclooctene.’ There are
several factors which control conversion and selectivity of the
products. Thus, in comparison to other reported heterogenized
silica catalyst, our catalysts are better in few aspects whereas
Cu-Cat and/or Ni-Cat are lacking in some features.

Conclusions

In summary, we have been able to synthesize and characterize
Cu(ll) and Ni(ll) anchored functionalized mesoporous materials.
These metal grafted silica materials have been found to be
effective as catalysts for the oxidation of various olefins.
Epoxidation and oxidation at allylic site occurs to give different
products within a reasonable reaction period and at relatively
low temperature. The catalysts have been recycled for a few
times without seriously compromising their activities. Although
the catalytic reactions show good conversion, yet similar
product selectivity could not be observed i.e. the correspond-
ing oxides are not obtained for each substrate as the major
product. Thus, despite their excellent conversion and recycling
ability, there is scope for improvement of product selectivity.
The results obtained for cyclooctene epoxidation is significant
as it yields cyclooctene oxide as the sole product.

Supporting Information Summary

Supplementary data include the experimental details of syn-
thesis of functionalized mesoporous silica, synthesis of Cu-Cat
and Ni-Cat, and olefin oxidation; PXRD patterns, nitrogen
sorption isotherms, TEM images, FT-IR spectra and thermogravi-
metric analysis plot of (a) calcined mesoporous silica, (b) 3-
APTES functionalized silica and (c) 2-hydroxy naphthaldehyde
loaded silica; FT-IR spectra and UV-vis diffuse reflectance
spectra of Cu-Cat and Ni-Cat; Plots of Yields (of different
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products) vs. Time for the oxidation of styrene, a-methyl
styrene, cyclohexene and trans stilbene in the presence of Cu-
Cat and Ni-Cat.
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ARTICLE INFO ABSTRACT

Oxidation of saturated hydrocarbon by transition metal complexes is of great importance because this would
give industrially valuable organic fine chemicals. Here, dinuclear copper(Il) and dinuclear nickel(II) complexes
with same N,O donor ligand have been used as catalyst for the oxidation of cyclohexane, toluene and cyclo-
pentane using hydrogen peroxide as the oxidant to examine their catalytic activity and effect of nature of metal
center on catalysis. [Cuz(Ll)z(pz—Cl)Cl]~2.5H20 (1) and [Ni2(L1)2(u2—N3)2 (CH30H),]‘CH30H (2) have been
synthesized under mild conditions where HL! is 1-((2-hydroxyethylimino)methyl)naphthalen-2-ol. These com-
plexes have been characterized by elemental analysis, FT-IR, UV-Vis, mass spectroscopy, TGA-DTA and cyclic
voltametric studies. Their structures have been confirmed by single crystal X-ray diffraction analysis. Some
theoretical calculations have been performed to investigate spectral transitions. Copper(I) complex shows ef-
fective catalytic ability towards oxidation of the saturated hydrocarbons such as cyclohexane, toluene and cy-
clopentane in the presence of hydrogen peroxide when corresponding alcohols and ketones have been obtained
as major products. However, complex 2 has been found to be inactive as catalyst for the oxidation. It is possible
that Cu-hydroperoxo or Cu-peroxo species is formed during catalysis (as revealed from UV-vis spectral analysis)
which could be the active species for the oxidation reaction.

Keywords:
Homogenous catalysis
Saturated hydrocarbon
Oxidation

Copper

X-ray structure

1. Introduction

Activation of Cg,3—H bond is one of the most difficult tasks in
chemistry. Natural gas and fuel are mainly saturated hydrocarbons.
This bond in methane is inert and of high energy (104 kcal/mol) at
ambient temperature, thus, the oxidation requires high temperature
and pressure and/or acidic reaction media in addition to the presence of
metal as catalyst [1]. Transformation of these compounds may give
different valuable organic fine chemicals which are of great industrial
importance. For example, methane can be converted to methanol with
one functional group which could be converted to other compounds
easily [2]. Modeling of metalloenzymes with particular catalytic ac-
tivity is of great interest for the design and development of bio-inspired
catalysts. In connection with activation of Cs,3—H bond, we could recall
an enzyme, methane monooxogenase [3]. It exists in two forms; (a)
particulate methane monooxogenase (pMMO) and (b) soluble methane
monooxogenase (sSMMO). Both of these forms are able to convert me-
thane to methanol. SMMO contains two iron(III) centers in the active

* Corresponding author.

site. Active site of pMMO is not identified unambiguously by structural
characterization of the enzyme. However, the existence of two Cu(II)
centers in the active site of pMMO is of most acceptable belief [1a,3].
Therefore, there are several copper(Il) complexes including dinuclear
copper(Il) compounds which have been used as catalyst for the acti-
vation of Cgp3—H bond [4]. Different hydrocarbons have been utilized
as the substrates such as methane, cyclohexane, cyclopentane. Oxida-
tion of cyclohexane is useful because its oxidized products, mainly cy-
clohexanol and cyclohexanone, are of great industrial importance [5].
Cyclohexanol is, mainly, used as the raw material for the manufacture
of adipic acid. Adipic acid is used for the preparation of nylon-6,6,
soaps and detergents, pesticides, etc. Cyclohexanone is, mainly, utilized
as a solvent in industries and activator in oxidation reactions. Pombeiro
et al. have been working for long time on the development of different
copper(Il) complexes as active catalyst for such oxidation reactions [6].
Few other groups have also reported C—H activation reactions by Cu(II)
complexes [7]. But, conversion of substrate to product is of compara-
tively low percentage because of high C—H bond energy. Although
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Scheme 1. Synthesis of complexes 1 and 2.

there is significant importance of copper(Il) complexes as catalysts in
various catalytic transformations [7i-7n], the field of alkane oxidation
by copper complexes is less explored. It is to be noted that in addition to
the original metal present in the metalloenzyme, some functional
models with other transition metals have been designed and reported.
For example, phenaxozinone synthase mimicking activity has been re-
ported by complexes with Mn(II), Co(IIl), etc.[8]. So other transition
metal complexes can be designed for MMO activity to enable Cg,3—H
bond activation. Thus, search for active catalyst for high conversion and
better selectivity of a particular product continues. Effort should be
given to design the catalyst which can mimic activity of naturally
abundant enzymes.

In this respect, we report synthesis, characterization and catalytic
properties of dinuclear Cu(II) and Ni(II) complexes, [Cuz(Ll)z(pz-
CDCI]ZSHQO (1) and [le(Ll)Q(llz-Ng,)g (CHgOH)z]CH3OH (2) where
HL! is 1-((2-hydroxyethylimino)methyl)naphthalen-2-ol (Scheme 1).
Some theoretical calculations have been performed to investigate
spectral transitions of these complexes. Cu(II) complex has been pre-
pared by the reaction between copper(Il) chloride and HL' under mild
conditions. It has been used as catalyst for oxidation of cyclohexane,
toluene and cyclopentane using hydrogen peroxide as the oxidant. We
wanted to check if replacement of copper by other metal, say nickel, in
similar environment has any effect on catalytic activity. In other words,
we wanted to use Ni for pMMO mimicking activity. Although Ni(II)
complexes have been used as catalyst for different reactions including
olefin epoxidation, C—C bond formation, etc. [9], attempt to use of
nickel compounds in alkane oxidation is rare. Dinuclear Ni(II) complex
has been synthesized with same ligand to provide similar chemical
environment around the metal center.
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2. Experimental
2.1. Materials and characterization

2-Hydroxyl-naphthaldehyde, 2-aminoethanol, copper(Il) chloride
dihydrate, nickel(I)nitrate hexahydrate, sodium azide and tetra-
butylammonium perchlorate (TBAP) were purchased from Sigma
Aldrich and used without further purification. Other reagents and sol-
vents were obtained from commercial sources and used as received.
NMR spectra of the compounds were recorded on a Bruker 500 MHz
spectrometer. Elemental analyses (carbon, hydrogen and nitrogen)
were performed using a Perkin-Elmer 2400C elemental analyzer. FT-IR
spectra were recorded on a Perkin Elmer spectrometer (Spectrum Two)
with the samples by the use of attenuated total reflectance (ATR)
technique. The UV-visible spectral measurements were recorded in
Agilent 8453 diode array spectrophotometer. Analysis of reaction
mixture of catalytic reactions was performed with a Shimadzu next
generation high speed gas chromatography system (model: GC-2025
AF) equipped with a fused silica capillary column and FID detector. All
electrochemical measurements were performed using a personal com-
puter (PC)-controlled PAR model 273A electrochemistry system. A GC
working electrode, a platinum wire auxiliary electrode and Ag/AgCl
saturated KCI reference electrode were employed in a standard three-
electrode configuration. TBAP was used as supporting electrolyte in
MeCN and was done under nitrogen atmosphere. TG-DTA analysis was
carried out on Perkin-Elmer Pyris Diamond TG/DTA unit. All experi-
ments were carried out at room temperature in air unless reported
otherwise.

CAUTION: Organic perchlorates are potentially explosive. Only
small amount of the perchlorate salt should be handled with care.
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2.2. Synthesis

2.2.1. Synthesis of 1-((2-hydroxyethylimino)methyl)naphthalen-2-ol (HL')

1-((2-Hydroxyethylimino)methyl)naphthalen-2-ol (HLY) has been
synthesized following a published procedure with slight modification
[10]. Typically, 2-aminoethanol (0.5 mmol, 0.030 mL) was added to a
methanolic  solution (10.0mL) of 2-hydroxyl-napthaldehyde
(0.5 mmol, 0.086 g) under stirring condition. The mixture was stirred
for 30 min. Then the resulting solution was refluxed for 2 h. The color of
the mixture turned yellow. It was then cooled to room temperature to
obtain yellow color solid product. The product was collected by filtra-
tion and dried in air. Yield: 85% (0.091 g); C, H, N analysis: anal. calc.
for C;3H13NO,: C, 72.54; H, 6.09; N, 6.51; found: C, 72.44; H, 5.98; N,
6.56%."H NMR (500 MHz, CD5CN) § (ppm): 14.23 (s, 1H), 8.80 (s, 1H),
7.92 (d, J = 8.5Hz, 1H), 7.66 (d, J = 9.5Hz, 1H), 7.58 (d, J = 7.5 Hz,
1H), 7.39 (1H, dd), 7.17 (dd , J = 6.0 Hz, 1H), 6.74 (d, J = 9.0 Hz, 1H),
4.11(t, J = 9.0 Hz, 2H), 3.71 (t, J = 4.0 Hz, 2H), 3.18 (s, 1H); '*C NMR
(500 MHz, CD5CN) 8 (ppm): 55.63, 62.08, 107.35, 119.29, 123.48,
126.10, 127.01, 129.02, 130.04, 135.45, 137.90, 160.69 and 177.62;
FT-IR cm ™~ %: 3152, 2918, 1635, 1539, 1358, 1072, 838, 744, 500; ESI-
MS (m/z): [M+H]+ = 215.13.

2.2.2. Synthesis of [Cus(L')2(uo-CDCI]-2.5H,0 (1)

A methanolic solution (10.0 mL) of copper(II) chloride dihydrate
(0.5 mmol, 0.067 g) was added to 5.0 mL methanolic solution of HL!
(0.5mmol, 0.108 g). The mixture was stirred till it turned greenish. It
was then refluxed for 1 h. Color of the solution became dark green. The
mixture was finally cooled to room temperature and filtered to remove
any precipitate or suspended materials. The filtrate was kept at ambient
temperature. Green crystals suitable for X-ray diffraction study were
produced within few days. Yield 65%, 0.218 g; C, H, N analysis: anal.
calc. for Cy6Ho9Cl,CusNoOgs: C, 46.50; H, 4.35; N, 4.17; found: C,
46.44; H, 4.23; N, 4.32%.

2.2.3. Synthesis of [Niy(L')(N3)2(CH;0H),]-CH;0H (2)

A methanolic solution (10.0 mL) of nickel(I) nitrate hexahydrate
(0.5mmol, 0.091 g) was added to 5.0 mL methanolic solution of HL!
(0.5mmol, 0.108 g)while the mixture was constantly stirred. It was
stirred for 30 min. Then, sodium azide (0.5 mmol, 0.034 g) in 2.0 mL of
methanol/water was added dropwise to the resulting green solution.
After addition of azide, the solution turned dark green. The solution
was stirred for another 30 min before it was refluxed for 1h. The
mixture was finally cooled to room temperature and filtered to remove
any precipitate or suspended materials. The filtrate was kept at ambient
temperature. Green crystals suitable for X-ray diffraction analysis were
produced within few days. Yield 70%, 0.253 g; C, H, N analysis: anal.
calc. for CogH3NgNinO: C, 47.97; H, 5.00; N, 15.43; found: C, 47.84;
H, 4.92; N, 15.36%.

2.3. X-ray data collection and structure determination

Details of the data collection and refinement parameters for com-
plexes 1 and 2 are summarized in Table 1. The diffraction experiments
were carried out on a Bruker APEX-II CCD diffractometer using graphite
monochromated Mo Ka radiation at 298 K for both the complexes 1 and
2. Data were processed using the Bruker APEX2 and SAINT packages
[11]. Absorption corrections based on multi-scans using the SADABS
software [11] were applied to the intensity data. The structures were
solved by direct methods using SHELXT [12] and refined with full-
matrix least-squares on F> on all unique reflections using SHELXL.-
2014/7 [13]. All the non-hydrogen atoms of the complexes were re-
fined anisotropically. A few hydrogen atoms, which are highly acidic,
are disordered due to thermal disturbances. These have been assigned
to their best possible positions by chemical speculation.
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Table 1
Crystal data, data collection and structure refinement of complexes.
Complex 1 2
Formula Co6Ho6CloCuaN2Og Co9H3eNgNi 07
Formula weight 660.47 726.08
T (K) 298K 298K
Crystal color Dark green Green
Crystal system Orthorhombic Monoclinic
Space group P212121 P 21/n
a® 13.5722(7) 16.7002(5)
b (&) 11.8931(6) 7.4796(2)
c (A) 17.3627(8) 25.7434(7)
a () 90.00 90.00
B©® 90.000(3) 100.802(2)
v () 90.00 90.00
v (A% 2802.6(2) 3158.65(15)
V4 4 4
Crystal dimensions (mm) 0.5 X 0.2 X 0.15 0.4 x0.2x0.1
F(000) 1344 1512
D, (g cm™?) 1.565 1.527
A (Mo Ka) (A) 0.71073 0.71073
6 Range (°) 1.90-24.99 1.601-27.220
Reflection collected/unique/ 33,619, 4936, 4098 51,406, 7017, 5070
observed
Absorption correction Multi-scan Multi-scan
Rint 0.0735 0.0342
Final R, index [I > 20(D)] 0.0479 0.0504
Final wR, index (all reflections) 0.1391 0.1450
Goodness-of-fit 1.150 1.033

2.4. Computational details

The singlet ground state (S,) geometry of ligand, HL' and its copper
and nickel complexes i.e. complexes 1 and 2 have been fully optimized
by DFT method with B3LYP (Becke’s three-parameter hybrid functional
and Lee-Yang-Parr’s gradient corrected correlation functional) ex-
change correlation functional approach using the Gaussian 09 program
[14]. The B3LYP functional has been adopted along with the 6-31G
basis set for H, C, N, O atoms whereas the 6-311G (d,p) basis set was
utilized for Cl atoms and LANL2DZ was adopted as the basis set for Cu
and Ni atoms [15]. The nature of all the stationary points was con-
firmed by carrying out a normal mode analysis, where all vibrational
frequencies were found to be positive. On the basis of the optimized
ground state (Sp) geometrical structures, the UV-vis absorption transi-
tion properties of the corresponding ligand and complexes 1 and 2 in
methanol were computed by a time-dependent density functional
theory (TDDFT) [16] approach associated with the conductor-like po-
larizable continuum model (CPCM) [17] using the same B3LYP level
and the previous basis sets. Frontier Molecular Orbital (FMO) analysis
has been done with gauss view software [18].

2.5. Catalytic studies

Oxidation of cyclohexane, toluene and cyclopentane has been per-
formed in a similar procedure in the presence of both the metal com-
plexes as catalysts. Typically, Metal complex (0.03 mmol) was taken in
5.0mL of acetonitrile in a two-neck round bottom flask which was
fitted with a condenser. To this, 1.5 mmol of the substrate and varying
amount of HNO3; were added. Catalytic reaction started as soon as
3-10 mmol of hydrogen peroxide (30% in H,O) was added to it. The
mixture was continuously stirred for 48 h at desired temperature under
atmospheric pressure. Aliquots were collected at regular time intervals.
The substrate and products from the reaction mixture were extracted
with 2.0 mL diethyl ether. The product mixture was analyzed in gas
chromatograph or GCMS before and after the treatment with triphe-
nylphosphine (PPh3). The identification was done by either the com-
parison with known standards or GCMS.
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3. Results and discussion
3.1. Synthesis and ligand characterization

Synthesis of complexes 1 and 2 has been performed following route
given in Scheme 1. First, HL! has been synthesized by one step Schiff-
base condensation between 2-hydroxy-1-napthaldehyde and 2-ami-
noethanol in 1:1 M ratio in methanol. The ligand has been characterized
by elemental analysis, 'H and '3C NMR spectra as well as by FT-IR and
mass spectral analyses (Figs. s1-s4)."H NMR spectrum (Fig. s1) of the
ligand shows a peak at 14.23 ppm indicating the presence of phenolic
OH group. Presence of azomethine proton has been confirmed by the
singlet peak at 8.80 ppm. Bands in the range of 4.19-3.66 ppm exhibit
the presence of methylene protons while the peak at 3.18 ppm has been
assigned to the presence of alcoholic proton. Signals for aromatic pro-
tons appear in the range of 7.92-6.72 ppm. *3C spectrum of the ligand
corroborates well with the formation of the Schiff-base compound (Fig.
s2). IR spectrum of the ligand shows most significant bands at 3152,
2918 and 1635cm ™! indicating the presence of phenolic OH, methy-
lene and C=N moieties, respectively (Fig. s3). ESI mass spectrum of the
compound shows m/z band at 215.13 confirming the formation of the
Schiff-base ligand (Fig. s4) (calculated value 215.09). Reaction between
HL! and copper(Il) chloride dihydrate gives 1. Complex 2 has been
synthesized by the reaction between the ligand, nickel(II) nitrate hex-
ahydrate and sodium azide where azide acts as a bridging ligand. HL'
undergoes deprotonation in the reaction medium without any external
deprotonating base.

3.2. Crystal structures of 1 and 2

Complex 1 crystallizes from methanol in orthorhombic system with
P212121 space group. A perspective view of the complex is given in
Fig. 1. Selected bond lengths and bond angles are given in Table 2. Cul
is tetracoordinated whereas Cu2 is in pentacoordination geometry. The
two chloride ions from the copper(Il) salt used for the complex for-
mation, bind the Cu atoms differently as confirmed by the crystal
structure. One chlorido is bridging while the other is terminal. Cul is in
a distorted square planar environment bonded to O1, 02, N1 and Cl1.
Cl1 is the bridging chlorine atom which links Cul and Cu2. There is
deviation of donor-metal-donor bond angle from 90°. The 02-Cul-N1
bond angle is 83°, 01-Cul-N1 angle is 92°, C11-Cul-O2 angle is 93° and
Cl1-Cul-O1 angle is 94°.The Cul-Cl1 bond is slightly out of plane. This
confirms the approximate square planar geometry around the Cul
center. Cu2, on the other hand, is bonded to 03, 04, N2, Cl1, CI2. It is in
distorted square pyramidal geometry as indicated by the value of the
trigonal index, 7. The trigonal index is calculated as the difference

Fig. 1. A perspective view of complex 1 with partial atom numbering scheme.
Hydrogen atoms and solvent molecules are omitted for the clarity.
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Table 2
Selected bond lengths (A) and bond angles (°) of complexes 1 and 2.
Complex 1
Cul-02 1.997(6) Cu2-03 1.885(6)
Cul-N1 1.911(8) Cu2-N2 1.918(7)
Cul-01 1.906(6) Cu2-04 2.022(6)
Cul-Cl1 2.250(3) Cu2-Cl12 2.280(3)
Cu2-Cl1 2.724(3)
02-Cul-N1 83.0(3) N2-Cu2-04 82.5(3)
02-Cul-01 170.1(3) 03-Cu2-Cl12 96.7(2)
N1-Cul-01 91.7(3) N2-Cu2-Cl2 156.8(2)
02-Cul-Cl1 93.0(2) 04-Cu2-C12 89.9(2)
N1-Cul-Cl1 163.0(2) 03-Cu2-Cl1 89.9(2)
01-Cul-Cl1 94.45(19) N2-Cu2-Cl1 107.1(2)
03-Cu2-N2 92.7(3) 04-Cu2-Cl1 85.88(19)
03-Cu2-04 172.4(3) Cl2-Cu2-Cl1 94.03(9)
Complex 2
Nil-N8 1.969(3) Ni2-N7 1.968(3)
Nil-06 1.977(2) Ni2-02 1.990(2)
Nil-N1 2.035(3) Ni2-N4 2.038(3)
Nil-N4 2.133(3) Ni2-N1 2.144(3)
Nil-O4 2.155(2) Ni2-03 2.162(3)
Nil-05 2.170(3) Ni2-01 2.164(3)
N8-Nil-06 91.24(10) N7-Ni2-02 89.62(11)
N8- Nil-N1 169.95(12) N7-Ni2-N4 171.16(13)
06-Nil-N1 97.73(11) 02-Ni2-N4 94.28(11)
N8-Nil-N4 95.65(12) N7-Ni2-N1 92.80(12)
06-Nil-N4 92.44(12) 02-Ni2-N1 91.65(12)
N1-Nil-N4 79.55(16) N4-Ni2-N1 79.18(12)
N1-Nil-O4 82.19(12) N7-Ni2-03 81.57(12)
06-Nil-04 173.12(9) 02-Ni2-03 171.06(10)
N1-Nil-O4 89.08(11) N4-Ni2-03 94.66(12)
N4-Nil-O4 87.84(11) N1-Ni2-03 90.28(12)
N8-Nil-05 91.09(11) N7-Ni2-01 96.10(13)
06-Nil-05 92.49(11) 02-Ni2-01 93.62(12)
N1-Nil-05 93.03(12) N4-Ni2-O1 91.58(13)
N4-Nil-05 171.56(11) N1-Ni2-01 169.69(12)
04-Nil1-05 88.08(11) 03-Ni2-01 85.88(13)

between the two largest donor-metal-donor angles divided by 60 [19].
Its value is 1 for the ideal trigonal bipyramid and O for the square
pyramid. Here the 7 value is calculated to be 0.25 which indicates its
significantly distorted square pyramidal environment. O3, O4, N2 and
CI2 atoms form the basal plane of the square pyramid and C11 occupies
the apical position. However, Cu center is out of the mean plane by
0.150 A towards Cl1. There are 2.5 water molecules in the crystal
structure. The solvent water molecules are disordered due to molecular
vibrations. The H atoms in the alcoholic moiety and the water molecule
have been assigned their best possible positions in spite of being dis-
ordered. The crystal has been refined as a merohedral twin. In packing
structure, there are si-t and CH-rt interactions (Fig. s5). The metal-metal
distance is 3.485 A. Metal-chlorine bond distances are long compared to
other metal-donor distances as expected. Although Cu—Cl bond dis-
tances are long here (Table 2), similar long copper-chlorine distances
are also reported [20].

Complex 2 crystallizes from methanol into a monoclinic system with
P 21/n space group. A perspective view of the complex is given in
Fig. 2. Selected bond lengths and bond angles are given in Table 2. The
molecule consists of two nickel atoms, two deprotonated ligands, 1-((2-
hydroxyethylimino)methyl)naphthalen-2-ol (HL!), two azido ligands
and two coordinated methanol molecules. One methanol is present as
solvent of crystallization. Each Ni atom is in similar coordination geo-
metry i.e. in octahedral geometry. Nil is bonded with O4, N8 and 06
from the ligand, N1 and N4 from two different azido moieties and O5
from a methanol molecule. On the other hand, Ni2 is coordinated to 02,
N7 and O3 atoms from the ligand, Ni and N4 from two different azido
species and Ol from a methanol molecule. Two intramolecular hy-
drogen bonds are present in this molecule involving non-coordinated
methanol (Fig. s6). Coordinated O3 atom is present in H-bonding with
H—O moiety of methanol and second hydrogen bond is found involving
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Fig. 2. A perspective view of complex 2 with partial atom numbering scheme.
Hydrogen atoms are omitted for the clarity.

O atom of methanol and H-O6 moiety of alcoholic group. All of the
donor—Ni bond distances are in agreement with the reported values
[21].

3.3. IR spectral studies

FT-IR spectra of all of the complexes have been obtained with
powder samples by ATR technique. Peaks at 1622 and 1617 cm ~* in the
IR spectra of Cu and Ni complex respectively, confirm the presence of
azomethine bond in both the complexes (Fig. s7). A sharp peak at
2054 cm ! indicates the presence of azido moiety in complex 2. Both
the complexes show broad band in the range of 3500-3400 cm ™.
Broad peak in complex 1 is due to the presence of water molecule which

is present as solvent of crystallization in complex 1 and that for complex

Table 3
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2 is probably due to the presence of methanol molecules in the Ni
complex.

3.4. UV-vis spectral studies

The electronic spectra of complexes 1 and 2 have been recorded in
methanol at room temperature (Figs. s8 and s9). For complex 1, high
intensity bands appear at 383 and 316 nm (molar extinction coefficient
of 12,100 and 13,500 Lmol ~'em ™%, respectively) which may occur due
to ligand to metal charge transfer (PhO~ — Cu(Il) and N(imino) — Cu
(I)) and intra ligand charge transfer respectively. The Cu complex
shows broad bands at 646, 673 and 720 nm with low intensity. These
spectral characteristics are in consistence with copper(Il) complexes of
distorted square pyramidal (SP) geometry. The observed bands origi-
nate from dy,,dy, — dy2_,2 transitions [22]. They are accompanied by
a low energy shoulder at 844 nm due to dyy, d,2_,2 — d,2 transitions.
As the structure moves more towards TBP structure the low energy
band along with high energy spin forbidden band becomes more pro-
nounced. The characteristic bands observed here are results for dis-
torted square pyramidal geometry.

UV spectrum of complex 2 shows high intensity bands at 312 and
395nm with molar extinction coefficient of 9335 and
8261 Lmol ~'cm ™ ?, respectively. These bands are probably due to the
intraligand charge transfer, and LMCT (PhO™~ — Ni(II) and N(imino) —
Ni(ID)), respectively.

Complex 2 also shows d-d transitions. The broad bands are obtained
at 750 and 860 nm which probably indicate d,,,dy,—d,2 and dyy,
dx2_y2 — d,2 transitions [22].

Main calculated UV-Vis transition for HL', complexes 1 and 2 with vertical excitation energies (E..;), oscillator strengths (f.;) of the lowest few excited singlets

obtained from TDDFT/B3LYP/CPCM method in methanol.

Compound Excitation (eV) Electronic transition State excitation (nm) Osc. strength (f) CI Key transitions
HL! 2.904 So-S1 418.14 0.0423 0.1965 (08%)HOMO-1 — LUMO + 1
0.6204 (77%)HOMO — LUMO
0.1274 (03%)HOMO — LUMO + 1
2.991 So-Sa 400.12 0.0252 0.5570 (62%)HOMO-1 — LUMO
0.1192 (02%)HOMO-1 — LUMO + 1
0.2872 (16%)HOMO — LUMO + 1
3.983 So-Ss 311.24 0.6564 0.1188 (03%)HOMO-3 — LUMO + 1
0.4700 (44%)HOMO-1 — LUMO
0.1195 (43%)HOMO-1 — LUMO + 2
0.4220 (35%)HOMO — LUMO + 1
Complex 1 3.070 So-S1 390.05 0.0642 0.6714 (89%)HOMO — LUMO
0.2031 (08%)HOMO-2 — LUMO
0.1180 (02%)HOMO — LUMO + 1
3.227 So0-S2 384.21 0.1501 0.6418 (82%)HOMO-1 — LUMO + 1
0.1114 (02%)HOMO-3 — LUMO
0.1834 (06%)HOMO — LUMO
3.254 So-S4 380.93 0.0402 0.2215 (10%)HOMO-2 — LUMO
0.1046 (02%)HOMO-9 — LUMO
0.5468 (60%)HOMO — LUMO + 1
3.900 So.Sg 317.88 0.2581 0.1483 (04%)HOMO-2 — LUMO + 3
0.6705 (90%)HOMO — LUMO + 1
3.956 So-So 313.40 0.0304 0.6101 (74%)HOMO-4 — LUMO + 3
0.2635 (14%)HOMO-4 — LUMO + 5
0.1190 (03%)HOMO-4 — LUMO + 8
Complex 2 3.083 So.S1 400.01 0.0104 0.2156 (10%)HOMO-2 — LUMO
0.1169 (02%)HOMO-2 — LUMO + 1
0.6153 (74%)HOMO — LUMO
3.120 So.S> 396.12 0.1033 0.1788 (06%)HOMO-2 — LUMO
0.3422 (23%)HOMO-3 — LUMO
0.4418 (39%)HOMO-1 — LUMO + 1
3.961 So.Ss 314.40 0.0309 0.2967 (17%)HOMO-1 — LUMO + 4
0.5512 (61%)HOMO — LUMO + 1
3.986 S0.S6 311.21 0.0571 0.2806 (15%)HOMO-3 — LUMO + 2
0.1165 (02%)HOMO-3 — LUMO + 1
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Fig. 3. Frontier MOs along with their HOMO-LUMO energy gap of HL!, complexes 1 and 2.

3.5. Geometry optimization and computational studies

Molecular structures of HL' and its Cu, Ni complex have been op-
timized at their electronic ground state (So) by means of DFT at B3LYP/
(6-31G) level. For better understanding of the electronic transitions
involved in absorption process, TD-DFT calculations have been carried
out by the B3LYP/CPCM method in methanol by utilizing the ground
state optimized geometries. We have computed the lowest 40 singlet-
singlet transition and results of the TD calculations are qualitatively
very similar with the experimental results. The computed absorption
energies along with their oscillator strengths, the main configurations,
are summarized in Table 3. Fig. 3 displays the energy levels of different
Frontier Molecular Orbital’s of the ligand and complexes 1 and 2 as-
sociated with their HOMO-LUMO energy gap. Due to the presence of
electronic correlation in the TD-DFT (B3LYP) method, it can yield more
accurate electronic excitation energies. The UV spectra computed by
TD-DFT calculations in methanol show the important peaks in the range
200-500 nm.

HL'! shows lowest lying distinguishable singlet — singlet absorption
band at 418.14 nm (experimentally 415 nm, experimental absorption
band in methanol are shown in Fig. s10) which is due to the con-
tribution of HOMO-1—-LUMO + 1, HOMO — LUMO, HOMO —
LUMO + 1 transitions, also a moderately intense peak at 400.12 nm
(experimentally 400nm) that corresponds to HOMO-1 — LUMO,
HOMO — LUMO, HOMO — LUMO + 1 transitions along with a
shoulder at 311.24nm (experimentally 306 nm) corresponding to
HOMO-3 - LUMO + 1, HOMO — LUMO + 1, HOMO-1 — LUMO + 2
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and HOMO-1 — LUMO transitions.

Complex 1 shows an intense absorption peak at 384.21 nm (ex-
perimentally 383nm) corresponding to HOMO-1—LUMO + 1,
HOMO-3 — LUMO, HOMO — LUMO transitions along with moderately
intense absorption band at 317.88 nm (experimentally 316 nm) corre-
sponding to HOMO-2 — LUMO + 4, HOMO — LUMO + 6 transitions
(FIFURE4A). Besides the nickel dimer shows absorption peaks at
396.12 nm (experimentally 395 nm) due to the contribution of HOMO-
3 — LUMO, HOMO-2 — LUMO, HOMO-1 — LUMO + 1 transitions and
peak at 314.40 nm (experimentally 312 nm) corresponding to HOMO-
1 —LUMO + 4, and HOMO — LUMO + 1 transitions (Fig. 4B).

3.6. Thermal analysis

Thermogravimetric analysis (TGA) and differential thermal analysis
(DTA) have been performed on powdered samples of complexes 1 and 2
from 35 to 800 °C (for complex 1) and 35 to 750 °C (for complex 2) to
examine thermal stability of the complexes and fate of solvent of
crystallization molecules.

In the TGA DTA plot of complex 1, an initial loss of 2.6% is seen at
temperature 50 °C which corresponds to an endothermic DTA peak. It
depicts the loss of surface water probably (Fig. s11). The next visible
loss at 190 °C is a weight loss of 6% which probably indicates the loss of
all the water molecules (calculated loss 6.7%) also depicted by an en-
dothermic peak. A loss of almost 32% occurs at 280 °C which probably
shows loss of one ligand moiety (calculated loss 32.2%). The next de-
composition at 370 °C probably indicates loss of two Cl (observed
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~10% vs calculated 10.6%). The final loss of 33% could be attributed
to the loss of another ligand moiety after which a stable residue of CuO
is obtained. All of the last three losses accompany a corresponding
exothermic peak in the DTA curve.

In the TGA DTA plot of complex 2, the initial loss of 13% at 86 °C
can be attributed to the loss of 3 methanol molecules (bound and un-
bound (calculated loss 13.2%)) as confirmed by endothermic DT peak
(Fig. s12). There are next two consecutive losses, each of 4%, which can
be assigned to the loss of N, twice from the azide bridges. This loss
occurs between 132 and 180 °C of temperature. The next loss of another
4% is the final decomposition of the nitrogens of the azide bridge and
its evolution as another molecule of N, at and the process completes at
270 °C. The next loss of 40% probably confirms the loss of one part of
the dinuclear complex which continues upto 400 °C. The residue as
stable NiO is left behind. All show exothermic DT peaks other than the
loss of solvent molecules at the starting temperatures.

3.7. Cyclic voltametric studies

Electrochemical studies of complexes 1 and 2, and the ligand have
been carried out in acetonitrile using TBAP as supporting electrolyte. A
typical cyclic voltammogram (CV) has been obtained by using a glassy
carbon electrode and an Ag/AgCl saturated KCl reference electrode. CV
plots of the complexes are shown in Fig. 5.

The CV plot of the dinuclear complex, 1 has been obtained by
scanning potential —2.0 to + 1.5, wherein the electrochemical beha-
vior of the complex is elucidated properly. The scan rate has been
maintained at 50mVs~'. The forward scan gives an anodic peak at
0.62V and I, 8 X 10~ ®A and the cathodic counterpart in the reverse
scan at Ep. 0.48V and I, of 2.2 x 10~ ° A. These peaks have been at-
tributed to the redox couple Cu(I)-Cu(Ill) as the peaks clearly show a
quasireversible one electron transfer process [23a-d]. The similarity
with literature values confirms the peaks. Of the copper centers, Cu2 is
more competent to undergo oxidation to + 3 state as it satisfies the 18-
electron rule after the oxidation process. Comparison of the results of
voltammetric peak current with those of the ferrocene-ferrocenium
couple under the same experimental conditions establishes that these
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responses involve one electron in each step. The electrochemical re-
sponses of the complex may be assigned as:

cul; cu! — e= Ccu'; Cull;

CuHI; Cull — e= CuIH; Culll

The anodic peak at 1.2V indicates an irreversible ligand oxidation
which is characteristic of the oxidation of the Schiff base groups
[24a—c].

In the scan of range 0.0 to —2.0V, the cathodic peak at E,. —0.78 V
with I,. 6 X 107° A is seen as a broad peak which indicates two si-
multaneous reductions in this region. An irreversible Cu(Il) to Cu(l)
reduction occurs in this potential region. This is well supported by lit-
erature data [23b,25a-b]. The ligand also undergoes an irreversible
reduction at this potential as confirmed by the cyclic voltammogram of
the isolated ligand as well. The peak in the isolated ligand is at
—1.05V, which has shifted to the new potential (shifted gradually to
slightly higher potential values) due to coordination of the ligand to the
Cu(II) center [25b-c], may be assigned to the reduction of imine group
[(=C=N-)/(—C=N-)"] [25a]. The cathodic peak at —1.5V indicates
a further reduction of Cu(I) to Cu(0). This is a one electron process as
ascertained from literature values as well [23b]. The peak in the reverse
scan is the anodic dissolution wave of deposited copper, for Cu(0) — Cu
(D) which is indicated by a long peak at —0.19V [23b].

For the nickel complex, the quasireversible redox couple at Ep.
0.22V and I, 7 x 1077 A and E,, 0.38V and I, 2 X 10 A can be
assigned to the Ni(II)/Ni(I) couple [25d-f]. The scan rate has been kept
at 100mVs~!. The cathodic peak at —0.64V indicates a ligand re-
duction which has also been observed in the free ligand at —1.05V but
shifted to higher potentials due to the binding to Ni(II) ion. The anodic
peak at 1.05V corresponds to a ligand oxidation as almost similarly
observed in the Cu(II) complex.

The CV plot of the free ligand has been given in the Supplementary
information (Fig. s16). It shows two cathodic peaks at —0.56 V and
—1.05V corresponding to the reductions on the ligand and an anodic
peak at —0.57 V which corresponds to an oxidation. Scan rate has been

maintained at 100 mVs ™1,
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Fig. 5. Cyclic voltammograms of complexes 1 (A) and 2 (B).

3.8. Catalysis studies

We have checked catalytic activity of both the complexes for oxi-
dation of cyclohexane, toluene and cyclopentane. The oxidation of the
substrates has been performed by H,O, as the oxidant in a slightly
acidic medium under ambient conditions. To set optimum conditions,
we have varied amount of hydrogen peroxide (30% in H,O)as well as
the acid (HNOj)keeping fixed amount of the metal complex
(0.03 mmol) in 5.0 mL of acetonitrile. The ratio n(HNO3)/n(catalyst)
has been varied in the range of 5-25. The n(H»05)/n(catalyst) has been
varied from 100 to 500 with the best yield obtained at 500.

Results of oxidation are summarized in Table 4. The primary pro-
ducts of the oxidation of cyclohexane are cyclohexanol and cyclohex-
anone; toluene is oxidized mainly to benzyl alcohol and benzaldehyde,
whereas oxidation of cyclopentane gives cyclopentanol and cyclo-
pentanone as the major products. Cyclohexane oxidation gives a small
amount of adipic acid (~9%) in addition to the major products when
the ratio n(H,O»)/n(catalyst) is 250-300. At lesser ratio n(H,0)/n
(catalyst), say 100, no adipic acid has been detected and at still higher
ratio of 500 (which is the most optimized condition) the amount of
adipic acid formed remains the same i.e. 9%. Benzoic acid has been
obtained as a minor product from oxidation of toluene. Benzoic acid is
generally obtained by aerial oxidation of benzaldehyde, hence this
benzoic acid could have come from benzaldehyde which has been
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formed during the oxidation of toluene. Oxidation of cyclopentane
gives some high boiling combustion products along with the major
cyclopentanol and cyclopentanone.

The yield has been optimized by varying the relative proportions of
nitric acid and hydrogen peroxide with respect to the catalysts, tem-
perature and varying the reaction time. It has been obvious from pre-
vious studies [6,7,26] that the presence of nitric acid has positive role
in these catalytic reactions. Nitric acid has, mainly, two important roles:
(i) it could increase the vacant coordination site at the metal center by
the protonation of the ligand of these complexes and hence enhances
oxidative properties of the catalyst; and (ii) decomposition of peroxide
is retarded in the presence of nitric acid, the stability of peroxo inter-
mediate is increased. However, it is difficult to determine the exact
structure of the complex in solution. Copper center in dinuclear com-
plex is in both tetra and penta-coordination. Thus, these metal centers
would need nitric acid to increase the unsaturation at the metal center.
The highest conversion has been ascertained at n(HNO3)/n(catalyst)
ratio 20, while the yield decreases on further increasing the ratio.
Hence, this ratio is maintained throughout for all the reaction sets.

The reaction mixture has been stirred for 48 h at room temperature
(35°C) under atmospheric pressure. Different temperatures conditions
have been applied to optimize the highest yield. Reaction has been
carried out at 40, 50, 60 and70°C. The best yield was obtained at 40 °C.
Upto 50 °C, the reaction proceeds showing slight decrease in yield at
50 °C which gradually declines upto 60 °C. However, after 60 °C, there is
a drastic decrease in the yield of products as it has been confirmed by
gas chromatographic analysis.

The catalysis has also been done at high pressure conditions which
fail to yield the products. This indicates that normal pressure conditions
are most desired condition for the reaction. The reaction has also been
performed with TBHP as the oxidant under the similar experimental
conditions but it shows lower yield, 5% in total. This can, probably, be
due to its bulky structure which destabilizes the intermediate. Then, we
have performed the same catalytic reaction under inert (argon) atmo-
sphere to examine effect of the presence of oxygen. However, it has
been found that this reaction shows almost equal yield when same
catalytic reaction is carried out under normal experimental conditions.
There is only a small decrease in amount of products formed under inert
atmosphere which indicates only little participation of atmospheric
oxygen in the oxidation process.

Instead of nitric acid, organic acid such as acetic acid has been
employed in the reaction. The yield of product remains the same
showing that organic acid is as effective in the role played by nitric
acid. In order to find out the probable mechanisms, we have carried out
the catalytic reaction of cyclohexane with the complex maintaining n
(HNO3)/n(catalyst) ratio of 20 and n(H,0,)/n(catalyst) ratio of 500 in
the presence of TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl). The yield
of the reaction is greatly suppressed in its presence. TEMPO is well
known as a radical trap. This indirectly indicates that oxidation reac-
tions occur mainly by mechanisms involving the formation of radicals.

Copper salts like Cu(NO3),, under the same reaction conditions
exhibit at much lower activity towards oxidation of all substrates under
same experimental condition. It shows only about 6% conversion. So it
is evident that the presence of N and O donor ligands is quite relevant.

To check the possibility of oxidation of all the substrates under
acidic conditions, we have performed blank reactions for each of the
substrates without any metal center. The amounts of nitric acid and
hydrogen peroxide have been chosen at which concentration of these
reagents maximum conversions of the substrates were achieved with
the catalyst. Blank reactions have been carried out with substrate
(1.5 mmol), hydrogen peroxide (15 mmol) and nitric acid (0.6 mmol) at
40 °C for 48 h. Conversion rate is very low (~ 3.7% for cyclohexane and
toluene, and 4.5% for cyclopentane). This indicates that the conversion
of the substrate to product is difficult reaction and accelerated by the
presence of our copper complex.

The reaction is believed to proceed through the formation of alkyl
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Table 4
Oxidation® of cyclohexane, toluene and cyclopentane.
Cyclohexane
n(H,0,)/n(catalyst) Time (h) Yield” (%) Total" Selectivity” of cyclohexanol (%) TON®
Cyclohexanone Cyclohexanol
100 8 3.2 5.8 9 64.4 4.5
48 6.4 9.1 15.5 58.7 7.75
250 8 7.6 14.1 21.7 65 10.8
48 9.3 21.4 30.7 69.7 15.3
500 8 11.1 19.3 30.4 63.4 15.2
48 18.4 29.8 48.2 62 24.1
48' 47 0.5 47.5 0.01 235
Toluene
n(H,0,)/n(catalyst) Time (h) Yield” (%) Total® Selectivity” of benzyl alcohol (%) TON®
Benzyl alcohol Benzaldehyde
100 8 7.4 4.8 12.2 60.6 6
48 111 7.2 18.3 60.6 9
250 8 11.8 9.3 21.1 56 10.55
48 19.4 14.4 33.8 57.4 16.9
500 8 19.1 13.8 329 58 16.45
48 23.8 15.9 39.7 60 19.8
Cyclopentane
n(H,0,)/n(catalyst) Time (h) Yield” (%) Total® Selectivity” of Cyclopentanol (%) TON®
Cyclopentanone Cyclopentanol
100 8 5.2 5.8 11 52.7 5.5
48 9.2 11.4 20.6 55.3 10.3
250 8 8.5 10.9 19.4 56.1 9.8
48 13.6 14.9 28.5 52.2 14.25
500 8 14.5 17.2 317 54.2 15.85
48 16.7 19.1 35.8 53.3 17.9

@ Solvent: acetonitrile.

b4 yield and selectivity calculated after treatment with PPhs.

¢ Acohol + ketone.

¢ TON (turn over number) = moles of product/mole of catalyst.
f before treatment with PPhs.

hydroperoxide (ROOH) (e.g. cyclohexyl peroxideor benzyl peroxide)
along with the alcohol (e.g. cyclohexanol, benzyl alcohol and cyclo-
pentanol) and carbonyl compounds(such as cyclohexanone, benzalde-
hyde and cyclopentanone). The formation and quantification of these
compounds have been carried out by following a method introduced by
G. B. Shul’pin [27]. According to this procedure, the reaction mixture
has been analyzed by GC before and after treating with excess PPhs.
Treatment of the reaction mixture (alkyl hydroperoxide) by PPhs leads
to the formation alcohol with subsequent formation of phosphane oxide
(OPPh3). We have observed that after the reduction with PPhs, the al-
cohol peak in the GC analyses rises markedly for each of the substrate
while the intensity of the > C=O compound’s peak reduces. Alkyl
hydroperoxides are, in many cases, the main primary products of alkane
oxidation with hydrogen peroxide. The peroxides formed in the oxi-
dation with H,O, can, sometimes, decompose in the injector of GC
during the analysis with the formation of the corresponding alcohol and
ketone. If we compare the yields of reaction before and after the
treatment with triphenylphosphine, we can see that yield of alcohol
increases tremendously after the treatment with PPh; (representative
case, Table 4). Before the treatment with PPh3, product of oxidation of
cyclohexnae is almost solely cyclohexanone. This indicates that the
saturated hydrocarbon oxidation may follow the Shul’pin pathway.
The hydroxyl radical HO" could be formed as a result of metal-as-
sisted decomposition of hydrogen peroxide. The hydroxyl radical ab-
stracts H from the substrate (RH) to form R'[26a]. The formation of
ROOH may be occurred by the reaction between a metal-peroxo

intermediate, e.g. bearing a Cu(II)-OOH type moiety and the organor-
adical R, to form ROOH [28]. The formation of Cu—peroxo species has
been determined by UV-vis spectra. The metal-assisted homolytic
cleavage of alkyl hydroperoxide generates alkoxyl (RO, upon O—O
bond rupture) and alkylperoxyl (ROO’, upon O—H bond breakage) ra-
dicals which can form an alcohol (ROH) upon H-abstraction from the
alkane (RH) by RO" or both ROH and the > C=O0 upon decomposition
of ROO™ [29].

ESI-mass spectrum of complex 1 in methanol shows the presence of
both mononuclear and dinuclear species (Fig. s13). Peak at 641.09 in-
dicates the presence of dinuclear species and may be attributed to the
presence of [Cus(LY)5(us-C(H,0)(CH50H)]. It shows additional m/z
peak at 277.05 which is assigned to [Cu(LDH]*. This indicates that di-
nuclear species also exists in solution. UV-vis spectra for the complexes
have been recorded in methanol at room temperature as discussed
earlier. To further observe the effect of hydrogen peroxide, we have
recorded the UV-vis spectra of the complexes in the presence of hy-
drogen peroxide (Figs. s14 and s15). It has been observed that an in-
tense peak at 400 nm, with a shoulder in the range of 410-420 nm,
appears for complex 1. This may be attributed to the existence of
Cu-hydroperoxo or Cu-peroxo species [30] However, there is no ob-
servable change in the UV-vis spectrum of complex 2 when it is re-
corded in the presence of hydrogen peroxide (Fig. s15).

Complex 2 has also been checked for its catalytic property in oxi-
dizing the substrates. But the Ni catalyst shows very poor conversion
i.e. about 7% total yield for cyclohexane, 5% for toluene and 4% for
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cyclopentane. This could be attributed to the coordinatively saturated
nature of the each Ni center in complex 2 with coordination number 6.
The UV vis data of the complex in the presence of H,O,couldnot con-
firm the presence of Ni-hydroperoxo or peroxo species like
Cu-hydroperoxo or Cu—peroxo in case of complex 1. Also electro-
chemical studies of the complex indicate no formation of higher oxi-
dation state species in the said voltage range whereas Cu(III) species has
been detected in the said voltage range indicating more vulnerability
character of complex 1. Thus replacement of Cu by Ni in the complex
actually stops the catalytic ability of the material.

Conversion of saturated hydrocarbons is one of the most difficult
reactions in organic chemistry. Results from past decade [6,7] and re-
cent past [31] indicate that our catalyst is very good in this respect.
Recent report on catalysis with copper(Il) complexes of vinylpho-
sphonic acid and 1,10-phenanthroline shows that only ~32% products
are formed where main product is corresponding carboxylic acid [31a].
Formation of cyclohexanol and cyclohexanone is extremely low. Copper
(II) complexes of functionalized 2,2":6’,2”-terpyridines and 2,6-di
(thiazol-2-yl)pyridine could be used as catalyst for cyclohexane oxida-
tion in the presence of hydrogen peroxide and highest conversion
achieved is ~23% [31b]. Three copper(Il) complexes of pyromellitic
acid and different aminoalcohols can catalyze cyclohexane oxidation
and highest conversion is ~33% [31c]. Conversion for cyclopentane is
also difficult as revealed from the small yield with Cu(II) complexes
[31d].

4. Conclusions

We have been able to synthesize and characterize two dinuclear
transition metal complexes with a Schiff-base ligand. One of them is
copper containing complex, complex 1 and another with nickel, com-
plex 2. Complex 1 has been found to be active catalyst for the oxidation
of cyclohexane, toluene and cyclopentane in the presence of hydrogen
peroxide as the terminal oxidant. Corresponding alcohol and aldehyde
have been produced as the major products. Conversion of the substrates
is quite high in comparison to the results published by other groups in
recent time. However, complex 2 is not able to convert these substrates
under similar conditions. UV-vis spectral analysis shows that complex 1
could generate Cu-peroxo or Cu-hydroperoxo species in the presence of
hydrogen peroxide whereas formation of such type of species with
nickel complex is not evident from the UV-vis spectral studies.CV of
complex 1 shows that two Cu(Il) centers could be converted to Cu(IIl)
center with transfer of one electron in each of two steps. Formation of
higher oxidation state species of Ni is not indicated from its electro-
chemical studies. These analyses support that formation of Cu-peroxo as
active species for the catalytic conversions. Possible mechanism in-
dicates the involvement of Cu(IIl) species. Probably other metals also
need higher oxidation states for this catalysis. As generation of Cu(III)
center is feasible, not the higher oxidation state for nickel center evi-
dent from electrochemical studies under normal condition, the di-
nuclear copper complex can catalyze the oxidation of saturated hy-
drocarbons mimicking the activity of particulate methane
monooxygenase while dinuclear nickel complex cannot.
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ARTICLE INFO ABSTRACT

A mononuclear copper(Il) complex, [Cul,] (Complex 1) where HL = 4-chloro-2-((cyclohexylmethylimino)
methyl)phenol), has been synthesized and characterized by standard methods including single crystal X-ray
diffraction analysis. UV-vis spectral studies have been carried out to establish the intercalative binding affinity
of complex 1 with DNA and the corresponding intrinsic binding constant has been determined to be 1.68 x 10°
M. Several other studies such as competitive binding experiment, fluorescence quenching spectra, CV and CD
also support intercalative binding ability of complex 1. Agarose gel electrophoresis technique has been employed
to study the DNA cleavage. Interaction of complex 1 with a protein, human serum albumin (HSA) has been
analyzed by UV-vis and fluorescence quenching spectra. The intrinsic binding constant (K) of complex 1 for HSA
has been determined to be 1.91 x 10* M~!. HSA shows strong fluorescence at 344 nm (e, 295 nm). But the
intensity decreases in the presence of complex 1 signifying binding of 1 with HSA. Quenching of fluorescence
occurs by fluorescence energy transfer mechanism. FT-IR, 3D fluorescence spectral and CD analyses also show
the considerable interaction between HSA and 1. Remarkable degration of HSA has been observed in the pre-
sence of hydrogen peroxide when it is incubated with complex 1. On the other hand, complex 1 shows excellent
antibacterial activity towards both gram positive and gram negative bacteria. To observe nuclear changes, HeLa
cells have been treated with complex 1 and it shows apoptosis of the cell as predicted by the morphological
changes in the cell nucleus.
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1. Introduction

After the first report of antitumor activity of some platinum com-
pounds [1] such as cisplatin by Rosenberg and coworkers, significant
attention has been paid to develop and understand the role of metal-
based anticancer drugs. Cisplatin and analogous platinum-based drugs
suffer from severe associated toxic effects such as emetogenesis, neu-
rotoxicity, myelotoxicity and nephrotoxicity [2]. Thus, there is a need
for new compounds having antiproliferative properties and therapeutic
solutions. Non-platinum complexes have then been emerged as poten-
tial anticancer agents as an alternative [3]. Different metal complexes
are potential candidate as therapeutic agents in medicinal research as
these compounds can efficiently interact with the proteins and DNA
under physiological conditions. During last few decades, tremendous
effort has been provided to grow a number of different transition metal
complexes including that of copper(II) as the anticancer drugs [4]. A
number of copper(II) complexes have been used as tools for mediation
of strand scission of duplex DNA and as probes of DNA structure in

* Corresponding author.

solution phase [5-8]. Several metal including copper complexes have
shown to hydrolyze phosphate ester [9] as well as RNA with varying
efficiencies [10,11]. On the other hand, Cu(II/I) complexes of synthetic
and naturally occurring ligands act as nuclease mimics and a few
copper(Il) complexes have shown to be capable of mediating non-
random double-strand cleavage of plasmid DNA [12].

Schiff base complexes of transition metal ions are one such im-
portant class of compounds in medicinal and pharmaceutical field. They
show biological applications including antibacterial [13,14], antifungal
[14] and antitumor activity [15]. Diamino tetradentate Schiff-bases and
their complexes have been used as the model for understanding the
structures of biomolecules and biological processes [16,17].

DNA binding is the critical step for DNA activity. To design effective
chemotherapeutic agents and better anticancer drugs, it is needed to
explore the interaction of metal complexes with DNA. Recently, there
has been growing interest in studies related to the interaction of tran-
sition metal ions with nucleic acid as mentioned earlier because of their
relevance in the development of tools for biotechnology and medicine
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[18]. These studies are important to understand the toxicity of drugs
containing metal ions as well [19]. Moreover, molecular design of
synthetic metalloproteases that cleave protein at a specific site and act
as multifunctional biochemical agents is suitable for understanding the
structure-activity correlations of proteins [20]. Protein degradation
plays an important role in many cellular functions such as (i) removal of
misfolded and damaged proteins from the cells to avoid toxicity and,
(i) to maintain the cellular concentration of regulatory proteins at
optimal levels [21].

Synthetic proteases are also vital in the emerging chemistry of anti-
metastasis agents to control tumor malignancy [22]. The specific de-
livery of a drug to target cells may be done by the use of targeting
groups or by tuning the chemical and physical characteristics of the
drug or drug carrier such as hydrophobicity and molecular size [23].
Among various protein carriers such as liposomes, dendrimers, protein
biomolecules, poly(ethylene glycol)-polymers and nanoparticles,
human serum albumin (HSA) has been regarded as the most versatile
[24]. It is known to be gathered in tumor cell than in normal cell. Now
it is believed that it can act as the carrier conjugate for several antic-
ancer drugs [25]. It is an antioxidant and shows radical scavenging
ability. Another key role of HSA is to sustain the blood pressure. HSA
does not show toxicity and immunogenicity. Thus, it has potential to be
an ideal carrier for drug delivery. It is already known that it is one of
the most important multifunctional transport proteins and its crucial
role in the transportation and deposition of various species in blood
[26]. Different factors such as drug distribution, its concentration in
unbound state, its metabolism, etc. are dependent on nature of inter-
action between drug and the protein. HSA controls distribution of drug
as the drug reaches its target after binding with the HSA protein [27].
Thus, study on binding of the drug with proteins like HSA becomes
extremely important because this can enlighten on concentration of
unbound drug, its distribution and elimination.

The metal complexes often show excellent antibacterial properties,
perhaps, by binding to bacterial DNA and killing them in the process.
Apoptosis is a crucial process which is closely related to a variety of
diseases. Apoptosis induced by copper complexes were studied ex-
tensively. Copper is redox active center and due to this property, re-
active oxygen species (ROS) is formed. ROS can induce modification in
the cellular components and can hinder redox processes of the cell as
well. All these along with ROS related other intracellular cascade re-
actions can result apoptosis. A clear understanding of this can help in
the designing of copper based antitumor drugs [28,29].

In this respect, we report here the synthesis, characterization, and
DNA cleavage, HSA binding and antibacterial properties of a copper(Il)
complex, [CuL,] (Complex 1) where HL 4-chloro-2-((cyclohex-
ylmethylimino)methyl)phenol) (Scheme 1). Complex 1 has been suc-
cessfully applied in cleaving DNA as well as binding to HSA. These
interactions have been studied by various biophysical experiments and
biochemical assays as well.

-0 ~N
OH 1:1 CH;CN
[ —
= O\/ Reflux, 2h
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2. Experimental
2.1. Materials and methods

5-Chloro-2-hydroxybenzaldehyde, 1- cyclohexylmethanamine and
copper(Il) acetate monohydrate were purchased from Sigma Aldrich
and used without further purification. Other chemicals were purchased
from commercial sources and used as received. 4-chloro-2-((cyclohex-
ylmethylimino)methyl)phenol (HL) was synthesized following a pub-
lished procedure [30]. Solvents were purchased from commercial
sources and for synthesis purpose they were used without further pur-
ification while a purified and dried version was used for spectroscopic
measurements [31]. Elemental analysis was carried out on a 2400
Series-II CHN analyzer, Perkin Elmer, USA. FT-IR spectra were recorded
on a Perkin Elmer spectrometer (Spectrum Two) with the solid samples
or sample solutions using the attenuated total reflectance (ATR) tech-
nique. The UV-vis spectral analysis was done in Agilent 8453 diode
array spectrophotometer. The ESI-MS spectra were recorded on Qtof
Micro YA263 mass spectrometer. Single crystal X ray diffraction was
done on a Bruker: D8 VENTURE. Emission spectra were recorded using
a Horiba Fluoromax-4C spectrofluorometer. The cyclic voltametry in-
strument used was METROHM AUTOLAB PGSTAT101. A glassy carbon
working electrode and a platinum wire auxiliary electrode and satu-
rated Ag/AgCl reference electrode were employed in a standard three-
electrode configuration. KCl was used as supporting electrolyte in the
DMSO/buffer system as the system was mostly aqueous in the form of
Tris/NaCl buffer and the scan rate was 50 mV s~ ' under argon atmo-
sphere. CD spectra were recorded by using a quartz cuvette of 10 mm
pathlength in a JASCO J-815 CD spectropolarimeter. The DNA cleavage
studies were done by resolving the DNA on 1% agarose gel electro-
phoresis in Tris Acetyl EDTA buffer at 80 V. The HSA protein was run
on 10% SDS polyacrymalyde page gel. Cell lines used for the experi-
ment were HeLa (human cervical cancer cell line). Cells were grown in
10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA)/Dul-
becco’s modified Eagle’s medium (DMEM; Himedia, Mumbai, India)
media at 37 °C and 5% CO».

2.2. Synthesis of [CuL,] (1)

A solution of copper(II) acetate monohydrate (0.5 mmol, 0.100 g) in
acetonitrile (5 mL) was added dropwise to an acetonitrile solution
(5 mL) of HL (1.0 mmol, 0.252 g) under stirring condition. The mixture
turned to yellowish green in color. The mixture was stirred for another
30 min. The color of the solution changed to greenish. The resulting
solution was then refluxed for 2 h and the solution became green. The
mixture was finally cooled to room temperature and filtered to remove
any undissolved or suspended materials. The filtrate was kept at am-
bient temperature for slow evaporation of the solvent. Green single
crystals suitable for X-ray diffraction study were produced within few
days.

Data for 1: yield (78%); C, H, N analysis: anal. calc. for
CugH34Cl,CuN,0,: C, 59.52; H, 6.07; N, 4.96; found: C, 59.54; H, 5.92;
N, 4.78%.

ﬁk cl
/N\c U/O/
OH Cu(ll) acetate o’ ‘NJJ/
[ ——
Reflux, 2h | \%

Complex 1

Scheme 1. Synthesis of complex 1.
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Table 1

Crystal data, data collection and structure refinement of complexes.
Compound Complex 1
Formula CgH34Cl,CuN,0,
Formula weight 565.01
T(X) 293
Color clear light brown
Crystal system triclinic
Space group P-1
a(d) 6.3371(2)
b (A) 10.0817(4)
cA) 10.9103(4)
a(’) 85.6440(10)
B 79.9620(10)
v(©) 78.1860(10)
V(A3 671.25(4)
V4 1

Crystal dimensions (mm) 0.3 x 0.21 x 0.11

Minimum and maximum transmission factors 0.769-0.892
F(O00) 295

D. (g cm™ %) 1.398

A (Mo Ka) (&) 1.040

6 Range (*) 2.79-27.39
Reflection collected/unique/observed 12185, 2945, 2775
Absorption correction multi-scan

Rint 0.0538

Final R; index [I > 20(D)] 0.0578
Final wR, index (all reflections) 0.1188
Goodness-of-fit 1.261

2.3. X-ray data collection and structure determination

Details of the data collection and refinement parameters for com-
plex 1 are summarized in Table 1. Single crystal data collections were
performed with an automated Bruker D8 VENTURE diffractometer
using graphite monochromatized Mo Ka radiation. The spots were
measured using 10 s counting time. Unit cell parameters were de-
termined from least-squares refinement of setting angles with 6 in the
range 2.79 = 0 < 27.39°. Data were processed using the Bru-
ker SAINT package [32]. Absorption corrections based on multi scans
using the SADABS software were applied to all intensity data. The
structures were solved and refined by full-matrix least-squares techni-
ques on F2 using the SHELXS-2016/6 program [33,34]. The absorption
corrections were done by the multi-scan technique. All data were cor-
rected for Lorentz and polarization effects, and the non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were generated using
SHELXL-2016/6 and their positions calculated based on the riding
mode with thermal parameters equal to 1.2 times that of the associated
C atoms, and participated in the calculation of the final R-indices.

2.4. DNA binding and cleavage activities

Calf thymus (CT)-DNA was purchased from Sigma Aldrich and the
supercoiled FAM134BGFP plasmid DNA was obtained from a bio-
technology lab. The stock solution of CT-DNA was prepared in 5 mM
Tris—-HCl/50 mM NacCl buffer at pH 7.2, which gave a ratio of UV ab-
sorbance at 260 nm and 280 nm (Aqg0/A2g0) of ca. 1.8-1.9, indicating
that the DNA was sufficiently free of protein [35]. The concentration
was determined by UV absorbance at 260 nm (¢ = 6600 M~ 'cm ™)
and the plasmid DNA was used in the wet lab cleavage studies.

2.5. HSA binding studies

Human serum albumin (HSA) was purchased from Sigma Aldrich.
Human serum albumin of 1.0 x 10~* M was prepared by dissolving
protein in Tris-HCl buffer solution at pH 7.2 [36]. The protein con-
centration was determined spectrophotometrically using an extinction
coefficient of 35,219 M~ 'cm ! at 280 nm.
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2.6. Antibacterial studies

Overnight grown cultures of E. coli and S. aureus were incubated in
Luria Bertani (LB) broth. Approximately, 1 X 108 cells of each bacterial
strain were incubated in test tubes containing 2.0 mL of LB media and
to it different concentrations of the complex was added. The tubes were
incubated at 37 °C for 16-18 h. The growth observed were cells which
was plated on LB media following which the plates were incubated at
37 °C again for 16-18 h and the next day colonies were counted.

2.7. Cell biological studies

Cell lines used for the experiment were HelLa (human cervical
cancer cell line). Cells were grown in 10% fetal bovine serum (FBS;
Gibco, Grand Island, NY, USA)/Dulbecco’s modified Eagle’s medium
(DMEM; Himedia, Mumbai, India) media at 37 °C and 5% CO,.The
HeLa cells were seeded in 35 mm plates. The cells were treated with
different concentrations of the complex and incubated for different time
intervals. The cells were fixed with 4% formalin in PBS buffer. They
were then blocked with 0.1% Triton X in PBS. Then, they were stained
with DAPI and mounted on the slides.

3. Results and discussion
3.1. Synthesis of complex 1 and its characterization

Complex 1 has been synthesized following route given in Scheme 1.
First, HL has been prepared by the condensation between cyclohex-
ylmethylamine and 5-chlorosalicaldehyde in 1:1 ratio in acetonitrile
following a published method [30]. The reaction between HL and
copper(Il) acetate monohydrate yields the complex, [CuL,]. HL has
been deprotonated to bind to the Cu(Il) center without adding any
external agent. Probably anion of copper salt helps in the deprotonation
process.

ESI-MS spectrum of complex 1 confirms the formation of the com-
plex (Fig. s1). The m/z peak at 565.05 may be attributed to the presence
of [ML,] species. Another peak at 313.96 may assigned to [ML]*
species which could be fragmented from the original molecule by losing
a ligand. FT-IR spectrum of complex 1 has been recorded with samples
by ATR technique (Fig. s2). The strong peaks at 2848 cm ™' confirms
the presence of methylene moieties. The sharp peak at 1633 cm™!
shows the presence of C=N bond which justifies formation of the Schiff
base ligand and retention of it in the complex [37]. A band at
1170 ecm ™! indicates the presence of C—O bond i.e. carbon being at-
tached to hydroxyl group. Almost strong band at 718 cm ™" signifies C-
Cl bond in the ligand. Medium intensity at 560-570 cm ™! indicates that
the ligand is coordinated to the metal center.

Magnetic properties of complex 1 have been measured and analyzed
with powdered samples at 298 K. The expected value of magnetic
moment for Cu(Il) system is 1.73 BM. The experimental value of x has
been determined to be 1.58 BM. This value is almost close to the the-
oretical value of 1.73 BM indicating the presence of one copper atom in
the complex.

3.2. Crystal structure of complex 1

The complex 1 crystallizes in the P-1 space group from acetonitrile.
A perspective view of the complex is given in Fig. 1. Selected bond
angles and bond lengths are listed in Table s1. Complex 1 consists of
two deprotonated ligands (4-chloro-2-((cyclohexylmethylimino)me-
thyl)phenoxide) and one copper atom. Copper atom is in a tetra-
coordinated environment. Cul is coordinated to two phenolic oxygen
atoms (O1), two nitrogen atoms (N1) from each of the ligand. It is al-
most a perfect square planar molecule. Both the trans angles 0O1-Cul-O1
and N1-Cu-N1 are 180° and the O1-Cul-N1 angle is 88° which is very
close to the ideal 90°. The Cu-O and Cu-N bond lengths are in good



A. Bhattacharjee, et al.

Fig. 1. A perspective view of complex 1 with partial atom numbering scheme.
Hydrogen atoms are omitted for clarity.

agreement with the literature values [38,39].

3.3. UV-vis spectral studies

The electronic spectrum of complex 1 has been recorded in acet-
onitrile at room temperature. UV-vis spectrum of complex 1 is given in
Fig. s3. It could be seen from the figure that it shows a broad band at
615 nm (e: 3010 Lmol ‘em™1), which may be attributed to the d-d -
transition. Two strong peaks are observed at 372 and 300 nm, with
molar extinction coefficients of 9800 Lmol 'em~'and 9500
Lmol 'em™!, respectively. These peaks may be attributed to
PhO— — Cu(Il), N(amino) — Cu(II) (LMCT) transfer and intraligand
charge transfer [38].

3.4. Electrochemical studies

The electrochemical behavior of the complex has been investigated
using cyclic voltammetry. Electrochemical studies were carried out in
DMF solution by cyclic voltammetry at room temperature with TBAB
(tetrabutylammonium bromide) as supporting electrolyte under argon
atmosphere (Fig. 2). The negative scan shows that the Cu(Il) center gets
reduced to a Cu(l) species (Fig. 2a) [40]. The graph shows an I .amodic
peak indicating a reduction of Cu(II) — Cu(I) which is getting oxidized
back Cu(I) <= Cu(Il) as indicated by Lyyogic Value. Thus, Ioqic/Icathodic
ratio is nearly 1 which signifies a quasireversible reduction at a
mononuclear copper center. AE, is approximately 0.07 V indicating a
one electron change i.e. Cu(Il) — Cu(I) [41]. The scan in the positive
potential region shows an irreversible oxidation of the ligand at high
potentials (~1.2 V) showing that the ligand is oxidatively robust
(Fig. 2b) [42].

3.5. DNA binding studies

3.5.1. UV-visible spectral studies

Absorption spectra of complex 1 have been recorded in DMSO
buffer in the presence of different concentrations of DNA. It has been
shown in Fig. 3. The absorption spectrum of the complex displays a
highly intense interligand «t — nt* absorption, that is characteristic for
this complex, at 380 nm and the higher energy band at 305 nm may be
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Fig. 2. Cyclic voltametric plot of complex 1. (2a) scan in negative potential

region showing reduction of Cu(Il) to Cu(l) species and (2b) scan in positive
potential region showing ligand oxidation.
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Fig. 3. Absorption spectra of complex 1 in absence (- - -) and in the presence

(—) of increasing concentration of CT-DNA. [Complex 1] = 4 X 10~ M. The
upside arrow shows the absorbance changes upon increasing the DNA con-
centration. Inset: linear plot for the cthe calculation of the intrinsic DNA
binding constant (Ky).

due to some other charge transfer transitions. In the presence of fixed
metal complex concentration and increasing concentrations of CT-DNA,
(3.3-22.5 x 10~ ° M), ratio [DNA]/[Complex 1] = (0.0, 0.80, 1.6, 2.4,
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Fig. 4. Absorption spectra of free EB and EB bound to CT-DNA in the absence
and presence of increasing amount of complex 1.
[EB] = [DNA] = 13.3 x 10~ °M, [Complex 1] = 0-10 x 10~ M. The upside
arrow shows the absorbance changes upon increasing the complex concentra-
tion.

3.2, 4.0, 4.8), a marked hyperchromism is observed with a strong red
shift of 18 nm [43] suggesting the covalent binding. The intrinsic
binding constant, K, of complex 1 with CT DNA has been measured
from Wolfe-Shimer Equation [44]. Through a plot of DNA]/(e, — ) Vs.
[DNA], where [DNA] denotes the concentration of DNA, and ¢,, & and
ey, represent the apparent extinction coefficient (Ayps/[M]), the extinc-
tion coefficient for only complex (M), and the extinction coefficient for
the metal complex (M) when it is in fully bound form, respectively. In
plots of [DNA]/(e, — gp) vs. [DNA], Kj, is determined from the ratio of
slope to intercept [44] of [DNA]/(e, — &) = [DNA]/(ep—€p) + 1/ K}, (g4
- Ef).

Ky, has been found to be 1.68 x 10° M~ ! which suggests a moderate
DNA intercalative binding constant value for complex 1.

3.5.2. Competitive binding assay

To ascertain the intercalative binding nature of complex 1 with
DNA, a competitive binding experiment has been carried out to check
binding ability of the complex with DNA in the presence of ethidium
bromide (EB). EB is well known as an indicator of intercalation.
Competitive binding assay has been measured by recording absorption
intensity in UV-vis spectroscopy (Fig. 4). Initially, the absorbance of
free ethidium bromide is measured and then DNA is added to it. The
concentrations of both EB and DNA have been kept at 13.3 x 107> M.
As seen in the figure, absorbance of EB at 479 nm decreases and the
peak shifts to 484 nm after addition of DNA, which indicates the
characteristic of intercalation of ethidium bromide into the DNA base
pairs. With the gradual addition of complex 1 (0-10 x 10~ ° M) to the
EB-DNA system, there is blue shift of the absorption peak to the original
position and the absorbance is continuously decreased. This indicates
that complex 1 is able to release ethidium bromide from EB-DNA
system [45].

3.5.3. Fluorescence quenching spectroscopy

Ethidium bromide is well known as a classical intercalator. It pro-
duces considerable fluorescence intensity when it is allowed to inter-
calate in the base pairs of DNA. Small molecules can replace EB from
the hydrophobic environment of the DNA double helix and then even
leads to significant quenching of fluorescence of EB by the polar sol-
vents such as water [46]. The change in fluorescence intensity of EB
bound DNA in absence and in the presence of complex 1 has been given
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Fig. 5. Emission spectra of EB bound to CT-DNA in absence (- — -) and in the
presence (—) of complex 1. [Complex 1]/[DNA] = 0, 0.28, 0.56, 0.84, 1.09,
1.34, 1.58, 1.82, 2.04, 2.26; Aoy = 525 nm. Inset: Stern-Volmer quenching
curve.

in Fig. 5. The presence of complex 1 induces remarkable decrease in the
fluorescence intensity of EB-DNA system. It indicates that the complex
is able to replace EB molecules from EB-DNA adduct. This is char-
acteristic observation of intercalative binding of the complex with DNA.
Initially, the fluorescence intensity of free EB is remarkably increased
on the addition of DNA. Concentrations of both EB and DNA have been
kept equal at 6.7 x 107> M and titrated with gradually increasing
concentration of complex 1 in [complex 1]/[DNA] ratio of 0.28 to 2.26.
The fluorescence intensity has been measured with excitation wave-
length at 525 nm (A, for EB) and the fluorescence intensity at 592 nm
has been monitored. The results of fluorescence quenching phenomena
are in good agreement with the observation in UV spectroscopic stu-
dies. The quenching efficiency for a species is evaluated by the
Stern-Volmer constant, Kyq, which varies with the change in experi-
mental conditions [47]

I/I =1+ Kyr

where Iy and I are the fluorescence intensities in absence and in the
presence of complex 1, respectively, and r is the ratio of total con-
centration of complex to that of DNA. Ky, is a linear Stern-Volmer
quenching constant. The inset of Fig. 5 shows plot of I/Iy vs r. It is linear
in nature. Thus, fluorescence quenching of EB-DNA adduct by complex
1 is in good agreement with the linear Stern-Volmer equation. The Kyq
value has been obtained as 0.135.

3.5.4. Cyclic voltammetry

Electrochemical studies can corroborate the results that are ob-
tained from other relevant biophysical methods to learn about the in-
teraction between the biomolecule and the redox active molecule. The
cyclic voltammogram of the complex has been recorded in absence and
in the presence of CT-DNA in aqueous solution (50 mM NaCl/5 mM
Tris—HCl buffer, pH 7.2) (Fig. 6). The supporting electrolyte has been
chosen to be KCl. Reduction of Copper(II) center has been observed at
—0.76 V and with i,. value of —5.00 X 1077 A. It is oxidized back to
Cu(II) from Cu(I) species at —0.58 V and with ip, value of 1.72 x 1077
A. In the presence of DNA, there is noticeable change in the CV of the
complex as seen in Fig. 6. There is a visible shift in the respective peak
potentials, and the cathodic and anodic peak currents are markedly
reduced which indicates some sort of interaction between the complex
and the DNA. There are reductions at their respective peak potentials,
cathodic and anodic peak currents. This reduction may occur due to the
slow diffusion of the equilibrium mixtures of complex 1 and DNA bound
complex 1 at the electrode surface. The negative shift in the
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Fig. 6. Cyclic voltammogram of DNA in absence and in the presence of complex
1.

corresponding potential value indicates that complex 1 may bind with
DNA through electrostatic interactions which shows up in the CV of the
mixture [48].

3.5.5. Circular dichroism spectral studies on DNA binding

Circular dichroism spectroscopy is used to monitor the changes in
DNA morphology when a drug molecule interacts with the DNA. The
spectrum of CT-DNA shows a positive band at 274 nm characteristic of
base stacking and a negative band at 272 nm which is characteristic of
right handed helicity of the B-DNA form [49]. These bands are sensitive
to the interaction between small molecules and CT-DNA. Interactions
such as simple electrostatic or groove binding between the molecules
and DNA show no or very small perturbation of positive and negative
bands [50]. But the intercalation interaction increases the intensities of
both the bands. The interaction of the copper complex with DNA in-
duces an alteration in the CD spectrum of B-DNA as shown in Fig. 7. The
intensities of both the bands for base stacking and helicity have been
reduced significantly (shifting almost to zero level) with the gradual
increase in concentration of metal complex, accompanied by a red shift
(274 to 284 nm) for the positive bands. This suggests that binding of
complex 1 with DNA brings on considerable changes, for example, the
copper complex is able to cause the conversion of a more B-like to a
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CD (mdeg)
e &

1
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a
o
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Fig. 7. CD spectra of DNA (1.2 x 10-4 M) in absence (—) and in the presence
(= —-) of complex 1 in the [Complex 1]/[DNA] = 0.6, 0.12, 0.18 and 0.24.
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more C-like structure within DNA [51].

It is worthy to mention that the hydrophobic base stacking in the
oligomers as well as in the polymers leads to the close contacts and
Columbic interactions which in turn give intense CD bands due to each
of base transitions [52]. Hence, intercalated complexes, which disturb
and weaken base stacking, should induce a decrease in intensity of CD
bands.

3.5.6. DNA cleavage studies

The DNA cleavage abilities of complex 1 have been studied by su-
percoiled FAM134BGFP plasmid DNA as a substrate in a medium of
100 mM Tris-HCl/NaCl buffer (pH = 7.5) under physiological condi-
tions. The DNA has been seen to be chopped when treated with the
complex and the intact DNA has been seen as a smear in the agarose gel
electrophoresis. The supercoiled DNA has been seen as smeared on gel
page which suggests that it has been cleaved appropriately by the
complex. The supercoiled plasmid is subsequently cleaved into smaller
forms which includes double stranded cuts as well as nicked cuts.

We have performed a concentration dependent study. The con-
centration of the metal complex has been increased from 20 to 40 uM
gradually in 100 mM Tris—-HCl/NaCl buffer (pH = 7.2) and 0.5 pg/pL
(6.53 nM) DNA is added to the mixture in the presence H,O, (2 uM) and
incubated for 30 min at 36 °C. The results are shown in Fig. s4. The
chopping off of DNA is clearly seen. We have initially standardized the
time of 30 min by trying various time intervals starting from 2 min. The
nuclease activity of the complex is really very high as no further
breakage into other forms of the DNA has been seen but vigorous
chopping off is evident from the very start. The results clearly show that
as the concentration of metal complex is increased gradually, the
cleavage is more pronounced and at 40 pM concentration the DNA is
completely chopped off. This shows the complex is actually binding to
DNA and chopping it off. The control tests have been done with all
reagents except complex 1. It shows no cleavage as shown in Fig. s4.
The role of H,0, is very crucial in this process because without the
presence of H,O, the cleavage is not very effective as seen from ex-
perimental results. It can be claimed that this type of cleavage of is most
likely to occur through an oxidative mechanism. In the presence of the
reducing agent HO,, the Cu(II) complexes could be reduced to the Cu
(I) complexes [43]. The Cu(I) complex then reacted with endogenous
oxygen to form H,0,, which could further react with another equiva-
lent of Cu(I) complex to generate copper-oxido species with DNA de-
stroying properties. The efficient DNA cleavage activity of the metal
complexes in the presence of external hydrogen peroxide is probably
due to the generation of a higher concentration of Cu(I) ions. Most
cancer cells have an elevated intracellular concentration of hydrogen
peroxide, which may help the intracellular generation of highly active
copper-oxido species and ROS, causing oxidative DNA damage in cells
[44]. So, H,0, enhances the cleavage process started by the metal
complex.

To know further about the active chemical species which is main
reason for DNA damage activities by complex 1, the effect of different
inhibiting agents such as hydroxyl radical scavenger (DMSO, EtOH,
tert.-butyl alcohol), reducing agent (GSH), singlet oxygen quenchers
(NaN3), hydrogen peroxide scavenger (KI), redox reagent (DTT), che-
lating agent (EDTA) and DNA minor groove binding agent (DAPI) has
been investigated (Fig. 8). The DNA has been taken at 500 ng and the
various additives at 0.4 mM concentration. The rest of the reagents like
Tris/NaCl, H>O, and the metal complex have been taken at the con-
centrations optimized in the previous set of experiments. Addition of
DMSO shows no inhibition in cleavage process as we can see from lane
2 that the plasmid has been entirely chopped. But EtOH shows a marked
decrease in the cleavage as seen in lane 3 of the gel electrophoresis
data, and so does tert.-butyl alcohol as seen in lane 6. It clearly shows
the hydroxyl radical mainly takes part in the oxidative DNA cleavage
activity which is observed from the addition of EtOH and tert.-butyl
alcohol. The addition of reducing agent GSH significantly reduces the
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Fig. 8. DNA cleavage studies in the presence of various additives.

cleavage action of the complex as seen in lane 4. Sodium azide does not
have any significant effect on the DNA cleavage (lane 5). This fact in-
dicates that the singlet oxygen-like entities are not involved. When
H,0, scavenger potassium iodide (lane 7) is added to the mixture, the
DNA cleavage activity by complex 1 has been inhibited to some extent.
This fact indicates that the hydroxyl radical is responsible as one of the
intermediates in the DNA cleavage process. Reducing agent like DTT
also reduces the cleavage action of the complex (lane 8). The chelating
agent EDTA totally inhibits DNA cleavage (lane 9), indicating that Cu
(II) complex plays the key role in the DNA breakage. The cleavage is
unaffected by the addition of minor groove binder (DAPI) which shows
the non-affinity of the complex towards DNA groove (lane 10) [36,53].
Two control experiments have been performed with inorganic copper
salts such as CuCl, and Cu(OAc), which shows no effect on the plasmid
DNA under the same experimental condition. From these results we can
conclude that complex 1 is capable of exhibiting DNA cleavage activity
through an oxidative DNA damage pathway. It can also be added that
the hydroxyl radical and hydrogen peroxide are the active species in-
volved in the scission process.

3.6. HSA binding studies

3.6.1. Absorption spectral studies

UV-vis absorption spectra have been used to observe any change in
the secondary structure of protein, human serum albumin (HSA) [54]
induced by complex 1 (Fig. 9). The strong absorption peak at 208 nm
may be attributed to the characteristic n — w* transition of peptide
linkage of a helix in HSA; the comparatively weaker absorption peak at
280 nm may be due to the presence of the phenyl rings in aromatic acid
residues such as Trp, Tyr and Phe [55]. Upon incremental addition of
the complex (0.76-5.8 x 107> M) to HSA (4.0 x 107° M), a sharp
decrease in the absorbance at 208 nm has been noticed. This can be
attributed to the induced perturbation of a-helix of HSA by a specific
interaction with the copper (II) complex. Besides, a red shift of the
absorption peak from 208 to 226 nm indicates that the microenviron-
ment of Trp-214 residue in HSA has been changed along with the de-
struction of tertiary structure of the HSA. Simultaneously, the intensity
of absorbance at 280 nm has been enhanced in the presence of complex
1. This change suggests that the aromatic residues which are now ex-
posed significantly to an aqueous environment. Moreover, the -1t
stacking between aromatic rings of the complex and phenyl rings of
DNA also makes some differences.

To evaluate the binding propensity of complex 1 with HSA, the
intrinsic binding constant (K) has been determined. We assume that
there exists only one type of interaction between the complex and the
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Fig. 9. UV absorption spectra of the complex 1 in the presence of HSA obtained
in 5 mM Tris-HCl buffer, pH 7.2, at room temperature: [HSA] = 4 X 107° M;
[complex 1] = 0, 0.76, 1.51, 2.25, 2.98, 3.71, 4.41, 5.12, 5.80 x 1075 M,
respectively. Arrow shows the intensity changes upon increasing concentration
of complex 1. Inset: Plot of 1/A-A, vs. 1/[Complex 1].

protein in aqueous media [55],

[HSA] + [Complex 1] < [HSA: Complex 1]

K = [HSA: Complex 1]/[HSA] [Complex 1]

where K is the binding constant for complex 1, assuming [HSA: Com-
plex 1] = Cg

K = Cp/[Csa — Cgl[Ccompiex1 — Csl

where Cyga and Ceomplex 1 are analytical concentration of HSA and

complex 1 in the solution, respectively. According to the Beer-Lambert
law

Crisa = Ao/(epsa- 1)
CB = (A - AO)/(EB. 1)

where Ay and A are the absorbance of HSA at 280 nm, in absence and in
the presence of complex 1, respectively [36]. eysa and ep are the molar
extinction coefficient of HSA and the HSA bound complex, respectively,
and 1 is the light path of the cuvette (1 cm).

By substituting eysa and ep in Equations.
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Fig. 10. The fluorescence quenching spectra of HSA by different concentrations
of complex 1 with the excitation wavelength at 295 nm in 5 mM Tris-HCl
buffer, pH 7.2, at room temperature: [HSA], 4.0 x 10~° M; the concentration
of complex 1 = 0, 0.76, 1.51, 2.25,2.98, 3.70, 4.41, 5.12, 5.81 x 10" ° M,
respectively. Arrow shows the intensity changes upon increasing concentration
of the quencher.

Ay/(A = Ay) = eusaleg + ((usa- 1)/ (aKCeomplex 1- 1))

Thus, the double reciprocal plot of 1/(A - A,) vs. 1/[Complex 1] is
linear and the binding constant is determined from the ratio of the
intercept to the slope. The K has been found to be 1.91 x 10* M~ 1.

3.6.2. Fluorescence quenching studies

Fluorescence spectroscopy is a powerful technique which is used to
explore the interaction between small molecules and bio-macro-
molecules. The fluorescence spectra of HSA have been recorded in the
range of 300-500 nm with excitation at 280 nm in the presence of
various concentration of complex 1 (Fig. 10). HSA is one of the most
abundant plasma proteins and it shows excellent drug binding ability,
thereby providing a depot and carrier for several endogenous and
exogenous behaviors towards the complex. The tryptophan residue is
primarily responsible for the fluorescence of HSA when HSA is excited
at 295 nm. Quantum yield of phenylalanine is extremely low and
quenching of fluorescence of tyrosine residue is observed when it is
either ionized or situated adjacent to an amino group, a carboxyl group
or a tryptophan residue since both the tyrosine and phenylalanine re-
sidues do not absorb in this region The HSA shows a strong fluorescence
intensity at 344 nm, while complex 1 does not show any fluorescence
under the present experiment conditions. The fluorescence spectra of
HSA (4 x 10~% M) have been obtained in the presence of different
concentration (0.76 X 107> to 5.81 X 10~> M) of complex 1. Fluor-
escence intensity of HSA at 344 nm reduces with the gradual addition of
the metal complex. This suggests that the interaction of complex 1 with
HSA alters the local microenvironment around the Trp 214 residue in
the protein and also to the tertiary structure of HSA.

Commonly, fluorescence quenching events are described with the
help of Stern-Volmer equation [47]:

R/F = (1 + K% [QD) = (1 + Ku [QD)

where Fy and F are the fluorescence intensities in absence and in the
presence of quencher, respectively; K, and K, are the quenching rate
constant of the biomolecules and the Stern—Volmer quenching constant;
1, is the average life time of the molecule without quencher (z, = 108
s) and [Q] is the concentration of the quencher. The Stern-Volmer plot
of Fo/F vs [Q] for the quenching of fluorescence intensity of HSA
fluorescence by complex 1 is depicted in inset of Fig. 10 and the cal-
culated Kgy and K, values have been found to be 4 X 10° M~ ! and
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4 x 10" M~ 571, respectively. It is clearly evident that the Kq value is
significantly more than the limiting diffusion constant Kg; of the bio-
molecules (Kgir = 2.0 x 10 M~! s™1). The fact indicates that the
fluorescence quenching of HSA is happened due to the specific inter-
action of complex 1 with the protein which is consistent with the static
quenching mechanism [56,57].

In case of static quenching, the Scatchard equation is used to de-
termine the binding constant value and number of binding sites [58],

log|Fy — F/F] = log K + n log[Q]

where, Fy and F are fluorescence intensities of HSA in absence and in
the presence of quencher, respectively; K and n denote the binding
constant and the number of binding sites, respectively. Thus, a plot of
log[(Fo — F)/F] versus log[Q] is used to evaluate the binding constant
from the intercept and the number of binding sites from the slope
(Fig. 10). From the corresponding Scatchard plot, the K and n values are
found to be and 1 x 10”7 M~ ! and 1.54, respectively. These values are
comparable with previously reported binding constant values [3h—j].

3.6.3. Energy transfer and binding distance between complex 1 and HSA
Overlapping of emission spectrum of a donor such as fluorophore
with the absorption spectrum of an acceptor molecule may lead to
fluorescence energy transfer. The absorption spectrum of complex 1
overlaps with the fluorescence spectrum of HSA (Fig. s5). Here the
donor and acceptor are HSA and the metal complex, respectively.
Quenching of fluorescence of Trp residue is occurred by the metal
complex via Forster resonance energy transfer (FRET) mechanism and
the efficiency of energy transfer is given by the following equation [59]:

E=(1-—F)/F =R§/(R§ + r°

where F and F, are the fluorescence intensities of HSA in the presence
and in absence of quencher, respectively, r is the distance between
acceptor and donor, and Ry is the critical distance when the transfer
efficiency is 50%. The value of Ry can be determined by the following
equation [60]:

RS = 8.78 X 10~2Kn~4pJ

where K? is the spatial orientation factor between the emission dipole of
the donor and the absorption dipole of the acceptor, n is the refractive
index of the medium, ¢ is the fluorescence quantum yield of the donor,
and J is the overlap integral of the fluorescence emission spectrum of
the donor and the absorption spectrum of the acceptor and can be given
by [53]:

I= [CFQ) € Watdd
LEF@yda

where F(A) is the corrected fluorescence intensity of the donor at
wavelength A, and e(\) is the molar absorption coefficient of the ac-
ceptor at wavelength A. Under the experimental conditions, for a so-
lution with random orientation as in this case, K2 = 2/3, n = 1.36,
¢ = 0.15, J has been calculated to be 6.54 x 10~ '* (from the graph),
Ro has been found to be 3.44 nm, E = 0.3 and r = 3.96 nm. The
distance between HSA and complex 1 is less than 7 nm, indicating that
a static quenching interaction has occurred.

3.6.4. IR spectral studies

Conformational changes in the protein structures can be determined
by the analysis of FT-IR spectra of proteins. IR spectra show the pre-
sence of moieties in the proteins (Fig. s6). The spectrum has been ob-
tained in ATR mode by first taking a blank reading in the buffer solution
followed by the spectrum of HSA solution in Tris buffer and then finally
the spectrum of HSA treated with complex again in Tris buffer. The
absorption of Tris buffer was subtracted from the spectrum of HSA
solution and the HSA treated with protein solution. The amide bands of
the protein can be related with its secondary structure. Amide I bands
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show higher sensitivity to the alterations in the secondary structure of
protein in comparison to amide II and amide III. The characteristic peak
shifts of amide I and amide II are from 1649 to 1657 cm ™! and from
1547.03 to 1553.65 cm™?, respectively. This indicates that there is
interaction between complex 1 and HSA protein [53]. This shifting in
the IR bands demonstrates that the secondary structure of this protein
has been altered after the interaction with the copper complex which
results in the amide vibrational shifts [61].

3.6.5. 3D fluorescence spectral studies

The 3D fluorescence of HSA has been studied initially and after
binding with complex 1. The first peak, Peak A is a Rayleigh scattering
peak (Aex = Aem), Peak B (Aex = 280 nm, A, = 350 nm), mainly
reflects the spectral properties of the Trp residue. Maximum emission
wavelength or the fluorescence intensity of the residue is related with
its micro-environment’s polarity (Fig. s7). Peak C is the second-ordered
scattering peak (\em = 2 Aeyx) [60]. It could be seen that after inter-
action with complex, intensity of peak A significantly increases while
that of peak B decreases remarkably. Peak C shows huge increase in the
intensity [53]. All of these facts prove that the interaction of complex 1
with HSA induces some conformational as well as some micro en-
vironmental changes in HSA. These facts are well corroborated with our
spectroscopic results obtained from UV-vis, fluorescence and CD mea-
surements.

3.6.6. Circular dichroism

CD measurement has been performed with HSA protein in the
presence of different concentrations of complex 1 to access the probable
influence of the metal complex binding on the secondary structure of
the protein. The CD spectrum of HSA (line a) exhibits two negative
bands in the ultraviolet region at 206 and 220 nm (Fig. s8). The bands
may be assigned to t — t* and n — & * transfers in the peptide bond
and these are characteristic of a-helix structure of the protein. With the
addition of complex 1, the CD signal of HSA increases. This indicates
that the binding of complex 1 with the protein leads to a considerable
conformational change in HSA. Moreover, the CD spectra of HSA
change a lot in shape also after addition of the complex which proves
that a lot of a-helical part has been destroyed on binding [60].

3.6.7. Oxidative damage of HSA by complex 1

After being incubated with complex 1, for 30 min, at 37 °C, in the
presence of hydrogen peroxide, HSA exhibits remarkable degradation
as indicated by a continuum of protein fragments at SDS-PAGE in 12%
acrylamide gel while for the control condition, which does not include
the complex, there is no degradation at all (Fig. 11). Thus, the oxidative
effect of hydrogen peroxide by the generation of ROS is much more
enhanced in the presence of the complex under mild conditions which
otherwise would require harsher conditions. We see the clear and thick
protein band at the expected molecular weight range of around 66 kDa.
Different concentrations of the protein and the metal complex have
been incubated with H,O, [61]. The degradation process is ascertained
by the thinner bands at the mentioned molecular weight of the intact
protein and the subsequent smears seen on the gel indicating a de-
gradation process. Blank sets have been also kept for comparison. The
results have been indicated in Fig. 11.

3.7. Antibacterial study by complex 1

Different concentrations (400, 350, 250, 100, 25 and 10 pg/mL) of
complex 1 have been added to the bacterial cells in 2.0 mL LB broth and
followed by incubation in a 37 °C incubator. The next day, growth has
been observed in the test tubes (Fig. 12). From the tubes, fixed amount
of cell mixture has been plated on LB media again followed by in-
cubation at 37 °C. After overnight incubation, the cell colonies have
been counted on the LB plates. A stark decrease in the number of co-
lonies has been observed for both gram positive S. aureus and gram
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Fig. 11. SDS-PAGE electrophoresis in 12% polyacrylamide gel of HSA frag-
mentation, in the presence of complex 1, treated with H,O,, for 30 min at 37 °C,
in Tris buffer 100 mM, pH 7.2, MW: Molecular weight marker, Lane 1:75 uM
HSA, 75 uM complex and 750 uM H,0,, Lane 2: 25 pM HSA, 50 uM complex
and 750 pM H,0,, Lane 3: 50 pM HSA, 100 uM complex and 750 uM H,0,,
Lane 4: Blank (75 pM HSA and 750 uM H,05,), Lane 5: Blank (75 uM HSA), Lane
6: 75 uM HSA, 200 uM complex and 750 uM H,O,.

negative E. coli with increasing concentration of complex 1 which
clearly indicates a strong antibacterial property of the complex.

3.8. Apoptosis evaluation by DAPI staining

To visualize nuclear changes, HeLa cells have been treated with
complex 1 at different concentrations (5, 10 and 20 uM) for three time
intervals (12, 24 and 48 h). After treatment, the cells have been fixed
and stained with DAPI and visualized on a fluorescence microscope.
The cells have been observed to undergo a stark change with increasing
concentration of the complex and time of treatment (Fig. 13). It is clear
from the figure that as time of treatment and the concentration of
complex 1 have been increased, the more number of nucleuses show
structure deterioration. The white arrows indicate more number of bi-
lobed nuclei. Such bilobed structure and nuclear shrinkage can be seen
with increasing complex concentration and time of treatment. More-
over, as seen from the bright field images, that the HeLa cells show clear
rounding and shrinkage which is a clear indication of apoptosis.

3.9. Comparison with some recently published results

Copper complexes are known to show therapeutic effects [67] in-
cluding anticancer properties [68,69]. Thus, it can be said that copper
complexes have immense potential as new age drugs. For this purpose,
its mode of action has to be investigated which can be done only by
studying its interaction behavior with cellular DNA and proteins.

Few mononuclear copper(Il) complexes have been previously re-
ported when these complexes have been used to study the interaction
with DNA and proteins to evaluate their chance as drug. Different
copper(Il) complexes with different amine ligands show significant af-
finity towards BSA (bovine serum albumin). These complexes bind to
CT DNA via intercalation with highest DNA-binding constant value of
4.88 (£ 0.08) x 10°M~! [62]. A series of copper(II) complexes with
ferrocenyl appended terpyridine and hydroxyquinoline ligands show
cytotoxicity against the HeLa and MCF-7 cancer cells. These complexes
show moderate binding to ct-DNA with binding constants in the range
of 6.3 x 10° M~ = 7.4 x 10* M~ ! and HSA with binding constants in
the range of 8.9 x 10* M~*-3.7 x 10° M~! [63]. Two copper(Il)
complexes with Schiff-base ligands show binding ability with ct-DNA
with binding constant value of 1.53 x 10° M~ ! and 3.13 x 10° M~!
and also in vitro cytotoxicity against MCF7 cell line and human lung
cancer A549 [64]. Three copper(Il) complexes with 5-methox-
yisatinthiosemicarbazone derivatives have DNA binding constants in
the range of 1.8 x 10* -8.2 x 10° M~'. These complexes also show
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Fig. 12. S. aureus and E. coli colonies with gradually increasing concentrations of complex 1, 1: control (without complex 1), 2: 25 ug/mL complex 1, 3: 50 pg/mL
complex 1, 4: 100 pg/mL complex 1, 5: 250 ug/mL complex 1, 6: 350 pg/mL complex 1, 7: 400 ug/mL complex 1.

protein binding, antibacterial and antifungal activities [65]. Three
copper(II) complexes of azo Schiff base ligands show minor groove
binding to the AT-rich sequence of DNA with the intrinsic binding
constants in the range of 7.11 x 10° M~!, 8.36 x 10° M~! and
10.81 x 10° M~! [66]. Our complex shows DNA binding constant of
1.68 x 10° M~ ! and HSA binding constant of 1.91 x 10* M~ 1. It also
demonstrates antibacterial activity and apoptosis of HeLa cell. Different
detailed studies have been performed to support its DNA and protein
binding activities.

4. Conclusions

In summary, we have been able to synthesize and characterize a
mononuclear copper(Il) complex (Complex 1) with an N,O-donor li-
gand. From different studies, it has been observed that complex 1 shows
the intercalative binding properties with DNA and in this process, ef-
fectively cleaves DNA into shorter fragments. This has been ascertained
by agarose gel electrophoresis where the smear of DNA as compared to
the compact band clearly indicates the cleavage process. Various bio-
physical experiments have been carried out to find out the physical
parameters like binding constant etc., which clearly indicates a strong
interaction between complex 1 and DNA. Moreover, it exhibits protein
(here HSA) binding properties with appreciable changes in the protein
structure as proved from the results of IR, 3D fluorescence spectral and
circular dichroism studies. The binding constant value determined also
is pretty high but lower than that of DNA complex binding constant. So,
this indirectly shows that HSA can effectively interact with complex 1
and act as a carrier and deliver it to the cellular DNA through blood.
The DNA complex binding being stronger, the complex will effectively
be transported to the DNA. Antibacterial activity of the complex has
been observed for both gram positive S. aureus and gram negative E.
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coli. This point proves that complex 1 is effective in cleaving bacterial
DNA and hence can act as an efficient antibacterial agent. When HeLa
cells have been treated with complex 1, a clear indication of apoptosis
has been noticed. Hence, we can target cellular DNA with it. Another
interesting point lies in the fact that as many recent studies have shown
that cancer cells have higher amounts of hydrogen peroxide than
normal ones; this complex, which is showing enhanced DNA cleavage
properties in the presence of the same, can be used as a drug targeted
for cancer cells.
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Fig. 13. Confocal microscopy images of Hela cells treated with different concentrations of complex 1 and different durations and the morphological changes of HeLa

cell nucleus that occurred indicating possible apoptosis.
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