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Abstract

The thesis focusesn the design and symsis of novel organoimido delivery reagents
capable of forming bimetallipolyoxometalateROM) hybrids, and thie usein the assemblyof
bimetallic hexamolybdate derivatives. Bealelivery reagentfiave beerdesigned thoughtfully
and separate organic metieshave beerselected for coordinating to both tR&©M cluster and
the second metal atom

A series of three ligandgi{aminopiperiding 4-(4-aminophenyl) piperazineand 4-(4-
aminophenyl) piperidinewere selected and used to synthesize the dithiocedea metal
coordinating ligands, which in turn were used for preparing the corresponding metal (M = Cr,
Mn, Fe, Co, Ni, Cu, Zn, Ag) complexes. All the complexes wararacterizedby infrared
spectroscopy (IR)Reportedroutes were followed for the covaléngrafing of these metal
complexesonto hexamolybdateBut, the poor solubility of these metal complexeas foundto
be a major stumbling block in our endeavors to synthesize the dithiocaebdraaed
polyoxometalate hybrids.

The observedooor solubility of metal dithicarbamate complexes was overcome by
synthesimg [potassium(l) tris(3,5diphenylpyrazole)borate] and [potassium(l) tris(3,5
dimethylpyrazole)borateyia thermal dehydrogenative condensation between tetrahydroborate
and the respective pyrdeomolecule. Aseries of correspondingansitionmetal (M = Co, Ni,
Cu, Mn) complexes ofris(3,5diphenylpyrazole)boratend tis(3,5dimethylpyrazole)borate
were synthesized, and characterized by IRW@dYeVisible spectroscopyndsingle crystaX-ray
diffraction. The single crystal structure of [manganese(litis(3,5-dimethylpyrazole)boraje]
turned out to an outlier as it displayed the formation of actisplex, thus having no
substitutable anion for further reaction with dithiocarbamates. Thereaf series ofmetal
dithiocarbamate complexes of thefwydrotris(pyrazolyl)boratgs(M = Co, Ni, Cu) were
prepared usingsodium 4aminopiperidytlithiocarbamate and were characterized iR and
UV-visible spectroscopy.A remarkable improvement irthe solubility of these metal
dithiocarbamatesn organic solventsvas observed. Furthermore, attemfascovalently graft
these complexes onto hexamolybdate clustere undertaken, and found to be unsuccessful

possibly dueo the strong oxidizing nature &PhBr. and hexamolybdate. Although, we were



able to successfully tailor the solubility of the dithiocarbamate complexes to suit our needs, our
efforts to achieve therimary goal of synthesizinglithiocarbamate basepgolyoxometalate
hybridshave so far ben unsuccessful

A series of three pyridyl based ligands i&5di(pyridin-2-yl)-4H-1,2,4triazol4-aming
4-(pyridin-4-ylethynyl)aniline and 4-(pyridin-3-ylethynyl)aniline were synthesized and
characterizedCovalentattachment ofthese ligandso hexanolybdatewere attemptedollowing
variouswell-known routes. Althoughno evidence of covalent attachment of-8igpyridin-2-
yl)-4H-1,2 4triazol4-amine to hexamolybdate was observed, the covalgrmfting of 4-
(pyridin-4-ylethynyl)aniline and 4-(pyridin-3-ylethynyl)aniline to hexamolybdate clustervas
successfully achieved. Characterizatiorihasenovel organicinorganic hybridsvas doneausing
IR and NMR spectroscopy as analytical todstempts have been undertaki&Enobtain single
crystals of thes hybrids. Also, anovel routeinvolving halogen bonding as a purification and
separation technique for pyridyl functionalized hexamolybdate hytsriglso being explored

The novel acetylacetonate moiety has begplored as an imidodelivery reagent for
synthesizinghexamolybdate covalent hybrids, where8i(4-((4-aminophenyl)ethynyl)phenyl)
4-hydroxypem3-en-2-ond ligand has been successfully synthesizesd characterized
Traditional methods along with unconventional methods suble@ing at elevat temperatures
and microwave reactioconditions, have so far proved to be unsuccessful in the synthesis of the
hybrids A series of the corresponding metal complexes have been synthesized and characterized,
where theligand and its corresponding cop@é& complexhave been characterized by single
crystal XRD. In the aystal structure othe copper comlex, the metal ion sits in a slightly
distorted squarplanar pocketwhere no coordination to thélH, groupis observed, which

highlights the potential fousing itas an imidodeliverreagent
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Chapter 1 - Introduction

1.1 Polyoxometalates

Polyoxometalates (POMs) can be defined as discrete-metgen anionic clusters. The
basic connecting unit in these clusters are {MOx} polyhedra, where M am@lyusarly
transition metals (V, Nb, Ta, Mo, W) in their highest oxidation stafdthough their structures
and properties, such as thermal and oxidative stability, are very similar to that cbre¢s,
they are more soluble in water or other solges a result, they are also sometimes referred to
as s ol ubAnethenfeaiurd that distinguishes POMs from metaties is their ability
to incorporate a variety of heteroatoms (P, As, Si, Ge) in the architecture. These are well known
for their diverse sizes, nuclearities, and shapes, where these clusters can range from macro (e.g.,
MoeO1¢>) to nanosized species (e.9xMb3ss0103H20)240(Sy)25*%) 3

The first polyoxometalate was reported in the early’ T@ntury, when Berzelius
synthesizeda yellow ammonium salt, (N\EPMoi2Os0.* But, due to limited analytical
techniques, their characterization and a systematic study of their properties did not begin until
the early 20th centuryTill date, hundreds of POMs have been reported, of whichmibst
studied structures contain molybdenum (VI) and tungsten (VI), as these metals have empty and
accessiblal-orbitals for metabxygen*® -bonding which in turn favors the combination of ionic
radius and charde.

POMs are typically synthesized in an acidnedium, as shown below, where an
oxoanion ion undergoes protonation, and upon polycondensation of the iis, nanesized
anionic clusters are forméd.

nMO# + 2mH A MuOunm®@™™ + mH0
oxoanim (tetrahedral) polyanions (octahedral assemblies)

These anionic assemblies are usually stabilized by the presence of counterscations
alkali metal ions, ammonium or alkylammonium idns:
18NaWOs + 32HPOy A Nag[P2W18062] + 30Na[HPQy] + 18H0
10NaWO4 + 16HCI + 4[ACsHo)aN]Br A [n-CsHo)aN]4[W10032] + 16NaCl + 4NaBr + 8bD



1.1.1 Classification of polyoxometalates
Due to the vast diversity in structure types, classification of POMs is a necessity and can
be done in several ways. Basad their composition, they can be broadly classified into three

major categories.

1.1.1.1 Isopolyanions

The condensation of similar species leads to the formation of an isopolyanion (IPA) with
the general formula of [MOy]™.2 The central atom in this category is an oxygen atom around
which the metal framework is built. Consequently, these are less stable than other forms of
POMs. Nevertheless, they display interesting physical properties, such as high chdrges an
strongly basic oxygen surfaces, which makes them attractive units for use as building blocks.
The most symmetrical structure in this class is the 'Lindqvist lon', with the general formula
[MeO19]*, where M = Mo, W, V, Nb or Ta and the charge (x) degamabn the number of metal
substitutions (Figure 1.1). The structure contains six octahedrons connected through a common

vertex, an oxygen atom, which bonds to six metal centersédic@ordination modé.

Figure 1.1 Lindqvist polyoxometalate$

1.1.1.2 Heteropolyanions

Several oxoanions condense around a central tetrahedral (e4.,08@Q%) or an
octahedral template, or around another metal atom, wheil@m reaction yields a
heteropolyanion (HPA) with the general formulai¥Om]¥".2 It has been postulated that this
reaction is thermodynamically drivéh This class of POMs can further be divided into three
man categories based on their X/M ratio (where X is heteroatom) (Figure 1.2). These types of
anions are much more robust and thus, various tungsteed Keggin {Mn} and Dawson
{M 18n} anion based lacunary polyoxometalates have been developed and llateeist

extensively researchéd.



Anderson-Evans, [ XM0,,]™ Keggin [XM5,040]™ Dawson [X;M 306, ]™
XM=1/6 XM =1/12 XM=1/6

Figure 1.2 Types of heteropolyanioris

1.1.1.3 Molybdenum blue and molybdenumolwn reduced POMs

This is a more recent class of POMs consisting of highly reduced species. Although,
molybdenum blue was first reported by Scheele in £788,actual composition came to light in
1995, when Miuiller identified it as a high nuclearity cdusfMois4 having a ring topology?
Upon altering the pH and amount of reducing agent, these species can transform into
molybdenum brown {Mesz}, which possesses a bdike spherical structure (Figure 13Y%
This class of POMs is attracting increasing attention owing to their photochromic and

electrochromic application’®:®

Blue; {X,MV, MV )} Brown; {X, MV, MV}

Figure 1.3 Molybdenum blue and browROMs?®

1.1.2 Properties of polyoxometalates
Due to their diverse molecular structure, POMNIisplay remarkable properties which
makes them an interesting field of study. The structural similarities with classic metal oxides
makes them robust architectures with high thermal and oxidative stability. Moreover, POM
clusters exhibit high molecularass (up to 10,000 amu) and large siz2(®6 U) , whi ch

I



provides them with high surface arfédn aqueous medium, POMs behave as strong acids (pK
< 0) and have gradually replaced use of mineral acids in cat3lp€¥Is decompose under
basic conditions in a controlled mannér.

[CrM0sO24He]* + 90OH A Cr(OH)x + 6MoQ? + 6H0

[PWi2040]> + 230H A 12WQ# + HPQ? + 11HO

POMs are highly charged anion8 (0-14) and modification of the cmter cations offers

excellent tunable solubility in aqueous as well as in organic solvents, which makes them
attractive in both homogeneous and heterogeneous appliceti®ome POMs are also known
for their luminescendé and magnetic propertiés. They ae also photoreducible and the
oxidized and reduced forms show different visible colors. POMs are also known as electron
reservoirs which in turn allows for reversible mudiectron transfers without structure
degradation, with remarkable redox propertiésr example, some POMs can take up to 32

electrons before the cluster decompdses.

1.1.3 Applications of polyoxometalates
The diverse physical and chemical properties exhibited by POMs (see previous section)
renders them as attractive candidates in various fields of research. A wide range of applications
of POMs are well documented, and a significant increase in the number of publications and

patents based on POMs has been observed in recent years (Figbire 1.4)
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Figure 1.4 Increase in number of publications on polyoxometalates in recestear
The primary use of POMs is in the field of catalysis, which includes many homogeneous
and heterogeneous reactions such as epoxide synthesis, oxidative coupling, esterification,
condensation, hydration of olefins, and Frie@ehfts aciation® SeveralPOM-stabilizedmulti-
d-electronmetatbased water oxidation catalysts have been developed recently which are more
efficient, carborfree and robust in comparison tgreviously reported homogeneous or

heterogeneous systerfsEunctionalizaton of POMs by metal substitution oovalent grafting



of organic groups can considerably alter properties such as polarity, redox potentials, surface
charge distribution, shape, and acidity, which makes them attractive in the field of medicine as
dependingon the target macromolecule, the reactivity of POMs can be dterddo, POM
baseddrugs aresasierto scaleupin comparison to theounter organic drugs, which makes their

use much more economic&®OMs ae also very popular due to their antiviral and antitumor
activities, as well as for their role in enhancing the effectiveness of antibiotics against resistant
strains of bacteri&’

Since POMs form stable insoluble salts with large cations and have lity tabaccept
electrons without major structural changes, these can act as corrosion inhibitors, which reduces
toxicity in comparison to traditional inhibitors such as chromates, phosphates or stficates.
Lomakinaet al. reported corrosion inhibition based on POM alloys, wherein these alloys could
be used as construction materials in atomic industries owing to their high radiation stability.
Moreover, the ability of POMs to form stable precipitates with oatidyes promotes their use
as pigments, dyes, and ink in jet printers and photocopier tbh@esnbining their acid catalysis
property with theirphotochromic, electrochromic, andn conductive naturevia the solgel
approach yields siloxar@OM acid networks with antireflective and antistatic properties, that
can be used as coatings for buildings and automobiles with reliable light ¢éftidib- and W
based P®Is are photosensitive in nature and on combining these with organic reducing agents,
photographic materials for the production of images and recording, can be synthesized.

POMs can act as a reversible oxidant in wood pulp bleaching process, thus aifering
greener alternative to the use of chlorine which forms toxic chlorinated aromatics and dioxins as
side product$* POMs have also been used as process aids for extracting radioactive nuclei (such
as Csl34 and C<37) which are usually present in low centrations in medium active
agueous wastes8.POM-based membrane devices or sensors such asssalél electrochromic
devices and gas detection apparatuses can be produced, by coupling their high ionic conductivity
with their ability to undergo redox prasses’® POMs can also be used as a secondary charge
storage system anduk have beentilized for optimizing battery components and capacitdrs.

Also, POMs are known to sedfissemble to form supramoleculargjebhich exhibit thermoand

photoresponsive properties.



1.2 Modification of polyoxometalates

Due to the diverse properties of POMs and their immense potential in several fields of
research, there is a growing interest in functionalizing these clustellewing are some
important reasons for the functionalization of POMs:

a) Metal oxides have been used as catalysts for various organic reactions, but determining
the reaction mechanism is difficult in this case. The structural similarities of
polyoxometalate to metal oxides coupled with their enhanced solubility, makes them as
interesting candidates for use in such reactions and may also provide an understanding of
the elementary steps of heterogeneous reactions. Furthermore, new transitidraseztal
catalsts can be developed, thus generating a new class of-saqip@rted catalytic
materials.

b) Functionalization of POMs may improve the stability of otherwise unstable architectures,
thus leading to novel building blocks for macroassembly.

c) Incorporating lignds with remote functionality may provide a means of extending these
architectures into interconnected POM networks.

d) Peripheral oxygen atoms may be activatiefunctionalization of the POM.

e) Multifunctional oxidation catalysts demonstrating higher «el#¢y for antiviral
chemotherapy may also be prepared by functionalizing P®Ms.

Depending on the type of interactions, the POM hybrids can be categorized into two
classes. All the systems where the interaction between the organic and inorganic comgonents
nortcovalent in nature, such as electrostatic interactions, hydrogen bonds, or van der Waals
interactions, are part of class | hybrids (Figure 2°®)n the other handyystems where the two
components are interconnectad covalent or ionecovalent londs comprise of class Il hybrids.

In class Il hybrids, the organic ligand is required to either substitute an oxo group of the POM or
bond directly to the metallic center. Since, the terminal oxygen atoms are good nucleophiles, an
electrophilic ligand be&ng an organic moiety can bond covalently with POMs. Both the
chemical nature and the electronic properties of the inorganic moiety needs to be considered
before covalent functionalization of POMs. Since, POMs are anionic in nature, neutral or
negativelycharged organic systems will favor covalent grafting over electrostatic interaktions.
The work presented in this thesis focuses on class Il type hybrids, hence further discussion will

focus exclusively on sucsystems.



Polyoxometalates

Class | Class Il
Electrostatic, hydrogen Covalent or iono-
bonds or van der covalent bonds

Waals interactions
Figure 1.5 Types of organiénorganic POM hybrid$

1.2.1 Transition metal

One of the most commonays of modifying POMss by incorporating transittometal
ions in the framework?® Dawson andKeggintype POMs under alkaline and otlagpropriate
conditions é.g. pH, temperatureand concentration) loose om& more metal centersn a
controlled manner to yielthcunary POM specie€! Theselacunary species exhibigomeism
and are known teoeact withvarioustransition metals (e.g., e Mn", Cd', Ni", zn') to form
substituted Keggin POMs hesePOMs displayluminescentand unusual magnetic pperties
due to the unpaireélectronsof transition metalsand hence can be used nanocomputer
storage devices.

In arecent reporta transition metkfunctionalized POMdlerivative with a weldefined
histidinechelating site,di s pl ayed i mproved AD-like adivitybint i on
comparison to the parent PQiHigure 1.6)*°

Figure 1.6 Transition metal functionalized POM interacting with histidifie



A novel dimanganese M#H  containing Keggintype polyoxotungstate
Ke[MN2SiW10037(OH)(H20)]-11H0 seli-organizesvia the divacant {SiWoOze} unit to form a
1D POM architecture containing the rarely observed ®W bridges, wheria the manganese

centers display antiferromagnetic behavior (Figui® 3!

[«-SiW,0..]"™ 1D chains of [«-Mn,SiW,,0,.]"

. . Mn(OAc);4H0 | \.;:fii v
q e l é‘ ; i) Q“ \ 4 "q_l : ‘

Figure 1.7 Self-assembled 1D chains afdimanganesan'"') functionalized POM?

1.2.2 Organometallic derivatives

Organometallic compoundsre well known for heterogeneous cataly$isMany POM
derivatives have been prepared by graftimgaoometallic moieties for investigating any
variations in the reactivity and surface dynamicshefdrganometalliragment?

A series of fourorganeruthenium supported heteropolytungstavesre prepared by
reacting[Ru(arene)Cz (arene = benzene;qymene) with [%W22074OH)]* 2 (X = sB", Bi"")
in a buffer medium, wherein these clusters showed a higher catalytic activity for several
reactions (Figure 1.8f For example, a strong electrocatalytic water oxidation peak which is
more positive than its parent Ru(arene) oxidagwacess was observed. Also, there was an
enhancement in the catalytic activity for oxidation reactions-leéxadecane angtxylene (due

to the ruthenium substituent on the polyanion).



Figure 1.8 Organeruthenium functionalized PON
An interesting organometallic derivative of POM{ R %up¢MgCsH4Pr)} sM04016], was
observed by Sussink et al, where the [ReMo04O12] framework forms a central [Mg4] cube

with four folded ORuUO flaps resembling the sails of a windmill (Figure.9).

Figure 2L.9Windmill-l i ke st r u c4p-MeCeHsPH}uMoJO{eRou (

1.2.3 Main group elements
The oxo ligand is isolelectronic to other main group ions such, aar, HN*, N*, and
HC?*, and thus can be sstituted by these ions. Another characteristic of the oxo ligand to be
considered, is that they are goodonors, which might be a key feature for stabilizing the metal
atoms in their higher oxidation states. Also, a distintictive feature is their inchnt form

multiple bonds?®



1.2.3.1 Halides

Halides, being reactive, are suitable for further modification, and thus have been
extensively researched. An ammonium salt of [G&WsFH4]® " having Kegginrlike structure
was reported by Wasét al, wherein the cobalt atom is thought to occupy the octahedral site
vacated by the missing tungsten at$rithe fluorine atoms replace the oxygen atoms that form
the central cavity, and are not involved ibonding, hus rendering the architecture unavailable
for any further chemical modification. This observation highlights the reluctance of fluorine to
participate in multiple bonding.

A polyoxochlorotungstate, [¥D14Clig>, was prepared by reacting-BusN)[W20,Cl7]
with p-tolyl azide whichis anexample of a fully oxitted POM (Figure 1.10¥ It consists of
two trinuclear[Wz0s( #€):Clsa( £Cl)] fragments joined bywo linear WO-W linkages

Figure 1.10 Structure othefully oxidized [WeO14Clig]? anion®’

1.2.3.2 Monodentate alkoxide

Many examples in literature can be found where monodentate alkoxide groups have been
incorporated in POM&28 For example, monomethylat§do s0.3(OMe)]* anions,which adopt
an Andersontype structurestabilized by the steric protection of the supporting ligand in the

dinuclear Co complekave been isolatg@igure 1.11)%8
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Figure 1.11 A cobalt complex stabilizetly the monomethylatediMo ¢O23(OMe)}* anion®®

1.2.3.3 Trisalkoxides

Monodentate alkoxides usually do not form stable Andetgpe clusters. As a result, for
stabilizing such systems, a vast number of dexeatihave been prepared by using the steric
requirements of trisalkoxy moieties. The arms of the trisalkoxy moiety binds three metal atoms
in a triangular arrangement forming a bridge, while simultaneously capping the tetrahedral
cavities of the POM framewks. This approach has been explored in developing POM
derivatives bearing remote functionalities that can coordinate to a second metal atom (Figure
1.12 (a))**3*9%° For example, POM derivatives where the bridge is a triol moiety bearing a
pyridyl functional group has been reported (Figure 1.12“fb))hese display ai isomerie
Anderson framework with a trisalkoxo ligand attached on both sides, whereas the pyridyl
nitrogen atoms are coordinated to the metalloporphyrins [ZnTPP] and [Ru(CO)TPP]. However,
cyclic voltammetric studies of these assemblies with [Ru(CO)TP#jladied an irreversible
change in the reduction potentials.

11
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Figure 1.12 (a) Trisalkoxo functionalizatioras a route towardsimetallic systents (b)
Metalloporgyrin interactingwith atrisalkoxo functionalized PON

1.2.3.4 Organosilyl derivatives

A wide variety of organosilyl POM derivatives with potential for further chemical
modifications have been exploréd.Syrthesis of such hybrids usually depends on the
nucleophilicity of the oxygen atom of lacunary heteropolyoxometalates (Keggin or Dawson
lacunary structures) and the electrophilic nature of organositaimes. bd to assemble new
hybrids displaying catalytic activity, a phosphine containing alkylsilane was grafted into the
defect position of a lacunary [SiMDsg)® ' which on further treatment with the appropriate
rhodium reagent resulted in a POM hybrid, {Si@®%O(SiCH.CH.PPh),PPRRh(I)CI]}*"
bearing a covalently bonded Wilkinson's type catalyst (Figure 1°1Bhe catalytic activity of
the hybrid towards hydrogenation of alkenes showed a marked increase in comparison to the
classic Wilkinsombs catalyst, Rh(Il)CIlI (Ph)

12
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Figure 1.13 Organosilyl functionalizatiowf aPOM forfurther chemical modificatiaft®

1.2.3.5 Organoimido derivatives

Organoimido ligands are catalytically important for ammoxidation of propylene into
acrylonitrile 2 olefin aziridinatiort® and in varioushitrogen transfer reactiorté Thus, synthesis
of organoimidePOM hybrids are of great interest, as it is expected that #lectrons of an
organic group introduceda an imido linkage may get extended to the inorganic framewiark
strongdp = 1 nonsgwheltin turn may modifthe electronic structure and redox properties
of the resulting hybrid! A common method of introducing an organoimido functionality in a
POM framework is by directly substitutinthe oxo linkage with nitrogenoulgands in a
Lindqvist POM%®

Lindgvist POMs can be expressed hg general formla, [MeO19™, (M = Mo, W, Nb,
Ta, V) (see section 1.1.1jyherein the framework contains oxo ligands in three different
coordination environents (Figure 1.14).First, the structure contains a central oxygen atom
bound to si x emmfdiaation mdade ressilting in anactahedral geometry. Second,
each metal atom is further connected &ghboring metal atoms via four oxo ligandsn -a ¢
coordination mode, thus forming a bridge. Third, each metal atarapised by a terminal oxo
ligandf or mi ng a MUl-BOndand wao -bgndsh e

13



Terminal M=O

Figure 1.14 Lindqvist POM displaying oxygen atoms in three different environntents.

These terminal oxo ligands can potentially be substituted by various isoelectronic
nitrogenous ligands such as organoinfitidjazoakyl,*” and diazenido specié$Varying these
imido-releasing reagents yields different types of irAdR{OM derivatives, and can also introduce
multi-functionality in the resulting hybrid. The first documented organoimido derivative,
[MosO1s(NR)]?*, was syrtiesized by Zubietat al.in 1988 by reacting [Mo(NR)G{thf)] with
[M0207]%.%° The first reported singterystal Xray characterization of an organoimido derivative
was presented by Maatéa al.in 1992, wherein the tolylimido derivative [MO1s(Ntol)]> was
prepared by reacting [M®19]> with PhsP © N t**dhis. novel study greatly excelled the interest
in the synthesis and characterization of organoimido POM derivatives.

In the search for assembling multifunctional hybrids, various organic moietiebbene
incorporated into POM clusters using the imido moiety. Recently, several organic ligands with
different functional groups were stepwise grafted onto hexamolybdates to rfoxed
disubstituted organoimido hexamolybdat@sth the aim of synthesizinghtal clusters with

reduced symmetry (Figure 1.1%).
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Figure 1.15 Mixed disubstituted hexamolybdat&’s

The use of POMs is limited in electrochemical applarai owing to their low electronic
conductivity. Thus, functionalizing them with organic moieties may imprireg electronic
condutivity, due toenhanced metal to ligand charge transfer (ML®@iB) di i nteXtactior
Moreover, he organic moleculesith different donor atoms than oxgm may arrange
differently around the binding site, thus providing a handle for adjusting the chemical and
geometrical preferences of various other metals. In a recent communication, the authors
synthesized an organoimido detive, [(BwN)2[M0sO1s-N-Ph-(0-CHs)2-p-SCN], bearing an
electron withdrawing groupi CN) as a pendant and tested it as an anode for a lithium ion
battery (Figure 1.16% The hybrid showed excellent capacity retention and stable cyclic life for
100 cycles. Also, the cyclic voltammetric studies showed that lithium insertion and extraction by
the hybrid is reversible in nature. These properties can be explained by the covalent modification
of the POM as it provides high conductivity, faster ion transfer stnacture stabilization

throughd™ i nteractions.
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Figure 1.16 An organoimido POM(BuzN)2[MosO1s-N-Ph-(0-CH3)2-p-SCN] usedasan anode
in lithium ion batterie$?

An organoimido derigtive of POMs containing an electrdonating ethyl group has
been prepared by Yuet. al wherein the single crystal structure of the hybrid displays dimer
formation accompanied by-" stacking between two parallel phenyl rings (Figure 1°17).
Preliminarystudies with the hybrid displayed enhanced antitumor activity on the cellular growth

inhibition to K562 cells when compared to the parent hexamolybdate cluster.

z

Figure 1.17 POM hybriddisplayingantitumoractivity.>*

1.3 Methods of preparing organoimido derivatives of hexamolybdate

Several methods for preparirggganoimido derivatives of hexamolybdatesve leen
documented to daf@®® Maatta groupfollows the directreaction of an organoimido delivery
reagent and the tetrebutylammonium hexamolybdate[TBA]2[M0eO19], under an inert
atmosplere usingmild heating condition’ The organoimido delivery reagenised is either a
phosphineimine (RN=PPh) or an isocyanat§dR-NCO). The detailed mechanisnior the
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functionalization of hexamolmolybdates is shitht clear, but with phosgineiminesi,it has been
suggested that the terminal M®bond and the phosphorngrogen double bond are involved in
forming a fourmembered transition state, similar to that of the Wittig (net) [2 + 2] intermediate,
which on rearrangement vyieldthe degied functionalized POM (Figure 1.187%°° The by

product of this reaction isiphenylphosphine oxiderhich has tderemoved.

8+ 5-
[Mo5045] Mo=——0 Mo—0 [Mo5045] Mo=N—Ar
+ —_— N—PR3 — +

Ar—N=PR; A’ & O=—PR,
Figure 1.18 Suggested mechanisior oxo substitution by phosphineimgmé POMs>®
Isocyanates are assumed to react in a similar manner to phosphinevianespur
membered transition state, but they generally require longer reactiondimdethe byroduct is
carbon dioxide which is expelled from the system (Figure £%Biis reaction requires minimal
workup despite involving longer reaction times, thus makingrthise more attractive than the

phosphineimine route

C&+ 5-
@g] Mo—=0 MO—O @3] Mo=N—Ar
+ — [ N—c —_— +

Ar

Ve S
Ar—N=C=—0 0

O=—C=—0

Figure 1.19 Suggested mechanism for oxo substitution by isocyarniateOMs>°

New methods for the functionalization of hexamolybdates have been developed by Peng
and WeP"*8 The organoimido deliverggent in these methods is an arylamine which is used in
the presence of N,Mlicyclohexylcarbodiimide (DCC), and the methods involve reflgxinder
an inert at mosphere. Pengdbs route involves di
[TBA] 2[M06019] with an arylamine, where DCC acts as a dehydrating/activatingt §gmsure
1.20). While themechanism for this method is still unknownisi suggested that DCC plays two
roles: (i) it activates the terminal MO bond of hexamolybdate by forming an activated
intermediate species, which then interacts with an arylamine (similar aotitsting effect on
the carboxyl group in the synthesit amide or peptidgsand (ii) as a sacrificial dehydrating
reagent.The by-product inthis route is N\'-dicyclohexylurea which needs to be separated, and

the overall reported yields are higher in comparison to previous methods
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Figure1.20Pengdés route for hexamol ybdaane funct i c

O
|

organoimido delivery reagept >
We i proposed a modified ver s ilzton o POMBengbs
wherein octamolybdate [TBAMo0gO2¢] was utilized in place of hexamolybdate, along with the
hydrochloride salt of the corresponding arylamine (Figure 1.21). In this reactioversion of
octanolybdate to hexamolybdate a possibility de to the presence of the hydrochloride salt of
the arylamine. This synthetic route is reported to be highly efficient with faster reaction rates and

higher yelds®®

+ AT—NHZ
[Mo,05,] Mo==0 __CH,CN > [Mos045] MO==N—Ar
reflux, inert atm.
+ Ar—NH;ClI

Figure 1.21We i 6 s rPOM funetiorili@ation using arylamine dse organoimido delivery
reagent in the presenceitsfhydrochloride salt®

1.4 Organoimido hexamolybdate bimetallic systems
Organoimido POM derivatives have been investigatethéurin a bid to assemble
bimetallic systems which find use in the field of electrochenfiStyd catalysi§® For example,
Maatta and Hill reported p-pyridylimido vanadium (V) complex, wherein the pyridytmogen
at o nd o(ndo 4acceptor) was capable of coordinating a second metal center (Figuré'1.22).
This study attracted a great deal of attention and furthered the work on bimetallic POM

architectures.
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Figure 1.22 Organoimidebased anadium (V) derigtive complexed with(a) rhodiunm and(b)
tungstenforming bimetallic architecture.

The presence of diverse metalordinating organic functional groups on the
oraganoimido POM derivatives makes them more active towards coordinating with a second
metal atonf? Thus, many organoimido hexamolybdates have been synthesized with metal
coordinating groups such as hydro®ytarboxyl®* pyridyl®® and nitrile®® but surprisingly these

POM derivatives do not show any coordination with a second metal atom (Figuré®1.23).

(a) (b) ©

Figure 1.23 POM derivatives with metatoordinating functional groupg&a) m-pyridyl;®° (b) p-
nitrile;®® and(c) p-carboxyl®
The inability of the above POM derivatives to coaate with another metal atom can be
attributed to the highly electron withdrawing nature of hexamolybdate, which pulls all the
electron density into the cluster, thus rendering the donor sitda®io. This problem can be
tackledvia two different routes:
1. By disrupting the conjugation between the cluster and the 1oetatlinating functional
group. Existing studies have indicated that incorporatingaomjugated systems in the
cluster reduces the througpond flow of electrondensity into the clusterthus POM
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derivatives having the ability to coordinate different metal atoms can be synthesized

(Figure 1.24f7

Figure 1.24 Control ofelectron flowin POM hybrids by breaking the conjugation in the
systemt’
2. By adding a conjugated spacer group between the cluster and thecooethhating
fuctional group (conjugation is retained in the system). Réngl. synthesized an imido
functionalized hexamolybdate beariag r e mot e terpyridyl -moi ety
conjugated bridge displaying the capability of coordinating wit&* Zmd Ru?* ions
(Figure 1.25)8

(MogO13) ==N

[(MogO4g)==N

Figure 1.25 Bimetallic POM hybrid having an extended conjteghsystent®
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1.5 Goals

Although, organoimido functionalized POM hybrids have been extensively
researche®® but studies based on hybrids capable of coordinatingther metal atom
(bimetallic systems) for use in the fields of catalysis and electrochemistry are stillhraneork
in this thesis is focsed on the design and synthesis of novel organoimido delivery reagents
capable of forming bimetallic POM hybridand the use of these ligands towards the synthesis of
bimetallic hexamolybdate derivatives. The delivery reagents were designed thoughtfully and
separate organic moieties were selected for coordinating to both the cluster and the second metal
atom (Figue 1.26).

0) -NH: group: Are suitable for oxo substitution (isoelectronic to oxo ligands), hence

can be used for coordinating to POMs.

(i) A functional group having the capability of coordinating with another metal atom.

e Organic linker @

Group that can replace Ligand to coordinate
oxo linkage second metal

Organic linker —n
Figure 1.26 Synthesizing bimetallic organoimido hexamolybdates capable of diverse
applications.

The selected functional groups having the potential for coordinating to metal atoms are
dithiocarbamates (Chapters 2 and 3), extended pyridyl grougp{@h4), and acetylacetonates
(Chapter 5). Detailed synthesis and characterization of these organoimido delivery reagents, and
the attempted preparationsf the corresponding POM hybridge outlined in the following
chapters. This work was undertaken isioning organoimido hexamolybdate as the
metalloligand, which can coordinate to another metal atom, and exhibit electronic
communication between the cluster and the second metal atom, thus leading to the formation of
versatile POM hybrids.
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Chapter2-6 Dihi ocarbamated as a remote

bimetallic polyoxometalate hybrids

2.1 Introduction

Polyoxometalates (POMs) are discrete metalgen anionic clusters which are
structurally similar to that o f sommbld raolecularx i d e s
o x i d Ammahgst the many unparalleled properties, POMs are known to undergo multiple
electron redox processes which are reversible in nature, which makes them attractive platforms
for electron and/or energyransfer? Many POMbased higrids have been known in literature
where these are combined with various organic molecules likenkaining ligands, amino
acids, polypeptides, organometallics, tetrathiafulvalene, bis(ethylenedithio)tetrathiafulvalene and
pg yl ene, pledrenaensrahbiity.

The properties that can emerge out of such Hfakkd hybrids depends vastly on the
choice of both the components. In search of synthesizing-B&¥dd bimetallic systems, we
chose a very weltudied dithiocaramate(DTC) functionality. Dithiocarbamate complexes have
been known for a very long time and are extensively covered in literature due to their wide range
of applications in agricultural and rubber industry matefiaad their potential use as
chemotherpeutics, pesticides, and fungici@®siue to their antibacteridf antitumouf® and
antifungal propertie€ Dithiocarbamates fall under the category of-dithiolates which are

formed when a nucleophiletatks at the neutral carbon disulfide as shown in Figuré®®4!2
S

© C//S — Nu C//
e S \\D \e

s©

20 C</_) R C
N

AN \e
Figure 2.1 Synthesis of 1 Hithiolate anion™

Some othenypes of 1,idithiolates are summarized in Table 242

25



Table 2.1 Types of 1,1dithiolates!**?

Name Composition Structure
R S
Dithiocarbamate RoNC S0 /
N— C& ©
R S
se
Dithiocarbonate OCS?* /
o—c
\‘e
S
Se
Trithiocarbonate CS* /
s=—¢
\‘-e
S
S
Dithiocarboxylate RCSo /
R— Ci ©
S
S
Xanthate ROCSo /
R—O—C. ©
S
R S
Phosphinedithioformate R:PCS0 / .
pP—=cC:
R S
S
Thioxanthate RC&o /
R——S—C. ©
S
se
Dithiocarbimate RNCS?* /
R—N=—C"
\‘e
S

DTCs are generally prepared by a reaction between primary/secondary amine and carbon

disulfide together in an alkaline medium (Figure 2%2Jhe reactia is generally exothermic in
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nature. Alkali or alkaline earth metal ions usually result in water soluble DTC complexes with

limited solubility in organic solvents. To improve the solubility in organic solvents, ammonium

complexes have been prepafed.

N—H +

The structure of dithiocarbamate anioan be expressed in four resonance structures
(Figure 2.3)!2 The strong band found between 148850 cmt' in the infrared spectrum of these
complexes is a key diagnostic featuredex stretch having a partial double bond character also

known as the thioureide baf®* T h e

cs, NaOH / NH,OH

Figure 2.2 General synthesis of DTCs compleXes

band

S i ntea(l2b8iB%0xmleand f
3c=n stretch (164aL690 cml) corroborating a significancontribution of the Figure 2.3 (d)

+

H,0

o
S Na*/NH,*

resonance structure, thus showing that DTCs are-ammales of dithiocarbonic acid.

R

\

//s

N—C

/

(@)

Dithiocarbanates are the ligands known for their chelation properties with various
transition metals and for stabilizing a wide range of oxidation stat&uch behavior can be
explained due to the presence of sulfur atoms which help in delocalizing the positiye cha

the coordinating metal upon complexatiéihe transition metal complexes can be synthesized

\.

(b)

©

Figure 2.3 Mesomeric structures of DTC3

by the metathesis of metal salt and alkali/ammonium DTCs complexes (Figure 2.4).

R

Y3,

N—=C

$

R

N—C

©

/S

R/ \\S

R

Figure 2.4 Synthesis of transition metal DTCs compleXes
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From the perspective of inorganic chemistry, the dithiocarbamate functionality is
important fortwo reasons:
1) DTCs can adopt various chelation modes in metal complexes providing structural
variability in the metal complexes (Figure 215).

I I I I I
Z°N 25N N PN PN
S T N N S\M/S\M | T

M M M
(a) (b) (©) (@ (e)

Figure 2.5 Different modes of mtal coordination of DTC ligan&/

The potential of DTCs to form a wide range of coordination complexes results in an array
of supramolecular frameworks being formed. Any modification to the structure of the
dithiocarbamate ligand results in substantial changes in the stilmhesior of the complexes
formed?!? Choice of appropriate substituents on DTaP&l the coordinating metatan lead to

coordinationarchitectues capable of cation, anion or neutral guest recogn{ffagure 2.6):

i . =
RHN——  Spacer Group MNHR

1y Base, T8, 1 Base, C8,

1) Squane Planor n) Octahedrmal

Metal Centre Metal Centre

i o - ( Spacer Cinoup l-.
Spacer Giroup [+ R
R M R st N’_’__.f‘ N-"
IEJ\ -.I 1tiom]

(M = Nij Vﬁ\s U NS
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M R~ ‘Jp.lur{n'uup —fN—g

R"f’ =~ Spacer Group '-"‘ R -
R \ Sparcer Ilinrup_y

g M= Cu(ll), Nidlly, PA(In, Paily, CudlIT), Au(l1T) e.g. M = Fe( 1), Co(1I0), Mi(IV)
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Figure 2.6 Possible supramolecular arrays resulting from various coordinating modes in
dithiocarbamate®’
2) Moreover, incorporation of different metal ions in the same molecular framework or
modifying the substituents in metal dithiocarbamate complexes provides an

opportunity to explore the metaéntered electrochemical properties of the resulting
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complexes® For example, Hendricksoat al. studied the redox properties using
normal pulse, ac, and cyclic voltammetry at a platinum electrode for a series of
copper dithiocarbamates, Cu(fc), by vaying the substituents attached and
established two successive and reversible electron transfer series (Figtite 2.7).

[Cu(Rydtc),]*

[Cu(Radic),]

[Cu(R.dtc),]

ZERO

CURRENT - SCAN DIRECTION

DC. CURRENT

[outi-Prydtery | —= Culj- Proditcl, + & \

cm-ﬁr,urcnzsd-{wu-Pr,dvclz]' e
I | 1 1
-G 55 o 05 +0
POTENTIAL vs Ag/AqCl

Figure 2.7 Metalcentered electrochemical properties of copper dithiocarbamates,
Cu(Rodtc),.1819
To date, not many POM hybrids with metal dithiocarbamates have been reported. An
example of class (I) POM hybrid, [Ri$CNMe2)3( £SSCNMe2)2]2[M06019] 2CH:COCH;, was
presented by Wiet al?° wherein a dinuclear rutheniudithiocarbamate cationic species is
electrostatically attached to anionic hexamolybdate and the electrochemical propfetties

ruthenium centewere examined (Bure 2.8).

Figure 2.8 Type (I) POM hybrid[Rux(S;CNMe)s( £S:CNMe)]2[M0eO1¢]: 2CHsCOCH;.2°
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No reports on covalent grafting of dithiocarbamates on polyotaate clusters are
known. Such an attachment via covalent lsomay exhibit potential electronic communication
between two units which may lead to favorable properties. With this goal in mind, we want to
investigate covalent grafting of dithiocarbamatéogrolyoxometalate.

In this chapter, we have synthesized and characterized a series of novel metal

dithiocarbamate complexes and attempted to covalently graft them onto hexamolybdate cluster.

2.2 Experimental

(TBA)2[MosO1g] and (TBAX[MosO2q] were preparé according to literature methods.
All chemicals were purchased from Aldrich and used without further purification. Acetonitrile
(CHsCN) were dried over Carand distilled as needetH, and'*C NMR spectra were recorded
on a Varian Unity plus 400 MHz speometer and were referenced to residual protonated
solvent peaks (CDEE 7.27 ppm, RO = 4.75 ppm and DMS@° = 2.50 ppm). FIIR spectra
were recorded on a Nicolet 380 instrumeMelting points were determined on a Fisliehns
melting point apparatusand are uncorrectedMass spectra were collected using MS
systemWaters ACQUITY TQD X-ray data was collected on a Bruker SMART 1000 {citzle
CCD diffractometer at 203 Kusing afiico cus mol ybdenum KU tube.

2.2.1 Synthesis of Zwitteion of 4-aminopiperidine 1

4-aminopiperidine (2g, 19.98 mmol) was dissolved in ethanol (30 mL). To this solution,
CS (1.2 mL, 19.98 mmol) was added with stirring. The product was obtained as white
precipitate instantly which was filtered, washed with ethanol and dettteyl and dried in air.
The precipitate was dissolved in water heated € &hd crystals were obtained using solvent
evaporain method. Yield: 2.89g, 82.16%p 1881 9 0 e C ( s IR{ZnSen &492m?! ( &
n); H (400 MHz,D,0) ppim 1.54 (d, J=12.50 Hz, 2 H) 1.99 (d, J=12.11 Hz, 2 H) 3.10 (t,
J=12.69 Hz, 2 H) 3.44 (d, J=6.64 Hz, 1 H) 5.48 (d, J=12.11 Hz; ZE&INMR (400 MHz, RO)
i pp m8, 4839,.4%8, 209.22 (NC=S); m/z (ESI): 177.09 [MH1, 159.97 [MNHJ]*,
143.89[M-CS]", 126.81 [MNH3-S]*, 94.91 [MNH3-2S]', 83.92 [MNH3:-CS]".

2.2.2 Synthesis of Sodium@minopiperidine dithiocarbamate2
4-aminopiperidine (4g, 39.96 mmol) was dissolved inenvd30 mL) and C5(2.4 mL,
39.96 mmol) was added with stirring. To this mixture, a solution of NaOH (1.6g, 40.00 mmol) in
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16 mL water was added dropwise and it was stirred at room temperature for 2h. The water was
removed under vacuum to obtain produstaite pecipitate. Yield: 6.82g, 86.18%UR (ZnSe):
1458cm* ( @n); *H NMR (400 MHz, RO) U ppm: 1.35 (d, J=12.11
Hz, 2 H) 3.03 (br. s., 1 H) 3.24 (t, J=11.72 BzH) 5.34 (d, J=12.50 Hz, 2 H)*C NMR (400
MHz,D:O) U 3P5,%7.74,%50.56, 207.21 (N=S)

2.2.3Reaction ofSodium 4aminopiperidine dithiocarbamatavith chromium(ll), 2.Cr

2 (0.25g, 1.26 mmol) was dissolved 10 mL water. Chromium nitrate nonahydrate
(0.1877g, 0.63 mmol) was dissolvedtire minimum amounbf water. This solution was added
to the reaction mixture dropwise with constant stirring to obtain pale blue precipitate. The
reaction mixture was stirred f&h at room temperature. The product was filtered on a glass
filtration frit and dried.Yield: 0.2336g, 64.8%; IR (ZnSe): 148%m™ ( &n).

2.24 Reaction ofSodium 4aminopiperidine dithiocarbamatavith manganese(ll), 2.Mn

2 (0.25g, 1.26 mmol) was dissolved 10 mL water. Manganese chloride tetrahydrate
(0.1247¢g, 0.63 mmol) was dissolvedtire minimum amount of water. This solution was added
to the reaction mixture dropwise with constant stirring to obtain light brown precipitate. The
reaction mixture was stirretbr 2h at room temperature. The product was filtered on a glass
filtration frit and died. Yield: 0.1482g, 58.07%R (ZnSe): 147@m™* ( &n).

2.2.5Reaction ofSodium 4aminopiperidine dithiocarbamatevith iron(ll 1), 2.Fe

2 (0.25g, 1.26 mmol) was dissolved10 mL water. Ferric nitrate nonahydrate (0.1697g,
0.42 mmol) was dissolved ithe minimum amount of water. This solution was addedhe
reaction mixture dropwise with constant stirring to obtain dark brown precipitagereHetion
mixture was stirreddr 2h at room temperature. The product was filtered on a glass filtration frit
and driedYield: 0.1284g, 2.88%;IR (ZnSe): 1483m™ (3c.n).

2.2.6Reaction ofSodium 4aminopiperidine dithiocarbamatsvith cobalt(ll), 2.Co

2 (0.375¢, 1.8 mmol) was dissolved15 mL water. Cobalt nitrate hexahydrate (0.1741g,
0.6 mmol) was dissolved ithe minimum amount of water. This solution was addedhe
reaction mixture dropwise with constant stirring to obtain green precipitadereBistion mixture
was stirred dr 2h at room temperature. The product was filtered on a glass filtration frit and
dried. Yield: 0.2743g, 78.69%IR (ZnSe): 147&m?! ( @n); *H NMR (400 MHz,CD,Cly) U
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ppnt 1.35 (br. s., H) 1.88 (d, J=12.89 Hz, 2 H) 3.01 (br. s., 1 H) 3:0826 (m, 2 H) 4.42
4.58 (m, 2 H)m/z (ESI): 408.99M]*.

2.2.7Reaction ofSodium 4aminopiperidine dithiocarbamatevith nickel(ll), 2.Ni

2 (0.3175g, 1.6 mmol) was dissolvedh 10 mL water. Nickel nitrate hexahydrate
(0.23249, 0.8 mmol) was dissolvedtire minimum amount of water. This solution was added to
the reaction mixture dropwise with constant stirring to obtain green precipitate. Thierreac
mixturewas stirred dr 2h at room temperature. The product was filtered on a glass filtration frit
and driedYield: 0.1952g, 59.80%R (ZnSe): 144Zm* ( @n); *H NMR (400 MHz, CDCl,) i
ppm 1.34 (d, J=10.7#4z, 2 H) 1.87 (d, J=17.09 Hz,H®) 3.05 (br. s., 1 H) 3.18 (t, J=13.67 Hz, 2
H) 4.31 (d, J=13.67 Hz, 2 H)

2.28 Reaction ofSodium 4aminopiperidine dithiocarbamatevith copper(ll), 2.Cu

2 (0.25g, 126 mmol) was dissolveth 10 mL water. Copper nitrateemipentahydrate
(0.1465¢, 0.63nmol) was dissolved ithe minimum amount of water. This solution was added
to the reaction mixture dropwise with constant stirring to obtain dark brown precipitate. The
reacton mixture was stirredof 2h at room temperature. The product was filtered on a glass
filtration frit and dried.Yield: 0.1371, 52.8%; IR (ZnSe): 148&m™ ( &n).

2.2.9Reaction ofSodium 4aminopiperidine dithiocarbamatevith zinc(ll), 2.Zn

2 (0.25¢g, 1.26 mmol) was dissolved 10 mL water. Zinc nitrate hemipentahydrate
(0.1877g, 0.63 mmol) was dissolvedtire minimum amount of water. This solution was add
to the reaction mixture dropwise with constant stirring to obtain white precipita¢ereBistion
mixture was stirreddr 2h at room temperature. The product was filtered on a glass filtration frit
and driedYield: 0.1173g, 44.98%R (ZnSe): 147tm* ( &n).

2.2.10 Reaction ofSodium 4aminopiperidine dithiocarbamatevith silver(l), 2.Ag

2 (0.25g, 1.26 mmol) was dissolvad10 mL water. Silver nitrate (0.2142g, 1.26 mmol)
was dissolved ithe minimum amount of water. This solution was added to theticmamixture
dropwise with constant stirring to obtain brown precipitates fdaction mixture was stirredrf
2h at room temperature. The product was filtered on a glass filtration frit and Wredd.
0.1085g, 30.55%R (ZnSe): 147&m* ( &n).
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2.211 Synthesis of Tetrabutylammonium-dminopiperidine dithiocarbamate3

4-aminopiperidine (1g, 9.99 mmol) was dissolved in water (15 mL) and(@6 mL,
9.99 mmol) was added with stirring. To this mixture, a 40% aqueous solution of TBAOH (6.5
mL, 10.00 mnol) was added dropwise and it was stirred for 2h at room temperature. The solvent
was removed under vacuum to obtain product as pale yellow oil which was dried overnight
under vacuum at 6C. Yield: 3.62g, 88.73%IR (ZnSe): 1460cm™ ( @n); *H NMR (CDCE,
400MHz, ppm): 1.00 (12H), 1.38 (2H), 1.45 (8H), 1.71 (8H), 1.80 (2H), 2.88 (1H), 3.16 (2H),
3.44 (8H), 5.82 (2H)°C NMR (CDCk, 400MHz, ppm): 13.48, 19.54, 23.96, 35.44, 48.66,
48.97, 58.79, 212.77 (E=S).

2.2.12 Synthesis of 44-nitophenyl) piperazine4??

In a 250 mL round bottom flask with a stir bar, a solution of anhydrous piperazine
(16.27g, 188.88 mmol) was prepared in 50 mdbutanol under nitrogen atmosphere. The
solution was brought to reflux during which a solution eéhoronitrobenzene (10g, 63.47
mmol) in 50 mL nbutanol was added dropwise with stirring using a syringe in a course of an
hour. The reaction mixture was left to reflux overnight at about1¥®2C. The color of the
solution turned orange which on coolimgsulted in yellow precipitate. The precipitate was
collected to which 6N HCI (89 mL) was added. The resulting solution was extracted with ethyl
acetate (3x100 mL). All organic layers were combined and neutralized with cold 6N NaOH
solution to attain pH=10The organic layer was separated and was washed twice with bine
solution and was dried over p&0s. The solution was then filtered off and solvent was removed
under vacuum to yield bright yellow compound as product. Yield: 28.87g, 73.1@%27-

128 C t.% 1291302 CIH;NMR (400 MHz, CDCJ) pgint 3.04 (dt, J=6.64, 3.32 Hz, 4 H) 3.30
-3.51 (m, 5 H) 6.83 (dd, J=9.37, 2.73 Hz, 2 H) 8.13 (dd, J=9.57, 2.93 Hz,'3H)MR (400
MHz,CDCk) U4 ppm: 46.01, 48.40, 112.87, 126.23.

2.2.13 Synthesis of Teabutylammonium 4(4-nitrophenyl) piperazine dithiocarbamajé

In a 50 mL round bottom flask, (0.3g, 1.4477 mmol) was taken in 10 mL methanol to
which carbon disulfide (0.087 mL, 1.448 mmol) was added with constant stismg)) resulted
in yellow precipitate To this, a 40% wt. methanol solution of tetrabutylammonium hydroxide
(0.968 mL, 1.448 mmol) was added dropwise to obtain yellow solution. The resulting mixture

was stirring for 2h at room temperature after which the solvent was removed undamvacu
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obtain yellow precipitate as the produ¥ield: 0.682g,90.01% IR (ZnSe): 1486&m’ ( &n);

'H NMR (400 MHz,CDCl) t ppm 1.01 (t, J=7.32 HA2 H) 1.48 (dd, J=15.14, 7.32 Hz, 8 H)

1.73 (dt, J=7.94, 4.09 H8 H) 3.44- 3.50 (m,8 H) 3.51- 3.57 (n, 4 H) 4.64- 4.74 (m, 4 H)

6.76 (d, J=9.28 Hz, 2 H) 8.13 (d, J=9.28 Hz, 2 NMR (400 MHz,CDCGJ) U p p m: 13. .
19.77,24.17, 48.24, 48.93, 59.05, 111.61, 125.99, 137.88, 154.46, 214B8jN

2.2.14 Synthesis of 44-aminophenyl) piperazing6®*

In a 500 mL round bottom flask fitted with a stir bar, a solutiof @f.14g, 34.45 mmol)
was prepared in ethanol (300 mL). To this solution, conc. HCI (69 mL) was added with stirring
and the reaction mixture was heated t&CZ(BnCh.2H.0 (25.54g, 113.22hmol) was added and
the reaction mixture was left to reflux for 24h during which the bright yellow color of the
reaction mixture disappeared. The reaction mixture on cooling was neutralized with dN&HCO
pH=7-8. A large amounts of white precipitate was@etyed which was filtered off over Bruckner
funnel. The resulting filtrate was diluted with dichloromethane and the organic layer was
extracted (3 x 100 mL). All the organic layers were combined and washed with twice with brine
solution and was dried ov&aSQu. The solution was filtered off and the solvent wasioved
under vacuum to yield purplebrown compound as product. Yield: 4.11g, 67.23%p 130
131e C 2f 126e tC.YH, NMR (400 MHz, CDCls) G ppm 3.00 (d, J=4.37 Hz8 H) 6.65 (m,
J=8.75 Hz, 2 H) 6.81 (m, J=8.75 Hz, 2;) NMR (400 MHz,CDs0D) i ppnt 3.02 (s, 8 H)
6.71 (d, J=8.59 Hz, 2 H) 6.84 (d, J=8.59 Hz, 2 NMR (400 MHz, CBOD) i ®mHhm: 46.
52.72,117.97, 120.44.

2.2.15 Synthesis of Sodium(4-aminophenyl) piperazine dithiocarbamat@

In a 25 mL round bottom flasl§, (0.15g, 0.7273 mmol) was taken in 20mL methanol to
which carbon disulfide (0.044 mL, 0.7273 mmol) was added with constanihg on which
greyish precipitate was obtained. To this, sodium hydroxide (0.0408g, 0.7273 mmol) in 1 mL
was added dropwise during which precipitate redissolved to give pale red soligorestilting
mixture was stirredor 2h at room temperaturetaf which the solvent was removed under
vacuum to obtaimn off-white precipitate as the product. Yield: 0.12g, 51.36R0(ZnSe): 1454
cm? ( @n); *H NMR (400 MHz, BO) & p p-h.71 (h, .2 6121.86 (d, J=14.45 Hz, 2 H)
2.85 (s, 1 H) 3.143.21 (m, 2H) 5.60 (br. s., 2 H) 6.80 (m, J=8.59 }ZH) 7.15 (m, J=8.59 Hz,

2 H); 'H NMR (400 MHz,CD3s0D) i ppnt 2.94- 3.11 (m, 4 H) 4.47 4.65 (m,4 H) 6.71 (m,
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J=8.59 Hz, 2 H) 6.86 (m, J=8.98 Hz, 2;IC NMR (400 MHz, CROD) & ppm: 51 .
118.02, 12(88, 142.83, 145.47, 213.50BES).

2.2.16Reaction ofSodium 4(4-aminophenyl) piperazine dithiocarbamateith chromium(ll),
7.Cr
7 (0.01g, 0.0364 mmol) was dissolved5 mL methanol. Chromium nitrate nonahydrate

(0.0073g, 0.0182 mmol) was dissolvedtre minimum amount of methanol. This solution was

added to the reaction mixture dropwise with constant stirring to obtain pale green precipitate.

Thereaction mixture was stirred f@h at room temperature. The product was filtered on a glass
filtration frit and driedYield: 0.0099), 67.3%; IR (ZnSe): 150tm* ( &n).

2.2.17Reaction ofSodium 4(4-aminophenyl) piperazine dithiocarbamateith
manganese(ll), 7.Mn

7 (0.01g, 0.0364 mmol) was dissolved5 mL methanol. Manganese nitrate (0.0033g,
0.0182 mmal was dissolved ithe minimum amount of methanol. This solution was added to
the reaction mixture dropwise with constant stirring to obtain piomden precipitate. The
reaction mixture was stirred f&h at room temperature. The product was filterecaaglass
filtration frit and dried.Yield: 0.0045g, 44.12%R (ZnSe): 151&m™ ( &n).

2.2.18Reaction ofSodium 4(4-aminophenyl) piperazine dithiocarbamateith iron(lll), 7.Fe

7 (0.01g, 0.0364 mmol) was dissolved 5 mL methanol. Ferric nitrate nonahydrate
(0.0049¢g, 0.0121 mmol) was dissolvedti® minimum amount of methanol. Ehsolution was
added to the reaction mixture dropwise with constant stirring to obtairbgo@sn precipitate.
The reaction mixture was stirredrf2h at room temperature. The product was filtered on a glass
filtration frit and dried.Yield: 0.0048g, 48.8%; IR (ZnSe): 151m™ ( &n).

2.2.19Reaction ofSodium 4(4-aminophenyl) piperazine dithiocarbamateith cobalt(ll),
7.Co

7 (0.01g, 0.0364 mmol) was dissolved 5 mL methanol. Cobalt nitrate hexahydrate
(0.0053g, 0.0121 mmol) was dissolvedti@ minimum amount of methanol.his solution was
added to the reaction mixture dropwise with constant stirring to obtain brown precipitate. Th
reaction mixture was stirredif 2h at room temperature. The product was filtered on a glass
filtration frit and dried.Yield: 0.0053g, 53.54%R (ZnS§: 1507cm™* ( &n).
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2.2.20Reaction ofSodium 4(4-aminophenyl) piperazine dithiocarbamateith nickel(ll),
7.Ni

7 (0.01g, 0.0364 mmol) was dissolvad 5 mL methanol. Nickel nitrate hexahydrate
(0.0053g, 0.0182 mmol) was dissolvedti® minimum amount of methanorlhis solution was
added to the reaction mixture dropwise with constant stirring to obtain yghesn precipitate.
The reaction mixture was stirredrf2h at room temperature. The product was filtered on a glass
filtration frit and dried.Yield: 0.0064962.14%;IR (ZnSe): 150m* ( &n).

2.2.21Reaction ofSodium 4(4-aminophenyl) piperazine dithiocarbamateith copper(ll),
7.Cu

7 (0.01g, 0.0364 mmol) was dissolveth 5 mL methanol. Copper nitrate
hemipentahydrate (0.0041g, 0.0182 mmol) was dissolvélgeiminimum amount of metimel.
This solution was added to the reaction mixture dropwise with constant stirring to obtain dark
brown precipitate. Téa reaction mixture was stirredrf2h at room temperature. The product was
filtered on a glass filtration frit and drie¥ield: 0.0048), 46.60% IR (ZnSe): 150m™ ( &n).

2.2.22Reaction ofSodium 4(4-aminophenyl) piperazine dithiocarbamateith zinc(ll), 7.Zn

7 (0.01g, 0.0364 mmol) was dissolved 5 mL methanol. Zinc nitrate hexahydrate
(0.0054¢, 0.0182 mmol) was dissolvedtre minimum amount of methanol. Th&olution was
added to the reaction mixture dropwise with constant stirring to obtain white precipitate. Th
reaction mixture was stirredif 2h at room temperature. The product was filtered on a glass
filtration frit and dried.Yield: 0.0055¢g, 52.88%R (ZnSe): B12cm? ( @n).

2.2.23 Synthesis of Tetrabutylammonium(4-aminophenyl) piperazine dithiocarbamaté&

In a 25 mL round bottom flaslg (0.10g, 0.5645 mmol) was taken inmL methanolto
which carbon disulfide (0.0341 mL, 0.564bmol) was added with constant dtig which
resulted in greyish precipitatdo this, a 40% wt. methanol solution ofrétutylammonium
hydroxide (0.4027 mL, 0.564mmol) was added dropwise on which the precipitate dissolved to
give aredsolution. The resulting mixture was stirring for &hroom temperature after which the
solvent was removed under vacuum to obtathoil as the productYield: 0.2216g, 79.27%R
(ZnSe): 151m™ ( @n); 'H NMR (400 MHz,CDCL) ti ppm 0.85 (t, J=7.29 Hz,£2H) 1.30 (dq,
J=14.94, 7.33 HB H) 1.47- 1.57 (m,8 H) 2.84- 2.89 (m,4 H) 3.16- 3.25 (m, 8H) 4.46- 4.54
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(m, 4 H) 6.51 (m, J=8.75 Hz, 2 H) 6.65 (m, J=8.75 Hz, 2} NMR (400 MHz, CDC)) U
ppm: 13.34, 19.32, 23.63, 49.54, 50.62, 58.36, 115.72, 118.25, 140.06, 143.75, 213=5)(N

2.2.24Synthesis of 44-nitrophenyl) piperiding 9

In a 50 mL round bottom flask with a stir barpdenylpiperidine (0.5g, 3.06 mmol) was
dissolved in ade& acid (2.5 mL). To this, was added a solution of con&@® (0.165 mL) in 2.5
mL acetic acid keeping the temperature belowC25The reaction mixture was then brought
below 20C while adding a solution of conc. HN@.13 mL) in 1.25 mL of acetic acido the
resulting mixture, 2.5 mL of conc..BOs was further added without cooling during which the
temperature of the solution increased. When the reaction mixture cooled dowiCtat2Bas
added to 6.25¢ of ice/water. It was neutralized with a tot@l3#5g of NaHC®while heating at
40°C. 5M NaOH solution was further added toetreaction mixture t@adjustthe pH of the
solution to 14. The reaction mixture was separated using dichloromethane (3x 10 mL) and all the
organic layers were combined andedriover NaSQu. After filtration, the solvent from the
solution was removed under vacuum to yield an oil which was further recrystallized using
methanol to give an offwhite precipitate as ehproduct. Yield: 0.5g (78.18%np 8587e C 2 | i t .
90-9 2 e ®)NMR (400 MHz,CDsC | )ppntil.66 (dd, J=12.45, 3.66 Hz, 4 H) 1.85 (d, J=12.70
Hz, 3 H) 2.69 2.84 (m, 4 H) 3.22 (d, J=12.21 Hz, 3 H) 7.38 (d, J=8.79 Hz, 2 H) 8.17 (d, J=8.79
Hz, 2H} ®CNMR (400 MHz,CRCIl ) UG ppm: 34.01, 43.11, 46. 84,

2.225 Synthesis of 44-aminophenyl) piperiding 1¢*

In a 500 mL twenecked round bottom flask fitted with a stir bar, sodium borohydride
(2.32¢g, 61.250 mmol) was taken and sealed witialbbon on one side. A solution 6f(1.26g,
6.125 mmol) and nickel chloride hexahydrate (1.46g, 6.125 mmol) was prepared in 100 mL
methanol, which was then injected into the flask. Instantly, blacking of the solution could be
observed due to formation ofickel boride along with effervescence due to hydrogen gas
evolution which inflated the balloon. The reaction mixture was left to stir at room temperature
till all the hydrogen gas produced is used up. On completion, the reaction mixture was filtered
off through celite column and the solvent was evaporated under vacuum. The greyish white solid
so obtained was extracted with chloroform (3 x 10 mL) and was washed with water and brine
solution. All the organic layers were dried over sodium sulfate, filteredtla@® solvent was

removed under vacuum to yield afhite precipitate as the produdtield: 0.8257g, 76.49%mp
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80-8le C % 85B7e CIR;(ZnSe): 147m?* ( @n); *H NMR (400 MHz, CDCd) G ppm: 1.
(td, J=12.40, 4.10 Hz, 2 H) 1.78 (d, J=12.50 Hz, 2 H) 2.51 (br. s., 1 H) 2.72 (t, J=12.30 Hz, 2 H)
3.56 (br. s., 2 H) 6.64d( J=7.81 Hz, 2H) 7.01 (d, J=7.81 Hz, 2 H}*C NMR (400 MHz,

CDsO D) ppiix 33.77,42.11, 46.92, 117.09, 128.39.

2.2.26Synthesis of Sodium-¢-aminophenyl) piperidine dithiocarbamatel 1

In a 25 mL round bottom flask0 (0.40g, 22696 mmol) was takenn 15mL methand to
which carbon disulfide (0.1#hL, 2.2696mmol) was added with constant stirriag which some
precipitation occurred. To this, 0/3L of 3.275M NaOH solutior{2.2696 nmol) in methanol
was added dropwise with stirring on which the preatpitdissolvedThe reaction mixture was
stir for an hour and solvent was then removed under vatcaurbtainoff-white precipitate as
the productYield: 0.5764g, 92.56%R (ZnSe): 146@m? ( @n); *H NMR (400 MHz,CDs0OD)
Uppm 1.70 (d, J=12.8%z, 2 H) 1.78 (d, J=12.11 Hz,) 2.72(br. s., 1 H) 3.02 3.15 (m, 2H)
5.94 (d, J=12.50 Hz, 2 H) 6.68 (d, J=8.20 Hz, 2 H) 6.99 (d, J=8.20 Hz, HHYMR (400
MHz, CD:O D) ppiir 1.70 (d, J=12.8%1z, 2 H) 1.78 (d, J=12.11 Hz, 2 H) 2.72 (br. s., 1 H) 3.01
-3.15 (m, 2H) 5.94 (d, J=12.50 Hz, 2 H) 6.68 (d, J=8.20 Hz, 2 H) 6.99 (d, J=8.20 Hz,aH)
NMR (400 MHz,CDsO D) ppir 35.00, 43.40, 53.01, 117.14, 128.51, 137.34, 146.66, 211.75
(N-C=S).

2.2.27 Reaction ofSodium 4(4-aminophenyl) piperidine dithiocarbamateith cobalt(ll),
11.Go

11 (0.04g, 0.1459 mmol) was dissolved5 mL methanol. Cobalt nitrate hexahydrate
(0.0142g, 0.0488 mmol) was dissolvedtre minimum amount of methanol. This saan was
added to the reaction mixture dropwise with constant stirring to obtain dark green precipitate.
The reaction mixture was stirredrf2h at room temperature. The product was filtered on a glass
filtration frit and dried.Yield: 0.0172g, 43.54%R (ZnSe): #91cm™ ( 8n).

2.2.28Reaction ofSodium 4(4-aminophenyl) piperidine dithiocarbamateith nickel(ll),
11.Ni

11 (0.04g, 0.1459 mmol) was dissolved5 mL methanol. Nickel nitrate hexahydrate
(0.0212g, 0.0729 mmol) was dissolvedtir® minimum anount of methanol. This solution was

added to the reaction mixture dropwise with constant stirring to obtain green precipitate. The
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reaction mixture was stirrefbr 2h at room temperature. The product was filtered on a glass
filtration frit and dried.Yield: 0.0198g, 48.41%R (ZnSe): 150&m™* ( &n).

2.2.29Reaction ofSodium 4(4-aminophenyl) piperidine dithiocarbamateith copper(ll),
11.Cu

11 (0.04g, 0.1459 mmol) was dissolveth 5 mL methanol. Copper nitrate
hemipentahydrate (0.0165g, 0.0729 mmol) was dissolvéigeiminimum amount of méanol.
This solution was added to the reaction mixture dropwise with constant stirring to obtain dark
brown precipitate. Téareaction mixture was stirredrf2h at room temperature. The product was
filtered on a glass filtration frit and driedield: 0.0142g, 34.47%IR (ZnSe): 1494m™* ( &n).

2.2.3 Reaction ofSodium 4(4-aminophenyl) piperidine dithiocarbamateith zinc(ll), 11.Zn
11 (0.04g, 0.1459 mmol) was dissolved5 mL methanalZinc nitrate hemipentahydrate

(0.0217g, 0.0729nmol) was dissolved ithe minimum amount of methanorlhis solution was
added to the reaction mixture dropwise with constant stirring to obtain white precipitate. Th
reaction mixture was stirredif 2h at room temperature. The product was filtered on a glass
filtration frit and dried.Yield: 0.0173), 41.79%. IR (ZnSe): 1490cm? ( @n); *H NMR (400
MHz, DMSO-d®) pfim 1.54 (d, J=9.37 Hz, 2 H) 1.83 (d, J=12.50 H)22.66 (br. s., 2 H)
4.87 (br.s., 1 H) 5.01 (d, J=12.89 Hz ) 6.50 (d, J=7.81 Hz, 2 H) 6.89 (d, J=8.20 Hz, 2 H)

2.3 Results and discussion

2.3.1 Studies with -4aminopiperidine
Keeping the concept of dual functionality time ligand, 4aminopiperidine was selected
as this possesd an-NH> group which can form imido derivative with polyoxometalate cluster.

On the other side it contaimssecondary amine, piperidiin®H group,which is a precursor for

forming dithiocarbamate functionality which is known to form complexes with various transition
metals. Two different approaches could be employed for the synthesis of the POM clusters:
a) The ligand could be coordinatenist to form imido derivative of ligand and the

prepared derivative could be converted to dithiocarbamate to coordinate to

transition metals.
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b) Or, the ligand could be converted to dithiocarbamate, of which various transition
metal complexes could be prepdyevhich could further be coordinated to the
cluster.

Since, metal coordination involves use of basic megdiwvhich may result in
polyoxometalate cluster decomposition, transition metal coordinationt{steps chosen to be
the first step.

Following theknown procedure to synthesize dithiocrbamateamdhopiperidine was
taken in ethanol to which G&nd equivalent amount of NaOH was added which resulted in the
formation of a white precipitate. The product was analyzed by infrared spectroscopy wkere C
stretch was observed at 148@11. *H NMR also showed changes suggesting the formation of a
new compound. To further confirm the formation of desired product, crystals of the product were
obtained from water in 2 days. To our surprise, th@a)crystal stucture showed the formation

of a hydrated zwitteriofil) instead of sodium dithiocarbamate.

Figure 2.9 X-ray crystal structure of zwitterioa.

1 displays the formation oRg(S) hydrogenbondeal supramoleculamotif involving

dithiocarbamatenoiety, NHz" and a water molecule (Figure 2.9). The other hydrogen atom of

the water molecule is hydrogé&mnded tothe CS moiety, and thus isresponsible for

interlinking two adjacenRg(8) motifs.
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(a) Exgected mechanism
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(b) Proposed mechanism for zwitterion formation
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Figure 2.10 Proposed mechanism for formationlof

Usually, in the synthesis of dithiocarbamate complexes, the lone pair of electron on
secondary nitrogen atom attacks the nucleophilic carbon atorS;pfv@ich undergoes addition
resulting in the formation of carbamic acid intermediates, which are generally unstable in basic
medium (Figure 2.10(a)). Thus, further addition of a base abstracts the acidic proton of sulfur
generating a dithiocarbamate compd. With 4aminopiperidine, first step of GSaddition
occurs in the same manner but contrary to the expected attack from a base, sigceudhvas
present in the molecule possessing a lone pair of electrons available which attacks instead
resultirg in the formation ofL (Figure 2.10(b)).

The next step was attempted in waiece 1 was soluble only in wateithe formation of
sodium dithiocarbamatg2) of 4-aminopiperidine was then achieved by dissolving 4
aminopiperidine in water to which equivalent amts of CS and NaOH (Figure 2.11). The
solvent from the reaction mixture was removed under vacuum to yield a white precipitate as
product. ThelR showed GN stretch at 145&m?. 'H and 3C NMR also showed spectra
different than zwitterion swgesting theformation of 2. All the attempts for growing Xay

quality crystals failed.

NH,
S]
_ NaoH S
N—( N
+ CS; Water .
” stirred, RT 2
H

Figure 2.11 Synthesis of.
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The transition metal complexes were easily obtained by mixing aqueous soluon of
with aqueous sotion of the desired metal nitrate. The different transition metals used were
chosen to adopt different coordination environments. The metal complexes were found to be
insoluble in water and thus were collected by filtration, dried in air and were andlyzed
infrared spectroscopy (Table2p.

Table 2.2 Metal complexesvith 2.

{HZN @N _{) . 3cn femt
2.Cr " 1487
2.Mn 1470
2.Fe 1483
2.Co 1478
2.Ni 1442
2.Cu 1485
2.Zn 1477
2.Ag 1477

Although 2.Ni exhibited slight solubility in acetonitrijeKarcher was able to gethe
single crystal structure of this nickel complexiernickel abm sis in an octahedral pocket,
where it isbonded to two 4aminopiperidyl dithiocarbamate molecules through four sulfur atoms
of TNCS units Unexpectedly, e other two sites were occupied by tivNH> groups of
neighboring piperidine molecules, which rendeted metal complex incapable of use as an
imidodelivery reagent. To avoid this unexpected coordination, it was thought to add some other
coordinating ligand in the system which has a better donating ability thidlagroup. For this,
pyridine was selectednd multiple trials were done wherein along watifew drops of pyridine
was also added, but in all the cases results were same as before. Hence, no furtheritstudies w

this complex could be done.
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Figure 2.12 X-ray crystal structure fd2.Ni.?®

Cobalt ion commonly forms a trsomplex with an octahedral arrangement, which was
expected in the prepar@dCo. It also exhibited slight solubility in acetonitrile, dichloromethane
and dichloroethanéH NMR spectum of 2.Co revealed resolved peaks which corresponds to
the Co(lll) diamagnetic state showing tdemplexation in the metal complex. To further shed
light on the composition of the complex, mass spectroscopy was done whereihpedid for
408.99 was obsrved which corresponds to a4gismplex.This observation is not new as some
air stable biscomplexes cobalt(ll) have been reported previotiiyo further examine the
actual composition a2.Co, multiple trials for obtaining the single crystals were ddng so far
no single crystals have been obtained.

Assuming2.Co to be a triscomplex, furthermore its coordination to hexamolybdate
clusters foll owWiwerg attéhgpted) g nonseccdssoid coordination were
observed (Figure 2.13), which cae lattributed to either neavailability of NH- group as
previously observed i@.Ni or the poor solubility of these metal complexes in common organic

solvents of use.
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NH,
anhy. CH;CN

(2.Co)

Reflux, 10h

O—N:C:N-O

[(n-C4Hg)N], [Mo504gMo = —G —< A I \S

NH,
Figure 2.13 Attempted covalent graftgof 2.Coto hexamolybdate

All other metal complexes were found te msoluble in any of theommonorganic
solvents, thus could not be used in any further coordination studies. Since, the poor solubility of
the metal complexes restricted their covalgnafting to the POM cluster, we thought of
synthesizing tetrabutylammonium (TBA) dithiocarbamate of the ligéB)dso as to gain
solubility in organic solvents3 was also prepared in a similar manner in water as solvent and
solvent was removed in vacuum ¢btain an oil (Figure 2.14). The IR spectrum of the product
showed a €N stretch at 146@m’. The product formation was also confirmed 1 which
displayed similar chemical shifts as observed with an additional four new peaks arising from
TBA* ion. ¥*C NMR is also a strong tool in identifying these dithiocarbamates, where a

characteristic peak at 212.77 ppm corresponding tog@fip was observed.

NH,
§o
(n -C4H,),N-OH o
+ CS, Water —< N(n-C4Ho),
S

Stirred, RT

Iz

Figure 2.14 Synthesis o8.
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All attempts to get a $id as the pure product failed, thus the oil so obtained was used as
such to prepare phosphineimine derivative3dfFigure 2.15).*H and3P NMR suggested no
formation of the pr odwas adoptedta coordinate to heRaeolypdate, me t
which proved to be unsuccessful as well. Since both these reactions demand extremely
anhydrous conditions, the failure of the reactions suggest a possibility of existence of water,

which might be there due to immplete drying of3.

S8 4
[(n-C4Hg)N]; [M0ogO4o] + HzN—<:>N—<\ N(n-C4Hg)4
S
3
anhy. CH,CN
O’N:czN'O Reflux, 10h
se
®
[(n-C4Hg)N]; [Mo5013Mo=N N \ N(n-C4Ho)4
S

Figure 2.15 Attempts to covalent graf onto hexamolybdate

2.3.2 Studies with 4piperazin1-yl)aniline
Since aliphatic imido hexmolybdate derivatives are prone to hydrolysis, dicatdn in
the ligand structure was envisaged, so as to have an areiMBtiqroup, in a bid to achieve
better stability upon coordination to the POM cluster. To achieve this, the ligand was chosen to
be 4(piperazinl-yl)aniline (6) wherein, the molecel bears an aromatidNH> moiety which
may provide better coordination to cluster, while the other end béds group which is

available to form the dithiocarbamate functionality.

45



NO, NH,

NO,
H
N
. n-Butanol SnCly/conc. HCI
Refl ight Ethanol
efiux overni ano
N g & :
H
Cl
N

_/

H H
4 6
Methanol
cs,
NaOH
(TBA),Mo50,sMc=N [~ NH, ™ NH;
(TBA);[MogO44] M(NO3), :
-

N Water

/
P-4
/

()
A,

IV"-n-1

)~

IU!(D
w

Sin
n®

.M

=

wz)~

Figure 2.16 Synthetic sceme for metal dithiocarbamates/és imidodelivery reagent
Synthesis of this ligand was accomplished in three steps (Figure 2.16). First, coupling of

p-chloronitrobenzene with piperazine was achieved in butanol under refluxing conditicris
(4-nitrophenyl)piperazind4) was obtained as a bright yellow precipit&teyhich was analyzed
via H and ¥C NMR. Tetrabutylammonium dithiocarbamate derivative of(4-1
nitrophenyl)piperazin€s) was prepareds amimic of the POM hybrid where NQ-group being
electronwithdrawing resembles the electron sponge naturthefhexamolybdate clustefhe
supramolecular studies & will be discussed ira later section (Appendix A) The nitro
dithiocarbamate can help undarsd the behavior of hybrids with other transition metal ions. To
synthesizés, equivalent amounts of G&nd aqueous TBAOH were added td in methanol as
solvent and the product was extracted on solvent removal. IR spectrum of the product shows a
characgristicac.n stretch at 1486mt. NMR studies also confirmed the formation of the product

wherein in'3C NMR a peak at 214.19 ppm showed up corresponding 2@@8p.
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The reduction o#t was further achieved with tin(Il) chloride in conc. HCI and ethanolic
solutior?* to prepare the desired ligan@®), which was confirmed by*H and *C NMR
spectroscopy. Sodium dithiocarbamate derivativd-@fiperazinl-yl)aniline (7) was prepared
by dissolving the ligand in methana twhich CS and NaOH in methanol was adddthe IR
spectrum of7 showed a €N stretch at 1454nm*. Analyzing the product withH NMR revealed
that the peak at 3.02 ppm corresponding to the 8 aliphatic protons of piperazyl ring splits and
appears as two rtiplets at 3.02 ppm and 4.56 ppm each integrating to 4 protons. This suggests
that the formation of dithiocarbamate derivative results in forbidden piperazyl ring rotation thus
breaking the symmetry of the molecule. Further, the product formation wasnueshfoy3C
NMR spectroscopy wherein the peak corresponding 46=1S showed up at 213.50 ppm.
Following the synthesis of7, metal complexes were preparethd analyzed by infrared
spectroscopy (Table 2.3)

Table 2.3 Metal dithiocarbamate complexesth 7.

&

HZNOO*\@ " vey/em?
7.Cr 1507
7.Mn 1510
7.Fe 1511
7.Co 1507
7.Ni 1505
7.Cu 1507
7.Zn 1512

The corresponding TBA dithiocarbamate derivat(@ was also prepared with in
methanol which appeared as a sticky ©ile IR spectrum 08 showed a €N stretch at 1511.33
cmt. IH NMR was found to be siilar as the sodium dithiocarbamate derivative with additional
four peaks in the aliphatic region corresponding to TBA mole¢é@NMR revealed a peak at
213.37 ppm confirming the synthesis &f Even though the compound showed solubility in
organic medim, it could not be used as imidodelivery reagent to coordinate to
hexamolmolybdate since complete drying of the compound could not be achieved even under

vacuum.
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2.3.3 Studies witl-(piperidin-4-yl)aniline
In search of ligands providing better staliland solubility, another ligand which was
thought of as a suitable candidate as imidodelivery reagent was choserl-{piperidin-4-
yl)aniline (10). The molecule bears an aromatiH. which might provide better coordination to
cluster while the otherngl bears NH group available which is a precursor for dithiocarbamate
functionality. Since the ligand was not readily available, following synthetic scheme was

developed to achieve the goal.

NH;

conc. stoalconc HNO; NiCl, + NaBH4

—_—
acetic acld Methanol
N
N N
10
Methanol
CS,
NaOH
— — NH>
(TBA),Mo5013Mo==N NH;
M(NO3)
(TBA)>[MogO16] 3/n
2 6019,
DCC, CH3;CN Methanol
reflux
N
I 1 A
SKS _8 g § S
Mne Na
MLn.q
11.M 11

Figure 2.17 Syrthetic scheme for metal dithiocarbamate4 bés imidodelivery reagent

At first, the nitration of 4phenylpiperidine was achieved using nitrating mixture conc.
H>SQ/HNO; in acetic acid mediufi and the prodct was analyzed byH and *C NMR.
Further, reduction of -itrophenylpiperidine(9) was achieved by reacting it with sodium
borohydride and nickel chloride as cataR/sThe synthesis of the produ0) was confirmed
by *H and**C NMR. After confirming the synthesis of the ligand, next was to prepare its sodium
dithiocarbamate derivativgl1l) which was achieved with G&nd NaOHin methanol.The IR
spectrum of the product sived a GN stretch at 1468m. 11 wasalsocharacterized bjH and
13C NMR. A drastic shift in a set of aliphatic protonslithNMR appearing at 5.95 ppm suggests
deshielding of protons due to the addition of dithiocarbamate unit onto neighboring nitrogen of
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piperidine unit. Moreover, aonfirmation of the product was provided B2 NMR spectrum
wherein a peak appears at 211.75 pgmresponding to MC=S unit. Further metal complexes
from 11 were preparednd analyzed by infrared spectroscpgble2.4).

Table 2.4 Metal dithiocarbamate complexesth 11.

=8
”2’“@_@"&:’ Vs o

11.Co 1491
11.Ni 1506
11.Cu 1494
11.Zn 1490

All of these synthesized metal complexes were generally insoluble, altAdudghwas
found to be soluble in DMSGH NMR shows slight shifts in the aromatic peaks (Figure 2.18).
Since tle zinc coordination occurs at dithiocarbamate moiety, drastic upfield shift is observed
with the peak at 6.01 ppm to 5.03 ppm which isgassie d t o pr @wdrboms®f NEH t he |
group. Shifts in other protons on the aliphatic ring were also observed, which confirms the

formation ofl11.Zn.
@

A

70 6.5 6.0 55 5.0 45 40 35
Chemical Shift (ppm)

30 25 20 1.5

Figure 2.18*H NMR spectrum of zinc dithiocarbamai&4-(piperidin-4-yl)aniline, 11.Zn.
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Considering the slight solubility df1.Zn and the solubility of the complex to increase at
refluxing temperatures, further coordination
route®® but no color changes could be observed. Further IR and NMR analysis also confirmed the

lack of reactivity. This may be attributed to quite low solubility in the solvent.

2.3.4 Microwave assisted covalent graftingX.Zn

Since the latel970s, microwave technology has been applied in the field of inorganic
chemistry. Microwave irradiation leads to dielectric heating which remotely introduces
microwave energy into the chemical reactor which passes through the walls of the vessel without
heating it and heats only the reactants and softéfite energy transfer is so fast €I€) that the
molecules are never completely relaxetiich creates non-equilibrium state resulting in a high
instantaneous temperature of the molecules. The unifernperature increase throughout the
sample leads to less dpyoducts and/or decomposition produttsSuch superheating effect
results in temperatures muciglher than expectednder reflux conditions and caommetimes
give rise to differentresults! Thus, we postulatedthat reacting11.Zn with hexamolybdate
undermicrowave conditionsnay lead to different results (due to altered solubility of the metal
complex) To test this hypothesis, an attempt was madedwalently graft11.Zn onto
hexamolybdate under microwave conditions. The reaction was conducted for an hour after which
the color of the solution was observed to turn brown, which was promising. Unfortunately on

further analysis, no evidence of coordipatcould be observed.

2.4 Conclusions
We wanted to synthesize dithiocarbamate hybrids of hexamolybdate in order to prepare
bimetallic systems. Thus, a series of dithiocarbamates and their corresponding metal complexes
were prepared and characterized. Afpesnto covalently graft them onto hexamolybdate were
done using them as imidodelivery reagents following known routes. The poor solubility of these
metal complexes proved to be a major stumbling block in our endeavors to synthesize the
dithiocarbamate badepolyoxometalate hybrids. Thus, it is important to investigate methods to

improve the solubility of these metal complexes in future studies.
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Chapter 3 - Extended dithiocarbamate systems based on

poly(pyrazolyl)borates as organoimido delivery reagents

3.1 Poly(pyrazolyl)borates

Poly(pyrazolyl)borateswere irtroduced in 1966 by Trofimenkoafter which these
became quite popular due to their unusual chematiy versatile coordination modeEheir
ease of synthesis aridning oftheir steric and eleainic properties by altering the substituents
on the pyrazole ringsmade them widely applicabla the fields rangingfrom analytical
chemistry andbrganic synthesis, to catalysis and material sciénce.

In spite of their complicated looking structures)yfpyrazolyl)borate ligandsan easily
be synthesize@ither by condensationf 1,3-diketone with hydrazie hydrate orwia thermal

dehydrogenative condensation between tetrahydroborate in riéigeme 3.1)

R4 RY

y o + M’BH,
NHNH,H,0 R~ R3 A M’ TpR X-ML,
—_— / — ——— TpRML,,
0 o HN—N2 -H; M’ = Na, K, Li, Tl etc.

bulkiness: R3 > R’

Figure 3.1 General routes of synthesis of poly(pyrazolyl)borate lig&nds
Controlling the temperature, the reaction can be stoppsdeld bis, tris-, and in the

case of sunsubstituted pyrazoles, tetrafgrazolyl)borategFigure 3.2)

N—N

D A i B
[BH, + (excess) ~B e —&

HPzx Bp* Tp* pzTp*

Figure 3.2 Successive pyrazolyl substitution in molten synth&sis
However, poy(pyrazolyl)boratdigands are known to exhibit metal coordinatien3to
o Ofashion® these more commonly act as tridentate ligands shoas&N,N',N" coordination
environmentresulting in effective steric shielding of the metal cerftérSi n ¢ e3-binding o
mode lear a resemblance to the shape of a hurgoogpion(with the two claws and the tail),

these have bearicknameda s i s ¢ o (Figure@8y3t e 0
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Figure 3.3 Resemblance of polyfpazolyl)borate ligand to the shape of a hunting scorffion

The modification in the coordination behavior of the poly(pyrazolyl)borate ligand can be

achieved systematically by introduction of appropriate #uiesits (R'®) onto the pyrazolyl
rings. The 3substituents (B being in close proximity to the metal center, usudllying metal
coordinationthe bulkier substituent of the Rand R groupsprefersthe R position to relieve the
steric repulsioraroundthe metal center.In contrast by introducing an electredonating or-
withdrawing groups at the-4nd/or 5positions (R®), the electronic environment at the metal
center can b&uned Pertainingto theiranalogy tocharge, facial coordination, and thpotential
to act as sixelectron donors, poly(pyrazolyl)boraligands have often been compared ttoe

cyclopentadienyl ligand@igure 3.4f

R?
5 3
R R \(S/H [ HN? \;
polypeptide \ _

N

chain
R G—M = H-B_/_N N>M ™~

AN
R NEN
R?
(n°-CsRs)M _ ,
mononegative Tp™™M - facially coordinated
6e donor three imidazolyl groups (His)
fine tuning of coordination environment - frequently found in the active sites

R: steric environment of metalloproteins

R*, R®: electronic environment
Figure 3.4 Comparison of poly(pyrazolyl)borate ligands with cyclopentadienyl lignds
These are also sometimes referred as Trofimenko ligands and are commonly used
complexingligands® These are known to coordinate with mamain group elements as well as
several transition metal$, lantharides, and actides!® A variety of bridged polynuclear
complexes of Mowere reported byicCleverty and Wardn 1998% Further, the coordination
and supramolecular chemistry with these TpRged ligands were studied in 2001.
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Poly(pyrazolyl)borates gained much attention when these were incorporated as structural and
functional models forthe active site of metalleenzymes for instance,zinc pyrazolylborate
chemistry were recently reporteto be related to zinc enzym&sMany peroxocopper(ll)
complexes? alkylperoxocopper(ll) complexés,and thiolatocopper(ll) complex&sbased on
[HB(3,5-Pr2pz)] (=hydrotris(3,5diisopropyktl-pyrazolyl)borate(d) were prepared and used as
models for oxyhemocyanin, copper containing monooxygenases, and blue copper proteins,
respectively. Moreovergoordination chemistry of rhodidmand iridiumi tris(pyrazolyl)boate
complexesand their further use fdCi H activationwere introduced bglugovc and Carmonani
2001 A number of organometallic species [TpPRCoR] (R = allyl, alkyl, aryl or alkynyl) were
reported by Akiteet al. to provide an understanding for catalyttiansformations or forse as
polymerization catalysts.

One of their remarkabléeatures which makes poly(pyrazolyl)borate ligands extremely
popular is tleir reliability androle as spectator ligands. This implies that in metal complexes,
these ligandslo not interfere with the reactisnoccurring at the metal centér§everal such
examples have been reported so far amongst which few complexes exhibit metal coordination to
dithiocarbamate moieties. In 2009, Mtal. reportedligation of nickelhydrotris(3,5dimethyl)
1-pyrazolyl)borate with dithiocarbamatas nickel superoxide dismutase (NiSOD) minfts.
Recently, Hardinget al also reported cobalt and nickel dithiocarbamate complexes based on

Tr of i me motris(R=lipheryl-d-pyrazolyl)borate aniak’

NaS,CNR,
-NaBr

M = Co, Ni; R=Et, Bz

NR,

Figure 3.5 Reported synthesis of dithiocarbamate complexes based on hydrotigpt3chyt1-
pyrazolyl)borate aniaf®’
In aforementioned studies, since the metal dithiocarbamate complexes bear
tris(pyrazolyl)boratdragments around the metadnter the® complexes have been reported to
show good solubility in organic solvents both the studiesAs mentioned in th previous

chapter, the metal complexes of the selected dithiocarbamate comptéiated poor solubility
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in organic solvents which resulted in reluctance of preparaticorggnoimido derivatives of
hexamolybdates

Following the above mentioned studi@s,this chaptemwe plan to prepare a series of
metal complexes with diphenyl and dimethyl pyrazolyl borate anions and subsequently co
ligating them with sodium -@minopiperidine dithiocarbamate. Furthermore, these metal
dithiocarbamate complexesillv be exploited as organoimido delivery reagents to prepare

hexamolybdate derivatives.

3.2 Experimental

(TBA)2[MosO1g] and (TBAX[MogO2¢] were prepared according to literature mettdds.
All chemicals were purchased from Aldrich and used without further purdicathll
manipulations were done under an inert atmosphere of argon, unless otherwise stated.
Tetrahydrofuran (THF) was distilled over sodium; dichloromethane was dried e®sraRd
distilled; and triethylamine and acetonitrile (62N) were dried over CaHand distilled as
needed.'H, and*C NMR spectra were recorded on a Varian Unity plus 400 MHz spectrometer
and were referenced to residual protonated solvent peaks {GDC27 ppm and aceto =
205 ppm). FFIR spectra were recorded on a Nicolet 3868trument.Mass spectra were
collected using MS systelvaters ACQUITY TQD X-ray data was collected on a Bruker
SMART 1000 fouscircle CCD diffractometer at 203 Kusingafiheocus mol ybdenum K

3.2.1 Synthesis of 3;8iphenyl pyrazole12?

A solution of dibenzoylmethan€0 g, 133.77 mmol) was prepared i0 &L of ethanal
To this, hydrazine monohydraté/.8 mL, 160.52 nmol) was added dropwisgndthe reaction
mixture was kept at 50C during whichbenzoylmethane wadissolved andeventually,white
precipitate appearedhe mixture wasthenrefluxed for 30 minOn cooling, the white solid was
collected by filtrationand washed subsequently with water and etharto air dried product
was thenrecrystallizZd from acetoneto give 12 as a white crystalline solid. Yield: 26.90g,
91.29% H NMR (400 MHz, acetone®) tippm 7.11 (s, 1 H) 7.33 (s, 2 H) 7.3§.50 (m, 4 H)
7.88 (d, J=7.32 Hz, 4 H) 12.56 (br. s., 1, Hj NMR (400 MHz,CDCl;) pfint 6.86 (s, 1 H)
7.33-7.39 (m, 2 H) 7.46 7.48 (m, 4 H) 7.75 (d, J=7.25 Hz, 4;HH NMR (400 MHz, DMSO-
d® ppm 7.18 (s, 1 H) 7.36 (s, 1 H) 7.33 (s, 1 H) 7:3B.57 (m, 4 H) 7.76 7.98 (m, 4 H)
13.36 (s, 1 H)
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3.2.2 Synthesis of Potassium tris(3f#phenylpyrazolylborate)13*2223

KBH4 (2.20g, 40.71 mmol) anii2 (26.90g, 122.12 mmol) were combined with 70 mL
anisole in the glove box and the reaction mixture was heated @@ 25010 daysOn cooling at
room temperature, whitergcipitate appeared which was filtered oftmaglass frit under inert
conditions. The product was washed withutsie and dried under vacuum. Single crystals
suitable forX-ray diffraction were obtained from acetone using solvent evaporation method
performed ina desiccator. Yield: 74.52g, 86.10%R (ZnSe): 252%&m? ( @n); *H NMR (400
MHz, CDCL) t ppnt 6.59 (s, 3 H) 6.95 (d, J=6.84 Hz, 6 H) 659810 (m, 9 H) 7.22 (d, J=7.32
Hz, 4 H) 7.26- 7.35 (m, 6 H) 7.68 (d, J=7.81 Hz, 6;HH NMR (400 MHz, aetoned®) U ppm
6.77 (d, J=1.88 Hz, 3 H) 6.897.11 (m, 15 H) 7.12 7.32 (m, 9 H) 7.79 8.02 (m, 6 H) °C
NMR (400 MHz, acetone®) U ppm 103.53, 126.21, 127.22, 127.58, 128.23, 129.21, 129.62,
134.93, 136.39, 151.25, 151.70.

3.2.3 Synthesis of Possium tris(3,5dimethylpyrazolylborate)14*23

3,5-dimethylpyrazole (10g, 104.03 mmol) and KBH1.87g, 34.68 mmol) were
combined with 40 mL anisole in the glove box and the i@achixture was heated at Z&Dfor
10days On cooling at room temperature, white precipitate appeared which was filteredooff on
a glass frit under inert conditions. Th®oduct was recrystallized from acetone vyielding the
product as avhite preipitate Yield: 29.55g, 84.57%tR (ZnSe): 243%m* ( sn); 'H NMR
(400 MHz, acetonel®) tippnt 2.01 (s, 9 H) 2.17 (s, 9 H) 5.54 (s, 3. H)

3.2.4 Synthesis of Cobalt chloro tris(3¢iphenylpyrazolylboratg)15*

A THF solution 0of13 (9.89g, 13.95 mmol) was prepared. In a separate beaker, a THF
solution of cobalt chloride (2.0g, 15.3488 mmol) was prepared giving a blue color. On mixing
the two solutionthe color of the reaction mixture chardyéo deeper blue. The mutte was
stirred for 4h. The solution was then filtered off to remove the formed precipitate of KCl and the
solvent was removed under vacuum to give the produbtuasprecipitate. Yield: 8.76g, 82.19
%; IR (ZnSe): 280 cm (8K); UV-Vi s ( di c h| e cxmme tidd)nao) (316.9),
638.2 (473.24), 669.2 (421.13)/z (ESI): 728.45 [MCI]".
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3.2.5 Synthesis of Nickel bromo tris(3diphenylpyrazolylborate)16°

A THF solution of 13 (2.13g, 3.0 mmol) was prepared. In a separate beaker, a THF
solution of nickel bromide (0.72g, 3.3 mmol) was prepared giving a pale green color. On mixing
the two solutionthe color of the reaction mixture chardyéo purple pink. The mixturevas
stirred for 4h. The solvent was removed under vacuum and the solid was extracted with
dichloromethane. On drying under vacuum, product was obtained as purple precijtale.
1.9427¢g, 80.11%IR (ZnSe): 261%km™ (@1); UV-Vi s ( di ¢ hl e cnme tidd/ nhe )
1]: 507 (359.04), 829.2 (62.05), 934.2 (98.19).

3.2.6 Synthesis of Nickel nitrate tris(3@phenylpyrazolylborate)17

A THF solution of13 (0.159, 0.2116mmol) was prepared. In a separate beaker, a THF
solution of nickelnitrate hexahydraté.062g, 0.2116mmol) was prepared givinggreen color.
On mixing the two solutiorthe color of the reaction mixturehanged taleep green with white
precipitate The mixture was stirred for 4h. The solvent wasaesd under vacuum and the solid
was extracted with dichloromethane. On drying under vacuum, product was obtamgeeras
precipitate.Yield: 0.1482g, 88.63%lR (ZnSe): 2606cm? ( @n); UV-Vis (dichloromethane)
[ @/ n m Tcro)]:M35.2 (113.64), 685.6 (34.21).

3.2.7Synthesis ofCopper nitratotris(3,5-diphenylpyrazolylboratg)18

A solution 0f13 (0.3g, 0.4233 mmol) in 5mL THF was prepared. In a separate beaker, a
solution d copper nitrate (0.0959g, 0.4233 mmol) in 3mL THF was prepared giving a pale blue
color. On mixing the two solutiothe color of the reaction mixture chardj® green with instant
white precipitatio. The mixture was stirred fothZand left for solvent aporation after which
dark green crystals were obtained as the prodiield: 0.3144g, 93.40%R (ZnSe): 2614&m?
(8r);UV-Vi s (di chl e onmme tctoy]nde0.8 (332¥.27), 768.4 (409.09).

3.28 Synthesis of Manganese chloro tris(3¢hphenylpyrazolylborate)19

A solution 0f13 (0.15¢, 0.2116 mmol) in 5mL THF was prepared. In a separate beaker, a
soluton of manganese chloride hexahydrate (0.042g, 0.2116 mmol) in 3mL THF was prepared
giving a colorless solution. On mixing the two solutiive cobr of the solution changed to a
pale orange withnstant white precipitatianThe mixture was stirred for 4iMhe solvent was

removed under vacuum and the solid was extracted with dichloromet@anesolvent
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evaporation product was obtained aghite crystalsYield: 0.0776g, 48.25%IR (ZnSe): 2617

cmit ().

3.2.9Synthesis of Cobalt chloro tris(3;8imethylpyrazolylborate)20

Similar preparatory method was adopted 20ras used fol5. A THF solution of14
(1.00Qg, 2977 mmol) was prepared. In a separate beaker, a THiRi®olof cobalt chloride
(0.4255g, 747mmol) was prepared giving a blue color. On mixing the two soluti@xolor
of the reaction mixture changéo deeper blueThe mixture was stirred overnighthe solution
was then filtered off to remove the formed precipitate of KC| &edsblvent was removed under
vacuum to give the product as blue precipit¥ield: 0.6638g, 56.94%IR (ZnSe): 2501cm?
(n); UV-Vi s (dichl onfonnme ttbia)M79.6 [98:53), 632 (187.55), 670.8
(80.22).

3.210 Synthesis of Nickel bromo tris(3;8imethylpyrazolylborate)21

Similar preparatory method was adopted 2dras used fol6. A THF solution of14
(2.13g, 3.0 mmol) was prepared. In a separate beaker, AMEdH solution of nickel bromide
(0.2433g, 1.1134 mmol) was prepared giving a pale green color. On mixing the two sdtihation,
color of the reaction mixture charyéo purple pink The mixture wastsred overnight The
solvent was removed under vacuum and the solid was extracted with dichloromethane. On
drying under vacuum, product was obtained as purple preciptegiel: 0.8537g, 65.30%IR
(ZnSe): 259 cm?* (8H); UV-Vi s (di c hl ea onme t{hod)nNEns.8 sh €321.30),
581.2 (61.30), 815 (100), 904.4 (100).

3.2.11 Synthess of Copper nitato tris(3,5-dimethylpyrazolylborate) 2221

A solution of14 (0.5g, 1.4485mmol) in 5mL THF was prepared. Insaparate beaker, a
solution of copper nitrate hemipentahydrate (0.3710g, 1.68%4él) in 3mL THF was prepared
giving a pale blue color. On mixing the two solutidme color of the reaction mixture chargy®
green with instant white precipitation. The ise was stirred for 4h. The solvent was removed
under vacuum and the solid was extracted with dichloromethane. On drying under vacuum,
product was obtained as green precipititeld: 0.5408g, 88.32%R (ZnSe): 250tm? ( 8h);
UV-Vi s (di chl e ome ttchy§]rid62 8 (19%¢.39), 756.6 (230.43).
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3.2.12Synthesis oManganese chloro tris(3slimethylpyrazolylborate) 23

A solution of 14 (0.15g, 0.446%nmol) in 5mL THF was prepared. In a separate beaker, a
solution of manganese chloedhexahydrate (0.088 04465 mmol) in 3mL THF was prepared
giving a colorless solution. On mixing the two solution instant white precipitation was observed.
The mixture was stirred for 4h. The solvent was removed under vacuurthergblid was
extracted with dichloromethane. @aolvent evaporatigrproduct was obtained ashite crystals
Yield 0.08749,30.15%;IR (ZnSe): 251t ( @h).

3.2.13Reactionof Cobaltchloro tris(3,5-diphenylpyrazolylborate) with sodiurg-
aminopiperiding dithiocarbamate 24

15(3.8g, 4.97 mmol) was suspended in 150mL THF giving a blue solution. In a separate
beaker2 (0.9861g, 4.97 mmol) was dissely in minimum amount of water. On mixing the two
solution,the color of the reaction mixture chargy® brown. The mixture was stirred overnight.
The solvent was removed under vacuum and the solid was extracted with dichloromethane. On
drying under vacuunproduct was obtained as light brown precipitatield: 3.4082g, 75.87%;
IR (ZnSe):2623cm™* (8H); UV-Vi s (di c hl ea exme tldidd)nvo6.6 (373.79),
565 (48.28)m/z (ESI): 904.31 [NF.

3.214 Reaction of Nickel bromo tris(38liphenylpyrazolylborate) with sodiurf#-
aminopiperiding dithiocarbamate 25

16 (0.1g, 0.124 mmol) was spended in 5mL THF giving a pule solution. In a separate
beaker2 (0.025g, 0.124 mmol) was dissolved in minimum amount of water. On mixing the two
solution,the color of the reaction mixture chardy® light green. The mixture was stirred for 4h.
The sdvent was removed under vacuum and the solid was extracted with dichloromethane. On
drying under vacuum, product was obtained as light green precipfiatd: 0.0572g, 51.07%;
IR (ZnSe): 2612cm™ (n); UV-Vi s (di chl ome/omme t “toie)j:®B)71.8 [sk-
(565.85), 426.8 (454.27), 656.8 (50.81)z (ESI): 903.57 [NI", 727.44 [MDTC-H]".

3.2.15Reaction of Copper nitrato tris(3;8iphenylpyrazolylborate) with sodiurf-
aminopiperiding dithiocarbamate 26
18 (0.02g, 00252 mmol) wasdissolvedin 5mL dichloromethangiving agreensolution.

In a separate beaké?,(0.005g, 0.252 mmol) was dissolved in minimum amount of water. On
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mixing the two solutionthe color of the reaction mixture chardy® greerbrown The mixture

was sirred overnight The solvent was removed under vacuum and the solid was extracted with
dichloromethane. On drying under vacuum, product was obtained ashbyosamprecipitate.

Yield: 0.0068g, 29.71%R (ZnSe): 2597cm™ ( @n); UV-Vi s ( di ¢ h| @ ;ame t( HJd rivie )
temih)]: 419.8 (4427.67), 654 (320.75); m/z (ESI): 908.59']M33.49 [MDTC]".

3.2.16Reactionof Cobaltchloro tris(3,5-dimethylpyrazolylborateand sodium(4-
aminopiperidine) dithiocarbamate27

20 (0.0385g, 01008 mmol) was suspended innb THF giving a blue solution. In a
separate beakef, (0.02(y, 0.1008 mmol) was dissolved in minimum amount of water. On
mixing the two solutionthe color of the reaction mixture chardjeo deep greenThe mixture
wasstirred overnight. The solvent was removed under vacuum and the solid was extracted with
dichloromethane. On drying under vacuum, product was obtainethrasgreenprecipitate.
Yield: 0.0205g, 38.25%R (ZnSe): 250km™ ( @n); UV-Vi s (di c h| e« oirme t( HJd rivie )
lem)]: 484.4 (219), 645 (320.75).

3.2.17Reactionof Nickel bromotris(3,5-dimethylpyrazolylborateand sodium(4-
aminopiperidine) dithiocarbamate?28

21 (0.05¢g, 0.1151 mmol) was suspended in 5mL THF gianguple solution. In a
separate beakep, (0.023g, 0.1151 mmol) was dissolved in minimum amount of water. On
mixing the two solutionthe color of the reaction mixture chardyeo light green. The mixture
was stirred for 4h. The solvent was removed un@@uum and the solid was extracted with
dichloromethane. On drying under vacuum, product was obtained as light green precipitate.
Yield: 0.0332g, 54.34%R (ZnSe): 250&m™* ( @n); UV-Vi s ( di ¢ h| @ cxme t( HJd rivie )
lem1)]: 401.6 (348.9), 421 (379.79), 647.6 (55.32); m/z (ESI): 531.39'[\855.29 [M-DTC-
H]*.

3.2.18Reactionof Copper nitrap tris(3,5-dimethylpyrazolylborategand sodium(4-
aminopiperidine) dithiocarbamte, 29

22 (0.02g, 0.@87 mmol) wasdissolvedin 5mL THF giving agreensolution. In a
separate beake2,(0.025¢g, 0.124 mmol) was dissolved in minimum amount of water. On mixing

the two solutionthe color of the reaction mixture chardy¢o deepgreen. Tle mixture was
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stirred overnight The solvent was removed under vacuum and the solid was extracted with
dichloromethane. On drying under vacuum, product was obtainethrasgreen precipitate.

Yield: 0.086g, 32.95%tR (ZnSe): 2501 crh( 8r); UV-Vi s (di c hl e oxme t(hJa nve )
emh)]: 396 (2794.24), 694 (156.38).

3.3 Results and discussion

3.3.1 Synthesis of Poly(pyrazolyl)borate ligands
To improvesolubility of metal dithiocarbamates brganic media, we planneéa prepare
a seres of metal dithiocarbamate complexes of tris(diphengf)d tris(dimethyl) pyrazolyl
borates. For diphenylpyrazolyl borate series, following synthetic scheme was deVé&ligped
3.6). A parallel synthetic scheme was followed tioe dimethyl series.

°” °" HNNH2 o M, O KBH,, Anisole

N _—— N=N
Ethanol Ar, 250°C, 10d
12 13 3
ng THF
M
SI N

NH
PPh,Br,, Et:N N =2MXBH

Benzene, Ar | I A
N N
reflux, 20h Q /
[ NH, 3 3
24, 25, 26 15, 16,17, 18

M = Co, Ni, Cu, Mn
X =CI, Br, NOs

i VS
\N( BH Pyridine, Ar, 18h M
N=N o\ N._. BH L
O™
N 3
N (TBA),Mo50,sMo=N

PPh;

-

M (TBA),[M0GO ] M
C 5 S

Figure 3.6 Synthetic scheme for metal complexes of tris(diphenylpyrazolyl)borate ligands as
imidodelivery reagent
3,5-dimethylpyrazole was commercially available so was used as, sudle 3,5
diphenylpyrazée (12) was synthesized12 was preparedy a cyclization reaction between
dibenzoylmethane and hydrazine hydrétdowing a literature procedur®. These pyrazoles
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were subsequently refluxed with KBkh anhydrous anisole for 1@ays?® The products were
analyzed by'H NMR spectroscopy. With this reaction, there are different possibilities of
products wherein all the products will lead to saéMR spectrum as only the pyrazolyl units
will show up(Figure 3.7)

KBH; @ O KBH2|:

2

KBH,, Anisole
/l

HN N Ar, 250°C, 10d

¢ A O | B

,N-N
3 4
Figure 3.7 Possible products under the reaction conditions

To gain more details on the structure, we tried to run soBWdIMR experiments but the
productshowed a gry broad peak. Ais observatiortan be attributed to theoron atombeing
attachedo the pyrazole rings which resulits an increased slrelaxation timethus leading to
peak broadening. Sinci,wasdifficult to determine how many hydrogen atoars attached to
the boron atom the !B NMR data was deemed to leconclusive in deteriming the exact
stoichiometry othe moleculeEven on mass analysis of the product, notlisrapserved as only
starting pyrazole unit was observed in the sp@ctwhich could be due to thestability of the
product under these conditions. Thus to provigee insight on the structure of the product, the
crystals were grown ira dessicator under vacuum owing to the air sensitive nature of the

product.
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Figure 3.8 X-ray crystal structure df3.

The single crgtal structureanalyses of themetal complexconfirmed it as theris
complex 13, wherein boon is tetrahedrally coordinated to three nitrogeams of three pyrazole
moietiesand one hydrogen ato(figure 3.8) Potassium atom exhibits a pewstzordinatedstate
where it coordinates tahe other three nitrogemtoms of the pyrazole units along witivo
acetone molecules, which was the solvent used to dghewcrystals. Upon anfirming the

structure of the product, metal complexes were prepared subsequently

3.3.2 Synthesis of metal complexsgh 13 and 14
The subsequent metal complexes frbfand 14 were prepared by reacting them with
respective metal salts, MX(X= CI, Br or NGs) in anhydrous THF. The resulting metal

complexes were analyzed by IBY-visible spectroscopy and single crystatag diffraction.

3.3.2.1 Infrared analysis of metal complexesth 13 and 14

IR spectroscopic studies df3 and 14 reveal a BH stretch at 2529 and 2433n*
indicative of aa®-coordinated TpPhand TpMe ligand, respectively (Table 3.1). On metal
coordination, this shifts to higher wave number in the complexes which are typical for other

TpPh?*2?® and TpMe?® complexes reported.
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Table 3.1 IR spectroscopic studies ofetal complexes df3and14.

Diphenyl pyrazole IR (vgy)
series cm! Dimethyl pyrazole IR (Vgy)
series cm?
13

! 2529

2 L 14 2433
15 2610

- 2 20 2501
16 2613

4 . 21 2529
17 2606

5 s 22 2507
18 2614

6 2 23 2519
19 2617

3.3.2.2 Electronic spectroscgpf metal complexes df3 and 14

The electronic spectra tfie synthesizeanetal hydrotris(pyrazolyl)borates were recorded
in CH2Cl2. Both 15 and20 exhibit blue color solutions showing three absorptions at 600, 639.4,
666.4 nm and 579.6, 632, 670.8 nm, respectiweghich are typical of tetrahedig coordinated
cobalt?*?” However, 16 and 21 are purplepink in cdor and showfour absorptions at 507,
584.2(sh), 829.4, 934.2 nm and 504.8, 581.2(sh), 815, 904.4 nm, respectively. These absorptions
are assigned to spadlowed (triplet) transition energies for idealizegh Gymmetry® typical of
tetrahedral Ni(ll) and @mpare well with previously reported compleXggédditionally, 18 and
22 aregreenin color. Contrary to previous cases, copper ions in these complexes exists in penta
coordinated state as NQ@ounter anion exists as nitrato ion, thus acting as a bieelgand.
Two distinct band®bserved in these complexaseat 301.8 (sh), 767.8 nm and 292.8 (sh) and
758.2 nm in respective diphenyl and ditmyl pyrazole copper complexesvhich are
characteristicof did transitions of squarpyramidal or tetragonallyelongated octahedral

copper(ll) complexe¥
3.3.2.3 Single crystal Xay structures of metal complexes ©8 and 14

3.3.2.3.1Crystal structure of CUNGBHI[tris(3,5-diphenylpyrazole)]

Dark green crystals ol8 were obtained in anhydrous THF. Similar to theystal
structure ofl3, the analysis of these crystals shows a{et@dinated boron atom coordinated
to three pyrazole units and a hydrogen atom (Figure 3.9). The copper atom sits in a distorted

pentacoordinated pocket, wherein it coordinates to tiker three nitrogen atoms of the
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pyrazole units, while the other two sites are occupied by nitrato ligand coordinated through two
oxygen atoms. Two THF solvent molecules are also present in the crystal lattice, where one of
the THF molecules idisordered The structure clearly displays the presence of a nitrate ligand,

which can readily be displaced by dithiocarbamate ligand in the next step.

Figure 3.9 X-ray crystal structure df8.

3.3.2.3.2Crystal strwcture of Mn[BH(3,5-dimethylpyrazole}].

Another crystal structuréhat was obtained wasf the metal comple3. Attemptsto
prepare23 with equivalent amounts df4 and manganeéid) chlorideresulted in the formation
of a biscomplex (Figure 3.10).Trangarent crystals were obtained in &Hb upon solvent
evaporation. The single crystal structuaralysis showshe manganeseatom occupying an
octahedral pocketwherein it coordinates to twpyrazole ligands. Within each ligand, the
manganese atoim coordnatedto three nitrogen atoms of three pyrazole ynitasresulting ina
hexacoordinated arrangementThis suggest that bisscomplexation is preferred over
MnCIBH]Jtris(3,5-dimethylpyrazole)] synthesi§ince the complex does nwdve anyCl ligands

for substitution by dithiocarbamate ligand, it could not be used in further reaction
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Figure 3.10 X-ray crystal structure &3.

3.3.3 Synthesis of metal dithiocarbamate complexes of tris(3,5
diphenylpyrazot)borates and tris(3;6limethylpyrazole)

After analyzing all the metal complexes, Co, Ni and Cu complexes were further used for
ligand substitution reaction by dithiocarbansafehe metal dithiocarbamate complexes based on
pyrazole backbone were typicalpyepared by stirring solutions of respective metal complexes in
THF with solution of2 in minimum amount of waterThe resulting pyrazole based metal

dithiocarbamate complexes were further analyzed by IR anditlble spectroscopy.

=
Ezj
m)\%
=z
X
A

-NaX
N
M = Co, Ni, Cu; X =CI, Br, NO,; Q
R = Ph, Me NH;

Figure 3.11 Reaction of metal pyrazolylborate complexes With
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3.3.3.1 Infrared analysis of metalithiocarbamatecomplexes of tris(3,5
diphenylpyrazole)borates and tris(3dmethylpyrazole)borates

IR spectroscopic studies ofmetal dithiocarbamate complexes of tris¢3,5
diphenylpyrazole)borates and tris(@IBnethylpyrazole)borates reveal a HB stretch around
2600 cm* and 2500 cm indicative of aa*-coordinated TpPhand TpMe ligand, respectively
(Table 3.2).
Table 3.2 IR spectroscopic studies of metal dithiocarbamate complexes of tris(3,5
diphenylpyrazole)borates and tris(@lBnethylpyrazole)borates

Diphenylpyrazole IR (vg,) Dimethylpyrazole
DTC complexes cm? DTC complexes
1 24 27

2623 1 2503
2 25 2612 2 28 2506
3 26 2597 3 29 2501

3.3.3.2 Electronic spectroscopy of metal dithiocarbamate complexes of &is(3,
diphenylpyrazole)borates and tris(3dmethylpyrazole)

UV-Vis spectra othese complexeserealsorecorded in CHCl2. Both 24 and27 exhibit
two absorptionsn the spectraat 406.6, 565 nm and 484.4, 645.2, respectivEhe former of
these bands with larga molar extinction coefficient can be assigned to stibe€o(ll) LMCT
band®3! while the other bandan be correlated tdi d transitiors in afive-coordinate complex.
The analogousickel dithiocarbarates,25 and28, featureabsorptions peaks at 371.8(sh), 426.8,
656.8nm and401.6(sh), 421, 648 nm, respectively. Thehouldes and band in the UV-vis
spectrumbetween 426 and 429 nareindicative of sulfugto-Ni(ll) LMCT bands'®3? wherein
the shouldecorrespondto a N i 1 0ftransition whileother lower energy bnds are caused by
the Sme t alond fvhich compares wellvith the asginments made by Fujisawa et33l.
Additional bandsround 650 nm are prast due tad-d transitions in metal comples Further in
26 and 29, similar two absorption features were observed in the spectra at 419.8, 654 nm and
396, 694 nm, respectively. The former of the two bands is associated with large extinction
coefficients ad thus can be assigned to sulfohCu(ll) LMCT bands. On the other hand, bands
at 654 and 684, respectively, beingvér in energy can be assigneddtd transitions inCu(ll)
complexesOverall, the spectra are consistent with fogordinate, high spiM(ll) complexes.
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3.3.4 Attempts to prepare POM hybrids with metal dithiocarbamate complexes of
tris(3,5-diphenylpyrazole)borateand tris(3,5dimethylpyrazole)borates

The solubility  of  prepared metal dithiocarbamate complexes of
hydrotris(pyrazolyl)boras were observed to be greatly enhanced in organic solvents such as
tetrahydrofuran, dichloromethane, acetone, acetonitrile and benzene. Thus, first synthesis of
phosphineimine derivatives of these complexes were atterdfpfieal.our surprise, an instant
colored precipitation was observed when EBth was mixed with the solution of these
complexes. The reaction mixture was still refluxed with the hope that the resulting precipitate
might dissolve at refluxing temperatures and some color changes might od¢coo Isuch
changes could be observékhis could be attributed to the strong oxidizing nature of:BBh
which may lead to some structural changes in these hydrotris(pyrazolyl)borates.

Furthermore, direct cadination with hexamolybdate were also attempigth metal
dithiocarbamate complexes of hydr ot3 bus (pyr a:
unfortunately, a similaprecipitation on refluxing werebserved in these casas well The
charactestic band in the IR spectravere also not observed®imilar to the above case,
hexamolybdate also exhibi& strong oxidizing effect, which might lead to some structural

changes in these hydrotris(pyrazolyl)borates.

3.4 Conclusions
To overcome the road block of poor solubility of metal dithiocarbamataplexes

(Chepter2), we synthesized potassium tris(8jphenylpyrazole)borates and tris(3,5
dimethylpyrazole)borates and a series of corresponding metal (M = Co, Ni, Cu, Mn) complexes
of tris(3,5diphenylpyrazole)borates and tris(2lBnethylpyrazole)borates. Athese complexes
were characterized by infrared, biNsible spectroscopy and-bay diffraction.Further, a series
of the respectivemetal dithiocarbamate complexes thiese hydrotris(pyrazolyl)borates were
preparedusing sodium 4aminopiperidyl dithiocaramateand were characterized by infrared and
UV-visible spectroscopy. Alhese metal dithiocarbamateshibiteda tremendous improvement
in solubility in organic solvents, thus our secondary goal of enhancing the solubagy
achievedThereafter, & atempted to covalently graft these complexes dh&hexamolybdate
cluster. Regretfully, owing to the strong oxidizing nature of B8Phand hexamolybdate, we

could not achieve our primary goal of synthesizimgpolyoxometalate hybrids.
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Chapter 4 - Bimetallic hexamolybdatesystens based onthe pyridyl
group

4.1 Pyridine

Coordnation chemistry provides bothualtative and quantitative analgsiof metals
which in turnplaysanimportant role inthe treatment, managnent and diagnosis of diseases,
henceit is of greatsignificancen the field of medicine. Gordination compounds bearingetat
nitrogen bonds have always been the centeatt@ntion as many ofthe naturally occuring
molecules such as chlorophyll and haemoglobin have similar coordirsgimre. Hence, the
study ofN-based metal complexés of immense use in biochemistry as well aamtiaxidants,
oil additives, coloung agents for plastics, and pesticides

Amongstthe N-based ligands, pyridyl basedmpoundsare an important class @uto
their growing applicationgn medicinal drugs and in agricultural produstsch as herbicides,
insecticides, fungicides, and plant growth regulatdrbe struture of pyridine is similar that
of benzee and can be described asixmembered heterocyclic ring consisting of five carbon
atoms and one nitrogen atorBince he ring nitrogen is more electronegative than the ring
carbons,jt makesthe twa, four-, and sixring carbons more eladpasitive which is different,

when compared tbenzendFigure 4.1):.

|

H G H
S

|
L L
BT S S

pyridine

Figure 4.1 Structure of pyridine
Thelone pair electrons on thetrogen atom are not involved in resmce of the ring-
electron system and thus, are accesible winicbirn makes pyridine a weak organic base {pK
5.22) As a result, they can underdgpical reactions of a weak basechas protonation,

alkylation and acylationln metal complexation, pyidine can either actasor 0 ligand, wherel
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electrondonation predominates. This behavior is attributed to the dipole structure of pyridine,
wherethe electron densitis localized on the nitrogen atgrand hence igasily accesible for
donation to the central metal aom in the resultant comp@&hxanging lhe environment around
the pyridyl ligand can alter the coordination sphere around the metalratbemetal complex

(Figure 4.2

— -+

O >
- i HoN | N/ i
|:H2N4</:\>N—AQ—N<\:/>—NH.‘] NO; NOT 2 J\ b
P g~
@ Q SLea\_/
NH; H,N

Figure 4.2 Change irthe coordination environment upon modification of plyeidyl ligand?

4.1.1 SeKassembled polyoxometalatelinyds bearingthe pyridyl group

Exploiting the concept of reversible transformations woodination complexeand their
versatile coordination environmentsas led to the emergence of coordination chemestran
important tool in designingersatile sétassembled systemBredictable andational designing
of such systems is applicalle analytical chemistry and material sciends. mertioned in the
previous chapterPQMs are aclass of inorganic compounds possessing interesting properties.
The selfassembledPOM arrays bearing organic moieties combinthe properties of the
coordination complexes (opticakdox) with those of th®OM cluster thus offering synergistic
effects in these organinorganic hybrids

Combining the concepts of mdtdupranolecular chemistry with organiaorganic
hybrids, Hasenknopfet al. recently reported a hybridbased onbis(pyridinetrisalkoxo)
hexavanadate and [Pd@THs;CN).], which exhibiteda trimeric architecture (Figure 4.8).
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Figure 4.3 Self-assembled trimer based bis(pyridinetrisalkoxo}hexavanadate and
[PAChL(CH3CN),] .4

Molecular switchesre capable of switching between two or more statessponse tan
extenal stimuli, such aschange inpH, light, temperature,edox potential, electric field dhe
presenckabsencef ligands or metal iongA Dawsontype POM linked by a 2)bipyridine unit
is the first reported example of a metalion driven molecular switch
TBA10H2[{P 2V3W15059(OCHz)sNHCO}2>(CsHsN)2], and demonstratesa fully reversible
switching process upoimé coordination of Z&i cations (Figure 4.4) This switchingprocesss

believed to mimic the behavior of metal idivected folding and assemld proteins.

Figure 4.4 A molecular switch based on POMbrid.®



4.1.2 Organoimido hexamolybdate derivatsdgearingthe pyridyl group
In theory, the use of highlp ubst i tuted functionalized he
bl ockso and met dlsupoamdil ealeaa mo the slesign dighly
ordered structuresxhibiting unique physical, chemical and electronic prapsrt Thus,it is
important to @sign and synthesizZiekexamolybdate derivativelsearing one or more of these
organoimido igands with remote functionalitiegapable of coordnating to metal ions.
Furthermore, such hybrid materials can leathtwe elaborate supramolecuéachitecturesvith

favorable propertie@-igure 4.5).
— @]
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» ]# @ ? ®
.
) e
@ -0 o¢-0

Linear Square Cube

(o]

Infinite Row Infinite Sheet Infinite Cubes
Figure 4.5 Possibleextendedsupramolecular architectures resulting from bimetallic
organoimido hexamolybdates
Several attempt® synthesize hexamolybddbased orgamimido derivative containing

the pyridyl moietyas a pendaritave been made (Figure 4%).
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Figure 4.6 Synthesis of pyridybased imidehexamolybdate%

These derivatives were readily prepared but metal complexation studies revealed that
these systems were incompetent donors as no metal coordination could be diERivedn be
attributed to the electron withdravgmature of the hexamolybdate cluster owing to the high
oxidation state (+6) of the six molybdenum atoms in the cluster, which iptlisnthe electron
density away from the conjugated pyridyl ring, thus rendering it less basic and incapable of metal

coadination(Figure 4.7).

Electron deficient cluster @ ‘Weakend’ o-donor ability

(6 x Mo®*) (incompetent for metal coordination)
If‘ S
°6 o—o/.

A
<

Electron density flow

Figure 4.7 Reasorfor incompetency of pyridylimido hexamolybdate hybrid for metal
coordinatiorf
To overcome-spheaghs ol obletamayhdate and turnincreasethe
electron density at the organoimido substitutent, placing an electron donating grabp on
pyridyl ring can be a viablalternative. Tt8 concept was explored 16, Moore® wherein they
synthesizedp-methoxym-pyridylimido-hexamolybdate(Figure 4.8). The electron donating

methoxy group was added tbe pyridyl ring for increasingthe electron density of the ring.
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Moreover, itspara position on the ring wasarefully chosento create eidentatepocket for
metal coordination. Metal complexation studresealedno coordination which suggests that
the electron density on the pyridyl ring is not significantly enhanced for metal coordination, upon

the addition of a metixy group®

Electron donation

Designed pocket for
metal coordination

Figure 4.8 Adding electron donating group fonproving thel-donor ability of pyridylimido
hexamolybdaté
As mentionedn section 1.4, another method for improvihg G-donorability is to add a
spacer groupwhile maintaining @onjugaed systemThis concept was elgred byK. Mijares’
where pyrimidylphenyl reagents were attached as organoimidodigenthe hexamolybdate
cluster (Figure 4.9). Preliminary results indicated a g@ddnor ability towards ruthenium, but

the yields were found to be low.

[MogO,]+ {—4/\_

e O OO
50 T
OO B

Figure 4.9 Synthesis of gpyridin-3-yl)phenylimidohexamolybdaté

Furthermore, inan attempt to prepare a hexamolybdate derivative withG

/
/

Jo

@
NH, NH,CI

¢

phenanthrolirb-amine as the organoimido liganaluster rearrangement was observed (Figure
4.10). This indicatesthat a delicate pH balancexistsand careful plannings requiredwhen

designing theynthesis of novehexamolybdate derivatives to avoid such rearrangements.
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[MogO4o]*- /_"\ \M Y, B-[MogO]*-
Figure 4.10 POM clusterearrangement observedarpuse ofL,10-phenanthroliFb-amineas
the organoimido delivery reagent.
There are a fevexamples of organoimido functionalized hexamolybdates demonstrating

the ability to coordinate to metal&a a covaletly bound remote functionalityOne of the earlst
POM hybrid was reported by Maattat al,® wheren iron (ll) was coordinated tothe
hexamolybdateslustervia the cyclopentadienylimido ligandhusresulting in ferrocenylimido

hexamolybdate (Figure 4.11).

Figure 4.11 Ferrocenylimiddhexamolybdatenetalcomplex®
Another successfulrganoimido hexamolybdate hyd was synthesized by Peng and
Wei et al..° where the hexamolybdate cluster was difunctionalized with two terpyridyl units
linked via extended’ -conjugated bridges. The POM hybrid complexed with iron (ll) ions

resulting in the formation ad coordinatiorpolymer (Figure 4.12).
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Figure 4.12 Synthesis of coordinatiorpolymer based on organoimidexamolybdaté
As highlighted above, there are only a handful of existing studies on these organoimido
POM hybrids that show successful metal coordination to the POM cliuistes, it is important
to investigag such systems as they may lead to extended architectures, wherein the pyridyl
pendant acts as a donor and the hexamolybdate cluster serves as an electron acceptor site, thus
demonstrating the capability foelectron- and energytransfer. In this chapter,we are
extendng the work onorganoimidohexamolybdate derivativdsearing a remote functionality
for metal coordinatiotvy;
1 Designing newpyridyl based organoimido delivery reagefus attaching to the
hexamolybdatelusterin abid to assemblbimetallic organicinorganic hybrids
1 Synthesizing and characterizingnew organoimido delivery reagentda two
different routes [aryl aminfAr-NH2) and phosphineimin@R-N=PPh)].
1 Attaching thesynthesizedorganoimido delivery reagents to thexamolybdate
cluste.
1 Attempting to coordinate thsynthesizedorganicinorganic POM hybrid to a

second metal atom.

4.2 Experimental
(TBA)2[MosO1g] and (TBAX[MosO2q] were prepared according to literature methidds.
All other starting materials and Pd(ll) catalyst were paseld from Sigma Aldrich, TCI
Ameri ca, Matrix Scientific or Fisher Scientif
pore). Solids were dried under vacuum af@Gor 24 hours prior to use. All manipulations were

done under an inert atmosphere gjam, unless otherwise stated. Tetrahydrofuran (THF) was
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distilled over sodium; dichloromethane was dried ovgdsPand distilled; and triethylamine,
diethylether and acetonitrile (GEBN) were dried over CaHand distilled as neededll
glassware was thoughly dried by flame under reducpcessurelH, 13C and®!P NMR spectra

were recorded on a Varian Unity plus 400 MHz spectrometer and were referenced to residual
protonated solvent peaks (CRGI 7.27 ppm, CRCN = 1.94 ppm, RO = 4.80 ppm and DMSO

d® = 250 ppm). FTIR spectra were recorded on a Nicolet 380 instrument. Melting points were

determined on a Fishdohns melting point apparatus and are uncorrected

4.2.1 Synthesis d,5-di(pyridin-2-yl)-4H-1,2,4triazol-4-aming, 30'3

2-Pyridinecarbonitrile (5g, 48.026 mmol), hydrazine dihydrochloride (5.041g, 48.026
mmol) and hydrazine hydrate (72@L, 144.078 mmol) weraken in 24 mL diethylene glycol,
andthe resulting mixture was heated180 °C for 5 hours Upon coolingthe solution 50 mL
water was added aritie resulting white precipitate was filtered off, washed with waded
dried in ar. Theligand wasrecrystallized inethanoland the product was obtained asviaite
crystallinesolid. Yield: 9.379(81.97%);mp 1841862 C ¢ 1851t 8.6 el NMR (400 MHz,
CDCls) tppnt 7.39 (s, 2 H)7.89 (d,J=1.95 Hz, 2 H)8.38- 8.42 (m, 2 H)8.52 (s, 2 H)8.66-
8.70 (m, 2 H)

4.2.2Synthesis of 4(trimethylsilyl)ethynyl)aniling 314

In a 500 mL round bottom flask fitted with stir bar, 300 mL of triethylamine was
degassed and taken under argon atmosphere. To-ibdodniline (36g, 164.36 mmol), copper
() iodide (0.314g, 1.644 mmgl dichlorobis(triphenylphosphine)palladium(ll) (0.560.8218
mmol) were added. The reaction mixture was degassed again and was kept under argon
atmosphere again. To this, trimethylsilylacetylene (25 mL, 175.88 mmol) was added and the
reaction mixture \&s stirred at room temperature for 2d. After this, the solvent was removed
from the reaction mixture under vacuum. The slurry was redissolved in 200 mL chloroform and
was washed with 2M ammonium chloride solution (2x 200 mL) and further with 100 mL 1M
sodum chloride solution. The solvent was removed from the organic layer to obtain the product.
Yield: 30.37g (97.56%)H NMR (400 MHz, MCls) G ppm 0.12- 0.33 (m, 9 H) 3.79 (br. s., 2
H) 6.58 (d, J=8.33 Hz, 2 H) 7.29 (s, 2 H).

80



4.2.3Synthesis of 4thynylaniling, 321

In a 500 mL Erlenmeyer flasBl (16 g, 86.25 mmol) was dissolved in 250 mL methanol.
To this, potassium carbonate (17.89 ¢g9.B8 mmol) was added and the reaction mixture was
stirred overnight at room temperature. The organics were separated using chloroform (3x 100
mL) and further washed with brine (200 mL) and dried over sodium sulfate. The solvent was
then removed under vaamuto yield product. Yield: 9.62g (95.23%)}H NMR (400 MHz,
CDCl3) tppm 2.96 (s, 1 H) 3.82 (br. s., 2 H) 6.61 (d, J=8.60 Hz, 2 H) 7.30 (d, J=8.60 Hz, 2 H).

4.2 4 Synthesis of 4pyridin-4-ylethynyl)aniline, 33

The synthesis 083 was adapted from a literature metiédn a 500 mL round bottom
flask fitted with stir bar, 250 mL of triethylamine was degassed and was taken under argon
atmosphere. To this-ibdopyridine (14.72 g, 71.79 mmol), copper (I) iodide (0.1367 g, 0.7179
mmol), dichlorobis(triphenylphosphine)palladium(ll) (0.2519 g, 0.3599 mmol) were added. The
reacton mixture was degassed again and was kept under argon atmosphere again3Z¢&his,
g, 76.82 mmol) was added and the reaction mixture was stirred=P@dor 2d. After this, the
solvent was removed from the reaction mixture under vacuum. The slasrgliluted with 100
mL chloroform was washed with 2M ammonium chloride solution (2x 50 mL) and further with
30 mL 1M sodium chloride solution. The solvent was removed from the ioriggmr to obtain
the product and was purified by column chromatografthgxane : Ethylacetate, 60:40)h&
product vas further dried under vacuunfor 24h. Yield: 8.28g (59.48%)mp 191193% C
(Decomp.);H NMR (400 MHz, MCls) ti ppn 3.91 (br. s., 2 H) 6.606.71 (m, 2 H) 7.28 7.43
(m, 4 H) 8.56 (br. s., 2 H{H NMR (400 MHz, CRC N ) pprix 4.59 (br. s., 2 H) 6.66 (d, J=8.87
Hz, 2 H) 7.30 (s, 2 H) 7.36 (d, J#&1 Hz, 2 H) 8.54 (br. s., H); 13C NMR (400 MHz, CDCG)) U
ppm: 85.37, 95.59, 111.54, 114.99, 125.592. 48, 133.74, 147.82, 149.96C NMR (400
MHz,CD:CN) U ppm: 115.47, 126.28, 134.63, 150.97

4.2.5Synthesis of 4pyridin-3-ylethynyl)aniline, 34

The synthesis 084 was adapted from a literature meth&din a 250 mL round bottom
flask fitted with stir bar, 150 mL of triethylamine was degassed and was taken under argon
atmosphere. To this,-i®8dopyridine (6.542 g, 31.91 mmeolgopper (1) iodide (0.0.061g, 0.319
mmol), dichlorobis(triphenylphosphine)palladium(ll) (0.12 g, 0.1709 mmol) were added. The

reaction mixture was degassed again and was kept under argon atmosphere again32o this,
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(4.07 g, 31.14 mmol) was added and thaction mixture was stirred at -$0°C for 2d. After

this, the solvent was removed from the reaction mixture under vacuum. The slurry was diluted
with 200 mL chloroform washed with 2Emmonium chloride solution (2k00 mL) and further

with 100 mL 1M sodim chloride solution. The solvent was removed from the organic layer to
obtain the product. The product was further washed with hexane to yield pure product which was
dried under vacuunfor 24h. Yield: 4.43 g (71.50%)np 121123 C*H NMR (400 MHz,

CDCl3) U ppnt 3.87 (br. s., 2 H) 6.66 (d, J=8.30 Hz, 2 H) 7.30 (br. s., 1 H) 7.36 (d, J=8.30 Hz, 2

H) 7.77 (d, J=7.81 Hz, 1 H) 8.51,(#4.88 Hz, 1 H) 8.74 (s, 1 HY NMR (400 MHz,CDsCN)

Uppm 4.51 (br. s., 2 H) 6.606.72 (m, 2H) 7.22- 7.44 (m, 3 H) 7.74 7.91 (m, 1 H) 8.48 (dd,

J=4.64, 1.71 Hz, 1 H) 8.66 (d, J=1.47 Hz, 1 #) NMR (400 MHz, DMSGd®) Ui ppn 5.63 (s,

2 H) 6.56 (d, J=7.32 Hz, 2 H) 7.22 (d, J=7.32 Hz, 2 H) 7.3@5 (m, 1 H) 7.86 (d, J=9.77 Hz, 1

H) 8.50 (d, 34.88 Hz, 1 H) 8.65 (s, 1 H}3C NMR (400 MHz, CDG)) U ppm: 83. 99,
111.74, 114.71, 1212 122. 95, 13.67, 133.10, 133.91, 138.08, 147.11, 147.932.03 *C

NMR (400 MHz, CRC N) ua ppm: 110. 58, 113. 85, 114.97,
133.72, 134.54, 138.64, 148.90, 149.99, 152.34.

4.2.6Synthesis of phosphineimine & 5-di(pyridin-2-yl)-4H-1,2 4triazol-4-amine, 35

In a 50 mL round bottom flasi80 (2.38g, 10 mmol) andtriphenylphosphine dibromide
(5.065 g, 12 mmol) were added 6 mL of anhydrous dichloromethate a glove box.To this
mixture, anhydrous triethylamine (2.79 mL, 2@mol) was addedandthe reaction mixture was
stirred under reflux for 16h. Upocooling, the mixture was filtered and the solweas removed
under vacuunresultingin a dark redresidue Yield: 448469 (90% stoichiometric conversion
based otH NMR); *H NMR (400 MHz,CDCls) U ppnt 7.15- 7.20 (m, 2 H)7.21- 7.32 (m, 15
H), 7.42- 7.50 (m, 5 H) 7.60 (s, 2 H)7.80 (dd,J=7.81, 1.17 Hz, 2 HB.44 (d,J=4.69 Hz, 2 H);
3P NMR (400 MHz, CDGJ, ref = HPQy) U ppm: 26.67.

4.2.7Synthesis of Triphenylphosphinimine @F(pyridin-4-ylethynyl)aniline, 36

In a 50 mL round bottom flask33 (0.5g, 2.58 mmol), triphenylphosphine dibromide
(2.087 g, 2.58 mmol) were phined with 15 mL of anhydrous benzene in glove box. To this,
anhydrous triethylamine (0.72 mL, 5.15 mmol) was added and stirred. The reaction mixture was

then refluxed for 16h. On cooling, the mixture was filtered and the solvent from resulting dark
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red slution was removed under vacuum. Yield: 0.9539g (81.56%, bas#d NMR); >'P NMR
(400 MHz, CDC4, ref = HsPQy): 1 5.84ppm

4.2.8Synthesis of Triphenylphosphinimine &k(pyridin-3-ylethynyl)aniling, 37

In a 50 mL round bottom flask34 (0.5g, 2.58 mmol), triphenylphosphine dibromide
(1.087 g, 2.58 mmol) were combined with 15 mL of anhydrous benzene in glove dtxis;T
anhydrous triethylamine (0.72 mL, 5.15 mmol) was added and stirred. The reaction mixture was
then refluxed for 16h. On cooling, the mixture was filtered and the solvent from resulting dark
red solution was removed under vacuum. Yield: 0.7252g (&2%ed on'H NMR); 3P NMR
(400 MHz, CDC4, ref = BPQy): U 5ppi 2

4.2.9Synthesis of HCkalt of 3,5-di(pyridin-2-yl)-4H-1,2,4triazol-4-amine, 38

30(2 g, 8.40 mmol) was dissolved in 1BL anhydrous THF and 2N HCI in ether.#5
mL, 840 mmol) was addedropwise, upon whicinstantwhite precipitation was laservedThe
reaction mixture was stirred for 2h at room temperature and the precipitate was filtered off,
washed twice with THFRand driedunder vacuum for 24h. Yield: 2.12(91.94%); *H NMR (400
MHz,CDCk) U p p-m.50 (", 2 #)7.89- 8.00 (m, 2H), 8.41- 8.54 (m, 2 H)8.70 (br. s.,
2 H).

4.210 Synthesis of 4pyridin-4-ylethynyl)aniline hydrochloride 39

In a 150 mL beakei33 (2g, 10.30 mmol) was dissolved in 50 mL anhydrous THF and
2N HCI in ether (5.152 mL, 10.39 mmol) was added duringclvhinstant precipitation was
observed. The reaction mixture was stirred for 2h at room temperature and the precipitate was
filtered off, washed twice with THF and dried under vacdan®4h. Yield: 2.06g (86.69 %jH
NMR (400 MHz,D20) G ppm 7.14 (m, J=8.20 Hz, 2 H) 7.65 (m, J=8.59 Hz, 2 H) 8.02 (d,
J=7.03 Hz, 2 H) 8.68 (d, J=6.64 Hz, 2 H).

4.211 Synthesis of 4pyridin-3-ylethynyl)aniline hydrochloride 40

In a 100 mL beakei34 (2g, 10.30 mmol) was dissolved in 50 mL anhydrous TH& an
2N HCI in ether (5.152 mL, 10.39 mmol) was added during which instant precipitation was
observed. The reaction mixture was stirred for 2h at room temperature and the precipitate was
filtered off, washed twice with THF and dried under vacuum for 24hdY®&i19g (92.17 %)*H
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NMR (400 MHz, D-O) & ppmt 7.34 (d, J=8.30 Hz, 2 H) 7.71 (d, J=8.30 Hz, 2 H) 8.03 (dd,
J=8.30, 5.86 Hz, 1 H) 8.63 (d, J=8.30 Hz, 1 H) 8.72 (d, J=5.86 Hz, 1 H) 8.91 (s, 1 H).

4.2.12Synthesis of (TBAY [Mos018(Mo(4-(pyridin-4-ylethynyl)aniline)], 41

In a 100 mL round bottom dkk, octamolybdate (0.7022g, 0.3261 mmol) and DCC
(0.2365¢g, 1.1481 mmol) were combined with 10 mL of anhydrous acetonitrile. In a separate
beaker,33 (0.0865g, 0.4455 mmol) was dissolved in 15 mL of anhydrous acetonitrile and was
then added to round bottoffask. The reaction mixture was stirred for 10 min after which
39(0.1028g, 0.4457 mmol) was added and the sides were washed with 5 mL anhydrous
acetonitrile. The resulting mixture was th&tirred at 9°C for 15h. On cooling, the mixture was
filtered off to removedicyclohexyl ureaand the solvent from resulting dark red solution was
removed under vacuumR (ZnSe): 974s h wmodn)3 946 cm! ( wo=0); *H NMR (400 MHz,
CDsC N) ppiit 0.97 (td,J=7.25, 2.15 Hz24 H) 1.26- 1.49 (m,16 H) 1.51- 1.75 (m,16 H)
2.94- 3.23 (m, 16 H) 7.27d, J=7.25 Hz, 2 H) 7.44 (br. s., 2 H) 7.55.67 (m, 2 H) 8.60 (br. s.,
2 H);; ®*C NMR (400 MHz, CRCN) UG ppm: 14.25, 20.75, 24.79,
134.62, 151.19, 151.34.

4.2.13Synthesis of (TBAY [MosO1g(Mo(4-(pyridin-3-ylethynyl)aniline)], 42

In a 100 mL round bottom flask, octamolybdate (0.7022g, 0.3261 mmol) and DCC
(0.2365¢g, 1.1481 mmol) were combined with 5 mL of anhydrous acetonitrile. In a separate
beaker,34 (0.0865¢g, 0.4455 mmol) was dissolved in 5 nfLaohydrous acetonitrile and was
then added to round bottom flask. The reaction mixture was stirred for 10 min after4@hich
(0.1028g, 0.4457 mmol) was added and the sides were washed with 2 mL anhydrous acetonitrile.
The resulting mixture was then stidret 90°C for 15h. On cooling, the mixture was filtered off
to removedicyclohexyl ureaand the solvent from resulting dark red solution was removed under
vacuum.IR (ZnSe): 975 h wmodn)3 946¢cm? ( vo=0); *H NMR (400 MHz, CRRC N ) pprit 0.97
(t, )=7.32 Hz, 24 H) 1.37 (n, 16 H) 1.62 f, 16 H) 3.14- 3.10 (m 16 H) 7.5 (d, J=8.30 Hz,2
H) 7.39 (s, 1 H) 7.59d, J=8.79 Hz, 2H) 7.8 (d, J=10.25 Hz, 1 H) 85 (s, 1 H) 8.73 (s, 1H)
13C NMR (400 MHz, CBCN) & ppm: 14.17, 20.64,12694,. 68,
127.41, 129.57, 133.12, 134.10, 139.03, 139.75, 149.29, 153.07.
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4 3 Results and discussion

4.3.1 Synthesis of pyridyl based ligands

4.3.1.1Synthesis oB,5-di(pyridin-2-yl)-4H-1,2,4triazol-4-aming, 30

To prepare organoimido derivatives of hexayhdlate, we first selecte®D as a potenmdl
candidate (Figure 4.13). The ligaedntains an amino functionality fazoordnating with the
POM cluster, twdidentate pockets for coordinating witletalatoms,and complete conjagion
in the system for maiatningan electronic communication betarethe two units of the hybrid.

Functionality for
oxo-substitution

~ P

Designed pockets for
metal coordinations

Figure 4.13 Potential ligand30) for organoimido functionalization of hexamolybdate
30 was synthesized folleing the literaturanethod which proceeded with ease yielding

the product in stoichiometri@mounts (Figure 4.145.

7 I';le -
| AN HO-CH,-CH,-OH \ N i
> NH,-NH, 2HCIl ! =N \ N
CN N—N

N NH,-NH,, H,0

30

Figure 4.14 Synthesis 080.12

4.3.1.2Synthesis o33 and 34 ligands
Following the results of Mijares, wherein for improving the yields increasing the spacing
between the hexamolybdate cluster and the pyridyl functionality was thought to be an alternative.

Based on this concept, two new ligands were designed (Fidgibe 4.
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@ Functionality for @
oxo-substitution
I Full conjugation for l
electronic

| | communication | |

Z | Remote = |
~ functionality for N
N metal coordinations
(33) (34)

Figure 4.15 Designing of new organoimido delivery reageBtand34.

The ligands possess arylamine functionality, which is known to undergo oxo ligand
substitution to form stable hexamolybdate derivegj a remote pyridyl functionality to
coordinate to metal ions and a fully conjugated system for maintaining an electronic
communication between the hybrids.

The ligands were not commercially available so synthetic schemes for both were
followed (Figure 416).

NH, NH;

H

PdCIZ(PPh_,,)Z, Cul, N(C,H;);5 K CO3, methanol/THF
-+

| | RT, under N,, dark Stlr, RT

™S
| |

H

(31) (32)

Figure 4.16 Scheme for synthesi§ common starting materiafer 33 and34.
4-iodoaniline is readily available and underwent Sonogashira coupling with- TMS
acetylene to yield the TMBrotected coupld product 31.24 This reaction was modified to work
at room temperature and yields were observed to be over 90% (Fifj@reThe crude product
after separation and solvent evaporation was analyzéd D§MR spectroscopy, which showed
two sets of aromatipeaks at 6.58 and 7.29 ppm for the phenyl ring, one peak at 3.79 ppm for the
NH2 group and a peak at 0-0233 ppm confirming the successful incorporation of TMS group.
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No further purification was required and the product was deprotected to yield thelethyn
derivative 32.° Product formation was confirmed B NMR spectrum showing shifts in peaks
with reference to the starting material along with the disappearance of the peak for the TMS

group and appearance of an acetylene proton at 2.96 ppm.

NH;

(33)

i
NH; | ||
P>
N
=
PdClz(PPha]z Cul, N(Cz 5)3
\\:i::idark
32
| | (34)
“
S N

Figure 4.17 Final steps to prepa8 and34.

Furthermore,32 underwent Sonogashira coupling reaction witlodpyridine and 4
iodopyridine to vyield the desired ligan®S and 34, respectively (Figure 47).1* The pure
products were extracted after column chromatography and were analyzetHiaimd)*C NMR
spectroscopy33is a symmetric molecule, thus shows four sets of aromatic peaks and one peak

corresponding to Npgroup. On the other han84 being an asymmetric molecule, shows six set

of aromatic peaks along with a peak for Nifloup.

4.3.2 Attempts to use phosphineimine derivatives of the pyridyl based ligands as

imidodelivery reagent

4.3.2.1 Phosphineimine deritiae (35) of 30 as imidodelivery reagent

After 30 was synthesized and fully characted, 35 asthe organoimido delivery reagent
was prepared. Usually, the ratio between amine ang8PPlised is 1:1 for this reactidfibut
the product conversion was obged to be low (around 580%). When the ratio aimine to

PPhBr. was changed to 1:1.@roduct fornation could be sean high yields(Figure 4.18.
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PPh,

y. |}||-|2 _— PPh3Br, Y [:| _—
@(N " | Triethylamine C\)\(N o /
=N \ N CH,Cl, » =N \ N
N—N Reflux N—N
30 35

Figure 4.18 Synthesis o85.

In *H NMR, the peak corsponding to the Nkgroup in the ligand shows up at 8.52
ppm, which disappears in the spectrum of the product suggesting the removal of these protons
due to bonding of PRiyroup. Moreover, the peaks corresponding to the attached pyridyl groups
are downfiéd shifted, which also suggests that the product is formed. The spectrum also shows
the presence of triphenylphosphine oxide, a-pideluct of the reaction which forms due to the
hydrolysis of some of PBBr. (or hydrolysis of the phosphinimine) by traasountsvater. To
avoid any ambiguity in the analysis of the phosphineinfitR NMR has been used as a reliable
technique as a new peak corresponding to the product should appear. The results showed the
presence of two peaks, 30.136 and 26.731 ppm (reltdi kPQy) (Figure 4.19). On comparing
the peaks to other possible compounds in the reaction, a new peak at 26.731 ppm confirmed the

formation of35.

3 Compounds Peak (ppm) in 3'P NMR
1.0

26.69

o PPhBr, 51.12
o8 PPh, 428
o f PPh,O 30.09
06 Sample 30.13, @

Normalized Intensity
o o o o
n w E= (8]

=4
e

o

55 50 45 40 35 30 25 20 15 10 5 0 -5
Chemical Shift (ppm)

Figure 4.19°P NMR study of35.
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Considering the sertsiity of the product, no further pification could be done and the
product was used as such for additional reactions. First, a direiztthetical reaction was
performed by reacting35 with hexamolybdate following the literature method répadrby
Maattaet. al (Figure 4.20

ﬁph3 (TBA)2M05018M0
7 N N\ (n-BugN);[MogO4] N _
\ N Y/ —_— 4 \ I{I
= CH3CN, reflux \S I
N \ S/ N 3 ~
N—N N \ Iil N
N_
35

Figure 4.20 Attempt to synthesize hexamolybdate hybrid usgdb@s organoimido delivery
reagent
No color change corresponding to the product formatias observedAlso, in the

infrared spectrum, a shoulder peak at around 97bwasnot observed ¢haracteristic peak for
formation of monofunctionalized hexamolybdate derivadiveBurthermore in *H NMR
spectrum the peak corresponding tthe NH>-group appeared along with the peaks30 and
TBA peaks from hexamolybdate doming that the reagents existex a mixture with no
observablederivative formation. Multiple reactions were attempted by modifying the reaction
conditions, like varying the reaction times and solvents, buteaction could be observed.
Furthermore35was used to react with dimolybdate ((TB@Mo0207]) to prepare hexamolybdate
derivativé® but no product formationcould be detected. The failurebserved inthe
functionalization of hexamolybdate was not complegelgprising since not all phosphineimines

are capable of functionalizing hexamolybdte.

4.3.2.2Phosphineimine derivative (36 and 37pf 33and 34 as imidodelvery reagents

After confirming the synthesis of the desirg8 and 34 ligands, firstly phosphineimine
derivatives® of the ligands were prepared using dichloromethane and THF as solvents. In both
the cases, som new peaks intH NMR spectrum suggested product formation, but the
conversions were found to be lower with reference to starting ligands. On changing the solvent to

benzene, the product conversions were observed to in¢Fégaee 4.2).
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NHZ N=PPh3

PPh;Br,, N(C,Hs),
| | anhy. Benzene, | |

reflux, under N,

“ ] “ ]
X [
N N
(33) (36)

(a)

NH2 N=PPh3

PPh;Br,, N(C,Hs),
| | anhy. Benzene, | |

reflux, under N,

Z | Z
N N
(34) (37)

(b)

Figure 4.21 Synthesis o86 and37.
The *H NMR spectra of the products showed the appearance of some new peaks.

Differentiation of the chemical shifts and multiplicities of the desired phosphinimines of the

ligands was dficult from the peaks corresponding to triphenylphosphine oxide which is

typically formed as a side product. Théf NMR spectroscopy was used as a confirmatory tool

which clearly showed the emergence of new chemical shifts.

Table 4.1 3P NMR peaks for possible compounds

Compounds Peak (ppm) in3P NMR
PPhBr: 51.12
PPh -4.28
PPRO 30.09
36 30.08, 5.84
37 29.93, 5.52

The3®P NMR spectra 086 and37 showed new signals at 5.84 and 5.52 ppm (relative
HsPQy) which are close in the range of literature values for aryl phosphinimines confirming the

successful synthesis of phosphineimines derivatives of the two ligEable 4.1)°

be

Due to the air and moisture sensitivity of these derivatives, noefuptlrification could

done and they

wer e

us e d! farghe functiohalizatiénoof |

O Wi

hexamolybdates, the phosphineimines of both the ligands were refluxed with hexamolybdate

(Figure 4.22) Multiple

reactions with various solvents

like pyridine,
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dichloromethane and anhy. THF were tried, but the characteristic shoulder peak around 970 cm

could not be observed.

N=PPh — =] N=PPh — =
: N=Mo(Mos01s) : N=Mo(Mo501g)

(TBA),[MogOy5] (TBA),[Mog05]
* (TBA); ¥ (TBA),
| | Dry Pyridine, | | Dry Pyridine,

reflux, under N, | I reflux, under N, | |

(36) (37)
(a) (b)

Figure422Maatt a6s route to fwtih86tandd/nal i ze hexa
433Att empts to use pyridyl |l i gands direct|

4.33.1 30as imidodelivery reagent
After these unproductive attempts to functionalize hexamolybdatg phosphineimine,
30 by itself wasusal astheor ganoi mi do del i very r eabgtehist f ol |
methodwasalsounsuccessful (Figure 4.232!
(TBA)2M05018M0

(ll BU4N)2[M06019] DCC

Figure423Pengébés rout e tivewithgdnt hesi ze deri v.

4.3.3.233and 34 ligands as imidodelivery reagents
Next, Pengbs route for hexamol y®dedt3e f unc
ligands?° IR and'H NMR spectrum showed some new peaks, bujgneral the reactions were

found to be very low yielding.
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4.3.3.330 as imidodelivery reagent

Furthermore, functionalization of hexamolybdate with 3@avas attempted using/e i 6 s
method which unlike previous methods, utilizes octamolybdate in the presentie of
corresponding amine s&kThus, firstthe hydrochloride salt of the ligan@8 was prepared with
2N HCI in ether, whib was characterized byH NMR spectroscopy, whereithe peak
corresponding to NEgroup disappeared and shifts in all other geeduld be observed. After
confirmation of the synthesis 0f38, 30 wa s empl oyed I n Wei 0s me !
octamolybdate and DC(Figure 4.23.%2

NH
7 \ N
30 \_ N < (TBA),Mo50,5Mo
N W\ /N
N—N

(n-BuyN)4[MogOy4], DCC |I!I|
CH;CN, reflux - N
NH,Cl = N \N/ N
7 | N
» C\\)‘\(Nj/()
—
N \ N
N—N
Figure 424Wei 6s route of BWwnctionalizati ol

N

Unfortunately, no product formation could be detected in IRHONMR spectra. It was
suspected that Mo=N bondsmay not be stable dahe hybrid may be too sensitive in these
analytical conditions. All the routes fane functionalization of hexamolybdate witB0 were
found to be unsuccessful even after multiple attempts with modified reaction conditions, like
ratios, temperature and ii@mn times and thus, no further trials could be done.

4.3.3.433 and 34as imidodelivery reagents
After all previous mf r ui t f ul attempt s, We iob sof met ho
hexamolybdate wasxploredwith 33 and34 (Figure 4.25)f2 At first, hydrochloride salt§39 and
40) of both 33 and 34 were prepared in anhy. THF using 2N HCI solution in etB8rand 40
were then characterized Y4 NMR spectroscopy. SubsequentB3 and 34 were used as
potential organionido delivery reagents. As outlined, to an acetonitrile solution of an equivalent
of tetrabutylammonium octamolybdate and 3.4 equivalents of DCC, 1.34 equivalent88®bthe
34 and its corresponding hydrochloride sa@ or 40 were mixed. The resultindark orange

suspension was heated to°@Qunder argon with constant stirring for 15 hours. On cooling to
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room temperature, the resulting -efhite precipitate of urea was filtered off and the red filtrate

was concentrated under reduced pressure.

- . -
NHZ I‘ﬁ-l;,Cl NEMO(MO5013)
Ligand (33) +
2N HCl in ether (TBA),[Mo50,]
_— ) (TBA),
| | anhy THF, RT | | DCC, anhy CH,CN,
90°C, under Ar | |
] “ ]
[
N NN _\N _
(33) (39) (a) (41)
NH NH.CT [ N= sl
2 3 N=M0(M05013)
Ligand (34) +
2N HCl in ether (TBA),[Mo030,]
—_———— ——p (TBA),
| | anhy THF, RT DCC, anhy CH5CN,
| | 90°C, under Ar | |
a “ “
. N S N e N
(34) (40) (p) (42)

Figure425Wei 6 s route to funct i3%and84as aganoimelok a mo | y b «
delivery reagents
In infraredspectra of the crude reaction mixtucéll and42, the charactestic shoulder
appeared at 97dm™ and 975cm?, respectively(Figure 4.26) This suggested the successful

incorporation of organoimido ligands in hexamolybdate.
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Figure 4.26 Infrared spectrum of hybridi1 containing33 covalently anchad to
hexamolybdate
H NMR spectra of the products from both the ligands exhibit chemical shiftsein

aromatic region along with peaks tine aliphatic region corresponding to [TBAjons (Table
4.2, Figure 4.27)

Table 4.2 'H NMR shift observed 83 based hybrid of hexamolybdatl.

33 (ppm) 41 (ppm)
8.53 8.60
7.35 7.61
7.30 7.44
6.66 7.27

94



N=Mo(Mo501s)

(TBA),
41 I
=
¥\N I _J

)\ JUJMJL
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Figure 4.27 *H NMR of hybrid 41 containing33 covalently achored to hexamolybdate
41 showed four set of aromatic peaks deshielded as compa@@ivibich is a direct
reflection of the electron withdrawing nature of the hexamolybdate, confirming the
functionalization.
Table 4.3 *H NMR shift observed i34 based hybriabf hexamolybdate42.

34 (ppm) 42 (ppm)
8.66 8.73
8.48 8.55
7.79 7.89
7.33 7.39
7.27 7.59
6.66 7.25
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Figure 4.28H NMR of hybrid, 42 containing34 covalently anchored to hexamolybdate
42 also showed couple of sets of aromatic peaks deshielded as compadechioh is a
direct reflection of the electron withdrawing nature of the hexamolybdate, confirming the

functionalization.
4.3.4 Attempts tpurify hexamolybdate derivativeg1l and 42

4.3.4.1 Classical attempt of fractional crystallization

In both the cases, excess peaks corresponding to [TB&re observed itH NMR
spectrum which suggestthe presence of the parent cluste(TBA)2[MosO19 or
(TBA)4[M0gO2g]) in the crude reaction mixtar hence further purification was required before it
could be used in further reactions. Mo=N bomd organoimido derivatives is susceptible to
hydrolysis, which results in its decomposition yielding parenhamnand hexamolybdate cluster.
Thus, known methods like column chromatography and-pt&p for product purification could
not be employed. The physical properties of the derivatives are similar to that of the parent
cluster, thus the only possible way ofrification is fractional crystallization. For this, several

attempts of solvent evaporation and vapor diffusion of ether in acetonitrile solution of the
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reaction mixtureof 41 and42 were done. In various instances orange crystals were obtained
but theX-ray crystal analysi showed either hexamolybdate amtamolybdate cluster. The red

color of the crystal shows that the prodorelyforms a coating over these crystals.

4.3.4.2 A novel attempt to purify via halogdionding

Due to unsuccessful attemsptio grow the crystals of the hexamolybdate derivatives, we
thought & exploiting halogen bonding as a method for Heparationand purification of the
POM derivativesHalogenbondng (XB) is a noncovalent interaction whicls electrostatic in
natureand is comparablén strength to hydrogehonds.Pyridinesare well known as halogen
bond acceptorsvherein the structurdirecting force of interaction is the®N halogenbond
between the pyridineitrogen atom and thealogenatom (X = Br, 1), which givesise to infinite
1-D chains(Figure 4.29y3

Figure 4.29 Halogen bonding in4bdopyridine
Thus, six iodine donors were selected and were mixed respectively with approximately
equivalent amount od1 and 42 in acetonitrile as solver{Figure 4.30) The resulting reaction
mixtures were left to crystallizeia solvent evaporation method. Some red @igsivere obtained
only with 41 and iodopentafluorobenzendgyut upon examining its structure with -Xay

crystalography, it was fountb be just hexamolybdate.
|

| | 1
F F F. | F F F F
F F F F F F | |
F F I F
(a) (b) © (d)

F FFE FF F F FFR FF FF F
I I
I [
F FF FF F F FF FF FF F
© ®

Figure 4.30 Selected halogen bond donors
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4.3.5 Attempts to coordinate second metal ion

4.3.5.1 Copper as second metal ion
Copper iodide is also well known toordinate with pyridyl functionality (Figure 4.3%).
Thus,41 was mixed in equimolar ratios with copper iodide solution in acetonitrile and was left

for slow evaporatiomo grow single crystals of thedduct. No crystalhave been observed so far.

CN CN
| x i RN
g N\Cu/I\Cu/ N ~
A~ 7 N
XN | | &
CN CN

Figure 4.31 Copper iodide affinity for pyridiné*

4.3.5.2Palladium as second metal ion

Uponsuccessful characterization 41, the metal coordination capabilitie$ this hybrid
was prompted Gouzerhet al?® reported that the benzonitrile molecules m§benzonitrile
dichloro palladium (ll) can be displaced by the pyridyl substituents in thealksxy
functionalized Andersoikvans POM esulting in the formation of an adduct,
MNnMo6O1{(OCH2)sCNHCO-(4-CsH4N)} 2PdCb (Figure 4.32). The formation of theadduct was
confirmed by FTIR andH NMR spectroscopy but nsingle crystal structure of the adduct
could be obtainedFollowing their studytwo equivalents o#1 were aded to a solution of
[Pd(I)] in acetonitrileand the reaction mixture was refluxed for 30 nm cooling, diethyl
ether was addetb it to precipitate outhe productwhich was then filtered off and washed
further with diethyl ether to remove amgftover benzonitrile On drying, the reaction mixture
was analyzed byH NMR. Shiftsin some peaks could be observed but Pd coordinationtfth

pyridyl moietyof the derivatives was inconclusive.
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Figure 4.32 Gouzerhet al. AndersorEvans POM, MnMeO1s{(OCH2)sCNHCO-(4-
CsHaN)}.PdCh.2®

4.4 Conclusions

Pyridine based ligands were explored as imidodelivery reagents in this chapter. A series
of three different ligands we synthesized and characterized. Various attempts to covalently
attach these ligands were done following known routes. Although no evidence of covalent
attachment of 3,5di(pyridin-2-yl)-4H-1,2,4triazok4-amine to hexamolybdate could be
observed, we werable to successfully attack(pyridin-4-ylethynyl)aniline and 4-(pyridin-3-
ylethynyl)anilineto the hexamolybdate cluster. We characterized these orgramriganic hybrids
using infrared and NMR spectroscopy as analytical tools. We have been trying smgie
crystals of these hybrids. We have also attempted to use a novel method involving halogen

bonding as a purification and separation technique for pyridyl functionalized hexamolybdate
hybrids.
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Chapter 5 - Exploring acetylacetonates as eemote functionality to

prepare hexamolybdate imido hybrids

5.1 Diketones

Diketones are the molecsleontaining two keto groups at ipdsitions (Figure 5.1).
Theseare one of the oldest class of chelating ligands and play an important role in stabilizing
otherwise unstable metallic or organometallic derivatives developing structaaplaysio
chemical variability: Due to various recent industrial applicatiaigheir metal complexes, they
have been attracting significant attention

RZ

R! R3

o] o
Figure 5.1 General structure of diketonés
Metal coordination in diketones can be classified into the neutral, naombdianionic
forms. Monoanionic diketones with metgleesers a vast varietyof coordination modes which
results in structural variability.

R? R? R?
Su? S M/Q‘M/ \ g K
()] n (m) (V) (V) (V1)
Ri M RZ2 M R m i R?
Riﬁm R1ﬁna R1W&CHZ CHy,—M R"\()ﬁ/cm-m
o o A M/O o] OH ol\H _o
(vi) (vir) (1) (X) (X1)

R2 R2 R2 R?
R1\ﬁ/R3 R‘IﬁI/J\rRa R1WR3 R"\H)\/R:‘
Oy’ O 72 A A2,
% N2 T Vg

(x) (xi) (XIV) (XV)

Figure 5.2 Different metal coordination modes of monoanionic diketdnes
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5.1.1Acetylacetones
AcetylacetonegacacH)or 2,4pentanedionare the simplestmemberof b-1,3-diketone
family wherein R, R® = CH; and R = H. These are usuallgrepareceither by the reaction of
acetone with acetic anhydridatalyzed by ewis acid (e.g. Bf) or by the reaction of the enolate

of acetone with ethyl acetate.

o BF, NaOEt OEt
o o o o] o] 0 o

acacH

Figure 5.3 Synthesis of acetylacetonafes
Th e pr e s-earbongl group aldmg with a pien on intermediate carbon atq@3)
is a key feature fathe moleculdo exhibittauomerism where it existas an equilibrium mixture

of keto and eol forms?

H H
(Keto-form) f H \
o] D_ x
2,4-pentanedione
H (o] o)
o - o~ e
{ ) e ) ‘
o] [0}
H H
= =
(Enol-form) |
0., o] o] o
" s °J
4-hydroxypent-3-ene-2-one (acac)

Figure 5.4 Resonance structures of acetylacetonates

Due tointramolecular Hbondingandrestricted conformation ithe resultingconjugated
system,the enol tautomeexhibit more stality thanits correspondingeto tautome?. Even
though theenol form is predominary observedunder most enditions the molecule is
commorty known as the diketone (2;dentanedione)The enol form is a weak acid with
dissociation constant,4& 1.12 x 1@, thusdeprotonation ofhe enolic protorat C3 results in a
monoanion(acac) being stabilised by theharge delocalisation over both C and Othe
molecule* Theseare known to coordinate to almost all the rhaias in various oxidation states

in the periodic table presenting a vast literature on metal acetylacetdnatiesse complexes,
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the anion (a&c) acts as a bidentate ligand giving rise to amsembered "pseudoaromatic” ring

with the metal since the metal atom is not a part of the aromdticity

5.1.2Application of metal acetylacetonates

Thesemetalcomplexe displayhigh thermal stabilityvolatility and solubility in organic
solvents which makethem applicable in various fieldsThe solubility of these complexés
organic stvents is a key to incorporate metal ioimgo important industrialprocesses like
vulcanization ofubber® as additives and metal planting from organic solvplastics, gasoline,
lubricating oils, paints, and enanf&élsThese metalcomplexes have emerged as versatile
catalyss for a range of industrigll and aceemically important organic reactiondike
polymerization of unsaturated hydrocarbdnand of silicone monomefsfor oxidation of
hydrocarbong? epoxidation of allylic alcobls,'* acetylation of phenols, alcohols, and amjtfes
for Negishitype coupling'® for acicblysis reactiond? hydrosilylation of alkynesgoupling of
organic halide® andin transesterification® Metal acetylacetonatdsavealso been applied as
efficient ard cost effective catalysts for the formation of cyclic carbonates by cycloaddition of
carbon dioxile with epoxide$’ The metal acetylacetonatdsave also been exploiteds
combustion promoters in jet fuéfs Chromic acetylacetonateeduces the tendency of
nitromethane to detonate under shock increasiagpower outpuivhen used in a rocket motor
These complexes have been appla@dhe extraction andeparabn of metals®

Iron (Ill) acetylacetonate was used as the organometallic predorgoeparanagnetite
nanoparticleswhich is utilized forindustrial wastevater treatment® A ZrAcac as cathode
buffer layershows decreased series resistance and enhanced photoalereanstrating igh
performance polymer solar cefBSC3.22 Thesehave been exploreds semiconductot$and
antioxidants* Their aptitudeas NMR proberenderstheir use alNMR shift reagents® Metal
chelate anions of betetoenolatefiavealsoshownthe ability for laser enissionunder specific
conditions®® The appropriate combination of volatility and thermal stability make these
complexes suitable precursors fdremical vapor depositioff. These metal complexes have
beenfound to be effective ainst fungal attack on anvaspaint g/stems?® Pd(acac) reveals
proapoptotic activity by actatingendoplasmic reticulurstresswhich makes them pgromising

candidateas a future metabasedanticancerdrug developmeri® b-Diketonecobalt complex,
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Co(acac)H20)2, has recently been reported to exhibit potential antiu activity which
demonstrees anability to form a new family of nomplatinum metal based antitumor drugs.
Thus,acetylacetonates aversatile ligand demonstrating diverse metal coordination and
various fields of application.Moreover, polyoxometahtes (POMs) as discussed chapter-1
display various usefybroperties So far coordination ofacetylacetonates with POMs has never
been explored. Considering our goal of prepariag POMbased biretallic system,
acetylacetonatdbecomes a potential candidate as a remote functionaility avstrong metal
coordinating ability.Covalentgrafting of the acetylacetonate moietynto the hexamolybdate
clustermay give rise ta novel architecture Furthermore maintaining theconjugation between
theseunits in aPOM hybrid mightlead to functbnal materials withinteresting and favorable
properties In this chapter, we will attempt to use acetylacetonate ligand as an imido delivery
reagent to prepare novel POM hybrids with potential for use in the fields of electrochemistry.

5.2 Experimental

(TBA)2[MosO1g] and (TBAX[MogO2¢] were prepared according to literature methds.
All other starting materials and Pd(ll) catalyst were purchased from Sigma Aldrich, TCI
America, Matrix Scientific or Fisher Scientific. Silica gel was purchased from AnalTects 0 U
pore). Soligd were dried under vacuum at®@0for 24 hours prior to use. All manipulations were
done under an inert atmosphere of argon, unless otherwise stated. Tetrahydrofuran (THF) was
distilled over sodium; dichloromethane was dried oveDsPard distilled; and triethylamine,
diethylether and acetonitrile (GBN) were dried over CaHand distilled as neededll
glassware was thoroughly dried by flame under redpecessure’H, °C and3!P NMR spectra
were recorded on a Varian Unity plus 400 Msjzectrometer and were referenced to residual
protonated solvent peaks (CRG 7.27 ppm, CRCN = 1.94 ppm, BO = 4.80 ppm and DMSO
d® = 2.50 ppm). FIIR spectra were recorded on a Nicolet 380 instrument. Melting points were
determined on a Fishdohns mking point apparatus and are uncorrect¥dray data was
collected on a Bruker SMART 1000 feaircle CCD diffractometer at 203 K using a fifazus
mol ybdenum KU tube.

5.2.1 Synthesis of-tbbdobenzaldehydet 32
4-iodobenzonitrile  (12.0g, 52.40 mmol) wadissolved in 150 mL anhydrous

dichloromethane in a round bottom flask fitted under argon environment. The flask was then

104



kept on icewater bath. To this, 1M solution of DIBAH in hexane (64mL, 64mmol) was added
slowly in a course of an hour. The reactioixture was then left to stir for 5h. On completion
the reaction mixture was poured on 400g of ice. The mixture was then acidified with 5M HCI
(500mL) and was stirred for 2h. The pH of the solution was brought8awith 6M NaOH
solution and the mixture as extracted with dichloromethane (3x 100 mL), washed further with
brine (100mL) and dried over bQs. The solvent was removed under vacuum to obtain a
yellow-colored product. Yield: 11.22g, 92.29%p 798 0 e C277-7 8 ¢ {)NMR (400 MHz,
CDCL) ti ppm 7.60 (m, J=7.52 Hz, 2 H) 7.92 (m, J=7.25 Hz, 2 H) 9.97 (s,.1 H)

5.2.2 Synthesis dfiacetytrimethylphosphite addugt44*3

In a flamedried round bottom flask, trimethyl phosphite (40mL, 339.14 mmabtaken
under argon environment and the flask was kept ovewater bath. To this, diacetyl (23.50mL,
267.47 mmol) was added dropwise over doairse of an houwhile observing the yellow color
changingto colorless. The reaction mixture was left to stiemwght. The product was obtained

as acolorless liquidand was stored undargon.

5.2.3 Synthesis of-hydroxy-3-(4-iodophenyl)pent3-en-2-one, 454

43 (10g, 43.10 mmol) was taken in a round bottom flask fitted ung@mnagnvironment.
To this,44 (11.64mL, 64.66 mmol) was added and the mixture was stirred at room temperature
for 24h. Then, 200mL of methanol was added to the mixture and it was refluxed for 4h. On
cooling, the solvent from the reaction mixture was reduced to about 50mL under vacuum. It wa
cooled further over dry ice and the white precipitate formed was collected with filtration. The
filtrate was left overnight and white crystals were observed further which were collected and all
the product was combined washed with cold methanol solatidndriedunder air. Yield: 9.6g,
73.72%;mp 1221 2 3 ¢ 1201 2 1 ¢ NMR (400 MHz,CDCls) ti ppnt 1.86- 1.93 (m, 6
H) 6.94 (d, J=8.33 Hz, 2 H) 7.74 (d, J=8.33 Hz, 2 H) 16.67 (s,;1'*HiNMR (400 MHz,
CDsCN) U ppnt 1.84 (s, 7 H) 7.04 (d, J=8.30 Hz, 2 H) 7.78 (d, J=8.30 Hz, 2 H) 16.78 (s, 1 H)

5.2.4 Synthesis d3-(4-((4-aminophenyl)ethynyl)phenybl-hydroxypent3-en-2-one, 46

45 (8.522g, 28.22 mmol) was dissolved in 100 mL anhydrous THF. To thisexbpp
iodide (0.163g, 0.96 mmol), triphenylphosphine (0.6844g, 2.61 mmol) and
dichlorobigtriphenylphosphine)palladium{ll (0.5876g, 0.83 mmol) were added and stirred
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under inert condition. Further on, 150 mL of triethylamine and a soluti@® ¢4.00g, 31.14

mmol) in 50 mL anhydrous THF were added. The reaction mixture was heateétC&o8@3d.

On completion, the reaction mixture was diluted with 100 mL ethyl acetate and the organics
were extracted. The aqueous layer was further wasliddethyl acetatg2x 50mL). Al the
organic layers were combined, washed with brine (2x100 mL) and dried oy8ONa he
solvent was then removed under vacuum. The pure product was obtained after column
chromatography with Hexane:Ethyl acetate (80:290)luent. Yield: 2g, 29.21%jR (ZnSe):
1626cm? ( &o), 1595( &c); mp 1381 4 1 éHONMR (400 MHz,CDCls) U ppnt 1.91 (s, 6 H)

3.85 (br. s., 2 H) 6.66 (d, J=8.75 Hz, 2 H) 7.15 (m, J=8.26 Hz, 2 H) 7.36 (d, J=8.75 Hz, 2 H) 7.52
(m, J=8.26 Hz, 2 H) 16.68 (s, 1 HH NMR (400 MHz,CDsCN) U ppnt 1.81- 1.91 (m, 6 H)

4.47 (br. s., 2 H) 6.606.68 (m, 2 H) 7.18 7.35 (m, 4 H) 7.44 7.56 (m, 2 H) *H NMR (400

MHz, DMSO-d6) G ppnt 1.87 (s,6 H) 5.57 (s, 2 H) 6.56 (d, J=8.30 Hz, 2 H) 7.20 (d, J=8.30 Hz,

2 H) 7.28 (m, J=7.81 Hz, 2 H) 7.48 (m, J=7.81 Hz, 2L61B3 (br. s., 1 H)**C NMR (400 MHz,

CDCls) U ppm 24.16, 86.81, 90.81, 112.41, 114.74, 123.21, 131.08, 131.77, 133.00, 136.30,
146.78, 190.84.

5.2.5Synthesis of Triphenylphosphinimine & (4-((4-aminophenyl)ethynyl)phenyi}-
hydroxypent3-en-2-one, 47

In a 50 mL round bottom flask6 (0.25g, 0.8587mmol), triphenylphosphine dibromide
(0.362%y, 0.8587mmol) were combined withQlmL of anhydrous benzene in glove box. T th
anhydrous triethylamine (0.48L, 3.4348mmol) was added and stirred. Theatsan mixture
was then refluxed for 16h. On cooling, the mixture was filtered and the solvent from resulting
dark red solution was removed @nd/acuum. Yield0.3111g (65.6%%, based oAH NMR); 3'P
NMR (400 MHz, CDC4, ref = HBPQy): 5.59 ppm.

5.26 Reacton of 3-(4-((4-aminophenyl)ethynyl)phenyi-hydroxypent3-en-2-onewith
manganese (I), 46.Mn

46 (0.015g, 00515 mmol) was dissolved in 2mL acetonitrile to whichd@p of
triethylamine was added. A separate solutiotMof{ClO4)..6H.O (0.0094g, 0.0258 mmol) was
prepared in thL acetonitrile and both the solutions were mixed together resulting in brown
precipitatewhich was filtered off and dried in ai¥ield: 0.0074g (45.12%)R (ZnSe): 159¢tm
1( &0), 1578( &0).
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5.2.7 Reaction of 3-(4-((4-aminophenyl)ethynyl)phenyi-hydroxypent3-en-2-one with
cobalt(ll), 46.Co

46 (0.015g, 0.0515 mmolwas dissolved in2mL acetonitrile to whicha drop of
triethylamine was added. A separate solutiorCofBF)2.6H.O (0.0088y, 0.0258 mmqgl was
prepared inlmL acetonitrile and both the solutions were mixed together resulting in-green
brown precipitatevhich was filtered off and dried in ai¥ield: 0.082g (51.57%); IR (ZnSe):
1595cm (| &0), 1572( &0).

5.28 Reation of 3-(4-((4-aminophenyl)ethynyl)phenyii-hydroxypent3-en-2-one with
nickel (1), 46.Ni

46 (0.015g, 00515 mmol) was dissolved in 2mL acetonitrile to whichdep of
triethylamine was added. A separate solutiorNdBF4)2.6HO (0.0088), 0.028 mmo) was
prepared in L acetonitrile and both the solutions were mixed together resultitigpéngreen
precipitatewhich was filtered off and dried in ai¥ield: 0.0086g 62.12%); IR (ZnSe): 161@m
1( &0), 1564( &0).

5.29 Reaction of 3-(4-((4-aminophenyl)ethynyl)phenyi-hydroxypent3-en-2-onewith
copper (1), 46.Cu

46 (0.06g, 0.1030 mmol) was dissolved in 5mL acetonitrile to which 4 drops of
triethylamine was added. A separate solution of GuW@E5H.O (0.0489g 0.0515 mmagl was
prepared in 4mL acetonitrile and both the solutions were mixed together resulting in green
brown precipitate. The reaction mixture was left as such for solvent evaporation which yield dark
green crystals which were agyaéd by Xray crystallography. Yield: 0Xb6g (4707%); IR
(ZnSe): 160&mM™ ( &0), 1563( &0).

5.210 Reaction of3-(4-((4-aminophenyl)ethynyl)phenyi}-hydroxypent3-en-2-onewith zinc
(I1), 46.Zn

46 (0.30g, 1.0304 mmol) was dissolved inn3L acetonitrile to which3 drops of
triethylamine was added. A separate solutioZmmfHClO4)..6H20 (0.19183, 05152 mmol) was
prepared in 2mL acetonitrile and both the solutions were mixed together. The instantaneous pale
yellow precipitate that formed was filtered off, washed with acetonitrile and dried. iMield:
0.2269 (68.24%); IR (ZnSe): 159&m™ ( &0), 1581( &); *H NMR (400 MHz, DMSGd6) {i
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ppnt 1.67 (br. s., 6 H) 5.55 (br. s., 2 H) 6.56 (d, J=7.81 Hz, 2 H) 7.20 (BrH3.7.45 (d, J=6.84
Hz, 2 H)

5.2.11 Reaction 08-(4-((4-aminophenyl)ethynyl)phenyii-hydroxypent3-en-2-onewith
indium (II), 46.In

46 (0.015g, 0.0515 mmol) was dissolved in 5mL acetonitrile to whiéhdrops of
triethylamine was added. A separate solutionngNOz)2.xH>O (00155, 00258 mmol) was
prepared in 2mL acetonitrile and both the solutions were mixed tog&theinstantaneous off
white precipitate that formed was filtered off, washed with acetonitrile and dried.ifYield:
0.0112g (657%); IR (ZnSe): 160tm* ( &0), 1576( &0).

5.2.12 Synthesis oB-(4-((4-aminophenyl)ethynyl)pheny-hydroxypent3-en-2-one
hydrochloride,48

In a 100 mL beake#d6 (0.5g, 1.72 mmol) was dissolved in 5 mL anhydrous THF and 2N
HCI in ether (0.86 mL, 1.72 mmol) was added anstant precipitation was observed. The
reaction mixture was stirred for 2h at room temperature and the precipitate was filtered off,
washed twice with THF and dried under vacui@m24h. Yield: 0.52g (92.42 %3¥H NMR (400
MHz, CDCL) ti ppmt 1.91 (s, 6 H) 21 (s, 2 H) 7.57 (s, 4 H) 7.62 (s, 2 H) 16.69 (s, 1H)
NMR (400 MHz, DMSQd6) U ppnt 1.87 (s,6 H) 7.00 (br. s., 2 H) 7.31 (d, J=7.81 Hz, 2 H) 7.44
(m, J=7.81 Hz, 2 H) 7.54 (m, J=7.81 Hz, 2 H) 16.84 (br. s.,.1 H)

5.2.13 Synthesis of Triphenylphosphimine of 4-ethynylaniline 49

In a 50 mL round bottom flask32 (0.5g, 4.268 mmol), triphenylphosphine dibromide
(1.801%y, 4.268mmol) were combined with 10 mL of anhydrous benzene in glove box.ig,o th
anhydrous triethylamine (1.1906L, 3.4348 mmol) waadded and stirred. The reaction mixture
was then refluxed for 16h. On cooling, the mixture was filtered and the solvent from resulting
dark red solution was removed under vacuum. Yi&ld004y (87%, based ofiH NMR); 2.95 (s,
1 H) 6.71 (d,J=8.18 Hz, 3 H 7.16 (d,J=7.27 Hz, 3 H) 3P NMR (400 MHz, CDC}, ref =
H3PQy): 5.81ppm.
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5.3 Results and discussion

5.3.1 Synthesis d3-(4-((4-aminophenyl)ethynyl)phenyi-hydroxypent3-en-2-one
Considering the electron withdrawing nature of hexamolybdéfewas sécted as
anchoring ligandFigure5.5). It was designed in a way to ket acetylacetonate functionality
ata distance from the cluster keep the remote functionality active for metal coordination.

Functionality for
oxo-substitution

Full conjugation for
— electronic
communication

Remote
functionality for
metal coordinations

Figure 5.5 Designing of therganamido delivery reagent6.
One end of the ligand bears Nroup which can reliablyndergo oxo substitution in
hexamolybdate cluster toovalently modify the cluster, while the other side bears the acetyl
acetonate moietyof coordinating to asecond metaitom The conjugation within the system

may giverise to the possibility of electronic communication between the two metal centers.
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Figure 5.6 Synthetic scheme fal6.

Oncethe designing of the ligand was done, the synthetic schemé6fatas prepared
(Figure 5.6) The first two steps of the scheme is common to that used in the synth&3isnof
34 ligands in chapte#, thus have been discussed beféiter 32 was synthegzed, before the
secondSonogashira coupling5 is neededor which the literature method was follow@eigure

5.7) %234

Figure 5.7 Synthetic scheme @f5.3%3
At first, the reduction of the nitrile group #iodobenzonitrile 43 was achieved using
DIBAL -H as the reducinggent®? The appearance of a new paakhe *H NMR spectrumat
9.97 ppm characteristic tfie aldehyde functionalitgonfirmed the conversion of CN group to
CHO group.Furthermore, to convert CHO grotpthe acac functionality43 was stirred for 24h

with 44 at room temperature and methanolysis of the corresponding reaction mixture was done
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